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Depeche mode – New Dress 
(1986) 





I 

 Assembling contractile actomyosin structures 

Abstract 
Te motor protein myosin binding to flamentous actin and dislocating it, forms the basis for 
all eukaryotic cells and tissues to undergo higher order transformations such as cell division, 
migration and diferentiation. Whereas e.g. fne motor skills and rhythmic contractions of the 
heart depend on highly organized sarcomeres, each undergoing similar degree of shortening 
through thin actin flaments sliding in-between the myosin flaments, the non-muscle cells 
exhibit much more dynamic actomyosin structures: the stress fbers. Although the composition, 
function and regulation of stress fbers have been studied quite extensively, we do not have a 
comprehensive understanding of how they are generated and maintained in various cells and 
tissues displaying diverse morphology and notable plasticity in the means of utilizing these 
contractile structures. 

In this thesis work, I studied the formation, maintenance and recycling of stress fber structures 
in human osteosarcoma (U2OS), mouse embryonic fbroblast (MEF) as well as in canine kidney 
epithelial (MDCK) cells. First, I revealed that stress fber assembly does not always need pre-
existing stress fber precursors as previously documented, but they can also coalesce directly from 
the actin cortex driven by non-muscle myosin II (NMII) pulses. Secondly, in-depth analysis of 
NMII assembly and its recruitment to stress fbers unraveled the role of a chaperone UNC-45a in 
regulating both of these events, and further extended its chaperone activity to assist the cortical 
myosin 1C assembly. Tirdly, we uncovered that stress fber precursors are reorganized and 
packed into peripheral thin bundles upon epithelial cell-cell contact formation and this can be 
reversed by inhibiting AMPK-VASP pathway. Lastly, we demonstrated that actin stress fbers have 
an intimate and reciprocal, plectin-mediated relationship with vimentin intermediate flaments 
that extends to controlling the morphogenesis and nucleus positioning in migrating cells.  

Taken together, these studies bring forth the principal protein controlling the NMII-flament 
assembly and stability, broaden our understanding on the versatility in generating contractile 
actomyosin structures in diferent cell types and demonstrate how interconnected stress fbers 
are to other cytoskeletal elements. 
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Tiivistelmä 
Myosiinikimppujen sitoutuminen aktiinisäikeisiin ja näiden kahden rakenteen liikkuminen 
toistensa lomaan muodostaa perustan kaikille aitotumallisten solujen keskeisille mekanistisille 
toiminnoille. Tyypin II myosiinia sisältävien lihassolujen supistuminen perustuu peräkkäin 
järjestäytyneiden perusyksikköjen, sarkomeerien, täsmälliseen ja samanasteiseen lyhentymiseen. 
Muissa solu- ja kudostyypeissä, voimantuotto pohjautuu stressisäikeiden toimintaan. 
Stressisäikeet lisäksi kiinnittävät solut ympäröivään kudokseen ja välittävät solulle tietoa 
kudoksen mekaanisesta tilasta. Vaikka stressisäikeiden rakenne muistuttaa sarkomeereja 
ne ovat vähemmän organisoituneita, selkeästi dynaamisempia ja sisältävät keskeisenä 
komponenttina non-muscle myosiini II (NMII) proteiinia. Vaikkakin stressisäikeiden rakenne 
ja toimintaperiaatteet tunnetaan jo varsin hyvin, niiden muodostumismekanismit ja säätely eri 
solu- ja kudosympäristöissä ovat vielä varsin puutteellisesti ymmärrettyjä. 

Tässä väitöskirjassa esitetyissä tutkimuksissa olen tutkinut stressisäikeiden muodostumista, 
niiden kierrätystä rakennettaessa uusia kudosspesifsiä stressisäikeitä ja vuorovaikutusta muiden 
solun tukirakenteiden kanssa. Julkaisussa I, kuvatessamme solun pohjan aktiini-tukiverkkoa, 
huomasimme stressisäikeitä muodostuvan suoraan tästä aktiinisäikeiden verkostosta. Verkoston 
organisoituminen stressisäikeeksi tapahtui NMII-pulssin kautta. Pulssista peräisin olevan 
myosiinin lomittuminen aktiinisäikeisiin järjesti erisuuntaiset tukiverkon säikeet enemmän 
lineaarisiksi, mahdollistaen myöhemmin myös uuden stressisäikeen kiinnittymisen alustaansa. 
Itse NMII:n proteiinitason säätely ja sen integroituminen muodostuviin stressisäikeisiin 
ovat luonnollisesti oleellisia tekijöitä stressisäikeiden synnyssä mutta edelleen puutteellisesti 
tunnettuja. Julkaisussa II, selvitimme UNC-45a saperonin kriittisen roolin sekä NMII:en 
laskostumisessa että tämän myosiinin integroinnissa stressisäikeisiin, jotka mielenkiintoisesti 
tapahtuvat UNC-45a saperonin eri domeenien ohjaamana. 

Epiteelisolukon solu-solukontakteja kiertävät vyöliitokset jotka yhdistyvät solujen laidoilla 
oleviin solunsisäisiin supistumiskykyisiin säikeisiin. Julkaisussa III, osoitimme miten nämä 
epiteelispesifset säikeet muodostuvat stressisäikeiden kierrätyksen tuloksena. Epiteelisolujen 
kohdatessa, stressisäikeet pakkautuvat kohti solujen reunoja ja yhdistyvät paksummiksi, 
vyöliitoksiin liittyviksi stressisäikeiksi. Samanaikaisesti stressisäikeiden supistumiskyky lisääntyy 
AMPK-VASP signalointipolun välityksellä. Viimein, julkaisussa IV, havaitsimme kuinka 
stressisäikeet ja keskikokoiset säikeet vuorovaikuttavat keskenään vaikuttaen solun liikkumiseen 
sekä määrittävät tuman solunsisäisen sijainnin. 

Yhdessä nämä tulokset osoittavat stressisäikeiden laajan muunneltavuuden ja kuinka monin 
eri tavoin niitä voidaan muodostaa eri solu ja kudostyypeissä. Lisäksi se tuo myös ilmi UNC-
45a saperonin roolin ensisijaisena säätelijänä NMII:ta sisältävien rakenteiden muodostumisessa 
ja kuinka laajassa vuorovaikutuksessa stressisäikeet ovat myös muiden solun tukirakenteiden 
kanssa. 
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Abbreviations 

2/3D 
ABP 
ADF 
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AJ 
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Arp 
ATP 
BM 
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Ca                    
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EMT 
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MAP 
MDCK      
MEF 
MET                 
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Two/three-dimensional 
Actin binding protein 
Actin-depolymerizing factor 
Adenosine diphosphate 
Adherens junctions 
AMP-activated-protein kinase 
Actin-related protein 
Adenosine triphosphate 
Basement membrane 
Proximity-dependent biotin identifcation 
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Cyclase-associated protein 
Capping protein 
Calcium/calmodulin-dependent protein kinase kinase 
Cell division control protein 42 homolog 
Mammalian diaphanous-related formin 
Extracellular matrix 
Epithelial-cadherin 
Essential light chain 
Electron microscopy 
Epithelial to mesenchymal transition 
Enabled homolog 
Ezrin/radizin/moesin 
Focal adhesion 
Focal adhesion kinase 
Filamentous actin 
GTPase activating protein 
Guanine nucleotide exchange factor 
GDP-dissociation inhibitor 
Guanosine diphosphate 
Green fuorescent protein 
Guanosine triphosphate 
Guanosine triphosphatase 
Globular actin 
Heat shock protein 
Intermediate flament 
53-kDa insulin receptor substrate protein 
KN motif and ankyrin repeat domain 
Knockout 
Linker of nucleoskeleton and cytoskeleton 
Microtubule-associated protein 
Madin-Darby canine kidney 
Mouse embryonic fbroblast 
Mesenchymal to epithelial transition 
Magnesium 
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MLC 
MLCK 
MRCK            
Myo1               
MT 
MTOC 
NMII 
PCR 
PKC 
PP1                
Rho 
RLC                 
RNAi             
ROCK            
S100A4 
SIM                  
TAN 
TIRF 
TPR               
TRPM7 
Tpm 
U2OS 
UCS 
UNC-45       
VASP 
VE-cadherin  
WASP 
WAVE             
ZIPK               

Myosin light chain 
Myosin light chain kinase 
Myotonic dystrophy kinase-related Cdc42-binding kinase 
Myosin 1 
Microtubule 
Microtubule-organizing center 
Non-muscle myosin II 
Polymerase chain reaction 
Protein kinase C 
Protein phosphatase 1 
Ras homolog family member 
Regulatory light chain 
RNA interference 
Rho-associated protein kinase 
S100 Calcium-binding protein A4 
Structured illumination microscopy 
Transmembrane actin-associated nuclear 
Total internal refection fuorescence 
Tetratricopeptide repeat 
Transient receptor potential melastatin 7 
Tropomyosin 
Human osteosarcoma cells 
UNC-45/Cro1/She4p 
Uncoordinated-45 
Vasodilator-stimulated phosphoprotein 
Vascular endothelial-cadherin 
Wiskott-Aldrich syndrome protein 
WASP and verprolin homology 
Zipper interacting protein kinase 
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1. Review of  literature 

1.1. Te eukaryotic cytoskeleton 

Te common ancestor for both prokaryotic and eukaryotic organisms we encounter today already 
had genes encoding tubulin and actin. Troughout evolution that separated plants, yeast and 
mammals from one another, these two cytoskeletal polymers have undergone very little change, 
underpinning their vital role in all life we see around us today. In all three aforementioned 
taxonomic kingdoms, cytoskeleton provides structural support for cells to maintain their 
characteristic shape, a framework to transport various cargo, as well as enables mechanical force 
production for cell division, migration and morphogenesis. In eukaryotes, the cytoskeleton 
consists of highly dynamic network of three diferent components: microtubules, intermediate 
flaments and actin-based microflaments (Gunning et al, 2015a; Pollard & Goldman, 2018). 

Microtubules (MT) are hollow, rigid polymers built up from heterodimers of α and β-tubulin 
(αβ-tubulin). αβ-tubulins make protoflaments that laterally associate together, creating polar 
structures where new protoflaments are preferably added to fast growing plus end with exposed 
β tubulins. Nucleation of new MT structures usually occurs at the microtubule-organizing center 
(MTOC). MTOC serves as an anchor point for slowly growing minus end of the protoflaments, 
steering the rapidly growing plus ends towards the cell periphery (Goodson & Jonasson, 2018). 
Presence of MT cytoskeleton enables separation of sister chromatids during mitosis, as well 
as dynein and kinesin-mediated transport of nucleus and other cargos along MT tracks in 
interphase cells (Tsai & Gleeson, 2005; Barlan & Gelfand, 2017). Also, both motile and sensory 
cilia constitute from microtubule-based structures (Ishikawa & Marshall, 2011). 

Intermediate flaments (IF) constitute of a large and diverse group of cytoskeletal flaments 
in metazoans that structurally difer from both globular actin and tubulin by assembling into 
unpolarized structures devoid of any enzymatic activity (Fuchs & Weber, 1994; Herrmann & 
Aebi, 2016). As the name implies, the average IF diameter of 10 nm falls in-between then actin 
(6 nm) and microtubules (~25 nm). IF proteins have been divided into six diferent classes (I-VI) 
that display diferent cell and tissue specifc expression profles. Acidic (I) and basic (II) keratins 
heterodimerize to form both ‘hard’ (e.g. hair, scales) and ‘sof’ (cytoskeletal) flaments and are 
mainly expressed in epithelial cells. Type III intermediate flaments are more heterogeneously 
expressed by many tissue types. From the type III category, vimentin is the most prevalent IF 
protein, expressed already during early developmental stages as well as in adult cells of endothelial, 
mesenchymal and hematopoietic origin (Cheng & Eriksson, 2017). Strongly contributing to cell 
migration during wound healing, vimentin upregulation is one of the classical features of the 
epithelial to mesenchymal transition (EMT) with elevated levels of the protein observed in many 
aggressive cancers (Satelli & Li, 2011). Type IV intermediate flaments display predominantly 
neuronal expression patterns and all lamin proteins, important for structural integrity of 
the nucleus, belong to group V. IF proteins classifed to the VI category can only assemble 
heterodimeric flaments with members of other IF flament classes (Guérette et al, 2007). 
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1.2. Interplay between diferent cytoskeletal components 

Intermediate flaments, especially vimentin, are involved in cell migration, EMT, nucleus 
positioning and modulation of focal adhesions (FA) dynamics (Dupin & Etienne-Manneville, 
2011; Leduc & Etienne-Manneville, 2015). Vimentin remodeling appears to be mediated by 
the cytoskeletal actin, and non-muscle myosin IIB (NMII-B) was pulled down by vimentin 
in coimmunoprecipitation assay from leader epithelial cells having undergone partial EMT 
(Hollenbeck et al, 1989; Menko et al, 2014). At least in retinal epithelial cells, vimentin network 
has been also documented to template the MT network assembly (Gan et al, 2016). Plectins are 
specifc cytolinker molecules that can link IF to both flamentous (F)-actin and MT networks 
(Leduc & Etienne-Manneville, 2015). Trough plectin, F-actin enables vimentin flaments 
and MTs to form mature invadopodia for efcient invasion (Schoumacher et al, 2010; Sutoh 
Yoneyama et al, 2014). Microtubule-F-actin linkage via the microtubule-associated proteins 
(MAP) was frst reported over 40 years ago and later this was shown to play important role in 
neuronal growth cone morphogenesis (Grifth & Pollard, 1978; Cabrales Fontela et al, 2017). 
MTs can align with F-actin and their interaction guides the MT growth trajectories (Kodama et 
al, 2003). Centrosomes, the principal  MTOCs in cells, have been further observed to nucleate 
F-actin (Farina et al, 2016). Centripetal fow of actomyosin network in migrating epithelial cells 
has been also shown to direct the stability and turnover of the lamellar microtubule network 
(Waterman-Storer & Salmon, 1997). Interestingly, MTs also connect to FA via KN motif and 
ankyrin repeat domain (KANK) proteins, and detain a Ras homolog family member (Rho) 
GEF-H1 from activating actomyosin contractility via the Rho GTPase at the cell leading edge 
(Rafq et al, 2019). 

1.3. Te actin cytoskeleton 

Cell cytoplasm is a crowded hydrogel-like microenvironment composed of various 
macromolecules. Excluding water, the major determinant of the cytoplasmic milieu is actin that is 
the most abundant protein encountered in eukaryotes with measured intracellular concentrations 
exceeding 300 µM (Pollard et al, 2000). High sequence identity of actin within eukaryotes, as 
well as the identifcation of actin homologs in archaea and bacteria with marked structural and 
functional diversifcations, has further stressed the implicit role of this evolutionary ancient 
cytoskeletal component in all living organisms (Ettema et al, 2011; van den Ent et al, 2014; 
Hussain et al, 2018; Vedula & Kashina, 2018). 

Intrinsic nature of actin to alternate between the globular (G-actin) and F-actin forms enables 
its central role in a plethora of cellular functions such as muscle contraction, metabolism and 
coordination of cell’s life cycle from division to diferentiation, locomotion and fnally apoptosis 
(Franklin-Tong & Gourlay, 2008; Blanchoin et al, 2014; Park et al, 2020). In vertebrates, six 
diferent actin isoforms are expressed with high sequence identity, but encoded from distinct gene 
loci, indicating gene duplication event to paralog entries in the course of eukaryotic evolution 
(Velle & Fritz-Laylin, 2019). Skeletal and cardiac muscle-specifc α-isoforms, smooth muscle 
isoforms α- and γ, and non-muscle β- and γ-actin each difer from one another through only a 
few N-terminal residues, but have however distinct functions revealed by knockout mice studies 
(Perrin & Ervasti, 2010). In recent years, post-translational modifcations on actin isoforms have 
been shown to modulate actin cytoskeleton dynamics, explaining the previously documented 
isoform specifc phenotypes (Varland et al, 2019). 
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1.3.1. Mechanism of actin flament assembly 

Actin is actually an enzyme that binds divalent cations with preference for Mg2+ and converts 
adenosine triphosphate (ATP) to adenosine diphosphate (ADP) plus a free phosphate Pi, thus 
functioning as ATPase. Mg-ATP-actin molecules can spontaneously nucleate and assemble into 
F-actin, characterized by two chains interwoven into right-handed helical twist (Blanchoin et al, 
2014). Electron microscopy (EM)-studies on actin flaments in the 1970s revealed the polarity 
of the F-actin structures through myosin head fragment displaying a ‘pointed’ arrowhead-
like decoration on the flaments (Mooseker & Tilney, 1975). Te pointed or minus end, where 
nucleotide binding clef of actin is exposed to the solution, displays markedly slower growth rate 
and is enriched with ‘aged’ ADP-actin whereas fresh ATP-loaded actin subunits are preferentially 
added to the opposite ‘barbed’ or ‘plus’ end of the flament (Pollard, 1986). ATP hydrolysis 
and the fact that polymerization mainly occurs at the barbed end of F-actin, creates a steady 
state on each flament where actin monomers at the pointed end with aged ADP-actin, display 
higher fexibility afer phosphate release and have much higher tendency to dissociate from the 
flaments. Te net dissociation of the ADP-actin from the pointed end, balanced by incorporation 
of recharged ATP-actin subunits to the barbed end, explains the dynamic turnover of the actin 
flaments called as treadmilling, where the overall concentration of G-actin remains practically 
constant (Kudryashov & Reisler, 2013; Carlier & Shekhar, 2017). Te actin treadmilling forms the 
essence of all the higher-order actin cytoskeletal structures and their function, presented in the 
following chapters. 

1.3.2. Protrusive actin structures in vertebrate cells 

Migrating cells need to manifest both protrusive and contractile actin structures in a controlled 
manner to create forward momentum. Te most dynamic actin turnover in 2D-migrating 
cells, occurs in a very thin (~200 nm) but wide (up to 40 µm) cytoplasmic area at leading 
edge of the cells named lamellipodium. ‘Something curious is happening at the front edge, it is 
something strongly associated with the forward progression’ phrased M. Abercrombie 40 years 
ago (Abercrombie, 1980). In the following decades, it was established that coordinated actin 
polymerization against the plasma membrane, followed by retrograde fow of the flaments and 
monomer recycling from the aged pointed ends, drives the forward motion of the cell membrane 
(Small et al, 2002). Platinum replica EM images revealed the dense and highly branched 
organization of flamentous actin in the lamellipodia. Tis architecture is dependent on actin-
related protein (Arp)2/3 complex, capable of binding to pre-existing flaments and nucleating 
a new flament ‘branch’ with characteristic ~70° degree angle (Mullins et al, 1998; Svitkina & 
Borisy, 1999). Lamellipodial actin network inhabits additional actin nucleators: the formin 
family proteins, actin depolymerizing factor (ADF)/coflin, as well as capping protein (CP) that 
prevents flament growth from the barbed end for coordinated protrusive activity (Figure 1). 
Importantly, the aforementioned components including the Arp2/3 complex, are controlled 
directly or indirectly by phosphoinositides at the plasma membrane, directing their regulation 
to the same place where the flament net growth also occurs (Saarikangas et al, 2010). Formins 
nucleate linear, unbranched actin flaments. Formins further stay associated with the flament 
barbed ends, prevent their capping by the CP, and process the addition of new actin monomers 
with the help of proflin that binds ATP-G-actin and shuttles them to formins for rapid flament 
elongation (Romero et al, 2004; Breitsprecher & Goode, 2013). Interestingly, Arp2/3 can also 
be primed to nucleate linear F-actin flaments without pre-existing seed flaments (Wagner et 
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al,  2013). Enabled/Vasodilator-stimulated phosphoprotein (Ena/VASP)-protein family members 
cannot nucleate linear actin flaments but alike formins, they regulate lamellipodial actin network 
dynamics by promoting flament elongation and protecting the flament from barbed end capping 
(Gertler et al, 1996; Bear et al, 2000, 2002; Hansen & Mullins, 2010). Protrusive activity of the 
branched actin network is not only important in cell migration but also along cell-cell contacts 
of endothelial cells where protrusive activity helps to maintain the cell-cell vascular endothelial 
(VE)-cadherin trans-interactions (Efmova & Svitkina, 2018). 

Figure 1. Diferent cytoskeletal actin structures in a migrating cell. Migrating cells in 2D display typically 
both protrusive actin structures such as branched lamellipodial F-actin network, and flopodia built-up 
from parallel flaments (magnifed in two boxes on the lef) as well as contractile structures such as stress 
fbers and cell cortex (illustrated magnifcations on the right) with antiparallel oriented actin flaments. 

Te width of the lamellipodial actin meshwork in a migrating cell is kept primarily constant, 
indicating that the aged flaments are efciently disassembled at the rear and actin monomers 
recycled back to the leading edge for new rounds of assembly. ADF/coflin is the key actin flament 
disassembly factor in cells. It prefers binding to ADP-actin, that is enriched in the flament 
pointed ends, leading to increased coflin decoration of the rear flament meshwork (Lappalainen 
& Drubin, 1997; Carlier et al, 1997; Andrianantoandro & Pollard, 2006). Filament severing occurs 
preferably between two actin-bound coflins, where coflin binding causes flament torsion and 
enhances its severing (Wioland et al, 2019). Actin flament disassembly is elaborately connected 
to recharging of the ADP-actin monomers through cyclase-associated protein (CAP). CAP binds 
severed, coflin-decorated actin flaments, detaches individual coflin-ADP-actin monomers, 
and catalyzes the nucleotide exchange to release the ATP-actin for proflin (Bertling et al, 2007; 
Kotila et al, 2018, 2019; Shekhar et al, 2019). Twinflin, is an ADF-family protein with two 
ADF domains (hence the name), that can sequester G-actin, consequently inhibiting flament 
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polymerization in vitro (Goode et al, 1998). Te cellular role of twinflin difers quite a lot from the 
single ADF domain harboring ADF/coflin. Unable to bind flamentous actin, twinflin exhibits 
depolymerization activity only when co-operating with CAP and promotes lamellipodial actin 
turnover through binding actin at barbed ends, facilitating flament uncapping and preventing its 
elongation (Johnston et al, 2015; Hakala et al, 2019). 

1.3.3. Filopodia, microvilli and stereocilia 

In comparison to branched protrusive actin flament population of the lamellipodium, plasma 
membrane at the cell leading edge is also plunged forward by parallel arrays of flamentous actin, 
named flopodia. Filopodia are thin, fnger-like membrane projections that constitute from 10-30 
actin flaments, bundled together with actin crosslinking protein fascin, arranging the flament 
barbed ends to face towards the plasma membrane (Figure 1) (Gallop, 2019). Filopodia extend 
and retract, following the formin or Ena/VASP-mediated G-actin incorporation into the barbed 
ends and coflin-mediated flament severing (Mallavarapu & Mitchison, 1999; Bear et al, 2002; 
Schirenbeck et al, 2006; Yang et al, 2007). Unconventional myosin-X can be found along the 
flopodia, transporting various protein cargo like integrins, towards the flopodia tip (Zhang et 
al, 2004). Cellular functions of flopodia include environment sensing in two- (2D) and three-
dimensional (3D) migration, establishing early cell-cell junctions and mediating intercellular 
signaling. Filopodia length varies from markedly short microspikes to hundreds of micrometers 
long cytonemes (Gallop, 2019). Utilizing similar core set of actin binding proteins (ABP), the 
lamellipodial actin network and flopodia are interdependent structures, exemplifed by the loss 
of CP shifing the network balance to flopodia formation, whereas simultaneous depletion of 
Ena/VASP predominantly manifests branched actin network treadmilling (Mejillano et al, 2004). 

Microvilli and stereocilia (‘giant microvilli’) are flopodia-related structures of epithelial cells, 
displaying similar parallel architecture of bundled actin flaments but with diferent set of 
actin crosslinking proteins (espin, villin, fmbrin) and associating with one another through 
extracellular linkages. Stereocilia further contain mechanosensitive ion channels important for 
transmission of an auditory stimulus. (Pelaseyed & Bretscher, 2018). 

1.3.4. Cortical actin meshwork 

Beneath the plasma membrane of all animal cells lies the actin cortex: a thin meshwork of actin 
flaments that encapsulate the whole cell, determining its characteristic shape both in interphase 
and cytokinesis, as well as during tissue-scale morphogenetic reorganization (Bray & White, 1988; 
Chugh & Paluch, 2018). Structurally the actin cortex is a densely woven meshwork of flamentous 
actin, accompanied by more than 150 ABPs in human cells (Biro et al, 2013). Filaments are cross-
linked together by fascin, flamin and α-actinin, that promote either parallel/anti-parallel bundles 
or more random flament arrangement (Wachsstock et al, 1993; Tseng et al, 2004). ERM (Ezrin, 
Radizin, Moesin)-family proteins and merlin, together with myosin-1, are responsible for linking 
the cortical actin meshwork to the plasma membrane (Bretscher et al, 2002). ERM-proteins 
appear at the plasma membrane prior to the actin at the sites of cortex re-assembly during cell 
blebbing (Charras et al, 2006). Interestingly, ERM-proteins also bind and sequester Rho-GDI 
(GDP-dissociation inhibitor), potentially positively regulating the Rho-activity at the plasma 
membrane (Bretscher et al, 2002) In cells of human cervical cancer and melanoma origin, cortical 
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actin is nucleated by both mammalian diaphanous (mDia)1 and Arp2/3 complex (Bovellan et 
al, 2014). Further, at least in mice Daam1 formin is required for actin cortex integrity during 
cytokinesis (Lu et al, 2017). 

Cortical actin is constantly under isotropic tension due to intracellular hydrostatic pressure and 
NMII motors that bind and pull adjacent actin flaments, emitting contractile stress to the actin 
meshwork (Figure 1). Further, the degree of F-actin crosslinking and spatial organization of actin 
bundles infuence the meshwork contractility (Ennomani et al, 2016). During mitosis, cells build-
up their internal hydrostatic pressure, causing concomitant cortical enrichment of NMII and 
thinning of the cortex to promote tension generation (Fischer-Friedrich et al, 2015; Ramanathan 
et al, 2015; Chugh et al, 2017). Interestingly, opposite observations with cortex thickening and 
NMII exclusion have been observed in large mouse oocytes during mitosis (Chaigne et al, 2013). 
Intracellular pressure additionally drives a specifc type of spherical membrane protrusions named 
blebs that are frequently observed in mitotic and apoptotic cells, as well as in cells migrating 
without substrate interactions in confned 3D-environments (Tokumitsu & Maramorosch, 1967; 
Mills et al, 1998; Diz-Muñoz et al, 2016). Bleb starts to form afer a local detachment of cortical 
actin from the plasma membrane. Hydrostatic pressure then flls the cortex-devoid membrane, 
expanding the bleb. Reassembly of the cortex beneath the expanded membrane, and especially the 
NMII recruitment, drives the retraction of the protrusion (Charras & Paluch, 2008). Some cells 
in 3D environment can also polarize and persistently migrate by stabilizing the bleb expansion 
through rearward cortical fows and modulating cortical tension (Ruprecht et al, 2015; Logue et 
al, 2015). 

1.4. Contractile actomyosin structures 

Cortical tension is mainly driven by resistance of the intracellular hydrostatic pressure via the 
NMII activity that participates in actin meshwork crosslinking by binding to adjacent actin 
flaments of opposite polarity. Furthermore, it controls the cortical contractility by sliding these 
flaments toward one another that exerts force to the cortical network. Without NMII, the intrinsic 
instability of the actin cortex compromises the execution of any coordinated shape changes, 
such as to build-up and constrict a cleavage furrow during cytokinesis to physically separate 
the daughter cells (Taneja et al, 2019). Apart from the actin cortex, the dynamic marriage of 
myosin and actin has a pivotal role in various other intracellular tension-transmitting structures. 
Te scope ranges from coordinating the movements of an unicellular organism to high-order 
locomotory structures of vertebrates such as the beating heart, digestive tract peristalsis and 
kinetics of skeletal muscles (Alberts et al, 2014). 

1.4.1. Similarities and diferences between myosin II isoforms 

Prior going into details of the contractile arrays of muscle and non-muscle tissues, it is important 
to have a look into the composition of myosin II. Myosin II molecule is a hexamer, consisting of 
two heavy chains with their extreme N-termini forming the globular head domain responsible 
for the motor activity (Figure 2A). Calmodulin-family proteins: essential light chain (ELC) 
and regulatory light chain (RLC) both bind the two heavy chains. Te motor head consists of 
four distinctive subdomains harboring interfaces for both ATP and actin binding. Te most 
C-terminal subdomain of the motor is converter domain, responsible for both transmitting and 
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amplifying the rigid head conformational changes upon binding actin, to the lever arm (Altman, 
2013). Lever arm, locating afer the motor domain, is responsible for the actual power stroke-
kinetics of myosin II. Also, both the ELC and RLC bind the lever arm helical IQ motifs (Sweeney 
& Houdusse, 2010). Afer the two motor domains and the lever arms complexed with respective 
myosin light chains, also known as the S1 fragment of the hexamer, comes the tail region that 
has characteristic, isoform specifc alternating repeats of positive and negative charges along the 
α-helices of the two heavy chains, coiled together (Figure 2A) (Billington et al, 2013). Trough 
strong charge attractions, these repeats guide the anti-parallel assembly of the myosin II molecules 
into flaments (Straussman et al, 2005). Interestingly for NMII, the tail domains appear to further 
steer the polarized NMII-isoform localization in non-muscle cells, albeit diferent isoforms can 
also assemble into heterotypic flaments (Sandquist & Means, 2008; Vicente-Manzanares et 
al, 2008; Beach et al, 2014). NMII tail region terminates to a short, non-helical tail, which is 
markedly diferent between all three isoforms: NMII-A,-B and -C. Phosphorylation of certain 
serine or threonine residues both in the coiled tail and in the tailpiece hinders the myosin II 
flament formation (Dulyaninova et al, 2005; Liu et al, 2013). In relaxed striated muscles, the 
head domains of myosin II, disengaged from the actin, fold backwards towards their tails. In this 
folded conformation, known as the interacting heads motif, two heads and converter domains 
of the myosin II molecule associate with one another, preventing any actin binding (Woodhead 
& Craig, 2020). Tis state closely resembles the 10S conformation adopted by NMII molecules 
when not activated by the RLC phosphorylation (Burgess et al, 2007). Intriguingly, in the absence 
of RLC phosphorylation, all three NMII isoforms form antiparallel multimers in vitro when 
supplied with ATP, despite still exhibiting the inactive, folded conformation (Liu et al, 2017). 

Not only the tails, but also the motor activities of the myosin isoforms refect their functional 
role. Myosin II in skeletal muscles is specialized in rapid contractions, requiring low duty ratio 
(proportion of time spent in strong actin binding-state during a contraction cycle) of individual 
myosin molecules, although sustained contraction is also possible due to net efect of ~150 
myosins in both halves of the sarcomere (Kovács et al, 2007). NMII isoform A (NMII-A), 
prevalent at the lamellae of migrating non-muscle cells, has the fastest duty ratio among NMII 
isoforms, being still markedly slower than its skeletal muscle counterpart, at least partially due to 
the lower number of myosins occupied by each flament (Kovács et al, 2003). NMII-B, enriched 
at the back of migrating cells where the most prominent stress fbers also reside, is better suited 
for sustaining mechanistic load and tension (Wang et al, 2003). It has a lower duty ratio than 
NMII-A and is further modulated by the tension, which slows down the ADP release, prolonging 
the lifetime of the F-actin-bound conformation of NMII-B (Kovács et al, 2007). Te functional 
role of the third isoform, NMII-C is still poorly understood. It forms antiparallel flaments of 
fewer molecules than NMII–A or –B in vitro (Billington et al, 2013). Recently, NMII-C was found 
to regulate the length of the intestinal brush border microvilli. Tere, the activation of NMII-C 
was observed to lead to microvilli shortening that was speculated to occur due to the increased 
disassembly of the parallel F-actin bundles at their pointed ends (Chinowsky et al, 2020). 

Cortical NMII has been observed to display pulsatile behavior both in vivo and in vitro, followed 
by transient enrichment of actin at these NMII-rich foci (Munjal et al, 2015; Kim & Davidson, 
2011; Baird et al, 2017). Tis behavior appears specifc for NMII-A and is preceded by increase 
in intracellular Ca2+ (Baird et al, 2017). Tis type of punctate and transient NMII activation, 
instead of persistent contractions, appears more appropriate for achieving actomyosin-dependent 
morphogenesis on a tissue-level (Mason et al, 2016). Intriguingly, at least in Drosophila epithelia, 
actin accumulation appears to precede the NMII oscillation peak (Fernandez-Gonzalez & Zallen, 
2011). Localized activation-inhibition cycles of RhoA GTPase as the main upstream driver 
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generating these NMII pulses, was also reported (Mason et al, 2016; Graessl et al, 2017; Michaux 
et al, 2018). 

1.4.2. Myosin superfamily – beyond tension generation 

Beside actin, myosin II is another central molecular component of contractile units both in 
muscle and non-muscle tissues. For striated muscles, three (a, b and d) fast type and one slow 
fber type (β) skeletal myosin heavy chain isoforms as well as two, α and β, cardiac class II myosins 
exists in mammals (Table 1) (Pette & Staron, 2000; Malmqvist et al, 2004). For smooth muscles, 
there is a single gene encoding four diferent type II myosin splice variants (Eddinger & Meer, 
2007). Furthermore, both in smooth muscles and non-muscle tissues, three diferent isoforms of 
the heavy chains: NMII-A,-B, and –C exist with diferent functional properties refecting their 
biological roles, as discussed in the previous chapter (Vicente-Manzanares et al, 2009). Based 
on genomic sequencing data, myosin family constitutes of staggering 35 classes, some of which 
are more specifc only for certain eukaryotic organisms (Odronitz & Kollmar, 2007). In humans, 
eleven classes (I, II, III, V, VI, VII, IX, X, XV, XVI, XVIII) plus one predicted, yet uncharacterized 
orphan isoform are expressed (Berg et al, 2001) (Table 2). 

Figure 2. Composition of conventional (class II) and an unconventional (class 1) non-muscle myosins. 
A) Conventional type/class II non-muscle myosin is a hexamer consisting of two globular head domains 
that harbor specifc regions for actin binding and Mg2+-ATPase motor activity. Lever arms in the neck 
domain, occupy both T18/S19 phosphorylated RLC and ELC and amplify the ATP-driven changes in the 
head domains. Coiled-coil rod domains mediate the NMII flament assembly. B) Unlike NMII, myosin 1 
heavy chains do not form dimers. Instead of RLC/ELC, it occupies 1-6 calmodulin (CaM) light chains at 
the neck domain (three for Myosin 1C illustrated here) that functions as a lever arm similar to NMII. Tail 
domain of myosin 1 contains a tail-homology 1 (TH1) domain, which further includes pleckstrin homology 
domain able to interact with phospholipids. 
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Table 1. Heavy chain isoforms of conventional mammalian myosins 

Tissue type Isoforms References 

Skeletal muscle a, b, d (fast type) and β (slow type ) Pette & Staron, 2000 

Cardiac muscle α (in atria) and β (in ventricles) Malmqvist et al, 2004 

Smooth muscle (SM) SM1A-B, SM2A-B (single SM gene splice variants)  
NMII-A,-B, and –C 

Eddinger & Meer, 
2007 

Non-muscle NMII-A,-B, and –C Vicente-Manzanares 
et al, 2009 

Alongside myosin II, class I myosins (Myo1) are the second most evolutionary conserved myosins 
among eukaryotes (Odronitz & Kollmar, 2007). Unlike myosin II, class I myosins are monomeric, 
meaning they do not assemble into bipolar arrays via their tail regions (Figure 2B). At their 
C-termini, they have instead a TH-1 domain including pleckstrin-homology lipid-binding motif 
for association with the plasma membrane. Tere are both ubiquitous (Myo1B-E) and tissue-
specifc (Myo1A, F, G, H) isoforms that all harbor variable number of calmodulin (instead of 
MLC) light chains at their neck domain (McIntosh & Ostap, 2016). Myo1 motor domain function 
is similar to myosin II, except that it propels actin flaments much slower than class II myosins 
through slow ATP hydrolysis, and spends majority of its mechanical cycle detached from 
flamentous actin (De La Cruz & Ostap, 2004). Similar to NMII-B, applied tension to Myo1B 
signifcantly increases the time associated with actin (Laakso et al, 2008). Trough physically 
linking the plasma membrane and the cortical actin meshwork, myosin 1-family members have 
been documented to control cortical tension and participate in processes where membrane 
deformations take place such as endocytosis, exocytosis as well as bleb formation (Nambiar et al, 
2009; Diz-Muñoz et al, 2010; McConnell & Tyska, 2010). Furthermore, the specialized E-cadherin 
based epithelial cell-cell adhesions appear to be dependent on myosin 1C, potentially due to the 
dynamic protrusive structures that continuously push towards the neighboring cell to keep the 
E-cadherin bonds engaged (Tokuo & Coluccio, 2013; He Li et al, 2020). 

Myosin V and VI, utilize their actin flament translocation activity for transporting cargo. 
Whereas myosin V moves towards the actin flament barbed ends, myosin VI walks towards the 
flament pointed ends, which is exceptional among the myosin family motors (Wells et al, 1999; 
Trybus, 2008). Myosin X forms antiparallel dimers to walk on the parallel actin bundles to the 
tip of the flopodia, where it activates integrins and further stabilizes the flopodia extension by 
binding and bundling parallel actin flaments (He et al, 2017; Ropars et al, 2016; Miihkinen et 
al, 2020). Myosin XV is also a cargo-transporting myosin, predominantly functioning along the 
actin bundles in the stereocilia of delicate inner ear hair cells (Belyantseva et al, 2005; Manor et 
al, 2011). 

Myosin XVIIIA and –B bear relatively close resemblance to the NMII isoforms but, at least the 
XVIIIA-isoform, surprisingly lacks motor activity (Guzik-Lendrum et al, 2013). Both isoforms 
have however the ability to coassemble with the NMII into heterotypic flaments (Billington et 
al, 2015; Jiu et al, 2019). Tis will likely efect the total force output, especially if motor-inactive 
XVIIIA-heads are introduced to the NMII-flaments (Billington et al, 2015). Rather than directly 
modulating the contractive forces, it is also possible that both myosin XVIIIA and –B mediate 
NMII-flament dynamics and stack formation through serving as protein-protein interaction 
platforms through their characteristic N- and C-terminal extensions (Jiu et al, 2019). Moreover, 
a recent report shed light on a cardiomyocyte specifc XVIIIA-splice variant (γ) contributing to 
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the correct sarcomere organization (Horsthemke et al, 2019). Tus, depending on the isoform, 
myosins display a wide array of biochemical properties and cellular functions. 

1.4.3. High-fdelity structures of the striated muscles – sarcomeres 

Unlike in non-muscle cells, rapid and prolonged, yet precisely coordinated tension generation 
in muscles demands a hierarchical and highly ordered contractile units: the sarcomeres. Te 
specialized muscle cells, myocytes, intercalate with one another to build up bundles of myofbrils 
where each fbril exhibits periodic ‘striated’ repeats of a sarcomere (Sweeney & Hammers, 2018). 
In 1953, combination of phase-contrast and EM enabled the characterization of sarcomere 
consisting of thick A-bands containing myosin, surrounded from both sides by halves of I-bands 
that inhabit the ‘thin’ actin flaments (Hanson & Huxley, 1953). Myosin flaments in the A-band, 
extending towards the two half I-bands in bipolar manner, are connected from the middle of the 
A-band, at the M-line (Figure 3A). M-line harbors proteins such as myomesin, that elastically 
crosslinks the thick flaments from the both halves of the A-band. Interestingly, the degree of 
crosslinking seems to depend on the muscle fber type, because the slow-twitch (type I) fbers 
have less structured M-line than the fast (type II) fbers (Sweeney & Hammers, 2018). In-between 
the I-bands, separating two sarcomeric units, are Z-lines. Trough α-actinin, Z-lines can be 
considered as crosslinkers between the sarcomeres that are able to further transmit forces through 
the series of myofbrils in skeletal and cardiac muscle tissues. Furthermore, α-actinin appears to 
be central also for the correct localization of several other Z-disc associated proteins (Epstein & 
Davis, 2003). Z-line and the M-line are connected together via a giant titin protein, which can 
sense the stretch along the sarcomere through its elastic mechanically unfolding domains. In a 
passive state, majority of the tension in myofbrils is due to titin and the readouts between the 
active, constricted, and passive states are transmitted through several binding sites for regulatory 
proteins related to mechanosensing and protein turnover (Gautel, 2011). 

Actin flaments in the I-band are thoroughly decorated with tropomyosin dimers, which 
polymerize along the F-actin (Caspar et al, 1969). Te flament barbed ends align towards the 
Z-line, where they are capped by Cap Z, whereas the pointed ends facing towards the M-line, are 
capped by tropomodulin (Casella et al, 1989; Gregorio et al, 1995; Taniguchi et al, 2009; Rosado 
et al, 2014). Interestingly, leiomodin, that bears evolutionary relation to tropomodulins, can 
elongate the thin flaments from their pointed ends (Chereau et al, 2008). Despite the tight degree 
of flament capping in striated muscles, thin flaments appear relatively dynamic by nature, as 
revealed by incorporation rates of labelled, microinjected actin into myocytes (Littlefeld et al, 
2001). Tick flaments on both sides of the M-line display a helical composition of myosin heads 
arranged in a parallel alignment. Myosin tails form the core of the thick flaments, which point 
towards the center ‘bare zone’ of the M-line, where they connect to the adjacent, antiparallel thick 
flament bundle through myomesin and titin (Craig & Woodhead, 2006). 



12 

 

 

 

 

 

 

 

Jaakko Lehtimäki 

Table 2. Functions of vertebrate unconventional myosins 

Name Main function References 

Myosin I (isoforms a-h) 

Membrane-cytoskeleton linkage (isoforms a-g) 

Cortical membrane and organelle deformation 
(isoforms a-c) 

Cortical tension upkeep 

E-cadherin junction stability (isoform c-e) 

Microvilli architecture (isoform d) 

Intracellular trafcking  (isoforms a,b,c,e,g) 

Interaction with RNA polymerase (isoform c) 

McIntosh & Ostrap, 2016 

Myosin III (isoforms a-b) Transport of Espin for stereocilia maintenance Liu et al, 2016 

Myosin V 
Vesicle-based cargo transport towards F-actin 

barbed end 

Cargo transfer for exocytosis 
Trybus, 2008 

Myosin VI 

Vesicle-based cargo transport towards F-actin 
pointed end 

Endocytic vesicle transfer to endosomes 

Inner ear stereocilia integrity 

Maintenance of Golgi morphology 

Spudich & 
Sivaramakrishnan, 2010 

Myosin VII 

Stereocilia and photoreceptor integrity (via Usher 
complex) 

Retina opsin transport 

Phagocytosis (in dictyostelium) 

Yu et al, 2107 ; 
Tuxworth et al,2001 

Myosin IX 
(isoforms a-b) Rho-GAP transport towards F-actin barbed end 

Liao et al, 2010; 
Hanley et al, 2020 

Myosin X 

Integrin activation in flopodia 

F-actin bundling in flopodia 

Binding MTs for centrosome orientation 

Miihkinen et al, 2020 
(bioRxiv) 

He et al, 2017 

Kwon et al, 2015 

Myosin XV Cargo transport (Whirlin, Eps8) for stereocilia 
elongation

 Belyantseva et al, 2005 

Manor et al, 2011 

Myosin XVI Activating WAVE regulatory complex-mediated 
F-actin turnover in neurons Roesler et al, 2019 

Myosin XVIII (isoforms 
a-b) 

Vesicle trafcking from Golgi (isoform a) 

Cardiomyocyte sarcomere organization (isoform a) 

Supporting NM-II flament assembly and  stack 
formation (isoform b) 

Regulation of actomyosin retrograde fow in the 
lamella (isoform a) 

Buschman & Field, 2018 

Horsthemke et al, 2019 

Billington et al, 2015; 
Jiu et al, 2019 

Tan et al, 2008 



13 

 

B 

C 

Z-line ,_1 _1-_b_a_n_d___,,__ ________ A_-b_a_n_d ________ ---<I I-band 

Actin filament 

l~ ~de-polar smooth muscle 
myos1n II filament 

Contraction 

Contraction 

"----- Actin filament 

Z-line 

I 

""Cl 
a, 
(f> 

3 
n, 

3 
(I> 

3 
O" 
al 
::, 
(I> 

Assembling contractile actomyosin structures 

Figure 3. Comparison of actomyosin arrangement in sarcomeres, smooth muscles and in stress fbers. A) 
Contraction of the striated muscle occurs when actin flaments (of constant length and parallel orientation) 
on both halves of the sarcomere are pulled towards the center of the M-line by parallel arrays of myosin II 
at both halves of the A-band, resulting in shortening of the sarcomere. Titin molecules span throughout the 
sarcomere length to sense the degree of stretching. B) In smooth muscles, side polar flaments of smooth 
muscle myosin II are organized throughout the cell in arrays where actin bundles bound to dense bodies are 
organized with the myosin II. Tese contractile structures link to the plasma membrane via special adhesion 
plaques. C) In non-muscle cells, periodic bipolar arrays of NMII flaments drive the contraction of actin 
bundles called stress fbers (See also Figure 2). 

Neuron-derived signal transduction through the neuromuscular junction depolarizes the 
plasma membrane of the skeletal muscles, inducing opening of voltage-gated channels in the 
receiving muscle cells to onset action potential (Kuo & Ehrlich, 2015). Tis cascade ultimately 
leads to opening of the sarcoplasmic (striated muscles) or endoplasmic reticulum (smooth 
muscle) Ca2+ storages. Released calcium ions have a bipartite role in the contraction initiation. 
First, calcium binding to calmodulin activates downstream myosin light chain kinase (MLCK), 
which phosphorylates the regulatory myosin light chain (RLC). Altered electrostatic interactions 
between the phospho-RLC-bound myosin head and thick flament backbone are speculated to 
position the head more perpendicular to the flament backbone to positively modulate its activity 
(Yu et al, 2016). Phosphate-bound RLC enhances the responsiveness and force production, 
especially in type II muscle fbers, prior to reaching the saturating calcium concentrations 
(Sweeney & Stull, 1990; Kuo & Ehrlich, 2015). Second, being the main activation mechanism 
in skeletal muscles, the Ca2+ ions bind the troponin protein complex that consists of troponin 
T binding to tropomyosins, troponin 1 that binds both tropomyosins and actin, and troponin 
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C that is responsible for Ca2+ sequestering. Calcium binding induces conformational change in 
the troponin complex that translocates the tropomyosins on the thin flaments, exposing the 
myosin binding sites on the F-actin that were previously sterically blocked. Initially weak myosin 
binding pushes the tropomyosins further away to allow cooperative binding of myosin heads and 
activation of contraction (Lehman et al, 2001; Kad et al, 2005). During the contraction, parallel 
myosin heads hydrolyze Mg-ATP and work in a leveler fashion, sliding the thin flaments towards 
the M-line, thereby shortening each sarcomere in the myocyte. During the transition from ATP 
to ADP-Pi-bound state, myosin undergoes weak binding to actin. Only afer the Pi-release, the 
strong nanomolar actin binding afnity of the myosin engages, leading to the powerstroke and 
thin flament sliding. Te ‘rigor’, post-powerstroke state of myosin is achieved afer the Mg-ADP 
complex leaves the motor domain and the head remains bound to actin. Incorporation of new 
ATP fnally releases the myosin from the actin, the lever arm returns to pre-powerstroke position 
and the contraction process is ready to initiate again (Sweeney & Houdusse, 2010).  

1.4.4. Flexibility through low fdelity – smooth muscle actomyosin arrays 
and stress fbers of non-muscle cells 

Lining various organs in vertebrates, such as the airways and the intestine, is the smooth 
muscle tissue. In contrast to striated muscles, smooth muscles undergo sustained and phasic 
contractions, steered by hormonal stimuli (Kuo & Ehrlich, 2015). Actomyosin flaments span 
the entire smooth muscle cell and are crosslinked together by α-actinin containing dense bodies, 
reminiscent of the Z-lines of sarcomeres, and also via the FA-like adhesions ‘plaques’ at the cell 
cortex (North et al, 1994). Smooth muscle myosin forms side-polar flaments, where anti-parallel 
organized myosin heads continue throughout the flament length without any bare zone typical 
to skeletal and non-muscle myosin flaments (Figure 3B) (Craig & Megerman, 1977). Smooth 
muscle cells express smooth muscle-specifc actin isoforms, as well as the two non-muscle γ & β 
actin isoforms (Lehman & Morgan, 2012). Whereas the former coincide with the dense bodies, 
both of non-muscle isoforms localize to the cell cortex, potentially providing anchorage point 
to the contractile flaments (North et al, 1994; Parker et al, 1998). Further, alongside smooth 
muscle myosin isoforms, non-muscle myosin II is expressed in these cells and indicated to 
control the maturation of the adhesion plaques, as well as helping to maintain the contraction 
(Yuen et al, 2009; Lehman & Morgan, 2012). Because troponin-mediated blocking of myosin-
actin interactions is absent from smooth muscles, smooth muscle-specifc RLC phosphorylation 
afer the Ca2+ infux is the predominant driver of contractility (Kuo & Ehrlich, 2015). 

Prior to their diferentiation to myocytes or smooth muscle cells, cells delaminating from the 
dermomyotome and migrating to the site of a future muscle exhibit a non-muscle, mesenchymal 
phenotype. Further during development, actomyosin-dependent delamination of neural crest 
cells is crucial for generation of diverse cell lineages (Brohmann et al, 2000; Szabó & Mayor, 
2018). Contractile elements of the non-muscle cells, named stress fbers, utilize periodic and 
bipolar arrays of NMII for force generation, bearing some resemblance to actomyosin structures 
of both skeletal and smooth muscle cells. Tey however display much greater plasticity both in 
terms of size and stability and are used by cells to sense and respond to physical forces arising 
from the extracellular milieu (Figure 3C) (Lehtimäki et al, 2016). 
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1.4.5. Stress fber structure and composition 

Actin flaments in stress fbers display both mixed polarity and length and they are crosslinked 
together mainly by α-actinin that can also work in unison with zyxin, fascin and/or flamin, 
to form thicker bundles containing approximately 10-30 individual flaments (Cramer et al, 
1997; Pellegrin & Mellor, 2007). In-between the periodically arranged α-actinin resides bipolar 
assemblies of NMII isoforms A, B and C, which either form isoform-specifc or heterotypic 
flaments that overlap with tropomyosins (Tpm) on the stress fbers (Figures 1 and 3) (Tojkander 
et al, 2011; Beach et al, 2014). Diferent tropomyosin isoforms, coating the actin bundles 
through end-to-end dimerization, display diferent functions on stress fbers. Tpm 3.2 and 4.2 
can stimulate NMII-A ATPase activity in vitro, whereas Tpm 3.1, 1.6 and 1.7 are more efcient 
to protect actin flaments from coflin-mediated depolymerization (Tojkander et al, 2011; 
Gateva et al, 2017; Jansen & Goode, 2019). Furthermore, formins appear to specifcally elongate 
tropomyosin-decorated actin flaments (Manstein et al, 2019). It is also important to note that 
same tropomyosin isoforms decorate also non-contractile, protrusive actin flament networks in 
lamellipodia (Brayford et al, 2016). Apparently through direct competition for flament binding, 
diferent ratios of α-actinin and tropomyosins balance the NMII-content and thus contractility 
of the stress fbers (Gateva et al, 2017; Kemp & Brieher, 2018; Hu et al, 2019). Importantly, stress 
fber contractility depends also on the F-actin orientation as NMII can only contract antiparallel 
bundles (Reymann et al, 2012).  As in striated muscles, tropomodulin isoforms expressed in 
non-muscle cells are important for actin flament stabilization, acting predominantly through 
pointed end capping of tropomyosin decorated actin flaments (Kumari et al, 2020). Stress 
fbers appear to bear further structural resemblance to sarcomeric actomyosin assembly. Hu 
and colleagues resolved the stress fber ultrastructure, where tropomodulin-decorated F-actin 
pointed ends are uniformly facing each other within the bipolar NMII flaments, alternating 
with variable spacing of F-actin barbed ends enriched in α-actinin and calponin that correlate 
with the degree of contractility (Table 3) (Hu et al, 2017). 

Stress fber contraction is transmitted to the extracellular substrate via FA at both ends of the 
bundle (Cramer et al, 1997). FA can be considered as structurally integrated extensions of the 
stress fbers that connect them, generally through integrins, to the extracellular matrix (ECM). 
Te FAs appear to be complex mechanosensitive signaling platforms, where enrichment of over 
2000 proteins have been mapped. Te number of conserved, frequently reported FA components 
is signifcantly lower. Tese include integrins, paxillin, VASP, focal adhesion kinase (FAK), talin, 
vinculin and α-actinin that form the ‘stem’ of the FA, regulating recruitment of other proteins 
(Horton et al, 2016). Actin flaments and the tails of the clustered integrin receptors are separated 
by roughly 40 nm thick signaling layer (Kanchanawong et al, 2010). Tere, N-termini of talin 
molecules binds to the integrins as well as interact with paxillin and FAK, which have a role 
in scafolding and activating other FA complex proteins. Specifcally, NMII-activity enhances 
FAK-mediated phosphorylation of paxillin on Y31 and Y118 residues, enabling phospho-paxillin 
to promote vinculin recruitment to nascent FAs (Webb et al, 2004; Pasapera et al, 2010). Te 
C-terminus of talin binds the flamentous actin in the contractile bundles. Importantly, talin 
unfolds afer stress fber-mediated pulling of the nascent FA, revealing cryptic domains within 
the talin to enable robust vinculin binding to strengthen the stress fber-FA linkage (Del Rio et 
al, 2009; Case et al, 2015). Talin and vinculin thus constitute the so-called force transduction 
layer of the FA, followed by the actin regulatory layer where stress fber connects to the adhesion 
site. Size and maturation of the FA complexes depends on the amount of tension subjected to 
them by the stress fber as well as on the deformability rate of the surrounding ECM (Choquet 
et al, 1997; Balaban et al, 2001; Riveline et al, 2001). 
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1.5. Stress fber assembly 

Tough some cells can exploit amoeboid, blebbing-based migration in 3D without any stress 
fbers, several type of migratory cells both in 2D and 3D form new FA at the cell front, couple 
them to contractile stress fbers and consequently disassemble the FA contacts at the back to 
retract the tail (Lämmermann et al, 2008; Fraccaroli et al, 2012; Burridge & Wittchen, 2013; 
Doyle et al, 2015; Ruprecht et al, 2015). Cells crawling on a 2D surface display three main stress 
fber subgroups. Dorsal stress fbers attach to and undergo formin-dependent elongation from 
a single FA at the leading edge, extending dorsally towards the cell center (Figure 1). Tey 
are enriched in α-actinin and palladin but do not typically contain NMII, albeit during cell 
spreading on collagen, NMII-A appears to accumulate on dorsal stress fbers near the nascent 
FA (Tojkander et al, 2011; Gateva et al, 2014; Young & Higgs, 2018). Trough α-actinin, dorsal 
stress fbers are mechanically connected to transverse arcs, the second stress fber subgroup 
that consists of parallelly aligned actomyosin bundles with sequential array of α-actinin and 
NMII (Figure 4) (Tee et al, 2015; Senger et al, 2019). Transverse arcs undergo contractility-
dependent centripetal fow without any direct contacts to FAs (Heath, 1983; Small et al, 1998). 
Transverse arc contractility, however, pulls the FA-attached dorsal stress fbers, causing them to 
tilt downwards and fatten the lamella through actin-membrane linkages, potentially mediated 
by the ERM proteins (Burnette et al, 2014). Te third, most commonly observed stress fber 
subtype is ventral stress fber that has both the characteristic periodicity of α-actinin-NMII 
and is attached to FAs at both ends of the bundle (Small et al, 1998; Hotulainen & Lappalainen, 
2006). Te size scale of ventral stress fbers varies greatly and the longest can span the entire cell. 
Prominent in fbroblasts, these long ventral stress fbers can display upward bend, interacting 
with dorsal side of the nucleus. Tese stress fbers can also establish physical, mechanosensitive 
link to the nuclear lamina through nesprins and SUN proteins (Crisp et al, 2006; Khatau et al, 
2009; Luxton et al, 2010). 

When cells migrate, lamellipodial actin network at the leading edge undergoes cyclic protrusion 
and retraction phases. During the protrusive phase, frst NMII molecules are observed to 
incorporate to the dendritic actin network. As the lamellipodia retracts, parts of the α-actinin-
decorated, Arp2/3-nucleated flaments as wells as tropomyosin-decorated, formin-nucleated 
actin in lamellipodia are condensed via propagated NMII-binding to give rise to characteristic 
transverse arcs (Figure 4A) (Burnette et al, 2011; Tojkander et al, 2011). New FAs are also 
established during the leading edge protrusion that serve as a template for the nascent dorsal 
stress fbers that couple with the arc network as lamellipodia retracts (Tojkander et al, 2012). 
During the centripetal fow, transverse arcs undergo early expansion and integration phases 
followed later on by their lateral fusion with each other. In the expansion and integration 
phase, more bipolar NMII flaments are added to the ‘stem’ NMII that is already bound to 
the arcs emerging from the condensed lamellipodia. NMII-A and NMII-B flaments, can 
inhabit maximum of 60 individual NMII hexamers due to steric hindrance posed by the head 
domains (Billington et al, 2013). Exceeding this limit causes them to undergo splitting along 
with partitioning actin flaments, to create new arcs with bipolar NMII entities that will then 
concatenate to form stacks with the mother NMII flament (Fenix et al, 2016; Beach et al, 2017; 
Hu et al, 2017). Fusion of the transverse arcs occurs in the lamella, leading to thicker actomyosin 
bundles with increased contractility. All dorsal stress fbers connected to these arcs can sense 
the increased traction and the highest tension is transmitted to the ones least perpendicular to 
arc fow (Tojkander et al, 2015). While dorsal stress fbers that are not under signifcant pulling 
forces are subjected to ADF/coflin-mediated degradation, the two dorsal stress fbers sensing 
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Table 3. Components of the actin stress fbers 

Adhesion-related stress fber binding proteins 

Name Main function References 

α-catenin Linking E-cadherin complex to contractile 
actin belt Takeichi, 2014 

Talin Mechanosensitive coupling of F-actin to FA Case & Waterman, 2015 

Vinculin 

Reinforcement of α-catenin F-actin linkage 

Reinforcement of mechanosensitive talin-
F-actin linkage at FA 

Case & Waterman, 2015 

VASP 

Component of the FA 

Elongation of actin flaments 

Elongation-mediated control of contractility 

Reinhard et al, 1992 

Hansen & Mullins, 2010 

Tojkander et al, 2015 

Zyxin 
Component of the FA 

Strain-induced recruitment of α-actinin 
and VASP to stress fbers 

Crawford & Beckerle, 1991 

Smith et al, 2010 ; 2013 

Actin binding proteins of the stress fbers 

Name Main function References 

α-actinin 

Fascin 

Filamin 

F-actin crosslinking Tseng et al, 2005 

Caldesmon Regulation of contractility Mayanagi & Sobue, 2011 

Calponin Stress fber organization and contractility Ciuba et al, 2018 

Non-muscle myosin II 
Stress fber contraction 

Cross-linking, organization and dissassembly 
of the F-actin network 

Tojkander et al, 2012 

Wilson et al, 2010; Reymann et 
al, 2012; Humphrey et al, 2002 

Palladin 
F-actin crosslinking (in vitro) 

Cytoskeletal scafolding 

Dixon et al, 2008 

Parast & Otey, 2000 

Septins 

Regulation of  cortical tension 

Regulation of contractile ring constriction 

Regulating Rho GTPase signalling 

Lam & Calvo 2019 

Tropomyosins 
F-actin stabilization 

NMII recruitment and activation 

Gunning et al, 2015 

Tojkander et al, 2011; Gateva et 
al, 2017 

ERM-family proteins 
Plasma membrane-F-actin linkage 

RhoA activity regulation 
Bretscher et al, 2002 

Nesprin 1&2 Mechanosensitive linking of nucleus to the 
F-actin Bouzid et al, 2019 
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the highest tension close to the ends of the thick transverse arc, start to align with it, ultimately 
producing a ventral stress fber with FA at both ends (Hotulainen & Lappalainen, 2006; 
Hayakawa et al, 2011; Tojkander et al, 2015) (Figure 4B). Concurrently, the polymerization of the 
‘late’ dorsal stress fbers undergoing fusion with the arcs is inhibited by AMP-activated protein 
kinase (AMPK)-mediated phosphorylation of VASP at the FAs to promote contractility of the 
newly established ventral stress fber (Tojkander et al, 2015). Remarkably, the concatenation of 
the transverse arc-like structures are also able to produce precursor structures for sarcomeres 
in maturing cardiomyocytes (Fenix et al, 2018; Taneja et al, 2020). 

Tis type of ventral stress fber assembly from existing precursor structures generates contractile 
fbers predominately perpendicular to the direction of migration. Ventral stress fbers ofen 
however align with the direction of polarization or extracellular tension (Wong et al, 1983; Lee 
& Jacobson, 1997; Prager-Khoutorsky et al, 2011; Tojkander et al, 2012). Furthermore, neither 
dorsal stress fbers nor transverse arcs are present during the frst hour of cell attachment 
and cannot thus give rise to the ventral stress fbers at that point. Splitting of the FAs, and 
the attached stress fber bundles, generates new contractile ventral stress fbers, at least in the 
spreading non-muscle cells (Young & Higgs, 2018; Vignaud et al, 2020). During fbroblast 
spreading, ventral stress fbers with diferent orientations appear to arise from small FA puncta 
associated with actin flaments, interconnecting endwise at the ventral plane to form ventral 
stress fbers (Zimerman et al, 2004). Additionally perinuclear actin cap structures (Figure 1) 
can descend afer nucleus migrates past them to produce ventral stress fbers (Kim et al, 2012). 
Tis, however, does not explain how these structures form in the frst place. Tus it is likely that 
several, yet elusive mechanisms exists for ventral stress fber assembly. 

1.5.1. Contractile actomyosin structures controlling epithelial integrity 

Upon cell-cell contact, trans-interaction of epithelial (E)-cadherin adhesion receptors between 
two neighboring cells of epithelial or endothelial origin, initiate a complex cascade that leads to 
the formation of adherens junctions (AJ), where the E-cadherin connects to the circumferential 
contractile F-actin network via cytoplasmic p120-, β- and α-catenin proteins (Takeichi, 2014). 
Reminiscent to mesenchymal cells, epithelial cells harbor two distinct F-actin populations. 
Te junctional F-actin pool displays lamellipodial like protrusive actin network dependent on 
formins and Arp2/3, making connections to E-cadherin (Braga, 2016). Also NMII-B localizes 
with the junctional actin meshwork, suggested to strengthen the crosslinking of the branched 
actin network to stabilize AJs (Heuzé et al, 2019). 

Behind junctional actin, contractile peripheral thin actin bundles, encircling the AJ with 
periodic NMII-A pattern, transmit opposite pulling forces to the E-cadherin contacts that are 
important for their reinforcement (Owaribe et al, 1981; Owaribe & Masuda, 1982; Yamada & 
Nelson, 2007). NMII-A mediated apical contractions are known to drive tissue invaginations 
related to several key morphogenetic processes during development such as gastrulation, neural 
tube formation and cell delamination (Martin & Goldstein, 2014). Epithelial contractility is 
also crucial in adult epithelial tissues: Contractions of breast myoepithelial cells push the milk 
out during lactation (Stewart & Davis, 2019). In the lungs, the junctional actomyosin activity of 
alveolar epithelium constantly responds to cyclic stretching (Waters et al, 2012). 
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Figure 4. Transverse arc and ventral stress fber assembly. A) At the leading edge of a migrating cell, 
frst NMII flaments can be detected at the back of the protruding dendritic actin network, nucleated 
by both formins and Arp2/3. Following the lamellipodia retraction phase, transverse arcs are formed 
from condensing dendritic network, crosslinked by NMII and α-actinin. Afer the condensation, newly 
formed transverse arc is coupled to nascent FAs. For simplicity, F-actin nucleators, tropomyosins and 
α-actinin were excluded from the illustration. Figure adapted and modifed from Burnette et al, (2011). 
B) Mechanism of ventral stress fber assembly from transverse arcs and dorsal stress fbers. Increased 
NMII-mediated contractility arising from the lateral fusion of the transverse arcs at the back of the 
lamella results in parallel alignment of the end-wise associated dorsal stress fbers and arcs, leading to 
generation of a ventral stress fber. As the cell moves forward, other dorsal stress fbers not under tension 
are subjected to coflin-mediated disassembly. In addition, contractile stress fber-mediated forces result 
in local Ca2+ infuxes through mechanosensitive ion channels. Tis leads to activation of CAMKK2, 
followed by downstream AMPK-mediated phosphorylation of VASP that halts the actin polymerization, 
thereby promoting contractility. 
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Similar to migrating mesenchymal cells, the basal side of apicobasal polarized epithelial cells, 
especially when grown on rigid supports, ofen displays ventral stress fbers that mediate the 
connection of these cells to the underlying ECM (Sanger et al, 1983; Jalal et al, 2019). In vivo, 
the epithelium (as well as several other tissue types) basal support constitutes of basement 
membrane (BM). It is a dense, thin sheet composed of BM-associated growth factors and 
polymeric network of various ECM ligands, primarily functioning as an adhesive platform but 
also contributes to cell polarity and diferentiation (Jayadev & Sherwood, 2017). 

1.5.2. Controlling contractile actin network dynamics 

Several signaling cascades modulate stress fber dynamics, targeting mainly either the balance 
between actin flament assembly and disassembly, or the activity of NMII. Out of the total of 
20 Rho GTPases found in humans, Rac, Cdc42 and Rho are the most conserved ones, present 
in plant, fungi and animal kingdoms (Ridley, 2015). In mammalian cells, Rac and Rho were 
initially discovered to induce membrane rufes and stress fber assembly, respectively (Ridley et 
al, 1992; Ridley & Hall, 1992; Rohatgi et al, 1999). Activation of a Rho GTPase occurs through 
binding of the guanoside triphosphate (GTP), whereas its hydrolysis to GDP causes inactivation 
of the GTPase. Guanine nucleotide exchange factors (GEF) promote the nucleotide exchange 
from GDP to GTP to activate the protein. GTPase-activating proteins (GAP) on the other hand, 
enhance the intrinsic GTPase activity of Rho family members to inactive them. Another layer of 
control is brought by the GDP dissociation inhibitors (GDIs) that can sustain the inactive GDP-
state of the Rho GTPases (Jafe & Hall, 2005). 

Extension of the lamellipodia requires Rho GTPases and Rac1, Rac2 or Rac3. Among the three 
Rac GTPases, Rac1 displays ubiquitous expression profle and the latter two are specialized for 
cells of hematopoietic origin and neuronal tissue, respectively. Te membrane-bound Wiskott-
Aldrich syndrome protein (WASP) family verprolin-homologous protein (WAVE) protein 
complex, can be activated by the Rac1, resulting in synchronized binding of G-actin and Arp2/3 
complex by the WAVE protein, to promote branched network flament assembly (Miki et al, 1998; 
Takenawa & Suetsugu, 2007). 

Formation of integrin-based, early focal complexes at the cell front also stimulates the activation 
of Rac (Ten Klooster et al, 2006). Tere is also evidence that extends Rac GTPase function in 
controlling lamellipodial dynamics through negative regulation of coflin activity. Further, 
flament uncapping activity of Rac1 has been observed in activated neutrophils (Yang et al, 1998; 
Chun et al, 2007). Cdc42, initially discovered as crucial player in cell polarity establishment, can 
also activate Arp2/3 via interacting with WASP: a WAVE-like protein, that activates the Arp2/3 
complex through a similar mechanism (Rohatgi et al, 1999; Etienne-Manneville, 2004). However, 
Cdc42 also targets mDia formins, especially the mDia2, to promote build-up of unbranched actin 
flaments (Peng et al, 2003). Insulin receptor substrate protein 53 kDa (IRSp53) can further be 
activated by the Cdc42 to promote Ena/VASP-mediated elongation of straight actin flaments 
(Krugmann et al, 2001). Tese molecular factors, combined with studies showing severe reduction 
of flopodia formation afer Cdc42 depletion, underline the central role of Cdc42 in regulating 
the flopodia dynamics (Chen et al, 2000; Yang et al, 2006). 

RhoA is activated both at the trailing edge of the cell as well as at the extreme leading edge of 
protruding lamellipodia where it spatially excludes Rac1 and Cdc42 that follow behind, enriching 
at late protrusion-early retraction phase (MacHacek et al, 2009). Despite the evidence for 
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RhoA activating mDia1 at nascent FAs, there is, however, no direct evidence on how it actually 
contributes to the dendritic actin network extension at the cell front (Watanabe et al, 1997, 1999; 
Kurokawa & Matsuda, 2005). Unlike for lamellipodia, there is ample evidence for RhoA as the 
master regulator in controlling the stress fber assembly. RhoA binding to the Rho-associated 
protein kinase (ROCK) releases its autoinhibitory state to activate the protein (Table 4) (Leung et 
al, 1996; Ishizaki et al, 1996). Tere are two ROCK proteins: ROCK1 and ROCK2 in mammalian 
cells with partially overlapping functions in vivo albeit they can both phosphorylate serine 
(ser)19 residue of the RLC (Yoneda et al, 2005; Kümper et al, 2016). Tis phosphorylation opens 
the assembly-incompetent state of NMII hexamers with unfavorable head to head-interaction, 
to enable their assembly into bipolar flaments (Wendt et al, 2001; Shutova et al, 2014; Billington 
et al, 2013). Moreover, ser19-phosphorylated RLC also markedly increases the ATPase activity 
of the actin-bound NMII assemblies (Umemoto et al, 1989). Interestingly, the primary role of 
NMII activation by ROCK appears not to be the RLC-ser19 phosphorylation, but the inhibitory 
phosphorylation of the protein phosphatase 1 (PP1). When active, PP1 catalyzes the phosphate 
removal from RLC, inactivating NMII (Kimura et al, 1996; Kawano et al, 1999). Additional 
threonine (thr) 18 phosphorylation on RLC is not prerequisite for NMII activation, but further 
enhances the ATPase activity, at least in vitro, apparently via increased afnity for actin and 
enhanced fexibility between the head and leveler arm (Ikebe et al, 1986, 1988; Umemoto et al, 
1989). RLC diphosphorylation is ofen observed in cultured cells where it appears to promote 
stress fber bundling, but it has been also suggested to contribute to pathological conditions in 
smooth muscle tissues due to abnormally prolonged contractions (Iwasaki et al, 2001; Hirata et 
al, 2009; Takeya et al, 2014). Alongside the central role for RhoA in NMII activation, it can also 
promote stress fber assembly through LIM-kinase phosphorylation-mediated coflin inhibition 
(Maekawa et al, 1999). Interestingly, RhoA appears to have a pulsatile behavior at the cell cortex, 
being activated and shut down with GEFs and GAPs respectively, where its enrichment precedes 
NMII accumulation and cortical contraction (Mason et al, 2016; Nishikawa et al, 2017; Michaux 
et al, 2018). 

How do the various GTPases with partially overlapping downstream targets function together 
to drive cell locomotion? Cdc42 has been reported to activate Rac (Nobes & Hall, 1995). On the 
other hand, Rac1 and RhoA display antagonistic behavior with one another (Rottner et al, 1999; 
MacHacek et al, 2009). RhoA-mediated activation of ROCK switches of lamellipodial protrusions 
in that area, whereas RhoA inactivation promotes lamellipodia formation (Vega et al, 2011). To 
conclude, there appears to be a markedly complex relationship involving interdependence, yet 
also mutual exclusion, between the diferent Rho GTPases in regulating cell migration. 

1.5.3. Other means to steer myosin II activation and turnover 

Besides ROCK, several other kinases have been reported to catalyze RLC phosphorylation (Table 
4). Mainly in smooth and non-muscle cells, Ca2+ bound to calmodulin, activates a myosin light 
chain kinase (MLCK) to phosphorylate ser19 of RLC (Gallagher et al, 1991; Stull et al, 1998). 
MLCK and ROCK share the same target but have spatially separated localization, at least in cell 
culture models. MLCK controls the RLC activation at the cell periphery whereas ROCK is in 
charge of activating the contractile structures at the cell center (Totsukawa et al, 2000, 2004). 
Some reports further suggest that although both kinases are able to monophosphorylate RLC, 
ROCK is required for RLC diphosphorylation (Kassianidou et al, 2017; Kazakova et al, 2020). 
Citron kinase, Zipper interacting protein kinase (ZIPK) and myotonic dystrophy kinase-
related Cdc42-binding kinase (MRCK) have also been documented to activate RLC (Vicente-
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Manzanares et al, 2009). Interestingly, Cdc42-activated MRCK forms a complex with the myosin 
XVIIIA through an adaptor protein LARP35a, and is subsequently targeted to the contractile 
actomyosin structures in the lamella (Tan et al, 2008). A recent study also reported a tyrosine 155 
residue in the RLC, whose phosphorylation was most prominently observed at the leading edge. 
Phosphorylation of RLC at this residue inhibits the light chain association with the NMII heavy 
chain, thereby inhibiting the flament assembly (Aguilar-Cuenca et al, 2020). 

Besides the regulatory light chain, parts of the helical tail and non-helical tailpiece of NMII 
heavy chain can be phosphorylated by casein kinase II, protein kinase C (PKC), and transient 
receptor potential melastatin 7 (TRPM7) (Dulyaninova et al, 2005; Even-Faitelson & Ravid, 
2006; Clark et al, 2008). Insertions of charged phosphate groups to the NMII tail disrupt the 
formation of bipolar flaments, thereby inhibiting NMII-mediated contractility. Specifc proteins 
that bind the C-terminus of NMII have a similar disassembly-promoting efect as the tailpiece 
phosphorylation. Members of S100 protein family, such as S100 calcium-binding protein A4 
(S100A4), have been observed to induce calcium-dependent NMII flament disassembly through 
binding to its C-terminal tail (Ecsédi et al, 2018). 

1.6. Actomyosin under maintenance and repair 

Myofbrils of the striated muscles need to sustain series of rapid and prolonged contractions to 
move loads of varying resistance, as well as further increase in size to adapt to applied exercise. 
Tus, special care must be taken to form and maintain correct composition of these structures. 
Exercise-induced hypertrophy is linked to overstretched neighboring sarcomeres that start to 
sequentially fail, causing damage and structural alterations (Proske & Morgan, 2001; Orfanos et 
al, 2016). Although stress fbers are more dynamic and plastic structures compared to myofbrils, 
they too can get damaged due to increased strain. Tis induces sequential recruitment of zyxin, 
α-actinin as well as VASP and paxillin to repair the site of injury (Smith et al, 2010, 2013). In 
order to maintain normal protein turnover and to repair disorganized sarcomeres or the NMII-
α-actinin arrays of stress fbers, cells utilize several chaperones. General chaperones heat-shock 
protein 70 (Hsp70) and 90 (Hsp90), essential to all eukaryotes, work both separately as well as in 
unison to fold a plethora of client proteins without specifc structural or sequential resemblance 
(Genest et al, 2019). Te large substrate plasticity, including myosin II, is achieved through 
interaction with numerous co-chaperones that bind Hsp70/90 conserved motifs through a 
specifc tetratricopeptide repeat (TPR) domain (Johnson, 2012). 

1.6.1. Folding the myosin II 

As addressed in the previous chapters, myosin II heavy chain is a complex multidomain protein. 
In vitro folding assays have presented evidence that it undergoes through multiple intermediate 
folding states, where achieving the correct tertiary structure of the motor domain is the rate 
liming step (Chow et al, 2002). Mutation screens performed in 1970s with C.elegans resulted in 
phenotypes displaying diferent degrees of uncoordinated movements, leading to discovery of 
several genes involved in functional thick myoflament orchestration (Venolia & Waterston, 1990). 
Among them, uncoordinated-45 (unc45) mutant worms were found to display disorganized 
myosin-containing thick flaments, with reduced myosin II content (Epstein & Tomson, 1974; 
Barral et al, 1998). 
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Table 4. Kinases controlling NMII activity 

RLC phosphorylation 

Name Main function References 

ROCK1 & 2 
RhoA-activated; T18/S19 phosphorylation 

PP1 inhibition 

Yoneda et al, 2005; Kümper et al, 2016 

Kimura et al, 1996; Kawano et al, 1999 

MLCK Ca2+-calmodulin-activated; T18(lower ratio)/ 
S19 phoshorylation Ikebe et al, 1986; 1988 

ZIPK 
Ca2+-independent; T18/S19 phosphorylation 

PP1 inhibition 

Komatsu & Ikebe, 2004 

Haystead, 2005 

MRCK LRAP35a-activated ; S19 phosphorylation Tan et al, 2008 

Citron kinase RhoA-activated; S18/S19 phosphorylation Yamashiro et al, 2003 

NMII tailpiece phosphorylation 

PKC 
Inhibitory phosphorylation on RLC to prevent 

MLCK binding 

Inhibition of NMII flament assembly 

Nishikawa et al, 1984; Komatsu & 
Ikebe, 2007 

Dulyaninova et al, 2005 

TRPM7 
T1800, S1803 & S1808 phosphorylation 

Inhibition of NMII flament assembly 
Clark et al, 2008 

CK II Inhibition of NMII flament assembly Dulyaninova et al, 2005 

UNC-45 protein has a horseshoe-like fold, composed of N-terminal TPR domain, followed by 
a neck and central domain, and terminating to the C-terminal UNC-45/Cro1/She4p (UCS) 
domain (Figure 5A) (Venolia et al, 1999; Hellerschmied et al, 2019). Trough the TPR-domain, 
UNC-45 serves as a co-chaperone for Hsp90 and Hsp70 (Barral et al, 2002; Srikakulam & 
Winkelmann, 2004). Interestingly, unlike other known co-chaperones, UNC-45 TPR-domain 
appears to bind the N-terminus of Hsp90 and also enable UNC-45 to form small linear scafolds 
in vitro that spatially match with the myosin II periodicity in C.elegans thick flaments (Chadli et 
al, 2006; Gazda et al, 2013). Te C-terminal UCS domain, shared by related proteins of yeast and 
fungi (Figure 5C), is the most conserved domain of UNC-45 and is responsible for binding and 
folding myosin II, assisted by Hsp90 (Price et al, 2002; Geach & Zimmerman, 2010; Bernick et al, 
2010; Lee et al, 2014). Notably, albeit the fungal proteins are missing the TPR domain, purifed 
yeast She4p protein is able to form an antiparallel Z-shaped dimers suggested to support myosin 
dimerization (Figure 5B) (Shi & Blobel, 2010). 

Unlike C.elegans and other invertebrates with single UNC-45 protein, vertebrates express UNC-
45a and UNC-45b isoforms from which the latter has been pinpointed to govern the folding of 
the striated and cardiac muscle myosin II isoforms and organization of the sarcomeres (Price et 
al, 2002; Wohlgemuth et al, 2007; Etard et al, 2008; Chen et al, 2012). Both of the isoforms were 
further observed to enhance folding of the smooth muscle myosin motor domain in vitro, when 
in complex with Hsp90. However UNC-45a was both faster in assisting the folding and presented 
a higher degree of correctly folded myosin than the UNC-45b-isoform (Liu et al, 2008). UNC-
45a is expressed in smooth and non-muscle tissues but notably downregulated in mature striated 
muscles (Price et al, 2002). 
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Figure 5. Domain composition of UNC-45 versus other UCS-family proteins. A) UNC-45 displays a 
horseshoe-like fold and is composed of N-terminal TPR domain that interacts with Hsp90, neck/central 
domain, and C-terminal UCS domain that binds myosin II. Crystal structures of C.elegans (ce)UNC-
45 pointed out that ceUNC-45 can oligomerize into linear scafolds speculated to support the myosin II 
periodicity of the worm thick flaments (Gazda et al, 2013). B) In S.cerevisiae, the UCS domain protein 
She4p that lacks the TPR domain, has also been observed to from dimers in vitro, speculated to promote 
dimerization of yeast myosins (Shi & Blobel, 2010). C) List of reported clients for UCS proteins, known to 
date. Cro1 (P.anserine), Rng3p (S.pombe) and She4p (S.cerevisiae) are fungal UCS proteins. CeUNC-45 is 
the nematode- and DmUNC-45 the Drosophila UCS protein. UNC-45a and UNC-45b are the two vertebrate 
UCS family members (Berteaux-Lecellier et al, 1998; Wong et al, 2000; Kachur et al, 2004; Epping et al, 2009; 
Caridi et al, 2018). 
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Interestingly, UNC-45a but not UNC-45b can also partially complement the loss of yeast 
UCS-domain protein She4p, responsible for folding type I and type V myosins (Toi et al, 2003; 
Escalante et al, 2018; Wesche et al, 2003). In sharp contrast to UNC-45b, which shows periodic 
Z-disk localization in non-injured myofbrils, UNC-45a has been observed to display indefnite 
cytoplasmic localization, transiently enriching to the cleavage furrow of dividing cells. RNAi-
mediated downregulation of UNC-45a protein levels does not, however, show any efect on NMII 
levels or their localization (Bazzaro et al, 2007; Etard et al, 2008; Iizuka et al, 2015, 2017). Taken 
together, it has been unclear whether UNC-45a functions as a NMII chaperone in non-muscle 
cells. 

Reported client repertoire of UNC-45a, ofen independent of Hsp90, has been increasing in 
recent years (Figure 5C). Co-localization with MTs and other MT-related functions of UNC-45a, 
such as centrosomal localization to aid successful mitotic entry, have been suggested (Jilani et al, 
2015; Habicht et al, 2019; Mooneyham et al, 2019). UNC-45a has further been seen to localize 
to the nucleus, regulating transcription of glucocorticoid receptor and a downstream mitotic 
kinase for appropriate centrosomal separation (Eisa et al, 2019). Te multitude of myosin-related 
and especially the unrelated activities assigned for UNC-45a are peculiar in respect of the more 
rapid turnover and dynamics of stress fbers in contrast to the more stable sarcomeres (Fenix et 
al, 2018). 

1.7. Physical forces steering cell behavior – mechanosensation via cell-cell 
and cell-matrix connections 

Cells undergo continuous crosstalk with their surroundings. Tese interactions include 
engulfment of soluble extracellular signaling molecules, rapid signal transmission between 
neighboring cells via the gap junctions and initiation of action potential at the motor end plates to 
onset muscle contraction (Alberts et al, 2014). Also physical forces can initiate large downstream 
responses in cells (Discher et al, 2005). For example, neural crest cell delamination is preceded 
by increasing rigidity of the underlying mesoderm (Barriga et al, 2018). Furthermore, stem cell 
diferentiation and lineage commitment are afected by the ECM stifness (Engler et al, 2006). 
Alterations in cells mechanical environment can be sensed by transmembrane proteins that 
respond to physical changes at the plasma membrane such as membrane tension (Yoshimura & 
Sokabe, 2010). Piezo is a unique mechanosensitive ion channel and crucial for vertebrate viability 
e.g. by enabling vascular endothelial and renal epithelial cells to sense fow and shear stresses 
(Wu et al, 2017). It can transduce various mechanical stimuli such as touch by undergoing 
conformational deformation to allow ion infux to the cytoplasm (Coste et al, 2010; Lin et al, 
2019; Wang et al, 2019). 

Te dynamic relationship between the ECM and actomyosin stress fbers forming the cornerstone 
of cellular mechanosensation, is best described through molecular clutch paradigm. Originally 
introduced by Mitchison & Kirschner, 1988 it demonstrates how the speed of the actin retrograde 
fow is inversely proportional to the cell forward momentum. Specifcally, the NMII-mediated 
F-actin retrograde fow in the lamella is opposed by FA formation that physically link F-actin onto 
the substrate. Adhesion-engaged actin flaments, pulled centripetally by the NMII contractility, 
exert tension to the ECM resulting in rearward traction forces. On the other hand, lamellipodial 
dendritic actin network, potentiated by adhesion-immobilized actin flaments at the cell front, 
protrude the leading edge forward (Case & Waterman, 2015). Tereby FAs indirectly couple 
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actin retrograde fow to the forward momentum of cells and function as biomechanical clutches 
between the cell and the surrounding substrate. 

ECM composition is not static and changes in the ECM physical properties, e.g. elasticity, are 
predominantly sensed by FAs via integrin-mediated physical linkage to the fbrous ligands 
(mainly fbronectin, vitronectin and proteins of the collagen and laminin families) (Frantz et al, 
2010). Integrin family members function as heterodimers of diferent alpha and beta subunits, 
which difer in their specifcity to aforementioned ECM ligands (Hynes, 2002). Integrins can 
occupy inactive, low and high afnity conformations, modulated by the intracellular activators, 
e.g. talin or inactivators (Askari et al, 2009). High-afnity, activated conformation is also engaged 
upon ligand binding. Afer engagement to ECM, integrins form small clusters. Increasing 
amount of these clusters are immobilized to FA in response actomyosin mediated force (Riveline 
et al, 2001; Rossier et al, 2012). Cell-exerted forces also modulate the ECM itself via the integrin-
coupling. Collagen fbers align to the direction of applied force and force-dependent unfolding 
of fbronectin exposes additional integrin binding sites to strengthen the focal contact (Smith et 
al, 2007; Ban et al, 2018). 

Te ECM compliance has a multifaceted role in the tension build-up. Te stifer the ECM, the 
faster the tension loading on the clutch is, as FA cannot efciently deform the rigid substrate. 
Te FA is reinforced as additional integrins, talin and vinculin, which simultaneously binds 
unfolded talin and F-actin and displays force-dependent accumulation at the FAs, participate in 
strengthening the clutch (Balaban et al, 2001; Dumbauld et al, 2013). Rigid substrate-bound clutch 
however quickly reaches its breaking strength where the FA-clutch collapses and all integrin-
ECM bonds are disengaged (Chan & Odde, 2008). On sofer, more deformable substrata FAs 
ofen exhibit a ‘tugging’ behavior to probe the ECM compliance. Stretching of the ECM linkage 
allows FAK/phospho-paxillin/vinculin dependent force fuctuations in traction forces applied 
to the FA, dynamically regulating the spatiotemporal elongation of the adhesion (Plotnikov et 
al, 2012). Below optimal ECM stifness, the rate of load transmission is slower than integrin-
ECM bond lifetime. Tis impedes the subsequent talin unfolding and vinculin recruitment, thus 
preventing  any higher tension build-up at the FA sites (Elosegui-Artola et al, 2016; Kechagia et al, 
2019). Te clutch strength can also be modulated by KANK proteins that interfere with F-actin-
talin linkage. Furthermore, KANK forms a molecular complex with microtubules to suppress 
the release of microtubule-bound Rho-GEF-H1 (Sun et al, 2016; Rafq et al, 2019). Increase in 
tension also promotes AMPK-dependent phosphorylation of VASP at the FA sites. Tis retards 
the actin flament growth on FA-engaged stress fbers to promote constant length of the bundles 
for optimal contractility (Tojkander et al, 2015). Te width of the mature FAs is kept relatively 
constant and is dependent on the number of individual FA ‘nanoclusters’ each engaged to a single 
actin flament of the actomyosin bundle (Hu et al, 2015). 

In addition to its crucial role in FA mechano-responsiveness, vinculin can also bind α-catenin 
at the epithelial AJ complex. Alpha-catenin, which connects cadherin adhesion complex to the 
F-actin, undergoes conformational change in the response to increased tension to enable the 
vinculin interaction (Yonemura et al, 2010). Similar to FAs, this also reinforces the contractile 
peripheral thin actin bundles linkage to the AJs. Interestingly, tricellular contact points of the 
epithelial cells, where the junctional tension mounts, become enriched in vinculin upon myosin 
activation (Higashi et al, 2016; Higashi & Miller, 2017). At the epithelial cell-cell interface, 
cadherins undergo lateral (cis) clustering at the plasma membrane of a same cell to reinforce 
trans-interactions with the neighboring cells. Vice versa, actomyosin-mediated tension was 
suggested to stabilize the trans-bonds that further favor E-cadherin cis-clustering (Yap et 
al, 2015). Similar to integrin clustering, mature cadherin contacts appear to constitute from 
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multiple small, immobilized nanoclusters that stabilize upon formation of a α-catenin-F-actin 
clutch (Truong Quang et al, 2013). Mechanical force applied to E-cadherin further leads to 
activation of AMPK that, in addition to involvement in energy metabolism, can also induce 
contractility of the actomyosin bundles linked to AJs (Bays et al, 2017). Due to the large amount 
of shared components and the fact that the several F-actin structures compete from the same 
limited G-actin pool (Davidson & Wood, 2016), the cell-matrix and cell-cell adhesions have an 
interesting reciprocal relationship where strengthening of one leads to weakening of another 
(Burute & Tery, 2012). Both adhesion types contribute to epithelial apico-basal polarity whereas 
too much emphasis on the cell-matrix adhesions will lead to mesenchymal phenotype (Tiery et 
al, 2009). Physical properties of the extracellular milieu thus have an intimate infuence on cells 
behaviour, identity and morphogenesis. 

1.7.1. Mechanoregulation of stress fber dynamics 

As actomyosin structures directly connect to the force production of non-muscle cells, the 
maturation of contractile stress fbers depends on the ECM rigidity sensed by the FAs (Prager-
Khoutorsky et al, 2011). Compared to cells cultured in 2D on notably rigid matrices, stress fbers 
observed in vivo are ofen markedly thinner, but also thick stress fbers are observed e.g. in 
vascular endothelial cells under high hydrostatic pressure (Wong et al, 1983; Doyle et al, 2015). 
Increased tensile forces enhance the incorporation of NMII to the stress fbers, promoting their 
growth, and stabilize them through decreasing the afnity of coflin binding (Hayakawa et al, 
2011; Uyeda et al, 2011; Tojkander et al, 2015; Lee & Kumar, 2020). Te assembly of actin flaments 
for stress fbers can be controlled by a mechanosensitive pathway consisting of AMPK kinase 
and actin polymerization factor VASP (Figure 4B). During stress fber maturation in migrating 
mesenchymal cells, increasing contractile forces activate the AMPK, which inhibits VASP at 
FAs, thus halting the elongation of transverse arcs to enhance the contractility (Tojkander et al, 
2015). Intriguingly, AMPK, which has been extensively studied as a central player in cell energy 
metabolism can be activated through phosphorylation by calcium/calmodulin-dependent protein 
kinase kinase 2 (CAMKK2) (Carling et al, 2008). CAMKK2 on the other hand, is activated in 
response to Ca2+ infux into cells through opening of mechanosensitive ion channels such as 
the aforementioned Piezo, and the activation preferably occurs adjacent to FAs (Tojkander et al, 
2018) (Figure 4B). In Drosophila, AMPK was also reported to mediate the RLC phosphorylation 
for NMII activation (Lee et al, 2007). Interestingly, in stress fbers connected to fbrillar adhesions 
that are specialized to deposit fbronectin, loss of AMPK promotes the maturation of these 
adhesions despite clear reduction in the intracellular stifness. Tis indicates that AMPK can 
selectively regulate the balance between focal and fbrillar adhesions in cells (Georgiadou et al, 
2017). For cells migrating through confned spaces, transportation of a bulky nuclei possesses a 
problem, ofen leading to nuclear ruptures especially in stifer nuclei with high lamin-A content 
(Harada et al, 2014; Denais et al, 2016; Hatch & Hetzer, 2016). Linker of nucleoskeleton and 
cytoskeleton (LINC) complex couples nucleus to stress fbers, as well as to both MT and IF 
networks to mediate cell movement, diferentiation, and orientation to the direction of strain 
(Luxton et al, 2010; Brosig et al, 2010; Chancellory et al, 2010). Importantly, nucleus entering a 
narrow passage is accompanied by enrichment of actomyosin bundles that surround the nucleus 
in a LINC-dependent fashion to facilitate nucleus migration (Davidson et al, 2020). Mechanical 
interconnection between nucleus and the stress fbers also permits transmission of extracellular 
mechanical signals to the nucleus and can initiate transcriptional responses required for myoblast 
diferentiation or other mechanotransduction events (Bouzid et al, 2019). 
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2. Aims of the study 

Prior to the studies conducted in this thesis work, stress fber structure and molecular composition 
had been studied in quite detailed manner. However, information on the assembly of the core 
stress fber component: NMII flaments, as well as its recruitment into stress fbers was lacking. 
Furthermore, plasticity of stress fber generation in diferent tissue milieus and their crosstalk 
with other cytoskeletal flaments, had remained largely unknown. Tis thesis project was set 
to decipher the assembly process of contractile stress fbers, how they are utilized to build the 
contractile bundles of epithelial adherens junctions and how they collaborate with vimentin 
intermediate flaments. Specifcally, this thesis had four aims: 

1. To investigate stress fber assembly processes related to diversity of ventral stress fbers 
observed at the back of the migrating cells. 

2. To uncover the mechanism of non-muscle myosin II recruitment and maintenance in stress 
fbers. 

3. To decipher the mechanisms of generating peripheral actomyosin bundles that control the 
epithelial monolayer contractility. 

4. To elucidate stress fber interplay with intermediate flaments. 
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3. Experimental procedures 

Methodology that I personally used and utilized in this study is listed below (Table 5). Te 
detailed descriptions of the related methods are found in the original publications (I-IV). 

Table 5. Methods of the study. 

Methods Publication

  Mammalian cell culture and transfections I, II, III, IV

  Molecular cloning and plasmids construction II

  CRISPR construct design and knockout cell line generation II

  High-content screening and analysis II

  Real-time PCR II

  BioID II

  Density-gradient fractionation II

  Immunofuorescence microscopy II, III, IV

  Confocal microscopy III

  3D-Structured Illumination Microscopy (SIM) I, II, III

  Live-cell imaging I, II, III

  Total internal refection (TIRF) microscopy I

  Gene silencing (RNAi) II, IV

  Western blotting II

  Photoactivation II

  Image analysis (ImageJ, Fiji) I, II, III, IV

  Statistical analysis I, II, III, IV 
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4. Results and discussion 

4.1. Cortical stress fbers can arise from the actin cortex without any 
precursor templates (Publication I) 

Ventral stress fbers potentiate several key aspects of mesenchymal migration both in 2D as well 
as in 3D. Previous studies presented evidence how these actomyosin bundles can be generated 
from the pre-existing precursor structures (Hotulainen & Lappalainen, 2006; Burnette et al, 
2011; Tojkander et al, 2015). Typically, the transverse arc network at the lamella of migrating 
cell undergoes centripetal fow, followed by fusion of the adjacent actomyosin bundles towards 
the back of the cell. Te resulting increased contractile forces exerted by the fused arc network 
causes the least perpendicular dorsal stress fbers to align, resulting in a new ventral stress fber 
that typically spans almost the entire width of the lamellum. Alternatively, at least in spreading 
cells, pre-existing ventral stress fbers and the attached FAs can undergo splitting to give rise to 
new ventral stress fbers (Young & Higgs, 2018). As many cell types do not display distinct lamella 
when undergoing migration in 3D, we wanted to investigate if also other mechanisms exits for 
stress fber generation in migrating mesenchymal cells (Gupton et al, 2005). 

We found that both in human osteosarcoma (U2OS) and mouse embryonic fbroblast (MEF) 
cells, FA-attached stress fbers of various thickness, length and orientation, in addition to the 
typical thick ventral stress fbers, can be observed at the back of the cell (Publication I, Fig 1A-B 
and S1). Unlike the typical ventral stress fbers, thinner stress fbers, we named cortical stress 
fbers, resided to immediate vicinity of the ventral cortex. Tese thin actomyosin bundles ofen 
seen close to the nucleus, were predominantly shorter than 10 µm and associated with FAs from 
both ends of the bundle. Stress fbers falling under the cortical stress fber defnition have been 
observed also in earlier reports, focusing on actin cytoskeleton of various cells and tissues (Prager-
Khoutorsky et al, 2011; Nagayama et al, 2013; Kim et al, 2014; Burnette et al, 2014; Elkhatib et 
al, 2014; Tamiello et al, 2015). Trough in-depth analysis of the molecular composition of these 
cortical stress fbers, we noticed that they relay markedly weak forces to the ECM that is in stark 
contrast to ventral stress fbers (Publication I, Fig 1C). 

As it seemed unlikely that these thin cortical stress fbers could arise through fusion of contractile 
transverse arcs, we imaged ventral cortex of cells with total internal refection fuorescence (TIRF) 
microcopy. To our surprise, we found that cortical stress fbers arise de novo from the actin cortex 
and this was dependent on NMII pulses that drive actin bundling (Publication I, Figs. 2A-B, 
S3C-D and S4A). Interestingly, few reports exist where NMII pulses in 2D migrating cells have 
been studied, but these did not capture the formation of actomyosin bundles although actomyosin 
did show transient accumulation at the cortex (Nie et al, 2015; Baird et al, 2017; Kim & Davidson, 
2011). Our data also points out that such short-lived NMII-actin accumulations at the cortex 
frequently exist and can either collapse and dissolve back to the cortex or assemble into a cortical 
stress fber. Furthermore, we discovered that cells frequently use pre-existing FAs to stabilize 
the assembling cortical stress fbers, but generation and subsequent maturation of new FAs can 
also take place during this process (Publication I, Figs. 4A and S3). In silico model suggested by 
Nie and colleagues (Nie et al, 2015), where ‘FAs’ were simplistically simulated as static single 
NMII-flaments, correlates relatively well with our time-lapse imaging data. In both cases, the 
FAs (either pre-existing or newly established) act as anchor points for the intrinsically unstable 
nascent F-actin bundles that become crosslinked by the NMII pulse. Without the possibility of 
bundle end attachment, as demonstrated by culturing the cells on poly-lysine (Publication I, 
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Fig. S4B), the nascent actomyosin bundle will disintegrate, likely through perpendicular forces 
subjected to it by continuous cortical contractility.  

What then determines whether NMII pulse results in a stress fber formation? Te composition 
(meshwork density, degree of crosslinking, proportion of Arp2/3 vs. formin activity) of the 
cortex, and cortex thickness are likely to afect how successfully NMII pulse can crosslink and 
bundle F-actin (Alvarado et al, 2013; Ennomani et al, 2016; Koenderink & Paluch, 2018). Our 
data demonstrated that Arp2/3 depletion did not signifcantly afect to the cortical stress fber 
formation (Publication I, Figs. 4B and S4C). Tus, it could be speculated that linear actin flaments 
nucleated by formins are better suited for stress fber assembly, as demonstrated for actin arc 
assembly during lamellipodia retraction (Koestler et al, 2008; Urban et al, 2010; Burnette et al, 
2011; Tojkander et al, 2011). 

Spatiotemporal, prolonged activation of exogenous RhoA drives actomyosin accumulation to 
pre-existing stress fbers and cortical constriction of anaphase mesenchymal cells (Wagner & 
Glotzer, 2016). However, for epithelial apical constriction, pulsatile RhoA activity is preferred 
(Mason et al, 2016). It is thus likely that also fuctuations in the upstream regulation of RhoA 
activity could promote cortical stress formation. It is also important to note that all NMII 
isoforms can bind to plasma membrane phospholipids through displacement of the RLC (Liu et 
al, 2016b). Intriguingly, these inactive myosin entities could serve as a scafold to recruit active 
NMII (potentiated by RhoA pulse) at these sites through bipolar flament formation, thereby 
initiating the reorganization of cortical F-actin. However, further work is required to reveal the 
molecular principles underlying the pulsatile behavior or NMII at the cell cortex. 

4.2 Cortical stress fbers prefer to assemble under the moving nucleus 
during cell migration (Publication I) 

In recent years, there has been increasing interest in studying the mechanobiology of the nucleus 
and actomyosin structures regulating its locomotion and integrity (Luxton et al, 2010; Tomas 
et al, 2015a; Denais et al, 2016; Nava et al, 2020). Whereas many aforementioned reports have 
concentrated in perinuclear actin cap structures and related transmembrane actin-associated 
nuclear (TAN) lines extending over the nucleus, also thin actomyosin flaments below the nucleus 
are also ofen observed during the nucleus displacement (Luxton et al, 2010; Wu et al, 2014; 
Tamiello et al, 2015; Davidson et al, 2020). Imaging the translocating nucleus while simultaneously 
recording F-actin, NMII-A and FA dynamics in the TIRF plane, we revealed that cortical stress 
fbers predominantly assemble below the nucleus (Publication I, Fig 3A-C and S3A). We also 
observed slightly elevated frequency of NMII pulses occurring below the nucleus compared to 
elsewhere at the ventral cortex. Cortical actomyosin accumulation has been documented around 
the nucleus in cells migrating through narrow 2D or 3D-passages and postulated to promote 
nucleus movement (Wolf et al, 2013; Tomas et al, 2015b; Denais et al, 2016; Davidson et al, 
2020). Tus, it is interesting to speculate that de novo assembly of the perinuclear cortical stress 
fbers, possibly induced by perinuclear actin cap fbers or apical cortex-mediated compression, 
is reminiscent of the perinuclear F-actin accumulation during constricted migration. Indeed, 
fbroblasts with prominent actin cap structures harbor markedly more cortical stress fbers at the 
ventral cortex than U2OS cells (Publication I, Fig 1A and S1A). Moreover, fbroblasts migrating 
in 3D have numerous cortical stress fbers surrounding their nucleus and cells on thin microlines, 
which imitate 3D-migration without discernible lamella, display stress fbers below the nucleus 
(Kim et al, 2014; Owen et al, 2017; Lee et al, 2018 and L. Owen, pers. conversations). Investigation 
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of 3D cell migration has further revealed that increased RhoA activity at the cell rear promotes 
cortical F-actin enrichment and stress fber assembly required for tail retraction (Hetmanski et 
al, 2019). 

Here, we demonstrated that pulsatile behavior of NMII, conserved at least from arthropods and 
nematodes to humans, is able to organize the cortical actomyosin mesh into transient, relatively 
unstable bundles that attach to pre-existing FAs or recruit new nascent FAs. Tis leads to adhesion 
maturation and subsequently to the stabilization of a cortical stress fber (Figure 6A). Similar to 
our studies on cultured cells, there are indications of NMII pulse-dependent organization of actin 
cortex also in tissue environment (Kim & Davidson, 2011; Martin & Goldstein, 2014; Maître et 
al, 2015; Michaux et al, 2018). 

Bearing resemblance to actomyosin pulses at the ventral surface of migrating cells are the apical 
constrictions in the epithelial monolayer which control several morphogenetic events. Tere, 
short-lived myosin pulses have been observed to transiently pull the circumferential contractile 
junctions towards the cell center (Martin et al, 2009; Roh-Johnson et al, 2012). Moreover, at 
least in Drosophila, these transient contractile foci can assemble into more stable (yet transient) 
medioapical stress fber-like structures, potentially through pulse-induced extension of radial 
F-actin towards E-cadherin-catenin complexes on opposite sides of the cell (Mason et al, 2013; 
Dehapiot et al, 2020). In addition to epithelial cells, Xenopus mesenchymal cells undergoing 
convergent extension in vivo display NMII pulses driving F-actin contractions that occur 
asynchronously between adjacent cells to enable efective cell intercalation (Shindo et al, 2019). 
To summarize, F-actin reorganization by cortical myosin pulses appears as a relatively universal 
mechanism to reorganize cortical meshwork into diferent contractile modes to both chaperone 
nuclear migration and drive various morphogenetic events in vivo. 

4.3. UNC-45a interacts with stress fber-associated NMII through rapid 
on-and of binding kinetics (Publication II) 

During mesenchymal cell migration, bipolar NMII bundles emerge at the lamellipodia as 
bipolar flaments that coalescence to nascent transverse arcs (Hotulainen & Lappalainen, 2006; 
Burnette et al, 2011; Fenix et al, 2016). Transient NMII pulses, as discussed in the previous 
chapter, can organize the cortical F-actin meshwork by momentarily enriching at the cortex and 
then dissipating away. Tese observations raise an interesting question: from where the bipolar 
assemblies of myosin hexamers come from when the pulse initiates or when the lamellipodium 
extends. Are NMII flaments assembled on-site or only activated there? Furthermore, in order to 
maintain the dynamic contractile stress fbers, incorporation of new NMII flaments into these 
structures and repair of strain-induced damage must take place (Smith et al, 2010; Winkelman et 
al, 2020). We examined the role of UNC-45a role in controlling NMII recruitment into contractile 
stress fbers because both the invertebrate as well as the muscle-specifc vertebrate isoform UNC-
45b, have been indicated to govern striated muscle myosin folding in various organisms (Figure 
5) (Lee et al, 2014). However, for UNC-45a, which is expressed specifcally in vertebrate tissues 
and cells of non-muscle origin, no clear connection has been established in respect to NMII 
folding or stress fber maintenance. 

Utilizing both an antibody recognizing the full-length UNC-45a protein, as well as expression 
constructs with diferent domain deletions, we revealed that UNC-45a distinctively localizes to 
contractile stress fbers through its C-terminal UCS domain, which was previously observed 
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to bind smooth muscle myosin II in vitro (Liu et al, 2008) (Publication II, Figs. 1A and S2A). 
Compared to NMII-A half-life on stress fbers, we demonstrated that UNC-45a binds stress fbers 
transiently with a very rapid on-of rate (Publication II, Figs. 1B-C and S1B-C). Interestingly, we 
also recorded opposite, markedly stable association of UNC-45a with small NMII aggregates. 
Tese data suggest that UNC-45a binding kinetics with NMII are dependent on the myosin 
folding state and that stress-fber associated NMII does not normally exhibit states of severe 
misfolding or denaturation. Tis would also explain why exogenous expression of GFP-tagged 
UNC-45a displays predominantly cytoplasmic localization. In agreement with our observations, 
UNC-45b displays similar behavior in Zebrafsh myofbrils with notably rapid association-
dissociation rates in a healthy muscle cell, but prolonged myosin binding upon fbril damage 
(Etard et al, 2008). Hsp90-binding to UNC-45b appears to control the rapid binding kinetics, at 
least with the correctly folded myosin clients (Srikakulam et al, 2008; Nicholls et al, 2014). 

4.4. UNC-45a depletion obstructs stress fber assembly and NMII folding 
(Publication II) 

As previously published attempts to hamper UNC-45a activity through RNAi did not result in 
any observable NMII-related phenotypes, and we detected only minor defects in the stress fber 
assembly afer RNAi-mediated UNC-45a knockdown (Publication II, Fig. S3B-C), we decided to 
deplete the protein completely via CRISPR/Cas9 (Price et al, 2002; Bazzaro et al, 2007; Iizuka et 
al, 2015). In the complete absence of UNC-45a, we documented drastic morphological changes 
and defective cells migration in U2OS cells.  As typical polarized migrating cells in 2D display 
a clearly defned lamella at the front, followed by the cell rear that is efciently retracted as cell 
moves forward, UNC-45a knockout (KO) cells displayed multiple, simultaneously protruding 
individual lamella and severe problems related to tail retraction (Publication II, Fig. 2A-E). 
In rare instances, such lamellae detached from the cell body and continued to progress as a 
cytoplast, without the nucleus (data not shown). Remarkably, similar aberrant migration mode 
was observed in cells with low NMII protein levels (Yoon et al, 2019; Halder et al, 2019). When 
visualizing the cytoskeleton of the UNC-45a depleted cells, it was evident that stress fbers were 
predominantly absent, and this was accompanied by lack of mature FAs (Publication II, Fig. 3A-
B). As our proximity-based biotin ligation screen (Roux et al, 2012) identifed both NMI-A and 
-B isoforms, as wells as unconventional myosin 1C as potential interaction partners for UNC-
45a, we detected their protein levels in the knockout cells and noticed dramatic 60-70% drop for 
all the three myosins (Publication II, Figs. 4A-B and S2B-C). Because we did not observe changes 
in the NMII-A or –B mRNA levels, we wondered whether there are stability or folding issues 
resulting in the reduced myosin amounts. Indeed, the newly folded myosin was targeted directly 
to degradation and impeding the proteasome function resulted in appearance of large NMII and 
myosin 1C-positive aggregates (Publication II, Figs. 4C-D and 5A-C). Te remnant NMII that 
was observed in these cells is likely folded through Hsp90 basal activity, which was reported to 
fold a small proportion of smooth muscle myosin in the absence of UNC-45a in vitro (Liu et al, 
2008). 

By utilizing 3D-structured illumination microscopy (SIM) to obtain a more in-depth view into 
the composition of the remaining NMII in the UNC-45a KO cells, it was evident that the residual 
myosin was also impaired to form higher order bipolar flaments or flament stacks (Publication 
II, Fig. 6A-E). Tis is likely due to defective bipolar assembly, rather than problems in myosin 
expansion into stacks through NMII partitioning, as we frequently observed unipolar NMII 
structures that were not aligned into typical bipolar head-tail-head flaments (Hu et al, 2017; 
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Beach et al, 2017). Tere was also signifcant drop in the levels of bipolar NMII flaments in 
the cells depleted of UNC-45a and the remaining bipolar flaments had decreased amount of 
NMII incorporated into them. Blebbistatin, pharmacological inhibitor that disrupts NMII motor 
domain through stabilizing it in the actin-detached state, also results in the loss of NMII stacks 
and stress fbers, but does not dismantle the bipolar NMII flaments (Kovács et al, 2004; Fenix 
et al, 2016; Billington et al, 2013; Straussman et al, 2005). Terefore, the absence of UNC-45a 
appears cause defects in both motor activity, as well as in NMII hexamer dimerization steered by 
the coiled-coil tail domain. 

4.5. UNC-45a supports both NMII folding and stress fber assembly 
(Publication II) 

Te fndings discussed in the previous chapter, introduced another interesting question. Either 
Hsp90 could not simply fold NMII in absence of UNC-45a, or UNC-45a has functions related 
to bipolar NMII and stress fber assembly that exceed the myosin folding. Tus, we introduced 
diferent eGFP-tagged domain truncations of UNC-45a into the knockout cells and analyzed 
how well they rescue both the NMII folding and stress fber assembly defects (Publication II, Fig. 
7A-C). Whereas the full-length UNC-45a and a construct lacking the N-terminal TPR domain 
successfully rescued the NMII folding, constructs without the C-terminal UCS domain or having 
only that domain, did not lead to wild-type like rescue. Especially with UNC-45a mutant lacking 
the UCS domain, previously shown in other UCS family members to disrupt the chaperone 
activity, we did not observe any protection from NMII aggregate formation (Lee et al, 2014). 
Te less efective NMII folding we documented for the UCS domain alone could be due to the 
lack of the preceding central domain that, at least in UNC-45b, has been shown to bind myosin 
in vitro (Bujalowski et al, 2014). However, the same report stated the UCS domain of UNC-
45b to be solely capable in folding skeletal myosin II and preventing its aggregation, stressing 
the potential diference between these two isoforms. Te NMII binding capability of both the 
UCS-domain and TPR + central domain (ΔUCS) was also evident from the fact that they both 
displayed distinct, stable binding to remaining NMII aggregates, similar to what we observed 
earlier (Publication II, Figs. 7A and S1C). Also, in stark contrast to C.elegans ceUNC-45 (Gazda 
et al, 2013; Ni et al, 2011), introducing mutation that completely abrogates myosin-binding in 
worms and further combining this mutant with point mutation preventing UNC-45 multimer 
formation, we saw no signifcant defects in NMII folding (Publication II, Fig. S5A-C). Overall, 
there seems to be marked diferences between the ceUNC-45, UNC-45b and UNC-45a in how 
they bind to myosin and catalyze its folding. 

FAs are mechanosensitive complexes. Teir maturation and growth are dependent on the amount 
of tension applied onto them by the attached stress fbers (Zaidel-Bar et al, 2003; Wolfenson et 
al, 2011; Case et al, 2015). We used this property to indirectly measure and quantify stress fber 
contractility in the UNC-45a KO cells expressing the same UNC-45a mutant constructs that 
were previously used to assess NMII folding (Publication II, Figs. 8A-B and S5D). As expected, 
constructs not supporting NMII folding (discussed in the previous chapter) did not promote 
FA maturation. However, also the construct lacking the N-terminal TPR domain (ΔTPR) that 
was fully competent to fold NMII, resulted in less mature FAs than what was observed with the 
full-length UNC-45a. Furthermore, this defect in FA maturation could not be compensated by 
expressing individual TPR domain together with the ΔTPR construct. Tus, TPR domain could 
only support stress fber assembly as an integral part of the UNC-45a protein. Tis suggests that 
linear multimers of UNC-45a, as reported for ceUNC-45, could potentially work as a molecular 
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scafold to support myosin insertion into stress fbers (Gazda et al, 2013). Another possibility is 
that Hsp90 interaction, which occurs through the TPR domain (Barral et al, 2002; Chadli et al, 
2006), could potentiate the function of UNC-45a by controlling its release from the folded NMII, 
as demonstrated for UNC-45b (Nicholls et al, 2014) (Figure 6B). 

In this study, we also observed that over-expression of full-length UNC-45b protected the UNC-
45a KO cells from NMII misfolding when challenged with inhibition of the proteasome function. 
Similar to our fndings, UNC-45b is known to interact with NMII during early stages of zebrafsh 
myogenesis, but cannot generally compensate functions attributed to UNC-45a such as vessel 
and cartilage formation in the aorta (Anderson et al, 2008; Comyn & Pilgrim, 2012; Myhre et al, 
2014). Vice versa, UNC-45a could not alleviate any detrimental muscle phenotypes related to the 
loss of UNC-45b. UNC-45b can also fold smooth muscle myosin in vitro albeit UNC-45a was still 
markedly more efective in this task (Liu et al, 2008). It is thus evident that UNC-45 can adapt to 
various myosin clients that bear relatively close identity between their respective motor domains. 
Te most complex contractile unit in animals is the sarcomere with high-order organization of 
the skeletal muscle myoflaments (Dasbiswas et al, 2018). UNC-45b has likely adapted to govern 
striated muscle myosin II folding in sarcomeres but can also, at least partially, accommodate to 
fold other clients of similar nature. 

Te motor domain is the most conserved part of the myosins between the conventional type 
II- and diferent unconventional myosin classes (Heissler & Sellers, 2016). Both UNC-45a and 
UNC-45b are able to fold unconventional myosin 15 in vitro but UNC-45a surpasses UNC-45b 
in the chaperoning activity (Bird et al, 2014 and pers. discussions). We demonstrated that UNC-
45a also participated in correct folding of unconventional myosin 1C. Fascinatingly, UNC-45a 
can also fold class myosins I in yeast (Escalante et al, 2018). Taken together, UNC-45a appears 
to be better suited to fold non-muscle myosin II present in dynamic stress fbers and has further 
adapted to fold several unconventional myosins that are predominantly present in the non-
muscle tissues (Sellers, 2000), (see also Table 2). 

As cell division is fundamental to all organisms, we were also intrigued how UNC-45a KO cells 
managed to complete cytokinesis, requiring an actomyosin contractile ring that separates the 
two daughter cells by constricting in a purse-string like manner. Previous report stated that in 
the absence of ceUNC-45, NMII accumulates to the presumptive cleavage furrow in C.elegans, 
but fails to contract (Kachur et al, 2008). We revealed that UNC-45a depleted cells were more 
frequently multinucleated and that their cell division lasted slightly longer (Publication II, Fig. 9A-
D). Despite the slower growth rate, UNC-45a KO cells however managed to undergo cytokinesis. 
3D-SIM analysis of the cleavage furrow composition between wild-type and KO cells showed 
that UNC-45a KO cells displayed weaker NMII accumulation at the contractile ring, with most 
signal coming from the sides of the cortex, unlike in wild type cells where NMII accumulation 
was uniform along the furrow (Publication II, Fig. 9E-F). Interestingly, actin flaments had ofen 
a peculiar organization in UNC-45a KO cells. Tey did not align with the NMII at the cleavage 
furrow but displayed a twist-like morphology with ~45° angle to the cell equator. It is possible 
that the residual NMII in the UNC-45a KO cells is sufcient to complete cytokinesis as compared 
to interphase cells where multiple contractile structures are competing from the limited amount 
of NMII molecules (Beach et al, 2017). It is also interesting to speculate if any parallels could be 
drawn from Dictyostelium that is able to divide in the absence of NMII (Gerisch & Weber, 2000). 
Tere, cells are able to promote NMII-independent centripetal follow of actin to the cleavage 
furrow equator and division is dependent on the adhesions to the underlying ECM. Taneja 
and colleagues (Taneja et al, 2016) also reported that mitotic adhesions and ring contraction 
are balanced during cytokinesis. Tus, impaired contractility could perhaps be compensated by 
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modifying the small adhesions to the underlying substrate, thereby enabling UNC-45a KO cells 
to divide. 

Taken together, we have demonstrated in this study that UNC-45a promotes both the assembly 
of NMII flaments as well as their integration into the contractile stress fbers. Interestingly, there 
is quite an extensive list of additional, non-myosin clients reported for UNC-45a. Especially 
related to microtubules, UNC-45a was observed to associate with centrosomes (Jilani et al, 2015), 
indirectly regulating mitotic spindle formation (Eisa et al, 2019), and physically associating with 
them (Habicht et al, 2019) to negatively control microtubule stability (Mooneyham et al, 2019). 
Also a few non-myosin interactions are reported for UNC-45b, though they still being closely 
related to myofbril function (Etard et al, 2010; Chen et al, 2012) (Figure 5C). Although we could 
not capture any of the reported non-myosin interactors in our screen (Publication II, Table S1) 
and more work is needed to elucidate their relevance, it is intriguing to hypothesize the role 
of UNC-45a in the sequential mitotic spindle disassembly and contractile ring assembly, and 
constriction (Woodruf et al, 2010). Myosin X directly associates with microtubules and together 
with cortical F-actin, is important in positioning the centrosomes toward mitotic retraction fbers 
(Weber et al, 2004; Kwon et al, 2015). However, at least in U2Os cells, we did not observe any 
changes in Myosin X protein expression levels upon UNC-45a depletion (Publication II, Fig. 5B). 
In Dictyostelium, also myosin 1C was shown to stabilize MTS in the mitotic spindle (Rump et al, 
2011). Tis binding is further potentiated by the tail domain that could compete with its plasma 
membrane related functions (Figure 2B). Tus, it is possible that UNC-45a MT-related functions 
could be explained through its activity on unconventional myosin clients.   

4.6. Stress fber network can be modulated to form contractile peripheral 
actomyosin bundles during epithelial cell-cell contact formation 
(Publication III) 

Similar to FAs connecting the basal surface of the cells to the ECM and sensing its physical 
properties, cell-cell junctions laterally connect neighboring cells to support the epithelial 
integrity. Tey also control intercellular tension in a mechanosensitive manner and physically 
seal the apical side of the cells through specialized tight junctions (Takeichi, 2014). Te junctional 
tension is provided by peripheral actomyosin bundles that encircle the periphery of the cells 
and physically connect to E-cadherin-based adherens junctions, reciprocally afecting each 
other maturation and stability. Epithelial cells also display non-contractile, protrusive junctional 
actin pool that appears to be reminiscent of lamellipodia in migrating cells, contributing to the 
stability of the E-cadherin contacts (He Li et al, 2020). Whereas epithelial cells before and during 
maturation of the cell-cell contacts have been observed to display stress fber precursors (Vaezi et 
al, 2002; Zhang et al, 2005; Yamada & Nelson, 2007; Kalaji et al, 2012), it has been unclear if stress 
fber-like peripheral actomyosin bundles are generated de novo upon cell-cell contact formation 
or arise from pre-existing stress fber precursors. 

We imaged individually migrating, as well as subconfuent Madin-Darby Canine Kidney (MDCK) 
cells that had recently initiated cell-cell contact formation (Publication III, Figs. 1A and S1B). In 
both instances, we visualized both transverse arc type stress fber precursors and ventral stress 
fbers with periodic NMII-A pattern. Tey were also positive for Tpm 2.1/4.2, which is a central 
player in the transverse arc formation (Tojkander et al, 2011). Time-lapse imaging of GFP-actin 
and LifeAct-expressing MDCK cells upon cell-cell contact establishment revealed that transverse 
arc structures condensate into a contractile bundle as the lamellae of opposite cells push against 
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one another (Publication III, Figs. 1B and S1C-D), (Figure 6C). Similar type of stress fber 
compaction upon increasing confuency was also seen in human breast epithelial MCF10A cells. 
In line with these fndings, RhoA and NMII contractile activity was shown to peak at the edges of 
cell duplets during cell-cell contact expansion (Yamada & Nelson, 2007). 

4.7. Peripheral bundles and the epithelial integrity are dependent on 
AMPK-mediated tension stabilization (Publication III) 

As the fusion of transverse arcs in migrating mesenchymal (U2OS) cells was potentiated by 
AMPK-mediated inhibitory phosphorylation of VASP, by restraining the maturing stress fber 
elongation to promote contractility (Benz et al, 2009; Tojkander et al, 2015, 2018), we examined 
whether similar mechanism could take place during the formation and maintenance of the 
contractile actomyosin bundles at the epithelial cell-cell contacts (Publication III, Fig. 2A-F). 
AMPK was indeed activated upon increasing confuency of the epithelial monolayer, followed 
by enhanced VASP phosphorylation. Inhibiting the AMPK activity or the upstream CAMKK2, 
led to reappearance of transverse arcs and ventral stress fbers both in confuent monolayers, 
as well as at the edges of cell clusters, and decreased the intercellular forces that neighboring 
cells transmitted to cell-cell junctions (Publication III, Figs. 3C-G and 4A-F). On the contrary, 
exogenous activation of the AMPK, both in single epithelial cells and in monolayers, resulted in 
formation of peripheral actomyosin bundles and strengthening the pre-existing adherens junctions 
(Publication III, Fig. 5A-H). Tis was evident from the higher monolayer traction forces, elevated 
levels of phosphorylated MLC at the junctions, as well as from increase in phospho-vinculin, 
which is known to increase at junctions in response to elevated E-cadherin-subjected forces (Bays 
et al, 2014). Te peripheral actomyosin bundles appear to be under constant tension. Indeed, the 
tricellular junctions, which are contact points between the vertices of neighboring cells where thin 
bundles terminate, were indicated to bear the highest tension in epithelial monolayers (Higashi 
& Miller, 2017). Moreover, vinculin enrichment at these tricellular junctions upon increased 
tension can recruit VASP (Leerberg et al, 2014; Higashi et al, 2016). Disrupting AMPK, inhibiting 
the E-cadherin trans-contacts, or myosin activity, which all decrease intercellular forces at the 
junction (Zhang et al, 2005; Bays et al, 2017), result in the loss of the peripheral bundle stability, 
subsequent expansion of the stress fber precursors that possibly emanate from the unraveling 
junction, and re-appearance of lamellipodia-like protrusions. 

Also in unperturbed cell-cell contacts, junctional actin displays Arp2/3-dependent protrusive 
activity along their lateral surface, and epithelial sheets without defned leader cells utilize basal 
lamellipodia-like extensions to collectively migrate in vivo (Sidhaye & Norden, 2017; Krndija 
et al, 2019). It is thus intriguing to speculate that decrease in peripheral actomyosin bundles 
tension, that also weakens E-cadherin-mediated adhesion (Heuzé et al, 2019), may shif the 
balance towards the protrusive lamellipodia, leading to adhesion rupture and re-emergence of 
lamella and transverse arcs (Burnette et al, 2011; Taha et al, 2014). Importantly, in subconfuent 
cultures the protrusive activity opposite to or along the cell-cell junctions can also lead to junction 
collapse (Maruthamuthu & Gardel, 2014). 

During EMT, epithelial cells undergo changes towards mesenchymal phenotype. Tese include 
reorganization of the cytoskeleton to enable efcient migration important during developmental 
morphogenesis for example in neural crest cell migration, but also for invasive cancers (Szabó & 
Mayor, 2018; Tiery et al, 2009). Changes in AMPK levels have been linked to cancerous traits 
mainly via its additional role in cell energy metabolism (Carling, 2017). We observed that the 
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reappearance of the stress fber precursors upon AMPK inhibition was connected to increase in 
several EMT markers such as N-cadherin, vimentin and Slug, indicating that cells started to lose 
their epithelial identity and obtain mesenchymal traits when AMPK is inhibited (Publication 
III, Fig. 6A-C). Moreover, AMPK-inhibited cells in 2D started losing junctional E-cadherin and 
tight junction protein ZO-1 and 3D cultures that normally display spherical morphology with 
established apicobasal polarity, began to grow protrusions in which the epithelial morphology 
appeared abnormal (Publication III, Figs. 6D-F and S7C). AMPK’s role in cancer has been 
somewhat controversial. Similar to our results, recent paper reported that AMPK downregulation 
leads to increased breast cancer invasion and metastases (Yi et al, 2020), whereas latest review 
summarizing fndings from mouse models and human cancer biopsies stated that its role in 
promoting or suppressing tumorigenesis is context- (and cancer) dependent (Vara-Ciruelos et 
al, 2019). Malignant AMPK suppression usually occurs prior tumorigenic growth and could 
thus provide both proliferative and mobility advantages through stress-fber reorganization, in 
addition to the much more thoroughly studied liver kinase B1 that works upstream of AMPK and 
intersects cell energy metabolism and cancer pathogenesis (Zadra et al, 2015). Taken together, 
we have revealed that upon increasing cell confuency, transverse arc-like structures in epithelial 
cells can be reorganized into peripheral actomyosin bundles and that this is dependent on 
mechanosensitive AMPK activation that promotes their contractility and junctional integrity. 

4.8. Reciprocal roles of vimentin intermediate flaments and stress fbers in 
cell migration and translocation of nucleus (Publication IV) 

Te actin and microtubule (MT) cytoskeletons, as well as intermediate flaments, form physically 
dissimilar, yet collaborative networks, principally providing mechanistic support to cells and 
allowing cargo transportation (Pollard & Goldman, 2018). Close interaction of MTs with 
flamentous actin and stress fber dynamics has been elucidated in recent years, revealing MT-
mediated control of Rho-activity, actin polymerization directly from the centrosomes and even 
the existence of F-actin within the hollow MT polymer (Farina et al, 2016; Rafq et al, 2019; Paul 
et al, 2020). F-actin, MTs and intermediate flaments can all interact with each other through 
plectin. In addition, vimentin interaction with fmbrin that crosslinks parallel actin flaments 
for microvilli and stereocilia, was reported (Correia et al, 1999; Leduc & Etienne-Manneville, 
2015). Also direct in vitro interaction between F-actin and vimentin was proposed from observed 
changes in actin viscoelastic properties afer vimentin introduction (Esue et al, 2006). Albeit 
keratins and vimentin are the most abundant IF proteins in epithelial and mesenchymal cells, 
respectively and important for cell migration, there has been no clear picture on how they 
crosstalk with the contractile actomyosin structures. 

As proximity-based biotin ligation screen performed for stress fber component Tpm 2.1/4.2 
revealed nestin, vimentin and plectin as its potential interaction partners, we investigated the 
potential crosstalk between intermediate flaments and stress fbers. Terefore, we imaged the 
centripetal fow of transverse arcs and vimentin IF network and noticed that they fow together, 
with vimentin signal overlapping with F-actin in space and time (Publication IV, Figs. 1B-C and 
S1A-B). Inhibiting the transverse arc assembly via Tpm 4.2 depletion or expressing inactive Rif 
GTPase (Tojkander et al, 2011) disrupted the centripetal fow of vimentin and further changed the 
perinuclear localization of both nestin and vimentin, now extending to the lamella (Publication 
IV, Figs. 2A-C, S2A-C and S3A-B). Concurrently, lamellar height was altered as transverse arcs 
connected to the dorsal stress fbers, were no longer fattening the lamella (Burnette et al, 2014) 
(Publication IV, Fig. 3C). Disrupting F-actin cytoskeleton was earlier shown to halt keratin IFs 
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centripetal movement and caused it to accumulate to the back of the cell (Kölsch et al, 2009). 
On the other hand, and similar to what we observed with specifc perturbation of transverse 
arc network, general F-actin disruption caused expansion of the vimentin network towards the 
lamella (Dupin et al, 2011). Tus, depending on the cell type and the type of IFs, there could be 
diferential interdependence between IFs and the actin cytoskeleton. 

Opposite to transverse arc depletion, CRISPR/Cas9-mediated vimentin removal enabled the 
transverse arcs to extend somewhat further towards the perinuclear region. Tis phenotype can 
be reversed by exogenously introducing full-length vimentin to the KO cells (Publication IV, 
Figs. 3A-E and S3C-D). Te C-terminal tail domain of vimentin has been suggested to mediate 
F-actin connection without signifcantly contributing to vimentin IF assembly, at least in vitro 
(Esue et al, 2006; McCormick et al, 1993). In the vimentin KO cells, we observed exogenously 
expressed vimentin mutant lacking the tail domain (ΔT/C66) to form abnormally thick bundles 
(Publication IV, Fig. 3C and S3C). Similar aberrant morphology of the tailless ΔT vimentin, 
further causing also the endogenous vimentin to deform, was recently documented (Duarte 
et al, 2019). Tere, the authors also discerned that whereas wild-type vimentin associates with 
cortical actin in mitotic cells, the tailless vimentin causes the IF network to collapse around the 
chromosomes causing abnormal mitosis. 

Te typical localization of IFs at the front of the nucleus in 2D migrating cells, as well as their role 
in controlling nucleus positioning, were previously studied (Dupin et al, 2011). Reminiscent of 
the results of Dupin et al, (2011), showing slight forward movement of the nucleus afer vimentin 
knockdown, we demonstrated that the full knockout of vimentin causes moderate backward 
movement of nucleus, in line with modest extension of transverse arc network (Publication IV, 
Figs. 3E and S4A-B). Moreover, we analyzed the interdependence of transverse arcs and vimentin 
IFs in coordinating nucleus positioning and noticed that arc depletion caused forward movement 
of the nucleus, along with vimentin. Te simultaneous absence of both arcs and vimentin 
balanced the nucleus positioning to what was seen in control cells. Tere appears thus to be both 
transverse arc-mediated retrograde pushing forces balanced with vimentin pulling the nucleus 
to the direction of migration. In contrast to the results obtained by Dupin and colleagues, we 
revealed that RNAi-mediated depletion of plectin, known to crosslink F-actin and IFs, caused 
similar expansion of the vimentin IFs into the lamella, even when the transverse arc network and 
lamellar height was unaltered (Publication IV, Fig. 4A-D). Te discrepancy between these two 
observations could be explained by use of diferent cell lines. Te astrocytes used by Dupin et al, 
(2011), which normally reside in an exceptionally sof brain tissue compared to osteosarcoma-
derived U2OS cells, are likely to display diferent mechanoresponsive pathways to regulate the 
interplay of cytoskeletal flaments. 

Nesprins are part of the LINC complex, responsible for linking the three diferent cytoskeletal 
structures to the nuclear lamina (Bouzid et al, 2019), where nesprin-3 specifcally binds the 
intermediate flaments through plectin both in cultured cells as well as in mice and zebrafsh 
(Wilhelmsen et al, 2005; Postel et al, 2011). Interestingly, both nesprin-2 that binds F-actin, 
and nesprin-3, accumulate at the front of the nucleus with actin when cells need to deform and 
transfer the nucleus through narrow passages (Davidson et al, 2020; Petrie et al, 2014). Nesprin-3, 
vimentin, actin and NMII-A were found to form a molecular complex, providing further evidence 
that contractile stress fbers and vimentin IFs could collaborate to translocate nucleus (Petrie et al, 
2014; Tusamda Wakhloo et al, 2020). Also, not only vimentin can regulate actomyosin-mediated 
nucleus movements, but it can also provide mechanical support to the nucleus and prevent the 
formation of nuclear ruptures when cells migrate in a confned environment (Patteson et al, 
2019). 
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To summarize, we have illustrated how stress fbers and vimentin IFs closely collaborate to 
promote cell migration and nucleus translocation. As initially suggested by Esue et al, (2006), 
vimentin IFs could potentially physically strengthen the contractile actin flaments, similar to the 
F-actin found within the microtubule lumen (Paul et al, 2020). Moreover vimentin IFs interact 
with cortical actomyosin in mitotic cells, reinforcing the cortex by promoting cell rounding and 
providing mechanical resistance to the actomyosin mediated contractions that lead to cortex 
fattening in the absence of vimentin (Duarte et al, 2019 and Serres et al, 2020). As vimentin 
can also control the release of Rho-GEF from microtubules (Jiu et al, 2017), the aforementioned 
fndings and our results, consolidate the possibility that vimentin could regulate the physical 
properties of F-actin structures such as stress fbers. Tis would promote cell survival under 
mechanical strain both due to increased cytosolic pressure (Stewart et al, 2011) as well from the 
surrounding ECM (Yamada & Sixt, 2019). 
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Figure 6. Novel mechanisms to assemble and maintain stress fbers. A) Cortical stress fber assembly 
occurs 1. At the actin cortex occupying nascent FA foci, bipolar NMII flaments and F-actin bundles of 
mixed polarity. 2. NMII-pulse transiently enriches cortical NMII that can lead to initial actomyosin 
bundle formation and their end-wise anchorage to the nascent FAs. 3. Subsequent NMII pulses and NMII 
incorporation into the actomyosin bundles leads to stabilization of the cortical stress fber and growth of the 
attached FAs. B) UNC-45a mechanism of function for stress fber assembly. 1. Without the UCS domain, 
UNC-45a cannot function as a chaperone and residual, defcient NMII folding occurs presumably through 
Hsp90. 2. Without TPR-domain, NMII assembly into stress fbers is partially impeded. Tis could be due to 
impaired UNC-45a multimer formation or lack of complex formation with Hsp90. 3. Full length UNC-45a 
supports, potentially through multimerization, both NMII folding and its association to stress fbers. C) 
Peripheral actomyosin bundle assembly from the transverse arc precursors in epithelial cells is mediated by 
colliding lamellae. Tis results in lateral fusion of the arcs next to cell-cell contact site. 
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5. Conclusions and future perspectives 

Te fndings of this thesis work highlight the multitude of cellular functions in which the stress 
fbers play a role. Since the frst visualization of these ‘tension striae’ close to 100 years ago (Lewis & 
Lewis, 1924), contractile actomyosin structures of the non-muscle cells have become increasingly 
interesting due to their role in mechanosensation as well as in various developmental stages such 
as neural crest migration (Shellard et al, 2018), vascular sprouting (Wimmer et al, 2012; Angulo-
Urarte et al, 2018), generation of striated myofbrils (Fenix et al, 2018; Sanger et al, 2009) and 
in stem cell maintenance (Vining & Mooney, 2017; Haroon et al, 2020), just to name a few. Te 
studies presented in this thesis build up the knowledge on these dynamic, malleable actomyosin 
bundles, by revealing a novel way how to build stress fbers from the actin cortex (Publication I) 
and how NMII is assembled, integrated and maintained in the stress fber structures (Publication 
II). Tey also provide new role of stress fbers in establishing the contractile structures of the 
epithelial adherens junctions (Publication III) and in interacting with vimentin intermediate 
flament network to control cell’s cytoskeletal architecture and nucleus positioning (Publication 
IV). 

Te current models for stress fber assembly rely heavily on the fat 2D substrates, where cells 
adhere and emit tension only against a single surface. In tissue environment, with few exceptions 
(Fritz-Laylin et al, 2017), fbrillar ECM with varying rigidity and pore size does not support 
the existence of a wide and fat lamella, but cells apply mainly lamellipodial and flopodial 
protrusions at their front (Caswell & Zech, 2018). In 3D environment, the most prominent stress 
fbers, albeit usually thinner than in 2D environment, are seen similarly around the cell body and 
at back of the cells where nucleus also resides (Doyle et al, 2015). Also during in vivo interkinetic 
nuclear migration in straight stratifed epithelia, cortical actomyosin structures drive the nucleus 
movement towards the apical surface (Yanakieva et al, 2019). Cortical actomyosin contractions 
are also utilized by cells to create hydrostatic pressure, especially during blebbing-based amoeboid 
migration (Paluch & Raz, 2013). Cell cortex has overall more signifcant role in 3D, as adhesion 
formation and tissue-mediated compression can take place from all directions. Our data revealing 
stress fber assembly directly from the cortical actomyosin mesh could indeed represent a general 
mechanism to establish stress fber network during 3D mesenchymal migration. Tis is also 
because we detected stress fbers emergence predominantly occurring prominently below the 
nucleus, whose translocation ultimately determines cell’s migratory competence in 3D context 
(Calero-Cuenca et al, 2018). Albeit the in vivo ECM is typically less rigid than 2D substrates, FAs 
in 3D are more stable than in 2D milieu (Doyle et al, 2012). Tis would further promote cortical 
stress fber maturation that requires FA linkage for their stability. 

Vimentin IFs, which are upregulated during EMT when nonmigratory epithelial cells adopt 
highly migratory phenotype, appear to protect nuclear integrity in cell migration (Patteson et 
al, 2019). Tis potentially occurs through the nucleocytoskeletal nesprin-plectin connection, 
thereby also indirectly afecting the perinuclear actomyosin bundles that receive feedback from 
nuclear stifness through the LINC complex (Luxton et al, 2010). As we also demonstrated that 
stress fbers directly link to vimentin flaments via plectin to control nucleus positioning and 
because vimentin IFs have been reported to stifen in response to strain (Janmey et al, 1991), 
their interplay would combine the mechanical protection of the nucleus and its translocation. 
However, more studies are needed to actually visualize the dynamics of stress fbers in vivo, 
particularly when combined with complex tissue environment. Also due to enhancement of 
mechanical rigidity of the cell’s cortex, it will be interesting to study if vimentin IFs have a positive 
or negative contribution to the cortical stress fber formation. 
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In future studies, it would be interesting to further examine the role of UNC-45a, the caretaker 
of bipolar NMII assembly, as a potential regulator of the cortical myosin pulses, since we did not 
visualize how UNC-45a depletion would afect the NMII pulsatile behavior. Te unexpected novel 
UNC-45a myosin client: myosin 1C fascinatingly also shares cortical localization, and myosin 1 
family members participate in cortical tension regulation (Nambiar et al, 2009), concomitantly 
afecting also cell migration in 3D (Diz-Muñoz et al, 2010; Salvermoser et al, 2018). To what 
extent myosin 1C, or other class I myosins, regulate cortical stress fber formation through 
cortical tension modulation remains an open question. 

During embryonic development, cells undergo series of EMT and mesenchymal to epithelial 
transitions (MET) where epithelial cell-cell contacts are disassembled and re-established, 
respectively (Kim et al, 2017). Afer epithelial wounding and during cell extrusion, contractile 
stress fber-like structures are needed to restore epithelial integrity. Our fndings on AMPK-VASP-
mediated reorganization of stress fber structures to generate peripheral actomyosin bundles, 
which can work in bidirectional manner e.g. in EMT, suggest how common stress fber structures 
could be recycled to generate new tissue-specifc actomyosin structures. Taken together, cells 
have multiple options in their toolbox on whether to reorganize existing stress fber precursors 
or to generate them de novo, depending on the specifc extracellular requirements. Tese results 
open new directions to study stress fber dynamics and mechanosensing in 3D. 
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