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ABSTRACT 

Fundamental processes of essentially each cell of the human body depend 
on structures built of actin. This relatively small (MW=42 kDa) protein is a 
central building block of the cytoskeleton. Actin-based structures 
contribute to diversified processes, including cell migration, 
morphogenesis, and intracellular transport. Above-mentioned activities are 
crucial in multiple basic physiological events, for example embryonal 
development, wound healing and immunological responses. Moreover, 
abnormal regulation of actin networks has implications in various diseases, 
such as cancer. Although extensively studied over the years, the field of 
actin-based structures still lacks answers for many important questions. For 
example, contractile actomyosin bundles of non-muscle cells, stress fibers, 
are essential for cell morphogenesis, adhesion and mechanosensing. 
However, the precise mechanisms regulating their assembly and function 
remain unclear.  

Studies included in this thesis reveal novel aspects underlying regulation of 
contractile structures in non-muscle cells. Assembly and organization of 
stress fibers depend not only on biochemical signals, but also on mechanical 
ones. Study I identifies mechanosensitive Ca2+-dependent CaMKK2-
activation as an upstream regulator of AMPK-VASP pathway, which is 
crucial for contractile stress fiber maturation. Studies II and III unravel how 
two distinct proteins, calponin-3 and caldesmon, contribute to regulation 
of stress fiber organization and contractility in non-muscle osteosarcoma 
cells. We show, that calponin-3 is a dynamic component of all stress fiber 
subtypes. Moreover, its presence is essential to manage their proper 
contractility, as calponin-3 deficiency leads to uncontrolled behavior and 
breakage of stress fibers due to increased tension. We also show for the first 
time that non-muscle caldesmon is present exclusively in contractile stress 
fibers, where it colocalizes with myosin II motor domains. Moreover, we 
demonstrate an important role for caldesmon in regulation of stress fiber 
contractility, as lack of this protein leads to lower number of thick 
contractile bundles and reduced traction forces. Together, these studies 
broaden our knowledge on the mechanisms underlying assembly and 
regulation of contractile stress fibers in non-muscle cells.  



 

1 
 

REVIEW OF THE LITERATURE 

1. Cytoskeleton 

Multiple fundamental processes, including cell’s internal organization and 
shape maintenance, migration and division, rely on a molecular scaffold 
called the cytoskeleton. Eukaryotic cytoskeleton comprises of three main 
components: microtubules, intermediate filaments and actin 
microfilaments. Microtubules are long, cylindric-shaped polymers 
composed of α- and β-tubulin, which are critical for cell division by 
contributing to formation of mitotic spindle and chromosome segregation. 
Moreover, microtubules contribute to organelle transportation within a 
cell, as well in cell migration driven by cilia and flagella. Intermediate 
filaments are classified into five subgroups, depending on their molecular 
compositions. They primarily provide mechanical support for the cell, for 
example against mechanical stress. While internal architecture of the cell 
depends on coordinated cooperation of all three cytoskeletal elements, each 
of them display unique properties, regulatory mechanisms and functions  
(Alberts, 2014; Lodish, 2000).  

1.1. The actin cytoskeleton 
Actin is one of the most abundant proteins in eukaryotic cells and it is the 
building block of the cytoskeleton. Presence of a well-coordinated and 
controlled actin network is essential for diverse fundamental cellular 
processes. Besides its crucial role in driving physiological processes, it is 
important to note that any abnormalities, either in performance or 
regulation of the actin cytoskeleton, may lead to pathological conditions, 
including myopathies, cancer or immunological diseases (Alberts, 2014).  

The numbers of actin-coding genes vary between different species. 
Mammals express six actin isoforms, which display different tissue 
distributions. Albeit few compositional differences, actin family proteins are 
evolutionary highly-conserved (Ampe and Van Troys, 2017; Herman, 1993). 
The actin (MW=42kDa) itself is a globular molecule (G-actin). 
Polymerization of G-actin subunits gives a rise to linear filamentous actin 
(F-actin), which is the functional unit of the actin cytoskeleton. Actin 
dynamics occurs in three main steps: nucleation, elongation and 
depolymerization. The process is powered by ATP hydrolysis; actin-bound 
ATP is hydrolyzed to ADP in the filamentous form of actin (Alberts, 2014; 
Korn, 1982). Actin filaments are double-stranded polymers, composed of 
head-to-tail organized actin subunits. Importantly, the filaments are polar 
structures, meaning that they have two structurally and functionally 
distinct ends: barbed (fast-growing) and pointed (slow-growing) (Moore et 
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al., 1970; Pollard and Borisy, 2003). As precise control of filament number 
and length is necessary to maintain fundamental cellular processes, actin 
filaments undergo constant polymerization/depolymerization cycles called 
treadmilling. During this process, ATP-bound actin monomers associate 
with the barbed-end of actin filament, then ATP is hydrolyzed to ADP, 
resulting in the situation where the filament pointed-end consist of ADP-
actin subunits. The ADP-actin molecules can dissociate from the pointed 
end of the filament and undergo nucleotide exchange to “re-charge” them 
for a new round of polymerization. Thus, the balance of actin monomers 
available for polymerization remain constant (Carlier and Shekhar, 2017; 
Suarez and Kovar, 2016; Wegner, 1976).  

Actin-based structures govern plethora of cellular events, from morphology 
and migration, through environment sensing, to endocytosis. Along with 
high number of studies, more and more phenomena involving the actin 
cytoskeleton are identified. Here, some of the most important examples will 
be discussed. The actin cytoskeleton provides a functional scaffold, 
indispensable to support the proper cell architecture. Cell shape is 
controlled mainly by the properties of cell cortex, a thin (~0.1 µm) 
actomyosin meshwork layer underneath the cell membrane. Except of actin 
and myosin, cell cortex consists of many actin-binding proteins. Myosin-
derived force generates cortical tension, which influences local cellular 
deformations (Bovellan et al., 2014; Chalut and Paluch, 2016). Cell 
migration is another central actin cytoskeleton-dependent process. It is 
crucial in many events, such as embryonal development, wound healing and 
immune responses. Consequently, any abnormalities in migration may lead 
to pathological conditions, for example cancer. Dynamic polymerization of 
actin microfilaments against plasma membrane enable generation of 
motility-driving protrusions, such as lamellipodia or filopodia. Moreover, 
contractile actomyosin bundles, stress fibers, contribute to mesenchymal 
cell migration and force exertion (see Fig. 1) (Pollard and Borisy, 2003). Not 
only scaffolding and migratory events rely on actin. For example, the actin 
cytoskeleton enables uptake of different substances, such as nutrients into 
a cell in a process called endocytosis. Although endocytosis was mainly 
believed to depend on proteins that shape the plasma membrane, it was 
shown that also actin filament polymerization plays an important role. 
Growing number of studies have consequently uncovered the importance 
of the actin cytoskeleton in distinct phases of reshaping the plasma 
membrane in endocytosis process (Kaksonen et al., 2006).  

Importantly, the above-mentioned processes rely on the actin cytoskeleton 
as the main force-generating machinery. Depending on their organization, 
actin filaments together with regulating proteins, can produce pulling or 
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pushing forces. While pushing force is a result of actin filament 
polymerization against plasma membrane, pulling forces are built upon 
mutual sliding of crosslinked actin and myosin filaments (Small et al., 1998). 

 

Figure 1. Actin-based structures in a non-muscle cell. The most 
prominent actin-based structures include lamellipodia and filopodia, which 
are involved in cell motility and environment sensing. They consist of actin 
filaments polymerizing against the plasma membrane. The other types of 
actin-based structures include contractile actomyosin stress fibers, which 
contribute to cell adhesion, morphogenesis and mechanosensing. 
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1.2. Actin polymerization-dependent force production  
Force produced by actin filaments polymerization against the plasma 
membrane, contributes to formation of distinct types of structures. These 
structures are involved for example in cell migration, cell-cell adhesions, 
sensing the external environment and endocytosis (Chhabra and Higgs, 
2007). Lamellipodia are flat and thin, sheet-like protrusions at the cell 
leading edge, where they generate force to drive and navigate cell migration, 
in single cell and collective cell migration (Abercrombie et al., 1970; 
Fenteany et al., 2000; Mitchison and Cramer, 1996). Moreover, 
lamellipodial protrusions play a role in formation of cell-cell junctions in 
endothelial and epithelial cells (Baum and Georgiou, 2011; Efimova and 
Svitkina, 2018; Hoelzle and Svitkina, 2012). Lamellipodia are dynamic 
structures, continuously expanding and retracting over time. Assembly and 
extension of lamellipodia are driven by the polymerization of branched, so 
called dendritic, actin filament network. Barbed ends of actin filaments are 
oriented towards the leading edge. During lamellipodia expansion, actin 
nucleation is induced by NPFs (nucleation-promoting factors)-activated 
Arp2/3 complex. The most critical NPFs for Arp2/3 at lamellipodium is the 
WAVE complex, which is activated by small GTPase Rac1.  Actin filament 
elongation is also driven by Ena/VASP family proteins, which associate with 
barbed ends of the filaments to recruit G-actin molecules and prevent 
filament capping. Furthermore, formins, for example FMNL2 and mDia2, 
enable filament growth and protect them from premature capping (Kage et 
al., 2017; Krause and Gautreau, 2014; Small et al., 2002; Svitkina et al., 1997).  

In contrast to wide lamellipodia, filopodia are thin, finger-like protrusions. 
They consist of parallel actin bundles, accompanied by regulatory and 
stabilizing components. One of the most often mentioned function of 
filopodia is environment sensing (Heckman and Plummer, 2013; Jacquemet 
et al., 2015).  Moreover, filopodia take part in various processes, including 
cell adhesion (Schafer et al., 2009), establishing cell-cell contacts 
(Vasioukhin et al., 2000), cancer invasion and 3D cell migration (Jacquemet 
et al., 2015). Filopodia are generated by continuous actin polymerization at 
the tip of the protrusion. Moreover, actin filaments are oriented uniformly 
across the length of filopodia, with their barbed ends toward the tips. 
Filopodia formation can be triggered by Cdc42, a small Rho-GTPase family 
member. Cdc42 can activate the WAVE complex, which stimulates actin 
nucleation. Subsequent filament elongation is driven by Ena/VASP proteins 
and Dia2 formin. Other important filopodia components include fascin 
(actin filament crosslinker), myosin X (molecular motor promoting 
filopodia formation) and IRSp53 (membrane curvature sensing/generation 
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of protrusion) (Gupton and Gertler, 2007; Mattila and Lappalainen, 2008; 
Small et al., 1978).  

Endocytosis refers to a process of membrane invagination followed by 
formation of vesicles, enabling import of various cargo inside the cell. After 
cargo delivery, the vesicles are internalized within intracellular 
compartments and the contents become recycled or degraded. Several 
specialized endocytosis pathways are present in eukaryotes, however 
clathrin-mediated endocytosis is the best studied so far (Bitsikas et al., 
2014). In general, the endocytosis comprises five major steps: initiation, 
cargo recruitment, membrane bending, scission and uncoating. Actin 
filaments are involved in membrane bending. WASP-activated Arp2/3 actin 
polymerization in endocytic sites, followed by recruitment of additional 
actin-binding proteins, plays a crucial role in force production, which 
enables the membrane to bend and thus generate an invagination that can 
be budded from the membrane. Most endocytosis studies concerning actin 
have been performed by using yeast as a model. In budding yeast actin is 
indispensable for this process, however its importance, as well as highly-
conserved character of the process, were also shown to be conserved at least 
in some mammalian cells (Goode et al., 2015; Kaksonen and Roux, 2018). 

1.3. Actomyosin-based force production 
In addition to force generation through actin polymerization, actin 
filaments, together with myosin II, can form contractile structures. These 
are crucial for numerous processes, in both muscle and non-muscle 
systems. Here, the force is generated through ATP-dependent myosin 
motor domain movement along actin filaments. Contractile structures of 
muscle cells, called sarcomeres, are crucial in processes such as heart 
beating or muscle contraction. Also non-muscle cells and tissues utilize 
contractile structures, such as stress fibers, for example in cell migration 
and adhesion (Alberts, 2014). Although organizational differences exist 
between sarcomeres and stress fibers, the general basis of contraction 
mechanism is comparable in muscle and non-muscle systems (Svitkina, 
2018). 

Myosin superfamily is commonly categorized into 18 distinct classes, 
depending on their structures and functions. Considering contractile 
structures, class II of myosin (also called conventional myosin) is the most 
important for their proper function, both in muscle and non-muscle 
systems (Thompson and Langford, 2002; Vicente-Manzanares et al., 2009). 
General domain organization of myosin-family proteins is conserved, as 
majority of members consist of three main subdomains known as head, 
neck and tail (Foth et al., 2006). Highly-conserved N-terminal myosin 
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head-domain has ATPase activity and binds actin; neck-domain binds 
regulatory proteins; variable tail-domain links the protein with cargo 
(Syamaladevi et al., 2012).  

2. Contractile actomyosin structures in cells 
As already mentioned, the ability to contract is crucial both in muscle and 
non-muscle systems. From single-cell processes, such as division and 
migration, through whole-tissue phenomena, such as muscle contraction or 
heart beating, actin-based contractility is indispensable. Although different 
in organizational aspects, the main basis for the contractile events remain 
alike through different tissues. The essential elements are actin filaments 
and motor proteins, converting chemical energy into mechanical force 
(Alberts, 2014).  

2.1.  Striated muscle – organization of sarcomere 
Precise organization of contracting tissue is a key for its mechanical stress 
and strain endurance, and for its effective motion. Therefore, skeletal and 
cardiac muscle cells display a characteristic feature: striation. It means that 
building blocks of muscles – myofibrils are organized in a way that certain 
proteins are placed in restricted regions, generating arranged blocks. 
Sarcomere is the basic structural and functional unit of the myofibril. It is 
composed of thin (actin) and thick (myosin) filaments, restricted by 
protein-dense Z-lines (see Fig. 2) (Lodish, 2000). Importantly, actin 
filaments within sarcomere, display roughly identical lengths and are 
oriented with their barbed ends towards the Z-line. (Gautel and Djinovic-
Carugo, 2016). However, the length of actin filaments depends on muscle 
type (Sweeney and Hammers, 2018). In order to keep the filaments length 
uniform within sarcomeres of specific tissue, their barbed ends blocked by 
capping protein called Cap Z, and their pointed ends are capped by 
tropomodulin (Caldwell et al., 1989; Casella et al., 1987; Yamashiro et al., 
2012). Moreover, thin filament length is modulated by actin filament 
nucleating protein leiomodin (Chen et al., 2015). Proper spatial 
organization of actin and myosin II filaments is ensured by titin and 
nebulin, which control accurate sarcomere assembly by interconnecting the 
filaments and provide their appropriate spatial arrangement (McElhinny et 
al., 2003; Tskhovrebova and Trinick, 2003). Furthermore, organization of 
sarcomere rely on a set of actin filament-crosslinking and anchoring 
proteins, including α-actinin, filamin-C and myosin crosslinker myomesin 
(Gautel and Djinovic-Carugo, 2016; Henderson et al., 2017).  

The model of muscle contraction is based on mutual thin and thick filament 
sliding. In addition, Ca2+ and ATP are required for its initiation. Upon their 
presence, myosin heads dissociate from actin filaments, extend and pull 
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actin filaments that are anchored to Z-lines towards the center of the 
sarcomere, which results in shortening of the sarcomere and muscle 
contraction.  (Lodish, 2000; Sweeney and Hammers, 2018). 

Muscle contraction is regulated in a Ca2+-dependent way by troponin 
complex and tropomyosin. Troponin complex consist of three subunits: 
troponin C, troponin I and troponin T, which are responsible for Ca2+ 
binding, actin binding and inhibition of actin-myosin II interaction and 
tropomyosin binding, respectively (Farah and Reinach, 1995). Tropomyosin 
associates with troponin and actin filaments and it blocks myosin-binding 
sites along thin filaments. Increased concentration of intracellular Ca2+ and 
its subsequent binding to troponin complex causes its reorganization, which 
forces a shift of tropomyosin molecule along the actin filament. In 
consequence, sites for myosin II head binding become exposed and 
interaction of myosin II and actin filaments is enabled (Gordon et al., 2000; 
Lehman et al., 1994). 

 

 

Figure 2. Sarcomere organization and general muscle contraction 
mechanism. Picture modified from Richfield, D (2014)."Medical gallery 
of David Richfield 2014". WikiJournal of Medicine 1 (2): 9. 

https://en.wikiversity.org/wiki/WikiJournal_of_Medicine/Medical_gallery_of_David_Richfield_2014
https://en.wikiversity.org/wiki/WikiJournal_of_Medicine/Medical_gallery_of_David_Richfield_2014
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2.2.  Non-muscle cells – stress fibers 
The major contractile structures of non-muscle cells, stress fibers, are thick 
actomyosin bundles, crosslinked with α-actinin and accompanied by 
numerous regulating proteins. Stress fibers typically consist of bundles of 
10-30 actin filaments. The other main components, α-actinin and myosin II, 
display periodic distribution, which is also a characteristic feature of 
contractile units of muscle cells (Cramer et al., 1997; Tojkander et al., 2012). 
However, the arrangement of non-muscle stress fibers is less organized than 
myofibrils. Moreover, in contrast to muscle myofibrils, stress fibers do not 
undergo continuous contraction/relaxation cycles (Peterson et al., 2004). 
Stress fibers are present in most cultured cell lines and in vivo, especially in 
tissues exposed to mechanical stress, for instance in vascular endothelial 
cells (Wong et al., 1983). Wherever present, stress fibers are involved in 
multiple cellular events, including adhesion, migration, morphogenesis and 
mechanotransduction. Focal adhesions are protein complexes, connecting 
cells to the extracellular environment and responding to substrate forces. 
Stress fibers are often attached to focal adhesions at their ends, and proper 
function of stress fibers and focal adhesion are interdependent. For 
example, stress fiber disruption is followed by focal adhesion disassembly. 
Moreover, it was shown that stress fibers may serve as templates for focal 
adhesion maturation (Livne and Geiger, 2016; Oakes et al., 2012). Stress 
fibers are dispensable for cell migration, because several motile cell types, 
such as leukocytes do not generate stress fibers (Lammermann et al., 2008). 
However, it was shown that their presence is needed, at least in some steps 
of mesenchymal migration, for example cell’s tail retraction (Cramer et al., 
1997; Ridley et al., 2003; Tojkander et al., 2012). Moreover, stress fibers play 
an important role in mechanosensing. Extracellular rigidity influences cell 
fate, morphology and migration (Discher et al., 2005; Engler et al., 2006; 
Lo et al., 2000). Contractile stress fibers, through connection with focal 
adhesions, generate force and bear tension in response for physical 
properties of the environment. Typically, the more rigid substrate, the 
higher number of stress fibers is present, as their formation depends on 
tension (Burridge and Wittchen, 2013; Tojkander et al., 2015). 

2.2.1. Assembly of stress fibers 
Stress fibers can be divided into different classes, depending on their 
subcellular localization, molecular composition and interactions with focal 
adhesions. The three main subgroups are: I) dorsal stress fibers, which do 
not contain myosin II and are attached to focal adhesion at their distal end; 
II) transverse arcs, which are able to contract due to myosin II presence, but 
are not directly connected to focal adhesions; III) ventral stress fibers, which 
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are both contractile and linked to focal adhesions at their both ends (see 
Fig.3) (Small et al., 1998; Tojkander et al., 2012).  

 

Figure 3. Stress fiber subtypes in non-muscle cell. Schematic 
localization and association with focal adhesions of dorsal (green), 
transverse arcs (blue) and ventral (red) stress fibers.  

Assembly of distinct stress fiber subtypes is driven by diverse mechanisms. 
Dorsal stress fibers are generated via VASP and Dia1 formin-driven actin 
polymerization from focal adhesions located at the cell’s leading edge. 
Newly polymerized actin filaments are crosslinked with α-actinin, which is 
also necessary for maintenance of dorsal stress fibers (Hotulainen and 
Lappalainen, 2006; Kovac et al., 2013). Different assembly mechanism 
applies to transverse arcs. These contractile fibers are formed form short, 
Arp2/3-nucleated actin bundles (crosslinked with α-actinin) and mDia2-
nucleated (tropomyosin-decorated) actin filaments. Moreover, to obtain 
contractility, incorporation of myosin II into these bundles is necessary. 
Importantly, myosin II recruitment appears to be driven by one of the 
tropomyosin isoforms (Tpm4.2). The populations of α-actinin and 
tropomyosin-decorated actin filaments fuse together into contractile 
transverse arcs, which are aligned parallel to the cell edge (Hotulainen and 
Lappalainen, 2006; Tojkander et al., 2011). The third stress fiber subtype, 
ventral stress fibers, are generated by lateral fusion of transverse arcs, 
moving towards cell center together with focal adhesion-linked dorsal stress 
fibers. Therefore, thick actomyosin bundles attached to focal adhesions at 
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their both ends are generated (Burnette et al., 2014; Hotulainen and 
Lappalainen, 2006; Tojkander et al., 2015).  

2.2.2. Regulation of stress fiber formation and contractility 
Regulation of actin stress fiber assembly and maintenance are controlled at 
various levels. Stress fiber formation depends on signalling cascades, stress 
fiber-binding proteins and the properties of extracellular matrix. The best 
known signalling regulators of the stress fiber formation belong to Rho 
GTPases family, and the key player is RhoA (Ridley and Hall, 1992). Through 
its downstream effectors, Rho-associated kinase (ROCK) and mDia1, RhoA 
drives stress fiber assembly (Leung et al., 1996; Watanabe et al., 1997). 
Formin mDia1 facilitates assembly of actin filaments, while ROCK prevents 
their disassembly and regulates myosin phosphorylation, enabling proper 
function of stress fibers (Maekawa et al., 1999; Tojkander et al., 2012; 
Totsukawa et al., 2000). Also, tension-dependent actin filament assembly 
directly affects stress fiber formation (Tojkander et al., 2015). Apart from 
the proper organization of stress fibers, also their contractility is highly 
regulated. Myosin light chain (MLC) phosphorylation is crucial for 
contractility, as it facilitates myosin II filament assembly and thus enables 
actin-activated ATPase activity of the myosin motor domain (Vicente-
Manzanares et al., 2009). MLC phosphorylation, as mentioned before, is 
controlled through RhoA-ROCK pathway (Totsukawa et al., 2000). The 
other proposed ROCK-activator is septin-2, which directly binds and 
activates myosin II (Joo et al., 2007). Moreover, multiple proteins are 
responsible for proper stress fiber formation and behaviour. So far over 20 
of these molecules have been identified, however, the exact roles of many 
of these proteins are not yet defined (Tojkander et al., 2012). Examples of 
the most important and well-characterized stress fiber components are 
presented in Table 1.  
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Table 1 Main stress fiber components 

 Protein 
name 

Proposed function References 

α-Actinin Crosslinking of actin filaments,  
transduction of mechanical signalling 

(Blanchard et al., 
1989; Le et al., 2017) 

Caldesmon Regulation of contractility (Mayanagi and 
Sobue, 2011) 

Calponin Negative regulator of actomyosin  
contractility (calponin-1);  
Indirect regulation of contractility  
(calponin-3); Stress fiber assembly 

(Daimon et al., 
2013; Hirata et al., 
2016; Liu and Jin, 
2016) 

Fascin Unipolar actin filament crosslinker; 
Organization and dynamics of stress 
fibers  

(Courson and Rock, 
2010; Elkhatib et 
al., 2014) 

FHOD1 Spatiotemporal control of stress fiber 
organization and dynamics 

(Schulze et al., 
2014) 

Filamin Filament stabilization;  
Mechanosensing 

(Razinia et al., 2012; 
Stossel et al., 2001) 

Myosin II Stress fiber contraction (Vicente-
Manzanares et al., 
2009) 

Myosin 18B Lateral fusion of transverse arcs (Jiu et al., 2019) 

Palladin Dorsal stress fiber assembly, 
cytoskeletal scaffold 

(Gateva et al., 2014) 

Septins Filament crosslinking, stabilization  
and regulation of myosin II activity 

(Dolat et al., 2014; 
Joo et al., 2007) 

Tropomyosins Filament stabilization; Myosin II 
incorporation; Specification of actin 
filament populations 

(Gateva et al., 2017; 
Gunning et al., 
2015; Tojkander et 
al., 2011) 

UNC45a Assembly of myosin II filaments (Lehtimaki et al., 
2017) 

VASP Actin filament assembly (Gateva et al., 2014) 

Zyxin Stress fiber stabilization, maintenance 
and elasticity modulation 

(Oakes et al., 2017; 
Smith et al., 2010) 
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3. Regulation of the actin cytoskeleton 
Various systems are involved in regulation and coordination of the actin 
cytoskeleton assembly and functions. They range from the direct protein-
protein interactions, through signaling cascades and phosphorylation 
events, to extracellular cues. Together, they control actin dynamics and 
organization on cellular level. 

3.1.  Actin-binding proteins 
Multiple actin-binding proteins control the proper spatiotemporal 
organization of the actin cytoskeleton. Diversified molecules are needed to 
adjust the lifetime of actin filaments: from initialization of their 
polymerization, through length and stability regulation, to disassembly and 
maintenance of proper G-actin:F-actin ratio. Even simple organisms, such 
as yeast, express approximately 100 actin-binding proteins (Mishra et al., 
2014). Their number in multicellular organisms, including mammals, is 
even higher. Here, some examples of the most crucial, widely expressed and 
conserved actin-regulating proteins will be discussed.  

3.1.1. Initialization of actin filament formation: nucleators and 
proteins controlling filament elongation 

To initialize de novo actin filament formation, a stable trimeric complex of 
actin monomers (so-called nucleus) needs to be formed. This phenomenon 
is called nucleation and it is the first step in actin polymerization process. 
As spontaneous polymerization is kinetically unfavorable, various 
molecules, including the Arp2/3 complex and formins, are necessary for 
tuning effective polymerization (Chesarone and Goode, 2009; Edwards et 
al., 2014; Firat-Karalar and Welch, 2011).  

Arp 2/3 complex is the first actin-nucleating factor identified. This well-
conserved, ~220 kDa complex consists of seven subunits: two actin-related 
proteins (Arp2 and Arp3) and five additional proteins, playing structural 
and regulatory functions (ARPC1, ARPC2, ARPC3, ARPC4, ARPC5) 
(Machesky et al., 1994; Robinson et al., 2001). As Arp2 and Arp3 display 
structural similarities to actin, it is believed that Arp2/3 complex is 
mimicking an actin multimer and acts as a template for further 
polymerization. Importantly, Arp2/3-driven nucleation is the only one 
which organize actin filaments into branched network through attachment 
to a pre-existing filament and driving the formation of new Y-branch at a 
70 degrees angle (Mullins et al., 1998; Welch and Mullins, 2002). Activity 
of Arp2/3 complex is regulated by ATP and nucleation-promoting factors 
(NPFs). Over dozen of NPFs have been identified as far. NPFs respond to 
signalling cues and may therefore activate Arp2/3 complex in specific 
spatio-temporal manner. Arp2/3-related actin polymerization drives 
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multiple fundamental processes, such as cell migration (formation of 
lamellipodia), phagocytosis (formation of phagocytic cup) (Goley and 
Welch, 2006).  

Other central nucleation-driving proteins include formins, which are a 
group of highly conserved molecules, widely expressed in eukaryotic cells. 
The number of formins vary between species, for example there are only 
two formins in budding yeast, while humans express 15 distinct formins, 
which can be divided into seven subgroups (Schonichen and Geyer, 2010). 
All formins contain formin-homology (FH) domains. Actin polymerization 
depends on the FH2 domain, while the FH1 domain is necessary for binding 
other actin-regulatory proteins (e.g. profilin). Formins bind to the barbed 
ends of actin filaments through the FH2 domain dimer and mediate actin 
nucleation and prevent filament barbed end capping. The mechanism of 
formin-induced actin nucleation has been under discussion for a long time. 
So far, the most established model is that the FH2 domain dimers encircle 
and stabilize actin dimers or trimers and thus enable nucleation (Pring et 
al., 2003). Moreover, formins remain attached to the nucleated filament 
barbed end and contribute to their processive elongation (Zigmond, 2004). 
Different formins have diverse subcellular localizations and regulatory 
mechanisms. Further, the precise mechanisms by which other domains 
contribute to actin filament nucleation and polymerization vary between 
different formins. However, the minimal requirement for their nucleating 
activity is the presence if FH2 domain (Breitsprecher and Goode, 2013; 
Goode and Eck, 2007). Apart from the nucleation, formins are involved in 
distinct actin-related processes, such as filament bundling and severing 
(Courtemanche, 2018).  

Actin filament assembly is also regulated by proteins of 
Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) family. This 
group consist of Drosophila protein Ena and three vertebrate homologs: 
Mena, Evl and VASP. They localize to the areas of dynamic actin 
reorganization in cells, for example in lamellipodia or filopodia tips, as well 
as to focal adhesions and stress fibers (Gertler et al., 1996; Reinhard et al., 
1995; Rottner et al., 1999). Ena/VASP family members contain conserved 
domains, including N-terminal Ena/VASP homology domain (EVH1), the 
proline-rich domain and C-terminal EVH2 domain (Krause et al., 2003). 
Ena/VASP proteins bind G- and F-actin, as well as profilin-actin and 
promote actin filament elongation at their barbed ends. Moreover, they 
prevent barbed end filament capping (Barzik et al., 2005; Bear et al., 2002; 
Pasic et al., 2008).  



 

14 
 

Capping protein (CP) is ~64 kDa heterodimer, expressed in multitude of 
eukaryotes, including fungi, plants and humans. Although the major 
function of CP is capping the barbed ends of actin filaments and thus 
prevention of their uncontrolled growth as well as management the pool of 
free barbed ends within a cell, it is also involved in actin filament nucleation. 
In migrating cells, the role of CP is closely related to the Arp2/3-driven actin 
polymerization and ensures desired length and density of filaments in a 
branched network (Cooper and Sept, 2008). Moreover, CP increases 
motility rate through promoting frequent Arp2/3-mediated actin 
nucleation. Two hypotheses have been presented to explain this 
phenomenon: (1) the actin funneling hypothesis and (2) the monomer 
gating model. While the first one suggests that presence of CP leads to 
higher concentration of assembly-competent actin monomers, the second 
one states that CP binding to actin filament allows more efficient Arp2/3-
driven actin filament nucleation. Recent in vitro data, including direct 
microscopy visual evidence, better supports the actin funneling hypothesis 
(Shekhar and Carlier, 2017). Furthermore, constant competition between 
CP and other barbed end-interacting proteins, such as formins or 
Ena/VASP,  participates in regulation of actin network properties and thus 
controls the cell shape and movement (Akin and Mullins, 2008; Cooper and 
Sept, 2008; Edwards et al., 2014; Loisel et al., 1999; Wang and Carlsson, 
2015).  

3.1.2. Filament depolymerization and monomer recycling 
A pool of actin monomers is required to maintain the proper rate of actin 
polymerization in cells. Thus, specialized proteins are needed to drive 
filament disassembly and monomer recycling. This group includes for 
example actin monomer binding (e.g. thymosin-β4, profilin) and filament 
severing (e.g. ADF/cofilin) proteins  (dos Remedios et al., 2003; Paavilainen 
et al., 2004; Pollard and Borisy, 2003).  

Thymosin-β4 is short, 43 amino acid peptide, able to sequester G-actin and 
prevent monomers from incorporation into pointed or barbed ends of actin 
filament. The effect is achieved either by alteration of monomer 
conformation, or through steric inhibition of polymerization and/or 
nucleotide exchange (Safer et al., 1991; Sanders et al., 1992; Xue et al., 2014). 
Furthermore, thymosin-β4 prefers ATP-actin over ADP-actin monomers 
(Carlier et al., 1993). 

Another central actin monomer-binding protein, ~ 16 kDa profilin, also 
controls the pool of actin monomers. Profilin was first identified as an actin 
sequestering protein and it is highly conserved throughout eukaryotes 
(Carlsson et al., 1977; Skruber et al., 2018). However, G-actin sequestering 
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is not the main function of profilin. It was confirmed by several studies that 
profilin facilitates nucleotide (ADP-ATP) exchange on actin monomers, 
therefore leading to faster assembly of actin filaments. Notably, profilin 
promotes filament growth exclusively at the barbed end (Goldschmidt-
Clermont et al., 1992; Pantaloni and Carlier, 1993; Pollard and Cooper, 1984; 
Selden et al., 1999; Witke, 2004). Apart from binding actin monomers, 
profilin also binds poly-proline-rich proteins, such as Ena/VASP and FH1 
domains of formins to deliver actin monomers to the regions of rapid actin 
filament assembly in cells (Krishnan and Moens, 2009; Romero et al., 
2004). 

The pool of actin monomers is also supplied by filament disassembly. Thus, 
the cofilin/actin-depolymerizing factor (ADF) family proteins, regulate 
actin dynamics by enabling rapid filament disassembly and actin 
treadmilling (Carlier and Pantaloni, 1997; Lappalainen and Drubin, 1997). 
In mammals, family consist of three proteins: cofilin-1 (CFL-1; major non-
muscle isoform), cofilin-2 (CFL-2; major muscle isoform) and ADF, which 
is mainly expressed in neurons and epithelial cells (Vartiainen et al., 2002). 
These proteins are able to bind both G- and F-actin, with the preference is 
towards ADP-actin (Maciver and Hussey, 2002; Suarez et al., 2011). 
ADF/cofilin family has been broadly studied both in vitro and in vivo, yet 
there are many, sometimes contradictory, findings about the precise 
mechanism of their action. In vitro experiments have shown that, 
depending on cofilin concentration and cofilin/actin ratio, the protein may 
act in different manner, promoting either severing (low ratio) or filament 
nucleation (high ratio) (Andrianantoandro and Pollard, 2006). Moreover, 
ADF/cofilin was shown to promote filament depolymerization, both 
directly as well as by preventing ADF/cofilin-saturated filaments barbed 
ends capping (Wioland et al., 2017). Importantly, the function of cofilin is 
affected by plentiful other factors (e.g. interaction with other proteins, 
phosphorylation, pH, oxidative stress and binding to membrane 
phospholipids) (Ostrowska and Moraczewska, 2017). 

Another conserved actin monomer-binding protein, twinfilin, is also a 
member of the ADF-H (actin depolymerizing factor homologs) superfamily. 
The protein was first identified in yeast and was shown to bind ADP-actin 
monomers in 1:1 ratio (Goode et al., 1998). Unlike single isoform present in 
yeast, mammals have two distinct twinfilin genes: twinfilin-1 and twinfilin-
2 (Vartiainen et al., 2003). Twinfilin interacts not only with actin 
monomers, but also with actin filaments, other actin-related proteins (e.g. 
capping protein) and phosphoinositides (Hakala et al., 2018; Palmgren et 
al., 2001). Moreover, some twinfilins can also induce filament 
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depolymerization at barbed and/or pointed ends (Hilton et al., 2018; 
Johnston et al., 2015) 

Cyclase-associated proteins (CAPs) are an evolutionary conserved group of 
actin-regulating proteins. They are present in all mammals, which express 
two isoforms: CAP1 (widely-expressed) and CAP2 (muscle-specific) 
(Bertling et al., 2004). CAPs are actin monomer-binding proteins, which 
promote rapid reorganization of actin filaments. Importantly, they play a 
dual role in regulation of actin dynamics. On one hand, CAPs promote actin 
filament disassembly (Chaudhry et al., 2013). On the other hand, recent 
studies revealed that CAPs catalyze nucleotide exchange on actin 
monomers and thus enable monomer ”re-charging” (Kotila et al., 2018). 

3.1.3. Higher organization and specification of actin filaments 
Structure, dynamics and functions of cellular actin filament arrays, 
comprised of organized actin filaments, must be carefully controlled. 
Among molecular regulators, α-actinins and tropomyosins are crucial 
components with well-established roles. Moreover, less characterized, but 
important proteins, calponin and caldesmon will be discussed here. 

α-Actinin, a member of spectrin superfamily, is a homodimeric actin 
filament crosslinking protein, present in muscle (where it was first 
discovered) and non-muscle cells. Mammals express four genes for this 
protein. Generally, α-actinin 1 and 4 are present in non-muscle tissues, 
whereas α-actinin 2 and 3 are enriched in muscles. Moreover, α-actinins can 
be classified depending on their calcium-sensitivity; Ca2+-sensitive (non-
muscle isoforms) and Ca2+-insensitive (muscle isoforms) (Blanchard et al., 
1989; Burridge and Feramisco, 1981; Sjoblom et al., 2008). In muscle cells, 
α-actinin localizes to Z-discs, where it crosslinks actin filaments from 
adjacent sarcomeres and thus plays an important role in Z-disc structural 
organization (Young et al., 1998). Functions of non-muscle α-actinin 
isoforms are broader. Except of crosslinking actin filaments in contractile 
structures (e.g. stress fibers), they are important for connecting the 
cytoskeleton with plasma membrane (e.g. through interactions with 
integrins and in organization of cell-cell contacts) (Blanchard et al., 1989; 
Otey et al., 1990). Moreover, α-actinin facilitates rigidity sensing through its 
functions in focal adhesions (Meacci et al., 2016). 

Tropomyosins form a large family of actin filament-associated proteins. 
They were first found in striated muscle cells as contraction regulators 
(Bailey, 1946). Mammalian cells, depending on the cell type, can produce 
over forty distinct tropomyosin isoforms through alternative splicing from 
four genes. Importantly, different isoforms carry distinct, non-
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compensative functions (Geeves et al., 2015). Tropomyosins form long 
polymers aside of the actin filaments, stabilize them and modulate 
interaction of filaments with other actin-associated proteins (Gunning et 
al., 2008). Furthermore, according to in vitro studies, non-muscle 
mammalian tropomyosins play an important role in segregation of distinct 
actin filament populations. Therefore, actin filaments, decorated by 
different tropomyosin isoforms are functionally distinct and can contribute 
to physiologically divergent processes at the same cytoplasmic environment 
(Gateva et al., 2017).  

3.1.3.1. Calponin 
Calponin was first identified from chicken gizzard as a 34kDa F-actin, 
calmodulin and tropomyosin-binding protein (Takahashi et al., 1986). 
Mammals express three calponin isoforms (calponin-1, calponin-2, 
calponin-3), which are products of three distinct genes (known as CNN1, 
CNN2, CNN3) (Applegate et al., 1994; Gao et al., 1996; Strasser et al., 1993). 
Although all three isoforms share approximately 70% identity with each 
other at the amino acid level, each of them contains a divergent C-terminal 
tail. Calponin tails differ in length and amino acid composition, thus the 
isoforms are also known as basic (calponin-1), neutral (calponin-2) and 
acidic (calponin-3). The conserved domains of calponin-family proteins are: 
N-terminal calponin-homology domain, two actin-binding sites and three 
CLIK (calponin-like) motifs (Fig. 3). While calponin-1 expression is mainly 
restricted to smooth muscles, calponin-2 and -3 are widely expressed in 
different tissues (Applegate et al., 1994; Masuda et al., 1996; Strasser et al., 
1993).  

So far, the best characterized isoform is calponin-1, which has been widely 
studied in biochemical assays, as well as in vivo. It is now well-established 
that the main function of calponin-1 is myosin light chain (MLC) 
phosphorylation-independent inhibition of actin-activated myosin ATPase 
activity (Matthew et al., 2000; Obara et al., 1996; Winder and Walsh, 1993). 
These biochemical findings are also supported by in vivo studies on C. 
elegans calponin homologs, which are expressed in muscle and non-muscle 
tissue, where they bind to actin filaments and negatively regulate 
actomyosin contractility (Ono et al., 2015). Importantly, inhibitory effect of 
calponin-1 is phosphorylation-dependent and thus it was hypothesized that 
it is a smooth muscle analogue of troponin (Rozenblum and Gimona, 2008; 
Takahashi and Nadal-Ginard, 1991). Moreover, calponin-1 was reported to 
function as a regulator of actin filaments’ mechanical properties in smooth 
muscles (Jensen et al., 2012).  
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Notably, calponin-2 and -3, isoforms are less well characterized compared 
to calponin-1. However, involvement of calponin-2 in organization of the 
actin cytoskeleton was pointed out in several studies. For example, it was 
shown that knock-down of calponin-2 increases motility and proliferation 
rate of some cell types (Huang et al., 2008; Moazzem Hossain et al., 2014), 
while its overexpression stabilizes actin cytoskeleton (Hossain et al., 2005). 
Similar to calponin-1, also calponin-2 seems to be involved in negative 
actomyosin contractility regulation, as its depletion leads to increased 
traction forces in fibroblasts (Hossain et al., 2016). However, the exact 
mechanism of how calponin-2 may contribute into these processes, remains 
unknown. Importantly, while calponin-2 knockout mice are viable, but with 
defects in proliferation, spreading and migration of immune cells (Huang et 
al., 2016; Huang et al., 2008), calponin-3 knockout leads to lethal 
phenotype, due to neural tube closure defects (Flemming et al., 2015; 
Junghans and Herzog, 2018). Thus, calponin-3 is an essential protein, yet its 
precise function remains unexplained. Although widely expressed, 
calponin-3 is especially enriched in neural and embryonic tissues with 
hypothesized role in control of neural plasticity and embryonal 
development (Liu and Jin, 2016) Studies so far have shown that calponin-3 
is present in stress fibers, possibly regulating their assembly in fibroblasts 
(Daimon et al., 2013; Danninger and Gimona, 2000). Further, calponin-3 is 
involved in cytoskeletal rearrangements in certain cell types, as it negatively 
controls trophoblast and myoblast fusion in ROCK-dependent manner 
(Shibukawa et al., 2013; Shibukawa et al., 2010). Moreover, there are 
indications that calponin-3 may regulate cell contractility, in MLC-
independent manner (Hirata et al., 2016). Nevertheless, the detailed role of 
calponin-3 in non-muscle cells remains obscure, yet intriguing.  

3.1.3.2. Caldesmon  
Another actin cytoskeleton-related protein, whose function remains elusive 
is caldesmon. In mammals, there is only one caldesmon-encoding gene. 
However, two distinct caldesmon isoforms are generated from this gene 
through alternative splicing: high molecular weight (h-caldesmon) and low 
molecular weight (l-caldesmon) (Hayashi et al., 1992; Marston and 
Redwood, 1991). Although the main functional domains of the protein are 
conserved between the isoforms, it is important to note that h-caldesmon 
contains an additional extension in its central region (Ball and Kovala, 1988; 
Wang et al., 1991). Interestingly, the sequence of caldesmon consist of 
multiple repeats of positively and negatively charged amino acid residues 
(Czurylo, 2000). So far, it is not known if distinct isoforms play the same or 
different roles in cells.  
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There are several studies linking caldesmon with proper function of the 
actin cytoskeleton. For example, caldesmon is present within contractile 
apparatus of smooth muscle cells (Bretscher and Lynch, 1985; Furst et al., 
1986). In non-muscle cells caldesmon is found in stress fibres, lamellipodial 
extensions and membrane ruffles (Bretscher and Lynch, 1985; Dabrowska et 
al., 2004; Owada et al., 1984).  Both smooth-muscle (h-caldesmon) and 
non-muscle (l-caldesmon) isoforms were reported to be involved in 
negative regulation of actomyosin contractility (Dabrowska et al., 1985; 
Helfman et al., 1999; Ngai and Walsh, 1984; Szpacenko et al., 1985). In 
addition to contractility regulation, caldesmon negatively affects formation 
of smooth muscle podosomes (Eves et al., 2006; Gu et al., 2007). Moreover, 
involvement of caldesmon in cytoskeleton-linked processes, such as cell 
migration, axon extension and focal adhesion formation, have been 
reported. For instance, it was shown that overexpression of caldesmon 
enhances stress fiber formation and reduces cell motility (Castellino et al., 
1995; Grosheva et al., 2006; Helfman et al., 1999; Mirzapoiazova et al., 2005; 
Morita et al., 2012). Aside from biochemical and cell biology findings, also 
in vivo studies refer to caldesmon as important component of the 
cytoskeleton. For example, caldesmon plays crucial role in cardiac and 
vascular development of zebrafish (Zheng et al., 2009a; Zheng et al., 
2009b). Furthermore, caldesmon interacts with other actin-associated 
proteins, for example tropomyosin. It was shown that caldesmon can 
enhance tropomyosin-actin binding ratio and thus it participates in 
stabilization of actin filaments (Warren et al., 1994). The specific functions 
of caldesmon are also modulated by phosphorylation events, as it contains 
multiple phosphorylation sites for different kinases including for instance 
ERK1/2 and p38MAPK and CaMKK2 (Goncharova et al., 2002; Jiang et al., 
2010; Mirzapoiazova et al., 2005; Ngai and Walsh, 1984). 

Despite extensive studies, the precise function of caldesmon in regulating 
the actin cytoskeleton is not known. Thus, whether it functions as a 
scaffolding protein for actin, tropomyosin and myosin, or directly regulates 
the activity of myosin remains to be elucidated. 
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Figure 4. General domain organizations of calponin and caldesmon. 
Calponin family consist three isoforms, which are distinguished by tails of 
different charge. Caldesmon is present in two, alternatively-spliced, variants: 
smooth muscle h-caldesmon (contains a central spacer region) and non-
muscle l-caldesmon (lacks the central spacer region).  

 

3.2. Regulation of actin-binding proteins 
As actin is one of the most important proteins in every living cell, its 
functions need accurate regulation. Moreover, maintenance of multiple 
actin-driven processes in a common cytoplasm require precise governance 
of different actin filament structures. Organization of the actin cytoskeleton 
can be regulated in various levels and manners. Among different regulatory 
mechanisms, the role of actin-binding proteins and Rho-GTPases are the 
most prominent (Hall, 1998; Lee and Dominguez, 2010). However, growing 
number of evidences points out importance of mechanical signals in control 
of the actin cytoskeleton (Burridge and Wittchen, 2013; Discher et al., 2005; 
Tojkander et al., 2015).  

3.2.1. Biochemical regulation 
Organization and functions of the actin cytoskeleton can be regulated 
through molecular switches, members of Rho GTPases family, which 
respond to various biochemical and mechanical stimuli. The basis of 
GTPase function lies upon their ability to switch between GDP-bound and 
GTP-bound states. While GDP-bound molecules are inactive, those 
containing GTP are active and able to transduce signals to downstream 
effectors. GTPases are regulated by GEFs and GAPs – molecular on and off 



 

21 
 

switches, respectively. While GEFs (guanine nucleotide exchange factors) 
facilitate GDP dissociation and, GAPs (GTPase activating proteins) 
stimulate GTP hydrolysis (Hall, 1998; Jaffe and Hall, 2005; Van Aelst and 
D'Souza-Schorey, 1997). Rho GTPases belong to Ras superfamily of small 
GTPases and comprise of 20 members. However, three of them (RhoA, Rac1, 
Cdc42) are the most prominent and well-characterized in mammalian cells 
(Heasman and Ridley, 2008). Each of these molecules plays an important 
role in distinct cellular events. RhoA regulates actin stress fiber and 
adhesion assembly (Ridley and Hall, 1992). Rac is involved in regulation of 
lamellipodia and membrane ruffles (Miki et al., 1998; Ridley et al., 1992). 
Cdc42 regulates filopodia formation (Gupton and Gertler, 2007) and cell 
polarity (Etienne-Manneville, 2004). From the perspective of stress fiber 
assembly, the role of RhoA is the most prominent, direct promotor of their 
assembly and function. In more detail, an effector of RhoA, ROCK, 
phosphorylates LIM kinase, and thus mediates stress fiber assembly via 
phosphorylation of cofilin and further inhibition of actin filament 
disassembly. Moreover, ROCK phosphorylates MLC and thus enables 
actomyosin contractility (Maekawa et al., 1999; Riento and Ridley, 2003).  

Also, membrane phospholipids are important for regulation of both small 
GTPases and actin-binding proteins. Among them, phosphatidylinositol 
4,5-bis phosphate PI(4,5)P2, is one of the best characterized actin regulating 
lipids. PI(4,5)P2 interacts with a range of actin-binding proteins, such as 
profilin, twinfilin, ADF/cofilin, talin and WASP. In general, proteins which 
are actin polymerization inhibitors or disassembly promotors, are inhibited 
by PI(4,5)P2, while activity of proteins promoting actin nucleation and 
polymerization is upregulated via PI(4,5)P2 interactions. Furthermore, 
phospholipids can influence actin dynamics by activation of small GTPases. 
Together, the actin cytoskeleton-plasma membrane interplay is crucial for 
several cellular processes, for example cell migration and endocytosis 
(Saarikangas et al., 2010; Senju et al., 2017; Senju and Lappalainen, 2019). 

3.2.2. Mechanosensing 
Cells are in constant interplay with their extracellular environment as they 
sense, transmit and exert forces back and forth to membranes, neighboring 
cells and the extracellular matrix (ECM). The interplay between mechanical 
and biochemical signals, as well as conversion of applied force into chemical 
signals plays an important role in controlling cell shape, adhesion and 
behavior. Notably, matrix stiffness may reprogram cell faith, as well as 
modulate signaling and gene expression. For example, stem cells 
differentiation depends on substrate stiffness (Discher et al., 2005; 
Humphrey et al., 2014; Iskratsch et al., 2014). Different cell types may 
display their own mechanosensing and mechanotransduction pathways, 
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however, main components of mechanical response remain conserved. 
Briefly, mechanosensitive pathways lead from ECM ligands (e.g. fibronectin 
or laminin), through transmembrane receptors (e.g. integrins), connectors 
and signal transducers (e.g. actin-binding proteins) to effectors (e.g.  the 
actin cytoskeleton) (Schiller and Fassler, 2013). The actin cytoskeleton-
based units, both branched networks and contractile actomyosin bundles, 
together with focal adhesions, are among the most important force 
generating and transmitting structures in cells (Bieling et al., 2016; Burridge 
and Wittchen, 2013; Hayakawa et al., 2012).  

3.2.2.1. Mechanosensing through focal adhesions  
Focal adhesions are dynamic multiprotein complexes, which connect the 
ECM with the actin cytoskeleton through integrin receptors. Based on 
integrin adhesome, there are over 180 focal adhesion-associated proteins. 
This group contains cytoskeletal proteins, adaptor proteins and signaling 
molecules (Zaidel-Bar and Geiger, 2010). Focal adhesions do not actively 
generate forces but serve as a hub: transmitting out (e.g. exerting forces) 
and in (e.g. translating external forces into biochemical messages) signals 
between the cell and its environment. Moreover, focal adhesion assembly 
and stability are regulated via mechanical forces (Balaban et al., 2001; 
Schiller and Fassler, 2013). Briefly, in response to force, specific signaling 
cascades driven by mechanosensing proteins are activated and further 
reorganization occurs. Obviously, not all proteins involved in focal adhesion 
functions are mechanosensitive. However, the core focal adhesion 
components – integrins, are crucial mechanosensors. They can either 
transduce the force directly or transmit it to the other mechanosensitive 
elements (Sun et al., 2016). For example, changes in forces applied to cells 
or ECM, lead to integrin clustering and thus formation of focal adhesion 
(Riveline et al., 2001). Moreover, conformation and activity state of 
integrins changes in response to force – mechanical strain stimulates their 
activity (Katsumi et al., 2005).  

Force-sensitive properties have been also shown for other focal adhesion 
associated proteins, for example filamins, α-actinin, p130Cas, talin and 
vinculin (del Rio et al., 2009; Le et al., 2017; Stossel et al., 2001). Among 
them, especially talin and vinculin belong to core mechanosensing 
molecules. Talin is a large (MW=270 kDa) multifunctional adapter 
molecule, which serves as a linker between β-integrins and F-actin. Further, 
it plays a key scaffolding role in regulation of focal adhesion architecture 
(Liu et al., 2015). Talin capability to regulate and connect different systems 
is a result of its ability to interact with multiple binding partners, which is 
based on its structural properties. Talin is composed of integrin-binding 
globular N-terminal head domain (FERM domain), followed by short linker 
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and C-terminal rod domain, which contains α-helical subdomains that have 
multiple actin- and vinculin-binding sites. Notably, stretching the rod 
domain activates vinculin and actin binding, whereas in the absence of force 
talin remains folded and the actin- and vinculin-binding sites are not 
exposed to their ligands (Hytönen and Vogel, 2008). Thus, the ability to 
turning mechanical signals into biochemical ones makes talin a key 
molecule in focal adhesion regulation (del Rio et al., 2009; Hytonen and 
Wehrle-Haller, 2016; Rahikainen et al., 2017). Another protein, vinculin 
(MW=117 kDa), is well-characterized mechanosensitive component of focal 
adhesions. Vinculin takes part in various processes, including maturation 
and stabilization of focal adhesion and transmission of mechanical signals 
from the actin cytoskeleton to ECM. Multifunctional role of vinculin 
correlates with its multiple binding partners, such as paxillin, actin or talin 
(Carisey and Ballestrem, 2011; Case et al., 2015; Humphries et al., 2007). 
Importantly, vinculin only becomes active while recruited to focal 
adhesions. A change from packed to extended conformation, necessary for 
its activation, occurs in tension-dependent manner (Dumbauld et al., 2013; 
Ziegler et al., 2006). Interestingly, an amount of vinculin in focal adhesion 
is directly correlated with forces exerted to the cell’s substrate (Balaban et 
al., 2001). Moreover, vinculin-deficient cells are less adhesive and less 
spread (Xu et al., 1998). Thus, it is evident that the vinculin is involved in 
mechanical force transmission between cytoskeleton and ECM and in 
maintenance of mechanic stability of focal adhesion. Not only single 
proteins and protein complexes, but also certain pathways depend on 
mechanical force. For instance, p130Cas (Crk-associated substrate), a 
molecule involved for example in cell migration, takes part in 
mechanosensitive signaling cascade. There, stretch-dependent 
phosphorylation of p130Cas by Src family kinases activates small GTPase 
Rap1, which further affects cytoskeleton organization, including adhesion 
organization and cell polarity, through its effectors (Defilippi et al., 2006; 
Frische and Zwartkruis, 2010; Sawada et al., 2006) 

3.2.2.2. Mechanoregulation of stress fiber assembly  
While regulation of focal adhesion by mechanical forces is already 
extensively studied, less is known about mechanisms by which tension 
contributes to stress fiber maturation and alignment. Although biological 
mechanisms of stress fibers assembly are well-known (generation of 
contractile bundles occurs from pre-existing network of dorsal stress fibers 
and transverse arcs (see Chapter 2.2.1)), biophysical background of these 
phenomena is unclear. Stress fibers are however tension-sensitive 
structures, as ventral stress fibers are formed in rigid matrices only 
(Tojkander et al., 2012). In contrast, dorsal stress fibers and transverse arcs 
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are present also in soft environment, indicating that only generation of 
mature, ventral bundles is guided by mechanical tension. Further, it was 
recently shown that myosin II-dependent contractility, during lateral 
transverse arc flow, triggers a tension-sensitive pathway that is essential for 
stress fiber maturation. In detail, the pathway includes force-induced, 
AMPK-activated phosphorylation of VASP, an actin filament assembly 
promoting factor. While phosphorylated, VASP becomes inactive and does 
not drive actin filament elongation. This mechanosensitive inactivation of 
VASP therefore results in inhibition of actin filament polymerization and 
elongation from focal adhesions. Thus, growth of actin filaments at focal 
adhesions is under control to ensure formation of proper contractile stress 
fibers (Tojkander et al., 2015).  
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AIMS OF THE STUDY 
 

Although contractile structures of non-muscle cells, stress fibers, were 
identified long time ago and their general components and organization is 
well studied, there is still a lack of detailed knowledge about some of their 
biochemical (e.g. actin-binding proteins) and mechanobiological (e.g. 
tension-dependent pathways) regulators. Present study focused on 
regulation of stress fibers by mechanical signals and two proteins: calponin-
3 and caldesmon.  

Specifically, this thesis entitled: Regulation of contractile actin structures in 
non-muscle cells aimed to answers the following questions: 

1. What are the upstream components of the mechanosensitive 
AMPK-VASP pathway, regulating stress fiber maturation? 

2. What are the localization, dynamics and role of calponin-3 in 
organization of stress fibers? 

3. What are the localization, dynamics and role of non-muscle 
caldesmon in organization of stress fibers? 
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METHODS 
 

The methods that I have used in this study are listed below. The detailed 
descriptions can be found from the original publications. 

 

Method Publication 

Mammalian cell culture and transfection II, III 

Molecular cloning II, III 

Crispr/Cas9 knockout cell line generation II 

Western blotting I, II, III 

Genomic DNA isolation II 

Drug treatment of cells I 

Gene silencing (RNAi) II, III 

Immunofluorescence I, II, III 

Live-cell imaging II, III 

Fluorescence Recovery After Photobleaching 
(FRAP) 

II, III 

Super-resolution microscopy (3D-SIM) II, III 

Image analysis (ImageJ, Fiji) II, III 
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RESULTS AND DISCUSSION 
 

4. Generation of stress fibers is a mechanosensitive process (Study 
I) 

4.1. Overview 

Stress fibers are thick actomyosin bundles present in many cultured cells, 
as well as in shear stress-exposed cells in vivo. Three major subtypes of stress 
fibers can be distinguished: dorsal stress fibers (non-contractile, attached to 
focal adhesion on distal end); transverse arcs (contractile, non-attached to 
focal adhesion); ventral stress fibers (contractile and attached to focal 
adhesion on both ends). According to established models, dorsal stress 
fibers and transverse arcs serve as precursors for mature ventral stress fibers 
(Tojkander et al., 2012). Importantly, the assembly and organization of 
stress fibers are driven not only by biochemical signaling, but also by 
mechanical properties of cell substrate (Burridge and Wittchen, 2013). 
However, until recently, little was known about the precise 
mechanosensitive principles driving assembly of stress fibers. Interestingly, 
recent study revealed a mechanosensitive pathway, where AMPK-triggered 
phosphorylation of VASP controls contractile stress fiber assembly 
(Tojkander et al., 2015). The aim of Study I of this thesis was to identify an 
upstream activator(s) of AMPK to understand the mechanosensitive 
regulation of stress fiber assembly.  

4.2.  Identification of CaMKK2 as a mechanosensitive 
upstream activator of AMPK 

AMPK is a multifunctional kinase, involved in regulation of central 
metabolic events. Depending on the precise process, AMPK may be 
activated by different upstream regulators (Bonini and Gantner, 2013). 
Among the AMPK-activating kinases is CaMKK2, known to activate AMPK 
in vitro and in different cell lines (Hurley et al., 2005; Woods et al., 2005). 
Moreover, CaMKK2 is involved in regulation of skeletal muscle tension 
(Abbott et al., 2009). Further, CaMKK2 itself can be activated by Ca2+ and 
calmodulin (Marcelo et al., 2016). Thus, we examined if CaMKK2 can be an 
activator of AMPK also in the mechanosensitive stress fiber regulation. By 
treating cells either with a specific CaMKK2 inhibitor or siRNA, we showed 
that CaMKK2-deficient cells have a phenotype similar to those treated with 
an AMPK inhibitor (see study I, Fig. 1A). Moreover, we measured traction 
forces of CaMKK2-depleted cells and revealed that they are significantly 
lower than in control cells (see study I, Fig.1B-F). Altogether, we confirmed 
that CaMKK2 is critical for the maturation of contractile stress fibers in 
U2OS cells. To confirm that CaMKK2 indeed works as a direct AMPK 
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activator, we measured phosphorylation levels of AMPK and its 
downstream target, VASP in CaMKK2-inhibited cells. These experiments 
showed that CaMKK2 depletion lowers the levels of phosphorylated AMPK 
and VASP, while total levels of these proteins remain unchanged (see study 
I, Fig.2A-D). Therefore, CaMKK2 serves as an upstream regulator of AMPK-
VASP pathway. To asses if CaMKK2 is activated in a mechanosensitive way, 
we tested how its presence alters traction forces of cells plated on different 
stiffnesses substrates. While traction forces exerted by CaMKK2-deficient 
cells grown on soft substrate remained unaffected comparing to control 
ones, traction forces of CaMKK2-lacking cells, plated on rigid matrices, 
significantly decreased. Together, these data suggest that CaMKK2 controls 
mechanosensitive phosphorylation of AMPK and VASP, at least in U2OS 
cells. Thus, not only biochemical factors, such as hormones or metabolites 
(Marcelo et al., 2016), but also mechanical stimuli can activate CaMKK2. 

4.3. CaMKK2 localizes to focal adhesions in U2OS cells 
VASP-driven actin polymerization occurs predominantly in focal adhesions 
(Tojkander et al., 2015). Thus, we examined the localization of CaMKK2 in 
U2OS cells. By analyzing endogenous protein and cells transfected with a 
plasmid to express FLAG-CaMKK2, we found that CaMKK2 was enriched at 
the tips of contractile stress fibers, where it colocalized with focal adhesion 
protein vinculin (see study I, Fig.3A-D). This is in line with the enrichment 
of active AMPK in focal adhesions (see study I, Suppl. Fig. 3A).  

4.4. Ca2+ influxes in focal adhesions activate CaMKK2-
AMPK-VASP pathway 

Ca2+ influxes are important activators of CaMKK2 (Racioppi and Means, 
2012). Previous study showed that, at least in endothelial cells, stress fiber 
stretching stimulates Ca2+ influxes at focal adhesions (Hayakawa et al., 
2008). Thus, we examined weather the mechanism is similar in U2OS cells. 
By combining Ca2+ indicator and a focal adhesion marker on total-internal-
reflection-fluorescent microscopy (TIRF) microscopy, we revealed that 
Ca2+ influxes are indeed present in ventral stress fiber – associated focal 
adhesions (see study I, Fig.3E,F). We also confirmed mechanosensitive 
nature of the process by measuring Ca2+ influxes before and after inhibition 
of cell contractility with blebbistatin. These experiments showed that Ca2+ 
levels at focal adhesions are reduced along inhibition of contractility (see 
study I, Fig. 3G-H). It is important to note that some ion channels, including 
several Ca2+ channels, are mechanosensitive (Liu and Montell, 2015). 
Moreover, some of them are linked with stress fibers and focal adhesions 
(Kobayashi and Sokabe, 2010). Hence, these mechanosensitive Ca2+ 
channels were interesting candidates for upstream regulators in our study. 
We used an inhibitor for these channels and further examined the role of 
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Ca2+ in CaMKK2-AMPK-VASP pathway. Cells treated with Ca2+ channels 
inhibitor GsMTx-4 displayed similar defects in stress fiber assembly and 
VASP and AMPK phosphorylation compared to CaMKK2-inhibited cells. 
Moreover, depletion of Ca2+ resulted in similar phenotype compared to the 
CaMKK2/AMPK-deficient cells and to cells cultured on soft matrices (see 
study I, Fig.4 A-D). Together, these data provide evidence that Ca2+ influxes 
at focal adhesions activate the mechanosensitive CaMKK2-AMPK-VASP 
pathway.  

 

Figure 5. A working model for the functions of Ca2+ CaMKK2-AMPK-
VASP pathway. Left panel: due to low traction forces, Ca2+ channels remain 
closed, preventing Ca2+ uptake. Thus, CaM-CaMKK2-AMPK-VASP pathway 
is inactive and VASP-driven vectorial actin polymerization occurs. Right 
panel: high traction forces activate tension-sensitive Ca2+ channels. Ca2+-
activated CaMKK2 phosphorylates and activates AMPK, which subsequently 
phosphorylates VASP. Upon phosphorylation, VASP becomes inactive and 
consequently vectorial actin polymerization is halted. Thus, stress fibers 
mature and keep length, which enables their proper contractile activity. 
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5. Role of calponin-3 in stress fiber assembly and maintenance 
(Study II) 

5.1. Overview 
Although calponin isoforms have been studied in context of actin 
cytoskeleton and stress fibers for many years, their precise functions remain 
largely unknown. There are many indications, sometimes contradictory, 
about their involvement in regulation of the actin cytoskeleton (Liu and Jin, 
2016). So far, calponin-1 is the best characterized as a negative regulator of 
actomyosin ATPase activity and myosin II contractility (Takahashi et al., 
2000; Winder and Walsh, 1993). The role of calponin-2 is well less 
understood, although it was shown to regulate proliferation, adhesion and 
migration of some cell types (Huang et al., 2008; Moazzem Hossain et al., 
2014). Function of third calponin family member, calponin-3, is also quite 
poorly understood. Thus, study II focused on the role of calponin-3 in 
assembly and contractility of stress fibers in U2OS cells. 

5.2. Calponin-3 is a dynamic component of actin stress 
fibers  

Many of stress fiber-binding proteins, according to their functions, display 
specific localization patterns along the actin bundles. For example, VASP 
and palladin are present mostly in non-contractile dorsal stress fibers, while 
myosin II and tropomyosin 4.2. are localized to the contractile ones (Gateva 
et al., 2014; Tojkander et al., 2011). Association of calponin-3 with stress 
fibers was reported before (Daimon et al., 2013; Danninger and Gimona, 
2000; Hirata et al., 2016), but its precise localization in stress fibers was not 
known. Stress fibers are composed of periodic pattern of α-actinin and 
myosin II/tropomyosin segments (Tojkander et al., 2012). By utilizing 3D-
SIM microscopy, we found that calponin-3 is present in all three stress fiber 
subtypes (non-contractile dorsal stress fibers, as well as contractile 
transverse arcs and ventral stress fibers) and that it colocalizes with α-
actinin-1. This finding was confirmed both with antibody staining of 
endogenous protein and by expressing a fluorescently tagged calponin-3 in 
U2OS cells (see study II, Fig.1). Notably, this localization excludes the 
function of calponin-3 as direct regulator of actomyosin contractility and 
place it rather as a structural component of stress fibers. This is because 
calponin-3 does not localize to myosin II foci within stress fibers. Except 
localization, another important factor for protein function is its dynamics. 
Different stress fiber components display wide range of 
association/dissociation dynamics. Interestingly, half-time of calponin-3 in 
stress fibers, measured by fluorescence-recovery-after-photobleaching 
(FRAP) experiments, was in the range of ~2-4 s. This is very similar to α-
actinin-1 turnover time (~2-5 s), but much more rapid compared to e.g. 
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myosin II (Hotulainen and Lappalainen, 2006) (see study II, Fig.2). 
However, the possibility of calponin-3 being a regulator of α-actinin was 
excluded, because calponin-3-depletion did not affect localization or 
dynamics of α-actinin-1 within stress fibers (see study II, Fig.2). Thus, 
calponin-3 is a dynamic component of stress fibers that colocalizes to α-
actinin-1 foci but is largely absent from myosin II foci of these actomyosin 
bundles. 

5.3. Calponin-3 is dispensable for stress fiber assembly 
Previous studies suggested that calponin-3 is necessary for stress fiber 
assembly in fibroblasts (Daimon et al., 2013). Considering the presence of 
calponin-3 along all three stress fibers subtypes, one might expect that this 
protein works as a stress fiber scaffold. In order to test this hypothesis, we 
generated U2OS calponin-3 CRISPR/Cas9 knockout cell line. Total 
knockout of calponin-3 was confirmed with genomic DNA sequencing and 
Western Blot analysis (see study II, Suppl.Fig.2 and 3B). We analyzed the 
phenotype of calponin-3 knockout cells and found that despite its 
depletion, cells were still able to generate all categories of stress fibers. Yet, 
the morphology of actomyosin bundles of knockout cells was altered. Stress 
fibers of calponin-3-deficient cells were thinner and less organized than the 
ones in control cells (see study II, Fig.2A). To make sure there are no 
CRISPR/Cas-9 off-target effects, we confirmed these findings also by 
silencing calponin-3 by siRNA (see study II, Suppl.Fig.3C). Together, our 
data show that calponin-3 is dispensable for stress fiber assembly, at least 
in U2OS cells.  

5.4. Calponin-3 controls cell contractility 
Because the morphology of stress fibers in calponin-3-depleted cells was 
abnormal, we wanted to see how calponin-3 absence affect their behavior. 
Thus, we performed live-cell imaging on calponin-3 knockdown and 
knockout cells expressing GFP-actin. Stress fibers of these cells, in contrast 
to control ones, were contracting in peculiar tug-of-war manner (see study 
II, Suppl. Videos 1-3). Moreover, uncoordinated contractility of stress fibers 
in calponin-3-deficient cells often lead to sudden breakage events (see study 
II, Fig.4). Thus, calponin-3-depleted cells displayed clear contractility 
problems. To examine the contractility of calponin-3 knockout cells in more 
detail, we applied live traction force microscopy. These experiments 
revealed that cells which do not express calponin-3 are more contractile 
than the control ones (see study II, Fig. 5). Increased tension may explain 
both, the peculiar behavior and breakage of the fibers. Surprisingly, focal 
adhesions in calponin-3-deficient cells were smaller than in control ones 
(see study II, Fig.3B). This might seem counterintuitive when combined 
with the traction force microscopy data. This is because increased tension 
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is often linked with larger focal adhesion size. However, it is important to 
note that the tension and focal adhesion size correlate only during focal 
adhesion maturation (Stricker et al., 2011). Thus, the effect of calponin-3 
depletion on focal adhesion size might not be directly linked with increased 
tension, as diverse focal adhesion sizes may result from differences in focal 
adhesion maturation stages or from indirect effect of calponin-3 deficiency 
on focal adhesion composition. Together, these data show that calponin-3 
is an indirect, negative regulator of stress fiber contractility. 

5.5. Possible functions of calponin-3 in stress fibers 

 
The mechanism by which calponin-3 regulates stress fiber is still unclear. 
Based on available knowledge, one can speculate two possible options. The 
first one, based on calponin-3 localization to α-actinin rich spots (Fig.6), is 
that calponin-3 acts as a physical barrier and restricts movement of non-
muscle myosin II along actin filaments within stress fibers. This is 
reasonable in context of peculiar contractile behavior of 
knockout/knockdown cell contractility. Moreover, previous studies already 
pointed out involvement of calponin-3 in MLC-independent regulation of 
contractility (Hirata et al., 2016). Also, considering the fact that calponin-1 
is believed to be a negative regulator of contractility in smooth muscle, 
possibly playing a troponin-like role in this tissue (Takahashi and Nadal-
Ginard, 1991), one may expect calponin-3 to be important in the same 
process, but in different tissue types. The second possibility for calponin-3 
function is based on the presence of calponin-3 also in non-contractile 
dorsal stress fibers. Here, one can hypothesize that calponin-3 affects 
molecular organization of stress fibers and therefore can disturb myosin II 
activity or its movement along stress fibers. It was previously reported that 
calponin-3 is needed for proper stress fiber assembly, at least in fibroblasts 
(Daimon et al., 2013). Thus, it is possible that calponin-3 controls structural 
assembly of stress fibers, and its absence leads to their internal 
disorganization and in consequence to abnormal contractility. 

6. Regulation of the organization and contractility of stress fibers 
by caldesmon (study III) 

6.1.  Overview 
Caldesmon is an actin cytoskeleton-linked protein, ubiquitously expressed 
and conserved between species. So far caldesmon has been linked to 
multiple cellular processes, including contractility regulation in smooth 
muscle and non-muscle cells, motility regulation and podosome formation 
(Mayanagi and Sobue, 2011). Nevertheless, function of caldesmon, 
especially in non-muscle cells, is still unclear. Study III revealed some novel 
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information about caldesmon in U2OS cells, especially in context of stress 
fibers and their contractility.  

6.2.  Caldesmon is highly dynamic component of 
contractile stress fibers 

Caldesmon was shown to localize to stress fibers in several cell types 
(Bretscher and Lynch, 1985; Leung et al., 1996; Mayanagi and Sobue, 2011). 
However, the focus of these studies was not stress fibers, and the precise 
localization of caldesmon in stress fibers was not reported. By using 
conventional fluorescence microscopy (examining both endogenous 
protein and its fluorescent fusion), we learned that caldesmon is present 
only within contractile bundles, transverse arcs and ventral stress fibers, but 
it is absent from non-contractile dorsal stress fibers (see study III, Fig.1A). 
What was even more interesting, caldesmon did not localize uniformly 
along contractile bundles, but displayed periodic pattern, resembling the 
one characteristic for non-muscle myosin II. Therefore, we compared 
localizations of both caldesmon and myosin II and observed clear 
colocalization between these two proteins (see study III, Fig.1B,C). We 
further investigated caldesmon and myosin II colocalization with 3D-SIM 
imaging. We used 3D-SIM, because with this method we can detect whether 
the protein of interest associates with myosin motor domains or with 
coiled-coil region (Fenix et al., 2016). These experiments revealed that 
caldesmon indeed colocalizes with myosin II, specifically with its motor 
domains along stress fibers (see study III, Fig.2). These findings suggest that 
caldesmon might be a regulator of non-muscle myosin II. We also 
performed FRAP experiments to examine caldesmon dynamics. 
Surprisingly, we found the protein to be extremely dynamic, with a half-
time ~ 1 s (see study III, Fig.3A,B). This is ~50-fold more rapid than half-
time of non-muscle myosin II itself, suggesting that caldesmon do not stably 
associate with myosin II. However, it does not exclude its role as a myosin 
II regulator.  

6.3. Caldesmon knockdown affects stress fiber 
morphology and contractility  

The effect of caldesmon depletion on stress fibers has not been reported. 
Thus, we utilized siRNA to deplete caldesmon from U2OS cells. Our data 
revealed that caldesmon depletion results in altered morphology of the 
stress fiber network. In contrast to control cells with a balanced network of 
three stress fibers subtypes, caldesmon-deficient cells displayed larger 
number of thin transverse arcs and fewer number of thick ventral stress 
fibers. Moreover, caldesmon knockdown cells were ~25% larger in area 
compared to control cells. These phenotypes can result from uncontrolled 
arc flow, leading to higher cell spreading ratio, rather than to maturation of 
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stress fibers that keep cells in shape. Abnormal transverse arc flow was also 
observed by live-cell imaging (see study III, Fig.4, Suppl. Video 1,2). Based 
on these observations and previously shown colocalization of caldesmon 
with non-muscle myosin II, we decided to further examine the effects of 
caldesmon knockdown on cell contractility. Traction force microscopy 
experiments revealed that caldesmon-deficient cells exert significantly 
lower forces than the control ones. This is consistent with diminished fusion 
of transverse arcs during their centripetal flow and lower number of ventral 
stress fibers in caldesmon knockout cells, because ventral stress fibers are 
the main structures generating contractile forces in U2OS cells (Tojkander 
et al., 2015) (see study III, Fig.5). Collectively, these data clearly show that 
caldesmon plays an important role in regulation of stress fiber contractility 
in U2OS cells.  

6.4. Possible role of caldesmon in regulating myosin II 
in stress fibers 

Results presented above, combined with previous reports shed light on 
potential functions of caldesmon in stress fibers. It is possible that 
caldesmon directly regulates stress fiber contractility via interaction with 
myosin II. This hypothesis is supported by the fact that caldesmon is 
exclusively present in contractile stress fibers, where it precisely colocalize 
with myosin II motor domains (Fig.6). Also, lower traction forces in 
caldesmon-deficient cells support the option that it is a direct, positive 
regulator of contractility. Although some of the previous studies suggested 
the opposite role for this protein, implying that caldesmon is rather a 
negative contractility regulator (Dabrowska et al., 1985; Helfman et al., 
1999; Ngai and Walsh, 1984; Szpacenko et al., 1985), our findings from 
traction force microscopy on caldesmon-depleted cells support the positive-
regulatory option, at least in U2OS cells. The other possible explanation of 
caldesmon’s function is its role in structural organization of stress fibers. It 
was reported that caldesmon is implicated in stress fiber formation, as well 
as stabilization of actin filaments (Mayanagi and Sobue, 2011). Because 
transverse arc fusion in caldesmon-deficient cells was less effective than in 
control cells, it is possible that caldesmon acts as a linker or stabilizer, which 
enables alignment of transverse arcs and their subsequent fusion during 
centripetal flow. Moreover, one can propose, that caldesmon, which 
colocalizes with myosin II, may also facilitate myosin II stack formation, 
which is necessary for obtaining fully-functional, contractile actomyosin 
bundles. Thus, caldesmon can contribute to organization and contractility 
of stress fibers through several different molecular mechanisms, and future 
studies are needed to uncover its precise function. 
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Figure 6. Schematic presentation of localizations of calponin-3 and 
caldesmon in contractile stress fibers of non-muscle cells.  Calponin-3 
is present in all stress fiber subtypes where it co-localizes with α-actinin, 
whereas caldesmon is present exclusively in contractile stress fibers where it 
co-localizes with myosin II motor domains. Both, calponin-3 and caldesmon 
display very rapid association/dissociation dynamics to stress fibers. 
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CONCLUSION AND FUTURE PERSPECTIVES 
 

Work presented in this thesis contributed to better understanding of the 
general mechanism regulating stress fiber assembly and contractility. These 
studies demonstrated importance of mechanical signaling through Ca2+-
CaMKK2-AMPK-VASP pathway in assembly of contractile stress fibers, as 
well as described some novel properties of two actin-binding proteins: 
calponin-3 and caldesmon, in regulation of stress fiber assembly and 
contractility in non-muscle cells.  

Data presented in the Study I confirmed the results of previous studies 
concerning involvement of AMPK-driven, mechanosensitive pathway in 
controlling of stress fiber maturation (Tojkander et al., 2015). Moreover, a 
critical upstream regulator for this pathway, CaMKK2, was identified. 
Furthermore, data from the Study I show that Ca2+, an indispensable trigger 
for CaMKK2 activation, enters the cell via local influxes around focal 
adhesion, most likely through mechanosensitive calcium channels. This 
signaling cascade is crucial for proper stress fiber maturation, as turning it 
off, either via inhibition of calcium channels or CaMKK2, results in loss of 
ventral stress fibers. Because modulation of stress fiber assembly may 
change cell fate, better understanding of this mechanosensitive process is 
needed. It would be especially important to study the impact of this 
pathway in different cell types and compare if there are any differences in 
normal and cancer cells. Moreover, further research should include 
identification of specific calcium channels at focal adhesions, which can be 
opened via mechanical force. Such channels may, for example, serve as 
specific drug targets in certain diseases.  

Study II uncovers novel insights into the role of calponin-3 in stress fiber 
contractility. Notably, calponin-3 is a crucial protein in mammals, as its 
knockout leads to embryonal development defects and subsequent lethal 
phenotype in mice (Flemming et al., 2015; Junghans and Herzog, 2018). 
Importantly, our work elucidates the function of calponin-3 on a single cell 
level. Calponin-3 knockout U2OS cells were viable and able to generate 
stress fibers, however, the contractility of these stress fibers and thus the 
whole cell was impaired. Nonetheless, the exact molecular mechanism of 
this phenomena has not been identified yet. Thus, further experiments 
investigating the role of calponin-3 in contractility regulation are needed to 
fully understand the mechanism of this process. Calponin-3 affects stress 
fiber contractility, but at the same time the protein colocalizes with α-
actinin and its depletion did not cause changes in myosin II localization 
(data not shown) or MLC phosphorylation (Hirata et al., 2016). Thus, it 
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seems that calponin-3 does not directly regulate myosin II. Therefore, a 
potential approach for the future investigation includes careful study of 
possible calponin-3 interaction partners. This may result in identification of 
a novel, myosin-II independent, contractility regulation pathway. 
Additionally, as mentioned before, 3D-SIM studies demonstrated that 
calponin-3 is present in all stress fibers subtypes and colocalizes with α-
actinin. These data imply its scaffolding function in stress fiber assembly. It 
is possible that calponin-3 serves as a molecular distance buffer, managing 
stress fiber organization from the very beginning and further assuring 
proper distances of myosin II filaments sliding along actin bundles. Thus, 
one may perform super-resolution live imaging of very early stages of stress 
fiber assembly, using fluorescently tagged calponin-3 and α-actinin. 
Moreover, biochemical characterization of different calponin-3 domains (in 
their interactions with actin, myosin II, tropomyosins etc.) may shed light 
on how this protein manages stress fiber organization and contractility. 
Finally, it is important to note that the three calponin isoforms are 
approximately 70% conserved. However, each of them contains a tail of 
different charge, which most probably modulates their activity and/or 
function (Liu and Jin, 2016). Thus, in vitro biochemical studies would bring 
useful information on how calponin’s C-terminal tail tunes its activity and 
binding to actin. It would be also important to obtain crystal structures of 
full-length calponin and a C-terminally tail-truncated calponin-3 to 
understand how different domains of calponin interact with each other. 

Study III provides new data on the non-muscle isoform of caldesmon. While 
smooth-muscle caldesmon has been broadly studied, non-muscle isoform 
is much less well characterized. Although caldesmon localization to stress 
fibers and involvement into contractility regulation have been reported 
earlier (Mayanagi and Sobue, 2011), this study provides novel details about 
caldesmon in non-muscle cells. The 3D-SIM data presented in Study III 
shows, for the first time, the exact localization of caldesmon in stress fibers. 
It is present exclusively in contractile bundles (transverse arcs and ventral 
stress fibers). Moreover, caldesmon strictly colocalizes with myosin II motor 
domains in these fibers. Its localization, as well as very rapid dynamics (~1 s 
half-time), make caldesmon an interesting candidate for myosin II-
contractility regulator. Importantly, caldesmon-knockdown cells exerted 
lower traction forces in comparison to control cells. This support the 
hypothesis that caldesmon functions as a positive contractility regulator. 
Notably, not only cell contractility is affected in absence of caldesmon. Also 
stress fiber phenotype is different than in control cells, as caldesmon 
deficient cells are approximately 25% larger in area, with wider lamella and 
higher number of thin transverse arcs. This may indicate that caldesmon is 
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also important for fusion of transverse arcs during their centripetal flow and 
subsequent maturation of contractile stress fibers. To study this further, it 
would be useful to generate caldesmon knockout cell line to have a more 
stable model for the future studies. Further experiments, especially in order 
to examine possible interaction between myosin II and caldesmon, are also 
needed. These may require generation of domain truncations of caldesmon 
and expressing them in cultured cells to reveal how different domains of 
caldesmon affect its dynamics and localization in cells. Knockout-rescue 
experiments with such constructs should also elucidate which regions of 
caldesmon are required for activation of myosin II-dependent contractility.  
The same constructs could be further used for in vitro biochemical 
experiments to improve our overall understanding of the detailed 
caldesmon properties.   

Altogether, data presented in this thesis has increased knowledge in field of 
stress fiber biology. Each of presented studies laid a foundation for further 
exploration of the mechanisms underlying generation and maintenance of 
contractile actin stress fibers.  
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