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ABSTRACT 

Cell migration is necessary for several developmental processes in multicellular 

organisms. Furthermore, many physiological processes such as wound healing 

and immunological events in adult animals are dependent on cell migration. 

Consequently, defects in cell migration are linked to various diseases including 

immunological disorders as well as cancer progression and metastasis formation. 

Cell migration is driven by specific protrusive and contractile actin filament 

structures, but the types and relative contributions of these actin filament arrays 

vary depending on the cell-type and the environment of the cell. In this chapter, 

we introduce the most central actin filament structures that contribute to 

mesenchymal and amoeboid cell migration modes, and discuss the mechanisms 

by which the assembly and turnover of these structures are controlled by various 

actin-binding proteins. 

  



 

 

1. INTRODUCTION 

 

Cell migration is a complex, dynamic process that has fundamental role in the development 

and physiology of multicellular animals. Cell migration is also critical for the survival of 

many unicellular organisms. For example, unicellular protozoa migrate to hunt their prey, 

whereas immune cells travel in animal tissues to seek pathogens. Furthermore, antigen-

presenting dendritic cells, which explore the tissues, migrate into the lymph nodes to present 

peripherally acquired antigens to T cells upon exposure to infection or inflammatory stimuli. 

In addition to immunological processes, cell migration is important for survival of animals, 

because for example wound healing depends on migration of different cell-types to the 

injured area. Finally, apart from physiological processes in adult tissues, cell migration is 

crucial for the majority of developmental processes, including gastrulation and organ 

formation (Nourshargh et al. 2010; Petrie and Yamada 2012; Doyle et al. 2013).  

Due to its fundamental roles in developmental and physiological processes, it is not 

surprising that defects in cell migration are linked to a variety of human disorders, including 

problems in the function of the immune system. For example, phagocytic cells with a 

mutation in an actin-binding protein WASP, which is important regulator of cell motility, 

have a poor chemotactic response toward inflammatory chemoattractants. Also WASP-

deficient T cells display a marked migration deficiency (Moulding et al. 2013). Conversely, 

uncontrolled cell migration is linked to cancer invasion and metastasis. In the case of 

carcinomas, these processes initiate with a delamination of otherwise non-migratory 

epithelial cells from epithelial sheets, followed by migration of carcinoma cells across basal 

lamina and underlying cell layers into blood or lymph vessels. Both normal and cancer cells 

use similar machineries for migration, but cancer cells appear to lack the ’stop signals’ 

important for anchoring the cells. Also their ability to properly read the chemical and 

mechanical signals of the environment is typically lost (Friedl and Alexander 2011; Petrie 

and Yamada 2012).  

For cells to move, they must extend plasma membrane at the leading edge, subsequently 

move the cell body, and retract the tail of the cell (Ridley 2011). The force for these events is 

provided by actin, which is a ubiquitous protein found in all eukaryotes.  In cells, actin exists 

both in monomeric and filamentous forms. Actin filaments are polar structures that contain 

two biochemically and structurally distinct ends, named the barbed end and pointed end. 

Under steady state conditions, actin filament assembly takes mainly place at filament barbed 

ends, and strongly favors ATP-bound actin monomers. Actin filament itself functions as an 

ATPase, which leads to enrichment of ADP-Pi and ADP-actin subunits toward the filament 

pointed end, where the net disassembly of actin filaments occurs.  These features result in 

simultaneous ATP-dependent elongation of actin filaments at their barbed ends and 

shortening at the pointed ends. This process, named actin filament treadmilling, provides 

force for a number of cellular processes involving membrane dynamics. In addition to 

treadmilling, actin filaments generate force through a fundamentally different mechanism 

involving myosin-family motor proteins. Here, the actin filaments serve as tracks for myosin 

molecules that, depending on the type of myosin, can move either towards the barbed or 



 

 

pointed end of the actin filament, and transport different types of cargo or form bi-polar 

bundles that can induce the contraction of actin filament arrays (Pollard and Cooper 2009). 

To ensure the formation of desired actin filament arrays at correct location of the cell, the 

organization and dynamics of actin filaments in cells are controlled by a large array of actin-

binding proteins. The activities of these proteins are linked to various intracellular and 

extracellular biochemical and mechanical signals through their regulation by 

phosphorylation, Rho-family small GTPases, and plasma membrane phospholipids (Heasman 

and Ridley 2008; Saarikangas et al. 2010). 

In the following chapters we will introduce the functions and compositions of the three actin 

filament structures (lamellipodia, filopodia and stress fibers) that contribute to cell migration 

in two-dimensional environment. We will also introduce the types of actin structures that 

drive cell migration specifically in a complex three-dimensional tissue environment. 

 

2. ACTIN-RICH STRUCTURES INVOLVED IN ADHESION-DEPENDENT 

CELL MIGRATION 

 

In tissue environment, cells can use various different modes of cell migration. Common to 

most of these, excluding the collective migration of epithelial sheets, is that they require 

protrusion formation at the cell front that is coupled to movement of cell body and retraction 

of the tail. Cell migration can either depend on adhesion to the extracellular matrix (ECM) or 

be independent of adhesion. In a two-dimensional environment such as on a tissue culture 

plate, most cell-types display mainly adhesion-dependent migration mode. Three different 

actin filament structures contribute to this type of cell migration. Lamellipodial, branched 

actin filament arrays at the leading edge of the cell provide the force for generation of wide 

plasma membrane protrusions that drive the advancement of the leading edge. Thin filopodial 

actin filament bundles form finger-like plasma membrane protrusions that function as 

‘sensory organs’ at the leading edge of cells. In addition to these actin treadmilling –

dependent structures, also contractile myosin II -containing actin filament bundles, named 

stress fibers, contribute to adhesion-dependent cell migration. However, the function of stress 

fibers in cell migration varies depending on the cell-type, ECM density, and stiffness of the 

matrix (Ridley 2011; Tojkander et al. 2012). 

 

2.1. Structure and function of lamellipodium 

 

Lamellipodia are thin (100-160 nm), sheet-like plasma membrane protrusions at the leading 

edge of migrating cells. These dynamic, actin-rich structures extend for several micrometers 

behind the leading edge of cell. They tend to protrude and retract constantly creating 

membrane ruffles (Abercrombie et al. 1970a; Abercrombie et al. 1970b). Extracted 

lamellipodia and lamella of fish keratocytes lacking microtubules, nuclei and most other 

organelles are still able to undergo directional motility (Euteneuer and Schliwa 1984), 

indicating that these structures harbor all necessary functions required for cellular movement. 

 



 

 

In migrating cells, lamellipodia are thought to serve as anchors for cells to move through the 

tissue. They can extend over long distances in front of the cell body, attach to extracellular 

matrix, and pull the cell body through the tissue (Giannone et al. 2007). Although cells are 

able to migrate also without lamellipodia (Gupton et al. 2005), these structures are crucial for 

persistent directional migration, indicating that lamellipodia are responsible for sensing 

environmental cues for migration (Wu et al. 2012; Suraneni et al. 2012). 

 

Actin filaments form a dense, branched network in lamellipodia with more than 100 filaments 

in one micrometer. Filament density is highest at the distal region of the  leading edge and 

gradually decreases towards the rear of the lamellipodium (Svitkina et al. 1997; Abraham et 

al. 1999). All actin filament barbed ends in lamellipodia are facing towards plasma 

membrane, forming brush-like structures. Practically only very few filament pointed ends are 

observed in the lamellipodium as they elongate from Y-shaped junctions formed by the 

Arp2/3 complex, which nucleates the formation of new actin filaments from the sides of pre-

existing mother filaments (Mullins et al. 1998; Svitkina and Borisy 1999). 

 

2.2. Regulation of actin dynamics in lamellipodium 

 

The dendritic nucleation model proposes that an array of new daughter filaments is nucleated 

at the leading edge of cell close to the plasma membrane (Mullins et al. 1998; Pollard and 

Borisy 2003). On the other hand, actin monomers dissociate from filaments mainly at the 

proximal region of the lamellipodium through filament severing and depolymerization (Iwasa 

and Mullins 2007; Lai et al. 2008). The complex meshwork of branched actin filaments is 

under tight regulation of a large number of actin-regulatory proteins. The activities of these 

proteins are precisely controlled by a variety of signaling proteins, including the small 

GTPase Rac1, which is the master regulator of lamellipodia formation in many animal cell-

types. By activating those proteins that induce the nucleation and polymerization of branched 

actin filament network, and inhibiting those proteins that drive filament disassembly close to 

the plasma membrane, Rac1 ensures the formation of proper lamellipodial branched actin 

filament network at the leading edge (Ridley 2015) (Fig. 1).  

 
2.2.1. Nucleation of new filaments 

 

The Arp2/3 complex, one of the key components in lamellipodial actin regulation, is 

composed of seven subunits, including two actin-related proteins, Arp2 and Arp3 (Machesky 

et al. 1994). It is present throughout the lamellipodium where it nucleates new actin 

filaments, stays associated at pointed ends of the newly formed filaments and is released only 

after their dissociation (Lai et al. 2008). The initiation of new branched actin filaments occurs 

close to the plasma membrane, where the Arp2/3 complex binds to pre-existing mother 

filaments and subsequently nucleates a new daughter filament. Daughter filaments elongate 

from the sides of mother filaments, forming characteristic 70° +/- 7° angles between the 

mother and daughter filaments (Mullins et al. 1998; Svitkina and Borisy 1999; Blanchoin et 

al. 2000). Formation of these branched filaments is critical for the generation of dendritic 

lamellipodial network. This has been also addressed by Arp2/3 depletion and loss-of-function 



 

 

experiments, which resulted in the disappearance of lamellipodia and to loss of directional 

cell migration (Rogers et al. 2003; Wu et al. 2012; Suraneni et al. 2012).  

 

The Arp2/3 complex alone is not sufficient to initiate filament formation, because it needs 

both pre-existing mother filaments and specific activators to be functional. Activation of the 

Arp2/3 complex takes place at the plasma membrane and is catalyzed by nucleation 

promoting factors (NPFs) such as WASP (Wiskott-Aldrich syndrome proteins) family 

proteins and SCAR/WAVE complexes. The activities of these NPFs are in turn controlled by 

Rho-family small GTPases and membrane phospho-inositides to ensure accurate spatial and 

temporal regulation of the Arp2/3-mediated assembly of lamellipodial actin filament 

meshworks  (Bear et al. 1998; Machesky et al. 1999; Campellone and Welch 2010). 

 
2.2.2. Regulation of filament elongation 

 

There are several enhancers and suppressors controlling actin filament elongation following 

the Arp2/3-mediated nucleation. Heterodimeric capping protein localizes in the lamellipodia 

near plasma membrane where it, by binding to filament barbed ends, prevents the assembly 

and disassembly of actin monomers to/from filaments (Isenberg et al. 1980; Mejillano et al. 

2004; Lai et al. 2008). Capping protein is vital for the Arp2/3-dependent cell motility and 

formation of proper lamellipodial protrusions. Depletion of capping protein in mammalian 

cells leads to the loss of lamellipodia and explosive formation of filopodia (Mejillano et al. 

2004). Capping protein may thus limit the amount of free actin filament barbed ends, thus 

funneling actin monomers to a smaller number of assembly-competent barbed ends at the 

lamellipodium (Loisel et al. 1999). 

 

The counterparts for capping protein constitute from a family of formins and Ena/VASP 

proteins (Reinhard et al. 1992; Sagot et al. 2002; Pruyne et al. 2002). These proteins protect 

filament barbed ends from being capped, increase the rate of filament elongation, and reduce 

the amount of branches (Skoble et al. 2001; Kovar et al. 2003; Romero et al. 2004; 

Breitsprecher et al. 2011a). Fibroblasts lacking lamellipodial Ena/VASP proteins display 

abnormally short and branched actin filaments, whereas Ena/VASP over-expression leads to 

longer and less branched filaments (Bear et al. 2002). Unlike Ena/VASP proteins, formins are 

also able to nucleate linear actin filaments. Formins remain associated at the barbed ends 

after the nucleation, walking along filaments as they elongate (Romero et al., 2004). 

Depletion of certain formins inhibits lamellipodial protrusions, and consequently reduce cell 

migration (Yang et al. 2007; Block et al. 2012).  

 
2.2.3. Actin filament disassembly and monomer recycling 

 

Sustained actin polymerization and formation of new protrusions at the leading edge cannot 

continue for a long time without regeneration of the pool of polymerization-competent actin 

monomers. Therefore, it is necessary that cells can rapidly disassemble actin filaments and 

recycle monomers for next elongation cycle. The members of ADF/cofilin protein family are 

the most critical regulators of actin filament disassembly in cells. Majority of ADF/cofilins 



 

 

bind both monomeric and filamentous actin with a preference for ADP-containing actin 

subunits (Carlier et al. 1997). Importantly, ADF/cofilins promote rapid actin filament 

disassembly by severing actin filaments and thus increasing the number of filament pointed 

ends from where actin monomers can dissociate (Andrianantoandro and Pollard 2006). 

Depletion of ADF/cofilins indeed leads to problems in proper lamellipodium formation due 

to decreased filament disassembly and consequent depletion of the pool of assembly-

competent actin monomers (Hotulainen et al. 2005; Kiuchi et al. 2007). Recently, it has been 

shown that ADF/cofilins do not work alone in cells, but that at least three proteins; cyclase-

associated protein (CAP), Aip1, and coronin enhance the activity of ADF/cofilins to promote 

rapid disassembly of actin filaments (Chaudhry et al. 2013; Jansen et al. 2015; Gressin et al. 

2015). Furthermore, even following severing by ADF/cofilins, spontaneous depolymerization 

of actin filaments at their pointed ends is slow compared to what is needed for efficient 

filament turnover in lamellipodia (Pollard 1986; Watanabe and Mitchison 2002). Twinfilin, 

another member of ADF-H domain protein family, is able to enhance the depolymerization 

rate of actin filaments when working together with CAP. Therefore, cofilin, CAP and 

twinfilin appear to work in concert to rapidly disassemble actin filaments in cells (Johnston et 

al. 2015). 

 

In addition to proteins promoting filament severing and depolymerization, specific proteins 

catalyzing the dissociation of Arp2/3-stabilized filament branches evolved in eukaryotes. 

Most potent debranching factor is glia-maturation factor (GMF), which is a small globular 

protein that, similarly to ADF/cofilins, is composed of a single ADF-H domain (Gandhi et al. 

2010). However, unlike ADF/cofilins, GMF does not bind or sever actin filaments, but 

instead binds to and catalyzes the dissociation of Arp2/3-nucleated filament branches. In 

migrating cells, depletion of GMF leads to decreased lamellipodial dynamics and consequent 

defects in directional cell migration (Poukkula et al. 2014; Haynes et al. 2015).  

 

Newly polymerized actin filaments consist of ATP-bound actin monomers, whereas 

monomers dissociating from the pointed ends predominantly contain ADP in the nucleotide-

binding cleft. Thus, ADP in actin monomers has to be exchanged to ATP prior to the new 

round of filament assembly. CAPs and profilin are considered as the main cellular factors that 

promote the nucleotide exchange on actin monomers. From these, especially CAP is well-

suited for promoting nucleotide-exchange in cells because it binds both ADP- and ATP-actin 

monomers with high affinity and efficiently catalyzes nucleotide exchange on actin 

monomers (Mattila et al. 2004; Quintero-Monzon et al. 2009). Depletion of CAP leads to 

problems in lamellipodia formation and dynamics in migrating cells (Bertling et al. 2004). 

CAP also interacts with profilin and can potentially deliver ATP-actin monomers to this 

protein (Bertling et al. 2007). Profilin can promote the assembly of ATP-actin monomers to 

free filament barbed ends, and localize ATP-actin monomers to Ena/VASP and formin family 

proteins. However, profilin inhibits the spontaneous nucleation of actin filaments, and is thus 

well-suited to function as a gatekeeper of actin filament nucleation and assembly of actin 

monomers to desired actin filament arrays (Pantaloni and Carlier 1993; Rotty et al. 2015; 

Suarez et al. 2015).  



 

 

 

 
2.3. Structure and functions of filopodia 

 

Filopodia are thin, dynamic plasma membrane protrusions that are filled with actin filament 

bundles. They are considered to function as sensory organs at the leading edge of motile cells 

by sensing e.g. growth factors, chemokines, and extracellular matrix (Mattila and 

Lappalainen 2008). Filopodia are also often oriented towards the gradient of chemoattractants 

in migrating cells (Bentley and Toroian-Raymond 1986). In addition to motility, filopodia are 

involved in cell-to-cell and cell-to-matrix adhesion and maturation of neurons (Vasioukhin et 

al. 2000; Gallo and Letourneau 2004; Galbraith et al. 2007). Furthermore, filopodia have 

essential role in activation of T lymphocytes in antigen-presenting cells, and they function as 

phagocytic tentacles in macrophages (Al-Alwan et al. 2001; Kress et al. 2007). 

 

The diameter of filopodia is typically approximately 0.1-0.3 µm and their length can be over 

10 µm as measured from the cell cortex. However, during sea-urchin embryo gastrulation, 

filopodia can extend even up to 80 µm from the cell cortex (Miller et al. 1995). In contrast, 

filopodial-like protrusions called microspikes are hardly visible (Taylor and Robbins 1963). 

Thus, a huge variation exists between the morphological and dynamic parameters of different 

types of filopodial protrusions, and it is likely that membrane protrusions generally classified 

as ‘filopodia’ consist of several functionally different groups of thin plasma membrane 

protrusions with distinct assembly pathways and molecular components (Mattila and 

Lappalainen 2008). Here, we focus on filopodia that are present at the leading edge of 

migrating cells. 

 

In the leading edge filopodia, individual actin filaments extend from cell cortex to the tip of 

filopodium, and they form unipolar bundles with rapidly-growing barbed ends facing towards 

the tip of the filopodium. The core of a filopodium typically consists of 15-30 individual 

filaments, which are tightly packed and arranged in parallel to each other (Small and Celis 

1978; Medalia et al. 2007). At least in mammalian cells, filopodial actin filaments can be 

generated either from the pre-existing branched lamellipodial actin network (Svitkina et al. 

2003), or through de novo nucleation of new actin filaments at specific foci at the plasma 

membrane (Small and Celis 1978; Medalia et al. 2007). The formation, morphology and 

dynamics of filopodia are controlled by an array of actin-binding proteins. The activities of 

the actin-binding proteins are in turn controlled by various signaling proteins from which the 

small GTPase Cdc42 functions as the master regulator of filopodia formation in many animal 

cells (Ridley 2015) (Fig. 2). 

 

2.4. Actin dynamics in filopodia  

 

Filopodia are not stable protrusive structures, but often undergo constant extension and 

retraction, especially in migrating cells and during neuronal growth cone path-finding 

(Bentley and Toroian-Raymond 1986). Balance between extension and retraction is 

controlled by the rate of actin filament assembly at the tips of filaments (Mallavarapu and 



 

 

Mitchison 1999; Bornschlögl 2013) as well as by filament disassembly through ADF/cofilin 

–mediated severing at the base of filopodia (Breitsprecher et al. 2011b).  

 
2.4.1. Nucleation and elongation of filaments 

 

Based on electron microscopy and genetic studies (Svitkina et al. 2003; Schirenbeck et al. 

2005; Medalia et al. 2007), two alternative models for filament nucleation in filopodia have 

been suggested. The convergent elongation model proposes that actin filaments in filopodia 

arise from lamellipodial actin network, whereas the tip nucleation model suggests that short 

individual filaments in a ‘terminal cone’ of filopodia act as a nucleation site for continuous 

filament bundles (Mattila and Lappalainen 2008; Yang and Svitkina 2011). 

 

Depending on model, either the Arp2/3 complex or formins are the best candidates for 

nucleating actin filaments for filopodia. From the tip nucleation point of view, formin mDia2 

is the primary candidate to nucleate, elongate and protect filament assembly in filopodia 

(Peng et al. 2003; Schirenbeck et al. 2005; Yang et al. 2007). Also other formins such as 

DAAM1 have been linked to filopodia formation (Jaiswal et al. 2013). However, defects in 

Arp2/3 expression, function or localization lead to significant problems in filopodial 

formation in cultured neurons, HeLa cells, Caenorhabtidis elegans and Drosophila 

melanogaster (Machesky and Insall 1998; Korobova and Svitkina 2008; Norris et al. 2009), 

supporting the convergent elongation model. Since cells contain different types of filopodia 

with distinct molecular compositions and dynamics, it is likely that both convergent 

elongation and tip nucleation model are relevant, and that their relative contributions for 

filament nucleation vary depending on the cell-type and type of filopodium. 

 

How linear, parallel actin filaments of filopodia could then be nucleated by the Arp2/3 

complex? This is possible if filament barbed ends are uncapped and protected from capping 

by formins or Ena/VASP proteins (Svitkina et al. 2003; Yang et al. 2007). Interestingly, 

heterodimeric capping protein and Ena/VASP regulate lamellipodial and filopodial modes of 

leading edge actin network in concert. Capping protein silencing leads to loss of lamellipodia 

and increased formation of filopodia, but when capping protein is depleted simultaneously 

with Ena/VASP, leading edge ruffles are formed (Mejillano et al. 2004). Capping protein is 

present also in filopodia in low levels but its role in filopodial actin network regulation 

remains to be elucidated (Sinnar et al. 2014). 

 
2.4.2. Filament cross-linking proteins 

 

In filopodia, actin filaments form tight, unipolar bundles. Bundling is necessary to overcome 

the resistance of the plasma membrane because individual filaments are too flexible to push 

the membrane forward. It has been mathematically estimated that a bundle of over 10 

filaments has enough rigidity to overcome the membrane resistance and that an optimal 

number of filaments in a bundle is around 30 (Mogilner and Rubinstein 2005). Fascin is an 

actin bundling protein essential for generation of actin filament bundles in filopodia. It 

localizes along the entire length of filopodium, and its depletion reduces the number of 



 

 

filopodia in cells. Interaction of fascin with actin filaments is dynamic, which allows efficient 

coordination of filament elongation and bundling during filopodia protrusion (DeRosier and 

Edds 1980; Vignjevic et al. 2006). In addition to fascin, also fimbrin, α-actinin and filamin 

are able to support actin bundling-dependent motility (Brieher et al. 2004). Interestingly, also 

Ena/VASP protein of Dictyostelium discoudeum seems to be involved in filament bundling in 

filopodia (Schirenbeck et al. 2006). 

 
2.4.3. Actin - plasma membrane interactions and membrane curvature 

 

Members of the BAR (Bin-Amphiphysis-Rvs) protein family are important regulators of 

membrane curvature, and can additionally link the actin cytoskeleton to the plasma 

membrane. N-BAR and most F-BAR domain proteins generate positive membrane curvature 

and induce plasma membrane invaginations, whereas the I-BAR domain proteins generate 

negative membrane curvature and can thus induce the formation of plasma membrane 

protrusions (Peter et al. 2004; Suetsugu et al. 2006; Mattila et al. 2007; Shimada et al. 2007). 

Interestingly, the diameter of membrane tubules induced by I-BAR domains is similar to the 

diameter of filopodia in cells, and over-expression of I-BAR domain proteins or their isolated 

I-BAR domains can induce filopodia-like protrusions at the plasma membrane (Saarikangas 

et al. 2009). 

 

From the I-BAR domain proteins, the insulin receptor substrate protein of 53 kDa (IRSp53) 

has been intimately linked to filopodia formation. In addition to sensing or generating 

negative membrane curvature, IRSp53 functions as a scaffolding protein for several actin 

regulating proteins, such as Rho GTPases, Arp2/3 complex activator WAVE2, Ena/VASP, 

and actin filament bundling/capping protein Eps8. Thus, IRSp53 can either sense or generate 

membrane curvature at the tip of the filopodium through its membrane-binding I-BAR 

domain, and additionally promote actin filament assembly at this region by interacting with 

actin-binding proteins through its other domains (Krugmann et al. 2001; Disanza et al. 2006; 

Lim et al. 2008; Prévost et al. 2015). 

 

2.5. Organization and functions of stress fibers 

 

The stress fibers were observed over 90 years ago under plain bright-field microscope and 

were initially thought to be fibers that reversibly build-up in response to cytoplasmic tension 

or stress (Lewis and Lewis 1924). However, it is now well established that stress fibers do not 

form due to internal stress, but rather reflect and respond to the physical rigidity of the 

extracellular matrix (Riveline et al. 2001; Costa et al. 2002; Discher et al. 2005; Tojkander et 

al. 2015). In cell-types that experience strong external shearing forces, such as the endothelial 

cells of vasculature, stress fibers are distinctively prominent (Franke et al. 1984). Moreover 

stationary cells display thicker and more stable actomyosin bundles compared to highly 

motile cells to better resist and respond to the external mechanical forces or to remodel the 

surrounding tissue (Hinz et al. 2001; Pellegrin and Mellor 2007). The role of stress fibers in 

cell migration varies depending on the cell-type and the extracellular environment of the cell. 

In two-dimensional environment, stress fibers are believed to be involved in regulating cell 



 

 

polarity and promoting retraction of the tail of migrating cell, whereas in cells migrating in a 

three-dimensional extracellular matrix (ECM), stress fiber–like actomyosin bundles may be 

more directly involved in adhesion to the matrix and advancement of the leading edge 

(Tojkander et al. 2012). 

 

The core of contractile stress fibers is built up from short actin filaments that are organized in 

a bipolar manner. This resembles the sarcomeric units in muscles and enables the movement 

of bipolar myosin II filaments along the actin bundles to create contractility. However, 

whereas muscle myofibrils are entirely composed of bipolar arrays of actin filaments, stress 

fibers display often a mixed polarity and are composed of both unipolar and bipolar actin 

filament arrays (Sanger et al. 1983; Cramer et al. 1997; Svitkina et al. 1997). 

 

Stress fibers are often coupled to the extracellular matrix via focal adhesions. These are large, 

multi-protein structures that enable cells to communicate with the extracellular matrix as they 

migrate (Geiger et al. 2009). Diverse family of integrins and other focal adhesion components 

anchor the extracellular matrix to the cytoplasmic stress fibers (Geiger and Yamada 2011). 

The assembly and dynamics of stress fibers are controlled both at focal adhesions as well as 

along the stress fiber network by a large array of actin- and myosin-binding proteins. The 

activities of these proteins are in turn controlled by mechanical forces and various signaling 

proteins, from which the RhoA small GTPase is often considered as the master regulator of 

stress fiber assembly (Ridley and Hall 1992) (Fig. 3). 

 

2.5.1. Different stress fiber subtypes 

 

Stress fibers can be generally divided into three categories: dorsal stress fibers, transverse 

arcs, and ventral stress fibers (Heath 1983; Small et al. 1998). Dorsal stress fibers are non-

contractile actin bundles that associate with a focal adhesion at their distal end, and extend 

towards the cell center through actin polymerization at focal adhesions. Dorsal stress fibers 

display uniform polarity near the focal adhesion anchorage site, but appear to contain mixed 

polarity actin filaments towards the  proximal part of the fiber (Cramer et al. 1997). Although 

dorsal stress fibers do not contain myosin II and are unable to contract, they can connect the 

other stress fiber types to focal adhesions. Dorsal stress fibers appear also important for cell 

migration at least in a two-dimensional tissue culture environment (Hotulainen and 

Lappalainen 2006; Tojkander et al. 2011; Kovac et al. 2013). 

 

Transverse arcs are contractile, myosin II -containing actin bundles that are generated from 

the lamellipodial actin filament network. Transverse arcs are not directly associated with 

focal adhesions, but are linked to these cell - extracellular matrix contact sites through dorsal 

stress fibers. As the transverse arcs contract, they flow towards the cell center with a 

characteristic speed of ~0,3 m/min (Hotulainen and Lappalainen 2006; Tee et al. 2015). 

Although transverse arcs have not been directly linked to cell migration, they are important 

for the formation of the flat lamellum at the leading edge of motile cells due to their 

association with the plasma membrane at the dorsal side of the cell (Burnette et al. 2014; Jiu 

et al. 2015). 



 

 

  

Dorsal stress fibers and transverse arcs serve as precursors of ventral stress fibers, which are 

usually oriented perpendicular to the direction of migration and are connected to focal 

adhesions from their both ends (Small et al. 1998; Tojkander et al. 2012). Ventral stress fibers 

contain a sarcomeric array of bipolar myosin II and actin filament bundles, and are thus able 

to contract and apply tensile force to focal adhesions located at the ends of the bundle. 

Therefore, ventral stress fibers are important for cell adhesion, morphogenesis and 

mechanosensing (Tojkander et al. 2015). Ventral stress fibers are also responsible for 

retraction of the tail in many migrating cell-types (Kolega 2003).  

 

2.6. Mechanisms of stress fiber assembly 

 

Compared to the lamellipodial and filopodial actin filament arrays, assembly of contractile 

stress fibers is a complex process and involves many actin nucleation mechanisms and 

several different actin filament populations. The assembly of stress fibers is regulated mainly 

by Rho-family GTPases, whose activation promotes stress fiber formation/stabilization 

through a number of actin-binding proteins. RhoA also enhances stress fiber contractility 

through activation of myosin II by myosin light chain (MLC) and ROCK kinases (Heasman 

and Ridley 2008).  

 

In stress fiber assembly, lamellipodial actin filaments serve as building blocks for generation 

of transverse arcs (Hotulainen and Lappalainen 2006).  During this process, Arp2/3 complex 

-nucleated lamellipodial actin filaments assemble with formin-nucleated, myosin II -

decorated actin filaments at the proximal end of the lamellipodium to generate transverse arcs 

(Hotulainen and Lappalainen 2006; Tojkander et al. 2011).  Lamellipodia undergo cycles of 

protrusions and retractions in migrating cells. The appearance of transverse arc precursors 

coincides with the retraction phase, when actin filaments condense from the more criss-

crossed meshwork into bundled filament precursors (Burnette et al. 2011). Additionally, 

material from filopodial filaments can be recycled for generating stress fibers (Nemethova et 

al. 2008; Anderson et al. 2008). Dorsal stress fibers, on the other hand, are nucleated and 

elongated by different formins (including at least Dia1 and INF2) and Ena/VASP family 

proteins at focal adhesions (Hotulainen and Lappalainen 2006; Gateva et al. 2014; Skau et al. 

2015; Tojkander et al. 2015). As the dorsal stress fibers elongate, they associate with 

transverse arcs through a mechanism that is currently unknown. Thus, dorsal fibers and 

transverse arcs create an entwined network in the lamellum, where individual arcs can be 

connected to several different dorsal stress fibers (Tojkander et al. 2011). Ventral stress fibers 

can be subsequently generated from the network of dorsal stress fibers and transverse arcs 

through a complex mechanosensitive process if the cell is on a rigid matrix of if external 

forces are applied to the cell (Tojkander et al. 2015). Finally, it is important to note that stress 

fibers are dynamic structures that undergo continuous assembly and disassembly as well as 

organization of the network (Tojkander et al. 2012).  

 

 



 

 

 
2.6.1. Actin filament cross-linking proteins in stress fibers 

 

To date over 20 different protein classes have been reported to possess actin cross-linking 

activity. Most actin cross-linking proteins exist either as dimers or contain two actin binding 

domains. α-actinin and fascin are the most well-characterized, abundant cross-linking 

proteins of the contractile fibers. Homodimeric α-actinin links adjacent actin fibers through a 

bivalent binding mechanism with its two actin binding sites (Puius et al. 1998; Edlund et al. 

2001; Türmer et al. 2015). Monomeric fascin links actin filaments in much more compact 

manner, forming tightly packed parallel actin bundles that have been recently shown to be 

important in the termini of mature stress fibers, close to focal adhesions (Otto et al. 1979; 

Elkhatib et al. 2014). Co-operative crosslinking by α-actinin and fascin was shown to produce 

more elastic bundles than either of the two proteins could generate individually (Tseng et al. 

2001). α-actinin crosslinks align periodically in transverse arcs and ventral fibers, interposing 

with the two other central components of the contractile fibers, myosin II and tropomyosin, 

which also display a periodical localization pattern along stress fibers. Thus, the two types of 

contractile stress fibers display similar periodic α-actinin – myosin II –pattern that is 

characteristic to muscle myofibrils (Tojkander et al. 2012). 

 
2.6.2. Myosins and tropomyosins 

 

Tropomyosins and myosin II bundles are important components of stress fiber function and 

contractility. Class II myosins are the major contractile proteins of the cardiac- and skeletal 

muscle tissues, but have specific isoforms also in the non-muscle cells that associate with 

stress fibers (Vicente-Manzanares et al. 2009). Mammalian non-muscle cells are able to 

utilize up to three different non-muscle myosin II (NMII) isoforms (myosin IIA, IIB and IIC) 

each displaying distinct characteristics in terms of catalytical activity, localization and role in 

various cellular functions (Katsuragawa et al. 1989; Kawamoto and Adelstein 1991; Golomb 

et al. 2004). Recent work demonstrated these isoforms are also able to co-assemble with each 

other into bipolar bundles in different stress fiber subtypes (Beach et al. 2014; Shutova et al. 

2014). In a polarized cell, NMIIA and NMIIB are both central components of stress fibers, 

but are however enriched in the peripheral lamella and posterior contractile units, 

respectively (Maupin et al. 1994; Sandquist and Means 2008). The differential distribution 

reflects differences in the three isoforms regarding their rate of hydrolyzing ATP. NMIIB 

motor domain is able to hold the tension longer via its high affinity for ADP. Long upkeep of 

tension is well suited for more stable contractile fibers in the cortical and posterior part of the 

cell (Wang et al. 2000). In the more rapidly progressing cell front NMIIA, with markedly 

higher ATP hydrolysis rate and lower affinity for ADP, is able to exert tension more rapidly 

e.g. in response to extracellular signals (Wang et al. 2003).  

 

Tropomyosins are a family of actin-binding proteins that function as coiled-coil dimers 

forming continuous polymers located in the grooves of filamentous actin. Canonical 

mechanism of function for tropomyosins is to regulate skeletal muscle contraction by steric 

blocking of the myosin binding to actin filaments prior to Ca2+ influx (Parry and Squire 



 

 

1973). Tropomyosins also efficiently stabilize actin filaments and may functionally specify 

different actin filament populations (Hitchcock-DeGregori et al. 1988; Broschat et al. 1989; 

Gunning et al. 2015). Over 40 different tropomyosins can be generated by alternative splicing 

from four mammalian tropomyosin genes (Gunning et al. 2008). Interestingly, recent studies 

revealed that in migrating osteosarcoma cells, at least five functionally non-redundant 

tropomyosin isoforms localize to stress fibers and are important for their assembly and/or 

stability. Furthermore, some tropomyosin isoforms appear to be essential for myosin II -

recruitment to stress fibers (Tojkander et al. 2011). Thus, tropomyosins are central 

components of stress fibers, where they seem to specify functionally distinct actin filament 

populations and recruit myosin II molecules to stress fiber precursors. 

 

3. CELL MIGRATION IN A THREE-DIMENSIONAL ENVIRONMENT 

 

In tissues of multicellular animals, cells migrate predominantly in a complex three-

dimensional environment. Here the cells can crawl on or through extracellular matrix as well 

as migrate on top of each other. In some cases, such as during transcellular migration of 

leukocytes from blood vessels to the underlying tissues, cells can even move through other 

cells (Ridley 2011; Muller 2015). In tissue environment, migration of cells can also be guided 

by variable biochemical or mechanical signals. Chemical signals include growth factor 

gradients that can either attract or repel migrating cells during developmental processes and 

angiogenesis as well as chemokine-induced migration of lymphocytes. On the other hand, 

fibroblasts can read the mechanical properties of the environment and move towards the 

regions of highest substrate stiffness in a process called durotaxis (Majumdar et al. 2014; 

Haeger et al. 2015). 

 

Compared to migration on a two-dimensional tissue culture plate, cells in a three-dimensional 

tissue environment display more variation in their migration modes. The most widely studied 

migration types are mesenchymal and amoeboid migration modes. In mesenchymal, 

adhesion-dependent migration mode, the cells moving along ECM are typically elongated 

and employ similar lamellipodial and filopodial structures for movement as used in a two-

dimensional environment. In contrast, amoeboid migration does not require formation of 

adhesions or lamellipodial-like protrusive structures, but is instead employing myosin-

dependent contractile actin cortex to form membrane blebs towards the direction of 

migration. Importantly, same cell can switch between different types of migration modes, 

depending on mechanical and chemical properties of the environment (Petrie and Yamada 

2012; Paluch and Raz 2013). Cell migration in a three-dimensional tissue environment also 

employs other specific actin-dependent processes, such as invadopodia and podosomes, 

which are involved in matrix degradation to enable cells to move through the dense 

extracellular matrix (Linder and Wiesner 2015). 

 

3.1. Podosomes and invadopodia  

 

Cell movement in two-dimensional matrices is limited to planar level, whereas in a tissue 

environment all three dimensions are available. In three-dimensional environment, cells 



 

 

however, need to often degrade the extracellular matrix in order to crawl. Special structures 

termed podosomes and invadopodia can be applied to degrade extracellular matrix during 

mesenchymal migration in a three-dimensional environment (Hoshino et al. 2013).  Both 

structures initially appear as punctae on the plasma membrane, and utilize polymerization of 

actin filaments to breach substratum perpendicularly. Podosome architecture consists of an 

actin core where the Arp2/3-initiated branched actin network is surrounded by myosin II -

containing unbranched actin filaments (Kaverina et al. 2003; Osiak et al. 2005; Bhuwania et 

al. 2012). Third structural unit in podosomes is clusters of focal adhesion -associated proteins 

such as paxillin or vinculin surrounding the actin core (Cox et al. 2012; van den Dries et al. 

2013). Also integrins co-localize with maturing podosomal structures to establish linkage 

between the cell and extracellular matrix (Pfaff and Jurdic 2001). 

 

In contrast to column -like podosomes, invadopodia are extended membrane protrusions 

invading into the extracellular matrix (Linder et al. 2011). Podosomal structures display rapid 

actin dynamics and significantly shorter life span with a typical turnover time of one minute, 

whereas invadopodia are able to persist over an hour (Destaing et al. 2003; Li et al. 2010). 

The tip of invadopodium inhabits parallely aligned actin filament bundles that precede 

branched actin meshwork on the bottom of the invadopodial structures. Arp2/3 and several 

filament-polymerizing formins are important for establishing nascent invadopodia that form 

mature structures after recruitment of matrix metalloproteases (Lizárraga et al. 2009; Wiesner 

et al. 2010).  Interestingly invadopodia do not appear to extensively recruit integrins and it is 

still unknown whether they have adhesive contacts with the extracellular matrix (Mueller and 

Chen 1991; Deryugina et al. 2001). 

 

3.2. Blebbing based cell migration 

 

Many animal cells contain a contractile cell cortex under their plasma membrane. Although 

not considered to be a subtype of the stress fibers, it similarly constitutes from myosin II 

decorated actin filaments with mixed or random polarity, accompanied with other actin 

binding proteins (Bray and White 1988; Charras et al. 2006).  Similarly to stress fibers, the 

formation of actin cortex requites both formins (Dia1) and the Arp2/3 complex (Bovellan et 

al. 2014).  The cortical actin filament network is linked to the plasma membrane at least 

through ezrin-radixin-moesin (ERM) family proteins (Charras et al. 2006). 

 

Contractile actin cortex has an important role in amoeboid cell migration, where propulsive 

blebs drive the cell migration, and connection points with the extracellular matrix are not 

utilized (Wolf et al. 2003; Pinner and Sahai 2008). Especially cancer cells are often highly 

contractile, making them prone to blebbing (Bergert et al. 2012). Furthermore, at least 

melanoma and breast cancer cells migrate by blebbing mouse tissues, suggesting that this is 

an important migration mode of many cancer cell-types in vivo (Tozluoğlu et al. 2013).  

 

A bleb forms when actin cortex detaches from the plasma membrane or when the cortex itself 

is disrupted due to build-up of pressure and tension inside the cell caused by actomyosin 

contraction. Due to contraction of the remaining actomyosin cortex, cytosol flows into the 



 

 

newly-formed bleb lacking the cortex. Actin filaments then begin to reform under the 

membrane in the bleb. This is followed by a retraction phase that is driven by myosin II-

promoted contraction of the newly formed actomyosin cortex underlying the plasma 

membrane of the bleb (Cunningham 1995; Paluch et al. 2005; Charras et al. 2006; Charras 

and Paluch 2008). (Fig. 4).  Cells confined in a non-adhesive environment often migrate in 

the direction of a very large ‘leader bleb’, whose formation requires the presence of actin 

filament bundling protein Eps8 (Logue et al. 2015).  

 

Three distinct models for the role of blebbing in cell migration have been presented. The first 

model proposes that blebbing plays a critical role in forward migration by transporting the 

cytoplasm and thereby moving the center point of mass of the cell forward. Actin is linked to 

the cell-cell contacts formed by E-cadherins, which anchor the migrating cell to the 

extracellular matrix (Kardash et al. 2010). “The chimneying” model, named after rock 

climbing technique, proposes a migration mechanism in the total absence of adhesion with 

the environment. Either actin polymerization against the sides of a cell or backwards flow of 

cell cortex could generate force that is strong enough allowing cell to move forward. In either 

case, movement is supported by specific or nonspecific friction between cell and the substrate 

(Lämmermann et al. 2008; Hawkins et al. 2009; Poincloux et al. 2011). Finally, “The 

swimming model” suggests that cells could use blebbing in a swimming-fashion, where the 

cell body translocates after cell shape changes during blebbing (Lim et al. 2013). 

 

4. FUTURE PERSPECTIVES 

 

Cell migration requires several different actin-based structures and is finely tuned by large 

amount of regulatory proteins. Although actin dynamics and its role in cell migration have 

been intensively studied over several decades, many unanswered questions concerning the 

mechanisms underlying cell migration still remain. For example, although the principles of 

actin filament assembly and disassembly in lamellipodia are beginning to be relatively well 

established, we still do not have a complete picture about how filopodia and contractile 

actomyosin bundles, such as stress fibers, are assembled in cells. Furthermore, cell migration 

is not only controlled by chemical cues, but mechanical environment of the cell is also 

important in regulating the assembly and turnover of actin filament structures involved in cell 

migration. However, the principles by which different actin filament arrays respond to 

mechanical cues remain largely elusive. Finally, the organization, dynamics and regulation of 

actin filament structures in cells migrating in a three-dimensional tissue environment are 

poorly understood. However, rapid evolution of light and electron microscopy methods, 

together with the revolution of CRISPR/Cas9-based genome editing approaches, have now 

made it more feasible to examine actin dynamics also in normal as well as in cancer cells 

migrating in their ‘native’ three-dimensional tissue environment. 
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