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ABSTRACT 
 

Cell motility is a fundamental process, enabling cells to migrate, for instance 
during embryogenesis, tissue repair and defense. Force is generated by two 
protein systems, which also participate in cell proliferation, control 
macromolecular and organelle distribution and determine the fine structure 
of the cell interior. The major components of these are actin and tubulin, 
respectively, and they are referred to as the microfilament and the 
microtubule systems. This thesis focuses on tropomyosin, one of many 
microfilament associated proteins coupled to actin dynamics and 
organization and expressed in several isoform variants. Altered distribution 
and isoform expression of tropomyosin are signatures of malignant cells and 
are dealt with in the current thesis. The presence of tropomyosin isoforms in 
protruding lamellipodia of migrating cells is demonstrated, and a method to 
fractionate tropomyosin depending on its organization in an easily 
extractable, and a more tightly bound cytoplasmic form is presented. 
Analysis of the loosely associated tropomyosin fraction by gel filtration 
chromatography revealed that most of the tropomyosins in this fraction exist 
in a multimeric form. It was also observed that the distribution of 
tropomyosin varied between non-transformed and transformed cells with 
most of the isoforms enriched in the loosely bound fraction in the latter 
category of cells. Possibly this reflects the extensive reorganization of the 
microfilament system observed in cancer cells and which, depending on the 
context, can be normalized by introduction of certain tropomyosin isoforms. 
 
Many anti-cancer drugs target the microtubule system, inhibit cell division 
and promote apoptosis. Here it is shown that picropodophyllin, which has 
promising anticancer properties has a destabilizing effect on microtubules 
and via the microfilament system causes cells to detach from their 
substratum. Furthermore, picropodophyllin interferes with stimulation of the 
insulin-like growth factor receptor, which is involved in growth stimulation, 
differentiation and survival and whose expression is up-regulated in cancer 
cells.    
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ABREVIATIONS 
 
  
 
 
ADP  Adenosine diphosphate 
ATP  Adenosine triphosphate 
CM  Cytomatrix 
CS  Cytosol 
DAP kinase  Death-associated protein kinase 
DAPI  4’-6-diamidino-2-phenylindole 
ERK  Extracellular signal-responsive kinase 
F-actin  Filamentous actin 
FITC  Fluorescein isothiocyanate 
G-Actin  Monomeric (globular) actin 
GEF  Guanine nucleotide exchange factor 
GFP  Green fluorescent protein 
HA  Haemagglutinin 
HMW  High molecular weight 
IGF-1  Insulin-like growth factor 1 
LMW  Low molecular weight 
PPP  Picropodophyllin 
PPT  Podophyllotoxin 
REF  Rat embryonic fibroblast 
TM  Tropomyosin 
VASP  Vasodilator/stimulated phosphoprotein 
WASP  Wiscott-Aldrich syndrome protein 
WAVE  WASP family verprolin/homologue 
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INTRODUCTION 

 

Cell Motility and Migration 

Cell motility is a prominent feature of all eukaryotic cells. Their ability to 

convert chemical energy stored in the form of ATP into mechanical work is 

ultimately the result of two elaborate force-generating motor systems, the 

microfilament and the microtubule systems, consisting of actin and tubulin 

as major components, respectively. Activities exerted by these motor 

systems enable cells to sense the extracellular matrix and neighboring cells 

for contacts and communication, migrate through the tissue at various stages 

of development and in response to different signaling, maintain a dynamic 

interior of their macromolecular and organelle organization and accomplish 

the separation of cytoplasmic and nuclear material during mitosis when cells 

divide into two. This thesis deals with some components of these systems 

and their connected processes.  

 

Actin – the force-generator 

Actin, the core component of the microfilament motor system is a well 

conserved, highly dynamic protein with numerous interaction partners. The 

molecule binds and hydrolyses ATP in a salt catalyzed reaction, which also 

induces its polymerization into asymmetric filaments – microfilaments – 

with one fast polymerizing end, so called (+)-end and one slow polymerizing 

end referred to as the (-)-end (Holmes et al., 1990; Korn, 1982; Schuler, 

2001). The structure of the actin molecule has been determined for different 

co-crystals or after modifications of the actin to hinder its polymerization 

under crystallization conditions (Kabsch et al., 1985; Otterbein et al., 2001; 

Schutt et al., 1993). The molecule is relatively flat with a large cleft opening 

from one side nearly separating it into two major halves. This cleft harbors  



 

 Figure 1. Ribbon representation of 

β-actin (green) in complex with 

profilin (yellow). The nucleotide 

(red) and the divalent cation (grey) 

are at the centre of the actin 

molecule. The subdomaines 1-4 

are denoted. The image was 

obtained using MolSoft  1; pdb

1HLU (Chik et al., 19

: 

96) . 

                                                   

 

 

 

the Me2+-ATP-binding site (either Mg2+ or Ca2+), which must be occupied in  

order to keep the molecule in a stable native conformation. The two halves 

of the molecule flanking the ATP-binding cleft are each built by two 

subdomains (subdomains I-IV) with I and III corresponding to the surface 

exposed at the filament (+)-end and II and IV the surface at the (-)-end, 

(Figure 1). The N-terminus is located in subdomain I, relatively close to 

subdomain II with the outer surface of the molecule facing away from the 

ATP-binding cleft. The C-terminus is also positioned in subdomain I, at the 

(+)-end surface close to the hinge-region, which separates subdomain I from 

III. The polymerization process occurs in three progressive steps, starting 

with a nucleation where monomers associate into a stable trimeric ‘nuclei’, 

followed by an elongation phase during which monomers are added to both 

ends of the growing filaments and finally reaching a steady-state level where 

filamentous net growth at (+)-ends is matched by net-dissociations of 

monomers from their (-)-ends (Korn, 1982). The concentration of 

unpolymerized actin balancing filamentous actin under these in vitro steady  
8 
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state conditions is referred to as the critical concentration for actin 

polymerization (Acc) and is about 0.2 µM for non-muscle actin in the 

presence of physiological salt. The steady state kinetic asymmetry of 

polymerization hence results in a ‘flow’ of actin molecules from the filament 

(+)-end to its (-)-end. This phenomenon is referred to as treadmilling 

(Neuhaus et al., 1983) and was recently visualized to occur in vivo, at the 

leading edge of migrating cells by imaging of actin fused to fluorescent 

proteins (Koestler et al., 2008; Lai et al., 2008; Okabe and Hirokawa, 1991; 

Wang, 1985).  

 

The polymerization of actin is one of the ``motor´´ activities exerted by the 

microfilament system. It is the mechanism used by cells to extend 

protrusions at advancing edges and to organize and move macromolecular 

complexes and vesicles in their interior and it is also utilized by several 

pathogens for their movement within infected cells (Frischknecht and Way, 

2001; Ostap et al., 2003; Rozelle et al., 2000). The other motor activity 

exerted by the microfilament system is the contractile force generated by 

actomyosin. This activity is responsible for muscle cell contraction but it has 

also an important role in non-muscle cells for internal transport and during 

attachment and migration. In addition to the non-muscle bipolar filament 

forming myosin II, non-muscle cells contain several other variants of so 

called unconventional myosins (Sellers, 2000). These contribute to the 

trafficking along actin structures of vesicles and different macromolecular 

complexes including proteins and mRNA. It goes without saying that the 

two mechanism of the microfilament system, are strongly interdependent 

and under tight spatiotemporal control by a number of components (Disanza 

et al., 2005; Lindberg et al., 2008). 
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Components of the actin microfilament system accumulate underneath the 

plasma membrane, juxtaposed to the lipid bilayer and the cytoplasmic part of 

transmembrane receptor molecules. Particularly at advancing edges, in 

lamellipodia and filopodia, sheet-like and finger-like protrusions, 

respectively, the microfilament system is organized in a delicate 

arrangement of densely packed actin filaments, running more or less in 

parallel with their (+)-end facing the lipid bilayer (Hoglund et al., 1980; 

Rinnerthaler et al., 1991; Small, 1981; Small et al., 2008). In the filopodia 

which extend outside the cell perimeter, searching for attachments sites 

(Galbraith et al., 2007), the packing of the filaments is even denser than in 

the weave (Figure 2). Lamellipodia and filopodia are characterized by a high 

degree of dynamics as the edge advances in an orientation determined by the 

signaling from the outside. Interestingly the microtubules are associated with 

the control of the directionality of migration (Small et al., 2002a) (see 

below).  

 

Recent imaging of actin dynamics at the edge has shown that the actin 

building the filaments at the cell periphery is under constant treadmilling 

(see above) recruiting unpolymerized actin from the interior regions to the 

(+)-ends at tips of the advancing protrusions (Lai et al., 2008).  

Previous observations in my laboratory suggest that the profilin:actin 

complex (Carlsson et al., 1977; Schutt et al., 1993) is the major source of 

actin for filament formation (Grenklo et al., 2003; Hajkova et al., 2000; 

Karlsson, 2007). This complex of unpolymerized actin is recognized by 

different proteins or protein complexes, operating to incorporate new actin 

subunits at growing filament ends at the cell edge. The principal components 

expressing such activity are members of the formin, WASP/WAVE and 

 



 

 
Figure 2. Detailed organization of actin filaments in the outer part of the 

lamellipodium. The foci with actin filaments diverging into the lamellpodia might 

represent actin polymerization machineries (Hoglund et al., 1980; Lindberg et al., 

2008). 

 

Ena/VASP family of proteins (Chesarone and Goode, 2009; Goley and 

Welch, 2006; Krause et al., 2003; Le Clainche and Carlier, 2008; Mejillano 

et al., 2004; Rottner et al., 1999; Small et al., 2002b; Stradal and Scita, 2006; 

Takenawa and Miki, 2001; Takenawa and Suetsugu, 2007).  These are in 

turn under control of a large number of regulatory or organizing molecules 

like RhoGTPase, phosphoinositol lipids and other proteins (Cain and Ridley, 

2009; Ridley, 2006) and the activity of these coordinate actin polymer 

formation according to the signal received by the cell. 

 

How profilin:actin reaches sites of polymerization at the tip of lamellipodia 

and filopodia through the dense actin filament arrangement with associated  

proteins is unknown, see discussion in (Koestler et al., 2009). Proteins like 

integrins, Ena/Vasp and cadherins have been reported to be transported to  
11 
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filopodial tips by unconventional myosin (Liu et al., 2008; Tokuo and Ikebe, 

2004; Zhang et al., 2004), and although no evidence are available it is 

possible that a similar mechanism is operating to feed profilin:actin to these 

sites. The machineries of actin polymer-forming proteins together with 

different control components like profilin, capping protein, cofilin and α-

actinin, to name a few, are of importance for the organization and turn-over 

of the submembraneous filaments, all cooperating to maintain directionality 

and migration (Akin and Mullins, 2008; Ghosh et al., 2004; Le Clainche and 

Carlier, 2008; Matsudaira, 1994; Van Troys et al., 2008).  

 

The peripheral microfilament arrangement also contributes to more internal 

actin organizations (Nemethova et al., 2008) typically recognized as stress  

fibers but of slightly distinct composition and function (Hotulainen and 

Lappalainen, 2006). These are bundled actin filaments of opposing  

polarities, which overlap with bipolar filaments of non-muscle myosin II, 

and has contractile capacity (Isenberg et al., 1976; Kreis and Birchmeier, 

1980). In addition to myosin there are several other proteins including 

tropomyosin and α-actinin in these structures which hold close resemblance 

to myofibrils in skeletal muscle cells; for further discussion on this issue see 

(Colombelli et al., 2009; Sanger et al., 2005). Importantly, as other actin 

arrangements these are dynamic and vary in amount and distribution 

between cell types and during different conditions. The RhoGTPase RhoA 

signals to its downstream effector, the Rho-dependent kinase, ROCK, 

leading to stress fiber formation through phosphorylation of myosin light 

chain kinase by ROCK and consequently to the activation of actomyosin  

(Pellegrin and Mellor, 2007).  
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Tropomyosin, the focus of this thesis should be considered in the context of 

these dynamics. Its role in non-muscle cells has mainly been transposed 

from its function in muscle cells and considered to be coupled to actomyosin 

regulation and to stabilize actin filaments in different microfilament 

arrangements. However, as discussed below this view is not congruent with 

the highly different organization of the microfilament system in non-muscle 

cells compared to muscle. Furthermore, as demonstrated in Paper I (this 

thesis), tropomyosin is a component of the pheripheral, dynamic and signal-

sensing weave of actin filaments described above, and as discussed in Paper 

II, it may in fact be directly connected to microfilament turn-over by 

controlling the accessibility of the filament (+)-end (Ishikawa et al., 1989; 

Nyakern-Meazza et al., 2002).  

 

The Microfilament system and Microtubules 

As the cell advances, integrins recognize the extracellular matrix and signal 

back to the microfilament system contributing to the advancement. These 

contacts gradually mature into the specialized structures known as focal 

adhesions where actin stress fibers terminate and via proteins like talin and 

vinculin hence indirectly connect to a patch of transmembrane integrins 

(Critchley, 2004; Discher et al., 2005; Le Clainche and Carlier, 2008; 

Schlessinger and Geiger, 1983; Zaidel-Bar et al., 2007). Functionally, these 

structures also represent an important connection between the microfilament 

and the microtubule systems. Although the molecular details of this 

connection still is not fully understood, it is well established that drug- 

induced derangement of the microtubule system can cause migrating cells to 

lose polarity and extend lamellipodia in all directions (Vasiliev et al., 1970). 

Based on a large body of observations (Kodama et al., 2004; Rodriguez et 

al., 2003) interactions between the microfilament and mictrotubule  



 

 
Figure 3. Visualisation of microtubules and filamentous actin in R-minus cells. 

Merge picture (left) of tubulin (red), F-Actin (green) and nucleus (blue). The right 

image shows tubulin alone.  

 

systems are emerging as important mechanisms in the regulation of cell 

polarity and directional migration (Figure 3).  

 

Microtubules are asymmetric polymers build by dimers of α- and β-tubulin 

with a fast and a slow polymerizing end, and, like the microfilament system 

are also dynamically organized in the cell (Mitchison and Kirschner, 1984). 

The (-)-end is anchored to the centrosome near the Golgi apparatus usually 

positioned on the front side of the nucleus, with the (+)-end facing the cell 

periphery. Hence the microtubule system forms an array of individual 

tubules that extend through the cytoplasm in curvilinear paths from the cell 

center towards the periphery. Two large families of proteins, the kinesins 

and the dyneins, interact with the microtubules and sense their orientation 

during force-generation under the consumption of ATP – kinesin movements 

are directed towards the (+)-end and dyneins towards (-). The microtubule 

system is essential for the trafficking of membrane vesicles and  

14 
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macromolecular particles as well as for the separation of the genetic material 

to the two daughter nuclei that form in dividing cells during mitosis.  In 

interphase cells, microtubule (+)-ends have been observed to approach the 

base of filopodia and influence their position and movements at the 

advancing edge (Schober et al., 2007).  

 

Microtubules also influence microfilament organization by increasing the 

turn-over of focal adhesions in an interaction which also causes increased 

dynamics of the contacting microtubule (+)-end (Efimov et al., 2008; 

Kaverina et al., 1998; Wittmann et al., 2004). Thus, focal adhesions and 

microtubules mutually influence each other. Furthermore, the microtubules 

sequesters and releases proteins depending on its dynamics, and at least one 

of these, the Rho-activating RhoGEF-H1 directly influences actomyosin by 

activation of the Rho/ROCK pathway mentioned above (Birkenfeld et al., 

2008; Chang et al., 2008). The role of the microtubule system in controlling 

filopodial integrity and focal adhesion persistence is likely the reason for 

early observations of the microtubule system as a determinant of directional 

migration mentioned above. This thesis provides further evidence in this 

direction (Paper III) by presenting evidence for the sequestration of β-

arrestin, an adaptor molecule important in receptor signaling, to 

microtubules, (Gurevich et al., 2008; Hanson et al., 2007). 

 

Deregulation of cell migration is a hallmark of cancer (Lindberg et al., 

2008). In addition to the studies presented in Papers I – III, this thesis 

contains a yet unpublished analysis of tropomyosin isoform distribution in a 

set of cancer cell lines. 
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Tropomyosin - organization and signalling 

Tropomyosins constitute a complex family of proteins, consisting in 

vertebrates of more than 40 different isoforms expressed by alternative 

splicing from 4 different genes and showing extensive variations in 

expression level and isoform combination in different tissues (Gunning, 

2008; Gunning et al., 2008). The tropomyosin (TM) isoforms are usually 

classified according to their molecular weights into two groups, the high 

(HMW) and low molecular weight (LMW) variants, respectively, with the 

HMW isoforms being approximately 36 residues longer than the LMW TMs 

and having a molecular weight of about 32 kDa compared to about 27 kDa 

for the LMW isoforms. The TMs form asymmetric α-helical coiled coil 

dimers which associate with a slight overlap head to tail along the actin 

subunits in filamentous actin (Greenfield et al., 2006; Murakami et al., 2008) 

(Figure 4). The HMW isoforms span seven subunits and the shorter LMW 

TMs covers six. In skeletal muscle, where TM together with the troponin 

complex builds the molecular arrangement conferring Ca2+-ion regulation to 

the interaction between actin and myosin, the functional protein is a 

heterodimer of α- and β-TM. In contrast, TMs in non-muscle tissue are 

mainly thought to form homodimers (Gimona et al., 1995). 

The skeletal muscle signature of TM is that of a component of the calcium 

sensitive regulatory switch, controlling the contractile force generated by 

actomyosin as mentioned above. Briefly, the role of TM in this context is to 

control myosin’s access to the actin. Upon a nerve signal, calcium is released 

from the sarcoplasmic reticulum, bound by troponin C in the troponin 

complex, which causes a conformational change which ultimately brings TM 

to move away from its blocking position of the myosin binding surface on  

 



 

 

Figure 4. Model of tropomyosin anneling head to tail along the actin filament 

(simple model of the filament). The black spheres represent periodic surface acidic 

residues. Image from (Brown et al., 2001).  

 

the actin filament. Hence, the force-generating actomyosin interaction can 

occur (Lehman and Craig, 2008).  

The different organization of the microfilament system in non-muscle cells 

is of a vastly more dynamic character compared to the muscle. With force-

generations being exerted by actin polymerizations in addition to actomyosin 

contractions taken together the diverse and variable TM isoform expression 

pattern in non-muscle cells, suggests additional functions for TM in this 

context. This is underlined by the fact that TM isoform composition varies 

between different tissues (Schevzov et al., 2005), during development and 

appears to accompany alterations in microfilament organization and cell 

function (Bach et al., 2009; Gunning et al., 2008; Had et al., 1994; Hannan et 

al., 1995; Hook et al., 2004). Accordingly, cultured cells exhibit isoform 

specific sorting of TM to different microfilament arrangements such that, in 

a broad sense, HMW TMs predominantly localize to stress fiber bundles and 

LMW isoforms to the leading edge (Lin et al., 1988) in a pattern which 

17 

 



 

exhibit a high degree of fine tuning in different tissue (Gunning et al., 2008). 

In fibroblasts for example the localization of the TM isoforms varies with 

different stages of the cell cycle (Percival et al., 2000); during early G1 

HMW variants are unique for stress fibers while later also LMW isoforms 

localize to the bundles. Figure 5  illustrates the distribution of the two 

TM5 non-muscle isoforms 1 and 2 (TM5NM1/2) to further exemplify 

the complexity of TM isoform sorting, which also has been observed to vary 

with actin isoform composition (Leavitt et al., 1987; Schevzov et al., 1993). 

The TM5NM1 isoform in association with stress fibers was recently reported 

to contribute to the regulation of focal adhesions by decreasing their turn-

over, thereby reducing directional cell migration (Bach et al., 2009). 

 

Figure 5. TM isoforms TM5NM1 

and TM5NM2 localises to 

different structures in neurons, 

fibroblasts and skeletal fibers. 

TM5NM1 preferentially localises 

to the lamella of the growth cone, 

to stress fibers in fibroblasts and 

in the Z-line in skeletal muscle. 

TM5NM2 localises to the axon in 

neurons and in the fibroblast it 

associates with short actin 

filaments in the Golgi-apparatus 

(Gunning et al., 2008). 
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Furthermore, changes of the TM isoform pattern, both with respect to 

specific TM variants and expression levels, is a typical feature of cancer 

cells and has been observed for many years (Hendricks and Weintraub, 

1981; Lin et al., 2002; Matsumura et al., 1983) emphasizing the importance 

of TM isoforms in influencing the function of the microfilament system and 

cell behaviour (Bach et al., 2009; O'Neill et al., 2008). Interestingly, 

tumorigenicity correlates with reduced expression of the HMW TM1 (Boyd 

et al., 1995), and recently the amino terminal part of the non-muscle HMW 

TM1 was associated with a tumor suppressor activity (Bharadwaj et al., 

2005a).  

This is congruent with observations that abnormal activation of the ras 

oncogene suppresses expression of the HMW TM1 while the LMW TM4 is 

increased, contributing to an aberrant microfilament organization and 

associating the control of TM expression with ERK-signalling (Prasad, 

2006). Interestingly, posttranslational modification of TM has also been 

reported to be coupled to ERK-signalling since activation of the MAPK 

pathway by oxidative stress in endothelial leads to activation of the DAP-

kinase 1, which in turn phosphorylates TM1  leading to stressfiber formation 

(Houle et al., 2007). The DAP-kinase is a member of larger family of 

kinases all implicated in the induction of apoptosis (Bialik and Kimchi, 

2006; Wang et al., 2002) during which extensive deregulation and 

remodelling of the microfilament system occurs (Kuo et al., 2003). 

Tropomyosin also undergoes amino terminal acetylation which in the yeast 

S.cerevisiae has been shown to be important for the stability of actin 

filament bundles, so called actin cables, and if interfered with, the disruption 

of these cables results in improper budding of daughter cells (Evangelista et 

al., 2002). 
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Picropodophyllin - A brief introduction 

Paper III presents an analysis of the effects on the microtubule and 

microfilament systems of the cyclolignan picropodophyllin (PPP) - a 

synthesized epimer of podophyllotoxin (PPT), which is isolated from the 

plant Podophyllum hexandrum (Giri and Lakshmi Narasu, 2000) and known 

to inhibit microtubule assembly (Sackett, 1993). The interference with 

microtubule dynamics and consequent anti-mitotic effects has led to the use 

of PPT for development of anti-cancer drugs for clinical purposes 

(Engelborghs and Fitzgerald, 1987; Giri and Lakshmi Narasu, 2000; 

Greenfield et al., 2006; Xu et al., 2009; Yu et al., 2008). The epimer PPP has 

recently been recognized as an interesting alternative to PPT due to its less 

toxic side-effects in pre-clinical tests while still being observed to interfere 

with tumor cell growth (Economou et al., 2008a; Economou et al., 2008b; 

Menu et al., 2006; Stromberg et al., 2006). In Paper III, PPP is also observed 

to destabilize microtubule organization, though as judged by competition 

experiments with colchicine in vitro and fluorescence microscopy of 

microtubule distribution in drug-treated cells, apparently by a different 

activity compared to PPT. It was also found that PPP affected microfilament 

organization, caused cell detachment from the substratum and induced 

phosphorylation of ERK above the level seen with IGF-1. 
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Variation and Distribution of Tropomyosin Isoforms in Normal and 

Malignant Cells (unpublished data) 

 

INTRODUCTION 

Neoplastic transformation is typically accompanied by changes in 

organisation and dynamics of the microfilament system, resulting in altered  

substrate adhesion and increased migration. As mentioned above also the 

isoform composition and expression pattern of TM are altered in tumour  

cells. In addition to the general suppression of the HMW TM1, changes of 

the expression levels of the other HMW TMs as well as of the LMW TM4 

and TM5NM have been to vary depending on cell line and conditions for 

generation of the transformed phenotype (Miyado et al., 1997; Pawlak et al., 

2004; Yager et al., 2003). Restored expression levels of HMW TMs in 

transformed cells may lead to their establishment of a phenotype resembling 

the non-transformed state (Bakin et al., 2004; Gimona et al., 1996; O'Neill et 

al., 2008; Shah et al., 2001). 

 

During the work that led to Paper II shifts in TM distribution between 

cytoplasmic (soluble) and cytomatrix associated (non-soluble) forms were 

observed when comparing non-transformed and transformed cells. It was 

therefore of interest to study the distribution pattern of TM in a broader 

range of transformed cell lines, and to investigate to what extend a transient 

expression of different TM isoforms could switch the cells towards a non-

transformed phenotype with respect to microfilament organization.  

 



 

RESULTS AND DISCUSSION 

Gel filtration of the soluble ‘cytosol’-material prepared by gentle extraction 

as in Paper II of normal fibroblasts (human foreskin; line 1523) did not 

reveal any variation in the elution position of the HMW TMs 1, 2, 3 and the 

LMW TM4,  when subjecting material from the following tumor cell lines 

HeLa, REF-E1A, and MTln3 to the same analysis.  

 

 
Figure 6. Western blot analysis of fractionated material by Superose 6 size exclusion 

chromatography of the cytosol isolated from different cell lines (see text). Numbers 

denote fraction number. The HMW TMs elute in fraction 31 and the LMW isoforms 

in 33, considering the Stokes Radius this corresponds to a molecular weight of 250 

kD and 180 kD, respectively. Bars to the left represent 43 kD (top) and 29 kD 

(bottom); the positions of actin (Ac) and the TM isoforms are indicated to the right. 

Antibodies used were as in Paper II.  
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Thus, within the limit of the analysis, the different TM multimers are not 

altered in their composition in these cell lines. However, the analysis clearly 

revealed extensive variations in the relative expressed levels of the different 

TM isoforms when comparing the fractionated material from the different 

cell lines confirming previous observations as mentioned above, Figure 6.  

The relation between the relative level of expressed TM isoforms and the 

extent of transformation was therefore analyzed by studying material from 

the normal rat embryo fibroblast cell line (REF) in comparison to cells stably 

transfected with the adenovirus E1A region (REF-E1A) or double 

transfected with either E1A and the c-Ha-ras oncogene (REF-E1A/ras) or 

with the c-Ha-ras and the Myc oncogene (REF-E1A/Myc). The REF, REF- 

E1A and REF-E1A/ras cells were a kind gift from Dr G Pinaev (Pospelova 

et al., 1990) and the REF-ras/Myc cell line was generously provided by Dr 

M Arsenian Hendriksson, MTC, KI (Cerni et al., 2002). The growth 

characteristics (doubling time and substrate adhesion) of these cell lines 

suggest that they have acquired an increasing tumor character in the order 

REF-E1A, REF-E1A/ras and REF-ras/Myc. The distribution of filamentous 

actin in these cells was visualized by FITC-phalloidin staining and reveals 

drastic variations in both microfilament organization and morphology for the 

different variants Figure 7. 

 

Normal REFs are well spread and display an extensive net of stress fiber 

bundles, while the others apparently are less flat and in particular for the two 

double transfected variants showing a dramatic reduction of bundled actin. 

REF-E1A typically had pronounced edge bundles of actin while such 

arrangements were absent in the double transfected cells. Instead the latter 

typically formed extensive protrusions of a short filopodia-like character and 

sometimes they also displayed advancing lamellipodia (mostly ras/Myc). 



 

 
Fig 7. F-Actin staining by Fitc-Phalloidin of A) REF cells, B) REF-E1A, C) REF-

E1A-Ras and D) REF-Ras-Myc. Nucleus stained with DAPI shown in blue. 

 

The result of a western blot analysis of soluble (cytosol) and non-soluble 

(cytomatrix associated) material from these cell lines using antibodies to the 

different TMs and to actin is shown in Figure 8. Sample preparation and gel 

loading were in this case based on the same number of cells (for each 

experiment, an equal number of cells were plated to five dishes at the time of 

analysis three plates were used for extraction and sample preparation and 

two for determination of cell density). The densitometry values of the blotted 

bands are displayed in Fig 9. The result shows that total the amount of β-

actin in the cells decreases in the order REF, REF-E1A, REF-E1A/ras and 

REF-ras/Myc, and the distribution of soluble actin is shifted towards the  
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Fig 8. Western blot analysis of cytosol (CS) and cytomatrix (CM) isolated from 

REF, REF-E1A, REF-E1A-ras and REF-Myc-ras, respectively. Each sample 

represents an equal amount of cells. The antibodies are the same as in Paper II; note 

that actin refers to β-actin, and TM5 to TM5-NM1 and -NM2.  

cytosol although more than 50% of the total β-actin remains in the 

cytomatrix for all cell lines. Since this analysis is based on protein content 

per cell it would be interesting to know whether the reduced amount of β-

actin in the transfected cells is compensated for by an increased expression 

of the γ-isoform. However, this remains to be performed. As expected from 

previous studies, the double transfected cell lines show a drastic decrease in 

the relative amount of TM1, and also the LMW TM4 was expressed at lower 

in these cells though the decrease was not as drastic as for TM1. For TM5 

the scenario was different in the sense that E1A transfection of the REF cells 

reduced the relative level expressed of the protein, and also shifted its 

distribution from the cytomatrix to the cytosol. However, this isoform in the 

case of the double transfections showed either an increased expression 

(REF-E1A/ras) or unaltered (REF-ras/Myc) level compared to normal REF. 

With all TM variants analyzed, a shift from the cytomatrix to the cytosol 

material was observed, and this was most conspicuous for TM1 and TM5 in 

REF-E1A/ras, where approximately 75% of each these two TMs were  
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Figure 9. Densiometry values of protein bands from western blot analysis of cytosol 

(CS) and cytomatrix (CM) isolated from REF, REF-E1A, REF-E1A-ras and REF-

Myc-ras, respectively. Each sample represents an equal amount of cells. The left 

column represents total amount of protein (CS+CM) in arbitrary units (AU) and the 

right column represents the relative distribution in % between the cytosol and 

cytomatrix.   

 

present in the cytosol. In the non-transfected REFs about 30% of these 

appeared in the cytomatrix. 
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It is interesting that the drastic changes in cell morphology and growth 

character, following the increased level of transformation is associated with 

such extensive variations in TM isoform distribution as seen here. Clearly 

more experimentations are required for a full understanding of the 

mechanisms involved but the observations made here confirm others data of 

a down-regulation of TM1 after ras transfection, while E1A by itself have no 

influence on this isoform. Notably the cells in the latter case display 

extensive actin edge bundles, Figure 7. The shift of TM1 from the 

cytomatrix associated material to the cytosol after ras transfection, which is 

more extensive in the presence of E1A than with Myc, is likely to be the 

result of the general disappearance of actin filament bundles in the double 

transfected cells. However, it is unclear to what extent the dramatically 

reduced expression of TM1 in fact is the cause of this. Other components of 

the stress fiber bundles may have a role in this context, and the increased 

relative expression of TM5 in REF-E1A/ras is also likely to contribute to the 

phenotype. It is also interesting that transfection of ras as in REF-E1A/ras 

revert the lowered expression of TM5 seen in REF-E1A, yet the shift 

towards the soluble cytosol fraction is seen with this isoform like for the 

others. 

 

The results point to the importance of the cellular context, e.g. mode of 

transformation and signaling pathways activated for the expression and 

organization of different TMs and their influence on the microfilament 

system and cell shape. It was therefore of interest to see how over-expression 

of the TMs might influence the phenotype of the transformed cells by 

extending the analysis initiated in Paper II where hemagglutinin (HA)-

tagged constructs of TM5NM1 in MTLn3 adenocarcinoma cells and  
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in SW13 human adrenal carcinoma (see below), were observed to stimulate 

formation of lamellipodia and stressfibers, respectively. 

 

Figure 10 illustrates the effect of HA-tagged TM5 in normal REFs and REF-

E1A/ras, respectively, the HA-tag readily enabling identification of the 

transfected cells by antibody labeling as in Paper II. In normal REFs, TM5 

caused extensive filopodia and lamellipodia formation at distinct sites 

separated by inactive regions along edge, and the HA-TM5  

antibody staining accumulated these protrusions, while in the interior the 

labeling had a fine granular character with only marginal association to the 

fine bundles of filamentous actin present. Also in REF-E1A/ras cells 

expression of HA-TM5 led to filopodia formation though in this case the 

activity was limited to distinct spots but rather took the form of a continuous  

lamellipod along part of the cell edge. Occasionally, TM5-labeling was 

observed along internal actin bundles. Thus, although affecting the 

microfilament system with likely consequences for cell behavior, over-

expression of this isoform did not cause a normalization of the actin 

arrangement. However, the latter effect with reappearance of stress fibers 

and formation of adhesion contacts has been reported for the HMW TM1 

(Bakin et al., 2004; Shah et al., 2001). Unfortunately, HA-TM1 expression 

had a rather severe toxic after transfection of REF-E1A/ras effect, possibly 

by activating anoikis (Bharadwaj et al., 2005b), but despite this fact it was 

obvious from the relatively limited amount of successful transfections that 

this isoform did not transform the microfilament system into a normal REF-

like organization, Fig 10. 

 
 



 

 

Figure 10. Fluorescence microscopy of REF expressing HA-TM5NM1 and REF-

E1A/ras expressing either HA-TM1 or HA-TM5NM1. F-actin is visualised by 

phalloidin (green), HA-TM by anti-HA (red) and nucleus by DAPI (blue). A) REF 

expressing HA-TM5NM1, B) REF-E1A\ras expressing HA-TM5NM1, C) REF-

E1A\ras expressing HA-TM1. Panels denoted ’ show the merge images. 
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Fig 11. Fluorescence microscopy of  SW13 expressing either HA-TM1 or HA-

TM5NM1. F-actin is visualised by phalloidin (green), HA-TM by anti-HA (red) and 

nucleus by DAPI (blue). A) SW13 non-transfected  B) Merge image of SW13 

expressing HA-TM1. C) Merge image of SW13 expressing HA-TM5NM1. Panel 

denoted ’ show the HA-TM distribution only. D) Western blot analysis of cytosol 

(CS) and cytomatrix (CM) isolated from SW13 

In contrast, this was at least to some extent the case when HA-TM1 instead 

was expressed in the human adrenal carcinoma SW13, Fig 11. Normally, 

these cells lack thick internal actin filament bundles and only show scattered 

filopodia along their edges. After expression of TM1 however, stress fibers 

were formed and run in parallel for long distances through the cells often 

ending in small triangular protrusions along the edge, possibly indicating 
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Figure 12. Immunofluorescence of BE, 

human melanoma cells. F-actin visualised by 

phalloidin (green), TM4 with anti-TM4 (red) 

and nucleus by DAPI (blue). A) Overview at 

16x magnification, B) Merge image from C) 

F-actin and D) TM4. Western blot analysis 

of cytosol (CS) and cytomatrix (CM) 

isolated from BE cells (B) and MTLn3 (M

Each sample represents an equal amount of cells. Same antibodies were used as in 

paper II. β-actin is denoted A

). 

ctin.  

the contact formation with the substrate.The cells also attained a more polar 

morphology with prominent edge bundles, all together indicating a less 

transformed phenotype as mentioned above. Interestingly, with expression of 

HA-TM5 stress fiber formation it was even more pronounce and as in the  
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case of the REFs, the staining had a granular character, which distributed 

over the whole cell. In addition, long slender filopodia were also often seen 

but the distinct spots of extensive filopodia formation seen with TM5 

transfection of REFs did not appear in SW13.  

 

These observations underline the importance of the cellular context for the 

outcome of over-expressing the different TM variants, which is a reflection 

of the complexity of the microfilament system as well as the specific 

function of the different TMs. Naturally, this warrants further investigations 

and stresses the importance not make far reaching conclusions of the 

function of different components of the microfilament system in general and 

TM isoforms in particular based on studies on a single cell type. This is 

emphasized finally in Fig 12 below which displays a BE-cell (human 

melanoma). These cells appears to have some degree of stress fibers, which 

end in arrangements indicating formation of focal adhesions. Interestingly, 

as seen in the western blot, Fig 12, these cells do not express any of the 

known HMW TMs considered to be required for this microfilament 

organization and cell morphology (Zheng et al., 2008). 
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