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Summary 

Internal and external signaling dependent changes in cell behav-
ior are directly linked to force-generating remodeling of the actin 
microfilament system which is juxtaposed to the inside of the 
plasma membrane. This dynamic filament system is involved in 
many processes in the cytoplasm and the nucleus of eukaryotic 
cells. 
 
This thesis studies profilin, a regulator of actin filament dynam-
ics which functions during incorporation of new actin molecules 
at growing filament ends at the cell periphery. Profilin is also 
present in the nucleus but its function is less well understood in 
this compartment. Here I present results concerning profilin and 
the activity of the transcription factor SRF, which is known to 
control the expression of actin and many actin-binding proteins 
in a process requiring the MRTF-A co-factor. MRTF-A binds 
monomeric actin and is released upon receptor mediated actin 
polymerization. Depletion of the two profilin isoforms I and IIa 
reduced MRTF-A/SRF-dependent transcription, most likely since 
the lack of profilin enable more MRTF-A to bind actin monomers 
and thereby prevent SRF-transcription. Interestingly profilin de-
pletion also seemed to affect general transcription in the two cell 
lines investigated. In a separate study, a close connection be-
tween profilin, and possibly also profilin:actin, with microtubules 
was revealed. Microtubules are important for intracellular traf-
ficking of vesicles as well as directional cell migration and the 
observation made here suggests the existence of a microtubule-
associated platform for actin filaments formation. In congruence, 
the microtubule-associated actin nucleation promoting factor 
WHAMM was found to interact with profilin. Finally, the intra-
cellular distribution of profilin was investigated by fluorescence 
microscopy using different peptide specific antibodies. Since 
these antibodies showed unique but varying results our work 
emphasizes common problems connected with this technique.   
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Actin-Based Cell Motility 

 
Motility is a major characteristic of all living organisms; it in-

cludes movement of individual cells as well as of intracellular 

components. The mechanisms behind the motility of eukaryotic 

cells are largely based on the actin microfilament (MF) system. 

This system is highly dynamic; under certain conditions it un-

dergoes remodeling due to tightly regulated polymerizations and 

depolymerizations of actin coupled with filament reorganiza-

tions. Such actin remodeling is often a consequence of signals 

captured by receptor molecules at the cell surface (Chinkers et 

al., 1979; Lindberg et al., 2008; Mellstroom et al., 1983; Pollard 

and Borisy, 2003; Ridley, 2011). My studies have been concentrat-

ed on actin in complex with profilin, profilin:actin, which repre-

sents a major fraction of polymerization-competent actin in the 

cell: how profilin and/or profilin:actin influences cell migration 

and how profilin and/or profilin:actin distribute to different re-

gions of the cell are central questions which I have tackled. In 

the long range, an aim of these studies is to understand how pro-

filin:actin accumulates at sites in the cell periphery where actin 

polymerization is prominent. Furthermore, actin and actin bind-

ing proteins are also components of the nucleus where they con-

tribute to gene control at different levels (Grosse and Vartiainen, 

2013; Percipalle, 2013), and this thesis also addresses the involve-

ment of profilin in the regulation of the transcription factor Se-

rum Response Factor (SRF).  

Cell migration is classified according to the character of the 

movement. One such category of movement is the mesenchymal 

migration where cells translocate over the substratum by extend-

ing a broad and flat leading edge or lamellipodia in conjunction 

with finger-like protrusions called filopodia (Calvo et al., 2011; 

Faix et al., 2009; Sixt, 2012; Small et al., 2002) (Fig. 1). These pro-
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trusions which are formed by actin polymerization, attach to the 

substratum via specific surface proteins at specific sites, called 

focal complexes. These contacts are highly dynamic but some 

matures into more stable adhesions called focal adhesions 

(Buccione et al., 2004; Rottner et al., 1999b). Transmembrane 

proteins known as integrins are important receptors which func-

tion together with multiple intracellular proteins such as talin, 

paxillin, tensin and α-actinin and are responsible for mediating 

adhesion to components of the extracellular matrix (Galbraith et 

al., 2007). As a consequence of integrin activation the cell extend 

new protrusions in the direction of migration. The continued 

forward translocation is also contributed for by  acto-myosin 

contractions that occur internally along the long axis of the cell, 

in special arrangements of the MF-system, consisting of bundled 

filaments, among them stressfibers play a central role (Vallenius, 

2013) (Fig. 1). Characteristic of many cells moving with the mes-

enchymal type of migration such as fibroblasts is the ruffling 

phenomenon (Abercrombie et al., 1970). Ruffles can be seen at 

the leading edge when lamellipodia fail to establish stable adhe-

sions or detach from the substrate and form wave-like structures 

that collapse on the cell surface. Cells migrating in vitro in 3D-

networks of collagen fibers or similar tissue models also exhibit 

ruffling phenomena although these activities are less prominent 

compared to when moving on a flat surface. Mesenchymal mi-

gration in tissue is associated with degradation of ECM due to 

the activity of matrix metalloproteases typically exocytosed by 

many cells and particularly a prominent feature of metastasizing 

cancer cells (Friedl and Wolf, 2010). Another major type of mi-

gration is often referred to as amoeboid. It is characterized by 

movement of rounded or ellipsoid cells that lack mature focal 

adhesions. Instead their interaction with the substrate is charac-

terized by many weak contacts. A surface phenomenon often 

connected with this type of movement is blebbing, the formation 
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of balloon-like extensions rapidly forming and disappearing at 

the cell edge (Charras et al., 2006). This kind of movement has 

been described for highly motile cells like cells of the immune 

system and several types of cancer cells (Fackler and Grosse, 

2008). It is noteworthy that cells sometimes change their migra-

tion mode from one to another; for example from a non-

mesenchymal or amoeba-like character of migration to mesen-

chymal migration or vice versa. During development, certain 

cells go through a process defined as epithelial-mesenchymal 

transition (EMT), meaning that they can switch from an epitheli-

al to a mesenchymal character. During an EMT the cells show 

decreased adhesion and increased motility, which are character-

istic events during tumor progression. An important feature of 

EMT is the down-regulation of E-cadherin, a cell-cell adhesion 

protein present in the plasma membrane of most normal epithe-

lial cells (Larue and Bellacosa, 2005). 

As mentioned above actin is the central component for the for-

mation of different protruding surface-structures and for genera-

tion of the force required during cell migration. Other important 

processes where actin dependent force-generation is fundamen-

tal are for example in phagocytosis and vesicular movement, in 

fact it is hard to find a process in the cell which is not connected 

to actin in one way or another, including also activities in the 

nucleus which is a central theme of this thesis. 

Eukaryotes have developed yet another force-generating ma-

chinery that operates in parallel with the microfilament system. 

This is the microtubule (MT) system formed by tubulin and 

components of the kinesin and dynein families of proteins to-

gether with other MT-associated proteins. This machinery is 

well-known for its function during mitosis when it forms the mi-

totic spindle that brings the chromosomal material to separate, a 
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process which is tightly coordinated with the subsequent micro-

filament-dependent cytokinesis (West-Foyle and Robinson, 

2012). In non-dividing cells the microtubules are involved in in-

tracellular transport of vesicles and organelles. Lately the molec-

ular mechanisms for cooperation between the microfilament 

system and the microtubule system have begun to be elucidated. 

This thesis contributes an additional piece to this puzzle.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Cell motility is dependent on actin. (A) The eukaryotic cell migrates by 

binding to the extracellular matrix via focal adhesions and extending the cell periph-

ery due to controlled actin polymerization to establish the direction of migration. 

Next the cell body together with the nucleus is pulled forward through intracellular 

contraction forces generated by stress fibers and at the end the retraction fibers at the 

rear pull the cell forward. (B) Fluorescence microscopy shows the distribution of 

actin filaments in B16 mouse melanoma cells seen by FITC-phalloidin for visualiza-

tion of different actin structures:  1: lamellipodia at the cell periphery 2: filopodia 

accompanied by bundles of parallel actin filaments and 3: stress fibers consisting of 

thick bundles of anti-parallel actin filaments and bipolar myosin II. (C) Fluorescence 

microscopy of microtubules in mouse embryo fibroblasts using antibodies against α-

tubulin. 
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The Actin Microfilament System in 
non-muscle cells 

The involvement of actin in force generation was originally dis-

covered in the studies of muscle and muscle contraction per-

formed during the 1940:s (Straub 1942). It was not until the 1970:s 

that it was gradually becoming realized that acto-myosin based 

contractile systems were also present in non-muscle tissue, this 

was later called the actin microfilament (MF) system, which in-

cludes also many actin binding proteins. The MF-system is often 

referred to as the actin cytoskeleton but I dislike this expression 

because it might lead to confusions in the sense that the micro-

filament system is not what we usually think of when talking 

about a “skeleton”: it is truly far from rigid, it is dynamic and var-

iable, and it provides force for the dynamic motility typical of 

non-muscle cells. Thus, instead of being a skeleton it is a flexible 

“motor“ present in all eukaryotic cells.   

Actin, the principal component of the MF-system, is one of the 

most abundant proteins in eukaryotic cells. It is encoded by a 

large, highly conserved gene family. Some single-cell eukaryotes 

like the yeast S.cerevisiae have a single actin gene (Ng and 

Abelson, 1980) whereas many multicellular organisms contain 

several actin encoding genes. For instance, mammals have six 

actin genes (Vandekerckhove and Weber, 1978), and some plants 

have over 60. In muscle cells actin is estimated to comprise 22 

percent of the total protein content (Bagshaw, 1993) and in non-

muscle cells it makes up around 5-10 percent. 

 

The Actin Molecule and its Polymerization  
Characteristics 

By the end of the 1980:s, work from two laboratories revealed the 

structure of actin in complex with two different actin binding 
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proteins: profilin (Schutt et al., 1989; Schutt et al., 1993) and 

DNase I (Kabsch et al., 1990). The reason for using complex-

bound actin for these studies was that “free” actin would poly-

merize into filaments under the salt conditions and protein con-

centration required for the crystallization process. Later this 

problem was avoided by modifying actin such that the polymeri-

zation process was interfered with eg. TMR-actin, which carries 

tetramethylrhodamine at amino acid residue Cys-374 (Otterbein 

et al., 2001). This means also that a high resolution structure of 

the filament is not available. However a model of the filament 

has been presented based on the monomeric actin structure to-

gether with DNase I and by using an electron diffraction pattern 

of ordered gels of actin filaments (Holmes et al., 1990). This 

model has been refined by work in several laboratories for more 

than 20 years now, e.g. see (Splettstoesser et al., 2011).  Inde-

pendently of this work a filamentous structure of actin at 6.6 Å 

was recently possible to generate as a consequence of advances 

in cryo-electron microscopy, and, although largely in agreement 

with the original “Holmes”-model it also showed variations from 

this model (Fujii et al., 2010). An additional complication for 

structure determination of filamentous actin at high resolution is 

the fact that individual actin molecules in the filament,  the fila-

ment subunits, can attain several different structures depending 

on their bound nucleotide (ATP/ADP) and interactions with var-

ious filament binding proteins, see (Dominguez and Holmes, 

2010; Galkin et al., 2011; Galkin et al., 2010; Michelot and Drubin, 

2011). Hence, the actin filament from structural viewpoint is to be 

considered as a plastic polymer, something which is likely to be 

used by the cell during distinct force-generating processes, see 

for instance (Grantham et al., 2012; Hodges et al., 2012). It is 

noteworthy in this context that an alternative polymer structure 

of actin was observed in the profilin:actin crystal (Schutt et al., 

1993). 
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Returning to the individual actin molecule we should note that 

in mammals there are six different isoforms (Vandekerckhove 

and Weber, 1978). Four of these are muscle specific (α-skeletal, 

α-cardiac, α-smooth, ϒ-smooth) and two are non-muscle specific 

(β and ϒ-actin). These isoforms differ by a low number of amino 

acid residues; most of the replacements are chemically conserved 

and the amino acid variations accumulate at the N-terminus of 

the proteins. In this respect the non-muscle β- and ϒ-actin are 

highly similar; only four of their 374 residues vary (ac-

D2D3D4I5A6A7L8V9V10- in β-actin and ac-E2E3E4I5A6A7L8V9I10- in 

ϒ-actin; the residue numbering is aligned with α-skeletal which 

carries an additional residue at its N-terminus, hence no residue 

“1”). The functional difference of the two non-muscle isoforms is 

not well understood, but since they are conserved between high-

er eukaryotic species their co-existence must reflect some im-

portant functional differences (Rubenstein, 1990). To my 

knowledge there are no differences reported concerning the 

polymerization and ATPase properties of these isoforms. Howev-

er it is noteworthy that despite the extensive literature on actin, 

reports comparing the biochemistry of isoform-pure non-muscle 

actins are rare. In fact the only I know of are from my present 

laboratory and those studies did not reveal any differences be-

tween β- and ϒ-actin.  In cells, ϒ-actin tends to be distributed 

more perinuclearly, away from the cell edge and the lamellipo-

dia, while β-actin is enriched at the periphery. A recent study 

have revealed the existence of both β- and ϒ-isoforms in the nu-

cleus (Tondeleir et al., 2012), and it is unclear also here what dif-

ferent roles the two isoforms might have. Interestingly it was 

reported in that study that mouse embryo fibroblasts lacking β-

actin displayed impaired migration and increased expression of 

α-smooth muscle actin and ϒ-actin. This could mean that there 

is a “sensor system” adjusting the level of isoform expression in 

order to compensate for dose variations in total actin caused by 
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the β-actin gene deletion. See further (Study I) where the role of 

actin with respect to gene expression is dealt with.    

 

The actin molecule consists of four subdomains (Kabsch et al., 

1990). It binds ADP or ATP in complex with Mg2+ or Ca2+ ions. In 

the cell the former is considered to predominate due to its high 

concentration and tight actin binding. The Me2+-nucleotide 

complex stabilizes the protein conformation by contacts across 

the cleft of the molecule see (Schuler, 2001). Monomeric actin, 

also called globular (G)-actin, has a low but detectable ATPase 

activity (Schuler et al., 1999). However, it is during higher salt 

conditions when actin polymerizes that its ATPase activity be-

comes prominent. Possibly as much as 50% of the total ATP con-

sumption in non-muscle cells during homeostasis is actin de-

pendent see (Grantham et al., 2012) for a discussion. At physio-

logical salt the ATP-bound actin rapidly polymerizes into helical 

filaments (F-actin), which are asymmetrical from both structural 

and biochemical point of views. Under stable, steady state poly-

merizing conditions in vitro, actin monomers become incorpo-

rated at the fast-polymerizing barbed or (+)-end of the filament. 

Hydrolysis of the nucleotide occurs rapidly after binding, and it 

is ADP-bound actin that dissociates from the pointed or (-)-end. 

This steady state mechanism of actin polymeriza-

tion/depolymerization is known as actin filament treadmilling 

(Kuhn et al., 2000; Wegner, 1976). Despite being a basic and fun-

damental property of filamentous actin, this treadmilling activity 

alone cannot account for the dynamics of actin observed in cells. 

Numerous actin binding proteins contribute to the regulation of 

actin remodeling and especially after receptor activation this 

phenomenon is up-regulated.  
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Profilin in Cell Motility 

Like most processes in the cell, actin coupled activities are spati-

otemporally regulated. Extracellular signals directly or indirectly 

regulate the interaction of actin with a large number of different 

actin regulatory proteins (Lindberg et al., 2008; Pollard and 

Borisy, 2003; Ridley, 2011). These proteins interact with actin 

monomers or filaments or both. A few of them will be discussed 

briefly below, and as mentioned earlier the focus is on the actin 

binding protein profilin.  

The profilin family consists of evolutionary conserved ~14 kDa 

proteins, which in addition to actin binds phosphatidylinositol 

lipids (PIPs) and proline-rich domains of several NEPFs such as 

Ena/VASP, N-WASP/WAVE and formins (Fig. 2B). The interac-

tion with monomeric actin results in a dynamic 1:1 complex (Fig. 

2A) known as the profilin:actin complex (Karlsson, 2007; Witke, 

2004). Profilin keeps actin in a profilamentous form (Carlsson et 

al., 1977), this is a consequence of the ability of profilin to effi-

ciently inhibit actin nucleation, the initial step in filament for-

mation. However, if actin filaments are present, the profilin:actin 

complex (P:A) can add to their fast polymerizing end and deliver 

the actin molecule for filament elongation with similar kinetics 

as free monomeric actin (Grenklo et al., 2004; Kang et al., 1999; 

Korenbaum et al., 1998; Nyman et al., 2002; Pantaloni and 

Carlier, 1993; Pollard and Cooper, 1984; Tilney et al., 1983). Fur-

thermore, the binding of profilin to actin dramatically enhances 

exchange of ADP for ATP (Korenbaum et al., 1998; Mockrin and 

Korn, 1980) due to an opening of the nucleotide binding cleft 

(Chik et al., 1996; Porta and Borgstahl, 2012). This is an important 

function of profilin since it ensures that the actin recruited from 

P:A for filament formation and elongation is an ATP-actin which 

in turn is important for the maintenance of the biochemical and 
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structural asymmetry of the filaments (Carlier et al., 1986; 

Grantham et al., 2012). The P:A therefore represents a dynamic 

organization of unpolymerized actin and it appears to be the ul-

timate source of actin for filament growth in vivo as was ob-

served after microinjection (Grenklo et al., 2003; Hajkova et al., 

2000) of a covalently crosslinked, non-dissociable variant of pro-

filin:actin (Nyman et al., 2002). This blocked all actin polymeri-

zation processes, including a significant reduction in the motility 

of the intracellular bacterium Listeria monocytogenes in what 

was thought to be an efficient inhibition of various actin nuclea-

tion and elongation promoting factors (NEPFs) (Grenklo et al., 

2003); see also below. 

In mammals there are four profilin genes encoding five different 

isoforms, profilin I, IIa and IIb, III, and IV. In general, the amino 

acid sequences of profilin from diverse species are by far not as 

well conserved as for instance is the case with actin, however the 

3D-structure of profilins are well conserved (Fig. 2C). The profil-

in fold consists of a central seven-stranded β-sheet surrounded  

by the closely positioned N- and C-terminal α-helices on one side 

and two short α-helices on the other (Cedergren-Zeppezauer et 

al., 1994; Schutt et al., 1993). The profilin I isoform is ubiquitously 

expressed, while the expression pattern of profilin II, which oc-

curs in the two splice variants, IIa and IIb, is more variable. Pro-

filin IIa transcripts are detected in the brain, kidney and heart 

tissue, but by far the protein is most abundantly expressed in the 

brain (see Table 1. for a summary of some properties of mamma-

lian profilin isoforms). The latter fact led to the denotation 

“brain profilin” for this isoform. However, this does not mean 

that profilin II is unique among profilins to localize to neurons of 

the central nervous system. In fact, profilin I is also present at 

high concentration in the brain, and, importantly, it has been 

realized lately that profilin II is present also in several non- 
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Figure 2. The structure of profilin. (A) Profilin in complex with β-actin in space 

filling mode. The structure of the actin monomer (purple) with its four subdomains 

as indicated 1-4. The profilin (turquoise) binds to the base of actin subdomains 1 and 

3. This side of the actin molecule is by analogy to the actin filament referred to as 

the barbed end since it corresponds to the surface exposed at the fast polymerizing 

(barbed)-end of the filament. (B)  The backbone of the profilin molecule, in a slight-

ly different orientation compared to panel A. The actin-binding site on profilin is 

shown in white together with the sites for poly-L-proline (yellow) and the two PIP2 – 

binding surfaces (blue; PIP2I and -II). The sulfate (S; red) was located in the struc-

ture of human profilin II presumably due to the presence of ammonium sulfate in the 

crystallization buffer. It is thought to indicate the presence of a binding pocket for 

one of the inositol phosphates since it locates to the second PIP2-binding surface 

(PIP2I and PIP2II) which partly overlaps with the actin site, see text and references 

below. (C) Superposition of the backbone of human profilin I (red) and II (blue). As 

seen, the two proteins are very similar. Illustrations: (A) is based on PDB files 2BTF 

(Schutt et al. 1993) and (Nodelman et al 1999), (B and C) from Karlsson and Lind-

berg 2007 and  Nodelman et al 1999.  

neuronal cell types (Mouneimne et al., 2012) and (Study I) in this 

thesis. Profilin IIb mRNA is found in kidney, skin and liver and 

the protein is expressed mostly in the kidney (Di Nardo et al., 

2000; Lambrechts et al., 2000). Since, this thesis is based on work 

on mouse cell lines it is important to note that mouse profilin IIb 

is unique in several aspects. It has a 6 amino acids long C-

terminal extension not present in isoforms I and IIa (Di Nardo et 

al., 2000) nor in human profilin IIb. In addition to this extension, 

mouse profilin IIb differ at 12 amino acid positions in the 
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Table 1.  

  

Chromos. 
#/Species 

 

aa 

 

mRNA 

 

Protein 

 

Kd for α-
actin* 
(µM) 

 

PLP- 
binding 

 

PIP2- 
binding 

 

Additional 
information 

Pfn I 11 mouse 
17 human 
10 rat 

139 Ubiquitous Ubiquitous, 

except 

skeletal, 

low 

amount in 

heart 

Human 

Pfn I 0.4 

+ ++++ Partly colo-

calizes with 

microtubules 

(Study II)  

Pfn IIa 3 mouse 
3 human 
2 rat 

139 Liver, 

muscle, 

heart, 

brain, 

duodenum, 

kidney, 

lung, skin 

Brain, 

breast, 

melanoma 

cells  

(Study I) 

Rat Pfn IIa 

1.0 

Bovine Pfn 

IIa 0.7 

++ ++ Binds indi-

rectly tubu-

lin (Di Nardo 

et al., 2000) 

Pfn IIb 3 mouse 
3 human 
2 rat 

145 Liver, 

kidney, 

skin 

Kidney Human 

Pfn IIb 0.6 

Mouse 

PfnIIb 

almost no 

interaction 

No +  

Pfn III 13 mouse 
5 human 
17 rat 

136 Kidney, 

low 

amount in 

testis 

Kidney, 

testis 

Kd N.D Binds   

Pfn IV 12 mouse 
2 human 
6 rat 

128 Testis Testis Kd N.D No   

 

*Note that listed Kd-values are not necessarily determined under similar salt condi-

tions, furthermore they represent the interaction with α-actin, despite the natural 

binding partner being the β- and ϒ-actins with a reported Kd=0.3 μM (Korenbaum et 

al 1998). The data are from the following literature: profilin I (Witke et al., 1998), 

profilin IIa (Di Nardo et al., 2000; Lambrechts et al., 2000; Mouneimne et al., 2012; 

Witke et al., 1998), profilin IIb (Di Nardo et al., 2000; Lambrechts et al., 2000; 

Witke et al., 1998), profilin III (Behnen et al., 2009; Hu et al., 2001), profilin IV 

(Behnen et al., 2009; Obermann et al., 2005).  
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C-terminal region compared to IIa. As a result of these variations 

mouse profilin IIb expresses rather unique biochemical proper-

ties; despite that the major actin interacting residues as identi-

fied in profilin I in the P:A structure (Schutt et al., 1993) are con-

served in profilin IIb (i.e. V118, H119, G121, M122, N124, K125, Y128, 

E129) this isoform interacts poorly with actin and the same goes 

for its ability to bind poly-L-proline (PLP). The latter is easier to 

understand given its different C-terminal sequence and the im-

portance of this region for the PLP-interaction, but the former is 

hard to reconcile with the preservation of several actin-binding 

residues as mentioned above. Possibly it means that the confor-

mation of the protein is altered in this part of the molecule. Fi-

nally, the profilin IIb is reported to associate indirectly with tu-

bulin (Di Nardo et al., 2000), which generally has been consid-

ered to emphasize the uniqueness of this isoform among the pro-

filins. However, in this thesis (Study II), evidence are presented 

for an interaction of profilin I with microtubules in cultured cells 

suggesting the need for reconsideration of this view. Unfortu-

nately antibodies are not available that can be used to distin-

guish between profilin IIa and profilin IIb, something which has 

hampered studies of their cellular distribution and tissue expres-

sion. 

Profilin Dependent Processes in the Nucleus 

For long the existence of actin in the mammalian nucleus was 

questioned. One reason to this was the worry that the nuclear 

preparations found to contain actin may have been contaminat-

ed by cytoplasmic actin. Another was the apparent absence of 

actin filaments as concluded by the failure of labeling the nucle-

us with phalloidin the commonly used agent to detect filamen-

tous actin by fluorescence microscopy. The gradual reconsidera-

tion of this issue, partly spurred by observations of actin binding 
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proteins in the nucleus (Bettinger et al., 2004) led to speculations 

that filamentous actin in the nucleus was unbundled and under 

more intensive turn-over than in the cytoplasm and therefore 

not captured by traditional fixation techniques or even that it 

had a conformation not recognized by phalloidin. Due to recent 

observations (Baarlink et al., 2013; Belin et al., 2013) it is now 

concluded that nuclear actin forms canonical filaments which 

are under rapid dynamics. One important experimental ap-

proach that led to this insight was in vivo labeling of nuclear fil-

amentous actin by expression of the filament actin binding pep-

tide Lifeact as a fusion with sequences mediating its nuclear en-

try (NLS; nuclear localization signal) (Baarlink et al., 2013). Life-

act is a 17 amino acid long filamentous actin-binding peptide 

derived from the budding yeast protein Abp140 (Riedl et al., 

2010); the peptide has the unique property of binding actin fila-

ments without apparent influence on filament dynamics. When 

this construct, which also carried the sequence for GFP (hence: 

Lifeact-GFP-NLS), was expressed in human cells it led to a dif-

fuse fluorescence signal from the nuclei. However, after 15 sec-

onds of serum stimulation, actin filament formation was ob-

served in the nucleus, and this required the activity of nuclear 

formins (see page 34 for a discussion of formins). These observa-

tions inspired to further analysis by phalloidin staining which 

also turned out to reveal filaments after serum stimulation 

(Baarlink et al., 2013).   

The interesting question is now to understand the function of 

nuclear actin in particular with respect to its high dynamics and 

filament formation. Several studies propose that actin, mostly in 

monomer form, functions in chromatin remodeling in connec-

tion with the SWI/SNF complex as well as in RNA-polymerase I, 

II and III-dependent transcription (Bettinger et al., 2004; 

Pederson and Aebi, 2005). Since many components involved in 
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the regulation of actin polymerization in the cytoplasm have 

been detected in the nucleus, such as profilin, cofilin, thymosin 

β4, gelsolin, formin, VASP, Arp2/3, JMY, WASP, WASH and un-

conventional myosin to name some (Bertling et al., 2004; Grosse 

and Vartiainen, 2013; Hotulainen and Hoogenraad, 2010), it 

seems reasonable that nuclear actin functions very much like in 

the cytoplasm, i.e. in force generations to power movement and 

reorganization of macromolecules and substructures.   

Profilin I and IIa in the nucleus have been shown to colocalize 

with the ubiquitously expressed survival motor neuron (SMN) in 

small nuclear ribonucleoprotein (snRNP)-particles, as well as 

with Speckles and Cajal bodies (Giesemann et al., 1999; Sharma 

et al., 2005; Skare et al., 2003). snRNPs are coupled to pre-mRNA 

splicing (Pellizzoni et al., 2002), and it is therefore interesting to 

note that antibodies to profilin interfere with in vitro pre-mRNA 

splicing (Skare et al., 2003) and that the profilin-binding phos-

phatidylinositol lipid PI(4,5)P2 has been reported to localize to 

Speckles (Boronenkov et al., 1998) the subnuclear compartment 

enriched for splicing components. It has also been reported that 

profilin interacts with the Myb-related transcription factor 

p42POP (Lederer et al., 2005). In luciferase assays, p42POP repress-

es transcription, and this activity is reduced by interaction with 

profilin, suggesting that nuclear profilin may be involved in tran-

scriptional control. Study I in this thesis discusses the role of pro-

filin I and IIa in the regulation of a transcription factor called 

Serum Response Factor (SRF) and their involvement in the regu-

lation of general transcription as seen by a run on transcription 

assay in two different mouse cell lines.  

The nuclear export protein, exportin 6, specifically transports 

profilin and actin from the nucleus to the cytoplasm (Stuven et 

al., 2003) and this has led to the conclusion that the profilin:actin 

complex is a component of the nucleus (Hotulainen et al., 2009; 
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Skwarek-Maruszewska et al., 2009). This is not a fully valid ar-

gument, however, since the two proteins may bind the exportin 

molecule in succession followed by complex formation at the 

stage of export out of the nucleus (see also below). The mecha-

nism of entrance of profilin into the nucleus is unknown. Its 

small size would allow for its diffusion through the nuclear pore, 

but possibly contradictive to this view of a passive profilin import 

it was reported (Mohr et al., 2009) that profilin enters the nucle-

us approximately 1.5 times faster than the significantly smaller 

protein ubiquitin (76 amino acid residues compared to 139 for 

profilin), signifying that there might be a specific mechanism 

operating for its import.  

One possibility is also that profilin (and actin) enters the nucleus 

in complex, i.e. as profilin:actin like is the case for the ac-

tin:cofilin complex (Dopie et al., 2012). Although unclear, obser-

vations in my laboratory made with a fluorescently labeled vari-

ant of a covalently coupled profilin-actin (Nyman et al., 2002) 

show that this is rapidly imported into the nucleus after mi-

croinjection (Grenklo et al., unpublished) suggesting that the 

profilin:actin complex indeed can pass the nuclear envelope. In-

terestingly in the view of exportin 6, the nuclear accumulation of 

microinjected profilin-actin indicates that its shuttling back to 

the cytoplasm was compromised pointing to the possibility that 

the initial binding of profilin and actin to the exportin must oc-

cur independently of each other for proper export of the com-

plex. 

During the work described in (Study I), I made an attempt to 

look into the issue of a nuclear import of profilin:actin. Hypothe-

sizing that the two patches of basic amino acid residues in the C-

terminal region of profilin may form a “cryptic” NLS that would 
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be recognized by importin 9 the import factor for cofilin:actin, 

(Dopie et al., 2012), I targeted importin 9 with siRNA and then 

studied the fluorescence intensity of nuclear profilin after anti-

body labeling. However, no significant changes in nuclear profil-

in could be observed, suggesting that this nuclear import factor 

is unlikely to be involved in the entrance of profilin to the nucle-

us.  

 

Clearly it is possible that profilin may operate in the nucleus in-

dependently of actin, however it is equally likely that for instance 

the actin polymerization observed to be dependent on the pres-

ence of formins (Baarlink et al., 2013) results from recruitment of 

profilin:actin.   

Profilin and post-translational modification 

Prior work in my laboratory demonstrated that incubation of 

profilin with activated growth factor receptor complexes im-

munoprecipitated from extracts of epidermal growth factor 

stimulated cells, led to mutually exclusive phosphorylation on 

Ser-137 and Tyr-139 (Bjorkegren-Sjogren et al., 1997). Phosphory-

lation of Ser-137 in profilin had been observed before and shown 

to be stimulated in vitro by the presence of PIP2 (Hansson et al., 

1988; Singh et al., 1996), while an in vitro phosphorylation of Tyr-

139 by the Src-kinase was reported during the same period (De 

Corte et al., 1997). The increased accessibility of Ser-137 for phos-

phorylation due to the presence of PIP2 is likely resulting from 

conformational changes imposed on the protein molecule upon 

lipid binding (Raghunathan et al., 1992) see also discussion in 

(Karlsson and Lindberg, 2007). The mutually exclusive phos-

phorylation on Ser-137 and Tyr-139 observed by (Bjorkegren-

Sjogren et al., 1997) may reflect that either one of the two phos-

phoamino acids compromise binding and phosphorylation by 
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the second kinase. The phosphorylated profilin did not bind 

PLP-Sepharose.   

More recently it was demonstrated that profilin I can be phos-

phorylated at Ser-137 by the Rho-associated kinase ROCK; again 

it was shown that this modification abolished binding to PLP -

containing ligands (Shao et al., 2008). One such ligand whose 

interaction with profilin was shown to be interfered with by Ser-

137 phosphorylation was huntingtin (Shao and Diamond, 2012). 

This and the observation that profilin inhibits huntingtin aggre-

gation, therefore suggests a role for profilin in Huntington Dis-

ease. Another recent observation demonstrate that profilin is 

phosphorylated on Tyr-129 downstream of vascular growth factor 

receptor signaling (Fan et al., 2012) - a modification which was 

found to stabilize the profilin-actin interaction and to be im-

portant for angiogenesis.  

Thus there are several observations of phosphorylation being 

important for the regulation of profilin function. Less is known 

about its dephosphorylation. However there is one report linking 

protein phosphaste 1, a major eukaryotic serine/threonine phos-

phatase to dephosphorylation of profilin Ser-137 (Shao and 

Diamond, 2012).  

Profilins carry acetylated N-termini (Nystrom et al., 1979), possi-

bly this modification is coupled to the overall stability of the pro-

tein (Shemorry et al., 2013) or the integrity of its N-terminal helix 

though this has not been experimentally demonstrated, profilin 

can undergo peroxynitrite-mediated tyrosine nitration (Kasina et 

al., 2005). However, the significance of the latter needs further 

investigations.  

 

 



 

26 

 

Profilin in the Cytoplasm  

Profilin is an essential protein and an important linker between 

signal transduction pathways and reorganization of the actin 

microfilament system. Gene disruption of profilin I in mice leads 

to embryonic lethality due to interfering with blastula develop-

ment (Witke et al., 2001), which in view of earlier observations of 

the requirement of profilin for cytokinesis in Schizosaccharomy-

ces pombe (Balasubramanian et al., 1994) was interpreted as a 

direct hindrance of cell division due to inability of the blastula 

cells to form a contractile ring. In addition, depletion of the 

chickadee gene encoding profilin in Drosophila leads to late stage 

embryonic lethality (Verheyen and Cooley, 1994). Relevant to 

mammalian cells in culture, it has been shown that loss of ex-

pression of profilin I or disruption of its lipid binding properties 

causes impaired migration of human vascular endothelial cells 

(Ding et al., 2009). This points to an essential role of profilin dur-

ing situations when the cell requires extensive actin reorganiza-

tion for proper function. The fact that cells in culture survive and 

can migrate after extensive profilin down-regulation may seem 

puzzling given the dramatic consequence at organism level after 

gene disruption as mentioned above but may have several expla-

nations. For instance preliminary observations that I made dur-

ing (Study I) suggest that down-regulation of the profilin I iso-

form in B16 mouse melanoma cells to some extend is compen-

sated for by an up-regulation of isoform II. Other changes in the 

expression of proteins operating in the control of actin and its 

connection to cell adhesion and migration such as cofilin, gel-

solin and vinculin may also be affected under conditions of low 

profilin expression. Naturally such alterations of the expression 

pattern of important actin-binding proteins will inflict on the 

migratory behavior of cells as was reported by (Ding et al., 2009; 

Mouneimne et al., 2012) as well as in (Study I) but do not neces-
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sarily need to cause complete blockage of actin polymerization 

via other routes than profilin:actin that can support cell ad-

vancement. Importantly, the migration pattern of profilin-

depleted cells therefore becomes less well controlled with respect 

to signaling from the substratum and surrounding components 

as shown in (Study I) and also by (Bae et al., 2009; Ding et al., 

2006; Mouneimne et al., 2012). 

Tumor cells are characterized by a deregulated microfilament 

system, in part caused by altered expression levels or mutations 

in actin binding proteins or altered signaling to the system and 

hence an altered control of its function (Bravo-Cordero et al., 

2012; Lambrechts et al., 2004). Not surprisingly, profilin has been 

found in this context to be coupled to several different cancer 

types. Thus, down-regulation of profilin I expression has been 

observed in invasive adenocarcinomas of cells derived from 

breast, hepatic and bladder tissue (Gronborg et al., 2006; Janke et 

al., 2000; Wu et al., 2006; Zoidakis et al., 2012), and breast cancer 

cells expressing reduced levels of profilin I have a hyper-motile 

phenotype which can be reversed by overexpressing the protein 

(Janke et al., 2000; Lambrechts et al., 2004; Mouneimne et al., 

2012; Roy and Jacobson, 2004). Similar effects on the motile phe-

notype along with changes in morphology and microfilament 

organization were also seen after manipulating profilin I expres-

sion in normal human mammary epithelial cells (Roy and 

Jacobson, 2004). Clearly this reflects several different aspects of 

microfilament functions such as in exocytosis of growth factors 

and matrix metalloproteinases in addition to migration (Porat-

Shliom et al., 2013; Zoidakis et al., 2012) which may be dysfunc-

tional due to reduced profilin levels.  
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Other Actin Regulatory Proteins of Relevance in 
the Context of Profilin 

As mentioned earlier cells contain a great variety of actin and 

profilin:actin binding proteins involved in the organization of the 

filaments into higher structures, such as stressfibers, lamellipo-

dia and filopodia. The following section will give a brief overview 

of some of these.  

Ena/VASP 

The vasodilator-stimulated phosphoprotein (VASP) was the first 

member of the Ena/VASP family of proteins to be characterized 

as a profilin ligand (Reinhard et al., 1995a). It recognizes the 

poly-proline binding site on profilin, and operates as a filament 

elongator. In addition to its profilin-binding, Ena/VASP interacts 

with a number of microfilament associated components through 

its N-terminal Wasp homology (WH)-1 domain (Rebowski et al., 

2010; Reinhard et al., 1995b). Moreover, Ena/VASP binds both 

monomeric and filamentous actin via a WH2-domain closer to 

its C-terminus and finally also interacts with itself through its 

tetramerization domain (Bachmann et al., 1999), which is re-

quired for its function as a processive actin filament elongator. 

Protein structure and biochemical studies of VASP points to a 

mechanism during actin polymerization where VASP transfers 

P:A via a series of binding sites towards the filament (+)-end 

(Ferron et al., 2007). 

Ena/VASP localizes to the leading edge of migrating cells, and 

work underneath the plasma membrane by binding to proteins 

bound to the membrane such as lamellipodin via its WH1 do-

main (Bae et al., 2010). VASP has also been localized to the tip of 

the filopodia and possibly this location is the result of a myosin 

X-dependent transport (Tokuo and Ikebe, 2004). Its notable that 
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myosin X has been shown to be involved in transport of integrins 

to filopodial tips (Arjonen et al., 2011; Sousa and Cheney, 2005) 

and similarly in Drosophila a unconventional myosin is operating 

to localize a cadherin to cell protrusions (Liu et al., 2008), sup-

porting the view that also Ena/VASP undergoes intrafilopodial 

transport. Ena/VASP is also a prominent component of stress 

fibers and focal adhesions (Reinhard et al., 1992), where it ap-

pears to participate in the elongation of bundled actin filaments 

(Dent et al., 2007) and in protein-protein interactions on the cy-

toplasmic side of cell attachments, respectively. Ena/VASP has 

also been implicated in actin organization and cellular morpho-

genesis, including axon pathfinding (Krause et al., 2003; Lebrand 

et al., 2004) and neuronal outgrowth (Lanier et al., 1999; 

Suetsugu et al., 2002). In the case of the intracellular pathogen, 

Listeria monocytogenes, the amount of profilin recruited by 

Ena/VASP proteins is correlated with the speed of the bacterium 

(Geese et al., 2000), however in fibroblasts, the interaction be-

tween Ena/VASP and profilin appears not to be essential for ran-

dom cell migration (Loureiro et al., 2002).  

 

Ena/VASP contains four profilin-binding GP5-motifs (Reinhard 

et al., 1995a); interestingly VASP has a higher affinity for profil-

in:actin compared to profilin alone (Chereau and Dominguez, 

2006; Ferron et al., 2007), making it likely that it is profilin:actin 

that is recruited by VASP for filament elongation in vivo. The 

concentrations of VASP at the cell periphery have been seen to 

correlate with the velocity by which the cell edge advanced over 

the substratum (Rottner et al., 1999a). In a breast cancer cell line 

after profilin down-regulation also the VASP concentration was 

decreased however the speed of cell migration increased with 

increasing localization of VASP at the cell periphery (Bae et al., 

2009). This indicates that increased levels of VASP in the absence 
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of profilin in some way can recruit actin for filament growth from 

other sources than profilin:actin.  

WASP family of proteins 

The Wiskott-Aldrich syndrome protein (WASP) and its ubiqui-

tous variant N-WASP is another important actin nucleation and 

elongation promoting protein which also binds profilin. At the 

N-terminus the WASP homology 1 (WH1)-domain and the pleck-

strin homology (PH)-domain, respectively mediate binding to a 

range of different proteins and to PI(4,5)P2 in the plasma mem-

brane, respectively. These interactions are important for the lo-

calization of the protein at the lipid bilayer as well as for the con-

trol of its activity (Co et al., 2007). The latter is also under strict 

regulation by the Rho GTPase Cdc42 which binds to the so called 

GBD/CRIB-domain and causes a conformational change of the 

molecule (Kim et al., 2000). The binding of PI(4,5)P2 and Cdc42 

both contribute to the activity of N-WASP and is required for its 

nucleation promoting activity. In its N-terminal region, the mol-

ecule contains the so called VCA-domain, which binds mono-

meric actin and the Arp2/3-complex. It has been reported that 

the VCA-domain could become phosphorylated at two serine 

residues and as a result expresses an increased affinity for Arp2/3 

(Cory et al., 2003).  Furthermore, it has been shown under in vivo 

conditions that the VASP/profilin-binding region in N-WASP is 

required for its participation in actin polymerization (Castellano 

et al., 2001; Yarar et al., 2002), suggesting that also this protein is 

intimately linked to VASP and recruits profilin:actin for actin 

polymerization.  This was also in agreement with observations 

reported by (Suetsugu et al., 1998) of a Cdc42 stimulated for-

mation of filopodia that could be interfered with by introduction 

of a profilin mutant (His-119 to Glu) incapable to bind actin. 
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Other members of the WASP family are WAVE/Scar, WASH, 

WHAMM and JMY (Rottner et al., 2010). Of these WAVE is the 

most well characterized (Bisi et al., 2013; Miki et al., 1998). This 

protein is the central component of a complex formed by several 

proteins of which SRA1, NAP1, ABI1, and -2, and HSPC300 constitute 

the so called WAVE regulatory complex or WRC, which associates with 

the WAVE N-terminal (Bisi et al., 2013). The components of WRC form 

a complex set of interactions involving also the WAVE C-terminal VCA 

domain (Kunda et al., 2003; Le et al., 2006). Activation occurs by bind-

ing of the RhoGTPase Rac to SRA1 (Kobayashi et al., 1998). Initially it 

was thought that the other components of the WRC were released af-

ter activation, but during later years it has been concluded that all 

components remain associated also after activation. However, confor-

mation changes causes the VCA domain to become exposed for 

Arp2/3-binding (Ismail et al., 2009). Similar to the WASP proteins a 

BAR-protein is involved in the function of WAVE proteins. BAR pro-

teins senses membrane curvature and deforms lipid bilayer by 

binding to the plasma membrane, preferentially to PI(4,5)P2 

(Frost et al., 2009). One of the WAVE isoforms, WAVE2, has been 

shown to bind to the I-BAR protein IRSp53 at the plasma membrane 

(Miki et al., 2000). IRSp53 interacts with PIP2 and dimerizes, leading to 

clustering of two WAVE complexes. PIP3 has also been suggested to 

cluster WAVE at the plasma membrane, and to and synergize with 

IRSp53 in activating WAVE (Suetsugu et al., 2006). Additionally, a 

complex pattern of phosphorylations have been shown to participate in 

the regulation of WAVE. For instance the casein kinase 2 phosphory-

lates its VCA domain and increases its affinity for the Arp2/3 complex 

(Pocha and Cory, 2009). WAVE localizes to ruffling membranes (Miki 

1998 EMBO J), to focal adhesions (Westphal et al., 2000) and to the 

tips of lamellipodia, but is not present in filopodia and in retracting 

parts of lamellipodia (Hahne et al., 2001) see also under Arp2/3 below. 

Rac activation of the WAVE complex causes its recruitment to the 

plasma membrane (Innocenti et al., 2004; Kunda et al., 2003; Steffen et 

al., 2004) followed by formation of lamellipodia (Hahne et al., 2001). 

Gene knockout of WAVE1 in mice leads to brain deficiencies (Soderling 
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et al., 2003), while disruption of the WAVE2 gene causes embryonic 

lethality, brain malformations and impaired angiogenesis (Yamazaki et 

al., 2003; Yan et al., 2003). Profilin has been shown to interact with 

the proline-rich sequence of WAVE, N-terminal of the VCA do-

main (Miki et al., 1998; Oda et al., 2005) and as for N-WASP it 

has been hypothesized that profilin:actin deliver actin to the 

Arp2/3 nucleated growing actin filament via this interaction. It is 

not fully clear at which stage during this process the profilin:actin 

complex dissociates; it may be before the actin is docked onto the fila-

ment (+)-end (Chereau et al., 2005) or the complex might associate 

with the filament before it dissociates 

The Arp2/3 complex 

The Arp2/3 complex consists of seven protein subunits. It is often 

referred to as a nucleator of actin polymerization, however, this 

activity requires that it binds to different nucleation promoting 

factors (NPFs), like WASH, WHAMM, JMY and N-WASP. The 

interaction with the NPFs occurs at their C-termini and results in 

the exposure of the two actin related molecules Arp2 and Arp3 

such that they form a nucleation surface for incoming actin 

monomers by mimicking a (+)-end-free actin dimer (Firat-

Karalar et al., 2011; Rottner et al., 2010). There is a recently pub-

lished study showing that Dip1, a member of the 

WISH/DIP/SPIN90 family of actin regulators, potently activates 

Arp2/3 complex without pre-existing filaments. The mechanism 

of Dip1 is unlike other Arp2/3 complex activators, it does not 

bind actin monomers or filaments, and it interacts with the 

complex in a non-WASP-like binding mode. In the case of N-

WASP the Arp2/3 activity is under Rho GTPase regulation since 

the WASP-molecule is kept in an auto inhibited state until bind-

ing of activated Cdc42 occurs. As mentioned above, the regula-

tion of this protein machinery involves several other components 
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such as: WASP interacting protein (WIP), Toca-1, and PI(4,5)P2 

(Takenawa and Suetsugu, 2007).  

The Arp2/3 is essential for lamellipodia formation (Steffen et al., 

2006). The turnover rates of Arp2/3 and WAVE in conjunction 

with cofilin and CP compared to actin have been determined in 

fluorescence recovery after photobleaching (FRAP)-experiments 

(Lai et al., 2008) using green fluorescent protein (GFP)-fused 

proteins. Recovery of fluorescence of GFP-actin was seen first at 

the tip of the lamellipodium, which then moved inwards, away 

from the plasma membrane. Together with fluorescence loss in 

photobleaching (FLIP)-experiments performed in parallel in the 

same study, the constant turnover of actin monomers and the 

existence of treadmilling was demonstrated in the advancing 

lamellipodia. The fluorescently labeled Arp2/3 (GFP-fused 

ArpC5B) and WAVE (GFP-Abi) complexes recovered their fluo-

rescence similarly to actin, but while WAVE remained at the tip 

of the lamellipodium, the fluorescence of Arp2/3 was seen to 

move inwards, possibly as a consequence of the Arp2/3 complex 

being associated with the filament (-)-ends. In the same study, 

FRAP-experiments of GFP-labeled cofilin did not show the simi-

lar rate of recovery at the very edge of the lamellipod as was ob-

served for actin (Lai et al., 2008), suggesting that cofilin is not 

directly involved in polymerization and supporting the view that 

cofilin primarily enhance actin turnover due to its ability to in-

crease pointed end filament disassembly (see below). In contrast 

the capping protein showed a similar turnover rate to actin at the 

periphery; it contributes to the control of filament length and 

number and its depletion causes a decrease in number of lamel-

lipodia and increase of filopodia. In conclusion, the paper by Lai 

et al. neatly demonstrates the dynamics of lamellipodia actin 

organization in motile cells. It is unfortunate that the study did 

not include imaging of profilin at the same level of spatial and 
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temporal resolution. This may be a consequence of the difficul-

ties in generating a properly functioning fusion construct of this 

protein (our laboratory, unpublished). 

 

A newly identified protein, Arpin, has been shown to inhibit the 

Arp2/3 in vitro (Dang et al., 2013). It is Rac signaling that recruits 

and activates Arpin at the lamellipodial tips, just like the WAVE 

protein. Arpin depletion results in increased cell migration, it 

becomes faster and more directional. This is because arpin an-

tagonizes WAVE, the major NPF in the lamellipodia, thereby it 

increases the ability of cells to stop and redirect their move-

ments. 

 

Formins 

Formins represent a family of proteins important for the control 

of actin polymerization which operate differently compared to 

WASP and WAVE proteins. Importantly the formins functions 

independently of the Arp2/3 complex. Typically these proteins 

contain two highly conserved so called formin homology (FH)-1 

and FH2 domains. The FH1 domain contains a poly-proline se-

quence known to bind profilin:actin, and the FH2 domain has 

been shown to nucleate actin in vitro (Li and Higgs, 2003; Pruyne 

et al., 2002). Precisely how the latter occurs is unclear, the FH2 

domain does not bind monomeric actin but possibly it binds and 

stabilizes spontaneously formed actin nuclei, i.e. actin dimers 

and trimers and thereby stimulates polymerization by facilitating 

their elongation. However, whether this is of relevance for the 

situation in vivo is uncertain since as far as we understand today, 

monomeric actin in vivo is associated with profilin and thymosin 

and thereby inhibited to undergo spontaneous self-assembly. 

Thus, formins may not operate as nucleation factors in vivo. 

Many formins include a DAD-domain (Dia autoregulatory do-
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main) at its C-terminus, which mediates autoinhibition by inter-

action with the N-terminus and is under control of the small 

GTPase RhoA (Romero et al., 2007). 

 Most studies of the formins have been done with mouse diapha-

nous 1 and 2 (mDia1 and mDia2). These assemble into homodi-

mers and via the FH2 domain they form a ring-shaped structure 

around the (+)-end tip of the actin filament that moves proces-

sively with the growing (+)-end (Mizuno et al., 2011; Otomo et al., 

2005). In vitro studies of actin filament elongation from beads 

functionalized with mDia1 FH1-FH2 fragments demonstrated a 

dramatic increase in elongation rate in the presence of profilin 

compared to actin alone (Romero et al., 2004). This led to the 

insight that the preferred actin source for formin-dependent fil-

ament formation is profilin:actin. To allow for the rapid proces-

sivity it is required that profilin is dissociated after the profil-

in:actin complex has been docked onto the growing filament 

end. If this occurs in conjunction to the hydrolysis of the actin 

bound ATP or not remains to be shown (Jegou et al., 2011). 

Formins are most well-known for their role in supporting filopo-

dia formation and have also been characterized to function in 

lamellipodia formation (Yang et al., 2007). In the yeast S.pombe, 

assembly of the contractile ring is formin dependent (Yonetani 

and Chang, 2010). Also in mammals, formins are involved in cell 

division where they operate during centrosome movement 

(Pollard, 2010). There are a few other proteins identified that in-

hibit formin activity in vitro, for instance the Dia interacting pro-

tein/WASP interacting SH3 protein (DIP)/WISH) (Eisenmann et 

al., 2007) and Spire (Quinlan et al., 2007).   
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ADF/Cofilin 

The ADF/cofilin protein family consists of ADF (actin depoly-

merizing factor), cofilin 1 and cofilin 2. Cofilin 1 is the most 

abundant and ubiquitous member of the family in non-muscle 

cells and the only one of this group of protein that is essential for 

viability (Bernstein and Bamburg, 2010). Cofilin sequesters actin 

monomers that are dissociated from the pointed filament end. 

Thereby it enhances filament turn-over by increasing the con-

centration of monomeric actin which after nucleotide exchange 

can be used for filament barbed-end growth (Grantham et al., 

2012; Hotulainen et al., 2005; Kiuchi et al., 2007). 

Additionally, cofilin causes actin filament severing (Bamburg and 

Bernstein, 2010; Bernstein and Bamburg, 2010; Hotulainen et al., 

2005; McGough et al., 2001) – a process by which the non-

covalent bonds between actin molecules in the filament are bro-

ken. As a consequence free filament plus ends are generated, and 

these can then serve as new nucleation sites for actin polymeri-

zation (Ichetovkin et al., 2002). Thus cofilin is an important 

component for actin dynamics especially in response to surface 

receptor signaling. It is interesting that cofilin-binding to fila-

mentous actin in vitro has been observed to induce changes in 

filament structure (Galkin et al., 2011). This demonstrates fila-

ment plasticity and point to the possibility that the filament at-

tains different conformations in vivo. However, no matter the 

plasticity of the filament (see page 13), it cannot be excluded that 

the observation referred to above rather reflect the initiation of 

the cofilin-induced severing process. 

Cofilin phosphorylation at Ser-3 by LIM-domain kinase (LIMK) 

inhibits its interaction with actin (Moriyama et al., 1996). Phos-

phorylation of cofilin also occurs at residues Ser-23 and Ser-24 by 
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protein kinase Cα (PKCα) which appears to be involved during 

intracellular granule release pro-inflammatory histamine 

(Sakuma et al., 2012). Slingshot is the most well studied phospha-

tase responsible for dephosphorylation of cofilin at Ser-3. Sling-

shot has been found to interact with coronin 1B and target it to 

the lamellipod, thereby increasing cofilin activity at the lamel-

lipodia (Cai et al., 2007). Moreover, β-arrestin promotes cofilin 

dephosphorylation and thereby antagonizes LIMK1 by stimula-

tion of protease-activated receptor 2 (PAR2), which in turn acti-

vates chronophin another cofilin specific phosphatase (Zoudilova 

et al., 2007).  

Cofilin is also regulated by other actin-modulating proteins such 

as AIP1 (actin interacting protein 1), CAP (cyclase-associated pro-

tein) and coronin (Bernstein and Bamburg, 2010; Bravo-Cordero 

et al., 2012; Poukkula et al., 2011). AIP1 has been shown to poten-

tiate cofilin severing (Mohri et al., 2006) and CAP accelerates 

cofilin-dependent actin filament severing at physiological pH 

(Normoyle and Brieher, 2012), providing further mechanisms for 

increased actin filament dynamics. 

Cofilin is known to be inactivated by its interaction with 

PI(4,5)P2 at the plasma membrane (Gorbatyuk et al., 2006; 

Yonezawa et al., 1990). In growth factor stimulated cells, e.g. 

EGF-stimulated, the hydrolysis of PI(4,5)P2 by phospholipase C 

to form IP3 and diaglycerol can release cofilin from its inhibitory 

interaction with the lipid, resulting in the local activation of fil-

amentous actin severing.  Cofilin is inactivated upon phosphory-

lation and after subsequent dephosphorylation it binds PIP2 in 

the plasma membrane again (van Rheenen et al., 2007); tenta-

tively  ready to be released upon receptor activation. 

Live-cell imaging of GFP-cofilin in unstimulated cancer cells and 

HeLa cells (Kim et al., 2009) have shown that cofilin is also pre-

https://ebox.su.se/owa/?ae=Item&t=IPM.Note&id=RgAAAACK1pr5eplRR4L016Udjeq8BwDmnQSh5NqtSripogUVrwVgAAAAEjtzAADmnQSh5NqtSripogUVrwVgAAAAFXwvAAAJ#x__ENREF_59
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sent in the nucleus (Munsie et al., 2012; Obrdlik and Percipalle, 

2011). Importin 9 is responsible for its nuclear import which oc-

curs in complex with actin (Dopie et al., 2012). It is therefore 

concluded that cofilin is involved in the control of nuclear actin 

remodeling similar to its function in the cytoplasm, see also page 

23. 

 

Thymosin β4 

Thymosin β4 (Tβ4) is a peptide-protein comprising 43 amino 

acids and acting as a monomer actin sequesterer (Carlier et al., 

2007; Safer and Nachmias, 1994). In hematopoietic cells, typically 

platelets and lymphocytes, it is present at high concentrations 

(300-500 µM). Its function is to create a reservoir of unassembled 

monomeric actin, by binding to monomeric actin in an extended 

conformation (Dominguez, 2007; Husson et al., 2010; Xue et al., 

2007) and block by steric hindrance, actin polymerization. It also 

prevents exchange of the actin-bound nucleotide (Goldschmidt-

Clermont et al., 1992). Lately structural and biochemical studies 

have shown that Tβ4 is a variant of the WH-domain present in 

WASP-family proteins (Didry et al., 2012; Rebowski et al., 2010).  

Of  interest in the context of this thesis is the recent demonstra-

tion (Morita and Hayashi, 2013) that Tβ4 competes with the co-

transcription factor MRTF-A for monomeric actin binding, and 

as consequence induces nuclear accumulation of MRTF-A and its 

transcriptional activation of SRF (see page 41) for the role of 

MRTF-A and SRF). This is in congruence with the view that over-

expression of profilin induces MRTF-A dependent transcription 

(Sotiropoulos et al., 1999) and also with (Study I) in this thesis 

showing that down-regulation of profilin reduces nuclear accu-

mulation of this cofactor and thereby interferes with SRF-

dependent transcription. 
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The Microfilament System in  

Cell Communication 

The actin binding proteins involved in the regulation of actin 

(described above), are all downstream targets of transmembrane 

receptor signaling. Among the components recognized as central 

for actin reorganization are the Rho GTPases and the phospho-

inositol lipids. Rho GTPases act as molecular switches that relay 

extracellular signals and translate them into intracellular events 

through their downstream effectors. They belong to the Ras su-

perfamily of small GTPases and switch between two confor-

mations; an active, GTP-bound state and an inactive, GDP-bound 

conformation (Ridley, 2011). Rho GTPases can be activated by 

multiple different guanine exchange factors (GEFs), and switch 

back to their inactivated state by so called GTPase activating pro-

teins (GAPs). Most of the Rho GTPases are active in association 

to membranes, either intracellular membranes or the plasma 

membrane. For this reason they are commonly post-

translationally modified by prenylations or palmitoylations at 

their C-termini to enhance and stabilize their membrane interac-

tion (Wennerberg and Der, 2004).  

Of the Rho GTPases, Rho, Rac and Cdc42 are among the most 

well characterized variants involved in microfilament system 

regulation. They activate distinct pathways causing specific actin 

organizations. To simplify, RhoA causes stressfiber formation 

through activation of formins and myosin-II (Ridley et al., 2003), 

activation of Rac leads to lamellipodia formation and ruffling and 

Cdc42 triggers generation of filopodia (Krugmann et al., 2001). 

Rac and Cdc42 activate WAVE- and WASP-dependent Arp2/3-

nucleation, respectively (Kozma et al., 1995; Ridley and Hall, 

1992). Cdc42 can also direct cell polarity by orienting the MTOC 

and Golgi apparatus in front of the nucleus (Etienne-Manneville, 
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2004; Raftopoulou and Hall, 2004; Ridley et al., 2003) and stabi-

lize the extension of the microtubule array towards the front of 

lamellipodia (Pegtel et al., 2007).  

 

Cofilin is one important component involved in actin remodeling 

down-stream of surface-receptor activation (Bravo-Cordero et 

al., 2012) that indirectly via different pathways depends on all 

three Rho GTPases for its activity. On one hand, RhoA activates 

the Ser/Thr-kinase ROCK, which phosphorylates and activates 

the LIM-kinase (LIMK) which, as mentioned on Page 37 in turn 

phosphorylates cofilin on Ser-3 and blocks cofilin’s ability to bind 

actin.  In the case of Cdc42 and Rac, the LIMK is activated by 

another Ser/Thr-kinase, PAK, which also causes cofilin inactiva-

tion. As mentioned, reactivation of cofilin by dephosphorylation 

occurs by the action of two phosphatases, slingshot and chrono-

phin, and the activated cofilin is sequestered at the plasma 

membrane by PI(4,5)P2. Upon receptor activation the concomi-

tant hydrolysis of PI(4,5)P2 releases the now active cofilin for 

participation in a new round of actin activation (van Rheenen et 

al., 2007). Although not explicitly shown so far, it is likely that a 

similar mechanism operates to release profilin from the inner 

surface of the plasma membrane in parallel with cofilin to enable 

activation and proper filament incorporation of the newly re-

leased actin due to the action of cofilin. 

 

The immediate turn-over of phosphoinositol lipids after receptor 

activation is another process intimately linked with actin remod-

eling as was realized already during the 1980:s through observa-

tions of profilin:actin dissociation by PI(4,5)P2 (Lassing and 

Lindberg, 1985). Stimulation of cells with growth factors leads to 

rapid phosphorylation of phosphatidyl inositol (PI) by activated 

kinases giving rise to a transient increase of PI(4,5)P2 in the 

membrane (Lassing and Lindberg, 1990), which is hydrolyzed by 
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PLCϒ into diacylglycerol (DAG) and inositoltriphosphate (IP3), 

and converted by the PI3-kinase into PI(3,4,5)P3 (Cantley, 2002). 

This product recruits Akt/PKB to the membrane for activation 

with subsequent phosphorylation of a large number of target 

proteins involved in the control of cell behavior, proliferation 

and growth. The PI(3,4,5)P3-producing activity of the PI3-kinase 

is balanced by PTEN, a phosphatase converting PI(3,4,5)P3 to 

PI(4,5)P2 (Ridley et al., 2003). Since a large number of actin regu-

latory proteins including profilin, cofilin, gelsolin and the 

WASP/WAVE family are controlled by different variants of the 

phosphatidylinositol lipids (PI(4,5)P2, PI(3,4)P2 and PI(3,4,5)P3), 

any changes in the concentration of these rapidly transform into 

altered microfilament activities with extensive influence on cell 

behavior as the consequence, e.g. see (Moss, 2012; Saarikangas et 

al., 2010).  

 

Serum Response Factor and the  

Microfilament System 

The Serum Response Factor (SRF) is a transcription factor, which 

binds to the serum response element (SRE); (also called CArG 

box) a 10 basepair sequence [consensus CC(A/T)6GG] present in 

the promoter of a large number of growth factor-inducible and 

muscle-specific genes through the mutually exclusive association 

of different SRF cofactors. SRF is conserved from flies to humans 

and is encoded by a single gene that is widely expressed (Wu et 

al., 2011). Gene expression through SRF is regulated by at least 

two signaling pathways, controlling the SRF co-activators ternary 

complex factor (TCF) and myocardin-related transcription factor 

A (MRTF-A/MAL/MKL1) (Fig. 3). The former results from activa-

tion of G-protein coupled receptors (GPCRs) and receptor tyro-

sine kinases, which transmit signals via Ras to the mitogen-
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activated kinase (MAPK) cascade, resulting in TCF-dependent 

gene expression (Price et al., 1995). The other pathway leading to 

MRTF-A and SRF activation requires changes in actin dynamics 

(Sotiropoulos et al., 1999) for example after activation of the Rho 

GTPases RhoA or Rac (Posern et al., 2002).  

The MRTF-A co-transcription factor has a multi-domain struc-

ture containing an N-terminal RPEL domain, a central SRF-

binding domain, and a C-terminal transcription activation do-

main. MRTF-A binds directly to monomeric actin via its three 

RPEL motifs (each containing the RPxxxEL sequence motif), 

RPEL 1 and 2 each form a stable 1:1 complex with the actin mole-

cule, whereas RPEL 3 binds actin more weakly (Mouilleron et al., 

2008). The interaction surface on the actin is formed by subdo-

mains 1 and 3 at the end of the actin monomer corresponding to 

the surface exposed at the (+)-end of the filament and therefore 

may compete with proteins like profilin and cofilin (Mouilleron 

et al 2008). 

In the context of the entire RPEL domain, it appears that each 

RPEL repeat and the two intervening spacer sequences bind an 

actin monomer, forming a complex between MRTF-A and five 

actins at high monomeric actin concentrations, as indicated by a 

structural study using a MRTF-A mutant (G171E/P172R) in which 

the two of the RPEL 3 residues were mutated to increase the af-

finity of MRTF-A to actin (Mouilleron et al., 2011). Upon stimula-

tion by Rho activators such as lysophosphatidic acid (LPA), actin 

polymerization causes release of MRTF-A from monomeric actin, 

allowing for its entrance into the nucleus by the activity of im-

portin α/β (Hirano and Matsuura, 2011). In the nucleus activation 

of MRTF-A/SRF-controlled transcription then will take place 

(Vartiainen et al., 2007). 

https://ebox.su.se/owa/?ae=Item&t=IPM.Note&id=RgAAAACK1pr5eplRR4L016Udjeq8BwDmnQSh5NqtSripogUVrwVgAAAAEjtzAADmnQSh5NqtSripogUVrwVgAAAAFXwxAAAJ#x__ENREF_78
https://ebox.su.se/owa/?ae=Item&t=IPM.Note&id=RgAAAACK1pr5eplRR4L016Udjeq8BwDmnQSh5NqtSripogUVrwVgAAAAEjtzAADmnQSh5NqtSripogUVrwVgAAAAFXwxAAAJ#x__ENREF_78
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Actin mutants have given insights into the mechanism by which 

Rho controls SRF activity. The overexpression of non- polymeriz-

ing β-actin mutants such as the actins R62D, G13R and a C-

terminal VP16 fusion protein of MRTF-A protein inhibits   

 

Figure 3. Signaling pathways and SRF co-activators. The Ras/MAPK cascade 

results in phosphorylation and activation of the different TCFs (e.g. c-fos, Elk and 

Sap) while the Rho signaling cause actin polymerization and subsequent accumula-

tion of nuclear MRTF-A. When bound to actin, MRTF-A cannot enter the nucleus 

and initiate SRF-dependent transcription, while the actin interaction is needed for 

its export from the nucleus. Notably, the transcription of specific genes by SRF is 

determined by its co-activators TCF and MRTF-A, respectively. See further text 

and Fig 4.  The Figure was inspired by an illustration in (Vartiainen et al., 2007) 

and the actin filament cartoon was modified from (Korenbaum et al., 1998; Lee and 

Dominguez, 2010). 
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SRF activation and nuclear accumulation of MRTF-A (Posern et 

al., 2002). Also two actin mutants, S14C and V159N, which are 

reported to stabilize filamentous actin in vivo, strongly activate 

SRF (Posern et al., 2004). The observation that the S14C mutation 

stabilizes filamentous actin is puzzling since in vitro this muta-

tion interferes with polymerization properties and filament sta-

bility (Schuler et al., 1999). Clearly additional components pre-

sent in the cell must influence these properties.  

Figure 4. Cartoon illustrating the regulation of SRF-activity.  Extra cellular stimu-

li (1) resulting in polymerization of actin and hence decreased concentration of mon-

omeric actin, causes nuclear import (2) of the serum response factor (SRF) co-

activator MRTF-A by the importin α/β (Imp α/β) and subsequent activation of SRF 

(3), which controls the expression of several genes connected to the microfilament 

system and cell motility (4). Actin is imported into the nucleus in complex with cofilin 

under the control of importin 9 (Imp 9), and is exported back to the cytoplasm in 

complex with profilin by exportin 6 (Exp 6). The binding of actin to MRTF-A in the 

nucleus blocks the binding of MRTF-A to SRF and hence inhibits transcription, but is 

required for the Crm1-dependent export of MRTF-A. Whether profilin:actin exists as 

a complex in the nucleus is not fully clear, see page 23. 

 

https://ebox.su.se/owa/?ae=Item&t=IPM.Note&id=RgAAAACK1pr5eplRR4L016Udjeq8BwDmnQSh5NqtSripogUVrwVgAAAAEjtzAADmnQSh5NqtSripogUVrwVgAAAAFXwxAAAJ#x__ENREF_109
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Microtubule-Based Cell Motility –  

the Involvement of Actin 

In addition to cell migration and adhesion, actin polymerization 

and actomyosin interactions are known to be involved in pro-

cesses such as organelle transport, endo- and exocytosis, cytoki-

nesis, transport of proteins and mRNPs. In several of these pro-

cesses the microfilament system operates in parallel with the 

force-producing microtubule system. This is built by heterodi-

mers of α,β-tubulin that polymerize into tubular structures (mi-

crotubules), which just like actin filaments are asymmetric, dis-

playing a fast and a slow polymerizing end. Similar to actin, the 

microtubules are under extensive reorganization in the cell. This 

is controlled by microtubule interacting proteins as well as the β-

tubulin-bound nucleotide (GTP/GDP), and enables microtubule 

rearrangements to meet requirements for transportation of mac-

romolecular complexes and organelles between the center of the 

cell and its periphery. Microtubule-dependent transport is based 

on two families of proteins, the dyneins and kinesins, which uti-

lize ATP for motor-activity and the asymmetry of the microtu-

bules for directionality. Thus dyneins are engaged in transport 

towards the cell center where the slow polymerizing end of the 

microtubules are anchored at the centrosome, while kinesins 

mediate transport towards the fast polymerizing ends at the cell 

periphery.              

 

Early cell biology studies demonstrated a close connection be-

tween the microtubule and the microfilament system. For in-

stance drug treatments that disrupted the microtubule system 

changed the morphology and migratory behavior of fibroblasts 

from an asymmetric shape with leading lamellae to a more 

rounded form with large lamellipodia expressing extensive ruf-
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fling more or less all around the perimeter of the cells (Domnina 

et al., 1977). Lately an increasing amount of evidence for crosstalk 

between the two force-generating systems in the cell has accu-

mulated. High resolution confocal microscopy pointed to a close-

ly related pattern of dynamics of at least a subset of microtubules 

and microfilament organizations at the periphery of migratory 

cells (Krylyshkina et al., 2003; Rodriguez et al., 2003; Schober et 

al., 2007) , and the actin-binding FH2 domain of mDia1 and 2 

binds directly to three microtubule (+)-end binding proteins: the 

end-binding protein 1 (EB1), adenomatous polyposis coli (APC) 

and cytoplasmic linker protein (CLIP)-170 (Wen et al., 2004).  

Notably, mDia1 appears to induce co-alignment of microfilament 

and microtubule arrays in HeLa cells (Ishizaki et al., 2001), and a 

majority of the formins has been found to influence microtubule 

stability (Thurston et al., 2012). Furthermore, members of the 

WASP family, the WASH and WHAMM proteins mentioned 

above, in addition to their interactions with actin and the Arp2/3 

complex, also associate with microtubules (Campellone et al., 

2008) and (Study II). Finally, during mitosis the spatiotemporal 

coordination of the microtubule dependent separation of the 

chromosomes with the development and contraction of the ac-

tomyosin-containing contractile ring involves microtubule-

associated actin regulatory components (Sharma et al., 2013).  



 

47 

 

Present Investigations 

The overall aim of my studies of the microfilament system has 

been to address the role of the actin-binding protein profilin in 

non-muscle cells. Specifically I have searched to understand: 

 

 If the two principal profilin isoforms in mammalian cells are 

connected to the well characterized MRTF-A/SRF-dependent 

transcription pathway; as expected given the role of actin for 

this pathway both profilins were found to impact on the tran-

scription, moreover profilin II had a prominent influence de-

spite its lower expression. The isoform-dependence on migra-

tion and actin organization was also documented. 

 How profilin/profilin:actin reaches the advancing cell edge 

from internal regions. During this work a close connection 

between profilin and microtubules was observed, potentially 

reflecting a transport-mechanism of profilin/profilin:actin to 

sites of actin polymerization or microtubule-based actin 

polymerizations related to internal membrane compartment 

modulations.  

 How the distribution of profilin in cultured cells varies under 

different conditions. During these studies I’ve worked with 

different sets of profilin antibodies and this has led to the 

demonstration that the availability of profilin for antibody la-

beling is extremely variable, probably reflecting various ex-

tent of epitope masking due to interaction with actin and 

other profilin-binding proteins. 
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Study I:  
Profilin I and II Influence Migration and  
Transcription in non-Neuronal Cells 
 
In this work we studied the role of profilin I and IIa in the con-

text of MRTF-A, a myocardin-related transcriptional coactivator 

of SRF. As discussed (page 41), MRTF-A, is a broadly expressed 

monomeric actin-binding signal transducer of receptor activa-

tion. Upon cellular stimulation by serum components actin 

polymerization is increased causing reduction of monomeric ac-

tin and releasing of the actin-bound MRTF-A which now can en-

ter the nucleus and combine with SRF to activate MRTF-A/SRF 

dependent transcription. Thus, the remodeling of actin at the 

cell periphery upon receptor activation is registered in the nu-

cleus through this mechanism and leads to changes in the ex-

pression pattern of a large number of genes (Sun et al., 2006), 

many of which encode proteins involved in actin regulation. Im-

portantly the binding of MRTF-A to actin engages the barbed 

end surface of the actin molecule (Mouilleron et al., 2008) and 

therefore competes with proteins such as profilin and cofilin 

(Fedorov et al., 1997; Schutt et al., 1993).  

 

In this study we show that depletion of profilin I and IIa in B16 

mouse melanoma cells and mouse embryonic fibroblasts (MEFs) 

interfere with MRTF-A/SRF-dependent transcription and affect 

the migration pattern of the cells. The down-regulation of both 

isoforms also influenced general transcription. It also appeared 

that simultaneous depletion of both profilin isoforms had a syn-

ergistic effect on the MRTF-A/SRF transcription activity. Howev-

er, due to difficulties to assess the extent of the simultaneous 

siRNA transfection and subsequent down-regulation of the two 

isoforms in individual cells as opposed to single siRNA-

transfections, which may have occurred to varying degrees, these 
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studies were not pursued. A possible strategy for the future to 

avoid this problem could be to use siRNA that targets the mRNA 

of both profilin isoforms simultaneously. Another possibility may 

be to use the so called RNA-guided CRISPR (clustered regularly 

interspaced short palindromic repeats)-system, which is known 

to direct DNA cleavage to repress gene expression. Despite being 

a recent discovery, this system has been rapidly implemented to 

manipulate the expression pattern in different eukaryotic cells 

and organisms (Jinek et al., 2012; Mali et al., 2013). 

In order to perform qPCR-analysis presented in this study it was 

necessary to ensure that the primer pair selected for the two pro-

filin isoforms (I and IIa) were specific for the corresponding 

mRNA. This was established by PCR-amplification of DNA pre-

pared from B16 cells, (Fig 5.). 

 

 

 

 

 

 

 

 

 

 

 

 

In a preliminary set of experiments, different profilin mutants 

were transiently expressed in the B16 melanoma cells and subse-

quently analyzed for their influence on the MRTF-A/SRF-activity 

(Fig. 6). The mutants have been characterized previously in my 

laboratory for their interaction with actin, PLP and PIP2 

Figure 5. Evaluation of the profilin PCR-primers 

used for the qPCR-analysis. Two sets of profilin pri-

mers were used to distinguish profilin I from profilin IIa, 

(PfnI) and (PfnIIa), respectively. After amplification 

from B16 DNA, the samples were resolved by gel elec-

trophoresis and ethidium bromide staining. The control 

(Ctr) sample containing primers only (no template) 

shows the primer dimer, while the bands in the Pfn I and 

Pfn IIa lanes demonstrate unique amplification of the 

target sequences: 183 bp for profilin I and 189 bp for 

profilin IIa. The DNA ladder (M) to the left defines 

DNA-band sizes (100 bp steps).  

M   Ctr     PfnI   PfnIIa  
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(Bjorkegren-Sjogren et al., 1997; Bjorkegren et al., 1993; 

Korenbaum et al., 1998; Skare and Karlsson, 2002). Of particular 

interest here is that they represent profilins expressing reduced 

as well as tighter capacity to interact with actin. Cells were trans-

fected with the profilin mutants together with a non-targeting 

control siRNA and siRNAs directed against profilin isoforms I 

and IIa, respectively. All cultures except those transfected with 

the double deletion mutant P96Δ,T97Δ and the R74E mutant 

profilin along with the control siRNA showed increased MRTF-

A/SRF-activity. This result fits with the fact that these mutants 

are defected in actin binding and therefore are not efficiently 

competing with MRTF-A for actin binding as seen for the other 

profilin constructs after over-expression. However, it is im-

portant to note that variations in transfection and expression 

efficiencies of the different profilin mutants may have influenced 

the result despite identical conditions for all experimental pro-

cedures. Such a variation may be the reason why expression of 

the W3N-mutant which binds with somewhat reduced affinity to 

actin increased the transcriptional activation. 

  

Upon combining wild type and mutant profilin expression with 

the different siRNAs I noted a general down-regulation of tran-

scription activity in the presence of profilin I siRNA while with 

profilin IIa siRNA it showed a similar pattern of transcriptional 

activation as with the control siRNA. Thus the ability to rescue 

MRTF-A/SRF-activity after profilin depletion by ectopic expres-

sion of profilin correlates with the actin-binding capacity of pro-

filin and the expression level of the two isoforms. Furthermore, 

the nearly complete interference with the rescue of the transcrip-

tion activity by profilin I over-expression after profilin I siRNA 

transfection demonstrates the efficient profilin down-regulation 

with this method. However, this result clearly shows that the  
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technique cannot be used to analyze cell behavior after expres-

sion of specific profilin mutants in the absence of the 

endogenous wild type protein. Despite transfecting mouse cells 

with human profilin I cDNA as in this case, the limited number 

of sites in the profilin mRNA amenable to siRNA-targeting makes 

this impossible. I also found it interesting to see if modulating 

profilin levels might influence cofilin which also is central to ac-

tin dynamics (see page 36). The expression of cofilin 1 isoform 

has been shown by ChiP assay to be under the control of SRF 

(Sun et al., 2006) and the expression of isoform 2 has been sug-

gested by an in silico analysis to be under control of the same 

transcription factor (Miano et al., 2007; Sun et al., 2006). The 

Figure 6. Determination of MRTF-A/SRF-dependent activities in cells, over-

expressing wild-type and mutant profilins. Wild type or specifically mutated 

human profilin I as indicated were transfected together with siRNA into B16 cells 

and analyzed for SRF reporter activity (luminescence). The siRNAs were: non-

targeting control siRNA (Ctr si); profilin I siRNA (si 1) and profilin IIa siRNA (si 

2). The actin binding properties of the different profilin mutants compared to wild 

type profilin are listed in the bar at the middle, see (Bjorkegren-Sjogren et al., 1997; 

Korenbaum et al., 1998). 
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down-regulation of both profilin isoforms caused an increase of 

cofilin expression as determined by western blot analysis contra-

ry to what should have been seen if the expression was strictly 

controlled by MRTF-A/SRF. Since no cofilin isoform specific an-

tibodies were available at stage of these experiments it is not 

possible to conclude whether the result was due to an upregula-

tion of both cofilin isoforms, making it unclear whether one or 

both might be under the regulation of TCF/SRF-mediated tran-

scription.  

 

Interesting questions related to the nuclear activities of profilin 

that remains to be studied in detail concerns its shuttling be-

tween the cytoplasm and the nucleus, as discussed in the intro-

duction part page 22. There are two patches of basic amino acid 

residues in the C-terminal region of profilin, which although not 

demonstrated experimentally might form a “cryptic” NLS that 

could be recognized by a nuclear import factor. Expression of 

fluorescently tagged profilin after targeting of potential import-

ins such as importin 9 for instance, which is responsible for the 

nuclear import of cofilin:actin (Dopie et al., 2012) is one possibil-

ity to study the nuclear distribution of profilin. Another is to use 

profilin antibody labeling in fixed cells and determine the nucle-

ar fluorescence intensity in non-treated and importin depleted 

cells. In a preliminary study I used the latter approach to test the 

influence of importin 9 on nuclear profilin. However, no changes 

in nuclear fluorescence intensity after profilin antibody labeling 

was observed, suggesting that importin 9 at least is not a major 

factor responsible for nuclear import of profilin.  

  

Another question relates to the export of profilin from the nu-

cleus. It is well established that exportin 6 is responsible for shut-

tling profilin:actin back to the cytoplasm (Stuven et al., 2003). 

However, since actin is required for export of MRTF-A by the 
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major export factor Crm1, but does not seem to be transferred 

along with the co-factor into the cytoplasm (Dopie et al., 2012), I 

wanted to see if nuclear profilin concentration in some way 

might depend on the activity of Crm1 as well. To test this possi-

bility I treated B16 cells with the Crm1-inhibiting drug Leptomy-

cin B (LMB), fixed and stained them with profilin antibodies and 

analyzed the presence of profilin by fluorescence microscopy. 

However, no difference from cells that had not been exposed to 

LMB was detected, (Fig. 7). Thus, it appears that the nuclear pro-

filin concentration is independent of both importin 9 and Crm1, 

however these studies need to be repeated with a fluorescently 

labeled profilin and live cell imaging in order to fully exclude 

other import/export pathways in addition to profilin diffusion 

and profilin:actin export by exportin 6.  

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 7. Crm1 is not responsi-

ble for the export of profilin 

from the nucleus.  Cultured B16 

cells were treated will the Crm1 

inhibitory drug (LMB), fixed and 

stained for profilin and further 

analyzed for their profilin nuclear 

intensities as determined by fluo-

rescence microscopy.   
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Study II: 
Profilin is Associated with Microtubules in  
Cultured Cells 
 

Although the microfilament and the microtubule systems fulfill 

many functions independently, their activities are often highly 

coordinated. The basic question is whether this coordination is 

indirect and due to the regulation of one system subsequently 

affecting the other one, or whether the two systems interact di-

rectly for example through specific bi-functional proteins. As 

touched upon already on page 46, examples of such molecules 

could for instance be members of the WASP and formin families 

of proteins such as WHAMM, WASH and the mDia 1 and 2.    

Study II demonstrates a close connection between the microtu-

bule system and profilin I and possibly also with profilin:actin. 

Interestingly, also kinesin was found to co-distribute with profil-

in/profilin:actin along the microtubules suggesting that the ob-

servation relates to a transport situation. In an extended analysis, 

expression of a fusion construct of profilin and citrine (a modi-

fied GFP) enabled co-immunoprecipitation of tubulin with this 

protein. The use of the fluorescent profilin in imaging studies are 

now under way and will hopefully resolve whether the observa-

tions reported in this study reflects microtubule dependent 

transport of profilin-linked structures. The work also demon-

strates that WHAMM binds profilin, which in turn might indi-

cate recruitment of profilin:actin for actin polymerization from 

microtubule associated structures.  Preliminary observations in 

support of the latter are that profilin and the Arp2/3-subunit p34 

were found to co-localize along microtubules (Fig. 8). 

 

In a continuation of this study it will be of interest to use the 

fluorophore tagged profilin mentioned above for detailed analy-



 

55 

 

sis of how profilin reaches the very tip of protruding structures 

from the cell edge such as lamellipodia and filopodia. Studies 

have shown that unconventional myosins are involved in trans-

porting protein components such as integrins, Ena/VASP and 

cadherins to filopodial tips. Myosin X is one of those myosins 

implicated in such movement; it appears to be transported from 

the Golgi-compartment in an inactive form along microtubules 

together with rab-containing vesicles to the plasma membrane at 

the advancing cell front where its actin-binding capacity is acti-

vated by PI(3,4,5)P3 and followed by intrafilopodial transport 

(Arjonen et al., 2011; Sousa and Cheney, 2005). 

A connection between GAPDH and tubulin was observed by the 

microtubule partitioning assay employed to characterize the pro-

filin-tubulin interaction. This lends support to a previous study 

reporting an association between GAPDH and tubulin (Andrade 

et al., 2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is also interesting to note that down-regulation of profilin ex-

pression by small interference RNA seemed to destabilize the 

A B 

Figure 8. Co-distribution of the Arp2/3-subunit p34 with profilin but not with 

VASP. (A)  The PLA demonstrates co-distribution of p34 and profilin along with 

microtubules while in (B) the analogous experiment combining antibodies to p34 and 

VASP fail to show signals indicative of a co-distribution. In (B) filamentous actin was 

visualized by FITC-phalloidin. 
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microtubules. This might be an indirect effect due to the influ-

ence of profilin depletion on MRTF-A/SRF-dependent transcrip-

tion (see Study I) which then may affect transcription of genes 

encoding proteins involved in the stabilization of the microtu-

bules.  

 

Study III:  
Cellular Distribution of Profilin as Determined by 
Sequence-specific Antibodies 
 

This study evaluates different peptide antibodies generated 

against specific profilin I sequences with respect to their specific-

ity and usefulness to localize profilin in situ by fluorescence mi-

croscopy. The result corroborates many established observations 

concerning profilin function and cellular distribution, but also 

provides unique information, especially with respect to nuclear 

profilin and its redistribution after receptor activation, which 

would be of interest to analyze further. Since a major portion of 

profilin isolated from cells and tissue extracts is found to be 

bound to actin, i.e. profilin:actin, reflecting the principal func-

tion of profilin, it is reasonable to conclude that its detection by 

fluorescence microscopy in fact largely represents profilin:actin. 

Reagents that discriminate between the distribution of “free” 

profilin and profilin bound to actin and/or other profilin and 

profilin:actin-interacting components such as formins and 

Ena/VASP have been difficult to generate. So far the most suc-

cessful approach has been to use covalently coupled profil-

in:actin as antigen in combination with affinity purification of 

the resulting antibodies on either immobilized profilin or actin 

(Grenklo et al., 2004). In experiments correlating the staining 

pattern obtained with these antibody preparations with the dis-

tribution of antibodies against VASP and Arp2/3 suggested a 
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strong over-lap and hence detection of profilin:actin (Li et al., 

2008).  

During Study III, an attempt was made to directly assess profil-

in:actin distribution using affinity purified antibodies generated 

against a chimeric peptide consisting of two short sequences, one 

derived from profilin and one from actin, and each contributing 

to the salt bridge in profilin:actin used to generate covalently 

coupled profilin-actin (Nyman et al). After synthesis, the two 

peptides were fused using the same chemistry as for the covalent 

complex. The resulting peptide antibodies recognized this com-

plex and also profilin but not actin. However when blotted 

against a cell extract, high-molecular weight bands were also ob-

served strongly suggesting non-specific interactions which dis-

couraged their further use.  

An alternative to the antibody approach to directly visualize en-

dogenous profilin:actin may be to design and express a fluores-

cent probe fused to a poly-proline sequence corresponding to the 

poly-proline region in Ena/VASP.  In vitro studies have shown 

that this sequence has about 10 times higher affinity for profil-

in:actin than for profilin alone (Ferron et al 2007), suggesting 

that it would preferentially bind profilin:actin also in the cell. 

Naturally, however, the detection is likely to be limited by the 

presence of endogenous Ena/VASP, formins and possibly other 

profilin:actin interacting proteins which engage the PLP-binding 

surface on profilin. Despite this, such a probe may turn out to be 

useful for further studies of profilin function in the cell and 

ought therefore to be generated and explored.  
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