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Abstract 

Actin cytoskeletal regulation is of critical importance for a number of diverse 
cellular functions, including cell motility, endocytosis, cell division and 
transcription. Tight regulation of actin is critical for many aspects of cancer 
biology and in particular invasion and metastasis. ADF/cofilins are among the 
most important actin regulatory proteins. Mammals have three highly 
conserved members, ADF, CFL1 and CFL2, which regulate actin dynamics by 
severing and depolymerizing actin filaments. Despite a huge literature on the 
roles of ADF/cofilins in actin treadmilling and cell migration in vitro and in 
cancer cell behavior during invasion, very little is known about their collective 
roles in tissue homeostasis. 

By employing genetic knock-outs of ADF, in conjunction with 
conditional depletion of CFL1 using a Cre-LoxP system under the control of 
the keratin 14 promoter, we were able to study the effects of ADF/CFL1 loss in 
vivo in the mouse epidermis. Furthermore, by generating ADF-null squamous 
cell carcinoma (SCC) cell lines and by transiently downregulating CFL1 with 
RNAi, we were able to investigate further the cellular responses after 
ADF/CFL1 depletion in vitro. 

Co-depletion of ADF and CFL1 from the mouse epidermis triggered loss 
of tissue homeostasis characterized by abnormal thickening of the tissue, actin 
filament accumulation and nuclear deformation. Loss of ADF/CFL1 in 
cultured malignant keratinocytes also led to aberrant cell morphology 
accompanied by unrestrained accumulation of actin stress fibers tethered to 
enlarged focal adhesions. Enhanced SRF/MAL-mediated transcription fuels 
this uncontrolled actin polymerization which is also mediated by Arp3. 
Furthermore, these actin filaments are decorated with phospho-myosin light 
chain, which indicates their contractile nature. As a consequence, the 
increased intracellular acto-myosin tension results in nuclear deformation, 
which is promoted by the deregulated actin filaments tethered to the nuclear 
envelope via the linker of nucleoskeleton and cytoskeleton (LINC) complex. 
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Overall, we describe new conceptual insight into the cellular functions of 
ADF/cofilins. We show that their activities are essential for the dynamic 
regulation of contractile actin filaments that, if left unchecked, lead to loss of 
cellular homeostasis and cell death promoted by loss of nuclear integrity. 
Additionally, the critical roles of nuclear actin and actin-associated proteins 
have recently started being appreciated. Thus, for the first time we set out to 
investigate new functions of cofilins in the nucleus using proteomics, and 
identify new cofilin binding partners that implicate them in novel cellular 
pathways, expanding our knowledge on these small actin-binding proteins. 
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Lay summary 

Cells are not simple static entities, but they are able to demonstrate complex 
behaviour and have the ability to move on two-dimensional surfaces and 
within the 3-dimensional space of tissues – an ability that is critical for the 
development and progression of diseases, such as cancer. Responsible for this 
movement are filaments inside the cells composed of a protein called actin. 
These actin filaments are controlled by other small proteins that mediate their 
assembly and disassembly. One group of such proteins are the so-called 
ADF/cofilins. In order to gain a deeper understanding of the cellular roles of 
these proteins, we employed a variety of techniques that allowed us to remove 
ADF/cofilins from cells and observe the consequences of this perturbation.  

We found that after losing ADF/cofilins the cells rapidly change 
appearance by adopting an irregular shape, they become less motile and start 
accumulating actin filaments in a way that is abnormal. This unrestricted 
accumulation of actin filaments affects cell control in multiple levels. We found 
that these filaments have the ability to generate too much force, which leads to 
an excessive amount of tension inside the cells. A subset of these filaments is 
also physically connected to the nuclear envelope, a structure consisting of a 
double membrane which encloses the genetic material of the cell and keeps the 
nucleus intact. As a consequence, the increased tension in this subset of actin 
filaments promotes deformations and ruptures in the nuclear envelope that 
lead to damages in the genetic material (DNA) of cells. In response to these 
insults, the cells initiate self-destruction mechanisms that lead to their death. 
Furthermore, we describe that when these events take place within a tissue – 
in mouse skin – the overall tissue control, appearance and ability to function 
is lost, as the cells cannot adjust to insults of such extent. Overall, we report a 
novel function of ADF/cofilins in keeping actin filaments under tight control, 
which has greater implications for cellular health than just cell motility. 
Namely, they are required for the maintenance of the nucleus that is critical 
for cells to survive and grow in tissues of the body. 
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Introduction to ADF/cofilins  
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1.1 Overview of the ADF/cofilin family 

Actin is one of the most abundant proteins in cells and it has been proposed 
that homologs or actin-like proteins can be traced all the way back to the 
origins of life and the common ancestor of all modern organisms (Erickson, 
2007). The fundamental property of actin is its ability to polymerize and form 
filaments that comprise the cytoskeleton of cells. Aside from offering 
mechanical support, the state and properties of actin monomers and/or 
filaments influence numerous cell decisions and the outcome of cellular 
pathways. The regulation of the actin cytoskeleton is crucial for a number of 
diverse cellular functions, ranging from cell motility, endocytosis, cell division 
and transcription. Loss of tight regulation of actin is associated with various 
disorders that, among others, affect the normal function of neuronal or muscle 
tissues, as well as with cancer progression. Because of its central role in all 
these processes, the presence, abundance, polymerization and 
depolymerization of actin has to be tightly regulated in a spatiotemporal 
manner. Therefore, cells have developed an array of actin binding proteins that 
are entrusted with the job of regulating actin dynamics. Among them are the 
members of one of the most important families of actin regulators, the actin 
depolymerizing factor (ADF)/cofilin family. 

 Isoforms of ADF/cofilins are found in all eukaryotes, and mammals 
express three highly conserved members; in humans and mice these are the 
actin depolymerizing factor (ADF, also known as destrin), cofilin-1 (CFL1, also 
known as non-muscle, n-cofilin) and cofilin-2 (CFL2, also known as muscle, 
m-cofilin) (Maciver and Hussey, 2002). The first ADF/cofilin to be identified 
was ADF, when lysates from chick embryo brains were passed through 
columns that had high affinity for actin, while searching for factors that 
affected actin polymerization (Bamburg et al., 1980). Using similar approaches 
ADF was later isolated from porcine kidney and brain, where it was reported 
for the first time that it has the ability to sever (destroy) actin filaments, hence, 
it was termed ‘destrin’ (Maekawa et al., 1984; Nishida et al., 1984a; Nishida et 
al., 1985). Similarly, CFL1 was characterized from porcine brain extracts 
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because of its ability to bind monomeric (G-), as well as filamentous (F-) actin, 
and it was named ‘cofilin’ because of this ability of being ‘co-filamentous 
protein’ (Nishida et al., 1984b).  Lastly, CFL2 was identified in chicken skeletal 
muscle because of its similar properties to CFL1 (Abe et al., 1989). Owing to 
these abilities ADF/cofilins are widely recognized mainly for their roles in 
regulating actin dynamics by severing and enhancing the depolymerization of 
actin filaments. 

ADF/cofilins are generally small proteins (~18-20kDa) and all three 
mammalian isoforms are encoded from different genes. ADF shares 70% 
identity with CFL1 and CFL2 at the amino acid level, whereas the latter share 
80% sequence identity (Figure 1.1). Because of this increased identity and the 
reasons outlined below, whether the individual members of ADF/cofilins are 
assigned with unique as well as redundant roles is not always clear from the 
existing literature, and in many cases this is a matter of confusion. To begin 
with, there is a general notion among many researchers that all ADF/cofilins 
perform similar activities. When yeast cofilin was identified a few years later 
then the mammalian homologues, it was shown that cofilin null yeast cells 
were not viable; however, expression of the mammalian ADF or CFL1 had the 
ability to rescue the mutant cells (Iida et al., 1993; Moon et al., 1993). This 
certainly supported the above argument, but also led to a situation where many 
studies investigating the roles of ADF/cofilins do not specify which isoform is 
being studied. Furthermore, in tissues where more than one member is being 
expressed (see below for ADF/cofilins expression patterns) it is not always 
stated what is the level of expression of each isoform and what its contribution 
towards the total cellular ADF/cofilin content. Additionally, antibodies often 
do not discriminate between the different isoforms and in many cases rescue 
experiments in higher eukaryotic cells have been carried out with cofilin 
homologues from lower eukaryotes. For these reasons and for simplicity, for 
the rest of this chapter we will refer to all members of the ADF/cofilin family 
collectively as ‘cofilin’, except in cases where information for specific isoforms 
exist. 
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The rest of this chapter will aim to introduce the main attributes of the 
ADF/cofilin family members. We will briefly outline their biochemical 
properties and how they might have an impact on their expression patterns. 
We will highlight their physiological importance and go through the main 
mechanisms of their regulation. In addition, we will briefly summarize their 
well-characterized roles in actin treadmilling and their involvement in 
membrane protrusion and cell motility. Finally, we will discuss some exciting 
new and emerging roles of ADF/cofilins in cell biology and define the specific 
aims of this study. 

 

 

 
 

• Ser3 phosphorylation site (Moriyama et al., 1996) 
• Bipartite NLS NES (Munsie et al., 2012) 
• Main phosphoinositide binding sites (Zhao et al., 2010) 
• v-Src phosphorylation site (Yoo et al., 2010) 
• F-actin binding site (Pope et al., 2000) 
• G- and F-actin binding sites (Moriyama et al., 1992; Paavilainen et al., 2008) 
• pH sensitivity site (Frantz et al., 2008) 
• Cysteine oxidation on cofilin-1 (Cameron et al., 2015; Klamt et al., 2009) 
• For human cofilin-1 structure see (Klejnot et al., 2013) 

 

Figure 1.1. Multiple sequence alignment of mouse ADF/cofilins. Important residues that 
affect ADF/cofilin functions are highlighted. 

Cofilin-1  MASGVAVSDGVIKVFNDMKVRKSSTPEEVKKRKKAVLFCLSEDKKNIILEEGKEILVGDV 60 
Cofilin-2  MASGVTVNDEVIKVFNDMKVRKSSTQEEIKKRKKAVLFCLSDDKRQIIVEEAKQILVGDI 60 
ADF        MASGVQVADEVCRIFYDMKVRKCSTPEEIKKRKKAVIFCLSADKKCIVVEEGKEILVGDV 60 
           ***** * * * ::* ******.** **:*******:**** **: *::**.*:*****: 
 
Cofilin-1  GQTVDDPYTTFVKMLPDKDCRYALYDATYETKESKKEDLVFIFWAPENAPLKSKMIYASS 120 
Cofilin-2  GDTVEDPYTSFVKLLPLNDCRYALYDATYETKESKKEDLVFIFWAPESAPLKSKMIYASS 120 
ADF        GATITDPFKHFVGMLPEKDCRYALYDASFETKESRKEELMFFLWAPEQAPLKSKMIYASS 120 
           * *: **:. ** :** :*********::*****:**:*:*::****.************ 
 
Cofilin-1  KDAIKKKLTGIKHELQANCYEEVKDRCTLAEKLGGSAVISLEGKPL 166 
Cofilin-2  KDAIKKKFTGIKHEWQVNGLDDIKDRSTLGEKLGGSVVVSLEGKPL 166 
ADF        KDAIKKKFPGIKHEYQANGPEDLN-RTCIAEKLGGSLIVAFEGSPV 165 
           *******:.***** *.*  :::: *  :.****** ::::**.*: 
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Functions of the 
ADF/cofilin family 
members in 
mammalian non-
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1.2 Biochemical properties, mechanism of actin severing, 
and how they affect the expression and localization of 
ADF/cofilins 

1.2.1 Expression of ADF/cofilins 

Despite their similarity at the amino acid level, each individual member of the 
cofilin family interacts with actin with different degrees of affinity. Initial 
biochemical characterisations revealed that although all mammalian isoforms 
have the ability to bind both, G- as well as F- actin, ADF and CFL1 were able to 
bind and promote steady-state F-actin disassembly to similar extents, whereas 
CFL2 was less efficient (Vartiainen et al., 2002; Yeoh et al., 2002). This 
biochemical difference was thought to be a reflection of the expression 
patterns of cofilins. Specifically, ADF and CFL1 are found in tissues that benefit 
from a higher degree of actin turnover; ADF is mainly expressed in neuronal, 
epithelial and endothelial cells, whereas CFL1 appears to be ubiquitously 
expressed in most adult tissues, maybe with the exception of adult muscle 
tissue (Gurniak et al., 2014; Vartiainen et al., 2002). CFL2, on the other hand, 
was considered to be a muscle-specific isoform, thus, restricted to muscle 
tissue, which is not associated with high actin turnover (Gurniak et al., 2005; 
Vartiainen et al., 2002).  

However, a more recent study, in which total internal reflection 
fluorescent microscopy was employed in order to assess the actin severing 
abilities of mammalian cofilins, suggests that ADF, CFL1 and CFL2 all bind to 
G- and F-actin with similar affinities, but, interestingly, ADF and CFL2 are 
more efficient in severing and enhancing the depolymerization of F-actin 
compared to CFL1 (Chin et al., 2016). In addition, a CFL2 specific antibody 
was not readily available until recently, and this has delayed deeper 
understanding of the roles of this isoform. We now know that many tissues 
express all three isoforms, including oligodendrocytes, keratinocytes as well as 
cancerous tissue of non-muscle origin (Kanellos et al., 2015; Zuchero et al., 
2015), and that CFL2 is a major constituent in human peritoneal mesothelial 
cells (Herzog et al., 2015). It is possible that tissues, which express multiple 
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isoforms, may fine tune the expression levels of each individual isoform in 
order to tightly control the rates of actin turnover. Additionally, the types of 
accessory proteins that decorate actin filaments and the expression patterns of 
cofilin ancillary proteins (see below) might modify their efficiency in actin 
turnover. In turn, this could be linked to their tissue specific functions.  

1.2.2 Cofilin-actin binding and mechanism of actin severing 

Actin monomers are bound with either an adenosine di- or tri-phosphate (ADP 
or ATP), or the intermediate hydrolysis product of the latter, which is ADP still 
bound to the terminal phosphate prior to its dissociation (ADP-Pi). ADF and 
CFL1 bind ADP-associated actin subunits with higher affinity compared to 
ATP/ADP-Pi subunits, and accelerate Pi release; however, CFL2 has the ability 
to bind the latter forms with higher affinity than ADF or CFL1 (Kremneva et 
al., 2014; Suarez et al., 2011; Vartiainen et al., 2002; Yeoh et al., 2002). The 
actin filaments are polar structures in that they grow faster from one end 
compared to the other. Initial experiments visualizing the elongation of actin 
filaments decorated with myosin heads revealed a pattern where the latter 
were seemingly pointing towards one end of the filament that was growing 
slowly, whereas the opposite end of the filament was growing rapidly, and the 
entire structure resembled a spear (Hayashi and Ip, 1974; Pollard and 
Mooseker, 1981; Woodrum et al., 1975). For that reason, the fast-growing ends, 
which represent the ‘newer’ parts of the actin filaments, are termed as the 
‘barbed-ends’, whereas, the slow-growing ends, representing the ‘older’ parts 
of the filaments, are known as the ‘pointed-ends’.  The barbed-ends of the 
filaments are generally ATP-actin rich regions, whereas the pointed-ends are 
ADP-actin rich. Therefore, it is in the pointed-ends where severing 
preferentially occurs at the boundaries between bare and cofilin-decorated 
parts of the filaments (Suarez et al., 2011) (Figure 1.2).  

Mechanistically, actin severing is believed to occur because binding of 
cofilin to actin filaments results in changes in their properties and their 
structure. Cofilin binding results in the introduction of a tilt and a helical twist 
in the actin monomers that constitute filaments, which renders them 
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susceptible to fragmentation (Galkin et al., 2011; Galkin et al., 2001; McGough 
et al., 1997). The binding of cofilin to actin filaments is cooperative, which 
means the conformational changes induced by cofilin binding invite the 
binding of more cofilin molecules in the same region of the filament 
(Hayakawa et al., 2014). Recently, it was shown that binding of ~23 cofilins on 
an actin filament was sufficient to induce enough mechanical stress to trigger 
its fragmentation (Gressin et al., 2015).  

Considering the above, it is easy to appreciate that the actin-severing 
function of cofilin is directly related to its concentration relative to actin (the 
cofilin:actin ratio), and its binding density on the actin filaments at any given 
time and location (Figure 1.3). In fact, it has been shown that high 
concentrations of cofilin appear to be able to nucleate actin monomers, as well 
as saturate and stabilise actin filaments; conversely, lower ratios between 
cofilin and actin promote filament disassembly, since cofilin will only be able 
to bind sporadically on filaments and create the appropriate mechanical stress 
to induce their fragmentation (Andrianantoandro and Pollard, 2006).  

 

Figure 1.3. Concentration-dependent cofilin activity on actin assembly/disassembly.  
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1.2.3 Cofilin ancillary proteins 

As outlined above, when cofilin is mixed in solution with actin then the 
outcome of their interaction will depend on their relative concentrations. It is 
believed that inside cells the severing activities of cofilin are not sufficient for 
sustainable supply of monomeric actin. For this reason, there is an interplay 
between cofilin and other actin interacting proteins that modulates the 
severing efficiency of the former. One of the factors that cooperate with cofilin 
and enhance actin depolymerization is the actin-interacting protein 1 (Aip1) 
(Gressin et al., 2015; Kueh et al., 2008; Nadkarni and Brieher, 2014), which is 
thought to achieve that by competing with cofilin for binding to filaments, 
thereby decreasing its concentration on filaments to amounts that favour 
disassembly (Chen et al., 2015). Coronins also enhance actin depolymerisation 
by increasing the recruitment of cofilin to the filaments on one hand, and on 
the other by introducing more structural changes to them (Jansen et al., 2015; 
Kueh et al., 2008; Mikati et al., 2015).  Lastly, cofilin also synergizes with 
twinfilin and adenylyl cyclase-associated protein 1 (Cap1) to promote rapid 
actin depolymerisation and fast filament turnover (Bertling et al., 2004; 
Johnston et al., 2015; Normoyle and Brieher, 2012).  

Cofilin remains bound to dissociated actin monomers and inhibits the 
nucleotide exchange on the monomer from ADP to the polymerization-
competent ATP-bound state (Hayden et al., 1993). Hence, aid from accessory 
proteins is needed in this regard as well, and Cap1 has been shown to promote 
dissociation of ADP-actin from cofilin and assist the nucleotide exchange 
(Chaudhry et al., 2010).  

1.2.4 Cofilin mediated actin filament de-branching 

Cofilin is able to sever not only straight actin filaments but also disassemble 
branched actin networks, in which, reportedly, it might be more efficient at 
(Gressin et al., 2015). Cofilin, similarly to actin cable disassembly, de-branches 
mainly ‘older’ ADP-bound actin filaments by promoting the dissociation of the 
actin-related protein 2/3 (Arp2/3) complex (Chan et al., 2009). The Arp2/3 
complex, which contributes to actin polymerization by nucleating new 70o 
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angled branches at the sides of pre-existing filaments, has been shown to 
preferentially bind to newly polymerised ATP-actin segments, presumably 
because cofilin has lower affinity for ATP-actin and, therefore, there will be 
less competition for actin binding between them (Chan et al., 2009; Ichetovkin 
et al., 2002). Along with cofilin, another cofilin-like molecule termed glia 
maturation factor (GMF) has been recently identified to act in a similar 
manner to cofilin, albeit being more specific to Arp2/3-induced branches, and 
contribute to efficient dismantling of actin filament branched networks 
(Haynes et al., 2015; Poukkula et al., 2014; Ydenberg et al., 2013).  

1.2.5 Subcellular localization of ADF/cofilins 

By severing, dismantling actin branched networks and enhancing the 
depolymerisation of the ‘older’ parts of filaments, ADF/cofilins increase the 
availability of filament-ends capable of polymerization and provides a 
sustainable pool of actin monomers that feeds this polymerization. In doing 
so, ADF/cofilins promote filament, as well as dendritic nucleation and/or 
elongation of actin networks, a process generally described as actin 
treadmilling (see Figure 1.2). This makes ADF/cofilins pivotal regulators of 
actin-based membrane protrusion and cell locomotion [reviewed in (Bravo-
Cordero et al., 2013)].  

However, despite the great similarity between the three mammalian 
ADF/cofilin family members, it is still under debate whether each isoform 
fulfils unique roles at the cell periphery. A recent study would suggest they do, 
as along with some redundant roles, depletion of ADF or CFL1 also promoted 
different cellular responses characteristic for each isoform, especially in cell 
migration, membrane dynamics, focal adhesion turnover and formation of 
aberrant actin structures (Tahtamouni et al., 2013). 

In keeping with their roles in remodelling the actin cytoskeleton, ADF 
and CFL1 are enriched in sub-cellular locale associated with actin-based 
membrane protrusion and locomotion, such as ruffling membranes at the 
leading edges of motile cells, lamellipodia and invadopodia. Aside from the 
sub-cortical actin networks, ADF/cofilins are also found in other areas of the 
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cell where high actin turnover is required, like axons and dendritic spines of 
neuronal cells, as well as the contractile rings formed during the final stages of 
mitosis (Bamburg, 1999; Gu et al., 2010; Hotulainen et al., 2009; Maciver and 
Hussey, 2002; Svitkina and Borisy, 1999; Vartiainen et al., 2002).  

CFL2, on the other hand, as discussed above it has the ability to bind 
and disassemble ATP- and/or ADP-Pi-bound actin subunits in filaments with 
greater efficiency, as opposed to ADF and CFL1. Owing to this ability, it has 
been shown to predominantly localize between the Z-discs in muscle 
sarcomeres. In sarcomeres the barbed-ends of the actin filaments are capped 
and actin subunit exchange as well as filament length maintenance is primarily 
restricted to the pointed ends, which may contain a mixture of ADP-, as well 
as ATP/ADP-Pi-bound actin subunits, and this renders CFL2 more efficient in 
regulating the length of actin filaments within these muscle building blocks 
(Kremneva et al., 2014).  

ADF/cofilin family members also have a nuclear localization sequence 
(NLS), as well as a nuclear export signal (NES) (Munsie et al., 2012), which 
gives them the ability to translocate efficiently into and out of the nucleus 
(Figure 1.1), where there is increasing evidence of their involvement in 
nuclear function (see below). 

1.3 Regulation of cofilin activity 

1.3.1 Phosphorylation and dephosphorylation 

The activity of cofilin is regulated by a plethora of mechanisms mediated by 
either post-translational modifications or its interaction with other proteins. 
Which regulatory pathways are employed is mainly defined by its subcellular 
localization (see Figure 1.2).  The most well-known form of regulation of 
cofilin activity is its phosphorylation on serine-3 (Ser3) (Moriyama et al., 
1996), a residue conserved in all mammalian ADF/cofilin family members 
(Figure 1.1). Ser3 phosphorylation is mediated by LIM kinases (LIMK1 and 
LIMK2) [reviewed in (Scott and Olson, 2007)] and TES kinases (TESK1 and 
TESK2), and leads to inhibition of its interaction with actin (Toshima et al., 
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2001a; Toshima et al., 2001b). The predominant upstream regulators of LIM 
kinase activity are the Rho family of small GTPases and its effector kinases. 
Specifically, activation of LIMKs by phosphorylation can be downstream of 
either the Rho and Rho-associated protein kinase (ROCK) pathway (Maekawa 
et al., 1999; Ohashi et al., 2000), or Rac or Cdc42 signalling mediated by p21-
activated kinase (PAK), or the activity of myotonic dystrophy kinase-related 
Cdc42-binding kinase alpha (MRCKα) (Dan et al., 2001; Edwards et al., 1999; 
Sumi et al., 2001; Yang et al., 1998). LIMK1 is also downstream of mitogen-
activated protein kinase-activated protein kinase 2 (MAPKAPK-2) activity in 
endothelial cells (Kobayashi et al., 2006). To date, the regulation of TES 
kinases has not been studied to the same extent, and it is less well-understood.   

Dephosphorylation of Ser3 reactivates the ability of cofilin to interact 
with actin. The main protein phosphatases known to activate cofilin are 
members of the broad specificity family of slingshot phosphatases (Mizuno, 
2013; Niwa et al., 2002) and the more cofilin-specific chronophin phosphatase 
(Gohla et al., 2005). Cofilin spatiotemporal regulation by the latter was 
recently found to be important for cell protrusion and migration (Delorme-
Walker et al., 2015). Apart from these two classes of enzymes, the more generic 
serine/threonine phosphatases type 1 and type 2A have also been reported to 
dephosphorylate cofilin (Ambach et al., 2000). In addition, besides activating 
cofilin, slingshot phosphatases can interact and dephosphorylate, therefore 
inactivate, LIMKs, thereby adding another level of regulation to cofilin activity 
(Soosairajah et al., 2005). However, the phosphoregulation of cofilin is likely 
context-dependent and still not completely understood (see also below in 
section 1.3.2 information about the proposed model of general inhibition – 
local activation of cofilin activity during directional sensing).  

1.3.2 PIP2 binding  

A second form of cofilin regulation, and one of the first to be identified, 
involves its interaction with phospholipids. Specifically, it has been shown that 
cofilin binds to phosphatidylinositol 4,5-bisphosphate (PIP2), which inhibits 
its interaction with actin (Yonezawa et al., 1990) (see Figure 1.2). Cofilin-PIP2 
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binding is mediated by electrostatic interactions between the two molecules, 
and the residues required for this interaction on the surface of cofilin are 
located in the same regions that mediate its interaction with actin (Zhao et al., 
2010) (see Figure 1.1 for main residues in cofilin sequence that interact with 
PIP2). In addition, cofilin interacts with multiple PIP2-headgroups, which 
results in clustering of PIP2 molecules upon cofilin binding. Therefore, changes 
in the density of PIP2 can effectively regulate cofilin activity at the membrane 
(Zhao et al., 2010).  

Chemoattractants, such as the epidermal growth factor (EGF), 
stimulate hydrolysis of PIP2 triggered by phospholipase C (PLC) activity, which 
results in local release from PIP2 and, therefore, activation of cofilin in the sub-
cortical region (Figure 1.2). In turn, this local cofilin activation induces the 
formation of membrane protrusions and mediates directional cell motility and 
chemotaxis (Mouneimne et al., 2006; Mouneimne et al., 2004; Van Rheenen 
et al., 2007). The importance of this carefully orchestrated local activation of 
cofilin in directional cell migration is exemplified by experiments utilising a 
photo-sensitive, chemically-modified, inactive form of cofilin, which revealed 
that its spatial and temporal activation is sufficient for driving localised 
protrusions and determine cell directionality (Ghosh et al., 2004).  

As mentioned above, cofilin binding to PIP2 results in a spatial  form of 
cofilin regulation confined to subcortical actin networks, and it appears to be 
independent from its phosphoregulation through LIMKs and TESKs (Song et 
al., 2006). In fact, it has been proposed that general inhibition of cofilin by 
LIMK-mediated phosphorylation acts in concert with its local activation 
through release from phospholipids to permit cellular directional sensing. This 
is one possible explanation of why LIMK inhibition, which generally leads to 
higher levels of active (not phosphorylated at Ser3) cofilin, results in loss of 
cell directionality and impaired invasion in 3D matrices (Mouneimne et al., 
2006; Scott et al., 2010). However, it is worth noting that this proposed model 
of general inhibition of cofilin through phosphorylation at Ser3 arguably refers 
to the pool of free cofilin monomers found throughout the cell at any given 
time. A separate pool of active – not phosphorylated at Ser3 – cofilin will be 
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sequestered on actin filaments and monomers, will be associated with other 
cofilin-binding proteins, or will be fulfilling functions in the nucleus and other 
organelles, such as mitochondria, which are yet not fully understood. Hence, 
despite not being phosphorylated at Ser3, this cofilin pool is not readily 
available with regards to actin treadmilling activity. 

1.3.3 Regulation through pH  

Soon after its identification, cofilin activity, with respect to its effects on actin 
dynamics, was found to be affected by pH (Yonezawa et al., 1985) (Figure 
1.2). Na+-H+-exchanger NHE1 is a major constituent of intracellular pH 
regulation and it plays an important role in this regulation (Frantz et al., 
2008). Firstly, clustering of PIP2 at the membrane as a result of the interaction 
with cofilin is sensitive to pH, with higher pH leading to reduced clustering 
(Zhao et al., 2010). In turn, this lowers the density of PIP2 at the membrane, 
leading to increased local cofilin release and activation, and pH-dependent 
membrane protrusions and cell motility in response to growth factor 
stimulation (Frantz et al., 2008; Zhao et al., 2010). Secondly, cofilin actin 
severing and filament depolymerisation activities per se are sensitive to pH, 
with cofilin being more potent as pH increases from pH 6.5 towards pH 8 
(Yeoh et al., 2002; Yonezawa et al., 1985). Thirdly, local variations in pH 
influence the binding of cofilin to cortactin, another cofilin-interacting protein, 
which has been found to be important in invasive protrusions of breast cancer 
cells (Figure 1.2). Phosphorylation of cortactin promotes the recruitment of 
NHE1 at the sites of membrane protrusions. This results in a local increase in 
pH that stimulates the release of cofilin from its inhibitory complex with 
cortactin, which activates cofilin and, in turn,  promotes pH-dependent cell 
invasion (Magalhaes et al., 2011).  

1.3.4 Other regulatory mechanisms 

Other types of regulation of ADF/cofilins that have been reported include 
phosphorylation of CFL1 by v-Src at tyrosine-68, a residue which is not present 
in ADF. This ‘marks’ the protein for ubiquitination and subsequent 
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degradation by the ubiquitin/proteasome pathway (Yoo et al., 2010). However, 
it is unclear if this represents a physiological mechanism that is normally 
carried out by c-Src. Furthermore, oxidation of cysteine residues 139 and 147 
of cofilin has been shown to affect its binding to actin and regulate cell motility 
(Cameron et al., 2015; Rudzka et al., 2015) (see Figures 1.1 and 1.2). The 
same modification has been reported to influence cofilin activities during 
apoptosis (see apoptosis section below).  

In addition, binding of cofilin to actin filaments and their subsequent 
severing has been shown to be influenced by the tension of the filament, 
allowing for a mechanosensitive regulation of cofilin activity (Galkin et al., 
2012; Hayakawa et al., 2011; Tojkander et al., 2015). Cofilin appears to 
preferentially bind to less tensile actin filaments and mediate their 
degradation, whereas filaments under tension are protected from cofilin-
mediated fragmentation. This mechanosensitive form of regulation has been 
found to be important for the maturation of contractile stress fibers in cells 
(Tojkander et al., 2015).  

Coronins 1B and 2A have also been proposed to regulate cofilin activity 
and its recruitment to F-actin, in a process that involves  their interaction with 
slingshot phosphatase; in turn, this influences lamellipodial dynamics and 
focal adhesion turnover, respectively (Cai et al., 2007; Marshall et al., 2009). 
Lastly, a surprising form of regulation of cofilin has been reported in 
inflammatory lymphocytes. For their efficient migration during inflammation 
they were shown to rely on an interaction between the pro-inflamatory caspase 
11 with Aip1. This interaction promotes cofilin mediated actin turnover that 
facilitates appropriate lymphocyte cell migration (Bailly, 2007; Li et al., 2007).  
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1.4 New and emerging cellular roles of ADF/cofilins 

1.4.1 Regulation of intracellular contractility  

ADF/cofilin family members are mostly recognized for their roles in actin 
treadmilling. However, there is a growing list of other biological functions 
attributed to them that may be direct, indirect or unrelated to their functions 
as actin remodelling proteins. Many of these new interesting roles are 
discussed below. Since its first identification, cofilin was reported to compete 
with  myosins and/or tropomyosins for binding to actin filaments (Nishida et 
al., 1984b). Later, it was suggested that the competition between them might 
be a decisive factor on which isoforms of myosins and/or tropomyosins will be 
able to bind to actin filaments. This, in turn, distinguishes these filaments 
according to their molecular composition that allows them to perform distinct 
roles based on their unique properties (Bryce et al., 2003).  

Nevertheless, a true physiological relevance of the competition among 
cofilins and myosins/tropomyosins had not been reported until recently. 
Double depletion of ADF and CFL1 in HeLa cells triggers the accumulation of 
aberrant F-actin structures, and this has been shown to be mediated by 
excessive myosin II activity (Wiggan et al., 2012) (Figure 1.2). The 
consequences for the cells are critical and include unrestrained membrane 
blebbing, as well as impaired chromosome segregation and cell division 
(Wiggan et al., 2012). These responses are less prominent when ADF is 
depleted alone and most severe after co-depletion of both ADF and CFL1, 
implying functional redundancy in this cellular context (Hotulainen et al., 
2005; Wiggan et al., 2012). This suggests that the shared activities of ADF and 
CFL1 regulate intracellular contractility, which if left unchecked in their 
absence, leads to excessive force generation and multiple cellular defects.  

Interestingly, another consequence of dysregulated actin cytoskeleton 
occurs during neuritogenesis. In differentiating neurons, remodelling of the 
cortical actin cytoskeleton, mediated by the activities of ADF and CFL1, 
facilitates normal neurite differentiation. Depletion of both of these 
ADF/cofilin family members results in an aberrant actin cytoskeleton with a 
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denser, presumably more tensile, actin cortex, that obstructs appropriate 
microtubule positioning and protrusion, thereby interrupting neuritogenesis 
(Flynn et al., 2012).   

1.4.2 Involvement in apoptosis 

During chemical induction of apoptosis with staurosporine, active (not 
phosphorylated at Ser3) cofilin translocates to mitochondria prior to 
cytochrome c release, and this has been shown to be a crucial step towards the 
initiation of cell death (Chua et al., 2003). Transforming growth factor beta 
(TGF-β)-induced apoptosis in human prostate cancer cells, or apoptosis by 
ursolic acid treatment in gastric cancer cells, also require mitochondrial 
translocation of cofilin (Tang et al., 2014; Zhu et al., 2006). Cofilin functions 
during induction of apoptosis are not completely understood yet. 
Nevertheless, although cofilin targeting to the mitochondria might suffice for 
the initiation of the process, other actin-binding and cofilin ancillary proteins 
may be involved as well for enhanced regulation, as it was shown to be the case 
for Cap1 (Wang et al., 2008).  

Furthermore, cysteine oxidation of active cofilin is essential for its 
translocation to mitochondria during oxidant-induced apoptosis. Following its 
translocation, cofilin has been shown to promote cytochrome c release by 
affecting the permeability of the mitochondrial permeability transition pore 
(Klamt et al., 2009). Interestingly, mitochondrial translocation of oxidised 
cofilin was found to be necessary for initiation of a necrotic-like cell death in 
T-cells experiencing oxidative stress, but it did not involve caspase activation 
(Wabnitz et al., 2010). However, cofilin oxidation appears to be dispensable 
when apoptosis is induced by stimuli other than reactive oxygen species 
(Klamt et al., 2009) (Figure 1.2). Mitochondrial translocation of cofilin is also 
reported to mediated amyloid-β-induced toxicity in neurons, in a process that 
involves Ran-binding protein 9 (Woo et al., 2015). In addition to these roles at 
early stages of apoptosis, cofilin might also be involved in the regulation of 
apoptosis-associated cell morphologies during the later stages, such as in 
apoptosis-associated bleb formation (Mannherz et al., 2005). 



Chapter 1 ½Introduction 37 

1.4.3 Lipid metabolism 

Cofilin that is phosphorylated on Ser3 was long considered to be inactive 
without any biological function. Contrary to this belief, it was later shown that 
this phosphorylated form of cofilin interacts directly with phospholipase D1 
(PLD1) and stimulates its activity (Han et al., 2007). PLDs comprise a family 
of enzymes that catalyse the conversion of phosphatidylcholine (PtC), a 
phospholipid found in biological membranes, to phosphatidic acid (PtdOH). 
This triggers downstream signalling events that lead to a diverse array of 
cellular responses, which include vesicle trafficking, proliferation, 
mitogenesis, as well as actin cytoskeleton remodeling and migration [reviewed 
in (Exton, 2002; Wang et al., 2006)].  

It was generally appreciated that PLD activity is regulated by signalling 
through Rho and modulated by actin dynamics (Kusner et al., 2002; Lee et al., 
2001; Schmidt et al., 1999), albeit, the exact molecular mechanism was not 
known. Rho signalling, however, also controls the activity of LIMKs, which 
subsequently phosphorylate cofilin, and it was this phosphorylated cofilin on 
Ser3 that was found to interact with PLD1 and mediate its translocation to the 
plasma membrane and stimulate its activity (Han et al., 2007) (Figure 1.2). 
PLD1 activity is inhibited by constitutively active cofilin (Ser3 à Ala 
substitution), silencing of cofilin expression, or overexpression of slingshot 
phosphatase. By contrast, its activity is enhanced by overexpression of cofilin 
or phospho-Ser3-mimetic cofilin (Ser3 à Asp substitution). This 
demonstrates that even in its phosphorylated, presumed inactive form, cofilin 
is able to fulfil important biological roles (Han et al., 2007).  

1.4.4 Mechanical checkpoint 

Another emerging role for cofilins is the regulation of cell proliferation in 
response to mechanical cues. It was recently reported that mechanical cues 
trigger remodelling of the actin cytoskeleton mediated by cofilin. In turn, this 
modulates the activity of transcriptional co-activators YAP and TAZ (Aragona 
et al., 2013) (Figure 1.2). YAP/TAZ activities are crucial for processes like cell 
proliferation, pre- and post-natal development, and during the onset of various 
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diseases, such as cancer [reviewed in (Piccolo et al., 2014)]. Increased 
mechanical tension triggered by stabilised actin stress fibers that arise soon 
after cofilin has been depleted, promotes nuclear localization of YAP/TAZ and 
enhanced transcription and proliferation as a result (Aragona et al., 2013). 
Conversely, remodelling of the cytoskeleton, or release of the built-up 
mechanical tension by chemical inhibition of contractility, prevents hyper-
proliferation. These cytoskeleton-induced responses were found to be 
independent of the classical Hippo pathway that is mediated by the effector 
kinases MST1/2 and LATS1/2 (Aragona et al., 2013).  

Similar crosstalk between the actin cytoskeleton and YAP has been 
shown to be the main inducer of a subset of uveal and skin melanomas. Uveal 
melanoma cells that possess mutations in the GNAC oncogene have reduced 
cofilin activity, which promotes the stabilisation of the actin cytoskeleton and 
activation of YAP. The resulting YAP activation can be modulated by chemical 
inhibition of contractility or actin polymerization, and is independent of the 
classical Hippo pathway in this context as well (Feng et al., 2014) , matching 
the observations of the previous study.  Actin cytoskeleton remodelling 
involving the cofilin pathway and modulation of YAP activity has also been 
found to be a determinant of invasive and metastatic capacity of lung cancer 
cells (Dubois et al., 2016). Taken together, these findings demonstrate that 
cells can sense the architecture of the microenvironment and respond to 
mechanical cues by cofilin-mediated remodelling of the actin cytoskeleton, 
eliciting responses that are vital for cell fate and tissue homeostasis. 

1.4.5 Nuclear actin transport 

Actin has been found to be involved and regulate many fundamental nuclear 
processes, such as transcription, reprogramming and gene activation 
[reviewed in (Miyamoto and Gurdon, 2013)]. For this reason, it is reasonable 
to assume that cells should have evolved very sophisticated mechanisms to 
tightly control the amount as well as the state (G- or F-) of actin in both, the 
cytoplasm and the nucleus. Actin does not possess a classical NLS signal, so it 
has to rely on either passive diffusion through the nuclear pore, albeit its size 
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of 42kDa puts it in the limit for passive diffusion, or its association with other 
proteins that have NLS and will mediate its efficient transfer in the nucleus. 

 Cofilin does have a bipartite NLS that permits its efficient shuttling into 
the nucleus (Munsie et al., 2012). It has been shown that one of the 
mechanisms that contribute to the maintenance of nuclear actin levels is by 
cofilin-mediated transport that involves the importin-β superfamily member 
importin-9 (Dopie et al., 2012) (Figure 1.2). Importin-9 interacts with actin 
in a cofilin-dependent manner, which is likely mediated by the cofilin NLS, and 
this interaction is critical for the nuclear transport of actin, which in turn 
regulates transcriptional levels (Dopie et al., 2012). 

1.4.6 Transcription 

As already mentioned, the levels of nuclear actin along with cofilin influence 
transcriptional activity in cells. However, instead of just regulating nuclear 
actin levels, CFL1 has been found to be an integral part of the RNA polymerase 
II transcriptional machinery (Obrdlik and Percipalle, 2011). In this regard, 
CFL1 was found to be primarily associated with the transcriptional machinery 
during transcriptional elongation of gene-coding sequences, whereas it was 
not enriched to the same extent in untranslated regions or gene promoters. In 
addition, CFL1 silencing leads to significantly reduced transcriptional activity. 
Two important observations that might contribute to this response is that 
CFL1 depletion was found to promote a decrease in association of RNA 
polymerase II as well as actin with gene-coding regions, which further 
highlights the important roles of CFL1 as part of the transcriptional apparatus 
(Obrdlik and Percipalle, 2011). Interestingly, restoring nuclear actin levels 
independently of cofilin by tagging it with a strong NLS signal is not able to 
restore normal levels of transcription (Dopie et al., 2012). This provides 
further evidence that cofilin is not simply regulating transcription through 
regulation of monomeric actin availability, but it is directly associated with the 
process of transcription per se. 
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1.4.7 Stress response 

Since very early on in the cofilin history it was observed that under conditions 
promoting cellular stress, such as heat shock, osmotic stress or ATP depletion, 
cofilin accumulated in the nucleus and saturated actin filaments, resulting in 
the formation of cofilin-actin ‘rods’ (Nishida et al., 1987; Ohta et al., 1989). 
This response is not exclusive to the nucleus, and cytoplasmic cofilin-actin rod 
formation has also been observed (Bamburg, 1999; Minamide et al., 2010; 
Munsie et al., 2012) (Figure 1.2). A physiological relevance of this rod 
formation has been primarily described in neurons, where it has been shown 
to be involved in the manifestation of neurodegenerative disorders such as 
Huntington’s and Alzheimer’s, as the cofilin-actin rods were found to be part 
of the protein inclusions that are associated with the disruption of neurite 
function (Bamburg and Bernstein, 2016; Minamide et al., 2010; Minamide et 
al., 2000). Rod formation is still incompletely understood, however, it has 
been suggested that formation of rods during cellular stress might limit 
excessive ATP expenditure associated with actin dynamics, thereby rendering 
it available to other immediate cellular stress responses (Bernstein et al., 
2006).  

1.5 Physiological importance of ADF/cofilins 

Cofilin is included in the minimum set of proteins essential for actin-based 
motility in vitro (Loisel et al., 1999). It is also required for endocytosis, at least 
in yeast (Lappalainen and Drubin, 1997; Okreglak and Drubin, 2007). Since a 
form of cofilin is present in every eukaryote, the important roles they fulfil are 
evident. In higher eukaryotes they are important for embryonic development, 
and contribute to maintenance of health and tissue homeostasis. Loss over 
their tight regulation, however, is linked with various disorders.  



Chapter 1 ½Introduction 41 

1.5.1 Consequences of depletion or mutations of ADF/cofilin family 
members for organism and tissue homeostasis 

CFL1 deficiency is embryonic lethal in mice due to defects in proliferation, 
polarization and migration of neural crest cells, which leads to subsequent 
failure of neural tube closure (Bellenchi et al., 2007; Grego-Bessa et al., 2015; 
Gurniak et al., 2005). ADF is unable to compensate for CFL1 loss in vivo, 
implying they have non-redundant roles in brain development. Mutations or 
deletion of ADF does not cause lethality, however, mice develop cornea disease 
marked by aberrant actin cytoskeleton, epithelial hyperproliferation and 
eventual blindness; of note, ADF is the predominant isoform expressed in 
cornea (Bellenchi et al., 2007; Ikeda et al., 2003; Verdoni et al., 2008).  

Co-depletion of ADF and CFL1 leads to severely perturbed branching 
morphogenesis during ureteric bud development in mice, accompanied by 
disrupted cell motility, aberrant cell shape and accumulation of abnormal actin 
structures (Kuure et al., 2010). Depletion of either ADF or CFL1 alone has no 
discernible effect, indicating that there is some functional redundancy between 
ADF/cofilin members in some tissue contexts. 

CFL2 is the only ADF/cofilin mutations of which have been reported in 
humans, and promote the development of severe myopathies (Agrawal et al., 
2007; Ockeloen et al., 2012; Ong et al., 2014). Genetic deletion of CFL2 in mice 
causes lethality eight days after birth, due to severe muscle deficiencies and 
aberrant actin accumulation within muscle myofibrils, indicating that CFL2 
fulfils important roles in muscle development and maintenance (Agrawal et 
al., 2012). A role of CFL2 in actin monomer exchange in sarcomeres has also 
been proposed (Gurniak et al., 2014).  

Likewise, cofilin is equally important for the viability of lower 
eukaryotes. It is an essential gene for yeast (Moon et al., 1993), as well as 
Dictyostelium (Aizawa et al., 1995), and its depletion or mutations cause 
lethality in flies, worms and frogs (Abe et al., 1996; Gunsalus et al., 1995; 
Mckim et al., 1994).  
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1.5.2 Implications of the cofilin activities in other pathologies 

Considering the roles of ADF/cofilins in actin dynamics and cell motility, it is 
unsurprising to associate their functions with the highly motile cancer cells 
that are able to invade healthy tissue, disseminate and colonize distant organs, 
a hallmark capability of tumour cells (Hanahan and Weinberg, 2011). Indeed, 
during the last decade the cofilin pathway has been associated with these 
hallmark capabilities mainly from studies in breast cancer, although it has also 
been found to be dysregulated in a variety of other tumours (Wang et al., 2007; 
Wang et al., 2004; Wang et al., 2011). Protein expression profiling in 
metastatic tumour cells directly linked cofilin and the cofilin pathway to the 
invasive and metastasic potential of breast cancer cells (Mouneimne et al., 
2006). Moreover, human glioblastoma tumour cells become highly motile 
after cofilin overexpression in a concentration dependent manner (Yap et al., 
2005). Cofilin is necessary for invadopodia formation (Yamaguchi et al., 
2005), as well as for directional sensing and chemotaxis of cancer cells 
(Mouneimne et al., 2006; Mouneimne et al., 2004; Sidani et al., 2007), an 
essential trait for tumour cell dissemination and metastasis (Roussos et al., 
2011). In fact, the expression patterns of cofilin regulatory proteins are used to 
predict the outcome of the pathway with regards to cell locomotion. This set of 
validated markers is now utilised in a clinically relevant way in order to assist 
with tumour prognosis, as well as help with patient stratification and 
treatment choices (Karagiannis et al., 2016). 

Aside from its involvement in cancer progression, cofilin may also be 
involved in the progression of neurodegenerative disorders, owing to their role 
in formation of cofilin-actin rods in response to stimuli, which affect normal 
neuronal function (Bamburg and Bernstein, 2016; Bamburg et al., 2010) (see 
also section 1.4.7 above for more details). Given that the cofilin-actin rod 
formation is a rapid response when cells are stressed in vitro, it has been 
suggested that rod formation could serve as a potential candidate for targeted 
treatment and prevention of neuronal degenerative disorders (Bamburg et al., 
2010). 



Chapter 1 ½Introduction 43 

1.6 Aims 

As outlined above, ADF/cofilins are required for normal embryonic and post-
natal development and loss of their tight regulation has severe consequences 
on tissue homeostasis and organism health. Their activities are also crucial for 
the onset of various pathological conditions, particularly in aspects of cancer 
biology, such as invasion and metastasis, as well as in neurodegenerative 
disorders. Actin dynamics are arguably the most essential feature of cell 
locomotion, and ADF/cofilins are mostly recognised and essential for 
regulating this process. However, the list of cellular processes they are involved 

in is rapidly expanding, and there is increasing evidence suggesting that these 
small proteins are involved in the regulation of more than just actin 
treadmilling during cell motility. 

Despite a huge literature on the roles of ADF/cofilins in actin 
treadmilling at the leading edge during cell migration in vitro and in cancer 
cell behavior during invasion, very little is known about their collective roles 
in tissue and cellular homeostasis. The majority of the literature focuses on the 
study of CFL1, since it is the most ubiquitously expressed isoform, and the only 
essential for embryonic development in mice (Gurniak et al., 2005). Hence, in 
adult tissues where more than one isoform is expressed, whether ADF/cofilin 
family members have shared, owing to their great similarity, or unique roles 
remains elusive.  In vitro studies so far suggest that double depletion of ADF 
and CFL1 have significantly greater impact on cellular function, indicating that 
their roles might be redundant in many aspects of cell biology (Hotulainen et 
al., 2005; Wiggan et al., 2012). However, two other studies reported some 
isoform-specific roles with regards to the migratory behaviour of metastatic 
rat mammary adenocarcinoma and human colon cancer cells, respectively 
(Estornes et al., 2007; Tahtamouni et al., 2013).  

Considering all the above, and the significance of this family in health 
and disease, it is paramount to investigate the extent of overlapping and/or 
unique functions of the family members in adult tissue homeostasis. In this 
study we address whether the maintenance of adult epithelial tissue 
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homeostasis is dependent on unique or shared activities of ADF and CFL1, and 
if so, how suppressing their activity triggers biological consequences. 
Furthermore, by maintaining cultures of cells derived from this tissue in vitro, 
we seek to understand which proteins and pathways are affected following 
disruption of the normal expression of ADF and/or CFL1, and how they 
contribute to the manifestation of these biological consequences.  

In addition, by generating cancer cell lines from the same tissue, we ask 
whether the same biological consequences observed in normal tissue are 
conserved in cancer. This sustainable system also lets us explore in greater 
detail the subcellular pathways regulated by ADF/cofilins, and allows us to 
perform rescue experiments with re-introduction of all mammalian members 
of the family individually, which directly addresses their abilities to 
compensate for each other’s functions when they are expressed in comparable 
levels. Finally, given the new and emerging roles assigned to ADF/cofilins, we 
set out to investigate for the first time for novel ADF/cofilin interacting 
proteins by utilising proteomic approaches. This will provide us with new 
insights into the molecular and cellular functions of this small, yet essential, 
family of actin interacting proteins.  

1.6.1 The epidermis as a model for studying tissue homeostasis 

The skin epidermis is the tissue representing the outermost barrier of the body 
of every animal and protects against infections, environmental stresses, 
irradiation and water loss among its other functions. The interfollicular 
epidermis resides among the hair follicles and is composed by stratified 
epithelial cells organised in layers, which rest on the basement membrane that 
separates them from dermis, the region located underneath (Figure 1.4).  

The cells found in the different layers share distinct characteristics and 
expression patterns. In mice and humans these layers are the basal, spinous, 
granular and stratum corneum. The stem cells responsible for the self-renewal 
capacity of the epidermis are located in the basal layer. Upon stochastic 
symmetrical or asymmetrical cell divisions stem cells can give rise to two new 
stem cells, or two cells that will start differentiating and begin travelling 
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towards the outer layers of the epidermis before they shed off, or one stem cell 
and one differentiating cell (Figure 1.4), with predetermined probability of 
10:10:80 (Blanpain and Fuchs, 2009; Mascre et al., 2012; Solanas and Benitah, 
2013). Because of this well-defined balance of epidermal cell regeneration and 
loss, this tissue represents an exemplary model for studying homeostasis. Even 
small imbalances in this fine-tuned process are easy to detect by examining the 
architecture of the tissue, as well as testing for an array of cell differentiation 
markers.  

  

Figure 1.4. Schematic representation of interfollicular epidermis architecture. 

 

Another advantage of using the epidermis as a model for studying the 
biological function of a protein of interest is that tumours and malignant 
epidermal cells (keratinocytes) can be generated by following a well-defined 
chemical carcinogenesis protocol. This permits the study of the protein of 
interest in both settings, in normal cells and cancerous tissue, as well as 
circumvents the issues with the finite lifespan of normal cells when cultured in 
vitro and offers more flexibility in experimental design.  

The widely used protocol for transforming normal keratinocytes to 
malignant cells forming squamous cell carcinomas (SCC) involves treatment 
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of the animals with the carcinogen 7,12-dimethylbenz[a]anthracene (DMBA) 
and the tumour promoter 2-O-Tetradecanoylphorbol-13-acetate (TPA) 
(McLean et al., 2001; Quintanilla et al., 1986). In the majority of the cases, 
following this treatment the transformation driving mutations are located in 
the Ras oncogene with the most common one being a substitution of the 
glutamine in position 61 to a leucine (Nassar et al., 2015). The initial phases of 
the treatment include the formation of benign papillomas, while some of them 
will progress and transform to aggressive SCC tumours in the later stages. The 
SCC tumours frequently harbour secondary mutations in separate loci, with 
the ones affecting the activity of the tumour suppressor p53 being highly 
favoured (Nassar et al., 2015). The mutational landscape and behaviour of 
these chemically induced tumours in mice is very closely associated with 
human SCC tumours, making this model and the knowledge acquired from it 
relevant to human disease (Nassar et al., 2015) (see also methods for more 
information on the cancer cell line generation).  
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2.1 Animal models and cell culture 

2.1.1 Transgenic mice and 4-OHT administration 

The collective roles of ADF and CFL1 in vivo were studied in the mouse 
epidermis. ADF was genetically deleted from the animals (ADF-/-), whereas the 
second intron of CFL1 was flanked by lox-P sites (CFL1fl/fl) in order to generate 
conditional knock-out mice as previously described (Bellenchi et al., 2007; 
Gurniak et al., 2005). In order to selectively excise the floxed-CFL1 alleles in 
the mouse epidermis Cre-recombinase fused with estrogen receptor (ER) was 
expressed in mice under the control of keratin 14 (K14) promoter 
(K14CreERT2) (Li et al., 2000). To achieve a double knockout of ADF and CFL1 
in the tissue, these mice were inbred with ADF-/- CFL1fl/fl mice and resulted in 
offspring with ablated ADF, floxed CFL1 and carrying the recombinase-fusion 
(K14CreERT2/ADF-/-/CFL1fl/fl). For the excision of floxed-CFL1, 56-day old 
mice were subjected to daily subcutaneous injections of 100µg                                     
4-hydroxytamoxifen (4-OHT) (Sigma-Aldrich) contained in 100µl sunflower 
oil for four days (Indra et al., 1999) (Figure 2.1). Mice were culled on the fifth 
day, unless otherwise indicated, and tissue or cells collected. All mice used 
were crossed onto and maintained on the FVB genetic background. All animal 
experiments were carried out in accordance with the UK Coordinating 
Committee on Cancer Research guidelines by approved protocol (Home Office 
Project License no. 60/4248). 

2.1.2 Isolation of primary keratinocytes and cell culture conditions 

Primary keratinocytes were isolated from mouse tail skin. Tails were taken 
from mice, the skin was cut lengthwise and removed, and subsequently 
incubated for 2-3h in 4mg/ml dispase (Gibco) in PBS with rotation at 37°C. 
The epidermis was then separated from dermis and cut into small pieces. 
Following incubation for 10min at 37oC in 0.025% trypsin in PBS-EDTA 
(Invitrogen), cells were dissociated by brief vortex pulses. Trypsin was 
neutralised with Dulbecco's modified Eagle’s medium (DMEM) (Invitrogen) 
supplemented with 20% foetal bovine serum (FBS) (Invitrogen) and cells were 
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passed through a 70µm cell strainer (Becton Dickinson). The cells were then 
pelleted by centrifugation at 1100rpm for 5min, washed with PBS and re-
pelleted before either being plated on collagen I-coated plates in keratinocyte 
basal medium (KBM) supplemented with SingleQuotes kit (Clonetics), or lysed 
as described. All cell cultures were maintained in 37oC, 5% CO2. 

 

Figure 2.1. Graphical representation of mouse line-crossings held to achieve skin-
specific deletion of both ADF and CFL1. Control mice are also shown. 

 

2.1.3 Generation of SCC cell lines 

Squamous Cell Carcinoma (SCC) cell lines were generated as summarized in 
Figure 2.2, using a two-stage carcinogenesis protocol for H-Ras-driven 
chemically induced tumours with DMBA and TPA as previously described 
(McLean et al., 2001). SCC tumours were introduced to mice nullizygous for 
ADF. Once developed, tumours were removed, cut into small pieces and 
incubated with 0.25% trypsin in PBS-EDTA (Invitrogen) for 10min at room 
temperature (RT). Trypsin was then neutralized with addition of DMEM + 10% 
FBS (Invitrogen) and cells were let to grow in the presence of 100 Units 
penicillin and 100µg streptomycin per ml (Sigma-Aldrich) in 37oC, 5% CO2 
incubators with frequent changes of the cell culture media. Antibiotics were 
removed after five passages and the ADF-null SCC cells were considered a cell 
line once reached a stable growing capacity.  
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Figure 2.2. Graphical representation of the strategy employed to generate stable 
Squamous Cell Carcinoma cell lines (SCCs). 

 

2.2 RNA interference and inhibitor treatments 

2.2.1 RNA interference and protein co-depletions 

Transcript silencing performed by small interfering RNA (siRNA) reverse 
transfections using the lipofectamine RNAiMAX reagent (Life Technologies) 
according to the company’s standard protocol. Non-targeting control and 
siRNAs targeting the CFL1 transcript (Dharmacon) were used at a final 
concentration of 32nM. CFL1 knock down experiments were carried out for 
48h unless otherwise indicated. siRNAs targeting actin-related protein 3 
(Arp3), diaphanous-related formin-1 (Diap1; also known as mDia1), 
diaphanous-related formin-3 (Diap3; also known as mDia2), serum response 
factor (SRF), nesprin-2 giant (nesprin-2G; also known as Syne-2), SUN 
domain-containing protein 1 (Sun1) and SUN domain-containing protein 2 
(Sun2) (all from Dharmacon) were used at final concentration 64nM.  

 For all protein co-depletion experiments cells were transfected by the 
same reverse transfection protocol used above with siRNAs targeting the 
proteins to be depleted alongside CFL1 at day 1. 24h later the cell culture media 
was refreshed and cells were treated by forward transfections using RNAiMAX 
(Life Technologies) according to the company’s standard protocol, for further 
48h with a mixture of siRNAs targeting CFL1 (32nM) and the co-depleted 
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protein (64nM). Control cells were treated either with non-targeting siRNAs 
alone or alongside siRNAs for the co-depleted proteins. 

2.2.2 Inhibitor treatments 

Prior to treatment with the actin/myosin modulating inhibitors cells were 
transfected with CFL1 or non-targeting control siRNAs. 30h post-transfection 
the cell culture media was changed with fresh media containing the inhibitors 
in their final concentrations. Cells were incubated with the inhibitor mixes 
overnight and then fixed. Cytochalasin D (Sigma-Aldrich) was used at a final 
concentration of 0.5µM, latrunculin A (Tocris Bioscience) at 0.4µM, 
blebbistatin (Sigma-Aldrich) at 25µM, Y27632 (Sigma-Aldrich) at 20µM, 
CK869 (Tocris Bioscience) at 5µM, 10µM and 50µM, and SMIFH2 (Tocris 
Bioscience) at 5µM, 15µM and 30µM, respectively.  

 Treatments with staurosporine (STS) (Sigma-Aldrich) were carried out 
overnight with final concentration of STS at 1µM. Lastly, actinomycin D 
(Sigma-Aldrich) treatments were performed over 4h with 1µg/ml. All 
inhibitors were dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich), 
which was also used for the control treatments.   

2.3 Cloning and cell infections 

RNA was extracted from wild-type SCC cells using the RNeasy kit (Qiagen) 
according to the manufacturer’s protocol. RNA was converted to cDNA using 
the SuperScript first-strand cDNA synthesis kit with random hexamer primers 
(Invitrogen) and the company’s protocol. The coding sequences for ADF, CFL1 
and CFL2 were amplified with standard PCR using the PfuUltra Hotstart PCR 
master mix (Agilent Technologies) according to the manufacturer’s protocol, 
and with the primers were designed with EcoRI and SalI overhangs (see Table 
1). Subsequently, the amplified products were run on a 1% agarose gel, the 
corresponding gel bands were excised and the DNA isolated with the QIAquick 
gel extraction kit (Qiagen), and cloned into a pre-digested with EcoRI/SalI 
(New England Biolabs) pWZL-Hygro retroviral vector with a standard DNA 
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ligation kit protocol (Roche). The plasmids were then propagated following 
transformation with a standard heat-shock protocol of One Shot TOP10 
chemically competent bacteria (Thermo Fisher Scientific) and selection with 
appropriate antibiotic, and isolated with the plasmid Maxi kit (Qiagen).  

In order to produce retroviruses carrying the desired expression 
sequences, pEco packaging cells contained in 60mm dishes were transfected 
with 5-6µgr pWZL plasmids using Lipofectamine 2000 (Invitrogen) and 
following the manufacturer’s protocol. Five days post-transfection the 
supernatant containing the produced retroviruses was collected, filtered 
through an 0.45µm filter (Millipore) and implemented with 10% FBS. After 
addition of 1:1000 polybrene (Millipore), SCC cells were infected with the 
retrovirus-containing supernatant. Successfully infected cells were selected 
using 1:100 Hygromycin (Calbiochem) 3-4 days post-infection and assessed 
for expression levels with western blot. 

 

Table 1. Cloning primers for mouse wild-type ADF, CFL1 and CFL2 with 

EcoRI/SalI overhangs 

CFL1 forward 5’-GAATTC-ATGGCCTCTGGTGTGGCTG-3’ 

reverse 5’-GTCGAC-TCACAAAGGCTTGCCCTCC-3’ 

ADF forward 5’-GAATTC-ATGGCCTCAGGAGTTCAGGTTGC-3’ 

reverse 5’-GTCGAC-CTACACAGGGGATCCTTCAAAGG-3’ 

CFL2 forward 5’-GAATTC-ATGGCATCTGGAGTTACAGTG-3’ 

reverse 5’-GTCGAC-TTATAGTGGCTTTCCTTCAAG-3’ 
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2.4 Immunohistochemistry, immunocytochemistry and 
immunofluorescence 

2.4.1 Immunohistochemistry, BrdU labelling and quantification 

Dorsal skin samples were harvested from mice and fixed overnight at RT in 
neutral-buffered formaldehyde 10% vol/vol (Surgipath Europe). Subsequently 
they were embedded in paraffin and cut into five micron sections for 
hematoxylin and eosin (H&E) staining or immunohistochemistry. For the 
latter, sections were deparaffinised with two 5min xylene (Fisher) washes, 
rehydrated with 5min incubations in decreasing ethanol concentrations 
(100%, 100%, 80% and 50%) and rinsed with water before epitope unmasking 
performed with 10mM pre-heated sodium citrate (pH 6.0) (Fisher) and 10min 
boiling in a pressure cooker in a microwave in full power. Sections were 
subsequently rinsed in water and washed 2 times for 5min in 0.0025% 
Tween20 (Thermo Fisher Scientific) in TBS. Following that, the sections were 
stained using the Dako Envision kit (Dako, Agilent Technologies) appropriate 
to the species of primary antibody.  

Briefly, sections were blocked for 15min at RT with peroxidase block 
buffer, rinsed with water, blocked with protein block buffer for 2h at RT, and 
incubated overnight at 4°C with primary antibody diluted in antibody dilutent 
buffer. The following day, the primary antibody was washed 5 times with 
0.0025% Tween20 in TBS, prior to 1h RT incubation with the Dako envision 
labelled polymer. Sections were then washed 5 times with TBS, treated with 
DAB/DAB chromogen for 10min at RT, rinsed with water, and counterstained 
for 2min in haematoxylin (Pioneer Research Chemicals), before rinsed again 
with tap water and treated for 2min at RT with Scott’s tap water solution 
prepared with 0.35% sodium bicarbonate (Sigma-Aldrich) and 2% magnesium 
sulphate (Sigma-Aldrich) in distilled water. Finally, sections were rinsed with 
tap water, dehydrated with 5min incubations in increasing ethanol 
concentrations (50%, 80% 100% and 100%), cleaned with two 5min 
incubations in xylene and mounted with DPX mounting medium (Fisher).  

For BrdU labelling mice were subjected to a single intraperitoneal 
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injection of 0.2ml/20g of body weight 5-bromo-2'-deoxyuridine (BrdU) (GE 
Healthcare) 2h prior to harvesting. Skin sections from labelled mice were 
stained with anti-BrdU antibody (1:1500, CST). Quantification of BrdU 
positive nuclei from the mouse epidermis was performed with ImmunoRatio, 
a web-based application for image analysis (Tuominen et al., 2010).  

2.4.2 Immunofluorescent immunohistochemistry and visualization of 
actin fibers in the skin 

In order to visualize actin fibers in the skin dorsal skin samples were harvested 
and fixed for 30min at 37oC in 4% paraformaldehyde solution (Fisher). 
Subsequently, they were cooled down to RT and incubated overnight at 4oC 
before being embedded in paraffin. The staining protocol was the same as in 
normal immunohistochemistry for the first day (see above). Following 
overnight incubation with primary antibody, the sections were washed 5 times 
with 0.0025% Tween20 in TBS, prior to 1h RT incubation with fluorescent 
secondary antibodies (488 Alexa Fluor, Invitrogen) diluted in antibody 
dilutent (Dako) in the dark. The secondary antibody was washed 5 times with 
TBS and the sections were mounted on coverslips with Vectashield mounting 
medium containing DAPI (Vector Laboratories). The antibodies used and their 
dilutions were the following: anti-β-actin (1:200, CST), anti-lamin A/C (1:200, 
CST), anti-β-catenin (1:200, BD Biosciences), anti γH2AX (1:400, CST) and 
anti-RelB (1:100, CST). Visualization of the immunofluorescenlty labelled 
sections was performed with an Olympus FV1000 confocal microscope.  

2.4.3 Immunofluorescent immunocytochemistry  

Primary tail keratinocytes or SCC cells were plated on 19mm glass coverslips 
(VWR Collection) and following any treatments they were fixed and 
permeabilized for 10min at RT in freshly made fixation solution prepared with 
3.7% formaldehyde (Thermo Fisher Scientific), 0.2% Triton X-100 (Sigma-
Aldrich), 1mM MgCl2 (Sigma-Aldrich), 100mM PIPES (Sigma-Aldrich) and 
10mM EGTA (Sigma-Aldrich). Cells were then washed twice for 5min at RT 
with 0.1% Triton X-100 in TBS (wash buffer) and blocked for 1h at RT with 2% 
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bovine serum albumin (BSA) (Calbiochem) in wash buffer (block buffer). 
Subsequently, they were incubated overnight at 4oC with primary antibodies 
in block buffer and the following day rinsed with wash buffer and incubated 
with secondary fluorescent antibodies (488 Alexa Fluors, Invitrogen) for 1h at 
RT in the dark. Lastly, the primary antibodies were washed twice for 5min with 
wash buffer at RT and the coverslips were mounted with Vectashield mounting 
medium containing DAPI (Vector Laboratories). The only deviation from this 
protocol was for the visualization of α-actinin and β-actin, where instead of 
formaldehyde, cells were fixed for 5min with iced-cold methanol (Fisher) at -
20oC. The rest of the protocol was the same as described.  

The following antibodies and dilutions were used in the 
immunofluorescence experiments: anti-lamin A/C (1:200), anti-myosin-IIA 
(1:50), anti-phosphorylated myosin light chain 2 (Ser19) (pMLC2) (1:200), 
anti-phosphorylated paxillin (1:50), anti-α-actinin (1:50), anti-β-actin (1:200), 
anti-γH2AX (1:400), anti-fibrillarin (1:400) (all from CST), anti-vinculin 
(1:100, Abcam), anti-HP1α (1:100, Novus Biologicals), anti-c-Myc (N-262) and 
anti-SRF (G-20) (both 1:100, Santa Cruz). F-actin was visualized using either 
TRITC-phalloidin (Sigma-Aldrich), or rhodamine phalloidin (Life 
Technologies) along with the secondary antibody mix.  

2.4.4 Nuclear actin visualization 

In order to visualize nuclear actin filaments with phalloidin a recently 
described protocol was used with minor modifications (Baarlink et al., 2013). 
Briefly, cells were washed with TBS and subjected to an initial fixation for 1min 
at RT with 0.5% Triton X-100 (Sigma-Aldrich) and 0.25% glutaraldehyde 
(Fisher) added to cytoskeleton buffer containing 10mM MES pH 6.1, 150mM 
NaCl, 5mM EGTA, 5mM glucose and 5mM MgCl2 (all from Sigma-Aldrich). 
Next, a second round of fixation followed for 15min at RT with cytoskeleton 
buffer implemented with 2% glutaraldehyde. Prior to phalloidin labelling, 
autofluorescence was quenched by treatment with 1mg/ml freshly prepared 
sodium borohydride (Sigma-Aldrich) in TBS three times for 1min each at RT. 
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Lastly, cells were rinsed three times with TBS, blocked and labelled with 
phalloidin as previously described.  

2.5 Fluorescence microscopy and image analysis  

All immunofluorescent experiments were visualized using an Olympus 
FV1000 confocal microscope equipped with an UPLANSAPO 60X/1.35 oil 
immersion objective, and the Olympus FluoView FV1000 software. The super-
resolution imaging with structure illumination microscopy was performed 
with a Nikon N-SIM super-resolution microscope equipped with 100x oil 
objective lens (N.A. 1.49). 

 Image analysis was performed in ImageJ using the original microscope 
file containing all the metadata. In order to quantify fluorescence, the laser and 
acquisition settings were kept constant during imaging of each experiment, 
ensuring that no pixel saturation was reached. Quantification of total pixel 
intensity per cell was calculated after manual tracing of independent cells and 
measuring their integrated density followed by background subtraction. The 
levels of background fluorescence were obtained by calculating the average 
integrated density of three or more individual fields surrounding the regions 
of interest in every image. Quantification of the number of cellular structures, 
measuring their area or defining their shape was performed using the analyse 
particles plugin following image thresholding.  

For quantification of the nuclear versus cytoplasmic localization of 
transcription factors the total cell area was defined by thresholding the F-actin 
channel in ImageJ. The analyse particles plugin was utilised in order to create 
masks of the cells and save them in the ROI manager table, which were 
subsequently overlaid in the original file of the channel corresponding to 
transcription factor staining. This was then used to quantify the integrated 
density representing the total cellular staining with transcription factors. The 
same process was followed for nuclear transcription factor staining 
quantification. The value corresponding to the levels of cytoplasmic staining 
was obtained after subtraction of the nuclear staining from the total cell levels.  
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2.6 Gene expression assays 

2.6.1 Gene expression profiling  

Gene expression profiling of wild-type and ADF and CFL1 null mouse tail 
keratinocytes was performed using DNA microarray technology. RNA was 
extracted from tail keratinocytes of three control and three experimental mice 
treated for four days with 4-OHT using the RNeasy kit (Qiagen) and following 
the manufacturer’s protocol. The samples were hybridized to a Mouse 
MOE430 2.0 Affymetrix chip. The analysis was carried out at the microarray 
service facility at the Cancer Research UK Manchester Institute. Expression 
calls were generated as previously described (Hubbell et al., 2002; Liu et al., 
2002). Subsequent bioinformatics analysis was performed with assistance 
from Dr Adam Byron (Edinburgh Cancer Research UK Centre). Briefly, in 
order to detect the significantly differentially expressed transcripts, a rank 
products analysis with 100 permutations was performed using RankProdIt 
(Laing and Smith, 2010), with proportion of false positives (pfp) set to < 0.05. 
Only transcripts detected in at least three samples were included for further 
analysis. 

2.6.2 Quantitative PCR 

RNA was extracted from cells using the RNeasy kit (Qiagen) and converted to 
cDNA using the SuperScript first-strand cDNA synthesis kit with random 
hexamer primers (Invitrogen) according to the manufacturers’ standard 
protocols. Quantitative PCR reactions were prepared with the SensiFAST Hi-
ROX kit (Bioline) according to the company’s protocol, using 400nM final 
primer concentration and 5-200ng cDNA per 20µl reaction. The reactions 
were run on a StepOnePlus Real Time PCR system (Thermo Fisher Scientific). 
Results were analyzed using the ΔΔCt method using GAPDH as endogenous 
control (Livak and Schmittgen, 2001), except in the cases where the relative 
expression levels of ADF, CFL1 and CFL2, and that of myosins IIA, IIB and IIC 
were calculated. To achieve a meaningful relative comparison among these 
protein family members, the primer amplification efficiency of each set of 
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primers was corrected and a single threshold was calculated for all primer sets. 
In order to determine the amplification efficiency of each primer set, the linear 
regression slope of a dilution row was calculated based on the equation (Pfaffl, 
2001): 

E (efficiency) = 10 (-1/slope) 

 

All primers were designed in the Universal ProbeLibrary Assay Design Center 
(Roche) and the sequences can be found in Table 2.  

 

Table 2. List of primers used for quantitative PCR experiments (mouse species) 
 

Target Primer Sequence 5’à 3’ 

Nesprin-2G forward TAGACGCGGACATGCAAC 

reverse CTCAATCTCTGTCAGCATAGCC 

mDia1 forward GGTACCCGGGACAAGAAGA 

reverse CTCATGCTGGTAAATCTCTCCA 

mDia2 forward CCTAAAATTGCTCAGAACCTTTCA 

reverse AATATCATCGTCCTGATTTTCTCA 

Acta2 forward CTCTCTTCCAGCCATCTTTCAT 

reverse TATAGGTGGTTTCGTGGATGC 

β-actin forward GCCAACCGTGAAAAGATGAC 

reverse GAGGCATACAGGGACAGCAC 

Vinculin forward AGGAGACTTGCGAAGACAGG 

reverse GCCGTCGCCACTTGTTTA 

MYL9 forward GATAAGGAGGACCTGCACGA 

reverse GCCCTCCAGATACTCGTCTG 

Tpm1 forward GTCATCATCGAGAGCGACCT 

reverse TCTTCAAGCTCGGCACATTT 
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Flna forward GCAAGTGCACAGTCACAGGT 

reverse TTGCCTGCTGCTTTTGTGT 

Talin-1 forward AAGGCTCTCTGTGGCTTCAC 

reverse TGGGGTCAGAGACACCAAC 

Tpm2 forward AAAACCATTGATGATCTGGAAGA 

reverse TGATGTCATTGAGTGCGTTG 

Zyxin forward AAGAGAAGCAGCACCCACA 

reverse CTCTACCTCCTTCAGGGTCAAG 

Gelsolin forward CCCCAAAGTCGGGTGTCT 

reverse AACTTCTCCACACGCCAGAT 

Cald1 forward CAGCTGCGGACATGCTTAG 

reverse CGTCATCATCATTTCTCTGATAGG 

ADF forward GCTTTGAGACCAAGGAGTCCA 

reverse TCAGAGGTGCTTGTTCTGGTG 

CFL1 forward TCTGTCTCCCTTTCGTTTCC 

reverse CATTGAACACCTTGATGACACC 

CFL2 forward ACGTACGAAACAAAAGAGTCTAAGAA 

reverse GCATAAATCATCTTGCTTTTTAACG 

GAPDH forward ATGGTGAAGGTCGGTGTGA 

reverse AATCTCCACTTTGCCACTGC 

Myosin IIA forward GTCCATGCCGGACAACAC 

reverse GGTGAAGTCGGTCACATTGAT 

Myosin IIB forward GGAGGACACCCTAGACACCA 

reverse CCACTTCCTGCTCACGTTTT 

Myosin IIC forward GCTGGGGAGCAGCTAAAAG 

reverse CAGGAAGCGATAATGGGAAC 

Sun2 forward AGATCGTCCAGGCCTCTCA 

reverse GTCCCAGCTCCTTCACAGAG 
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Involucrin forward AGCAGCTGCAGGTGAAAAAG 

reverse TCTCCAGATGCAGTTCCTGTT 

Dsc1 forward GGGAGCACCTTCTCTAAGCA 

reverse TTTTGACAGGCATCACAAAATAA 

Grhl3 forward AAGGAAGATGTCGAATGAACTTG 

reverse TCGTCCTCATTACTGTAGGGAAA 

S100a3 forward GGGACACCCAGTTGGTAGG 

reverse GCACACGATGGCAGCTACT 

Notch3 forward AGCTGGGTCCTGAGGTGAT 

reverse AGACAGAGCCGGTTGTCAAT 

CTGF forward CTGCAGACTGGAGAAGCAGA 

reverse GCTTGGCGATTTTAGGTGTC 

CYR61 forward TGACCTCCTCGGACTCGAT 

reverse GGTTCGGTGCCAAAGACA 

ANKRD1 forward CGGACCTCAAGGTCAAGAAC 

reverse TGAGGCTGTCGAATATTGCTT 

47S_(1) forward TACCCCTCGGTCCATCTGTT 

reverse ATTTCGGGTGTGAGCGAACT 

47S_(2) forward TTACTGGCTTGGGTCTGTCG 

reverse AGGTGTGACAACGACACCTC 
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2.7 Cell membrane dynamics and kymograph analysis  

Kymograph and membrane analysis were performed as previously described 
(Benjamin et al., 2010). In brief, images of cells treated for 48h with siRNAs 
were taken every 30sec over 30min using a Scan^R high content screening 
station equipped with a 20X phase objective (Olympus). Kymograph profile 
graphs were created using normalized pixel intensities from 1-pixel wide 
kymographs generated in ImageJ. The length of membrane protrusions was 
calculated based on the distance difference in pixels between the peaks and 
their neighbouring valleys measured from the bottom of the kymograph. 
Protrusion persistence, which corresponds to the time required for a full 
membrane extension and retraction, was calculated using the kymographs and 
based on the width of each peak measured in its widest point between two 
neighbouring valleys. Only complete membrane protrusions were considered 
in the quantifications. All measurements were performed in ImageJ. 

2.8 Actin polymerization assays 

2.8.1 Free barbed–ends assay  

The active polymerization of free actin barbed-ends was assessed and 
quantified by an adaptation of the method previously described (Worth et al., 
2010). Following 48h of siRNA treatment of cells plated on coverslips, the 
culture media was changed and the cells were permeabilized using 
0.125mg/ml saponin (Sigma-Aldrich) in the presence of 9µg biotin-conjugated 
G-actin (Cytoskeleton) prepared in the complete DMEM media. Subsequently, 
cells were incubated for 2min at 37oC and fixed with the standard 
formaldehyde fixation protocol described above. Fluorescent detection of 
biotinylated actin monomers that were incorporated into filaments was 
achieved by incubating the cells for 10min at RT with FITC-streptavidin 
(20µg/ml, Vector). F-actin was labelled with TRITC-phalloidin (Sigma-Aldich) 
as previously described. Coverslips were imaged with the Olympus FV-1000 
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confocal microscope using the UPLANSAPO 60X/1.35 oil immersion objective 
and the same acquisition parameters for all images.  

2.8.2 G- and F-actin assay  

In order to isolate G-actin, 60mm dishes of cells treated with siRNAs were 
rinsed twice with cytoskeleton (CSK) buffer, which was prepared with 10mM 
PIPES pH 6.8 (Sigma-Aldrich), 50mM NaCl (Sigma-Aldrich), 3mM MgCl2 

(Sigma-Aldrich) and 300mM sucrose (Sigma-Aldrich). Next, for the first lysis 
step 500µl of CSK buffer implemented with 1% Triton X-100 (Sigma-Aldrich), 
1µg/ml phalloidin (Sigma-Aldrich) and protein inhibitors in the form of 
cOmplete and phosSTOP tablets (Roche) (lysis buffer 1) were added. Cells were 
incubated for 5min at RT with mild rotation on a shaker. The supernatants 
containing actin monomers were then collected and further denatured with 
addition of final concentration of 2% SDS (Sigma-Aldrich). 

The fraction containing F-actin was isolated in the second lysis step. 
Following three washes of the cells with CSK buffer, they were incubated for 
5min at RT on shaker in 500µl of lysis buffer 1 implemented with final 
concentration of 2% SDS. Subsequently, cells were scraped and the samples 
were homogenized using 25-gauge needles and syringes. Protein 
concentration was determined in the G-actin fraction and equivalent amounts 
of lysates were analyzed by western blot (see below for western blot protocol). 

2.9 Cell lysis and other immunoassays 

2.9.1 Western blotting 

Cells lysates were prepared using RIPA cell lysis buffer composed by 50mM 
Tris–HCl at pH 7.4 (Sigma-Aldrich), 150mM NaCl (Sigma-Aldrich), 0.1% SDS 
(Sigma-Aldrich), 1% Triton X-100 (Sigma-Aldrich) and 0.5% sodium 
deoxycholate (Thermo Fisher Scientific), and proteinase and phosphatase 
inhibitors in the form of cOmplete ULTRA and phosSTOP tablets (Roche). 
Cells were washed twice with ice-cold TBS and lysed for 10min on ice. Lysate 
clarification was by high-speed centrifugation at 13,000rpm at 4°C for 15min. 
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Protein concentration was determined by BCA assay (Pierce) following the 
company’s protocol. 20µg of lysates were prepared for gel electrophoresis by 
addition of 6x Laemmli sample loading buffer containing 292.5mM Tris–HCl 
pH 6.8 (Sigma-Aldrich), 9.36% SDS (Sigma-Aldrich), 27% glycerol (Thermo 
Fisher Scientific), 0.027% bromophenol blue (BioRad) and 10% β-
mercaptoethanol (Sigma-Aldrich), and incubation for 5min at 95oC. Samples 
were separated by SDS-PAGE on 4-15% Mini-PROTEAN TGX stain-free 
precast protein gels (BioRad) along with the precision plus protein dual color 
standards (BioRad), transferred to 0.2 µm nitrocellulose trans-blot turbo 
nitrocellulose transfer packs (BioRad) using the Trans-Blot Turbo transfer 
system (BioRad), and immunoblotted following 1h block at RT with 5% BSA 
(Calbiochem) in TBS.  

Blots were incubated with primary antibodies overnight at 4oC, washed 
three times with TBS containing 0.15% Tween-20 (Thermo Fisher Scientific) 
and incubated for 1h at RT with appropriate secondary antibodies, before 
washed further three times and visualized. The majority of western blots were 
analyzed using the LI-COR Odyssey infrared imaging system and Image Studio 
software (version 4.0.21). Signal was detected using 680 and 800 IRDye 
fluorescent secondary antibodies (LI-COR). The software settings were chosen 
to maximize signal-to-noise ratio without reaching saturation, and the colour 
images generated were converted to grayscale. Western blots for G-/F-actin 
assay and chromatin markers were analysed using traditional luminescence-
based detection system (ChemiDoc system, BioRad). Western blot 
quantifications were performed in ImageJ.  

The following antibodies and dilutions were used in the western blot 
experiments: anti-destrin (1:2000, Pierce), anti-cofilin-1 (1:2500, CST), anti-
cofilin-2 (1:1000, m-Cofilin KG-60 gift from W. Witke or Abcam), anti-β-actin 
(1:2000), anti-GAPDH (1:2500), anti-PARP (1:1000), anti-myosin-IIA 
(1:1000), anti-pMLC2 (Ser19) (1:1000) anti-lamin A/C (1:2000), anti-cleaved-
lamin A (1:1000), anti-caspases 3 and 6 (1:1000), anti-paxillin (1:1000), anti-
phospho-paxillin (1:1000), anti-SRF (1:1000), anti-α-tubulin (1:1000), anti-
RelB (1:1000), anti-topoisomerase IIα (1:1000), anti-fibrillarin (1:1000), anti-
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Di/Tri-Methyl-H3 (K9) (1:1000), anti-Tri Methyl-H3 (K4) (1:1000), anti-Tri-
Methyl-H3 (K27) (1:1000), anti-Acetyl-H3 (K27) (1:1000) and anti-γH2AX 
(1:1000) (all from CST), anti-vinculin (1:1000, Abcam), anti-Arp3 (1:1000, BD 
Biosciences), anti-Hsp90 (1:1000, BD Biosciences), anti-Plk-1 (1:1000, 
Millipore) and anti-SUN1 (1:1000, Santa Cruz).  

A notable exception to the cell lysis protocol described above was for the 
immunoblots for cell adhesion components and β-actin following ADF and 
CFL1 depletion. We found that in order to solubilise these proteins, the lysis 
buffer had to be implemented with 8M urea (Sigma-Aldrich) and the lysates 
homogenized using 25-gauge needles and syringes. The rest of the procedure 
was as previously described. 

2.9.2 Immunoprecipitation  

For immunoprecipitation (IP) experiments lysates were prepared in RIPA 
buffer as previously described (see section 2.9.1), with the exception that 
EDTA-free inhibitor tablets were used. 1-2mgr of protein were used per IP 
contained in ~400µl lysate and ~6µgr of antibody. CFL1 IPs were performed 
with a cofilin polyclonal antibody from Abcam (ab11062) and control IPs were 
performed with an IgG control antibody (Abcam, ab46540). Samples were 
precleared by adding pre-washed protein G agarose beads (Roche) in the 
lysates and incubating the mix for 40min at 4oC with rotation. 20µl of beads 
were washed four times in 200µl of lysis buffer and centrifugation for 1min at 
4oC at 5000rpm. Following preclearing, the lysates were centrifuged for 2min 
at 4oC at 5000rpm, transferred in new tubes and incubated overnight with the 
antibodies at 4oC with rotation. Next, the lysate-antibody mix was incubated 
for another 1h at 4oC with rotation, following the addition of pre-washed 
protein G agarose beads as before. The beads were then collected by 
centrifugation of the mixes for 2min at 4oC at 5000rpm, washed twice with 
200µl of lysis buffer, and another two times with 1ml ice-cold TBS. If the IPs 
were used for western blotting, the antibody-antigen complex was isolated by 
addition of 15µl Laemmli buffer and subsequent incubation for 5min at 95oC. 
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4µl of supernatant (~1/100 of the IP volume) were collected from each step of 
the procedure in order to be used for further analysis. 

2.9.3 Cell fractionation 

For nuclear and cytoplasmic subcellular fractionation, the cells were grown in 
150mm plates until they reached ~85-90% confluency, washed with ice-cold 
TBS and lysed for 5min on ice with cytosolic buffer. Cytosolic buffer was 
composed by 10mM Tris pH 7.5 (Sigma-Aldrich), 0.05% NP-40 (Thermo 
Fisher Scientific), 3mM MgCl2 (Sigma-Aldrich), 100mM NaCl (Sigma-
Aldrich), 1mM EGTA (Sigma-Aldrich) and cOmplete ULTRA and phosSTOP 
tablets (Roche). The nuclei were then pelleted by 5min centrifugation at 800g 
at 4oC, washed twice with the cytosolic buffer and re-pelleted, before they were 
lysed for 10min on ice with RIPA lysis buffer prepared as previously described. 
Lastly, the nuclear lysate was collected with a 15min centrifugation at 16,000g 
at 4oC and used in downstream assays. 

2.10  Cell cycle and cell viability analysis 

Analysis of the cell cycle was based on image analysis. Cells were classified in 
G1 or S/G2/M phases according to the intensity of nuclear fluorescent staining, 
which is a reflection of the amount of DNA content. Prior to imaging, the cells 
were incubated for 1h at 37oC with 1:10,000 dilution of Hoechst 33342 
(Invitrogen). Fluorescently labelled nuclei were then imaged using the Scan^R 
high content screening station (Olympus), with 12 fields imaged per well of 96-
well plates. Image analysis was performed with the ScanR Image Analysis 
software (Olympus).  

Cell viability was assessed by alamar blue assays. Cell culture media was 
implemented with 10% alamar blue (Thermo Fisher Scientific), and cells were 
incubated with the mix for 3h at 37oC. Fluorescence was then measured as 
indicator of cellular activity at 590nm emission wavelength. The assays were 
performed in 96-well plates, 48h post-siRNA treatments in triplicates.  
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2.11  Mass spectrometry 

Label-free mass spectrometry was performed in the Institute of Genetics and 
Molecular Medicine mass spectrometry facility using a Q Exactive Plus 
instrument (Thermo Fisher Scientific). Analysis of the quantified protein 
abundance values was performed with assistance from Dr Adam Byron. For 
total cell mass spectrometry analysis, the protein label-free quantification 
(LFQ) intensity values were used to quantify protein abundance. A fold change 
between the experimental and control samples was then calculated based on 
median LFQ intensity values from three biological replicate analyses, and their 
significance was assessed by two-tailed Student's t-test. Specifically enriched 
proteins in the CFL1 co-immunoprecipitation samples were considered if they 
were enriched by at least two-fold with a p value < 0.05. For nuclear CFL1 
interactome analysis, the protein LFQ intensity values were log2 transformed, 
the difference between the experimental and control samples was calculated, 
and their significance was assessed by Student’s t-test. Specific CFL1-
interacting proteins were then identified based on a difference of log2-
transformed LFQ intensities of two or greater, which is equivalent to a 
minimum of four-fold enrichment, and a corrected p value < 0.05. 

2.12 Hierarchical clustering, network and enrichment 
analyses 

Cluster and network analyses were performed with assistance from Dr Adam 
Byron. Briefly, unsupervised hierarchical clustering analysis of normalized 
expression calls or protein enrichment was performed on the basis of Pearson 
correlation using Cluster 3.0 (C Clustering Library, version 1.37) (de Hoon et 
al., 2004). Clustering results were visualized using Java TreeView (version 
1.1.1) (Saldanha, 2004). Interaction network analysis was performed with 
Cytoscape (version 3.0.2) (Shannon et al., 2003). Enrichment analysis was 
carried out using the functional clustering and annotation algorithms provided 
in the DAVID bioinformatics database (Huang et al., 2009a, b). 
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2.13  Data presentation and statistical analysis  

Unless otherwise indicated, data were normalized and presented as a 
comparison to controls. Statistical significance assessment and generation of 
box-plots were performed in GraphPad Prism 7. Bar charts and unpaired t-
tests were generated in Microsoft Excel. Data distribution in all experiments 
was assessed by D'Agostino & Pearson’s normality test. When data were 
normally distributed, statistical significance was assessed by unpaired 
Student’s t-test in case of comparison between two groups, or by One-way 
analysis of variance (ANOVA) and Tukey's multiple comparisons post-hoc test 
for comparisons among more than two groups of data. Statistical significance 
of data not passing the normality test was assessed by Mann-Whitney’s test in 
case of two data groups or Kruskal–Wallis one-way analysis of variance and 
Dunn's multiple comparisons post-hoc test when more than two groups of data 
were compared, respectively. Statistical significance was assumed for p values 
< 0.05. Sample sizes, number of replicates and the specific statistical tests used 
in each occasion are indicated in the figure legends. 
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3.1 Introduction 

As outlined above, ADF/cofilins have crucial roles in embryonic and organ 
development. However, whether homeostasis within adult tissues is also 
dependent on the activity of ADF/cofilins remains unclear. Some indirect 
studies suggest they do. Both, spontaneous mutations in the ADF locus in 
mice, or ADF genetic knockout with traditional gene targeting strategies, lead 
to development of corneal disease marked by aberrant actin cytoskeleton, 
epithelial hyperproliferation that leads to tissue thickening, and eventual 
blindness (Bellenchi et al., 2007; Ikeda et al., 2003; Verdoni et al., 2008). 
Interestingly, ADF has been reported to be the main ADF/cofilin member 
expressed in this tissue (Ikeda et al., 2003). Similarly, mutations or genetic 
knockout of the CFL2 gene – the predominant if not single ADF/cofilin 
isoform present in adult muscle tissue (Gurniak et al., 2014) – promotes 
development of myopathies in humans and mice, respectively (Agrawal et al., 
2007; Agrawal et al., 2012; Gurniak et al., 2014; Ockeloen et al., 2012). 
Aberrant actin cytoskeleton with marked accumulation of actin filaments and 
loss of tissue maintenance was observed in all the cases reported.  

However, the consequences of the loss of one or multiple isoforms in 
adult tissues where more than one ADF/cofilin family member is expressed 
have not been examined to date. Furthermore, the two main isoforms 
expressed in non-muscle tissues,  namely, ADF and CFL1 (Vartiainen et al., 
2002), have been attributed with unique as well as redundant cellular roles, 
owing to their significant similarity in amino acid sequence. Hence, the first 
aim of this project was to investigate the individual, as well as collective roles 
of these two members of the ADF/cofilin family in adult tissue, and assess what 
are their contributions regarding the function and maintenance of the tissue.  

To achieve that, we developed a research strategy consisting of three 
elements. Specifically, we utilised a mouse model system that allowed for 
specific double deletion of ADF and CFL1 in adult skin. This was implemented 
with in vitro cultures of primary cells derived from mice with the desired 
genotypes. Moreover, we developed cancer cell lines derived from these 
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animals and employed RNA-interference (RNAi) to achieve transient gene 
silencing. This allowed us to explore in greater detail how suppressing the 
output of the ADF/cofilin pathway affects homeostasis in the cellular level, and 
unveil the molecular characteristics of these biological responses beyond their 
primary effects. Finally, by expressing independently each of the mammalian 
ADF/cofilins in cells depleted of the endogenous ADF and CFL1 proteins, we 
were able to investigate whether the roles of these three family members are 
shared or independent. 

Hence, in this chapter we explore the biological consequences arising 
from the depletion of ADF and CFL1 independently as well as concurrently in 
the mouse skin, we describe the effects of these perturbations in normal and 
malignant cells grown in culture, and, finally, we discuss whether these 
responses are attributed to shared or individual roles of the members of the 
ADF/cofilin family. 

3.2 Results 

3.2.1 Double depletion of ADF and CFL1 triggers loss of skin tissue 
homeostasis 

ADF and CFL1 are the two main ADF/cofilin isoforms expressed is epithelial 
cells (Vartiainen et al., 2002). As discussed previously, parallel genetic 
depletion of ADF and CFL1 is not feasible since lack of the latter results in non-
viable embryos (Gurniak et al., 2005).  Therefore, a genetic knockout mouse 
line of ADF (ADF-/- CFL1+/+) (Bellenchi et al., 2007) was crossed with a 
conditional knockout mouse line caring floxed CFL1 alleles (ADF+/+ CFL1fl/fl) 
(Gurniak et al., 2005), in order to generate mice lacking ADF (ADF-null) and 
having CFL1 floxed (ADF-/- CFL1fl/fl). To achieve double ADF/CFL1 depletion 
in epithelial cells of adult mice, we intercrossed the above lines with mice 
expressing the modified Cre recombinase-estrogen receptor (ER) fusion under 
control of the keratin 14 promoter (K14CreERT2), which is expressed in the 
majority of the cells in epidermal squamous cell epithelia (Vasioukhin et al., 
1999; Vassar et al., 1989). Thus, subsequent treatment with 4-OHT permitted 
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specific loss of both isoforms in the tissue (ADF-/- CFL1-/-). K14CreERT2 mice 
with no other genetic alterations served as controls (ADF+/+ CFL1+/+). Since 
the hair follicles along with the interfollicular epidermis accommodate a 
multitude of resident stem cells that undergo periods or regeneration and 
dormancy, we chose to carry all the 4-OHT treatments eight weeks postnatal, 
when the majority of epidermal cells should be in their resting phase (see 
Figure 3.1A for treatment timeline) (Hammond et al., 2012; Muller-Rover et 
al., 2001).  

When skin sections of mice lacking either ADF or CFL1 alone were 
stained with hematoxylin and eosin (H&E) and compared to wild-type skin 
having both proteins, no significant phenotypic differences were noted 
(Figure 3.1B). However, when both proteins were depleted there was an 
immediate and apparent loss of tissue homeostasis. This was characterized by 
a pronounced thickening of the epidermis, suggesting that it is the collective 
activities of ADF and CFL1 that are required for successful regulation of tissue 
maintenance (Figure 3.1B). Western blot analysis of epidermis extracts 
confirmed that the ADF-null mice had no detectable levels of the protein, while 
the 4-OHT treatment led to significant reduction of expression of the floxed 
CFL1 alleles (Figure 3.1C). Surprisingly, despite being regarded as a muscle-
specific isoform, CFL2 was readily detectable in the murine epidermis, albeit 
its expression levels remained unchanged following the loss of either or both 
other ADF/cofilin family members.  

The skin is an organ comprised of multiple layers of cells with distinct 
characteristics and expression patterns. In mice, these layers are the basal, 
which hosts the stem and progenitor cells capable of division, followed by the 
spinous, the granular and the cornified layers. Resident cells of the latter layers 
exist in different stages of differentiation before they shed off the epidermis 
(Solanas and Benitah, 2013). Since the ADF/CFL1 depleted epidermis exhibits 
this abnormal thickening as well as hyperkeratosis – an increase in the cells in 
the outermost layer of the epidermis (see Figure 3.1B right panel) – we set 
out to investigate the status of this stratification. In order to address this, we 
assessed  the  expression  of  several  markers  of  epidermal  differentiation  by  



Chapter 3 ½ Consequences of ADF and CFL1 depletion in tissue and cell homeostasis 72 

 

Figure 3.1. Loss of ADF and CFL1 promotes loss of epidermal tissue 
homeostasis.   (A) Relative timescale of murine hair follicle cycles during the first 12 weeks 
after birth. Black bars indicate the timeline of 4-hydroxytamoxifen (4-OHT) treatments and 
sample collection. (B) Formalin-fixed, paraffin-embedded (PE) skin sections from 
K14CreERT2 (ADF+/+ CFL1+/+), K14CreERT2/ADF-/-/CFL1wt/wt (ADF-/- CFL1+/+), 
K14CreERT2/ADFwt/wt/ CFL1fl/fl (ADF+/+ CFL1-/-), and K14CreERT2/ADF-/-/CFL1fl/fl (ADF-/- 
CFL1-/-) mice treated with 4-OHT were stained with H&E (images courtesy of Dr Jing Zhou). 
(C) Immunoblot for proteins harvested from tail keratinocytes of 4-OHT treated mice (data 
courtesy of Dr Jing Zhou). (D) Relative expression of epidermal differentiation factors in 
mouse keratinocytes with the indicated genotypes tested with quantitative PCR (qPCR). Data 
presented as mean ±SEM (n=3 mice per group). Statistical significance was assessed with 
unpaired Student’s t-test; *p value < 0.05; **p value ≤ 0.01; ***p value < 0.001. (E) 
Immunohistochemical (IHC) staining for BrdU of formalin-fixed PE skin sections derived 
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from BrdU-labelled mice with the indicated genotypes, treated for 2 or 4 days with 4-OHT (4-
OHT x 2 or 4-OHT x 4). The red dashed lines denote the basement membrane. Quantification 
of BrdU-positive nuclei is shown in (F) with box plots displaying the full range of variation 
(min to max) (n=7 or more fields per mouse were quantified for two mice per treatment per 
genotype). ***Mann-Whitney p value < 0.0001. The scale bars correspond to 100µm in IHC 
images. 

 

qPCR (Figure 3.1D) (Mascre et al., 2012). All the markers tested exhibited a 
significant downregulation in their expression in ADF/CFL1 depleted cells, 
indicative of aberrant cell differentiation in the skin. To further characterize 
this phenotype, we assessed cell proliferation in two different time points 
during its development. ADF+/+ CFL1+/+ and ADF-/- CFL1-/- mice were treated 
for two or four days with 4-OHT and a single BrdU injection two hours prior 
to harvesting their skins. Immunohistochemichal analysis and quantification 
of BrdU-positive cells revealed a significant and almost maximum increase in 
cells undergoing genome replication in ADF/CFL1 depleted cells, irrespective 
of the time durations that followed the induction with 4-OHT (Figure 3.1E 
quantified in 3.1F). BrdU-positive cells can be seen throughout the epidermis, 
which is uncharacteristic for stratified epithelia, and highlights the immediate 
loss of homeostasis in the tissue that ensues ADF and CFL1 depletion.   

Overall, the ADF and CFL1 loss from adult epithelial cells had a 
moderate but significant impact on the general health of the animals, which 
was deteriorating fast and they had to be sacrificed four days post-4-OHT 
induction due to the Home Office regulations. After pathological examination, 
aside from the skin, major lesions were found in conjunctiva, cornea, and the 
oral cavity, where some expression of the keratin 14 gene has been reported 
(Wang et al., 1997). Histological changes in the cornea included acute keratitis, 
stromal oedema, neutrophil infiltration, misshapen nuclei, apoptosis of 
epithelial cells, as well as ulceration. Similar were the histological changes 
evident in the epithelial linings of the oral cavity. This further highlights the 
significant roles of ADF and CFL1 in maintaining adult tissue homeostasis, 
and, taken together, our results indicate that these members of the ADF/cofilin 
family share redundant roles in that respect, since loss of either protein alone 
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had no apparent effect in animal health. Therefore, for the rest of the study we 
focused on investigating their collective roles in tissue and cell maintenance. 

3.2.2 Depletion of ADF and CFL1 triggers actin fiber accumulation and 
cell morphological changes 

Since ADF/cofilins are mainly recognised as regulators of actin dynamics, we 
next assessed the status of the actin cytoskeleton in vivo. Immunofluorescent 
labelling of the cytoskeletal component β-actin in skin sections of ADF+/+ 
CFL1+/+ and ADF-/- CFL1-/- mice (Figure 3.2A) revealed a clear and distinct 
accumulation of β-actin, throughout the epidermis in the ADF/CFL1-null skin. 
Interestingly, a large amount of the accumulated actin was in the form of 
filaments, which are not typically present to such an extent in epithelial cells, 
as is also apparent from the staining of control ADF+/+ CFL1+/+ sections. Next, 
in order to characterize the responses following ADF/CFL1 loss in individual 
cells, we isolated ADF+/+ CFL1+/+ and ADF-/- CFL1-/- primary tail keratinocytes 
and grew them in culture. The morphology of the ADF-/- CFL1-/- cells was 
distinct from their wild-type counterparts. The former acquired an appearance 
akin to mesenchymal cells as opposed to the typical round and compact 
epithelial morphology of the latter (Figure 3.2B, left panels). Fluorescent 
labelling of F-actin revealed a similar trans-cytoplasmic actin fiber 
accumulation in these cells to the one exhibited from cells within the tissue 
(Figure 3.2B, right panels).  

 Due to the finite lifespan and inability to propagate primary 
keratinocytes in culture, we generated malignant keratinocytes (squamous cell 
carcinoma cells, SCCs) following an H-Ras-dependent two-stage chemical 
carcinogenesis protocol using DMBA and TPA (McLean et al., 2001; 
Quintanilla et al., 1986). Using this protocol on mice with an ADF-null genetic 
background resulted in the generation of ADF-null SCCs. The identity of these 
cells was confirmed with positive staining for pan-cytokeratin (data not 
shown). In order to achieve double depletion in this system, the remaining 
isoform  (CFL1)  was knocked down by RNAi,  using  specific  siRNAs  targeting 
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Figure 3.2.  Depletion of ADF and CFL1 triggers actin fiber accumulation and 
cell morphological changes.   (A) Immunofluorescent (IF) staining for β-actin of PE 
skin sections of ADF+/+ CFL1+/+ (left panels) and ADF-/- CFL1-/- (right panels) mice. Zoomed 
images of boxed regions are provided in the corners and below the panels. Arrows indicate 
actin fibers spanning the cytoplasm. (B) Phase-contrast images of mouse tail keratinocytes 
(left panels) and fluorescent staining of filamentous actin (F-actin). (C) A squamous cell 
carcinoma cell line was generated following the DMBA/TPA chemical carcinogenesis protocol 
from ADF-/- CFL1+/+ mice (termed ADF-null SCCs). To achieve double depletion, the 
expression of the remaining isoform (CFL1) was transiently downregulated using siRNAs 
(siCFL1). Phase-contrast and fluorescently labelled F-actin images of ADF-null SCCs treated 
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with non-targeting control siRNAs (siNT) or siCFL1 are shown (left and right panels, 
respectively). (D) Quantification of the cell length to width ratio of siNT and siCFL1 treated 
ADF-null SCCs. Circles represent individual values and bars mean ±SD (n=33 cells per 
condition from three independent experiments). ***Unpaired t-test p value < 0.0001. (E) 
Percentage of ADF-null SCCs displaying aberrant actin fiber accumulation following siRNA 
treatments. Result presented as mean ±SEM (n=790 siNT and 615 siCFL1 treated cells were 
quantified in four independent experiments). ***Unpaired t-test p value < 0.0001. (F) siRNA 
knockdown efficiency for CFL1 was assessed by western blot 72h post-transfections. A pool of 
four, or individual siRNAs targeting either the coding region (CR) or the untranslated region 
(UTR) of the CFL1 mRNA were utilised. (G) Confirmation of knockdown efficiency of CFL1 
was also assessed by qPCR 48h post-transfections. Data presented as mean ±SEM (n=3 
individual experiments). ***Unpaired t-test p value < 0.0001. (H) IF labelling of PE skin 
sections for β-catenin. White dashed lines denote the basement membrane in skin sections. 
Nuclei were counterstained with DAPI in all IF experiments. The scale bars correspond to 
125µm in phase-contrast and 20µm in IF images, respectively. 

 

the CFL1 transcript (siCFL1). When the ADF-null SCCs were treated with 
siRNAs for CFL1 acquired a significantly different morphology, characterized 
by a flattened profile and multiple membrane protrusions, compared to cells 
treated with non-targeting control siRNAs (siNT) (Figure 3.2C, left panels, 
and Figure 3.2D). In addition, staining for F-actin revealed that the 
ADF/CFL1 depleted SCCs shared the same response with the respective 
normal keratinocytes, with regards to the massive increase in actin fibers 
extending throughout the cytoplasm (Figure 3.2C, right panels). After 48h of 
siCFL1 treatment nearly the entirety of the cells was exhibiting this phenotype 
(Figure 3.2E).  

These cellular responses were replicated in multiple additional and 
independently created ADF-null, CFL1-null as well as wild-type SCC cell lines 
treated with siRNAs against the remaining or both isoforms (data not shown). 
Furthermore, along with a pool of four siRNAs, two individual oligos targeting 
either the coding region (siCFL1CR) or the untranslated region (siCFL1UTR) of 
CFL1 mRNA were used in order to control for off-target effects. The efficiency 
of the knockdown was excellent at the protein and the mRNA level alike 
(Figures 3.2F and 3.2G). CFL2 expression was also detected in the SCCs by 
qPCR, which revealed that its levels were not changed following ADF/CFL1 
depletion, as it was the case in normal keratinocytes (Figure 3.2G).  
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Lastly, β-catenin immunofluorescent staining in mouse skin sections 
allowed the visualization of the cell periphery and the intercellular junctions of 
cells within the tissue, and revealed irregular cell shape and general aberrant 
cell morphology in the absence of ADF/CFL1 in this context as well (Figure 
3.2H). This indicates that the cellular responses that follow the loss of ADF 
and CFL1 are shared across different model systems, between normal and 
malignant cells, as well as among cells grown in culture or located within 
tissues in vivo.  

3.2.3 ADF/CFL1 loss triggers actin polymerization 

So far we have shown that depletion of ADF and CFL1 in normal or malignant 
keratinocytes is accompanied by an increase in the cellular content of actin, 
mainly in the form of filaments, as judged by fluorescent staining of F-actin. 
To further assess the extent of actin polymerization in ADF/CFL1 depleted 
cells we performed a G-/F- actin assay, where we compared the levels of free 
(G-) actin monomers to polymerized (F-) actin filaments. The assay used (see 
section 2.8.2 for details) has, of course, its limitations in that the isolated F-
actin fraction will consist predominantly of cytosolic actin fibers tethered in 
cell adhesions, whereas other cellular F-actin structures, for example nuclear 
actin networks, which are not anchored to the cell matrix might be collected in 
the G-actin fraction. Nevertheless, we found that the majority of cellular actin 
is incorporated in filaments in cells lacking ADF and CFL1 as opposed to 
control cells, which have comparable amounts of F- and G-actin according to 
this assay (Figure 3.3A quantified in 3.3B).  

In addition, a barbed-ends assay, where only the ends of filaments that 
are actively elongating are stained, made apparent the significant upregulation 
by ~7.5-fold in actin polymerization following ADF/CFL1 loss (Figure 3.3C 
quantified in 3.3D). Furthermore, immunofluorescent staining for the actin 
microfilament binding and crosslinking protein α-actinin along with β-actin, 
revealed extensive co-localization between the two proteins, indicating that the 
actin filaments arising after ADF/CFL1 loss are most likely bundled (Figure 
3.3E). 
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Figure 3.3.  Depletion of ADF and CFL1 triggers actin polymerization.               
(A) ADF-null SCCs were treated with siNT or siCFL1 and the levels of globular (G) and 
filamentous (F) actin were assessed by immunoblotting for β-actin. (B) Quantification of the 
ratio between the two forms of actin in each treatment in (A). (C) Free actin barbed-ends and 
F-actin in ADF-null SCCs treated as in (A) were visualized using fluorescence. Quantification 
was performed in ImageJ and is provided in (D). The result is presented as mean ±SEM (n≥40 
cells were quantified from two individual experiments). ***Unpaired t-test p value < 0.0001. 
(E) IF staining of siRNA-treated ADF-null SCCs for α-actinin and β-actin. Two examples of 
siCFL1-treated cells are shown, and zoomed images of boxed region are shown on lower right 
panels. Nuclei were counterstained with DAPI in all IF experiments. The scale bars correspond 
to 20µm. 

  

The accumulation of actin filaments in ADF/CFL1 depleted cells raised 
the question of whether they were anchored at the extracellular matrix via 
focal adhesions. Immunofluorescence with phosphorylated paxillin, which is a 
major component of adhesion complexes, showed that the siCFL1-treated 
ADF-null SCCs had increased number of significantly larger and brightly 
stained cell-matrix adhesions, which accommodate the aberrant actin bundles 
formed upon ADF/CFL1 loss (Figure 3.4A quantified in Figure 3.4C, 3.4E 
and 3.4F). Similar results were obtained when depleted cells were stained for  
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Figure 3.4. ADF/CFL1 loss promotes focal adhesion number and size 
increase.    (A-B) IF labelling of the focal adhesion (FA) components p-paxillin (Tyr118) and 
vinculin in ADF-null SCCs treated with siRNAs. Nuclei and F-actin were counterstained with 
DAPI and phalloidin, respectively. The scale bars correspond to 20µm. (C) Cell lysates from 
cells treated as in (A) analysed by western blot for FA components, β-actin, GAPDH and CFL1. 
(D-F) Quantification of p-paxillin and vinculin staining, as well as FA number per cell based 
on p-paxillin staining, of cells treated as in (A). The analysis was performed in ImageJ and the 
box-plots display the means and the full range of variation from min to max (n=40 cells for p-
paxillin and 63 cells for vinculin staining in three or more fields from two individual 
experiments were quantified). ***Mann-Whitney p value < 0.0001. (G) FA size quantified in 
ImageJ based on p-paxillin staining. Circles represent individual values and bars mean ±SD 
(n=1,590 FA from siNT and >5,000 FA from siCFL1 treated cells in two individual experiments 
were quantified). ***Mann-Whitney p value < 0.0001. 
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vinculin, whose main roles include the tethering of actin filaments to integrin 
adhesion complexes (Humphries et al., 2007) (Figure 3.4B quantified in 
Figure 3.4D). This correlation between the unrestrained accumulation of 
actin filaments and upregulation of cell-matrix adhesion components was also 
assessed biochemically, where the phosphorylated form of paxillin as well as 
the total amount of vinculin were both significantly upregulated in ADF/CFL1 
depleted cells (Figure 3.4G).  

3.2.4 Depletion of both, ADF and CFL1, affects membrane dynamics 

As discussed previously, in the literature ADF/cofilins are mainly associated 
with cell migration, membrane protrusions and lamellipodia dynamics. 
Furthermore, one would presume that cells having a lot of enlarged and 
seemingly stable focal adhesions spread throughout the cell periphery would 
not be very motile. Because of this, we next sought to investigate how the 
depletion of ADF and CFL1 affected the cells ability to generate dynamic 
peripheral membrane ruffles. Hence, we performed live cell imaging of control 
as well as ADF/CFL1 depleted SCCs, and followed their movements over the 
course of 30 minutes. We found that cells lacking ADF/CFL1 still maintained 
the ability to perform membrane protrusions and retractions, albeit many of 
them were heavily blebbing (Figure 3.5). However, when we assessed how 
dynamic these protrusions were, we found that compared to control cells they 
are less frequent, the range of membrane  movement is smaller, and  the  cells 
spend more time to complete a full membrane extension and retraction (see 
Figures 3.5B and 3.5C for representative kymographs and kymograph 
profiles and Figures 3.5D, 3.5E and 3.5F for quantifications). Taken 
together, our data support a role of ADF/cofilins in preventing excessive 
assembly and subsequent stabilization of actin filaments, which if left 
unchecked in the absence of ADF and CFL1 lead to loss of tissue and cell 
homeostasis. ADF/CFL1 cells are still capable of membrane ruffling, albeit far 
less dynamic. 
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Figure 3.5. Double depletion of ADF and CFL1 affects cell membrane 
dynamics.    (A) ADF-null SCCs treated with siRNAs were imaged every 30 seconds over 30 
minutes in order to monitor membrane ruffles and blebs and representative montages are 
provided. White bars with arrowheads drawn perpendicular to cell membrane and parallel to 
protrusion direction denote representative areas chosen for kymograph analysis. (B) 
Representative membrane protrusion kymograph profiles of cells treated as in (A). Profiles 
were plotted using normalized intensity values from 1-pixel-wide kymographs of membrane 
protrusions. (C) Representative kymographs generated from the cells in (A). (D-F) The 
number of protrusions over 30 minutes, the protrusion length and persistence – time for a 
complete membrane protrusion/retraction – were calculated. Circles represent individual 
values and bars mean ±SD (n=20 cells with 83 and 20 cells with 34 protrusions following siNT 
or siCFL1 treatment in four individual experiments were quantified, respectively). ***Mann-
Whitney p value < 0.0002. 
 

3.2.5 Unrestrained actin filaments arising in the absence of ADF and 
CFL1 are associated with nuclear deformation 

Our data so far imply that the elongated flattened morphology displayed by the 
ADF/CFL1 depleted cells is promoted by the unregulated accumulation of 
aberrant actin filaments tethered into enlarged adhesions at the cell periphery. 
However, during our efforts to characterise the phenotypic alterations arising 
upon loss of ADF and CFL1, and after closer examination of fluorescently 
labelled cells, we noticed that aside from cell morphology and impaired 
membrane dynamics there was also damage to cellular organelles. Specifically, 
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there was evidence of actin-mediated nuclear deformation in ADF-null SCCs 
treated with siCFL1. Nuclei were evidently forced to either occupy the bulk 
space available between the aberrant actin filaments, or were compressed 
among the latter, which resulted in nuclear deformation (see status of the 
nuclei in Figures 3.3E, 3.4A and 3.4B). These observations were confirmed 
in both, untransformed ADF-/- CFL1-/- keratinocytes and ADF/CFL1-depleted 
SCCs, by immunofluorescent staining for the nuclear envelope component 
lamin A/C (Figure 3.6A).  

Construction of a 3D model consisting of the nucleus and actin 
filaments also made apparent that while in control cells the main F-actin fibers 
are located in the cell periphery, in the case of ADF/CFL1 depleted cells there 
is increased accumulation of actin filaments with a subset of them extending 
through the nuclear space (Figure 3.6B). To implement these observations, 
cells treated as before were imaged with structure illumination microscopy 
(SIM) for enhanced resolution and visualization of the relationship between 
the nuclear envelope, labelled by lamin A/C staining, and F-actin (Figure 
3.6C). SIM further supported our finding that the unrestrained actin filaments 
extend into, and through, nuclear space in the absence of ADF/CFL1, while 
there is no evidence of nuclear intrusion in control cells. Quantification of the 
extent of this occurrence confirmed that only ~17% of cells depleted of ADF 
and CFL1 still contain non-deformed or fragmented nuclei after 48h of siRNA 
treatment (Figure 3.6D – quantification on the right with more examples of 
deformed nuclei on the left).  

 To test whether the similar actin accumulation discerned in vivo, in 
mice lacking ADF/CFL1 from their skin (Figure 3.2A), affects the nuclear 
morphology of keratinocytes within the tissue, we stained ADF-/- CFL1-/- and 
control ADF+/+ CFL1+/+ skin sections with lamin A/C (Figure 3.6E). We 
found that the nuclei of cells residing throughout the epidermis of ADF/CFL1 
null skin have a jumbled arrangement, indicative of the loss of tissue 
architecture. Furthermore, there is significant difference in the nuclear shape 
of  nuclei  in the  mutant  tissue when compared  to  wild-type  skin, some nuclei  
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Figure 3.6.  ADF/CFL1 depletion promotes loss of nuclear integrity.  (A) IF 
staining for the nuclear envelope component lamin A/C of control and ADF/CFL1 null mouse 
tail keratinocytes (left panels) and ADF-null SCCs treated with siRNAs (right panels). The 
scale bars correspond to 20µm. (B) 3D model construction composed of nuclei (blue) and F-
actin (red) of ADF-null SCCs treated with siRNAs. Model constructed using the IMARIS 
software (Bitplane) after 0.4µm optical slices were obtained with confocal microscopy. The 
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siNT scale bar corresponds to 7µm and the siCFL1 scale bars correspond to 10µm, 20µm, and 
10µm (left to right images). (C) High resolution IF images for lamin A/C of siNT or siCFL1 
treated ADF-null SCCs obtained with structured illumination microscopy (SIM). The scale bar 
corresponds to 10µm. (D) (Left) IF staining for lamin A/C and representative images of nuclei 
classified as having normal (top) or fragmented/deformed morphology (bottom). (Right) 
Quantification of nuclear morphology of siRNA-treated ADF-null SCCs. Data are presented as 
mean ±SEM (n>150 cells contained in three or more fields per experiment were quantified in 
three independent experiments.  ***Unpaired t-test p value ≤ 0.0001. (E) IF labelling of PE 
skin sections for lamin A/C. The scale bar corresponds to 20µm. White dashed lines denote 
the basement membrane. (F) Quantification of nuclear size of skin keratinocytes based on 
lamin A/C staining performed in ImageJ. Circles represent all individual measurements and 
bars mean ±SD (n= 88 control and 183 double knockout nuclei from PE sections from two 
mice per group were quantified). ***Mann-Whitney p value < 0.0001. (G) The circularity of 
IF stained nuclei for lamin A/C was calculated in ImageJ. Box plots display the means and full 
range of variation (min to max) (n=77 control and 118 double knockout nuclei from PE sections 
from two mice per group were quantified). ***Mann-Whitney p value < 0.0001. Nuclei and F-
actin were counterstained in IF experiments with DAPI and phalloidin, respectively. 

 

appear indeed to be fragmented and a significant enlargement in their size is 
evident (karyomegaly) (Figure 3.6E and quantifications in 3.6F and 3.6G), 
which further imply that ADF/CFL1 null keratinocytes are experiencing 
excessive cellular stress (Chow et al., 2012). 

3.2.6 The loss of ADF and CFL1 compromises nuclear integrity 

Although our data so far suggest that the unregulated actin filaments formed 
upon ADF/CFL1 depletion promote deformations on the cell nucleus, whether 
the integrity of the latter is still maintained is unclear. To assess whether the 
nuclear integrity is compromised, we tested the localization of the normally 
nuclear localized transcription factors c-Myc and SRF. Using 
immunofluorescence, we found that a significant amount of c-Myc and SRF 
was localized in the cytoplasm of ADF/CFL1 depleted keratinocytes that 
exhibited apparent nuclear disruption (see arrows in Figures 3.7A and 
3.7.B). In a severe example shown, the nuclear envelope has been breached by 
the unrestrained assembly of F-actin, and nuclear content (c-Myc in this case) 
is diffused in the cytosol (Figure 3.7A, right panels, see arrow). By contrast, 
wild-type keratinocytes exhibited predominant nuclear localization of the 
same transcription factors (Figures 3.7A and 3.7.B, left panels).  
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Figure 3.7. Nuclear membrane disruption upon ADF/CFL1 loss leads to 
leaking of nuclear transcription factors into the cytosol.   (A-B) IF staining of 
keratinocytes isolated from mouse tails for the transcription factors c-myc (A) and SRF (B). 
Zoomed images inset. Arrows indicate areas of apparent nuclear disruption. (C) ADF-null 
SCCs treated with siRNAs and stained for c-myc. (D) Quantification of nuclear and 
cytoplasmic staining for c-myc in ADF-null SCCs treated as in (C). Data presented as mean 
±SEM (n>230 cells contained in three or more fields were quantified from two individual 
experiments in ImageJ). **Unpaired t-test p value = 0.002. Nuclei and F-actin were 
counterstained with DAPI and phalloidin, respectively. The scale bars correspond to 20µm. 

 

Similar was the response when CFL1 was depleted in ADF-null SCCs, 
where almost half the amount of total cellular c-Myc was found to have 
cytoplasmic localization (Figure 3.7C, quantified in 3.7D). These data 
suggest that the deformations observed in the nuclear envelope upon 

A 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

siNT siCFL1 

c-
M

yc
 le

ve
ls

 (a
.u

.) 

cytoplasmic 

nuclear 

** 

SRF F-actin DAPI 

B 

C D 
c-Myc F-actin DAPI 

ADF+/+ CFL1+/+ ADF-/- CFL1-/- 

keratinocytes keratinocytes 

c-Myc F-actin DAPI 

si
N

T 
si

C
FL

1 

ADF-null SCCs 

ADF+/+ CFL1+/+ ADF-/- CFL1-/- 



Chapter 3 ½ Consequences of ADF and CFL1 depletion in tissue and cell homeostasis 86 

ADF/CFL1 loss do not affect only the shape of the cell nucleus, but may indeed 
jeopardize the integrity of the organelle, leading to some of its content being 
leaked into the cytoplasm.   

3.2.7 ADF and CFL1 depletion triggers damage-induced signalling and 
cell death 

Considering the severity of the consequences of ADF/CFL1 depletion in cells, 
we next set out to investigate their fate. To this end, firstly, we performed a cell 
cycle analysis on siRNA-treated ADF-null SCCs and found that almost the 
entire cell population had shifted into a sub-G1 phase within 72h following 
ADF/CFL1 depletion, whereas proliferation seemed to have by enlarge halted 
24h past siCFL1 treatment (Figure 3.8A). The small sub-G1 population of 
cells treated with control non-targeting siRNAs most likely represents a 
mixture of naturally occurring apoptosis in cultured cells and cytotoxicity of 
the transfection reagent.  

In addition, we followed and assessed biochemically the expression of 
some apoptotic markers in siRNA-treated ADF-null SCCs (Figure 3.8B). As 
shown by the western blot performed with cell extracts from cells treated with 
siRNAs for 24h, 48h or 72h, many of these markers, such as active (cleaved) 
caspases and cleaved lamin A were elevated in the siCFL1-treated cells, 
whereas total PARP levels were decreased. Furthermore, the halt in cell cycle 
progression of ADF/CFL1 depleted cells is supported from this experiment as 
well, as the total Plk1 levels, which is a kinase essential for maturation of the 
centrosomes and G2/M transition, were decreased, especially at 72h post-
transfection. Despite being present in the SCCs, CFL2 levels remain 
unchanged after the treatments, indicating that it does not try to compensate 
for the ADF/CFL1 loss. Notably, all these responses are triggered as soon as 
CFL1 levels are completely abolished 48h after the siRNA treatment, indicating 
how pivotal for cell survival and homeostasis are the shared activities of ADF 
and CFL1. The same responses were verified in another independent ADF-null 
SCC cell line and in normal keratinocytes (data not shown).  
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Figure 3.8.  ADF/CFL1 depletion triggers damage-induced signalling and cell 
death.   (A) Cell cycle profile over 72h of ADF-null SCCs treated with siNT or siCFL1. Images 
of fluorescently stained nuclei were acquired and analyzed using the Olympus Scan^R 
acquisition software. Nuclei were gated according to their total intensity, which correlates with 
total DNA content and the stage of the cell cycle, to G1 phase (green) and S/G2 phase (blue). 
Red corresponds to nuclei falling outside of these two gates. Black arrows indicate G1 phase 
and red arrows show a sub-G1 shift of siRNA treated cells. The experiment was repeated twice 
with two different cell lines. Pooled data of two cell lines from one representative experiment 
is shown. (B) Western blot analysis showing the expression of apoptotic markers over time in 
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ADF-null SCCs treated with siRNAs. (C-E) Primary mouse tail keratinocytes (C), siRNA-
treated ADF-null SCCs (D) and PE mouse skin sections (E) IF stained for the DNA-damage 
factor γH2AX. Zoomed images of boxed sections are shown below panels. White arrow 
indicates positively stained cell in mouse epidermis and white dashed lines the basement 
membrane. Nuclei and F-actin were counterstained with DAPI and phalloidin, respectively. 
The scale bars correspond to 20µm. (F) Quantification of γH2AX levels in ADF-null SCCs 
treated as in (D). Data presented as mean ±SEM (n=39 cells contained in three or more fields 
were quantified from two individual experiments in ImageJ). ***Unpaired t-test p value < 
0.0001. (G) Cell viability of siRNA-treated ADF-null SCCs assessed by alamar blue assays over 
time. Data presented as mean ±SEM (n=3 independent experiments for the 2 day treatments 
but only one experiment was followed up to five days, hence, no statistical analysis is provided 
for this result). 

 

Interestingly, the loss of ADF and CFL1 also appears to elicit a DNA 
damage response, as indicated by upregulation of the expression levels of the 
phosphorylated histone variant H2AX (γH2AX) (Figure 3.8B). In light of our 
previous findings about the aberrant actin bundles challenging the nuclear 
integrity, it is interesting to speculate that the genome integrity would most 
likely also be affected and trigger, in turn, a DNA-damage response. To further 
test this hypothesis, we performed immunofluorescent staining in ADF-null 
SCCs treated with siRNAs, as well as ADF/CFL1 null keratinocytes and skin 
sections, for γH2AX, as an indicator for DNA double strand breaks (Figures 
3.8C, 3.8D, 3.8E and quantification in 3.8F). We found that there is indeed 
a very significant increase in DNA damage foci in the ADF/CFL1 depleted cells 
in vivo as well as in vitro. However, we have not been able to unequivocally 
associate these DNA breaks with the nuclear membrane deformation/rupture 
occurring upon ADF/CFL1 depletion as it may also be a consequence of the 
induction of apoptosis, albeit it serves as an intriguing speculation. 

Lastly, as it was already alluded to, the viability of cells depleted of both, 
ADF and CFL1, is severely diminished, with only about half the population 
being viable up to 48h post-depletion and less then 5% still being metabolically 
active after five days (Figure 3.8G). In conclusion, our data indicate that ADF 
and CFL1, but not CFL2, are required to prevent catastrophic accumulation of 
actin in cells that physically damages the nucleus and impairs cell and tissue 
homeostasis, which result in the induction of cell death pathways.  
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3.2.8 Accumulation of actin bundles leading to loss of nuclear integrity 
and cell death is dependent on the shared activities of ADF/cofilins 

To assess whether the cellular responses described herein are a direct 
consequence of loss of the shared activities of ADF and CFL1 we performed 
rescue experiments with all three ADF/cofilin members individually, including 
CFL2. To do so, expression of exogenous wild-type proteins was introduced to 
ADF-null SCCs via retroviral infections. Control cells were transduced with the 
empty vector (pWZL) alone. When the endogenous CFL1 transcript in the 
CFL1-transduced cells was depleted using siRNAs targeting its untranslated 
region, the cell shape changes, as well as the accumulation of actin bundles 
associated with the loss of ADF/CFL1 were prevented (Figures 3.9A and 
3.9B). This was not the case when CFL1 was depleted using the same siRNAs 
in ADF-null SCCs expressing the empty vector. This rescue was achieved by a 
modest expression of the exogenous protein, since expression in greater 
amounts could not be attained (Figure 3.9C and quantification in 3.9D).  

Regardless of the amount of CFL1 expression, the number of wild-type 
CFL1 transduced cells displaying aberrant actin cytoskeleton after the 
endogenous protein was depleted was not significantly different to that of 
control cells treated with control siRNAs (Figure 3.9E). The result was 
similar regarding the morphology of their nuclei; exogenous introduction of 
CFL1 prevented nuclear fragmentation or deformation following loss of the 
endogenous protein (Figure 3.9F). Additionally, CFL1-transduced cells do 
not exhibit the same extent of DNA damage 48h following endogenous CFL1 
depletion and their viability is significantly enhanced (Figure 3.9G 
quantified in 3.9H and Figure 3.9J). 

 We next examined whether re-introduction of wild-type ADF in the 
ADF-null SCCs is able to prevent the development of the same cellular 
responses when they are depleted of CFL1. We found that indeed ADF re-
expression can supress the acquisition of aberrant cell shape, the accumulation 
of  F-actin, as well as  the  subsequent  deformation  and  fragmentation  of  the  
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Figure 3.9.  Exogenous wild-type CFL1 expression prevents the cellular 
responses associated with ADF/CFL1 loss.   (A)  Phase-contrast images of ADF-null 
SCCs transduced either with an empty vector (pWZL) or a vector expressing wild-type CFL1 
(pWZL+CFL1), and treated with siNT or siCFL1UTR in order to deplete the endogenous protein. 
(B) ADF-null SCCs treated as in (A) and fluorescently labeled for F-actin. (C) Western blot 
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analysis comparing CFL1 levels in the transduced cell lines, and (D) quantification of two 
individual western blots performed in ImageJ. Data presented as mean ±SD. (E-F) 
Quantification of cells displaying aberrant actin cytoskeleton (E), and harbouring non-
fragmented – ‘normal’ – nuclei (F) after being treated as in (A). Data presented as mean ±SEM 
(n=167 cells quantified in total contained in three or more fields per condition from two 
independent experiments). ***One-way ANOVA with Tukey’s multiple comparisons test; p 
value < 0.0001. (G) IF images for γH2AX of cells treated as in (A). (H) Quantification of 
γH2AX levels per cell based on total IF intensity performed in ImageJ. Data presented as mean 
±SEM (n=114 cells quantified in total contained in three or more fields per condition from two 
independent experiments). ***Kruskal-Wallis with Dunn’s multiple comparisons tests; p 
value ≤ 0.0005. (J) Cell viability 48h post-siRNA-treatment of the transduced cell lines 
assessed by alamar blue assays. Data presented as mean fold change of viability between the 
two treatments ±SEM (n=3 independent experiments). **Unpaired t-test p value = 0.0007. 
Nuclei were counterstained with DAPI and F-actin with phalloidin in all IF experiments. The 
scale bars correspond to 125µm in phase-contrast and 20µm in IF images, respectively. 

 

nuclei of cells devoid of CFL1 (Figures 3.10A, 3.10B, 3.10C and 3.10D). 
However, albeit the ADF re-expression offers a significant advantage in 
viability of the CFL1 depleted cells, complete rescue could not be achieved in 
this regard (Figure 3.10E). 

 Over-expression of CFL2, on the other hand, offered some, but not 
complete, rescue of the cell morphology of ADF/CFL1 depleted cells (Figure 
3.11A). The level of CFL2 over-expression achieved in the ADF-null SCCs was 
~4-5-fold above the endogenous levels of the isoform, as assessed in the 
protein and mRNA level, respectively (Figure 3.11B quantified in 3.11C and 
Figure 3.11D). According to transcript quantitation by qPCR performed on 
extracts derived from three independent wild-type SCC cell lines, CFL1 was 
shown to be the main isoform of the ADF/cofilin family expressed in these cells 
(Figure 3.11E). Relative expression of ADF was found to be ~5-6-fold less 
than that of CFL1, whereas CFL2 was expressed ~35-fold less (Figure 3.11E). 
This means that the total relative amount of available CFL2 in the CFL2-over-
expressing cells is comparable with the endogenous ADF expression levels 
expected to be found in wild-type SCC cells. This increase in CFL2 expression 
was adequate to significantly reduce the F-actin accumulation and nuclear 
fragmentation occurring after ADF/CFL1 double depletion when compared to 
control cells not over-expressing CFL2 (Figures 3.11F and 3.11G). 
Furthermore, it offered a  significant  cell  viability advantage to the ADF-null 
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Figure 3.10.  ADF re-introduction rescues the cellular responses that follow 
ADF/CFL1 depletion in ADF-null SCCs.   (A)  Phase-contrast (top panels) and IF for 
lamin A/C (bottom panels) images of ADF-null SCCs transduced either with an empty vector 
(pWZL) or a vector expressing wild-type ADF (pWZL+ADF), and treated with control or CFL1-
targeting siRNAs. Nuclei were counterstained with DAPI and F-actin with phalloidin. The 
scale bars correspond to 125µm in phase-contrast and 20µm in IF images, respectively. (B) 
Western blot analysis showing the successful re-introduction of ADF in the transduced ADF-
null SCCs. (C) Quantification of total F-actin levels per cell based on total phalloidin intensity 
of cells treated as in (A) performed in ImageJ. Data presented as mean ±SEM (n=92-106 cells 
quantified per condition contained in three or more fields in three independent experiments). 
***Kruskal-Wallis with Dunn’s multiple comparisons tests; p value ≤ 0.0005. (D) 
Quantification of cells having non-fragmented – ‘normal’ – nuclei after being treated as in (A). 
Data presented as mean ±SEM (n=100 or more cells quantified per condition per repeat in 
three or more fields in three independent experiments). ***One-way ANOVA with Tukey’s 
multiple comparisons test; p value < 0.0001. (E) Cell viability 48h post-siRNA-treatment of 
the transduced cell lines assessed by alamar blue assays. Data presented as mean fold change 
of viability between the two treatments ±SEM (n=4 independent experiments). ***Unpaired 
t-test p value < 0.0001. 

 

SCCs that was equivalent to the one gained after ADF re-introduction in these 
cells (Figure 3.11H). In conclusion, our results suggest that the accumulation 
of aberrant actin filaments that promote loss of nuclear integrity and 
eventually cell death when ADF and CFL1 are depleted, is a direct consequence 
of loss of the shared cellular activities of the ADF/cofilin family members. 
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Figure 3.11. CFL2 over-expression rescues the cellular responses that follow 
ADF/CFL1 depletion.   (A)  Phase-contrast (left panels) and IF for lamin A/C (right 
panels) images of ADF-null SCCs transduced either with an empty vector (pWZL) or a vector 
expressing wild-type CFL2 (pWZL+CFL2), and treated with siNT or siCFL1. Nuclei were 
counterstained with DAPI and F-actin with phalloidin. The scale bars correspond to 125µm in 
phase-contrast and 20µm in IF images, respectively. (B) Western blot analysis showing the 
over-expression of CFL2 in the transduced ADF-null SCCs, and (C) quantification of the 
experiment performed in ImageJ. (D) Confirmation of CFL2 over-expression was also 
assessed by qPCR. Data presented as mean ±SD (one representative experiment is shown). (E) 
Relative expression of ADF, CFL1 and CFL2 in wild-type SCCs. Results were generated from 
three individual cell lines and data is presented as mean ±SEM. The amplification efficiency 
of the primers was determined and a single threshold was calculated in order for the results to 
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be comparable. ***One-way ANOVA with Tukey’s multiple comparisons test; p value < 
0.0001. (F) Quantification of total F-actin levels per cell based on total phalloidin intensity of 
cells treated as in (A) performed in ImageJ. Data presented as mean ±SEM (n=69-114 cells 
quantified per condition contained in three or more fields in three independent experiments). 
Kruskal-Wallis with Dunn’s multiple comparisons tests; *p value ≤ 0.02; ***p value ≤ 0.0001. 
(G) Quantification of cells having non-fragmented – ‘normal’ – nuclei after being treated as 
in (A). Data presented as mean ±SEM (n=80 or more cells quantified per condition per repeat 
in three or more fields in four independent experiments). ***One-way ANOVA with Tukey’s 
multiple comparisons test; p value < 0.0001. (H) Cell viability 48h post-siRNA-treatment of 
the transduced cell lines assessed by alamar blue assays. Data presented as mean fold change 
of viability between the two treatments ±SEM (n=4 independent experiments). **Unpaired t-
test p value = 0.002. 
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3.3 Discussion 

Taken together our results demonstrate an unequivocal role of the shared 
functions of ADF and CFL1 in maintaining tissue and cell homeostasis. 
Suppressing their activities in keratin 14 expressing cells in the epidermis leads 
to a pronounced thickening of the tissue, aberrant cell differentiation and 
increased mitotic entry. Intracellularly, these cells accumulate a striking 
amount of actin filaments, which are not typically found in such extents in this 
tissue. Cell-cell junctions are an integral part of epidermal homeostasis since 
they mediate the formation of epithelial sheets (Fuchs and Raghavan, 2002; 
Vaezi et al., 2002). Interestingly, the actin cytoskeleton has also been shown 
to be an essential mediator of epithelial sheet formation by coordinating cell 
stratification in conjunction with the intercellular junctions (Fuchs and 
Raghavan, 2002; Vaezi et al., 2002). Since the actin cytoskeleton is visibly 
perturbed once the activities of ADF and CFL1 are removed, it would be safe to 
conclude that a subsequent dysregulation in the epithelial cell-cell contacts 
could account to some extent for the total loss of homeostasis and 
disarrangement of cells within the tissue. Increased actin content, aberrant cell 
morphology, increased proliferation and DNA-damage response were also 
evident in adult hepatocytes depleted of ADF and CFL1 (data not shown) 
(Kanellos et al., 2015). This suggests that the roles of ADF/cofilins in 
maintaining tissue homeostasis are not restricted to just the skin, but are more 
widespread and required for the proper function and maintenance of a variety 
of tissues.  

ADF/CFL1 depletion in cultured malignant keratinocytes, also led to 
increased actin polymerization and aberrant actin bundle formation. These 
unregulated actin fibers were tethered into enlarged focal adhesions. 
Interestingly, the recruitment of vinculin in focal adhesions is regulated in a 
force dependent manner; enlargement of focal adhesions is promoted by 
increased contractile forces pulling onto the adhesions, whereas a decrease in 
these forces activates their disassembly (Bershadsky et al., 2003; Galbraith et 
al., 2002; Grashoff et al., 2010). In this regard, vinculin levels reached a 20-



Chapter 3 ½ Consequences of ADF and CFL1 depletion in tissue and cell homeostasis 96 

fold increase in the doubly depleted cells (Figures 3.4B and 3.4D). Arguably, 
this serves as a reflection of an increase in contractile forces applied to these 
adhesions by the aberrant transcytoplasmic actin bundles, and suggests that 
these unregulated actin filaments arising after ADF/CFL1 depletion, create 
excessive transcytoplasmic tension that triggers the enlargement of the focal 
adhesions into which they are tethered. Consequently, the formation of these 
enlarged adhesions could account for the decreased motility observed in the 
depleted cells, since in their effort to move by extending their lamella and 
forming new adhesions in the area of extension, they experience difficulty to 
turn over the old strong adhesions. This increased tension may account for the 
characteristic flattened morphology that ADF/CFL1 depleted cells present. Of 
note, increased tension itself is thought to be able to promote actin fiber 
aggregation and bundle formation (Walcott and Sun, 2010).  

Aside from triggering focal adhesion enlargement, the tensile actin 
filaments arising upon ADF/CFL1 depletion are promoting nuclear 
deformation and loss of nuclear integrity.  However, whether these bundles are 
actively puncturing the nucleus, or the nucleus is passively ‘squeezed’ onto 
them attempting to accommodate itself in the available space among them 
remains to be elucidated. Nevertheless, the consequences for the cells are 
severe, since some nuclear material was found to escape from the nucleus into 
the cytosol, and the genome integrity is also challenged with a significant rise 
of DNA breaks.  

Of interest is also that despite the current belief that CFL2 represents a 
muscle-specific isoform of the ADF/cofilin family, we were able to readily 
detect its presence in wild-type keratinocytes, as well as malignant SCC cells. 
In either case, the levels of its expression were not affected following the 
double depletion of the other two members of the family, ADF and CFL1. This 
initially suggested that despite its presence, CFL2 is unable to compensate for 
the ADF and CFL1 loss. However, performing rescue experiments with all three 
mammalian ADF/cofilin members independently, allowed us to assess directly 
whether the cellular responses associated with the ADF/CFL1 loss are due to 
redundant roles between the isoforms, and whether some of these roles can be 
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carried out by CFL2 as well. Surprisingly, we found that over-expressing CFL2 
is able to significantly prevent actin filament formation and offer enhanced cell 
viability following depletion of ADF and CFL1, a rescue of similar extent to that 
of ADF re-introduction to ADF-null SCCs, and in support of the recent findings 
that show that CFL2 is as potent actin filament severer as ADF and CFL1 (Chin 
et al., 2016) 

Of note, none of the individual re-expression experiments was sufficient 
to provide a total rescue of the depleted cells. The outcome of the interaction 
between ADF/cofilin members and actin filaments is now widely accepted to 
be dependent upon the relative concentration and abundance among the 
former and the latter (the cofilin/actin ratio) (Andrianantoandro and Pollard, 
2006). This may offer some explanation for the differential rescue capabilities 
exhibited by the different isoforms. Cells may be in need of a very fine balance 
in the levels of these proteins at any given moment in order to successfully 
maintain homeostasis, suggesting that a simple re-expression of either 
member of the ADF/cofilin family is not sufficient in this regard. This may also 
offer an explanation regarding the difficulty to introduce exogenous wild-type 
CFL1 in ADF-null cells. Since CFL1 is the predominant isoform in the SCCs, its 
abrupt downregulation with siRNAs (or any other modulation of its finely 
maintained level) cannot be tolerated by the cells. Another study offered 
similar conclusions to ours, since it was reported that over-expression of CFL1 
in human lung cancer epithelial cells results in cell cycle arrest (Lee and Keng, 
2005). In our rescue experiments exogenous CFL1 rescued the formation of 
aberrant actin filaments, but cells were still facing other aberrations like poly-
nucleation, suggesting cell cycle defects. 

In fact, cell cycle defects, multinucleated cells and unresolved 
contractile rings formed in the later stages of cell division were very frequent 
in the ADF/CFL1 depleted cells. However, this aspect of the phenotype was not 
studied further, since it has already been shown by others that contractile ring 
regulation during cytokinesis is included in the cellular roles of CFL1 (Chen 
and Pollard, 2011; Hotulainen et al., 2005; Nakano and Mabuchi, 2006). ADF 
or CFL1 silencing in rat adenocarcinoma cells leads to decreased levels of 
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mitosis and increased occurrence of multinucleated cells (Tahtamouni et al., 
2013), while overexpression of ADF1 in the fission yeast – the only member of 
ADF/cofilin in S.pombe (Maciver and Hussey, 2002) – completely abolishes 
its ability to grow and divide because of defects in cytokinesis, with the vast 
majority of cells becoming multinucleated within 20h of overexpression 
(Nakano and Mabuchi, 2006). 

In conclusion, the interference in normal cytoskeleton dynamics, by 
depleting ADF and CFL1, appears to trigger cellular catastrophe by 
multifaceted cellular responses. Firstly, cells cannot control the overassembly 
of aberrant actin filaments. Secondly, this filament accumulation leads to build 
of intracellular tension that, in turn, affects cell motility, adhesion and loss of 
nuclear integrity. Thirdly, their genomic integrity is affected and they also 
encounter increased incidence of impaired cell division.  These responses were 
similar both, in vivo and in vitro, either in 4-OHT-induced deletion for CFL1 
in normal keratinocytes, or with siRNAs targeting ADF and CFL1 transcripts 
in cancer cells. Additionally, since the exogenous introduction of any 
ADF/cofilin member can prevent the manifestation of these phenotypes to a 
significant extent, we conclude that it is the shared activities of ADF/cofilins 
that are pivotal for the maintenance of cell and tissue homeostasis. 
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4.1 Introduction 

In Chapter 3 we delineate the consequences that double depletion of the 
ADF/cofilin members ADF and CFL1 has in the phenotype of cells in vivo 
within a tissue as well as in cells grown in culture. In summary, their co-
depletion in mouse skin triggered loss of epidermal homeostasis characterized 
by increased keratinocyte proliferation and abnormal thickening of the 
epidermis. Loss of ADF/CFL1 in cultured normal or malignant keratinocytes 
(SCCs) also led to aberrant cell morphology with multiple membrane 
protrusions. Both, in vivo and in vitro, double depletion of ADF and CFL1 
promoted the formation of aberrant transcytoplasmic actin bundles that 
appeared to be associated with nuclear deformation. In normal keratinocytes 
as well as SCCs, these aberrant actin filaments caused physical disruption of 
the nuclear membrane, leading to release of nuclear content into the cytosol, 
and were associated with DNA double strand breaks. Ultimately, these 
multifaceted cell responses promoted significant loss of cell viability as soon 
as the collective activities of ADF and CFL1 were removed. 

Once the main consequences for cell and tissue homeostasis upon 
ADF/CFL1 loss were defined, we set out to investigate what are the main 
signalling pathways that mediate these responses, and this comprises the main 
focus of the present chapter. Specifically, we sought to gain a greater 
understanding of the molecular events modulating the uncontrolled actin 
assembly following ADF/CFL1 depletion, and investigate which F-actin 
nucleation pathways are implicated in the aberrant actin fiber accumulation. 
Furthermore, we investigated what is the nature of the relationship between 
these fibers and the nuclear envelope, and what is the molecular mechanism 
associated with the nuclear deformation triggered upon ADF/CFL1 loss. 
Finally, we assessed whether there is a positive correlation between the 
aberrant actin assembly, the loss of nuclear integrity and the cell viability of 
the depleted cells.  
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4.2 Results 

4.2.1 ADF and CFL1 depletion promotes enhanced SRF/MAL 
transcriptional activity 

In pursuit of the molecular mechanism responsible for the cell responses that 
follow ADF/CFL1 deletion in epithelial cells, expression profiling of ADF+/+ 
CFL1+/+ and ADF-/- CFL1-/- keratinocytes was performed using a mouse 
genome expression array. This allowed us to identify differentially regulated 
sets of associated genes. The analysis was performed with mouse tail 
keratinocytes that were isolated from three control and three ADF/CFL1 null 
mice. The knockout efficiency for ADF/CFL1 depletion in the samples analysed 
was confirmed by qPCR (Figure 4.1A); ADF, since it is genetically deleted, 
was barely detectable and CFL1 was significantly downregulated by 3-4-fold in 
the experimental samples. CFL2 levels were also assessed, but no significant 
changes were noted. CFL1 knockout levels were also assessed at the protein 
level by western blot analysis from cell extracts derived from another pair of 
mice treated in parallel with the ones used for the microarray analysis. 
(Figure 4.1B, quantified in 4.1C). This further verified the successful 
downregulation of the protein after induction with 4-OHT.  

Following data analysis, 42 genes were found to be significantly up- or 
down-regulated in our samples (Figure 4.1D). Hierarchical cluster analysis 
performed with this set of most significant differentially expressed transcripts 
between wild-type and ADF/CFL1 null keratinocytes revealed successful 
clustering of the samples by their different genotypes. Furthermore, clustering 
according to the expression calls of these genes separated them in two main 
clusters depending whether they are significantly up- or down-regulated in the 
wild-type or null cells (Figure 4.1D, left dendrogram). ADF (annotated with 
its gene symbol Dstn) was the most significantly downregulated transcript in 
the dataset, providing confidence with regards to the accuracy of expression 
calls derived from the microarray analysis. Gene ontology enrichment analysis 
on this set of 42 differentially expressed genes performed with the DAVID 
bioinformatics database confirmed that the most significantly enriched  terms  



Chapter 4 ½ Mediators of the cell responses associated with the loss of ADF and CFL1 102 

 

Figure 4.1.   Expression profiling of ADF/CFL1 depleted keratinocytes.  Primary 
tail keratinocytes derived from three wild-type (WT) ADF+/+ CFL1+/+ mice and three 
ADF/CFL1-null (Null) ADF-/- CFL1-/- mice were subjected to a microarray expression analysis. 
(A) Samples were assessed for ADF, CFL1 and CFL2 levels by qPCR. Data presented as mean 
±SEM. **Unpaired t-test p value < 0.005. (B) The knockout efficiency was also assessed at 
the protein level by western blot of tail keratinocytes derived from another pair of mice treated 
in parallel with the ones used for microarray analysis. (C) Quantification of the western blot 
in (B) using ImageJ. (D) Hierarchical cluster analysis of the most significant differentially 
expressed transcripts between WT and nulls based on rank product analysis with 100 
permutations and proportion of false positives (pfp) < 0.05. Each column corresponds to 
single arrays and each row to independent probe sets. Blue colour indicates lower and red 
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higher expression. Red and green arrows indicate SRF and YAP/TAZ transcription target 
genes, respectively. (E) Gene Ontology enrichment analysis for cellular components 
performed in DAVID database; p < 0.05 with Benjamini–Hochberg post hoc correction, and 
(F) interaction network analysis of the most significant differentially expressed transcripts. 
The size of the nodes indicates the probability of a hit being false positive and blue and red 
colour the higher expression in the nulls or the wt, respectively. Yellow and purple boxes 
indicate SRF/MAL and YAP/TAZ target genes, respectively. Figures (D) and (F) courtesy of 
Dr Adam Byron.  

 

were falling in the categories of the cell ‘cytoskeleton’ and ‘keratin filaments’, 
consistent with the roles of ADF/cofilins in regulating actin dynamics and with 
the perturbation of tissue homeostasis upon their loss described in chapter 3 
(Figure 4.1E). An interaction network analysis further confirmed that the 
differentially expressed genes are clustering in distinct groups (Figure 4.1F). 
Interestingly, the centre of the cluster of the most upregulated genes in 
ADF/CFL1 depleted cells is occupied by three transcripts coding for alpha actin 
2 (Acta2), myosin regulatory light chain 9 (Myl9) and filamin-A (Flna), which 
are not only associated with actin filaments in cells, but are also target genes 
of the same transcriptional pathway, the SRF/MAL pathway (Figure 4.1F, 
yellow boxes and Figure 4.1D, red lines) (Olson and Nordheim, 2010). 
Moreover, a YAP/TAZ regulated gene, which encodes the connective tissue 
growth factor (Ctgf) protein, that its expression was recently shown to be 
affected by the actin cytoskeleton (Aragona et al., 2013), was identified in the 
same list of upregulated genes (Figure 4.1F, purple box and Figure 4.1D, 
green line).  

This prompted us to examine the expression of several target genes that 
are downstream of the SRF/MAL, or the YAP/TAZ pathways (Aragona et al., 
2013; Olson and Nordheim, 2010), in order to verify whether indeed the 
activity of these pathways is enhanced in ADF/CFL1 depleted keratinocytes 
and SCCs (Figure 4.2). qPCR data confirmed that both transcription 
pathways are highly activated, since the expression of almost every target gene 
examined was upregulated upon ADF/CFL1 loss (Figures 4.2A and 4.2B for 
SRF/MAL target genes; Figures 4.2C and 4.2D for YAP/TAZ target genes). 
The differences in expression are more pronounced in SCC cells, presumably 
because  they  represent  a  less  mixed  population  of  cells  as  opposed  to  tail  
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Figure 4.2.  ADF/CFL1 depletion causes increased expression of SRF/MAL 
and YAP/TAZ target genes.  (A-D) Primary tail keratinocytes isolated from ADF+/+ 
CFL1+/+ and ADF-/- CFL1-/- mice, and ADF-null SCCs treated with siNT or siCFL1 were assessed 
for the expression levels of known SRF/MAL (A-B) and YAP/TAZ (C-D) target genes by qPCR. 
Data presented as mean ±SEM (n=3 mice per condition and three independent experiments 
for siRNA-mediated knockdown). Unpaired t-tests; *p value ≤ 0.05;   **p value ≤ 0.003; *** p 
value ≤ 0.0006. 

 

extracted mouse keratinocytes, and the siRNA mediated depletion of CFL1 is 
more efficient than 4-OHT treatment of CFL1-floxed mice. 

It is worth noting that the majority of the SRF/MAL target genes 
represent important cytoskeletal and cell adhesion components, including 
actin itself, which previously were found to be perturbed after ADF/CFL1 
depletion (see chapter 3). In addition, it is widely appreciated that the 
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SRF/MAL transcriptional activity is directly influenced by actin dynamics. 
Specifically, it is regulated by the concentration and availability of free actin 
monomers in cells that have the ability to bind and, therefore, promote 
cytoplasmic retention of the SRF co-factor MAL (Olson and Nordheim, 2010; 
Sotiropoulos et al., 1999; Vartiainen et al., 2007). Since we found that upon 
ADF/CFL1 depletion the actin monomer pool is greatly reduced in favour of 
filamentous actin (Figures 3.3A and 3.3B), we were intrigued to investigate 
the contribution of the SRF/MAL pathway in the described phenotypes. 

4.2.2 Disruption of nuclear shape and integrity in ADF/CFL1 depleted 
cells is promoted by Arp2/3 and SRF mediated actin filament 
accumulation 

Since we found that the enhanced SRF/MAL activity is contributing to the 
accumulation of actin and actin associated proteins, and as it is well 
established in the literature that changes in the actin dynamics regulate 
SRF/MAL transcriptional activity (Olson and Nordheim, 2010; Sotiropoulos 
et al., 1999), we sought to investigate how this pathway affects the uncontrolled 
actin accumulation, and whether this is associated with the loss of nuclear 
integrity and cell viability observed in the ADF/CFL1 depleted cells. In 
addition, we explored if any of the main F-actin nucleation pathways are 
implicated in the aberrant actin fiber accumulation that triggers these cellular 
responses.  

Actin filament generation in cells is generally mediated by three main 
pathways: (a) spontaneous actin nucleation and elongation depending on the 
concentration and availability of free actin monomers, (b) nucleation of 
branched filaments at the sides of pre-existing ones mediated by the Arp2/3 
complex and (c) filament nucleation and polymerization mediated by formins 
(Pollard and Cooper, 2009). Therefore, we attempted to determine whether 
and, if so, which of these assembly pathways were required for the generation 
of the actin fibers arising upon ADF/CFL1 depletion. To do so, we successfully 
depleted  Arp3,  a  critical  component  of  the  Arp2/3 complex,  the  two  major 
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Figure 4.3. Co-depletion of Arp3 or SRF rescues cell morphology of 
ADF/CFL1 depleted cells.   (A) Phase-contrast images of ADF-null SCCs treated with 
siNT or siCFL1 alone or in parallel with siRNAs targeting Arp3, mDia1, mDia2 or SRF. Scale 
bar corresponds to 60µm. (B) Western blot confirming the knockdown efficiency of siRNAs 
against Arp3, utilised in two different concentrations. (C) Knockdown efficiency of two 
concentrations of siRNAs against mDia1 and mDia2 assessed by qPCR. (D) Knockdown 
efficiency of siRNAs against SRF tested by western blot. (E) Quantification of the cell length 
to width ratio of ADF-null SCCs treated as in (A). Circles represent individual values and bars 
mean ±SD (n=18-43 cells per condition from three independent experiments). One-way 
ANOVA with Tukey’s multiple comparisons test; *p value < 0.03; ***p value < 0.0001. 
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diaphanous-related formins -1 (mDia1) and -3 (mDia2), as well as SRF as 
means to modulate actin abundance, alongside CFL1 in ADF-null SCCs using 
RNAi (Figure 4.3). 

Depletion of each of the two formins alone in ADF-null SCCs resulted 
in minor phenotypic alterations of the cells. mDia1 knockdown promoted a 
compact morphology, whereas mDia2 depleted cells exhibited a more 
elongated cell body compared to the former. Arp3 or SRF depleted cells did 
not display significant phenotypic differences compared to cells treated with 
control siRNAs (Figure 4.3A, top panels and Figure 4.3E for 
quantifications of cell length versus width ratios). However, co-depletion of 
either formin alongside CFL1 had no effect on the characteristic flattened, 
elongated and wider cell morphology with multiple membrane protrusions 
displayed from ADF/CFL1 depleted cells. In contrast, co-depletion of either 
Arp3 or SRF with ADF/CFL1 appeared to significantly prevent this aberrant 
cell morphology (Figure 4.3A, lower panels and Figure 4.3E for cell shape 
quantifications). The knockdown efficiency for all the co-depleted proteins was 
very good, while the higher concentrations of siRNAs were used for all 
experiments (Figures 4.3B, 4.3C and 4.3D).  

Next, we determined the extent that the depletion of the above actin 
modulators affected actin fiber accumulation and nuclear deformation 
following ADF/CFL1 depletion. To do so, the F-actin content of ADF-null SCCs 
treated as above was quantified using fluorescence, while the cells were also 
classified as harbouring either phenotypically normal or fragmented/severely 
deformed nuclei as previously described (see Figure 3.6D for examples of 
classification). This showed that Arp3 or SRF depletion alongside ADF/CFL1 
had the ability to rescue in great extent the actin accumulation occurring when 
ADF and CFL1 are depleted alone (Figures 4.4A, 4.4B and 4.4C). 
Interestingly, this was correlated with a significant rescue of the nuclear 
deformation in the Arp3 or SRF co-depleted cells (Figure 4.4D). In contrast, 
more than 80% of cells depleted only for ADF/CFL1 acquired fragmented 
and/or deformed nuclei within 48h of siRNA treatment. Co-depletion of either 
formin did not have any rescue capabilities regarding the F-actin accumulation 
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Figure 4.4.  Modulating actin filament accumulation following ADF/CFL1 loss 
rescues nuclear integrity of the depleted cells.   (A) IF images for lamin A/C of ADF-
null SCCs treated with siNT or siCFL1 alone or in parallel with siRNAs targeting Arp3, mDia1, 
mDia2 or SRF. Nuclei and F-actin were counterstained with DAPI and phalloidin, respectively. 
Scale bar corresponds to 20µm. (B-C) Quantification of total F-actin levels per cell based on 
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total phalloidin intensity of cells treated as in (A) performed in ImageJ. Data presented as 
mean ±SEM (n=95 or more cells quantified per condition contained in three or more fields in 
three independent experiments in (B), and between 30 and 81 cells were quantified per 
treatment in two independent experiments in (C)). Kruskal-Wallis with Dunn’s multiple 
comparisons tests; *p value ≤ 0.05; **p value ≤ 0.01; ***p value ≤ 0.0001. (D) Quantification 
of cells having non-fragmented – ‘normal’ – nuclei after being treated as in (A). Data presented 
as mean ±SEM (n=150 or more cells quantified per condition per repeat in three or more fields 
in three independent experiments). ***One-way ANOVA with Tukey’s multiple comparisons 
test; p value ≤ 0.0005. (E) Cell viability 48h post-siRNA-treatments as in (A) assessed by 
alamar blue assays. Data presented as mean fold change of viability between cells treated with 
siCFL1 and siNT ±SEM (n=3 independent experiments). The cell viability ratio of cells treated 
with siNT and siCFL1 with no other co-depletions serves as control. **One-way ANOVA with 
Dunnett’s multiple comparisons test; p value = 0.005. (F-G) Quantification of nuclear and 
cytoplasmic IF staining for c-myc in siNT or siCFL1-treated ADF-null SCCs co-depleted of 
Arp3 (F) or SRF (G). Data presented as mean ±SEM (n=161 or more cells contained in three 
or more fields were quantified from two individual experiments in ImageJ). One-way ANOVA 
with Tukey’s multiple comparisons test; *p value ≤ 0.01; **p value ≤ 0.003. 

 

or nuclear fragmentation observed in the ADF/CFL1 depleted cells. Knock 
down of either of these factors alone did not affect nuclear appearance 
significantly. Importantly, the rescue of nuclear deformation by Arp3 was also 
correlated with a significant rescue in cell viability of ADF-null SCCs that were 
depleted of CFL1 (Figure 4.4E). SRF co-depletion also offered enhanced cell 
survival but failed to reach significance in this particular statistical test. 
However, the co-depletion of either Arp3, or SRF, significantly restored the 
nuclear/cytoplasmic localization balance of the transcription factor c-Myc, 
indicative of preserved nuclear integrity in ADF/CFL1 depleted cells (Figures 
4.4F and 4.4G).  

To complement these findings and further verify the involvement of 
Arp2/3, but not formins, in the actin accumulation of ADF/CFL1 depleted 
cells, we utilised an Arp2/3 inhibitor (CK869), as well as a general ‘small 
molecule inhibitor of formin homology 2 domain’ (SMIFH2) that should target 
the majority of actin-associated formins (Nolen et al., 2009; Rizvi et al., 2009). 
We found that after Arp2/3 inhibition there is a dose dependent 
downregulation in F-actin accumulation following loss of ADF/CFL1, which 
becomes significant in the higher inhibitor concentrations, while no 
suppression in actin accumulation was noted after treatment with the SMIFH2 
inhibitor   (Figures    4.5A    and    4.5B,    quantified    in    4.5C    and    4.5D,  
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Figure 4.5.   Inhibition of the Arp2/3 complex, but not formins, suppresses F-
actin accumulation following ADF/CFL1 depletion.   (A-B) Phase-contrast (upper 
panels) and fluorescently labelled for F-actin (lower panels) images of ADF-null SCCs treated 
with siRNAs and increasing concentrations of the Arp2/3 inhibitor CK869 (A) or the general 
formin inhibitor SMIFH2 (B). Nuclei were counterstained with DAPI. Scale bars correspond 
to 60µm in phase-contrast and 25µm in images of fluorescence, respectively. (C-D) 
Quantification of total F-actin levels per cell based on total phalloidin intensity of cells treated 
as in (A) performed in ImageJ. Data presented as mean ±SEM (n=18 or more cells quantified 
per condition contained in four or more fields. One representative of two independent 
experiments is shown). One-way ANOVA with Tukey’s multiple comparisons test; *p value ≤ 
0.05; **p value ≤ 0.002. (E) Cell viability 48h post-siRNA and inhibitor treatments as in (A) 
assessed by alamar blue assays. Data presented as mean fold change of viability between cells 
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treated with siCFL1 and siNT ±SEM (n=2 independent experiments). The cell viability ratio of 
cells treated with siNT and siCFL1 and no inhibitor serves as control. ***One-way ANOVA with 
Tukey’s multiple comparisons test; p value < 0.0001. 

 

respectively). Moreover, Arp2/3 inhibition was associated with significant 
improvement in cell viability of the depleted cells in all the concentrations 
used,  whereas  this  was  not  the  case  after  formin  inhibition  (Figure 4.5E). 
This correlates with our previous observations when Arp3 and the two 
diaphanous-related formins were knocked down by RNAi (Figure 4.4). 

Our data, thus, support a direct role of the Arp2/3 complex in mediating 
actin filament assembly upon ADF/CFL1 loss, while the SRF-mediated 
transcription appears to fuel the uncontrolled actin accumulation, which if left 
unchecked in the absence of ADF/cofilins results in loss of nuclear integrity 
and, ultimately, cell death.  

4.2.3 Actin over-polymerization upon ADF and CFL1 depletion affects 
cell viability 

We previously showed that the accumulation of actin filaments shortly after 
ADF/CFL1 depletion is accompanied by nuclear deformation, DNA damage, 
apoptosis and cell death. Furthermore, as already mentioned, one way actin 
polymerization can occur in cells is by spontaneous nucleation that depends 
on the actin monomer abundance. Hence, we set out to investigate whether the 
unrestrained actin polymerization per se is what is affecting cell survival. The 
indirect actin downregulation through SRF depletion and the consequent 
rescue in the phenotypes described above are in agreement with this argument. 
However, in order to strengthen this hypothesis, we utilised two very popular 
actin polymerisation inhibitors, cytochalasin D and latrunculin A, which both 
bind actin monomers, rendering them inaccessible to filament incorporation, 
and assessed the cell viability of ADF/CFL1 depleted cells. 

While ADF/CFL1 depleted cells display bigger, flattened cell bodies and 
multiple membrane protrusions, the addition of actin polymerization 
inhibitors promoted a cell morphology similar to that of control siRNA treated  
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Figure 4.6.   Actin polymerization inhibition affects cell viability of ADF/CFL1 
depleted cells.    (A) Phase-contrast (left panels) and IF for lamin A/C (right panels) images 
of ADF-null SCCs treated with siRNAs and either DMSO, or the actin polymerization 
inhibitors Cytochalasin D (0.5µM) or Latrunculin A (0.4µM). Nuclei and F-actin were 
counterstained with DAPI and phalloidin, respectively. The scale bars correspond to 125µm in 
phase-contrast and 20µm in IF images. (B) Cell viability 48h post-siRNA and inhibitor 
treatments as in (A) assessed by alamar blue assays. Data presented as mean fold change of 
viability between cells treated with siCFL1 and siNT ±SEM (n=3 independent experiments). 
The cell viability ratio of cells treated with siNT and siCFL1 and no inhibitor serves as control. 
One-way ANOVA with Tukey’s multiple comparisons test; *p value ≤ 0.01; **p value ≤ 0.002. 

 

cells (Figure 4.6A, left panels). The cells were no longer able to form 
extensive actin filaments after addition of any of the inhibitors, albeit some F-
actin aggregates in the form of big puncta were visible after phalloidin staining, 
especially in the ADF/CFL1 depleted cells (Figure 4.6A, right panels). 
Furthermore, the loss of ADF/CFL1 halved cell viability as soon as 48h post 
siRNA treatment compared to cells treated with control siRNAs, however, cells 
treated with latrunculin A benefited from a significant viability advantage 
compared to untreated, or cells treated with DMSO (Figure 4.6B).  

Interestingly, although cytochalasin D acts in a similar manner to 
latrunculin A, it failed to offer a similar rescue in cell viability, and this might 
be explained by the way the two compounds bind actin monomers (see 
Discussion at the end of this chapter for more details). Overall, these data 
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strongly support a direct role of the unrestricted actin filament polymerization 
in the diminished cell viability that follows the depletion of ADF and CFL1. 

4.2.4 ADF and CFL1 depletion leads to enhanced actomyosin 
contractility that affects nuclear integrity 

As already discussed in chapter 3, the focal adhesion enlargement observed in 
ADF/CFL1 depleted cells could be associated with increased mechanical 
tension mediated by the actin filaments tethered into them (Grashoff et al., 
2010). Another line of support for a tensile nature of these filaments was 
hinted by the transcriptomics data and the enhanced SRF-mediated 
transcription, where the expression of a myosin light chain gene as well as two 
tropomyosins, which along with actin are all components of the cellular 
contractile apparatus, were found significantly increased (Figure 4.2A and 
4.2B). Hence, having established which actin assembly pathways are required 
for the generation of the aberrant actin filaments formed upon ADF/CFL1 loss 
and the importance of the latter, we investigated whether these filaments were 
indeed contractile, and what is the significance of this property. 

To do so, we performed immunofluorescent staining for 
phosphorylated myosin light chain 2 (Ser19) (pMLC2), which is an indicator 
of contractility as this phosphorylation site controls the assembly of stress 
fibers (Totsukawa et al., 2000). We found that ADF-null SCCs treated with 
control siRNAs displayed a peripheral staining of pMLC that coincided with 
cortical actin filaments, whereas the vast majority of actin bundles crossing the 
intracellular space in doubly depleted ADF/CFL1 cells were decorated with 
pMLC (Figure 4.7A). Increased pMLC2 levels following ADF/CFL1 depletion 
were also confirmed at the protein level (Figure 4.7C). This implied that the 
actin filaments induced upon ADF/CFL1 loss are contractile, thus, leading to 
increased intracellular tension.  

Next, we assessed the significance of enhanced contractility in 
ADF/CFL1 depleted cells by inhibiting the activity of the Rho-associated 
protein kinase (ROCK), an important contractile force regulator, using the 
specific Y27632 ROCK inhibitor,  as well as the general myosin II activity with 
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Figure 4.7.  Enhanced contractility ensues ADF/CFL1 depletion and promotes 
nuclear deformation.   (A) IF for phospho-myosin light chain 2 (pMLC2) (Ser19) as an 
indicator of contractility in siRNA-treated ADF-null SCCs. Zoomed image of boxed region in 
shown below the panels. (B) Phase-contrast (top panels) and IF for lamin A/C (bottom panels) 
images of ADF-null SCCs treated with siRNAs and either DMSO, the contractility inhibitor 
blebbistatin (25µM) or the ROCK inhibitor Y27632 (20µM). (C) Western blot confirming the 
increased levels of pMLC2 (Ser19) following depletion of ADF/CFL1. (D) Quantification of 
cells having non-fragmented – ‘normal’ – nuclei after being treated as in (B). Data presented 
as mean ±SEM (n=150 or more cells quantified per condition per repeat in three or more fields 
in three independent experiments). ***One-way ANOVA with Tukey’s multiple comparisons 
test; p value ≤ 0.0001. (E) Cell viability 48h post-siRNA-treatments as in (B) assessed by 
alamar blue assays. Data presented as mean fold change of viability between cells treated with 
siCFL1 and siNT ±SEM (n=3 independent experiments). The cell viability ratio of cells treated 
with siNT and siCFL1 and no inhibitor serves as control. *Kruskal-Wallis with Dunn’s multiple 
comparisons tests; p value = 0.02. In all IF experiments nuclei and F-actin were 
counterstained with DAPI and phalloidin, respectively. The scale bars correspond to 60µm in 
phase-contrast and 20µm in IF images. 
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blebbistatin (Kovacs et al., 2004; Straight et al., 2003; Uehata et al., 1997). 
ADF-null SCCs treated with  control  siRNAs and these inhibitors  displayed  a 
general retraction of their cell bodies and characteristic thin membrane 
protrusions, particularly in the case of blebbistatin (Figure 4.7B, upper 
panels). However, blebbistatin treatment of ADF/CFL1 depleted cells resulted 
in partial restoration of their cell morphology, whereas ROCK inhibition with 
Y27632 had a lesser effect (Figure 4.7B, upper panels). Inhibitor treatment 
of control cells did not affect the general appearance of their nuclei, apart from 
many cells being binucleated, especially after blebbistatin treatment, due to 
perturbed cell division after myosin inhibition (Straight et al., 2003) (Figure 
4.7B, lower panels). On the other hand, myosin activity inhibition with 
blebbistatin significantly rescued nuclear deformation and/or fragmentation, 
and visibly suppressed stress fiber accumulation in ADF/CFL1 depleted cells, 
whereas ROCK inhibition did not have any discernible effect (Figure 4.7B, 
lower panels and quantification in 4.7D). Additionally, contractility inhibition 
with blebbistatin offered a small but significant increase in cell viability of 
ADF/CFL1 depleted cells (Figure 4.7E). 

4.2.5 Myosin IIA is a critical mediator of nuclear deformation in ADF and 
CFL1 depleted cells 

In order to further confirm the hypothesis regarding the involvement of excess 
contractility in promoting nuclear deformation in ADF/CFL1 depleted cells, 
we set out to investigate which non-muscle myosin motors could be 
responsible for this perturbation. Non-muscle cells generally express 
differential amounts of three myosin II heavy chain isoforms,  myosin IIA, 
myosin IIB, or myosin IIC (Vicente-Manzanares et al., 2009). qPCR analysis 
of ADF-null SCCs revealed that myosin IIA was the predominant non-muscle 
myosin II heavy chain isoform expressed in these cells, while myosins IIB and 
IIC were barely or not detectable at all (Figure 4.8A). Immunofluorescent 
staining for myosin IIA showed that there was extensive co-localization with 
the actin stress fibers in the ADF-null  SCCs.  Upon  ADF/CFL1  depletion  the 
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Figure 4.8. Reduction of myosin IIA expression rescues the nuclear integrity of 
ADF/CFL1 depleted cells. (A) Expression levels of non-muscle myosin heavy chains in 
ADF-null SCCs assessed by qPCR. The amplification efficiency of the primers was determined 
and a single threshold was calculated in order for the results to be comparable. Data presented 
as mean ±SEM (n=3 independent experiments). ***Unpaired t-test p value = 0.0003. (B) IF 
for myosin IIA in siRNA-treated ADF-null SCCs. Zoomed image of boxed region in shown next 
to the panels. (C) Western blot confirming the successful siRNA-mediated downregulation in 
myosin IIA expression (siMyoIIA). (D) Phase-contrast (left panels) and IF for lamin A/C 
(right panels) images of ADF-null SCCs treated with siNT or siCFL1 alone or alongside 
siMyoIIA. (E)  Quantification of the cell length to width ratio of ADF-null SCCs treated as in 
(D). Circles represent individual values and bars mean ±SD (n=33-36 cells quantified from 
one representative experiment). Kruskal-Wallis with Dunn’s multiple comparisons tests; **p 
value < 0.01; ***p value < 0.0001. (F) Quantification of cells having non-fragmented – 
‘normal’ – nuclei after being treated as in (D). Data presented as mean ±SEM (n=150 or more 
cells quantified per condition per repeat in three or more fields in three independent 
experiments). ***One-way ANOVA with Tukey’s multiple comparisons test; p value ≤ 0.0001. 
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In all IF experiments nuclei and F-actin were counterstained with DAPI and phalloidin, 
respectively. The scale bars correspond to 60µm in phase-contrast and 20µm in IF images. 

 

staining for myosin IIA was significantly increased, and it was correlated with 

a corresponding increase in the F-actin bundles in the depleted cells (Figure 
4.8B).  

Next, we evaluated the contribution of myosin IIA in the cellular defects 
arising after depletion of ADF and CFL1, by successfully silencing its 
expression using siRNAs (Figure 4.8C). Myosin IIA co-silencing alongside 
CFL1 in ADF-null SCCs resulted in a significant rescue of their cell 
morphology, albeit cells still had slightly wider cell bodies compared to control 
cells silenced for myosin IIA alone (Figure 4.8D, left panels, and 
quantifications of cell shape in 4.8E). However, co-silencing of myosin IIA 
resulted in a remarkable prevention of actin stress fiber accumulation and in a 
nearly perfect rescue of nuclear fragmentation in ADF/CFL1 depleted cells 
(Figure 4.8D, right panels, and quantifications of nuclear fragmentation in 
4.8F).  

In summary, blocking actomyosin contractility either via inhibitor 
treatment, or by downregulation of the main myosin II isoform expressed in 
SCC cells, prevented nuclear deformation triggered by the loss of ADF and 
CFL1, and promoted integrity. We conclude that the contractile force 
generated by the unrestrained actin filaments, which accumulate in the 
absence of their dynamic regulation by ADF and CFL1, is a critical property of 
these filaments and necessary for the physical disruption of the nuclear 
membrane integrity that ensues.  

4.2.6 Nuclear deformation in ADF and CFL1 depleted cells is mediated 
by the LINC complex 

Our data so far suggest that the accumulation of contractile actin filaments 
affects the nuclear morphology of cells depleted of ADF and CFL1. In order to 
achieve a greater insight into the molecular mechanism of this phenomenon, 
we examined the involvement of the linker of cytoskeleton to nucleoskeleton 
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(LINC) complex, which has been shown to provide a physical link between the 
actin cytoskeleton and the nuclear lamina (Crisp et al., 2006; Starr and 
Fridolfsson, 2010; Zhen et al., 2002). To do so, we chose to disrupt the LINC 
complex by silencing the expression of one of its core components, nesprin-2 
giant (nesprin-2G), by RNAi (see Figure 4.9B for knockdown efficiency). 

Visualization of the nuclear envelope by immunofluorescence for lamin 
A/C revealed that the depletion of nesprin-2G in ADF-null SCCs gave rise to a 
number of nuclear morphologies ranging from normal (white arrows), 
moderately misshaped (blue arrows) and enlarged (yellow arrows) nuclei 
(Figure 4.9A, top right panels). This is consistent with what has previously 
been shown in the literature that disruption of the LINC complex affects 
nuclear shape in cells in the epidermis (Luke et al., 2008). However, when 
nesprin-2G was depleted alongside CFL1 in ADF-null cells, their nuclei 
appeared akin to those in cells that nesprin-2G was silenced alone, and 
significantly different from the fragmented and severely deformed nuclei that 
arose after ADF/CFL1 loss (Figure 4.9A, compare lower left and right panels 
with top right panels). Likewise, nesprin-2G silencing with or without 
ADF/CFL1 co-depletion promoted a more ‘relaxed’ and rounded cell 
morphology with slightly enlarged nuclei visibly projecting from the cell 
surface, a morphology quite distinct from the flattened, elongated appearance 
of ADF/CFL1 depleted cells (Figure 4.9C, and quantifications of cell 
morphology in 4.9D).  

Quantification of the amount of deformed and fragmented nuclei 
revealed that nesprin-2G co-silencing led to significant rescue of the nuclear 
integrity of ADF/CFL1 depleted cells (Figure 4.9E), suggesting that the 
mechanism by which the uncontrolled actin stress fibers damage the nuclear 
lamina involves their engagement with the LINC complex. It is worth noting 
that this rescue was not correlated with decreased F-actin levels in the nesprin-
2G depleted cells, as opposed to all other instances described previously after 
SRF, Arp2/3 or contractility inhibition, which implies a more direct role of the 
LINC complex in the manifestation of this perturbation (Figure 4.9F).   
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Figure 4.9.   Uncoupling actin filaments from the LINC complex preserves the 
nuclear integrity of ADF/CFL1 depleted cells.   (A) IF images for lamin A/C of ADF-
null SCCs treated with siNT or siCFL1 alone (left panels) or alongside siRNAs targeting the 
linker of nucleoskeleton and cytoskeleton (LINC) complex component nesprin-2 giant 
(siNesprin-2G) (right panels). White arrows designate normal nuclear morphology, blue 
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arrows moderately misshaped, and yellow arrows enlarged nuclei. Green dashed arrow 
indicates a gap (white bar) between the nuclear envelope (NE) and the closest actin fibers. 
Nuclei and F-actin were counterstained with DAPI and phalloidin, respectively. The scale bar 
corresponds to 20µm. (B) qPCR assessing the knockdown efficiency of two concentrations of 
siRNAs targeting nesprin-2G. Data presented as mean ±SD. (C) Phase-contrast images of 
ADF-null SCCs treated as in (A). The scale bar corresponds to 60µm. Please note that images 
of cells treated with siNT or siCFL1 (left panels) are the same as in Figure 4.3A, as they were 
part of the same experiment. (D) Quantification of the cell length to width ratio of ADF-null 
SCCs treated as in (A). Circles represent individual values and bars mean ±SD (n=33-36 cells 
quantified from one representative experiment). One-way ANOVA with Tukey’s multiple 
comparisons test; **p value < 0.001; ***p value < 0.0001. (E) Quantification of cells having 
non-fragmented – ‘normal’ – nuclei after being treated as in (A). Data presented as mean 
±SEM (n=150 or more cells quantified per condition per repeat in three or more fields in three 
independent experiments). ***One-way ANOVA with Tukey’s multiple comparisons test; p 
value < 0.0001. (F) Quantification of total F-actin levels per cell based on total phalloidin 
intensity of cells treated as in (A) performed in ImageJ. Data presented as mean ±SEM (n=60 
or more cells quantified per condition contained in three or more fields in three independent 
experiments). ***Kruskal-Wallis with Dunn’s multiple comparisons tests; p value < 0.0001. 
(G) Quantification of the distance between the NE and the closest visible actin filaments in 
cells treated with siCFL1 alone or alongside siNesprin-2G (see green dashed arrow in (A)). 
Evenly spaced measurements around the periphery of nuclei were performed in ImageJ. 
Circles represent individual values and bars mean ±SD (n=36 cells quantified per condition 
from nine or more fields in two independent experiments). ***Mann-Whitney p value < 
0.0001. (H) Quantification of nuclear and cytoplasmic IF staining for c-myc of ADF-null SCCs 
treated as in (A). Data presented as mean ±SEM (n=87 or more cells contained in three or 
more fields were quantified from two individual experiments in ImageJ). One-way ANOVA 
with Tukey’s multiple comparisons test; *p value ≤ 0.02; **p value ≤ 0.003; ***p value ≤ 
0.0002. (I) Cell viability 48h post-siRNA-treatments as in (A) assessed by alamar blue assays. 
Data presented as mean fold change of viability between siCFL1 and siNT-treated cells ±SEM 
(n=3 independent experiments). The cell viability ratio of cells treated with siNT and siCFL1 
alone serves as control. *Unpaired t-test p value = 0.01. 

 

Remarkably, after co-staining of the nuclear envelope and F-actin, we 
observed an ‘actin-gap’ forming in the nuclear periphery of ADF/CFL1 
depleted cells co-silenced for nesprin-2G (see Figure 4.9A, green arrow and 
white bar in lower right panels). Quantification of this space, which represents 
the distance between the nuclear envelope and the closest actin fibers, revealed 
a significant increase in this distance in the nesprin-2G co-silenced cells 
(Figure 4.9G). While ADF/CFL1 depleted cells had a minimal ‘gap’ between 
the nucleus and the actin cytoskeleton of ~0.35µm, concurrent depletion of 
nesprin-2G resulted in a big variability of this distance that was collectively 
increased by ~8.5-fold to ~3µm. This occurrence may signify the uncoupling 
of the accumulated actin fibers from the nuclear envelope promoted by the  
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Figure 4.10.  Disruption of the LINC complex rescues nuclear deformation of 
ADF/CFL1 depleted cells.    (A) Phase-contrast (top panels) and IF for lamin A/C (bottom 
panels) images of ADF-null SCCs treated with siNT or siCFL1 alone or alongside siRNAs 
targeting the LINC complex components Sun1 or Sun2. Nuclei and F-actin were 
counterstained with DAPI and phalloidin in IF images. The scale bars correspond to 60µm in 
phase-contrast and 20µm in IF images, respectively. (B) Western blot confirming the 
knockdown efficiency of siRNAs targeting Sun1. (C) qPCR assessing the knockdown efficiency 
of two concentrations of siRNAs targeting Sun2. Data presented as mean ±SD. (D) 
Quantification of cells having non-fragmented – ‘normal’ – nuclei after being treated as in (A). 
Data presented as mean ±SEM (n=130 or more cells quantified per condition per repeat in 
three or more fields in three independent experiments). ***One-way ANOVA with Tukey’s 
multiple comparisons test; p value < 0.0001. 

 

disruption of the LINC complex. In addition, this was correlated with a 
significant rescue of the nuclear localization of the transcription factor c-Myc 
in the co-silenced cells, which indicates that they maintain their nuclear 
integrity, accompanied by a significant cell viability advantage (Figures 4.9H 
and 4.9I).  

In order to further confirm the involvement of the LINC complex to the 
nuclear deformation phenotype associated with the accumulation of tensile 
actin filaments upon ADF/CFL1 depletion, we co-silenced independently the 
other two components of the complex that help tether nesprin-2G in the outer 

Sun1 

β-actin 

si
N

T 
si

S
U

N
1 

+siNT +siSun1 

si
N

T 
si

C
FL

1 
si

N
T 

si
C

FL
1 

La
m

in
 A

/C
 F

-a
ct

in
 D

A
P

I 

+siSun2 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

Sun2 

re
la

tiv
e 

ex
pr

es
io

n 

siNT 
siSun2 32nM 
siSun2 64nM 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

+siNT +siSun1 +siSun2 

no
n-

fra
gm

en
te

d 
nu

cl
ei

 

siNT 

siCFL1 

*** 
*** 

*** 

A 

B 

C 

D 



Chapter 4 ½ Mediators of the cell responses associated with the loss of ADF and CFL1 122 

nuclear envelope, namely Sun1 and Sun2 (Crisp et al., 2006; Starr and 
Fridolfsson, 2010). Silencing the expression of either protein individually 
using siRNAs did not lead to extensive variations in the cell or nuclear 
morphology compared to wild-type cells treated with control siRNAs (Figure 
4.10A, and Figures 4.10B and 4.10C for siRNA-mediated knockdown 
efficiencies). However, the independent silencing of both in ADF/CFL1 
depleted cells significantly prevented the cell nuclei from being fragmented to 
similar extents with the rescue observed following nesprin-2G co-silencing 
(Figure 4.10D).  

Overall, these data indicate that disruption of the LINC complex results 
in the nucleus being freed from the increased tension and forces produced by 
the contractile stress fibers assembled upon ADF/CFL1 depletion, thus, 
escaping nuclear damage. Collectively, our results provide evidence that tight 
regulation of the actin filaments tethered to the nuclear envelope via the LINC 
complex by ADF/CFL1 is critical for cellular homeostasis. 
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4.3 Discussion 

Previously we described the consequences of removing the activity of ADF and 
CFL1 from cells both in vivo, in murine skin, as well as in vitro, in normal and 
malignant mouse keratinocytes. In brief, the main effects of this depletion 
were massive actin accumulation that was correlated with aberrant cell and 
nuclear morphology, loss of tissue homeostasis, DNA damage response and 
cell death. These responses were triggered soon after ADF and CFL1 were 
depleted, highlighting their importance in cellular health and tissue 
homeostasis. Following this initial characterization, we set out to investigate 
the molecular mechanisms triggering these responses. In summary, we found 
that the key pathways that are going awry succeeding ADF/CFL1 depletion, 
and account for the main consequences this has for cells are the following: (a) 
enhanced SRF-mediated transcription fuels the cells with actin and actin-
associated factors, (b) the Arp2/3 complex is involved in the rapid 
polymerization of the increasing amounts of available actin, (c) increased 
association of the risen actin filaments with myosin motors increases the 
intracellular tension, and (d) engagement of these tensile stress fibers with the 
LINC complex triggers nuclear deformation.  

In the previous chapter we described that loss of ADF/CFL1 in the skin 
led to divergent expression of cell differentiation markers, indicating a loss in 
tissue homeostasis. The transcriptional profiling data comparing ADF/CFL1 
wild-type and null keratinocytes confirmed a perturbed expression of many 
keratin genes, consistent with abnormal keratinocyte cycles of differentiation, 
and the lost homeostasis in the skin (Blanpain and Fuchs, 2009). One of the 
keratins found to be significantly upregulated in the ADF/CFL1 null 
keratinocytes is keratin 6. Keratin 6 is considered to be a marker of ‘active’ 
highly proliferative keratinocytes that respond to wound healing cues 
(Freedberg et al., 2001). Immunofluorescence staining for this keratin 
confirmed that it is indeed extensively expressed in the ADF/CFL1 mutant 
epidermis as well as in isolated null keratinocytes, further indicating the 
extensive loss of homeostasis in this tissue (not shown) (Kanellos et al., 2015).   



Chapter 4 ½ Mediators of the cell responses associated with the loss of ADF and CFL1 124 

 Aside from intermediate filaments, the transcriptome analysis of 
ADF/CFL1 null keratinocytes and their wild-type counterparts also revealed 
an upregulation of cytoskeletal components in the former. The expression of 
these factors is closely associated with SRF/MAL transcriptional activity 
(Olson and Nordheim, 2010). Similar upregulation of many SRF target genes, 
such as actins, myosins and focal adhesion proteins, was reported in another 
study comparing the transcriptional profiles of mouse cornea samples 
deficient for ADF, which is the predominant ADF/cofilin in this tissue 
(Verdoni et al., 2008). This confirms that the cellular responses in 
transcriptional level following loss of ADF/cofilins are conserved in multiple 
tissues. Co-silencing of SRF in ADF/CFL1 depleted cells permitted for 
decreased actin accumulation, less nuclear deformation and increased cell 
viability, indicating that SRF-mediated transcription is fuelling the 
accumulation of actin, which is, in turn, associated with these phenotypes. 

Interestingly, the activity of the Arp2/3 complex is critical for the 
unrestrained accumulation of actin filaments in the absence of ADF/CFL1. 
Inhibition of the Arp2/3 complex, either by depletion of its component Arp3, 
or by inhibitor treatment, rescued the F-actin accumulation in ADF/CFL1 
depleted cells, highlighting its importance for the accelerated formation of 
aberrant actin bundles in these cells. The majority of literature on Arp2/3 is, 
as in the case of ADF/cofilins, focused at the adjacent space to the plasma 
membrane, where it contributes to dendritic nucleation and branch formation 
at the sides of pre-existing actin filaments, thereby promoting membrane and 
cell motility (Insall and Machesky, 2009; Ridley, 2011; Suraneni et al., 2012; 
Wu et al., 2012). As discussed previously, there is a fine balance between the 
activities of ADF/cofilins and Arp2/3 for promotion of net actin 
polymerization; ADF/cofilins de-branch and sever ‘older’ parts of actin 
filaments, whereas the newly created filament-ends are preferred for Arp2/3 
branch nucleation (Bravo-Cordero et al., 2013; Chan et al., 2009; Ichetovkin 
et al., 2002; Svitkina and Borisy, 1999). This implies that by removing 
ADF/CFL1’s severing and de-branching activities, the already existing 
branched actin networks are not being recycled. In addition, new branches are 
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generated by unimpeded Arp2/3 activity on the unrestricted growing actin 
filaments. This immediately accelerates the aberrant bundle formation that is 
catastrophic for cellular and tissue homeostasis. In contrast, the requirement 
for diaphanous-related formins mDia1 and mDia2 or formins affected by the 
general formin inhibitor SMIFH2 was not perceivable.  

Restricting actin polymerization via SRF-mediated transcription 
silencing, Arp2/3 inhibition, or by rendering actin monomers inaccessible for 
actin polymerization with latrunculin A treatment, improved cell viability. 
However, cytochalasin D treatment did not have any effect on cell viability, 
despite inhibiting actin polymerization in a similar manner to latrunculin A. 
An explanation to this is offered by the fact that the two inhibitors bind in 
different areas on the actin monomer and this affects SRF signalling: 
cytochalasin promotes it, whereas, latrunculin blocks it (Vartiainen et al., 
2007). This likely enhances the expression of actin and other SRF/MAL target 
genes even more in ADF/CFL1 depleted cells, thereby further escalating 
transcriptional imbalance and accelerating the consequences this has to the 
cells. It also serves as a further confirmation of the importance of SRF-
mediated transcription in the cellular responses observed in the ADF/CFL1 
depleted cells. 

 Interestingly, ADF/cofilins have been reported to sever actin filaments 
in a tension dependent manner, with contractile filaments being protected 
from severing – a process believed to promote stress fiber maturation 
(Hayakawa et al., 2011; Tojkander et al., 2015). Among the transcripts that 
change significantly upon loss of ADF/CFL1 are a lot of myosins, tropomyosins 
and cell adhesion components. This, along with the focal adhesion 
enlargement observed in the ADF/CFL1 depleted SCCs, hinted towards the 
tensile nature of the accumulated actin filaments, which was verified by their 
increased association with pMLC2 and myosin IIA, the main myosin motor 
expressed in these cells. Inhibiting contractile forces rescued the aberrant 
nuclear morphology and improved cell survival, thus, confirming that the 
enhanced contractile force generation that ensues ADF/CFL1 depletion is 
directly associated with the extensive nuclear deformation. This is in 
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agreement with a role of ADF/cofilins in regulating myosin-mediated 
contractility, and suggests that in their absence, myosin motors are freely 
associated with actin filaments and promote excessive cellular tension. In fact, 
it has been previously proposed that ADF/cofilins compete with myosins and 
tropomyosins for binding on the actin filaments (Nishida et al., 1984b; Wiggan 
et al., 2012), and this is supported by our data.  

Finally, it has been shown that cells can regulate their nuclear shape via 
an actin cap; a subset of contractile actin filaments passing over the nucleus 
and terminating in distinct actin cap associated focal adhesions (Khatau et al., 
2009; Kim et al., 2012). The phospho-myosin containing actin cap fibers are 
physically connected to the nuclear lamina by the LINC complex (Khatau et 
al., 2009; Starr and Fridolfsson, 2010). By disrupting the LINC complex we 
were able to interrogate whether the aberrant nuclear shape found in 
ADF/CFL1 depleted cells was due to increased engagement of the nuclear 
membrane to the tensile stress fibers found in the depleted cells. Co-silencing 
of either of the components of the LINC complex, namely nesprin-2G, which 
is the core component of the LINC complex that is responsible for tethering 
cytoplasmic actin filaments to the nuclear membrane (Crisp et al., 2006), Sun1 
or Sun2, the two LINC components that interact with nesprin-2G at the 
perinuclear space and tether it to the nuclear lamina (Crisp et al., 2006; Sosa 
et al., 2012), was sufficient to significantly rescue the nuclear deformation 
triggered by ADF/CFL1 depletion. This provides evidence that it is a group of 
overassembled, tensile actin stress fibers that upon engagement with the LINC 
complex promote the loss of nuclear integrity seen in ADF/CFL1 depleted cells. 

Taken together, our results demonstrate that the aberrant contractile 
actin filaments, formed when the activities of ADF and CFL1 are removed, are 
responsible for promoting nuclear deformation, since a subset of them is 
exerting increased forces to the nuclear envelope via its physical attachments 
to the LINC complex. This implies that actin stress fibers require the activities 
of ADF/cofilins to dynamically regulate their stability, and keep them in check 
so that they do not cause physical damage to the nucleus and cell death. 
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5.1 Introduction 

The last two chapters focused on the characterization of the previously 
unexplored phenotypes arising after double depletion of the actin 
depolymerizing proteins ADF and CFL1 in adult tissue. In addition, cultured 
normal and malignant keratinocytes permitted the investigation of the 
molecular pathways that are associated with these phenotypes. The 
experiments revealed interesting new roles for ADF and CFL1 in controlling 
cellular and tissue homeostasis. We have now defined that the shared and 
predominant roles of the ADF/cofilin family members include the control 
and dynamic turnover of actin stress fibers and the associated contractility. We 
have also shown that without these activities, over-polymerization of actin 
filaments causes physical harm and deformation to the cell nucleus. This 
response is mediated by the LINC complex, and the subsequent loss of nuclear 
integrity is associated with loss of cell and tissue homeostasis in vitro as well 
as in vivo.  

 Recently the nuclear pool of actin has attracted a lot of interest. 
However, its nuclear functions are not clearly understood yet, albeit they have 
been shown to span from its association with all three RNA polymerases to 
moving entire chromosomes (Chuang et al., 2006; Miyamoto and Gurdon, 
2013). Recent data also suggest that nuclear F-actin signalling regulates SRF-
mediated transcription (Baarlink et al., 2013). Owing to its NLS, CFL1 (and 
presumably the rest of the ADF/cofilin family members as well) is known to be 
able to translocate into the nucleus too, where it has been shown to mediate 
actin transport and associate with the RNA polymerase II (Dopie et al., 2012; 
Munsie et al., 2012; Obrdlik and Percipalle, 2011). However, specific nuclear 
roles of ADF/cofilins are still not very well understood and generally unclear. 
The possibility that ADF/cofilin family members could regulate the nuclear 
actin pool and thereby affect nuclear function has not been explored. This 
would be particularly interesting and highly likely, given the extent of 
dysregulated actin dynamics observed in cells upon removal of the ADF and 
CFL1 activities. Hence, we set out to investigate whether, and if so, how double 
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depletion of ADF/CFL1 affects nuclear actin. In addition, by using proteomic 
approaches we sought for novel ADF/cofilin-interacting proteins and 
associated pathways that will help us gain a greater insight into the nuclear 
functions of the ADF/cofilin family.  

5.2 Results 

5.2.1 ADF and CFL1 depletion leads to accumulation of nuclear actin  

Actin severing is the main function attributed to the ADF/cofilin family in the 
majority of reports in the existing literature. Given the ever-increasing 
evidence regarding the involvement of actin in nuclear functions it would be 
safe to assume that ADF/cofilins, since they also exist in the nucleus, would 
continue carrying out their most well-characterised function in that 
compartment as well. In order to explore this hypothesis, we fluorescently 
labelled F-actin in ADF and CFL1 depleted ADF-null SCCs and obtained 
incremental optical slices using confocal microscopy. This allowed us to 
visualize the F-actin content throughout the cell body including the nucleus, 
where we found that the ADF and CFL1 depletion led to formation of multiple 
F-actin aggregates, which were not present in control cells to the same extent 
(Figure 5.1A, compare lower with top panels). In order to confirm that these 
F-actin aggregates are undoubtedly within the nuclear space, we generated XZ 
and YZ projections from a 3-dimensional reconstruction of optical slices 
obtained from a depleted cell (Figure 5.1B). These projections unequivocally 
demonstrate that the nuclear F-actin aggregate that is primarily in focus, is a 
separate entity and clearly distinguished from what appears to be ventral stress 
fibers that extend throughout the lower part of the cell (see red arrows in 
Figure 5.1B).  

 Next, we performed biochemical fractionation experiments to enrich 
for nuclear actin, and compare its levels between control and ADF/CFL1 
depleted cells. Since a recent report has also shown that transient 
polymerization of nuclear F-actin networks regulates SRF-mediated 
transcription (Baarlink et al., 2013),  we  also  co-silenced  SRF using  RNAi  to  
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Figure 5.1.  ADF/CFL1 depletion leads to enlarged nuclear actin structures. 
(A) Representative montages of fluorescent staining for F-actin of ADF-null SCCs treated with 
siNT (top panels) or siCFL1 (bottom panels). 0.8µm-spaced optical slices obtained with 
confocal microscopy are shown. (B) XZ and YZ projections from an siCFL1 treated cell and 
labelled as in (A). Yellow lines indicate the positions of the projections, which were composed 
in ImageJ using a 0.4µm-spaced image stack obtained with confocal microscopy. Red arrows 
indicate the position of a nuclear actin structure. Nuclei were counterstained with DAPI and 
the scale bars correspond to 20µm in (A) and (B). (C) Western blot of siRNA-treated ADF-
null SCCs following detergent-based cell fractionation. The nuclear lysates were treated with 
8M urea in order to solubilise actin aggregates. (D) Quantification of nuclear β-actin levels 
based on three western blots performed as in (C). Loading was normalized to lamin A/C. Data 
presented as mean ±SD. (E) Lamin A/C expression assessed by qPCR. Data presented as mean 
±SEM (n=3 independent experiments). 
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examine whether the nuclear actin levels are affected. Of note, we have found 
that in order to solubilise and visualize this enriched actin structures on gels 
we need to treat the lysates with urea, which results in immunoblots where 
proteins run less coherently. 

Nevertheless, the cell fractionation was successful as indicated by clear 
separation of GAPDH and lamin A/C in the cytoplasmic and the nuclear 
fractions, respectively (Figure 5.1C). We found that nuclear actin levels are 
highly enriched following ADF/CFL1 depletion, and SRF co-silencing lessened 
the extent of this enrichment (Figure 5.1C, and quantifications in 5.1D). 
Lamin A/C was used as a loading control, since we found that its expression 
remains unaffected following ADF/CFL1 loss (Figure 5.1E). 

 Previously, we reported that as soon as ADF and CFL1 were depleted, 
cells were initiating programmed cell death pathways marked by upregulation 
of cleaved caspases starting 48h post siRNA treatment (Figure 3.8B). In 
order to exclude the possibility that the actin aggregate structures we observe 
in the ADF/CFL1 cells are a consequence of apoptotic cell death, we chemically 
induced apoptosis in ADF-null SCCs, which were not treated with siRNAs, 
using the kinase inhibitor staurosporine (STS). Following F-actin labelling in 
the STS-treated cells, we quantified the size of the nuclear F-actin structures 
and found no significant difference in their size when compared to control cells 
treated with DMSO, whereas the size of the equivalent nuclear F-actin 
assemblies was significantly increased when the same cells were depleted of 
ADF and CFL1 (Figures 5.2A and 5.2B, and quantifications in 5.2C and 
5.2D). The successful induction of apoptosis by STS was verified by the PARP 
and caspase 3 cleavage following the treatment (Figure 5.2E). Taken 
together, our results imply that double depletion of ADF and CFL1 triggers the 
formation of enlarged F-actin structures within the nuclear space, indicating 
for the first time that the shared roles of ADF/cofilin family members might 
include the regulation of actin dynamics within the nucleus.  
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Figure 5.2.  Enlarged nuclear actin structures in ADF/CFL1 depleted cells are 
not the result of apoptosis.   (A-B) Fluorescent staining for F-actin of ADF-null SCCs 
treated with siRNAs (A) or 1µM staurosporine (STS) (B). Nuclei were counterstained with 
DAPI and the scale bars correspond to 10µm. (C-D) Quantification of the size of nuclear actin 
structures of cells treated as in (A) and (B), respectively. Circles represent individual 
measurements performed in ImageJ and bars mean ±SD (n=6-9 fields per treatment from two 
individual experiments were quantified). ***Mann-Whitney p value < 0.0001. (E) Western 
blot for apoptotic markers confirming the successful induction of apoptosis following the STS 
treatment in ADF-null SCCs.  

 

5.2.2 ADF/CFL1 depletion affects nucleolar size 

A question arising following the observations above is whether there is a 
functional significance of this response. In many instances the morphology of 
the F-actin aggregate structures found in the nucleus post-ADF and CFL1 
depletion was akin to that of nucleoli (for example see siCFL1-treated cells in 
Figure 5.2A).  This prompted us to examine whether nucleolar structure and 
function was affected following ADF/CFL1 loss. Staining for fibrillarin, a 
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methyltransferase that serves as a nucleolar marker, revealed that ADF-null 
SCCs depleted of ADF and CFL1 display a significant increase in the size, as 
well as the number of nucleoli present in their nucleus compared to control 
cells (Figure 5.3A and quantifications in 5.3C and 5.3D). In order to test 
whether a similar response is evident in vivo we performed similar 
immunofluorescent labelling in mouse ADF+/+ CFL1+/+ and ADF-/- CFL1-/- skin 
sections (Figure 5.3B). Quantification of the size of nucleoli in the skin 
epithelial cells revealed that the response was similar to the one observed in 
malignant keratinocytes, with ADF/CFL1 null cells exhibiting a significant 
increase in nucleolar size (Figure 5.3E). However, no significant increase of 
their number per nucleus was noted in vivo (Figure 5.3F).  

Nucleolar morphology is known to be prone to morphological changes 
upon cellular stress (Boulon et al., 2010). As such, we next assessed whether 
this is the case in our system, since we know that ADF/CFL1 depleted cells are 
experiencing multifaceted stress inputs. In order to create stress conditions, 
we performed overnight treatment of ADF-null SCCs with STS. However, this 
chemical induction of apoptosis failed to trigger any significant changes in 
either the size or the number of nucleoli (Figure 5.3G and quantifications in 
5.3H and 5.3I), indicating that this response could be a direct consequence of 
the loss of ADF and CFL1.  

 Next, we examined whether this changes in nucleolar morphology upon 
ADF and CFL1 depletion have an effect on its function. In order to do so, we 
assessed the expression of the 47S ribosomal precursor RNA transcript by 
qPCR. We used two different oligomers to perform the reactions, after we 
successfully verified their specificity for 47S by inhibiting transcription using 
the transcription inhibitor actinomycin D (Figure 5.3J). Surprisingly, despite 
the significant changes in nucleolar morphology, no significant changes in 
transcription of 47S were noted in either the siRNA-treated ADF-null SCCs, or 
the normal primary keratinocytes which are genetically depleted of ADF and 
CFL1 (Figures 5.3K and 5.3L).  
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Figure 5.3. ADF/CFL1 loss affects nucleolar size.  (A-B) IF for the nucleolar 
component fibrillarin performed on siRNA-treated ADF-null SCCs (A) and PE murine skin 
sections (B). White dashed lines denote the basement membrane in skin sections. (C-F) 
Quantification of nucleolar size and number in siRNA-treated SCCs (C-D) and murine skin 
sections (E-F) performed in ImageJ. Circles represent all individual measurements and bars 
mean ±SD (n=12-14 fields per mouse from three individual mice and 3-8 fields per treatment 
from two independent experiments were quantified). ***Mann-Whitney p value < 0.0001. (G) 
IF for fibrillarin of 1µM STS-treated ADF-null SCCs. (H-I) Quantification of nucleolar size and 
number in ADF-null SCCs treated as in (G) performed in ImageJ. Circles represent all 
individual measurements and bars mean ±SD (n=4-5 fields per treatment from two 
independent experiments were quantified). Mann-Whitney test not significant. (J-L) qPCR 
results for relative expression of 47S pre-ribosomal RNA in ADF-null SCCs treated with the 
transcription inhibitor actinomycin D (J) or siRNAs (K), and in primary tail keratinocytes (L). 
Two different sets of primers were utilised. Data presented as mean ±SEM (n=3 independent 
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experiments and keratinocytes derived from three mice). In all IF images the nuclei were 
counterstained with DAPI and the scale bars correspond to 20µM in (A) and (G) and 10µM in 
(B). 

 

5.2.3 Loss of ADF and CFL1 might affect chromatin architecture 

The recent years there is an increasing amount of evidence that suggests that 
apart from being part of the transcriptional apparatus, nuclear actin is also a 
constituent of chromatin remodelling complexes (Miyamoto and Gurdon, 
2013; Viita and Vartiainen, 2016). Hence, we explored the possibility that the 
loss of the actin regulators ADF and CFL1 might affect chromatin architecture. 
To do so, ADF-null SCCs depleted or not of CFL1 were initially 
immunofluorescently labelled for the heterochromatin marker 
heterochromatin protein 1 homolog alpha (HP1α) (Figure 5.4A). We found 
that, compared to control cells, HP1α foci, designating heterochromatic 
regions, exhibited a sparser arrangement, or were barely visible in ADF/CFL1 
depleted cells (Figure 5.4A). However, similar was the result after treating 
the cells with STS, indicating that the differences in HP1α staining could be a 
consequence of apoptotic cell death (Figure 5.4B). 

In addition, differences in the expression of a range of other chromatin 
modifications in ADF-null SCCs treated either with siRNAs or STS were 
assessed by immunoblotting. Specifically, we examined the expression of di- 
or tri-methylated histone H3 on lysine 9 or lysine 27, which mark repressed 
chromatin, tri-methylated histone H3 on lysine 4, which is a modification 
found in actively transcribed promoters, and acetylated histone H3 on lysine 
27, which is a modification found in active enhancers (Bannister and 
Kouzarides, 2011; Calo and Wysocka, 2013) (Figure 5.4C). The result 
revealed that all the chromatin markers examined were upregulated in both, 
ADF/CFL1 depleted cells, or cells treated with STS, while a modest increase in 
the levels of fibrillarin was also observed in both instances as well. We conclude 
that although the differences in nucleolar morphology arising after depletion 
of ADF/CFL1 could be a consequence of the loss of their functions, chromatin 
remodelling per se might be an indirect effect of the induction of apoptosis. 
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Figure 5.4. Depletion of ADF/CFL1 affects the status and organization of 
chromatin.   (A-B) IF for the heterochromatin marker HP1α of ADF-null SCCs treated with 
siRNAs (A) or 1µM STS (B). Nuclei were counterstained with DAPI and the scale bar 
corresponds to 20µM. (C) Western blot for markers indicating different states of chromatin 
in ADF-null SCCs treated with siRNAs (left panels) or STS (right panels). Generally, Di/Tri 
Methyl-H3 (K9) and Tri Methyl-H3 (K27) are markers of repressed chromatin, whereas Tri 
Methyl-H3 (K4) marks actively transcribed promoters and Acetyl-H3 (K27) active enhancers. 

 

5.2.4 Novel CFL1 protein-protein interactions in SCC cells 

As it has already been mentioned previously, the vast majority of reports on 
ADF/cofilins are in the context of cell motility. Given the limited knowledge 
surrounding emerging roles of this protein family, other than the regulation of 
actin dynamics in the sub-cortical actin network, and in light of our new 
exciting findings about nuclear integrity loss, cell death, as well as dysregulated 
nuclear actin upon ADF and CFL1 depletion, we set out to investigate new roles 
of ADF/cofilins, which could advance our understanding about their under-
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explored functions. To achieve this, we utilised a proteomic approach to 
identify novel CFL1-interacting proteins, which would potentially hint towards 
their associated cellular pathways that CFL1 could also have a role in their 
regulation.  

We performed immunoprecipitation (IP) experiments in ADF-null 
SCCs, which express CFL1 as their main ADF/cofilin isoform. Using an 
antibody against CFL1 we verified the successful immunoprecipitation of the 
protein after careful optimization of the protocol using total cell lysates 
(Figure 5.5A). No discernible CFL1 protein was detected in control IPs 
performed with a non-specific IgG antibody. In addition, there is confidence 
that the co-immunoprecipitated (co-IP) proteins in the CFL1 IPs are indeed 
CFL1-specific interacting proteins, since probing for α-tubulin, Hsp90 and 
GAPDH, which are not known to interact with ADF/cofilins specifically, 
revealed that they are not detectable in the CFL1 IPs. However, CFL1 was able 
to successfully co-IP with β-actin, providing further evidence that we 
successfully co-IP CFL1-specific binding partners using our protocol (Figure 
5.5A). However, this protocol does have its limitations, which are discussed in 
the Discussion section at the end of this chapter. 

Nevertheless, in order to identify new binding partners of CFL1, three 
independent biological replicates of control IgG and CFL1 IPs were analyzed 
by mass spectrometry. Following data analysis, the significantly enriched 
peptides by two or more fold in the CFL1 IPs were identified. The relationship 
between the members of this group of proteins was visualized according to 
known physical interactions among them based on the existing literature 
(Figure 5.5B).  

CFL1, as expected, was the most abundant protein in the CFL1 IPs, and 
so was β-actin, a protein which is known to interact with ADF/cofilins. 
However, the network analysis reveals many new interesting and previously 
unknown protein interactions of CFL1. Among the most highly abundant 
proteins that co-IP with CFL1 were members of the nuclear factor kappa B 
(NF-κB) pathway, NFkB1, NFkB2 and RelB, as well as lamin A, a component 
of the nuclear lamina (Figure 5.5B, arrows). 



Chapter 5 ½ Novel roles of ADF/cofilins in the cell nucleus 138 

 

 

Figure 5.5.   Total cell IPs and mass spectrometry for CFL1 binding partners. 
(A) Western blot of CFL1 and control IgG immunoprecipitations (IPs) in ADF-null SCCs 
confirming successful and specific immunoprecipitation of CFL1. Arrows indicate the position 
of the proteins on the blot. (B) Three independent control IgG and three CFL1 IPs were 
subjected to mass spectrometry analysis. This interaction network analysis displays physical 
interactions among proteins that were statistically significant (corrected p value < 0.05) 
enriched by two or more fold in CFL1 over IgG IPs. Colour intensity indicates the peptide 
abundance in the analysed samples. Arrows indicate interesting novel interactions of CFL1 
with lamin A and the NFkB signalling components NFkB2 and RelB. Network courtesy of Dr 
Adam Byron. (C-D) Gene Ontology enrichment analysis for biological processes (C), and 
cellular components (D), performed in the DAVID database; p < 0.05 with Benjamini–
Hochberg post hoc correction.  
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Interestingly, Gene Ontology enrichment analysis for biological 
processes revealed that many of the most enriched terms were involved in 
nuclear functions, such as in translation, telomere maintenance and DNA 
replication (Figure 5.5C). Similarly, enrichment analysis for cellular 
components showed that a significant amount of the identified proteins was 
found to be nuclear (Figure 5.5D), suggesting that indeed the ADF/cofilin 
family of actin modulators may have as yet unappreciated nuclear functions. 

5.2.5 Identifying novel protein-protein interactions of CFL1 in the 
nucleus 

As outlined above, a significant proportion of the identified CFL1 interacting 
proteins were found to have nuclear roles and/or localization, despite the 
utilisation of total cell lysates to perform the experiments. This, along with our 
interest to uncover novel nuclear functions of ADF/cofilins, prompted us to 
enrich for nuclear CFL1 interactions by performing IPs and mass spectrometry 
analysis on nuclear lysates (see Figure 5.6A for schematic of the methodology 
used to identify nuclear CFL1 interacting proteins). The nuclei of ADF-null 
SCCs were isolated using an optimized, detergent-based, cell fractionation 
protocol. The effectiveness of the protocol in nuclear-cytoplasmic separation 
was verified by immunoblotting, which confirmed distinct separation of the 
mainly nuclear proteins topoisomerase II-α and lamin A/C in the nuclear 
fraction, and for the predominantly cytoplasmic GAPDH and α-tubulin in their 
respective fraction (Figure 5.6B).  

Following analysis of the mass spectrometry results, 783 proteins were 
identified in the samples and they were used for further analysis. Hierarchical 
cluster analysis of all individual CFL1 or IgG IP replicates performed with the 
set of most significantly (corrected p value < o.05) enriched peptides revealed 
successful clustering of the samples by the different antibodies used (Figure 
5.6C). In addition, clustering according to whether these peptides were 
enriched in the IgG or CFL1 IPs categorised them in two main clusters (Figure 
5.6C,  left  dendrogram).   The  data  were  also  visualized  in  a  volcano  plot,  
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Figure 5.6.  Nuclear IPs and mass spectrometry for CFL1 binding partners. 
(A) Schematic representation of the workflow followed for the identification of nuclear 
binding partners of CFL1 in ADF-null SCCs. (B) Western blot for nuclear and cytoplasmic 
markers in order to confirm successful cell fractionation. (C) Hierarchical cluster analysis of 
the most statistically significant (corrected p value < 0.05; FDR = 0.05) enriched proteins 
identified in the CFL1 and IgG IPs. Red colour indicates enriched peptides. (D) Volcano plot 
visualizing the distribution of the identified proteins. The difference between log2-
transformed mean protein label-free quantification values of the CFL1 versus the IgG IPs is 
shown in the x-axis, while the y-axis shows the log-transformed p values. Red circles indicate 
the proteins successfully meeting our cut-off criteria for significant enrichment in the CFL1 
IPs (log2 difference CFL1-IgG ³ 2, corrected p value < 0.05). Plots in (C) and (D) courtesy of 
Dr Adam Byron. 
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which also shows the CFL1-specific interacting proteins meeting our cut-off 
criteria highlighted in red. These were chosen based on whether they were 
significantly enriched by four or more fold compared to the IgG IPs in our 
analysis (Figure 5.6D, red circles, see material and methods for more 
information regarding the proteomics analysis).  

An interaction network constructed with the proteins identified as 
potential CFL1 interacting proteins in the nucleus, and visualizing the 
associations among them was generated as previously (Figure 5.7A). CFL1 
was again the most abundant protein in the CFL1 IPs. Interestingly, CFL2, 
albeit its expression is multiple fold less compared to CFL1 in the SCC cells, 
was also identified in the nucleus, suggesting that there might be some 
antibody cross-reactivity between the two isoforms. Among the most highly 
enriched proteins were found to be again the member of the NF-κB pathway, 
NFkB2, as well as lamin A, providing more confidence that their interaction 
with CFL1 is actual. Remarkably, the member of the LINC complex Sun2 was 
also identified as CFL1 interacting protein in the nuclear fraction. This implies 
that there might be a more direct interaction and relationship between this 
complex and ADF/cofilin family members. Furthermore, members of the 
nuclear pore complex, namely, nucleoporines Nup160 and Nup93, were also 
identified, along with some factors associated with the endoplasmic reticulum, 
presumably because the latter is an extension of the outer nuclear membrane. 
Gene Ontology enrichment analysis for biological processes showed that the 
most significantly enriched peptides were associated with the regulation of 
RNA polymerase II and transcription, consistent with what previously has 
been reported (Obrdlik and Percipalle, 2011) (Figure 5.7B).  

Next, we verified some interactions between CFL1 and potential novel 
binding partners. Specifically, we chose to perform IPs and look whether lamin 
A/C and/or RelB are co-immunoprecipitated with CFL1, since the association 
of these factors has never been described before, and they were identified in 
both, the total cell as well as the nuclear CFL1 interactomes. We found that 
both, lamin A/C and RelB, were successfully co-immunoprecipitated in CFL1 
but  not  in  control  IgG  IPs,   albeit  the  corresponding  band  for  RelB  runs  
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Figure 5.7.  Interaction network analysis of nuclear CFL1 binding partners. 
(A) Interaction network analysis among significantly enriched proteins in the CFL1 nuclear 
IPs. The size of the nodes (circles) indicates the degree of difference of the protein abundance 
between the CFL1 and IgG IPs, darker colours the higher statistical significance, and black 
node border that there is evidence of nuclear localization of the proteins in the literature. 
Network courtesy of Dr Adam Byron. (B) Gene Ontology enrichment analysis for biological 
processes performed in the DAVID database; p < 0.05 with Benjamini–Hochberg post hoc 
correction. 

 

very close with the heavy chain of the antibodies (Figure 5.8A). Nonetheless, 
in order to explore whether there is a functional consequence on the NF-κB 
pathway when ADF and CFL1 are depleted, we labelled RelB using 
immunofluorescence in ADF/CFL1 wild-type as well as null mouse skin 
sections and assessed the changes in its localization (Figure 5.8B). 
Quantification of the localization of RelB revealed that ADF/CFL1 null 
epidermal keratinocytes exhibit a significant decrease in the nuclear  
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Figure 5.8.  Confirmation of interactions between CFL1 and lamin A/C and 
RelB.   (A) Western blot of CFL1 and control IgG IPs performed with total cell lysates from 
ADF-null SCCs confirming successful co-immunoprecipitation of CFL1 and lamin A/C and 
RelB. Arrows indicate the position of the proteins on the blot. (B) IF labelling of PE skin 
sections for RelB. The scale bar corresponds to 20µm. White dashed lines denote the basement 
membrane. Nuclei were counterstained with DAPI. (C) Quantification of nuclear levels of 
RelB in ADF/CFL1 wild-type and depleted mouse epidermis. Measurements were performed 
in ImageJ and the amount of staining was normalised to nuclear size to account for this 
variability. Data presented as mean ±SEM (n=155 and 345 nuclei quantified for ADF+/+ 
CFL1+/+ and ADF-/- CFL1-/- from 3 mice per group, respectively). ***Mann-Whitney p value < 
0.0001. 

 

abundance of the protein (Figure 5.8C). This implies that the ADF/cofilin 
pathway may have a role in cytosol-nuclear shuttling of members of the NF-κB 
pathway, or may influence this process indirectly. Nevertheless, collectively, 
our results indicate that ADF/cofilin functions encompass important nuclear 
roles in regulating nuclear actin dynamics and beyond, which remain to be 
elucidated. 
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5.3 Discussion 

The presence of ADF/cofilin family members in the nucleus has been observed 
since early on after their initial characterization, particularly in cases where 
cells experience some form of stress (Nishida et al., 1987). However, their 
nuclear roles have not been extensively investigated, despite the fact that now 
their nuclear import and export signals have been characterized, and there is 
evidence that they are involved in nuclear actin transport and that they support 
transcription (Dopie et al., 2012; Munsie et al., 2012; Obrdlik and Percipalle, 
2011). Furthermore, nuclear accumulation of cofilin was recently associated 
with advanced stages of high grade urothelial cancer and poor patient 
prognosis; however, the mechanisms involved in these actions remain elusive 
(Hensley et al., 2016). Here we expand this growing list of nuclear functions of 
ADF/cofilins. We show that ADF and CFL1 depletion promotes the formation 
of aberrant nuclear actin aggregate structures, and that this is fuelled by 
increased SRF-mediated transcription. This is in agreement with a recent 
report visualizing the formation of nuclear actin networks for the first time, 
and providing evidence that this serum-induced actin polymerization in the 
nucleus regulates SRF/MAL transcriptional activity (Baarlink et al., 2013).  

We also verified that these nuclear actin structures are not a 
consequence of the initiation of cell death pathways, but they are specific to 
the removal of ADF and CFL1 shared activities. These actin structures do not 
appear to be exclusively associated with specific areas within the nucleus, such 
as chromatin dense regions, but seem to generally be scattered in the 
nucleoplasm. In a recent report where different forms of nuclear actin 
structures were visualized in somatic cell nuclei, it was shown that some 
similar nuclear F-actin structures (albeit smaller in size) were found in the 
interchromatin space (Belin et al., 2013). Our data suggest that ADF/cofilins 
might be essential in the regulation of these nuclear actin pools. 

 The depletion of ADF and CFL1 also appeared to affect the size of the 
nucleolus both, in vivo as well as in vitro. However, the increase in the number 
of nucleoli observed in the cultured malignant keratinocytes was not evident 
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in the skin. This difference could be due to the differences between the two 
model systems, i.e. cancer versus normal cells, or tissue versus in vitro cell 
culture, or it could be a reflection of the differences during imaging, since a 
smaller area of a cell is in focus when imaged within the three-dimensional 
space of tissues, compared to flat cells grown in two-dimensional culture 
plates. Nevertheless, despite the changes in nucleolar morphology, no 
functional difference between wild-type and ADF/CFL1 depleted nucleoli was 
noted when the transcription of the pre-ribosomal 47s RNA was assessed. It 
remains to be elucidated whether there are functional differences in other 
respects. 

In order to examine whether other aspects of the nuclear architecture 
were affected, we tested the status of various chromatin markers upon 
ADF/CFL1 loss. Our data revealed that the expression of all the chromatin 
modification markers assessed were affected after both, ADF/CFL1 depletion 
as well as induction of apoptosis with STS. This makes it hard to suggest a 
conclusive role of ADF/cofilins in regulating chromatin architecture. However, 
recent evidence shows that actin is associated with chromatin organisation and 
is part of chromatin remodelling complexes (Cao et al., 2016; Chuang et al., 
2006; Kapoor et al., 2013; Spichal et al., 2016). Hence, the involvement of 
ADF/cofilins in regulating nuclear actin availability in order to be able to 
perform these functions seems highly likely, and more research is needed to 
establish the exact mechanisms of this regulation.  

Following the description of the above nuclear phenotypes associated 
with ADF/CFL1 loss, we set out to uncover novel protein-protein interactions 
that would point towards pathways that require ADF/cofilins as part of their 
regulation. To our knowledge our study is the first to search for novel 
ADF/cofilin interacting proteins using this proteomic approach. However, 
there are some limitations in the experimental design utilised. Namely, a more 
appropriate control for the co-IP experiments would involve IPs performed 
with the CFL1 antibody in cells depleted of CFL1, in order to better control for 
unspecific binding of the CFL1 antibody. As described previously though, ADF-
null SCCs are undergoing cell death soon after CFL1 has been depleted, hence, 
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we opted to use an IgG antibody of the same species as control for these 
experiments. Future studies exploring the CFL1 interactome might benefit 
from utilising additional approaches to ensure the specificity of candidate 
CFL1-interacting proteins and minimize unspecific antibody binding. Such 
approaches might include protein crosslinking prior to cell lysis, as well as 
newer methods of protein-protein interaction detection, such as BioID, a 
method utilising a biotin ligase fused with the protein of interest and expressed 
in living cells in order to detect physiologically relevant protein interactions 
that occur only in very close proximity to the protein of interest (Roux et al., 
2013). During cell lysis the proteins become denatured, and disruption of their 
natural conformation might expose epitopes that are otherwise inaccessible in 
living cells. This might lead to unspecific protein interactions and the methods 
mentioned above should assist with their elimination.    

 Nonetheless, the enrichment analysis performed in the nuclear CFL1 
IPs showed that the most significantly enriched peptides were associated with 
the regulation of RNA polymerase II and transcription, processes in which 
CFL1 was recently found to be associated with (Obrdlik and Percipalle, 2011), 
thus, confirming the validity of these preliminary results. Remarkably, the 
LINC complex member Sun2, which resides in the inner nuclear membrane, 
was found to co-immunoprecipitate with CFL1. In light of our previous 
findings about ADF/cofilins controlling the nuclear shape and integrity via 
regulating actin filaments associated with this complex, this interaction is of 
particular interest, and more research is needed to show whether there is a 
more direct regulation of the LINC complex and the associated nuclear 
architecture by ADF/cofilins.  

Among the most enriched peptides in CFL1 IPs were also members of 
the NF-κB pathway and lamin A/C. The reasons behind choosing for further 
validation these two proteins were manifold. Firstly, they were identified in 
both, the total cell as well as the nuclear proteomics experiments, providing a 
first line of evidence that the interaction does occur. Secondly, lamin A/C, 
aside from being involved in the nuclear shape regulation, as it was the case 
for Sun2, and directly being associated with the LINC complex which ties with 
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our previous findings, it has also been found to modulate nuclear actin 
dynamics, and thereby regulating SRF/MAL signalling (Ho et al., 2013). This 
already suggests an indirect association of lamin A/C with ADF/cofilins with 
regards to actin dynamics regulation. Thirdly, members of the NF-κB pathway 
have been shown to localize at the nucleolus, and regulate aspects of its 
function during stress conditions (Khandelwal et al., 2011; Stark and Dunlop, 
2005). In light of our own data that associate ADF and CFL1 functions with the 
general morphology of the nucleolus, it makes for an interesting connection 
between the two pathways for future research. 

Overall, our data show that ADF/cofilin activities in the cell nucleus can 
be associated with modulation of the morphology of the nucleolus and 
potentially with chromatin architecture; however, the exact functional 
consequences of these changes remain to be elucidated. Moreover, we provide 
for the first time a list with potential novel ADF/cofiln interacting proteins that 
will be a useful resource, and will serve as a guide for future research directions 
that will aim to uncover new interesting and important roles of ADF/cofilins 
in the cell and nuclear biology.
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6.1 ADF/cofilin activities are critical for cell and tissue 
homeostasis 

The inducible genetic knockout of both ADF/cofilin family members, ADF and 
CFL1, as well as the transient downregulation of CFL1 expression by RNAi in 
malignant keratinocytes, and the detailed analysis of the associated cellular 
and tissue phenotypes, allowed us to redefine the fundamental physiological 
roles of ADF/cofilins. To date, most of the literature concerning the cellular 
roles of ADF/cofilins is associated with actin treadmilling of dendritic cortical 
actin networks at the leading edge of motile cells. Here we show that this, in 
fact, is not their major role in tissue depleted of the shared functions of ADF 
and CFL1. We demonstrate that their activities are actually required for the 
maintenance of the quiescent state in adult tissues, since their ablation 
promotes increased cell cycle entry, thereby permitting proliferation of 
differentiated cells, and leads to breakdown of tissue architecture, loss of tissue 
homeostasis and ultimately apoptosis. In cellular level, removal of ADF and 
CFL1 is associated with uncontrolled assembly of tensile actin filaments, 
aberrant cell shape, deformation of the nuclear membrane and nuclear shape, 
altered transcription, and increased genomic instability. Hence, we describe a 
novel link between dynamic regulation of filamentous actin, nuclear shape, 
transcription and nuclear and genomic integrity, and we add a novel role in the 
already extended and ever-increasing list of cellular functions of the 
ADF/cofilin family (Figure 1.2).  

6.1.1 Mechanisms contributing to actin overpolymerization 

In wild-type cells the shared severing activities of ADF and CFL1 tightly 
regulate the length of actin filaments and maintain a balance between 
polymerized and free actin monomers. In turn, MAL, which is a cofactor of 
SRF that responds to actin monomer availability levels and drives SRF 
mediated transcription (Miralles et al., 2003; Vartiainen et al., 2007), is bound 
to actin monomers that regulate its cytoplasmic retention (Figure 6.1, left 
part of the schematic). Lack of actin severing in ADF/CFL1 depleted cells 



Chapter 6 ½Discussion and future perspectives 150 

promotes the exhaustion of the actin monomer pool and leads to very low G-
/F-actin ratio, since increased polymerization promotes unrestrained 
incorporation of G-actin to filaments. As a result, MAL is now free to 
translocate into the nucleus where it binds to SRF and enhances SRF-mediated 
transcription. SRF target genes include primarily cytoskeletal, cell adhesion 
and actin regulatory molecules, including actin itself (Olson and Nordheim, 
2010). The new actin monomers are incorporated to the existing or newly 
polymerized actin filaments, in a process that also requires the actin nucleation 
Arp2/3 complex. This compensation mechanism further fuels the depleted G-
actin pool, which leads to greater impairment of the dynamic regulation of 
actin, uncontrolled over-polymerization, and actin filament assembly inside 
the cell, which has profound consequences to cellular and tissue homeostasis 
(Figure 6.1, right part of the schematic). 
 

 

Figure 6.1. Schematic summarizing the main pathways responsible for the aberrant 
actin filament accumulation that follows the depletion of ADF and CFL1. 

 

6.1.2 Cellular consequences of the loss of actin dynamics regulation  

Mechanistically, enhanced polymerization and loss of control over the 
dynamic turnover of contractile actin stress fibers, which are the primary 
effects of ADF and CFL1 depletion, lead to physical damage of cell organelles 
orchestrated by increased tension. Absence of ADF and CFL1 permits 
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increased association of polymerized actin filaments with myosin motors 
(Wiggan et al., 2012). In turn, increased intracellular mechanical tension 
mediated by enhanced actomyosin contractility leads to stabilization and 
enlargement of focal adhesions into which the aberrant tensile actin filaments 
are tethered (Carisey et al., 2013; Ciobanasu et al., 2014; Grashoff et al., 2010; 
Pasapera et al., 2010).  

 

Figure 6.2. Schematic of main cellular mediators contributing to the loss of nuclear 
integrity and associated consequences that follows ADF and CFL1 depletion (Kanellos et 
al., 2015).   

 

A subset of these contractile actin filaments are part of the actin-cap, 
the specialized stress fibers that pass over the nucleus and regulate its shape 
(Khatau et al., 2009; Kim et al., 2012), and/or are physically connected with 
the LINC complex, which localizes to the nuclear envelope and physically 
connects a group of cytoplasmic actin filaments with the nuclear lamina 
[reviewed in (Starr and Fridolfsson, 2010)]. The increased engagement of a 
group of the aberrant tensile filaments arising upon ADF/CFL1 depletion with 
the LINC complex results in physical intrusion of the nuclear membrane, 
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deformed nuclei and loss of nuclear integrity. This actin and LINC complex 
mediated nuclear deformation trigger immediate chromatin re-arrangement, 
DNA breaks that trigger DNA-damage induced signalling, and, ultimately, 
apoptosis and loss of tissue homeostasis (Figure 6.2). This represents a 
previously unrecognized pathway by which ADF/cofilins control stress fiber 
dynamics and intracellular tension, and they regulate fundamental cellular 
functions including cell division, and focal adhesion turnover, nuclear 
architecture and cell survival.  

6.2 Actin dynamics: a critical factor of tissue maintenance  

6.2.1 Involvement of the SRF signaling pathway 

Our data revealed that upon ADF and CFL1 depletion epidermal cells enter 
abnormal cycles of differentiation, exit from their quiescent state, undergo 
apoptosis and the general skin homeostasis is lost (Blanpain and Fuchs, 2009). 
Since a wound healing pathway is also activated as noted by elevated keratin 6 
expression, an inflammatory response may also be triggered that could 
account for the epidermal cell activation and proliferation observed in vivo. 
Keratinocyte activation and differentiation are also influenced by cell shape 
changes mediated by actin remodelling, and the status of actin networks has 
been found to regulate keratinocyte differentiation mediated by elevated 
SRF/MAL signalling (Connelly et al., 2010), responses which are also evident 
in the ADF/CFL1 depleted cells. Thus, perturbed cellular shape and aberrant 
actin assemblies in ADF/CFL1 depleted epidermal keratinocytes transduce 
signals to SRF, and this likely contributes to keratinocyte activation.  

 Interestingly, similar phenotypes and cellular responses have been 
described in three cases where the consequences of SRF deletion in the skin 
have been examined.  In these studies researchers highlighted the importance 
of SRF in maintaining epidermal tissue homeostasis, which was lost upon SRF 
depletion, and it was characterised by loss of cell-cell contacts, perturbed actin 
cytoskeleton, increased keratinocyte proliferation and differentiation (Koegel 
et al., 2009; Luxenburg et al., 2011; Verdoni et al., 2010). Perturbed cell-cell 
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contacts were also noted upon ADF and CFL1 depletion in the epidermis (data 
not shown) (Kanellos et al., 2015), and loss of cell-cell contacts has previously 
been linked to release from a non-proliferative state (Charest et al., 2009; 
Owens et al., 2000). In this regard, loss of SRF phenocopies ADF/CFL1 
deletion in mouse epidermis. Intercellular junctions are essential components 
of epidermal homeostasis by mediating the formation of epithelial sheets, and 
regulation of the actin cytoskeleton is crucial for their maintenance (Fuchs and 
Raghavan, 2002; Vaezi et al., 2002). We believe that this is the functional link 
between all these studies; impaired actin dynamics lead to catastrophic loss of 
tissue homeostasis. 

6.2.2 Mechanosensitive regulation through YAP/TAZ activity 

As indicated above, ADF and CFL1 are required to prevent inappropriate 
spontaneous proliferation of keratinocytes that express differentiation 
markers, maintain cell-cell contacts and suppress keratinocyte activation. This 
implies that it is not necessarily a positive stimulus that induces cell cycle entry 
and proliferation in tissues, since, loss of dynamic regulation of actin networks 
appears to be sufficient to promote exit from a quiescent state, and mechanical 
force, which is generally derived from the external environment within tissues 
or internal strain, can also promote proliferation responses (Benham-Pyle et 
al., 2015). The dramatic over-polymerization of actin and formation of 
uncontrolled contractile stress fibers inside cells upon ADF/CFL1 depletion 
also results in internally-induced severe mechanical stress, which signals to 
and activates the YAP/TAZ pathway (Aragona et al., 2013; Low et al., 2014). 
Indeed, we found that YAP/TAZ activity, as assessed by significantly 
upregulated expression of YAP/TAZ target genes, is significantly increased in 
ADF and CFL1 depleted cells, and this is another factor that could account for 
keratinocyte mechanically-induced hyperproliferation. We conclude that 
severely impaired dynamic actin regulation, whether by mechanical stress, 
indirectly through perturbed SRF signalling, or by upstream removal of the 
actin severing activities of ADF and CFL1, have dramatic consequences for 
cellular and tissue homeostasis.  
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6.3 Nuclear envelope: cell signalling mediator and 
implications in disease  

6.3.1 Regulation of the nuclear envelope – actin connections 

The connection between the nuclear envelope and the actin cytoskeleton is 
critical for a number of diverse cellular functions including, but not limited to, 
nuclear positioning within cells in tissues, nuclear movement, polarity, 
migration and even processes like mitosis and meiosis (Luxton et al., 2010; 
Starr and Fridolfsson, 2010; Stewart et al., 2015). Therefore, tight regulation 
of this relationship is crucial for all the cellular features and responses that are 
affected by it. However, to date, the specific mechanisms regarding this 
regulation between the actin cytoskeleton and the nuclear envelope have 
remained elusive. Here we have provided evidence that at least a subset of the 
aberrant contractile actin filaments arising upon removal of the activities of 
ADF and CFL1 are responsible for nuclear encroachment. This is associated 
with increased mechanical forces exerted onto the nuclear envelope mediated 
by its physical attachments to these tensile filaments via the LINC complex. 
This implies, and proposes for the first time, that the actin-cap and other 
LINC-associated actin stress fibers are regulated by ADF/cofilins, and this 
dynamic regulation is vital for the actin-LINC complex to control nuclear 
movement and integrity. 

6.3.2 The nuclear envelope as a signalling node in cells  

It is now widely appreciated that the nuclear envelope is directly connected 
with the cell periphery and the extracellular matrix through the cytoskeleton, 
and this plays a major part in mediating signal transduction in response to 
extracellular cues (Jaalouk and Lammerding, 2009; Wang et al., 2009). 
Furthermore, there is increasing evidence that the nuclear envelope 
connections with the cytoskeleton are important for genome organization, 
DNA repair and stability, as well as gene transcription (Mekhail and Moazed, 
2010). Chromatin tethering to the nuclear envelope also regulates nuclear 
shape and deformability (Schreiner et al., 2015), and deep nuclear envelope 
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invaginations from actin cables that are also mediating connections to 
neighbouring cells and the cell surroundings were recently reported (Jorgens 
et al., 2016). Interestingly, tensile actin filaments linked to the nuclear lamina 
and leading to the formation of indentation sites on the nuclei were found to 
affect chromatin condensation and organisation (Versaevel et al., 2014). 
Hence, the consequences of impaired regulation of the nuclear envelope’s 
integrity after ADF and CFL1 depletion are severe and manifold. The DNA 
damage response, chromatin modifications and apoptosis that ensue their 
depletion could, in part, be attributed to this dysregulation, and this further 
emphasizes the importance of tight regulation of contractile actin filaments 
mediated by ADF/cofilins for nuclear morphology and function.  

6.3.3 Nuclear envelope and disease  

The first diseases associated with nuclear envelope deformations and inability 
for appropriate nuclear positioning were muscular dystrophies, but, ever since, 
an array of other maladies with similar characteristics has emerged (e.g. 
progeria), which are collectively referred to as laminopathies (Dauer and 
Worman, 2009; Davidson and Lammerding, 2014; Gundersen and Worman, 
2013; Stewart et al., 2007). Aside from this mainly developmental disorders, 
there is increasing evidence that deformability of the nuclear envelope is an 
essential attribute of cancer cells, which facilitates their successful migration 
and invasion through complex and narrow environments (Davidson et al., 
2014; Denais et al., 2016). Furthermore, it has been shown that this 
deformability is mediated by actin polymerization and involves the Arp2/3 
complex (Thiam et al., 2016). Our own data provide evidence that the activities 
of ADF/cofilins in normal as well as cancer cells are essential for nuclear shape 
regulation and nuclear integrity maintenance, whereas loss of ADF and CFL1 
causes irreversible nuclear deformation and cell death. Given the synergistic 
roles between ADF/cofilins and the Arp2/3 complex it is safe to assume that 
apart from creating the driving forces required for cell motility, they also 
contribute to nuclear plasticity to facilitate invasion, intra- and extra-vasation 
and metastasis of cancer cells.  
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6.4 Nuclear roles of ADF/cofilins 

Despite a wealth of information on their cytoplasmic functions, not much is 
known about the nuclear roles of ADF/cofilins, and indeed of actin itself. 
Nuclear actin has been reported to be association with all three RNA 
polymerases, and its roles likely extend as far as controlling the movement and 
positioning of entire chromosomes (Chuang et al., 2006; Miyamoto and 
Gurdon, 2013). However, the regulation of these actin activities and the 
consequences of their misregulation for health and disease have yet to be 
established. CFL1 has also been attributed with roles in transcription 
elongation as well as nuclear transfer of actin monomers, and they are both 
required for transcription maintenance (Dopie et al., 2012; Obrdlik and 
Percipalle, 2011). Our results showed that removal of ADF and CFL1 promotes 
formation of enlarged aberrant actin aggregate structures within the nucleus, 
indicating that their severing activities might be required to regulate actin 
dynamics in this compartment as well. Interestingly, PIP2, which binds 
ADF/cofilins and regulates their activity in the sub-cortical space, has been 
found to regulate transcriptional activity too (Toska et al., 2012; Yildirim et al., 
2013). Hence, all the evidence points towards nuclear ADF/cofilin functions 
that remain to be elucidated.  

Nuclear actin can control SRF/MAL mediated transcription (Vartiainen 
et al., 2007), and nuclear actin polymerization induced by formins has been 
shown to regulate the activity of the pathway (Baarlink et al., 2013). Arguably, 
nuclear actin severers such as the ADF/cofilin family members could also 
directly regulate SRF signalling by controlling nuclear actin levels, either by 
actively transporting actin or by severing the nuclear pool, and our data 
suggest that SRF signalling is heavily influenced by ADF/cofilins and indeed a 
major contributor to the phenotypes acquired following their depletion. 

Remarkably, nuclear actin polymerization was recently found to be 
associated with efficient DNA double strand break repair (Belin et al., 2015). 
Researchers in this study suggested that induction of DNA breaks was followed 
by increased polymerization of nuclear actin in the form of filaments and/or 
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nuclear clusters, some of which were found in the nucleolus, with the size of 
the latter also being affected. Cofilin knockdown led to increased amount of 
persistent DNA breaks, suggesting that its actions are required for effective 
DNA damage repair. In addition, nuclear actin polymerization was shown to 
be induced during cell spreading in an integrin-dependent manner, and this 
was facilitated by the LINC complex (Plessner et al., 2015). Interestingly, actin 
dynamics are affected by lamin A/C expression as well; lamin A/C depletion, 
which is common in laminopathies, abrogates the formation of nuclear and 
cytoplasmic actin filaments, and fails to retain nuclear MAL in order to support 
SRF transcription (Ho et al., 2013). This response is rescued by emerin 
overexpression, which is another inner nuclear membrane protein that is able 
to bind actin and facilitate its polymerization (Holaska et al., 2004).  

Hence, it appears that the crosstalk between cytoplasmic and nuclear 
actin networks that involves nuclear membrane proteins is vital for many 
cellular responses. Therefore, it is critical to dynamically regulate the nuclear 
actin pool in order to prevent cellular damage, including damage of chromatin, 
as well as maintain its fine molecular connections with the cytoplasmic actin 
networks to facilitate efficient mechanotransduction. The visualization of 
aberrant nuclear actin structures upon ADF and CFL1 depletion makes us 
postulate that ADF/cofilins are likely contributors and regulators of the 
activities of nuclear actin. Furthermore, they serve as a paradigm of cell 
economy, since it is highly efficient for the cell to produce one type of protein 
that regulates actin dynamics in multiple scenarios, as well as different cell 
compartments, and affecting processes ranging from cell motility and 
protrusion to regulation of nuclear shape, nuclear actin availability, 
transcription and chromatin remodelling. 
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6.5 Concluding remarks 

Here we described novel functions of ADF/cofilins that extend beyond their 
regulation of membrane ruffles and protrusions. They dynamically regulate 
cytoplasmic as well as nuclear actin filaments and, in turn, affect actin 
polymerization, nuclear and cell shape, transcription, chromatin architecture, 
genomic integrity, and, ultimately, cell viability. Secondary roles may include 
focal adhesion turnover, which has previously been suggested (Marshall et al., 
2009; Tahtamouni et al., 2013). Focal adhesion stability is a process with 
which SRF has also been associated with – primarily in the formation and 
stabilization of focal adhesions (Schratt et al., 2002) –  and our data verify that 
there is a lot of interplay among ADF/cofilins and SRF, which might extend to 
the maintenance and stability of other intracellular organelles, apart from the 
nucleus, as well (Beck et al., 2012).  

We further show that the accumulated actin filaments upon loss of ADF 
and CFL1 are under myosin-mediated tension. Actomyosin tension has been 
shown to induce hyperproliferation and skin tissue thickening, and has been 
further associated with enhanced tumorigenesis and tumour progression 
(Samuel et al., 2011). As already discussed, the expression of many of the 
components of the cofilin pathway is perturbed in metastatic tumours, and 
actin cytoskeleton dynamics are a hallmark of cell motility, invasion and 
metastasis (Wang et al., 2007). We also showed that ADF/cofilins modulate 
nuclear actin dynamics, which are essential for cancer progression as well. As 
mentioned above, nuclear actin is involved in chromatin maintenance and 
regulation, and, along with cofilin, they were found to be required for efficient 
DNA damage repair. In addition to these roles, their functions in 
mechanotransduction, transcription, cell division, as well as in nuclear 
deformability, processes that are all crucial for cancer progression, makes our 
results highly applicable to cancer research. Furthermore, we found that 
depletion of ADF and CFL1 was crucial for cell viability not only for SCC cells 
but also pancreatic cancer cells (data not shown). Hence, it appears that 
ADF/cofilins can contribute to cancer progression via multiple inputs, and 
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further elucidation of the molecular mechanisms involved in these activities 
will be necessary if they are to be successful candidates for targeted cancer 
therapy, as previously suggested (Wang et al., 2007).  

ADF/cofilins are implicated in a diverse and multifaceted array of 
cellular functions. However, it is not always clear whether these biological roles 
are a direct result of their actin-severing activities or whether these proteins 
may also have as yet unappreciated properties, such as scaffolding protein 
complexes and mediating protein interactions. One potential function includes 
the regulation of NF-κB transcriptional activity by affecting the localization of 
RelA/p65 through modulating the actin cytoskeleton (Fazal et al., 2009; Wang 
et al., 2015). However, the exact molecular mechanism remains to be 
established, since either depletion or exogenous expression of wild-type, 
constitutively active or inactive cofilin, all inhibited NF-κB mediated 
transcription (Fazal et al., 2009). Our proteomics data revealed that CFL1 is 
associated with multiple members of the NF-κB pathway, suggesting a more 
direct interplay between the two pathways that remains to be elucidated.   

On the same note, it is fascinating that nuclear envelope components, 
such as lamin A/C and Sun2, were significantly enriched in our CFL1 co-
immunoprecipitation experiments, given our observations on nuclear 
envelope shape regulation by ADF/cofilins. More research on the functional 
consequences of this association will expand our knowledge about these new 
and unexpected roles of ADF/cofilins that are beginning to emerge. 

Taken together, the current evidence points to a growing list of diverse 
biological roles for ADF/cofilins, and it is highly likely that many more will 
become apparent in the coming years. ADF/cofilins are indeed a functional 
node in cell biology, and it is worth investing in further understanding the 
crucial nature of their actions and their multi-layered regulation that are 
frequently perturbed in disease.  
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