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Abstract
Branched actin networks generated by the Arp2/3 complex are essential for many
different cellular processes, including cell motility and invadopodium formation. In
addition, some intracellular pathogens, such as vaccinia virus, use Arp2/3-driven
actin nucleation to enhance their spread. The Arp2/3 complex consists of seven
evolutionary conserved proteins (Arp2, Arp3 and ARPC1-5). In higher eukaryotes,
ARPC1 and ARPC5 are represented by two isoforms that are ~67% identical.
Recent studies in HeLa cells revealed that ARPC1 and ARPC5 isoforms
differentially regulate the actin-based motility of vaccinia virus by directly impacting
on the nucleation activity of the Arp2/3 complex and the disassembly of the
branched actin network. These studies revealed that the Arp2/3 complex can
assemble in four different combinations with distinct properties. This situation is
likely to be more complex, as Arp3 also has three isoforms, referred as Arp3,
Arp3B and Arp3C. My studies have sought to investigate whether Arp3 isoforms
interact with the other subunits and isoforms of the complex and impact on Arp2/3dependent vaccinia virus motility. Pulldown experiments revealed that Arp3 and
Arp3B, but not Arp3C, assemble into Arp2/3 complexes. Depletion of Arp3 leads to
short actin tails, while loss of Arp3B induces to long tails. In addition, viral particles
move faster when Arp3B is depleted. The amino acid differences between Arp3
and Arp3B are equally distributed throughout both proteins. By constructing hybrids,
I have mapped the residues responsible for the different activities of Arp3 and
Arp3B. Taking into account the two ARPC1 and ARPC5 isoforms, my studies
demonstrate that eight different combinations of Arp2/3 complexes with unique
ability to regulate actin-based motility of vaccinia virus exist. Finally, to further
interrogate whether Arp2/3 complex combinations are better suited to regulate
specific cellular processes, I examined the impact of Arp3 and Arp3B depletion on
invadopodium formation and two-dimensional cell migration.
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Chapter 1 Introduction

Chapter 1.

Introduction

1.1 The importance of cell migration
Cell migration plays a central role in developmental progression from gastrulation
to organogenesis (Courtneidge, 2012, Trepat et al., 2012). Defects in migration at
any stage of the development result in severe embryonic malformations, which can
result in drastic consequences, such as early embryonic lethality, neurological
disorders, congenital heart diseases, or physical and mental retardation (Kurosaka
and Kashina, 2008). During gastrulation in developing embryos, epithelial and
mesenchymal cells collectively migrate in a highly coordinated manner in order to
form and correctly position the three major germ layers, named ectoderm,
mesoderm, and endoderm (Chuai et al., 2012). Following this process, the neural
crest cells are created during a process known as neurulation (Smith and
Schoenwolf, 1997, Copp et al., 2003). These cells acquire the ability to migrate
away from the central neural tube and generate the spinal cord and the brain by
differentiating into specific cell types, including pigment cells and neurons (BronnerFraser, 1994). Following neurulation, organogenesis takes place, during which the
three germ layers develop into organs (Ribeiro et al., 2003).
In adult life, cell migration is fundamental to trigger the innate immune response to
the infection site upon wound and tissue damage (Strbo et al., 2014). This process
involves the trans-migration of leukocytes from the blood vessels towards the site
of inflammation, where they can eradicate the invading microbes and provide the
first line of defence against pathogens (Muller, 2011). Subsequently, the movement
of epidermal cells and keratinocytes is required in order to cover the denuded
dermal surface of the wound and restore the integrity of the tissue (Santoro and
Gaudino, 2005).
The term angiogenesis describes the mechanism by which new blood vessels form
from pre-existing ones (Folkman and Hanahan, 1991). This is achieved via the
migration of endothelial cells in response to specific extracellular stimuli, such as
growth factors (Ferrara and Gerber, 2001, Hoeben et al., 2004). Angiogenesis is
required

for

several

physiological
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development, wound healing, and tissue regeneration (Folkman, 1990, Lamalice et
al., 2007). Altered vessel maintenance or growth results in the development of
ischemia during a wide range of diseases, including stroke, myocardial infarction,
and neurodegenerative or obesity-related disorders. Conversely, excessive blood
vessel growth or remodelling is involved in cancer, inflammatory disorders, and eye
pathologies (Carmeliet, 2003, Folkman, 2007)
Cell migration is not only essential in development, but also plays a fundamental
role in tumour spread (Friedl and Wolf, 2003a, Sahai, 2007, Bravo-Cordero et al.,
2012, Seton-Rogers, 2015). Tumour metastasis is the cause of more than 90% of
human cancer deaths (Weigelt et al., 2005). Metastasis is an extremely complex
process, which occurs when tumour cells acquire the ability to migrate within the
tissue stroma (Sporn, 1996, Mehlen and Puisieux, 2006, Siegel et al., 2011).
During the metastatic cascade, neoplastic cells, which originated from the primary
tumour, enter the bloodstream and the lymphatic vessels via a process known as
intravasation, and disseminate into the circulation until they do reach a distant site,
where they extravasate and generate secondary cancers (or metastases) (Friedl
and Wolf, 2003a). The first step of the metastatic process consists of the
acquisition of an invasive behaviour (Wood, 1958). In the primary tumour, cells
become highly motile and develop the ability to generate membrane protrusions,
such as invadopodia, to overcome the epithelial basement membrane and reach
the blood vessels (Murphy and Courtneidge, 2011, Paz et al., 2014). In order to
efficiently intravasate, tumour cells must rearrange their cytoskeleton and adopt a
more rounded shape (Sahai et al., 2007). Following experimental introduction into
the bloodstream, cancer cells arrest in capillaries due to their large morphology or
the expression of adhesion proteins (Naumov et al., 1999, Ito et al., 2001). At this
point, tumour cells undergo to extravasation by the formation of new protrusions
and the deformation of their nuclei (Tsuji et al., 2006). Once they have reached the
secondary site, the majority of tumour cells undergo apoptosis or are cleared by
immune cells. However, a subset of highly proliferative cells leads to the formation
of metastases (Fidler, 1970, Chambers et al., 2002, Tsuji et al., 2006).
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To spread within the body, cancer cells use migration processes, which are very
similar to those that occur in non-neoplastic cells during embryonic development,
wound healing, immune response, and angiogenesis (Friedl and Wolf, 2003a). For
these reasons, understanding the molecular basis of cell migration in normal cells
is essential in order to further understand morphogenetic and developmental
processes and identify new therapeutic targets to prevent tumour spreading and
metastasis.

1.2 Steps of cell migration
1.2.1 Two-dimensional cell migration
Single cell migration has been extensively studied in two-dimensional (2D) cell
culture in vitro for more than 30 years. Crawling motility was first described by
Michael Abercrombie as a four-step cyclic process that includes extension,
adhesion, translocation and retraction (Abercrombie, 1980) (Figure 1.1). In order to
migrate, cells have to acquire a polarised morphology in which there is a clear
distinction between the cell front and rear (Ridley et al., 2003). It is believed that in
order to polarise, cells have to perceive spatial or temporal stimuli, raging from
growth factors, substrate stiffness to electrical fields (Deuel et al., 1991, Lo et al.,
2000, Allen et al., 2013, Roca-Cusachs et al., 2013, Bear and Haugh, 2014). An
important consequence of cell polarisation is the rearrangement of the actin
cytoskeleton and the formation of membrane protrusions at the cell front (Condeelis,
1993). These structures, which mainly include sheet-like lamellipodia or finger-like
filopodia, are driven by actin polymerisation and are essential in order to
accomplish directional cell motility (Taylor and Condeelis, 1979). Interference
reflection microscopy experiments of migrating heart fibroblasts revealed that new
integrin-based attachments (called focal adhesions) preferentially form at the
leading edge of lamellipodia and filopodia and remain fixed to the substrate until
they reach the rear, as the cell moves forward (Izzard and Lochner, 1980). During
the translocation step, tractional forces that are generated via the activity of myosin
II induce the cell body to contract (Wolenski, 1995). Simultaneously, at the rear of
the crawling cell, the old adhesions at the base of the protrusions disassemble as
new attachments form at the leading edge (Lauffenburger and Horwitz, 1996). The
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tension generated by the strong interaction between the rearmost adhesions and
the substrate is sufficient to induce the retraction of the posterior of the cell into the
cell body (Ridley et al., 2003) (Figure 1.1).
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Figure 1.1 Two-dimensional cell migration
Schematic showing the steps involved in the directional migration of a single cell
over a substrate. (1) During the extension step, the cell extends lamellipodia
towards the direction of the movement. (2) New focal adhesions are formed to
anchor the cell to the substrate. (3) The rear of the cell contracts to move the cell
body forward. (4) In the retraction step, the cell releases the old focal adhesions at
the rear and new lamellipodia are formed at the front. Adapted from Tschumperlin
(2013).
23

Chapter 1 Introduction

1.2.2 Three-dimensional cell migration
Despite the high similarities between the cellular mechanisms involved in two- and
three-dimensional (3D) migration, cell morphologies differ between these two types
of motility (Petrie and Yamada, 2012).
Depending on cell types, protein pathways, cytoskeletal structures, and protease
production, the most common modes of single cell migration in 3D are
mesenchymal, and amoeboid locomotion (Friedl and Wolf, 2003b) (Figure 1.2).
Cells undergoing mesenchymal migration have an elongated fibroblast-like shape
that is dependent on integrin-mediated adhesions and the presence of tension at
both cellular poles (Cukierman et al., 2001). These cells migrate in a ‘pathgenerating’ manner, as they use proteolytic enzymes and traction forces to
degrade the extracellular matrix (ECM) (Friedl and Wolf, 2003b). Conversely,
amoeboid cells are able to squeeze through the pre-existing gaps and pores of the
matrix in a protease-independent manner adopting a ‘path-finding’ type of migration
(Friedl et al., 1997, Wolf et al., 2003). Amoeboid movement is observed in amoeba,
slime moulds and some protozoa, as well as in higher eukaryotes cell types, such
as leukocytes and tumour cells (Yumura et al., 1984). This type of migration is
mainly driven by pseudopodial-like protrusions, which form short-lived and weak
interactions with the substrate (Friedl et al., 2001).
Whereas individual invading tumour cells are believed to play an essential role in
neoplastic differentiation and in haematological neoplasias, collective-cell migration
represents the primary mechanism to promote invasion and metastases in highly
differentiated tumours (Thiery, 2002, Bell and Waizbard, 1986). In cancers, two
main types of collective migration have been described. The first type of movement
is achieved by the formation of protruding strands that elongate from the primary
tumour site and lead to the invasion of local tissues (Nabeshima et al., 1999).
Conversely, clusters of cancer cells can detach from their original tumour and
colonise new organs by migrating along interstitial tissue gaps and paths of least
resistance (Friedl and Wolf, 2003a). In response to intra- and extracellular stimuli,
many cancer cells are capable of switching between the different types of individual
and collective locomotion (Trepat et al., 2012). Mesenchymal-amoeboid, epithelial24
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mesenchymal, and collective-amoeboid transitions are not only accompanied by
modifications in cell morphology, but also result in altered protein expression,
signalling cascades, organisation of the actin cytoskeleton, and changes in the
molecular strategies adopted to overcome tissue barriers (Friedl and Wolf, 2010)
(Figure 1.2).

Figure 1.2 Three-dimensional cell migration

In vivo, cancer cells adopt different morphologies in order to migrate. Cells can
migrate either individually or collectively. A single cell can undergo either
amoeboid-like or mesenchymal migration. A group of cells can migrate as strands
or clusters. In response to specific stimuli, cancer cells switch between these
different types of migration.

1.3 The actin cytoskeleton
1.3.1 Actin
In eukaryotic cells, the migratory process is mainly driven by a highly conserved
cytoskeletal protein named actin (Peskin et al., 1993) (Figure 1.3). Actin is not only
involved in cell migration, but is also essential for other cellular processes,
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including cell division, junction formation, chromatin remodelling, transcriptional
regulation, vesicle trafficking, and cell shape regulation (Perrin and Ervasti, 2010).
The ability of this ubiquitously conserved protein to regulate this wide range of
cellular processes is due to the fact that in cells, actin has several isoforms with
both overlapping and unique functions (Wagner et al., 2002, MacQueen et al.,
2005). Higher vertebrates, for example, have six genes that encode for different
actin isoforms (Vandekerckhove and Weber, 1978). Four isoforms, αskeletal-actin,
αcardiac-actin, αsmooth-actin, and γsmooth-actin, are primarily expressed in skeletal,
cardiac, and smooth muscle respectively. However, βcyto-actin and γcyto-actin are
expressed in all cell types (Harborth et al., 2001). All actin isoforms are highly
similar to each other and do not have less than 93% identity with each other
isoform (Perrin and Ervasti, 2010). In particular, the main differences between the
isoforms are concentrated in their N-terminal portions (Dominguez and Holmes,
2011). βcyto-actin and γcyto-actin differ by only four biochemically similar residues in
position 1, 2, 3, and 9 (Dugina et al., 2009) (Figure 1.3A).
All six actin isoforms have two structural domains, named small and large (although
they are now known to have comparable sizes) (Dominguez and Holmes, 2011)
(Figure 1.3B). Each of these domains can be further divided into two subdomains.
In particular, the small domain comprises subdomain 1 and 2, while the large
domain comprises subdomain 3 and 4 (Kabsch et al., 1990). From the actin crystal
structure is possible to observe that two clefts are formed at the interface of the
large and small domains. In particular, the upper cleft is responsible for the
interaction with ATP (adenosine triphosphate) or ADP (adenosine diphosphate),
and the divalent cation magnesium, while the lower cleft binds the majority of
known actin binding proteins (Schutt et al., 1993, Chereau et al., 2005).
Comparative studies between the crystal structures of actin monomers bound to
ATP or ADP reveal that the molecule undergoes to at least two conformational
changes during the hydrolysis of ATP and the release of Pi (Schuler, 2001). In
particular, actin bound nucleotide is believed to exist in a closed conformation, in
which the large and small domains come in close proximity to each other in order to
block either the ATP or ADP in the upper cleft. Conversely, in its open conformation,
nucleotide-free actin is characterised by an open upper cleft (Graceffa and
Dominguez, 2003). Biochemical, spectroscopic, and electron microscopy (EM)
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analyses have suggested that subdomain 2 plays a central role during the switch
between the actin closed and the open conformation (Orlova and Egelman, 1992,
Strzelecka-Golaszewska et al., 1993, Moraczewska et al., 1999) (Figure 1.3B).

Figure 1.3 Actin isoforms and structures

A Alignment of the N-terminal regions of the six mammalian actin isoforms. The
residues in red represent the most variability within and between muscle and
cytoplasmatic isoforms. Blue residues vary between cytoplasmatic and muscle
isoforms. Yellow residues vary between γcyto-actin and βcyto-actin (Taken from
Perrin and Ervasti, The actin gene family: function follows isoform, Cytoskeleton,
67, 630-634 (2010). Reproduced with permission of Cytoskeleton). B Crystal
structure of the three conformational states of actin. The small (subdomains 1 and
2) and large (subdomains 3 and 4) domains are represented in purple and red
respectively. Subdomains are indicated with numbers. Small and large domains are
connected by an α-helix colored green. The main changes upon release of Pi occur
in the region showed in yellow (Graceffa and Dominguez, 2003).
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1.3.2 Actin polymerisation
Both in vitro and in vivo studies demonstrate that actin has the ability to switch
between a monomeric (G-actin) to a filamentous (F-actin) state (Lee and
Dominguez, 2010) (Figure 1.4). Although the crystal structure of G-actin (in
complex with DNAse I) is known, it has not been possible to crystallise actin
filaments (Kabsch et al., 1990). The atomic structure of these actin polymers has
been mainly determined using EM and X-ray diffraction experiments from gels
consisting of aligned actin filaments (Hanson and Lowy, 1964, Popp et al., 1987).
In particular, EM analyses revealed that actin filaments consist of two chains of
actin monomers that turn around each other to form a right-handed helix (Hanson
and Lowy, 1964). The best available F-actin structures derive from cryo-EM
analysis of frozen hydrated filaments (Fujii et al., 2010, von der Ecken et al., 2015)
and models from X-ray fiber diffraction of aligned filaments (Oda et al., 2009)
(Figure 1.4A). These studies revealed the formation of extensive contacts between
subdomain 2 of each actin monomer and the lower cleft of the next monomer along
the long-pitch helix. Due to the structural asymmetry of G-actin, in a filament, actin
monomers form specific interactions at each end of the helix (Dominguez and
Holmes, 2011). This particular actin arrangement confers to the filament a
molecular polarity, which can be visualised using EM micrographs of F-actin
labelled with myosin heads (Huxley, 1963). Based on the arrowed decoration
observed, each end of an actin filament is named barbed and pointed end
(Woodrum et al., 1975) (Figure 1.4B).
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Figure 1.4 The actin filament

A Reconstruction of an actin filament from cryo-electron micrographs. Taken from
Dominguez and Holmes, Actin structure and function, Annual review of biophysics,
40, 169-86 (2011). Reproduced with permission of Annual reviews. B Electron
micrograph of a negatively stained actin filament decorated with myosin. The
undecorated filament is formed by newly polymerised actin. Taken from Cell,
Volume 112, Issue 4, Pollard and Borisy, Cellular motility driven by assembly and
disassembly of actin filaments, 453-465, Copyright (2003), with permission from
Elsevier.
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In vitro, actin polymerisation can be studied using viscosity analyses, sedimentation
assays, and fluorescent microscopy (Burlacu et al., 1992, Srivastava and Barber,
2008, Kim et al., 2014, Lim and Danuser, 2009). In addition, one of the most
commonly used technique is pyrene actin polymerisation assay (Cooper and
Pollard, 1982, Fujiwara et al., 2007). In this assay, the reactive cysteine in position
374 of actin monomers can be labelled with a molecule of pyreneiodoacetamine,
resulting in pyrene-G-actin. This molecule is weakly fluorescent, however, upon
polymerisation into a filament, the fluorescent signal is enhanced ~10-20 times
(Doolittle et al., 2013). This assay is highly useful to study the kinetics of actin
nucleation in vitro as the fluorescent signal detected is proportional to the total
polymer weight concentration (Cooper et al., 1983).
The polymerisation of actin filaments can be described as a three-step process
consisting of a nucleation, elongation, and steady-state phase (Doolittle et al.,
2013) (Figure 1.5A). During the nucleation phase, three monomers of actin must
associate in order to form a stable F-actin nucleus (Figure 1.5A, indicated in blue).
The generation of actin trimers represents the rate-limiting step of the entire
polymerisation process (Nishida and Sakai, 1983). However, once actin nuclei are
formed, filament nucleation can take place spontaneously (Gilbert and Frieden,
1983). During this phase, G-actin is added at both ends of the growing filament and
the rate of elongation is directly proportional to the concentration of free actin
monomers in solution (Pollard, 1983, Pollard, 1986). It has been calculated that
only ~2% of the collisions between G-actin and the F-actin ends are oriented
correctly for binding (Drenckhahn and Pollard, 1986). As the actin filament grows,
the concentration of G-actin decreases until an equilibrium phase, called steadystate, is reached. The concentration of free actin monomers at the steady-state is
known as the critical concentration (Cc) (Wegner and Isenberg, 1983, TD and
Borisy, 2003). In vitro, at G-actin concentrations above the Cc, polymerisation will
occur, while at concentrations below this value, F-actin will depolymerise (Pollard,
2016). Importantly, the Cc at the two ends of an actin filament are different; in
particular, at the barbed end the Cc is lower than at the pointed end, hence actin
monomers are added ~5-10 times more rapidly at the barbed end than at the
pointed end (Wegner, 1976, Pollard and Mooseker, 1981). For this reason, barbed
and pointed ends are also referred as fast and slow growing respectively (Pollard,
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2016). Once the steady-state is reached and the value of the actin monomer
concentration is maintained between the Cc of the two ends of the growing filament,
new G-actin subunits are added at the barbed end, whereas old G-actin is lost at
the pointed end (Dominguez and Holmes, 2011, Pollard, 2016). In this equilibrium
phase, the length of an actin filament is maintained constant, as the newly added
actin monomers appear to travel, as on a treadmill, along the growing filament from
the barbed to the pointed end, where they dissociate (Pollard, 1986). In the actin
community, this process is referred as actin filament treadmilling (TD and Borisy,
2003) (Figure 1.5B).
Free G-actin is normally bound to ATP forming G-actin-ATP, which can be
incorporated into a growing filament, where the ATP is slowly hydrolysed to ADP
(Rafelski and Theriot, 2004) (Figure 1.5B). The ATP hydrolysis occurs in two main
steps; first the phosphate bond is cleaved in order to form the intermediate F-actinADP+Pi, subsequently the Pi is released from the actin filament, which results in
the generation of F-actin-ADP (Carlier and Pantaloni, 1986, Blanchoin and Pollard,
2002). This last step leads to a change in the physical properties of F-actin, which
becomes less rigid and more prone to disassembly (Janmey et al., 1990). In cells,
the Cc of G-actin-ADP is about three-time higher than for G-actin-ATP, which
associates faster at either ends of the growing filament compared to its counterpart
bound to ADP (Cooke, 1975). In particular, at the barbed end, G-actin-ATP has a
higher association rate than at the pointed end, resulting in the assembly of Gactin-ATP and the dissociation of G-actin-ADP from the pointed end once the
steady-state phase is reached (Wegner, 1976, Pollard, 1986, Fujiwara et al., 2002)
(Figure 1.5B).
Mainly using fluorescence microscopy, it has been assessed that the treadmilling
process observed in vitro can also occur in vivo (Symons and Mitchison, 1991,
Theriot and Mitchison, 1991, Wang, 1985, Watanabe and Mitchison, 2002). Assays
performed by negatively staining human skin fibroblasts and mouse 3T3 cells,
revealed that in the cytoplasm, fast growing actin filament barbed ends are mainly
oriented towards the direction of the movement (Small and Celis, 1978).
Subsequently, photobleaching experiments showed that bleached areas in a
fluorescently labelled actin network were moving from the leading edge of the
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migrating cell towards the cellular body. This experiment demonstrated that actin
monomers are able to treadmill through filaments towards the centre of the cell
(Wang, 1985). Further studies showed that actin monomers are incorporated at the
leading edge of crawling cells (Symons and Mitchison, 1991, Lai et al., 2008,
Millius et al., 2012) and that actin filaments remain stationary with respect to the
substrate in migrating fish keratocytes (Theriot and Mitchison, 1991).
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Figure 1.5 Actin treadmilling

A Schematic representing the three-step actin nucleation process in vitro. During
the nucleation phase, three actin monomers form an F-actin nucleus (blue). Once
actin nuclei are formed, filament elongation can take place spontaneously and actin
monomers are added at both side of the filament. The concentration of free actin
monomers at the steady-state is known as the critical concentration (Cc). At this
phase there is no net change in polymer. B Schematic showing actin treadmilling.
G-actin-ATP is added at the barbed end and undergoes to the hydrolysis to ADP-Pi.
The phosphate is slowly released promoting the dissociation of G-actin-ADP from
the pointed end. Schematic is adapted from Pantaloni et al., 2001.
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1.4 Actin-binding proteins
In vitro, G-actin can spontaneously polymerise into actin filaments when it is above
its Cc, which is dependent on the pH and ionic strength of the buffer (Panner and
Honig, 1967, Woodrum et al., 1975). Despite evidence for treadmilling in vivo, in
migrating cells the rate of actin polymerisation is ~200-fold higher compared to
what has been measured in vitro (Carlier et al., 1999). These data suggest that in
vivo additional regulatory factors are required to enhance the rate of actin
nucleation (Bonder et al., 1983, Wang, 1985, TD and Borisy, 2003). In particular, in
the past decades a large group of G- and F-actin-binding proteins (ABPs) have
been identified (Dominguez and Holmes, 2011). These proteins regulate a wide
range of cellular processes, including actin filament nucleation, elongation,
depolymerisation, severing, capping, crosslinking and actin monomer sequestration
(Lee and Dominguez, 2010). The unique properties and functions of the different
ABPs will be discussed in further details in the following sections.

1.4.1 Actin nucleators
As formation of trimeric actin nuclei is kinetically unfavourable, cells employ specific
proteins, referred as actin nucleators, in order to overcome this rate-limiting step
(Pollard, 2016). The main families of actin nucleators are the Arp2/3 complex,
formins, and WH2-domain-based nucleators (Campellone and Welch, 2010). As
the Arp2/3 complex is the most relevant actin nucleator for my thesis, it will be
discussed in more detail in section 1.5.

1.4.1.1

Formins

Formins are large multidomain proteins (120-220 kDa), which regulate the barbed
end elongation of unbranched actin filaments (Pruyne et al., 2002, Sagot et al.,
2002) (Figure 1.6). Whereas in fungi formins are encoded by only 3 genes,
mammals possess more than 15 different formin isoforms (Goode and Eck, 2007).
Formins consist of an N-terminal ‘regulatory’ region, and a C-terminal ‘active’
region (Chesarone et al., 2010). The regulatory region consists of different domains,
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which are mainly involved in the interaction with other formin binding proteins, such
as Rho and Rac family GTPases, and profilin (Otomo et al., 2005, Aspenstrom,
2010). In addition, the formin N-terminal region contains the Dia inhibitory domain
(DID) and a dimerization domain (DD) (Rose et al., 2005). In some formins, the DID
is capable of interacting with the C-terminal Dia auto-regulatory domain (DAD),
resulting in a close conformation that inhibits the actin nucleation activity of the
protein (Nezami et al., 2006). The interaction with Rho family GTPases in proximity
of the DAD domain overcomes this autoinhibition step (Lammers et al., 2005,
Otomo et al., 2005, Rose et al., 2005, Nezami et al., 2006).
Essential for the activity of formins are the two formin homology domains (FH1 and
FH2), which localise in the ‘active’ C-terminal region and are found in every formin
(Figure 1.6A). The crystal structure of the FH2 domains revealed that they are able
to dimerise in an anti-parallel manner, forming a doughnut-shaped structure, which
can then interact with the barbed end of an actin filament (Otomo et al., 2005,
Nezami et al., 2006). The FH1 domain binds to profilin and supplies the FH2
domain with actin monomers (Paul and Pollard, 2008, Courtemanche and Pollard,
2012). It has been shown that in most formins, the interaction of the FH2 dimer with
the barbed end of F-actin is responsible for catalysing actin polymerisation (Goode
and Eck, 2007, Aspenstrom, 2010) (Figure 1.6B). In fission yeast, each of the three
formin isoforms polymerises actin filaments for specific cellular structures (Scott et
al., 2011). Although the 15 different mammalian formins have partially overlapping
functions, their biological roles have still to be fully assigned (Higgs and Peterson,
2005, Campellone and Welch, 2010, Pollard, 2016).
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Figure 1.6 Nucleation of actin by formins

A Ribbon diagram of the crystal structure and schematic of formin domains. In the
schematic, domains are colored as in the crystal structure. DAD (Dia autoregulatory domain), FH1-2 (Formin homology domains 1-2), CC (Coiled-coil), DD
(Dimerization domain), DID (Dia inhibitory domain), RBD (Ras-binding domain). B
Schematic of a dimer of formins promoting actin polymerisation. The FH2 dimer
‘rides’ the growing barbed end of the actin filament. The FH1 domains recruit Gactin bound to profilin and deliver the actin subunits to the growing barbed end. The
crystal structure was reprinted with permission from Nature publishing group:
Nature Reviews in Molecular Cell Biology, Chesarone et al., Unleashing formins to
remodel the actin and microtubule cytoskeleton (2010). The rest of the figure was
adapted from the same paper.
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1.4.1.2

WH2-domain-based nucleators

This group of proteins, which includes the mammalian Spire, Cordon-bleau (Cobl),
and Leiomodin (Lmod) families, contain repeats of the Wiskott-Aldrich syndrome
protein (WASP) homology 2 (WH2) domain (Campellone and Welch, 2010) (Figure
1.7). Due to the ability of WH2 domains to interact with G-actin, they are widely
distributed throughout actin nucleators, including nucleating promoting factors
(NPFs) that stimulate the Arp2/3 complex and some formins (Dominguez, 2010,
Carlier et al., 2011). However, different studies revealed that although WH2 repeats
of Spire, Cobl, and Lmod can bind actin monomers, this interaction is not sufficient
in order to drive efficient nucleation, suggesting that WH2-domain-based nucleators
must bind other proteins to promote actin polymerisation (Dominguez, 2016).
Spire was the first WH2-domain-based protein to be identified in Drosophila
melanogaster (Quinlan et al., 2005). Spire contains four central WH2 domains,
which are responsible for the actin nucleation activity of the full-length protein
(Dominguez, 2016). EM and X-ray scattering experiments revealed that as the
linkers between the WH2 domains are relatively short (13-15 amino acids), the four
central WH2 repeats can stabilise consecutive actin monomers along the long-pitch
helix of the double stranded actin filament (Quinlan et al., 2005, Rebowski et al.,
2008). However, this arrangement does not appear ideal for nucleation (Quinlan et
al., 2005). Consistent with this, screens for sterile mutants in Drosophila identified
another gene (called cappuccino), which when mutated leads to a very similar
phenotype to that induced by the spire mutant (Manseau and Schupbach, 1989).
Further studies demonstrated that the Spire KIND domain (kinase non-catalytic Clobe domain) interacts with the C-terminal tail of cappuccino (a Drosophila formin)
leading to the formation of actin meshes during Drosophila oogenesis (Dahlgaard
et al., 2007). A similar interaction was found during oocyte maturation between
mammalian Spire1/2, and formin1/2. The formation of the complex Spire-formin
inhibits the nucleation activity of formins, but enhances the F-actin stimulating
activity of Spire (Quinlan et al., 2007, Vizcarra et al., 2011) (Figure 1.7A).
The gene encoding for Cordon-bleu was first identified as an important component
of the genetic pathway regulating axial structures in gastrulating mouse embryos
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(Gasca et al., 1995). Cordon-bleu is highly enriched in brain, where it plays an
essential role in neuronal morphogenesis (Ahuja et al., 2007). Cordon-bleu
contains three WH2 repeats in its C-terminal region (Dominguez, 2016). These
repeats together with a lysine-rich sequence (called K region) in the Cordon-bleu
N-terminus are required for actin nucleation (Husson et al., 2011). As previously
observed for Spire, in vitro Cordon-bleu is a very weak actin filament nucleator
(Ahuja et al., 2007). In the past years, different proteins had been shown to be able
to interact with Cordon-bleu via a SH3 domain (SRC homology domain 3) present
in their sequence. These proteins include BAR domain proteins syndapin, SNX9,
and ASAP1, as well as Abp1 (Schwintzer et al., 2011, Wayt and Bretscher, 2014,
Grega-Larson et al., 2015). The mechanism by which Cordon-bleu leads to actin
polymerisation is still not completely clear. However, it has been hypothesised that
Cordon-bleu dimerization by the interaction with BAR domain proteins might
enhance its actin nucleation activity (Figure 1.7B, proposed model).
The Leiomodin protein family consists of three different isoforms, which are mainly
expressed in muscles. These proteins are highly related to a pointed end capping
protein called Tropomodulin (Tmod) (Yamashiro et al., 2012). Leiomodin has a
Tropomodulin binding site (TMBS1), followed by an actin binding site (ABS2), a
proline rich domain (PDR) and a single WH2 repeat (Boczkowska et al., 2015). The
functional mechanism of Leiomodin-mediated actin polymerisation has not been
completely characterised, although it has been suggested that Leiomodin WH2
domain might help to recruit the third actin monomer of the polymerisation nucleus
(Chen et al., 2015). Additionally, the TMBS1 region interacts with Tmod, inhibiting
its capping activity. After filament nucleation, Lmod dissociates and at the pointed
end is replaced by Tmod (Rao et al., 2014) (Figure 1.7C).
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Figure 1.7 Proposed nucleation mechanisms of WH2-domain-based nucleators

A Schematic of the cooperation between Spire and cappuccino in promoting actin
nucleation. The KIND (kinase non-catalytic C-lobe) domains of a Spire dimer
interact with the tails of a dimer of cappuccino. At the same time, Spire WH2
(WASP homology 2) repeats bind to four actin monomers in a filament promoting
the recruitment of cappuccino to the actin filament barbed end. B The mechanism
proposed for Cordon-bleu (Cobl) is supported by cellular data, suggesting the
cooperation between Cobl and dimeric BAR domain proteins. C Model of
Leiomodin (Lmod)-mediated actin nucleation. With its WH2 domain bound to Gactin, Lmod interacts with Tropomodulin (Tmod) in order to generate the formation
of a trimeric actin nucleus. Schematics adapted from Dominguez, 2016.
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1.4.2 Profilins
Profilin 1 was initially isolated from calf thymus, genes encoding for this protein
were also later identified in lower organisms, such as amoeba, yeast, flies, and
plants (Reichstein and Korn, 1979, Oechsner et al., 1987, Cooley et al., 1992). In
humans, four profilin proteins (profilin 1, 2, 3, and 4) have been identified so far
(Witke, 2004). In mammals, profilin 1 is expressed during all embryonic stages, and
in adult mice can be found in all tissues with the exception of skeletal muscles
(Mouneimne et al., 2012). Mice lacking the gene encoding for profilin 1 die at an
early stage of development due to defects in cytokinesis (Witke et al., 1998).
Profilin 2 was first identified from sequencing of cDNA (complementary DNA)
library clones from human brain (Witke et al., 2001). Studies performed by
Gieselmann et al. revealed that although profilin 1 and 2 have very similar
biochemical properties, profilin 1 has five-fold higher affinity for actin monomers
than profilin 2 (Gieselmann et al., 1995). Profilin 3 was discovered during a screen
on genes expressed in rat kidneys (Hu et al., 2001). Although the gene encoding
for profilin 3 was isolated from kidneys, further studies revealed that this protein is
mainly expressed in mouse testes (Braun et al., 2002). As profilin 3, mRNA
encoding for profilin 4 is largely present in human, mouse, and rat testis
(Obermann et al., 2005). Although genes encoding for profilin 3 and 4 are both
highly expressed during spermatogenesis, their temporal expression pattern is
distinct (Obermann et al., 2005). Yeast two hybrid and in vitro experiments
revealed that profilin 3, but not profilin 4, is capable of binding β-actin. This is due
to the fact that in profilin 4, there is no conservation of known actin-binding residues
with other profilins (Behnen et al., 2009).
In cells, four main functions have been identified for profilins. Firstly, profilins bind
G-actin in a 1:1 complex decreasing the concentration of free actin monomers in
the cell cytoplasm (Wen et al., 2011). Conversely, in the growing filament, as the
binding site for profilin localises at the barbed end of actin is generally hidden,
profilin affinity for F-actin is very low (Schutt et al., 1993). Nevertheless, in cells,
most G-actin is added as profilin:actin complexes rather than as free actin
monomers. The second activity of profilins is to interact with actin-ADP monomers
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and accelerate the nucleotide exchange of ~1000-fold (Wen et al., 2008). Structural
analyses revealed that in the presence of profilins, the nucleotide-binding cleft of
actin is maintained open leading to nucleotide exchange (Mockrin and Korn, 1980,
Selden et al., 1999). Thirdly, profilins facilitate the release of actin-ATP from the
filament barbed end (Tilney et al., 1983). As free and profilin-bound G-actin have
equal affinity for the filament barbed end, in the presence of profilins the
concentration of G-actin required for polymerisation is less than the critical
concentration of free actin alone. For this reason, it is believed that profilins are
responsible of decreasing the critical concentration at the barbed end, promoting
filament nucleation (Kang et al., 1999). Finally, profilins interact with anionic
phospholipids, such as PtdIns(4,5)P2 (Lassing and Lindberg, 1985, GoldschmidtClermont et al., 1990). As the actin- and phospholipid-binding sites partially overlap
with each other, profilins bound to PtdIns(4,5)P2 release actin (Figure 1.6).
Interestingly, the first functional difference between profilin isoforms was reported
to be related to their differential ability to interact with phosphoinositides
(Goldschmidt-Clermont et al., 1990, Fedorov et al., 1994). In particular, profilin 1, 2
and 3 have conserved basic amino acid residues that generate a positively charged
surface, which mainly interact with PtdIns(4,5)P2 localised predominantly at the
plasma membrane. However, due to a shift in the phosphoinositide-binding site,
profilin 4 shows high affinity for with PtdIns(3)P in vitro (Behnen et al., 2009). As in
cells PtdIns(3)P localises mainly on endosomes, it is possible that in vivo, profilin 4
is selectively directed to this cellular compartment to perform a specific biological
role.

1.4.3 ADF/Cofilins
ADF/cofilin proteins are expressed in all eukaryotes, and in mammals consist of
three members: actin depolymerising factor (ADF), cofilin-1, and cofilin-2 (Bamburg
and Bernstein, 2010). While cofilin-1 is mainly expressed in non-muscle tissues,
cofilin-2 can be found mainly in muscles (Bernstein and Bamburg, 2010). In cells,
the primary function of ADF/cofilins is to bind actin-ADP filaments and promote
their severing (Cao et al., 2006). Hence, ATP hydrolysis and Pi dissociation act as
a timer, ensuring that only old actin filaments undergo to ADF/cofilin-mediated
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severing. In addition, ADF/cofilins are able to weakly bind actin-ADP+Pi enhancing

the dissociation of Pi and generating actin-ADP in seconds rather than minutes
(Blanchoin and Pollard, 1999). During severing, non-covalent bonds between
actin monomers in the filament are disrupted (Bravo-Cordero et al., 2013). This is
possible because upon binding to ADP-bound F-actin, ADF/cofilins displace and
disorder the actin subdomain 2, promoting conformational changes in the F-actin
structure (Muhlrad et al., 2004). ADF/cofilins enhance the flexibility of the actin
filament of four-fold (Orlova and Egelman, 1993). EM studies revealed that
ADF/cofilins sever actin filaments at the junction between cofilin decorated and
undecorated F-actin. This cooperative propagation of conformational changes
along a filament is essential, as the undecorated F-actin will be less stable than the
decorated one (Galkin et al., 2011).

1.4.4 Capping protein
As previously mentioned in section 1.4.2, profilins 1 and 2 can bind free actin
monomers that can then be added to the actin filament barbed end (Wear and
Cooper, 2004). In cells, if all barbed ends were free, elongation would rapidly use
all the available G-actin pool (Pollard, 2016). For this reason, the availability of free
fast growing ends must be maintained low by the activity of specific actin binding
protein, referred as capping protein (CP) (Pollard et al., 2000). CP was first isolated
from Acanthamoeba castellanii (Isenberg et al., 1980). Subsequently, genes
encoding for CP were found in fungi, plants, and nearly all vertebrates (Cooper and
Sept, 2008). CP is a ~64 kDa heterodimer formed by an α-subunit of ~32-36 kDa,
and a β-subunit of ~28-32 kDa. Overall, the structure of the α and β-subunit
complex resembles a mushroom (Yamashita et al., 2003). In vitro biochemical
experiments revealed that CP interacts with the barbed end of actin filaments with
a 1:1 stoichiometry and inhibits the addition or loss of actin monomers (Huang et al.,
2003). Structural and biochemical studies showed that CP interacts with the actin
filament barbed end via two main regions, known as site 1 and 2 (Narita et al.,
2006, Kim et al., 2010). Site 1 consists of a basic region, which is localised on the
top of the mushroom-shaped CP dimer. In contrast, site 2 is a hydrophobic surface
of an amphipathic α-helix at the C-terminal of the β-subunit, also called β-tentacle
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(Edwards et al., 2014). It has been proposed that site 1 binds the acidic patch
found at the interface between the last two actin subunits of the filament barbed
end. Whereas, site 2 interacts with the hydrophobic cleft of the last actin monomer
of the filament (Narita et al., 2006, Kim et al., 2010).
In Drosophila, CP has been found to play an essential role in development and
morphogenesis as loss-of-function mutations in the β-subunit result in a lethal
phenotype at an early larval stage. Reduction of the CP function in Drosophila
bristles led to changes in morphology due to the fact that the actin became
disorganised in these structures (Hopmann et al., 1996). As mutations in profilin
reverted the CP-dependent morphology phenotype, it has been suggested that
profilins and CP have antagonistic roles in the regulation of the actin nucleation in
Drosophila bristles (Hopmann and Miller, 2003).

1.5 The Arp2/3 complex
1.5.1 The discovery
The Actin-related protein 2 and 3 (Arp2/3) complex was first purified in 1994 by
Machesky et al. from crude Acanthamoeba castellanii extract by performing affinity
chromatography in order to identify new profilin binding partners (Machesky et al.,
1994). Upon addition of a high salt buffer to the Acanthamoeba profilins affinity
column, a protein complex consisting of 47, 44, 40, 35, 19, 18, and 13 kDa
polypeptides was eluted. Together these seven proteins formed a relatively stable
heptameric complex that was able to stably interact with profilin (Machesky et al.,
1994). By peptide sequencing of the seven protein bands isolated from gels stained
with Coomassie blue, Machesky et al. discovered that the proteins of 47 and 44
kDa (known as Arp3 and Arp2 respectively) were related to actin and shared high
percentage of similarity with predicted amino acid sequences of genes expressed
in S.cerevisae, S.pombe, C.elegans, and bovine (Machesky et al., 1994). Confocal
microscopy analyses showed that Arp2 and Arp3, and the 19 and 18 KDa
polypeptides, together with actin and profilins localised at Acanthamoeba cortex
and filopodium structures, suggesting that they could play an essential role in actin
dynamics (Machesky et al., 1994). Subsequently, further studies were performed in
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order to uncover the cellular function of the Arp2/3 complex (Lorenz et al., 1993,
Kelleher et al., 1995, Machesky et al., 1997, Mullins et al., 1997, Welch et al.,
1997b, Winter et al., 1997). In particular, as alignment studies revealed that Arp2
and Arp3 shared respectively 68% and 61% of similarity with both Acanthamoeba
actin and vertebrate αskeletal-actin, structural analyses were carried out by
superposing the primary sequences of the two Arp subunits with the available
crystal structure of G-actin in a complex with DNase I (Kelleher et al., 1995).
The Arp2/3 complex was subsequently identified in other organisms including
humans, and it was shown to localise at the leading edge of lamellipodia of chick
fibroblasts, and to be required for the motility and integrity of yeast actin patches,
and Listeria monocytogenes-induced actin tails (Welch et al., 1997b, Winter et al.,
1997). The localisation of the Arp2/3 complex at actin-rich structures was explained
by performing biochemical and EM studies, which revealed the Arp2/3 complex
interacts with the side of a pre-existing actin filament (referred as mother filament)
inducing the nucleation of a new Y-shaped actin filament angled ~70° (called
daughter filament) (Mullins et al., 1997).
Three years after the discovery of this unique actin nucleator (Machesky et al.,
1994), the five subunits were named p41-Arc (Arp complex), p34-Arc, p21-Arc,
p20-Arc, and p16-Arc after their molecular weight, which was determined by SDSPAGE on human extract (Welch et al., 1997a). However, in order to prevent
confusion rising from the fact that the molecular weights of the Arp2/3 subunits
varied slightly between species, Pollard et al. proposed a unified nomenclature in
which p41-Arc, p34-Arc, p21-Arc, p20-Arc, and p16-Arc were named as ARPC1
(Actin-related protein complex 1), ARPC2, ARPC3, ARPC4, and ARPC5 (Pollard et
al., 2000).

1.5.2 The actin nucleation ability
In the past 22 years, the Arp2/3 complex has been widely studied and has
emerged as a central regulator of actin dynamics due to its unique ability to
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nucleate branched actin networks that are essential for many different cellular
processes (Goley and Welch, 2006, Campellone and Welch, 2010, Pollard, 2016).
As previously mentioned (section 1.5.1), the Arp2/3 complex consists of seven
evolutionary conserved subunits that are found in most eukaryotes (Beltzner and
Pollard, 2004). Five of the subunits (ARPC1-5) do not share any common
sequence motif with any other protein, with the exception of ARPC1, which
contains a WD40 (tryptophan-aspartic acid)-repeat (Goley and Welch, 2006).
WD40 domain proteins are involved in a wide range of cellular processes, in which
the WD40 domain functions as a protein-protein or protein-DNA platform (Xu and
Min, 2011). Additionally, as Arp2 and Arp3 share ~47% and ~40% of identity with
β-actin respectively, they are believed to mimic the first pseudo actin dimer from
which the new daughter filament can elongate (Kelleher et al., 1995). However,
from the analysis of the first crystal structure of the complex, it was immediately
noticeable that although Arp2 and Arp3 lie side by side, they are too far apart to
mimic the actin nucleus required to trigger the nucleation of a new daughter
filament (Robinson et al., 2001) (Figure 1.8A). For this reason, this structure is
proposed to represent the inactive conformation of the Arp2/3 complex, also known
as splayed (Rodnick-Smith et al., 2016). As no one has been able to crystallise the
Arp2/3 complex in its active (or short-pitch) conformation, cryo-EM and threedimensional reconstruction approaches have been widely used to develop a model
of a branched junction with a bound Arp2/3 complex (Rouiller et al., 2008,
Dalhaimer and Pollard, 2010). These studies confirmed that in the ‘short-pitch’
state, Arp2 and Arp3 are arranged back-to-back mimicking the first two subunits of
the daughter filament (Rouiller et al., 2008) (Figure 1.8B). In this configuration, the
surfaces of the two actin-related proteins that bind the first and second actin
monomers of the growing daughter filament are conserved with actin (Beltzner and
Pollard, 2004, Rodnick-Smith et al., 2016). In order to bring Arp2 and Arp3 together
a conformational change is required, during which Arp2 moves next to Arp3 in a
short-pitch helix dimer, and subdomains 3 and 4 of Arp3, and ARPC3 rotate slightly
from their positions in the inactive crystal structure (Rodnick-Smith et al., 2016).
The rest of the subunits seem to maintain their positions as they can fit into the
reconstruction without any modification (Rouiller et al., 2008). This model also
revealed that five actin subunits of the mother filament participate in the interaction
with the Arp2/3 complex and they have to undergo to a slight distortion in order to
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create a groove that seems to be occupied by ARPC2 and ARPC4. In addition,
also ARPC1, ARPC3, ARPC5, and Arp2 have been shown to contact the side of
the mother filament (Rouiller et al., 2008) (Figure 1.8B).
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Figure 1.8 The Arp2/3 complex

A Ribbon diagram of the crystal structure of the inactive conformation of the Arp2/3
complex. The proposed conformational change and the projected active state are
also shown. The black asterisks indicate the nucleotide-binding cleft of the Arp2/3
complex. B Representation of the best fit of the crystal structure of the Arp2/3
complex at the branch junction. Actin subunits are colored in white and grey. M1-6
are the actin monomers of the mother filament, whereas D1 and D2 are the first
two actin monomers of the daughter filament. The Arp2/3 complex subunits are
colored as in A. ©Roullier et al., 2008. Originally published in Journal of cell biology.
180:887-95.
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In many higher eukaryotes, two different isoforms exist for ARPC1 (ARPC1A and
ARPC1B), ARPC5 (ARPC5 and ARPC5L), and Arp3 (Arp3 and Arp3B) that are
encoded by separate genes (Figure 1.9). In mammals, ARPC1 and ARPC5
isoforms share ~67% of identity respectively (Balasubramanian et al., 1996, Millard
et al., 2003). Conversely, Arp3 and Arp3B are ~91% identical to each other (Jay et
al., 2000). The amino acid differences between ARPC1, ARPC5, and Arp3
isoforms are spread along their entire sequences (Balasubramanian et al., 1996,
Millard et al., 2003, Jay et al., 2000). Based on the literature, we lack enough
information about whether differences in localisation as well as cell type or tissue
expression patterns exist for ARPC1 isoforms (Higgs and Pollard, 2001). However,
it has been reported that the relative expression of ARPC5 and Arp3 isoforms
varies among tissues (Millard et al., 2003, Jay et al., 2000). In particular, ARPC5L
is more abundant in brain compared to ARPC5, which is enriched in the thymus
and spleen (Millard et al., 2003). Arp3B is more expressed in brain, skeletal
muscles, pancreas, and liver, whereas Arp3 is ubiquitously expressed in all tissues
and organs (Jay et al., 2000). In addition, mRNA (messenger RNA) screens of low
and high human metastatic lung cancer clones identified a third Arp3 isoform,
referred as Arp3C (or Arp11) (Shindo-Okada et al., 2001) (Figure 1.9). Further
analyses revealed that the gene encoding for Arp3C is mainly expressed in low
metastatic lung cancer cells (Shindo-Okada and Iigo, 2003). The existence of
different ARPC1, ARPC5, and Arp3 isoforms and their significance in regulating the
activity of the Arp2/3 complex has largely been overlooked. However, recent
studies from Abella et al. showed for the first time that ARPC1 and ARPC5
isoforms are integrated in Arp2/3 complexes (Abella et al., 2016). Hence, in
humans, different Arp2/3 combinations exist and have opposed roles in regulating
actin-based motility of vaccinia virus based on their different ability to interact with
Class II NPF cortactin (section 1.6.2.1), and the debranching factors coronin 1B/1C
(section 1.6.5) (Abella et al., 2016).
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Figure 1.9 Conservation of the Arp2/3 complex subunits.

Table representing the Arp2/3 complex subunit isoforms in the indicated species.
Adapted from Abella et al., 2016.

1.6 The regulation of the Arp2/3 complex
In cells, the Arp2/3 complex is a very potent actin filament nucleator, however, in
vitro the purified complex only exhibit low levels of actin nucleation activity (Mullins
et al., 1998, Welch et al., 1998). In addition, in the splayed crystal conformation of
the Arp2/3 complex, Arp2 and Arp3 are positioned too far apart to be able to mimic
the first two monomers of the growing actin daughter filament (Robinson et al.,
2001). Hence, it has been suggested that other cellular inputs are required in order
to promote a switch of conformation of the Arp2/3 complex to stimulate its
nucleation activity (Goley and Welch, 2006).

1.6.1 Nucleation-promoting factors
The first evidence of the existence of proteins capable of activating the Arp2/3
complex came from the discovery of a protein, referred as ActA, which is localised
on the surface of Listeria monocytogenes. ActA is able to activate the Arp2/3
complex in vitro and is sufficient for actin-based motility of bacteria (Pistor et al.,
1994, Welch et al., 1997b, Welch et al., 1997a, Welch and Way, 2013). In fact, the
expression of this protein on the surface of a bacterium that is not able to nucleate
actin (such as Streptococcus pneumonia), is sufficient to promote motility (Kocks et
al., 1995, Smith et al., 1995). The discovery of ActA was rapidly followed by the
identification of a wide range of homologous proteins in eukaryotic cells (Machesky
and Insall, 1998, Machesky et al., 1999, Rohatgi et al., 1999, Winter et al., 1999,
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Yarar et al., 1999). These proteins were named nucleation-promoting factors
(NPFs) and their addition to in vitro pyrene actin polymerisation assays leads to a
~15-fold time increase in the Arp2/3-dependent nucleation (Veltman and Insall,
2010, Campellone and Welch, 2010, Goley et al., 2010). Depending on their
activity, NPFs are divided into class I and class II (Figure 1.10).

1.6.1.1 Class I NPFs
Class I represents the largest group of NPFs and contains WASP, N-WASP
(neuronal

WASP),

Scar/WAVE

(WASP-family

verprolin

homology

protein/suppressor of cAMP receptor), WASH (WASP and scar homologue),
WHAMM (WASP homologue associated with actin, membranes and microtubules),
and JMY (junction-mediating regulatory protein) (Egile et al., 1999, Le Clainche et
al., 2001, Marchand et al., 2001, Panchal et al., 2003, Chereau et al., 2005, Co et
al., 2007). Class I NPFs are characterised by the presence of a verprolin
homology-central-acidic (VCA) domain at their C-termini (Rotty et al., 2013).
Outside their VCA regions, these proteins have very divergent domains, which
interact with different regulatory or scaffolding proteins (Goley and Welch, 2006,
Campellone and Welch, 2010). Biochemical and structural studies revealed that the
VCA domain plays a fundament role in the activation of the Arp2/3 complex
(Machesky and Insall, 1998, Machesky et al., 1999, Miki and Takenawa, 1999,
Gaucher et al., 2012). The V region consists of one or more WH2 domains, which
have high affinity for actin monomers (Paunola et al., 2002, Dominguez, 2016).
This domain is essential to deliver the first actin monomer to the Arp2 and Arp3
dimer to form the nucleus, which triggers the elongation of the daughter filament
(Machesky and Insall, 1998, Miki et al., 1998, Gaucher et al., 2012). The CA
domain interacts directly with different subunits of the Arp2/3 complex (Goley et al.,
2004, Rodal et al., 2005). Isothermal titration calorimetry (ITC) measurements, and
structural and biochemical studies of fission yeast CA domain of WASP
demonstrated that CA binds to bovine Arp2/3 complex with a 2:1 stoichiometry (SB
et al., 2008). The high-affinity site 1 consists of an interface situated between
ARPC1 and Arp2 (Ti et al., 2011). The interaction of the first CA domain with this
site favours the coincident binding of the second CA region nearby to the low-
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affinity site 2 on Arp3 and ARPC3 (Boczkowska et al., 2008). Moreover, in vitro
pyrene actin polymerisation assays revealed that GST (Glutathion S-transferase)fusion of the WASP VCA domain enhances the ability of the Arp2/3 complex to
nucleate actin by ~100-180-fold (Higgs and Pollard, 2000, SB et al., 2008). Several
studies have also shown that NPFs have different affinities for the Arp2/3 complex
and this has an effect on the nucleating activity of the complex in vitro (Miki et al.,
1998, Miki and Takenawa, 1999, Boczkowska et al., 2014). For example, in pyrene
actin polymerisation assays, the VCA of N-WASP has a ~70-fold higher affinity
than the VCA of Scar/WAVE towards the Arp2/3 complex (Zalevsky et al., 2001b).
These data are consistent with the hypothesis that the VCA domain of Class I
NPFs is required to induce a conformational change in the Arp2/3, which leads to
its activation (Machesky and Insall, 1998, Marchand et al., 2001, Panchal et al.,
2003, Goley et al., 2004, Kreishman-Deitrick et al., 2005, Xu et al., 2012). However,
in vitro TIRF and pyrene actin polymerisation experiments revealed that upon the
activation of the Arp2/3 complex, the VCA must be release from the branched
junction in order to promote the elongation of the daughter filament (Martin et al.,
2006, Smith et al., 2013, Helgeson and Nolen, 2013). It is still not completely clear
why the displacement of Class I NPF is a critical step for the daughter filament
elongation. One possibility is that, as WASP proteins are strongly attached to the
cell membranes, the release step ensures that actin branches are not tethered to
the membrane as the branched actin network pushes outward on it (Higgs and
Pollard, 2000).

1.6.1.2 Class II NPFs
In mammals, class II NPFs includes cortactin and its homologue hematopoieticspecific protein 1 (HS1) (Figure 1.10). Compared to class I, these NPFs only
contain the Arp2/3-binding acidic domain at their N-terminus (NtA). Although Class
II NPFs lack the G-actin-binding V region, they contain repetitive sequences, which
are able to make contact with actin filaments (Goley and Welch, 2006, Campellone
and Welch, 2010). Previous studies revealed that in in vitro pyrene actin
polymerisation assays, cortactin behaves as a weak activator of the Arp2/3
complex (Weed et al., 2000). However, in vivo, the introduction of mutations in the
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NtA domain of cortactin inhibits its interaction with the Arp2/3 complex, leading to
the inhibition of invadopodium formation and actin-dependent trafficking vesicles,
which are required for lamellipodial protrusions and cell motility (Webb et al., 2007,
Weed et al., 2000). In addition, chemical crosslinking analyses showed that the NtA
domain of cortactin and the VCA domain of N-WASP compete for binding to Arp3
(Weaver et al., 2002). Moreover, the NtA domain binds more strongly to Arp3 if the
Arp2/3 complex is already bound to the side of a mother filament (Zalevsky et al.,
2001b, Uruno et al., 2003a). It has been shown that cortactin NtA domain interacts
with the Arp2/3 complex bound to the side of a mother actin filament and this
interaction does not block elongation of the daughter filament (Helgeson and Nolen,
2013). Altogether these results are consistent with the hypothesis that cortactin
cooperates with N-WASP to promote Arp2/3-mediated actin polymerisation, as it
leads to the displacement of Class I NPF VCA domain in order to allow the
elongation of the new filament to take place (Weaver et al., 2001, Uruno et al.,
2003b, Helgeson and Nolen, 2013). Consistent with this, cortactin colocalises with
WASP/Scar proteins at branched actin networks at the leading edge of crawling
cells, invadopodia, and at site of endocytosis (Martinez-Quiles et al., 2004,
Desmarais et al., 2009, Grassart et al., 2010).

52

Chapter 1 Introduction

Figure 1.10 Class I and II nucleation promoting factors

Schematic representing class I and II nucleation promoting factors (NPFs). WH1
(WASP Homology 1), B (Basic domain), GBD (GTPase Binding Domain), PRD
(Proline Rich Domain), V (Verprolin homology doman), C (Connector), A (Acidic),
SHD (SCAR Homology Domain), WAHD1 (WASH homology domain 1), TBR
(Tubulin Binding Region), WMD (WHAMM-Membrane interaction Domain), CC
(Coiled-coil domain), L (Linker), NtA (N-terminal Acidic domain), R (Repeat), SH3
(Src Homology 3 domain). Adapted from Goley and Welch, 2006.

1.6.2 Interaction with actin
NPFs are not the only inputs required for the activation of the Arp2/3 complex. In
fact, Machesky et al. showed that in vitro, the incubation of the Arp2/3 complexes
and Scar/WAVE proteins with pre-formed actin filaments results in the abolishment
of the spontaneous actin polymerisation lag (Machesky et al., 1999). Although
ARPC1, ARPC3, ARPC5, and Arp2 subunits can interact with F-actin, ARPC2 and
ARPC4 form the main binding interface with the mother filament (Rouiller et al.,
2008, Goley et al., 2010). In particular, 3D reconstruction analyses revealed that
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five actin monomers of the mother filament (M1-5), which participates in the
interaction with the Arp2/3 complex, have to undergo to a slight distortion in order
to create the groove occupied by ARPC2 and ARPC4 (Rouiller et al., 2008). The
Arp2/3 complex residues essential for these interactions have been widely
characterised, and it has been shown that their mutations causes a ~2-12-fold
decrease of the polymerisation activity of the Arp2/3 complex (Goley et al., 2010).

1.6.3 ATP
As structurally similar to actin, Arp2 and Arp3 have a nucleotide-binding cleft
positioned in between subdomain 2 and 4, in which the amino acid residues are
highly conserved and similar to the ones present in the actin nucleotide-binding
pocket (Kelleher et al., 1995) (Figure 1.11). Crystal structure of the Arp2/3 complex
revealed that upon ATP binding, no structural changes take place in Arp2, whereas
subdomain 4 of Arp3 moves closer to subdomain 2, causing conformational
changes that propagate throughout the entire complex (Nolen et al., 2004).
Consistent with this, Le Clainche et al. showed that in vitro, ATP is bound with high
affinity only to Arp3, whereas Arp2 nucleotide-binding site remain empty (Le
Clainche et al., 2001). Upon binding of the VCA domain to the complex, structural
changes enhance the affinity of Arp3 for ATP of ~400-fold (Le Clainche et al., 2001).
The subtle conformational rearrangement of the Arp2/3 complex upon interaction
between ATP and Arp3 is essential in order to increase the affinity of the complex
for the VCA domain by an order of magnitude (Dayel et al., 2001, Goley et al.,
2004). While the binding to ATP is essential for the activation of the Arp2/3
complex, the role played by ATP hydrolysis is not well understood (Goley and
Welch, 2006, Martin et al., 2006, Ingerman et al., 2013). Several studies have
shown that Arp2 has a better ATPase activity than Arp3 (Dayel and Mullins, 2004).
Additionally, on the Arp2 subunit, ATP hydrolysis occurs roughly at the same time
scale as it takes the Arp2/3 complex to generate a new daughter filament (Dayel
and Mullins, 2004). Fluorescence speckle microscopy experiments in Drosophila
S2 cells revealed that the expression of either Arp2 or Arp3 mutants, which lack
ATPase activity, do not inhibit the formation of lamellipodia. In particular, these
mutants induce the expansion of lamellipodial structures and at the same time
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inhibit Arp2/3 complex displacement from the actin filaments, suggesting that ATP
hydrolysis by Arp2 and Arp3 may have a role in promoting actin disassembly
(Ingerman et al., 2013).

Figure 1.11 Sequence conservation between actin and Arps

Ribbon diagrams of the crystal structures of yeast actin, Arp2 and Arp3. The
numbers 1-4 indicate subdomains. ‘ATP’ surrounded by a dashed circle highlights
the nucleotide-binding cleft. The conservation scale 0-100% identity (% Id.) is
colored from dark blue to red. Reprinted with permission from Molecular Biology of
Cell, Muller et al., Sequence and comparative genomic analysis of actin-related
proteins, (2005).

1.6.4 Phosphorylation
Mass spectrometry analyses of purified Arp2/3 complex together with mutagenesis
studies revealed that the Arp2 subunit can be phosphorylated on threonine
residues 237 and 238 as well as tyrosine 202 (LeClaire et al., 2008). These
residues localise close to the interface between Arp2, Arp3 and ARPC4, and are
believed to play a role during the Arp2/3 complex conformational switch (Robinson
et al., 2001). In vitro pyrene actin polymerisation assays performed in the presence
of the VCA domain of N-WASP, showed that Arp2/3 complexes containing Arp2
with alanine substitutions in position 237, 238, and 202 lead to a four-fold decrease
in the rate of filament assembly compared to that seen with wild-type Arp2/3
complexes (Narayanan et al., 2011). Further simulation analyses suggested that
the interaction with the NPF VCA-domain and the phosphorylation of Arp2 have to
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both take place to promote the activation of the Arp2/3 complex (Narayanan et al.,
2011). This notion was subsequently confirmed by in vivo experiments, which
showed that either the threonine or tyrosine phosphorylation is necessary for
lamellipodium formation, In fact, overexpression of Arp2 with alanine substitution in
position 237 and 238, or 202 does not restore lamellipodia-like protrusions upon
loss of endogenous Arp2 in Drosophila S2 cells (LeClaire et al., 2008). Although
the mechanism by which phosphorylation leads to the Arp2/3 complex
conformational switch has not been yet completely characterised, NIK (Nckinteracting kinase) has been recently identified as the first protein able to interact
with and phosphorylate the Arp2/3 complex (LeClaire et al., 2015).

As Nck is

responsible for the recruitment and the activation of N-WASP, it is possible that
NIK-dependent phosphorylation represents another level of regulation of the Arp2/3
complex activity, by which the formation of branched actin filaments leads to
membrane dynamics in response to growth factor stimulation (Rohatgi et al., 2001,
Rivera et al., 2004, Baumgartner et al., 2006, Choi et al., 2013, Welch and Way,
2013).
In addition to Arp2, ARPC1B can also be phosphorylated on threonine 21 by p21activated kinase 1 (Pak1) and Aurora A kinase, which positively regulate growth
factor-induced cell migration and centrosome homeostasis respectively (Vadlamudi
et al., 2004, Molli et al., 2010). Phosphorylation of ARPC1B seems to play a role in
promoting the association of this subunit with the Arp2/3 complex. Consistent with
this, it has been shown that ARPC1B is the only Arp2/3 complex subunit, which can
exist as monomer in the cytoplasm of cells (Molli et al., 2010). Additionally, in vitro
phosphorylation assays showed that Legionella pneumophila protein kinase
(LegK2) specifically phosphorylate Arp3 and ARPC1B isoforms. The expression of
LegK2 is sufficient to inhibit the formation of actin stress fibers in HeLa cells
(Michard et al., 2015). Finally, ARPC5 phosphorylation by PKCα (protein kinase
Cα) has been shown to control the organisation of actin and microtubules during
the migration of smooth muscle cells (Silverman-Gavrila et al., 2011). MAPKAPK2
(Mitogen-Activated

Protein

Kinase-Activated

Protein

Kinase

2)

can

also

phosphorylate ARPC5 on serine 77 and neutrophils lacking MAPKAPK2 have
impaired directional migration (Hannigan et al., 2001; Singh et al., 2003).
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1.6.5 Coronins
Regulation of Arp2/3-dependent branched actin networks is a highly dynamic
process, whereby the elongation of new filaments is counteracted by proteins, such
as coronins, which negatively regulate the activity of the Arp2/3 complex and
promote filament disassembly (Chan et al., 2011). Coronin was first purified from a
contracted myosin-actin preparation from Dictyostelium discoideum, however,
homologous proteins have also been identified in all eukaryotes (de Hostos et al.,
1993). Coronin-null Dictyostelium cells lacking coronin show a decrease in cell
migration speed, and impaired growth, cytokinesis and endocytic uptake (de
Hostos et al., 1993, Rauchenberger et al., 1997). In mammals, seven coronins
have been identified, which are generally grouped into three main classes (type IIII), based on their sequence similarity (Uetrecht and Bear, 2006) (Figure 1.12). All
coronins have a similar structural arrangement, which consists of N- and C-terminal
extensions (NE and CE respectively), flanking WD40 repeats arranged in a βpropeller structure (McArdle and Hofmann, 2008). Coronins also have highly
divergent unique regions (U) at the C-terminal of the CEs. In addition, type I and II
coronins contain a C-terminal coiled-coil (CC), which mediates oligomerisation
(Appleton et al., 2006) (Figure 1.12). Consistent with this, transmission electron
microscopy analyses performed on coronin 1 isolated from macrophages revealed
that this protein assembles into trimeric structures (Gatfield et al., 2005).
Type I coronins are the best characterised members of the coronin family and
consist of coronin 1A, 1B, and 1C (Uetrecht and Bear, 2006). Coronin 1A is mainly
expressed in hematopoietic cells, whereas coronin 1B and 1C appear ubiquitously
expressed in most tissues (Okumura et al., 1998, Nal et al., 2004, Di Giovanni et al.,
2005). The cellular functions of type I coronins are not yet completely understood,
however, they all probably involve interactions with F-actin and the Arp2/3 complex
(Uetrecht and Bear, 2006). In coronin 1B a charged patch on the top surface of the
β-propeller has been shown to be crucial for binding F-actin (Cai et al., 2007).
Mutation of only arginine 30 in the patch, results in loss of the high-affinity binding
with F-actin. Furthermore, the introduction of the same mutation in coronin 1A and
1C induces a similar phenotype (Kimura et al., 2010, Tsujita et al., 2010).
Additionally, Machesky at al. showed that in neutrophil lysates, coronin 1A co57

Chapter 1 Introduction

purifies with the Arp2/3 complex (Machesky et al., 1997). Further evidence for the
interaction between coronins and Arp2/3 complex comes from studies of coronin
1B. In vitro pyrene actin polymerisation assays revealed that addition of human
coronin 1B to a reaction containing VCA-activated Arp2/3 complex decreases the
rate of actin polymerisation (Cai et al., 2005, Cai et al., 2007). Consistent with this,
biochemical and microscopy studies showed that coronin 1B and cortactin potently
antagonise each other in vivo and in vitro (Cai et al., 2008, Abella et al., 2016). It
has been proposed that cortactin stabilises branched junctions by protecting the
Arp2/3 complex from coronin 1B-mediated debrancing (Cai et al., 2008, Abella et
al., 2016). Importantly, coronin 1B engagement blocks Arp2/3 complex in its
inactive conformation promoting the displacement of the complex from the branch
point, whilst still binding to the daughter filament. This event promotes the
formation of more flexible actin branches, which are more amenable to
disassembly (Cai et al., 2008). At branched junctions, coronin 1B also enhances
filament depolymerisation by recruiting Slinghshot 1L, the cofilin activating
phosphatase (Cai et al., 2007). When dephosphorylated, cofilin promotes the
dissociation of actin-ADP from the pointed ends of actin filaments (Carlier et al.,
1997, Andrianantoandro and Pollard, 2006).
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Figure 1.12 Type I, II and III coronins

Schematic representing type I, II and III coronins. NE (N-terminal extension), CE
(C-terminal extension), U (Unique), CC (Coiled-coil), A (Acidic). Adapted from
Uetrecht and Bear, 2006.

1.6.6 Branch formation and dendritic nucleation model
At the leading edge of cells, the generation of Arp2/3-dependent branched actin
networks requires the co-existence of different stimuli, including the Arp2/3
complex phosphorylation, the interaction with NPFs, ATP and the mother actin
filament (Blanchoin et al., 2000, Veltman and Insall, 2010, Rouiller et al., 2008,
LeClaire et al., 2008, Rodnick-Smith et al., 2016). Several studies have contributed
to the development of a model referred as ‘the displacement model’, which explains
the essential steps that lead to the activation of the Arp2/3 complex and filament
growth (Helgeson and Nolen, 2013) (Figure 1.13). In particular, it has been
hypothesised that in response to specific intra- or extra-cellular stimuli that activate
NPFs, two VCA domains contact the Arp2/3 complex, bringing in close proximity to
the complex the first monomer of actin of the daughter filament (Machesky and
Insall, 1998, Miki and Takenawa, 1999, Gaucher et al., 2012). In the NPF-bound
state, Arp2 is stabilised in a conformation that resembles that of F-actin with, its
nucleotide-binding cleft closed. Conversely, the ATP-binding pocket of Arp3
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remains half way in between a filament-like closed cleft and the splayed inactive
conformation (Dayel and Mullins, 2004). In this intermediate state Arp3 is not able
to interact with the V-bound actin monomer and promote the nucleation of the
daughter filament (Rebowski et al., 2008). However, the interaction with NPFs
increases the affinity of the Arp2/3 complex for the mother filament, inducing the
complex to adopt its full active conformation (Xu et al., 2012, Smith et al., 2013). In
its active state, Arp2 and Arp3 subunits are side-by-side and can bind the two
monomers of actin delivered by the V domains of the NPF dimer (Rouiller et al.,
2008, Rodnick-Smith et al., 2016). In the last step of the activation process, the
NPFs have to dissociate from the Arp2/3 complex to allow the elongation of the
daughter filament. Recent TIRF microscopy experiments have suggested that the
release of the first NPF bound to the Arp2/3 complex is achieved by the recruitment
of cortactin at the nascent branch junction (Helgeson and Nolen, 2013). At this site,
the NtA domain of cortactin competes with the CA bound to Arp3 and leads to the
displacement of the NPF (Weaver et al., 2002, SB et al., 2008). At the branched
junction, NtA engages with Arp2/3 complex, whereas the central actin binding
repeats of cortactin interact with the mother filament, stabilising the Arp2/3 complex
at the branch junction (Helgeson and Nolen, 2013) (Figure 1.14).
The Arp2/3 complex is one of the central components of the dendritic nucleation
model that was first proposed in 1998 to explain the nucleation and disassembly of
actin networks at the leading edge of crawling cells and in the actin comet tails
induced by some intracellular bacteria and viruses (Mullins et al., 1998) (Figure
1.15). This model was developed in order to address the reason why at the steadystate, the actin dissociation at the pointed end in vitro (0.04 µm/min) is two orders
of magnitude slower than the migration speed of keratocytes in vivo (~10 µm/min)
(TD and Borisy, 2003). Initially, the dendritic nucleation model contained just actin,
the Arp2/3 complex, and capping protein. However, it was later expanded upon the
discovery of new ABPs (Pollard et al., 2000). It is important to notice that this model
focuses on just 5 of the ~60 families of known ABPs, as these 5 proteins are highly
conserved in all organisms from yeast to humans (Welch et al., 1997a, NicholsonDykstra et al., 2005, Miller, 2002)
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Figure 1.13 The displacement model

Schematic of the displacement model. Dimer of NPFs interacts with G-actin and
the Arp2/3 complex via their V (verproline) and CA (Central-Acidic) domains
respectively. NPFs promote the engagement of inactive Arp2/3 complex with the
side of a pre-existing mother actin filament and the switch of conformation of the
complex. NPFs must dissociate from the Arp2/3 complex to allow the elongation of
the daughter actin filament. Cortactin recruitment leads to the displacement of
NPFs and stabilises the Arp2/3 complex at the branch junction via its NtA (Nterminal acidic) domain. SH3 (Src homology 3 domain).
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Figure 1.14 Dendritic nucleation model

Schematic representing a proposed model for the regulation of actin polymerisation
and actin filament treadmilling at the cell plasma membrane. The roles of profilins,
ADF/cofilins, WASP/Scar family proteins, and the Arp2/3 complex are indicated.
Figure adapted from Pollard and Borissy, 2003.
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1.7 Arp2/3 complex in cellular processes
The Arp2/3 complex plays a central role in different cellular processes, including 2D
lamellipodium-mediated cell migration and invadopodium formation (Goley and
Welch, 2006, Nurnberg et al., 2011). In addition, a large number of intracellular
pathogens take advantage of this unique actin nucleator in order to promote
infection (Welch and Way, 2013). The specific signalling pathways that regulate 2D
cell migration and invadopodium formation will be discussed in the following
sections (sections 1.7.1 and 1.7.2) with the exception of actin-based motility of
pathogens, which will be described in more details in section 1.8.

1.7.1 Lamellipodia
The term ‘lamellipodia’ was first coined by Abercrombie to describe thin sheet-like
actin-rich protrusions parallel to the substrate at the front of a cell (Abercrombie,
1980). Although, lamellipodia are mainly visualised at the leading edge of cells
undergoing to 2D migration, in vivo imaging of cells migrating through different type
of ECM revealed that lamellipodia-based motility can also occur in 3D (Friedl and
Wolf, 2010, Ridley, 2011). At the leading edge of crawling cells, the activation of
the Arp2/3 complex is mediated by the Scar/WAVE complex (Krause and Gautreau,
2014) (Figure 1.15). This complex consist of five different components, which are
WAVE, HSPC300 (Haematopoietic stem/progenitor cell protein 300), Abl interactor
1(Abi1), Nck-associated protein 1 (Nap1), and Rac-associated 1 (SRA1; also called
PIR121) (Gautreau et al., 2004, Echarri et al., 2004, Innocenti et al., 2004). This
complex is generally kept inactive, however, upon stimulation of cellular epidermal
growth factor receptors (EGFRs) by epidermal growth factors (EGFs), the
Scar/WAVE complex is recruited and activated at the cell plasma membrane
(Krause and Gautreau, 2014). In particular, Ridley et al. (Ridley et al., 1992)
showed that EGF stimulation is essential in order to activate Rac signalling
cascade, which results in the formation of lamellipodia and cell migration. However,
in vitro experiments revealed that active Rac binds WAVE and SRA1 with very low
affinity (Kobayashi et al., 1998, Chen et al., 2010). Hence, a very high
concentration of Rac is required to activate the Scar/WAVE complex (Ismail et al.,
2009). For these reasons, in cells other signalling pathways control the activation of
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this complex upon stimulation of EGFRs (Krause and Gautreau, 2014). Consistent
with this, it has been shown that the enzyme phosphatidylinositol 3-kinase (PI3-K)
induces the generation of PtdIns(3,4,5)P3, which is then converted to PtdIns(3,4)P2
by the enzyme SHIP2, promoting the engagement of the Scar/WAVE complex to
the membrane via its interaction with the Scar/WAVE complex-interaction protein
lamellipodin (Rossman et al., 2005, Vehlow et al., 2013). Once the Scar/WAVE
complex has been recruited at the cell leading edge, Src-mediated Abl activation
results in the phosphorylation of WAVE, which promotes the activation of the
Scar/WAVE complex (Leng et al., 2005, Stuart et al., 2006, Sossey-Alaoui et al.,
2007). Finally, another signalling cascade induced by the stimulation of EGFRs
consists in the recruitment of the protein complex formed by Grb2, Sos-1, and Ras.
Activated Ras can stimulate the phosphorylation of lamellopodin and the
Scar/WAVE complex directly or via the protein kinase ERK (Scita et al., 1999,
Mendoza et al., 2011). Recently, has been found that in cancer cells ARF GTPase
signal cascade can also promote the activation of Scar/WAVE. This pathway
consists in the activation of ARF6, which in turn can activate ARF1 (Haines et al.,
2014, Morishige et al., 2008) (Figure 1.15). Additionally, Koronakis et al. showed
that in cell extract, Rac 1 is required for the activation of ARF1, which then recruits
and activates the Scar/WAVE complex to the membrane (Koronakis et al., 2011).
Lamellipodia are not the only actin-rich protrusions that migrating cells form at their
leading edge. In fact, it has been shown that in the absence of the Arp2/3 complex,
MEFs are still able to migrate via the formation of finger-like structures known as
filopodia (Wu et al., 2012). These structures are also described as ‘antennae’ or
‘tentacles’ that cells use to probe the extracellular environment (Mattila and
Lappalainen, 2008). The generation of filopodia is regulated by Rho GTPases,
Ena/VASP and formins, which induce the formation of unbranched actin filaments
(Goode and Eck, 2007).
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Figure 1.15 Lamellipodium signalling cascade

Schematic depicting part of the signalling cascade leading to the activation of the
Scar/WAVE complex and its recruitment to the plasma membrane upon stimulation
of cellular epidermal growth factor receptors (EGFRs) by epidermal growth factors
(EGFs). Adapted from Krause and Gautreau, 2014.

1.7.2 Invadopodium formation
Invadopodia are proteolitically active actin-rich membrane protrusions, which
cancer or transformed cells form in culture when plated on an ECM substrate, such
as gelatin, fibronectin, collagen, or laminin (Chen, 1989, Kelly et al., 1994,
Buccione et al., 2009) (Figure 1.16). In vivo, the ability of cancer cells to form
invadopodia is believed to be correlated with their invasive potential (Li et al., 2010).
The initiation of invadopodia is induced by different stimuli, including growth factor,
integrin, and reactive oxygen species (ROS)-mediated signalling cascades
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(Nakahara et al., 1997, Yamaguchi et al., 2005, Diaz et al., 2009, Murphy and
Courtneidge, 2011). These stimuli result in the activation of invadopodia-associated
proteins via the tyrosine kinase Src (Mader et al., 2011). Several Src substrates are
phosphorylated and localise at invadopodia, including the adaptor protein Tks5
(Tyrosine kinase substrate with 5 SH3 domains), cortactin, and N-WASP (Abram et
al., 2003, Seals et al., 2005, Ayala et al., 2008). In particular, in the early stage of
invadopodium formation, phosphorylated Tks5, via its PX (Phox) domain, is
recruited by the phosphoinositide PtdIns(3,4)P2 in the plasma membrane (Abram et
al., 2003, Oikawa et al., 2008). Consistent with its role as an adaptor protein, the
phosphorylation of Tks5 is essential to bind the SH2 domain of Nck, which then
contributes to the recruitment of N-WASP and its main target, the Arp2/3 complex
(Stylli et al., 2009). Additional studies revealed that the interaction with the adaptor
protein Grb2 can also mediate the binding of N-WASP to Tks5 (Oikawa and
Takenawa, 2009). Finally, Tks5 can directly interact with N-WASP via its SH3
domain, promoting localised Arp2/3-dependent actin nucleation at invadopodia
(Oikawa et al., 2008, Gimona et al., 2008). An essential step during invadopodium
assembly is represented by the recruitment of cortactin to the membrane, which
can then associate with several actin-regulatory proteins, including WASPinteracting protein (WIP), N-WASP and the Arp2/3 complex (Tehrani et al., 2006,
Yamaguchi et al., 2007, Oikawa et al., 2008, Stylli et al., 2009). Together these
proteins contribute to the formation of a complex bound to dynamin and the NWASP activator Cdc42 (Gimona et al., 2008). Essential in order to trigger the
maturation process is the recruitment of adhesion proteins to invadopodia (Mueller
et al., 1999, Branch et al., 2012, Beaty et al., 2013). In particular, Beaty et al.
showed that β1 integrin promotes invadopodium maturation by specifically
interacting and activating the kinase Arg (Beaty et al., 2013). Active Arg is able to
phosphorylate cortactin, which then recruits Nck1 and N-WASP in order to facilitate
the activation of the Arp2/3 complex (Oser et al., 2010, Mader et al., 2011). Like β1
integrin, talin is believed to play an essential role in invadopodium maturation, as
depletion of this focal adhesion protein blocks invadopodia-mediated matrix
degradation, 3D migration and spontaneous lung metastasis in vivo (Beaty et al.,
2014). In MDA-MB-231 cells, has been observed that talin promotes the
recruitment of moesin to invadopodia, which in turn interacts with the sodiumexchanger-1 (NHE-1) (Beaty et al., 2014). NHE-1 releases hydrogen ions (H+)
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resulting in an increased intracellular pH that disrupts the interaction between
cortactin and cofilin. Active cofilin can then sever F-actin generating free barbed
ends, which support Arp2/3-dependent actin nucleation (Denker et al., 2000, Busco
et al., 2010, Beaty et al., 2014). Although the majority of studies focused on the
dendritic actin network generated by the Arp2/3 complex, there is strong evidence
that formins also play a role in invadopodium formation (Lizarraga et al., 2009,
Schoumacher et al., 2010). Consistent with this hypothesis, mDia2 and DRF1-3
(Diaphanus-related formins 1-3) localise at invadopodia and promote their
maturation in MDA-MB-231 cells (Lizarraga et al., 2009). The last step in
invadopodia formation is the delivery and secretion and localisation of the
metalloprotease MT1-MMP, which is essential to promote ECM degradation
(Oikawa et al., 2008). The adaptor Tks4 regulates the recruitment of this protease,
as its loss results in the formation of immature invadopodia, which contain Tks5
and cortactin but fail to localise MT1-MMP and degrade the substrate (Buschman et
al., 2009).
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Figure 1.16 Invadopodium signalling cascade

Schematic showing the main proteins involved in the invadopodium signalling
pathway, which leads to the activation of the Arp2/3 complex and the formation of
membrane protrusions capable of degrading the surrounding extracellular matrix
(ECM).
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1.8 Actin-based motility of intracellular bacterial pathogens
A wide variety of microbial pathogens are obligate intracellular parasites, which
target the cytoskeleton of host cells in order to promote their pathogenesis (Welch
and Way, 2013). At the first step of infection, microbes need to access the host
cells, and this is mainly achieved by promoting the remodelling of the cellular actin
cytoskeleton to induce the activation of the endocytotic pathway (Gruenheid and
Finlay, 2003, Mercer and Helenius, 2009, Mercer and Greber, 2013, Cossart and
Helenius, 2014). Shigella flexneri, for example, delivers an effector protein known
as VirA into host cells via its type III protein secretion system. In the cytoplasm,
VirA destabilises microtubules and promotes the transient formation of actin-rich
membrane ruffles by the activation of GTPases Cdc42 and Rac1 (Tran Van Nhieu
et al., 2000, Zhou and Galan, 2001, Yoshida et al., 2002, Ly and Casanova, 2007).
In order to avoid lysosomal degradation, internalised pathogens must escape from
endosomes. Listeria monocytogenes secretes a cholesterol-dependent toxin, called
listeriolysin O, which leads to the formation of pores in the cholesterol-containing
membranes when it is in the acidic pH of the endosomes (Tweten, 2005). Once
inside the host cell cytoplasm, some pathogens (such as Chlamydia) reach specific
cellular compartments by moving along microtubules (Carter et al., 2003, Leite and
Way, 2015). Other microbes (Listeria monocytogenes and Shigella flexneri) use
Arp2/3-dependent actin nucleation to migrate within the cytosol (Bernardini et al.,
1989, Tilney and Portnoy, 1989, Mounier et al., 1990). This type of motility can
promote the contact with the plasma membrane and the formation of pathogencontaining protrusion, which can enter into the neighbouring cells and result in cellto-cell spread (Rozelle et al., 2000, Wang et al., 2015, Pizarro-Cerda et al., 2016).
Conversely, entero-pathogenic Escherichia coli (EPEC) sits on the surface of the
plasma membrane and promotes the formation of actin-rich pedestal underneath
the extracellular particle. These structures are referred to as attaching and effacing
(A/E) pedestal (Wong et al., 2011).
Although pathogens take advantage of all the main families of actin nucleators to
enhance their spread, the Arp2/3 complex is the most popular (Welch et al., 1997b,
Qualmann and Kessels, 2009, Chesarone et al., 2010, Ireton, 2013, Welch, 2015).
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Interestingly, different mechanisms have been developed by the different microbial
pathogens to recruit and activate the Arp2/3 complex. For example, Listeria
monocytogenes encodes for an activator of the Arp2/3 complex called ActA (Kocks
et al., 1992). This protein contains regions of amino acid similarity to the VCA
domain of WASP proteins, which trigger the direct recruitment and activation of the
Arp2/3 complex (Skoble et al., 2000, Boujemaa-Paterski et al., 2001, Zalevsky et
al., 2001a). In contrast, in Shigella, IcsA binds directly N-WASP in its inactive autoinhibited state to induce its activation (Suzuki et al., 2002). Subsequently, active NWASP leads to Arp2/3-mediated formation of a highly organised branched actin
network on one pole of the bacterial particle (Campellone and Welch, 2010). EPEC
attached to the outside of the cells translocates the transmembrane protein Tir
(Translocated intimin receptor) into the plasma membrane of the host cell and this
is essential for the generation of actin pedestals (Jarvis et al., 1995, Kenny et al.,
1997). Upon incorporation into the plasma membrane of the host cell, Tir
intracellular region is phosphorylated by Src and Abl kinases and this event is
sufficient to recruit the adaptor protein Nck, which engages N-WASP and the
Arp2/3 complex (Kenny, 1999, Gruenheid et al., 2001).

1.8.1 Vaccinia virus
Vaccinia virus belongs to the Poxviridae family and is one of the most intensively
studied viruses, as it was used as a vaccine in the worldwide eradication of
smallpox (WHO, 1972). Vaccinia is a double stranded DNA virus and its genome
encodes for ~260 different proteins, including replication and transcription factors
(Goebel et al., 1990). As a consequence, unlike Herpes viruses and Adenoviruses,
vaccinia does not need to enter the nucleus, but replicates in a cytoplasmic
perinuclear region of its host (Prescott et al., 1971, Pennington, 1974, Roberts and
Smith, 2008, Leite and Way, 2015). The vaccinia life cycle is complex and includes
the generation of different forms of viral particles (Figure 1.17). To access the
cytoplasm, vaccinia can directly fuse with the host plasma membrane in a pHindependent manner, however, the primary entry route consists in the activation of
the endocytic and macropinocytic signalling pathways (Carter et al., 2005, Mercer
and Helenius, 2008, Sandgren et al., 2010, Schmidt et al., 2011). Once in the

70

Chapter 1 Introduction

cytoplasm of the host cell, the viral core, containing the double stranded DNA and
other essential viral proteins, is transported to the perinuclear compartment on
microtubules (Mallardo et al., 2001, Carter et al., 2003). In this perinuclear region,
the replication of the viral DNA takes place in a specific compartment referred as
viral factory (Domi and Beaud, 2000, Tolonen et al., 2001). Intracellular mature
virus (IMV) are then assembled and leave the virus factory to reach the trans-Golgi
(TGN), where they become wrapped in a double membrane and form intracellular
enveloped viruses (IEVs) (Hiller and Weber, 1985, Schmelz et al., 1994, Roberts
and Smith, 2008, Dodding et al., 2009, Leite and Way, 2015). IEVs are then moved
to the cell periphery via kinesin-1-mediated transport along the microtubules, where
their outer membrane fuses with the plasma membrane of the host cell, resulting in
the presentation of the cell-associated enveloped virus (CEV) (Wolffe et al., 1998,
Geada et al., 2001, Rietdorf et al., 2001, Dodding et al., 2009, Dodding et al., 2011,
Blasco and Moss, 1992, Cudmore et al., 1995). CEVs remain associated with the
outside of the cell and promote the activation of an outside-in signalling cascade
that results in the recruitment of the Arp2/3 complex and the nucleation of branched
actin networks beneath the virus into structures known as actin tails (Blasco and
Moss, 1992, Frischknecht et al., 1999a, Scaplehorn et al., 2002, Newsome et al.,
2004). The formation of actin tails is important in order to propel the viral particles
away from the host cells and promote the intercellular spread of the infection
(Cudmore et al., 1995, Cudmore et al., 1996, Ward and Moss, 2001, Doceul et al.,
2010). Approximately 15-20% of CEVs are released from the surface of the host
cells as extracellular enveloped virions (EEVs) (Blasco and Moss, 1992) (Figure
1.17).
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Figure 1.17 The vaccinia replication cycle
1. Vaccinia viruses attach to the cell, stimulate endocytosis and macropinocytosis, and
breach the host membrane. 2. The viral core is released into the cytosol following
fusion of the outer viral membrane with endosomal membranes. Viral cores are
transported in a microtubule dependent manner to the perinuclear region. 3. Early
transcription of mRNAs commences, crescents form, and intracellular mature virions
(IMVs) are assembled. 4. IMVs are transported to the TGN (trans-Golgi) where they
are wrapped by a double membrane cisternae. 5. Intracellular enveloped virions (IEVs)
are transported to the cell periphery in a microtubule-dependent manner by kinesin-1.
6. IEVs breach the cortical actin beneath the plasma membrane with which they then
fuse. 7. Outside-in activation of Src/Abl family kinases stimulates the formation of the
actin tails (shown in red) by cell-associated enveloped virions (CEVs) on the plasma
membrane. CEVs either directly infect a neighboring cell, or can be released into the
extracellular space as extracellular enveloped virions (EEVs).
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1.8.2 Vaccinia-induced actin tails
Vaccinia virus encodes for the transmembrane A36, whose phosphorylation is
essential for the activation of the signal cascade that results in the formation of
Arp2/3-dependent actin tails (Blasco and Moss, 1992, Cudmore et al., 1995,
Scaplehorn et al., 2002, Moreau et al., 2000, Frischknecht et al., 1999b, Newsome
et al., 2004) (Figure 1.18). A36 localises on the surface of the outer membrane of
the IEV and becomes incorporated into the plasma membrane of the host cell upon
viral fusion (van Eijl et al., 2000, Newsome et al., 2004). Interestingly, A36 can lead
to the generation of actin tails only beneath CEVs. This is due to the fact that in
order to phosphorylate A36, Src and Abl family kinases need to be activated by the
CEVs (Welch and Way, 2013). Although the exact molecular mechanism that leads
to the activation of Src has not been yet established, it is known that the SCR4
repeat of the viral protein B5 is essential for this process (Newsome et al., 2004,
Newsome et al., 2006). The activity of Src and Abl kinases is a fundamental step in
the formation of actin tails, as the inhibition of these proteins is sufficient to block
this entire process (Frischknecht et al., 1999b, Newsome et al., 2004, Newsome et
al., 2006). In particular, activated Src leads to the phosphorylation of A36 on
tyrosine 112 and 132, which bind Nck and Grb2 respectively (Frischknecht et al.,
1999a, Newsome et al., 2004, Newsome et al., 2006, Scaplehorn et al., 2002). Via
its SH3 domains, Nck interacts with the WIP:N-WASP complex, which then
enhances the activation of the Arp2/3 complex, resulting in actin tail formation
(Donnelly et al., 2013, Weisswange et al., 2009). In addition, phosphorylated Grb2
functions as a secondary adaptor to help stabilise the actin-signalling network,
although it is not essential for actin tail formation per se (Scaplehorn et al., 2002,
Weisswange et al., 2009, Zettl and Way, 2001)(Figure 1.18). In addition, it has
been found that Cdc42 also plays an important role in the actin tail-signalling
cascade by regulating the activity of N-WASP (Humphries et al., 2014). Humphries
et al. showed that the expression of a N-WASP mutant, which is unable to interact
with Cdc42, decreases the ability of vaccinia to nucleate actin tails (Humphries et
al., 2014). Furthermore, recent work from the lab revealed that intersectin-1
(ITSN1) and Eps15 are recruited beneath CEVs via their interaction with the three
NPF motifs near the C-terminus of A36 (Snetkov et al., 2016). The engagement of
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ITSN1 activates Cdc42 and stimulates Arp2/3-dependent actin tail formation by
binding to N-WASP (Hussain et al., 2001, Humphries and Way, 2013) (Figure 1.18).

Figure 1.18 The vaccinia actin-signalling network
The actin-signaling network mediated by phosphorylation of A36 Y112 and Y132. Bold
lines indicate experimentally confirmed interactions between components of the
vaccinia-signaling complex. Dashed lines indicate interactions between components of
this actin signaling complex determined in another systems, which may also occur in
the case of viral induction of actin tails. Domains are annotated: SH2 (Src homology 2),
SH3 (Src homology 3), WBD (WASP binding domain), PRD (Polyproline-rich domain),
WH1 (WASP homology 1), GBD (GTPase binding domain) and WCA (WH2, central
and acidic region), EH (Eps15-homology domain), DH (Dbl-homology domain), PH
(Pleckstrin-homology domain), C2 (Membrane targeting motif).
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Chapter 2.

Materials & Methods

2.1 General buffers and culture media
The in-house Cell Services Facility at the Francis Crick Institute provided most
generic buffers and media. The relevant reagent and buffer recipes are listed below.
Specific reagents will be described with more details in the relevant sections.

2.1.1 General Buffers
Phosphate Buffered Saline A (PBSA)
8.00 g

Sodium chloride, NaCl

0.25 g

Potassium chloride, KCl

1.43 g

Sodium phosphate dibasic, Na2HPO4, pH 7.2

0.25 g

Potassium phosphate monobasic, KH2PO4, pH 7.2

2.1.2 Cell Culture Media
Versene Solution
8.00 g

NaCl

0.20 g

KCl

1.15 g

Na2HPO4, pH 7.2

0.20 g

KH2PO4, pH 7.2

0.20 g

EDTA

1.50 mL

1% (w/v) Phenol red solution

Trypsin
Trypsin- EDTA Solution (Sigma) was diluted 1:500 in versene solution and filtered
through a 0.22 µm filter.

75

Chapter 2 Materials and Methods

Minimal Essential Medium (MEM)
9.68 g

MEM powder

3.70 g

NaHCo3

The reagents were dissolved in 10 L of distilled water and the pH adjusted to 7.0.
MEM was then sterilized through a 0.22 µm filter and stored at 4°C until use.

2.1.3 Bacteriological Media
Luria-Bertani (LB) Medium
10 g

Bacto-tryptone

5g

Bacto-yeast extract

10 g

NaCl

LB Agar
15 g of Bacto-agar was dissolved in 1 L of LB medium and autoclaved prior to use.

2.2 Cell culture
All cell lines used in this thesis, as well as their culture conditions are listed in Table
2.1.

2.2.1 Culturing stocks
Cells were cultured at 37°C in 5% CO2 and maintained at a confluency of ~50-60%
and passaged every 3 days. To passage cells, the media was completely removed
and cells were washed once with PBSA. In a 10 cm dish, 1.5 mL of 0.05% trypsin
was added to the cells. After incubation for 5-10 mins at 37°C, detached cells were
re-suspended in complete media and passaged to the desired confluency.
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2.2.2 Freezing stocks
To generate frozen cell stocks to store in liquid nitrogen, 80% confluent cells were
washed once in PBSA and trypsinised as described above. Once completely
detached, cells were re-suspended in PBSA and transferred in a falcon tube. After
5 mins centrifugation at 700 rpm at 4°C, the supernatant was aspirated and the
pelleted cells were re-suspended in 1 mL FCS with 10% DMSO. Cells were then
aliquoted in cryogenic vials and stored at -80°C prior to long term storage in liquid
nitrogen. Frozen cells were recovered by thawing a frozen aliquot in the 37°C water
bath and transferring them to 10 cm dishes containing complete media. Once the
cells had adhered to the dish, the media was changed to remove the DMSO.

Table 2.1 Cell lines and culture conditions
Cell Line
HeLa

Species
Human

Medium

Source

MEM1, 10% FCS3,

Dr G.Griffiths

Pen/Strep4, 2 mM

(Cell Biology

Glutamine

programme, EMBL)

1

3

MEM , 10% FCS ,
HeLa GFP

Human

Pen/Strep4, 2 mM

Dr. J.V.Abella

Glutamine, 1 µg/mL

(LRI)

puromycin
MEM1, 10% FCS3,
HeLa ARPC2-GFP

Human

Pen/Strep4, 2 mM

Dr. J.V.Abella

Glutamine, 1 µg/mL

(LRI)

puromycin
MEM1, 10% FCS3,
HeLa LifeAct-RFP

Human

Pen/Strep4, 2 mM

Dr. J.V.Abella

Glutamine, 1 µg/mL

(LRI)

puromycin
DMEM2, 10% FCS3,
MDA-MB-231

Human

Pen/Strep3, 2 mM
Glutamine
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DMEM2, 10% FCS3,
DX3

Human

4

Dr. J. Marshall

Pen/Strep , 2 mM

(Bart’s Cancer

Glutamine

Institute)

DMEM2, 10% FCS3,
DX3 LifeAct-Cherry

Human

Pen/Strep4, 2 mM

Dr. J.V.Abella

Glutamine, 1 µg/mL

(LRI)

puromycin
DMEM2, 10% FCS3,
A375MM

Human

Pen/Strep4, 2 mM
Glutamine
DMEM2, 10% FCS3,

MCF7

Human

Pen/Strep4, 2 mM
Glutamine
DMEM2, 10% FCS3,

MEF

Mouse

Pen/Strep4, 2 mM
Glutamine
DMEM2, 10% FCS3,

NIH3T3

Human

Pen/Strep4, 2 mM
Glutamine

Dr. C. Marshall
(ICR)
Cell Service Facility
(LRI)
Dr. S. Korsmeyer
(Harvard University)
Dr. R. Treisman
(LRI)

DMEM2, 10% FCS3,
HEK293FT

Human

Pen/Strep4, 2 mM

Invitrogen

Glutamine
DMEM2, 10% FCS3,
HT-1080

Human

Pen/Strep4, 2 mM
Glutamine

Cell Service Facility
(LRI)

DMEM1, 10% FCS3,
HT-1080-GFP

Human

Pen/Strep4, 2 mM

T.Higgins

Glutamine, 1 µg/mL

(LRI)

puromycin
1

MEM, Minimal Essential Medium (Cell Services Facility at the Francis Crick

Institute)
2

DMEM, Dulbecco’s Modified Eagle Medium 4500 mg/mL glucose (Sigma D-6429)

3

FCS, Fetal Calf Serum (PAA laboratories A15-101)

4

Pen/Strep, Penicillin G sodium/streptomycin sulphate 100x stock (Invitrogen

1540-122)
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2.3 Transfection
2.3.1 HiPerFect
HiPerFect (Qiagen) was used for RNAi (RNA interference) transfection of HeLa
cells. For a 6 well dish, 2 µL siRNA of interest (20 nM) and 12 µL of HiPerFect were
added to 100 µL Opti-MEM (Thermo Fisher Scientific). After 20 mins, the
transfection mix was added to 2 mL of freshly seeded HeLa cells (1×105 per mL).
24 hours later, 2 mL of fresh media was added to the cells, which were analysed 72
hrs post transfection.

2.3.2 Interferin
Interferin (Polyplus transfection) was used to transfect HT-1080 cells with siRNA.
For transfecting cells in 6 well plates, 2.2 µL siRNA (20µM) was diluted in 100 µL
Opti-MEM, while in another tube 4 µL of interferin was added to 100 µL Opti-MEM.
After 5 minutes, the two solutions were mixed together and incubated at room
temperature for 20 mins. The transfection solution was added dropwise to 2×105
cells plated in 2 mL media. The media was refreshed 24 hrs later and the cells
were analysed 48 hrs post transfection.

2.3.3 Lipofectamine RNAi max
Lipofectamine RNAi max reagent (Invitrogen) was used to transfect DX3 cells with
siRNA. For a 6 well plate, 2.2 µL of siRNA (20 µM) was added to 200 µL Opti-MEM.
In a different tube, 4 µL of Lipofectamine RNAi max was added to 200 µL OptiMEM and incubate for 5 mins at room temperature. The tubes were then combined
together and incubated for 20 mins at room temperature. The transfection mix was
added to freshly trypsined 2×105 cells plated in 2 mL media. After 24 hrs, 2 mL of
fresh media was added. Cells were analysed 72 hrs post transfection.
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2.3.4 Lipofectamine 2000
Lipofectamine 2000 (Qiagen) was used to transfect HEK293FT cells to generate
lentiviruses expressing a gene of interest prior to be stably expressed in another
mammalian cell line (HeLa, DX3, or HT1080). HEK293FT were plated to 80%
confluency in 10 cm plates. The day after, 10 µg of DNA, 7 µg pPax, and 3 µg
MD.2G vectors were diluted in 500 µL of Opti-MEM. In another eppendorf tube, 40
µL of Lipofectamine 2000 was added to 500 µL Opti-MEM and incubated for 5 mins
at room temperature. The mixture containing Lipofectamine 2000 was then added
to the one containing the DNA and the final solution was incubated for 30 mins at
room temperature. The mixture was added dropwise to the cells in 10 mL of fresh
media.
Table 2.2 siRNA target sequences

Gene

ACTR3

ACTR3B

CTTN (Cortactin)

Target sequence

Dharmacon Cat. No.

GGAAUAUACUGCUGAAAUA

D-012077-01

GACCUAGACUUCUUCAUUG

D-012077-03

GAACAAUCCUUGGAAACUG

D-012077-04

UAAAGGAGCGCUAUAGUUA

D-012077-05

CCAGAAGAAGUUUGUUAUA

D-020372-01

AAACAGAGAGUAUCUUGCA

D-020372-02

UAACGUACCAGGACUCUAC

D-020372-03

CGAUAAACCUACAUAUGCU

D-020372-04

GAACAAGACCGAAUGGAUA

D-010508-01

GAAUAUCAGUCGAACUUU

D-010508-02

GGACAGAGUUGAUCAGUCU

D-010508-03

ACAGAGAGAUUACUCCAAA

D-010508-04

Pools of 4 siRNAs were used in all the experiments with exception for the
deconvoluted experiments, which were performed using every siRNA contained in
the pools independently.
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2.4 Stable cell lines
Stable cell lines were generated using lentivirus.
2.4.1 Lentivirus system
Stable cell lines were generated using the pLVX-puromycin and pLVX-IREShygromicin

vectors

puromycin/hygromicin
transfected

(Clontech).
resistance

cells, contains

a

These
cassette

vectors,
that

constitutively

in

allows

active

addition

selection

human

of

to

a

stably

cytomegalovirus

immediate early promoter, located just upstream of the multiple cloning site (MCS).
This allows constitutive, high level expression of the proteins of interest. With the
exclusion of LifeAct-RFP vector, the vectors contain either a GFP or a Cherry tag at
the N-terminus of the human gene of interest. Cells were seeded to 80%
confluency in 10 cm dishes. The following afternoon, cells were transfected with the
construct of interest inserted in the pLVX vector using Lipofectamine 2000 and the
protocol above. The following day, the medium was replaced with 10 mL of
complete DMEM. Following transfection as described in section 2.3.4, lentiviruses
were collected over the following 2 days, during which the medium was taken off
the cells and passed through a 0.45 µm Millex HV filter (Millipore SLV033RB) and
the media on the infected HEK293FT cells was refreshed. Two mL of the virus
solution collected over the 2 days were used to infect the cells of interested plated
to 70% confluency in 6 well plates. The cells were incubated for 2 days with the
medium containing the virus before selection with 1 µg/mL puromycin or 400 µg/mL
hygromycin B. The cell lines generated by this method and the constructs used are
listed in Table 2.3.
Table 2.3 Stable cell lines generated with pLVX system.

Cell line

Vectors

Resistance

Created by

siRES GFP-Arp3

Puromycin

C. Galloni

HeLa
DX3
HT-1080
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HeLa
DX3

siRES GFP-Arp3B

Puromycin

C. Galloni

HeLa

siRES GFP-Arp3C

Puromycin

C. Galloni

HeLa

siRES GFP-Ch1

Puromycin

C. Galloni

HeLa

siRES GFP-Ch2

Puromycin

C. Galloni

HeLa

siRES GFP-Ch3

Puromycin

C. Galloni

HeLa

siRES GFP-Ch4

Puromycin

C. Galloni

HeLa

siRES GFP-Ch5

Puromycin

C. Galloni

HeLa

siRES GFP-Ch6

Puromycin

C. Galloni

HeLa

siRES GFP-Arp3M

Puromycin

C. Galloni

HeLa

siRES GFP-Arp3S

Puromycin

C. Galloni

HeLa

GFP siRES Arp3MS

Puromycin

C. Galloni

HeLa

siRES GFP-Arp3BT

Puromycin

C. Galloni

HT-1080
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HeLa

siRES GFP-Arp3BP

Puromycin

C. Galloni

HeLa

siRES GFP-Arp3BTP

Puromycin

C. Galloni

DX3

siRES Cherry-Arp3

Puromycin

C. Galloni

DX3

siRES Cherry-Arp3B

Puromycin

C. Galloni

2.4.2 Fluorescence Activated Cell Sorting (FACS)
Fluorescent activated cell sorting (FACS) was used to isolate a population of cells
that expressed the GFP tagged construct of interest at the same extent. FACS was
carried out by the Flow Cytometry Facility in the Francis Crick Institute. The day
before performing FACS, the cells of interest were plated at 1x107 cells per mL in
10 cm plates. After 24 hrs, cells were trypsinized and harvested by centrifugation at
100 g for 5 mins. The pelleted cells were then resuspended in PBSA and filtered
through a cell strainer to ensure single cell suspension. A negative control
consisting of a suspension of wild type cells was prepared in parallel. The collected
GFP positive cells were collected in polystyrene tubes containing 1% FCS before
being plated in 10 cm plates.

2.5 Invadopodia Assays
2.5.1 Gelatin coating
To perform invadopodia assays, DX3 cells were plated onto gelatin-coated 96 well
glass bottom dishes (PAA image glass plates) or 13 mm coverslips in order to
quantify the amount of gelatin degraded or the number of invadopodia per cell. A
solution of 1% clear gelatin (Sigma) was made in PBSA, the mixture was
autoclaved and maintained at 50°C in a water bath. To coat 96 well dishes, 48883
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gelatin (Invitrogen) diluted 1:20 in 1% clear gelatin was used. Chilled poly-D-lysine
(Sigma) (50µg/mL) used to coat 96 well glass bottom dishes or coverslips. After 20
mins at room temperature, the poly-D-lysine was aspirated and washed 3 times in
PBSA. To cross-link the gelatin, 5% gluteraldehyde (TAAB) was then added and
left for 15 mins at room temperature, before being removed. Following 3 washes in
PBSA, clear or 488 gelatin was added for 30 mins. 96 well glass bottom dishes and
coverslips were then washed 6 times in PBSA and stored wrapped in foils in the
fridge until use.

2.5.2 Gelatin degradation assay
After 72 hrs knockdown of the genes of interest, DX3 cells were seeded onto 96
well glass bottom dishes (PAA Laboratories Limited) coated with 488 gelatin (2000
cells per well). The following morning cells were fixed in 4% PFA + 0.01% TritonX100. After 10 mins, cells were washed 3 times in PBSA and incubated for 30 mins
in Alexa Fluor 568 Phalloidin (Thermo Fisher) and DAPI respectively diluted 1:500
in blocking buffer (BB). The solution was then removed and wells were washed 3
times with PBSA. PBSA from the last wash was left in the wells, which were sealed
and brought to the High-throughput screening (HTS) facility for analysis.

2.5.3 Number of invadopodia per cell assay
DX3 cells treated with siRNAs for 72 hrs were plated on 13 mm clear gelatincoated coverslips at a concentration of 3x104 cells per 12-well dish. After 3-4 hrs,
coverslips were fixed in 4% PFA + 0.01% Triton-X100 for 10 mins. Cells were
washed 3 times in PBSA before immunofluorescence staining using anti-Tks5
antibody and phalloidin as described in sections 2.9.3.
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2.6 Vaccinia Virus
The wild type vaccinia strain used throughout this thesis is the Western Reserve
strain (WR). Recombinant viruses are listed in Table 2.4.
Table 2.4 Recombinant viruses used in the thesis

Virus name

Generated by

WR/YFP-A3

Dr. S. Schleich (LRI)

WR/RFP-A3

Dr. S. Schleich (LRI)

2.6.1 Infection
The multiplicity of infection (MOI) was calculated from the plaque forming units
(PFU) of the viral stock and the number of cells to infect. A MOI of 2 was used to
infect cells for immunofluorescence and live-cell imaging. The day of the
experiment, the viral aliquot was briefly sonicated in a waterbath for 30 secs. The
appropriate volume of virus was added to the cells in serum free MEM. After 1 hr,
the serum free MEM was removed and replaced with complete MEM. Cells were
incubated at 37°C and fixed or imaged after 8 hrs post infection.

2.7 Molecular Biology
10x DNA Loading Buffer
0.25% (w/v)

Bromophenol Blue

30% (v/v)

Glycerol

Everything was diluted in 5x TBE.
5x TBE
445 mM

Tris Base

445 mM

Boric Acid

10 mM

EDTA

Made up to 1 L final volume with distilled water.
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2.7.1 Expression vectors
The vectors used for the expression of human Arp2/3 complexes were the multibac
expression vectors pFL (Fitzgerald et al., 2006).This was modified by J.V. Abella to
remove an internal NotI site (pFLdeltaNotI) as described in (Abella et al., 2016).
Synthetic constructs of human ARPC1A, C1B, C2, C3, C4, C5, C5L, ACTR2,
ACTR3, and ACTR3B were obtained from GeneArt (Invitrogen). A TEV (Tobacco
Etch Virus) cleavage site followed by a double STREP-tag were added to the Cterminus of ARPC1 or ARPC1B genes. Once designed, the vectors of interest
(Table 2.5) were expressed in Sf21 insect cells maintained in SF900-III medium
(Life Technologies) using the MultiBac system. The expression and purification
stages were carried out by Svend Kjaer (Protein purification facility), who finally
flash-froze aliquots in liquid nitrogen and stored them at -80C.
Table 2.5 Expression vectors.

Vectors

Designed by

pFL-ARPC2-ACTR3

J.V.Abella

pFL-ARPC2-ACTR3B

C.Galloni

pFL-ARPC4-ARPC1A-TEV-STREP

J.V.Abella

pFL-ARPC4-ARPC1B-TEV-STREP

J.V.Abella

pFL-ARPC3-ACTR2-ARPC5

J.V.Abella

pFL-ARPC3-ACTR2-ARPC5L

J.V.Abella

2.7.2 Polymerase chain reaction (PCR)
To generate suitable restriction sites for sub-cloning, the genes of interest were
amplified using PCR reactions. A standard of 50 µL of PCR mixture contained the
reagents listed in Table 2.6 was prepared.
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Table 2.6 Reagents for PCR.

DNA template (50 ng)

2 µL

Primer Forward (10 µM)

1.5 µL

Primer Reverse (10 µM)

1.5 µL

dNTPs mix (25 µM)

1 µL

DMSO

1.5 µL

1x Phusion HF buffer

10 µL

Phusion High fidelity DNA polymerase

0.5 µL

(NEB)
dH2O

32 µL

The PCR reaction was performed using an Applied Biosystems GeneAmp PCR
machine, using the following standard conditions:
1. 98°C

5 minutes

2. 98°C

30 seconds

3. 55°C

30 seconds

4. 72°C

30 seconds/kb of gene length

5. 72°C

10 minutes

25 cycles

The PCR product was loaded in a 1% (w/v) agarose gel in 1x TBE containing 7 µL
of SYBR safe DNA gel stain (Invitrogen). A voltage of 100 V was applied to the gel
for 30 mins. The product was visualized at 470 nm using a Safe Imager (Invitrogen),
cut out the gel and purified using Qiagen QIAquick gel extraction kit. The insert of
interest was then eluted using 30 µL of distilled water and used in sub-cloning.

2.7.3 Overlap PCR
This method was used to generate the chimera and the point mutation proteins
used throughout this thesis. To make chimera proteins, different sets of primers
were carefully designed with overlapping 5’ overhang (10-20 bp) (Table 2.7).
Mutations were introduced in the centre of a set of internal complementary primers.
87

Chapter 2 Materials and Methods

Separate PCR reactions were performed to amplify each gene region. The PCR
products were then gel purified and mixed together in 1:1 ratio to performed a final
PCR reaction containing the forward and reverse primers, which specifically
annealed with the 5’ and 3’ restriction sites used for cloning the gene into the pLVX
vector. The PCR reactions were performed as described in Table 2.5. The reaction
was carried out using the following conditions:
1. 98°C

5 minutes

2. 98°C

15 seconds

3. 68°C *

15 seconds

4. 72°C

30 seconds/kb of gene length

5. 98°C

15 seconds

6. 55°C

15 seconds

7. 72°C

30 seconds/kb of gene length

8. 72°C

7 minutes

14 cycles

25 cycles

*The temperature decreased 1°C every cycle.
Table 2.7 Primers used for overlap PCR.

Primer
Ch1
Ch2

Ch3
Ch4

Sequence
For

TAATGTGCCCGGCCTGTATATCGCCGTGCA

Rev

GATATACAGGCCGGGCACATTAAAGCTCTCGAA

5’ For

TCAACGTGCCCGGCCTGTATATCGCCGTGCA

Rev

TATACAGGCCGGGCACGTTGAAGCTCTCGAA

3’ For

TCCTGGGCCCCGAGATATTCTTCCACCCCGA

Rev

AGAATATCTCGGGGCCCAGGAACCGCTCGTA

For

TCCTGGGCCCCGAGATATTCTTCCACCCCGA

Rev

AAGAATATCTCGGGGCCCAGGAACCGCTCGT

5’ For

GCAAGTGGATCAAGCAGTACACCGGCATCAACGCCATCAA

Rev

GCGTTGATGCCGGTGTACTGCTTGATCCACTTGCTGCCGT

3’ For

TCCAGAACTGCCCCATCGATGTGCGGAGGCCCCTGTACAA

Rev

AGGGGCCTCCGCACATCGATGGGGCAGTTCTGGATCACTT
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Ch5
Ch6

Arp3

M

Arp3B
Arp3

T

S

Arp3B

P

Arp3B

TP

Arp3

MS

For

TCCAGAACTGCCCCATCGACGTGCGGAGGCCCCTGTACAA

Rev

AGGGGCCTCCGCACGTCGATGGGGCAGTTCTGGATCACTT

5’ For

TCAACGTGCCCGGCCTGTATATCGCCGTGCA

Rev

TATACAGGCCGGGCACGTTGAAGCTCTCGAA

3’ For

TCCAGAACTGCCCCATCGATGTGCGGAGGCCCCTGTACAA

Rev

AGGGGCCTCCGCACATCGATGGGGCAGTTCTGGATCACTT

For

CAACCCCGACTTCATGCAGCCTATCAGCG

Rev

CGCTGATAGGCTGCATGAAGTCGGGGTTG

For

CAACCCCGACTTCACCGAATCCATCAGCG

Rev

CGCTGATGGATTCGGTGAAGTCGGGGTTG

For

CGACTTCATGCAGTCTATCAGCGAGGTG

Rev

CACCTCGCTGATAGACTGCATGAAGTCG

For

GACTTCACGGAACCCATCAGCGACG

Rev

CGTCGCTGATGGGTTCCGTGAAGTC

For

CAACCCCGACTTCACGGAACCCATCAGCG

Rev

CGCTGATGGGTTCCGTGAAGTCGGGGTTG

For

CGACTTCATGCAGTCTATCAGCGAGGTG

Rev

CACCTCGCTGATAGACTGCATGAAGTCG

2.7.4 Sub-cloning
For the constructs generated using PCR reaction, 20 µL or 4 ng of pre-existing
vectors were digested using 1 µL of restriction enzymes (NEB) and the appropriate
NEB buffer. The mixture was incubated at 37°C for 1 hr, and resolved using a 1%
(w/v) agarose gel. The product of interest was purified using the Qiagen QIAquick
gel extraction kit. After eluting the product in 30 µL of distilled water, a ligation
reaction was performed with a 5:1 ratio of insert to vector size. 2 µL of 1x T4 ligase
buffer and 1µL of T4 ligase (NEB) were also added, and the reaction was incubated
for at least 1 hr at room temperature prior to bacteria transformation.
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2.7.5 Plasmid DNA transformation of bacteria
To transform the plasmid of interest into bacteria, 8 µL of ligation reaction was
added to 20 µL of chemically competent XL-10 cells (section 2.7.7) and incubated
on ice. After 15 mins the bacteria were subjected to heat shock for 45 secs at 42°C,
and immediately place on ice for 1 min. 120 µL of LB was then added, and the
mixture was incubated at 37°C for 20 minutes with shaking. The entire bacterial
culture was then spread on LB-agar plates containing the appropriate antibiotics
(usually 100 µg/mL ampicillin) and left in the 37°C incubator overnight.

2.7.6 Preparation of chemically competent bacteria
Chemically competent E.coli XL-10 cells were prepared by inoculating 500 mL of
LB media with 2 mL from a 7 mL culture grown overnight and incubated for 3-4 hrs
with shaking at 37°C until an OD600 of 0.5 was reached. At this OD600, the bacteria
are in an exponential growth phase. The culture was then incubated on ice for 30
mins and centrifuged at 2,500 rpm for 12 mins. The supernatant was removed and
the pellet was resuspended in RF1 buffer before being incubated on ice for 15 mins.
The bacterial mixture was then centrifuged at 2,500 rpm for 9 mins and the pellet
was resuspended in 7 mL of RF2 buffer on ice. Following resuspension, 75 µL
aliquots were prepared and stored at - 80°C.
RF1
12 g

Rubidium chloride

9g

Manganese chloride

2.94 g

Potassium acetate

1.5 g

Calcium chloride

150 g

Glycerol

The reagents were dissolved in 900 mL of dH2O and the pH was adjusted to 5.8
with Acetic acid. More water was then added to reach the final volume of 100 mL.
The solution was passed through 0.22 µm filter and stored at 4°C.
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RF2
2.09 g

MOPS

1.2 g

Rubidium chloride

11 g

Calcium chloride

150 g

Glycerol

The reagents were dissolved in 900 mL of dH2O and the pH was adjusted to 6.8
with Sodium hydroxide. To reach the final volume of 1000 mL dH2O was added.
The solution was filtered using a 0.22 µm filter and stored at 4°C.

2.7.7 Colony screen PCR
To check if any of the transformants contain the DNA insert of interest, single
bacterial colonies were directly added to the following PCR reaction (Invitrogen)
(Table 2.8).
Table 2.8 Reagents used for colony screen PCR.

Primer Forward (10µM)

1 µL

Primer Reverse (10µM)

1 µL

dNTPs (25 µM)

0.25 µL

10x PCR reaction Buffer

2.5 µL

MgCl2

0.75 µL

Taq polymerase (5U/µL)

0.25 µL

dH2O

19.25 µL

1. 94°C

10 minutes

2. 94°C

30 seconds

55°C

30 seconds

72°C

60 seconds/kilobase

3. 72°C

25 cycles

10 minutes
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2.7.8 Plasmid DNA preparation
The colonies containing the DNA insert of interest where then grown overnight in 7
mL of LB containing antibiotic (usually 100 µg/mL ampicillin) at 37°C with shaking.
The following day, the plasmid DNA was purified from bacterial pellet using
Miniprep kit (Qiagen).

2.7.9 DNA sequencing
To check if the sequence of the newly plasmid DNA, the sequencing PCR reaction
was performed using forward or reverse primers that anneals just before or after
the insert of interest respectively. The sequencing PCR reaction mixture was
prepared as listed in Table 2.9.
Table 2.9 Reagents used for sequencing PCR.

Plasmid DNA (100 ng)

1 µL

Primer forward/reverse (10µM)

1 µL

BDTv3.1reaction mix (Big Dye

8 µL

Terminator Cycle sequencing kit)
dH2O
1. 95°C

1 minute

2. 95°C

10 seconds

55°C

5 seconds

60°C

4 minutes

10 µL

25 cycles

2.7.10 Purification of total RNA
Expression levels of genes in different cell lines and upon siRNA treatments were
analysed using RT-PCR (Section 2.7.12). Purification of total RNA from cells was
performed using RNeasy Mini kit (Qiagen).
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2.7.11 Reverse Transcription Reaction
Once the concentration of RNA was determined, areverse transcription reaction
was performed using SuperScript II Reverse Transcriptase and RNaseOUT
Recombinant Ribonuclease Inhibitor (Thermo Fisher Scientific) as indicated in
Table 2.10.
Table 2.10 Reagents used for reverse transcription.

Total RNA (20 ng/µL)

10 µL

Random primers (10 µM) (Thermo

1 µL

Fisher Scientific)
dNTPs (10 mM)
1. 65°C

1 µL

5 minutes

The tubes were then taken out the PCR machine and placed on ice. Before
continuing the reaction, the following reagents were added (Table 2.10).
Table 2.11 Reagents used for reverse transcription.

5x First Strand Buffer (Thermo Fisher

4 µL

Scientific)
DTT (0.1 M) (Thermo Fisher Scientific)

2 µL

RNaseOUT (Thermo Fisher Scientific)

1 µL

2. 25°C

2 minutes

1 µL of SuperScript II (Thermo Fisher Scientific) was added to the mix by gently
pipetting up and down.
3. 25°C

11 minutes

4. 42°C

50 minutes

5. 70°C

15 minutes

6. 4°C

30 minutes
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80 µL of RNase free water (Gibco) were added to each cDNA sample, which was
conserved at -20°C.

2.7.12 Real-Time Polymerase Chain Reaction (RT-PCR)
RT-PCR was performed in MicroAmp Fast Optical 96-Well Reaction Plates
(Applied Biosystem) using Power SYBR Green Master Mix (Thermo Fisher
Scientific). The glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene was
used as the reference gene. Each reaction was performed in duplicate as listed in
Table 2.11.
Table 2.12 Reagents used for RT-PCR.

Power SYBR Green Master Mix

5 µL

dH2O

2.5 µL

1:1 mix of forward and reverse primers

0.5 µL

(10µM) (Table 2.12)
cDNA template (25 ng/µL)

2 µL

The MicroAmp plate was sealed and centrifuged for 2 mins at maximum speed.
The 7500/7500 Fast Real-Time PCR System (Applied Biosystems) was used to
perform real-time PCR as follow:
Holding stage:

50°C 2 mins
95°C 10 mins

Cycling stage:

95°C 15 secs
60°C 1 min

Melting curve stage:

95°C 30 secs
60°C 1 min
95°C 30 secs
60°C 15 secs
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Table 2.13 Primers used in RT-PCR.

Gene
GAPDH
ACTR3
ACTR3B
ACTR3Bs
ACTR3C
ACTR2
ARPC2
ARPC4

Sequence
For

TGATGACATCAAGAAGGTGGTG

Rev

TCCTTGGAGGCCATGTGGGCCA

For

CGATATGCAGTTTGGTTTGG

Rev

TTTGGTGTGGCATACTTGGT

For

GCCCGCTGTATAAGAATGTCG

Rev

GCCCGCTGTATAAGAATGTCG

For

GGAGTTTGCCAACCCAGACT

Rev

GACCTGAAAGAACTCGGGCT

For

GCTTACCTGAGGGGTGGAGC

Rev

TTTGCCACCAGTTTTGCAGG

For

GCGGTGGCTGTAGGTTGT

Rev

GCCTGCATATCCACACTTCAC

For

TTGGAAAGGTGTTCATGCAG

Rev

TCCCTGTGGCTAAAGAGGAC

For

GGCGAGCCTACTGGAGTTT

Rev

CACAACCTGGGAGGAGAAGT

At the end of the RT-PCR reaction, the threshold cycle (Ct) values were used to
proceed with the analysis. To compare the relative expression of the gene of
interest (GOI) in siRNA-treated versus untreated cells, the delta delta Ct (ΔΔCt)
value was calculated in the following way, as indicated below:
ΔCt (Untreated)= (Average Ct (GOI)) – (Average Ct (GAPDH))
ΔCt (Treated)= (Average Ct (GOI)) – (Average Ct (GAPDH))
ΔΔCt = ΔCt (Treated) – ΔCt (Untreated)
To compare the ratio of expression of a GOI in different cell lines in comparison to
HeLa cells the following formulas were used:
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ΔCt (HeLa)= (Average Ct (GOI)) – (Average Ct (GAPDH))
ΔCt (cells)= (Average Ct (GOI)) – (Average Ct (GAPDH))
Ratio(HeLa/GAPDH) = 2ΔCt(HeLa)
Ratio(Cells/GAPDH) = 2ΔCt(Cells)
2ΔCt(Cells)
Ratio(Cells/HeLa) =

_______________

2ΔCt(HeLa)

2.8 Biochemistry
2.8.1 Whole cell lysate
Cells were washed once with PBSA before the addition of the suitable amount
(depending on the cell confluence) of FSB to which 5 U of benzonase (Novagen)
was previously added. The lysate was transferred into an eppendorf tube and
incubated at 95°C for 10 minutes before resolving by SDS-PAGE.
2x Final Sample Buffer (FSB)
125 mM

Tris.HCl, pH 7.5

4%

SDS

20%

Glycerol

2%

Beta-mercaptoethanol

Bromophenol blue
The final volume was reached adding distilled water.
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2.8.2 SDS-PAGE
Pre-Cast NuPAGE gels (Invitrogen) were used according to the manufacturer’s
instructions. After lysates were boiled for 10 mins at 95°C, samples were loaded
onto 4-12% BisTris or 3-8% Tris-acetate pre-cast gels and resolved for 50 mins at
200 V or 1 hr and 30 mins at 125 V respectively. SeeBluePlus2 protein standard
(Invitrogen) was used as reference. After the proteins were resolved by SDS-PAGE,
gels were either used for immunoblot analysis or stained with Coomassie solution
(0.5% Coomassie Brillian Blue, 50% methanol, 10%acetic acid). In this case, after
30 mins gels were destained using a low destain solution (50% methanol, 10%
acetic acid).

2.8.3 Immunoblot Analysis
For immunoblot analysis, proteins resolved by SDS-PAGE were transferred from
the gel onto nitrocellulose membranes using iBlot and iBlot gel transfer kit
(Invitrogen). The membrane was stained for few minutes with Ponceau S solution
(Sigma) to verify that the transfer was successful. After washing with distilled water,
the membrane was blocked in 5% milk in PBSA with 0.1% Tween20 (Sigma)
(PBSAT) for 15 minutes at room temperature. Primary antibody (Table 2.13) was
diluted in 5% milk in PBSAT were added and the membrane was incubated on a
shaker at 4°C overnight. The morning after, 3x washes using PBSAT were
performed every 10 minutes, before incubating the membrane with HRP
conjugated secondary antibody in 5% milk in PBSAT for at least 30 minutes at
room temperature. The membrane was then washed 3 more times in PBSAT for 10
minutes, and incubated with ECL solution (Amersham Biosciences) for 1 minute
before being exposed to Hyperfilm-ECL (Amersham Biosciences) and developed
using an IGP compact automated developer (IPG limited).
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Table 2.14 Primary antibodies used for immunoblot analysis.

Antibody

Species

Dilution

Origin

Anti-ARPC1A

Rabbit

1:250

Sigma

Anti-ARPC1B

Rabbit

1:1000

Bethyl Labs

Anti-ARPC2

Rabbit

1:1000

Millipore

Anti-ARPC3

Mouse

1:1000

Anti-ARPC4

Rabbit

1:1000

Sigma

Anti-ARPC5

Mouse

1:1000

Synaptic System

Anti-ARPC5L

Rabbit

1:1000

Abcam

Anti-Arp2

Rabbit

1:1000

Abcam

Anti-Arp3

Mouse

1:1000

Sigma

Anti-Arp3B (FL)

Rabbit

1:500

Abcam

Anti-Arp3B (16-30)

Rabbit

1:1000

Sigma

Anti-Arp3B (351-365)

Rabbit

1:250

Sigma

Anti-cortactin

Mouse

1:1000

BD

Anti-β-actin, clone AC-74

Mouse

1:1000

Sigma

Anti-GFP

Mouse

1:1000

CRUK

BD Transduction
Labs

2.8.4 GFP-Trap
HeLa cells stably expressing GFP alone and the GFP-tagged proteins of interest
were plated at 80% confluency in 15 cm dishes. The following day, 200 nM of
Latrunculin A (LatA) was added to the media. An hour later, the media was
removed and the cells were washed 1x with PBSA on ice. Once the PBSA was
removed, 1 mL of lysis buffer was added. The cells were scraped into the lysis
buffer and transferred to an eppendorf tube. Subsequently, the lysate s were
clarified at 10,000 rpm at 4°C for 10 minutes. 25 ul of the lysate from cells stably
expressing GFP alone or GFP-Arp3 were retained to run as input samples. At the
same time, double the amount of lysate from HeLa cells stably expressing GFPtagged Arp3B and Arp3C were used as input. For the immunoprecipitation samples,
250 µL of the lysate from HeLa stably expressing GFP alone or GFP-Arp3, and
1000 µL of lysate from cells stably expressing GFP-tagged Arp3B and Arp3C were
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incubated with 7.5 ul of GFP-trap beads (Chromotek), which had been previously
washed 3x with ice-cold wash buffer. The samples were then rotated for 1-2 hrs at
4°C. The beads were washed 3x with 750 ul of ice-cold wash buffer. Between each
wash, the mixture was incubated for 10 minutes at 4°C on a wheel. After the last
wash, all the supernatant was carefully removed and 30 ul of FSB were added to
the beads. The same amount of FSB was also added to the input samples. The
beads and the input samples were incubated at 95°C for 10 mins and spun for 30
secs at maximum speed before resolving by SDS-PAGE.
Lysis buffer
50 mM

HEPES, pH 7.5

150 mM

NaCl

10%

Glycerol

1%

Triton X100

1 mM

EGTA, pH 8.0

1.5 mM

MgCl2

Freshly added protease inhibitor (1 tablet in 50 mL Lysis buffer)(Roche).
Wash buffer
50 mM

HEPES, pH 7.5

150 mM

NaCl

10%

Glycerol

1%

Triton X100

1 mM

EGTA pH 8.0

1.5 mM

MgCl2

200 nM

LatA
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2.8.5 Pull down assay using CA domain coated beads
Pulldown assays using beads coated with biotin-CA, a domain from N-WASP
(made by J.V. Abella) were performed with cell lysates from HeLa cells stably
expressing GFP-tagged Arp3 or Arp3B. The same protocol described in Section
2.8.4 was followed; with the only exception that LatA was not added to the media
and the washing buffer.

2.8.6 Generation of polyclonal Arp3B antibodies
2.8.6.1 Generation of bleeds
Antigenic peptides corresponding to residues 227-250 and 262-269 in Arp3B were
synthetized by the peptide facility at The Francis Crick Institute (Table 2.14).
Specifically, the peptide corresponding to amino acids in position 262-269 of Arp3B
was designed with a CGG (cysteine-glycine-glycine) tag at its N-terminus. The
sulfhydryl group of the cysteine in the CGG tag was essential in order to chemically
react with the maleimide group of the maleimide-activated mariculture keyhole
limpet hemocyanin (mcKHL) and generate an antigenic peptide. Conversely, the
peptide corresponding to amino acids 227-250 of Arp3B contained cysteine
residues that could react with mcKHL and result in modified products upon
conjugation with the carrier protein. In order to avoid this latter possibility, this
peptide was synthesises as MAPS (multiple genetic peptides). In this approach 4
copies of the peptide of interest were designed on a lysine core; thereby,
generating a high molecular weight species that is antigenic but only consists of the
peptide antigen. The immunogen aliquots were sent to Pettingill Technologies for
injection into 2 rabbits over a 77-day schedule. The ability of the resulting antisera
to detect Arp3B was tested by immunoblot analysis on cell lysates from HeLa
depleted of either Arp3 or Arp3B, and overexpressing GFP-tagged human Arp3 or
Arp3B.
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Table 2.15 Sequences of the antigenic peptides.

Protein name

Region

Sequence

Arp3B

227-250

(IKEKYCYICPDIVKEFAKYDVDPR)MAPS4

Arp3B

262-269

CGGINQKKFVI

2.8.6.2 Coupling peptides to columns
In order to couple the peptides to affinity columns, 4 more peptides were designed:
the first 2, corresponding to residues 227-250 of Arp3 and Arp3B were labelled with
a PEG (Polyethylene glycol)-biotin tag at their C-termini, conversely the peptides
corresponding to amino acids 262-269 had a CGG sequence at their N-termini
Table 2.15). These peptides were coupled to Avidin or SulfoLink columns (Thermo
Scientific) according to the manufacturer’s instructions. Briefly, 1 mg of each
peptide was dissolved in 2 mL of Coupling buffer and 1 mM DTT for 1 hr at room
temperature. The peptides were then added to the columns. After 1 hr incubation at
room temperature, the columns were washed with PBSA until the absorbance
(A280) values of the flow-through approached baselines. Finally, non-specific
binding sites in the columns were blocked by the addition of 50 mM L-Cysteine.HCl
dissolved in Coupling buffer or Biotin blocking and elution buffers. At this point the
columns could be stored in PBSA with 0.02% Sodium Azide at 4°C.
Table 2.16 Sequence of the peptides coupled to the affinity columns.

Protein name

Region

Sequence

Arp3

227-250

VKERYSYVCPDLVKEFNKYDTDGS-PEG-Biotin

Arp3

262-269

CGGISKKEFSI

Arp3B

227-250

IKEKYCYICPDIVKEFAKYDVDPR-PEG-Biotin

Arp3B

262-269

CGGINQKKFVI

2.8.6.3 Affinity purification
To prepare the affinity columns for the purification, the columns were washed with
20 mL of the following buffers: 100mM Triethylamine (TEA) pH 11.5, PBSA, 100
mM Glycine pH 2.5, and PBSA with 250 mM NaCl. The antisera from the two
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rabbits were centrifuged for 15 mins at 10000 rpm and the supernatant was filtered
through a Millex-HV 0.45 µm filter and then diluted 1:1 in PBS + 250 mM NaCl +
0.02% NaN3. The diluted antiserum was passed twice through the columns coupled
with Arp3 peptides and the flow throughs were then applied twice to the columns
coupled with Arp3B peptides. The columns were washed once with PBSA + 250
NaCl and PBSA. Bound antibodies were eluted using 1 mL aliquots of Glycine pH
2.5, and then 1 mL aliquots of TEA pH 11.5. Elutions were immediately neutralised
with 1M Tris.HCl pH 8.8 and then measured for adsorbance at OD280 to detect the
fractions that contained antibody.

2.8.7 Pyrene actin polymerisation assay
The actin nucleation activity of human recombinant Arp2/3 complexes was
determined by in vitro pyrene assay. This experiment was performed by our
collaborators as described in (Higgs and Pollard, 1999). Two micromolars of MgATP-monomeric actin (10% pyrene labeled) was polymerized at room temperature
by the addition of one-tenth volume of 10X KMEI (5 mM Tris-HCl [pH 8.0], 0.2 mM
ATP, 0.1 mM CaCl2, and 0.5 mM DTT). Experiments were conducted in the
presence or in the absence of different Arps. The polymerization was followed by
fluorescence measurements with excitation and emission wavelengths of 365 nm
and 407 nm respectively using a Xenius SAFAS fluorimeter (Safas SA, Monaco).
The data were analyzed with Graphpad Prism 6.

2.9 Imaging
2.9.1 General reagents
1x Cytoskeletal buffer (CB)
10mM

MES, pH 6.1

150mM

NaCl

5mM

EGTA

5mM

MgCl2

5mM

Glucose

The reagents were dissolved in distilled water.
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Blocking buffer
1%

BSA

2%

FCS

The reagents were dissolved in 1x CB, and filtered through a 0.45 µm filter and
stored at -20°C.
Mowoil
2.4 g

Mowoil

6g

Glycerol

12 mL

200 mM Tris.HCl, pH 8.5

Mowoil and glycerol were added to 6 mL of distilled water. The mixture was stirred
for 2 hrs at room temperature, before adding Tris.HCl. The final solution was then
stirred for 10 more minutes at 60°C and centrifuged at 5,000 rpm for 5 mins. The
solution was aliquoted and stored at -20°C.
4% paraformaldehyde (PFA)
50 g of PFA was added to 500 mL of warm PBSA, and the solution was gently
stirred. 1 M NaOH tablets were added at the solution until the PFA had dissolved.
Once at room temperature, the pH was adjusted to 7.5, and the solution was
filtered using a 0.45 µm filter and stored at -20°C in 12 mL aliquots. Before use,
10% PFA aliquots were thawed and diluted to 4% in PBSA.

2.9.2 Fixation
Cells plated on coverslips were incubated with 4% PFA for 10 mins at room
temperature. Three washes with PBSA were then performed.

2.9.3 Immunofluorescence
Blocking buffer was added on the top of each coverslip for 15 mins. For
extracellular virus labelling, the antibody against B5 and the rat secondary antibody
were added before permeabilising the cells. Cells were permeabilised for 5 mins
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using 0.1% Tryton-X100 in PBSA. The coverslips were washed 3x with PBSA and
incubated with primary antibody diluted in blocking buffer for 1 hour. Three more
washes with PBSA were then performed prior to addition of secondary antibody
diluted in blocking buffer. F-actin was labelled using phalloidin diluted 1:500 in
blocking buffer, and added at the same time as secondary antibody. After 30 mins,
coverslips were washed 3x in PBSA, and DAPI (300 nM in PBSA) was added for 1
min before rinsing the coverslips for 2 times in distilled water and mounting using
Mowoil on a microscopy slide.
Table 2.17 Antibodies used in immunofluorescence

Antibody

Species

Dilution

Source

Anti-B5

Rat

1:500

Gerhardt Hiller

Anti-Tks5

Mouse

1:250

Santa Cruz

1:500

Molecular Probes

1:500

Molecular Probes

Alexa Fluor 569Phalloidin
Alexa Fluor 488Phalloidin

2.9.4 Microscopes
Zeiss Axioplan Upright
For imaging of fixed samples, a Zeiss Axioplan2 microscope equipped with a
Photometrics Cool Snap HQ cooled CCD camera, external Prior Scientific filter
wheels (DAPI; FITC; Texas Red; Cy5) and a 63x / 1.4 Plan Achromat objective was
used. The system was purchased from Zeiss and Universal Imaging Corporation
Limited and was controlled with MetaMorph 6.3r7 software. Images were analysed
using the MetaMorph software and were processed with the Adobe software
package.
Spinning-disk confocal
Live-cell imaging and photoactivation experiments were carried out on a Zeiss Axio
Observer microscope equipped with a Plan Achromat 63x / 1.4 Ph3 M27 oil lens,
an Evolve 512 camera and a Yokagawa CSUX spinning disk. The system was
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purchased from 3i Intelligent Imaging Innovations and was controlled by Slidebook
5.0. Movies were analyzed using either the Slidebook or MetaMorph software.

2.9.5 Quantification of gelatin degradation
Gelatin degradation was quantified from cells seeded in 96-well glass bottom
dishes. Using an Arrayscan Vti65.2 mycroscope from Cellomics, 8 images from
each well were captured during each of the 3 experiments performed using a 10x
0.3NA Zeiss objective with 14-bit Photonics X1 CCD camera. From these images,
gelatin

degradation

was

quantified

using

Cellomics

Morphology

Explorer

Bioapplication, which allow us to measure changes in pixel intensity in the 488
channel. The values obtained where then normalized to the number of cells, which
were visualized using DAPI staining. The mean from 3 independent experiments
was calculated. The quantification was carried out by Michael Howell (High
throughput facility, The Francis Crick Institute).

2.9.6 Quantification of actin tail formation
Cells were plated at a density of 8x104 per mL on glass coverslips in a 6 well dish
coated with 10 µg/mL fibronectin. The next day, cells were infected with WR and
fixed 8 hrs later. Cells were stained prior to permeabilization with the B5 antibody to
specifically detect CEVs, followed by permeabilization and phalloidin staining. Only
cells in which virus particles had reached the cell periphery were taken into
consideration. 10 cells per condition were analysed and the length of tails was
manually determined using ImageJ. To determine the average number of actin tails
per cells, the number of tails in 30 randomly selected cells over 3 independent
experiments were quantified.

2.9.7 Quantification of virus speed
To measure the speed of actin tails in HeLa cells stably expressing lifeact-RFP
were additionally transfected with the siRNA of interest as described in Section
2.3.1, cells were plated at a density of 1x105 per mL in glass bottom microwell
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dishes (MatTek corporation). The morning after, cells were infected with WR/YFPA3L virus. Movies of 7 cells per condition were acquired with a rate of 1
frame/second for 2 mins using the spinning disk confocal microscope. Virus speed
was manually analysed using MetaMorph software.

2.9.8 Live-cell imaging of cell migration
To perform migration assays GFP positive HT-1080 cells were transfected with the
siRNA of interest as described in section 2.3.2. Cells were seeded onto 96-well
ImageLock microplates (Essen BioScience) coated with 10 µg/mL of fibronectin at
a density of 2000 cells in 200 µL of complete medium. After 3 hrs, the complete
medium was removed and FluoroBrite DMEM medium (Gibco) was added to the
cells. The 96-well ImageLock microplate was then transferred to the IncuCyte
(Essen BioScience) that is kept at 37°C in a 5% CO2 atmosphere. Images were
collected using a 10x objective every 15 mins for up to 18 hrs at multiple stage
positions. Cell velocity and directionality were analysed in ImageJ using ADAPT
plug-in (Barry et al., 2015). To analyse protrusion formation, HT-1080 cells stably
expressing GFP-tagged Arp3 or Arp3B were plated onto glass bottom microwell
dishes (MatTek corporation) coated with 10 µg/mL. Once the cells had adhered to
the bottom of the plate, live-cell imaging of GFP positive HT-1080 cells was carried
out using a spinning disc confocal microscope equipped with a 63x objective and
the images were acquired every 30 seconds for 1 hour.

2.9.9 Fluorescence Recovery after Photo-Bleaching (FRAP)
To carry out FRAP experiments DX3 and HeLa cells stably expressing GFP-tagged
Arp3 or Arp3B were used. Three hours prior the experiment, DX3 cells stably
expressing GFP-labelled Arp3 or Arp3B were seeded onto clear gelatin and left
adhere to the bottom of the plate. HeLa cells stably expressing GFP-tagged Arp3
or Arp3B were infected with WR/RFP-A3L virus. 8 hours later, cells were treated
with 0.5 µM of LatA for 20 mins before starting the acquisition. Images were
acquired every second on the spinning disc confocal microscope (section 2.9.4).
The GFP signal was bleached using the 488 laser at 100% power. The size of the
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bleached region and the time interval was kept consistent for all movies.
Fluorescent recovery was analysed using ImageJ. To measure the rate of turnover,
a nonlinear regression analysis was applied to the resulting data to fit an
exponential curve using Prism 6 software (GraphPad software).

2.10 Statistical Analysis
Data in all graphs are presented as the standard error of the mean, unless
otherwise stated. Prism 5.0 (GraphPad) was used to perform standard statistical
analysis of data sets. A Student’s T-test was performed to compare two data sets.
To compare multiple data sets a One Way Anova analysis was performed, followed
by a Tukey Multiple Comparison to compare all pairs of samples. A p value of
<0.05, <0.01, <0.001 and <0.0001 is represented as *, **, *** and **** respectively.
A P value > 0.05 was not considered statistically significant, and in this event the
data was labeled, ns for not significant.

2.11 Phylogenetic Analysis
The phylogenetic tree was generated by Richard Mitter from The Francis Crick
Bioinformatics group. The evolutionary distribution of Arp3 isoforms was analysed
using the Ensembl genome browser (Pignatelli et al., 2016). The protein tree was
automatically generated by Ensembl using neighbour joining clustering method.
The tree was then exported and modified using MEGA7 (Kumar et al., 2015)
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Chapter 3.

Arp3 isoform distribution from an

evolutionary and cellular point of view
3.1 Introduction
Since its discovery in Acanthamoeba in 1994, the heptameric Arp2/3 (Actin related
protein 2/3) complex has been found to play an essential role in regulating actin
dynamics during a wide range of cellular processes (Machesky et al., 1994,
Campellone and Welch, 2010, Pollard, 2016). Interestingly, in most higher
eukaryotes, the Arp2/3 complex subunits Arp3 (Actin related protein 3), ARPC1,
and ARPC5 (Arp2/3 complex subunits) have different isoforms, which are encoded
by separate genes (Jay et al., 2000, Shindo-Okada and Shimizu, 2001, Millard et
al., 2003, Balasubramanian et al., 1996). Recent work has shown for the first time
that ARPC1 and ARPC5 isoforms, which are ~67% identical respectively,
differentially regulate the nucleation activity of the Arp2/3 complex in vivo and in
vitro (Abella et al., 2016). In addition, it has been demonstrated that Arp2/3
complex composition impacts on actin filament disassembly, due to differential
interactions with cortactin and coronins (Abella et al., 2016). While the role of
ARPC1 and ARPC5 isoforms in Arp2/3 complex-dependent actin nucleation has
been partially characterised, the impact of the Arp3 isoforms on the activity of the
complex remains to be established.
In this chapter, I analyse the evolutionary distribution of Arp3 isoforms taking
advantage of the Ensembl genome browser (Pignatelli et al., 2016). In addition,
due to the unavailability of an antibody that specifically recognises endogenous
Arp3B, I determine the relative abundance of the mRNA encoding for Arp3
isoforms in different cell lines. Finally, I assess the ability of the Arp3 isoforms to
interact with the different subunits of the Arp2/3 complex by performing GFP-Trap
pulldown experiments.
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3.2 Results
3.2.1 Arp3 isoform distribution during evolution
In humans, three different genes encode for Arp3, Arp3B, and Arp3C isoforms,
namely

ACTR3

(2q14.1), ACTR3B

(7q36.1-36.2), and

ACTR3C

(7q36.1)

respectively (Jay et al., 2000, Shindo-Okada and Shimizu, 2001, Millard et al.,
2003). In order to obtain information about the evolution of the Arp3 isoforms, I took
advantage of the Ensembl genome browser (Pignatelli et al., 2016) (Figure 3.1).
This database generates gene predictions that aim to represent, in the simplest
form possible, the evolutionary history of a specific gene of interest. From the
analyses of the Ensembl tree, it was immediately noticeable that Arp3 and Arp3B
isoforms appeared relatively early during evolution upon a gene duplication event.
This hypothesis is strengthened by the fact that, in human and some other
organisms (including zebrafish and mouse), ACTR3 and ACTR3B genes reside on
different chromosomes. Upon a gene duplication event, the most likely fate is that
one of the duplicate genes will become non-functional following a random mutation
event (Lynch and Conery, 2000). However, after the gene duplication event,
ACTR3 and ACTR3B have been conserved across organisms, strongly suggesting
that these genes underwent a functional divergence process (Fay and Wu, 2003).
In budding yeast (S.cerevisiae), there is only one gene encoding for the Arp3
subunit (Figure 3.1). The S.cerevisiae Arp3 protein shares ~63% identity with
human Arp3 (Figure 3.2). Moreover, ACTR3 orthologous genes can be found in
most eukaryotes whose genomes have been sequenced, including fruit fly
(D.melanogaster), zebrafish (D.rerio), African clawed frog (X.leavis), and mouse
(M.musculus). Some Protista and parasites are apparent exceptions, as previously
reported by Goley and Welch (Goley and Welch, 2006) (Figure 3.1). In fruit fly,
zebrafish, frog, and mouse, ACTR3 genes encode for proteins which are ~80%,
~96%, ~97%, and ~99% identical to human Arp3 respectively (Figure 3.2).
Interestingly, upon the gene duplication event that originates the two Arp3 isoforms,
ACTR3B orthologous genes can be found in different organisms, including some
tunicates (C.intestinalis and C.savignis), bony fishes (such as D.rerio), and
mammals (such as M.musculus) with the exception of the class Amphibia (Figure
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3.1). The absence of Arp3B in X.laevis, whose genome has been completely
sequenced, indicates that ACTR3B has probably been deleted from this genome.
In fact, analyses of the Ensembl database revealed that in X.laevis, there is a gene
coding for a protein involved in homologous recombination repair (XRCC2) located
next to DPP6. In mammals, XRCC2 also localises close to DPP6, separated only
by ACTR3B. Taken together, these observations strongly suggest that ACTR3B
has been deleted from the region between XRCC2 and DPP6 in the X.laevis
genome. Another example of a gene present in fishes and mammals but missing in
Amphibia is Hp, which encodes for haemoglobin-binding plasma protein (Wicher
and Fries, 2006). ACTR3B in C.savignyi, zebrafish and mouse encodes for proteins
which have ~81%, ~86% and ~98% amino acid identity with human Arp3B (Figure
3.3). From the sequence alignment, it is noticeable that compared to human,
mouse, and zebrafish, Arp3B encoded by C.savignyi lacks 135 amino acid residues
at its C-terminal region. This is particularly interesting, as the C-terminal region is
believed to contain residues essential for mediating the interaction with NPFs,
nucleotides, and an actin monomer of the growing branched daughter filament
(Beltzner and Pollard, 2004). As the C.savignyi genome has been completely
annotated and does not encode for another Arp3 isoform, it is highly unlikely that
Arp3B represents a non-functional protein. Moreover, it is possible that in
C.savignyi, amino acid mutations have developed along the entire length of the
protein in order to compensate for the lack of essential residues in the C-terminal
region.
Referring to the Ensembl phylogenetic tree, it is noticeable that, following the gene
duplication event that generated Arp3 and Arp3B, some organisms possess only
one Arp3 isoform (Figure 3.1). This is the case for the tunicates, Ciona intestinalis
and Ciona savignis, and the mammalian bushbaby, which only have Arp3B.
Conversely, the chordata lamprey, bony fishes fugu, puffer fish, and stickleback,
frog, and mammalian tarsier encode only for Arp3. This can be explained in two
different ways. First, it can be hypothesised that the organisms for which the
genome has been completely annotated have lost one of the genes encoding for
Arp3 isoforms (Figure 3.1). An alternative explanation is that a second gene
encoding for an isoform has not yet been identified. This, for example, may be the
case for the chordata tarsier, whose genome annotation results are incomplete
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(Figure 3.1). Finally, the appearance of certain organisms more than once in the
Ensembl tree is probably due to duplication events of ACTR3, ACTR3B, and
ACTR3C (Figure 3.1). In these organisms, the gene copy encoding for proteins that
do not have important biological functions will undergo biological adaptation and
become deleted or non-functional (Petrov and Hartl, 2000, Montgomery et al.,
2013).
In addition to ACTR3 and ACTR3B, humans possess the ACTR3C gene. Analysis
of the Ensembl phylogenetic tree reveals that this gene has been generated from
ACTR3B by a possible duplication event that took place relatively late during
evolution. Hence, Arp3C expression is limited to humans and few other mammals,
such as pika (Ochotona princeps), kangaroo rat (Dipodomys ordii), and some
primates (including M.mulatta (Macaque) and G.gorilla (Gorilla)) (Figure 3.1). Pika,
kangoroo rat, macaque, and gorilla Arp3C are, respectively, ~97%, ~98%, ~73%,
and ~99% identical to the human form (Figure 3.4).
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Figure 3.1 Phylogenetic tree of the genes encoding for Arp3 isoforms

Gene tree based on Ensembl genome browser (Pignatelli et al., 2016) constructed
using ACTR3 as representative gene. Gene, binomial and common (in
parentheses) names for each organism are given. ACTR3, ACTR3B, and ACTR3C
genes are indicated with red, green and pink lines respectively. Organisms which
genome has been entirely sequenced and with only one gene encoding for
Arp3/Arp3B are indicated with black asterisks. Organisms which genome has not
been entirely sequenced and with only one gene encoding for Arp3/Arp3B are
indicated with blue asterisks.
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Figure 3.2 Sequence alignment of Arp3 from different organisms
Sequence

alignments

of

Arp3

from

budding

yeast

(S.cerevisae),

fruit

fly

(D.melanogaster), zebrafish (D.rerio), frog (X.leavis), mouse (M.musculus) and human
(H.sapiens). Amino acid differences highlighted in red. Conserved residues are
indicated with black asterisks, whereas residues conserved between amino acid
groups of strongly and weakly similar properties are indicated with red colons and
periods respectively.
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Figure 3.3 Sequence alignment of Arp3B from different organisms

Sequence alignments of Arp3 from tunicate (C.savignyi), zebrafish (D.rerio), mouse
(M.musculus) and human (H.sapiens). Amino acid differences highlighted in red.
Conserved residues are indicated with black asterisks, whereas residues
conserved between amino acid groups of strongly and weakly similar properties are
indicated with red colons and periods respectively.
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Figure 3.4 Sequence alignment of Arp3C from different organisms

Sequence alignments of Arp3 from pika (O.princeps), kangoroo rat (D.ordii),
macaque (M.mulatta), gorilla (G.gorilla) and human (H.sapiens). Amino acid
differences highlighted in red. Conserved residues are indicated with black
asterisks, whereas residues conserved between amino acid groups of strongly and
weakly similar properties are indicated with red colons and periods respectively.
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3.2.2 Human Arp3 isoforms
Alignment studies show that human Arp3, Arp3B, and Arp3C have a high
percentage of amino acid identity (Figure 3.5). In particular, Arp3 and Arp3B are
~91% identical and the differences between the two isoforms are spread along their
entire length. Of these amino acid substitutions, 59% and 10% are conserved
between amino acid groups of strongly and weakly similar properties respectively,
and 31% are non-conserved (Figure 3.5). The crystal structure of the inactive
Arp2/3 complex revealed that amino acid substitutions between Arp3 and Arp3B
are surface exposed, suggesting that they might play a role in interacting with
binding partners of the complex. Additionally, as few substitutions in Arp3B localise
at the interface with Arp2, ARPC2, ARPC3, and ARPC4, they might impact on the
ability of this isoform to interact with its neighbouring subunits (Robinson et al.,
2001) (Figure 3.6A). Arp3C is ~80% and ~88% identical to Arp3 and Arp3B
respectively and is also much shorter than the other two Arp3 isoforms (210 vs.
418 residues respectively). Specifically, Arp3C lacks 129 and 79 amino acid
residues corresponding to the N- and C-terminus of the other two Arp3 isoforms.
The amino acid content of Arp3C is more similar to Arp3B, however, the last 22 Cterminal residues differ significantly from both Arp3 isoforms (Figure 3.5). Based on
the crystal structure of the Arp2/3 complex, these residues appear to be involved in
the interaction with other subunits of the complex (ARPC2, ARPC3, ARPC4, and
Arp2) (Robinson et al., 2001) (Figure 3.6B). It is therefore unlikely that Arp3C will
form stable Arp2/3 complexes.
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Figure 3.5 Sequence alignment of human Arp3 isoforms

Sequence alignments of human Arp3, Arp3B and Arp3C. Amino acid differences
highlighted in red. Conserved residues are indicated with black asterisks, whereas
residues conserved between amino acid groups of strongly and weakly similar
properties are indicated with red colons and periods respectively.
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Figure 3.6 Residue differences between human Arp3 isoforms

A Surface rendering of the structure of the bovine Arp2/3 complex in its inactive
conformation, containing Arp3, ARPC1B, and ARPC5 (PDB 1K8K0) (Robinson et
al., 2001). Exposed residues that differ between Arp3 and Arp3B isoforms are
coloured in light blue. B Structure of the Arp2/3 complex showed in A with exposed
residues that differ between Arp3 and Arp3C coloured in pink.
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3.2.3 Expression of Arp3 isoforms in different cell lines
In the above section, I showed that mammalian cells can potentially express three
different isoforms of the Arp3 subunit. Whether all three isoforms are co-expressed
in cells, and to what level, is not known. To address this, I compared Arp3, Arp3B,
and Arp3C expression in different cell lines that are routinely used in the Way
laboratory by Real Time (RT)-PCR (Figure 3.7). This method allowed me to
quantify the relative amount of Arp3, Arp3B and Arp3C mRNA (messenger RNA) in
melanoma DX3, A375MM, fibrosarcoma HT-1080, mouse fibroblast MEF and
NIH3T, and adenocarcinoma MCF7 and MDA-MB-231 cell lines relative to HeLa
cells (control). I used Primer-BLAST to design unique primers that were able to
specifically recognise Arp3, Arp3B or Arp3C cDNA (complementary DNA) (Ye et al.,
2012). I then used these primers to perform RT-PCR on the cDNA obtained via
reverse transcription from the total RNA, which was isolated from the different cell
lines. The expression of Arp3, Arp3B, and Arp3C mRNA was determined relative to
the reference gene GAPDH (Glyceraldehyde 3-phosphate dehydrogenase). The
results were normalized to the values obtained from HeLa cells. It is noticeable that
in DX3, MEF, and MCF7 cells, Arp3 mRNA is expressed at similar levels (103%,
98%, and 103% respectively) as in HeLa cells (100%). HT-1080 and MDA-MB-231
cells contain 26% and 44% less Arp3 mRNA than the reference control. Conversely,
A375MM and NIH3T3 cell lines express more Arp3 mRNA (124% and 135%)
(Figure 3.7A). Notably, the levels of Arp3B transcript are more variable in the
different cell lines analysed (Figure 3.7B). In particular, HT-1080 and MDA-MB-231
cells express very low amounts of Arp3B compared to HeLa cells (1% and 0.01%
respectively). DX3, MEF, MCF7, and A375MM cells express 68%, 90%, 81%, and
80% of Arp3B mRNAs relative to control cells. NIH3T3 is the only cell line that has
more Arp3B relative to HeLa (110%) (Figure 3.7B). Analyses of the mRNA levels of
Arp3C revealed that the majority of the cell lines examined express more Arp3C
than HeLa cells (147%, 284%, 152%, 460%, 422%, 251% for DX3, HT-1080, MEF,
MCF7, MDA-MB-231, and NIH3T3 cells in turn). Only A375MM cells (102%) have
similar amounts of Arp3C mRNA relative to HeLa cells (Figure 3.7C). These data
indicate that the relative expression of the Arp3 isoforms vary between different cell
lines and that all the different cell types tested express both Arp3 and Arp3C mRNA
to a similar extent as HeLa cells. Conversely, Arp3B mRNA does seem to be
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expressed at very low levels in HT-1080 and MDA-MB-231 relative to HeLa cells.
Importantly, these data suggest that the relative amounts of isoform-specific Arp2/3
complexes are likely to vary significantly between cell lines. However, it is essential
to remember that gene mRNA levels do not always reflect the actual amount of
protein expressed (Vogel and Marcotte, 2012). For this reason, I tried to identify
antibodies that specifically recognise individual Arp3 isoforms, which can be used
to perform quantitative immunoblot analyses.

Figure 3.7 Relative amounts of Arp3 isoforms in different cell lines

RT-PCR analyses showing the percentage of the relative amount of Arp3 (A),
Arp3B (B) or Arp3C (C) mRNAs relative to HeLa cells in the indicated cell lines.
Data from one experiment representative of three are shown.
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3.2.4 Characterisation of Arp3 and Arp3B specific antibodies
As the amino acid sequences of Arp3, Arp3B, and Arp3C are highly identical
(Figure 3.5), I tested the specificity of commercially available antibodies reported to
be directed against the isoforms of interest. On the market there were no
antibodies, which were specifically raised against Arp3C, whereas it was possible
to buy Arp3 and Arp3B antibodies. In order to assess if these antibodies were able
to specifically discriminate between the two isoforms, I took advantage of RNA
interference (RNAi)-mediated depletion of Arp3 and Arp3B individually or
simultaneously. Initially, the efficiency of the knockdown of the isoforms of interest
was assessed by RT-PCR using RNA extracted from HeLa cells transfected with
pools of 4 independent Arp3, Arp3B, Arp3/3B, or control (non-silencing) siRNA
(silencing RNA) oligos (Figure 3.8). Relative to control (100%), the amount of Arp3
mRNA was significantly reduced following treatments with Arp3 or Arp3/3B siRNAs
(14.33% or 11.93% respectively). Loss of Arp3B led to an increase in Arp3 mRNA
(170%) (Figure 3.8A). RNAi-mediated depletion of Arp3B, or Arp3/3B resulted in
Arp3B mRNA levels of 1.28% and 0.70% relative to control. In addition, 58.14% of
Arp3B mRNA remained in HeLa cells after Arp3 depletion (Figure 3.8B).
Once the RNAi-mediated depletion of Arp3 and Arp3B had been confirmed by RTPCR analyses, I tested the ability of commercially available antibodies to recognise
the different Arp3 isoforms (Figure 3.9). Specifically, I performed immunoblot
analyses on protein lysates from HeLa cells stably expressing siRNA-resistant
(siRES) GFP (Green fluorescent protein)-tagged human Arp3 or Arp3B, or depleted
of each Arp3 isoform individually or simultaneously (Figure 3.9). I established HeLa
cell lines stably expressing siRES human Arp3 or Arp3B that were tagged at their
N-termini with GFP, using the lentivirus system. Immunoblot analyses revealed that
the monoclonal antibody raised against full length Arp3 was able to specifically
recognise the endogenous protein (~48 kDa) and GFP-tagged Arp3 (~71 kDa) but
not Arp3B. In particular, RNAi-mediated depletion of Arp3 or Arp3/3B led to a
decrease of endogenous Arp3 compared to control levels. Conversely, the level of
Arp3 expression remained unchanged upon Arp3B knockdown (Figure 3.9). This
differs from what has been shown previously using RT-PCR analysis; although loss
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of Arp3B results in an almost two-fold increase of Arp3 mRNA (Figure 3.8A), Arp3
protein levels remain similar to control, suggesting that mRNA levels do not
account for the actual amount of protein expressed in HeLa cells. Additionally,
these data demonstrate that the Arp3 antibody specifically recognises only the
Arp3 isoform.
I then tested three commercial antibodies against Arp3B (Figure 3.9). These were
produced in rabbits against the full-length protein (anti-3B_FL), or the peptides
corresponding to residues 16-30 (anti-3B_16-30) or 351-365 (anti-3B_351-365) of
Arp3B. Notably, the amino acids in position 16-30 are 100% conserved between
Arp3 and Arp3B. In contrast, in the Arp3B region 351-365, there are three amino
acids that differ from Arp3. These are isoleucine (I) 258, valine (V) 263, and
glutamate (E) 264 (Figure 3.9A). Immunoblot analyses revealed that all three
commercially available antibodies tested did not specifically recognise either
endogenous Arp3B or overexpressed GFP-Arp3B. The appropriate size for
endogenous Arp3B was still detected by anti-3B_FL, anti-3B_16-30 and anti3B_351-365 following transfection with siRNAs against Arp3B. None of the
commercially available antibodies against Arp3B were able to recognise GFPtagged Arp3 or Arp3B (Figure 3.9B).
That Arp3B antibodies cannot detect exogenous Arp3B could be related to the fact
that, in HeLa cells, GFP-Arp3 is expressed to a greater extent compared to GFPArp3B. I therefore performed GFP-Trap pulldown experiments on protein lysates
from wild type (WT) HeLa cells and stably expressing GFP-tagged Arp3 or Arp3B
and also depleted of endogenous Arp3 (Figure 3.10). As previously observed in
Figure 3.9, the monoclonal antibody raised against full length Arp3 was able to
specifically recognise GFP-tagged Arp3, but not Arp3B, although these two
isoforms are ~91% identical to each other. The RNAi-mediated depletion of Arp3
was confirmed as the antibody against this isoform did not detect any band at ~48
kDa, corresponding to endogenous protein of interest. The anti-3B_FL and anti3B_16-30 antibodies detected both GFP-tagged Arp3 and Arp3B. Interestingly,
anti-3B_351-365 specifically recognised a band at ~71 kDa, corresponding to GFPArp3B, but barely detected GFP-Arp3. However, none of the three Arp3B
antibodies could recognise the endogenous protein (~48 kDa) (Figure 3.10). It is
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possible that the antibodies tested do not distinguish endogenous Arp3B and
cross-react with Arp3 because cells normally express much more Arp3 compared
to Arp3B (see below, section 3.2.6). Moreover, it is important to note that anti3B_351-365 recognised GFP-Arp3B only after GFP-Trap pulldown experiments
were performed, possibly indicating that this antibody has low affinity for Arp3B and
recognises only high amounts of protein.

Figure 3.8 Specificity of the siRNAs against Arp3 and Arp3B

RT-PCR analysis showing the percentage of the relative amount of Arp3 (A),
Arp3B (B) mRNAs relative to control in HeLa cells upon 72 hours treatments with
the indicated siRNAs. Data from one experiment are shown.

123

Chapter 3 Results

Figure 3.9 Test of commercially available antibodies against Arp3 and Arp3B

A Schematic representing the amino acid sequence recognised by Arp3B
antibodies, which were raised against full-length protein (anti-3B_FL), or residues
16-30 (anti-3B_16-30) or 351-365 (anti-3B_351-365) of Arp3B. Amino acid
differences are highlighted in red. Conserved residues are indicated with black
asterisks, whereas residues conserved between amino acid groups of strongly
properties are indicated with red colon. B Immunoblot analysis of wild type HeLa
cells treated with the indicated siRNAs or stably expressing human siRES GFPArp3 or GFP-Arp3B. Bands corresponding to endogenous and exogenous proteins
are indicated with black and red asterisks respectively. Grb2 has been used as
loading control.
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Figure 3.10 Anti-3B_351-365 specifically recognises Arp3B

Immunoblot analysis of GFP-Trap pulldown assay from wild type HeLa cells (WT)
or stably expressing siRES human GFP-tagged Arp3 or Arp3B. Bands
corresponding to exogenous GFP-tagged Arp3 or Arp3B are indicated with red
asterisks.
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3.2.5 Generation of Arp3B antibodies
As a commercially available antibody against endogenous Arp3B, which did not
cross-react with Arp3, was not available, I attempted to generate two Arp3Bspecific antibodies. Anti-3B_227-250 antibody was generated against a peptide
spanning amino acids 227-250 and anti-3B_262-269 was generated against a
peptide corresponding to residues 262-269. These peptide sequences were
selected based on the fact that Arp3 and Arp3B are most divergent over these
regions (Figure 3.11A). In addition, analyses of the crystal structure of the Arp2/3
complex in its inactive conformation suggested that the residues in positions 227250 and 262-269 localised on the surface of the complex, where they could
possibly be recognised by antibodies raised against them (Figure 3.11B). Peptides
corresponding to residues 262-269 and 227-250 of Arp3B (Arp3B_262-269 and
Arp3B_227-250) were synthesised by the peptide facility (The Francis Crick
institute) with a CGG (cysteine-glycine-glycine) N-terminal tag and as a MAPS
(multiple genetic peptides) respectively. The cysteine in the CGG tag was essential
in order to chemically react with the maleimide group of the maleimide-activated
mariculture keyhole limpet hemocyanin (mcKHL) and generate an antigenic peptide.
Conversely, as the peptide corresponding to amino acids 227-250 of Arp3B
contained two cysteine residues that could react with mcKHL and result in modified
products, upon conjugation with the carrier protein, Arp3B_227-250 was
synthesised as MAPS. In this approach four copies of the peptide of interest were
designed on a lysine core, generating a high molecular weight species, which is
antigenic but only consists of the peptide antigen. The antigenic peptides were
injected into four rabbits over a 77-day schedule. When I received the terminal
bleeds (sera 1 and 2 from the rabbits injected with Arp3B_262-269, and sera 3 and
4 from the rabbits injected with Arp3B_227-250), I tested whether Arp3B specific
antibodies were present by performing immunoblot analyses on total cell lysates
from HeLa cells depleted of either Arp3 or Arp3B (Figure 3.12A). In the lysates
from cells treated with control and Arp3 siRNAs, the serum from all the rabbits
detected proteins at the estimated molecular weight of Arp3B (~48 kDa). However,
these sera also recognised bands at ~48 kDa in the lysates from HeLa lacking
Arp3B. Additionally, as sera 1, 2, 3, and 4 recognised bands of a variety of
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molecular weights (Figure 3.12A), I attempted to purify any potential Arp3B
antibody present in the sera by performing affinity chromatography (Figure 3.12B).
Sera 1 and 3 were first applied to an Avidin or a SulfoLink column, respectively
coupled with peptides corresponding to residues 262-269 and 227-250 of Arp3 in
order to remove antibodies that cross-react with Arp3. The flow-through (FT) from
these columns was then applied to the other two columns, which were coupled with
Arp3B_227-250 or Arp3B_262-269 peptides. The antibodies bound to the four
columns were eluted using 100 mM Glycine pH 2.5 and 100 mM Triethylamide
(TEA) pH 11.5, and the elutions that showed absorbance at 280 nm were tested by
immunoblot. As no absorbance above background was detected for any of the
elutions obtained from the columns coupled with Arp3_262-269 or Arp3B_262-269
peptides, I did not perform further immunoblot analysis. Conversely, as two and
four glycine fractions from the column coupled with peptides 227-250 of Arp3 or
Arp3B respectively, showed absorbance at 280 nm I tested them further by
performing immunoblots on cell lysates from HeLa depleted of either Arp3 or Arp3B
and stably expressing GFP-tagged human Arp3 or Arp3B (Figure 3.13). For Arp3
(227-250), the elution fractions 2 (Arp3_G2) and 3 (Arp3_G3) detected a few nonspecific proteins, however they also recognised a band at the estimated molecular
weight of Arp3 in all the cell lysates tested. Interestingly, fractions 2 and 3 also
detected a decrease in Arp3 expression upon RNAi-mediated treatments against
its encoding gene. However, none of the two fractions recognised a band at ~71
KDa, corresponding to GFP-Arp3 (Figure 3.13A). Unfortunately, glycine elutions 1
(Arp3B_G1), 2 (Arp3B_G2), 3 (Arp3B_G3), and 4 (Arp3B_G4) from the column
coupled with Arp3B (227-250) detected a variety of different bands, but none
corresponding to Arp3B or GFP-Arp3B (Figure 3.13B).

As the affinity columns

became blocked upon being used to purify Arp3B specific antibodies from the first
two bleeds, I could not use them to purify Arp3B (227-250) and Arp3B (262-269)
from sera 2 and 4.
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Figure 3.11 Antibody design

A Peptide sequences used to generate Arp3B antibodies. Anti-3B_227-250 and
anti-3B_262-269 were generated against peptides spanning amino acids 227-250
and 262-269 respectively. Amino acid differences are highlighted in red. Conserved
residues are indicated with black asterisks, whereas residues conserved between
amino acid groups of strongly and weakly similar properties are indicated with red
colons and periods respectively. B Surface rendering of the structure of the bovine
Arp2/3 complex in its inactive state (PDB 1K8K0) (Robinson et al., 2001). Amino
acids 227-250 and 262-269 are coloured in dirty violet and green cyan respectively.
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Figure 3.12 Purification of Arp3B antibodies

A Immunoblot analysis of HeLa cell lysates treated with the indicated siRNAs. The
sera (sera 1-4) from the terminal bleeds of four rabbits immunized with Arp3B_262269 and Arp3B_227-250 were tested for Arp3B specific antibodies. B Schematic of
the purification steps of Arp3B antibody from sera 1 and 3 by affinity
chromatography. FT indicates flow-through.
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Figure 3.13 Elution analyses

A Immunoblot analysis of lysates from WT HeLa cells treated with the indicated
siRNAs, or HeLa cells stably expressing human siRES GFP-tagged Arp3 or Arp3B.
Cell lysates were used to test the elution fractions G1 and G2 from the column
coupled with Arp3_227-250 (Arp3_G1-2) for the presence of Arp3 antibodies. B
Elution fractions G1-G4 from the column coupled with Arp3B_227-250 (Arp3B_G14) were tested for the presence of Arp3B antibodies. GFP antibody was used as
loading control for cell lysates from HeLa cells stably expressing siRES human
GFP-tagged Arp3 or Arp3B.
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3.2.6 Arp3C cannot interact with the other subunits of the Arp2/3 complex
In order to determine whether any of the Arp3 isoforms preferentially interact with
certain ARPC1 or ARPC5 isoforms, or subunits of the Arp2/3 complex, I performed
GFP-Trap pulldown experiments on lysates from HeLa cells stably expressing
GFP-tagged human siRES Arp3, Arp3B, and Arp3C (Figure 3.14). Prior to lysis,
cells were treated with Latrunculin A in order to depolymerise actin filaments by
binding to actin monomers in a 1:1 ratio (Spector et al., 1983). The addition of
Latrunculin A ensures that only the subunits integrated within the complex of the
specific GFP-tagged Arp3 isoform of interest are pulled down rather than those in
complexes bound to the same actin filament. Since in HeLa cells, the expression of
GFP-Arp3B is lower than the expression of GFP-Arp3 (INPUT, Figure 3.14), more
lysate for this cell line had to be immunoprecipitated (IP, Figure 3.14). To detect
GFP-tagged Arp3 and Arp3B I used the monoclonal antibody raised against full
length Arp3 (Figure 3.9) and anti-3B_351-365 (Figure 3.10) respectively. The
different amounts of expression between the exogenous Arp3 isoforms might
suggest that Arp3B levels have to be maintained at a low level in HeLa cells due to
toxicity effects. Immunoblot analyses of equalised GFP-Trap bound samples
revealed that exogenous Arp3 and Arp3B, but not Arp3C, are able to interact with
all the subunits and isoforms of the complex (Figure 3.14). As it will be shown in
section 4.2.3, the number of vaccinia-induced actin tails in cells depleted of
endogenous Arp3 rescued with either GFP-Arp3 or GFP-Arp3B was comparable to
control, suggesting that the tagged exogenous isoforms not only interact with all the
Arp2/3 complex subunits, but they can also form functional complexes (Figure
4.9C). Importantly, this experiment reveals that Arp3C is unable to form a functional
Arp2/3 complex and should not be considered as an alternative, functional Arp3
subunit isoform. For this reason, I did not further investigate the role of Arp3C in the
regulation of the activity of the Arp2/3 complex.
It is possible that the different abilities of GFP-tagged Arp3 and Arp3B to interact
with the other isoforms and subunits of the Arp2/3 complex are due to the fact that
these GFP-Trap pulldown experiments were carried out on lysates containing
endogenous Arp3. This isoform may have a greater affinity for the other six
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components of the complex than exogenous Arp3B. To test this latter hypothesis,
the same pulldown assay carried out above (Figure 3.15) was performed using
lysates from HeLa stably expressing GFP-tagged Arp3 or Arp3B and depleted of
endogenous Arp3. Interestingly, immunoblot analysis revealed that exogenous
Arp3 and Arp3B have the same ability to interact with Arp2, ARPC1, ARPC2,
ARPC3, ARPC4, and ARPC5 subunits (Figure 3.15). These experiments clearly
demonstrate that Arp3 and Arp3B, but not Arp3C, can be incorporated into the
Arp2/3 complex. Given the existence of ARPC1 and ARPC5 isoforms, my data
suggest that eight different Arp2/3 complex combinations can exist.

Figure 3.14 Arp3C cannot assemble into Arp2/3 complexes

Immunoblot analysis of GFP-Trap pulldown expriments from HeLa cells stably
expressing GFP alone, or human siRES GFP-tagged Arp3 or Arp3. Cells were
treated with Latrunculin A in order to ensure that only the subunits integrated within
the complex of the specific GFP-tagged Arp3 isoform of interest were pulled down.
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Figure 3.15 Arp3 and Arp3B can interact with all the subunits of the Arp2/3
complex

Immunoblot analysis of GFP-Trap pulldown from HeLa cells stably expressing GFP
alone, and human siRES GFP-tagged Arp3 or Arp3. Cells were treated with siRNA
against endogenous Arp3 and with Latrunculin A.
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3.2.7 Abundance of different Arp2/3 complexes in HeLa cells
Previous analyses by quantitative immunoblot, demonstrated that, in HeLa cells
used in the Way laboratory, ARPC1 and ARPC5 isoforms are expressed at
different levels. Hence, these isoforms contribute to the formation of different
Arp2/3 complex combinations, which exist at different cellular concentrations. In
particular, ARPC1B and ARPC5 are expressed at ~2.3- and ~1.8-fold higher levels
than ARPC1A and ARPC5L respectively (Abella et al., 2016). As I did not have an
antibody that specifically recognises Arp3B, it was not possible to perform
quantitative immunoblot analysis to determine the relative amounts of Arp3
isoforms as previously done for ARPC1 and ARPC5 isoforms by Abella et al.
(Abella et al., 2016). However, in order to identify the levels of expression of Arp3
and Arp3B in HeLa cells, I took advantage of previous work from Kulak et al. (Kulak
et al., 2014). In this paper, the authors use mass spectrometry-based proteomic
analyses to measure the copy number of a wide range of proteins, including the
Arp2/3 complex subunits and isoforms, in budding yeast (S.cerevisiae), fission
yeast (S.pombe), and HeLa cells (Kulak et al., 2014). Analyses of the copy number
of the different isoforms of the Arp2/3 complex in HeLa cells revealed that ARPC1B,
ARPC5, and Arp3 are expressed ~3.3-, ~1.5-, and ~61.4-fold higher than ARPC1A,
ARPC5L, and Arp3B respectively (Table 3.1). Interestingly, the relative amount of
ARPC5 isoforms identified by Kulak et al. (Kulak et al., 2014) is similar to the levels
of expression determined by Abella et al. (Abella et al., 2016). In contrast,
quantitative immunoblot analyses on lysates from HeLa cells showed that ARPC1B
is expressed ~2.8-fold higher than ARPC1A (Abella et al., 2016). These data do not
completely agree with the mass spectrometry analysis, which showed that the
expression of ARPC1B is ~3.3-fold higher than ARPC1A (Kulak et al., 2014).
Differences in the relative amount of ARPC1 isoforms between the two papers
might be due to differences in accuracy between the two methods or it could be
explained by the fact that the HeLa cells differ in subtype between the two studies.
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Table 3.1 Fold of difference Arp3, ARPC1, and ARPC5 isoforms in HeLa cells

Subunit
Arp3
ARPC1
ARPC5

Isoform

Fold of difference
(Abella et al.2016)

Fold of difference
(Kulak et al. 2014)

Arp3

~61.5

Arp3B
ARPC1B
ARPC1A
ARPC5
ARPC5L

~2.3

~3.3

~1.8

~1.5

Using the copy numbers of ARPC1, ARPC5, and Arp3 isoforms measured by Kulak
et al. (Kulak et al., 2014) and assuming that all isoform combinations assemble
equally well in HeLa cells, the order of abundance of the Arp3-containing
complexes would be Arp3/ARPC1B/ARPC5 (~45%), Arp3/ARPC1B/ARPC5L
(~29%), Arp3/ARPC1A/ARPC5 (~13%), and Arp3/ARPC1A/ARPC5L (~9%).
Conversely, Arp3B-dependent Arp2/3 complexes would be less common (~ 1.59%),
and their order of expression would be Arp3B/ARPC1B/ARPC5 (~0.74%),
Arp3B/ARPC1B/ARPC5L

(~0.48%),

Arp3B/ARPC1A/ARPC5

(~0.22%),

Arp3B/ARPC1A/ARPC5L (~0.14%) (Table 3.2).
Table 3.2 Abundance of Arp2/3 complex combinations in HeLa cells

Arp3
isoform

Arp3

Arp3B

ARPC1 and ARPC5
isoform combinations

Percentage of
abundance

ARPC1B/ARPC5

~45.67

ARPC1B/ARPC5L

~29.90

ARPC1A/ARPC5

~13.79

ARPC1A/ARPC5L

~9.02

ARPC1B/ARPC5

~0.74

ARPC1B/ARPC5L

~0.48

ARPC1A/ARPC5

~0.22

ARPC1A/ARPC5L

~0.14
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~98.40

~1.60
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3.3 Summary
In this chapter, I showed that humans have three Arp3 isoforms, named Arp3,
Arp3B and Arp3C. While Arp3 and Arp3B are widely conserved throughout
evolution, Arp3C is expressed only in a small group of mammals. These isoforms
are highly similar to each other and the mRNA encoding for them are co-expressed,
albeit to different extents, in commonly used cell lines. However, GFP-Trap
pulldown experiments demonstrated that only Arp3 and Arp3B, but not Arp3C, are
able to interact with Arp2, ARPC1, ARPC2, ARPC3, ARPC4, and ARPC5 subunits,
leading to the formation of eight different possible Arp2/3 complex combinations.
Based on copy number predictions, the abundance of these 8 complexes would be
different in HeLa cells. These data, together with previous work performed in the
lab, demonstrate that different Arp2/3 complexes might exist (Abella et al., 2016).
Further studies will be essential in order to understand if these different complexes
have different functions in cells. Abella et al. (Abella et al., 2016) already showed
that ARPC1 and ARPC5 isoforms differentially impact on the nucleation and
disassembly of branched actin networks in vaccinia virus-induced actin tails. In the
following chapters, I investigate how Arp3 isoforms differentially regulate the ability
of the Arp2/3 complex to promote vaccinia-induced motility, invadopodium
formation, and lamellipodium-mediated cell migration.
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Chapter 4.

Role of Arp3 isoforms in vaccinia virusinduced cell motility

4.1 Introduction
In chapter 3, I showed that the Arp3 subunit has 2 different isoforms, which are
conserved throughout the evolution. In addition, another isoform, named Arp3C,
was more recently generated from Arp3B upon a gene duplication event. The
transcripts encoding for Arp3, Arp3B, and Arp3C can be found in cell lines
commonly used in laboratories. However, immunoprecipitation experiments
revealed that Arp3 and Arp3B, but not Arp3C, can be incorporated into all Arp2/3
complex combinations. This raises the possibility that eight different complexes
might exist in cells. Abella et al. demonstrated that ARPC1 and ARPC5 isoforms
affect the ability of the Arp2/3 complex to induce actin polymerisation in vivo and in
vitro (Abella et al., 2016). In this chapter, I sought to investigate how Arp3 and
Arp3B influence the function of the Arp2/3 complex. To do so, I examined the ability
of vaccinia virus to induce Arp2/3-dependent actin polymerization. Eight hours post
infection, viral particles, which have reached the outer surface of the plasma
membrane, trigger an outside-in signalling cascade to induce local actin
polymerisation. This highly regulated pathway results in the recruitment and
activation of the Arp2/3 complex via N-WASP and the assembly of branched actin
structures, called actin tails (Blasco and Moss, 1992, Cudmore et al., 1995,
Frischknecht et al., 1999b, Newsome et al., 2004). Vaccinia-induced actin tails are
a quantifiable, in vivo system to interrogate how Arp3 isoforms affect Arp2/3dependent actin nucleation (Weisswange et al., 2009, Humphries et al., 2012,
Donnelly et al., 2013).

4.2 Results
4.2.1 Arp3 isoforms affect the formation of vaccinia-induced actin tails
To determine if both Arp3 isoforms are recruited to actin tails, I established HeLa
cell lines stably expressing GFP -tagged human Arp3 or Arp3B using the lentivirus
system. These clones are siRNA resistant to a pool of 4 siRNAs and are tagged
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with GFP at their N-termini. HeLa cells expressing GFP-Arp3, GFP-Arp3B, or
ARPC2-GFP (previously generated by J. Abella) were infected with WR virus
(Western Reserve, wild type strain of vaccinia) for 8 hours, by which time
extracellular viral particles are robustly forming actin tails. Cells were then fixed and
immunofluorescence experiments were carried out. Alexa Fluor 568-phalloidin was
used to label the actin filaments and vaccinia-induced tails. The experiment
revealed that both Arp3 isoforms are recruited to actin tails as ARPC2-GFP (Figure
4.1A). ARPC2, which is encoded by a single gene, is an essential subunit of the
Arp2/3 complex (Rotty et al., 2015). Previous in vitro and in vivo studies showed
that ARPC2 is required for the formation of a functional Arp2/3 complex as its
depletion leads to the disappearance of lamellipodial actin structures from U2OS
cells (Gournier et al., 2001, Hotulainen and Lappalainen, 2006). Interestingly,
quantification of the length of vaccinia-induced actin tails reveals that in HeLa cells
overexpressing either ARPC2-GFP or GFP-Arp3, led to the formation of longer tails
(2.94 ± 0.06 and 2.52 ± 0.09 µm respectively) compared to control (2.10 ± 0.04 µm).
In contrast, GFP-Arp3B overexpression resulted in short tails (1.19 ± 0.05 µm)
(Figure 4.1B).
To confirm that Arp3 and Arp3B induce opposite actin tail length phenotypes, I
repeated these experiments using WT HeLa cells depleted of either isoforms.
These cells were treated with a pool of four independent oligos against the gene
encoding each Arp3 isoform. As a control, I used a non-silencing siRNA, which has
no homology to any known mammalian gene. Cells were plated on coverslips and
infected with WR virus before fixation. Extracellular viral particles were visualised
by staining with an antibody against the viral protein B5, prior to cell
permeabilisation and actin filaments were detected using Alexa Fluor 488phalloidin. Immunofluorescence analyses revealed that HeLa cells depleted of Arp3
formed very short virus-induced actin tails relative to control (0.59 ± 0.01 vs. 2.39 ±
0.03 µm). Conversely, in cells depleted of Arp3B, actin tails were longer compared
to control (3.5 ± 0.06 µm) (Figure 4.2). As I could not produce or find a
commercially available antibody that was able to specifically recognise endogenous
Arp3B, the efficiency of the RNAi -mediated depletion of the isoforms of interest
was assessed by RT-PCR using the RNA extracted from cells transfected with
Arp3, Arp3B or control siRNAs (Figure 4.3). Relative to control (100%), the amount
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of Arp3 mRNA left in cells was significantly reduced upon RNAi-mediated loss of its
encoding gene (6.70%). Treatments with siRNA against Arp3B do not impact on
expression of Arp3 (103.50%). In contrast, 7.14% of Arp3B mRNA remained upon
transfection with Arp3B oligos. Additionally, the pool of Arp3 siRNAs also led to a
slight decrease in Arp3B expression (60.17%) (Figure 4.3).
To ensure that the phenotypes observed upon depletion of Arp3 or Arp3B using the
pools of four independent siRNAs were not due to off target effects, each oligo was
tested individually. As expected, immunofluorescence experiments showed that
HeLa cells transfected with Arp3 oligos 01, 03, 04, or 05 formed vaccinia-induced
actin tails as short as cells transfected with the pool of oligos (0.68 ± 0.03, 0.72 ±
0.03, 0.82 ± 0.04, 0.71 ± 0.03, 0.66 ± 0.02 µm respectively, compared to control of
2.36 ± 0.05 µm). In contrast, upon Arp3B knockdown using the deconvoluted or
pool of siRNAs, infected HeLa cells had long actin tails (3.16 ± 0.09, 3.12 ± 0.08,
3.27 ± 0.13, 3.35 ± 0.11, and 3.16 ± 0.08 µm for oligo 01, 02, 03, 04, and the pool
in turn) (Figure 4.4A).
Immunoblot analyses showed that the deconvoluted siRNAs against Arp3 were as
efficient as the pool in silencing the expression of the gene of interest. Only oligo
04 against Arp3B appeared to induce a slight reduction in the level of Arp3 (Figure
4.4B), but this decrease did not result in the formation of short actin tails (Figure
4.4A). Due to the lack of an antibody that specifically recognises endogenous
Arp3B, I performed RT-PCR to quantify the reduction of mRNA encoding for Arp3
and Arp3B upon treatments with the individual siRNAs against the genes of interest
(Figure 4.4C). As expected, RT-PCR analyses confirmed that Arp3 mRNA levels
were significantly reduced upon siRNA treatments against Arp3; oligo 01, 03, 04,
and 05 led to a decrease in Arp3 mRNA 5.79%, 3.01%, 6.29%, and 3.47%
respectively compared to control treated cells (100%). The pool of siRNAs reduced
the expression of Arp3 to 6.27%. Similarly, Arp3B oligos 01, 02, 03, 04 and the
pool decreased the levels of Arp3B mRNA to 6.57%, 4.13%, 5.01%, 6.87%, and
13.07% respectively. However, I did find that all oligos against Arp3 also resulted in
a reduction of Arp3B mRNA levels to varying degrees; Arp3 deconvoluted and
pooled siRNAs led to a decrease in Arp3B mRNA to 93.08%, 61.34%, 66.88,
55.18%, and 77.12%. mRNA levels of Arp3 were also sensitive to treatments with
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oligos against Arp3; oligos 01, 02, 03, 04, altered Arp3 mRNA expression to
93.68%, 151.09%, 55.43% and 64.48% respectively (Figure 4.4C).
To determine whether the changes in tail length observed upon depletion of Arp3
or Arp3B reflected differences in actin assembly, I measured the speed at which
viral particles are propelled by actin tails using live cell imaging (Figure 4.5). To
visualise the viral particles, cells were infected with a recombinant virus, in which
the core viral protein, A3, has been tagged with YFP (Yellow Fluorescent
Protein)(WR/YFP-A3). Imaging was performed on HeLa cells stably expressing the
F-actin marker lifeact-RFP (Red Fluorescent Protein), which had been previously
treated with control, Arp3, or Arp3B siRNAs. Cells were imaged using a spinning
disc confocal microscope, and images were acquired every second for 2 minutes.
In order to avoid the speed of viral particles being affected by collisions with other
viruses, the velocity of isolated WR/YFP-A3 viruses was manually tracked for 30
seconds. This analysis revealed that in cells lacking Arp3, in which vaccinia can
only induce short actin tails, viral particles also moved more slowly (0.043 ± 0.003
µm/sec) compared to control (0.206 ± 0.004 µm/sec). Conversely, the absence of
Arp3B resulted in faster motility (0.24 ± 0.004 µm/sec) (Figure 4.5). These data
therefore suggest that Arp3 is likely to be more effective at nucleating actin than
Arp3B.
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Figure 4.1 Arp3 isoforms localise at actin tails

A Representative images of vaccinia-induced actin tails in HeLa cells stably
expressing human siRES ARPC2-GFP, GFP-Arp3, or GFP-Arp3B. Cells were
infected with WR virus for 8 hours before fixation. Alexa Fluor 568-phalloidin was
used to visualise actin. Scale bar= 5µm. B Quantification of tail length in HeLa cells
stably expressing human siRES ARPC2-GFP, GFP-Arp3, or GFP-Arp3B relative to
wild type cells (control). Data from three independent experiments were combined
and error bars represent SEM from N= 30 tails per condition. **** P < 0.0001.
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Figure 4.2 Arp3 isoforms differentially impact on vaccinia-induced actin tail
length

Representative immunofluorescence images of vaccinia-induced actin tails and
quantification of tail length in HeLa cells treated with the indicated siRNAs. Cells
were infected with vaccinia WR for 8 hours before fixation. Antibody against the
viral protein B5 was used to visualise vaccinia viruses on the surface of the cells
(red), whereas Alexa Fluor 488-phalloidin detected actin (green). Scale bar= 5 µm.
The plot represents the data combined from three independent experiments and
error bars represent SEM from N= 30 tails per condition. **** P < 0.0001.
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Figure 4.3 RNAi-mediated knockdown of Arp3 isoforms

RT-PCR analysis showing the percentage of the amount of Arp3 or Arp3B mRNAs
relative to control in HeLa cells treated with pools of four independent siRNAs.
Error bars represent the SEM calculated from three independent experiments.

143

Chapter 4 Results

Figure 4.4 Test of the deconvoluted siRNAs against Arp3 or Arp3B

A Quantification of tail lengths in HeLa cells following RNAi-mediated treatments
with deconvoluted or pool siRNA oligos against Arp3 and Arp3B. Data from three
independent experiments were combined and error bars represent SEM from N=
30 tails per condition. **** P < 0.0001. B Immunoblot analysis on cell lysates from
cells used in A. Actin is used as loading control. C RT-PCR analysis showing the
percentage of Arp3 or Arp3B mRNAs relative to control in HeLa cells following
treatments with the indicated deconvoluted or pool oligos. Error bars represent the
SEM calculated from three independent experiments.
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Figure
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Still images from movies showing actin-based motility of vaccinia viruses labelled
with WR/YFP-A3L (green) in HeLa cells stably expressing lifeact-RFP (red) and
treated with the indicated siRNAs. Scale bar= 5 µm. The graph shows the
quantification of the virus speed obtained from the analyses of the movies in A.
Data from three independent experiments were combined and error bars represent
SEM for N= 21 tails per condition. **** P < 0.0001.
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4.2.2 Arp3 is essential for the integrity of the Arp2/3 complex
Arp2 and Arp3 are structurally similar to actin and in the Arp2/3 complex, act as the
first two pseudo actin monomers of the growing daughter filament (Kelleher et al.,
1995). As Arp3 is an essential subunit for the functionality of the complex (Gournier
et al., 2001, Di Nardo et al., 2005, Wu et al., 2012), it is possible that the short actin
tail length phenotype observed upon depletion of Arp3 was due to the degradation
of other Arp2/3 complex subunits. To test this hypothesis, I performed immunoblot
analyses on lysates from HeLa cells depleted of either Arp3 or Arp3B. I used
commercially available antibodies against ARPC1 or ARPC5 isoforms, Arp2,
ARPC2, ARPC3, and ARPC4 subunits (Abella et al., 2016). Upon Arp3B
knockdown the expression of all the subunits and isoforms of the Arp2/3 complex
was similar to control. In contrast, depletion of Arp3 led to a drastic decrease in the
protein levels of all the components of the complex, as it was previously observed
by Di Nardo et al. in mouse embryonic fibroblasts (Di Nardo et al., 2005) (Figure
4.6).
Disrupting the integrity of a multiprotein complex through depletion of one subunit
can lead to instability and subsequent degradation of the remaining components
(Gournier et al., 2001). To determine whether this is the case for the Arp2/3
complex upon RNAi depletion of Arp3 or whether Arp3 itself regulates gene
expression of other subunits, I performed RT-PCR analysis to look at the mRNA
levels of Arp2, ARPC2 and ARPC4 (Figure 4.7). Previous works showed that these
subunits are essential for the functionality of the Arp2/3 complex in vivo and in vitro
(Gournier et al., 2001, Wu et al., 2012, Abella et al., 2016). In HeLa cells treated
with siRNAs against Arp3, I found that the relative amount of Arp2 (216%), ARPC2
(236%), and ARPC4 (178%) mRNAs increased ~2-fold relative to control cells
(100%). Conversely, knockdown of Arp3B did not have major effects on the amount
of transcripts encoding for these subunits (76%, 64%, and 118%, of Arp2, ARPC2,
and ARPC4 respectively compared to control). As expected, upon depletion of
Arp2, ARPC2, and ARPC4, the mRNA levels of the corresponding genes
significantly dropped to 5%, 12%, and 20% in turn, confirming the specificity of the
primer pairs used (Figure 4.7). Considering these data alongside my immunoblot
analysis, it is likely that loss of Arp3 leads to the disruption of the Arp2/3 complex
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and subsequent protein degradation of these subunits. It is highly possible that the
unbound Arp2/3 complex subunits may become ubiquitinated and degraded by the
proteasomal pathway. This pathway consists of the joint actions of specific
enzymes that link chain of ubiquitin onto proteins to mark them for proteasome
degradation (Glickman and Ciechanover, 2002). To test my hypothesis, I treated
cells with the proteasomal inhibitor, MG132 (carbobenzoxyl-L-leucyl-L-leucyl-Lleucine), to see if I could rescue the protein levels of Arp2 and Arp3. HeLa cells
transfected with Arp3, Arp3B, or control siRNAs were treated with MG132, or
DMSO (control). I then performed immunoblot assays on lysates from cells
harvested after 3, 4, 5, 6, 7, and 8 hours of treatment (Figure 4.8). MG132 is a
peptide that efficiently blocks the proteolytic activity of the proteasome inducing an
increase of ubiquitinated proteins inside cells (Lee and Goldberg, 1998). To test the
efficiency of the MG132 treatment, I used an antibody that specifically recognises
ubiquitin to probe cell lysates. As expected, the amount of ubiquitinated protein
(which appear as a smear) was significantly increased over time, confirming that
the proteasomal pathway has been inhibited. However, following depletion of Arp3,
Arp2 levels were not restored back to control levels even after the addition of
MG132 for 8 hours (Figure 4.8). These data together with the RT-PCR analyses
suggest that in cells Arp3 depletion does not impact on the expression of Arp2,
ARPC2, and ARPC4 mRNAs or leads to a rapid degradation of the remaining
subunits of the Arp2/3 complex. However, it is still possible that the loss of Arp3
has an effect on the translation of the mRNA encoding for the different subunits of
the complex by the ribosome.
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Figure 4.6 Arp3 depletion results in the loss of all the Arp2/3 complex subunits

Immunoblot analysis of cell lysates from HeLa cells treated with the indicated
siRNAs. Actin is used as loading control.
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Figure 4.7 Loss of Arp3 does not impact on the levels of Arp2, ARPC2, or ARPC4
mRNAs

RT-PCR analysis showing the percentage of Arp2, ARPC2, and ARPC4 mRNAs
relative to control in HeLa cells following treatments with the indicated siRNAs.
Data from one experiment representative of three are shown. Error bars represent
the SEM calculated from two independent experiments.
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Figure 4.8 MG132 treatments do not restore control levels of Arp2 upon Arp3
knockdown

Immunoblot analyses of cell lysates from HeLa cells following treatments with the
indicated siRNAs. Cells were treated with DMSO (negative control) or MG132 for
the indicated hours (hrs). Ubiquitin antibody was used to confirm the inhibition of
proteasomes following MG132 treatments. Actin was used as loading control.
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4.2.3 Expression of GFP-Arp3B does not restore control tail length
To provide further support for my findings that depletion of Arp3 isoforms result in
different tail length, I performed rescue experiments in HeLa cells by stably
expressing siRES GFP-tagged Arp3 or Arp3B and at the same time depleting
endogenous Arp3 by RNAi treatments (Figure 4.9). Cells were infected with WR for
8 hours before being fixed and stained. The average tail length was quantified from
immunofluorescence images (Figure 4.9A). As previously observed in section 4.2.1,
overexpression of GFP-Arp3 in the presence of endogenous Arp3 and Arp3B led to
the formation of longer vaccinia-induced tails (2.52 ± 0.09 µm) relative to control
(2.06 ± 0.06 µm). Conversely, the exogenous GFP-Arp3B behaved as a dominant
negative, resulting in the polymerization of short actin tails (1.19 ± 0.05 µm).
Importantly, in the absence of endogenous Arp3, GFP-Arp3B was not able to
restore control tail length, inducing the formation of short actin tails (0.89 ± 0.04
µm). Whereas, the mean actin tail length in infected GFP-Arp3 stable cells depleted
of Arp3 was 2.98 ± 0.12 µm (Figure 4.9B). Taken together, these data support my
previous finding that Arp3B is less efficient than Arp3 in promoting actin tail
formation.
To determine if Arp3B affected the ability of vaccinia virus to induce actin tail
formation in the first place, I repeated the above rescue experiments and counted
the number of tails per cell formed. This quantification revealed that loss of
endogenous Arp3 did not change the number of vaccinia-induced tails found in
control cells (39.28 ± 4.42 vs. 35.56 ± 3.46). Similarly, the number of tails in cells
depleted of endogenous Arp3 rescued with either GFP-Arp3 or GFP-Arp3B was
comparable to control (31.39 ± 6.26 and 34.50 ± 4.87 respectively), suggesting that
the Arp2/3 complexes (Figure 4.9C).
In section 4.2.2, I showed that Arp3 is essential for the integrity of the Arp2/3
complex, as its depletion led to a decrease in the levels of all the other subunits of
the complex. Hence, the inability of GFP-Arp3B to restore control actin tail length
upon loss of endogenous Arp3 might be explained by the fact that Arp3B is not
able to maintain WT levels of ARPC1, ARPC2, ARPC3, ARPC4, ARPC5, and Arp2
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subunits. To rule out this possibility, I performed immunoblot analyses using lysates
from the cells used in the rescue experiments described above (Figure 4.10).
Interestingly, these assays revealed that the expression of GFP-tagged Arp3 and
Arp3B is maintained at a very low level in HeLa cells. However, their levels became
elevated upon knockdown of Arp3 and this increase was sufficient to rescue the
expression of Arp2, ARPC1B, ARPC2, ARPC3, ARPC5, and ARPC5L to control
levels (Figure 4.10).
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Figure 4.9 Exogenous Arp3B does not restore control tail length

A Representative immunofluorescence images of vaccinia-induced actin tails in
HeLa cells stably expressing human siRES GFP-Arp3 or Arp3B (green) and treated
with the indicated siRNAs. Scale bar= 5 µm. B and C Quantification of the tail
lengths and number of actin tails per cell respectively from HeLa cells used in A.
Data from three independent experiments were combined and error bars represent
SEM from N= 30 tails per condition. **** P < 0.0001, and *** P < 0.001, and ns not
significant.
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Figure 4.10 Expression of exogenous Arp3 and Arp3B restore control levels of
the Arp2/3 complex subunits

Immunoblot analysis of cell lysates from WT HeLa cells (control) or HeLa cells
stably expressing human siRES GFP-Arp3 or Arp3B treated with the indicated
siRNAs. Actin was used as loading control.
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4.2.4 Arp3 isoforms have similar turn over rate in actin tails
Actin polymerisation beneath extracellular viral particles is initiated by tyrosine
phosphorylation of the transmembrane viral protein A36 by Src and Abl family
kinases (Frischknecht et al., 1999b, Newsome et al., 2004, Reeves et al., 2005,
Newsome et al., 2006). These events trigger the recruitment of Nck and Grb2,
which in turn recruit and activate N-WASP. The engagement of N-WASP is directly
responsible for the recruitment and activation of the Arp2/3 complex (Donnelly et al.,
2013, Frischknecht et al., 1999a, Abella et al., 2016). Weisswange et al.
demonstrated that the turnover of N-WASP, measured by FRAP (Fluorescente
Recovery After Photobleaching), influences the speed at which viral particles are
propelled (Weisswange et al., 2009). Hence, it is possible that differences between
Arp3 and Arp3B may reflect their ability to interact with N-WASP. Importantly,
previous structural and biochemical studies demonstrated that the CA) domain of
N-WASP directly interacts with the Arp3 subunit, and this binding is essential for
the activation of the Arp2/3 complex and the delivery of an actin monomer of the
daughter filament. However, the exact amino acid residues in Arp3 that participate
in the CA domain interaction are not known (Beltzner and Pollard, 2004, Ti et al.,
2011, Xu et al., 2012).
I hypothesised that Arp3B might be less efficiently recruited by N-WASP than Arp3.
I addressed this in two ways, qualitatively by pulldown assays and quantitatively by
live cell imaging. I performed pulldown assays on lysates from HeLa cells stably
expressing GFP-tagged Arp3 and Arp3B. These lysates were incubated with
sepharose beads coupled to a CA-peptide and the amount of GFP-Arp3 and GFPArp3B bound to beads was determined by immunoblot analyses (Figure 4.11). The
experiment showed that both GFP-tagged Arp3 isoforms are able to interact with
N-WASP CA domain. As previously observed in section 3.2.3, by comparing the
input samples in Figure 4.11, it was noticeable that in the cells there was less GFPArp3B than GFP-Arp3 even if the amount of ARPC2 (indicative of the Arp2/3
complex) was constant. Consequently, the CA-peptide pulled down less GFPArp3B compared to GFP-Arp3 (Figure 4.11). I also performed FRAP experiments
on GFP-Arp3 and Arp3B to measure their turn over rates (Figure 4.12). Cells were
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infected with WR/RFP-A3 virus and treated with Latrunculin A before starting image
acquisition. The addition of Latrunculin A prevents formation of actin tails and
ensures that I only bleach GFP-tagged Arp3 and Arp3B that are being recruited to
N-WASP beneath the virus and not any remaining complexes that would also be
present on the branched actin network. FRAP experiments were performed using a
spinning disc confocal microscope. Images were acquired every second and the
GFP signal was bleached using a 488 laser at 100% power. Analysis of the
turnover of the GFP labelled proteins of interest revealed that Arp3 and Arp3B have
very similar half-lives (5.12 ± 0.23 and 5.77 ± 0.29 seconds respectively) (Figure
4.12). These data were very similar to the ones obtained from FRAP analyses on
GFP-labelled ARPC1 and ARPC5 by Abella and colleagues (Abella et al., 2016).
Both GFP-tagged Arp3 and Arp3B recovered to ~90%, indicating that an immobile
fraction is not present at virus particles for either protein (Figure 4.12). These
experiments revealed that all ARPC1 and ARPC5 isoforms recruited to the virus in
the absence of actin polymerisation have a half-life of ~6 seconds (Abella et al.,
2016). Altogether these results indicate that recruitment of Arp3 and Arp3B to the
virus is similar and not responsible for the differences in phenotypes.
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Figure 4.11 Arp3 isoforms interact with the CA domain of N-WASP

Immunoblot analysis of pulldown using sepharose beads bound to CA-peptides
from the VCA domain of N-WASP. Protein lysates from WT HeLa cells (control) or
stably expressing human siRES GFP-tagged Arp3 or Arp3B were used. ARPC2 is
representative of the total amount of the Arp2/3 complex inside the cells. Red
asterisk indicates the band corresponding to GFP-Arp3B.
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Figure 4.12 Arp3 isoforms have similar dynamics at actin tails

Still images of FRAP experiments performed on HeLa cells stably expressing
human siRES GFP-tagged Arp3 or Arp3B (Arp3 is shown). Cells were treated with
Latrunculin A prior imaging. GFP-tagged Arp3 or Arp3B recruited to vaccinia
labelled with WR/RFP-A3L (red) were bleached. The recovery was measured.
Scale bar= 1 µm. Graph showing comparison of the recovery kinetics of
photobleached GFP-tagged proteins. Data from one experiment representative of
three are shown and error bars represent SEM for the indicated number of FRAPs.
ns not significant.
158

Chapter 4 Results

4.3 Summary
In this chapter, I took advantage of the vaccinia-induced actin-based motility to
investigate the role Arp3 isoforms in the regulation of the activity of the Arp2/3
complex in vivo. Isoform depletion experiments demonstrate that the length of
vaccinia-induced actin tails is dependent on which Arp3 isoform has been
integrated into the Arp2/3 complex. Arp3-containing complexes are responsible of
the formation of longer actin tails relative to control. In contrast Arp3B-containing
complexes lead to the formation of short tails. In addition, I have established that
Arp3 expression in HeLa cells is fundamental for the integrity of the Arp2/3 complex,
as its loss causes a decrease in the amount of all the other components of the
complex inside the cells. This is likely because there is an insufficient amount of
endogenous Arp3B in HeLa cells to replace Arp3 within the complex. This
hypothesis is strengthened by the fact that overexpression of GFP-Arp3B is able to
restore control levels of the other subunits upon Arp3 depletion. Live cell imaging
studies also demonstrated that the turn over rate of Arp3 and Arp3B are not
statistically different and hence recruitment to N-WASP cannot explain the
differences in tail length phenotype. Importantly, overexpression of GFP-Arp3B is
not able to rescue the short tail phenotype observed upon depletion of endogenous
Arp3. Quantification of viral speed strongly suggests that the short and long
vaccinia-induced actin tail phenotypes observed are dependent on the rate of new
actin polymerization beneath the viral particle. Arp3-dependent long tails push the
virus faster than Arp3B-dependent short actin tails.
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Chapter 5.

Methionine 293 and serine 295 of Arp3B

are responsible of the short actin tail phenotype
5.1 Introduction
In the previous chapter, I showed that Arp3- and Arp3B-containing Arp2/3
complexes cause opposite vaccinia virus-induced actin tail length phenotypes. As
these isoforms share ~91% sequence similarity with differences spread throughout
their sequences, it was not immediately apparent which amino acid substitutions
are responsible for the differential regulation of the function of the Arp2/3 complex.
Previous structural, biochemical, and modelling studies revealed that Arp3 is
involved in a number of different interactions. Arp3 does not only bind to the other
subunits of the Arp2/3 complex (ARPC2, ARPC4, ARPC3, and Arp2) contributing
to the structural stability of the complex, but it is also essential for interacting with
ATP and the CA domain of nucleation-promoting factors (NPFs) (Nolen et al., 2004,
Boczkowska et al., 2008, Ti et al., 2011, Xu et al., 2012). In addition, as human
Arp3 and Arp2 are structurally similar to actin, it is believed that these subunits
mimic the first two pseudo actin monomer of the growing daughter filament during
the polymerisation process (Rouiller et al., 2008, Pollard, 2016, Rodnick-Smith et
al., 2016). Although several studies have suggested which Arp3 residues that might
be involve in these different interactions, it would be important to know the crystal
structure of the active conformation of the Arp2/3 complex in order to identify Arp3
amino acids, which are essential for the activity of the complex.
To begin to address how Arp3 and Arp3B differ from each other, I took advantage
of rescue experiments and generated a series of Arp3/Arp3B chimeric proteins.
These assays allow me to identify which region of Arp3B when placed in Arp3, led
to vaccinia-induced short actin tails. These experiments uncovered two amino acid
substitutions, present in the C-terminal part of Arp3B that are responsible of the
different tail length phenotypes.
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5.2 Results
5.2.1 Amino acid substitutions responsible of the opposite tail length
phenotypes reside in the C-terminal region of the Arp3 isoforms
In order to identify which region(s) of Arp3 and Arp3B are essential to maintain
Arp3 activity, I designed Arp3/Arp3B chimeric proteins and screened these for the
generation of short actin tails in rescue assays (Figure 5.1), as described in section
4.2.3. As the amino acid differences are spread along the entire length of the Arp3
isoforms, I decided to initially generate three Arp3 chimeras (Ch1-3). To achieved
this I divided each protein into three portions, which enclose the main residue
differences between regions of complete sequence conservation. In particular, I
replaced the N-terminal (Ch1, amino acids 1-117), central (Ch2, amino acids 117281), or C-terminal (Ch3, amino acids 281-418) regions of Arp3 with sequences
from Arp3B (Figure 5.1A). These chimeras were designed using overlapping PCR
of siRES Arp3 isoforms and tagged with GFP at their N-termini. HeLa cells stably
expressing Ch1, 2, and 3 were generated using the lentivirus system and were
subsequently used to perform rescue experiments upon depletion of endogenous
Arp3 isoforms (Figure 5.1B-C). Immunoblot analyses showed that as previously
observed in section 3.2.3, GFP-Arp3 was expressed at higher levels compared to
GFP-Arp3B (Figure 5.5B), again supporting the notion that Arp3B levels have to be
maintained low due to toxicity effects. Loss of both the endogenous Arp3 isoforms
resulted in a slight increase in the amount of GFP-tagged Arp3 and Arp3B (as seen
in section 4.2.3) (Figure 5.5B). In addition, depletion of endogenous Arp3 and
Arp3B also led to an increase in the total amount of Ch1, 2, and, 3 relative to
control levels. Importantly, the expression of the chimeric proteins between cell
lines was mainly similar upon depletion of endogenous Arp3 isoforms. It is also
interesting to notice that although Arp3 antibody is raised against the full-length
protein, it is not able to recognise Ch3 (Figure 5.1B).
In rescue experiments GFP-tagged Arp3 or Arp3B, which in HeLa cells induced
long (2.98 ± 0.12 µm) and short (1.15 ± 0.04 µm) actin tails respectively and were
used as controls. Interestingly, upon loss of endogenous Arp3 and Arp3B, cells
expressing either Ch1 or Ch2 formed longer vaccinia-induced actin tails (3.07 ±
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0.10 and 2.87 ± 0.14 µm respectively) relative to control (2.36 ± 0.06 µm). In
contrast, Ch3 behaved as GFP-Arp3B, leading to the generation of tails that
measured 1.33 ± 0.10 µm. It was also unable to rescue the short actin tail
phenotype observed upon loss of endogenous Arp3 isoforms (0.53 ± 0.02 µm). As
previously seen for GFP-Arp3B in section 4.2.3, overexpression of Ch3 was
sufficient to reduce the length of actin tails to 2.10 ± 0.08 µm in cells treated with
control siRNA. This suggests that like Arp3B, Ch3 behaves as a dominant negative
during vaccinia-induced actin tail formation. Conversely, under control conditions
Ch1 and Ch2 generated tails that were 2.65 ± 0.11 and 2.87 ± 0.14 µm long
respectively (Figure 5.1B-C). The rescue experiments performed above suggested
that the amino acid substitutions responsible for the different actin tail phenotypes
are localised towards the C-terminus of Arp3 and Arp3B. Within this C-terminal
region (281-418), there are only 13 amino acid substitutions, of which 9 and 1 are
conserved between amino acid groups of strongly and weakly similar properties
respectively, and 3 are non-conserved. To determine which of these substitutions
are critical, I generated three more chimeras (Ch4-6) (Figure 5.2).
Ch4 and Ch6 contained the Arp3B regions included between amino acid 255-309
and 117-309 respectively. In contrast, Ch5 encoded the last 109 C-terminal
residues of Arp3B (Figure 5.2A). HeLa cell lines stably expressing GFP-tagged
Ch4, 5, 6, Arp3, and Arp3B were used to perform rescue experiments (Figure 5.2BC). As previously observed for Ch1-3 (Figure 5.1B), immunoblot analyses showed
that the second generation of chimeras are expressed at similar extent in HeLa
cells. In particular, although Ch4, Ch5 and Ch6 expression levels are maintained
relatively low, upon loss of both endogenous Arp3 isoforms their expression of
rises (Figure 5.2B). Interestingly, Arp3 antibody was able to detect Ch4 and Ch6,
but not Ch5, indicating that the last 109 C-terminal residues are essential for the
antibody in order to discriminate between Arp3 and Arp3B isoforms.
Surprisingly, upon RNAi-mediated depletion of endogenous Arp3 isoforms, all the
three chimeras were able to promote the assembly of tails with lengths comparable
to control (Figure 5.2C). In particular, Ch4, 5, and 6 restored tail lengths to 1.81 ±
0.11, 1.74 ± 0.10, and 1.86 ± 0.11 µm long respectively. These chimeras also did
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not have a negative impact on actin tail length in the presence of endogenous Arp3
and Arp3B (Ch4; 1.6 ± 0.09, Ch5; 1.96 ± 0.07, and Ch6; 2.00 ± 0.09 µm
respectively), when compared to control (1.95 ± 0.08 µm). Altogether, these data
suggested that Arp3B amino acid residues spanning from 281 to 418 are required
to convert Arp3 into Arp3B.
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Figure 5.1 Ch3 does not restore control tail length upon loss of endogenous
Arp3

A Schematic representing the design of Ch1, Ch2 and Ch3 from human siRES
Arp3 and Arp3B. B Immunoblot analysis of cell lysates from WT HeLa cells
(control) or stably expressing Ch1, Ch2 and Ch3 following treatments with the
indicated siRNAs. Bands corresponding to exogenous GFP-tagged proteins are
indicated

with

black

asterisks.

Actin

was

used

as

loading

control.

C

Immunofluorescence images representative of vaccinia-induced actin tails in HeLa
cells stably expressing Ch1, Ch2 and Ch3 (green) and treated with the indicated
siRNAs. Alexa Fluor 568-phalloidin was used to detect actin (red). Scale bar= 5 µm.
The plot shows data from three independent experiments combined together. Error
bars represent SEM from N= 30 tails per condition. **** P < 0.0001 and ns not
significant.

164

Chapter 5. Results

Figure 5.2 Ch4, Ch5 and Ch6 restore control tails upon loss of Arp3 and Arp3B

A Schematic representing the design of Ch4, Ch5 and Ch6 from human siRES
Arp3 and Arp3B. B Immunoblot analysis of cell lysates from WT HeLa cells
(control) or stably expressing Ch4, Ch5 and Ch6 following treatments with the
indicated siRNAs. Bands corresponding to exogenous GFP-tagged proteins are
indicated

with

black

asterisks.

Actin

was

used

as

loading

control.

C

Immunofluorescence images representative of vaccinia-induced actin tails in HeLa
cells stably expressing Ch4, Ch5 and Ch6 (green) treated with the indicated
siRNAs. Actin tails were visualised with Alexa Fluor 568-phalloidin (red). Scale bar=
5 µm. Plot shows data from three independent experiments combined together.
Error bars represent SEM from N= 30 tails per condition. **** P < 0.0001, *** P
<0.001, * P < 0.05, ns not significant.
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5.2.2 Arp3B residues in position 293 and 295 promotes short actin tails
Examination of the last 137 residues of Arp3 and Arp3B revealed that the majority
of the amino acid substitutions have a high degree of similarity. However, I noticed
that there were two non-conserved amino acid substitutions close to each other in
position 293 and 295 of the Arp3 isoforms, that could be responsible for the
opposite tail length phenotypes between Arp3 and Arp3B (Figure 5.3A). Further
sequence alignments showed that T293 and P295 in Arp3 are evolutionary
conserved from zebrafish (D.rerio) to humans (H.sapiens). Additionally, human
Arp3B M293 appears in all the organisms analysed, whereas S295 is conserved in
mouse and chicken, but is mutated to a proline in zebrafish (Figure 5.3B). Analysis
of the crystal structure of the Arp2/3 complex in its inactive conformation reveals
that the two amino acids of interested are present on the surface of Arp3, making
them possible candidates for the interaction with other subunits or binding partners
of the complex (Figure 5.3C).
In order to test if the substitutions in position 293 and 295 contribute to the different
actin tail phenotypes observed upon depletion of Arp3 and Arp3B, I designed two
new mutants and performed more rescue experiments (Figure 5.4). In particular, I
generated GFP-Arp3 in which threonine 293 (T293) and proline 295 (P295) have
been substituted for methionine (M) and serine (S) respectively (GFP-Arp3MS). In
addition, in GFP-Arp3B, I substituted M293 and S295 with a threonine and proline
in turn (GFP-Arp3BTP) (Figure 5.4A). As the amino acid in position 294 is
conserved in both Arp3 and Arp3B, there was no need to mutate this residue. I
then stably expressed GFP-tagged Arp3MS or Arp3BTP in HeLa cells and performed
rescue experiments (Figure 5.4B). I was expecting that if these residues in Arp3,
are essential for its ability to generate long actin tails, then Arp3MS would be unable
to restore control tail length in the absence of endogenous Arp3 and Arp3B. In
contrast, I would expect GFP-Arp3BTP to behave like Arp3 and induce the formation
of long tails. To begin with, I confirmed that my new stable cell lines expressed the
point mutants of interest at comparable levels to each other by performing
immunoblot analyses and probing for GFP (Figure 5.4B). All constructs were
expressed at similar levels except GFP-Arp3B, which is always lower (as
previously observed in section 3.2.3, 4.2.3 and 5.2.1) (Figure 5.4B). As predicted,
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analysis of actin tail length revealed that upon loss of endogenous Arp3 and Arp3B,
the expression of GFP-Arp3MS and GFP-Arp3BTP induced opposite phenotypes. In
particular, Arp3MS-containing Arp2/3 complexes resulted in shorter actin tails
relative to control (0.96 ± 0.03 µm vs. 2.42 ± 0.10 µm). The length of these tails
was comparable to those generated by GFP-Arp3B (0.85 ± 0.04 µm). In contrast,
Arp3BTP-containing Arp2/3 complexes (2.42 ± 0.11 µm) were able to revert the
Arp3B-dependent short actin tail phenotype (0.53 ± 0.02 µm). Interestingly,
overexpression of exogenous GFP-tagged Arp3MS and Arp3BTP alone, in the
presence of endogenous Arp3 isoforms, was sufficient to lead to short and long
actin tails respectively (0.91 ± 0.04 and 2.3 ± 0.08 µm respectively) (Figure 5.4C).
As residues 293 and 295 are present in Ch4 and 6, it is puzzling why these
chimeras did not result in shorter actin tails in the absence of endogenous Arp3
and Arp3B. This may point to the fact that there are other amino acids in the Cterminal portion of Arp3 that are important for its activity.
So far, my data demonstrate that integration of Arp3BTP into Arp2/3 complexes has
a gain of function effect on actin tail lengths, indicating that two point mutations in
Arp3B are sufficient to endow the protein with Arp3 activity. Conversely, the T293M
and P295S substitutions in Arp3 (Arp3MS) led to a loss of function phenotype in
Arp2/3-dependent actin tails. I next wanted to determine whether both amino acid
substitutions contribute to the differences that I see between Arp3 and Arp3B. To
do so, I performed more rescue experiments using HeLa cells stably expressing
GFP-tagged single point mutants Arp3 T293M (Arp3M), and Arp3 P295S (Arp3S),
as well as Arp3B M293T (Arp3BT), and S295P (Arp3BP) (Figure 5.5A). Immunoblot
analysis was carried out in order to confirm the expression of the exogenous
chimeric proteins and the depletion of the endogenous Arp3 isoforms (Figure 5.5B).
In HeLa, Arp3M and Arp3BT appeared to be present at similar levels, whereas
Arp3S and Arp3BP expression was slightly lower. As previously observed (section
3.2.3, 4.3.2 and 5.2.1), the chimeric proteins levels were enhanced upon loss of
endogenous Arp3/3B (Figure 5.5B). Immunofluorescence experiments showed that
in cells lacking endogenous Arp3 isoforms, Arp3M and Arp3BT were both able to
rescue actin tails to control lengths (2.77 ± 0.10 and 2.55 ± 0.07 µm vs. 2.13 ± 007
µm). In contrast, Arp3S and Arp3BP were unable to rescue tails to control lengths
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(1.63 ± 0.13 and 0.90 ± 0.48 µm respectively) (Figure 5.5C). It is interesting to
notice that in contrast to what I have observed previously, Arp3S overexpression in
the presence of endogenous Arp3 and Arp3B did not induce the nucleation of short
tails. In fact, these tails had comparable length to control (2.37 ± 0.08 µm)
indicating that Arp3S does not act as a dominant negative. Additionally, although
immunoblot experiments revealed that in HeLa cells, the levels of Arp3S were lower
compare to Arp3M, this chimeric protein induced the formation of short actin tails.
Taken together these data suggest that the amino acid residues in position 293 and
295 play both a role in controlling formation of Arp2/3-dependent branched actin in
vaccinia-induced actin tails. Consistent with this, the M293T substitution alone is
sufficient to bestow Arp3 activity in Arp3B. However, the T293M substitution does
not result in a loss of function in Arp3. Vice versa, the replacement of P295 for a
serine reduces the ability of Arp3 to rescue actin tails to control lengths, whereas
the replacement of S295 in Arp3B is not essential in order to restore control actin
tail length upon vaccinia infection (Figure 5.5C).
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Figure 5.3 Sequence alignment of human Arp3 and Arp3B C-termini

A Sequence alignment of the C-terminal region of human Arp3 and Arp3B. Amino
acid differences are in red. Red lines underline the residues of interest. Conserved
residues are indicated with black asterisks. Residues conserved between amino
acid groups of strongly and weakly similar properties are indicated with red colons
and periods respectively. B Sequence alignments of Arp3 and Arp3B from human
(H.sapiens), mouse (M.musculus), chicken (G.gallus) and zebrafish (D.rerio). C
Surface rendering of the structure of bovine Arp2/3 complex in its inactive
conformation (PDB 1K8K) (Robinson et al., 2001). T293 and P295 in Arp3 are in
light blue.
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Figure 5.4 Arp3B amino acid residues M293 and S295 are responsible for the
short actin tail phenotype

A Schematic representing human siRES Arp3MS and Arp3BTP. B Immunoblot
analysis of cell lysates from WT HeLa cells (control) or stably expressing Arp3MS
and Arp3BTP upon treatments with the indicated siRNAs. GFP-tagged proteins
detected using Arp3 antibody are indicated with a black asterisks. Actin was used
as loading control. C Immunofluorescence images representative of vacciniainduced actin tails in HeLa cells stably expressing GFP-tagged Arp3
Arp3B

TP

MS

and

(green) and treated with the indicated siRNAs. Alexa Fluor 568-phalloidin

was used to detect actin (red). Scale bar= 5 µm. The plot shows data from three
independent experiments combined together. Error bars represent SEM from N=
30 tails per condition. **** P < 0.0001 and ns not significant.
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Figure 5.5 Analysis of actin tail length induced by Arp3 and Arp3B single point
mutants

A Schematic representing human siRES Arp3M, Arp3S, Arp3BT and Arp3BP. B
Immunoblot analysis of cell lysates from WT HeLa cells (control) or stably
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expressing Arp3M, Arp3S, Arp3BT and Arp3BP. Exogenous GFP-tagged proteins
detected using Arp3 antibody are indicated with a black asterisks. Actin was used
as loading control. C Immunofluorescence images representative of vacciniainduced actin tails in HeLa cells stably expressing GFP-tagged Arp3M, Arp3S,
Arp3BT and Arp3BP (green) and treated with the indicated siRNAs. Alexa Fluor
568-phalloidin was used to detect actin (red). Scale bar= 5 µm. The plot shows
data from three independent experiments combined together. Error bars represent
SEM from N= 30 tails per condition. **** P < 0.0001 and ns not significant.

5.3 Summary
Altogether the data obtained from the rescue experiments performed using GFPtagged chimeras highlighted that residues in the C-terminal portion of Arp3 are
important for its activity. In particular, alignment and crystal structure analyses
suggested that the amino acid in position 293 and 295 of the Arp3 isoforms might
be responsible of the different vaccinia-induced actin tail length phenotypes.
Rescue experiments performed using Arp3MS and Arp3BTP demonstrated that T293
and P295 are essential for the nucleation activity of Arp3-containing Arp2/3
complexes, as mutations of these residues to a methionine and a serine, which are
present in Arp3B, induced a loss of function in Arp3. Conversely, the substitution of
the methionine 293 and serine 295 of Arp3B with a threonine and a proline led to a
gain of function phenotype in Arp3B-containing Arp2/3 complexes. Unfortunately,
as the active conformation of the Arp2/3 complex bound to the growing daughter
filament has never been crystallised, we can just speculate about the possible
function of residues 293 and 295 of Arp3. As these amino acids are exposed on the
surface of the Arp2/3 complex, they could undergo to different post-translational
modifications or be possibly involved in the interaction with the complex binding
partners, such as the first monomer of actin of the daughter filament, the CA
domain of the nucleation promoting factors, ATP, or other negative and positive
regulators of the Arp2/3 complex. In order to address the reason why 293 and 295
differentially impact on the formation of Arp2/3-dependent vaccinia induced actin
tails further in vivo and in vitro analyses will be required. Intriguingly, the fact that
Ch4 and Ch6 do not lead to the formation of short vaccinia-induced actin tails
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although they enclosed Arp3B M293 and S295 in their sequence suggests that
other amino acid residues might be involved in the regulation of the Arp2/3 complex.
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Chapter 6.

Role of Arp3 isoforms in invadopodium

formation and two-dimensional cell migration
6.1 Introduction
In chapter 4 and 5, I showed that Arp3 and Arp3B differentially affect the ability of
the Arp2/3 complex to promote actin-dependent vaccinia virus-mediated motility. In
particular, Arp3B-dependent Arp2/3 complexes result in the formation of shorter
actin tails compared to Arp3-dependent complexes. In addition to its role in
promoting the cell-to-cell spread of some pathogens, the Arp2/3 complex is also
essential for many other cellular processes, including endocytosis, phagocytosis,
and lamellipodium-mediated cell migration (Welch and Way, 2013, Svitkina and
Borisy, 1999, Blanchoin et al., 2000, Goley and Welch, 2006, Mullins et al., 1998,
Vinzenz et al., 2012). To date, seven class I NPFs have been identified, which
regulate a wide range of cellular processes, as they are able to interact with a
variety of regulators or scaffolding proteins to activate the Arp2/3 complex
downstream of specific signalling pathways (Goley and Welch, 2006, Campellone
and Welch, 2010) (Figure 1.15).
To further interrogate wheather Arp2/3-isoform-specific complexes are better suited
to regulate certain cellular functions, I analysed the impact of Arp3 and Arp3B
depletion on invadopodium formation and 2D cell migration (Campellone and
Welch, 2010). Importantly, at least two different NPFs are responsible for the
activation of the Arp2/3 complex during these processes. In particular, N-WASP is
involved in invadopodium formation, whereas the Scar/WAVE complex is essential
to activate the Arp2/3 complex during lamellipodium-mediated cell migration
(Suetsugu et al., 2003, Yan et al., 2003, Insall and Machesky, 2009, Campellone
and Welch, 2010, Michael et al., 2010, Suraneni et al., 2012, Law et al., 2013).
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6.2 Results
6.2.1 Arp3 isoforms differentially regulate Arp2/3-dependent invadopodium
formation
Previous unpublished work from our lab has shown that the human melanoma cell
line, DX3 (Dracopoli et al., 1987), when plated on gelatin generates invadopodial
protrusions, which are able to degrade the matrix underneath. This assay is
commonly used to quantify invadopodium activity in vitro (Linder, 2007, Yamaguchi
et al., 2005, Grass et al., 2012). In order to gain more insight into the regulation of
Arp3- and Arp3B-Arp2/3 complexes, I examined the ability of DX3 cells to form
invadopodia and degrade gelatin. As previously observed in section 1.2.2, RT-PCR
data showed that DX3 cells express 103% and 68% of Arp3 and Arp3B mRNA
respectively compared to HeLa cells (100%) (Figure 3.6A-B).
In order to determine if both Arp3 and Arp3B localise at invadopodia, I performed
immunofluorescence analysis on DX3 cells stably expressing human siRES
mCherry-tagged Arp3 and Arp3B that had been previously plated on clear gelatin
for ~3 hours (Figure 6.1). Alexa Fluor 488-Phalloidin was used to detect actin
filaments. The assay showed that both Arp3 isoforms co-localise with actin to
invadopodia, suggesting that they can potentially both play a role in the formation
of these structures (Figure 6.1). I then determined whether Arp3 and Arp3B
differentially control the ability of the Arp2/3 complex to promote invadopodia by
individually depleting each Arp3 isoform using a pool of four siRNAs, as previously
used in section 1.2.3 (Figure 6.2). DX3 cells were plated on clear gelatin for ~3
hours and fixed. Invadopodia were visualised using Alexa Fluor 488-Phalloidin (to
detect F-actin) and an antibody that specifically recognises Tks5 (Tyrosine kinase
substrate with 5 SH3 domains). This adaptor protein, which accumulates in the
early phases of invadopodium formation, plays an essential role in invasion and its
loss results in a reduction in matrix degradation and invasion in a variety of different
human cancer cell lines (Seals et al., 2005, Courtneidge et al., 2005, Stylli et al.,
2009, Burger et al., 2014, Blouw et al., 2015). Only puncta positive for both actin
and Tks5 were counted as invadopodia. Interestingly, analysis of the amount of
invadopodia per cell reveals that DX3 cells lacking Arp3 formed fewer invadopodia
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relative to control (9.17 ± 0.62 vs.15.71 ± 1.00). Conversely, depletion of Arp3B
increased the number of invadopodia per cell by ~50% (30.08 ± 2.70) (Figure 6.2A).
Previous studies have shown a direct correlation between number of invadopodia
and matrix degradation activity in tumor cells (Desai et al., 2008, Grass et al., 2012,
Martin et al., 2012). For this reason, I next investigated whether changes in the
amount of invadopodia observed upon depletion of Arp3 isoforms would alter the
ability of DX3 cells to degrade gelatin (Figure 6.2B). In order to measure their
degradative potential, cells previously treated with siRNAs against either Arp3 or
Arp3B were plated on 488-gelatin for ~16 hours, fixed and stained with Alexa Fluor
568-Phalloidin to detect actin filaments. The ability of the cells to degrade the
fluorescently labelled matrix was quantified by determining changes in pixel
intensity in the 488 channel (as described in section 2.5.2). This assay revealed
that upon Arp3 depletion DX3 cells formed fewer invadopodia and degraded ~50%
less fluorescently labelled gelatin compared control (0.059 ± 0.006 vs. 0.119 ±
0.007 respectively). Conversely, a small but significant increase in invadopodium
number and gelatin degradation was observed following Arp3B loss (0.142 ± 0.010)
(Figure 6.2B).
Concurrently, I performed RT-PCR to assess the efficiency of the RNAi-mediated
Arp3 and Arp3B depletion in cells used in the experiments described above (Figure
6.3). Relative to control (100%), the amount of Arp3 mRNA was significantly
reduced upon treatment with Arp3 siRNAs (30.9%). Conversely, the expression of
Arp3 doubled (279.7%) upon loss of Arp3B. Only 3.7% of Arp3B mRNA remained
following RNAi-mediated loss of its encoding gene. Additionally, transfection with
oligos against Arp3 also led to a decrease in the Arp3B message to 24.5% relative
to control (Figure 6.3). Importantly, the variations in the level of the mRNAs
encoding for the Arp3 isoforms upon siRNA treatments were consistent with
previous observation in HeLa cells (section 4.2.1). In both HeLa and DX3 cells, loss
of Arp3 reduces the levels of Arp3B mRNA, whereas depletion of Arp3B increases
Arp3 message levels. These data together with those from section 4.2.1 suggest
that the ability of N-WASP-activated Arp2/3 complexes to regulate the formation of
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invadopodia and vaccinia-induced actin tails depends on which Arp3 isoform is
integrated into the complex.
Previous work by Yamaguchi et al. showed that loss of ARPC2 results in fewer
invadopodia

and

less

gelatin

degradation

in

invasive

rat

mammary

adenocarcinoma cells (MTLn3) (Yamaguchi et al., 2005). This is probably due to
the fact that functional Arp2/3 complexes cannot properly form, as ARPC2 together
with ARPC4 form the core from which the sequential assembly of an integral
Arp2/3 complex take place (Gournier et al., 2001, Abella et al., 2016). Hence, it
was possible that the reduction in the number of invadopodia per cell and gelatin
degradation observed upon depletion of Arp3 was due to a decrease in all the other
subunits of the Arp2/3 complex. To assess this possibility, I performed immunoblot
analyses on lysates from DX3 cells depleted of either Arp3 or Arp3B (Figure 6.4).
As previously observed in HeLa cells (section 4.2.2), although RNAi-mediated loss
of Arp3B does not impact on the expression of all isoforms and subunits of the
complex relative to control, Arp3 knockdown leads to a significant decrease in the
levels of all the other subunits (Figure 6.4). Taken together these data therefore
suggest that both Arp3- and Arp3B-containing Arp2/3 complexes are able to
localise to invadopodia but their recruitment either enhances or reduces the
formation of these membrane degradative structures respectively.

177

Chapter 6. Results

Figure 6.1 Arp3 isoforms localise at invadopodia

Representative images of invadopodia in DX3 cells stably expressing human
siRES mCherry-tagged Arp3 or Arp3B (red). Cells were plated on clear gelatin and
fixed. Alexa Fluor 488-phalloidin was used to detect actin (green). Scale bar= 10
and 1µm.

178

Chapter 6. Results

Figure 6.2 Arp3 isoforms differentially regulate invadopodium formation

A Quantification of number of invadopodia in DX3 cells treated with the indicated
siRNAs. Cells were plated on clear gelatin and fixed. Invadopodia were visualised
using Alexa Fluor 488-phalloidin to detect actin (green) and Tks5 antibody (red).
Only puncta positive for both actin and Tks5 were counted as invadopodia. Scale
bars=10 and 1 µm. B Quantification of gelatin degradation in DX3 cells treated with
the indicated siRNAs. Cells were plated in 96-well plates coated with 488-gelatin
and fixed. Alexa Fluor 568-phalloidin was used to visualise actin and invadopodia.
Plots in A and B represent the data from three independent experiments combined
and error bars represent SEM from N= 8 cells per condition in A and N= 12
positions per condition in B. *** P < 0.001.
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Figure 6.3 RNAi-mediated knockdown of Arp3 isoforms in DX3 cells

RT-PCR analysis showing the percentage of the relative amount of Arp3 and
Arp3B mRNAs relative to control in DX3 cells upon treatments with the indicated
siRNAs. Data from one experiment are shown.
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Figure 6.4 Arp3 is essential for the integrity of the Arp2/3 complex

Immunoblot analysis of cell lysates from DX3 cells upon treatments with the
indicated siRNAs. Actin was used as loading control.
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6.2.2 Arp3 isoforms have similar dynamics at invadopodium protrusions
The generation of invadopodia can be triggered by the activation of epidermal
growth factor receptors (EGFR) (Mader et al., 2011, Murphy and Courtneidge,
2011). This event leads to the activation of Nck1 and Cdc42, which activate NWASP at the site of invadopodia formation and mediate the initiation of Arp2/3dependent actin polymerisation (Yamaguchi et al., 2005, Gligorijevic et al., 2012).
In order to assess the efficiency of N-WASP-dependent recruitment of Arp3 and
Arp3B to invadopodium structures, I performed FRAP analysis on DX3 cells stably
expressing lifeact-mCherry and GFP-tagged human Arp3 or Arp3B (Figure 6.5).
These cells were plated on clear gelatin ~3 hours before starting image acquisition.
GFP-labelled Arp3 or Arp3B, which localised at invadopodia, were then bleached
and the time of recovery of the fluorescence was calculated. Images were acquired
every second for a total of 2 minutes. Analyses of the FRAP recovery curves
showed that GFP-labelled Arp3 and Arp3B have very similar half-lives (5.07 ± 0.76
and 5.70 ± 1.08 seconds respectively) (Figure 6.5). Interestingly, the turnover rates
of Arp3 isoforms are very similar to each other in invadopodia as in both
invadopodia and actin tails (Figure 4.12). These data demonstrate that the opposite
phenotypes observed upon depletion of either Arp3 or Arp3B are not due to
differences in stability and turnover of the Arp3 isoforms at invadopodia.
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Figure 6.5 Arp3 isoforms have similar dynamics at invadopodia

Still images of FRAP experiments on DX3 cells stably expressing lifeact-mCherry
and human siRES GFP-tagged Arp3 or Arp3B (Arp3 is shown). Cells were plated
on clear gelatin before starting image acquisition. GFP-tagged isoforms (green)
recruited at invadopodia (red) were bleached and their recovery was measured.
Scale bar= 1 µm. Plot shows comparison of the recovery kinetics of photobleached
GFP-tagged proteins. Data from one experiment representative of three is shown
and error bars represent SEM for the indicated number of FRAPs. ns not significant.
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6.2.3 Arp3 isoforms affect lamellipodia-mediated 2D cell migration
In vitro, two protrusive structures have been shown to be essential to promote 2D
cell migration; the ruffling veil-like lamellipodia, and the finger-like filopodia (Ridley
et al., 2003, Mayor and Etienne-Manneville, 2016). Lamellipodia consists of highly
organised branched actin networks, which are generated upon the activation of the
Arp2/3 complex (Suetsugu et al., 2003). In contrast, filopodia contain parallel
bundles of actin filaments and their assembly is mainly dependent on another
family of actin nucleators, called formins (Peng et al., 2003, Mellor, 2010). In
lamellipodia, the activation of the Arp2/3 complex requires its association with the
Scar/WAVE complex (Mullins et al., 1998, Machesky and Insall, 1998, Machesky et
al., 1999, Rohatgi et al., 1999). Consistent with the fundamental role played by the
Arp2/3 complex during cell migration, previous studies in mouse embryotic
fibroblasts (MEFs), showed that loss of Arp2/3 leads to a reduction in lamellipodium
formation and cell motility (Wu et al., 2012).
To determine if Arp3 and Arp3B isoforms also play a role in the regulation of
Scar/WAVE-activated Arp2/3 complexes, I tested the effect of Arp3 isoform
depletion on lamellipodium-mediated migration in HT-1080 cells. These are highly
metastatic human fibrosarcoma cells, which are used extensively to investigate cell
invasion and migration in vitro (Chen et al., 2014, Barry et al., 2015). Given the RTPCR data from section 3.2.2, I hypothesised that the high invasive potential of this
cell lines might be related to their very low content of Arp3B mRNA (1%) relative to
HeLa (100%) (Figure 3.7B). Due to the low amount of Arp3B mRNA, I would
predict that depletion of this isoform will not have any significant effect on the
migration of HT-1080 cells.
In order to determine whether both Arp3 isoforms were both able to localise at the
leading edge of HT-1080 cells, I performed live-cell fluorescence microscopy
experiments using HT-1080 cells stably expressing GFP-labelled Arp3 or Arp3B
(Figure 6.6). These cells were plated on fibronectin coated glass bottom microwell
dishes (see section 2.9.8) and imaged after ~3 hours. Images were acquired every
30 seconds for 1 hour using a spinning disc confocal microscope equipped with a
63x objective and the. These experiments revealed that Arp3 and Arp3B localise at
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the leading edge of cells, suggesting that both isoforms might play a role in 2D cell
migration. Interestingly, as previously observed in section 3.2.5, it was also
noticeable that HT-1080 cells stably expressing GFP-Arp3 were much brighter than
cells expressing GFP-Arp3B (Figure 6.6A). Immunoblot analysis of protein lysates
from the cells used in the experiment described above (Figure 6.6A) revealed that
GFP-Arp3B is expressed at lower levels than GFP-Arp3 in HT-1080 cells (Figure
6.6B). The difference in expression between the exogenous Arp3 isoforms might
suggest that when endogenous Arp3 isoforms are present GFP-Arp3B levels have
to be maintained at low levels in HT-1080 cells due to toxicity effects.
In order to understand if Arp3 isoforms also play opposite roles in the regulation of
2D cell migration, I used HT-1080 cells stably expressing GFP and depleted of
either endogenous Arp3 or Arp3B. Changes in speed and intrinsic directional
persistence, which are two essential parameters to determine the overall efficiency
of the cell migration, were determined by microscopy analyses (Dang et al., 2013)
(Figure 6.7). Cells were plated on 96-well microplates coated with fibronectin and
imaged in an IncuCyte microscope for up to 18 hours. Cell-tracking from three
independent experiments was performed using the ADAPT plug-in for ImageJ
(Schneider et al., 2012, Barry et al., 2015). This software automatically calculates
the centroid of cells in each frame, from which the rate of migration for every single
imaged cell can be calculated (Figure 6.7A). Surprisingly, analyses of the migration
data from three independent experiments revealed that upon RNAi-mediated
depletion of either Arp3 or Arp3B cells moved significantly slower (1.63 ± 0.02 and
1.79 ± 0.02 µm/min respectively) compared to control (2.21 ± 0.02 µm/min) (Figure
6.7B). Analyses of the directionality showed that HT-1080 cells lacking either Arp3
or Arp3B are also less directionally persistent (0.194 ± 0.006 or 0.184 ± 0.004
respectively) than control (0.278 ± 0.006) (Figure 6.7C). Surprisingly, these
migration phenotypes did not replicate what had been previously seen during
vaccinia-induced actin tail and invadopodium formation, and instead suggest that
both Arp3 isoforms play an important role in promoting Arp2/3-dependent 2D cell
migration in vitro. Interestingly, although HT-1080 cells possess a very low amount
of Arp3B mRNA compared to HeLa cells (Figure 3.7B), in these cells, the loss of
expression of Arp3B is sufficient to lead a significant change in velocity and
directional persistence compared to control conditions (Figure 6.7). However, it is
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important to remember that mRNA levels do not always reflect the real amount of
proteins in cells (Vogel and Marcotte, 2012).
Previous in vitro motility studies using MEFs revealed that the formation of
lamellipodium protrusions at their leading edges is essential in order to achieve
efficient and directional migration (Wu et al., 2012). The activation of the Arp2/3
complex via the Scar/WAVE complex plays a central role in the regulation of the
branched-actin network within the lamellipodium, as Arp2/3-depleted MEFs move
significantly slower relative to non-treated cells (Krause and Gautreau, 2014, Wu et
al., 2012). Importantly, consistent with slower cell migration, MEFs lacking the
Arp2/3 complex also showed drastically different actin filament architectures at their
leading edges, with increased formation of formin-mediated filopodium protrusions
and the disappearance of lamellipodia (Wu et al., 2012). Although, filopodiumdriven cell migration is relatively inefficient, these finger-like structures are thought
to be responsible for the residual cell motility observed in the absence of the Arp2/3
complex (Steffen et al., 2006, Wu et al., 2012). In order to investigate if changes in
velocity upon depletion of either Arp3 or Arp3B were caused by altered cellular
protrusions, live-cell imaging of GFP positive HT-1080 cells was carried out using a
spinning disc confocal microscope equipped with a 63x objective and the images
were acquired every 30 seconds for 1 hour (Figure 6.8). From these experiments it
was possible to observe that control cells formed mainly Arp2/3-dependent veil-like
lamellipodium structures. Conversely, consistent with the role of Arp2/3 complex in
generating branched actin networks within lamellipodia, cells depleted of Arp3
seemed to mainly generate finger-like filopodium protrusions. Upon RNAi-mediated
depletion of Arp3B, HT-1080 cells not only move slower, but also seem to form
more filopodia compared to control (Figure 6.8). Although I used GFP positive HT1080 cells, the fluorescent signal was too diffuse to enable me to compare the
amount of filopodia in cells depleted of either Arp3 or Arp3B relative to control
using the ADAPT plug-in (Barry et al., 2015). Future experiments will be repeated
using HT-1080 cells stably expressing lifeact-GFP, which are much more suitable
for this type of analyses as the cell edges are better defined. In addition, to confirm
that

the

loss

of

Arp3

and

Arp3B

promotes

filopodium

formation,

immunofluorescence assays will be performed using an antibody that specifically
recognises fascin, which acts as an actin bundler in finger-like filopodial structures
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(Arjonen et al., 2011). In fact, previous work showed that depletion of fascin leads
to a significant reduction of filopodia and compromises the mechanical properties of
these finger-like protrusive structures (Vignjevic et al., 2006). Finally, it will be
interesting to test if the migration phenotypes observed upon depletion of either
Arp3 or Arp3B in HT-1080 cells can also be observed in cell lines that express
similar levels of Arp3B mRNA relative to HeLa (such as MEF, MCF7, A375M, or
NIH3T3 cells) (Figure 3.7B).
The efficiency of the RNAi-mediated depletion of either Arp3 or Arp3B was
assessed by RT-PCR and immunoblot analysis (Figure 6.9). Relative to control
(100%), the amount of Arp3 mRNA was significantly reduced upon RNAi-mediated
loss of its encoding gene (32.32%) (Figure 6.9A). A decrease in Arp3 levels was
also observed from immunoblot analyses of the lysate from HT-1080 cells
transfected with Arp3 siRNA (Figure 6.9B). Depletion of Arp3B led to an increase in
the expression of Arp3 mRNA (152.70%). Conversely, 53.85% of Arp3B mRNA
remained upon transfection with Arp3 oligos. A ~3-fold increase of Arp3B mRNA to
357.30% was detected in cells lacking Arp3 isoform (Figure 6.9A). Taken together
these data show that both Arp3 isoforms play an essential role in lamellipodiummediated 2D cell migration, as their depletion leads to a decrease in speed and
directionality in HT-1080 cells.
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Figure 6.6 Arp3 isoforms are recruited at the cell leading edge

A Still images of HT-1080 cells stably expressing human siRES GFP-tagged Arp3
or Arp3B plated on fibronectin. Scale bar= 5 µm. B Immunoblot analysis showing
the expression of the GFP-tagged proteins of interest in HT-1080 cells. Actin was
used as loading control.
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Figure 6.7 Depletion of Arp3 isoforms decreases cell velocity and persistency

A Still images of HT-1080 cells expressing GFP as visualised in the ADAPT plug-in.
Labels represent the elapsed time in hours and minutes. Scale bar= 150 µm. B
Mean velocity of HT-1080 cells expressing GFP upon treatments with the indicated
siRNAs. C Persistency of cells used in B. Plots in B and C show the combined data
from three independent experiments. The error bars in B and C are highlighted in
red and represent the SEM.
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Figure 6.8 Visualisation of Arp3- and Arp3B-dependent cell protrusions

Still images of HT-1080 cells stably expressing GFP upon treatments with the
indicated siRNAs. Labels represent the elapsed time in seconds (s). Scale bar= 5
µm.
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Figure 6.9 Efficiency of RNAi-mediated depletion of Arp3 isoforms

A RT-PCR analysis showing the percentage of Arp3 and Arp3B mRNAs relative to
control in HT-1080 cells upon treatments with the indicated siRNAs. Error bars
represent the SEM calculated from two independent experiments. B Immunoblot
analysis of cell lysates from HT-1080 cells upon treatments with the indicated
siRNAs. Actin was used as loading control.

6.3 Summary
In this chapter, I investigate the role of Arp3 and Arp3B on the regulation of two
Arp2/3-driven structures, which are essential in promoting 2D cell migration
(Campellone and Welch, 2010). As previously observed in N-WASP-Arp2/3regulated vaccinia-induced motility (chapter 4), isoform depletion experiments
showed that the number of invadopodia per cell, and the amount of gelatin
degradation are dependent on which Arp3 isoform is integrated into the Arp2/3
complex. In particular, relative to control, Arp3-containing complexes enhance
invadopodium formation and gelatin degradation. In contrast, cells expressing only
Arp3B-containing complexes form fewer invadopodia and degrade less gelatin.
These opposing phenotypes are not a result of differential recruitment of Arp3
isoforms at invadopodia, as FRAP experiments revealed that the half-lives of Arp3
and Arp3B are very similar to each other. Together these data with the ones
discussed in chapters 3 and 4 suggest that Arp3 isoform composition represents a
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new level of regulation of the activity of the Arp2/3 complex, in which Arp3 and
Arp3B positively and negatively regulate the formation of Arp2/3-driven branched
actin network respectively. However, further analyses revealed that in order to
achieve efficient 2D motility in vitro, HT-1080 cells need both Arp3 isoforms, as
depletion of either Arp3 or Arp3B leads to loss of lamellipodium structures and
decrease in cell migration velocity. The data showed in this thesis strongly
suggests that the influence of Arp3 isoforms on the overall activity of the Arp2/3
complex might be dependent on the NPF, which is activating the complex.
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Chapter 7.

Discussion

The aim of this thesis was to characterise the role of Arp3 isoforms (Arp3, Arp3B,
and Arp3C) in the regulation of Arp2/3-dependent cellular processes, such as actinbased motility of vaccinia virus, invadopodium formation, and 2D cell migration
(Caldieri and Buccione, 2010, Welch and Way, 2013, Krause and Gautreau, 2014).
In the previous result chapters, I showed for the first time that in humans Arp3 and
Arp3B, but not Arp3C, are able to interact with the different isoforms and subunits
of the Arp2/3 complex, leading to the formation of eight different complex
combinations. My work revealed that depletion of either Arp3 or Arp3B led to
opposite phenotypes during Arp2/3-driven invadopodium and vaccinia-induced
actin tail formation. Arp3 expression is essential for the integrity of the Arp2/3
complex, as its loss leads to a decrease in the amount of all the other isoforms and
subunits of the complex both in HeLa and DX3 cells. Rescue experiments using
HeLa cells stably expressing siRES GFP-tagged human Arp3 or Arp3B infected
with vaccinia virus demonstrated that, in contrast to exogenous Arp3, GFP-Arp3B
does not rescue the short tail phenotype induced by loss of endogenous Arp3. The
design of chimeric proteins to use in rescue experiments allowed me to identify two
amino acid residues (M293 and S295) in the C-terminal region of Arp3B that are
responsible for the short tail phenotype. In contrast to what I found for vacciniainduced actin tails and invadopodia, lamellipodia-mediated 2D cell migration
requires both Arp3 isoforms, as depletion of either proteins leads to a decrease in
Arp2/3-driven lamellipodia-mediated cell motility, and directionality.

7.1 Eight different Arp2/3 complexes exist
Since its discovery in 1994 (Machesky et al., 1994), the heptameric Arp2/3 complex
has been widely studied for its unique ability to generate branched-actin networks.
Work from numerous laboratories has contributed to characterise the nucleation
properties of this complex and identify its essential regulators (Goley and Welch,
2006, Campellone and Welch, 2010). These studies have always considered the
Arp2/3 complex as a single functional species, however, in higher eukaryotes,
different genes encode for ARPC1, ARPC5, and Arp3 subunits (Balasubramanian
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et al., 1996, Jay et al., 2000, Shindo-Okada and Shimizu, 2001, Singh et al., 2003).
Recent work from our lab has shown that ARPC1 (ARPC1A and ARPC1B) and
ARPC5 (ARPC5 and ARPC5L) isoforms, which share ~67% of identity respectively,
can assemble with the other subunits of the Arp2/3 complex, generating at least
four different sets of complexes with unique properties (Abella et al., 2016). In
humans the Arp3 subunit has three isoforms known as Arp3, Arp3B, and Arp3C,
hence it is possible that twelve different Arp2/3 complex combinations might exist
(Machesky et al., 1994, Jay et al., 2000, Shindo-Okada and Shimizu, 2001) (Figure
1.9). GFP-Trap pulldown assays revealed that in HeLa cells Arp3 and Arp3B are
able to interact with all isoforms and subunits of the Arp2/3 complex, whereas
Arp3C cannot assemble into complexes (Figure 3.14). Alignments and structural
analyses revealed that compared to Arp3 and Arp3B isoforms, Arp3C lacks amino
acid residues at its N- and C-termini that are essential to mediate the interaction
with ARPC2, ARPC3, ARPC4, and Arp2 subunits (Robinson et al., 2001) (Figure
3.5B). Taken together, data from Abella et al. and this thesis suggest that only eight
combinations of Arp2/3 complexes can be assembled in the cytoplasm of
mammalian cells (Abella et al., 2016). In line with this, Higgs et al. reported the
identification of two chromatographically distinct Arp2/3 complex populations in
human leukocytes (Higgs et al., 1999). As it is possible that the two separate peaks
correspond to two different Arp2/3 complex combinations, in the future, it would be
interesting to identify which Arp3, ARPC1, and ARPC5 isoforms assemble into
these two distinct Arp2/3 complexes.
As it has previously been shown that depletion of ARC1A/C5 or ARPC1B/C5L
results in actin tail lengths comparable to loss of the individual isoforms, it can be
hypothesised that the assembly of ARC1A/C5- and ARPC1B/C5L-containing
Arp2/3 complexes is favoured in HeLa cells (Abella et al., 2016). However,
quantitative immunoblot analyses performed by Abella and colleagues revealed
that the relative amount of each isoform is not predictor of the actual abundance of
the four different Arp2/3 complexes in the cytoplasm of HeLa cells (Abella et al.,
2016). Unfortunately, I did not have an antibody capable of specifically recognising
endogenous Arp3B to determine the relative expression of Ap3 isoforms (Figure
3.9 and 3.13) I therefore used the reported protein copy number of the Arp2/3
subunits determined by Kulak et al. by mass spectrometry-based proteomics
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analyses on HeLa cells (Kulak et al., 2014). Using their data, I predicted that Arp3
is integrated in ~98.4% of the Arp2/3 complexes, whereas Arp3B is assembled in
only ~1.6% of complexes (Table 3.2). However, it is possible that the expression of
the different combinations of the complex varies between different HeLa cell subtypes. It is also likely that there will be differences between other cell lines, and
tissues as well as during development. Examination of several databases, including
The Human Protein Atlas and RNA-seq-Atlas, revealed that all isoforms are
universally expressed with the RNA levels for Arp3 being significantly higher than
those of Arp3B (Uhlen et al., 2015, Krupp et al., 2012). However, while Arp3 is
ubiquitously expressed in most embryonic and adult human tissues, Arp3B displays
a more restricted expression pattern, as it appears predominantly in the central
nervous system (Jay et al., 2000). These data might suggest a specific role for
Arp3B in regulating Arp2/3-dependent processes in neurons.

7.2 Regulation of branched-actin networks by Arp3 isoforms
Phylogenetic analyses using Ensembl genome browser revealed that Arp3 and
Arp3B isoforms, which are ~91% identical in humans, appeared early during
evolution due to a gene duplication event (Pignatelli et al., 2016) (Figure 3.1).
Although some organisms possess only one gene for the Arp3 subunit, the
conservation throughout evolution of both Arp3 and Arp3B suggests that these two
isoforms play essential roles in cells. During evolution, genes encoding for proteins
that do not have important biological functions have reduced transmission rates as
they become deleted or pseudogenesed (Petrov and Hartl, 2000, Montgomery et
al., 2013). Consistent with this, analyses of vaccinia-induced actin tail and
invadopodium formation showed that although all isoform combinations are
recruited to the site of actin polymerisation, Arp3 and Arp3B regulate the properties
of the Arp2/3 complex in completely opposite ways. In particular, Arp3-containing
complexes positively regulate the formation of branched-actin networks by
enhancing invadopodia and actin tails. Conversely, Arp3B-containing complexes
are much less efficient in the assembly of actin-based structures leading to the
generation of fewer invadopodia and shorter actin tails (Figures 4.2 and 6.2). The
actin tail and invadopodium phenotypes observed in the presence of only
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endogenous Arp3B are most probably related to the fact that the levels of the other
subunits of the Arp2/3 complex are severely decreased upon loss of Arp3 (Figure
4.6 and 6.4). This is likely because in HeLa and DX3 cells, there is insufficient
endogenous Arp3B in order to replace Arp3 within the complex. In HeLa cells,
overexpression of exogenous GFP-Arp3B is capable of restoring control levels of
the other components of the Arp2/3 complex upon Arp3 depletion (Figure 4.10).
Hence, in the absence of Arp3, the levels of the other isoforms and subunits of the
complex likely reflect the amount of the Arp3B isoforms available. Consistent with
this, in HeLa cells, analyses of the relative abundance of the different isoform
combinations reveal that the 4 Arp3B-containing complexes represent only ~1.6%
of all the Arp2/3 complexes expressed (Kulak et al., 2014) (Table 3.2).
In cells, a combination of transcriptional, translational, and degradative processes
regulate the abundance of different proteins and multiprotein complexes
(Hannenhalli and Levy, 2003, Malys and McCarthy, 2011, Glickman and
Ciechanover, 2002). In particular, from a transcriptional point of view, it has been
shown that the serum response factor (SRF) controls the transcription of several
genes, which encode for Arp2/3 subunits (such as ARPC2, ARPC4, ARPC5, Arp2,
and Arp3) (Esnault et al., 2014). However, I showed that levels of Arp2, ARPC2,
and ARPC4 mRNAs do not decrease upon depletion of Arp3 isoform, suggesting
that other regulatory pathways are probably involved (Figure 4.7). I choose to
determine the expression levels of the mRNA encoding for ARPC2 and ARPC4 as
previous in vitro studies by Gournier et al. showed that these two core subunits are
essential for the structural integrity of the complex (Gournier et al., 2001). Depletion
of either ARPC2 or ARPC4 leads to the formation of Arp2/3 sub-complexes, which
do not have actin nucleation activity in vitro (Gournier et al., 2001). In addition,
blocking protein degradation by the proteasome does not enhance the levels of
some of the Arp2/3 complex components (Figure 4.8). These experiments suggest
that loss of Arp3 does not lead to a rapid degradation of the remaining subunits of
the Arp2/3 complex. However, it is still possible that Arp3 depletion has an impact
on the translation of the mRNA encoding for the other subunits of the Arp2/3
complex by the ribosomes.
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Importantly, different studies demonstrated that in cells mRNA distribution is highly
regulated in order to ensure that proteins are synthesised in close proximity to their
site of function (Wilhelm and Vale, 1993, Kislauskis et al., 1994, Hesketh, 1996,
Simmonds et al., 2001, Wilkie and Davis, 2001). Consistent with this, the disruption
of β-actin mRNA localisation at the leading edge of fibroblasts induces the
delocalisation of actin polymerisation and decrease in migration speed and
directionality (Kislauskis et al., 1997, Shestakova et al., 2001). Tyramide signal
amplification (TSA)-FISH experiments performed by Mingle et al. demonstrated
that the mRNAs encoding for the different subunits of the Arp2/3 complex localise
close to leading edge of polarised primary chicken embryo fibroblast (Mingle et al.,
2005). Interestingly, the localisation of the mRNAs of Arp2/3 subunits is dependent
on both actin filaments and microtubules, as selective disruption of the actin or
microtubule cytoskeleton results in the loss of the Arp2/3 complex mRNAs from the
cell edges (Mingle et al., 2005). In cells, the existence of Arp2/3 complex
combinations with different functions might be explained by the fact that the
mRNAs encoding for Arp3, ARPC1, and ARPC5 isoforms are localised and
translated in different cellular compartments. In the future, it will be particularly
interesting to investigate the mRNA distributions of the Arp2/3 complex isoforms
and understand if specific complex combinations are recruited to different sites of
function in cells.
In HeLa cells, overexpression of GFP-Arp3B leads to inefficient actin tail formation
both in the presence or absence of endogenous Arp3, although it restores control
levels of the other subunits of the Arp2/3 complex (Figure 4.9 and 4.10). The fact
that GFP-Arp3B expression results in short actin tails when endogenous Arp3 is
present suggests that Arp3B has a dominant negative function during vacciniainduced actin-based motility. The design of chimeric proteins, which were used to
perform further rescue experiments allowed me to identify two amino acid residues
in the C-terminal region of Arp3B (M293 and S295) responsible for the inefficient
Arp2/3-dependent actin tail formation (Figure 5.4). Interestingly, the single
substitution M293T, but not S295P, is sufficient to induce a gain of function in
Arp3B. Conversely, although the mutation T293M does not lead to a loss of
function in Arp3-containing Arp2/3 complexes, the substitution P295S in Arp3 alone
results in short actin tails (Figure 5.5). Taken together, these data suggest that the
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substitutions in position 293 and 295 exert an effect on Arp3B only when they are
both present. Unfortunately, as the active conformation of the Arp2/3 complex has
never been crystallised, it is very difficult to identify the possible function of the
residues 293 and 295 within the Arp2/3 complex. In the crystal structure of inactive
Arp2/3 complexes (Robinson et al., 2001), these residues localise at the interface
between subdomain 3 and 4 of Arp3 in a hydrophobic loop (Figure 7.1). Based on
the physical, chemical, and structural properties of the amino acid substitutions of
interest I can only hypothesise that the mutation of P295 to a serine might affect
the configuration of this loop. Additionally, as methionine is a large hydrophobic
amino acid, whereas threonine is small and polar, substitutions in position 293
might plausibly impact on the interactions that this region make with other subunits
of the Arp2/3 complex, the first actin monomer of the growing daughter filament, or
the CA domain of NPFs.

Figure 7.1 T293 and P295 localise at the interface between subdomain 3 and 4 of
Arp3

Ribbon diagram of Arp3 from the Arp2/3 complex structure (1P9K). Actin
subdomains are indicated with numbers 1-4. The nucleotide-binding cleft is
indicated by a dashed circle surrounding ‘ATP’. T293 and P295 are highlighted in
blue and indicated by blue arrows.
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7.3 Arp3 isoforms differentially regulate Arp2/3-dependent
branched-actin networks
Arp2 and Arp3 play a fundamental role in the activity of the Arp2/3 complex, as it is
believed they are capable of mimicking two pseudo monomers of actin and form
the platform for the elongation of the new daughter actin filament (Goley and Welch,
2006, Pollard, 2016). However, from the analyses of the first crystal structure of the
Arp2/3 complex, it is clear that Arp2 and Arp3 are too far apart from each other to
be able to trigger actin nucleation (Robinson et al., 2001). Cryo-EM and threedimensional reconstruction studies have been widely used in order to identify the
conformation of an active Arp2/3 complex (Rodal et al., 2005, Rouiller et al., 2008,
Xu et al., 2012). In this model, also known as short-pitch, Arp2 and Arp3 move
close to each other to mimic the daughter filament barbed end (Beltzner and
Pollard, 2004, Rouiller et al., 2008, Rodnick-Smith et al., 2016). Arp3 subunit is
critical to promote actin nucleation, as Arp3-lacking Arp2/3 complexes have no
detectable activity in in vitro pyrene actin polymerisation assays (Gournier et al.,
2001). Consistent with these data, the crystal structure of bovine Arp2/3 complex in
its inactive state reveales that although Arp3 resembles the actin fold, this subunit
has 42 more residues than G-actin, most of which are present in 4 insertions
(Robinson et al., 2001). At least two of these inserts are involved in interactions
with different subunits of the complex. In particular, loop Q46-C54 appears to be
exposed near the interface of Arp3 subdomain 2 with ARPC2. Moreover, the insert
from V347 to L358 adds almost 2 turns to an Arp3 long helix, which is believed to
mainly contact ARPC3 (Robinson et al., 2001). In order to trigger spontaneous
actin polymerisation, Arp3 subunit has to bind to a molecule of ATP, and a VCA
domain bound to an actin monomer (Beltzner and Pollard, 2004, Rodnick-Smith et
al., 2016, Welch et al., 1997b, Welch et al., 1997a, Machesky and Insall, 1998,
Machesky et al., 1999, Rohatgi et al., 1999, Winter et al., 1999, Yarar et al., 1999,
Kelleher et al., 1995, Le Clainche et al., 2001). In addition, Arp3 also directly
interacts with other positive and negative regulators of branched-actin networks
(Weaver et al., 2002, Rebowski et al., 2008, Ti et al., 2011). As the active
conformation of the Arp2/3 complex has never been crystallised, it is currently not
possible to pinpoint the exact role of amino acids 293 and 295 of Arp3 isoforms.
However, below I discuss several possible functions of these residues.
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7.3.1 Interaction with NPFs
The length of vaccinia-induced actin tails is dependent on the balance between the
rate of new Arp2/3-dependent actin polymerisation and filament disassembly along
the tail (Welch et al., 1997b, Abella et al., 2016). In particular, the rate of actin
nucleation is regulated by three sequential processes, which take place only
beneath the viral particles in the cytoplasm of the host cells; these are the NWASP-dependent recruitment and activation of the Arp2/3 complex, and de novo
Arp2/3-dependent actin nucleation (Frischknecht et al., 1999b, Weisswange et al.,
2009, Donnelly et al., 2013). By looking at vaccinia actin-based motility, I found that
differences in ability of the Arp3 isoforms to promote actin assembly could account
for the variation in vaccinia-induced actin tail length (Figure 4.5). Structural studies
showed that two VCA domains bind to separate NPF-binding sites on the Arp2/3
complex; the high-affinity site 1 localises at the interface between Arp2 and ARPC1,
whereas residues on the surface of Arp3 and ARPC3 form the low-affinity site 2 (Ti
et al., 2011). Deletion of the DDW (aspartic acid-aspartic acid-tryptophan) motif at
the C-terminal of the A domain of N-WASP abrogates the binding to Arp3, but does
not impact on the interaction with Arp2 or ARPC1, suggesting that the binding-site
for the NPF acidic region localises on Arp3 (Weaver et al., 2001). It is possible that
amino acids 293 and 295 participate in the VCA binding and differences in actin tail
phenotypes may be reflecting differences in Arp3 isoform affinities for NPFs.
Analyses of the crystal structure of bovine Arp2/3 complex bound to the bovine CA
domain of N-WASP revealed that N-WASP M475 and ARPC1 F302 make van der
Waals interactions with a hydrophobic pocket of Arp3, which consists of residues
W153, F379, and M383. Moreover, E473 and Q476 of the C domain of N-WASP
might establish hydrogen bonds with the oxygen atoms on S155 and V158 of Arp3
localised on the surface loop spanning amino acid 155-159 (Ti et al., 2011).
Importantly, although it is important to consider that a crystal structure of the Arp2/3
complex interacting with full-length N-WASP would be essential in order to
completely discharge the hypothesis that Arp3 isoforms differentially interact with
the CA domain of this NPF, all the residues forming the low affinity binding-site for
N-WASP are identical between Arp3 and Arp3B (Ti et al., 2011). Consistent with
this, FRAP analyses, performed in the absence of actin polymerization, revealed
that the dynamics of Arp3 and Arp3B on the virus are very similar, suggesting that
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both isoforms are recruited with the same efficiency beneath vaccinia by N-WASP
(Figure 4.12).
Another reason why Arp3 and Arp3B differentially regulate vaccinia-dependent
actin-based motility could be found in the fact that, although human WAVE1 and
WASP family proteins all bind to purified Acanthamoeba Arp2/3 complexes with
similar affinities, in vitro these NPFs trigger distinct nucleation activities depending
on which VCA they are bound to. In particular, the N-WASP VCA domain is able to
stimulate Arp2/3-dependent actin polymerisation ~70-fold more efficiently than the
VCA of Scar/WAVE (Zalevsky et al., 2001b). This is due to the presence of a DED
(aspartic acid-glutamic acid-aspartic acid) motif in the C-terminus of N-WASP. In
fact, insertion of these three amino acids in WAVE1 resulted in a small but
reproducible increase in Arp2/3-dependent actin nucleation in vitro. Further crosslinking experiments demonstrated that WAVE1 and N-WASP affect the activity of
the Arp2/3 complex by promoting different contacts between subunits (Zalevsky et
al., 2001b). Hence, substitutions within the Arp3 isoforms, more likely impact on
NPF-dependent changes in conformation that lead to Arp2/3 activation and/or how
the complex interacts with mother actin filaments. To address these hypotheses in
vitro pyrene actin polymerisation assays would have to be performed to assess the
actin polymerisation activity of the different Arp2/3 complex combinations.
I designed recombinant human Arp2/3 complexes using baculovirus expression
system. In particular, I generated ARPC1/C5- and ARPC1B/C5L-Arp2/3 complexes
containing Arp3B instead of Arp3 (Figure 7.2A). As previously showed by Abella et
al., 3/C1B/C5L complexes result in a more efficient actin polymerisation compared
to Arp2/3 complexes purified from goat brain. In contrast, 3/ARPC1A/ARPC5
complexes are less able to induce de novo filament assembly (Abella et al., 2016)
(Figure 7.2B). I was expecting that if Arp3B negatively regulates the ability of the
Arp2/3

complex

to

promote

actin

nucleation

then

Arp3B-containing

ARPC1A/ARPC5 or ARPC1B/ARPC5L complexes would be less efficient at
stimulating actin polymerisation than their counterpart containing Arp3. Preliminary
data from pyrene actin polymerisation assays revealed that Arp3 isoforms do not
impact on the activity of the Arp2/3 complex in vitro. ARPC1B/C5L and
ARPC1A/C5 complexes are more and less efficient respectively in promoting
201

Chapter 7. Discussion

branched-actin network formation, independently of which Arp3 isoform is present
(Figure 7.2B).

Figure 7.2 Arp3 and Arp3B do not affect the activity of the Arp2/3 complex in
vitro
A Comassie-stained gel of recombinant isoform-specific Arp2/3 complexes and
bovine Arp2/3. Corresponding immunoblots are also shown. The black asterisks
indicate the bands corresponding to Arp3B isoform. B In vitro pyrene actin
polymerization assays using 12.5 nM of the indicated Arp2/3 complexes, which are
activated by the VCA domain of human Scar/WAVE.
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It is important to notice that although the data obtained from this preliminary assay
are consistent with what has been previously showed for ARPC1A/C5- and
ARPC1B/C5L-complexes by Abella et al. (Abella et al., 2016), in these experiments
the human VCA domain of Scar/WAVE, and not N-WASP, has been used to
activate the different sets of Arp2/3 complexes (Figure 7.2B). Previous work
demonstrated that, despite their similarities, the VCA domains from different NPFs
have the ability to change the actin nucleation efficiency of the Arp2/3 complex in
vitro (Zalevsky et al., 2001b). Hence, it is possible that the activity of Arp3- and
Arp3B-Arp2/3 complexes is highly dependent on NPF presence. Consistent with
this, in chapter 6, I showed that depletion of either Arp3 or Arp3B both decrease
random motility of HT-1080 cells (Figure 6.7B). During 2D cell migration, the
activity of the Scar/WAVE complex is essential in order to activate the Arp2/3
complex at the cell leading edge (Suetsugu et al., 2003, Yan et al., 2003, Insall and
Machesky, 2009, Campellone and Welch, 2010, Michael et al., 2010, Suraneni et
al., 2012, Law et al., 2013). Conversely, the signal cascades that trigger the
formation of vaccinia-induced actin tails and invadopodia lead to the activation of
the Arp2/3 complex via its interaction with N-WASP (Yamaguchi et al., 2005, Welch
and Way, 2013). Taking all these data into account, I can speculate that the
Scar/WAVE complex is able to induce the activation of both Arp3- and Arp3Bcontaining complexes to the same extent. However, downstream of N-WASPdependent processes, Arp3-Arp2/3 complexes are much more efficiently activated
compared to Arp3B-Arp2/3 complexes. In the near future, it will be interesting to
repeat the pyrene actin polymerisation experiments in the presence of the VCA
domain of N-WASP. These assays combined with cryo-EM and NMR (nuclear
magnetic resonance) analyses will shed light on NPF-dependent changes in
conformation of the Arp2/3 complex (see next section).

7.3.2 Possible conformational changes
Recent studies from Rodnick-Smith et al. showed that the critical function of WASP
family proteins is to stimulate the active or short-pitch conformation of the Arp2/3
complex (Rodnick-Smith et al., 2016). In particular, WASP displaces the
autoinhibitory Arp3 C-terminal tail from the barbed end of this subunit in order to
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destabilise the inactive state of the Arp2/3 complex (Rodnick-Smith et al., 2016). It
is possible that the amino acid substitutions in position 293 and 295 of Arp3
isoforms might have an impact on WASP-dependent Arp2/3 conformational change.
M293 and S295 in Arp3B may hinder the displacement of the C-terminal tail, which
could occur more efficiently in Arp3. In fact, one explanation for the different
phenotypes induced by Arp3 isoforms could be that activated Arp3-containing
complexes might be more stable in their active conformation compared to those
containing Arp3B. The less stable Arp3B-complexes undergo a more rapid switch
to the inactive conformation compared to Arp3-complexes, causing faster
dissociation from the branch junction and/or promoting filament disassembly. This
hypothesis would explain why Arp3- or Arp3B-containing Arp2/3 complexes have
the same apparent actin nucleation activity in pyrene actin polymerisation assays
(Figure 7.2). In fact, bulk assays, such as pyrene actin polymerisation experiments,
follow nucleation indirectly by measuring variations in polymer mass and are not
well suited to detect changes in filament dynamics (Smith, 2011). For example it is
possible that after daughter filament nucleation has occurred, the less stable
Arp3B-Arp2/3 complexes dissociate from the side of a mother filament much faster
than Arp3-Arp2/3 complexes, causing the displacement of the daughter filament.
However, as actin filament disassembly factors, such as ADF/cofilin are not present
in the bulk assay, the daughter filament depolymerises at a very slow rate, causing
no changes in the fluorescence intensity of pyrene actin (Figure 7.3). In order to
examine if this is the case, it will be important to analyse actin nucleation in vitro
using TIRF (total internal reflexion fluorescence) microscopy. This assay will give
information about the stability of the interaction between Arp3- and Arp3Bcontaining Arp2/3 complexes, the mother filament, and different NPFs.
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Figure 7.3 Fast dissociation of Arp3B-Arp2/3 complexes leads to the daughter
filament displacement

Schematic showing in vitro pyrene actin polymerization assays in the presence of
Arp3- or Arp3B-containing Arp2/3 complexes. This assay, the reactive cysteine in
position

374

of

actin

monomers

can

be

labelled

with

a

molecule

of

pyreneiodoacetamine, resulting in pyrene-G-actin. This molecule is weakly
fluorescent, however upon polymerisation into a filament, the fluorescent signal is
enhanced. I hypothesized that Arp3B-Arp2/3 complexes are less stable at branch
point and dissociate faster than Arp3-Arp2/3 complexes causing the displacement
of daughter filaments. As in vitro, these filaments depolymerize at slow rate, it is not
possible to detect a change of fluorescence intensity of pyrene actin.

ATP is also required for the activation of the Arp2/3 complex (Goley et al., 2004,
Martin et al., 2005). As they are structurally similar to actin, Arp2 and Arp3 possess
nucleotide-binding clefts and have the intrinsic ability to hydrolyse ATP (Dayel and
Mullins, 2004). In vitro polymerisation studies demonstrated that daughter filament
elongation can occur when a non-hydrolysable ATP analogue is bound to Arp3,
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whereas nucleotide binding to Arp2 is not required for branching (Le Clainche et al.,
2001). Hydrolysis of Arp2/3-bound ATP occurs after nucleation and is important to
trigger the debrancing process (Le Clainche et al., 2003, Dayel and Mullins, 2004,
Martin et al., 2006). Structural studies showed that the interaction of ATP induces
Arp3 subdomain 4 to move closer to subdomain 2 and this process is required to
trigger the Arp2/3 complex conformational change (Nolen et al., 2004, Nolen and
Pollard, 2007). In the Arp3 subunit, residues 293 and 295 localise in a loop at the
interface between subdomain 3 and 4 (Figure 7.1). The mutations of T293 and
P295 in Arp3 to a methionine and a serine in Arp3B might affect the conformation
of the loop leading to an abnormal movement of Arp3 subdomain 4 in respect to
subdomain 2.
Additionally, very little is known about the subunit dynamics within the Arp2/3
complex. Kreishman-Deitrick et al. performed combined NMR cross-linking
analyses to gain insight into the activation mechanism of the Arp2/3 complex
mediated by N-WASP (Kreishman-Deitrick et al., 2005). These studies suggested
the formation of a bivalent interaction of the CA domains with Arp2, Arp3, ARPC1,
and ARPC3 subunits that contributes to the closure of the gap between two Arps
stabilising the Arp2/3 complex in its short-pitch conformation (Kreishman-Deitrick et
al., 2005). Subsequently, atomic-scale molecular dynamic (MD) simulation
approaches have been used in order to obtain more information about the changes
of conformations that regulate the activity of the complex (Dalhaimer and Pollard,
2010). Dalhaimer and colleagues proposed that during the transition from the
inactive to the active state, Arp2, ARPC1, ARPC4, and ARPC5 undergo to a 30°
rotation, which move Arp2 closer to Arp3 (Dalhaimer and Pollard, 2010). Moreover,
this rotation might promote the formation of new interactions between the subunits
of the Arp2/3 complex. Consistent with this, it is possible that Arp3 residues 293
and 295 are essential to interact with other subunits of the complex, such as Arp2
or ARPC3, contributing to the stability of the Arp2/3 complex (Robinson et al.,
2001). Previous work showed that activation of the Arp2/3 complex required Arp2
to reposition closer to Arp3 and, allowing both proteins to mimic two actin subunits
along the short pitch helix of an actin filament (Kelleher et al., 1995, Goley et al.,
2004, Rodnick-Smith et al., 2016). The binding between the two Arps is promoted
by ARPC3, which during the conformational switch, moves closer to the centre of
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the complex in order to stabilise the interaction between Arp2 and Arp3
(Kreishman-Deitrick et al., 2005, Rouiller et al., 2008, Dalhaimer and Pollard, 2010).
Perl program was used to predict contacts between Arp3 and the neighbouring
subunit residues within 4.5 Å from the PDB file of the crystal structure of the
inactive Arp2/3 complex (Figure 7.4). This analysis suggests that Arp3 residues R4,
M52, N210, L238 and N243, which in Arp3B are substituted with a serine, leucine,
glutamic acid, isoleucine, and alanine respectively, might be involved in the
interaction with other subunits of the Arp2/3 complex. In particular, in Arp3 R4, M52,
and N210 might contact ARPC2, whereas L238 and N243 might form van der
Waals bonds with ARPC3 (Figure 7.4). These data point that there are other
substitutions in Arp3 isoforms that might be important for the functionality of the
Arp2/3 complex. Consistent with this, I previously showed that two chimeric
proteins, in which Arp3B residues M293 and S295 are present, did not lead to the
expected loss of function phenotypes (Figure 5.2). Perl program predicts that T293
and P295 of Arp3 are not involved in any interaction with the other subunits of the
Arp2/3 complex (Figure 7.4). However, it is possible that upon the switch to the
short-pitch conformation, the two residues of interest may come in close proximity
with amino acids on the surface of other Arp2/3 complex subunits establishing new
interactions. Consistent with this, previous work by Liu et al. revealed that in
S.pombe deletion of Arp3 hydrophobic plug (Hplug), which shares ~40% sequence
similarity to actin, leads to loss of ARPC3 during the purification process (Liu et al.,
2013). This dissociation results in the in vitro inactivity of Arp2/3 complexes lacking
Arp3 Hplug. As T293 and P295 are contained within the Hplug, it is possible that
they play an important role in mediating the interaction between Arp3 and ARPC3
during the switch between Arp2/3 close and open conformation. Although purified
human recombinant Arp3B-containing Arp2/3 complexes that I designed did not
show defects in the integration of ARPC3 subunits, I can hypothesise that the
amino acid substitution in position 293 and 295 of Arp3B might be important in
order to stabilise the Arp2/3 complex in its short-pitch conformation by interacting
with ARPC3.
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Figure 7.4 Interactions between Arp3 and the other subunits of the Arp2/3
complex
A Table showing the residues possibly involved in the interaction of Arp3 with
ARPC2 and ARPC3 using Perl program. B Surface rendering of the structure of the
bovine Arp2/3 complex in its inactive conformation (PDB 1K8K0) (Robinson et al.,
2001). The Arp3 residues indicated in A that interact with ARPC2 and ARPC3 are
colored in magenta and green respectively.
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7.3.3 Actin monomers
Even before the inactive conformation of the Arp2/3 complex had been crystallised,
it was known that the two Arp subunits play an essential role in the elongation of
the new daughter actin filament (Robinson et al., 2001, Goley and Welch, 2006).
For a long time it was believed that Arp3 has to bind the first VCA-bound actin
monomer to form the nucleus that triggers spontaneous actin nucleation (Machesky
and Insall, 1998, Miki et al., 1998, Gaucher et al., 2012). In vitro studies showed
that deletion of Arp3-targeted V region led to ~75% loss in actin polymerisation
(Rouiller et al., 2008, Goley et al., 2010). Conversely, loss of the Arp2-targeted V
region results in only a ~30% decrease of Arp2/3 activity (Padrick et al., 2011).
However, recent studies showed that the delivery of the first monomer of actin to
Arp3 subunit does not represent a fundamental requirement for the elongation of
the daughter filament (Rodnick-Smith et al., 2016). Moreover, G-actin appeared to
be specifically required for WASP-mediated activation. These data suggest that the
interaction between Arp3 and G-actin does not directly contribute to the activation
of the Arp2/3 complex, although it is essential to promote the elongation of the
daughter filament (Rodnick-Smith et al., 2016). It can be hypothesised that in the
short-pitch conformation, residues 293 and 295 come in close proximity to an actin
monomer of the daughter filament, leading to the formation of chemical bonds. As
Arp3 and Arp2 have the same structural fold as actin, it is possible to superpose
the structure of Arp3, obtained from the inactive Arp2/3 crystal structure onto an
actin subunit in a structure of F-actin derived from cryo-EM studies (Fujii et al.,
2010). Analyses of this model revealed that the Arp3 Hplug (residues 284-295)
containing T293 and P295 localises in proximity to loop 35-58 in an adjacent actin
subunit in the F-actin molecule (Figure 7.5). I can speculate that the substitution of
T293 with a methionine in Arp3B could affect the interaction of loop 284-295 of
Arp3 with loop 32-56 of actin. Methionine is a large hydrophobic amino acid,
whereas threonine is a small and polar residue. Importantly, although pyrene actin
polymerisation assays showed that Arp3 and Arp3B do not impact on the ability of
the Arp2/3 complex to elongate branched actin filaments (Figure 7.2), it is still
possible that Arp3-containing complexes interact with actin more stably than
Arp3B-containing complexes. Hence, the Arp3B-induced daughter filaments might
be more easily severed than the Arp3-induced one. This hypothesis cannot be
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addressed by performing pyrene actin polymerisation assays, as this experiment
only give information about bulk nucleation processes and not about disassembly
or debranching of individual actin filaments (Figure 7.3). Hence, in vitro TIRF
microscopy has to be performed to confirm this possibility. In addition, in order to
measure the stability of Arp2/3-bound filaments in vaccinia-induced actin tails, I
could take advantage of photoactivatable (PA) GFP-actin (Cherry-GFPPA-β-actin). If
Arp3B-induced daughter filaments are more likely to debranch, they will also
depolymerise faster than Arp3-induced daughter filament. I expect that the half-life
of GFPPA-β-actin would be longer in cells overexpressing Arp3 than Arp3B. In order
to perform these experiments, I will have to generate HeLa cells stably expressing
Cherry-GFPPA-β-actin together with untagged Arp3 or Arp3B.

210

Chapter 7. Discussion

Figure 7.5 Arp3 T293 and P295 might interact with an actin monomer of the
daughter filament

Ribbon diagram of bovine Arp2/3 complex in its inactive state (PDB 1K8K)
(Robinson et al., 2001) bound to an F-actin filament formed by three actin
monomers (indicated as D1-D3). The structure was built by superposing Arp3 onto
an actin subunit in a structure of F-actin derived from cryo-EM studies (Fujii et al.,
2010). Close up details with T293 and P295 of Arp3 shown as blue sticks, whereas
the loop 32-56 of the actin monomer D1 is indicated in violet.

7.3.4 Phosphorylation
It is well established that the activity of the Arp2/3 complex is also regulated by
phosphorylation of the Arp2 subunit (LeClaire et al., 2008, LeClaire et al., 2015,
Narayanan et al., 2011). There are substantial differences between the Arp3
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isoforms in solvent exposed residues (Beltzner and Pollard, 2004) (Figure 3.6A).
This raises the possibility that Arp3 isoforms can undergo differential posttranslational modifications that may further impact on the interactions and activity of
the

different

complexes

in

cells.

Consistent

with

this,

two-dimensional

electrophoresis of the Arp2/3 complex purified from Acanthamoeba castellani
showed that Arp3 subunit can be phosphorylated on serine residues (LeClaire et al.,
2008). In addition, it has been shown that the Legionella kinase LegK2 is capable
of phosphorylating Arp3 together with ARPC1, which inhibits Arp2/3-dependent
actin-based motility of Listeria monocytogenes (Michard et al., 2015). It is possible
that T293 in Arp3 and/or S295 in Arp3B become phosphorylated and modification
could change the behaviour in vivo between Arp3- and Arp3B-containing
complexes. If S295 in Arp3B is normally phosphorylated, this event could be
responsible for the reduced activity of Arp3B-containing complexes in vivo.
Analyses of few databases however, including PhosphoSitePlus and PHOSIDA,
did not reveal any of my residues of interest as strong phosphorylation targets
(Hornbeck et al., 2015, Gnad et al., 2011). On the other hand, K38 and 264, and
S268 in Arp3, which are substituted to arginine, glutamine, and valine in Arp3B
respectively, can undergo to post-translational modifications. In particular, K38 is
likely to be ubiquitinated, K264 to be sumoylated end/or succinylated, and S268 to
be

phosphorylated.

Poly-ubiquitination,

sumoylation,

succinylation,

and

phosphorylation can induce significant changes in protein structures and functions
(Schnell and Hicke, 2003, Zhang et al., 2011, Tanaka et al., 1999, Mahajan et al.,
1997). For example, the addition of ubiquitin chains, which are linked via the
residues K63, K11, K6, or M1, on a lysine residue of the substrate protein may
have an impact on protein localisation and target the protein for destruction in
lysosomes (Schnell and Hicke, 2003). Phosphorylation and succinylation lead to a
change of the charge status of amino acids that can impact on the interactions with
other proteins (Zhang et al., 2011). Conversely, the conjugation with SUMO (small
ubiquitin-like modifier) proteins might leads to one of three non-mutually exclusive
effects (Tanaka et al., 1999). Sumoylation can either mask a protein binding-site or
promote the recruitment of new binding partners by the creation of a novel domain
generated at the sumo-substrate-interface (Mahajan et al., 1997, Pichler et al.,
2005). Finally, sumoylation can promote conformational changes of proteins, which
might have a significant impact on their cellular function (Wilkinson and Henley,
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2010). There is, however, currently no published evidence that modification of the
Arp3 subunit is essential for the function of the Arp2/3 complex. It is possible that
the different sets of Arp2/3 complexes undergo to different post-translational
modifications, which might impact on their regulation and activity.

7.3.5 Disassembly
Preliminary data from in vitro pyrene actin polymerisation assays showed that Arp3
and Arp3B do not affect the nucleation efficiency of the different Arp2/3 complex
combinations upon activation with Scar/WAVE VCA-domain (Figure 7.2). These
results might suggest that the Arp3 isoforms play a role in daughter filament
disassembly. Previous work from our lab clearly demonstrated that ARPC1 and
ARPC5 isoforms not only regulate the actin nucleation activity of the Arp2/3
complex, but they also control branched filament disassembly through their
interaction with cortactin and coronin 1B/1C (Abella et al., 2016). In particular,
Abella et al. showed that cortactin affects the recruitment of coronin 1B/1C to
Arp2/3 complex branches, however, it preferentially stabilises ARPC1B/C5L
containing Arp2/3 complexes in vaccinia actin tails over those with ARPC1A/C5.
The increased stabilisation of ARPC1B/C5L containing complexes suppresses the
ability of coronin 1B/1C to efficiently enhance filament disassembly. This induces
slower disassembly of actin networks and leads to the formation of longer tails.
Conversely, coronin 1B/1C promotes efficient disassembly of actin filaments
nucleated by complexes containing ARPC5 and ARPC1A, as they bind less stably
to cortactin (Abella et al., 2016).
Chemical cross-linking analyses showed that cortactin NtA and N-WASP VCA
interact with Arp3, and both compete to each other for binding this subunit (Weaver
et al., 2002). More recently, several studies including single molecule imaging,
have demonstrated that cortactin facilitated displacement of N-WASP from the
Arp2/3 complex is required for daughter filament elongation (Uruno et al., 2003a,
Siton et al., 2011, Helgeson and Nolen, 2013, Smith et al., 2013). Furthermore,
attachment to both the mother filament and the Arp2/3 complex allows cortactin to
stabilise the complex at branch points (Weaver et al., 2001, Egile et al., 2005,
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Helgeson and Nolen, 2013, Helgeson et al., 2014). To date, it is not known which
residues of Arp3 are involved in binding to cortactin. The few data available come
from a structural analysis and modelling of cortactin bound to Acanthamoeba
Arp2/3 complex reveals that this class II NPF mainly wraps around Arp3, ARPC2,
ARPC4, ARPC1, and ARPC5 subunits (Xu et al., 2012). However, these studies
were performed without taking into consideration that at the branch junction the
Arp2/3 complex has to bind to the mother and the daughter filaments, and ATP.
Changes in surface residues of Arp3 isoforms might be responsible for differences
in the ability of cortactin to both target and stabilise Arp2/3 complexes at vacciniainduced tails. Consistent with this, preliminary experiments showed that depletion
of cortactin reverts both Arp3-induced long and Arp3B-induced short tail
phenotypes back to control lengths (Figure 7.6). These data suggests the
recruitment of cortactin at branched junctions might contribute to the Arp3- and
Arp3B-dependent actin tail length phenotypes. It is possible that due to the
presence of T293 and P295 Arp3/C1B/C5L complexes interact stably with cortactin
leading to a reduced coronin-mediated debrancing. Conversely, Arp3B has a
methionine and a serine in position 293 and 295 respectively, making the binding
between Arp3B/C1A/C5-Arp2/3 complexes and cortactin less stable resulting in
rapid actin filament disassembly by coronin (Figure 7.7). In order to test this
hypothesis further rescue experiments will have to be performed. In particular, I
would expect that depletion of coronin would be able to revert Arp3B-dependent
short tail length back to control. Additionally, RNAi-mediated loss of ARPC5 and
ARPC5L will result in Arp3B-dependent short and control actin tails respectively.
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Figure 7.6 Cortactin differentially regulates the stability of Arp2/3-dependent
branches

A Representative immunofluorescence images of vaccinia-induced actin tails and
quantification of their length in WT HeLa cells or stably expressing human siRES
GFP-tagged Arp3 or Arp3B treated with the indicated siRNAs. Cells were infected
with vaccinia WR for 8 hours before fixation. Alexa Fluor 488-phalloidin detected
actin (red). The plot represents the data combined from two independent
experiments and error bars represent SEM from N= 20 tails per condition. **** P <
0.0001 and ns not significant. Scale bar= 5 µm. Immunoblots analysis of the cell
lysates from HeLa cells used in the immunofluorescence experiment.
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Figure 7.7 Working model of how isoform-specific Arp2/3 complexes impact on
the formation of branched actin networks

(A) Cortactin targets all Arp2/3 complexes activated by N-WASP. (B) Cortactin
promotes the displacement of N-WASP to initiate daughter filament elongation. (C)
Cortactin interacts more efficiently with Arp3/ARPC1B/ARPC5L complexes. (D)
Cortactin promotes coronin recruitment at the branch point equally regardless of
the Arp2/3 complex. (E) Cortactin only protects Arp3/ARPC1B/ARPC5L complexes
from coronin-mediated displacement, resulting in slower debranching and longer
tails.
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7.4 Future perspective
As previously shown by Abella et al., ARPC1 and ARPC5 isoforms differentially
regulate the formation of branched-actin networks by impacting on Arp2/3 complex
actin nucleation activity and controlling actin filament disassembly by the interaction
with cortactin and coronins (Abella et al., 2016). It is highly possible that Arp3
isoforms differentially regulate the formation of branched actin networks by
changing the stability of the short-pitch conformation of Arp2/3 complexes and at
the same time, interacting with different affinity to Arp2/3 regulators, such as
cortactin and coronins. Consistent with this, rescue experiments performed with 6
different chimeric proteins suggest that, in addition to the substitutions in position
293 and 295, other changes in amino acid content between Arp3 isoforms might
differentially affect the generation of branched-actin filaments by the Arp2/3
complex. It is also possible that Arp3 and Arp3B have different functions within the
Arp2/3 complexes depending on which process they are taking part and their
cellular localisation. In fact, I have previously shown that Arp3 and Arp3B
oppositely regulate N-WASP-dependent processes, whereas they result to both be
essential for Scar/WAVE-dependent cell migration. It is important to notice that
although HT-1080 cells possess a very low amount of Arp3B mRNA compared to
HeLa cells (Figure 3.7), in these cells, the loss of expression of Arp3B is sufficient
to lead a significant change in velocity and directional persistence compared to
control conditions (Figure 6.7).
As 8 different Arp2/3 complex families exist in cells, further studies will be very
important in order to shed light on new mechanisms of regulation Arp2/3dependent pathways in cells. Isoform combinations could differentially impact on
the functionality of the Arp2/3 complex by interacting with different binding partner
or changing the stability of the complex conformations. These studies will be
particularly important as the Arp2/3 complex controls fundamental cellular
processes, which are directly associated with pathogen spread, and cancer
metastasis

(Goley

and

Welch,

2006).

In

particular,

significant

Arp2/3

overexpression has been found in adenocarcinoma (AC) and squamous
cells/adenosquamous carcinoma (SC/ASC) patients presenting invasion and
metastasis. Moreover, in both these tumor types, the high levels of expression of
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the Arp2/3 complex were correlated with poor survival and large tumor size (Yang
et al., 2013). To date there is no evidence to support that increased expression of a
subset of complexes correlates with a particular tumor or patient outcome.
However, it has been demonstrated by Abella et al. that expression levels alone do
not appear to dictate the actual abundance of the eight different Arp2/3 complexes
in cells (Abella et al., 2016).
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