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Abstract

This review covers aspects of cofilin and profilin regulations and their influence on actin polymerisation responsible for cell
motility and metastasis. The regulation of their activity by phosphorylation and nitration, miRs, PI(4,5)P, binding, pH, oxidative
stress and post-translational modification is described. In this review, we have highlighted selected similarities, complementar-
ities and differences between the two proteins and how their interplay affects actin filament dynamics.
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The spreading of cancer cells or metastasis is a highly complex
mechanism that involves a cascade of events: namely (1) detach-
ment of tumour cells from the primary tumour, (2) epithelial-
mesenchymal transition, (3) anchorage-independent survival,
(4) intravasation and dissemination into blood stream or lymphat-
ic vessels, (5) extravasation and finally (6) migration/invasion in
the secondary site and outgrowth (Yilmaz and Christofori 2009).
An essential cellular event in all of these steps is cytoskeletal
reorganisation that ultimately leads to the formation of supramo-
lecular structures such as filopodia (sensory protrusions),
invadopodia (invasive protrusions in motile carcinoma cells)
and lamellipodia (locomotory protrusions in motile epithelial
cells), which are all essential path-finding structures in chemo-
taxis, cell migration and invasion (Yilmaz and Christofori 2009).
Numerous upstream signalling pathways and proteins spatiotem-
porally regulate the construction and destruction of these struc-
tures (Pollard and Borisy 2003; Olson and Sahai 2009; Oser et al.
2010; Nurnberg et al. 2011). Consequently, it is not surprising
that targeting cytoskeletal reorganisation is an emerging field
towards the development of antimetastatic therapies.
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Cell motility is dependent of actin
polymerisation

The cytoskeleton is an adaptive and dynamic cellular network
composed of three distinct species of filamentous structures: mi-
crofilaments, intermediate filaments and microtubules. Although
all three structures contribute to cell motility, microfilaments or
the actin cytoskeleton plays the central role. Cell migration is a
multistep process that occurs in response to an external signal
detected by receptor proteins located on the cell membrane. The
response key event is the dynamic transition of the cellular actin
between its monomeric (G-actin) and filamentous (F-actin) form
as well as the reorganisation of F-actin to provide the protrusion
force for extension of the leading edge establishing polarised cell
migration. Indeed, as movement begins, new focal adhesions,
resulting from actin polymerisation, are formed at the leading
edge that anchor the cell to the substratum. Subsequently, traction
force on the substratum followed by actomyosin filament con-
traction pulls the cell body towards the leading edge and releases
the cell rear adhesion (Li et al. 2005). In this process, the con-
centration in G-actin is of particular importance because associ-
ation of G-actin at the barbed end near the plasma membrane of
the lamellipodium is faster that its dissociation from the pointed
end at the rear, resulting therefore in a net polymerisation.
In vivo, regulation of this dynamic is dependent of various kinds
of actin-binding proteins (ABPs) to regulate local sequestration
of G-actin and F-actin depolymerisation. Among the numerous
actin-binding proteins (ABPs) that regulate this process, some are
of particular interest as they demonstrated tumour suppressor
propetties; cofilin and profilin are such ABPs and will be the
focus of this review.
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Cofilin and profilin basic functions

Cofilin belongs to a family of related proteins with similar
biochemical activities called the actin depolymerizing factor
(ADF)/cofilin family, comprising cofilin 1, cofilin 2 and ADF
(also known as destrin) in mammals. Both cofilin 1 and ADF
are expressed in non-muscle tissues, with cofilin 1 being the
most abundant isoform and ADF accounting for about 5 to
10% of cofilin 1. Therefore, for this review, ‘cofilin’ will refer
to cofilin 1. Binding both G-actin and F-actin, cofilin influ-
ences actin dynamics in a biphasic manner (Oser and
Condeelis 2009): (1) depolymerises or severe F-actin near
the pointed ends promoting disassembly and increasing the
cellular concentration of G-actin leading consequently to an
increase in F-actin turnover and (2) severs F-actin to create
free barbed ends that can be used subsequently for actin po-
lymerisation. These two functions are not mutually exclusive
and which function predominates depends on the supply of G-
actin monomers available for actin polymerisation and there-
fore will differ among cell types and subcellular
compartments.

The supply of G-actin and creation on free barbed ends by
cofilin allows F-actin polymerisation by profilin. Profilins are
a large family of proteins present in all eukaryotes enabling
actin cytoskeletal reorganisation to occur in an ordered and
coordinated manner (Pandey and Chaudhary 2017). Profilins
are small 15 kDa, structurally conserved proteins consisting of
seven beta strands and four alpha helices even though the
separate genes for different isoforms share little homology
(Fedorov et al. 1994; Fedorov et al. 1997; Krishnan and
Moens 2009). All profilin isoforms and splice variants bind
to three ligands, actin, proline repeat motifs (PRMs) contain-
ing proteins and polyphosphatidylinositol (PPI) lipids with
only very rare and tissue-specific exceptions. Since the differ-
ent profilins have different affinities for the ligands, the func-
tion they play in modulating cellular functions in different
tissue types also varies (Huang et al. 1996; Lambrechts et al.
1997; Obermann et al. 2005; Polet et al. 2007; Ding and Roy
2013). For simplicity, this review will be limited to discussing
profilin 1, referred to as profilin.

One of profilin’s major functions is to maintain a pool
of polymerisation-competent ATP-G-actin monomers (Witke
2004; Ding et al. 2012). It does this by accelerating by 1000-
fold the nucleotide exchange of ADP to ATP (Goldschmidt-
Clermont et al. 1992; Pollard and Borisy 2003; Paavilainen et
al. 2004). Profilin has other important regulatory roles in a
vast range of other cellular functions through its interaction
with PPI lipids (Bae et al. 2010) and polyproline ligands (Ding
et al. 2009). It also has a role in regulating the availability of
free barbed ends and G-actin concentration giving it additional
control of actin polymerisation rates (Rotty et al. 2015; Pernier
et al. 2016). How profilin interacts with these ligands will
influence the type of F-actin networks formed and thus the

@ Springer

development and persistence of one type of protrusive struc-
ture over another (e.g. lamellipodia, filopodia or invadopodia),
thus influencing cell motility (Lorente et al. 2014).

In malignant cells, the expression of these two actin-
binding proteins is altered. Cofilin mRNA and protein levels
are increased in various malignant cells (tumour cell lines and
tissues from adenocarcinomas, osteosarcoma, lymphoid tissue
neoplasms, astrocytoma, glioma and neuroblastoma) in com-
parison to control cells (for review, see Shishkin et al. 2016).
Additionally, recent literature evidence suggests a correlation
between dephosphorylated cofilin expression and poor prog-
nosis in breast cancer patients (Maimaiti et al. 2016). Taken
together, these results suggest that cofilin is involved in the
formation of the malignant phenotype and that this is likely
due to an overall misregulation of the cofilin pathway.

In contrast, profilin overexpression in a number of malig-
nancies (breast, hepatic and pancreatic) results in a reduction
in cell motility. Conversely, for these cells, reduction in
profilin levels results in an increase in metastatic ability
(Janke et al. 2000; Roy and Jacobson 2004; Wang et al.
2004; Schoppmeyer et al. 2017). The role of profilin in cancer
is elusive and complex as high mRNA expression of profilin
in other cancers such as clear cell renal cell carcinoma
(Karamchandani et al. 2015) and gastric cancer (Cheng et al.
2015) is correlated with disease progression and poor patient
outcomes. Different types of non-tumour tissues may also
vary in responses to changes in profilin expression.
Reducing profilin expression in human mammary epithelial
cells (HMECs) results in enhanced motility (Zou et al. 2007)
in contrast to other cell types such as human umbilical vein
epithelial cells (HUVECs) that become less motile with
lowered profilin expression (Ding et al. 2006). Profilin has a
key role in multiple pathways involved in cell fate as changes
in profilin expression can up or downregulate the level of
expression of proteins involved in motility, proliferation and
apoptosis (Coumans et al. 2014) giving it functions beyond its
role as a resource for actin polymerisation.

Regulation of cofilin and profilin activity

The regulation of cofilin activity is known to occur through
multiple mechanisms which can be grouped into two broad
categories: (1) phosphorylation/dephosphorylation of its ser-
ine 3 residue and (2) binding to phosphatidylinositol 4,5-
bisphosphate (P1(4,5)P,) (Yonezawa et al. 1990; van
Rheenen et al. 2007; Schulte et al. 2013) and cortactin (Oser
et al. 2009). Apart from these, other mechanisms have been
shown to contribute to the regulation of cofilin activity such as
modification of the intracellular pH (Pope et al. 2004) and
interaction with proteins such as cyclase-associated protein
(CAP) (Zhang et al. 2013), Aipl (Kueh et al. 2008), 3-
arrestin (Zoudilova et al. 2007), memo (Meira et al. 2009)
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and coronin (Cai et al. 2007; Marshall et al. 2009) that pre-
dominantly fine tune the primary mechanisms (Fig. 1).
Multiple mechanisms also exist for regulating profilin ac-
tivity including phosphorylation and binding to PI(4,5)P5,
summarised in Fig. 2. Profilin phosphorylation is possible
by both serine-threonine or tyrosine kinases and many theo-
retical or experimental sites have been identified (Hornbeck et
al. 2012). While some of these serine-threonine or tyrosine
residues are phosphorylated by single pathways, others such
as S91, Y128 and S137 are potentially the targets of multiple
kinases (summarised in the supplemental material in Gau et al.
(2016)). Phosphorylation sites that have been associated with
specific diseases or known to modify cellular processes in-
clude S137 in cancer (Diamond et al. 2015) and Huntington
disease (Shao et al. 2008), Y129 in endothelial cell migration
and angiogenesis (Fan et al. 2012) and a potential link in
apoptosis for Y139 (Pecar Fonovic and Kos 2015).
Phosphorylation of other residues such as T89 that have been
shown to occur in vivo may also have functional significance
(Gau et al. 2016). The observations that profilin activity in
actin polymerisation is regulated by its interactions with
PIP, were made decades ago (Lassing and Lindberg 1985;
Lassing and Lindberg 1988). Profilin has an increased affinity
for PIP, in higher density clusters and in this way, PIP, con-
centration regulates profilin activity (Senju et al. 2017).
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Similar to cofilin, changes to intracellular pH alter profilin
activity (McLachlan et al. 2007). As profilin binds to
polyproline repeat motifs (PRMs) on a plethora of proteins
involved in membrane trafficking, focal adhesions, Rac/tho
and cdc4?2 signalling (Witke 2004) multiple mechanisms are
involved in fine tuning profilin activity.

Regulation of cofilin activity by Ser3
phosphorylation

As summarised in Fig. 1, cofilin activity is dependent of the
phosphorylation of its serine 3 residue. Therefore, not surpris-
ingly, there is a difference in the cellular distribution of the
active/non-phosphorylated and the inactive/phosphorylated
forms of cofilin. The active form is mainly found in
lamellipodia and invadopodia, whereas the inactive form is
more uniformly distributed throughout the cytoplasm, except
at the leading edge (Song et al. 2006; Delorme et al. 2007;
Bravo-Cordero et al. 2014). These observations are in agree-
ment with the fact that inhibition of cofilin activity leads to
defects in cell protrusion, cell polarity and chemotaxis
(Mouneimne et al. 2006; Sidani et al. 2007). In mammals,
inactivation of cofilin by phosphorylation is dependent of
LIM-kinases 1 and 2 (LIMK) or the related testis-specific
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Fig. 1 Summary of the activation/inactivation mechanisms of cofilin
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Fig. 2 Summary of the mechanisms altering profilin function

kinase (TESK) 1 and 2 while its activation by dephosphory-
lation is mediated by the phosphatase slingshot (SSH) or
chronophin (CIN) phosphatase and by the protein phospha-
tases 1 and 2A (PP1 and PP2A) which promotes actin binding
at the G-site (for review, see Bamburg and Wiggan 2002).
Consequently, modifying the balance between these enzymes
results in alteration of the cofilin activity cycle and a decrease
in cell migration.

Role of the kinases

The role of LIMK1 (Bernard 2007; Manetti 2012) and SSH1
(Mizuno 2013) in migration has been extensively studied and
reviews describing their structure, regulation and functions
have been recently published; therefore, we will only briefly
outlined their regulation.

Phosphorylation of the LIMKs threonine residue (Thr-508 in
LIMK1 or Thr-505 in LIMK2) located in the activation loop of
their kinase domains is thought to regulate their activity.
Responsible for this phosphorylation are the downstream kinases
ROCK, PAKI, PAK2 and PAK4 of the Rho family small
GTPases, RhoA, Racl, Cdc42 and the Ca2+/calmodulin-depen-
dent protein kinase IV (CaMKIV). Additional mechanisms
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leading to LIMK1 activation have been identified and included:
(1) Ser-323 phosphorylation that is mediated by activation of the
p38 MAPK/MK2/LIMKI1 pathway by VEGF-A (Kobayashi et
al. 2006), (2) Ser-323 and Ser-596 phosphorylation by the
cAMP-dependent protein kinase (also termed as protein kinase
A, PKA) (Howe and Juliano 2000; Nadella et al. 2009). Negative
regulators of LIMK activity have also been identified and include
(1) caspase-3 that produces an inactive form of LIMK by prote-
olysis at the cleavage site (Asp-240) in response to apoptotic
stimuli (Nagata et al. 1999; Tomiyoshi et al. 2004), (2) the bone
morphogenic protein receptor II (BMPRII) that binds directly to
the LIM domain of both LIMK (Lee-Hoeflich et al. 2004), (3)
the direct interaction between the tumour suppressor LATS1 and
the LIM domains of LIMK 1 (Hirota et al. 2000; Yang et al. 2004)
as well as with (3-arrestin (Zoudilova et al. 2007), (4) the selective
binding of the polarity protein Par-3 to LIMK2 (Chen and
Macara 2006), (5) the inhibition of PAK1 activation by nischarin
protein as well as with their direct association with LIMK (Ding
et al. 2008), and by (6) SSH1-mediated dephosphorylation of
Thr-508 and autophosphorylated residues (Soosairajah et al.
2005). Additional positive and negative regulators of LIMK ac-
tivity have been identified and this is nicely reviewed in Manetti
(2012).
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Role of the phosphatases

The cofilin—phosphatase activity of SSH1 is highly regu-
lated by F-actin binding (Kurita et al. 2008). This observa-
tion supports the idea that a high F-actin level in cells
increases cofilin activity maintaining therefore the G- and
F-actin ratio and contributing to cofilin-mediated actin fil-
ament turnover in protrusion structures. In contrast, it has
been reported that SSH1 has also F-actin-stabilising and F-
actin-bundling activities independently of cofilin—phos-
phatase activity (Kurita et al. 2007).

F-actin-mediated activation of the cofilin—phosphatase ac-
tivity of SSH1 is regulated by interactions with 14-3-3 pro-
teins. A model of SSH1 inactivation by phosphorylation of
Ser-937 and Ser-978 localised within its C-terminal S domain
has been proposed. Upon SSH1 phosphorylation, interaction
with 14-3-3 proteins occurs sterically hindering SSH1 binding
to F-actin and therefore activation of cofilin (Kurita et al.
2008). Regulation of Ser-937/Ser-978 phosphorylation and
dephosphorylation is therefore important in the control of
SSHI1 activity and members of the PKD family were recently
identified as the kinases responsible for these Ser-937/Ser-978
phosphorylations (Eiseler et al. 2009; Peterburs et al. 2009).
Moreover, PKD also phosphorylates the conserved Ser-402 of
SSH1 within the phosphatase domain providing an additional
regulatory mechanism of SSH1 activity (Barisic et al. 2011).

The mechanism of Ser-937/Ser-978 dephosphorylation is
unclear; however, (3-arrestin has been shown to associate with
SSHI, cofilin and PP2A, and may function as a scaffold to
promote PP2A-mediated SSH1 dephosphorylation and SSH1-
mediated cofilin activation (Xiao et al. 2010). Additionally,
inhibition of Racl increases the binding of SSHs to 14-3-3
proteins and cofilin phosphorylation, indicating another pos-
sible regulatory mechanism of SSH1 dephosphorylation
(Kligys et al. 2007). Another mechanism of SSH1 activity
regulation involved the phosphatidylinositol 3-kinase (PI3K)
pathways which in insulin-stimulated cells promoted accumu-
lation of phosphatidylinositol 3,4,5-trisphosphate
(PI(3,4,5)P5) followed by activation of the downstream effec-
tor AKT leading to SSH1 activation and cofilin dephosphor-
ylation (Nishita et al. 2004). Additionally, the insulin receptor
substrate-4 (IRS4) has been suggested to play a role in the
localised activation of cofilin in membrane protrusions
through a direct interaction with SSH1 and activation of
PI3K (Homma et al. 2014). In neutrophils stimulated by
chemoattractants, it has been shown that cofilin dephosphor-
ylation is SSH2-dependent. Glycogen synthase kinase 3 f3
(GSK3f3) phosphorylates the N-terminal region of SSH2 at
Ser-21, Ser-25, Ser-32 and Ser-35 in the N-terminal A
subdomain inhibiting its activity. In the presence of
chemoattractants, GSK3[3 is phosphorylated by the PLC[3-
PKC and PI3Kb-Akt signalling pathway, which suppresses
their kinase activity leading to dephosphorylation and

activation of SSH2 (Tang et al. 2011). Additional mechanisms
of SSH activation have been identified and involve coronin
isoforms (Cai et al. 2007; Marshall et al. 2009) and a channel-
Ca**-calcineurin (CaN) pathway (Wang et al. 2005).

Besides SSH, chronophin (CIN), a haloacid dehalogenase
(HAD) phosphatase, has been identified as a specific phos-
phatase for cofilin (Gohla et al. 2005). Overexpression of CIN
is associated with a decrease in cellular F-actin content while
catalytically inactive CIN enhanced cellular phospho-cofilin
pools and accumulation of polymerised actin. As opposed to
SSH, CIN function is independent of a significant activity
towards LIMK (Huang et al. 2006).

Regulation of profilin by phosphorylation

Profilin was described as far back as 1988 as a phosphoryla-
tion target of protein kinase C (PKC) (Hansson et al. 1988).
The S137 residue was the first to be identified (Singh et al.
1996) and is located in the C-terminal «-helix close to the
proline repeat recognition domain. Profilin S137 phosphory-
lation involves pathways downstream of PI3K mediated by
PKC (Fig. 2) (Sathish et al. 2004). Although profilin can be
phosphorylated by PKC in the presence of PIP,, in the ab-
sence of conventional agonists, including DAG, the isoen-
zyme and lipid specificity of PKC has an impact on the level
of profilin phosphorylation. Phosphorylation was found to be
maximal with PKC(, with a stoichiometry that suggested that
only one residue of profilin was phosphorylated by PKC
(Vemuri and Singh 2001). This fitted the observation that a
single serine residue at the C-terminus of profilin, S137 was
specifically phosphorylated by the PKC pathway (Singh et al.
1996). Profilin can interact with regulatory p85«. This inter-
action results in a feedback loop where the profilin:p85 com-
plex increases PI3Kinase activity (Fig. 2), activating PKC that
in turn phosphorylates profilin (Rizwani et al. 2014). This
results in the inactivation of profilin functions that depend
on PRM binding (Diamond et al. 2015).

Profilin can also be phosphorylated at S137 by the activa-
tion of Rho-associated kinase 1 (ROCKI1) downstream of
Rho-GTPase in an alternate pathway to PKC (Shao et al.
2008) (Fig. 2). The biological significance of profilin S137
phosphorylation by ROCK1 has been demonstrated in condi-
tions such as Huntington disease (HD) and spinobulbar mus-
cular dystrophy (SBMA) (Shao et al. 2008) where profilin
phosphorylation lead to agglutination and inhibition of the
huntingtin protein (Htt) and androgen receptor (AR), respec-
tively (Diamond et al. 2015).

The balance between phosphorylated and dephosphorylat-
ed profilin at S137 is maintained by protein phosphatase-1
(PP1) that specifically targets this residue (Fig. 2) (Shao and
Diamond 2012). In breast cancer, the switch between phos-
phorylated and dephosphorylated states regulates proliferation
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and survival through interactions with proteins with PRMs
(Rizwani et al. 2014; Diamond et al. 2015). The regulation
on profilin interactions with PRMs by phosphorylation has
different outcomes for the cell depending on subcellular loca-
tion. In the nucleus of MDA-MB-231 cells, phosphorylated
profilin blocks apoptotic pathways leading to tumour promo-
tion but in the cytoplasm, it is unphosphorylated profilin with
uncompromised PRM and actin binding activity that is in-
volved in pathways promoting proliferation and survival
(Diamond et al. 2015).

Oligomerisation of profilin alters its susceptibility to phos-
phorylation; however, the in vivo function of this
oligomerisation remains elusive. Profilin dimers are resistant
to phosphorylation by PKC as the monomers interface with
each other through their carboxy termini, effectively hiding
the S137 residue. (Korupolu et al. 2009). In profilin tetramers,
the S137 residues are exposed and while the tetramers have
reduced PLP binding, they are preferentially phosphorylated
over monomers (Korupolu et al. 2009). Tetramers and dimers
have been reported in cell extracts (Babich et al. 1996; Skare
etal. 2003) and tetramers in solution (Rennella et al. 2017) but
the studies to determine if oligomerisation is biologically rel-
evant in altering S137 phosphorylation are still to be carried
out. Oxidising conditions are known to promote profilin
oligomerisation (Mittermann et al. 1998) and profilin is up-
regulated by PKC/NF-kB pathways in response to reactive
oxygen species (ROS) (Li et al. 2013). Profilin is linked to
the oxidative metabolism of whole organisms (Pae and
Romeo 2014) and individual cells (Li et al. 2013; Yao et al.
2014) so it is conceivable that under oxidative conditions that
favour oligomerisation, profilin phosphorylation could be
altered.

Profilin functions are also regulated by tyrosine phosphor-
ylation at the Y129 residue (Fig. 2). This residue is part of the
actin binding site and Y 129 phosphorylation accelerates actin
polymerisation rates by increasing the rate of nucleotide ex-
change and the affinity of profilin for actin (Fan et al. 2012). In
endothelial cells, Y129 phosphorylation occurs after stimula-
tion of vascular endothelial growth factor receptor kinase 2
(VEGFR?2) by the growth factor VEGF-A at the leading edge
of the cytoplasm. Both VEGFR2 and its downstream target
kinase, Src, phosphorylate profilin at Y129 in response to
VEGF-A. VEGF/Src phosphorylated profilin is important in
endothelial tissue repair by promoting rapid actin polymerisa-
tion. This is an example of a very specific upregulation of
profilin activity as this pathway is important in adults as a
repair mechanism but is not involved in developmental angio-
genesis (Fan et al. 2012). In the brain tumour, glioblastoma
multiforme VEGF/Src phosphorylation of profilin at Y129
allows the formation of a complex between profilin and von
Hippel-Linau (VHL) protein, preventing VHL degrading the
transcription factor hypoxia-induced factor 1 alpha (HIF-1cx).
HIF-1x upregulates angiogenic factors including VEGEF,
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resulting in further phosphorylation of profilin. Profilin phos-
phorylation is part of the feed forward mechanism in which
the tumour drives aberrant vascularisation by the induction of
HIF-1c. (Fan et al. 2014).

Regulation of cofilin and profilin by miRs

Cellular localisation of cofilin, profilin and other actin binding
proteins is also regulated by miRs such as miR-92. The miR-
17-92 cluster is highly expressed in metastatic tumours. By
altering its expression with docosahexaenoic acid (DHA)
treatment, the lung cancer cell line A549 changed the expres-
sion and cellular location of profilin 1 and cofilin 1 and VASP
in a manner that mirrors the changes in distribution that occur
in a solid tumour (Ali et al. 2016). In normal tissue adjacent to
the tumour, profilin was predominantly cytoplasmic but the
cells at the border of the lesion undergoing rapid actin turn-
over and migration into the interstitial area increased profilin
accumulation both at the plasma membrane and nucleus. In
the densely packed mid tumour section, profilin was concen-
trated at the nucleus. In A549 cells, DHA treatment decreased
miR-17-92 expression that resulted in reduced phosphoryla-
tion of VASP®'*” by PKC downstream of cAMP signalling
(Ali et al. 2016). cAMP is elevated by NO (Wentworth et al.
2006). VASPS'®7 is pro-metastatic and anti-apoptotic and as-
sociates with profilin (Fig. 2). DHA also promoted S239 phos-
phorylation of VASP by PKG. VASP5**? s associated with
cofilin and promotes cytoskeletal stability and apoptosis. By
attenuating the expression of miR-17-92, DHA altered the
cellular localisation of profilin/VASP®'7 with a shift from
the cytoplasm to the nucleus, while it increased the distribu-
tion of cofilin/VASPS* at the cell boundary edge from the
nucleus. The result of the downregulation of miR-17-92 was a
decreased F-actin content of the cells and increased apoptosis.
(Ali et al. 2016). The effects of increasing the nuclear concen-
tration of profilin are unknown. Profilin has specific functions
in the nucleus including pre-mRNA splicing (Skare et al.
2003), acting as an adaptor between actin and the exportin
mechanism (Stuven et al. 2003) and is involved in transcrip-
tion (Lederer et al. 2005). The role of the differential phos-
phorylation of VASP on nuclear profilin accumulation will be
interesting to follow up. Alternate pathways to regulate cofilin
and profilin exist as VASPS'*7 is phosphorylated by ROCK
and VASPS%*° by PKC (Wentworth et al. 2006).

Regulation by PI(4,5)P, binding

Phosphoinositides, and principally PI(4,5)P,, have been
recognised as essential players in the regulation of the me-
chanical properties of the cell membrane because they form
the interface between the cytoskeleton and the plasma
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membrane. Biochemical studies have demonstrated that activ-
ities of numerous actin-binding proteins, including profilin
and cofilin, can be regulated by direct interaction with
PI(4,5)P, (Tsujita and Itoh 2014; Senju et al. 2017). The plas-
ma membrane is not homogenous and its PPIs exist as freely
diffusing single molecules, small transient clusters, and also
can form larger more stable aggregates (Levental et al. 2009;
Kwiatkowska 2010; Wang and Richards 2012; Delage et al.
2013). Separate pools of PPIs are maintained by synthesis by
inositide kinases and degradation by phosphatases that allows
rapid but localised changes of P1(4,5)P, concentration to spa-
tially and temporally coordinate cellular responses (Krauss
and Haucke 2007; Sun et al. 2013). Cofilin and profilin in-
creased but still relatively low affinity for higher PI1(4,5)P,
densities allows it to be recruited to and concentrated at sites
of high actin polymerisation in a way that allows for rapid
dynamics (Senju et al. 2017).

Binding of PI(4,5)P, to cofilin leads to its reversible inac-
tivation at the membrane. In vivo evidence using FRET- and
FLIP-based experiments on mammary carcinoma cells re-
vealed that EGF induces the release of cofilin from the mem-
brane via phospholipase C (PLC)-mediated PI1(4,5)P, hydro-
lysis. Upon release, cofilin binds to and severs F-actin, creat-
ing free barbed ends for actin polymerisation (van Rheenen et
al. 2007) (Fig. 1). Recently, the scaffolding protein memo was
shown to amplify this mechanism (Meira et al. 2009).

The importance of profilin:PI(4,5)P, interactions were
made clear with the observation that the actin polymerisation
activity of profilin is regulated by binding to PI(4,5)P,
(Lassing and Lindberg 1985; Lassing and Lindberg 1988).
Membrane and cytoskeletal proteins are affected by alter-
ations of membrane phosphoinositide concentration through
activation of phospholipase C (PLC) and class I PI3Ks (Viaud
etal. 2016). PI(4,5)P, hydrolysis by PLC generates the second
messengers inositol 1,4,5-triphosphate (IP5) and diacetyl glyc-
erol (DAG) (Fig. 2). DAG activates protein kinase C (PKC)
cascades and IP; induces Ca”" intracellular fluxes and so
PI(4,5)P, hydrolysis generates signals down two parallel path-
ways (Janmey and Lindberg 2004). Profilin bound to
PI(4,5)P, prevents its hydrolysis by unphosphorylated PLCy
but when EGF stimulates its receptor tyrosine kinase the
resulting phosphorylation of PLC overcomes this inhibition
(Goldschmidt-Clermont et al. 1991). As PLC enzymes are
critical for maintaining intracellular calcium stores as well as
the overall PI(4,5)P,/P1(3,4,5)P; balance, profilin has
emerged as a key regulator of cellular function (Jockusch et
al. 2007). Phosphorylation of PI(4,5)P, by PI3K class 1 en-
zymes produces PI(3,4,5)P; that in turn is the source of
PI(3,4)P,. Both these PPIs control different branches of
PI3K signalling as well as interacting with profilin and other
regulatory proteins (Li and Marshall 2015; Viaud et al. 2016).

Another important profilin interacting enzyme in
phosphoinositide metabolism is phosphatase and tensin

homologue 10 (PTEN) that converts PI(3,4,5)P; back to
PI(4,5)P, (Fig. 2) (Das et al. 2009; Zaidi and Manna 2016).
PTEN is an antagonist of PI3K enzymes and acts as a tumour
suppressor agent by limiting PI(3,4)P, availability (Gericke et
al. 2013). Profilin binds to a PRM on PTEN preventing PTEN
degradation by ubiquitination (Zaidi and Manna 2016). As the
PRM binding site on profilin is itself sensitive to phosphory-
lation (Shao et al. 2008; Shao and Diamond 2012; Diamond et
al. 2015), the complexity of relationship between the different
profilin ligand binding sites emerges as inactivation of the
PRM binding site has the potential to alter phosphoinositide
membrane composition.

Profilin has two regions that bind PPIs electrostatically that
overlap with both the actin and PRM binding domains
(Lambrechts et al. 2002; Skare and Karlsson 2002) and
profilin can potentially bind up to five inositol headgroups
(Ostrander et al. 1995; Richer et al. 2008). Both actin
(Lassing and Lindberg 1985; Lassing and Lindberg 1988)
and PRMs (Lambrechts et al. 1997) compete with PPIs for
binding to profilin and therefore regulate its activities. The
PPI binding sites form part of a broad surface of exposed
hydrophobic residues so changes in pH and fluxes in local
ion concentrations have a role in regulating profilin:PPI inter-
action (for reviews, see Witke (2004) and Krishnan and
Moens (2009)). In vitro profilin has a higher affinity for mi-
cellar PI(3,4)P, (Kp=1.1 uM) and P1(3,4,5)P3 (Kp = 5.7 uM)
than for PI(4,5)P, (Kp=11 uM) (Lu et al. 1996) or for
submicellar PI(4,5)P, (Kp =985 uM) concentrations (Moens
and Bagatolli 2007). Despite its higher affinity for the rarer
PPIs, the relative abundance of PI(4,5)P, is the reason it has
been proposed as the predominant membrane ligand of
profilin (Ding et al. 2012).

Regulation through pH

Cofilin activities are affected by modification of the intracel-
lular pH and this is highly dependent of the recruitment and
activation of the sodium hydrogen exchanger NHE1. With
respect to its actin severing and filament depolymerisation, it
has been shown that cofilin is more potent at pH 8 than pH 6.5
(Yeoh et al. 2002). Secondly, the interaction between cofilin
and PI(4,5)P; is sensitive to pH as a local increase in pH at the
cytoplasmic side of the plasma membrane facilitate PLC hy-
drolysis of PI(4,5) P, leading to a decrease of clustering inter-
action between cofilin and PI1(4,5)P, (Zhao et al. 2010).
Finally, local pH variations influence the binding of cofilin
to cortactin. In invadopodia, binding of cortactin to cofilin
negatively regulates cofilin activity. A key step in this interac-
tion is tyrosine phosphorylation of cortactin after EGF stimu-
lation (Oser and Condeelis 2009; Oser et al. 2009; Mader et al.
2011). The mechanism linking cortactin phosphorylation to
cofilin activity has been described recently and also involved
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the activation in invadopodia of the pH-dependent key regu-
lator NHEI1. Therefore, cortactin phosphorylation induces a
NHE1-dependent pH increase that disrupts cortactin binding
to cofilin promoting its severing activities and resulting in the
creation of free barbed ends that can be used for filament
elongation (Magalhaes et al. 2011) (Fig. 1).

Profilin undergoes a partial unfolding at pH 6.4 that leads
to a decrease in binding to both actin and PRMs, increasing
the concentration of G-actin. (McLachlan et al. 2007).
While a potential increase in the supply of G-actin mole-
cules would favour ARP2/3 nucleation of branched actin
filaments (Rotty et al. 2015; Pernier et al. 2016) (Fig. 2),
the biological relevance of a low pH mechanism in regulat-
ing profilin/actin dynamics is not fully established. In mo-
tile cells, the pH gradients formed by the asymmetric distri-
bution of NHE1 along the axis of movement of cells change
from pH 7.6 to 6.9 from leading to trailing edges (Martin et
al. 2011; Angelova et al. 2018) and so are still too high. The
cytosol of apoptotic cells decreases to pH 5.7 due to H* ions
released from lysosomes (Nilsson et al. 2006). This pH is
low enough to decrease profilin binding (McLachlan et al.
2007). Intracellular pH may be lowered by specific mecha-
nisms such as CI-/HCOj; anion exchangers (AEs) or
through metabolic activity (Casey et al. 2010). Cytosol
acidification is driven in part by the negatively charged in-
ner leaflet of the plasma membrane attracting positively
charged protons and causing the efflux of bases. As protons
diffuse slowly due to the high number of interactions with
fixed or slowly motile macromolecules, pH gradients may
form (Casey et al. 2010). In the environment immediately
adjacent to the inner leaflet of the plasma membrane, the pH
may drop by up to 2 pH units so the alterations in profilin
binding may be very localised (McLachlan et al. 2007).

Additional regulatory mechanisms
Oxidative stress

Recently, it has been shown that the higher H,O, concentra-
tion at membranes and cell protrusions of migrating cells in-
duces oxidation of cofilin cysteines 139 (C139) and 147
(C147) resulting in an inhibition of cofilin activity conse-
quently enhancing either or both F-actin stability and net actin
polymerisation at the leading edge and consequently affecting
cell motility (Cameron et al. 2015) (Fig. 1).

Finally, the efficiency of cofilin actin binding and severing
activity has been reported to be dependent of the mechanical
forces that affect the structure and dynamics of the actin cyto-
skeleton (Hayakawa et al. 2011; Tojkander et al. 2015).
Indeed, it appears that cofilin bind preferentially to less-
tensile F-actin mediating their degradation, whereas F-actin
filaments under tension are protected from effective severing.
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One of the markers of oxidative damage in cells is the
appearance of tyrosine nitrated proteins (Starr et al. 2011)
and under oxidative stress profilin can become nitrated at the
C-terminal T139 by peroxynitrite (Fig. 2) (Kasina et al. 2005).
In vitro, the concentration of nitro-profilin increased with the
level of peroxynitrite (Kasina et al. 2005) and in platelets,
inducible nitric oxide synthase (iNOS) downstream of
PI3K also increased profilin nitration (Kasina et al. 2006).
Nitrated profilin increased its affinity to PRMs 20-fold and
also decreased the critical concentration of actin from 250 to
150 nM but had no effect on the affinity to PI1(4,5)P, so the
effect on profilin-PRM interactions and actin dynamics is pro-
found (Kasina et al. 2005). In mice with systemic inflamma-
tion induced by lipopolysaccharide (LPS), the peroxynitrite
produced by the reaction of superoxide released by neutro-
phils with NO breaks down to toxic ROS and reactive nitro-
gen species (RNS) (Starr et al. 2011). Susceptibility to
oxidative/nitrosative damage increased with age and older
mice expressed less of the protective superoxide dismutase
(SOD) but more iNOS than young ones. Therefore, the aged
mice had higher levels of nitrated profilin and other proteins in
the lung tissue examined. This suggested that the loss of func-
tion to profilin and several other proteins involved in actin
cytoskeleton regulation was due to nitration and contributed
to the pathology (Starr et al. 2011).

Since the observation that overexpressing profilin in-
creased vascular hypertrophy and hypertension
(Moustafa-Bayoumi et al. 2007) much work has been done
in understanding the link between oxidative stress and
profilin. Activation of angiotensin (Ang) II type 1 receptor
(AT1) by Ang II leads to the increased expression of
profilin (Fig. 2), reduction of angiotensin converting en-
zyme 2 (ACE2), increased profilin/ERK and PI3K signal-
ling cascades leading to the production of peroxynitrite and
endothelial nitrous oxide synthase (eNOS) (Jin et al.
2012). In spontaneously hypertensive rats (SHR), the vas-
cular hypertrophy was linked to an overexpression of
profilin modulated by AT1 (Zhong et al. 2011). This phe-
notype was also associated with a reduction of ACE2 and
elevated ERK1/2 and JNK phosphorylation. Similar results
were obtained in human umbilical artery smooth muscle
cells where profilin expression was induced by Ang II in
a dose-dependent fashion. Profilin expression mediated by
Ang II was also blocked when the JAK2/STAT3 pathway
was inhibited (Fig. 2) (Cheng et al. 2011). The relationship
of profilin, Ang II and ACE2 in mouse aortic tissue is
interesting. Ang II treatment of the mice led to the decrease
in ACE2 activity and increased profilin expression and
oxidative damage. Treating the mice with Ang II and de-
pleting ACE2 even further increased profilin expression,
signalling through PI3K and ERK pathways to increase
eNOS expression and phosphorylation leading to
peroxynitrite formation (Jin et al. 2012).
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Post-translational regulation of profilin

Changes in cellular concentration of profilin may also be the
result of post-translation events. In Huntington’s disease, low-
er profilin levels in vivo corresponded to a more severe diag-
nosis with increased aggregation of the huntingtin protein
(htt). Although mRNA transcripts of profilin 1 in mutant htt
PC12 cells was unaltered from controls, and profilin 2a even
increased, htt accumulation stimulated profilin clearance by
the ubiquitin proteasome system with a reduction of F/G-
actin ratio (Burnett et al. 2008). This is also relevant to breast
cancer as for MDA-MB-231 cells, ubiquitination of profilin
by the C-terminus of Hsc-70 interacting protein (CHIP) regu-
lated profilin levels by targeting a proportion of ubiquitinated
profilin to the proteasome. MDA-MB-231 cells depleted of
CHIP had increased profilin levels and decreased motility
(Choi et al. 2014) consistent with earlier studies (Bae et al.
2010). In contrast in ovarian cancer mutations in breast cancer
susceptibility gene 1 (BRACI1) alters profilin expression (and
cofilin) possibly by disruption of the ubiquitination pathways
(Gau et al. 2015). Similarly, in pulmonary hypertension hyp-
oxia upregulated profilin expression by the decreased
targeting of profilin by the proteasome. This resulted in in-
creased actin polymerisation and hence increased vascular
hypertrophy (Zhao et al. 2017).

Conclusion

Cofilin and profilin have individually received continued in-
terest in the last two decades due in part to their potential roles
in cancer aggressiveness. However, to our knowledge, no
studies have been investigating the dynamics between these
two proteins and how these affect cell motility and cancer
metastasis.

It is interesting to note that activation of the Rho/Rock
pathway leads to phosphorylation of both cofilin and profilin.
This results in seemingly opposite effects with a decreased
actin polymerisation due to profilin and an inactivation of
cofilin, which would favour filament persistence. Both cofilin
and profilin compete for binding with PPI at the plasma mem-
brane and both can be dissociated from the membrane by PLC
mediated hydrolysis of PIP, following activation by EGF. The
dynamics of these interactions are currently unknown. The
release of cofilin could increase the severing of the actin fila-
ments while profilin would have the opposite effect possibly
increasing the treadmill assembly/disassembly of actin fila-
ments. Modulation of these effects could depend on pH gra-
dient difference between cell regions. On the one hand, a
lower pH at the membrane could dissociate profilin from G-
actin increasing actin nucleation and filament formations. Free
profilin could then interact through its PRM binding domains
also promoting F-actin formation. On the other hand, low pH

at the membrane would maintain cofilin inhibition by
cortactin while further away, this inhibition could decrease
as the pH increases resulting in filament severing. Finally,
oxidative stress has a synergistic effect on both cofilin and
profilin with the inhibition of cofilin following oxidation and
the activation of profilin by nitration resulting in the promo-
tion of filament formations. It is clear that much is still to be
learned about the interplay between these two actors and how
these proteins control cell motility in vivo and their deregula-
tions in cancer and other diseases.
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