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Abstract

Profilin is a ubiquitously expressed protein well known as a key regulator of actin polymerisation. The actin cytoskeleton is
involved in almost all cellular processes including motility, endocytosis, metabolism, signal transduction and gene transcription.
Hence, profilin’s role in the cell goes beyond its direct and essential function in regulating actin dynamics. This review will focus
on the interactions of Profilin 1 and its ligands at the plasma membrane, in the cytoplasm and the nucleus of the cells and the
regulation of profilin activity within those cell compartments. We will discuss the interactions of profilin in cell signalling
pathways and highlight the importance of the cell context in the multiple functions that this small essential protein has in
conjunction with its role in cytoskeletal organisation and dynamics. We will review some of the mechanisms that control profilin
expression and the implications of changed expression of profilin in the light of cancer biology and other pathologies.
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Profilin

Profilin is a key regulator of actin polymerisation and is crit-
ically important to cellular function (Ding et al. 2012). The
actin cytoskeleton is involved in almost all cellular processes
including motility, endocytosis, metabolism, signal transduc-
tion and gene transcription (Olson and Nordheim 2010); how-
ever, profilin’s role in the cell goes beyond its direct and
essential function in actin dynamics. This review will focus
on the interactions of actin, profilin and its ligands in the
plasma membrane, and the regulation of profilin activity with-
in the cell. The diverse nature of the pathologies that can arise
from disruptions to profilin demonstrate the breadth of roles
profilin fulfils in a cell. The diverse pathologies include neu-
rological conditions such as spinal muscular atrophy (Nolle
etal. 2011), diabetes and glucose metabolism (Pae and Romeo
2014; Romeo and Kazlauskas 2008), vascular hypertrophy
and hypertension (Jin et al. 2012; Moustafa-Bayoumi et al.
2007) and tumour progression in cancer (Mouneimne et al.
2012; Yap et al. 2012). Changes in levels of profilin
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expression can up- or downregulate the level of expression
of proteins involved in motility, proliferation, apoptosis
(Coumans et al. 2014) and oncogenesis (Frantzi et al. 2016)
giving profilin a key role in multiple pathways to cell fate
beyond its role as a resource for actin polymerisation.

Profilins are a family of small, 15-kD multi-ligand proteins
structurally conserved among cukaryotes (Pandey and
Chaudhary 2017; Schluter et al. 1997). The four mammalian
isoforms show tissue specificity. Profilin 1 is ubiquitously
expressed while Profilin 2 is associated with nervous tissue
(Birbach 2008). Profilin 3 and 4 are expressed in the testis and
Profilin 3 in kidney (Hu et al. 2001). The different mammalian
profilins have non-redundant functions that have critical roles
developmentally (Birbach 2008; Khadka et al. 2009) and neu-
rologically (Michaelsen et al. 2010). This review focuses on
Profilin 1 but one should note that changes in expression of
Profilin 2 alters the progression and characteristics of various
cancers (Ma et al. 2011; Mouneimne et al. 2012; Zhang et al.
2018) and neurological disorders (Chakraborty et al. 2014).
For simplicity, Profilin 1 will be referred to as “profilin” from
this point onward.

The complexity of its interactions has long been investigat-
ed (Sohn and Goldschmidt-Clermont 1994). Profilin 1 was
first identified as a 15-kDa actin binding protein (Carlsson
et al. 1977) and is recognised as one of the essential proteins
for cell survival (Witke et al. 2001) by regulating the dynamic
actin cytoskeleton (Davidson and Wood 2016). Through its
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interactions with various actin binding proteins (ABP) con-
taining proline repeat domains (PRD), profilin facilitates
membrane protrusion and cell motility (Ding et al. 2009;
Witke 2004). Major proteins that connect profilin to the plas-
ma membrane and modulate actin polymerisation through
PRDs are Neuronal Wiskott-Aldrich syndrome protein/
WASP-family verprolin-homologous protein (N-WASP/
WAVE), enabled/mammalian enabled/vasodilator stimulated
phosphoprotein (Ena//Mena/VASP), formins and the actin-
related protein 2/3 complex (ARP2/3) (Jockusch et al.
2007). Profilin has other links to membrane-bound proteins
such as phosphatase and tensin homologue (PTEN) (Zaidi and
Manna 2016), phosphatidylinositol-4,5-bisphosphate 3-
kinase (PI3K) (Bhargavi et al. 1998) and vascular endothelial
growth factor receptor (VEGFR2) (Fan et al. 2012; Simons
and Schwartz 2012). Some interactions between profilin and
membrane proteins may be indirect, such as the recruitment
and activation of formins by the receptor for advanced
glycation end products (RAGE) (Sorci et al. 2013) that brings
profilin into oxidative stress pathways (Lu et al. 2015).
Finally, the other major membrane ligand class of profilin
are the phosphoinositol lipids (PPI), and through these inter-
actions, profilin is connected to a vast array of cellular func-
tions (Lu et al. 1996; Sun et al. 2013).

Profilin: a key player in cytoskeleton
organisation

For cytoskeletal reorganisation, the direct interaction of
profilin with cortical actin, PRD and PPI will determine how
profilin favours the development and persistence of one type
of structure over another (e.g. lamellipodia, filopodia and
invadopodia) to regulate cell motility (Lorente et al. 2014;
Skruber et al. 2020). The results of this can be seen in a
number of cancer cells including breast, hepatic and pancre-
atic tumour cells where overexpression of profilin results in a
reduction in motility and migration. For these cell types, re-
duction in profilin levels results in an increase in metastatic
ability (Janke et al. 2000; Roy and Jacobson 2004;
Schoppmeyer et al. 2017; Wang et al. 2004). Reduction of
profilin expression in human mammary epithelial cells
(HMEC:S) also results in enhanced motility (Zou et al. 2007)
which is in contrast to other cell types such as human umbil-
ical vein epithelial cells (HUVECs) (Ding et al. 2006) and in
other types of cancers such as renal cell carcinoma (Minamida
et al. 2011) and gastric cancer where metastatic disease is
associated with high profilin expression (Cheng et al. 2015).
The orientation of the various binding sites of profilin is
important in understanding the interplay of its ligands. The
profilin poly-L-proline binding site is in a hydrophobic pocket
that involves the N and C terminal «-helices (Bjorkegren et al.
1993; Haarer et al. 1993; Metzler et al. 1994). This is on the
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orthogonal surface to the actin binding site allowing for terna-
ry complexes to be formed between profilin, actin and pro-
teins with PRD containing proteins. Profilin-specific PRDs
containing ligands can bind in two orientations and these dif-
ferent spatial registers also allow for further regulation
(Mahoney et al. 1999). Profilin’s affinity for both actin and
PRDs is affected by the electrostatic environment. Local
changes that lead to a decrease in pH will lead to a partial
unfolding of profilin and decrease in binding to both ligands,
increasing the local free G-actin population (McLachlan et al.
2007). Additionally, two binding regions for PPIs have been
identified. They overlap the actin and PRD binding domains
(Lambrechts et al. 2002) and form part of a broad surface of
exposed hydrophobic residues (for reviews see (Coumans
et al. 2018; Krishnan and Moens 2009); Witke (2004)).
Binding of either actin or PRD can release profilin from the
lipids which allows it to move from the membrane to the
cytoskeleton (Krishnan and Moens 2009). As PPIs compete
with actin (Lassing and Lindberg 1985) and PRD containing
proteins for binding to profilin (Lambrechts et al. 2002), they
fine tune the availability of profilin for its role as a regulator of
cell signalling pathways (Ding et al. 2012).

The actin and microtubule cytoskeletons exist in conjunc-
tion with each other and there is growing evidence that profilin
has a role in regulating the dynamics of microtubules as well
as actin filaments (Pinto-Costa and Sousa 2020). Partial co-
localisation of profilin and microtubules were observed in
fibroblasts (Grenklo et al. 2004). The formin mDia was sug-
gested as a link between actin and microtubules as it is in-
volved in actin dynamics and the stabilisation of the (+) ends
of microtubules (Bartolini et al. 2012), and profilin appears to
be the pivot that allows mDia to regulate the behaviour of
actin and microtubule (Nejedla et al. 2016). Profilin may bind
directly to microtubules in addition to its interaction via
formins, through residues not involved with the PRD domain
(Pinto-Costa and Sousa 2020). These residues are in the re-
gion of profilin that are mutated in some cases of the neuro-
logical condition amyotrophic lateral sclerosis (ALS) and per-
turb the dynamics of microtubules or the cross-talk between
the actin and microtubule cytoskeletons (Henty-Ridilla et al.
2017). Further discussion of profilin’s role in regulating mi-
crotubule dynamics, and pathologies arising from this
misregulation is not in the scope of this review. Our aim in
this section was only to highlight the central role of profilin in
regulating the cytoskeleton and to point readers to some of the
recent developments in this topic.

Profilin as a regulator of actin dynamics

Profilin’s role as a cell signalling molecule and regulator of
actin dynamics overlap (Bae et al. 2010) so a brief description
of the role profilin plays in actin dynamics provides a context
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for the main focus on the role of profilin in cell signalling. The
recruitment of profilin-ATP-actin monomers is central to the
activity of proteins involved in the elongation of actin fila-
ments and thus is essential for the cellular processes that rely
on the fine-tuning of the actin cytoskeleton (Jockusch et al.
2007; Skruber et al. 2018). Nucleation promoting factors
(NPFs) such as formins and elongation factors such as Ena/
VASP and ARP2/3 specifically recruit and maintain high con-
centrations of profilin-ATP-actin monomers to sites of active
actin remodelling through multiple polyproline domains
(Campellone and Welch 2010; Dominguez 2010; Skruber
et al. 2020). At high concentrations, profilin paradoxically
accelerates faster turnover of actin filaments by competing
for barbed ends and increasing the off-rate of actin monomers
(Ding et al. 2012; Pernier et al. 2016). Two major classes of
profilin-PRD partners involved in actin filament elongation
are formins and members of the Ena/Mena/VASP family re-
ferred to as Ena/VASP. Profilin accelerates both formin
(Romero et al. 2004) and Ena/VASP (Hansen and Mullins
2010)-mediated actin filament elongation. Formins and Ena/
VASP are enriched at the tips of filopodia and lamellipodia
and result in long unbranched actin filaments and have specif-
ic, non-redundant functions but both actively recruit profilin-
actin complexes (Blanchoin et al. 2014; Yang et al. 2007).
Formins can both nucleate and elongate linear actin structures
while Ena/VASP proteins are elongation factors only.
Changes in profilin concentration determine whether fila-
ments nucleated by Ena/VASP or dendritic networks formed
by ARP2/3 develop at the leading edge (Skruber et al. 2020).
The multiple domains on formins, Ena/VASP, various NPFs
and ARP2/3 allow spatially defined interactions with other
proteins and lipids that serve as molecular scaffolds to link
the actin cytoskeleton to the cell membrane (recently reviewed
in (Boczkowska et al. 2014; Dominguez 2016; Saarikangas
et al. 2010; Siton-Mendelson and Bernheim-Groswasser
2017). Profilin has recently been discovered to participate in
the post-translational N-terminal acetylation of actin, critical
for its interaction with actin binding proteins, by providing the
binding site of the Nt-acetyltransferase NAA8O on profilin-
actin complex (Rebowski et al. 2020). This is another example
of the expanding repertoire of known profilin functions.

Profilin, lipids and signalling
Lipid ligands of Profilin

The importance of profilin: PIP, interactions were noted de-
cades ago firstly with observations that the actin polymerisa-
tion activity of profilin is regulated by binding to PIP,
(Lassing and Lindberg 1985; Lassing and Lindberg 1988).
Profilin has a role as a regulator of cell metabolism through
its interactions with membrane PPI (Bae et al. 2010). The PPIs

have specific and fundamental roles in all aspects of cell phys-
iology as second messengers and through interactions with
cytoskeletal and regulatory proteins (Balla 2013; Viaud et al.
2016). An important membrane PPI, P1(4,5)P, (PIP,) and two
of its derivatives PI(3,4,5)P; (PIP;) and PI(3,4)P, are profilin
ligands (Lu et al. 1996). PIP;, is the predominant PPI in plasma
membrane even if it only makes up approximately 1% of the
total lipid content. PIP; and PI(3,4)P, are present in much
lower concentrations (Balla et al. 2009; Di Paolo and De
Camilli 2006). As a second messenger, precursor to second
messengers and a regulator of membrane bound proteins, PIP,
is intimately involved in cytoskeletal organisation and a pleth-
ora of signalling cascades (Delage et al. 2013).

Profilin’s affinity for PIP, changes with the size of PIP,
clusters and has much higher affinity for self-associated PIP,
clusters than for single PIP, molecules. This has implications
for its functions (Moens and Bagatolli 2007). In the plasma
membrane, PIP, exists as freely diffusing single molecules
with transient small clusters and larger stable aggregates with
independent pools serving specific cellular functions (Delage
et al. 2013; Kwiatkowska 2010; Levental et al. 2009; Wang
and Richards 2012). Profilin can potentially bind up to five
inositol headgroups of PIP, (Ostrander et al. 1995; Richer
et al. 2008). In vitro profilin has a higher affinity for micellar
PI(3,4)P, (K4 1.1 uM) and PIP; (K4 5.7 uM) than for PIP, (Kg4
11 uM) (Lu et al. 1996). The relative abundance of PIP, is the
reason it has been proposed as the predominant membrane
ligand of profilin despite its higher affinity for the rarer PPIs
(Ding et al. 2012). Profilins increased, but still, its relatively
low affinity for higher PIP, densities allows it to be concen-
trated at sites of high actin polymerisation in a way that allows
for rapid dynamics (Senju et al. 2017). Separate pools of PPIs
are maintained by synthesis by inositide kinases and degrada-
tion by phosphatases which allow rapid but localised changes
of PIP, concentration (Hammond and Burke 2020; Krauss
and Haucke 2007; Sun et al. 2013) that in turn will alter
profilin dynamics.

Electrostatic attraction is important for the organisation of
PIP, in the membrane and is also the mechanism by which
profilin and other ABP are recruited (McLaughlin and Murray
2005). The different affinities of the various proteins recruited
to the plasma membrane by electrostatic attraction allow for
different dynamics. Profilin has a lower affinity for PIP, than
n-WASP and the formin Dia2 and thus is more dynamic but
the scaffolding proteins ezrin and moesin have even greater
affinity and slower dynamics and are less sensitive to changes
in PIP, concentration (Senju et al. 2017). Consistent with ear-
lier work demonstrating that the affinity of profilin to both
PIP, and PIP; increased as lipid concentration increased from
monodispersed to micellar (Moens and Bagatolli 2007), the
percentage of profilin bound to the artificial membranes in-
creased in line with PIP, concentration (Senju et al. 2017).
Profilin will therefore be selectively recruited to areas of the
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cell with locally high PIP, concentrations and these areas typ-
ically have higher rates of actin turnover (Janmey and
Lindberg 2004).

Profilin, PIP, and PLC

The participation of profilin in PIP,-mediated cell signalling
events was also recognised decades ago with the observation
that profilin inhibits phospholipase C-gamma (PLCy) hydro-
lysis of PIP, until PLCy is phosphorylated and activated by
receptor protein-tyrosine kinases (RTK) (Goldschmidt-
Clermont et al. 1991). Alterations of membrane
phosphoinositide levels by activation of PLC have profound
effects on the activities of membrane and cytoskeletal proteins
(McLaughlin et al. 2002). Hydrolysis of PIP, by PLC converts
it into the second messengers’ inositol 1,4,5-triphosphate (IP3)
and diacetyl glycerol (DAG). DAG activates protein kinase C
(PKC) cascades and IP; induces Ca** intracellular fluxes (Fig.
1) (Janmey and Lindberg 2004). Intracellular calcium stores
and overall PIP,/PIP; balance are maintained by PLC en-
zymes. Alterations in the balance of PIP, and PIP; has a direct
impact on cell fate as a high concentration of PIP, tends to

induce a bias towards differentiation while a high PIP; con-
centration tends to promote cell proliferation and survival
(Fukami et al. 2010).

Profilin, PIP, and PI3K

Phosphorylation of PIP, by PI3K class 1 enzymes produces
PIP; that in turn is the source of PI1(3,4)P,. 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). A high cellular concentration of
profilin and its affinity for PIP, was shown to be sufficient
to account for its effect in protecting PIP, from hydrolysis by
PLC (Machesky et al. 1990). In resting human platelets 13.8%
of cellular profilin is associated with plasma membrane PIP,
and this transiently increased to 26.6% after activation by
thrombin (Hartwig et al. 1989). Changing the turnover and
distribution of PIP, by altering the expression of profilin will
therefore have profound effects on virtually all cell signalling
pathways with significant consequences for cancer and other
disease states (Bae et al. 2009; Frantzi et al. 2016; Zoidakis
et al. 2012; Zou et al. 2010).

v

ERK, MEK, mTor

Cytoskeletal

rearrangement

Fig. 1 Profilin interactions in the membrane. a Activation of the
epidermal growth factor receptor (EGFR) by EGF phosphorylates
phospholipase C (PLC) allowing the hydrolysis of profilin (Pfh)-bound
PIP, into diacetyl glycerol (DAG) and inositol 1,4,5-triphosphate (IP3)
profilin. Both DAG and the Ca** fluctuations downstream of IP3 release
activate phosphokinase C (PKC). b Activation of phosphatidylinositol-
4,5-bisphosphate 3-kinase (PI3K) by growth factor (GF) activation of
receptor tyrosine kinases (RTK), other agonists, and even extracellular
profilin through an unknown receptor signal down the PI3K/Akt
pathway, extracellular signal-related kinase (ERK) and mitogen-
activated protein kinase (MEK) pathways, and also activate PKC. The
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activation of PKC phosphorylates profilin at S137. S137 phosphorylated
profilin may interact with the p85 subunit of PI3K to downregulate
signalling through the Akt-mTOR pathway. This results in the
downregulation of the nuclear transcription factor NF-k3 and genes
involved in cytoskeletal reorganisation. ¢ The phosphatase and tensin
homologue (PTEN) converts PI(3,4,5)P, to PIP,, and the interaction
with profilin prevents the ubiquitination and degradation of this
enzyme, thus regulating the balance of PI(3,4,5)P, and PIP,. PTEN is
pro-apoptotic and the interaction with profilin promotes apoptotic
pathways. The dashed line indicates that this may be an indirect effect
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PIP, interactions at the plasma membrane

PIP; recruits multiple ABP including profilin to the membrane
creating a dynamic and complex milieu (Saarikangas et al.
2010; Senju et al. 2017). Some of these proteins are structural,
such as the membrane deforming Bin, Amphiphysin Rvs pro-
teins (BAR) proteins (Takenawa 2010) and tubulin (Popova
et al. 2002). Similarly, other actin binding proteins such as
cofilin and regulatory proteins such as Ak strain thymoma
(Akt), 3-phosphoinositide-dependent protein kinase-1,
(PDK1), PLC and guanosine exchange factors (GEF) such
as Ras-related C3 botulinum toxin substrate (Rac) that have
roles in the same signalling pathways as profilin are recruited
and/or activated at the plasma membrane via PIP, binding
(Bezanilla et al. 2015; Senju et al. 2017; Takenawa 2010).
Perturbations of PIP, concentration will therefore have indi-
rect effects on profilin (Fig. 1) This complexity illustrated by
the interactions of profilin in signalling pathways, with
PI(3,4)P, and PTEN in PI3K pathways, and with members
the non-canonical wingless/integration-1 (Wnt)/calcium path-
way has made it difficult to isolate the role of profilin in
regulating PPI interactions and cell fate in live cells.

Profilin modulates PI3K activity through interaction
with PI(3,4)P,

The first in vivo example confirming the role of profilin in
regulating other proteins at the cell membrane through PPIs
was observed in MDA-MB-231 cells (Bae et al. 2010). These
cells express low levels of profilin but have hypermotile phe-
notype in contrast to other cells where low profilin limits
motility. In MDA-MB-231 cells, the depletion of profilin al-
lows an increased accumulation of PI(3,4)P, at the leading
edge which is rescued by profilin overexpression (Bae et al.
2010). While PI(3,4)P, is a very minor component of the
plasma membrane, one important function is to serve as a
membrane anchor for lamellipodin that in turn recruits Ena/
VASP to promote actin filament assembly (Yoshinaga et al.
2012). Two explanations for an increased PI(3,4)P, concen-
tration due to profilin depletion are possible, and not mutually
exclusive. The first is that profilin-PIP, interaction dampens
PI3K signalling by limiting access to PIP,. The second possi-
bility is that lamellipodin competes for PI(3,4)P, binding with
profilin (Bae et al. 2010).

The PI3K pathway exerts its influence through the activa-
tion of the serine/threonine kinase Akt by PIP;. The down-
stream targets phosphorylated by Akt including extracellular
signal-related kinase (ERK) and Mitogen-activated protein
kinase (MEK) (Fig. 1) are involved in transcription, transla-
tion, proliferation, cell survival, cytoskeletal organisation and
motility (Osaki et al. 2004; Wu et al. 2014). In certain disease
states such as glomerular nephritis, diabetes and vascular dis-
ease, extracellular profilin is an agonist of the PI3K/Akt and

Ras/MEK/ERK pathways (Fig. 1) (Caglayan et al. 2010; Jin
et al. 2012; Tamura et al. 2000).

Stimulation of receptor tyrosine kinases (RTKs) or G-
protein coupled receptors (GPCRs) by growth factors such
as epithelial growth factor (EGF), platelet-derived growth fac-
tor (PDGF) or insulin activate both PI3K and PLC pathways
and both have a role in motility (Wu et al. 2014). The direct
involvement of profilin in the PI3K pathway was demonstrat-
ed in breast cancer cells as the depletion of profilin increased
EGF-induced Akt phosphorylation downstream of PI3K and
so enhanced membrane protrusion (Ding et al. 2014). For
directional motility, the propagation of PI3K signals need to
persist long enough to form stable protrusions and affect
movement (Welf et al. 2012) so the effect of profilin on the
timing of signal propagation is significant. Profilin depletion
in MDA-MB-231 cells also correlates with an increase in the
gelatinase, matrix metalloproteinase (MMP 9), a downstream
transcription target of PI3K important in extracellular matrix
degradation, and increased the secretion of pro-metastatic fac-
tors including VEGF (Ding et al. 2014). Overexpression of
profilin in these cells reduced MMP9 transcription pointing to
a possible role for profilin role in the nucleus. The
hyperinvasive properties of MDA-MB-231 profilin knock
down cells were diminished when PI(3.4)P, levels were re-
duced. This demonstrates that the invasive phenotype of these
cells due to the loss of profilin involves the PI3K/ PI(3.4)P,
signalling pathway (Ding et al. 2014).

PI3K signalling, PTEN and profilin

The plasma membrane spatial organisation allows signals to
be restricted or propagated to generate signals downstream of
receptor activation that are context-dependent (Grecco et al.
2011). This is seen in PI3K/Akt signalling where the role of
different types of microdomains within the plasma membrane
coordinate and regulate PI3K/Akt activity (Gao et al. 2011).
How profilin alters PI3K signalling remains an open question.
Recent in vivo experiments show that profilin affects events
downstream of PI3K signalling and at the same time profilin
itself is regulated by that pathway (Ding et al. 2014; Rizwani
etal. 2014). When profilin is overexpressed in MDA-MB-231
cells, the PI3K/Akt pathway is downregulated (Jiang et al.
2015). One way this is achieved is through the upregulation
of the PI3K/Akt antagonist PTEN (Das et al. 2009). By
converting PIP; to PIP,, PTEN acts as a tumour suppressor
agent (Fig. 1) (Gericke et al. 2013). The study by Das et al.
(2009) reported that increase in PTEN levels due to the upreg-
ulation of profilin was not related to an increase in PTEN
transcription and speculated that profilin overexpression had
a role in altering the stability of PTEN. This speculation has
been validated in recent work that has shown that profilin
protects PTEN from degradation by ubiquitination through
binding to a PRD on PTEN (Zaidi and Manna 2016).
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Overexpression of profilin in MDA-MB-231 cells
downregulates the PIP5/PI(3,4)P, signalling axis by limiting
the recruitment of pro-migratory proteins such as lamellipodin
(Bae et al. 2010) and the scaffolding adaptor Tks5 that
stabilises invadopodia (Valenzuela-Iglesias et al. 2015).
While direct interactions of profilin and phosphoinositides
are reported, indirect interactions are also possible.
Intriguingly, a pool of immobile G-actin monomers bound
to PIP; is associated with profilin in dendritic spines in
neurones. As actin competes with phosphoinositide binding
on profilin, the link between profilin and PIP; is possibly
through a yet unidentified intermediary protein (Schlett 2017).

Profilin, PLC and Ca®* signalling

The Wnt signalling pathways are involved in a variety of
cellular process that include motility, polarity and organogen-
esis. One of the three main pathways of Wnt signalling, the
non-canonical Wnt/calcium pathway acts downstream of PLC
after co-stimulation of Dishevelled (Dsh) and a G-protein by
Frizzled (Fz) to stimulate the release of calcium from the en-
doplasmic reticulum (Komiya and Habas 2008). The role of
profilin in modulating calcium-dependent cell processes
downstream of the hydrolysis of PIP, by PLC pathways is
demonstrated in bladder cancer where a reduction in profilin
expression leads to a reduction of PLC34 levels and a down-
regulation of the non-canonical Wnt/Ca®* pathway (Frantzi
et al. 2016).

Bladder cancers that invade into the muscle tissue are
inversely associated with profilin expressions levels
(Frantzi et al. 2016; Zoidakis et al. 2012). In vitro ex-
periments with the metastatic bladder cancer cell line
T24M suggest that profilin is essential in linking
integrin signalling to the non-canonical Wnt/Ca2+ path-
way through PIP, (Frantzi et al. 2016). Silencing
profilin in these cells led to a 0.19 and 0.51-fold de-
crease in PLC34 and PLC[2 expression, respectively.
Other molecules involved in calcium-driven processes of
the cell including members of the non-canonical Wnt/
Ca®* pathway were also downregulated. Silencing
profilin expression in the T4M cell line led to cells that
were hypomotile, had reduced levels of actin polymeri-
sation and reduced adhesion to fibronectin. Explants of
profilin silenced T24M cell lines in non-obese diabetic
severe combined immunodeficient (NOD/SCID) mice
formed smaller tumours than controls, and there was
no evidence of metastasis from the profilin silenced tu-
mours (Frantzi et al. 2016). The loss of motility in
profilin-silenced T24M cells is a contrast to the
hypermotile phenotype of MDA-MB-231 breast cancer
cells when profilin expression is downregulated (Bae
et al. 2009). The involvement of profilin in regulating
cell motility by the non-canonical Wnt/Ca** pathway
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adds to the complexity of our understanding of profilin.
It reinforces the importance of the context of profilin in
each cell type in promoting or inhibiting tumour pro-
gression (Ding et al. 2012).

Protein ligands of profilin

When stimulated, growth factor receptors, cytokine receptors,
integrins and cadherins all activate guanine exchange factors
that in turn activate specific guanosine tri-phosphatases
(GTPases) to mediate cellular responses that includes actin
polymerisation (Parri and Chiarugi 2010). Profilin is a direct
phosphorylation target of Rho-activated kinase (ROCK) (Fig.
2) (Shao et al. 2008) but is also linked to many of the GTPases
of the plasma membrane through intermediate proteins. For
the GTPase Ras-associated protein-1 (Rap1), the intermediate
proteins that are profilin ligands include ARF-6 and RIAM
(Kim et al. 2012). AF-6 mediates actin polymerisation in cell-
cell junctions (Boettner et al. 2000) and RIAM is a ligand of
both profilin and Ena/VASP and links integrin activation to
actin polymerisation downstream of Rapl (Lafuente et al.
2004). The Rho GTPase RhoA interacts with profilin, the
formin mDia and also ROCK (Heasman and Ridley 2008;
Lu et al. 2015; Shao et al. 2008; Watanabe et al. 1997). The
Rho GTPase CDC42 also interacts with mDia (Heasman and
Ridley 2008) and WASP (Sit and Manser 201 1) while another
Rho GTPase Racl activates the ARP2/3 complex downstream
of WAVE2 and formin Dia2 (Sit and Manser 2011).
Therefore, multiple signalling pathways that activate
GTPases and are involved in the modulation of the actin cy-
toskeleton are able to recruit profilin to the membrane. The
protein ligands of profilin mentioned herein is not exhaustive
and does not consider the complexity of the signalling net-
works resulting from the cross-talk between different signal-
ling pathways. However, what stands out from that brief over-
view is that profilin is intimately associated with the plasma
membrane through a large number of ligands.

Profilin has been described as having pro-apoptotic func-
tions (Das et al. 2009; Yao et al. 2013; Zaidi and Manna 2016)
and these pro-apoptotic functions of profilin seem to be linked
to its binding to PRD proteins (Pecar Fonovic et al. 2013). The
C-terminal Try139 residue is part of the PRD binding site
(Bjorkegren-Sjogren et al. 1997). Truncating profilin at this
site by cathepsin X carboxypeptidase cleavage reduces the
anti-tumour activity of profilin by reducing the affinity of
profilin for clathrin, decreasing clathrin-mediated endocytosis
and increasing cell migration and invasion (Pecar Fonovic
et al. 2013; Pecar Fonovic and Kos 2015). Profilin binds to
PTEN through a PRD domain (Zaidi and Manna 2016) so
cleavage of profilin by cathepsin X could also disrupt this
interaction that promotes apoptosis by suppressing PI3K/Akt
signalling.
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Fig. 2 Profilin can be phosphorylated at S137 by Rho associated kinase
(ROCK) downstream of vascular endothelial growth factor (VEGF)
signalling, reducing actin polymerisation rates. The phosphorylation of
profilin at S137 prevents the binding of proteins through proline repeat
domains (PRD). Many of these proteins regulate actin polymerisation
resulting in decreased actin polymerisation, cell survival and
proliferation. The protein phosphatase 1 (PP1) enzyme regulates the

Pathologies linked to the phosphorylation of Profilin

Profilin was first described as a phosphorylation target of pro-
tein kinase C (PKC) in 1988 (Hansson et al. 1988). The first
identified phosphorylation site in profilin, S137 residue, is
located near the proline repeat recognition domain at the C-
terminal «-helix (Singh et al. 1996b). Phosphorylation of
profilin is possible by serine-threonine or tyrosine kinases
and databases reveal many theoretical or experimentally vali-
dated sites (Hornbeck et al. 2012). While some of these resi-
dues are phosphorylated by specific pathways, others such as
S91, Y128 and S137 are the targets of multiple kinases at least
theoretically. These are summarised in the supplemental ma-
terial in Gau et al. (2016). One of these alternate pathways of
S137 phosphorylation involves the activation of Rho-
associated kinase (ROCK) downstream of Rho-GTPase
(Shao et al. 2008). Profilin S137 phosphorylation alters the
binding to PRD ligands and this is biologically relevant in
cancer (Diamond et al. 2015) and Huntington disease (Shao
et al. 2008). In the nucleus, S137 phosphorylation of profilin
blocks apoptosis and promotes tumour progression (Fig. 3)
(Diamond et al. 2015). WT profilin inhibits the formation of
aggregates of the Huntington protein (Htt) but S137 phosphor-
ylated profilin does not (Shao et al. 2008). Phosphorylation of
other residues also alters profilin interactions and Y129 is
important in endothelial cell migration and angiogenesis

balance between phosphorylated and de-phosphorylated profilin.
ROCK may also have a role in regulating the interaction between
profilin and the formin mDia VEGFR and the downstream kinase Src
directly phosphorylate profilin at Y129, with opposite effect to the Rho/
ROCK pathway. Y129 phosphorylated profilin has a higher affinity for
actin, and accelerates actin polymerisation rates, leading to angiogenesis
and vascular hypertrophy

(Fan et al. 2012) and there is a potential link in apoptosis for
the phosphorylation of 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 lipid and isoenzyme environment at the plasma
membrane is important in PKC phosphorylation of
S137 at the C terminal as in vivo and in vitro experiments
established that the pathways involved in S137 phosphory-
lation were downstream of PI3K (Sathish et al. 2004; Singh
et al. 1996a). Profilin phosphorylation was found maximal
with PKCC( in the presence of PIP, even in the absence of
conventional agonists such as DAG. The stoichiometry sug-
gested that only one residue of profilin was phosphorylated
by PKC. The proposed mechanism of PI3K in this pathway
is that upon ligand stimulation, profilin-bound PIP, is phos-
phorylated to PIP;, releasing profilin, activating PKC( that
in turn phosphorylates profilin (Vemuri and Singh 2001). A
feedback loop may exist where profilin interaction with the
regulatory p85« subunit of PI3K via a PRD, increases
PI3Kinase activity, activating PKC that in turn phosphory-
lates profilin, leading to a downregulation of PI3K activity
(Fig. 1) (Rizwani et al. 2014; Vemuri and Singh 2001). The
other effect of profilin S137 phosphorylation is the inacti-
vation of profilin functions that depend on PRD binding
(Diamond et al. 2015).
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Fig. 3 Interactions of profilin (purple oval) and actin (red oval) in the
nucleus. a Profilin (Pfn) is small enough to pass freely through the nuclear
pore (green polygons). b Profilin-actin is specifically transported from the
nucleus by Exportin-6. ¢ The interaction of profilin and undefined
proteins containing PRDs is blocked by S137 phosphorylated profilin,
leading to the inhibition of apoptosis and an increase in proliferation. d
The phosphorylation of profilin at Y129 by vascular endothelial growth
factor receptor (VEGFR) in response to ligand activation blocks the
degradation of Hypoxia induced factor 1o (HIF-1ex) by von Hippel-
Lindau protein. The accumulation of HIF-1a in the nucleus upregulates
angiocrine factors including VEGF that in turn promotes profilin

Mechanisms to de-phosphorylate profilin at S137 are sig-
nificant as the switch between phosphorylated and de-
phosphorylated profilin is important in determining cell fate
(Diamond et al. 2015) and protein phosphatase-1 (PP1) spe-
cifically targets phosphorylated profilin S137 (Shao and
Diamond 2012). The relevance of this is seen in a breast can-
cer model using MDA-MB-231 explants in mice. Tumours
from cells with the phosphomimetic profilin S137D mutation
were larger than controls, or tumours overexpressing wild-
type profilin or the S137A phospho-resistant mutation
(Diamond et al. 2015). When tagged with a nuclear location
sequence, S137D mutant cell lines formed more colonies than
cells overexpressing profilin or the S137A mutation demon-
strating that the phosphorylation status of nuclear profilin de-
termines if it acts in inhibiting or promoting tumours. Profilin
is known to induce cell-cycle arrest and have pro-apoptotic
functions (Janke et al. 2000; Wittenmayer et al. 2004; Zou
et al. 2007, 2010). The subcellular location of profilin is im-
portant as the nuclear but not cytoplasmic S137D profilin in
MDA-MB-231 cells blocked the pro-apoptotic pathways and
also interfered with cell cycle arrest (Diamond et al. 2015).
Further experiments showed in the cytoplasm that profilin
S137A was more effective at rescuing profilin null
chondrocytes than WT or S137D and suggests that it is the
switch toggling between phosphorylated and de-
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phosphorylation, increased actin polymerisation and vascular
hypertrophy. e When the transcription factors such as MKL and NF-k[3
translocate from the cytoplasm to the nucleus they upregulate a number of
genes involved in proliferation including profilin. This is an
oversimplification of the relationship between profilin and MKL as
there are indirect interactions with other factors (not shown) that
regulate the relationship. f Profilin acts a corepressor or oestrogen
receptor o« (ERor) even in the presence of oestrogen (E2), preventing
ER« from activating oestrogen response elements with the result that
proliferative pathways are downregulated and apoptosis increases

phosphorylated states that regulates proliferation and survival
through interactions with proteins with PRDs (Diamond et al.
2015).

This is similar to results obtained in MCF-7 cells where
cells treated with the PI3K agonist phorbol 12,13 dibutyrate
(PDBu) to stimulate PKC( activity phosphorylate wild-type
profilin increased motility and the invasive phenotype activity
(Rizwani et al. 2014). These cells showed upregulation of
MMP2 and MMP9. The paper by Rizwani et al. (2014)
showed that phosphorylated wild-type profilin, and profilin
mutations inhibiting binding to actin (R74E) or PRD mutation
(H133S), translocates to the nucleus. Unfortunately, this paper
assigned a phosphomimetic function to S137A mutation rath-
er than a phospho-resistant one that places a query over the
accuracy of the conclusions they draw from their results with
this mutation. Their results however showed that MCF-7
S137A cells had reduced migration, formed fewer colonies
in soft agar, were less invasive, and that increased PKC(
activity did not induce profilin translocation into the nucleus.
This is consistent with the results from Diamond et al. (2015)
who demonstrated that phospho-resistant profilin S137A mu-
tation inhibited cell cycle arrest and sensitised cells to
apoptosis.

The role of phosphorylation in regulating profilin activity
through altering its binding to proteins with PRDs in the
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nucleus is largely unknown. Profilin:actin complexes are re-
moved from the nucleus by exportin 6 (Stuven et al. 2003) and
profilin with reduced actin binding with a R74E mutation is
predominantly nuclear in distribution (Rizwani et al. 2014).
Profilin with a H133S mutation that disrupts PRD binding has
a similar cellular distribution to wild-type profilin, but phos-
phorylation increases nuclear concentration in R74E, H133S
and wild-type profilin (Rizwani et al. 2014). Therefore, the
change in phosphorylated profilin distribution from the cyto-
plasm to the nucleus seems to be specific to phosphorylation
rather than the inactivation of PRD binding as such and is
independent of exportin 6.

Profilin dimers, but not tetramers, are resistant to phos-
phorylation by PKC at S137 (Korupolu et al. 2009). In the
dimers, PRD binding is abolished, and the S137 residue is
hidden as the monomers interface through the carboxy ter-
minals. Tetramers have reduced PRD binding but are prefer-
entially phosphorylated over monomers (Korupolu et al.
2009). Tetramers and dimers have been reported in cell ex-
tracts (Babich et al. 1996; Skare et al. 2003) and tetramers in
solution (Rennella et al. 2017) but the function of oligomer-
ization remained elusive. The studies to determine if oligo-
merization is biologically relevant in altering S137 phos-
phorylation are still to be carried out, but if validated, will
add another layer to the regulation of profilin. Profilin olig-
omerization is promoted under oxidizing conditions
(Mittermann et al. 1998), and as profilin is linked to the ox-
idative metabolism of whole organisms (Pae and Romeo
2014) and individual cells (Li et al. 2013; Yao et al. 2014),
it will be fascinating to see further developments in the phys-
iological effect of oligomerization of profilin. Profilin is up-
regulated by PKC/NF-kB in response to ROS (Lietal. 2013)
and as itis a phosphorylation target of PKC, it seems possible
that oligomerization may be an additional factor to consider
in profilin mediated pathologies.

The biological significance of profilin S137 phosphoryla-
tion is also seen in conditions such as Huntington discase
(HD) and spinobulbar muscular dystrophy (SBMA) (Shao
et al. 2008) and in breast cancer (Diamond et al. 2015;
Rizwani et al. 2014). The conditions HD and SBMA are the
result of agglutination of Huntington protein (Htt) and andro-
gen receptor (AR) respectively. In HEK293 cells, both wild-
type profilin and phospho-resistant S137A profilin inhibited
agglutination of AR and Htt. Similarly, chemical inhibition of
ROCK phosphorylation of profilin prevented aggregates
forming. In contrast the phosphomimetic S137D mutation
led to aggregate formation of both AR and Htt. The S137D
mutant had a moderately lower affinity for G-actin but did not
bind to the PRD of Htt. The reduction in G-actin binding alone
was sufficient to promote aggregation of AR, but Htt aggre-
gation was primarily regulated by PRD, and the reduction in
actin binding was an additional mechanism in promoting path-
ogenic changes (Shao et al. 2008).

Profilin activity is also regulated by tyrosine phosphoryla-
tion at the Y129 residue. This forms part of the actin binding
site, and phosphorylation increased the affinity for actin but
more importantly increased the rate of nucleotide exchange,
accelerating actin polymerisation rates (Fan et al. 2012). At
the leading edge of the cytoplasm of endothelial cells, Y129
phosphorylation occurs after stimulation of VEGFR2 by the
growth factor VEGF-A (Fig. 2). Both VEGFR2 and its down-
stream target the kinase Src phosphorylate profilin at Y129 in
response to VEGF-A. The VEGFR2-Src¢ pathway is particu-
larly relevant to angiogenesis and endothelial chemotaxis and
cell migration in adults, with phosphorylated profilin promot-
ing tissue repair after injury ischemia or wounding. This path-
way is not relevant developmentally as VEGF stimulation of
PI3K-Akt pathways contributed to endothelial cell chemotax-
is in angiogenesis through PI3K/Akt pathways and was found
to be responsible for developmental angiogenesis. Thus, the
upregulation of profilin activity in angiogenesis through Y129
phosphorylation in adults is an example of specific regulatory
mechanism of profilin (Fan et al. 2012).

The Y129 phosphorylation has metabolic implications not
directly related to actin dynamics. In the brain tumour glio-
blastoma multiforme (GBM), profilin Y129 phosphorylation
is part of a feed-forward mechanism in which endothelial cells
release angiocrines in response to mediators released by the
tumour to drive aberrant vascularization through the induction
of hypoxia-inducible factor (HIF) even under normoxia (Fan
et al. 2014). VEGF/Src phosphorylation of the Y129 residue
allows profilin to form a complex with von Hippel-Lindau
protein (VHL), preventing VHL from degrading HIF-1cx.
Accumulation of the transcription factor HIF-1« induces up-
regulation of angiogenic factors including VEGF-A, leading
to further profilin phosphorylation (Fig. 3). When glioma cells
were injected into mice with a conditional knock in
phosphorylation-resistant mutation Y129F, the vasculature
of the resulting tumours was significantly less dense than tu-
mours from wild-type profilin. The results suggest that hyper-
plasia of GBM tumour microvascular system is driven by and
dependent on profilin phosphorylation in response to
angiocrine factors secreted by the tumour (Fan et al. 2014).

The distribution of tyrosine-phosphorylated profilin also
changes under different stimuli. Tyrosine-phosphorylated
profilin is present only in the cytoplasm of promyelocytic
leukaemia cell line HL-60 under basal conditions, but treat-
ment with etoposide to induce apoptosis caused it to appear in
the nucleus as well. It was absent in both compartments when
the cells were treated with retinoic acid to induce differentia-
tion (Navakauskiene et al. 2004).

Profilin is involved in other pathways linked to apoptosis.
In pancreatic adenocarcinoma, profilin functions as a tumour
suppressor by inducing apoptosis through a mitochondrial
pathway. A major deacetylase in the mitochondria, sirtuin 3
(SIRT3), is upregulated when profilin is overexpressed (Yao
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et al. 2014). SIRT3 functions to reduce oxidative stress and
promote the tricarboxylic acid cycle. Loss of SIRT3 leads to
reprogramming metabolic pathways towards glycolysis lead-
ing to cell proliferation and tumour progression by its interac-
tion with HIF-1a. As in relation to GBM, profilin Y129 phos-
phorylation was associated with the progression of GBM by
interfering with HIF-1« clearance and was anti-apoptotic (Fan
et al. 2014). Therefore, the downregulation of profilin expres-
sion or inactivation by Y129 phosphorylation are anti-
apoptotic.

Profilin expression
Control of profilin expression

Profilin acts as a pivot point to integrate signalling inputs and
determines actin dynamic outputs (Davidson and Wood
2016). Therefore, changes in profilin expression levels will
have significant effects on cell fate. This can be seen on a
proteomic level where changing expression levels of profilin
changes the expression of a host of other proteins (Coumans
et al. 2014; Frantzi et al. 2016). Synthesis of profilin is itself
sensitive to perturbations of actin networks. Disruption of cell
to cell contacts and the underlying actin networks in an epi-
thelial cell line activated a protein kinase cascade to phosphor-
ylate the 40S ribosomal protein S6 which regulates many of
the genes involved in cell survival and proliferation including
profilin, VASP and vinculin (Quinlan 2004). This is interest-
ing since the PI3K signalling pathway is seen as the major
activator of S6 in oncogenesis (Bader et al. 2005).
Disruption of actin cytoskeleton provides a route for S6 acti-
vation independently of PI3K/Akt to regulate profilin expres-
sion (Quinlan 2004). The paradox of profilin, an essential
protein in the cell promoting motility and cell cycle progres-
sion yet being pro-apoptotic has been well noted (Diamond
etal. 2015; Ding et al. 2012; Ding et al. 2014). As with every
other aspect of profilin, the context of subcellular location,
level of expression and modification is critical in determining
how profilin can be involved in apoptosis. While several of
these aspects of profilin have already been discussed in rela-
tion to PTEN suppression of the Akt pathways (Das et al.
2009), the role of microRNAs (miRNA) in regulating profilin
expression and the activation of metabolic pathways is also an
emerging area of interest.

The regulation of profilin expression is complex and the list
of miRNA and transcription factors involved is growing. One
report suggested that at least twenty miRNA and 27 transcrip-
tion factors are involved in profilin regulation (Schoppmeyer
et al. 2017). The database http://www.mirdb.org predicts that
profilin could be the target of forty five miRNAs (Chen and
Wang 2020; Liu and Wang 2019) while http://mirtarbase.
cuhk.edu.cn (Chen and Wang 2020; Chou et al. 2018) list
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experimental evidence of over fifty interactions between
profilin and miRNAs. Of the miRNAs that regulate profilin
expression identified so far, miR-182 and miR-96 are associ-
ated with pancreatic (Yu et al. 2012) and breast cancers
(Guttilla and White 2009). Downregulation of profilin in
MDA-MB-231 cells has been reported as a result of aberrantly
expressed miR-182 (Liu et al. 2013). Silencing miR-182 and
miR-96 increased the expression of the transcription factor
forkhead box 01 (FOXO01) which is downregulated in breast
cancer tissue (Guttilla and White 2009). Profilin is a target of
FOXO1 (Lin et al. 2012), so overexpression of miR-182 and
miR-96 downstream of PI3K/Akt signalling results in the sup-
pression of profilin and increase in proliferation (O'Bryan
et al. 2017). In addition, miR-96 suppresses FOX03a, a tran-
scription factor of the cyclin-dependent kinase inhibitor
p27°P! important in regulating the cell cycle G1/S transition
(Lin et al. 2010). The links between profilin and p27 are com-
plex as profilin overexpression in MDA-MB-231 cells in-
creased the stability of p27°' inducing cell cycle arrest at
G1 and increased apoptosis (Zou et al. 2010). The Akt path-
way suppresses p27, and as profilin overexpression
upregulates PTEN, inhibiting Akt (Das et al. 2009), it is a
potential mechanism by which profilin acts as tumour sup-
pressor in these cells (Zou et al. 2010). In conditions of met-
abolic stress such as serum starvation when the AMP:ATP
ratio increases, AMP-activated protein kinase (AMPK) is
stabilising p27 by T198 phosphorylation. In MDA-MB-231
cells, overexpression of profilin stimulates AMPK activation,
promotes the reversion of the mesenchymal phenotype to an
epithelial type and leads to cell-cycle arrest (Jiang et al. 2015).

In the lung cancer cell line A549, the cytoplasmic or nu-
clear location of profilin, cofilin and VASP can be altered by
changing the expression of miR-17-92 by docosahexaenoic
acid (DHA) (Ali et al. 2016). DHA treatment inhibited the
phosphorylation of VASP by PKC at S157 downstream of
cAMP signalling but promoted its phosphorylation at S239
by PKG. VASP®"*7 was associated with profilin and is pro-
metastatic while VASPS? was associated with cofilin and
was pro-apoptotic. Attenuating miR-17-92 by DHA reduced
VASPS'7 altered the location of profilin from the cytoplasm
to the nucleus, reduced F-actin content in the cell and in-
creased apoptosis (Ali et al. 2016).

In hepatocellular carcinoma (HCC), miR-19a-3p is impli-
cated as an inhibitor of profilin expression (Wang et al. 2019).
The study by Wang et al. (2019) showed that there was an
inverse relationship between levels of miR-19a-3p and
profilin in clinical samples, and that low levels of profilin
expression in tumours compared with surrounding tissues
were associated with a poor prognosis. They also demonstrat-
ed that profilin is a direct target of miR-19a-3p.
Overexpression of profilin in the hepatic cancer cell lines
HCLM3 and HepG2 cell lines inhibited proliferation, migra-
tion and the development of invasive characteristics, and also
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prevents the cells from undergoing epithelial-mesenchymal
transition (Wang et al. 2019). This is in contrast to a study in
the murine cell line 4 T1, used as a model for triple negative
breast cancers where the overexpression of miR-19a-3p, or its
intra-tumour injection in explants were tumour-suppressive
(Yang et al. 2014). In that experiment, low miR-19a-3p ex-
pression correlated with high VEGF/STATS3 activity. There is
no published information on profilin expression levels in the 4
T1 cell line, but one experiment showed that profilin expres-
sion decreases when these cells were treated with a plant ex-
tract that disrupts glycolytic pathways and underwent apopto-
sis independently of mitochondrial pathways (Hernandez
et al. 2014). Targeting miR-19-3p to regulate profilin expres-
sion in cancer to promote tumour regression may still be of
therapeutic interest, but the type of cancer would need to be
carefully evaluated in order to determine if profilin should be
up- or downregulated.

The precise mechanisms that regulate profilin expression
are complex, and there are cell line differences that are impor-
tant in determining if changes to profilin expression drive a
cell towards either survival or apoptosis. One possibility is
that the status of other regulatory proteins in the cell such as
the transcription factor p53 may determine the fate of the cells.

Profilin, apoptosis and p53 in cancer cell lines

Profilin is known to regulate the expression of pS3 (Yao et al.
2013; Zaidi et al. 2016) and approximately half of human tu-
mours contain mutations in the tumour suppressor p53 resulting
in downregulation of the intrinsic apoptotic pathway (Yao et al.
2013). One of the differences between the hepatic cancer cell
lines HCLM3 and HepG2, the breast cancer MDA-MB-231 cell
line and 4T1, is the presence or mutation of the transcription
factor p53. The 4T1 cell line lacks p53 expression (Yerlikaya
et al. 2012) while HCLM3 and HepG2 cell lines express wild-
type p53 (Leroy et al. 2014) and MDA-MB-231 cells contain a
missense mutation of p53 that promote cell survival under con-
ditions of serum starvation (Hui et al. 2006).

In the breast cancer cell line MDA-MB-468 and the pan-
creatic cancer line PANC-1 containing the same point muta-
tion p53%2™M the overexpression of profilin by the drug
staurosporine (STS) led to a restoration of apoptotic function
to this mutant (Yao et al. 2013). The mechanism these authors
propose is that STS facilitates the translocation of profilin to
the nucleus. The interaction with profilin increases p53
mRNA expression, and stabilises pS3, which then moves to
the cytoplasm. Downstream of STS stimulation, profilin pro-
motes the phosphorylation of p53 in the cytoplasm.
Phosphorylated p53 locates to mitochondrial membrane, al-
tering the membrane potential that initiates the caspase-9 ap-
optotic cascade and cell death. Profilin has been shown to act
synergistically with chemotherapy drugs vinblastine, doxoru-
bicin and benzofuran that upregulate p53 expression to

increase cell death by apoptosis (Zaidi et al. 2016). As a reg-
ulator of pS3 expression and function, profilin has a profound
effect on major apoptotic pathways. Chemicals such as the
small molecule triphostin A9 in MDA-MB-231 cells (Joy
et al. 2014), all trans retinoic acid (Wu et al. 2006) and
guttiferone K (Shen et al. 2016) in hepatocarcinoma upregu-
late profilin expression and inhibit cell proliferation and
migration.

The study by Yang et al. (2014) did not examine the level
of profilin expression in 4T1 cells, but under conditions of low
miR-19a-3p expression, it would be expected to be high
(Wang et al. 2019). Upregulation of p53 by profilin inhibits
cell cycle progression in MDA-MB-231 cells by suppressing
NF-kB as growth factors such as IL-8 and VEGF which are
dependent on the activation of NF-«kB (Zaidi et al. 2016). This
suggested that profilin may act as a pro-apoptotic molecule in
the presence of functional pS3. However, in renal cell carci-
nomas, where high profilin expression is linked to tumour
progression (Minamida et al. 2011), this is not the case as
the renal cell carcinoma cell lines 769P, ACHN and Cakil
show wild-type p53 (Leroy et al. 2014). The elusive mecha-
nisms that allow high levels of profilin to function to promote
either apoptosis or cell cycle progression in different cell types
still remains to be determined.

The upregulation of p53 and cell fate due to changes in cell
culture conditions can be modelled in MDA-MB-231 cells. In
MDA-MB-231 cells, suppression of profilin expression pro-
motes a hypermotile phenotype that allows cells to migrate
across the endothelial barriers but this same phenotype is det-
rimental to the establishment of metastatic tumours (Ding
et al. 2014). Serum starvation provides a stress that mimics
the nutrient poor niche of tumours that can promote the ma-
lignant potential of cancer cells (Tavaluc et al. 2007). One of
the hallmarks of cancer cells is the ability to sustain prolifer-
ative signalling independently of extrinsic growth factors
(Hanahan and Weinberg 2011). Serum starvation of MDA-
MB-231 has been shown to result in the upregulation of
EGFR and activate a switch in metabolism whereby phospho-
lipase D2 (PLD?2) is activated by Janus Kinase-3 (JAK3) (Ye
et al. 2013). The activation of PLD2 by EGFR and JAK3 is a
survival mechanism that corresponds to the increased migra-
tion and invasive behaviour that allows these cells to move
from a solid tumour. The elevated activity of PLD2 suppresses
apoptosis in serum starved MDA-MB-231 cells by stabilising
the p5S3 mutant that is present in this cell line (Hui et al. 2006).
Mutations in the tumour suppressor p53 result in downregu-
lation of the intrinsic apoptotic pathway (Yao et al. 2013). The
association of profilin and PTEN in the membrane has been
shown to downregulate the PI3K/Akt signalling and cell sur-
vival pathways (Zaidi and Manna 2016). In MDA-MB-231
cells, profilin overexpression increases the sensitivity of the
cells to apoptosis while a reduction of profilin expression al-
lows cell cycle progression (Zaidi and Manna 2016).
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Profilin expression levels in breast cancer

There are conflicting reports on the effects of profilin expres-
sion levels both clinically and in cell lines. The initial finding
that aggressive and metastatic breast cancer cells under-
expressed profilin was based on immunochemical staining
0f'40 clinical samples and low profilin levels in tumourogenic
cell lines (Janke et al. 2000). Increased profilin expression in
the invasive breast carcinoma cell line BT474 resulted in a
reduction of the migration of these cells (Roy and Jacobson
2004) with similar results in MDA-MB-231 cells (Bae et al.
2010). This contrasts to a study by Rizwani et al. (2014) who
showed that in the population studied, primary breast cancer
tumours had high profilin expression. That study showed that
in the cell line MCF7 stably transfected with profilin, motility
increased with profilin expression. This demonstrates the im-
portance of understanding the molecular context of profilin
(Ding et al. 2012) as there are differences in how these cells
are regulated (Noh et al. 2011). BT474 and MCF7 cell lines
are from basal tumours and while both are oestrogen and
progesterone receptor positive (ER+ PR+), BT474 has a high
level of the human epidermal growth factor receptor 2
(HER2+) but MCF7 is HER2-. MDA-MB-231 is a triple neg-
ative (ER-, PR-, HER2-) breast cancer of luminal origin (Neve
et al. 2006). In one study comparing MCF7 and MDA-MB-
231 cell lines, both synthesized similar amounts of mRNA
PTEN, but the ERox+ MCF7 cell line had an accelerated deg-
radation and reduced phosphorylation of PTEN correspond-
ing to an increase in Akt activation. In the MDA-MB-231
cells, the PTEN levels were higher than in the MCF7 cells
and the PI3K/Akt pathways downregulated (Noh et al.
2011). The difference of stability of PTEN between the two
cell lines may be due to a difference in pathways initiated
downstream of ERo in MCF7 cells, as the downregulation
by profilin of nuclear factor kB (NF-«kB) in MDA-MB-231
cells was mediated by the stabilisation of PTEN by profilin
(Zaidi and Manna 2016). Overexpression of profilin in MDA-
MB-231 cells increased the membrane association of both
proteins in the plasma membrane and sensitised these cells
to chemotherapy drugs which raises the possibility of thera-
peutically modifying profilin expression in conjunction with
breast cancer treatment (Zaidi and Manna 2016; Zaidi et al.
2016).

It is interesting to note that in breast cancer the Profilin 2
isoform is expressed in breast epithelium and is differentially
expressed in human breast tumours (Mouneimne et al. 2012).
These authors demonstrated that knocking down Profilin 2 in
the SUM159 breast cancer cell line has an invasive but not
metastatic phenotype promoting faster migration and an in-
crease in the protrusive activities. The changes in the behav-
iour of these cells were linked to the Ena/VASP protein EVL
that has a higher affinity for Profilin 2 than for Profilin 1 and
tends to favour F-acting bundling. Clinically, low expression
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of EVL corresponded to poor prognosis, but both high and
low Profilin 2 expressions were associated with poor
outcomes. This suggests that Profilin 2 can promote an
invasive phenotype in different contexts. The study by
Mouneimne et al. (2012) is an important reminder that even
though Profilin 2 is not present in high concentrations in most
cells (Funk et al. 2019), it may contribute to pathologies such
as breast cancer progression.

Profilin expression and inflammation

Profilin has been linked to inflammatory disease processes
(Romeo et al. 2013). One of the inflammatory pathways reg-
ulated by the levels of profilin expression is the activation of
NF-kB by reactive oxygen species (ROS) (Fig. 4) (Li et al.
2013). In endothelial cells, advanced glycation end products
(AGEs) produced in patients with long-term hyperglycaemia
in diabetes, results in NF-«kB activation and the upregulation
of profilin (Li et al. 2013). The upregulation of profilin is
initiated by stimulating the AGE receptor (RAGE) to produce
excess reactive oxygen species (ROS), activating PKC and
NF-kB pathways. Inhibiting either PKC or NF-kB reduced
the protein and mRNA level of profilin expression.
Silencing profilin in HUVECs did not affect PKC or NF-kB
activity but it did protect the cells from abnormalities such as
stress fibre formation, it reduced the production of intercellu-
lar adhesion molecule-1 and increased the synthesis of nitrous
oxide (NO) (Li et al. 2013). Silencing profilin also protects
HUVECs from the effect of AGEs and ROS by decreasing
Rho/ROCK1 pathways (Li et al. 2018). In diabetic retinopa-
thy, profilin is implicated in the development of microvascular
endothelial dysfunction through RAGE signalling by multiple
pathways downstream of RhoA, including NF-kB (Lu et al.
2015). In these examples of endothelial cell dysfunction, an
increase in profilin expression was related to an increase in
pathology. Profilin haploinsufficiency protects mice from the
systemic effects of a high-fat diet including insulin resistance
(Romeo et al. 2013). Nutrition is also linked to profilin ex-
pression and actin polymerisation though FOXO. In
Drosophila, activation of insulin receptor initiates signalling
down the insulin/insulin-like pathway. This relieves the re-
pression of FOXO on the profilin homologue chickadee
(chic), promotes the increase in chic/profilin expression and
actin polymerisation (Ghiglione et al. 2018) showing the link
between profilin, diet and inflammation. In the context of the
inflammatory microenvironment of tumours, a basal high lev-
el of NF-k 3 is maintained (Zaidi et al. 2016). The overexpres-
sion of profilin increases the interaction of profilin with PTEN
in MDA-MB-231 cells preventing the phosphorylation cas-
cade downstream from Akt (Das et al. 2009). This leads to
the suppression of NF-kB and inflammatory pathways (Zaidi
and Manna 2016) and demonstrates that profilin can have pro-
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Fig. 4 Advanced acetylation products (AGEs) activate the receptor for
AGE (RAGE) and produce reactive oxygen species (ROS) that activate
PKC/NF-kf3 pathways that increase profilin expression. Angiotensin 11
(Ang II) activates the Ang II type 1 receptor (AT1) stimulating the Janus
kinase/signal transducer and activator of transcription (JAK/STAT) and

or anti-inflammatory effects on cells depending on the
context.

Control of Profilin expression levels in other
signalling pathways

Multiple feedback loops connect profilin expression levels to
signalling pathways. This is seen in differentiating osteoblasts
where the cytokine bone morphogenic protein (BMP) sup-
presses profilin mRNA while profilin is a negative regulator
of BMP. Indeed, knockdown of profilin increased the activity
of BMP (Lin et al. 2016). As BMP signalling is dependent on
focal adhesion kinase (FAK) activation by the formation of
focal adhesions (Tamura et al. 2001), the feedback loop be-
tween profilin and BMP gives profilin a role in connecting
cell-matrix interactions to osteoblast differentiation (Lin et al.
2016). An actin/megakaryoblastic leukaemia (MKL)/serum
response factor (SRF) transcription pathway is regulated by
feedback loops involving profilin (Joy et al. 2017). Actin po-
lymerisation triggers MKL release from G-actin that holds
MKL in an inactive state. Once activated, MKL can shuffle
between the nucleus and cytoplasm. In the nucleus, MKL
activates SRF where the transcription targets include MKL,
SRF and cytoskeletal structural and regulatory proteins in-
cluding cofilin. Profilin protein concentration increases when
MKL-STAT (signal transducer and activator of transcription)

PI3K/Akt/ERK/eNOS pathways upregulating profilin expression. The
increase in ROS and reactive nitrogen species (RNS) results in the
nitration of profilin at T139 increasing actin polymerisation and
contributing to vascular hypertrophy

pathways are upregulated independently of SRF. The func-
tional connections between profilin, MKL and SRF is seen
as overexpression of profilin elevated MKL and SRF levels
in MDA-MB-231 cells whereas profilin depletion led to their
reduction (Fig. 3). Depletion of profilin by the knockdown of
MKL led to a hypermotile phenotype in these cells that was
rescued by the overexpression of profilin. As well as a role in
modulating transcription pathways, profilin has a role in acti-
vating MKL by competing for G-actin and promoting F-actin
polymerisation. In this way, profilin is both a positive regula-
tor of MKL/SRF at the same time as being regulated by MKL
itself (Joy et al. 2017).

Extracellular profilin may have autocrine/paracrine
functions

MKL has a function in cellular retention of profilin as the
MKL knockdown or its inhibition resulted in increased
profilin released into extracellular space, decreasing profilin
cellular protein concentration without altering profilin mRNA
levels in MDA-MB-231 cells (Joy et al. 2017). Finding a
specific pathway that increases extracellular profilin is signif-
icant as profilin has been found in the exosomes (Thery et al.
2001), the secretomes of pancreatic (Gronborg et al. 2006) and
colon cancer (Ji et al. 2009), in serum (Caglayan et al. 2010)
and urine (Zoidakis et al. 2012). While no specific profilin
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receptor has yet been identified (Caglayan et al. 2010; Pae and
Romeo 2014; Tamura et al. 2000), extracellular profilin in
glomerulonephritis triggers PKC activation inducing the tran-
scription factor AP1 to increase DNA synthesis of genes in-
volved in cell growth, differentiation and apoptosis (Tamura
et al. 2000). In coronary artery disease, the level of serum
profilin corresponded to the degree of aortic atherosclerosis
and induced chemotaxis and proliferation through PI3K and
ERK signalling cascades in cultured vascular smooth muscle
cells (VSMCs) (Caglayan et al. 2010). This suggests that
profilin released from apoptotic or intact endothelial cells
acted as autocrine/paracrine factors to increase signalling cas-
cades in VSMCs. In this experiment, a high-fat diet increased
profilin expression in endothelial cells providing a link be-
tween profilin expression, nutrition and metabolism pathways
to inflammatory responses (Caglayan et al. 2010).
Intracellular profilin concentration in endothelial cells is reg-
ulated by MKL/SRF signalling as chemical inactivation of
MKL by the small molecule CCG-1423 results in decreased
profilin concentration and inhibited endothelial cell migration
(Gau et al. 2017). As downregulation of MKL increases ex-
tracellular profilin in MDA-MB-231 cells (Joy et al. 2017), it
seems possible that the profilin exported or secreted from
endothelial cells to activate VSMCs (Caglayan et al. 2010)
may also be regulated by MKL (Gau et al. 2017).

Extracellular profilin as an anti-inflammatory agent

In the context of atherosclerosis discussed above, extracellular
profilin was reported to be pro-inflammatory but in the con-
text of embryo implantation into the uterus profilin had the
opposite effect (Menkhorst et al. 2017). Endometrial stromal
cells undergo a process of differentiation called
decidualisation that is hormonally regulated. If a blastocyst
implants, the decidua further differentiates to become the ma-
ternal part of the placenta (Menkhorst et al. 2012). Factors
released by endometrial stromal cells hormonally induced to
differentiate into decidualised cells promoted the secretion of
profilin by extravillous trophoblast (EVT) cells (Menkhorst
et al. 2012). The secreted profilin has a role in facilitating
further differentiation of endometrial stoma cells into the de-
cidua in part by downregulating the pro-inflammatory cyto-
kines downstream of arachidonate 5-lipoxygenase in both de-
cidual cells and macrophages. This cross-talk between EVT,
decidua and macrophages enables the blastocyst to implant
into the uterus and the development of a healthy placenta.
The extracellular profilin secreted by EVT is a key component
of decidualisation (Menkhorst et al. 2012; Menkhorst et al.
2017). Defects in decidualisation reduce the amount of
cross-talk between the decidual and EVT, reduce profilin se-
cretion and change the cytokine profile to a pro-inflammatory
environment associated with pre-eclampsia (Menkhorst et al.
2012; Menkhorst et al. 2017).
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It is clear that extracellular profilin has physiological roles
that go beyond its function in actin polymerisation and that
specific factors control its release from the cells. In the breast
cancer cell line MDA-MB-231 and in endothelial cells, this
appears to be regulated by MKL/SRF pathways (Gau et al.
2017; Joy et al. 2017). Downregulation of profilin down-
stream of MKL knockdown in MDA-MB-231 cells led to a
hypermotile phenotype (Joy et al. 2017) but in endothelial
cells the decreased profilin levels led to inhibition of motility
(Gau et al. 2017), emphasising the importance of cellular con-
text as the downregulation of the same pathway has such
opposite effects in different cell types. Extracellular profilin
is associated with pro-inflammatory responses in vascular dis-
ease (Caglayan et al. 2010) but in the developing placenta,
promotes an anti-inflammatory response that is essential for
embryo implantation and maturation of the decidua
(Menkhorst et al. 2017).

Profilin in oxidative stress pathways

Profilin contributes to the pathology of a number of conditions
where cells are under oxidative stress (Fan et al. 2014; Jin
et al. 2012; Li et al. 2013). One of the markers of oxidative
damage in cells is the appearance of tyrosine nitrated proteins
(Starr et al. 2011). Profilin and NO metabolism are linked as
peroxynitrite, the product of NO and superoxide results in the
nitration of the C-terminal T139 residue of profilin (Fig. 4)
(Kasina et al. 2005). Overproduction of NO changes its roles
from an essential signalling molecule with anti-inflammatory
functions to a pro-inflammatory mediator (Sharma et al.
2007). The concentration of nitro-profilin increased in vitro
with the level of peroxynitrite (Kasina et al. 2005) and in vivo
with (iNOS) downstream from PI3K activation in platelets
(Kasina et al. 2006). In vitro, nitration of profilin at T139
increased its affinity to PRD twenty-fold, decreased the criti-
cal concentration of actin from 250 nM to 150 nM but had no
effect on PIP, binding. Nitration will therefore profoundly
alter profilin-PRD interactions and alter actin dynamics (Fig.
4) (Kasina et al. 2005). The result of this is seen in vivo in
mice with systemic inflammation induced by lipopolysaccha-
ride (LPS), superoxide released by neutrophils reacts with NO
to produce peroxynitrite which breaks down to toxic ROS and
reactive nitrogen species (Starr et al. 2011). Aged mice were
more susceptible to oxidative/nitrosative damage than young
ones and expressed less of the protective superoxide dismut-
ase but more iNOS. Consequently, aged mice had higher
levels of nitrated proteins including profilin in lung tissue.
This suggested that loss of function to profilin and several
other proteins involved in regulating the actin cytoskeleton
due to nitration contributed to the pathology (Starr et al. 2011).

Since the link between the overexpression of profilin, oxi-
dative stress, increased vascular hypertrophy and hypertension
was made (Moustafa-Bayoumi et al. 2007), work has been done
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in understanding the pathways by which profilin contributes to
the pathology and contributes to endothelial nitrous oxide syn-
thetase (eNOS) uncoupling. One pathway is mediated by acti-
vation of angiotensin (Ang) II type 1 receptor (AT1) by Ang Il
through Akt-ERK1/2 pathways. In rats, the activation of ATl
leads to increased profilin and eNOS expression, a decrease in
angiotensin converting enzyme 2 (ACE2) activity, and an in-
crease in of the activation of NADPH to produce superoxide
that reacts with NO to produce peroxynitrite that contributes to
vascular injury by oxidative and nitrosative reactions (Jin et al.
2012). The role of profilin in oxidative stress and eNOS
uncoupling is further demonstrated in comparing wild type
(WT) to ACE2 KO mice where the level of oxidative damage,
profilin expression and downregulation of ACE2 were related
to the dose of Ang II treatment (Jin et al. 2012). Treating the
ACE2 knockout (KO) mice with Ang II further increased
profilin expression, signalling through PI3K and Akt-ERK
pathways to increase eNOS expression, NADPH oxidase activ-
ity to form superoxide and peroxynitrite, and increased inflam-
matory cytokines (Jin et al. 2012). In human umbilical artery
smooth muscle cells, Ang II induced profilin expression was
blocked by pharmacological treatment inhibiting either the
ERK1/2 or the c-Jun N-terminal kinase (JNK) pathways
abolishing profilin upregulation (Zhong et al. 2011). The
Janus kinase 2 (JAK2)/STAT2 pathway has also been impli-
cated in vascular hypertrophy (Cheng et al. 2011). In cultured
rat aortic smooth muscle cells, treating cells with Ang II in-
duced profilin expression in a dose-dependent manner, and
silencing profilin reduced cell proliferation. Blockading
JAK2/STAT3 pathway pharmacologically inhibited the
profilin expression mediated by Ang II (Cheng et al. 2011).

Treating both epithelial and smooth muscle cells with Ang
II changes PIP, concentration and distribution in undifferen-
tiated membrane and caveolae (Fujita et al. 2009) and this will
change profilin localisation within the cell membrane (Senju
et al. 2017). Caveolae are small invaginations of the plasma
membrane composed of caveolins, cholesterol and
sphingolipids that have a key role in signal transduction
(Bastiani and Parton 2010). Caveolae are linked to the actin
cytoskeleton (Head et al. 2014) and caveolins interact directly
with eNOS (Sbaa et al. 2005) so profilin appears to indirectly
modulate the eNOS/NO pathway by downregulating caveolin
though disrupting the cytoskeleton (Xia et al. 2015). This
relationship is not clear as vascular smooth muscle cells of
spontaneously hypertensive rats (SHR) have increased
profilin expression which accelerates actin turnover and pro-
motes proliferation and hypertrophy (Cheng et al. 2011). In
contrast, the cardiac tissues of SHR rats had increased profilin
concentration but decreased F-actin content, increased colla-
gen expression leading to fibrosis and had decreased levels of
caveolae. Transiently overexpressing profilin in SHR reduced
the number of caveolae which further disrupted the filament
organisation (Zhao et al. 2013).

SHR are useful to study the relationship between profilin
and cardiovascular disease as the SHR phenotype is associat-
ed with an overexpression of profilin, reduction of ACE2 and
elevated ERK1/2 and JNK phosphorylation in vascular
smooth muscle cells (Cheng et al. 2011). Further overexpres-
sion of profilin modulated by the activation of AT1 by Ang II
in SHR and increased ERK1/2 and JNK signalling led to
vascular hypertrophy in the aorta with an increase in systolic
blood pressure (Zhong et al. 2011). Two studies used profilin
silencing or overexpression in SHR rats via adenovirus con-
structs (Xia et al. 2015; Zhao et al. 2013) while three studies
(Cheng et al. 2011; Jin et al. 2012; Zhong et al. 2011) used
transient overexpression of profilin in SHR. The overexpres-
sion led to increased pathology whereas silencing profilin was
seen as cardioprotective. In addition, overexpression of
profilin in these experiments led to a decrease in eNOS activ-
ity, NO production and a downregulation of caveolin-3 in
heart tissue (Xia et al. 2015; Zhao et al. 2013).

Function of profilin in the nucleus

Changing levels of profilin expression has a profound effect
on the expression of a large number of genes (Coumans et al.
2014) and some of the mechanisms by which nuclear profilin
impacts cell fate are beginning to be understood (Diamond
et al. 2015; Kanaujiya et al. 2013). The interaction of profilin
and multiple ligands at the plasma membrane are shown in
Fig. 1. Extracellular profilin can act as an agonist of PI3K/Akt,
Src and Ras-Raf-MEK-ERK pathways to initiate DNA syn-
thesis, cell cycle progression and migration (Caglayan et al.
2010). In addition to this, profilin directly and indirectly reg-
ulates gene expression through its interaction with the tran-
scription machinery of the cell (Soderberg et al. 2012).
Profilin is important in maintaining the transport of cargo
across the nuclear membrane in transmitting the downstream
effectors of signalling cascades to the nucleus by maintaining
the GTP-binding nuclear protein Ran (Ran-GTP) gradients
(Minakhina et al. 2005). While small molecules can efficiently
diffuse in and out of the nucleus, most proteins and RNAs
approaching the limit of 40 kDa cannot. At 15 kDa, profilin
is small enough to diffuse into the nucleus (Birbach 2008).
The translocation of large molecules across the nuclear pore is
facilitated by the specialised transport receptors importins and
exportins. The cargo proteins can be accumulated against
steep gradients as there is an energy input into the system
(Stuven et al. 2003). The Ran gradient is important in main-
taining unidirectional transport of cargo, as importins bind
their cargo in the cytoplasm and release it in the nucleus upon
Ran-GTP binding. The importin-Ran-GTP complex returns to
the cytoplasm where Ran-GTP is hydrolysed, and importin
released. Exportins function in the opposite direction, forming
ternary complexes of cargo, Ran-GTP and exportin at high
Ran-GTP concentrations in the nucleus and dissociating in
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the cytoplasm upon hydrolysis of GTP. Nuclear transport fac-
tor 2 mediates the return of Ran-GDP to the nucleus
(Minakhina et al. 2005; Stuven et al. 2003). The transport of
actin from the nucleus by Exportin 6 and facilitated by profilin
are only exported and this complex can include other actin
binding proteins such as WASP, VASP, mDia and Mena
(Stuven et al. 2003). Cargo of importins include phosphory-
lated ERK that is released by Ran-GTP in the nucleus to
enable its interaction with transcription factors (Flores and
Seger 2013). Therefore, the whole nuclear trafficking mecha-
nisms that include the downstream effectors of cell signalling
that depends on the Ran system are linked to profilin-exportin
6 regulating the Ran-GTP nuclear concentration. The in vivo
effects of perturbing this system are seen in Drosophila where
eye defects are the result of the downregulation of profilin and
a disruption of the nuclear export system (Minakhina et al.
2005).

Another function of profilin and exportin 6 in the nucleus is
the maintenance of the actin monomer concentration (Fig. 3)
(Stuven et al. 2003). Actin in the nucleus is monomeric or
forms dynamic short polymers and has many functions includ-
ing chromatin remodelling and is a critical part of the gene
transcription mechanism. Nuclear actin, and consequently
gene transcription, is sensitive to changes in the ratio of G
and F-actin in the cytoplasm to turn specific genes on or off
(de Lanerolle 2012). Therefore, it is important that nuclear
actin is tightly regulated. Knockdown of exportin-6 induces
F-actin formation in the nucleus (Dopie et al. 2012) which
disrupts nuclear organisation and is a hallmark of cellular
stress in a number of disease states (Serebryannyy et al.
2016). The profilin-actin interaction is therefore essential in
nuclear function.

Profilin has other specific functions in the nucleus includ-
ing involvement in pre-mRNA splicing in nuclear gems
(Giesemann et al. 1999). Profilin binds to a PRD on survival
motor neurone protein, which is important for the biogenesis
of small nuclear ribonucleoproteins (snRNPs) (Giesemann
et al. 1999). Another ligand that binds profilin through a
PRD is Myb-related transcription factor p42"°" and profilin
inhibits its activity as a repressor linking profilin directly to
gene regulation (Lederer et al. 2005). Profilin is implicated in
mRNA processing since being found in splicing speckles and
Cajal bodies (Skare et al. 2003). In these bodies, profilin is
associated with the heterogenous ribonucleoprotein (hnRNP)
and is putatively involved in gene transcription. Profilin has
also been found to associate with transcriptionally active
genes using the polytene chromosomes of the insect
Chironomus tentans (Soderberg et al. 2012). This group
showed that profilin, snRNP and hnRNPs localise to transcrip-
tionally active loci. HnRNP and snRNPs bind to nascent pre-
mRNAs while still bound to the gene supporting the hypoth-
esis that profilin is associated in transcription. Unlike actin,
profilin is not dependent on RNA for its interaction with gene
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loci as profilin remains associated with the chromatin after
RNase digestion and this suggests an actin-independent role
for profilin (Soderberg et al. 2012).

A novel ligand for profilin in the nucleus

Intriguingly, a novel binding site has been identified on
profilin as it acts as a corepressor of oestrogen receptor-o
(ERx) (Kanaujiya et al. 2013). Once activated by oestrogen,
ERs localise to the nucleus and bind to oestrogen response
elements (EREs), specific DNA sequences upstream of
oestrogen-responsive genes (Nicholson and Johnston 2005).
ER«x and ERf3 interact with and modify the activity of one
another; can modulate other transcription factors; bind endog-
enous ligands, oestrogen and anti-oestrogens with different
specificities; take part in different signalling cascades; and
also recruit different co-activators and corepressors to specific
DNA sequences (Thomas and Gustafsson 2011). Profilin con-
tains the amino acid sequence ... IDNL...IRDSL.. which is a
IXXL/H motif shared with other ERx corepressors. This
forms a part of the extended [I/LXX(I/H/L] IXXX(I/L)] motif
found in other corepressors of nuclear receptors (Kanaujiya
et al. 2013). The arginine in the profilin sequence R74 is
within the actin binding site (Lambrechts et al. 2002), so
ER«x is an addition to the canonical profilin ligands. In
MCFT7 breast cancer cells, tamoxifen, a selective ER modula-
tor (SERM) used to treat ER+ breast cancer, has been found to
upregulate the expression of profilin. Either treating the cells
with tamoxifen or overexpressing profilin led to the downreg-
ulation of EREs reduced expression of oestrogen-induced
genes including Cathepsin D, CyclinD1 and pS2 that have a
role in proliferation. The inhibition of proliferation was
followed by an increase in apoptosis (Fig. 3) (Kanaujiya
et al. 2013). Gene expression is regulated by the recruitment
of specific co-activators and corepressors (Kanaujiya et al.
2013). The novel binding site that allows profilin to function
as a corepressor gives profilin another role to its repertoire as a
gene regulator.

Actin-regulator vs signalling protein

This review mainly focussed on the signalling role of profilin
in the cell. However, a few studies have reported the total
concentration of both actin and profilin in a range of cells
(Funk et al. 2019; Kaiser et al. 1999; Kiuchi et al. 2011) and
concluded that given the affinity of Profilin 1 for actin and the
concentration of both proteins in the cell that most of the
Profilin 1 is likely bound to actin. If most profilin is linked
to actin and therefore involved in actin assembly regulation,
how can it be involved in cell signalling? While a large pro-
portion of profilin is likely to be associated to actin in the bulk
of the cytoplasm, localised or compartmentalised conditions
in the cell can modify the affinity of profilin for actin, allowing
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profilin to interact with other ligands and thus fulfil its role in
cell signalling. Changes in pH near the plasma membrane
have been shown to reduce the affinity of profilin for actin
resulting in the dissociation of the proteins (McLachlan et al.
2007). Phosphorylation of profilin could readily change the
affinity of the protein (Diamond et al. 2015; Gau et al. 2016;
Lambrechts et al. 2002) which could then be involved in the
various pathways described in this review. Local production
of polyphosphoinositides creating areas of high local concen-
trations can also displace profilin from actin monomers
(Janmey and Lindberg 2004; Moens and Bagatolli 2007). It
is therefore possible that the role of profilin could shift from an
actin regulator to a signalling molecule in function of the cell
state and/or the local environment of the proteins.

Conclusion

This review has highlighted the interactions of profilin many
different contexts. Through its active involvement in actin
polymerisation, multiple cell signalling pathways, and gene
transcription, profilin has a profound influence cell motility,
differentiation, aspects of metabolism, and the differential ex-
pression of a host of other proteins. The interactions listed in
this review are not exhaustive and will grow as more links are
found, and information comes to hand of how this small pro-
tein is able to play a major part in modulating the life of a cell
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