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Reorganization of the actin cytoskeleton is essential for cell motility and chemotaxis. Actin-binding proteins (ABPs) and
membrane lipids, especially phosphoinositides PI(4,5)P2 and PI(3,4,5)P3 are involved in the regulation of this reorganization.
At least 15 ABPs have been reported to interact with, or regulated by phosphoinositides (PIPs) whose synthesis is regulated by
extracellular signals. Recent studies have uncovered several parallel intracellular signalling pathways that crosstalk in
chemotaxing cells. Here, we review the roles of ABPs and phosphoinositides in chemotaxis and cell migration.
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Introduction
Cells can sense external chemical concentration gradients and
move towards the higher concentrations in the gradient. This
migration process is called chemotaxis. It is important for a
variety of physiological events, such as axon guidance (Henle
et al., 2013), wound healing (Martins et al., 2012) and tissue
morphogenesis (McLennan et al., 2012). Moreover, immune
cells traffic between the vascular and lymphatic systems and
migrate from the blood towards sites of infection (Hespel and
Moser, 2012). In addition to these roles in normal physiology,
many human diseases are associated with inappropriate cell
migration. For example, tumour cell migration results in
cancer metastasis (Ang et al., 2004; 2010) and unwanted
immune-cell chemotaxis causes chronic inflammatory dis-
eases such as asthma and arthritis (Isozaki et al., 2013). In
eukaryotic cells, actin assembly provides a major force for cell
movement, in particular by driving the membrane protru-
sions that propel the leading edge (Huang et al., 2013).
Chemotaxing cells are morphologically polarized with a
leading front and a trailing end. At the front, a continuing
growth of actin-network pushes the membrane forward,
which leads to pseudopod extension. At the sides and back of
the cell, formation of errant pseudopods is suppressed by the
cortical actin/myosin II complex. The central question in
chemotaxis is how the GPCR/G-protein machinery directs
polarized biochemical responses that lead to the growth of the
actin-network only at the leading edge of the cell (Jin, 2013).

Actin is a major component of the cytoskeleton system in
all eukaryotic cells and is essential for a wide variety of func-
tions such as muscle contraction, cell movement, phagocy-
tosis, cytokinesis and intracellular trafficking (Doherty and
McMahon, 2008; Blanchoin et al., 2014). In prokaryotic cells,
MreB is an analogue of eukaryotic actin, especially in three-
dimensional structure and filament polymerization (Strahl
et al., 2014). Actin can be present as either a free monomer
called G-actin or as part of a linear polymer microfilament
called F-actin, and both are important for cellular functions
such as the mobility and contraction of cells during cell
division. Polymerization and depolymerization of actin fila-

ments in non-muscle cells are highly regulated. The dynam-
ics of actin filament in these processes are precisely regulated
by an array of actin-binding proteins (ABPs) (Ciobanasu
et al., 2013). Phosphoinositides (PIPs), especially phosphati-
dylinositol 4,5-bisphosphate [also known as PI(4,5)P2] and
phosphatidylinositol 3,4,5-triphosphate [also known as
PI(3,4,5)P3], regulate ABP activity and play a crucial role in
actin-dependent cellular processes such as cytokinesis, endo-
cytosis, phagocytosis and cell migration. These PIPs usually
promote actin polymerization by suppressing the activities of
proteins that induce actin disassembly and activate proteins
that promote actin assembly (Miki et al., 1996).

The goal of this review is to demonstrate how the PIPs and
PIP-binding proteins affect actin cytoskeleton-mediated cell
migration and chemotaxis, and how they contribute to spe-
cific disease states. Within migrating cells, actin filaments are
distributed predominantly at the leading edge underneath the
plasma membrane and are highest in concentration at the tips
of pseudopodia/lamellipodia (Servant et al., 2000). The last
decade has seen the discovery of how the fundamental prop-
erties of PIP-binding proteins are harnessed by cells to regulate
actin reorganization and then regulate cellular functions. This
review is presented in three sections; the first section describes
the basic features and the metabolic pathway of the PIPs and
their roles in chemotaxis and cell migration. The second
section briefly describes the mechanisms of chemotaxis and
cell migration in Dictyostelium and mammalian neutrophils.
Finally, the third section highlights molecular and biochemi-
cal features of actin and its associated proteins, especially those
proteins which bind to PI(4,5)P2 and PI(3,4,5)P3, and also the
pivotal role that the PIP-binding ABP and actin cytoskeleton
play in the molecular pathophysiology of disease states.

Basic features and metabolic pathway
of PIPs

Basic features of PIPs
PIPs are phosphorylated derivatives of PI produced by a
variety of kinases and phosphatases that makes up their
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membrane-associated lipid substrates (Figure 1). Phosphor-
ylation occurs in the −OH group of inositol ring which is
linked to the position three of the DAG backbone through a
phosphodiester bounding using the −OH group of the ring at
the D1 position. This myo-inositol head contains five free
hydroxyl groups position to be phosphorylated, but only
three of them are phosphorylated in vivo (Positions D3, D4
and D5) (Lee et al., 2012). The ratio of inositol phospholipids
(composed of PI and PIPs) within cells measured in different
cells and tissues shows significant variation (Nasuhoglu et al.,
2002; Wenk et al., 2003). Total inositol phospholipid repre-
sents 10 to 20% of total phospholipids and is mostly domi-
nated by PI, whereas the contributions of the other PIPs are
even smaller. Only approximately 5% of PIPs are phosphor-
ylated at position D4 [PI(4)P], another 5% are phosphorylated
at positions D4 and D5[PI(4,5)P2] (Balla et al., 1988), and
about 0.25% are phosphorylated at D3 position. This explains
why the cellular concentration of PI(3,4,5)P3 is typically at
least 25 times lower than that of PI(4,5)P2 (Lemmon and
Ferguson, 2000). Among the various PIPs, PI(4,5)P2 and
PI(3,4,5)P3 have played the most important roles in actin
cytoskeletal reorganization (Janmey and Lindberg, 2004).

PIPs metabolism
PI(4,5)P2 is a major source of three second messengers in cells:
diacylglycerol (DAG), inositol 1,4,5-triphosphate (IP3) and
PI(3,4,5)P3. PI(4,5)P2 is the precursor of IP3 and DAG after PLC
activation and therefore is crucial for early signalling from
cell surface receptors. In addition, PI(4,5)P2 is a substrate of
class I PI3Ks and the precursor of PI(3,4,5)P3, this being criti-
cal for growth factor signalling and also plasma membrane
polarization and membrane dynamics (Figure 1).

Canonical PIP signalling transduced by cell
surface receptors
Studies uncovering the connection between receptor-
mediated stimulation of ‘PIP turnover’ and Ca2+ signalling
placed PIPs in the centre of attention in the early 1980s, and
this knowledge has become part of every textbook of cell

biology. This will be summarized only briefly for the sake of
completeness. PLC cleaves the PI(4,5)P2 into DAG and IP3

(Berridge, 1984; Berridge and Irvine, 1984). DAG remains
bound to the membrane, and IP3 is released as a soluble
structure into the cytosol. IP3 then diffuses through the
cytosol to bind to IP3 receptors, particularly calcium channels
in the smooth endoplasmic reticulum (O’Rourke et al., 1985).
This causes the cytosolic concentration of calcium to increase,
which leads to a cascade of intracellular activities (Pozzan
et al., 1988). In addition, calcium and DAG work together to
regulate numerous PKC isoforms (Reyland, 2009; Rosse et al.,
2010) extending beyond them (Carrasco and Merida, 2007;
Rozengurt, 2011), which goes on to phosphorylate other mol-
ecules, leading to altered cellular activity. The discovery of
PI3Ks has given birth to a new field in PI signalling from the
plasma membrane. These kinases are closely associated with
growth factors and oncogenic signalling, and the diversity of
their activation mechanisms has been overwhelming. PI3K-
mediated signalling pathways are paralleled only by the
number of effector proteins that bind and are regulated by
PIP3. The list includes serine/threonine and soluble tyrosine
kinases, guanine exchange factors and GTPase-activating pro-
teins for a variety of small GTP-binding proteins and scaffold-
ing proteins that organize signalling complexes. There are
several processes regulated by PIPs in the plasma membrane
that are not covered under the canonical PI signalling
umbrella but rather belong to cytoskeleton dynamics or to
cancer cell migration/metastasis fields. These are the areas
that will be reviewed in some detail in subsequent sections.

Mechanisms of chemotaxis and
cell migration

In addition to mammalian cells, the mechanisms of chemot-
axis and cell migration have been extensively studied using a
model organism, Dictyostelium discoideum. Previous studies in
Dictyostelium have established that the chemotaxis involves
chemical sensing, intracellular signalling and cytoskeleton

Figure 1
Reactions catalyzed by PI3K and PTEN. PI3K phosphorylates the D3 position of phosphatidylinositol (PI), PI4P or PI(4,5)P2 to produce PI3P,
PI(3,4)P2 or PI(3,4,5)P3 respectively. PTEN has been shown to dephosphorylate the D3 position of both PI(3,4,5)P3 and PI(3,4)P2 and thus to
reverse the reactions catalyzed by PI3K.
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rearrangement, and this underlying mechanism is conserved
in mammalian neutrophils (Chen et al., 2007; Swaney et al.,
2010; Tang et al., 2011a; Huang et al., 2013). In fact, Dictyos-
telium provides a simple model system in which identical
single cells respond to one major chemoattractant. Neutro-
phils, on the other hand, respond to a multitude of attractants
that are generated from a wide variety of sources, including
bacterially derived formylated peptides (fMLP), products of
the complement cascade (C5a), relay signals released by neu-
trophils (IL-8 and LTB4) and a plethora of chemokines derived
from host cells, such as platelet-activating factor (Van Haastert
and Veltman, 2007; Insall, 2010; Swaney et al., 2010;
Yamauchi et al., 2014). For comparison between neutrophil
and Dictyostelium chemotaxis, see Stephens et al. (2008),
Iglesias (2009) and Hecht et al. (2011). Dictyostelium and neu-
trophils precisely detect and respond to very shallow chem-
oattractant gradients by amplifying very small receptor
occupancy differences into highly polarized intracellular
events that give rise to a dramatic redistribution of cytoskel-
etal components. F-actin is locally polymerized at the front
and actomyosin is localized at the back of the cells (Kamimura
et al., 2009; Renkawitz et al., 2009). This asymmetric enrich-
ment of cytoskeletal components leads to cellular polarity, a
prerequisite for migration. The exposure of Dictyostelium cells
and neutrophils to gradients of chemoattractants induces a
rapid change in polarity through the extension of anterior
pseudopods. Pseudopod extension occurs through increased
F-actin polymerization and is mediated by the Arp2/3
complex, a seven subunit complex that binds to the sides of
pre-existing actin filaments and induces the formation of
branched polymers (Bagorda et al., 2006; Suraneni et al.,
2012). It has been demonstrated that Rho family GTPases,
including Rac, Cdc42 and Rho are responsible for mediating
leading edge formation, stimulating F-actin assembly at the
front of chemotaxing cells (Srinivasan et al., 2003; Park et al.,
2004; Wang et al., 2013). In neutrophils, Cdc42 is proposed to
be required exclusively for directional migration and for
maintaining leading edge stability in chemoattractant gradi-
ents (Srinivasan et al., 2003). Interestingly, no Cdc42 homo-
logues are found in Dictyostelium cells, suggesting that
alternative mechanisms should exist to stabilize the leading
edge during directional migration. The polarization of chemo-
taxing cells is not raised from the asymmetric distribution of
the receptors themselves. Indeed, studies in both Dictyoste-
lium and neutrophils have established that chemoattractant
receptors are uniformly distributed on the surface of chemo-
taxing cells (Xiao et al., 1997; Servant et al., 1999). However,
in some cases, the receptors redistribute to the leading edge,
such as CXCR4, in hematopoietic progenitor cells (van Buul
et al., 2003), and CCR5, in motile Jurkat cells (Gomez-Mouton
et al., 2004). These results suggest that the mechanisms regu-
lating chemotactic responsiveness may vary among different
cell types and different receptors.

PI3K and phosphatase and tensin homolog
(PTEN) regulate chemotaxis
The agonist-induced activation of mammalian chemokine
receptors promotes the release of Gβγ, which is responsible
for the activation of PLCβ2 and PI3Kγ. Gene knockout studies
in mice indicate that PI3Kγ plays an important role in the
activation of downstream phagocyte function, including

chemotaxis and oxygen radical formation (Hirsch et al., 2000;
Vadas et al., 2013). In addition, Ca2+ signals also contribute to
chemotaxis as cyclic ADP-ribose-induced Ca2+ mobilizations
(Partida-Sanchez et al., 2001; 2007).

PTEN was first identified as a tumour suppressor gene after
mapping its homozygous deletions in several advanced
human cancers on chromosome 10 (Li and Sun, 1997; Li et al.,
1997; Steck et al., 1997). PTEN is believed to be a dual-function
protein phosphatase (Myers et al., 1997). However, subse-
quent studies revealed that this enzyme shows much higher
activity against PI(3,4,5)P3 than against protein and peptide
substrates (Maehama and Dixon, 1998; 1999). Although able
to dephosphorylate PI(4,5)P2, PTEN is much more active in
converting PI(3,4,5)P3 to PI(4,5)P2 (McConnachie et al., 2003),
and the tumour suppressive function of PTEN is primarily
associated with its lipid phosphatase activity. Previous studies
have shown that the lipid phosphatase activity of PTEN is
necessary to maintain proper migration of cells (Iijima and
Devreotes, 2002; Iijima et al., 2004; Chen et al., 2007; Henle
et al., 2013). Dictyostelium lacking PTEN exhibit PI(3,4,5)P3

overproduction, hyperactivation of the actin cytoskeleton and
failure to restrict pseudopodia extension to the leading edge in
a chemoattractant gradient (Funamoto et al., 2002; Iijima and
Devreotes, 2002; Iijima et al., 2002; M Tang et al., 2011b). In
Dictyostelium, like PI3Ks, PTEN localization is also regulated by
cAMP, but in an opposite manner. When Dictyostelium are
exposed to a cAMP gradient, PTEN accumulates towards the
rear. The interaction of PTEN with the membrane is regulated
by its PI(4,5)P2 binding domain and independent of
PI(3,4,5)P3. The PIPs binding domain in the N-terminus of
PTEN contributes to PI(4,5)P2 binding and membrane locali-
zation (Iijima et al., 2004; Nguyen et al., 2013). As the mem-
brane association of PTEN is dependent on PI(4,5)P2,
phosphorylation of this lipid by PI3K may decrease the
amount of PI(4,5)P2 at the leading edge and therefore binding
sites for PTEN (Iijima et al., 2004). It is possible that this
decrease in PTEN binding leads to further accumulation of
PI(3,4,5)P3 at the leading edge and amplifies its asymmetric
distribution (Wang et al., 2011). Thus, reciprocal localization
of PI3K and PTEN combined with this potential positive
feedback mechanism results in spatial regulation of PI(3,4,5)P3

production, with synthesis occurring at the leading edge and
degradation at the rear (Figure 2). In addition to PTEN, SHIP1
was identified as a 5-phosphatase that dephosphorylates
PI(3,4,5)P3 to PI(3,4)P2 and Ins(1,3,4,5)P4 to Ins(1,3,4)P3

(Damen et al., 1996). In contrast to PTEN, which is located at
the trailing edge in both Dictyostelium and mammalian cells,
SHIP is distributed evenly within the cytoplasm of mamma-
lian cells. In neutrophils, it is reported that SHIP1 is essential
for chemoattractant-mediated neutrophil migration and is
believed to be the primary inositol phosphatase responsible
for generating a PI(3,4,5)P3 gradient. Biochemical studies of
neutrophil lysates show that a large amount of the PI(3,4,5)P3
phosphatase activity is contributed by 5-phosphatases. Dis-
ruption of SHIP1 resulted in the accumulation of PH-Akt-GFP
(a PI(3,4,5)P3 probe) and F-actin polymerization across the cell
membrane. Consequently, these neutrophils are extremely flat
and display improper polarization and dramatically slower cell
migration (Nishio et al., 2007). In contrast, the genetic disrup-
tion of PTEN in neutrophils resulted in only minor defects in
cell migration with slightly enhanced responsiveness to
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chemokines and up-regulation of neutrophil functions (Heit
et al., 2008). Therefore, SHIP1 may be an important regulator
of PI(3,4,5)P3-mediated neutrophil function. Dictyostelium
express four PI5-phosphatases that show homology with
the mammalian enzymes but the degree to which PI5-
phosphatases contribute to PI(3,4,5)P3 dephosphorylation
and their functions remain to be determined (Loovers et al.,
2003).

Alterations of PIP levels in diseases related to
cell migration
There are many more human diseases linked to overproduc-
tion of PIPs than to the lack of them as demonstrated by the
cancer-causing elevations of PI(3,4,5)P3. Class I PI3K muta-
tions are found at very high rates in human cancers (Samuels
et al., 2005; Pang et al., 2009), and the same is true for the loss
function of PTEN phosphatase which converts PI(3,4,5)P3

back to PI(4,5)P2 (Li et al., 1997; Cantley and Neel, 1999;
Choucair et al., 2012). PI3Ks play a major role in oncogenesis
by regulating cell survival and proliferation (Roymans and
Slegers, 2001; Pendaries et al., 2003; Yuan and Cantley, 2008),
and innumerable studies provide mechanisms on how
PI(3,4,5)P3 can help cancer cells to survive and metastasize.
The first and most remarkable point is that PI(3,4,5)P3

enhances both proliferation and protects cells from apopto-
sis. Secondly, PI(3,4,5)P3 activates various guanine nucleotide
exchange factor proteins that regulates small GTP-binding
proteins such as Rho, Rac, Ras and Cdc42, and hence, can
activate all of the processes that are used for metastasis and
invasion, such as cell migration and attachment (Senoo and
Iijima, 2013) (Figure 3). Although activation of PI3K per se is
sufficient to transform cells and generate tumours in mouse

models (Kang et al., 2006; Gustin et al., 2009; Lee et al., 2010),
often these cancers come up with other mutations which
promote tumourigenesis. Hence, activation of PI3K may play
a role in representing a sensitized state which can facilitate
other oncogenic events to initiate the transformation pro-
cesses (Yuan and Cantley, 2008). PTEN is one of the most
commonly lost tumour suppressors in human cancers. Up to
70% of men with prostate cancer are estimated to have lost a
copy of the PTEN gene at the time of diagnosis (Chen et al.,
2005). During tumour development, mutations and deletions
of PTEN occur that inactivate its enzymic activity leading to
increased cell proliferation and reduced cell death. Frequent
genetic inactivation of PTEN occurs in glioblastoma, endo-
metrial cancer and prostate cancer; and reduced expression is
found in many other tumour types such as lung and breast
cancer (Bohn et al., 2013; Shukla et al., 2013). Furthermore,
PTEN mutation also causes a variety of inherited predisposi-
tions to cancer (Wang et al., 2011).

Functional and pathophysiological
roles of actin and PIP-associated ABP

The actin cytoskeleton is a dynamic structure providing
physical support and functional flexibility in cell morphol-
ogy. During cell migration and chemotaxis, the polarized
distribution of F-actin is a crucial step in providing the driving
force for directional migration in mammalian leukocytes and
Dictyostelium cells. In the last decade, accumulating data indi-
cate that establishment of asymmetrical distribution of
F-actin in migrating cells is regulated by PI3K and PLC, and
these signalling cascades are evolutionarily conserved in all

Figure 2
Functional role of PI3K and PTEN in chemotaxis. (A) Spatial-temporal regulation of PTEN and PI3K induces cell polarization in response to a
chemoattractant signal. When cells sense the chemoattractant signal, a signalling pathway yet to be identified promotes the rapid translocation
of PI3K to the leading edge facing the higher chemoattractant concentration and the delocalization of PTEN from the leading edge. Therefore,
PI(3,4,5)P3 is synthesized from PI(4,5)P2 at the leading edge and prevented from accumulating on the sides and at the back of the cell by PTEN,
causing a very steep anterior/posterior PI(3,4,5)P3 gradient. (B) Chemotaxis signal pathway in Dictyostelium and neutrophils. Binding of
chemoattractant to G-protein coupled receptors releases the Gα heterodimer from the heterotrimeric Gα proteins. Dissociated Gα proteins
stimulate PI(3,4,5)P3 production via PI3K and lead to membrane translocation of PI(3,4,5)P3-binding ABPs, probably the members of myosin I.
Finally, there is remodelling of the actin cytoskeleton at the leading edge required for the formation of novel cell protrusions.
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eukaryotic cells (Tang et al., 2011c). The dynamics and organi-
zation of these structures in migrating cells are precisely regu-
lated by a large group of actin-associated proteins. Based on
the functional role of these proteins, they can be divided into
three major groups: (i) a group regulating assembling and
depolymerization of F-actin by adding or removing G-actin to
the barbed end of actin filaments; (ii) the accessory proteins
which control filament bundling and lateral crosslinking; and
(iii) a group of phospholipid-binding proteins which attach
and tether the actin filament to the plasma membrane.

PIP-binding proteins are involved in
F-actin assembly
Gelsolin. Gelsolin is an 82-kD ABP that is a key regulator of
actin filament assembly and disassembly. Gelsolin contains
six tightly-folded homologous subdomains (S1–S6) connected
by linkers (G1–G6). G1 and G4 bind to actin monomer, G2 is
involved in F-actin binding. Gelsolin caps to barbed ends of
actin filaments, preventing monomer exchange (end-
blocking or capping) (Weeds et al., 1986), promoting nuclea-
tion (the assembly of monomers into filaments) and sever
existing F-actins. Gelsolin binds PI(4,5)P2 and PI(3,4,5)P3 in
vivo through two regions in G1 and G2 (residue 135–149 and
150–169) which contain clusters of basic residues. Due to
overlapping of the PIP-binding site and G-actin/F-actin
binding site, PIP binds to S2 and S3, inhibiting gelsolin from
actin side binding (Xian and Janmey, 2002). Gelsolin not only
binds to charged PIPs but also interacts with fatty acid side
chains and thus pulls out phospholipids from lipid bilayers.
Therefore, gelsolin may modulate PIP density in the plasma
membrane (Feng et al., 2001; Liepina et al., 2003) (Figure 4).
Gelsolin is a ubiquitous, multifunctional regulator of cell
structure and metabolism. More recent data show that gelso-
lin can act as a transcriptional cofactor in signal transduction
and that its own expression and function can be influenced by
epigenetic changes (Mielnicki et al., 1999; Li et al., 2012;
Aragona et al., 2013). For example, gelsolin interacts with
hypoxia-inducible factor 1 (HIF-1). HIF-1a is a transcription
factor and a key regulator of cell metabolism under hypoxic

conditions. Gelsolin and HIF-1a coprecipitate and colocalize
in the nuclei during hypoxia. The interaction of gelsolin with
HIF-1a in nuclei may play an important role in the induction
of apoptosis mediated by HIF-1a-DNase I (Li et al., 2009). The
membrane-associated and cytoplasmic forms of gelsolin have
their manifold effects on cancer, apoptosis, infection and
inflammation, cardiac injury, pulmonary diseases and aging
(Ahn et al., 2003; Li et al., 2012).

Cofilin. ADF/cofilin is a family of ABPs which are structurally
and functionally related to gelsolin. The protein binds to both
G-actin and F-actin and causes depolymerization at the minus
end of filaments, thereby preventing their reassembly. Both
PI(4,5)P2 and PI(3,4,5)P3 bind to cofilin and inhibit its activity
(Ojala et al., 2001) (Figure 4). The PIP-binding site and F-actin
binding site of cofilin are overlapping but are not identical.
Based on the site-directed mutagenesis result, the lipid
binding sites include basic residues 23–26, 34, 35, 38, 80, 82,
96, 98, 109 and 110. The positions 109 and 110 are required
for PIP interaction but not included in the F-actin binding
site. Replacement of arginines in 109 and 110 with alanines in
yeast results in abnormal actin organization (Ojala et al.,
2001). ADF/cofilin-induced actin dynamics are also linked to
many diseases. For example, in mammary tumours, the activ-
ity status of cofilin is directly related to invasion, intravasa-
tion and metastasis (Wang et al., 2007). The level of active
cofilin is correlated with metastasis in a mouse model of
prostate tumour and in human prostate cancer, cofilin expres-
sion is increased significantly in metastatic tumours. A recent
study shows that constitutively active cofilin (Ser3Ala) pro-
moted filopodia formation and cell migration mediated by
TGF-β, suggesting that the actin severing protein cofilin coor-
dinates responses to TGF-β that are needed for invasive cancer
migration and metastasis (Collazo et al., 2014).

Villin. Villin is a 92.5 kDa tissue-specific ABP associated with
the actin core bundle of the brush border (Friederich et al.,
1999). Villin is structurally related to gelsolin and cofilin, and
contains multiple gelsolin-like domains capped by a small

Figure 3
Activation of actin filament assembly by PI(3,4,5)P3 through Rho GTPase. In neutrophils, Rho family guanine nucleotide exchange factors (GEFs)
are PI3K effectors, which lead to the accumulation of activated Rac (Rac-GTP). The feedback loop required for the amplification of the pathway
may involve actin polymerization.
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(8.5 kDa) ‘headpiece’ at the C-terminus consisting of a fast and
independently folding three-helix bundle that is stabilized by
hydrophobic interactions. Villin is composed of seven
domains, six homologous domains make up the N-terminal
core and the remaining domain makes up the C-terminal cap
(Bazari et al., 1988). Villin contains three PI(4,5)P2 binding
sites, one of which is located at the headpiece and the other
two in the core. The PI(4,5)P2 binding sites of villin overlap
with its actin-binding sites. Consequently, binding of
PI(4,5)P2 to the two NH2-terminal sites inhibits the actin
filament severing activity of villin. (Meng et al., 2005).

Wiskott–Aldrich Syndrome protein (WASP). The WASP is a 502-
amino acid protein that is expressed in cells of the hemat-
opoietic system. In the inactive state, WASP exists in an
auto-inhibited conformation with sequences near its
C-terminus binding to a region near its N-terminus. Its acti-
vation is dependent upon Cdc42 and PI(4,5)P2 acting to
disrupt this interaction causing the WASP protein to ‘open’
(Figure 4). This exposes a domain near the WASP C-Terminus
that binds to and activates the Arp2/3 complex. Activated
Arp2/3 nucleates new F-actin. WASP is the founding member
of a gene family which also includes the broadly expressed
neuronal-WASP (N-WASP) and Scar.

The Wiskott–Aldrich syndrome (WAS) family of proteins
shares similar domain structure and is involved in transduc-
tion of signals from receptors on the cell surface to the actin
cytoskeleton. The presence of a number of different motifs
suggests that they are regulated by a number of different
stimuli and that they interact with multiple proteins. Recent
studies have demonstrated that these proteins, directly or
indirectly, associate with the small GTPase Cdc42, known to
regulate formation of actin filaments, and the cytoskeletal
organizing complex, Arp2/3 (Kumar et al., 2012). The WAS

gene product is a cytoplasmic protein, expressed exclusively
in hematopoietic cells, which shows signalling and cytoskel-
etal abnormalities in WAS patients. A transcript variant
arising as a result of alternative promoter usage, and contain-
ing a different 5′ UTR sequence, has been described; however,
its full-length nature is not known. The WASP family includes
both WASP, which is expressed exclusively in hematopoietic
cells, and N-WASP, which is expressed ubiquitously. In its
inactive state, N-WASP is auto-inhibited and bound to Arp2/3
(Prehoda et al., 2000). Cooperative binding of Cdc42 and
PI(4,5)P2 relieve the auto-inhibition of N-WASP, causing
Arp2/3 to carry out actin polymerization (Wegner et al., 2008;
Humphries et al., 2014).

In the absence of Cdc42 and PI(4,5)P2, N-WASP is in an
inactive, locked conformation. Cooperative binding of both
Cdc42 and PI(4,5)P2 relieve the auto-inhibition. The coopera-
tive binding of Cdc42 and PI(4,5)P2 is thermodynamically
favoured; binding of one enhances binding of the other
(Prehoda et al., 2000; Wegner et al., 2008; Humphries et al.,
2014). Cdc42 and PI(4,5)P2 localize the N-WASP-Arp2/3 com-
plex to the plasma membrane. This localization ensures that
the actin polymers will be able to push through the plasma
membrane and form the filopodium required for cell motility.

WAS, first described in 1954, is a rare X-linked recessive
disease characterized by eczema, thrombocytopenia (low
platelet count), immune deficiency and bloody diarrhoea (sec-
ondary to the thrombocytopenia) (Aldrich et al., 1954). A large
number of missense point mutations in WASP have been
identified in patients with different degrees of severity such as
WAS, X-linked thrombocytopenia and X-linked neutropenia.
However, the links between mutations and disease severity
have not been characterized (Jin et al., 2004). The majority of
the missense mutations in WASP are located in the WH1
domain of WASP, the region important for interaction with

Figure 4
Regulation of ABPs by PI(4,5)P2. (A) The activation of ERM proteins is mediated by both exposure to PI(4,5)P2 and phosphorylation of the
C-terminal threonine. The C-terminal residue of activated ERM proteins binds to F-actin filaments. (B) Integrins can bind directly to the talin head
domain. Through its tail domain, talin can bind directly to actin as well as to other components of the linkage, such as vinculin. (C) PI(4,5)P2

activates WASP and induces WASP dimerization. The Arp2/3 complex mediates actin branch formation activated by WASP dimers on the inside
surface of a cell membrane. (D) In the inactive state, cofilin is bound to PI(4,5)P2 at the plasma membrane through its Asp122 residue. Release of
cofilin from PI(4,5)P2 at the plasma membrane increases severing of actin filaments, generating free barbed ends that define the sites of dendritic
nucleation by the Arp2/3 complex. (E) PI(4,5)P2 sequesters gelsolin and increases actin polymerization.
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WASP interacting protein (Imai et al., 2003). Some of the
missense mutations in the WH1 domain of WASP have been
shown to affect WASP–WASP interacting protein interaction
(Jin et al., 2004).

PIP-binding proteins involved in
actin crosslinking
α-actinin. α-Actinin belongs to the spectrin gene superfam-
ily which connects actin filaments to integrins and serves as
a scaffold to integrate signalling components at adhesion
sites and bundles actin filaments (MacArthur and North,
2004; Otey and Carpen, 2004). Four isoforms of α-actinin
include the ‘muscle’ α-actinin-2 and α-actinin-3 and the
‘non-muscle’ α-actinin-1 and α-actinin-4. α-actinin-2 and -3
form part of the contractile machinery by anchoring actin
filaments at the Z lines in striated muscles and dense bodies
in smooth muscle cells (Otey and Carpen, 2004). The expres-
sion of genes encoding ‘non-muscle’ α-actinin-1 and -4 is
widespread (Oikonomou et al., 2011). α-actinin-2 is not only
present in the muscle but also in the brain especially the gray
matter. α-actinin-3 is exclusively present in the skeletal
muscle and at very low levels in the brain (Niggli, 2006). In
the non-muscle α-actinin especially, α-actinin-4 isoform has
been implicated in cancer cell progression and metastasis, as
well as the migration of cell types participating in the
immune response (Menez et al., 2004; Oikonomou et al.,
2011). The PIP-binding site is located in the calponin homol-
ogy domain (CH1 and CH2), close to the actin binding site.
α-actinin binds to both PI(4,5)P2 and PI(3,4,5)P3 with equal
affinity. In vivo study shows that PI(3,4,5)P3 disrupts the con-
nection between α-actinin and F-actin which is opposite to
the results from in vitro studies. Moreover, elevation of
PI(3,4,5)P3 appears to disrupt the link between actin and
integrins, which allows redistributing of focal adhesion in
migrating cells (Fraley et al., 2005). Alpha-actinins are known
for their ability to modulate cytoskeletal organization and
cell motility by crosslinking actin filaments. Increased
α-actinin-4 levels in bladder cancer cells exhibit increased
growth and invasion activity. In addition, α-actinin-4 knock-
down inhibited invasion of bladder cancer cells, but did not
alter their growth (Koizumi et al., 2010). In breast cancer cells,
α-actinin-4 harbours a functional LXXLL receptor interaction
motif, interacts with nuclear receptors in vitro and in mam-
malian cells, and potently activates transcription mediated by
nuclear receptors (Yamamoto et al., 2012).

PIP-binding proteins involved in
F-actin-plasma membrane linkage
Dynamin. Dynamin is a GTPase, which is primarily respon-
sible for both clathrin and caveolae-related endocytosis in
eukaryotic cells (Herskovits et al., 1993; Taylor et al., 2011;
Ferguson and De Camilli, 2012). During endocytosis, dynamin
is polymerized around the neck of an endocytic bud (or a
tubular membrane structure in vitro) and its GTP hydrolysis-
dependent structural reorganization triggers constriction or
stretching to promote cleavage of the vesicle from the parent
membrane (Praefcke and McMahon, 2004). Dynamin regu-
lates actin polymerization by interacting with cortactin and
profilin and has been implicated in coordinating membrane
remodelling and actin reorganization (Schafer, 2004). The PH
domain of dynamin binds to acidic phospholipid, particularly

interacting with PI(4,5)P2. Thus, PH domain mutants exert
dominant-negative effects on clathrin-mediated endocytosis
(Lee et al., 1999; Vallis et al., 1999). A hydrophobic loop emerg-
ing from the PH domain may promote membrane interactions
and may also have curvature-generating or curvature-sensing
properties (Ramachandran et al., 2009; Liu et al., 2011;
Ferguson and De Camilli, 2012). Mutations within the PH and
stalk domain of dynamin 2 have been identified in patients
with two autosomal-dominant genetic disorders, centronu-
clear myopathy (Bitoun et al., 2005) and Charcot-Marie-Tooth
disease (Zuchner et al., 2005). Interestingly, the most recent
studies suggest that, although dynamin 2 is a key mechano-
enzyme, its reduction is beneficial for centronuclear myopa-
thy and thus represents a potential therapeutic approach
(Cowling et al., 2014).

Talin. Talin is a cytoskeletal protein concentrated at the
region of cell-substratum contact (Burridge and Connell,
1983) and, in lymphocytes, at cell-cell contacts (Burn et al.,
1988). Talin is a ubiquitous cytosolic protein which is concen-
trated in focal adhesions and is thought to be engaged in
multiple protein interactions at the cytoplasmic face of cell-
substratum contacts. Talin consists of a large C-terminal rod
domain that contains bundles of alpha helices and an
N-terminal FERM domain with three subdomains: F1, F2 and
F3 (Rees et al., 1990). The F3 subdomain of the FERM domain
contains the highest affinity integrin-binding site for integrin
β tails and is sufficient to activate integrins (Calderwood et al.,
2002). Talin interactions with PI(4,5)P2 in vitro and lipid
binding induce a conformational change in talin and enhance
its interaction with integrins (Martel et al., 2001) (Figure 4).
Talin is a focal adhesion component that is recruited early and
with structural and functional significance in mediating inter-
actions with integrin cytoplasmic tails which lead to destabi-
lization of the transmembrane complex and resulting in
rearrangements in the extracellular integrin compartments
that mediate integrin activation. Talin expression is signifi-
cantly increased in prostate cancer compared with benign and
normal prostate tissue and this overexpression correlates with
progression to metastatic disease implicating a prognostic
value for talin during tumour progression (Sakamoto et al.,
2010; Jevnikar et al., 2013).

Vinculin. Vinculin is a 117-kDa cytoskeleton protein which
is a highly conserved scaffold protein localized to focal adhe-
sion and adherens junctions (Parsons et al., 2010). Due to its
important role in regulation of adhesive force and cell move-
ment, vinculin is one of the most studied cytoskeletal pro-
teins in cellular adhesion. At the site of adhesion, vinculin
mediates the recruitment of a number of binding partners
such as talin (Johnson and Craig, 1994), α-catenin (Weiss
et al., 1998), α-actinin (Kroemker et al., 1994), ponsin/CAP
(Mandai et al., 1999), vinexin α/β (Kioka et al., 1999), Arp2/3
(DeMali et al., 2002), paxillin (Wood et al., 1994), PI(4,5)P2

(Johnson et al., 1998) and F-actin (Huttelmaier et al., 1997).
Vinculin is a conserved and abundant cytoskeletal protein
involved in linking the actin cytoskeleton to the membrane
at the sites of adhesion. Therefore, vinculin plays an impor-
tant role in processes such as cell migration, development
and wound healing. Partial loss of vinculin function has been
associated with cancer, cardiovascular diseases and lethal
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defects in embryogenesis (Zemljic-Harpf et al., 2009; Ruiz
et al., 2011; Sun and Liu, 2013). Vinculin knockout mice died
by the E10.5 stage of the embryo (Xu et al., 1998) and the
fibroblasts isolated from these knockout mice have a number
of defects including increased cell migration, reduction in cell
stiffness and elevated paxillin and focal adhesion kinase sig-
nalling (Coll et al., 1995; Subauste et al., 2004).

Ezrin/radixin/moesin (ERM). The ERM protein family consists
of three closely related proteins: ezrin, radixin and moesin.
They provide a regulated linkage between the plasma mem-
brane and the underlying actin cytoskeleton (Tsukita et al.,
1997). ERM proteins contain three domains: (i) N-terminal
domain, also called the FERM domain (Band 4.1, ezrin,
radixin, moesin); (ii) extended α-helical domain; and (iii)
C-terminal domain which refer to F-actin binding domain.
Intermolecular interaction between the N-terminal domain
and C-terminal domain called N-/C-ERMAD (ERM associated
domain) inhibits ERM protein biological activities. Many
studies have indicated that the binding of the FERM domain
to PI(4,5)P2 and phosphorylation of a threonine residue in
the F-actin binding site cause the dissociation of the N-/C-
ERMAD interaction. These results suggest that PI(4,5)P2

binding and phosphorylation of F-actin binding site activate
ERM proteins (Figure 4). ERM proteins are involved in cell
migration following stimulation of various growth factors.
Upon hepatocyte growth factor stimulation of epithelial cells,
ezrin is rapidly recruited to the lateral membrane and to the
leading edge of migrating cells where it is supposed to play a
role in controlling actin polymerization (Crepaldi et al., 1997;
Naba et al., 2008). ERM proteins are also involved in tumour
invasion and metastasis. An increase of ezrin expression in
metastatic human carcinomas from different origins has been
observed by immunohistochemical staining and proteomic
profiling analyses (Cui et al., 2009; Kahsai et al., 2010). These
studies and others indicate that not only the expression level
of ERM proteins but also their phosphorylation status and
subcellular localization should be considered to understand
their role in tumour progression (Arpin et al., 2011). Pancre-
atic cancers with lymph node metastasis have shown an
increased expression of moesin and radixin but not in the
lymph node metastasis-negative group. Another example of
change in ezrin localization associated with a poor prognosis
is provided by invasive breast carcinomas (Sarrio et al., 2006).

Septin. Septins are a group of highly conserved GTP-binding
proteins that assemble into filaments and constitute an
emerging of the fourth component of cytoskeleton (Mostowy
and Cossart, 2012). Septin proteins contain three domains: a
conserved GTP-binding domain, a N-terminal proline-rich
domain and C-terminal coiled coil domains that vary
between family members. The septins act as a scaffold,
recruiting many proteins. These protein complexes are
involved in cytokinesis, cell polarity, in the morphogenesis
checkpoint, spindle alignment checkpoint and bud site selec-
tion. Septins localize to a small structure in the middle
section of spermatozoa called the annulus and are required
for the structural integrity of that region. Spermatozoa
lacking SEPT4 become fragile through their middle piece and
bend sharply or break as they develop and become motile. In
another motile cell, septin filaments assemble along the

cortex of amoeboid T-cells in a collar-like distribution that
bridges the region between the cell body and the trailing
uropod. ShRNA knockdown of septin complexes in T-cells
cause increases in cortical protrusions and blebbing, elonga-
tion of the uropod and the loss of persistent motility (Gilden
and Krummel, 2010). In vitro studies have shown that purified
septins bind lipids with particular affinities for PI(4,5)P2 and
PI(3,4,5)P3 (Zhang et al., 1999; Tanaka-Takiguchi et al., 2009)
which they bind through a polybasic region just N-terminal
to GTP-binding domain (Gilden and Krummel, 2010). Addi-
tion of septins to PIP-containing liposome changed large
spherical liposome into tubular structures, with properties
distinct from those formed by BAR domain-containing pro-
teins. In vivo, depletion of PI(4,5)P2 and PI(3,4,5)P3 disrupts
septin filament in 3T3 cells (Gilden and Krummel, 2010).

Myosin isoforms. Myosin I is a monomeric, actin-based
motor protein with ATPase activity and has been shown to
function in membrane–cytoskeletal interactions, including
vesicle transport along actin filaments and regulation of
plasma membrane tension. Myosin I molecules have a tail
homology (TH) domain that contains a putative PH domain,
a PI binding motif. Previous studies have shown that the TH
domain preferentially binds to acidic phospholipids such as
phosphatidylserine and PI(4,5)P2. These phospholipids are
relatively abundant in biological membranes and may not
change their levels in response to intracellular signalling. In
contrast, PI(3,4,5)P3 levels are highly regulated and function
as signalling mechanisms. Our previous studies have shown
that Dictyostelium myosin ID, IE and IF interact with
PI(3,4,5)P3 in vitro and in vivo, which suggest that these
myosin molecules are regulated by PI(3,4,5)P3 (Chen et al.,
2012). Furthermore, human myosin IF, which has been sug-
gested to bind to PI(3,4,5)P3 in a proteomic study, also binds
to PI(3,4,5)P3 in a lipid dot-blot assay, and mutations in the
TH domain of human myosin IF blocked its interaction with
PI(3,4,5)P3. These data indicate that the ability of TH domain-
containing myosin I to bind to PI(3,4,5)P3 is evolutionarily
conserved (Chen and Iijima, 2012; Chen et al., 2012). Previ-
ous studies have shown that myosin IF, on chromosome band
19p13.2–p13.3, is a fusion partner of the MLL gene, in de novo
infant acute myeloid leukaemia (AML) with chromosomal
abnormalities involving chromosomes 7, 11, 19 and 22.
Myosin IF, the fourth partner gene of MLL on chromosome
band 19p13.t(11;19)(q23;p13) is a recurring chromosomal
translocation frequently observed in both acute lymphoblas-
tic leukaemia and AML. The MLL-MYO1F fusion protein con-
tains almost the entire MYO1F protein. Functional analyses
of various MLL fusion proteins demonstrated two different
mechanisms for leukemogenesis by MLL fusion proteins: (i)
the fusion partners have transcriptional activation domains
and (ii) induction of dimerization of MLL fusion proteins.
MYO1F has neither a transcriptional transactivation domain
nor a dimerization domain. The mechanism of MLL-MYO1F-
induced leukemia remains unclear (Taki et al., 2005).

Concluding remarks

No review article is able to cover all of what has been learned
about PIPs over the last few decades. It is generally recognized
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that these lipids are fundamental in the regulation of all
aspects of membrane dynamics in eukaryotic cells. What
remains to be fully determined are the overall underlying
principles of how these lipids work and why we encounter
them wherever we look in biomedical research. In the past
few decades, remarkable progress has been made in identify-
ing the functional roles of PIPs. However, there are still
several questions that need to be answered. How do PIPs and
its partner proteins regulate changes in cytoskeleton–
membrane interaction to promote the assembly/disassembly
of cell junctions or cell motility? How do they participate in
the transmission of signals that control adhesion-dependent
processes such as cell proliferation and cell survival? And how
PIPs organize multiple protein complexes in specific compart-
ments in response to external signals? The efforts required for
answering these questions must be tightly linked with meth-
odological advances. Conditional knockout experiments will
provide a better comprehension of the role of PIPs and its
binding proteins in a variety of tissues. Advances in mass
spectrometry technologies offer the potential of studying
hierarchies of protein binding to PIPs in cellular systems.
Advanced imaging techniques, including image correlation
analysis, analysis of protein dynamics and high resolution
imaging and FRET, should help us map PIPs localization and
interactions in space and time. All these techniques, together
with bioinformatics and mathematical modelling could bring
us closer to solving how PIPs orchestrate cytoskeletal systems.
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