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Interaction
Phosphatidylinositol 4,5-bisphosphate (PI4,5P2) is an essential lipid messenger with roles in all eukaryotes and
most aspects of human physiology. By controlling the targeting and activity of its effectors, PI4,5P2 modulates
processes, such as cell migration, vesicular trafficking, cellular morphogenesis, signaling and gene expression.
In cells, PI4,5P2 has a much higher concentration than other phosphoinositide species and its total content is
largely unchanged in response to extracellular stimuli. The discovery of a vast array of PI4,5P2 binding proteins
is consistent with data showing that the majority of cellular PI4,5P2 is sequestered. This supports a mechanism
where PI4,5P2 functions as a localized and highly specific messenger. Further support of this mechanism
comes from the de novo synthesis of PI4,5P2 which is often linked with PIP kinase interaction with PI4,5P2 effec-
tors and is a mechanism to define specificity of PI4,5P2 signaling. The association of PI4,5P2-generating enzymes
with PI4,5P2 effectors regulate effector function both temporally and spatially in cells. In this review, the PI4,5P2
effectors whose functions are tightly regulated by associations with PI4,5P2-generating enzymes will be
discussed. This article is part of a Special Issue entitled Phosphoinositides.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Phosphatidylinositol 4,5-bisphosphate (PI4,5P2) is the most abun-
dant species among the 7 known phosphoinositides (PI3P, PI4P, PI5P,
PI3,4P2, PI3,5P2 PI4,5P2 and PI3,4,5P3) [1,2]. Due to its abundance and
stable concentration in cells, early studies focused on PI4,5P2 as a sub-
strate for phospholipases and phosphatidylinositol-3 kinases (PI3Ks)
to generate other lipid messengers. PI4,5P2 was soon after discovered
as a lipid messenger that regulated the interaction of the cytoskeletal
protein, band 4.1, with the integral membrane protein, glycophorin [3]
and was also shown to interact with profilactin and regulate its ability
to modulate actin polymerization [4]. These findings demonstrated
that PI4,5P2 could function directly as a lipid messenger, beyond its uti-
lization as a substrate for the generation of othermessengers. Following
these initial discoveries, hundreds of PI4,5P2 effectors have been identi-
fied. These include ion channels [5], receptors [6], Ras family small
GTPases [7], actin regulatory proteins [8,9], regulators of vesicular traf-
ficking [10], scaffolds [11] and nuclear proteins [12]. Furthermore,
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recent advances in proteomics have putatively identifiedmany proteins
that bind PI4,5P2 [13–15].

An important feature of signaling molecules is that their regulated
availability at specific times and locations to convey signals as needed
[16]. In addition,manymessengers vary dramatically in cellular concen-
tration upon agonist stimulation [17]. From this view point, PI4,5P2 is a
poor signal as PI4,5P2 is present in comparatively high concentration
and its level remains largely unchanged by extracellular stimuli [18].
For example, in resting neutrophils and erythrocytes, total cellular con-
centrations of PI4,5P2 are approximately 50 μM, while concentrations
on the inner leaflet of the plasma membrane, where the majority of
PI4,5P2 is found in the cell, are estimated to be at ~5 mM (1-2 mol%).
Stimulation of neutrophils with fMLP, which activates PLC and PI3K, in-
duced only a small drop in PI4,5P2 concentration [2,19]. Further, studies
with PI4,5P2-specific pleckstrin homology (PH) domains fused to GFP to
probe the localized PI4,5P2 concentration reveal that PI4,5P2 is uniform-
ly distributed around the plasmamembrane, both before and after stim-
ulation in non-polarized cells [20]. However, understanding of PI4,5P2
signaling was impacted by the discovery of a family of proteins that se-
quester PI4,5P2 at theplasmamembrane. Proteins such asmyristoylated
alanine-rich C-kinase substrate (MARCKS), growth-associated protein
43 (GAP43) and cytoskeleton-associated protein 23 (CAP23) contain
basic clusters that mediate an electrostatic interaction with PI4,5P2 [6,
21]. These proteins are present in concentrations of 1–10 μM, compara-
ble to those of PI4,5P2, and bind tightly to PI4,5P2 (the dissociation con-
stant is approximately 10 nM for MARCKS [6]). This suggested that a
pecificity by associationwith effectors, Biochim. Biophys. Acta (2015),
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substantial fraction of PI4,5P2 is sequestered by PI4,5P2 binding proteins
(approximately two thirds by a biochemical study [22]) and unavailable
for binding to other PI4,5P2 effectors.

The discovery of the numerous PI4,5P2 binding proteins raises a
question of how PI4,5P2 availability is regulated spatially and temporal-
ly in cells. One direct way of increasing local concentrations of PI4,5P2
could be achieved by releasing the sequestration. In linewith this possi-
bility, membrane association of PI4,5P2 sequestering proteins is con-
trolled by extracellular stimuli. For example, MARCKS translocates
from the plasma membrane to the cytoplasm when cells are treated
with phorbol myristate acetate or insulin, and there is concomitant ac-
cumulation of GFP fused PI4,5P2-specific PH domains in the plasma
membrane [6,23,24]. This indicates that translocation of MARCKS to
the cytoplasm frees PI4,5P2. There are three pathways for the direct syn-
thesis of PI4,5P2 from other phosphoinositides, which include: phos-
phorylation at the 5 hydroxyl of the myo-inositol ring of PI4P by type I
phosphatidylinositol phosphate kinases (PIPKIs), phosphorylation at
the 4 hydroxyl of the myo-inositol ring of PI5P by type II PIP kinases
(PIPKIIs), and dephosphorylation at the 3 hydroxyl of the myo-inositol
ring of PI3,4,5P3 by phosphatase and tensin homolog (PTEN) and similar
phosphatases [25]. As cellular PI4P concentration is at least 20-fold
higher than those of PI5P and PI3,4,5P3 [1,2], it is generally accepted
that the majority of PI4,5P2 is produced by PIPKIs [26].

In humans, three distinct genes encode PIPKIs (PIP5K1A encodes
PIPKIα, PIP5K1B encodes PIPKIβ, and PIP5K1C encodes PIPKIγ). The no-
menclature for the human and murine PIPKIα and PIPKIβ genes are
switched. To avoid confusion this manuscript will use the human no-
menclature. Each PIPKI gene undergoes alternative splicing, generating
multiple splice variants [27]. All PIPKI isoforms contain a highly con-
served kinase core domain with invariant catalytic residues [18,26,28].
Despite their similarity in the kinase domain, each PIPKI isoform
shows unique tissue and subcellular distribution. For example, by
Northern analysis, PIPKIα, PIPKIβ and PIPKIγ splice variants have wide
tissue distributions, but varying expression levels [29,30]. The different
isoforms also have distinct subcellular distribution. When over-
expressed in cells, a large fraction of PIPKIα is found in membrane
ruffles and the nucleus, whereas, PIPKIβ localizes at the perinuclear re-
gion likely at intracellular organelles such as the Golgi and endosomes
[26]. PIPKIγ isoforms show diverse distributions, including the plasma
membrane, focal adhesions, endosomes, cell-cell contacts, and the
nucleus [8,30,31]. The N- and C-terminal domains of PIPKIs are variable
between isoforms, but are conserved in each isoform between species.
This suggested that the variable regions define functional specificity
and cellular location possibly by distinct protein-protein interactions
[18]. Many interacting proteins that target PIPKIs to specific cellular
locations have since been identified. Remarkably, many of these pro-
teins are PI4,5P2 effectors signifying that PI4,5P2 production is tightly
linked to its usage [26]. This concept fits well with basic principles of
cell signaling, where a messenger is produced when and where it is
needed (see Fig. 1 for model).

In this review, we summarize recent advances in PI4,5P2 signaling
and the role of PI4,5P2 generating enzymes. Focus will be on how
PI4,5P2 generating enzymes work together with PI4,5P2 effectors in
regulation of cell migration, vesicular trafficking and nuclear signaling.
We also discuss the link between PI4,5P2 production and usage in the
context of general signaling pathways.

2. Subcellular distribution of PIP kinases and PI4,5P2 generation

Studies using PI4,5P2-specific PH domains, such as the PH domain of
phospholipase C δ1 (PLCδ1-PH), fused to GFP revealed that PI4,5P2 is
exclusively found in the plasma membrane, where it displays uniform
distribution [32]. This uniform and exclusive distribution is unchanged
by extracellular stimuli. For example, in migrating neutrophils and
Dictyostelium, PI4,5P2 distribution remains unchanged before and after
chemotactic stimulation [20]. As these early studies were performed
Please cite this article as: S. Choi, et al., PIP kinases define PI4,5P2 signaling s
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at low resolution without titrating expression of the probes, they are
likely not representative of PI4,5P2 distribution in living cells. We have
observed that when GFP-PLCδ1-PH is expressed at low concentrations,
it largely localizes to intracellular compartments with an accumulation
at the leading edges in migrating carcinoma cells (S. Choi and R.A.
Anderson, unpublished data). Examination at high resolution with
electron microscopy followed by labeling cellular PI4,5P2 with purified
PLCδ1-PH fused to glutathione S-transferase demonstrated that
PI4,5P2 is present not only in the plasma membrane, but also in mem-
branes of Golgi, endosomes, endoplasmic reticulum (ER) and the nucle-
us [33]. In line with this study, immunocytochemical analysis with a
PI4,5P2-specific antibody identified multiple, distinct pools of PI4,5P2
in the plasma membrane, intracellular vesicles and the nucleus [34,
35]. Additionally, this immunostaining approach revealed that in re-
sponse to extracellular stimuli PI4,5P2 in the plasmamembrane actively
redistributes. For example, PI4,5P2 accumulates at the leading edges of
fMLP-stimulated chemotacting neutrophils, which is likely mediated
by a redistribution of PI4,5P2-generating enzymes [36].

Detection of PI4,5P2 at multiple subcellular locations is further sup-
ported by concomitant detection of PI4,5P2-generating enzymes [26,
30,37–39] and their substrate PI4P [34,40] at the same locations. The
majority of cellular PI4,5P2 is generated by α, β and γ isoform of PIPK
Is and splice variants of each isoform are reported. In human, three α,
four β and six γ splice variants have been described [27,30,37,41,42].
Among, PIPKIγ splice variants, PIPKIγi1 to PIPKIγi6, show strikingly
diverse subcellular distribution. PIPKIγi1, i3 and i6 are largely found in
the plasma membrane [11,42,43], whereas PIPKIγi2 targets to the
focal adhesions when overexpressed [37,44]. PIPKIγi2 is also found at
cell-cell contacts and the recycling endosomes [45,46]. PIPKIγi4 is present
in the nucleus and colocalizes with a nuclear speckle marker SC-35 [30].
PIPKIγi5 is found largely at the cell-cell contacts in confluent epithelial
cells and colocalizes with E-cadherin [30,47]. In mesenchymal-like cells,
PIPKIγi5 localizes in intracellular compartments including early/late
endosomes and lysosomes [30,39].

Additionally, subcellular distribution of PIPKIs is altered by extracel-
lular stimuli. When analyzed by fractionation, a substantial portion of
PIPKIα and PIPKIγ is cytosolic [11,48,49]. In response to platelet-
derived growth factor (PDGF) stimulation, PIPKIα translocates tomem-
brane ruffles of the plasmamembrane [48,49] and in the nucleus [48]. In
non-stimulated breast cancer cells, only ~30% of PIPKIγi1 is bound to
membranes. Upon epidermal growth factor (EGF) or integrin receptor
activation, membrane bound PIPKIγi1 increases ~2.5-fold and PIPK
Iγi1 accumulates at the leading edges ofmigrating cells [11]. Consistent-
ly, in phagocytic bone marrow-derived macrophages, PIPKIγi1 is
recruited to the phagocytic cup where actin is actively polymerized
[50]. PIPKIγi2 also accumulates at the leading edges of migrating breast
cancer cells [38]. In chemotacting neutrophils and T lymphocytes, PIPK
Iγi2 targets to uropods at the rear of cells [51,52]. PIPKIβ also targets
to uropods of chemotacting neutrophils [53]. It is important to note
that it is difficult to draw conclusions from studies that are wholly de-
pendent on the overexpression of PIPK isoforms or mutants as the nor-
mal targeting and regulation of the PIP kinases could be overwhelmed.

Consistent with studies in cells, genetic alterations of PIPKI isoforms
in mice show that each isoform has a unique role in generation of dis-
tinct PI4,5P2 pools required for specific physiological functions. PIPKIγ
knockout mice displayed perinatal lethality [54], whereas PIPKIα or
PIPKIβ knockout mice survive to adulthood with some cell type specific
defects [55–57] suggesting an essential role of PIPKIγ during embryo-
genesis. More recently, mice expressing only PIPKIα by knocking out
both PIPKIβ and PIPKIγwere generated and these mice showed perina-
tal lethality. Since embryos developed until perinatal period, this study
indicates that PIPKIα also has a partially overlapping role during em-
bryogenesis [58]. Platelets from PIPKIα knockout mice have defects in
PI4,5P2 synthesis and inositol 1,4,5-trisphosphate (IP3) production by
thrombin. PIPKIβ is also implicated in this process as double knockout
of PIPKIα and PIPKIβ completely blocked thrombin-stimulated IP3
pecificity by associationwith effectors, Biochim. Biophys. Acta (2015),
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production [56]. PIPKIβ knockout mice displayed increased anaphylac-
tic responses [57]. Mast cells from these mice showed enhanced cyto-
kine production and degranulation by antigen challenge, and this is
likely due to defective actin polymerization by PIPKIβ knockout as
actin polymerization is critical for mast cell functions [59]. Interestingly,
PIPKIβ knockout reduces PI4,5P2 content in mast cells, whereas IP3 and
PI3,4,5P3 levels are increased signifying the role of PIPKIα or PIPKIγ in
IP3 and PI3,4,5P3 generation. It is important to note that another PIPK
Iγ knockout mouse fails to develop beyond embryonic day 11.5 due to
defects in cardiovascular development and neural tube closure [60].
However, the cause for the discrepancy between the two different
PIPKIγ knockout mice lines remains unclear.
3. PIP kinases regulate PI4,5P2 effectors in cell migration

Cell migration is an essential process controlling many aspects of
human physiology including morphogenesis during development,
maintenance of tissue integrity and immune response. Consequently,
aberrant cell migration is linked to pathological conditions such as
cancer, mental retardation, atherosclerosis, and arthritis [8,61–67].
Cell migration is initiated by extracellular signals such as cytokines,
growth factors and extracellular matrix (ECM). These signals modulate
many intracellular signaling pathways to eventually induce changes in
Please cite this article as: S. Choi, et al., PIP kinases define PI4,5P2 signaling s
http://dx.doi.org/10.1016/j.bbalip.2015.01.009
the actin cytoskeleton and microtubules [66–68]. Early studies demon-
strated that sequestration of PI4,5P2 inhibits actin polymerization,
whereas artificially increasing PI4,5P2 levels enhances actin polymeriza-
tion [20,69–71]. Also, PI4,5P2 is required for microtubule capture at the
leading edge membrane [66,72], but the exact mechanism remains
unknown. PI4,5P2 is now well established as a critical component in
cell migration by controlling the targeting and activity of cytoskeleton
regulators [8,9,31,73]. Below, PI4,5P2-regulated cytoskeleton regulators,
whose functions are controlled by an association with PIPKIs will be
discussed in detail.
3.1. Talin

In multicellular organisms, focal adhesion complexes are critical
structural and functional units that enable cells to integrate signaling
inputs from extracellular environments to regulate cell migration [8].
Integrin transmembrane proteins and the talin cytoskeletal binding
protein play critical roles in cell migration [8]. PI4,5P2 and PI4,5P2 syn-
thesizing enzymes control integrin activation by talin in the process
termed “inside-out” integrin signaling [74,75]. Adhesion, spreading
and migration are all directly influenced by the activation state of
integrins and talin in focal adhesion complexes [74,75]. PI4,5P2 genera-
tion by a focal adhesion-targeting splice isoform of PIPKIγ, PIPKIγi2,
pecificity by associationwith effectors, Biochim. Biophys. Acta (2015),
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putatively provides a discrete pool of PI4,5P2 required for talin activa-
tion during assembly of focal adhesion complexes [37,44,76].

Talin consists of a head domain (approximately 50 kDa) and a large
rod domain (220 kDa) [77,78]. The head domain contains a region that
is responsible for β1-integrin tail binding. Within this domain, the N-
terminus contains an atypical FERM domain, which is composed of
four sub-domains, F0, F1, F2 and F3, arranged in a cloverleaf pattern
[77,78]. The rod domain contains multiple binding sites for vinculin
and actin [77]. When inactive, the head domain interacts with the rod
domain (in the middle segment), limiting the accessibility of the head
domain for β1-integrin tail, vinculin and actin binding [77–79]. This
type of autoinhibition is widespread among other FERM domain-
containing proteins, including focal adhesion kinase (FAK) and moesin
[79]. The F2 and F3 sub-domains in talin contain PI4,5P2 binding sites
and the availability of PI4,5P2 is crucial for relieving the intramolecular
autoinhibition of talin, promoting the head binding to β1-integrin tail
[75,77–79]. A NMR study indicates that the talin head domain has
strong affinity for PI4,5P2 compared to other lipids [75]. A key step in
integrin activation is the binding of the F3 sub-domain via an atypical
PTB domain to the membrane distal portion of β1-integrin tail via the
NPXY motif [77–80]. Similarly, talin association with membrane proxi-
mal NPXY motif in β1-integrin disrupts an interaction with α-integrin,
inducing structural rearrangements in the extracellular domain of the
integrin that increase the ligands binding [77–80]. Besides the F3 sub-
domain, other domains in the talin head also contribute to integrin acti-
vation via an interaction between a positively charged patch in the F1
and F2 sub-domains of talin with negatively charged phosphoinositides
including PI4,5P2 in the plasma membrane [77–79].

Among the PIPKI isoforms, only PIPKIγi2 directly interacts with talin
[37,38,76]. PIPKIγi2 binding to talin provides the mechanism for local
enrichment of PI4,5P2, which in turn induces the conformational change
in talin exposing its integrin binding site [75,78,80,81]. The WVYSPLH
motif in the C-terminal tail of PIPKIγi2 interacts with the PTB domain
in the F3 sub-domain of talin [44,82]. The PIPKIγi2-talin interaction
possibly induces talin activation as discussed above. However, unlike
PI4,5P2, PIPKIγi2 binding to talin does not affect the autoinhibitory
conformation of talin as indicated by NMR and biochemical studies, al-
though kinase activity of PIPKIγi2 is increased upon talin binding [83].
In addition, the ability of talin to homodimerize and the presence of ad-
ditional β1-integrin binding sites in the talin rod domain may provide
the mechanism for integrating talin, PIPKIγi2 and integrin into the
same complex. Consistently, the ternary complex of PI4,5P2, talin and
integrin mediating integrin activation and clustering has been demon-
strated [84]. Similarly, a biochemical study has demonstrated the assem-
bly of ternary complex of in migrating cells [38]. Src phosphorylation of
PIPKIγi2 and β1-integrin provides the important regulatory mechanism
in controlling talin binding with PIPKIγi2 versus β1-integrin [82]. Src
phosphorylation of PIPKIγi2 promotes talin binding whereas Src phos-
phorylation of β1-integrin diminishes talin binding with integrins [82],
although the functional role of this process remains to be defined in
cell migration. However, in PIPKIγi2 regulation of membrane trafficking
the Src phosphorylation of PIPKIγi2 completely blocked the interaction
with clathrin adaptor complexes [45,46] suggesting a regulatory mech-
anism for PIPKIγi2's role in trafficking as discussed below (see Fig. 2).

3.2. Rho family small GTPases

Rho family small GTPases, such as Rac1, Cdc42 and RhoA, aremaster
regulators of the actin cytoskeleton and microtubules [66–68]. They
have polybasic clusters that target them to the plasma membrane for
function. Studies with phosphoinositide-specific phosphatases reveal
that multiple phosphoinositide species including PI4P, PI4,5P2 and
PI3,4,5P3 mediate Rho family small GTPase association with the plasma
membrane via electrostatic interactions [7], which is a mechanism uti-
lized by multiple proteins [6,85]. Similar to other phosphoinositides,
PI4,5P2 is present in a limiting concentration for effectors (see above),
Please cite this article as: S. Choi, et al., PIP kinases define PI4,5P2 signaling s
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thus their plasma membrane targeting may require de novo synthesis
of PI4,5P2. Consistently, the plasma membrane targeting of small
GTPases is controlled by PIPKI isoforms. Rac1 and RhoA associate with
all three PIPKI isoforms in vitro [86]. In vivo, PIPKIα is required for
Rac1 localization at the plasma membrane [49], whereas PIPKIβ is re-
cruited to the plasma membrane by Rac1 [87]. Further, RhoA signaling
is required for the translocation of PIPKIβ to the plasma membrane
[28,88].

An association of Rho family small GTPases with PIPKIs regulates
their function in cell migration. PIPKIα controls PDGF- and integrin-
induced cell migration by regulating Rac1 translocation and activation
at the leading edgemembrane [49]. PIPKIα-mediated actin polymeriza-
tion and membrane ruffle formation are dependent on Rac1 activity,
and a PIPKIα-binding defective Rac1 mutant fails to mediate these pro-
cesses [48,49,70] suggesting that PIPKIα and Rac1 mutually regulate
their activity in actin polymerization. In neuronal cells, PIPKIα and
PIPKIβ induce neurite retraction that is dependent on Rac1 or RhoA
activity [88–90]. A PIPKIβ mutant that is unable to interact with Rac1
fails to translocate to the plasma membrane, resulting in defective
retraction [87]. Rac1-mediated PIPKIβ translocation to the plasma
membrane facilitates neurite retraction, as PI4,5P2 promotes vinculin-
dependent adhesion turnover [91,92]. Although PIPKIs do not directly
interact with Cdc42, PIPKIs are implicated in Cdc42-induced de novo
actin polymerization. Cdc42 and PI4,5P2 synergistically activate
N-WASP to promote Arp2/3 complex-mediated actin polymeriza-
tion [93]. Consistently, overexpression of PIPKIα or PIPKIβ induces
N-WASP- and Arp2/3 complex-dependent actin polymerization [94],
and a physical interaction of PIPKIswith Arp2/3 complex is reported [8].

3.3. IGGAP1

IQGAP1 is a member of the IQ motif containing GTPase activating
protein family and controls cell migration by functioning as a key regu-
lator of the actin cytoskeleton and microtubules [66,68]. In many cell
types, IQGAP1 is targeted to the leading edge membrane of migrating
cells [11,72,95–98], and this localization is controlled by an association
of leading edge-targeted proteins such as Rac1, Cdc42, Dia1 and the
Exocyst complex [99–102]. In addition to these factors, PIPKIγ binding
is also required for IQGAP1 targeting to the leading edge and control
of migration [11]. In vitro, a conserved region found in all six PIPKIγ
interacts with IQGAP1 on the IQ domain. In vivo, PIPKIγ-binding is suf-
ficient to recruit IQGAP1 to the leading edges as a PIPKIγ-binding defec-
tive IQGAP1 mutant is unable to target to the leading edge [11] (Fig. 3).

At the leading edge membrane, IQGAP1 regulates actin polymeriza-
tion and recruits microtubules that are essential for membrane protru-
sion and establishment of migrating cell polarity [66,67,98,103]. For
this role, IQGAP1 interacts with N-WASP and the interaction relieves
an autoinhibitory conformation exposing the VCA domain of N-WASP.
The exposed VCA domain, then, activates Arp2/3 complex-mediated
de novo actin polymerization [98]. IQGAP1 also interactswith themicro-
tubule plus end regulators, CLIP-170 and adenomatous polyposis coli
(APC). These interactions with IQGAP1 dynamically link microtubules
to the leading edge [99,100]. TheN-WASP, CLIP-170 andAPC interaction
region on IQGAP1 is within the RGCT domain that is otherwise masked
by an autoinhibitory interaction with the GRD domain [98,104] (Fig. 3).
Rac1 and Cdc42 binding to the GRD domain in vivo or phosphorylation
at Ser1441 and Ser1443, between the GRD and RGCT domains, in vitro
relieves the autoinhibitory interaction [99,100]. In addition to these fac-
tors, phosphoinositide binding also regulates IQGAP1 function by reliev-
ing the autoinhibitory interaction [11]. In vitro, IQGAP1 interacts with
multiple phosphoinositide isomers [13,14,105] and the phosphoinositide
binding site is localized to a polybasic sequence located in the RGCT do-
main [11]. PI4,5P2-binding on the RGCT domain specifically relieves the
autoinhibitory interaction and regulates N-WASP-Arp2/3 complex-
dependent actin polymerization [11,98]. Strikingly, when expressed in
cells, an IQGAP1 mutant that is defective in PI4,5P2-binding induces
pecificity by associationwith effectors, Biochim. Biophys. Acta (2015),
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multiple leading edges [11] suggesting that PI4,5P2-binding is important
for IQGAP1 to regulate cell polarity. Consistently, a Rac1/Cdc42 binding
defective IQGAP1 mutant expressed in Vero epithelial cells also induces
multiple leading edges as its interaction with CLIP-170 is enhanced irre-
spective of the Rac1/Cdc42-binding status [100].

IQGAP1 activation requires Rac1/Cdc42-binding on theGRD domain,
PIPKIγ-binding on the IQ domain, PI4,5P2-binding on the RGCT domain,
and phosphorylation at Ser1441 and Ser1443 possibly in a stepwise
manner. Phosphorylation at the serine residues, likely by protein kinase
C (PKC) isoforms or other kinases, is required for Rac1/Cdc42-binding
[104]. PIPKIγ-binding to the IQ domain is followed by phosphorylation
[11], and finally both PI4,5P2- and Rac1/Cdc42-binding are required
for full activation of IQGAP1 [11,106]. Based on these findings, we pro-
pose a mechanism of IQGAP1 activation in actin polymerization and
microtubule recruitment at the leading edge (Fig. 3).

3.4. Gelsolin

Gelsolin is a PI4,5P2 effector that is also a dual function actin binding
protein. Gelsolin severs actin filaments in the middle or caps the fast
growing barbed ends of actin filaments [107]. The capping function of
gelsolin is regulated by PI4,5P2-binding that induces gelsolin dissociation
from actin and allows actin filament assembly at the barbed ends [108].
PI4,5P2 induces actin polymerization at the N-cadherin-mediated cell-
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cell contacts by regulating gelsolin [109]. As gelsolin associates with
PIPKIγ [110], PI4,5P2 produced by PIPKIγ may directly control gelsolin
dissociation from actin filaments and subsequent incorporation of actin
monomers at cell-cell contact sites [109].
3.5. Src tyrosine kinase

Another key signalingmolecule in migration is the Src non-receptor
tyrosine kinase, which regulates a plethora of cell functions. Src targets
to focal adhesions by interacting with many adhesion components,
including integrin, talin and FAK [111]. Src also interacts with PIPKIγi2
and this interaction regulates Src focal adhesion targeting and activation
[112]. The kinase activity of Src remains suppressed by an intramolecu-
lar interaction of the SH2 domain with phosphorylated Tyr527 at the
C-terminus [113,114]. Interestingly, the PIPKIγi2 binding site on Src is
within the C-terminal region including Tyr527 [112], suggesting that
the interaction with PIPKIγi2 might activate Src by relieving the
autoinhibitory interaction. Polybasic residues at the N-terminus of Src
mediate membrane binding through interaction with phosphoinositide
species [115]. Mutating these residues to neutral amino acids blocked
Src activation by PIPKIγi2 [112]. Collectively, these results indicate
that PIPKIγi2 and its generation of PI4,5P2 regulate Src recruitment to
and activation at focal adhesions.
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Fig. 3. A model of IQGAP1 activation by PIPKIγ and PI4,5P2. Integrin or growth factor receptor activation induces activation of upstream regulators of IQGAP1 including PKC, Rho family
GTPases and PIPKIs. The N-terminus of IQGAP1 in unstimulated state forms an intramolecular interaction with the C-terminus. Phosphorylation at Ser1441 and Ser1443 inhibits this in-
tramolecular interaction exposing the IQ domain for PIPKIγ interaction. Phosphorylation also partially relieves the intramolecular interaction between theGRD and RGCT domains. PIPKIγ
mediates IQGAP1 recruitment to the leading edge membrane. At the leading edge, PIPKIγ generates PI4,5P2 from PI4P. PI4,5P2 then binds to the RGCT domain, completely relieving the
autoinhibitory interaction between the GRD and RGCT domains. Cdc42 or Rac1 binding at the GRD domain also induces this process. The relieved RGCT domain recruits microtubules
via an interaction with APC or CLIP-170, and facilitates actin polymerization by activating N-WASP.
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3.6. Is calpain a PI4,5P2 effector in migration?

For efficient cell migration, adhesions have to be dynamic and at the
cell rear must be dissolved for retraction, which is largely mediated by
RhoA-dependent actomyosin contractility and calpain-dependent pro-
teolysis of adhesion components [62,67,68]. PIPKIβ and PIPKIγi2 target
to the cell rear and regulate adhesion disassembly. In chemotacting
neutrophils, PIPKIβ specifically localizes at the retractile tails of cells
by an association with 4.1-ezrin-radixin-moesin (ERM)-binding phos-
phoprotein 50 (EBP50) [116]. The EBP50 binding region on PIPKIβ is
within the 83 C-terminal amino acids, which are not present in other
PIPKI isoforms. This PIPKIβ-specific interaction with EBP50 mediates
PIPKIβ association with ERM proteins whose activities are regulated
by PI4,5P2-binding [107] and the Rho GDP dissociation inhibitor
(RhoGDI) [52]. As ERM proteins inhibit RhoGDI, leading to RhoA activa-
tion [117], localized PI4,5P2 production at the cell rear controls cell con-
tractility [52]. Calpain is a calcium-dependent protease that cleaves
several adhesion components at the trailing edges, such as vinculin
and talin [118]. PI4,5P2-binding to calpain enhances calpain activity by
decreasing the calcium requirement for its activation [119]. Although
a calpain interaction with PIPKIs has not been reported, calpain activity
is potentially regulated by a PIP kinase at the trailing edges of migrating
cells [8]. In support of this possibility, PI4,5P2 accumulates at the uropod
ofmigrating neutrophils and overexpression of a kinase inactive form of
PIPKIγi2 compromises uropod formation in which calpain activity is
essential [52].
4. PIP kinases and PI4,5P2 effectors regulate membrane trafficking

The PIP kinases, and other phosphoinositide kinases and phospha-
tases have unique subcellular targeting and regulate specific processes
[18,26,31]. This compartmentalized and effector linked synthesis of
phosphoinositides is critical for membrane trafficking, as localized syn-
thesis of phosphoinositides regulates key effectormolecules in trafficking
pathways [31,120,121]. Within the cell, the numerous phosphoinositide
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isomers vary in location and quantity. This is regulated by multiple
kinases and phosphatases, which maintain a distinct distribution for
each lipid [28]. The precursor to all phosphoinositide signals, phos-
phatidylinositol (PI), is synthesized on the ER. From there, PI is distribut-
ed throughout the cell where it is further modified [122,123]. There is
evidence that some phosphoinositides are concentrated at distinct com-
partments. These include, PI4P at the Golgi, PI3P and PI3,5P2 at early
and late endosomes, respectively [120,121]. In the past, PI4,5P2 was
thought to be primarily confined to the plasma membrane, however, a
recent explosion of evidence indicates diverse functions for PI4,5P2 at
multiple intracellular locations. Below, PI4,5P2-modulated trafficking reg-
ulators whose functions are controlled by select PIPKIs will be discussed.
4.1. AP complex

Adaptor protein (AP) complexes are key components of clathrin
coats in the post-Golgi and endocytic membrane trafficking pathways
[124]. The formation of a clathrin coat is not through a direct interaction
of clathrin with the membrane, and instead adaptor proteins are
involved in recruiting clathrin. Each AP complex contains subunits
that are responsible for phosphoinositide or cargo binding. The
phosphoinositide and cargo binding is highly selective, allowing for
the formation of clathrin coats at specific membrane compartments.
At the Golgi, clathrin coats are important in the formation of vesicles
and fission events needed for cargo exit. Clathrin adaptors, including
the AP1 complex, EpsinR and Golgi-localized γ-ear containing, Arf bind-
ing proteins (GGAs), bind to and are activated by PI4P, to recruit clathrin
to the Golgi [125–128]. Loss of function studies for the PI4 kinases,
which generate PI4P, demonstrate the role of PI4P in recruiting clathrin
coats. Knockdown of the trans-Golgi network (TGN) associated PI4KIIα
inhibits the trafficking of proteins from the Golgi and also the recruit-
ment of the AP1 complex, which can be overcome by administering
PI4P or PI4,5P2 to knockdown cells [125]. The ability of PI4,5P2 to rescue
these phenotypes suggests that PIPKIs also participate in Golgi functions
[129].
pecificity by associationwith effectors, Biochim. Biophys. Acta (2015),
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Outside of the Golgi, PI4,5P2 regulates several steps in trafficking to
and from the plasma membrane. For example, in epithelial cells, there
is a specific clathrin AP complex associated with basolaterial sorting,
called the AP1B complex. PIPKIγi2 regulates the trafficking of cargo to
the basolateral surface [130]. This is mediated through a YxxØ sorting
motif (where x is any amino acid and Ø is an amino acid with a bulky
hydrophobic side chain) found in the PIPKIγi2 C-terminus that allows
for specific association with the AP1B complex through the μ2 subunit.
Additionally, the formation of PI4,5P2 is enhanced by association with
AP1B [130]. In this scenario, the PI4,5P2 produced by PIPKIγi2 binds to
the AP1B complex to enhance its function in recruiting clathrin coats.
PIPKIγi2 also interacts with the β2 subunit of the AP2 complex by a C-
terminal sequence conserved in all PIPKIγ isoforms that is close to the
junction of the PIPKIγi2 C-terminal extension [131,132]. Thus, there
are multiple interaction sites between PIPKIγ and the AP complexes.
Also, α subunit of AP2 complex interacts with PI4,5P2 and the PI4,5P2
binding is critical for initial membrane association of AP2 complex
[133,134]. However, it remains to be defined whether α subunit of
AP2 complex interacts with PIPKIs.

At the plasmamembrane, PI4,5P2 has been well characterized in the
regulation of endocytosis. Clathrin adaptors, such as the AP2 complex
and Epsin1–3, dynamin, β-arrestin, Numb, and Dab2, regulate recruit-
ment of clathrin to the plasma membrane at sites of endocytosis, and
PI4,5P2 regulates the recruitment and activation of these proteins [45,
135–138]. The PIPKIs that generate PI4,5P2 are important in this process
and physical association of clathrin adaptors with PIPKIs is defined
[138]. Knockdown of PIPKIβ was found to inhibit transferrin receptor
endocytosis [139]. Additionally, there is a direct interaction between
PIPKIγi2 and the AP2 complex [45,131]. Increased expression of PIPK
Iγi2 enhances the endocytosis of transferrin, while a PIPKIγi2 kinase
inactive mutant or siRNA knockdown of PIPKIγ inhibits endocytosis
[45]. Besides their roles in clathrin recruitment, Epsin, and similar pro-
teins, also regulate membrane deformation, and are able to elongate
the membrane into tubules to assist in formation of vesicles [137].
Membrane deformation is also mediated by the actin cytoskeleton to
generate force. PI4,5P2 is known to regulate many actin regulating pro-
teins, including N-WASP and Arp2/3 complex. PI4,5P2 can recruit these
proteins to sites of endocytosis and stimulate actin branching and poly-
merization important for membrane deformation during endocytosis
[140]. At thefinal stages of endocytosis, PI4,5P2 also recruits and activates
the GTPase, dynamin, to complete fission and release of the endocytic
vesicle from the plasma membrane [141].

4.2. Exocyst complex

The exocyst complex is a multiprotein complex essential for polar-
ized delivery and tethering of secretory vesicles to specific domains of
the plasma membrane for secretion [142]. This complex is thought to
function prior to SNARE-mediated vesicle fusion with the plasma mem-
brane [142]. Exocyst is composed of eight subunits (Sec3, Sec5, Sec6,
Sec8, Sec10, Sec15, Exo70 and Exo84) that interact with each other and
are thought to organize into distinct sub-complexes. The subunits that
define the targeting patch on the plasma membrane form one sub-
complex and the other subunits form a separate complex on a cargo-
laden vesicle, with both sub-complexes functioning together at the
final step of vesicle delivery/tethering on the plasma membrane [143]
(Fig. 2). Furthermore, the exocyst complex interacts with key regulators
of vesicle trafficking such as Rab11, Arf, RalB and Rho GTPases [143].

In epithelial cells, PIPKIγ and the exocyst complex play crucial roles
in maintaining adherens junctions and apical-basal polarity by regulat-
ing endocytic trafficking of E-cadherin [144]. PIPKIγ directly associates
with Exo70 and Sec6 subunits of the exocyst complex [38,144]. Sec3
and Exo70 have clusters of basic residues (at the N-terminus of Sec3
and the C-terminus of Exo70) that mediate the interaction of the
exocyst complex with PI4,5P2 in the plasma membrane [145,146]. This
provides a mechanism for polarized delivery of E-cadherin to adherens
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junctions in the plasma membrane. However, in many carcinoma cells,
E-cadherin expression is lost. In these cells, the exocyst complex redis-
tributes from the adherens junctions to the leading edges andmay reg-
ulate trafficking of other cargos [147]. In migrating cells, PIPKIγ and the
exocyst complex colocalize at the leading edges [38]. The loss of PIPKIγ
profoundly affects the recruitment and localization of the exocyst com-
plex, indicating that the interaction with PIPKIγ facilitates recruitment
of the exocyst complex to the leading edges. In addition, the association
of PIPKIγwith the exocyst complex is highly induced at the onset of cell
migration [38] (Fig. 2). Thiswould ensure the efficient polarized recruit-
ment and delivery of transmembrane proteins and signaling molecules
that are required for nascent adhesion formation inmigrating cells. Con-
sistently, knockdown of PIPKIγ and the exocyst complex profoundly
affect leading edge formation, polarized recruitment of integrins and
cell migration [38,142,147,148] (Fig. 2). The spatial targeting of integrins
is regulated by vesicle associated PIPKIγi2. At talin rich sites, phosphory-
lation of PIPKIγi2 by Src may block PIPKIγi2 interaction with trafficking
complexes and enhances its interaction with talin [38]. This could regu-
late the localized secretion of integrins to talin rich sites of developing
focal adhesions [73]. The targeting of integrins at talin rich sites along
with the generation of PI4,5P2 could enhance inside out activation of
integrins and formation of stable adhesion complexes [38,73] (Fig. 2).

These complexes may also mediate the polarized recruitment of
growth factor receptors in migrating cells (N. Thapa and R.A. Anderson,
unpublished data). In addition, there is increasing evidence that the
exocyst complex plays key roles in autophagy [149–151] consistent
with roles for the PIP kinases in autophagy.
4.3. Sorting nexins

The sorting nexins are an evolutionarily conserved family of eukary-
otic proteins that regulate awide range of trafficking pathways, including
lysosomal sorting, recycling pathways and endocytosis [152–156]. All
sorting nexin family members contain a Phox homology (PX) domain,
which mediates binding to phosphoinositides [153,157–160]. Therefore,
the interplay of phosphoinositides, sorting nexins and the enzymes that
generate phosphoinositide signals is essential for proper regulation of
trafficking.

Sorting nexin 5 (SNX5) was identified as an interactor of PIPKIγi5 in
a yeast two-hybrid screen [39], and the closely related SNX6 was also
found to interact with PIPKIγi5 [47]. PIPKIγi5, SNX5 and SNX6 are
found at early and late endosomes where PI3P and PI3,5P2 are the
most abundant phosphoinositide species. While most PX domains
have specificity for PI3P, solution of the SNX5 PX domain crystal struc-
ture revealed binding specificity for PI4,5P2, but not PI3P [161]. Addi-
tionally, a subset of sorting nexins, including SNX5 and SNX6, contain
a phosphoinositide binding Bin/Amphiphysin/Rvs (BAR) domain [157,
159]. At endosomes, production of PI4,5P2 by PIPKIγi5 promotes an as-
sociation of SNX5with Hrs, a subunit of endosomal sorting complex re-
quired for transport (ESCRT) complex that controls EGF receptor sorting
to the intraluminal vesicles of the multivesicular body [39,162]. The
mechanism of how PI4,5P2 regulates the SNX5-Hrs interaction is un-
clear. One possibility is that PI4,5P2 binding on the PX and BAR domain
of SNX5 induces a conformational change that enhances Hrs binding.
Additionally, PI4,5P2 generation on endosomes may recruit SNX5 to
specific regions of endosomes where SNX5 and Hrs can function to
sort specific cargos [163–165].

Furthermore, SNX5 and SNX6 function with PIPKIγi5 to control
endosome-to-lysosome trafficking of E-cadherin [47]. Treatment of po-
larized epithelial cells with hepatocyte growth factor initiates the disas-
sembly of adherens junctions and eventual degradation of E-cadherin at
lysosomes. PIPKIγi5 directly binds E-cadherin and promotes its lyso-
somal degradation, and PI4,5P2 generation by PIPKIγi5 is required for
this process [47]. However, SNX5 and SNX6 inhibit E-cadherin lysosom-
al targeting in this pathway [47]. The role for SNX5, SNX6 and PIPKIγi5
pecificity by associationwith effectors, Biochim. Biophys. Acta (2015),
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interaction in regulating the trafficking of other receptors requires fur-
ther investigation.

Additionally, other sorting nexinsmay be regulated by PIPKI. For ex-
ample, SNX9 binds to PI4,5P2 and regulates endocytosis by controlling
membrane dynamics [166,167]. PIPKIα, PIPKIβ and PIPKIγ all bind to
the SNX9 PX domain [167]. Further this interaction enhanced kinase ac-
tivity of PIPKIγi2 in vitro [167]. Thus, SNX9 represents another PI4,5P2
effector that regulates endocytosis and interacts with PIPKIs. As the PX
domain is present in all sorting nexins, there is the potential that PIPKI
and sorting nexins may control additional trafficking pathways.

5. PIP kinases regulate PI4,5P2 effectors in the nucleus

Several phosphoinositide species, including PI4,5P2, are found in the
nuclear envelope and intra-nuclear non-membranous structures such
as at nuclear speckles, a compartment that lacks membrane struc-
tures [168,169]. Nuclear PI4,5P2 levels change, although modestly,
upon various stimuli [170–172], supporting roles for PI4,5P2 signaling
in the nucleus. Similar to the plasma membrane, PI4,5P2 in the nucleus
is used by nuclear PI3Ks or phospholipases to generate downstream
secondmessengers [173–176]. Moreover, nuclear PI4,5P2 also functions
as a direct messenger that binds and regulates nuclear PI4,5P2 effectors.
Recent progress has identified a set of nuclear PI4,5P2 effectors directly
involved in multiple processes, including transcription [177–179],
mRNA processing [180–184], mRNA export [185,186], chromatin re-
modeling [179], stress responses [184], DNA repair, and mitosis [187].
The PIP kinases responsible for PI4,5P2 generation in the nuclear enve-
lope are not clear, but the intra-nuclear PIP kinases and PI4,5P2 signaling
are more defined.

To date, there are 4 distinct PIP kinases found in the nucleus, PIPKIα
[182], PIPKIγi4 [30], PIPKIIα and PIPKIIβ [188,189], all of which are
found concentrated at nuclear speckleswhere the PIP kinases specifical-
ly associate with their interacting proteins, including PI4,5P2 effectors.
PIPKIγi4 is the most recently identified nuclear PIPKI, but its function
has not yet been determined [30]. PIPKIIα and PIPKIIβ associate with
each other in the nucleus [189–191], and their major functions are
linked to regulation of nuclear PI5P levels, and subsequent PI5P signaling
[190,192]. Compared with the other nuclear PIP kinases, the function of
PIPKIα in the nucleus is the best characterized and will be discussed
below as a model for PIP kinase mediated PI4,5P2 signaling in the
nucleus.

PIPKIα specifically associates with the PI4,5P2 effector Star-PAP
(for Speckle Targeted PIPKIα Regulated-Poly(A) Polymerase, a non-
canonical poly(A) polymerase (PAP)), that is critical for the 3′ cleavage,
polyadenylation and expression of select mRNAs [182,193]. Sufficient
evidence indicates that PIPKIα, PI4,5P2 and Star-PAP function together
in a complex to control the mRNA processing and expression of select
mRNAs [181,182,194]. In vitro, Star-PAP activity is dramatically stimu-
lated by PI4,5P2, but not other phosphoinositide or inositol phosphate
species, indicating that Star-PAP is a specific PI4,5P2 effector [182]. Im-
portantly, both the PIPKIα interaction and PI4,5P2 stimulation of the
poly(A) polymerase activity are specific for Star-PAP but not canonical
PAPs [182], emphasizing the unique role for Star-PAP in PIPKIα-
mediated nuclear PI4,5P2 signaling (Fig. 4).

The PI4,5P2 generated by PIPKIα appears to directly activate Star-
PAP and also regulates other components of the Star-PAP complex, as
exemplified by the Ser/Thr kinase casein kinase I (CKI) and protein
kinase Cδ (PKCδ), both of which are required to activate Star-PAP for
mRNA processing [180,181,184]. The functionally redundant CKI iso-
forms α and ε phosphorylate Star-PAP at the proline rich region (PRR)
upon oxidative stress, which is critical for Star-PAP polyadenylation ac-
tivity. Importantly, the activity of CKIs is inhibited by PI4,5P2 [180,184].
Though the CKIs are constitutively active, oxidative stress induces Star-
PAP phosphorylation, suggesting that the CKI kinase activity may be
regulated recruitment to the Star-PAP complex [184,195]. The CKIα
kinase activity towards Star-PAP is PI4,5P2 sensitive as PI4,5P2 inhibits
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CKIα-mediated Star-PAP phosphorylation in vitro in a dose dependent
manner [180,184]. Potentially, upon oxidative stress, changes in
PI4,5P2 signaling in the Star-PAP complex might relieve the PI4,5P2-
mediated CKI inhibition, resulting in Star-PAP phosphorylation, which
allows for PI4,5P2 stimulation of Star-PAP activity (Fig. 4).

While CKIs control Star-PAP activation downstream of oxidative
stress, PKCδ is an additional PI4,5P2 effector that similarly activates
Star-PAP upon DNA damage by direct phosphorylation [181]. PKCs are
well known as kinases that bind and are activated by diacylglycerol
(DAG), but some PKCs also directly bind and are regulated by PI4,5P2
[196–199]. DNA damage induces recruitment of PKCδ into the Star-
PAP complex that is dependent on the PIPKIα-PKCδ interaction [181].
PIPKIα binding inhibited PKCδ activity and phosphorylation of Star-
PAP in vitro. Intriguingly, PKCδ binding to PIPKIα blocked activation of
PKCδ by a phorbol ester, a DAG analog, yet when bound to PIPKIα the
PKCδ activity was stimulated by PI4,5P2 that then regulates Star-PAP
activity towards specific pre-mRNAs [181]. This again highlights the
paradigm where PIPKIs define the specificity of PI4,5P2 signaling by
associating with PI4,5P2 effectors, in this case PKCδ. The collaborative
roles for PIPKIα, PI4,5P2, and PKCδ in Star-PAP control of DNA damage
induced expression of the apoptotic gene BIK [181,193] (Fig. 4).

Although the PIPKIα-mediated PI4,5P2 signaling specifically modu-
lates Star-PAP activity, not all Star-PAP targeting mRNAs are regulated
by PIPKIα [182,193,200]. It is likely that other nuclear speckle targeted
PIP kinases such as PIPKIγi4 or nuclear PIPKII isoforms may control
additional Star-PAP target mRNAs. This emphasizes the emerging para-
digmwhere the pre-mRNA specificity of Star-PAP is regulated by the as-
sembly or recruitment of different kinase co-activators into the Star-PAP
complex [193].

Another example of a PI4,5P2 effector in the nucleus is steroidogenic
factor 1 (SF-1), a nuclear receptor. Transcriptional activity of SF-1 is reg-
ulated by a direct associationwith PI4,5P2 [201]. In the solved structure,
SF-1 binds PI4,5P2 with the head group exposed to surface and the acyl
chains buried deep in the hydrophobic pocket [202,203]. The exposed
head group is further phosphorylated by a nuclear PI3K, inositol
polyphosphate multikinase, [203], and an association of SF-1 with
PI3,4,5P3 stabilizes its binding to coactivators leading to enhancement
of transcription activity of SF-1 [202]. However, whether SF-1 physically
or functionally associates with PIP kinases remains untested.

6. PIP kinases integrate with and regulate other
phosphoinositide kinases

PI4 kinases generate PI4P, a substrate for PIPKIs, a physical interac-
tion of PIPKIs with PI4 kinases could bestow functional synergism for
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PI4,5P2 production. An association of type II PI4 kinases (PI4KIIs) with
PIPKIs is reported [204]. Following this discovery, ADP-ribosylation fac-
tor (ARF) small GTPase was shown to mediate the targeting of PI4KIIβ
and an unidentified PIPKI to the Golgi [129]. The PIPKI that is responsi-
ble for PI4,5P2 generation at the Golgi is likely PIPKIβ as it directly inter-
acts with ARF1 and this interaction targets PIPKIβ to the Golgi [205].
Additionally, ARF1 enhances kinase activity of PI4KIIβ at theGolgimem-
branes [205] and a PIPKI isoform, possibly PIPKIβ [8]. Taken together,
the organization of PI4 kinases and PIPKIs into multiprotein complexes
specifically targeted to theGolgimembrane byARF is an efficientway to
spatiotemporally and efficiently coordinate the synthesis of PI4,5P2.
Furthermore, such an assembly may not be confined to the Golgi mem-
brane as PI4 kinases and their targeting factors are also found in most
membrane compartments [206,207].

Class I PI3Ks generate PI3,4,5P3 using PI4,5P2 as substrate. Thus, class
I PI3Ks are potential effectors of PI4,5P2 and the compartmentalized or-
ganization of PIPKIs and class I PI3Ks might be an efficient means for
generating PI3,4,5P3. However, the role of PIPKIs in PI3,4,5P3 generation
is underestimated as it had been believed that cellular PI4,5P2 is present
beyond the limiting concentration for PI3,4,5P3 synthesis by class I PI3Ks
[20]. As discussed above, the enzymatically available concentration of
PI4,5P2 at a specific time and location is much lower than estimated,
thus de novo synthesis of PI4,5P2 by PIPKIs might be required for effi-
cient PI3,4,5P3 generation by class I PI3Ks. In line with this possibility,
in Dictyostelium, depletion of a PIPKI, that is responsible for approxi-
mately 90% of cellular PI4,5P2 generation, results in attenuation of Akt
activity, a readout of class I PI3K activity in the cell [208]. In human
keratinocytes, knockdown of PIPKIα also attenuates extracellular
calcium-induced Akt activation [209]. In this particular study, knock-
down of PIPKIα reduces approximately 40% of global PI4,5P2 levels in
keratinocytes, but the reduction of PI3,4,5P3 levels and Akt activation
is much greater (up to approximately 90% reduction) suggesting that
PI4,5P2 and PI3,4,5P3 synthesis might be locally organized and that
only a specific pool of PI4,5P2 (but not all) is available and responsible
for PI3,4,5P3 generation. In support of this possibility, the knockdown
of a single PIPKI isoform has no significant impact on global PI4,5P2
levels [46,50]. The local organization of PI4,5P2 and PI3,4,5P3 synthesis
is further supported by immunostaining analyses in migrating leuko-
cytes [36]. Class I PI3Ks localize at the leading edge membranes, where-
as PTEN is present at the side and rear of migrating cells [210–212]. This
leads to an assumption that PI3,4,5P3 concentration is higher at the
leading edges than side and rear, and PI4,5P2 concentration is higher
at the side and rear than the leading edges. In contrast to this assump-
tion, PI4,5P2 concentration is also higher at the leading edges of migrat-
ing leukocytes when analyzed with a PI4,5P2-specific antibody [36].
Importantly, PIPKIα and PIPKIγ are colocalized with PI3,4,5P3 at the
leading edge suggesting that PI4,5P2 synthesis by PIPKIs is coupled to
PI3,4,5P3 localization at the leading edges of migrating cell.

PI4 kinases, PIPKIs and class I PI3Ksmediate sequential phosphoryla-
tion at the 4, 5 and 3hydroxyl of themyo-inositol ring of PI, respectively,
to generate PI3,4,5P3. Organization of all three enzymes in the same
multiprotein complex could more efficiently generate PI3,4,5P3. Knock-
down of PI4KIIα or PI4KIIIβ in fibroblast cells reduces global PI4P and
PI4,5P2 levels, but only PI4KIIα knockdown reduces EGF-stimulated
Akt activation [213] indicating that PI4KIIα-mediated local PI4P and
PI4,5P2 generation is required for class I PI3K dependent Akt activation.
Also, sequestration of PI4P attenuates downstream signaling of Akt,
without affecting other PI4P-mediated signaling, further suggesting
that PI4P is important for PI3,4,5P3 generation by class I PI3Ks [214].

7. Concluding remarks

As discussed above, interaction of PIP kinases with PI4,5P2 effec-
tors provides an efficient means to regulate PI4,5P2 signaling at a
specific time and location (see Fig. 1). Recent advances in proteomic
studies have revealed PI4,5P2 interacting protein complexes [13–15].
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Interestingly, these studies have identified many phosphoinositide-
metabolizing enzymes including PIP kinases along with known
PI4,5P2 effectors, suggesting that the linkage of PI4,5P2 signal genera-
tion, turnover and usage generally occurs within cells. Further studies
are required to elucidate how a specific PI4,5P2 effector is regulated by
association with PI4,5P2-metabolizing enzymes. Although, this review
focuses on generation of PI4,5P2 by PIP kinases, PI4,5P2 effectors and
PIP kinases also associatewith PI4,5P2-specific phosphatases [8,28] pro-
viding a means to fine tune PI4,5P2 signaling. In a larger context aber-
rant PIPn signaling contributes to many human diseases including
neurodegenerative diseases, cancers, and cardiovascular diseases [28,
120,215], understanding themolecularmechanisms underlying PIPn ef-
fector signaling regulated by PIPn-metabolizing enzymes will provide
new insights and foundations for therapeutic approaches to disease
states.
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