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Abstract

Phosphatidylinositol phosphate kinases (PIPKs) generate a lipid messenger phosphatidylinositol
4,5-bisphosphate (P14,5P5) that controls essentially all aspects of cellular functions. P14,5P,
rapidly diffuses in the membrane of the lipid bilayer and does not greatly change in membrane or
cellular content, and thus P14,5P, generation by PIPKSs is tightly linked to its usage in subcellular
compartments. Based on this verity, recent study of P14,5P, signal transduction has been focused
on investigations of individual PIPKs and their underlying molecular regulation of cellular
processes. Here, we will discuss recent advances in the study of how PIPKs control specific
cellular events through assembly and regulation of P14,5P, effectors that mediate specific cellular
processes. A focus will be on the roles of PIPKSs in control of the phosphoinositide 3-kinase
pathway and autophagy.
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Introduction

P14,5P, is a lipid messenger that has a plethora of fundamental roles in the regulation of cell
physiology including survival, proliferation, motility, immune responses, gene expression
and others (Choi et al., 2015; Di Paolo and De Camilli, 2006(Barlow et al. 2012)). P14,5P,
has long been considered as a substrate for type | phosphoinositide 3-kinases (PI3K) or
phospholipases to generate other signaling lipids. However, it is now well established that
P14,5P, has its own signaling roles (Choi et al. 2015). P14,5P, binds to proteins targets
called P14,5P; effectors and regulates their functions by controlling activity, subcellular
localization, or protein-protein interaction (Figure 1). Due to its versatile cellular roles,
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dysregulation of P14,5P,-generating enzymes are implicated in human diseases including
neurological disorders and cancers (McCrea and De Camilli, 2009).

A majority of cellular P14,5P, is generated by type | and type Il phosphatidylinositol
phosphate kinases (PIPK) and a, 8, and -y isoforms of each type of PIPK, and splice variants
are expressed in higher eukaryotes (van den Bout and Divecha, 2009). Type | PIPKs
(PIPKIs) phosphorylate the 5° hydroxyl group of the inositol head group of
phosphatidylinositol 4-phosphate (P14P), whereas type 1l PIPKs (PIPKIIs) phosphorylate the
4’ hydroxyl group of the inositol head group of PI5P (Figure 1) to generate P14,5P5.

The subcellular location of each PIPK isoform is diverse. For example, PIPKla., PIPKIB,
and PIPKIvyil localize in the plasma membrane (Choi et al., 2013; Giudici et al., 2006; Xia
etal., 2011). PIPKIyi2 is found in the focal adhesion and PIPKI-yi5 localizes in endosomes
and lysosomes (Di Paolo et al., 2002; Ling et al., 2002; Tan et al., 2016b). Some PIPKs
including PIPKla, PIPKI-yi4, PIPKIla, and PIPKIIB localize in the nucleus (Ciruela et al.,
2000; Schill and Anderson, 2009)(Boronenkov et al., 1998). This subcellular targeting
indicates that PIPK isoforms controls site-specific P14,5P, generation and function at each
subcellular compartment (Choi et al., 2015). There is significant evidence that specific PIPK
isoforms target to distinct cellular locations via interacting with specific partners. Often,
these targeting proteins bind to P14,5P, and their functions are controlled by P14,5P, binding
indicating that they are P14,5P effectors. Thus, the physical association of P14,5P, effectors
with PIPKSs defines in part the specificity of the P14,5P, signal. P14,5P, very rapidly diffuses
in membranes and phospholipid bilayers (Golebiewska et al., 2011; Golebiewska et al.,
2008). As such, to define specificity of P14,5P, signal generation in some cases is tightly
linked to its usage by an interaction between the PIPK and the P14,5P, effector (Choi et al.,
2015). During the last 10 years, the identification and understanding of how PIPK isoforms
control specific cellular processes has expanded, emphasizing the significance of the
pathophysiological role of P14,5P, and its generating enzymes. In this review, we will
summarize and discuss the most recent advances and implications.

The key role of PIPK in the PI3K pathways

P14,5P, regulates many proteins directly but one of its most notable roles is as a substrate for
the agonist-activated P13Ks (Chalhoub and Baker, 2009)(Kriplani et al. 2015). PIPKs
generate P14,5P,, which is used by class | PI3Ks for P13,4,5P3 synthesis. P13,4,5P3 is a
paramount lipid messenger and, once generated, it drives cellular events that promote cell
cycle progression and resistance to cell death (Chalhoub and Baker, 2009). P13,4,5P3 binds
and activates diverse protein targets including phosphoinositide-dependent kinase 1 (PDK1)
and Akt. As a result, the class | PI3K nodes are frequently mutated in human cancers
(Samuels and Waldman, 2010; Vanhaesebroeck et al., 2010). It has been assumed that class |
P13Ks utilize a preexisting P14,5P, pool for P13,4,5P3 synthesis, as the cellular concentration
of P14,5P, is at least two orders of magnitude higher than that of P13,4,5P3 (Insall and
Weiner, 2001; Stephens et al., 1993). However, this paradigm is challenged by findings that
a substantial fraction of preexisting P14,5P, is sequestered by a set of P14,5P»-binding
proteins (Golebiewska et al., 2008; McLaughlin et al., 2002) and thus unavailable for use by
class | PI3Ks.
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This suggests that de novo P14,5P, generation might be coordinated with class | PI3K
activation and P13,4,5P3 generation at a specific cellular compartment. In support of this
notion, P14,5P, colocalization with P13,4,5P3 at the leading edge of migrating leukocytes
has been reported (Sharma et al., 2008). In this and other studies, P14,5P,-generating
enzymes PIPKla and PIPKIy also localize at the leading edge of migrating cells (Choi et
al., 2013; Thapa et al., 2011), further supporting a concerted P14,5P, and P13,4,5P3
generation mechanism. Moreover, recently specific phosphatidylinositol 4-kinases and
PIPKSs have been shown to be required for P13,4,5P3 generation under certain conditions
(Fets et al., 2014; Nakatsu et al., 2012; Thapa et al., 2015). This indicates that specific
phosphatidylinositol 4-kinases and PIPKSs are required for de novo synthesis of the P14,5P,
that is then used for P13,4,5P3 generation, suggesting compartmentalization or synergism
between these enzymes. Further, the internalization of receptors such as epidermal growth
factor receptor (EGFR) results in continued signaling through the PI3K pathway indicating
that the P13,4,5P3 generation occurs in the endosomal compartments (Sorkin and Goh, 2009;
Sun et al., 2007; Tomas et al., 2014). Yet, there is substantial evidence that there is little
P14P, P14,5P, or P13,4,5P3 in the endosome (Di Paolo and De Camilli, 2006; Tan et al.,
2015b).

This begs the question: How does the PI3K pathway function in an endosomal compartment
that lacks substrates for P13,4,5P3 generation? This has been answered in a study that shows
the molecular details of a concerted mechanism where the full PI3K pathway components
are assembled downstream of agonist stimulation (Choi et al., 2016). Here, all of the P14P-,
P14,5P,-, and P13,4,5P3-generating enzymes bind to distinct subdomains of the 1Q motif-
containing GTPase Activating Protein 1 (IQGAPL). In this IQGAP1-scaffolded
phosphoinositide kinase complex, PI4Kllla, PIPKla, and class | PI3K sequentially
phosphorylate phosphatidylinositol at 4’, 5°, and 3’ positions of the inositol ring to generate
P13,4,5P3 in a processive manner (Figure 2). Furthermore, PDK1 and Akt that are activated
by PI13,4,5P3 are also associated with the IQGAP1 multi-kinase complex. Association of the
P13,4,5P3 effectors in the IQGAP1 complex provides a mechanism of specificity of the
PI3K-Akt pathway (Choi et al., 2016)(Rameh and Mackey, 2016). More recently, a
downstream target of Akt FOXOL is shown to bind to the IQGAP1 complex (Pan et al.,
2017). This suggests that the IQGAP1 multi-enzyme complex streamlines the synthesis of
the P13,4,5P3 signal and that P13,4,5P3 is directly transferred to Akt and FOXO1, leading to
their activation. The involvement of PIPKla in PI3,4,5P3 generation and Akt activation is
further supported by a study showing that inhibition of PIPKla using an ATP-mimetic small
molecule reduces P13,4,5P3 levels and Akt phosphorylation in prostate cancer xenografts
(Semenas et al., 2014).

PIPKIy is also involved in the PI3K-Akt pathway. PIPKI-y is shown to bind to IQGAP1
(Choi et al., 2013), and depletion of PIPKI+y reduces Akt phosphorylation (Thapa et al.,
2017). Akt phosphorylation is increased during epithelial to mesenchymal transition (EMT),
a process by which epithelial cells lose the polarity and cell-cell contacts, and gain migratory
and invasive phenotypes and thus is a fundamental step in oncogenic progression (Ye and
Weinberg, 2015). Interestingly, PIPKI+y interaction with IQGAP1 and Akt phosphorylation
are increased in cells undergoing EMT (Thapa et al., 2017). Also, while EMT progresses,
PIPKI-y expression levels gradually increase whereas PIPKla expression decreases. This
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suggests that PIPKIla might be switched to PIPKI-y in the IQGAP1 multi-kinase complex
during the EMT process. In support of this isoform switch hypothesis, in some epithelial
cells depletion of PIPKIa dramatically increases the expression of PIPKIy leading to an
enhanced association of PIPKIy with IQGAP1 (Choi and Anderson, 2016). Further work is
needed to fully understand how a putative switch between PIPKla and PIPKIvy controls the
P13K-Akt pathway. A structural study reveals that the kinase domain of PIPKla forms a
side-to-side homodimer and that the dimerization is critical for catalytic activity (Hu et al.,
2015). The PIPKIa homodimer is stabilized by an ionic contact and a hydrophobic
interaction of the monomers and, interestingly, these sequences are conserved in PIPKI-y,
raising a possibility that PIPKIy also may form a homodimer or that PIPKIa and PIPKIy
might form a heterodimer. In support of this, PIPKII isoforms are shown to form
heterodimers (Rao et al., 1998). These results in sum suggest that in the IQGAP1 multi-
kinase complex PIPKla and PIPKIy may have a redundant role by possibly forming a
heterodimer.

PIPKIIs are implicated in the PI3K-Akt pathway. PIPKIIB germline knockout mice display
enhanced skeletal muscle Akt activity and insulin sensitivity (Lamia et al., 2004). However,
paradoxically, these mice are smaller compared to the wild type mice and have decreased
adiposity on a high-fat diet, consistent with a report that a loss-of-mutant of a PIPKI|I
homolog in Drosophila reduces body weight (Gupta et al., 2013). Conversely, ectopic
expression of PIPKIIB reduces cellular P13,4,5P3 levels and Akt activity (Carricaburu et al.,
2003). Recently, mice with a germline deletion of PIPKIIy are reported to have a
hyperactivation of mammalian target of rapamycin complex 1 (mTORC1) signaling, which
is a downstream target of Akt. These results suggest that PIPKII and PIPKII-y does not
supply P14,5P, for class | PI3K generation of P13,4,5P3 and activation of Akt. Instead,
PIPKIIB and PIPKII-y are hypothesized to control PISP levels in cells rather than generate
P14,5P,. For example, depletion of PIPKIIB increases PI5P levels leading to cellular
senescence of cancer cells (Emerling et al., 2013) and differentiation of myoblasts (Stijf-
Bultsma et al., 2015). However, the molecular details of how PI15P regulates these processes
are not fully understood. Several PI5P effector proteins are identified but systematic
approaches are needed to elucidate the roles of a unique lipid messenger PI5P. Contrast to
PIPKIIB and PIPKII+y, deletion of PIPKIla reduces P13,4,5P3 levels and Akt and mTORC1
phosphorylation in B lymphocytes (Bulley et al., 2016). It appears that reduction of the
PI3K-Akt signaling by PIPKIla deletion is due to defective P14,5P, generation rather than
PI5P removal. These contrasting results are intriguing as PIPKIIp is shown to interact with a
pronounced fraction of PIPKIla (Bultsma et al., 2010). Further works are needed to
elucidate the relative contribution of each PIPKII isoform in P14,5P, generation vs. PI5P
removal.

The role of PIPKs in regulation of autophagy

Macroautophagy (referred to as autophagy in this paper) is an indispensable cellular process
that degrades defective organelles, protein aggregates, and long-lived proteins via the
lysosomal pathway and is thus essential for organelle/protein homeostasis and nutrient
recycling, particularly during starvation and stress (Dall'Armi et al., 2013; Kaur and
Debnath, 2015). Autophagy is a step-wise process that involves an orchestrated sequence of
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membrane remodeling and trafficking events that are controlled by a family of autophagy-
related (ATG) proteins. Autophagy initiation begins with the formation of the phagophore
assembly site (PAS) (Galluzzi et al., 2017; Yang and Klionsky, 2010; Yu et al., 2017).
Further nucleation of PAS requires the class 111 PI3K complex composed of the kinase
subunit vacuolar protein sorting 34 (VPS34) and its regulatory subunits VPS15, ATG14, and
Beclin 1. The phagophore membrane elongates and eventually forms a spherical structure
called an autophagosome with double layer membranes. Autophagosome formation is
largely dependent on two unique ubiquitin-like conjugation pathways (Tanida et al., 2004).
The first generates the AGT5-ATG12 conjugate, then it forms a multimeric complex with
ATG16, and the second produces the conjugation of a membrane lipid
phosphatidylethanolamine (PE) to the microtubule-associated protein 1 light chain 3 (LC3).
PE-conjugated LC3 is required for the expansion of autophagic membranes and the fusion of
autophagosomes with lysosomes via its oligomerization and membrane tethering capability
(Nakatogawa et al., 2009). Finally, autophagosomes fuse with endocytic and lysosomal
compartments, leading to the formation of the autolysosome.

The functions of phosphoinositides, particularly PI3P, the product of the class I11 PI3K are
well characterized in autophagy. During autophagosome biogenesis initiation and
maturation, PI3P plays critical roles. A set of autophagy regulatory proteins contains PI3P
binding modules such as the PX, FYVE, and BATS domain and thus are recruited to the site
of PI3P generation at autophagic membranes in a specific order (Dall'Armi et al., 2013). The
origin of the phagophore membrane is controversial with evidence that the ER and Golgi
provide membrane but the endosome and plasma membrane have also been implicated (Ge
et al., 2013; Ktistakis and Tooze, 2016; Mari et al., 2011).

Multiple receptors are thought to control mTOR regulation of autophagy (YYang and
Klionsky, 2010). Agonist activated EGFR through regulation of mTOR and directly by
phosphorylation of Beclinl inhibits autophagy (Wei et al., 2013; Yang and Klionsky, 2010).
Remarkably, the inactive EGFR promotes autophagy initiation downstream of multiple
signals including serum starvation (Tan et al., 2016a; Tan et al., 2015c). The agonist
activated and the inactive EGFR are both controlled by the lysosomal protein
transmembrane 4 beta (LAPTM4B) and a PIPKI. LAPTM4B is an oncogene that is
overexpressed in many human cancers (Meng et al., 2016). LAPTM4B is located in the
endosomal compartment but is concentrated in the late endosome and lysosome (Tan et al.,
2015a). For the agonist activated EGFR, LAPTM4B controls the downregulation of EGFR
by blocking its sorting to intraluminal vesicles of the multivesicular endosome and its
subsequent degradation in the lysosome (Tan et al., 2015a). The activated EGFR does not
directly associate with LAPTMA4B (Tan et al., 2015a). Instead, the N-terminus of LAPTM4B
binds to the unique C-terminus of PIPKI+yi5 and as LAPTM4B is a P14,5P, binding protein
the generation of P14,5P, controls the activity of the Nedd4 ubiquitin ligase that is
associated with the C-terminus of LAPTM4B. Nedd4 then ubiquitinates Hrs which blocks
Hrs’ ability to sort EGFR to intraluminal vesicles. The Nedd4 ubiquitination of Hrs inhibits
its role in active EGFR intraluminal sorting and thus the lysosomal degradation of agonist
activated EGFR (Tan et al., 2015a).
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In serum starved cells and upon its inhibition, EGFR becomes localized to the late endosome
(Tan et al., 2016a; Tan et al., 2015c). The mechanism for inactive EGFR localization is
through a direct interaction with LAPTMA4B that is specific for the inactive EGFR (Tan et
al., 2015c). When LAPTM4B is knocked down the inactive EGFR no longer localized to the
late endosome. Inactive EGFR localizes to endosomal compartments that are adjacent to the
ER (Eden, 2016; Eden et al., 2012; Eden et al., 2010; Tan et al., 2015c) and also close to
sites of autophagy, i.e. next to the induced LC3-11 an autophagosome marker (Tan et al.,
2015c). Significantly, the loss of either EGFR or LAPTM4B inhibits basal and serum
starvation-induced autophagy. The combined data indicate that LAPTM4B and inactive
EGFR together control autophagy. The underlying mechanism is through interactions with
LAPTM4B and the Sec5 exocyst sub-complex that facilitates Rubicon association with
EGFR, which promotes the release of Beclin 1 from Rubicon and initiates autophagy (Tan et
al., 2015c). These data also suggest a role for the LAPTMA4B associated PIPKI, the
PIPKIyi5.

Autophagy is controlled by the synchronized actions of the autophagy-related (ATG)
proteins. Barkor/ATG14-VVPS34 is a class 111 PI3K complex and its product PI3P regulates
autophagy initiation. ATG14 contains a C-terminal Barkor/ATG14 autophagosome-targeting
sequence (BATS) domain that senses PI3P-containing membranes that are curved. The
ATG14 BATS domain also binds P14,5P,, but the functional is unclear. ATG14 interacts with
PIPKI+yi5. In addition, PIPKI+yi5 and P14,5P, localize with autophagosomes that are
associated with late endosomes and the ER (Tan et al., 2016b). P14,5P, generation at these
sites requires PIPKI+yi5. Loss of PIPKIyi5 results in a loss of ATG14, UV irradiation
resistance-associated gene (UVRAG), and Beclin 1 and a block of autophagy. P14,5P,
binding to the ATG14-BATS domain regulates ATG14 interaction with VPS34 and Beclin 1,
and thus plays a key role in ATG14 complex assembly and autophagy initiation. PIPKIvyi5 is
required for autophagy initiation and the fusion of the autophagosome with the lysosome
(Tan et al., 2016b). As depicted in Figure 3, the EGFR, LAPTM4B and PIPKI+i5 and the
Beclin 1, Vps34, ATG14 and PIPKIvyi5 complexes may occupy different compartments but
as a large fraction of autophagosomes colocalize with late endosomes and endoplasmic
reticulum and these sites have P14,5P, and PIPKIvyi5 appears to be responsible for the
autophagosome-associated P14,5P, generation.

Itis clear that EGFR, LAPTM4B, and PIPKIyi5 are localized to the endosome that the late
endosome (multivesicular endosome) is largely docked with the ER. Further, the
multivesicular endosome can fuse with the autophagosome. Thus, the EGFR, LAPTM4B,
and PIPKI+yi5 on the endosome may regulate fusion with the autophagosome. Further, the
PIPKI-yi5 does control the fusion of the lysosome with the autophagosome (Tan et al.,
2016b). Mechanistically, P14,5P, generation by PIPKI+yi5 on these autophagosomes is
required for ATG14 function. PIPKIyi5-mediated P14,5P, signaling functions upstream of
PI3P by stabilizing ATG14 and Beclin 1 and promoting the ATG14-Beclin 1-VPS34
complex assembly. P14,5P,-binding of ATG14 on its BATS domain, which also binds PI3P,
regulates the association with VPS34 and Beclin 1. This is important as ATG14 controls
PI3K activity and localization of VPS34 to autophagosomes (Dall'Armi et al., 2013). Thus,
P14,5P, generation by PIPKI-yi5 at phagophore initiation is critical for driving the entire
autophagy progression via interactions with multiple membrane compartments. Autophagy
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initiates at a preautophagosomal structure (PAS) (Dall'Armi et al., 2013; Ktistakis and
Tooze, 2016; Mari et al., 2011; Yang and Klionsky, 2010). The role for the PIPKIvyi5
appears to be at the endosome and ER and the P14,5P, signaling pathway at these sites that
controls ATG14 complex stability and assembly required for autophagy. These results define
an unexpected role for PIPKI+yi5 and P14,5P, in autophagic membrane trafficking and
further indicates a role for the ER-late endosome contacts in autophagy regulation as a
potential mammalian PAS as illustrated in Figure 3.

The small G-protein Arf6 regulates PIPKI-y isoforms and phospholipase D (PLD), further
the product of PLD activity PA activates PIPKI isoforms (Funakoshi et al., 2010, 2011,
Jenkins et al., 1994; Massenburg et al., 1994). Arf6 regulates phagophore formation and
colocalizes with ATG12 and ATG16, which control phagophore elongation, and knockdown
of Arf6 reduces ATG12- and ATG16-positive phagophore (Moreau et al., 2012). Arf6
controls phagophore formation by regulating P14,5P, generation in part at the plasma
membrane, as depletion of the plasma membrane pool of P14,5P, by targeted delivery of
P14,5P,-specific 5-phosphatase or knockdown of all PIPKIy isoforms reduced the number
of ATG12-positive phagophores. Additionally, ATG12- and ATG16-positive compartments
partially overlap with P14,5P, staining. These data are consistent with a role for Arf6 in
regulating the kinase activity of PIPKI-yi5 or similar kinases in promoting roles in
autophagosome formation.

Roles of P14,5P; and P14,5P,-metabolizing enzymes in autophagy are further validated as
P14,5P, is found on membranes of autophagic compartments located in the late endosomes
and lysosomes (De Leo et al., 2016). In this study, the PIPKla and PIPKIR are appear
responsible for P14,5P, generation in these compartments (Figure 3). Importantly,
knockdown of OCRL (Lowe oculocerebrorenal syndrome protein) which converts P14,5P,
to PI4P, led to accumulation of P14,5P, on membranes of autophagosome-lysosome fusion
sites and this dramatically increased LC3 puncta formation (Nakamura et al., 2016).

Recently, P14,5P, generation is shown to play an important role in a key step in autophagy,
autophagic lysosome reformation (ALR). ALR that occurs during prolonged starvation
refers to the de novo biogenesis of lysosomes from existing autolysosomes via tubulation of
the limiting membranes (Chen and Yu, 2017). Proteomic analyses of these tubules identify
clathrin, its associated molecules, and P14,5P,-generating enzymes as key mediators of ALR
(Rong et al., 2012). Further characterization of the proteomic screen with biochemical and
cell biological approaches indicates that P14,5P, generated by PIPKIB mediates the
recruitment of clathrin via its AP2 adaptor complex to autolysosomes. Of note, P14,5P,
plays a key role in AP2 complex formation onto membranes (Choi et al., 2015). Contrary to
PIPKI, another PIPKI isoform PIPKIla appears to regulate the fission of ALR tubules
reforming from autolysosomes. Interestingly, PI4P is uniformly distributed on membranes of
autolysosomes, while P14,5P, (and PIPKIa) is enriched on ALR tubules emerging from
autolysosomes (Figure 3).

Autophagy is triggered by diverse cellular cues (Dall’Armi et al., 2013; Kaur and Debnath,
2015; Tan et al., 2016a). In general, upon starvation or stress the concentration of cellular
energy molecules including ATP and GTP diminishes. The reduction of energy molecule
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concentration is recognized by a few energy sensing molecules. For instance, under nutrient
scarcity, a key energy sensor AMP activated protein kinase (AMPK) phosphorylates ULK1
which is a mammalian homolog of yeast ATG1, leading to autophagy initiation. In contrast,
under nutrient sufficiency, high mTOR activity prevents ULK1 activation by
phosphorylating different residues on ULK1 (Kim et al., 2010). Recently, PIPKII isoforms
especially PIPKIIB are identified as cellular GTP sensors (Sumita et al., 2015). PIPKIIB
preferentially utilizes GTP to produce P14,5P, from PI5P. Interestingly, PIPKIIB has a
Michaelis constant (Ky,) value for GTP that falls within the range of physiological GTP
concentration and its kinase activity changes in direct proportion to the cellular GTP
concentration. This suggests that PIPKIIp is an active GTP sensor. Based on this, one can
expect that in energy scarcity, reduction of cellular GTP concentration inhibits PIPKIIB
kinase activity, leading to the accumulation of cellular PI5P. Interestingly, PI5P generation is
linked autophagosome biogenesis (Vicinanza et al., 2015).

Taken together, P14,5P, and PIPK isoforms are critical for multiple steps in autophagy.
However, the molecular details of how and where P14,5P, effectors control the autophagic
process is not well understood compared to the PI3P signaling pathway. Systematic
characterization of the protein interactome of P14,5P, might provide global insights of the
P14,5P, signal transduction during autophagy.

Summary and future prospects

PIPKSs generate a lipid messenger P14,5P,, and signaling specificity of P14,5P, is determined
by PIPK association with P14,5P, effectors (Choi et al., 2015). A direct contribution of
P14,5P,-generating enzymes in P13,4,5P3 generation by class | PI3Ks has long been
suspected and now one mechanism is emerging. IQGAP1 scaffolds all of the
phosphoinositide kinases that are need to generated P13,4,5P3 from phosphatidylinositol.
Also, P13,45P5 effectors PDK1 and Akt are in the IQGAP1 multi-kinase complex, enabling
the generated P13,45P3 to be directly transferred to P13,4,5P3 effectors and used for their
activation (Figure 2). This seemingly complicated mechanism of P13,4,5P3 generation and
function however well fits with a key principle of signal transduction: signals are only
generated when and where they are needed (Good et al., 2011). Another key feature of the
IQGAP1-mediated class | PI3K-Akt pathway is that it can be spatially assembled on any
membrane. Concentration of PI4P and P14,5P, is reported to be high in Golgi and the
plasma membrane, respectively, whereas low in other membranes including endosomes
(Balla, 2013). The IQGAP1 multi-kinase complex has the potential to sequentially generate
P13,4,5P3 from phosphatidylinositol. Importantly, phosphatidylinositol is ubiquitously found
in all membranes (Balla, 2013; van Meer et al., 2008). We envision that assembly of the
IQGAP1-scaffolded kinases will provide a route to produce PI13,4,5P3 on any membrane.
Further works are needed for elucidating when and where the IQGAP1 complex is
assembled.

Autophagy involves remodeling and trafficking of membranes. P14,5P, and its generating
enzymes (PIPKSs) have long been implicated in membrane dynamics. Thus it is not
surprising that P14,5P, and PIPKSs control autophagy. However, it is unanticipated that
P14,5P, directly activates autophagy regulatory proteins (Tan et al., 2016b). Based on current
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understanding, P14,5P, appears to control essentially every step of autophagy, but only a

limited number of P14,5P, effector autophagic proteins have been discovered. Thus, more
systematic approaches are required to fully understand the functional role of P14,5P; and

PIPKs in the control of autophagy.

PIPK isoforms, especially PIPKla and PIPKIla, activate the PI3K-Akt-mTORC pathway
(Bulley et al., 2016; Choi et al., 2016). mTORC is reported to suppress autophagy by
phosphorylating ULK1 (Kim et al., 2010). Paradoxically in another study, PIPKIa appears
to promote autophagy (De Leo et al., 2016). These seemingly contradictory results can be in
part explained by cell type specificity. Further works are needed to elucidate the exact role
and the relative contribution of each PIPK isoform in the regulation of the PI3K-Akt-
mMTORC pathway vs. autophagy.
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Figure 1.

A schematic representation of P14,5P, generation by type I vs. type Il PIP kinases. Type |
PIP kinase isoforms phosphorylate the 5* hydroxyl group of the insositol ring, while type 11
enzymes phosphorylate the 4’ hydroxyl group. Once P14,5P, is generated, it binds to a set of
protein targets called P14,5P, effectors and controls their activity, subcellular location, and
P14,5P, effectors’ interaction with other proteins.
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Figure 2.

A schematic representation of the IQGAP1-scaffolded class | PI3K-Akt signaling platform.
IQGAPL1 binds to PI4Kllla, PIPKIla, and class | PI3K that generate PI4P, P14,5P,, and
P13,4,5P3, respectively. The generated P13,4,5P3 is directly transferred to PDK1 and Akt,
which are also associated with IQGAPL. In the IQGAP1-mediated multi-kinase complex,
P13,4,5P3 generation is tightly linked to its usage.
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Figure 3.
A schematic representation of the role of PIPK isoforms in autophagy. Each PIPK isoform

has unique but sometimes redundant roles in the steps of autophagy progression. PIPKs and
their product P14,5P, now have clear functional roles in autophagy generally by promoting
membrane reformation.
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