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Abstract

The generation of phosphoinositides (P1s) with spatial and temporal control is a key mechanism in
cellular organization and signalling. The synthesis of Pls is mediated by phosphoinositide kinases,
proteins that are able to phosphorylate unique substrates at specific positions on the inositol
headgroup to generate signalling molecules. Phosphatidylinositol 5 phosphate 4 kinase (PIP4K) is
one such lipid kinase that is able to specifically phosphorylate phosphatidylinositol 5 phosphate
(PI5P), the most recently discovered PI to generate the well-known and abundant PI,
phosphatidylinositol 4,5 bisphosphate [P1(4,5)P5]. PIP4K appear to be encoded only in metazoan
genomes and several genetic studies indicate important physiological functions for these enzymes
in metabolism, immune function and growth control. PIP4K have recently been reported to
localize to multiple cellular compartments including the nucleus, plasma membrane, endosomal
systems and autophagosome. However, the biochemical activity of these enzymes that is relevant
to these physiological functions remains elusive. We review recent developments in this area and
highlight emerging roles for these enzymes in cellular organization.

Introduction

Phosphatidylinositol 4,5 bisphosphate [P1(4,5)P,] is the most abundant of the
phosphoinositides, the phosphorylated derivatives of phosphatidylinositol (PI) that regulate
numerous sub-cellular processes in eukaryotic cells [1]. In addition to its well-known
requirement as the substrate for receptor activated phospholipase C activity, it is now well
recognised that P1(4,5)P5 binds to and regulates the activity of a large number of proteins in
eukaryotic cells; through the activity of these proteins, this lipid is able to regulate numerous
sub-cellular events including vesicular transport, cytoskeletal function, ion channel and
transporter activity and gene regulation within the nucleus. Each of the seven
phosphoinositides shows a characteristic sub-cellular distribution in eukaryotic cells and
more recently, it has also been noted that that even within a single organelle membrane,
phosphoinositide species may show a domain specific distribution [2]. Although PI(4,5)P,
was originally thought to be restricted to the plasma membrane, it is now recognized that
this lipid is present at multiple locations in the cell including the nucleus, Golgi complex,
late endosomes and lysosomes. Given this scenario, the localized generation and metabolism
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of PI(4,5)P, by relevant enzymes is a key factor in its ability to control sub-cellular
processes and cellular functions.

PIP5K enzymes

P1(4,5)P, can be synthesized in cells by the activity of one of two classes of lipid kinases:
phosphatidylinositol 4 phosphate 5-kinase (PIP5K), also previously referred to as Type | PIP
kinase and phosphatidylinositol 5 phosphate 4-kinase (PIP4K), previously known as Type Il
PIP kinase. Biochemical analysis in human cell lines indicate that the PIP5K enzymes, that
use phosphatidylinositol 4 phosphate (P14P) as substrate, are responsible for the major
proportion of the P1(4,5)P, in eukaryotes [4,5]. This enzymatic activity is encoded in all
eukaryotic genomes and the enzymes are distributed at multiple cellular membranes
including the plasma membrane, Golgi, endosomes and lysosomes ([6,7] and reviewed in
[8]) and the activity of this enzyme has been shown to regulate numerous sub-cellular
processes [9].

PIP4K enzymes

By contrast, the PIP4AK enzymes use phosphatidylinositol 5 phosphate (PI5P) as substrate
through the addition of a 4 phosphate but are unable to use PI4P as a substrate [10]. Since
the total amount of PI5P in cells is only about 1-2 % of PI14P levels [11], PIP4K enzymes
likely generate a quantitatively minor pool of P1(4,5)P,. Thus, total P1(4,5)P levels,
measured biochemically using mass assays remain unaltered in cells depleted of PIPAK
activity (reviewed in [12]). However, PI5P levels rise when PIP4K is depleted leading to the
idea that the principal function of this enzyme might be to regulate the levels of its substrate
PI5P [12] rather than produce a quantitatively small but functionally relevant pool of
P1(4,5)P,. The PIP4K enzymes are found only in metazoan genomes being conspicuously
absent from the genomes of unicellular eukaryotes (Padinjat lab, unpublished). However
genetic studies using model organisms indicate important physiological functions for PIPAK
enzymes in growth and development [13], immune function [14], metabolism [15,16] and
tumour growth control [17-19]. The manner in which PIP4K regulates these physiological
functions remains a matter of active investigation. Polymorphisms in human PIP4K genes
have been linked to many disorders such a neuropsychiatric syndromes (reviewed in [20]).

The biochemical activity of PIP4K

The biochemical activity of PIP4K enzymes has been studied using /n vitro assays. In all
studies to date, a clear preference for PI5P as a substrate has been noted [10,13,21,22]. In
addition, some studies have also noted the ability of the enzyme to utilise
phosphatidylinositol 3 phosphate (P13P) as a substrate [23] although with poor efficiency in
vitro. An intriguing aspect of PIP4K proteins is the broad range of enzyme activity that is
reported for polypeptides encoded by these genes. Typically, /n vitro activity is assayed
using recombinant protein supplied with pure substrate (PI5P) and ATP and the formation of
the product PI(4,5)P is quantified. When studied using this approach, each of the three
isoforms of PIP4K in mammalian genomes show vastly differing extents of biochemical
activity, PIPAK2A is ca. 2000 fold more active than PIP4K2B [24]; PIP4K2C is inactive
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under equivalent conditions [25]. It has been reported that the three isoforms can form
heterodimers and that this may change the activity and localization of a given isoform
[26,27]. The intrinsic ATPase activity of all three polypeptides is quite comparable
indicating that they are all potentially active kinases [22]; thus the varying PIP4K activity
using PI5P as substrate likely reflects the ability of these polypeptides to use it as a substrate
in vitro. Remarkably, the only PIP4K in the Drosophila genome shows high activity
comparable to that of mammalian PIP4K2A [13,22] whereas the only PIP4K encoded in the
C.elegans genome shows minimal activity that is comparable to that of PIP4K2C [22,28]. A
recent study explored the relationship between /n vitro kinase activity and /n vivo function
[29]. They studied a null mutant of the only PIP4K in Drosophila that shows a reduction of
cell size in the salivary gland. This phenotype can be rescued in a cell-autonomous manner
by reconstitution with the Drosophila PIPAK gene; a kinase dead (non-ATP binding) version
fails to rescue cell size, reflecting a requirement of kinase activity for this function. Despite
their widely varying /in vitro activity, each of the three human PIP4K isoforms 2A, 2B and
2C were able to rescue the cell size defect equally well. Interesting a kinase dead version of
PIP4K2C was unable to rescue the cell size defect implying that /n vivo, there is a
requirement for its kinase activity in rescuing cell size [29]. Overall, these findings suggest
that there is little correlation between the 7n vitro PI15P 4-kinase activity of PIP4AK and its /n
vivo activity. Perhaps PIP4K has other substrates /n vivo that remain to be identified or there
are additional mechanisms that regulate the activity of PIP4K isoforms /n vivo. It has also
been reported in a study that PIP4AK2B binds to GTP better than ATP and preferably
hydrolyses GTP than ATP in an /n vitro kinase assay [30]. The same study noted that
inhibiting cellular GTP utilisation affected the levels of cellular PI5P hinting towards a
paradigm where PIP4Ks could prefer GTP over ATP in vivo [30].

Sub-cellular events and physiological processes regulated by PIP4K

The subcellular distribution of PIP4K proteins has been studied by multiple approaches.
Each of the mammalian isoforms is distributed across multiple cellular compartments. In
mammalian systems each isoform shows a distinctive distribution; while PIP4K2A is found
mainly at the plasma membrane, PIP4K2B is found both at the plasma membrane and the
nucleus; PIP4K2C appears distributed across a vesicular compartment within cells [24]. In
Drosophila, that contains only a single isoform of PIP4K, the endogenous protein co-
fractionates with markers of multiple cellular compartments including the plasma
membrane, early and late endosomal compartments as well the Golgi complex; it is however
excluded from the nucleus [13] and the Drosophila enzyme lacks essential elements of the
nuclear localization signal described for PIP4K2B [31]. Interestingly, a biochemical
fractionation study of mammalian cells found that although PI5P, the best described
substrate of PIP4K, was found primarily at the plasma membrane, it was also distributed
across vesicular compartments of the cell [11]. Thus it seems likely that PIP4K performs its
function at multiple sub-cellular locations; the manner in which it is targeted to these
compartments and its activity regulated at these locations remains an open and very
interesting question. PIP4K regulated functions have been described at multiple sub-cellular
locations within cells; these are detailed below. Interestingly in some compartments such as
the plasma membrane and the nucleus, PIP4K is present along with PIP5K. This represents a
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situation in which pools of P1(4,5)P, made by two independent biosynthetic pathways are
generated at a single sub-cellular location. If these pools of P1(4,5)P, have distinctive
functions, the mechanism by which they are sensed and segregated at cellular membranes
remains to be determined.

Plasma membrane

Several studies have implicated PIP4K function in the regulation of receptor activated Class
| PI3K signalling that occurs at the plasma membrane. Early studies had suggested that in
mammalian cells PIP4K can regulate Class | PI3K signalling activated by cell surface
receptors [15,32]. However the mechanisms through which this regulation occurs were not
understood. Recent studies have cast light on this topic. Studies in Drosophila have found
that plasma membrane phosphatidylinositol 3,4,5 trisphosphate (PIP3) levels are elevated in
cells depleted of PIP4K and that the rise in PIP3 levels following insulin stimulation is
greater in cells lacking PIP4K compared to controls [16]; this appears to be a cell-
autonomous phenomenon. The enhanced PIP3 production in Drosophila cells lacking PIPAK
could be rescued by reconstitution with a PIP4K protein selectively targeted to the plasma
membrane [16]. This finding indicates that PIP4K at the plasma membrane in necessary to
regulate Class | PI3K activity during receptor activated signalling. Using simultaneous
imaging of P1(4,5)P, and PIPs, this study also found that the enhanced levels of PIP3 during
insulin stimulation in PIP4K null cells was also accompanied by a rise in P1(4,5)P, levels.
The mechanisms underlying this remain unknown but a recent analysis in mammalian cells
has noted an equivalent result and suggested that a heterodimer of PIP5K and PIP4K leading
to enhanced P1(4,5)P, generation may underlie this phenomenon [33]. Interestingly,
previous studies in muscle cells has reported an insulin stimulated rise in PISP levels that
was abolished by overexpression of PIP4K [34]. The raison d’étre for this type of regulation
remains to be determined but represents a rare example when plasma membrane P1(4,5)P,
levels rise above normal.

Early endosomal compartment

PIP4K has also been reported to regulate membrane transport. In Drosophila cells depleted
of PIP4K, the endocytic trafficking of plasma membrane receptors is multiple cell types was
disrupted [35]. This study reported that in fly photoreceptors, rhodopsin, the G-protein
coupled receptor for light accumulated in an expanded early endocytic Rab5 positive
compartment. Likewise, trafficking was disrupted in cultured Drosophila S2R cells and also
in haemocytes depleted of PIP4K. These accumulations of rhodopsin in the early endocytic
compartment could be rescued by reconstituting with PIP4K selectively targeted to the early
endocytic compartment but not when reconstituted exclusively to the plasma membrane.
PIP4K was found to co-localize with Rab5 both in photoreceptors and in Drosophila S2R+
cells [35]. Together these findings imply a function for PIP4K at the early endocytic
compartment. Interestingly, a previous study has implicated PI5P, the substrate of PIP4K
produced by the activity of S.flexneri IpgD in the regulation of EGF receptor trafficking
through the early endosomal compartment [36] and a biochemical analysis has identified the
adaptor protein TOML1, as a PI5P binding protein [37].
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Autophagosome bhiogenesis

Nucleus

In addition to a role in the early endocytic compartment, PIP4Ks are reported to localize to
the to the autophagy compartment in cultured human cells [38] and depletion of each of the
human isoforms increased the number of autophagosome structures. This study also reported
that knockdown of PIP4K2C reduced the accumulation of huntingtin aggregates in cultured
human cells whereas overexpression enhanced the level of aggregates [38]. A recent study
using mouse knockout models of PIPAK2A and PIP4K2B has reported that in the liver,
PIP4K2A and 2B are required to regulate autophagy in a p53 depleted background [28].
During starvation, cells with this genetic background (PIP4K2A™~;PIP4K2B~;shTrp53)
show an expansion of LC3 positive autophagic and LAMP1 positive lysosomal
compartments with evidence of a block in fusion between the autophagosome and lysosomal
compartment. Together these findings suggest a function for PIP4K enzymes in the control
of autophagosome maturation, likely at the step of fusion of these vesicles with the
lysosomal compartment. Interesting in Drosophila, PIPAK mutants which are homozygous
viable as adults, have a growth and developmental defect that is associated with reduced
TORC1 output [13] and these phenotypes are rescued by the overexpression of Rheb, a key
positive regulator of TORC1. TORCL1 is a key regulator of autophagy and collectively these
findings imply a function of PIP4K in the regulation of autophagy. It is however interesting
to reflect on the point that while autophagy as a process is conserved across eukaryotes,
PIP4K genes are a feature of metazoan genomes. Thus, the requirement of PIP4K in
autophagy must reflect a need for further regulation of this process in the context of
metazoan biology. At a physiological level, loss of PIP4K results in altered metabolism in a
range of species including C.elegans [28], Drosophila[13,16] and mammals [15,28].

A large body of work implicates PIP4K and its substrate PI5P in the regulation of the DNA
damage response and has been summarized in recent reviews [39,40]. Briefly, the isoform
PIP4K2B contains a nuclear localization signal that allows it to localize to the nucleus where
it regulates PI5P levels in response to signals such UV irradiation and oxidative stress. PI5P
then binds to and regulates the activity of several proteins that regulate gene expression such
as the PHD domain containing proteins such as ING2, TAF3 and other regulatory molecules
such as UHRF1. The functional significance of these molecular observations is underscored
by several physiological findings (i) PIP4AK2A transcripts are upregulated in leukaemias
[41,42][43] (ii) A double knockout of PIPAK2A and PIP4K2B is able to slow the growth of
tumours in p53 null mice [17] (iii) overexpression of PIP4K2A can suppress the growth of
PTEN induced glioblastoma [19].

Relationship of biological function to PIP4K enzyme activity

An intriguing and related aspect of PIP4K function is question of whether its catalytic
activity is required for /n vivo function. Typically, this has been addressed in studies where
cells lacking PIP4K protein have been reconstituted with a non-ATP binding, kinase dead
version of the enzyme and assaying for rescue of function. For example in the Drosophila
PIP4K mutant, there appear to be some phenotypes that show dependency on the kinase
activity of protein (e.g. elevated PI5P levels [13], cell size defect [29], altered growth &

Curr Opin Cell Biol. Author manuscript; available in PMC 2021 July 21.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Raghu

Page 6

development [16] whereas other appear not to require the kinase activity of the enzyme (e.g.
enhanced insulin induced PIP3 production [16] and altered GPCR trafficking in
photoreceptors [35]). In mammalian systems, the enhanced sensitivity to insulin stimulation
of cells lacking PIP4K can be rescued by a kinase dead version of the enzyme [33]. The
reasons for such a variable context dependent requirement for kinase activity in rescuing
phenotypes remains unresolved and will be an area for active investigation in the immediate
future.

Concluding Summary

PIP4K have emerged as a new class of phosphoinositide kinases with important roles in
metazoan physiology and operating at multiple sub-cellular locations in cells. However,
important questions remain on substrate specificity of these enzymes and the relationship of
in vitro activity to /n vivo function. Although phosphoinositide signalling in broadly
conserved across eukaryotes, some elements remain a unique feature of metazoans; PIP4K is
one such example and it will be interesting to determine the reasons why this emerging class
of enzymes is required for normal metazoan physiology.
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Figure 1.

(A) Routes of synthesis and metabolism of phosphatidylinositol 4,5 bisphosphate
[P1(4,5)P,]. Enzymes and substrates involved in this process and their metabolic relationship
are shown. Pl-phosphatidylinositol, P14P-phosphatidylinositol 4 phosphate, PI5P-
phosphatidylinositol 5 phosphate, PIP5K-phosphatidylinositol 4 phosphate 5-kinase, PIP4K-
phosphatidylinositol 5 phosphate 4-kinase. The functions of P1(4,5)P, are indicated. PLC-
phospholipase C, PI3K-phosphatidylinostiol 3 kinase.? indicates route of synthesis
unresolved. (B) Relative abundance of PI4P, P1(4,5)P, as estimated from mass
measurements in eukaryotic cells. Y-axis is in log units. Primary data on abundance from [3]
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Figure 2. PIP4K regulates function at multiple cellular compartments.
(A) Plasma membrane (B)early endosomal compartment (C) nucleus (D) autophagosome

maturation. PM-plasma membrane, P1(4,5)P,-phosphatidylinositol 4,5 bisphosphate,
P1(3,4,5)P3 -phosphatidylinositol 3,4,5 trisphosphate, EE-early endosome, AP-
autophagosome, AL-autophagolysosome, N-nucleus, C-chromatin, UV, OS-Transcription-
ultraviolet radiation and oxidative stress induced transcription. PIP4K-phosphatidylinositol 5
phosphate 4-kinase. Blunt arrowheads imply inhibition.
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