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Abstract: Polyphosphoinositides (PPIns) are signalling messengers representing less than five per
cent of the total phospholipid concentration within the cell. Despite their low concentration, these
lipids are critical regulators of various cellular processes, including cell cycle, differentiation, gene
transcription, apoptosis and motility. PPIns are generated by the phosphorylation of the inositol head
group of phosphatidylinositol (PtdIns). Different pools of PPIns are found at distinct subcellular
compartments, which are regulated by an array of kinases, phosphatases and phospholipases. Six
of the seven PPIns species have been found in the nucleus, including the nuclear envelope, the
nucleoplasm and the nucleolus. The identification and characterisation of PPIns interactor and
effector proteins in the nucleus have led to increasing interest in the role of PPIns in nuclear signalling.
However, the regulation and functions of PPIns in the nucleus are complex and are still being
elucidated. This review summarises our current understanding of the localisation, biogenesis and
physiological functions of the different PPIns species in the nucleus.

Keywords: phosphoinositides; PtdIns(4,5)P,; signalling messengers; lipid; kinases; nucleus;
epigenetic signalling; nuclear speckles; transcriptional output; mRNA machinery

1. Introduction

Polyphosphoinositides (PPIns) constitute a group of phospholipids that act as sig-
nalling messengers and participate in a wide number of cellular processes. PPIns constitute
only about 5% of the total cell phospholipid pool; however, these glycerol-based phospho-
lipids are crucial regulators in orchestrating key biological signalling pathways, including
cell division, vesicle transport, differentiation, autophagy, ion channel function and gene
transcription [1,2]. The primary structure of PPIns is phosphatidylinositol (PtdIns), a
myo-inositol hydrophilic head group linked to the sn-3 position of the glycerol group of a
hydrophobic diacylglycerol tail via a phosphodiester bond [3-5] (Figure 1A). The resulting
amphipathic properties of PPIns allow its positioning with the hydrophilic headgroup
orientated towards the cytoplasm while the hydrophobic diacylglycerol tails are embed-
ded in a lipid bilayer. The hydroxyl groups of the myo-inositol headgroup ring can be
reversibly phosphorylated at 3, 4 and 5 position, leading to the formation of poly-acidic
phospholipids [2,6]. Mono-, bis- and tris-phosphorylation by specific lipid kinases gener-
ate the seven PPIns species known to date: PtdIns3P, PtdIns4P, PtdIns5P, PtdIns(3,4)P;,
PtdIns(3,5)P;, PtdIns(4,5)P; and PtdIns(3,4,5)P3 (Figure 1B), which a panel of lipid phos-
phatases can dephosphorylate to form dynamically regulated subcellular pools of specific
PPIns involved in the control of many cellular functions. For instance, a major mechanism
by which PPIns control downstream signalling is their ability to recruit proteins to their
surfaces by interacting with specific protein domains. For example, PPIns headgroups can
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be recognised by pleckstrin homology (PH) domains [7-12], with different PH domains
showing specificity for different phosphoinositides. One of the most-well studied PH do-
mains is that from phospholipase C-61 (PLC-61), which strongly and specifically binds the
headgroup of PtdIns(4,5)P;, mediating the recruitment of PLC-51 to the plasma membrane
and promoting the PLC-61 catalytic activity [13]. In contrast, the PH domain from GRP1
(general receptor for phosphoinositides, isoform 1) strongly and specifically interacts with
PtdIns(3,4,5)P3 [14]. A table of known binding domains, together with their specificity for
distinct PPIns, is shown in Table 1.
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Figure 1. General structure and biogenesis of polyphosphoinositides (PPIns). (A). Phosphatidylinosi-
tol (PtdIns) structure as a C38:4 species, predominantly composed of a stearoyl acyl chain (C18:0)
at the sn-1 (R1 in black) and an arachidonoyl (C20:4) acyl chain position at the sn-2 position (R2 in
grey) [15-17]. The hydroxyl groups of the myo-inositol ring can be reversibly phosphorylated at
positions C3, C4 and C5 (shown in green), leading to the formation of the different PPIns. (B). PPIns
biogenesis, which is regulated through an array of kinases (black arrows), phosphatases (red ar-
rows) and phospholipases (green arrows). The schematic is just a brief representation of some of the
pathways that produce the different PPIns species. Abbreviations: P: phosphate, DAG: diacylglycerol.
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In contrast to the importance of the inositol head group, the importance of acyl chain
specificity in modulating downstream signalling is still under debate. The fatty acyl chains
of PPIns are generally found to be enriched in a stearoyl chain in sn-1 (18 carbons and no
double bonds; C18:0) and an arachidonoyl chain in the sn-2 (20 carbons and 4 double bonds;
C20:4). As these are quantitated by mass spectrometry of the intact lipid, they are often
referred to as C38:4 [15-17] (Figure 1A). The strong enrichment of these fatty acyl species is
uncommon, as most other phospholipids show a variety of alkyl/acyl compositions. How
enrichment of these fatty acids is generated and maintained is still not clear but, given
that the only mammalian PI-synthase shows no specificity for acyl chain composition, it
is thought that fatty acyl remodelling through the Lands cycle is important [18,19]. In the
Lands cycle, phospholipase-mediated removal of a fatty acyl group from a phospholipid
generates a lyso-phospholipid, which can then be re-acylated, effectively remodelling the
initial phospholipid. Moreover, while most tissues and cells show C38:4 enrichment in
PPIns, others, such as testis and platelets, show very different acyl compositions, as do a
number of cancer cell lines grown in culture. This has led to questions surrounding the
importance of the acyl chain specificity of phosphoinositides in downstream signalling.
The enzyme LPIAT (Lysophosphatidylinositol-acyl-transferase) is part of the Lands cycle,
and can selectively reacylate LPI on the sn-2 position to incorporate arachidonyl. While
knockouts of this enzyme in mice lead to neonatal lethality and aberrant brain development,
it is not clear if this is due to reduced proportions of C38:4 PPIns (which was relatively
minor), increased levels of LPI or a general decrease in the levels of PPIns [15,20]. This
still leaves the question surrounding the importance of the fatty acyl chains in regulating
downstream signalling. The distinct acyl composition could act as a molecular beacon to
facilitate PtdIns resynthesis during receptor stimulation, or it may modulate the ability
of effectors to interact with the head group and, indeed, there is data to support both
hypotheses [21]. However, there is still a lack of biochemical and structural evidence to back
up the evolutionary pressure that has driven the maintenance of this acyl chain specificity.

The identification of protein domains capable of interacting with specific PPIns enabled
the development of genetically encoded fluorescent probes to interrogate their subcellular
localisation. The PLC$1-PH domain can be used to specifically localise PtdIns(4,5)P, [13],
the PH domain of GRP1 labels PtdIns(3,4,5)P3 [14], while the multimerised FYVE domain
from EEA1 (early endosome antigen-1) can localise PtdIns3P [22]. There are some caveats
with respect to the use of these probes, as it is often unclear if they stably interact and label
the specific PPIns in concert with their interaction with a different component, which may
skew the localisation data. With this caveat in mind, the different PPIns species are found
in various subcellular compartments, including the plasma membrane, the lysosomes, the
Golgi, the endoplasmic reticulum and the nucleus (Figure 2A). The maintenance of specific
PPIns pools within these compartments is likely a consequence of compartment-specific
regulation of kinases, phosphatases and phospholipases (Figure 1B). Both internal and
external stimuli impact the activity of these enzymes, leading to subcellular compartment-
specific changes in PPIns, which eventually translates the stimuli into an effective operating
output [2,6,23,24]. The amounts and distribution of the different PPIns pools within the
cells are critical for normal cell development and function. Alterations to the levels of PPIns
or their regulatory enzymes may directly influence the development of pathophysiological
dysfunctions, including cancer, neuropathy and diabetes [25-32].

Table 1. List of phosphoinositide recognition protein domains.

Protein Domain Phosphoinositide(s) Bound References
PtdIns3P, PtdIns4P,
Pleckstrin homology (PH) domain PtdIns(4,5)P;, PtdIns(3,4)P, [10-14,33-36]
PtdIns(3,4,5)P3
. PtdIns3P, PtdIns(3,4)P,,
Phox homology (PX) domain PtdIns(4,5)P, [37-39]

Plant homeodomain (PHD) PtdIns3P, PtdIns5P [40,41]
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Table 1. Cont.

Protein Domain Phosphoinositide(s) Bound References
FYVE domain PtdIns3P [42]
ENTH domain PtdIns(4,5)P; [43]
ANTH domain PtdIns(4,5)P, [44]

Polybasic domains PtdIns(4,5)P; [45-47]
Tubby PtdIns(4,5)P; [48,49]

2. The Nucleus and Nuclear PPIn Transport

PPIns are normally maintained within membrane-bound structures due to their hy-
drophobic properties. However, PPIns are not only part of the nuclear envelope in the
nucleus, they are also an important constituent of membrane-less nuclear bodies. To un-
derstand better, it is convenient to summarise the primary composition of the nucleus
(Figure 2B,C). In eukaryotic cells, the nucleoplasm is separated from the cytoplasm by a
double membrane bilayer known as the nuclear envelope (NE). Nuclear pore complexes
(NPC) are distinctively structured focal apertures able to pierce the NE at spaced intervals
and serve as transport channels between the cytoplasm and the nucleoplasm [50]. Proteins
larger than about 40 KDa cannot directly diffuse through these pores and traffic to and from
the nucleus through the presence of one or several characterised protein motifs known
as nuclear localisation signals (NLSs) and a nuclear export signals (NESs) [51,52]. The
subcellular localisation of proteins is tightly controlled by these conserved domains. The
outer side of the NE is a continuation of the endoplasmic reticulum (ER) rich in ribosomes,
while the inner side of the NE contains the so-called inner nuclear membrane proteins
(INM proteins), including lamina-associated polypeptide 1 (LAP-1), lamin B receptor (LBR)
and emerin, which interact with proteins of the nuclear lamina and with chromatin [53-55].

The composition of the nucleoplasm primarily comprises chromatin, RNA and nuclear
proteins. Chromatin is the highly ordered organisation of the genome, which primarily
consists of DNA (around 150 bp long) wrapped around a histone octamer made of two sub-
units from each histone, namely H2A, H2B, H3 and H4, to form the nucleosome. Histone
H1 binds between the nucleosomes and acts to control transcription, protects the nucleo-
some from degradation and further condenses chromatin into a packed state. Changes in
chromatin packing from a “closed” to an “open” higher-order chromatin conformation state
impact on how DNA is utilised in processes such as DNA replication, RNA transcription
and DNA repair. During interphase, each of the high-order chromatin portions, which
comprise the different chromosomes, occupies discrete spatial regions within the nucleus
known as the chromosome territories [56]. There are two distinct mechanisms that lead to
chromatin conformational changes. The first mechanism is mediated by post-translational
modifications of the core histones, including their methylation, acetylation, phosphoryla-
tion and ubiquitination, executed by a variety of enzymes (writers) that either act in directly
modifying chromatin packing, as in the case of acetylation, or act in recruiting distinct
epigenetic modulators (readers) that recognise and bind these modifications. Readers can
recruit other proteins that translate these histone modifications into functional outputs.
The second mechanism that leads to chromatin conformational changes is typically asso-
ciated with the action of ATP-dependent chromatin remodelling complexes [57]. These
complexes utilize the energy derived from ATP hydrolysis to remodel nucleosomes, alter
chromatin structure and regulate access to DNA for various cellular processes, such as
transcription, replication and repair. By using ATP hydrolysis, these complexes can alter
nucleosome positioning, slide or evict nucleosomes and create DNA accessibility for other
proteins. The ATP-dependent chromatin remodelling complexes include SWI/SNF (also
known as BAF/PBAF), ISWI, CHD and INOS8O families [57,58]. Besides the chromosome
territories described, the nucleoplasm is also formed by interchromatin domains (ICD) rich
in messenger RNA splicing factors, known as nuclear speckles [59,60]. Nuclear speckles
are also membrane-less structures where pre-messenger RNA (pre-mRNA) machinery,
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including spliceosomes, small nuclear ribonucleoprotein particles (snRNPs) and other
non-snRNP protein splicing factors, as well as factors required for DNA replication, tran-
scription and repair are found [59]. Among the characteristic nuclear speckle factors are the
arginine/serine-rich domain (RS domain)-containing proteins, including SRSF1 and SRSEF2,
which are key components for RNA splicing. The RS domain is sufficient for targeting these
proteins to the nuclear speckle. Nuclear speckles are one of the main nuclear compartments
where several species of PPIns have been observed [61,62].

There is clear evidence corroborating that, apart from nucleic acids and nuclear
proteins, PPIns and their metabolising enzymes are also abundantly present in the nu-
cleus [6,61,63-68]. How these different PPIns species are localised and controlled in the
nucleus is still unclear. Are they formed in the cytoplasm and then translocated to the
nucleus, or are they directly synthesised in the nucleus? Thus far, no Pl-synthase has been
found in the nucleus, suggesting that, at the least, PtdIns must be transported into the
nucleus. PITPs are ubiquitous proteins found in most eukaryotic cells that can shuttle
PtdIns within subcellular compartments. They contain a hydrophobic core that binds and
shields the fatty acyl chains of PtdIns. The lipid can then be transferred to PtdIn-poor
membranes where the lipid is swopped for a phosphatidylcholine (PC) molecule. Inter-
estingly, two different variants of the PtdIn transfer proteins (PITPs) have been found in
the nucleus [69-71]. PITP« shuttles between the cytoplasm and nucleus, while PITPf3
is mainly localised to the perinuclear space, the region between the outer and the inner
nuclear membrane [71]. However, knockout of PITP« did not significantly affect the levels
of PtdIns present in nuclear fractions, as measured by mass spectrometry [72]. However, a
very recent unpublished study [73] shows that loss of either PITPx or 3 reduces the levels
of PtdIns(4,5)P; at nuclear speckles measured by immune fluorescence, although whole
cell PtdIns(4,5)P, levels were not measured. These latter studies suggest a role for PITP
in regulating nuclear PtdIns(4,5)P,, although this might occur at the level of regulating
cytoplasmic PtdIns, with the defect being transport of PtdIns(4,5)P; into the nucleus.

It could also be considered that nuclear PPIns are synthesised in the cytoplasm and
translocated to the nucleus during cell division before the NE is formed. For instance,
the pool of nuclear speckle PtdIns(4,5)P, relocates to the cytoplasm during mitosis and
aggregates in mitotic interchromatin granules (MIGs) that remain in the cytoplasm of
the daughter cells after the NE is formed, and there is a progressive translocation into
the nucleus of MIGs components during telophase [61,74]. Furthermore, there is a pool
of nuclear PtdIns(4,5)P; present in nucleolar organising regions (NORs) during mitosis
that appears to remain in the nucleus after cell division is concluded [75]. Additionally,
PPIn-metabolising enzymes, including kinases, phosphatases and phospholipases, have
been found in the nucleus, which suggests that there is a PPIns synthesis pathway in the
nucleus independent from the one in the cytoplasm.
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Figure 2. Nuclear localisation of polyphosphoinositides (PPIns). (A) Sub-cellular distribution of the
different species of phosphoinositides. The colours show the different pools of phosphoinositides
that can be found in different cell compartments, which are regulated through an array of kinases,
phosphatases and phospholipases. (B) Nuclear structure and PPIn localisation. The schematic
shows a brief representation of the PtdIns species found in the different nuclear sub-compartments.
(C) Immunostaining of U20S cells showing nuclear localisation of PtdIns(4,5)P;. Nuclear speckles
are stained with speckle protein SRSF2 (in green), the nuclear envelope is stained with Lamin B (in
light blue) and PtdIns(4,5)P; is stained with monoclonal antibody 2C11 [61]. PtdIns(4,5)P; is found
primarily at the nuclear speckles, nuclear envelope and nuclear lipid islets. Abbreviations: NE: nuclear
envelope, NS: nuclear speckles, NLI: nuclear lipid islets.

3. Biogenesis of Nuclear Phosphoinositides and Their Metabolising Enzymes

In the early years of the PPIn research field, it was assumed that PPIns” metabolism
was mainly confined to the cytoplasm, with the large majority occurring at the plasma
membrane. The first study to identify the presence of PPIn activity in the nucleus was
carried out in isolated nuclear envelopes from a rat liver [76]. This study showed that
isolated nuclear envelopes incubated with [y-32P]ATP produced 32P-labelled PtdIns(4,5)P,
and phosphatidic acid (PA). This was the first insight into the existence of nuclear PtdIn
metabolism. Following these findings, a biochemical study using highly purified nuclei
from Friend erythroleukemia cells showed that the presence of PPIns was not limited to the
nuclear envelope [67]. Nuclei isolated in the presence of Triton to remove the nuclear enve-
lope resulted in the production of 3P-radiolabelled PtdIns(4,5)P,, PtdIns4P and PA after
incubation with [y-32P]ATP. These data show that PtdIns, PtdIns4P and DAG, along with
kinases that phosphorylate them, are present within the nuclei. Interestingly the amount of
radiolabelling of these lipids was dependent on the differentiation status and differed from
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that observed in isolated plasma membrane fractions. These data suggested that nuclear
PPIns and DAG can be regulated independently from cytoplasmic PPIns. Subsequent
studies demonstrated that IGF1 could regulate a nuclear PLC which hydrolysed nuclear
PtdIns(4,5)P, to generate nuclear DAG that caused the translocation of protein kinase C to
the nucleus [64]. In contrast, treating cells with the regulatory tetra-decapeptide bombesin
induced plasma membrane PtdIns(4,5)P; hydrolysis and subsequence membrane translo-
cation of PKC. These data showed that nuclear PPIns’ metabolism was distinctly regulated
compared to its plasma membrane counterpart. Furthermore, immunofluorescence showed
that PIP5Ks and its product PtdIns(4,5)P, were present at nuclear speckles and colocalised
with the splicing factor SRSF2 [68]. Moreover, fractionation studies suggested that nuclei
contained two pools of PIP5Ks in the nucleus: a soluble pool, easily extracted using de-
tergent, and a second pool that was detergent resistant, likely associated with the nuclear
speckles [68]. Most interestingly, the presence of PIP5Ks and PtdIns(4,5)P, was not associ-
ated with invaginations of the nuclear envelope or any membrane-containing organelle.
These findings strongly indicate a novel pathway for the production of phosphoinositides
within nuclei.

These were some of the early studies that set the foundation for the existence of a
nuclear PPIns signalling network independent of the well-established site at the plasma
membrane. However, many questions remain unaddressed. For instance, are nuclear PPIns
synthesised in the nucleus and/or is there a trafficking event that brings PPIns from the
cytoplasm into the nucleus? Assuming there is an independent PPIns metabolism pathway
in the nucleus, which are the exact PPIns enzymes that regulate nuclear PPIns? Here, we
describe the PPIns species that have been discovered in the nucleus so far and how they
might be metabolised in the nucleus. Except for PtdIns(3,5)P,, all the PPIns species have
been found in the nucleus [23,77].

3.1. PtdIns3P

The discovery of the zinc-finger-like domain, FYVE (Fablp, YOTB, Vacl and EEA1)-
finger, as a PtdIns3P binding module was a key step in studying its sub-compartmental
localisation and function [78,79]. Biochemical and morphological assays allowed the
characterisation of a new probe that binds specifically and with high affinity to PtdIns3P,
designed by multimerising a PtdIns3P-binding FYVE-finger domain from the receptor
tyrosine kinase (RTK) substrate Hrs [78]. Overexpression of the double FYVE-finger
domain and a double mutant FYVEC215S—ﬁnger domain, which did not bind PtdIns3P, were
used in primary human fibroblasts and baby hamster kidney (BHK) fibroblasts cells [80].
High labelling of PtdIns3P within the dense fibrillar component of the nucleoli with the
double FYVE-finger but not the mutant was observed in vitro and, for the first time, the
nuclear localisation of PtdIns3P was unveiled [80]. The synthesis and turnover of PtdIns3P
can be controlled following different routes. For instance, the inositol polyphosphate-
4-phosphatase type I A (INPP4A) and inositol polyphosphate-4-phosphatase type I B
(INPP4B) catalyse the hydrolysis of PtdIns(3,4)P, at position 4 of the myo-inositol ring
to generate PtdIns3P [81,82], while phosphorylation of PtdIns at position 3 of the myo-
inositol ring catalysed mainly by the class II and III PtdIns 3-kinase enzymes (PI3KC2
and PI3KC3) [83,84]. PI3KC2 can generate PtdIns3P and PtdIns(3,4)P; and are involved in
active cell metabolism promoting cell growth and proliferation [85]. PI3KC2« is present
in nuclear speckles [86], and PI3KC23 was shown to be activated in nuclei of HL60 cells
after ATRA (all-trans-retinoic acid) mediated differentiation [87] or in response to EGF
stimulation [88]. Moreover, PtdIns3P turnover can be controlled by the PtdIns 5-kinase
FYVE-type zinc finger-containing (PIKfyve) family and the myotubularins (MTMs) family
of phosphatases [89-91], although it remains unclear whether they regulate PtdIns3P in
the nucleus.
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3.2. PtdIns4P

In the nucleus, the presence of PtdIns4P has been characterised both biochemi-
cally [64,67,92] and by immunolocalization, where it is mainly found at the NE, in the
nucleoli and in small foci in the nucleoplasm, probably nuclear speckles [62]. Moreover,
numerous nuclear proteins have been identified which can interact with PtdIns4P [93].
There are three main pathways by which PtdIns4P is synthesised, including phosphoryla-
tion of PtdIns at position 4 of the myo-inositol ring by phosphatidylinositol 4-kinase (PI4K)
or dephosphorylation of PtdIns(4,5)P; or PtdIns(3,4)P,. Removal of PtdIns4P is mainly
regulated by Sacl at the endoplasmic reticulum (ER) membranes [94,95]. Exactly how
PtdIns4P in the nucleus is regulated is still unclear.

3.3. PtdInsbP

Out of the seven PPIns species, PtdIns5P was the last one to be discovered, and repre-
sents less than 0.5% of the total amount of PPIns in mammalian cells [96,97]. Biochemical
analyses aimed at understanding PtdIns(4,5)P, synthesis discovered the existence of two
classes of phosphatidylinositol-4-phosphate 5-kinase (PIP5K) enzymes, type I and type
II, believed to phosphorylate PtdIns4P at position 5 of the myo-inositol ring to produce
PtdIns(4,5)P; [98-100]. When the substrate specificities of these enzymes were reanalysed
in the late 1990s, it was found that type I enzymes phosphorylate PtdIns4P at position 5 of
the myo-inositol ring, PIP5Ks, while type Il enzymes phosphorylate PtdIns5P at position 4
of the myo-inositol ring, PIP4K [101]. There are three PIP4K isoforms in mammals: PIP4K2«,
PIP4K23 and PIP4K2y [102-104], which are thought to regulate the levels of specific pools
of PtdIns5P and PtdIns(4,5)P; [40,105-113]. The observation that PIP4K2f} is present in the
nucleus [106] led to the identification of PtdIns5P as a cell cycle [92] and stress induced
nuclear lipid that controls epigenetic signalling [40,107,112,114,115].

PtdIns5P can be synthesised by PIKfyve kinase, which phosphorylates PtdIns at
position 5 of the myo-inositol ring [116]. In addition, PIKfyve can also indirectly generate Pt-
dIns5P via an alternative pathway by phosphorylating PtdIns3P at position 5 to generate Pt-
dIns(3,5)P,, with subsequent dephosphorylation at position 3 by a 3-phosphatase [117,118].
PtdIns5P can also be produced by dephosphorylation of PtdIns(4,5)P; by the activity of
type I and type II PtdIns(4,5)P,-4-phosphatases in vitro [119] and in the nucleus, this route
can regulate PtdIns5P levels [120].

3.4. PtdIns(3,4)P,

The absence of a probe that specifically binds PtdIns(3,4)P, made the study of its
localisation within the cell challenging. However, the spatially defined location of the
different enzymes that catalyse the formation of PtdIns(3,4)P; suggests the existence of
different pools of this PPIns within the cell [84,121,122]. The development of a monoclonal
antibody to PtdIns(3,4)P;, allowed the detection of this PPIns for the first time in the nu-
clear envelope [123]. There are two main substrates that yield PtdIns(3,4)P;: PtdIns4P
and PtdIns(3,4,5)P3. Phosphorylation of PtdIns4P at position 3 of the myo-inositol ring
is catalysed primarily by class II phosphatidylinositol-4-phosphate 3-kinase. However,
the subcellular localisation of these kinases seems to define substrate specificity and their
distinct roles. For instance, growth factor depletion induces PI3KC2 isoform 3 (PI3KC2f3) to
synthesise a specific subcellular pool of PtdIns(3,4)P,, which culminates with the repression
of mammalian target of rapamycin complex 1 (mTORC1) function at lysosomes [124,125].
Dephosphorylation of PtdIns(3,4,5)P5 at position 5 of the myo-inositol ring is the alternative
pathway to generate PtdIns(3,4)P;. Two main sets of phosphatases catalyse this reac-
tion: the SH-containing inositol 5'-polyphosphatases (SHIP) family [126,127] and inositol
polyphosphate-5-phosphatase J [128], with the latter having only shown in vitro activity
with PtdIns(3,4,5)P3 as a substrate. Turnover of PtdIns(3,4)P; is primarily regulated by
inositol polyphosphate 4-phosphatase A (INPP4A) and B (INPP4B) to generate PtdIns3P
by hydrolysing PtdIns(3,4)P; at position 4 of the myo-inositol ring [125,129].
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3.5. PtdIns(4,5)P,

PtdIns(4,5)P; is the most abundant bis-phosphorylated PPIn in the cell, with the
plasma membrane as its prime location. Extensive research has unveiled the presence
of this PPIn species in the nucleus and its importance in nuclear signalling pathways.
The presence of PtdIns(4,5)P; in the nucleus has been shown biochemically [64,66,67] and
through the use of commercially available antibodies [61,130]. There are currently three
monoclonal antibodies against PtdIns(4,5)P;: clone AM212 [131], clone KT10 [132] and
clone 2C11 [133]. Unfortunately, pleckstrin homology (PH) domains that bind with high
specificity to PtdIns(4,5)P,, such as the PH domain of PLC81, cannot be used to dynamically
measure nuclear PtdIns(4,5)P; in live cells, although this has been successfully carried out
for plasma membrane PtdIns(4,5)P, [62].

PtdIns(4,5)P; has been found at different locations within the nucleus, including
nuclear speckles, nucleoli and the NE [130] (Figure 2B). Despite its amphipathic properties,
part of the nuclear PtdIns(4,5)P, pool is retained in membrane-less structures, such as
nuclear speckles and in nucleosomes [61,134]. The localization of PtdIns(4,5)P; in nuclear-
membrane-less bodies may be the reason why the PH domain does not appear to stably
associate with this nuclear pool of PtdIns(4,5)P;. Enzymes that regulate the biogenesis of
PtdIns(4,5)P; have been found in the nucleus and in nuclear speckles [64,65,68,135,136].
The synthesis of PtdIns(4,5)P; is mainly catalysed by the phosphorylation of PtdIns4P at
the fifth hydroxyl of the inositol ring by the family of type I PIP5K [101,137,138]. There are
three PIP5K isoforms: PIP5K1«, PIP5K1/ and PIP5K1y [139,140] and three PIP4K isoforms:
PIP4K1e, PIP4K1p and PIP4K1y, all of which could regulate nuclear PtdIns(4,5)P, [129].
In addition, dephosphorylation of PtdIns(3,4,5)P3 at position 3 of the inositol ring is an
alternative pathway to produce PtdIns(4,5)P,, and is catalysed by an array of phosphatases,
including PTEN and TPIP (TPIP«, -f3 and -y) [141]. Two main families of enzymes regulate
the hydrolysis of PtdIns(4,5)P,: the phospholipase C (PLC) family and the PtdIns(4,5)P,-5-
phosphatase family, including INPP5E, INPP5], INPP5B and SYN]J1 [142,143]. Although
these enzymes have been found mainly in the cytoplasm, several studies have shown that
PIP5K«, PIP4K23, PLC31 and PLC4 are present in the nucleus [68,92,138,144].

3.6. PtdIns(3,4,5)P3

The amount of PtdIns(3,4,5)P; in mammalian cells is less than 0.05% of the total pool
of PPIns. Several enzymes that regulate PtdIns(3,4,5)P3 levels were found in the nucleus,
suggesting that PtdIns(3,4,5)P3 or a metabolite may have a nuclear role [145-149]. GRP1-PH
is a specific PtdIns(3,4,5)P;3 interactor [14] and was used to assess the subcellular distribu-
tion of PtdIns(3,4,5)P; in cells using electron microscopy [147]. Upon PDGF stimulation,
the levels of PtdIns(3,4,5)P3 in the plasma membrane increased as expected. Surprisingly,
a similar increase in nuclear matrix associated PtdIns(3,4,5)P3 was also observed [147].
PtdIns(3,4,5)P; is synthesised mainly by class I PtdIns3P kinases (PI3Ks) that catalyse the
phosphorylation of PtdIns(4,5)P; at position 3 of the inositol ring. There are four isoforms
of class I PI3K in mammalian cells: class I PI3K«, PI3K{3, PI3Ké and PI3Ky; and their
roles in the nucleus have been associated with major cellular processes, including cell
cycle, differentiation and proliferation [150]. IPMK1 (inositol polyphosphate multikinase)
can also contribute to PtdIns(3,4,5)P3 synthesis [151,152]. IPMK is found in the nucleus
and possesses an evolutionarily conserved phosphoinositide 3-kinase activity. In the nu-
cleus, IPMK phosphorylates PtdIns(4,5)P, at position 3 of the inositol ring to produce
PtdIns(3,4,5)P5 [151]. PtdIns(3,4,5)P3 turnover is primarily controlled by the PTEN and
SHIP2 phosphatases which hydrolyse PtdIns(3,4,5)P3 at position 3 and position 4 of the
inositol ring to generate PtdIns(4,5)P; and PtdIns(3,5)P,, respectively [153-155]. Surpris-
ingly, the expression of PTEN in the nucleus did not decrease PDGF-induced increases in
PtdIns(3,4,5)P3, while its expression decreased plasma membrane PtdIns(3,4,5)P3, suggest-
ing that nuclear PtdIns(3,4,5)P3 is not a good substrate for PTEN [147]. The main kinases
and phosphatases that control the biogenesis of PtdIns(3,4,5)P3 have been associated with
major human pathologies.
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4. Physiological Functions of Nuclear Phosphoinositide

Changes in nuclear PPIns are observed in response to growth factors and stress
signalling, cell cycle progression, DNA damage and cell differentiation. Identification
of proteins that interact and transduce changes in nuclear PPIns into functional outputs,
suggest they play important roles in the control of epigenetic signalling, DNA damage
signalling, transcription factor regulation and RNA maturation and export, culminating in
the regulation of gene transcriptional output and control cell fate decisions.

Modifications of the terminal histone tails of core nucleosomal histones include phos-
phorylation, methylation, acetylation and ubiquitination, and are among the epigenetic
events that modulate gene transcription without altering the primary DNA sequence [156].
For instance, tri-methylation of the histone H3 lysine 4 (H3K4me3) or acetylation of lysine 4
(H3K4ac) at or near promoters of genes induce unpacking of the histone from the negatively
charged DNA by reducing the positive charge of histones [157,158], and are associated with
activation of gene transcription. Nuclear PPIns have been implicated in controlling many
aspects of epigenetic signalling, as illustrated below.

4.1. Nuclear PPIns as Regulators of Histone Modifications

The transcriptional regulator Wilm'’s tumour 1 protein (WT1) is involved in cell cycle
progression and differentiation, and functions as both an activator and repressor of gene
transcription [159]. The functional switch to a repressor occurs in part through interaction
of WT1 with the membrane-bound brain acid soluble protein 1 (BASP1) [160,161]. The
interaction requires the association of WT1 with the N-terminal myristoylated region of
BASP1, which interacts with nuclear PtdIns(4,5)P,. The interaction between BASP1 and
PtdIns(4,5)P; recruits the histone deacetylase 1 protein (HDAC1) to promoters of WT1
target genes, leading to their transcriptional repression. The association between BASP1
and PtdIns(4,5)P; is critical for BASP1 gene-specific corepressor-mediated activity with
WT1 [162].

Conversely, ATX1 is a plant trithorax factor which catalyses tri-methylation of lysine 4
of histone H3 (H3K4me3) at selective gene promoters leading to active gene transcription.
ATX1 contains a PHD finger which interacts with PtdIns5P and in response to drought stress,
increased PtdIns5P promotes ATX1 translocation from the nucleus to the cytoplasm with a
consequent decrease in H3K4me3 at specific gene promoters [115]. The ability of nuclear
PPIns to directly regulate histone H3K4me3 may be a conserved action in Drosophila, as
Skittles (a drosophila PIP5K), an enzyme that synthesises PtdIns(4,5)P, interacts with Ash2,
a core component of the H3K4-trimethylation complex in Drosophila [163].

Transcription can also be controlled by modulating chromatin structure through con-
trol of nucleosomal positioning regulated by chromatin remodelling complexes. One such
complex is the BAF complex, which controls gene expression during T-cell development.
The BAF complex interacts with nuclear PtdIns(4,5)P, which stabilises its interaction with
chromatin, increasing the interaction of the BAF complex component, BRG1, with nuclear
actin [164]. The functional repercussion of PtdIns(4,5)P; binding the BAF-actin complex
remains unclear; however, nuclear actin has roles in transcription [164,165]. Interestingly,
a number of nuclear remodelling complexes have been shown to be regulated through
their interaction with higher phosphorylated inositols, which are derived in part from the
phosphorylation of Ins(1,4,5)P3 generated by PLC-mediated hydrolysis of PtdIns(4,5)P;
(for a review, see reference [105]).

Recent studies also suggest a novel mechanism by which nuclear PPIns might impact
on transcriptional output. In response to changes in interactions between cells and the
extracellular matrix, mechano-sensation leads to intracellular signalling changes that impact
on nuclear morphology and transcriptional output. Changes in nuclear morphology have
dramatic impacts on transcriptional output, as exemplified by human mutations in genes
that form or control the nuclear lamina leading to early-onset ageing syndromes [166]. How
exactly morphological changes impact on transcriptional output is not clear. This new study
demonstrated that softening or decreasing matrix interactions induces the degradation of
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PIP4K2f3, leading to increased nuclear PtdIns5P levels. This was associated with decreased
YAP signalling and increased trimethylation at H3K9 (H3K9me3), which is associated with
transcriptional repression. Further studies are required to understand the exact molecular
details that link increased nuclear PtdIns5P, YAP signalling and H3K9me3 [112].

In a more direct manner, PtdIns(4,5)P; can interact with Histone H1 and H3 tails
that are positively charged, and this interaction can reverse Hl-mediated inhibition of
transcriptional activity [167]. Whether this plays a role in vivo is not clear.

4.2. Nuclear PPIns and Their Role in Defining How Histone Modifications Drive Downstream
Signalling Outputs

PtdIns5P binds several nuclear proteins through plant homeodomains (PHD), which
are conserved cross-braced zinc finger domains present predominantly in nuclear proteins
and often mutated in human diseases [40,168,169]. PHD fingers also interact with methy-
lated and non-methylated lysine residues in histone tails and regulate gene expression,
in part by promoting the recruitment of co-transcriptional regulator complexes [170,171].
The first identified PHD finger binding to PtdIns5P was isolated from the inhibitor of
growth protein 2 (ING2), a histone code reader and member of the ING family of tumour
suppressors. INGs interact with and regulate the activity of the tumour suppressor p53, and
regulate histone deacetylase (HDAC) and histone acetyltransferase (HAT) complexes [172]
to regulate transcriptional output (Figure 3). The interaction between nuclear PtdIns5P
and ING2 regulates ING2 function in at least two ways. PtdIns5P binding promotes ING2
localisation in the nucleus and helps ING2 to associate with discrete chromatin promoter
targets [173]. PIP4K2f is a nuclear-localised lipid kinase that removes nuclear PtdIns5P.
In conditions of stress, PIP4K2f is phosphorylated by the p38 MAP kinase, leading to a
reduction in its activity and a consequent increase in nuclear PtdIns5P [105,173] (Figure 3B).
Increased nuclear PtdIns5P increases nuclear localised ING2, which stimulates p53 acetyla-
tion to increase the expression of p53 target genes such as p21 [40,173] (Figure 3A). ING2
also strongly suppresses gene expression in response to cell stressors, such as etoposide, by
recruiting a histone deacetylase complex to active promoters. Interestingly, blocking stress-
induced PtdIns5P, or mutating ING2 such that it cannot bind PtdIns5P strongly, attenuates
the repressive activity of ING2, but only at selective promoters [174] (Figure 3B). This is
driven by changes in the recruitment of ING2 to these selective promotors rather than a
change in its interaction with the HDAC complex. Thus, stress induced PtdIns5P controls
the expression of genes required for cell cycle arrest, apoptosis and senescence [175,176].

PtdIns5P also impacts on transcription through control of the basal transcription com-
plex TFIID to impact on expression of a broad set of genes required for differentiation. TFIID
binds to promoter regions of genes and helps to position RNA polymerase correctly for the
start of transcription. In part, localisation of the complex to promoters is directed by one of
its components, TAF3, which contains a PHD finger that interacts with H3K4me3. TAF3
is a critical factor that controls embryonic stem cell pluripotency, and is critical for myo-
genic differentiation [177-179]. The PHD finger of TAF3 also interacts with nuclear PPIns.
Interaction of PtdIns5P with TAF3 controls the expression of a subset of TAF3-regulated
genes, enabling changes in nuclear PtdIns5P to impact on myogenic differentiation [169].
Physiologically, under non-differentiating conditions, PIP4K2[3, which is present in the
nucleus, phosphorylates PtdIns5P to PtdIns(4,5)P;, thereby attenuating the expression of
genes required for myogenic differentiation induced by TAF3 (Figure 4A). Upon induction
of differentiation, increased nuclear PtdIns5P is driven by differentiation-induced relocali-
sation of nuclear PIP4K2{3 into the cytoplasm (Figure 4B). TAF3 interaction with PtdIns5P
and H3K4me3 drives expression of genes required for myogenic differentiation.

The molecular details of how interaction with PPIns regulates epigenetic signallers are
still not clear, but are best understood in the role that PtdIns5P plays in the regulation of
the ubiquitin-like PHD and RING finger domain-containing protein 1 (UHRF1). UHRF1
is a key integrator of epigenetic signalling, containing multiple reader domains and a
ubiquitin writer domain. UHRF1 acts to safeguard the genome by maintaining global
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DNA methylation profiles, silencing repetitive elements, and protecting chromatin from
DNA damaging agents [168]. PtdIns5P interacts with a polybasic region (PBR) in the
C-terminus of UHRF1 to induce a conformational change and rearrangement of its domains,
allowing the tandem Tudor domain (ITD) in the N-terminus to bind more strongly to
H3K9me3 [168,180]. Although the exact consequences of PtdIns5P interaction with UHRF1
in vivo are not clear, UHRF1 is often upregulated in tumour cells, and targeting the allosteric
PtdIns5P interaction site may have therapeutic value.

4.3. Nuclear PPIns and Regulation of Transcription Factors

While the above data illustrate how nuclear PPIns interact with and regulate epigenetic
signalling, recent studies indicate that nuclear PPIns, in some instances, might play a more
direct role in regulating transcription factor activity and stability. Steroidogenic factor-1
(SF-1) is a member of the nuclear receptor superfamily first identified as a regulator of p450
enzymes, and is now recognised as a global regulator of steroidogenic gene expression.
SF-1 has essential roles in adrenogonadal development and differentiation [181]. Multiple
factors modulate SF-1 activity, including post-translational modification, ligand binding
and gene dosage. Structural analysis of SF-1 isolated from bacteria showed the presence of
a large hydrophobic pocket occupied with the lipid phosphatidylglycerol (PG) [182,183].
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Figure 3. Schematic diagram representing the control of ING2 function by its interaction with nuclear
PtdIns5P. (A) ING2 interacts with nuclear PtdIns5P, which promotes the retention of ING2 inside
the nucleus, where it acetylases tumour suppressor p53. Acetylated p53 controls the activation
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or repression of target genes, and under stress conditions, it induces senescence, cell cycle arrest
and apoptosis. The activity of PIP4K23 which controls the levels of nuclear PtdIns5P is reduced
in response to cell stressors such as etoposide, which stimulates PIP4K23 phosphorylation by the
p38-MAPK. (B) In response to stress signalling, such as by the treatment of etoposide, ING2 bound to
PtdIns5P recruits the HDAC complex to specific promoter regions to cause gene repression (gene 1
and 2). In the absence of PtdIns5P binding, induced by ectopic expression of PIP4K2f3, or by mutation
of the PtdIns5P interaction site in the PHD finger of ING2, the recruitment of ING2 to selective
promoters is reduced, preventing recruitment of the HDAC complex and gene repression. In this
instance, gene 1 is no longer repressed, while gene 2 is still repressed.
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Figure 4. Schematic of the interaction between TAF3 and nuclear PtdIns5P, and how this modulates
myogenic differentiation. (A) PIP4K2 is predominantly found in the nucleus where it phosphorylates
PtdIns5P to PtdIns(4,5)P,, maintaining a low level of nuclear PtdIns5P. TAF3 bound to H3K4me3 does
not induce myogenic differentiation under these conditions. (B) During differentiation, a myogenic
signal induces PIP4K2f3 translocation into the cytoplasm, leading to a rise in nuclear PtdIns5P.
PtdIns5P binds to the PHD finger of TAF3 and, in concert with binding to H3K4me3, drives the
expression of genes required for myogenic differentiation. Mutations in the PHD finger that blocks
interaction with PtdIns5P but maintain binding to H3K4me3 deregulate the expression of a subset
of genes required for differentiation and phenocopy over expression of PIP4K2p3 which reduces
nuclear PtdIns5P.

Further analysis showed that SF-1 has high affinity for PtdIns(4,5)P; and PtdIns(3,4,5)P3
suggesting that, in mammalian cells, these might represent its natural ligands. Interestingly,
SF-1 binds to PtdIns(4,5)P, through the fatty acyl chains and can present the inositol head
group for further phosphorylation. For example, SF-1 bound PtdIns(4,5)P; can interact
with, and be phosphorylated by, the inositol kinase, IMPK, to generate PtdIns(3,4,5)P;.
Interestingly, SF-1 bound PtdIns(4,5)P; is not a good substrate for a classical class 1 PI3K.
Phosphorylation of PtdIns(4,5)P; to PtdIns(3,4,5)P; stimulates SF-1 transcriptional activity,
and the loss of IMPK1 or overexpression of PTEN that removes PtdIns(3,4,5)P3 reduces the
transcriptional regulation of SF-1 gene targets [114]. These studies suggest two important
ideas. The first is that manipulation of a receptor-bound PPIn inositol head group can
change downstream target regulation (Figure 5A), and the second is that receptors, such as
SF-1, might facilitate localisation and presentation of PPIns at specific genomic regions such
as a promoters where the exposed head group could interact with and recruit epigenetic
regulators that then impact on transcription (Figure 5B). In fact, recent studies have shown
PtdIns(3,4,5)P3 synthesis occurs at sites of DNA damage, which is essential for proper
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DNA repair. Interestingly, PtdIns(3,4,5)P5 production at the site of DNA damage appears
to require both SF-1 and IMPK function (see Figure 6D) [184].
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Figure 5. Schematic of how interaction of nuclear PPIns with SF-1 modulates transcriptional output.
(A) SF-1 interacts with the fatty acyl tails of nuclear PtdIns(4,5)P;, exposing the inositol headgroup
for further phosphorylation to PtdIns(3,4,5)P5 by the kinase IMPK. PtdIns(3,4,5)P3 bound to SF-1 is
a better transcriptional activator than when it is bound to PtdIns(4,5)P,. PTEN is a 3-phosphatase
that converts PtdIns(3,4,5)P3 back to PtdIns(4,5)P,, thereby attenuating transcriptional activation
induced by IMPK. Interestingly, the PtdIns(4,5)P, bound to SF-1 is not a good substrate for a classical
class 1 PI3K, leading to the activation of gene transcription. (B) SF-1 binds a PPIns (in this case
PtdIns(3,4,5)P3, but could potentially be any of the nuclear PPIns) and transports it to a genomic
region such as a promoter. Here, the exposed head group acts as a recruiting platform to interact
with and recruit co-transcriptional regulators that then impact on transcriptional output. It should be
noted that SF-1 is a DNA sequence-specific binding transcription factor, and that targeting to genomic
locations would require the presence of such a binding sequence. Whether SF-1 can move PPIns to
any genomic site, perhaps through interaction with other transcription factors, is not clear.

PtdIns(4,5)P; is associated with the activation of transcription through a potential
interaction with the RNA polymerase II (RNA Pol-II) transcription machinery [134,185].
Although it remains unclear whether there is a direct interaction between this PPIns and
the RNA Pol-II itself, it has been found that PtdIns(4,5)P, binds nuclear myosin 1 (NM1) at
the nuclear lipid islets and regulates RNA Pol-II-dependent transcription [185]. NM1 is the
largest member of the RNA Pol-II transcription machinery. The interaction of NM1 and
PtdIns(4,5)P; is required for NM1 to bind the rest of the transcription machinery complex
and maintain active gene transcription. This is observed by the overexpression of a mutant
NM1 that does not bind PtdIns(4,5)P;, which leads to a reduction in RNA Pol-II-mediated
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transcription (185]. PtdIns(4,5)P; and PtdIns(3,4,5)P3 [186] have also been found in the
nucleolus, a membrane-less self-aggregating nuclear body that controls ribosomal RNA
(rRNA) synthesis by RNA-polymerase 1 (Poll). PtdIns(4,5)P; has been immunolocalised
to this compartment and can interact directly with Poll, fibrillarin and UBF (upstream
binding factor), and inhibition of PtdIns(4,5)P, synthesis in the nucleolus reduces rRNA
synthesis [134]. PtdIns(3,4,5)P; synthesis in the nucleolus is controlled in part by the
presence and activation of class 1 PI3K{3, which drives 47s rRNA synthesis. Upregulation
of this PtdIns(3,4,5)P3 pathway might be important in the development of endometrial
tumours [134].

4.4. Nuclear PPIns and Their Role in Protecting the Genome

The maintenance of the integrity of genetic material is a prerequisite for healthy or-
ganismal living and for the generation of healthy progeny. Each cell experiences thousands
of DNA lesions per day, threatening cellular and organismal viability. Multiple factors,
both internal and external, such as reactive oxygen species or sunlight, can damage our
DNA, which, if not repaired properly, can lead to cell dysfunction and, ultimately, cell
death. Moreover, the accumulation of DNA mutations is a major factor associated with loss
of stem cell function, reduced regenerative capacity, increased ageing and eventual organ-
ismal death. Two tumour suppressor proteins, retinoblastoma (pRB) [187] and p53 [188],
are critical for controlling how cells respond to excessive cell proliferative signals, such
as those induced by oncogenes, and to DNA damage. Under adverse conditions, pRB
and p53 stop cell proliferation, induce repair to any damage and, if repair is unsuccessful,
induce cellular apoptosis. Not surprisingly, these proteins are often mutated, deleted or
targeted for inhibition during tumour development and viral infection. pRB contains a
pocket domain which is essential for its interaction with the E2F transcription factors and
other pRB binding proteins, and this site is often mutated in human tumours or is the
target for viral proteins that block pRB function. In a screen to identify novel pRB binding
proteins PIP5K, which synthesises PtdIns(4,5)P,, was found to specifically interact with
the pocket domain of pRB and disease mutations within this domain, or viral proteins that
block pRB function strongly reduced the interaction with PIP5K. pRB binding to PIP5K
increased PIP5K activity in vitro. Expression of large T antigen to block the pRB/PIP5K
interaction strongly reduced nuclear PtdIns(4,5)P; levels in vivo. These data were the first
to suggest that a bona fide tumour suppressor and master cell cycle regulator could interact
with, and regulate the levels of, nuclear PPIns [189]. Further studies showed that pRB also
interacts specifically with DGKC at a site different from its interaction with PIP5K. The
pRB/DGKUC interaction is strongly regulated by the phosphorylation of RB during the cell
cycle. Furthermore, DGK( interaction with pRB is required for efficient survival after DNA
damage induced by gamma irradiation [190,191]. These data suggest that pRB might act as
a scaffold protein to integrate PPIns signalling in the nucleus (Figure 6A,B).

Later studies showed that PIP5K also interacts with the p53 tumour suppressor protein
and that knockdown of PIP5K1A, or inhibition of its enzymatic activity, strongly reduced
the post-transcriptional expression of p53 [192]. Surprisingly, p53 was found to directly
interact with PtdIns(4,5)P,, which induced an interaction between p53 and the heat shock
protein HSP27, leading to p53 stabilisation. Further studies have revealed that PtdIns(4,5)P;
bound to p53 is a substrate for IMPK, which generates p53 bound to PtdIns(3,4,5)P3. This
complex appears to generate a PKB signalosome, which leads to the activation of nuclear
PKB. The activation of nuclear PKB appears to be required for proper DNA repair and cell
survival in response to a DNA damage signal [193] (Figure 6C). These studies may resolve
a long-standing issue in the PKB field as to how and where nuclear PKB might become
activated. PKB is one of the most well-studied targets of PtdIns(3,4,5)P3 [194-196], with
the interaction occurring through the PH domain of PKB. Nuclear PKB associates with
nucleophosmin (NPM/B23) to regulate the expression of genes involved in cell survival [36].
Biochemical assays found that nucleophosmin is also a nuclear target of PtdIns(3,4,5)P3,
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and that the interaction of B23 with PtdIns(3,4,5)P; is required for interaction with PKB in
the nucleus.

Recent studies have also implicated a more direct role for nuclear PPIns in the control
of DNA damage responses. In response to UV irradiation, DNA breaks are sensed by
the MRN complex [197], which leads to the recruitment of the DNA damage-regulated
PI3K-like protein kinases ATM, ATR and DNA-PK. These kinases phosphorylate a plethora
of downstream targets that impact on DNA repair, cell cycle progression, RNA splicing
and cell survival [198]. How exactly the whole process of DNA repair is coordinated is not
completely clear. UV damage and other DNA damage or cell stressors induce changes in
nuclear PPIns [173,193,199]. In this study, the authors used nuclear-targeted PH domains
that bind specific PPIns as agents to sequester these PPIns. Overexpression of specific
domains that bind to either PtdIns(4,5)P; or PtdIns(3,4,5)P3 blocked the accumulation of
ATR, but not ATM or DNA-PK, at sites of DNA damage, in a manner that depended on
IMPK (production of PtdIns(3,4,5)P3) and on nuclear actin polymerisation. These data
suggest that rapid PPIns signalling in response to DNA damage controls specific DNA
damage signalling that impacts on DNA repair and cell survival (Figure 6D).
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Figure 6. Schematic representing how PPIns function as protectors of the genome. (A,B) pRB acts
to scaffold PIP5K and DGK(. The interaction with PIP5K occurs through the small pocket domains,
leads to activation of PIP5K, and mutations within this domain attenuate the interaction. DGK(,
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instead, interacts with the c terminus of the large pocket domain, which also increases DGK activity.
Cyclin-dependent phosphorylation of this site reduces interaction. (C) DNA damage induces the
activation of PIP5K and an increase in PtdIns(4,5)P;, and PtdIns(3,4,5)P;3 levels, which drive p53
stability and nuclear PKB activation. PKB activation facilitates DNA repair and cell survival. (D) DNA
damage in response to UV irradiation leads to rapid SF-1-mediated PtdIns(4,5)P, and PtdIns(3,4,5)P3
accumulation at sites of DNA damage. PtdIns(3,4,5)P3 is generated by IMPK. The increase in PPIns at
sites of damage-induced actin polymerisation, which recruits ATR to the site of damage to facilitate
DNA repair.

DNA is also susceptible to oxidative damage, which can occur in response to damage
to mitochondpria or increased cell metabolism. Cells have developed multiple mechanisms
to sense increased oxidative stress, which eventually impact on the expression of genes
that bestow enhanced adaptive cell capabilities for dealing with subsequent exposures to
oxidative stress. During oxidative stress, PIP4K2[3, which controls nuclear PtdIns5P, is
phosphorylated on two residues, threonine 322 and serine 326 [173]. Phosphorylation of
these residues induces their interaction with the phosphospecific-prolyl-isomerase Pinl,
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leading to a Pinl activity-dependent decrease in nuclear PIP4K2{ activity. The subsequent
increase in nuclear PtdIns5P drives increased expression of genes involved in oxidative
stress adaptation. Knockout of Pinl, or overexpression of PIP4K, reduces stress-induced Pt-
dIns5P accumulation, attenuates the increased expression of these genes and compromises
cell survival in response to oxidative damage [200]. How exactly PtdIns5P impacts on
these genes is not clear, but may involve regulation of NRF2/Keap1, as many of the genes
regulated by PtdIns5P are downstream targets of this pathway. In this respect, PtdIns5P
has been linked to the regulation of the serine/threonine protein kinase B (PKB)/AKT,
which plays an important role in stress adaptive responses, through regulation of the
NRF2/Keapl pathway. PKB is phosphorylated and activated in response to DNA damage
caused by H,O, in a manner dependent on PtdIns5P and overexpression of PIP4K2«x to
remove PtdIns5P, attenuated PKB activation [199].

4.5. Nuclear Speckle and mRNA Machinery

The presence of PtdIns(4,5)P; at the nuclear speckles has been shown using co-staining
assays with nuclear speckles proteins, including the splicing factor SRSF2 and the speckle
protein SON [61,62]. While PIP4K can synthesise PtdIns(4,5)P,, PIP5Ks are likely to be the
major synthetic enzyme for the production of nuclear PtdIns(4,5)P;. In contrast to PIP5Ks,
PIP4Ks are not as abundant, and their physiological functions have to be fully revealed.
PIP4K2[ has been found in the nucleus at nuclear speckles [68]. PIP4K2[3 interacts with the
nuclear protein SPOP (speckle-type POZ domain protein) [201]. SPOP is a nuclear speckle-
associated BTB (Broad complex/Tramtrack/brick-a-brac) domain-containing protein that
functions as a substrate adaptor of the E3 ubiquitin ligases Cul3 [202-204]. SPOP and
PIP4K2f interact in vitro and in vivo, and they are both found at the nuclear speckles. The
Cul3-SPOP complex regulates the ubiquitylation of PIP4K2[3, among other proteins; these
ubiquitylation processes seem to be dependent on, and regulated through, the MKK6-p38
MAPK (MapKinase) pathway. Interestingly, the substrate of PIP4K2f3, PtdIns5P activates
the ubiquitin ligase activity of the Cul3-SPOP complex through p38-MAPK signalling [201].

Nuclear speckle PtdIns(4,5)P; is detergent-resistant, and the morphology and density
of these membrane-less structures are cell-cycle dependent [61]. As described in “The
nucleus and nuclear PPIn transport” section, nuclear speckles are the hub for splicing and
pre-mRNA processing machinery. Interestingly, immuno-depletion of PtdIns(4,5)P; leads
to the inhibition of splicing in vitro, strengthening the importance of PtdIns(4,5)P; in regu-
lating splicing events [61]. Moreover, PtdIns(4,5)P, co-immunoprecipitates with associated
members of the splicing and pre-mRNA complexes. Although the clear role of PtdIns(4,5)P;
in splicing and pre-mRNA processing remains to be determined, these findings suggest that
PtdIns(4,5)P; is an important member and potential regulator of these nuclear processes.
PtdIns(4,5)P; and PtdIns(3,4,5)P3 have also been linked to the nuclear speckle protein
ALY /REF [205]. ALY/REF is a nuclear factor protein that regulates the nuclear export
of mature mRNA to the cytoplasm. The interaction of PtdIns(4,5)P; and PtdIns(3,4,5)P3
with the N-terminus of ALY /REF regulates its nuclear speckle localisation, which directly
impacts its mRNA export function. In addition, ALY /REF has been associated with PI3K
and its main protein target AKT [205]. PI3K-dependent nuclear translocation of AKT allows
phosphorylation of ALY /REF, which is important for cell proliferation and mRNA export.
Disruption of ALY /REF phosphorylation by AKT activity leads to a significant decrease
in cell growth, proliferation and mRNA export [205]. Specific mRNA expression is also
regulated by the interaction of PIP5KIx and the product of its kinase activity, PtdIns(4,5)P»,
with the nuclear poly(A) polymerase Star-PAP [206]. Star-PAP is directly phosphorylated
by casein kinase I (CKIx) through PtdIns(4,5)P,-dependent protein kinase activity [207],
and star-PAP activity in vitro is strongly increased by PtdIns(4,5)P,. The interaction of
PIP5KIx and CKlx with star-PAP regulates the expression of a subgroup of star-PAP target
mRNAs by controlling its association with selective mRNA.
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5. Concluding Notes

In the early 1980s, key discoveries in nuclear PPIns centred around biochemical studies
aimed at ensuring that the nuclear pool of PPIns was not a consequence of contamination
from the much larger pool in the cytoplasm (plasma membrane, ER, Golgi) and, subse-
quently, on demonstrating that the nuclear pool could be regulated distinctly from other
pools of PPIns. Further studies began to define nuclear targets that potentially interact with
nuclear pools of PPIns, which effectively define downstream signalling pathways. In fact,
we now have a plethora of signalling proteins that are nuclear, bind PPIns and potentially
impact on all aspects of nuclear functions, though we lack considerable knowledge of
how these pathways are controlled and coordinated. We still do not understand how
the nuclear pool of PPIns is established, how it is maintained and how it is controlled
and manipulated. The first two are rather perplexing, given that the immuno-localisation
studies for PtdIns(4,5)P; suggest that it is highly localised in membrane-less nuclear bodies,
such as splicing speckles, islets and the nucleolus. This begs some simple questions. How
do PPIns enter the nucleus and, once there, how are membrane-loving lipids maintained
in membrane-less compartments or at specific genomic regions? PITP and or SF-1 may
provide novel mechanisms to transport PPIns to specific genomic regions, such as pro-
moters, where the exposed inositol head group can be presented to regulate epigenetic
signalling. Alternatively, the regulation of subsets of genes by PPIns may occur through
selective localisation of genes next to PPIns-rich regions of the nucleus. Proximity-based
TSA assays have illustrated how genes that are upregulated often become more closely
associated with nuclear splicing speckles where PtdIns(4,5)P; is localized [208]. Finally,
how enzymes that modulate nuclear PPIns are controlled is not well understood, which
is critical, as this underpins how environmental cues (growth factors, DNA damage, etc.)
impact on the levels of nuclear PPIns pools. In part, this lack of knowledge is driven by
the lack of nuclear-specific isoforms that only regulate nuclear pools of PPIns. In most
instances, the enzymes shuttle between the two compartments and control their cognate
lipid in both compartments. For example, PIP4K2f has a nuclear localisation sequence
that allows it to shuttle between compartments [106] and is phosphorylated in response
to activation of the p38-MAPK stress pathway [173]. PIP5K1« also shuttles between the
cytoplasm and nucleus. PIP5K1« is sumoylated at three different lysine residues, and while
sumoylation at lysine 244 controls nuclear entry, sumoylation at lysine 490 controls subnu-
clear localisation to the nucleolus. Sumoylation at Lys-490 induces association of PIP5SK1x
with the chromatin silencing machinery, including heterochromatin protein 1o« (HP1x) and
the epigenetic histone modification H3K9me3, to inhibit the expression of target ribosomal
DNA (rDNA). Phospholipase C31, which hydrolyses nuclear PtdIns(4,5)P, to generate
DAG and nuclear Ins(1,4,5)P;5 shuttles between the cytoplasm and the nucleus. Of the two
known isoforms of PLCB1 (1A and 1B), PLC31B was suggested to be more localised to
the nucleus compared to PLCB1A, due to the presence of a nuclear export sequence in
an alternatively spliced exon in PLC1A. PLCB1 is phosphorylated by the P42-MAPK,
which leads to an increase in its nuclear activity [209] and subsequent phosphorylation
by PKC acts to switch off PLC31 [210]. Analysing the activity of these enzymes in vivo
is even more challenging, given the lack of tools to study phosphoinositide dynamics in
real-time in the nucleus. Clearly, we need a much more detailed map of how nuclear PPIns
are modulated distinctly to the cytoplasmic pool if specific targeting of the nuclear PPIn
pathway is to be used for therapeutic benefit.
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