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Abstract

Today the importance of autophagy in physiological processes and pathological conditions is

undeniable. Initially autophagy merely was described as an evolutionarily conserved mechanism to
maintain metabolic homeostasis in times of starvation, however in recent years it is now apparent
that autophagy is a powerful regulator of many facets of cellular metabolism, that its deregulation
contributes to various human pathologies, including cancer and neurodegeneration, and its
modulation has considerable potential as a therapeutic approach. Different lipid species, including
sphingolipids, sterols, and phospholipids play important roles in the various steps of autophagy. In
particular, there is accumulating evidence indicating the minor group of phospholipids called the
phosphoinositides as key modulators of autophagy, including the signaling processes underlying
autophagy initiation, autophagosome biogenesis and maturation. In this review we discuss the
known functions to date of the phosphoinositides in autophagy and attempt to summarize the
kinases and phosphatases that regulate them as well as the proteins that bind to them throughout
the autophagy program. We will also provide examples of how the control of phosphoinositides
and their metabolizing enzymes is relevant to understanding many human diseases.
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Introduction

Phosphoinositides are a small group of cellular phospholipids that are derived by the
phosphorylation of the third, fourth and fifth positions of the inositol headgroup of
phosphatidylinositol (PI), resulting in the generation of seven distinct phosphoinositide
derivatives (Figure 1). In eukaryotic cells, these seven phosphoinositide species are
interconverted into each other through the activity of phosphoinositide kinases and
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phosphatases (Figure 1). Although phosphoinositides only represent a minor percentage
of phospholipids they are integral in the lion’s share of subcellular processes including
membrane dynamics, trafficking and cellular signaling [1]. To this end, recently

many reports have implicated the importance of phosphoinositides in the various

steps of autophagy, including the signaling processes underlying autophagy initiation,
autophagosome biogenesis and maturation [2].

Autophagy Overview

Proper balance between synthesis and degradation is paramount for cellular homeostasis.
Autophagy (“self-eating™) is a fundamental degradative pathway for cytosolic components,
such as proteins, RNA, DNA, lipids, and organelles. Although, autophagy is activated

at the basal level, it may be induced by various cellular stresses, including nutrient
deprivation, growth factor depletion, infection and hypoxia, thereby promoting cell survival.
There are three main types of autophagy, macroautophagy [3, 4], microautophagy [5] and
chaperone mediated autophagy [6] that have been identified in mammalian cells. To date,
macroautophagy (hereafter autophagy) is the best characterized pathway and can further

be divided into selective and non-selective (bulk) autophagy. Selective autophagy is the
autophagy of aggregated proteins, damaged or over-abundant organelles. Such examples are,
mitophagy [7], lipophagy [8], pexophagy [9], and ribophagy [10].

Autophagy is a multi-step process, including induction, isolation membrane formation,
autophagosome formation/maturation, and cargo degradation in the autolysosome (Figure
2). Once autophagy is induced, the isolation membrane or phagophore emerges from
different sources within the membrane, such as the endoplasmic reticulum (ER),
mitochondria, the Golgi apparatus, or the plasma membrane (PM) in the cytosol. The
phagophore elongates and expands to form the autophagosome, a double-membrane
bound vesicle structure, which engulfs cytosolic components. After the closure of the
autophagosome membrane, its outer membrane fuses with the lysosome to form the
autolysosome for cargo degradation.

Phosphoinositides are involved in virtually every step in the autophagy process, whether it
be the lipid itself, the phosphoinositide-binding proteins or the phosphoinositide enzymes
that generate them, thereby underscoring the importance of their balance for functional
autophagy (Figure 2 and Table 1). Overall, this review will focus on how phosphoinositides
impact autophagy, from the induction to cargo degradation via the autolysosome. Further,
how these tiny yet significant lipids’ equilibrium is essential for the autophagic process and
when altered or imbalanced contribute to pathogenesis of human diseases, such as cancer
and neurodegeneration, will be discussed.

Roles of Phosphoinositides in Autophagy:

Autophagy induction/initiation

In mammalian cells, signal to suppress or initiate autophagy relies on the activation or
inactivation of the mTORC1 (mammalian target of rapamycin complex 1) pathway, which
occurs based on the availability of nutrients [11]. For the purpose of this review, we
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will focus only on the phosphoinositide players that are known to directly regulate the
autophagy pathway. Presence of abundant nutrients or growth factor mediated signaling,
class I phosphatidylinositol 3-kinase (PI3KI) is recruited to the PM where it binds to and
phosphorylates phosphatidylinositol 4,5-bisphosphate (PI-4,5-P5) at the 3’ position leading
to the formation of phosphatidylinositol 3,4,5-triphosphate (PI1-3,4,5-P5 or PIP3) (Figure 2).
PIP3 recruits PH-domain containing proteins such as phosphoinositide-dependent kinase-1
(PDKZ1) and protein kinase B (PKB, also known as Akt), where phosphorylation of Akt by
PDK1 leads to its activation [12]. This in turn activates a signaling cascade where mTORC1
gets activated, leading to phosphorylation of ULK1 and destabilization of the ULK-mAtg13-
FIP200-Atg101 complex (induction complex) and inhibition of autophagy [13]. PTEN,

a 3-phosphatase, dephosphorylates PIP3, leading to inactivation of the PI3K-Akt-mTOR
pathway, thereby initiating the autophagy process [14].

Bridges et al., have shown that PIKfyve and PI3K-Clla (Class Il PI3K) is essential

for mTORCL1 activation and localization to the PM in an insulin-dependent manner and
phosphatidylinositol 3,5-bisphosphate (PI-3,5-P5) directly interacts with Raptor which is a
component of the mTORC1 complex [15]. A similar study in yeast showed that PI-3,5-P5
localization to the vacuole (mammalian lysosome) was essential for activation of TORC1
signaling and inhibition of autophagy downstream in a nutrient-regulated manner. P1-3,5-P,
is also suggested to have an mTORC1-independent role in regulating the transcription
factor EB (TFEB) under nutrient starvation [16]. Phosphatidylinositol 3-monophosphate
(P1-3-P) has been shown to be necessary for lysosome translocation to the cell periphery,
leading to activation of mMTORCZ1. Under nutrient replete conditions, presence of amino
acids stimulates the recruitment of FYCO1 (FYVE and coiled-coiled domain containing 1),
a P1-3-P binding protein, to the lysosomes. The translocation of lysosomes and mTORC1
activation occurs due to interaction of FYCOL containing lysosomes with the ER, which
have a P1-3-P effector protein, Protrudin. This indicates that PI1-3-P can also negatively
regulate autophagy in addition to its major role in autophagosome biogenesis, as discussed
in the next section [17].

Isolation membrane formation (nucleation) and elongation

Once the autophagic process is induced, autophagosome membrane formation begins.

The organelle formed from this is called the phagophore. In mammals, the phagophore
membrane formation primarily is initiated at the ER (Figure 2). These can also be derived
from the trans-Golgi, the late endosomes and sometimes even the PM [18, 19]. Beclinl

is a key protein that kicks off this process. Upon activation, either by phosphorylation or
ubiquitination, Beclinl dissociates from an inhibitory complex and serves as platform on
which other proteins assemble [20-22]. Along with its co-factors, it promotes the formation
of the core complex containing Beclinl-Vps34-Vps15. Vps34, a lipid kinase found in yeast
and its mammalian ortholog class 111 PI3K (PI3KC3), phosphorylates phosphatidylinositol
PI at the 3’ position to form PI-3-P. ATG14L has binding domains for ER as well as
Beclinl and hence recruits the core complex to ER to initiate autophagosome nucleation
[23, 24]. While PI3KC3 has a major role to play in the generation of PI-3-P during
autophagy and accounts for approximately 50% of the protein degradation via autophagy,
studies have shown that class Il PI3K also contributes to a pool of PI-3-P that is involved
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in autophagosome biogenesis [25]. PI-3-P pools at the ER lead to recruitment of various
P1-3-P-binding proteins such as the FYVE-domain containing protein DFCP1 [26, 27].
These PI-3-P-DFCP1 sites on the ER are called the omegasomes (Figure 2) and are the
membranous regions that elongate to give rise to phagophores [27]. The transition from
omegasomes to phagophores occurs due to sequential reactions involving ATG (autophagy-
related genes) proteins. The WIPI family of proteins contain PROPPIN, another PI-3-P-
binding domain [28]. WIPI2 bind to PI-3-P at the omegasomes and recruit the ATG16L1
complex, that consists of ATG16L-ATG5-ATG12, which acts as an E3-like ligase in the LC3
lipidation process [29-31]. ATG3 acts as an E2-enzyme and recruits LC3 to the ATG16L1
complex and leads to conjugation of phosphatidylethanolamine to LC3 (LC3-PE or LC3

I1) [32]. This lipidation process is essential for expansion and closure of the phagophore

[33, 34]. Downstream of LC3, association of WIPI4 with ATG2 and their recruitment of
ATG9 is also essential for this process. A recent study showed that at P1-3-P abundant sites,
WIPI4-ATG2 tethers ER to the expanding phagophore as well as other membranes, allowing
for lipid transfers required for the expansion [35, 36]. ATG9 shuttling between membranes
can also provide lipids and membranes for the expansion of the phagophore [37].

While generation of PI-3-P is necessary for the initiation of the autophagic process,

its clearance is equally important in keeping the machinery running smoothly. The
myotubularin family of phosphatases (MTMRs) are known to dephosphorylate P1-3-P and
P1-3,5-P, (Figure 2). There are 15 members in this family out of which only 8 of them have
an active phosphatase domain [38]. Further, only four of them that act on PI-3-P have been
identified to play a role in autophagy, namely Jumpy, MTMR6, MTMR7 [39] and MTMR3
[40]. Depletion of these phosphatases have been shown to have effects on the regulation of
autophagy and lead to accumulation of LC3-positive autophagosomes in the cell as well as
are associated with various diseases which will be discussed later in the review. Jumpy is
mainly required for regulating the WIPI12-mediated ATG9 retrieval process [39]. In yeast,
Rab5-related Vps21 has been shown to be important for the closure of the autophagosome
prior to its fusion with the vacuole and deletion of Vps21 leads to accumulation of P1-3-P
containing autophagosome clusters. This indicates that Vps21 also plays a role in PI-3-P
clearance from the autophagosome membrane [41].

Further, a recent study elucidates the role of ATG9A containing vesicles and the lipids
delivered by these during the autophagosome initiation process [42]. During starvation,
ATGIA predominantly resides in the vesicular-tubular ATG9 compartment, which
transiently interacts with the ER to bind with ATG13 to take part in the autophagosome
nucleation [43]. The study shows that ATG9A-vesicles contain Arfaptins such as ARFIP1
and ARFIP2. ARFIP2 is possibly required for exit of ATG9A from the Golgi and leads

to the formation of the vesicles themselves. These vesicles also have PI4KIIIB, which is

a binding partner of ATG9A. This recruitment possibly leads to activation of PI14KIIIB by
protein kinase D (PKD) and localized generation of PI-4-P on this compartment or at the site
of autophagosome biogenesis through the recruitment of ATG13 and ULK1 complex [42].

Recently, phosphatidylinositol 5-monophosphate (PI-5-P) was identified as the key lipid in
Vps34-independent autophagosome biogenesis [44]. Vicinanza et al., showed that PIKfyve,
a 5-kinase, was present on the phagophore membranes and was required for generation
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of P1-5-P from PI (Figure 2). The PI-5-P present in these regions is able to bind both
DFCP1 and WIPI2 for autophagosome biogenesis. Further, it has been demonstrated that
overexpression of the 4-kinase, phosphatidylinositol-5-phosphate 4-kinase (P15P4K) leads
to rapid conversion of PI-5-P to PI-4,5-P, which impaired autophagosome biogenesis [44].
While this study suggests a negative correlation between PI-4,5-P, and autophagosome
biogenesis, other studies have shown that PI-4,5-P, can be responsible for PM contributing
to precursor autophagosome structures. This process is dependent on the binding of
ATG16L1-clathrin with the PM [45]. SNX18, a PX-domain containing protein was shown to
have the ability to interact with P1-4,5-P, and was responsible for the ATG16L1 recruitment
to early endosomes. SNX18 can also bind to LC3-1. The authors hypothesized that SNX18
binding of ATG16L1 and LC3-I is important for lipidation of the latter and allowing

fusion with the growing phagophore membrane [46]. Arf6, a small GTPase, is known to
activate phosphatidylinositol-4-phosphate 5-kinase (P14P5K), a 5-kinase necessary for the
formation of PI-4,5-P, at the PM and the PI-4,5-P, generated by this method has been
implicated in stimulating the PM uptake into the growing phagophores [47]. Another study
has also shown that PI-4,5-P, generation by PIPKI-yi5 is necessary for autophagy initiation
upstream of PI-3-P. PI-4,5-P, generated by this enzyme interacts with the BATS (Barkor/
ATG14L autophagosome targeting sequence) domain on ATG14L and leads to stabilization
of ATG14L and Beclinl, allowing for the assembly of Beclin1-ATG14L-Vps34 complex,
which then generates PI-3-P [48]. This indicates a role for PI-4,5-P, in autophagy that is not
limited to its role at the PM and is discussed in detail in the review by Tan et. al. (2016) [49]

Fusion (autolysosome formation) and degradation

Upon autophagosome closure, these structures are now ready for degradation. For this, the
autophagosome fuses with endosomes leading to formation of amphisomes [50], which
then fuse with the lysosomes or the autophagosomes directly fuse with the lysosomes
leading to maturation of the autophagosome and to the formation of structures known as
the autolysosomes [51] (Figure 2). While autophagosomes are formed randomly throughout
the cytoplasm, endosomes and lysosomes are seen predominantly in the perinuclear region
of the cell. For this fusion event to occur, the autophagosomes have to be transported
towards the endosomes/lysosomes. This process is carried out through the association of
autophagosomes with motor proteins, such as kinesin which transports the autophagosome
towards the periphery of the cells and dynein, which transports the autophagosome towards
the perinuclear region. Dynein has been shown to be essential for efficient delivery of the
autophagosomes to the lysosomes [52]. PI-3-P has been implicated as an important player
in this process. The FYCOL1 protein has binding domains for LC3, PI-3-P and Rab7 as well
as one to bind microtubules. This allows the protein to tether autophagosomes with PI-3-P
and LC3 on the surface to microtubules for plus-end dependent transport of autophagosomes
towards the cell periphery. FYCO1-mediated autophagosome transport is necessary mainly
for autophagosome maturation under basal conditions and not upon nutrient starvation [53,
54].

Another PI-3-P binding protein TECPR1 localizes to the lysosomal membrane, where it
recruits the ATG5-ATG12 complex and this allows TECPR1 binding to PI-3-P, facilitating
the autophagosome-lysosome fusion. It has been shown that depletion of TECPR1 leads
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to accumulation of LC3-I1, autophagic vacuoles and substrates and thus a defect in

the autophagic flux [55]. In yeast, P1-3-P recruits a Rab7-like GTPase, Ypt7 to the
autophagosome, which in turn is necessary for recruitment of the HOPS (Homotypic fusion
and protein sorting) complex. The HOPS complex allows for the assembly of SNARE
proteins which are important for the autophagosome-vacuole fusion process [56]. This study
also shows that presence of R-SNARE, Ykt6, on the autophagosome and Q-SNAREs Vam3,
Vam?7 and Vtil, on the vacuole are integral to this process [56]. While no 3-phosphatases
have been shown to regulate this process in the mammalian system, in yeast, the clearance of
P1-3-P on the autophagosomes by Ymr1 is necessary for them to fuse with the vacuoles [57].

P1-4-P generation on the autophagosome is also important for the autophagosome-
lysosome fusion process. This requires the recruitment of palmitoylated PI14Klla to the
autophagosome by Gamma-aminobutyric acid receptor-associated protein (GABARAP).
Wang et al., reported that depletion of either PI4Klla or GABARAP resulted in enlarged
autophagosomes, and accumulation of LC3 and p62 [58]. The data also shows that
GABARAP is upstream of PI4Klla, as P14Klla depletion did not result in a change in

the distribution of GABARAP on the autophagosome membrane. The defective phenotype
could only be rescued by PI-4-P and not P1-4,5-P5, indicating that it is the PI-4-P generation
and not its downstream products that are essential for the fusion event [58]. The PI-4-P
present on the lysosomes are also sites for Rab7 accumulation which has been shown to be
important for the autophagosome-lysosome fusion [59] along with the HOPS complex. A
Rab7 effector protein, PLEKHM1 (Pleckstrin homology domain containing protein family
member 1), has now been shown to interact with HOPS as well as LC3, via an LC3-
interacting region (LIR) and hence mediating the tethering of lysosomes with LC3-positive
autophagosomes [60]. A recent study by Baba et al., showed that PI-4,5-P, generation from
P1-4-P by PI4P5Ky is essential for Rab7 inactivation and release of PLEKHML1, a regulator
of autophagosome-lysosome fusion, from the membrane[61]. The authors hypothesize that
since PLEKHML1 has been shown to be necessary for tethering autophagosomes with the
lysosomes, it is the cycling of this protein that is essential for the fusion process. They also
suggest the possibility that there are other effector proteins of PI-4,5-P, and Rab7 that might
be involved in this process [61]. OCRL, a 5-phosphatase, that converts PI-4,5-P, to P1-4-P,
is activated at the lysosome. Depletion of this 5-phosphatase is associated with a defective
autophagosome-lysosome fusion [62]. This indicates that, it is not just the cycling of Rab7
but PI-4,5-P5, itself that is necessary to control this process. This is consistent with the
study that shows that loss of Synaptojanin 1 (SynJ1) in zebrafish during the photoreceptor
development process leads to the accumulation of autophagosomes [63].

P1-4,5-P, can also be generated by the phosphorylation of PI-5-P by the PI5P4Ks (Figure 2).
These kinases have three isoforms (a,B,y) out of which PI5P4Ka and PISP4Kp have been
studied as being necessary for the autophagosome-lysosome fusion event, especially under
stress conditions such as loss of p53 and under starvation conditions in mouse liver [64].

Similar to P1-4,5-P,, various studies involving P1-3,5-P; indicate that it is the cycling of
this lipid that is essential for the fusion. Depletion of PIKfyve or its yeast counterpart

Fabl decreases the levels of PI-3,5-P5 at the lysosomes, preventing their fusion with the
autophagosomes [65]. Proving that it is indeed the cycling of PI-3,5-P5 that is important.
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Further, the loss of INPP5E, a 5-phosphatase, resulted in a similar phenotype. The
dephosphorylation of PI-3,5-P, to PI-3-P is required for phosphorylation of cortactin. This
leads to polymerization of actin filaments and autophagosome-lysosome fusion [66]. Fig4,
another 5-phosphatase important for cycling of PI1-3,5-P,, has been shown to be necessary
for the autophagosome degradation. Fig4 mutant tissues do not show accumulation of
autophagosomes and p62 co-localizes with LAMP2 indicating that autophagosomes are able
to fuse with the lysosomes but are unable to undergo further degradation. It might also be
responsible for regeneration of lysosomes post-degradation [67].

Reformation of lysosome

Following the degradation process, the structural components of the autolysosome are
recycled back into new lysosomes. Under physiological conditions, it is thought that small
vesicle carriers bud off to form new lysosomes. Whereas under starvation, a process

called ALR or autophagic lysosome reformation (Figure 2) occurs due to the tubulation

of autolysosomes, resulting in the formation of new lysosomes [68]. ALR is said to be
modulated by clathrin and P1-4,5-P,. Rong et al. showed that PI4P5K1B is essential for
phosphorylation of PI-4-P to P1-4,5-P, and this event is important in extrusion of the
tubules from the autolysosomes [69]. While PI4P5K1A was shown to be important in the
later stages of ALR leading to the pinching off of the proto-lysosomes from the tubules.
Depletion of PI4P5K1B results in enlarged autolysosomes and depletion of PI4P5K1A
results in elongated tubules on the autolysosomes. The PI-4,5-P, present on the tubules are
also essential for the recruitment of clathrin to these structures, leading to the budding of
the proto-lysosomes [69]. PI4KIIIB is essential for lysosome regeneration under starvation.
It phosphorylates PI to generate PI-4-P and hence provides the substrate required by
P14P5K1B and P14P5K1A to mediate their functions in lysosome reformation. This study
also showed that P14KIIIp plays a role independent of the PI4P5Ks, to allow for the sorting
of the materials into the tubular structures during ALR [70]. The motor protein KIF5B also
associates with PI-4,5-P, on the autolysosomes and drives the tubulation event by generating
a pulling force on these structures [71].

Technical Challenges: Studying Phosphoinositides and Autophagy in the Laboratory

To understand the specific roles of phosphoinositides involved in regulating the autophagic
process, identifying their subcellular localization during the different stages and their
kinetics becomes paramount to furthering our knowledge. With technology becoming

more advanced, we have better tools available to aid us in this process. To be able to
accurately identify the phosphoinositides associated with this process, rapid isolation of

the various compartments involved is the first challenge. Lysosome immunoprecipitation

or LysolP described by the Sabatini group, utilizes a tagged, lysosome-specific protein,
which allows rapid isolation of lysosomes [72], and these can then be subjected to further
processing as such lipidomics, metabolomics etc. Various studies have identified a subset of
proteins that preferentially localize to autophagosomes at specific stages of maturation. By
tagging these proteins, we can isolate the various autophagosomal compartments with ease,
thereby allowing us to identify phosphoinositides that localize to them. Immunoprecipitation
techniques like this will also be essential in identifying proteins that bind specific
phosphoinositides and regulate autophagy. Not only are these important to understand
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the induction and progression of autophagic process under physiological conditions, but
the lipid-binding domains of these proteins can also be used for the purpose of imaging
phosphoinositides with accuracy in cells as discussed later in this section.

The next challenge in furthering this understanding lies in being able to identify the lipids
present in various compartments involved in autophagy with accuracy. Phosphoinositides
mainly differ in the number and position of phosphates on their inositol moiety.
Phosphoinositides also vary in the abundance with which each of the 7 species are found

in the compartments and overall in the cell (Figure 1). We also have to keep in mind that
while we are focusing on the phosphoinositides, these compartments also have other lipids,
and the added variations such as length of the fatty acyl chains and double bonds, complicate
this process further. Not only that, isobaric species within the phosphoinositides add another
layer of complexity. For example, PI-5-P is one of the least abundant phosphoinositides in
the cell and is structurally similar to the more abundant P1-4-P, making it hard to determine
its presence and pinpoint its location in the cell. Taking these factors into consideration,
identifying the phosphoinositides with accuracy is not a small feat. Modifications to the
extraction method, such as using perchloric acid instead of the commonly used chloroform :
methanol to precipitate lipids, has led to a decrease in fluctuations in the levels of the lipids
being extracted. The precipitates can be treated with methylamine to deacylate the lipids
and subsequently the water soluble glycero-phospho-inositols can be extracted [73]. Using
this technique, followed by chromatography using an ion exchange column has allowed

for separation of all 7 phosphoinositide species in neuronal cultures [74]. Recent and past
studies have built upon mass spectrometry (MS) or tandem MS (MS/MS) and coupled it
with other techniques to make differentiating the phosphoinositides from one another as
well as enriching the lower abundance ones more plausible. The ‘shotgun’ method which
utilizes electron spray ionization (ESI) coupled with MS/MS is used widely for lipidomics
[75] but falls short in accurately differentiating isobaric species. Coupling this (ESI-MS/MS)
with high performance liquid chromatography (HPLC) makes it feasible to identify lipids
with similar masses [76]. Various studies have used HPLC-ESI-MS in combination with
chemical modifications of the lipid groups to differentiate the phosphoinositides from one
another [77, 78]. Malek et al. have shown that methylating the acidic phosphate groups of
phosphoinositides with trimethylsilyl (TMS)-diazomethane followed by ozonolysis aids in
separating the isobaric species PI-3,4-P, from PI-4,5-P5 [79]. This allowed for identification
of a new role for PTEN as a 3-phosphatase for PI-3,4-P,. While being highly sensitive,
these techniques come at the cost of losing the high throughput nature of the experiment
[79]. To overcome this, various modifications have been suggested. One such method is

the Concerted Tandem and traveling wave ion mobility mass spectrometry or CTS analysis.
This is a non-targeted approach that generates a four-dimensional data set which includes:
nominal precursor ion mass, product ion mobility, accurate mass of product ion, and ion
abundance. Further, it has been suggested that this 4D-data set acquisition can be a powerful
tool in the identifying lipids based on their structure in a complex biological sample. [80].

While the previous strategy involved identifying lipids in processed samples, imaging
techniques allow us to visualize lipid localization ‘in situ’. These techniques primarily
involve lipid-binding domains of proteins tagged with fluorescent labels. Pleckstrin
homology (PH) domains found in many membrane-targeted proteins have been thought
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to do so through their ability to bind phosphoinositides. It has been shown that though not
all PH domain-containing proteins have high affinity for phosphoinositides, some proteins
do have PH-domains with high specificity for a particular species of phosphoinositides

[81]. The PH domain of phospholipase C 61 (PLC81-PH), for example, binds P1-4,5-P,
specifically and does not interact with any other phosphoinositide [82]. With P1-4,5-P, being
predominantly present at the PM and to a much lesser extent on the internal membranes,
fluorescent tagged PLC81-PH domain has been mainly shown to localize to the PM, making
it difficult to identify PI-4,5-P, on internal membranes due to the lack of sufficient amount
of probe in the cytosol. A recent study has shown that release of the probe from the

PM using angiotensin Il stimulation, which causes the hydrolysis of PI-4,5-P, at the PM,
leads to marking of the internal membranes [61]. Detailed description on how to accurately
quantify the lipids in the cells using this method is discussed in the review by Varnai et. al.,
2017 [83]. Phosphoinositides can also be labelled using commercially available antibodies.
Hammond et. al., have described the immunofluorescence technique by which the cellular
membranes can be preserved while being able to detect different pools of PI1-4-P and PI-4,5-
P, in the cell [84]. There are also a variety of labelled phosphoinositides available that can
be extrinsically added, and the localization of the lipids tracked in a live cell. One also has
to keep in mind that using lipid-binding domains, fixing the cells and extrinsically adding
the lipids come with the possibility that the localization, dynamics and functions might

be altered. Nonetheless, visualizing phosphoinositide dynamics in cells using fluorescent
labels has become a very powerful tool in the understanding of the autophagic process.
Another technique that can be used to visualize lipids is the freeze-fracture replica method
[85]. This involves rapid freezing of the cells to stop the movement of the lipids within

the cells, followed by deposition of evaporated platinum and carbon layers to stabilize the
membrane in a freeze-fracture replica. These are then labelled with probes which will allow
for imaging via an electron microscope at a nanometer scale [85]. This technique has been
successfully used to observe the presence of P1-3-P in the luminal leaflet of the yeast, the
cytoplasmic leaflet of the mammalian autophagosomes [86] and PI-4-P on the cytoplasmic
leaflet of both the inner and outer membrane of the autophagosome [87]. To overcome the
disadvantages of fluorescence imaging we can also use another imaging technique that is
‘non-invasive’. Coherent Anti-Stokes Raman Scattering (CARS) microscopy and Stimulated
Raman Scattering (SRS) microscopy makes use of the intrinsic vibrational properties of the
different chemical groups on the lipids for high-resolution imaging. These techniques are
discussed in detail in these two reviews [88, 89].

In the end, every technique discussed comes with its own caveats while being able to answer
important questions about lipid signaling and dynamics in relation to autophagy. Thus, it is
important to use combinatorial approaches to get a correct and complete picture.

Understanding the Phosphoinositides Function in the Pathophysiology of Human
Diseases: Development of Animal Models and Therapeutic Approaches

The dynamics and subcellular localization of phosphoinositides play a pivotal role in
cell metabolism and homeostasis, membrane function and dynamics. Alongside lipids
themselves, the intricate network of kinases and phosphatases regulate their clockwork
turnover (Figure 1). It is therefore not surprising that any deregulation has dramatic
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effects and, as such, phosphoinositides have been linked to a many human diseases from
cancer to neurodegeneration. The pathophysiological mechanisms of these small lipids
are complex and not fully understood. Mutations and dysfunctions of the kinases and
phosphatases regulating phosphoinositides leads to impaired cycling of these lipids and
are often accompanied by the disruption of autophagy. However, the actual link between
phosphoinositides, autophagy and disease development remains elusive.

Mytotubularins (MTMs) are a family of 3-phosphatases that preferentially dephosphorylate
P1-3-P and PI-3,5-P,. Myotubular myopathy 1 (MTM1) was the first protein of this class

to be identified [90] followed by 13 MTM-related proteins (MTMRs 1-13). Of note, not

all MTMRs are catalytically active, as some play a scaffolding or activity-enhancing role
[91]. Members of the MTM family are essential for muscle maintenance [92] and their
mutations are associated with neuromuscular diseases. The best characterized are MTM1,
often mutated in X-linked myotubular myopathy (XLMTM) [90], and MTMR2, mutated

in Charcot-Marie-Tooth disease [93]. MTM1 and MTMR?2 are essential for membrane
remodeling at various sites, including the PM and the ER [94], maturation of early
endosomes and autophagosomes. MTM1 mutant mice are a model for muscular dystrophy
disorder and are characterized by P1-3-P accumulation in their muscle tissue. Their muscle
tissue shows an increased number of autophagosomes, increased expression of p62 and
LC3 early in disease development, suggesting that autophagy dysfunction takes part in
disease progression [95]. Knocking out kinases responsible for generating P1-3-P also leads
to muscle impairment. For instance, muscle specific deletion of class 111 PIK3C, leads

to muscular dystrophy associated with significant alteration of the autophagolysosomal
pathway [96]. In the PIK3C mutant animals Reifler et al. show ultrastructural aberrations
consistent with defective autophagy as well as increased expression of autophagy marker-
genes and accumulation of p62, LC3 and LAMPL1 positive structures [96]. Interestingly,
the same group also showed that inhibiting class 11 PIK3C2B (but not PIK3C) is sufficient
to rescue the phenotype in the MTM1 knockout (KO) mouse and a zebra fish model of
MTM, even after symptom onset [97]. The authors speculate that the MTM1-PIK3C2B
interplay regulates a specific pool of PI1-3-P. PI3KC modulates a different pool of P1-3-P that
when disrupted in the MTM1 KO mouse leads to an increase in the severity of the disease
and decreased lifespan. These observations support the hypothesis that the balance between
kinases and phosphatases maintain adequate levels but also distinct, membrane-specific
pools of PI-3-P in the cell to support homeostasis and promote health. Other studies show an
important role for MTMRs in autophagy-dependent clearance of dysfunctional proteins,
making them attractive targets for neurodegenerative disorders such as Alzheimer’s,
Parkinson’s and Huntington’s disease. For instance, inhibiting MTMR14/Jumpy using the
small molecules such as AUTENG7 (autophagy enhancer 67) and AUTEN99 [98, 99]
restore autophagic flux and reduces symptoms in Drosophila models for Parkinson’s and
Huntington’s diseases (Table 2).

The balance between P1-3-P/PI-3,5-P,/PI-5-P plays an important role in various steps in
autophagy especially at the late endosome and lysosome biology (Figure 2 and Table

1). Furthermore, P1-3,5-P; has been shown to alter lysosomal ion channels, leading to
arrested recycling of lysosomes and accumulation of inclusion bodies. Although MTMRs
can dephosphorylate PI-3,5-P, in vitro, in vivo FIG4-PIKfyve interplay and their scaffold
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VAC31, is the key to supporting this balance. FIG4, the PI-3,5-P, 5-phosphatase, is mutated
in several neuropathies such as the severely demyelinating Charcot-Marie-Tooth type 4J
(CMT4J) neuropathy, Yunnis-Varon syndrome [100], familial epilepsy with polymicrogyria,
and neurodegenerative disorders such as Amyotrophic Lateral Sclerosis. The documented
mutations lead to the destabilization of the FIG4-PIKfyve-VAC31 complex contributing to
disease development [101] in a mouse model for CMT4J. The spontaneous Fig4-null mouse
model (pale tremor mouse) presents with depigmentation, a dramatic loss of sensory neurons
as well as reduction of myelin in the brain and the spinal cord [102]. These symptoms have
been related to the function of the lysosome. The MEFs isolated from this Fig4pa/etremor
mouse present with enlarged LAMP2 positive vacuoles. The brains of these animals

show enlarged endosomes and lysosomes as well as the accumulation of LC3 and p62.
Interestingly, FIG4 has recently been proposed as a neuroprotector. Deletion of Fig4in adult
mice leads to severe neurological impairment and reduced life span, in part due to defective
myelin repair [103]. These mice recapitulate most of the Fig4Péletremor phenotype, including
the accumulation of LAMP1 positive vacuoles. The PIKfyve-mutant mice are not viable,
however fibroblasts isolated from their embryos, present similar accumulation of LAMP2
positive vacuoles. Interestingly, inhibitors developed against PIKfyve such as Apilimod
[104] or the WX8-family [105] dramatically inhibit autophagy by disrupting lysosomal
function (Table 2). Further, emerging evidence also supports a role for PI-3,5-P, and the
PIKfyve-FIG4-VAC14 complex beyond the nervous system. PIKfyve depletion in platelets
correlates with defective maturation and excessive storage of lysosomal enzymes, leading

to inflammation, thrombosis and multi-organ defects in mice [106]. PIKfyve depletion
specifically in mouse intestine leads to intestinal inflammation and fibrosis, accompanied by
shorter life span. Accumulation of vacuoles was also observed in the enterocytes of these
conditional KO animals [107].

P1-4,5-P, has been shown to accumulate in kidney tissues and cells collected from

Lowe syndrome patients. This disease presents with renal proximal tubule degeneration,
cataracts and neurological symptoms and is caused by mutations in various regions of the
5-phosphatase OCRL (OculoCerebroRenal of Lowe). PI-4,5-P, regulation is essential for
various steps in autophagy from early endosome to autophagosome-lysosome fusion and
autophagy flux (Figure 2 and Table 1). OCRL acts preferentially on P1-4,5-P, regulating
its accumulation at the lysosome. The authors of this study [62] show that in the absence
of OCRL, PI-4,5-P, has an inhibitory effect on autophagic flux. De Leo et al. have shown
that OCRL inhibition leads to PI-4,5-P, accumulation around the lysosome and subsequent
inhibition of MCOLNL1 and autophagy flux [62]. As a result, autophagosomes accumulate in
OCRL-depleted cells or in kidney tissue of patients with Lowe syndrome. Animal models
for Lowe syndrome are not perfect, as mere deletion of OCRL does not fully recapitulate
the disease. The INPP5B phosphatase (Figure 1) can in fact compensate for OCRL leading
to a mild symptomatology in mice. A kidney tubule-specific KO of INPP5B in OCRL
deficient mice recapitulates the human disease to a better extent. While these mice show
defective endocytosis, the autophagy status has not been yet described [108]. Similarly, in
a zebrafish model for Lowe disease, endocytosis and early endosome formation was shown
to be deficient in the nervous tissue [109] and the pronephric tube [110]. A new family

of 5-phosphatase inhibitors has been recently characterized (Table 2) using a novel high
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throughput assay [111]. The OCRL/INPP5B inhibitor (YU142670) identified through this
screen also led to the accumulation of autophagosomes and a reduction in autophagy flux in
proximal tubule cells derived from patients with Lowe syndrome [62].

SynJ1 is another phosphatase with a key role at the synapse where it regulates synaptic
vesicle recycling and trafficking. This phosphatase is mutated in patients with early onset
Parkinson’s disease and is unique as it has two different domains. The 5-phosphatase
domain targets specifically P1-4,5-P,, while the SAC domain dephosphorylates P1-3-P, P1-4-
P and PI-3,5-P, indiscriminately. The 5-phosphatase regulates endocytic vesicle uncoating.
The SAC domain plays an essential role in autophagosome formation at synaptic vesicles.
Mutations in the SAC domain, leads to increased PI-3-P or PI-3,5-P, accumulation at

the developing autophagosome, leading to increased ATG18 binding, blocking further
development. These observations in the D. melanogaster nervous system, were confirmed

in human iPSCs derived from Parkinson’s disease patient brains [112].

Phosphoinositide regulating enzymes are also frequently mutated in various cancers, with
phosphoinositides playing an essential part in cancer biology. PI3K, and its counterpart
PTEN, are often mutated in cancers, and are essential for the dynamics between PI-4,5-P,
to PI-3,4,5-P3, at the PM. This event triggers signaling cascades that have been central to
understanding tumor metabolism and developing new therapies. Small molecules targeting
PI13K have been shown to inhibit autophagy [113,114] (Table 2) and contribute to cancer cell
death [113] (Table 2). This central signaling axis and its therapeutic potential and hurdles
have been extensively covered in comprehensive reviews [115-118]. It is worth reiterating
that these mutations are essential for cancer cell survival by providing alternative routes to
nutrient availability and ensuring exquisite metabolic plasticity and stress resistance. While
PI3K/PTEN have been intensively studied in cancer biology, other phosphoinositide kinases
are currently emerging as key players tumor development. For example, inhibition of the
PI5P4Ks have been shown to promote cancer cell “starvation” by inhibiting autophagy

in p53 mutant cancer cells [64, 119]. However, inhibition of PISPAKp has also been

shown to enhance EMT in MCF10A cells, and low expression of PI5P4Kp correlates with
poor prognosis in breast cancer patients [120]. PI5P4Ks seem to play an important role

in keeping metabolic homeostasis but the full extent of the mechanisms they employ to
fulfill this function is still largely uncharacterized. Small molecules that target PI5P4Ks
are being developed and tested (Table 2) [121-123] and some showed positive results in

a mouse model for diabetes [122]. Interestingly, a specific PI5SP4Kg inhibitor (NCT-504)
has been shown to increase autophagic flux and delay symptoms in a Drosophila model for
Huntington’s disease [123].

From the studies discussed here, cellular pathophysiological processes associated with
imbalances in phosphoinositide cycling stem from membrane remodeling defects, and
regulation of ion trafficking at various steps of autophagy. These defects lead to a blocked
autophagic flux and accumulation of inclusion bodies and large vacuoles. Autophagy is
tightly regulated by what has been defined as “membrane identity” [124], that is the
specific pool of phosphoinositides and the kinase/phosphatase signature that characterizes
specific membranes within the cell. However, we have to specify that while the focus

of this review is autophagy, phosphoinositides and their regulating enzymes and binding
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partners contribute to other signaling events within the cell as well. Indeed, several
studies demonstrate that even when lacking the catalytically active site, the kinases and
phosphatases still play an important role in cellular metabolism. For instance, kinase-dead
MTML1 has been shown to significantly improve muscle function in MTM1-null mice
[125]. This added layer of complexity makes it difficult to date to assess the extent to
which phosphoinositide-related autophagy contributes to disease development. Despite these
difficulties, efforts to develop high throughput screens to identify inhibitors for kinases
and phosphatases are bringing the field closer to clinical relevance (Table 2) [121]. The
manipulation of these enzymes for therapeutical purposes has to proceed with caution

as depending on the genetic and metabolic status of the cell, the effects can be both
beneficial and deleterious. Understanding the full complexity of phosphoinositide-related
pathophysiology is paramount for the development of future therapeutic approaches.

Concluding Remarks

Understanding the role of phosphoinositides and how they regulate the autophagy process is
undoubtedly an arduous undertaking. In this review we aimed to highlight the most recent
findings with regard to the phosphoinositides, their metabolizing enzymes, as well as their
known effectors in the tightly regulated multistep process of autophagy (Figure 2 and Table
1), thus providing a working framework that can be updated as the field and techniques
evolve.

Autophagy is a complex membrane shaping process including induction, nucleation,
maturation, and fusion, therefore it is not surprising that there is an extensive

crosstalk between phosphoinositides and the autophagic protein machinery. Importantly,
phosphoinositide species and the various kinases and phosphatases that regulate their
turnover play essential roles in modulating metabolic pathways, including autophagy. As
mentioned here in this review, in order to fully comprehend and appreciate the role

of phosphoinositides in autophagy, the lipid composition of autophagosome precursors,
completed autophagosomes, and lysosomes will need to be elucidated. To this end, methods
to purify such organelles to a high degree and subsequent lipidomics are essential.
Further, improvement of imaging techniques allowing the visualization of lipids using
super-resolution microscopy will also aid to study the distribution and dynamics of lipids
throughout the autophagy process.

Finally, there is intense debate about the potential of autophagy modulation as a therapeutic
tool. Thus, understanding the role of phosphoinositides as well as the phosphoinositide
kinases and phosphatases may be meaningful as many of the phosphoinositide enzymes are
druggable and the phosphoinositides themselves may serve as potential biomarkers. In the
end, exploiting or targeting the phosphoinositide signaling pathways that regulate autophagy
may prove to be a beneficial therapeutic strategy in future years.
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Pl phosphatidylinositol

ER endoplasmic reticulum

PM plasma membrane

mMmTORC1 mammalian target of rapamycin complex 1
PI3KI class | phosphatidylinositol 3-kinase
P1-4,5-P, phosphatidylinositol 4,5-bisphosphate

P1-3,4,5-P3 or PIP3

phosphatidylinositol 3,4,5-triphosphate

PDK1 phosphoinositide-dependent kinase-1

PKB protein kinase B

P1-3,5-P, phosphatidylinositol 3,5-bisphosphate

TFEB transcription factor EB

PI-3-P phosphatidylinositol 3-monophosphate
FYCO1 FYVE and coiled-coiled domain containing 1

LC3-PE or LC3 1l

phosphatidylethanolamine to LC3

MTMRs myotubularin family of phosphatases

PKD protein kinase D

PI-5-P phosphatidylinositol 5-monophosphate

PI5P4K phosphatidylinositol-5-phosphate 4-kinase

P14P5K phosphatidylinositol-4-phosphate 5-kinase

BATS Barkor/ATG14L autophagosome targeting sequence

HOPS homotypic fusion and protein sorting

GABARAP gamma-aminobutyric acid receptor-associated protein

PLEKHM1 pleckstrin homology domain containing protein family
member 1

LIR LC3-interacting region

SynJ1 synaptojanin 1

ALR autophagic lysosome reformation

LysolP lysosome immunoprecipitation
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Figure 1. Phosphoinositide cycle.
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PHOSPHATASES
1. MTM1/MTMRs
2. Unknown
3. Unknown
4. FIG4, INPP5E
5. MTM1/MTMRs
6. Unknown
7. OCRL, INPPSBJEIF, Synj1/2
8. PTEN
9. INPP4A/B
10. SHIP1/2, INPP5E/J, SKIP1
11. PTEN

Phosphoinositides are a small group of phospholipids generated by the phosphorylation

of the third, fourth and fifth positions of the inositol headgroup of phosphatidylinositol.

The seven resulting phosphoinositides are cycled and regulated by a complex network of
kinases and phosphatases that add or remove phosphate groups at specific positions. The
precision of these enzymes is what keeps the phosphoinositide pools within a cell in perfect
balance. The kinases (/eff) and phosphatases (righ?) are numbered, and the indicated number
corresponds to the enzymes that allow the cycling between each of the phosphoinositide
species starting with phosphatidylinositol (P1) at the center. Dashed grey arrows indicate
enzymes that have not yet been characterized /n vivo (Unknown).
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Figure 2. Phosphoinositides in autophagy.
Autophagy is a highly regulated multistep process that is essential for recycling cytosolic

components. Too much or too little autophagy leads to severe human diseases from
neurodegeneration to cancer. Phosphoinositides play key roles in every step of this process
from nucleation and the biogenesis of the phagophore to the reformation of the lysosome.
Distinct pools of phospholipids characterize each membrane of the autophagic organelles.
This phospholipid identity is ensured by specific kinases and phosphatases and their binding
partners. The figure shows all the individual steps of autophagy starting with the nucleation
and ending with the reformation of the lysosome. The corresponding phosphoinositide
species that are known to play a role in regulating each step are shown on the membrane

of the structure they are associated with and are color-coded. The kinases (blue oval) and
phosphatases (purple oval) that are associated with regulating the phosphoinositide species
at each step are also included. For simplicity, this model does not show all known binding
partners, but these are discussed within the text.
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Table 1.
Phosphoinositide roles and localization during autophagy.

An organized list of each phosphoinositide known to be involved in autophagy as illustrated in Figure 2.
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Degradation

Phosphoinositide Autophagy step Localization
Induction Omegasome
Nucleation Phagophore
Fusion Autophagosome

Autolysosome

Plasma membrane

Fusion & Degradation

Induction
. Autophagosome
Pl-4-P Elongation & Closure
o _ _ Lysosome
Fusion & Degradation
Autolysosome
Elongation Phagophore
P1-5-P Fusion Autophagosome
Induction Autophagosome
PI-35-P, Closure & Fusion Lysosome
Degradation Autolysosome
Induction Plasma membrane
PI-4,5-P, Elongation Lysosome

Autolysosome

Induction

Plasma membrane
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