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Inositol phospholipids are low-abundance regulatory
lipids that orchestrate diverse cellular functions in eu-
karyotic organisms. Recent studies have uncovered in-
volvement of the lipids in multiple steps in autophagy.
The late endosome–lysosome compartment plays crit-
ical roles in cellular nutrient sensing and in the con-
trol of both the initiation of autophagy and the late
stage of eventual degradation of cytosolic materials
destined for elimination. It is particularly notable that
inositol lipids are involved in almost all steps of the
autophagic process. In this review, we summarize how
inositol lipids regulate and contribute to autophagy
through the endomembrane compartments, primarily
focusing on PI4P and PI(4,5)P2.
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Inositol lipids are relatively minor phospholipid com-
ponents of eukaryotic membranes but they are essen-
tial for controlling the assembly and functions of many
integral or peripheral membrane proteins to maintain
cellular homeostasis. Inositol lipids are formed by
phosphorylation of D3, D4 and D5 position on the in-
ositol ring in phosphatidylinositol (PI) in some com-
bination (1). In addition to the kinases and
phosphatases that control the levels of these lipids,
lipid transfer proteins also play critical roles in shaping
membrane lipid composition and dynamics (1, 2).
Distribution of individual inositol lipids is not uniform,
each membrane compartment having a unique inositol
lipid signature that ensures that their effector proteins
properly work at those specific intracellular locations.
The many well-documented roles of inositol lipids in-
clude regulation of actin cytoskeleton and vesicular
transport, contribution to the proper function of ion
channels and control of signal transduction in the
plasma membrane (1). In addition to these important

roles, increasing evidence suggest that inositol lipids
are also involved in the control of autophagy (3).
Autophagy serves two kind of purposes: (i) it helps re-
cycle important cellular material from dispensable vari-
ous cellular components and (ii) it clears defective
macromolecules and organelles (4). Although autoph-
agy has been thoroughly characterized in the last
10 years, there are still many unanswered questions
that remain to be answered. When autophagy is trig-
gered by specific stimuli, such as amino acids starva-
tion, autophagosome precursors, termed phagophores
sequester cytoplasmic materials and form spherical
double-membranous structures, called omegasomes (4,
5). Once these structures are closed and form vesicles,
they fuse with lysosomes creating autolysosomes for
degradation of their content. The process of recovering
lysosomes from autolysosomes is also important and is
called lysosome reformation (5). A subpopulation of
autophagosomes undergoes fusion with late endosomes
before fusion with lysosomes (6).

The origin of membranes during the early phase of
autophagosome formation is highly debated and there
are many questions about the precise sequence and the
entities of the molecular events that guide each phase
of the process. Inositol lipids have emerged as critical
membrane lipid components that orchestrate many if
not all of the steps in the autophagic maturation pro-
cess. It has been now well established that PI3P plays a
pivotal role in the initiation of autophagy (7) and that
PI(3,5)P2 is important in the autophagosome–lysosome
fusion step and subsequent acidification of this organ-
elle (8). Recent studies, however, began to highlight the
roles of PI4P and PI(4,5)P2 at various stages of
autophagy (Fig. 1). PI4P and PI(4,5)P2 have been
known as important precursors of second messengers
in the plasma membrane and also to control endosome
formation and maturation as well as Golgi function,
but their involvement in autophagy has not been sus-
pected until recently.

Therefore, in this review, we will mainly focus on
recent developments on endosomal PI4-kinases and
PIP-kinases and their lipid products in the control of
the autophagy process. Excellent reviews have been
written about the roles of PI3P and PI(3,5)P2 in
autophagy (3, 7, 9), so they will not be covered in this
review.

PI4P is an important regulator of
endomembrane trafficking

PI4P and PI(4,5)P2 are the two most abundant phos-
phorylated phosphoinositides in mammalian cells,
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mostly known to localize to the plasma membrane
where they play an important role in signal transduc-
tion events initiated from cell surface receptors. The
role of PI4P as a lipid with additional endomembrane
functions was revealed by important studies carried
out in yeast (10, 11) and also in mammalian systems.
These studies identified the PI 4-kinase enzymes
(PI4Ks) that produce PI4P by phosphorylating the D4
position on PI. PI4Ks are classified as type II PI4Ks
(PI4K2A and PI4K2B) and type III PI4Ks (PI4KA
and PI4KB) (1). The localization of the various PI4Ks
is not identical. PI4KA is localized to the plasma
membrane with the help of the adaptor proteins,
EFR3, TTC7 and Fam126A (12) although its presence
in the ER has also been reported by early studies (13).
Undoubtedly, however, the plasma membrane pool of
PI4P is primarily generated by PI4KA (12). PI4KB,
on the other hand, is localized to the Golgi compart-
ment, whereas type II PI4Ks are found on both the
TGN and endosomes and some of the PI4K2B in the
plasma membrane (1). Therefore, endosomal PI4P is
mostly formed by the type II PI4Ks. These enzymes
are peripheral membrane proteins and their strong

binding to the cytoplasmic leaflet of membranes is
provided by palmitoylation of cysteine residues within
their catalytic region (14, 15). The type II PI4Ks have
been shown to localize both in early (Rab4- or Rab5-
positive) and late (Rab7-positive) endosomes, but
their presence was also reported in Rab11-positive
recycling compartments (16–18). Although the
enzymes are located throughout the endolysosomal
membrane system, the relative levels of PI4P have not
been determined in those endosomal compartments.
Our recent studies, applying the bioluminescence res-
onance energy transfer method for assessment of the
relative levels of endosomal PI4P showed that PI4P is
more abundant in the late endosomal, Rab7-positive
compartment than in early endosomes marked by the
presence of Rab5 (19). Moreover, this analysis also
showed that PI4K2A is the major source of the late
endosomal PI4P with only minor contribution from
PI4K2B (19). This apparent discrepancy between the
prominent localization of the PI4Ks in compartments
where PI4P is less abundant could reflect the different
activity of the enzymes themselves or of the metabolic
processes that eliminate PI4P. For example,
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Fig. 1. Distribution of various phosphoinositides in organelles related to endocytic trafficking and autophagy pathways. While the bulk of PI4P
and PI(4,5)P2 are mainly found in the plasma membrane, small but functionally important pools are also localized to late endosomes and
lysosomes as well as autophagosomes. In addition to the well-established roles of PI3P and PI(3,5)P2 in both endocytic trafficking and
autophagy, PI4P and PI(4,5)P2 are emerging as critical regulators at several steps along the autophagy pathway.
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dephosphorylation of PI4P by the 4-phosphatase Sac2
enzyme is more important in Rab5 and Rab11 endo-
somes and less so in the Rab7-positive compartment
(20, 21). Moreover, PI4P has been shown to be trans-
ferred from endosomes to the ER by the oxysterol
binding protein, OSBP and degraded in the ER by the
Sac1 phosphatase enzyme (22).
PI4P recruits several proteins to specific endomem-

brane compartments, including clathrin adaptors,
AP1, AP3 and the GGAs (1), Arf regulators, such as
ARFAPTINs (23) and some forms of spectrins (24). It
also regulates the assembly of the Wiskott Aldrich
syndrome protein and scar homologue complex to
control actin polymerization and determine the target-
ing of the R-SNARE, VAMP3 (22, 25). PI4P also
controls the dissociation of SNX4-associated vesicles
from dynein–dynactin complex (26) and the recruit-
ment of the exocyst tethering complex to endosome
membranes (27). Detailed discussion of these PI4P
effectors and their roles in trafficking is beyond the
scope of this review and can be found elsewhere (28).

PI4Ks and PI4P are emerging as regulators
of several steps in autophagy

PI4KB
PI4KB has been known as a main regulator of post-
Golgi secretion but it has also been found in the nu-
cleus (1, 29). Recent studies have identified PI4KB as
an important component and regulator of the initi-
ation phase of the early autophagosome membrane.
These studies found that upon amino acid starvation,
the autophagy protein, ATG9 marks a membrane
compartment that is originated from the Golgi and is
enriched in PI4KB and PI4K2A, to produce PI4P.
This early autophagy compartment also contains
Arf1, Arl1 and ARFIP2 as well as PKD2, known reg-
ulators of the activity of PI4KB in the Golgi.
Importantly, these early steps involving ATG9 appear
to precede and play a role in the recruitment of the
ULK1 complex, WIPI2B, LC3B proteins adding a
new element to the very early phases of autophago-
some formation complementing the already well-
documented roles of PI3P in the process (30, 31).
These new studies also highlighted the Golgi as a
major contributor to that autophagy maturation pro-
cess that has traditionally been linked to ER (32).
PI4KB-generated PI4P has also been implicated at

later stages of autophagosome maturation, namely in
the process of lysosome reformation (33). Sidhar et al.
(33) have found that PI4KB-depleted cells form tubu-
lation of their LAMP1-positive lysosomes that corre-
sponded to late-stage autolysosomes rather than
autophagosomes. They showed that an enhanced ef-
flux of lysosomal components in PI4KB-depleted cells
led to the depletion of lysosomes in important regula-
tory proteins such as the V-ATPase. These studies
postulated that PI4KB is critical for the proper con-
trol of lysosome reformation from autolysosomes.

PI4K2A
The first indication that PI4K2A is linked to lyso-
somal sorting and degradation was the finding that
PI4K2A promoted EGF-receptor degradation (17).
More recently, the Albanesi and Yin groups showed
that PI4K2A is localized to autophagosomes under
conditions of amino acid starvation by association
and recruitment by the c-aminobutyric acid receptor-
associated protein (GABARAP), a member of the
small ubiquitin-like autophagy modulatory mamma-
lian ATG8 proteins. They showed that siRNA-
mediated knockdown of PI4K2A or overexpression of
a dominant negative, kinase-dead version of PI4K2A
caused accumulation of abnormally large autophago-
somes, suggesting a defect in autophagosome–lyso-
some fusion (34). Our recent studies using CRISPR/
Cas9-mediated inactivation of the PI4K2A gene in
HEK293 cells also confirmed that such cells showed
major impairment in autophagosome–lysosome fusion
(19). Our studies also showed the PI4K2A deletion
caused massive tubulation of Rab7-positive late endo-
somes, but surprisingly did not reproduce the EGFR
degradation defect reported by PI4K2A knock-down
studies (17).

Is it PI4P or its phosphorylated products,
PI(4,5)P2 and PI(3,4)P2 that control autoph-
agy flux?

Although the role of PI4Ks is now well documented,
the question arises whether PI4P is acting on its own
right or it is converted to another phosphoinositide,
such as PI(4,5)P2 or PI(3,4)P2. For example, PI4P pro-
duced by PI4K2A was found to act on its own right
and not through PI(4,5)P2 when associating with the
GABARAP protein and promote phagosome-
lysosome fusion (34). However, several studies have
shown a role of PI(4,5)P2 and PIP kinases in autoph-
agy. First, it has been shown that PI4P 5-kinase c iso-
form 5 (PIP5K1Ci5) regulates the lysosomal
degradation of E-cadherin (35) and the EGF receptor
(36). Recently, we found that PI4P generated by
PI4K2A is converted to PI(4,5)P2 by PIP5K1C in
Rab7-positive endosomes. PI(4,5)P2 then drives the
hydrolysis of GTP within Rab7 turning it from its
GTP- to a GDP-bound form and releasing the Rab7
effector PLEKHM1 from the late endosomal mem-
brane (19). PLEKHM1 has been reported to work as
a tether for stabilizing autophagosome-lysosome con-
tact with the homotypic fusion and vacuole protein
sorting (HOPS) complex (37). Inactivation of PI4K2A
or silencing of PIP5K1C lead to accumulation of non-
acidifying autophagosomes (19). Our studies sug-
gested that PI(4,5)P2 activates a Rab7-specific GTPase
activating GAP protein. Among the many members
of the TBC domain family of Rab7-GAPs several has
been shown to play important roles in autophagy
including Armus/TBC1D2A (38, 39) and TBC1D15
(40). In fact, a recent study showed that out of the five
splice variants of PIP5K1C, specifically, PIP5K1Ci5,
directly interacts with Rab7 and recruits the Rab7
GTPase-activating protein TBC1D5 to the late
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endosome and lysosome (41). This finding is consist-
ent with our hypothesis that increased formation of
PI(4,5)P2 causes Rab7 inactivation through stimula-
tion of a Rab7 GAP protein.
Other studies also suggested the role of PI(4,5)P2 in

both early and late stages of autophagosome forma-
tion and maturation. PIP5K1Ci5 was shown to be re-
sponsible for an early step of autophagy. Tan et al.
(42) showed that PIP5K1Ci5 and its product PI(4,5)P2

exist at ER-late endosome contact sites and controls
autophagy initiation through PI(4,5)P2 interaction
with the C-terminal BATS domain of ATG14L. This
interaction promotes assembly of the Beclin1–
ATG14L–Vps34 complex. The complexity of this pro-
cess and its regulation is highlighted by another set of
studies, which showed that another group of lipid kin-
ases, the type-II PIP kinases or PI5P 4-kinases also
play a role in the control of autophagy (43). PI5P 4-
kinases (a and b forms, the c form showing very low
activity) convert the minor inositol lipid PI5P to
PI(4,5)P2 representing a minor but functionally im-
portant route to PI(4,5)P2 synthesis tightly linked to
regulation of cancer and metabolism (44). Lundquist
et al. (43) have shown that double loss of PI5P4Ka
and b causes abnormal accumulation of lipid droplets
and autophagosomes in liver or in mouse embryonic
fibroblasts derived from PI5P4Ka- and b-deficient
mice and that loss of these kinases is especially toxic
in p53 deficient conditions. Since type II PIP kinases
use PI5P as a substrate, the question also arises how
PI5P is formed and whether its production is also ne-
cessary for autophagy. The source of PI5P is some-
what controversial, as it is mostly produced indirectly
through dephosphorylation of PI(3,5)P2 but also can
be directly generated from PI by the lipid kinase
PIKfyve. In either case, the PIKfyve enzyme is neces-
sary for PI5P generation. In one study, it was shown
that PI5P can initiate a non-canonical autophagosome
pathway that bypasses the classical, VPS34-PI3P
mediated mechanism (45).
As pointed out earlier, after autophagosome–lyso-

some fusion, autolysosomes elongate their membranes
and form tubules for recovery of nascent lysosomes,
termed autophagic lysosome reformation (ALR) (46).
Rong et al. has shown that two PIP5Ks (PIP5K1A
and PIP5K1B) are involved in this process. Using a
combination of screening using large-scale siRNA
knockdown and proteomic analysis of purified ALR,
they found that PIP5K1B acts on ALR initiation
while PIP5K1A acts to pinch off the proto-lysosome
membranes by recruitment of a vesicle coat protein
(47). These two PIP5Ks probably do not localize to
lysosomes under nutrient-rich condition, but autoph-
agy induction was found to stimulate their recruit-
ment to lysosome membranes. The substrate of the
PIP5Ks, namely PI4P in lysosomes could be provided
by PI4KB, a type III PI4K. PI4KB primarily localizes
to the Golgi, but was also found in lysosomes to con-
trol the lysosomal vesiculation or efficient excision as
well as the sorting of lysosomal constituents (33).
In other studies, PI(4,5)P2 elimination was found

critical for normal autophagosome lysosome fusion.
OCRL, one of the inositol lipid 5-phosphatases, the

mutation of which causes the human disease, oculo-
cerebro-renal syndrome of Lowe, converts PI(4,5)P2

to PI4P. OCRL is localized to various endosomal
compartments including the Golgi, but its loss also
leads to PI(4,5)P2 accumulation in lysosomes. In
OCRL-deficient cells, the increased PI(4,5)P2 in lyso-
somes causes inhibition of the calcium channel
Mucolipin1 and hence interferes with autophagosome-
lysosome fusion (48). Another study showed that loss
of another inositol lipid 5-phosphatase, synaptojanin-1
in zebrafish photoreceptor cells leads to accumulation
of autophagosomes (49).

In addition to PI(4,5)P2, PI4P can also be converted
to PI(3,4)P2 by Class II PI 3-kinases (50). However,
Class II PI3Ks can also generate PI3P, a lipid that has
been found critical for autophagy initiation and pro-
gression (reviewed in detail elsewhere, 3, 7, 9). Indeed,
it has been shown that PI3KC2A and B can substan-
tially contribute to initiation of autophagy through
PI3P formation, especially when the Class III PI3K,
Vps34 is depleted (51, 52). However, Marat et al. (53)
has shown that nutrient deprivation induces recruit-
ment of the class II PI3KC2B to lysosomes and
prompts PI(3,4)P2 synthesis, leading to suppression of
mTOR complex 1 (mTORC1) and here the lipid ef-
fector is PI(3,4)P2 rather than PI3P.

Contribution of lipid transfer proteins to
autophagy control orchestrated by inositol
lipids

It has been recently recognized that PI4P and
PI(4,5)P2 are important regulators of non-vesicular
lipid transfer between membranes of various organ-
elles (2). OSBP) and several members of its related
proteins, the ORPs have been found to use PI4P gra-
dients to fuel the transport of newly synthesized lipids
from the ER to their cellular destinations or to distrib-
ute lipids taken up by the cells through endocytosis
(2). Indeed, abolition of one of the VAMP-associated
proteins, VAPB, which anchors OSBP and many of
the ORPs to the ER, causes accumulation of autopha-
gic vesicles, attributed to the aberrant accumulation
of PI4P in the Golgi and endosomes and impeding
lysosome acidification (54). PI4P accumulation may
not be the sole problem when OSBP and ORP mem-
bers do not function properly. Given the known con-
nection between cholesterol content of late
endosomes/lysosomes and autophagosome biology
(55, 56), PI4P could play an important role through
the regulation of the cholesterol transfer processes.
For example, it has been reported that lysosomal chol-
esterol facilitates recruitment and activation of
mTORC1 through the lysosomal arginine sensor
SLC38A9 and that the lysosomal cholesterol is pro-
vided by OSBP with cholesterol transfer activity from
ER to the limiting membrane of lysosomes (57, 58).
Since OSBP is regulated by PI4P through its N-ter-
minal PH domain that binds PI4P and active Arf1
and also transports PI4P as a cargo (59), depletion of
PI4P can cause a defect in autophagy flux following
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loss of the cholesterol transfer to late endosomes and
lysosomes.
Cholesterol transport from the PM can be equally

important for autophagy regulation. Cholesterol is
not only synthesized in the ER but is also provided by
endocytosis of low-density lipoproteins (LDL). After
its endocytosis, LDL is transported into the lysosome
where cholesterol ester is hydrolysed to free choles-
terol. Free cholesterol exits from the limiting mem-
brane of lysosome with the help of the NPC1 and
NPC2 proteins (60). ORP1L, a ORP family protein,
mediates transfer of free cholesterol from the limiting
membrane of lysosomes to ER (61, 62). ORP1L binds
to PI4P via its PH domain for localization on late
endosomes and lysosomes and other inositol lipids,
namely PI(4,5)P2 and PI(3,4)P2 allosterically enhance
ORP1L transport activity (61, 62). ORP1L has been
found to regulate autophagosome lysosome fusion by
controlling the membrane attachment of PLEKHM1
and RILP and contributing to the recruitment of the
HOPS complex to autophagic vacuoles (63). Another
ORP protein, ORP5 has been reported to mediate
cholesterol exit from the late endosomes and lyso-
somes together with NPC1 and ORP5 knock-down
causes cholesterol accumulation in the lysosome limit-
ing membrane (64). However, recent studies have
implicated ORP5 in a variety of membrane contacts,
including ER-mitochondria (65), ER-lipid droplets
(66) and ER-PM, and it has been shown to transport
phosphatidylserine in exchange for PI4P across these
membrane contacts (67, 68). Another cholesterol
transport protein, StAR-related lipid transfer domain-
3 is known as a sterol binding protein transferring
cholesterol from ER to endosomes and its overexpres-
sion results in cholesterol accumulation in endosomes
(69).

Concluding remarks

In this review, we summarize how two of the inositol
lipids, PI4P and PI(4,5)P2 that have been classically
associated with receptor triggered plasma membrane
signalling, regulate autophagy from autophagosome
initiation through late endosome and lysosomes fu-
sion. Almost all of the seven phosphoinositide species
have been known to control several steps in the endo-
membrane dynamics of eukaryotic cells. These include
the trafficking steps originating from the plasma mem-
brane as well as those that are initiated in the ER
through the Golgi and are destined for the plasma
membrane. An important destination of many of
these trafficking steps is the lysosome that processes
both the endocytosed nutrients and membrane com-
ponents and the misfolded proteins originated from
the ER. Under starvation, these processes are also uti-
lized to recycle damaged cellular organelles or cyto-
plasmic material and the mTOR complex is the main
orchestrator of these pathways. Since PI3P and
PI(3,5)P2 have been known as key phosphoinositides
that control endocytic flux and its direction toward
the lysosomes, it is not surprising that they have been
found to be also key players in autophagy. Similarly,
the Rab proteins, especially Rab7 that functions in

the late endosome–lysosome interface has been im-
portant components of the late autophagy events,
such as the autophagosome-lysosome fusion and lyso-
some reformation. It appears that PI4P and PI(4,5)P2

are most closely associated with these processes deter-
mining of how Rab7 interacts with its numerous effec-
tors. Not surprisingly, Rab7 has a large number of
GAP and still a few GEF regulators and many of
them have been linked to mTOR regulation and
autophagy control. Deciphering the delicate steps that
each one of these Rab7 regulators and effectors con-
trol in the autophagy machinery and their local con-
trol by PI4P and PI(4,5)P2 will be an exciting
direction for the near future.
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