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Autophagy is an evolutionarily conserved and exquisitely
regulated self-eating cellular process with important
biological functions. Phosphatidylinositol 3-kinases
(PtdIns3Ks) and phosphoinositide 3-kinases (PI3Ks) are
involved in the autophagic process. Here we aim to
recapitulate how 3 classes of these lipid kinases differentially
regulate autophagy. Generally, activation of the class I PI3K
suppresses autophagy, via the well-established PI3K-AKT-
MTOR (mechanistic target of rapamycin) complex 1 (MTORC1)
pathway. In contrast, the class III PtdIns3K catalytic subunit
PIK3C3/Vps34 forms a protein complex with BECN1 and
PIK3R4 and produces phosphatidylinositol 3-phosphate
(PtdIns3P), which is required for the initiation and progression
of autophagy. The class II enzyme emerged only recently as
an alternative source of PtdIns3P and autophagic initiator.
However, the orthodox paradigm is challenged by findings
that the PIK3CB catalytic subunit of class I PI3K acts as a

positive regulator of autophagy, and PIK3C3 was thought to
be an amino acid sensor for MTOR, which curbs autophagy.
At present, a number of PtdIns3K and PI3K inhibitors,
including specific PIK3C3 inhibitors, have been developed for
suppression of autophagy and for clinical applications in
autophagy-related human diseases.

Introduction

Macroautophagy (hereafter referred as autophagy) is a cellular
degradation process conserved in eukaryotic cells in which intra-
cellular organelles and proteins are engulfed by double-mem-
brane compartments termed phagophores that mature into
autophagosomes, which subsequently fuse with lysosomes for
degradation. Basal autophagy constitutively occurs as a house-
keeping mechanism to clear “cytotoxic” components such as mis-
folded proteins and damaged organelles.1 This process is
enhanced under nutrient-limiting conditions to provide the
needed nutrients for cell survival.2-4 Given that intracellular com-
ponents are broken down during this process, essential elements
must be spared and the initiation and progression of autophagy
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must be tightly controlled, which is ensured by intricate regula-
tory mechanisms via numerous kinases and signaling pathways.
One of the most pivotal groups of kinases controlling autophagy
are the phosphatidylinositol 3-kinases (PtdIns3Ks) and the phos-
phoinositide 3-kinases (PI3Ks). In this review, we will discuss the
multilateral and multipronged regulation of autophagy by 3 clas-
ses of PtdIns3K and PI3K enzymes (Fig. 1).

The Process of Autophagy and its Machinery

The entire process of autophagy can be viewed as being com-
prised of the following stages: initiation, nucleation, expansion,
maturation, and degradation. Numerous autophagy-related
(ATG) genes have been identified and the corresponding ATG
proteins are sequentially activated to regulate different stages of
autophagy. These proteins can be grouped into various com-
plexes based on their functions: the ULK1 kinase complex, the
ATG9-ATG2-WIPI1/Atg18 complex, PIK3C3/Vps34-BECN1-
PIK3R4/p150/Vps15 complex, and 2 ubiquitin-like conjugation
systems, which include the ATG12–ATG5 and LC3/GABARAP
proteins.5–7 In mammalian cells, under autophagy-stimulating
conditions, the ULK1 complex (mainly composed of ULK1,

ATG13, ATG101 and RB1CC1/FIP200) undergoes a series of
phosphorylation/dephosphorylation events, which lead to the
activation of this complex and the initiation of autophagy.8 After
the initiation step, a cup-shaped, primary double-membrane
structure, the phagophore, is gradually formed.8,9 The nucleation
of the phagophore membrane takes place at a site termed the
phagophore assembly site (PAS) in yeast,10 whereas an additional
site, the omegasome, may play a similar role in mammalian
cells.9 The recruitment of the ULK1 and PIK3C3 complexes to
the nucleation site is the initial step for autophagy,11-15 and
ULK1 relocalization is a prerequisite for ATG14-PIK3C3 com-
plex targeting.11,14,15 The PIK3C3 complex generates phosphati-
dylinositol 3-phosphate (PtdIns3P) at the nucleation site,16

which creates a PtdIns3P-enriched milieu, reinforcing the locali-
zation of the ULK1 complex and other ATG proteins at the
growing membrane9,12 and triggering the assembly of PtdIns3P-
binding effector proteins, which is critical for the subsequent
elongation of the phagophore and maturation of the autophago-
some.7,17 The ATG12 ubiquitin-like conjugation system medi-
ates the conjugation of ATG12 to ATG5, which then binds to
ATG16L1.9,14 The latter, which resides at the elongating mem-
brane, facilitates the subsequent modification of LC3 into a phos-
phatidylethanolamine (PE)-linked form.5,9,14,15 The lipidated

Figure 1. Regulation of autophagy by 3 classes of PtdIns3K and PI3Ks. The main regulatory pathways are illustrated: class I PI3K responds to growth
factor signaling and produces PtdIns(3,4,5)P3 which negatively regulates autophagy via the AKT-MTORC1-ULK1 complex, whereas the class III PtdIns3K,
mainly the ATG14-containing PtdIns3K-C1, as well as class II PI3K, contributes to the initiation and progression of autophagy through the production of
PtdIns3P. PtdIns3P positively regulates the formation of autophagosome. However, the function of PtdIns3P in the maturation step is controversial
(depicted in dotted line): its presence is required for the recruitment of effector proteins for the maturation of autophagosome, but its turnover is also
essential for the fusion of the autophagosome with the lysosome. Moreover, the PIK3CB subunit of class I PI3K activates PtdIns3K-C1 through RAB5A
when growth factor is unavailable, thus promoting autophagy. In addition, PIK3C3 may also act as a sensor of amino acid and an activator of MTORC1.
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LC3 then accumulates on phagophore and autophagosomal
membranes, which presumably plays a role in membrane bend-
ing, curvature, and closure,9,18 tethering of unidentified precur-
sor structures of autophagosomes,8 and selective targeting of
autophagy substrates.9,19 During phagophore expansion, the
ATG9-ATG2-WIPI1 complex is likely involved in recruiting lip-
ids to the growing phagophore.20-22 In the final step, the traffick-
ing and fusion of autophagosomes with lysosomes is facilitated
by PtdIns3P-binding proteins, PIK3C3 complexes, and interacting
partners, as well as RAB proteins.7,16,23 The dynamics of the auto-
phagic process, from the growth and closure of membrane struc-
tures to the acquisition of membrane-bound proteins, can be
viewed as a membrane trafficking process, reminiscent of the endo-
somal trafficking pathway. It is not surprising that cells utilize an
overlapping set of phospholipids, lipid kinases, and membrane-
bound proteins in both the autophagy and endosomal pathways.

Three Classes of PtdIns3K and PI3K enzymes

In mammalian cells, PtdIns3Ks and PI3Ks are grouped into 3
classes based on their structural features and substrate specific-
ities, as summarized in Table 1. Class I PI3Ks are heterodimeric
kinases composed of a catalytic subunit (PIK3CA, PIK3CB,
PIK3CD, or PIK3CG) and a regulatory subunit, and they are
further subdivided to class IA (with PIK3CA, PIK3CB, or
PIK3CD as the catalytic subunit) and class IB (with PIK3CG as
the catalytic subunit).24,25 Class I PI3Ks can phosphorylate
PtdIns, PtdIns4P and PtdIns(4,5)P2 in vitro, but they may pref-
erentially use PtdIns(4,5)P2 to produce PtdIns(3,4,5)P3 in
vivo.24 Class II PI3Ks are monomeric kinases which have 3
isoforms (PIK3C2A, PIK3C2B and PIK3C2G), and they prefer
PtdIns and PtdIns4P as substrates to produce PtdIns3P and
PtdIns(4,5)P2.

26 Both class I PI3K and class II PI3K are down-
stream effectors of receptor tyrosine kinases and G-protein-cou-
pled receptors.24 Note that both class I and II enzymes can
function as either phosphatidylinositol 3-kinases (phosphorylat-
ing the 30 hydroxyl of phosphatidylinositol) or phosphoinositide
3-kinases (i.e., adding an additional phosphate to a

phosphoinositide) in vitro, but are referred to as PI3Ks for sim-
plicity. Class III PtdIns3K forms large multi-subunit complexes
with PIK3C3 as the catalytic subunit and PIK3R4 as the regula-
tory subunit, and their composition diversifies in different bio-
logical context. Class III PtdIns3K generates PtdIns3P, and
functions as the most pivotal positive regulator of autophagy.24,27

MTOR (mechanistic target of rapamycin), ATM serine/threo-
nine kinase (ATM), ATR serine/threonine kinase (ATR), and
PRKDC (protein kinase, DNA-activated, catalytic polypeptide)
constitute the PI3K-related kinase family, sometimes referred to
as class IV PI3K, based on their sequence homology with other
PI3Ks.28,29 The mechanistic role of MTOR in autophagy regula-
tion will be reviewed in details below. ATM, ATR, and PRKDC
are key signaling transducers in the DNA damage response
(DDR) network.30,31 They are activated by ultraviolet (UV)
light, ionizing radiation (IR), and DNA damaging chemicals,
relay the DNA damage signal to DNA repair proteins, TP53/
p53 and other transcription effectors, checkpoint kinases, and
other cell cycle regulators to facilitate DNA damage repair and to
make cell fate decisions.30-32 Accumulating evidence has unveiled
the complex crosstalk between DDR pathways and autophagy.
Activation of ATM33-36 by various insults induces autophagy,
and TP5337-39 and MTOR35,36,39-41 are 2 representative down-
stream signaling nodes connecting the DDR pathways to autoph-
agy. The descriptions of autophagy regulation by ATR are rather
scarce, but there is strong evidence showing that ATR is a poten-
tial upstream regulator of autophagy.42 With regard to PRKDC,
its connection to the autophagy pathway is less clear, albeit there
is evidence suggesting the presence of such a link.38,43,44 The
mobilization of autophagy via these DDR transducers can be
prosurvival38,39,45-48 or antisurvival;38,39,48,49 and the dual roles
that autophagy plays in cell fate determination under DNA dam-
age stress conditions add to the complexity of its involvement in
DDR, and may influence the outcome of anticancer chemother-
apy. The interplay between DDR and autophagy is a burgeoning
area of research in the autophagy field, linking autophagy with
genomic integrity. In light of the fact that class IV PI3Ks are an
unconventional class of PI3Ks, we do not cover their regulatory
functions in autophagy in this review.

Table 1. Composition and substrate preference of 3 classes of PI3Ks in mammalian cells

Subunits

Class Catalytic subunit Regulatory subunit Lipid substrates Products Function in autophagy

Class I PI3K Class IA PIK3CA
PIK3CB
PIK3CD

PIK3R1
PIK3R2
PIK3R3

PtdIns
PtdIns4P

PtdIns(4,5)P2

PtdIns3P
PtdIns(4,5)P2
PtdIns(3,4,5)P3

Anti-autophagy

Class IB PIK3CG PIK3R5
PIK3R6

Class II PI3K PIK3C2A
PIK3C2B
PIK3C2G

— PtdIns
PtdIns4P

PtdIns3P
PtdIns(3,4)P2

Pro-autophagy

Class III PtdIns3K PIK3C3 PIK3R4 PtdIns PtdIns3P Pro-autophagy

Dash (¡) indicates that it does not exist in mammalian cells.
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Differential Regulation of Autophagy by PtdIns3K
and PI3Ks

In mammalian cells, 3 classes of PI3K enzymes localize at dis-
tinct subcellular compartments and specialize in controlling dis-
parate stages of autophagy in response to diverse stimuli. The
first observation of differential regulation of autophagy by class I
PI3K and class III PtdIns3K was reported by Petiot et al.50 in
human colon cancer cells. This distinct regulatory mechanism is
now recognized as the canonical paradigm: whereas class I PI3Ks
act as the negative regulator of autophagy at the plasma mem-
brane, class III PtdIns3K is the indispensable kinase producing
PtdIns3P at the precursor membrane which drives autophagy
progression (Fig. 1). However, the real regulatory network of
autophagy by PtdIns3K and PI3Ks is far more complicated than
what this simplified picture represents, and the role of class II
PI3K in autophagy is just beginning to emerge.

Regulation of autophagy by class I PI3Ks
The signaling cascade through which class I PI3K-AKT-

MTORC1 regulates autophagy has been well characterized
(Fig. 1). Upon ligand-receptor binding (e.g., growth factors
binding to respective receptors), class I PI3Ks translocate onto
the inner leaflet of the plasma membrane, where they phosphory-
late PtdIns(4,5)P2 to generate PtdIns(3,4,5)P3.

51 PtdIns(3,4,5)P3
recruits proteins bearing PH domains. Among these proteins, the
serine/threonine protein kinase AKT/PKB has a pivotal role in
class I PI3K signaling networks. AKT binds to the PtdIns(3,4,5)
P3-rich region on the plasma membrane along with another PH
domain-containing kinase, PDPK1/PDK1 (3-phosphoinositide
dependent protein kinase 1). AKT then undergoes phosphoryla-
tion mediated by PDPK1 and MTORC2, rendering AKT fully
active.51 Activated AKT in turn regulates various downstream
targets to promote nutrient uptake, metabolism, cell growth, and
proliferation.51,52

One of the most important signaling pathways downstream of
class I PI3K and AKT in regulation of autophagy is MTOR com-
plex 1 (MTORC1).52,53 MTORC1 is composed of MTOR,
RPTOR, MLST8, AKT1S1/PRAS40, and DEPTOR, and it
integrates a variety of signals, including growth factors, amino
acids, and glucose via distinct signaling pathways.54 Amino acids
regulate MTORC1 via their control of the nucleotide status of
RRAG proteins and lysosomal localization of MTORC1.55-57

Glucose availability modulates MTORC1 through PRKA/
AMPK (protein kinase, AMP-activated), which is activated by an
increase in the cytosolic AMP/ATP ratio.56,58,59 The input of
growth factor signals from the plasma membrane is transmitted
by class I PI3K-AKT to the tuberous sclerosis (TSC) complex,
resulting in the phosphorylation of TSC2 by AKT and thereby
the inactivation of TSC1-TSC2. TSC1-TSC2 inactivation abol-
ishes its GTPase-activating protein (GAP) activity toward RHEB
(Ras homolog enriched in brain), and preserves RHEB in its
GTP-bound state, which is required for MTORC1 activa-
tion.56,59,60 In addition to the TSC1-TSC2-RHEB-MTORC1
arm, AKT can directly regulate MTORC1 by phosphorylating
and displacing AKT1S1, a negative regulator of MTORC1.54,59

Active MTORC1 docks at lysosomes, promoting protein synthe-
sis, and cell growth through EIF4EBP1/4E-BP1 (eukaryotic
translation initiation factor 4E binding protein 1) and
RPS6KB1/S6K1 (ribosomal protein S6 kinase, 70kDa, polypep-
tide 1), and inhibits autophagy via phosphorylation of ULK1
and ATG13.53,54 Phosphorylation of the latter proteins by
MTORC1 destabilizes the ULK1-ATG13-ATG101-RB1CC1
complex and inhibits ULK1 kinase activity, leading to inhibition
of autophagy initiation.53 When MTORC1 is inhibited, ULK1
and ATG13 become dephosphorylated and the ULK1 complex
is engaged as an autophagy initiator and recruiter for other effec-
tors such as ATG14.27 Moreover, ULK1 is subject to ubiquitina-
tion mediated by AMBRA1 (autophagy/beclin-1 regulator 1)
under proautophagic conditions, stabilizing this kinase and
increasing its activity, whereas AMBRA1 is under the regulation
of MTORC1.61 In addition, MTORC1 negatively regulates
lysosomal biogenesis and function via impeding the nuclear
translocation of TFEB (transcription factor EB);23,62-64 therefore,
MTORC1 influences the degradative capacity of lysosomes,
which provides another link between class I PI3K and autophagy.

The second pathway underlying the regulatory function of
class I PI3K and AKT in autophagy is related to the fact that
AKT promotes glucose uptake and glycolysis, which can contrib-
ute to ATP production.27,52 As mentioned above, when the cyto-
solic AMP/ATP ratio is elevated, PRKA is activated and
suppresses MTORC1, either by TSC2 activation or RPTOR
inhibition through phosphorylation.58 Conversely, the preserva-
tion of ATP level by enhanced glucose utilization prevents the
induction of autophagy. In addition to the effect through
MTORC1, PRKA is also able to activate autophagy via phos-
phorylation of ULK1, when cellular energy becomes scarce.65

Therefore, promotion of glucose metabolism by AKT prevents
the activation of PRKA and autophagy induction.

The third possible mechanism associated with the regulatory
effect of class I PI3K and AKT is via the FOXO (forkhead box
O) nuclear transcription factors. It has been well established that
AKT phosphorylates FOXOs, resulting in their cytoplasmic
retention and inactivation.66 FOXOs are a family of transcription
factors in charge of the transcription of a series of autophagy-
related genes, such as ATG12, BCEN1 and GABARAPL1.67

Thus, class I PI3K controls not only the initiation of autophagy,
but also the replenishment of autophagic machinery during
autophagy.

Fourth, it is intriguing that the activity of MTORC1 is nega-
tively associated with that of class III PtdIns3K, and this relation-
ship is specific to the ATG14-containing class III PtdIns3K
complex,68 indicating that class I PI3K signaling is coordinated
with class III PtdIns3K activity.

However, there is an exception to this paradigm: the PIK3CB/
p110b catalytic subunit of class I PI3K. In contrast to the role of
class I PI3K, which generally suppresses autophagy, PIK3CB acts
as a positive regulator of autophagy. Pik3cb-deficient mouse
embryonic fibroblasts (MEFs), liver and heart display impaired
autophagic function, whereas overexpression of PIK3CB activates
autophagy.69 Subsequently, it was found that upon growth factor
withdrawal, PIK3CB dissociates from the growth receptor

1714 Volume 11 Issue 10Autophagy



complex and interacts with RAB5A/RAB5, keeping this small
GTPase in the GTP-bound state.70 GTP-loaded RAB5A plays a
role in the activation of PIK3C3.71 Through association with
RAB5A, PIK3CB enhances PIK3C3 activity and promotes
autophagy.70 In contrast to the class I PI3K holokinases, which
carry the signals from growth factors and indirectly curb autoph-
agy, the PIK3CB subunit acts as a sensor of growth factor avail-
ability and stimulates autophagy under circumstances of growth
factor limitation.

Regulation of autophagy by class III PtdIns3K
The primary clue for the dependence of autophagy on

PtdIns3K activity was yielded by the study showing that wort-
mannin and LY294002 inhibit autophagy in isolated rat hepato-
cytes, although it was unclear which class of PI3K accounted for
autophagy regulation.72 The first revelation of the relevance of
PIK3C3/Vps34 to autophagy was provided by a study in the
yeast Hansenula polymorpha, showing that its PIK3C3 homolog
participates in pexophagy, a selective form of autophagy.73 After
the dissection of the specific functions of 2 Vps34 complexes in
autophagy and vacuolar protein sorting,74 the involvement of
mammalian class III PtdIns3K in autophagy was subsequently

uncovered in a study which described the opposing functions of
class I and III PI3K and PtdIns3K enzymes.50 Class III PtdIns3K
forms different protein complexes, which are organized in a
divergent and multilayered fashion (Fig. 2). The stratification
can be viewed based on their interaction and stability: PIK3C3-
PIK3R4-BECN1, the most stable and prevalent complex, consti-
tutes the core; while ATG14 and UVRAG (UV radiation resis-
tance associated) are combined with the core in PtdIns3K
complex I (PtdIns3K-C1; ATG14-containing PtdIns3K com-
plex) and PtdIns3K complex II (PtdIns3K-C2; UVRAG-contain-
ing PtdIns3K complex), respectively;75-78 KIAA0226/Rubicon is
a regulatory subunit that is thought to stably bind to UVRAG-
containing complexes;77,78 AMBRA1, NRBF2 (nuclear receptor
binding factor 2) and other accessory factors transiently or unsta-
bly interact with either BECN1 (e.g., AMBRA1)79,80 or ATG14
(e.g., NRBF2),81-83 thus comprising the peripheral compo-
nents.84,85 UVRAG also exists in a separate complex excluding
ATG14, which holds an important role in the regulation of
autophagy at the maturation step.84,86 Atg14/ATG14 and
Vps38/UVRAG are present exclusively in 2 Vps34/PIK3C3
complexes (PtdIns3K complex I and II in yeast, and class III
PtdIns3K-C1 and PtdIns3K-C2 in mammalian cells, respec-

tively), which are organized in
similar V-shape conformations
with Vps15/PIK3R4 at the
base.87 In yeast, PtdIns3K com-
plex I and II play a role in
autophagy and the vacuolar pro-
tein sorting pathway, respec-
tively.74 In mammalian cells,
PtdIns3K-C1 and PtdIns3K-C2
mainly function in autophagy
and endosomal trafficking,
respectively;75,88,89 however,
both are implicated in autoph-
agy.75,76,86 In the PIK3C3 com-
plexes, PIK3R4 is required for
the kinase activity of PIK3C3,89–
92 and it serves as a bridge link-
ing PIK3C3 with ATG14-
BECN1, or with UVRAG-
BECN1.87 For clarity, the com-
positions of Vps34/PIK3C3
complexes in yeast and mammals
and their functional specificity
are summarized in Table 2. In
the following sections, we will
discuss in more detail how each
of the components in class III
PtdIns3K complexes functions as
a point in the autophagy-regula-
tory network under different cir-
cumstances and the composition
of the corresponding complexes
(Fig. 2).

Figure 2. Diversified composition of class III PtdIns3K complexes and their roles in autophagy. PIK3C3-PIK3R4-
BECN1 is the core complex; a proportion of the core complex is combined with ATG14 or UVRAG in a mutually
exclusive manner, constituting PtdIns3K-C1 and PtdIns3K-C2, respectively. Both PtdIns3K-C1 and PtdIns3K-C2
contribute to autophagosome formation, and UVRAG can regulate autophagosome maturation independent
of BECN1 through interacting with the class C VPS complex (C-VPS) and activating RAB7A. BCL2, by binding to
BECN1, inhibits the formation of class III PtdIns3K complexes. KIAA0226 is considered as a negative regulator
of autophagosome maturation, which interacts with PtdIns3K-C2 through directly binding to PIK3C3, BECN1,
and UVRAG. As peripheral proteins, AMBRA1 and NRBF2 both interact with PtdIns3K-C1. AMBRA1 activates
autophagy at an early step, while NRBF2 plays regulatory roles in autophagosome formation (dotted line
denotes that there is controversy about the effect of NRBF2 on autophagy). Additional peripheral components
of class III PtdIns3K complexes have also been reported, which are not included in the diagram.
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PtdIns3P is a key phospholipid required for the progression of
autophagy

PtdIns3P acts as a signaling molecule and platform for the
assembly and coordination of various effector proteins during the
autophagic process. Under basal conditions, PtdIns3P is detected
using a 2 £ FYVE probe on early endosomes, spherical multive-
sicular bodies (MVBs), and the nucleus in mammalian cells,
reflecting its role in vesicle trafficking.93 Upon autophagy induc-
tion, this phospholipid migrates and becomes punctate, periodi-
cally forming an omega-shaped structure, which presumably
corresponds to the omegasome.16 The dynamic evolution of the
PtdIns3P-positive compartment was monitored by ZFYVE1/
DFCP1 (zinc finger, FYVE domain containing 1) using live cell
imaging.16 This structure expands following amino acid with-
drawal, and at a certain time point LC3 accumulates and co-
localizes with ZFYVE1. The membrane structure positive for
both ZFYVE1 and LC3 dilates with time until LC3 exits from
the PtdIns3P-enriched membrane, after which the ring-shape
becomes increasingly invisible. Although the origin of the phago-
phore remains a question of extensive debate (with the endoplas-
mic reticulum [ER], mitochondria, Golgi apparatus, and plasma
membrane all being candidates as a membrane source for autoph-
agy17), this study demonstrated that the PtdIns3P-containing
punctate structures are in close association with the ER.16 The
spatial and temporal dynamic involvement of PtdIns3P-positive
structure suggests a critical role of PtdIns3P for autophagosome
biogenesis.16 Indeed, production of PtdIns3P serves as the most
primary signal for autophagosome formation through recruiting
a number of effectors. As the very early event of autophagy initia-
tion, most of the ULK1 complexes form punctate structures spa-
tially overlapping with omegasomes; however, only when
PtdIns3Ps are generated and enriched at the loci is the punctation
of ULK1 stabilized and enhanced.12 The other PtdIns3P effectors
at the early stages include ZFYVE1, WIPI (WD repeat domain,
phosphoinositide interacting) proteins, and WDFY3/ALFY
(WD repeat and FYVE domain containing 3).7,27 The role of
ZFYVE1 in autophagy remains elusive, but the punctation of
ZFYVE1 is one of the early observable events during nucle-
ation.16 WIPI proteins (WIPI1 to WIPI4), mammalian homo-
logs of yeast Atg18, may have the ability to sense and regulate
PtdIns3P levels and participate in the initiation and maturation
of the omegasome.7,27,94,95 WDFY3 is implicated in cargo

selection and delivery in selective autophagy.17,27,96 It is further
conjectured that the PtdIns3P synthesized in situ, together with
its effector proteins, signals the de novo synthesis of other phos-
pholipids (e.g., phosphatidylcholine, phosphatidylethanolamine,
and phosphatidylserine), which constitute the autophagosomal
membrane.97 At the late stage of autophagy, additional PtdIns3P
effectors interact with PtdIns3P. TECPR1 (tectonin b-propeller
repeat containing 1), associating with both PtdIns3P and the
ATG12–ATG5 complex, mediates the fusion of autophagosomes
with lysosomes,98 whereas FYCO1 (FYVE and coiled-coil
domain containing 1) is also involved in the maturation and traf-
ficking of autophagosomes.17,99 The stringent requirement of
phospholipids in the progression of autophagy points to the
indispensable role of their producers, PtdIns3Ks and PI3Ks, in
the autophagic pathway.

However, it should be mentioned that PtdIns3P is not persis-
tently and equally concentrated in both leaflets of autophagoso-
mal membrane during the course of autophagy.16,100,101 The
completion of autophagy requires the clearance of PtdIns3P
from the autophagosome, enabling the disassembly of its effec-
tors and the fusion of the autophagosome with the lysosome.
The dephosphorylation of PtdIns3P is carried out by phosphoi-
nositide 3-phosphatases in the myotubularin protein family.102

Among these phosphatases, the involvement of MTMR14/
Jumpy (myotubularin-related protein 14),103,104 MTMR3,105

MTMR6 and MTMR7103 in autophagy has been documented.
The yeast PtdIns3P phosphatase Ymr1 is essential for the late
stage of autophagy, and the absence of this protein results in the
accumulation of autophagosomes in the cytoplasm; the failure in
the turnover of PtdIns3P and dissociation of Atg proteins from
the autophagosomal membrane presumably accounts for the
defect in autophagosome-vacuole fusion in the ymr1C397S phos-
phatase-inactive strain.101 Therefore, it is clear that the balance
of PtdIns3P, which is tightly controlled by both kinases and
phosphatases, may determine the timing and extent of autopha-
gic flux. In addition to the dose, the asymmetric distribution of
PtdIns3P on the 2 faces of the double autophagosomal mem-
brane is also critical, which may be related to the recruitment of
effectors to specialized sites as well as the remodeling of the asso-
ciated membrane. For the latter notion, the study by Cheng
et al.100 may provide supporting evidence. An intensive delinea-
tion of PtdIns3P distribution on autophagosomal membranes
indicated that in yeast, PtdIns3P is located in both leaflets of the

Table 2. Composition and functional specificity of Vps34/PIK3C3 complexes in yeast and mammals

Yeast Mammals

Complex PtdIns3K complex I PtdIns3K complex II PtdIns3K-C1 PtdIns3K-C2

Core kinase Vps34 Vps34 PIK3C3 PIK3C3
Regulatory subunits Vps30 Vps30 BECN1 BECN1

Vps15 Vps15 PIK3R4 PIK3R4
Atg38 NRBF2

Defining component Atg14 Vps38 ATG14 UVRAG
Biological function Autophagy Vacuole protein sorting Autophagy Endosomal trafficking and autophagy*

*The role of PtdIns3K-C2 in autophagy is still controversial.
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autophagosome, with more abundance in the lumenal leaflet than
the cytoplasmic leaflet. Conversely, mammalian PtdIns3P is
exclusively distributed in the cytoplasmic leaflet during autoph-
agy. It was further shown that Ymr1 partially accounts for the
PtdIns3P asymmetry, and, interestingly, abrogation of this asym-
metry results in the aberrant structure of autophagosomal
vesicles.100 The regulatory role of phosphatases in autophagy is
equally important to that of PtdIns3Ks and PI3Ks; however, the
scope of this review precludes in-depth discussion on the func-
tions of the former in autophagy.

The list of autophagy-relevant phosphoinositides does not end
with PtdIns3P. PtdIns4P, PtdIns(4,5)P2, PtdIns5P, and PtdIns
(3,5)P2 have also been described to participate in autophagy
(e.g., selective autophagy, and/or a certain stage/stages of macro-
autophagy; for a detailed review, see ref. 17).17,106 Intriguingly,
PtdIns5P, produced by the type III PtdInsP 5-kinase PIKFYVE
(phosphoinositide kinase, FYVE finger containing) or the phos-
phatase MTMR3 plays a predominant role in glucose starvation-
induced autophagy, in which the role of PtdIns3P is dispens-
able.106 In the case of autophagy induced in HBSS starvation
medium, PtdIns5P also has a compensatory effect to sustain
autophagy if PtdIns3P is depleted.106 In particular, the nonca-
nonical autophagy pathways stimulated by nonstarvation condi-
tions are likely to be mediated by PtdIns3P-independent
mechanisms.107-109 This emerging body of evidence points to the
need to revisit the requirement of PtdIns3P for autophagy; in
spite of the discrepancy, PtdIns3P is still widely accepted as a key
phospholipid for the autophagic process, which remains one of
the main focuses in this review.

Regulation of autophagy by PIK3C3 via formation of protein
complexes and direct post-translational modifications

PIK3C3 is so far recognized as the predominant source of
PtdIns3P, and it holds a fundamental role in both endosomal
trafficking and autophagy.90 Pik3c3 knockout mice are embry-
onic lethal,110 whereas tissue specific ablation of Pik3c3 blocks
autophagic degradation and protein turnover, and severely debili-
tates liver and heart function.111

As the core catalytic subunit in the class III PtdIns3K com-
plex, PIK3C3 per se is a point of regulatory convergence by
diverse autophagy-modulating mechanisms. A study by Kim
et al.112 demonstrated the presence of 2 different regulatory
mechanisms controlling the role of PIK3C3 in autophagy via:
(i) formation of different protein complexes and (ii) direct phos-
phorylation of PIK3C3. In their study, PIK3C3 is present in 2
types of class III PtdIns3K complexes, nonautophagic and proau-
tophagic; and glucose starvation selectively elevates the kinase
activity of ATG14- or UVRAG-containing class III PtdIns3K
complexes (proautophagic), but suppresses that of PIK3C3 in
complexes lacking these 2 proteins (nonautophagic). This dichot-
omous regulation is enabled by the preferential phosphorylation
of free PIK3C3 (T163/S165) or BECN1 (S91/S94) in proauto-
phagic class III PtdIns3K complexes by PRKA.112 In addition to
this selected modification under starvation, it is interesting that
PIK3C3 activity is probably modulated in sync with cell cycle

progression, supported by the evidence that CDK1 (cyclin-
dependent kinase 1) and CDK5 phosphorylate PIK3C3 at dis-
tinct sites, which represses its activity.113 Additionally, PRKD1/
PKD (protein kinase D1) phosphorylates PIK3C3 under condi-
tions of oxidative stress,114 and is dependent on acetylated
HSPA1A (heat shock 70kDa protein 1A), whereas TRIM28/
KAP1 (tripartite motif containing 28) is able to mediate PIK3C3
SUMOylation in response to autophagy-inducing stress,115 both
of which activate autophagy.

PIK3C3 is widely accepted as a positive regulator of autoph-
agy; however, the function of PIK3C3 in amino acid sensing
adds another layer of complexity to its regulatory role in autoph-
agy. The amino acid sensing model through Ca2C-CALM/cal-
modulin-PIK3C3 has been reported previously.116 In this
model, PIK3C3 is part of the MTOR complex; amino acids
stimulate an elevation in the intracellular Ca2C level and Ca2C-
CALM/calmodulin binding, which increases PIK3C3 activity;
consequently, PtdIns3Ps produced by PIK3C3 activate MTOR
by replacing FKBP8/FKBP38 with RHEB.116 This model is con-
sistent with earlier studies showing that PIK3C3 is required for
MTOR-RPS6KB1 signaling activity,117,118 and is supported by
the evidence that amino acid restimulation of MTOR activity is
impaired in Pik3c3 KO MEFs111 and MTOR activity is remark-
ably ablated in Pik3c3 KO embryos.110 However, several issues
are still under dispute concerning the amino acid-Ca2C-CALM-
PIK3C3-MTOR signaling model. For instance, the increase in
intracellular Ca2C by amino acid stimulation as shown in the
study116 was contradicted by the result of another investigation
demonstrating that amino acid withdrawal, rather than addition,
resulted in cytosolic Ca2C increase.119 Second, the dependence of
PIK3C3 activity on Ca2C-CALM116 is refuted by the evidence
that neither Ca2C chelator nor CALM inhibitor blocks PIK3C3
activity.91 More importantly, the effect of amino acid withdrawal
on different PIK3C3 complexes remains unsettled: contradictory
observations were reported showing the activation of general
PIK3C3116,118,120 but suppression of ATG14-interacting
PIK3C368,120 after amino acid deprivation. It should be noted
that the study by Russel et al.120 may offer a potential explana-
tion: the opposing effects of amino acid withdrawal on class III
PtdIns3K activity in PIK3C3-BECN1 and PIK3C3-ATG14
immunoprecipitates were demonstrated, and the presence of
ATG14 is likely to determine the specific activation of the
ATG14-containing PIK3C3 complex mediated by ULK1 phos-
phorylation of BECN1. Together with the evidence of differen-
tial regulation of PIK3C3 complexes by energy deprivation,112 a
hypothesis that may reconcile the contradictory roles of PIK3C3
in MTOR signaling and autophagy could be proposed: certain
PIK3C3-interacting components, for instance ATG14, may
specify the differential regulation of distinct PIK3C3 complexes
by nutrients, or determine the spatial distribution of PIK3C3
that confers divergent biological functions. Alternatively, the
requirement of PIK3C3 for MTORC1 activity may be ascribed
to the release of amino acids by autophagic degradation. Our
group121 and others122 have demonstrated that the generation of
amino acids by autophagy is essential for MTORC1 activity;
thus, the impairment of autophagy by Pik3c3 knockdown or

www.tandfonline.com 1717Autophagy



inhibition may influence this feedback circuit. Additionally, since
a proportion of PIK3C3 complexes are involved in the endoso-
mal system and are plausibly important for proper lysosomal
function,75,76,111,123 Pik3c3 ablation may affect the activation of
MTORC1 by amino acids at the lysosome, which is dependent
on the function of several lysosomal proteins55-57 and normal
lysosomal degradation.122,124 In contrast, yeast Vps34 is the sole
PtdIns3K and it functions only in vacuolar trafficking/autophagy
but not in the TORC1 regulatory network;125 whether and why
mammalian PIK3C3 has evolved to harbor bifurcate functions in
MTOR modulation and autophagy is a mystifying question.
This perplexing issue notwithstanding, the paradoxical roles of
PIK3C3 in MTOR stimulation in response to amino acid and
autophagy induction highlight PIK3C3 as a key node in the cell
signaling network, worthy of intensive study.

Regulation of autophagy by PIK3C3 via BECN1

BECN1 (the mammalian homolog of yeast Vps30/Atg6) is
among the first mammalian homologs of yeast Atg proteins dis-
covered. It binds to BCL2 family-antiapoptotic proteins through
its BCL2 homology 3 (BH3) domain, interacts with PIK3C3 via
its coiled-coil domain (CCD) and evolutionarily conserved
domain, and associates with UVRAG or ATG14 through the
CCD.126,127 Similar to Pik3c3 deletion, knockout of Becn1
results in embryonic mortality.128 BECN1 is required for
PIK3C3 activity and autophagy, and deficiency in BECN1
results in impaired autophagic function.128,129 Binding of BCL2
to BECN1 blocks autophagy, as BCL2 shields BECN1 from class
III PtdIns3K complexes and prevents autophagy.126,127 Nutrient-
rich conditions promote BCL2-BECN1 binding and inhibit
autophagy,130 whereas various stresses disrupt this interaction
and unfetter BECN1 as an autophagy initiator.131,132 The phos-
phorylation of BCL2 by MAPK8/JNK1 (mitogen-activated pro-
tein kinase 8) under starvation conditions,131 and CDKN2A/
p19Arf/ARF at the mitochondria,132 reduce BCL2 and BECN1
interaction, resulting in the activation of autophagy. Modifica-
tion of BECN1 itself is another way to modulate autophagy.
BECN1 phosphorylation by ULK1 at Ser14 is one of the key ini-
tiating events required for autophagy induction upon starvation
or MTOR inhibition, leading to activation of the ATG14-con-
taining class III PtdIns3K complexes.120 The aforementioned
PRKA phosphorylation of BECN1 under glucose starvation also
enhances the activity of ATG14- or UVRAG-containing class III
PtdIns3K complexes.112 Of note, BECN1 is an important down-
stream target of AKT, which inhibits autophagy, and aberrant
BECN1 phosphorylation by AKT is implicated in tumorigene-
sis.133 In this scenario, AKT-mediated phosphorylation of
BECN1 increases the binding of BECN1 with YWHA/14–3–3
proteins, which tethers BECN1 to the intermediate filament pro-
tein VIM/vimentin, leading to the suppression of autophagy.133

Thus, AKT modulates the indirect interaction of BECN1 with
intermediate filaments, mirroring the AMBRA1-regulated sub-
cellular localization of BECN1-PIK3C3 to another kind of cyto-
skeleton, microtubules (to be discussed below).80 In addition,
DAPK1 (death-associated protein kinase 1) phosphorylates

BECN1 at its BH3 domain and releases BECN1 from BCL2,
which promotes autophagy.134 EGFR can also phosphorylate
BECN1, but is inhibitory for PIK3C3 activity and autophagy.135

There are also different circumstances that result in the linkage of
BECN1 to diverse types of ubiquitin chains, which exert distinct
effects on BECN1 and autophagic activity.136,137 For instance,
ubiquitination of BECN1 through Lys-11-linked138 or Lys-48-
linked139 ubiquitin chains promotes the degradation of BECN1,
which possibly decreases autophagy, whereas Lys-63-linked ubiq-
uitination enhances autophagy through dissociating BECN1
from BCL2.140 More importantly, BECN1 serves as a platform
to coordinate various regulators of autophagy, which has been
termed the “BECN1 interactome.”85,141 These secondary inter-
acting proteins of class III PtdIns3K complexes, some of which
are viewed as the peripheral components of class III PtdIns3K
complexes, include AMBRA1, HMGB1 (high mobility group
box 1), BIRC5/survivin, PINK1 (PTEN induced putative kinase
1), CISD2/NAF-1 (CDGSH iron sulfur domain 2), and the
abovementioned regulators including BCL2; these proteins can
either promote (e.g., AMBRA1, HMGB1, BIRC5, PINK1) or
inhibit (e.g., CISD2, BCL2) autophagy.85

Regulation of autophagy by PIK3C3 via ATG14

As shown in Figure 2, ATG14 is an integral component of
the class III PtdIns3K complex, and its activity is a prerequisite
for the proper function of autophagy. The coiled-coil region of
ATG14 binds to the CCD region of BECN1 as well as the N-ter-
minal C2 domain of PIK3C3.75,77 Interaction between ATG14
and PIK3C3 can elevate the activity of the latter when BECN1 is
present.77 Deletion of ATG14/Atg14 impairs autophagosome
formation,75,77,78,142 characterized by accumulation of LC3-II
and ubiquitinated protein inclusions.75,77 During autophago-
some formation, ATG14 translocates to phagophore and/or
omegasome membranes,143 and it is likely to target a proportion
of PIK3C3 to the ER, which is crucial for PtdIns3P production
and autophagy induction.142,144 Indeed, the Barkor/Atg14(L)
autophagosome targeting sequence/BATS domain of ATG14 has
been confirmed to be required for targeting the PIK3C3 complex
to the phagophore and/or omegasome membrane and for the ini-
tiation of autophagosome formation.145 Exogenously expressed
ATG14 colocalizes with LC3, ATG12 and ATG5, indicating
that ATG14 may engage in the recruitment of LC3, ATG12,
and ATG5 at an early step of autophagy.75,77,78 More interest-
ingly, ATG14 likely mediates the differential regulation of
PIK3C3 in different class III PtdIns3K complexes. ATG14 may
be the determining factor dictating the selective inhibition of the
ATG14-containing class III PtdIns3K complex by MTORC1
under nutrient-rich conditions,68 and the activation of
PtdIns3K-C1 by ULK1120 and proautophagic class III PtdIns3K
complexes by PRKA upon nutrient starvation.112

Regulation of autophagy by PIK3C3 via UVRAG

Human UVRAG cDNA was first isolated and discovered to be
able to confer partial UV-resistance on a xeroderma pigmento-
sum cell line.146 Mutation of UVRAG is frequently observed in
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various human cancers and may be responsible for the etiology of
these cancers.147-150 UVRAG is critical for DNA repair and chro-
mosomal stability, especially in response to radiation.151-153

Using GST affinity isolation, UVRAG was identified as a bind-
ing partner of BECN1-PIK3C3, which directly interacts with
BECN1 via its CCD.76 UVRAG also binds to the N-terminal
C2 domain of PIK3C3.75 UVRAG overexpression enhances the
activity of autophagy, the presence of UVRAG can enhance class
III PtdIns3K kinase activity, and UVRAG is required for auto-
phagosome formation.76 The essential role of UVRAG in
autophagy was further confirmed in Uvrag-deficient mice, in
which autophagic flux is abated.154 Additionally, UVRAG was
reported to be a target of AKT1, which inhibits autophagy
through reduction of UVRAG.155 Interestingly, UVRAG, as a
PtdIns3P-binding effector per se, shuttles between ER and auto-
phagic membranes, coordinating different membrane trafficking
events, and maintaining organelle homeostasis under various
conditions.156 In a PtdIns3P-dependent manner, UVRAG is
bound to the ER tethering protein complex RINT1-ZW10-
NBAS, involved in Golgi-to-ER transport; however, when
autophagy is induced, UVRAG is dissociated from the ER and is
bound to the SH3GLB1/Bif-1-BECN1-PIK3C3 complex.156

UVRAG is necessary for vesicle tethering and fusion in the
endocytic system.86 The role of UVRAG in vesicle trafficking
extends to autophagic membrane trafficking; however, the func-
tion of UVRAG in autophagosome-lysosome fusion seems not to
require BECN1.86 In a BECN1-independent manner, UVRAG
reinforces the association of the class C VPS complex with the
autophagosome and activates RAB7A/RAB7, thereby facilitating
autophagosome maturation and degradation of autophagic cargo
by lysosomes.86 It should be noted that the UVRAG-containing
class III PtdIns3K complex is more abundant than the ATG14-
containing complex,77,78 probably due to its constitutive func-
tion under normal conditions. Finally, there are studies arguing
against the requirement of UVRAG for autophagy, which show
that UVRAG does not colocalize with LC3 under starvation con-
ditions, and its knockdown does not lead to a defect in autoph-
agy.75,157,158 Although controversy remains regarding the
mechanistic role of UVRAG in the regulation of autophagy, its
implication in the autophagic process cannot be overlooked, and
how it functions in different stages of autophagy awaits further
elucidation (Fig. 2)

Regulation of autophagy by PIK3C3 via other interacting
partners

In addition to BECN1, ATG14, and UVRAG as discussed
above, there are several other important proteins in the class III
PtdIns3K complexes that are implicated in the autophagic pro-
cess; due to limited space, herein we only cover a few of them
briefly.

KIAA0226/Rubicon is an important negative regulator in the
maturation step of autophagy as well as endocytic trafficking.
KIAA0226 was identified as a stable partner interacting with a
proportion of BECN1-PIK3C3-UVRAG complexes,77,78 but
whether it co-exists with ATG14 remains controversial.77

Overexpression of KIAA0226 retards LC3-II and SQSTM1/p62
(sequestosome 1) degradation and autophagosome/lysosome
maturation, whereas knockdown of this protein results in a
decline of LC3-II and SQSTM1 as well as an increase in the
number of autolysosomes.77,78

AMBRA1 plays a positive role in autophagy presumably by
regulating the BECN1-PIK3C3 interaction.79,80 AMBRA1 also
acts as a tether controlling BECN1-PIK3C3 subcellular localiza-
tion. Under normal conditions, AMBRA1 anchors the BECN1-
PIK3C3 core complex to microtubules by interacting with
dynein light chains 1/2; upon induction of autophagy, ULK1
phosphorylates AMBRA1 and releases the core complex,
enabling the latter to translocate to the ER and initiate autopha-
gosome formation.80 In addition, as mentioned above, AMBRA1
is negatively regulated by MTOR; together with the E3-ligase
TRAF6, AMBRA1 engages in ULK1 ubiquitination, which pro-
motes ULK1 activity under autophagy-inducing conditions.61

NRBF2 was identified as a protein involved in autophagy,
which is present only in the ATG14-containing class III
PtdIns3K complex in mammalian cells.81-83,159 The yeast ortho-
log of NRBF2 is presumed to be Atg38, although there are
sequence diversities.82,160 Likewise, Atg38 is recognized as a com-
ponent of the Atg14-containing Vps34 complex I in yeast, which
is required for the autophagy pathway.160 Intriguingly, in yeast
Atg38 is responsible for the stability of Vps34 complex I, which
connects Vps34-Vps15 with Atg14-Vps30,160 reminiscent of the
function of NRBF2 in mediating ATG14, PIK3C3-PIK3R4,
and BECN1 interaction in mammalian cells.82 However, it is a
question under debate whether NRBF2 positively81,83 or nega-
tively82 regulates autophagy in higher eukaryotes.

The emerging role of class II PI3Ks in autophagy
Since PtdIns3P is the major phosphorylated lipid that drives

the progression of autophagy, it is plausible that multiple sour-
ces of PtdIns3P exist in eukaryotic cells. Notably, in vitro stud-
ies demonstrated that PtdIns is the preferred target of class II
PI3K, although this kinase also displays activity toward
PtdIns4P.161 It is therefore plausible that class II PI3K is a con-
tributor to the PtdIns3P pool in addition to class III PtdIns3K.
In support of this hypothesis, there is emerging evidence that
class II PI3K is a significant producer of PtdIns3P, and class II
PI3K holds a wide spectrum of functions ranging from cell sig-
naling, to cell migration and vesicle trafficking.161-166 One hint
implying a role of class II PI3K in autophagy was provided by
the studies on cell corpse clearance by phagocytosis in C. ele-
gans.167,168 In this process, autophagy is required for phago-
some maturation and clearance of apoptotic cells; most
importantly, class II PI3K was identified as a complementary
kinase producing PtdIns3P on phagosomes, indispensable for
the degradation of cell corpses in C. elegans.167,168 However,
studies from several Pik3c3 knockout animal models suggest
that PtdIns3P generation and autophagic function rely predom-
inantly on PIK3C3 activity.111,169,170 The question of whether
class III PtdIns3K is the exclusive kinase responsible for
PtdIns3P generation during autophagy remained unsolved until
a recent study by Devereaux et al. revealed an alternative source
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of PtdIns3P in Pik3c3 knockout MEFs.171 In Pik3c3 KO
MEFs, it is surprising that PtdIns3P is still detectable using a
higher affinity PtdIns3P probe and the PtdIns3P-binding pro-
tein WIPI1, and autophagosomes are still observed under star-
vation conditions; class II PI3K was confirmed as another
contributor to the PtdIns3P pool during autophagy, and deple-
tion of class II PI3K further decreases autophagic flux, which is
inhibited by Pik3c3 deletion.171 Thus, cells may ensure the ade-
quate and timely production of autophagic PtdIns3P by involv-
ing more than one producer (Fig. 1).

PtdIns3K and PI3K Inhibitors and their Application
in Autophagy and Diseases

Development of potent PtdIns3K and PI3K inhibitors has
been a focus of research for years, and great progress has been
made in the development of tools to constrain the activity of
PI3Ks. The fact that aberrant signaling activity of PtdIns3Ks and
PI3Ks is correlated with various pathological conditions and
mutations in these enzymes is frequently observed in cancer
makes these lipid kinases one of the most sought-after drug

Table 3. Examples of PtdIns3K and PI3K inhibitors, their status in clinical development and effects on autophagy

Selectivity Name of the inhibitor Molecular targets
Effects on on
autophagy

Status in clinical
trials References

Pan-class Wortmannin PtdIns3K and PI3K enzymes,
as well as PI3K-related kinases

Inhibition Failed to enter
clinical trial

26,72,175,177,178,181,190-192

LY294002 PtdIns3K and PI3K enzymes,
as well as PI3K-related kinases

Dual effect: activation
and inhibition

Failed to enter
clinical trial

26,72,175,177

SF1126 PtdIns3K and PI3K enzymes,
as well as PI3K-related kinases

Unknown Phase I 177,194-201

Class I-specific PX-866 PIK3CA, PIK3CB, PIK3CD,
PIK3CG

Activation Phase I/II National Cancer Institute (USA) http://
www.cancer.gov/clinicaltrials/ 24,202-211

XL147 PIK3CA, PIK3CB, PIK3CD,
PIK3CG

Activation Phase I/II 24,212-219

BKM120 PIK3CA, PIK3CB, PIK3CD,
PIK3CG

Activation Phase I/ II/III National Cancer Institute (USA) http://
www.cancer.gov/clinicaltrials/ 24,26,220-

224

BAY80–6946 PIK3CA, PIK3CB Unknown Phase I/ II National Cancer Institute (USA) http://
www.cancer.gov/clinicaltrials/ 24,26,225

Dual PI3K and
MTOR

NVP-BGT226 PIK3CA, PIK3CB, PIK3CD,
PIK3CG, MTOR

Activation Phase I/ II 24,173,182,226,227

BEZ235 PIK3CA, PIK3CB, PIK3CD,
PIK3CG, MTOR

Activation Phase I/ II National Cancer Institute (USA) http://
www.cancer.gov/clinicaltrials/ 24,228-233

XL765 PIK3CA, PIK3CB, PIK3CD,
PIK3CG, MTOR

Activation Phase I/ II National Cancer Institute (USA) http://
www.cancer.gov/clinicaltrials/ 24,234-238

Class I-Isoform
specific

BYL719 PIK3CA Unknown Phase I/ II National Cancer Institute (USA) http://
www.cancer.gov/clinicaltrials/

INK1117 PIK3CA Unknown Phase I National Cancer Institute (USA) http://
www.cancer.gov/clinicaltrials/

GSK2636771 PIK3CB Unknown Phase I/II National Cancer Institute (USA) http://
www.cancer.gov/clinicaltrials/

SAR260301 PIK3CB Unknown Phase I 173

IPI-145 PIK3CG, PIK3CD Unknown Phase I/ II/ III National Cancer Institute (USA) http://
www.cancer.gov/clinicaltrials/ 239

GDC-0941 PIK3CA, PIK3CD Activation Phase I/ II National Cancer Institute (USA) http://
www.cancer.gov/clinicaltrials/

175,219,240-244

GS-1101 PIK3CD Unknown Phase I/ II/ III National Cancer Institute (USA) http://
www.cancer.gov/clinicaltrials/ 245–251

Class III-specific Compound 31((2S)8-
[(3R)3-

Methylmorpholin-4-yl]-
1-(3-methyl-2-
oxobutyl)-2-

(trifluoromethyl)-3,4-
dihydro2H-pyrimido
[1,2a]pyrimidin-6-one)

PIK3C3 Unknown NA 186

PIK-III PIK3C3 Inhibition NA 185

SAR405 PIK3C3 Inhibition NA 183

VPS34-IN1 PIK3C3 Unknown NA 184

NA: Not available.
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targets.24,172 Based on their target selectivity, the available
PtdIns3K and PI3K inhibitors can be classified as pan-PI3K
inhibitors, dual PI3K-MTOR inhibitors and class or isoform-
selective inhibitors, as summarized in Table 3.24,26,173-175

Pan-PI3K inhibitors have potent inhibitory effect on all class I
PI3Ks, but their off-target effects on other PI3K-related kinases
such as MTOR confound their application and therefore display
unfavorable side effects in clinical trials.175,176 Wortmannin and
LY294002 are among the early-discovered pan-PI3K inhibitors;
however, they are not ideal for clinical applications because of
nonselectivity and poor pharmacological properties.24,26,175,177

In light of these limitations, novel pan-PI3K inhibitors (e.g.,,
BKM120, BAY80–6946) have been developed and demonstrate
improved pharmaceutical potential and decreased toxicity in clin-
ical trials.24,26,177 Additionally, since wortmannin and LY294002
impose inhibitory effects on class III PtdIns3K, they are also used
to block autophagy.72,178 3-methyladenine (3-MA), first discov-
ered as an autophagy inhibitor,179 shows functional similarity
with LY294002, which may exert dual effects on class I and class
III PtdIns3Ks.178,180 In comparison to 3-MA, which has been
shown to have a dual effect on autophagy due to its transient
inhibitory effect on class III PtdIns3K, wortmannin is a preferred
autophagy inhibitor based on its persistent inhibition of class III
PtdIns3K.181 Nevertheless, caution must be taken when these
autophagy inhibitors are used, with nutrient conditions and bio-
logical contexts taken into account. Dual PI3K inhibitors are
designed to inhibit both catalytic subunit of all class I PI3Ks and
MTOR (e.g., NVP-BGT226, XL765).173,175,182 They are more
effective in dampening PI3K-MTOR signaling, because they act
on 2 nodes of this pathway and prevent the feedback activation
of IRS1-PI3K by MTOR in the case of inhibiting MTOR alone.
Isoform-specific PI3K inhibitors only target a specific isoform of
PI3Ks, for instance, the PIK3CA inhibitor INK1117, the
PIK3CB inhibitor GSK2636771, and the PIK3CD inhibitor
GS-1101, which display fewer side effects and increased selectiv-
ity compared to the other classes of inhibitors in clinical
trials.26,175

Inspiring progress has been made recently in the development
of effective and specific inhibitors targeting PIK3C3.183-186 An
early study resolved the molecular structure of PIK3C3, and
revealed that PIK3C3 has a smaller and more rigid ATP binding
pocket than that of PIK3CG, which restricts the binding of clas-
sical PI3K inhibitors.187 This molecular dissection of PIK3C3
paved the way for the subsequent development of novel inhibi-
tors that fit well within the PIK3C3 ATP cavity. A number of
recent studies reported new PIK3C3 inhibitors, including
VPS34-IN1,184 Compound 31 (a tetrahydropyrimidopyrimidi-
none derivative),186 PIK-III,185 and SAR405;183 among them,
Compound 31 and SAR405 exhibit the highest potency (IC50

PIK3C3 equals 2 nM and 1.2 nM, respectively) and favorable
selectivity toward PIK3C3.183,186 Notably, PIK-III and SAR405,
both of which bind the ATP binding pocket of PIK3C3, exert
efficient inhibition on autophagy as well as LC3 lipidation.183,185

The application of PIK-III led to the identification of a novel
substrate of selective autophagy, NCOA4, which mediates the
degradation of ferritin and turnover of iron.185 Moreover,

SAR405 displays a potential anticancer therapeutic property, as
it shows synergistic antiproliferative activity in combination with
the MTOR inhibitor everolimus.183 These PIK3C3 inhibitors
will prove to be valuable tools in delineating the function of class
III PtdIns3K in each stage of autophagy as well as other cellular
processes; also, they are promising pharmaceutical candidates for
augmenting the activity of current anticancer drugs as well as
having a potential application to other diseases.

Development of selective inhibitors targeting class II PI3Ks
are significantly lagging, which impedes the elucidation of this
cryptic class of PI3Ks. In response to pan-PI3K inhibitors,
PIK3C2B and PIK3C2G exhibit similar sensitivity to wortman-
nin as class I PI3Ks and class III PtdIns3Ks, but PIK3C2A only
responds to higher doses of wortmannin and LY294002.161,166

Several inhibitors that demonstrate increased effectivity and selec-
tivity toward specific isoforms of class II PI3Ks have been
described recently,188,189 offering hope for developing more
selective inhibitors of class II PI3Ks. Since this class of PI3Ks is
equally important in malignant transformation and carcinogene-
sis,161,175 finding specific and effective class II PI3K inhibitors
are among the important research goals for cell signaling studies
and cancer treatment.

Concluding Remarks and Perspective

Autophagy has been an intensive research area in the last
decade and the mechanisms of how autophagy is regulated have
been intensively studied. Meanwhile, possible strategies have
been proposed for manipulating this crucial pathway for the pur-
pose of curing diseases and promoting health. PtdIns3Ks and
PI3Ks are the cardinal type of kinases imperative for the proper
functioning of autophagy. Generally, class I PI3Ks keep autoph-
agy at bay in response to upstream stimulation; class III
PtdIns3Ks, as well as class II PI3Ks, are required for the initiation
and progression of autophagy. However, there are still gaps and
discrepancies in our knowledge on the regulation of autophagy
by these enzymes. For instance, how PIK3C3 reconciles its amino
acid sensing function with its kinase activity under different con-
ditions, and whether class II PI3Ks play a more pronounced role
in autophagy and how they are regulated by certain autophagy-
inducing stresses remain to be settled. Additionally, the contribu-
tion of phospholipids other than PtdIns3P to the biogenesis of
the autophagosome as well as the later stages of autophagy also
requires more attention from researchers. The progress in study-
ing the involvement of lipid kinases in autophagy not only greatly
facilitates our understanding of the molecular mechanisms con-
trolling the autophagic process, but also promotes the discovery
of pharmaceutical and therapeutic strategies targeting autophagy
to cure related human diseases. Among them, development of
class-specific PtdIns3K and PI3K inhibitors remains an impor-
tant research objective in the realm of autophagy research.
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