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Autophagy is a highly conserved process and is essential for
the maintenance of cellular homeostasis. Autophagy occurs at a
basal level in all cells, but it can be up-regulated during stress,
starvation, or infection. Misregulation of autophagy has been
linked to various disorders, including cancer, neurodegenera-
tion, and immune diseases. Here, we discuss the essential pro-
teins acting in the formation of an autophagosome, with a focus
on the ULK and VPS34 kinase complexes, phosphatidylinositol
3-phosphate effector proteins, and the transmembrane auto-
phagy-related protein ATG9. The function and regulation of
these and other autophagy-related proteins acting during
formation will be addressed, in particular during amino acid
starvation.

Autophagy is a lysosome-mediated process by which cells
recycle cytosolic cargo. A number of stressors are able to stim-
ulate the pathway; however, the best understood stimulus for
autophagy is amino acid starvation. Upon stimulation by
upstream nutrient/energy-sensing kinases, the ULK1/2 kinase
complex becomes active and translocates to ER2 puncta fol-
lowed by the autophagic phosphoinositide 3-kinase (PI3K)
complex I. Colocalization of these initiating complexes at the
ER leads to the production of PI3P and the recruitment of
autophagy effectors to form the omegasome. One of these
effectors, WIPI2b, promotes lipidation of LC3B (with this form
commonly called LC3-II), one of the members of the Atg8 fam-
ily of proteins (LC3A/B/C, GABARAP, and GABARAPL1/L2)
via two autophagy-specific ubiquitin-like conjugation systems.
Driven by insertion of lipidated Atg8 proteins and regulation by
distal membrane compartments, including ATG9 vesicles, the
phagophore expands, enclosing a portion of the cytosol, and
closes to form the autophagosome. Several different subcellular
compartments have been suggested to supply membrane to

forming phagophores, including the ER, ER-Golgi intermediate
compartment (ERGIC), plasma membrane, Golgi, mitochon-
dria, and recycling endosomes (Fig. 1). Finally, the contents of
the autophagosome are degraded upon fusion with the lyso-
some (Fig. 2).

Work with Saccharomyces cerevisiae has provided us with
much of the initial insight into the mechanisms of autophagy,
most notably leading to the discovery of the autophagy-related
(ATG) genes. However, this Minireview will cover the molecu-
lar machinery involved in mammalian autophagosome biogen-
esis with a focus on how molecules, membranes, and signaling
cascades synergize to regulate each stage.

ULK complex

The ubiquitously expressed kinases ULK1 and ULK2 carry
out a range of catalytic and non-catalytic functions to regulate
autophagosome formation from initiation to maturation (1–3).
They occupy the most upstream position in the autophagic sig-
naling pathway and are considered the master regulators of
autophagy. Expression of kinase-inactive mutants of ULK1 is
associated with dominant-negative inhibition of autophagy,
with the attainable rate of autophagic flux corresponding to the
remaining kinase activity (3, 4). ULK deficiency in vivo results in
the abrogation of starvation-induced autophagy, along with
activation of a misregulated unfolded protein response in neu-
rons (5) and systemic defects via aberrant reactive oxygen spe-
cies (ROS) neutralization in erythrocytes (6). Although specific
roles for ULK1 and ULK2 have been identified for some cell
types in vivo (7), ULK1 is by far the best characterized and will
be the focus of this Minireview.

ULK1 is the only catalytically active component in a hetero-
tetrameric complex with FIP200, ATG13, and ATG101. Both
ATG13 and FIP200 stabilize ULK1, increase its kinase activity,
and encourage translocalization from the cytosol to the ome-
gasome (8 –10). ATG101 helps maintain ULK1 basal phosphor-
ylation and promotes its stabilization along with that of ATG13
(11, 12). Formation of the ULK complex is not regulated by
nutrient status (8); however, complex-independent roles for
ULK1, FIP200, and ATG13 have been reported (13, 14), indi-
cating that viewing the ULK complex proteins functioning only
as a complex may be overly simplistic.

Sensing the signal

ULK1 is regulated by the nutrient/energy-sensing kinases
MTORC1 (mechanistic target of rapamycin complex 1, MTOR

This work was supported by the Francis Crick Institute, which receives its core
funding from Cancer Research UK (Grant FC001187), the UK Medical
Research Council Grant FC001187, and Wellcome Trust Grant FC001187 (to
the S. A. T. laboratory). This is the first article in the Thematic Minireview
series “Autophagy.” The authors declare that they have no conflicts of
interest with the contents of this article.
Author’s Choice—Final version free via Creative Commons CC-BY license.

1 To whom correspondence should be addressed. E-mail: sharon.tooze@
crick.ac.uk.

2 The abbreviations used are: ER, endoplasmic reticulum; ERGIC, ER-Golgi
intermediate compartment; PI3K, phosphoinositide 3-kinase; MTOR,
mechanistic target of rapamycin; AMPK, AMP-activated protein kinase; PE,
phosphatidylethanolamine; PI3P, phosphatidylinositol 3-phosphate.

croTHEMATIC MINIREVIEW
Author’s Choice

5386 J. Biol. Chem. (2018) 293(15) 5386 –5395

© 2018 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

https://orcid.org/0000-0002-2182-3116
mailto:sharon.tooze@crick.ac.uk
mailto:sharon.tooze@crick.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.R117.810366&domain=pdf&date_stamp=2018-1-25


herein) and AMP-activated protein kinase (AMPK). MTOR is
active in nutrient-replete conditions; it binds ULK1 directly via
its RAPTOR subunit in a manner dependent on amino acid
availability but independent of ULK activation status (8, 15, 16),
and it inhibits autophagy via phosphorylation of ULK1 at serine
638 and 758 and of ATG13 at serine 258 (17–19). Interestingly,
an alignment of all phosphorylation sites in ULK1’s intrinsically
disordered region (known to be extensively phosphorylated)
revealed a consensus logo similar to MTOR’s, potentially impli-
cating it as a primary phosphoregulator of ULK1 (20). The
autophagy-promoting AMPK becomes active upon the deple-
tion of ATP and negatively regulates MTOR activity through
phosphorylation of RAPTOR and TSC2 (21, 22). AMPK also
binds ULK1 directly (19, 23, 24) leading to the phosphorylation
of both ULK1 and ATG13 (17). The AMPK sites in ULK1
include Ser-555, Ser-637, and Thr-659 (Ser-556, Ser-638, and
Thr-660 in human ULK1), which among other mechanisms
promotes the proper trafficking of ATG9 (24). Serine 638, a

substrate for both AMPK and MTOR, is also a target for at least
two phosphatases, with both PP2A (25) and PPM1D (26) impli-
cated in autophagy.

In addition to phosphorylation, the role of ubiquitin signal-
ing in ULK1-regulated autophagy is becoming increasingly
clear. AMBRA1–TRAF6-dependent Lys-63-linked ubiquitina-
tion of ULK1 promotes its dimerization and activation (27).
Furthermore, the chaperone protein p32 binds ULK1 and, act-
ing by an unknown E3 ligase, inhibits Lys-48-linked ubiquitina-
tion while driving Lys-63-linked ubiquitination. This promotes
ULK1 stability and is crucial in both starvation-induced
autophagy and mitophagy (28), the selective removal of mito-
chondria. In another context, ubiquitination negatively regu-
lates ULK1 signaling (29 –31). Upon starvation, the E3 ligases
NEDD4L and CULLIN3 control the amplitude and duration of
the autophagic response by driving ULK1 degradation via
Lys-27–linked, Lys-29 –linked (NEDD4L), or Lys-48 –linked
(CULLIN3) ubiquitination (30, 31).

Figure 1. Process of autophagosome formation. First steps require the translocation of active ULK1 to omegasomes. ULK1 subsequently activates omegas-
ome-bound VPS34, which generates pools of PI3P at omegasomes. Note for clarity the ULK complex and PI3K complex 1 are shown adjacent to the ER. DFCP1
and WIPI2b bind PI3P, and the latter then recruits the ATG12�ATG5–ATG16L1 complex enabling LC3 lipidation to the phagophore. Phagophore initiation and
elongation are facilitated by transient interactions with the ATG9 compartment, which potentially delivers lipids for membrane formation from sources such
as recycling endosomes, plasma membrane, mitochondria, ER, ERGIC, or Golgi. Phagophore growth and closure have been suggested to be controlled by the
ATG2–WIPI4 complex.
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Relaying the signal

Membrane association

The ULK complex is mostly cytosolic, although pools exist
on recycling endosomes (32), mitochondria (33, 34), and the
ER. Upon amino acid starvation, the ULK complex translocates
to subdomains of the ER to drive the nucleation of autophago-
somes. These regions are shown to coincide with ER–mito-
chondria contact sites (35) and autophagy-specific ER exit sites,
which are specified by ATG9 vesicles (36). The ULK complex is
retained at these regions of the ER, called omegasomes, until
formation of the phagophore, when it (the ULK complex) is
recycled to the cytoplasm (37).

ULK complex anchoring to the omegasome may be facili-
tated by membrane association of the C-terminal domain or
EAT domain (which occurs independent of kinase activity (2, 3,
38)) and ATG13, which directly associates with acidic phos-
pholipids in the membrane via a basic patch in its N terminus
(37). Phosphatidylethanolamine-conjugated Atg8 family pro-
teins, which are incorporated into the phagophore, bind ULK1
and ATG13 to further increase their retention at the phago-
phore (39, 40), which promotes ULK1 kinase activity via a pos-
itive feedback loop involving the PI3K complex I (41).

The translocation of ULK1 to the ER also requires a range of
protein machinery. For example, the Rab1 effector C9orf72
binds the ULK complex to promote trafficking to the phago-
phore as well as its activation (42, 43). However, C9orf72 pos-
sesses multiple roles in autophagy as, together with its binding
partner SMCR8, it has been implicated in autophagosome mat-
uration (44), selective autophagy (45), and both positive and
negative regulation of autophagy via modulation of the MTOR/
ULK signaling axis (42, 46). Interestingly, recent data suggest
unique machinery regulate recruitment of ULK1 to ER–
mitochondria contact sites dependent on the stimuli (47); it
remains to be established whether this translates to stimulus-
specific spatial regulation of ULK1 on the ER.

ULK substrates

The identification of ULK substrates is crucial if we are to
understand the mechanisms of autophagy. Although not essen-
tial for ULK1 phosphorylation, many of the targets identified to
date associate physically with the ULK complex (Table 1). For
example, ULK1 inhibits the AMPK and MTOR complexes by
multisite phosphorylation, and three of five members of the
PI3K complex 1 are ULK substrates, and ULK1 sites have been
identified in SMCR8 (Table 1) (45, 48 –50).

A recently published consensus motif has provided an
important tool for the identification of ULK substrates in vivo
(48). ULK1 was found to possess selectivity for aromatic hydro-
phobics at �3 and aliphatic hydrophobics/serine at positions
�1/2 relative to the phosphoserine (48). Importantly, however,
a number of previously identified ULK substrates do not con-
form to the consensus motif (1, 6, 16, 20, 31, 45, 48, 50 –56),
demonstrating that our understanding of what constitutes an
ULK site remains incomplete.

PI3K complex

Immediately downstream of the ULK complex is the primor-
dial class III PI3K VPS34 (PIK3C3). VPS34 translocates to ER
puncta soon after ULK, where it produces a pool of PI3P to
drive omegasome formation (37). VPS34 activity is crucial for
starvation-induced and basal autophagy (57–59) and con-
versely for MTOR activation upon amino acid sensing (60).

VPS34 never works alone. The PI3K core complex comprises
VPS34, beclin 1 (BECN1), and the pseudokinase p150 (PIK3R4).
Depending on the subcellular context, the core complex binds
ATG14 or UVRAG in a mutually exclusive manner defining the
PI3K complexes 1 and 2, respectively (61). Furthermore, a sig-
nificant proportion of VPS34 is found in a binary subcomplex
with p150, with the relative abundance of each complex being
cell type–specific (61). Removal of individual components
results in the depletion of other VPS34 complex proteins, sig-

Figure 2. Schematic depicting the stages of autophagosome formation. Upon translocation to ER puncta, the autophagy initiation complexes stimulate
the formation of an omegasome. This cup-shaped signaling platform recruits autophagy effectors, leading to the production of a double-membraned
phagophore. Cargo sequestration occurs concomitantly with phagophore elongation. The phagophore seals forming an autophagosome between 0.5 and 1.5
�m in diameter, which fuses with the lysosome, forming an autolysosome and resulting in the degradation of its contents.
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nificantly hampering starvation-induced autophagy and result-
ing in early embryonic lethality (62–66).

Alongside the non-autophagic roles in endomembrane traf-
ficking and multivesicular body formation (67), the UVRAG-
containing PI3K complex 2 is primarily implicated in the later
stages of autophagy, such as autophagosome–lysosome fusion
and the scission of autolysosomal tubules (68, 69). Meanwhile,
the autophagy-specific ATG14-containing PI3K complex 1
positively regulates autophagosome nucleation and will be the
focus of this section.

Association of PI3K complex 1 with autophagic
membranes

A number of physical properties of the PI3K complex 1 pro-
mote its association with membranes. An aromatic finger in
BECN1 (70) and N-terminal myristate on p150 (71) ensure that
PI3K core complex remains tightly bound to lipid bilayers.
ATG14 brings with it ER-specific targeting motifs, including an

N-terminal cysteine-rich domain, which is not actively reg-
ulated (72), and the BATS domain, which binds PI3P and
phosphatidylinositol 4,5-bisphosphate to promote recruit-
ment to curved membranes and complex stability, respec-
tively (73, 74).

In basal conditions, a pool of VPS34 is tethered to the
cytoskeleton via an association between BECN1-interactor
AMBRA1 and microtubules, which is disrupted upon starva-
tion to allow translocation to omegasomes (75). Another com-
ponent involved is the multi-membrane spanning protein
VMP1 (76). VMP1 localizes to punctate ER membrane contact
sites (77) and binds BECN1 to exclude it from its antagonist
BCl2 (78). Complex 1 association is further stabilized by direct
binding of ATG14 and ATG13 (50). Interestingly, another
ER-resident protein, STX17, also recruits ATG14 to ER–
mitochondria contact sites to drive autophagosome biogenesis
in a starvation-dependent manner (35).

Table 1
ULK1 substrates
ULK substrates that are not known to physically interact with the ULK complex are
highlighted in gray. The residue identified and the corresponding amino acid in the
UniProt designated human isoform 1 are listed, followed by the proposed function
of each phosphorylation event where the data are available. Where the exact phos-
phoacceptor residue is not known, the potential residues are listed separated by a
dash. Notably, the function of many of the phosphorylation events listed is uncer-
tain. Refs. 120 –128 are cited in the table.

Table 1—continued
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Regulation of PI3K complex 1 activity

A host of regulatory proteins impinge on the autophagy path-
way through association with or modification of the PI3K com-
plex. Notably NRBF2 (79 –81), Dapper1 (59), PAQR3 (82), and
RACK1 (58) all stabilize VPS34 and promote autophagy via
association with the ATG14 –BECN1 subcomplex. NRBF2,
which was identified as an interactor of ULK1 (83), can both
promote (80, 81) or inhibit (84) VPS34 activity depending on
the cellular context (85). Recently, NRBF2 was shown to facili-
tate dimerization of PI3K complex 1 heterotetramers, which
occurs independently of kinase modulation (80).

A large number of phosphorylation sites have been identified
in VPS34 complex 1 components and regulatory proteins. As
covered in Table 1, ULK1 phosphorylates VPS34, BECN1, and
ATG14, with two of these phosphorylation sites (BECN1
Ser-15 and ATG14 Ser-29) known to promote omegasome for-
mation and VPS34 activity in vitro and in vivo (49, 50). Further-
more, the previously mentioned starvation-dependent release
of VPS34 from microtubules relies on phosphorylation of
AMBRA1 by ULK1 (75).

In addition to ULK1, other kinases implicated in the stress
response impinge on autophagy through regulation of VPS34
activity. Phosphorylation of NRBF2 by MTOR switches it from
a positive to a negative regulator of complex 1 activity (85). Five
inhibitory MTOR phosphorylation sites were identified in
ATG14 (86), and the aforementioned positive regulation of
ULK1 via TRAF6-dependent ubiquitination relies on the de-
phosphorylation of serine 52 in AMBRA1, an MTOR target site
(27). Direct phosphorylation of VPS34 by AMPK inhibits PI3P
production in the absence of ATG14/UVRAG (61). However,
AMPK also phosphorylates BECN1 at serines 91 and 94 (serines
90 and 93 in the human protein), which activates VPS34 activity
in vivo and is facilitated by ATG14 (61) and at threonine
388, which enhances both PI3K complex 1 formation and
autophagic flux (87). Furthermore, AMPK must phosphorylate
RACK before it is able to scaffold complex 1 formation (58) and
PAQR3 for it to augment VPS34 activation on glucose starva-
tion (82). The association of mitogen-activated protein kinase
signaling components with BECN1 also occurs upon autophagy
activation (88), with MAPKAPK2 directly phosphorylating
BECN1, also at Ser-90, to promote autophagy during nutrient
depletion (89). Two more phosphoregulatory enzymes are
known to act at Ser-90, DAPK3, and the previously mentioned
phosphatase PP2A (90).

A range of post-translational modifications govern VPS34
function in autophagy initiation. Like ULK1, the PI3K complex
1 is actively regulated by ubiquitination in a starvation-depen-
dent manner, which, depending on the context, regulates either
its stability or activity to modulate autophagy (31, 91–94). Of
note, the deubiquitinating protein ataxin-3 (ATXN3) was
recently shown to bind BECN1 via a polyglutamine tract, pro-
moting its stability and consequently starvation-induced
autophagy. BECN1 was competitively displaced from ATXN3
in the presence of the exogenously expressed polyglutamine
domain from huntingtin, the protein implicated in Hunting-
ton’s disease, potentially revealing a mechanism for the
autophagy defect in polyglutamine diseases (91).

Once activated at the cytosolic face of the ER, VPS34 phos-
phorylates phosphatidylinositol to produce PI3P. In basal con-
ditions, very little PI3P is present on the ER (95). Production of
this charged signaling lipid leads to recruitment of effectors,
ultimately culminating in the membrane rearrangements asso-
ciated with autophagosome biogenesis.

PI3P effectors

FYVE-containing proteins

One of the first effectors recruited to PI3P is DFCP1 (double
FYVE domain-containing protein 1), which binds PI3P through
two FYVE domains. DFCP1 does not have an essential role in
autophagy, as its depletion has no effect on autophagic flux (96);
however, it is extensively used as a marker for omegasomes and
phagophore-nucleation sites. Another FYVE domain-contain-
ing PI3P effector is ALFY (autophagy FYVE-linked protein).
ALFY is involved in selective autophagy, where it is required for
autophagic clearance of aggregates (97, 98).

PROPPINs

Phagophore nucleation requires recruitment of the WIPIs
(WD-repeat domain phosphoinositide-interacting proteins)
(99, 100), which are members of the PROPPIN (�-propellers
that bind phosphoinositides) family (101). The four mamma-
lian WIPIs are seven-bladed �-propellers that bind two mole-
cules of PI3P through FRRG (WIPI1 and -2) or LRRG (WIPI3
and -4) motifs positioned between blades five and six (102, 103).
WIPI1 and WIPI2b were the first two WIPIs shown to be
recruited to the omegasomes and forming phagophores (104).
WIPI1 has been extensively studied (105) and is one of the two
most frequently used PI3P effectors to monitor phagophore
formation. Although its function is not fully understood, it is
shown to be recruited to omegasomes upstream of WIPI2b
(106). WIPI2b is a positive regulator of autophagy and is essen-
tial for autophagosome formation (104). It directly interacts
with ATG16L1 through two arginine residues (Arg-108 and
Arg-126), and this interaction is required for autophagic flux
(107).

WIPI3 and WIPI4 contribute to autophagosome formation,
and although both bind PI3P through LRRG motifs, it is unclear
whether this binding is required for their function in autophagy
(106). Depletion of WIPI4 by siRNA knockdown leads to
increased LC3-II levels and accumulation of enlarged, unclosed
autophagosomes (106, 108) suggesting that WIPI4 plays an
important role in controlling the growth and size of autopha-
gosomes (83, 106). Supporting this notion, WIPI4 forms a func-
tional complex with ATG2A (106) known to act at later stages
of autophagosome formation. ATG2A and ATG2B depletion
increases LC3-II levels and results in the formation of enlarged
LC3 puncta, suggesting that they also regulate the growth of
autophagosomes (109). WIPI4 de novo mutations have been
shown to lead to subtypes of neurodegeneration with brain iron
accumulation (NBIA), such as SENDA (static encephalopathy
of childhood with neurodegeneration in adulthood) (110), also
known as BPAN (�-propeller protein-associated neurodegen-
eration) (111). In patient samples, destabilization of WIPI4 pro-
tein levels is associated with significantly reduced autophagic
response (110).
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Ubiquitin-like conjugation systems

The essential event in phagophore elongation is the recruit-
ment of Atg8 family proteins to the forming phagophore mem-
brane, which is dependent on the ATG12�ATG5–ATG16L1
complex. Two ubiquitin-like protein cascades are required for
recruitment of the Atg8 proteins, both being highly conserved
and essential for autophagy.

The Atg8 family of proteins, for simplicity referred to below
as LC3 proteins, contains the following six members; LC3A,
LC3B, LC3C, GABARAP, GABARAPL1, and GATE-16 (also
called GABARAPL2). LC3 proteins are ubiquitin-like and are
predominantly found in an unlipidated form in the cytosol. The
cytosolic, unlipidated form of LC3 is referred to as LC3-I. LC3
conjugation to the headgroup of phosphatidylethanolamine
(PE) on the phagophore requires several ATG proteins, which
act in two ubiquitin-like cascades (for details see Ref. 112).
Briefly, prior to lipidation the ATG4 protease (note there are
four ATG4 family members, ATG4A–D) removes C-terminal
amino acids exposing a glycine residue. This glycine is used in
the first cascade for the formation of a thioester bond with a
cysteine residue in the E1-like ATG7 in an ATP-dependent
manner, followed by the conjugation to ATG3, an E2-like
enzyme.

The ATG12�ATG5–ATG16L1 complex, considered to
have E3-like activity, is formed in the second cascade involving
the ubiquitin-like ATG12, covalently conjugated to ATG5 by
the E1 ATG7 and the E2 ATG10. ATG16L1 directly interacts
with ATG5 and drives dimer formation of the ATG12�ATG5
conjugate. ATG12�ATG5–ATG16L1 is then recruited to the
phagophore via WIPI2b (107). Finally, LC3 is covalently bound
to the amine headgroup of PE in the membrane by interaction
of ATG12 with ATG3, forming the lipidated LC3-II. LC3-II
decorates both outer and inner membranes of phagophores.

Of note, the cleavage of the Atg8 family members by ATG4
and the conjugation of ATG12 to ATG5 are thought to occur
during or very soon after their synthesis. The regulation of LC3
lipidation and its association with membranes to perform its
essential autophagy function is driven by the production of
PI3P by the PI3K complex 1 and the recruitment of WIPI2b to
the phagophore (107).

ATG9 trafficking in the process of autophagosome
formation

One of the unresolved questions in the field is the source of
the membranes for phagophore formation and elongation.
Most studies on the formation of the phagophore membrane
have, so far, revolved around ATG9. Mammalian ATG9 is a
multispanning membrane protein, which consists of six highly-
conserved transmembrane domains (113, 114) and is found in
the Golgi complex under normal conditions. Upon amino acid
starvation and autophagy induction, ATG9 disperses into
peripheral compartments, including the conserved “ATG9
compartment” or “ATG9 reservoir” and recycling endosomes
(114 –116). During autophagy, ATG9 vesicles shuttle around
the forming phagophores, interacting transiently without any
detectable stable association (115). These data and other evi-

dence have led to the suggestion that ATG9 delivers compo-
nents to the forming phagophore and autophagosome (115).

ATG9 trafficking is highly dependent on the ULK1 kinase. In
mammalian cells, ULK1 depletion leads to the inhibition of
ATG9 trafficking from the Golgi complex (115), and as covered
previously, ULK1 phosphorylation status regulates ATG9
dynamics (24). Both ATG9 trafficking and autophagy initiation
are mediated in part by the phosphorylation of ATG9 by ULK1
at Ser-14 (117). Furthermore, two of the four WIPI proteins are
implicated in regulation of ATG9 traffic. The depletion of
WIPI2 inhibits the retrieval of ATG9 to the Golgi complex and
results in the accumulation of ATG9 on omegasomes (115).
Similarly, patients suffering from SENDA have increased co-lo-
calization of LC3 and ATG9, revealing WIPI4 as a potential
regulator of ATG9 dynamics (110). Interestingly, increased
colocalization between ATG9 and LC3 is also noted upon
knockdown of ATG2A and ATG2B (109).

Conclusions

Insight into the molecular mechanisms of autophagosome
biogenesis has increased greatly in the past 10 years, but many
questions remain. For example, a full understanding as to how
ULK target specificity is achieved is elusive, with the identifica-
tion of substrates likely to remain an area ripe for discovery.
Although not covered here, the ability to derive structural
information for whole complexes rather than single protein
domains is providing a unique insight into the biology of
autophagic signaling complexes (for more detail, see Refs. 38,
118, 119) and is likely to guide future discoveries. Nonetheless,
the regulation of the activity of the signaling complex(es)
remains to be fully addressed. Furthermore, the precise func-
tions of ATG9 and the four WIPI proteins will be important to
clarify in order to gain a complete mechanistic understanding
of autophagosome biogenesis.
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54. Alers, S., Löffler, A. S., Paasch, F., Dieterle, A. M., Keppeler, H., Lauber,
K., Campbell, D. G., Fehrenbacher, B., Schaller, M., Wesselborg, S., and
Stork, B. (2011) Atg13 and FIP200 act independently of Ulk1 and Ulk2 in
autophagy induction. Autophagy 7, 1424 –1433 Medline

55. Gan, W., Zhang, C., Siu, K. Y., Satoh, A., Tanner, J. A., and Yu, S. (2017)
ULK1 phosphorylates Sec23A and mediates autophagy-induced inhibi-
tion of ER-to-Golgi traffic. BMC Cell Biol. 18, 22 CrossRef Medline

56. Dunlop, E. A., Seifan, S., Claessens, T., Behrends, C., Kamps, M. A., Rozy-
cka, E., Kemp, A. J., Nookala, R. K., Blenis, J., Coull, B. J., Murray, J. T., van

Steensel, M. A., Wilkinson, S., and Tee, A. R. (2014) FLCN, a novel au-
tophagy component, interacts with GABARAP and is regulated by ULK1
phosphorylation. Autophagy 10, 1749 –1760 CrossRef Medline

57. Lipinski, M. M., Hoffman, G., Ng, A., Zhou, W., Py, B. F., Hsu, E., Liu, X.,
Eisenberg, J., Liu, J., Blenis, J., Xavier, R. J., and Yuan, J. (2010) A genome-
wide siRNA screen reveals multiple mTORC1 independent signaling
pathways regulating autophagy under normal nutritional conditions.
Dev. Cell 18, 1041–1052 CrossRef Medline

58. Zhao, Y., Wang, Q., Qiu, G., Zhou, S., Jing, Z., Wang, J., Wang, W., Cao,
J., Han, K., Cheng, Q., Shen, B., Chen, Y., Zhang, W. J., Ma, Y., and Zhang,
J. (2015) RACK1 promotes autophagy by enhancing the Atg14L–Beclin
1–Vps34 –Vps15 complex formation upon phosphorylation by AMPK.
Cell Rep. 13, 1407–1417 CrossRef Medline

59. Ma, B., Cao, W., Li, W., Gao, C., Qi, Z., Zhao, Y., Du, J., Xue, H., Peng, J.,
Wen, J., Chen, H., Ning, Y., Huang, L., Zhang, H., Gao, X., Yu, L., and
Chen, Y.-G. (2014) Dapper1 promotes autophagy by enhancing the
Beclin1–Vps34 –Atg14L complex formation. Cell Res. 24, 912–924
CrossRef Medline

60. Byfield, M. P., Murray, J. T., and Backer, J. M. (2005) hVps34 is a nutrient-
regulated lipid kinase required for activation of p70 S6 kinase. J. Biol.
Chem. 280, 33076 –33082 CrossRef Medline

61. Kim, J., Kim, Y. C., Fang, C., Russell, R. C., Kim, J. H., Fan, W., Liu, R.,
Zhong, Q., and Guan, K.-L. (2013) Differential regulation of distinct
Vps34 complexes by AMPK in nutrient stress and autophagy. Cell 152,
290 –303 CrossRef Medline

62. Nemazanyy, I., Blaauw, B., Paolini, C., Caillaud, C., Protasi, F., Mueller,
A., Proikas-Cezanne, T., Russell, R. C., Guan, K.-L., Nishino, I., Sandri,
M., Pende, M., and Panasyuk, G. (2013) Defects of Vps15 in skeletal
muscles lead to autophagic vacuolar myopathy and lysosomal disease.
EMBO Mol. Med. 5, 870 – 890 CrossRef Medline

63. Yue, Z., Jin, S., Yang, C., Levine, A. J., and Heintz, N. (2003) Beclin 1,
an autophagy gene essential for early embryonic development, is a
haploinsufficient tumor suppressor. Proc. Natl. Acad. Sci. U.S.A. 100,
15077–15082 CrossRef Medline

64. Jaber, N., Dou, Z., Chen, J.-S., Catanzaro, J., Jiang, Y.-P., Ballou, L. M.,
Selinger, E., Ouyang, X., Lin, R. Z., Zhang, J., and Zong, W.-X. (2012) Class III
PI3K Vps34 plays an essential role in autophagy and in heart and liver func-
tion. Proc. Natl. Acad. Sci. U.S.A. 109, 2003–2008 CrossRef Medline

65. Zhou, X., Takatoh, J., and Wang, F. (2011) The mammalian class 3 PI3K
(PIK3C3) is required for early embryogenesis and cell proliferation. PLoS
ONE 6, e16358 CrossRef Medline

66. Itakura, E., Kishi, C., Inoue, K., and Mizushima, N. (2008) Beclin 1 forms
two distinct phosphatidylinositol 3-kinase complexes with mammalian
Atg14 and UVRAG. Mol. Biol. Cell 19, 5360 –5372 CrossRef Medline

67. Backer, J. M. (2008) The regulation and function of Class III PI3Ks: novel
roles for Vps34. Biochem. J. 410, 1–17 CrossRef Medline

68. Kim, Y.-M., Jung, C. H., Seo, M., Kim, E. K., Park, J.-M., Bae, S. S., and
Kim, D.-H. (2015) mTORC1 phosphorylates UVRAG to negatively reg-
ulate autophagosome and endosome maturation. Mol. Cell 57, 207–218
CrossRef Medline

69. Munson, M. J., Allen, G. F., Toth, R., Campbell, D. G., Lucocq, J. M., and
Ganley, I. G. (2015) mTOR activates the VPS34 –UVRAG complex to
regulate autolysosomal tubulation and cell survival. EMBO J. 34,
2272–2290 CrossRef Medline

70. Huang, W., Choi, W., Hu, W., Mi, N., Guo, Q., Ma, M., Liu, M., Tian,
Y., Lu, P., Wang, F.-L., Deng, H., Liu, L., Gao, N., Yu, L., and Shi, Y.
(2012) Crystal structure and biochemical analyses reveal Beclin 1 as a
novel membrane binding protein. Cell Res. 22, 473– 489 CrossRef
Medline

71. Panaretou, C., Domin, J., Cockcroft, S., and Waterfield, M. D. (1997)
Characterization of p150, an adaptor protein for the human phosphati-
dylinositol (PtdIns) 3-kinase: substrate presentation by phosphatidyli-
nositol transfer protein to the p150�PtdIns 3-kinase complex. J. Biol.
Chem. 272, 2477–2485 CrossRef Medline

72. Matsunaga, K., Morita, E., Saitoh, T., Akira, S., Ktistakis, N. T., Izumi, T.,
Noda, T., and Yoshimori, T. (2010) Autophagy requires endoplasmic
reticulum targeting of the PI3-kinase complex via Atg14L. J. Cell Biol.
190, 511–521 CrossRef Medline

THEMATIC MINIREVIEW: Perspective of autophagosome biogenesis

J. Biol. Chem. (2018) 293(15) 5386 –5395 5393

http://dx.doi.org/10.1016/j.molcel.2015.11.018
http://www.ncbi.nlm.nih.gov/pubmed/26687599
http://www.ncbi.nlm.nih.gov/pubmed/28195531
http://dx.doi.org/10.15252/embj.201694401
http://www.ncbi.nlm.nih.gov/pubmed/27334615
http://dx.doi.org/10.1126/sciadv.1601167
http://www.ncbi.nlm.nih.gov/pubmed/27617292
http://dx.doi.org/10.15252/embj.201593350
http://www.ncbi.nlm.nih.gov/pubmed/27103069
http://dx.doi.org/10.1371/journal.pgen.1006443
http://www.ncbi.nlm.nih.gov/pubmed/27875531
http://dx.doi.org/10.1016/j.jmb.2016.11.009
http://www.ncbi.nlm.nih.gov/pubmed/27871932
http://dx.doi.org/10.1016/j.molcel.2015.05.031
http://www.ncbi.nlm.nih.gov/pubmed/26118643
http://dx.doi.org/10.1038/ncb2757
http://www.ncbi.nlm.nih.gov/pubmed/23685627
http://dx.doi.org/10.1080/15548627.2016.1140293
http://www.ncbi.nlm.nih.gov/pubmed/27046250
http://dx.doi.org/10.1074/jbc.M116.762443
http://www.ncbi.nlm.nih.gov/pubmed/28073914
http://dx.doi.org/10.15252/embr.201440006
http://www.ncbi.nlm.nih.gov/pubmed/25925668
http://dx.doi.org/10.1038/s41467-017-00628-y
http://www.ncbi.nlm.nih.gov/pubmed/28924239
http://www.ncbi.nlm.nih.gov/pubmed/22024743
http://dx.doi.org/10.1186/s12860-017-0138-8
http://www.ncbi.nlm.nih.gov/pubmed/28486929
http://dx.doi.org/10.4161/auto.29640
http://www.ncbi.nlm.nih.gov/pubmed/25126726
http://dx.doi.org/10.1016/j.devcel.2010.05.005
http://www.ncbi.nlm.nih.gov/pubmed/20627085
http://dx.doi.org/10.1016/j.celrep.2015.10.011
http://www.ncbi.nlm.nih.gov/pubmed/26549445
http://dx.doi.org/10.1038/cr.2014.84
http://www.ncbi.nlm.nih.gov/pubmed/24980960
http://dx.doi.org/10.1074/jbc.M507201200
http://www.ncbi.nlm.nih.gov/pubmed/16049009
http://dx.doi.org/10.1016/j.cell.2012.12.016
http://www.ncbi.nlm.nih.gov/pubmed/23332761
http://dx.doi.org/10.1002/emmm.201202057
http://www.ncbi.nlm.nih.gov/pubmed/23630012
http://dx.doi.org/10.1073/pnas.2436255100
http://www.ncbi.nlm.nih.gov/pubmed/14657337
http://dx.doi.org/10.1073/pnas.1112848109
http://www.ncbi.nlm.nih.gov/pubmed/22308354
http://dx.doi.org/10.1371/journal.pone.0016358
http://www.ncbi.nlm.nih.gov/pubmed/21283715
http://dx.doi.org/10.1091/mbc.E08-01-0080
http://www.ncbi.nlm.nih.gov/pubmed/18843052
http://dx.doi.org/10.1042/BJ20071427
http://www.ncbi.nlm.nih.gov/pubmed/18215151
http://dx.doi.org/10.1016/j.molcel.2014.11.013
http://www.ncbi.nlm.nih.gov/pubmed/25533187
http://dx.doi.org/10.15252/embj.201590992
http://www.ncbi.nlm.nih.gov/pubmed/26139536
http://dx.doi.org/10.1038/cr.2012.24
http://www.ncbi.nlm.nih.gov/pubmed/22310240
http://dx.doi.org/10.1074/jbc.272.4.2477
http://www.ncbi.nlm.nih.gov/pubmed/8999962
http://dx.doi.org/10.1083/jcb.200911141
http://www.ncbi.nlm.nih.gov/pubmed/20713597


73. Fan, W., Nassiri, A., and Zhong, Q. (2011) Autophagosome targeting and
membrane curvature sensing by Barkor/Atg14(L). Proc. Natl. Acad. Sci.
U.S.A. 108, 7769 –7774 CrossRef Medline

74. Tan, X., Thapa, N., Liao, Y., Choi, S., and Anderson, R. A. (2016)
PtdIns(4,5)P2 signaling regulates ATG14 and autophagy. Proc. Natl.
Acad. Sci. U.S.A. 113, 10896 –10901 CrossRef Medline

75. Di Bartolomeo, S., Corazzari, M., Nazio, F., Oliverio, S., Lisi, G., Anto-
nioli, M., Pagliarini, V., Matteoni, S., Fuoco, C., Giunta, L., D’Amelio, M.,
Nardacci, R., Romagnoli, A., Piacentini, M., Cecconi, F., and Fimia, G. M.
(2010) The dynamic interaction of AMBRA1 with the dynein motor
complex regulates mammalian autophagy. J. Cell Biol. 191, 155–168
CrossRef Medline

76. Itakura, E., and Mizushima, N. (2010) Characterization of autophago-
some formation site by a hierarchical analysis of mammalian Atg pro-
teins. Autophagy 6, 764 –776 CrossRef Medline
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