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Abstract: Since their initial discovery around two decades ago, the yeast autophagy-related (Atg)8
protein and its mammalian homologues of the light chain 3 (LC3) and γ-aminobutyric acid receptor
associated proteins (GABARAP) families have been key for the tremendous expansion of our
knowledge about autophagy, a process in which cytoplasmic material become targeted for lysosomal
degradation. These proteins are ubiquitin-like proteins that become directly conjugated to a lipid in
the autophagy membrane upon induction of autophagy, thus providing a marker of the pathway,
allowing studies of autophagosome biogenesis and maturation. Moreover, the ATG8 proteins function
to recruit components of the core autophagy machinery as well as cargo for selective degradation.
Importantly, comprehensive structural and biochemical in vitro studies of the machinery required
for ATG8 protein lipidation, as well as their genetic manipulation in various model organisms, have
provided novel insight into the molecular mechanisms and pathophysiological roles of the mATG8
proteins. Recently, it has become evident that the ATG8 proteins and their conjugation machinery are
also involved in intracellular pathways and processes not related to autophagy. This review focuses
on the molecular functions of ATG8 proteins and their conjugation machinery in autophagy and other
pathways, as well as their links to disease.
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1. Introduction

Autophagy is crucial for the normal development of cells and organs, and its malfunction is linked
to several human diseases. Macroautophagy (hereafter referred to as autophagy) is tightly regulated
by several evolutionary conserved autophagy-related (ATG) proteins and involves sequestration of
cytoplasmic material into a double-membrane autophagosome that fuses with the lysosome to allow
cargo degradation (Figure 1). Autophagy is crucial for cell survival upon metabolic stress and for
cell homeostasis by removal of dangerous cellular components, including dysfunctional organelles,
intracellular microbes, and pathogenic proteins [1,2].
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Figure 1. Overview of conventional and several non-conventional pathways where autophagy-related
(ATG)8 proteins and their conjugation machinery are utilized. Briefly, ATG8 protein conjugation is
important during macroautophagy where it facilitates cargo recruitment, closure of the autophagosome
and degradation of the inner membrane. ATG8 proteins and their machinery are also shown to
affect protein secretion, including regulated secretion (Lysozyme, Glut4), Golgi-bypass secretion
(CFTR), and secretory autophagy, which includes secretion of cytosolic interleukin 1 beta (IL-1β)
and insulin-degrading enzyme (IDE). ATG8 proteins are found to be important for maturation of
compartments following light chain 3 (LC3)-associated phagocytosis (LAP), entosis, micropinocytosis,
and LC3-associated endocytosis (LANDO). Core components of the conjugation machinery have further
been implicated in endosomal microautophagy and exosome release.

The molecular machinery involved in regulation of autophagy was initially discovered in yeast
screens for survival upon nitrogen starvation and is largely conserved from yeast to man [3]. Several
core ATG proteins form multi-subunit complexes, including i) the ATG1/Unc-51 like Kinase (ULK)
complex, ii) the Vps34/class III phosphatidylinositol 3-phosphate kinase complex (PIK3C3) generating
phosphatidylinositol 3-phosphate (PtdIns(3)P) at early autophagic structures, iii) the transmembrane
protein ATG9 that shuttles to and from the sites of autophagosome formation and its trafficking
machinery (ATG2 and ATG18/WD-repeat protein interacting with phosphoinositides 4 (WIPI4))
required for lipid transfer, and iv) the ubiquitin-like mammalian ATG8 (mATG8) homologues of the
microtubule-associated protein (MAP1) light chain 3 (LC3) and γ-aminobutyric acid receptor associated
proteins (GABARAP) subfamilies and their conjugation machinery. As this review will primarily focus
on the mATG8 family members and their conjugation machinery, the other core ATG proteins will only
be mentioned when linked to mATG8 function. The cellular and molecular mechanisms of the core
ATG machinery have recently been thoroughly reviewed elsewhere [4,5].



Cells 2019, 8, 973 3 of 33

Most ATG proteins are involved in the early stage of autophagosome formation and are themselves
not degraded by autophagy. In contrast, the ATG8 proteins become directly conjugated to the
lipid phosphatidylethanolamine (PE) in the autophagic membranes and remain bound throughout
the pathway [6,7]. ATG8 proteins have therefore been the most widely used markers to study
autophagosome biogenesis and trafficking [8]. Several studies have also addressed the cellular and
pathophysiological importance of mATG8 conjugation to autophagy membranes. Pioneer studies in
mice lacking ATG8 conjugation machinery components show that mATG8 lipidation, and autophagy,
is important for neonatal survival and that tissue-specific knock-out (KO) of components of the
conjugation machinery in adult mice can cause disease, including cancer and neurodegeneration, the
latter caused by accumulation of protein aggregates in the mouse brain [9,10]. The main function
of LC3 and GABARAP proteins in autophagy seems to be recruitment and scaffolding of proteins
containing a so-called LC3-interacting region (LIR) (referred to as Atg8 Interaction Motif (AIM) in
yeast). Some LIR-containing proteins facilitate autophagosome biogenesis (e.g., members of the ULK1
complex), while other LIR-containing proteins function as cargo-receptors to mediate specific targeting
of cargo during selective autophagy [11]. Recently, it has however become evident that LC3/GABARAP
proteins and members of their conjugation machinery also play a role in other membrane trafficking
and signaling pathways. In this review we will discuss the role of mATG8 family members and their
conjugation machinery in autophagy and other cellular pathways, as well as their roles in health
and disease.

2. ATG8 Proteins and Their Conjugation Machinery

While there is only one Atg8 protein in yeast, the human ATG8 proteins are encoded by
seven genes grouped into the LC3 (LC3A, LC3B, LC3B2, and LC3C) and GABARAP (GABARAP,
GABARAPL1, GABARAPL2 (also called GATE-16)) subfamilies. While some animal lineages have
lost members of the ATG8 family, many plants have gained genes encoding ATG8 proteins and can
express more than ten different ATG8 proteins [12]. ATG8 proteins are members of the family of
small ubiquitin-like modifier (UBL) proteins and contain in addition to the common ubiquitin-like
fold two extra N-terminal α-helices [13,14]. The ATG8 proteins become covalently conjugated to
the lipid phosphatidylethanolamine (PE) in a process that involves members of the ATG4 cysteine
protease family and two ubiquitin-like conjugations systems that together regulate the three stages
of LC3/GABARAP membrane conjugation; priming, PE-conjugation and de-lipidation (described in
detail below and in Figure 2A,B).
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Figure 2. Cont.
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Figure 2. (A) Mechanisms and interactions (protein and membrane) of core autophagy components
required for priming, lipidation and de-lipidation of ATG8 proteins during starvation-induced
autophagy are illustrated. The illustration also includes the conjugation of ATG12 to ATG5 as
well as the less commonly reported conjugation of ATG12 to ATG3 (shaded), which serves its purpose
outside of autophagy. Key interactions are numbered and shown in greater detail in (B). (B) ATG3
interacts with ATG7 and ATG12 through motifs located in a flexible region (aa 88–192), these motifs are
referred to as RIA7 (1) and RIA12 (2) respectively. An amphipathic helix in the very N-terminal end of
ATG3 (aa 1–26) provides membrane binding essential for lipidation of ATG8 proteins (6). G140 of ATG12
is conjugated to K130 of ATG5 (3) or K243 of ATG3 (10). It is proposed that V62 and W139 of ATG12 (5)
serves as a LIR motif to secure the complex to the membrane of an autophagosome during lipidation.
ATG16L1 interacts with ATG5 through its N-terminal helix (aa 13–28) (4). Membrane interaction of
ATG16L1 is achieved through multiple interactions; an amphipathic helix near the N-terminal end
provide membrane binding and is required for ATG8 lipidation (7), conserved residues in the coiled-coil
domain together with its interaction with the phosphatidylinositol 3-phosphate (PtdIns(3)P) effector
protein WIPI2 (8) provide binding to PtdIns(3)P and membrane binding through the β-isoform specific
insert is important for ATG8 protein lipidation to damaged endosomes/lysosomes. The β-isoform
specific insert is a highly post-translationally modified area in ATG16L1 and includes a confirmed
phosphorylation site for ULK1 on S278. ATG4B interacts with ATG8 proteins through its catalytic core
(CC) and an N-terminal and a C-terminal LC3-interacting region (LIR) (9).
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2.1. Priming by ATG4 Cysteine Proteases

Newly synthesized pro-LC3 and pro-GABARAP proteins are recognized by ATG4 proteases that
cleave their C-terminus to allow exposure of a free C-terminal glycine residue, which then becomes
covalently attached to PE [15,16]. The processed forms of LC3/GABARAP proteins are referred to as
LC3-I/GABARAP-I, while the PE-conjugated proteins are termed LC3-II/GABARAP-II (Figure 2A).
There are four human ATG4 proteins (ATG4A, ATG4B, ATG4C, ATG4D) all shown to be able to cleave
LC3/GABARAP proteins, but with different specificity towards the various LC3 and GABARAP family
members as well as their presence as soluble or conjugated proteins [15,17–20] (Table 1). ATG4A
and ATG4B have the closest pair-wise sequence identity and seem to facilitate both priming and
de-lipidation of LC3 and GABARAP proteins. In contrast, ATG4C and ATG4D, which are more similar
to each other than to ATG4A/B, appear to be specific for the de-lipidation of LC3/GABARAP proteins
(described below) [18,19]. Rescue of mutant yeast strains lacking Atg4 by human ATG4 indicate that
ATG4-mediated processing of ATG8 is evolutionarily conserved [18]. It is also interesting to note that
unprocessed forms of mammalian and yeast ATG8 proteins normally do not accumulate even when
ATG4 levels are diminished by protein knockdown or drug treatment [21,22], indicating that this step
is tightly regulated. Further studies are however needed to unravel the mechanisms underlying such
regulation of LC3 and GABARAP protein levels.

Table 1. Known interactions and functions of the core ATG8 conjugation machinery proteins during
priming, lipidation/conjugation and de-lipidation.

Protein Main Function Interactions or Site-Specific
Actions

Residues Important for Interaction or
Function Refrences

ATG7 E1 like enzyme ATG3 R246D, W243A [23]

mATG8 Catalytic cysteine: C572 [24]

ATG3 E2 like enzyme

ATG7 RIA7: aa 157–181 [23]

ATG12
RIA12: aa 140–170 [25]

Direct conjugation: K243 [26]

mATG8 Catalytic cystine: C264 [27]

Membrane Amphipathic helix: aa 1–26 [28]

Caspase cleavage L166, E167, T168, D169 V E170 [29]

ATG10 E2 like enzyme ATG12 Catalytic cysteine: C166 [30]

ATG12
Component of E3
like complex

ATG3
Interaction with flexible region: K54, K72,
and W73 and more [31]

Direct conjugation: G140 [26]

ATG5 Direct conjugation: G140 [32]

mATG8 Potential LIR: V62, W139 [33]

ATG5
Component of E3
like complex

ATG12 Direct conjugation: K130 [32]

ATG16L1 T249, P250, W253, V7, I243, P245, T249,
P250, W253, L258, H241, D10 [34]

ATG16L1
Component of E3
like complex

ATG5 AFIM: W13, I17, L21, R24, Q28 [34]

WIPI2 E226 and E230 [35]

RB1CC1/FIP200 aa 235–241 [35–38]

Membrane
Amphipathic helix: aa 28–44 [39]

PtdIns(3)P interaction: I171, K179 and R193 [40]

β-isoform insert: aa 266–284 [39]

Phagosome recruitment
(LAP)

Required for LAP: F467, K490(Interaction
partner not identified) [41]
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Table 1. Cont.

Protein Main Function Interactions or Site-Specific
Actions

Residues Important for Interaction or
Function Refrences

ATG4A
mATG8 cysteine
proteases

mATG8 LIR: F393, E394, I395, L396 [42]

mATG8-cleavage

Catalytic triad: C77/D279/H281 [43,44]

mATG8-I processing: GABARAP,
GABARAPL1, GABARAPL2 (LC3A and
LC3C not tested)

[15,19,20,
45]

mATG8-II processing: GABARAPL1 and
GABARAPL2 (LC3A not tested) [15,19,46]

ATG4B
mATG8 cysteine
proteases

mATG8
N-terminal LIR: Y8, D9, T10, L11 [47]

C-terminal LIR: F388, E389, I390, L391 [42]

mATG8-cleavage

Catalytic triad: C74, D278 and H280 [48]

mATG8-I processing: LC3B, LC3C,
GABARAP, GABARAPL1, GABARAPL2
(LC3A not tested)

[15,19,45,
46]

mATG8-II processing: LC3B, GABARAP,
GABARAPL1, GABARAPL2 (LC3A not
tested)

[15,19,46]

ATG4C
mATG8 cysteine
proteases

mATG8-cleavage

Catalytic cystine (prediction):
C111/D345/H347 [49]

mATG8-I processing: No processing shown
(LC3A, LC3C and GABARAP not tested) [19,45]

mATG8-II processing: GABARAPL2
(LC3A, LC3C and GABARAP not tested) [19]

Caspase cleavage D7, E8, V9, D10 V K11 [50]

mATG8-processing post
caspase cleavage (∆ aa 1–10)

mATG8-I processing: No processing shown
(LC3A, LC3C and GABARAP not tested) [19]

mATG8-II processing: LC3B, GABARAPL1,
GABARAPL2 (LC3A, LC3C and
GABARAP not tested)

[19]

Predicted MTS aa 11–40 [51]

ATG4D
mATG8 cysteine
proteases

mATG8-cleavage

Catalytic cystine (prediction):
C134/A356/H358 [49]

mATG8-I processing: (LC3A, LC3C and
GABARAP not tested) [19,45]

mATG8-II processing: (LC3A, LC3C and
GABARAP not tested) [19]

Caspase cleavage D60, E61, V62, D63 V K64 [50]

mATG8-processing post
caspase cleavage (∆ aa 1–63)

mATG8-I processing: (LC3A, LC3C and
GABARAP not tested) [19]

mATG8-II processing: LC3B, GABARAPL2
(LC3A, LC3C and GABARAP not tested) [19]

Predicted MTS aa 64–105 [51]

2.2. LC3/GABARAP Lipidation

The PE-conjugation of LC3 and GABARAP proteins require ATG7 (E1) and ATG3 (E2), as well as
the ATG12–ATG5–ATG16L1 complex (E3). Formation of the latter involves conjugation of ATG12 to
ATG5, in a process mediated by ATG7 (E1) and ATG10 (E2), and further binding of the ATG12–ATG5
conjugate to an ATG16L1 dimer (Figure 2A,B-3,B-4). The various conjugation machinery proteins are
described below.

2.2.1. ATG7

ATG7 is the E1 like activating enzyme enabling both lipidation of ATG8 proteins and conjugation of
ATG12 to ATG5. It is the only enzyme common to both conjugation pathways. The C-terminal domain
of ATG7 is responsible for adenylation of the substrate (LC3/GABARAP or ATG12) by activating the
C-terminal glycine of its substrate using ATP. This is followed by covalent attachment of the activated
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glycine residue to a catalytic cysteine residue in the ATG7 C-terminal through a thioester bond [32]
(Figure 2A, Table 1). Finally, ATG7 promotes transfer of ATG8/ATG12 to the catalytic cysteine of the E2
conjugating enzymes ATG3 and ATG10, respectively. For yeast Atg7 it is shown that the protein forms
a gliding bird-shaped dimeric architecture, through the dimerization of its C-terminal domain and
further interaction of its N-terminal domain with either Atg3 or Atg10 [52–56]. Interestingly, Atg3
binds to one Atg7 and receives Atg8 from the catalytic cysteine of the opposite Atg7 molecule in the
homodimer [53–56]. In the case of LC3 and GABARAP proteins the catalytic cysteine residue of the
E2 enzyme ATG3 replaces that of ATG7, resulting in the transfer of LC3/GABARAP onto ATG3 via a
trans-thioesterification reaction [24,27], while the E2 enzyme ATG10 has a similar role for ATG12 [57]
(Figure 2A).

2.2.2. ATG3

The main function of ATG3 is to assist in membrane conjugation of LC3 and GABARAP proteins.
It does so through its E2-like function and by its direct binding to membranes, thus facilitating close
proximity of LC3/GABARAP proteins to membranes.

The E2 function of ATG3 is mediated by a canonical ubiquitin conjugation domain (ATG3core)
containing a ~100-residue long flexible region (ATG3FR) inserted between β2 and β3 of the ATG3
core [25,58]. The ATG3FR contains a region responsible for interaction with ATG7 (region interacting
with ATG7 (RIA7), aa ~157–181) [23], as well as a region interacting with ATG12 (RIA12, aa ~140–170) [25]
(Figure 2A,B-1,B-2, Table 1). As these regions of interaction overlap at aa 157–170 it is not surprising
that the E1–E2 (ATG7/ATG3) and E2–E3 (ATG3/ATG12–ATG5–ATG16L1) interactions are mutually
exclusive [23,59]. Mutation of RIA7, required for the E1–E2 interaction, was found to severely impact
GABARAP-loading of ATG3 [23], while RIA12 is crucial for recruitment of ATG12 and LC3B-II
production [25]. Interestingly, the interaction between ATG12 and ATG3–RIA12 is structurally similar
to the interaction of ATG8 family proteins with proteins containing a LIR motif [25]. As neither study
included both LC3 and GABARAP proteins, it is likely that RIA7 and RIA12 are equally important
for lipidation of both LC3 and GABARAP proteins. Importantly, the overlapping region favors
interaction with the E3 complex [23], implying that the flow of the reaction cascade is biased towards
the PE conjugation.

Membrane binding of ATG3 is facilitated by an N-terminal amphipathic helix (Figure 2A,B-6,
Table 1), which was found to be important for its activity in LC3/GABARAP lipidation [28]. An
N-terminal amphipathic helix in yeast Atg3 has also been proposed to be important for binding of Atg8
to PE containing membranes [60]. Additionally, positive interfacial lysine residues (located between
the hydrophobic and polar face of the ATG3 amphipathic helix) provides affinity for negatively
charged membranes [61]. Interestingly, in yeast it was found that acetylation of the N-terminal
region of Atg3 promotes its Atg8 interaction and lipidation of Atg8 [62]. This was followed up in a
later study where it was demonstrated that acetylation of Atg3 K19/K48 increases its interaction to
PE-containing liposomes [63]. Whether a similar modification or other post-translation modifications
also regulates the membrane binding affinity of human ATG3 remains to be seen. However, while the
N-terminal amphipathic helix of ATG3 is required for LC3/GABARAP lipidation, in vitro and in vivo
LC3/GABARAP lipidation experiments show that it is not sufficient for LC3/GABARAP lipidation in
the absence of the ATG12–ATG5–ATG16L1 E3 complex [39].

Interestingly, the amphipathic helix of ATG3 is proposed to serve a curvature sensing function, as
its membrane binding requires extensive lipid-packaging defects [28]. Thus, it is tempting to speculate
that ATG3 facilitates ATG8 lipidation specifically at highly curved membranes, as seen at the limiting
edge of the growing phagophore. As ATG8 proteins must be removed from the outer membrane before
the final maturation of the organelle [28,64], continued lipidation on the autophagosome itself would
be non-productive. The discovery that mATG8 proteins also can be conjugated to single membrane
compartments with low curvature, does however indicate that ATG8 lipidation is tightly regulated
through various mechanisms.
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ATG3 is cleaved by caspase-8 in response to treatment with the death ligands Tumor necrosis
factor-alpha (TNF-α) or Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), generating
degradation products that are rapidly degraded by the proteasome [29]. Interestingly, the caspase-8
cleavage site (LETD, aa 166–169) overlaps with the ATG7 and ATG12 interacting region, suggesting
that caspase-8-mediated processing of ATG3 is an efficient way of turning off autophagy under such
pro-apoptotic conditions. Moreover, phosphorylation of ATG3 by protein tyrosine kinase 2 (PTK2) on
Tyr203 upon DNA-damage inducing treatments was found to promote rapid degradation of ATG3 via
an ubiquitin-proteasome-dependent pathway [65]. Prevention of ATG3 degradation during the DNA
damaging process, lead to a significant decrease in cell proliferation in a mitotic catastrophe-dependent
manner [65]. Thus, downregulation of ATG3 levels by posttranslational modifications and caspase
cleavage under various conditions leading to cell death indicates that ATG3 is an important point for
direct regulation of LC3/GABARAP lipidation and autophagy.

2.2.3. The ATG12–ATG5–ATG16L1 E3-Like Complex

The main roles of the ATG12–ATG5–ATG16L1 E3-like complex in ATG8 lipidation is assumed
to be membrane recruitment and activation of ATG3 to allow transfer of ATG8 proteins to their
PE substrate [25,33,39,66–69]. ATG16L1 seem to specify the site of ATG8 lipidation [68], which is
likely mediated by its interaction with specific membrane-bound proteins, including the PtdIns(3)P
effector WIPI2b [35], the ULK1 complex component FAK family kinase-interacting protein of 200 kDa
(FIP200) [36] and ubiquitin [37].

ATG12 Conjugation

ATG12 is an ubiquitin-like protein that is closest to the ATG8 family within the ubiquitin like
protein kingdom [70]. To produce a functional E3-like complex the C-terminal glycine of ATG12 is
conjugated to K130 of ATG5 in a process that requires the E1 ATG7 and the E2 enzyme ATG10 [32,71]
(Figure 2A,B-3, Table 1). The ATG12–ATG5 conjugate then interacts with a dimer of ATG16L1 to
facilitate membrane conjugation of LC3 and GABARAP proteins [66] (Figure 2A,B-4). Interestingly,
some parasites and yeast species lack both ATG10 and the C-terminal glycine of ATG12 and instead
form a non-covalent ATG12–ATG5 complex, which retains the ability to facilitate ATG8 lipidation [72].

It has also been reported that ATG12 can be directly conjugated to K243 of ATG3 in a process
that requires the E1 ATG7 and the autocatalytic E2 activity of ATG3 (Figure 2A,B-10, Table 1) [26].
The ATG12–ATG3 conjugate is not required for starvation-induced autophagy, but rather display
effects on mitochondrial mass and mitochondrial cell death pathways. Furthermore, the ATG3–ATG12
conjugate interacts with ALG-2-interacting protein X (ALIX, also known as PDCD6IP), affecting
multivesicular body (MVB) distribution, exosome biogenesis and viral budding [73] (Figure 1). There
is no de-conjugation enzyme for ATG12, thus conjugates are stable.

The ATG12–ATG5 Conjugate

Structural and mutational analyses suggest that both ATG12 and ATG5 are directly involved in the
E3 activity of the complex through residues that are assembled into a continuous surface patch upon
formation of the ATG12–ATG5 conjugate [31]. This patch contains the conjugation site and C-terminal
residues of ATG12, including A138, W139, and G140. Other residues such as V62, G63, L92, Q106, and
S107, located on various segments of ATG12, and the ATG5 residues K138, N143, M145, Q146, H150,
and I168 also participate in this patch [31]. Moreover, a non-canonical AIM in yeast Atg12 is required
for binding to Atg8 and scaffold formation by the Atg12–Atg5–Atg16 complex on phagophores [33].
This motif may correspond to W139 and V62 in human ATG12, but any functional role of this in human
proteins remains to be studied (Figure 2A,B-5, Table 1).

In addition to the interaction with ATG16L1 and the essential E3-like function in membrane
conjugation of LC3/GABARAP proteins, the ATG12–ATG5 conjugate has been found to
interact with the lysosomal located tectonic β-propeller repeat containing 1 (TECPR1), which
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regulate autophagosome–lysosome fusion and is important for targeting bacterial pathogens for
autophagy [74,75]. Binding of ATG5 to TECPR1 is mutually exclusive to its binding to ATG16L1,
as both TECPR1 and ATG16L1 bind the same site in ATG5 [34,74]. Interestingly, the ATG12–ATG5
interacting region (AIR) of TECPR1 normally conceals a Pleckstrin homology (PH) domain in TECPR1
that is exposed upon its interaction with ATG5, leading to binding of the PH domain to PtdIns(3)P [74].
Thus, ATG5 seems to regulate several steps of the autophagy pathway, however the mechanisms
underlying the selectivity of ATG12–ATG5 binding to either ATG16L1 or TECPR1 in time and space
are not know.

ATG16L1

While ATG16L1 is dispensable for the conjugation of ATG12 to ATG5, its binding to the conjugate
and dimerization is essential for lipidation of ATG8 proteins [76,77].

Two crystal structures of the ATG12–ATG5 conjugate bound to a small N-terminal part of
ATG16L1 (aa 1–43 or aa 1–69) exist [31,34]. These show that ATG16L111–43 interacts with a surface
of ATG5, consisting of two ubiquitin-like fold domains (referred to as UFD-1 and UFD-2), in an
α-helical conformation with a slight kink in the middle [31] (Figure 2A,B-4). ATG12 binds to the
opposite side of ATG5 compared to ATG16L111–43, and no contacts between ATG12 and ATG16L111–43

are seen [31]. The interaction between ATG5 and ATG16L1 is mainly mediated by the ATG5
(Five)-Interacting Motif (AFIM) in ATG16L1 stretching from aa 13–28, although the remaining part of
the helix also seems to contribute to its interaction with ATG5 (Figure 2B-4, Table 1). The C-terminal
portion of ATG16L11–69 contains several hydrophobic residues situated toward the interface with
ATG5, such as F32, I36, T39, and L43 and it was found that these hydrophobic amino acids allow
formation of a crystallographic homodimer [34]. The formation of a dimer in solution was further
verified by size exclusion chromatography plus multi-angle light scattering (SEC-MALS) analysis of
ATG5–ATG16L11–69. Thus, the N-terminal helix of human ATG16L1 is both sufficient for interaction
with ATG5 and for self-dimerization, even without the middle coiled-coil region.

Interestingly, we recently found that when the hydrophobic amino acids of the second part of
the ATG16L1 N-terminal helix region (referred to as helix 2, aa 29–46) were exposed to liposomes,
they provide membrane binding as an amphipathic helix [39] (Figure 2B-7, Table 1). This membrane
interaction is not required for recruitment of the E3 ligase complex to membranes in vivo, but is essential
for efficient LC3/GABARAP lipidation both in vitro and in vivo. Thus, it is likely that membrane
binding by ATG16L1 helix 2 positions and stabilizes the other members of the conjugation machinery
in close proximity to the membrane surface to allow lipidation to occur. This could be facilitated by
the combined membrane binding affinity of the ATG3 and ATG16L1 amphipathic helices or by the
assembly of oligomeric ATG12–ATG5–ATG16L1 structures, which upon membrane insertion of helix 2
could cause membrane deformations so that ATG3 can insert its amphipathic helix.

Membrane recruitment of ATG16L1 is also facilitated by its binding to WIPI2b (where mutation of
ATG16L1 E226 and E230 abolish the interaction) [35] and FIP200 (aa 239–246) [36–38] (Figure 2B-8,
Table 1). The coiled-coil domain of ATG16L1 (aa 78–230) provides dimerization of the full length
protein [76], and harbor a binding site for Ras-related protein Rab-33B (RAB33b, aa 200–265) [78] as well
as residues (I171, K179, and R193) that seem to be important for recruitment of PtdIns(3)P containing
liposomes to ATG16L1-coated beads (Figure 2B-8, Table 1) [40]. The linker region connecting the
coiled-coil domain to the C-terminal WD40 repeats defines the difference between the two isoforms
of ATG16L1 found in humans, the α and β isoform. The α isoform lacks an exon compared to the β

isoform and are thus missing aa 266–284 of the β isoform. Also, a γ isoform has been found in mice,
having a 16 amino acid insert after aa 284 of ATG16L1 β. Interestingly, the β isoform specific region (aa
266–284) is highly phosphorylated (phosphosite), where S278 has been verified as a substrate for the
ULK1 kinase in response to infection or starvation [79] (Figure 2B). Moreover, this region was shown
to bind membrane in vitro and to be important for localization of ATG16L1β to swollen endosomes in
cells [39].
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The C-terminal WD domain of ATG16L1 is not found in yeast Atg16 and is thus dispensable
for conventional autophagy. However, this part of ATG16L1 is required for lipidation of LC3
to single- membrane compartments in other processes than autophagy, including LC3-associated
phagocytosis (LAP) and LC3 lipidation to perturbed endosomes in response to various drugs possessing
lysosomotrophic or ionophore properties [39,41] (described in more detail below). During LAP, this
domain seems to facilitate recruitment of ATG16L1 through a direct interaction with ubiquitin [37].
Interestingly, the residues F467 and K490, contained within a pocket on the top of the WD domain, are
important for such non-canonical roles of ATG16L1 [41] (Table 1), but any specific interaction partners
are yet to be discovered.

It is interesting to note that the ATG12–ATG5 conjugate also forms a complex with the ATG16L2
isoform, which shares the same domain structure as ATG16L1, but does not bind to WIPI2b and
is unable to support canonical autophagy [35,80]. As cells lacking ATG16L1 are unable to execute
LAP and LC3 lipidation at swollen endosomes [39,41] it is unlikely that ATG16L2 can substitute for
ATG16L1 in lipidation of LC3 to single membrane structures. It will be exciting to learn the function of
the ATG12–ATG5–ATG16L2 complex.

2.3. LC3/GABARAP De-Lipidation

LC3/GABARAP proteins conjugated to the outer autophagosome membrane are removed by
ATG4-mediated cleavage before fusion with the endo-lysosomal pathway [64,81]. LC3 positive
autophagic membranes formed during starvation are known to persist for approximately 10–20 min
after LC3 starts to associate with these structures [6,82,83]. During this time, LC3/GABARAP bound to
the outer membrane are important for transport and maturation of autophagosomes by binding to
different LIR-containing proteins, e.g., FYVE and coiled-coil domain-containing protein 1 (FYCO1) that
facilitates interaction of autophagosomes to microtubule plus-end directed motors [84] and the PH
domain containing protein family member 1 (PLEKHM1), which mediates fusion of autophagosomes
to lysosomes [85]. LC3/GABARAP de-lipidation must therefore be tightly regulated in time and/or
space to prevent their premature removal.

Exactly how ATG8 proteins are allowed to stay on the membrane until their job is done is not
known. It has been proposed that an elevated level of reactive oxygen species (ROS) is needed
to facilitate the productive assembly of autophagosomes by suppressing ATG8 de-lipidation at the
autophagosome assembly site. Indeed, it was shown that antioxidants prevent localization of ATG8
proteins to autophagic membranes, which may indicate that ROS, especially H2O2 that accumulate in
cells during starvation, are required for autophagy [86]. In line with this model, ATG4A and ATG4B
contain oxidation-prone cysteine residues in their active sites, which render these proteins sensitive to
ROS [86]. Oxidative stress can also cause direct oxidation of ATG3 and ATG7, which was found to
inhibit their activity in LC3 lipidation [87].

However, basal autophagy appears to occur more or less constitutively in mammalian cells,
and autophagosome formation is not limited to periods of prolonged stress. Thus, insight into how
membrane conjugated LC3 and GABARAP proteins persist long enough to support autophagosome
maturation when ATG4 activity is otherwise normal has been an area of intense investigation.
Recent studies have identified conserved C-terminal LIR motifs in all ATG4 family members. In
addition, ATG4B has a conserved N-terminal LIR that engages a non-substrate LC3 protein in the
co-crystal of the protease and substrate [47] (Table 1). The C-terminal LIR of ATG4B was found
to have two roles; 1) to stabilize the pool of soluble GABARAP-family proteins by preventing
their degradation by an autophagy-independent turnover pathway and 2) to support de-lipidation,
as demonstrated for de-lipidation of GABARAPL1–PE (reduced by a factor of ~4) and LC3B-PE
(completely abolished) [19,42]. Mutation of the ATG4B C-terminal LIR did however not affect
priming of LC3/GABARAP proteins, The N-terminal LIR of ATG4B had no effect on priming and
only a modest effect on de-lipidation with a 2-fold reduction on LC3B–PE and insignificant effect on
GABARAPL1–PE [19].
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Phosphorylation of ATG4B at S383 and S392 was found to increase its hydrolase activity toward
membrane-conjugated LC3 and be important for proper autophagic flux, while LC3B priming seemed
not affected by ATG4B phosphorylation in cells [88]. Interestingly, ULK1 was found to phosphorylate
ATG4B on S316, thereby inhibiting its catalytic activity, while the phosphatase PP2A-PP2R3B could
remove this inhibitory phosphorylation [89]. Thus, a tightly regulated phospho-switch seems to control
the activity of ATG4B and likely of other ATG4 proteins.

ATG4C and ATG4D are unable to mediate priming of any tested ATG8 proteins, but ATG4C
display a modest ability to de-lipidate GABARAPL2 [19]. The general lack of activity of ATG4C and
ATG4D towards LC3 and GABARAP proteins is consistent with work suggesting that these proteases
are ordinarily maintained in an auto-inhibited state by the presence of an amino-terminal inhibitory
domain [19,50]. This domain can be removed by caspase cleavage at a conserved DEVD motif present
in both proteins [50]. Indeed, “activated” ATG4C and ATG4D proteins gain activity, but only towards
the lipidated form of LC3/GABARAP proteins. Thus, ATG4C and ATG4D are de-lipidation-specific
enzymes [19].

Caspase cleavage of ATG4C and ATG4D also expose a mitochondrial targeting sequence (MTS) at
their N-terminal region, as shown by the ability of the N-terminal 30–40 aa to target green fluorescent
protein (GFP) to mitochondria [50,51] (Table 1). The mitochondria localized ATG4D was protected
from proteinase K, indicating it is imported into the mitochondria [51]. Additional cleavage of the
ATG4D MLS by mitochondria metalloproteinases caused a further truncated product, but it should
however be noted that expression of a caspase-resistant ATG4D mutant (DEVD mutated to DEVA)
gave a protein of similar size, in addition to the normal full length version, indicating that caspase
cleavage of ATG4D may not be necessary for import into mitochondria and subsequent processing [51].

ATG4 activity can also be regulated by modulation of ATG4 protein levels. Both ATG4A and
ATG4B was found to undergo calpain 1 cleavage [90] and the level of ATG4B to be regulated by
Ring finger protein 5 (RNF5)-mediated ubiquitination and degradation [91]. In line with a decreased
activity of ATG4B causing increased autophagy, RNF5 deficient mice were more resistant to group A
Streptococcus infection, a known cargo for selective autophagy [91].

3. Role of LC3/GABARAP Proteins in Autophagy

Atg8 and LC3 were the first specific autophagosome markers described and have been widely
used in the field of autophagy to analyze autophagosome formation and autophagic flux (autophagic
degradation activity), using various microscopy-based methods (e.g., immunofluorescence staining for
endogenous LC3 or quantification of GFP–LC3 structures) or by Western blot analysis of lipidated LC3
(as LC3-II migrates faster than LC3-I). In the absence of other specific autophagy markers, it has been
difficult to investigate the pathway and many studies have concluded about autophagy levels based
on the levels of membrane conjugated LC3 observed. Such conclusions are likely valid in most cases,
but several new discoveries in the field indicate that LC3 should not be used as a general indicator of
autophagy. Most importantly, recent studies have found that autophagosomes can still form in cells
depleted of components of the LC3 conjugation machinery (such as ATG3, ATG5 or ATG7) [92] or of
all LC3 isoforms (LC3A/B/C) [93,94]. Moreover, LC3 positive structures may not be autophagosomes.
As LC3 interacts with ubiquitin-binding autophagy receptors (e.g., p62), it will be recruited to protein
aggregates accumulating in cells with compromised autophagy [8,95]. Another potential pitfall by
using LC3 as a marker for autophagy, is the recently recognized conjugation of LC3 to membranes not
involved in autophagy, including phagosomes and perturbed endosomes (described in more detail
below). Thus, although LC3 is still our best marker for autophagy, it is important to include proper
controls when using it.

3.1. Autophagosome Biogenesis

The soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) protein
syntaxin 17 (STX17) was found to be required for fusion of autophagosomes with the
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endosome/lysosome [96]. Importantly, STX17 localizes to the outer membrane of completed
autophagosomes through a unique C-terminal hairpin structure, providing an explanation as to
why the lysosome does not fuse with early autophagy structures, but also an alternative marker to
study autophagosome formation. Interestingly, only two minutes after recruitment of STX17, small
lysosomes start to fuse with the autophagosomes, which become lysotracker positive, suggesting
acidification of the space between the inner and outer autophagosomal membrane. Approximately
seven minutes later the autophagosomal matrix was entirely acidified, suggesting that the inner
autophagosomal membrane is degraded [92]. When analyzing STX17-positive autophagosome
biogenesis in ATG conjugation-deficient mouse embryonic fibroblasts (MEFs), it was found that
autophagosome-like structures that were able to fuse with lysosomes formed, although at a reduced
rate, but that degradation of the inner autophagosomal membrane was significantly delayed and by
extension also cargo degradation [92]. Thus, the conjugation machinery, and by extension LC3 and
GABARAP proteins, are likely important for efficient closure of the phagophore by fission of the inner
and outer autophagosomal membrane of the phagophore edge.

Another study investigated the functional significance of deleting LC3 and GABARAP subfamily
proteins, either individually (LC3 or GABARAP triple KO (TKO)) or together (LC3/GABARAP hexa
KO) in HeLa cells. In line with the previously described paper, they found that autophagosomes form
in the hexa KO cells, but that they are smaller and unable to fuse with lysosomes [93]. Thus, LC3
and GABARAP proteins are likely important for regulation of autophagosome size, which has also
been suggested in previous studies [82,97–99]. It is not clear whether the apparent different ability
of autophagosomes to fuse with lysosomes found in these two studies are due to use of different
experimental systems or if deletion of all ATG8 homologs have other effects than deletion of critical
conjugation machinery components.

The mechanisms underlying the function of LC3/GABARAP lipidation in autophagosome closure
is not completely understood, but seem to be specific to the GABARAP subfamily. While depletion
of all LC3s had no effect on starvation-induced autophagic flux, this was inhibited by depletion of
all GABARAPs [93,94]. The mechanistic explanation for this is not clear, but it is interesting to note
that several LIR-containing proteins are specific GABARAP interactors [100]. Among those are the
ULK1 kinase and ATG13, a member of the ULK1 complex, and it was found that the LIR motif is
required for starvation-induced association of ULK1 with autophagosomes [101]. Interestingly, a recent
paper identified GABARAP and GABARAPL1 as positive regulators of ULK1 activity and phagophore
formation in response to starvation, while LC3B and LC3C was found to negatively regulate ULK1
activity and phagophore formation [102].

Moreover, it was recently demonstrated that an interaction of ATG2A/ATG2B with GABARAP is
important for phagophore closure [103], in line with the observed accumulation of unclosed autophagic
structures containing several autophagy proteins in cells lacking ATG2 [104–106]. ATG2 is a lipid
transfer protein that seem to tether the tip of the expanding phagophore with the endoplasmic reticulum
(ER) to facilitate lipid transfer and autophagosome biogenesis [107–109]. Recruitment of Atg2/ATG2B
and its binding partner Atg18/WIPI4 to the phagophore was found to require Atg9 [110] and Trafficking
protein particle complex subunit 11 (TRAPPC11) and depletion of TRAPPC11 phenocopied that of
ATG2 deletion [111]. The endosomal sorting complexes required for transport (ESCRT) III components
are also necessary for autophagosome closure [112,113], but their link if any to GABARAP has not been
revealed. LC3 and GABARAP proteins have also been reported to possess membrane tethering and
fusogenic properties [98,114,115]. Whether this is a function required for fission of the phagophore
membrane is still not clear, but it has been proposed that GABARAP proteins could bridge some
portion of the fission pore to facilitate organelle closure. Consistent with such an idea it was shown that
lipidated GABARAPL1 accumulate at sites of high curvature and membrane–membrane apposition,
making the open fission pore of a forming autophagosome an ideal site of function [115].

Membrane recruitment of the specific GABARAP interactor PLEKHM1, which facilitates
autophagosome-lysosome fusion [85,100] was abolished in cells lacking all GABARAPs [93], providing
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an explanation for the lack of autophagosome–lysosome fusion in these cells. Another possible role for
GABARAP in autophagosome maturation is by recruiting the phosphatidylinositol 4-kinase 2-alpha
(PI4K2A) to autophagosomes, leading to generation of PtdIns4P that promotes autophagosome fusion
with the lysosome, likely by recruiting elements of the membrane docking and fusion machinery [116].
Using an electron microscopy technique that labels PtdIns4P on the freeze-fracture replica of intracellular
biological membranes, it was found that PtdIns4P localizes on the cytoplasmic, but not the luminal
leaflet of both the inner and outer autophagosome membrane [117]. Moreover, PtdIns4P colocalizes
with the late endosomal RAB7, a binding partner of PLEKHM1, further suggesting an important role
of GABARAP in coordination of autophagosome-lysosome fusion events.

3.2. Selective Autophagy

So, what is the function of the LC3 isoforms? Interestingly, while starvation-induced autophagy
and E3 ubiquitin-protein ligase parkin (PRKN) mediated mitophagy seem to occur independently
of LC3 subfamily proteins, basal autophagy was reduced in the HeLa LC3 TKO, as evident by an
accumulation of the autophagy receptor p62/Sequestosome 1 (SQSTM1). It should however be noted
that the effect on starvation-induced autophagy and mitophagy was greater in the hexa KO cells than in
the GBRP TKOs, suggesting that LC3s can partially compensate for the lack of GABARAPs. Moreover,
all GABARAP isoforms (GABARAP, GABARAP-L1, GABARAP-L2) were able to rescue autophagy in
hexa KO cells [93], suggesting these proteins are redundant.

Basal autophagy is defined as the level of autophagy seen under normal, non-induced conditions
and serves an important house-keeping function by removal of damaged or dysfunctional organelles and
cellular proteins. Such selective turnover of specific cargo is generally referred to as selective autophagy,
in contrast to the seemingly “random” or “bulk” uptake attributed to starvation-induced autophagy.
Cargo for selective autophagy can range from specific proteins, such as fatty acid synthase [118] and
ferritin [119], poly-carbohydrates such as glycogen [120] or multi-protein aggregates [121], to parts of
organelles as the ER and up to entire organelles such as mitochondria [122] or invading pathogens [2].

Selective autophagy depends on autophagy receptors, which are cargo-binding proteins that
bind to LC3/GABARAP proteins via a LIR and get themselves degraded within lysosomes together
with the cargo [123]. Yeast Atg19 was the first autophagy receptor identified, being important for
selective targeting of a precursor form of protein aminopeptidase I (prAPI) to the vacuole in a process
referred to as the cytoplasm-to-vacuole (Cvt) pathway [124–126]. Although autophagy receptors
were originally identified as cytosolic proteins, such as p62, Next to BRCA1 gene 1 protein (NBR1) or
Nuclear dot protein 52 (NDP52) binding to ubiquitinated cargo, it was later found that cargo-specific
membrane-bound proteins also can function as autophagy receptors, including proteins in mitochondria
(BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3), BCL2/adenovirus E1B 19 kDa
protein-interacting protein 3-like (BNIP3L) and FUN14 domain-containing protein 1 (FUNDC1)) [122]
and the ER (Family with sequence similarity 134 member B (FAM134b), Reticulon-3 (RTN3), cell-cycle
progression gene 1 (CCPG1) and Testis-expressed protein 264 (TEX264)) [127]. Thus, autophagy
receptors can either facilitate cargo degradation by mediating interaction between a cargo protein
(often ubiquitinated) and LC3/GABARAP in the autophagosomal membrane or by direct recruitment
of LC3/GABARAP to the cargo.

Consequently, an important function for membrane conjugated LC3 and GABARAP is to act
as attachment points for various receptor proteins. A landmark study from 2010 identified the
interactome of all LC3 and GABARAP proteins, which was found to comprise 67 proteins [128].
Many of these proteins have later been found to contain a LIR, which is typically composed of a
core W/F/Y-x1-x2-L/V/I motif, where the respective aromatic and hydrophobic amino acids interact
with two hydrophobic pockets on the LC3/GABARAP proteins [11,129]. Many proteins have acidic
residues N-terminal to the core motif, which seem to increase the affinity of their interaction with
LC3/GABARAP [11]. Interestingly, not all LIR motifs contain acidic residues at the start, and it has
been found that many LIRs instead have a phosphorylatable residue upstream of the core LIR residues
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that upon phosphorylation introduces a negative charge akin to an acidic residue that can enhance
binding to the basic (R10/R11/K51) patch in LC3 [130]. This was first revealed for the receptor protein
optineurin (OPTN) that becomes phosphorylated by the kinase TANK-binding kinase 1 (TBK1) in
response to cellular Salmonella infection and it was shown that preventing this phosphorylation reduced
the efficiency of LC3 targeting to invading bacteria [131,132]. The concept of LIR phosphorylation has
also been observed with the mitophagy receptors BNIP3L, FUNDC1 and BNIP3 [133–136]. BNIP3L
contains two serine residues upstream of the LIR motif (NSSWVEL), which when phosphorylated
enhances LC3B binding affinity up to 100-fold [133].

Since the initial identification of the LIR it has become clear that certain residues in the core
LIR motif confer specificity towards various LC3/GABARAP subfamilies or subfamily members.
Interestingly, most autophagy receptors possess an LIR motif which allows their direct binding to LC3.
In contrast, most autophagy adaptor proteins, which are important for autophagy, but not degraded by
autophagy, have GABARAP-specific LIRs. Thus, LC3 proteins are believed to be particularly important
for recruitment of cargo upon selective autophagy. To be able to further analyze the localization
and function of the different endogenous LC3/GABARAP proteins, specific fluorescence-based ATG8
sensors have been developed [137,138]. Such sensors are based on the different LIR- peptide specificities
of the various LC3 and GABARAP proteins and will likely provide novel insight into the cellular
localization of these proteins.

The simple linear model of selective autophagy, in which cargo-specific receptors facilitate
recruitment of LC3-containing phagophores to facilitate sequestration of the cargo into autophagosomes,
has recently been challenged by several elegant studies showing that receptor proteins, as p62 and
NDP52, rather recruit the ULK1 complex to initiate de novo phagophore formation directly at the
cargo, independently of LC3 [139–141]. p62 and NDP52 were found to interact directly with the
ULK1 complex subunit FIP200 to facilitate cargo-recruitment of the ULK1 complex, which again led to
recruitment of other core ATG proteins and de novo phagophore formation. This binding seems to be
regulated by phosphorylation of the receptors, TBK1 in the case of NDP52 [140,141]. Interestingly, the
interaction of p62 with FIP200 was outcompeted by LC3B [139], suggesting a sequential and directional
order of p62 binding partners during phagophore formation in selective autophagy. In line with
such a de novo model of phagophore formation, LC3/GABARAP proteins were found to be recruited
to damaged mitochondria independent of their binding to autophagy receptors further facilitating
ubiquitin-independent recruitment of OPTN and NDP52 to growing phagophore membranes via the LIR
motif, which again would amplify PTEN-induced putative kinase protein 1 (PINK1)/PRKN-dependent
mitophagy [142]. Thus, de novo building of the phagophore around a specific cargo seems to involve an
intricate and highly regulated network of protein interactions, including a LC3/GABARAP-dependent
positive feedback loop. It still remains elusive where the lipids/membranes for such cargo-specific
phagophore formation come from and whether the mechanisms of phagophore formation differ from
starvation-induced autophagy. The origin of the phagophore membrane and the mechanisms involved
in autophagosome biogenesis have been extensively described in several other review articles (for
recent reviews see e.g., [5,143]) and will not be further discussed here.

3.3. Regulation of LC3/GABARAP Proteins

Several post-translational modifications of LC3B have been identified. Acetylation of K49 and
K51 seem to mediate LC3B localization to the nucleus, as deacetylation of these residues was found to
facilitate nuclear export and the function of LC3B in autophagy [144]. Interestingly, phosphorylation
of LC3B S12 appears to negatively regulate its function in autophagy, as inducers of autophagy caused
dephosphorylation of endogenous LC3 and a non-phosphorylatable S12A mutant exhibited enhanced
puncta formation [145]. Although not yet demonstrated, it is possible that phosphorylation of LC3B
S12 prevents its interaction with LIR-containing proteins, as acidic residues upstream of the LIR motif
bind the positively charged R10/R11 residues in LC3B. The mechanisms involved in regulation of
LC3B S12 phosphorylation need to be further elucidated, but it was demonstrated that while protein
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kinase A (PKA) could phosphorylate LC3B S12 [145], the mitogen-activated protein (MAP) kinase
MAPK15/ERK8 reduced S12 phosphorylation and stimulated LC3B lipidation [146]. Recently, it was
shown that TBK1 also phosphorylates several LC3 and GABARAP subfamily proteins, except LC3B
and GABARAP, and further investigation revealed that TBK1 indeed can regulate autophagy by
phosphorylating LC3C on S93 and S96 and GABARAPL2 on S87 and S88 [46]. These phosphorylation
events impede de-lipidation of LC3C and GABARAPL2 by ATG4A and ATG4B, thus protecting them
from premature removal from forming autophagosomes [46]. Thus, post-translational modifications of
LC3/GABARAP proteins seem to regulate their function in autophagy and provide directionality for
autophagosome maturation.

4. Non-Conventional Roles of ATG8s and Their Conjugation Machinery

In this review we use the phrasing “non-conventional roles” to describe non-autophagic roles
of ATG8 proteins and their conjugation machinery in the cell. Although the term non-canonical
autophagy is often applied to such alternative functions of LC3/GABARAP proteins, non-canonical
autophagy is also used to describe autophagic degradation in the absence of various core ATG proteins,
including the autophagic conjugation machinery [147].

4.1. Lipidation of ATG8s to Single-Membrane Compartments

During canonical autophagy, ATG8 proteins are conjugated to PE in the double-membrane
autophagosome. However, ATG8 proteins can also be conjugated to various single-membrane
compartments in response to different stimuli. The function(s) of ATG8 proteins on single membranes
are however generally unclear.

A common feature of non-conventional LC3/GABARAP lipidation on single-membranes seems
to be that it can occur independently of nutrient status and upstream regulators of autophagy,
including components of the ULK1 complex and the ATG14L-containing Vps34/PIK3C3 complex
1, although it generally requires the conjugation machinery [148,149]. Remarkably, while canonical
autophagy can occur independently of the C-terminal WD domain of ATG16L1, this domain
seems essential for LC3/GABARAP lipidation to single-layered membranes [39,41]. Examples of
LC3/GABARAP lipidation to single membranes include translocation of LC3 to damaged Golgi
membranes [150], relocation of LC3 to vesicles in the endo-lysosomal system following various
endocytic engulfment events, such as LC3-associated endocytosis (LANDO) [151], entosis (live-cell
cannibalism) [149,152], micropinocytosis [41,149], and phagocytosis (referred to as LC3-associated
phagocytosis, LAP) [153–156] (Figure 1). It has been proposed that LC3 lipidation promotes maturation
of phagosomes during LAP, but the underlying molecular mechanisms are not clear [148,149].

4.2. Induction of Non-Conventional ATG8 Protein Lipidation

ROS production was found to be a prerequisite for LC3 lipidation to the phagosomal membrane
during LAP [148]. The nicotamide adenine dinucleotide phosphate (NADPH) oxidase-2 (NOX2)
complex was stabilized by PtdIns(3)P, leading to generation of ROS for ATG8 recruitment to the
phagosome [148]. The PtdIns(3)P in turn was produced by the PI3KC3 complex II, containing UV
radiation resistance-associated gene protein (UVRAG) and Rubicon, but not ATG14L and Activating
molecule in BECN1-regulated autophagy protein 1 (AMBRA1) [148]. The question then is how
do ROS cause LC3 lipidation during LAP? Interestingly, ROS accumulation in phagosomes alters
transmembrane ionic balances and promotes water influx [157], effects that have been shown to cause
non-conventional LC3/GABARAP lipidation on other membranes as well [158].

Moreover, several reports on non-conventional LC3/GABARAP pathways focus on the close link
to V-ATPase function [158–160]. It is proposed that the V-ATPase complex actually detects damage
to membrane compartments by sensing changes in the proton gradient, triggering a conformational
change, which results in recruitment of the conjugation machinery to promote LC3/GABARAP
lipidation at the perturbed membrane. Indeed, it was recently shown that the WD domain of ATG16L1



Cells 2019, 8, 973 17 of 33

facilitates an interaction with the V-ATPase upon bacteria-induced vacuolar membrane damage in
Salmonella infected cells, leading to LC3 lipidation on the Salmonella containing vacuole (SCV) and a
reduction in the bacterial burden [159].

4.3. Role of ATG8 Proteins and Their Conjugation Machinery in Secretion and ER Export

The autophagic conjugation machinery has also been implicated in several secretory events,
including von Willebrand factor (vWF) secretion in endothelial cells (ATG5 and ATG7 dependent) [161],
neuropeptide Y (NPY) secretion from neuroendocrine cells (ATG16L1 dependent) [162], mucin 5AC
(MUC5AC) secretion from airway endothelial cells (ATG16L1, ATG5, and ATG14L dependent) [163]
and lysozyme secretion in Paneth cells (ATG16L1 dependent) [164]. Upon Salmonella typhimurium
infection, lysozyme secretion become resistant to Brefeldin A treatment, suggesting it by-passes ER to
Golgi transport [164] (Figure 1). Importantly, these Golgi independent secretory lysozyme granules
become surrounded by a LC3 positive double membrane. Moreover, secretion of lysozyme becomes
sensitive to mutations in ATG16L1 and to treatment with the autophagy inhibitor 3-methyl adenine
(3-MA), corroborating the importance of the autophagy machinery in this non-conventional secretory
pathway. Interestingly, autophagy-dependent secretion of lysozyme does not involve lysosomal
degradation, as treatment with chloroquine, which disrupts lysosomal acidification, has no effect on
lysozyme secretion.

Secretion of leaderless cytoplasmic proteins is often referred to as secretory autophagy as it
utilizes autophagic core components (Figure 1). Substrates include IL-1β [165–167], high-mobility
group box 1 (HMGB1) protein [165,168] and insulin-degrading enzyme (IDE) [169]. IDE is one of the
major proteases of amyloid beta peptide (Aβ), presumed to be a causative molecule in Alzheimer
disease (AD) pathogenesis. Experiments with astrocytes, the main IDE secreting cells, showed that
IDE secretion upon stimulation with amyloid beta peptide required the activity of ATG5, RAB8A,
and Golgi reassembly stacking protein (GORASP). Additionally, autophagic inhibitors like 3-MA
reduced secretion, while rapamycin, an inducer of autophagy, promoted secretion. Secretion of
IL-1β, particularly that from non-immune cells, was found to occur through a similar pathway that
required ATG5, ATG16L1, LC3B, GABARAP, Golgi reassembly-stacking proteins (GRASPs), and
RAB8A with IL-1β found in LC3-positive structures [165–167,170]. The similar requirements found
for secretion of these substrates argues for a common pathway that uses an ”autophagosome-like”
intermediate. However, IL-1β can also be secreted through Gasdermin D (GSDMD) pores in the plasma
membrane [171–173]. GSDMD is processed by caspase during inflammation, generating a truncated
product that is efficiently recruited to the plasma membrane where it can form a 16-fold-symmetry
pore that allows secretion of IL-1β [171,173]. Recently it was also shown that IL-1β accumulates at
PtdIns(4,5)P2-enriched plasma membrane ruffles, further indicating that IL-1β can be secreted both
through GSDMD-dependent and -independent pathways [174].

Another interesting non-conventional role for ATG8 proteins is the discovery that lipidated LC3C
was required, in cooperation with TECPR2, to maintain functional ER exit sites (ERES) [175]. This
requires a LIR-dependent interaction between TECPR2 and LC3C, thereby providing an anchor for
TECPR2 on endomembranes, allowing it to function as a multifunctional scaffold protein for SEC24D in
an early secretory pathway, acting as a positive regulator of coat protein complex II (COPII)-dependent
ER export [175].

4.4. Role of ATG8 Proteins and Their Conjugation Machinery in Endosomal Microautophagy

Recently, a starvation-induced response referred to as endosomal microautophagy was found to
cause the rapid degradation of selected proteins, including autophagy receptors. This pathway involved
sorting of autophagy receptors into the intra-luminal vesicles of MVBs in a process that required the
activity of the ESCRT-III component Charged multivesicular body protein 4b (CHMP4B) and the AAA
ATPase VPS4, but seemed independent of VPS34 and the ULK1 complex [176]. Surprisingly, while ATG7
and ATG5 were dispensable for degradation of NBR1, Tax1-binding protein 1 (TAX1BP1), and Nuclear
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receptor coactivator 4 (NCOA4) through this pathway, endosomal microautophagy of p62 and NDP52
relied on ATG7/ATG5 as well as the LIR motif of p62, suggesting their binding to lipidated ATG8s [176].
It is tempting to propose that the rapid degradation of autophagy receptors by starvation-induced
endosomal microautophagy prevents excessive and harmful selective macroautophagy under such
acute conditions. Endosomal microautophagy was also reported in Drosophila melanogaster (fruit
flies), but in contrast to the process described above it is initiated after prolonged starvation and
targets substrates with a KFERQ motif in a Heat shock 70 kDa protein cognate 4 (Hsc70-4) dependent
manner [177]. This process also requires MVB formation and ESCRT components, but proceeds
independently of Atg5, Atg7 and Atg1 [177].

4.5. Functions of Non-Lipidated ATG8 Proteins

An increasing number of reports highlight functions of nonlipidated ATG8 proteins in processes
not related to autophagy. It was recently shown that yeast Atg8 interacts with the vacuolar integral
membrane protein Hfl1 (Has fused lysosomes 1) through a non-canonical AIM and that deletion of
Hfl1 or Atg8 result in a tubular-shaped vacuole phenotype, which is not seen for Atg8 conjugation
machinery mutants (atg3∆, atg4∆, atg5∆, and atg7∆), demonstrating a function of non-lipidated
Atg8 [178]. Importantly, rescue of the vacuole phenotype specifically requires the interaction between
Atg8 and Hfl1.

Another lipidation-independent role of LC3 was uncovered in ER-associated degradation
(ERAD) [179]. ERAD is a cellular pathway responsible for the turnover of defective polypeptides
in the ER, where unwanted products are retrotranslocated through the dislocon complex into the
cytosol and targeted for proteasomal degradation. It was found that non-lipidated LC3 associates with
ERAD tuning vesicles/EDEMosomes, which are ER derived vesicles that mediate clearance of ERAD
regulators from the ER, including ER degradation-enhancing α-mannosidase-like 1 (EDEM1) and
osteosarcoma amplified 9 (OS9) [179,180]. The role of LC3-I on EDEMosomes is still unclear, however
it was found that Coronaviruses (CoVs) can hijack these vesicles for viral replication and that this
requires LC3-I [180,181]. LC3 depletion inhibited replication of the CoVs Mouse Hepatitis Virus (MHV)
and the equine arteritis virus (EAV), which could readily be reverted by re-introducing non-lipidatable
LC3 to the cells. Moreover, Atg7 was dispensable for viral replication, further confirming a role of
non-lipidated LC3 in EDEMosome-based viral replication.

5. Pathophysiological Roles of ATG8 Conjugation Machinery

Several model organisms have been used to study the pathophysiological roles of autophagy, using
reverse genetic approaches to selectively delete specific core ATG genes. The discoveries made in such
studies have greatly contributed to our understanding of this process in vivo. It is important to point
out that some of the phenotypes seen in Atg8 conjugation-deficient models are different and sometimes
less severe from those seen in model organisms lacking upstream ATG genes (e.g., FIP200, Atg13, Atg9,
Beclin1, and Vps34), which could be due to other functions of the early ATG genes or the conjugation
machinery not being absolutely essential for autophagy [10]. A large amount of in vivo studies have
targeted components of the conjugation machinery in different model organisms (especially depletion
or deletion of ATG5 or Atg7), which have been extensively reviewed elsewhere [2,10,182,183]. We will
here mainly focus on the pioneering studies done in mice models lacking components of the ATG8
conjugation machinery and variants in corresponding human genes linked to disease.

5.1. Conjugation Machinery in Development

Mice lacking components of the Atg8 conjugation machinery (Atg7, Atg3, Atg12, Atg5, and
Atg16L1) are born alive at the expected Mendelian frequency and appear almost normal at birth, but
die within one day after birth [10]. This was initially interpreted as autophagy being dispensable for
normal development, but it was later shown that autophagy plays a critical role in newly fertilized
oocytes [184]. It was demonstrated that oocytes derived from oocyte-specific ATG5 knockout mice
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failed to develop beyond the eight-cell stage when they were fertilized by ATG5-deficient sperm, but
developed normally when fertilized by wild type sperm. Preimplantation autophagy seems to be
important to support a normal rate of protein synthesis, but it could also be important for degradation
of specific proteins or organelles at this stage. Interesting, elegant experiments in Caenorhabditis elegans
early embryos demonstrated that sperm-derived mitochondria are degraded by selective autophagy,
providing an explanation to the specific inheritance of maternal mtDNA [185].

The newborn ATG conjugation machinery-deficient mice that failed to survive the neonatal
starvation period displayed suckling defects and had reduced concentrations of amino acids in
plasma and tissues with signs of energy depletion [10]. Interestingly, ATG5-null mice rescued by
ATG5 expression in neurons were found to successfully suckle milk and survive for several months,
demonstrating that neuronal autophagy is sufficient to maintain energy homeostasis and survival
during early neonatal starvation [186]. However, these mice displayed inflammation in many tissues,
atrophy in some organs and iron-deficiency anemia. Further corroborating the importance of neuronal
autophagy for normal development, mice with neural-specific deletion of ATG5 survived neonatal
starvation, but displayed growth retardation and progressive motor and behavioral deficits, as well
as accumulation of abnormal intracellular protein inclusions [187]. Similar results were obtained in
mice with neuronal specific ATG7 KO [188], showing that continuous autophagy-mediated clearance
of cytosolic proteins prevents the accumulation of abnormal proteins, which can disrupt neural
function and ultimately lead to neurodegeneration even in the absence of any disease-associated
mutant proteins.

5.2. Conjugation Machinery in Disease

To investigate the functional significance of the ATG8 conjugation machinery and autophagy
in adult mice, whole body ATG7 knockout mice was generated by tamoxifen-inducible conditional
deletion of ATG7 in adult mice [189]. These mice showed increased susceptibility to infection,
extensive liver and muscle damage, and died of neurodegeneration two to three months after deleting
ATG7. When subjected to 24 h fasting, these mice displayed extreme muscle wasting and died of
hypoglycaemia, indicating that autophagy is required for glucose homeostasis and prevention of
cachexia during fasting [189].

Several studies in autophagy-deficient Drosophila have confirmed the essential neuroprotective
role of autophagy in adult brain. Flies lacking Atg7 displayed neuronal death, shortened lifespan and
neuronal aggregates [190]. Also, Atg5 mutant flies showed accumulation of protein aggregates in the
brain and were characterized by severe movement disorders [191]. Interestingly, while flies lacking
a functional Atg8a accumulated neuronal aggregates and had a shorter lifespan than control flies,
driving overexpression of Atg8a in adult neurons was sufficient to significantly extend lifespan [192].

In line with an important role of autophagy in prevention of protein aggregation, several mutations
in human ATG7 have been linked to neurodegenerative disease, including a V471A polymorphism
in ATG7 that correlates with an earlier disease onset in Huntington disease populations [193,194].
Moreover, genetic variants were identified in the ATG7 gene promoter of patients with Parkinson’s
disease, suggesting that altered transcriptional activity of ATG7 may be a risk factor [195]. Furthermore,
a causative missense mutation in ATG5 was identified in two siblings with congenital ataxia, mental
retardation, and developmental delay [191].

The role of autophagy in cancer is complicated and diverse. Conditional autophagy-deficient
mouse models develop spontaneous liver tumors [196], indicating that autophagy is important for
the suppression of spontaneous tumorigenesis. However, autophagy may also facilitate growth of
already formed tumors and cause cancer cells to become more resistant to chemotherapy, suggesting
that inhibition of autophagy could be beneficial against cancer. The latter hypothesis was tested in
the above-mentioned whole body tamoxifen-induced ATG7 KO mice model. Importantly, deletion of
ATG7 in mice with pre-existing non-small cell lung cancer (NSCLC) stopped further tumor growth and
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promoted tumor cell death, before the destruction of normal tissues were detected [189], indicating
that transient inhibition of autophagy may be therapeutically beneficial in cancer.

An autophagy- and ATG7-independent role of ATG5 in cancer was recently demonstrated. ATG5
was found to enhance the migration and metastasis of breast cancer cells by regulation of exosome
release [197]. Exosomes are extracellular vesicles that are derived from the intraluminal vesicles of
MVBs when they fuse with the plasma membrane. In contrast to the ATG12–ATG3 conjugate, required
for budding of intraluminal vesicles into MVBs [73], ATG5 did not affect MVB formation. Rather,
ATG5 was found to regulate sorting of the V-ATPase subunit ATP6V1E1 into the intraluminal vesicles
along with LC3, thereby decreasing the acidification of MVB, which promoted exosome release [197].
While LC3-II was detected within exosomes in wild type cells, LC3-I was found in exosomes in ATG7
deficient cells and LC3 was absent from exosomes in ATG5 and ATG16L1 cells, indicating that LC3
lipidation is not a prerequisite for LC3 sorting into exosomes.

5.3. Role of Conjugation Machinery in Immunity

Several studies have demonstrated an important role of autophagy in immunity and inflammation
(for a review see [198,199]). Autophagy is able to fight invading pathogens, but also balances the
activation of the immune system to avoid excessive inflammation. Several genome wide association
studies (GWASs) have identified single nucleotide polymorphisms (SNPs) in ATG5 that seem to
predispose for the autoimmune disease systemic lupus erythematosus (SLE) and lead to increased
ATG5 levels in SLE patients [200–204].

A SNP in ATG16L1 (T300A) is a major risk variant for Crohn’s disease (CD), an inflammatory
bowel disease (IBD). Mice harboring the ATG16L1 T300A mutation exhibit decreased antibacterial
autophagy and abnormal Paneth cell lysozyme granule distribution [205,206]. The T300A mutation is
just adjacent to a caspase 3 cleavage site (aa 296–299) and it was found that the mutation increased
susceptibility for ATG16L1 cleavage [207]. Interestingly, ULK1-mediated phosphorylation of ATG16L1
S278 appears to promote specific cleavage of the ATG16L1 T300A mutant protein, while enhancing the
function of wild type ATG16L1 in xenophagy [79]. As the ULK1 phosphosite (S278) is missing in the
ATG16L1 α isoform (missing aa 266–284 of the β isoform) it is exciting to note that the wild type version
of both ATG16L1 isoforms seemed to be cleaved at similar rates [207], indicating that ULK1-mediated
S278 phosphorylation specifically targets degradation of the CD-associated ATG16L1 T300A variant.
Recently it was reported that cells harboring the ATG16L1 T300A allele were unable to perform
plasma membrane repair in response to membrane damage induced by the Listeria monocytogenes toxin
listeriolysin O, providing a possible explanation for the association of this variant to IBD [208].

As several recent studies have demonstrated autophagy-independent roles of ATG8 proteins
and their conjugation machinery, it will be important to clarify if the developmental and pathological
defects observed in conjugation machinery-deficient mice are caused by dysfunctional autophagy or
linked to autophagy-independent functions of these proteins. The WD domain-containing C-terminus
of ATG16L1 is dispensable for canonical autophagy [209] and in line with this, it was found that mice
lacking this part of Atg16L1 were capable of activating autophagy, but unable to activate LAP [210].
These mice grew at the same rate as littermate controls, were fertile and did not have obvious defects in
liver, kidney, brain or muscle homeostasis, indicating that autophagy maintains tissue homeostasis in
mice independently of LAP [210]. In contrast, when the WIPI2 binding site (E226 and E230) was also
deleted (in addition to the C-terminal WD repeats) the mice appeared defective in both autophagy and
LAP in all tissues, and although they survived post-natal starvation, they were smaller and died around
six months of age. Thus, systemic deletion of conjugation machinery genes is more severe than deletion
of the ATG16L1 [210]. The LAP-deficient mice displayed a significant incapacity of bone marrow
derived dendritic cells (BMDCs) to present exogenous antigens compared to wild-type BMDCs [41].
The mechanisms underlying the role of the ATG16L1 WD domain in LAP remains elusive, but might be
linked to the reported binding of the WD domain of ATG16L1 to Nucleotide-binding oligomerization
domain-containing protein (NOD)-like receptors [211], Mediterranean fever (MEFV)/Tripartite motif
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(TRIM)-containing protein 20 (TRIM20) [212], Transmembrane protein 59 (TMEM59) [213] and Protein
eva-1 homolog A (EVA1A)/TMEM166 [214].

5.4. Pathogen-Mediated Modifications of the ATG8 Conjugation Machinery

Our immune system is constantly challenged by invading pathogens that try to find ways to
escape or inhibit being targeted for degradation. As described above, selective pathogen degradation
(xenophagy), as well as various pathways involving non-conventional roles of ATG8 proteins, are
important for our first line of defense against infection (innate immunity). Thus, many pathogens have
found ways to escape these pathways by inhibiting ATG8 proteins and their conjugation machinery. In
contrast, some pathogens take advantage of the autophagy machinery for their own benefit.

The invasive bacteria Shigella avoids detection by autophagy through secretion of the type III
secretion system (T3SS) effector protein IcsB, which surrounds the bacteria and prevents interaction
of the Shigella protein VirG with ATG5 and subsequent recruitment of autophagy receptors and
LC3 [215,216]. Similarly, the Salmonella T3SS effector SopF blocks autophagy by ADP-ribosylation of
Q124 of the V-ATPase subunit ATP6V0C, blocking recruitment of ATG16L1 to the bacteria-containing
vacuole and subsequent degradation of bacteria by autophagy [159]. Listeria monocytogenes expresses
the actin polymerization inducing protein ActA, preventing its recognition by the autophagy
machinery [217–219]. Interestingly, it also induces mitophagy, which seems to facilitate bacterial
survival by reduction of the level of ROS [220]. The intracellular pathogen Legionella pneumophila
interferes with autophagy by expressing the bacterial effector protein RavZ, which directly deconjugates
lipidated LC3 and GABARAP proteins [221]. RavZ cleaves N-terminal of the carboxyl-terminal glycine
residue, generating non-lipidatable LC3/GABARAP proteins and a novel PE substrate with a glycine
modification. The truncated LC3/GABARAP proteins cannot be further processed by ATG7 and ATG3,
thereby irreversibly inactivating them during infection [221].

While autophagy plays an important anti-viral function, several viruses successfully avoid
autophagy and even hijack the autophagy machinery for their own replication. Influenza A virus
hijacks autophagy via interaction of a LIR in the cytoplasmic tail of its M2 proton channel with LC3,
promoting LC3 localization to the plasma membrane [222]. Mutations in the M2 LIR motif interfere with
filamentous budding and reduce virion stability. Moreover, LC3 relocalization depends on the proton
channel activity of M2 and the WD domain of ATG16L1, suggesting that the LC3 lipidation could be
triggered by loss of cellular pH gradients. Thus, hijacking autophagy probably facilitates transmission
of Influenza A virus infection between organisms by enhancing the stability of viral progeny.

6. Concluding Remarks

The ATG8 proteins have been widely used as markers to study autophagy for two decades and
have been imperative for our understanding of mechanisms involved in regulation and execution of the
pathway. However, their exact function in autophagy are only starting to become clear. We know that
although autophagosomes can form in the absence of lipidated ATG8 proteins, GABARAP proteins
seems to be particularly important for membrane recruitment of core autophagy machinery and for
autophagosome closure, while LC3 proteins may be specifically involved in cargo recruitment. Several
structure–function studies have provided important information about how such specificity is obtained
by binding of LC3 and GABARAP proteins to proteins containing specific LIR motifs. However, the
molecular mechanisms involved in regulation of the localization and function of the different LC3 and
GABARAP proteins in time and space in vivo still remains largely unknown. It is also not clear to
what degree the LC3 and GABARAP subfamilies have specific and/or redundant roles in autophagy.
Another open question is whether the role of LC3/GABARAP proteins in autophagosome biogenesis
differ depending on the autophagy-inducing signal and the presence of cargo or not. Finally, we are
only beginning to understand the non-conventional roles of LC3 and GABARAP proteins in pathways
not related to autophagy. Clearly, the latter will be an important field of research within the near future,
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but it is also important that autophagy researchers keep this in mind when targeting ATG8 proteins or
their conjugation machinery.

Author Contributions: A.H.L. and A.S. both contributed to the planning and writing, as well as design of
the graphics.

Funding: This work was supported by the Research Council of Norway through its Centres of Excellence funding
scheme (project number 262652) and FRIPRO grant (project number 221831) to A.S.

Acknowledgments: We thank Carina V. S. Knudsen for help with the initial design of the figures.

Conflicts of Interest: The authors have no conflict to declare.

References

1. Morishita, H.; Mizushima, N. Diverse cellular roles of autophagy. Annu. Rev. Cell Dev. Biol. 2019. [CrossRef]
[PubMed]

2. Levine, B.; Kroemer, G. Biological functions of autophagy genes: A disease perspective. Cell 2019, 176, 11–42.
[CrossRef] [PubMed]

3. Ohsumi, Y. Historical landmarks of autophagy research. Cell Res. 2014, 24, 9–23. [CrossRef] [PubMed]
4. Yin, Z.; Pascual, C.; Klionsky, D.J. Autophagy: Machinery and regulation. Microb. Cell 2016, 3, 588–596.

[CrossRef] [PubMed]
5. Yu, L.; Chen, Y.; Tooze, S.A. Autophagy pathway: Cellular and molecular mechanisms. Autophagy 2018, 14,

207–215. [CrossRef] [PubMed]
6. Kirisako, T.; Baba, M.; Ishihara, N.; Miyazawa, K.; Ohsumi, M.; Yoshimori, T.; Noda, T.; Ohsumi, Y. Formation

process of autophagosome is traced with Apg8/Aut7p in yeast. J. Cell Biol. 1999, 147, 435–446. [CrossRef]
[PubMed]

7. Kabeya, Y.; Mizushima, N.; Ueno, T.; Yamamoto, A.; Kirisako, T.; Noda, T.; Kominami, E.; Ohsumi, Y.;
Yoshimori, T. LC3, a mammalian homologue of yeast Apg8p, is localized in autophagosome membranes
after processing. EMBO J. 2000, 19, 5720–5728. [CrossRef]

8. Klionsky, D.J.; Abdelmohsen, K.; Abe, A.; Abedin, M.J.; Abeliovich, H.; Acevedo Arozena, A.; Adachi, H.;
Adams, C.M.; Adams, P.D.; Adeli, K.; et al. Guidelines for the use and interpretation of assays for monitoring
autophagy (3rd edition). Autophagy 2016, 12, 1–222. [CrossRef]

9. Mizushima, N.; Komatsu, M. Autophagy: Renovation of cells and tissues. Cell 2011, 147, 728–741. [CrossRef]
10. Kuma, A.; Komatsu, M.; Mizushima, N. Autophagy-monitoring and autophagy-deficient mice. Autophagy

2017, 13, 1619–1628. [CrossRef]
11. Johansen, T.; Lamark, T. Selective Autophagy: ATG8 Family Proteins, LIR Motifs and Cargo Receptors.

J. Mol. Biol. 2019. [CrossRef] [PubMed]
12. Seo, E.; Woo, J.; Park, E.; Bertolani, S.J.; Siegel, J.B.; Choi, D.; Dinesh-Kumar, S.P. Comparative analyses of

ubiquitin-like ATG8 and cysteine protease ATG4 autophagy genes in the plant lineage and cross-kingdom
processing of ATG8 by ATG4. Autophagy 2016, 12, 2054–2068. [CrossRef] [PubMed]

13. Shpilka, T.; Weidberg, H.; Pietrokovski, S.; Elazar, Z. Atg8: An autophagy-related ubiquitin-like protein
family. Genome Biol. 2011, 12, 226. [CrossRef] [PubMed]

14. Jatana, N.; Ascher, D.B.; Pires, D.E.V.; Gokhale, R.S.; Thukral, L. Human LC3 and GABARAP subfamily
members achieve functional specificity via specific structural modulations. Autophagy 2019, 1–17. [CrossRef]
[PubMed]

15. Tanida, I.; Sou, Y.S.; Ezaki, J.; Minematsu-Ikeguchi, N.; Ueno, T.; Kominami, E. HsAtg4B/HsApg4B/autophagin-1
cleaves the carboxyl termini of three human Atg8 homologues and delipidates microtubule-associated protein
light chain 3- and GABAA receptor-associated protein-phospholipid conjugates. J. Biol. Chem. 2004, 279,
36268–36276. [CrossRef] [PubMed]

16. Fass, E.; Amar, N.; Elazar, Z. Identification of essential residues for the C-terminal cleavage of the mammalian
LC3: A lesson from yeast Atg8. Autophagy 2007, 3, 48–50. [CrossRef] [PubMed]

17. Hemelaar, J.; Lelyveld, V.S.; Kessler, B.M.; Ploegh, H.L. A single protease, Apg4B, is specific for the
autophagy-related ubiquitin-like proteins GATE-16, MAP1-LC3, GABARAP, and Apg8L. J. Biol. Chem. 2003,
278, 51841–51850. [CrossRef] [PubMed]

http://dx.doi.org/10.1146/annurev-cellbio-100818-125300
http://www.ncbi.nlm.nih.gov/pubmed/31283377
http://dx.doi.org/10.1016/j.cell.2018.09.048
http://www.ncbi.nlm.nih.gov/pubmed/30633901
http://dx.doi.org/10.1038/cr.2013.169
http://www.ncbi.nlm.nih.gov/pubmed/24366340
http://dx.doi.org/10.15698/mic2016.12.546
http://www.ncbi.nlm.nih.gov/pubmed/28357331
http://dx.doi.org/10.1080/15548627.2017.1378838
http://www.ncbi.nlm.nih.gov/pubmed/28933638
http://dx.doi.org/10.1083/jcb.147.2.435
http://www.ncbi.nlm.nih.gov/pubmed/10525546
http://dx.doi.org/10.1093/emboj/19.21.5720
http://dx.doi.org/10.1080/15548627.2015.1100356
http://dx.doi.org/10.1016/j.cell.2011.10.026
http://dx.doi.org/10.1080/15548627.2017.1343770
http://dx.doi.org/10.1016/j.jmb.2019.07.016
http://www.ncbi.nlm.nih.gov/pubmed/31310766
http://dx.doi.org/10.1080/15548627.2016.1217373
http://www.ncbi.nlm.nih.gov/pubmed/27540766
http://dx.doi.org/10.1186/gb-2011-12-7-226
http://www.ncbi.nlm.nih.gov/pubmed/21867568
http://dx.doi.org/10.1080/15548627.2019.1606636
http://www.ncbi.nlm.nih.gov/pubmed/30982432
http://dx.doi.org/10.1074/jbc.M401461200
http://www.ncbi.nlm.nih.gov/pubmed/15187094
http://dx.doi.org/10.4161/auto.3417
http://www.ncbi.nlm.nih.gov/pubmed/17102583
http://dx.doi.org/10.1074/jbc.M308762200
http://www.ncbi.nlm.nih.gov/pubmed/14530254


Cells 2019, 8, 973 23 of 33

18. Marino, G.; Uria, J.A.; Puente, X.S.; Quesada, V.; Bordallo, J.; Lopez-Otin, C. Human autophagins, a family
of cysteine proteinases potentially implicated in cell degradation by autophagy. J. Biol. Chem. 2003, 278,
3671–3678. [CrossRef] [PubMed]

19. Kauffman, K.J.; Yu, S.; Jin, J.; Mugo, B.; Nguyen, N.; O’Brien, A.; Nag, S.; Lystad, A.H.; Melia, T.J. Delipidation
of mammalian Atg8-family proteins by each of the four ATG4 proteases. Autophagy 2018, 14, 992–1010.
[CrossRef]

20. Scherz-Shouval, R.; Sagiv, Y.; Shorer, H.; Elazar, Z. The COOH terminus of GATE-16, an intra-Golgi transport
modulator, is cleaved by the human cysteine protease HsApg4A. J. Biol. Chem. 2003, 278, 14053–14058.
[CrossRef]

21. Bortnik, S.; Choutka, C.; Horlings, H.M.; Leung, S.; Baker, J.H.; Lebovitz, C.; Dragowska, W.H.; Go, N.E.;
Bally, M.B.; Minchinton, A.I.; et al. Identification of breast cancer cell subtypes sensitive to ATG4B inhibition.
Oncotarget 2016, 7, 66970–66988. [CrossRef] [PubMed]

22. Yoshimura, K.; Shibata, M.; Koike, M.; Gotoh, K.; Fukaya, M.; Watanabe, M.; Uchiyama, Y. Effects of RNA
interference of Atg4B on the limited proteolysis of LC3 in PC12 cells and expression of Atg4B in various rat
tissues. Autophagy 2006, 2, 200–208. [CrossRef]

23. Ohashi, K.; Otomo, T. Identification and characterization of the linear region of ATG3 that interacts with
ATG7 in higher eukaryotes. Biochem. Biophys. Res. Commun. 2015, 463, 447–452. [CrossRef] [PubMed]

24. Tanida, I.; Tanida-Miyake, E.; Ueno, T.; Kominami, E. The human homolog of Saccharomyces cerevisiae
Apg7p is a Protein-activating enzyme for multiple substrates including human Apg12p, GATE-16, GABARAP,
and MAP-LC3. J. Biol. Chem. 2001, 276, 1701–1706. [CrossRef] [PubMed]

25. Metlagel, Z.; Otomo, C.; Takaesu, G.; Otomo, T. Structural basis of ATG3 recognition by the autophagic
ubiquitin-like protein ATG12. Proc. Natl. Acad. Sci. USA 2013, 110, 18844–18849. [CrossRef]

26. Radoshevich, L.; Murrow, L.; Chen, N.; Fernandez, E.; Roy, S.; Fung, C.; Debnath, J. ATG12 conjugation to
ATG3 regulates mitochondrial homeostasis and cell death. Cell 2010, 142, 590–600. [CrossRef] [PubMed]

27. Tanida, I.; Tanida-Miyake, E.; Komatsu, M.; Ueno, T.; Kominami, E. Human Apg3p/Aut1p homologue is
an authentic E2 enzyme for multiple substrates, GATE-16, GABARAP, and MAP-LC3, and facilitates the
conjugation of hApg12p to hApg5p. J. Biol. Chem. 2002, 277, 13739–13744. [CrossRef]

28. Nath, S.; Dancourt, J.; Shteyn, V.; Puente, G.; Fong, W.M.; Nag, S.; Bewersdorf, J.; Yamamoto, A.;
Antonny, B.; Melia, T.J. Lipidation of the LC3/GABARAP family of autophagy proteins relies on a
membrane-curvature-sensing domain in Atg3. Nat. Cell Biol. 2014, 16, 415–424. [CrossRef]

29. Oral, O.; Oz-Arslan, D.; Itah, Z.; Naghavi, A.; Deveci, R.; Karacali, S.; Gozuacik, D. Cleavage of Atg3
protein by caspase-8 regulates autophagy during receptor-activated cell death. Apoptosis 2012, 17, 810–820.
[CrossRef]

30. Ohashi, K.; Otomo, C.; Metlagel, Z.; Otomo, T. Structural studies of mammalian autophagy lipidation
complex. Methods Mol. Biol. 2019, 1880, 57–75. [CrossRef]

31. Otomo, C.; Metlagel, Z.; Takaesu, G.; Otomo, T. Structure of the human ATG12~ATG5 conjugate required for
LC3 lipidation in autophagy. Nat. Struct. Mol. Biol. 2013, 20, 59–66. [CrossRef] [PubMed]

32. Mizushima, N.; Sugita, H.; Yoshimori, T.; Ohsumi, Y. A new protein conjugation system in human. The
counterpart of the yeast Apg12p conjugation system essential for autophagy. J. Biol. Chem. 1998, 273,
33889–33892. [CrossRef] [PubMed]

33. Kaufmann, A.; Beier, V.; Franquelim, H.G.; Wollert, T. Molecular mechanism of autophagic membrane-scaffold
assembly and disassembly. Cell 2014, 156, 469–481. [CrossRef] [PubMed]

34. Kim, J.H.; Hong, S.B.; Lee, J.K.; Han, S.; Roh, K.H.; Lee, K.E.; Kim, Y.K.; Choi, E.J.; Song, H.K. Insights into
autophagosome maturation revealed by the structures of ATG5 with its interacting partners. Autophagy 2015,
11, 75–87. [CrossRef] [PubMed]

35. Dooley, H.C.; Razi, M.; Polson, H.E.; Girardin, S.E.; Wilson, M.I.; Tooze, S.A. WIPI2 links LC3 conjugation
with PI3P, autophagosome formation, and pathogen clearance by recruiting Atg12-5-16L1. Mol. Cell 2014, 55,
238–252. [CrossRef] [PubMed]

36. Gammoh, N.; Florey, O.; Overholtzer, M.; Jiang, X. Interaction between FIP200 and ATG16L1 distinguishes
ULK1 complex-dependent and -independent autophagy. Nat. Struct. Mol. Biol. 2013, 20, 144–149. [CrossRef]

37. Fujita, N.; Morita, E.; Itoh, T.; Tanaka, A.; Nakaoka, M.; Osada, Y.; Umemoto, T.; Saitoh, T.; Nakatogawa, H.;
Kobayashi, S.; et al. Recruitment of the autophagic machinery to endosomes during infection is mediated by
ubiquitin. J. Cell Biol. 2013, 203, 115–128. [CrossRef]

http://dx.doi.org/10.1074/jbc.M208247200
http://www.ncbi.nlm.nih.gov/pubmed/12446702
http://dx.doi.org/10.1080/15548627.2018.1437341
http://dx.doi.org/10.1074/jbc.M212108200
http://dx.doi.org/10.18632/oncotarget.11408
http://www.ncbi.nlm.nih.gov/pubmed/27556700
http://dx.doi.org/10.4161/auto.2744
http://dx.doi.org/10.1016/j.bbrc.2015.05.107
http://www.ncbi.nlm.nih.gov/pubmed/26043688
http://dx.doi.org/10.1074/jbc.C000752200
http://www.ncbi.nlm.nih.gov/pubmed/11096062
http://dx.doi.org/10.1073/pnas.1314755110
http://dx.doi.org/10.1016/j.cell.2010.07.018
http://www.ncbi.nlm.nih.gov/pubmed/20723759
http://dx.doi.org/10.1074/jbc.M200385200
http://dx.doi.org/10.1038/ncb2940
http://dx.doi.org/10.1007/s10495-012-0735-0
http://dx.doi.org/10.1007/978-1-4939-8873-0_3
http://dx.doi.org/10.1038/nsmb.2431
http://www.ncbi.nlm.nih.gov/pubmed/23202584
http://dx.doi.org/10.1074/jbc.273.51.33889
http://www.ncbi.nlm.nih.gov/pubmed/9852036
http://dx.doi.org/10.1016/j.cell.2013.12.022
http://www.ncbi.nlm.nih.gov/pubmed/24485455
http://dx.doi.org/10.4161/15548627.2014.984276
http://www.ncbi.nlm.nih.gov/pubmed/25484072
http://dx.doi.org/10.1016/j.molcel.2014.05.021
http://www.ncbi.nlm.nih.gov/pubmed/24954904
http://dx.doi.org/10.1038/nsmb.2475
http://dx.doi.org/10.1083/jcb.201304188


Cells 2019, 8, 973 24 of 33

38. Nishimura, T.; Kaizuka, T.; Cadwell, K.; Sahani, M.H.; Saitoh, T.; Akira, S.; Virgin, H.W.; Mizushima, N.
FIP200 regulates targeting of Atg16L1 to the isolation membrane. EMBO Rep. 2013, 14, 284–291. [CrossRef]

39. Lystad, A.H.; Carlsson, S.R.; de la Ballina, L.R.; Kauffman, K.J.; Nag, S.; Yoshimori, T.; Melia, T.J.; Simonsen, A.
Distinct functions of ATG16L1 isoforms in membrane binding and LC3B lipidation in autophagy-related
processes. Nat. Cell Biol. 2019, 21, 372–383. [CrossRef]

40. Dudley, L.J.; Cabodevilla, A.G.; Makar, A.N.; Sztacho, M.; Michelberger, T.; Marsh, J.A.; Houston, D.R.;
Martens, S.; Jiang, X.; Gammoh, N. Intrinsic lipid binding activity of ATG16L1 supports efficient membrane
anchoring and autophagy. EMBO J. 2019, 38. [CrossRef]

41. Fletcher, K.; Ulferts, R.; Jacquin, E.; Veith, T.; Gammoh, N.; Arasteh, J.M.; Mayer, U.; Carding, S.R.; Wileman, T.;
Beale, R.; et al. The WD40 domain of ATG16L1 is required for its non-canonical role in lipidation of LC3 at
single membranes. EMBO J. 2018. [CrossRef] [PubMed]

42. Skytte Rasmussen, M.; Mouilleron, S.; Kumar Shrestha, B.; Wirth, M.; Lee, R.; Bowitz Larsen, K.; Abudu
Princely, Y.; O’Reilly, N.; Sjottem, E.; Tooze, S.A.; et al. ATG4B contains a C-terminal LIR motif important
for binding and efficient cleavage of mammalian orthologs of yeast Atg8. Autophagy 2017, 13, 834–853.
[CrossRef] [PubMed]

43. Walker, J.R.; Davis, T.; Mujib, S.; Butler-Cole, C.; Finerty, P.J., Jr.; Weigelt, J.; Sundstrom, M.; Arrowsmith, C.H.;
Edwards, A.M.; Bochkarev, A.; et al. Human cysteine protease ATG4A. PDB ID: 2P82 2007. [CrossRef]

44. Maruyama, T.; Noda, N.N. Autophagy-regulating protease Atg4: Structure, function, regulation and
inhibition. J. Antibiot. (Tokyo) 2017. [CrossRef] [PubMed]

45. Li, M.; Hou, Y.; Wang, J.; Chen, X.; Shao, Z.M.; Yin, X.M. Kinetics comparisons of mammalian Atg4
homologues indicate selective preferences toward diverse Atg8 substrates. J. Biol. Chem. 2011, 286, 7327–7338.
[CrossRef] [PubMed]

46. Herhaus, L.; Bhaskara, R.M.; Håkon Lystad, A.; Simonsen, A.; Hummer, G.; Dikic, I. TBK1-mediated
phosphorylation of LC3C and GABARAP-L2 controls autophagosome shedding by ATG4 protease.
bioRxiv 2019.

47. Satoo, K.; Noda, N.N.; Kumeta, H.; Fujioka, Y.; Mizushima, N.; Ohsumi, Y.; Inagaki, F. The structure of
Atg4B-LC3 complex reveals the mechanism of LC3 processing and delipidation during autophagy. EMBO J.
2009, 28, 1341–1350. [CrossRef] [PubMed]

48. Sugawara, K.; Suzuki, N.N.; Fujioka, Y.; Mizushima, N.; Ohsumi, Y.; Inagaki, F. Structural basis for the
specificity and catalysis of human Atg4B responsible for mammalian autophagy. J. Biol. Chem. 2005, 280,
40058–40065. [CrossRef]

49. Zhang, L.; Li, J.; Ouyang, L.; Liu, B.; Cheng, Y. Unraveling the roles of Atg4 proteases from autophagy
modulation to targeted cancer therapy. Cancer Lett. 2016, 373, 19–26. [CrossRef]

50. Betin, V.M.; Lane, J.D. Caspase cleavage of Atg4D stimulates GABARAP-L1 processing and triggers
mitochondrial targeting and apoptosis. J. Cell Sci. 2009, 122, 2554–2566. [CrossRef]

51. Betin, V.M.; MacVicar, T.D.; Parsons, S.F.; Anstee, D.J.; Lane, J.D. A cryptic mitochondrial targeting motif in
Atg4D links caspase cleavage with mitochondrial import and oxidative stress. Autophagy 2012, 8, 664–676.
[CrossRef] [PubMed]

52. Komatsu, M.; Tanida, I.; Ueno, T.; Ohsumi, M.; Ohsumi, Y.; Kominami, E. The C-terminal region of an
Apg7p/Cvt2p is required for homodimerization and is essential for its E1 activity and E1-E2 complex
formation. J. Biol. Chem. 2001, 276, 9846–9854. [CrossRef] [PubMed]

53. Kaiser, S.E.; Mao, K.; Taherbhoy, A.M.; Yu, S.; Olszewski, J.L.; Duda, D.M.; Kurinov, I.; Deng, A.; Fenn, T.D.;
Klionsky, D.J.; et al. Noncanonical E2 recruitment by the autophagy E1 revealed by Atg7-Atg3 and Atg7-Atg10
structures. Nat. Struct. Mol. Biol. 2012, 19, 1242–1249. [CrossRef] [PubMed]

54. Taherbhoy, A.M.; Tait, S.W.; Kaiser, S.E.; Williams, A.H.; Deng, A.; Nourse, A.; Hammel, M.; Kurinov, I.;
Rock, C.O.; Green, D.R.; et al. Atg8 transfer from Atg7 to Atg3: A distinctive E1-E2 architecture and
mechanism in the autophagy pathway. Mol. Cell 2011, 44, 451–461. [CrossRef] [PubMed]

55. Noda, N.N.; Satoo, K.; Fujioka, Y.; Kumeta, H.; Ogura, K.; Nakatogawa, H.; Ohsumi, Y.; Inagaki, F. Structural
basis of Atg8 activation by a homodimeric E1, Atg7. Mol. Cell 2011, 44, 462–475. [CrossRef] [PubMed]

56. Hong, S.B.; Kim, B.W.; Lee, K.E.; Kim, S.W.; Jeon, H.; Kim, J.; Song, H.K. Insights into noncanonical E1
enzyme activation from the structure of autophagic E1 Atg7 with Atg8. Nat. Struct. Mol. Biol. 2011, 18,
1323–1330. [CrossRef]

http://dx.doi.org/10.1038/embor.2013.6
http://dx.doi.org/10.1038/s41556-019-0274-9
http://dx.doi.org/10.15252/embj.2018100554
http://dx.doi.org/10.15252/embj.201797840
http://www.ncbi.nlm.nih.gov/pubmed/29317426
http://dx.doi.org/10.1080/15548627.2017.1287651
http://www.ncbi.nlm.nih.gov/pubmed/28287329
http://dx.doi.org/10.2210/pdb2p82/pdb
http://dx.doi.org/10.1038/ja.2017.104
http://www.ncbi.nlm.nih.gov/pubmed/28901328
http://dx.doi.org/10.1074/jbc.M110.199059
http://www.ncbi.nlm.nih.gov/pubmed/21177865
http://dx.doi.org/10.1038/emboj.2009.80
http://www.ncbi.nlm.nih.gov/pubmed/19322194
http://dx.doi.org/10.1074/jbc.M509158200
http://dx.doi.org/10.1016/j.canlet.2016.01.022
http://dx.doi.org/10.1242/jcs.046250
http://dx.doi.org/10.4161/auto.19227
http://www.ncbi.nlm.nih.gov/pubmed/22441018
http://dx.doi.org/10.1074/jbc.M007737200
http://www.ncbi.nlm.nih.gov/pubmed/11139573
http://dx.doi.org/10.1038/nsmb.2415
http://www.ncbi.nlm.nih.gov/pubmed/23142976
http://dx.doi.org/10.1016/j.molcel.2011.08.034
http://www.ncbi.nlm.nih.gov/pubmed/22055190
http://dx.doi.org/10.1016/j.molcel.2011.08.035
http://www.ncbi.nlm.nih.gov/pubmed/22055191
http://dx.doi.org/10.1038/nsmb.2165


Cells 2019, 8, 973 25 of 33

57. Nemoto, T.; Tanida, I.; Tanida-Miyake, E.; Minematsu-Ikeguchi, N.; Yokota, M.; Ohsumi, M.; Ueno, T.;
Kominami, E. The mouse APG10 homologue, an E2-like enzyme for Apg12p conjugation, facilitates MAP-LC3
modification. J. Biol. Chem. 2003, 278, 39517–39526. [CrossRef]

58. Yamada, Y.; Suzuki, N.N.; Hanada, T.; Ichimura, Y.; Kumeta, H.; Fujioka, Y.; Ohsumi, Y.; Inagaki, F. The
crystal structure of Atg3, an autophagy-related ubiquitin carrier protein (E2) enzyme that mediates Atg8
lipidation. J. Biol. Chem. 2007, 282, 8036–8043. [CrossRef]

59. Qiu, Y.; Hofmann, K.; Coats, J.E.; Schulman, B.A.; Kaiser, S.E. Binding to E1 and E3 is mutually exclusive for
the human autophagy E2 Atg3. Protein Sci. 2013, 22, 1691–1697. [CrossRef]

60. Hanada, T.; Satomi, Y.; Takao, T.; Ohsumi, Y. The amino-terminal region of Atg3 is essential for association
with phosphatidylethanolamine in Atg8 lipidation. FEBS Lett. 2009, 583, 1078–1083. [CrossRef]

61. Hervas, J.H.; Landajuela, A.; Anton, Z.; Shnyrova, A.V.; Goni, F.M.; Alonso, A. Human ATG3 binding to
lipid bilayers: Role of lipid geometry, and electric charge. Sci. Rep. 2017, 7, 15614. [CrossRef] [PubMed]

62. Yi, C.; Ma, M.; Ran, L.; Zheng, J.; Tong, J.; Zhu, J.; Ma, C.; Sun, Y.; Zhang, S.; Feng, W.; et al. Function
and molecular mechanism of acetylation in autophagy regulation. Science 2012, 336, 474–477. [CrossRef]
[PubMed]

63. Li, Y.T.; Yi, C.; Chen, C.C.; Lan, H.; Pan, M.; Zhang, S.J.; Huang, Y.C.; Guan, C.J.; Li, Y.M.; Yu, L.; et al. A
semisynthetic Atg3 reveals that acetylation promotes Atg3 membrane binding and Atg8 lipidation. Nat.
Commun. 2017, 8, 14846. [CrossRef] [PubMed]

64. Yu, Z.Q.; Ni, T.; Hong, B.; Wang, H.Y.; Jiang, F.J.; Zou, S.; Chen, Y.; Zheng, X.L.; Klionsky, D.J.; Liang, Y.;
et al. Dual roles of Atg8-PE deconjugation by Atg4 in autophagy. Autophagy 2012, 8, 883–892. [CrossRef]
[PubMed]

65. Ma, K.; Fu, W.; Tang, M.; Zhang, C.; Hou, T.; Li, R.; Lu, X.; Wang, Y.; Zhou, J.; Li, X.; et al. PTK2-mediated
degradation of ATG3 impedes cancer cells susceptible to DNA damage treatment. Autophagy 2017, 13,
579–591. [CrossRef] [PubMed]

66. Mizushima, N.; Kuma, A.; Kobayashi, Y.; Yamamoto, A.; Matsubae, M.; Takao, T.; Natsume, T.; Ohsumi, Y.;
Yoshimori, T. Mouse Apg16L, a novel WD-repeat protein, targets to the autophagic isolation membrane with
the Apg12-Apg5 conjugate. J. Cell Sci. 2003, 116, 1679–1688. [CrossRef] [PubMed]

67. Hanada, T.; Noda, N.N.; Satomi, Y.; Ichimura, Y.; Fujioka, Y.; Takao, T.; Inagaki, F.; Ohsumi, Y. The Atg12-Atg5
conjugate has a novel E3-like activity for protein lipidation in autophagy. J. Biol. Chem. 2007, 282, 37298–37302.
[CrossRef] [PubMed]

68. Fujita, N.; Itoh, T.; Omori, H.; Fukuda, M.; Noda, T.; Yoshimori, T. The Atg16L complex specifies the site of
LC3 lipidation for membrane biogenesis in autophagy. Mol. Biol. Cell 2008, 19, 2092–2100. [CrossRef]

69. Romanov, J.; Walczak, M.; Ibiricu, I.; Schuchner, S.; Ogris, E.; Kraft, C.; Martens, S. Mechanism and functions
of membrane binding by the Atg5-Atg12/Atg16 complex during autophagosome formation. EMBO J. 2012,
31, 4304–4317. [CrossRef]

70. Ohsumi, Y. Molecular dissection of autophagy: Two ubiquitin-like systems. Nat. Rev. Mol. Cell Biol. 2001, 2,
211–216. [CrossRef]

71. Mizushima, N.; Yoshimori, T.; Ohsumi, Y. Mouse Apg10 as an Apg12-conjugating enzyme: Analysis by the
conjugation-mediated yeast two-hybrid method. FEBS Lett. 2002, 532, 450–454. [CrossRef]

72. Pang, Y.; Yamamoto, H.; Sakamoto, H.; Oku, M.; Mutungi, J.K.; Sahani, M.H.; Kurikawa, Y.; Kita, K.;
Noda, N.N.; Sakai, Y.; et al. Evolution from covalent conjugation to non-covalent interaction in the
ubiquitin-like ATG12 system. Nat. Struct. Mol. Biol. 2019, 26, 289–296. [CrossRef] [PubMed]

73. Murrow, L.; Malhotra, R.; Debnath, J. ATG12-ATG3 interacts with Alix to promote basal autophagic flux and
late endosome function. Nat. Cell Biol. 2015, 17, 300–310. [CrossRef] [PubMed]

74. Chen, D.; Fan, W.; Lu, Y.; Ding, X.; Chen, S.; Zhong, Q. A mammalian autophagosome maturation mechanism
mediated by TECPR1 and the Atg12-Atg5 conjugate. Mol. Cell 2012, 45, 629–641. [CrossRef] [PubMed]

75. Ogawa, M.; Yoshikawa, Y.; Kobayashi, T.; Mimuro, H.; Fukumatsu, M.; Kiga, K.; Piao, Z.; Ashida, H.;
Yoshida, M.; Kakuta, S.; et al. A Tecpr1-dependent selective autophagy pathway targets bacterial pathogens.
Cell Host Microbe 2011, 9, 376–389. [CrossRef] [PubMed]

76. Mizushima, N.; Noda, T.; Ohsumi, Y. Apg16p is required for the function of the Apg12p-Apg5p conjugate in
the yeast autophagy pathway. EMBO J. 1999, 18, 3888–3896. [CrossRef]

http://dx.doi.org/10.1074/jbc.M300550200
http://dx.doi.org/10.1074/jbc.M611473200
http://dx.doi.org/10.1002/pro.2381
http://dx.doi.org/10.1016/j.febslet.2009.03.009
http://dx.doi.org/10.1038/s41598-017-15057-6
http://www.ncbi.nlm.nih.gov/pubmed/29142222
http://dx.doi.org/10.1126/science.1216990
http://www.ncbi.nlm.nih.gov/pubmed/22539722
http://dx.doi.org/10.1038/ncomms14846
http://www.ncbi.nlm.nih.gov/pubmed/28327644
http://dx.doi.org/10.4161/auto.19652
http://www.ncbi.nlm.nih.gov/pubmed/22652539
http://dx.doi.org/10.1080/15548627.2016.1272742
http://www.ncbi.nlm.nih.gov/pubmed/28103122
http://dx.doi.org/10.1242/jcs.00381
http://www.ncbi.nlm.nih.gov/pubmed/12665549
http://dx.doi.org/10.1074/jbc.C700195200
http://www.ncbi.nlm.nih.gov/pubmed/17986448
http://dx.doi.org/10.1091/mbc.e07-12-1257
http://dx.doi.org/10.1038/emboj.2012.278
http://dx.doi.org/10.1038/35056522
http://dx.doi.org/10.1016/S0014-5793(02)03739-0
http://dx.doi.org/10.1038/s41594-019-0204-3
http://www.ncbi.nlm.nih.gov/pubmed/30911187
http://dx.doi.org/10.1038/ncb3112
http://www.ncbi.nlm.nih.gov/pubmed/25686249
http://dx.doi.org/10.1016/j.molcel.2011.12.036
http://www.ncbi.nlm.nih.gov/pubmed/22342342
http://dx.doi.org/10.1016/j.chom.2011.04.010
http://www.ncbi.nlm.nih.gov/pubmed/21575909
http://dx.doi.org/10.1093/emboj/18.14.3888


Cells 2019, 8, 973 26 of 33

77. Kuma, A.; Mizushima, N.; Ishihara, N.; Ohsumi, Y. Formation of the approximately 350-kDa
Apg12-Apg5.Apg16 multimeric complex, mediated by Apg16 oligomerization, is essential for autophagy in
yeast. J. Biol. Chem. 2002, 277, 18619–18625. [CrossRef]

78. Itoh, T.; Fujita, N.; Kanno, E.; Yamamoto, A.; Yoshimori, T.; Fukuda, M. Golgi-resident small GTPase Rab33B
interacts with Atg16L and modulates autophagosome formation. Mol. Biol. Cell 2008, 19, 2916–2925.
[CrossRef]

79. Alsaadi, R.M.; Losier, T.T.; Tian, W.; Jackson, A.; Guo, Z.; Rubinsztein, D.C.; Russell, R.C. ULK1-mediated
phosphorylation of ATG16L1 promotes xenophagy, but destabilizes the ATG16L1 Crohn’s mutant. EMBO
Rep. 2019, 20, e46885. [CrossRef]

80. Ishibashi, K.; Fujita, N.; Kanno, E.; Omori, H.; Yoshimori, T.; Itoh, T.; Fukuda, M. Atg16L2, a novel isoform of
mammalian Atg16L that is not essential for canonical autophagy despite forming an Atg12-5-16L2 complex.
Autophagy 2011, 7, 1500–1513. [CrossRef]

81. Nair, U.; Yen, W.L.; Mari, M.; Cao, Y.; Xie, Z.; Baba, M.; Reggiori, F.; Klionsky, D.J. A role for Atg8-PE
deconjugation in autophagosome biogenesis. Autophagy 2012, 8, 780–793. [CrossRef] [PubMed]

82. Xie, Z.; Nair, U.; Klionsky, D.J. Atg8 controls phagophore expansion during autophagosome formation. Mol.
Biol. Cell 2008, 19, 3290–3298. [CrossRef] [PubMed]

83. Hailey, D.W.; Rambold, A.S.; Satpute-Krishnan, P.; Mitra, K.; Sougrat, R.; Kim, P.K.; Lippincott-Schwartz, J.
Mitochondria supply membranes for autophagosome biogenesis during starvation. Cell 2010, 141, 656–667.
[CrossRef] [PubMed]

84. Pankiv, S.; Johansen, T. FYCO1: Linking autophagosomes to microtubule plus end-directing molecular
motors. Autophagy 2010, 6. [CrossRef] [PubMed]

85. McEwan, D.G.; Popovic, D.; Gubas, A.; Terawaki, S.; Suzuki, H.; Stadel, D.; Coxon, F.P.; Miranda de
Stegmann, D.; Bhogaraju, S.; Maddi, K.; et al. PLEKHM1 regulates autophagosome-lysosome fusion through
HOPS complex and LC3/GABARAP proteins. Mol. Cell 2015, 57, 39–54. [CrossRef] [PubMed]

86. Scherz-Shouval, R.; Shvets, E.; Fass, E.; Shorer, H.; Gil, L.; Elazar, Z. Reactive oxygen species are essential for
autophagy and specifically regulate the activity of Atg4. EMBO J. 2007, 26, 1749–1760. [CrossRef] [PubMed]

87. Frudd, K.; Burgoyne, T.; Burgoyne, J.R. Oxidation of Atg3 and Atg7 mediates inhibition of autophagy. Nat.
Commun. 2018, 9, 95. [CrossRef] [PubMed]

88. Yang, Z.; Wilkie-Grantham, R.P.; Yanagi, T.; Shu, C.W.; Matsuzawa, S.; Reed, J.C. ATG4B (Autophagin-1)
phosphorylation modulates autophagy. J. Biol. Chem. 2015, 290, 26549–26561. [CrossRef]

89. Pengo, N.; Agrotis, A.; Prak, K.; Jones, J.; Ketteler, R. A reversible phospho-switch mediated by ULK1
regulates the activity of autophagy protease ATG4B. Nat. Commun. 2017, 8, 294. [CrossRef]

90. Norman, J.M.; Cohen, G.M.; Bampton, E.T. The in vitro cleavage of the hAtg proteins by cell death proteases.
Autophagy 2010, 6, 1042–1056. [CrossRef]

91. Kuang, E.; Okumura, C.Y.; Sheffy-Levin, S.; Varsano, T.; Shu, V.C.; Qi, J.; Niesman, I.R.; Yang, H.J.;
Lopez-Otin, C.; Yang, W.Y.; et al. Regulation of ATG4B stability by RNF5 limits basal levels of autophagy
and influences susceptibility to bacterial infection. PLoS Genet. 2012, 8, e1003007. [CrossRef] [PubMed]

92. Tsuboyama, K.; Koyama-Honda, I.; Sakamaki, Y.; Koike, M.; Morishita, H.; Mizushima, N. The ATG
conjugation systems are important for degradation of the inner autophagosomal membrane. Science 2016,
354, 1036–1041. [CrossRef] [PubMed]

93. Nguyen, T.N.; Padman, B.S.; Usher, J.; Oorschot, V.; Ramm, G.; Lazarou, M. Atg8 family LC3/GABARAP
proteins are crucial for autophagosome-lysosome fusion but not autophagosome formation during
PINK1/Parkin mitophagy and starvation. J. Cell Biol. 2016, 215, 857–874. [CrossRef] [PubMed]

94. Engedal, N.; Seglen, P.O. Autophagy of cytoplasmic bulk cargo does not require LC3. Autophagy 2016, 12,
439–441. [CrossRef]

95. Runwal, G.; Stamatakou, E.; Siddiqi, F.H.; Puri, C.; Zhu, Y.; Rubinsztein, D.C. LC3-positive structures are
prominent in autophagy-deficient cells. Sci. Rep. 2019, 9, 10147. [CrossRef] [PubMed]

96. Itakura, E.; Kishi-Itakura, C.; Mizushima, N. The hairpin-type tail-anchored SNARE syntaxin 17 targets to
autophagosomes for fusion with endosomes/lysosomes. Cell 2012, 151, 1256–1269. [CrossRef] [PubMed]

97. Weidberg, H.; Shvets, E.; Shpilka, T.; Shimron, F.; Shinder, V.; Elazar, Z. LC3 and GATE-16/GABARAP
subfamilies are both essential yet act differently in autophagosome biogenesis. EMBO J. 2010, 29, 1792–1802.
[CrossRef]

http://dx.doi.org/10.1074/jbc.M111889200
http://dx.doi.org/10.1091/mbc.e07-12-1231
http://dx.doi.org/10.15252/embr.201846885
http://dx.doi.org/10.4161/auto.7.12.18025
http://dx.doi.org/10.4161/auto.19385
http://www.ncbi.nlm.nih.gov/pubmed/22622160
http://dx.doi.org/10.1091/mbc.e07-12-1292
http://www.ncbi.nlm.nih.gov/pubmed/18508918
http://dx.doi.org/10.1016/j.cell.2010.04.009
http://www.ncbi.nlm.nih.gov/pubmed/20478256
http://dx.doi.org/10.4161/auto.6.4.11670
http://www.ncbi.nlm.nih.gov/pubmed/20364109
http://dx.doi.org/10.1016/j.molcel.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25498145
http://dx.doi.org/10.1038/sj.emboj.7601623
http://www.ncbi.nlm.nih.gov/pubmed/17347651
http://dx.doi.org/10.1038/s41467-017-02352-z
http://www.ncbi.nlm.nih.gov/pubmed/29311554
http://dx.doi.org/10.1074/jbc.M115.658088
http://dx.doi.org/10.1038/s41467-017-00303-2
http://dx.doi.org/10.4161/auto.6.8.13337
http://dx.doi.org/10.1371/journal.pgen.1003007
http://www.ncbi.nlm.nih.gov/pubmed/23093945
http://dx.doi.org/10.1126/science.aaf6136
http://www.ncbi.nlm.nih.gov/pubmed/27885029
http://dx.doi.org/10.1083/jcb.201607039
http://www.ncbi.nlm.nih.gov/pubmed/27864321
http://dx.doi.org/10.1080/15548627.2015.1076606
http://dx.doi.org/10.1038/s41598-019-46657-z
http://www.ncbi.nlm.nih.gov/pubmed/31300716
http://dx.doi.org/10.1016/j.cell.2012.11.001
http://www.ncbi.nlm.nih.gov/pubmed/23217709
http://dx.doi.org/10.1038/emboj.2010.74


Cells 2019, 8, 973 27 of 33

98. Nakatogawa, H.; Ichimura, Y.; Ohsumi, Y. Atg8, a ubiquitin-like protein required for autophagosome
formation, mediates membrane tethering and hemifusion. Cell 2007, 130, 165–178. [CrossRef]

99. Landajuela, A.; Hervas, J.H.; Anton, Z.; Montes, L.R.; Gil, D.; Valle, M.; Rodriguez, J.F.; Goni, F.M.; Alonso, A.
Lipid Geometry and Bilayer Curvature Modulate LC3/GABARAP-Mediated Model Autophagosomal
Elongation. Biophys. J. 2016, 110, 411–422. [CrossRef]

100. Rogov, V.V.; Stolz, A.; Ravichandran, A.C.; Rios-Szwed, D.O.; Suzuki, H.; Kniss, A.; Lohr, F.; Wakatsuki, S.;
Dotsch, V.; Dikic, I.; et al. Structural and functional analysis of the GABARAP interaction motif (GIM). EMBO
Rep. 2017, 18, 1382–1396. [CrossRef]

101. Alemu, E.A.; Lamark, T.; Torgersen, K.M.; Birgisdottir, A.B.; Larsen, K.B.; Jain, A.; Olsvik, H.; Overvatn, A.;
Kirkin, V.; Johansen, T. ATG8 family proteins act as scaffolds for assembly of the ULK complex: Sequence
requirements for LC3-interacting region (LIR) motifs. J. Biol. Chem. 2012, 287, 39275–39290. [CrossRef]
[PubMed]

102. Grunwald, D.S.; Otto, N.M.; Park, J.M.; Song, D.; Kim, D.H. GABARAPs and LC3s have opposite roles in
regulating ULK1 for autophagy induction. Autophagy 2019, 1–15. [CrossRef] [PubMed]

103. Bozic, M.; van den Bekerom, L.; Milne, B.A.; Goodman, N.; Roberston, L.; Prescott, A.R.; Macartney, T.J.;
Dawe, N.; McEwan, D.G. A conserved ATG2-GABARAP interaction is critical for phagophore closure.
bioRxiv 2019.

104. Velikkakath, A.K.; Nishimura, T.; Oita, E.; Ishihara, N.; Mizushima, N. Mammalian Atg2 proteins are essential
for autophagosome formation and important for regulation of size and distribution of lipid droplets. Mol.
Biol. Cell 2012, 23, 896–909. [CrossRef] [PubMed]

105. Kishi-Itakura, C.; Koyama-Honda, I.; Itakura, E.; Mizushima, N. Ultrastructural analysis of autophagosome
organization using mammalian autophagy-deficient cells. J. Cell Sci. 2014, 127, 4089–4102. [CrossRef]
[PubMed]

106. Tamura, N.; Nishimura, T.; Sakamaki, Y.; Koyama-Honda, I.; Yamamoto, H.; Mizushima, N. Differential
requirement for ATG2A domains for localization to autophagic membranes and lipid droplets. FEBS Lett.
2017, 591, 3819–3830. [CrossRef] [PubMed]

107. Maeda, S.; Otomo, C.; Otomo, T. The autophagic membrane tether ATG2A transfers lipids between
membranes. eLife 2019, 8. [CrossRef]

108. Osawa, T.; Kotani, T.; Kawaoka, T.; Hirata, E.; Suzuki, K.; Nakatogawa, H.; Ohsumi, Y.; Noda, N.N. Atg2
mediates direct lipid transfer between membranes for autophagosome formation. Nat. Struct. Mol. Biol.
2019, 26, 281–288. [CrossRef]

109. Valverde, D.P.; Yu, S.; Boggavarapu, V.; Kumar, N.; Lees, J.A.; Walz, T.; Reinisch, K.M.; Melia, T.J. ATG2
transports lipids to promote autophagosome biogenesis. J. Cell Biol. 2019, 218, 1787–1798. [CrossRef]

110. Gomez-Sanchez, R.; Rose, J.; Guimaraes, R.; Mari, M.; Papinski, D.; Rieter, E.; Geerts, W.J.; Hardenberg, R.;
Kraft, C.; Ungermann, C.; et al. Atg9 establishes Atg2-dependent contact sites between the endoplasmic
reticulum and phagophores. J. Cell Biol. 2018, 217, 2743–2763. [CrossRef]

111. Stanga, D.; Zhao, Q.; Milev, M.P.; Saint-Dic, D.; Jimenez-Mallebrera, C.; Sacher, M. TRAPPC11 functions in
autophagy by recruiting ATG2B-WIPI4/WDR45 to preautophagosomal membranes. Traffic 2019, 20, 325–345.
[CrossRef] [PubMed]

112. Takahashi, Y.; He, H.; Tang, Z.; Hattori, T.; Liu, Y.; Young, M.M.; Serfass, J.M.; Chen, L.; Gebru, M.; Chen, C.;
et al. An autophagy assay reveals the ESCRT-III component CHMP2A as a regulator of phagophore closure.
Nat. Commun. 2018, 9, 2855. [CrossRef] [PubMed]

113. Zhou, F.; Wu, Z.; Zhao, M.; Murtazina, R.; Cai, J.; Zhang, A.; Li, R.; Sun, D.; Li, W.; Zhao, L.; et al.
Rab5-dependent autophagosome closure by ESCRT. J. Cell Biol. 2019, 218, 1908–1927. [CrossRef] [PubMed]

114. Weidberg, H.; Shpilka, T.; Shvets, E.; Abada, A.; Shimron, F.; Elazar, Z. LC3 and GATE-16 N termini mediate
membrane fusion processes required for autophagosome biogenesis. Dev. Cell 2011, 20, 444–454. [CrossRef]
[PubMed]

115. Motta, I.; Nguyen, N.; Gardavot, H.; Richerson, D.; Pincet, F.; Melia, T.J. GABARAP Like-1
enrichment on membranes: Direct observation of trans-homo-oligomerization between membranes and
curvature-dependent partitioning into membrane tubules. bioRxiv 2018.

116. Albanesi, J.; Wang, H.; Sun, H.Q.; Levine, B.; Yin, H. GABARAP-mediated targeting of PI4K2A/PI4KIIalpha
to autophagosomes regulates PtdIns4P-dependent autophagosome-lysosome fusion. Autophagy 2015, 11,
2127–2129. [CrossRef]

http://dx.doi.org/10.1016/j.cell.2007.05.021
http://dx.doi.org/10.1016/j.bpj.2015.11.3524
http://dx.doi.org/10.15252/embr.201643587
http://dx.doi.org/10.1074/jbc.M112.378109
http://www.ncbi.nlm.nih.gov/pubmed/23043107
http://dx.doi.org/10.1080/15548627.2019.1632620
http://www.ncbi.nlm.nih.gov/pubmed/31208283
http://dx.doi.org/10.1091/mbc.e11-09-0785
http://www.ncbi.nlm.nih.gov/pubmed/22219374
http://dx.doi.org/10.1242/jcs.156034
http://www.ncbi.nlm.nih.gov/pubmed/25052093
http://dx.doi.org/10.1002/1873-3468.12901
http://www.ncbi.nlm.nih.gov/pubmed/29113029
http://dx.doi.org/10.7554/eLife.45777
http://dx.doi.org/10.1038/s41594-019-0203-4
http://dx.doi.org/10.1083/jcb.201811139
http://dx.doi.org/10.1083/jcb.201710116
http://dx.doi.org/10.1111/tra.12640
http://www.ncbi.nlm.nih.gov/pubmed/30843302
http://dx.doi.org/10.1038/s41467-018-05254-w
http://www.ncbi.nlm.nih.gov/pubmed/30030437
http://dx.doi.org/10.1083/jcb.201811173
http://www.ncbi.nlm.nih.gov/pubmed/31010855
http://dx.doi.org/10.1016/j.devcel.2011.02.006
http://www.ncbi.nlm.nih.gov/pubmed/21497758
http://dx.doi.org/10.1080/15548627.2015.1093718


Cells 2019, 8, 973 28 of 33

117. Kurokawa, Y.; Yoshida, A.; Fujii, E.; Tomioku, K.; Hayashi, H.; Tanabe, K.; Fujita, A. Phosphatidylinositol
4-phosphate on Rab7-positive autophagosomes revealed by the freeze-fracture replica labeling. Traffic 2019,
20, 82–95. [CrossRef]

118. Shpilka, T.; Welter, E.; Borovsky, N.; Amar, N.; Shimron, F.; Peleg, Y.; Elazar, Z. Fatty acid synthase is
preferentially degraded by autophagy upon nitrogen starvation in yeast. Proc. Natl. Acad. Sci. USA 2015,
112, 1434–1439. [CrossRef]

119. Mancias, J.D.; Wang, X.; Gygi, S.P.; Harper, J.W.; Kimmelman, A.C. Quantitative proteomics identifies
NCOA4 as the cargo receptor mediating ferritinophagy. Nature 2014, 509, 105–109. [CrossRef]

120. Jiang, S.; Wells, C.D.; Roach, P.J. Starch-binding domain-containing protein 1 (Stbd1) and glycogen metabolism:
Identification of the Atg8 family interacting motif (AIM) in Stbd1 required for interaction with GABARAPL1.
Biochem. Biophys. Res. Commun. 2011, 413, 420–425. [CrossRef]

121. Bjorkoy, G.; Lamark, T.; Brech, A.; Outzen, H.; Perander, M.; Overvatn, A.; Stenmark, H.; Johansen, T.
p62/SQSTM1 forms protein aggregates degraded by autophagy and has a protective effect on
huntingtin-induced cell death. J. Cell Biol. 2005, 171, 603–614. [CrossRef] [PubMed]

122. Montava-Garriga, L.; Ganley, I.G. Outstanding Questions in Mitophagy: What We Do and Do Not Know.
J. Mol. Biol. 2019. [CrossRef] [PubMed]

123. Galluzzi, L.; Baehrecke, E.H.; Ballabio, A.; Boya, P.; Bravo-San Pedro, J.M.; Cecconi, F.; Choi, A.M.; Chu, C.T.;
Codogno, P.; Colombo, M.I.; et al. Molecular definitions of autophagy and related processes. EMBO J. 2017,
36, 1811–1836. [CrossRef] [PubMed]

124. Scott, S.V.; Guan, J.; Hutchins, M.U.; Kim, J.; Klionsky, D.J. Cvt19 is a receptor for the cytoplasm-to-vacuole
targeting pathway. Mol. Cell 2001, 7, 1131–1141. [CrossRef]

125. Leber, R.; Silles, E.; Sandoval, I.V.; Mazon, M.J. Yol082p, a novel CVT protein involved in the selective
targeting of aminopeptidase I to the yeast vacuole. J. Biol. Chem. 2001, 276, 29210–29217. [CrossRef]
[PubMed]

126. Shintani, T.; Huang, W.P.; Stromhaug, P.E.; Klionsky, D.J. Mechanism of cargo selection in the cytoplasm to
vacuole targeting pathway. Dev. Cell 2002, 3, 825–837. [CrossRef]

127. Wilkinson, S. ER-phagy: Shaping up and destressing the endoplasmic reticulum. FEBS J. 2019, 286, 2645–2663.
[CrossRef] [PubMed]

128. Behrends, C.; Sowa, M.E.; Gygi, S.P.; Harper, J.W. Network organization of the human autophagy system.
Nature 2010, 466, 68–76. [CrossRef]

129. Noda, N.N.; Kumeta, H.; Nakatogawa, H.; Satoo, K.; Adachi, W.; Ishii, J.; Fujioka, Y.; Ohsumi, Y.; Inagaki, F.
Structural basis of target recognition by Atg8/LC3 during selective autophagy. Genes Cells 2008, 13, 1211–1218.
[CrossRef]

130. Birgisdottir, A.B.; Lamark, T.; Johansen, T. The LIR motif - crucial for selective autophagy. J. Cell Sci. 2013,
126, 3237–3247. [CrossRef]

131. Wild, P.; Farhan, H.; McEwan, D.G.; Wagner, S.; Rogov, V.V.; Brady, N.R.; Richter, B.; Korac, J.; Waidmann, O.;
Choudhary, C.; et al. Phosphorylation of the autophagy receptor optineurin restricts Salmonella growth.
Science 2011, 333, 228–233. [CrossRef] [PubMed]

132. Rogov, V.V.; Suzuki, H.; Fiskin, E.; Wild, P.; Kniss, A.; Rozenknop, A.; Kato, R.; Kawasaki, M.; McEwan, D.G.;
Lohr, F.; et al. Structural basis for phosphorylation-triggered autophagic clearance of Salmonella. Biochem. J.
2013. [CrossRef] [PubMed]

133. Rogov, V.V.; Suzuki, H.; Marinkovic, M.; Lang, V.; Kato, R.; Kawasaki, M.; Buljubasic, M.; Sprung, M.;
Rogova, N.; Wakatsuki, S.; et al. Phosphorylation of the mitochondrial autophagy receptor Nix enhances its
interaction with LC3 proteins. Sci. Rep. 2017, 7, 1131. [CrossRef] [PubMed]

134. Chen, G.; Han, Z.; Feng, D.; Chen, Y.; Chen, L.; Wu, H.; Huang, L.; Zhou, C.; Cai, X.; Fu, C.; et al. A regulatory
signaling loop comprising the PGAM5 phosphatase and CK2 controls receptor-mediated mitophagy. Mol.
Cell 2014, 54, 362–377. [CrossRef] [PubMed]

135. Wu, W.; Tian, W.; Hu, Z.; Chen, G.; Huang, L.; Li, W.; Zhang, X.; Xue, P.; Zhou, C.; Liu, L.; et al. ULK1
translocates to mitochondria and phosphorylates FUNDC1 to regulate mitophagy. EMBO Rep. 2014, 15,
566–575. [CrossRef] [PubMed]

136. Zhu, Y.; Massen, S.; Terenzio, M.; Lang, V.; Chen-Lindner, S.; Eils, R.; Novak, I.; Dikic, I.; Hamacher-Brady, A.;
Brady, N.R. Modulation of serines 17 and 24 in the LC3-interacting region of Bnip3 determines pro-survival
mitophagy versus apoptosis. J. Biol. Chem. 2013, 288, 1099–1113. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/tra.12623
http://dx.doi.org/10.1073/pnas.1409476112
http://dx.doi.org/10.1038/nature13148
http://dx.doi.org/10.1016/j.bbrc.2011.08.106
http://dx.doi.org/10.1083/jcb.200507002
http://www.ncbi.nlm.nih.gov/pubmed/16286508
http://dx.doi.org/10.1016/j.jmb.2019.06.032
http://www.ncbi.nlm.nih.gov/pubmed/31299243
http://dx.doi.org/10.15252/embj.201796697
http://www.ncbi.nlm.nih.gov/pubmed/28596378
http://dx.doi.org/10.1016/S1097-2765(01)00263-5
http://dx.doi.org/10.1074/jbc.M101438200
http://www.ncbi.nlm.nih.gov/pubmed/11382752
http://dx.doi.org/10.1016/S1534-5807(02)00373-8
http://dx.doi.org/10.1111/febs.14932
http://www.ncbi.nlm.nih.gov/pubmed/31116513
http://dx.doi.org/10.1038/nature09204
http://dx.doi.org/10.1111/j.1365-2443.2008.01238.x
http://dx.doi.org/10.1242/jcs.126128
http://dx.doi.org/10.1126/science.1205405
http://www.ncbi.nlm.nih.gov/pubmed/21617041
http://dx.doi.org/10.1042/BJ20121907
http://www.ncbi.nlm.nih.gov/pubmed/23805866
http://dx.doi.org/10.1038/s41598-017-01258-6
http://www.ncbi.nlm.nih.gov/pubmed/28442745
http://dx.doi.org/10.1016/j.molcel.2014.02.034
http://www.ncbi.nlm.nih.gov/pubmed/24746696
http://dx.doi.org/10.1002/embr.201438501
http://www.ncbi.nlm.nih.gov/pubmed/24671035
http://dx.doi.org/10.1074/jbc.M112.399345
http://www.ncbi.nlm.nih.gov/pubmed/23209295


Cells 2019, 8, 973 29 of 33

137. Stolz, A.; Putyrski, M.; Kutle, I.; Huber, J.; Wang, C.; Major, V.; Sidhu, S.S.; Youle, R.J.; Rogov, V.V.; Dotsch, V.;
et al. Fluorescence-based ATG8 sensors monitor localization and function of LC3/GABARAP proteins.
EMBO J. 2017, 36, 549–564. [CrossRef] [PubMed]

138. Lee, Y.K.; Jun, Y.W.; Choi, H.E.; Huh, Y.H.; Kaang, B.K.; Jang, D.J.; Lee, J.A. Development of LC3/GABARAP
sensors containing a LIR and a hydrophobic domain to monitor autophagy. EMBO J. 2017, 36, 1100–1116.
[CrossRef]

139. Turco, E.; Witt, M.; Abert, C.; Bock-Bierbaum, T.; Su, M.Y.; Trapannone, R.; Sztacho, M.; Danieli, A.; Shi, X.;
Zaffagnini, G.; et al. FIP200 claw domain binding to p62 promotes autophagosome formation at ubiquitin
condensates. Mol. Cell 2019, 74, 330–346.e11. [CrossRef]

140. Vargas, J.N.S.; Wang, C.; Bunker, E.; Hao, L.; Maric, D.; Schiavo, G.; Randow, F.; Youle, R.J. Spatiotemporal
control of ULK1 activation by NDP52 and TBK1 during selective autophagy. Mol. Cell 2019, 74, 347–362.e6.
[CrossRef]

141. Ravenhill, B.J.; Boyle, K.B.; von Muhlinen, N.; Ellison, C.J.; Masson, G.R.; Otten, E.G.; Foeglein, A.; Williams, R.;
Randow, F. The cargo receptor NDP52 initiates selective autophagy by recruiting the ULK complex to
cytosol-invading bacteria. Mol. Cell 2019, 74, 320–329.e6. [CrossRef] [PubMed]

142. Padman, B.S.; Nguyen, T.N.; Uoselis, L.; Skulsuppaisarn, M.; Nguyen, L.K.; Lazarou, M. LC3/GABARAPs
drive ubiquitin-independent recruitment of Optineurin and NDP52 to amplify mitophagy. Nat. Commun.
2019, 10, 408. [CrossRef] [PubMed]

143. Mercer, T.J.; Gubas, A.; Tooze, S.A. A molecular perspective of mammalian autophagosome biogenesis.
J. Biol. Chem. 2018, 293, 5386–5395. [CrossRef] [PubMed]

144. Huang, R.; Xu, Y.; Wan, W.; Shou, X.; Qian, J.; You, Z.; Liu, B.; Chang, C.; Zhou, T.; Lippincott-Schwartz, J.;
et al. Deacetylation of nuclear LC3 drives autophagy initiation under starvation. Mol. Cell 2015, 57, 456–466.
[CrossRef] [PubMed]

145. Cherra, S.J., 3rd; Kulich, S.M.; Uechi, G.; Balasubramani, M.; Mountzouris, J.; Day, B.W.; Chu, C.T. Regulation
of the autophagy protein LC3 by phosphorylation. J. Cell Biol. 2010, 190, 533–539. [CrossRef] [PubMed]

146. Colecchia, D.; Strambi, A.; Sanzone, S.; Iavarone, C.; Rossi, M.; Dall’Armi, C.; Piccioni, F.; Verrotti di
Pianella, A.; Chiariello, M. MAPK15/ERK8 stimulates autophagy by interacting with LC3 and GABARAP
proteins. Autophagy 2012, 8, 1724–1740. [CrossRef] [PubMed]

147. Dupont, N.; Nascimbeni, A.C.; Morel, E.; Codogno, P. Molecular mechanisms of noncanonical autophagy.
Int. Rev. Cell Mol. Biol. 2017, 328, 1–23. [CrossRef] [PubMed]

148. Martinez, J.; Malireddi, R.K.; Lu, Q.; Cunha, L.D.; Pelletier, S.; Gingras, S.; Orchard, R.; Guan, J.L.; Tan, H.;
Peng, J.; et al. Molecular characterization of LC3-associated phagocytosis reveals distinct roles for Rubicon,
NOX2 and autophagy proteins. Nat. Cell Biol. 2015, 17, 893–906. [CrossRef]

149. Florey, O.; Kim, S.E.; Sandoval, C.P.; Haynes, C.M.; Overholtzer, M. Autophagy machinery mediates
macroendocytic processing and entotic cell death by targeting single membranes. Nat. Cell Biol. 2011, 13,
1335–1343. [CrossRef]

150. Gomes-da-Silva, L.C.; Jimenez, A.J.; Sauvat, A.; Xie, W.; Souquere, S.; Divoux, S.; Storch, M.; Sveinbjornsson, B.;
Rekdal, O.; Arnaut, L.G.; et al. Recruitment of LC3 to damaged Golgi apparatus. Cell Death Differ. 2019, 26,
1467–1484. [CrossRef]

151. Heckmann, B.L.; Teubner, B.J.W.; Tummers, B.; Boada-Romero, E.; Harris, L.; Yang, M.; Guy, C.S.;
Zakharenko, S.S.; Green, D.R. LC3-associated endocytosis facilitates beta-amyloid clearance and mitigates
neurodegeneration in murine Alzheimer’s disease. Cell 2019, 178, 536–551.e14. [CrossRef] [PubMed]

152. Hamann, J.C.; Surcel, A.; Chen, R.; Teragawa, C.; Albeck, J.G.; Robinson, D.N.; Overholtzer, M. Entosis is
induced by glucose starvation. Cell Rep. 2017, 20, 201–210. [CrossRef] [PubMed]

153. Heckmann, B.L.; Boada-Romero, E.; Cunha, L.D.; Magne, J.; Green, D.R. LC3-Associated phagocytosis and
inflammation. J. Mol. Biol. 2017, 429, 3561–3576. [CrossRef] [PubMed]

154. Huang, J.; Canadien, V.; Lam, G.Y.; Steinberg, B.E.; Dinauer, M.C.; Magalhaes, M.A.; Glogauer, M.; Grinstein, S.;
Brumell, J.H. Activation of antibacterial autophagy by NADPH oxidases. Proc. Natl. Acad. Sci. USA 2009,
106, 6226–6231. [CrossRef] [PubMed]

155. Martinez, J.; Almendinger, J.; Oberst, A.; Ness, R.; Dillon, C.P.; Fitzgerald, P.; Hengartner, M.O.; Green, D.R.
Microtubule-associated protein 1 light chain 3 alpha (LC3)-associated phagocytosis is required for the
efficient clearance of dead cells. Proc. Natl. Acad. Sci. USA 2011, 108, 17396–17401. [CrossRef] [PubMed]

http://dx.doi.org/10.15252/embj.201695063
http://www.ncbi.nlm.nih.gov/pubmed/28028054
http://dx.doi.org/10.15252/embj.201696315
http://dx.doi.org/10.1016/j.molcel.2019.01.035
http://dx.doi.org/10.1016/j.molcel.2019.02.010
http://dx.doi.org/10.1016/j.molcel.2019.01.041
http://www.ncbi.nlm.nih.gov/pubmed/30853402
http://dx.doi.org/10.1038/s41467-019-08335-6
http://www.ncbi.nlm.nih.gov/pubmed/30679426
http://dx.doi.org/10.1074/jbc.R117.810366
http://www.ncbi.nlm.nih.gov/pubmed/29371398
http://dx.doi.org/10.1016/j.molcel.2014.12.013
http://www.ncbi.nlm.nih.gov/pubmed/25601754
http://dx.doi.org/10.1083/jcb.201002108
http://www.ncbi.nlm.nih.gov/pubmed/20713600
http://dx.doi.org/10.4161/auto.21857
http://www.ncbi.nlm.nih.gov/pubmed/22948227
http://dx.doi.org/10.1016/bs.ircmb.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/28069131
http://dx.doi.org/10.1038/ncb3192
http://dx.doi.org/10.1038/ncb2363
http://dx.doi.org/10.1038/s41418-018-0221-5
http://dx.doi.org/10.1016/j.cell.2019.05.056
http://www.ncbi.nlm.nih.gov/pubmed/31257024
http://dx.doi.org/10.1016/j.celrep.2017.06.037
http://www.ncbi.nlm.nih.gov/pubmed/28683313
http://dx.doi.org/10.1016/j.jmb.2017.08.012
http://www.ncbi.nlm.nih.gov/pubmed/28847720
http://dx.doi.org/10.1073/pnas.0811045106
http://www.ncbi.nlm.nih.gov/pubmed/19339495
http://dx.doi.org/10.1073/pnas.1113421108
http://www.ncbi.nlm.nih.gov/pubmed/21969579


Cells 2019, 8, 973 30 of 33

156. Sanjuan, M.A.; Dillon, C.P.; Tait, S.W.; Moshiach, S.; Dorsey, F.; Connell, S.; Komatsu, M.; Tanaka, K.;
Cleveland, J.L.; Withoff, S.; et al. Toll-like receptor signalling in macrophages links the autophagy pathway
to phagocytosis. Nature 2007, 450, 1253–1257. [CrossRef] [PubMed]

157. Reeves, E.P.; Lu, H.; Jacobs, H.L.; Messina, C.G.; Bolsover, S.; Gabella, G.; Potma, E.O.; Warley, A.; Roes, J.;
Segal, A.W. Killing activity of neutrophils is mediated through activation of proteases by K+ flux. Nature
2002, 416, 291–297. [CrossRef]

158. Florey, O.; Gammoh, N.; Kim, S.E.; Jiang, X.; Overholtzer, M. V-ATPase and osmotic imbalances activate
endolysosomal LC3 lipidation. Autophagy 2015, 11, 88–99. [CrossRef]

159. Xu, Y.; Zhou, P.; Cheng, S.; Lu, Q.; Nowak, K.; Hopp, A.K.; Li, L.; Shi, X.; Zhou, Z.; Gao, W.; et al. A
Bacterial Effector Reveals the V-ATPase-ATG16L1 Axis that Initiates Xenophagy. Cell 2019, 178, 552–566.e20.
[CrossRef]

160. Gao, Y.; Liu, Y.; Hong, L.; Yang, Z.; Cai, X.; Chen, X.; Fu, Y.; Lin, Y.; Wen, W.; Li, S.; et al. Golgi-associated LC3
lipidation requires V-ATPase in noncanonical autophagy. Cell Death Dis. 2016, 7, e2330. [CrossRef]

161. Torisu, T.; Torisu, K.; Lee, I.H.; Liu, J.; Malide, D.; Combs, C.A.; Wu, X.S.; Rovira, I.I.; Fergusson, M.M.;
Weigert, R.; et al. Autophagy regulates endothelial cell processing, maturation and secretion of von
Willebrand factor. Nat. Med. 2013, 19, 1281–1287. [CrossRef] [PubMed]

162. Ishibashi, K.; Uemura, T.; Waguri, S.; Fukuda, M. Atg16L1, an essential factor for canonical autophagy,
participates in hormone secretion from PC12 cells independently of autophagic activity. Mol. Biol. Cell 2012,
23, 3193–3202. [CrossRef] [PubMed]

163. Dickinson, J.D.; Alevy, Y.; Malvin, N.P.; Patel, K.K.; Gunsten, S.P.; Holtzman, M.J.; Stappenbeck, T.S.;
Brody, S.L. IL13 activates autophagy to regulate secretion in airway epithelial cells. Autophagy 2016, 12,
397–409. [CrossRef] [PubMed]

164. Bel, S.; Pendse, M.; Wang, Y.; Li, Y.; Ruhn, K.A.; Hassell, B.; Leal, T.; Winter, S.E.; Xavier, R.J.; Hooper, L.V.
Paneth cells secrete lysozyme via secretory autophagy during bacterial infection of the intestine. Science
2017, 357, 1047–1052. [CrossRef] [PubMed]

165. Dupont, N.; Jiang, S.; Pilli, M.; Ornatowski, W.; Bhattacharya, D.; Deretic, V. Autophagy-based unconventional
secretory pathway for extracellular delivery of IL-1beta. EMBO J. 2011, 30, 4701–4711. [CrossRef] [PubMed]

166. Kimura, T.; Jia, J.; Kumar, S.; Choi, S.W.; Gu, Y.; Mudd, M.; Dupont, N.; Jiang, S.; Peters, R.; Farzam, F.; et al.
Dedicated SNAREs and specialized TRIM cargo receptors mediate secretory autophagy. EMBO J. 2017, 36,
42–60. [CrossRef] [PubMed]

167. Zhang, M.; Kenny, S.J.; Ge, L.; Xu, K.; Schekman, R. Translocation of interleukin-1beta into a vesicle
intermediate in autophagy-mediated secretion. eLife 2015, 4. [CrossRef]

168. Thorburn, J.; Horita, H.; Redzic, J.; Hansen, K.; Frankel, A.E.; Thorburn, A. Autophagy regulates selective
HMGB1 release in tumor cells that are destined to die. Cell Death Differ. 2009, 16, 175–183. [CrossRef]

169. Son, S.M.; Cha, M.Y.; Choi, H.; Kang, S.; Choi, H.; Lee, M.S.; Park, S.A.; Mook-Jung, I. Insulin-degrading
enzyme secretion from astrocytes is mediated by an autophagy-based unconventional secretory pathway in
Alzheimer disease. Autophagy 2016, 12, 784–800. [CrossRef]

170. Chiritoiu, M.; Brouwers, N.; Turacchio, G.; Pirozzi, M.; Malhotra, V. GRASP55 and UPR control
interleukin-1beta aggregation and secretion. Dev. Cell 2019, 49, 145–155.e4. [CrossRef]

171. Shi, J.; Zhao, Y.; Wang, K.; Shi, X.; Wang, Y.; Huang, H.; Zhuang, Y.; Cai, T.; Wang, F.; Shao, F. Cleavage of
GSDMD by inflammatory caspases determines pyroptotic cell death. Nature 2015, 526, 660–665. [CrossRef]
[PubMed]

172. Evavold, C.L.; Ruan, J.; Tan, Y.; Xia, S.; Wu, H.; Kagan, J.C. The pore-forming protein gasdermin D regulates
interleukin-1 secretion from living macrophages. Immunity 2018, 48, 35–44.e6. [CrossRef] [PubMed]

173. Kayagaki, N.; Stowe, I.B.; Lee, B.L.; O’Rourke, K.; Anderson, K.; Warming, S.; Cuellar, T.; Haley, B.;
Roose-Girma, M.; Phung, Q.T.; et al. Caspase-11 cleaves gasdermin D for non-canonical inflammasome
signalling. Nature 2015, 526, 666–671. [CrossRef] [PubMed]

174. Monteleone, M.; Stanley, A.C.; Chen, K.W.; Brown, D.L.; Bezbradica, J.S.; von Pein, J.B.; Holley, C.L.;
Boucher, D.; Shakespear, M.R.; Kapetanovic, R.; et al. Interleukin-1beta maturation triggers its relocation to
the plasma membrane for gasdermin-D-dependent and -independent secretion. Cell Rep. 2018, 24, 1425–1433.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/nature06421
http://www.ncbi.nlm.nih.gov/pubmed/18097414
http://dx.doi.org/10.1038/416291a
http://dx.doi.org/10.4161/15548627.2014.984277
http://dx.doi.org/10.1016/j.cell.2019.06.007
http://dx.doi.org/10.1038/cddis.2016.236
http://dx.doi.org/10.1038/nm.3288
http://www.ncbi.nlm.nih.gov/pubmed/24056772
http://dx.doi.org/10.1091/mbc.e12-01-0010
http://www.ncbi.nlm.nih.gov/pubmed/22740627
http://dx.doi.org/10.1080/15548627.2015.1056967
http://www.ncbi.nlm.nih.gov/pubmed/26062017
http://dx.doi.org/10.1126/science.aal4677
http://www.ncbi.nlm.nih.gov/pubmed/28751470
http://dx.doi.org/10.1038/emboj.2011.398
http://www.ncbi.nlm.nih.gov/pubmed/22068051
http://dx.doi.org/10.15252/embj.201695081
http://www.ncbi.nlm.nih.gov/pubmed/27932448
http://dx.doi.org/10.7554/eLife.11205
http://dx.doi.org/10.1038/cdd.2008.143
http://dx.doi.org/10.1080/15548627.2016.1159375
http://dx.doi.org/10.1016/j.devcel.2019.02.011
http://dx.doi.org/10.1038/nature15514
http://www.ncbi.nlm.nih.gov/pubmed/26375003
http://dx.doi.org/10.1016/j.immuni.2017.11.013
http://www.ncbi.nlm.nih.gov/pubmed/29195811
http://dx.doi.org/10.1038/nature15541
http://www.ncbi.nlm.nih.gov/pubmed/26375259
http://dx.doi.org/10.1016/j.celrep.2018.07.027
http://www.ncbi.nlm.nih.gov/pubmed/30089254


Cells 2019, 8, 973 31 of 33

175. Stadel, D.; Millarte, V.; Tillmann, K.D.; Huber, J.; Tamin-Yecheskel, B.C.; Akutsu, M.; Demishtein, A.;
Ben-Zeev, B.; Anikster, Y.; Perez, F.; et al. TECPR2 cooperates with LC3C to regulate COPII-dependent ER
export. Mol. Cell 2015, 60, 89–104. [CrossRef]

176. Mejlvang, J.; Olsvik, H.; Svenning, S.; Bruun, J.A.; Abudu, Y.P.; Larsen, K.B.; Brech, A.; Hansen, T.E.;
Brenne, H.; Hansen, T.; et al. Starvation induces rapid degradation of selective autophagy receptors by
endosomal microautophagy. J. Cell Biol. 2018, 217, 3640–3655. [CrossRef]

177. Mukherjee, A.; Patel, B.; Koga, H.; Cuervo, A.M.; Jenny, A. Selective endosomal microautophagy is
starvation-inducible in Drosophila. Autophagy 2016, 12, 1984–1999. [CrossRef]

178. Liu, X.M.; Yamasaki, A.; Du, X.M.; Coffman, V.C.; Ohsumi, Y.; Nakatogawa, H.; Wu, J.Q.; Noda, N.N.;
Du, L.L. Lipidation-independent vacuolar functions of Atg8 rely on its noncanonical interaction with a
vacuole membrane protein. eLife 2018, 7. [CrossRef]

179. Cali, T.; Galli, C.; Olivari, S.; Molinari, M. Segregation and rapid turnover of EDEM1 by an autophagy-like
mechanism modulates standard ERAD and folding activities. Biochem. Biophys. Res. Commun. 2008, 371,
405–410. [CrossRef]

180. Reggiori, F.; Monastyrska, I.; Verheije, M.H.; Cali, T.; Ulasli, M.; Bianchi, S.; Bernasconi, R.; de Haan, C.A.;
Molinari, M. Coronaviruses Hijack the LC3-I-positive EDEMosomes, ER-derived vesicles exporting
short-lived ERAD regulators, for replication. Cell Host Microbe 2010, 7, 500–508. [CrossRef]

181. Monastyrska, I.; Ulasli, M.; Rottier, P.J.; Guan, J.L.; Reggiori, F.; de Haan, C.A. An autophagy-independent
role for LC3 in equine arteritis virus replication. Autophagy 2013, 9, 164–174. [CrossRef]

182. Zhang, H.; Baehrecke, E.H. Eaten alive: Novel insights into autophagy from multicellular model systems.
Trends Cell Biol. 2015, 25, 376–387. [CrossRef] [PubMed]

183. Bhattacharjee, A.; Szabo, A.; Csizmadia, T.; Laczko-Dobos, H.; Juhasz, G. Understanding the importance of
autophagy in human diseases using Drosophila. J. Genet. Genomics 2019, 46, 157–169. [CrossRef] [PubMed]

184. Tsukamoto, S.; Kuma, A.; Murakami, M.; Kishi, C.; Yamamoto, A.; Mizushima, N. Autophagy is essential for
preimplantation development of mouse embryos. Science 2008, 321, 117–120. [CrossRef] [PubMed]

185. Sato, M.; Sato, K. Degradation of paternal mitochondria by fertilization-triggered autophagy in C. elegans
embryos. Science 2011, 334, 1141–1144. [CrossRef]

186. Yoshii, S.R.; Kuma, A.; Akashi, T.; Hara, T.; Yamamoto, A.; Kurikawa, Y.; Itakura, E.; Tsukamoto, S.; Shitara, H.;
Eishi, Y.; et al. Systemic analysis of Atg5-null mice rescued from neonatal lethality by transgenic ATG5
expression in neurons. Dev. Cell 2016, 39, 116–130. [CrossRef] [PubMed]

187. Hara, T.; Nakamura, K.; Matsui, M.; Yamamoto, A.; Nakahara, Y.; Suzuki-Migishima, R.; Yokoyama, M.;
Mishima, K.; Saito, I.; Okano, H.; et al. Suppression of basal autophagy in neural cells causes
neurodegenerative disease in mice. Nature 2006, 441, 885–889. [CrossRef]

188. Komatsu, M.; Waguri, S.; Chiba, T.; Murata, S.; Iwata, J.; Tanida, I.; Ueno, T.; Koike, M.; Uchiyama, Y.;
Kominami, E.; et al. Loss of autophagy in the central nervous system causes neurodegeneration in mice.
Nature 2006, 441, 880–884. [CrossRef]

189. Karsli-Uzunbas, G.; Guo, J.Y.; Price, S.; Teng, X.; Laddha, S.V.; Khor, S.; Kalaany, N.Y.; Jacks, T.; Chan, C.S.;
Rabinowitz, J.D.; et al. Autophagy is required for glucose homeostasis and lung tumor maintenance. Cancer
Discov. 2014, 4, 914–927. [CrossRef]

190. Juhasz, G.; Erdi, B.; Sass, M.; Neufeld, T.P. Atg7-dependent autophagy promotes neuronal health, stress
tolerance, and longevity but is dispensable for metamorphosis in Drosophila. Genes Dev. 2007, 21, 3061–3066.
[CrossRef]

191. Kim, M.; Sandford, E.; Gatica, D.; Qiu, Y.; Liu, X.; Zheng, Y.; Schulman, B.A.; Xu, J.; Semple, I.; Ro, S.H.; et al.
Mutation in ATG5 reduces autophagy and leads to ataxia with developmental delay. eLife 2016, 5. [CrossRef]
[PubMed]

192. Simonsen, A.; Cumming, R.C.; Brech, A.; Isakson, P.; Schubert, D.R.; Finley, K.D. Promoting basal levels of
autophagy in the nervous system enhances longevity and oxidant resistance in adult Drosophila. Autophagy
2008, 4, 176–184. [CrossRef] [PubMed]

193. Metzger, S.; Saukko, M.; Van Che, H.; Tong, L.; Puder, Y.; Riess, O.; Nguyen, H.P. Age at onset in Huntington’s
disease is modified by the autophagy pathway: Implication of the V471A polymorphism in Atg7. Hum.
Genet. 2010, 128, 453–459. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.molcel.2015.09.010
http://dx.doi.org/10.1083/jcb.201711002
http://dx.doi.org/10.1080/15548627.2016.1208887
http://dx.doi.org/10.7554/eLife.41237
http://dx.doi.org/10.1016/j.bbrc.2008.04.098
http://dx.doi.org/10.1016/j.chom.2010.05.013
http://dx.doi.org/10.4161/auto.22743
http://dx.doi.org/10.1016/j.tcb.2015.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25862458
http://dx.doi.org/10.1016/j.jgg.2019.03.007
http://www.ncbi.nlm.nih.gov/pubmed/31080044
http://dx.doi.org/10.1126/science.1154822
http://www.ncbi.nlm.nih.gov/pubmed/18599786
http://dx.doi.org/10.1126/science.1210333
http://dx.doi.org/10.1016/j.devcel.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/27693508
http://dx.doi.org/10.1038/nature04724
http://dx.doi.org/10.1038/nature04723
http://dx.doi.org/10.1158/2159-8290.CD-14-0363
http://dx.doi.org/10.1101/gad.1600707
http://dx.doi.org/10.7554/eLife.12245
http://www.ncbi.nlm.nih.gov/pubmed/26812546
http://dx.doi.org/10.4161/auto.5269
http://www.ncbi.nlm.nih.gov/pubmed/18059160
http://dx.doi.org/10.1007/s00439-010-0873-9
http://www.ncbi.nlm.nih.gov/pubmed/20697744


Cells 2019, 8, 973 32 of 33

194. Metzger, S.; Walter, C.; Riess, O.; Roos, R.A.; Nielsen, J.E.; Craufurd, D.; REGISTRY Investigators of the
European Huntington’s Disease Network; Nguyen, H.P. The V471A polymorphism in autophagy-related
gene ATG7 modifies age at onset specifically in Italian Huntington disease patients. PLoS ONE 2013, 8, e68951.
[CrossRef] [PubMed]

195. Chen, D.; Pang, S.; Feng, X.; Huang, W.; Hawley, R.G.; Yan, B. Genetic analysis of the ATG7 gene promoter in
sporadic Parkinson’s disease. Neurosci. Lett. 2013, 534, 193–198. [CrossRef] [PubMed]

196. Takamura, A.; Komatsu, M.; Hara, T.; Sakamoto, A.; Kishi, C.; Waguri, S.; Eishi, Y.; Hino, O.; Tanaka, K.;
Mizushima, N. Autophagy-deficient mice develop multiple liver tumors. Genes Dev. 2011, 25, 795–800.
[CrossRef] [PubMed]

197. Guo, H.; Chitiprolu, M.; Roncevic, L.; Javalet, C.; Hemming, F.J.; Trung, M.T.; Meng, L.; Latreille, E.; Tanese
de Souza, C.; McCulloch, D.; et al. Atg5 disassociates the V1V0-ATPase to promote exosome production
and tumor metastasis independent of canonical macroautophagy. Dev. Cell 2017, 43, 716–730.e7. [CrossRef]
[PubMed]

198. Levine, B.; Mizushima, N.; Virgin, H.W. Autophagy in immunity and inflammation. Nature 2011, 469,
323–335. [CrossRef] [PubMed]

199. Deretic, V.; Levine, B. Autophagy balances inflammation in innate immunity. Autophagy 2018, 14, 243–251.
[CrossRef]

200. International Consortium for Systemic Lupus Erythematosus Group; Harley, J.B.; Alarcon-Riquelme, M.E.;
Criswell, L.A.; Jacob, C.O.; Kimberly, R.P.; Moser, K.L.; Tsao, B.P.; Vyse, T.J.; Langefeld, C.D.; et al.
Genome-wide association scan in women with systemic lupus erythematosus identifies susceptibility
variants in ITGAM, PXK, KIAA1542 and other loci. Nat. Genet. 2008, 40, 204–210. [CrossRef]

201. Gateva, V.; Sandling, J.K.; Hom, G.; Taylor, K.E.; Chung, S.A.; Sun, X.; Ortmann, W.; Kosoy, R.; Ferreira, R.C.;
Nordmark, G.; et al. A large-scale replication study identifies TNIP1, PRDM1, JAZF1, UHRF1BP1 and IL10
as risk loci for systemic lupus erythematosus. Nat. Genet. 2009, 41, 1228–1233. [CrossRef] [PubMed]

202. Han, J.W.; Zheng, H.F.; Cui, Y.; Sun, L.D.; Ye, D.Q.; Hu, Z.; Xu, J.H.; Cai, Z.M.; Huang, W.; Zhao, G.P.; et al.
Genome-wide association study in a Chinese Han population identifies nine new susceptibility loci for
systemic lupus erythematosus. Nat. Genet. 2009, 41, 1234–1237. [CrossRef] [PubMed]

203. Zhou, X.J.; Lu, X.L.; Lv, J.C.; Yang, H.Z.; Qin, L.X.; Zhao, M.H.; Su, Y.; Li, Z.G.; Zhang, H. Genetic association of
PRDM1-ATG5 intergenic region and autophagy with systemic lupus erythematosus in a Chinese population.
Ann. Rheum. Dis. 2011, 70, 1330–1337. [CrossRef] [PubMed]

204. Ciccacci, C.; Perricone, C.; Alessandri, C.; Latini, A.; Politi, C.; Delunardo, F.; Pierdominici, M.; Conti, F.;
Novelli, G.; Ortona, E.; et al. Evaluation of ATG5 polymorphisms in Italian patients with systemic lupus
erythematosus: Contribution to disease susceptibility and clinical phenotypes. Lupus 2018, 27, 1464–1469.
[CrossRef] [PubMed]

205. Lassen, K.G.; Kuballa, P.; Conway, K.L.; Patel, K.K.; Becker, C.E.; Peloquin, J.M.; Villablanca, E.J.; Norman, J.M.;
Liu, T.C.; Heath, R.J.; et al. Atg16L1 T300A variant decreases selective autophagy resulting in altered cytokine
signaling and decreased antibacterial defense. Proc. Natl. Acad. Sci. USA 2014, 111, 7741–7746. [CrossRef]
[PubMed]

206. Cadwell, K.; Patel, K.K.; Maloney, N.S.; Liu, T.C.; Ng, A.C.; Storer, C.E.; Head, R.D.; Xavier, R.;
Stappenbeck, T.S.; Virgin, H.W. Virus-plus-susceptibility gene interaction determines Crohn’s disease
gene Atg16L1 phenotypes in intestine. Cell 2010, 141, 1135–1145. [CrossRef] [PubMed]

207. Murthy, A.; Li, Y.; Peng, I.; Reichelt, M.; Katakam, A.K.; Noubade, R.; Roose-Girma, M.; DeVoss, J.; Diehl, L.;
Graham, R.R.; et al. A Crohn’s disease variant in Atg16l1 enhances its degradation by caspase 3. Nature 2014,
506, 456–462. [CrossRef] [PubMed]

208. Tan, J.M.J.; Mellouk, N.; Osborne, S.E.; Ammendolia, D.A.; Dyer, D.N.; Li, R.; Brunen, D.; van Rijn, J.M.;
Huang, J.; Czuczman, M.A.; et al. An ATG16L1-dependent pathway promotes plasma membrane repair and
limits Listeria monocytogenes cell-to-cell spread. Nat. Microbiol. 2018, 3, 1472–1485. [CrossRef]

209. Fujita, N.; Saitoh, T.; Kageyama, S.; Akira, S.; Noda, T.; Yoshimori, T. Differential involvement of Atg16L1 in
crohn disease and canonical autophagy analysis of the organization of the Atg16L1 complex in fibroblasts.
J. Biol. Chem. 2009, 284, 32602–32609. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0068951
http://www.ncbi.nlm.nih.gov/pubmed/23894380
http://dx.doi.org/10.1016/j.neulet.2012.12.039
http://www.ncbi.nlm.nih.gov/pubmed/23295909
http://dx.doi.org/10.1101/gad.2016211
http://www.ncbi.nlm.nih.gov/pubmed/21498569
http://dx.doi.org/10.1016/j.devcel.2017.11.018
http://www.ncbi.nlm.nih.gov/pubmed/29257951
http://dx.doi.org/10.1038/nature09782
http://www.ncbi.nlm.nih.gov/pubmed/21248839
http://dx.doi.org/10.1080/15548627.2017.1402992
http://dx.doi.org/10.1038/ng.81
http://dx.doi.org/10.1038/ng.468
http://www.ncbi.nlm.nih.gov/pubmed/19838195
http://dx.doi.org/10.1038/ng.472
http://www.ncbi.nlm.nih.gov/pubmed/19838193
http://dx.doi.org/10.1136/ard.2010.140111
http://www.ncbi.nlm.nih.gov/pubmed/21622776
http://dx.doi.org/10.1177/0961203318776108
http://www.ncbi.nlm.nih.gov/pubmed/29759048
http://dx.doi.org/10.1073/pnas.1407001111
http://www.ncbi.nlm.nih.gov/pubmed/24821797
http://dx.doi.org/10.1016/j.cell.2010.05.009
http://www.ncbi.nlm.nih.gov/pubmed/20602997
http://dx.doi.org/10.1038/nature13044
http://www.ncbi.nlm.nih.gov/pubmed/24553140
http://dx.doi.org/10.1038/s41564-018-0293-5
http://dx.doi.org/10.1074/jbc.M109.037671


Cells 2019, 8, 973 33 of 33

210. Rai, S.; Arasteh, M.; Jefferson, M.; Pearson, T.; Wang, Y.; Zhang, W.; Bicsak, B.; Divekar, D.; Powell, P.P.;
Naumann, R.; et al. The ATG5-binding and coiled coil domains of ATG16L1 maintain autophagy and tissue
homeostasis in mice independently of the WD domain required for LC3-associated phagocytosis. Autophagy
2019, 15, 599–612. [CrossRef]

211. Travassos, L.H.; Carneiro, L.A.; Ramjeet, M.; Hussey, S.; Kim, Y.G.; Magalhaes, J.G.; Yuan, L.; Soares, F.;
Chea, E.; Le Bourhis, L.; et al. Nod1 and Nod2 direct autophagy by recruiting ATG16L1 to the plasma
membrane at the site of bacterial entry. Nat. Immunol. 2010, 11, 55–62. [CrossRef] [PubMed]

212. Kimura, T.; Jain, A.; Choi, S.W.; Mandell, M.A.; Schroder, K.; Johansen, T.; Deretic, V. TRIM-mediated
precision autophagy targets cytoplasmic regulators of innate immunity. J. Cell Biol. 2015, 210, 973–989.
[CrossRef] [PubMed]

213. Boada-Romero, E.; Letek, M.; Fleischer, A.; Pallauf, K.; Ramon-Barros, C.; Pimentel-Muinos, F.X. TMEM59
defines a novel ATG16L1-binding motif that promotes local activation of LC3. EMBO J. 2013, 32, 566–582.
[CrossRef] [PubMed]

214. Hu, J.; Li, G.; Qu, L.; Li, N.; Liu, W.; Xia, D.; Hongdu, B.; Lin, X.; Xu, C.; Lou, Y.; et al. TMEM166/EVA1A
interacts with ATG16L1 and induces autophagosome formation and cell death. Cell Death Dis. 2016, 7, e2323.
[CrossRef] [PubMed]

215. Ogawa, M.; Yoshimori, T.; Suzuki, T.; Sagara, H.; Mizushima, N.; Sasakawa, C. Escape of intracellular Shigella
from autophagy. Science 2005, 307, 727–731. [CrossRef]

216. Baxt, L.A.; Goldberg, M.B. Host and bacterial proteins that repress recruitment of LC3 to Shigella early
during infection. PLoS ONE 2014, 9, e94653. [CrossRef] [PubMed]

217. Yoshikawa, Y.; Ogawa, M.; Hain, T.; Yoshida, M.; Fukumatsu, M.; Kim, M.; Mimuro, H.; Nakagawa, I.;
Yanagawa, T.; Ishii, T.; et al. Listeria monocytogenes ActA-mediated escape from autophagic recognition.
Nat. Cell Biol. 2009, 11, 1233–1240. [CrossRef]

218. Mostowy, S.; Sancho-Shimizu, V.; Hamon, M.A.; Simeone, R.; Brosch, R.; Johansen, T.; Cossart, P. p62 and
NDP52 proteins target intracytosolic Shigella and Listeria to different autophagy pathways. J. Biol. Chem.
2011, 286, 26987–26995. [CrossRef]

219. Cheng, M.I.; Chen, C.; Engstrom, P.; Portnoy, D.A.; Mitchell, G. Actin-based motility allows Listeria
monocytogenes to avoid autophagy in the macrophage cytosol. Cell. Microbiol. 2018, 20, e12854. [CrossRef]

220. Zhang, Y.; Yao, Y.; Qiu, X.; Wang, G.; Hu, Z.; Chen, S.; Wu, Z.; Yuan, N.; Gao, H.; Wang, J.; et al. Listeria
hijacks host mitophagy through a novel mitophagy receptor to evade killing. Nat. Immunol. 2019, 20, 433–446.
[CrossRef]

221. Choy, A.; Dancourt, J.; Mugo, B.; O’Connor, T.J.; Isberg, R.R.; Melia, T.J.; Roy, C.R. The Legionella effector RavZ
inhibits host autophagy through irreversible Atg8 deconjugation. Science 2012, 338, 1072–1076. [CrossRef]
[PubMed]

222. Beale, R.; Wise, H.; Stuart, A.; Ravenhill, B.J.; Digard, P.; Randow, F. A LC3-interacting motif in the influenza
A virus M2 protein is required to subvert autophagy and maintain virion stability. Cell Host Microbe 2014, 15,
239–247. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/15548627.2018.1534507
http://dx.doi.org/10.1038/ni.1823
http://www.ncbi.nlm.nih.gov/pubmed/19898471
http://dx.doi.org/10.1083/jcb.201503023
http://www.ncbi.nlm.nih.gov/pubmed/26347139
http://dx.doi.org/10.1038/emboj.2013.8
http://www.ncbi.nlm.nih.gov/pubmed/23376921
http://dx.doi.org/10.1038/cddis.2016.230
http://www.ncbi.nlm.nih.gov/pubmed/27490928
http://dx.doi.org/10.1126/science.1106036
http://dx.doi.org/10.1371/journal.pone.0094653
http://www.ncbi.nlm.nih.gov/pubmed/24722587
http://dx.doi.org/10.1038/ncb1967
http://dx.doi.org/10.1074/jbc.M111.223610
http://dx.doi.org/10.1111/cmi.12854
http://dx.doi.org/10.1038/s41590-019-0324-2
http://dx.doi.org/10.1126/science.1227026
http://www.ncbi.nlm.nih.gov/pubmed/23112293
http://dx.doi.org/10.1016/j.chom.2014.01.006
http://www.ncbi.nlm.nih.gov/pubmed/24528869
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	ATG8 Proteins and Their Conjugation Machinery 
	Priming by ATG4 Cysteine Proteases 
	LC3/GABARAP Lipidation 
	ATG7 
	ATG3 
	The ATG12–ATG5–ATG16L1 E3-Like Complex 

	LC3/GABARAP De-Lipidation 

	Role of LC3/GABARAP Proteins in Autophagy 
	Autophagosome Biogenesis 
	Selective Autophagy 
	Regulation of LC3/GABARAP Proteins 

	Non-Conventional Roles of ATG8s and Their Conjugation Machinery 
	Lipidation of ATG8s to Single-Membrane Compartments 
	Induction of Non-Conventional ATG8 Protein Lipidation 
	Role of ATG8 Proteins and Their Conjugation Machinery in Secretion and ER Export 
	Role of ATG8 Proteins and Their Conjugation Machinery in Endosomal Microautophagy 
	Functions of Non-Lipidated ATG8 Proteins 

	Pathophysiological Roles of ATG8 Conjugation Machinery 
	Conjugation Machinery in Development 
	Conjugation Machinery in Disease 
	Role of Conjugation Machinery in Immunity 
	Pathogen-Mediated Modifications of the ATG8 Conjugation Machinery 

	Concluding Remarks 
	References

