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Abstract

Autophagy, self-eating, is a pivotal catabolic mechanism that ensures homeostasis and survival of the cell in
the face of stressors as different as starvation, infection, or protein misfolding. The importance of the research
in this field was recognized by the general public after the Nobel Prize for Physiology or Medicine was
awarded in 2016 to Yoshinori Ohsumi for discoveries of the mechanisms of autophagy using yeast as a model
organism. One of the seminal findings of Ohsumi was on the role ubiquitin-like proteins (UBLs)—Atg5, Atg12,
and Atg8—rplay in the formation of the double-membrane vesicle autophagosome, which is the functional unit
of autophagy. Subsequent work by several groups demonstrated that, like the founding member of the UBL
family ubiquitin, these small but versatile protein and lipid modifiers interact with a plethora of proteins, which
either directly regulate autophagosome formation, for example, components of the Atg1/ULK1 complex, or are
involved in cargo recognition, for example, Atg19 and p62/SQSTM1. By tethering the cargo to the UBLs
present on the forming autophagosome, the latter proteins were proposed to effectively act as selective
autophagy receptors. The discovery of the selective autophagy receptors brought a breakthrough in the
autophagy field, supplying the mechanistic underpinning for the formation of an autophagosome selectively
around the cytosolic cargo, that is, a protein aggregate, a mitochondrion, or a cytosolic bacterium. In this
historical overview, | highlight key steps that the research into selective autophagy has been taking over the
past 20 years. | comment on their significance and discuss current challenges in developing more detailed
knowledge of the mechanisms of selective autophagy. | will conclude by introducing the new directions that

this dynamic research field is taking into its third decade.
© 2019 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The discovery of the cellular process of self-eating,
autophagy, was an important step in elucidating
mechanisms of how the cell maintains its homeo-
stasis in the face of different stress factors, including
starvation, infection, and proteotoxic and oxidative
stress (reviewed in Refs. [1,2]). The major progress
in the autophagy research field that has taken
place over the past several decades, with its
great impact on the modern understanding of
human health and disease, was recognized by the
general public latest in 2016 when the Nobel Prize
in Physiology or Medicine was awarded to Yoshinori
Ohsumi for his seminal work on basic autophagy

mechanisms, primarily using yeast as a model
organism. The key discovery made by Ohsumi at
the University of Tokyo and later at the National
Institute for Basic Biology in Okazaki, Japan [3],
with independent contribution from Michael Thumm
from the University of Stuttgart, Germany [4] and
Daniel Klionsky from the University of California,
USA [5], was the identification and characterization
of the core autophagy (Atg) genes and proteins
that govern the nucleation, initiation, and expansion
of the autophagosome. This double-membrane
vesicle is at the heart of the macroautophagy
process: it ensures both physical sequestration of
the autophagic cargo from the rest of the cytoplasm
and its delivery into the vacuole of the yeast cell
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(lysosome in higher eukaryotes) where the degradation
takes place.

The core Atg proteins found in yeast can be
grouped into five multifunctional modules (reviewed
in Refs. [6,7]): (1) the Atg1 kinase complex, with
Atg1, Atg13, Atg17, Atg29, and Atg31; (2) the class
[ll phosphoinositide 3-kinase (PI3K) complex I, with
Vps34, Vps15, Atg6, Atgl4, and Atg38; (3) the
phosphatidylinositol-3-phosphate (PI3P)-binding
Atg2/Atg18 complex; (4) the ubiquitin-like Atg5-—
Atg12 and Atg8—phosphatidylethanolamine (PE)
conjugation machineries, with Atg3, Atg4, Atg5,
Atg7, Atg8, Atg10, Atg12, and Atg16; and (5) the
only integral membrane protein Atg9. These Atg
proteins assemble in a hierarchical fashion at the
perivacuolar phagophore assembly site (PAS) de-
scribed by Kuninori Suzuki and Yoshinori Ohsumi in
2001 [8], where the autophagosome is produced
from a primordial membrane (known as phagophore
or isolation membrane) in the yeast cell. Importantly,
this core autophagy machinery is largely conserved
in mammalian cells, with functional expansion of the
ATG gene family and multiple sites of autophago-
some formation in the cytosol being the hallmarks of
the mammalian autophagy process [9].

The fact that autophagy can be selective, that is,
autophagosomes can form around a particular cargo
while excluding the rest of the cytoplasm, was
suggested by the founding father of the autophagy
research field Christian de Duve back in 1966 [10];
however, only in the last 20 years, advances in
molecular and cell biology allowed deciphering the
mechanisms behind this remarkable trait of the
evolutionarily conserved degradation pathway.
While all three main forms of autophagy, the
chaperone-mediated autophagy, microautophagy (di-
rect engulfment of cytosol by the lysosome or
vacuole), and the macroautophagy, can be selective
(with the chaperone-mediated autophagy being se-
lective by definition, as it relies on the KFERQ-like
sequence in the substrate proteins [11]), the explicit
focus of this overview is on the autophagosome-
dependent macroautophagy, which is hereafter re-
ferred to as simply “autophagy.” It is the main cellular
mechanism that targets large structures, that is,
protein aggregates, parts of the endoplasmic reticu-
lum (ER) membrane, or entire organelles, such as
mitochondria and peroxisomes, for degradation,
thereby cleansing the cell of deleterious components
and supplying metabolic intermediates, both critical
for cellular homeostasis.

Peroxisomes [12] and mitochondria [13,14] were
the first large substrates shown to be degraded
by autophagy selectively, so that specific terms
“pexophagy” and “mitophagy” were coined to de-
scribe these respective degradation processes.
Subsequently, discovery of every additional selec-
tive autophagy cargo prompted introduction of a new
name, so that there is currently a growing number of

pathways and corresponding terms recognized
within the selective autophagy field (Table 1).
For details, the reader is referred to a number of
excellent reviews that cover the growing knowledge
on these selective autophagy pathways [6,15-20].
Our understanding of the molecular mechanisms of
selective autophagy has recently been growing expo-
nentially (Fig. 1). Today's immense progress in the field
is indebted to two seminal discoveries: (1) identification
and characterization of the autophagy-specific
ubiquitin-like proteins (UBLs): Atg12, Atg5 [21,22],
and Atg8/LC3/GABARAPs [23-25]; and (2) the discov-
ery of the LCB-interacting region [LIR; also known as
Atg8-interacting motif (AIM), and LC3 recognition
sequence, (LRS)] [26—28] within a set of selective
autophagy receptor (SAR) proteins (Figs. 2 and 3). As |
describe below, these two consecutive steps stimulated
the massive international effort that has helped define
the common principles behind the broad spectrum of
the selective autophagy pathways (Table 1, Fig. 3).

Ab ovo—of the UBLs and the LIR

Ubiquitin, the small (76 amino acids) and highly
conserved protein, is characterized by the globular
B-grasp fold and its ability to become reversibly
conjugated to other proteins following the three-step
enzymatic cascade involving E1 (activating), E2
(conjugating), and E3 (ligating) enzymes (reviewed
in Ref. [29]). The addition of monoubiquitin or
polyubiquitin chains to a substrate protein creates a
signal that is translated by ubiquitin-binding domain-
containing proteins into the various biological func-
tions of ubiquitin,that is, those associated with
changes in stability, localization, or activity of the
target protein. The signal can be terminated by the
action of multiple deubiquitinating enzymes, which are
also responsible for the proteolytic maturation of
ubiquitin by exposing its conjugatable C-terminal Gly
residue [30]. The key structural and functional
features of ubiquitin are shared by the growing
number of UBLs, such as NEDD8, FAT10, SUMO,
UFM1, ISG15, Hub1/Ubl5, and URM1 (reviewed in
Refs. [31-33]).

In 1998, the list of the known UBLs grew by two
members when Ohsumi's group made the original
discovery of a ubiquitin-like conjugation pathway
required for autophagy in yeast. The two new UBLs,
Atg12 and Atg5, were found to be conjugated to each
other (Atg12 forms a stable conjugate with the Lys149
of Atg5), which depended on the activity of Atg7 and
Atg10, and E1- and E2-like enzymes, respectively
[21,22]. In collaboration with Fuyuhiko Inagaki's group
from the Hokkaido University in Japan, Ohsumi
subsequently demonstrated that both Atg12 [34,35]
and Atg5 [36] display the characteristic ubiquitin fold,
with Atg5 containing two ubiquitin-like domains linked
by a central helix-rich domain.
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Table 1. Selective autophagy processes.

Term Process References
Aggrephagy Selective degradation of protein aggregates [253]
Chlorophagy Selective degradation of chloroplasts [254]

ER-phagy or reticulophagy Selective degradation of fragments of ER [263,264]

Ferritinophagy Selective degradation of ferritin [147]
Glycophagy Selective degradation of glycogen [146]
Granulophagy Selective degradation of stress granules [255]
Lipophagy Selective degradation of lipid droplets [256]
Lysophagy Selective degradation of lysosomes [257,258]
Mitophagy Selective degradation of mitochondria [259]
Myelinophagy Selective degradation of myelin [260]
Nucleophagy Selective degradation of parts of the nucleus [261]
Pexophagy Selective degradation of peroxisomes [259]
Proteaphagy Selective degradation of the proteasome [262]
Ribophagy Selective degradation of ribosomes [77]
Virophagy Selective degradation of viruses [265]
Xenophagy Selective degradation of bacteria and other intracellular pathogens [266,267]
Zymophagy Selective degradation of zymogen granules [268]

In 2000, Ohsumi reported identification of the
third autophagy-specific UBL called Atg8. Unlike any
other known UBL, the exposed C-terminal Gly of Atg8
was conjugated to the amino group of a lipid, PE,
enriched in the autophagosomal membrane. The
Atg8—PE conjugation reaction is mediated by E1-like
Atg7 and E2-like Atg3 enzymes [23,24], while, as

shown by Ohsumi in 2007, the stable Atg12-Atg5
conjugate, in complex with Atg16, acts as an E3 ligase
[37]. Interestingly, the requirement for the formation of
the covalent Atg12—Atg5 complex is waived in some
organisms. As very recently shown by Noboru
Mizushima's group from the University of Tokyo,
apicomplexan parasites Plasmodium and Toxoplasma
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Fig. 1. Publication dynamics in the field of selective autophagy. Main graph: The numbers of publications per year are
shown for the selective autophagy research field; selected discoveries that shaped the field are indicated. Inset graph:
Comparison of the publication dynamics in the broader autophagy field versus that of selective autophagy. Note that in the
PubMed database, the term “autophagy” was used to derive numbers of publications in the entire autophagy research
field, while the combination of the following terms”selective autophagy“ OR “mitophagy” OR “aggrephagy” OR
“xenophagy” OR “pexophagy” OR “ribophagy” OR “lipophagy” OR “zymophagy” OR “granulophagy” OR “nucleophagy”
OR “glycophagy” OR “lysophagy” OR “ERphagy” OR “reticulophagy” OR “Cvt pathway” OR “ferritinophagy” was used to
obtain the number of publications in the field of selective autophagy only. Abbreviations: Atg, autophagy-related; ER,
endoplasmic reticulum; LIR, LC3 interacting region; SAR, selective autophagy receptor.
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FIP200-binding ER-phagy SAR - CCPG1; ribophagy SAR - NUFIP1; LIR

2018 peptides with nanomolar binding affinity to LC3/GABARAPS
2017 LIR-based LC3/GABARAP sensors; ATG7-independent degradation of SLRs;
IMM SAR in mitophagy - PHB2
2016 LIR/UFIM in UBAS5; LIR:ATGS5 interaction; pexophagy E3 ligase (PEX2);
lipophagy SARs - ATGL/HSL
ER-phagy SARs - Atg39, Atg40, and FAM134B; mitophagy SARs - NDP52 and
2015
OPTN
LIR cooperativity; ferritinophagy SAR - NCoA4; 15t ubiquitin-binding SAR in
2014
yeast - Cueb
2013 ATG16L1 interacts with FIP200; ubiquitylation of endosomal membrane;
lysophagy; granulophagy
2012 LIRs in components of Atg1/ULK1 complex; cLIR; xenophagy E3 ligase
(LRSAM1)
2011 Phospho-regulation of OPTN LIR:LC3 interaction; ferritinophagy; zymophagy;
glycophagy
2010 LC3/GABARAP interactome; mitophagy SAR in mammals - NIX
p62/SQSTM1-like SARs (SLRs) - NBR1 and NDP52; mitophagy SAR - Atg32;
2009 i
pophagy
2008 LIR:Atg8 complex; aggrephagy; pexophagy SAR - Atg30; ribophagy; mitophagy
E3 ligase (Parkin)
2007 Definition of LIR motif; in vivo evidence for p62/SQSTM1 function
2006 ER-phagy in yeasts
2005 18t mammalian SAR - p62/SQSTM1
2004 Mitophagy in yeast; ubiquitin-positive intracellular bacteria
2003 PB1 domain: the basis for p62/SQSTM1 self-association Fig. 2. Key discoveries that have
) o ) shaped the field of selective autophagy
2002 Requirement for Atg11 and Atg8 binding in selective autophagy over the past 20 years. Note that not all
relevant discoveries could be included
2001 18! SAR in yeast - Cvt-specific Atg19; selective mitophagy in mammalian cells due to space limitation. Abbreviations:
Atg, autophagy related; Cvt, cytoplasm
2000 Atg8/LC3-PE conjugation pathway to vacuole targeting; ER, endoplasmic
reticulum; IMM, inner mitochondrial
1999 Dependence of pexophagy on both Atg and Cvt sets of genes membrane; LIR, LC3 interacting region;
SAR, selective autophagy receptor;
1998 Atg12-Atg5 conjugation pathway SLR, sequestosome-1-like receptor;

as well as the yeast Komagataella phaffii (previously
known as Pichia pastoris) lack both the C-terminal Gly
in Atg12 and the complete Atg10 protein required for
Atg12—-Atg5 conjugation, such that the non-covalent
association between Atg12 and Atg5 ensures the
functionality of the E3-like complex [38]. Importantly,
as with ubiquitin, the Atg8—PE conjugation is reversed
by the action of a deubiquitinating enzyme-like
cysteine protease Atg4, also required for Atg8's
proteolytic activation [24,39,40].

In the year of Atg8's discovery, Tamotsu Yoshimori,
then at the National Institute for Basic Biology in
Okazaki, characterized the mammalian homolog of
Atg8 that he called LC3 (MAP1LC3Bis the full name of

UFIM, UFM1 interacting motif.

the gene encoding LC3) [25]. Ever since, LC3 has
been holding the title of the universal marker of
autophagy based on the fact that it is associated
with the autophagic membranes throughout the life
cycle of an autophagosome: from the phagophore
and autophagosome to the autolysosome—the prod-
uct of fusion between the autophagosome and the
lysosome [41,42]. Today, the mammalian LC3/
GABARAP family counts six members: LC3A
(encoded by the MAP1LC3A gene), LC3B (in human
cells encoded by two genes MAP1LC3B and
MAP1LC3B2), LC3C (encoded by MAP1LC3C),
GABARAP, GABARAPL1, and GABARAPL2/GATE-
16 [43].
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Fig. 3. Main selective autophagy processes and their receptors. Main selective autophagy processes and the
respective SARs in yeast versus mammalian cells are shown. Insets: Current lists of SLRs in yeast and mammals
are provided. Abbreviations: Atg, autophagy related; Cvt, cytoplasm to vacuole targeting; SAR, selective autophagy

receptor; SLR, sequestosome-1-like receptor.

In 2008, Klionsky, now at the University of Michigan
in Ann Arbor, USA, demonstrated that Atg8 conjugation
regulated the size of the autophagosome in the yeast
Saccharomyces cerevisiae [44]. One potential expla-
nation for the observed effect of the Atg8 proteins on
the expansion of the autophagosomal membrane
came from the experiments performed by the groups
of Ohsumi [45] and Zvulun Elazar (at the Weizmann
Institute of Science in Rehovot, Israel) [46], who
showed that the a-helical domain in the N-terminus
of Atg8/LC3/GABARAPs can mediate homotypic
interactions, promoting tethering and hemifusion of
lipid membranes in vitro.

In parallel to establishing the critical functions of the
three UBLs in the autophagy pathway, by the early
2000s, strong evidence was mounting that some
autophagic cargos are degraded in a highly selective
manner, which required factors in addition to the
core Atg machinery. Klionsky's laboratory pioneered
the work on the selective autophagy-like process in
yeast, the biosynthetic cytoplasm-to-vacuole targeting
(Cvt) pathway, which is responsible for delivery of
resident hydrolases, aminopeptidase | (Apel) and
a-mannosidase (Ams1), to the vacuole [47,48].
(Necessary note: Although the Cvt pathway is in the
strict sense of the term not a selective autophagy

process, its principles are very similar to the ones
employed by the selective autophagy. Therefore, for
the purpose of this overview, it will be categorized as a
selective autophagy-related process and its receptors
Atg19 and Atg34 will be referred to as SARs.) In 1999,
Klionsky showed that the Cvt pathway utilized
components of the Atg machinery, as the Cvt and
Atg mutants shared many of the genes (i.e., Atg1,
Atg5, Atg7, Atg8, and Atg10). In fact the same set of
genes was required for the selective degradation of
peroxisomes—pexophagy [12]. However, in 2001, by
studying yeast mutants that fail to maintain the Cvt
pathway, Klionsky identified an additional protein that
seemed to fit the definition of a Cvt cargo receptor
protein: it interacted with the precursor form of Ape1
(prApe1l, as also shown previously in a large-scale
yeast two-hybrid screen performed by Jonathan
Rothberg and colleagues at the University of
Washington, USA [49]), and was delivered to the
vacuole along with its cargo [50,51]. Following studies
performed in Klionsky's laboratory confirmed that the
YOL082w, which was aptly re-named as Cvt19 and is
now known as Atg19, directly binds the Cvt cargo and
simultaneously two other proteins, which localize to
the PAS in yeast cells [8]. One of the latter proteins
was the Atg1 kinase-binding adaptor Atg11 (then


Image of Fig. 3

Review: History of the Selective Autophagy Research

known as Cvt9). Experimental evidence pointed at
Atg11 being the key factor necessary for recruitment
of the oligomeric prApe1-Atg19 complex to the PAS.
Somewhat surprisingly, the other Atg19-interacting
protein, besides prApel and Atgil1, was the
membrane-associated UBL Atg8. The significance
of the Atg19:Atg8 interaction was therefore thought to
be in recruiting some unidentified membrane-forming
components by the cargo—receptor complex to the
PAS [52,53]. In 2010, Ohsumi's group reported

Atg1
complex % ' y
% vesicle
Atg9 ‘ 4
vesicle %
[ S
Atg1
Atg9 . complex
vesicle
4y
Selective autophagosome
(Cvt vesicle)

identification of the second Cvt cargo receptor,
Atg34 (Fig. 3), which is homologous to Atg19 and is
required for efficient trafficking of Ams1 to the vacuole
under starvation conditions [54,55].

The rapid pace with which molecular mechanisms
of selective autophagy had begun to unfold in the
lower organism, enabled by the power of the yeast
genetics, could not be kept up with by the studies in
mammalian cells that lacked appropriate genetic
tools at the turn of the millennium. In 2001, John
Lemasters from the University of North Carolina,
USA and Aviva Tolkovsky at the University of
Cambridge, UK convincingly demonstrated that
depolarized mitochondria were selectively removed
from rat hepatocytes, neurons, and Hela cells
[56,57], and several years later, in collaboration
with Ohsumi, Lemasters reported formation of GFP-
LC3 positive rings around mitochondria shortly
before their depolarization [13]. However, it was
the protein aggregation pathway that helped break
the story of the selective autophagy machinery in
mammalian cells.

Five years earlier, in 1996, Shin and colleagues
from the Dana-Farber Cancer Institute in Boston,
USA, had described molecular cloning of the
p56Ick SH2 ligand, a protein that interacted with the
SH2 domain of the LCK kinase in a phospho-Tyr-
independent manner [58]. This protein also bound
ubiquitin in vivo [59]. At the same time, Tetsuro Ishii
from the University of Tsukuba in Japan reported on a
protein identical to the p56lck SH2 ligand, which they
called A170, as the one induced by oxidative stress
in macrophages [60]. This protein of 62 kDa was
dubbed p62 and subsequently shown to play versatile
roles as a signaling adaptor (reviewed in Refs.

Fig. 4. A simplified model of selective autophagosome
formation. Based on studies using yeast as a model
organism, the following steps of selective autophagosome
formation can be discerned: (1) Oligomeric cargo is
labeled by SARs. Oligomerization of the SARs (not
shown) can further contribute to the cargo/receptor
complex formation. (2) SARs recruit the Atg1- and Atg9-
binding adaptor Atg11 as well as Atg8, which may or may
not be conjugated to PE (not shown) at this step. The SAR:
Atg11 and SAR:Atg8 interactions can be regulated by
post-translational phosphorylation (not shown). (3) Atg11
and Atg8 recruit the components of the Atg1 kinase
complex responsible for the activation of the catalytic
cascade that leads to the production of the selective
autophagosome in situ (4). In addition, both Atg11 and
components of the Atgl complex interact with the
transmembrane protein Atg9 anchored in the Atg9
vesicles, regulating the growth of the lipid membrane.
Multiple components of the system, such as Atg11 and
the Atg1 complex, are oligomeric (not shown), which
further contributes to the formation of the selective
autophagosome (4). Abbreviations: Atg, autophagy-relat-
ed, Cvt, cytoplasm to vacuole targeting; SAR, selective
autophagy receptor.
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[61,62]). It was also demonstrated that p62 was a
common cargo-sequestering component of ubiquitin-
positive protein aggregates, such as Mallory and
Lewy bodies [63,64], and hence its other name
sequestosome-1 (SQSTM1). Subsequently, the
group of Terje Johansen at the University of Tromso
in Norway characterized the N-terminal Phox and
Bem1p (PB1) domain of p62/SQSTM1 and demon-
strated that it was responsible for p62/SQSTM1
oligomerization [65]. The PB1 domain oligomerization
was also reported by the group of Roger Williams
at the Medical Research Council Laboratory of
Molecular Biology in Cambridge, UK [66].

Based on its oligomerization and ubiquitin-binding
properties, Johansen asked whether p62/SQSTM1
was associated with autophagy of aggregated,
ubiquitylated proteins in the mode similar to Atg19,
which binds its oligomeric cargo prApel. Indeed,
in 2005, they could show for the first time that
p62/SQSTM1 by itself formed protein aggregates,
which were degraded in the lysosome. They could
further demonstrate that ubiquitylated cargo recruited
p62/SQSTM1 and that the oligomerization of
p62/SQSTM1 was indeed required for efficient cargo
degradation fulfilling the earlier definition of the
receptor for autophagic degradation [67]. Building on
this initial success, in 2007, the Johansen group
reported on a directinteraction between p62/SQSTM1
and the members of the mammalian Atg8 family
LC3/GABARAP proteins. Using the novel tandem
fluorescence reporter mCherry-GFP fused with
p62/SQSTM1, they unequivocally demonstrated
delivery of the protein to the lysosome and mapped
the short linear peptide found within the SAR as the
determinant for its lysosomal trafficking [26]. This
provided the first definition of a LIR, which was later
found to be the defining feature of the SARs.
Importantly, in the same year, the laboratory of Keiji
Tanaka from the Tokyo Metropolitan Institute of
Medical Science provided the first in vivo evidence
for p62/SQSTM1's role in protein aggregation and
aggrephagy in mouse tissues [68].

The initial effort in characterizing the SARs
culminated in the elucidation of the structural
characteristics of the AIM:Atg8 and LIR:LC3 inter-
actions. In 2008, the groups of Masaaki Komatsu
from the Juntendo University School of Medicine in
Tokyo [27] and Fuyuhiko Inagaki from the Hokkaido
University [28] published structural studies on the
Atg19-derived AIM in complex with Atg8 and the
p62/SQSTM1's LIR interacting with LC3B. Their key
finding was that both, the C-terminal AIM of Atg19
and the intermediate LIR of p62/SQSTM1, form an
intermolecular B-sheet with the 32 strand within the
Atg8/LC3 core. This intermolecular structure is
stabilized by (1) the hydrophobic interaction between
the side chain of an invariant aromatic residue typical
for a canonical LIR/AIM, which binds deeply within
the hydrophobic pocket (HP) 1 of the Atg8/LC3, and

(2) the binding between the second conserved,
aliphatic residue of the LIR/AIM and the HP2
within the autophagy-specific UBLs. Subsequent
studies also confirmed the importance of the acidic
(or phosphorylated) groups immediately upstream of
the core LIR sequence, which contribute a negative
charge, further stabilizing the protein—protein inter-
action [69-71], as initially observed in experiments
performed by Johansen [26].

Thus by 2008, 10 years after the discovery of Atg8,
it was firmly established that the critical feature of a Cvt
cargo receptor or an SAR is their ability to interact with
(1) the substrate (prApe1 for Atg19 and ubiquitylated
proteins for p62/SQSTM1) and (2) the autophagic
machinery represented by Atg11 (in case of Atg19)
and/or the UBL Atg8/LC3 (via the AIM/LIR motifs
found in both the prototypical SARs, Atg19 and
p62/SQSTM1). In addition, it became apparent that
either the autophagic cargo itself (prApel) or the
cargo receptor (p62/SQSTM1) need to be oligomeric
for them to be delivered into the vacuole/lysosome.

The “SAR Bomba”—The Explosive Growth
of Knowledge on Selective Autophagy

The recognition of the first SARs in yeasts and
mammals and understanding their common features
greatly facilitated the search for new factors regulat-
ing selective autophagy (Fig. 3). In 2009, the group
of Ivan Dikic at the Goethe University Frankfurt in
Germany, together with the Johansen group and
with contributions from the groups of Komatsu and
Elazar, identified the p62/SQSTM1 homolog NBR1
as a ubiquitin- and LC3/GABARAP-binding protein
and a major aggrephagy factor [72]. Noteworthy,
p62/SQSTM1 and NBR1 interact with each other via
their respective N-terminal PB1 domains [65], which
plays an important role in both formation and
clearance of protein aggregates. In 2010, Wade
Harper's group at the Harvard Medical School in
Boston, USA, published a comprehensive proteomic
map of the autophagy pathway constructed with
the help of an immunoprecipitation—mass spectrom-
etry methodology. When using LC3/GABARAP pro-
teins as baits, they identified p62/SQSTM1, NBR1,
and several additional LC3/GABARAP-interacting
proteins, which further expanded the mammalian
autophagy landscape [73]. The realization that the
mammalian genome encodes a number of proteins
interacting with both LC3/GABARAP and the
cargo additionally strengthened the SAR hypothesis
and fueled further investigation into the selective
autophagy machinery.

Ubiquitin-binding SARs

The fact that simultaneous binding to LC3/
GABARAP and ubiquitin was the common
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denominator of the two mammalian SARs led Dikic
and colleagues in 2009 to propose ubiquitin as a
common “eat-me” signal for a range of cargos beyond
protein aggregates [74]. Indeed, by the time, it had
been known that ubiquitin was associated with
cytosolic bacteria [75], peroxisomes [76], and ribo-
somes [77]. Subsequent studies substantiated this
claim. Thus, in the same year, Felix Randow's group
at the Medical Research Council Laboratory of
Molecular Biology in Cambridge described another
ubiquitin- and LCS3-binding protein, NDP52 (also
known as CALCOCOZ2), to be associated with
ubiquitin-coated Salmonella enterica and required
for the restriction of this pathogen [78]. Their later
studies revealed that NDP52 preferentially interacts
with the LC3C isoform via a novel type of LIR, which
they called cLIR [79]. The NDP52 homolog TAX1BP1
was also found in 2015 by Folma Buss' group at the
University of Cambridge to be associated with
ubiquitylated S. typhimurium and required for xeno-
phagy [80]. An additional ubiquitin-binding xenophagy
receptor that was characterized in 2011 is optineurin
(OPTN), whose role in restricting Salmonella was
demonstrated by the Dikic group. An important
discovery in that context was that phosphorylation of
Ser177, upstream of the canonical LIR within OPTN,
by TBK1 enhanced the affinity of the LIR to LC3B, thus
modulating the OPTN:LC3 binding and overall xeno-
phagy efficiency [70].

Active research in several laboratories is now
addressing the nature of bacterial proteins that are
ubiquitylated prior to their clearance by autophagy
[81]. Candidate host E3 ligases induced in response
to bacterial invasion have recently been identified
and include RNF166 [82], LRSAM1 [83], LUBAC
[84], ARIH1 [85], and SMURF1 [86]. On the other
hand, results from Yoshimori's group at the Osaka
University suggested that host proteins found
on endosomal membranes, damaged during the
bacterium's excursion into the cytosol, can also be
ubiquitylated to facilitate xenophagy by recruiting
ubiquitin-binding SARs, such as the mammalian
ATGb5-interacting protein ATG16L1, which is
proposed to serve as an SAR in this instance [87].

Evidence for ubiquitin-driven mitophagy and the
suspected role of the ubiquitin-binding SARs was
first supplied in 2008 by Richard Youle's group at the
National Institutes of Health in Bethesda, USA.
Youle showed that the ubiquitin E3 ligase Parkin,
mutated in familial cases of Parkinson's disease [88],
is recruited to damaged mitochondria and mediates
their degradation by mitophagy [89]. Subsequent
efforts by the groups of Richard Youle [90,91],
Keiji Tanaka [92], and Noriyuki Matsuda [93] from
the Tokyo Metropolitan Institute of Medical Science,
as well as of Miratul Mugit from the University of
Dundee, UK [94], and Nobutaka Hattori [95] and
Yuzuru Imai [96] from the Juntendo University
Graduate School of Medicine in Tokyo, revealed

the signaling cascade in which the kinase PINK1,
encoded by another Parkinson's disease-mutated
gene [97], is stabilized in the outer mitochondrial
membrane (OMM) of depolarized mitochondria
where it phosphorylates both the UBL domain in
Parkin and ubiquitin. Phospho-ubiquitin then inter-
acts with Parkin releasing its autoinhibition and
allowing ubiquitylation of OMM mitochondrial pro-
teins (reviewed in [98]). The Harper group recently
performed and published comprehensive analyses
of the Parkin-dependent ubiquitinome of mitochon-
dria [99,100].

It would seem that all ubiquitin-binding SARs, that
is, p62/SQSTM1, NBR1, OPTN, NDP52, TAX1BP1,
and TOLLIP (Fig. 3), should be contributing to the
autophagic clearance of ubiquitylated mitochondria.
However, as shown by Youle's group in 2015,
NDP52 and OPTN (but not p62/SQSTM1 or NBR1)
may be the key receptors during Parkin-mediated
mitophagy [101]. On the other hand, very recent data
from Anne Simonsen's laboratory at the University
of Oslo identify NIPSNAP1 and NIPSNAP2 proteins
as major Parkin-dependent mitophagy factors
which interact with LC3/GABARAP proteins as well
as p62/SQSTM1, NBR1, NDP52, and TAX1BP1
(in addition to the non-ubiquitin-binding autophagy
receptor ALFY/WDFY3) [102]. This suggests
NIPSNAPs as potential hubs for ubiquitin-binding
mitophagy SAR networks and might explain the SAR
redundancy previously observed by Youle [101].
Importantly, Parkin-mediated ubiquitylation also
mediates proteasome-dependent degradation of a
number of OMM proteins [103,104] and may be
responsible for the rupture of the OMM allowing
access of the autophagic machinery to the inner
mitochondrial membrane [104].

Peroxisomes are single-membrane-bound organ-
elles characterized by crystalline inclusions made
from matrix proteins. They play important roles in
B-oxidation of fatty acids and the detoxification of
the poisonous hydrogen peroxide. The quantity of
peroxisomes is regulated in part by autophagy, and
the involvement of Afg and Cvt genes in this process
in yeast cells undergoing changes in the source of
nutrition was established by Klionsky in 1999 [12].
Eiki Kominami's group from the Juntendo University
School of Medicine showed ATG gene dependence
of pexophagy in mammalian cells in 2006 [105].
The important role of ubiquitylation as the driver of
pexophagy was first demonstrated using mammali-
an cell models (ubiquitin-independent pexophagy
was primarily studied in yeast and will be considered
below). In 2008, the group of Jennifer Lippincott-
Schwartz at the National Institutes of Health, USA,
observed that fusion of GFP-monoubiquitin to the
peroxisomal transporter PMP34 caused peroxisom-
al degradation [106]. Five years later, the group of
Peter Kim from the Hospital for Sick Children in
Toronto, Canada, in collaboration with Johansen's
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group, by manipulating NBR1 and p62/SQSTM1
levels, demonstrated the role of these ubiquitin-
binding SARs in mammalian pexophagy. Interestingly,
both the C-terminal ubiquitin-binding UBA domain and
the intermediate membrane-binding a-helical J domain
of NBR1, in addition to its LIR and coiled-coil domains,
were required for NBR1's function as a pexophagy
receptor [107]. The role of NBR1 in the degradation of
peroxisomes was further corroborated by studies of
PEX3-induced peroxisomal ubiquitylation and degra-
dation [108]. The function of p62/SQSTM1 in pex-
ophagy is less well understood: it may be increasing
NBR1's efficiency [107] or more critically involved in
special cases of pexophagy [109]. The candidate E3
ligase for ubiquitin-driven pexophagy is PEX2, which is
induced upon amino acid starvation and ubiquitylates
PEX5 and PMP70 on peroxisomal membranes [110].

Whether ubiquitin is a universal signal in other
organisms and forms of selective autophagy is an
active area of research. For a long time, the
significance of ubiquitin-driven autophagy in yeast
was not clear. However, in 2014, the work in the
laboratory of Stefan Jentsch at the Max Planck Institute
of Biochemistry in Martinsried, Germany, identified
ubiquitin-binding CUE-domain protein Cue5, as the
first aggrephagy SAR in yeasts: it interacts with both
the ubiquitylated proteins and Atg8 and is required for
clearance of aggregation-prone proteins. Interestingly,
Cueb is specific to aggrephagy, as neither pexophagy
nor mitophagy or ribophagy was affected in yeast
strains lacking Cue5 [111]. More recently, Cue5 was
also proposed as a proteaphagy factor [112]. The
specific function of the mammalian Cue5 homolog
TOLLIP in autophagy is presently unclear.

Ubiquitin-independent SARs

The discovery of the LIR also prompted identifica-
tion of those SARs that act independently of the
ubiquitin signal by binding to the cargo directly. The
first receptor of this kind, besides the Cvt cargo
receptor Atg19, was the pexophagy-specific protein
Atg30 identified by Suresh Subramani's group at the
University of California in San Diego, USA, in 2008.
The key features of Atg30, which is found in K. phaffi,
are (1) its close association with the integral mem-
brane peroxisomal proteins, peroxins Pex3 and
Pex14, and (2) interaction with the components of
the autophagic machinery: that is, Atg8, Atg11, and
Atg17 [113]. The functional counterpart of Atg30 in
S. cerevisiae is Atg36 reported by Ewald Hettema's
group at the University of Sheffield, UK, 4 years later.
Like Atg30, Atg36 interacts with Pex3 and Atgii,
while no direct binding to Atg17 has been reported for
Atg36 [114]. When mapping the LIRs in Atg30 and
Atg36, the surprising finding was that the putative LIR
sequences in these SARs had a very low affinity to
Atg8 in their unphosphorylated state [115]. As with the
LIR in OPTN, first when an upstream Ser was

phosphorylated, Atg30 and Atg36 could bind Atg8
efficiently. The identity of the “LIR kinase” for the two
pexophagy SARs remains elusive.

Mitophagy in yeast cells had been observed in
response to growth in synthetic media with a carbon
source other than glucose, with Uth1p [116] and
Atg11[117] initially shown to be specifically required
for this process. In 2009, Klionsky's and Ohsumi's
groups, using fluorescently labeled mitochondria,
independently reported identification of the first
yeast-specific mitophagy receptor Atg32 [118,119].
The expression of this protein is induced during the
respiratory growth of yeasts and, like Atg19, Atg32
binds both Atg11 and Atg8, obviating the need for
any ubiquitin-binding SAR (which has not been
discovered in yeast mitophagy to date). Interestingly,
like with Atg30 and Atg36, phosphorylation of the
Atg32 LIR by an unknown kinase is required to
unleash the full-scale interaction between Atg8 and
the LIR [115]. Of note, the binding between Atg11
and the SARs in yeast is also subject to phospho-
regulation: casein kinase 2 (CK2) phosphorylates
Atg32, as shown by the group of researchers led by
Tamotake Kanki from the Niigata University, Japan,
in 2013 [120] and Hrr25, a homolog of CK19,
phosphorylates Atg19, Atg34, and Atg36 in their
respective Atg11-binding regions, as demonstrated
by Yoshinori Ohsumi and Hitoshi Nakatogawa from
the Tokyo Institute of Technology in 2014 [121,122].
On the other hand, as recently reported by Nakato-
gawa and Kanki, dephosphorylation of Atg32 by
PP2A-like protein phosphatase Ppg1 inhibits mito-
phagy [123]. These data underscore the importance
of the post-translational modifications in regulating
selective autophagy.

The first mammalian SAR for ubiquitin- and Parkin-
independent mitophagy was uncovered in 2010
by the groups of Ivan Dikic and Paul Ney from the
St Jude Children's Hospital in Memphis, USA. They
showed that NIX (also known as BNIP3L), which is
induced by hypoxia [124] and during reticulocyte
maturation [125], preferentially binds proteins
from the GABARAP subfamily of the Atg8 family
via its N-terminal LIR, which helps recruit the UBLs
to depolarized mitochondria. In the reticulocyte
maturation assay, which allows monitoring develop-
mental mitophagy, a LIR-less, and hence LC3/
GABARAP binding-deficient, version of NIX failed
to mediate mitochondrial degradation efficiently
[126]. These data helped explain, at least in part,
the observed role of NIX in mitochondrial clearance
in the erythroid lineage reported earlier [127].
Interestingly, BNIP3, the close NIX homolog with
the highly conserved LIR, was also shown in 2012
by Asa Gustafsson's group at the University of
California, USA, to be required for both mitophagy
and ER-phagy [128]. The affinity of the LIR:LC3B
interaction for both NIX and BNIP3 can be
regulated by phosphorylation of an upstream Ser
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residue as demonstrated by the collaborative effort
of Nathan Brady, Ivan Dikic, Volker Doetsch, and
Vladimir Rogov in Germany [71,129]. However, the
kinase responsible for this has not been identified.
The search for mammalian mitophagy receptors
is continuing, and the current list of LIR-containing
mitochondrion-specific SARs (which do not depend
on ubiquitin as a signal), besides the aforemen-
tioned NIX [126], BNIP3 [128] and NIPSNAP1/2
[102], includes FUNDCH1, discovered in 2012 by
Quan Chen's group at the Chinese Academy of
Sciences [130]; BCL2L13, described in 2015 by
Kinya Otsu's group from King's College London, UK
[131]; AMBRA1, suggested in 2015 by Francesco
Cecconi from the University of Rome Tor Vergata,
Italy [132]; FKBP8, identified in 2017 by the groups
of Terje Johansen and Vladimir Kirkin at Merck
KGaA, Darmstadt, Germany [133]; and PHB2,
published in 2017 by Beth Levine's group at the
University of Texas Southwestern Medical Center in
Dallas, USA [134]. Most of them, such as NIX, BNIP3,
BCL2L13, FUNDC1, and FKBPS8 (Fig. 3), are OMM
proteins, with yet some (e.g., NIX, BNIP3, and
FUNDCH1) being inducibly expressed in response to
hypoxia or as part of a developmental program. In
contrast, PHB2 and NIPSNAPs are inner mitochon-
drial membrane and matrix proteins, respectively,
which become accessible to cytosolic factors,
LC3/GABARAPs and other SARs, upon mitochondri-
al membrane depolarization and rupture during
PINK1/Parkin-mediated mitophagy [134]. Intriguingly,
as shown by Valerian Kagan's group from the
University of Pittsburgh in 2013, LC3/GABARAPs
may directly interact with the inner mitochondrial
membrane phospholipid cardiolipin, contributing
yet another mechanism of mitophagy during
mitochondrial membrane depolarization [135].
Selective degradation of the ER membrane
(ER-phagy) had been documented during the
unfolded protein response in yeast by the groups
of Dan Klionsky [136] and Peter Walter [137] from
the University of California, USA, in 2006. However,
it had not been until 2015 that the first ER-phagy
SARs were unearthed by Ohsumi and Nakatogawa,
who identified Atg39 and Atg40 [138]. These are
associated with the different parts of the yeast ER
(Atg39 is localized to the perinuclear ER, whereas
Atg40 is enriched on cortical and cytoplasmic ER)
and, like most of the SARs in yeast, interact with both
Atg8 and Atg11. The mammalian counterpart for
Atg40, FAM134B, was described by Dikic and
colleagues in 2015 and shown to be critical for
homeostasis of sensory neurons [139]. Additional
SARs specific to ER-phagy include Sec62, discov-
ered in 2016 by the group led by Maurizio Molinari
from the School of Life Sciences in Lausanne,
Switzerland [140]; RTN3 reported in 2017 by the
Dikic group [141]; CCPG1 published in 2018 by
Simon Wilkinson from the University of Edinburgh,

UK [142]; and, most recently, ATL3 described by
Jianguo Chen's group at the Peking University in
China [143] and TEX264 reported by the groups
around Mizushima [144] and Harper [145]. These
SARs (Fig. 3) are all integral ER membrane proteins
that contain one or multiple LIRs in their cytosolic part,
while CCPG1 seems to stand out in that, in addition to
the LIR, it contains a novel protein—protein interaction
module that binds the mammalian Atg11/Atg17-like
protein FIP200 (also known as RB1CC1) via a linear
FIP200-interacting region (FIR), which mediates
recruitment of the Atg1/ULK1 kinase to the ER during
the unfolded protein response [142].

Ubiquitin-independent SARs for selective autoph-
agy pathways, other than the better-characterized
aggrephagy, mitophagy, pexophagy, and ER-phagy,
are being regularly identified based on their ability
to interact both with the cargo and the Atg8/LC3/
GABARAP proteins. Recent mammalian examples
include the following: Stbd1 for glycophagy pub-
lished by Peter Roach's group at the Indiana
University School of Medicine, USA, in 2011 [146];
NCOA4 for the degradation of the iron-binding
ferritin, independently discovered in 2014 by the
groups of Alec Kimmelman at Dana-Farber Cancer
Institute, Boston, USA [147], and Leon Murphy at the
Novartis Institutes for Biomedical Research [148]
ferritin was first described in 2011 as a bona fide
autophagic cargo by the groups of Noboru Mizush-
ima and Kazuhiro Iwai from the Osaka University in
Japan [149]; ATGL and HSL for lipophagy identified
in 2016 by Rajat Singh and colleagues from the
Albert Einstein College of Medicine, Bronx, USA
[150]; and NUFIP for ribophagy published in 2018 by
the groups of Alessandro Ori from the Leibniz
Institute on Aging-Fritz Lipmann Institute, Jena,
Germany, and David Sabatini from the Massachu-
setts Institute of Technology, Cambridge, USA [151].

It needs to be added that there is a growing number
of signaling proteins that have been shown to be
selectively degraded by autophagy in the absence of
an ostentatious link to ubiquitin- or SAR-dependent
degradation. Recent examples include the following:
DVL2 [152], B-catenin [153], FAS1 [154], Lamin B1
[155], paxillin [156], STING [157], CRY1 [158], and
NCORT1 [159]. Most of these were shown to contain
one or several LIR sequences, which mediate
interactions with LC3/GABARAPSs in a manner similar
to the characterized SAR proteins. It remains to be
investigated how such diverse proteins can all serve
as efficient autophagy substrates.

Nature's blueprint of selective autop-
hagy—hardwiring SARs with the ATG
machinery

The molecular mechanism of autophagosome
formation is one of the central questions in the
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autophagy field. Multiple studies performed since
the original discovery of Afg genes in the mid-90s
of the last century have led to the hierarchical
model for the core Atg proteins, whose concerted
action leads to the creation of the double-membrane
vesicle at the PAS in response to starvation in yeast
(reviewed in Refs. [9,160]). Briefly, the apical Atg1
complex, consisting of Atg1 kinase and scaffolding
proteins Atg13, Atg17, Atg29, and Atg31, is assem-
bled at a perivacuolar PAS when the inhibitory
TORC1 activity is low, for example, as a result of
amino acid deprivation. Atg17 is the Atg1-binding
scaffold protein that defines the site of the PAS
during non-selective autophagy [161]. Once assem-
bled and active, the Atg1 complex in turn activates
the Vps34 system made of the lipid kinase Vps34
and the scaffolding proteins Vps15, Atg6, Atg14, and
Atg38. The activation occurs via a poorly defined
mechanism, likely involving direct phosphorylation of
Vps34 complex subunits, such as Atg6 [162]. The
net result of the Vps34 activity is the formation of the
PI3P, which serves as a docking site for the lipid-
binding Atg2/Atg18 complex. The Atg5-Atg12-
Atg16 complex follows to the PAS, where it
catalyzes the Atg8—PE conjugation and contributes
to the membrane expansion. Atg9-containing vesi-
cles shuttle between the Golgi and the PAS,
contributing additional membrane to the nascent
autophagosome. The selective autophagy-specific,
Atg1-binding adaptor Atg11 [163], as well as its
counterpart in non-selective autophagy Atg17 [164],
also interact with Atg9, so that in the context of the
selective and non-selective autophagy, respectively,
the Atg1-binding scaffold proteins may at the same
time be responsible for the recruitment of extra
membrane via the Atg9 vesicles as shown by
Ohsumi's group in 2012 [165]. In addition, in 2015,
Ohsumi demonstrated that the Atg1-complex subunit
Atg13 also interacts with Atg9, providing a feedfor-
ward mechanism for recruitment of the Atg9 vesicles
[166]. Upon membrane closure, the autophagosome
leaves the PAS and is able to fuse with the vacuole,
releasing the inner vesicle with its contents into the
lumen of the degradative compartment.

The general traits of this pathway seem to be well
conserved in mammalian cells with two important
differences: (1) widespread functional redundancy
of the core ATG components in mammalian cells,
with, for example, six mammalian LC3/GABARAP
and four ATG4 proteins instead of one Atg8 and Atg4,
respectively, in yeasts [167], and (2) simultaneous
formation of autophagosomes at multiple locations
(the concept of multiple PASs) at any given time
during the autophagic response. The corresponding
mammalian core ATG complexes are as follows
(reviewed in Ref. [168]): (1) the ATG1/ULK1 kinase
complex: ULK1, ULK2, ATG13, Atg17's homolog
FIP200/RB1CC1, and ATG101; (2) the class llI
PI3K kinase complex: VPS34, VPS15, Atg6's

homolog Beclin-1, and ATG14/Barkor; (3) the
Atg2/Atg18-like complex: ATG2A, ATG2B, and
Atg18's homologs WIPI1, WIPI2, WIPI3, and
WIPI4; (4) the UBL conjugation machinery:
ATG3, ATG4s (i.e., ATG4A, ATG4B, ATG4C,
ATG4D), ATG5, ATG7, Atg8-like UBLs (i.e., LC3A,
LC3B, LC3C, GABARAP, GABARAPL1, and
GABARAPL2/GATE-16), ATG10, ATG12, and Atg16-
like proteins ATG16L1 and ATG16L2; and (5) trans-
membrane ATG9A and ATG9B proteins homologous
to the yeast Atg9.

De novo construction of the phagophore around
the selective autophagy cargo shares many fea-
tures with the non-selective autophagosome for-
mation. However, it occurs in cells that are not
experiencing starvation and thus possess active
TORC1 complexes. So, the important questions in
selective autophagy are as follows: How is Atg1/
ULK?1 recruited and activated at the surface of the
cargo to set in motion the rest of the ATG
machinery, and how is the observed close apposi-
tion of the growing autophagosomal membrane to
the cargo achieved?

Lessons from yeast...

The first insights into the mechanics of the cargo-
induced Atg1 recruitment were provided by the work
of Klionsky using the Cvt pathway as a model. In 2001,
he demonstrated the direct interaction between Atg1
and Atg11 [51] and, a year later, that the prApel1—
Atg19 complex recruits Atg11 [61]. In 2005, he
provided further evidence for Atg11 physically linking
the Atg1 and prApel-Atg19 complexes. The key
features of Atg11, which allow it to perform its job as
the adaptor between the cargo—receptor complex and
the Atg machinery, are its pronounced ability to homo-
oligomerize and simultaneously interact with both the
cargo-bound Atg19 and the Atg1-Atg17 complex
[169]. As all SARs identified in yeast to date (i.e.,
Atg19 [53], Atg30 [113], Atg32 [118,119], Atg34 [54],
Atg36 [114], Atg39 [138], and Atg40 [138]) bind Atg11,
in addition to the cargo and Atg8 (Cue5 is the notable
exception to the rule [111]), it can be assumed that
Atg11 is the key adaptor/scaffold for SAR-, but not
ubiquitin-, mediated selective autophagy in yeast [6].
However, it appears that at least in certain instances,
for example, Atg30 in pexophagy [115], SARs may be
able to recruit an additional Atg1-binding adaptor,
such as Atg17 [170,171].

In 2016, the critical role of Atg11 in selective
autophagy was demonstrated by Claudine Kraft's
group from the Max F. Perutz Laboratories at the
University of Vienna, Austria, who tethered Atg11
directly to the cargo, prApe1 (Cvt pathway) or Pex3
(pexophagy), bypassing the requirement for the
SARs, Atg19, or Atg36, respectively. This elegant
approach revealed that the stable cargo—Atgi1
complex was sufficient to induce selective
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autophagosome formation [172]. In addition, Kraft
demonstrated that simple oligomerization of Atg1
was sufficient to activate Atg1 in situ, strongly
corroborating the data on the direct oligomeric
cargo-driven Atg1 activation from the laboratory of
Vladimir Denic at the Harvard University in Cam-
bridge, USA, published a year earlier [162].

The Atg11-centric model proposed by Kraft and
colleagues may suggest that binding Atg8 by the
yeast SARs may be optional. However, Atg11 may
itself interact with Atg8, as proposed in 2014 by
Richard Vierstra and colleagues from the University
of Wisconsin, USA, for Atg11 in Arabidopsis [173].
Also, the discovery of the functional LIR/AIM in yeast
Atg11 may have been precluded by the lack of a
preceding phosphorylation event that would activate
the Atg11:Atg8 interaction as shown for AlMs in the
yeast SARs [115,120—-122].

Importantly, several reports strongly supported the
idea that, next to Atg11, recruitment of Atg8 by
SARs, is playing a leading role in cargo-induced
activation of the Atg1 complex in yeast. In 2012,
three groups independently described identification
of functional AIMs/LIRs in Atg1/ULK1 complexes:
Yoshinori Ohsumi's group [174] and the one led by
Matthias Peter from the ETH Zuerich, Switzerland
[175] identified the AIM in yeast Atgl, whereas
Peter's [175] and Johansen's [176] groups found the
LIR in the mammalian homologs ULK1 and ULK2.
The AIM in Atg1 was required for Atg1 localization
to the autophagosome and its transport into the
vacuole, where the Atg1-Atg13 complex is degrad-
ed. Defects in the Atg1:Atg8 interaction caused
faults in both Cvt and autophagy pathways
[174,175]. Of significant interest was the finding
that at least in the human ULK1/2 complex, also
ATG13 and FIP200 contain functional LIR motifs,
as demonstrated by Johansen [176], and, in the
case of ATG13, studied in detail by the groups of
Tamotsu Yoshimori and Soichi Wakatsuki from the
Institute of Materials Structure Science in Tsukuba,
Japan [177]. Thus, much tighter association be-
tween the Atg1/ULK1-Atg13/ATG13-Atg17/
FIP200 complex and Atg8/LC3/GABARAPs can
be expected.

Given the relatively low affinity of the binding
between Atg8/LC3/GABARAPs and AIMs/LIRs (in
the range of 0.1-100 uM [20]), as already mentioned,
the oligomerization of cargo/receptor/scaffolding pro-
teins or the presence of multiple LIR sequences in
proteins is required for stronger interaction. In 2014,
using biochemical methods, Sascha Martens' group
from the Max F. Perutz Laboratories identified multiple
AlMs in Atg19 that could be revealed upon the binding
of Atg19 to its oligomeric cargo, prApel [178].
Importantly, the multiple AlMs in Atg19 also ensure
its tight apposition with Atg8-coated membranes in a
fully reconstituted, cell-free system as shown by the
same group in 2016 [179].

... and mammalian cells

The mechanism of the selective autophagosome
formation in mammalian cells is much more convolut-
ed and correspondingly less understood, in par,
because of the increasing complexity of the core ATG
and SAR protein systems and, in part, because of the
lack of a powerful in vivo model system, like the
biosynthetic Cvt pathway in yeast. SARs for aggre-
phagy/pexophagy, mitophagy, and ER-phagy are
among the best studied in the mammalian cell. They
are either oligomeric by the nature of their domain
organization (e.g., p62/SQSTM1 oligomerizes via its
PB1 domain [67]) or may be exposed in a concen-
trated way on the surface of the target organelle (the
surmised feature of the membrane-bound SARs, such
as NIX [126] and FAM134B [139]). Historically, the
first defining feature of the mammalian SARs, besides
their cargo-binding or self-oligomerizing domains, was
the LIR [20,180], which ensures interaction of the
mammalian SARs with the members of the LC3/
GABARAP family. One possibility is that LC3/
GABARAP's recruitment can be required for bringing
in the ULK1/2-ATG13-FIP200 [174] [175,176] and
VPS34-VPS15-Beclin-1-ATG14 [181] complexes
via the LIRs present therein. In addition to the already
mentioned pieces of evidence, in 2015, the laboratory
of Sharon Tooze at The Francis Crick Institute in
London, UK, demonstrated that activation of ULK1 on
starvation-induced phagophores depends on the
functional GABARAP as well as the LIR within the
ULK1 [182]. More recently, Johansen, in collaboration
with Tooze, also described functional LIRs in all key
components of the class lll PI3K kinase complex:
VPS34, Beclin-1, and ATG14. Significantly, mutation
of the LIR within the autophagy-specific subunit
ATG14 prevented its phosphorylation by ULK1,
mediated by direct binding of ATG13 and ATG14 (as
previously demonstrated by Daniel Voytas and Do-
Hyung Kim's groups at the University of Minnesota,
Minneapolis, USA [183]), and impaired mitophagy
[181]. This indeed suggests a much broader role for
the mammalian ATG8 proteins in the recruitment of
the core autophagy machinery.

ATG16L1, which is a mammalian homolog of the
yeast Atg16 and the scaffolding component of the
ATG5-ATG12:ATG16L1 E3 ligase complex, acts as
an unusual SAR in that it binds its cargo, ubiquitin
[87], but interacts with LC3/GABARAPs only indi-
rectly, via the E2 enzyme ATGS, which is recruited
by ATG12 to the phagophore [37]. However, it does
interact directly with FIP200, as demonstrated in
2013 independently by the groups of Yoshimori [87]
and Mizushima [184], as well as Michael Overholtzer
and Xuejun Jiang at the Memorial Sloan Kettering
Cancer Center in New York, USA [185].

FIP200 was proposed by Mizushima' in 2008 to be
the homolog for the yeast Atg11 and Atg17 proteins
that are missing in the mammalian system [186]. In
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2014, the Tooze laboratory showed that the PI3P-
binding protein WIPI2 at the phagophore recruits the
ATG5-ATG12-ATG16L1 complex by directly binding
ATG16L1, thus further amplifying both the ULK1
activation and LC3/GABARAP-PE conjugation. Of
interest, FIP200 was not required for this process
[187]. Coupled with the observation that the ER-phagy
SAR CCPG1 has both LIR and FIR motifs and is thus
capable of recruiting simultaneously LC3/GABARAP
and FIP200 to the site of ER-phagy [142], the
requirement for cargo-mediated recruitment of both
LC3/GABARAP-PE and ULK1/2-activating systems
may be the new defining feature of the mammalian
selective autophagy.

Cooperativity between SARs may be the strategy
for mammalian cells to enhance the cargo-induced
recruitment of LC3/GABARAP and FIP200 (and
hence ULK1/2, and possibly VPS34 complexes) to
the SAR-cargo complex. p62/SQSTM1 interacts
directly with NBR1 [65], so that dual p62/SQSTM1
and NBR1 enlistment can increase the local concen-
tration of LIR motifs. Furthermore, as shown in 2014
by Ronggui Hu and colleagues from the Chinese
Academy of Sciences in Shanghai, p62/SQSTM1
can recruit ubiquitylated OPTN [188]. Consequently,
it can be envisaged that all six known p62/SQSTM1-
like receptors (SLRs), p62/SQSTM1, NBR1, NDP52,
TAX1BP1, OPTN and TOLLIP, might form higher-
order molecular scaffolds made of the ubiquitylated
cargo and SARs [189]. Intriguingly, the founding
member of the SLRs, p62/SQSTM1, may also lead
in the process of selective autophagosome formation
by binding FIP200 directly, as now shown by Marten's
group [190], thus recruiting both LC3/GABARAPSs and
FIP200 to ubiquitylated cargo, similar to CCPG1 in the
process of ER-phagy [142]. Of note, also other SLRs
may interact with FIP200, as now also demonstrated
for NDP52 by two recent reports contributed by the
groups of Felix Randow, Giampietro Schiavo (The
University College London, UK), and Richard Youle
[191,192], suggesting that the parallel binding to LC3/
GABARAP and FIP200 may indeed be a defining
paradigm also for mammalian SARs, similar to the
Atg8/Atg11-binding SARs found in yeast.

Members of the tripartite motif (TRIM) family
containing an N-terminal RING domain, a B box,
and a coiled-coil domain, were shown in 2014 by the
group of Vojo Deretic at the University of New Mexico
Health Sciences Center, Albuquerque, USA, to act as
possible organizers of selective autophagy signaling
platforms [193]. One of the members, TRIM5aq,
interacts with a plethora of ATG proteins, including
ULK1, Beclin-1, and GABARAP, acting as a conduit
for ULK1 and VPS34 activation. As TRIMs also
directly interact with various cargo (e.g., TRIM5a
binds retroviral capsids [194]), they are proposed
to act as bona fide SARs for special types of
selective autophagy, such as virophagy [193] and
aggrephagy [195] (Fig. 3).

Curiously, recent work suggested that the best-
studied SAR p62/SQSTM1 may be dispensable
for some forms of selective autophagy. In 2015,
Youle's group published the results of their recon-
stitution experiments in HelLa cells lacking five
SLRs (p62/SQSTM2, NBR1, OPTN, NDP52, and
TAX1BP1), showing that NDP52 and OPTN
(to a lesser extent TAX1BP1, but not p62/SQSTMH1
or NBR1) were recruited in a PINK1- and pS65
ubiquitin-dependent manner to depolarized mitochon-
dria and able to rescue Parkin-mediated mitophagy
[101]. Furthermore, at the beginning of this year,
Michael Lazarou's laboratory at the Monash
University in Melbourne, Australia, refined Youle's
model of mitophagy showing that the LIR motifs of
NDP52 and OPTN were dispensable for ubiquitin-
driven recruitment of the SLRs but required for the
amplification of the mitophagy by enlisting the ULK1/2
complex via the LC3/GABARAP and stimulating
additional rounds of LC3/GABARAP lipidation and
ULK1/2 complex recruitment at the surface of
mitochondria [196]. These results highlight the com-
plexity and potential redundancy of the selective
autophagy components in the mammalian cell.

Digesting issues with the selective
autophagosome formation

The tremendous progress achieved in the past two
decades, primed by the elucidation of the role of
UBLs and identification of SARs, has allowed
drafting the first model (Fig. 4) of how an autophago-
some can form around a cargo selectively [6,20].
Many laboratories around the globe have recently
been working toward refining this concept by
providing experimental evidence in order to explain
cargo-initiated seeding of the core ATG machinery.
However, unexpected findings raised important
issues, some of which are addressed below.

Are Atg8/LC3/GABARAPs strictly necessary for
autophagosome formation?

Perhaps, one of the most puzzling questions is the
one about the role of the Atg8/LC3/GABARAP family
of autophagy-specific UBLs in the autophagosome
formation. In 2016, Lazarou's group, while perform-
ing reconstitution experiments in HelLa cells lacking
six members of the LC3/GABARAP family (LC3A,
LC3B, LC3C, GABARAP, GABARAPL1, and
GABARAPL2), demonstrated that the UBLs were
dispensable for the sequestration of mitochondria in
selective autophagosomes during Parkin-dependent
mitophagy. However, they observed that the autop-
hagosome—lysosome fusion was defective in the
hexa-knockout (KO) HelLa cells [197]. There is
currently no good explanation for the redundancy
of LC3/GABARAPs in this form of mitophagy;
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however, one could speculate that the remaining
MAP1LC3B2 gene, which also encodes LC3B in
human cells and not disrupted in hexa-KO HelLa
cells, could have provided some compensation
for the LC3/GABARAP function in membrane
expansion. In addition, the massive ubiquitylation
of the OMM proteins caused by Parkin overexpres-
sion might have overridden the dependence on
LC3/GABARAP proteins by recruiting ULK1/2-
ATG13-FIP200 complexes via ATG16L1 directly.
Also, other SARs might bring the ULK1/2 complex
and the ubiquitylated mitochondria together, via their
FIRs, leading to the membrane expansion in an
LC3/GABARAP-independent fashion. Indeed, simple
tethering of a FIP200-binding peptide derived from
ATG16L1 to mitochondria is sufficient to drive
mitophagy [191].

Other reports also indicated the apparent redundan-
cy of LC3/GABARAP-PE conjugation machinery for
some forms of selective autophagy. In 2017, Murphy's
group described that ferritinophagy, selective delivery
of ferritin to the lysosomes via NCOA4, was dependent
on ATG9A, FIP200, and VPS34 but could proceed
normally in cells lacking the E1 (ATG7), E2 (ATG7),
and E3 (ATG16L1) elements required for the LC3/
GABARAP-PE conjugation. Instead, they observed
that TAX1BP1 was directly binding NCOA4, driving its
degradation in ATG7-deficient cells [198]. That SLRs,
including NBR1 and TAX1BP1, can be degraded by a
lysosome-dependent pathway in ATG7 KO cells was
also demonstrated by the Denic group [199]. The
results from the groups of Johansen and Harald
Stenmark, from the Oslo University Hospital, suggest
that components of the endosomal sorting complex
required for transport (ESCRT)-lll complex may be
responsible for endosome-mediated delivery of p62/
SQSTM1, NBR1, TAX1BP1, NDP52, and also
NCOA4, into the lysosome and their rapid degradation
during the first hours of amino acid starvation [200].
This can explain the ATG7- and LC3/GABARAP
lipidation-independent degradation of SARs observed
in the earlier study [198]. However, much more work is
required to understand the interplay between the
endosomal and autophagy membrane trafficking sys-
tems in cargo degradation, as several components,
including subunits of the VPS34 kinase complex, for
example, Beclin-1 [201], are shared between the two
lysosome trafficking pathways.

Is Atg5 an overlooked selective
autophagy factor?

Another plausible reason for the unexpected
findings in ATG7 [198] and also ATG3 [202] KO
cells, which apparently support LC3/GABARAP
lipidation-independent autophagosome formation,
is the possibility that at least some functions of the
Atg8/LC3/GABARAP proteins, albeit less efficiently,
might be taken over by the other autophagy-specific

UBL Atg5. In 2012, groups of Martens and Kraft, using
purified Atg proteins and giant unilamellar vesicles
(GUVs), demonstrated that Atg5 could bind lipid
membranes [203]. In 2014, Thomas Wollert's labora-
tory from the Max Planck Institute of Biochemistry in
Martinsried also showed that the Atg12—Atg5-Atg16
complex has the ability to remain associated with the
lipid membrane after the Atg8—PE conjugate forma-
tion. In 2018, the group led by John Brumell from the
Hospital for Sick Children in Toronto demonstrated the
importance of the ATG12-ATG5-ATG16L1 complex
for the repair of damaged membranes. This was
independent of the ESCRT complex, typically in-
volved in this process, and not connected to the
known role of ATG12—-ATG5-ATG16L1 in autophagy
[204]; however, this finding did further implicate the
ATG12-ATG5-ATG16L1 complex in lipid membrane
remodeling.

If Atg5 is associated with autophagic membranes,
are there SARs that can specifically interact with
this UBL? In 2010, groups of Anne Simonsen and
Ai Yamamoto from the Columbia University in
New York, USA, described the ATG5- and PI3P-
interacting protein ALFY/WDFY3 that is required for
efficient clearance of the mutated huntingtin protein
[205]. This suggested the existence of ATG5-binding
SARs, although in 2014 Simonsen showed that
ALFY also has a functional LIR and thus binds LC3/
GABARAPs [206]. In 2016, Martens' laboratory
published the curious finding that the AIMs of the
yeast SARs, Atg19 and Atg34, as well as the LIRs in
the human SARs p62/SQSTM1, NDP52, and OPTN
interact with ATG5 [207], suggesting that the LIR-
containing SARs might also recognize membrane-
localized Atg5/ATG5. The Atg8:AlIM and Atg5:AIM
interactions are mutually exclusive, so that it is
unclear how the complex interplay between the cargo
receptors and the UBLs takes place in vivo. Clearly, the
role of ATG5 in selective autophagy, as an additional
membrane-associated UBL, deserves thorough
investigation.

What is the identity of the mammalian Atg11?

Atg11 is the core Atg factor in the cargo-dependent,
selective autophagosome formation in yeast. It
oligomerizes and binds both the SAR—cargo complex
(e.g., Atg19-prApe1) and the Atg1 complex, thereby
bridging the cargo with the key kinase activity required
for the autophagosome formation (reviewed in Ref.
[208]). In addition, Atg11 may interact with autophagic
membranes via Atg9[163] and Atg8[173]. FIP200 has
been proposed to act as an Atg17-like factor tethering
ULK1/2 complex to the site of autophagosome
formation in mammalian cells [186]. However, a
growing body of evidence strongly points also at the
Atg11-like functions of FIP200 in selective autophagy.
An increasing number of mammalian SARs, such as
ATG16L1 [87,184,185], CCPG1 [142], p62/SQSTMH1



Review: History of the Selective Autophagy Research

17

[190],and NDP52[191,192], have now been shown to
interact with FIP200 directly. Interestingly, the FIR of
p62/SQSTM1 encompasses its LIR and shows
mutually exclusive binding with FIP200 and LC3B,
respectively [190]. This raises interesting questions
regarding the sequence of events in the recruitment of
ULK1 complex via either LC3/GABARAPs or FIP200.

Intriguingly, the large protein huntingtin, notoriously
mutated in Huntington's disease, also exhibits an
Atg11-like sequence and is able to interact with both
ULK1 and GABARAPs, as revealed in 2014 by a
group of researchers led by Joan Steffan from the
University of California, USA [209]. In addition,
huntingtin directly binds p62/SQSTM1, as shown
in 2015 by Anna Maria Cuervo's group from the
Albert Einstein College of Medicine and Sheng
Zhang's group from The University of Texas Medical
School at Houston, USA [210], which increases its
similarity with FIP200. Undoubtedly, further studies
into huntingtin will follow revealing its role in
selective autophagy, especially in the context of
neurodegeneration.

In the light of the growing evidence for the role of
mammalian Atg17/Atg11-like proteins in selective
autophagy, the previously somewhat LIR-centric
discovery of SARs will need to adopt the growing
knowledge of FIP200-binding motifs and FIRs. More
broadly, researchers working in the field of selective
autophagy will need to consider the role of interac-
tions between the SARs and the core ATG proteins
as well as between SARs and lipid membranes to
gain more complete understanding of the process of
the selective autophagosome formation.

Why are not all LIR-containing proteins targeted
to the selective autophagosome?

Definition of the AIM/LIR [176,180] has helped
identify a plethora of proteins involved in the process
of autophagy either as part of the selective autoph-
agy machinery (SAR and ATG proteins) or as
autophagic cargo. To aid discovery of new LIR-
containing proteins, groups of loannis Nezis from the
University of Warwick, UK, and Vasilis Promponas
from the University of Cyprus created a web-based
resource in 2014, which they called iLIR. It can be
used for predicting LIRs in eukaryotic proteins
[211,212]. A number of proteins have since been
found to contain a LIR(s) and also be degraded by
autophagy: for example, DVL2 [152], B-catenin
[153], FAS1 [154], Lamin B1 [155], paxillin [156],
STING [157], CRY1 [158], and NCORT1 [159], while
others seem to contain a LIR(s) but perform a
scaffolding/regulatory function and not subject
to lysosomal degradation: for example, TP53INP2
[213], FYCO1 [214], TBC1D5[215], TBC1D25 [216],
TECPR2 [217], PLEKHM1 [218], Ankyrin-3 [219],
PCM1 [220], and BRUCE [221]. This poses the
question: Why do some LIR-containing proteins

serve as substrates for autophagy, while others do
not seem to be “visible” to the degradation machin-
ery? One suggestion is that recruitment to the outer
membrane of the autophagosome, rather than inside
the autophagosome, can be the reason for the
escape of the protein from the autophagosome
before it is fused with the lysosome. What deter-
mines the topology of the recruited LIR-containing
protein is, however, unclear.

The other possibility is that, in order to be an efficient
autophagic cargo, the protein needs to create higher-
order oligomers and be able to recruit a critical number
of Atg8/LC3/GABARAP and/or Atg11/FIP200
proteins, which in turn can enlist and activate the
Atg1/ULK1 and/or Vps34 complexes. Recently, sev-
eral groups started to explore whether the biophysical
model of biomolecular condensation underpinned by
multivalent macromolecular interactions (reviewed in
Ref. [222]) could explain how high-order cargo:SAR
complexes are formed in the cytosol prior to being
engulfed by the autophagic membrane. As shown by
Martens [223], as well as Pilong Li and Li Yu from the
Tsinghua University, Beijing, China [224], recombi-
nant p62/SQSTM1 undergoes liquid-liquid phase
separation (LLPS) and forms biomolecular clusters
(condensates) in the presence of polyubiquitin chains
(model cargo) in vitro. This phase separation activity
of p62/SQSTM1 is enhanced by mutations that
increase its affinity toward the ubiquitin (i.e., S403E
in the UBA domain). As the PB1 domain of
p62/SQSTM1 was required for the phase separation,
it can be concluded that p62/SQSTM1 oligomerization
is another key driver for this process. Importantly, the
LLPS could be observed in cells, where p62/SQSTM1
bodies were shown to be liquid-like, dynamic, and
governed by the same principles as those identified
using the recombinant proteins [224]. In addition, the
presented p62/SQSTM1 LLPS model was compatible
with p62/SQSTM1's interactions with NBR1 (which
enhanced p62/SQSTM1:ubiquitin clustering) and
LC3B (which reduced the number and the size of
p62/SQSTM1:ubiquitin clusters) [223].

The LLPS principles may govern cargo:receptor
complex assembly observed in other model systems
for selective autophagy. Thus, investigators around
Nobuo Noda from the Institute of Microbial Chemistry
in Tokyo have demonstrated that the Cvt pathway-
specific Atg19:prApe1 binding competes with the self-
association of the prApe1 propeptide, thus regulating
the size of the dodecameric prApel substrate and
permitting its interaction with the Atg8 via the AlMs
harbored in Atg19 [225]. Hong Zhang and colleagues
from the Chinese Academy of Sciences in Beijing
showed that the size, composition, and stability of the
P granules found in Caenorhabditis elegans embryos,
which are a classical example of LLPS, are regulated
by the C. elegans-specific SAR SEPA-1, which
promotes LLPS of the P granule components PGL-1
and PGL-3 [226] and is reminiscent of the
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coalescence between p62/SQSTM1 and polyubiqui-
tin chains. Of interest is also the finding that mTOR
activity modulates the LLPS of the P granules
suggesting a role of this autophagy-modulating kinase
also in some forms of selective autophagy [226].

The role of other core ATG proteins, especially
Atg11, in LLPS has not been analyzed to date.
However, it can be expected that ATG proteins will
modulate the dynamics of the SAR:cargo LLPS and
eventually define whether a cargo will become an
optimal substrate for autophagy.

How is the assembly of the cargo-SAR-ATG
complex regulated?

The dynamic assembly of the cargo-SAR complex
and their LLPS may be spontaneous in situations
where there is instantaneous self-oligomerization of
the cargo and/or the SARs. However, it can be
envisaged that in order to respond to an abrupt
fluctuation in the stoichiometry of the cargo—SAR
complex (e.g., rapid increase in the cargo not matched
by availability of SARs), the affinity of the interaction
between the cargo and the receptor might require
adjustment. Phosphorylation of Ser403 within the
UBA domain of p62/SQSTM1 increases its affinity to
ubiquitin chains as demonstrated by the group of
Nobuyuki Nukina at the RIKEN Brain Science Institute
in Wako, Japan, in 2011 [227]. Deretic, in collabora-
tion with the Johansen group, showed in 2012 that
TBK1 phosphorylates this residue in response to
mycobacterial infection [228]. Furthermore, in 2017,
Ronggui Hu's group, in collaboration with an interna-
tional team of scientists, demonstrated how mono-
ubiquitylation of p62/SQSTM1, mediated by the p62-
interacting E2 enzymes, UBE2D2 and UBE2DS,
activates its ubiquitin-binding UBA domain, thus also
increasing the affinity of the p62/SQSTM1:ubiquitin
interaction [229]. It is also likely that the oligomeriza-
tion of p62/SQSTM1 is regulated, as it is critical for the
tight binding between the SAR and ubiquitin as well as
the SAR and LC3 [230]. In 2015, the group led by
Kwon at the Seoul National University, Korea, showed
that arginylation of several substrate proteins acti-
vates the intermediate ZZ domain in p62/SQSTM1
and promotes its oligomerization and aggregation,
while increasing the interaction with LC3 and stimu-
lating autophagy [231].

Once the cargo-receptor complex is formed, a
further round of regulation is at play. As mentioned
previously, several kinases have been found to
phosphorylate the Atg11-interacting sequences
within yeast SARs and increase the affinity of the
Atg11:SAR interaction [120-122]. Similarly, phos-
phorylation is likely to regulate the SAR:FIP200
interaction in mammalian cells, as now shown for
both p62/SQSTM1 [190] and NDP52 [191]. On the
other hand, phospho-regulation of the affinity of the
AIM:Atg8 or LIR:LC3/GABARAP interactions is

another well-recognized step in activation of some
SARs, with the prominent examples including OPTN
and Atg30/Atg36, as discussed above.

Phosphorylation of LC3, similar to phospho-
ubiquitin, has been observed [232,233], and this too
will affect the LIR:LC3 affinity, potentially regulating
selective autophagy. Acetylation has been shown to
regulate LC3 nuclear-cytoplasmic shuttling [234]
but may equally regulate the affinity of the binding
between LC3 and the LIRs within SARs.

Conclusions and Perspectives

The countless discoveries of the past 20 years have
brought to light the growing complexity of selective
autophagy pathways. /n vivo studies, mostly in yeasts,
and in vitro experiments, using purified proteins and
artificial lipid membranes, greatly facilitated recon-
struction and modeling of the steps involved in the
selective autophagosome formation (summarized in
an extremely simplified form in Fig. 4). As the
autophagosome machinery is well conserved across
the phyla, it can be expected that selective autophagy
mechanisms will also be underpinned by some
common principles. The preservation of the Atg8:
SAR system is now well documented in model
organisms other than mammals and yeasts: NBR1
in Arabidopsis is the functional counterpart for both
p62/SQSTM1 and NBR1 [235], while Ref (2)P is the
p62/SQSTM1 homolog in Drosophila [236]. Also,
SEPA-1 and SQST-1 are two SARs in C. elegans
[237,238]. Similarly, conservation of the Atg11:SAR
interaction can be expected. It will therefore be
possible to probe into the selective autophagosome
formation mechanisms in multicellular model organ-
isms with lower complexity of the selective autophagy
components. Once the basic components and regu-
latory loops have been identified, it will be important to
confirm the findings in human cells that will eventually
lead to medically relevant break-throughs in under-
standing of selective autophagy processes and their
exploitation in finding cures for human diseases.

Selective autophagy is implicated in neurodegen-
eration, as different protein aggregates accumulate in
the brains of patients with Parkinson's, Huntingtin's,
Alzheimer's, and other proteinopathies (reviewed in
Ref. [239]). It is highly desirable to induce selective
degradation of protein aggregates or their intermedi-
ates, which has been shown to lead to amelioration of
symptoms of neurodegeneration in model organisms
(reviewed in Ref. [240]). Here, the recent data using
ATG16L1-derived FIR peptides to induce mitophagy
are very encouraging [191]. Similarly, in infectious
diseases, one could envision great utility for drugs that
would both selectively eliminate viruses and bacteria
and enhance presentation of the pathogen-derived
antigens by stimulating targeted autophagosome
formation. Also, the role of selective autophagy in
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cancer is understood only poorly but is thought to be
important in the context of cancer cell-specific protein
aggregates or feeding the tumor antigen presenting
pathways. It would therefore be extremely important to
gain opportunities to modulate selective autophagy in
the pathological states.

Exploitation of the UBL:LIR interaction could repre-
sent the entry point for therapies targeting selective
autophagy. Peptides or small molecules interfering
with the formation of the intermolecular B-sheet, by
having affinities to the LC3/GABARAP proteins higher
than naturally occurring LIRs, could lead to potent
inhibition of selective autophagosome formation.
Ultra-high-affinity, extended LIR peptides (e.g., with
a lower nanomolar affinity to GABARAP) derived from
ankyrins have recently been described by Chao Wang
and Mingjie Zhang groups from the Hong Kong
University of Science and Technology [241]. These
are able to inhibit selective autophagy in C. elegans,
providing an in vivo proof of principle for the LIR
peptide-based approach. With activation of selective
autophagy being probably more desirable, especially
in the context of neurodegenerative and infectious
diseases, it is anticipated that better understanding of
the mechanisms of selective autophagy will allow to
design strategies to seed a selective autophagosome
on or at the surface of a cargo. There are now tool
compounds available that may unlock the SAR
function. XIE62—-1004 is one of them discovered by
the group of Xiang-Qun Xie (The University of
Pittsburg, USA) and Yong Tae Kwon's and Bo Yeon
Kim's groups at the Seoul National University in Korea
in 2017 [242]. It mimics protein arginylation and was
shown to cause conformational changes in p62/
SQSTM1's ZZ domain, thus stimulating its binding to
LC3 and autophagic degradation, as shown by the
groups of Yong Tae Kwon and Tatiana Kutateladze
from the University of Colorado School of Medicine,
USA, in 2018 [243].

The knowledge of how AIM/LIRs recognize Atg8/
LC3/GABARAPs also helps design new tools to
monitor the process of autophagy. In 2017, the groups
of lvan Dikic as well as Deok-Jin Jang and Jin-A Lee
from the Kyungpook National University National
University and Hannam University, respectively, in
Korea, developed LIR-based sensors based on
GFP-LIR fusions, which hold the promise of delivering
specific reagents for different LC3/GABARAP
isoforms, which is not always possible using
isoform-specific antibodies [244,245]. Interestingly,
novel LC3/GABARAP interaction sequences are
being discovered, such as the 3D LIR in Atg12
published by Wollert's group in 2014 [246]; the dual
UFM1-Interacting Motif (UFIM)/LIR in the UFM1-
specific E1 enzyme UBADS identified in 2016 by Kirkin,
Komatsu, and Rogov's groups [247]; the a-helical LIR
in Trim5a described by the groups of Jonathan Stoye
from the Francis Crick Institute and David Goldstone,
the University of Auckland, New Zeland [248];

and, most recently, the ubiquitin-interacting motif
(UIM)-like Atg8 binding sequence that utilizes an
alternative hydrophobic patch, as elegantly demon-
strated by the Vierstra lab [249]. It is, however,
important to realize that Atg8/LC3/GABARAP pro-
teins play roles in processes other than autophagy,
such as LC3-associated phagocytosis (LAP) [250],
V-ATPase-dependent endolysosomal LC3 lipida-
tion [251], and some others (reviewed in Ref. [252]);
so that additional markers for autophagy (e.g., other
autophagosome assembly and flux markers) will
have to be analyzed when developing and using
tools and drugs exploiting and targeting the Atg8:
SAR interactions.

In conclusion, with the massively accumulating
knowledge of the past two decades, we are now well
positioned to start exploring and exploiting the
mechanics of making the selective autophagosome
around various cargos, which holds great promise
for novel approaches to medicine and
biotechnology.
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