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Abstract

Autophagy is a highly conserved self-degradation process of eukaryotic cells which is required for the effective elimina-
tion of damaged and unnecessary cytosolic constituents. Defects in the process can cause the intracellular accumulation
of such damages, thereby leading to the senescence and subsequent loss of the affected cell. Defective autophagy hence is
implicated in the development of various degenerative processes, including cancer, neurodegenerative diseases, diabetes,
tissue atrophy and fibrosis, and immune deficiency, as well as in accelerated aging. The autophagic process is mediated by
numerous autophagy-related (ATG) proteins, among which the ATG8/LC3/GABARAP (Microtubule-associated protein
1A/1B-light chain 3/Gammaaminobutyric acid receptor-associated protein) superfamily has a pivotal role in the formation
and maturation of autophagosome, a key (macro) autophagic structure (the autophagosome sequesters parts of the cytoplasm
which are destined for breakdown). While in the unicellular yeast there is only a single ATGS protein, metazoan systems
usually contain more ATGS paralogs. ATGS8 paralogs generally display tissue-specific expression patterns and their functions
are not strictly restricted to autophagy. For example, GABARAP proteins also play a role in intracellular vesicle transport,
and, in addition to autophagosome formation, ATGS also functions in selective autophagy. In this review, we summarize
the functional diversity of ATG8/LC3/GABARAP proteins, using tractable genetic models applied in autophagy research.
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During autophagy (cellular self-eating), damaged, unneces-
sary constituents of the cytoplasm are delivered to the lyso-
somal compartment for enzymatic degradation (Mizushima
et al. 2008; Levine and Kroemer 2008; Vellai et al. 2009).
Thus, autophagy plays a major role in maintaining cellular
homeostasis. The mechanism of this catabolic process is
highly conserved among diverse eukaryotic taxa (Takéacs-
Vellai et al. 2006; Sigmond et al. 2008; Takacs-Vellai and
Vellai 2010; Kovacs et al. 2017). In humans, defects in
autophagy can lead to the intracellular accumulation of toxic
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proteins, thereby triggering the development of an organ
dysfunction and age-associated disease. Such pathologies
include various neurodegenerative diseases (among which
the most prevalent ones involve Alzheimer’s, Parkinson’s
and Huntington’s diseases, as well as Amyotrophic Lateral
Sclerosis), cancer, muscle atrophy and diabetes (Mizushima
et al. 2008; Deretic 2009; Tan et al. 2014). Hyperactivity
of the process can also cause various age-related diseases
(Gozuacik and Kimchi 2004). Based on the mechanism
by which the autophagic cargo enters the lysosome, three
major types of autophagy can be distinguished, chaperone-
mediated autophagy, microautophagy and macroautophagy.
Among these processes, quantitatively macroautophagy
(hereafter referred to as autophagy) is the most significant
one.

During autophagy, a primer isolation (double) mem-
brane is formed, called phagophore, the growing and com-
pletion of which generate a vesicle called autophagosome.
Autophagy proteins (ATG) are organized into different
complexes that function in distinct steps of autophagosome
biogenesis (Suzuki 2013). The induction of phagophore/PAS
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(pre-autophagosomal structure) depends on the operation
of the Atgl/Atgl3/Atgl7 initiation complex (Wirth et al.
2013). The complex activates another complex, Atgb/Atg14/
Vps34/Vps15 (Vacuolar protein sorting), which is required
for the autophagic membrane nucleation. During vesi-
cle nucleation, phosphatidylinositol (PI) is converted into
phosphatidylinositol-3 phosphate (PI3P), and this reaction
ensures that the generated membrane is committed to the
autophagic way (Roberts and Ktistakis 2013). Atgl8 binds
to membranes labelled by PI3P and recruits ubiquitin-like
complexes required for phagophore/PAS formation (Proikas-
Cezanne et al. 2015). The membran source at the initiation
of the autophagosome formation delivered by Atg9 vesicles
from multiple organelles (Nishimura et al. 2020). The Atg2-
Atgl8 complex tethers the isolation membrane to the ER
(Kotani et al. 2018). These complexes mediate membrane
growth and closure, as well as in matured autophagosome-
lysosome/vacuole fusion (Nguyen et al. 2016). Other com-
plexes are also involved in the process of autophagosome-
lysosome/vacuole fusion. A so-called Mon1-Ccz1 complex
activates the RAB GTPase protein Ypt7. The activated
Ypt7-GTP binds the hexameric, anchoring HOPS (homo-
typic vacuole fusion and protein sorting) complex. In
higher eukaryotes, more small GTP proteins participate in
vesicle transport and fusion events, including Rab2 (Ras-
associated binding protein 2), Rab7 (ortholog of Ypt7 in
metazoa) and Arl8 (Arf-like protein 8) (Boda et al. 2019).
The HOPS complex binds to the vesicles involved in the
fusion, thereby forming a bridge between them, and recog-
nizes specific SNARE (soluble N-ethylmaleimide-sensitive
factor attachment protein receptor) proteins located on the
surface of vesicles (Reggiori and Ungermann 2017). Dur-
ing vesicle fusion, autophagosome fuses with a lysosome
to form an autolysosome, in which the cargo is degraded
by acidic hydrolases such as proteases, lipases, nucleases
and glycosidases. Autophagy can even degrade large pro-
tein aggregates and entire organelles (e.g., mitochondria-the
process is called mitophagy) (Mizushima and Levine 2010).

The role of ATG8/LC3 in autophagy

The autophagic process is mediated by ATG proteins. In
yeast, 34 different ATG proteins has been identified so far.
One of these proteins is ATGS8 that has a pivotal role in
autophagosome formation and autophagosome-lysosome
fusion. In metazoan systems, generally more than one
ATGS paralogs present whose functions can significantly
differ from each other (Shpilka et al. 2011). In this article,
we overview the evolutionary and functional diversity of
ATGS paralogs in major genetic models used in autophagy
research.
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The formation and completion of the phagophore mem-
brane into an autophagosomes are regulated by two distinct
protein complexes, the ATG8/LC3 lipidation complexes
and the ATG12-ATGS5-ATG16 conjugation complex. The
major role of ATGS is to mediate autophagosome membrane
growth and elongation, as well as the closure of the isolation
membrane into an autophagosome (vesicle). In the absence
of ATGS8, no matured autophagosome (vesicle) is formed.
Another important role of the protein is to mediate selective
autophagy, during which a specific component (e.g., macro-
molecule, organelle or viral/bacterial particle) is sequestered
for degradation. Such a component is anchored to the lipid-
conjugated ATGS through an adaptor protein, such as Ref(2)
P/p62 in Drosophila melanogaster (Johansen and Lamark
2011; Bjgrkgy et al. 2005; Nezis et al. 2008). In the opera-
tion of the conjugation complex, ATG4 first activates ATGS.
ATG4 is a cysteine protease that cleaves Atg8 to generate a
reactive, C-terminal glycine on it (Yu et al. 2012). After the
cleavage, the El-like ATG7 further activates ATGS under
the consumption of ATP. The modified ATGS is then pro-
cessed by the E2-like ATG3 (Ichimura et al. 2000). For the
ATGe-lipid conjugation process, an E3-like enzyme is also
required which is provided by the heterotetrameric complex
ATG5-ATG12-ATG16 (Tanida et al. 2002). In this com-
plex, ATG12 becomes activated by ATG7 (hence, ATG7
participates in both conjugation systems). Then, the acti-
vated ATG12 conjugates to ATGS, mediated by the E2-like
enzyme ATGI10. This enzymatic chain ensures a covalent
bound between ATGS and the lipid phosphatidyletanolamine
(PE). The ATG12-ATGS dimer becomes tetramerized with
ATG16 (in mammals, Apg16L) (Mizushima 2003). In addi-
tion to the covalent binding of Atg8 to the lipid, the complex
also functions in its own protection. It enables the binding of
ATGS to PE until the closure of the autophagosome becomes
completed (Nakatogawa et al. 2012). The ATG5-ATG12-
ATGL16 heterotetramer finally dissociates from the mature,
closed autophagosome, thereby ensuring Atg4 to cleave
ATGS from the outer membrane of the vesicle. So, Atg4
has a dual role in controlling ATGS. First, it activates ATGS,
second it inhibits the membrane localization of ATGS8
(Tanida et al. 2004). It is intriguing that Drosophila mutants
defective for Atg7 function are viable (Juhasz et al. 2007).
In these mutant animals, however, autophagy still operates
because in the fly mid-intestinal cells Atg7 and Atg3 are
dispensable for the process. In this case, another E1-like
enzyme, Ubal, substitutes the role of Atg7 in the ubiquitin-
like conjugation and lipidization complexes (Chang et al.
2013) (Fig. 1). As mentioned above, Atg8 is also involved
in selective autophagy. In mammals, p62 can bind endoplas-
mic reticulum- (ER) derived autophagic membrane even in
the absence of LC3 (Itakura and Mizushima 2011). p62 can
therefore function in the lysosomal degradation of selec-
tively anchored cytoplasmic constituents independently of
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Fig.1 The role of ubiquitin-like lipidization and conjugation com-
plexes in anchoring ATG8 to the phagophore membrane. The linking
of ATGS to the isolation/phagophore membrane is an essential step
of the mechanism of autophagy; it is required for autophagosome for-
mation and completion. This process is mediated by several enzymes.

LC3. These results suggest that during autophagy p62 is also
able to bind other proteins than LC3.

In yeast, there is single ATG8 protein

In the Saccharomyces cerevisiae, ATG8 was described in
1993 when Ohsumi and colleagues identified 15 different
autophagy defective mutant strains, which accumulated
defective autophagic vacuoles during starvation (Tsukada
and Ohsumi 1993). The identified genes were originally
called apgl-15. Other laboratories also performed genetic
screens in yeast to identify genes implicated in autophagy.
As a result, ATG8 was named in different ways: Apg8 and
Aut7 (Thumm et al. 1994), Cvt5 (Harding et al. 1995), and
Paz2 (Mukaiyama et al. 2002). The unionization of the
nomenclature was taken in 2003, giving the final name Atg8
(Klionsky et al. 2003). In yeast, there is a single ATGS8 pro-
tein, no other paralog exists (Kumar et al. 2020; Weiergréiber
et al. 2013).

The conserved parts of Atg8 involve a so-called (AIM
(Atg8-family interacting motif)) binding site, a C-terminal
ubiquitin-like domain and an N-terminal helix domain.
The latter contains an alpha helix and an exposed beta-
strand that is characteristic to the ATGS8 family proteins
specifically. Atg8 also possesses two hydrophobic motifs,
W-site and L-site, which are required for recognizing
tryptophan and leucine in the interaction motif (WXXL).
Although the hydrophobic motifs are conserved, L-site
slightly differs among the Atg8 homologs (Noda et al.

phagophore

The soluble ATGS protein (Atg8-I) is first cut by an ATG4 protease
to remove the C terminus, thereby liberating a glycine at the C termi-
nal end of the protein. ATGS is then activated by a El-like (E - labels
different types of ubiquitin-like enzymes) ATG7 protein, which pro-
cesses it to an E2-like ATG3 protein.

2010). The yeast ATGS also acts in the vacuolar fusion
process. To perform this function, the C-terminal activity
of the protein is needed, while its lipidization is indispen-
sable (Tamura et al. 2010).

Divergence of ATGS8 proteins in metazoan
systems

According to phylogenetic analyses, 3 different ATGS8
paralogous subfamilies emerged when multicellular
organisms raised (Lee and Lee 2016). These are repre-
sented by MAP1LC3 (microtubule-associated protein 1
light chain 3-hereafter referred as to LC3), GABARAP
(y-aminobutyric acid receptor-associated protein) and
GATE-16 (Golgi-associated ATPase enhancer of 16 kDa
protein). Each of these protein subfamilies were identi-
fied in bilateral organisms by sequence analysis, but also
present in lower ranked eukaryotic taxa such as Sponges
and Cnidaria (Shpilka et al. 2011). Despite identifying
them in higher ranked eukaryotic taxa (for example, there
are 2 GABARAP orthologs in Drosophila—Srivastava et al.
2010), the functional analysis of each of the 3 subfamilies
has remained unresolved. In the next chapters, we intro-
duce the functional diversity of Atg8 paralogs in 3 dif-
ferent genetic models used most frequently in autophagy
research, the nematode Caenorhabditis elegans, fruit
fly Drosophila melanogaster and human Homo sapiens
(Table 1). The evolutionarily divergence of ATGS8 super-
family proteins can be seen in Figure 2.
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Table 1. The role of ATGS orthologs in yeast, nematodes, flies and humans.

Species Protein Function

References

Saccharomyces cerevisiae ATG8
ole targeting (Cvt),

Autophagosome formation, cytoplasm to vacu-

Tsukada and Ohsumi (1993)

Meléndez (2003); Wu et al. (2015); Manil-Séga-
len et al. (2014)

Scott et al. (2004); Johansen and Lamark (2011);
Bjgrkgy et al. (2005); Nezis et al. (2008)

Jipa et al. (2021)

Lee and Lee (2016); Xie et al. (2008); Srivastava
et al. (2010); Nemos et al. (2003); Tolle et al.
(2008);

Caenorhabditis elegans LGG-1 Autophagosome formation, adaptor protein for
selective autophagy
LGG-2 Autophagosome acidification, early embryonic
development, neuronal function
Drosophila melanogaster — Atg8a Phagophore formation and maturation. Adap-
tor for scaffold proteins during selective
autophagy
Atg8b Required for Drosophila male fertility-inde-
pendent role of autophagy
Homo sapiens LC3A Autophagosome formation and elongation,
LC3B Adaptor for scaffold proteins during selective
LC3C autophagy
GABARAP Neuronal function Autophagosome maturation,
GABARAPI,1  Adaptor protein in bacterial infection
GATE-16
GABARAPL3

LC3 and GABARAP paralogs
in Caenorhabditis elegans

In C. elegans, two Atg8 paralogs have been identified so
far. The sequence of LGG-1 (LC3, GABARAP and GATE-
16 family) shows a strong similarity to the mammalian
GABARAP protein family, while LGG-2 is most strongly
related to LC3 (Jenzer et al. 2014). These proteins function
in aging control (life span determination) and dauer larva
(a developmental diapause that is triggered by crowd-
ing in the wild type) formation. The role of these paral-
ogs in these processes is additive, so they act in parallel
to control aging and development (Alberti et al. 2010).
LGG-1 affects the designation of cytoplasmic materials
destined for degradation and autophagosome formation
via modulating the UNC-51/EPG-1 complex (uncoordi-
nated-51/ectopic P granules-1; UNC-51 is orthologous
to Atgl, while EPG-1 is similar to mammalian Atgl4)
(Wu et al. 2015). Being an interaction partner of Vps34/
LET-512 (lethal), LGG-2 plays a role in autophagosome
maturation and autophagosome-lysosome fusion process
(Manil-Ségalen et al. 2014). It anchors the LGG-3/ATG12-
ATG-5-ATG-16 complex to the isolation membrane, and
this step ensures the tight closure of the autophagosome
(Wu et al. 2015). In addition, LGG-2 regulates the size
of autophagosomes during early embryonic development.
Prior to the 200-cell-embryonic stage, the protein controls
selective autophagy independently of scaffold proteins
(Wu et al. 2015).

@ Springer

Atg8a and Atg8b have different roles
in Drosophila melanogaster

In Drosophila, Atg8 is also a member of membrane conjuga-
tion complexes, which has an important role in the biogen-
esis and elongation of autophagic membranes (Mizushima
et al. 1998; Ichimura et al. 2000). The Drosophila Atg8 pro-
tein family includes two members, Atg8a (CG32672) and
Atg8b (CG12334). The function of Drosophila Atg8a can
be associated with basal and starvation-induced autophagy
mainly which is similar to mammalian LC3 (Scott et al.
2004). Although Atg8a was identified functionally as an
LC3 ortholog, based on protein sequence it is more related
to GABARAPLI1 (Figure 2). In addition to basal and star-
vation-induced autophagy, Atg8a, which is a ubiquitin-like
protein, also participates in developmental autophagy, for
example, it is important in the formation of the eye disc
(Billes et al. 2018) or in the degradation of larval salivary
gland and fat body during metamorphosis (Berry and Bae-
hrecke 2007) (Figure 3). The protein is also involved in the
determination of life span (Cho et al. 2021). Similar to clas-
sical ubiquitination, E1-E3-like activation enzymes medi-
ate the procession of Atg8a. Contrary to ubiquitination,
however, the main target of Atg8a is the membranous PE.
When Atg8a is covalently linked to the isolation membrane,
the protein enables phagophore elongation, contributes to
phagophore closure into an autophagosomal structure,
and serves as an anchor for various selective autophagy
receptors, motor protein adaptors and factors mediating
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Atg8a D. melanogaster

GABARAPL1 H. sapiens

LGG-1 C. elegans

GATE-16 H. sapiens

I

GABARAPL3 H. sapiens

Atg8b D. melanogaster

GABARAP H. sapiens

ATG8 Yeast

LGG-2 C. elegans

LC3C H. sapiens

LC3A H. sapiens

LC3B H. sapiens

Fig.2 The evolutionarily relationships of Atg8 orthologs. Atg8
proteins in yeast, nematodes, flies, and humans. The scheme is
based on a phylogenetic tree calculated from protein multiple align-
ment of Atg8 proteins from representative species with complete
genome data. The human GABARAP family, including the GATE-
16 protein, is closely related to the yeast Atg8. The two D. mela-
nogaster orthologs and C. elegans LGG-1 have higher similarities to
GABARAP proteins, while LGG-2 is closely related to LC3. The tree
was calculated using the MEGAX program version 11.0.11. with the
UPGMA (unweighted pair group method with arithmetic mean) algo-
rithm.

autophagosome-lysosome fusion (Ichimura et al. 2000).
Atg8a is recruited to the phagophore, thus it can be used
as key marker for monitoring the autophagic process (Scott
et al. 2004). The presence of Atg8a was detected in aging
neurons, and its role in these cells is required for resistance
against oxidative stress and normal life span (Simonsen
et al. 2008). The later function of the protein is established
through the pathway mediated by the TOR (target of rapam-
ycin) kinase (Vellai 2021). Ref(2)P, the Drosophila ortholog
of mammalian p62, becomes degraded in an Atg8a-depend-
ent way. Thus, in the absence of Atg8a function, Ref(2)P
accumulates in the form of aggregates in the brain (Bhukel

et al. 2019). The later function of the protein is established
through the pathway mediated by the TOR (target of rapa-
mycin) kinase. During this process, Atg8a is regulated devel-
opmentally, that is specific HOX proteins (master regulators
of early development), such as Lab, influence Atg8a expres-
sion in the morphogenetic furrow enabling differentiation
signal (Billes et al. 2018; Curtiss et al. 2002). It was shown
in the Drosophila larval fat body that the spatiotemporal
expression of Hox genes determines autophagic activity dur-
ing different developmental stages (Banreti et al. 2014). In
the feeding larval stage (L3F) Deformed, Ultrabithorax and
AbdominalB downregulate autophagy while during in the
wandering larval stage (L3W) these HOX proteins do not
influence the process because they become downregulated
in the latter stage.

Autophagy is also implicated in programmed cell death
that occurs during Drosophila development. In this process,
Atg8a play a pivotal role. During methamorphosis, degra-
dation of larval mid-gut is established by autophagy in a
caspase-independent way (Xu et al. 2015). In this process,
autophagy operates independently of Atg3 and Atg7 func-
tion (Chang et al. 2013). An additional interesting phenom-
enon is that the degradation of mid-gut caeca is independent
of the lipidation of Atg8a through its C-terminal glycine
(Jipaetal. 2021).

Atg8b is specific to Drosophila, and its expression is
restricted to males only, mainly in the testis (Vedelek et al.
2018). Based on the evolutionary development of Atg8 fam-
ily proteins, in most species of Diptera order, the second was
lost; however, in Drosophilidae their second Atg8a gene was
originated by duplication resulting in the appearance of a
new paralog, the Drosophilidae-specific Atg8b. This evolu-
tionary phenomenon had a retrotransposone-mediated event,
because Atg8b lacks introns. On an aminoacid sequence
level the insect Atg8a and the Drosophilidae-specific Atg8b
are more similar to human GABARAP subfamily rather than
MAPI1LC3 proteins. The protein is important in maintaining
male fertility by controlling postmeiotic spermatide genera-
tion and mobility. Atg8b deficiency leads to male sterility.
The role of Atg8b is independent of autophagy (Jipa et al.
2021).

Roles of the mammals Atg8 protein family

While in yeast there is only a single Atg8 protein, in mam-
mals at least eight Atg8 paralogs have been identified
(Shpilka et al. 2011). Based on their amino acid sequences,
the mammalian ATGS proteins can be classified into three
subfamilies: LC3 (LC3A-C-LC3A has two alternative
splice variants), GAGARAP (GABARAP, GABARAP-
L1 and GABARAP-L3) as well as GATE-16 (it is also
called GABARAPL?2) (Xie et al. 2008; Srivastava et al.
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L3 feeding stage

L3 feeding stage
well fed condition

Fig.3 Autophagic activity in Drosophila larval fat body cells at dif-
ferent developmental stages. The L3 larval stage in Drosophila can
be divided into two distinct stages: first, the L3 feeding (L3F) stage
(left and middle panels), then, the L3 wandering (L3W) stage (right
panel). In the latter, the animal does not feed (the animal leaves the
food source and moves away for molting), which triggers starvation-
induced autophagy (a large amount of red foci in the fluorescent

2010). Among these proteins, LC3B is the most intensely
investigated factor. These protein subfamilies differ from
each other in both function and expression/activity level.
In the LC3 subfamily, LC3C has the lowest expression
activity, which mainly is restricted to the lung. The expres-
sion of GABARAP and GATE-16 proteins is more evident
in the central nervous system (Tolle et al. 2008; Sagiv
et al. 2000). Interestingly, GABARAP-L1 expression is
restricted to the somatomotoric and endocrine regulatory
(pons, diencephalon) areas. In contrast, GABARAP accu-
mulation is more evident in endocrine glands (Nemos et al.
2003).

Weiberg and colleagues showed that each LC3 paralog
exerts an activity in autophagy, but they have a role in dif-
ferent stages of autophagosome formation (Weidberg et al.
2010). Both downregulation and hyperactivation of LC3
and GABARAP significantly alter the size of the phago-
phore in an opposite way; downregulation of GABARAP
increases while LC3 inactivation decreases phagophore
size as compared with control. The Atg8 subfamilies
investigated so far influence only autophagosome forma-
tion and maturation, but do not alter lysosomal charac-
teristics (acidification, size, enzyme activity) (Weidberg
et al. 2010). Based on these features, members of the LC3
subfamily has a primary role in phagophore elongation,
while GABARAP and GATE-16 paralogs function mainly
in the later stages of autophagosome maturation (Albanesi
et al. 2015). GABARAP influences the function of the
HOPS complex through binding PLEKHM1 (Pleckstrin
homology domain containing protein member 1) (McEwan
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starvation-induced autophagy

L3 wandering stage
developmental autophagy

figure). When animals at the L3F are exposed to food deprivation,
starvation-induced autophagy also becomes induced (numerous red
foci in the middle panel). mCherry-Atg8a marker labels early and
late autophagic structures (red foci — phagophores, autophagosomes
and autolysosomes), Hoechst staining (blue) indicates nuclei. Figures
were taken with the same exposure time.

et al. 2015). Thus, GABARAP proteins also function in the
autophagosome-lysosome fusion event.

Previously, LC3/ATG8 has been known to have impor-
tant function during formation and maturation of autophago-
some and it also has role in selective autophagy. A recent
study shows a new function of LC3B. It binds directly to a
specific AAUAAA sequence on mRNAs. The activation of
autophagy leads to the degradation of the mRNAs targeted
by LC3B. The CCR4-NOT complex influences the elimina-
tion and it happens before the formation of autolysosomes.
A specific target of LC3B is PRMT1 mRNA which is trans-
lated into an autophagy inhibitor protein. If PRMT1 mRNA
is degraded, the autophagy will be induced (Hwang et al.
2022).

In mammals, the ATGS protein subfamilies also have
roles that are independent of autophagy. GABARAP and
GATE-16 members participate in the transport of plasma
membrane proteins (e.g., receptor trafficking) in an
autophagy-independent manner (Wang et al. 1999; Leil et al.
2004). In addition, these ATG8 subfamilies are implicated
in ER-Golgi transport through controlling NSF (N-ethylma-
leimide sensitive factor) (Sagiy et al. 2000; Legesse-Miller
et al. 1998; Muller et al. 2002). NSF dictates the dissociation
of the SNARE complex. So, GABARAP and GATE-16 fam-
ily proteins modulate membrane fusion processes as well.
Moreover, GABARAP subfamily proteins have a role in the
ER degradation pathway (ERAD-ER- associated degrada-
tion), which is a checkpoint system in the breakdown of
misfolded proteins. EDEMI is the effector protein of the
process which, in case of steady stage, rapidly dissociates
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from the ER. Fractions containing EDEM1 are surrounded
by soluble LC3 (LC3-I), thereby easily distinguishing these
vesicles from LC3-II-associated autophagosomes. Mem-
brane of vesicles generated during phagocytosis can contain
LC3 (Schaaf et al. 2016).

The ATGS family of proteins display a tumour suppres-
sion function, which mainly results from the selective deg-
radation of oncogenic proteins and damaged organelles. It is
also possible that the cytoplasmic form of ATGS, which is
not conjugated to autophagic vesicles, has a potent tumour
suppression function (Poillet-Perez et al. 2017). These
proteins may influence signaling pathways; for example,
GABARAP is capable of blocking cell cycle by activating
p53, thereby lowering cell survival, movement and progres-
sion in ovarian and breast tumours. Furthermore, they act
negatively on the phosphatidylinositol-3 kinase/Akt signal-
ing pathway to inhibit tumour angiogenesis and cell division
in ovarian cancer (Jacquet et al. 2021). GABARAP-LI1 is
associated with various neurodegenerative pathologies, such
as Alzheimer’s, Parkinson’s and Huntington’s diseases (Le
Grand et al. 2013).

Scaffold proteins involved in selective
autophagy are evolutionarily conserved

Scaffold and adaptor proteins are required for the effective
and selective transformation of information during signal
transduction. Ref(2)P/p62 scaffold protein plays a role in dif-
ferent signaling systems and binds to Atg8 homologs. Thus,
the protein is under a continuous degradation by selective
autophagy (Moscat et al. 2007).

Autophagic receptors have a characteristic structure,
which consists of the following three specific domains, LIR
(LC3 interacting region)/AIM (Atg8 interacting motif),
UBA (ubiquitin-associated) and PB1 (Phox and Bemlp).
UBA domain makes possible the autophagic degradation of
ubiquitinated proteins. This process is ensured by specific
autophagy receptors. Receptors bind with the LIR domain to
the LDS (LIR docking site) domain of LC3. p62/SQSTM1
(sequestosome-1) and NBR1 (neighbor of BRCA1 gene 1)
were first identified as interaction partners (Johansen and
Lamark 2011). To date, several LIR domain-containing pro-
teins have been described as important adaptors in selective
autophagy, e.g., OPTIN (optineurin), NDP52 (Nuclear dot
protein 52 kDa) and BNIP3L/NIX (BCL2/adenovirus E1B
19 kDa-interacting protein 3-like). It is worth mentioning
that different adaptor proteins bind to ATG8 subfamily pro-
teins with different affinities. For instance, NDKP52 pre-
fers LC3 rather than GABARAP and GABARAP-L1, while
BNIP3L binds stronger to GABARAP-L1 that LC3 (Lee
and Lee 2016).

Drosophila Atg8a interacts with Sir2 deacetylase to
become deacetylated during starvation, thereby promot-
ing the activation of autophagy. Expression of Atg8 gene
is controlled at the acetylation level. Atg8a interacts with
Seqouia (CG32904), which is a transcription factor, that
negatively regulates autophagy. YL-1, a component of a
nuclear acetyltransferase complex, and Sir2, which deacety-
lates Atg8a during starvation, induce autophagy (Jacomin
et al. 2020). The Sir2 protein is able to bind the ubiquit-
inated structure to membrane surface covered by Atg8. Such
a domain is found in p62, which mediates the degradation
of misfolded proteins, or in NBR1 (Lamark et al. 2009) and
optaneurine (Wild et al. 2011). Mammalian p62 is a mul-
tifunctional scaffold protein that binds to polyubiquitinated
aggregates. Its Drosophila ortholog, Ref(2)P, has a key role
in the autophagic degradation of ubiquitinated, supramo-
lecular complexes (He and Klionsky 2009). In addition to
its interaction with atypical PKC (protein kinase C) kinases,
it has effects on signaling systems, such as Toll and Nrf2/
Keapl (Avila et al. 2002; Jiang et al. 2015), Ref(2)P/p62
can directly bind to Atg8 (Nezis et al. 2008). In case of
deleting the LIR motif of Drosophila Ref(2)P, it is observed
accumulated in the system, thus these aggregates induce
the cnc/NFE2L2/Nrf2 antioxidant pathway (Bhattacharjee
et al. 2022). p62 operates as an adaptor protein; it binds
ubiquitinated aggregates and facilitates their transport to
autophagosomes through binding to Atg8 (Pankiv et al.
2007). p62 levels are established by autophagy because the
protein serves as a substrate for the process. Its levels are
actually indicative for the flux of autophagy (Komatsu et al.
2007).

Alfy (autophagy-linked FYVE protein) is a 400 kDa-
size protein that contains three domains, BEACH (Beige
and Chediak-Higashi), WD-40 (short ~40 amino acid
motifs, often terminating in a Trp-Asp (W-D) dipeptide)
and FYVE (named for the first four proteins in which it
was recognized, Fablp, YOTB, Vaclp, and EEA1). The
protein is evolutionarily highly conserved: Drosophila
[Blue Cheese (BCHS), AE003611], C. elegans (contig of
799169+ AL032675+793390), Dictyostelium discoideum
(LvsA, AF088979), Arabidopsis thaliana (AC002330) and
Schizosaccharomyces pombe (CAA20312). The nematode
and fruit fly homologs show a 30% amino acid identity with
that of the human Alfy (Simonsen et al. 2004). The selec-
tive recruitment and binding of Alfy to LC3B is promoted
by GABARAP (Lystad et al. 2014). It is also required for
the autophagic degradation of aggregated proteins. Alfy
co-localizes and interacts with p62- and NBR1-bounded
proteins, and directly binds to Atg5. This interaction makes
possible the formation of the Atg12-Atgl16L-LC3 complex.
Therefore, Alfy exhibits a scaffold function to recruit com-
ponents of autophagy to a space where aggregated proteins
are located. Further experiments demonstrated that Alfy is
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indispensable for selective autophagy in Drosophila (Fili-
monenko et al. 2010).

Discussion

The ATGS family of proteins have a pivotal role in the mech-
anism of autophagy. While in yeast there is only a single
ATG8-like protein, in metazoan systems the ATGS8 para-
logs can be divided into three subclasses. Components of
these subclasses often differ in function and cytoplasmic/
tissue localization. This raises the possibility that ATG8
paralogs may have specific functions. Drosophila Atg8b, for
example, can exert autophagy-independent cellular activi-
ties. Although LC3B has been well characterized function-
ally, the role of other paralogs has been less understood.
Increasing our knowledge about ATGS proteins is medically
highly relevant because, for instance, GABARAP deficiency
is linked to the development of several types of cancer and
neurodegenerative diseases. In the future, the following
questions should be addressed. Where are ATG8 paralogs
expressed during development and in the adult body? What
is the exact function of specific ATGS proteins in the mech-
anism of autophagy? At what extent are the functions of
ATGS paralogs redundant? What is the source of specificity
of adaptor proteins to bind specific ATGS8 paralogs?
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