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Last but not least: emerging roles of the autophagy-related protein ATG4D
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ABSTRACT

The evolutionarily conserved ATG4 cysteine proteases regulate macroautophagy/autophagy through
the priming and deconjugation of the Atg8-family proteins. In mammals there are four ATG4 family
members (ATG4A, ATG4B, ATG4C, ATG4D) but ATG4D has been relatively understudied. Heightened
interest in ATG4D has been stimulated by recent links to human disease. Notably, genetic variations
in human ATG4D were implicated in a heritable neurodevelopmental disorder. Genetic analyses in
dogs, along with loss-of-function zebrafish and mouse models, further support a neuroprotective role
for ATG4D. Here we discuss the evidence connecting ATG4D to neurological diseases and other
pathologies and summarize its roles in both autophagy-dependent and autophagy-independent
cellular processes.

Abbrevation: ATG: autophagy related; BafA1: bafilomycin A1; BCL2: BCL2 apoptosis regulator; BH3:
BCL2 homology region 3; CASP3: caspase 3; EV: extracellular vesicle; GABA: gamma aminobutyric
acid; GABARAP: GABA type A receptor-associated protein; GABARAPL1: GABA type A receptor
associated protein like 1; GABARAPL2: GABA type A receptor associated protein like 2; GFP: green
fluorescent protein; LIR: LC3-interacting region; MAP1LC3: microtubule associated protein 1 light
chain 3; MEF: mouse embryonic fibroblast; MYC: MYC proto-oncogene, bHLH transcription factor; PE:
phosphatidylethanolamine; PS: phosphatidylserine; QKO: quadruple knockout; SDS-PAGE: sodium
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dodecyl sulfate-polyacrylamide gel; SQSTM1: sequestosome 1.

Introduction

Autophagy is a highly conserved intracellular recycling pro-
cess that serves to maintain cellular homeostasis and promote
stress adaptation. Phagophores engulf cellular components
such as proteins, organelles, and macromolecular complexes,
and mature into double membrane bound structures termed
autophagosomes, which then fuse with lysosomes to form
autolysosomes (Figure 1). This fusion event exposes autopha-
gosomal cargo to the hydrolytic enzymes of the lysosome,
resulting in cargo breakdown and the subsequent release of
the building blocks (amino-acids, sugars or lipids) of the
degraded components back into the cytoplasm for reuse.
Autophagy occurs at basal levels in all eukaryotic cells but
can be upregulated in response to stresses such as starvation,
oxidative damage, or the accumulation of protein aggregates,
among others [1,2]. Consequently, autophagy dysregulation
has been associated with aging and various pathologies such
as neurodegeneration and cancer [3,4].

The formation of the autophagosome is regulated by
more than 30 ATG (autophagy related) proteins which func-
tion in the initiation, expansion and maturation of the pha-
gophore, and fusion of the autophagosome with the
lysosome [5,6]. Among these proteins are the ATG4 cysteine
proteases and ubiquitin-like Atg8-family proteins. In yeast,
there is a single Atg4 and Atg8, both of which are required
for autophagy [7]. Atg4 cleaves pro-Atg8 to form Atg8-I,

exposing a key glycine residue at the C terminus. This step is
referred to as “priming” and allows for the conjugation of
Atg8 to phosphatidylethanolamine (PE) in the phagophore
membrane to produce lipidated Atg8 (Atg8-II), a step neces-
sary for expansion and closure of the membrane [7-11].
Atg4 is also responsible for the subsequent delipidation/
deconjugation of Atg8 from the outer autophagosome mem-
brane prior to or shortly after vacuole/lysosome fusion
(Figure 1) [11-18].

In humans there are four ATG4 homologs (ATG4A,
ATGA4B, ATG4C, ATG4D) that share a conserved C54 endo-
peptidase domain, but possess divergent N- and C -termini.
Further, there are seven human Atg8-family proteins, divided
into two subcategories: the MAP1LC3/LC3 (microtubule asso-
ciated protein 1 light chain 3 proteins, consisting of LC3A,
LC3B, LC3B2, and LC3C), and the GABARAP (GABA type
A receptor-associated protein) subfamily, which consists of
GABARAP, GABARAPLI (GABA type A receptor associated
protein like 1), and GABARAPL2 [19]. In mice, LC3B2 and
LC3C do not exist, but the other ATG4 and Atg8-family
members are conserved. The four human ATG4 homologs
possess varying affinities and processing capabilities toward
the Atg8-family members [20-22]. However, ATG4B is
thought to be the main priming ATG4 in mammals [22-24].
In contrast, ATG4D possesses only weak priming ability
toward Atg8-family proteins, although cleavage of ATG4D
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Figure 1. Simplified schematic of the role of ATG4 in autophagy in mammals. (A) Priming of an Atg8-family protein via cleavage after the C-terminal glycine by ATG4.
(B) Conjugation of Atg8-family proteins to the developing phagophore membrane. (C) Autophagosome formation. (D) Delipidation of Atg8-family proteins from the
outer autophagosome membrane by ATG4. Note: exact timing of this process has yet to be determined in mammals, but it is thought to occur prior to and/or shortly
after autophagosome-lysosome fusion. (E) Autophagosome-lysosome fusion. (F) Autolysosome formation and degradation of cargo.

by CASP3 (caspase 3) increases its priming and delipidation
activities in vitro [21,22,25]. Mammalian cells with ATG4D
knockout are viable but loss-of-function mutations, knockout,
and knockdown of ATG4D in vivo leads to neurodegeneration
in mice, canines, fish, and humans [26-29]. These discoveries
suggest ATG4D may have an important role to play in main-
taining cellular homeostasis, but it remains unclear whether
these phenotypes are the result of a defect in autophagy and/
or other cellular processes.

ATG4D and Atg8-family members
Macroautophagy

ATG4D has been reported to possess very low in vitro prim-
ing activity for all tested Atg8-family proteins and was shown
to be the least active of all the ATG4 homologs
(ATG4B>ATG4A>ATG4C>ATG4D) in conditions utilizing
soluble Atg8-family protein substrates. However, subsequent
investigations, detailed below, demonstrated that ATG4D
cleavage activity is affected by its post-translational processing
and the lipidation state of Atg8-family substrates [20-22,25].
Li et al. [22] performed an in vitro assessment of the activity

of recombinantly expressed ATG4D against soluble LC3B,
GABARAP, GABARAPLI, and GABARAPL2 with
C-terminal GST (glutathione S-transferase) fusions, where
successful cleavage of the Atg8-family fusion proteins was
determined by the accumulation of free GST during SDS-
PAGE analysis. In these conditions, ATG4D shows no activity
against GABARAP and GABARAPLI and very low activity
toward GABARAPL2 and LC3B that is comparable to
a catalytic mutant of ATG4B (ATG4B“"*%), despite having
a similar GABARAPL2 affinity (1/K,,,) as ATG4B. Betin and
Lane [21] also assessed the in vitro priming capability of
ATG4D for LC3 (specific subfamily member not indicated),
GABARAPLI, and GABARAPL2 by assessing changes in the
molecular weight of C-terminally MYC (MYC proto-
oncogene, bHLH transcription factor)-tagged proteins during
western blot analysis. In agreement with Li et al. [22], ATG4D
is ineffective at priming all these Atg8-family proteins.
However, in vitro priming assays with recombinantly
expressed protein may not accurately represent the substrate
range of ATG4D as it does not account for the potential post-
translation modifications, protein interactions, and effects of
lipid-anchored substrates present in vivo. ATG4B undergoes
various post-translational modifications [30-32], and the
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remaining ATG4 homologs may also be regulated by post-
translational modification events. Notably, ATG4D can be
cleaved by CASP3 at the cleavage site DEVDg;K to generate
AN63 ATG4D [21]. Accordingly, GABARAPLI and weak
GABARAPL2 priming are detected by in vitro experiments
with the N-terminally truncated AN63 ATG4D. These results
indicate that the N terminus of ATG4D may have an auto-
inhibitory effect as its removal increases proteolytic activity,
and that AN63 ATG4D is likely the active form of ATG4D in
cells [21,33,34].

Mammalian cell line studies provide further insight into
the substrate range of ATG4D. In ATG4A ATG4B ATG4C
triple-knockout HeLa cells, lipidated GABARAPLI and lipi-
dated GABARAPL?2 are still detectable, which indicates that
these proteins have undergone priming by ATG4D [20].
Surprisingly, in these cells GABARAPL1 and GABARAPL2
lipidation are unaffected by CASP3 knockdown, pointing
toward potential priming activity of full-length ATGA4D.
However, it is possible any residual CASP3 is sufficient for
the production of AN63 ATG4D, and evaluation for the pre-
sence of this fragment during CASP3 knockdown was not
performed. Additionally, the possibility of other unknown
post-translational modifications to ATG4D that affect its
priming capabilities in triple-knockout cells cannot be ruled
out. In a separate study, protein levels of six Atg8-family
members were tested in ATG4A ATG4B ATG4C ATG4D
quadruple knockout (QKO) HeLa cells expressing mCherry-
ATG4D [35]. Only GABARAPLI is cleaved under these con-
ditions, although mCherry-ATG4D does appear to have
a stabilizing effect on pro-GABARAP levels. Morimoto et al.
[29] similarly report the presence of primed GABARAPLI1 in
ATG4 QKO Hela cells expressing full-length ATG4D.
However, in ATG4 QKO HEK293 cells stably overexpressing
ATG4D or AN63 ATG4D, only trace amounts of lipidated
GABARAPLI can be detected along with significant amounts
of unprimed GABARAPLI, suggesting only minimal priming
activity from ATG4D or AN63 ATG4D [25]. Finally, loss of
ATG4D in otherwise wild-type cells does not appear to lead to
obvious priming defects, as atg4d knockout mouse embryonic
fibroblasts (MEFs) and ATG4D knockdown HelLa cells display
no deficiency in the priming of pro-Atg8-family proteins,
although HeLa cells do have reduced green fluorescent pro-
tein (GFP)-tagged GABARAPLI-positive autophagosomes
[21,26]. These observations suggest that the activity of the
remaining ATG4 homologs is sufficient for the priming of
Atg8-family members. While ATG4D is capable of priming
some Atg8-family members, with a preference for
GABARAPLLI as a priming substrate, the cellular contexts of
ATG4D-mediated priming of Atg8-family proteins remain
unclear.

In addition to priming, ATG4s are also responsible for
delipidating Atg8-family members from PE in autophagoso-
mal membranes. Delipidation occurs at much lower rates than
the initial priming step, which may function to prevent the
premature removal of Atg8-family members from the forming
autophagosomes [25]. In yeast, recognition and delipidation
of PE conjugated Atg8 by Atg4 is reliant on two conserved
amino acid motifs: an N-terminal Atg8-PE association
region/APEAR and a C-terminal LC3-interacting region

(LIR) [18,36]. Human ATG4B contains an evolutionarily con-
served Atg8-PE association region [36], and both human
ATG4B and ATG4D possess a C-terminal LIR [25]. In
ATG4B, this LIR determines lipidated Atg8-family interac-
tions and therefore may serve a similar function in ATG4D
[25]. Along with improved priming abilities, AN63 ATG4D
also has increased delipidation activities compared to full-
length ATG4D. Kauffman et al. [25] incubated full-length
ATG4D and AN63 ATG4D with synthetic liposomes contain-
ing LC3B, GABARAPLI, and GABRAPL2 conjugated to PE.
Lipidated Atg8-family proteins migrate faster during gel elec-
trophoresis than their unlipidated counterparts, and lipo-
somes incubated with full-length ATG4D do not show
conversion of any of the tested Atg8-family proteins to their
slower migrating delipidated forms when analyzed by SDS-
PAGE. However, AN63 ATG4D demonstrates delipidation
activity against all three tested Atg8-family proteins (also
analyzed by SDS-PAGE), with an apparent preference for
LC3B. In a similar experiment, full-length ATG4D does not
demonstrate delipidation activity when incubated with auto-
phagosome-enriched membrane fractions from cells stably
expressing yellow fluorescent protein-tagged LC3 or GFP-
GABARAPL1, but AN63 ATG4D can delipidate
GFP-GABARAPLI1 [21]. Cell line and animal models with
alterations in ATG4D levels support an active role for
ATG4D in delipidation. Loss of atg4d in murine cells results
in defects in the removal of membrane-bound Atg8-family
members (primarily LC3B) from the cytosolic leaflet of
autophagosomal and autolysosomal membranes, which is
not seen in atg4a, atg4b, or atg4c null mutants. This pheno-
type is enhanced through the additional loss of ATG4C in
atgdc atg4dd double-knockout MEFs [26,37]. Consistent results
are seen in human HCT116 ATG4D™ cells that accumulate
lipidated LC3B, GABARAPLI, and GABARAPL2 [38].
Furthermore, atg4d”’™ mice have increased levels of lipidated
LC3A, LC3B, GABARAP, GABARAPLI, and GABARAPL2
[26]. Again, this phenotype is enhanced through the addi-
tional loss of ATG4C in atg4c atg4d double-knockout mice
[37]. Collectively, these observations indicate that ATG4D
may function primarily in Atg8-family member delipidation,
possibly as the main delipidating ATG4 in mammals [26],
although other studies point to significant contribution from
ATGA4C [37] or to the equal contribution of all ATG4s to
delipidation [25,39].

In yeast, Atg8 delipidation is important for autophagosome
formation as it provides a pool of primed Atg8 while also
removing inappropriately lipidated Atg8 proteins that accu-
mulate on various organelle membranes within the cell
[11,12,16]. The exact role or timing of delipidation in relation
to autophagy in mammalian cells remains unclear, but there is
evidence to suggest that the delipidation activities of ATG4
homologs prevent the aberrant conjugation of Atg8-family
proteins to various non-autophagosomal intracellular mem-
branes [35], although this function has not been specifically
demonstrated for ATG4D [20,26,35]. While loss of ATG4D is
associated with an increase in lipidated Atg8-family members,
this accumulation is not necessarily detrimental to autophagy
function, as the expression of a pre-primed variant of GFP-
LC3B can rescue autophagy in ATG4 QKO HeLla cells,



indicating autophagy can proceed in the absence of ATG4-
mediated delipidation [20]. Additionally, increased levels of
LC3B can be found on the cytosolic leaflet of autolysosome
membranes in atg4d” MEFs, suggesting autophagosomes
lacking LC3B delipidation are still capable of fusing with
lysosomes [26]. Further, a N-terminally hemagglutinin/HA-
tagged pre-primed variant of GABARAPL1 can be removed
from the outer membrane of autophagosomes and autolyso-
somes in HeLa cells lacking all ATG4s [35]. Regardless, some
loss-of-function mutations in ATG4D still possess phenotypes
that could point toward a defect in autophagosome-lysosome
fusion, such as the accumulation of autophagosomes observed
in uterine fibroids with reduced ATG4D expression and
atg4d”~ MEFs [26,40]. While not necessary for autophago-
some-lysosome fusion, delipidation may increase the effi-
ciency of autophagy. However, it is important to remember
that Atg8-family members have additional cellular roles inde-
pendent of autophagy [41,42]. Alterations in the dynamics
between cytosolic primed and lipidated Atg8-family proteins
could affect other processes unrelated to autophagy, such as
the conjugation of Atg8-family members to other proteins
within the cell (a process known as Atg8ylation) [35,43].
ATG4s have also been implicated in Atg8ylation through the
removal of Atg8-family members from Atg8ylated proteins,
although this specific function has not been demonstrated for
ATG4D [35].

ATG4D and endocytic membranes

Atg8-family members can be conjugated to phosphatidylserine
(PS) in single-membrane endolysosomal compartments pro-
duced from various endocytic engulfment events, such as pha-
gocytosis, micropinocytosis, and entosis [39,44]. In addition to
the deconjugating ability of AN63 ATG4D for PE-lipidated
Atg8-family proteins during autophagy, full-length ATG4D is
also capable of delipidating LC3B and GABARAP from PS and
PE in single membranes [38,39,45,46]. Furthermore, ATG4D is
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more efficient at delipidating LC3B - PS than ATG4B from
liposomes containing both LC3B - PS and LC3B - PE in vitro,
where relative presence of each conjugate was determined by
mass spectrometry [39]. In cells, ATG4D knockout leads to the
accumulation of LC3B - PS, although the remaining Atg8-
family members have yet to be tested in this context [39].
Therefore, loss of ATG4D may lead to alterations in autopha-
gy-independent engulfment events.

ATGA4D in and around the mitochondria

Immediately downstream of the N-terminal DEVD¢;K site in
human ATG4D is a cryptic mitochondrial targeting sequence
(Figure 2), and exposure of this sequence via CASP3 cleavage
results in the localization of AN63 ATG4D to the outside of
the mitochondria and the mitochondrial matrix [47]. In the
mitochondrial matrix AN63 ATG4D is subject to further
processing by mitochondrial proteases, resulting in ~ 42-kDa
and ~ 45-kDa products which likely correspond to ATG4D
with the N terminus plus mitochondrial targeting motif
removed and an intermediate product between ANG63
ATG4D (~47 kDa) and the~42-kDa form, respectively.
However, CASP3 cleavage is apparently unnecessary for
ATG4D import into the mitochondria as a caspase-resistant
mutant of ATG4D (ATG4DP®**) is still recruited to the
mitochondria, and the ~ 42-kDa form of ATG4D can always
be detected in the mitochondria, even in the presence of the
pan-caspase inhibitor zZVAD.fmk [21,47]. Further evidence for
a role of ATG4D in the mitochondria comes from the affinity
of AN63 ATG4D to liposomes containing 20 mol percent of
the mitochondrial-specific lipid, cardiolipin. This affinity is
not possessed by any of the remaining ATG4 homologs [25].
As noted by Betin et al. [47], it is unlikely that ATG4D is
accessing Atg8-family members while residing in the mito-
chondria. However, the role of ATG4D in the mitochondria
may still involve its endopeptidase activity because the over-
expression of AN63 ATG4D-GFP, but not the endopeptidase
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Figure 2. Linear representation of human ATG4D. The 474 amino acid long protein consists of a conserved C54 peptidase domain flanked by N- and C-termini that
are divergent from the other three ATG4 homologs. The N terminus contains a CASP3 recognition site (DEVD) that can be cleaved to produce AN63 ATG4D.
Immediately upstream of this cleavage site is a putative PEST sequence, which suggests ATG4D is a short-lived protein subject to degradation by the proteasome.
Immediately downstream is a cryptic mitochondrial motif that is exposed upon CASP3 cleavage. The C terminus contains a putative BH3 domain and LIR motif
[21,22,25]. Red arrows indicate known mutations in human ATG4D that are associated with neurodegeneration [29] and blue arrows indicate mutations potentially

associated with non-obstructive azoospermia [17].
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active site mutant AN63 ATG4D“'***.GFP, leads to
a significant reduction of mitochondrial cristae density [47].
While it is unlikely ATG4D is performing its canonical role of
Atg8-family member priming and delipidation from within
the mitochondrion, it is possible that its presence within this
organelle is still related to autophagy. Oxidative stress induced
via H,O, exposure can cause ATG4D to associate with the
mitochondria [21], indicating that ATG4D may be respond-
ing to perceived mitochondrial damage and is attempting to
clear damaged mitochondria by initiating mitophagy [47,48].
In addition to responding to oxidative stress, ATG4D may
also be an instigator of this damage through an as-of-yet-
unknown pathway. ATG4D associated reduction in
mitochondrial cristae density may decrease the efficiency of
oxidative phosphorylation, thereby leading to an increase in
the production of reactive oxygen species/ROS [47,49,50].
Accordingly, human erythroid cells expressing AN63 ATG4D-
GFP show an increase in MitoSOX fluorescence and therefore
production of mitochondrial reactive oxygen species [47].
However, in Drosophila melanogaster, overexpression of
Atgdb (hereafter “DmAtg4b”), the fly ortholog of human
ATG4D, is protective against H,0, induced oxidative stress
[51]. In the mitochondrion, ATG4D may be instigating its
own recruitment, perhaps to initiate ATG4D driven clearance
through mitophagy. Consistent with a role in mitophagy,
ATG4D is necessary for the clearance of mitochondria during
erythropoiesis [52], and reintroduction of ATG4D in ATG4
QKO Hela cells is able to restore mitophagy, even more
efficiently than the reintroduction of ATG4B [35].
Additionally, GABARAPLI, a known substrate of ATG4D, is
involved in mitophagy [19,53].

The observation that ATG4D is subject to cleavage by
CASP3, a protease that typically functions as a pro-apoptotic
effector, suggests that ATG4D could also be involved in the
cell death process. The cleavage of ATG4D to AN63 ATG4D
exposes a putative BCL2 homology region 3 (BH3) domain
which potentially binds BCL2 (BCL2 apoptosis regulator)-
family members present on the mitochondria, thereby indu-
cing mitochondrial outer membrane permeabilization.
Accordingly, the overexpression of ATG4D and ANG63
ATG4D in HelLa cells is cytotoxic, and the transient associa-
tion of these proteins with the outside of the mitochondria is
associated with apoptosis and loss of mitochondrial mem-
brane potential [21]. Further, deletion of the BH3 domain in
GFP-AN63 ATG4D significantly reduces the cell death asso-
ciated with the overexpression of this construct in HeLa cells
[21]. Interestingly, loss of ATG4D through siRNA-mediated
knockdown in pancreatic ductal adenocarcinoma cell lines
HPAC and SW1990 also leads to loss of mitochondrial poten-
tial, but ANXAS5-PI staining revealed apoptosis is reduced in
these cells [48].

Pathologies associated with alterations in ATG4D

Canine ATG4D and neurodegenerative vacuolar storage
disease

ATG4D plays an important role in neuron homeostasis, and
mutations in ATG4D have been implicated in heritable

neurodegenerative  diseases in humans and canines
[26,27,29] (Table 1). Kyostild et al. [27] describe the first
link between ATG4D and an inherited neurodegenerative
disease in the Lagotto Romagnolo breed of dog. This auto-
somal recessive condition, which they term neurodegenerative
vacuolar storage disease/NVSD, is the result of a single
nucleotide change (G1288A) in the last exon of ATG4D, the
outcome of which is a predicted missense mutation where an
alanine is replaced by a threonine residue (ATG4DA*T),
Dogs homozygous for this allele display various progressive
neurological phenotypes including behavioral changes, mild
atrophy of the cerebellum and forebrain, cerebellar ataxia, and
loss of Purkinje and granular cells. Another striking feature
associated with neurodegenerative vacuolar storage disease is
extensive cytoplasmic vacuolization in cells of the nervous
system, secretory tissues, epithelia, and of mesenchymal ori-
gin. The vacuoles are bound by a single membrane and differ
in size between tissue types, with many appearing to contain
little to no sequestered material. The identity of these vacuoles
has yet to be determined, but they possess markers for lyso-
somes, autophagosomes, and endosomes, implicating the
involvement of the endosomal and autophagy machinery in
their formation [54-57]. Fibroblasts isolated from affected
dogs and cultured under basal conditions show an increase
in immunofluorescent LC3 puncta compared to controls, and
western blot analyses performed on the same cells show an
increase in the lipidated forms of LC3 proteins. Upon treat-
ment of the variant fibroblast cells with bafilomycin A,
(BafAl), the differences in levels of lipidated LC3 proteins
between control and ATG4D variant cells disappear, suggest-
ing the accumulation of lipidated LC3 proteins in the
untreated ATG4D variant cells may be the result of
a blockage in autophagosome-lysosome fusion [54]. Of note,
no differences in LC3 proteins between control and ATG4D
variant cells are observed under starvation conditions, sug-
gesting only basal autophagy is altered. Alternatively, these
results could reflect alterations of autophagy-independent but
LC3-associated processes [58-61], such as LC3-dependent
extracellular vesicle loading and secretion/LDELS [62].
ATG4D-variant canine fibroblasts show an increase in the
release of extracellular vesicles (EVs) [57]. As with lipidated
LC3 levels, this difference disappears during starvation. The
release of these EVs from variant fibroblasts may be depen-
dent on LC3-associated processes, and therefore increased
levels of lipidated LC3 May be directly associated with the
increased release of EVs under basal conditions rather than
from an increase in LC3 associated with autophagosomes.
EVs from ATG4D-variant cells have a more diverse protein
content than controls, with a relative increase in proteins
from the cytosol, mitochondria, and the endoplasmic reticu-
lum, and a relative decrease in proteins derived from the
nucleus, lysosome, and cytoskeleton [57]. EV proteomes
from ATG4D-variant cells also contain relatively more extra-
cellular matrix proteins and proteins with chaperone activity.
Interestingly, the autophagic cargo marker SQSTM1 (seques-
tosome 1) is present in EVs from ATG4D-variant fibroblasts,
but not controls, and this may point to a rerouting of unde-
graded cargo to EVs from autophagosomes that are unable to
fuse with  lysosomes. Interestingly, inhibition of



autophagosome-lysosome fusion through ATG7 knockout
and BafAl treatment or via the administration of chloroquine
enhances the accumulation of autophagy-related proteins,
including SQSTM1, inside EVs in cell lines and mouse models
[62,63]. While autophagy is traditionally viewed as a digestive
pathway, its machinery has also been implicated in secretion
via EV release [62-65]. It is possible that mutations in
ATG4D could directly affect EV loading and/or production
through alterations in processes such as LC3-dependent extra-
cellular vesicle loading and secretion, or could indirectly affect
EV production by increasing cellular levels of undegraded
materials that require rerouting to EVs, and these areas war-
rant further research.

ATG4D in zebrafish and mice

The function of ATG4D has also been explored in zebrafish
and mice, and knockdown or knockout of ATG4D in these
models leads to neurological phenotypes consistent with those
observed in canines [26-28] (Table 1). Knockdown of atg4da
(a functional homolog of ATG4D) in zebrafish embryos leads
to severe malformations in the developing central nervous
system, as well as Purkinje and granular cell depletion and
widespread neurodegeneration. atg4d”~ mice demonstrate
a significant reduction in the numbers of Purkinje cells in
the cerebellum, cerebellar ataxia, overall reduced neurological
function, and motor coordination defects that progress with
age. These phenotypes are all consistent with the role of
Purkinje cells in motor control and cognition [66]. The exten-
sive vacuolization of tissues observed in canines is not con-
served in zebrafish and mice, although the accumulation of
small autophagosomes can be seen in mice [26]. Like canines,
atg4d”” mice tissues show an accumulation of membrane
bound Atg8-family proteins, GFP-LC3B puncta, and
SQSTMI1. However, unlike canines, these phenotypes, with
the exception of SQSTMI1 accumulation, are also present
during starvation conditions. Increases in membrane bound
Atg8-family proteins are also observed in atg4d”~ (but not
atgda, atgdb, or atgdc knockout) MEFs. It is likely that the
increase in accumulation of membrane-bound Atg8-family
proteins is due to reduced delipidation activity in the absence
of ATG4D.

Closer examination of Purkinje cells in mice reveals ultra-
structural features consistent with dark cell degeneration [26],
a type of cell death associated with excitotoxicity and mito-
chondria dysfunction [67,68]. GABARAP interacts with the
ionotropic inhibitory GABR (gamma-aminobutyric acid type
A receptor) and plays a part in its trafficking to the plasma
membrane [69]. atg4d_/ " neurons show an increase in this
GABR-GABARAP interaction, as well as reduced localization
of GABR to the plasma membrane and increased targeting of
GABR for lysosomal degradation. Since alterations in ATG4D
have been shown to cause defects in the levels of lipidated
Atg8-family proteins, it was hypothesized that mutations in
ATG4D contribute to neurodegeneration by causing an accu-
mulation of PE-conjugated GABARAP, and potentially also
PE-conjugated GABARAPL1 and GABARAPL2 [70,71]. The
increase in GABARAP - PE could in turn alter GABR loca-
lization and reduce inhibitory signals in Purkinje cells, leading
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to subsequent excitotoxicity and cell death through an auto-
phagy-independent pathway. Extraordinarily, the administra-
tion of 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol (THIP),
a GABR agonist, rectifies the motor coordination defects
associated with atg4d knockout when administered to young
mice, perhaps by enhancing inhibitory signals to Purkinje
cells and thereby preventing excitotoxicity [26]. This hypoth-
esis links the degeneration of Purkinje cells to a defect in
Atg8-family protein processing. Autophagy may still prove
to play a role in this Purkinje cell degeneration, as parallels
exist between phenotypes seen in atg4d deletion and atg5 and
atg7 deletion mice [72,73], but it is also possible there are
other unknown implications of ATG4D dysfunction.
Interestingly, specific overexpression in the nervous system
of the Drosophila ortholog of ATG4D, DmAtg4b, has been
linked to increased lifespan, further  suggesting
a neuroprotective role for ATG4D [51]. Further investigation
is warranted regarding the implications of ATG4D loss-of-
function on mitochondria in Purkinje cells, as ATG4D has
been found to localize to mitochondria, and both ATG4D and
the mitochondrion have been implicated in dark cell degen-
eration [47,68].

ATGA4D alterations in humans are associated with
a neurodevelopmental disorder

ATGA4D has been implicated in a rare autosomal recessive
syndromic neurodevelopmental disorder in humans.
Tamargo-Gomez et al. [26] first describe a compound het-
erozygous individual possessing two variants of ATG4D with
missense mutations (ATG4DS89N and ATG4DY28°C) and
apparent loss of function. Morimoto et al. [29] have
described two additional compound heterozygous indivi-
duals (siblings) with a missense mutation and a deletion
that leads to a frameshift in ATG4D (ATG4DP**N and
ATG4D D437Afs *37, respectively). Notably, D356N directly
disrupts the catalytic triad of ATG4D (Figure 2). Individuals
with these variants present with varying severity of symp-
toms and disease progression, with phenotypes reminiscent
of those seen in mice and canines, such as abnormal gait,
cognitive impairment, and mild cerebellar atrophy. Primary
fibroblast and lymphoblastoid cell lines from affected indi-
viduals do not demonstrate consistent alterations in lipi-
dated LC3 or GABARAP family proteins compared to
controls under basal conditions or upon BafAl treatment,
so these mutations may not alter autophagy induction or
autophagic flux, at least under these conditions. To test the
GABARAPL1 priming capabilities of these variants,
N-terminally cleaved ATG4D variant proteins were incu-
bated with GABARAPLI-MYC in vitro. Cleavage was
assessed via western blot using the shift in molecular weight
of GABARAPLI1 upon removal of the MYC tag. It was found
that all variants except ATG4D%*°N have reduced
GABARAPLI priming activity [29]. Interestingly, asparagine
is present at the analogous site to Ser89 in some ATG4D
orthologs (Figure 3), and this may explain the observed lack
of effect on GABARAPLI priming in vitro. Additionally, in
ATG4 QKO HelLa cells, ATG4ADY?*C and ATG4DP***N are
unable to completely rescue GABARAPLI priming [29],
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Ser89Asn Argl25Leu
Human YGWVVKSRTSFSKISSIHLCGRRYRFEGEGDIQRFQRDFVSRLWLTYRRDFPPLPGGCLT 137
Chimp YGWVVKSRTSFSKISSIHLCGRRYRFEGEGDIQRFQRDFVSRLWLTYRRDFPPLPGGCLT 137
Mouse YGWAVKSRTSFSKISTVHLCGRCYHFEGEGDIQRFQRDFVSRLWLTYRRDFPPLAGGSLT 137
Dog YGWAVKSRTSFSKISSVHLCGRRYRFEGEGDIQRFQRDFVSRLWLTYRRDFPPLAGGCLT 136
Cow YGWAVKSRTSFSKISSVHLCGRRYRFEGEGDIQRFQRDFVSRLWLTYRRDFPPLAGGSLT 136
Dolphin YGWAVKSRTSFSKISSVHLCGRRYRFEGEGDIQRFQRDFVSRLWFTYRRDFPPLAGGCLT 136
Zebrafish YGWTVKSKTSFNKSSPLILLGQSFLEFNNEDEVERFRQTFVSCVWLTYRREFPQLDGSSLT 124
Tilapia YGWTVKSKTSFNKMSPVTILGHSYLLNSEDEVERFRLAFVSRIWLTYRREFPQLEGSTWT 132

Xenopus YGWSVKMKTTFSRSAPVYLLGERYYFRLDDEIDRFQKDFVSRVWLTYRRDFPALEGTALT 124
Sea turtle  YGWTVKSKTNFSKLSPIYLFGHVYCFEVEEDVERFQKDFASRIWLTYRREFQQLEGTVWT 131

Alligator YGWTVKTKTHFSKHSPVYLFGRDYRLDTEEAVERFQTDFASRLWLTYRRDFPPLGSGLWS 124
*kk kk .k k. . . . k. . - ckk. ok Kk .k.kkkk.k  k .

Val273Ile Tyr280Cys Ala295Asp
vy

Human AVESCSDVTRLVVYVSQDCTVYKADVARLVA--—-—-—-- RPDP-TAEWKSVVILVPVRLGGE 311
Chimp AVESCSEVTRLVVYVSQDCTVYKADVARLVA-—-—-—--- RPDP-TAEWKSVVILVPVRLGGE 311
Mouse AVESCSEVSRLVVYVSQDCTVYKADVARLLS-—--—--- WPDP-TAEWKSVVILVPVRLGGE 311
Dog AVESCSEITRLVVYVSQDCTVYKADVARLVA-—-—-—--- RPDP-TAEWKSVVILVPVRLGGE 310
Cow AVESCSEVTRLVVYVSQDCTVYKADVARLVA--—-—-—-- RPDP-TAEWKSVVILVPVRLGGE 309
Dolphin AVESCSEVTRLVVYVSQDCTVYKADVARLVA-—-—-—--- RPDP-TAEWKSVVILVPVRLGGE 310
Zebrafish AVARAAEFEDLAVYVAQDCTVYKEDVMSLCES-—----—-——- SGVGWKSVVILVPVRLGGE 323
Tilapia AVDKTSVVTNLAVYVAQDCTVYKEDVVRLCDRSLNQTSSDPSSQDWKSVIILVPVRLGGE 338

Xenopus AIESSSEVPDLSVYVSQDCTVYKADIEQLFAGEVPHTDTSR--GAGKAVIILVPARLGGE 310
Sea turtle AVEGCSEGSSLAVYVSQDCTVYKGDVARLVSGSDGRTVPDP-GAKRKAVIILVPMRLGGE 330

Alligator AVESSPGTSHLAIYVSQDCTVYKGDVAGLLRGGA--————————— AGAVIVLVPMRLGGE 298
* - * ckkokkkkkkk k. Kk sk ckkk kkkkk
Asp356Asn Val395Met

v v

Human GYQDDFLLYLDPHYCQPTVDVSQADFPLESFHCTSPRKMAFAKMDPSCTVGFYAGDRKEF 405

Chimp GYQDDFLLYLDPHYCQPTVDVSQADFPLESFHCTSPRKMAFAKMDPSCTVGFYAGDRKEF 405
Mouse GYQDDFLLYLDPHYCQPTVDVSQPSFPLESFHCTSPRKMAFAKMDPSCTVGFYAGNRKEF 405
Dog GYQDDFLLYLDPHYCQPTVDVSQADFPLESFHCTSPRKMAFAKMDPSCTVGFYAGDQKEF 432
Cow GYQDDFLLYLDPHYCQPTVDVSQADFPLESFHCTSPRRMAFAKMDPSCTVGFYAGDRKEF 403

Dolphin GYQDDFLLYLDPHYCQPTVDVSQADFPLESFHCTSPRKMAFAKMDPSCTVGFYAGDRKEF 404
Zebrafish GFQDEQLLYLDPHYCQPVVDVTQANFSLESFHCNSPRKMNFSRMDPSCTIGLYARSKTDF 417
Tilapia GFQDEQLLYLDPHYCQPVVDVSQINFSLESFHCSSPKKMPFNRMDPSCTIGFYAKNKKDF 432
Xenopus GYQDNYLLYLDPHYCQPYIDTSRDNFPLESFHCNAPRKLSITRMDPSCTFAFYAKNRDDF 404
Sea turtle GYQDDFLLYLDPHYCQPFVDTTKKNFPLESFHCSSPRKMAFSKMDPSCTIGFYARDGQEL 424
Alligator GFQDDYLLYLDPHYCQPSVDTSQECFPLESYHCGSPRKMAFAKMDPSCTIGFYTQAGQDL 390

kokk: hkkkkkkkkkk -k ..k kkk-kk k... - -kkkkkk -k
Ser3_Ala8del Asp437AIafs*37
1
Human MNSVSPAAAQYRSSSPEDARRRPEA 25 YPMFTLAEGHAQDHSLDDLCSQLAQ 449
Chimp MNSVSPAAAQYRSSSPEDARRRPEA 25 YPMFTLAEGHAQDHSLDDLCSQLAQ 449
Mouse MNSVSPAAAQYRSGSSEDARRADCR 25 YPMFTVAEGHAQDHSLDALCTQLSQ 449
Dog MNSVSPAAAQYRSGSPEDAR-RPEG 24 YPMFTLAEGHAQDHSLDDLCSQLSQ 476
Cow MNSVSPAAAQYRSGSPEDAR-RPEG 24 YPMFTLVEGHAQDHSLDDLCSPPSQ 447
Dolphin MNSVSPAAAQYRSGSQEDAR-SPEG 24 YPMFTLVEGHAQDHSLDDLCSQPSQ 448
Zebrafish MNSVSPSAVQYIVGGGAHEDKASAS 25 YPIFTFVEGRGQIYGMEGPSGGSVD 459
Tilapia MNSVSPSAAQYVGGVMQODELVDRGR 25 YPVFTFVEGHSQDYGLEGHSSNHSG 474
Xenopus MNSVSPLATQYGSPKGSQQTE--NR 23 YPIFSISEGQAQEYASAEGQQSSSH 448
Sea turtle MNSISPASVQYVSQDKLHHS---DD 22 YPMFTVTEGQAQEYGLAELCSRFSQ 468
Alligator MHSVSPAAAQYGSPEER----—-—-—-— 28 YPMFSVVDGRAQDYGLEELCSRLAP 434
*:*:** :_** **:*:_ :*:_* .

Figure 3. Conservation of residues Ser89, Arg125, Val273, Tyr280, Ala295 Asp356, and Val395 across various vertebrate species. Red arrows indicate site of amino acid
change, and green arrow indicates the beginning of a deletion site and frameshift in variant human ATG4D proteins associated with a neurodevelopmental disorder
[29]. Blue arrows indicate site of amino acid changes and blue square brackets indicate deleted region in variant human ATG4D proteins associated with non-
obstructive azoospermia, as reported by the authors [17]. Asterisks “*” indicate identical amino acids, colons “:" indicate conserved amino acids, and periods “.”
indicate semi conserved amino acids. Alignments performed using ClustalW [74]. NCBI accession numbers: Human (Homo sapiens), NP_116274.3; Chimp (Pan
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Table 1. Summary of neurodegenerative phenotypes associated with knockdown, knockout, or loss-of-function mutations of various ATG4D orthologs.

ATG4D Alteration/

Species ortholog manipulation Notable phenotypes Reference

Canines (Canis ATG4D Predicted loss-of- Behavioral changes, progressive cerebellar ataxia and loss of Purkinje cells, accumulation of [27,54,57]
lupus function mutation cytoplasmic vacuoles, increased EV release, altered basal autophagy
familiaris)

Zebrafish (Danio  Atg4da Knockdown Malformed CNS, Purkinje cell loss, neurodegeneration, hydrocephalus [27]
rerio)

Mice (Mus Atg4d Knockout Loss of Purkinje cells, cerebellar ataxia, motor coordination defects, accumulation of [26]
musculus) autophagosomes, altered basal autophagy, mislocalization of GABA, receptors

Human (Homo ATG4D Loss-of-function Motor coordination defects, cerebellar hypoplasia, various neurological symptoms (e.g., seizures) [26,29]
sapiens) mutation

Table 2. Altered expression of ATG4D and its associated protein in various cancer and tumor types.

Tissue/Cancer type Stage mRNA expression levels Protein expression levels Reference
Acute myeloid leukemia G1 Increased (RNA-Seq) - [80]
Acute myeloid leukemia - Decreased (RTgPCR) - [81]
Cervical cancer - Decreased (RTqPCR) - [82]
Colorectal tumors - Decreased (RTqPCR) - [83]
Gastric cancer I-Iv Decreased (microarray) - [84]
Glioma - Increased (RTqPCR) Increased (WB) [85]
Head and neck squamous cell carcinoma G4 Increased (RNA-Seq) - [80]
Hepatocellular carcinoma - Increased (RTqPCR) Increased (WB) [86]
Invasive ductal carcinomas of the breast - Decreased (RTgPCR) - [871
Lung squamous cell carcinoma - Increased (RNA-Seq) - [80]
Uterine fibroids - Decreased (RTqPCR) Decreased (WB, IF) [40]
Uterine fibroids - - Decreased (WB) [88]

Method for determination of mRNA and protein expression in brackets. IF: immunofluorescence; WB: western blot; RTqPCR: reverse transcription quantitative
polymerase chain reaction; RNA-Seq: RNA-sequencing. (-) indicates not reported or not determined.

although when expressed in ATG4D-deficient MEFs,
ATG4D"*°C and ATG4D®*N are able to partially rescue
the accumulation of lipidated Atg8-family proteins [26].
Given that previous evidence indicates a more important
role for ATG4D in delipidation rather than priming, it is
worth further investigating the effect of these mutations on
the processing of lipidated Atg8-family proteins. Further,
since the phenotypes associated with the ATG4D variants
are of a neurodegenerative nature, only so much insight can
be gained by the study of non-neuronal cells, and ATG4D
may have tissue specific roles that can only be brought to
light through the study of neuronal cells.

ATG4D and male infertility

Five recessive mutations in ATG4D have also been potentially
associated with male infertility in humans via non-obstructive
azoospermia (Figure 2) [17]. These mutations were predicted
to be pathogenic by in silico analyses and were detected in
four patients: two siblings with a homozygous variant and two
unrelated patients with heterozygous variants. Germ cells
from the two patients with homozygous ATG4D variants
were reported to show decreased levels of ATG4D and LC3B
as determined by immunofluorescence, as well as an increase
in TUNEL-positive cells, though quantification was not pro-
vided. ATG4D is highly expressed in the testes (Human
Protein Atlas, proteinatlas.org) [75] and has been shown to
be a target of the AR (androgen receptor) transcription factor

[76], but its precise role in germ cells and spermatogenesis has
yet to be elucidated. Interestingly, males homozygous or
compound heterozygous for the ATG4D variants do not dis-
play any neurodegenerative phenotypes and are otherwise
healthy.

ATG4D and cancer

Autophagy can play a dual role in the development and
progression of cancer. Initially, it can act to suppress tumor-
igenesis by managing stressors such as oxidative damage
through the removal and degradation of damaged organelles.
However, after tumor cells have become established, autopha-
gy can contribute to their survival in low nutrient and hypoxic
conditions [77,78]. Of the four human ATG4 homologs,
ATG4D is the most frequently altered in cancers [40,79].
These alterations in ATG4D, which can include changes in
methylation, increases and decreases in transcript and protein
levels, as well as alterations in the protein itself, are not
consistent between various cancer types (Table 2) [79,87].
These differences may be reflective of the dual roles of auto-
phagy in cancer, and/or to tissue-specific differences in roles
and regulation of ATG4D, and/or may alternatively reflect
passenger alterations in ATG4D in some cancer contexts.
For example, reduced expression of ATG4D has been
observed in uterine fibroids and may contribute to their
development [40]. Uterine fibroid cell lines (HuLM) and
tissues exhibit increased numbers of autophagosomes, but

troglodytes), XP_016790485.1; Mouse (Mus musculus), NP_705811.8; Dog (Canis lupus familiaris), XP_038284569.1; Cow (Bos taurus), NP_001092616.1; Common
bottlenose dolphin (Tursiops truncates), XP_033710226.1; Zebrafish (Danio rerio), XP_009292712.1; Nile tilapia (Oreochromis niloticus), XP_003447971.1; Xenopus
(Xenopus tropicalis), NP_001039246.1; Green sea turtle (Chelonia mydas), XP_037743907.1; American alligator (Alligator mississippiensis), XP_006265658.2.
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Figure 4. Pan-cancer analysis of ATG4D expression in normal (left, non-bold) and tumor (right, bold) tissues as determined by RNA-Seq. Tissue types marked in red
demonstrate significant differences in ATG4D expression (Mann-Whitney U test, *p < 0.01). Analysis and figure generated using TNMplot [94]. AC: adenocarcinoma;
AML: acute myeloid leukemia; CC: clear cell carcinoma; CH: chromophobe; CS: carcinosarcoma; EC: corpus endometrial carcinoma; Esoph: esophagus; PA: papillary cell

carcinoma; SC: squamous cell carcinoma.

have significantly fewer autolysosomes, suggesting there may
be a defect in the fusion of autophagosomes and lysosomes.
Increases in LC3-II and LC3-I are observed in these cells, and
this may indicate defects in delipidation as well as the con-
jugation of LC3-I to PE. Importantly, knockdown of ATG4D
in normal myometrial cell lines promotes the proliferation
and survival of these cells, producing a phenocopy of uterine
fibroid cells. Therefore, reduced ATG4D expression may be
a driver in the formation of uterine fibroids, perhaps by
reducing effective autophagic flux and its cytoprotective effect.
On the other end of the spectrum, Zhao et al. [86] showed
ATG4D expression is significantly increased in hepatocellular
carcinoma tissues. In vitro assays with MHCC-97L cells
revealed that silencing ATG4D inhibited cell proliferation,
promoted apoptosis, and decreased AKT phosphorylation
while simultaneously increasing CASP3 levels, so ATG4D
may possibly act on the AKT-CASP3 pathway. Likewise, over-
expression of ATG4D in IMR-90 cells decreases the levels of
SQSTM1 and of senescence-associated proteins CDKNIA
(cyclin dependent kinase inhibitor 1A) and CDKN2A, sug-
gesting increased levels of ATG4D promote autophagy and
cell proliferation [89]. In this context, ATG4D and autophagy
may be promoting progression in an already established
tumor.

ATG4D is also a target of the tumor suppressing
microRNA, MIR101. MIRIOI can reduce levels of ATG4D
mRNA, which supresses autophagy, promotes apoptosis, and
sensitizes some cancer types to chemotherapy treatments
[79,90-93]. The observed variability in ATG4D-related effects
in various cancer contexts may also be due in part to the
different genetic backgrounds of the cell line models used for
the studies. A pan-cancer analysis using RNA-Seq demon-
strates the variability of ATG4D expression across various
tissue and tumor types (Figure 4) [94]. Further investigations
are needed to delineate the roles of ATG4D in cancer pro-
gression and treatment response. Despite its apparent role in
cancer development and progression, increased levels of
ATG4D expression have also been associated with prolonged
lifespan in humans [89] and Drosophila [51].

Concluding remarks and future perspectives

One of four ATG4 family members in mammals, ATG4D
is emerging as an important player in Atg8-family mem-
ber delipidation and in human disease. In addition to the
delipidation of double-membrane bound Atg8-family
member proteins in canonical autophagy, ATG4D has
been implicated in the delipidation of Atg8-family pro-
teins from single-membrane organelles. Hence, the roles
of ATG4D in regulating conjugation of Atg8 to single
membranes (CASM), specifically in the conjugation and
delipidation of Atg8-family proteins to PE or PS, requires
further study. The relationship of ATG4D to extracellular
vesicle formation, loading and release also remains to be
investigated. A related question is how these processes are
affected by CASP3-mediated cleavage of ATG4D, which is
shown to generate AN63 ATG4D and to increase ATG4D
catalytic activity. The upstream regulation of this ATG4D
cleavage event, its in vivo contexts, effects on
ATG4D subcellular localization, and whether other pro-
teases can similarly process ATG4D are important areas
for future investigation. Additional modes of ATG4D
post-translational modification, and potential non-
catalytic roles, also remain to be elucidated. Importantly,
how do all of these molecular events affect normal phy-
siology and disease pathogenesis? Multiple lines of evi-
dence from several different species now support a role
for ATG4D in neuroprotection. Does ATG4D have dis-
tinct roles or interaction partners in neuronal versus
non-neuronal cells? The discovery of the first ATG4D
mutations associated with a human neurodevelopmental
disorder raises many questions that warrant attention.
Could ATGA4D alterations be associated with a spectrum
of neurodevelopmental disorders and are there existing
cases still waiting to be discovered? Is ATG4D-related
mitochondrial dysfunction involved? What molecular, cel-
lular and physiological processes are affected by these
ATG4D allelic variants, and can we use such information
to devise effective therapeutic strategies? While studies of
ATG4D may have lagged in comparison to some of the



other ATG4 family members, these important questions
highlight the need to propel forward ATG4D-related
investigations in both normal development and disease
contexts.

Acknowledgements

The authors would like to thank Jennifer Chan, Jessica Felix, Arlene
Gidda and Gayathri Samarasekera for their helpful comments and sug-
gestions. EM was supported by a Canada Graduate Scholarship Master’s
program award. The authors also gratefully acknowledge funding sup-
port from the Canadian Institutes of Health Research (CIHR)
[PJT-159536] and the Natural Sciences and Engineering Research
Council of Canada (NSERC) [RGPIN-2020-06542].

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The work was supported by the Canadian Institutes of Health Research
[PJT-159536]; Natural Sciences and Engineering Research Council of
Canada [RGPIN-2020-06542]; Canada Graduate Scholarship Master’s
program award.

Data availability statement

The data used to generate Figure 4 are available in TNMplot at http://
tnmplot.com [94].

ORCID

Sharon M. Gorski (& http://orcid.org/0000-0002-3821-8289

References

[1] Ravikumar B, Sarkar S, Davies JE, et al. Regulation of mammalian
autophagy in physiology and pathophysiology. Physiol Rev.
2010;90(4):1383-1435. doi: 10.1152/physrev.00030.2009

[2] Thellung S, Scoti B, Corsaro A, et al. Pharmacological activation
of autophagy favors the clearing of intracellular aggregates of
misfolded prion protein peptide to prevent neuronal death. Cell
Death Dis. 2018;9(2). doi: 10.1038/s41419-017-0252-8

[3] Mizushima N, Levine B, Cuervo AM, et al. Autophagy fights
disease through cellular self-digestion. Nature. 2008;451
(7182):1069-1075. doi: 10.1038/nature06639

[4] Nixon RA. The role of autophagy in neurodegenerative disease.
Nat Med. 2013;19(8):983-997. doi: 10.1038/nm.3232

[5] Itakura E, Mizushima N. Characterization of autophagosome for-
mation site by a hierarchical analysis of mammalian Atg proteins.
Autophagy. 2010;6(6):764-776. doi: 10.4161/auto.6.6.12709

[6] Yang Z, Klionsky DJ. Mammalian autophagy: core molecular
machinery and signaling regulation. Curr Opin Cell Biol.
2010;22(2):124-131. doi: 10.1016/j.ceb.2009.11.014

[7] Kirisako T, Ichimura Y, Okada H, et al. The reversible modifica-
tion regulates the membrane-binding state of Apg8/Aut7 essential
for autophagy and the cytoplasm to vacuole targeting pathway.
J Cell Bio. 2000;151(2):263-276. doi: 10.1083/JCB.151.2.263

[8] Kabeya Y, Mizushima N, Yamamoto A, et al. LC3, GABARAP
and GATE1L6 localize to autophagosomal membrane depending
on form-II formation. J Cell Sci. 2004;117(13):2805-2812. doi:
10.1242/jcs.01131

(9]

[10]

[11]

[12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]

[25]

(26]

AUTOPHAGY 1925

Klionsky DJ, Schulman BA. Dynamic regulation of macroauto-
phagy by distinctive ubiquitin-like proteins. Nat Struct Mol Biol.
2014;21(4):336-345. doi: 10.1038/nsmb.2787

Suzuki K, Kubota Y, Sekito T, et al. Hierarchy of atg proteins in
pre-autophagosomal structure organization. Genes Cells. 2007;12
(2):209-218. doi: 10.1111/j.1365-2443.2007.01050.x

Xie Z, Nair U, Klionsky DJ, et al. Atg8 controls phagophore
expansion during autophagosome formation. Mol Biol Cell.
2008;19(8):3290-3298. doi: 10.1091/mbc.e07-12-1292

Nair U, Yen W-L, Mari M, et al. A role for Atg8-PE deconjuga-
tion in autophagosome biogenesis. Autophagy. 2012;8(5):780-793.
doi: 10.4161/auto.19385

Yu Z-Q, Ni T, Hong B, et al. Dual roles of Atg8—PE deconjugation
by Atg4 in autophagy. Autophagy. 2012;8(6):883-892. doi:
10.4161/auto.19652

Kabeya Y, Mizushima N, Ueno T, et al. LC3, a mammalian
homologue of yeast Apg8p, is localized in autophagosome mem-
branes after processing. Embo J. 2000;19(21):5720-5728. doi:
10.1093/emboj/19.21.5720

Kimura S, Noda T, Yoshimori T. Dissection of the autophago-
some maturation process by a novel reporter protein, tandem
fluorescent-tagged LC3. Autophagy. 2007;3(5):452-460. doi:
10.4161/auto.4451

Nakatogawa H, Ishii J, Asai E, et al. Atg4 recycles inappropriately
lipidated Atg8 to promote autophagosome biogenesis. Autophagy.
2012;8(2):177-186. doi: 10.4161/auto.8.2.18373

Sha Y, Liu W, Wei X, et al. Pathogenic variants of ATG4D in
infertile men with non-obstructive azoospermia identified using
whole-exome sequencing. Clin Genet. 2021;100(3):280-291. doi:
10.1111/cge.13995

Abreu S, Kriegenburg F, Gémez-Sanchez R, et al. Conserved Atg8
recognition sites mediate Atg4 association with autophagosomal
membranes and Atg8 deconjugation. EMBO Rep. 2017;18
(5):765-780. doi: 10.15252/embr.201643146

Nguyen TN, Padman BS, Usher J, et al. Atg8 family LC3/
GABARAP proteins are crucial for autophagosome-lysosome
fusion but not autophagosome formation during PINKI/Parkin
mitophagy and starvation. J Cell Bio. 2016;215(6):857-874. doi:
10.1083/jcb.201607039

Agrotis A, Pengo N, Burden JJ, et al. Redundancy of human
ATG4 protease isoforms in autophagy and LC3/GABARAP pro-
cessing revealed in cells. Autophagy. 2019;15(6):976-997. doi:
10.1080/15548627.2019.1569925

Betin VMS, Lane JD. Caspase cleavage of Atg4D stimulates
GABARAP-L1 processing and triggers mitochondrial targeting
and apoptosis. J Cell Sci. 2009;122(14):2554-2566. doi: 10.1242/
jcs.046250

Li M, Hou Y, Wang J, et al. Kinetics comparisons of mammalian
Atg4 homologues indicate selective preferences toward diverse
Atg8 substrates. ] Biol Chem. 2011;286(9):7327-7338. doi:
10.1074/jbc.M110.199059

Hemelaar J, Lelyveld VS, Kessler BM, et al. A single protease,
Apg4B, is specific for the autophagy-related ubiquitin-like pro-
teins GATE-16, MAP1-LC3, GABARAP, and Apg8L. ] Biol Chem.
2003;278(51):51841-51850. doi: 10.1074/jbc.M308762200

Tanida I, Sou Y-S, Ezaki J, et al. HsAtg4B/HsApg4B/
Autophagin-1 cleaves the carboxyl termini of three human Atg8
homologues and delipidates microtubule-associated protein light
chain 3- and GABAA receptor-associated protein-phospholipid
conjugates. J Biol Chem. 2004;279(35):36268-36276. doi:
10.1074/jbc.M401461200

Kauffman KJ, Yu S, Jin J, et al. Delipidation of mammalian
Atg8-family proteins by each of the four ATG4 proteases.
Autophagy. 2018;14(6):992-1010. doi: 10.1080/
15548627.2018.1437341

Tamargo-Gémez I, Martinez-Garcia GG, Suarez MF, et al.
ATG4D is the main ATG8 delipidating enzyme in mammalian
cells and protects against cerebellar neurodegeneration. Cell
Death Differ. 2021;28(9):2651-2672. doi: 10.1038/s41418-021-
00776-1


http://tnmplot.com
http://tnmplot.com
https://doi.org/10.1152/physrev.00030.2009
https://doi.org/10.1038/s41419-017-0252-8
https://doi.org/10.1038/nature06639
https://doi.org/10.1038/nm.3232
https://doi.org/10.4161/auto.6.6.12709
https://doi.org/10.1016/j.ceb.2009.11.014
https://doi.org/10.1083/JCB.151.2.263
https://doi.org/10.1242/jcs.01131
https://doi.org/10.1038/nsmb.2787
https://doi.org/10.1111/j.1365-2443.2007.01050.x
https://doi.org/10.1091/mbc.e07-12-1292
https://doi.org/10.4161/auto.19385
https://doi.org/10.4161/auto.19652
https://doi.org/10.1093/emboj/19.21.5720
https://doi.org/10.4161/auto.4451
https://doi.org/10.4161/auto.8.2.18373
https://doi.org/10.1111/cge.13995
https://doi.org/10.15252/embr.201643146
https://doi.org/10.1083/jcb.201607039
https://doi.org/10.1080/15548627.2019.1569925
https://doi.org/10.1242/jcs.046250
https://doi.org/10.1242/jcs.046250
https://doi.org/10.1074/jbc.M110.199059
https://doi.org/10.1074/jbc.M308762200
https://doi.org/10.1074/jbc.M401461200
https://doi.org/10.1080/15548627.2018.1437341
https://doi.org/10.1080/15548627.2018.1437341
https://doi.org/10.1038/s41418-021-00776-1
https://doi.org/10.1038/s41418-021-00776-1

1926 e E. MCMANN AND S. M. GORSKI

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Kyostild K, Syrji P, Jagannathan V, et al. A missense change in the
ATG4D gene links aberrant autophagy to a neurodegenerative
vacuolar storage disease. PLOS Genet. 2015;11(4):1-22. doi:
10.1371/journal.pgen.1005169

Tamargo-Goémez I, Martinez-Garcia GG, Sudrez MF, et al
ATG4D role in mAtg8s delipidation and neuroprotection.
Autophagy. 2021;17(6):1558-1560. doi: 10.1080/
15548627.2021.1922979

Morimoto M, Bhambhani V, Gazzaz N, et al. Bi-allelic ATG4D
variants are associated with a neurodevelopmental disorder char-
acterized by speech and motor impairment. NP] Genom Med.
2023;8(4):1-16. doi: 10.1038/s41525-022-00343-8

Pengo N, Prak K, Costa JR, et al. Identification of kinases and
phosphatases that regulate ATG4B activity by siRNA and small
molecule screening in cells. Front Cell Dev Biol. 2018;6(148):1-13.
doi: 10.3389/fcell.2018.00148

Park NY, Jo DS, Cho DH. Post-translational modifications of
ATG4B in the regulation of autophagy. Cells. 2022;11(8):1-11.
doi: 10.3390/cells11081330

Zheng X, Yang Z, Gu Q, et al. The protease activity of human
ATG4B is regulated by reversible oxidative modification.
Autophagy. 2020;16(10):1838-1850. doi: 10.1080/
15548627.2019.1709763

Betin VMS, Lane JD. Atg4D at the interface between autophagy
and apoptosis. Autophagy. 2009;5(7):1057-1059. doi: 10.4161/
auto.5.7.9684

Norman JM, Cohen GM, Bampton ETW. The in vitro cleavage of
the hAtg proteins by cell death proteases. Autophagy. 2010;6
(8):1042-1056. doi: 10.4161/auto.6.8.13337

Nguyen TN, Padman BS, Zellner S, et al. ATG4 family proteins
drive phagophore growth independently of the LC3/GABARAP
lipidation system. Mol Cell. 2021;81(9):2013-2030.¢9. doi:
10.1016/j.molcel.2021.03.001

Kriegenburg F, Reggiori F. LIR and APEAR, two distinct
Atg8-binding features within Atg4. Oncotarget. 2017;8
(47):81717-81718. doi: 10.18632/oncotarget.17697
Tamargo-Goémez I, Martinez-Garcia GG, Suarez MF, et al
Analysis of ATG4C function in vivo. Autophagy. 2023;19
(11):2912-2933. doi: 10.1080/15548627.2023.2234799

Ulferts R, Marcassa E, Timimi L, et al. Subtractive CRISPR screen
identifies the ATGI16L1/vacuolar ATPase axis as required for
non-canonical LC3 lipidation. Cell Rep. 2021;37(4):1-18. doi:
10.1016/j.celrep.2021.109899

Durgan J, Lystad AH, Sloan K, et al. Non-canonical autophagy
drives alternative ATG8 conjugation to phosphatidylserine. Mol
Cell. 2021;81(9):2031-2040.e8. doi: 10.1016/j.molcel.2021.03.020
El Andaloussi A, Habib S, Soylemes G, et al. Defective expression
of ATG4D abrogates autophagy and promotes growth in human
uterine fibroids. Cell Death Discov. 2017;3(1):1-9. doi: 10.1038/
cddiscovery.2017.41

Schaaf MBE, Keulers TG, Vooijs MA, et al. LC3/GABARAP
family proteins: autophagy-(un)related functions. Faseb J.
2016530(12):3961-3978. doi: 10.1096/1j.201600698R

Nieto-Torres JL, Leidal AM, Debnath J, et al. Beyond autophagy:
the expanding roles of ATG8 proteins. Trends Biochem Sci.
2021;46(8):673-686. doi: 10.1016/j.tibs.2021.01.004

Agrotis A, von Chamier L, Oliver H, et al. Human ATG4 auto-
phagy proteases counteract attachment of ubiquitin-like LC3/
GABARAP proteins to other cellular proteins. J Biol Chem.
2019;294(34):12610-12621. doi: 10.1074/jbc.AC119.009977
Florey O, Kim SE, Sandoval CP, et al. Autophagy machinery
mediates macroendocytic processing and entotic cell death by
targeting single membranes. Nat Cell Biol. 201113
(11):1335-1343. doi: 10.1038/ncb2363

Durgan J, Florey O. A new flavor of cellular Atg8-family protein
lipidation - alternative conjugation to phosphatidylserine during
CASM. Autophagy. 2021;17(9):2642-2644. doi:  10.1080/
15548627.2021.1947730

Timimi L, Figueras-Novoa C, Marcassa E, et al. The V-ATPase
complex regulates non-canonical Atg8-family protein lipidation

(47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

[61]

[62]

(63]

[64]

through ATGI6LI recruitment. Autophagy. 2022;18(3):707-708.
doi: 10.1080/15548627.2022.2029233

Betin VMS, MacVicar TDB, Parsons SF, et al. A cryptic mito-
chondrial targeting motif in Atg4D links caspase cleavage with
mitochondrial import and oxidative stress. Autophagy. 2012;8
(4):664-676. doi: 10.4161/auto.19227

Nie S, Shi Z, Shi M, et al. PPARy/SOD2 protects against mito-
chondrial ROS-Dependent apoptosis via Inhibiting ATG4D-
mediated mitophagy to promote pancreatic cancer proliferation.
Front Cell Dev Biol. 2022;9:1-16. doi: 10.3389/fcell.2021.745554
Murphy MP. How mitochondria produce reactive oxygen species.
Biochem J. 2009;417(1):1-13. doi: 10.1042/BJ20081386

Gomes LC, Benedetto GD, Scorrano L. During autophagy mito-
chondria elongate, are spared from degradation and sustain cell
viability. Nat Cell Biol. 2011;13(5):589-598. doi: 10.1038/ncb2220
Li Y, Zhang W, Ye Y, et al. Atg4b overexpression extends lifespan
and healthspan in drosophila melanogaster. Int ] Mol Sci. 2023;24
(12):1-16. doi: 10.3390/ijms24129893

Betin VMS, Singleton BK, Parsons SF, et al. Autophagy facilitates
organelle clearance during differentiation of human erythroblasts:
evidence for a role for ATG4 paralogs during autophagosome
maturation. Autophagy. 2013;9(6):881-893. doi: 10.4161/
auto.24172

Vaites LP, Paulo JA, Huttlin EL, et al. Systematic analysis of
human cells lacking ATG8 proteins uncovers roles for
GABARAPs and the CCZ1/MONI regulator C180rf8/RMC1 in
macroautophagic and selective autophagic flux. Mol Cell Biol.
2017;38(1):1-21. doi: 10.1128/MCB.00392-17

Syrja P, Anwar T, Jokinen T, et al. Basal autophagy is altered in
Lagotto Romagnolo Dogs with an ATG4D mutation. Vet Pathol.
2017;54(6):953-963. doi: 10.1177/0300985817712793

Fader CM, Colombo MI. Autophagy and multivesicular bodies:
two closely related partners. Cell Death Differ. 2008;16(1):70-78.
doi: 10.1038/cdd.2008.168

Lamb CA, Dooley HC, Tooze SA. Endocytosis and autophagy:
shared machinery for degradation. BioEssays. 2013;35(1):34-45.
doi: 10.1002/bies.201200130

Syrja P, Palviainen M, Jokinen T, et al. Altered basal autophagy
affects extracellular vesicle release in cells of Lagotto Romagnolo
Dogs with a variant ATG4D. Vet Pathol. 2020;57(6):926-935. doi:
10.1177/0300985820959243

Nakamura S, Shigeyama S, Minami S, et al. LC3 lipidation is
essential for TFEB activation during the lysosomal damage
response to kidney injury. Nat Cell Biol. 2020;22(10):1252-1263.
doi: 10.1038/s41556-020-00583-9

Heckmann BL, Teubner BJW, Tummers B, et al. LC3-associated
endocytosis facilitates B-Amyloid clearance and mitigates neuro-
degeneration in murine Alzheimer’s disease. Cell. 2019;178
(3):536-551.e14. doi: 10.1016/j.cell.2019.05.056

Sender SL, Hager SC, Heitmann ASB, et al. Restructuring of the
plasma membrane upon damage by LC3-associated
macropinocytosis. Sci Adv. 2021;7(27):1-16. doi: 10.1126/sciadv.
abg1969

Martinez J, Almendinger J, Oberst A, et al. Microtubule-
associated protein 1 light chain 3 alpha (LC3)-associated phago-
cytosis is required for the efficient clearance of dead cells. Proc
Natl Acad Sci USA. 2011;108(42):17396-17401. doi: 10.1073/
pnas.1113421108

Solvik TA, Nguyen TA, Lin YHT, et al. Secretory autophagy
maintains proteostasis upon lysosome inhibition. ] Cell Bio.
2022;221(6):1-19. doi: 10.1083/jcb.202110151

Xu J, Yang KC, Go NE, et al. Chloroquine treatment induces
secretion of autophagy-related proteins and inclusion of
Atg8-family proteins in distinct extracellular vesicle populations.
Autophagy. 2022;18(11):2547-2560. doi: 10.1080/
15548627.2022.2039535

Leidal AM, Huang HH, Marsh T, et al. The LC3-conjugation
machinery specifies the loading of RNA-binding proteins into
extracellular vesicles. Nat Cell Biol. 2020;22(2):187-199. doi:
10.1038/s41556-019-0450-y


https://doi.org/10.1371/journal.pgen.1005169
https://doi.org/10.1080/15548627.2021.1922979
https://doi.org/10.1080/15548627.2021.1922979
https://doi.org/10.1038/s41525-022-00343-8
https://doi.org/10.3389/fcell.2018.00148
https://doi.org/10.3390/cells11081330
https://doi.org/10.1080/15548627.2019.1709763
https://doi.org/10.1080/15548627.2019.1709763
https://doi.org/10.4161/auto.5.7.9684
https://doi.org/10.4161/auto.5.7.9684
https://doi.org/10.4161/auto.6.8.13337
https://doi.org/10.1016/j.molcel.2021.03.001
https://doi.org/10.18632/oncotarget.17697
https://doi.org/10.1080/15548627.2023.2234799
https://doi.org/10.1016/j.celrep.2021.109899
https://doi.org/10.1016/j.molcel.2021.03.020
https://doi.org/10.1038/cddiscovery.2017.41
https://doi.org/10.1038/cddiscovery.2017.41
https://doi.org/10.1096/fj.201600698R
https://doi.org/10.1016/j.tibs.2021.01.004
https://doi.org/10.1074/jbc.AC119.009977
https://doi.org/10.1038/ncb2363
https://doi.org/10.1080/15548627.2021.1947730
https://doi.org/10.1080/15548627.2021.1947730
https://doi.org/10.1080/15548627.2022.2029233
https://doi.org/10.4161/auto.19227
https://doi.org/10.3389/fcell.2021.745554
https://doi.org/10.1042/BJ20081386
https://doi.org/10.1038/ncb2220
https://doi.org/10.3390/ijms24129893
https://doi.org/10.4161/auto.24172
https://doi.org/10.4161/auto.24172
https://doi.org/10.1128/MCB.00392-17
https://doi.org/10.1177/0300985817712793
https://doi.org/10.1038/cdd.2008.168
https://doi.org/10.1002/bies.201200130
https://doi.org/10.1177/0300985820959243
https://doi.org/10.1038/s41556-020-00583-9
https://doi.org/10.1016/j.cell.2019.05.056
https://doi.org/10.1126/sciadv.abg1969
https://doi.org/10.1126/sciadv.abg1969
https://doi.org/10.1073/pnas.1113421108
https://doi.org/10.1073/pnas.1113421108
https://doi.org/10.1083/jcb.202110151
https://doi.org/10.1080/15548627.2022.2039535
https://doi.org/10.1080/15548627.2022.2039535
https://doi.org/10.1038/s41556-019-0450-y

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

(80]

Leidal AM, Debnath J. Emerging roles for the autophagy machin-
ery in extracellular vesicle biogenesis and secretion. FASEB
Bioadv. 2021;3(5):377-386. doi: 10.1096/FBA.2020-00138
StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing;
2022 [cited 2023 Oct 17]. Available from: https://www.ncbi.nlm.
nih.gov/books/NBK545154/

Strahlendorf JC, Brandon T, Miles R, et al. AMPA
receptor-mediated alterations of intracellular calcium homeostasis
in rat cerebellar purkinje cells in vitro: correlates to dark cell
degeneration. Neurochem Res. 1998;23(11):1355-1362. doi:
10.1023/A:1020742404945

Strahlendorf J, Box C, Attridge J, et al. AMPA-induced dark cell
degeneration of cerebellar purkinje neurons involves activation of
caspases and apparent mitochondrial dysfunction. Brain Res.
2003;994(2):146-159. doi: 10.1016/].BRAINRES.2003.09.048

Leil TA, Chen ZW, Chang CSS, et al. GABAA receptor-associated
protein traffics GABAA receptors to the plasma membrane in
neurons. ] Neurosci. 2004;24(50):11429-11438. doi: 10.1523/
JNEUROSCI.3355-04.2004

Chan JCY, Gorski SM. Unlocking the gate to GABARAPL2. Biol
Futura. 2022;73:157-169. doi: 10.1007/s42977-022-00119-2
O’Sullivan GA, Kneussel M, Elazar Z, et al. GABARAP is not
essential for GABAA receptor targeting to the synapse. Eur
] Neurosci. 2005;22(10):2644-2648. doi:  10.1111/J.1460-
9568.2005.04448.X

Komatsu M, Wang QJ, Holstein G, et al. Essential role for auto-
phagy protein Atg7 in the maintenance of axonal homeostasis and
the prevention of axonal degeneration. PNAS. 2007;104
(36):14489-14494. doi: 10.1073/pnas.0701311104

Nishiyama J, Miura E, Mizushima N, et al. Aberrant membranes
and double-membrane structures accumulate in the axons of
Atg5-null Purkinje cells before neuronal death. Autophagy.
2007;3(6):591-596. doi: 10.4161/auto.4964

Madeira F, Pearce M, Tivey ARN, et al. Search and sequence
analysis tools services from EMBL-EBI in 2022. Nucleic Acids
Research. 2022;50(W1):W276-W279. doi: 10.1093/nar/gkac240
Uhlén M, Fagerberg L, Hallstrém BM, et al. Tissue-based map of
the human proteome. Science. 2015;347(6220):394-402. doi:
10.1126/science.1260419

Blessing AM, Rajapakshe K, Reddy Bollu L, et al. Transcriptional
regulation of core autophagy and lysosomal genes by the andro-
gen receptor promotes prostate cancer progression. Autophagy.
2017;13(3):506-521. doi: 10.1080/15548627.2016.1268300
Eskelinen EL. The dual role of autophagy in cancer. Curr Opin
Pharmacol. 2011;11(4):294-300. doi: 10.1016/].COPH.2011.03.009
Singh SS, Vats S, Chia AYQ, et al. Dual role of autophagy in
hallmarks of cancer. Oncogene. 2018;37(9):1142-1158. doi:
10.1038/s41388-017-0046-6

Ferndndez AF, Lépez-Otin C. The functional and pathologic
relevance of autophagy proteases. J Clin Invest. 2015;125
(1):33-41. doi: 10.1172/JCI73940

Lebovitz CB, Robertson AG, Goya R, et al. Cross-cancer profiling
of molecular alterations within the human autophagy interaction
network. Autophagy. 2015;11(9):1668-1687. doi: 10.1080/
15548627.2015.1067362

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

(92]

(93]

[94]

AUTOPHAGY 1927

Jin J, Britschgi A, Schlifli AM, et al. Low autophagy (ATG) gene
expression is associated with an immature AML blast cell pheno-
type and can be restored during AML differentiation therapy.
Oxid Med Cell Longev. 2018;2018:1-12. doi: 10.1155/2018/
1482795

Meng D, Jin H, Zhang X, et al. Identification of autophagy-related
risk signatures for the prognosis, diagnosis, and targeted therapy
in cervical cancer. Cancer Cell Int. 2021;21(362):1-16. doi:
10.1186/512935-021-02073-w

Gil J, Ramsey D, Pawlowski P, et al. The influence of tumor
microenvironment on ATG4D gene expression in colorectal can-
cer patients. Med Oncol. 2018;35(12):1-8. doi: 10.1007/s12032-
018-1220-6

Wang M, Jing J, Li H, et al. The expression characteristics and
prognostic roles of autophagy-related genes in gastric cancer.
Peer]. 2021;9:1-17. doi: 10.7717/peerj.10814

Fu Z, Luo W, Wang J, et al. Malatl activates autophagy and
promotes cell proliferation by sponging miR-101 and upregulat-
ing STMN1, RAB5A and ATG4D expression in glioma. Biochem
Biophys Res Commun. 2017;492(3):480-486. doi: 10.1016/j.
bbrc.2017.08.070

Zhao JY, Li XY, Liu TD, et al. Silencing of ATG4D suppressed
proliferation and enhanced cisplatin-induced apoptosis in hepa-
tocellular carcinoma through Akt/Caspase-3 pathway. Mol Cell
Biochem. 2021;476(11):4153-4159. doi: 10.1007/s11010-021-
04224-z

Zhang X, Li C, Wang D, et al. Aberrant methylation of ATG2B,
ATG4D, ATG9A and ATG9B CpG island promoter is associated
with decreased mRNA expression in sporadic breast carcinoma.
Gene. 2016;590(2):285-292. doi: 10.1016/j.gene.2016.05.036

Del Bello B, Marcolongo P, Ciarmela P, et al. Autophagy
up-regulation by ulipristal acetate as a novel target mechanism in
the treatment of uterine leiomyoma: an in vitro study. Fertil Steril.
2019;112(6):1150-1159. doi: 10.1016/].FERTNSTERT.2019.08.007
Xiao F-H, Chen X-Q, Yu Q, et al. Transcriptome evidence reveals
enhanced autophagy-lysosomal function in centenarians. Genome
Res. 2018;28(11):1601-1610. doi: 10.1101/GR.220780.117
Cecconi F. Autophagy regulation by miRnas: when cleaning goes
out of service. Embo J. 2011;30(22):4517-4519. doi: 10.1038/
EMBOJ.2011.387

Cui D, Feng Y, Qian R. Up-regulation of microRNA miR-101-3p
enhances sensitivity to cisplatin via regulation of small interfering
RNA (siRNA) Anti-human AGT4D and autophagy in non-small-
cell lung carcinoma (NSCLC). Bioengineered. 2021;12
(1):8435-8446. doi: 10.1080/21655979.2021.1982274

Frankel LB, Wen J, Lees M, et al. MicroRNA-101 is a potent
inhibitor of autophagy. Embo J]. 2011;30(22):4628-4641. doi:
10.1038/emboj.2011.331

Xu Y, An Y, Wang Y, et al. miR-101 inhibits autophagy and
enhances cisplatin-induced apoptosis in hepatocellular carcinoma
cells. Oncol Rep. 2013;29(5):2019-2024. doi: 10.3892/0r.2013.2338
Bartha A, Gyérffy B. Tnmplot.Com: a web tool for the compar-
ison of gene expression in normal, tumor and metastatic tissues.
Int ] Mol Sci. 2021;22(5):1-12. doi: 10.3390/ijms22052622


https://doi.org/10.1096/FBA.2020-00138
https://www.ncbi.nlm.nih.gov/books/NBK545154/
https://www.ncbi.nlm.nih.gov/books/NBK545154/
https://doi.org/10.1023/A:1020742404945
https://doi.org/10.1016/J.BRAINRES.2003.09.048
https://doi.org/10.1523/JNEUROSCI.3355-04.2004
https://doi.org/10.1523/JNEUROSCI.3355-04.2004
https://doi.org/10.1007/s42977-022-00119-2
https://doi.org/10.1111/J.1460-9568.2005.04448.X
https://doi.org/10.1111/J.1460-9568.2005.04448.X
https://doi.org/10.1073/pnas.0701311104
https://doi.org/10.4161/auto.4964
https://doi.org/10.1093/nar/gkac240
https://doi.org/10.1126/science.1260419
https://doi.org/10.1080/15548627.2016.1268300
https://doi.org/10.1016/J.COPH.2011.03.009
https://doi.org/10.1038/s41388-017-0046-6
https://doi.org/10.1172/JCI73940
https://doi.org/10.1080/15548627.2015.1067362
https://doi.org/10.1080/15548627.2015.1067362
https://doi.org/10.1155/2018/1482795
https://doi.org/10.1155/2018/1482795
https://doi.org/10.1186/s12935-021-02073-w
https://doi.org/10.1007/s12032-018-1220-6
https://doi.org/10.1007/s12032-018-1220-6
https://doi.org/10.7717/peerj.10814
https://doi.org/10.1016/j.bbrc.2017.08.070
https://doi.org/10.1016/j.bbrc.2017.08.070
https://doi.org/10.1007/s11010-021-04224-z
https://doi.org/10.1007/s11010-021-04224-z
https://doi.org/10.1016/j.gene.2016.05.036
https://doi.org/10.1016/J.FERTNSTERT.2019.08.007
https://doi.org/10.1101/GR.220780.117
https://doi.org/10.1038/EMBOJ.2011.387
https://doi.org/10.1038/EMBOJ.2011.387
https://doi.org/10.1080/21655979.2021.1982274
https://doi.org/10.1038/emboj.2011.331
https://doi.org/10.3892/or.2013.2338
https://doi.org/10.3390/ijms22052622

	Abstract
	Introduction
	ATG4D and Atg8-family members
	Macroautophagy
	ATG4D and endocytic membranes

	ATG4D in and around the mitochondria
	Pathologies associated with alterations in ATG4D
	Canine ATG4D and neurodegenerative vacuolar storage disease
	ATG4D in zebrafish and mice
	ATG4D alterations in humans are associated with aneurodevelopmental disorder
	ATG4D and male infertility
	ATG4D and cancer

	Concluding remarks and future perspectives
	Acknowledgements
	Disclosure statement
	Funding
	Data availability statement
	References

