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Abstract: The etiology of hearing impairment following cochlear damage can be caused by
many factors, including congenital or acquired onset, ototoxic drugs, noise exposure, and aging.
Regardless of the many different etiologies, a common pathologic change is auditory cell death. It may
be difficult to explain hearing impairment only from the aspect of cell death including apoptosis,
necrosis, or necroptosis because the level of hearing loss varies widely. Therefore, we focused on
autophagy as an intracellular phenomenon functionally competing with cell death. Autophagy is a
dynamic lysosomal degradation and recycling system in the eukaryotic cell, mandatory for controlling
the balance between cell survival and cell death induced by cellular stress, and maintaining homeostasis
of postmitotic cells, including hair cells (HCs) and spiral ganglion neurons (SGNs) in the inner ear.
Autophagy is considered a candidate for the auditory cell fate decision factor, whereas autophagy
deficiency could be one of major causes of hearing impairment. In this paper, we review the molecular
mechanisms and biologic functions of autophagy in the auditory system and discuss the latest research
concerning autophagy-related genes and sensorineural hearing loss to gain insight into the role of
autophagic mechanisms in inner-ear disorders.

Keywords: classical degradative autophagy; genetics of hearing impairment; autophagy- and
lysosomal function-related genes; congenital disorder

1. Introduction

Cells are continuously exposed to various stresses, including both extracellular oxidative stress as
well as intracellular endoplasmic reticulum (ER) stress. There is a positive feed-forward loop between
oxidative stress and ER stress in cells. Oxidative stress occurs when the proper balance between
antioxidants and reactive oxygen species (ROS) is lost. A higher production of ROS may change DNA
structure, resulting in cell death, including apoptosis, necrosis, and necroptosis or cellular senescence.
ER stress activates the signaling pathway of the unfolded protein response (UPR) triggered in response
to the accumulation of unfolded or misfolded proteins in the ER. In cases where ER stress cannot be
reversed, cellular functions deteriorate, often leading to cell death. Various stressors can disturb the
intracellular redox balance, accumulating protein aggregation, and misfolding or unfolding proteins,
leading to conformational disease. Inner-ear diseases may have aspects of conformational disease.
Based on this concept, considerable research has been conducted on apoptosis and antioxidants in
inner-ear diseases [1–6]. However, in the case of patients with hearing loss, the hearing levels and
patterns are often diverse and not permanent. As a result, it may be difficult to explain hearing

Genes 2020, 11, 1331; doi:10.3390/genes11111331 www.mdpi.com/journal/genes

http://www.mdpi.com/journal/genes
http://www.mdpi.com
https://orcid.org/0000-0001-9056-0850
http://dx.doi.org/10.3390/genes11111331
http://www.mdpi.com/journal/genes
https://www.mdpi.com/2073-4425/11/11/1331?type=check_update&version=2


Genes 2020, 11, 1331 2 of 17

loss only from the aspect of cell death, apoptosis, necroptosis, or necrosis at the cellular level.
Therefore, we focused on autophagy as a cellular phenomenon functionally competing against cell
death for auditory cell fate decision. The lysosomal degradation pathway of autophagy (referred to
as macroautophagy) plays an important role in adaptation to cellular stress, clearance of autophagic
cargo (damaged organelles, intracellular pathogens, or protein aggregates), cellular development and
differentiation, and mitigation of genomic damage. Crosstalk occurs among apoptosis, necroptosis,
and autophagy [7]. Since the autophagic process controls auditory cell fate, protecting against
hearing impairment, autophagy-related genes could potentially hold the key to the genetics of hearing
impairment. To the best of our knowledge, there is no review article describing the effects of the
autophagy process on the genetics of hearing impairment and autophagy–lysosomal function-related
genes for hearing impairment. In this article, the first part describes the mechanisms and biologic
functions of autophagy as a decision factor in auditory cell fate and the role of autophagy in the
auditory system (or hearing), while the second part focuses on the relationship between autophagy
(elongation and completion steps)- and lysosomal function (fusion step)-related genes and hearing
loss, congenital disorder of autophagy with hearing loss, and the effect of autophagy for genetics of
hearing loss.

2. The Mechanisms and Biologic Functions of Autophagy

Autophagy plays fundamental roles in cellular homeostasis and exerts a major impact on cells
as the fate decision factor under various physiological and pathologic conditions [8]. Since Professor
Ohsumi won the Nobel Prize in 2016 for his seminal research on autophagy, many inner-ear researchers
have placed autophagy as the central target of their research. Today, the relationship between autophagy
and inner-ear disease is a hot spot in inner-ear research.

2.1. Autophagy Gene-Dependent Pathways for the Formation of Autophagosome

As shown in Figure 1, classical degradative autophagy (macroautophagy) involves the delivery of
cytoplasmic cargo to the lysosome for degradation. All autophagy-related genes (ATGs) are required for
efficiently-sealed autophagosome formation and proceeding to fusion with lysosomes. The subsequent
elongation and closure of the isolation membrane (phagophore) is mediated by two ubiquitin-like ATG
conjugation systems, ATG5–ATG12 and LC3 (light chain 3)-PE, in mammals. These ATG conjugation
systems are important for driving the biogenesis of the autophagosomal membrane [9].

The ubiquitin-like protein ATG12 is conjugated to ATG5 by ATG7. ATG16L1 and ATG12–ATG5
form a complex. This ATG16L1 complex specifically localizes to the isolation membrane (phagophore)
and then dissociates from it for the completion of autophagosome formation. LC3 is processed
at its C terminus by Atg4 and then becomes LC3-I. LC3-I is subsequently conjugated with
phosphatidylethanolamine (PE) to become LC3-II by ATG7 (E1-like) and ATG3 (E2-like) and recruited
to autophagosomes, forming with the support of WD-repeat protein interacting with phosphoinositide
(WIPI) proteins. LC3-II enables autophagosomes to bind p62 for ubiquitinated cargo [10].
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Figure 1. Classical degradative autophagy (macroautophagy). The autophagy-related gene (ATG)
conjugation systems (LC3-PE and ATG12–ATG5) are important for degrading the inner autophagosomal
membrane. Phagophore elongation involves two ubiquitin-like conjugation systems (LC3-PE and
ATG12–ATG5 conjugation). ATG7 and ATG10 operate sequentially to catalyze the formation of
ATG12–ATG5:ATG16L1 complexes. ATG4, ATG7, and ATG3 cooperate to cleave the precursors of
LC3-like proteins into their mature forms, followed by conjugation to phosphatidylethanolamine (PE)
and recruitment to autophagosomes forming with the support of WD-repeat protein interacting with
phosphoinositide (WIPI) proteins. LC3 and LC3 homologs enable autophagosomes with the ability
to bind autophagic substrates including p62 for ubiquitinated cargo [10]. The mammalian target
of rapamycin (mTOR)C1 amino-acid-sensing pathway. V-ATPase triggers the guanine nucleotide
exchange factor activity of Rag small GTP-binding protein in an amino-acid-dependent manner, which is
followed by the recruitment of mTOR to lysosomal membranes. Upon its localization to the lysosome,
mTORC1 kinase is activated by the small GTP-binding protein Rheb, which receives input from growth
factor signaling. The lysosome is responsible for recycling amino acids and cellular components via
degradation of proteins and other macromolecules, although acidification of the lysosomal lumen is
dispensable for mTORC1 signaling.

2.2. Autophagy Regulation by Lysosome through mTORC1 and v-ATPase

The inactivation of mTORC1 (mechanistic or mammalian target of rapamycin complex1) is one
of the main inducers of autophagy. Multiple cues, including cellular amino acid levels or oxidative
stress, modulate mTORC1 activity. Importantly, the recruitment to the lysosomal lumen and activation
of mTORC1 requires lysosomes and vacuolar H+-ATPase (V-ATPase) (Figure 1). The V-ATPases are
electrogenically-conserved proton pumps that acidify multiple intracellular organelles and extracellular
compartments and are implicated as critical components of cellular signal transduction pathways
including the wingless-related integration site (Wnt), Notch, and the mechanistic or mammalian target
of rapamycin (mTOR) signaling. These three molecule-signaling cascades are linked to cell-growth
regulation, coordinating downstream pathways involved in aging control. Due to these dependencies,
complete loss of V-ATPase activity results in embryonic lethality in mammals. Partial loss is related to
multiple disease states, including neurodegeneration or cancer [11]. The lysosome provides the key
indication of cell metabolic state including autophagy, enhancing cellular clearance based on lysosomal
mTOR-V-ATPase signaling [12,13].
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3. The Role of Autophagy in Auditory System (or Hearing)

3.1. Otic Epithelium

A previous study [14] indicated that ATG5, beclin-1(ATG6), and LC3B (ATG8) are expressed
during early development of the chicken inner ear, and that the otic epithelium has intense lysosomal
activity and numerous autophagic vesicles, especially at neuroblast exit zones. Autophagy is an active
process during early inner-ear development, providing the energy required for the generation of
neuronal otic precursors via the clearing of dead neuroepithelial cells; autophagic activity is necessary
for the otoconial biogenesis in inner-ear development.

3.2. Hair Cells, Spiral Ganglion Cells, and Brain Stem Nuclei

There were few reports on the relationship between autophagy and hearing loss before Professor
Yoshinori Ohsumi’s Nobel Prize-winning work of 2016. Since this time, the number of reports
has dramatically increased. Most inner-ear research has focused on the function of autophagy as
constituting an important mechanism for the recycling of cytoplasmic materials and in fine cleaning and
rejuvenating extranuclear compartments, especially in non-diving cells (or postmitotic cells) as typified
by neurons [15]. In the auditory pathway, hair cells (HCs) in the cochlea convert sound information into
electrical signals, then carry these signals to the central nervous system (CNS) via chemical synapses on
the spiral ganglion (SG) neurons dendrites [16,17]. The central afferents of these SG neurons converge
to form the auditory nerve, connecting to the cochlear nuclei in the brainstem [18].

A previous study [19] confirmed the expression of the autophagy machinery genes (BECN1,
ATG4g, ATG5, and ATG9a) by qRT-PCR in the E18.5 mouse cochlea and the expression of BECN1,
ATG4g and ATG5 in the brain-stem nuclei. Autophagy was also confirmed to be abundant in spiral
ganglion neurons by the expression of LC3B. The most important aspect of this study is that inner-ear
autophagy flux was revealed to be developmentally regulated and is lower at perinatal stages than in
the adult mouse. Another study [20] indicated that the deletion of ATG5 results in the degeneration
of hair cells (HCs) and profound congenital hearing loss. In this study, basal autophagy flux was
detected in both the inner and outer hair cells, whereas autophagosome formation was suppressed in
the ATG5-deficient HCs. Aggregates containing ubiquitin and p62 also accumulated. This suggests
that ATG5 deficiency results in congenital profound hearing loss due to the degeneration rather than
maldevelopment of auditory HCs and that ATG5 in cochlear HCs is essential for the maintenance of
the morphology of these cells and acquiring normal hearing acuity. These in vivo studies suggested
that autophagy plays a crucial role in the development, maintenance of morphology, and functional
maturation of the auditory system, and that abnormality of the autophagy machinery genes may cause
both congenital and acquired sensorineural hearing loss.

3.3. Synapse Ribbon

Glutamatergic ribbon-type synapses (cochlear ribbon synapses) are composed of molecular
machinery transducing mechano-electric components on the apical side of inner hair cells (IHCs),
connecting IHCs and spiral ganglion neurons (SGNs). Although ribbon synapses are immature at birth,
they mature, morphologically and functionally, between IHCs and SGNs with hearing onset during
development, coordinating with SGN (type 1) myelination, spontaneous activity, and synaptic pruning.
A recent study [21] indicated that autophagy plays an essential role in the development and maturation
of cochlear ribbon synapses in mice. According to this report, autophagy in IHCs was highly activated
in the early stage of hearing development (P1 to P15) and then decreased at P28 to P30. In contrast,
deficiency of autophagy before hearing onset impaired the pruning and refinement of ribbon synapses
in IHCs and the impairment of autophagy flux results in the exocytosis of cochlear IHCs in postnatal
mice. They proposed that in postnatal mice, the remodeling process of ribbon synapses in cochlear
IHCs during development may be mainly controlled by autophagy, and that deficiency of autophagy
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at the early stage of hearing development may induce auditory disorders via impairment of cochlear
ribbon synapses.

3.4. Auditory Neurons

The SGNs of the cochlea transmit all auditory information to the brain. In a recent study using
single-cell RNA sequencing [22], four types of SG neurons, including three novel subclasses of type
I neurons (Ia, Ib, and Ic neurons) and the type II neurons that exist at birth, were identified, and a
comprehensive genetic framework that constructs their potential synaptic communication patterns
was provided. The authors also found that many inhibitory modulators of TGFβ signaling (Smad6,
Smad7, Nog, Nbl1, Smad9, and Smurf2) were particularly enriched in the type II neurons, whereas all
SG neurons expressed the molecules essential for activating this cascade, despite the specific role of
this signaling only in type I neurons. The striking aspect here is that autophagy is a regulator of
TGFβ [23] and links Smad signaling [24]. Autophagy should regulate the function of SG neurons
(type I and II) and play a key role for the neuronal development of SG neurons. A study [25]
described that the autophagy protein ATG7 is required for membrane trafficking and turnover in
the axons, and impairment of axonal autophagy as a possible mechanism for axonopathy related to
neurodegeneration. A recent study indicated that the initial stages of SGN and nerve fiber degeneration
in the mouse cochlear cause the impairment of autophagy flux, while restoring autophagy–lysosomal
pathway disruption by the translocation of TFEB (transcription factor EB) liking autophagy to lysosomal
biogenesis into nuclear via inhibiting mTOR (mammalian target of rapamycin) cascade mitigated SGN
and nerve fiber degradation [26]. These results suggested that the lysosome function via TFEB in
autophagy–lysosome fusion step plays an essential role for restoring SGN and nerve fiber degradation.

4. Autophagy- and Lysosomal-Function-Related Genes and Hearing Loss

4.1. Autophagy-Related Genes Essential for Autophagosome Formation

4.1.1. ATG5 Gene

As shown in Figure 1, the formation of the autophagosome requires the action of two
evolutionarily-conserved ubiquitin-like conjugation systems (ATG5–ATG12 and LC3-PE), both of
which require the ATG5 gene [27,28]. ATG5 is a key player for autophagic vesicle formation [29].
Knocking down in vitro or knocking out ATG5 in vivo could result in downregulation or total inhibition
of autophagy, suggesting that ATG5 plays a central role in autophagy regulation. Thus, ATG5 is
one of the most commonly-targeted genes in autophagy gene-editing assays. ATG5 also functions
in the immune system, regulating innate and adaptive immune responses and is associated with
autoimmune diseases, including SLE and autoinflammatory diseases, such as Crohn’s disease (Table 1).
Inner-ear researchers [20] indicated that deletion of autophagy-related 5 (ATG5) resulted in hair
cell (HC) degeneration and profound congenital hearing loss, generating mice deficient in ATG5.
They indicated that both the morphology and mechanotransduction of ATG5-deficient auditory HCs
were normal at P5, although polyubiquitinated proteins and p62 had already accumulated. However,
at P14, polyubiquitinated protein aggregates and p62 progressively accumulated in auditory HCs of
mice deficient in ATG5, as well as HC degeneration and profound hearing loss. They concluded that
the cause of hearing loss in auditory HCs in mice deficient in ATG5 is associated with degeneration
of auditory HCs rather than maldevelopment. Hence, polyubiquitinated protein aggregates and p62
accumulation may play an important role in the progression of damage.
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Table 1. Characteristics of autophagy- and lysosome- related genes inducing sensorineural hearing loss.

Gene Gene Locus Encoding Genetic Defects Related Disease Affected Process
of Autophagy

Atg5 6q21 ATG protein Deletion Autoinflammatory disease
Autoimmune disease

Autophagosome
formation

miRNA96 7q32.2 DFNA50 (OMIM #613074) Point mutations Sensorineural hearing loss Autophagosome
formation

WDR45 Xp11.23 WD repeat protein Uncovered
mutations BPAN Autophagosome

formation

GBA 1q21 (Lyso)glucosylceramide

Missense
mutations

Point mutations
Deletions
Insertions
Splicing

aberrations
Various

rearrangements

Gaucher disease
Type 1 (GD1)
Type 2 (GD2)
Type 3 (GD3)

Lysosome biogenesis

GLA Xq22.1 lysosomal α-galactosidase
A

Missense
mutations
Nonsense
mutations

Splicing mutations
Deletions
Insertions

Fabry disease Lysosome biogenesis

GAA 17q25.3 lysosomal α-glucosidase

Nonsense
mutations

Multiple exon
deletion

Pompe disease Lysosome biogenesis

NPC1 18q11.2 NPC protein

Missense
mutations

Point mutation
Duplication

mutation
Splicing mutation

Frame deletion

Niemann–Pick type C Lysosome biogenesis

NPC2 14q24.3 NPC protein
Missense

mutations of
homozygous state

Niemann–Pick type C Lysosome biogenesis

IDUA 4p16.3 alpha-L-iduronidase

Missense
mutations

Nonsense mutation
Deletion

Mucopolysaccharidoses Lysosome biogenesis

WD repeat: tryptophan-aspartic acid (WD) residues; BRAN: Beta-propeller protein-associated neurodegeneration;
DDOD: Dominant deafness-onychodystrophy.

4.1.2. miRNA 96 Gene

miRNA 96 is a member of the miRNA183 family (miRNA-183, miRNA-96, and miRNA-182) that is
coordinately expressed from a single genetic locus in vertebrates. In the human genome, the miRNA-183
family cluster is located on chromosome 7q32 with a 4.5 kb region, including a locus that has been linked
to autosomal-dominant non-syndromic hearing loss (NSHL) (DFNA50, OMIM #613074). As shown in
Table 1, initially, two mutations in the seed region of miRNA-96 were detected in two Spanish families
with autosomal-dominant progressive NSHL. Both mutations (+13 G > A and +14 C > A) affect the
nucleolar targeting signals (NTSs) that are fully conserved among vertebrates (from fish to humans) and
segregated with hearing loss in the affected families [30]. The description of novel causative variants
within the miRNA96 gene may be useful for clarifying the pathogenic mechanisms underlying the
DFNA50-associated phenotype. Inner-ear researchers [31] detected the +57 T > C mutation as the third
mutation of the miRNA96 gene in humans that contributes quantitative defects in miRNA-96 related
to the pathogenesis of sensorineural hearing loss, independent from additional qualitative defects
(i.e., changes in the actual mature miRNA-96 sequence). The family carrying the +57 T > C mutation
on hearing is characterized by late onset (between 25 and 40 years) and a slow progression of hearing
impairment. Researchers indicated that autophagy is modulated dose-dependently by miRNA96
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through regulation of mTOR and ATG7 required for the efficient formation of autophagosomes and
suggested that the inhibition of mTOR by upregulation of miRNA-96 may promote autophagy in
prostate cancer, which is involved in maintaining a dynamic balance of miRNA 96 in hypoxia [32].
Mutations of miRNA96 could make autophagy impaired through the activation of mTOR and the
downregulation of ATG7 in the cochlea, leading to sensorineural hearing loss.

4.2. Lysosomal-Function-Related Genes Essential for the Autophagy–Lysosome Pathway

The autophagy–lysosome pathway is an important mechanism for regulating the homeostasis of
intracellular long-lived proteins and organelles [33,34]. Lysosomes release metabolites and ions that
serve as a signaling hub for metabolic sensing and longevity, linking the functions of the lysosome to
various pathways for intracellular metabolism and nutrient homeostasis [35]. The intraluminal pH of
the lysosome is usually sustained in the low acidic range (4.2–5.3) for regulating many functions of
lysosomes with the vacuolar-type ATPase (V-ATPase) acting as an ATP-dependent proton pump [36].

Based on these physiological characteristics, V-ATPases has been found to be deeply involved
in the initiation of deafness [37]. In particular, dominant deafness-onychodystrophy (DDOD)
syndrome caused by de novo mutation c.1516 C > N (p.Arg506X) in ATP6V1B2 is a rare disorder
with chief complaints of severe deafness, onychodystrophy, and brachydactyly (Table 1) [38].
This group’s latest research [39] indicated four interesting results: (1) atp6v1b2 knockdown zebrafish
had developmental defects in multiple organs and systems; (2) Atp6v1b2 c.1516 C > N knock-in
mice led to cognitive disorders, based on the impaired hippocampal CA1 region from the pathology;
(3) the normal hearing thresholds of Atp6v1b2 c.1516 C > N in 24-week-old knock-in mice, suggested
that a compensation mechanism exists in the auditory system; and (4) V-ATPases assembly still occurred
in Atp6v1b2 c.1516 C > N. However, the interaction between the E and B2 subunits was weaker than in
the wild type (WT). They confirmed that the defectiveness of Atp6v1b2 leads to CNS impairments and
extends the phenotype range of DDOD syndrome. ATP6V1B2 encodes the B2 subunit in V-ATPases,
a multisubunit protein complex consisting of a soluble V1 subcomplex (responsible for hydrolyzing
ATP) and a membrane-bound V0 subcomplex (involved in H+ translocation) expressed in almost all
eukaryotes. Mutations in this gene theoretically result in lysosomal dysfunction or lysosomal damage.
Consequently, autophagy dysfunction is caused by suppressing the degradation of autophagosomes in
lysosomes, finally leading to cell death or aging. After this, these situations lead to distal renal tubular
acidosis (dRTA, MIM: 602722), a rare disease characterized by metabolic acidosis and sensorineural
hearing loss [40]. A recent genome-wide association study suggested that the ATP6V1B2 rs1106634 A
allele increases the lifetime risk of depression and hippocampal cognitive deficits [41]. An abnormal
rise in lysosomal pH, therefore, can have far-ranging effects on lysosomal digestion, strongly inhibiting
hydrolases with the most acidic pH optima, but also potentially elevating activities of other hydrolases
with pH optima closer to neutral. New reports implicate altered V-ATPase activity and lysosomal
pH dysregulation in cellular aging [42], longevity [43], and adult-onset neurodegenerative diseases,
including forms of Parkinson’s disease and Alzheimer’s disease [44]. Hence, the gene analysis of
V-ATPase in the auditory–brain pathway may be a key to resolving the relationship between hearing
loss and cognitive dysfunction.

Lysosomal storage diseases (LSDs) are inherited metabolic disorders caused by defects in lysosomal
proteins or lysosomal-related proteins, which lead to lysosomal disfunction resulting in accumulation of
undegraded substrate. LSD-associated genes encode different lysosomal proteins, including lysosomal
enzymes and lysosomal membrane proteins [45]. Mutations in genes encoding lysosomal hydrolases,
accessory proteins, membrane transport, or trafficking proteins may cause LSDs in vivo. LSDs are
inherited in an autosomal recessive or, in some types, in an X-linked manner. As listed in Table 1,
hearing loss has been found in several LSDs including Gaucher disease (caused by more than 400
mutations in the GBA gene (locus 1q21), encoding for the lysoglucosylceramide-degrading enzyme
β-glucocerebrosidase (EC 3.2.1.45)) [46], Fabry disease (X-linked glycosphingolipidosis caused by
deficiency of the lysosomal α-galactosidase A (EC 3.2.1.22), encoded by the GLA gene (Xq22.1)) [47],
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Pompe disease (a deficiency in the lysosomal α-glucosidase (EC 3.2.1.3) encoded by the GAA gene
(17q25.3)) [48], Niemann–Pick type C (NPC) (mutations in NPC1 (18q11.2) and NPC2 (14q24.3)
genes, intralysosomal cholesterol, and sphingolipid accumulation) [49], and mucopolysaccharidoses
(mutations in the IDUA gene providing instructions for producing an enzyme (α-L-iduronidase),
which is involved in the breakdown of glycosaminoglycans (GAGs)) [50]. LSDs are caused by
disruptions in the lysosomal network and intralysosomal accumulation of substrates in certain cell
types. However, many aspects of the molecular pathology of the cochlea due to LSDs remain unclear.
According to the recent study [51], it will be interesting to shed light on whether the endosomal sorting
complex required for transport (ESCRT)-dependent membrane sealing is involved in mammalian LSDs
caused by different genetic defects and whether lysophagy—one of selective autophagy and ESCRT
repair—acts in concert during the development of lysosomal storage [52].

5. Congenital Disorder of Autophagy with Hearing Loss

β-Propeller Protein-Associated Neurodegeneration (BPAN): Mutations in the WDR45 Gene

Some congenital disorders of autophagy with an emerging phenotype of inborn errors of
metabolism involve hearing impairment as one of the associated symptoms (Table 1) [53]. Recently,
two groups independently reported mutations in the WDR45 gene as the genetic cause of β-propeller
protein-associated neurodegeneration (BPAN), a disease that had been previously labeled using the term
‘static encephalopathy of childhood with neurodegeneration in adulthood (SENDA) syndrome’ [54].
This disease is characterized by the onset of dystonia, Parkinsonism, and progressive cognitive decline
with visual and auditory disabilities in early adulthood or adolescence. WDR45, also known as WIPI4,
is located on the X-chromosome and is one of the four mammalian homologs of the core autophagy
gene epg-6 in Caenorhabditis elegans [55]. WDR45 encodes a WD repeat protein, a superfamily of proteins
with a conserved core of 40 amino acids terminating in tryptophan–aspartic acid (WD) residues.
WD40 proteins fold into similar β-propeller structures that function as protein–protein autophagy
or protein–DNA interaction platforms and mediate molecular signaling cascades mainly through
the smaller top surface [56]. Based on these properties, WD-repeat proteins consist of components
with many essential biologic functions and pathways including autophagy. Importantly, WDR45,
the WD-repeat protein mutated in BPAN, interacts with autophagy-related proteins ATG2 and ATG9
to regulate crucial steps for autophagosome formation and elongation [57]. Therefore, depletion of
WDR45 in mammalian cells could lead to the accumulation of early autophagic vesicles or immature
autophagosomes [58]. According to a recent report [59], conditional CNS-specific WDR45 knockout
mice (Nes-WDR45fl/Y) show swollen axons and accumulation of autophagy substrates p62 and
ubiquitin as the characteristics of axonal pathology. Neither neurodegeneration nor iron deposition
are prominent phenotypes. However, at the behavioral level, Nes-WDR45fl/Y mice displayed subtle
deficits of coordinated motor skills, poor memory, and learning impairment. These situations indicated
deficits in neuronal circuit formation or neurotransmission. Another aspect of the pathogenesis of
BPAN should be the role of autophagy in iron metabolism, which is called ferritinophagy as selective
autophagy. The bioavailability of intracellular iron is critically regulated by the delivery of ferritin to
autophagosomes and the degradation in lysosomes, allowing release of iron into the cytoplasm [60,61].
These recent studies showed that hearing impairment in BPAN may be related to the accumulation of
p62 and ubiquitin in neural cells of central auditory pathway or ferritinophagy impairment.

6. The Effect of Autophagy for Genetics of Hearing Loss

6.1. Genetics of Sensorineural Hearing Loss (DFNA5 and DFNB59) and Autophagy

DFNA5 was first identified in a Dutch family as a gene causing autosomal dominant hearing loss
(HL). In almost all cases, the DFNA5 mRNA transcript skips exon 8, leading to a frameshift and a
premature truncation of the protein [62]. DFNA5-associated HL is characterized by non-syndromic HL



Genes 2020, 11, 1331 9 of 17

with no other symptoms. A recent study [63] indicated that gasdermin-E (GSDME), which was originally
identified as DFNA5 (deafness gene, autosomal dominant 5) [64], could transform caspase-3-mediated
apoptosis induced by chemotherapy drugs, etc., into pyroptosis, an inflammatory form of programmed
cell death. GSDME was specifically cleaved by caspase-3-mediating cleavage of autophagy-associated
protein beclin-1, inactivating autophagy and promoting apoptosis. Beclin-1 is a dual regulator for
both autophagy and apoptosis and a substrate of caspase-3 with two cleavage sites at positions
124 and 149 [65]. The N-terminal domain of GSDME, as the functional characteristic, displays an
apoptosis-inducing activity while the C-terminal domain functions as an apoptosis-inhibiting regulator
by shielding the N-terminal domain [66]. A specific form of autosomal dominant progressive
sensorineural hearing loss due to DFNA5 may cause the disruption of balance among apoptosis,
pyroptosis, and autophagy in sensory hair cells.

DFNB59 was the first reported human gene leading to nonsyndromic deafness due to neuronal
defect through the auditory pathway neurons [67]. Nonsense mutations in the PJVK gene encoding
protein PJVK, which is present in hair cells supporting cells and spiral ganglion cells, resulted in
autosomal recessive nonsyndromic deafness in humans at the DFNB59 locus on chromosome
2q31.2 [68,69]. A recent study indicated that the DFNB59 form of deafness is a pexophagy disorder [70].
Pexophagy means that peroxisomes are degraded by lysosomes through autophagic pathways as a
selective autophagy (Figure 2) [71]. Peroxisome membrane proteins are ubiquitinated by PEX2, the E3
ubiquitin ligase, for inducing pexophagy. Ubiquitinated peroxisome membrane proteins are removed
from peroxisomes by the AAA-type ATPase PEX1–PEX6–PEX26 and the deubiquitinase USP30 for
preventing pexophagy. The expression of PEX3 on peroxisome membranes also increases for inducing
pexophagy. Ubiquitinated peroxisomes are bound to autophagosomes through interacting with the
autophagic adapter proteins (cargo receptors), NBR1 and p62, and facilitating its binding to LC3-II.
Peroxisomes are also sequestered into autophagosomes when PEX14 interacts with LC3-II rather than
PEX5. Peroxisomes are dynamic organelles whose metabolism, size, abundance, and phenotype can
change in response to alterations in nutritional and other environmental conditions. Peroxisomes are
routinely turned over by pexophagy for the quality control of organelles, referred to as peroxisome
dynamics, for several processes of peroxisome biogenesis. PJVK also has another function—triggering
pyroptosis when pexophagy is induced by oxidative stress [72–75]. DFNB59 could play an essential
role in oxidative-stress-induced peroxisome biogenesis and pexophagy in auditory hair cells [70].
Hence, autosomal-recessive non-syndromic hearing loss caused by DFNB59 mutations may be affected
by the impairment of pexophagy in sensory hair cells in terms of progressive hearing loss.

Genes 2018, 9, x FOR PEER REVIEW  9 of 16 

 

progressive sensorineural hearing loss due to DFNA5 may cause the disruption of balance among 

apoptosis, pyroptosis, and autophagy in sensory hair cells. 

DFNB59 was the first reported human gene leading to nonsyndromic deafness due to neuronal 

defect through the auditory pathway neurons [67]. Nonsense mutations in the PJVK gene encoding 

protein PJVK, which is present in hair cells supporting cells and spiral ganglion cells, resulted in 

autosomal recessive nonsyndromic deafness in humans at the DFNB59 locus on chromosome 2q31.2 

[68,69]. A recent study indicated that the DFNB59 form of deafness is a pexophagy disorder [70]. 

Pexophagy means that peroxisomes are degraded by lysosomes through autophagic pathways as a 

selective autophagy (Figure 2) [71]. Peroxisome membrane proteins are ubiquitinated by PEX2, the 

E3 ubiquitin ligase, for inducing pexophagy. Ubiquitinated peroxisome membrane proteins are 

removed from peroxisomes by the AAA-type ATPase PEX1–PEX6–PEX26 and the deubiquitinase 

USP30 for preventing pexophagy. The expression of PEX3 on peroxisome membranes also increases 

for inducing pexophagy. Ubiquitinated peroxisomes are bound to autophagosomes through 

interacting with the autophagic adapter proteins (cargo receptors), NBR1 and p62, and facilitating its 

binding to LC3-II. Peroxisomes are also sequestered into autophagosomes when PEX14 interacts with 

LC3-II rather than PEX5. Peroxisomes are dynamic organelles whose metabolism, size, abundance, 

and phenotype can change in response to alterations in nutritional and other environmental 

conditions. Peroxisomes are routinely turned over by pexophagy for the quality control of organelles, 

referred to as peroxisome dynamics, for several processes of peroxisome biogenesis. PJVK also has 

another function—triggering pyroptosis when pexophagy is induced by oxidative stress [72–75]. 

DFNB59 could play an essential role in oxidative-stress-induced peroxisome biogenesis and 

pexophagy in auditory hair cells [70]. Hence, autosomal-recessive non-syndromic hearing loss 

caused by DFNB59 mutations may be affected by the impairment of pexophagy in sensory hair cells 

in terms of progressive hearing loss. 

 

Figure 2. Schematic of molecular mechanisms of pexophagy. Peroxisome membrane proteins are 

ubiquitinated by the E3 ubiquitin ligase, PEX2, to designate peroxisomes for pexophagy. Opposing 

the action of PEX2 on peroxisomes is the deubiquitinating enzyme USP30. Ubiquitinated peroxisome 

membrane proteins are removed from peroxisomes by the AAA-type ATPase (PEX1–PEX6–PEX26) 

and the deubiquitinase USP30 to prevent pexophagy. Increasing the expression of PEX3 on 

peroxisome membranes may also designate them for pexophagy. Ubiquitinated peroxisomes are 

targeted to autophagosomes through interactions with the autophagy receptors NBR1 and p62, which 

facilitate sequestration within autophagosomes through binding with LC3-II. Peroxisomes are also 

targeted and sequestered within autophagosomes when LC3-II out-competes PEX5 for binding to 

PEX14. Import-competent peroxisomes deter pexophagy through PEX14–PEX5-binding, whereas 

import-incompetency frees PEX14 allowing it to bind LC3-II and facilitate pexophagy [71]. 

6.2. Presbycusis Accelerated by Connexin 26 Partial Loss and Autophagy through Nrf2/Keap1 Pathway 

Mutations in the gap junction protein β-2 (GJB2) gene encoding connexin 26 (Cx26) are the most 

common cause of sensorineural hearing impairment [76–79]. In several populations, the truncating 

variant 35delG involved in the prevalent GJB2 mutation results in a complete loss of function of Cx26 

protein whose structure has been solved with a 3.5 Å  resolution. A recent study indicated that the 

partial loss of Cx26 results in accelerated presbycusis (age-related hearing loss (ARHL)) caused by 

Figure 2. Schematic of molecular mechanisms of pexophagy. Peroxisome membrane proteins are
ubiquitinated by the E3 ubiquitin ligase, PEX2, to designate peroxisomes for pexophagy. Opposing the
action of PEX2 on peroxisomes is the deubiquitinating enzyme USP30. Ubiquitinated peroxisome
membrane proteins are removed from peroxisomes by the AAA-type ATPase (PEX1–PEX6–PEX26)
and the deubiquitinase USP30 to prevent pexophagy. Increasing the expression of PEX3 on
peroxisome membranes may also designate them for pexophagy. Ubiquitinated peroxisomes are
targeted to autophagosomes through interactions with the autophagy receptors NBR1 and p62,
which facilitate sequestration within autophagosomes through binding with LC3-II. Peroxisomes
are also targeted and sequestered within autophagosomes when LC3-II out-competes PEX5 for
binding to PEX14. Import-competent peroxisomes deter pexophagy through PEX14–PEX5-binding,
whereas import-incompetency frees PEX14 allowing it to bind LC3-II and facilitate pexophagy [71].
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6.2. Presbycusis Accelerated by Connexin 26 Partial Loss and Autophagy through Nrf2/Keap1 Pathway

Mutations in the gap junction protein β-2 (GJB2) gene encoding connexin 26 (Cx26) are the most
common cause of sensorineural hearing impairment [76–79]. In several populations, the truncating
variant 35delG involved in the prevalent GJB2 mutation results in a complete loss of function of Cx26
protein whose structure has been solved with a 3.5 Å resolution. A recent study indicated that the
partial loss of Cx26 results in accelerated presbycusis (age-related hearing loss (ARHL)) caused by redox
imbalance and dysregulation of the nuclear factor (erythroid-derived-2)-like 2 (Nrf2) pathway [80].
It was confirmed that the hearing level more rapidly worsened in Gjb2+/−mice than control mice using
auditory brainstem responses (ABRs) and distortion product otoacoustic emission (DPOAE) thresholds.
Levels of oxidative stress increased in the cochlear duct of the auditory phenotype of Gjb2+/−mice and,
as a result, apoptosis was induced, the release of glutathione from connexin hemichannels was reduced,
nutrient delivery to the sensory epithelium via cochlear gap junctions was decreased, and the expression
of target genes of Nrf2 was deregulated. Conversely, Gjb2−/−mice failed to express acquired deafness
although levels of oxidative stress increased in the cochlea [81]. This research group also indicated
that two NRF2 target genes (PRKCE and TGFβ1) (p-value < 4 × 10−2) were detected in a large cohort
of 4091 individuals with hearing phenotype (including 1076 presbycusis patients and 1290 healthy
matched controls from Europe, Caucasus, and Central Asia) by a genome-wide association study. In this
study, the authors suggested from the both basic research and clinical study that: (1) it is important for
hearing maintenance to normally run the Nrf2 pathway and (2) dysfunction of the Nrf2 pathway may
result in human presbycusis. As shown in Figure 3, Nrf2 is a transcription factor in response to gene
expression of antioxidant proteins [82]. The common Nrf2-binding motif known as the antioxidant
response element (ARE) should be activated for inducing Nrf2 target genes [83]. In auditory cells
under oxidative stress, an autophagic pathway is maintained by a Kelch-like ECH-associated protein 1
(Keap1)–Nrf2 feedback loop through p62, a protein encoded by the sequestosome 1 gene (SQSTM1) [84].
Kelch-like ECH-associated protein 1 (Keap1) is an adaptor protein of cullin-3-based ubiquitin ligase.
The N-terminally lying Neh2 domain of Nrf2 contains two Keap1-binding motifs, DLG and ETGE.
Interactions between these two binding motifs and Keap1 compose a key regulatory site for Nrf2
activity through the formation of a two-site-binding hinge-and-latch mechanism, although this two-site
binding is necessary for ubiquitinated Nrf2 [85,86]. ETGE tightly binds to Keap1, whereas DLGex
binds more weakly than ETGE. Here, this binding plays a role as a fine-tuner of the ubiquitination of
Nrf2 [87]. Nrf2-repressor function was lost by chemical modification of specific cysteine sensors of
KEAP1 by oxidative stressor, and then Nrf2 was released from the Keap1 interaction and translocated
into the nucleus to induce the expression of Nrf2-target gene [88,89]. The Keap1–Nrf2 system functions
as a major oxidative stress response pathway in auditory cells. p62/SQSTM1 is a stress-inducible protein
with multifunctional domains including an LC3-interacting region (LIR), a Keap1-interacting region
(KIR), and a ubiquitin-associated (UBA) domain [90], regulating the activation and stabilization of Nrf2
by inhibiting the ability of Keap1 to hold Nrf2. It also functions as an adaptor protein between selective
autophagy and ubiquitin signaling [91,92]. This means that the Keap1–Nrf2 pathway and selective
autophagy could be mediated by p62/SQSTM1. Taken together, p62-mediated selective autophagy may
regulate presbycusis accelerated by Cx26 partial loss through Nrf2/Keap1 pathway in cochlea.
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Figure 3. The role of the p62– Kelch-like ECH-associated protein 1 (Keap1)–nuclear factor
(erythroid-derived-2)-like 2 (Nrf2) axis. Upon selective autophagy, oligomerized p62 undergoes
phosphorylation at Ser residues (S407, S403) (shown as ‘P’) and increases the binding affinity of p62
to ubiquitin, followed by sequestration of polyubiquitinated cargos. Then, mTORC1 phosphorylates
S349 of p62 and increases the binding affinity of p62 to Keap1, resulting in the escape of Nrf2 from the
Keap1 interaction. Free Nrf2 enables the activation of various target genes. Keap1 is degraded together
with the polyubiquitinated cargo-binding to p62 into autophagosome. ARE, antioxidant response
element [82].

7. Conclusions

In this review article, we summarized the effects of the autophagy process on the genetics
of hearing impairment and autophagy–lysosomal function-related genes for hearing impairment
(Figure 4). Sensorineural hearing loss (SNHL) may be caused by both environmental and hereditary
factors. Approximately 60% of cases are due to genetics. We described how three important deafness
genes (DFNA5, DFNA59 and connexin26) linked with autophagy are sensitive to oxidative stress,
inducing SNHL, or age-related hearing loss (ARHL), and that autophagy deficiency caused by
autophagy- and lysosomal-function-related genes can induce hearing impairment. Taken together,
autophagy may play crucial roles in the genetics of hearing loss. However, this remains speculative,
as few genes related to the autophagy process as a gene-causing autosomal dominant hearing loss
have been detected to date. Exploring genes related to the autophagy–lysosome pathway will provide
new insight into the genetics of hearing impairment in the near future. In conclusion, investigating
the autophagy–lysosomal-function-related genes will open new doors for the therapeutic targets of
sensorineural hearing loss. Furthermore, we hope that in the near future, new investigations into the
genetic variants of autophagy- and lysosomal-function-related genes will be conducted based on the
American College of Medical Genetics (ACMG) guidelines.
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Figure 4. The effects of the autophagy process for genetics of hearing impairment and autophagy-
and lysosomal-function-related genes for hearing impairment. Genetic-defect-linked autophagy-
and lysosomal-related genes, including mutation or deletion result in sensorineural hearing loss or
hereditary disorders with sensorineural hearing loss (BRAN, DDOD syndrome, and LSDs). Mutations of
three deafness genes (DFNA5, DFNA59, and connexin26) linked with autophagy induce oxidative
stress in the cochlea and the resulting imbalance of autophagy and apoptosis in sensory hair cells
due to depressed pexophagy or Keap1/Nrf2, causing the progression of SNHL or ARHL (Cx26 partial
loss). BRAN, β-propeller protein-associated neurodegeneration; SNHL, sensorineural hearing loss;
ARHL, age-related hearing loss; DDOD syndrome, dominant deafness–onychodystrophy; LSDS,
lysosomal storage diseases.

Author Contributions: Conceptualization, K.H., Y.S., C.F., and S.K.; writing—original draft preparation, K.H.;
writing—review and editing, K.H., Y.S., C.F., and S.K.; supervision, C.F. and S.K.; project administration, K.H.;
funding acquisition, K.H. All authors have read and agree to the published version of the manuscript.

Funding: This research was funded by Japan Society for the Promotion of Science (JSPS) KAKENHI, Grant Number
19K09899 for K.H.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fujimoto, C.; Yamasoba, T. Mitochondria-Targeted Antioxidants for Treatment of Hearing Loss: A Systematic
Review. Antioxidants 2019, 8, 109. [CrossRef]

2. Wong, A.C.; Ryan, A.F. Mechanisms of sensorineural cell damage, death and survival in the cochlea.
Front. Aging Neurosci. 2015, 7, 58. [CrossRef]

3. Morrill, S.; He, D.Z.Z. Apoptosis in inner ear sensory hair cells. J. Otol. 2017, 12, 151–164. [CrossRef]
4. Dirain, C.O.; Vasquez, T.K.; Antonelli, P.J. Prevention of Chlorhexidine Ototoxicity with Poloxamer in Rats.

Otol. Neurotol. 2018, 39, e738–e742. [CrossRef]
5. Jadidian, A.; Antonelli, P.J.; Ojano-Dirain, C.P. Evaluation of apoptotic markers in HEI-OC1 cells treated

with gentamicin with and without the mitochondria-targeted antioxidant mitoquinone. Otol. Neurotol. 2015,
36, 526–530. [CrossRef] [PubMed]

6. Jankauskas, S.S.; Plotnikov, E.Y.; Morosanova, M.A.; Pevzner, I.B.; Zorova, L.D.; Skulachev, V.P.; Zorov, D.B.
Mitochondria-targeted antioxidant SkQR1 ameliorates gentamycin-induced renal failure and hearing loss.
Biochemistry 2012, 77, 66–70. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/antiox8040109
http://dx.doi.org/10.3389/fnagi.2015.00058
http://dx.doi.org/10.1016/j.joto.2017.08.001
http://dx.doi.org/10.1097/MAO.0000000000001920
http://dx.doi.org/10.1097/MAO.0000000000000517
http://www.ncbi.nlm.nih.gov/pubmed/25076226
http://dx.doi.org/10.1134/S0006297912060144
http://www.ncbi.nlm.nih.gov/pubmed/22817467


Genes 2020, 11, 1331 13 of 17

7. Ouyang, L.; Shi, Z.; Zhao, S.; Wang, F.T.; Zhou, T.T.; Liu, B.; Bao, J.K. Programmed cell death pathways
in cancer: A review of apoptosis, autophagy and programmed necrosis. Cell Prolif. 2012, 45, 487–498.
[CrossRef] [PubMed]

8. Choi, A.M.; Ryter, S.W.; Levine, B. Autophagy in human health and disease. N. Engl. J. Med. 2013,
368, 651–662. [CrossRef] [PubMed]

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

10. Galluzzi, L.; Green, D.R. Autophagy-Independent Functions of the Autophagy Machinery. Cell 2019,
177, 1682–1699. [CrossRef]

11. Sun-Wada, G.H.; Wada, Y. Role of vacuolar-type proton ATPase in signal transduction. Biochim. Biophys. Acta
2015, 1847, 1166–1172. [CrossRef] [PubMed]

12. Zoncu, R.; Bar-Peled, L.; Efeyan, A.; Wang, S.; Sancak, Y.; Sabatini, D.M. mTORC1 senses lysosomal amino
acids through an inside-out mechanism that requires the vacuolar H(+)-ATPase. Science 2011, 334, 678–683.
[CrossRef] [PubMed]

13. Abu-Remaileh, M.; Wyant, G.A.; Kim, C.; Laqtom, N.N.; Abbasi, M.; Chan, S.H.; Freinkman, E.; Sabatini, D.M.
Lysosomal metabolomics reveals V-ATPase- and mTOR-dependent regulation of amino acid efflux from
lysosomes. Science 2017, 358, 807–813. [CrossRef] [PubMed]

14. Aburto, M.R.; Sánchez-Calderón, H.; Hurlé, J.M.; Varela-Nieto, I.; Magariños, M. Early otic development
depends on autophagy for apoptotic cell clearance and neural differentiation. Cell Death Dis. 2012, 3, e394.
[CrossRef] [PubMed]

15. Maiuri, M.; Kroemer, G. Autophagy in stress and disease. Cell Death Differ. 2015, 22, 365–366.
[CrossRef] [PubMed]

16. Nayagam, B.A.; Muniak, M.A.; Ryugo, D.K. The spiral ganglion: Connecting the peripheral and central
auditory systems. Hear. Res. 2011, 278, 2–20. [CrossRef]

17. Reijntjes, D.O.J.; Pyott, S.J. The afferent signaling complex: Regulation of type I spiral ganglion neuron
responses in the auditory periphery. Hear. Res. 2016, 336, 1–16. [CrossRef]

18. MacLeod, K.M.; Carr, C.E. Beyond timing in the auditory brainstem: Intensity coding in the avian cochlear
nucleus angularis. Prog. Brain Res. 2007, 165, 123–133.

19. de Iriarte Rodríguez, R.; Pulido, S.; Rodríguez-de la Rosa, L.; Magariños, M.; Varela-Nieto, I. Age-regulated
function of autophagy in the mouse inner ear. Hear. Res. 2015, 330, 39–50. [CrossRef]

20. Fujimoto, C.; Iwasaki, S.; Urata, S.; Morishita, H.; Sakamaki, Y.; Fujioka, M.; Kondo, K.; Mizushima, N.;
Yamasoba, T. Autophagy is essential for hearing in mice. Cell Death Dis. 2017, 8, 2780. [CrossRef]

21. Xiong, W.; Wei, W.; Qi, Y.; Du, Z.; Qu, T.; Liu, K.; Gong, S. Autophagy is Required for Remodeling in Postnatal
Developing Ribbon Synapses of Cochlear Inner Hair Cells. Neuroscience 2020, 431, 1–16. [CrossRef] [PubMed]

22. Petitpré, C.; Wu, H.; Sharma, A.; Tokarska, A.; Fontanet, P.; Wang, Y.; Helmbacher, F.; Yackle, K.; Silberberg, G.;
Hadjab, S.; et al. Neuronal heterogeneity and stereotyped connectivity in the auditory afferent system.
Nat. Commun. 2018, 9, 3691. [CrossRef] [PubMed]

23. Ghavami, S.; Cunnington, R.H.; Gupta, S.; Yeganeh, B.; Filomeno, K.L.; Freed, D.H.; Chen, S.; Klonisch, T.;
Halayko, A.J.; Ambrose, E.; et al. Autophagy is a regulator of TGF-β1-induced fibrogenesis in primary
human atrial myofibroblasts. Cell Death Dis. 2015, 6, e1696. [CrossRef]

24. Pang, M.; Wang, H.; Rao, P.; Zhao, Y.; Xie, J.; Cao, Q.; Wang, Y.; Wang, Y.M.; Lee, V.W.; Alexander, S.I.; et al.
Autophagy links β-catenin and Smad signaling to promote epithelial-mesenchymal transition via
upregulation of integrin linked kinase. Int. J. Biochem. Cell Biol. 2016, 76, 123–134. [CrossRef]

25. Komatsu, M.; Wang, Q.J.; Holstein, G.R.; Friedrich, V.L., Jr.; Iwata, J.; Kominami, E.; Chait, B.T.; Tanaka, K.;
Yue, Z. Essential role for autophagy protein Atg7 in the maintenance of axonal homeostasis and the prevention
of axonal degeneration. Proc. Natl. Acad. Sci. USA 2007, 104, 14489–14494. [CrossRef]

26. Ye, B.; Wang, Q.; Hu, H.; Shen, Y.; Fan, C.; Chen, P.; Ma, Y.; Wu, H.; Xiang, M. Restoring autophagic flux
attenuates cochlear spiral ganglion neuron degeneration by promoting TFEB nuclear translocation via
inhibiting MTOR. Autophagy 2019, 15, 998–1016. [CrossRef]

27. Mizushima, N.; Yamamoto, A.; Hatano, M.; Kobayashi, Y.; Kabeya, Y.; Suzuki, K.; Tokuhisa, T.; Ohsumi, Y.;
Yoshimori, T. Dissection of autophagosome formation using Apg5-deficient mouse embryonic stem cells.
J. Cell. Biol. 2001, 152, 657–668. [CrossRef]

http://dx.doi.org/10.1111/j.1365-2184.2012.00845.x
http://www.ncbi.nlm.nih.gov/pubmed/23030059
http://dx.doi.org/10.1056/NEJMra1205406
http://www.ncbi.nlm.nih.gov/pubmed/23406030
http://dx.doi.org/10.1126/science.aaf6136
http://www.ncbi.nlm.nih.gov/pubmed/27885029
http://dx.doi.org/10.1016/j.cell.2019.05.026
http://dx.doi.org/10.1016/j.bbabio.2015.06.010
http://www.ncbi.nlm.nih.gov/pubmed/26072192
http://dx.doi.org/10.1126/science.1207056
http://www.ncbi.nlm.nih.gov/pubmed/22053050
http://dx.doi.org/10.1126/science.aan6298
http://www.ncbi.nlm.nih.gov/pubmed/29074583
http://dx.doi.org/10.1038/cddis.2012.132
http://www.ncbi.nlm.nih.gov/pubmed/23034329
http://dx.doi.org/10.1038/cdd.2014.236
http://www.ncbi.nlm.nih.gov/pubmed/25661524
http://dx.doi.org/10.1016/j.heares.2011.04.003
http://dx.doi.org/10.1016/j.heares.2016.03.011
http://dx.doi.org/10.1016/j.heares.2015.07.020
http://dx.doi.org/10.1038/cddis.2017.194
http://dx.doi.org/10.1016/j.neuroscience.2020.01.032
http://www.ncbi.nlm.nih.gov/pubmed/32032574
http://dx.doi.org/10.1038/s41467-018-06033-3
http://www.ncbi.nlm.nih.gov/pubmed/30209249
http://dx.doi.org/10.1038/cddis.2015.36
http://dx.doi.org/10.1016/j.biocel.2016.05.010
http://dx.doi.org/10.1073/pnas.0701311104
http://dx.doi.org/10.1080/15548627.2019.1569926
http://dx.doi.org/10.1083/jcb.152.4.657


Genes 2020, 11, 1331 14 of 17

28. Mizushima, N.; Ohsumi, Y.; Yoshimori, T. Autophagosome formation in mammalian cells. Cell Struct. Funct.
2002, 27, 421–429. [CrossRef]

29. Ye, X.; Zhou, X.J.; Zhang, H. Exploring the Role of Autophagy-Related Gene 5 (ATG5) Yields Important Insights
Into Autophagy in Autoimmune/Autoinflammatory Diseases. Front. Immunol. 2018, 9, 2334. [CrossRef]

30. Mencía, A.; Modamio-Høybjør, S.; Redshaw, N.; Morín, M.; Mayo-Merino, F.; Olavarrieta, L.; Aguirre, L.A.;
del Castillo, I.; Steel, K.P.; Dalmay, T.; et al. Mutations in the seed region of human miR-96 are responsible for
nonsyndromic progressive hearing loss. Nat. Genet. 2009, 41, 609–613.

31. Soldà, G.; Robusto, M.; Primignani, P.; Castorina, P.; Benzoni, E.; Cesarani, A.; Ambrosetti, U.; Asselta, R.;
Duga, S. A novel mutation within the MIR96 gene causes non-syndromic inherited hearing loss in an Italian
family by altering pre-miRNA processing. Hum. Mol. Genet. 2012, 21, 577–585. [CrossRef] [PubMed]

32. Ma, Y.; Yang, H.Z.; Dong, B.J.; Zou, H.B.; Zhou, Y.; Kong, X.M.; Huang, Y.R. Biphasic regulation of autophagy
by miR-96 in prostate cancer cells under hypoxia. Oncotarget 2014, 5, 9169–9182. [CrossRef] [PubMed]

33. de Duve, C. The lysosome turns fifty. Nat. Cell. Biol. 2005, 7, 847–849. [CrossRef] [PubMed]
34. Shintani, T.; Klionsky, D.J. Autophagy in health and disease: A double-edged sword. Science 2004, 306, 990–995.

[CrossRef] [PubMed]
35. Colacurcio, D.J.; Nixon, R.A. Disorders of lysosomal acidification-The emerging role of v-ATPase in aging

and neurodegenerative disease. Ageing Res. Rev. 2016, 32, 75–88. [CrossRef]
36. Mindell, J.A. Lysosomal acidification mechanisms. Annu. Rev. Physiol. 2012, 74, 69–86. [CrossRef]
37. Escobar, L.I.; Simian, C.; Treard, C.; Hayek, D.; Salvador, C.; Guerra, N.; Matos, M.; Medeiros, M.; Enciso, S.;

Camargo, M.D.; et al. Mutations in ATP6V1B1 and ATP6V0A4 genes cause recessive distal renal tubular
acidosis in Mexican families. Mol. Genet. Genom. Med. 2016, 4, 303–311. [CrossRef]

38. Menendez, I.; Carranza, C.; Herrera, M.; Marroquin, N.; Foster, J., 2nd; Cengiz, F.B.; Bademci, G.; Tekin, M.
Dominant deafness-onychodystrophy syndrome caused by an ATP6V1B2mutation. Clin. Case Rep. 2017,
5, 376–379. [CrossRef]

39. Zhao, W.; Gao, X.; Qiu, S.; Gao, B.; Gao, S.; Zhang, X.; Kang, D.; Han, W.; Dai, P.; Yuan, Y.
A subunit of V-ATPases, ATP6V1B2, underlies the pathology of intellectual disability. Ebiomedicine 2019,
45, 408–421. [CrossRef]

40. Palazzo, V.; Provenzano, A.; Becherucci, F.; Sansavini, G.; Mazzinghi, B.; Orlandini, V.; Giunti, L.;
Roperto, R.M.; Pantaleo, M.; Artuso, R.; et al. The genetic and clinical spectrum of a large cohort of
patients with distalrenal tubular acidosis. Kidney Int. 2017, 91, 1243–1255. [CrossRef]

41. Gonda, X.; Eszlari, N.; Anderson, I.M.; Deakin, J.F.; Bagdy, G.; Juhasz, G. Association of ATP6V1B2 rs1106634
with lifetime risk of depression and hippocampal neurocognitive deficits: Possible novel mechanisms in the
etiopathology of depression. Transl. Psychiatry 2016, 6, e945. [CrossRef] [PubMed]

42. Hughes, A.L.; Gottschling, D.E. An early age increase in vacuolar pH limits mitochondrial function and
lifespan in yeast. Nature 2012, 492, 261–265. [CrossRef] [PubMed]

43. Molin, M.; Demir, A.B. Linking Peroxiredoxin and Vacuolar-ATPase Functions in Calorie Restriction-Mediated
Life Span Extension. Int. J. Cell Biol. 2014, 2014, 913071. [CrossRef] [PubMed]

44. Dubos, A.; Castells-Nobau, A.; Meziane, H.; Oortveld, M.A.; Houbaert, X.; Iacono, G.; Martin, C.;
Mittelhaeuser, C.; Lalanne, V.; Kramer, J.M.; et al. Conditional depletion of intellectual disability
and Parkinsonism candidate gene ATP6AP2 in fly and mouse induces cognitive impairment and
neurodegeneration. Mol. Genet. 2015, 24, 6736–6755. [CrossRef] [PubMed]

45. Ferreira, C.R.; Gahl, W.A. Lysosomal storage diseases. Tranlational Sci. Rare Dis. 2017, 2, 1–71.
[CrossRef] [PubMed]

46. Bamiou, D.E.; Campbell, P.; Liasis, A.; Page, J.; Sirimanna, T.; Boyd, S.; Vellodi, A.; Harris, C. Audiometric
abnormalities in children with Gaucher disease type 3. Neuropediatry 2001, 32, 136–141. [CrossRef] [PubMed]

47. Keilmann, A.; Hajioff, D.; Ramaswami, U. FOS Investigators. Ear symptoms in children with Fabry disease:
Data from the Fabry Outcome Survey. J. Inherit. Metab Dis. 2009, 32, 739. [CrossRef] [PubMed]

48. van Capelle, C.I.; Goedegebure, A.; Homans, N.C.; Hoeve, H.L.; Reuser, A.J.; van der Ploeg, A.T. Hearing
loss in Pompe disease revisited: Results from a study of 24 children. J. Inherit. Metab. Dis. 2010, 33, 597–602.
[CrossRef] [PubMed]

49. King, K.A.; Gordon-Salant, S.; Yanjanin, N.; Zalewski, C.; Houser, A.; Porter, F.D.; Brewer, C.C. Auditory
phenotype of Niemann-Pick disease, type C1. Ear Hear. 2014, 35, 110–117. [CrossRef] [PubMed]

http://dx.doi.org/10.1247/csf.27.421
http://dx.doi.org/10.3389/fimmu.2018.02334
http://dx.doi.org/10.1093/hmg/ddr493
http://www.ncbi.nlm.nih.gov/pubmed/22038834
http://dx.doi.org/10.18632/oncotarget.2396
http://www.ncbi.nlm.nih.gov/pubmed/25333253
http://dx.doi.org/10.1038/ncb0905-847
http://www.ncbi.nlm.nih.gov/pubmed/16136179
http://dx.doi.org/10.1126/science.1099993
http://www.ncbi.nlm.nih.gov/pubmed/15528435
http://dx.doi.org/10.1016/j.arr.2016.05.004
http://dx.doi.org/10.1146/annurev-physiol-012110-142317
http://dx.doi.org/10.1002/mgg3.205
http://dx.doi.org/10.1002/ccr3.761
http://dx.doi.org/10.1016/j.ebiom.2019.06.035
http://dx.doi.org/10.1016/j.kint.2016.12.017
http://dx.doi.org/10.1038/tp.2016.221
http://www.ncbi.nlm.nih.gov/pubmed/27824360
http://dx.doi.org/10.1038/nature11654
http://www.ncbi.nlm.nih.gov/pubmed/23172144
http://dx.doi.org/10.1155/2014/913071
http://www.ncbi.nlm.nih.gov/pubmed/24639875
http://dx.doi.org/10.1093/hmg/ddv380
http://www.ncbi.nlm.nih.gov/pubmed/26376863
http://dx.doi.org/10.3233/TRD-160005
http://www.ncbi.nlm.nih.gov/pubmed/29152458
http://dx.doi.org/10.1055/s-2001-16611
http://www.ncbi.nlm.nih.gov/pubmed/11521209
http://dx.doi.org/10.1007/s10545-009-1290-x
http://www.ncbi.nlm.nih.gov/pubmed/19876760
http://dx.doi.org/10.1007/s10545-010-9144-0
http://www.ncbi.nlm.nih.gov/pubmed/20596893
http://dx.doi.org/10.1097/AUD.0b013e3182a362b8
http://www.ncbi.nlm.nih.gov/pubmed/24225652


Genes 2020, 11, 1331 15 of 17

50. Schachern, P.A.; Cureoglu, S.; Tsuprun, V.; Paparella, M.M.; Whitley, C.B. Age-related functional and
histopathological changes of the ear in the MPS I mouse. Int. J. Pediatr. Otorhinolaryngol. 2007, 71, 197–203.
[CrossRef] [PubMed]

51. Skowyra, M.L.; Schlesinger, P.H.; Naismith, T.V.; Hanson, P.I. Triggered recruitment of ESCRT machinery
promotes endolysosomal repair. Science 2018, 360, 6384. [CrossRef] [PubMed]

52. Marques, A.R.A.; Saftig, P. Lysosomal storage disorders—Challenges, concepts and avenues for therapy:
Beyond rare diseases. J. Cell Sci. 2019, 132, 1–14. [CrossRef] [PubMed]

53. Ebrahimi-Fakhari, D.; Saffari, A.; Wahlster, L.; Lu, J.; Byrne, S.; Hoffmann, G.F.; Jungbluth, H.; Sahin, M.
Congenital disorders of autophagy: An emerging novel class of inborn errors of neuro-metabolism. Brain
2016, 139, 317–337. [CrossRef] [PubMed]

54. Haack, T.B.; Hogarth, P.; Kruer, M.C.; Gregory, A.; Wieland, T.; Schwarzmayr, T. Exome sequencing reveals
de novo WDR45 mutations causing a phenotypically distinct, X-linked dominant form of NBIA. Am. J.
Hum. Genet. 2012, 91, 1144–1149. [CrossRef] [PubMed]

55. Proikas-Cezanne, T.; Waddell, S.; Gaugel, A.; Frickey, T.; Lupas, A.; Nordheim, A. WIPI-1alpha (WIPI49),
a member of the novel 7-bladed WIPI protein family, is aberrantly expressed in human cancer and is linked
to starvation-induced autophagy. Oncogene 2004, 23, 9314–9325. [CrossRef] [PubMed]

56. Stirnimann, C.U.; Petsalaki, E.; Russell, R.B.; Muller, C.W. WD40 proteins propel cellular networks.
Trends Biochem. Sci. 2010, 35, 565–574. [CrossRef] [PubMed]

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

58. Lu, Q.; Yang, P.; Huang, X.; Hu, W.; Guo, B.; Wu, F. TheWD40 repeat PtdIns (3) P-binding protein EPG-6
regulates progression of omegasomes to autophagosomes. Dev. Cell 2011, 21, 343–357. [CrossRef]

59. Zhao, Y.G.; Sun, L.; Miao, G.; Ji, C.; Zhao, H.; Sun, H.; Miao, L.; Yoshii, S.R.; Mizushima, N.; Wang, X.; et al.
The autophagy gene Wdr45/Wipi4 regulates learning and memory function and axonal homeostasis.
Autophagy 2015, 11, 881–890. [CrossRef]

60. Asano, T.; Komatsu, M.; Yamaguchi-Iwai, Y.; Ishikawa, F.; Mizushima, N.; Iwai, K. Distinct mechanisms
of ferritin delivery to lysosomes in iron- depleted and iron-replete cells. Mol. Cell Biol. 2011,
31, 2040–2052. [CrossRef]

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

62. De Beeck, K.O.; Van Camp, G.; Thys, S.; Cools, N.; Callebaut, I.; Vrijens, K.; Van Laer, L. The DFNA5 gene,
responsible for hearing loss and involved in cancer, encodes a novel apoptosis-inducing protein. Eur. J.
Hum. Genet. 2011, 19, 965–973. [CrossRef] [PubMed]

63. Wang, Y.; Gao, W.; Shi, X.; Ding, J.; Liu, W.; He, H.; Wang, K.; Shao, F. Chemotherapy drugs induce pyroptosis
through caspase-3 cleavage of a gasdermin. Nature 2017, 547, 99–103. [CrossRef]

64. Van Laer, L.; Huizing, E.H.; Verstreken, M.; van Zuijlen, D.; Wauters, J.G.; Bossuyt, P.J.; Van de Heyning, P.;
McGuirt, W.T.; Smith, R.J.; Willems, P.J.; et al. Nonsyndromic hearing impairment is associated with a
mutation in DFNA5. Nat. Genet. 1998, 20, 194–197. [CrossRef]

65. Zhu, Y.; Zhao, L.; Liu, L.; Gao, P.; Tian, W.; Wang, X.; Jin, H.; Xu, H.; Chen, Q. Beclin 1 cleavage by caspase-3
inactivates autophagy and promotes apoptosis. Protein Cell 2010, 1, 468–477. [CrossRef]

66. Rogers, C.; Fernandes-Alnemri, T.; Mayes, L.; Alnemri, D.; Cingolani, G.; Alnemri, E.S. Cleavage of DFNA5 by
caspase-3 during apoptosis mediates progression to secondary necrotic/pyroptotic cell death. Nat. Commun.
2017, 8, 14128. [CrossRef]

67. Collin, R.W.; Kalay, E.; Oostrik, J.; Caylan, R.; Wollnik, B.; Arslan, S.; den Hollander, A.I.; Birinci, Y.;
Lichtner, P.; Strom, T.M.; et al. Involvement of DFNB59 mutations in autosomal recessive nonsyndromic
hearing impairment. Hum. Mutat. 2007, 28, 718–723. [CrossRef]

68. Mujtaba, G.; Bukhari, I.; Fatima, A.; Naz, S. A p.C343S missense mutation in PJVK causes progressive hearing
loss. Gene 2012, 504, 98–101. [CrossRef]

69. Delmaghani, S.; del Castillo, F.J.; Michel, V.; Leibovici, M.; Aghaie, A.; Ron, U.; Van Laer, L.; Ben-Tal, N.;
Van Camp, G.; Weil, D.; et al. Mutations in the gene encoding pejvakin, a newly identified protein of the
afferent auditory pathway, cause DFNB59 auditory neuropathy. Nat. Genet. 2006, 38, 770–778. [CrossRef]

70. Defourny, J.; Aghaie, A.; Perfettini, I.; Avan, P.; Delmaghani, S.; Petit, C. Pejvakin-mediated pexophagy protects
auditory hair cells against noise-induced damage. Proc. Natl. Acad. Sci. USA 2019, 116, 8010–8017. [CrossRef]

http://dx.doi.org/10.1016/j.ijporl.2006.09.016
http://www.ncbi.nlm.nih.gov/pubmed/17101178
http://dx.doi.org/10.1126/science.aar5078
http://www.ncbi.nlm.nih.gov/pubmed/29622626
http://dx.doi.org/10.1242/jcs.221739
http://www.ncbi.nlm.nih.gov/pubmed/30651381
http://dx.doi.org/10.1093/brain/awv371
http://www.ncbi.nlm.nih.gov/pubmed/26715604
http://dx.doi.org/10.1016/j.ajhg.2012.10.019
http://www.ncbi.nlm.nih.gov/pubmed/23176820
http://dx.doi.org/10.1038/sj.onc.1208331
http://www.ncbi.nlm.nih.gov/pubmed/15602573
http://dx.doi.org/10.1016/j.tibs.2010.04.003
http://www.ncbi.nlm.nih.gov/pubmed/20451393
http://dx.doi.org/10.1038/nature09204
http://dx.doi.org/10.1016/j.devcel.2011.06.024
http://dx.doi.org/10.1080/15548627.2015.1047127
http://dx.doi.org/10.1128/MCB.01437-10
http://dx.doi.org/10.1038/nature13148
http://www.ncbi.nlm.nih.gov/pubmed/24695223
http://dx.doi.org/10.1038/ejhg.2011.63
http://www.ncbi.nlm.nih.gov/pubmed/21522185
http://dx.doi.org/10.1038/nature22393
http://dx.doi.org/10.1038/2503
http://dx.doi.org/10.1007/s13238-010-0048-4
http://dx.doi.org/10.1038/ncomms14128
http://dx.doi.org/10.1002/humu.20510
http://dx.doi.org/10.1016/j.gene.2012.05.013
http://dx.doi.org/10.1038/ng1829
http://dx.doi.org/10.1073/pnas.1821844116


Genes 2020, 11, 1331 16 of 17

71. Germain, K.; Kim, P.K. Pexophagy: A Model for Selective Autophagy. Int. J. Mol. Sci. 2020, 21, 578.
[CrossRef] [PubMed]

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

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

74. Ding, J.; Wang, K.; Liu, W.; She, Y.; Sun, Q.; Shi, J.; Sun, H.; Wang, D.C.; Shao, F. Pore-forming activity and
structural autoinhibition of the gasdermin family. Nature 2016, 535, 111–116. [CrossRef] [PubMed]

75. Karmakar, M.; Minns, M.; Greenberg, E.N.; Diaz-Aponte, J.; Pestonjamasp, K.; Johnson, J.L.; Rathkey, J.K.;
Abbott, D.W.; Wang, K.; Shao, F.; et al. N-GSDMD trafficking to neutrophil organelles facilitates IL-1β release
independently of plasma membrane pores and pyroptosis. Nat. Commun. 2020, 11, 2212. [CrossRef]

76. Kelsell, D.P.; Dunlop, J.; Stevens, H.P.; Lench, N.J.; Liang, J.N.; Parry, G.; Mueller, R.F.; Leigh, I.M. Connexin 26
mutations in hereditary non-syndromic sensorineural deafness. Nature 1997, 387, 80–88. [CrossRef]

77. Kenna, M.A.; Feldman, H.A.; Neault, M.W.; Frangulov, A.; Wu, B.L.; Fligor, B.; Rehm, H.L. Audiologic
phenotype and progression in GJB2 (Connexin 26) hearing loss. Arch. Otolaryngol.-Head Neck Surg. 2010,
136, 81–87. [CrossRef]

78. Snoeckx, R.L.; Huygen, P.L.; Feldmann, D.; Marlin, S.; Denoyelle, F.; Waligora, J.; Mueller-Malesinska, M.;
Pollak, A.; Ploski, R.; Murgia, A.; et al. GJB2 mutations and degree of hearing loss: A multicenter study.
Am. J. Hum. Genet. 2005, 77, 945–957. [CrossRef]

79. Font, M.A.; Feliubadaló, L.; Estivill, X.; Nunes, V.; Golomb, E.; Kreiss, Y.; Pras, E.; Bisceglia, L.; d’Adamo, A.P.;
Zelante, L.; et al. International Cystinuria Consortium. Functional analysis of mutations in SLC7A9,
and genotype-phenotype correlation in non-Type I cystinuria. Hum. Mol. Genet. 2001, 10, 305–316. [CrossRef]

80. Fetoni, A.R.; Zorzi, V.; Paciello, F.; Ziraldo, G.; Peres, C.; Raspa, M.; Scavizzi, F.; Salvatore, A.M.; Crispino, G.;
Tognola, G.; et al. Cx26 partial loss causes accelerated presbycusis by redox imbalance and dysregulation of
Nfr2 pathway. Redox Biol. 2018, 19, 301–317. [CrossRef]

81. Johnson, S.L.; Ceriani, F.; Houston, O.; Polishchuk, R.; Polishchuk, E.; Crispino, G.; Zorzi, V.; Mammano, F.;
Marcotti, W. Connexin-Mediated Signaling in Nonsensory Cells Is Crucial for the Development of Sensory
Inner Hair Cells in the Mouse Cochlea. Neuroscience 2017, 37, 258–268. [CrossRef] [PubMed]

82. Mitsuishi, Y.; Motohashi, H.; Yamamoto, M. The Keap1-Nrf2 system in cancers: Stress response and anabolic
metabolism. Front. Oncol. 2012, 2, 200. [CrossRef] [PubMed]

83. Katsuragi, Y.; Ichimura, Y.; Komatsu, M. p62/SQSTM1 functions as a signaling hub and an autophagy adaptor.
FEBS J. 2015, 282, 4672–4678. [CrossRef] [PubMed]

84. Hayashi, K.; Dan, K.; Goto, F.; Tsuchihashi, N.; Nomura, Y.; Fujioka, M.; Kanzaki, S.; Ogawa, K. The autophagy
pathway maintained signaling crosstalk with the Keap1-Nrf2 system through p62 in auditory cells under
oxidative stress. Cell Signal. 2015, 27, 382–393. [CrossRef]

85. McMahon, M.; Thomas, N.; Itoh, K.; Yamamoto, M.; Hayes, J.D. Dimerization of substrate adaptors can
facilitate cullin-mediated ubiquitylation of proteins by a “tethering” mechanism: A two-site interaction
model for the Nrf2-Keap1 complex. J. Biol. Chem. 2006, 281, 24756–24768. [CrossRef]

86. Fukutomi, T.; Takagi, K.; Mizushima, T.; Ohuchi, N.; Yamamoto, M. Kinetic, thermodynamic, and structural
characterizations of the association between Nrf2-DLGex degron and Keap1. Mol. Cell Biol. 2014,
34, 832–846. [CrossRef]

87. Kageyama, S.; Saito, T.; Obata, M.; Koide, R.H.; Ichimura, Y.; Komatsu, M. Negative Regulation of the
Keap1-Nrf2 Pathway by a p62/Sqstm1 Splicing Variant. Mol. Cell Biol. 2018, 38, e00642-17. [CrossRef]

88. Zhang, D.D.; Hannink, M. Distinct cysteine residues in Keap1 are required for Keap1-dependent
ubiquitination of Nrf2 and for stabilization of Nrf2 by chemopreventive agents and oxidative stress.
Mol. Cell Biol. 2003, 23, 8137–8151. [CrossRef]

89. Kobayashi, M.; Li, L.; Iwamoto, N.; Nakajima-Takagi, Y.; Kaneko, H.; Nakayama, Y.; Eguchi, M.;
Wada, Y.; Kumagai, Y.; Yamamoto, M. The antioxidant defense system Keap1-Nrf2 comprises a multiple
sensing mechanism for responding to a wide range of chemical compounds. Mol. Cell Biol. 2009,
29, 493–502. [CrossRef]

http://dx.doi.org/10.3390/ijms21020578
http://www.ncbi.nlm.nih.gov/pubmed/31963200
http://dx.doi.org/10.1038/nature15514
http://www.ncbi.nlm.nih.gov/pubmed/26375003
http://dx.doi.org/10.1038/nature15541
http://dx.doi.org/10.1038/nature18590
http://www.ncbi.nlm.nih.gov/pubmed/27281216
http://dx.doi.org/10.1038/s41467-020-16043-9
http://dx.doi.org/10.1038/387080a0
http://dx.doi.org/10.1001/archoto.2009.202
http://dx.doi.org/10.1086/497996
http://dx.doi.org/10.1093/hmg/10.4.305
http://dx.doi.org/10.1016/j.redox.2018.08.002
http://dx.doi.org/10.1523/JNEUROSCI.2251-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/28077706
http://dx.doi.org/10.3389/fonc.2012.00200
http://www.ncbi.nlm.nih.gov/pubmed/23272301
http://dx.doi.org/10.1111/febs.13540
http://www.ncbi.nlm.nih.gov/pubmed/26432171
http://dx.doi.org/10.1016/j.cellsig.2014.11.024
http://dx.doi.org/10.1074/jbc.M601119200
http://dx.doi.org/10.1128/MCB.01191-13
http://dx.doi.org/10.1128/MCB.00642-17
http://dx.doi.org/10.1128/MCB.23.22.8137-8151.2003
http://dx.doi.org/10.1128/MCB.01080-08


Genes 2020, 11, 1331 17 of 17

90. Komatsu, M.; Kurokawa, H.; Waguri, S.; Taguchi, K.; Kobayashi, A.; Ichimura, Y.; Sou, Y.S.; Ueno, I.;
Sakamoto, A.; Tong, K.I.; et al. The selective autophagy substrate p62 activates the stress responsive
transcription factor Nrf2 through inactivation of Keap1. Nat. Cell Biol. 2010, 12, 213–223. [CrossRef]

91. Johansen, T.; Lamark, T. Selective autophagy mediated by autophagic adapter proteins. Autophagy 2011,
7, 279–296. [CrossRef] [PubMed]

92. Ichimura, Y.; Kominami, E.; Tanaka, K.; Komatsu, M. Selective turnover of p62/A170/SQSTM1 by autophagy.
Autophagy 2008, 4, 1063–1066. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/ncb2021
http://dx.doi.org/10.4161/auto.7.3.14487
http://www.ncbi.nlm.nih.gov/pubmed/21189453
http://dx.doi.org/10.4161/auto.6826
http://www.ncbi.nlm.nih.gov/pubmed/18776737
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Mechanisms and Biologic Functions of Autophagy 
	Autophagy Gene-Dependent Pathways for the Formation of Autophagosome 
	Autophagy Regulation by Lysosome through mTORC1 and v-ATPase 

	The Role of Autophagy in Auditory System (or Hearing) 
	Otic Epithelium 
	Hair Cells, Spiral Ganglion Cells, and Brain Stem Nuclei 
	Synapse Ribbon 
	Auditory Neurons 

	Autophagy- and Lysosomal-Function-Related Genes and Hearing Loss 
	Autophagy-Related Genes Essential for Autophagosome Formation 
	ATG5 Gene 
	miRNA 96 Gene 

	Lysosomal-Function-Related Genes Essential for the Autophagy–Lysosome Pathway 

	Congenital Disorder of Autophagy with Hearing Loss 
	The Effect of Autophagy for Genetics of Hearing Loss 
	Genetics of Sensorineural Hearing Loss (DFNA5 and DFNB59) and Autophagy 
	Presbycusis Accelerated by Connexin 26 Partial Loss and Autophagy through Nrf2/Keap1 Pathway 

	Conclusions 
	References

