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Abstract

Macroautophagy (hereafter called autophagy) is a highly conserved physiological process that degrades
over-abundant or damaged organelles, large protein aggregates and invading pathogens via the lysosomal
system (the vacuole in plants and yeast). Autophagy is generally induced by stress, such as oxygen-, energy- or
amino acid-deprivation, irradiation, drugs, etc. In addition to non-selective bulk degradation, autophagy also
occurs in a selective manner, recycling specific organelles, such as mitochondria, peroxisomes, ribosomes,
endoplasmic reticulum (ER), lysosomes, nuclei, proteasomes and lipid droplets (LDs). This capability makes
selective autophagy a major process in maintaining cellular homeostasis. The dysfunction of selective autophagy
is implicated in neurodegenerative diseases (NDDs), tumorigenesis, metabolic disorders, heart failure, etc.
Considering the importance of selective autophagy in cell biology, we systemically review the recent advances
in our understanding of this process and its regulatory mechanisms. We emphasize the ‘cargo-ligand-receptor’
model in selective autophagy for specific organelles or cellular components in yeast and mammals, with a focus
on mitophagy and ER-phagy, which are finely described as types of selective autophagy. Additionally, we
highlight unanswered questions in the field, helping readers focus on the research blind spots that need to be
broken.

Key words: selective autophagy; autophagy receptor; mitophagy; ER-phagy; proteaphagy; ribophagy;
pexophagy; lipophagy; lysophagy; nucleophagy
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Introduction

The word autophagy is derived from the Greek
roots “auto” (self) and “phagy” (eating). Autophagy
can be divided into three main categories according to
the different ways that the cellular contents are
incorporated into the lysosome: microautophagy,
chaperone-mediated  autophagy (CMA), and
macroautophagy [1-3]. Neither microautophagy nor
CMA requires the involvement of autophagosomes,
but rather depends on the degradation function of
lysosomes/vacuoles.  Macroautophagy,  usually
referred to simply as autophagy, is a highly conserved
process in which cellular contents are delivered by
double-membrane vesicles, called autophagosomes,
to the lysosomes for destruction [4]. Autophagy is
regulated by a series of autophagy related genes
(ATGs). The process of autophagy can be divided into
four steps. (1) Induction of autophagy: the
Atgl/ULK1-containing complex is involved in this
process. (2) Autophagosome formation: the class III
PI3K-Atgl4 complex, the Atg9-Atg2-WIPI-1 (Atgl8)
complex and the Atg5-Atgl2-Atgl6Ll complex are
involved in autophagosome expansion and
maturation, and lipidation of LC3/ GABARAP (Atg8
in yeast) is also required, which depends on ATGS3,
ATG4 and ATG7 [5, 6]. (3) Transport and fusion of
autophagosomes with lysosomes: this process
requires Rab7 [7, 8], ectopic P-granules autophagy
protein 5 homolog (EPG5) [8, 9], HOPS [10, 11],
pleckstrin homology domain containing protein
family member 1 (PLEKHM1) [12] and soluble NSF
attachment protein receptors (SNAREs) [13, 14]. (4)
Completion of autophagy: this requires the
degradation of the autophagosomal cargo by
hydrolases and release of the degradation products
into the cytosol by transporters/permeases, where
they can be re-used to synthesize biomacromolecules
or in other metabolic pathways [15, 16].

Autophagy can be either non-selective or
selective. In selective autophagy, autophagy receptors
bind to cargoes and result in degradation within
lysosomes/vacuoles, depending on the core
autophagy machinery. The typical characteristic of
selective autophagy receptors is that they contain an
Atg8-interacting motif (AIM)/LC3-interacting region
(LIR) [17-19]. The AIMs or LIRs provide selective
binding to Atg8/LC3/GABARAP protein family. The
AlMs or LIRs are generally characterized by
sequences resembling [W/F/Y]XX[L/V/I], where X
represents any amino acid. Isoleucine or leucine is
typically observed as the third residue downstream of
tryptophan [20]. In addition to contribute to the
biogenesis/maturation of autophasomes, the
Atg8/LC3/GABARAP protein family also functions

as a bridge between the cargo and the core autophagic
machinery, ensuring efficient recognition and
sequestration of the cargo within autophagosomes
[21].

There are pathways for selective removal of
mitochondria (mitophagy), proteasomes
(proteaphagy), ribosomes (ribophagy), peroxisomes
(pexophagy), ER (ER-phagy), lysosomes (lysophagy),
LDs (lipophagy) and nuclei (nucleophagy) [22].
Dysregulation of autophagy has a close relationship
with several diseases, such as aging and
neurodegeneration of the central nervous system [23,
24], cancer [25-27], metabolic disease [26, 28], heart
dysfunction [29, 30] and inflammatory diseases [31,
32]. The selective clearance of organelles or cellular
components by autophagy is also critical for the
homeostasis of eukaryote cells, protecting the cells
from the potentially toxic byproducts and enabling
regeneration of building blocks for synthesizing new
organelle components.

There have been many recent advances in the
field of selective autophagy. We present the main
discoveries and conceptual developments in the
decades that have elapsed since the earliest definition
of each individual selective autophagy process
(Figure 1). Additionally, we review the literature on
the clearance of specific organelles by autophagy and
discuss how the ‘cargo-ligand-receptor’ model works
in selective autophagy (Figures 2-10). Finally,
multiple examples of receptor/adapter proteins will
be showcased when we discuss different types of
selective autophagy (Table 1).

Mitophagy: quality control and clearance
of mitochondria

Healthy mitochondria are the basis of energy
production. In general, mitochondria maintain
homeostasis through constant division, fusion, and
mitochondrial autophagy, which are critical for
maintaining the quality and quantity of mitochondria.
Mitochondrial quality control occurs at three levels.
First, there is regulation at the molecular level. This
refers to the processes that repair or degrade
misfolded or denatured proteins using the proteases
and chaperones localized in mitochondria. Second,
there is regulation at the organelle level.
Mitochondrial repair can be achieved through fusion
or fission. Insults that cause loss or degradation of
proteins controlling mitochondrial fusion will likely
trigger the division of mitochondria and induce
mitophagy [33, 34]. These signaling pathways from
mitochondria to the nucleus include mitochondrial
unfolded protein response (mtUPR), unfolded protein
response activated by mistargeting of proteins
(UPRam) and mitochondrial precursor over-
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accumulation stress (mPOS). The mtUPR triggers
mitochondrial chaperone expression when mito-
chondrial protein folding is defective. The mPOS
reduces protein translation and induces degradation
of unimported proteins in the cytoplasm when
mitochondrial import is impaired. A new
mitochondrial quality control system, mitochondrial
compromised import response (mitoCPR), was
discovered in budding yeast. mitoCPR is triggered by
protein import defects instead of by other
mitochondrial defects, such as respiratory failure, and
is mediated by the transcription factor pleiotropic
drug resistance 3 (Pdr3). Pdr3 induces cistrinin
resistance protein (Cisl, a peripheral outer membrane
protein) expression when cells are exposed to
mitochondrial protein import stress. Cisl binds to the
mitochondrial import receptor Tom70 and recruits
Mspl (an outer mitochondrial membrane protein) to
mediate clearance and proteasomal degradation of
unimported precursors from the mitochondrial
surface. This plays a crucial role in maintaining
mitochondrial function during mitochondrial import
stress [35-38]. Third, there is quality control at the
cellular level. In the event of collapse of all the above

mitochondrial quality control systems, cells will
initiate the mitochondrial apoptotic program to
remove damaged cells in some extreme cases [39].

Mitophagy is regarded as the central mechanism
of mitochondrial quality control. The first mitophagy
receptor, Atg32, was identified in yeast [40, 41].
Several mitophagy receptors were then characterized
in mammals, such as FUN14 domain containing 1
(FUNDC1) [42-44], NIX (also known as BNIP3L) [45,
46], Bcl-2/adenovirus E1B 19 kDa-interacting protein
3 (BNIP3) in the outer mitochondrial membrane
(OMM) [47, 48], Prohibitin 2 (PHB2) in the inner
mitochondrial membrane (IMM) [49], FKBP prolyl
Isomerase 8 (FKBP8) [50, 51], optineurin (OPTN) [52],
nuclear dot 52 kDa protein (NDP52) [53], P62 [21, 53],
neighbor of BRCA1 gene 1 (NBR1) [54, 55], activating
molecule in Beclinl-regulatedautophagy (Ambral)
[56], tax1 binding protein 1 (TAX1BP1) [53, 57] and
lipids such as cardiolipin (CL) [58, 59] and ceramide
[60]. We will review mitophagy from the following
two perspectives: PINK1/Parkin-independent mito-
phagy and PINK1/Parkin-dependent mitophagy.
Models for the major mammalian mitophagy
pathways are illustrated in Figure 2.

Table 1. Selective autophagy receptors/adapters in yeast and mammals

Process Mammals Yeast
Receptors/ Adapters Positive regulation Negative regulation Receptors  Positive Negative
/Adapters regulation regulation
mitophagy FUNDC1, NIX/BNIP3L, BNIP3, AMPK-mediated phosphorylation ~CK2 and Src-mediated Atg32 Phosphorylation ~—
PHB2, NDP52, P62, OPTN, NBR1, of ULK1, Phosphorylation of phosphorylation of FUNDC1(S13 of Atg32 (S114),
TAX1BP1, Mirol, FKBP8, Ambral, FUNDCI (S17), Dephosphorylation and Y18), Atgll
CL, ceramide of FUNDC1 (S13) by PGAMS5, MUL1-meidated ubiquitination of
Phosphorylation of DRP1(S585), ULK1,
Phosphorylation of BNIP3(S17, BCL2L1, MARCHS5,
524), OA, CCCP, Hypoxia, microRNA-137,
Decreased expression of MFN2, USP15, USP30, USP35,
Aym |, Phosphorylation of MFN2, Dephosphorylation of ubiquitin,
TBKI1, Iron depletion, Calcium PTEN-L, Phosphorylation of
dysregulation, IKKa, GSK-3( DRP1(S637), Dephosphorylation of
DRP1 (S616), MCL1
ER-phagy FAM134B, SEC62, RTN3, CCPG1,  BNIP3, P62, Beclin-1, VPS34, — Atg39, Trs85, Lnpl —
ATL3, TEX264, TRIM13, K63-linked Ub on TRIM13, VAPA , Atgd0
CALCOCOL1. VAPB
proteaphagy P62 Proteasome inhibitors, — — Proteasome Blm10, Spg5,
Poly-ubiquitinated RPN1, RPN10 inhibitors, Cue5, Rpnll,
and RPN13, HSC73, ATP Hsp42, Ubp3, Nat3/Mdm2
Snx4, Snx41, 0 complex
Snx42
aggrephagy P62, NBR1, ALFY, OPTN, Tollip  — — Cueb — —
ribophagy NUFIP1 VPS34 — — Ubp3p/Bre5p, —
Rim15, Cdc48,
Ufd3, arsenite
pexophagy NBR1, P62, ACBD5 PEX2, ubiquitinated PEX5, PEX14, USP30 Atg30, Pex3, Atg37, Atgs, —
Atg7, peupl Atg36 Atg7, Hrr25
kinase
lipophagy ATGL, PNPLAS8 Atg7, ATG14, AMPK, TFE3, TFEB, SODI1 deficiency, Depletion of — — —
DNM2, Activation of PPARa, Rab7, Activation of FXR
quercetin, flaviviruses, HTT
lysophagy P62 LLOMe, UBE2QL1, SCFFBx027, — — — —
LRSAM1, TRIM16-galectin-3
complex, galectin-1/3/8/9
nucleophagy — Mutation of LMNA and EMD — Atg39 Atgl, Atg3, Atgd, —
Atg7, Atg8, Atgll
xenophagy P62, NDP52, OPTN, NBR1, TRIM32 — — — —

TAXI1BP1
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Concept of proteaphagy (2015) Proteophagy
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Rim15 and Sch9 regulated ribophagy in yeast (2017)
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Q (2018) )

Ribophagy

Atg30 (2008) and Atg36 (2012) were identified as pex-
ophagy receptor/ adapter

Pexophagy receptors/ adapters of mammals: NBR1
(2013), P62 (2014), ACBDS (2014)

Ubiquitinated PEXS triggered pexophagy (2016)
PEX2 regulated mammalian pexophagy (2016, 2018)

Ubp3 regulated ribophagy (2016) |

Pexophagy

Definition of ER-phagy (2007)
Definition of macro-ER-phagy and micro-ER-phagy (2012,
2014)

ER-phagy ER-phagy receptors of yeast: Atg39 and Atg40 (2015)
ER-phagy receptors of mammals: FAM134B (2015),
SEC62 (2016), RTN3 (2017), CCPG1 (2018), ATL3 (2019),
TEX264 (2019), TRIM13 (2018), CALCOCO1 (2020)

Definition of lipophagy (2009)
Rab7 (2015) and DNM2 (2014) functioned on lipopha-

ay
Huntingtin functioned as a scaffold for lipophagy g
(2015) Lipophagy
SOD1 deficiency inhibited lipophagy (2015)
ATG14-mediated lipophagy (2017)
Lipophagy receptors: ATGL (2016), PNPLAS8 (2016)

Identifion of lysophagy (2013)

Galectins regulated lysophagy (2012, 2015, 2016)

FBX027
Lysophagy UBE2QL1 (2019), SCF (2017), LRSAMH (2012),

TRIME (2016) and Galectin-3 (2016) promoted

lysophagy
P62 and P97 regulated lysophagy (2017)

Concept of yeast macronucleophagy (2009)

First describtion of nucleophagy in mammals (2009)
PMN (2003) and LN (2012) were reported

Atg39 functioned as a nucleophagy receptor (2015)
Lamin B1 functioned as a substrate of Nucleophagy
(2016)

Nucleophagy

Figure 1. Timeline of key discoveries in selective autophagy. This timeline depicts a selection of important discoveries in different selective autophagy processes.
However, not all important discoveries are included due to space limitations.

is involved in regulating mitophagy. It has been
previously demonstrated that AMP-activated kinase

The typical characteristic of mitophagy receptors  (AMPK) induces mitophagy through phosphorylation
is that they have a LIR. In addition, phosphorylation  of unc-51 like autophagy activating kinase 1 (ULK1)

PINKI1/Parkin-independent mitophagy
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under hypoxic conditions [61]. However, the
substrate and specific molecular mechanisms of ULK1
in the induction of mitophagy remain unknown.
FUNDCI1 is specific for hypoxia-induced mitophagy
[42]. Our previous study indicated that under hypoxic
conditions, the expression of ULK1 increased and
ULK1  translocated  to  mitochondria.  On
mitochondria, ULK1 interacted with FUNDCI,
phosphorylating it at S17, which enhanced the
binding of FUNDC1 to LC3. An ULK1-binding-
deficient mutant of FUNDC1 prevents ULK1
translocation to mitochondria and inhibits mitophagy
[62]. It has been reported that casein kinase 2 (CK2)
and Src phosphorylate FUNDCI at S13 and Y18 to
suppress mitophagy. Hypoxia also induces the release
of phosphoglycerate mutase family member 5
(PGAMS), which enables the dephosphorylation of
FUNDC1 at S13 to promote mitophagy [42].
Conversely, ULK1 can be ubiquitinated by mito-
chondrial E3 ubiquitin protein ligase 1 (MUL1) after

treatment of cells by selenite [62]. BCL2 like 1
(BCL2L1) suppresses FUNDC1-mediated mitophagy
via its inhibitory effect on PGAMS [63]. A feedback
mechanism to regulate FUNDC1 by the mitochondrial
ubiquitin ligase membrane-associated RING-CH 5
(MARCHS) via ubiquitination desensitizes mito-
chondria to hypoxia-induced mitophagy [64]. The
bidirectional regulation of mitophagy ensures the
quality control and dynamic equilibrium of
mitochondria. We have shown that FUNDCI is not
only a novel mitochondrial-associated membrane
(MAM) protein, enriched at the MAM by interacting
with calnexin (CANX), but is also a new
mitochondrial receptor for dynamin-related protein 1
(DRP1) to mediate mitochondrial fission in response
to hypoxia [65, 66]. In addition to interacting with
DRP1, FUNDC1 can also interact with the inner
mitochondrial membrane fusion factor optic atrophy
type 1 (OPA1) to coordinate mitochondrial fission or
fusion before mitophagy [44].

PINK1/Parkin pathway

Parkin

LC3 Bnip3

L
S
£ L€3 Funpct
3
o \LC3  NIX
/ o~ f\‘ o~ adapters-mediated mitophagy
hypoxia £ HUWE1 % _: ] &
QES™ B E 8 g
receptors-mediated mitophagy w___- g \/ w
P @
/ C3 ” H S
o &

&

Figure 2. Proposed models for different mammalian mitophagy pathways. The diagram shows two classical mitophagy pathways: (1) mitophagy
receptors/adapters-mediated mitophagy and (2) PINKI/Parkin-induced mitophagy. (1) Under hypoxic conditions, FUNDCI, BNIP3 and NIX recruits autophagosomes to
mitochondria by direct interaction with LC3 through its LIR domains. Upon mitophagy induction, Ambral mediates HUWEI translocation from cytosol to mitochondria, leading
to the degradation of MFN2. This event is necessary for Ambral-induced mitophagy. Additionally, the phosphorylation status of S1014 on Ambral by IKKa kinase enables the
interaction between Ambral and LC3 during mitophagy. PHB2 is a newly identified inner mitochondrial protein that is crucial for targeting mitochondria for autophagic
degradation. Externalization of CL to the OMM in response to mitochondrial damage serves as a recognition signal for selective autophagic clearance of dysfunctional
mitochondria. CL interacts with LC3 and functions as a mitophagy receptor in cortical neurons of mammals. Ceramide has been identified as a selective receptor for mitophagy
by binding directly to LC3. FKBP8, an OMM protein, is a novel mitophagy receptor, inducing the degradation of damaged mitochondria via the interaction with LC3. NDP52 and
OPTN function as the bridge connecting UPS and autophagy, since they can bind both ubiquitin and LC3/GABARAP. NBRI, a functional homolog of P62, is dispensable for
Parkin-mediated mitophagy regardless of the presence or absence of P62. TBK1-mediated phosphorylation promotes the recruitment of OPTN, NDP52, and P62 to depolarized
mitochondria. (2) According to PINK1/Parkin-induced mitophagy, mitochondrial stress leads to mitochondrial damage, which is followed by PINK1-mediated translocation of
Parkin from the cytosol to depolarized mitochondrion. Parkin then ubiquitinates outer mitochondrial membrane proteins, which further recruit P62 to the damaged
mitochondrion and trigger selective mitophagy. Additionally, PINKI becomes highly activated through cross-phosphorylation. Parkin and mitochondrial ubiquitin chains are
phosphorylated by PINKI. The spatial conformation of phosphorylated Parkin is changed, which leads to the binding of phosphorylated Ub. After this stage, Parkin becomes fully
active, and thus the ubiquitin-bound Parkin may transiently associate with mitochondria and interact with substrate proteins. This process compromises the integrity of the outer
mitochondrial membrane, thus leading to mitophagy.
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B-cell lymphoma 2 (BCL2), Bcl-2/adenovirus
E1B 19-kDa-interacting protein 3 (BNIP3) and NIX
belong to the BH3-only protein family. Although NIX
is induced by hypoxia, it mainly functions in
mitochondrial elimination in reticulocytes, which is
essential for red blood cell maturation [46, 67, 68]. NIX
interacts with LC3 family proteins via its LIR motif to
mediate autophagic clearance of mitochondria during
reticulocyte maturation [45] (Figure 2). Interestingly,
we have found that microRNA-137 is a novel
hypoxia-responsive  microRNA  which inhibits
mitophagy via regulation of both FUNDC1 and NIX
[69]. Similar to the post-translational modification of
FUNDC1, the existing evidence indicates that
phosphorylation of BNIP3 at S17 or S24 can enhance
the BNIP3-LC3 interaction [48]. BCL2-like 13
(BCL2L13), a functional mammalian homolog of yeast
Atg32, can also induce mitophagy via its WXXI motif
even in the absence of DRP1 and Parkin (also known
as PARK?2). In Atg32 knockout yeast, the expression of
BCL2L13 rescued mitophagy [70]. Moreover, the
phosphorylation of serine residues in Atg32 and
BCL2L13 is the key regulator of mitophagic activities.
It has been revealed that phosphorylation of S114 of
Atg32 is critical for the interaction between Atg32 and
Atgll [71]. S272 of BCL2L13 is also phosphorylated,
and a BCL2L13 S272A mutant decreases the
interaction with LC3 and the mitophagic activity of
cells [70, 72]. However, much work is needed to
identify the kinase(s) for BCL2L13 S272. While
BCL2L13 can induce  mitophagy in a
Parkin-independent way [73], the crosstalk between
BCL2L13 and Parkin during mitophagy also deserves
a better examination in the future.

Ambral is widely expressed in adult mouse
brain [74]. After autophagy stimulation, Ambral
translocates from the cytoskeleton to ER and regulates
autophagosome nucleation [75]. Upon mitophagy
induction, Ambral mediates HUWE1 (a novel E3
ubiquitin ligase) translocation from cytosol to
mitochondria, favoring its binding to its substrate
MEN?2 and targeting it to the proteasome. This event
is crucial and required for Ambral-induced
mitophagy. Moreover, the phosphorylation status of
51014 on Ambral by inhibitor of kappaB kinase alpha
(IKKa) enables the interaction between Ambral and
LC3 during mitophagy [76] (Figure 2). Interestingly,
the pro-survival myeloid cell leukemia 1 (MCL1) may
interfere with the recruitment of HUWEL to
mitochondria, thus inhibiting ubiquitylation of
mitochondria, a critical event for Ambral-mediated
mitophagy. Mechanismly, glycogen synthase kinase-3
beta (GSK-3p) phosphorylates MCL1 on S159 and
leads to the proteasomal degradation of MCL1 by
HUWETI, therefore removing the inhibitory effect on

mitophagy [77].

There are a few recently described but not well
studied mitophagy receptors, such as PHB2 and
FKBP8 (Figure 2). PHB2 is an inner mitochondrial
protein that is crucial for targeting mitochondria for
autophagic degradation. Wei et al. demonstrated that
knockdown of PHB2 in HelLa cells prevented a
decrease in the number of mitochondria following
treatment with oligomycin and antimycin-A (OA),
which indicated that PHB2 deficiency caused a defect
in mitochondrial clearance. PHB2 is exposed and
binds to LC3 via a canonical LIR, upon mitochondrial
depolarization and Parkin- and proteasome-
dependent outer mitochondrial rupture. In C. elegans,
paternal mitochondria are selectively eliminated soon
after fertilization by autophagy. Interestingly,
mitochondrial DNA can still be detected in the
subsequent generation after knockdown of PHB2 in
males. In summary, PHB2 is required for both Parkin-
mediated mitophagy in mammals and for paternal
mitochondrial clearance in C. elegans embryos [49, 78,
79]. CED-3 protease suppressor 6 (CPS-6), a
mitochondrial endonuclease G, is critical for selective
paternal mitochondrial elimination (PME) in C.
elegans. CPS-6 translocates from the intermembrane
space of paternal mitochondria to the matrix after
fertilization to mediate the internal breakdown of
paternal mitochondria and their enclosure by
autophagosomes. Unlike mitophagy receptors, this
protein acts with both the maternal autophagy and
proteasome machineries to promote PME [80].
Importantly, the  PHB2-presenilin  associated
rhomboid like (PARL)-PGAMS5-PINKT1 axis is a novel
pathway of PHB2-mediated mitophagy.
Overexpression of PHB2 promotes Parkin recruitment
to mitochondria. However, PHB2 depletion activates
PARL (an IMM-resident protease) which cleaves
PINK1 and PGAMBS. Destabilized PINK1 blocks the
mitochondrial recruitment of Parkin. Consequently,
PHB2 depletion inhibits mitophagy [81].

FKBP8, an OMM protein, is a novel identified
mitophagy receptor. Overexpression of FKBP8
induces mitochondrial fission. Mechanistically,
FKBP8 acts with LC3 via the LIR motif to induce
degradation of damaged mitochondria, while
escaping degradation itself. Mutations in FKBP8 LIR
lead to weakened binding of FKBP8 to Atg8 proteins
[50, 51]. Nevertheless, further investigation of FABS in
mitophagy is needed. For instance, the possible
interplay between FABS and other mitophagy
receptors in mitochondrial clearance needs to be
unraveled. We also wonder how FABS escapes from
mitochondria to ER during mitophagy. How is
FKBPS8-LC3 binding normally regulated? Moreover, it
will be important to elucidate how FABS is activated
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as a mitophagy receptor and whether there are
post-translational modifications in FABS.

Whereas most selective autophagy receptors are
proteins, some studies have shown that lipids can also
function as mitophagy receptors. The unique dimeric
phospholipid CL is located predominantly in the
IMM. Owing to their metabolic features and post-
mitotic state, neurons have evolved mechanisms to
trigger externalization of CL to the OMM in response
to mitochondrial damage, serving as a recognition
signal for selective autophagic clearance of
dysfunctional mitochondria. It has been revealed that
CL interacts with LC3 and functions as a mitophagy
receptor in cortical neurons of mammals. Blocking the
synthesis of CL or inhibiting the translocation of CL
might reduce mitophagy in these neurons [58, 59]. An
obvious question is if CL structurally mimics LIR
domains in its binding to LC3, and if so how and why
does this phenocopy arise? Given that CL interacts
with LC3 and the key autophagy regulator Beclin-1,
CL may also contribute to the formation of
phagophores, which are autophagosome precursors
[82]. Interestingly, CL also interacts with other
mitochondrial proteins such as voltage-dependent
anion channel (VDAC), disrupting VDAC
supramolecular assemblies [83]. However, whether
the effects of CL on VDAC gating functions may
potentially affect mitophagy is still unknown.
Moreover, CL was reported to be involved in
regulating mitophagy in Saccharomyces cerevisiae. Loss
of CL impairs activation of the Protein Kinase C (PKC)
and High Osmolarity Glycerol (HOG) pathways,
leading to defective mitophagy [84].

Additionally, ceramide, a bioactive sphingolipid,
has been identified as a selective receptor for
mitophagy by binding directly to the LC3-II protein
[60]. Nevertheless, how ceramide recruits the
mitophagy machinery in relation to the function of CL
remains to be determined. In addition, since DRP1 is
required for ceramide-mediated mitophagy [85],
further studies should be invested to clarify the
relationship between ceramide and mitochondrial
dynamics. Moreover, the mechanism underlying
DRP-1 activation in ceramide-mediated mitophagy is
still not clear. Studies looking at other bioactive
sphingolipid molecules that can regulate mitophagy
are also important for the field.

PINKI1/Parkin-dependent mitophagy

The PINK1/Parkin pathway is another
important quality control system which participates
in the selective clearance of unhealthy mitochondria
[86, 87]. In mammals, mitophagy can also be induced
by respiratory inhibitors, respiratory uncouplers,
mitochondrial reactive oxygen species (mtROS), or

proteotoxicity, etc, via a Pinkl/Parkin-dependent
mechanism [88, 89]. For instance, carbonyl cyanide
m-chlorophenylhydrazone (CCCP), an uncoupler of
the mitochondrial respiratory chain, can change the
mitochondrial membrane potential, which leads to
collapse of mitochondria. Parkin is a cytosolic E3
ubiquitin ligase, and PTEN-induced putative kinase 1
(PINK1) is an OMM kinase. Previous data indicates
that the accumulation of PINK1 in the injured
mitochondria can provide the signal for Parkin to
selectively degrade mitochondria [90, 91]. PINK1
activates Parkin in vitro by phosphorylating it at S65.
In addition, PINK1 promotes the recruitment of
Parkin from the cytosol to the OMM and enhances
Parkin’s E3 ligase activity [92-97]. PINK1 becomes
highly activated through cross-phosphorylation. A
mechanistic study of mitophagy revealed that the
phosphorylation of Ub by PINK1 is essential during
the activation and translocation of Parkin from the
cytoplasm to damaged mitochondria [98]. After this
stage, Parkin becomes fully active, and thus the
ubiquitin-bound Parkin may transiently associate
with mitochondria and interact with substrate
proteins. In conclusion, the processes of Parkin
activation and Parkin-induced mitophagy can be
regarded as a feed-forward amplification loop which
involves two steps: (1) during the initiation of
activation, Parkin ubiquitinates a variety of
substrates, including itself [99-103]; and (2) the Ub
conjugates attached to these substrates can in turn be
phosphorylated by PINK1, followed by Parkin
recruitment and activation. This process ultimately
leads to polyubiquitination of multiple mitochondrial
substrates. The newly formed Ub chains are
phosphorylated by PINK1, which elicits further
recruitment and activation of Parkin [95, 104] (Figure
2). It has been uncovered that sorting and assembly
machinery (SAM) 50 is a significant regulator of
mitochondrial ~ dynamics and  PINK1/Parkin-
mediated mitophagy. Deprivation of Sam50 leads to
PINK1 accumulation, Parkin recruitment, and
mitophagy [105].

Targeting of ubiquitinated mitochondria to
autophagosomes is a critical step for mitophagy [106].
TAX1BP1 has been described as a bridge linking
selective ubiquitinated cargoes to autophagosome
components [107]. It has been revealed that TAX1BP1
is required for PINK1/Parkin-mediated mitopahgy
[103, 108]. Overexpression of TAX1BP1 can promote
mitophagy [53].

Ambral plays a role in both PINK1/Parkin-
independent mitophagy and canonical PINK1/
Parkin-dependent mitophagy [76, 109]. The Ambral-
LC3 interaction is crucial to amplify Parkin-mediated
mitophagy [109]. Ambral has been identified as a
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Parkin interactor during mitochondrial
depolarization. Although Ambral is not required for
the translocation of Parkin to depolarized
mitochondria, Ambral is involved in the clearance of
mitochondria after Parkin translocation. Ambral
knockdown inhibits CCCP-induced mitophagy, but in
contrast overexpression of Ambral promotes
mitophagy in the presence of Parkin. Mechanismly,
recruitment of Ambral induced by Parkin activates
class III PI3K around depolarized mitochondria [110].
It has been revealed that Ambral regulates the
activity and stability of ULK1 by promoting the
ubiquitylation and self-association of ULK1 through
tumor necrosis factor receptor-associated factor 6
(TRAF6). ULK1 has been shown to activate Ambral
by phosphorylation. These regulatory events
represent a positive regulation loop to sustain
autophagy [111].

Advances in methodology have also boosted the
progress of basic research. A quantitative proteomics
approach to measure the dynamics, site-specificity
and stoichiometry of Parkin-dependent substrate
ubiquitination was reported, which provides a
quantitative analysis of relevant pathways [112].
Using this technology, Harper et al. demonstrated that
hyper-phosphorylation of Ub chains on mitochondria
inhibited the recruitment of the mitophagy receptor
OPTN [113]. OPTN and NDP52 (also known as
CALCOCO2) function as the bridge connecting
ubiquitin-proteasome system (UPS) and autophagy,
since they can bind both ubiquitin and
LC3/GABARAP [114]. PINK1 recruits NDP52 and
OPTN to damaged mitochondria independently of
Parkin [53]. Moreover, ubiquitinated mitochondria
serves as a self-reinforcing positive feedback signal to
coordinate TANK-binding kinase 1 (TBK1) activation.
Hence, TBK1 activation-mediated phosphorylation of
OPTN and NDP52 establishes a second feed-forward
mechanism to promote mitophagy [108, 115] (Figure
2). Interestingly, a recent study revealed that
PINK1/Parkin mediated mitophagy depending on
LC3/GABARAPs-driving recruitment of OPTN and
NDP52, in addition to phospho-ubiquitin. This
pathway functions as a complementary mechanism to
promote effective clearance of damaged mitochondria
[116].

Several studies indicate an important role for P62
(also known as sequestosome 1, SQSTMI1) in
mitophagy. On one hand, P62 promotes mito-
chondrial ubiquitination independently of PINK1 and
Parkin during mitophagy [117]. On the other hand,
P62 prevents excessive inflammasome activation
depending on Parkin-mediated ubiquitination of
damaged mitochondria [118]. Parkin can also
ubiquitinate NIX to induce mitophagy, by recruiting

NBR1 to damaged mitochondria [54]. NBR1, a
functional homolog of P62, is dispensable for
Parkin-mediated mitophagy regardless of the
presence or absence of P62 [55] (Figure 2).

Dynamic balance of mitophagy plays a vital role
in physiological and pathological processes. Too
much mitophagy is harmful to the cellular dynamic
equilibrium. Consequently, this pathway must be
counteracted by negative regulators. Ubiquitin-
specific protease 15 (USP15), a cytoplasmic
deubiquitinating enzyme (DUB), can resist Parkin-
mediated mitophagy by attenuating ubiquitination
[119]. In addition, the mitochondrial DUBs USP30 and
USP35 are two other factors that reduce mitophagy.
USP30 and USP35 remove ubiquitin chains from
mitochondrial proteins rather than affecting
autoubiquitination and mitochondrial localization of
Parkin [119, 120]. Degradation of USP30, which is a
mitochondrion-anchored protein as well as a Parkin
substrate, leads to the effective elimination of
damaged mitochondria [121-123]. An earlier study
suggested that pSer65-Ub was resistant to
deubiquitinases because it has an altered structure.
Consequently, dephosphorylation of ubiquitin was
considered to be a negative regulatory mechanism in
mitophagy [97]. The latest research demonstrates that
phosphatase and tensin homolog-long (PTEN-L, an
OMM protein) is a novel negative regulator of
mitophagy. Mechanistically, PTEN-L prevents
translocation of Parkin to mitochondria, reduces
Parkin phosphorylation (pSer65), and inhibits its E3
ligase activity, consequently maintaining Parkin in a
closed inactive conformation [124].

Impairment of mitophagy is a well-established
pathological mechanism implicated in Parkinson’s
disease (PD). Parkin is implicated in the pathogenesis
of PD but the mechanism is still elusive. A recent
study delivered insights from a different angle. The
researchers investigated the role of Parkin in mouse
skeletal muscle. They reported that the mitochondrial
function of skeletal muscles was dramatically
disabled in Parkin knockout mice, and this was
accompanied by decreased expression of mitofusin 2
(MFN2), an OMM protein that mediated
mitochondrial fusion [125]. Interestingly, other
studies have found that Parkin is required for
ubiquitination of mitochondrial MFN1 and MFN2
[126, 127], which ensures that MFN proteins are
degraded during the translocation of Parkin to
senescent and damaged mitochondria. This
mechanism effectively guarantees the complete
clearance of damaged mitochondria by mitophagy. It
has been revealed that MFN2 mediates Parkin
recruitment to damaged mitochondria in a
PINK1-dependent manner. Phosphorylation of MFN2
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by PINK promotes Parkin-mediated ubiquitylation,
hence accelerating the culling of damaged
mitochondria [128].

Mitochondrial impairment also induces an
interaction between leucine-rich repeat kinase 2
(LRRK2), PINK1/Parkin and Mitochondrial Rho
GTPase 1 (Mirol, alternatively referred to as RHOT1,
an OMM protein), leading to the proteasome-
mediated degradation of Mirol. The degradation of
Mirol is important because it halts mitochondrial
movement and functions to quarantine damaged
mitochondria for engulfment by phagophores [129,
130]. However, mitochondrial translocation of Parkin
was still observed in cells carrying LRRK2 G201%5,
which has a mutation in the kinase domain.
Interestingly, overexpression of Parkin in LRRK2G2019
mutant cells does not rescue the delayed degradation
of Mirol, which indicates that both the PINK1/Parkin
and LRRK2 pathways are necessary for the
degradation of Mirol [130]. These studies revealed
that Mirol degradation-mediated mitophagy might
serve as a mechanistic link between sporadic and
familial Parkinson’s disease [131]. Additionally,
mitochondprial stress seems to be an inducing factor to
trigger innate immunity, and mitophagy induced by
the PINK1/Parkin pathway can mitigate stimulator of
interferon genes (STING)-induced inflammation,
hence preventing neurodegeneration [132]. These
studies enrich our understanding of the role of
mitophagy in the pathogenesis of PD. Intriguingly,
basal mitophagy can occur independently of PINK1 in
various tissues, and the degree of mitophagy depends
on the metabolic context [133]. Nevertheless, much
work is still needed to identify the key regulators of
basal mitophagy.

Additionally, mitochondrial fission is thought to
be important for mitophagy. DRP1, a large GTPase, is
the major protein effector of mitochondrial fission.
DRP1 interacts with four mitochondrial receptor
proteins: fission 1 (Fisl), mitochondria fission factor
(Mff), mitochondrial dynamics protein of 49 and
51kDa (MID49/51) [134, 135]. The translocation of
DRP1 from cytosol to mitochondria promotes fission
[136]. Accumulating evidence indicates that post-
translational modifications of DRP1 is an important
mechanism for regulating its function [137].
Phosphorylation of DRP1 at S637 and
dephosphorylation at S616 lead to the inhibition of
mitochondrial fission [138-140]. However,
phosphorylation of DRP1 at S585 increases DRP1
activity [141].

Mitophagy is crucial for cellular homeostasis and

function. Accumulating evidence shows that
mitophagy is significantly involved in several human
pathologies such as NDDs, cardiovascular

pathologies (CVDs) and cancer [142]. Therapeutic
interventions aiming at counterbalancing mitophagy
might be a promising approach to ameliorate these
dysfunctions. Interestingly, DRP1-dependent
mitophagy plays a protective role against pressure
overload-induced mitochondrial dysfunction and
heart failure [143] and cisplatin-induced acute kidney
injury (AKI) [144]. Moreover, DRP1-dependent
mitochondrial remodeling and autophagy play an
important role in neuronal differentiation [145]. The
crosstalk between mitophagy and bacterial pathogen
infection has also been revealed. It has been reported
that the intracellular bacterial pathogen Listeria
monocytogenes can induce mitophagy in macrophages.
Interestingly, levels of mtROS were significantly
increased in Nlrx/- peritoneal macrophages (PMs).
Given that mtROS has a pivotal role in controlling
infection [146, 147], and accumulation of damaged
mitochondria correlates with higher —mtROS
production [148], it seems that L. monocytogenes
exploits host mitophagy through NLRX1 to remove
damaged mitochondria, hence reducing mtROS and
benefiting its  survival. = Mechanistically, L.
monocytogenes and listeriolysin O (LLO, a virulence
factor) promote mitophagy by inducing the
oligomerization of NLR family member X1 (NLRX1),
which promotes the binding of the LIR motif to LC3
[149]. Thus, targeting the mitophagy machinery might
be useful for developing effective strategies against
infections.

ER-phagy: an important process for ER
quality control

ER is an organelle that is composed of
membranous sheets and tubules. ER creates, packages
and secretes many of the proteins and lipids in
eukaryotic cells. Hypoxia, aggregation of unfolded
proteins, energy deprivation and other stimulating
factors can lead to ER stress. ER stress is involved in
many diseases including inflammatory diseases,
cancer, diabetes, non-alcoholic fatty liver disease
(NAFLD) and NDDs [150-152].

ER turnover and modulation are dynamically
regulated and continuously adjusted to meet different
cellular requirements. To alleviate stress and
reestablish homeostasis, the ER activates intracellular
signal transduction pathways, termed the ER
unfolded protein response (UPR). Emerging evidence
suggests that non-selective autophagy occurs during
ER stress [153, 154], and this ER stress-induced
autophagy has two main functions. The first is the
formation of ER-containing autophagosomes (ERAs),
which engulf the ER or aggregated proteins that
cannot be processed by other pathways. The second
function is to reduce the size of the expanded ER to
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normal levels when the ER-stress fades away.
However, unlike non-selective autophagy during ER
stress, ER-phagy occurs continuously under normal
conditions and is enhanced during starvation.
Mechanistically, less is known about the regulation of
ER-phagy. The concept of ER-phagy originally
appeared in 2007, to describe the induction of
selective autophagy of the ER in yeast induced by ER
stress [155].

ER-phagy in yeast

In yeast, ER-phagy is divided into two types:
macro-ER-phagy and micro-ER-phagy. Here we will
primarily discuss macro-ER-phagy, a selective
autophagy pathway. This pathway usually depends
on Atgs and Ypt/Rab guanosine triphosphatases
(GTPases). Three distinct steps are required for
macro-ER-phagy. In the first step, Atg9 functions
upstream of other phagophore assembly site/pre-
autophagosomal-structure (PAS) organizers in
macro-ER-phagy and is necessary for the formation of
ER-to-autophagy membranes (ERAM). In addition,
overexpressed Sng2 and Sncl function as macro-ER-
phagy cargo to form ERAM. In the second step, Yptl
and core Atgs mediate PAS formation. Lastly, Atg8
and vacuolar protein sorting 21 (Vps21, yeast ortholog
of human Rabb) are required to mediate the fusion of
autophagosomes with the vacuole [156]. The ER-
resident membrane proteins Sec61 and high mobility
group 1 (Hmg1) are transported together with Sncl to
the vacuole via macro-ER-phagy.

Atg9 is the only characterized transmembrane
Atg protein. Atg2 and Atgl8 can regulate Atg9 by
mediating its retrograde return from the PAS to
peripheral sites [157]. However, Atg9 functions
upstream of Yptl. Ypt/Rab GTPases regulate all
membrane transport events in eukaryotic cells. Yptl is
a well-known critical factor in ER-to-Golgi transport
[158]. Nevertheless, not much is known about Yptl in
the regulation of ER-phagy. Evidence indicates that
membrane proteins accumulate in the abnormal ER in
yptl mutant cells. Trs85 functions upstream of Yptl to
clean out accumulated ER proteins through
autophagy [159, 160]. Atgl1 plays a crucial role in all
types of selective autophagy. Furthermore, over-
expression of Atgll can rescue the GFP-Sncl-PEM
intracellular accumulation and UPR induction
phenotypes of yptl-1 mutant cells. All these lines of
evidence indicate that Trs85-Yptl-Atgll mediate
autophagic degradation of excess ER proteins [161].
Using yeast cells expressing GFP-Atg8, it was found
that GFP-Atg8 located close to ERAs, which indicated
that Atg8 was involved in ER-phagy [162].

Drug-induced ER-phagy is a non-selective
autophagy process, named micro-ER-phagy. It does

not use autophagic organelles and machinery. Walter
and his colleagues found that tunicamycin-induced
Yop1-Pho8A60 activation was reduced about 30% in
mutants lacking Atgl, Atg6, Atg7, Atg8, Atgl4 or
Atgl6, indicating that the core autophagy machinery
was not essential for ER-phagy. Furthermore, they
verified that autophagy of the ER did not require the
EGO complex, the VIC complex or the nucleus-
vacuole junction. Cells with vacuolar protein sorting 34
(Vps34) and Vps23 mutation still showed ER whorls in
the vacuole under ER stress. All these data indicated
that the core autophagy machinery was not essential
for non-selective autophagy of the ER [163].
Interestingly, researchers identified two novel
receptors for selective ER-phagy in yeast, termed
Atg39 and Atg40. These receptors mediated
autophagic degradation of distinct ER subdomains.
Atg39 localizes to the perinuclear ER, so it induces
autophagic sequestration of part of the nucleus. In
contrast, Atg40 is enriched in the cortical and
cytoplasmic ER, and induces engulfment of these ER
subdomains by autophagosomes (Figure 3B). In
general, Atg39-dependent ER-phagy is required for
cell survival under conditions of nitrogen deficiency.
However, Atg40 is more likely to act as the yeast
counterpart of family with sequence similarity 134,
member B (FAM134B, a mammalian ER-phagy
receptor) [164]. However, it remains to clarify whether
these two receptors can co-operate in a common
ER-phagy pathway. Interestingly, researchers found
that an ER membrane protein, Lnpl, was also
involved in yeast ER-phagy. In Inpl mutant cells, the
localization of Atg40 to sites of autophagosome
formation was blocked, and this interfered with the
interaction between Atg40 and Atgll and the
packaging of the ER into autophagosomes [165].

ER-phagy in mammals

In mammals, there is also a receptor-mediated
ER-phagy pathway. Currently, eight specific
receptors are involved in mammalian ER-phagy:
FAM134B, translocation protein SEC62 (SEC62),
reticulon 3 (RTN3), cell cycle progression 1 (CCPG1),
atlastin 3 (ATL3), testis-expressed protein 264
(TEX264), tripartite motif containing 13 (TRIM13, a
transmembrane E3 ligase, also known as RFP2) and
CALCOCOL1 [166-169] (Figure 3A).

FAM134B is responsible for the turnover of ER
sheets and it can facilitate ER-phagy by binding to
LC3 and GABARAP. An in-depth study indicates that
down-regulation of FAM134B causes expansion of the
ER, while overexpression of FAM134B leads to ER
fragmentation = and  lysosomal  degradation.
Physiologically, mutant FAM134B results in sensory
neuron dysfunction. This phenomenon is consistent in
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humans and mice [170]. It has been reported that ER
expansion is required for the biogenesis of the viral
replication complex [171]. However, FAM134B-
dependent ER-phagy has also been reported to be an
important limiting event in Ebola virus (EBOV)
replication in mouse cells due to its negative
regulation of EBOV replication [172]. Moreover,
knockdown of FAM134B modestly enhanced the
replication of the Zika virus (ZIKV) and Dengue virus
(DENV) in human cells [173].

SEC62 is a candidate oncogene that is frequently
amplified in prostate, non-small cell lung, thyroid
cancers, and head and squamous cell carcinoma
[174-177]. Interestingly, SEC62 has been identified as
an ER-phagy receptor that regulates the size and
function of ER once the stress is resolved.
Mechanistically, the conserved LIR in the C-terminal
cytosolic domain of SEC62 is required for ER-phagy.
SEC62 is a translocon component. Since functional
disturbance of the translocon complex does not affect
SEC62-mediated ER-phagy, it is thought that SEC62
exits the translocon complex prior to the induction of
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ER-phagy [178]. High levels of SEC62 are
accompanied by enhanced ER-phagy activity.

Enhanced ER-phagy activity increases the ability of
cells to eliminate excessive and damaged ER, thereby
enhancing the tolerance of ER stress and reducing cell
death induced by ER stress [179].

RTNB3, another specific receptor, is responsible
for the degradation of ER tubules. Structural analysis
of the RTN3 protein revealed several LIRs in the long
N-terminal region of RTN3. The other three RTN
family members, RTN1, RTN2, and RTN4, do not
directly bind to LC3 [180]. Considering that reticulon
3 long isoform (RTN3L) and FAM134B share many
potential interactors, we wonder if any regulatory
mechanism exists between RTN3L and FAM134B.
Interestingly, FAM134B interacts only with RTN2L
and short RTN isoforms instead of RTN3L. RTN3L
mediates ER-phagy in a FAMI134B-independent
manner, and this may be due to the different
localization and distribution of these two receptor
proteins in ER subdomains.
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Figure 3. ER-phagy: an important process for ER quality control. (A) Eight mammalian ER-phagy receptors have been identified: FAM134B, SEC62, RTN3, CCPGI,
ATL3, TEX264, TRIM13 and CALCOCOI. FAM134B, clustered at the edges of ER cisternae, binds to LC3 and GABARAP to facilitate ER-phagy. SEC62, an ER membrane protein,
also works as an autophagy receptor. It is activated during the recovery from ER stresses to deliver selected portions of the ER to autolysosomes for clearance. RTN3, another
specific receptor, is responsible for the degradation of ER tubules. CCPGI directly binds to LC3 and FIP200 via a LIR motif and a FIP200-interacting region (FIR) motif,
respectively. ATL3 is a receptor for selective turnover of tubular ER by autophagy upon starvation. It specifically binds to GABARAP. TEX264 is an ER-phagy receptor
characterized by a single transmembrane domain and a LIR motif, and is the major contributor to ER-phagy in mammals. TRIMI3 has been identified to be an ER-associated
receptor of P62 in ER-phagy. The interaction between TRIMI3, Beclin-1 and VPS34 is indispensable for ER membrane curvature and autophagosome biogenesis. Moreover,
K63-linked Ub on TRIMI3 promotes ER-phagy. CALCOCOI directly binds to Atg8 proteins through LIR and UIR motifs. ER-phagy mediated by CALCOCOI requires
interaction with VAPs on the ER membrane. (B) Atg39 and Atg40 are ER-phagy receptors in yeast. Atg39 induces autophagic sequestration of part of the nucleus. However,
Atg40 is enriched in the cortical and cytoplasmic ER, and induces these ER subdomains into autophagosomes.
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Smith ef al. have identified CCPG1 as a new
mammalian ER-phagy receptor. CCPGl is an
ER-resident transmembrane protein. The expression
of CCPGl is activated upon UPR. A mechanistic study
uncovered that CCPG1 directly bound to LC3 and
FAK-family kinase interacting protein of 200 kDa
(FIP200) via a LIR motif and a FIR motif, respectively.
Briefly, the C-terminal domain of CCPGI1 is
responsible for the recognition of misfolded or
aggregated cargoes within the ER lumen, whereas the
LIR and FIR motifs are necessary for the assemblage
of CCPGl-cargo complexes and the recruitment of
autophagic membrane [181, 182].

ATL3 belongs to a family of dynamin-like
GTPases that function in ER fusion. ATL3 has been
identified as a receptor for selective turnover of
tubular ER by autophagy following the onset of
starvation. Unlike other autophagy receptors, ATL3
specifically binds to GABARAP subfamily proteins,
but not LC3, via two GABARAP interaction motifs
(GIMs). Two ATL3 mutations, Y192C and P338R,
which are associated with hereditary sensory and
autonomic neuropathy type I (HSAN I), disrupt the
binding of ATL3 to GABARAP and impair ATL3’s
function in ER-phagy. This indicates that defective
ER-phagy is involved in HSAN 1 [167].

Interestingly, TEX264 has been identified as a
ubiquitously expressed ER-phagy receptor [168, 183].
TEX264 is an ER protein with a single-span
transmembrane domain and a conserved LIR (Figure
3A). TEX264 also interacts with the ULK1l and
phosphoinositide 3-kinase (PI3K) complexes [183].
Among the ER-phagy receptors, TEX264 seems to
interact with LC3 and GABARAP family proteins
most efficiently. ER-phagy is greatly reduced by
deletion of TEX264 alone and almost completely
abolished by additional deletion of FAM134B and
CCPGL. Also, the long intrinsically disordered region
(IDR) near the LIR of TEX264 is required for
autophagosome binding and ER-phagy [168].
Identification of TEX264 as an ER-phagy receptor
enriches our knowledge of the mechanisms that
underlie ER-phagy.

Given that endogenous BNIP3 localizes to both
mitochondria and ER, it is very likely that BNIP3
promotes ER-phagy via its interaction with LC3 [47].
Intriguingly, the mitophagy receptor BNIP3 and the
general autophagy receptor P62 have been reported to
participate in ER turnover [184, 185]. In mammals, the
liver is the major site for drug metabolism, and the ER
in liver cells serves as the main organelle for synthesis
of the vital metabolic enzyme cytochrome P-450
(CYP). More than 50% of drugs are oxidatively
metabolized by CYP in the liver. On one hand,
sufficient ER is needed for rapid synthesis of CYP

during drug metabolism; on the other hand, the
excess ER and CYP must be removed to maintain
cellular homeostasis after the drug metabolism is
complete. Consequently, the role of ER quality control
in drug metabolism should not be underestimated
[186]. Ding and co-workers have demonstrated that
autophagy plays an important role in removing excess
hepatic ER. Inhibition of autophagy contributed to the
expression of CYP2B even after withdrawal of the
hepatic CYP2B inducer TCPOBOP (hepatic mitogen 1,
4-bis [2-(3,5-dichloro-pyridyloxy)] benzene).
Additionally, P62 knockout mice had an increased ER
content in the liver compared with wild-type mice
after withdrawal of TCPOBOP. Based on the critical
role of autophagy receptors in selective autophagy
[21, 187, 188], it is likely that excess hepatic ER is
removed via ER-phagy that is initiated by the
interaction between LC3 and ubiquitin-P62-decorated
ER [185]. Nevertheless, further research is needed to
elucidate the underlying mechanism of Ub-dependent
ER-phagy. TRIM13 has been identified to be an
ER-associated receptor of P62 in ER-phagy. The
interaction between TRIM13, Beclin-1 and VPS34 is
indispensable for ER membrane curvature and
autophagosome biogenesis. Moreover, K63-linked Ub
on TRIM13 recruits P62, hence promoting ER-phagy
[169].

CALCOCO1 is a novel soluble ER-phagy
receptor for the degradation of tubular ER in response
to proteotoxic- and nutrient stress. CALCOCO1 binds
directly to Atg8 proteins via LIR- and UDS-interacting
region (UIR) motifs. Unlike the other ER-phagy
receptors, CALCOCOL1 is peripherally associated with
the ER, targeting to it by interacting with
VAMP-associated A (VAPA) and/or VAPB (ER
transmembrane proteins) via a FFAT-like motif. VAPs
are involved in forming contacts between the ER and
other ~membranes. Loss of VAPs impairs
CALCOCO1-mediated degradation of tubular ER
[189] (Figure 3A). Whether CALCOCO]1 cooperates
with other proteins needs to be addressed in the
future. An important question is how to regulate
CALCOCO1-mediated ER-phagy, considering the
competition of FFAT-containing proteins for VAP
interaction. Other roles of CALCOCO1-VAP coupling
besides ER-phagy are also worth exploring, given that
CALCOCOL1 is localized in the Golgi and constitutes
part of ER-Golgi contact sites.

Achievements have been made in ER-phagy that
is mediated by the interaction between ER
transmembrane proteins and phagophores. In
conclusion, FAM134B, SEC62, RTN3, CCPG1, TEX264
and CALCOCOL1 all have the LIR domains. However,
ATL3 specifically binds to GABARAP subfamily
proteins, but not LC3, via two GIMs. Interestingly,
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TEX264 seems to interact with LC3 and GABARAP
family proteins most efficiently. TRIM13 functions in
Ub-dependent ER-phagy. It has been identified to be
an ER-associated receptor of P62 in ER-phagy.
However, open questions still remain regarding
whether and how ER-phagy receptors recognize
specific ER subdomains. What is the specific role of
Lnpl in ER-phagy? Also, considering that the
interaction between CCPG1 and LC3 is sufficient to
cause ER-phagy, what is the role of FIP200 in this
process? Given that the ER is a highly dynamic
intracellular organelle with a large membrane, and
that the ER may be a major source for autophagic
membranes, it would be of great significance to
investigate the role of ER-phagy receptors in the
formation and elongation of autophagic membranes.
In addition, further studies are required for the
investigation of posttranslational modification of
ER-phagy receptors during ER-phagy.

ER-stresses induced by unfolded or misfolded
proteins aggregating within the ER lumen have been
considered to be the important pathological
mechanisms of NDDs, metabolic disorders and
cancers [190]. In a recent review, Dikic et al
summarize ER-phagy receptors that are involved in
various human disorders, such as cancer, Alzheimer’s
disease (AD) and vascular disease [191]. Taken
together, targeting ER-stresses and characterizing the
role of different ER-phagy receptors will be helpful
for our understanding of their physiological and
pathological roles and evoke a promising therapeutic
field in the future.

Proteaphagy: selective autophagy of
inactive proteasomes

Three classical pathways of protein degradation
in eukaryotic cells have been elucidated: the
autophagy-lysosome pathway, the caspase pathway,
and the ubiquitin-proteasome pathway [192, 193]. In
the UPS, multiple ubiquitin molecules are covalently
attached to target proteins and degraded by the 265
proteasome. Proteasomes themselves can also
undergo degradation. The lysosomal degradation of
proteasomes was first identified in 1995, when it was
found that proteasomes were accumulated in the
lysosomes of rats treated with leupeptin (an inhibitor
of lysosomal proteases) [194].

The concept of proteaphagy, was originally
proposed in 2015 in Arabidopsis. It was reported that
26S proteasome subunits were increased in autophagy
mutants, and the excess 26S proteasomes were
degraded by Atg8-mediated autophagy [195]. There
are two distinct types of proteaphagy: one is
nonselective proteaphagy, which is induced by
starvation; and the other is selective proteaphagy,

which is induced by proteasome inhibitors and
requires the ubiquitination of inactive proteasomes
[196, 197] (Figure 4).

Proteaphagy in yeast

Proteasome inhibitors like MGI132 induced
proteaphagy, and inhibitor-induced proteaphagy was
blocked in a regulatory particle non-ATPase 10
(RPN10) mutant. A mechanistic study identified
Arabidopsis RPN10 as a new selective autophagy
receptor that targeted inactive 26S proteasomes by
interacting with Atg8 via a specific ubiquitin-
interacting motif 2 (UIM2) and ubiquitinated
proteasome subunits [195, 197]. Interestingly, the
inactive 26S proteasomes underwent degradation in a
similar fashion in yeast, just using different ubiquitin
receptors. Evidence has revealed that MG132 triggers
ubiquitylation of proteasomes and association with
Cueb. Further research revealed that Cueb
synchronously binds ubiquitin and Atg8 in yeast
proteaphagy, and an oligomeric heat shock protein 42
(Hsp42) chaperone is also required in this process
[198, 199] (Figure 4A).

Proteaphagy in mammals

In mammals, the proteasome subunits RPN1,
RPN10 and RPN13 have been identified as major
ubiquitin receptors [200, 201]. These three subunits
are poly-ubiquitinated upon amino acid starvation,
which facilitates their recognition by the autophagy
receptor P62. By simultaneous interaction with LC3,
P62 delivers inactive 26S proteasomes to the
expanding phagophore for eventual turnover by
autophagy, a process requiring the target of
rapamycin (TOR) kinase [202-204] (Figure 4A).
Transport of proteasomes can also be mediated by a
heat shock cognate protein 73 (HSC73) under
starvation conditions [194]. However, further work
will be required to uncover the details of how HSC73
and ATP are involved in the selective degradation of
proteasomes.

Ubiquitin carboxyl-terminal hydrolase 3 (Ubp3)
has been reported to play a role in proteaphagy in
yeast under nitrogen starvation. This process involves
dissociation of the proteasomal core particle (CP) and
regulatory particle (RP), nuclear export, and
independent vacuolar targeting of CP and RP [205].
The CP and RP coalesce into cytoplasmic foci in a
sorting mnexin (Snx) 4/41/42-dependent manner
during nitrogen starvation or proteasome inhibition.
As this is dependent on Snx4’s capacity to bind to
phosphatidylinositol 3-phosphate (PtdIns3P or PI3P)-
containing membranes, it may function by recruiting
cargo to the autophagic membrane. Disruption of
Snx4 localization also compromises proteaphagy
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[206]. Interestingly, Snx4 is required for both
proteaphagy and ribophagy, and Ubp3 is the common
regulator of both proteaphagy and ribophagy
[206-208]. In contrast, during carbon starvation,
proteasomes are reversibly sorted to avoid autophagic
degradation. This process requires BIm10 for the CP,
Spgb and the C-terminus of Rpn11 for the RP and the
Nat3/Mdm20 complex for both [209] (Figure 4B).

Since most proteaphagy research has been
carried out in yeast, there are still many unsolved
mysteries that need further exploration. Is there
conservation between mammalian proteaphagy and
yeast proteaphagy? Is there a different selective
autophagy  receptor for proteaphagy? Our
understanding of proteaphagy is very limited at
present, and future research will undoubtedly fill in
additional mechanistic details of this intriguing and
critical process of protein quality control.

Protein aggregation can also be degraded by
aggrephagy, a selective disposal of protein aggregates
by autophagy [210]. Overexpression of toll interacting
protein (Tollip) leads to efficient degradation of
Huntington’s disease (HD)-linked polyglutamine
(polyQ) proteins. Conversely, Tollip depletion causes
cytotoxicity toward overexpression of polyQ proteins.
Mechanistically, Tollip binds to and colocalizes with
ubiquitin and LC3, indicating that Tollip is an
ubiquitin-Atg8 receptor [211, 212]. The autophagy
receptors P62 and NBR1 and the large adapter protein
autophagy-linked FYVE (ALFY) also play important
role in aggrephagy [213, 214]. Interestingly, OPTN
was recently found to be involved in aggrephagy [215,
216]. Aggrephagy is regulated at three levels: (1) the
level of autophagic machinery; (2) the level of
autophagy receptors (P62, NBR1, ALFY and OPTN);
and (3) the level of the protein aggregates [217].
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Figure 4. Proteaphagy: selective autophagy of inactive proteasomes. (A) Selective pathway: upon proteasome inactivation by MG132, 26S proteasomes are
ubiquitinated in an Hsp42-dependent manner and shepherded to expanding autophagosome membranes by the selective proteaphagy receptors Cue5 in yeast or RPN10 in
Arabidopsis. RPN 10 recognizes Atg8, an ubiquitin-like modifier that decorates the autophagosome membrane, via the C-terminal ubiquitin-interacting motifs (UIMs) of RPN 10. Cue5
can simultaneously bind ubiquitin and Atg8. In mammals, the proteasome subunits RPN1, RPN10, and RPN 13 are poly-ubiquitinated upon amino acid starvation, which facilitates
their recognition by P62. By simultaneous interaction with LC3, P62 delivers inactive 26S proteasomes to the expanding phagophore for eventual turnover by autophagy, a process
that requires the TOR kinase. (B) Nonselective pathway: nitrogen starvation induces proteaphagy in yeast in a way that does not depend on RUNP10. During this process, 26S
proteasomes dissociate into core particle (CP) and regulatory particle (RP) sub-complexes. The CP and RP then coalesce into cytoplasmic foci in a Snx4/41/42-dependent manner.
Autophagy of CP (but not RP) also depends on the deubiquitinating enzyme Ubp3/Bre5. In contrast, during carbon starvation, proteasomes are reversibly sorted to avoid
autophagic degradation. This process requires BIm10 for the CP, Spg5 and the C-terminus of Rpnl 1 for the RP, and the Nat3/Mdm20 complex for both.
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Although these autophagy receptors are subjected to a
variety of posttranslational modifications including
phosphorylation, ubiquitination, and acetylation as in
other selective autophagy processes [218], hitherto,
the mechanism of aggrephagy is still poorly
understood. Major NDDs are characterized by

adapters in selective autophagy thus may be related
to the pathogenesis of ALS. Hence, manipulating
autophagy activity has been considered as a
therapeutic approach for treating this disease [220].

Ribophagy: selective autophagic

aberrant protein aggregations in neurons, glial cells
and/or extracellular plaques. Given that neurons are
largely nondividing cells, even a subtle detrimental
effect on the cell’s capacity over enough time can
eventually damage neurons. As expected, aggrephagy
is a critical mechanism involved in the pathogenesis
of NDDs [219]. However, whether modulation of

degradation of protein production
factories

Like the proteasome, ribosomes have also been
detected inside autophagosomes by electron

microscopy [221]. For a long time, it was assumed that
these autophagosome-engulfed ribosomes came from

aggrephagy is a therapeutic strategy for NDDs and the  nonselective . bulk .degradatlon Patbway.
. . . . However, emerging evidence has indicated

other proteinopathies is an open question. . . .
connections between ribosomes and selective

Amyotrophic lateral sclerosis (ALS) is characterized
by accumulated protein aggregates, dysfunctional
mitochondria, and stress granules (SGs). In ALS, these
cargoes are targeted to selective autophagy for
degradation. Dysfunctions of autophagy receptors/

autophagy. Ribophagy, as the name implies, is a
special type of autophagy that selectively degrades
ribosomes (Figure 5).
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Figure 5. Models of ribophagy in yeast and mammals. (A) Ribosomes contain 40S and 60S ribosomal subunits that are selectively recruited to the phagophore. In yeast,
upon the ubiquitination of 60S subunit, Rkr1/Ltn] decreases during selective ribosome degradation under nutrient starvation. The mechanism for recruitment of 60S to the
phagophore involves de-ubiquitination via the Ubp3-Bre5 complex, whereas the mechanism for 40S recruitment remains unclear. Recently, Cdc48 and Ufd3 were identified to
be new partners of Ubp3. Cdc48 acts as a major factor of the ubiquitin and proteasome system, while Ufd3 functions as an ubiquitin-binding cofactor of Cdc48. Recently, the 60S
ribosomal protein Rpl25 has been identified as a substrate of Ubp3 and Ltn1. Ubiquitylation of Rpl25 prevents 60S ribophagy. Upon starvation, Ubp3-mediated de-ubiquitination
of Rpl25 accelerates the selective autophagy of 60S ribosomal subunits. However, in non-selective ribosome degradation, the expression of TORCI is down-regulated after the
onset of nutrient starvation, which leads to dephosphorylation of six residues in the C-terminus of Sch9. Sch9 negatively regulates Rim15 via phosphorylation. Rim15 is also
regulated by protein kinase A (PKA) and Pho85. (B) In mammals, under nutrient-deprivation conditions, NUFIP1 and its binding partner ZNHIT3 redistribute from the nucleus
to autophagosomes, lysosomes and ribosomes upon mTORCI inhibition. NUFIPI binds to LC3B and delivers ribosome to autolysosomes. Current evidence suggests that
NUFIPI is a mammalian ribophagy receptor.

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 1

237

Ribosomes are essential cellular organelles that
constitute about 50% of all cellular proteins. The
number and quality of ribosomes are therefore of
great significance. Inclusion of ribosomes into
autophagosomes, for instance, may be involved in the
neuroprotective effect of neonatal hypoxia-ischemia
[222]. Amino acid or insulin deprivation can induce
selective degradation of cytoplasmic RNAs by
autophagy in rat hepatocytes [223]. Kraft et al. showed
that inhibiting starvation-induced ribophagy can
accelerate cell death [207]. In zebrafish, genomic
mutations leading to ribosomal stress cause severe
defects in intestinal, liver, pancreas and craniofacial
development. Interestingly, autophagy may function
as a response mechanism to promote survival in this
case [224].

Ribophagy in yeast

It has been reported that the degradation of 40S
and 60S subunits in yeast is abolished in atg7 deficient
cells, based on the Atg7’s essential role in the Atgl2
and Atg8 conjugation systems. It has also been
documented that mature ribosomes are rapidly
degraded by autophagy under nutrient starvation in
S. cerevisiae. This process requires the Ubp3p/Bre5p
ubiquitin protease. However, 60S ribosomal proteins
accumulate in cells without Ubp3 and Bre5 [225].
Interestingly, the Ubp3-Bre5 complex seems to
regulate mitophagy as well as ribophagy [226].
Ribophagy is an evolutionarily conserved pathway.
The mammalian homologs of Ubp3 and Bre5 are
USP10 and G3BP [227]. USP10 has no currently
known function. Ras-GTPase -activating protein
(GAP)- binding protein (G3BP) has been assigned a
role in constraining the formation of SGs by
interacting with 40S ribosomal subunits through its
RGG motif (a RNA-binding domain), and it also
functions in the clearance of SGs by autophagy [228,
229]. Peter and Kraft found that the degradation of
60S large ribosomal subunits in yeast required the
participation of Ubp3 and Breb. In addition, Rsp5, an
ubiquitin ligase, appeared to work in ribophagy
together with Ubp3 [230]. Although Rsp5 is not
essential for ribophagy, its substrates are ribosomal
proteins [231]. Thus, further work will be required to
identify the relevant ubiquitin ligase that may be
involved in the regulation of ribophagy under
nutrient starvation. Dargemont’s team has identified
two factors, Cdc48 and Ufd3; that participate in
starvation-mediated ribophagy depending on the
Ubp3-Bre5 complex. These two factors collaborate to
recognize and deubiquitinate a yet-to-be identified
ubiquitinated target [232]. Therefore, some effort is
still needed to identify the potential substrate of
Ubp3-Breb. The 60S ribosomal protein Rpl25 has been

identified as a substrate of Ubp3 and listerin (Ltn1).
Ubiquitylation of Rpl25 prevents 60S ribophagy.
Upon starvation, Ubp3-mediated de-ubiquitination of
Rpl25 accelerates the selective autophagy of 60S
ribosomal subunits [225] (Figure 5A). Moreover, the
Ubp3-Bre5 complex can interact with Atgl9, the
receptor of Apel and Amsl, and regulate the
ubiquitination of Atg19 [233].

Ribosomes can be degraded via autophagy
induced by starvation, mammalian target of
rapamycin complex 1 (mTORC1) inactivation, or
translational inhibition by arsenite [234, 235].
Interestingly, some kinases that regulate the
degradation of ribosomes by macroautophagy are
also involved in ribophagy. Riml5 (a direct
downstream protein kinase of Sch9) plays the role of a
double-edged sword in the degradation of ribosomes.
On one hand it upregulates ribophagy, while on the
other hand, it downregulates the non-selective
degradation of ribosomes after target of rapamycin
complex 1 (TORC1) inactivation [236]. In non-
selective ribosome degradation, the expression of
TORC1 is down-regulated after nutrient starvation.
TORC1 phosphorylates six residues in the C-terminus
of the AGC kinase Sch9, so the phosphorylation of
these residues is lost under starvation conditions
[237].  Sch9 negatively regulates Riml5 via
phosphorylation [236]. Rim15 is also regulated by
protein kinase A (PKA) and Pho85 [238, 239].
However, it is still unclear whether Sch9 controls
every event via Riml5. Interestingly, this non-
selective degradation process takes place in an Atgl1-
independent way [240] (Figure 5A). Surprisingly, in
plants, the endoribonuclease Rns2 is required for
ribosomal RNA degradation in a ribophagy-like
pathway. However, further studies are required to
determine whether Rns2 is involved in the
degradation of ribosomes [241]. As previously
reported, ribophagic flux in yeast is largely Atg8-
dependent [207, 242]. In contrast, the Atg8
conjugation system seems not to be essential for
starvation-induced ribophagic flux in mammals, even
though its deletion reduces the closure of
autophagosomes [243]. Harper et al. applied Ribo-
Keima flux reporters to show that starvation or mTOR
inhibition promoted VPS34-dependent ribophagic
flux [235].

Ribophagy in mammals

Although selective factors for ribophagy in yeast
were discovered many years ago, the receptors
specific for mammalian ribophagy have not been
characterized. It was shown that nuclear fragile X
mental retardation-interacting protein 1 (NUFIP1), a
protein previously known to be localized in the
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nucleus, and its binding partner zinc finger HIT
domain-containing protein 3 (ZNHIT3) redistributes
from the nucleus to autophagosomes, lysosomes and
ribosomes upon mTORC1 inhibition. ZNHIT3
delivers ribosomes to autolysosomes by directly
binding to LC3B. These results suggest that NUFIP1 is
a mammalian ribophagy receptor [234, 244] (Figure
5B). However, it is still unclear which part of the 60S
ribosomal subunit functions as the actual ligand.

It is worth mentioning that Wyant et al. have
proposed a strategy for identifying novel selective
autophagy receptors based on the common features of
selective receptors. Given that all these autophagy
receptors will eventually be degraded in lysosomes, it
is possible to identify additional receptors for
selective autophagy in mammals by combining rapid
method for the immunopurification of lysosomes
(LysolP) proteomic analysis with sequence analysis to
search for potential LIRs [245, 246]. This provides a
new approach to finding more receptors.

Pexophagy: a mechanism for peroxisome
turnover and homeostasis

Peroxisomes are single membrane-enclosed
organelles that are essential for the homeostasis of
nearly all eukaryotic cells. A conspicuous
characteristic of peroxisomes is their ability to
multiply or be degraded in response to specific
stimuli [247]. In mammals, functional peroxisomes
regulate a variety of cellular metabolic events, such as
lipid generation and metabolism, inactivation of toxic
substances, and regulation of oxygen concentration.
Increasing evidences indicate that imbalanced
peroxisome homeostasis may lead to a wide range of
physiological disorders and associated diseases, such
as  Zellweger spectrum  disorder, neonatal
adrenoleukodystrophy, and infantile Refsum disease
[248]. Therefore, the quality control of peroxisomes is
very important.

Peroxisomes have a half-life of 1.3~2.2 days
[249], so efficient removal and generation of
peroxisomes is necessary. There are three main ways
to eliminate peroxisomes: (1) peroxisomal matrix
proteins can be degraded by Lon protease (LONP)
[250]; (2) peroxisomes can undergo autolysis
mediated by 15-lipoxygenase (15-LOX) [251, 252]; and
(3) peroxisomes can be selectively degraded by
autophagy, a process known as pexophagy [253, 254].

Just like mitophagy, the pexophagy pathway
also needs specific receptors and/or adapters. Upon
induction of pexophagy, an adapter protein
translocates onto the peroxisomal membrane and
connects the peroxisome to an autophagosome. Five
receptors/adapters have been identified among

eukaryotes: Atg30 in Pichia pastoris (P. pastoris) [255],
Atg36 in Saccharomyces cerevisiae (S. cerevisiae) [256],
NBR1 [257], P62 [258, 259] and acyl-CoA-binding
domain containing protein 5 (ACBD5) in mammals
[260] (Figure 6).

Most pexophagy researchers have used
methylotrophic yeasts as the model organism. In P.
pastoris, Atg30 localizes at the peroxisome membrane
and transiently translocates to the PAS during
pexophagy. Atg30 controls pexophagy through the
assembly of pexophagic receptor-protein complex
(RPC). Overexpression of Atg30 can induce
pexophagy, and Pex3 is necessary for the
phosphorylation of Atg30 [255]. Pex3 mutant P.
pastoris cells showed pexophagy defects because the
mutant Pex3 protein was unable to bind Atg30 [261].
Subramani et al. have reported that Atg37 and ACBD5
(the human orthologue of Atg37) positively regulate
the formation of RPC [262]. Atg30 selectively
degrades peroxisomes in a Pex3 and Atg37 dependent
manner, by recruiting Atg8 and Atgll to the RPC.
Moreover, Atg30 is phosphorylated by Hrr25 kinase,
and this phosphorylation can be regulated by Pex3
and Atg37, negatively and positively, respectively
[263]. Since Atg37 also functions as an acyl-CoA (Ac)
binding protein, Ac might regulate the Atg30-Atg37
interaction, hence affects the recruitment of Atgll to
the pexophagic RPC [260] (Figure 6A).

PEX2, an ubiquitin ligase, also plays an
important role in mammalian pexophagy. Expression
of PEX2 leads to ubiquitination of peroxisomes and
pexophagy in an NBR1-dependent manner. Under
normal conditions, a low PEX2 expression level is
maintained by mTORCI via the proteasome pathway,
which ensures that PEX5 is ubiquitinated and
consequently recycled from the peroxisomal
membrane. However, PEX2 expression  is
up-regulated by both amino acid starvation and
rapamycin, and the increased PEX2 leads to the
ubiquitination of PEX5 and the 70-kDa peroxisomal
membrane protein (PMP70, a substrate of PEX2).
Consequently, NBR1 is recruited, targeting
ubiquitinated peroxisomes to autophagosomes for
degradation [264]. Interestingly, in addition to
regulating mitophagy, USP30, the OMM protein, also
targets to peroxisomes in a PINK1/Parkin-
independent manner [265]. Overexpression of USP30
prevents pexophagy during amino acid starvation, by
counteracting the action of the peroxisomal E3
ubiquitin ligase PEX2 [266, 267] (Figure 6B).
Therefore, an important focus for future studies of
USP30 may provide new targets and tools for
studying pexophagy in human health and disease.
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Figure 6. Pexophagy in yeast and mammals. (A) In yeast, Atg37 positively regulates the formation of RPC. Atg30 selectively degrades peroxisomes in a Pex3 and Atg37
dependent manner, by recruiting Atg8 and Atgl1 to the RPC. Moreover, Atg30 is phosphorylated by Hrr25 kinase, and this phosphorylation can be regulated by Pex3 and Atg37,
negatively and positively, respectively. Since Atg37 also functions as an Ac binding protein, Ac might regulate the Atg30-Atg37 interaction, hence affects the recruitment of Atgl |
to the pexophagic RPC. (B) Pexophagy in mammals. Under normal conditions, a low PEX2 expression level is maintained via the mTORCI-mediated proteasome pathway. (1)
Increased PEX2 during starvation conditions leads to the ubiquitination of PEX5 and PMP70, and ultimately induces pexophagy in an NBR1-dependent manner. On the other
hand, USP30 counteracts PEX2 by deubiquitinating its substrates to prevent pexophagy. (2) ATM serine/threonine kinase is the first responder to peroxisomal ROS. The
activated ATM kinase activates TSC2, and the activated TSC2 suppresses mTORCI. (3) ATM also phosphorylates PEX5 at Serl41, which triggers ubiquitination of PEX5 at
Lys209. Ubiquitinated PEXS5 is then bound by P62/NBRI1 to induce pexophagy in response to ROS. The dashed box represents ubiquitin-dependent recognition of peroxisomes
for pexophagy. The pexophagy target is PEX5 mono-ubiquitinated on Cysl1. After cargo delivery, PEX1 and PEX6 (anchored on peroxisomes via PEX26) will remove
ubiquitinated PEX5 from the peroxisomal membrane. ACBD5 is the only pexophagy-specific protein known to date. ACBD5 might be involved in the recruitment of

pexophagy-specific receptors or adapters.

Several yeast peroxins (such as Pex5, Pex7 and
Pex20) are ubiquitinated during the peroxisomal
protein import cycle [268], but only PEX5 was
identified as an ubiquitinated protein in mammals.
Two independent reports indicate that ubiquitination
of mammalian PEX5 also triggers pexophagy [269].
The first report showed that mono-ubiquitination of
PEX5-EGFP at C11 is crucial for triggering ubiquitin-
dependent pexophagy [270]. The second report
demonstrated that ATM phosphorylates human PEX5
at 5141 in response to reactive oxygen species (ROS),
followed by mono-ubiquitylation of PEX5 at K209
[271]. Thereby, pexophagy was activated via binding
of P62 to mono-ubiquitinated PEX5. Blocking the
recycling of PEX5 from peroxisomes to the cytosol by
PEX1 and PEX6 (anchored on peroxisomes via PEX26)
will induce pexophagy [272]. Pex14 plays a pivotal
role during pexophagy in LC3-dependent manner in
mammals, because the selective degradation of Pex14
and Pex13 was not observed in LC3-
knockdown cells under nutrient deprivation.
Interestingly, the binding of PEX5 and LC3-II to
PEX14 is competitive. In normal conditions, PEX5
binds to PEX14, thus limiting pexophagy. Under
starvation, PEX14 regulates pexophagy via interaction
with LC3-II. Co-IP assays have identified that the
binding region is proved to be at the N-terminus
[273]. On the other hand, ataxia-telangiectasia
mutated kinase (ATM) can also repress mTORCI, a

negative autophagy regulator. Therefore, AMPK,
activated by ATM signaling, subsequently
phosphorylates ULK1 to induce autophagy in
mammals [61, 274-276]. By interacting with PEX19
and PEX5, tuberous sclerosis complex (TSC) is
localized to peroxisome membranes in response to
ROS [277]. Moreover, phosphorylated TSC, activated
by ATM signaling, is also able to repress mTORC1
activity [278]. ACBD5 is the only mammalian
pexophagy-specific protein known to date. Studies
have shown that ACBD5 might be involved in the
recruitment of a pexophagy-specific receptor or
adapter [260] (Figure 6B).

In mammals, NBR1 and P62 are multifunctional
proteins involved in various processes, such as
degradation of protein aggregates and midbody rings.
The endogenous level of peroxisomes was not
affected after knocking down the expression of the
autophagy receptor NDP52 using siRNAs. However,
siRNA knockdown of P62 and NBR1 in cells causes an
increase in catalase levels, suggesting that P62 and
NBR1 are both required for the basal turnover of
peroxisomes. Since both NBR1 and P62 are involved
in the process of peroxisome degradation, Kim et al.
wondered whether these two proteins acted in two
distinct parallel pathways. Interestingly, they found
that NBR1 and P62 acted in the same pathway. They
provided several lines of evidence that the
amphipathic a-helical ] domain and ubiquitin-
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associated (UBA) domain of NBR1 were required for
pexophagy. Moreover, P62 was not required when
cells overexpressed NBR1, but it increased the
efficiency of NBRI-mediated pexophagy [257]. It
should be mentioned that both P62 and NBR1 are also
involved in the selective degradation of other cargoes,
in addjition to pexophagy [21].

It is worth mentioning that Atgs also play an
important role in pexophagy. Atg7 was the first gene
that was identified to be required in mammalian
pexophagy. In mammalian autophagy, LC3-l is
lipidated to LC3-II by Atg7 and Atg3. The autophagic
process is completely absent in Atg7 knockout mice
after the induction of peroxisome proliferation by a
2-week treatment with 2% di-(2-ethylhexyl)phthalate
(DEHP) [279]. In Arabidopsis, the autophagosome
marker Atg8 was observed to colocalize with
peroxisome aggregates, suggesting that damaged
peroxisomes would be selectively removed by
autophagy. Moreover, pexophagy induced by
hydrogen peroxide is deficient in peroxisome unusual
positioning 1 (peupl, a homolog of yeast Atg2) mutant
cells [280]. Atgb and Atg7 are also required for
pexophagy in  Arabidopsis  hypocotyls  [281].
Peroxisomes are highly dynamic organelles, changing
in abundance in response to stress. Since DRP1-

mediated mitochondrial fission facilitates mitophagy,
future studies should reveal if peroxisomal fission
also plays a role in pexophagy.

Peroxisomes are involved in redox balance, lipid
metabolism and bile acid synthesis [282, 283].
Therefore, regulation pexophagy levels might
influence these biological processes. Tsvetkov et al.
recently summarize peroxisomal dysfunction in
age-related diseases in the central nervous system
(CNS) [284]. Understanding how pexophagy is
regulated and the role of pexophagy in numerous
physiological processes will help to develop novel
strategies preventing peroxisomal dysfunctions-
related diseases.

Lipophagy: connecting autophagy and
lipid metabolism

Intracellular triglycerides (TGs) and cholesterol
are stored in LDs and metabolized by cytoplasmic
neutral hydrolases. LDs are therefore the main source
of cellular energy (via metabolism) and membrane
components. The metabolism of cellular LDs appears
to proceed via two main pathways: lipolysis and

lipophagy (Figure 7).
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Figure 7. Lipophagy: connecting autophagy and lipid metabolism. Lipid droplets (LDs) are selectively removed by autophagy to generate free fatty acids (FFAs). The LD
coat proteins PLIN2 and PLIN3 are degraded through the coordinated action of Hsc70 and the LAMP-2A receptor by CMA. ATGL and PNPLAS function as selective autophagy
receptors for lipophagy to promote LD catabolism and the oxidation of hydrolyzed FFAs. ATG14, which contains a PE-biding region, interacts with ULKI and LC3 to induce
lipophagy resulting in release of FFAs. The released FFAs continually undergo mitochondrial B-oxidation. ER stress induced by metformin or nutrient restriction activates the
expression of AMPK. AMPK then inhibits mTORCI, which triggers autophagy by inducing the formation of the autophagy initiation complex (ULK1, ATG13, FIP200, ATG101).
Upon nutrient deprivation, the expression of Rab7 (a small GTPase) increases. Rab7 promotes LDs breakdown via an interaction with its downstream effector RILP. DNM2, a
large GTPase, regulates lipophagy at the level of autolysosome reformation due to its role in the budding of membrane tubules.
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Lipolysis refers to the catabolism process of TGs
stored in cellular LDs [285]. Perilipins (PLINs), which
include five family members with similar sequences
[286], play a role in regulating lipolysis by recruiting
or preventing lipase activity on LDs. The LD coat
proteins PLIN2 and PLIN3 are degraded through the
coordinated action of Hsc70 and the lysosome-
associated membrane protein type 2A (LAMP-2A)
receptor by chaperone-mediated autophagy (Figure
7). Different PLIN members appear to recognize
different sizes or maturation states of LDs for binding
[287]. Until recently, the mechanism by which each
PLIN family member regulates lipolysis has not been
well defined.

For a long time, it was thought that lipids could
not be selectively degraded as autophagy substrates.
The degradation of lipids via the autophagy-lysosome
pathway has gained considerable attention.
Lipophagy, the alternative pathway of lipid
metabolism by the autophagy-lysosome system, is the
other main lipid metabolic process [150, 288, 289].
Lipophagy was initially described in hepatocytes, due
to their ability to accumulate excess lipids. Using Atg7
knockout mice, Singh and colleagues have found that
the LD lipolysis in hepatocytes depends on autophagy
[288]. Interestingly, knockout of Atg7 in brown
adipose tissues (BAT) or liver blocks LDs breakdown
in response to rapamycin [290]. Subsequently,
lipophagy has been found in different kinds of cells,
such as hypothalamic cells [291], striatal neurons
[292], glial cells [292], adipocytes, fibroblasts [293] and
enterocytes [294].

ATG14, which contains a PE-binding region,
interacts with ULK1 and LC3 to induce lipophagy,
resulting in release of free fatty acids (FFAs). The
released FFAs continually undergo mitochondrial
B-oxidation. AMPK expression is activated by ER
stress induced by metformin or nutrient restriction.
AMPK then inhibits mTORC1, which triggers
autophagy by inducing the formation of the
autophagy initiation complex (ULK1, ATG13, FIP200,
ATG101). Nutrient restriction also activates
lysosome-mediated lipid metabolism. Rab7, a small
GTPase, is dramatically activated in cells under
nutrient depletion conditions. Depletion of Rab7
causes attenuated lipophagy in hepatocytes. A study
of the underlying molecular mechanism reveals that
Rab?7 interacts with its downstream effector Rab-
interacting lysosomal protein (RILP) to accelerate LDs
breakdown. Consequently, Rab7 functions as a central
regulator of hepatocellular lipophagy [295]. In
addition, the large GTPase dynamin2 (DNM2)
functions in lipophagy. Genetic manipulation or
pharmacological inhibition of DNM2 inhibits efficient
catabolization of LDs under nutrient stress. However,

overexpression of DNM2 can rescue the metabolic
defects mentioned above [296] (Figure 7).
Interestingly, both lipolysis and lipophagy may
be regulated by adipocyte triglyceride lipase (ATGL,
also known as patatin-like phospholipase domain-
containing protein 2 (PNPLAZ2)) [297]. ATGL initiates
triacylglycerol (TAG) hydrolysis to release FFAs [298].
Singh et al. have revealed that ATGL contains LIR
motifs within its patatin domain, and mutation in LIR
displaces ATGL from LDs and blocks lipolysis.
Hence, ATGL is suggested to act as a selective
autophagy receptor for lipophagy [299] (Figure 7).
Similarly, a recent study reveals that ATGL-induced
lipophagy accelerates LD catabolism and the
oxidation of hydrolyzed FFAs. Mechanistically, ATGL
promotes Sirtuin 1 (SIRT1) activity, and SIRT1 is
required for ATGL-mediated induction of lipophagy
[300]. Another lipase of the same family, PNPLAS, can
also interact with LC3 to induce lipophagy in mouse
model of a high fat diet [301] (Figure 7). In addition,
PNPLA3 is required for lipophagy in starved human
hepatocytes [302], and PNPLA5 contributes to
lipophagy as well as proteolysis and mitophagy [303].
It should be mentioned that all these lipases might
also regulate autophagosome formation via
mobilization of stored lipid content [304, 305].
Although the upstream signals or stimuli for
activating lipophagy are not the same, the primary
mechanisms of lipophagy activation are conserved in
most cell types. For example, rapamycin-induced
activation of lipophagy can increase the colocalization
of BODIPY (LD marker) with LAMP1 (lysosomal
marker) [288]. Treatment with AMPK inhibitors
reduces the kaempferol-induced co-localization of
LDs with autophagosomes and lysosomes [306].
Oxidative stress is alleviated by superoxide dismutase
1 (SOD1) converting superoxide (generated from
ROS) to hydrogen peroxide. Interestingly, SOD1
deficiency inhibits lipophagy as evidenced by
abnormally accumulation of LC3 and P62, leading to
enhanced LD accumulation in the fasting mouse liver
[307]. Transcription factor E3 (TFE3) has been
reported to function in autophagy flux, lysosome and
hepatic lipid metabolism. Overexpression of TFE3
enhances autophagy flux and alleviates hepatic
steatosis by increasing peroxisome proliferator-
activated  receptor-y  coactivator-la  (PGCla)-
dependent mitochondrial fatty acid [-oxidation.
Mechanistic studies have revealed that TFE3 regulates
PGCla by binding to the promoter region of its
cognate gene [308]. Increasing evidence suggests that
transcription factor-EB (TFEB) and P62 also regulate
lipophagy under some physiological conditions,
including exercise and fasting [309]. The subcellular
localization and activity of TFEB are regulated by
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mTOR-mediated phosphorylation. TFEB translocates
from the cytoplasm to the nucleus after
dephosphorylation, inducing transcription of
numerous autophagy genes [310, 311]. Interestingly,
the role of TFEB in lipid catabolism is evolutionary
conserved because the loss-of-function of HLH-30
(worm ortholog of TFEB) also results in impaired
lipophagy [309, 312]. It has been revealed that
trehalose treatment alleviates the mitochondrial
dysfunction and attenuates cisplatin-induced kidney
injury by activation of TFEB-mediated autophagy
[313]. Therefore, alternative strategies, such as
inducing TFEB activity for only limited periods or
enhancing only specific subsets of the TFEB-regulated
gene network, should be considered when using
TFEB as a therapeutic tool. Using a fusion protein of
P62 and a LD-binding domain, Tsukamoto and
co-workers have revealed that lipophagy is induced
by localization of P62 on the surface of LDs, where it
assists the association of LDs and the autophagosomal
membrane [314]. Intriguingly, lipophagy is also
activated by high levels of dietary lipids.
Pharmacological activation of  peroxisome
proliferator-activated receptor-a (PPARa) induces
lipophagy. In contrast, pharmacological activation of
farnesoid X receptor (FXR, a sensing nuclear receptor)
suppresses the induction of autophagy in liver [315].
Taken together, the above studies reveal that
lipophagy can be regulated in multiple ways.
Lipophagy degrades TGs and cholesterol esters
to supply FFAs that continually undergo
mitochondrial B-oxidation in order to sustain cellular
lipid content as well as energy homeostasis [316].
Cellular TG content, as well as LDs number and size,
are increased in response to inhibition of lipophagy by
drugs or genetic manipulation [288, 316]. Considering
the concept that lipophagy is involved in a series of
physiological processes, regulation of lipophagy may
also be an effective strategy for the prevention and
treatment of metabolic syndrome. Quercetin, a
traditional Chinese medicine, has been widely used in
the treatment of NAFLD. However, the mechanism
underlying its activity remains unclear. Yao et al. have
shown that quercetin ameliorates high-fat diet
(HFD)-induced NAFLD by promoting hepatic very
low density lipoproteins (VLDL) assembly and
lipophagy via the inositol-requiring transmembrane
kinase/endoribonuclease 1a (IREla)-X box binding
protein 1 (XBP1) pathway [317]. Interestingly,
lipophagy also functions as a protective mechanism
against alcoholic fatty liver disease (AFLD) caused by
short-term ethanol supplementation [318]. In addition
to supplying free fatty acids to maintain cellular
energy supply, lipophagy has some other functions.
For example, it can prevent rat enterocytes from lipid

toxicity owing to excess LDs accumulation [319].
Moreover, lipophagy regulates cell death and
inflammation in nonalcoholic fatty liver disease [320].
Interestingly, flaviviruses can exploit lipophagy to
drive virus production under the action of
unmodified ancient ubiquitous protein 1 (AUPI, a
type-IlI membrane protein) [321]. Furthermore,
accumulation of LDs is associated with neurotoxicity,
and activation of lipophagy has been shown to reduce
dihydroceramide-related = neurodegeneration  in
drosophila [322]. Lipophagy has been shown to play a
dual role in cancer growth. On one hand, lipophagy
supplies energy to tumor cells [323]. On the other
hand, lipophagy inhibits tumorigenesis, since
lysosomal acid lipase (LAL, a lipase that facilitates
lipophagy) exhibits tumor suppressor activity [324,
325]. Hence, clarifying the mechanism of lipophagy
helps to reveal therapeutic targets for these diseases.
In sum, the current research on lipophagy is
mainly focused on its activation or inhibition to
observe the role of lipophagy disorders in life
activities. To date, only ATGL and PNPLAS have been
identified as lipophagy receptors in mammals. Much
work is definitely required to clarify how ATGL
regulates lipophagy and whether ATGL-mediated
lipophagy is implicated in NDDs. Huntingtin (HTT)
has been reported to function as a scaffold for
selective autophagy [326]. Lipids accumulated in cells
expressing mutant huntingtin [327]. Consequently,
huntingtin might be an LD recognition receptor
protein. Nevertheless, further research focusing on
validating this hypothesis is necessary. Hence,
identifying and characterizing the receptors of
lipophagy will attract the interest of researchers’.

Lysophagy: clearance of damaged
lysosomes by autophagy

Lysosomes are the major acidic organelles for
digesting ~ unwanted  intracellular = materials.
Lysosomes contain membrane proteins such as
LAMP1 and more than 60 resident soluble hydrolytic
enzymes [328]. The release of large amounts of
hydrolases from destabilized lysosomes into the
cytosol is detrimental to the cell [329]. Ruptured
lysosomes also induce the release of protons and
calcium from the lysosomal compartment to impair
cellular functions [330]. Cells are unable to maintain
cellular homeostasis if damaged lysosomes are not
removed, since the total number of intracellular
lysosomes varies only slightly even if some of them
become dysfunctional [331]. Damaged lysosomes can
be sequestered by autophagosomes in a process
termed lysophagy [331, 332]. Therefore, lysophagy
plays an essential role in preserving the number of
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functional cellular
homeostasis.

A variety of materials, including mineral
crystals, bacterial or viral toxins, lipids, p-amyloid,
and lysosomotropic agents such as L-leucyl-L-leucine
methy ester (LLOMe), can induce lysophagy [329, 331,
333]. These substances often cause Parkinson’s disease
and hyperuricemia nephropathy in vivo [331, 334].
When lysosomal membranes are damaged or even
under normal conditions, lysophagy factors such as
ubiquitin conjugating enzyme E2Q family-like 1
(UBE2QL1), SKP1/CUL1/F-box protein (SCF)FEx0z7,
Leucine-rich repeat and sterile alpha motif-containing
protein 1 (LRSAM1) and TRIM16 are recruited to
ubiquitinate  lysosomal = membrane  proteins.
Ubiquitinated proteins then recruit autophagy
adapters (such as TAXBP-1, SQSTM1, valosin-
containing protein (VCP) and phospholipase A
2-activating protein (PLAA)), leading to induction of
lysophagy. UBE2QL1, an E2 enzyme, is crucial for
lysophagy by ubiquitinating lysosomal proteins
following various types of lysosomal damage [335].
However, how UBE2QL1 is recruited to damaged
lysosomes has not been clearly illustrated. SCFFBX027
(a glycoprotein-specific F-box protein, part of the SCF
ubiquitin complex) can ubiquitinate glycoproteins
like LAMP2 in damaged lysosomes. After treatment
with LLOMe, FBXO27 on the cytoplasmic surface of
membranes can bind to LAMP2, which is localized on
the luminal side of lysosome membranes.
Interestingly, endogenous P62 can colocalize with
LAMP2 upon treatment with LLOMe. Hence,
ubiquitinated  lysosomes are degraded by
autophagosomes [336]. In addition to F-box protein 27
(FBXO27), the RING E3 ligase LRSAML1 is involved in

lysosomes and maintaining

Galectin-3

translocation ™,

" Galectin-3

LRSAM1 )

the ubiquitination of lysosomes damaged by bacteria
[337] (Figure 8).

Lysosomal membrane breakage and its removal
by autophagy can also be monitored by galectins
[331]. Galectins are galactose-binding lectins which
are normally localized in the cytoplasm and nucleus,
whereas galactose-containing carbohydrate chains are
enriched at the cell surface and at the luminal side of
endosomes, lysosomes, and the Golgi apparatus [338].
Endosomal or lysosomal membrane damage enables
the recruitment of galectin-3 to the ruptured
membrane [333, 339]. In addition to galectin-3,
galectin-1, -8 and -9 are also recruited to damaged
membranes by bacterial invasion [340]. In particular,
galectin-8 binds to NDP52, an autophagy receptor
with ubiquitin-binding activity [340], which suggests
that galectin-1, -3, -8, and -9 are useful markers for
damaged endomembranes. There are two
mechanisms by which galectins can modulate
downstream events. Galectin-3 recruits TRIM16, an
atypical TRIM E3 ligase, which promotes K63-linked
ubiquitination of ULK1 and ATGI16L1. This suggests
that a TRIM16-galectin-3 complex acts as a platform
for autophagic initiation proteins that in turn induce
phagophore formation [341]. In contrast, galectin-8
directly binds the autophagic receptor NDP52 via a
dedicated galectin-8 binding (GALBI) domain in
NDP52, which recruits LC3-positive phagophores that
then mediate lysophagy (Figure 8) [340]. Although
some galectins and autophagy receptors/adapters
have been found to participate in the process of
lysophagy, detailed molecular mechanisms and
appropriate disease models of lysophagy are still
limited.
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Figure 8. Lysophagy: clearance of damaged lysosomes by autophagy. When lysosomal membranes are damaged or even under normal conditions, lysophagy factors
such as UBE2QLI, SCFXx027, LRSAM1 and TRIMI6 are recruited to ubiquitinate lysosomal membrane proteins. Ubiquitinated proteins then recruit autophagy adapters (such as
TAXBPI, SQSTMI, VCP and PLAA), leading to induction of lysophagy. Galectin-3 (which normally localizes in the cytoplasm and nucleus) can also be recruited to disrupted
lysosomes, and the TRIM16-galectin-3 complex acts as a platform for assembly of autophagic initiation proteins that in turn induce phagophore formation. In contrast, galectin-8
directly binds the autophagic receptor NDP52 independently of ubiquitin, which recruits LC3-positive phagophores to mediate lysophagy.
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Most selective autophagy processes share a
common feature, which is that some proteins on the
membrane of the damaged organelles are
ubiquitinated [106, 342]. Many ubiquitin-modified
lysosomal proteins were identified by mass
spectrometry when lysosomes were damaged [343,
344]. P62 plays a major role in lysophagy due to its
recruitment to damaged lysosomes. Moreover,
depletion of P62 impairs lysosomal clearance [345].
Following LLOMe-mediated lysosomal damage, K63-
and K48-linked ubiquitin chains were shown to have
functional and temporal differences [345, 346].
Coinciding with the recruitment of the autophagy
receptor P62 after lysosomal damage, K63-linked
chains occur on lysosomes within an hour, while
K48-linked conjugates peak at 2~4 hours after
damage. Interestingly, K48-linked conjugates are
targeted by the ubiquitin-directed p97 [345]. Impaired
p97 function in lysophagy facilitates the accumulation
of K48-linked conjugates and alleviates the
degradation of damaged lysosomes. This means that
K48-linked chains are prone to trigger the removal of
some lysosomal proteins by p97, whereas K63-linked
chains might tend to recruit autophagy receptors.
Further studies of the role of ubiquitin, ubiquitin
receptors, and the factors that modulate their activity
will be required to enhance our understanding of

lysophagy.
The pivotal role of lysosomes in cellular
processes has been increasingly appreciated.

Lysosomal storage diseases (LSDs) are characterized
by disturbances of the activity of acid hydrolases,
lysosomal membrane proteins and intralysosomal
accumulation of substrates [347, 348]. Various
physiological functions may be affected by
dysfunctional lysosomes resulting from LSDs. It has
been uncovered that LSDs are associated with auto-
immune phenomena [349], cholesterol homeostasis
[350], cardiovascular diseases [351, 352], and NDDs
[353]. Some excellent recent reviews cover the current
therapeutic strategies against LSDs [347, 354-356].
Despite the progress made in understanding
lysophagy and LSDs, we still cannot fully explain the
individual pathologies. In addition, alteration in the
activities of lysosomes is only one aspect of disease
pathology, and combination therapies are encouraged
to circumvent any unwanted side effects when
targeting lysosomal diseases.

Nucleophagy: selective degradation of
genetic material

The nucleus is a double-membrane organelle
containing most of cell’s genetic material. It is found

in eukaryotes but is absent in prokaryotes. The
nucleus is composed of the nuclear envelope (a

membrane structure that isolates the entire nuclear
contents from the cytoplasm), the nuclear matrix, and
the highly compact DNA molecules which are
organized into chromosomes. The nucleus is essential
for cell survival and proliferation, and regulates
various cell activities by controlling gene expression.

Nucleophagy is the selective degradation of
nuclear components including DNA, RNA, the
nucleolus, nuclear proteins and the nuclear envelope.
Nucleophagy can be divided into two forms:
macronucleophagy and micronucleophagy (Figure 9).
Macronucleophagy is the degradation of nuclear
components as a selective form of macroautophagy,
and the nuclear materials are engulfed by
autophagosomes before fusing with lysosomes for
degradation [357, 358]. Micronucleophagy is the
direct engulfment of nuclear material by the vacuole
(in yeast), independent of autophagosome formation
[359].

Nucleophagy in yeast 1is executed via
micronucleophagy, which can be further classified
into two types: piecemeal microautophagy of the
nucleus (PMN) (Figure 9A) and late nucleophagy
(LN) (Figure 9B). PMN is induced under nutrient-rich
and early nitrogen starvation conditions and is
characterized by the formation of direct contacts
called nucleus-vacuole junctions (NV]Js) between the
nucleus and lytic vacuole. The nuclear membrane
protrudes toward the vacuole and is then isolated
from the nucleus and fuses with the vacuole for
enzymatic degradation. Nucleus-vacuole junction
protein 1 (Nvjl) and vacuolar protein 8 (Vac8) are
required for PMN (Figure 9A). Nuclear envelope
proteins, nuclear pore complexes, chromatin, and
spindle pole bodies can be degraded by PMN [360,
361]. Execution of PMN is independent of the core
autophagy machinery including the Ub-like
conjugation system and the Atg9 cycling system.
Normally, LN is induced under long-term (20 ~ 24
hours) nitrogen starvation and is accompanied by
structural changes in the nucleus. Unlike PMN, LN
occurs without formation of NV]Js (Figure 9B). Several
components of the core autophagy machinery such as
Atg3, Atg4, Atg7 and Atg8 are essential for the LN;
however, Atg6, Vps1l5 and Vps34 are not required for
this process. Defects in LN, caused by depletion of
essential autophagy genes such as Atg1 and Atg8, lead
to abnormal nuclear structure, which implies that LN
has a critical role in the maintenance of nuclear
homeostasis [362].

Atg39 is required for degradation of both ER and
nuclear components but is not essential for PMN.
Very recent work has identified that Atg39 is a
nucleophagy receptor in yeast. Atg39 localizes to the
nuclear envelope and interacts with Atgll to cause
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the sequestration of nuclear envelope-derived
double-membrane vesicles. The substrates of
Atg39-dependent nucleophagy include the nuclear
envelope proteins Hmgl and steroid receptor
coactivator 1 (Srcl) and the nucleolar protein 1 (Nop1)
[164] (Figure 9C). These results indicate that a highly
selective form of autophagy exists for nuclear
components. However, it is not known whether the
same mechanism exists in mammals because no Atg39
homologs have been identified. In general,
nucleophagy plays a vital role in maintaining the
health of yeast nuclei so that cells can survive under
nutrient starvation.

Compared with the yeast system, nucleophagy is
poorly understood in mammalian cells, although the
connection between nuclear materials and the
autophagic machinery has been constantly observed.
Nucleophagy in mammal cells was first described in
2009. Perinuclear autophagosomes/autolysosomes
containing nuclear components in nuclear
envelopathies could be seen when the genes encoding
A-type lamins (LMNA) and emerin (EMD) were
mutated. Interestingly, giant autophagosomes/
autolysosomes could also be seen even in wild-type
cells to clean up wastes produced by nuclear damage
[357]. Many autophagic proteins, including LC3,
ATG5, ATG7, NRBF2 and Beclinl, have been shown
to localize to the nucleus, either under normal or
stressed conditions [363-367]. The autophagic adapter

micronucleophagy

P62 is present both in the nucleus and in the
cytoplasm. Under stress, P62 binds to ubiquitinated
proteins and shuttles to the cytoplasm from the
nucleus along with another autophagic receptor,
ALFY [368]. The nuclear lamina plays an important
role in nuclear mechanical strength and higher-order
chromatin organization, and hence modulates gene
expression and silencing [369]. Lamina protein lamin
Bl is dramatically downregulated during oncogene-
induced senescence instead of starvation or
rapamycin treatment [370, 371]. Notably, lamin Bl
functions as an autophagy substrate which co-
localizes and interacts with LC3 via its LIR in
response to tumorigenic stress [372, 373]. This
interesting phenomenon suggests that selective
degradation of the nuclear lamina by autophagy may
restrain tumorigenesis. Micronuclei are fragments of
nuclear material enclosed by nuclear membrane,
which can be generated when cells are exposed to
genotoxic compounds. Micronuclei have been shown
to colocalize with LC3 and can be degraded by
macroautophagy [374]. Autophagic degradation of
micronuclei has been regarded as a cellular protective
mechanism to prevent chromosome instability during
genetic toxicity. Currently, the mechanism underlying
the selective macroautophagic degradation of nuclei
is still elusive and the specific receptors for
nucleophagy in mammals have not been identified.
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Figure 9. Nucleophagy: selective degradation of genetic material.

Nucleophagy can be divided into macronucleophagy and micronucleophagy. Piecemeal

micronucleophagy, also known as PMN, involves the direct engulfment of nuclear components by the vacuole, independent of autophagosome formation. (A) In yeast, PMN
occurs under nutrient-rich and early nitrogen starvation conditions. PMN is characterized by the formation of nucleus-vacuole (NV) junctions involving Nvjl and Vac8. The
nuclear membrane protrudes toward the vacuole, and then becomes isolated from the nucleus and fuses with the vacuole for enzymatic degradation. (B) Under prolonged (>20
h) nitrogen starvation, late nucleophagy (LN) occurs without formation of NV junctions. (C) Macronucleophagy is the degradation of the nucleus and nuclear materials by
auto-lysosomes (or vacuole in yeast). In yeast, the nucleophagy receptor Atg39 localizes to the nuclear envelope and interacts with Atgl | to cause the sequestration of nuclear
envelope-derived double-membrane vesicles. Under various stresses, the nucleus and nuclear materials are degraded via macronucleophagy. The substrates of Atg39-dependent
nucleophagy include the nuclear envelope proteins Hmgl and Srcl and the nucleolar protein Nopl.
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Although accumulating evidence suggests that
nucleophagy is implicated in human diseases, the
relationship between nucleophagy and human
pathological conditions is not well understood. Recent
studies highlight the potential association between
nucleophagy and diseases such as psoriasis,
tumorigenesis and NDDs. Keratinization is a highly
organized process in which keratinocytes lose their
nuclei and become corneocytes. During this process,
autophagy markers can be observed in the
perinuclear region and nucleophagy may serve as a
mechanism for removal of the nuclei. In psoriasis,
autophagic structures can barely be observed, which
suggests that there is a defect in nucleophagy [375].
Oncogenic mutations and chromosome instability are
markers of tumorigenesis. The autophagic
degradation of nuclear protein lamin Bl can be
triggered by KRAS mutation [373], which indicates
that nucleophagy may help maintain chromosome
stability by eliminating the mutated DNA.
Dentatorubral-pallidoluysian atrophy (DRPLA) is a
polyglutamine (polyQ) disease caused by the
expansion of CAG repeats in the atropin-1 gene. In a
mouse DRPLA model, nuclear degeneration,
autophagy inhibition and activated nucleophagy-
based lamin Bl degradation and excretion have been
observed [376]. The above-mentioned evidence
reveals the association of nucleophagy with multiple
disease  conditions. However, the causative
connection between nucleophagy dysregulation and
the pathogenesis of human diseases has yet to be
established.

In summary, nucleophagy is the process by
which cells degrade and recycle the components of
the nucleus. Although nucleophagy is a process that is
conserved from yeast to mammals, its regulatory
machinery in yeast and in mammals is distinct.
Micronucleophagy is the major route for nuclear
recycling in yeast, while mammalian cells rely on
macronucleophagy for degradation of nuclear
components. Nucleophagy has been regarded as a
mechanism that protects cells against prolonged
starvation, DNA damage and nuclear protein
aggregations. However, there is also evidence
suggesting that over-activation of nucleophagy leads
to ageing-related phenotypes [377]. Although the link
between nucleophagy and human diseases has been
revealed, more efforts are still needed to fully dissect
the causative connection. Poor understanding of the
regulatory mechanisms and a lack of animal models
with nucleophagy defects are current obstacles for
defining the role of nucleophagy in human diseases.

Xenophagy and virophagy: specialized
elimination of intracellular pathogens

Xenophagy plays a critical role in specialized
elimination of intracellular pathogens (fungi, bacteria
and viruses) [378]. Analogous to aggrephagy or
mitophagy, xenophagy utilizes autophagy receptors
(P62, NDP52, OPTN and NBR1) to selective bring the
cargo to the autophagosomal membrane [379].
Interestingly, TAX1BP1, a paralogue of NDP52,
functions as a novel autophagy receptor in myosin
VI-mediated xenophagy. Depletion of TAX1BP1
causes an accumulation of ubiquitin-positive
Salmonella [57] (Figure 10). The immune system plays
a significant role in defending against pathogen
invasion. Therefore, it is particularly important to
clarify the regulation of autophagy on immunity. It
has been uncovered that TAX1BP1 is necessary for
early autophagy induction in LC3-dependent manner
during T cell activation [380]. Additionally,
TRIM32-TAX1BP1-dependent selective autophagy
degrades  Toll-IL-1  receptor (TIR) domain-
containing adapter-inducing IFN (TRIF) and
effectively shuts down Toll-like receptor (TLR) 3/4-
mediated innate immune and inflammatory
responses [381].
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Figure 10. Xenophagy: specialized elimination of intracellular pathogens.
Xenophagy utilizes autophagy receptors (P62, NDP52, OPTN, NBRI and TAXI1BPI)
to selectively bring the ubiquitin-coated bacteria to autophagosome, through their
interaction with LC3.

As a subroutine of xenophagy, virophagy (the
xenophagic disposal of viruses) has been described
for different viral pathogens, including human
immunodeficiency virus-1 (HIV-1) [382, 383] and
herpes simplex virus-1 (HSV-1) [384]. The coronavirus
disease 2019 (COVID-19) pandemic is endangering
individuals, governments and societies around the
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world [385]. Hence, the possibility of virophagy
exerting its antiviral role in COVID-19 is attractive
from a therapeutic standpoint. Further study on the
precise mechanisms of selective autophagy will
greatly help us understand the pathogenesis of these
diseases, which in turn will help us find prevention or
treatment strategies.

Conclusions

Autophagy plays an important role in cellular
quality control and the clearance of misfolded protein
aggregates and damaged organelles. Autophagy was
originally thought to be a non-selective biological
process within the cell. However, recent studies have
shown that there are many types of selective
autophagy in both yeast and higher eukaryotic cells,
and selectivity of autophagy is probably a widespread
phenomenon in cells.

While selective autophagy occurs in different
forms, which correspond to the different cargoes, it
shares most of its mechanisms with non-selective
autophagy during autophagosome formation. The
reason for the selectivity is that certain
autophagy-related proteins or other effectors can
specifically recognize receptor molecules on the
cargoes (including organelles, pathogens, or large
protein aggregates) and then initiate the formation of
autophagosomes on the cargo surface [18, 21]. In
contrast, autophagy receptors and adapters do not
seem to be required for nonselective autophagy.
Although some cargo receptors directly bind their
cargoes, in mammalian cells several receptor proteins
recognize poly-ubiquitin chains attached to the
surface of cargoes for selective autophagy. Therefore,
the hypothesis of high-avidity interactions between
cargo receptors and clustered target molecules should
be tested for other cargo receptor proteins. Similarly,
it will be interesting to see whether LIR-Atg8
interaction is conducive to processes other than
autophagy, and to study whether LIR-Atg8
interaction can be used as drug target. Nevertheless,
not all LIR-containing proteins are autophagy
receptors. For instance, Atg3 and AtgdB, two
LIR-containing  proteins, are necessary for
autophagosome formation [386, 387]. Dishevelled
(Dvl), an adapter protein in the Wnt signaling
pathway, is degraded by the LIR motif [388]. Other
LIR-containing protein, like FYVE and coiled-coil
domain-containing protein 1 (FYCO1), participate in
the transportation and maturation of autophagosomes
[389].

Even though substantial progress has been made
in understanding the mechanism of selective
autophagy, there are still unsolved problems about
the identity of the new receptor for selective

autophagy. It has been revealed that Atgll acts as a
scaffold protein by connecting cargo-receptor
complexes and organelles in various types of selective
autophagy in yeast [240]. Receptor proteins like Atg19
[390], Atg34 [391], Atg32 [41] and PpAtg30 [255] have
been identified from the Atgll-receptor-cargo
complex. Therefore, it is necessary to identify
mammalian homologues of Atgl1 in order to discover
new selective autophagy receptor proteins. Rigorous
investigation is also required to clarify whether
lipophagy is the same in all cell types. In addition,
further researches are mneeded to resolve the
controversy about the role of lipophagy in liver
steatosis, and to find out whether the molecular
mechanism of pexophagy is conserved in eukaryotes.
Additionally, there is still a long way to go to identify
the novel MAM proteins that mediate selective
autophagy and the inactive proteasomes.

Available methods aimed at studying selective
autophagy have promoted the vigorous development
of this field. LysolP proteomic analysis combined
with sequence analysis and yeast two-hybrid screens
is possible to identify new cargo receptors [246]. Some
biological protocols and excellent recent reviews
cover many biochemical, cell biological and genetic
methods, such as the alkaline phosphatase (ALP)
assay, GFP-Atg8 assays, pH sensitive fluorescent
reporter, fluorescence microscopy-based methods, the
methylation-based M-Track assay, induced bypass
(iPass), electron microscopy (EM), western blot-based
assays, CRISPR/Cas9, efc, that are widely used in the
study of selective autophagy [392-394]. These tools
allow researchers to solve problems in a variety of
ways to confirm whether autophagy flow has
changed.

So far, we have witnessed great progress in our
understanding of selective autophagy. Here, we have
discussed how specific stimuli or stresses are sensed
by the cell and how selective autophagy receptors
respond to these signals. We have also summarized
the importance of post-translational modifications in
regulating selective autophagy networks, including
phosphorylation, dephosphorylation and
ubiquitination. Since most selective autophagy is
mediated by the interaction between receptors and
ligands, how do post-translational and structural
modifications affect the interaction between receptor
and ligand? Similarly, kinase(s), E3-ubiquitin
ligase(s), or phosphatase(s) should also be defined,
which regulate the activity of selective autophagy
receptors. In addition, the selectivity of autophagy
receptors for cargo and their spatial and temporal
function are important avenues for further study.

Selective autophagy is important for organelle
quality control and for responding to nutrient supply.
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It is therefore closely related to cellular homeostasis
and the development of diseases. Defective selective
autophagy is harmful to cells, leading to cancer,
neurodegeneration, metabolic  diseases, heart
dysfunction and inflammatory diseases [395, 396]. It is
extremely important to modulate selective autophagy
in pathological states. Considering the specificity of
receptors/adapters in different types of selective
autophagy, it would be an interesting strategy to
increase the activity of specific autophagy receptors/
adapters, and promote the degradation of substrates
at specific time points during the pathogenesis. Since
the beginning of 1960s, the research on autophagy has
almost increased exponentially. We believe that the
ongoing research on selective autophagy will provide
novel insights for answering these questions.
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