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clinical disorders.

« Regulation of selective autophagy by
discovering and developing small-
molecule agents has great clinical
application prospects for the
treatment of related diseases.
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ABSTRACT

Background: Autophagy is an evolutionarily conserved turnover process for intracellular substances in
eukaryotes, relying on lysosomal (in animals) or vacuolar (in yeast and plants) mechanisms. In the past
two decades, emerging evidence suggests that, under specific conditions, autophagy can target particular
macromolecules or organelles for degradation, a process termed selective autophagy. Recently, accumu-
lating studies have demonstrated that the abnormality of selective autophagy is closely associated with
the occurrence and progression of many human diseases, including neurodegenerative diseases, cancers,
metabolic diseases, and cardiovascular diseases.
Aim of Review: This review aims at systematically and comprehensively introducing selective autophagy
and its role in various diseases, while unravelling the molecular mechanisms of selective autophagy. By
providing a theoretical basis for the development of related small-molecule drugs as well as treating
related human diseases, this review seeks to contribute to the understanding of selective autophagy
and its therapeutic potential.
Key Scientific Concepts of Review: In this review, we systematically introduce and dissect the major cate-
gories of selective autophagy that have been discovered. We also focus on recent advances in understand-
ing the molecular mechanisms underlying both classical and non-classical selective autophagy.
Moreover, the current situation of small-molecule drugs targeting different types of selective autophagy
is further summarized, providing valuable insights into the discovery of more candidate small-molecule
drugs targeting selective autophagy in the future. On the other hand, we also reveal clinically relevant
implementations that are potentially related to selective autophagy, such as predictive approaches and
treatments tailored to individual patients.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction rently a research hotspot, as these drugs are potentially more

Autophagy stands as a subcellular degradation pathway that is
pivotal for upholding the homeostasis of eukaryotic cells and over-
all cell health. It was first discovered by Ashford and Porten in
human liver cells in 1962 [1]. In mammalian cells, autophagy is
usually categorized into three distinct types based on the path-
ways through which substrate (also called cargo) enters lyso-
somes: macroautophagy, microautophagy, and chaperone-
mediated autophagy (CMA) (Fig. 1A) [2,3]. Eukaryotic cells exhibit
two principal pathways for protein degradation: the ubiquitin-
proteasome system (UPS) and the autophagy-lysosome pathway
(ALP) [4]. Compared to the UPS, which is prevalent in eukaryotes
and archaea, autophagy exhibits stronger degradation ability. Its
substrates include not only biological macromolecules such as sol-
uble proteins but also larger cellular structures such as damaged
organelles [5]. The process of autophagy generally conforms to
the “cargo-ligand-receptor” model, which comprises four main
processes: induction of autophagy, formation of autophagosome,
fusion between autophagosome and lysosome, and subsequent
content degradation [6]. Autophagy is known to be a highly evolu-
tionarily conserved process, and its occurrence and development
are governed by a cascade of autophagy-related genes (ATGs). Cur-
rently, more than 30 autophagy-specific genes [7] and more than
50 related genes have been identified. The proteins encoded by
these ATGs significantly contribute to various phases of autophagy
initiation and progression (Fig. 1B). Moreover, numerous studies
have substantiated the connection between autophagy dysregula-
tion and the pathogenesis of various human diseases, highlighting
it as a pivotal research focus in recent years [8].

It has long been assumed that autophagy is a non-specific pro-
cess. However, as research has progressed, it has become evident
that autophagy can specifically degrade some biological macro-
molecules or organelles under certain conditions, a phenomenon
referred to as selective autophagy [9]. Unlike non-selective autop-
hagy (Fig. 2A), selective autophagy is characterized by its ability to
specifically degrade a certain substrate rather than inducing wide-
spread cell autophagy (Fig. 2B). Nowadays, extensive research is
being conducted on various forms of selective autophagy, includ-
ing mitophagy [10], endoplasmic reticulum (ER)-phagy/
reticulophagy [11], aggrephagy [12], lipophagy [13], pexophagy
[14], ribophagy [15], and others. In addition to the organelles
inside the cell, invasive substances from outside of the cell, such
as viruses and bacteria, can also be degraded by selective autop-
hagy [16]. However, while the molecular mechanism of general-
ized autophagy is relatively well studied, the detailed mechanism
of selective autophagy remains unclear and requires further inves-
tigation. At present, the existing data accumulated by related stud-
ies prove that selective autophagy exerts a substantial
physiological impact across various facets of organisms. And its
aberrant function is directly linked to the onset and advancement
of numerous severe human diseases, encompassing neurodegener-
ative diseases, cancers, metabolic diseases, and so on [17,18].
Therefore, elucidating the molecular mechanism of selective
autophagy is poised to provide a novel theoretical foundation for
addressing related diseases therapeutically. The development of
new small-molecule drugs targeting selective autophagy is cur-
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specific to their targets and have fewer side effects. Owing to its
high specificity, drug development aimed at selective autophagy
pathways holds significant promise for therapeutic interventions,
making it a field of high clinical relevance.

Here, we summarize the presently discovered categories of
selective autophagy and delve into the underlying mechanisms
governing this process, providing a comprehensive understanding
of selective autophagy. Additionally, we elucidate the diseases
associated with different types of selective autophagy, categorizing
them into several classifications, such as neurodegenerative dis-
eases, cancers, cardiovascular diseases, and metabolic diseases.
Moreover, existing small-molecule drugs for regulating selective
autophagy are also described to give inspiration to related drug
development. This article aspires to contribute to the identification
and development of novel drugs targeting selective autophagy,
presenting novel perspectives for the treatment of associated
diseases.

The categories and characteristics of selective autophagy

In contrast to non-selective autophagy, which is characterized
by “eating oneself,” selective autophagy is a deliberate “phagocyto-
sis” process that selectively targets and engulfs different sub-
strates, including mitochondria, peroxisomes, ribosomes, ERs,
lysosomes, nuclei, proteasomes, lipid droplets (LDs), and so forth
(Fig. 3A). In this section, we provide a summary of the types of
selective autophagy that are relatively well studied at present, out-
lining their distinct mechanistic features (Fig. 3B).

Mitophagy

Mitochondria, as the main source of ATP, hold critical signifi-
cance in numerous intracellular processes and play a pivotal role
in instigating programmed cell death. However, damaged mito-
chondria will significantly destroy the metabolic homeostasis of
cells, leading to the excessive generation of reactive oxygen species
(ROS) and cellular demise. Hence, quantitative and quality control
to maintain mitochondrial homeostasis is a prerequisite for the
therapeutic intervention of diverse diseases. Mitophagy, a subtype
of selective autophagy, is essential for preserving the functional
integrity of mitochondria and cellular homeostasis by specifically
eliminating dysfunctional mitochondria from the cytoplasm.

At present, the mechanisms of mitophagy are categorized into
two groups: the ubiquitin (Ub)-dependent pathway and the Ub-
independent pathway. And the most extensively studied mito-
phagy regulation pathway is the PTEN-induced putative kinase 1
(PINK1)/Parkin pathway in the Ub-dependent pathway. The initia-
tion of PINK1-Parkin pathway-mediated mitophagy is usually
associated with changes in mitochondrial membrane potential
(MMP). In mammalian cells, PINK1-Parkin pathway-mediated
mitophagy can be triggered by inhibitors of the respiratory chain,
protein toxicity, and mitochondrial ROS [19]. PINK1 denotes a
mitochondrial serine/threonine kinase encoded by nuclear DNA
and transported to the mitochondria for function [20]. Under phys-
iological circumstances, PINK1 is synthesized within the cytoplasm
and transported to the inner mitochondrial membrane (IMM). The
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molecular mechanisms of autophagy discovered so far.

changes of MMP prevent PINK1 from entering the IMM, leading to
its accumulation on the outer mitochondrial membrane (OMM)
and subsequent recruitment of the E3 ubiquitin ligase Parkin to
the mitochondrial surface [21]. Subsequently, the E3 ubiquitin
ligase activity of Parkin was triggered by PINK1 by a series of mod-
ifications, including the phosphorylation of Parkin and ubiquitin
[22]. Activated Parkin can cause polyubiquitination of various
mitochondrial outer membrane proteins and thus be recognized
by a variety of autophagy adaptor proteins, including sequesto-
some 1 (SQSTM1/p62), optineurin (OPTN), nuclear dot protein 52
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(NDP52), and neighbor of BRCA1 gene 1 (NBR1) [23], all of which
contain the LC3-interacting region (LIR). By engaging in interac-
tions between the LIR motifs and microtubule-associated protein
1 light chain 3 (LC3), the autophagy vesicles wrap the damaged
mitochondria to form mitochondrial autophagosomes, which sub-
sequently undergo fusion with lysosomes to degrade the damaged
mitochondria [23]. In addition, autophagy receptors, such as OPTN
and NDP52, can be directly recruited by PINK1 into mitochondria
via ubiquitin phosphorylation, thus promoting the occurrence of
mitophagy [24]. In the non-ubiquitination pathway, the OMM
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proteins such as BCL2-interacting protein 3 like (BNIP3L)/Nip3-like
protein X (NIX), BCL2-interacting protein 3 (BNIP3), and FUN14
domain-containing protein 1 (FUNDC1) can directly bind to LC3,
thereby promoting mitochondria to be wrapped by the autophago-
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somal membrane (Fig. 4A). Recently, the membrane scaffold pro-
tein prohibitin 1 (PHB1) and prohibitin 2 (PHB2) have also been
recognized as novel mitophagy receptors, suggesting the existence
of additional potential mitophagy receptors [25,26].
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As the most widely studied type of selective autophagy, abnor-
mal or damaged mitophagy has been implicated in numerous
human diseases, a more comprehensive exploration of the role of
mitophagy in diseases will be provided in a subsequent section.

ER-phagy/Reticulophagy

ER assumes a pivotal role in numerous biological processes
within the body, such as calcium storage and lipid biosynthesis,
as well as the maturation and transport of both secreted and mem-
brane proteins. However, disruption of the environmental equilib-
rium within the ER and impairment of its functionality lead to the
accumulation of numerous unfolded or misfolded proteins within
its lumen. This accumulation ultimately disrupts ER homeostasis,
initiates ER stress, along with the unfolded protein response
(UPR), and may even trigger a comprehensive remodeling of the
ER. ER-phagy, also known as reticulophagy, is a lysosomal-
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mediated process that specifically removes damaged ER. Its pri-
mary function is to degrade redundant ER membranes and insol-
uble or toxic protein aggregates, thus controlling ER volume and
maintaining cell homeostasis. Additionally, ER-phagy has a hidden
function in expanding ER capacity by releasing the vesicle mem-
brane that has been engulfed. This expansion of ER capacity is ben-
eficial to the aggregation of newly synthesized ER enzymes and the
reduction of the buildup of unfolded proteins, thereby inhibiting
the aggregation of misfolded proteins. Essentially, ER-phagy can
modulate the steady-state capacity of the ER, making it an indis-
pensable process for preserving cellular homeostasis.

It is noteworthy that the targeted autophagic degradation of the
ER occurs due to the specific recognition by certain autophagy-
related proteins, such as ATGS8 in yeast, LC3 in mammals, or other
effector factors [27]. These proteins selectively identify ER-phagy
receptors, triggering the initiation of autophagosome formation.
Therefore, understanding alterations in ER-phagy receptors is
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imperative for comprehending the mechanisms underlying ER-
phagy-related diseases. Among the recognized mammalian ER-
phagy receptors are SQSTM1/p62 [28], BNIP3 [29], family with
sequence similarity 134 member B (FAM134B, also known as
RETREG1) [30], testis expressed 264 (TEX264) [31], reticulon-3L
(RTN3L) [32], SEC62 Homolog, preprotein translocation factor
(SEC62) [33], cell cycle progression protein 1 (CCPG1) [34], calcium
binding and coiled-coil domain protein 1 (CALCOCO1) [35], and so
on (Fig. 4B). Originally recognized as a tumor suppressor gene
named JK1, FAM134B underwent its initial characterization. How-
ever, a recent study revealed its role as a protein interacting with
ATG8/LC3 and shown that the deletion of FAM134B led to observ-
able ER swelling in neuronal cells [30]. Likewise, numerous studies
have demonstrated the pivotal role played by different specific ER-
phagy receptor proteins in preserving ER homeostasis [32,35-37].
These investigations have elucidated that different ER-phagy
receptors are responsible for distinct stress conditions, and the
expression levels of diverse ER-phagy receptors in different tissues
also exhibit significant variation [38]. Consequently, the different
physiological functions and regulatory mechanisms of these recep-
tors remain an area requiring in-depth investigation.

On balance, ER-phagy is currently a focal point of research, yet
numerous pressing issues persist. Urgent challenges include deci-
phering the precise molecular mechanism governing ER-phagy,
comprehending its pathophysiological functions, exploring specific
regulatory methods (e.g., post-translational modifications), identi-
fying novel ER-phagy receptors, and more. Despite notable pro-
gress in understanding the molecular mechanisms of ER-phagy,
fundamental questions surrounding how various physiological
and pathological signals influence its specific mechanisms, the
exact process of ER fragmentation, and the subsequent sequestra-
tion into autophagosomes and lysosomes remain pivotal problems
that are unanswered. Uncovering the physiological and pathologi-
cal processes related to ER-phagy-induced diseases and gene
mutations is essential, offering potential avenues for disease treat-
ment. As scientific exploration deepens, unraveling further aspects
of ER-phagy will furnish novel insights and strategies for prevent-
ing and treating associated diseases.

Aggrephagy

Numerous diseases arise due to genetic mutations or the
buildup of abnormal proteins. The targeted degradation of these
pathogenic proteins is crucial for maintaining cellular homeostasis
and can significantly impact disease development or treatment. In
this context, autophagy, as an important mechanism for cytoplas-
mic cleaning, has attracted widespread attention from scientists.
Of particular interest is aggrephagy, an important branch of cellu-
lar autophagy, which has shown unique potential for regulating
protein aggregates and removing misfolded proteins. As one of
the important types of selective autophagy in cells, it is primarily
responsible for degrading protein aggregates and assumes a deci-
sive function in the quality surveillance system for abnormal pro-
teins. Therefore, regulating the degradation of some aggregated or
misfolded proteins through aggrephagy holds promise for poten-
tial applications in the treatment of related diseases.

Mechanistically, the ubiquitination of the aggregates is essen-
tial for facilitating their degradation. Additionally, SQSTM1/p62,
NBR1, toll interacting protein (TOLLIP), Tax1 binding protein 1
(TAX1BP1), and OPTN are shown to be cargo receptors specific to
aggrephagy, acting as bridging connectors between polyubiquiti-
nated substrates and LC3 on autophagosomes (Fig. 4C) [39]. The
ubiquitin-binding domain (UBD) and LIR motif are essential for
the function of aggrephagy receptors. In both SQSTM1/p62 and
NBR1, the UBD situated in the C-terminal region distinctly recog-
nizes Lys63-linked polyubiquitin substrates, resulting in the for-
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mation of complexes [40]. Simultaneously, the LIR motif within
SQSTM1/p62 and NBRT1 facilitates the transportation of complexes,
resulting from the union of SQSTM1/p62 or NBR1 with polyubiqui-
tinated aggregates, to autophagosomes. TOLLIP interacts with and
colocalizes alongside ubiquitin and LC3, signifying TOLLIP’s role as
a receptor for Ub-ATG8 [41]. Elevated TOLLIP expression facilitates
the effective degradation of polyglutamine (polyQ) proteins associ-
ated with HD. Conversely, the absence of TOLLIP induces cytotoxic
effects in response to the overexpression of polyQ proteins [42].
Similarly, the deficiency of TAX1BP1 leads to the accumulation of
protein aggregates within the brain, which leads to the deteriora-
tion of neurodegenerative diseases such as Huntington’s disease
(HD) [43]. Moreover, recent studies have identified a novel aggre-
gate receptor, chaperonin containing TCP1 subunit 2 (CCT2), which
operates independently of ubiquitin-binding receptors and CMA.
Unlike SQSTM1/p62, NBR1, and TAX1BP1, which promote the elim-
ination of soluble protein aggregates, CCT2 assists in the autopha-
gic degradation of solid protein aggregates characterized by low
motility. CCT2 operates selectively, specifically promoting the
degradation of solid aggregates [44].

Lipophagy

LDs are large accumulations of neutral lipids found in adipo-
cytes, consisting mainly of a monolayer structure of triglycerides
and sterol esters. LDs are cellular organelles responsible for storing
intracellular neutral lipids, with numerous studies linking them to
obesity and various diseases [45]. Beyond adipocytes, LDs have
been identified in diverse cell types, including hepatocytes, smooth
muscle cells, and glial cells. Since autophagy was first reported as a
process involving LD decomposition in 2009, lipophagy has gar-
nered significant attention as a novel process of lipid metabolism
based on LD decomposition [46]. Lipophagy represents a distinct
form of autophagy capable of selectively identifying LDs and inte-
grating them into autophagosomes efficiently. After fusion with
lysosome, the lysosomal enzymes are used to decompose triacyl-
glycerol (TAG) to produce free fatty acids (FFAs), providing a sub-
strate for fatty acid oxidation (FAO), which is an important
metabolic pathway for the body to reduce lipid toxicity (Fig. 4D)
[47].

Adipocyte triglyceride lipase (ATGL) has been shown to initiate
the hydrolysis of TAG to release free fatty acids, indicating that
ATGL may play an important role in regulating lipophagy [48].
Mechanistically, ATGL promotes the activity of Sirtuin 1 (SIRT1),
which is a prerequisite for ATGL-induced initiation of lipophagy
to control hepatic LD catabolism [49]. Therefore, ATGL is identified
as a key player in the selective autophagic degradation of lipo-
phagy. In a mouse model subjected to a high-fat diet (HFD),
another member of the same lipase family, patatin-like phospholi-
pase domain-containing protein 8 (PNPLA8), was proven to engage
with LC3, instigating lipophagy and thus ameliorating the symp-
toms of NAFLD [50]. Furthermore, PNPLA3 and PNPLA5 are essen-
tial components for the induction of lipophagy in starved human
hepatocytes [51,52]. Perilipin (PLIN) proteins are the main cytoso-
lic lipid droplet-related proteins in many diseases, and they are
considered to participate in the establishment and stability of
LDs. Demonstrably, the mammalian target of rapamycin complex
1 (mTORC1) orchestrates the regulation of hepatic lipophagy by
modulating PLIN3 phosphorylation, indicating a pivotal role for
PLIN3 as a significant lipophagy receptor [53]. Studies have
demonstrated that the lipid transfer protein oxysterol-binding
protein-related protein 8 (ORP8), which is located on LDs and acts
as the receptor for autophagic turnover of LDs, promotes the envel-
opment of LDs by autophagosomal membranes [54]. Notably, this
function of ORP8 is detached from its lipid transport activity.
Instead, it is accomplished through its direct interaction with LC3
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anchored in the phagophore [55]. Mucolipin TRP cation channel 1
(MCOLN1), identified as a lysosomal Ca?" channel that controls
lysosome-plasma membrane fusion, has recently been demon-
strated to participate in the extracellular efflux of FFAs produced
from lipophagy via lysosomal exocytosis [13]. In conclusion, the
investigation into lipid autophagy receptors, particularly the eluci-
dation of mechanisms involving lipophagy, has significantly
advanced our understanding of cellular lipid metabolism and its
implications for health and disease.

Pexophagy

Peroxisomes are organelles with a single-membrane structure
found in eukaryotic cells. Named for their abundance of catalase
and various peroxidases, peroxisomes play a crucial role in fatty
acid oxidation, phospholipid synthesis, and oxidative stress [56].
Peroxisome autophagy, also called pexophagy, is the primary
mechanism for peroxisome degradation [57]. When various factors
trigger pexophagy, specific proteins on the peroxisome membrane
undergo ubiquitination. Subsequently, ubiquitinated membrane
proteins bind to LC3 mediated by NBR1, SQSTM1/p62, or other pro-
teins to form autophagosomes, which are further fused with lyso-
somes and degraded (Fig. 4E) [58].

There are numerous proteins present on the peroxisome mem-
brane, collectively referred to as peroxisomal membrane proteins
(PMPs). Among these, the most thoroughly studied PMP related
to pexophagy is peroxisomal biogenesis factor 5 (PEX5) [59]. Dur-
ing the occurrence of oxidative stress, PEX5 locates an important
protein kinase, ataxia telangiectasia-mutated kinase (ATM), onto
the peroxidase body membrane, thus promoting the initiation of
pexophagy [60]. Secondly, the peroxisomal biogenesis factor 2
(PEX2), serving as peroxisomal E3 ubiquitin ligase, undergoes
ubiquitination to designate peroxisomes for pexophagy [61].
Specifically, this leads to widespread ubiquitination of peroxi-
somes and their subsequent degradation through an autophagic
process mediated by NBR1, indicating that pexophagy occurrence
can be regulated by controlling the ubiquitination process [62].
The deubiquitinating enzyme ubiquitin-specific protease 30
(USP30) can inhibit pexophagy by antagonizing PEX2, thus main-
taining the balance of the number of peroxisomes in cells [63]. In
addition to oxidative stress and ubiquitination, amino acid starva-
tion emerges as another prevalent factor inducing pexophagy. It
was revealed that pexophagy was promoted under amino acid-
deficient condition in human cervical cancer HelLa cells [14].
Importantly, mitochondria and peroxisomes are closely related
metabolic organelles in origin and function. Studies have proved
that BNIP3L/NIX can regulate not only mitophagy but also pex-
ophagy, revealing the dual functions of BNIP3L/NIX and highlight-
ing the interrelationship between different selective autophagy
pathways [64]. In summary, pexophagy, as the main degradation
mode of peroxisomes, together with the biosynthesis process of
peroxisomes, maintains the dynamic balance of peroxisome num-
ber in cells. Disturbance of this equilibrium can give rise to perox-
isomal dysfunction and contribute to the onset of various diseases.

Ribophagy

Ribosomes are intracellular ribonucleoprotein particles primar-
ily composed of ribosomal RNA (rRNA) and proteins and mainly
function as molecular machines for intracellular protein synthesis.
Through electron microscopy, ribosomes have been observed
inside autophagosomes [15]. Previously, it was widely believed
that ribosomes enclosed within autophagosomes underwent non-
selective bulk degradation. Nevertheless, recent emerging findings
show that there is a link between ribosomes and selective autop-
hagy. Ribophagy represents a distinctive form of autophagy dedi-
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cated to the selective degradation of ribosomes, which was first
discovered in 2008 [65]. In mammals, the inactivation of mTORC1
is engaged in the selective degradation of ribosomes [66]. Ribo-
phagy relies on the ability of nuclear FMRP interacting protein 1
(NUFIP1) to interact with LC3B and enhance cell viability, indicat-
ing that NUFIP1 acts as a ribosome receptor for starvation-induced
ribophagy [66]. And the binding partner of NUFIP1, zinc finger HIT
domain-containing protein 3 (ZNHIT3), which transports ribo-
somes to autolysosomes by directly associating with LC3B, under-
goes relocation from the nucleus to autophagosomes, lysosomes,
and ribosomes following mTORC1 inhibition. Specifically, inhibit-
ing mTORC1 causes changes in ribosomal stability and promotes
the binding of ribosomes to NUFIP1-ZNHIT3 (Fig. 4F). It was
reported that Ubp3, a ubiquitin protease, and Bre5, a cofactor, par-
ticipated in the ribophagy of yeast, mainly targeting the 60S sub-
unit and not affecting the 40S subunit. Recently, ubiquitin-
specific protease 10 (USP10) and GTPase activating protein (SH3
domain) binding protein 1 (G3BP1) were found to be mammalian
homologues of Ubp3 and Bre5, respectively [67]. In addition, due
to the close structural correlation between ribosomes, ER, and
mitochondria, when ER-phagy and mitophagy occur, ribosomes
can be degraded through the bypass autophagy pathway [68].

Ribophagy holds great promise as a therapeutic target for vari-
ous diseases, indicating drugs targeting ribophagy may become a
therapeutic strategy for various diseases in the future [69]. How-
ever, there is a limited understanding of ribosome turnover and
its implications for cellular homeostasis, development, and the
pathogenesis of human diseases [70]. The signaling pathways
and regulatory pathways of ribophagy are still unclear, and the
existence of other receptors mediating the occurrence of ribophagy
needs further clarification [71].

Nucleophagy

Nucleophagy, a specific category of autophagy directing the cell
nucleus toward autophagic degradation, has not only been demon-
strated as a model system for investigating selective macroau-
tophagy but has also been associated with various disease
conditions [72]. Despite the nucleus serving as the command cen-
ter of the cell by protecting our genetic information and regulating
gene expression, the mechanisms and implications of nuclear
autophagy remain poorly understood [73].

During the initiation stage of nuclear autophagy, the nuclear
lamina protein lamin B1 directly interacts with LC3 found within
the nucleus, facilitating autophagy membrane transport and sub-
strate delivery, and binds to the lamin-associated domains on
chromatin [74]. The degradation of lamin B1 is achieved through
its transport from nuclear to cytoplasmic and then to the lysosome,
where it is degraded (Fig. 4G). Interestingly, detailed investigations
into the initiation mechanisms of nucleophagy revealed a potential
association between the regulation of nucleophagy and lipid meta-
bolism. Studies have found that lamin gene expression abnormal-
ities or mutations can cause a variety of physiological and
pathological processes, such as autosomal dominant familial par-
tial lipodystrophy type 2 (FPLD2), fat storage disorders, and other
diseases [75]. Furthermore, investigations have revealed that the
inner nuclear membrane (INM) exhibits distinct lipid composition
and lipid metabolism functions, further supporting this conclusion
[76].

Nuclear abnormalities are common in progeria syndromes, car-
cinogenic damage, and degenerative diseases. Preventing prema-
ture aging and maintaining cell homeostasis depend significantly
on the selective autophagy of organelles. We aim to achieve signif-
icant advancements in understanding the mechanism of nucle-
ophagy and its physiological and pathological significance in the
future, which will help to clarify the pathogenesis of many human
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diseases and foster the formulation of efficacious treatment strate-
gies involving nucleophagy.

Proteaphagy

In UPS, multiple ubiquitin molecules form covalent connections
with the target protein, marking it for degradation by 26S protea-
somes [77]. Notably, the proteasomes themselves are also subject
to degradation. The lysosomal degradation of proteasomes was
first discovered in 1995 when researchers observed that rats
administered leupeptin, an inhibitor of lysosomal proteases,
showed an accumulation of proteasomes in their lysosomes [78].
In 2015, it was demonstrated for the first time in Arabidopsis that
proteasomes can be degraded through the ATG8-mediated autop-
hagy pathway. In this process, the inactivated proteasome subunit
is labeled by ubiquitin and then recognized by the ubiquitin recep-
tor ribophorin 10 (RPN10), which further mediates the degradation
of the inactivated proteasome by binding to ATGS8, thus maintain-
ing the stability of the intracellular proteasome library. This pro-
cess was later named proteaphagy [79]. However, no interaction
between RPN10 and LC3/ATG8 was found in human and yeast cells,
suggesting that there may be other molecules mediated pro-
teaphagy in other organisms. In Hela cells, the ubiquitinated pro-
teasome was degraded by the SQSTM1/p62-mediated autophagy
pathway [80]. Moreover, crucial ubiquitin receptors in mammals
have been identified as the proteasome subunits ribophorin 1
(RPN1), RPN10, and ribophorin 13 (RPN13) (Fig. 4H) [81]. Under
conditions of amino acid starvation, these three subunits become
poly-ubiquitinated, making them easier to recognize by SQSTM1/
p62. By interacting with LC3, SQSTM1/p62 facilitates the transport
of inactive 26S proteasomes to the growing phagophore, eventu-
ally leading to their turnover through autophagy [82].

Lysophagy

Interestingly, in addition to the proteasome itself, which can be
degraded by selective autophagy, the lysosome, a key organelle in
autophagy, can also be targeted for degradation by autophagy.
Lysosomes are organelles that decompose biological macro-
molecules, including proteins, nucleic acids, and polysaccharides,
and contain many hydrolytic enzymes. When lysosomes are dam-
aged or unstable, a large amount of hydrolase will be released into
the cytosol, posing a threat to cell health [83]. Therefore, the
removal of damaged lysosomes is also extremely important for
the maintenance of cellular homeostasis. Compromised lysosomes
can be engulfed by autophagosomes in a phenomenon recognized
as lysophagy. Under circumstances where lysosomal membranes
are impaired, or even in regular conditions, lysophagy-related fac-
tors encompassing ubiquitin conjugating enzyme E2Q family-like 1
(UBE2QL1), leucine-rich repeat and sterile alpha motif-containing
protein 1 (LRSAM1), and tripartite motif containing 16 (TRIM16)
are demanded for the ubiquitination of lysosomal membrane pro-
teins [84,85]. Ubiquitinated proteins subsequently attract autop-
hagy receptors, leading to the induction of lysophagy (Fig. 4I)
[86]. Moreover, Galectin-3, which is typically distributed within
the cytoplasm and nucleus, can be mobilized to compromised lyso-
somes. The TRIM16-galectin-3 complex serves as a foundation for
the assembly of autophagic initiation proteins, consequently
prompting the formation of phagophores [87]. Conversely,
galectin-8 establishes a direct interaction with the autophagic
receptor NDP52, irrespective of ubiquitin, facilitating the recruit-
ment of LC3-positive phagophores for the mediation of lysophagy
[88].
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FA-phagy

Focal adhesions (FAs) are structures located beneath the cell
membrane, composed of integrins situated on the cellular mem-
brane and actin in the cell [89]. They assume a significant function
in fostering adhesion between cells as well as establishing a con-
nection between cells and the extracellular matrix. FAs can be
decomposed and reassembled in the process of cell movement
and morphological changes, thus regulating cell adhesion and
movement. Significantly, autophagy has been demonstrated to
degrade FAs in diverse cell types, which is called FA-phagy. The
FA protein paxillin engages with processed LC3 via a preserved
LIR motif in the N-terminal end of paxillin, culminating in FA-
phagy and subsequent disassembly of FAs, which can reduce the
migration and invasion of tumor cells [90]. Furthermore, the deple-
tion of essential autophagy genes such as ATG5 or ATG7 has been
proven to increase both the number and size of FAs, providing fur-
ther support for the concept that autophagy negatively regulates
FAs [90]. Multiple studies have demonstrated that FAs serve as
selective targets for autophagy, with the autophagy cargo recep-
tors NBR1, casitas B-lineage lymphoma (c-Cbl), and SQSTM1/p62
identified as crucial mediators in this process by facilitating the
targeting of FAs to autophagosomes (Fig. 4]) [91,92]. The explo-
ration of FA-phagy as a significant mechanism for FAs degradation
has enriched our understanding of cellular dynamics and regula-
tory pathways governing cell adhesion and movement. The intri-
cate interplay between autophagy and FAs unveils a previously
unrecognized facet of cellular homeostasis, shedding light on the
adaptability and plasticity of cell-matrix interactions.

Xenophagy and virophagy

Selective autophagy can not only target various intracellular
organelles as degradation goods but also identify harmful invading
pathogens, such as bacteria and viruses, from outside of the cell to
maintain cellular homeostasis. Xenophagy is an important autop-
hagy mechanism used by the host to clear intracellular pathogens
and assumes a pivotal function in resisting external pathogen
infection. Similar to various forms of selective autophagy, xeno-
phagy brings the cargo specifically to the autophagosomal mem-
brane by means of autophagy receptors (SQSTM1/p62, NDP52,
OPTN, and NBR1) (Fig. 4K) [93]. But the current research progress
is limited, and it is not yet clear how xenophagy is initiated. Recent
studies have highlighted the essential role of the V-ATPase-
ATG16L1 axis in initiating xenophagy [94]. Studies have found that
bacteria can evade heterologous autophagy by inhibiting the initial
signaling pathway of autophagosomes, pretending to be cellular
components to avoid autophagy recognition, blocking the forma-
tion of autophagosomes, inhibiting the fusion of autophagosomes
and lysosomes, etc., so as to achieve the purpose of intracellular
survival [95]. Therefore, further study of the specific mechanism
of xenophagy can offer the possibility of regulating intracellular
xenophagy utilizing small-molecule drugs and provide new
approaches for treating associated diseases. The xenophagic dis-
posal of viruses, known as virophagy, is a subtype of xenophagy
identified in various viral infections, such as human immunodefi-
ciency virus-1 (HIV-1) [96] and the coronavirus disease 2019
(COVID-19) [97]. At the cellular level, virophagy can selectively tar-
get viruses to degrade them, which is beneficial to cell survival.
However, some invading viruses have evolved strategies to escape,
manipulate, and even inhibit the autophagy mechanism, which is
beneficial to virus replication [98].

Selective autophagy is a process characterized by distinct recog-
nition mechanisms for different degradation targets compared
with general autophagy, while sharing key protein molecules in
subsequent autophagic processes. For example, the three
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processes, ubiquitination labeling of target goods in the early stage,
fusion of autophagosomes with lysosomes, and final degradation in
lysosomes, have the same demand for some receptor proteins [27].
In recent years, new types of selective autophagy, such as fer-
ritinophagy [99], have been discovered, leading to the ongoing
development of a comprehensive selective autophagy system.
From mitophagy to xenophagy, the diverse categories of selective
autophagy collectively contribute to maintaining cellular home-
ostasis by selectively eliminating specific cellular components.
Deciphering the intricate roles of selective autophagy pathways
in cellular quality control and stress responses necessitates a com-
prehensive understanding of the wunderlying molecular
mechanisms.

Molecular mechanisms of selective autophagy

The ongoing investigation into the molecular mechanisms of
selective autophagy remains a focal point of research, and this pro-
cess requires the synergistic effect of receptors, chaperones, and
autophagy proteins [100]. Current research suggests that the
mechanisms underlying selective autophagy can be broadly dis-
persed into three specific processes: designation, targeting and
sequestration, and degradation.

Designation

The determination of selective autophagy cargoes primarily
relies on targeted ubiquitination. Ub, a small protein composed
of 76 amino acids, is ubiquitously present in all tissues of eukary-
otic organisms [101]. It functions as a modulator by covalently
attaching to cellular proteins, facilitated by an enzymatic cascade
involving three classes of enzymes referred to as E1 (activation),
E2 (conjugation), and E3 (ligation) (Fig. 5A) [102]. The diversity
of ubiquitin linkage patterns and proteins that interact with ubiq-
uitin allows Ub to carry out various functions. Numerous studies
have demonstrated that the targets of selective autophagy are usu-
ally ubiquitinated prior to their degradation [39]. With the identi-
fication of autophagy receptors, a clearer and more detailed
selective autophagy mechanism is being unveiled.

There have been many studies on how Ub is affixed to its sub-
strates, including conjugation of a single ubiquitin monomer
(monoubiquitination) or sequential conjugation of several ubiqui-
tin moieties (polyubiquitination) of varying length [103]. The pres-
ence of a distinct ubiquitin-linkage type specific to autophagy has
been a topic of prolonged debate [104]. Some studies suggested
that maybe the monoubiquitination of proteins or organelles is
sufficient for their specific encapsulation into autophagosomes,
indicating that the linkage types may not significantly affect selec-
tivity [105]. Importantly, aside from Ub systems, two ubiquitin-like
systems (UBLs) are required for autophagy: the ATG5-ATG12-
ATG16L system and the LC3 system. The two UBL conjugation sys-
tems are highly conserved and function during autophagosome
formation during both selective and non-selective autophagy. Once
a target protein is modified by ubiquitination, the monomer or
polymer of ubiquitin linked to the target protein can be recognized
and bound by various UBDs, protein domains capable of regulating
the process of ubiquitination modification. The specific binding
between UBD and Ub determines the specificity of ubiquitination
substrate function [106]. Furthermore, current research has
demonstrated that fluidity is the key determinant of selective
autophagy. Recognition in selective autophagy necessitates that
the condensates exhibit semi-liquid characteristics, and solid-like
aggregates may not qualify as optimal autophagy cargoes [107].

Collectively, ubiquitin serves as a signal for cargo targeting and
determines the formation position of autophagosome. In principle,
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the degradation agent inducing the proximity between ubiquitin
ligase and its substrate can initiate the selective autophagy process
and the degradation of substrate [108]. However, more efforts are
needed to identify ligases suitable for this purpose. Understanding
the relationship between the diversity of Ub chain and autophagy
will empower researchers to identify ligases suitable for targeting,
thus paving the way for developing selective degradation agents.

Targeting and sequestration

Recently, considerable progress has been made in the recogni-
tion of ubiquitin-dependent selective autophagy receptors [109],
including SQSTM1/p62, NBR1, OPTN, and NDP52. These receptors
possess the ability to simultaneously bind substrate and ubiquitin,
initiating the pathway leading to autophagy and recruiting the
autophagosomal membrane. They selectively interact with cargoes
and guide them to the elongated autophagosomal membrane [39].
In mammals, autophagy receptors containing the LIR can usually
bind to LC3 on the isolation membrane, and most autophagy recep-
tors contain both UBDs and LIR [110]. In this way, ubiquitin sub-
strates binding to autophagy receptors are labeled for selective
autophagic degradation. Notably, these autophagy receptors par-
ticipate in the removal of diverse substrates, including protein
aggregates, organelles, and pathogens [111].

SQSTM1/p62 was the first selective autophagy receptor discov-
ered. With its ubiquitin-binding motif, SQSTM1/p62 collects ubiq-
uitinated protein aggregates or other cellular components into
autophagosomes through specific binding with LC3, bringing about
their degradation [112]. SQSTM1/p62 is renowned for its function
of scavenging protein aggregates through aggrephagy. However,
recent evidence has demonstrated its involvement as a receptor
in other selective autophagy types as well, such as mitophagy
[113] and lipophagy [112]. Following the identification of
SQSTM1/p62 as an autophagy receptor, the evolutionarily related
NBR1 emerged as the second mammalian autophagy receptor
[114]. The list was subsequently expanded to include NDP52
[115], OPTN [116], TAX1BP1 [117], etc. These autophagy receptors
play a crucial role in the selective autophagy of diverse intracellu-
lar components [111]. Intriguingly, different kinds of selective
autophagy have distinctive representative receptors involved
(Table 1) [118]. The receptor-mediated mechanism stands out as
one of the earliest-established explanations for the selectivity
observed in autophagy.

Another mechanism that contributes to the selectivity of cargo
is the recruitment of specific autophagy initiation complexes,
including the ATG1/UNC-52-like kinase 1 (ULK1) complex and
the vesicular protein sorting 34 (VPS34) complex, which partici-
pate in the initiation of autophagy (Fig. 5B). In the absence of
growth factors, acetylation of ULK1 in the FIP200-ATG13-
ULK1 complex activates its kinase activity and promotes autop-
hagy. On the contrary, in conditions of nutrient deficiency, reduced
acetylation of components of the VPS34 complex, such as VPS34
and Beclin 1, due to acetyltransferase inactivation, leads to
increased activity of the VPS34 complex and the initiation of
autophagy [119]. The ULK1 complex can be assembled in ER
tubulovesicular regions marked by ATG9 vesicle to initiate autop-
hagy, emphasizing the potential for recruitment of autophagy ini-
tiation complexes to promote autophagy [120]. In addition, the
ULK1 complex is attracted by damaged mitochondria via the recep-
tor proteins OPTN and NDP52, contributing to a concise model of
selective autophagy. This underscores the significance of coordi-
nating ULK1 complex localization by autophagy receptors and
TBK1 as pivotal factors driving the formation of targeted
autophagosomes (Fig. 5C) [121].



W. Ma, Y. Lu, X. Jin et al.

Journal of Advanced Research 65 (2024) 297-327

i

| (uLK1 Y(ATG13) I| (aTG14)VPS34) |

. (FlpzocKATGmD/l " @eclin~1IVPS15)//

N

interaction

UBD /
‘ LC3 binding region
Ub chain Receptor (LIR)

protein

.-

Phagophore
initiation

Elongation

Autophagosome is
mature and the cargos
are wraped inside

A
Ubigquitin &
PPi+ ( amP @
X X X -
< + ATP Substrate
. © Q@@ R s T
Br--------- e C
Autophagy initiator
== = = 72 - = - &5
7 ULK1complex  \ VPS34 complex  \

NDP52 or OPTN
(receptor)

Mitochondrion

Autophagosome fuse
with lysosome to form
autolysosome

Content degradation
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Table 1
Receptors involved in mammalian selective autophagy.
Pathway Substrate Mammalian autophagy receptors Related diseases Refs.
Ub-dependent Mitochondria SQSTM1/p62, OPTN, NBR1, NDP52, Neurodegenerative diseases (particularly PD), amyotrophic lateral [24]
mitophagy TAX1BP1 sclerosis, cancer, metabolic diseases, heart defects
Ub-independent Mitochondria  NIX, BNIP3, FUNDC1, FKBPS, BCL2L13 Neurodegenerative diseases, cancer, heart defects [260]
mitophagy
ER-phagy Endoplasmic  FAM134B, SEC62, RTN3, BNIP3, TEX264, Neurodegenerative diseases, cancer, renal diseases [223]
reticulum RTN3L, SQSTM1/p62, CCPG1
Pexophagy Peroxisome NBR1, SQSTM1/p62 Peroxisomal disorders (for example, Zellweger syndrome) [14]
Aggrephagy Protein SQSTM1/p62, NBR1, OPTN, Neurodegenerative diseases (such as HD) [44]
aggregates TAX1BP1, TOLLIP, CCT2
Lipophagy Lipid SQSTM1/p62, ATGL, AIP4, ORP8, PLIN2/  Liver diseases, obesity, cancer, atherosclerosis [49]
droplets 3,
(LDs) PNPL3/5/7/8,
Ribophagy Ribosomes NUFIP1 May exacerbate disease- related protein dyshomeostasis [66]
FA-phagy Focal SQSTM1/p62, NBR1, c- Cancer, vascular diseases (including [261]
adhesions Cbl, intracranial aneurysms)
(FAs)
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Degradation

Similar to conventional autophagy, the degradation of selective
autophagy occurs following the fusion of autophagosome and lyso-
some. Autophagosomes undergo fusion with lysosomes when they
are fully mature, resulting in the formation of autolysosomes.
Lysosome-related proteins involved in the maturation stage of
autolysosomes include lysosomal associated membrane protein 1
(LAMP1), lysosomal associated membrane protein 2 (LAMP2), UV
radiation resistance associated gene (UVRAG), and so on [122].
Finally, the membrane of autolysosome ruptures, and its contents
are degraded by lysosomal hydrolase. Of note, amino acids and
some proteins generated during the degradation process serve as
a source of nutrition, energy, or are recycled to support cellular
functions [123].

Collectively, the whole mechanism underlying selective autop-
hagy is highly specific. Especially, the labeling of substrates and the
recognition of autophagy receptors must be extremely selective to
avoid the elimination of other normal cell components. With the
in-depth study of selective autophagy, it is anticipated that addi-
tional receptors will be found, and their functions in specific cell
conditions will be thoroughly analyzed. These advancements will
hopefully provide us with new therapeutic targets and strategies
to treat diseases caused by intracellular waste accumulation.

The roles of selective autophagy in human diseases

With the advancement of life sciences, selective autophagy, rec-
ognized as a pivotal mechanism in cellular self-regulation, has gar-
nered substantial interest. Here, we provide a detailed discussion
on the function of selective autophagy in various diseases and
highlight its potential as a target for treatment (Table 2 and 3).
By intervening in the selective autophagy pathway, the regulation
of key processes encompassing intracellular metabolism, immune
response, and cell death may provide new ideas for disease
treatment.

Neurodegenerative diseases

Neurodegenerative diseases, characterized by the degeneration
of a large number of specific neurons, are a class of progressive,
disabling, and even fatal complex diseases. An evident feature of
neurodegenerative diseases is the abnormal accumulation of pro-
teins, exerting toxic effects on neurons and ultimately leading to
neuronal death and corresponding clinical symptoms [124]. There
is a significant association between autophagy and neurodegener-
ative diseases. The modulation of selective autophagy presents
promising research and application prospects for intervening in
neurodegenerative diseases. In this section, we will delve into
the involvement of selective autophagy in several major neurode-
generative diseases, including Alzheimer’s disease (AD), Parkin-
son’s disease (PD), HD, and Amyotrophic lateral sclerosis (ALS)
(Fig. 6A).

AD is a degenerative disorder affecting the central nervous sys-
tem, predominantly manifesting in the elderly and those approach-
ing old age. Pathologically, it is identified by the presence of
misfolded protein aggregates within the brain, such as amyloid B
(AB) and hyperphosphorylated Tau (p-Tau) protein deposition,
which causes progressive dementia [125]. The pathological pro-
teins associated with AD, namely AB and p-Tau, can become aggre-
gate. Under normal physiological conditions, the misfolded
proteins containing the KFERQ motif are recognized by HSC70
and subsequently recruited directly into lysosomes via LAMP2a
for degradation through CMA. The ubiquitinated misfolded pro-
teins undergo degradation within the proteasome in UPS. Never-
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theless, in AD, the conventional proteolytic pathways are
compromised due to their vulnerability to AD aggregates, resulting
in obstruction. Aggrephagy emerges as the only viable pathway to
eliminate misfolded protein aggregates [126]. In aggrephagy, ubig-
uitinated aggregates are identified by the aggrephagy receptors
SQSTM1/p62, OPTN, and NBR1, leading to their recruitment into
LC3-containing autophagosomes. Subsequently, these autophago-
somes fuse with lysosomes, forming autolysosomes where the
AD aggregates undergo degradation [127]. Therefore, eliminating
misfolded protein aggregates by modulating aggrephagy with
small-molecule drugs represents an effective approach for pre-
venting and treating AD.

The accumulation of damaged mitochondria in the brain is a
hallmark of neurodegenerative diseases, with AD being one of
the most prominent examples. Impairment of mitophagy leads to
notable disruptions in mitochondrial transport and dynamics
within neurons, exacerbating the pathological changes observed
in AD [128]. Therefore, enhancing mitophagy can inhibit the aggre-
gation of AR and microtubule-associated proteins and reverse the
cognitive defects in AD model. Some regulatory factors of mito-
phagy pathway, such as PINK1, ULK1, MCL-1,
phosphatidylinositol-binding clathrin assembly protein (PICALM),
presenilin 1 (PS1), and Bcl2-associated athanogene 3 (BAG-3), are
found to be lowly expressed or impaired in AD patients [129].
Restoration of these genes and/or drugs targeting mitophagy has
shown promise in inhibiting disease progression in preclinical AD
models. Given the ongoing challenges in developing anti-AD drugs,
approaches targeting broader aspects of AD pathology, such as
defective mitophagy, may hold therapeutic potential. Recent
research has demonstrated that high-glucose-accumulated neu-
ronal AR was suppressed by TRIM16-mediated lysophagy, impli-
cating that other types of selective autophagy may also fulfill a
crucial function in AD [85]. Therefore, further exploration of the
relationship between selective autophagy and AD is warranted.

PD is a progressive neurodegenerative disorder with pathologi-
cal features involving the depletion of dopaminergic neurons in the
substantia nigra pars compacta (SNc). It was found that mitophagy
in mouse neurons only occurred in non-dopaminergic neurons (ty-
rosine hydroxylase (TH) negative), suggesting that dopaminergic
neurons in SNc may lead to the deterioration of PD by inhibiting
mitophagy [130]. Mutations in PINK1 and Parkin genes can induce
PD by causing impairments in the specific elimination of damaged
mitochondria, leading to their accumulation [131]. Current thera-
peutic strategies primarily focus on blocking mitochondrial
USP30, which antagonizes Parkin by removing ubiquitin from the
mitochondrial surface. This intervention enhances mitochondrial
ubiquitination and facilitates the recruitment of cargo receptors,
ultimately reinstating the degradation of impaired mitochondria
[132].

Increasing research has linked abnormal ER-phagy to a variety
of neurodegenerative diseases, including PD [133]. Both increased
o-synuclein, an abnormally folded protein, and decreased
dopaminergic neurons in PD can trigger ER stress [134]. ER stress
can normally facilitate the correct folding of unfolded and mis-
folded proteins through the UPR. However, excessive ER stress
can lead to ER damage, causing autophagy and apoptosis in nerve
cells [135]. Autophagy, including selective autophagy, has been
demonstrated to be involved in the pathology of PD in cellular
and animal models [136]. The abnormal folding of a-synuclein,
which is unable to be degraded by the proteasome, accumulates
in the ER, triggering ER stress and autophagy to remove the injured
ER [137]. Notably, inhibition of ER stress has been shown to play a
neuroprotective role in PD [138]. In summary, in the development
of neurodegenerative diseases, ER-phagy may act as a neuroprotec-
tive mechanism to remove the damaged ER to maintain the home-
ostasis of nerve cells and prevent the occurrence of lesions.
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Table 2
Selective autophagy and associated proteins involved in neurodegenerative diseases.
Neurodegenerative Forms of selective Key protein | Molecular mechanism Refs.
diseases autophagy involved pathway
AD Aggrephagy Tau, AB The misfolded protein (AR and Tau) aggregates can be reduced by aggrephagy, [125]
which relieves the symptoms of AD
Mitophagy PINK1 Impaired PINK1 is observed in neuronal cells in AD patients [129]
Lysophagy TRIM16 TRIM16-mediated lysophagy suppresses high-glucose-accumulated neuronal A [85]
PD Mitophagy PINK1, Parkin Inhibiting mitophagy causes the deterioration of PD [131]
ER-phagy o-synuclein Increased a-synuclein, [134]
can trigger ER stress, leading to ER-phagy in nerve cells and deteriorating PD
Aggrephagy o-synuclein a-synuclein accumulation can be reduced by aggrephagy [139]
HD Aggrephagy mHTT mHTT clearance can be facilitated by aggrephagy receptors [142]
Mitophagy DRP1, mHTT interacts with Drp1 [143,144]
SIRT3 , leading to mitochondrial
Abnormality; SIRT3 plays a neuroprotective role
ALS Mitophagy OPTN, TBK1, Dysfunction of ALS-related [147]
SQSTM1 proteins lead to abnormal quality control of mitochondria, accelerating neuronal
death
Aggrephagy SOD1 SQSTM1/p62 interacted with ALS mutants of SOD1 to promote its degradation [150]
Table 3
Cancers, metabolic diseases and cardiovascular diseases that are linked with selective autophagy.
Diseases Forms of selective autophagy Key protein /pathway References
Breast cancer Mitophagy, ER-phagy DRP1, CALCOO1 [151]
CRC Mitophagy, ER-phagy Akt/mTOR pathway, TEX264, FAM134B, CALCOO1 [152,157]
Cervical cancer Mitophagy, ER-phagy Parkin, SEC62 [36,153].
Ovarian cancer Mitophagy CRL4 [155]
AML Mitophagy OPTN [156].
Prostate cancer ER-phagy SEC62 [262]
NSCLC ER-phagy SEC62 [36].
ESCC ER-phagy FAM134B [158]
HCC ER-phagy FAM134B [159]
Pancreatic cancer ER-phagy FAM134B [160]
Gastric cancer Xenophagy LC3 [177]
Metabolic syndrome Lipophagy FGF21 [184]
Obesity cardiomyopathy Mitophagy, Lipophagy DRP1, Parkin, FUNDC1 [181,188,263]
Diabetes ER-phagy, Lipophagy PTP1B [182]
NAFLD Lipophagy FGF21 [184]

Similarly, PD is characterized by the accumulation of a-synuclein
in cells, indicating that eliminating these abnormally aggregated
proteins by regulating aggrephagy could also be a reliable and
potential treatment for neurodegenerative diseases [139].

As a rare autosomal dominant genetic disease, HD is also known
as progressive chorea. Patients generally develop symptoms in
middle age, mainly manifested as involuntary movement, cogni-
tive impairment, intellectual retardation, and emotional disorders
[140]. The pathogenesis is related to mutations in the Huntington
(HTT) gene that encodes HTT protein. Compared to normal HTT,
mutant HTT (mHTT) proteins are more likely to form aggregates
and introduce other proteins into the cell, thereby affecting the
normal function of the cell [141]. Following the initial identifica-
tion of SQSTM1/p62 as a selective autophagy receptor capable of
aiding in the removal of mHTT aggregates [142], numerous recep-
tors for aggrephagy have been identified, with OPTN, TPLLIP, and
TAX1BP1 documented as mediators of mHTT aggregate degrada-
tion [41,43], making the regulation of aggrephagy a potential ther-
apeutic direction. Of note, through its interaction with
mitochondrial dynamin-related protein 1 (Drp1), mHTT increases
its activity, which causes aberrant distribution and excessive mito-
chondrial fragmentation [143]. Mitochondrial Sirtuin 3 (SIRT3) has
been found to play a neuroprotective role in HD, suggesting a cor-
relation between mitochondrial abnormalities and HD [144].
Recent investigations have indicated that the onset of HD is trig-
gered by the inability to effectively clear dead or dying mitochon-
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dria [145]. These examples illustrate the association between
impaired mitophagy and the development of HD.

ALS is a devastating neuromuscular disorder marked by the pro-
gressive degeneration of motor neurons in the spinal cord and
brain. The degeneration of these motor neurons results in neuro-
muscular denervation, sporadic skeletal muscle wasting, and, ulti-
mately, paralysis and fatality [146]. Existing treatment strategies
for ALS are relatively limited in effectiveness, and there is currently
no cure for this deadly disease. Several genes associated with ALS
have been found to be involved in autophagy, including OPTN,
TBK1, and SQSTM1/p62. They are related to autophagy to different
extent, particularly the clearance of damaged mitochondria and
protein aggregates. For example, dysfunction of ALS-related pro-
teins OPTN and TBK1 will lead to abnormal quality control of mito-
chondria, and the damaged mitochondria cannot be removed in
time, which will accelerate neuronal death [147]. Current research
suggests that autophagy induction can serve as a treatment strat-
egy for most neurodegenerative diseases. However, extensive
autophagy is harmful for maintaining intracellular homeostasis.
Therefore, more precise targeted selective autophagy, such as
mitophagy, has the potential to become an effective and less toxic
treatment approach.

Studies have shown that the dysfunction of autophagy recep-
tors in aggrephagy may contribute to the pathogenesis of ALS
[148]. The mutations in the gene encoding Cu/Zn superoxide
dismutase 1 (SOD1) are responsible for the neuropathological
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manifestations observed in certain cases of familial ALS. There are
several studies that indicate the interaction of SQSTM1/p62 with
ALS mutants of SOD1, with the ubiquitin-association domain of
SQSTM1/p62 being essential for this interaction [ 149]. Accordingly,
manipulating the associated autophagy pathway has been contem-
plated as a therapeutic strategy for addressing this ailment. In the
treatment of ALS, these cargoes, including protein aggregates, are
targeted toward undergoing selective autophagy to degradation
[148]. More recently, tripartite motif containing 44 (TRIM44) has
been identified as a link between the UPS and SQSTM1/p62-
dependent aggrephagy, facilitating the removal of misfolded pro-
teins. Also, investigating the interplay between these two degrada-
tion pathways might uncover novel mechanisms for addressing
diseases associated with aggrephagy, including neurodegenerative
conditions and cancers [150].

Cancers

Cancer stands as a leading global cause of mortality, and accu-
mulating evidence establishes a significant association between
the development of numerous cancers and selective autophagy
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(Fig. 6B). Similar to non-selective autophagy, mitophagy typically
assumes a dual role, acting as a double-edged sword in various
cancers. In most cancer cells, the activation of mitophagy can effec-
tively inhibit the proliferation of cancer cells and thus block the
occurrence and progression of malignant tumors. For instance,
flubendazole can induce Drp1-mediated mitophagy in breast can-
cer cells [151]. Methanol extracted from the immature fruit of Pon-
cirus trifoliata can promote apoptosis of colorectal cancer (CRC)
cells by inducing mitophagy [152]. Moreover, research has found
that inhibiting histone deacetylase (HDAC) can activate mitophagy
by mediating the acetylation of Parkin, thereby inhibiting the pro-
liferation of cervical cancer cells [153]. In addition, drug resistance
has always been one of the challenges in clinical cancer therapy.
Fortunately, mitophagy can inhibit the metabolic adaptation in
cancer cells, providing new strategies to combat the drug resis-
tance of cancer [154]. Moreover, targeting Cullin RING E3 ubiquitin
ligase 4 (CRL4) inhibits the growth of chemotherapy-resistant
ovarian cancer (OC) through inducing mitophagy, demonstrating
activation of mitophagy is a promising therapeutic approach to
overcome OC chemotherapy resistance [155]. However, the induc-
tion of mitophagy may also promote cancer progression in some
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other cancer cells. For instance, it has been found that inhibiting
the mitophagy receptor OPTN may be an effective treatment for
malignant tumors, such as acute myeloid leukemia (AML) [156].
Currently, there is a dearth of comprehensive and rigorous investi-
gations into the dual nature of mitophagy in cancer, and resolving
this issue remains a focus for future research.

In the progressive stage of malignant tumors, autophagy can
help cancer cells fight against nutritional deficiency and hypoxia,
thus promoting tumor metastasis [ 18]. For example, the expression
of SEC62 is upregulated in prostate cancer, non-small cell lung can-
cer (NSCLC), cervical cancer, and other cancers, and the ER-phagy
mediated by SEC62 makes tumor cells show stronger tolerance,
drug resistance, and migration ability, indicating that SEC62 can
promote the formation of malignant tumors [36]. However, it has
been observed that ER-phagy can also induce cancer cell death.
Mutated FAM134B acts as a “double-edged sword”, exerting a
tumor suppressor function in CRC [157]. Moreover, the mutation
or overexpression of FAM134B is also related to the occurrence
of other tumors, encompassing esophageal squamous cell carci-
noma (ESCC) [158], hepatocellular carcinoma (HCC) [159], and
pancreatic cancer [160]. Similar to FAM134B, TEX264 was found
as a marker protein in CRC cells [161], while the CALCOCO1 expres-
sion is probably upregulated in CRC and breast cancer [162]. More-
over, the knockdown of endoplasmic reticulum-Golgi
intermediate-compartment 3 (ERGIC3) suppresses lung cancer
via ER-phagy [163]. In conclusion, ER-phagy exhibits an extremely
intricate dual role in the context of cancer therapy, and modulating
its activity, either inhibiting or activating it, holds promise as a
novel approach for the treatment of malignant tumors.

Research has unveiled that pexophagy can be induced by
hypoxia, while hypoxia is pervasive in malignant tumors [164].
Hence, we posit that pexophagy is intricately linked to the onset
and progression of cancer. It was found that the upregulation of
PEX2 expression was observed in liver cancer tissues, and con-
versely, silencing PEX2 expression markedly suppressed the prolif-
eration of liver cancer cells. As expected, knocking down PEX10 or
PEX12 also got the same result [165]. Furthermore, inhibition of
ATM expression also suppresses the proliferation, migration, and
invasion of CRC cells [166]. The altered expression of these
pexophagy-related molecules in tumors probably means that
tumor occurrence and growth are significantly influenced by
pexophagy.

While nucleophagy has not received as much attention as gen-
eral autophagy, abnormalities in various nuclear components have
been demonstrated to be closely linked to cancer [167]. The inter-
action between LC3 and lamin B1 in nucleophagy leads to the
downregulation of lamin B1 during carcinogenic damage. Disrupt-
ing LC3-lamin B1 interaction or autophagy can prevent the loss of
lamin B1 and alleviate oncogene-induced aging within human pri-
mary cells. Thus, selective autophagy of the nucleus serves as a
protective mechanism, safeguarding cells from the initiation of
tumorigenesis [168]. Genetic changes, such as chromatin deletions
and trans-localizations, have the potential to induce uncontrolled
cell proliferation and evade the immune system, transforming
healthy cells into malignant ones [169]. Furthermore, alterations
in the composition of the nuclear envelope are crucial for cancer,
since many components of the nuclear envelope play crucial roles
in cellular functions that impact carcinogenesis and tumor growth
[170]. Therefore, it is imperative to explore the impact of degrading
nuclear components through nucleophagy on the initiation and
advancement of cancer. Recently, it has been found that in
cancer-associated fibroblasts, ribophagy mediated by NUFIP1 pro-
motes the growth of pancreatic cancer cells by secreting nucleo-
sides, which brings new inspiration for the treatment of
pancreatic cancer [171].
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For a long time, it has been known that bacterial effectors inter-
act with and activate host oncoproteins, leading to cell cycle dis-
ruption and, ultimately, carcinogenesis [172]. Accordingly,
xenophagy can operate as a shield, impeding tumor growth by
eliminating bacterial infection [173]. One significant factor that
increases the risk of gastric cancer is the infection of Helicobacter
pylori. It may promote the occurrence of gastric cancer through a
variety of mechanisms, including chronic inflammation, produc-
tion of carcinogens, influence of host cell signaling pathway, and
even interference with the immune system [174]. Research has
shown that xenophagy within cells is notably inhibited by the
highly pathogenic Helicobacter pylori strain GC026, suggesting that
damaged xenophagy may contribute to the carcinogenesis of gas-
tric cancer [175]. Except for Helicobacter pylori, another common
bacterium that accumulates in malignant tumor lesions is Sal-
monella [176]. As Salmonella accumulates in malignant lesions,
cancer cells induce a heightened level of xenophagy via LC3 pro-
cessing to eliminate the bacteria [177]. In a nutshell, targeting
xenophagy is an anti-cancer strategy with great potential.

Notably, FAs are significantly associated with the invasion and
metastasis of tumor cells. To illustrate, a reduction in FAs typically
correlates with heightened cellular migration and the progression
of cancer metastasis. As the central protein of FA, focal adhesion
kinase (FAK) promotes the turnover and cell migration of FA, and
FAK inhibitors were found to have anti-breast cancer effects due
to their stability to FAs [178]. Moreover, since FAs are crucial for
maintaining the integrity of blood vessels, their deficiency can
result in bleeding, a commonly observed phenomenon in various
vascular disorders, including intracranial aneurysms [179]. Addi-
tionally, inhibiting FA-phagy, thereby stabilizing FAs, has shown
promising effects in mitigating breast cancer metastasis [92].
These findings indicate that targeting FA-phagy is a prospective
cancer therapeutic strategy.

In general, the prospect of targeting selective autophagy for
cancer therapy is promising, offering a new avenue for exploring
treatment approaches that are both more effective and tailored
to individual needs. Ongoing exploration in this field is expected
to drive advancements in cancer treatment, ultimately leading to
improved therapeutic outcomes for patients.

Metabolic diseases

Metabolic diseases such as diabetes and obesity are often
accompanied by intracellular energy imbalances, and selective
autophagy helps maintain cellular health by removing excessive
or damaged organelles [180] (Fig. 6C). This process has been fully
embodied in mitophagy, where selective autophagy helps maintain
the energy production efficiency of cells by removing damaged
mitochondria [19]. Studies have shown that Drp1 is essential for
mediated mitophagy in high-obesity cardiomyopathy, making it
a promising target to relieve obesity cardiomyopathy [181].

The protein-tyrosine phosphatase 1B (PTP1B) is recognized to
be located in the ER and participates in the negative regulation
of islet signal transduction. It has been proven that ER stress upreg-
ulates PTP1B and impairs the glucose uptake function of cells
[182]. Nonetheless, the intervention with ER-phagy can effectively
remove the damaged ER and aggregated protein, reduce the occur-
rence of endoplasmic reticulum stress, and thus maintain the glu-
cose uptake function of cells. Accordingly, regulating ER-phagy
may become a new method to treat insulin resistance-related dis-
eases, such as metabolic syndrome and type 2 diabetes.

When lipophagy is impaired, excessive storage of LDs has the
potential to lead to various diseases, such as non-alcoholic fatty
liver disease (NAFLD), obesity, and other metabolic diseases. Dys-
regulation of lipophagy appears to be a contributing factor in con-
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ditions such as fatty liver diseases (FLDs), presenting a significant
risk factor for HCC development. Dysfunctional lipophagy has also
been linked to the progression of disease in individuals with
NAFLD [183]. In addition, nonalcoholic steatohepatitis (NASH), an
advanced and more severe stage of NAFLD that poses a growing
threat to global human health, is also closely related to the accu-
mulation of LDs in hepatocytes [184]. The buildup of LDs in hepa-
tocytes is a consequence of disrupted lipid metabolism, closely
linked to a metabolic syndrome characterized by obesity, insulin
resistance, dyslipidemia, and hypertension [ 185]. It has been found
that targeting lipophagy can effectively prevent abnormal lipid
metabolism. Accordingly, lipophagy modulators, such as fibroblast
growth factor 21 (FGF21) [186], are regarded as potential targets
for future rational therapies aimed at addressing NASH through
the manipulation of lipophagy. Even though inducing lipophagy
to improve these liver diseases is an appealing hypothesis, it neces-
sitates further investigation because potential therapeutic advan-
tages may be attributed to the modulation of additional
pathways, as none of these strategies exclusively focus on

lipophagy.
Cardiovascular diseases

Major cardiovascular diseases, including coronary heart disease,
heart failure, and hypertension, pose significant global public
health challenges. And their in-depth molecular mechanism
research and the development of innovative treatment strategies
are driving cutting-edge science in the cardiovascular field [112].
It is worth noting that these diseases can often be linked to abnor-
mal selective autophagy, especially mitophagy (Fig. 6D).

Recent investigations have revealed a robust association
between mitophagy and the occurrence of cardiovascular diseases
[187]. The absence of FUNDC1, a receptor protein that mediates
mitophagy, exacerbates myocardial remodeling, decreased
myocardial function, mitochondrial abnormalities, and cell death
caused by HFD. At the same time, the levels of IP3R3 increase
and intracellular calcium significantly overload in myocardial cells,
indicating that FUNDC1 and its interacting proteins can serve as
prevention and treatment targets for obesity cardiomyopathy,
which provides important scientific ideas for the development of
related drugs for obesity cardiomyopathy [188]. The latest research
reveals that nitric oxide (NO) promotes mitophagy mediated by
MCMS8 and E3 ubiquitin ligase TRIM21, thus maintaining normal
coronary artery function and cardiovascular homeostasis [189].
This study not only reveals a novel mitophagy mechanism that
does not depend on PINK1/Parkin and Drpl1 but also provides
important targets for the treatment of vasculitis diseases. In sum-
mary, in-depth research on the relationship between selective
autophagy and cardiovascular diseases provides important scien-
tific ideas for drug development related to cardiovascular diseases
and is anticipated to pave the way for their clinical treatment and
prognosis.

Other human diseases

Nephrin, a transmembrane protein located on the glomerular
hiatal membrane, undergoes processing and modification in the
ER before translocating to the cell membrane. It is essential for pre-
serving glomerular selective permeability and normal function
[190]. Mutations in nephrin can result in the occurrence of protein-
uria or congenital nephrotic syndrome [190]. Missense mutants of
nephrin in humans give rise to impaired glycosylation and
enhanced binding of the mutants to ER chaperones and calnexin
[191]. Furthermore, nephrin mutants accumulate in the ER, which
activates the activating transcription factor-6 (ATF6) signaling
pathway of the UPR and enhances the expression of ER chaperone
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[191]. Simultaneously, nephrin mutants enhance the ubiquitina-
tion of cells, thereby initiating ER-phagy and reducing the number
of mutants entering the plasma membrane [192]. In renal diseases
such as proteinuria or congenital nephrotic syndrome, enhancing
ER-phagy may effectively remove misfolded and aggregated pro-
teins and damaged ER in pathological cells, offering a potential
treatment strategy for these diseases. Consequently, ER-phagy
may emerge as a novel therapeutic approach for renal diseases.
Additionally, FAM134B mutations can cause hereditary sensory
and autonomic neuropathy type Il (HSANII), an autosomal reces-
sive genetic disorder characterized by impaired pain perception
and ulceration of hands and feet [193]. It is implied that nerve cells
are likely to be extremely sensitive to ER-phagy, and this disease
progression may be effectively halted by targeted regulation of
ER-phagy levels [194].

Peroxisome biogenesis disorder (PBD) is the most typical dis-
ease linked to inordinate pexophagy. It was previously believed
that it is the mutation of the PEX gene involved in peroxisome bio-
genesis that makes the process of peroxisome biogenesis unable to
proceed normally, leading to the deletion of mature peroxisomes
and finally resulting in PBD. However, this view has changed
recently because it has been discovered that the most common
genes mutated in PBD are three genes that make up the AAA
ATPase complex (ATPases associated with diverse cell activities),
namely PEX1, PEX6, and PEX26, accounting for 48.5 %, 13.1 %,
and 3.4 %, respectively. The AAA ATPase complex is responsible
for detaching ubiquitinated PEX5 from the membrane of peroxi-
some, thus preventing the autophagy process of peroxisome,
which is then preserved. However, the mutant complex loses this
ability, and the peroxisome will continue the autophagy process,
leading to a reduction in the quantity of peroxisomes [195]. There-
fore, it is now believed that at least 65 % of PBD is related to exces-
sive pexophagy [196]. This discovery provides a new therapeutic
direction for PBD, namely, inhibiting pexophagy by targeting drugs
to increase the number of peroxisomes. Correspondingly, the num-
ber of peroxisomes in fibroblasts of patients with PEX1 deletion
(PEX1 null) or mutation (PEX1-G843D) increased significantly after
being stimulated by three different autophagy inhibitors
(LY294002, bafilomycin A1, or chloroquine). The number of perox-
isomes in PEX1-G843D cells even reached the level observed in
wild-type cells [195]. Consequently, targeted inhibition of pex-
ophagy is expected to emerge as a new therapeutic target for PBD.

Overall, approaches targeting selective autophagy for therapeu-
tic interventions hold promise for alleviating these disorders. Cur-
rently, there is a thorough effort in the in-depth investigation of
small-molecule drugs targeting selective autophagy for underlying
therapeutic applications. Despite persisting unresolved challenges
in the selective autophagy domain, the targeting of this process
through small-molecule drugs has demonstrated considerable pro-
mise as a viable treatment modality for diseases.

Small-molecule drugs targeting selective autophagy

Up until now, numerous compounds with therapeutic promise
have been documented in scientific literature and patents as
potential regulators of the autophagy process. Nonetheless, a sig-
nificant proportion of autophagy modulators are derived from nat-
ural products or compounds originally intended for the targeting of
diverse proteins or pathways. And the precise mechanisms by
which these compounds interact with autophagic targets to induce
or inhibit autophagy remain incompletely elucidated. As autop-
hagy is a complex process, and given the involvement of multiple
pathways in signal transduction, it is noteworthy that autophagy
modulators lacking specificity may exert effects on multiple tar-
gets. Pharmacologically targeting non-selective autophagy can
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yield both beneficial and detrimental therapeutic effects, as it
serves as a modulator across various cellular events. Targeting
selective autophagy, on the other hand, might minimize adverse
drug reactions. Despite considerable advancements in exploring
selective autophagy, the pace of developing small-molecule modu-
lators tailored to various types of selective autophagy is still slow,
with the current species of such modulators being extremely rare.
Due to the absence of specific and powerful autophagy modulators,
our comprehension of the correlation between autophagy and dis-
eases remains constrained. Therefore, it is attractive and impera-
tive to find new selective modulators that target autophagy-
related proteins. In addition, it is expected that selective autophagy
modulators will be applied to clinical treatment, aiming for maxi-
mum clinical benefit with minimal adverse effects in the future.
Consequently, the quest for new selective autophagy modulators
has emerged as a focal point of research. Here, we present a com-
prehensive summary of the recent advancements in selective
autophagy modulators, which are divided into activators and inhi-
bitors (Fig. 7). Also, the challenges of targeting selective autophagy
with small-molecule drugs are discussed in this part.

Small-molecule activators of selective autophagy

With the increase of age, the autophagy function of cells stea-
dily weakens, contributing to a shortened lifespan and establishing
a detrimental cycle. Hence, augmenting autophagy levels has
emerged as a pivotal area of investigation. Autophagy presents a
crucial role in aging-related diseases, such as neurodegenerative
diseases, cardiovascular diseases, immune diseases, inflammatory
diseases, and even cancers [197]. Various mouse models have
underscored the intimate association between disease occurrence
and the downregulation or defects in autophagy. Conversely, drugs
that promote autophagy can effectively improve or delay diseases
in animal models, especially neurodegenerative diseases accompa-
nied by the misfolding of proteins and abnormal protein accumu-
lation [197]. At present, numerous investigations have explored
small-molecule activators targeting macroautophagy, but there
are still few studies on selective autophagy activators with high
specificity, such as the development of specific protein autophagy
activators, ER-phagy activators, mitophagy activators, and so on.
For example, rapamycin, recognized as the most widely employed
autophagy activator, exerts its effects by inhibiting the mTOR path-
way, consequently inducing extensive non-selective autophagy. It
has also been proven that rapamycin can prolong the life span of
female Drosophila and mice by promoting autophagy and improve
related aging problems at the same time [198]. Investigations into
non-selective autophagy activators suggest that promoting selec-
tive autophagy holds promise for treating related diseases. In this
part, the small-molecule activators of selective autophagy found
in current research were clearly introduced and summarized
(Table 4).

Some natural or synthetic compounds have demonstrated the
capacity to regulate mitophagy. For instance, fisetin, the active
component of the traditional Chinese medicine Cotinus coggygria,
blocked NLRP3 inflammasome activation via promoting mitophagy
through the PINK1-Parkin pathway, which can effectively amelio-
rate cognitive impairment [199]. Melatonin has been proven to
produce a variety of beneficial effects based on promoting mito-
phagy, including the amelioration of cognitive deficiencies in AD
[200], the reduction of cardiac ischemia-reperfusion injury [201],
and the prevention of atherosclerosis development [202]. More
recently, melatonin has emerged as a potent mitigator of sepsis-
induced acute kidney injury by augmenting mitophagy via SIRT3-
mediated mitochondrial transcription factor A (TFAM) deacetyla-
tion, revealing a new mechanism of melatonin as a mitophagy acti-
vator that was previously overlooked [203]. Additionally,
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quercetin, a natural flavonoid, has been shown to prevent neuronal
damage by promoting mitophagy and suppressing the activation of
NLRP3 inflammatory corpuscles mediated by mitochondrial ROS in
microglia, offering a potential innovative therapeutic approach for
diseases related to neuroinflammation [204]. For small-molecule
synthetic compounds, targeting the MCL-1 protein to stimulate
mitophagy is a promising method to treat AD. In a comprehensive
screening encompassing over 2,000 FDA-approved drugs or candi-
date drugs, researchers identified a small-molecule compound
named UMI-77 capable of safely and effectively inducing mito-
phagy. Importantly, UMI-77 has been proven to be an effective
selective mitophagy activator, which can significantly reduce the
level of inflammatory factors in mouse brain and clear the Ap
deposition, reversing the pathological features of AD [205]. Gener-
ally, research concerning modulators of mitophagy is relatively
extensive among various forms of selective autophagy. Numerous
activators have been reported in previous studies, such as
pifithrin-a, resveratrol, rotenone, ST-539, etc. [19,206,207]. How-
ever, there remains a paucity of studies on specific modulators of
other types of selective autophagy, necessitating further efforts
and development. Besides AD, another neurodegenerative disease
garnering significant attention is PD. And the misfolding and aggre-
gation of a-synuclein represent crucial pathogenic mechanisms in
PD. A research team found that the Cu,_,Se antioxidative nanopar-
ticles facilitate the selective degradation of a-synuclein aggregates
in neurons, leading to improved motor and memory abilities in
mice with PD [208]. This finding reveals the significance and inno-
vativeness of regulating the selective autophagy of o-synuclein in
neurons using nanoparticles for PD therapy, paving the way for
related drug discovery. Additionally, triggering Src homology phos-
photyrosyl phosphatase 2 (SHP2)-mediated mitophagy by repur-
posing lovastatin can reduce the damage to dopaminergic
neurons and improve MPTP-induced Parkinson-like symptoms in
mice, providing a novel therapeutic approach for delaying the pro-
gress of PD [209]. Recent research has demonstrated that andro-
grapholide reduces the activation of NLRP3 inflammatory
corpuscles in microglia and saves the loss of dopaminergic neurons
in PD. Specifically, this natural product may promote mitophagy
through Parkin-dependent pathway [210]. In summary, these
examples underscore the promise of small-molecule selective
autophagy activators in the treatment of neurodegenerative
diseases.

In cancer, tumor metabolism profoundly influences the prolifer-
ation, growth, migration, invasion, and other key biological pro-
cesses of tumor cells. In recent years, cholesterol metabolism has
emerged as a focal point in tumor metabolism research. Choles-
terol can inhibit autophagic degradation of receptor tyrosine
kinases (RTKs) by suppressing selective autophagy, which is medi-
ated by Golgi membrane protein 1 (GOLM1) through the mTOR
pathway. Therefore, the use of lovastatin can indirectly promote
autophagy, enhancing the efficacy of tyrosine kinase inhibitors
(TKIs) in HCC cells and impeding tumor growth [211]. Flubenda-
zole, a widely-used class of broad-spectrum anthelmintic drugs,
has been shown to promote mitochondrial dysfunction and initiate
Drpl-mediated mitophagy by targeting EVA1A in breast cancer
cells. Flubendazole-induced excessive mitophagy leads to mito-
chondrial damage and cellular dysfunction, thereby inhibiting the
proliferation and migration of breast cancer cells [151]. Further-
more, a recently identified compound, WJ460, which triggered
mitophagy through targeting the membrane-anchored protein
myoferlin, was demonstrated to promote mitophagy and thus ini-
tiate ferroptosis in pancreatic ductal adenocarcinoma (PDAC) cells
[212]. Sorafenib (a ferroptosis inducer) has been proven to be
effective in activating ER-phagy mediated by receptor protein
FAM134B, which significantly enhances the sensitivity of HCC cells
to ferroptosis without affecting macroautophagy [213]. Recent
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Fig. 7. Small-molecule drugs targeting selective autophagy for treating related diseases.

discoveries have revealed that AKR1C3 inhibits lipophagy to facil-
itate the formation of lipid droplets. Therefore, the AKR1C3 inhibi-
tor flufenamic acid can effectively promote lipophagy in HCC
xenograft tumors, thus reducing the accumulation of LDs and sen-
sitizing drug-resistant HCC cells to sorafenib [214]. In addition, an
ALK inhibitor called brentinib has been identified to trigger
FAM134B-mediated ER-phagy and induce ER stress by enhancing
the interaction between ORP8 and ubiquitin-specific protease 5
(USP5), therefore exerting an inhibition effect on CRC cells [215].
This finding shed light on the prospect of discovering small-
molecule compounds targeting ER-phagy for cancer treatment.
Glioblastoma, the most common primary malignant brain tumor,
is associated with low survival rates and restricted therapeutic
modalities. Sodium selenite has garnered considerable research
attention due to its ability to induce lethal mitophagy in human
glioma cells, which brings about irreversible cell death in gliomas
[216]. Exposure of glioblastoma cells to the anti-diarrhea drug lop-
eramide induced ER stress, increased the expression of ATF4, and
induced FAM134B and TEX264 mediated ER-phagy, ultimately cul-
minating in autophagic cell death [217]. Recent studies have also
proved that cannabidiol can inhibit human gliomas by activating
TRPV4 to induce fatal mitophagy [218]. These discoveries offer a
novel approach for glioma treatment. Besides, it is worthwhile to
investigate whether the autophagy induced by these compounds
is selective. Further research and clinical trials will help reveal
the specific mechanism and effect of selective autophagy activators
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in cancer treatment. If these activators can be successfully used in
cancer treatment, it will definitely provide patients with a brand-
new therapeutic choice. However, additional research is impera-
tive to assess their safety and efficacy, ensuring their feasibility
and optimal efficacy in clinical applications.

Obesity and liver diseases are intimately linked to disturbances
in lipid metabolism, highlighting the compromised functionality of
lipophagy. Metformin mitigates hepatic lipid accumulation by
reinstating SIRT1-mediated autophagy initiation, particularly lipo-
phagy, through a pathway independent of AMP-activated protein
kinase [219]. Resveratrol, a type of traditional Chinese herbal
extract, has shown promise in numerous clinical trials for reducing
steatosis primarily by enhancing autophagy, particularly lipophagy
[220]. More recently, another study illustrated for the first time
that the combination of metformin and resveratrol provides robust
protective effects against hepatosteatosis via activating autophagy
through the cAMP/AMPK/SIRT1 signaling pathway, thereby identi-
fying a potential treatment direction for NAFLD [221]. The pharma-
cological inhibitor of ATGL, Atglistatin, in combination with CARD9
KO, was discovered to restore the imbalanced lipolysis and
enhance the impaired lipophagy, providing protection against
chronic inflammation and metabolic abnormalities induced by
HFD [222].

In fact, in many other kinds of diseases, promoting selective
autophagy also plays an important part. In terms of inflammatory
diseases, piperine demonstrates efficacy in reducing ER stress by
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Table 4
Small-molecule activators of selective autophagy.
Names Chemical structure Selective Targets Indications Ref.
autophagy types of
action
Fisetin Mitophagy PINK1 Neuroinflammation, cognitive impairment [199,264]
Melatonin Mitophagy Mcoln1, AD, ischemia-reperfusion injury, [200,201,203]
OPA1, atherosclerosis, sepsis-induced acute kidney
Sirt3 injury
Quercetin Mitophagy NLRP3 Inflammation, [204]
neuronal damage
UMI-77 Mitophagy MCL-1, AD [205]
Lovastatin Mitophagy SHP2, PD, HCC [209]
GOLM1
Andrographolide ] Mitophagy Parkin PD [210]
HOY | o]
Flubendazole H H Mitophagy EVA1A Breast cancer [151]
N N (ONg
0 T
ok
F
WJ460 o] Mitophagy Myoferlin PDAC [212]
N
H/\/\@
S
o
C
OMe
Sorafenib o] ER-phagy FAM134B HCC [213]
cl o /@O\CHL
F - _N
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Flufenamic acid Lipophagy AKR1C3 HCC [214]
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Table 4 (continued)
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Names Chemical structure Selective Targets Indications Ref.
autophagy types of
action
Brentinib Osp? ER-phagy FAM134B, CRC [215].
H o B ORP8/USP5
-
COECO
N
Sodium selenite Mitophagy Damaged Glioblastoma [216]
mitochondrial
Loperamide ER-phagy ATF4 Glioblastoma [217]
Cannabidiol Mitophagy TRPV4 Glioblastoma [218]
Metformin Lipophagy SIRT1 Hepatosteatosis, NAFLD [219]
Resveratrol Lipophagy SIRT1 NAFLD [221]
Atglistatin Lipophagy ATGL Chronic inflammation and metabolic [222]
abnormalities induced by HFD
J7
Piperine O H H ER-phagy FAM134B, Acute pancreatitis [223]
o CCPG1
O\j A >
H H o

enhancing the ER-phagy dependent on FAM134B and CCPG1,
thereby mitigating pancreatic injury and holding promise for acute
pancreatitis treatment [223]. It has been reported that resveratrol
can induce xenophagy, thereby enhancing the clearance of invasive
bacteria in intestinal epithelial cells and macrophages and offering
a potential treatment strategy for life-threatening infections by
enhancing intracellular bacterial clearance [224]. Furthermore, as
widely known, the COVID-19 pandemic, resulting from the infec-
tion with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) in 2019, has significantly affected global public
health and economic activities. Notably, through inhibiting the
SUMO modification of angiotensin converting enzyme 2 (ACE2),
the selective autophagy mediated by cargo receptor TOLLIP can
be enhanced to protect the body, thus reducing the infection of
SARS-CoV-2 [225].

Collectively, selective autophagy activators have surfaced as a
promising approach for relieving various diseases. However, these
drugs designed to target selective autophagy often encounter chal-
lenges such as inadequate targeting and safety concerns, which
limit their clinical efficacy. Unlike subcellular organs such as
nucleus and mitochondria, ER is a transit point for intracellular
substances. While the ER targeting system can significantly
improve the accumulation of drugs in ER in a short time, the reten-
tion time remains insufficient, and a large part of drugs will still be
excreted to the extracellular space. At present, there remains a
dearth of research into extending the duration of drug accumula-
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tion within the ER following targeting. Therefore, it is necessary
to integrate pharmaceutical methods such as targeting nanoparti-
cles and monoclonal antibodies to improve the targeting of small-
molecule drugs and increase their aggregation in target organelles.
For instance, long-chain lipophilic molecules modified by naph-
thalene sulfonamide groups possess the ability to self-assemble
into spherical nanoparticles capable of encapsulating the Bcl-2
inhibitor obatoclax. The drug delivery system inhibits Bcl-2 by tar-
geting ER and promotes ER-phagy and mitochondrial damage,
leading to apoptosis of human cervical cancer Hela cells [226].
On the other hand, the development of selective autophagy inhibi-
tors is equally important and urgent, as upregulated selective
autophagy has also been linked to numerous pathophysiological
conditions. Interestingly, enhancing autophagy strategy proves to
be more effective in promoting ER-targeted anti-tumor and anti-
metastatic therapies compared to inhibiting autophagy strategy,
which may account for the phenomenon that the research and
development efforts focused on small-molecule drugs targeting
selective autophagy activation rather than inhibition [227].

Small-molecule inhibitors of selective autophagy

The downregulation of selective autophagy has the potential to
modulate autophagic flux, leading to reduced clearance of toxic
aggregates and damaged organelles, as well as improved cellular
function and homeostasis. Furthermore, selective autophagy inhi-
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bition may represent a valuable therapeutic approach to target dis-
eases associated with excessive autophagic flux, such as neurode-
generative disorders and cancer. Consequently, the development
of selective autophagy inhibitors represents an innovative research
frontier with profound implications for therapeutic intervention.
While the number of selective autophagy modulators exhibiting
high specificity remains limited, investigations into specific types
of selective autophagy inhibitors are underway with vigor (Table 5).
Prominent examples include the research on inhibitors targeting
mitophagy, ER-phagy, lipophagy, etc.

It is well known that mitochondrial division, facilitated by the
interplay of the division proteins fission 1 (Fis1) and Drp1, is a pre-
requisite for mitophagy. Accordingly, mitochondrial division inhi-
bitor 1 (Mdivi-1), an allosteric regulator of Drp1, stands out as a
typical inhibitor of selective autophagy targeting mitochondria
and hardly interferes with other types of selective autophagy
[228]. Besides, the protective effect of Mdivi-1 on the heart has
been confirmed in a wide range of cardiovascular diseases [229],
and its therapeutic potential for neurodegenerative diseases has
also been verified in several models of AD and PD [230]. In addi-
tion, oroxylin A, a novel CDK9 inhibitor from Scutellaria baicalensis,
exhibits the capacity to inhibit PINK1-Parkin pathway-mediated
mitophagy, thereby overcoming drug resistance in HCC and
demonstrating potent therapeutic promise for this condition
[231]. Mitophagy destruction emerges as a promising strategy for
HCC treatment, and oroxylin A stands out as a potential candidate
for developing novel mitophagy inhibitors [231]. A prohibitin-
binding compound, fluorizoline, was shown to inhibit mitophagy
induced by carbonyl cyanide m-chlorophenyl hydrazone (CCCP)
and a combination of 1 uM oligomycin and 1 pM antimycin A
through directly targeting PHB1 and PHB2 in both HeLa cells and
A549 cells [232]. This discovery positions fluorizoline as a promis-
ing and innovative modulator of mitophagy, with potential appli-
cations as an anti-cancer agent. Compound 6, a newly discovered
analogue of strigolactones, demonstrates potent and selective
cytotoxicity against CRC cells while sparing normal cells. And com-
pound 6 plays an anti-cancer role as an effective mitophagy inhibi-
tor, selectively enhancing autophagy flux and impeding
autophagy-lysosome fusion in HCT116 cells [233]. Additionally,
roflumilast, a phosphodiesterase 4 inhibitor, has been identified
as capable of suppressing cigarette smoke extract-induced mito-
phagy by inhibiting the expression of phosphorylated Drp1 and
PINK1, thus alleviating smoking-associated lung diseases like
emphysema [234].

An effective strategy to target ER-phagy involves focusing on
autophagy receptors unique to ER, such as FAM134B. Vitexin has
been identified as a pharmacological agent that can destroy the
FAM134B-BiP complex, inhibit ER-phagy, and effectively suppress
the progress of breast cancer in vivo [235]. Moreover, in tumor cells
that overexpress SEC62, trifluoperazine treatment can downregu-
late the ER membrane protein SEC62 and prevent the occurrence
of ER-phagy, thus inhibiting the potential for prostate cancer -
growth and metastasis [236]. In addition, STF-083010 is a specific
inhibitor of inositol-requiring enzyme-1 (IRE1), which inhibits
apoptosis induced by ER stress and probably induces ER-phagy,
thus alleviating acute renal failure in rats [237]. Recent research
indicates that 4-phenylbutyrate (4-PBA), a drug that has been
extensively utilized in clinics, can inhibit ER-phagy and improve
myocardial ischemia-reperfusion injury [238]. Moreover, evidence
supports the efficacy of 4-PBA in the treatment of glaucoma and
various other ophthalmic conditions [220]. Ginkgolide injections
have been widely used in clinical practice, with Ginkgolide B and
bilobalide accounting for 34 % and 48 %, respectively. Studies have
demonstrated their capacity to effectively inhibit ER stress and
selective autophagy, thus conferring protective effects against
cerebral ischemia-reperfusion injury [217].
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Nevertheless, there remains a scarcity of selective and highly
specific inhibitors targeting pexophagy, aggrephagy, ribophagy,
and other forms of selective autophagy, reflecting the nascent nat-
ure of this field and the ongoing research. Targeting these types of
selective autophagy activators has research prospects and poten-
tial for treating diseases. And further endeavors are required to
develop selective autophagy-targeted small molecular drugs to
provide reference and improve the efficacy of treatments for vari-
ous diseases.

Chloroquine (CQ) and hydroxychloroquine (HCQ) stand out as
the sole compounds targeting autophagy that have entered clinical
studies [239]. The mechanism of action is to cause lysosome
deacidification, thereby hindering the fusion of the autophago-
some with the lysosome and impeding the cargo degradation pro-
cess. More than 50 anti-tumor clinical trials of CQ or HCQ have
been initiated to date [240,241]. Nevertheless, the issue of speci-
ficity of CQ inhibitors remains a challenge. At higher concentra-
tions, they have been observed to induce DNA damage and
impede angiogenesis. Even when an anti-tumor effect is evident,
it may not solely result from autophagy inhibition. Furthermore,
while CQ primarily targets the lysosome, its specificity is con-
strained as it encompasses many other functions beyond its impli-
cation in autophagy. In contrast, a novel inhibitor of
lysosomal autophagy, lys05, which is a water-soluble analog of
HCQ, shows better specificity, efficiently accumulates in lysosomes
in tumor cells, and reduces lysosomal acidity, leading to sustained
inhibition of autophagy and tumor growth [242]. The progression
of clinical trials involving drugs targeting autophagy or selective
autophagy holds the potential to expand treatment options for
patients and deepen our understanding of the pathophysiological
mechanisms underlying various diseases.

On balance, manipulating the selective autophagy pathway
through small-molecule drugs has surfaced as a promising thera-
peutic approach for targeting various diseases, ranging from cancer
to neurodegenerative disorders. Recent progress has marked sig-
nificant strides in the development of selective autophagy modula-
tors, yet substantial efforts are requisite to translate these
advancements into clinical efficacy. The key challenge is to identify
selective autophagy targets and develop potent and specific small-
molecule drugs that can interfere with their activity. In this regard,
high-throughput screening approaches, coupled with structural
and chemical biology techniques, have provided powerful tools
for the design, discovery, and optimization of selective autophagy
modulators. Nevertheless, significant knowledge gaps persist
regarding the interaction between the selective autophagy
machinery and key substrates, particularly protein aggregates,
leading to challenges in comprehending how substrates evade
autophagic degradation. Addressing these gaps could facilitate
the rational development of drugs aimed at addressing deficiencies
in cargo removal. Presently, pioneering methodologies that strive
to artificially guide protein aggregates towards autophagic degra-
dation, such as AUTAC, ATTEC, and AUTOTAC, are undergoing
investigation [243]. And some therapeutic intervention may be of
great significance before massive aggregations of pathogenic pro-
teins have occurred. In summary, the discovery of novel targets
for selective autophagy and the development of highly specific
and potent small-molecule modulators present novel avenues for
disease treatment, opening opportunities for innovative drug
development. However, although autophagy is intricately linked
to a variety of human diseases, the widespread non-selective
autophagy that is usually induced can also cause many off-target
effects, posing significant challenges for the clinical application of
related drugs [244]. Therefore, there is a pressing requirement
for the development of more precise, specific, and safe selective
autophagy drugs, which can reduce side effects and increase the
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Table 5
Small-molecule inhibitors of selective autophagy.
Names Chemical structure Selective autophagy Targets Indications Ref.
types of action
Mdivi-1 O/ Mitophagy Drp1 Cardiovascular diseases, [230,265]

neurodegenerative diseases
such as AD and PD.

S89 Mitophagy MFN1 Cardiovascular diseases [266]

Oroxylin A

Fluorizoline Cl Mitophagy PHB1, PHB2 Breast cancer, lung cancer [232]
F N\\(@
Roflumilast (e} F Mitophagy Drp1, PINK1 Emphysema [234]
o Y
H
| DN N o F

Mitophagy PINK9 HCC [231]

Compound 6 0 (o] Mitophagy Parkin Colorectal cancer [233]
BocHN S
.\\\\
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Vitexin OH OH ER-phagy FAM134B Breast cancer [235]

Trifluoperazine \N/\ ER-phagy SEC62 Prostate cancer [236]

STF-083010 /? ER-phagy IRE1 Acute renal failure [237]
SN

4-PBA ER-phagy HDAC Myocardial [238]
HO ischemia-reperfusion injury,
ophthalmic diseases
0 such as glaucoma
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possibility of small-molecule targeted drugs being put into clinical
application.

Conclusions and perspectives
Conceptual innovation by targeting selective autophagy

Selective autophagy acts as an exceptionally specific quality
control system that surveils cellular components and earmarks
redundant or damaged elements for autophagic degradation. Over
the last decade, human genetic research has increasingly shown
that selective autophagy is related to diseases, especially neurode-
generative diseases, cancers, inflammatory diseases, and autoim-
mune diseases, suggesting the potential of targeting selective
autophagy in the treatment of diseases. However, it is difficult to
dissect how selective autophagy occurs in vivo, because most orga-
nelles are relatively difficult to be observed and operated experi-
mentally in mammals. Surprisingly, zebrafish (Danio rerio) have
gained a lot of popularity in recent years as a model for studying
autophagic processes in vivo due to their accessibility to light,
capacity to be genetically altered, and potential of translation. So
far, zebrafish have already been used to investigate many types
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of selective autophagy, including mitophagy, xenophagy, lipo-
phagy, and aggrephagy [245]. Probably the most comprehensively
investigated instance of selective autophagy is the PINK1-Parkin
pathway in mitophagy, which has been described in detail in our
previous article [19,21,246]. Nonetheless, further research into
other forms of selective autophagy is imperative to gain a more
profound comprehension of the mechanisms behind selective
autophagy.

Clinically relevant implementation benefiting healthcare

Exploring the mechanism behind selective autophagy in dis-
eases not only enhances our understanding of cellular processes
but also holds promise for clinical applications. Firstly, the identi-
fication of disease-specific, selective autophagy-related biomarkers
represents a crucial step in disease prediction and prognosis. These
biomarkers, which can be obtained from blood, urine, tissue sam-
ples, etc., may serve as indicators of disease progression and treat-
ment response. For instance, recent studies have demonstrated the
potential of selective autophagy-related biomarkers in predicting
the progression of various diseases [247]. Secondly, molecular
imaging techniques such as magnetic resonance imaging (MRI)

2
<
« Pexophagy

* Aggrephagy e Lipophagy e Ribophagy

&y & &

o Proteaphagy e Nucleophagy e Lysophagy e FA-phagy e Xenophagy e Virophagy
—
>\o<>m . Damaged organelle, "(e ’\\
;| protein aggregates, etc. (\ Ur) //
Receptor '\tj/’/ Autolysosome
ope L =
Unveiling the molecular ‘.. ]l T
mechanisms of W «@ — —
selective autophagy
inchain  p Targeting and sequestration Degradation

) ®

Revealing the roles of
selective autophagy in
human diseases

Py

Neurodegenerative

diseases

Glioblastoma
* Sodium selenite
* Loperamide
* Cannabidiol

Developing small-
molecule drugs
targeting selective
autophagy for clinical
application

Emphysema
¢ Roflumilast

Lung cancer
« Andrographolide
o Fluorizoline

Colorectal cancer Prostate cancer

Lung cancer P ic cancer Esoph | cancer

9 % 1o

Diabete Obesity GITPCREIEED Cardiovasular
Metabolic diseases diseases
e e Cardi : ‘ i C | cancer
« Melatonin N R > Brentinib
i ¢ Mdivi-1 + Compound 6
¢ Quercetin . S80
* UMI-77 5 AR
* CSPQ
* Lovastatin Pros;arts cancer
* Mdivi-1 Acute pancreatitis °
* Piperine
Breast cancer « Small-molecule
e Flubendazole Acute renal failure activators
* Vitexin * Melatonin 2
« Fluorizoline « STF-083010 EaSaligolecul

inhibitors

Fig. 8. From underlying mechanisms to potential therapies: The roadmap.

319



W. Ma, Y. Lu, X. Jin et al.

and positron emission tomography (PET) scanning can be utilized
to evaluate the extent of disease involvement and monitor treat-
ment response in patients. By employing these techniques, clini-
cians can better assess the efficacy of selective autophagy-based
therapies and make informed adjustments regarding treatment
strategies [248].

Moreover, personalized medicine strategies should be imple-
mented to optimize therapeutic outcomes. Understanding the cor-
relation between genotype and phenotype is essential for tailoring
treatment to individual patients. By considering the genetic back-
ground and clinical manifestations of patients, personalized treat-
ment regimens can be developed to target selective autophagy
pathways effectively [249]. Second, drug screening and targeted
therapy approaches should be refined to accommodate patient-
specific variations. This involves the development of screening
methods for different patient subgroups and the selection of the
most appropriate treatment regimen based on individual patient
characteristics [250]. Additionally, combination therapy strategies
represent a promising approach to enhance treatment efficacy
while minimizing side effects. By combining small-molecule drugs
targeting selective autophagy with other therapeutic modalities
such as chemotherapy, radiotherapy, and immunotherapy, syner-
gistic effects can be achieved, leading to improved clinical out-
comes [251]. These integrated approaches hold significant
potential for the development of more effective and personalized
treatment strategies for a wide range of diseases in clinical
practice.

Regarding clinical drug development, many drugs have been
found to be related to autophagy but often lack specificity for
autophagy. Some drugs may cause excessive autophagy, thus caus-
ing various off-target effects while producing therapeutic effects.
And some drugs even have both induced and inhibitory effects
on autophagy. These defects bring great challenges to the clinical
application of targeted autophagy drugs. One typical example is
crizotinib, which induces autophagy through inhibition of the
STAT3 pathway in multiple lung cancer cell lines, but at the same
time, it can induce pulmonary toxicity by blocking autophagy flux
in alveolar epithelial cells [252,253]. Consequently, it is of great
significance to develop selective autophagy drugs with higher tar-
geting properties that have broad clinical application prospects.

From underlying mechanisms to potential therapies: The roadmap

All in all, this review firstly introduces the categories and char-
acteristics of selective autophagy and also comprehensively dis-
sects the underlying molecular mechanisms of each type of
selective autophagy. Next, following the roles and significance
selective autophagy plays in various human diseases, we discuss
possible clinical therapeutic approaches represented by targeted
small-molecule drug development, completing the extension from
potential mechanisms to potential therapies (Fig. 8).

Despite the great promise of clinical application for targeting
selective autophagy, potential therapies targeting selective autop-
hagy, represented by the development of small-molecule drugs,
are still faced with some challenges. Firstly, the complexity of
intracellular autophagy pathway makes the selectivity and speci-
ficity of drugs a difficult problem. Fortunately, by modifying speci-
fic organelle targeting groups on the surface of drugs or carriers, it
has become a basic strategy for the design of selective autophagy-
targeting drugs [254]. For instance, it is promising to modify drugs
targeting ER-phagy by adding groups with endoplasmic reticulum
affinity, such as methyl benzene sulfonyl group, chloropropane
group, or dansyl group, to increase the drug selectivity to ER and
the residence time in ER [255]. Also, nanoparticles, polymers, lipo-
somes, etc. can also be used as drug delivery systems to improve
the stability of drugs and enhance their distribution and release
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in the body. Secondly, the safety of drugs targeting selective autop-
hagy needs to be further confirmed. For example, CCCP and oligo-
mycin A are two widely used selective inducers of mitophagy,
which drive mitophagy by causing mitochondrial damage. How-
ever, their severe cytotoxicity limits their clinical application
[256]. Pre-clinical and clinical trials and evaluations need to be fur-
ther strengthened to ensure the safety and efficacy of these drugs.

Apart from small-molecule drugs, research on protein peptides,
antibody therapy that directly target selective autophagy is at an
early stage and is still evolving. A highly potent GABARAP-
selective inhibitory peptide has been identified within the
270/480 kDa ankyrin-G, and an exceptionally powerful pan-Atg8
inhibitory peptide has been observed in the 440 kDa ankyrin-B.
These peptides demonstrated remarkable efficacy in blocking
autophagy when expressed in cultured cells [257]. Furthermore,
the latest research has shown that certain RNA and antibody mole-
cules can also function as tools and drugs to regulate selective
autophagy [258]. For example, AUTAC, AUTOTAC, and the recently
discovered ATNC are all antibody-based selective degraders for
intracellular targets, suggesting that antibody drugs developed
based on selective autophagy have the potential to downregulate
some biomarkers, thereby inhibiting the occurrence and progres-
sion of disease [259].

In a nutshell, selective autophagy stands as a vital mechanism
for cellular self-repair and metabolic balance, contributing to the
preservation of cell health and vitality. Its pivotal role in the devel-
opment of various diseases underscores its importance. The inte-
gration of Artificial Intelligence (Al) could reveal a potential link
between selective autophagy and disease development, opening
new possibilities for identifying potential therapeutic targets and
biomarkers. The discovery and development of modulators for
selective autophagy hold substantial clinical promise, offering a
key direction for current drug development. Looking forward, as
the basic research of selective autophagy continues to deepen, an
increasing number of selective autophagy modulators will be dis-
covered and applied to disease treatment. Additionally, modern
techniques, including high-throughput screening and computer-
aided drug design, will further expedite the identification and cre-
ation of selective autophagy modulators, offering potential thera-
peutic approaches for a wide range of human diseases.
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