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Abstract
Chaperone-mediated autophagy (CMA) plays an important role in regulating a variety of cellular functions by selectively degrading

damaged or functional proteins in the cytoplasm. One of the cellular processes in which CMA participates is the oxidative stress

response. Oxidative stress regulates CMA activity, while CMA protects cells from oxidative damage by degrading oxidized pro-

teins and preventing the accumulation of excessive reactive oxygen species (ROS). Changes in CMA activity have been found in

many human diseases, and oxidative stress is also involved. Therefore, understanding the interaction mechanism of ROS and CMA

will provide new targets for disease treatment. In this review, we discuss the role of CMA in combatting oxidative stress during

the development of different conditions, such as aging, neurodegeneration, liver diseases, infections, pulmonary disorders, and

cancers.

Keywords
reactive oxygen species, autophagy, neurodegeneration, metabolism, immunity, pulmonary disease, tumor

Abbreviations
Aβ, amyloid β; ACADL, long-chain specific acyl-CoA dehydrogenase; ACSL1, long-chain-fatty-acid-CoA ligase 1; AD, Alzheimer’s
disease; ALDOA, fructose-bisphosphate aldolase A; ALT, alanine aminotransferase; APC, antigen-presenting cell; Chk1,

checkpoint kinase 1; CMA, chaperone-mediated autophagy; COPD, chronic obstructive pulmonary disease; COVID-19,

coronavirus disease 2019; CS, cigarette smoke; CSE, CS extract; CYP27A1, cytochrome P450 family 27 subfamily A member

1; DNM1L, dynamin-1-like protein; ERS, endoplasmic reticulum stress; ESC, embryonic stem cell; GB, glioblastoma; GPD2,

glycerol-3-phosphate dehydrogenase 2; HCQ, hydroxychloroquine; HFD, high-fat diet; H2O2, hydrogen peroxide; HSC70,

heat shock cognate 71 kDa protein; HSC, hematopoietic stem cell; Hyp-PDT, hypericin-based photodynamic therapy; Idh1,

isocitrate dehydrogenase 1; IκBα, NF-κB inhibitor-α; LAMP2A, lysosome-associated membrane protein type 2A; MARCHF5,

1Guangxi Key Laboratory of Bio-Targeting Theranostics, National Center for International Research of Bio-Targeting Theranostics, Collaborative Innovation

Center for Targeting Tumor Diagnosis and Therapy, Guangxi Talent Highland of Bio-Targeting Theranostics, Guangxi Medical University, Nanning, China
2 State Key Laboratory of Cancer Biology, National Clinical Research Center for Digestive Diseases and Xijing Hospital of Digestive Diseases, Air Force Military

Medical University, Xi’an, China
3Department of Oncology, Xianyang Hospital of Yan’an University, Xianyang, China

*These authors contributed equally to this work.

Corresponding Author:
Daiming Fan, Guangxi Key Laboratory of Bio-Targeting Theranostics, National Center for International Research of Bio-Targeting Theranostics, Collaborative

Innovation Center for Targeting Tumor Diagnosis and Therapy, Guangxi Talent Highland of Bio-Targeting Theranostics, Guangxi Medical University, Nanning

530021, China.

Email: fandaim@fmmu.edu.cn

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License

(https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission

provided the original work is attributed as specified on the SAGE and Open Access page (https://us.sagepub.com/en-us/nam/open-access-at-sage).

Review

Technology in Cancer Research &

Treatment

Volume 21: 1-15

© The Author(s) 2022

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/15330338221114178

journals.sagepub.com/home/tct

https://orcid.org/0000-0003-3431-8458
mailto:fandaim@fmmu.edu.cn
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/tct


membrane-associated ring-CH-type finger 5; Mdh1, malate dehydrogenase 1; MEF2D, myocyte-specific enhancer factor 2D; MSC,

mesenchymal stem cell; MYC, myc proto-oncogene protein; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic

steatohepatitis; N-CoR, nuclear receptor corepressor; NFAT, nuclear factor of activated T cells; NF-κB, nuclear factor-κB;
Nrf2, nuclear factor erythroid 2-related factor 2; NSCLC, nonsmall-cell lung cancer; 6-OHDA, 6-hydroxy dopamine; PARK7,

parkinsonism associated deglycase; Pax2, paired box protein Pax-2; PCC, protein carbonyl content; PC, perivascular cell; PD,

Parkinson’s disease; PKM2, pyruvate kinase PKM; PLIN2, perilipin-2; PLIN3, perilipin-3; PLIN5, perilipin-5; ROS, reactive

oxygen species; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SFL, simple fatty liver; SNCA,

alpha-synuclein; TCR, T-cell receptor; TRIM21, tripartite motif containing 21

Received: March 28, 2022; Revised: June 5, 2022; Accepted: June 27, 2022.

Introduction
Autophagy is a cellular self-digestion process in which macro-
molecules, aggregated proteins, damaged organelles, and path-
ogens are digested by lysosomal hydrolases. This digestion
produces nucleotides, amino acids, fatty acids, glucose, and
ATP for use by the cell.1 Based on the method by which
degraded cargos enter the lysosome, there are 3 types of
autophagy, macroautophagy, microautophagy, and chaperone-
mediated autophagy (CMA). During macroautophagy, cytosolic
components bind to vesicles to form autophagosomes, which
then fuse with the lysosomal membrane. In microautophagy,
the lysosomal membrane collapses directly to form vesicles,
and the cargos are enveloped in the lysosome. The third
protein degradation pathway, called CMA, involves direct cross-
ing of the lysosomal membrane without reliance on vesicles2

(Figure 1).
One of the most prominent features of CMA is that the

degraded cargos are limited to proteins, a significant difference
from macroautophagy and microautophagy, which transport
any type of macromolecule, including glycogen, lipids, pro-
teins, organelles, and even pathogens. Because CMA specifi-
cally degrades damaged and nonfunctional proteins, it is
necessary for protein quality control and intracellular homeosta-
sis.3 Another very important feature of CMA is its high selec-
tivity. CMA regulates many physiological processes by
selectively degrading key proteins.4 Therefore, CMA dysfunc-
tion may disrupt normal cell function and subsequently lead to
the occurrence of human diseases.

One of the cellular processes in which CMA participates is
the oxidative stress response. Oxidative stress is a state of
imbalance between intracellular oxidation and antioxidation
in which the levels of intracellular reactive oxygen species
(ROS) increase. ROS are molecules with dual effects: they
can regulate normal cell proliferation, differentiation, and apo-
ptosis,5 but the high concentrations of ROS produced by exces-
sive oxidative stress are toxic and therefore lead to cell death.6

Studies have shown that CMA and ROS are involved in aging
and in many disease processes, including neurodegenerative
disease, liver disease, infection, pulmonary disease, and tumor
processes, but their interactions are unclear. Therefore, elucidat-
ing the molecular mechanisms by which CMA combats oxida-
tive stress will provide new insights into a disease treatment.

Here, we summarize the process and physiological functions
of CMA and discuss the relationship between CMA and oxida-
tive stress during the occurrence and development of human
diseases. We also discuss the potential therapeutic value of
CMA.

Mechanisms of CMA
The process of substrate degradation through CMA, which
includes recognition, binding, transport, and degradation, is
shown in Figure 1.7 The hallmark of a CMA substrate protein
is the presence of the pentapeptide motif KFERQ.8 The motif
is specifically recognized by the molecular chaperone heat
shock cognate 71 kDa protein (HSC70), and then, the cargo
is transported into lysosomes for degradation with the help of
the lysosomal membrane receptor lysosome-associated mem-
brane protein type 2A (LAMP2A).9,10 Pentapeptide motifs are
necessary for substrate recognition in CMA, but not all proteins
containing pentapeptide motifs are substrates of CMA. The
pentapeptide motif is (Q)-(K/R)-(F/V/L/I)-(E/D)-(K/R/F/V/L/
I), in which Q can also be at the end, and the order of the
other four amino acids can be changed.11 The identification
of CMA substrates based on pentapeptide motifs alone is unre-
liable, and studies have shown that this type of motif is also a
target for microautophagy.12 Therefore, the gold standard for
verifying CMA substrates is a lysosome binding and uptake
assay.13

HSC70 and LAMP2A are two key molecules in the CMA
pathway (Figure 1). Molecular chaperones are involved in
many processes of CMA, especially HSC70, which is the
only chaperone that directly binds to the KFERQ-like motif.
Other molecular chaperones form complexes to regulate
CMA in an HSC70-dependent manner.14 In addition to
HSC70, LAMP2A is a molecule that transports substrates
into the lysosomal lumen during CMA. LAMP2A, as a receptor
protein on the lysosomal membrane, usually exists as a
monomer and forms a multiprotein translocation complex
with other proteins when transporting substrates.15 After the
substrate binds to LAMP2A, it transitions from a folded to an
extended formation with the help of HSC70 and other chaper-
ones on the membrane in preparation for subsequent passage
through the lysosomal membrane16 (Figure 1). After the
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LAMP2A polymer transports the substrate to the lysosomal
cavity, it is immediately depolymerized into a monomer with
the help of HSC70 to continue to function as a receptor.15

The content of LAMP2A directly determines the rate of
CMA. To date, upregulation or inhibition of LAMP2A expres-
sion via transgenic techniques has been the most common
means to change the activity of CMA. Oxidative stress, long-
term starvation, and other stressors all lead to the activation
of CMA by upregulating the level of LAMP2A.17,18 CMA
activity can be measured according to the expression of the sub-
strate proteins, LAMP2A or HSC70.19–21

Physiological Roles of CMA
The removal of damaged proteins to maintain protein quality
balance is the basic function of CM. In recent years, it has
been found that CMA can regulate cellular pathways by selec-
tively degrading key proteins, broadening the physiological
processes in which CMA is known to participate.

Amino Acid Recycling, Protein Quality Control, and
Response to Stress
CMA shows a certain basal activity in most cells, but it is acti-
vated to the maximum extent under conditions of long-term
starvation,22 oxidative stress,18 hypoxia,23 and DNA damage.24

The first identified physiological function of CMA was the pro-
motion of the recycling of amino acids. Under nutrient defi-
ciency, CMA degrades nonessential proteins to supplement the
levels of free amino acids in cells and uses them as raw materials
to synthesize new proteins for cell use.7,22 In the early stage of
starvation, macroautophagy degrades proteins; at the eighth
hour of starvation, the level of macroautophagy peaks, and
lipid degradation begins. Interestingly, CMA is activated only
after 8 h of starvation, and its level is maintained for 3 days.
Therefore, the amino acid pool needed for protein synthesis
induced by nutritional deficiency lasting more than 8 h may be
supplemented mainly by CMA.25–27 In addition, enhancing
CMA activity combats oxidative stress and aging to promote
cell survival.18,28,29

Figure 1. Processes of 3 types of autophagy. Macroautophagy: cargos (such as proteins, lipids, and organelles) combine with vesicles in the
cytoplasm to form an autophagosome. The autophagosome fuses with the lysosomal membrane, and then the cargos enter the lysosomal cavity
and are degraded by hydrolase. CMA: (1) The HSC70-cochaperone complex recognizes the KFERQ sequence of the substrate protein. (2) The
substrate binds to the cytoplasmic segment of LAMP2A on the lysosomal membrane. (3) The LAMP2Amonomer polymerizes to form a transport
complex, and the substrate adopts an extended conformation and passes through the lysosomal membrane into the lysosomal cavity with the
assistance of HSC70 in the lysosomal cavity. (4) The substrate is degraded. Microautophagy: the lysosomal membrane directly invaginates to
form vesicles, and the cargos are enveloped within the lysosomal cavity for degradation.
Abbreviations: CMA, chaperone-mediated autophagy; HSC70, heat shock cognate 71 kDa protein; LAMP2A, lysosome-associated membrane protein type 2A.
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Regulation of Glucose and Lipid Metabolism
CMA selectively degrades important enzymes in lipid and
glucose metabolism to terminate their functions and reduce
the activity of the metabolic pathways in which they are
involved.21 One study on a mouse model with liver-specific
conditional knockout of LAMP2A has shown that blocking
CMA results in hepatic glycogen depletion, increased energy
consumption, and changes in glucose homeostasis. During star-
vation, CMA degrades glycolytic enzymes in the liver at several
times the basal rate, which blocks the glycolysis of liver glyco-
gen and prevents subsequent energy shortages in peripheral
organs. Lysosomal proteomic analysis has further confirmed
that CMA degrades most of the enzymes involved in glycolysis
and the tricarboxylic acid cycle, such as fructose-bisphosphate
aldolase A (ALDOA), pyruvate kinase PKM (PKM2), malate
dehydrogenase 1 (Mdh1), and isocitrate dehydrogenase 1
(Idh1), thus maintaining metabolism under starvation.21

Similar to the mechanism by which CMA regulates glucose
metabolism, proteins involved in lipid metabolism have been
identified as CMA substrates. The levels of lipid metabolic
enzymes are altered in the livers of LAMP2A-knockout mice,
and 30% of these lipid metabolic enzymes are substrates of
CMA. Loss of CMA results in reduced degradation of lipogenic
enzymes such as glycerol-3-phosphate dehydrogenase 2 (GPD2),
long-chain specific acyl-CoA dehydrogenase (ACADL), cyto-
chrome P450 family 27 subfamily A member 1 (CYP27A1),
and long-chain-fatty-acid-CoA ligase 1 (ACSL1), as well as
reduced lipolysis.21 In addition, CMA initiates lipolysis by selec-
tively degrading perilipin-2 (PLIN2), perilipin-3 (PLIN3), and
perilipin-5 (PLIN5), allowing lipases to access the lipids stored
in the center of lipid droplets.30–32 CMA reduces fat production
and promotes fat consumption and utilization to maintain cellular
lipid homeostasis.

Control of the Cell Cycle
In response to genotoxicity, CMA degrades checkpoint kinase 1
(Chk1) in time to ensure cell cycle progression after DNA
repair. In the absence of CMA, Chk1 remains at a high level
in the nucleus, resulting in a decrease in the stability of the
MRN complex (responsible for signal transduction before
DNA repair) and thus destroying the DNA repair mechanism.24

In addition, CMA controls the cell cycle by indirectly regulating
the level of myc proto-oncogene protein (MYC).33 MYC is a
transcription factor that promotes or inhibits the expression of
cell cycle regulatory factors through several mechanisms and
ultimately stimulates the cell cycle.34 In fibroblasts, CMA
promotes MYC degradation and thus inhibits malignant
transformation.33

Immune Response
The ubiquitin ligase Itch and the calcineurin inhibitor RCAN1
are considered to inhibit T-cell receptor (TCR) signaling.
High levels of ITCH and RCAN1 inhibit T-cell proliferation

and cytokine secretion. CMA activates T cells by degrading
ITCH and RCAN1 to promote the immune response.35 A
study also revealed that CMA regulates the function of antigen-
presenting cells (APCs). In that study, the activity of CMA was
regulated by changing the expression of LAMP2A or HSC70 in
APCs, and analyses of the functions of these cells revealed that
overexpression of LAMP2A or HSC70 increased antigen pre-
sentation via cytoplasmic MHCII molecules.36,37

Transcriptional Regulation
CMA directly degrades transcription factors to regulate tran-
scriptional programs. The paired box protein Pax-2 (Pax2) is
a very important transcription factor for cell proliferation and
differentiation. CMA degrades Pax2 to maintain kidney size
and growth.38 In neurons, CMA degrades the transcription
factors MEF2A and MEF2D to promote neuronal survival.39,40

CMA also regulates transcription via the degradation of activa-
tors or inhibitors of transcription factors. For example, CMA
indirectly regulates the transcriptional processes mediated by
nuclear factor-κB (NF-κB) through the degradation of NF-κB
inhibitor-α (IκBα) during starvation.41

Regulation of Pluripotency in Stem Cells
Stem cells with self-renewal and unlimited reproductive abili-
ties have great application value in organ regeneration, repair,
and disease treatment. Recent studies have shown that CMA
regulates mammalian stem cells, including embryonic stem
cells (ESCs), hematopoietic stem cells (HSCs), and mesenchy-
mal stem cells (MSCs). ESCs generally maintain low CMA
activity. However, CMA is upregulated during differentiation
and reaches its highest level in differentiated cells. Activated
CMA promotes the differentiation of ESCs and inhibits
ESC self-renewal.42 In contrast, HSC proliferation in
LAMP2A-knockout mice is decreased, and HSC self-renewal
is impaired, but the inhibition of CMA does not significantly
affect HSC differentiation. Therefore, CMA is essential for
the activation and self-renewal of HSCs because it controls
the quality of metabolic enzymes to maintain normal glycolysis
and lipid metabolism.43 Additionally, the differentiation of rat
bone marrow MSCs into osteoblasts has been shown to be
mediated by inhibition of CMA.44 Therefore, the function of
CMA in stem cells may be closely related to cell type, and
more studies are needed to explore the exact roles of CMA in
various stem cells.

Interaction Between ROS and CMA
ROS, including peroxides, superoxides, and hydroxyl radicals,
are oxygen-containing chemical species with reactive proper-
ties.45 Excessive ROS can lead to the peroxidation of intracel-
lular components such as DNA,46,47 proteins,48 and lipids,49

thus destroying cellular homeostasis. CMA is activated during
oxidative stress and acts as a damage response. Inhibition of
CMA leads to increased ROS levels and cell apoptosis18
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Figure 2. Interaction between ROS and CMA. Reactive oxygen species (ROS) activate CMA by promoting the expression of LAMP2A and
HSC70. In contrast, CMA defends against oxidative stress in several ways to protect cells from apoptosis. For example, CMA directly scavenges
oxidatively damaged and ROS-producing proteins. In addition, CMA indirectly regulates mitochondrial function, ERS, the macroautophagy
pathway, and antioxidant gene transcription. Abbreviations: ROS, reactive oxygen species; CMA, chaperone-mediated autophagy; HSC70, heat
shock cognate 71 kDa protein; LAMP2A, lysosome-associated membrane protein type 2A; ERS, endoplasmic reticulum stress; NFAT, nuclear
factor of activated T cells; Nrf2, nuclear factor erythroid 2-related factor 2; PARK7, parkinsonism associated deglycase; MARCHF5,
membrane-associated ring-CH-type finger 5; N-CoR, nuclear receptor corepressor; TRIM21, tripartite motif containing 21.
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(Figure 2). The mechanisms by which ROS activate CMA
mainly include increases in the susceptibility of proteins to deg-
radation by lysosomes and enhancement of the ability of lyso-
somes to take up substrates. In one study, lysosomes isolated
from rat livers were incubated with the CMA substrate
protein GAPDH. Lysosome binding and uptake assays
showed that the number of proteins bound to the lysosomal
membrane and transported into the lysosomal cavity increased
with increasing GAPDH oxidation time. These observations
reveal that oxidative stress leads to oxidative modification of
substrate proteins, which makes the proteins more easily
degraded by the CMA pathway.18 Additionally, oxidative
stress stimulates CMA by upregulating the CMA-related pro-
teins LAMP2A and HSC70, whose content can reflect CMA
activity and the efficiency of substrate degradation.19,20

Compared with those in control rats, HSC70 in the lysosomal
cavity and LAMP2A on the lysosomal membrane in the
livers of rats treated with paraquat (an inducer of oxidative
stress) are significantly upregulated.18 In addition, oxidative
stress upregulates LAMP2A in the hippocampus of epileptic
rats.50 Further studies have confirmed that ROS activates the
T-cell transcription factor nuclear factor of activated T cells
(NFAT) to promote LAMP2 gene transcription, consequently
increasing both the mRNA and protein levels of LAMP2A.35

ROS also activate nuclear factor erythroid 2-related factor 2
(Nrf2) to promote the expression of LAMP2A in bronchial epi-
thelial cells.51 In contrast, the LAMP2A level is reduced in the
presence of the antioxidant vitamin E.50

CMA protects cells from oxidative stress in several ways
(Figure 2), the most typical of which is selective scavenging
of oxidative and prooxidative proteins. For example, MEF2D
and MEF2A are transcription factors related to neuronal sur-
vival, and impairment of their function can lead to neuronal
death.52 It has been found that 6-hydroxy dopamine
(6-OHDA) or hydrogen peroxide (H2O2) can stimulate neuro-
nal cells to induce oxidative modification of the MEF2A and
MEF2D proteins, which causes them to lose their transcrip-
tional activity and play a neurotoxic role. However, oxidative
stress upregulates CMA, which can degrade oxidatively
damaged and nonfunctional MEF2D and MEF2A to protect
neurons from apoptosis.39,53 Both mutant alpha-synuclein
(SNCA) and aggregated amyloid β (Aβ) peptides can promote
oxidation and induce ROS.54,55 SNCA has been proven to be
a substrate of CMA.56 In addition, studies have shown that
overexpression of LAMP2A in neurons protects Drosophila
from oxidative stress by upregulating CMA to clear abnormally
aggregated SNCA.54 In addition, in a mouse model of
Alzheimer’s disease (AD), CMA has been found to downregu-
late Aβ plaques and reduce neurotoxicity.57 Furthermore,
LAMP2A overexpression can reduce protein carbonyl content
(PCC; used as a measure of total protein oxidation) and
inhibit apoptosis in breast cancer cells, but the mechanism is
not clear.58 Another way in which CMA defends against oxida-
tive stress is by regulating the function of mitochondria.
Mitochondria are the main sites for the respiratory production
of ROS. Mitochondrial impairment leads to an imbalance

between oxidation and antioxidation, resulting in oxidative
stress. The antioxidant protein Parkinson’s disease (PD) 7 (par-
kinsonism associated deglycase [PARK7], also known as DJ-1)
is essential for mitochondria to maintain their structure and
function.59 Evidence suggests that overoxidation of PARK7
in mouse dopaminergic neurons is harmful and increases mito-
chondrial fragmentation. CMA promotes the degradation of
PARK7 under oxidative stress and protects the function of
mitochondria.60 In vivo and in vitro studies have revealed
that CMA inhibits mitochondrial dynamin-1-like protein
(DNM1L) through the degradation of membrane-associated
ring-CH-type finger 5 (MARCHF5), thus reducing mitochon-
drial breakage induced by oxidative stress.61 In addition,
CMA reduces the production of ROS induced by endoplasmic
reticulum stress (ERS) by degrading misfolded nuclear receptor
corepressor (N-CoR).62,63 Overexpression of LAMP2A in
Drosophila neurons reduces the accumulation of ROS by
increasing macroautophagy.54 Finally, CMA enhances the antiox-
idant capacity of cells. Tripartite motif containing 21 (TRIM21) is
a ubiquitin E3 ligase that inhibits p62-mediated antioxidant gene
transcription and increases cell sensitivity to oxidative stress.64

The degradation of TRIM21 by CMA during oxidative stress
enhances the antioxidant capacity of mouse macrophages and
reduces cell death induced by Salmonella Typhimurium.65

In summary, ROS activates intracellular CMA. Subsequently,
as an antioxidant defense mechanism, CMA protects cells from
harmful oxidative stress by reducing the levels of oxidative
and prooxidative proteins and regulating mitochondrial func-
tion, ERS, the macroautophagy pathway, and the antioxidant
pathway.

CMA and Oxidative Stress in Human
Diseases
CMA participates in regulating the physiological function of
cells, and its dysfunction is closely related to human diseases.
A decrease in CMA activity can lead to aging, neurodegenera-
tive diseases, liver diseases, infections, and pulmonary disor-
ders, while upregulation of CMA activity can promote the
development of tumors. Oxidative stress is also involved in
these diseases and processes. Here, we mainly discuss how
CMA defends against oxidative stress under different condi-
tions (Figure 3).

Aging
One of the characteristics of aging is the increased sensitivity of
cells to oxidative stress, which leads to the accumulation of oxi-
dative damage.66 Decreased CMA activity is observed in the
cells and tissues of aged animals.67,68 Age-dependent changes
in the properties of the lysosomal membrane disrupt the
dynamic balance of LAMP2A in the membrane and cavity,
resulting in increased degradation of LAMP2A and reduced
LAMP2A content on the membrane, thus reducing CMA effi-
ciency.68 Therefore, oxidative damage caused by impaired
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CMA may be one of the pathogenic mechanisms of aging
(Figure 3). In general, the activation of the macroautophagy
and proteasome pathways can compensate for the impairment
of CMA function, but this compensation is blocked by stressors
(such as oxidative stress and lipotoxicity).29 In one study, oxi-
dative stress was induced in paraquat-treated mice. Compared
with the control mice, liver-specific LAMP2A-knockout mice
showed increased fibrosis and inclusion bodies, but there was
no significant difference in young mice. Interestingly, a fluores-
cent probe injected into the tail vein showed that ROS levels
were increased in both old and young LAMP2A-knockout
mice, but old LAMP2A-knockout mice were more sensitive
to ROS-induced liver damage than young LAMP2A-knockout
mice. The inhibition of CMA in young LAMP2A-knockout
mice was believed to reduce the degradation of antioxidant
enzymes (found to be CMA substrates), promoting ROS clear-
ance, while old LAMP2A-knockout mice had impaired antiox-
idant enzymes due to disrupted protein homeostasis and were
thus more susceptible to oxidative stress.29 Studies have sug-
gested that oxidized proteins and lipofuscin (mainly from mito-
chondrial damage, which is considered to be a marker of
aging)69 are decreased after the restoration of CMA activity
in the livers of old mice and that the structure of mitochondria
becomes closer to that in young mice, indicating that CMA can
improve the life span of old animals.28 These data show the
antiaging role of CMA. However, the interaction between
CMA and oxidative stress in aging needs to be further explored.

Neurodegenerative Diseases
Various neurodegenerative diseases are related to the failure of
the protein degradation system to effectively remove harmful
proteins. The decrease in the ability to deal with abnormal pro-
teins changes protein homeostasis and causes the accumulation
of neurotoxic proteins, which promotes neuronal death.
Oxidative stress destroys the structure and function of
neurons and leads to several typical neurodegenerative diseases,
such as PD and AD, which are related to oxidative damage to
intracellular proteins.53,70 Normally, CMA removes pathogenic
proteins to prevent the pathological process of neurodegenera-
tion (Figure 3). Studies have shown that oxidized MEF2D
levels are dramatically increased in the brains of PD animals
and PD patients.53 However, high MEF2D activity protects
PD animal neurons from toxicity. Further studies have sug-
gested that MEF2D is modified before it is degraded by CMA
and that the modified MEF2D is inactive and even harmful to
neurons. For example, 6-OHDA is a neurotoxin that induces
PD in animals. After stimulating mouse neurons, 6-OHDA pro-
motes the oxidation of MEF2D and decreases MEF2D DNA
binding activity. The oxidative modification of MEF2D medi-
ates neuron death induced by oxidative stress. CMA degrades
oxidatively damaged MEF2D, thereby hindering the progres-
sion of PD.53 PARK7 is a PD gene that plays a role in combat-
ting oxidative stress.59 Hyperoxidized and damaged forms of
PARK7 have been detected in the brains of PD patients.71

Downregulation of LAMP2A results in the accumulation of

Figure 3. CMA and oxidative stress in diseases. CMA plays a protective or pathogenic role in different diseases by counteracting oxidative
stress. CMA protects organisms against aging, neurodegeneration, liver disease, and infection. However, CMA also promotes the development of
cancers. The picture above shows the mechanisms of CMA in specific diseases.
Abbreviations: CMA, chaperone-mediated autophagy; MEF2D, myocyte-specific enhancer factor 2D; PARK7, parkinsonism associated deglycase; MARCHF5,
membrane-associated ring-CH-type finger 5; SNCA, alpha-synuclein; APP, amyloid-beta precursor protein; TRIM21, tripartite motif containing 21; HIF-1α,
hypoxia-inducible factor 1-alpha.
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oxidized PARK7, increases in ROS levels, and mitochondrial
rupture in mouse dopaminergic neurons. The restoration of
CMA reverses these pathological changes. However, PARK7
gene silencing eliminates the protective effect of CMA on
neurons, indicating that CMA reduces the toxicity of ROS to
cells through PARK7 degradation, thus inhibiting neuronal
death in the process of PD.60 Moreover, PARK7 overexpres-
sion not only inhibits rotenone-induced pathological changes
in PD neurons but also promotes the expression of LAMP2A.
PARK7 may accelerate the degradation of harmful proteins
by upregulating CMA.72 Additionally, abnormal aggregation
of mutated SNCA is the most important cause of PD. It has
been suggested that the neurotoxicity of SNCA may be medi-
ated in part by oxidative stress.54 CMA degrades mutant
SNCA, reduces ROS levels, and prolongs mouse lifespan.73

In addition to its role in PD, accumulating evidence shows
that the ability of CMA to resist oxidative stress is related to
AD. The aggregation of mutated TAU protein and Aβ in the
brain is a pathological process of AD. Amyloid precursor
protein (APP) is cleaved to form Aβ plaques and the decrease
in APP-scavenging ability in AD results in the accumulation
of Aβ and APP. Aggregated Aβ induces oxidative stress,
which destroys cellular homeostasis and leads to neuronal
damage. Meanwhile, the generated ROS promotes the expres-
sion and aggregation of Aβ.74 TAU is a microtubule-associated
protein that maintains the stability of the neuronal skeleton.
Mutated TAU cannot bind normally to microtubules and is
neurotoxic.75 Activation of the p38 pathway by oxidative
stress leads to tau hyperphosphorylation and promotes the
expression of RCAN1 to prevent TAU dephosphorylation.76

Evidence has been reported that both APP and TAU are sub-
strate proteins of CMA.57,77 CMA directly scavenges APP and
phosphorylated TAU to protect neurons from oxidative stress
and protein toxicity. Additionally, CMA activity in the brains
of AD mice and AD patients has been found to be significantly
decreased.70 Further analysis of proteins in the brains of
LAMP2A-deficient mice revealed increased levels of ubiquiti-
nated and oxidized proteins, as well as accumulation of TAU
and many other KFERQ-like proteins. However, macroau-
tophagy activity is not upregulated in the brains of CMA-
deficient mice. The restoration of CMA activity decreases
mutant TAU and Aβ plaques and improves learning and
memory in AD mice.70

Defects in CMA have been found in several neurodegenera-
tive diseases.70,78 Most pathological proteins associated with
neurodegeneration bind tightly to the LAMP2A receptor on
the lysosomal membrane and cannot be transported to the lyso-
somal cavity, thus destroying the stability of the CMA transport
complex.56,79,80 In addition, the increased expression of
microRNAs that negatively regulate LAMP2A and HSC70 is
also the reason for the decrease in CMA activity.81 In
summary, CMA scavenges pathogenic proteins related to PD
and AD to protect neurons from oxidative stress. Considering
the pathological function of oxidative stress in many neurode-
generative diseases,82 restoring CMA activity may be an effec-
tive treatment.

Liver Diseases
Nonalcoholic fatty liver disease (NAFLD) is a clinicopatholog-
ical syndrome characterized by excessive intracellular fat depo-
sition in the liver. NAFLD includes simple fatty liver (SFL),
nonalcoholic steatohepatitis (NASH), and liver cirrhosis,
which can eventually develop into hepatocellular carcinoma.
Lipotoxicity, oxidative stress, and inflammation are involved
in these pathological processes and promote disease progres-
sion.83 Most of the proteins involved in lipid metabolism
have been identified as substrates of CMA.21,30–32 Activating
CMA in the liver reduces the damage to hepatocytes caused
by lipotoxicity and oxidative stress (Figure 3). Decreases in
LAMP2A and positive regulators of CMA are found in the
livers of both NAFLD patients and high-fat diet (HFD)-fed
mice, while the negative regulator of CMA is continuously acti-
vated during hepatic steatosis.31 Additionally, dietary fat alters
lysosomal membrane components, reducing the stability of
LAMP2A at the membrane and leading to increased
LAMP2A degradation.84 LAMP2A-knockout mice fed an
HFD have enlarged, pale livers; increased accumulation of low-
density lipoprotein, triglycerides, and cholesterol in hepato-
cytes; and elevated levels of triglycerides and alanine amino-
transferase (ALT) in serum.21 Excessive lipid accumulation
leads to increased ROS and oxidative stress.85 Lipid and
protein peroxidation occurs in the liver tissue of NASH mice,
which enhances macroautophagy and CMA. These results
suggest that metabolic oxidative stress aggravates disease pro-
gression and also reduces lipid accumulation by activating
CMA.86 In addition, the incidence of liver tumors is increased
in aged LAMP2A-knockout mice, which may be attributed to
the fact that the increase in oxidative damage with age promotes
malignant transformation in livers with CMA deficiency.29

In summary, oxidative stress produced by self-metabolism
drives NAFLD/NASH progression. CMA protects against oxi-
dative stress by maintaining the balance of lipid metabolism.
Therefore, CMA may be a promising therapeutic target for
liver diseases.

Infection and Immunity
There is growing evidence that CMA is involved in immune
response processes, including the responses to viral87 and bac-
terial65 infections, T-cell function regulation,35 antigen presen-
tation,36 and tumor immunity.88 CMA interacts with oxidative
stress and plays an important role in innate immunity and adap-
tive immunity (Figure 3). Salmonella Typhimurium activates
mTORC2/Akt signaling to inhibit CMA activity, resulting in
reduced TRIM21 degradation. The increase in TRIM21
damages the antioxidative resistance of cells and promotes
the death of macrophages induced by Salmonella
Typhimurium.65 Studies have also revealed that hypericin-
based photodynamic therapy (Hyp-PDT) can induce ERS and
consequently induce ROS production and activate CMA
during tumor therapy. CMA promotes the exposure of calreticu-
lin on the surfaces of tumor cells and leads to immunogenic cell
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death, which is helpful for stimulating antitumor immunity.89 In
contrast to the function of CMA in tumor cells, CMA in the
tumor microenvironment can inhibit the immune response
and promote tumor survival. For example, glioblastoma (GB)
activates CMA in perivascular cells (PCs) by inducing ROS.
CMA inhibits antitumor protein secretion and T-cell activation,
resulting in low immune function or immunosuppression. In a
GB mouse model, LAMP2A knockout in PCs has been found
to promote T-cell infiltration around the tumor and tumor clear-
ance. This evidence suggests that abnormal CMA upregulation
in PCs is necessary for the maintenance of GB cell survival and
the induction of immune tolerance.88 Additionally, CMA
degrades the negative TCR regulatory factors Rcan1 and Itch
to activate CD4+ T cells. Activated CD4+ T cells produce
ROS and induce LAMP2A transcription to further enhance
CMA activity. In LAMP2A-deficient mice, the spleen and
thymus are reduced in size, the percentages of CD4+ T and
CD8+ T cells in peripheral blood are decreased, the prolifera-
tion of CD4+ T cells and the secretion of cytokines are signifi-
cantly inhibited, and the serum antibody levels in mice infected
with Listeria monocytogenes are decreased. Moreover, CMA
activity in mouse and human T cells decreases with age.35

Therefore, the restoration of CMA activity in T cells in
elderly individuals may ameliorate the age-related decline in
immunity.

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) was found in Wuhan, China, in 2019 and is
spreading around the world, causing coronavirus disease 2019
(COVID-19) and posing a serious threat to human health.
Because of the protective role of CMA in the antiinfection
immune system, activating CMA may effectively prevent
SARS-CoV-2 infection. Recent studies have revealed
LAMP2A, a key CMA receptor, to be involved in
SARS-CoV-2 infection. The host LAMP2A protein acts on
SARS-CoV-2 RNA, affecting virus replication. A lack of
LAMP2A increases the level of viral RNA, while overexpres-
sion of LAMP2A has the opposite result. This finding indicates
that LAMP2A has antiviral potential.90 Furthermore, oxidative
stress promotes SARS-CoV-2 replication,91 and virus-induced
oxidative stress may aggravate COVID-19.92 Considering the
antioxidant effect of CMA, we speculate that CMA may be tar-
getable for the treatment of COVID-19.

In summary, CMA functions in the prevention of microbial
infection and tumor immunity by regulating immune cell func-
tion and resisting oxidative stress.

Pulmonary Disorders
Research on CMA in pulmonary disorders other than lung
cancers is very limited. Recently, CMA has been found to be
involved in the pathological process of chronic obstructive pul-
monary disease (COPD),51 and oxidative stress also plays an
important role in it.93 COPD is a respiratory disease character-
ized by persistent airflow limitation, which is related to an
abnormal inflammatory response to harmful gases and particles.
Cigarette smoke (CS) is the main risk factor for COPD.94 One

study showed that injection of CS extract (CSE) into the trachea
of mice leads to emphysema and increased apoptosis of bron-
chial epithelial cells. However, it also upregulates the expres-
sion of CMA-related proteins and activated CMA reduces
apoptosis,95 indicating that CMA plays a protective role in
COPD. The mechanism of CMA in COPD was further ana-
lyzed. The results showed that CSE induces the expression of
LAMP2A in bronchial epithelial cells in an Nrf2-dependent
manner, thus enhancing CMA activity. Nrf2 is activated
under oxidative stress, and CS is rich in oxidants. LAMP2A
overexpression significantly inhibits the unfolded protein
response (UPR) and reduces cell death.51 In addition, the
levels of Nrf2 and LAMP2A decrease significantly in COPD
lungs compared with nonsmokers and non-COPD smokers,
whereas the LAMP2A level is positively correlated with pulmo-
nary function tests.51 Therefore, restoring CMA activity may be
effective in patients with COPD.

Cancers
It is well-accepted that CMA inhibits malignant transformation
under physiological conditions but has a pro-oncogenic func-
tion in cancer cells. The expression of LAMP2A, a key mole-
cule reflecting the level of CMA, is significantly increased in
most human tumors,96 indicating that the basal activity of
CMA in tumors is enhanced. The characteristics of the tumor
microenvironment, such as oxidative stress, hypoxia, and nutri-
tional deficiency, are CMA activators.18,22,23 Tumor cells upre-
gulate CMA activity by reducing lysosomal LAMP2A
degradation.97 Crosstalk between macroautophagy and CMA
is preserved, and blockade of macroautophagy also activates
CMA.98 Furthermore, the TORC2/AKT1 signaling pathway
no longer inhibits CMA in many tumors.99 Oxidative stress
plays a dual role in tumors. ROS regulates signaling pathways
that promote tumor formation, but high ROS levels are also
harmful to cells. In cancer cells, CMA combats oxidative
stress to promote cancer survival (Figure 3). However, the inter-
action mechanism of CMA and ROS in cancers remains to be
explored.

Our previous study on gastric cancer revealed that the anti-
oxidant protein PARK7 may be a substrate of CMA.96

PARK7 is a protein that regulates cellular oxidative stress. In
tumor cells, moderate oxidation of PARK7 maintains cell activ-
ity by activating autophagy, while excessive oxidation of
PARK7 promotes apoptosis by activating p38.100 Considering
the pro-oncogenic effect of CMA in tumors, excessive oxidized
PARK7 is believed to be a CMA substrate. CMA may promote
cell survival by scavenging excessive oxidized PARK7 in
response to oxidative stress. This possibility is supported by a
recent study showing that CMA degrades oxidatively
damaged PARK7 in neurons and protects mitochondrial func-
tion.60 Additionally, LAMP2A levels are upregulated in the
tumor tissue of patients with breast cancer, which is beneficial
for tumor survival under oxidative stress. In vitro experiments
have shown that the overexpression of LAMP2A under stimu-
lation with H2O2 decreases the content of oxidized protein and
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protects breast cancer cells from oxidative damage, while CMA
inhibition results in increased ROS production and apoptosis.58

In nonsmall-cell lung cancer (NSCLC), CMA reduces
ERS-induced apoptosis by degrading misfolded N-CoR.62

ERS releases calcium ions and triggers the production of
ROS, which further activates the apoptosis signaling pathway
and causes cell death.63 Furthermore, hypoxia damages the
electron transport chain of mitochondria and induces mitochon-
drial ROS production, which leads to the accumulation of
hypoxia-inducible factor-1α (HIF-1α).101 HIF-1 is a transcrip-
tion factor that mediates the adaptive response to hypoxia. As
a negative regulator of DNA replication, the HIF-1α subunit
plays a nontranscriptional role by activating helicases. HIF-1α
is a CMA substrate in many tumors. CMA degrades HIF-1α
to maintain the cell cycle and proliferation under hypoxia.23,102

The function of CMA in untransformed cells is opposite to
its function in tumor cells: CMA has an antitumor effect
under physiological conditions. CMA prevents malignant trans-
formation through many mechanisms, such as maintaining
genomic stability,24 reducing the levels of cancer-promoting
proteins, inhibiting tumor-promoting signals,33,103 promoting
immunogenic apoptosis of tumor cells,104 and combating met-
abolic oxidative stress.31,84,86 As previously described, CMA
attenuates the damage to hepatocytes caused by oxidative
stress, thus preventing the occurrence of hepatocellular
carcinoma.

Therefore, most of the evidence supports the ability of CMA
to resist oxidative stress to promote tumor development or
inhibit tumor occurrence in nontransformed cells. Modulating
CMA activity according to the different functions of CMA in
various cell types will be beneficial for the treatment of cancers.

Targeting CMA and ROS in the Treatment of
Diseases
CMA activity is abnormal (downregulated or upregulated) in
many human diseases. The common result is that CMA dys-
function destroys the physiological function of cells and leads
to the occurrence of disease. The restoration of normal CMA
activity can be an effective method to prevent or treat diseases.
Oxidative stress is involved in the pathogenesis of diseases in
complex roles. Therefore, targeting CMA and ROS is a very
promising treatment strategy (Figure 3).

Aging
The efficiency of CMA decreases with age.67,68 Gene interven-
tion to restore CMA function in the livers of aged mice can sig-
nificantly improve age-related changes in this organ.
Overexpression of LAMP2A enhances the ability to combat
oxidative stress in the aging liver and helps to maintain
protein homeostasis.28 Since neurodegeneration, liver meta-
bolic disorders, immune decline, and tumors all occur with
age, interventions to improve the function of CMA are impor-
tant for the prevention of aging-related diseases.

Neurodegenerative Diseases
As mentioned above, LAMP2A overexpression to enhance
CMA activity can protect neuronal function and improve
related symptoms in AD and PD animal models. Activating
CMA may have a beneficial effect on neurodegenerative dis-
eases. A CMA-specific small molecule activator (retinoic acid
derivative) has been developed to effectively protect cells
from oxidative stress and protein toxicity.105 Recent studies
have reported that the retinoic acid receptor alpha antagonist
AR7 inhibits the accumulation of SNCA oligomers in the
brains of AD mice and increases the clearance rate of defective
proteins, thus ameliorating the pathology of AD.106 In addition,
therapeutic measures related to antioxidative stress have also
made progress in neurodegenerative disease treatment.
Tacrine is a cholinesterase inhibitor, and its therapeutic effect
in AD is partly achieved through the inhibition of Aβ aggrega-
tion to attenuate oxidative stress. A series of multifunctional
hybrids, including tacrine and antioxidants, have been used
in AD. Clioquinol and its derivatives and flavonoids also
exert ameliorative effects in AD and/or PD by antagonizing
oxidative stress.107 In addition, overexpression of the antioxi-
dant protein DJ-1 significantly reduces neuronal damage in
PD.72 However, the effects of antioxidants in several epidemi-
ological experiments have not been ideal.108 Therefore, target-
ing CMA may be a more beneficial treatment than the
administration of antioxidants alone because the latter can
inhibit the function of CMA.

Liver Diseases
CMA is important for maintaining lipid balance in hepato-
cytes.31 As described earlier, mice with CMA blockage are
more likely to develop steatosis in their livers.21 It has been
reported that interfering with the expression of negative regula-
tory factors of CMA upregulates the level of LAMP2A, leading
to the activation of CMA, which reduces liver inflammation and
fibrosis in NASH mice.86 The CMA activity in the liver of
patients with NAFLD is decreased.31 Accordingly, the restora-
tion of normal CMA activity may be a potential target for
NAFLD and NASH therapy.

Infection and Immunity
Several studies have shown that CMA in host cells can effec-
tively inhibit virus replication and enhance the body’s resis-
tance to viral infection.90,109,110 In the process of bacterial
infection, LAMP2A-deficient macrophages and T cells are
more vulnerable to pathogen damage, and the cellular
immune response is impaired.35,65 LAMP2A overexpression
promotes defense against infection in mice by activating
CMA.35 In conclusion, CMA has the dual functions of interfer-
ing with pathogens and improving immunization levels and
activating CMA may have potential as a new therapeutic
approach.
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Pulmonary Disorders
CMA plays a protective role in COPD,51 but the relationship
between CMA and other pulmonary disorders remains to be
further studied. CMA activation significantly reduces the
death of bronchial epithelial cells in COPD mice.95 In addition,
antioxidants show great potential in the treatment of COPD.111

Considering the role of CMA in combatting oxidative stress,
targeting CMA in combination with antioxidants may be
more effective.

Cancers
The blockade of CMA in various cancers via transgenic tech-
niques has been found to inhibit tumor cell proliferation and
growth and to increase sensitivity to radiotherapy and chemo-
therapy,96,112,113 supporting the idea that targeting CMA is a
potential therapeutic strategy for cancer. Several clinical trials
have shown that hydroxychloroquine (HCQ) exerts a therapeu-
tic effect by inhibiting the autophagic flux of tumor cells. In
addition to affecting autophagic activity, HCQ increases the
pH of the lysosomal cavity and destroys the stability of
HSC70, thus impairing CMA.114 However, the extent to
which CMA participates in the antitumor effect of HCQ
remains unclear. Considering the complex function of oxidative
stress in tumors, both ROS scavengers and activators may inter-
fere with normal intracellular ROS levels and lead to tumor cell
death. Several antioxidant nutrients, such as vitamin D,115 epi-
gallocatechin gallate,116 and genistein,117 have been shown to
inhibit tumor stem cells. Similarly, various chemotherapeutic
drugs (such as 5-FU, cisplatin, and doxorubicin)118–120 and
radiotherapy121 can kill tumor cells by inducing oxidative stress.
Therefore, combination therapy targeting oxidative stress and
CMA may have advantages.

Conclusions and Perspectives
Due to the ability of CMA to degrade oxidatively damaged pro-
teins and functional proteins, it has been gradually revealed that
CMA regulates a variety of physiological functions in mamma-
lian cells. Maintaining normal CMA activity is very important
for health maintenance. We found that there is a complex inter-
action between CMA and ROS (Figure 2). These 2 factors are
involved in aging and the pathogeneses of neurodegenerative
diseases, liver diseases, infections, pulmonary disorders, and
cancers (Figure 3). Therefore, elucidating the molecular mech-
anism by which CMA counteracts oxidative stress will provide
new targets for treatment.

There is a lack of specific inhibitors of CMA, and the exist-
ing chemical regulator HCQ, which inhibits CMA activity, also
affects other types of autophagy. Furthermore, CMA has been
studied only in vitro thus far. The recent development of a trans-
genic reporting mouse makes it possible to monitor CMA activ-
ity dynamically in vivo with image-based procedures. This will
enable better evaluation of the in vivo effects of CMA modula-
tors and the development of more drugs for clinical use.

CMA is activated during oxidative stress as an antiinjury
response. Excessive ROS damage lipids, proteins, and nucleic
acids, which can disrupt cellular function, so measures related
to antioxidative stress are effective in preventing disease pro-
gression. Although many antioxidants have been used for the
treatment of AD, their effects have been proven to be unsatis-
factory in several epidemiological studies. Considering the neg-
ative regulation of CMA by antioxidants, inhibition of CMA
activity may contribute to the failure of antioxidant therapy.
Due to the different functions of CMA and ROS in different
disease types, combination therapies that simultaneously regu-
late CMA and ROS to address specific diseases will likely be
more effective than monotherapies.
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