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Abstract
Purpose of the Review To reason that targeting chaperone-mediated autophagy (CMA) represents a promising approach for
disease therapy, we will summarize advances in researches on the relationship between CMA and diseases and discuss relevant
strategies for disease therapy by targeting the CMA process.
Recent Findings CMA is a unique kind of selective autophagy in lysosomes. Under physiological conditions, CMA participates
in the maintenance of cellular homeostasis by protein quality control, bioenergetics, and timely regulated specific substrate-
associated cellular processes. Under pathological conditions, CMA interplays with various disease conditions. CMA makes
adaptive machinery to address stress, while disease-associated proteins alter CMAwhich is involved in pathogeneses of diseases.
As more proteins are identified as CMA substrates and regulators, dysregulation of CMA has been implicated in an increasing
number of diseases, while rectifying CMA alteration may be a benefit for these diseases.
Summary Alterations of CMA in diseases mainly including neurodegenerative diseases and many cancers raise the possibility of
targeting CMA to recover cellular homeostasis as one potential strategy for therapy of relevant diseases.
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Introduction

Chaperone-mediated autophagy (CMA), a lysosome-based
catabolic process, occurs to maintain cellular homeostasis by
performing catabolic lysis of excessive or unnecessary soluble
cytosol proteins and can be activated in response to a variety
of stress conditions to recover cellular homeostasis [1, 2].
Under physiological conditions, CMA contributes to the pro-
tein quality control by elimination of redundant and damaged
proteins, participates in the cellular energetic balance by

recycling amino acids, and regulates various cellular process-
es by degradation of specialized proteins [3]. On the other
hand, a decline in CMA has been described in aged brains
and neurodegenerative diseases, while the increase in CMA
has been found in many cancers where CMA may play a dual
role in serving as an activator or a suppressor for tumorigen-
esis [4]. With more proteins identified as CMA substrates and
regulators, CMA has been found to be implicated in increas-
ing disease conditions. Several lines of evidence show that
reverse of altered CMA may be a benefit for disease process-
es, and relevant agents may serve as drug candidates for dis-
ease therapy [5]. In this review, in honor of Dr. J Fred Dice, a
CMA pioneer, we first describe the basics, evolution, and
relativity of CMA, and then, we present the interaction be-
tween CMA and either proteolytic pathways briefly or dis-
eases exquisitely, summarize advances in disease therapy by
targeting CMA, and discuss relevant strategies.

CMA Basics, Evolution, and Relativity

CMA is an interplayed multistep process to selectively de-
grade cytosolic proteins with the unique machinery, which is
distinct from other two lysosome-based autophagy pathways
macroautophagy (MA) and microautophagy (MI) [6]. The
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unique components for the CMA pathway mainly include the
CMA receptor: lysosome-associated membrane protein type
2A (LAMP2A), the chief chaperone: heat shock-cognate pro-
tein of 70 kDa (Hsc70) in cytoplasm and lysosome, and sub-
strates: KFERQ-like consensus motif-contained cytosolic pro-
teins [7]. The unique process of CMA initiates from cytosolic
Hsc70 binding to substrates through their CMA consensus
motifs and guides the targeted substrates to LAMP2A in the
lysosomal membrane. Once docked on the lysosomal mem-
brane, the targeted substrates need to be unfolded before they
are internalized into the lysosomal lumen in the presence of
the lysosomal Hsc70 and other co-chaperone proteins includ-
ing Hsc90. The substrates are degraded by proteases and hy-
drolases in the lysosome for the recycle of critical amino acids
[7, 8]. During more than two decades until the year 2000, the
selective protein degradation (the old name of CMA)-associ-
ated research was mainly performed in Dr. Dice’s laboratory
where the key components mentioned above for CMA were
identified [9]. Since the year 2000, the CMA-related research
has been extending to multiple laboratories although most of
the output still comes from the labs of Dr. Dice who passed
away on January 9, 2010 [10] and of Dr. Cuervo who is a
current leader in the CMA field.

Based on the literature available on CMA, we cautiously
select and reason ten events as milestones in research for the
evolution of the CMA process. The number 1 is to discover
the first CMA substrate ribonuclease A (RNase A). In early
eighties of last century, Dr. Dice’s team demonstrated that
RNase A introduced into the cells with serum was degraded
with a half-life of 90 h, whereas in response to serum depri-
vation, its rate of degradation was increased about 1.6-fold
[11], and then, they showed that RNase A could be selectively
degraded dependent of its N-terminal 20 amino acids by lyso-
somes [12]. Therefore, RNase A is the first protein identified
as a substrate of CMA [13]. The number 2 is to identify
KFERQ-like motif as a signature for CMA substrates. In
1988, the essential motifs related to KFERQ were identified
in proteins serving as substrates of this selective degradation
pathway, which is referred to as the selective pathway for
degradation of cytosolic proteins by lysosomes [14]. About
30% of cytosolic proteins contain such KFERQ-like se-
quences [15]. The number 3 is to identify cytosolic Hsc70 as
a key chaperone protein for CMA. Hsc70 can bind to
KFERQ-like regions in cytosolic proteins that are targeted
for lysosomal degradation in response to serum deprivation
[16]. This is the first chaperone protein as well as the most
common one for the CMA process. The number 4 is to iden-
tify LAMP2A as a receptor for the CMA process. LAMP2A,
also named LGP96 (lysosomal glycoprotein of 96 kDa),
serves as a receptor for the selective import and degradation
of proteins within lysosomes [17]. The number 5 is to identify
intra-lysosomal Hsc70 necessary for the CMA activity. Hsc70
is in the lumen of lysosomes and further determined to be

required for the selective pathway of lysosome-mediated pro-
tein degradation [18]. The lysosomal Hsc70 is a meter for the
CMA activity, and its distribution and level directly reflect the
CMA activity and status [6]. The number 6 is to coin the term
Bchaperone-mediated autophagy^ and report the CMA activ-
ity decline in aging. In the year 2000, Dr. Dice for the first time
used CMA instead of Bthe lysosome-based selective
degradation^ to report the CMA decline in aging tissues and
cells [9]. Although the CMA-related research and output
started in the early eighties of last century, this cellular process
is accepted and more popular after 2000, which partially is
attributed to this new name. Also, CMA declines along with
aging, indicating the potential role of newly coined cellular
process in age-related diseases [9]. The number 7 is to deter-
mine cathepsin A responsible for the breakdown of LAMP2A.
The dynamic change of LAMP2A frommonomer to oligomer
to degradation is a key step for the CMA activity. To regulate
LAMP2A is a key to regulate the CMA activity. Identifying
cathepsin A for LAMP2A breakdown launched the first wave
of research for the local regulation of CMA [19]. The number
8 is to determine the CMA involved in the pathogenesis of
Parkinson’s disease (PD). The two independent Science re-
ports described that α-synuclein is a substrate for CMA and
damages CMA to decrease degradation of malfunction neuro-
nal survival factor MEF2D, leading to loss of dopaminergic
neurons [20, 21]. This is the first time to report and confirm
that the CMA is implicated in a disease. Up to now, the rela-
tionship between CMA and PD is still the hottest topic. The
number 9 is to identify GFAP and EF1α as two regulators for
CMA activity. GFAP can stabilize the LAMP2A-based com-
plex, while the GTP-mediated release of EF1α from the lyso-
somal membrane leads to self-association of GFAP, disassem-
bly of the LAMP2A complex, and the decrease in CMA ac-
tivity [22]. Interestingly, GFAP is partially regulated by the
lysosomal mTORC2/PHLPP1/Akt axis in which Akt antago-
nizes the function of GFAP by phosphorylation, indicating
that the CMA activity may be regulated by the local and in-
tracellular signal transduction pathway [23]. The number 10 is
to identify phosphorylation of LAMP2A by p38 MAPK. This
is the first time to demonstrate systematically: (1) the signal
pathway from extracellular stress to CMA and (2) the regula-
tion of LAMP2A and CMA by direct phosphorylation of
LAMP2A at specific sites in response to endoplasmic reticu-
lum (ER) stress [24]. The authors predict that this regulatory
pathway may be involved in the activation of CMA by other
stimuli or disease conditions because they interplay with ER
stress and unfolded protein response (UPR) pathways. During
the last decade, the CMA-associated research has dramatically
advanced, and the bunch of high impact factor papers has been
published to address other aspects of CMA, especially includ-
ing several new techniques for CMA. For example, (1) the
overexpression of LAMP2A can successfully correct the
CMA defect in aged rodents [25], (2) CMA-based technique
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targets mutant huntingtin protein but not normal one for deg-
radation [26] or other specific endogenous proteins in vitro
and in vivo [27], and (3) A photoconvertible fluorescent-
based technique tracks CMA to monitor its activity in basal
and stress conditions [28]. However, the findings are not to
elucidate mechanisms underlying the CMA process directly.
Therefore, we only choose the findings highly associated with
the mechanism of CMA as the evolutionary events to show a
profile of CMA machinery due to the limitation of pages.

CMA is unique and distinct from other two autophagy with
its unique characteristics. In our previous review [29], we
described the CMA with characteristics of selectivity,
saturability, and competitivity. With the progress of research
in CMA, the relativity of CMA is emerging. CMA is the
interplayed protein cascade process with the multiple steps
[1]. The CMA relativity has been shown in the components
and each step in CMA. Firstly, CMA substrates are relative,
which shows that proteins with classic KFERQ-like motifs
may not be suitable while proteins without such motif may
be suitable substrates for CMA degradation [21, 30]. The fol-
lowing reasons may interpret this: (1) KFERQ-like motif is
not a gold standard to identify CMA substrates. For this, the
current criteria to predict CMA substrates may need to be
modified via systemically identifying substrates under differ-
ent conditions and analyzing profile of identified substrates;
(2) three-dimension structures of proteins may hide the CMA
recognition motif while modification such as phosphorylation
and acetylation may make the motifs accessible for Hsc70;
and (3) modifications by stress may generate a novel CMA
motif in proteins without such a motif and then make them
suitable to be degraded via CMA [31]. For example, acetyla-
tion can make lysine (K) to glutamine (Q)-like amino acid,
leading to a new CMA substrate motif in the protein, which is
accessible for recognition by the CMA chaperone protein
[32]. Secondly, CMA only was previously found in the mam-
mal cells because relevant studies were done only in the mam-
mal and later extended to birds [3]. New evidence is showing
that this kind of autophagy also can be functional in lower
species such as fish [33], Drosophila [34], and C. elegans
[35]. Thirdly, LAMP2A may not be the only one receptor
for CMA with the following reasons. Knockout of LAMP2
does not alter the activity of CMA in the animal [36], and the
LAMP2A decrease causes hippocampal dysfunction Danon
disease, but lysosome still has a normal CMA function [37].
Four th ly, based on the f indings on endosomal-
microautophagy (eMI), this kind of autophagy looks like
CMA but not MI with two reasons: (1) eMI is dependent of
the chaperone Hsc70 to selectively target individual proteins
with the KFERQ-like motif in the substrate proteins; and (2)
eMI may be dependent of certain unidentified proteins as
Breceptors^ to enclose its substrates to late endosomes [1].
Fifthly, besides more proteins identified as substrates for
CMA, RNA and DNA may be suitable substrates for CMA,

but this process seems to employ SIDT2 or LAMP2C as re-
ceptors [38, 39]. Production and degradation of RNA also are
indispensable for cell survival [39]. Abnormal expression of
RNA is related to several diseases, and SIDT2 or LAMP2C
may be a target to develop new therapies [40]. Sixthly, the
decline in CMA in aging is relative. In rat nucleus pulposus,
LAMP2A is significantly higher in the 24-month group than
in the 3-month group and CMA activity increases in the aging
group [41]. Furthermore, LAMP2A increases in cardiac
muscle but decreases in skeletal muscle during aging
[2]. Finally, MA is the lysosome-mediated bulk degra-
dation of cellular components for material recycling to
maintain cellular homeostasis. MA was initially regarded
as a nonselective process; however, recent evidence in-
dicates that this process can be highly selective, espe-
cially for targeting and degrading organelles, invading
pathogens and protein aggregates [42]. Just as men-
tioned above, part of MI such as eMI is also highly
selective. Therefore, the selectivity for CMA is relative
in lysosome-based autophagy. Taken together, the rela-
tivity stuffs into various aspects of CMA because the
relativity is one of CMA characteristics, which may
help us more deeply understanding of CMA; on the
other hand, more researches need to address correspond-
ing issues raised by the relativity of CMA to effectively
regulate and employ CMA for both basic CMA mecha-
nism research and clinic application.

Interplay of CMA with Other Proteolytic
Pathways

Protein homeostasis, i.e., proteostasis is necessary for cell
health and maintaining various physiological functions of
cells, which is determined not only by the rate of protein
synthesis but also the rate of degradation [43]. For many de-
cades, scientists have been working to investigate the many
reactions and process involved in protein biosynthesis, and
until the last decade, more attention has been paid to the com-
plementary processes of protein destruction, i.e., proteolytic
pathways [44]. The cell runs a single proteolytic network
consisting of the ubiquitin proteasome system (UPS) and the
lysosome-based autophagy that shares notable similarity in
many aspects and functionally cooperates with each other to
maintain proteostasis [45].

Different proteolytic systems are wired through multi-
levels of interactions to maintain proteostasis. Without excep-
tion, the contribution of CMA to cell health and disease is the
fact that CMA does not work independent of other proteolytic
systems [46]. As described above, CMA belongs to the
lysosome-based autophagy system, which combines with
MA and UPS to be responsible for degradation of most pro-
teins in eukaryotic cells [47]. The CMA and MA pathways
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primarily degrades long-lived/aggregated proteins and cellular
organelles, while the UPS is usually responsible for most of
proteins, especially short-lived proteins such as cyclins which
are quick degraded through a ubiquitin-mediated system for
driving cell cycle process [48]. The crosstalk and interplay
between CMA and MA/UPS are demonstrated as follows.
Firstly, they share specific substrates and regulatorymolecules
[49]. CMA, MA, and UPS share some same substrates but
depending on factors such as the functionality of each proteo-
lytic pathway, cell type, and cellular conditions. For example,
α-synuclein can be degraded by these three pathways [46].
Interestingly, one common denominator of MA and UPS is
ubiquitination that assembles ubiquitin-based degrons on sub-
strates [50]. As specifically for CMA, whether and how
ubiquitination affects the CMA process are worth clarifying.
Furthermore, CMA can degrade oneMA component ATG5 to
regulate the activity of MA [51]. Secondly, CMA can com-
pensate the deficiency of eitherMA andUPS. The blockage of
MA results in the constitutive activation of CMA, while the
cells in culture respond to CMA blockage by upregulating
MA [52]. But these two pathways are clearly not redundant,
as CMA cannot degrade organelles, which can generally be
turned over by MA [49, 53]. The inhibition of the UPS also
results in the compensatory activation of CMA and MA.
Proteasomal inhibition impairs ER-associated degradation
(ERAD) but activated PERK and IRE1in the ER subsequently
activate downstream pathways toward CMA and MA, respec-
tively [24, 54]. Thirdly, CMA inhibition reduces the UPS
activity. In contrast to the bi-directional relationship between
CMA and MA, the crosstalk of CMAwith the UPS seems to
compensate only in one direction. During the acute stages of
CMA blockage, there is an accumulation of polyubiquitinated
proteins possibly by interfering with the turnover of specific
proteasome subunits [52]. Interestingly, the maintenance of
CMA efficiency in aging animals can positively preserve the
UPS activity [49]. The relevant molecular mechanisms are
currently under investigation. But the authors conjecture that
CMA and MA may be at downstream of UPS. Finally, the
interplay of CMA with CMA and UPS is altered in disease.
The constitutive upregulation of CMA compensates for the
dual defects of MA and UPS in a mouse model of HD.
Activation of CMA in HD is achieved through increasing
function of LAMP2A, but the ability of CMA to compensate
for the severe proteolytic deficiency dramatically reduces with
the progressive functional decline in CMAwith age [49, 55].
Synergy between CMA and MA is also crucial in PD where
the blockage of CMA is often compensated by activation of
MA. This upregulation of MA is critical to remove α-
synuclein [56].

Overall, the cross-talk between CMA and MA/UPS is still
relatively unexplored, but it emerges as an essential mecha-
nism that cells employs to its advantage during disease con-
ditions. Therefore, understanding molecules and principles

that regulate this cross-talk can provide an exciting novel ther-
apeutic strategy to modulate intracellular protein degradation
and to maintain protein homeostasis in disease settings. We
cannot do worthwhile translational studies without a solid
basic science. As proteolysis plays a vital role in various bio-
logical processes underlying human diseases [53], more de-
tailed understanding of interplay of CMA with other proteo-
lytic pathways will contribute to the development of therapeu-
tic means to modulate proteostasis and the timely removal of
pathogenic protein species with low side effects. In the subse-
quent sections, we mainly discuss some of the issues that we
must deal with if CMA serves as a target for disease therapy.
This review is not intended as comprehensive discussion of
other proteolysis pathways. There are many such reviews
available, and the interested readers are encouraged to read
those on roles of MA and UPS in specific diseases as well
as the more general ones [45, 47, 49, 53, 57].

Interaction Between CMA and Diseases

CMA can interfere with disease process by degrading disease-
associated proteins [58]. Therefore, such substrates easily link
the CMA process to disease conditions. The current research
for CMA mainly focuses on identifying new substrates and
elucidating the relationship between dysregulation of CMA
and specific diseases. On the one hand, as more proteins are
identified as CMA substrates, CMA functions have been as-
sociated with increasing physiological processes [59]. On the
other hand, disease-associated factors, especially various pro-
teins, can directly interact with key components LAMP2A
and Hsc70 and alter their functions to the activity of CMA
[60]. The altered activity of CMA has been implicated in
increasing disease pathogeneses. The CMA activity decreases
in various neurodegenerative diseases, especially in their late
stages, and increases in many cancers and immune diseases.

Parkinson’s Disease

The hottest research on CMA is to investigate the relationship
between PD and CMA. PD, the secondmost common form of
neurodegenerative diseases after Alzheimer’s disease (AD), is
pathologically characterized by the formation of Lewy bodies
and loss of dopaminergic (DA) neurons in the substantia nigra
pars compacta (SNc). The accumulation of the protein α-
synuclein in the DA neurons may be caused by impaired
CMA, which is further involved in the loss of DA neurons
[20]. CMA can interplay with PD: (1) six PD-associated pro-
teins are identified as CMA substrates and (2) five mutant or
modified PD-associated proteins may induce a compromise in
the CMA activity.
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CMA degrades PD-associated proteins as substrates to de-
toxify them or maintain their functions. α-Synuclein is the
first CMA substrate identified among PD-associated proteins.
Here, the steps to identify a CMA substrate are briefly de-
scribed based on α-synuclein. Firstly, in the cell level, inhibi-
tion of lysosome activity can prevent degradation of α-synu-
clein, while induction of CMA can accelerate its degradation.
Secondly, using in vitro binding and uptake assays, α-
synuclein can bind to lysosomal membranes and transport into
the lumen of lysosomes. Thirdly, both Hsc70 and LAMP2A
can interact with α-synuclein. Finally, the sequence
95VKKDQ99 mutated into 95VKKAA99 can abolish the
degradation of α-synuclein by CMA [20]. Mutations in
leucine-rich repeat kinase 2 (LRRK2) are the most common
cause of familial PD. Wild-type LRRK2 can be degraded in
lysosomes via the CMA pathway, while mutations in LRRK2
can damage the CMA process (see below) [60]. Parkinson
disease protein 7 (PARK7) is a ubiquitously expressed protein
engaged in various cellular processes. Mutations in the
PARK7 are the cause of autosomal recessive early-onset PD.
PARK7 plays a key role in antioxidative response, and its
dysfunction leads to mitochondrial defects. CMA degrades
nonfunctional PARK7 proteins usually at oxidized format to
maintain its normal functions mainly including mitochondrial
homeostasis [61]. Raf kinase inhibitor protein (RKIP) is a
major negative mediator of the ERK/MAPK pathway. In
models of PD in vitro and in vivo, CDK5 can phosphorylate
RKIP at T42, which facilitates the exposure and recognition of
the CMA motif in the C-terminus of RKIP to Hsc70 and the
subsequent degradation of RKIP by the CMA process, leading
to the release of Raf-1, overactivation of the ERK/MAPK
cascade, and neuronal loss [62]. The F-box protein Fbw7
can bind parkin in neurons and collaborate with parkin to
regulate the Fbw7 target cyclin E1 for a neuroprotective role.
The degradation of nonfunctional Fbw7β is important for
neuronal survival, particularly under oxidative conditions.
Like CMA substrates MEF2D and PARK7, Fbw7β can be
more easily degraded in DA neuronal SN4741 cells treated
with 6-hydroxydopamine. Further study shows that oxidized
Fbw7β is a more suitable substrate for CMA and increases in
postmortem PD brains where CMA is impaired [63].

Although wild-type α-synuclein is efficiently degraded by
the CMA process, mutations in α-synuclein are poorly de-
graded by CMA [20]. Furthermore, mutant α-synucleins can
block the lysosomal uptake and degradation of other CMA
substrates such as MEF2D and PARK7 [21, 61]. Impaired
CMA of pathogenic α-synuclein may promote toxic gains-
of-functions by contributing to its modifications or aggrega-
tion. Mutant α-synucleins can also reduce the degradation of
other long-lived cytosolic proteins, which may further contrib-
ute to cellular stress, adaptive response, and even apoptosis.
Although pathogenic α-synuclein mutations are rare, wild-
typeα-synuclein undergoes can also underlie its accumulation

in most forms of PD by its posttranslational modifications.
Most of the α-synuclein posttranslational modifications im-
pair degradation of this protein by CMA but do not affect
degradation of other substrates, but dopamine-modified α-sy-
nuclein is not only poorly degraded but also inhibits degrada-
tion of other substrates by the CMA process [64]. Like muta-
tions in α-synuclein, G2019S, the most common pathogenic
mutant form of LRRK2, is poorly degraded by the CMA
pathway. Different from the behavior of typical CMA sub-
strates, lysosomal binding of both wild-type and several path-
ogenic mutant LRRK2 proteins increases in the presence of
other CMA substrates, which interferes with the organization
of the CMA translocation complex, leading to damage of
CMA. Cells make an adaptive response to such LRRK2-
mediated CMA compromise by increasing expression of
LAMP2A. The impairment of CMA by mutant LRRK2 un-
derlies the toxicity in PD by blocking the degradation of α-
synuclein and other PD-associated proteins degraded byCMA
[60]. The I93Mmutation in ubiquitin C-terminal hydrolase L1
(UCH-L1) is associated with familial PD. UCH-L1 physically
interacts with LAMP2A and Hsc70/Hsp90. These interactions
are abnormally enhanced by the I93M mutation, leading to
impaired activity of CMA. Therefore, I93M UCH-L1 can in-
duce the CMA inhibition-associated increase in the amount of
α-synuclein [65]. Vacuolar protein sorting-35 (VPS35) plays
a key role in the endosome-to-Golgi retrieval of membrane
proteins. Mutations in VPS35 have been identified in patients
with PD. VPS35 is expressed in mouse DA neurons in SNc
and striatum which are vulnerable to PD. VPS35-deficient
mice show PD-like changes: accumulation of α-synuclein,
loss of DA transmitter and neurons, and impairment of behav-
iors. Mechanical studies show that VPS35-deficient DA neu-
rons or DA neurons expressing VPS35 mutant (D620N) im-
pair endosome-to-Golgi retrieval of LAMP2A and accelerate
its degradation, while expression of LAMP2A in VPS35-
deficient DA neurons reduces α-synuclein [66]. Mutations
in glucosidase beta acid 1 (GBA1) increase the risk of PD.
GBA1 mutations confer a 20- to 30-fold increased risk for the
PD development. The mechanism by which GBA1 mutations
increase the risk for PD is still unknown, but one of the rea-
sons may be that GBA1 deficit in sporadic PD damage the
CMA process and cause the abnormal accumulation of α-
synuclein [67].

Other Neurodegenerative Diseases

Dysregulation of the CMA activity is also implicated in other
neurodegenerative diseases. AD, the most common neurode-
generative disease, is characterized by extracellular amyloid-
containing senile and intracellular tau-based neurofibrillary
tangle. A decrease in CMA activity has been reported in
AD, and several AD-associated proteins have been shown to
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interplay with CMA [68]. Firstly, in AD patient brain, tau is a
core component of neurofibrillary tangles, which start in the
memory-associated areas and then march throughout the rest
of the brain. Normal tau can be partially degraded by CMA,
while mutant tau can bind to LAMP2A and disrupt its lyso-
somal membrane translocation. Consistently, neurofibrillary
tangles increase when CMA is blocked. Together, impaired
CMA may be one of the mechanisms underlying the form of
neurofibrillary tangles [56, 69]. Secondly, amyloid precursor
protein (APP) can be processed to produce β-amyloid (Aβ).
The APP contains one KFERQ motif at its C-terminus, and
deletion of this motif seems to keep it away from lysosomes,
leading to the increase of C-terminal fragments (CTFs) and
secreted N-terminal fragments of APP. Interestingly, KFERQ
deletion does not reduce the interaction of APP or its cleaved
products with Hsc70, but whether APP or its cleaved products
are substrates or not for CMA needs to be identified because
they contain at least eight KFERQ-like motifs [30]. On the
other hand, in intra-hippocampal amyloid β-injected rats, am-
yloid β can reduce LAMP2A at 10 days after the injection
with severe ER stress responses [70]. On the contrary, in hu-
man CSF, significantly higher levels of LAMP2 peptides are
found in AD patients compared with non-AD controls [71].
Obviously, how the CMA activity changes under AD condi-
tions need to be clarified. Thirdly, regulator of calcineurin 1
(RCAN1), identified in Down syndrome, has been implicated
in the AD pathogenesis. RCAN1 expression increases in AD
brains possibly by disruption of the CMA process.
Mechanism study shows that RCAN1 protein is a typical sub-
strate for CMA, and inhibition of RCAN1 degradation in cells
reduces calcineurin-NFAT activity [72].

Huntington’s disease (HD) is caused by the accumulation
of huntingtin (Htt) protein with polyQ tract. Aggregation of
mutant Htt by aberrant degradation is the main HD pathology
in striatal and cortical neurons. KFERQ-like motifs have been
identified in the Htt exon 1 fragments that can be targeted by
Hsc70 for CMA-mediated degradation. Therefore, wild-type
Htt is a substrate for CMA, while mutant Htt protein impairs
its uptake and is difficult to the degradation by lysosomes
[26]. Encouragingly, increase of CMA activity by overexpres-
sion of LAMP2A and Hsc70 still can accelerate the degrada-
tion of mutant Htt, which provides therapeutic benefits [73].

Cancer

Altered activity of CMA is closely involved in the pathogen-
esis of various cancers [4, 74]. The role of CMA in cancer is
under debate. Most scientists support the view that CMA pro-
motes cancer development, but increasing findings show that
CMA can inhibit cancer by specifically degrading tumor
promotors [4, 74]. We collect evidence from both sides to
discuss the relationship between cancer and CMA.

CMA positively coordinates with cancer development and
promotes tumor growth. Firstly, consistent upregulation of
CMA activity andmain components has been found in diverse
types of cancer cells regardless of the status of MA. CMA is
required for cancer cell proliferation in vitro because it con-
tributes to the maintenance of the metabolic alterations in ma-
lignant cells [74]. Secondly, CMA compensates for impaired
MA in the cirrhotic liver to promote hepatocellular carcinoma
[75]. Thirdly, overexpression of LAMP2A in breast cancer
and hepatocellular carcinoma promotes cancer development
[76]. Fourthly, tumor promoter MCL1 can be degraded by the
ubiquitin-proteasome system, while the increase of CMA ac-
tivity by enhancement of LAMP2A and Hsc70 inhibits the
degradation of MCL1 in several lung cell lines, suggesting
the existence of a CMA-mediated MCL1 stabilization system
in cancer cells [77]. Finally, many tumor suppressors can
serve as substrates of CMA, and CMA promotes cancer by
degradation of these tumor suppressors, mainly including (1)
ATG5 [51], (2) BBC3 [78], (3) cyclin D1 [79], (4) HMGB1
[80], (5) MST1 [81], (6) N-CoR [82], (7) p21Cip1/WAF1
[83], (8) p53 [84], (9) p300/CBP [85], (10) PED [86], and
(11) RND3 [87]. The relevant findings are summarized in
Table 1.

On the contrary, CMA plays a role of a tumor suppressor
for cancer growth. CMA inhibition can cause the increase of
total and nuclear MYC, promoting cancer cell proliferation
and colony formation. Mechanism study shows that CMA
regulates cellular MYC levels by inhibiting its proteasomal
degradation [88]. With more lines of evidence, CMA may
inhibit cancer growth by degradation of many tumor pro-
moters, mainly include: (1) AF1Q [89], (2) Eps8 [90], (3)
Galectin-3 [91], (4) HIF1α [92], (5) Histones H3-H4 [93],
(6) HK2 [94], (7) HSD17B4 [95], (8) MDM2 [96], (9) mutant
p53 [97], (10) p65 [98], (11) PKM2 [31], and (12) RhoH [99].
The relevant findings are summarized in Table 2.

Neurodegenerative disease-associated proteins can inter-
fere with the key CMA proteins LAMP2A and Hsc70 and
then dysregulate the activity of CMA [60]. However, whether
and how cancer promoters and suppressors alter the activity of
CMA remain enigmatic. The relevant research is still at the
infant stage. The activity of CMA upregulates in many cancer
cells in response to reactive oxygen species and ER stress
possibly caused by tumor microenvironments, especially its
metabolites and then contributes to the Warburg effect in can-
cer cells [51, 76]. Most recently, it has been reported that
sorting nexin 10, a tumor suppressor, may promote the degra-
dation of LAMP2A and then inhibit the activity of CMA,
which reduce the degradation of p21 while both sorting nexin
10 and p21 are remarkably downregulated in human colorec-
tal cancer [100]. Therefore, the effects of more popular tumor-
associated proteins such as p53, PML, and Bcl2 on the CMA
process urgently need to be determined to gain a better under-
standing of the relationship between cancer and CMA.
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Immune Disease

Increasing evidence shows that CMA displays an essential
role in the homeostasis of immune cells, antigen processing
and presentation, and many other immune processes [101,
102]. Engagement of the T cell antigen receptor can induce
LAMP2A and activate the CMA process to maintain the ac-
tivity of T cells by degradation of Itch and RCAN1, two neg-
ative regulators of T cell activation. Therefore, defect of CMA
activity can impair function of T cells. More importantly, the
CMA pathway plays pivotal functions in major histocompat-
ibility complex class II-mediated processing and presentation
of several endogenous antigens for their transport from the
cytosol to lysosomal compartments and contributes to herpes
viral antigen presentation [102, 103]. Interestingly, perturba-
tion of CMA is implicated in the autoimmune disorders such

as lupus. LAMP2A expression and CMA activity upregulate
in lupus B cells, providing a potential approach for the lupus
therapy [103].

Targeting CMA for Disease Therapy

The connection between CMA and different human diseases
has motivated a growing interest in understanding this funda-
mental cellular process and manipulating it for therapeutic
purposes. Reduced CMA activity has been found in neurode-
generative diseases such as PD, and in metabolic disorders
such as diabetes. Overexpression of LAMP2A in liver can
improve the liver function through the reverse of aging-
associated CMA decline. Therefore, interventions to improve

Table 1 Tumor suppression proteins are identified as substrates of CMA

Substrates Functions Key findings

ATG5 Involved in MA process Reduction of ATG5 by CMA is required for the growth
and metastasis of human breast cancer cells.

BBC3 Proapoptotic protein (1) IKBKB/IKKβ-mediated BBC3 Ser10 phosphorylation
is crucial for BBC3 stabilization via blocking CMA in
five cancer cell lines.

(2) The selective degradation of BBC3 underlies the
pro-survival role of CMA.

cyclin D1 Promoter of cell cycle progression Activation of CMA by IL-17 inhibited cyclin D1 expression
in Hepatocellular carcinoma and decreased cyclin D1
reduces HCC apoptosis.

HMGB1 Complicated functions in cancer (1) Irradiation exposure activates CMAwhich cause
degradation of HMGB1 in hepatocellular carcinoma cell.

(2) Decreased HMGB1 inhibits p53 expression induced
by irradiation thus reducing the apoptosis.

MST1 Tumor-suppressor (1) Deacetylation of lysine 35 residues of MST1 enhances
its degradation via CMA in breast cancer cells.

(2) Reduction of MST1 promotes the growth of cells.

N-CoR Transcriptional factor for many
tumor suppressors

(1) Misfolded N-CoR is degraded via CMA in non-small
cell lung cancer cells

(2) CMA-induced degradation of misfolded N-CoR
enhances survival and growth of cells.

p21Cip1/WAF1 A master effector in various tumor
suppressor pathways

(1) SNX10 deficiency increases the activation of CMA
(2) A decrease of p21Cip1/WAF1 caused by CMA

contributes to HCT116 cell proliferation and survival.

P53 Tumor suppressor of multiple
functions

CMA promotes p53 degradation caused by the
HCV-induced ER stress in the liver cirrhosis.

p300/CBP Regulator for gene expression 5-FU reduces the binding ability of p300 and CBP to
chromatin and induces their degradation by CMA
in colorectal cancer cells.

PED Multiple effects on cell growth
and metabolism

(1) CMA preferentially degrades the unphosphorylated
form of PED.

(2) Phosphomimic PED mutants enhance cellular
growth in non-small-cell lung carcinoma.

RND3 Anti-proliferation The degradation of RND3 by CMA is required to
sustain rapid proliferation of gastric cancer cells.

ATG5 autophagy-related gene 5, BBC3/PUMA BCL2 binding component 3, CBP CREB-binding protein, HMGB1 high-mobility group box 1, MST1
mammalian STE20-like kinase 1, N-CoR nuclear receptor co-repressor, PED phosphoprotein enriched in diabetes, RND3 Rho Family GTPase 3
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the function of CMA in old organisms may have therapeutic
value in age-related diseases.

Different neurodegenerative diseases share one character-
istic: aggregation of deleterious proteins or inclusions in neu-
rons, including α-synuclein in PD, amyloid-β and tau in the
AD, and Htt protein in HD [104]. There is a strong link be-
tween a decline of CMA and the abnormal aggregation of
such proteins in various models of neurodegenerative dis-
eases, suggesting that CMA is a new and promising target
for treating these neurodegenerative disorders [42]. In aging,
the function of CMA is impaired, causing an inefficient stress
response and the accumulation of damaged, oxidized or
misfolded proteins, associated with aging-related diseases
[105]. Restoration of CMA activity can be a promising thera-
peutic approach for such human disease conditions in which
the upregulation of CMA activity may result in a dual effect:
(1) promotion of the degradation of disease aggregation-prone
proteins and (2) reverse of their detrimental effects on lyso-
somal function [106].

Strategy for PD Therapy CMA impairment in PD has been
demonstrated by the lower levels of the CMA markers
LAMP2A and the chaperone Hsc70 in various regions of the

PD brain compared to controls, while a vital role for the CMA
process is proposed in the degradation of wild-type α-synu-
clein [107]. Indeed, in models of PD in vitro and in vivo,
overexpression of LAMP2A in SH-SY5Y cells and rat prima-
ry cultured cortical neurons can increase the activity of CMA,
decrease levels of α-synuclein, and protect cells against α-
synuclein neurotoxicity [108]; and most importantly,
LAMP2A overexpression in the rat substantia nigra effective-
ly ameliorates dopaminergic neurodegeneration and increases
the survival of nigral neurons [109]. Interestingly, the neuro-
protective activity of CMA can be observed before the level of
α-synuclein is unchanged, indicating that maintaining the
function of CMA may be more important than the reduction
of α-synuclein for PD therapy and even for other
synucleinopathies such as dementia with Lewy bodies and
multiple system atrophy [109]. Together, modulation of
LAMP2A for CMA represents a therapeutic target for PD
and other synucleinopathies in which α-synuclein accumula-
tion and aggregation play a fundamental role.

Strategy for AD Therapy The adaptor peptide-based CMA
strategy has been used to knock downα-synuclein successfully
[92]. According to this, the CMA strategy is proposed to be a

Table 2 Tumor promotion proteins are identified as substrates of CMA

Substrates Functions Key findings

AF1Q Proto-oncogenic function CMA disorder may contribute to AF1Q related
disease such as leukemia.

Eps8 Promotion of various solid malignancies In human pancreatic cancer cells, Eps8
localizes explicitly to lysosomes and is degraded by CMA.

Galectin-3 Promotion of tumor transformation
and metastasis

Phosphorylation ofY79 and Y118 of Galectin 3 impairs
its degradation via CMA, and the c-Abl/Arg-mediated
phosphorylation of Gal3 regulates cell apoptosis
and tumorigenesis.

HIF1α Transcription factor mediating adaptive
responses to hypoxia

HIF1α binds to CMA effectors (HSC70 and LAMP2A)
and is targeted for lysosomal degradation.

Histones H3-H4 Compacting DNA strands and regulating
chromatin

NASP protects H3-H4 from degradation by CMA, thus
fine-tuning a reservoir of soluble H3-H4.

HK2 Oncogenic kinase Activation of CMA promotes the degradation of HK2,
leading to metabolic catastrophe and cell death.

HSD17B4 Association with the pathogenesis of cancers K669 acetylation of HSD17B4 promotes its degradation
thus regulating cell migration and invasion in human
breast cancer.

MDM2 Maintaining the p53 at a low level Hispolon induces MDM2 downregulation through CMA.

Mutant p53 Tumorigenesis promotor Inhibition of macroautophagy and the proteasome promotes
the degradation of mutant p53 via CMA.

p65 A central component of NF-κB pathway Decreased CMA activity cause accumulation of p65,
leading to higher NF-κB activity.

PKM2 Beneficial to tumorigenesis High glucose concentration induces the PKM2 K305
acetylation which promotes its degradation via CMA.

RhoH Contribution to T cell development The unique Binsert^ domain in carboxyl terminus (LFSINE)
of RhoH is critical for its degradation via CMA.

AF1QALL1-fused from chromosome 1q, Eps8 epidermal growth factor pathway substrate 8,HIF1 α hypoxia-inducible factor-1 α,HK2 hexokinase II,
HSD17B4 17b-hydroxysteroid dehydrogenase type 4, MDM2 murine double minute, PKM2 embryonic M2 isoform of pyruvate kinase
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powerful approach to regulate amyloid protein level and may
become a promising therapy for the AD [110]. Resveratrol, a
kind of polyphenol rich in red wine, can directly interfere with
toxicβ-amyloid protein (Aβ) aggregation. Using the ADmod-
el of transgenic C. elegans strain CL2006, expressing Aβ1–42
under control of a muscle-specific promoter and responding to
Aβ-toxicity with paralysis, resveratrol can reduce paralysis by
accelerating degradation of Aβ partially through a CMA-
dependent manner, indicating the two things: (1) CMA may
occur in the simple organisms besides mammals and (2)
C. elegans can be used as a model to screen drug candidates
for AD by targeting CMA [111].

Strategy for HD Therapy Experimental upregulation of CMA
has also been proven to be beneficial in HD models, although
the activity of CMA compensatively increases in HD animals
compared with control ones [26, 112, 113]. The phosphoryla-
tion of mutant Htt facilitates its clearance via CMA reduced
Htt-mediated toxicity in rat brain slice cultures [114]. Also, the
adaptor peptide, consisting of two parts: two HSC70-binding
motifs and one interacting peptide for one targeted interesting
protein, provides a general way to target a misfolded protein
for degradation by CMA specifically. Mutant Htt contains an
expanded polyglutamine (polyQ) tract. Interestingly, the
polyglutamine binding peptide 1 (QBP1) can bind an expand-
ed polyQ tract but not the polyQ motif in normal Htt proteins.
Therefore, QBP1 can be used for selectively targeting mutant
Htt for degradation by the CMA process. Notably, the delivery
of a virus expressing the fusion peptide ameliorates the disease
phenotype in the mouse model of HD [26].

Strategy for Cancer Therapy In contract to neurodegenerative
diseases, abnormal upregulation of CMA activity is common
in many types of cancer [74] and also contributes to the path-
ogenesis of immune disorders such as lupus [115]. Inhibition
of CMA activity may be of use as anti-cancer therapy.
However, with extensive research for CMA, the alteration of
CMA activity is not consistent in a kind of diseases, even in an
individual disease [112, 113]. Indeed, it has been reported that
the activation of CMA may be a benefit in therapy for some
cancers [83, 98].

Although a dual role for CMA either protecting against or
promoting cell death in cancer has been reported, targeting
CMA for cancer therapy still seems to be promising [4]. The
therapeutic role of CMA in diseases deserves to be investigat-
ed intensively and continuously regarding the field of oncol-
ogy. Inhibition of CMA activity may be a potential therapeutic
approach for cancers because CMA is consistently upregulat-
ed in many cancers and is required for optimal tumor growth
andmetastasis. Indeed, selective inhibition of CMA by knock-
down of LAMP2A can reduce tumor growth, cause tumor cell
death, and promote the regression of existing tumors [74].
Also, neutralization of lysosomal pH by chloroquine,

currently used in anticancer clinical trials, exerts its effect in
part by compromising CMA [112]. Drug resistance in cancer
cells may be overcome through inhibition of CMA; therefore,
targeting CMA provides a promising therapeutic strategy to
enhance the effect of other anticancer therapies and to circum-
vent drug resistance [85]. However, the challenge remains in
designing more selective small molecules to compromise
CMA activity without affecting the other types of autophagy
because the anti-MA may cause tumorigenesis and metastasis
in several cancer conditions (51).

On the contrary, MA inhibition by spautin-1 can lead to the
activation of CMA to mediate the degradation of mutant p53
and oncogenic HK2 which may display dominant oncogenic
activities [116]. Furthermore, CMA activation induces the
death of nonproliferating quiescent cancer cells, while normal
cells are spared. For this, inducing CMA activation may be an
approach for anticancer therapy [116]. Maximal CMA activa-
tion requires a combination of nutritional stress and a blockade
of autophagy, which also may cause many off-target side ef-
fects. However, selective activation of CMAmay be considered
as a novel therapeutic strategy for the removal of pathological
mutant proteins involved in specific human cancers [116, 117].

Strategy for Lupus TherapyWe give a special focus on CMA
as a therapeutic target for the autoimmune disease. P140, one
21-amino acid peptide generated from the protein U1-70K
(130-150aa), can target CMA as an inhibitor for lupus therapy
[103]. In the mouse model of lupus, the lysosomal compart-
ment expands, and the two key CMA components LAMP2A
and Hsc70 dramatically increase in the splenic B cells,
supporting the hyperactivation of CMA in lupus. The inhibi-
tory effect of P140 on CMA is likely tied to its ability to alter
the composition of Hsc70/LAMP2A heterocomplexes. P140
uses the clathrin-dependent endo-lysosomal pathway to enter
B lymphocytes and accumulates in the lysosomal lumen
where it may directly hamper lysosomal Hsc70 chaperoning
functions and destabilize LAMP2A in lysosomes [102]. These
effects may interfere with the endogenous autoantigen pro-
cessing and present to primary histocompatibility complex
class II molecules, inhibiting the activation of autoreactive T
cells. Based on the unique mechanism of action on CMA,
Lupuzor, the commercial name of P140, is in phase III clinical
trials as a drug for lupus. According to the results from com-
pleting successful phases I and II, and initial phase III studies,
Lupuzor displays protective activities inMRL/lpr lupus-prone
mice and more importantly in lupus patients without adverse
side effects [118].

Drug Candidates Targeting CMA

For the therapy purpose, dysregulated CMA substrates may be
a more exciting target for the treatment of specific diseases.

Curr Pharmacol Rep (2018) 4:261–275 269



Therefore, how to regulate altered CMA for individual sub-
strates is one of the hottest fields for CMA. For example, the
CMA adaptor molecules increase the degradation of Htt pro-
tein or α-synuclein in animal models [26, 27]. But it is more
popular that genetic and peptide/chemical-based approaches
have been employed to rectify CMA failure for disease ther-
apy. Yet, few drugs that modulate CMA exist and even these
available are nonspecific and have pleiotropic effects.
Encouragingly, Cuervo and her colleagues report RARα in-
hibitor and humanin can activate CMA and provide a kind of
cellular protective activity against oxidative stress or
proteotoxicity. Both enhance CMA activity by explicitly
targeting the CMA machinery and may act as promising drug
candidates for related diseases.

RARα Inhibitors Signaling through retinoic acid receptor alpha
(RARα) inhibits CMA activity. Synthetic derivatives of all-
trans-retinoic acid can specifically neutralize this inhibitory
effect. Such chemical enhancement of CMA can protect cells
from oxidative stress and proteotoxicity, supporting a poten-
tial therapeutic opportunity when reduced CMA contributes to
cellular dysfunction and disease. The protective effect against
oxidation and proteotoxicity observed in response to the reti-
noid derivatives supports a possible therapeutic potential of
these or related compounds in chronic age-related diseases.
The efficient upregulation of CMA observed with the retinoid
derivatives, and their lack of noticeable effects on MA makes
them suitable for the selective modulation of CMA [119].

Humanin Humanin/its analogs work as activators to increase
the activity of CMA by antagonizing endogenous CMA in-
hibitors or agonizing interaction between CMA chaperone
HSP90 and the CMA receptor LAMP2A. Such CMA activa-
tors have been demonstrated to have multiple protective ef-
fects against various stresses. Humanin and its analogs are
potential drug candidates for diseases such as neurodegenera-
tive diseases where CMA is at the low level [5].

Ketone Ketone bodies consist of three compounds: β-
hydroxybutyrate, acetoacetate, and acetone. During espe-
cially long-term starvation, oxidation of free fatty acids by
liver generates ketone bodies, which release to the circu-
lation system for energy usage by skeletal muscle and
brain [120]. Interestingly, ketone bodies can induce
CMA. Physiological concentrations of β-hydroxybutyrate
and acetoacetate increase proteolysis in cells. Lysosomes
from β-hydroxybutyrate-treated cells display an increased
ability to degrade substrates for CMA. Such treatment
does not affect the levels of LAMP2A or Hsc70.
However, pretreatment of CMA substrates with β-
hydroxybutyrate increase their rate of degradation by iso-
lated lysosomes, suggesting that β-hydroxybutyrate acts
on the substrates to increase their rates of proteolysis
[121]. Consistently, lifestyle interventions by modulating
ketone bodies, energy intake by caloric restriction, and
energy expenditure by exercise can enhance brain health
possibly by activation of the CMA process [122].

Fig. 1 The Yin-Yang theory for CMA status under different conditions.
The Yin-Yang theory is a kind of philosophy to view the relationship
between two opposite things in the system, profoundly rooting into the
Traditional Chinese Medicine in which the healthy human body is a
system with the balance between Yin and Yang, and the imbalance leads
to disease while restoring balance can cure the disease. The CMA system
at the philosophy level consists of CMA substrates (Yin) and CMA ca-
pacity (Yang). Under physiological condition, the CMA capacity matches
the amount of substrate proteins, meaning a balance between Yin and
Yang, i.e., homeostasis. Under pathological conditions, the CMA capac-
ity declines with high dietary and aging, and the aging-associated decline
of CMA capacity is further impaired in neurodegenerative disease where

Yang is much less than Yin, while the CMA capacity increases under
starvation and in many cancers where Yang is more than Yin, but in ER
stress where Yang is still less than Yin. Under both pathological condi-
tions, CMA substrates (Yin) and capacity (Yang) depend on and fight
each other, leading to either balance or imbalance between Yin and
Yang. For starvation, ER stress, and high dietary, the imbalance of
CMA system is revers ib le , whi le for cancer and aging/
neurodegenerative disease, the imbalance of CMA system is irreversible,
which needs an intervention to establish a new balance. Note: the sizes of
signs represent the amount of substrate proteins and the capacity of CMA,
respectively
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Conclusion and Remarks

CMA makes an adaptive response to address various disease-
associated stresses; therefore, it is beneficial or vicious depen-
dent of specific individual diseases. The significance of CMA
in disease depends on cell types such as neurons versus cancer
cells where CMA has protective activities but with different
meanings and on disease conditions where CMA is downreg-
ulated versus upregulated. Based on the literature available on
CMA, we draw a graph (Fig. 1) to interpret the status of CMA
activity under basal and stress conditions in organisms from
young (normal) to old: CMA positively (such as starvation
where the capacity of CMA increases without increase of sub-
strates) or passively (such as ER stress where the capacity of
CMA increases following increase of substrates) addresses
change of cellular microenvironments to restore an old cell
homeostasis or establish a new cell homeostasis, but this capac-
ity of CMA declines with high dietary, aging, or neurodegen-
erative disease while abnormally increases in many cancers.

Deep understanding of CMA and regulation is a key to
how to target CMA for disease therapy. Up to date, except
Lupuzor, no drugs targeting CMA are available for spe-
cific diseases. Even for Lupuzor, its therapeutic effects on
lupus are reported much earlier than its mechanism of
action on CMA [102], which means that CMA is inadver-
tently manipulated for the therapeutic purpose. Nowadays,
proposed targeting CMA therapy is only based on partial-
ly understanding of CMA and its interplay with a disease,
which may mislead the development of drugs. The insuf-
ficiencies for CMA-associated research is evident as fol-
lows: (1) no research is employed to systematically iden-
tify CMA substrates in both basal and specific stress con-
ditions; (2) the techniques and methods for CMA are rel-
atively old and indirect, and no cutting-edge techniques
such as crystal-EM-based method are used for CMA-
associated research. CMA is one of the hottest research
fields and urgently need more highly-expertise scientists
to join this field. Furthermore, many open outstanding
questions on CMA still are pending to be answered: (1)
how does CMA identify its substrates for degradation?
More specifically, how do the CMA chaperone proteins
distinguish the malfunction substrates from functional
ones? In the cancer-associated findings, CMA seems to
degrade functional tumor promoters or suppressors but
not their damaged forms, leading to reduction or loss of
their functions. Based on the definition, the CMA only
degrades damaged (misfolding or malfunction) proteins,
but why CMA breaks down functional proteins in cancer
instead? (2) what are differences of the molecular path-
ways regulating CMA among diverse types of cells and
tissues under stress? The answer to this may help us to
establish individual therapies; (3) why do modifications
make substrates more readily degraded by CMA or non-

substrates to substrates, or reversed? The answer to this
may help us to manipulate substrates for therapy pur-
poses; (4) what are crystal-EM structures of Hsc70 and
LAMP2A with/without a substrate under basal and acti-
vated conditions? The relevant results will help us to ma-
nipulate the CMA process more efficiently; (5) what
mechanisms and signal pathway underlie compensation
and cross-talk between CMA and MA? and (6) what strat-
egies can be employed to induce CMA without activating
MA or other responses? Many stresses can activate MA
and CMA simultaneously or sequentially. Furthermore,
MA and CMA compensate each other when one of them
is compromised [51]. Although targeting extracellular
stress or intracellular upstream signal by chemicals can
activate the CMA process, such broad effects may inter-
fere with the MA process and cause severe responses to
destroy the cells. Both types of autophagy may share a
same upstream signal pathway, but they should have their
own specific downstream signal pathways. For example,
ER stress can activate both CMA and MA, but it employs
PERK and IRE1 of three central UPR transducers to trig-
ger CMA and MA, respectively [24, 54]. The manipula-
tion of downstream CMA components, rather than broad
CMA stimulation, may be an attractive strategy for the
development of novel therapies in the CMA-associated
diseases. In addition, targeting CMA substrates rather
than its key components LAMP2A and Hsc70 may be
another useful strategy to harness CMA for therapeutic
purposes by selective degradation of targeted proteins
[27]. More importantly, further characterizing the dys-
functional CMA in specific stages and molecular subtypes
of diseases in combination with clinical drugs may pave
an exciting new avenue for the CMA-based therapy be-
cause the altered CMA may be only one of many contrib-
utors to the diseases [123].
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