Molecular and Cellular Biochemistry (2023) 478:2173-2190
https://doi.org/10.1007/511010-022-04640-9

=

Check for
updates

Chaperone-mediated autophagy in neurodegenerative diseases:
mechanisms and therapy

YiLiu'-LanTan' . Meng-Shan Tan'

Received: 18 July 2022 / Accepted: 9 December 2022 / Published online: 25 January 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract

Chaperone-mediated autophagy (CMA) is the selective degradation process of intracellular components by lysosomes,
which is required for the degradation of aggregate-prone proteins and contributes to proteostasis maintenance. Proteostasis
is essential for normal cell function and survival, and it is determined by the balance of protein synthesis and degradation.
Because postmitotic neurons are highly susceptible to proteostasis disruption, CMA is vital for the nervous system. Since
Parkinson's disease (PD) was first linked to CMA dysfunction, an increasing number of studies have shown that CMA loss,
as seen during aging, occurs in the pathogenetic process of neurodegenerative diseases. Here, we review the molecular
mechanisms of CMA, as well as the physiological function and regulation of this autophagy pathway. Following, we high-
light its potential role in neurodegenerative diseases, and the latest advances and challenges in targeting CMA in therapy of
neurodegenerative diseases.
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Introduction

There are two main degradation pathways in eukaryotic
cells: the ubiquitin—proteasome system (UPS) and the
autophagy-lysosome pathway (ALP). Proteasome generally
recognizes simply ubiquitinated substrates, whereas lyso-
some degradation is more complicated [1]. Autophagy com-
monly refers to ALP, which is a common concept for the
pathways by which the cytoplasmic components are deliv-
ered to the lysosome in animal cells or the vacuole in plant
and yeast cells [1]. Autophagy, as a dynamically cycling
mechanism in the cell, maintains the homeostatic balance
of protein synthesis, degradation, and organelle circulation
[1]. Perhaps the significance of autophagy might be summed
up as the removal of toxic substances and recycling of nutri-
ents. In some cases, such as macroautophagy, the cytoplas-
mic components are isolated in vesicles that originate in
the cytoplasm and subsequently combine with lysosomes to
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transport their contents for degradation. In other situations,
such as microautophagy, the protein directly enter the vesi-
cles formed by lysosomal membrane invagination [2]. There-
fore, three types of autophagy have been identified in most
mammalian systems based on how cargos are delivered to
the lysosome: macroautophagy, microautophagy, and chap-
erone-mediated autophagy (CMA) [3, 4]. Macroautophagy
is a degradation pathway that occurs in bulk, recycling
redundant or impaired organelles and proteins. Autophago-
somes insulate cargo before fusing with lysosomes or late
endosomal multivesicular bodies (MVB) to form autophago-
lysosomes and amphisomes, severally [3]. Microautophagy,
described in yeast, involves internalization of cytosolic cargo
by invaginations of the lysosomal membrane, which has not
been properly interpreted in eukaryotic cells [2]. Further-
more, Sahu et al. have found a microautophagy-like process
that delivers soluble cytosolic proteins to the vesicles of late
endosomes/MVB [5]. This pathway, referred to as endoso-
mal microautophagy (e-MI), depends on cargo delivery by
the 71 kDa heat shock cognate (HSC70) via electrostatic
interactions with the limiting membrane of endosomes, but
in contrast to CMA that occurs in lysosomes [5]. The third
autophagic pathway, CMA, which is able to identify and
degrade proteins with specific sequences by HSC70 and the
lysosomal associated membrane protein 2A (LAMP2A),
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while being independent of vesicle formation, constitutes
the focus of this review.

In postmitotic cells such as neurons, protein quality con-
trol provides for rigid regulation of protein homeostasis
and its normal function, which subsequently modulates a
range of intracellular processes [6]. Degradation of modified
or damaged intracellular components prevents them from
becoming cytotoxic, allowing cells to rapidly adapt to chang-
ing extracellular environments. CMA is a selective degrada-
tion process of intracellular components by lysosomes and
is essential for the maintenance of neuronal homeostasis,
as it is required for the degradation of aggregate-prone pro-
teins. In other words, CMA controls a particular neuronal
subproteome that is prone to aggregation and blocking CMA
in neurons causes proteotoxicity and failure of the neurons
[7]. Hence, CMA has been dubbed the "gatekeeper of neural
proteostasis" [8]. Neurodegeneration is caused by the col-
lapse of protein networks and loss of protein quality control.
Toxic protein aggregation in neurons may be a sign of neu-
rodegenerative diseases and brain aging [9]. Enhancing or
maintaining CMA activity to promote neuronal proteostasis
has a direct effect on neuronal health and brain function in
neurodegenerative diseases.

In this review, we first outline the components and major
steps of the CMA, as well as the physiological functions
and regulation of this autophagy pathway. Following, we
highlight current studies on the molecular mechanisms
behind CMA dysfunction in the context of neurodegenera-
tive diseases, along with the latest advances and challenges
in targeting CMA under pathological conditions for neuro-
degenerative diseases therapy.

Mechanisms of CMA

CMA's unique features in terms of substrate recognition
and intracytoplasmic transport have been validated by bio-
chemical and genetic studies. There is no vesicle formation
involved in the entire process, and CMA remains the sole
pathway that allows monomer proteins to be degraded one
by one through the lysosome. Because of this unparalleled
selectivity, this precise process—eliminating misfolded or
cytotoxic proteins while not interfering with the normal
function of the same proteins—can be accomplished in the
cell [4]. CMA differs from the remaining two lysosome-
based autophagy processes in that substrate proteins must
go through the following steps before being degraded by
the lysosome.

Substrate selection

The prominent property of CMA is its selectivity, which is
partially manifested in the substrate selection. Only proteins
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containing the KFERQ-like motif can be degraded by CMA,
and the label (KFERQ-like motif) must be exposed rather
than hidden by protein folding [10]. All targeting motifs
contain positively charged residues, hydrophobic residues,
negatively charged residues, and two glutamine [11]. Despite
only about 40% of proteins in the mammalian proteome
exhibiting this typical KFERQ-like motif, CMA's potential
substrates could be expanded by a variety of post-transla-
tional modifications (PTMs). Even though some cytosolic
proteins have multiple targeting motifs, adding tandem
motifs in an experimental approach does not improve the
CMA substrate characteristics of the proteins [11]. One
motif may be sufficient for lysosomal targeting. The pro-
teomic analysis of the lysosomal proteome is constantly
evolving. Cuervo et al. have recently developed a free web-
based resource (KFERQ finder) based on a proteome-wide
analysis of KFERQ-like motifs across several species, which
contributes to a better understanding of the physiological
function of CMA [12].

Binding to HSC70

When a protein is chosen, it must first bind to HSC70 [13].
HSC70 is considered the front-line protein that protects pep-
tides against misfolding and aggregation, together with the
heat shock protein 90 (HSP90) chaperone and various acces-
sory chaperones (co-chaperones) [14—16]. Although the
specific subgroups of co-chaperones directly participating
in CMA are uncertain, proteins including HSP90, HSP40,
HSP70-HSP90 organizing protein (HOP), the HSP70-inter-
acting protein (HIP), and the Bcl2-associated athanogene 1
protein (BAG-1) have been demonstrated to be involved in
substrate recognition and unfolding [17]. The principal func-
tion of cytoplasmic HSC70 (CYT-HSC70) during CMA is
to recognize substrate proteins expressing the KFERQ-like
motif and facilitate their trafficking to the lysosome [13].
Furthermore, previous research has revealed that HSC70 is
involved in the transport and circulation of synaptic vesi-
cles, and HSC70 interacts with alpha-synuclein (a-Syn) to
prevent oligomer formation in a novel manner that differs
from its typical canonical substrate-binding site [18-21].
Strikingly, cytosolic protein delivery to late endosomes for
degradation via microautophagy can also be mediated by
HSC70 binding to the KFERQ-like motif [5]. Thus, CMA
is only one of the responsibilities of HSC70.

Substrate targeting and translocation

HSC70 acts as a porter, delivering the substrate to LAMP2A
[22]. The LAMP?2 gene has three isoforms, each of which
has a distinct function: LAMP2B participates in macroau-
tophagy, LAMP2C is a kind of selective autophagy known
as "RNautophagy," and only LAMP2A is essential for CMA
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[23, 24]. As a receptor for CMA substrates, LAMP2A is
regarded as a landmark for CMA since the translocation step
mediated by it is the rate-limiting step of the entire CMA
process, and LAMP2A-deficient lysosomes in cells are not
capable of CMA-driven degradation [22, 25]. Modulation of
CMA activity is influenced by changes in LAMP2A synthe-
sis rates, its controlled degradation at the lysosomal mem-
brane, and its subcompartmentalization in this organelle [4].
It is not simply the presence of the KFERQ-like motif that
identifies a protein as a CMA substrate; it is the dependency
on LAMP2A that distinguishes CMA.

The binding of the substrate to LAMP2A in the transloca-
tion complex drives its dynamic assembly. LAMP2A exists
as a monomer at the lysosomal membrane, but when HSC70
transports substrate proteins to the membrane, it can be acti-
vated to form a 700 kDa polymeric translocation complex
[26]. Substrates can bind to LAMP2A in a folded state, but
they must unfold to enter the lysosomal lumen [27], and
HSC70, along with additional co-chaperones on the lysoso-
mal membrane, is considered to mediate this process [27].
Notably, the substrate protein binds to the monomeric form
of LAMP2A, which is then translocated by the polymeric
form of LAMP2A. In addition, HSC70 and HSP90 are also
present in the lysosomal lumen. Lysosomal-HSC70 (LYS-
HSC70) is also involved in CMA by dragging substrates
into the lysosome and preventing them from returning to
the cytoplasm, facilitating substrate translocation [28].
Approximately half of lysosomal-HSP90 (LYS-HSP90) is
located on the luminal side of the lysosomal membrane, and
this chaperone may contribute to stabilizing the polymeric
translocation complex by hiding the protease-sensitive areas
of LAMP2A [26]. As the substrate is discharged into the
lysosomal lumen, the complex instantly decomposes into
monomers in a HSC70-dependent manner in order to bind
to the next substrate.

Physiological function of CMA

The physiological function of CMA can be divided into
three parts: respond to cellular stresses, proteostasis, and
cell-specific functions. CMA responds to cellular stresses.
In the state of starvation, macroautophagy and CMA are
successively activated. Initially, essential amino acids for
protein synthesis are obtained through macroautophagy.
However, after 4-6 h of starvation, macroautophagy activity
declines dramatically in many cells and tissues [25, 29]. As
starvation persists, cells convert to CMA for great benefit:
some necessary proteins are preserved, while other, fewer
critical proteins are preferentially degraded via CMA [30].
CMA will remain active, as long as nutritional stress per-
sists. This time-dependent transition from one autophagy to
another implies that these two autophagy types interact to

some extent. Certainly, as will be shown later, CMA can be
compensated for suppressed macroautophagy and vice versa.
The second common function of CMA in most cells is to
regulate protein quality, and for a long time, CMA's primary
priority has been to preserve proteostasis [7]. CMA cannot
remove aggregated proteins, but it may mediate the degra-
dation of single misfolded proteins in order to enhance pro-
teotoxicity resistance [31]. For example, CMA is activated
during oxidative stress and contributes to the degradation of
oxidative proteins [32]. In contrast, if CMA is not activated,
there is a large deposition of oxidative damage proteins and
a fall in cell viability [25]. Once proteins become irreversible
oligomers or aggregates that cannot be completely unfolded,
they can only be degraded by macroautophagy [33]. In addi-
tion, in the following sections, we will discuss in detail how
CMA maintains neural proteostasis by degrading neurode-
generative proteins, such as tau protein, a-Syn, and others.
In addition to the general function of CMA, which is
conserved by all cells, CMA activation contributes to the
modulation of cell-specific functions. For example, CMA
selectively degrades critical enzymes in glucose and lipid
metabolism pathways, particularly in the starved state. The
majority of glycolytic enzymes, lipogenesis enzymes, and
lipid droplet coat proteins can be selective targets for CMA
degradation [34]. Remarkably, lipid and carbohydrate meta-
bolic changes driven by CMA have been linked to physi-
ological aging of the brain [35] and neurodegeneration [36].
In addition, it has been reported that proteins involved in
cell cycle regulation are targeted for degradation by CMA.
Checkpoint kinase 1 (CHK1), a CMA substrate, is engaged
in both regular and DNA damage-induced cell cycle arrest
[37, 38]. Besides, CMA has been demonstrated to degrade
hypoxia-inducible factor-1 subunit (HIF-1), which is in
charge of cell cycle arrest as an adaptive response to organ
damage [39]. The CMA is reported to be a key factor in
determining the pluripotency of embryonic stem cells. The
control of intracellular a-ketoglutarate, which affects histone
and DNA methylation, by up-regulating CMA promotes dif-
ferentiation [40]. And a recent study has demonstrated that
CMA plays a crucial role in preserving hematopoietic stem-
cell (HSC) function by regulating protein quality and pro-
viding energetic supply [41]. Through the selective elimina-
tion of antagonistic signaling regulators of T cell responses,
CMA controls CD4 +T cell activation [42], which implies
that CMA is also involved in the regulation of inflamma-
tion and immune responses. Sleep deprivation or alteration
is linked to a variety of neurodegenerative disorders [43].
It should be noted that the latest research has found that
CMA selectively degrades circadian proteins. CMA collabo-
rates with different protein hydrolysis systems to remove
clock proteins on time, allowing the internal timekeeping
system to respond to the light/dark environment [44]. The
LAMP2A knockout mice showed significant changes in
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circadian rhythm behavior, which were mirrored in older
wild-type (WT) mice [45]. This lends credence to the idea
that decreased CMA activity with aging may result in altered
circadian rhythms in the elderly.

Regulation of CMA

The CMA has a wide range of physiological roles; hence,
its physiological control is crucial. Cytoplasmic signaling
pathways and lysosomal membrane signaling events have
been found to regulate CMA in the presence of various
stressors. The KFERQ-like motif serves as a passport to
CMA for substances with various PTMs, which may allow
additional proteins to become CMA substrates and pro-
vide a mechanism for CMA regulation. For example, only
when the E3 ubiquitin-protein ligase STUB1 ubiquitinates
hypoxia-inducible factor-1 on Lys63 can the CMA-depend-
ent degradation appear [46]. On the other hand, acetylation
of the Lys35 residue outside the MST1 KFERQ-like motif
inhibits its lysosomal clearance, and CMA can only continue
properly upon deacetylation [47]. The chaperone can also
be employed as a modulation point to guarantee the overall
efficiency of the CMA. Histone deacetylase 6 (HDACH6),
as a tubulin deacetylase [48], mediates the deacetylation of
HSP90 at the K489 site, which partly regulates the level of
a-Syn oligomers and the survival of dopamine (DA) neurons
[49]. This finding is in line with the previous findings [50].
HDACE® is gaining popularity as a potential therapeutic tar-
get for neurodegenerative diseases [51]. Further research has
discovered that the methyltransferase-like 21c methylates
Lys-561 of HSC70 to enhance its stability [52]. These results
reveal that epigenetic enzymes may be capable of regulating
chaperones. Furthermore, Gong et al. discovered that par-
tial humanin interacts with HSP90 on the cytoplasmic side
of the lysosome, promoting substrate binding and uptake
[53]. Interestingly, in addition to HSC70 and HSP90, the
HSP40 family was discovered to prevent the development
and propagation of toxic tau protein aggregates, demonstrat-
ing that chaperones from different families and classes serve
distinct but complementary roles in preventing pathogenic
protein aggregation [54]. Other co-chaperones of heat shock
proteins are also involved in the degradation of certain path-
ogenic proteins [55-59], although their specific role in CMA
remains unknown.

Since the binding of LAMP2A is the rate-limiting step
in CMA, its expression, translocation, and stability are
crucial for CMA regulation. The lysosomal form of glial
fibrillary acidic protein (GFAP) and elongation factor 1-a
(EF1a) can regulate CMA activity by binding to LAMP2A.
GFAP stabilizes the CMA translocation complex against
the catabolic activity of HSC70. Following substrate transit
through the translocation complex, GFAP is self-bound to
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the phosphorylated GFAP usually covered by EFla, with
the consequent disassembly of the CMA translocation
complex [60] (Fig. 1). Furthermore, nuclear factor, eryth-
roid derived 2, like 2 (NFE2L2/NRF2) positively regu-
lates CMA via binding to and activating transcription of
LAMP? gene regulatory regions [61] (Fig. 1). According to
a recent study, cystinosin, RAB11, and RILP could rescue
the LAMP2A trafficking defect [62]. Additionally, lysosomal
Akt and the kinase target of rapamycin complex 2 could
modulate the dynamics of CMA translocation complexes
on lysosomal membranes [63]. Interestingly, LYS-HSP90
improves LAMP2A stability, whereas LYS-HSC70 promotes
LAMP2A disassembly into a new cycle [26] (Fig. 1). And a
recent study found that glucocorticoids negatively regulate
CMA by reducing the level of LYS-HSC70 [64]. These find-
ings shed light on the molecular components that regulate
LAMP2A levels and assembly at the lysosomal membrane.

Role of CMA in neurodegenerative diseases

Proteostasis involves almost every tissue in the organism,
but it has recently attracted special attention for its role in
the central nervous system and neurodegenerative diseases,
such as Alzheimer’s disease (AD), Parkinson's disease (PD),
Huntington's disease (HD), Amyotrophic lateral sclerosis
(ALS), Frontotemporal dementia (FTD), Spinocerebellar
ataxias (SCAs), and Prion disease. Protein degradation fail-
ure via the lysosome and proteasome pathways is thought
to be at the root of neurodegenerative diseases [33]. In this
review, we merely focus on the relationship between CMA
and these neurodegenerative diseases.

Role of CMA in tauopathies and AD

The tauopathies constitute a set of neurodegenerative dis-
eases characterized by abnormal deposition of the micro-
tubule binding protein tau (MAPT), which includes AD,
FTD, Progressive Supranuclear Palsy (PSP), Corticobasal
Degeneration (CBD), and so on. Under pathological condi-
tions, tau loses its interaction with microtubules due to a
variety of mutations or PTMs, resulting in the appearance
of paired helical filaments (PHFs) and eventually forming
neurofibrillary tangles (NFTs) [65, 66]. The repeat domain
of tau with an FTDP-17 mutation (TauRD1K280) can be
partially cracked into the F1 fragment [67]. The F1 frag-
ment has two CMA-targeting motifs (336QVEVK340 and
347KDRVQ351), which can be targeted to LAMP2A by the
HSC70. What’s more, in isolated lysosomes from mouse
brains, Caballero et al. have discovered that the uptake rate
for tau is extremely high with minimal binding [68]. The
above results confirm that tau is a very well-characterized
CMA substrate. Conversely, mutant (MT) tau cannot enter
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Fig. 1 Regulatory targets of CMA translocation complex. Regu-
lation of LAMP2A through major signaling pathways has been
shown. TORC2 phosphorylates AKT1 and suppresses CMA activity,
while PHLPP1 dephosphorylates AKT1, accelerating the LAMP2A
dynamic cycle and activating CMA. NFAT and NFE2L2/NRF2
increase the transcription of LAMP2A, while RARa suppresses
CMA by regulating LAMP2A-associated transcriptional programs.

the lysosome for degradation due to various barriers (Fig. 3).
The majority of MT tau significantly inhibit CMA-mediated
degradation, but the step of the CMA process affected varies
from the type of tau mutation [69] (Table 1). P301L, leading
to autosomal-dominant FTD [70] and A152T, closely associ-
ated with FTD and AD [71], inhibits CMA and reroutes to
poor e-MI [69]. The A152T mutation has a minor effect on
its degradation via CMA by affecting translocation slightly
[67], whereas the P301L mutation cannot bind to lysosomes
and has a more marked suppressive effect [69] (Fig. 2). Fur-
thermore, the modifications to the tau amino acid sequence
influence the normal degradation of tau through CMA as
well. The hTau40 AK280 (a deletion of lysine 280) is the
first tau variant discovered to be limitedly removed by CMA
and to have a detrimental effect on CMA (Table 1); this det-
rimental effect may be attributed in part to the accumulation
of tau on the lysosomal membrane [67] (Fig. 2). Finally,
PTMs of tau cannot be ignored in the context of CMA defi-
ciency (Fig. 3). Caballero et al. investigated the effect of
phosphorylated tau on CMA by mimicking phosphoryla-
tion at certain residues. The two pseudophosphorylated tau
proteins (hTau40 AT8/AT100/PHF-1 and hTau40 4xKXGE)
have a negative effect on the different steps of CMA [69]
(Fig. 2).

Previous studies of pathogenic tau clearance have mainly
focused on aberrantly aggregated tau. While acetylated tau
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LYS-HSP90 improves LAMP2A stability, whereas LYS-HSC70 pro-
motes LAMP2A disassembly into a new cycle. GFAP and EFla can
regulate CMA activity by binding to LAMP2A and contributing to
the stabilization of LAMP2A against the catabolic activity of HSC70.
PPCA promotes LAMP2A degradation, and with the suppression of
PPCA, the rate of CMA degradation has increased

is an early soluble variant in the AD brain, and reducing
soluble acetylated tau can effectively improve cognitive
function and neurodegeneration [72, 73]. It was recently
suggested that acetylated tau hinders translocation complex
disassembly and loses the PH sensitivity for HSC70 binding
of LAMP2A, eventually reducing the efficiency of its lyso-
somal translocation and inhibiting CMA-mediated degrada-
tion [68] (Fig. 2). Interestingly, acetylated tau could reroute
to e-MI, ultimately leading to its extracellular release and
cell-to-cell propagation [68] (Table 1). Although the intact
cell studies imply that e-MI has a minimal contribution to
tau degradation, e-MI has a high efficiency for tau degrada-
tion [69]. This suggests that e-MI may become an effective
way for tau degradation under certain cellular situations or
upon specific tau modifications [69]. Tau cell-to-cell propa-
gation has been identified as critical for the progression of
tauopathies, and acetylation of tau, which inhibits CMA and
reroutes to e-MI, may be the switch that allows tau to have
prion-like seeding properties. The finding that TSCI loss
increases the risk for tauopathies by causing tau acetylation
to spiral out of control and preventing its degradation via
CMA further verifies acetylation of tau as a reasonable target
for tauopathies therapy and diagnosis [74] (Table 1). While
most evidence has revealed that acetylated tau is detrimental
[68, 74-76], few studies have shown that acetylated tau rep-
resents a natural protective mechanism against aggregation
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Table 1 CMA in neurodegenerative diseases and the substrates

Neurodegenerative diseases Substrates Main finding References
Tauopathies and AD Tau Acetylated tau inhibits CMA and reroutes to e-MI, ultimately leading to its extra-  [68]
cellular release and cell-to-cell propagation
TSCI1 loss results in tau acetylation and prevents tau clearance via CMA [74]
The step of CMA process degradating tau affected varies from the type of tau [69]
proteins
The hTau40 AK280 (a deletion of lysine 280), is the first variant discovered to be ~ [67]
limitedly removed by CMA and to have a detrimental effect on CMA
APP APP contains a KFERQ motif, which is required for degradation by CMA [81]
RCANI1 RCANT1 is degraded by CMA and failure of CMA with age increases RCAN1 in [83]
the brain, inevitably leading to neurodegeneration and memory loss
PD a-Syn a-Syn containing a KFERQ-like motif (VKKDQ), is mainly degraded by CMA [84, 85]
MT SNCA operate as blockers, limiting the degradation of both themselves and [84]
other substrates of CMA
DA-mediated a-Syn absolutely inhibits CMA degradation, acting similarly to MT  [86]
SNCA
LRRK2 MT LRRK2 and high levels of WT LRRK?2 suppress CMA through restricting [87]
translocation complex activity in neurons. And in the presence of a-Syn, the
binding of LRRK?2 to LAMP2A is enhanced
The activation of CMA could reduce the aggregation of a-Syn in the MT LRRK2  [89]
knockin mouse model of PD
GCase Unfolded GCase could be targeted to the lysosomal membrane for CMA degrada- [91]
tion
MT GCase hinders the formation of CMA translocation complexes
The MT GCase and modulation of GCase impair lysosomal protein degradation [90]
and cause a-Syn accumulation
DJ-1 CMA promotes DJ-1 degradation and preferential clearance of oxidatively dam- [95]
aged, nonfunctional DJ-1
In the context of deficient CMA, the level of nonfunctional DJ-1 increases [96]
DJ-1 deficiency downregulates the level of LAMP2A and HSC70 in lysosomes, [97]
boosting the accumulation of a-Syn
UCH-L1 UCH-L1 could physically interact with CMA components, and the I93M mutation [98, 99]
and carbonyl modification of UCH-L1 abnormally strengthen these interactions
VPS35 In VPS35-deficient or MT VPS35-expressing DA neurons, LAMP2A retrieval [101]
from the endosomes to the Golgi apparatus is impaired, which promotes
LAMP2A degradation and indirectly inhibits CMA
MARCHF5 MARCHFS5 is the CMA substrate, and CMA activation enhances MARCHF5 [102]
turnover and decreases excessive mitochondrial disintegration under neuronal
stress conditions associated with PD
MEF2D a-Syn interferes with CMA-mediated degradation of MEF2D before substrate [104]
uptake
ER stress inducers could reduce the level of MEF2D through the ER-P38 MAPK- [108]
CMA pathway
HD Htt Hitt is the substrate of CMA, as evidenced by the findings that phosphorylated [115,117]

Htt may be targeted and eliminated by lysosomes and that purified lysosomes
degrade Htt in a LAMP2A-dependent way

mHtt binds with high affinity to HSC70 and LAMP2A, which promotes a delay in
the development of intracellular aggregates

Only the amino terminal fragment of Htt binds to the lysosome, not the full-length
polyQ-Htt. However, up-regulation of CMA could reduce endogenous full-
length Htt

[116]

[119]
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Table 1 (continued)
Neurodegenerative diseases Substrates Main finding References

ALS and FTLD TDP-43 TDP-43 includes a KFERQ-like motif sequence (QVKKD), and endogenous TDP- [125, 126]

43 is also found in the lysosomes isolated from the rat brain

QVKKD promotes the binding of ubiquitinated TDP-43 and HSC70, implying [125]
that certain ubiquitinated UPS substrates may shuttle into the lysosomes for
CMA clearance
Long periods of TDP-43 accumulation result in CMA dysfunction [126]

SCAs PKCy/TMEM240 CMA is decreased in the cellular model of SCA14 and cellular and mouse models [132, 134]

of SCA21
Prion disease PrP PLK3, as a co-chaperone, increases LAMP2A and HSC70, along with decreasing [141]

the amassment of PrP
Fig. 2 Different pathogenic cytosol
proteins damage various steps HSC70
of CMA. (a) Targeting; (b)
Binding: tau P301L, hTau40 6
AK280, and hTau40 ATS/
AT100/PHF-1 cannot bind to
lysosomes; (c) Internalization: mu Pzé)lALKzso

au
tau A152T, hTaud0 4xKXGE, hTau40 AT8/AT100/PHF-1
acetylated tau, MT a-Syn, DA- MT a-Syn
mediated o-Syn, MT LRRK2, Tau A152T DA-mediated a-Syn
and MT GCase have an negative — hTau40 4xKXGE MT LRRK2
effect on internalization; and (d) Acetylated tau_MT GCase
Degradation: PTMs of GCase | |
may impair lysosomal protein
degradation? O
PTMs of GCase ?

LAMP2A

[77, 78]. Future work on acetylated tau may better eluci-
date the effects of acetylation at various sites on autophagy.
Overall, understanding the interplay between various types
of human tau and CMA contributes to finding therapeutic
targets for tauopathies.

AD, as a secondary tauopathy, is an age-related neuro-
degenerative disease. According to a recent work, CMA
has been found in charge of maintaining the metastable
proteome in a mouse model of AD-related proteotoxicity
[7]. CMA deficiency and AD-driven proteotoxicity have
a synergistic effect on the collapse of neuronal proteo-
stasis. It is worth noting that the compensatory activa-
tion of macroautophagy reported in other cells following
CMA blockade did not appear in neurons [7]. This demon-
strates the potential role of pharmacological activation of
CMA in age-related neurodegenerative diseases. Besides
NFTs, amyloid plaque (composed of beta-amyloid (Af))
is also one of the characteristics of AD. According to Xu
et al., amyloid-beta precursor protein (APP) is a CMA
substrate that binds to HSC70 in an IKK/-dependent way

U/

lysosomal lumen

[79]. A significant reduction in AP caused by the activa-
tion of CMA was unforeseen [7, 80], as CMA's substrates
are soluble cytoplasmic proteins, whereas APP is a type
I integral membrane protein that is not expected to be
directly degraded by CMA. The C-terminus of APP has
a KFERQ-like motif [81] (Table 1), and its split product,
the APP intracellular domain, is readily accessible to the
cytoplasm. These factors may contribute to the degrada-
tion of APP by CMA. The association between CMA and
AD is not only through the degradation of APP and tau,
but also through the degradation of AD-related regula-
tory proteins. The RCANI1 protein has been detected to be
abundant in the AD brain, where it promotes the formation
of NTFs and AP [82]. RCANI1 is degraded by CMA and
failure of CMA with age increases RCANI1 in the brain
[83], inevitably leading to tau hyperphosphorylation and
AP production (Table 1, Fig. 3). The role of abnormal
RCANI degradation by CMA in the pathogenesis of AD
needs to be further investigated.
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Fig.3 CMA and neurodegenerative diseases. (1) Down-regulation of
CMA in tauopathies (TP). WT tau and RCANI1 are CMA substrates.
However, MT tau and PTMs of tau may suppress CMA. RCAN1
promotes the formation of NTFs and Ap. CMA dysfunction results
in RCAN1 up-regulation, tau aggregation, and Af production. (2)
Impairment of the CMA in Parkinson’s disease (PD). CMA degrades
a-Syn. MT a-Syn, PTMs of a-Syn, MT LRRK2, MT GCase, PTMs

Role of CMA in PD

As the second-most common neurodegenerative disease after
AD, PD is the first to be linked to CMA. At least six patho-
genic genes that cause PD are associated with CMA: SNCA
(PARK1), leucine-rich repeat kinase 2 (LRRK2/PRAKS),
glucocerebrosidase gene (GBA), DJ-1 (PARK?7), ubiquitin
C-terminal hydrolase L1 (UCH-L1/PARKY)), and vacuolar
protein sorting 35 homolog gene (VPS35).

SNCA (encoding a-Syn) was the first gene tied to auto-
somal-dominant PD. a-Syn contains a KFERQ-like motif
(VKKDQ), whose main catabolic pathway is CMA [84,
85] (Table 1). MT a-Syn (A30P and A53T) could still be
recognized by chaperones and bound to LAMP2A, but it
is poorly translocated into the lysosomal lumen for deg-
radation (Fig. 3). MT a-Syn blocks the lysosomal uptake,
compromising its own degradation as well as that of other
substrates [84] (Table 1) (Fig. 2). However, the MT a-Syn
emerged in a mere fraction of individuals, whereas a-Syn
accumulates in most forms of PD. Hence, PTMs may be the
basis of a-Syn aggregation in partial PD patients (Fig. 3).
Nitration and oxidation of a-Syn marginally impair CMA,
whereas phosphorylation of a-Syn and DA-mediated a-Syn
completely prevent their own CMA degradation [33]. Strik-
ingly, DA-mediated a-Syn inhibits CMA degradation of
other substrates, acting similarly to MT a-Syn [86] (Table 1,
Fig. 2). In the interaction between a-Syn aggregation and
CMA, PTMs merit additional investigation. MT LRRK?2
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of GCase, MT UCH-L1, PTMs of UCH-L1, and MT VPS35 could
damage CMA degradation and then lead to the a-Syn deposition. (3)
Alterations of CMA in Huntington’s disease (HD). MT Htt binds with
elevated affinity to HSC70 and LAMP2A, facilitating delayed deliv-
ery of misfolded proteins to the lysosome and development of Htt
aggregation

is prone to familial and sporadic PD. CMA degrades WT
LRRK?2, whereas MT LRRK?2, including the most common
G2019S MT, is poorly degraded by this pathway. Further-
more, MT LRRK2 and high levels of WT LRRK2 suppress
CMA through restricting translocation complex activity in
neurons (Fig. 2), which increases the susceptibility to a-Syn
accumulation [87] (Fig. 3). And in the presence of a-Syn,
the enhanced binding of LRRK2 to the LAMP2A serves
to self-perpetuate the toxic effect of LRRK2 on CMA [87]
(Table 1). It is a tragic duet for the CMA, to say the least
[88]. Fortunately, in the MT LRRK?2 knockin mouse model
of PD, Ho et al. discovered that the activation of CMA could
restore the inhibited lysosomal activity, induce LAMP2A
transcription, and then reduce the aggregation of a-Syn [89]
(Table 1). The MT B-glucocerebrosidase (GCase) induced
by GBA mutations and PTMs of GCase impaires lysosomal
protein degradation and causes a-Syn accumulation [90]
(Table 1, Fig. 3). A recent study has demonstrated that the
toxic effect of MT GCase on CMA is not attributable to a
loss of GCase activity, but rather to the fact that MT GCase
hinders the formation of CMA translocation complexes
[91] (Fig. 2). Furthermore, Kuo et al. showed that unfolded
GCase could be targeted to the lysosomal membrane for deg-
radation by binding a CMA-targeting pentapeptide (QRDFI)
to HSC70, despite the low efficiency of GCase transloca-
tion and degradation [91] (Table 1). It is noteworthy that
the interaction of MT GCase and a-Syn is required for MT
GCase-induced DA neuron injury [91]. Like LRRK2, the
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lysosomal activity of normal GCase could be blocked by
a-Syn [92]. This also appears as part of a tragic duet, result-
ing in PD self-propagation. DJ-1 is a protective protein that
has oxidation resistance and maintains mitochondrial home-
ostasis [93], while mutation and malfunction of it accelerate
the accumulation of a-Syn in the early stage and cause early-
onset familial PD [94]. CMA promotes DJ-1 degradation and
preferential clearance of oxidatively damaged nonfunctional
DJ-1, hence enhancing cell viability [95] (Table 1). Con-
versely, the level of nonfunctional DJ-1 increases in the con-
text of deficient CMA [96] (Table 1). It is important to note
that if DJ-1 were to mutate, not only would protection be
lost, but also there could be harmful consequences. MT DJ-1
inhibits a-Syn degradation via CMA by down-regulating
the level of LAMP2A and HSC70, boosting the accumula-
tion of a-Syn [97] (Table 1) (Fig. 3). UCH-L1 could physi-
cally interact with CMA components, including LAMP2A,
HSC70, and HSP90 [98]. The UCH-L1 I193M mutation and
carbonyl modification of UCH-L1, which increased the level
of a-Syn, abnormally strengthened these interactions [98,
99] (Table 1, Fig. 3). The UCH-L1 level in the cerebrospinal
fluid (CSF) of PD patients considerably decreases [100], and
it may become a biomarker for PD in future. Furthermore,
in VPS35-deficient or MT VPS35-expressing DA neurons,
LAMP2A retrieval from the endosomes to the Golgi appa-
ratus is impaired, which promotes LAMP2A degradation
and indirectly inhibits CMA [101] (Table 1). This process
is accompanied by a-Syn deposition and locomotor function
impairment (Fig. 3). The damaged CMA process could be
one of the mechanisms through which VPS35 loss or MT
VPS35 causes PD pathogenesis; however, this mechanism
has to be further explored.

In addition to CMA, mitochondrial dysfunction plays
a key role in the pathogenesis of PD as well. Excitingly,
growing evidence has discovered a link between CMA and
mitochondrial function. Membrane-associated ring-CH-type
finger 5 (MARCHFS), an E3 ubiquitin ligase necessary for
mitochondrial fission, has been identified as a CMA sub-
strate. CMA activation enhances MARCHFS turnover and
decreases excessive mitochondria disintegration, which
alleviates mitochondrial dysfunction under neuronal stress
conditions such as oxidative stress and neurotoxin associated
with PD [102] (Table 1). Overexpression of LAMP2A res-
cued DA neurons from mitochondrial damage and increased
their viability in a model of PD [102], which provides com-
pelling evidence that CMA is involved in maintaining mito-
chondrial homeostasis in PD. The myocyte enhancer bind-
ing factor-2 (MEF2) family has been identified as a nuclear
factor required for neuronal survival, and a portion of
MEF2D can also be found in rodent neurons' mitochondria
[103]. a-Syn interferes with CMA-mediated degradation of
MEF2D before substrate uptake (Table 1). Accumulation of
nonfunctional MEF2D is found in CMA-inhibited neurons,

resulting in neuronal death [104], which may underlie a por-
tion of the pathogenic process in PD [105]. On the contrary,
enhancing the chaperone HSC70 function in CMA would
accelerate MEF2D degradation [106]. These findings indi-
cate that CMA can influence mitochondrial activity via the
regulation of MEF2D. Besides, as previously mentioned,
CMA also regulates mitochondrial morphology and func-
tion by mediating the lysosome-dependent degradation of
DJ-1 [95].

ER stress-induced unfolded protein response (UPR) and
CMA, two major proteostasis-maintaining mechanisms,
play crucial roles in PD [107]. In recent years, these two
seemingly independent processes have been shown to be
closely connected. As mentioned above, MEF2D, a well-
known CMA substrate, is extremely sensitive to stress in
neurons [104]. Interestingly, Li et al. found that ER stress
inducers could reduce the level of MEF2D through the
ER-P38 MAPK-CMA pathway [108] (Table 1). Concretely,
ER stress activates MKK4 and recruits it to the lysosome,
where it activates p38 MAPK. P38 MAPK phosphorylates
LAMP2A directly, causing its membrane accumulation and
conformational change, as well as increased CMA activity.
Although p38 MAPK activation has an active effect on CMA
through phosphorylation of LAMP2A, a-Syn could reduce
the amount of available active MAPK [109]. It is unclear
whether a-Syn affects phosphorylation and LAMP2A
activity. In addition, LRRK2G2019S has been reported to
interact with MKK4 [110, 111], which is unsure whether
LRRK2G2019S is involved in the ER-P38 MAPK-CMA
pathway. Remarkably, PARK7/DJ-1 can be overexpressed
during ER stress, which may enhance CMA degradation
of aggregated-prone proteins [112]. GCase is a lysosomal
enzyme that reaches the lysosomal lumen after synthesis in
the ER. A recent study showed that after ER retrotransloca-
tion, MT GCase with the CMA-targeting motif could be
targeted to lysosomes for degradation by CMA [113]. These
findings support the idea that ER stress/UPR and CMA are
related, and that a combined modulation of ER stress/UPR
and CMA would be a more effective treatment for PD than
either alone.

Role of CMA in HD

The aggregation of abnormal MT Huntington (Htt) protein
with polyQ repeat expansion causes HD [114]. In contrast to
tau and a-Syn, Htt has three potential KFERQ-like motifs:
one at amino acids 99-103 (KDRVN) and one at amino
acids 248-252 (NEIKV), with a third at the very amino-ter-
minus (14-LKSFQ-18) deemed a KFERQ-like motif when
serine 16 is phosphorylated [114]. Htt is undoubtedly one
of the substrates of CMA, as evidenced by the findings that
phosphorylated Htt may be eliminated by lysosomes and that
purified lysosomes degrade Htt in a LAMP2A-dependent
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way [115-118] (Table 1). Interestingly, only the amino ter-
minal fragment of Htt binds to the lysosome, not the full-
length polyQ-Htt [116, 119] (Table 1). However, overexpres-
sion of LAMP2A or HSC70 to regulate CMA levels reduces
endogenous full-length Htt [116]. Its specific mechanism
is still under investigation. Although WT Htt clearance is
driven by CMA, degradation of MT Hitt is restricted by this
route because MT Htt binds with high affinity to HSC70 and
LAMP2A, promoting a delay in the delivery of misfolded
protein to lysosomes and the development of intracellular
aggregates [116] (Table 1, Fig. 3). Since the Htt truncated
form is extremely cytotoxic and prevalent in the brains
of HD patients and other HD models, CMA is an appeal-
ing therapeutic target. Accordingly, Bauer et al. reported
that the polyglutamine binding peptide 1 (QBP1) specifi-
cally targeting the amino terminal of MT Htt fragments to
CMA significantly reduced inclusion body formation and
improved the HD phenotype in R6/2 mice [120]. This raises
the possibility of manipulation of CMA as a promising treat-
ment. Moreover, crosstalk between various autophages has
been confirmed, which is not excluded in HD. CMA activity
increased with macroautophagy failure in HD mouse mod-
els aged 2—7 months, but this up-regulation was no longer
recorded in older mice [119].

Role of CMA in ALS-TDP and FTLD-TDP

The homeostasis of TAR DNA Binding Protein 43 kDa
(TDP-43), a ribonuclear protein that regulates RNA metab-
olism, is crucial to ALS-TDP and FTLD-TDP [121-124].
The RRM1 domain of TDP-43 includes a KFERQ-like
motif sequence (QVKKD) [125], and TDP-43 degradation
could be competitively inhibited by CMA substrates such as
GAPDH [126] (Table 1). Consistent with the above conclu-
sions, endogenous TDP-43 is also found in the lysosomes
isolated from the rat brain [126]. It follows that TDP-43 is
one of the CMA substrates. Interestingly, despite the trun-
cated TDP-43 fragments of 25 and 35 kDa do not contain
QVKKD and do not bind to HSC70, in the context of CMA
suppression, the blockage of TDP-43 degradation results in
the accumulation of truncated TDP-43 fragments but not
full-length TDP-43. This may be because full-length TDP-
43 would be preferentially cleaved by active caspase-3 in the
cytosol [125]. The TDP-25 fragment may serve as a seed for
TDP-43 aggregation, so we should further explore the role
of elevated full-length TDP-43 and TDP-25 fragments in
the pathogenesis of TDP-43. Notably, QVKKD promotes
the binding of ubiquitinated TDP-43 and HSC70, imply-
ing that certain ubiquitinated UPS substrates may shuttle
into the lysosome for CMA clearance [125] (Table 1). This
is probably due to compensatory up-regulation of CMA to
compensate for UPS disability in TDP-43 proteinopathies,
which needs additional research.
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Prolonged periods of TDP-43 accumulation, like a-Syn,
result in partial impairment of lysosomes connected with
LAMP2A in cells expressing TDP-43 aggregates and a
decrease in the lysosome perinuclear localization [126].
A recent study reported a considerable down-regulation of
HSC70 in lymphomonocytes of sporadic ALS patients ver-
sus controls [127], further confirming that the altered expres-
sion of HSC70 is a universal pathological mechanism of
ALS. Additionally, the TDP-43 nuclear export signal could
be recognized by a single-chain variable fragment (scFv)
generated from the 3B12A monoclonal antibody (MAD). In
cultured cells and the mouse cerebral cortex, the addition
of a CMA-related signal to 3B12A scFv stimulates HSP70
transcription against TDP-43 aggregation [128]. Specific
elimination of TDP-43 by modulation of HSC70 may be a
promising therapeutic strategy for the treatment of TDP-43
proteinopathies.

Role of CMA in SCAs

SCAS represent autosomal dominantly inherited neurode-
generative diseases, marked by loss of balance and coor-
dination accompanied by vague speech [129]. Pathogenic
proteins accumulate in the lysosomes of SCAs patients
and model animals [130-132], suggesting that lysosomal
impairment is involved in the pathogenesis of SCAs. Based
on the locus of the causative gene, SCAs are grouped as
SCAL1 through SCA48. LAMP2A plays a critical role in the
process of CMA. And a recent study discovered that selec-
tive knockdown LAMP2A in mouse cerebellar interneurons
and granule cells triggers a progressive ataxic phenotype,
gliosis, and subsequent cerebellar neurodegeneration [133].
This certainly implies that CMA is crucial for cerebellar
neurons survival. Furthermore, CMA is decreased in the
cellular model of SCA14 [134]and cellular and mouse mod-
els of SCA21 [132]. SCA14 and SCA21 are caused by MT
kinase Cy (PKCy) [135] and MT transmembrane protein
240 (TMEM240) [136]. These findings provide significant
evidence in favor of the hypothesis that CMA impairment
is a common pathogenic factor of SCAs caused by vari-
ous mutant proteins. Finally, initiation of macroautophagy
in SCA7 might be related to a compensatory response to
a CMA deficiency [137], in a mechanism similar to that
reported in other neurodegenerative diseases. Taken
together, CMA could be a potential therapeutic target for
SCAs.

Role of CMA in prion disease

Prion disease is an unusual, incurable, and rapidly progress-
ing neurodegenerative disease, with prion protein (PrP)
misfolding being the most crucial step in the pathogenesis
of prion protein disease [138]. Wang et al. initially found
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aberrant down-regulation of polo-like kinase 3 (PLK3) lev-
els in the brains of scrapie (a prion-related disease) infected
hamsters [139], and then revealed that the PLK3 kinase
domain (KD) region is primarily responsible for the degra-
dation of aberrant aggregated PrP MTs and scrapie PrP5°.
Subsequent experiments further verified that the PLK3 KD
region could bind PrP proteins expressed in mammalian cell
lines, which have limited association with its kinase activity
but are related to its co-chaperone activity in the CMA path-
way [140]. Overexpression of the PLK3 KD region in the
human embryonic kidney 293 T (HEK293T) cells express-
ing PG14-PrP effectively boosts the cellular levels of HSC70
and LAMP2A [141] (Table 1). Meanwhile, LAMP2A and
HSC70 levels are significantly lower in HEK293T cells
expressing PrP MT and scrapie-infected cell lines, and the
PrP MT displays the ability to interact with LAMP2A and
HSC70. Strikingly, a pentapeptide “RVVEQ”-motif is iden-
tified in the PrP protein's C-terminus [141]. More studies are
needed to confirm if this motif is responsible for the putative
interaction of PrP with HSC70. The mechanism of PLK3-
induced increase in CMA does not seem to be well under-
stood. However, the occurrence of enhanced CMA activity
accompanied by anomalous PrP degradation by PLK3 pro-
vides compelling evidence that most of the PLK3 overex-
pression-mediated degradation of PrP MT and pathogenic
PrPSc is via CMA. Furthermore, only lysosomal inhibitors,
according to Wang et al., can prevent PLK3 overexpression-
mediated degradation of PrP MTs and scrapie PrP>¢, while
ubiquitin—proteasome inhibitors (MG132) and macroau-
tophagy inhibitors (3MA) cannot [141].

Potential therapeutic target

The fact that neuroprotection of CMA originates from its
capacity to remove pathogenic forms of proteins and prevent
additional lysosome damage has provided a motivation for
interventions seeking to up-regulate CMA activity. CMA
enhancement may be a therapeutic strategy for a variety of
neurodegenerative diseases, and as a result, potential path-
ways and medicinally available targets for this goal have
emerged.

Some MT proteins disrupt lysosomal acidification and
proteolysis, which subsequently inhibits CMA. Approaches
that only target the lysosomal lumen, which are suitable in
contexts when the organelle malfunctions preferentially, are
gaining momentum [142]. Acidic nanoparticles restoring
lysosomal acidification [143] have been reported to be ben-
eficial in PD-associated GCase mutation models, in which
they alleviate neurodegeneration via rescue of compromised
lysosomes after intracerebral injection in neurons [144].
Restoration of lysosomal pH attenuates CMA inhibition,
demonstrating the utility of direct targeting of lysosomes in

these conditions. However, CMA processes occurring at the
lysosome surface are the most vulnerable to neurodegenera-
tive protein toxicity. Up-regulation of LAMP2A levels and
efficient assembly and disassembly of the CMA transloca-
tion complex are particularly vital in the context of CMA
impairment.

The LAMP2A distribution between the lysosomal mem-
brane and lumen is a dynamic process [145]. Protective pro-
tein/cathepsin A (PPCA) promotes LAMP2A degradation.
With the suppression of PPCA, the level of LAMP2A and
the rate of CMA degradation have increased [146]. Some
LAMP2A proteins in the lysosomal membrane have been
discovered to be clustered in cholesterol-rich, detergent-
resistant areas [23, 147] (Fig. 1). The release of LAMP2A
from these regions can be facilitated by cholesterol deple-
tion, which enhances substrate degradation by CMA,
whereas cholesterol overload has the reverse effect. Inter-
estingly, PPCA readily catabolizes LAMP2A within lipid
microdomains, and these regions represent LAMP2A deg-
radation sites (Fig. 1). A part of LAMP2A is located in the
lysosomal lumen or lipid microdomains. This LAMP2A is
transported to other regions of the lysosomal membrane
when required, where it can form translocation complexes
when bound to substrates. Furthermore, three signaling
pathways have been identified as being involved in the up-
regulation of CMA. The first signaling mechanism found
in the activation of LAMP2A, the calcineurin—-NFAT path-
way, has been shown to directly increase the transcription of
LAMP2A during T cell activation [42] (Fig. 1). Production
of reactive oxygen species (ROS) promotes nuclear translo-
cation of NFAT. Furthermore, inhibiting the formation of
ROS or using the calcineurin inhibitor cyclosporine A can
block this up-regulation of LAMP2A, implying that ROS
drives calcineurin-mediated NFAT activation of up-regu-
lated LAMP2A expression, which further activates CMA
[31]. In contrast, retinoic acid receptor alpha (RARa) may
suppress CMA by regulating discrete LAMP2A-associated
transcriptional programs [148] (Fig. 1). Not only LAMP2A,
but also RAB11 or RILP, facilitating the translocation of
LAMP2A to lysosomes, is also negatively regulated by this
signaling pathway [62]. Based on this finding, the creation
of all-trans retinoic acid derivatives can successfully pre-
vent RAR-mediated inhibition of CMA without disrupting
the RAR-dependent transcriptional program [148]. Given
the prevalence of RAR expression, these atypical RAR
inhibitors show significant potential for systemic recovery
of aging-impaired CMA [31]. As mentioned previously,
the state of the CMA translocation complex is dependent
on the phosphorylation state of AKT1, which is present on
the lysosomal membrane and whose activity is regulated
by the phosphatase PH domain leucine-rich repeat-contain-
ing protein phosphatase 1 (PHLPP1) and the kinase TOR
complex 2 (TORC2) on the lysosomal membrane [63].
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TORC?2 phosphorylates AKT1 and suppresses CMA activ-
ity, while PHLPP1 dephosphorylates AKT1, accelerating
the LAMP2A dynamic cycle and activating CMA (Fig. 1).
Although AKT1, mTORC2, and PHLPP1 are druggable
CMA targets, their multiple biological activities make them
inappropriate as selective CMA modulators [149]. Strik-
ingly, a subset of retinoid derivatives has been identified to
only affect a fraction of the RAR-dependent transcriptional
activity [148]. The ability of these molecules to revert the
functional decline of aged mouse and human stem cells
[41], ameliorate retinal degeneration in retinitis pigmentosa
mouse models [150], and to decrease neuronal and glial
pathology in AD mouse models [7] has been demonstrated
through optimization of these molecules to acquire drug-like
attributes for in vivo use.

Some medications have also been found to improve neu-
rodegenerative diseases, presumably via the CMA pathway.
A recent study indicates that CMA enhancement by Met-
formin via activation of TAK1-IKKo/f signaling that leads
to phosphorylation of HSC70 Ser85. Metformin significantly
reduces the toxicity of APP and Af through CMA-mediated
degradation and reverses the molecular and behavioral phe-
notypes of AD [79]. It is also worth noting that lactulose
and trehalose ameliorate the toxicity of Ap in AD animals
by partially boosting HSC70 and LAMP2A levels, which
enhance short-term memory and learning capacity in mice
[151]. Furthermore, it was demonstrated in the PD models
that chronic coffee [152], dihydromyricetin, and salvianolic
acid B [153], 6-hydroxydopamine (6-OHDA) [154], and
Sigma-2 receptor antagonists [155] may control LAMP2A
expression to improve the PD phenotype and ameliorate
a-Syn toxicity.

Another issue to consider is whether activating the CMA
in certain situations may be harmful. According to a recent
study, HSP70 eliminates tau amyloid at the cost of produc-
ing new seeds (monomers and oligomers), indicating that
chaperone-mediated tau protein degradation is advantageous
per se but may contribute to the propagation of prion-like
tauopathies [59]. This validates the previously reported
conclusion that HSC70 regulates the extracellular release
of neurodegeneration-related proteins [15]. Therefore, iden-
tifying the pathological protein along with the WT version,
the exact point at which CMA fails, and the optimal strat-
egies for restoring CMA activity and maintaining neural
proteostasis is critical for the development of therapies for
neurodegenerative diseases [31, 142].

Summary and direction
In recent years, the discovery of additional CMA sub-

strates and defects in CMA linked to a wide range of
human diseases has expanded our view of the role of
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CMA in the maintenance of the metastable proteomes.
Stirringly, progress has been particularly rapid in decon-
structing the role of CMA in neurodegenerative disorders.
However, research on CMA has a long way to go before
it can approach the amount of knowledge accumulated on
other forms of autophagy over the last two decades [31].
At the molecular level, modulation of LAMP2A multim-
erization is crucial for CMA regulation, while the signal-
ing pathways governing CMA in the cellular environments
remain imprecise, especially when considering the conse-
quences of multiple CMA-activated stimuli. Evidence of
a strong link between CMA and macroautophagy in neu-
rodegenerative diseases highlights the need to understand
the molecules involved in this interaction. To date, little
is known about these crosstalk molecular modulators and
their ubiquity [156].

Of course, this rapidly evolving area calls for innovative
tools to not only better dissect the process, but also more
effectively regulate it. The application of genetic manipula-
tion of CMA in mouse, as well as the future extensions of
tissue-specific conditioned models, will assist in understand-
ing how alterations in tissue-specific pathways affect overall
organism function. Most neurodegenerative diseases occur
in the elderly, making genetic intervention clearly challeng-
ing. Recent studies, however, suggest that regulation of
dietary lipid intake and the development of retinoic acid
derivatives are more practical strategies [148, 157]. Phar-
macological modulators aimed at improving neuroprotein
homeostasis by manipulating CMA should be the next step
in exploring therapeutic strategies.
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