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Chaperone-mediated autophagy (CMA) is a protein degradation mechanism through lysosomes. By targeting the KFERQ

motif of the substrate, CMA is responsible for the degradation of about 30% of cytosolic proteins, including a series of

proteins associated with neurodegenerative diseases (NDs). The fact that decreased activity of CMA is observed in NDs,

and ND-associated mutant proteins, including alpha-synuclein and Tau, directly impair CMA activity reveals a possible

vicious cycle of CMA impairment and pathogenic protein accumulation in ND development. Given the intrinsic connection

between CMA dysfunction and ND, enhancement of CMA has been regarded as a strategy to counteract ND. Indeed,

genetic and pharmacological approaches to modulate CMA have been shown to promote the degradation of ND-

associated proteins and alleviate ND phenotypes in multiple ND models.
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1. Introduction

Neurodegenerative diseases (NDs), one of the major health threats to human, affect 50 million people worldwide . As

ND is an age-related disease, population aging also makes ND an urgent health issue. The most common NDs include

Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS),

frontotemporal lobar degeneration (FTLD), and the spinocerebellar ataxias (SCA) . The common feature of ND is the

intracytoplasmic deposition of aggregate-prone proteins in neurons. The removal of undesired, damaged, misfolded, and

aggregated proteins is a therapeutic focus of ND.

Autophagy is a self-degradation pathway via lysosome. It plays a homeostatic function and is involved in the

pathophysiological process of anti-aging, anti-microbial, anti-tumor, differentiation, development, and immunity .

Autophagy is classified as macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA) based on how

cargo is delivered to the lysosome. Macroautophagy is the best-studied type of autophagy. During macroautophagy, the

cargo is sequestrated by double-membrane vesicles-autophagosomes and transported to the lysosome. In

microautophagy, the lysosomes directly uptake the cytosolic compounds through membrane enwrapping. In CMA, heat

shock cognate 71 kDa protein (HSC70) chaperones bind to damaged or defective proteins containing KFERQ-like

sequences and transport them to the lysosomes via lysosome-associated membrane protein 2A (LAMP2A) . With

increasing age, the efficiency of CMA is lowered, which increases the risk of harmful proteins accumulating into insoluble

clumps that damage cells. The common feature of AD and other NDs is the presence of toxic protein aggregates in the

patient’s brain . Moreover, the large number of defective proteins overwhelm CMA and eventually paralyze it.

2. CMA as a Therapeutic Target for Neurodegenerative Diseases

2.1. Molecular Mechanism of CMA

2.1.1. CMA Substrate Recognition

The CMA-targeting motif is a pentapeptide sequence related to KFERQ biochemically, which must contain up to two

positively charged residues: arginine (R), lysine (K); up to two of the hydrophobic residues: isoleucine (I), phenylalanine

(F), leucine (L), or valine (V); one single negative residue: glutamate (E) or aspartate (D); and one single glutamine (Q)

flanked at either the N- or C-terminus of the pentapeptide . This canonical motif can be found in about 40% of the

mammalian proteome .

2.1.2. Transportation of CMA Substrate by HSC70
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Once the KFERQ sequence in the CMA substrate binds to HSC70, the substrate is delivered to the lysosomal membrane.

The HSC70 belongs to the heat shock protein family, one of the largest groups of chaperones. The HSC70 can be found

in the cellular membrane, extracellular exosomes, the nucleus, and the cytosol . Unlike the HSC70 in the cytosol, the

lysosomal HSC70 (lys-HSC70) is involved in CMA substrate uptake . When the pathway is triggered by starvation or

oxidative stress, the lys-HSC70 amount and the number of lysosomes that contain lys-HSC70 are increased .

Cochaperones, including the carboxyl terminus of HSC70-interacting protein, heat shock protein 40 kDa (HSP40),

HSP70-interacting protein, and HSP70-HSP90 organizing protein, are also involved in substrate unfolding and lysosomal

translocation .

2.1.3. Translocation of CMA Substrate by LAMP2A

LAMP2A contains a cytosolic tail different from the other variants of the LAMP2 genes . The binding between substrate

and LAMP2A promotes LAMP2A multimerization to form a translocation complex during CMA. After the substrate

translocates into the lysosome lumen, the LAMP2A multimer disassembles into monomers and returns to the cytosol for

reuse . The efficiency of the CMA pathway can be affected by the velocity of assembly and disassembly of the

LAMP2A translocation complex. Glial fibrillary acidic protein (GFAP) and elongation factor 1 alpha (EF1α) are identified as

the regulators of LAMP2A oligomerization. GFAP contributes to the stability of the translocation complex, whereas the

EF1α-GTP binding promotes the self-association between GFAP molecules, further disrupting the translocation complex’s

stability. Thus, GTP has been shown to be a CMA inhibitor . Moreover, prolonged starvation, oxidative stress, or

inhibition of the proteolytic pathway can raise the LAMP2A levels and LAMP2A-positive lysosomes and further increase

CMA activity .

2.2. Physiological Function of CMA

As a recycling and protein quality control mechanism, CMA plays an important role in maintaining cellular homeostasis

and exerting specific physiological functions in regulating the cell cycle, cell survival, cell stemness, transcriptional

regulation, metabolic pathways, and immune responses .

2.2.1. Starvation

CMA can be activated during nutritional starvation to promote amino acid recycling for maintaining protein synthesis and

gluconeogenesis . After removal of serum from the medium for 8 to 10 h, CMA will be gradually activated and persists

at a high level for 3 days while the activation of macroautophagy is shorter . The starvation-activated CMA can

degrade less critical proteins and keep protein synthesis by recycling amino acids . However, the starvation-activated

CMA is tissue and cell-type selective, which can be more effectively stimulated in the liver, spleen, kidney, and heart .

2.2.2. Protein Quality Control

The protein quality control is another most characterized function of CMA, which can be activated by oxidative stress and

hypoxic stress , and during aging and neurodegenerative disease . CMA can electively remove the damaged and

misfolded proteins from the cytosol. The upregulation of LAMP2A transcription is involved in the oxidation-induced

activation of CMA . Issa et al.’s research on the Drosophila brain indicated that oxidative stress increased LAMP2A

expression and CMA activation. The expression of LAMP2A further prevented the accumulation of Ref(2)P, the Drosophila
melanogaster homolog of mammalian SQSTM1/p62, under acute oxidative stress. These results indicate that CMA

increases autophagic flux in the Drosophila brain and has neuroprotective properties . The hypoxic stress can also

effectively activate the CMA process, which reduces damaged protein and promotes neuron survival .

2.2.3. Metabolic Regulation

Since CMA’s discovery, it has been associated with cellular energetics and activated by starvation. The alterations in

carbohydrate and lipid metabolism caused by the selective degradation of the main enzymes by CMA are responsible for

cellular energetics, which is also associated with brain aging and ND . Most glycolytic enzymes contain KFERQ

motifs. For example, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and pyruvate kinase were first identified as

CMA substrates . CMA modulation of carbohydrate metabolism has been established in a mouse model. CMA

modulates hepatic glycolysis by regulating the levels of glycolytic enzymes and enzymes involved in the tricarboxylic acid

cycle process . The aging-related decline in CMA may raise rates of glycolysis and break the energy balance in old

organisms .

2.2.4. Cell Cycle Control
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CMA modulates several cellular mechanisms by regulating protein degradation and controlling the abundance of proteins.

Some cell cycle modulators that carry the KFERQ-like motif are involved in the CMA-induced cell cycle process . For

example, the level of myocyte enhancer factor-2 (MEF2) protein can regulate neuronal proliferation and survival  while

CMA mediates the MEF2D degradation. Both wild-type α-synuclein and a PD-associated mutant blocked MEF2D-HSC70

binding, leading to MEF2D accumulation and neuronal death and further increasing the risk of PD . MEF2A, another

isoform of MEF2, can be degraded under the oxidative stress-induced lysosome destabilization condition . CMA

impairment is related to cellular senescence by triggering the DNA damage response, SA-β-gal activity, upregulation of

p21, and accumulation of p16 and lipofuscin. Evidence showed that the dysfunctional CMA led to physiological aging and

neurodegeneration by accumulating senescent cells .

2.2.5. Immune Responses

Downregulating LAMP2A or HSC70 in the immune system can limit the distribution of cytoplasmic epitopes by class II

molecules in antigen-presenting cells . CMA has also exhibited the capacity to help regulate the CD4+ T cell response,

as it selectively degrades the ubiquitin ligase Itch and the calcineurin inhibitor regulator of calcineurin 1 (RCAN1), which

are two T cell receptor signaling negative regulators. The relationship between an age-dependent decrease in CMA

activity in T cells and the impaired T cell function associated with aging has been verified . Moreover, CMA plays an

important role in the immunosuppressive function of mesenchymal stromal cells by IFN-γ plus TNF-α-induced activation of

NF-κB and STAT1 .

2.3. Role of CMA in Neurodegenerative Diseases

In the central nervous system (CNS), the hallmarks of many NDs are the misfolding, aggregation, and accumulation of

proteins, which result in cellular dysfunction, synaptic damage, and brain damage . Some ND-related proteins are

identified as CMA substrate proteins, such as α-synuclein (Figure 1). Several pieces of research showed that CMA

activity was reduced in several NDs, suggesting that dysfunctional CMA is implicated in ND .

Figure 1. Chaperone-mediated autophagy (CMA) in neurodegenerative diseases (NDs). In Parkinson’s disease, the

mutant α-synuclein interacts with LAMP2A with higher affinity and blocks CMA degradation of other substrates; the mutant

UCHL-1 and GBA1 reduce CMA activity by aberrantly interacting with the HSC70 and LAMP2A; mutant LRRK2 impairs

the formation of translocation complex; the downregulation of CMA can increase the α-synuclein, PARK7, and MEF2D

accumulation. In Alzheimer’s disease, mutant Tau binds with LAMP2A and inhibits CMA activity; acetylated Tau prevents

the translocation of substrates into the lysosome; the downregulation of CMA can increase the RCAN1, Tau, and CTF

levels. In Huntington’s disease, CMA malfunction contributes to Htt aggregation. In prion disease, PLK3 affects the levels
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of HSC70 and LAMP2A to mediate PrP degradation through CMA. For amyotrophic lateral sclerosis and frontotemporal

lobar degeneration, TDP-43 is degraded by CMA. For spinocerebellar ataxias, mutant γPKC interacts with HSC70 and

SCA21 mutant TMEM240 blocks the LAMP2A transport.

2.3.1. Parkinson’s Disease

PD is the second most prevalent ND and is presently incurable. The clinical symptoms of PD include motor abnormalities

such as the symptomatic triad of bradykinesia, resting tremors, and rigidity, and non-motor symptoms such as

neurobehavioral disorders, autonomic dysfunctions, sensory impairments, and sleep disturbances . The pathogenic

feature of PD is the loss of nigrostriatal dopaminergic innervation. The main pathogenic molecular mechanisms include α-

synuclein misfolding and aggregate formation, mitochondrial dysfunction, protein clearance impairment associated with

the ubiquitin-proteasome system (UPS) and autophagy-lysosomal, neuroinflammation, and oxidative stress , most of

which are related to autophagy. α-synuclein (SNCA), Parkin, ubiquitin C-terminal hydrolase L1 (UCHL-1), PTEN-induced

kinase 1 (PINK1), PARK7 (DJ-1), leucine-rich repeat kinase 2 (LRRK2), ATPase cation transporting 13A2 (ATP13A2),

glucocerebrosidase (GBA), vacuolar protein sorting ortholog 35 (VPS35), Eukaryotic Translation Initiation Factor 4

Gamma 1 (EIF4G1), and PARK16 are identified as the causative genes of PD . Some of these genes have been found

as CMA substrates and CMA regulators in PD .

Since α-synuclein was identified as a CMA substrate and wild-type α-synuclein was degraded through CMA, PD is the first

ND associated with CMA . In CMA, the α-synuclein directly interacts with the key protein player of CMA, LAMP2A .

For HSC70, miR-320a (HSC70 miRNA) inhibits CMA and promotes α-synuclein accumulation . Reduced CMA in PD is

caused by the loss of LAMP2A and HSC70 proteins, which occurs primarily in brain areas, and also caused by

accumulating membrane-associated α-synuclein and other recognized CMA substrates . CMA degrades α-synuclein,

whereas pathogenic α-synuclein impairs CMA progress. A30P and A53T are two mutant variants of α-synuclein found in

familial forms of PD. These two mutant types of α-synuclein have a higher affinity for the LAMP2A than other substrates.

However, they block the degradation of themselves and other substrates through CMA .

Pathogenic mutations of the LRRK2 are the most common factor for familial PD. LRRK2 has been linked to several

putative PD pathogenic mechanisms, including α-synuclein accumulation, Tau hyperphosphorylation, the inflammatory

response, oxidative stress, mitochondrial dysfunction, synaptic dysfunction, and autophagy-lysosomal system impairment

. A recent study suggested that DNL201, an LRRK2 kinase inhibitor, rescues lysosomal dysfunction in PD patients .

CMA could induce LRRK2 degradation in lysosomes. However, the G2019S, a mutant form of LRRK2, can suppress CMA

via interfering with the formation of translocation complex at the lysosomal membrane . In neurons from LRRK2
G2019S mice, the mutant LRRK2 interferes with CMA activity, increases colocalization between LAMP2A and α-synuclein,

and causes α-synuclein aggregation .

In addition to α-synuclein, LRRK2, and their mutants, the UCHL-1, PARK7, MEF2D, VPS35 mutant, and GBA1 mutant are

PD-related proteins associated with CMA pathways as well. UCHL-1 and GBA1 mutants aberrantly interact with the

HSC70 and LAMP2A, further inducing α-synuclein accumulation by blocking CMA activity . PARK7 and MEF2D

protein levels can be regulated by CMA activity. CMA was demonstrated to selectively degrade the oxidized and altered

PARK7, protecting mitochondria from damaging and affecting cell survival . The mislocalized and inactive MEF2D

accumulation caused by CMA dysfunctions is also a potential reason for PD . Pathogenic VPS35 affects LAMP2A

retrieval from the endosome to the Golgi complex and increases LAMP2A degradation .

2.3.2. Alzheimer’s Disease

AD is the most prevalent form of dementia among senior citizens, and its clinical symptoms are progressive memory

impairment and cognitive function loss . The primary lesions of AD are the deposition of extracellular amyloid β (Aβ)

and intraneuronal Tau neurofibrillary tangles in particular brain areas . Autophagy has a significant impact on the

metabolism of Aβ and Tau proteins. The accumulation of toxic proteins in the AD brain is thought to be caused by

autophagy malfunction . Like PD-related proteins, several AD-related proteins have also been identified as CMA

substrates. The presence of two CMA-targeting motifs in Tau’s C-terminal region suggests that CMA can degrade the Tau

aggregation . Mutant Tau protein can lower CMA activity by interacting with LAMP2A and prevent translocation to the

lysosome lumen .

2.3.3. Huntington’s Disease and Other NDs

HD, a dominantly inherited late-onset ND, is caused by accumulation and aggregation of mutant huntingtin protein (Htt).

Htt is identified as a CMA substrate and interacts with HSC70 and LAMP2A. There is an expended N-terminal

polyglutamine (polyQ) tract in Htt . The polyQ-binding protein forces mutant Htt to CMA machinery, resulting in Htt

[42]

[43]

[44]

[45]

[25] [46]

[47]

[45]

[25]

[48] [49]

[50]

[51]

[52][53]

[54]

[34]

[55]

[56]

[57]

[58]

[59]

[59]

[60]



degradation. Interestingly, CMA activity is upregulated in the early stages of HD due to compensatory adjustment of the

decreased macroautophagy in HD. For the late stage of HD, the lower level of LAMP2A suggests that CMA is impaired

.

Other NDs such as prion diseases, ALS, FTLD, and SCA are related to CMA. The prion protein (PrP) is the main content

of the prion. Overexpression of polo-like kinase 3 (PLK3) induces the degradation of mutated PrP. In both in vivo and in

vitro abnormal PrP models, the levels of HSC70 and LAMP2A are downregulated. In addition, the overexpression of PLK3

can upregulate HSC70 and LAMP2A levels. Taken together, PLK3 mediates the degradation of PrP through CMA .

Accumulation of transactivation response DNA-binding protein 43 kDa (TDP-43) is the hallmark of ALS and FLTD. CMA

can maintain the physiological and pathology forms of TDP-43 as the KFERQ motif in TDP-43 can bind with HSC70 .

SCA is a heterogeneous group of progressive ND. SCA14 is caused by mutant γPKC, which is a CMA substrate. The

interaction between mutant γPKC and HSC70 blocked CMA activity in neuronal cells .
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