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Abstract 

Introduction: Parkinson disease (PD) is the most common neurodegenerative movement disorder. 

Currently only symptomatic treatments exist for PD, and so the search for potential neuroprotective 

drug targets is of great importance. Chaperone mediated autophagy (CMA) is one of the key cellular 

mechanisms in protein homeostasis. Many of the pathogenic pathways thought to be important in 

PD converge on CMA, thus rendering it an attractive therapeutic target. 

Areas covered: In this review we will discuss current up-to-date knowledge of the molecular 

mechanisms involved in CMA as well its regulation. Furthermore, we will go on to discuss the links 

between CMA and PD including CMA’s role in ɑ-synuclein processing, oxidative stress and 

mitochondrial function. We will finish by exploring the potential benefits of how upregulation of 

CMA may be beneficial in PD as well as strategies to achieve this. A comprehensive literature search 

has been carried to include relevant in vitro, in vivo and patient based studies.  

Expert opinion: Upregulation of CMA is an attractive therapeutic target in PD due to its links with 

several pathogenic pathways implicated in PD. Currently more knowledge of the precise mechanisms 

that regulate CMA is required to allow for the development of specific CMA modulators. However, 

recent studies demonstrating the role of retinoic acid derivatives and miRNAs in regulating CMA are 

promising, and indirect upregulation of CMA by modulating other lysosomal pathways may be 

helpful. Furthermore, the discovery of reliable biomarkers of CMA dysfunction will be of great help 

in assessing future therapeutic strategies. 
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Article highlights 

● Chaperone-mediated autophagy (CMA) is implicated in many of the pathogenic pathways 

associated with Parkinson Disease (PD), including proteostasis and mitochondrial 

dysfunction.  

● Key components of the CMA pathway are found to be dysregulated in the brains of PD 

patients.  

● Up-regulation CMA in in vitro and in vivo models appears to confer protection against α-

synuclein accumulation and associated cell death.  

● The use of miRNAs, retinoic acid derivatives and lipid modification are current potential 

therapeutic strategies to modify CMA activity.  

● Further work is required to fully elucidate the regulatory mechanisms of CMA, which in turn 

will generate further potential therapeutic targets.  
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1. Introduction 

Parkinson disease (PD) is the most common neurodegenerative movement disorder with an 

estimated incidence ranging from 5 to >35 new cases per 100,000 individuals per year [1]. PD is rare 

before the age of 50 years but  incidence increases 5-10 fold from the sixth to ninth decade of life 

[2], with >3% of those over 80 years of age affected by PD globally [3]. PD is characterised by 

progressive neuronal loss in specific areas of the brain, such as brainstem monoaminergic nuclei as 

well as, most characteristically, the dopaminergic neurons of the substantia nigra pars compacta 

(SNpc). Besides the motor symptoms of tremor, rigidity, bradykinesia and postural instability, PD 

patients often experience a range of non-motor symptoms such as fatigue, depression, sleep 

disturbance and dementia which are associated with reduced quality of life [4]. The only causes of 

PD identified to date are genetic and it remains unclear whether the environment plays any role in 

aetiology. Research has highlighted several dysregulated pathways implicated in PD pathogenesis, 

including oxidative stress, mitochondrial function and impaired proteostasis [5]. It is likely that 

better insights into the aetiopathogenesis of PD offers the best hope for the development of 

successful neuroprotective treatments that will slow or prevent the progression of both motor and 

non-motor features. Disease heterogeneity, the lack of reliable animal models and suitable clinical 

trial design are just some of the proposed reasons for the lack of success in producing disease 

modifying therapies [6–8]. 

 

A characteristic morphological feature of PD is the presence of intraneuronal protein aggregates 

(Lewy bodies, LB), mainly composed of the protein ɑ-synuclein. The long lifespan of post-mitotic 

neurons in human brain means that they are particularly dependant on efficient intra-cellular 

handling of abnormal proteins. Chaperone mediated autophagy (CMA) is one of the main 

mechanisms cells employ to maintain protein turnover [9]. There is an ever growing body of 

evidence from genetic, in vitro and in vivo studies, that link CMA to PD. In this review we will outline 

the basic mechanisms that underlie CMA before going on to discuss the current evidence that links 
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CMA to PD pathogenesis. We will then discuss the proposed benefits of manipulating CMA activity in 

PD, as well as review current knowledge on CMA regulation, highlighting the current and potential 

future strategies to target CMA therapeutically, as well as the current obstacles to using such a 

strategy.  

 

2. CMA - key proteins and molecular mechanisms 

Protein homeostasis, or proteostasis, plays a crucial role in maintaining a vast number of cellular 

processes [10]. Protein degradation is a key component of proteostasis but it is also essential for the 

removal of damaged or altered proteins that may lead to cellular toxicity. The two major pathways 

employed by cells to achieve this are the ubiquitin-proteasome system (UPS) and the autophagy-

lysosome pathway (ALP) [11, 12]. The ALP can be further subdivided into three main types; 

macroautophagy (MA), microautophagy and chaperone-mediated autophagy (CMA), which differ in 

their selectivity and the mechanism by which they deliver substrates to the lysosome [13]. Whilst 

macro and microautophagy sequester and deliver entire regions of the cytosol to the lysosome, 

which can include complete organelles such as mitochondria, CMA only targets and delivers selected 

proteins [13, 14]. This selectivity allows for CMA to remove damaged or misfolded proteins without 

removing normally functioning neighbouring proteins, as well as play a regulatory role in many 

cellular processes by selective removal of transcription factors and cell maintenance proteins [15].  

 

The CMA process is divided into four steps (fig.1): (I) recognition of substrate proteins and targeting 

them to the lysosome; (II) binding of substrate to lysosomal receptor and substrate unfolding; (III) 

translocation of the substrate into the lysosome; and (IV) degradation of substrate in the lysosomal 

lumen [9]. Recognition of substrates takes place in the cytosol where the constitutive chaperone, 

heat shock cognate protein of 70KDa (hsc70), binds to a pentapeptide amino acid motif (a KFERQ-

like sequence) present in all CMA substrates [16]. Such motifs may only become accessible after 

protein unfolding or after proteins disassemble from multiprotein complexes that expose the 
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previously hidden motif. The CMA-targeting motif is based on the charge of the amino acids and so 

an incomplete motif can be made into a complete motif by post translational modification (e.g. 

acetylation or phosphorylation) [17, 18]. The binding of hsc70 targets the substrate to the lysosomal 

membrane where it interacts with the cytosolic tail of the lysosome-associated membrane protein 

type 2A (LAMP2A) [19]. LAMP2A exists as a monomer at the lysosomal membrane but on binding to 

a CMA substrate it undergoes multimerization to form a multiprotein translocation complex that 

facilitates the translocation of substrates into the lysosomal lumen [20]. The mechanism by which 

substrates are internalised is not fully understood but it is clear that substrates must undergo 

unfolding before translocation across the lysosomal membrane [21]. The unfolding process is likely 

facilitated by hsc70 as well as a number of co-chaperones [22]. Furthermore a lysosomal form of 

hsc70 (lys-hsc70) is required for substrate translocation into the lysosomal lumen, but the 

mechanism by which this occurs has not been fully elucidated [22].  Once the substrate has been 

translocated into the lysosomal lumen, LAMP2A is disassembled from the translocation complex to 

form LAMP2A monomers, allowing for further substrate binding [20]. The rate of CMA can be 

modified by the rate of assembly/disassembly of the translocation complex as well as the abundance 

of LAMP2A at the lysosomal membrane. The relative amount of LAMP2A at the lysosomal 

membrane it a finely controlled process balancing de novo synthesis and degradation. It has been 

shown that LAMP2A is dynamically sub-compartmentalised in the lysosomal membrane, with a 

proportion being associated with cholesterol and glycosphingolipid-rich lipid microdomains [23]. This 

association is thought to facilitate LAMP2A’s cleavage by cathepsin A and an as yet unknown 

metalloproteinase, after which is it released into the lysosomal lumen to undergo degradation [23, 

24]. LAMP2A not associated with such lipid microdomains is protected from such degradation and so 

can form LAMP2A multimers required for CMA activity. As such altering the proportion of LAMP2A 

associated with lipid microdomains in the lysosomal membrane can alter the rate of CMA activity 

[23]. 
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3. CMA activity is altered in both genetic and sporadic forms of PD 

There is now a large body of evidence, comprising both animal and human studies, that links CMA 

dysfunction to PD pathogenesis [25, 26].  

3.1 ɑ-synuclein and CMA: 

It is known that single nucleotide variants, duplications and triplications of SNCA (the gene that 

encodes ɑ-synuclein) cause familial forms of PD [27, 28]. Also, age of onset of PD and disease 

severity appears to be linked to the overexpression rate with patients carrying triplications of SNCA 

developing a more severe form of the disease earlier [28]. Finally, genome wide association studies 

have found that single-nucleotide variants at the SNCA locus increase the risk for sporadic PD [29]. 

Therefore, neuropathological and genetic evidence strongly support the notion that ɑ-synuclein is 

important in PD pathogenesis.  

 

It has been shown that ɑ-synuclein contains a KFERQ-like motif and is a bona-fide substrate for CMA 

in in vitro isolated liver lysosomes [30] as well as in neuronal cell lines and primary neuronal cultures 

[31]. Furthermore, it has been shown that the downregulation of CMA, via interference with 

LAMP2A expression in both neuronal cell models and rat midbrain, leads to the accumulation of high 

molecular weight and detergent-insoluble species of ɑ-synuclein [31, 32].  Interestingly it was found 

that reducing LAMP2A expression in rat midbrain led to a reduction in striatal dopamine content 

followed by progressive loss of nigral neurons with concurrent accumulation of ɑ-synuclein, as well 

as lysosomal dysfunction and behavioural deficits [32]. In addition it has been shown that silencing 

of hsc70 gene expression leads to a significant rise in ɑ-synuclein protein levels in neuronal cell 

models [33]. Taken together these results show that reducing key components of the CMA pathway, 

namely LAMP2A and hsc70, leads to accumulation of ɑ-synuclein highlighting the importance of 

CMA in ɑ-synuclein homeostasis. 
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The relationship between CMA and ɑ-synuclein is however not unidirectional, as it has been shown 

that CMA can be a direct target of the toxic effects of ɑ-synuclein. Thus a detrimental loop would 

ensue where CMA inhibition would lead to further ɑ-synuclein accumulation. PD linked mutations in 

the SNCA gene (A30P and A53T) produce ɑ-synuclein protein that binds LAMP2A with a higher 

affinity than wild type protein thus preventing its translocation across the lysosomal membrane [30]. 

This toxic interaction with aberrant ɑ-synuclein not only precludes its own degradation but also 

other CMA substrates. Similar impairment of CMA function has been observed with ɑ-synuclein that 

has undergone post-translational modification [34]. Such post-translational modification of ɑ-

synuclein by environmental or cellular stressors (such as pesticides or oxidative stress) as well as 

interactions with dopamine are thought to be important in the pathogenesis of sporadic PD [35, 36]. 

Whilst oxidised and nitrated forms of ɑ-synuclein adversely alter their own degradation by CMA, 

dopamine-modified ɑ-synuclein reduces CMA activity in a similar fashion to mutated forms of the 

protein. The tight binding and subsequent poor translocation of dopamine-altered ɑ-synuclein by 

the CMA translocation complex inhibits its own degradation but also that of other CMA substrates. 

As for the PD linked mutations in ɑ-synuclein, the persistence of post-translationally modified ɑ-

synuclein bound to the lysosomal membrane seeds the formation of potentially toxic ɑ-synuclein 

oligomers [34]. Interestingly, there are also indications that overexpression of unmodified wild-type 

(WT) ɑ-synuclein may have a detrimental effect on CMA activity [37, 38] (Fig 1.). 

 

3.2 Other genetic mutations linking PD and CMA 

 Leucine-rich repeat kinase 2 (LRRK2) mutations are the most common familial cause of PD, with the 

most common G2019S mutation accounting for up to 30-40% of North African and Jewish PD cases 

as well as occurring in 1% of sporadic European PD patients [39]. It has recently been shown that 

LRRK2 is a CMA substrate and that both increased levels of the wild type protein as well as mutant 

forms (including the G2019S mutation) lead to impaired CMA processing [40]. A direct consequence 

of this toxic effect on CMA was an accumulation of ɑ-synuclein at the lysosomal membrane which 
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promoted the formation of ɑ-synuclein oligomers [40], which are commonly thought to be the toxic 

form of the protein [41]. Similar abnormal interactions with key CMA components have been 

reported for PD associated mutations in the ubiquitin C-terminal hydrolase L1 (UCH-L1) protein. The 

PD linked mutation of UCH-L1 (I93M) leads to a protein that abnormally interacts with LAMP2A, 

hsc70 and hsp90, leading to reduced CMA function and ɑ-synuclein accumulation [42]. Finally, 

recent reports have demonstrated that both deficiency and autosomal dominant PD-linked mutation 

(D620N) of vacuolar protein sorting-35 (VPS35) lead to ɑ-synuclein accumulation in mouse 

dopaminergic neurons. This effect was mediated by impaired endosome-to-Golgi retrieval of 

LAMP2A, leading to reduced LAMP2A levels and so reduced CMA activity [43] (Fig 1.).  

 

All these data together strongly support the concept that impaired CMA function is important in the 

pathogenesis of PD, with the inhibition of CMA appearing as a common mechanism through which 

multiple proteins linked to familial PD could exert their toxic effect. Furthermore, it highlights 

potential toxic synergies between proteins known to be important in PD, for example LRRK2 and ɑ-

synuclein. In this scenario mutated, post-translationally modified or even potentially WT ɑ-synuclein 

may lead to a reduction in CMA activity with a subsequent accumulation of LRRK2 protein which has 

been shown to inhibit CMA and in turn lead to further detrimental ɑ-synuclein accumulation. 

Therefore restoring CMA activity to remove these toxic proteins is a valid target for future 

therapeutic research in PD.  

 

3.3 Evidence of reduced CMA in idiopathic PD 

In further support for a direct role of CMA in PD pathogenesis, key components of the CMA pathway 

have been found to be reduced in post mortem brain tissue from idiopathic PD patients. Both 

LAMP2A and hsc70 were found to be reduced in both the substantia nigra and amygdala of PD 

patients compared to aged matched controls and patients with Alzheimer’s disease (AD) [44]. This is 

surprising given that the cellular environment in PD, such as high levels of oxidative stress, would 



Acc
ep

ted
 M

an
us

cri
pt

likely increase CMA activity. Indeed, increased LAMP2A and hsc70 have been found in the brains of 

PD mouse models [45]. Furthermore, analysis of post-mortem brain samples from patients suffering 

from dementia with Lewy bodies (DLB), a related synucleinopathy, revealed increased LAMP2A 

levels [46]. This would suggest differential CMA activity and regulation within the synucleinopathies. 

It is known that CMA activity decreases with age, with reduced LAMP2A stability at the lysosomal 

membrane being the most likely mechanism for this [9, 47]. It is therefore tempting to think that the 

reduced CMA proteins seen in PD brains may be a consequence of a gradual reduction due to 

ageing, however given that Alvarez-Erviti et al compared PD brains to aged matched AD and healthy 

controls it suggests other factors are likely to contribute to the observed reduction in CMA markers. 

A potential candidate are microRNAs (miRNAs) which are single stranded RNA molecules that have 

the ability to downregulate protein translation or promote degradation of specific mRNA molecules 

[48, 49]. Eight miRNAs, that were known to be upregulated in PD from previous studies [50], and 

that were predicted to interact with either LAMP2A or hsc70 have been identified [51]. Transfection 

of seven of these miRNAs into SHSY-5Y cells was able to produce dose-dependent reductions in 

endogenous LAMP2A and hsc70 proteins, with associated ɑ-synuclein accumulation [51]. This 

reduction in protein level was not due to reduced mRNA levels, suggesting the miRNAs are acting at 

the translational level. Furthermore, the six of the seven miRNAs capable of producing this effect 

were found to be increased in the substantia nigra and amygdala of post-mortem brain tissue from 

PD patients [51]. In support of this a recent analysis of early PD brain tissue has shown a specific 

reduction in LAMP2A protein that precedes neuronal loss and Lewy body formation. This correlated 

with decreased hsc70 levels and increased levels of ɑ-synuclein and other CMA substrates (including 

MEF2D) [52]. Of note, mRNA expression of all LAMP2 isoforms were not different from controls, 

supporting the idea that reductions in LAMP2A protein level must be mediated by processes other 

than reduced transcription, such as miRNA interference with translation [52].  It is tempting to 

speculate that the differences in LAMP2A levels found in PD and DLB brains may be in part due to 

differing miRNA expression profiles between these synucleinopathies.    



Acc
ep

ted
 M

an
us

cri
pt

 

4. CMA, MEF2D, mitochondrial dysfunction and oxidative stress 

The transcription factor myocyte enhancer factor 2 (MEF2), which has 4 isoforms (MEF2A-D) was 

first described as a transcription factor involved in muscle cell differentiation [53]. It has been 

subsequently shown that MEF2s are highly expressed in brain and play a role in neuronal 

differentiation and survival. [54, 55]. It is now known that one isoform of MEF (MEF2D) is regulated, 

at least in part, by CMA with inhibition of CMA leading to an accumulation of cytoplasmic MEF2D 

[37]. Although this would intuitively suggest that a reduction in CMA would beneficial, it has been 

shown that the accumulated cytosolic MEF2D has reduced DNA binding and is therefore less 

functional. This suggests CMA preferentially removes non-functional MEF2D and that accumulation 

of the non-functional form compromises the action of active MEF2D [37]. The same study went on 

to show that both mutant (A53T) and WT ɑ-synuclein disrupted MEF2D binding to hsc70, leading to 

MEF2D accumulation and cell death. Such toxicity could be attenuated by maintaining nuclear 

MEF2D levels by modification of MEF2D to impede its export from the nucleus [37]. These results 

therefore provide a link to how accumulation of WT ɑ-synuclein may exert its toxic effects as well as 

the potential role of MEF2D in PD pathogenesis. In support of this Yang et al. went on to show that 

MEF2D levels were increased in both the brains of ɑ-synuclein transgenic mice and PD patients, 

suggesting MEF2D-ɑ-synuclein interactions may be important in vivo [37].  

 

Aside from being a nuclear transcription factor, MEF2D has been shown to regulate mitochondrial 

DNA (mtDNA) expression. Specifically MEF2D binds to mtDNA in the coding region of the ND6 gene 

to control its transcription [56]. ND6 encodes the protein NADH dehydrogenase 6, which is an 

essential component of Complex I of the mitochondrial transport chain [57]. Reducing mitochondrial 

MEF2D activity, via genetic manipulation of MEF2D, leads to a reduction in ND6 mRNA with 

subsequent reduction in complex 1 activity, reduced ATP levels and increased hydrogen peroxide 

formation [56]. This demonstrates that MEF2D directly regulates mitochondrial function. 
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Mitochondrial dysfunction has long been implicated in the pathogenesis of PD [58, 59]. Furthermore, 

reduced complex 1 activity has been described in substantia nigra of sporadic PD patients [60] and is 

felt to be a key pathogenic ‘milestone’ in PD. Reduction in mitochondrial MEF2D is therefore able to 

recreate features of PD pathogenesis. Interestingly mitochondrial MEF2D and ND6 proteins were 

greatly reduced in the brains of both MPTP-treated mice and human PD patients [56]. As mentioned 

previously total cellular MEF2D levels were found to be increased in the brains of PD patients, 

therefore this indicates a build-up of non-functional cytosolic MEF2D with a reduction in both DNA 

and mtDNA binding in PD. Since CMA inhibition leads to such a cytosolic accumulation of MEF2D it 

suggests a key role for CMA in regulating functional mitochondrial MEF2D levels and so provides 

another possible link to PD.  

 

Oxidative stress, where excessive oxidant production and/or defective antioxidant systems lead to a 

redox imbalance, is another factor implicated in the pathogenesis of PD [61]. Oxidative stress has 

also been shown to upregulate CMA function via transcriptional upregulation of LAMP2A [62], 

suggesting a protective role for CMA in the selective removal of abnormal or damaged proteins to 

prevent toxic accumulation. In support of this argument selective reduction in CMA activity in 

cellular models increases vulnerability to stressors, in particular to those that induce oxidative stress 

[63]. The mechanism by which CMA reduction could lead to such vulnerability was not suggested. 

However, evidence demonstrating CMAs ability to degrade oxidised, damaged proteins linked to cell 

survival (MEF2D) and the oxidative stress response (DJ-1) may in part explain the observed reduction 

in cell viability in CMA deficient cells under stress. Furthermore, the fact that these proteins are 

linked to PD pathogenesis provide more evidence of CMAs role in PD.  

 

Oxidative insults such as 6-hydroxydopamine (6-OHDA) have been shown to oxidise MEF2D in 

neuronal cell lines. Such oxidised MEF2D was found to have reduced DNA binding and be 

preferentially degraded by CMA [64]. The same authors also demonstrated that accumulation of 
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oxidised MEF2D led to cell death, which was exacerbated by reducing CMA activity and diminished 

using mutated MEF2D resistant to oxidative damage [64]. This demonstrates a direct relationship 

between reduced clearance of oxidised MEF2D and cell death. The finding that total and oxidised 

MEF2D levels are increased in the brains of PD patients [64] suggests that an accumulation of 

damaged MEF2D leading to reduced nuclear and mitochondrial binding may be important in PD 

pathogenesis, and that CMA appears to be key to maintaining MEF2D homeostasis by selectively 

removing damaged forms of the protein.  

 

A very similar role for CMA in maintaining protein function has recently been described for DJ-1, 

another protein linked closely to PD [65]. Daisuke-Junko-1 (DJ-1/PARK7) is a multifunctional protein, 

with its principal roles being antioxidant defence and maintenance of mitochondrial function [66, 

67]. Mutations in DJ-1 are associated autosomal recessive early onset PD [68], and lead to the 

destruction of DJ-1’s functional homodimeric structure. Furthermore, accumulation of non-

functional, extensively oxidised DJ-1 is found in the brains of sporadic PD patients [69] as well as 

induced pluripotent stem cell (IPSC) derived dopaminergic neurons from sporadic PD patients [70]. It 

has been demonstrated that DJ-1 is a CMA substrate but also that extensively oxidised DJ-1 is 

preferentially degraded by CMA under conditions of increased oxidative stress [65]. In addition the 

same study found that reduction of CMA activity led to both an accumulation of oxidised DJ-1 

monomers that alters the balance of DJ-1 dimerisation and increased mitochondrial damage and cell 

death under stress conditions [65]. Thus a reduction in CMA activity could explain the increased 

levels of oxidized DJ-1 found in sporadic PD patients. A recent study has linked reduced DJ-1 function 

to a pathological chain of events beginning with increased oxidative stress leading to oxidised 

dopamine accumulation, ultimately leading to lysosomal dysfunction and ɑ-synuclein accumulation. 

This cascade was found not only in DJ-1 mutant IPSC derived neurons but also in those derived from 

sporadic PD patients [70]. This clearly implicates reduced DJ-1 activity in PD pathogenesis, and given 
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CMAs apparent role in removing non-functional DJ-1 protein, provides another link between CMA 

and PD.  

 

5. Can upregulation of CMA be beneficial in PD? 

The evidence presented so far demonstrates a clear link between PD and CMA, as well the 

detrimental effects reduced CMA activity has in the context of PD pathogenesis. It is therefore 

plausible that upregulation of CMA would be beneficial in PD. In support of this it has been shown 

that genetic manipulation to preserve CMA function in the liver of aged mice by expressing an 

exogenous copy of LAMP2A led to enhanced resistance to stressors and general improvements in 

liver function [71]. Importantly the study demonstrated that increasing LAMP2A levels once the age 

related decline in CMA had already begun was able to improve CMA activity and organ function. 

Subsequently it has been shown that employing a similar strategy in the brain can have equally 

beneficial outcomes. Using an in vivo adeno-associated virus (AAV) model of PD in rats Xilouri et al. 

were able to demonstrate that genetic upregulation of LAMP2A was not toxic and more importantly 

that it greatly reduced ɑ-synuclein levels (including toxic species) and consequently ameliorated ɑ-

synuclein-induced dopaminergic neurodegeneration [72]. The fact that upregulation of CMA is 

capable of alleviating toxicity associated with ɑ-synuclein supports the notion that changes in CMA 

observed in PD are not just a consequence of the disease but contribute to its pathogenesis. It also 

demonstrates that in vivo modulation of CMA is a very promising therapeutic for PD as well as other 

related synucleinopathies.  

 

6. Regulation of CMA - obstacles and potential therapeutic targets: 

Understanding of the regulatory and signalling pathways that control CMA are likely to provide 

targets for therapeutic intervention. Despite the molecular components of CMA targeting and 

translocation being well characterised the signalling pathways that mediate stress induced CMA 

upregulation are largely unknown. As previously stated is known that the rate of CMA is proportional 
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to the amount of LAMP2A at the lysosomal membrane and can be modulated by the rate of 

assembly and disassembly of the LAMP2A translocation complex [20]. As such the molecular 

regulators of LAMP2A levels at the lysosomal membrane, either through increased transcription or 

reduced degradation, as well as regulators of LAMP2A translocation complex assembly are 

important therapeutic targets (Fig. 1).  

 

6.1 Targeting LAMP2A translocation complex assembly: 

It has been shown that a pair of proteins, GFAP and EF1ɑ, acting in a GTP dependent manner can 

modulate the assembly/disassembly rate of the LAMP2A translocation complex [73]. Association of 

GFAP to the translocation complex contributes to its stabilization. Once the substrate has passed 

through the complex GFAP dissociates and binds to phosphorylated forms of GFAP which are found 

bound to EF1ɑ, this promotes disassembly of the translocation complex and so a reduction in CMA 

flux [73]. A further layer of complexity has been added recently with the finding that CMA activity is 

regulated by the lysosomal mTORC2/PHLPP1/Akt axis [74]. Here mTORC2 acts as an inhibitor with 

PHLPP1 acting as a stimulator of CMA under stress conditions, likely mediated through the 

phosphorylation of GFAP [74]. The number of cellular processes involving PHLPP1 is enlarging [75] 

which may well limit it as a target for therapeutic intervention due to off target effects. Similarly, 

unlike the closely related mTORC1 (which interestingly is involved in the regulation of 

macroautophagy), mTORC2 signalling is less well understood but appears to be involved in a diverse 

range of processes that suggest inhibition may have detrimental consequences [76,77].  Currently 

there are no small molecules that specifically target mTORC2, but encouragingly competitive 

inhibitors of mTOR that inhibit both mTORC1 and mTORC2 are being investigated in oncology clinical 

trials and so appear to be tolerated by human subjects [78]. 

 

6.2 Targeting LAMP2A degradation 
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As highlighted, degradation of LAMP2A requires its association with cholesterol rich lipid 

microdomains within the lysosomal membrane.  Therefore the lipid composition of the lysosomal 

membrane is able to modulate CMA activity [23]. It has been shown that exposure to a high 

cholesterol diet accelerates LAMP2A degradation, thus reducing CMA activity, due to increased 

trapping of LAMP2A in lipid microdomains [79]. Conversely, cholesterol depleting agents were able 

to increase CMA activity by reducing LAMP2A degradation [23]. It is postulated that changes in the 

lipid composition of the lysosomal membrane may account for the reduction in CMA seen with 

ageing [79, 80]. These findings hint that lipid lowering medications could potentially improve CMA 

activity. Controversy still exists regarding the relationship between statins and PD risk, with 

conflicting results showing, increased, decreased or no change in risk of PD in those taking statins 

[81–83]. However this still represents an interesting area for further exploration and the effect of 

simvastatin in disease modification of PD is currently being explored in a therapeutic trial.  

 

6.3 Targeting LAMP2A transcription 

When targeting CMA it also needs to be kept in mind that the three ALP systems (CMA, 

macroautophagy and microautophagy) and the UPS do not act independently from one another, 

with multiple points of interaction existing between them. As such these interactions need to be 

taken into consideration when modulating any if the individual pathways. However, the signalling 

pathways that control these relationships have yet to be fully elucidated [84]. Accordingly some of 

the small molecules that were initially described to modulate CMA [85] have proven rather non-

specific, having effects on multiple proteostatic mechanisms such as macroautophagy. With 

reference to this there is conflicting evidence regarding whether upregulation of MA, which is seen 

with CMA inhibition [63], is beneficial [86] or detrimental [38]. As such the recent finding that 

retinoic acid derivatives can specifically regulate CMA without affecting other autophagic pathways 

is of interest [87]. Anguiano et al. identified that disruption of signalling at the retinoic acid receptor 

alpha (RARɑ) had a stimulatory effect on CMA by increasing transcription of LAMP2A and other CMA 
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components, which was able to protect cells from oxidative stress and proteotoxicity [87]. Retinoic 

acid derivatives are attractive compounds as they are already used in human disease such as in the 

treatment of certain leukaemias [88]. Although further pre-clinical models utilising these compounds 

to boost CMA are still awaited, this is a promising therapeutic avenue.     

 

6.4. Targeting miRNAs  

The finding that miRNAs that target and reduce the expression of key CMA components are 

increased in PD brains [51], raises them as a potential therapeutic target. In support of this, 

upregulation of a miRNA resulting in the reduction of hsc70 was shown to increase ɑ-synuclein 

accumulation in SHSY-5Y cells [89]. Furthermore a recent study has shown that the selective 

reduction of miRNA-21, was able to counter the reduction LAMP2A expression caused by miRNA-21 

and reduce ɑ-synuclein accumulation in both a cellular model and in the brains of MPTP treated 

mice [90]. Thus miRNA-21 appears a promising new therapeutic target. Therapeutic strategies to 

target miRNAs have already reached clinical trials in both oncology and hepatology [91], which 

suggests such a strategy would be plausible for neurodegenerative disorders such as PD. 

 

7. Conclusion   

PD is a progressive neurological disorder that currently has no neuroprotective treatment options. 

As one of the main autophagy pathways, CMA is a crucial component to maintain proteostasis. 

There is an ever enlarging body of evidence that suggests that several processes implicated in PD 

pathogenesis converge on impaired CMA function, including ɑ-synuclein accumulation, 

mitochondrial dysfunction and oxidative stress. Furthermore, CMA has been shown to have close 

interactions with several PD related genes (SNCA, LRRK2, VPS35, UCH-L1 and DJ-1) as well as being 

reduced in the brains of those with sporadic PD. All of this evidence suggests improving CMA activity 

may have multiple potential benefits for PD patients and so is an attractive therapeutic target. 

Indeed the genetic manipulation of CMA has been shown to be beneficial in both in vitro and in vivo 
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models of PD. The intricate pathways that regulate CMA activity as well as those that mediate the 

‘cross-talk’ between CMA and the other proteostatic pathways are yet be fully elucidated and so 

currently the use of small molecules to selectively to upregulate CMA is in its infancy. However, 

RARα signalling and miRNA interactions are showing promise that selective CMA upregulation may 

be possible. As more is learnt about CMA’s signalling pathways, new therapeutic targets are likely to 

be emerge that could potentially have a great impact on PD treatment. 

 

8. Expert opinion 

CMA is clearly implicated in PD pathogenesis and so is a potential target for therapeutic 

intervention. However, the pathogenic sequence of events that leads to a person developing PD has 

yet to be fully delineated [92]. There have been a number of putative neuroprotective compounds 

that have shown promise in pre-clinical models of PD but have failed to show benefit when tested in 

human clinical trials. Suggested reasons for such disappointing human translation include unreliable 

pre-clinical models of PD as well as the lack of appreciation of disease heterogeneity when planning 

clinical trials [6–8]. The latter point is especially interesting as it suggests that the ‘road’ to 

neurodegeneration in PD may be different between subgroups of patients. The appreciation of such 

disease heterogeneity has led to great therapeutic advances in the field of oncology, so perhaps the 

same could occur in the field of neurodegeneration. Given this, it is possible to speculate that CMA 

dysfunction may be more important in some PD patients that others. Therefore the development of 

reliable biomarkers of CMA dysfunction will likely prove important in the future development of 

therapeutics aimed at improving CMA function. Interestingly, studies have shown evidence of 

impaired CMA function (via reduced levels of LAMP2A and hsc70) in lymphocytes from PD patients. 

Two studies have found reduced hsc70 levels idiopathic PD lymphocytes, with no changes in 

LAMP2A levels [93,94], whereas another found reduced LAMP2A levels but did not examine hsc70 

[95]. Interestingly Papagiannakis et al also found decreased hsc70 protein levels in lymphocytes 

isolated from PD patients with SNCA and GBA mutations [94]. These studies suggest a systemic 
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dysfunction in CMA is apparent in PD. Furthermore the disagreement between the studies could hint 

to the heterogeneity discussed above, indeed even within the two studies that show consistent 

results there is a large overlap of hsc 70 levels in PD patients with controls implying CMA impairment 

may not universal in PD [93,94]. The search for reliable biomarkers will be key to directing which PD 

patients should enrol in trials of CMA altering therapies as well as acting as makers of target 

engagement thus representing a key future area of research.  

 

As compounds to selectively regulate CMA are still in their infancy, strategies to indirectly improve 

CMA function, for example substrate reduction, may warrant further exploration. Given the 

evidence presented regarding ɑ-synuclein’s relationship with CMA, specifically that even wild type ɑ-

synuclein can inhibit CMA at high levels, reducing ɑ-synuclein is likely to improve CMA function. Such 

a reduction in ɑ-synuclein may be achieved by targeting glucocerebrosidase. Mutations in the 

glucocerebrosidase gene (GBA) are numerically the most important risk factor developing PD [94]. 

GBA encodes glucocerebrosidase (GCase), an important lysosomal enzyme, which has been shown 

to be reduced in the brains of sporadic PD patients [95]. The relationship between ɑ-synuclein and 

GCase is complicated but defective GCase activity has consistently been linked with ɑ-synuclein 

accumulation [94]. Interestingly it has been found GCase activity is selectively reduced in the early 

stages of PD in regions with increased ɑ-synuclein levels that have yet to develop significant Lewy 

pathology. Furthermore, the loss of GCase activity and increase in ɑ-synuclein were shown to be 

directly related to reduced LAMP2A levels in PD brains, suggesting impaired CMA [96]. Thus, finding 

agents that are able to increase levels of functional properly folded GCase would enhance ɑ-

synuclein degradation and therefore potentially preserve CMA function.  

 

Overall the modulation of CMA activity either directly or indirectly is likely to be of great benefit to 

PD patients. Fully elucidating the mechanisms of CMA regulation, as well the discovery of reliable 

accessible biomarkers of CMA dysfunction are important future areas of research as this will not only 
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foster the discovery of therapeutic targets but also highlight the group of PD patients at whom those 

experimental compounds should be targeted. 

 

Funding 

This paper was funded by the European Union Horizon 2020 Research and Innovation programme 

under grant agreement no. (668738), an MRC program grant (MR/M006646/1), the Kattan Trust and 

Parkinson’s UK (G-1403) 

 

Declaration of interest 

A.Schapira is a Consultant for Sanofi Aventis. H.Morris is a Consultant for AlzProtect, Accorda, 

Bristol-Myers-Squibb, E-scape and the Wellcome Trust and has received lecture fees from GE 

Healthcare, GSK, UCB Pharma and the Wellcome Trust. He has also received grants from Cure 

Parkinson’s Trust, Progressive Supranuclear Palsy (PSP) Association, CBD Solutions, Motor Neuron 

Disease (MND) Association, Drake Foundation and Parkinson’s UK. The authors have no other 

relevant affiliations or financial involvement with any organization or entity with a financial interest 

in or financial conflict with the subject matter or materials discussed in the manuscript. This includes 

employment, consultancies, honoraria, stock ownership or options, expert testimony, grants or 

patents received or pending, or royalties.  

Reviewer disclosures 

Peer reviewers on this manuscript have no relevant financial or other relationships to disclose 

References 

Papers of special note have been highlighted as either of interest (•) or of considerable interest (••) 
to readers 

 [1]  Twelves D, Perkins KSM, Counsell C. Systematic review of incidence studies of Parkinson’s 
disease. Mov. Disord. 2003;18:19–31. 

[2]  Van Den Eeden SK, Tanner CM, Bernstein AL, et al. Incidence of Parkinson’s disease: variation by 
age, gender, and race/ethnicity. Am. J. Epidemiol. 2003;157:1015–1022. 

[3]  Pringsheim T, Jette N, Frolkis A, et al. The prevalence of Parkinson’s disease: A systematic 
review and meta-analysis. Mov. Disord. 2014;29:1583–1590. 

[4]  Schapira AHV, Chaudhuri KR, Jenner P. Non-motor features of Parkinson disease. Nat. Rev. 
Neurosci. 2017;18:435–450. 



Acc
ep

ted
 M

an
us

cri
pt

[5]  Schapira AHV, Olanow CW, Greenamyre JT, et al. Slowing of neurodegeneration in Parkinson’s 
disease and Huntington's disease: future therapeutic perspectives. Lancet. 2014;384:545–555. 

[6]  Olanow CW, Kieburtz K, Schapira AHV. Why have we failed to achieve neuroprotection in 
Parkinson’s disease? Ann. Neurol. 2008;64 Suppl 2:S101–S110. 

● Excellent review of potential reasons underlying the failure to develop neuroprotective 
treatments in PD 
 

[7]  Athauda D, Foltynie T. The ongoing pursuit of neuroprotective therapies in Parkinson disease. 
Nat. Rev. Neurol. 2015;11:25–40. 

[8]  Espay AJ, Brundin P, Lang AE. Precision medicine for disease modification in Parkinson disease. 
Nat. Rev. Neurol. 2017;13:119–126. 

● Excellent perspective piece on the potential benefits to a precision medicine approach to 
PD 
 

[9]  Cuervo AM, Wong E. Chaperone-mediated autophagy: roles in disease and aging. Cell Res. 
2014;24:92–104. 

● Comprehensive review of CMA function and its roles in disease 
 

[10]  Balch WE, Morimoto RI, Dillin A, et al. Adapting proteostasis for disease intervention. Science. 
2008;319:916–919. 

[11]  Ciechanover A. Proteolysis: from the lysosome to ubiquitin and the proteasome. Nat. Rev. Mol. 
Cell Biol. 2005;6:79–87. 

[12]  Knecht E, Aguado C, Cárcel J, et al. Intracellular protein degradation in mammalian cells: recent 
developments. Cell. Mol. Life Sci. 2009;66:2427–2443. 

[13]  Cuervo AM. Autophagy: many paths to the same end. Mol. Cell. Biochem. 2004;263:55–72. 

[14]  Massey A, Kiffin R, Cuervo AM. Pathophysiology of chaperone-mediated autophagy. Int. J. 
Biochem. Cell Biol. 2004;36:2420–2434. 

[15]  Kaushik S, Cuervo AM. Chaperone-mediated autophagy: a unique way to enter the lysosome 
world. Trends Cell Biol. 2012;22:407–417. 

[16]  Chiang H-L, Terlecky SR, Plant CP, et al. A role for a 70-kilodaton heat shock protein in 
lysosomal degradation of intracellular proteins. Science. 1989;246:382. 

● Early paper that delineates the role of hsc70 in CMA. 
 

[17]  Thompson LM, Aiken CT, Kaltenbach LS, et al. IKK phosphorylates Huntingtin and targets it for 
degradation by the proteasome and lysosome. J. Cell Biol. 2009;187:1083–1099. 

[18]  Lv L, Li D, Zhao D, et al. Acetylation targets the M2 isoform of pyruvate kinase for degradation 
through chaperone-mediated autophagy and promotes tumor growth. Mol. Cell. 2011;42:719–
730. 

[19]  Cuervo AM, Dice JF. A receptor for the selective uptake and degradation of proteins by 
lysosomes. Science. 1996;273:501–503. 



Acc
ep

ted
 M

an
us

cri
pt

● Pivotal study in understanding the molecular mechanism of CMA. 
 

[20]  Bandyopadhyay U, Kaushik S, Varticovski L, et al. The chaperone-mediated autophagy receptor 
organizes in dynamic protein complexes at the lysosomal membrane. Mol. Cell. Biol. 
2008;28:5747–5763. 

[21]  Salvador N, Aguado C, Horst M, et al. Import of a cytosolic protein into lysosomes by 
chaperone-mediated autophagy depends on its folding state. J. Biol. Chem. 2000;275:27447–
27456. 

[22]  Agarraberes FA, Dice JF. A molecular chaperone complex at the lysosomal membrane is 
required for protein translocation. J. Cell Sci. 2001;114:2491–2499. 

[23]  Kaushik S, Massey AC, Cuervo AM. Lysosome membrane lipid microdomains: novel regulators 
of chaperone-mediated autophagy. EMBO J. 2006;25:3921–3933. 

● Interesting paper demonstrating importance of lipids in the regulation of CMA activity. 
 

[24]  Cuervo AM, Mann L, Bonten EJ, et al. Cathepsin A regulates chaperone-mediated autophagy 
through cleavage of the lysosomal receptor. EMBO J. 2003;22:47–59. 

[25]  Sala G, Marinig D, Arosio A, et al. Role of Chaperone-Mediated Autophagy Dysfunctions in the 
Pathogenesis of Parkinson’s Disease. Front. Mol. Neurosci. 2016;9:157. 

[26]  Yang R, Gao G, Mao Z, et al. Chaperone-Mediated Autophagy and Mitochondrial Homeostasis in 
Parkinson’s Disease. Parkinsons Dis. 2016;2016:2613401. 

[27]  Polymeropoulos MH, Lavedan C, Leroy E, et al. Mutation in the alpha-synuclein gene identified 
in families with Parkinson’s disease. Science. 1997;276:2045–2047. 

[28]  Singleton AB, Farrer M, Johnson J, et al. alpha-Synuclein locus triplication causes Parkinson’s 
disease. Science. 2003;302:841. 

[29]  Nalls MA, Pankratz N, Lill CM, et al. Large-scale meta-analysis of genome-wide association data 
identifies six new risk loci for Parkinson’s disease. Nat. Genet. 2014;46:989–993. 

[30]  Cuervo AM, Stefanis L, Fredenburg R, et al. Impaired degradation of mutant alpha-synuclein by 
chaperone-mediated autophagy. Science. 2004;305:1292–1295. 

** Important paper demonstrating ɑ-synuclein as a bona fide CMA substrate as well as the 
impaired degradation of mutant forms of the protein 
 
[31]  Vogiatzi T, Xilouri M, Vekrellis K, et al. Wild Type α-Synuclein Is Degraded by Chaperone-

mediated Autophagy and Macroautophagy in Neuronal Cells. J. Biol. Chem. 2008;283:23542–
23556. 

[32]  Xilouri M, Brekk OR, Polissidis A, et al. Impairment of chaperone-mediated autophagy induces 
dopaminergic neurodegeneration in rats. Autophagy. 2016;12:2230–2247. 

**First study to show that downregulation of CMA in rat brain leads to progressive loss of nigral 
dopaminergic neurons and loss of striatal dopamine.  
 
[33]  Sala G, Marinig D, Riva C, et al. Rotenone down-regulates HSPA8/hsc70 chaperone protein in 

vitro: A new possible toxic mechanism contributing to Parkinson’s disease. Neurotoxicology. 



Acc
ep

ted
 M

an
us

cri
pt

2016;54:161–169. 

[34]  Martinez-Vicente M, Talloczy Z, Kaushik S, et al. Dopamine-modified alpha-synuclein blocks 
chaperone-mediated autophagy. J. Clin. Invest. 2008;118:777–788. 

[35]  Maguire-Zeiss KA, Short DW, Federoff HJ. Synuclein, dopamine and oxidative stress: co-
conspirators in Parkinson’s disease? Brain Res. Mol. Brain Res. 2005;134:18–23. 

[36]  Oueslati A, Fournier M, Lashuel HA. Role of post-translational modifications in modulating the 
structure, function and toxicity of alpha-synuclein: implications for Parkinson’s disease 
pathogenesis and therapies. Prog. Brain Res. 2010;183:115–145. 

[37]  Yang Q, She H, Gearing M, et al. Regulation of neuronal survival factor MEF2D by chaperone-
mediated autophagy. Science. 2009;323:124–127. 

● Important study demonstrating MEF2D is a CMA substrate and therefore linking CMA to 
the neuronal survival machinery  
 

[38]  Xilouri M, Vogiatzi T, Vekrellis K, et al. Abberant alpha-synuclein confers toxicity to neurons in 
part through inhibition of chaperone-mediated autophagy. PLoS One. 2009;4:e5515. 

[39]  Lubbe S, Morris HR. Recent advances in Parkinson’s disease genetics. J. Neurol. 2014;261:259–
266. 

[40]  Orenstein SJ, Kuo S-H, Tasset I, et al. Interplay of LRRK2 with chaperone-mediated autophagy. 
Nat. Neurosci. 2013;16:394–406. 

● Interesting paper demonstrating link between mutant LRRK2 and defect CMA function 
 

[41]  Vekrellis K, Rideout HJ, Stefanis L. Neurobiology of alpha-synuclein. Mol. Neurobiol. 2004;30:1–
21. 

[42]  Kabuta T, Furuta A, Aoki S, et al. Aberrant interaction between Parkinson disease-associated 
mutant UCH-L1 and the lysosomal receptor for chaperone-mediated autophagy. J. Biol. Chem. 
2008;283:23731–23738. 

[43]  Tang F-L, Erion JR, Tian Y, et al. VPS35 in Dopamine Neurons Is Required for Endosome-to-Golgi 
Retrieval of Lamp2a, a Receptor of Chaperone-Mediated Autophagy That Is Critical for α-
Synuclein Degradation and Prevention of Pathogenesis of Parkinson’s Disease. J. Neurosci. 
2015;35:10613–10628. 

 

 

[44]  Alvarez-Erviti L, Rodriguez-Oroz MC, Cooper JM, et al. Chaperone-mediated autophagy markers 
in Parkinson disease brains. Arch. Neurol. 2010;67:1464–1472. 

** Important paper demonstrating reduced levels of key CMA proteins in the brains of PD 
patients. 
 

[45]  Mak SK, McCormack AL, Manning-Bog AB, et al. Lysosomal degradation of alpha-synuclein in 
vivo. J. Biol. Chem. 2010;285:13621–13629. 



Acc
ep

ted
 M

an
us

cri
pt

[46]  Klucken J, Poehler A-M, Ebrahimi-Fakhari D, et al. Alpha-synuclein aggregation involves a 
bafilomycin A 1-sensitive autophagy pathway. Autophagy. 2012;8:754–766. 

[47]  Xilouri M, Stefanis L. Chaperone mediated autophagy in aging: Starve to prosper. Ageing Res. 
Rev. 2016;32:13–21. 

[48]  Hutvágner G, Zamore PD. A microRNA in a multiple-turnover RNAi enzyme complex. Science. 
2002;297:2056–2060. 

[49]  Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by adenosines, indicates 
that thousands of human genes are microRNA targets. Cell. 2005;120:15–20. 

[50]  Kim J, Inoue K, Ishii J, et al. A MicroRNA feedback circuit in midbrain dopamine neurons. 
Science. 2007;317:1220–1224. 

[51]  Alvarez-Erviti L, Seow Y, Schapira AHV, et al. Influence of microRNA deregulation on chaperone-
mediated autophagy and α-synuclein pathology in Parkinson’s disease. Cell Death Dis. 
2013;4:e545. 

● Interesting study demonstrating the ability for miRNAs to downregulate CMA activity. 
 

[52]  Murphy KE, Gysbers AM, Abbott SK, et al. Lysosomal-associated membrane protein 2 isoforms 
are differentially affected in early Parkinson’s disease. Mov. Disord. 2015;30:1639–1647. 

[53]  Yu YT, Breitbart RE, Smoot LB, et al. Human myocyte-specific enhancer factor 2 comprises a 
group of tissue-restricted MADS box transcription factors. Genes Dev. 1992;6:1783–1798. 

[54]  Mao Z, Bonni A, Xia F, et al. Neuronal activity-dependent cell survival mediated by transcription 
factor MEF2. Science. 1999;286:785–790. 

[55]  Heidenreich KA, Linseman DA. Myocyte enhancer factor-2 transcription factors in neuronal 
differentiation and survival. Mol. Neurobiol. 2004;29:155–166. 

[56]  She H, Yang Q, Shepherd K, et al. Direct regulation of complex I by mitochondrial MEF2D is 
disrupted in a mouse model of Parkinson disease and in human patients. J. Clin. Invest. 
2011;121:930–940. 

● First study to demonstrate MEF2D’s role in mitochondrial function 
 

[57]  Bai Y, Attardi G. The mtDNA-encoded ND6 subunit of mitochondrial NADH dehydrogenase is 
essential for the assembly of the membrane arm and the respiratory function of the enzyme. 
EMBO J. 1998;17:4848–4858. 

[58]  Schapira AHV. Mitochondria in the aetiology and pathogenesis of Parkinson’s disease. Lancet 
Neurol. 2008;7:97–109. 

[59]  Exner N, Lutz AK, Haass C, et al. Mitochondrial dysfunction in Parkinson9s disease: molecular 
mechanisms and pathophysiological consequences. EMBO J. 2012;31:3038–3062. 

[60]  Schapira AH, Cooper JM, Dexter D, et al. Mitochondrial complex I deficiency in Parkinson’s 
disease. Lancet. 1989;1:1269. 

[61]  Dias V, Junn E, Mouradian MM. The role of oxidative stress in Parkinson’s disease. J. Parkinsons. 
Dis. 2013;3:461–491. 



Acc
ep

ted
 M

an
us

cri
pt

[62]  Kiffin R, Christian C, Knecht E, et al. Activation of chaperone-mediated autophagy during 
oxidative stress. Mol. Biol. Cell. 2004;15:4829–4840. 

[63]  Massey AC, Kaushik S, Sovak G, et al. Consequences of the selective blockage of chaperone-
mediated autophagy. Proc. Natl. Acad. Sci. U. S. A. 2006;103:5805–5810. 

[64]  Gao L, She H, Li W, et al. Oxidation of survival factor MEF2D in neuronal death and Parkinson’s 
disease. Antioxid. Redox Signal. 2014;20:2936–2948. 

[65]  Wang B, Cai Z, Tao K, et al. Essential control of mitochondrial morphology and function by 
chaperone-mediated autophagy through degradation of PARK7. Autophagy. 2016;12:1215–
1228. 

[66]  Kahle PJ, Waak J, Gasser T. DJ-1 and prevention of oxidative stress in Parkinson’s disease and 
other age-related disorders. Free Radic. Biol. Med. 2009;47:1354–1361. 

[67]  McCoy MK, Cookson MR. DJ-1 regulation of mitochondrial function and autophagy through 
oxidative stress. Autophagy. 2011;7:531–532. 

[68]  Bonifati V, Rizzu P, van Baren MJ, et al. Mutations in the DJ-1 gene associated with autosomal 
recessive early-onset parkinsonism. Science. 2003;299:256–259. 

[69]  Choi J, Sullards MC, Olzmann JA, et al. Oxidative damage of DJ-1 is linked to sporadic Parkinson 
and Alzheimer diseases. J. Biol. Chem. 2006;281:10816–10824. 

[70]  Burbulla LF, Song P, Mazzulli JR, et al. Dopamine oxidation mediates mitochondrial and 
lysosomal dysfunction in Parkinson’s disease. Science [Internet]. 2017; Available from: 
http://dx.doi.org/10.1126/science.aam9080. 

[71]  Zhang C, Cuervo AM. Restoration of chaperone-mediated autophagy in aging liver improves 
cellular maintenance and hepatic function. Nat. Med. 2008;14:959–965. 

[72]  Xilouri M, Brekk OR, Landeck N, et al. Boosting chaperone-mediated autophagy in vivo mitigates 
α-synuclein-induced neurodegeneration. Brain. 2013;136:2130–2146. 

** First demonstration that upregulating CMA function in vitro and in vivo was able to reverse the 
toxicity of ɑ-synuclein overexpression. 
 
[73]  Bandyopadhyay U, Sridhar S, Kaushik S, et al. Identification of regulators of chaperone-

mediated autophagy. Mol. Cell. 2010;39:535–547. 

[74]  Arias E, Koga H, Diaz A, et al. Lysosomal mTORC2/PHLPP1/Akt Regulate Chaperone-Mediated 
Autophagy. Mol. Cell. 2015;59:270–284. 

[75]  Grzechnik AT, Newton AC. PHLPPing through history: a decade in the life of PHLPP 
phosphatases. Biochem. Soc. Trans. 2016;44:1675–1682. 

[76]  Bové J, Martínez-Vicente M, Vila M. Fighting neurodegeneration with rapamycin: mechanistic 
insights. Nat. Rev. Neurosci. 2011;12:437–452. 

[77]  Gaubitz C, Prouteau M, Kusmider B, et al. TORC2 Structure and Function. Trends Biochem. Sci. 
2016;41:532–545. 

[78]  Benjamin D, Colombi M, Moroni C, et al. Rapamycin passes the torch: a new generation of 



Acc
ep

ted
 M

an
us

cri
pt

mTOR inhibitors. Nat. Rev. Drug Discov. 2011;10:868–880. 

[79]  Rodriguez-Navarro JA, Kaushik S, Koga H, et al. Inhibitory effect of dietary lipids on chaperone-
mediated autophagy. Proc. Natl. Acad. Sci. U. S. A. 2012;109:E705–E714. 

[80]  Kiffin R, Kaushik S, Zeng M, et al. Altered dynamics of the lysosomal receptor for chaperone-
mediated autophagy with age. J. Cell Sci. 2007;120:782–791. 

[81]  Huang X, Alonso A, Guo X, et al. Statins, plasma cholesterol, and risk of Parkinson’s disease: a 
prospective study. Mov. Disord. 2015;30:552–559. 

[82]  Bai S, Song Y, Huang X, et al. Statin Use and the Risk of Parkinson’s Disease: An Updated Meta-
Analysis. PLoS One. 2016;11:e0152564. 

[83]  Rozani V, Giladi N, El-Ad B, et al. Statin adherence and the risk of Parkinson’s disease: A 
population-based cohort study. PLoS One. 2017;12:e0175054. 

[84]  Wong E, Cuervo AM. Integration of clearance mechanisms: the proteasome and autophagy. 
Cold Spring Harb. Perspect. Biol. 2010;2:a006734. 

[85]  Finn PF, Mesires NT, Vine M, et al. Effects of small molecules on chaperone-mediated 
autophagy. Autophagy. 2005;1:141–145. 

[86]  Yu WH, Dorado B, Figueroa HY, et al. Metabolic activity determines efficacy of macroautophagic 
clearance of pathological oligomeric alpha-synuclein. Am. J. Pathol. 2009;175:736–747. 

[87]  Anguiano J, Garner TP, Mahalingam M, et al. Chemical modulation of chaperone-mediated 
autophagy by retinoic acid derivatives. Nat. Chem. Biol. 2013;9:374–382. 

● Important study demonstrating the ability of retinoic acid derivatives to selectively 
upregulate CMA activity 
 

[88]  Coombs CC, Tavakkoli M, Tallman MS. Acute promyelocytic leukemia: where did we start, 
where are we now, and the future. Blood Cancer J. 2015;5:e304. 

[89]  Li G, Yang H, Zhu D, et al. Targeted suppression of chaperone-mediated autophagy by miR-320a 
promotes α-synuclein aggregation. Int. J. Mol. Sci. 2014;15:15845–15857. 

[90]  Su C, Yang X, Lou J. Geniposide reduces α-synuclein by blocking microRNA-21/lysosome-
associated membrane protein 2A interaction in Parkinson disease models. Brain Res. 
2016;1644:98–106. 

[91]  Rupaimoole R, Slack FJ. MicroRNA therapeutics: towards a new era for the management of 
cancer and other diseases. Nat. Rev. Drug Discov. 2017;16:203–222. 

[92]  Poewe W, Seppi K, Tanner CM, et al. Parkinson disease. Nat Rev Dis Primers. 2017;3:17013. 

[93]  Sala G, Stefanoni G, Arosio A, et al. Reduced expression of the chaperone-mediated autophagy 
carrier hsc70 protein in lymphomonocytes of patients with Parkinson’s disease. Brain Res. 
2014;1546:46–52. 

 

[94]  Papagiannakis N, Xilouri M, Koros C, et al. Lysosomal alterations in peripheral blood 
mononuclear cells of Parkinson’s disease patients. Mov. Disord. 2015;30:1830–1834. 



Acc
ep

ted
 M

an
us

cri
pt

[95]  Wu G, Wang X, Feng X, et al. Altered expression of autophagic genes in the peripheral 
leukocytes of patients with sporadic Parkinson’s disease. Brain Res. 2011;1394:105–111. 

[96]  Migdalska-Richards A, Schapira AHV. The relationship between glucocerebrosidase mutations 
and Parkinson disease. J. Neurochem. 2016;139 Suppl 1:77–90. 

[97]  Gegg ME, Burke D, Heales SJR, et al. Glucocerebrosidase deficiency in substantia nigra of 
parkinson disease brains. Ann. Neurol. 2012;72:455–463. 

[98]  Murphy KE, Gysbers AM, Abbott SK, et al. Reduced glucocerebrosidase is associated with 
increased α-synuclein in sporadic Parkinson’s disease. Brain. 2014;137:834–848. 

 

 
 
 
Abbreviations:  
 
 

6-OHDA 6-hydroxydopamine 

ALP Autophagy-lysosome pathway 

CMA Chaperone-mediated autophagy 

EF1α Elongation factor 1-α 

GFAP Glial fibrillary acidic protein 

hsc70 Heat shock cognate protein of 70KDa 

IPSC induced pluripotent stem cell 

LAMP2A Lysosome-associated membrane protein type 2A  

LRRK2 Leucine-rich repeat kinase 2  

LB Lewy bodies 

mTORC2 mammalian target of rapamycin complex 2 

miRNA mircoRNA 

mtDNA mitochondrial DNA 

MEF2 myocyte enhancer factor 2 

PD Parkinson disease 

PHLPP1 PH domain leucine-rich repeat-containing protein phosphatase 1 
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shRNA Short hairpin RNA 

SNpc Substantia nigra pars compacta 

UCH-L1 Ubiquitin C-terminal hydrolase L1  

UPS Ubiquitin-proteasome system 

VPS35 Vacuolar protein sorting-35 

WT Wild type 
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