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Abstract

Cells rely on surveillance systems such as autophagy to handle protein alterations and organelle
damage. Dysfunctional autophagy, an evolutionarily conserved cellular mechanism for
degradation of intracellular components in lysosomes, frequently leads to neurodegeneration. The
neuroprotective effect of autophagy stems from its ability to eliminate pathogenic forms of
proteins such as a-synuclein or tau. However, the same pathogenic proteins often affect different
types and steps of the autophagic process. Furthermore, genetic studies have shown that some
proteins related to neurodegeneration, such as huntingtin, participate in autophagy as one of their
physiological functions. This complex interplay between autophagy and neurodegeneration
suggests that targeting autophagy as a whole might have limited applicability in neurodegenerative
diseases, and that future efforts should focus instead on targeting specific types and steps of the
autophagic process. This change of strategy in the modulation of autophagy might hold promise
for future disease-modifying therapies for patients with neurodegenerative disorders.
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Introduction

All cellular proteins and organelles are subjected to quality control. The ubiquitin
proteasome system and autophagy contribute to the destruction and recycling of altered
cellular components when repair is not possible.1:2 Autophagy is an evolutionarily
conserved cellular mechanism for degradation of proteins and organelles in lysosomes.
Malfunctioning autophagy has been reported in several diseases, including
neurodegenerative disorders such as Parkinson’s disease or Alzheimer’s disease.2™
Autophagy is an effective neuroprotective mechanism that actively contributes to the
removal of pathogenic proteins, but in some instances, it becomes the target of the toxic
action of these proteins. This toxicity on the autophagic system can be primary to the main
cause of the disease, when the pathogenic proteins directly interfere with components of the
autophagic intracellular machinery, or secondary to the main cause of the disease, when the
autophagic process is indirectly disturbed. Discriminating between both situations and
identifying the specific autophagic defect associated with each neurodegenerative disorder is
challenging, because of the relatively small number of studies that have included a detailed
molecular dissection of the autophagic defects. However, identifying the autophagic defect
becomes essential when autophagy is targeted for therapeutic purposes.

In this Review, we describe the complex interplay between autophagy and
neurodegeneration and discuss the possible limitations associated with global enhancement
of autophagic activity in the treatment of neurodegenerative diseases. We also discuss how
the targeting of autophagy needs to become more selective at two levels: the degraded cargo,
and the autophagic step targeted. Lastly, we consider why targeting selective autophagy
might hold promise for future therapies for neurodegenerative disorders.

Autophagic pathways

Three types of autophagy have been described in mammals, according to the mechanism of
delivery of cargo to the lysosomes (figure 1). In macroautophagy, cytosolic cargo is first
trapped inside double membrane vesicles (autophagosomes) that then fuse with lysosomes
for complete degradation of cargo. The subset of genes and proteins that participate in this
process are called autophagy-related genes and autophagy-related proteins.> In chaperone-
mediated autophagy, proteins are identified one by one by a cytosolic chaperone that brings
them to the lysosomal surface for translocation across this membrane.3 Finally, in
microautophagy and endosomal microautophagy, cargo is internalised through invaginations
in the lysosomal and endosomal membrane (panel 1).” For a more detailed description of the
molecular components and regulation of autophagy, and of the dynamic interplay between
the different autophagic pathways, readers are directed to extensive reviews on this topic.2

Defective autophagy in the brain

Autophagy is important in maintenance of neurons and glia, because many cells of the CNS
are post-mitotic and need to have the most exquisite quality control systems in place to
eliminate altered proteins and organelles.>6 Additionally, maintenance of neuronal and glial
activity imposes high energetic demands that are resolved in large part by the recycling of
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essential components through autophagy.®8 In cellular and animal models, macroautophagy
has been shown to contribute to different aspects of neuronal physiology, including axonal
homeostasis, synaptic pruning, and neurogenesis through maintenance of neural progenitors.
8-11 Neuronal deletion of key autophagy genes in mice results in neurodegeneration, with
age-dependent intracellular accumulation of protein aggregates and dysfunctional organelles,
12,13 supporting the role of autophagy in quality control of the CNS. In fact, the process of
degeneration observed in mice when autophagy is blocked in neurons is probably a
combination of direct proteotoxicity (due to loss of quality control) and of loss of key
functions of autophagy in neurons and neuronal progenitors.

Autophagy exerts many of its functions through selective removal of proteins (figure 2),
which requires coordinated action of receptors, chaperones, and autophagy proteins (panel
2). Chaperone-mediated autophagy selectively degrades single proteins, but once proteins
organise into aberrant oligomeric complexes, degradation through this pathway is no longer
possible.12 Small aggregates and oligomers can be taken up by endosomal microautophagy,
23 ut irreversible aggregates can only be eliminated by macroautophagy either in bulk or
selectively by aggrephagy.*

Reduced ability to eliminate pathogenic proteins via autophagy has been shown in
neurodegenerative disorders.# Failure to remove aggregates of some types of proteins (eg,
p38, a protein member of the AMPK family that is prone to form aggregates in Parkinson’s
disease) is not due to disruption of the autophagic process, but rather due to primary changes
in the protein that prevent its targeting to autophagy (panel 3).24 However, in other cases (ie,
huntingtin, a-synuclein, tau), accumulation of pathogenic proteins is often a consequence of
defective autophagy.* Similarly, the functional decline of autophagy in old organisms has
been proposed as a primary risk factor for neurodegenerative diseases.12 Vulnerability to
macroautophagy failure seems to be dependent on neuronal type—eg, Purkinje neurons?®
are more vulnerable than midbrain dopaminergic neurons®C to the presence of p62 (also

known as sequestosome-1) protein inclusions—and is also affected by age and disease stage.
31

Changes in autophagic processes in degenerating neurons can be primary or reactive to
another underlying cause. For example, mutations of presenilin proteins in Alzheimer’s
disease are primary defects, because they directly reduce acidification of lysosomes,32
disturbing their degradative capacity. By contrast, blockage of chaperone-mediated
autophagy by mutant a-synuclein? is a typical example of autophagic malfunction
secondary to the main cause of the disease. Mutations in other disease-related proteins can
cause autophagy to fail, because their physiological activity is lost. For example, huntingtin
contributes to autophagy activation and cargo recognition, and both functions are lost in its
mutant counterpart.25:33 In the following sections, we present examples of pathogenic
proteins that have a toxic effect on autophagy, the autophagic step that they disrupt, and the
genetic mutations that prevent the physiological participation of specific proteins in
autophagy.
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Pathogenic proteins interfering with autophagy

Defective induction of autophagy

Autophagy effectors and regulators are often found trapped in aggregates in many
neurodegenerative disorders. For example, lysosomal proteins or the autophagy cargo
receptor protein p62 are common components of Lewy bodies in Parkinson’s disease.3*
Although they could aggregate indirectly because of the loss of neuronal proteostasis (a
cellular process that ensures proteins maintain the most favourable conformation and do not
aggregate), growing evidence supports the direct interaction between pathogenic proteins
and components of autophagy as a trigger for aggregation.3%36 This physical sequestration
of autophagy regulators by pathogenic proteins has been shown to reduce induction of
macroautophagy (figure 3). For example, mutant a-synuclein directly binds transcription
factor EB (TFEB), an essential regulator of lysosomal biogenesis and of many of the genes
involved in macroautophagy, and prevents its nuclear translocation, thus reducing the
transcriptional activation of TFEB-dependent autophagic and lysosomal genes.3° Similarly,
mutant huntingtin aberrantly interacts with Ras homologue enriched in striatum (Rhes), a
protein that normally activates autophagy by preventing the interaction between Beclin-1
and its endogenous inhibitor Bcl-2.36

No direct interaction between pathogenic proteins and signalling molecules involved in
induction of chaperone-mediated autophagy (ie, nuclear factor of activated T cells, retinoic
acid receptor-a, nuclear factor erythroid 2-related factor 2) have been found yet.3 The
relatively poor understanding of the mechanism behind the induction of endosomal
microautophagy has limited its possible association with neurodegenerative disease.

Interference with autophagic cargo recognition

Deficient cargo recognition can be due to intrinsic substrate alterations or faulty functioning
of the cargo recognition machinery (figure 3). In Huntington’s disease, reduced mitophagy,
lipophagy, and aggrephagy have been partly associated with inefficient cargo loading into
autophagosomes.3” The formation of similar empty autophagosomes as a result of huntingtin
depletion was initially thought of as a gain of toxic function, but instead suggests a
physiological role of huntingtin in cargo recognition.2

Mitophagy has been one of the most studied selective types of autophagy in
neurodegenerative disorders.38 Inadequate degradation of mitochondria seems to be
responsible for the accumulation of defective mitochondria in these conditions.38 Defective
mitophagy can occur alongside other defective autophagic pathways (ie, bulk autophagy,
lipophagy, aggrephagy), when pathogenic proteins interfere with components of the core
machinery involved in autophagy induction, auto-phagosome formation, and clearance
(figure 1).35:36 Selective failure of mitophagy has been linked to a primary defect in the
components of the mitochondrial cargo recognition machinery. For example, studies have
identified a link between 7BKZ mutations and defective mitophagy in patients with
amyotrophic lateral sclerosis.3940 Besides its role in immunity, TANK1-binding kinase 1
(TBK1) participates in mitochondria recognition and clearance by mitophagy.#! The best
characterised type of mitophagy relies on the cooperation between the E3-ubiquitin ligase
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Parkin and the mitochondrial resident PTEN-induced putative kinase 1 (PINK1).42
Activation of PINK1 recruits Parkin to depolarised mitochondria, which facilitates their
recognition as cargo by the autophagy machinery. Mutations in both PINK1 and Parkin have
been described in familiar forms of Parkinson’s disease. Upon mitochondrial depolarisation,
the PINK1-Parkin axis mediates ubiquitination of outer membrane mitochondrial proteins
and recruitment of cargo receptors such as optineurin or p62. Both receptors are regulated by
phosphorylation by TBK1, and optineurin phosphorylation has been shown to increase
mitophagy.#3 Mutations in 78K associated with amyotrophic lateral sclerosis reduce
mitophagy, resulting in aggregation of defective mitochondria and neuronal toxicity in
cultured cells.*3 Whether the described PINK1-independent basal mitophagy** could also be
under TBK1 regulation remains unknown.

A direct toxic effect of pathogenic proteins on heat shock cognate 70 kDa protein (Hsc70),
responsible for cargo recognition in chaperone-mediated autophagy and endosomal
microautophagy, has not been described yet. However, a model of chaperone depletion has
been suggestedl in which aggregate-mediated sequestration of Hsc70 reduces its availability
for other cellular functions, such as endocytosis or protein folding (figure 3). Although the
consequences for chaperone-mediated autophagy and endosomal microautophagy are still
unknown, the negative effect of this Hsc70 sequestration on endocytosis has already been
shown in Caenorhabditis elegans.

Compromised mobilisation of autophagic compartments

Because of their extraordinary polarisation, neurons are highly dependent on organelle
trafficking. Autophagosomes generated in the distal part of the axon use retrograde transport
to reach the soma, where they fuse with lysosomes.*> Pathogenic proteins have been shown
to interfere with autophagosome trafficking and fusion (figure 3). Several studies have
shown that aggregated a.-synuclein and mutant huntingtin decrease autophagosome motility
in neurons and lead to their accumulation.#6:47 For example, binding of mutant a-synuclein
to the autophagosome surface reduces their retrograde transport and might contribute to
accumulation of a-synuclein in amyloid fibrils (Lewy neurites), reported in patients with
Parkinson’s disease.# Similarly, abnormal binding of p-amyloid oligomers to the
cytoskeletal motor protein dynein might contribute to the accumulation of autophagosomes
in the distal part of the axons in patients with Alzheimer’s disease.48

The fusion of autophagosomes with lysosomes is modulated by membrane lipids and
SNARE proteins.>6 Binding of pathogenic proteins to the autophagosome surface, as
reported with mutant a-synuclein in some Parkinson’s disease models, alters the dynamics
of this process.* Lysosomal acidification, defective in neurodegenerative diseases such as
Alzheimer’s disease and Parkinson’s disease,32:49 is also essential for compartment motility
and fusogenicity.

Alterations of the lysosomal compartment

Primary defects in lysosomal membrane stability, enzymatic content, and activity or
acidification of the lysosomal lumen can result in incomplete cargo degradation.32:49.50 The
toxic effect of most pathogenic proteins on chaperone-mediated autophagy occurs directly at
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the lysosomal membrane (figure 3). Mutations and post-translational modifications of a-
synuclein impair degradation by chaperone-mediated autophagy, because the modifications
interfere with the organisation of the monomeric protein lysosome-associated membrane
protein-2A (LAMP-2A) into the multimeric complex required for translocation of substrate
proteins from the cytosol into the lysosomal lumen (figure 3B).3:18 Abnormal LAMP-2A
binding and disruption of its assembly are also responsible for the toxic effect of other
proteins associated with Parkinson’s disease, such as leucine-rich repeat kinase 2 (LRRK2),
19 ubiquitin carboxy-terminal hydrolase L1,39 and mutant A152T-tau.?! These proteins often
oligomerise at the lysosomal surface further, contributing to the blockage of chaperone-
mediated autophagy,3-18:19.21 and possibly acting as a primary site of aggregation in neurons.
49 Cells expressing mutations related to Parkinson’s disease in vacuolar protein sorting-
associated protein 35 (VPS35),51 or depleted of deglycase J-1 (DJ-1) (encoded by the
PARK7 gene),22 show reduced chaperone-mediated autophagy as a consequence of the
accelerated degradation of LAMP-2A in lysosomes, although the mechanism behind
LAMP-2A destabilisation remains unknown.

Genetic basis for defective autophagy in neurodegenerative disorders

Few neurodegenerative diseases have been directly associated with loss-of-function
mutations in autophagy-related genes.>2->3 Mutations in autophagic receptors such as p62 or
optineurin have been associated with frontotemporal dementia,>* Alzheimer’s disease,?® or
amyotrophic lateral sclerosis.>® However, studies investigating the basis for autophagy
malfunctioning in other neurodegenerative disorders have identified some non-pathogenic
variants of proteins as components of the autophagy machinery. In these instances, when the
non-pathogenic form of the protein has a physiological function in autophagy, the
autophagic failure originates from loss-of-function, rather than from the toxic effect. In
cellular and animal models of Parkinson’s disease, for example, depletion of the non-mutant
forms of LRRK219 and DJ-122 reproduces, for the most part, the malfunction of chaperone-
mediated autophagy reported in the presence of their mutant counterparts. However,
mechanistic information on how these proteins modulate chaperone-mediated autophagy
activity is not available yet. In the next sections, we provide some examples of these
physiological roles for neurodegeneration-related proteins in autophagy.

Parkin functions in cargo recognition

Parkin (encoded by the PARKZ2 gene) is the cause of some forms of familial Parkinson’s
disease, and plays a major role in mitochondrial quality control through the PINK1-Parkin
axis.3842 Mutations in P/INK1 are associated with early-onset Parkinson’s disease, reducing
the stability of Parkin and leading to an inefficient ubiquitin ligase activity, faulty mitophagy,
and subsequent accumulation of defective mitochondria.>” In fact, the differences in the
propensity to mitochondrial defects among different brain regions observed in experimental
models of Parkinson’s disease coincides with the spatiotemporal expression of Parkin in the
brain.>8 Inefficient mitochondrial turnover is associated with defective neuronal energetic
balance and can contribute to the deregulated lipid metabolism reported in patients with
Parkinson’s disease.?® Conversely, the altered cellular lipid composition reported in these
patients could potentially perpetuate the mitochondrial defects by interfering with their
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mitophagy.>® The absence of aggregates containing a.-synuclein (the neuropathological
hallmark of Parkinson’s disease) in patients with mutant Parkin suggests that parkin-
mediated toxicity might act independently of protein aggregation.

Huntingtin plays a dual role in autophagy induction

Growing evidence highlights a complex relationship between huntingtin and
macroautophagy. The presence of autophagic receptors such as optineurin® or p6262 in
huntingtin aggregates suggested that the deficiencies in autophagy reported in patients with
Huntington’s disease were due to the direct toxic effect of huntingtin. However, most of
these autophagic abnormalities were also reported in models of huntingtin depletion,25:33
highlighting a possible physiological role for huntingtin in macroautophagy. Huntingtin
seems to participate in this process, from cargo recognition and initiation of autophagosome
formation, 2533 to the later steps of autophagy such as vesicle transport before
autophagosome and lysosome fusion.62

Studies in mice and Drosophila melanogaster support a stabilising effect of huntingtin on the
interactions of p62 with microtubule-associated protein 1A/1B-light chain 3B (LC3B), an
essential protein for autophagosome formation, and with the cargo’s ubiquitin tag.2>
Additionally, domain homology of huntingtin with autophagy-related proteins®3 allows
interaction of huntingtin with other components of autophagy such us ULK1, to activate
macroautophagy.?® Thus, huntingtin can act as a scaffolding protein that promotes spatial
proximity between essential components of autophagy induction and cargo recognition.
Huntingtin is only required for certain types of macroautophagy (eg, aggrephagy, lipophagy,
mitophagy), but not for basal autophagy or autophagy induced by nutrient deprivation.2>

The presence of abnormally long stretches of polyglutamine, which is likely to change the
conformation and dynamic properties of mutant huntingtin, might interfere with the binding
of huntingtin to autophagy-related proteins and motor proteins, thereby compromising their
role in macroautophagy. For example, mutations that alter the conformation of huntingtin
will prevent it from interacting with p62,%4 leading to poor cargo recognition. Interestingly,
the shorter polyglutamine tract present in non-pathogenic huntingtin might regulate its
physiological function in autophagy. A similar regulatory role has also been proposed for the
polyglutamine tract in other cytosolic proteins such as ataxin 3, which requires the
polyglutamine tract to interact with Beclin-1.33 The polyglutamine tract of mutant huntingtin
competes for this interaction with Beclin-1 in a length-dependent manner, preventing
induction of autophagy under stress conditions.33 This functional interaction between
huntingtin and Beclin-1 provides a better overall understanding of the relation between
huntingtin and macroautophagy, and the basis for autophagic impairment in patients with
Huntington’s disease.

Role of CHMP2B and VPS35 in lysosomes

Several neurodegenerative disorders have been associated with abnormal endosomal or
lysosomal maturation and acidification, which negatively affects all autophagic pathways.
50,51,65-67 Endosomal microautophagy occurs in late endosomal multivesicular bodies, but
these also contribute to autophagosome clearance. Biogenesis of late endosomal
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multivesicular bodies requires multiprotein endosomal sorting complexes required for
transport (ESCRT) machinery.®® Mutations in one of these ESCRT proteins, the charged
multivesicular body protein 2B (CHMP2B), have been found in patients with frontotemporal
dementia and in patients with amyotrophic lateral sclerosis.5® Cells bearing these CHMP2B
mutations reveal defective macroautophagy and accumulate ubiquitinated proteins:®> TAR
DNA-binding protein 43 (TDP-43) in amyotrophic lateral sclerosis models, and
polyglutamine aggregates in Huntington’s disease models.# Interestingly, neurons and
microglia of CHMP2B-mutant mice display auto-fluorescent aggregates associated with the
endolysosomal system, similar to those found in the brains of patients with frontotemporal
dementia, highlighting an important lysosomal storage pathology due to defects in the
ESCRT machinery.56

Mutations in the VPS35 gene that codes for a core component of the retromer complex, that
mediates sorting of proteins to endosomes, can cause late-onset, autosomal dominant,
familial Parkinson’s disease.5% V/PS35mutations lead to defects in autophagosome
formation due to abnormal trafficking of autophagy-related protein 9,57 and defects in
lysosomal biogenesis because of the inability to recycle the mannose 6-phosphate receptor
from the lysosomes back to the Golgi apparatus.>° Reduced concentrations of the mannose
6-phosphate receptor limit the amount of enzymes that reach lysosomes (such as cathepsin
D), affecting degradation of substrates, including a-synuclein.?? Studies in dopaminergic
neurons expressing mutant VPS35 linked to Parkinson’s disease have also confirmed
defective endosome-to-Golgi retrieval of lysosomal membrane proteins, including
LAMP-2A.51 Accelerated degradation of LAMPs in lysosomes might negatively affect both
macroautophagy and chaperone-mediated autophagy, because of the contribution of
LAMP-2A and LAMP-2B to these pathways.

Regulatory role of ubiquilin in autophagy

Ubiquilins are a family of small ubiquitin-like proteins involved in presentation of substrate
carried by the chaperones HSP90-HSP110 to the ubiquitin proteasome system.’® Mutations
in the UBQLNZ gene (encoding ubiquilin-2) have been reported in patients with
amyotrophic lateral sclerosis and in patients with frontotemporal dementia.”? Localisation of
ubiquilin-2 in autophagosomes suggests a possible role for this protein in macroautophagy.’?
Several different ubiquilin family members might be involved in autophagy, as deletion of
ubiquilin-1 reduces the number of autophagosomes and slows down their maturation.” The
role of ubiquilin-2 in the biogenesis of autophagosomes could be in part mediated through
its inhibitory effect on mTOR complex 1,”* whereas interaction of ubiquilin-1 and
ubiquilin-4 with LC3B at the autophagosome membrane seems to modulate autophagosome
maturation.”3 Because of its degradation by chaperone-mediated autophagy, ubiquilin-1
might be a potential mediator of the compensatory upregulation of macroautophagy that
occurs after chaperone-mediated autophagy has failed.”®

Therapeutic targeting of autophagy in neurodegenerative disorders

The fact that defective autophagy is a common feature to many neurodegenerative disorders
has provided a rationale for interventions aiming to enhance autophagy (figure 4). The
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challenge involves determining whether the autophagy needs to be upregulated or repaired.
An additional concern is whether activation of autophagy, in some instances, could become
detrimental. So far, the described toxicity due to excessive autophagosomes originates from
failure to degrade these compartments and consequently should benefit from interventions
that increase autophagic flux. However, some studies in cell cultures modelling Parkinson’s
disease have shown that abnormally upregulated mitophagy is associated with non-apoptotic
cell death,86 neuronal atrophy,87 or altered signalling mechanisms.88 Mitochondrial toxins,
such as the short mitochondrial ARF protein known to induce neurodegeneration, might in
part act by abnormal upregulation of macroautophagy.8® Unfortunately, in many
experimental models, the nonspecific nature of the agents used to stimulate macroautophagy
make it difficult to directly link the toxic effect to induction of autophagy. Identifying at
which point autophagy fails and what the best approaches are to restore autophagy function
and reinstate neuronal proteostasis is essential for therapy development for neurogenerative
disorders.

Macroautophagy induction

Among the different approaches to induce macro-autophagy in neurodegenerative disorders,
sirolimus (also known as rapamycin) has been shown to prevent protein aggregation and
neurodegeneration in experimental models of Parkinson’s disease, Alzheimer’s disease, and
Huntington’s disease (figure 4A). Sirolimus is the best known mTOR inhibitor, and has been
used extensively as an immunosuppressor in patients undergoing organ transplantation.
However, the neuroprotective efficacy of sirolimus remains to be established in clinically
relevant experimental models.’® Although sirolimus and other drugs targeting mTOR (such
as torin 1 and WYE-125132)* effectively upregulate autophagy, they can affect many other
autophagy-independent functions of mTOR and also have an immunosuppressive effect,
motivating the search for more selective autophagy activators.

Efforts to avoid mTOR inhibition have brought the use of autophagy activators to the
forefront, such as trehalose, a disaccharide not synthesised by vertebrates that induces
autophagy in an mTOR-independent manner.”’ Trehalose has been shown to be beneficial in
several animal models of Parkinson’s disease, tauopathies, and amyotrophic lateral sclerosis.
478 Other strategies to activate autophagy include inhibition of inositol synthesis by
carbamazepine® or lithium,®? inhibition of acetyl transferases by spermidine, and inhibition
of the cytosolic protease calpain by calpastatin.9?

Pathway-specific activation of autophagy

Disease-specific differences in autophagy dysfunction and in the defective autophagic step
require approaches that allow activation of a given autophagic pathway or step (figure 4).
For example, in diseases with lysosomal dysfunction, such as some forms of familiar
Alzheimer’s disease, a beneficial effect of enhancing lysosomal biogenesis is unlikely, as
newly formed lysosomes will probably remain dysfunctional.

Attempts to increase selectivity in activation of autophagy have relied on the overexpression
of a specific component of a pathway. Overexpression of Beclin-1 to induce
macroautophagy reduces neurodegeneration and aggregation of a.-synuclein in a mouse
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model of Parkinson’s disease.”® Similarly, overexpression of LAMP-2A to boost chaperone-
mediated autophagy activity protects from a-synuclein toxicity in a rat model of Parkinson’s
disease.% Efforts are now focused on developing smaller molecules that could mimic the
effect of these genetic approaches for use in clinical settings. For instance, a peptide derived
from Beclin-1 was able to restore proteostasis in the context of polyglutamine expansion,
leading to reduced polyglutamine-repeat aggregates in cultured cells.8% The discovery that
chaperone-mediated autophagy is under the negative regulation of retinoic acid receptor-a
enabled the development of small molecules that decrease its inhibitory effect, without
interfering with other downstream signals of this receptor.8> These novel activators of
chaperone-mediated autophagy improved survival after proteotoxic and oxidative insults in
vitro.85 Further studies are now needed to show in vivo efficacy of these selective activators
in the context of disease.

Targeting lysosomal function

Approaches that only target the lysosomal compartment, desirable in conditions with
preferential failure of this organelle, are also gaining momentum (figure 4C). For example,
the use of acidic nanoparticles has been shown to restore lysosomal acidification in the
context of presenilin-1 mutations that dissipate the lysosomal pH through calcium leakage
from this compartment.32 Acidic nanoparticles have also been beneficial in Parkinson’s
disease associated with mutations in A7P13A2or GBA (encoding glucocerebrosidase, also
known as GCase), and in models of chemically induced Parkinson’s disease.*? In both
experimental models, restoration of lysosomal pH reduced the autophagy blockage, thus
supporting the value of directly targeting the lysosome in these conditions.

Modulation of TFEB, known to regulate lysosome biogenesis and macroautophagy,8! has
generated considerable interest as a basis for treatment against neurodegeneration.82
Overexpression of TFEB has already been proven beneficial in experimental mouse models
of diseases such as the metabolic myopathy Pompe disease?* and alcoholic and non-
alcoholic fatty liver disease,% as well as in neurodegeneration.3%83 The search for more
translatable chemical modulators of TFEB has identified a curcumin derivative termed C1 as
an mTOR-independent activator of TFEB.% Confirmation of the efficacy of all these
lysosome-targeting compounds in patients is still pending. The combined action of TFEB on
lysosomes and macroautophagy has been suggested to drive a general neuroprotective effect
on Parkinson’s disease.8* However, TFEB and upregulation of macroautophagy have been
shown to cause harm in the context of cellular and Drosophila models of amyotrophic lateral
sclerosis, when TDP-43 mutation blocks maturation of autolysosomes.%”

The steps of chaperone-mediated autophagy that occur at the lysosomal surface are most
vulnerable to neurodegeneration-associated proteotoxicity, compared with the steps taking
place in the cytosol.18:19.21 Although chemical inhibition of the signalling through retinoic
acid receptor-a increases the concentration of LAMP-2A in lysosomes,8° selective
modulation of LAMP-2A dynamics in this compartment might be desirable in specific
diseases such as Parkinson’s disease or frontotemporal dementia, wherein pathogenic forms
of a-synuclein or tau, respectively, directly interfere with assembly of the LAMP-2A
multimeric complex required for chaperone-mediated autophagy.18:1° In this respect,
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activators of PH domain leucine-rich repeat-containing protein 1 (PHLPP1) or Racl (the
small GTPase that brings PHLPP1 to the lysosomal membrane to counteract the inhibitory
effect of the mMTORC2-Akt1 axis on chaperone-mediated autophagy)?8 could become
attractive targets for selective modulation of chaperone-mediated autophagy in Parkinson’s
disease and frontotemporal dementia.

Conclusions

The involvement of defective autophagy in the pathogenesis and progression of
neurodegenerative diseases such as Alzheimer’s disease, amyotrophic lateral sclerosis,
Huntington’s disease, and Parkinson’s disease is now well established. Evidence supports
many mechanisms of autophagy failure in neurodegenerative disorders, which highlight that
autophagy can be the primary defect responsible for the loss of proteostasis, or be the target
of toxicity caused by pathogenic proteins. Stepwise failures for each of the types of
autophagy have been described in neurodegenerative diseases, and more detailed molecular
dissection of autophagy has identified common pathogenic proteins as regulators or effectors
of autophagy.

However, clinical translation of this wealth of knowledge is still at an early stage. Current
limitations range from gaps in methodology to difficulties in selective drug development. A
long-standing challenge in the implementation of autophagy-based therapies, from a
methodological standpoint, is the difficulty to dynamically evaluate autophagy in vivo. This
limitation becomes important both for diagnosis and for monitoring efficiency of any
autophagy-based intervention. At the experimental level, progress has been made through
expression of the tandem macroautophagy reporter mRFP-GFP-LC3 in mouse models,
either as a transgene?® or by the intraventricular delivery of adeno-associated viruses to the
brain.190 The mRFP-GFP-LC3 reporter system monitors overall autophagy, whereas for
selective types of macroautophagy only a mitophagy reporter model is currently available.
101 Autophagy reporters for use in the clinical setting are not available yet. Until this type of
dynamic study becomes possible in humans, efforts should be made to identify the
molecular signature of defective autophagy in body fluids (ie, CSF or serum). Developing
methods to identify this signature will be also important for early diagnosis, because
autophagy failure might precede appearance of neurodegenerative symptoms.

The initial methods of pharmacological modulation of autophagy in neurodegenerative
disorders were based on overall induction of autophagy, but these are being replaced by
more selective approaches that allow only some autophagic pathways or steps to be targeted.
85 Although evidence of a beneficial effect of these interventions in clinical settings is still
scarce, we believe that the future for therapeutic development lies in the activation of
specific types of autophagy, correction of the individual steps, or both.

When designing autophagy-based interventions, more consideration should be given to the
regional and cell-specific differences in autophagic requirements, and how each of these are
affected during disease. Most studies so far have focused on neuronal autophagy, despite the
extensive cellular heterogeneity of the CNS. Autophagy failure in glial cells has been
reported in the presence of mutant glucocerebrosidase in experimental models of
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Parkinson’s disease, 102 in cells from patients with Alzheimer’s disease carrying TREMZ risk
variants, and in TREM2-deficient mouse models of Alzheimer’s disease.193 Moreover, the
close relationship between glia and neurons explains why impairment in glial autophagy can
affect the survival of nearby cells, 104105 inducing profound degeneration of neighbouring
neurons. In light of these findings, restoring defective glial autophagy should also be
beneficial to neurons. In this respect, it is encouraging to see the recent increased emphasis
on astrocyte-based therapeutic approaches, including studies using cell-specific microRNAs
to selectively target glial cells.106.107

Different cell types also display distinctive autophagy responses to stressors,1%8 which
should be considered when generating drugs that target specific cell types. Furthermore,
growing evidence shows that vulnerability to autophagy malfunction changes in different
brain regions.13:30 Thus, disease-modifying compounds capable of targeting autophagy in
specific brain regions and cell types are required. However, before this type of selective
targeting can be done, a more complete picture of the cell-autonomous and non-cell-
autonomous regulation of CNS autophagy should be obtained, and more drug screening and
testing should be done to identify compounds with good bioavailability in the brain and
good capability to modulate different types of selective autophagy.

Closing the gap between bench and bedside for translation of autophagy-based therapeutics
will also require development of better methods to monitor autophagy function in patients
with neurodegenerative disorders. Few markers of autophagy dysfunction are known in
humans (eg, reduced autophagy flux in peripheral blood cells),1%9 and they often do not
provide organ-specific information on the status of autophagy. Identifying surrogate markers
of CNS autophagy malfunction and developing non-invasive, image-based methods for
dynamic measurement of CNS autophagy (similar to those used to track pathogenic proteins
in the brains of patients), are among the most urgent challenges that should be overcome in
the next years, so that therapies based on autophagy modulation can be implemented to treat
neurodegenerative disorders.
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Panel 1:
Types of autophagy
Chaperone-mediated autophagy

Type of autophagy that involves selective delivery of single proteins to lysosomes upon
recognition and binding of a specific KFERQ-like pentapeptide motif to cytosolic
chaperone heat shock cognate 70 kDa protein (Hsc70). The chaperone-substrate complex
binds the cytosolic tail of the lysosome-associated membrane protein type 2A, triggering
its assembly into a multimeric complex that mediates substrate translocation. After
complete unfolding, and with the assistance of luminal chaperones, the substrate reaches
the lysosomal matrix for degradation.

Endosomal microautophagy

Variant of microautophagy that involves trapping of cytosolic proteins and organelles into
small vesicles that form on the surface of late endosomes by invagination of their
membrane, mediated by the endosomal sorting complexes required for transport. Vesicles
pinch off from the membrane into the lumen of the endosome, where they are degraded
after lysis of the microvesicle membrane. Some proteins that bear in their sequence a
KFERQ-like motif (eg, GAPDH, RNase A, tau) can be selectively targeted for endosomal
microautophagy by Hsc70s that recognise the same KFERQ-like pentapeptide motif as in
chaperone-mediated autophagy. The factors that determine Hsc70 triage between
chaperone-mediated autophagy and endosomal microautophagy remain unknown.

M acr oautophagy

Type of autophagy that involves sequestration of cytosolic components by a membrane
that elongates through a coordinated assembly of lipids and autophagy-related proteins,
and then seals to form a double membrane vesicle called the autophagosome. The
sequestered cargo inside the autophagosome is transported towards the lysosomes and,
upon fusion of these two vesicles, is rapidly degraded by the resident lysosome
hydrolases.

Microautophagy

Type of autophagy where cytosolic cargo, proteins, and organelles are internalised inside
lysosomes by invaginations that form at the lysosomal membrane.

Selective macr oautophagy

Autophagic processes that use the core machinery of macroautophagy but selectively
target specific cytosolic components for degradation. Types of selective macroautophagy
include mitophagy (removal of mitochondria), lipophagy (removal of lipids), and
aggrephagy (removal of aggregate proteins).
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Panel 2:
Cargo recognition machinery

In normally functioning cells, each autophagic pathway recognises its cargo when it
needs to be degraded. In aggrephagy—the selective degradation of aggregates by
macroautophagy—the first step is often K63 polyubiquitination. Polyubiquitin chains are
recognised by autophagy receptors such as p62, optineurin, neighbour of BCRA1, and
nuclear dot protein 52 kDa.1* These receptors simultaneously bind polyubiquitin and
microtubule-associated protein 1A/1B-light chain 3B, one of the integral proteins of the
autophagosome membrane that forms around the aggregates. Different autophagy
receptors display preferences for specific cargos but often also cooperate in cargo
recognition.1* Post-translational modifications modulate the cargo recognition abilities of
the autophagy receptors. For example, phosphorylation of p62 during proteotoxic insults
(ie, overexpression of mutant huntingtin) increases its affinity for ubiquitin residues.1®
Adaptors, such as the FYVE domain-containing ALFY protein, are also recruited to
ubiquitin-positive inclusions, where they interact with autophagy-related genes and serve
as scaffolds in aggregate clearance.16

Ubiquitinated aggregates can also be targeted to macroautophagy by the co-chaperone
Bcl2-associated athanogene 3 (Bag3) without involvement of receptors, in a process
known as chaperone-assisted selective autophagy. Bag3 overexpression has been proven
sufficient to facilitate autophagic removal of polyglutamine-containing proteins,
superoxide dismutase 1, and TAR DNA-binding protein 43 (TDP-43).17

Cargo recognition in chaperone-mediated autophagy and endosomal microautophagy
occurs by binding of heat shock cognate 70 kDa protein to a KFERQ-like motif in the
substrate protein.3 Degradation by chaperone-mediated autophagy has been shown in
Parkinson’s disease related proteins a-synuclein, leucine-rich repeat kinase 2, ubiquitin
carboxy-terminal hydrolase L1, and deglycase J-1.18-22 Chaperone-mediated autophagy
and endosomal microautophagy degradation have also been reported for tau, which
accumulates in intracellular neurofibrillary tangles in Alzheimer’s disease and in
frontotemporal dementia.2! Other substrates of chaperone-mediated autophagy relevant
to neurodegeneration include ubiquilin (associated with amyotrophic lateral sclerosis),
TDP-43 (associated with frontotemporal dementia), and huntingtin.3
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Panel 3:
Deficient autophagy targeting of neurodegeneration-related proteins

Deficient aggrephagy in some neurodegenerative disorders is caused by changes in the
intrinsic properties of the pathogenic proteins.2# Factors such as the compactness of the
aggregate can affect the efficiency of assembly of proteins in autophagosome formation.
24 1n other cases of neurodegeneration, the primary problem is at the level of the cargo
recognition machinery.2> One of the most studied components of this machinery is the
cargo receptor p62, whose activity in aggrephagy has been tightly linked to Keapl and
Nrf2, involved in the oxidative stress response.2® Induction of p62 phosphorylation might
be beneficial through two separate mechanisms, enhancing p62 function in autophagy
and promoting degradation of the Nrf2 inhibitor Keapl, with the subsequent activation of
cytoprotective Nrf2 targets.2” Procedures to selectively enhance macroautophagy of
pathogenic proteins are still scarce. However, in vitro and in vivo studies have shown that
overexpression of specific autophagy receptors (ie, nuclear dot protein 52 kDa)
significantly reduces the concentration of toxic proteins (ie, hyperphosphorylated tau).28

Protein targeting to chaperone-mediated autophagy is disrupted once pathogenic proteins
organise into higher order molecular complexes and their targeting motif becomes
inaccessible to Hsc70. Defective lysosomal targeting contributes to reduced chaperone-
mediated autophagy and endosomal microautophagy of the disease-associated P301L tau
mutant.2! Although substrate unfolding is not necessary for endosomal microautophagy,
recognition by heat shock cognate 70 kDa protein is still a prerequisite and consequently,
selective endosomal microautophagy of aggregated pathogenic variants is no longer
possible. Post-translational modifications such as hyperphosphorylation, tightly
associated with tau pathogenesis, disrupt its targeting to both chaperone-mediated
autophagy and endosomal microautophagy in vitro.2! In other instances, these
modifications can generate chaperone-mediated autophagy and endosomal
microautophagy targeting motifs, thus contributing to toxicity through undesired removal
of necessary proteins.28
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Search strategy and selection criteria

We searched Entrez (PubMed) and Google Scholar for articles in English that had been
published between Jan 1, 2013, to May 25, 2018, using the search terms “autophagy” or
“lysosome” in combination with “Alzheimer’s disease”, “Parkinson’s disease”,
“Huntington’s disease”, “Amyotrophic lateral sclerosis”, “neurodegeneration”, “protein
aggregation”, and “aging”. The final reference list was selected on the basis of originality
and topical relevance.
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Figure 1: Autophagic pathwaysin mammalian cells
The different autophagic processes that commonly coexist in most mammalian cells can be

grouped into three types. (A) Macroautophagy: cytosolic cargo is first trapped inside double-
membrane vesicles (autophagosomes) whose membranes form through conjugation of the
autophagy-related protein LC3 with the lipid PE and other autophagy-related proteins (ie,
Atg5, Atgl6, and Atgl2, depicted here). Formation of these double-membrane vesicles is
initiated by the phosphorylation of lipids in the membrane of organelles such as the
endoplasmic reticulum, mitochondria, and Golgi apparatus. This phosphorylation is
triggered by a kinase complex regulated by Beclin-1. Cargo can be trapped in bulk (ie,
several types of cargo in the same autophagosome) or in a selective manner (ie, only one
type of cargo is trapped inside the autophagosome). Examples of selective macroautophagy
include aggrephagy (degradation of protein aggregates after their recognition by autophagy
cargo receptors such as p62 or neighbour of BCRA1), chaperone-assisted selective
autophagy (degradation of protein aggregates targeted to autophagosomes, in this case by
chaperones such as Hsc70 and Bag3; in contrast to chaperone-mediated autophagy,
chaperone-assisted selective autophagy does not require binding of Hsc70 to a KFERQ-like
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motif and is dependent on the macroautophagy machinery), mitophagy (selective
degradation of mitochondria by macroautophagy, often mediated by autophagy receptors
such as PTEN-induced putative kinase 1, Parkin, NIX, and BNIP, which link the
mitochondria to be degraded with the autophagy machinery), lipophagy (selective
sequestration of lipid droplets by autophagosomes for their degradation in lysosomes), and
ribophagy (selective sequestration of lysosomes in autophagosomes for degradation in
lysosomes). Autophagosomes are targeted to lysosomes and, after fusion of both vesicles,
cargo is delivered to lysosomes for complete degradation. (B) Chaperone-mediated
autophagy: single cytosolic proteins bearing a KFERQ-like motif in their sequence are
recognised by Hsc70 and brought to the lysosomal membrane for translocation across the
LAMP-2A multimeric complex. Lysosomal Hsc70 aids translocation of the substrate
protein, which is rapidly degraded once inside the lysosomal lumen. (C) Microautophagy:
proteins and organelles can be degraded in bulk through invaginations at the lysosomal
membrane. Cytosolic proteins are selectively targeted by Hsc70 to late endosomes, using the
same KFERQ-like motif as in chaperone-mediated autophagy, resulting in their
internalisation and degradation in a process known as endosomal microautophagy.
Hsc70=heat shock cognate 70 kDa protein. LC3=microtubule-associated protein 1 light
chain 3. Atg=autophagy-related protein. PE=phosphatidyl ethanolamine.
LAMP-2A=lysosome-associated membrane protein-2A. Bag3=Bcl2-associated athanogene
3.
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Figure 2: Autophagy of pathogenic proteins

(A) Examples of pathogenic proteins (red boxes) related to neurodegeneration that are
cleared up by two types of selective macroautophagy: aggrephagy or chaperone-assisted
selective autophagy. In aggrephagy, cytosolic aggregates of these pathogenic proteins
labelled with ubiquitin are recognised by p62, which either brings LC3 directly and initiates
formation of the autophagosome around the aggregate, or (in a process mediated by ALFY)
assembles with Atg12 and Atg5 prior to LC3 conjugation, to initiate formation of the
autophagosome. In chaperone-assisted selective autophagy, polyubiquitinated aggregate
proteins are brought to the autophagosome by Hsc70 and Bag3. (B) Examples of proteins
(green box) related to neurodegeneration that are degraded by chaperone-mediated
autophagy, in which they are identified through their KFERQ-like motif by Hsc70, which
brings them to the lysosomal surface for translocation across the lysosomal membrane.
However, the pathogenic variants of these proteins (red box) are similarly targeted to
lysosomes but fail to cross the lysosomal membrane, resulting in blockage of chaperone-
mediated autophagy. Some other pathogenic variants of neurodegeneration-related proteins
(blue box) are capable of blocking both chaperone-mediated autophagy (B) and endosomal
microautophagy (C), wherein substrate proteins bearing KFERQ-like motifs are normally
targeted to endosomes (green box) and internalised for degradation through invaginations in
their membrane. m=mutant. K63-polyUb=polyubiquitin tagged to proteins through lysine
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63. Atg=autophagy-related protein. ALFY=autophagy-linked FYVE protein. Htt=huntingtin.
SOD1=superoxide dismutase 1. LC3=microtubule-associated protein 1 light chain 3.
Bag3=Bcl2-associated athanogene 3. polyQ=polyglutamine. LRRK2=leucine-rich repeat
kinase 2. UCH-L1=ubiquitin carboxy-terminal hydrolase L1. DJ-1=deglycase J-1.
GCase=glucocerebrosidase. TDP-43=TAR DNA-binding protein 43.
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Figure 3: Toxic effects of pathogenic proteins on autophagy
Several proteins related to neurodegeneration have been shown to interfere with

macroautophagy (A) and chaperone-mediated autophagy (B). (A) The inhibitory effect of
pathogenic proteins on macroautophagy can take place at each of the steps of this process.
For instance, binding of mutant a-synuclein to TFEB has been shown to reduce autophagy
induction by preventing TFEB nuclear translocation. Initiation of autophagy is also reduced
by the interaction of mutant Htt with Rhes, an activator of autophagy through Beclin-1.
Mutant Htt also interferes with cargo recognition by autophagy receptors such as p62.
Mutant a-synuclein and mutant Htt can also interfere with the trafficking of the
autophagosomes to the lysosome, and mutant a-synuclein can also prevent autophagosome
fusion with lysosomes. (B) Inhibition of chaperone-mediated autophagy by pathogenic
proteins occurs mainly during the steps of this process that take place at the lysosomal
membrane. For example, pathogenic variants of a-synuclein, LRKK2, or UCH-L1 can
inhibit assembly of monomers of LAMP-2A into the translocation complex, whereas
pathogenic forms of tau block translocation of proteins through the translocation complex.
Parkinson’s disease-related mutations in VPS35 or DJ-1 seem to promote accelerated
degradation of LAMP-2A in lysosomes through still unknown mechanisms, leading to
reduced chaperone-mediated autophagy activity. m=mutant. TFEB=transcription factor EB.
Rhes=Ras homolog enriched in striatum. Htt=huntingtin. Atg=autophagy-related protein.
SOD1=superoxide dismutase 1. LRRK2=leucine-rich repeat kinase 2. UCH-L1=ubiquitin
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carboxy-terminal hydrolase L1. LAMP-2A=lysosome-associated membrane protein-2A.
VPS35=vacuolar protein sorting-associated protein 35. DJ-1=deglycase J-1.
LC3=microtubule-associated protein 1 light chain 3.
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Figure 4: Therapeutic modulation of autophagy in neurodegener ative diseases

Current strategies (blue boxes) and possible future strategies (red boxes) for enhancing or
repairing the autophagic defects described in different neurodegenerative disorders. (A)
Macroautophagy: induction of autophagosome biogenesis with chemical compounds (ie,
sirolimus or trehalose) or through genetic manipulations (ie, overexpression of TFEB or
Beclin-1) has successfully reinstated autophagy function, in cell cultures and in animal
models of disease.*3%76-84 |nterventions targeting the other steps in macroautophagy to
either enhance their activity or prevent the inhibitory effect of pathogenic proteins have not
been attempted yet. (B) Chaperone-mediated autophagy: chemical activation of the
transcriptional programme of chaperone-mediated autophagy through inhibition of the
retinoic acid receptor-a signaling has been proven effective in reducing a-synuclein toxicity
in vitro.8% Drugs such as inhibitors of Akt, inhibitors of mTORC2, or activators of PHLPP1
(proteins that modulate LAMP-2A dynamics of assembly and disassembly at the lysosomal
membrane) are also available, but are not selective to this autophagic pathway and their
effect on proteotoxicity has not been tested in contexts with defective chaperone-mediated
autophagy. Genetic upregulation of LAMP-2A expression to enhance chaperone-mediated
autophagy has proven effective in preventing a-synuclein-mediated toxicity. Interventions at
the level of substrate targeting that could prevent delivery of pathogenic proteins to
lysosomes to avoid their toxic effect on chaperone-mediated autophagy have also not been
attempted. (C) Lysosome: restoration of lysosomal acidification with acidic nanoparticles
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has been successful in restoring autophagy function in animal models.324° Interventions to
modulate protease or lipid content have not been attempted yet. (D) Endosomal
microautophagy: although no interventions to modulate this form of degradation have been
attempted, the existence of this degradation pathway at the neuronal synapsis provides a
good opportunity to enhance delivery of pathogenic proteins to alleviate their toxicity.
m=mutant. TFEB=transcription factor EB. LC3=microtubule-associated protein 1 light
chain 3. Atg=autophagy-related protein. RARa=retinoic acid receptor-a. CMA=chaperone-
mediated autophagy. Hsc70=heat shock cognate 70 kDa protein. LAMP-2A=lysosome-
associated membrane protein-2A. mTORC2=mTOR complex 2. PHLPP1=PH domain
leucine-rich repeat-containing protein 1.
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