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Abstract

Autophagy is a major, conserved cellular pathway by which cells deliver cytoplasmic contents to lysosomes
for degradation. Genetic studies have revealed extensive links between autophagy and neurodegenerative
disease, and disruptions to autophagy may contribute to pathology in some cases. Autophagy degrades many
of the toxic, aggregate-prone proteins responsible for such diseases, including mutant huntingtin (mHTT),
alpha-synuclein (a-syn), tau, and others, raising the possibility that autophagy upregulation may help to
reduce levels of toxic protein species, and thereby alleviate disease. This review examines autophagy
induction as a potential therapy in several neurodegenerative diseasesdAlzheimer’s disease, Parkinson’s
disease, polyglutamine diseases, and amyotrophic lateral sclerosis (ALS). Evidence in cells and in vivo
demonstrates promising results in many disease models, in which autophagy upregulation is able to reduce
the levels of toxic proteins, ameliorate signs of disease, and delay disease progression. However, the effective
therapeutic use of autophagy induction requires detailed knowledge of how the disease affects the
autophagy-lysosome pathway, as activating autophagy when the pathway cannot go to completion (e.g.,
when lysosomal degradation is impaired) may instead exacerbate disease in some cases. Investigating the
interactions between autophagy and disease pathogenesis is thus a critical area for further research.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Macroautophagy (henceforth referred to as autop-
hagy) is a major, conserved cellular process by
which cells deliver cytoplasmic contents to lyso-
somes for degradation. This transport involves the
delivery of these contents by double-membraned
vesicles called autophagosomes, in contrast with
other pathways, like chaperone-mediated autop-
hagy (CMA) and microautophagy, which do not
involve vesicular transport. While autophagy was
initially characterized as a primordial, nonselective
degradation pathway induced to counteract nutrient
deprivation, it has become increasingly clear that
autophagy plays a key role in the homeostasis of
nonstarved cells. Critically, autophagy appears to
r Ltd. All rights reserved.
degrade aggregate-prone proteins, damaged mito-
chondria, and invading pathogens, and these func-
tions appear to be linked to a range of human
diseases [1,2].
One area of particular interest is the relevance of

autophagy to neurodegenerative diseases. Many
neurodegenerative diseases, including Alzheimer’s
disease, Parkinson’s disease, and Huntington’s
disease, manifest with the accumulation of oligo-
mers and aggregates of misfolded proteins. As these
proteins exert toxic effects on cells, lowering the
levels of these proteins can be therapeutically
favorable [1]. Autophagy degrades many of the
toxic aggregate-prone proteins responsible for such
diseases, including mutant huntingtin (mHTT),
alpha-synuclein (a-syn), tau, and others [3e5].
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Many of these proteins also cause disruptions in
autophagy [6,7], raising the possibility that their
ability to hinder autophagy contributes to their
toxicity. In further support of a relationship between
autophagy and neurodegenerative disease, some
risk genes linked to neurodegenerative diseases
play a role in the autophagy pathway [1,8]. This
considerable body of evidence linking autophagy
and neurodegeneration gives rise to the possibility
that autophagy upregulation may be a viable
therapeutic strategy in some neurodegenerative
diseases.
Understanding the interplay between autophagy

and neurodegeneration requires a knowledge of the
multiple steps and regulatory pathways involved in
the autophagy pathway (Fig. 1). The process of
autophagy involves a series of regulated mechan-
ical steps, including autophagosome formation,
maturation, and closure [2,9]. The initial stages of
autophagy are marked by cup-shaped, double-
membraned phagophores, the formation of which
requires PI(3)P generation by the Beclin-1-VPS34
complex [10,11]. The edges of these phagophores
subsequently extend and fuse to form autophago-
somes [12]. These are trafficked towards the
proximity of lysosomes via the dynein machinery
on microtubules [13], which allows fusion with
lysosomes and degradation of autophagosomal
contents. Each of these steps is subject to regula-
tion by various upstream signaling pathways,
Fig. 1. Defective autophagy and neurodegenerative disea
diseases play a role in the autophagy pathway. These gene
stages, as indicated here. Disruptions to autophagy caused by
to disease pathogenesis.
notably via mTORC1, a major regulator of cell
metabolism [14], and TFEB [15], a key transcrip-
tional regulator of autophagy and lysosomal bio-
genesis. Autophagic flux, thus, depends on multiple
steps and requires coordination between autopha-
gosome biogenesis and lysosomal degradation.
Interventions aimed at inducing autophagy have
been targeted towards various stages in this
process, potentially leading to different effects on
disease progression (see Table 1).
This review will focus primarily on the potential of

autophagy upregulation as a therapeutic strategy in
several classes of neurodegenerative disease:
Alzheimer’s disease (AD) and tauopathies, Parkin-
son’s disease (PD), polyglutamine diseases, and
amyotrophic lateral sclerosis (ALS). Although most
instances of neurodegenerative disease are spora-
dic, a small number of cases in each disease have
been associated with disease-causing mutations in
critical genes (Fig. 1). These cases have allowed for
the generation of important insights into the patho-
genesis of each disease and are used in many of the
cell and animal models of each illness. In each
section, we briefly explore how proteins linked to the
relevant disease impact autophagy. Subsequently,
we describe the evidence in cells and in vivo models
on whether autophagy induction may be of ther-
apeutic value. Thorough reviews have previously
been published on the pathogenesis of each of the
described neurodegenerative diseases [16e19] and
se. A number of risk genes linked to neurodegenerative
s intersect with the autophagy pathway at many different
pathogenic changes to the relevant genes may contribute



Table 1. Autophagy inducing molecules that have been tested in models of neurodegenerative disease and pilot clinical studies.

Molecule(s) Mechanism of action Disease model

Rapamycin
(and rapalogs)

mTOR inhibition AD: P301S tau transgenic mice ([tau clearance, improved symptoms) [41,42], PDAPPmice (YAb levels, [cognitive function)
[43], R406W tau Drosophila (Ytau levels, [survival) [44],
PD: PC12 cells (Ymutant a-syn levels) [4], dopaminergic neurons (Yneuronal toxicity) [106], transgenic a-syn mice (Ya-syn
levels) [107], MPTP-induced WT mice (Yneuron death) [108], A53T a-syn mice ([motor function) [109]
HD: mHTT Drosophila (reduced neurodegeneration) [3,164], mHTT mice (YmHTT aggregates, improved behavior) [3]
ALS: SOD1G93A N2a cells (YmSOD1 levels) [223], FTLD-TDP transgenic mice (Yneuron loss, [learning, memory and motor
function) [232], SOD1G93A mice (Ylifespan, accelerated disease progression) [225]

Trehalose AMPK stimulation AD:P301S tau transgenicmice ([tau clearance,[neuronal survival) [5], PK�/�/TauVLWmice (Ytau levels,[motor behavior) [48]
PD: PC12 cells (Ymutant a-syn levels) [45], MPTP-induced WT mice (Ydopamine transporter loss, Yneuroinflammation)
[114], transgenic a-syn rats (prevents deficits in motor asymmetry) [115]
HD: transgenic mHTT mice ([motor function, [lifespan) [163]
ALS: mutant SOD1G86R and SOD1G93A transgenic mice ([lifespan, [neuronal survival) [227,228]

Verapamil L-type channel Ca2þ blocker,
AMPK activation

AD: A152T tau zebrafish (Yinsoluble tau levels, improved morphological phenotype) [71]
HD: mHTT cells and zebrafish (YmHTT aggregates, Yphotoreceptor degeneration) [67]
ALS: SOD1G93A mice (Ymotor neuron degeneration, [lifespan) [226]

Felodipine L-type Ca2þ channel
antagonists, AMPK activation

AD: Tau zebrafish (Yinsoluble tau levels, improved morphological phenotype) [71]
PD: A53T a-syn mice (Ya-syn levels, [grip strength) [71]
HD: N171-82Q (B6HD) mice ([motor performance) [71]

Lithium GSK3b inhibition, AMPK
stimulation, IP3 signaling

AD: APP/PS1 mice (YAb levels, [memory) [61], pilot clinical trials (mixed; reduced cognitive decline in one trial) [64e66]
PD: PC12 cells ([a-syn clearance) [59], SH-SY5Y cells (Yrotenone toxicity) [135], Parkin mutant mice (YParkinsonian
phenotypes) [136]

SMER10, 18, 28 unknown PD: A53T a-syn cells ([mutant a-syn clearance) [112]
HD: mHTT cells and Drosophila (YmHTT toxicity) [112]

Metformin AMPK stimulation AD: APP/PS1 mice (Yamyloid plaque deposition, [memory) [52], pilot clinical trials ([memory, [executive function) [55]
PD: SH-SY5Y cells (Ymutant a-syn levels) [118], mutant LRRK2 and Parkin-null Drosophila (reduced mitochondrial
pathology) [119], MPTP-induced WT mice ([motor function) [120]

Nilotinib AMPK stimulation AD: TgAPP mice ([amyloid clearance, Yinflammatory markers) [53,54]
PD: A53T and WT a-syn overexpression mice ([dopaminergic neuron survival, -up motor function) [122], pilot clinical trials
([cognitive and motor skills) [124]

Clonidine and rilmenidine Imidazoline receptor agonist AD: A152T tau zebrafish ([tau clearance, improved morphological phenotype) [40]
HD: mHTT cells and zebrafish (YmHTT aggregates, Yphotoreceptor degeneration) [67]

Calpastatin, calpeptin,
A-705253

Calpain inhibition AD: 3xTg-AD mice ([clearance of Ab and tau, [cognitive function) [72]
HD: mHTT cells (YmHTT aggregates) [67]

Amitriptyline Acid sphingomyelinase inhibition AD: APP/PS1 mice ([autophagic flux, delayed disease development) [32]
Bosutinib AMPK stimulation AD: TgAPP mice ([amyloid clearance, Yinflammatory markers) [53,54]
Melatonin AMPK stimulation AD: AAV-hTauP301L mice ([autophagic flux, [memory) [49]
Humanin AMPK stimulation AD: APP/PS1 mice (YAb deposition) [51]
SB216763 GSK3b inhibition AD: PS1 KO & mutant neurons ([lysosomal function) [62]
Gemfibrozil and Wy14643 PPARa agonist AD: APP/PS1 mice ([Ab clearance, [cognitive function) [63]
Resveratrol AMPK stimulation PD: SH-SY5Y and PC12 cells ([a-syn clearance) [125,126], 6-OHDA-induced WT rats (Yoxidative damage) [128,129],

MPTP-induced WT mice (Yneuroinflammation) [130]
Corynoxine B mTOR-independent PD: dopaminergic neurons and N2a cells ([a-syn clearance) [131]
Sodium valproate IP3 signaling PD: SH-SY5Y cells (protection against rotenone toxicity) [138], MPTP-induced WT mice ([motor function) [140]
Carbamazepine IP3 signaling PD: SH-SY5Y cells (protection against rotenone toxicity) [138]
Minoxidil KþATP channel activation HD: mHTT cells ([mHTT clearance) [67]
Loperamide Opioid receptor agonist HD: mHTT cells ([mHTT clearance) [67]
p-coumaric acid unknown ALS: SOD1G85R N2a cells (YmSOD1 levels, Yoxidative stress) [224]
Torkinib and PQR309 mTOR inhibition ALS: FUS expressing iPSC-derived neurons ([FUS clearance) [231], mutant FUSDrosophila (improvedmotor function) [231]
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on the cell biology of autophagy [1,2], so these will
not be explored in detail here.
Alzheimer’s Disease and Tauopathies

AD is a neurodegenerative disease clinically
characterized by progressive dementia and cogni-
tive impairment. The pathology of AD is defined by
the presence of two main hallmark elements:
intracellular accumulation of neurofibrillary tangles
(formed of hyperphosphorylated tau, a microtubule-
associated protein) and extracellular deposits of
amyloid-b (Ab) plaques arising from defective
amyloid precursor protein (APP) processing. AD is
the most common of the tauopathies, a class of
neurodegenerative diseases characterised by
pathological tau aggregation, including neuronal
disorders, such as frontotemporal dementias
(FTDs), corticobasal degeneration (CBD), progres-
sive supranuclear palsy (PSP), and primary age-
related tauopathy (PART) [1,20,21].

Defective autophagy in AD

Autophagy plays a crucial role in continuously
maintaining the homeostatic turnover of diffuse
cytosolic proteins in neurons. Therefore, decreased
autophagic flux results in impaired neuronal function
and defects at different steps of the autophagy
pathway may explain the pathology seen in AD and
various tauopathies. While autophagy dysfunction
may not be the principal cause of neurodegenera-
tion, it may contribute to disease progression and
pathology as a consequence of impaired turnover of
toxic substrates in neurons. Two main defects in
autophagy have been implicated in the pathogen-
esis of AD: impaired autophagosome synthesis [22]
and reduced clearance of autophagic substrates
[8,22,23].
Decreased Beclin-1 levels result in reduced

autophagic activity and have been associated with
aging and neurodegeneration [21,24] (Fig. 1).
Affected brain regions from patients with AD were
shown to have decreased Beclin-1 mRNA expres-
sion and protein levels, which may explain the
reduced autophagosome formation correlated with
this disease [22]. Beclin-1 protein levels may be
additionally decreased as a consequence of cas-
pase-3 activation in the brain of AD patients [25].
Recent studies also identified reduced expression of
the chaperonin CCT/TRiC complex in AD patient
brain samples [26,27]. Apart from acting as a
chaperone for tau (assisting its proper folding),
CCT is essential for optimal autophagy-lysosomal
activity by maintaining the physiological cell cytos-
keleton structure in primary mouse neurons [27].
When CCT activity is impaired, the consequent
reduction in autophagy flux results in the accumula-
tion of aggregate-prone proteins, such as p62,
Ataxin-3, or mHTT [27].
Genome-wide association studies identified risk

loci and variants in PICALM to be associated with
Alzheimer’s disease, and biochemical assessment
of AD patient brains showed accelerated cleavage
and consequent loss of function of PICALM [28,29].
PICALM depletion impairs the endocytosis of
VAMP2 and VAMP3 (SNAREs involved in the fusion
of autophagosome precursors), as well as VAMP8
(involved in autophagosome-lysosome/late endo-
some fusion events) [30]. This consequently reduces
both autophagosome biogenesis and fusion with
lysosomes, leading to tau accumulation [8,30].
Mutations of presenilin-1 (PS1) cause early-onset

familial Alzheimer’s disease, and there is substantial
evidence showing that these mutations impair
autophagosome degradation via lysosomal V-
ATPase dysfunction in patient-derived cells [31].
Apart from being part of the g-secretase complex
and functioning in Ab cleavage, PS1 acts as an ER
chaperone for the V-ATPase subunit VoA1 required
for lysosomal acidification and autophagic turnover
[31]. Abnormally increased levels of acid sphingo-
myelinase in the brains and fibroblasts of AD
patients result in reduced TFEB levels due to
proteolysis [32]. Chemical inhibition of this enzyme
with amitriptyline in an APP/PS1 mouse model of AD
improved autophagosome turnover and delayed
disease development [8,32]. In addition, several
genetic risk factors for AD, such as the APOE4
variant and pathogenic mutations or duplication of
APP, have been found to upregulate Rab5 and
endocytosis [23,33e36]. This causes overloading of
the swollen lysosomes with proteins and lipids and
reduced clearance of autophagic cargo. Indeed, AD
mouse models show the accumulation of autophagy
substrates due to lysosomal dysfunction [37,38].

Autophagy inducers in Alzheimer’s disease

The significant evidence linking autophagy and
tauopathies has generated interest in developing
autophagy-based therapeutics (Fig. 2), and studies
so far have indicated promising therapeutic potential
in Alzheimer’s disease and various tauopathies
[5,39,40]. Autophagy stimulation may be performed
either chemically using small molecule enhancers of
autophagy or through gene therapy approaches.
Here we will summarise the results reported in
different models of various autophagy-enhancing
therapeutics.
Small molecule enhancers of autophagy may be

split into two main categories based on their
mechanism of action: mTOR-dependent or mTOR-
independent [1,21,39]. The first category of autop-
hagy-inducing compounds is composed of mTOR
inhibitors, including rapamycin and other rapalogs.
These compounds were shown to provide beneficial



Fig. 2. Small molecule inducers of autophagy and their mechanisms of action. Autophagy is regulated by the mTORC1
pathway, and inhibitors of mTORC1, including rapamycin and rapalogs, are among the best-studied class of autophagy
inducers. Other modulators are classed as mTOR-independent and act on various targets, including AMPK, IP3 signaling,
and Ca2þ signaling.

2803Autophagy Induction as a Therapeutic Strategy
effects in animal models of AD and other neurode-
generative tauopathies [1]. More specifically, both
rapamycin and temsirolimus (a rapalog) enhanced
the neuronal autophagic clearance of hyperpho-
sphorylated tau and consequently rescued the
spatial learning and memory impairments in P301S
mutant tau transgenic mice [41,42]. Similarly, long-
term reductions in mTOR signaling lowered the
levels of Ab and improved cognitive function in the
well-defined transgenic PDAPP mouse model of AD
[43]. Rapamycin also reduced toxicity and increased
survival to adulthood in Drosophila expressing wild-
type or mutant variants of tau (R406W), effects
accounted for by an autophagy-dependent reduction
in insoluble tau levels [44]. Indeed, treatment with
rapamycin or other rapalogs decreased only the
insoluble form of tau in COS-7 cells expressing the
most common tau mutation (P301L), or SH-SY5Y
cells incubated with okadaic acid [41,44].
The second group of chemical compounds

enhances autophagy independently of mTOR and
comprises a continuously expanding list of mole-
cules. One of those molecules, trehalose, a naturally
occurring disaccharide that acts as a “chaperone”
by assisting proper protein folding through direct
protein-trehalose interactions, has been shown to
induce autophagy through AMPK activation caused
by its inhibitory effect on the SLC2A family of glucose
transporters (also known as GLUT) [45e47]. Treha-
lose treatment enhanced the clearance of tau
aggregates and reversed the dropout of dopamine
neurons in an autophagy-dependent manner in
several transgenic in vivo models of tauopathies,
including a mouse model, expressing the human
mutant P301S tau and a mouse model of tau
overexpression with Parkinsonism [5,48]. Interest-
ingly, pharmacological doses of melatonin, a neuro-
hormone that activates AMPK, were recently
reported to restore autophagy flux and prevent
cognitive decline in mouse models of tauopathies
[49]. Another small neuroprotective peptide, huma-
nin, identified initially from a cDNA library of AD
patients [50], is able to decrease Ab deposition in the
brain of APP/PS1 transgenic mice in an autophagy-
dependent fashion [51]. Activation of autophagy by
humanin occurs via reducing neuronal insulin
resistance via IRS-1 signaling inhibition and AMPK
activation.
Other AMPK modulators, such as metformin,

nilotinib, or bosutinib, have been reported to have
beneficial effects in the transgenic APPswe/
PS1DE952 and TgAPP mouse models [53,54].
Early results from pilot clinical trials of metformin in
AD appear to be promising, although they require

mailto:Image of Fig. 2|
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further validation from larger studies. One rando-
mized placebo-controlled trial of metformin in
amnestic mild cognitive impairment (aMCI) demon-
strated a small beneficial effect on total memory
recall [55], and another crossover study demon-
strated an association with improved executive
functioning [56]. However, some studies have
found that autophagy activation by metformin,
nilotinib, or bosutinib causes the secretion of Ab
into the extracellular space and promotes amyloido-
genic APP processing by g-secretase in autophago-
somes in Tg6799 mice [57] and Apolipoprotein E
deficient (ApoE�/�) mice [58]. Other pathways
unrelated to protein clearance may thus be important
to be considered when evaluating the potential
efficacy of a therapy.
Another group of compounds known to upregulate

autophagy and enhance clearance of autophagic
substrates comprises a class of mood-stabilizing
drugs, including lithium [46,59]. Lithium administra-
tion impairs phosphoinositol signaling via cellular
depletion of inositol by impairing IP3 recycling.
Reduced IP3 levels lead to decreased levels of
Ca2þ in the cytoplasm and decreased mitochondrial
Ca2þ uptake, causing lower ATP production fol-
lowed by activation of AMPK, which directly phos-
phorylates ULK1 and induces autophagy [60].
Lithium additionally upregulates autophagy by inhi-
biting GSK3b activity and reduces tau phosphoryla-
tion and amyloid production in pre-pathological AD
mouse models (AbPPswe/PSA1A246E) [61].
Recent studies strengthen the relevance of the
GSK3b-autophagy axis in AD, as pharmacological
inhibition of GSK3b (using the inhibitor SB216763)
upregulates the expression of TFEB and other
autophagy genes, and thereby restores lysosomal
function in PS1-knockout or -mutant neurons [62].
Activation of other autophagy-related transcription
factors, such as the nutrient-sensing nuclear recep-
tors PPARa, with relevant agonists (gemfibrozil or
Wy14643) increased Ab clearance and rescued the
cognitive deficits in APP/PS1DE9 mice [63].
Initial data from clinical trials relating to the use of

lithium in AD has revealed some promising results.
One clinical trial investigating the efficacy of lithium
as a neuroprotective agent in patients with AD-
associated mild cognitive impairment reported posi-
tive findings, with lithium-treated patients displaying
reduced cognitive decline over a two-year period
compared to the placebo group [64]. This attenuation
of decline was associated with increased amyloid-
beta peptide in the CSF, which may reflect the
clearance of Ab from the brain. It may be interesting
to investigate this data in connection with the
aforementioned Ab secretion into the extracellular
space on some instances of autophagy induction
[57]. Other clinical trials have shown no effects on
disease markers [65,66], although these negative
findings may, in part, be due to the small sample
sizes and short treatment durations used in these
trials.
Multiple screens of FDA-approved drugs have

identified new mTOR-independent modulators of
autophagy, which include imidazoline receptor ago-
nists, L-type Ca2þ channel antagonists, and calpain
inhibitors [46,67]. The first class of drugs is
comprised of imidazoline receptor agonists, such
as clonidine and rilmenidine. While these drugs are
extensively used as antihypertensive agents in
humans with no significant side effects, they are
also known to induce autophagy by decreasing
intracellular cAMP levels [67e69]. The beneficial
effects of clonidine and rilmenidine were tested in an
experimental zebrafish model expressing the human
A152T mutant tau coupled to the green-to-red
photoswitchable fluorescent protein Dendra [40].
The rare p. A152T variant of tau is a genetic risk
factor for the tauopathy progressive supranuclear
palsy (PSP) [40,70]. Indeed, treatment with either
imidazoline receptor agonist increased the clear-
ance of mutant tau and ameliorated the abnormal
morphological and motor defects seen in untreated
A152T tau fish [40].
The second class of compounds, the L-type Ca2þ

channel antagonists (felodipine and verapamil),
block the influx of extracellular Ca2þ, and thus,
decrease intracellular Ca2þ levels and mitochondrial
Ca2þ uptake. This leads to lower ATP production
followed by AMPK activation, which directly phos-
phorylates ULK1 and enhances autophagy in
primary mouse neurons and in vivo models of
tauopathies [60,71]. These two drugs were tested
in two transgenic zebrafish models expressing either
mutant A152T tau pan-neuronally or wild-type
human tau in rod photoreceptors only [71]. Both
drugs, via an autophagy-dependent mechanism,
ameliorated the abnormal morphological phenotype
and significantly reduced the levels of insoluble tau
species in these fish models. Elevated levels of
intracellular Ca2þ can also activate the Ca2þ-
dependent cysteine proteases (calpains), which
impair autophagy. Chemical inhibition of calpains
with calpastatin (the endogenous calpain inhibitor),
calpeptin or genetic knockdown, has the opposite
effect of stimulating autophagy [67]. Indeed, studies
using the calpain inhibitor A-705253 showed bene-
ficial effects in clearing Ab and hyperphosphorylated
tau with improved cognition in transgenic 3xTg-AD
mice harboring mutations in three genes,
PS1(M146V), APP(swe), and Tau(P301L) [72].

Genetic approaches in Alzheimer’s disease

The aforementioned pharmaceutical compounds
offer clear evidence that autophagy upregulation is
beneficial for AD in in vivo models. However, one
should account for their possible side effects when
translating these potential therapeutic strategies in
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humans, as these chemicals likely have additional
signaling targets independent of the autophagy
pathway. One potential strategy to overcome these
unwanted effects is the use of gene therapy
approaches to induce the expression of key autop-
hagy genes.
Lentiviral-induced Beclin-1 expression, one of the

most common strategies to stimulate autophagy by
gene therapy, was shown to reduce both intracellular
and extracellular amyloid pathology in the hippo-
campus and cortex of APP transgenic mice [22]. An
elegant approach using a knock-in point mutation
F121A in Beclin-1, which prevents the Beclin-1
interaction with its inhibitor BCL2, led to hyperactiva-
tion of autophagy with a consequent significant
decrease in Ab levels and restoration of survival in
5xFAD mice (expressing a combination of five
familial AD (FAD) mutations in human APP and
PS1 genes) [73]. Beclin-1-mediated autophagy may
also be stimulated by lentiviral Parkin transduction,
promoting clearance of damaged mitochondria and
intracellular Ab degradation in a triple transgenic AD
mouse model (3xTg-AD) express ing the
PS1(M146V), APP(swe), Tau(P301L), and knock-in
mutations [74].
The overexpression of another essential autop-

hagy gene, Atg5, induces autophagy and amelio-
rates the abnormal morphological defects in an
A152T-tau zebrafish model [40]. Intriguingly, dele-
tion of Atg7 in APP transgenic mice results in
reduced Ab plaque deposition as a consequence
of reduced Ab secretion into the extracellular space
[75]. Similarly to pharmacological inhibition, knock-
down of calpain or calpastatin overexpression are
protective against tau toxicity in multiple in vivo
models of tauopathies [76,77].
For many tauopathies, upregulation of autophagy

may be an attract ive therapeut ic strate-
gydsuccessful autophagy induction and improved
neurodegeneration phenotypes were seen in var-
ious in vivo models [1,39,78]. However, diseases
with impairment in the late stages of autophagy and
lysosomal functioning may not benefit from further
activation of autophagy. In these cases, the over-
expression of genes, such as BECN1 and ATG5
that mainly induce autophagosome synthesis with
little effect on lysosomal function, may potentially
only lead to unproductive accumulation of autopha-
gosomes. A promising therapeutic approach for
complex diseases like AD may be to enhance the
overall autophagic flux by acting on different steps
in the autophagy pathway. Therefore, an interesting
target for drug development may be TFEB, which is
known to be involved in both autophagosome
formation and lysosomal biogenesis [1,15]. Indeed,
the overexpression of TFEB was beneficial in
reducing neurofibrillary tangles and restoring beha-
vioral defects in a rTg4510 mouse model of
tauopathy [79].
Parkinson’s Disease

Parkinson’s disease (PD) is a debilitating neuro-
degenerative disorder primarily characterized by
progressive loss of motor control, and in many
cases, cognitive decline. These symptoms are the
result of the death of dopaminergic neurons in the
substantia nigra pars compacta, and are associated
with the accumulation of intraneuronal protein
aggregates (Lewy bodies), predominantly com-
prised of a-synuclein (a-syn) [80]. A large body of
evidence implicates defective autophagy as central
to both the etiology and pathogenesis of Parkinson’s
disease and numerous genetic mutations encoding
components of the autophagic machinery or relevant
to the autophagy-lysosomal pathway (ALP) have
been identified as disease risk factors [81,82]. Both
autophagosome biogenesis and autophagosome-
lysosome fusion appear to be compromised in PD
neurons,[81] and so induction of macroautophagy
has received much attention as a therapeutic
strategy to ameliorate the toxic effects of a-syn
accumulation.
A wealth of research implicates the intrinsically

disordered protein a-syn as a significant contributor
to autophagic deregulation and PD pathogenesis.
Overexpression of a-syn is sufficient to induce the
accumulation of filamentous protein inclusions, the
death of dopaminergic neurons, and locomotor
abnormalities in animal models [83,84], and multi-
plication of the gene encoding a-syn causes auto-
somal dominant disease in humans [85]. Two
extensively studied missense mutations in the a-
syn gene, A53T, and A30P, also cause autosomal
dominant early-onset Parkinson’s [86,87]. For these
reasons, much effort has been expended in the
search for long-term therapies that enhance the
clearance of intraneuronal a-syn. Experimental
evidence points to roles for both the ubiquitin-
proteasome system (UPS) [88,89], and the ALP in
the degradation of wild-type (WT) a-syn [4]. Because
WT a-syn contains the chaperone-mediated autop-
hagy (CMA)-targeting motif, CMA is a major con-
tributor to the autophagic degradation of a-syn [90].
However, in cases of intracellular a-syn accumula-
tion, where CMA is often disrupted [91], macro-
autophagy is thought to take on a more significant
compensatory role [92], and so has been implicated
in the clearance of toxic intracytoplasmic WT a-syn
oligomers [92,93], A53T mutant a-syn (which has a
higher propensity to aggregate) [94], and post-
translationally modified a-syn [95].

Defective autophagy in Parkinson’s disease

The overexpression or accumulation of a-syn
specifically disrupts the process of macroautophagy
via a number of different mechanisms, blocking the
degradation of autophagic substrates, including a-
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syn itself. Increased intracellular levels of pathogenic
a-syn can lead to Rab1a-relatedmislocalization of
the autophagy protein Atg9, inhibiting autophago-
some biogenesis [96]. The D620 N mutation in the
vacuolar protein sorting-associated protein 35
(VPS35), which causes an autosomal dominant
form of PD, is thought to result in a similar defect in
ATG9 trafficking [97], although this may not be the
only factor contributing to the mutation’s pathogeni-
city [98]. The observations that a-syn accumulates in
autophagosomes but not lysosomes in post-mortem
PD brains [99], and that the presence of a-syn
aggregates inhibits autophagosome maturation and
fusion with lysosomes in vivo [100] suggest that
autophagic flux may also be highly compromised by
a-syn accumulation. Lysosomal function may be
impaired by mutant a-syn, a-syn oligomers, or post-
translationally modified a-syn, which are all poorly
translocated into the lysosomal lumen [94]. Deficient
autophagy is particularly disadvantageous for neu-
ronal cells due to their post-mitotic nature and can
result in cell death due to oxidative stress [101], or
from the lack of clearance of damaged organelles,
such as mitochondria [102].
Other genes associated with PD risk have also

been linked to autophagy. Mutations in the acid b-
glucocerebrosidase (GBA1) gene are a strong
genetic risk factor for PD [103]. iPSC-derived
neurons from PD patients with mutations in GBA1
show autophagic and lysosomal defects, including
an accumulation of lysosomes, impairment of
lysosomal hydrolytic function, and impaired fusion
between autophagosomes and lysosomes [81].
Additionally, the PD-associated genes ATP13A2
and SYT11 regulate autophagy through a pathway
mediated by TFEB [104]. Depletion of ATP13A2
appears to decrease the levels of SYT11 via both
transcriptional and post-translational mechanisms,
and disruption of the pathway blocks autophagy
[104].

Autophagy inducers in Parkinson’s disease

Rapamycin, an allosteric mTORC1 inhibitor [105],
is one of the most frequently studied macroauto-
phagy inducers and has been shown to increase the
clearance of WT, A30P, and A53T a-syn in
PC12 cells [4], and to attenuate neuronal toxicity in
dopaminergic neurons [106]. Beneficial effects have
also been observed in vivo; rapamycin reduced a-
syn accumulation in transgenic a-syn mice [107],
protected against MPTP-induced neuronal death in
WT-mice [108], and improved motor function in A53T
transgenic mice [109]. In addition to stimulating
autophagosome biogenesis [105], it has been
proposed that rapamycin may increase lysosomal
biogenesis [106], thus potentially avoiding autopha-
gosome accumulation and neuronal toxicity. It is
noted that ATP-competitive mTOR inhibitors, such
as Torin-1, may be less suited for therapeutic
purposes, as they target both mTORC1 and
mTORC2, as well as PI3K in some cases, and so
induce neuronal toxicity on chronic administration
[110,111].
A number of mTOR-independent autophagy indu-

cers have also shown beneficial effects in PD
models. Three novel small-molecule enhancers of
rapamycin (SMERs)dSMER10, SMER18, and
SMER28dwere identified by a chemical screen,
and were shown to induce autophagic clearance of
A53T a-syn in vitro in an mTOR-independent
manner [112]. The exact mechanisms by which
each SMER exerts its effects on a-syn have yet to be
determined [113].
The AMPK modulator trehalose enhances the

clearance of A53T and A30P a-syn in doxycycline-
inducible PC12 cell lines, but not the clearance of
WT a-syn, which, in these models, was likely not
strongly dependent on macroautophagy for its
clearance [45]. In vivo studies have demonstrated
similar autophagy-dependent results; oral adminis-
tration of trehalose protects against tyrosine hydro-
xylase and dopamine transporter loss and reduces
neuroinflammation in an MPTP-induced PD mouse
model [114], and additionally prevents deficits in
motor asymmetry in an adeno-associated virus
(AAV)-mediated a-syn overexpression rat model
[115]. Trehalose treatment also decreases Akt
activity, thereby activating the transcription factor
TFEB, and consequently, the expression of autop-
hagy and lysosomal genes [116]. A study that trialed
the combined use of trehalose and the mTOR-
dependent autophagy enhancer rapamycin in an
MPTP-induced mouse model of PD further suggests
that an additive effect may result from stimulating
autophagy via different pathways [117]. Combined
treatment, in this case, was more efficacious than
either compound alone in reducing dopaminergic
deficits and restoring expression of tyrosine hydro-
xylase, but did not improve cognition more than
trehalose alone [117].
A number of other AMPK-dependent autophagy

inducers already in use for various clinical purposes
have shown promise in cell and animal models of
PD. Metformin (a drug currently used in the treat-
ment of type 2 diabetes) induced a reduction in the
levels of Ser-129 phosphorylated a-syn in a-syn
overexpressing SH-SY5Y cells [118], partially res-
cued mitochondrial dysfunction in genetic Droso-
phila models of PD [119], and appeared
neuroprotective in MPTP mice [120]. Nilotinib, a
tyrosine-kinase inhibitor approved for use treating
chronic myelogenous leukemia, stimulated autop-
hagy, and partially rescued disease phenotype, in
both A53T and lentiviral a-syn overexpression PD
mouse models via inhibition of phosphorylation of
BCR-ABL [121e123]. A Phase 1 human clinical trial
of nilotinib in PD patients with cognitive impairment
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showed improvements in cognitive and motor skills
at doses of 150 mg and 300 mg [124]. Phase 2 trials
are currently ongoing and have so far generated
promising results [124]. The natural plant phenol
resveratrol was shown to induce AMPK-dependent
autophagy and a-syn clearance in SH-SY5Y and
PC12 cells, possibly via interaction with SIRT1 [125,
126]. It also reduced the incidence of apoptosis in
SH-SY5Y neuroblastoma cells exposed to rotenone
[127], protected against reactive oxygen species
(ROS) in 6-hydroxydopamine (6-OHDA)-induced rat
PD models [128,129], and appeared to be antineur-
oinflammatory in an MPTP mouse PD model [130].
Corynoxine B, an oxindole alkaloid isolated from a

herb used in traditional Chinese medicine, has been
shown to induce autophagy in multiple neuronal cell
lines, as well as in primary cortical neurons [131].
This led to enhanced clearance of WT, A53T, and
A30P a-syn monomers in differentiated dopaminer-
gic neurons, and of a-syn oligomers and a-syn/
synphilin-1 aggresomes in N2a cells. The mechan-
ism of autophagy induction was found to be mTOR-
independent, but appears to be mediated by Beclin-
1[131]. In cells subject to accumulation or over-
expression of a-syn, cytosolic translocation of
HMGB1 is blocked, inhibiting the reaction between
Beclin-1 and HMGB1, and thereby, suppressing
autophagy [132]. There is some data to suggest that
corynoxine B can, under these same conditions,
rescue the cytosolic localization of HMGB1, thus
rescuing the autophagy defect [133]. Corynoxine, an
enantiomer of corynoxine B, was also shown to
induce autophagy in SH-SY5Y and PC12 cell lines
and to enhance the clearance of WT and A35T a-
synuclein, but interestingly via a different, Akt/
mTOR-dependent mechanism [134].
The mTOR-independent autophagic inducer

lithium enhanced the clearance of A53T and A30P
mutant a-syn in inducible PC12 cell models [59],
protected SH-SY5Y neuroblastoma cells from rote-
none-induced toxicity [135], and appeared to reduce
Parkinsonian phenotypes in an aged Parkin mutant
transgenic mouse model [136]. In addition to the
aforementioned IP3-dependent mechanism of
autophagic induction, lithium may also act via
inhibition of the GSK3b pathway. Activation of
GSK3b, an autophagy inhibitor, has been observed
in a-syn overexpression andMPTPmodels of PD, as
well as in postmortem striatum of PD patients, and
appears to be dependent on the presence of a -syn
[137]. Inhibition of GSK3b activity by lithium
increases TFEB levels, and likely contributes to the
compound’s autophagy enhancing effects [137].
Other mood-stabilizing drugs have also been studied
as potential autophagy inducers, and two of them,
sodium valproate and carbamazepine, have been
shown to induce autophagy and mimic the neuro-
protective properties of lithium in SH-SY5Y cells
exposed to rotenone [138] through an inositol-
dependent mechanism. It has been reported that,
as in the case of trehalose/rapamycin combination
therapy, concomitant treatment of PC12 cells with
lithium and rapamycin had an additive effect on the
clearance of A53T a-syn [139], while combining
lithium with sodium valproate partially ameliorated
motor symptoms in an MPTP mouse PD model
[140]. It is necessary to note that most known mood-
stabilizing drugs affect multiple cellular processes,
and as such may not be ideal therapeutic
candidates.

Genetic approaches in Parkinson’s disease

There is evidence to suggest that a-syn accumu-
lation may sequester the transcription factor TFEB in
the cytoplasm, preventing its translocation into the
nucleus and blocking its transcriptional activity [141].
This hypothesis is supported by the observations
that nuclear TFEB levels were significantly reduced
in the postmortem PD midbrains and that TFEB
colocalized with filamentous a-syn inclusions in
neurons containing Lewy bodies [142]. While the
extent to which TFEB is implicated in the pathogen-
esis of PD is still unclear, overexpression of TFEB
has been shown to protect dopaminergic neurons
from toxicity, induced by AAV vector-mediated
overexpression of human a-syn in the rat midbrain,
and to protect against behavioral abnormalities in the
same transgenic rat model [142]. Lentiviral over-
expression of Beclin-1 also reduces a-syn aggrega-
tion and ameliorates disease symptoms in a
transgenic PD mouse model [143].
Upregulation of autophagy represents an attrac-

tive therapeutic strategy in the treatment of PD, with
phenotypic improvements observed in a number of
in vivo and in vitro disease models. However,
mutant, post-translationally modified and oligomer-
ized a-syn negatively impact multiple distinct stages
of the autophagic pathway, including lysosomal
function. Therapies designed to stimulate autopha-
gic flux, such as those targeting TFEB or combina-
t ion therapies, may restore intraneuronal
homeostasis without causing the accumulation of
defective ALP components, and thus are likely to be
of the greatest utility in the treatment of PD.
Polyglutamine Diseases

There are currently nine known diseases caused by
polyglutamine expansion mutations: Huntington’s
disease (HD); spinal and bulbar muscular atrophy
(SBMA); dentatorubropallidoluysian atrophy
(DRPLA); and spinocerebellar ataxia (SCA) types 1,
2, 3, 6, 7, and 17 [144]. These mutations are encoded
by the expansion of a (CAG)n trinucleotide repeat tract
in the relevant proteins. For example, in HD, up to 35
CAGs are well-tolerated and considered within the
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range of normal variation, while 36 or more repeats
causedisease. Themutant proteins causediseasevia
toxic gain-of-function mechanisms.

Defective autophagy in polyglutamine diseases

As aggregate-prone proteins containing polyQ
expansions are substrates of autophagy, disruptions
in the autophagy pathway may contribute to an
accumulation of the relevant proteins and conse-
quent toxicity. Additionally, recent studies have
revealed that some of the genes associated with
polyQ disease are themselves important regulators
of autophagy in their wild-type forms. This suggests
that disease pathology may be in part due to direct
inhibition of autophagy, rather than simply over-
whelming the natural autophagic machinery with
misfolded proteins [8].
Wild-type HTT itself appears to play a complex

and incompletely understood role in the autophagy
pathway, and polyQ-expanded mutant huntingtin
(mHTT) has been reported to impact autophagy in
different ways. mHTT appears to impede cargo
recognition [145] by autophagosomes, which will
slow substrate degradation. Interestingly, recent
studies have proposed that wild-type HTT may act
as a scaffold for selective autophagy [146,147]. This
raises the possibility that disruption of the native
function of wild-type HTT by mHTT may contribute to
a disruption of cargo recognition in HD, although the
precise mechanisms remain to be elucidated. Inter-
estingly, expression of full-length HTT lacking its
polyglutamine stretch (DQ-htt) in vitro appears to
increase autophagosome biogenesis and Atg5-
dependent clearance of truncated N-terminal
mHTT aggregates [148]. As overexpression of full-
length wild-type HTT in vitro does not increase
autophagosome synthesis, this may represent a
gain-of-function effect.
Additionally, polyQ-expanded proteins may cause

defects in neuronal vesicular trafficking [149]. In
neurons, autophagosomes are constitutively formed
in the axon terminal and are trafficked by the
microtubule motor-protein dynein towards the cell
body after maturation [150]. Dynein mutations are
linked to decreased clearance and increased toxicity
of mutant HTT in flies and mice [151], and polyQ
proteins inhibit both anterograde and retrograde fast
axonal transport in isolated axoplasm without the
presence of aggregates [152]. Since this occurs
without transcription or translation, this defect is
likely due to direct protein-protein interactions.
Interestingly, silencing of either wild-type HTT or its
interactor, HTT-associated protein 1 (HAP1), was
found to block retrograde transport of autophago-
somes along axons [153]. The effect of HTT on
retrograde transport appeared to be dependent on
an interaction between HTT and dynein [153,154]. It
is, thus, possible that polyQ-expanded HTT also
disrupts autophagy by interfering with the function of
the wild-type protein. By impairing autophagosome
and lysosome trafficking, polyQ-expanded proteins
may inhibit their own degradation, leading to a
positive feedback loop.
PolyQ-expanded proteins may also interfere with

elements of the autophagy machinery. Wild-type
Ataxin-3 has been shown to deubiquitinate Beclin-1,
a critical component of autophagosome nucleation
and maturation [155], thereby protecting it from
proteasomal degradation [7]. Interestingly, the
polyQ tract in Ataxin-3 is the structural motif
facilitating this interaction, representing a novel
binding mechanism [7]. In fibroblasts derived from
patients with HD, SCA3, or DRPLA, the longer polyQ
tracts in the disease protein outcompete wild-type
Ataxin-3 for this binding site, resulting in increased
Beclin-1 degradation and consequently impaired
starvation-induced autophagy [7].
Some polyQ disease proteins may also disrupt the

expression of autophagy and lysosomal genes
through TFEB. Wild-type androgen receptor (AR)
has been shown to coactivate TFEB, as evidenced
by nuclear translocation of both following the
addition of an androgen ligand to cell culture
media, but this coactivation is lost in the polyQ-
expanded AR that causes SBMA [156]. When in the
nucleus, TFEB stimulates the CLEAR network of
genes, which increases lysosomal biogenesis [157],
and SBMA neurons exhibit a build-up of autophago-
somes consistent with a block in degradation. This
can be rescued by the overexpression of TFEB,
suggesting an alternative activation of TFEB as a
clinical strategy. DRPLA is caused by a polygluta-
mine expansion in atrophin-1 (ATN1). PolyQ-
expanded ATN1 mice were found to exhibit reduced
autophagic flux characterized by a block in degrada-
tion and inactivation of TFEB [158]. Furthermore,
late-stage DRPLA appears to have impaired autop-
hagosome degradation in flies [159].

Autophagy inducers in polyglutamine diseases

The presence of dense inclusion bodies contain-
ing the relevant polyQ-expanded proteins in post-
mortem HD tissue initially led to the theory that
protein aggregation was the prime driver of cytotoxi-
city. This theory was supported by in vitro studies,
which noted that long polyglutamine tracts destabi-
lize peptide structure and cause proteins to be prone
to aggregation [160]. Regardless of which species of
protein is the most toxic, reducing the total pool of
mutant protein ameliorates disease in cells, and
autophagy upregulation has the potential to reduce
the levels of both oligomers and aggregates. Since
polyQ-expanded proteins are preferentially
degraded by autophagy in cell models [161] and
inducing autophagy with rapamycin or other small
molecules reduces the toxicity of polyQ-expanded
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huntingtin fragments in cells, flies, and mice
[3,67,112,139], it has thus been a longstanding
idea that inducing autophagy prior to pathogenesis
would be a viable strategy for postponing or
preventing disease onset. The clearance of polyQ-
expanded proteins by autophagy is particularly
critical, as polyQ aggregates may impair clearance
by the proteasome [162].
Autophagy enhancers from many different classes

have been shown to be beneficial in cells and in vivo
models of HD. Inducing autophagy with rapamycin
reduces the toxicity of mHTT fragments in cells and
mice [3]. Trehalose, an mTOR-independent autop-
hagy inducer, has been found to increase motor
function and lifespan in transgenic mice expressing
mHTT [163]. The mTOR-independent small mole-
cules SMER10, SMER18, and SMER28 similarly
reduce mHTT toxicity in cells and Drosophila [112].
Combination therapy using rapamycin and lithium
appears to provide greater protection against neu-
rodegeneration in fly models, and thus combining
mTOR-dependent and mTOR-independent enhan-
cers may be a therapeutic option to explore [164].
Additionally, the mTOR-independent small mole-

cules loperamide, nimodipine, minoxidil, and rilme-
nidine were all found to ameliorate mHTT
aggregation and toxicity in an autophagy-dependent
manner in cells, as well as verapamil, clonidine, and
calpastatin in both cells and zebrafish models
[67,165]. Specifically, verapamil is an antagonist of
the L-type Ca2þ channel, loperamide is an opioid
receptor agonist, minoxidil opens the KþATP chan-
nel, rilmenidine and clonidine are inhibitors of the
imidazoline receptor, and calpastatin is a calpain
inhibitor. Despite affecting such diverse targets,
each of these drugs influences a common pathway,
which, when activated, increases cytoplasmic Ca2þ
and cAMP levels and inhibits autophagy [139].
The search for novel autophagy inducers has

yielded other interesting modulators. Nitric oxide
(NO), a key signaling molecule, has been found to
inhibit autophagosome synthesis via multiple path-
ways. These include inhibition of JNK1, which
reduces phosphorylation of Bcl-2, and thereby
enhances its inhibitory interaction with Beclin-1.
NO also inhibits IKKb, which leads to a reduction in
AMPK phosphorylation and activity. Depletion of NO
via inhibitors of nitric oxide synthase increases
autophagic flux and consequently ameliorates
pathology in HD models [166]. Another study aiming
to identify potent neuronal inducers of autophagy
yielded an N [10]-substituted phenoxazine that, at
proper doses, potently and safely up-regulated
autophagy in neurons in an Akt- and mTOR-
independent fashion [167]. Modulation of autophagy
using CTEP, a negative allosteric modulator of
metabotropic glutamate receptor 5 (mGluR5), was
also reported to reduce HD pathology in Q175
huntingtin knock-in mice [168]. This effect appeared
to be mediated through an autophagy pathway
mediated by GSK3b, ZBTB16, and ATG14.
For SBMA, antiandrogen treatment has also been

a longstanding strategy ever since castrated mice
were found to have reduced symptoms and
improved lifespan [169], and transgenic flies were
found to only exhibit neurodegeneration upon treat-
ment with androgen ligand, which was lost when the
AR was trapped in the cytosol [170]. These findings
suggest that nuclear translocation is a critical step in
the pathogenesis of SBMA. Nuclear polyglutamine
aggregates may not be as accessible to autophagy,
which may contribute to their toxicity [171]. Further,
treatment with direct AR antagonists, such as
enzalutamide and flutamide, reduces toxicity in
SBMA mice, cotreatment with autophagy inducers
further decreases toxicity and inhibiting autophagy
increases toxicity [172e174].

Genetic approaches in polyglutamine diseases

Several genetic interventions targeting autophagy
have also been shown to have beneficial effects in
cell and animal models of HD. Overexpression of
constitutively active AMPK-a, as well as treatment
with the AMPK activator A769662, induces autop-
hagy, reduced aggregation, and improved cell
viability in STHdh cells and mouse embryonic
fibroblasts [175]. Overexpression of Rab5, which
complexes with Vps34 and Beclin-1, was also found
to enhance autophagosome formation and attenuate
toxicity in cell and Drosophila models of HD [176].
Genetic ablation of XBP1 also appears to increase
mHTT clearance and ameliorate HD pathology in
cell and mouse models of HD [177]. This effect
appears to occur via a mechanism involving autop-
hagy, as depletion of XBP1 increased levels of
FOXO1 and consequently the transcription of
autophagy-related genes. In a mouse model of HD,
restoration of PGC-1a (which is inhibited by mHTT)
reduced mHTT aggregation and ameliorated dis-
ease symptoms via a pathway involving the activa-
tion of TFEB [178]. Finally, the deubiquitinase Usp12
was recently identified as another inducer of
neuronal autophagy [179]. In neurons derived from
HD patients and rodent models, as well as in
Drosophila, overexpression of Usp12 increased
autophagic flux and rescued mHTT neurotoxicity in
an autophagy-dependent manner [179].
Interestingly, expression of full-length HTT lacking

its polyglutamine stretch (DQ-htt) in a knockin mouse
model for HD (Hdh140Q/DQ) significantly reduces the
levels of mHTT aggregates, ameliorates neurologi-
cal defects, and extends lifespan in comparison to
HD model mice (Hdh140Q/þ) [148]. This was found
together with an increase in steady-state levels of
the autophagic marker LC3-II, suggesting that the
beneficial effects may be due to an increase in
autophagy. In support of this, overexpression of DQ-
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htt in cells was shown to increase autophagic
clearance. Furthermore, HdhDQ/DQ mice (expressing
only DQ-htt without polyQ-expanded htt) show a
significant increase in lifespan in comparison with
WT mice, suggesting that the increase in autophagy
caused by DQ-htt may also have effects on longevity
in normal mice.
Induction of more specific forms of autophagy may

also be of therapeutic benefit in HD. One element of
HD pathology appears to be the impaired clearance
of defective mitochondria [180]. Overexpression of
PINK1, a critical mitophagy gene, alleviated mito-
chondrial pathology, ATP levels, neuronal integrity,
and adult fly survival in a genetic Drosophila model
of HD [180].
Genetic induction of autophagy has also been

tested in other polyglutamine diseases. Spinocer-
ebellar ataxia type 3 (SCA3), also known as
Machado-Joseph disease, is an autosomal domi-
nant disease caused by a polyQ expansion in the
Ataxin-3 gene. In neuroblastoma and rat models of
SCA3, lentiviral overexpression of Beclin-1
increased autophagic flux, increased the clearance
of mutant Ataxin-3, and appeared to reduce neuronal
pathology in the striatum of the rat model [181]. A
subsequent study of lentiviral Beclin-1 overexpres-
sion in a transgenic SCA3 mouse model showed
similar marked improvements in aggregate clear-
ance and neuropathology, and additionally demon-
strated signif icant improvements in motor
coordination, balance, and gait [182].
Together, these data suggest that polyQ diseases

are amenable to activation of autophagy via a variety
of pathways and using a variety of drugs. Because
polyQ diseases may be diagnosedpresymptomati-
cally, a prospective therapeutic strategy may be to
begin treatment before disease onset in order to
postpone neuronal loss.
Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a fatal
neurodegenerative disease which is characterized
by progressive degeneration of upper and lower
motor neurons. The majority (~90%) of ALS cases
are sporadic, and only 5e10% of all cases have
been reported to be familial [183]. A large number of
pathogenic mutations within over 30 genes have
been linked to ALS. The most commonly involved
genes are superoxide dismutase (SOD1) [184],
fused in sarcoma (FUS) [185], TAR DNA-binding
protein 43 (TDP-43) [186], sequestosome 1
(SQSTM1/p62) [187,188], optineurin (OPTN) [189],
valosin-containing protein (VCP) [190], TANK bind-
ing kinase 1 (TBK1) [191], ubiquilin 2 (UBQLN2)
[192], dynactin subunit 1 (DCTN1) [193], alsin
(ALS2) [194], profilin 1 (PFN1) [195], charged multi-
vesicular body protein 2B (CHMP2B) [196,197],
factor-induced gene 4 (FIG 4) [198], and a hexanu-
cleotide repeat expansion (GGGGCC) found in the
C9orf72 gene [199]. Mutations in these genes affect
multiple cellular pathways, including protein quality
control, axonal transport, and RNA metabolism
[200]. The abundance of ubiquitin-positive inclusions
is a characteristic neuropathological feature in ALS,
indicating impairment of protein quality control
systems. Interestingly, these inclusions were also
found to be positive for mutant SOD1 and TDP-43 in
transgenic mice and patients [201e203].

Defective autophagy in ALS

Since many genes linked to ALS impact autop-
hagy, it is believed that dysfunctional autophagy is
one of the critical elements in the disease. Several of
these genes encode various autophagy receptors,
which are vital for the recruitment of specific cargo to
autophagosomes for degradation [204]. These
receptors share common domains, such as a
ubiquitin-associated domain (UBA) and an LC3-
interacting region (LIR); the former enables binding
to ubiquitinated substrates while the latter facilitates
loading onto the developing phagophore [205].
Mutations in a number of autophagy receptors,
including SQSTM1/p62, OPTN, and UBQLN2,
have been associated with the pathogenesis of
ALS, as described below.
SQSTM1/p62 is found in ubiquitin-positive inclu-

sions of mutant SOD1 (mSOD1) in motor neurons of
ALS mouse models. Mutations in p62 are implicated
in ALS, including an ALS-linked L341V substitution
mapped to the p62 LIR, which abrogates its
interaction with LC3B, and hence interferes with
the loading of p62 onto the phagophore [206].
A number of mutations in OPTN are associated

with both familial and sporadic cases of ALS
[189,207]. These mutations include a homozygous
deletion of exon 5, a homozygous Q398X nonsense
mutation, and a heterozygous E478G missense
mutation. The E478G mutation in the UBA of
OPTN abolishes its interaction with ubiquitin but
does not affect its capacity to interact with mutant
SOD1 via its C-terminal coiled-coil domain. Also,
downregulation of OPTN in a mutant SOD1 G93A
zebrafish ALS model using morpholinos exacer-
bates motor axonopathy [189,208]. Additional muta-
tions in the UBA domain of OPTN, Q398X, and
E478G, impede autophagosome maturation since
these mutant forms cannot recruit MYO6, which
facilitates the fusion of autophagosomes to endo-
somes, and ultimately the degradation of autopha-
gosomes [209,210].
Ubiquilin 2 (UBQLN2) aids in the appropriate

identification of ubiquitinated misfolded proteins by
p62 through its UBA domain. Overexpression of the
ALS-linked mutant P497H UBQLN2 imparts a toxic
gain of function in a rat model and causes defects in
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autophagy by disrupting endosomal pathways
[211].
The ALS-associated gene ALS2, which encodes

alsin, has also been found to impact autophagy.
Alsin is a guanine nucleotide exchange factor for
Rab5, and this interaction is mediated by the Vps9p
domain of alsin. Genetic ablation of ALS2 in SOD1-
H46R mice exacerbated the disease phenotype by
disturbing the cascade of autophagosome matura-
tion and lysosomal fusion, as alsin has been shown
to associate with p62 and LC3 to facilitate autopha-
gic clearance by maintaining balanced endosomal
fusion [212,213]. Moreover, simultaneous depletion
of p62 and ALS2 in a mutant SOD1H46R mouse
model aggravated the disease, providing further
evidence that both of these independent ALS-linked
genes protect against the disease through the
autophagy-endolysosomal axis [214].
The common disease models of ALS show

complex alterations to autophagy, which are still
not completely understood. One widely used model
is mutations in the SOD1 gene, which encodes a
CueZn superoxide dismutase that converts reactive
superoxide radicals to hydrogen peroxide and
oxygen in order to relieve oxidative stress in cells.
Mutations in SOD1 constitute almost 20% of familial
cases of ALS and are among the most widely studied
genetic causes of the disease [184]. Early evidence
indicated that transgenic SOD1G93A mouse model of
ALS shows increased numbers of autophagosomes,
compared with non-transgenic or human wild-type
SOD1 transgenic animals [215]. As later studies
have also found endolysosomal deficits and reduced
substrate clearance in SOD1G93A mice, this
increased number may be due to a block in
autophagosomal degradation [216]. TDP-43 has
also been found to positively regulate autophagy
by stabilising ATG7 mRNA in cells, and depletion of
TDP-43 results in autophagy impairment and accu-
mulation of aggregate-prone proteins [217]. Disrup-
tion to native TDP-43 function in disease states (e.g.,
by sequestration in aggregates) may thus impair
autophagy.
A hexanucleotide (G4C2) repeat expansion in

C9orf72 accounts for 25% of familial cases and
10% of sporadic cases [199] of ALS. Its contribution
to ALS pathogenesis is multitudinous as the mutated
RNA form can affect transcription of wild-type
C9orf72, can accumulate in RNA foci inside the
nucleus, and can sequester RNA binding proteins,
such as TDP-43 and FUS. The translated products
of G4C2 C9orf72 are toxic dipeptides, which disrupt
nucleocytoplasmic transport [218], aggregate with
p62 [219], and inhibit the proteasome [220]. Loss of
C9orf72 inhibits the initiation of ULK1-mediated
autophagy by disrupting the SMCR8-C9orf72 com-
plex. On the contrary, depletion of C9orf72 can
induce TFEB-mediated autophagy by inhibiting
mTORC1 [221,222].
Autophagy inducers in ALS

Autophagy induction has shown beneficial effects
in cells harboring pathogenic SOD1 mutations. In
Neuro2a cells, G93A mutant SOD1 is a substrate for
autophagy-mediated degradation, as pharmacologi-
cal inhibition of autophagy led to its accumulation,
whereas augmenting autophagy with rapamycin
resulted in reduced protein levels [223]. Recently, a
study has reported that p-coumaric acid (active
ingredient present in Brazilian green propolis)
exerted protective effects against neurotoxicity
caused by pathogenic SOD1G85R in Neuro2a cells
via activation of autophagy [224].
Although advantageous effects of enhancing

autophagy have been shown for these in vitro
models, the evidence for in vivo SOD1 models of
ALS has been mixed. One study reported unexpect-
edly detrimental effects upon rapamycin treatment in
a SOD1G93A mouse model, where rapamycin-
treated mice exhibited an earlier onset of disease,
shorter lifespan, and greater weight loss [225].
Although the autophagic activity was increased in
the motor neurons of these mice upon rapamycin
treatment, there was no apparent reduction in SOD1
aggregation. The observed accelerated disease
progression was attributed to activation of the
apoptotic pathway in spinal cords of ALS mice
treated with rapamycin, as confirmed by increased
levels of cleaved caspase-3 [225]. In contrast,
another study in a SOD1G93A mouse model using
verapamil (L-type channel Ca2þ blocker) showed
beneficial effects. Verapamil, an enhancer of autop-
hagy, effectively delayed disease onset, prolonged
life span, extended disease duration, rescued motor
neuron survival, reduced SOD1 aggregation, and
restored autophagic flux in motor neurons [226].
Furthermore, at least two studies have found
beneficial effects of trehalose in alleviating ALS
disease pathology. In mutant SOD1G86R and SOD1
G93A transgenic mice, trehalose administration
resulted in increased life span, improved neuronal
survival, reduced astrogliosis, and delayed disease
onset through activation of autophagy. However, it
was beneficial only in the early stages of the disease
and was recommended for use in combination with
other ALS drugs for asymptomatic patients
[227,228].
Other commonly used models of ALS pathology

utilize FUS and TDP-43. These are aggregate-prone
RNA binding proteins, which are known to cause
altered RNA metabolism in ALS. Similarly to SOD1,
the pathogenic form of TDP-43 is degraded by
autophagy [229,230]. Mutant FUS (mFUS) inhibits
autophagy by reducing ATG9 recruitment to autop-
hagosomes and concomitantly decreasing autolyso-
some formation. A study using iPSC-derived
neurons recapitulating FUS-related ALS disease
pathology showed that mTOR inhibitors, such as
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torkinib and PQR309, expedited the clearance of
cytoplasmic FUS and restored altered RNA meta-
bolism via autophagy induction [231].
Results from autophagy induction in TDP-43

models have been mixed. Rapamycin was shown
to be beneficial in an FTLD-TDP transgenic mouse
model of ALS [232]. Autophagy upregulation using
the novel compounds fluphenazine, methotrimepra-
zine, and 10-(40-(N-diethylamino)butyl)-2-chlorophe-
noxazine in a neuronal model of ALS also reduced
TDP-43 levels and ameliorated pathology [233].
However, enhancement of autophagosome biogen-
esis by rapamycin in a Drosophila model of TDP-43
pathology aggravated the disease, whereas imped-
ing autophagy by phosphatidic acid (an mTOR
agonist [234]) ameliorated the disease phenotype
[235].
The complex results obtained from autophagy

upregulation in TDP-43 models may be explained by
the specific defects in autophagy present in the
disease. Loss-of TDP-43 function may occur in
disease conditions when the normally nuclear
protein is unable to localize correctly. This may
have multiple effects on autophagy. TDP-43 stabi-
lizes the mRNA levels of RPTOR (a component of
mTORC1), and loss of function of TDP-43 results in
the downregulation of RPTOR, which affects
mTORC1 activity [235]. TFEB, a positive regulator
of autophagosome and lysosome biogenesis, is
phosphorylated by mTORC1, which inhibits its
translocation to the nucleus. Loss of function of
TDP-43 thus causes induction of autophagy by
reducing mTORC1 activity, consequently enhancing
TFEB nuclear translocation. However, this autop-
hagy induction is not beneficial as loss of TDP-43
also results in decreased dynactin-1 levels, which
impairs autophagosome-lysosome fusion [235]. This
downstream block in autophagic flux may cause a
deleterious accumulation of autophagosomes if
autophagosome formation is induced.

Genetic approaches in ALS

In addition to pharmacological studies, several
genetic manipulations have been shown to alter ALS
pathology through autophagy. The effect of these
manipulations appears to vary substantially for each
gene and disease model. For example, genetic
ablation of XBP-1 (X-box-binding protein) in motor
neurons of SOD1G86R mice enhanced the clearance
of mutant SOD1 aggregates and increased survival
through autophagy [236]. In contrast, conditional
knockout of ATG7 in motor neurons of SOD1G93A

mice led to extended lifespan and reduced cell-
nonautonomous effects on glial cells in the early
stages of the disease but accelerated disease
pathology [237].
Overexpression of Beclin-1 has also yielded

complex effects on ALS pathology. BECN1 over-
expression in NSC34 motor neuron cells decreased
the aggregation of mutant SOD1G85R protein [238].
In a SOD1G127X mouse model, heterozygous loss of
Beclin-1 reduced autophagic flux and led to
increased SOD1G127X aggregation [239]. However,
haploinsufficiency of BECN1 in mutant SOD1G86R

transgenic mice was associated with increased life
span and reduction in mutant SOD1 oligomers,
accompanied by an increase in monomeric and high
molecular weight species impacting aggregation,
without an apparent change in mRNA levels [238]. In
this case, the reduction in oligomeric species was
suggested to be protective. The contrasting results
between these two studies suggest that different
ALS mutations or risk factors may interact in different
ways with the autophagy pathway.
Positive results have been obtained in an mFUS

model of the disease [240]. Overexpression of Rab1,
which mediates intracellular membrane trafficking
events, including ER-Golgi trafficking and autopha-
gosome formation, rescued autophagosome and
autolysosome formation in cells expressing mFUS.
Moreover, Rab1 overexpression inhibited recruit-
ment of mFUS to stress granules (SGs), resulting in
a reduction in their size [240].
As ALS is caused by mutations in many different

genes, which may impact autophagy differently, it
may be necessary to consider the specific effects of
each individual mutation when considering autop-
hagy-related therapies. This may be particularly
relevant when these genes directly impact different
parts of the autophagy itinerary.
Conclusion and Perspective

Deficits in protein homeostasis are a shared
mechanism across neurodegenerative diseases,
and therefore increasing protein clearance via
autophagy is an attractive strategy that may be
applicable in multiple diseases. As described above,
evidence in disease models indeed demonstrates
promising results in many cases, with autophagy
upregulation being able to reduce the levels of toxic
proteins, ameliorate signs of disease, and delay
disease progression in a number of models.
Effectively utilizing autophagy induction as a

therapy, however, requires a thorough understand-
ing of the interplay between disease pathogenesis
and autophagy. Despite the strong positive results
seen in some models, the complex and often
apparently contradictory results obtained in other
disease models indicate that the effects of autop-
hagy upregulation may vary substantially depending
on the precise nature of the disease state. The
complex and varied impairments to autophagy seen
in different diseases make it especially important to
understand how autophagy impacts (and is
impacted by) pathogenesis mediated by each
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mutant protein. For instance, as some disease-
causing mutations may generate disruptions to
lysosomal function as part of their pathogenesis,
induction of autophagy in these cases may result in
accumulation of autophagosomes that cannot be
degraded, resulting in an amplification of the
pathological phenotype. The pathophysiology of
many neurodegenerative diseases is incompletely
understood, particularly in sporadic cases of illness.
A better understanding of how the autophagy path-
way is affected in these cases can help researchers
to design tailored and effective treatments. It is also
important to consider the effects that autophagy may
have on pathways unrelated to protein clearance,
such as secretion, which may also affect the
disease.
Upstream signaling pathways, such as mTORC1,

TFEB, and AMPK, may exert influence across the
whole pathway and thus are a potential target to
improve flux and overall protein clearance. However,
while some compounds acting on these pathways
(e.g., rapamycin) are used therapeutically in
humans, the many roles of pleiotropic targets, such
as mTOR and AMPK, may lead to undesirable side
effects resulting from their inhibition. As autophagy
induction may be more beneficial in the early stages
of disease [61,225,228], finding modulators with mild
long-term side effect profiles would be of great
therapeutic benefit. Identifying more specific autop-
hagy regulators that are still able to improve flux may
lead to drug targets that could be modulated in a
more clinically tolerable manner. Pharmacokinetic
optimization of treatments may also help to reduce
side effects from autophagy treatment, and there is
some evidence that pulsatile treatment may suffice
to effectively promote protein clearance [3] while
potentially limiting side effects.
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