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The autophagy lysosomal pathway (ALP) is a major mechanism for degrading intracellular
macromolecules. The catabolic products can thenbeusedby the cell for energyor as building
blocks tomake othermacromolecules. Since its discovery, a variety of cellular pathways have
emerged that target components with varying specificity for lysosomal degradation. Under
some circumstances, lysosomesmay release their contents into the extracellular spacewhere
they may serve signaling or pathogenic functions. The ALP is active in healthy cells, and the
level of activity can be regulated by nutrient-sensing and metabolic signaling pathways. The
ALP is the primary pathway by which lipids and damaged organelles are degraded and may
be the only pathway capable of degrading aggregated proteins. As such, there has been
intense interest in understanding the role of the ALP in the accumulation of aggregated
misfolded proteins characteristic of many of the major adult-onset neurodegenerative dis-
eases. This review focuses on recent advances in our understanding of the ALP and its
potential relationship to the pathogenesis and treatment of neurodegenerative diseases.

HISTORY

The work of Drs. Christian de Duve and Yo-
shinori Ohsumi led to the discovery of the

autophagy lysosomal pathway (ALP), and the
contributions of each were recognized with
the awards of the Nobel prize in physiology or
medicine in 1974 and 2016, respectively. de
Duve discovered the membrane-bound acidic
compartment called the lysosome with bio-
chemistry approaches (De Duve and Wattiaux
1966). Ohsumi discovered the core machinery
responsible for autophagy by identifying the
genes in yeast that are necessary for survival in
the setting of caloric restriction (Klionsky et al.
2003; Tooze and Dikic 2016).

LYSOSOME—THE HUB OF A PROTEOSTASIS
NETWORK

The common way to portray the ALP is as a
unidirectional pathway that begins with the de
novo formation of double-membrane organelles
called autophagophores and culminates in the
fusion of autophagosomes and their contents
with lysosomes to form autophagolysosomes,
in which the contents of the autophagosomes
are degraded. However, further study of the
ALP has revealed multiple distinct pathways to
the lysosome including nonspecific macroau-
tophagy, substrate-specific forms of autophagy
(e.g., mitophagy), chaperone-mediated autoph-
agy (CMA), microautophagy, andmicropinocy-

Editors: Richard I. Morimoto, F. Ulrich Hartl, and Jeffery W. Kelly
Additional Perspectives on Protein Homeostasis available at www.cshperspectives.org

Copyright © 2020 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a033993
Cite this article as Cold Spring Harb Perspect Biol 2020;12:a033993

1

mailto:steve.finkbeiner@gladstone.ucsf.edu
mailto:steve.finkbeiner@gladstone.ucsf.edu
mailto:steve.finkbeiner@gladstone.ucsf.edu
mailto:steve.finkbeiner@gladstone.ucsf.edu
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org/site/misc/terms.xhtml


tosis, to name a few (Fig. 1). One common fea-
ture of all these pathways is that degradation ul-
timately occurs in the lysosome. For this reason,
it may be easier for the reader to understand the
ALP using a hub and spoke model (Nixon et al.
2008; Perera andZoncu2016).Here, the hub, the

lysosome, will be introduced first and then the
different pathways into and out of the lysosome
will be described.

Lysosomes are defined as membrane-bound
organelles delimited by a single-lipid bilayer and
characterized by an acidified milieu (pH ∼4.5).

Autolysosome

Lysosome

Autophagosome
Misfolded

protein

HSC70
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Release breakdown
products
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Figure 1. The autophagy lysosomal pathway. The lysosome is the hub of a network of pathways that feed cargo
into its lumen for degradation. These include pathways depicted here to deliver intracellular cargo such as
macroautophagy, chaperone-mediated autophagy andmicroautophagy, as well as others that deliver extracellular
cargo to the lysosome including endocytosis and micropinocytosis (see text for details). Cargo delivered to the
lysosome can undergo degradation into molecular building blocks that can return to the cytoplasm to be
catabolized further to supply cellular energy needs or to be reused in the synthesis of new macromolecules.
Contents of lysosomes can also be extruded extracellularly by a Ca2+-dependent exocytic process. LAMP2A,
Lysosome-associated membrane glycoprotein 2; HSC70, heat shock cognate 71.
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The membrane contains a variety of structural
and signaling proteins, channels, transporters
and trafficking, and fusionmachinery. Forexam-
ple, the lysosomal membrane v-type ATPase (v-
ATPase) pumps protons across the membrane
and is the major mechanism for generating
an acidic lumen and a pH gradient. Lysosomes
are frequently located in the perinuclear area in
the cell soma but undergo trafficking and fusion,
mediated by a subset of membrane-associated
RAB GTPases and SNARE proteins (Ao et al.
2014; Perera and Zoncu 2016). RAB5 and
RAB7 function specifically to tether and dock
endolysosomal membranes. LAMP1 makes up
∼50% of the lysosomal membrane protein, and
it couples lysosomes to transport machinery.

Lysosomes contain approximately 60 solu-
ble hydrolases, which are active at acidic pH, and
carry out the degradation of macromolecules
transported from the cytoplasm to the lumen
of the organelle. Membranes and lipids are de-
graded within intralysosomal vesicles that con-
tain specialized hydrolases and activator pro-
teins suited to the task. Lipid droplets shuttled
to lysosomes are hydrolyzed into free fatty acids
and glycerol. Catabolites such as short peptides,
amino acids, and othermolecules are translocat-
ed from the lumen to the cytoplasm or other
cellular compartments for the cell to use.

Lysosome biogenesis is coordinated by tran-
scription factors that belong to themicrophthal-
mia-transcription factor E family (MiT), includ-
ing transcription factor EB (TFEB) and TFE3
(Settembre et al. 2011). They bind to a DNA re-
sponse element motif known as the coordinated
lysosomal expression and regulation (CLEAR)
element within genes that encode proteins re-
quired for lysosomal biogenesis, autophagy, exo-
cytosis, and endocytosis. In effect, CLEAR-de-
pendent transcription promotes processes that
lead to the isolation from the cytoplasm of un-
wanted cytoplasmic macromolecules, and their
permanent removal via degradation and/or exo-
cytosis (Decressac et al. 2013; Polito et al. 2014).
TFEB and TFE3 are normally located in the cy-
toplasm, bound to the scaffold 14-3-3 protein
owing to phosphorylation of two serines in the
transcription factors by TFEB kinases such as
ERK2 or mTORC1. In response to stresses such

as starvation or lysosomal dysfunction, the ly-
sosomal nutrient sensing (LYNUS) machinery,
which sits on the cytoplasmic side of the lyso-
somal membrane, senses the nutrient content
of the lysosome, and communicates the informa-
tion to the nucleus (Alers et al. 2012; Inoki et al.
2012a;Linetal. 2012;Settembreet al. 2013; Shan-
ware et al. 2013). TFEB is dephosphorylated by
mTOR, translocatesto thenucleus, anddrivesthe
transcription of CLEAR-containing genes (Set-
tembre et al. 2013). For example, TFEB induces
expression of PPARα and PGC1α, which play a
role in lipid oxidation and ketogenesis (Settem-
bre et al. 2011, 2013; Tsunemi et al. 2012), em-
phasizing the tight integration of these catabolic
processes. TFEB was also shown to be the main
mediator of PGC1α-induced improvement in a
mousemodel of Huntington’s disease (Tsunemi
et al. 2012). Transcription of TFEB itself is con-
trolled via an autoregulatory loop (Settembre
et al. 2013).

Although it is well established that the pro-
tein composition of lysosomes evolves during
biogenesis and maturation, an important unan-
swered question in the field is whether func-
tionally important subpopulations of mature
lysosomes exist within different cell types or
even within the same cell. Lysosomes uniformly
express LAMP-1, but other lysosome-associated
proteins are expressed more variably. For exam-
ple, LAMP-2A, which is required for CMA, is
absent from ∼80% of lysosomes at the baseline
(Cuervo et al. 1997; Kaushik and Cuervo 2012).
It is unclear whether the heterogeneity reflects
functionally distinct lysosomes inwhichproduc-
tion is regulated, or if it is related to stochastic
variations in protein sorting or maturation. Ly-
sosomes undergo “reformation” (Yu et al. 2010),
suggesting that there is a lot of exchange between
different endocytic compartments.

PATHWAYS TO THE LYSOSOME—
MACROAUTOPHAGY

Macroautophagy is themajor intracellular path-
way by which intracellular cargo are delivered to
the lysosome (Biswas et al. 2008). The complex
biochemistry of the pathway is excellently
reviewed elsewhere (Klionsky 2005, 2007; Ya-
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mamoto and Yue 2014; Bingol 2018). Induc-
tion is governed by the Ulk1 complex, which
induces the nucleation of the isolation mem-
brane (IM) or phagophore. Then, the Beclin1-
Atg14L-Vps34 lipid kinase complex catalyzes
the production of PI3P at the IM, resulting in
the recruitment of PI3P-binding proteins such as
WIPI-1, -2, and DFCP1 (Ferguson et al. 2009).
The sites of autophagy induction and the source
of membranes has been controversial (Mari et
al. 2011); endoplasmic reticulum (ER) and ER-
mitochondrial contacts are likely sources but
others have been suggested (Axe et al. 2008;
Itoh et al. 2008). The IM expands and envelops
the cargo in a process that requires Atg9 and two
ubiquitin-like conjugation systems, which trig-
ger the covalent attachmentof the lipidphospha-
tidylethanolamine (PE) to Atg8 or its mamma-
lian homolog, microtubule-associated protein 1
light chain 3 (LC3) (Nakatogawa et al. 2007; Fu-
jita et al. 2008; Sou et al. 2008). Embedded into
the autophagosome membrane via the PE moi-
ety, LC3-II serves as an adaptor protein that
binds cargo being engulfed by the autophago-
some through other adaptor proteins described
below (Tan et al. 2008; Tung et al. 2010). The
mature autophagosome fuses with lysosomes
by a mechanism that likely depends on SNAREs
to form autophagolysosomes, exposing cargo to
the lysosomal degradation machinery for diges-
tion (Jäger et al. 2004; Stroikin et al. 2004; Cai
et al. 2010; Yuzaki 2010; Itoh et al. 2011; Hytti-
nen et al. 2013;Albanesi et al. 2015;Murrowet al.
2015). Interestingly, although LC3 remains the
most specific known marker of autophago-
somes, LC3-independent forms of autophagy
have been described (Kuma et al. 2007; Szalai
et al. 2015; Engedal and Seglen 2016).

Initially, macroautophagy was thought to be
nonselective,withphagophores scooping upand
engulfing cytoplasm and cargo that happen to be
in theneighborhood. Subsequently, a largenum-
ber of adaptor proteins have been discovered,
including p62/SQSTM1 (Sequestosome 1),
NBR1, Nix, NDP52, Alfy/WDFY3, and OPTN
(optineurin), which play a role in targeting spe-
cific cargo for autophagic clearance including
protein aggregates, mitochondria, other dam-
agedorganelles, etc. (Fortun et al. 2003;Komatsu

et al. 2007, 2010; Farré et al. 2008; Geisler et al.
2010; Brady et al. 2011; Matsumoto et al. 2011;
Lim et al. 2015). Many of these adaptors contain
ubiquitin- and LC3-interacting regions and of-
ten undergo oligomerization, which increases
the avidity of their binding to cargo. In some
cases, binding is regulated by clinically relevant
modulators of these adaptor proteins such
as TBK1, which phosphorylates OPTN (Wild
et al. 2011). Defining the extent of substrate spe-
cificity and the associated mechanisms of regu-
lation are a major focus of ongoing research in
the field (Anding and Baehrecke 2017).

PATHWAYS TO THE LYSOSOME—
MICROAUTOPHAGY, MULTIVESICULAR
BODIES, AND PINOCYTOSIS

Another path to lysosomal degradation is mi-
croautophagy (Sahu et al. 2011; Shpilka and Ela-
zar 2011) and the closely related endosomal
microautophagy (Bingol 2018). These relatively
less studied pathways begin with the invagina-
tion of the lysosomal membrane. Eventually, the
invaginations, which contain contents from the
cytoplasm, pinch off to form vesicles in the ly-
sosomal lumen (Shpilka and Elazar 2011). The
degree of substrate specificity and relative im-
portance of microautophagy for physiology re-
mains unclear.

PATHWAYS TO THE LYSOSOME—
CHAPERONE-MEDIATED AUTOPHAGY

CMA is a pathway to translocate polypeptides
with the KFERQ motif directly from the cyto-
plasm into the lumen of the lysosome (Olson
et al. 1991; Kiffin et al. 2004). Translocation is
mediated by LAMP-2A and HSP8A, a member
of the HSP70 family. Interestingly, the KFERQ
motif is found in ∼30% of the proteome and
in many proteins implicated in neurodegenera-
tive diseases including α-synuclein (Olson et al.
1991; Cuervo et al. 2004; Martinez-Vicente et al.
2008). Importantly, and unlike macroautoph-
agy, proteins evidently need to be translocated
into the lysososme as monomers, so CMA may
be less effective than autophagy at degrading
aggregated protein. Nevertheless, induction of
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CMAhas been shown to accelerate the clearance
of some disease-causing proteins (Massey et al.
2006; Bauer et al. 2010; Wang et al. 2010b),
which presumably reduces their propensity to
accumulate and aggregate.

OTHER PATHS TO THE LYSOSOME

Autophagy, microautophagy, and CMA are
pathways to convey cytoplasmic contents to the
lysosomal lumen for degradation. Additional
pathways, including macropinocytosis, phago-
cytosis, and endocytosis can bring extracellular
material to the lysosome for degradation (Binotti
et al. 2015). In cancer cells, macropinocyto-
sis may be a critical way to take up macromole-
cules for metabolic support, but relatively less
is known about the role and importance of mac-
ropinocytosis in neurons. In the context of
neurodegenerative disease, these pathways may
be important routes by which extracellular ag-
gregation-prone proteins enter neurons and
transmit proteinopathy between neighboring
cells. An important future direction will be to
better understand mechanisms by which mis-
folded proteins are taken up by neurons and
how they get access to the cytosol to template
andpropagatemisfoldedprotein conformations.

PATHWAYS FROM THE LYSOSOME

Cargo delivered to the lysosome can be degraded
into substituent molecular building blocks, then
released into the cytoplasm to bemetabolized or
reused in the synthesis of new macromolecules.
However, lysosomes or autolysosomes can also
translocate to the plasma membrane, and fuse
and release their contents into the extracellular
space (Takenouchi et al. 2009; Settembre et al.
2013). This process of lysosomal exocytosis is
believed to beginwith activation of the lysosome,
causing kinesin-associated lysosomes to be traf-
ficked to the plasma membrane (Perera and
Zoncu 2016). Ca2+ efflux from the lysosomeme-
diated by the TRPML1 channel is likely critical
for triggering SNARE-mediated plasma mem-
brane fusion (Xu and Ren 2015; Perera and
Zoncu 2016). TRPML1 gating is modulated by
lysosomal pH and by phosphoinositides, such as

PI(3,5)P2, PI(4,5)P2 , PI(3,4)P2, and PI(3,4,5)P2.
Interestingly, lysosomal Ca2+ release and exo-
cytosis may be triggered in neurons by back-
propagating action potentials, and exocytosed
proteolytic enzymes may play a role in synaptic
plasticity (Padamsey et al. 2017). Fe2+ reportedly
accumulates in lysosomes, likely as a conse-
quence of degrading Fe2+-containing cellular
proteins, and abnormal neuronal accumulation
of Fe2+ is a feature of neurodegenerative diseases
(Kwan et al. 2012; Wang et al. 2016; van Duijn
et al. 2017). Whether that is so because of lyso-
somal dysfunction is not known. How lysosomal
exocytosis is related to other releasemechanisms,
including exosomes, is also not fully understood
(Baixauli et al. 2014; Poehler et al. 2014).

ALP IN THE CONTEXT OF THE
PROTEOSTASIS NETWORK

It is important to remember that the ALP does
not function in isolation. It exists within an elab-
orate proteostasis network and signaling system
that enables cells to sense and respond to meta-
bolic changes (Crighton et al. 2006; Maiuri et al.
2010; He et al. 2012). Although the ALP plays an
important role in the turnover of proteins, other
pathways including the unfolded protein re-
sponse (UPR) and the ubiquitin proteasome
system (UPS) are also critical (Webb et al.
2003; Keller et al. 2004; Kabuta et al. 2006;
Wang et al. 2009, 2010a; Benbrook and Long
2012; Wang and Mandelkow 2012; Lee et al.
2013), and there is abundant evidence that there
is cross talk between these pathways (Bernales
et al. 2006; Pandey et al. 2007; Matus et al. 2008;
Kirkin et al. 2009; Rouschop et al. 2010; Wata-
nabe et al. 2010; Senft and Ronai 2015). For
example, inhibitors of the UPR are capable of
inducing autophagy, perhaps because they lead
to ER-associated degradation and the extrusion
of aggregated protein to the cytoplasm thatmust
be cleared by autophagy (Høyer-Hansen and
Jäättelä 2007; Hetz et al. 2009; Suh et al. 2012).
Cross talk and redundancy between pathways
probably explain how cells and organisms can
survive at least some significant impairments in
specific components of the proteostasis net-
work.

Autophagy Lysosomal Pathway and Neurodegeneration
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ALP IN NEURODEGENERATIVE DISEASE—
DO NEURONS MANAGE AUTOPHAGY
DIFFERENTLY?

The genetics of autophagy were elucidated in
yeast, and the majority of autophagy studies in-
volve the use of nonneuronal cells (Kim and
Klionsky 2000), raising the question of whether
neuronal autophagy is unique (Larsen and
Sulzer 2002; Boland and Nixon 2006; Moruno
Manchon et al. 2016). Because neurons are post-
mitotic, they have lost one important mecha-
nism to clear long-lived proteins—cell division
and dilution (Eden et al. 2011). Neurons also
have an elaborated morphology, with long den-
drites and axons that can be a meter long or
longer, and therefore must manage the degrada-
tion of cargo at distant sites (Shen and Ganetzky
2009; Bowling andKlann 2014; Tang et al. 2014).
The cell biology of the autophagy pathways in
neurons was initially characterized by Holzbaur
and colleagues, who showed that autophago-
somes are formed constitutively in axon termi-
nals, and are trafficked to the cell body (Maday
and Holzbaur 2014). En route, the protein com-
position gradually resembles mature lysosomes
and the intralumenal pH drops. Eventually, in
the soma, they fuse with lysosomes to form au-
tophagolysosomes, and the degradation of their
contents ensues.

In addition, neurons in the central nervous
system are substantially buffered by astrocytes
from large variations in nutrients that can occur
elsewhere in the body and that can induce star-
vation-dependent activation of mTOR-depen-
dent autophagy. Indeed, a number of studies
have suggested that mTOR-dependent autoph-
agymay be regulated in neurons differently than
in nonneuronal cells (Boland et al. 2008). For
example, inhibition of mTOR with rapamycin
or sirolimus induces autophagy less effectively
in neurons compared with nonneuronal cells
(Tsvetkov et al. 2010; Krüger et al. 2012). Rapa-
mycin binds FKB12, a nonobligate component
of the mTORC1 complex, but not the mTORC2
complex, and one study has suggested that dif-
ferences in the TORC complexes in neurons
could contribute to the differences in reported
efficacy of rapamycin (Roscic et al. 2011). There

is also evidence that subtypes of neurons may
differ in their dependence on autophagy (Hara
et al. 2006; Komatsu et al. 2006; Friedman et al.
2012).

ALP IN NEURODEGENERATIVE DISEASE—
WHAT IS THE EVIDENCE?

A common thread cutting acrossmultiple adult-
onset neurodegenerative diseases, including
Alzheimer’s disease (AD), Parkinson’s, Hun-
tington disease, amyotrophic lateral sclerosis
(ALS), and frontotemporal dementia, is the ab-
normal deposition of misfolded aggregated pro-
tein(s) (Friedman et al. 2012). Given the critical
role of autophagy in the clearance of aggregated
protein, this could indicate that autophagy dys-
function is a common mechanism in neurode-
generative disease.

That autophagy dysfunction may be a major
mechanism in neurodegenerative disease is fur-
ther suggested from the established role of mi-
tochondrial damage and associated deficits in
bioenergetics or excessive reactive oxygen spe-
cies in these conditions (Beal et al. 2006; Lezi and
Swerdlow 2012; Ryan et al. 2015; Wang 2017).
Because autophagy is the principal pathway by
which cells remove catastrophically damaged
mitochondria (Youle and Narendra 2011), it
stands to reason that impairment in this process
may result in abnormal accumulation of delete-
rious mitochondria (Dagda et al. 2008; Naren-
dra et al. 2008; Ferree et al. 2013; Lemasters 2014;
Lazarou et al. 2015; Chen et al. 2017; Jinn et al.
2017).

More broadly, the link between autophagy
and aging may be an important consideration
(Meléndez et al. 2003; Bergamini et al. 2004;
Rubinsztein et al. 2011; Inoue et al. 2012b; Car-
nio et al. 2014). Aging is the number-one risk
factor for neurodegenerative diseases, and is as-
sociated with down-regulation of autophagy in
the brain (Lipinski et al. 2010). Conversely, in-
duction of autophagy has been shown in model
organisms to increase their longevity (Simonsen
et al. 2008; Zheng et al. 2010; Pyo et al. 2013).
More importantly, autophagy induction is asso-
ciated with an increase in their health span and
quality of life, suggesting that the promotion of
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autophagy may confer a more fundamental im-
provement in quality of the function of biologi-
cal systems that could bring broad benefits
(Cuervo et al. 2005; Levine et al. 2011; Oka
et al. 2012; Kang et al. 2015).

Beyond the intuitive appeal of the pathway
as a therapeutic target (Levine and Kroemer
2008; Nixon 2013), there is a remarkable genetic
association between neurodegenerative disease
and autophagy. Mutations in many different
genes associated with different steps in autoph-
agy have been linked to AD, Parkinson’s, or
Huntington’s disease, as well as ALS, frontotem-
poral dementia, and others (Fig. 2; Table 1) (Ke-
gel et al. 2000; Petersén et al. 2001; Skibinski et al.
2005; Ramirez et al. 2006; Cheung and Ip 2009;
Ju et al. 2009; Montie et al. 2009; Winslow et al.
2010; Dehay et al. 2012; Lucin et al. 2013;
Ochaba et al. 2014; Wong and Holzbaur 2014;
Martin et al. 2015; Ciura et al. 2016; Sellier et al.
2016; Sullivan et al. 2016; Manzoni 2017; Fuji-
kake et al. 2018), indicating that mutations and
variants in genes associated with autophagy are
sufficient to cause neurodegenerative disease in
some cases. Indeed, mutations in some genes
critical for lysosome function lead to lysosomal
storage disorders that cause neurological symp-
toms in childhood (Nixon et al. 2008). The
extent towhich amismatch between the produc-
tion and autophagic clearance of misfolded pro-
teins exists in the much more common cases of
idiopathic or sporadic AD and Parkinson’s dis-
ease or ALS is not known (Ahmed et al. 2012).
However, recent studies in patients with AD and
the dynamics of amyloid β turnover suggest the
intriguing possibility that genetic forms of AD
may cause an overproduction of misfolded pro-
teins, whereas idiopathic formsmay be associat-
ed with reduced clearance, with all forms of AD
associated with a fundamental mismatch be-
tween production and clearance, and the same
may hold for other common but idiopathic
forms of neurodegenerative disease (Mawuen-
yega et al. 2010).

A number of studies have sought to further
determine whether brains of patients with neu-
rodegenerative disease exhibit morphological
abnormalities that indicate autophagicmalfunc-
tion. Although widespread abnormalities have

been reported, the nature of the morphological
changes appear to be, at least partly, disease-spe-
cific (Anglade et al. 1997; Sikorska et al. 2004;
Nixon 2007; Boland et al. 2008; Chu et al. 2009;
Crews et al. 2010; Lucin et al. 2013; Yamamoto
and Yue 2014; Martin et al. 2015; Fujikake et al.
2018). Some of these differences have been high-
lighted in excellent recent reviews (Nixon 2013;
Yamamoto and Yue 2014). That different neu-
rodegenerative diseases exhibit sometimes strik-
ing differences in patterns of autophagy-associ-
ated cytopathology underscores the importance
of defining the underlying disease-associated
mechanisms. This knowledgewill help guide ap-
proaches to the development of effective thera-
peutics and for stratifying patient populations to
do sensitive clinical trials.

Based in part on these lines of reasoning,
many groups have found evidence in nonhuman
models of neurodegenerative disease that au-
tophagymodulation accelerates clearance of dis-
ease-causing proteins (Ravikumar et al. 2002;
Sarkar et al. 2007a; Dolan and Johnson 2010;
Tsvetkov et al. 2010; Wang et al. 2010a; Roscic
et al. 2011; Congdon et al. 2012; Kruger et al.
2012; Barmada et al. 2014; Polito et al. 2014;
Marrone et al. 2018) and improves disease phe-
notypes (Ravikumar et al. 2004; Jia et al. 2007;
Sarkar et al. 2007b; Hetz et al. 2009;Montie et al.
2009; Spencer et al. 2009; Bauer et al. 2010;
Rodríguez-Navarro et al. 2010; Tsvetkov et al.
2010; Watanabe et al. 2010; Schaeffer et al.
2012; Castillo et al. 2013; Decressac et al. 2013;
Barmada et al. 2014; Höllerhage et al. 2014; Po-
lito et al. 2014). It is worth noting that some
important limitations apply to many of these
studies. The assays available to measure autoph-
agy induction are limited in their sensitivity. In
general, these assays depend on making infer-
ences about flux based on snapshots of levels of
pathway intermediates, which can be prone to
misinterpretation, even failing to distinguish up-
stream autophagy induction with downstream
blockade (Klionsky et al. 2011, 2012, 2016).
One assay that avoids this pitfall is the optical
pulse labeling approach, whichmonitors the dy-
namic clearance of an autophagy substrate fused
to a photo-switchable protein in live cells, allow-
ing clearance to be calculated directly (Barmada
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et al. 2014). Assays in vivo are evenmore limited
(Mizushima et al. 2004), making it difficult to
accurately assess the effects of putative autoph-
agy inducers, and complicating any correlations
seen with disease phenotypes. Very few studies
that have reported positive effects of autophagy

induction on disease-associated phenotypes
have done appropriate pharmacokinetic/phar-
macodynamic studies. Without a direct demon-
stration that the intervention is, in fact, inducing
autophagy, the exact relationship is difficult to
determine.

Initiation

Precursor
formation

Maturation

Alsin (ALS)
Spastizin (HSP)
ATG7 (HD)
C9ORF72 (ALS/FTD)

PINK (PD)
Parkin (PD)
P62 (ALS)
Optn (ALS)
TBK1 (ALS)
HTT (HD)

VPS35 (PD)
α-Synuclein (PD)
PICALM (AD)
WIPl4 (BPAN)
HTT(HD)
LRRK2 (PD)

PICALM (AD)
CHMP2B (FTD/ALS)
SIGMAR (ALS)
KIF5A (ALS)

Lysosome

Lysosome

Autolysosome

Autophagosome

Phagophore
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Autophagy
induction
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assembly

Receptors
and cargo

PS1 (AD)
ATP13A2 (PD)
β-Glucocerebrosidase
GRN (FTD)
TMEM106B (FTD)
Spastizin (HSP)

Figure 2.Genetic links between autophagy and neurodegenerative disease. Mutations in many genes that encode
proteins that play a role in the autophagy lysosomal pathway (ALP) lead to neurodegenerative disease syndromes
in humans, indicating that impairment of the ALP can be sufficient to produce neurodegenerative disease. Some
examples are shown in this figure. AD, Alzheimer’s disease; ALS/FTD, amyotrophic lateral sclerosis/frontotem-
poral dementia; BPAN, β-propeller protein-associated neurodegeneration; CMT2, Charcot-Marie-Tooth disease
2; HD, Huntington’s disease; HSP, hereditary spastic paraplegia; PD, Parkinson’s disease.
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Some studies have reported that interven-
tions designed to modulate autophagy flux
have unexpected effects (Zhang et al. 2011). Ma-
niatis and colleagues tested whether genetic in-
hibition of the autophagy pathway would wors-
en disease-associated phenotypes in a mouse
model of ALS based on mutations in superoxide
dismutase 1 (Rudnick et al. 2017). They specif-
ically knocked out Atg7, a gene required for au-
tophagy, inmotor neurons early in development
in mice expressing a transgene encoding the
ALS-associatedmutant SOD1G93A. Early on, de-
nervation and behavioral deficits were acceler-
ated compared with SOD1G93A mice in which
Atg7 was intact. But later, they observed that
the loss of Atg7 was associated with less inter-
neuron and astrocyte pathology and an exten-
sion of life span.

What could be happening?One possibility is
that autophagy may play multiple roles in dis-
ease that differ depending on the stage of disease
progression. For example, perhaps the initial and
somewhat expected worsening of deficits in mo-
tor unit function and motor neuron-dependent
phenotypes could result from an acceleration in

pathogenesis in motor neurons. But Cleveland
and colleagues have shown by selectively reduc-
ing mutant SOD1 expression in a cell-type spe-
cific manner that motor neurons, astrocytes,
microglia, and oligodendrocytes each contribute
to different extents and in different ways to def-
icits exhibited by murine models of ALS (Ilieva
et al. 2009). The exact nature andmechanisms of
the cell-nonautonomous contributions to ALS
pathogenesis still need to beworked out. But it is
conceivable that if disease begins in motor neu-
rons and if propagation of disease to neighbor-
ing nonneuronal cells depends on the release of
misfolded proteins by lysosomal exocytosis,
then blocking autophagymight actuallymitigate
the cell-nonautonomous component of disease
at the expense of worsening the cell-autono-
mous component. It is interesting to note
that whereas Maniatis and colleagues reported
almost no effects of knocking out Atg-7 on base-
line motor neuron structure or function (Rud-
nick et al. 2017), Komatsu found that disruption
of Atg-7 and autophagy throughout the brain
caused significant neurodegeneration (Komatsu
et al. 2006).

Table 1. Autophagy lysosomal pathway and Parkinson’s disease–associated genes

Genetic
locus Gene Possible roles in autophagy

PARK1 SNCA (synuclein) Blocks chaperone-mediated autophagy (CMA); may promote
Atg9 mislocalization; vesicle fusion

PARK2 Parkin Ubiquitin ligase that tags mitochondria for binding of adaptor
proteins for mitophagy

PARK6 PINK1 Ubiquitin kinase whose accumulation on mitochondrial
membranes is a marker for recruitment of Parkin to mediate
mitophagy

PARK 7 DJ-1 Works in parallel with PINK1/Parkin to play a role in mitophagy
PARK8 LRRK2 Kinase for key Rab proteins that may play a role in endosomal/

lysosomal trafficking
PARK9 P-type ATPase ATP13A2 Essential for the maintenance of lysosomal pH and

autophagosome–lysosome fusion
PARK14 PLA2G6 May play a role mediating mTOR-independent autophagy
PARK15 FBOX7 Mitophagy
PARK17 Vps35 (vacuolar sorting-

associated protein 35)
Mutant Vps35 may mislocalize Atg9, leading to impaired

autophagy
PARK19 DNAJC6 Endocytosis and endocytic trafficking
PARK20 SYNJ1 Endosomal trafficking and autophagy
PARK21 DNAJC13 Endocytosis
Unassigned GBA Lysosomal function, synuclein metabolism
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But the explanation could be even more
complicated. Others have shown that germline
mutations that are designed to block specific
arms of the protein homeostasis pathway, such
as autophagy, are sufficient to induce neurode-
generation (Komatsu et al. 2005, 2006;Hara et al.
2006). Presumably, germline mutations in the
autophagy pathway must induce widespread
adaptive remodeling of other arms of the proteo-
stasis network to compensate, possibly even in a
complicated cell-specific way, which could con-
found the simple interpretation of the role of
autophagy in disease. To what extent does the
loss of autophagy at an early stage in develop-
ment instruct us on the role of autophagy
impairment in the aged brain when many neu-
rodegenerative diseases develop? Answers to
these questions will be critical for shaping our
thinking about pathogenesis and treatment.

ALP AS A POTENTIAL THERAPEUTIC TARGET
FOR NEURODEGENERATIVE DISEASE

The evidence suggesting that autophagy is a
therapeutic target is intriguing andwarrants fur-
ther investigation. However, while it has been
shown that it can be safe to chronically target a
major protein homeostasis pathway (e.g., the
drug bortezomib, which inhibits the UPS, is a
clinically approved treatment for multiple mye-
loma), there have as yet been no clinical trials of
autophagy modulators in humans, and there are
multiple caveats to consider.

The mechanisms by which disease-associat-
ed genetic mutations in the autophagy pathway
cause neurodegeneration is a focus of ongoing
research (Nixon 2006), and is critical to the de-
sign of therapeutic strategies. Deficits that atten-
uate the pathwaymight respond to interventions
that stimulate the pathway to restore normal lev-
els of activity (Bose et al. 2011), but that depends
on the step in the process that is impaired and
the nature of the impairment. For example, mu-
tations in CHMP2B, which plays a role in auto-
phagosome/lysosome fusion (Lu et al. 2013),
cause frontotemporal dementia (Skibinski et al.
2005). If disease-causing mutations block that
step completely, therapeutically stimulating au-
tophagy might be detrimental, because induced

autophagosomes would accumulate without a
path to clear them.

Unlike the UPS, autophagy is active basally
and can be induced normally by caloric restric-
tion, which can occur during fasting (Alirezaei
et al. 2010). Chronic caloric restriction in non-
human organisms has generally been associated
with positive outcomes including increases in
longevity and resistance to disease (Bergamini
et al. 2007). However, the mechanism by which
caloric restriction induces autophagy is thought
to be via the inhibition of the mTOR kinase
(Balgi et al. 2009; Inoki et al. 2012a). Whether
mTOR could be a safe drug target is controver-
sial (Zhang et al. 2011) because mTOR regulates
other critical biological pathways in addition to
autophagy (Inoki et al. 2012a), such as protein
translation (King et al. 2008), and the mTOR
inhibitor rapamycin is an immunosuppressant.
mTOR inhibitors would be expected to have
activity in the periphery, and it has been diffi-
cult to develop brain penetrant inhibitors. Part-
ly for these reasons, a focus of the field has been
on the development of autophagy inducers
that act by mTOR-independent mechanisms
(Høyer-Hansen and Jäättelä 2007; Høyer-Han-
sen et al. 2007; Williams et al. 2008; Lipinski
et al. 2010; Decuypere et al. 2011; Bootman
et al. 2017).

One additional concern with targeting this
pathway has been the potential that systemic in-
duction of autophagy might increase the risk of
developing cancer (Shintani and Klionsky 2004;
Amaravadi et al. 2007; Kimmelman 2011; Lock
et al. 2011; Rosenfeldt et al. 2013; Cui et al. 2014;
Rao et al. 2014; Galluzzi et al. 2015; Lévy et al.
2015; Perera et al. 2015; White 2015). Several
studies suggest that cancers, particularly as they
form tumors that outstrip their blood and nutri-
ent supply, up-regulate the autophagy pathway,
possibly in conjunction with macropinocytosis,
to enable the cells to endure stress, scavenge nu-
trients, survive, and proliferate (Qu et al. 2003;
Amaravadi and Thompson 2007; Mathew et al.
2007; Guo et al. 2011; Lopez et al. 2011; Yang
et al. 2011, 2014, 2016; Amaravadi and Debnath
2014; Karsli-Uzunbas et al. 2014). It is impor-
tant to note that although autophagy induction
might enhance the growthof apreexisting cancer
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by these mechanisms, there is also evidence that
autophagy can function to suppress the initial
development of cancer (Liang et al. 1999; Yue
et al. 2003; Takamura et al. 2011; Wu et al.
2012; Guo et al. 2013). Interestingly, Levine
and colleagues developed a cell-permeant ver-
sion of beclin, an autophagy-inducing gene,
and showed that chronic administration did
not significantly increase the incidence of tu-
mors in mice. In the end, it will be critical to do
careful preclinical safety studies for any potential
autophagy inducer before first-in-human trials.
In addition, the field would benefit tremendous-
ly from the development of target-engagement
biomarkers for autophagy to guide dosing regi-
mens and to ensure that any clinical trial of a
putative autophagy inducer is, in fact, inducing
autophagy at the doses tested.

SUMMARY AND CONCLUSIONS

Previously relegated to a narrow role as the cell’s
trash bin, the lysosome has gained new promi-
nence as an organelle centrally positioned to
send and receive critical signals and to regulate
cellular metabolism as well as catabolism of
macromolecules and other organelles. Autoph-
agy is one of several cellular pathways to deliver
intracellular cargo to lysosomes for degradation,
a process that depends in many cases on special
sets of adaptor proteins that are specific for cer-
tain cargoes.

Autophagy may have particular importance
for neurodegenerative disease given its de-
monstrated capacity to metabolize aggregated
proteins, damaged organelles linked to neuro-
degenerative disease such as mitochondria, and
its close association with aging, the most impor-
tant risk factor for neurodegenerative diseases.
The myriad mutations in genes with established
or apparent roles in autophagy, which result in
neurodegenerative disease underscore the con-
clusion that deficits in autophagy are sufficient
to cause neurodegenerative disease and suggest
that lysosomal dysfunction may be a common
thread that even extends to the more common
idiopathic forms of adult-onset neurodegenera-
tive disease.

Nevertheless, it remains unclear whether
modulation of autophagy and lysosomal func-
tion will be a successful strategy to treat one or
more neurodegenerative diseases. Neuropathol-
ogy studies support the conclusion that dys-
function in the ALP is a common feature of
neurodegenerative diseases. However, the ALP
is complex and our understanding of the nature
of the impairments remains limited in most
cases, making it uncertain whether the same
type of intervention is likely to work in all dis-
eases and at all stages of those disease. Some of
these questions may be difficult to fully address
in nonhuman models, given the poor predictive
value many of these models have for results in
human clinical trials. Frustratingly, knowledge
of druggable targets in the pathway remains lim-
ited, and the throughput and resolution of cur-
rent autophagy assays pose challenges for the
effective prosecution of potential lead optimiza-
tion programs. Finally, there is the question of
whether and how modulation of the ALP could
be achieved safely in humans. Good pharmaco-
dynamic markers for the ALP would be invalu-
able to enable investigators to test the hypothesis
in humans that modulation of the autophagy
pathway could be a safe and effective treatment
for neurodegenerative diseases.
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