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Abstract

Macroautophagy is an evolutionarily conserved process that delivers diverse cellular contents to
lysosomes for degradation. As our understanding of this pathway grows, so does our appreciation
for its importance in disorders of the CNS. Once implicated primarily in neurodegenerative
events owing to acute injury and ageing, macroautophagy is now also linked to disorders of
neurodevelopment, indicating that it is essential for both the formation and maintenance of a
healthy CNS. In parallel to understanding the significance of macroautophagy across contexts,
we have gained a greater mechanistic insight into its physiological regulation and the breadth

of cargoes it can degrade. Macroautophagy is a broadly used homeostatic process, giving rise

to questions surrounding how defects in this single pathway could cause diseases with distinct
clinical and pathological signatures. To address this complexity, we herein review macroautophagy
in the mammalian CNS by examining three key features of the process and its relationship

to disease: how it functions at a basal level in the discrete cell types of the brain and spinal

cord; which cargoes are being degraded in physiological and pathological settings; and how the
different stages of the macroautophagy pathway intersect with diseases of neurodevelopment and
adult-onset neurodegeneration.

Cells of the mammalian brain and spinal cord rely on robust catabolism to maintain
homeostasis and carry out their highly specialized functions. With significant metabolic
and catabolic demands, these cells must efficiently recycle macromolecules (for example,
proteins and lipids) and organelles (for example, mitochondria and endoplasmic reticulum
(ER))L. These needs can be met by macroautophagy, a versatile and conserved pathway in
which substrates are captured in double-membrane vesicles and trafficked to lysosomes for
degradation. Neurons of the PNS and the CNS were among the first cell types in which
macroautophagy was examined?3. Whereas acute and prolonged starvation did not trigger
the CNS to capture cytosol into double-membrane vesicles, which would later be hamed
autophagosomes by De Duve?, profound stressors, such as nerve crush and axon transection,
evoked a marked macroautophagic response. Since then, work first in primary neurons
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and then in vivo has shown that a broad range of stressors, including hypoxia and ER
stress®~/, can increase autophagosome biogenesis and subsequent degradation, emphasizing
the long-held identity of macroautophagy as a stress response pathway in neurons.

Catabolism

The breakdown of complex molecules and structures into smaller units.

Molecular

A significant shift in how macroautophagy is viewed in the CNS arrived with seminal
papers from the groups of Mizushima and Tanaka, which, building upon the work of
Ohsumi’s group®? and others, demonstrated that broad disruption of autophagy-related
(ATG) proteins involved in autophagosome formation (FIG. 1) in neural and glial
precursors leads to neurodegeneration, motor dysfunction and death1911, These studies not
only cemented macroautophagy dysfunction as convergent with degenerative events and
potentially neurodegenerative disease but also indicated that macroautophagy has a basal
role in maintaining CNS health. An often-overlooked aspect of these studies is that, although
neurodegeneration is a consequence of macroautophagy disruption, the degeneration is

not widespread. Instead, preferential vulnerability of neurons to macroautophagy loss —
particularly Purkinje cells and cerebral cortical and hippocampal pyramidal neurons —
points to neuronal subtype-specific reliance on catabolism to maintain cellular health12,
Experiments using Cre-based approaches in mice added resolution to this idea (TABLE 1);
for example, deletion of the macroautophagy-initiating gene Atfg7in Purkinje cells leads to
neurodegeneration at 2 months®3, while its deletion in dopaminergic neurons results in only
modest neurodegeneration even after 1.5 years!4-17. The reason for these differences is still
unknown.

With advances in genetics and cell biology, investigation of the molecules involved in
macroautophagy and the relevance to human disease has continued to grow18, This research
effort has revealed substantial involvement of macroautophagy in CNS development, cellular
homeostasis and diseases of both development and adult-onset neurodegeneration. In

this Review, we provide an overview of macroautophagy in the mammalian CNS and
discuss how this process is modulated in health and disease, including an emerging focus

on selective macroautophagic pathways. We also explore how macroautophagy may be
differentially adapted by the discrete and highly specialized cell types of the CNS, and the
questions that are still outstanding to allow full comprehension of how its *‘dysfunction’ may
or may not contribute to disease.

overview of macroautophagy

Macroautophagy is one of the three pathways described in eukaryotic cells that are
collectively known as autophagy (‘self-eating’)1°. Each pathway is distinguished by how
cargoes are delivered to the lysosomal lumen. In macroautophagy, cargo is sequestered in
a nascent double-membrane autophagosome, which matures and fuses with the lysosome
for degradation (FIG. 1). In microautophagy, materials are directly engulfed by the
lysosome by invaginations or protrusions of the lysosomal membrane20. In chaperone-
mediated autophagy, proteins are trafficked to the lysosome by the chaperone heat
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shock cognate 71 kDa protein (HSC70) and co-chaperone proteins, then internalized via

the lysosomal-associated membrane protein 2A (LAMP2A) receptor on the lysosomal
membrane?!. Although microautophagy has not been extensively examined in mammalian
cells, chaperone-mediated autophagy dysregulation in neurodegenerative disease?? and how
to harness its therapeutic potential remain active areas of investigation?3. As the focus of this
Review, however, macroautophagy is hereafter termed autophagy.

The de novo synthesis of autophagosomes, which can range in diameter from hundreds

of nanometres to tens of microns, and their subsequent fusion to the lysosome, makes
autophagy the most versatile degradative pathway in the cell. As previously described?4:25,
the pathway can be separated into three phases: autophagosome biogenesis coupled to
cargo capture; membrane growth and closure; and autophagosome maturation via fusion

to endocytic and, ultimately, lysosomal structures for degradation (FIG. 1). Autophagy can
sequester degradative cargo in two main ways: via the non-selective capture of cytoplasmic
components at sites of autophagosome biogenesis, or via the selective capture of particular
structures or organelles that are recognized by autophagy adaptor proteins and actively
engulfed by an autophagosome (BOX 1).

Endocytic

Pertaining to the internalization of substances into the cell. These membrane-bound
structures include endosomes and multivesicular bodies.

Autophagosome biogenesis begins with the activation of the Unc51-like autophagy
activating kinase 1 (ULK1) complex, which acts to identify the membrane at which
autophagosome biogenesis will occur. For non-selective cargo capture, the kinase complex
can be induced by a broad range of cellular stressors, including nutrient shortage, oxidative
stress and hypoxia, as it is regulated by the nutrient and metabolic kinases mammalian target
of rapamycin (MTOR) and 5" AMP-activated protein kinase (AMPK)26:27, During selective
cargo capture, which can occur in the absence of mTOR regulation2829, the activation

of the ULK1 kinase complex is coordinated with cargo consolidation, in part by the

adaptor proteins involved in cargo capture itself30:31, Once activated, ULK1 phosphorylates
ATG9 and beclin 1 (also known as ATG6), which in complex with ATG14L and the

class 111 phosphatidylinositol 3-kinase (PI3K) vacuolar protein sorting 34 (VPS34)-VPS15
catalytic heterodimer (BOX 2) enriches the nucleation site with phosphatidylinositol 3-
phosphate (PI3P), an important component of the autophagosome membrane (FIG. 1). With
the recruitment of P13P-binding proteins and de novo synthesis of phospholipids32, the
autophagosome membrane elongates to envelop cargo.

Membrane elongation is accomplished by ATG2 and ATG9, which together act to transfer
lipids and re-equilibrate the membrane33, along with two ubiquitin-like conjugation systems
that lipidate ATG8 homologues through separate reactions. Lipidation of ATG8 homologues
is necessary for their incorporation into the growing membrane, and components of these
conjugation systems have been exploited for genetic abrogation of autophagy (TABLE 1).
Autophagosome formation is then completed upon its closure, which may rely on members
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of the endosomal sorting complexes required for transport (ESCRT) machinery such as
charged multivesicular body protein 2A (CHMP2A)34:35,

Once formed, autophagosomes first fuse with endocytic structures to create amphisomes
or directly with lysosomes, ultimately forming an autolysosome, in which the decreased
pH activates lysosomal hydrolases to degrade cargo (FIG. 1). Studies have implicated the
SNaRe protein syntaxin 17 in the fusion of the amphisome and autophagosome to the
lysosome36, but the precise molecular requirements for fusion throughout this pathway
remain poorly resolved.

SNARE protein

SNaP receptor, or SNaRe, proteins form a large family of proteins that mediate vesicle
fusion.

An early indication that autophagy plays an important role in the CNS is reflected in how
autophagy machinery responsible for creation of the autophagosome (reviewed extensively
elsewhere?4-2%) js highly expressed across different cell types of the brain. The most
recognized, yet most mysterious, autophagy protein may be MAP1 light chain 3 (LC3),
which together with GABA receptor-associated protein (GABARAP) represent the two
families of mammalian homologues of yeast ATG8. LC3 has become synonymous with
the autophagosome, as it was the first mammalian homologue identified3”-38. This led

to the development of tools to allow monitoring of these structures in vivo — from the
biochemical evaluation of its membrane-bound form to assess autophagic activity38, to the
development of fluorescently tagged LC3 (REF.39). It is important to note that of the six
known mammalian homologues, three for LC3 (LC3A, LC3B and LC3C) and three for
GABARAP (GABARAP, GABARAP-like 1 (GABARAPLL1) and GABARAPL2), LC3 is
less similar to yeast ATG8 than the GABARAP members and binds lipid least efficiently
in vitro#0. Studies suggest that GABARAPs may be critical for fusion of autophagosomes
to lysosomes, whereas LC3 is not4142, Additionally, GABARAP was so-named as it was
previously shown to be essential for anterograde trafficking of GABAA receptors*3. How its
trafficking function and its role in autophagy might interrelate remains unclear.

Selective autophagy and adaptor proteins

As the importance of autophagy under basal conditions emerged, the concept that it could
be a purely bulk degradation process was dismissed, leading to new questions about

how autophagic cargoes were targeted for degradation. These studies have revealed that
exogenous cargoes, such as invading pathogens, disease-associated structures, such as
proteinaceous inclusions, and virtually all organelles rely on regulated degradation by this
pathway, which can occur independently of the nutrient status of the cell (BOX 1). These
findings have led to a notable conceptual shift in that the selective capture of autophagic
cargoes governed by adaptor proteins may be the dominant basal mode of autophagy,
whereas bulk, non-selective degradation might be relegated to emergent needs.
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Echoing the yeast pathway described by Klionsky et al. as cytoplasm-to-vacuole targeting
(Cvt)*, specific cargoes can be targeted to the autophagosome by adaptor proteins, also
known as autophagy receptors and selectivity adaptor proteins. In mammals, more than 20
adaptor proteins have thus far been identified?>45-47 (BOX 1). Adaptor proteins contain
domains that bind cargo (ubiquitylated or non-ubiquitylated), a domain to attach to ATG8
homologues, and other elements for oligomerization and signalling, thereby scaffolding
substrates to the growing autophagosomal membrane*®49. For a given substrate, many
adaptor proteins can potentially be involved and, inversely, a given adaptor may link
multiple cargo types. For example, adaptor proteins BCL-2 interacting protein 3 like
(BNIP3L; also known as NIX), p62 (also known as SQSTM1) and optineurin (OPTN)
have been implicated in mitochondrial turnover, whereas the adaptor p62 is involved

in most types of selective autophagy and can itself be an autophagic substrate upon
self-oligomerization®%:51, When and how different adaptor proteins are used is currently
under investigation, with studies suggesting that cell, cargo and stressor type play important
roles®2-54,

In the CNS, different autophagy cargoes are selectively eliminated (BOX 1). Little is known
about the regulation of these pathways in the brain but examining the role of adaptor
proteins using mouse genetics has led to modest results. For example, loss of function

of p62 or OPTN leads to mild changes®>>7, suggesting that these adaptor proteins may
have redundant functions. Nonetheless, the adaptor Alfy (also known as WDFY 3) was
recently shown to be required for the turnover of protein aggregates in the adult brain®8.
Notably, as suggested by the conservation observed with Cvt, the importance of Alfy
was consistent with conclusions drawn from HeLa cells®, indicating that mechanisms
of selective autophagy are highly conserved across cell types. However, given the vast
differences with which distinct neuronal cell types depend on autophagy, similar discrete
differences would also be expected for selective autophagy.

One of the unexpected outcomes of the study of selective autophagy has been the
identification of mutations in select adaptor proteins and other molecular players as
contributors to diseases of both the developing and ageing CNS (TABLE 2). It is notable
that, although deletion of the genes encoding p62 or OPTN in mice leads to little or no
phenotype, potential loss-of-function mutations in the orthologous genes in humans cause
disease. This may reflect how these adaptor proteins work, coupled with species-specific
differences: both adaptor proteins directly interact with the LC3 isoforms and, whereas mice
express two isoforms (LC3A and LC3B), humans also express a third isoform (LC3C) that
is differentially modified®C. The prevalence of neurological diseases due to loss of function
of these selective autophagy proteins (TABLE 2) gives rise to the hypothesis that changes
in homeostasis of discrete cargo, rather than changes in autophagy overall, may underlie the
preferential vulnerability associated with specific diseases.

Autophagy modulation in the CNS

The regulation of autophagy is most frequently associated with inhibition of the central
nutrient sensing kinase mTOR but AMPK and other proteins also have roles in such
regulation?6:27_ In peripheral cells, nutrient deprivation inhibits mTOR to stimulate bulk

Nat Rev Neurosci. Author manuscript; available in PMC 2022 July 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Griffey and Yamamoto Page 6

autophagy. Whether organismal starvation induces neuronal autophagy and whether mTOR
inhibition activates neuronal autophagy remain controversial3%:61-64 especially in primary
neurons’-%2:66_In vivo studies have shown a role for mTOR-mediated autophagy regulation
in neurons independently of nutrient sensing8’=70, indicating that cells in the intact brain
can dissociate this type of autophagy regulation from its classical signal transduction (that
is, nutrient sensing) and may not be influenced by metabolic kinases in the same way

as cells in peripheral tissues’L. Differences between primary cells and neurons in situ

may reflect the importance of the cellular milieu on autophagy regulation, and how the
intact environment might be necessary to capture all facets of this pathway. An important
consideration lacking in the field is how strongly starvation and mTOR inhibition might
regulate autophagy in the nutrient-sensing cells of the CNS, including glia and cells of

the vasculature (FIG. 2). Given the tight interconnectedness between these different cell
types, there is the possibility that non-neuronal cells play a fundamental role from an
organismal and tissue-wide perspective. Thus, to understand autophagy and how it may
influence CNS health, it is necessary to improve our understanding of how autophagy is
used by non-neuronal cells. Moreover, as noted above, if selective autophagy is an important
component of CNS physiology and can occur independently of mTOR regulation, relying
only on mTOR-mediated autophagosome formation as the readout of autophagic function
may not fully consider selective mechanisms (that is, the functional contribution of cargo
and related adaptor proteins), thus clouding our understanding of the true relationship
between nutrient and energy sensing and autophagy activation in the CNS.

Given the importance of membrane trafficking in all cells of the CNS, special emphasis
needs to be placed on understanding the subtle regulation of autophagy achieved through the
balance of PI3P. Depending on the binding partners of the class 111 PI3K complex (BOX 2),
P13P can be allocated for autophagy, endosomal sorting, phagocytosis or other processes,
including events that require autophagy proteins such as LC3 (REFS32.72.73) (BOX 3).
Exogenously increasing PI3P levels in rapidly dividing cells can augment autophagy?8, and
therefore changing the balance or localization of ATG14 and its binding partners could
potentially enhance or diminish autophagy versus other membrane trafficking events’2:74.75,
These considerations may help delineate the relative contribution of the many membrane
trafficking events to the health of CNS cells.

Autophagy in cells of the CNS

Neuronal autophagy.

Among the studies of autophagy in cells of the CNS, studies on the role of autophagy in
neurons are the most prevalent. Although neurons are perhaps the least responsive cell type
to physiological starvation, early studies demonstrating the marked response of autophagy to
degenerative events, along with early genetic studies in mice, likely drove this momentum.
Subsequently, the potential for autophagy modulation as a therapeutic approach to multiple
neurodegenerative diseases has driven significant interest in how neurons require autophagy
to maintain their health.

Neurons are long-lived, terminally differentiated cells with complex morphologies and
highly specialized functions that must be supported by appropriate catabolism. Inactivating
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autophagy within neuronal subtypes has revealed myriad roles for this pathway in protein
homeostasis, organelle turnover, synaptic transmission and, ultimately, cellular integrity
(TABLE 1). To contextualize these observations, two key aspects of neuronal autophagy
must be considered: the intracellular location of this process and which cargoes are being
degraded. To approach the former, a rich body of cell biological work has examined
autophagy dynamics in cultured dorsal root ganglion neurons of the PNS, utilizing live

cell imaging to track the behaviour of green fluorescent protein-tagged LC3. These studies
describe autophagosome biogenesis exclusively at the distal axon, with structures fusing to
lysosomes as they retrogradely traffic to the soma%2:66.76-78  Applying similar approaches
to the CNS, primary mouse hippocampal neurons show autophagosome formation
predominantly in the distal axon but also in the cell body and dendrites®2:66.67.77.79 (F|G,
2). Although studies in the dendritic compartment are limited, growing evidence suggests
that autophagy is essential for establishing spine morphology®®, and studies have shown that
autophagosome biogenesis in the postsynaptic somatodendritic compartment can be activity
dependent®7:79, It has been speculated that neurons compartmentalize autophagosome
biogenesis distally and lysosomal degradation proximally to efficiently meet the high
trafficking demands of axonal transport. In the CNS, this compartmentalization appears

to be unique to neurons, with autophagosome biogenesis and lysosomal fusion occurring
throughout the entirety of astrocytes8? and oligodendrocytes8! (FIG. 2).

Activity dependent

Affected by synaptic transmission.

As we have learned how discrete neuronal compartments rely on autophagy, we are starting
to understand the molecular identity of the cargoes being degraded. Nonetheless, we are
only beginning to understand how this versatile pathway is being used by the cell. As with
all eukaryotic cells, the outright loss of autophagy in neurons leads to a profound disruption
of protein homeostasis, causing an accumulation of inclusions of ubiquitinated proteins

and p62 throughout the cell1%11, Although these inclusions were considered the causative
event leading to observed behavioural dysfunction and neurodegeneration, it was soon
shown that, despite resolving inclusion body formation, there was neither an improvement
nor an exacerbation of the neurodegenerative phenotype®8, reinvigorating the question

of how neuronal homeostasis was maintained by autophagy. Autophagy has since been
implicated in the regulation of synaptic morphology and function by turning over species in
both the presynaptic and postsynaptic compartments, from synaptic vesicle components in
dopaminergic and hippocampal neurons to postsynaptic density components (for example,
postsynaptic density protein 95 (PSD95), ARC, and glutamate and GABA receptors) in
hippocampal and cortical neurons54.67.68.82-86

Consistent with these observations, pharmacological manipulation of autophagy in
hippocampal neurons indicates involvement of this pathway in memory formation,
potentially by increasing dendritic spine density and promoting long-term potentiation8’.
Autophagy has also been shown to be involved in NMDA receptor-dependent long-term
depression (NMDAR-LTD) in a complex manner; whereas autophagy inhibition may be
involved in NMDAR-LTD induction®, accumulating evidence suggests that autophagy
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is required for early phase NMDAR-LTD by degrading PSD95, which reorganizes the
synaptic surface for AMPA receptor mobilization and changes in synaptic strength8.
Subsequently, the transcription of autophagy genes induced by neuronal activity has been
shown to maintain late-phase NMDAR-LTD. In addition to autophagic degradation of
synaptic contents, proteins that are enriched in these compartments can also regulate
autophagy®486:91 For example, the presynaptic proteins Bassoon and Piccolo have been
shown to negatively regulate autophagy in the presynaptic bouton of hippocampal neurons
via interaction with ATG5 (REFS82:83). Autophagosome formation in the presynapse

has also been shown to involve the endocytic protein endophilin A, which is activated

by the Parkinson disease (PD)-associated leucine-rich repeat kinase 2 (LRRK2)%2, The
PD-associated lipid phosphatase synaptojanin (FIG. 3) has been shown to be similarly
important for presynaptic autophagy®3. Although synaptic function is fundamental to all
neuronal subtypes, observations in medium spiny neurons of the striatum have revealed
that a subtype-specific reliance on autophagy can still be observed: medium spiny neurons
in the direct and indirect pathway respectively require autophagy for degradation of
presynaptic components to establish dendritic structure and degradation of ion channels

to establish intrinsic excitability®*. In addition to synaptic proteins, the autophagic turnover
of mitochondria and ER can broadly influence neuronal function through, for example, the
critical role of these substrates in calcium buffering®®. In fact, a recent study using cultured
neurons elucidated a role for presynaptic autophagy of ER in controlling ER calcium stores,
which in turn regulate neurotransmission.

As mentioned above, neuronal subtypes show a differential vulnerability to autophagy
dysfunction, with Purkinje cells manifesting early degenerative changes®11, while
dopaminergic neurons®:67 and spinal motor neurons®” showing diminished vulnerability

to outright degeneration, although morphological and electrophysiological abnormalities

are present (TABLE 1). In Purkinje cells, autophagy inhibition by either Azg5or Atg7
disruption produces an accumulation of membranous structures, axonopathy and dystrophic
neurons!3:98: however, rather than wholly considering autophagy inhibition detrimental and
its activation beneficial, autophagy hyperactivation in Purkinje cells has been shown to

be toxic and its inhibition can be beneficial in settings of excitotoxic stress®12. Taken
together, these results illustrate the complexity of the roles of autophagy in the CNS and that
heterogeneous neuronal populations rely on the process for proper function but with discrete
differences.

Glial autophagy.

We are just beginning to understand how diverse populations of glia use autophagy under
basal and stress conditions. Autophagosomes constitutively form in glia3® (FIG. 2) and
can do so in mTOR-dependent and mTOR-independent manners9%-191, |n response to
proteotoxic stress, autophagic turnover of aggregated proteins has been demonstrated in
astrocytes¥9:192 oligodendrocytesi3 and microglial4.105,

As the cells responsible for metabolic buffering and modulation of synaptic transmission,
astrocytes and their homeostatic signalling have received much attention. Similar to the
early studies in neurons, astrocyte autophagy has mostly been studied as a stress reactivity
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pathway. In response to acute mechanical injury to the cortex, neuroinflammation induces
Atg7-dependent mitophagy in astrocytes to maintain mitochondrial network integrity, reduce
reactive oxygen species concentrations and prevent astrocyte deathl6. In the setting of
hypoxia and ischaemia—reperfusion injury, there is evidence for both adaptivel0” and
detrimentall8 roles for astrocyte autophagy for glial and neuronal survival, the precise
balance of which remains to be established. The basal role of astrocyte autophagy is not well
understood.

Ischaemia—reperfusion injury

Exacerbation of cellular dysfunction and death after the return of blood flow
(reperfusion) to tissues that previously had an inadequate blood supply (ischaemia).

Oligodendrocytes appear to use autophagy as a similar prosurvival adaptation to stress, using
it to promote neurological recovery after traumatic spinal cord injury109. A recent study
showed that proper timing and location of myelination by oligodendrocytes is controlled by
a lysosomal—apoptotic signalling axis'19; although autophagy per se was not examined in
this study, the findings suggest that myelin components can be degradative cargo in these
cells. Although several studies have proposed a role for autophagy in myelin formation

and degradation, most have relied on indirect evidence by using pleiotropic autophagy
inducers such as mTOR inhibition and starvation paradigms!11112. Therefore, the direct

role of autophagy in supporting the myelinating function of oligodendrocytes remains to be
established.

Microglia are essential for phagocytic activity in the developing and adult brain, and
autophagy machinery has been more closely associated with these dynamic membrane
functions than those in other glial subtypes. With implications for autism spectrum disorder,
microglial loss of Afg7results in increased dendritic spine density at glutamatergic synapses
and abnormal social interaction and repetitive behaviours, suggesting that microglial
autophagy, or possibly non-canonical pathways such as LC3-associated phagocytosis (LAP)
and LC3-associated endocytosis (LANDO) (BOX 3), are critical for proper synaptic pruning
during development!13. Microglial autophagy may also enhance the clearance of amyloid-
p104.114-116 \with the important caveat that amyloid-B is a cargo for LANDO in these
cells!17 (BOX 3). However, a recent study has found that microglia can internalize neuron-
released a-synuclein independently from phagocytosis or endocytosis (that is, LAP or
LANDO), and require autophagy via interaction with p62 for degradation05.

Neurovascular autophagy.

The intimate relationship between CNS cells and their blood vessels has long been
observed, especially in cerebrovascular disease, but only recently have we appreciated
the multidimensional roles of the neurovascular unit (NVU) — comprising vascular
cells (pericytes, endothelial cells), glia and neurons — broadly in health and disease!18,
Investigations of autophagy in the NVU are rare, with studies in astrocytes being the
most prevalent. As is common for early exploratory studies, the role of autophagy in
response to acute stressors has been evaluated, and little is known about its basal role
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in the health and survival of these cells as a functional unit. NVU autophagy is often
studied in neurons and glia as a response to vascular insult in the setting of ischaemic
stroke. Relatively few have examined autophagy specifically in endothelial cells of the
NVU but the picture that has emerged is one of prosurvival adaptation to nutrient
deprivation, hypoxia and ischaemia—reperfusion injury!1%-121, Neurovascular dysfunction,
as indicated by microvascular damage, alterations in blood-brain barrier permeability

and cerebral perfusion abnormalities, has been observed across many neurodegenerative
diseases, including forms of PD, Alzheimer disease (AD) and amyotrophic lateral sclerosis
(ALS)118.122-124 Loy this dysfunction may involve NVU autophagy requires further study.

Neurodevelopmental disorders

Many autophagy machinery components are highly expressed in the developing brain

and are subsequently downregulated, suggesting an important role for autophagy during

this period of rapid cellular remodelling. Mutations in genes encoding autophagy

machinery components as well as upstream regulators, including mTOR, can affect the
developing CNS, leading to a range of deficits, from widespread dysfunction to discrete
neurological changes'2°-129, In model systems, loss-of-function studies indicate that
autophagy machinery and regulators are important for fate specification139131 cellular
migration132133 axon guidancel31:132.134.135 gand synaptic remodelling®8.136.137 (TABLE 1).

The described cell biological effects can be due to machinery dysfunction at different stages
of the autophagy pathway. For example, axon guidance defects occur by disrupting proteins
involved in autophagy induction (for example, ULK1 and ULK2)13!, autophagosome
biogenesis (for example, ATG7)134 and cargo capture (for example, Alfy)132. Particular
players can also cause a wide breadth of phenotypes: mutations in WDFY3are associated
with autism spectrum disorder and microcephaly?38, and chronic suppression of mTOR-
dependent autophagy is implicated in both the neuropsychiatric manifestation of tuberous
sclerosis | and the synaptic defects in fragile X syndromel3°. Human genetic studies

have shown that mutations in A7G5 (REF.12%) and, recently, ATG7 (REF.129) can cause
syndromes involving ataxia and developmental delay, adding clinical insight into the
consequence of global autophagy dysfunction and its convergence on the nervous and
musculoskeletal systems. Given the role of autophagy in essential cellular processes in
neurodevelopment, it is perhaps unsurprising that defects in core autophagy machinery
components can lead to a wide range of disorders, often sharing developmental delay as a
main feature.

In addition, a diverse group of developmental disorders that affect the CNS are caused

by mutations in single genes that have roles in autophagy and general membrane
trafficking, supporting the idea that neurodevelopment is especially sensitive to changes in
membrane dynamics38, Vici syndrome, a multisystem disorder with defective autophagy
caused by mutations in the gene encoding ectopic P granules protein 5 (EPG5)140,
features an absent corpus callosum and profound developmental delay141-143, B-Propeller
protein-associated neurodegeneration, also known as static encephalopathy of childhood
with neurodegeneration, is caused by de novo mutations in the X-linked gene WDR45
(also known as WI/PI4; encoding WD repeat domain phosphoinositide-interacting protein
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4)144.145 and manifests with seizures, infantile-onset developmental delay, intellectual
disability and ataxia. With age, these patients exhibit cognitive decline, movement disorders
and neurodegeneration. The yeast homologue of WDR45is atg18, which associates

with PI3P for autophagic vacuole formationl46. Sorting nexin 14 (SNX14)-associated
autosomal recessive cerebellar ataxia and intellectual disability syndromel47 has been
linked to impaired autophagosome clearance and lysosomal function in model systems and
patient-derived cells1#8. Three forms of hereditary spastic paraplegia (SPG11, SPG15 and
SPG49) are caused by genes that are involved in early autophagosome formation149:150,

In humans, mutations in VPS15, encoding a component of the VPS34 complex (BOX 2),
cause developmental cortical atrophy and epilepsy. In mice, Vps15hypomorphism disrupts
endosomal-lysosomal trafficking and its ablation causes the accumulation of autophagic
structures and, ultimately, cortical atrophy>1, Although these mutations can be linked to
autophagy changes, their effects can also be attributed to overall membrane trafficking
alterations, which may explain the breadth of features observed.

Adult-onset neurodegenerative diseases

Perhaps the most widely studied area of CNS autophagy is its role in neurodegenerative
disease. Genetic and pathological evidence has connected autophagy directly or indirectly
to all commonly studied adult-onset neurodegenerative disorders, including AD, ALS,
frontotemporal dementia (FTD)/frontotemporal lobar dementia (FTLD), Huntington disease
(HD), PD and other synucleinopathies such as dementia with Lewy bodies (DLB) and
multiple systems atrophy (MSA) (FIG. 3). As discussed above, loss-of-function studies have
shown that autophagy is essential for neural health1911 (TABLE 1), but the direct links
between autophagy and neurodegenerative disease pathogenesis remain to be established.
Across these diseases, autophagy dysfunction may be the primary insult, contribute to or
modify underlying mechanisms, or be epiphenomena alongside degenerative events. Given
that complete loss of autophagy in neural cells causes degeneration in the early postnatal
period in animal studies and that severe dysfunction can be incompatible with life or

cause paediatric neurological deficits, the adult-onset and cell type-specific nature of these
diseases suggests that subtle autophagy alterations can cause pathology to accumulate over
time, that ageing shifts how the CNS relies on autophagy mechanisms or that a combination
of the two occurs.

When we organize disease-associated genes by their putative sites of involvement along the
autophagy pathway (FIG. 3a), models of autophagy dysfunction emerge. Cargo capture and
autophagosome formation are more represented by ALS/FTD-causative genes (FIG. 3b);
PD-associated mutations are found either at cargo capture or degradation (FIG. 3c); and
late-onset AD (LOAD) susceptibility loci map onto later stages of the pathway involving
autophagosome maturation and fusion with the lysosome (FIG. 3d). Additionally, genetic
disruptions in the cargoes themselves (for example, huntingtin in HD; TAR DNA-binding
protein 43 (TDP43), fused in sarcoma (FUS) and superoxide dismutase 1 (SOD1) in ALS
and FTD/FTLD; a-synuclein in PD, DLB and MSA) can lead to pathology52:153 as can
mutations in autophagy adaptors (reviewed in REF.154) (TABLE 2) and other selective
autophagy machinery.
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At the level of cargo capture, mutations in autophagy-related proteins have been identified
in patients with ALS, a disease characterized by degeneration of upper and lower motor
neurons and subsequent muscle weakness, disability and death. Mutations in genes encoding
p62 (REFS155.156) the mitophagy adaptor OPTN® or its partner TANK-binding kinase

1 (TBK1)1%8 can cause rare, familial forms of ALS. The phosphorylation of OPTN and

p62 by TBK1 has been shown to be required for the targeting of these adaptors to the
autophagosomel®® (FIG. 3b). TBK1 is also a component of the innate immune response

by regulating type I interferon signalling'®°, connecting autophagy and innate immunity at
the mitochondrion161, Recent studies have shown that motor neuron autophagy loss®, 7bk1
heterozygosity162 or ALS-linked 78K mutations1®3 modify pathogenesis and progression
of the SOD1-G93A mouse model of ALS such that disease onset is accelerated but

lifespan is extended. These suggest that autophagy is important for maintenance of the
neuromuscular junction but, later in disease course, could contribute to degeneration via
aberrant autophagy and inflammation in motor neurons, interneurons and glia. These studies
further emphasize the need to understand how autophagy functions across the discrete cell
types of the CNS in physiological and pathological states.

Upper and lower motor neurons

Upper motor neurons project from the motor cortex of the cerebrum and brainstem to
form the corticospinal, corticobulbar and other tracts. lower motor neurons project from
the spinal cord to effector muscles to carry out a movement.

It is increasingly clear that ALS exists on an aetiological and clinicopathological spectrum
with FTD, as the hexanucleotide (G4C,) repeat expansion at the CIORF72locus is the
most common cause of sporadic and familial ALS and FTD164.165_ Studies of the COORF72
protein strongly suggest that it plays a regulatory role in autophagosome biogenesis and
membrane trafficking events'66.167 (F1G. 3b). With its expansion creating dipeptide repeat
protein products that can aggregate, the hexanucleotide repeat may serve as a second

hit with proteotoxic stress, further exacerbating the impact of diminished autophagosome
biogenesis!68.169, Mutations in ZARDBP, the gene encoding TDP43, can cause ALS/
FTD153.170-172 ‘and TDP43-positive aggregates are observed in patients with and without
TARDBP mutations173.174, Not only can these TDP43-positive inclusions be substrates
for autophagy7>176 but TDP43 itself has been implicated in the transcriptional regulation
of autophagy-associated genes through its function as a DNA/RNA-binding protein and
splicing regulator’”-179, Together, both C9ORF72-associated and TARDBP-associated
ALS/FTD show potential feedforward loops related to autophagic substrate burden and
regulation. Examining the many disease-causing mutations in ALS, a model for autophagy
dysfunction as a key pathogenic player can be drawn (FIG. 3b).

In PD, progressive loss of dopaminergic neurons in the substantia nigra pars compacta
leads to the clinical features of tremor, rigidity, bradykinesia and postural instability.
Hypotheses of autophagy dysfunction in PD have been supported by human pathology
and genetic studies, which implicate presynaptic autophagy and the autophagic turnover
of certain cargoes (a-synuclein and mitochondria) in pathophysiology89 (FIG. 3c). The
first gene implicated in PD was SNCA, which encodes a-synuclein181:182 o -Synuclein is
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not only a cargo for autophagy but has been associated with multiple vesicular trafficking
events, including autophagy and lysosomal function183-185_ Additionally, a-synuclein often
accumulates in Lewy bodies in brain tissue from patients with idiopathic PD as well as other
synucleinopathies86.187 Other autophagy-related proteins implicated in disease are PTEN-
induced kinase 1 (PINK1) and parkin (encoded by PRKN) (BOX 1; FIG. 3c). Mutations

in either PINKI or PRKN can cause rare, autosomal recessive, early-onset PD188.189 and
have been connected to mitophagy by cell-based and invertebrate studies19-192, Notably,
loss of these PD-causative genes in mice or rats does not result in defective mitophagy or
recapitulate diseasel93:194 (TABLE 1), raising the question of if and how PINK1-dependent
or parkin-dependent mitophagy contributes to PD in humans. In mice, combined burdens

of Pinkl or Prkn deletion with either peripheral inflammation1%® or mitochondrial DNA
mutational stress19 produce PD-like dopaminergic neuron loss and motor dysfunction,
suggesting complex interactions between autophagy machinery, mitochondrial quality
control and inflammation. The role of these interactions in human neurodegenerative disease
remains to be fully explored.

As described above, the PD-associated LRRK2 and synaptojanin (encoded by SYNJI)
(FIG. 3c) have been shown to regulate presynaptic autophagy92:93. Induced pluripotent
stem cell-derived neurons from patients with mutated SYN.JZ exhibit accumulation of new
autophagic structures that cannot mature®3. These studies suggest potential convergent
mechanisms of disease in LRRK2-associated and synaptojanin-associated PD8491, How
the proposed mechanisms of mitophagy dysfunction and presynaptic autophagy dysfunction
may interrelate, and their importance in idiopathic or other familial forms of PD, remain to
be determined.

Later in the autophagy pathway, defects in autophagosome-lysosome fusion and
acidification are also associated with disease, particularly in PD (FIG. 3c) and AD

(FIG. 3d). Genes encoding various lysosomal components can cause PD and AD in
addition to lysosomal storage disorders that have neurological manifestations!®?. The
genetic contributors to AD are complex but some insight is provided when stratifying

by age of onset. In contrast to the genetic risk of early-onset AD, characterized by

a small number of highly penetrant mutations, LOAD appears to result from multiple

low penetrance mutations that may interact with one another and environmental factors.
Interestingly, LOAD risk variants cluster around the endo-lysosomal system; for example,
bridging integrator 1 (BIN1) and CD2-associated protein (CD2AP) seem to have roles in
endosomal transport, while progranulin (GRN) and phospholipase D3 (PLD3) are localized
to the lysosomel98 (FIG. 3d). Studies in AD suggest that impaired lysosome-mediated
clearance is pathogenic, while autophagosome formation appears adequate!99-201, The AD
brain is characterized by pathological accumulation of extracellular amyloid-p plaques and
intraneuronal neurofibrillary tau-containing tangles2%2. Although amyloid-B2%3 and tau204
are cargo for autophagy (FIG. 3d), with the former relying on autophagy machinery for
secretion into the extracellular space and the latter using autophagy for degradation, the
recently identified role of microglial LANDO in AD pathologyl’ must be considered when
investigating early autophagic events in AD.
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In addition to its dysfunction being central to disease pathogenesis, another area in

which autophagy is often examined is for its ability to eliminate aggregated proteins.

From pathological studies in humans, a hallmark of many neurodegenerative diseases

is the accumulation of protein aggregates and/or dysfunctional organelles (for example,
mitochondria) in vulnerable cell types295. Such proteins include, but are not limited to,
amyloid-f and tau in AD; mutant huntingtin in HD; a.-synuclein in PD, DLB and MSA;
tau, TDP43 and FUS in FTD/FTLD; and p62, TDP43, FUS and SOD1 in ALS (FIG. 3).
This has led to the pathophysiological designation of these disorders as proteinopathies,
with the hypothesis that aggregates disrupt critical cellular processes and that dysfunctional
catabolism contributes to disease. In support of this, the aggrephagy adaptor Alfy has been
shown to modify HD pathogenesis in model systems and cells from patients with this
disease®®. The identification of Alfy as an adaptor protein for aggrephagy allows for studies
segregating the contribution of inclusions, rather than non-aggregated mutant protein, to
pathogenesis. Consistent with cell-based studies®®, Alfy has been shown to be essential for
aggregate turnover in the cells of the adult brain. Loss of function in a mouse model of

HD led to an accelerated appearance of aggregated proteins and an accelerated onset of
motor dysfunction. Notably, it did not accelerate cell death, suggesting that, at least in HD,
the proteinopathy can modify disease onset but not necessarily impact neurodegeneration8.
Alternatively, given that this model does not have a neurodegenerative phenotype, increasing
aggregation was not sufficient to produce vulnerability to degenerative events. In cell-based
studies, Alfy gain of function has been shown to increase aggregate clearance®®. Whether
this outcome will be replicated in vivo and whether it might bring phenotypic benefit
remains to be seen, especially given how autophagy dysfunction is a feature associated with
all proteinopathies.

Conclusions

Taken together, autophagy is a fundamental pathway for neural cells that is used to maintain
homeostasis and augments in response to stress. It is essential in the developing and ageing
brain, and the broad use of this pathway has complicated our understanding of how it
contributes to disease. Despite the many gains that have been made over the past two
decades, there is still much to be learned from further study of CNS autophagy. A prominent
question that arises from observations across human genetics and model systems is how

the disruption of this single pathway can lead to a wide array of diseases that primarily
impact the CNS. We hypothesize that the answer might lie not in the gross disruption

of the pathway per se but, rather, on unique combinations of factors: which cell types
exhibit autophagy dysfunction, where in the cell the defects are occurring, which cargoes
might be especially affected and where in the pathway the dysfunction is observed. Thus
far, insights gained from the broad range of diseases that arise from mutations in genes
encoding selective autophagy adaptor proteins suggest that the turnover of specific cargoes
may contribute to the unique pathological signature of each disease. However, since we

still understand very little about how the vast majority of cells in the CNS rely on this
fundamental pathway, our insight remains limited.

As our knowledge of this fundamental pathway grows, we will benefit from investigating
the areas described here to untangle the complex roles of CNS autophagy in health and
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disease. Considering therapeutic approaches aimed at augmenting autophagic degradation,
it is increasingly clear that we must better understand the interrelationship between the
different selective pathways, if any should exist, and the limiting factors for autophagy,
including how different cell types require autophagy, and which cargoes are particularly
sensitive to autophagy dysfunction. For example, would the enhanced turnover of aggregated
proteins diminish the turnover of mitochondria or ER, or are the pathways physically

or mechanistically distinct enough that each selective pathway might be independently
manipulated? By integrating the progress made thus far, enhanced resolution will provide
a more comprehensive framework for understanding autophagy in basal physiology of the
CNS, its contribution to pathology in developmental and adult-onset neurodegenerative
disorders, and opportunities for therapeutic intervention.
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Box 1 |
Types and mechanisms of selective autophagy

Autophagy can non-selectively degrade bulk cytosol, classically described in peripheral
tissues under conditions of starvation. We now appreciate that certain molecular events
can promote autophagic degradation of select structures. To undergo selective autophagy,
cargoes are scaffolded to the autophagosome membrane by adaptor proteins, which
recognize signalling moieties on cargo, one of the best characterized being ubiquitin
chains. Across phyla, various cargoes and adaptor proteins for selective autophagy

have been described*6:47 (see the figure). A given adaptor may scaffold multiple cargo
types, and a given cargo type may involve multiple adaptor proteins. Importantly, some
adaptors have shown functional redundancy (for example, p62 (also known as SQSTm1)
and optineurin (0PTN)), complicating our understanding of the role of these pathways

in physiological and pathological settings. In the mammalian CNS, the turnover of
protein aggregates (aggrephagy), mitochondria (mitophagy), endoplasmic reticulum (eR-
phagy) and stress granules (granulophagy) are the most studied, especially in neurons.
Aggrephagy has been described from yeast to mammals and can engage multiple
adaptor proteins?4’ (see the figure). Although a hallmark of many neurodegenerative
diseases, the direct connection between protein aggregates and pathology remains an
active area of investigation®8. mitophagy can occur by various mechanisms depending
on signalling context. The most prominent mitophagy pathway involves the Parkinson
disease-associated proteins PINK1 and parkin. After mitochondrial depolarization,
PINK1 stabilizes on the outer mitochondrial membrane and recruits the e3 ubiquitin
ligase parkin to ubiquitylate mitochondrial proteins, which attract adaptors oPTN,
CAICoCo2 (also known as NDP52) and p62. PINK1—parkin-independent and ubiquitin-
independent mitophagy have also been described, involving other autophagy adaptors24
(see the figure). Additionally, the inner mitochondrial membrane phospholipid cardiolipin
has been implicated in mitophagy by coordinating autophagy machinery upon its
externalization to the outer mitochondrial membrane in neuronal cells?48. The relative
contribution of these in the CNS under basal and pathological conditions remains to be
defined. Several ER-phagy adaptors have been identified (see the figure) and studied

in the context of the CNS#6:213 as they have also been associated with neurological
disorders (TABLE 2). of note, although it has not been demonstrated that p62 is required
for ER-phagy, it is associated with ER proteins249 and p62 knockout in the mouse CNS
produces large neurites filled with smooth ER36. Whether potential relationships between
the turnover of various cargoes exist remains an open question. Further cargoes and their
adaptor proteins not shown on the figure have also been identified444°,
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Box 2 |
Membrane trafficking fates and lipid kinase regulation

In cells of the CNS, membrane trafficking and phospholipid dynamics are inextricably
linked to proper function?®0. Central to its regulation are three classes (I, 11, 111) of
phosphoinositide 3-kinases (P13Ks), each with distinct roles in cellular health. The

three classes generate different phosphoinositides, which recruit effector proteins to
carry out membrane remodelling events2>1, The autophagy pathway is mainly regulated
by the class 11 PI3K vPS34 in complex with vPS15 and beclin 1 (FIG. 1), with

PI3P availability and PI3K function impacting autophagy at multiple points along the
pathway, including isolation membrane initiation and maturation—expansion32:252, The
vPS34 complex itself and autophagy overall exhibit vast crosstalk with endosomal,
phagocytic and lysosomal pathways2%3, illustrating complex relationships between
membrane sources and downstream use. understanding how these different compartments
interact is particularly salient for cells of the CNS due to their composition, architecture
and functional needs. Given that neural membranes are especially rich in cholesterol and
sphingolipids, how cargoes interact with these membranes and specify their degradative
fate is essential?>4. For example, for synaptic vesicles or neurotransmitter receptors in
neurons, or for transmembrane proteins in oligodendrocytes, we must understand how
these species are internalized and reach the lysosome under physiological and, possibly,
pathological conditions.
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Box 3 |
Non-autophagic roles of autophagy machinery

The term ‘canonical autophagy’ refers to the molecules and functions involved in
autophagosome biogenesis, maturation and fusion to the lysosome. Some pathway
components, particularly the lipid conjugation machinery, carry out similar functions
but do so in distinct membrane trafficking events, including internalization and ATG-
dependent secretion (reviewed in REFS290:255.256) | particular, studies by Green and
others have shown that changes in the regulation of the vPS34 kinase complex can
impact which membranes are ultimately conjugated to IC3, including those that enter the
cell via phagocytosis or endocytosis: IC3-associated phagocytosis (IAP) in peripheral
macrophages2°/-259 and retinal pigment epithelial cells2%0 involves IC3 conjugation

and lysosomal degradation of distinct internalized substrates. |AP requires some but

not all autophagy machinery components, including ATG7, ATG5 and certain vPS34
kinase complex members. IC3-associated endocytosis (IANDo) has been identified in
microglia, in which internalized RAB-positive and clathrin-positive structures conjugate
to IC3 and are degraded, and similarly requires a subset of autophagy machinery11’.
Focusing on the CNS, this suggests that at least phagocytic cells can shuttle membranes
down degradative paths with distinct molecular requirements and regulation. This has
raised questions surrounding the interpretation of studies that have primarily focused

on Atg5and Atg7 deletions (TABLE 1), which cannot distinguish between canonical
autophagy, IAP and IANDo. Considering the high endocytic activity of neurons, glia
and cells of the neurovasculature, the connection between endosomal systems and

either autophagy36 or IAP and IANDo requires further study, and will be essential

to dissect the relative importance of these membrane fates in specific cells of the

CNS. members of the core autophagy machinery can also have non-autophagic roles
outside of membrane trafficking, including in apoptotic or necroptotic pathways (for
example, FIP200 and ATG7), innate immune signalling (for example, the ATG12-ATG5
complex), microtubule dynamics (for example, ATG5 and ATG1611) and cell cycle
regulation225:261, With implications for disease mechanisms, the autophagic and non-
autophagic roles of these molecular players should be considered in future investigations.
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Fig. 1|. Molecular overview of autophagy and related membrane trafficking events.
Autophagy initiates with ULK complex-mediated autophagosome biogenesis, promoting

formation of the isolation membrane, or phagophore, by a series of enzymatic reactions
involving autophagy-related (ATG) proteins and incorporation of ATG8 homologues (for
example, LC3) into the growing membrane. Autophagosomes form either non-selectively
around bulk cytosol or coordinate with adaptor proteins or autophagy receptors (ARSs) to
selectively capture specific cargo. Nascent autophagosomes can fuse to endosomes and
multivesicular bodies to form the intermediate structure, called the amphisome, or directly
with lysosomes to form the autolysosome. Ultimately, lysosomal hydrolases degrade the
cargo captured by the autophagosome. Autophagy exhibits crosstalk with other membrane
trafficking events. Critical for this crosstalk is the regulation of phosphatidylinositol 3-
monophosphate (PI3P) by the lipid kinase complex VPS34-VVPS15-beclin 1. Depending
on binding partners, PI3P can be shunted to autophagy, endosome—lysosome formation

or non-canonical membrane fates, including ATG-dependent secretion and LC3-associated
phagocytosis (LAP) or LC3-associated endocytosis (not shown).
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Fig. 2|. Autophagy in cells of the CNS.
Schematic depicting spatial dynamics and example cargo captured by autophagosomes in

neurons, astrocytes, oligodendrocytes and microglia. The boxes indicate the cell type and
the most prevalently described cargoes. Blue c-shaped structures represent newly forming
autophagosomes (phagophores) to indicate potential sites of autophagosome biogenesis;
differently shaded blue circles are autophagosomes, amphisomes and autolysosomes;
yellow circles indicate the localization of lysosomes. In microglia, red circles represent
vesicles formed by LC3-associated phagocytosis and endocytosis, a feature noted in

such cells. Only in neuronal axons, the newly formed autophagosomes must traffic in a
retrograde manner to the soma to permit fusion to lysosomes, which are concentrated at
the soma. Autophagosome biogenesis in the dendritic and somatic compartments likely
represents capture of postsynaptic cargo, mitochondria and endoplasmic reticulum (ER).
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Compartmentalization does not seem to be as rigid for astrocytes and oligodendrocytes as
autophagosome biogenesis and lysosomal fusion occurs throughout these cells.
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Fig. 3|. Models of autophagy dysfunction in neurodegener ative diseases.
The neurodegenerative diseases amyotrophic lateral sclerosis (ALS), frontotemporal

dementia (FTD), Parkinson disease (PD) and late-onset Alzheimer disease (LOAD) occur
predominantly without known genetic causes. Even within the small proportion of cases for
which monogenic aetiologies or risk loci have been identified, convergent pathophysiology
remains elusive. To begin to understand the role of autophagy in these mechanisms of
disease, disease-causative, disease-associated and disease-susceptibility genes for familial or
known genetic forms of ALS/FTD, PD and LOAD are mapped onto their putative sites of
function in the autophagy pathway. a | Schematic of autophagosome biogenesis and cargo
capture, autophagosome maturation, and fusion of structures to lysosomes for degradation.
b | In ALS/FTD, mutations in FUS (encoding fused in sarcoma (FUS)), TARDBP (encoding
TAR DNA-binding protein 43 (TDP43)) and SOD (encoding superoxide dismutase 1
(SODLJ)) can cause disease, and their protein products as well as UBQLN2 have been
identified as autophagic cargo and can accumulate in tissue from idiopathic cases and

cases with other genetic aetiologies. Other genetic aetiologies include hexanucleotide repeat
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expansion at the CIORF72 locus, whose protein product forms a complex that is implicated
in autophagosome biogenesis. Optineurin (OPTN) and p62 are known autophagy adaptors,
which are phosphorylated by TANK-binding kinase 1 (TBK1), an event essential for
targeting these adaptors and their associated cargoes for autophagic degradation. VVCP,
progranulin (GRN) and FIG4 are implicated in membrane trafficking and lysosome function.
c| In PD, mutations in PINK1 and PRKN (encoding parkin) can cause autosomal recessive,
early-onset PD, with cell biological studies connecting them to mitophagy. SNCA encodes
a-synuclein (SNCA), a cargo for autophagy and a pathological component of Lewy bodies
in brain tissue from patients with idiopathic PD and other synucleinopathies. SNCA and
leucine-rich repeat kinase 2 (LRRK2) have been broadly associated with different steps of
autophagy. Other known causes of familial PD are primarily associated with autophagosome
maturation. d | The genetic determinants of AD are not well understood, but a number of
risk loci for the development of LOAD have been identified. The risk-associated genes have
roles in the regulation of endocytic transport or are localized to the lysosome. These include
TREM?Z, APOE4, BIN1, CDZAP, PICALM and PLD3. Orange ovals depict protein cargoes
that are degraded by autophagy and can be mutated in disease, and beige ovals represent

all other types of molecular players. BIN1, bridging integrator 1; CD2AP, CD2-associated
protein; CHMP2A, charged multivesicular body protein 2A; PINK1, PTEN-induced kinase
1; PLD3, phospholipase D3; SYNJ1, synaptojanin 1.
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