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Abstract

In neurons, autophagy is crucial to proper axon guidance, vesicular release, dendritic spine
architecture, spine pruning and synaptic plasticity and, when dysregulated, is associated with brain
disorders, including autism spectrum disorders, and neurodegenerative diseases such as
Parkinson’s and Alzheimer’s disease. Once thought to play a housekeeping function of removing
misfolded proteins or compromised organelles, neuronal autophagy is now regarded as a finely
tuned, real time surveillance and clearance system crucial to synaptic integrity and function. Here
we review the role of autophagy in synaptic plasticity and its regulation by epigenetic
mechanisms.

Introduction

Autophagy is an evolutionarily conserved cellular mechanism for the degradation and
recycling of cellular components via the lysosomal pathway and in neurons, autophagy is
increased during periods of low neuronal activity, sensory deprivation, and loss of
neurotrophic factors which act indirectly via mTOR signaling, or in response to amino acid
starvation [1-4]. Autophagy has three mechanistically distinct forms: chaperone-mediated
autophagy, microautophagy, and macroautophagy [5]. In this review, we focus on
macroautophagy (hereafter called autophagy), which is the major catabolic mechanism used
by neurons to maintain the integrity of synaptic vesicle-dependent transmitter release and
quality control of organelles as well as protein homeostasis of synaptic proteins at
postsynaptic sites [6]. The neuroanatomical hallmark of autophagy is the presence of
autophagosomes. Autophagosomes act v7a protein adaptors such as p62 to deliver proteins
and organelles to lysosomes for degradation. Molecules such as p62, which bind cargo and
components of the autophagic machinery, recognize and bind ubiquitinated proteins,
enabling their engulfment by autophagosomes targeted for degradation [1]. Reduced
autophagy in brains from humans diagnosed with autism is associated with an accumulation
of ubiquitinated proteins such as PSD-95 [7°°] and an overabundance of spines, presumably
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due to impaired spine pruning. Reduced autophagy in brains from humans diagnosed with
Parkinson’s disease or Alzheimer’s is associated with neurodegeneration [1-4].

The mammalian target of rapamycin (mTOR) is a serine/threonine kinase and plays a central
role in cell growth, proliferation, protein synthesis, autophagy, and cell survival [8,9]. In
neurons, mMTORCL is localized to presynaptic and postsynaptic sites (or to lysosomes) where
it imposes a brake on autophagy [10,11]. The biochemical steps, by which autophagy is
activated in neurons under physiological and pathological conditions, are well-delineated.
Activated mTOR phosphorylates Unc-51-like autophagy-activating kinase 1 (ULK-1/Atg1)
at S757, a target of mMTORC1 and well-known anti-autophagy site [12]. This, in turn,
sequesters ULK-1 away from AMP kinase (AMPK), inhibiting autophagy. By contrast, in
response to cellular stress, including amino acid starvation, loss of neurotrophic factors,
endoplasmic reticulum stress, protein aggregates and/or sensory deprivation, AMPK
phosphorylates and activates ULK-1 at S317. Upon activation, ULK-1 promotes
phosphorylation and activation of Beclin-1 (Atg6) at S14, a crucial step in the ‘nucleation
phase’ of autophagy [13] and recruits the PI3K complex, which is essential to elongation of
the limiting membrane. Beclin-1 promotes lipidation of LC3-1 (Atg8) to generate its
lipidated form LC3-11, which localizes to and enables elongation of the limiting membrane
and formation of mature LC3-I1 (+) autophagosomes [1-3]. Autophagosomes act via cargo
adaptor proteins such as p62 to deliver the cargo, ubiquitinated proteins, protein aggregates
and compromised organelles, to lysosomes for degradation. Ultimately, mature
autophagosomes fuse with lysosomes to become autolysosomes, which actively degrade
cytosolic cargo viathe autosomal/lysosomal pathway.

Autophagy at the presynaptic synapse

Communication between neurons occurs via action potentials that are propagated down the
axon to the presynaptic terminal. Presynaptic terminals (also termed ‘boutons’) are highly
specialized compartments packed with synaptic vesicles and the machinery required for
fusion of vesicles with the plasma membrane to enable transmitter release together with for
autophagy to clear unwanted debris. In neurons, autophagy affords a powerful, highly
regulated clearance system, which maintains synapse integrity and function. An essential
presynaptic membrane protein Endophilin 1, best known for its role in the endocytosis of
synaptic vesicles, localizes to pre-autophagosomal (Atg(+)) membranes and is essential to
the initiation of autophagy in axons. Initiation of autophagy starts with nucleation, a step, in
which the kinase LRRK2 phosphorylates endophilin (ENDO) 1, inducing a curvature in the
bar domain of ENDOL, which initiates biogenesis of an isolation membrane or phagophore,
and provides a docking site for Atg3. In the second stage (elongation), LC3 (Atg8) and
Atg16 are recruited, and together sequester the autophagic cargo and promote elongation of
the phagophore. This stage also depends on Atg3, which drives lipidation of LC3-I to
generate its lipidated counterpart LC3-11. Upon lipidation, LC3-I1 localizes to the
phagophore membrane, enabling elongation of the limiting membrane to engulf the
substrate/cargo and close to form mature LC3-11 (+) autophagosomes (closure) [1-3]. In the
final stage, the autophagosome fuses with the lysosome to form autolysosomes (fusion)
which ultimately degrade the cargo v/a the autosomal/lysosomal pathway [2]. In axons, this
requires retrograde transport of autophagosomes from the nerve terminal to the cell soma,
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where degradation occurs. Expression of a constitutively active mutant of LRRK2 or a
phosphomimetic mutant of Endo A increases the density of Atg8-positive puncta in
presynaptic terminals and increases colocalization of LC3-11 (Atg8) with Atg3. Failure of
LRRK?2 to phosphorylate Endo A at Ser5 is associated with Parkinson’s disease and
neurodegeneration.

The lipid phosphatase Synaptojanin-1 is crucial to synaptic vesicle endocytosis. After a
synaptic vesicle fuses with the presynaptic membrane and releases transmitter,
Synaptojanin-1 retrieves and promotes degradation of the residual vesicular membrane, a
step important in ‘resetting’ of the presynaptic cell with new transmitter. This is thought to
occur via an attraction between Synaptojanin 1 and clathrin, a protein crucial to endocytosis
of synaptic vesicles. A recent study demonstrates that Synaptojanin-1 drives autophagosome
biogenesis in the presynaptic compartment independently of its role in endocytosis.
Synaptojanin-1 harbors two phosphatase domains, the 5’-phosphatase domain and the SAC1
(N-terminal Sacl-like inositol phosphatase) domains [14]. Whereas the 5’-phosphatase
domain drives endocytosis of synaptic vesicles by dephosphorylating P1(4,5)P2, the SAC1
domain drives autophagosome biogenesis by dephosphorylating PI1(3)P/P1(3,5)P2 [14]. An
R258Q mutation in the SAC1 domain is found in a subset of patients with hereditary, early-
onset Parkinson’s disease [14]. The R258Q PD mutation causes a build-up of the PI (3)P/
P1(4,5)P2 binding partner Atg18a on pre-formed (hascent) autophagosomes, blocking
autophagosome maturation at Drosophila synapses and in neurites of neurons induced from
iPSC cells derived from a Parkinson’s disease patients with the R258Q mutation [14].
Moreover, Drosophila carrying the R258Q mutation exhibits neurodegeneration and,
specifically, loss of dopaminergic neurons [14].

The cytoskeleton matrix active zone proteins Bassoon and piccolo are thought to keep
autophagy in check [15]. The details of how this happens have recently been revealed.
Bassoon acts vigan Atg5 binding motif in its coiled-coil (CC)2 region to bind Atg5, an E3-
like ligase crucial to recognition of ubiquitinated substrates by the autophagy machinery and
to recruitment of LC3-1 (Atg8) to the phagophore membrane during autophagosome
biogenesis [15]. Bassoon inhibits the induction of autophagy, most likely by acting via its
own Atg binding motif to block formation of the Atg5/12 complex. Accordingly, expression
of a fusion protein containing the Atg5-binding peptide disrupts binding of Bassoon to Atg,
rescuing synapses from autophagy [15]. A recent study involving optogenetics showed that
autophagy affords a powerful, tightly regulated clearance system capable of responding in
5-10 min to maintain synaptic integrity and function [16]. Thus, the role of synaptic vesicle
trafficking proteins in autophagy and the role of autophagy components in presynaptic
function are intricately intertwined.

Autophagy at postsynaptic densities

Autophagy and synaptic plasticity

Whereas a great deal of research has focused on autophagy in the presynaptic compartment,
much less is known about autophagy in dendrites. One of the first studies to report
autophagy at postsynaptic sites focused on GABAergic inhibitory interneurons. Whereas
under normal conditions, GABA release from presynaptic sites induces clustering and
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trafficking of GABAA receptors in postsynaptic cells [17], block of presynaptic GABAergic
signaling induces autophagy at postsynaptic sites and accumulation of GABA receptors in
autophagosomes targeted for degradation [17]. Although autophagosomes have been
visualized in dendrites, it is as yet unclear as to whether autophagosome biogenesis occurs in
dendrites.

In rat hippocampal neurons, treatment with NMDA at a dose that induces chemical long-
term depression (LTD), increased LC3-11 and the number of LC3(+) autophagosomes at
postsynaptic sites, indicative of increased autophagy, and enhanced degradation of the
AMPA receptor subunit GIuAL [18]. The inhibitor of autophagy wortmannin or shRNA to
Atg7 blocked NMDA-induced autophagy and partially recovered GluAl levels, consistent
with the concept that AMPA receptors are degraded, a least in part, via the autophagy/
lysosomal pathway [18]. In a recent study, induction of autophagy in the amygdala or
hippocampus was reported to destabilize synapses and contextual fear memory in an
activity-dependent manner. Destabilization of synapses coincided with autophagy-dependent
degradation of AMPARS in dendritic spines in brain regions associated with contextual fear
memory [19]. These findings are significant in that they indicate that autophagy is regulated
in an activity-dependent manner and can recognize and degrade postsynaptic proteins with
precision and specificity.

A recent study provides evidence that autophagy can regulate synaptic plasticity at CA1l
synapses [20]. Fasting in rats was shown to increase BDNF and suppress autophagy in the
hippocampus. This is significant in that theta-burst stimulation induced long-term
potentiation (TBS-LTP), a major form of synaptic plasticity, at Schaffer collateral to CAl
pyramidal cell synapses requires BDNF and suppression of autophagy [21]. Additionally,
fasting markedly enhanced freezing behavior in a contextual fear conditioning assay,
indicative of enhanced memory, and increased the number of dendritic spines on CA1 and
CA3 neurons, presumably as a consequence of impaired autophagy. The investigators
identified postsynaptic scaffolding/signaling proteins (PSD-95, SHANK3, PICK1) that are
degraded by autophagy, offering a likely mechanism for the role of BDNF and suppressed
autophagy in TBS-LTP [21]. These findings are in keeping with recent observations that
inhibition of neuronal autophagy results in a buildup of synaptic proteins such as Arc and
PSD-95, consistent with the concept that autophagy is involved in degradation of these and
other synaptic proteins under physiological conditions [22°°]. Thus, autophagy is pivotal to
the homeostasis of several key synaptic proteins and serves as a significant regulator of
structural plasticity, synaptic strength, and memory consolidation [2,18].

Synapse elimination and spine pruning

Synaptic activity influences the number and strength of synapses that form between neurons.
During early postnatal development, the rate of synapse formation exceeds that of
elimination, resulting in a greater number of immature excitatory synapses. At more mature
ages, destabilization and spine pruning reduce synapse number. thus refining neural circuits
that underlie behavior and cognition [23]. Two papers provide evidence for a role for
impaired autophagy as a mechanism underlying compromised synapse elimination (an
overabundance of spines) in autism spectrum disorders (ASDs). In layer V of the neocortex
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of 7sc2*'~ mice [7**] and the hippocampus of Fmr1 KO mice, mTOR signaling is aberrantly
activated and autophagy is constrained during postnatal development [22°*]. Moreover,
reduced autophagy is causally linked to impaired spine pruning in cortical layer V pyramidal
neurons of 7sc2"'~ mice [7**] and hippocampal neurons in AmrZ KO mice [22*].
Rapamycin, an inhibitor of mMTORC1, corrects deficits in spine pruning and social
interactions in 75¢2*/~ mice, but not in Atg7cKO neuronal autophagy-deficient mice or
Tsc2"=: Atg7cKO double mutants [7*°]. Interestingly, activation of autophagy in neurons
enables spine elimination, with little or no effect on spine biogenesis. Moreover Atg7 KO
mouse exhibit ASD phenotypes including impaired social interactions [7°7].

In the hippocampus of Fmr1 KO mice, acute knockdown of Raptor, a defining component of
MTOR complex 1 (mTORCL) in the CAL of Fmr1 KO mice corrects mTORCL signaling,
activates autophagy, and restores spine density to near that of WT mice. Because
suppression of mMTORCL1 not only activates autophagy, but also limits protein translation,
which may independently affect spine density [24-26] and can potentially inhibit cell
growth, proliferation and ribosome biogenesis, the investigators next delivered lentivirus
carrying shRaptor together with shRNA directed to Atg7 [7°*,27], an E1-like ligase essential
for autophagosome formation, to block autophagyt [28]. Expression of shAtg7 together with
shRaptor reversed, at least in part, the rescue of spine density by shRaptor, consistent with
the concept that rescue occurs, at least partially, via activation of autophagy [22°°]. These
findings are consistent with a model whereby mTOR-dependent autophagy is essential for
spine pruning in late development, and activation of neuronal autophagy corrects synaptic
pathology and social behavioral deficits in ASDs with hyperactivated mTOR, and suggest
that impaired autophagy and its link to impaired spine elimination is likely to be more
widespread in a number of ASDs [7°°].

Epigenetic and transcriptional control of autophagy

Whereas the role of autophagy in neurons has been well studied, epigenetic and
transcriptional regulation of autophagy is a hew, emerging topic. Considerable evidence
implicates chromatin remodeling in the fine-tuning of the autophagy pathway in response to
environmental cues such as starvation. Several chromatin remodeling enzymes are ‘master
regulators’ of autophagy genes (reviewed in Refs. [29,30]). These include co-activator-
associated arginine methyl-transferase 1 (CARM1), the H3K9 methyltransferase G9a [31*°],
the polycomb protein EZH2 (enhancer of zeste 2 polycomb repressive complex-2, which
confers a trimethylation mark on H3 at lysine 27 [32], hMOF (human ortholog of the
Drosophila MOF gene (males absent on the first)) H4K16 acetyltransferase, and its
counterpart SIRT1 (Sirtuin 1) H4K16 deacetylase [33], which confer epigenetic marks of
gene activation or repression on core histones (Figure 1).

CARML1, a histone methyltransferase that confers dimethylation on histone H3 at arginine
17 (H3R17), a mark of active gene transcription, is a crucial regulator of autophagy [29].
CARM1 serves as a transcriptional coactivator of the transcription factor TFEB, a master
regulator of autophagy-related and lysosomal genes, in non-neuronal cells [34**]. CARML1 is
regulated at the level of protein stability by the SKP2-SCF complex, a E3 ubiquitin ligase,
which targets CARM1 for degradation via the ubiquitin-based, proteasomal pathway [35]. In
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response to glucose starvation, AMPK is activated in the nucleus, where it phosphorylates
FOXO3A, a transcription factor that negatively regulates the SKP2/SCF complex by
inhibiting SKP2 gene expression transcription and by binding SKP2 directly and disrupting
the SKP2/SCF complex [35] (Figure 1a). Loss of SKP2 increases CARML stability (and
abundance) [35]. Genome-wide association studies reveal a global increase in CARM1 and
its functional readout, dimethylation of H3 at arginine 17 at the promoter of TFEB target
genes, which include a vast number of autophagy-related and lysosomal genes (ULK1,
Atgl2, Atgl3, Atgl4, Sirtl) [34°°] (Figure 1a). These findings identify the AMPK-SKP2-
CARM1 signaling cascade as an important mechanism in the activation of autophagy in
response to environmental cues.

EZH2 and G9a suppress autophagy [31°,32]. EZH2 represses transcription of several
negative regulators of the mTOR signaling pathway — TSC2, RHOA, DEPTOR, FKBP11,
RGS16 and GPI, thereby suppressing autophagy [32]. EZH2 is recruited to the promoter of
these genes viaa chromatin-binding protein MTA2, where it (EZH2) increases
trimethylation of H3K27 (Figure 1b). As an example, EZH2-dependent repression of TSC2
(tuberous sclerosis 2) releasing the brake on mTOR and thereby inhibiting autophagy. By
contrast, G9a represses genes associated with autophagosome formation [31"] (Figure 1c).
Upon activation of autophagy, G9a binding (and dimethylation of H3K9) are diminished at
promoters of target genes LC3B, DOR and WIPI1, which participate in autophagosome
formation. This process is prevented by pharmacological inhibition of INK (c-Jun N-
terminal kinase) as well as G9. These findings demonstrate that EZH2 and G9a suppress
autophagy and underscore EZH2 and G9a as potential therapeutic targets for intervention in
the neurodegeneration associated with Parkinson’s disease. Two additional epigenetic
regulators of autophagy are hMOF and its counterpart SIRT1 (Figure 1d). hMOF catalyzes
acetylation of histone H4 lysine 16 (H4K16), while SIRT1 removes it. Genome wide control
of the acetylation status on H4K16 by these enzymes has been suggested as a determinant in
the process of death and survival decision in autophagic cells [36]. Autophagy gene targets
include TOR1, ULK1 and VAMP3.

Autophagy is activated in selectively vulnerable CA1 neurons in response to induction of
global ischemia [37°]. Immediately following ischemia, mTOR protein is decreased,
coinciding with an increase in biochemical markers of autophagy and autophagic flux in
hippocampal neurons. The mTORCL inhibitor rapamycin or acute knockdown of mTOR
promotes autophagy and attenuates ischemia-induced neuronal death, indicating an inverse
causal relation between mTOR, autophagy, and neuronal death. However, the mechanism by
which ischemia regulates mTOR in hippocampal neurons and how this signaling impacts on
synaptic function and plasticity is, as yet, unclear. A possible scenario is that an endogenous
inhibitor of mMTOR (DEPTOR, TSC2) is upregulated in response to loss of EZH2.

Conclusions and future perspectives

An emerging theme is the specificity of autophagy in degradation of synaptic proteins and
organelles in an activity-dependent manner and the precision by which it is regulated.
Despite a wealth of information concerning epigenetic regulation of autophagy genes, none
of the research was performed in neurons. Thus, an important future direction would be to
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identify epigenetic mechanisms by which autophagy genes are regulated in neurons.
CARML1 is not only expressed in neurons, but localizes to postsynaptic densities in
hippocampal neurons where it negatively regulates spine maturation and dendritic
arborization [38]. EZH2 is expressed in neurons where it plays a role in reconsolidation of
fear memory [39]. Future studies are warranted to examine epigenetic and transcriptional
mechanisms that could potentially regulate autophagy in neurons.
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Figurel
Epigenetic regulators of autophagy genes. (a) CARM1 confers a dimethylation mark on H3

at arginine 17, which activates transcription of autophagy genes (ULK-1/Atgl, Atgl1,
Atg12) viathe AMPK-SKP2-CARML1 signaling axis. (b) EZH-2 promotes trimethylation of
H3 at lysine 27, and thereby represses genes that inhibit mTOR signaling (DEPTOR, TSC2)
which in turn, activates mTOR signaling and suppresses autophagy. (c) G9a promotes
demethylation of H3 at lysine 9, and thereby represses genes related to autophagosome
formation. (d) Control of H4K16 acetylation status by hMOF and SIRTL. In response to
cellular stress, mTOR (and Raptor) translocates to the surface of lysosomes, where mTOR is
strategically positioned to be phosphorylated by AKT and to phosphorylate and inhibit its
downstream target Transcription factor EB (TFEB), which drives transcription of genes
crucial to autophagy and lysosomal degradation. Upon conditions of high nutrients,
inhibition of mTOR signaling leads to activation of autophagy; under these conditions,
hMOF and H4K16 acetylation are downregulated which in turn, represses transcription of
autophagy related genes (TOR1, ULK-1/Atgl, VAMP3). Thus, a negative feedback
regulatory loop occurs which might prevent overly high stimulation of autophagic flux.
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