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Autophagy is an evolutionarily conserved catabolic process
through which different components of the cells are
sequestered into double-membrane cytosolic vesicles called
autophagosomes, and fated to degradation through fusion
with lysosomes. Autophagy plays a major function in many
physiological processes including response to different stress
factors, energy homeostasis, elimination of cellular organelles
and tissue remodeling during development. Consequently,
autophagy is strictly controlled and post-translational
modifications such as phosphorylation and ubiquitination have
long been associated with autophagy regulation. In contrast,
the importance of acetylation in autophagy control has only
emerged in the last few years. In this review, we summarize
how previously identified histone acetylases and deacetylases
modify key autophagic effector proteins, and discuss how
this has an impact on physiological and pathological cellular
processes.

Introduction

Autophagy was initially described as a lysosome-dependent deg-
radation of cytoplasmic components following starvation, main-
taining intracellular energy homeostasis when external resources
are limited.! In the past 10 to 15 years, autophagy has been
associated with multiple physiological processes including the
response to different extracellular or intracellular stress factors
such as starvation, growth factor deprivation, endoplasmic retic-
ulum stress, elimination of damaged organelles, protein aggre-
gates or long-lived proteins, and cellular and tissue remodeling
during animal development.** This conserved cellular process is
associated with many human diseases and is important in cellular

self-defense against pathogen infection.>
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Post-translational modifications (PTM:s) are crucial for the reg-
ulation of eukaryotic proteins. Among the major PTMs are tyro-
sine or serine/threonine phosphorylation, lysine and N-terminal
acetylation, lysine/arginine methylation, SUMOylation and
ubiquitination. It is well known that phosphorylation events
have essential roles in the initiation step of autophagy. For exam-
ple, the yeast autophagy-related (Atg)1-Atgl3 complex is regu-
lated by at least two different protein kinases, TOR and PKA.
Ubiquitination is also crucial for autophagy. Two major ubiqui-
tin-like systems are involved in the elongation of the phagophore,
the precursor compartment to the autophagosome. In mammals,
the autophagic protein ATGI12 is conjugated to ATG5 by the
E2-like protein ATG10, whereas LC3 is conjugated to phospha-
tidylethanolamine by ATG3.”® Lysine side chains of proteins
involved in autophagy control can be targeted by multiple, mutu-
ally exclusive PTMs targeting the same lysine and providing an
opportunity for cross-regulation.’

In contrast to phosphorylation and ubiquitination, the impor-
tance of acetylation in autophagy control has only recently
emerged. While initially identified in histones 40 years ago, lysine
acetylation also affects many nonhistone proteins, including
transcription factors as well as cytoplasmic proteins regulating
cytoskeleton dynamics, energy metabolism and endocytosis.”!
New studies highlight the contribution of acetylation in auto-
phagy control. Here we summarize the emerging support for
acetylation-mediated control of autophagy and discuss the impli-
cation in the context of human diseases such as Huntington dis-
ease and cancer.

HATs and HDACs Operate at Multiple Levels
of the Autophagy Process

Lysine acetylation and deacetylation of proteins were first and
extensively studied in histones. However, targets for histone
acetylases (HATs) or histone deacetylases (HDACs) often also
include nuclear nonhistones and cytoplasmic proteins.” Lysine
acetylation is catalyzed by lysine acetyltransferases (KATs), which
transfer an acetyl-group of acetyl-CoA to the g-amino group of
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Figure 1. Acetylation control by KATs-HATs and KDACs-HDACs. Acetyla-
tion and deacetylation of proteins at lysine residues are mediated by
lysine acetylases (KATs or HATs) and deacetylases (KDACs or HDACs).
KATs/HATs transfer an acetyl-group of acetyl-CoA to the e-amino

group of an internal lysine residue. The reverse reaction is mediated by
KDACs-HDACs and requires Zn*, whereas sirtuins requires NAD*.

an internal lysine residue. The reverse reaction is accomplished by
lysine deacetylases (KDACs) (Fig. 1). KATs fall into three major
classes: KAT2/GCNS5-related N-acetyltransferases (GNAT fam-
ily), E1A binding protein p300 (EP300/CREBBP family), and
MYST family. Deacetylases are also divided into several classes.
The class I, I1a, IIb, and IV enzymes are zinc-dependent, whereas
the class I1I family comprises sirtuins, and use NAD* as a cofac-
tor to catalyze deacetylation reactions."! A growing body of evi-
dence, including HATs and HDACs gain- and loss-of-function
mutants (Table 1) and the use of HDAC inhibitors (Table 2),
support the idea that HATs and HDAC:s play a pivotal role in
autophagy regulation, by acting at multiple levels. The first level
regards epigenetic regulation of autophagy genes by histone acet-
ylation. This level may explain some of the effects associated with
HAT and HDAC mutations, as well as effects associated with the
use of HDAC inhibitors. For example, in response to spermidine
treatment, the A7GY gene is upregulated, which is accompanied
by histone hyperacetylation of the promoter region of the gene.”
This mode of acetylation-mediated control of autophagy relies
on a mechanism of transcriptional regulation broadly used in
genome regulation and is not specific to the control of autophagy.
Modification of the acetylation status and the activity of core
autophagy proteins, transcription factors regulating autophagy
or cytoskelal proteins shaping the cellular context for autophagy,
constitute additional levels of autophagy control that we discuss
further below.

820 Autophagy

Table 1. Regulation of autophagy by lysine acetyltransferases (KATs),
lysine deacetyltases (KDACs) and N-acetyltransferases (NATs)

HATs
EP300-CREBBP family

CREBBP/KAT3A Induction of aggrephagy'>'"®
EP300/KAT3B Inhibition"”
MYST family
KAT5/TIP60 Induction'®
HDACs
Class |
HDACT Inhibition?
Inactivation induces autophagic cell death?
Induction?
Induction by controlling the expression of autophagic
proteins®
HDAC2 Induction?
Induction by controlling the expression of autophagic
proteins?
HDAC3 Inhibition through p21%
Class lla
HDAC4 No effect?
Inhibition through CDKN1A%
Inhibition?
HDAC5 Inhibition?
HDAC7 Inhibition?”
Class I1b
HDAC6 Induction through cortactin, tubulin, dynein?3!
Induction of autophagic cell death thought BECN1-
MAPK/JNK32
Class Ill/Sirtuins
SIRT1 Induction by deacetylation of ATGs and FOXO133*
Induction®
SIRT2 Foxo1 deacetylation, inhibition3®
SIRT3 Induction®
NATs
NAT10 Induction by repressing the TSC1-TSC2 complex383°
NAT9 Knockdown increases autophagy flux*

No roles in autophagy are reported for HAT1/KAT1, KAT2A, KAT2B, ELP3/
KAT9 (GNAT family), KAT6A, KAT6B, KAT7, KAT8, (MYST family), HDAC8
(Class 1), HDAC9 (Class lla), HDAC10 (Class llb), HDAC11 (Class V), SIRT4,
SIRT5, SIRT6, SIRT7 (class llI/sirtuins) and NAA40/NAT11, NAA60/NAT15,
NAT16, NAA20, NAA25, NAA30, NAA35, NAA38, NAA40, NAA5O (NATs).

Modification of the Acetylation Status
and Activity of Autophagy Core Components

The ATG proteins provide the core molecular machinery essen-
tial for phagophore formation and elongation. They form four
complexes: the kinase complex ATG1-ATGI13; the phosphati-
dylinositol 3-kinase complex I (containing BECNI1, ATGI4,
PIK3C3/VPS34 and PIK3R4/VPS15) and two ubiquitin-like

Volume 9 Issue 6

Do not distribute.

I0Science.

©2013 Landes B



Table 2. HDAC inhibitors and activators and their effect on autophagy
HDAC inhibitors Specificity Used model system

SAHA Class |, Il and IV HDACs Endometrial stromal cells

(HESCs) and (ESST1)

Hela cells

Effect Targeted proteins  Refs.

Induction of caspase-independent HDAC7 27
autophagic cell death

Hyperacetylation of tubulin, increased Not specified 20
LC3-I to LC3-ll conversion

Chondrosarcoma cell lines Induction of autophagic cell death Not specified 41
Mouse neuronal cells Induction of autophagy HDAC6 42
Longevinex Rat, isolated heart Induction of autophagy, phosphoryla- SIRT1 37
tion of FOXOs SIRT3
FK228 Hela cells Induction of autophagy HDAC1 20
increased LC3-1 to LC3-Il conversion
Malignant rhabdoid tumor cells  Induction of autophagy by redistribu- Not specified 43
tion of AIFM1 to the nucleus
Valproic acid (VPA) Class | and class lla Glioma cells Induction of autophagy trough induc- Not specified 44
HDACs tion of oxidative stress pathway
Yeast Atg19-dependent autophagic degra- Gen5/SAGA 45
dation of SAE2
butyrate Class | and lla HDACs Mammalian colon cells Induction of autophagy Not specified 46
Butyrate and Class I-IV HDACs Hela cells Induction of autophagic cell death Not specified 47
SAHA
H40 and SAHA HDAC1, HDAC2 and Prostate cancer PC-3M cells Autophagic cell death by upregulation HDAC3 and 48
HDAC4 of CDKN1A HDAC4?
MS-275 HDACT1,HDAC2 MPNST cell lines Induction of autophagy (MPNST sur- 49
HDAC3 vival mechanism)
LBH589 HDAC4 and HDAC5 Waldenstrom macroglubu- Induction of autophagy HDAC4 and HDAC5 26
linemia lymphoma cells
Tubacin HDACS6 tubulin deacety- MEF Autophagy inhibition HDAC6 50
lase activity
Sirtinol SIRT1 inhibition Lung epithelial cells, fibroblasts, Augmentation of cigarette SIRT1 51
macrophages smoke-induced autophagy
Spermidine Not known Human colon cancer cells, Induction of autophagy Independent of 52
yeast, C. elegans SIRT1/Sir2/sir-2.1
Hela celles, flies Induction of autophagy 53
Resveratrol Sirt1 Lung epithelial cells, fibroblasts Attenuation of cigarette smoke- SIRT1 51
ingneen and macrophages induced autophagy
Human colon cancer cells, Induction of autophagy SIRT1/Sir2/sir-2.1 52

yeast, C. elegans

protein conjugation complexes (ATG12—-ATG5-ATGI6L1, along
with ATG7 and ATG10, and LC3-PE, with ATG4, ATG7 and
ATG3).* So far, many ATG proteins have been demonstrated
to be acetylated and their acetylation status is regulated by spe-
cific HAT-HDAC pairs, including EP300-sirtuins and MYST-
HDAC3/RPD3 (Fig. 2).

MYST and HDAC3. MYST acetyltransferases are defined by
aconserved histone acetyltransferase domain called MYST, which
contains a C,HC zinc finger and an Ac-CoA binding domain.”
Recent papers highlight the importance of the MYST acetyl-
transferase family in autophagy regulation. Under growth factor
deprivation, when MTOR, AKT1 and the MAP kinase pathways
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autophagy. This synergistic effect is associated
with deacetylation of autophagy core components
such as ATG5 and LC3.? Extending this finding
and supporting a broad use of the acetylation status
as a key regulatory control of the activity of auto-
phagic components, it was reported that resveratrol
and spermidine induce changes of the acetylation
status of 170 proteins whose activity is connected
to autophagy control.’® Acetylation may also serve
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as a mechanism of fine-tuning and controlling
the reversibility of the regulation by HATs and
HDACs. SIRT2 controls the self-acetylation of
EP300, which may also acetylate SIRT2 to inhibit
its enzymatic activity.”®

The use of acetylation for regulating the activity

m

of autophagy core components is interesting, as it
allows coupling the regulation of autophagy to the
cell metabolic state. The maintenance of cellular
energy homeostasis requires the intracellular stor-
age and usage of lipids, and autophagy is proposed
to play an important role in regulating intracel-
lular lipid mobilization (macrolipophagy).®"®* In

response to starvation, lipid mobilization involves

Arrowheads and balls respectively indicate inducing or inhibitory effects.

Figure 2. Acetylases and deacetylases modify the autophagic machinery. (A) Under
growth factor deprivation, the activation of glycogen synthase kinase-3 (GSK3) during
autophagy initiation results in phosphorylation of the KAT5 acetyltransferase, which
activates the ULK1 kinase. p90*, RPS6K p90. (B) The EP300 acetyltransferase inhibits
the elongation of the autopahosome membranes by acetylating ATG5, ATG7, ATG8 and
ATG12. Under starved conditions, SIRT1 deacetylates these ATG proteins and induces
autophagy. (C) Results in yeast support the idea that starvation-induced acetylation

of Atg3 at K19 and K48 by Esal (KAT5) controls its interaction with Atg8 (LC3) and Atg8
lipidation. Deacetylation of Atg3 is accomplished by the deacetylase Rpd3 (HDAC3).

B-oxidation of fatty acids in the mitochondria and
leads to the production of NADH and acetyl-CoA,
which is a co-enzyme required for proper activity
of EP300. A possible mechanism that may link
starvation and acetylation-associated autophagy
induction is the increased Ac-CoA level, which
negatively feeds back by inhibiting autophagy/
macrolipophagy through EP300-mediated acety-
lation of autophagic components. In addition, the

are repressed, the activation of GSK3 induces phosphorylation
and activation of KAT5/TIPG60 acetyltransferase, which in turn
acetylates and activates the autophagy-initiation kinase ULK1
that is essential for serum deprivation-induced autophagy.’® In
Saccharomyces cerevisiae, Esal (the ortholog of KATS5) regulates
the autophagy signaling component Atg3. Starvation-induced
acetylation of K19 and K48 of Atg3 controls its interaction with
Atg8 as well as the lipidation of Atg8. The reverse reaction is
accomplished by the deacetylase Rpd3." Interestingly, the antag-
onistic function of the class I family member Rpd3 deacetylase
and of another MYST acetyltransferase, chm/chameau, was pre-
viously reported.’®’

EP300-CREBBP and sirtuins. In mammalian cells, the
EP300 acetyltransferase and ATG7 colocalize within the cyto-
plasm. The physical interaction of these two proteins depends on
nutrient availability and results in acetylation of ATG7.” In this
instance, the NAD*-dependent deacetylase SIRT1 was shown
to deacetylate ATG7, as well as other ATG proteins (ATGS,
LC3 and ATGI2), thereby controlling the activity of these pro-
teins essential for autophagic vesicle formation.* Furthermore,
the use of a specific SIRT1 inducer, resveratrol, and an acetyl-
transferase inhibitor, spermidine, synergize in the induction of

822 Autophagy

associated decreased level of NAD*/NADH can
lead to the inactivation of sirtuins. Further experi-
mental work is required to support this hypothesis.

Regulation of Autophagy through
the Acetylation of FOXO Transcription Factors

Control of autophagy though the acetylation of transcription fac-
tors is best illustrated by the FOXO family members (Fig. 3).
FOXO proteins are forkhead domain-containing evolutionarily
conserved transcription factors, with a unique representative in
Drosophila, foxo/dFOXO and several orthologs in mammals
(FOXO1, FOXO03, FOXO4 and FOXO6).4% FOXO tran-
scription factors have been associated with a multitude of bio-
logical processes, including cell cycle, proliferation, cell death,
DNA repair, metabolism, protection from oxidative stress and
autophagy.®®® For example, FOXO1 and FOXO3 have impor-
tant roles in the regulation of autophagy in skeletal and cardiac
muscles by activating genes that are involved in autophagosome
formation, and fasting in Drosophila induces autophagy by
enhancing the expression of genes downstream of foxo/dFOXO.
Interestingly, similar effects were observed in muscle cells fol-
lowing overexpression of FOX03.%7° The FOXO transcription
factors are targeted by multiple post-translational modifications
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Figure 3. Acetylation-mediated control of FOXO transcription factor activity in autophagy regulation. SIRT1 induces autophagy through the deacety-
lation of FOXO1 upon starvation. SIRT1 also deacetylates FOXO3, which is required for the transcriptional activation of genes that are involved in auto-
phagosome formation, such as MAPTLC3, PIK3C3, GABARAPLI1, ATG12, ATG4, BECNT, ULKT and BNIP3. In fed conditions, EP300-CREBBP acetyltransferases
increase FOXO1 and FOXO3 acetylation, which results in decreasing their DNA binding activity and in increasing their sensitivity to phosphorylation.
In response to insulin, FOXO1 and FOXO3 are phosphorylated by AKT1 leading to its dissociation from DNA and subsequent export to the cytoplasm

through XPO1/CRM1-mediated export.

controlling subcellular localization, DNA binding and trancrip-
tional properties.”>”!

Acetylation of FOXOI1 on three lysine residues (K242,
K245 and K262) is mediated by the CREBBP acetyltransfer-
ase and impairs FOXOl-mediated transcriptional regulation.”
Consistent with this, overexpression of EP300 significantly
increases FOXO1 acetylation and inhibits autophagy.’* This
acetylation decreases DNA binding efficiency of FOXOI1 and
promotes its subsequent phosphorylation by AKT1.”2 Upon
insulin or other growth factors signaling, and AKT1-mediated
phosphorylation of FOXO1 and also FOXO3, acetylation
leads to its dissociation from DNA and subsequent nucleocyto-
plasmic transport.”?

www.landesbioscience.com

The acetylation status of FOXO proteins is also regulated by
deacetylation, which involves sirtuin deacetylases. SIRT1 con-
trols the subcellular localization and activity of FOXO1 through
the deacetylation of an LXXLL motif, which has an impact on
association with the promoter, and transcription of the patatin-
like phospholipase domain containing 2/adipose triglyceride
lipase (PNPLA2/ATGL) gene encoding a rate-limiting lipolytic
enzyme.”* PNPLA2 is a major lipase for fat mobilization from
lipid droplets in mammals and in Drosophila.”>”¢ SIRT1 was also
shown to deacetylate FOXO3, which in skeletal muscle activates
genes that are involved in autophagosome formation, includ-
ing MAPILC3, PIK3C3/VPS34, GABARAPLI, ATG12, ATG4,
BECNI, ULKI and BNIP3.°*77 Similarly, SIRT2 also deacetylates
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FOXOL1 and FOXO3 following caloric restriction.”®”” Of note,
the expression of SIRT2 is upregulated in starved conditions,
which emphasizes its important role in FOXO deacetylation and
promoting lipid remobilization.”®

In addition to influencing autophagy through the control of
the expression of autophagic genes, FOXOLI also regulates auto-
phagy in a transcription-independent manner. This was shown
in the context of human cancer cells and, as in transcriptional
regulation, the acetylation status controls FOXO activity: dis-
sociation from SIRT?2 in response to serum deprivation results in
the acetylation of FOXO1, promoting its interaction with ATG7
and inducing the autophagic process.’® In summary, deacety-
lation-activated FOXO1 and FOXO3 coordinate the induction
of autophagy under low-energy conditions, by contributing to
autophagosome formation through transcriptional upregulation
of core autophagy genes and by direct protein-protein interaction

with ATG?7.

Acetylation-Mediated Control of Cytoskeletal
Properties/Dynamics and Autophagy Regulation

Tubulin was the first acetylated cytosolic protein described.5*%!
The acetylation status of microtubules is coordinated by the
HDACG6% and SIRT2% deacetylases and by the ELP3/KAT9
acetylase,* which also regulates actin dynamics, stress signaling
and exocytosis.*** Microtubule stability and function are regu-
lated by the reversible acetylation of a-tubulin. A recent study
showed that a dynamic microtubule subset acts in stress-induced
autophagy. Upon nutrient deprivation, tubulin acetylation on
Lys40 increases both in labile and stable microtubule fractions,
which enhances MAPK/JNK phosphorylation and activation via
KIF1/kinesin family member 1-dependent mechanisms and pro-
motes autophagy. MAPK/JNK signaling increases the dissocia-
tion of BECNI (Atg6) from the BCL2 inhibitor and promotes its
association with factors such as microtubules required for initiat-
ing autophagosome formation. While the markers of phagophore/
autophagosome formation (BECNI, class III PtdIns3K, WIPI1,
ATGI12-ATGS5 and LC3-II) are specifically recruited on labile
microtubules, mature autophagosomes (marked with LC3-II)
can move along stable microtubules.*” Tubulin acetylation is also
essential for fusion of autophagosomes to lysosomes.®**
Long-distance organelle movement is performed by cellular
motor proteins that deliver cargoes along the microtubule tracks.
Dynein moves toward the slow growing or “minus” ends of
microtubules, and is responsible for centripetal transport, while
centrifugal movements are driven by kinesins. Tubulin acetyla-
tion at Lys40 increases the recruitment and mobility of KIF1
and dynein in vitro and in vivo.**?* A number of studies reveal
that after formation, autophagosomes are centripetally delivered
by dyneins along the microtubule tracks in the direction of the
centrosomes where lysosomes are usually concentrated.®”?'* The
dynein motor machinery also plays a role in autophagosome-
lysosome fusion.” As a consequence, mutations that influence
the dynein motor machinery reduce the efficiency of autophagic
clearance of protein aggregates and increase levels of LC3-I1.!
KIF1 is involved in autophagosome traffic in basal nutrional

824 Autophagy

conditions. In contrast with its increased recruitment on micro-
tubules to activate MAPK/JNK (see above), KIF1 is no longer
involved in motoring autophagosomes upon nutrient deprivation.
In parallel, dynein participates in motoring autophagosomes
both in basal and in starved conditions.®” These data collectively
establish the importance of tubulin acetylation in autophagy
dynamics. Further work is required, however, to demonstrate
direct links between HDAC6, SIRT2 and ELP3 activity, and
acetylated tubulin-controlled autophagy induction.

HDACS6, Actin and Selective Autophagy

Similarly to tubulin, cytoskeletal actin is also targeted by acety-
lation. HDACG6 has emerged as a central regulator of selective
types of autophagy, which exclusively eliminates specific cellular
components (Fig. 4).%%%% A recent study suggests that this spe-
cific form of autophagy, termed quality control (QC) autophagy,
triggers intracellular quality control by selectively disassembling
altered, nonfunctioning organelles and protein aggregates.”’

In yeast cells, actin microfilaments are dispensable for bulk
autophagy but necessary for selective types of autophagy like
pexophagy. The yeast Arp2/3 complex, which is necessary for
actin nucleation and F-actin formation, directly regulates the
dynamics of Atg9.”” In mammalian cell lines, the actin network
also has an important role in selective autophagy. Cortactin,
known to interact with F-actin in promoting polymerization
and branching, was recently identified as a new substrate of
HDACG6.”* HDACG6 induces F-actin network formation around
cytosolic aggregated proteins in a cortactin-dependent manner
and promotes autophagosome-lysosome fusion. Thus, cortactin-
dependent actin and HDACG6 distinguish quality control (QC)
autophagy from starvation-induced autophagy for which these

components are dispensable.?>>

HDACG6 and EP300-CREBBP Control Aggregosome

Autophagy: Role in Neurodegenerative Diseases
HDACG recruits the autophagic machinery to aggresomes.?$3%3150
Cells avoid accumulating potentially toxic protein aggregates by
the suppression of misfolded protein using molecular chaperones
and the selective degradation of misfolded proteins by the ubiqui-
tin-proteasome system. Once aggregates have formed, they tend
to be proteolysis resistant and accumulate in inclusion bodies
(IBs).”” IBs are formed by dynein-dependent retrograde transport
of aggregated proteins called aggresomes.'” The formation of
aggresomes is thought to defend cells from the toxicity of protein
aggregates by concentrating them to the microtubule organiz-
ing center.””'% Proteins with expanded polyglutamine (polyQ)
repeats accumulate in protein aggregates within intracellular IBs.
The cytoplasmic and nuclear accumulation of IBs represents a
pathological hallmark of most neurodegenerative diseases char-
acterized by cognitive and motor deficits.

A growing body of evidence supports the hypothesis that
autophagy is the main mechanism that mammalian cells use to
eliminate protein aggregates.?”>**>!%! In mice and Drosophila,
HDACG deficiency causes accumulation of ubiquitinated protein

Volume 9 Issue 6

©2013 Landes Bioscience. Do not distribute.



degradation of
ubiquitinated
cargo

nucleus

aggresome /
IB formation

limiting \
membrane
autophagosome formation mitophagy l
transport

+

PAS

._aggrephagy |

&% cortactin dynein & sos™M1 @ LC3
- F-actin
tubulin @ polyubiquitin 0 nNBR1

X BNIP3L

Figure 4. HDAC6 controls selective autophagy by recruiting the actin and tubulin networks. Ubiquitinated substrates are specifically bound by the
UBA domain of autophagy receptors SQSTM1/p62 and NBR1, while damaged mitochondria are specifically recognized by BNIP3L/NIX receptors. All
autophagy receptors have a LIR domain, which recruits the membrane to the cargo by binding LC3. HDAC6 recruits cortactin to the ubiquitinated
protein aggregates or mitochondria, and, through cortactin deacetylation, mediates F-actin network assembly, promoting autophagosome-lysosome
fusion. HDACG is also responsible for the dynein-mediated transport and perinuclear concentration of altered mitochondria and protein aggregates.

aggregates through the arrest of QC autophagy, resulting in age-
dependent neurodegeneration.® In Drosophila models of neu-
rodegenerative diseases, HDAC6-mediated autophagy is also
proposed to prevent impaired proteasome-related neurodegen-
eration, highlighting a compensatory relationship between these
two degradation pathways.!”> HDACG is a multidomain protein
that possesses a C-terminal ZnF-UBP domain, which binds to
polyubiquitin chains, and a dynein-binding domain.'”'** Thus,
HDACG can associate with protein aggregates via ubiquitin asso-
ciation, and with the retrograde motor dynein as well, acting as a
bridge allowing the targeting of protein aggregates for processing
at the aggresome.!”!”” HDACG also mediates the transport of
constituents of the autophagic machinery to the aggresome and
contributes to the transport of lysosomes to the site of autophagy.?!

Expansion of glutamine repeats in the abnormal, cyto-
toxic huntingtin (HTT) protein provoke Huntington disease.
The mutated and ubiquitinated aggregate-prone HT'T protein

www.landesbioscience.com

accumulates in insoluble aggregates. HTT is phosophorylated
by CHUK/IKK-a kinase, which enhances its subsequent poly-
SUMOylation, which is responsible for targeting the protein to
subnuclear structures called PML (promyelocytic leukemia) bod-
ies. PML bodies contain the EP300-CREBBP acetyltransferase,
which associates with the polyglutamine-containing domain of
HTT.!213198199 Tt was further shown that CREBBP overexpres-
sion or HDACI1 knockdown modulates the acetylation state of
HTT at Lys444, promotes the incorporation of mutant HTT
proteins into autophagosomes, and promotes its autophagy-medi-
ated clearance, also termed aggrephagy."*''"®!"" This clearance
likely results from interaction with SQSTM1/p62 (sequestosome
1), a specific autophagy receptor.''*! Remarkably, the activity of
EP300-CREBBP is enhanced by the CHUK, inhibited by mutant
HTT, and can be reversed by HDAC inhibitors or overexpression
of EP300-CREBBP.!*>19%116 TkB kinase and EP300-CREBBP-
mediated QC autophagy is essential for the remobilization and
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Figure 5. A model for quality control autophagy and
nonselective autophagy in Huntington disease. The model
proposes that EP300-CREBBP regulates the switch between
QC autophagy and autophagic cell death in neuronal cells.
In early stages, QC autophagy mediates the remobilization
and degradation of HTT-containing protein aggregates. The
activity of EP300-CREBBP is enhanced by CHUK. Acetyla-
tion by CREBBP facilitates the export of mutant intranuclear
HTT proteins and promotes autophagy-mediated clearance
(aggrephagy). This clearance is likely promoted by interac-
tion with SQSTM1. In advanced stages of Huntington disease
(late stage), the mutant HTT protein-containing inclusion
bodies accumulate in the nucleus. This results in EP300-
CREBBP sequestration and inhibition, and ultimately leads to
intensified autophagy or autophagic cell death.

acetylation of ATG proteins'” and/or FOXO** tran-
scription factors. This would in turn lead to intensi-

fied autophagy and neuronal cell death (Fig. 5). While

— " several aspects of this model remain to be experimen-
tally addressed, the already established critical role for
© ° acetylation in the control of regulated autophagic clear-
B LG § sasm ance of mutant HTT provides an exciting therapeutic
® polyubiquitin @ NBR1 opportunity.
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HDACs and HATs in Cancer

The autophagic process has been associated with the
inhibition of tumor development.!”""® Hovewer, due
to a dual function, promoting both cell death and cell

survival,'b1?

the role of autophagy remains highly con-
troversial. This dual role of autophagy in tumorigen-
esis may result from cell- and stage-specificity. HDAC
inhibitors are emerging as potent anticancer agents that
can activate gene expression and enable elimination of
malignant cells by apoptotic or autophagic cell death.*
Two potent HDAC inhibitors OSU-HDAC42 and
SAHA induce autophagy in hepatocellular carcinoma
cells through downregulation of AKT1-MTOR signal-
ing and induction of an endoplasmic reticulum stress
response.'?’ It was also reported that the HDAC inhibi-
tor SAHA acts on HDACY7 and induces autophagic cell
death of endometrial stromal sarcoma cells by influenc-
ing the MTOR pathway.”” SAHA also induces auto-
phagy in chondrosarcoma and HeLa cells.*"*” H40 and
SAHA induce autophagy in prostate cancer PC-3M
cells possibily through the inhibition of HDAC3 and

degradation of intranuclear protein aggregates. Although the
targets for EP300-CREBBP in the context of Huntington dis-
ease have not been identified, EP300-CREBBP may regulate the
switch between QC autophagy (eatly stages) and autophagic cell
death (late stages) in neuronal cells by controlling, as in other
situations, the acetylation status of autophagic core components
or regulatory proteins (such as ATG5, ATG7 and ATG12)."” In
the advanced stage of neurodegeneration, EP300 and CREBBP
incorporation and inactivation in IBs would result in decreased

826 Autophagy

HDAC4 and CDKNI1A/p21-mediated apoptosis.****
In conclusion, although the exact mechanisms underly-
ing the anticancer activity of these drugs needs further clarifica-
tion, the targeted induction of autophagic cell death by HDAC
inhibitors is a promising therapeutic strategy to treat cancer.

Conclusions and Perspectives
Protein acetylation is widely used to control nonselective

and selective autophagy in diverse physiological contexts.
Components acting at multiple levels in the autophagic process
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appear to be targeted by acetylation, including the proteins
of the core machinery of autophagy such as ATG proteins,

regulatory proteins such as the FOXO transcription factors,

and cytoskeletal proteins providing support for intracellular
transport/movement required for autophagy. Further links

between protein acetylation and autophagy control are likely
to emerge. For instance, with the exception of NAA10/ARDI,

an N-acetyltransferase identified as a suppressor of the MTOR
signaling pathway, a-N-acetylation in autophagy regulation
remains poorly explored (Table 1).!?' Acetylation also plays a
crucial regulatory role in pathological contexts, including neu-
rodegenerative disease and cancer. Identifying mechanisms and
proteins targeted by acetylation thus constitutes a promising
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