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ABBREVIATIONS

2-DG = 2-DeoxyGlucose

4EBP1 = Eukaryotic translation initiation factor 4E Binding Protein 1

ACAC = Acetyl CoA Carboxylase

AcCoA = AcetylCoA

ACLY = ATP Citrate Lyase

ACOI1 = Aconitase 1

ACSS = Acyl-CoA Synthetase Short-chain family

Akt = v-Akt murine thymoma viral oncogene homolog 1

ALDH = Aldehyde Dehydrogenase

AMBRALI = Activating Molecule in BECN-1 Regulated Autophagy protein 1

AMP = Adenosine MonoPhosphate

AMPK = Adenosine MonoPhosphate-activated Protein Kinase

APP = A-extracellular amyloid plaques derived from Amyloid Precursor Protein

ATF4 = Activating Transcription Factor 4

ATG = Autophagy related



ATP = Adenosine TriPhosphate

Bak = BCL2-antagonist/killer

Bax = BCL2-associated X protein

BCAA = Branched-Chain Amino Acids

BCAT1 = Branched-Chain amino Acid Transaminase 1

BCKD = Branched-Chain a-Ketoacid Dehydrogenase

Bcl-2 = member B-cell lymphoma 2

BDHI1 = 3-HydroxyButyrate Dehydrogenase, type 1

BECNI1 = Beclin-1

BNIP3 = BCL2/adenovirus E1B 19kDa interacting Protein 3-like

JNK1 = c-Jun N-terminal Kinase 1

CAMMK?2 = Calcium/calmodulin-dependent protein Kinase 2

CLEAR = Coordinate Lysosome Expression And Regulation

CMA = Chaperone Mediated Autophagy

CNS = Central Nervous System

CoA = Coenzyme A



CPT1 = Carnitine PalmitoylTransferase 1

CR = Caloric Restriction

CRAT = Carnitine O-AcetylTransferase

CRM = Caloric Restriction Mimetics

CS = Citrate Synthase

DAMP = Damage-Associated Molecular Pattern molecules

DCA = Dichloroacetate

DEPTOR = DEP domanin containing MTOR-interacting protein

DFCP1 = Double FYVE Containing Protein 1

DLAT = DihydroLipoamide S-AcetylTransferase

DLD = DihydroLipoamide Dehydrogenase

DR = Dietary Restriction

EGFR = Epithelial Growth Factor Receptor

EIF2AK3 = Eukaryotic translation Initiation Factor 2-Alpha Kinase 3

elF2a = eukaryotic translation Initiation Factor 2 alpha

ER = Endoplasmic Reticulum



ERGIC = ER-Golgi Intermediate Compartment

FIP200 = FAK family kinase activating protein of 200 kDa

FOXO1 = Forkhead box O1

GAAC = General Amino Acids Control

GAG = Glycosaminoglycans

GAP = Guanosine triphosphatase Activating Protein

GATOR = GAP activity towards Rag

GFP = Green Fluorescent Protein

GH = Growth Hormone

GLS = Glutaminase

GOT2 = Glutamic-Oxaloacetic Transaminase 2

GTP = Guanosine TriPhosphate

HSC70 = Heat Shock Cognate 70

HDAC = Histone Deacetylases

HFD = High Fat Diet

HIF1-0 = Hypoxia Inducible Factor 1-alpha



HAT = Histone AcetylTransferases

HK-II = Hexokinase-II

HPV = Human Papilloma Virus

ICD = Immunogenic Cell Death

IDH1 = Isocitrate Dehydrogenase 1

IGF-1 = Insulin Growth Factor -1

IGFBP = Insulin-like Growth Factor Binding Protein

IkkP = Inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase beta I

IL = Interleukin

KAT = Lysine acetyltransferases

Keap1 = Kelch-like ECH-associated protein 1

LAMP-2A = Lysosome-Associated Membrane Protein 2

ESCRT = Endosomal Sorting Complex Required for Transport

LIR = LC3 Interacting

LKB1 = Liver Kinase B1

LRRK2 = Leucine-Rich Repeat Kinase 2



MAM = Mitochondria-Associated Membrane

MAPK = Mitogen-Activated Protein Kinase

MDH1 = Malate Dehydrogenase 1

ME = Malic Enzyme

MEF = Mouse Embryo Fibroblast

mETC = mitochondrial Electron Transport Chain

MPC = Mitochondrial Pyruvate Carrier

mTORC1 = mammalian Target Of Rapamycin Complex 1

MVB = Multivescicolar Body

NAD = Nicotinamide Dinucleotide

NADH = Nicotinamide Adenine Dinucleotide

NADP = Nicotinamide Dinucleotide Phosphate

NAMPT = Nicotinamide Phosphoribosyltransferase

NBRI1 = Neighbor of BRCA1 gene 1

Nrf2 = Nuclear Factor, Erythroid 2-Like 2

OIS = Oncogene Induced Senescence



OXCT1 = 3-Oxoacid CoA Transferase 1

OXPHOS = Oxidative Phosphorylation

PAMP = Pathogen-Associated Molecular Patterns

PDH = Pyruvate Dehydrogenase

PDHX = Pyruvate Dehydrogenase complex, component X

PDK = Pyruvate Dehydrogenase Kinase

PDP = Pyruvate Dehydrogenase Phosphatase

PE = PhosphatidylEthanolamine

PGC-1a = Proliferator-activated receptor Gamma Coactivator 1-alpha

PI3KIII = Class III Phosphatidylinositol-3 Kinase

PINK1 = PTEN Induced putative Kinase 1

PKD = Protein Kinase D

PNPLAS = Patatin-like phospholipase domain containing 5

PRAS40 = Proline-Rich Akt Substrate of 40 kilodaltons

PTEN = Phosphatase and Tensin homolog

RAPTOR = Regulatory Associated Protein of mTOR



RB1CC1 = RB-1 inducible Coiled-Coil 1

RHEB = Ras Homolog Enriched in Brain

ROS = Reactive Oxygen Species

RTK = Receptor Tyrosine Kinases

SCD1 = Stearoyl-CoA Desaturase

SILAC = Stable Isotope Labeling with Aminoacids in cell Culture

siRNA = small interfering RNA

SIRT1 = Sirtuin 1

SLC = Solute carrier

SQSTMI = Sequestosome 1

SREBP2 = Sterol Regulatory Element Binding Protein 2

TABI = Inhibitors TGF-beta activated kinase 1/ MAP3K7 binding protein 1

TAK1 = Transforming growth factor beta-activated kinase 1

TCA = Tricarboxylic Acid

TFEB = Transcription Factor EB

TSC = Tuberous Sclerosis Complex



ULK1 = UNCS51-like Ser/Thr kinases

UPR = Unfolded Protein Response

UVRAG = UV Radiation resistance-Associated Gene

VDACI = Voltage-Dependent Anion Channel 1

ZKSCAN3 = Zinc finger with KRAB and SCAN domains 3
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I. SUMMARY

Autophagy is a self-digestion process in which cell degrades its own components in order to
maintain homeostasis in basal conditions. In absence of nutrients, autophagy is activated and
promotes cell survival by providing energetic substrates to sustain stressful condition. Autophagy and
metabolism crosstalk at different levels; a drop in energy-rich metabolites, such as ATP and NADH,
is detected by cellular sensors (AMPK and SIRTI1 respectively) and leads to autophagy activation.
Here, we define a further regulatory level of starvation-induced autophagy. In this work, we show
that nutrient deprivation is characterized by a rapid depletion of Acetyl CoA, a major integrator of the
nutritional status at the crossroads of fat, sugar, and protein catabolism.

Decrease in AcCoA is accompanied by the commensurate reduction in overall protein acetylation
levels as well as by autophagy induction. Manipulations designed to increase or reduce cytosolic
levels of AcCoA, either targeting mitochondrial synthesis or its transport in the cytoplasm, resulted in
the suppression or induction of autophagy both in cultured cells and in mice tissues. Depletion of
AcCoA directly impacts on the activity of cellular KATs, which use AcCoA as substrate for
acetylating proteins. We showed that a drop in AcCoA specifically reduces the activity of EP300; this
KAT was indeed required for the suppression of autophagy by high AcCoA levels, thus behaving as
the sensor of cytosolic AcCoA levels. In turn, EP300 controls autophagy by inhibiting key autophagic
proteins. Altogether, our results indicate that cytosolic AcCoA functions as a central metabolic
regulator of autophagy, thus delineating AcCoA-centered pharmacological strategies that allow for
the therapeutic manipulation of autophagy. Indeed, nutrient deprivation and caloric restriction are
known to play pro-healthy and longevity promoting effects. Nonetheless, CR-based strategies are
hardly suitable in clinical settings. Here, we propose a new biochemical definition of Caloric

Restriction Mimetics, compounds that mimic the positive effects of nutrient starvation. In our setting,

11



a CRM is a compound able to reduce protein acetylation through distinct but convergent mechanisms:
first, by decreasing AcCoA levels, second by directly inhibiting KATs, third by the activation of
protein deacetylases. This results in the execution of a cellular program ultimately leading to CR-

related pro-healthy effects, including but not limited to autophagy.

Keywords: acetylation, caloric restriction, coffee, macroautophagy, metabolism,

polyphenols, spermidine, starvation

L’autophagie est un processus d’autodigestion dans lequel la cellule dégrade ses propres
composants dans le but de maintenir I’homéostasie dans ses conditions basales. En absence de
nutriments, 1’autophagie est activée et favorise la survie cellulaire en fournissant des substrats
énergétiques résistant aux conditions de stress. Autophagie et métabolisme communiquent a différents
niveaux; une baisse en métabolites richement énergétiques, tels qu’en ATP et en NADH, est détectée
par des senseurs cellulaires (AMPK et SIRT1 respectivement) et meéne a I’activation de I’autophagie.
Ici, nous définissons un niveau supplémentaire de régulation de I’autophagie induite par le jeline.
Dans ce travail, nous montrons que cette privation en nutriments est caractérisée par une diminution
rapide de I’Acétyl CoA, intégrateur majeur de 1’état nutritionnel au carrefour du catabolisme des
graisses, des sucres et des protéines. La baisse en AcCoA s’accompagne de la réduction
proportionnelle des niveaux généraux d’acétylation des protéines ainsi que par I’induction de
I’autophagie. Les manipulations destinées a augmenter ou diminuer les niveaux cytosoliques
d’AcCoA, ciblant soit la synthése mitochondriale soit son transport dans le cytoplasme, résultent en la

suppression ou 1’induction de I’autophagie aussi bien dans les cultures cellulaires que dans les tissus
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de souris. La déplétion en AcCoA impacte directement I’activité des KATs utilisant ’AcCoA comme
substrat pour [’acétylation protéique. Nous avont montré que cette baisse en AcCoA réduit
spécifiquement 1’activité de EP300; cette KAT est en effet nécessaire a la suppression de I’autophagie
a des niveaux ¢levés d’AcCoA, se comportant ainsi comme le senseur des niveaux cytosoliques
d’AcCoA. A son tour, EP300 contrdle I’autophagie en inhibant les protéines autophagiques clés. Dans
I’ensemble, nos résultats illustrent les fonctions de I’AcCoA cytosolique comme régulateur
métabolique central de I’autophagie, délimitant ainsi des stratégies pharmacologiques centrées sur
I’AcCoA qui permettent la manipulation thérapeutique de I’autophagie. En effet, la privation en
nutriments et la restriction calorique sont connues pour jouer un rdle positif sur la santé et la longévité
en promouvant leurs effets. Néanmoins, les stratégies basées sur la restriction calorique sont
difficilement applicables en clinique. Ici, nous proposons une nouvelle définition biochimique des
Mimétiques de la Restriction Calorique, composés imitant I’effet positif du jetine. Dans notre
contexte, un MRC est un composé capable de réduire I’acétylation protéique par des mécanismes
distincts mais convergents: premierement, par diminution des niveaux d’AcCoA, deuxiémement par
inhibition directe des KATs, et enfin, par activation des protéines déacétylases. Ces résultats de
I’exécution d’un programme cellulaire conduisent finalement a des effets pro-santé liés a la restriction

calorique incluant mais non limités a 1’autophagie.

Mots Clefs: acétylation,  restriction  calorique, café¢, macroautophagie,

métabolisme, polyphenoles, spermidine, jeun
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II. INTRODUCTION

Under the term autophagy (from the Greek “avt6¢” oneself and “@ayeiv” to eat) fall different
cellular processes culminating into the delivery of cytoplasmic material to lysosomes for its
degradation by acidic hydrolases. The macromolecular building blocks, deriving from this lytic
event, are then used to fuel bioenergetics reactions necessary for maintaining cellular fitness. In
particular, three forms of this process have been described so far: Chaperone Mediated Autophagy

(CMA), Microautophagy and Macroautophagy.

These cellular phenomena differ among them for the modality and the selectivity of the cargo
to be delivered to lysosomes. In CMA, cytosolic proteins, bearing the pentapeptidic KFERQ-motif,
are selectively recognized by the chaperone heat shock cognate 70 (HCS70) and co-chaperones
system; after interacting with the lysosomal receptor Lysosome-associated membrane protein 2
(LAMP-2A), the unfolded proteins translocate into the lysosmal lumen (Kaushik and Cuervo, 2012).
Microautophagy allows the degradation of cytosolic components by direct invagination of lysosomal
membrane and membrane remodeling, during this process involves, as for late endosome system, the
formation of multivesicular body (MVB) in which cargos are engulfed (Sahu et al., 2011). This
system is based on endosomal sorting complex required for transport (ESCRT) -I and -III and the
chaperone HSC70 but not on LAMP-2A. Conversely, macroautophagy implicates the sequestration
of distinct cargos into a characteristic double-membrane vescicle defined as autophagosome, which
eventually fuse with the lysosomal membrane for the degradation and recycling of its content. The
formation and the maturation of the autophagosome occur in different steps and they are orchestrated

by a series of autophagy related proteins (Mizushima et al., 2011), whose roles will be examined in
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detail in this dissertation. Although these three processes have been demonstrated to play a role in
physiological and pathological settings (Mizushima et al., 2008), macroautophagy (herein simply

defined as autophagy) is thought to be the major type of autophagy in cells.

Autophagy represents a housekeeping mechanism adopted with the purpose of maintaining
cellular homeostasis via turnover of organelles and long-lived proteins, hence ensuring the removal
of potential harmful entities. For this reason, autophagy occurs in all cells (Mizushima and Komatsu,
2011) at a baseline (yet-cell-specific) level; getting rid of ‘cellular garbage’ does not entirely reflect
the plasticity of this process. Effectively, autophagic rate can dramatically increase as a consequence
of the alteration of cellular status quo. Examples of stressful conditions able to induce autophagy
include (but they are not limited to) nutrient deprivation (Mizushima et al., 2010), hypoxic stress
(Bellot et al., 2009), a large panel of cytotoxic agents (Kroemer et al., 2010) and invading pathogens

(Levine and Deretic, 2007).

Based on these premises, it appears evident as autophagy works mainly as a pro-survival
pathway intervening to avoid cellular demise. Notwithstanding this consideration, in the recent past,
the presence of autophagic vacuoli in dying cells led to the association of this process to a regulated
cell death type (type II cell death or autophagic cell death), mainly based on morphological
observations. It is now accepted that, except in particular settings (i.e. developmental program in flies
(Nezis et al., 2009); (Mohseni et al., 2009)) or cancer cells lacking apoptotic mediators (Baehrecke,
2005), the definition of autophagic cell death should be applied to phenomena of cellular demise
which can be bona fine inhibited by the silencing or the chemical inhibition of autophagic essential

genes (Baehrecke, 2005).
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In 2013, Levine’s group has described, in vitro and in hippocampal hypoxic neurons in vivo, a
new form of autophagic regulated cell death, defined as autosis (Liu et al., 2013). Autosis is triggered
by a sustained stress produces by an autophagy inducing peptide as well as long-term nutrient
deprivation and can be blocked upon genetic or pharmacological inhibition of autophagy.
Interestingly, this phenomenon relies on the presence of Na'/K'-ATPase on plasma membrane and
can hence be inhibited by cardiac glycosides. Whether Na'/K'-ATPase dependency is a common

feature of autophagic cell death modes remains to be clarified.

Autophagy is an evolutionary conserved process characterized by the presence of a peculiar
double-membrane organelle: the autophagosome. The autophagosome surrounds portions of
cytoplasm and undergoes progressive maturation for acquiring lytic property after fusion with
lysosome (hence forming a so-called autophagolysosome) and for the degradation of its substrates
(Boya et al., 2013). Autophagosome biogenesis has been object of extensive studies in yeast Cvt
pathway (Kim and Klionsky, 2000), which led to the identification of 37 autophagy related ATG
genes involved in this process (Kim and Klionsky, 2000). In this section, only ATG genes

participating in mammalian autophagy will be objet of discussion.

Autophagosome formation represents a sine-qua non step in the autophagic reaction and can be
functionally divided into three distinct phases: initiation, nucleation and expansion. For brevity, we
will analyze in detail the core pathway of autophagosome formation, composed of 4 main molecular
actors: (1) Atgl/Ulk complex, (ii) Beclin-1 (BECN1)/Class III phosphatidylinositol-3 kinase (PI3K),
(111) the Ubiquitin-like conjugation system and (iv) a series of proteins involved in the fusion of

autophagosome with lysosome. The regulation of autophagosome formation is resumed in Figure 1.
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Figure 1. (Lebovitz et al., 2012). Scheme depicting molecular actors involved in different steps of

autophagosome formation.
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At the top of this hierarchic system is placed the ULK-complex, necessary for the initiation
phase of autophagy (He and Klionsky, 2009). This complex is formed by UNC51-like Ser/Thr
kinases ULK1 (ortholog of yeast Atgl protein) and ULK-2, ATG13, FAK family kinase activating
protein of 200 kDa (FIP200) and ATG101. ULK1/2 kinases are activated by nutrient deprivation
signals and phosphorylate ATG13 and FIP200 for promoting autophagy initiation (Chan, 2009).
ULK complex represents the major regulatory hub of autophagy initiation: its function is placed
downstream the control of mammalian Target of Rapamycin complex 1 (mTORC1), integrator of
energetic inputs deriving from insulin signaling and amino acids availability into translation and
activation of anabolic processes as well as master repressor of autopahgy (Jewell et al., 2013).
mTORCI1 (composed of mTORI1, RAPTOR, mLST8/GBL and the inhibitor proteins DEPTOR and
PRAS40) (Sengupta et al., 2010) retains Ser/Thr kinase activity and interacts-with and
phosphorylates at inhibitory sites ULK1/2 and ATG13 thus promoting their dissociation and hence
limiting autophagy induction in nutrient-rich condition (Hosokawa et al., 2009). Upon inhibition of
mTORCI1 by starvation, kinase activity of ULK towards its interactors, is unleashed and triggers
autophagy (Jung et al., 2009), (Hosokawa et al., 2009)). The central role of ULK in starvation-
induced autophagy is confirmed by the fact that mouse embryonic fibroblasts (MEFs) ULK1/2" are
unable to mount an autophagic response in response to nutrient deprivation (Alers et al., 2012).
mTORCI activity is finely regulated by a monomeric G-protein system. To be active, mTORCI1
needs to colocalize on lysosomal membrane surface with the small G-protein Rheb loaded with GTP
(Sengupta et al., 2010). Tuberous sclerosis complex (TSC) 1/TSC2 complex possesses GTPase
activity for Rheb and inhibits mTORC]1 function, mainly depending on amino acids availability via
mechanisms that will be discussed in the “Autophagy and metabolism crosstalk” section. As

already mentioned, mTORCI1-ULK axis is the focal point of autophagy regulation and offers the
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opportunity of feedback and feedforward mechanisms for the control of this process by different
signaling pathways mediators: besides amino acids, insulin/ insulin growth factor -1 (IGF-1)-
PI3KC1- v-akt murine thymoma viral oncogene homolog 1 (Akt) axis enhances mTOR activity via
inhibitory phosphorylation of TSC2 and proline-rich Akt substrate of 40 kilodaltons (PRSA40)
(Vander Haar et al., 2007), hence blocking autophagy. In the context of energetic stress, a pivotal role
is played by adenosine monophosphate-activated protein kinase (AMPK), a sensor of adenosine
monophophate (AMP)/ adenosine triphosphate (ATP) ratio and energetic stress (Hardie et al., 2012)

necessary for starvation-induced autophagy (Egan et al., 2011).

AMPK-mediated induction of autophagy can be attributed to two different mechanisms: first,
AMPK inactivates mTOR via phosphorylation of TSC2 (Inoki et al., 2003), (Li et al., 2004) and
Raptor (Gwinn et al., 2008). Secondly, AMPK can directly control autophagy via ULK1 activation
by phosphorylation promoting its dissociation from mTORCI1 (Egan et al., 2011). Although it is clear
that ULK complex is the major regulator of autophagy induction, it remains to be established how it
can regulate the other mediators of autophagosome formation. ULK/ATGI13/FIP200 can be

considered as the pre-initiation complex necessary for the activation of the autophagic cascade.

Downstream of this complex is localized the initiation complex ipso dicto, which represents the
scaffold for autophagosome nucleation (Mizushima, 2007). Indeed, autophagosome formation takes
place around phosphatidylinositol-3-phosphate domains on the phagophore membrane. The initiation
complex is propaedeutic for the allosteric activation of phosphatydilinositol-3 kinase class 3
(PI3KC3) Vps34, responsible for the phosphorylation of phosphatidylinositol on membranes for
generating PI(3)-P domain (Kihara et al., 2001). This multiprotein complex thus consists of Vps34, a
myristoylated Ser/Thr kinase Vpsl5, Atgl4, activating molecule in Beclin-1 induced-autophagy 1

(AMBRA1) and Beclin-1, the latter representing the core of this structure.
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The characterization of Beclin-1 interactome (He and Levine 2010) has permitted the
identification of several proteins able to tune autophagic reaction and has highlighted Beclin-1 like
another center of autophagy regulation, as confirmed by the fact that Becnl” mice die early in
embryogenesis (Yue et al., 2003). Among its partners, Ambral (interacting with Beclin-1 via WD40
domain) is able to activate Beclin-1 dependent autophagic program and constitutes a central mediator
of the process as confirmed by the fact that Ambral™ mice present severe impairment in central
nervous system (CNS) development and signs of non-functional autophagy (Fimia et al., 2007)).
Furthermore, Ambral plays a role in the relationship between autophagosome formation and
cytoskeleton (Di Bartolomeo et al., 2010); indeed, the initiation complex interacts with Dinein light
chain 1 and 2 via Ambra-1. Upon autophagy induction, Ambral is phosphorylated by ULK-1 (and
counter-phosphorylated by mTORC1 in nutrient-rich conditions) thus allowing the release of the
complex from cytoskeleton and its relocalization to endoplasmic reticulum (ER), a possible site of

the autophagosome formation. (D1 Bartolomeo et al., 2010)

Atgl4, another mediator, essential for PI3KC3 function and autophagy induction, interacts with
the coil-coiled domain of Beclin-1 and competes with the other autophagy regulator UV radiation
resistance-associated gene (UVRAG) (Li et al., 2012). The main function of Atgl4 in autophagy
modulation consists of, but it is not limited to, the recruitment of PICKC3 complex to ER
(Matsunaga et al., 2010). An Atgl4 point mutant, unable to localize at the ER, fails to mount an
effective starvation-induced autophagy (Matsunaga et al., 2010). Sequence analysis of Atgl4 led to
the identification of Barkor autophagosome targeting sequence (Bats) domain that is necessary for
the direct binding to autophagosomes (Fan et al., 2011). Furthermore, Atgl4 has been found to
preferentially localizes at highly-curved and PI(3)P-enriched membranes, thus revealing a possible

role of this protein in curvature sensing and maintenance of autophagosome structure. Moreover, in
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nutrient deficient conditions, Atgl4 also facilitate the autophagosome formation by releasing the
constitutive inhibition mediated by the connexins, the main component of plasma protein GAP-
Junction (Bejarano et al., 2014). Additionaly, it has been shown that ULK1 induces autophagy by
directly phosphorylating Beclin-1 and Vps34 (Russell et al., 2013) in a sort of feed forward
mechanism for achieving maximal autophagy induction; Beclin-1 phosphorylation depends on the
presence of Atgl4 in the complex (Fogel et al., 2013). At this stage, it is important to stress the
concept that different Vps34 complexes exist, having pro- and anti-autophagic functions. In
particular, upon nutrient starvation, AMPK inhibits non-autophagic Vps34 complexes and indirectly
activate Vps34 pro-autophagic complex via Beclin-1 phosphorylation. Importantly, this event is

strictly controlled by the presence of Atgl4 in the Beclin-1 complex (Kim et al., 2013).

Another crucial point of regulation in the Beclin-1 interactome maze is represented by the
UVRAG-Rubicon axis. UVRAG is an oncosuppressor gene found mutated in colon cancer (Kim et
al., 2008b) and it behaves as a positive modulator of Beclin-1 dependent autophagosome maturation.
UVRAG is found in the Beclin-1 complex in a mutually exclusive manner with respect to Atgl4;
similarly, the negative autophagy regulator Rubicon inhibits autophagy depending on the presence on
UVRAG in the complex (Matsunaga et al., 2009). These notions underline that the distinct
composition of Beclin-1 complexes at different stages of autophagosome maturation represents yet
another level of modulation of the pathway. Moreover, it has been recently demonstrated that
UVRAG undergoes inhibitory phosphorylation by mTORCI (Kim et al., 2015). Importantly,
UVRAG is also able to interact with VpsC/HOPS complex, thus ensuring a crosstalk between the
endocytic and autophagic pathway (Kim et al., 2015). Besides being a central regulatory point of
autophagic process, Beclin-1 is also implicated in the fine balance of life-or-death signals. In

particular, it has been demonstrated that the anti-apoptotic member B-cell lymphoma 2 (Bcl-2)
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(Pattingre et al., 2005) interacts-with and inhibits Beclin-1, thus maintaining autophagy at a baseline
level in normal condition. In presence of pro-autophagic signals, such as hypoxia or nutrient
deprivation, Beclin-1 is released by this inhibition; this occurs by means of increased expression of
BH3 pro-apopototic members (Maiuri 2007) or by activation of c-Jun N-terminal kinase 1 (JNKI)
(Pattingre et al., 2009). Beclin-1-PI3KC3 dependency in the autophagosome formation is one of the
parameters used for classifying canonical or non-canonical forms of autophagy (Codogno et al.,

2012).

Under particular circumstances or specific stimuli (i.e. etoposide, neurotoxins (Codogno et al.,
2012)), the autophagosome formation step does not require Beclin-1-PI3KC3 complex. Furthermore,
our group has recently found that unsaturated fatty acids such as oleic acid are able to stimulate a
form of autophagy independent on both Beclin-1/PI3KC3 complexes and ULK-1/AMPK signaling.
(Niso-Santano et al., 2015). Interestingly, this form of non-canonical autophagy relies on an intact
Golgi apparatus, possibly indicating this organelle as the main source of autophagic membrane in this

setting.

Upon pro-autophagic stimuli, the net result of this intricate regulatory network is the
recruitment at PI(3)P scaffolding site of PI(3)P binding proteins necessary for autophagosome
nucleation; the effectors are mainly constituted by DFCPl-domain containing proteins and

Atgl8/WIPI (and its interactor Atg2) (Axe et al., 2008).

Among the molecules recruited at the PI(3)P sites, a cardinal role in the autophagosome
elongation and expansion steps is carried out by Atgl2-Atg5-Atgl6 and LC3-
Phosphatidylethanolamine (PE) conjugation systems (Mizushima et al., 1998), in which Atgl2 and

LC3, like ubiquitin, undergo subsequent reactions in order to be attached to their substrates. In the
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first pathway, Atgl2 is covalently linked to Atg5 by the activity of the El-Like activating enzyme
Atg7 and the E2-like protein Atgl0. The resulting Atgl2-Atg5 conjugate interacts in a non-covalent
manner with Atgl6, which in turn organizes Atgl2-Atg5 dimers around a multimeric structure linked
to the autophagosome membrane via self-oligomerization. Importantly Atgl2-Atg5-Atgl6 tetramers
serve as E3 enzyme in the LC3-PE conjugation system. In the second Ub-like conjugation system,
LC3 first undergoes a proteolytic cleavage mediated by the cysteine protease Atg4, which leaves a
Glycine residue exposed at LC3 C-terminus. Pre-processed LC3 is then activated by the E1 Atg7,
associated to Atg3 and eventually linked to the membrane via amide bond between Gly and the
membrane lipid PE. Although the Atgl2-Atg5-Atgl6 E3 is not strictly necessary for LC3-PE
conjugation, it facilitates this step and it controls the positioning of the autophagosome synthesis site

(Kaufmann et al., 2014).

Importantly, the cleavage of LC3 and the subsequent conjugation it is a widely used marker for
monitoring autophagy induction; specifically, this event leads to the conversion of the cytosolic
soluble form of LC3 to an unsoluble variant when LC3 is conjugated to the forming autophagosome
(Klionsky et al., 2012). This process can be followed by tagging LC3 with a fluorescent marker such
as green fluorescent protein (GFP) and by counting the so-called GFP-LC3 positive puncta.
Conversely, autophagy induction can be monitored by evaluating the 2 kDa shift in the molecular
weight of the cleaved form of LC3 (LC3-II). It is useful to highlight the fact that at the steady state,
the autophagic level at a single-cell level i1s a consequence of a dynamic balance between the
autophagosome formation and degradation. For this reason, autophagy must be evaluated in terms of
autophagic flux, exploiting chemical inhibitors of the fusion of autophagosomes with lysosomes such
as bafilomycinAl or lysosomotropic agents like the anti-malaric chloroquine (Klionsky et al., 2012).

Alternatively, the degradation of the LC3 interacting protein p62/ sequestosome 1 (SQSTMI) or the
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degradation of radioactive-labeled long-lived proteins can be used as markers of bona fide autophagy

induction.

The final step of autophagic reaction is represented by the fusion of the autophagosomal
membrane with the lysosome; this occurs via a canonical pathway of cellular vescicle fusion; for
autophagy, the system requires the lysosomal protein lysosome-associated membrane protein 2
(LAMP2) and the component of late-endosome/Trans-Golgi network Rab7 (Jager et al., 2004). After
fusion, the degradation of the inner content of the autophagolysosome is mediated by different forms
of Cathepsin (A, B and L in mammalian cells), which in turn are activated by the acidic lysosomal

environement (Tanaka et al., 2000).

Although the molecular mechanisms and the complex interactions, among the different Atg
proteins, orchestrating the autophagic process, have been (and are being) extensively characterized, it
remains to be established the cellular origin of the autophagosomal membrane in mammalian cells.
Different sites have been proposed as possible sources of the isolation membrane. In particular,
through the detailed analysis of the double FY VE-containing protein 1 (DFCP1) protein, it has been
shown (Axe et al., 2008) that, in condition of autophagy induction, isolation membranes emerged
from PI(3)P- and DFCP1-enriched structures localized at the ER, named omegasomes for their
characteristic shape. The translocation of DFCP1 from an intermediate Golgi-ER compartment to
ER, upon nutrient depletion, relies on Vps34 and Beclin-1 function (Axe et al., 2008). Furthermore,
Atgl4l forms punctate structure at ER-level and it is necessary for the autophagosome biogenesis
(Matsunaga et al., 2010). As further confirmation of this hypothesis, it should be noted that PI3-K
inhibitors, such as 3-methyladenine or wortmannin, inhibit autophagy as well as omegasome

formation (Axe et al., 2008).
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Additionally, another line of investigation has instead proposed the mitochondrial membrane as
the major source of autophagosomal membrane during starvation (Hailey et al., 2010), driven by the
fact that an outer mitochondrial membrane protein colocalized with LC3 positive structures. The
apparent divergence between the two sites of autophagosome biogenesis can be explained by a recent
work (Hamasaki et al., 2013) in which the contact site between mitochondria and ER is described as
the source of the isolation membrane. Indeed, the disruption of ER-mitochondria contact sites, by
knocking out mitofusin-2, severely impaired the autophagosome formation. Moreover, mitochondrial
associated ER-membranes are enriched of class III PI3-K components, such as Beclin-1, Vps34 and
Atgl4l, whose localization at mitochondria-associated ER membrane (MAM) is specifically

controlled by syntaxinl7.

Recently, other possible sites of membrane source have been proposed and include the plasma
membrane (Ravikumar et al., 2010), the ER-Golgi intermediate compartment (ERGIC) (Ge et al.,

2013) and the late endosome compartment. (Puri et al., 2013)

For concluding this section, it is important to underline the peculiar function of Atg9 in the
autophagosome biogenesis. This protein is the only identified transmembrane Atg proteins and it is
dynamically found associated to the isolation membrane and the autophagosome (JBC 2010
Reggiori). Importantly, Atg9 is able to cycle from trans-Golgi network to the autophagosome
membrane in vescicles that have been suggested as a possible source of membrane (Mari et al.,

2010).

25



Cells have adopted different processes for maintaining their own homeostasis and preserving
their vital function upon basal conditions. In this setting, autophagy participates at cellular well being
through different activities mainly represented by the elimination of damaged/long-lived proteins and
organelles, the removal of aggregation-prone proteins and the elimination of intracellular pathogens.
Failure of any of these functions constitutes the basis for the pathogenesis of autophagy-deficient

diseases such as cancer, aging, neurodegenerative diseases and infections.

Whereas the so-called bulk or non-selective autophagy intervenes in response to general signals
such as nutrient deprivation, the execution of these housekeeping functions relies on selective forms
of autophagy, in turn depending on autophagy receptors and ubiquitin-like protein mediating these
tasks. However, the boundaries between selective and not-selective autophagy are labile: selective
organelle turnover occurs also during starvation-induced autophagy, as in the case of ribosomes
(Cebollero et al., 2012) or peroxisomes (Kim and Klionsky, 2000), as well as the removal of
aggregates (Lamark and Johansen, 2012) and the elimination of intracellular pathogens, likely for the
redundancy in the pathways leading to autophagy activation. Similarly, the lack of in vivo models of
selective-autophagy renders hard the dissociation of bulk versus selective phenotypes; as a caveat, it
should be mentioned that the availability of tissue-specific Cre-controlled knockout models of
autophagy essential genes A7g5 and Atg7 (i.e adipocytes, acinar cells, dendritic cells etc) presumably
allows the investigation of the defective selective-autophagy phenotype related to the differentiated

cell-type commitment.

The main forms of selective autophagy include (i) aggrephagy (removal of protein aggregates),
(1) mitophagy (elimination of aged/damaged mitochondria), (iii)) pexophagy (dismissal of

peroxisome), (iv)reticulophagy (elimination of parts of ER membranes) and (v) xenophagy
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(elimination of intracellular pathogens). Forms of selective autophagy can also play an active role in
the mobilization of energy stores as in the case of lipid droplets (lipophagy) or glycogen granules

(glycophagy). (Green and Levine, 2014)

The direct consequence of ‘doing-homework’ is that autophagy itself may serve as a guardian
of genome stability (Mathew et al., 2007) preventing cellular transformation as well as regulating the

life-death balance (Maiuri et al., 2007).

As for the proteasomal system, autophagy participates in protein turnover and quality control
via lysosomal degradation of long-lived, damaged and misfolded proteins. In spite of this apparent
redundancy in the function, autophagy retains the unique capacity of sequestering and eliminating
whole organelles and pathogens thus representing a ‘Swiss-knife’ for several cellular tasks, using

ubiquitin as signal molecule (Kirkin et al., 2009b).

As previously mentioned, the basis for selective autophagy is the existence of autophagy
receptor recognizing ubiquitinated substrates. p62/SQSTMI1 has been the first identified autophagy-
receptor (Pankiv et al., 2007) and actively participates in the clearance of ubiquitinated proteins and
protein aggregates. Indeed, p62 presents a peculiar structure: a N-terminal domain necessary for self
oligomerization, a central domain of interaction with different protein and a C-terminal domain
which confers to this protein the ability to bind ubiquitin, with a marked preference for K63-
polyUbiquitin chains chains (Pankiv et al., 2007). Importantly, p62 takes part into the autophagy-
mediated Ub-protein and aggregates clearance via a LIR (LC3 interacting) domain, through which it

binds non-covalently LC3 and GABARAPL isoforms.

Autophagy deficient cells are characterized by an accumulation of protein aggregates positive

for p62 (Bjorkoy et al., 2005). Remarkably, p62 interacts with several E3 Ubiquitin-ligase proteins,
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such as kelch-like ECH-associated protein 1 (Keapl), responsible for the degradation of the stress
responsive transcription factor Nuclear Factor, Erythroid 2-Like 2 Nrf2 (Ichimura et al., 2013).
Interestingly, p62 competes with Nrf2 for the binding to Keapl and conditions of autophagy
deficiency lead to the accumulation of p62 and the consequent activation of Nrf2 gene targets
(Komatsu et al., 2010). Moreover, both p62 accumulation and Nrf2 activation have been linked to
pathological phenotypes such as hepatocellular carcinoma and neurodegeneration (Levine and
Kroemer, 2008). Hence, p62 plays a dual role in autophagy regulation: it represents itself an

autophagic substrate and it is an adaptor for autophagic cargos.

Like p62, another autophagy receptor, neighbor of BRCAT1 gene 1 (NBR1) retains the ability to
bind both LC3 and ubiquitinated substrates independently on p62 (Kirkin et al., 2009a). NBR1
appears to play a key role in pexophagy (Deosaran et al., 2013). Ubiquitination is also determinant
for the autophagic removal of damaged mitochondria; upon condition of mitochondrial
depolarization and loss of inner membrane potential, the PTEN induced putative kinase 1 (PINK1)
translocates to the outer mitochondrial membrane and in turn phosphorylates and recruits the U3
ligase Parkin (Geisler et al., 2010). Parkin promotes the ubiquitination of different targets on the
outer mitochondrial membrane (including voltage-dependent anion channel 1 (VDACI), Mitofusin)
and favors their recognition via different autophagy receptor, such as p62 (Geisler et al., 2010),
optineurin (Wong and Holzbaur, 2014) and NBR1 (Kirkin et al., 2009a). The requirement of adaptor
receptors for mitophagy partially explains the complexity of this mechanism. Several components of
the autophagic machinery are recruited on damaged mitochondria, independently of LC3 and p62,
possibly suggesting an alternative model where mitochondria provide a de novo source of membrane
for their own degradation (Itakura et al., 2012). Recently, it has emerged how BCL2/adenovirus E1B

19kDa interacting protein 3-like (BNIP3L, well known as NIX) and BNIP3 can also behave as
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mitophagy specific receptor (Zhang and Ney, 2009). These proteins can promote the opening of
BCL2-associated X protein (Bax)/ BCL2-antagonist/killer (Bak) permeability transition pore, thus
causing loss of membrane potential, and recruit LC3 via their LIR domain (Novak et al., 2010);

furthermore, both proteins share the capacity to dissociate Beclin-1 from Bcl-2 triggering mitophagy.

Nutrient deprivation is the most physiological stimulus able to induce autophagy (Mizushima,
2007), both in vitro and in vivo. When cell lines are cultured in extracellular medium devoid of
nutrients, the autophagic response is rapidly (within minutes) activated, hence allowing a prompt
adaptation to starvation conditions. In particular, autophagy is activated as consequence of the
concurrent absence of glucose (or low glucose concentrations, especially for highly glycolytic cancer
cell lines) and amino acids or in response to serum (and consequently growth factors) deprivation
(Mizushima and Komatsu, 2011). Similarly, when mice undergo a period of 24-48 hours starvation,
autophagy is activated in the majority of mice tissues with some exceptions such as brain (Mizushima
et al., 2004), likely due to Glucose-mediated protection at cerebral level.

Unlike selective autophagy, nutrient scarcity activates a bulk autophagic process in which large
portions of cytoplasm are unselectively targeted to lysosomal degradation (Klionsky and Emr, 2000).
It is probable that the basis of the phylogenetic conserved nature of autophagic process is the
adaptation to nutrient deficient conditions and more generally to different types of metabolic
perturbations. When cellular homeostasis is altered by metabolic stressors autophagy can supply
nutrient and mobilize energy stores, thus providing energetic substrates (tricarboxylic acid (TCA)
cycles intermediates) to be used for bioenergetics reactions (ATP production) (Rabinowitz and

White, 2010) and for the synthesis of molecules that collaborate in mounting an efficient response to
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stress (Galluzzi et al., 2014). As matter of fact, the crucial role of starvation-induced autophagy is
corroborated by the experimental observation that A7zg5” mice die few hours after birth as
consequence of the incapacity to survive post-natal starvation in turn reflecting the inability of
mobilizing energy stores (Kuma et al., 2004). To a similar extent, cells incompetent for autophagy
activation are more sensitive than their competent counterpart to nutrient deprivation (Kroemer et al.,
2010).

It appears evident how there is an intimate communication between metabolism and autophagy;
in this section, we will analyze in detail the metabolic triggers and the sensors leading to autophagy
induction.

On a cellular basis, autophagy is normally induced as result of a drop in the levels of essential
nutrients such as glucose or amino acids, yet it can also be provoked by the accumulation of
metabolic byproducts (i.e ammonia) or by exogenously providing fatty Acids or polyamines (i.e

Spermidine). This topic has been extensively discussed in (Galluzzi et al., 2014).

The energetic status of the cells can be resumed by the concept of ‘energy charge’ of the
adenylate system (reflecting the intracellular concentrations of ATP, ADP and AMP), calculated
according to the formula ([ATP] + 1/2 [ADP]) / [ATP + [ADP] + [AMP]) (Atkinson and Walton,
1967), (Galluzzi et al., 2014).When ATP synthesis is decreased, as consequence of a reduction in the
glycolytic and in the oxidative phosphorylation (OXPHOS) pathways, energy charge absolute value
diminishes as result of a drastic increase in AMP concentration. This event is able to trigger the

activation of the main sensor of the cellular adenylate system: AMPK (Hardie et al., 2012).

AMPK presents a heterotrimeric structure composed of a catalytic a-subunit, a scaffolding -

subunit and a regulatory y-subunit (Hawley et al., 2010) when 2 molecules of AMP (or, with lower

30



affinity ADP) bind to y-subunit, T172 in the catalytic site can be phosphorylated by upstream kinases
such as Liver kinase B1 (LKB1) (Hawley et al., 2003), Calcium/calmodulin-dependent protein kinase
2 (CAMMK?2) and Transforming growth factor beta-activated kinase 1 (TAKI) leading to AMPK
activation (Hawley et al., 2005). AMPK activation is essential for autophagy induction (Meley et al.,
2006) mainly for its activity towards mTOR (Kim et al., 2011). As already discussed in the previous
sections, AMPK-mediated inhibition of mTOR is multipronged: AMPK can phosphorylate and
activate the tonic mTOR inhibitor TSC2 (Inoki et al., 2003) or its activator subunit Raptor (Gwinn et
al., 2008). Furthermore, AMPK can directly activate autophagy via ULK-1 phosphorylation (Egan et

al., 2011) or via Beclin-1 phosphorylation (Kim et al., 2013) in absence of glucose.

Being a protein kinase, AMPK needs ATP for its catalytic activity, underlying the notion that a
minimal ATP concentration is required for starvation-induced autophagy (Galluzzi et al., 2014).
Importantly, AMPK establishes a feed forward mechanism of autophagy activation linked to the
phosphorylation of its activating kinase TAK1 (Lanna et al., 2014), which in turn can control
autophagy via dissociation of Beclin-1 inhibitors TGF-beta activated kinase 1/MAP3K7 binding
protein 1 (TAB1) and TAB2 (Criollo et al., 2011) or via inhibitor of kappa light polypeptide gene

enhancer in B-cells, kinase beta (Ikkp) activation (Comb et al., 2012).

As a caveat, it should be mentioned that, upon specific condition (and likely on a cell-line
dependent basis), glucose availability could activate autophagy by promoting vacuolar ATPase
activity (Sautin et al., 2005) or inhibiting mTOR (Ravikumar et al., 2003). Interestingly, Mizushima’s
lab has shown how glucose refeeding via a hyperinsulemic-euglycemic clamp was not as efficient as
amino acids in inhibiting starvation-induced autophagy in liver and as insulin in muscle, thus
suggesting a tissue-specific regulation of autophagy (Naito et al., 2013). A further level of

complexity is represented by the observation that 2-DeoxyGlucose (2-DG), an analog of glucose
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which is phosphorylated by HKs but that cannot be metabolized further to produce ATP, does not
replicate the effects of Glucose deprivation in terms of autophag induction. This effect is due to the
fact that HK-II interacts with and phosphorylates mTORCI1 thus inhibiting its activity; importantly
the binding is increased by glucose deprivation. For this reason, 2-DG administration in complete

media does not efficiently trigger autophagy (Roberts et al., 2014).

Like glucose deprivation, a decrease in p[O;] represents a condition of metabolic stress in
which autophagy is activated (Bellot et al., 2009). This event is observed upon nutrient starvation
and particularly in solid tumors (Maxwell et al., 1997); autophagy activation by hypoxia occurs via
both transcription-dependent and —independent mechanisms (Pouyssegur et al., 2006); a drop in
oxygen tension is primarily sensed by the hypoxia-responsive transcription factor hypoxia inducible
factor 1, alpha subunit (HIF-1a)), which both stimulates cells survival and orchestrates an anti-stress
response thus promoting the expression of different factors. In particular, the HIF-1a dependent
transcription of BNIP3 and BNIP3L causes Bcl2/Beclin-1 dissociation via the BH3 domain of these
factors and activate the autophagic cascade (Bellot et al., 2009). Similarly, HIFla favors the

expression of the essential gene Azg5 (Zhang et al., 2008).

Autophagic response to hypoxia can bypass HIF activity; in Hifl”” MEF cells, autophagy is
activated in an AMPK-dependent manner (Laderoute et al., 2006), highlighting the key function of
this sensor in the response to hypoxia. Hypoxia and nutrient deprivation are accompanied by an
increased production of reactive oxygen species (ROS), which can activate autophagy via multiple
mechanisms, including HIF-1a transactivation (Scherz-Shouval and Elazar, 2011). Interestingly in p’
cells, deficient in mitochondrial electron transport chain (mETC), the production of oxygen

superoxide is diminished and correlates with an impaired autophagic reaction in response to nutrient
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starvation, coming along with a reduced AMPK activation (Li et al., 2013). Moreover, ROS can
negatively modulate mTOR pathway, hence promoting autophagy, via ataxia-telangiectasia mutated
(ATM)-dependent activation of TSC2 (Alexander et al., 2010) and controlling TSC2 localization at
peroxisomal level, where it inhibits Rheb (She et al., 2014). Eventually, a study from Elazar group
has demonstrated how ROS can exert a direct control on autophagic machinery by favoring the

oxidation of Cystein in the catalytic site of the protein (Scherz-Shouval et al., 2007).

Beyond a drop in ATP concentrations, nutrient starvation is characterized by a decrease in the
concentrations of the major source of reducing power for bioenergetic reactions, namely
nicotinamide adenine dinucleotide (NADH). As consequence of nutrient starvation, the two majors
NADH-producing metabolic pathways, glycolysis and Krebs cycle, are downregulated. This event
results in a reduction in NADH levels paralleled to an increase in NAD" levels (Houtkooper et al.,
2010), both at mitochondrial and cytosolic level; the reduction in the NADH/NAD" ratio is an event
per se able to trigger autophagy (Lee et al., 2008). The link between NADH/NAD and autophagy
activation is represented by protein deacetylation reactions mediated by class III histone deacetylases
(Sirtuins in mammalian cells) (Chalkiadaki and Guarente, 2012), that can be considered as the
cellular NADH/NAD sensors. Sirtuin 1 (SIRT1, Sir2 in yeast), one of the major regulators of
starvation response, requires NAD™ as cofactor for its catalytic activity (Imai et al., 2000); the
epigenetic control exerted by SIRTI1 with regard to autophagy can be transcription dependent- or
independent, as confirmed by the dual localization of SIRTI1 both in the nucleus and in the
cytoplasm. Upon nutrient starvation, cytoplasmic SIRT1 deacetylates the autophagic essential
proteins ATGS, ATG7, ATG12 and LC3 (Lee et al., 2008) as well as Beclin-1 (Sun et al., 2015),

hence releasing these proteins from inhibitory acetylation. Moreover, the overexpression of a SIRT1
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mutant, confined to cytoplasm, triggers robust autophagy activation. Mice knockout for SIRT1 are
perinatal lethal with signs of insufficient autophagy in various tissues (Lee et al., 2008), suggesting a
pivotal role of SIRT1 in autophagy activation. Additionaly, outbred mice can reach 24 months of age,
but present severe metabolic and developmental alterations (Madeo et al., 2014). Conversely, nuclear
localized SIRTI can transcriptionally control autophagy via deacetylation and activation of the pro-
autophagic forkhead box O1 (FOXO1) and O3 (FOXO3a) transcription factors (Brunet et al., 2004);
(Pirinen et al., 2014)), in turn regulating the transcription of several Atg genes (Pietrocola et al.,

2013).

The exogenous supply of NAD precursor, such as nicotinamide riboside (Canto et al., 2012) or
caloric restriction (Chen et al., 2008) activate SIRT1 functions which can be resumed, beyond the
autophagy regulation, in the upregulation of mitochondrial functions mediated by peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) expression. Importantly, there is
a close yet-to-be fully elucidated interconnection between AMPK and SIRT1, which acts in concert
for regulating autophagy, mitochondrial metabolism and energy expenditure (Canto et al., 2009).
Noteworthy resveratrol, a natural compound found in wine, for decades considered as a direct SIRT1
activator (Lagouge et al., 2006), has been demonstrated to be a phosphodiesterase 4 (PDE4)
inhibition (Park et al., 2012), in turn leading to an increase in [CAMP] concentration. Increase in
cAMP levels results in the activation of the effector protein Epac-1 with consequent rise in Ca®"

levels and activation of CamKK-AMPK axis. (Park et al., 2012)

One of the proposed mechanisms, through which AMPK can controls SIRT1 activity, is an
increase in NAD' cellular levels mediated by FOXO-1 transactivation, resulting in the expression of
the NAD" producing enzyme nicotinamide phosphoribosyltransferase (NAMPT) (Canto et al., 2009).

In line with these notions it is important to underline that the activation of NAD" consuming
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enzymes, such as poly [ADP-ribose] polymerase 1 (PARPI), inhibits SIRTI1 activation and
autophagy (Bai et al., 2011). Conversely, pharmacological inhibition of PARP restores mitochondrial
function in concomitance with SIRT-1 activation (Pirinen et al., 2014). Moreover, it has to be
mentioned that all the events leading to SIRTI1 activation correlates with an amelioration of

metabolic syndrome (Guarente, 2006) and an increase in lifespan (Satoh et al., 2013).

In eukaryotic cells the response to essential amino acids depletion is centered on two distinct
systems that integrate the information about amino acids availability and convert it into the activation

of protein synthesis, namely the eukaryotic translation initiation factor 2 alpha (elF2a) and mTOR.

elF2a represents the regulatory hub of the so-called General Amino acids Control (GAAC); in
this system, a drop in amino acids levels results into the accumulation of uncharged tRNAs (Talloczy
et al., 2002), in turn activating the eukaryotic translation initiation factor 2 alpha kinase 4 (known as
GCN2) (Dong et al., 2000). Via inhibitory phosphorylation of e[F2a on Ser51, GCN2 both ensures a
block of the translation (in absence of essential amino acids) and stimulates autophagy promoting the
translation of the transcription factor activating transcription factor 4 (ATF4) (Harding et al., 2000).
ATF4 controls the expression of several ATG genes, including ATGS, ULK1 and LC3 (Pietrocola et
al.,, 2013). Cells expressing an elF2a mutant (non-phosphorylatable by upstream kinases) are
resistant to several autophagy-inducing conditions, demonstrating the important role of ATF4 in

autophagic response. (Talloczy et al., 2002).

Importantly, the block of translation, following the inhibition of elF2a activity, can be
mediated by other types of cellular stress, each of them transduced by a specific elF2a kinase;

additionaly, the accumulation of unfolded protein in the ER activates the so-called unfolded protein
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response (UPR), based on the activation of the eukaryotic translation initiation factor 2-alpha kinase
3 (EIF2AK3, also known as PERK) (Ron and Walter, 2007). Similarly, viral double strand DNA or
the saturated fatty acids palmitate lead to elF2a inactivation through activation of the EIFK2A2

kinase also known as PKR (Shen et al., 2012).

elF2a phosphorylation can be hence considered as one of the key event of the ‘integrated stress
response’, in which proteins synthesis is blocked and autophagy is coordinately activated in response
to different stresses for maintaining cellular homeostasis (Kroemer et al., 2010). In the specific case
of amino acids depletion, autophagy activation provides amino acids to be used for stress signal

molecule synthesis and for energy production (Kroemer et al., 2010).

The Ser/Thr kinase mTOR responds to growth factors and amino acids (particulary Leucine)
availability by phosphorylating and activating the eukaryotic translation initiation factor 4E binding
protein 1 (4EBP1) (Efeyan et al., 2015) and the ribosomal S6 kinase (Efeyan et al., 2015), thus
promoting protein synthesis (Laplante and Sabatini, 2012). The mechanisms through which
aminocids activate mTOR are yet-to-be-fully characterized and they are interconnected with the

complex small G-protein system controlling mTOR function.

mTOR is thought to sense the presence of amino acids availability within lysosomal lumen,
since active mTORCI1 is localized at the lysosomal membrane surface (Sancak et al., 2010).
Furthermore, it has been established that amino acids sensing function of mTORCI relies on the Rag
GTPase proteins (Kim et al., 2008a); (Sancak et al., 2008). Four Rag proteins, associated as
heterodimers control mTOR activity: when Leucine is available RagA/B are GTP-, whereas Rag C/D
are GDP- loaded (Sancak et al., 2008)The GTP loading status of Rags GTPase depends both on the

Ragulator complex (Bar-Peled et al., 2012) and on the lysosomal v-ATPase; according to this model,
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when Leucine is present in the lysosomal lumen, v-ATPase undergoes conformational change that
recruits ragulator complex at the lysosomal surface; in turn, ragulator exhibits GEF activity toward

Rag A/B and anchors mTORCI to the lysosmal membrane, where it is activated by Rheb.

Recently, Folliculin and the protein complex GATOR have been identifies as GAP towards
Rag C/D and Rag A/B respectively (Baba et al., 2006); (Bar-Peled et al., 2013), thus behaving as
negative regulator of mTORCI1. Within one hour after birth wild-type mice undergo severe
starvation, accompanied by mTOR signaling inhibition, resulting in hypoglicaemia and reduction in
circulating aminoacids; interstingly, knock-in mice expressing a constitutive form of RagA succumb
to post-natal fasting, as results of their inability to restore both glucose and aminoacids circulating
levels, due to constitutive autophagy inhibition (Efeyan et al., 2013). Indeed, autophagy inhibition
blocks aminoacids production necessary for gluconeogenesis. As recently shown, Rag proteins
constitute a point of connection between the lysosomal sensing of amino acids availability, relying on
vATPase, and the cytosolic sensing system, based on charged/uncharged tRNA. Indeed, when
Leucine is present in the cellular milieu, Leucyl-tRNA synthtetase shows the ability to bind and
activate activity Rag complex via its GAP activity, leading to mTORCI activation (Han et al., 2012).
These results underpin that two different mechanisms of amino acids sensing detect the availability

of two separate pools of amino acids in the cytosol and in the lysosome (Meijer et al., 2014).

Highly proliferative cells, especially cancer cells, support their growth via Glutamine
utilization coupled to mTOR activation (Galluzzi et al., 2013); indeed, a combination of Leucine plus
Glutamine is more effective than Leucine alone in stimulating mTOR activity (Bauvy et al., 2009). In
cancer cells, the major enzyme regulating Glutamine metabolism is glutamate dehydrogenase (GDH),
one of the enzymes that, after hydrolysis of the Glutamine amine group, allows the conversion of

Glutamate into 2-oxoglutarate, which entrers the TCA cycle for both energy production and

37



biosynthetic reactions. Glutamate dehydrogenase, likely through 2-oxoglutarate production, links
Glutamine availability to mTOR activation and can be considered as a sensor of this key aminoacid;
importantly, accumulation of 2-oxoglutarate can induce a pseudo-hypoxic status leading to prolyl
hydroxylase inhibition and HIF-1 stabilization which does not explain mTOR activation by
Glutamine (Duran et al., 2013); rather, this event appears to promote RagB-GTP binding (Duran et

al., 2012).

Based on these findings, it appears clear that Leucine and Glutamine activate mTOR via
distinct mechanisms. Recently, the basis of differential regulation has been unraveled following the
observation that Glutamine-mediated mTOR activation occurs in RagA/B double knockout cells
depending on lysosomal v-ATPase; interestingly, Glutamine control operated over mTOR depends

on the Arf GTPase, trough a yet-to-be characterized mechanisms (Jewell et al., 2015).

As further level of complexity, it should be mentioned that Leucine vs Glutamine mTOR
activation can be co-regulated; cancer cells that are not ‘glutamine addicted’ relies on Leucine for
supporting their growth via mTOR activation; in this setting, cells promote Leucine uptake from the
extracellular milieu via the SLC7AS/SLC3A2 system, in which efflux of L-glutamine is coordinated

with the import of Leucine (Nicklin et al., 2009).

The relationship between autophagy and lipid metabolism is multifacets; upon nutrient
starvation, autophagy actively participates to lipolysis, a process in which triglycerides, stored in
lipid droplets, are hydrolyzed to free fatty acid necessary for energy production. Activation of
macrolipophagy is thus the mechanisms trough which cells can overcome nutrient scarcity;

conversely, inhibition of autophagy, both in vitro and in vivo in liver of Cre-Alb-Atg7 mice, leads to
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accumulation of lipid droplets. Upon starvation, mice hepatocytes activate autophagy for energy
mobilization; interestingly, the efficacy of this process is impaired when the lipid balance is altered
by feeding mice with high fat diet thus (i) confirming that exogenous supply of lipids can saturate the
autophagy system and (ii) underlining a role of autophagy in obesity and metabolic syndrome. (Singh

et al., 2009).

On the contrary, the exogenous supplementation of both saturated (i.e. palmitate) or
unsaturated (oleate) fatty acids leads to autophagy induction, albeit via different mechanisms;
palmitate-induced autophagy requires the ER-stress activated kinase PKR and JNK1 (Shen et al.,
2012); (Holzer et al., 2011). Indeed, palmitate dissociates PKR from its inhibitory interaction with
the transcription factor signal transducer and activator of transcription 3 (acute-phase response factor)
(STAT3) that, in its cytosolic form, inhibits autophagy. As already discussed, oleate induced a form
of non-canonical autophagy which bypasses its requirement of Beclin-1-PI3KC (Niso-Santano et al.,
2015). Recently, it has been shown that the overexpression of stearoyl-CoA desaturase (delta-9-
desaturase) (SCD1), responsible of the conversion of saturated to monounsaturated fatty acids, is able
to trigger autophagy (Ogasawara et al., 2014). In line with this finding, chemical inhibition of SCD1
blocked starvation-induced autophagy in an mTOR independent manner, likely inhibiting the initial
steps of the autophagosome formation;.interestingly, this block can be bypassed by oleate
administration (Ogasawara et al., 2014). These results open the possibility that lipophagy or the
exogenous supplementation of lipids play a role in the autophagosome biogenesis; patatin-like
phospholipase domain containing 5 (PNPLAS), a lipase associated to lipid droplets, is necessary for

the correct initiation of autophagic process (Dupont et al., 2014).

Considered the growing interest raised by this topic in the recent past, it is important to mention

that the bacterially produced short-fatty acid butyrate represents the primary source of energy for
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colonocytes. In conditions of microbiota depletion, autophagy is activated for supporting colonocytes
metabolism; addiction of butyrate to germfree colonocytes inhibits autophagy, thus confirming the

important role of this bacterial metabolite in autophagy regulation. (Donohoe et al., 2011).

Iron represents an essential cellular cofactor for several enzymes catalyzing Redox reaction.
Cells store iron in large cytoplasmic ferritin oligomers, ready to be degraded in case of needs.
Liberation of free iron from ferritin store required the engulfment and the lysosomal degradation of
ferritin (ferritiophagy); drops in [Fe] or iron chelators activate ferritinophagy, in a process that
requires the ferritin specific cargo receptor nuclear receptor coactivator 4 (NCOA4), which links light

and heavy ferritin chains to LC3 (Mancias et al., 2014).

Ammonia, the major byproduct of amino acids transamination reactions, is a strong autophagy
inducer. Particularly, the huge utilization of glutamine leads to accumulation of Ammonia in cultured
cells following Glutaminolysis. Ammonia-induced autophagy does not require ULK1/2 and does not
seem mTOR dependent; rather, ammonia activated UPR in the ER and stimulates AMPK activation.
Importantly, ammonia-induced autophagy might represent one of the mechanisms through which

glutamine-addicted cancers support their growth. (Cheong et al., 2011)

The crosstalk between autophagy and cellular metabolic requirements can occur at different
levels; as previously shown, the rapid change in key energy-related metabolites can trigger an acute
and nucleus-independent autophagic response, mainly relying on mTOR inhibition and AMPK

activation or by epigenetic modifications directly affecting autophagic proteins (i.e. sirtuins).
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In the recent past, it has been defined the existence of a gene regulatory network controlling
autophagy, metabolic signals and lysosome biogenesis; the so called Coordinate Lysosome
Expression and Regulation (CLEAR) gene network (Palmieri et al., 2011) has been built around the
target genes of the Transcription Factor EB (TFEB), representing the center of this system (Sardiello
et al., 2009). TFEB shuttles from the cytosol to the nucleus in condition of altered lysosomal storage
and it activates target genes with the purpose of eliminating complex molecules, such as protein
aggregates (Tsunemi et al., 2012). For this reason, TFEB acts by promoting both lysosome
biogenesis and lysosomal activity, thus increasing lysosome number and function. Beyond conditions
of lysosome saturation, nutrient deprivation was also found to influence TFEB activity; when
nutrients and growth factors are deficient, TFEB retains the ability (i) to translocate in the nucleus,
(11) to provide phosphorylation by the mitogen-activated protein kinase (MAPK) family members
ERK?2, and (iii) to promote the expression of several pro-autophagic genes (Sardiello et al., 2009).
TFEB thus represents the link between extracellular and intracellular nutrient availability and
autophagy activation; further, among the genes found to be regulated by TFEB, several of them are
related to the degradation of nutrient storage such as lipids and glycogen, emphasizing the correlation
between autophagy activation and the mobilization of nutrients upon starvation. (Palmieri et al.,

2011)

Moreover, in mice subjected to 24 hours starvation, TFEB levels are increased and are
maintained high through an auto-regulatory loop, in which TFEB promotes its own transcription
(Settembre et al., 2013). TFEB overexpression is linked to the up-regulation of genes involved in
lipid metabolism; in particular, TFEB both directly controls PGC1-alpha expression, a gene operating
control over mitochondrial B-oxidation and promotes lipid breakdown in mice liver, depending on

autophagy (Settembre et al., 2013).
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Importantly, TFEB activity stays under the repressive control of mTOR and the lysosomal
amino acids sensing system; when amino acids are present inside the lysosomal lumen and the proton
flux across the membrane is intact, mMTORCI1 phosphorylates and inhibits TFEB in a RagGTPase
dependent manner (Settembre et al., 2012); phosphorylated TFEB 1is also sequestered by 14-3-3
chaperones family, which blocks its nuclear translocation. The cellular transcriptional function of
TFEB is counteracted in cells by the activity of the transcription factor zinc finger with KRAB and
SCAN domains 3 (ZKSCAN3) that, in condition of nutrient availability, represseses the transcription

of several TFEB-activated genes (Chauhan et al., 2013).

It remains to be established if these transcription factors can directly sense the metabolic
perturbations or whether their activation results from molecular pathways feedbacks culminating in a
transcriptional response. Along the same line of principle, upon nutrient starvation, the sterol
regulatory element binding protein 2 (SREBP2) is found associated to several autophagic genes
promoter, opening the possibility that autophagy can be also activated in conditions of sterol

depletion (Seo et al., 2011).

The rapid and intense autophagy response detected in vitro in cultured cells is not reproducible
in time and size in vivo, due to the different homeostatic circuits activated in different organs and to
the ‘perturbation’ represented by the humoral/neuroendocrine signals. In mice, despite the 24-48
hours of food deprivation (with free access to water) necessary to induce autophagy, glucose and
circulating amino acids levels undergo only slight fluctuations, largely due to the utilization of

hepatic and skeletal muscle energy stores (Mizushima et al., 2004).
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The major determinant of autophagy induction upon fasting is a drop in insulin and insulin
growth factor 1 (IGF-1); insulin signaling impinges on mTORC] activation, which acts as a master
controller of anabolic reactions. Consequently, a reduction of insulin, IGF-1 (and the consequent
increase in the inhibitory insulin-like growth factor binding protein (IGFBP) results in mTOR

inhibition and autophagy induction, necessary to preserve tissue homeostasis (Troncoso et al., 2012).

As previously mentioned, starvation induced autophagy cannot be inhibited in vivo by
increased glucose levels; rather, increase in insulin levels is responsible for autophagy inhibition after
refeeding in liver, whereas in muscle amino acids explain the reduction in autophagy. These

observations underscore the central role played by mTOR in autophagy regulation in vivo.

Intriguingly, autophagy may serve as an unconventional form of secretion for different
cytosolic proteins (Ponpuak et al., 2015) like interleukin (IL)-1B and IL-18. Upon fasting, pancreatic
B-cells reduces insulin secretion, irrespective of autophagy induction. It has been recently uncovered
that unlike most cells, B-cells do not activate autophagy upon starvation, thus maintaining low insulin
levels (Goginashvili et al., 2015). Rather, starved B-cells activate PKD-mediated insulin granule

degradation, in turn leading to mTORCI activation and autophagy inhibition.

A major level of autophagy regulation in vivo is offered by neuroendocrine signals; epinephrine
is secreted by adrenal gland in response to a drop in glucose concentration. The activation of B-
adrenergic receptor in peripheral tissues activate lipophagy with a consequent rise of circulating fatty
acids (Lizaso et al., 2013); knocking-out the gene coding for phenylethanolamine N-
methyltransferase, indispensable for epinephrine production, leads to severe hepatic steatosis coupled

to deficient autophagy and impaired triglyceride usage (Sharara-Chami et al., 2012).
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Hormones regulating satiety/hunger status, such as leptin, adiponectin and ghrelin, can also
modulate autophagy in vivo; it has been reported that different autophagy inducers, including
rapamycin, spermidine and resveratrol, are able to reduce circulating levels of leptin in vivo (He et
al., 2012a); surprisingly, administration of exogenous leptin both in vitro and in vivo is also found to

activate autophagy, possibly underlying an unexpected feedback regulatory mechanism.

Adiponectin, secreted by adipose tissue and favoring both lipid mobilization and fat oxidation
upon fasting conditions, is also able to activate autophagy. Knockout of this mediator leads to

impaired autophag flux with high fat diet (HFD)-induced obesity (Guo et al., 2013b).

Upon fasting, growth hormone (GH) levels normally increase and stimulate hepatic autophagy,
thus preventing hypoglycemia. Interestingly, mice knockout for a protein responsible for ghrelin
acylation (an that cannot consequently secrete a functional form of this hormone) are lethal due to an
impaired response to hypoglycemia (Zhang et al., 2015). Ghrelin, secreted by the gastrointestinal
tract when stomach is empty, raises GH level and prevent excessive decrease in blood glucose; pro-
and anti-autophagic activities are described for ghrelin, reflecting its function of balance between

hunger signals and energy stores distribution (Zhang et al., 2015).

As previously discussed, the elucidation of the effect of autophagy in vivo is limited by the fact
that mice deficient for autophagic essential genes (such as Azg5 and Atg7) are not viable, whereas the
availability of cell-type specific autophagy deficient mice has permitted to observe the metabolic

perturbations linked to absence of autophagy.

Nevertheless, a ubiquitous Cre-Atg7 inducible knockout mouse has recently been developed. In
this model, the consequence of autophagy inactivation depend on the time of tamoxifen

administration; in particular, 8-10 weeks aged mice present signs of neurodegeneration, absence of
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liver glycogen and white adipose tissue is replace by brown fat. These mice are susceptible to short-
fasting period, as consequence of their inability to mobilize energy. Mice succumb for severe
hypoglycemia that can be delayed by exogenously administering glucose. (Karsli-Uzunbas et al.,

2014).

In mice deficient for autophagy in liver, the most relevant phenotype is the accumulation (also
found in Beclin-1 heterozigous (Becnl * ") mice of lipid droplets in liver and the development of
severe hepatic damage due to fat lipotoxicty and steatosis. (Marino et al., 2011a) Consequently,
autophagy seems to play a pivotal role in mediating pancreatic B-cells fitness and its deficiency
promotes pre metabolic syndrome, witnessed by reducing insulin tolerance. Intriguingly, Atg7
deletion, in white adipose tissue, favors obesity resistance and promotes the replacement of white
with brown adipose tissue (Singh et al., 2009). This effect appears to be linked to the fact that
autophagy promotes adipocyte differentiation. In summary, the knowledge of the cell-specific
autophagy deficient models could help to define an organ specific therapy for pre-pathological or

pathological condition in which autophagy is implicated.

Considering the pleiotropic roles played by autophagy in cells, it appears clear that a
dysfunction in this process could represent the basis for the development of a pathological
phenotype; as consequence of its housekeeping function, autophagy has been implicated in cellular
transformation and cancer (Galluzzi et al., 2015), neurodegeneration (Nixon, 2013), aging (Kroemer,
2015), metabolic disorders (Galluzzi et al., 2014), inflammation (Deretic et al., 2013) and infections
(Deretic et al., 2013). For brevity, we will discuss in detail autophagy role in cancer, aging and

metabolic disorders.
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The role of autophagy in tumorigenesis, tumor progression and response to chemotherapy has
been object of a review published in 2015 in EMBO Journal (Galluzzi et al., 2015). Autophagy has
been differentially implicated in various stages of tumor formation; in general, defective autophagy is
thought to promote tumorigenesis and cellular transformation. Once the tumor is established,
autophagy can instead promote tumor progression turning to be a self-protective mechanism for

tumor cells, especially in late phases of tumor progression (Morselli et al., 2009).

In physiological conditions, autophagy helps to maintain metabolic homeostasis and to preserve
genome stability, limiting ROS production (via elimination of dysfunctional mitochondria) (Kroemer
et al., 2010), genotoxic stress (Mathew et al., 2007) and, as recently described, favoring the

degradation of transformation-prone retrotransposing RNA (Guo et al., 2014)

Taken together, these findings underline how autophagy itself behaves as an oncosuppressor
mechanism; this affirmation is corroborated not only by the fact that Becnl " mice spontaneously
develop malignancies such as lymphomas and liver carcinomas (Liang et al., 1999); (Qu et al., 2003)
but also by the higher rate of cancer development in Ambral ™ mice. Moreover, mice bearing mosaic
deletions of Atg5 or carrying Alb-Cre-Atg7 transgene in the liver show high frequencies of benign
neoplasia (Takamura et al., 2011). More generally, in both chemical-induced (Marino et al., 2007)
and oncogene-driven (i.e. KRAS“'?" or BRAF"*""*) tumors, autophagy deficiency accelerates tumor

establishment (Guo et al., 2013a).

The anti-tumor functions of autophagy are multiple and cellular transformation is accompanied
by a remodeling in several metabolic pathways. The metabolic shift can be resumed into an increased

glucose uptake and utilization coupled to high-rate mitochondrial respiration, with the purpose to
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sustain the elevated metabolic requirement of cancer cells; furthermore, tumor cells develop a
dependency on amino acids like Glutamine and Serine for anabolic and bioenergetics reactions. By
removing dysfunctional mitochondria, autophagy avoids this metabolic rearrangement (Guo and

White, 2013).

In hematopoietic malignancies, transformation is often linked to phenomena of aberrant
differentiation potential of stem cells; autophagy copes for maintaining cell stem potential by
preserving the structural integrity of bone marrow and cell stem niche (Mortensen et al., 2011), as
observed in Hematopoietic Stem Cells (HSC) deficient for A¢g7, in which a pre-neoplastic stem cell
population is preferentially amplified. Similarly, HSC specific deletion of RB-1 inducible coiled-coil
1 (RB1CCI1, well known as FIP200) impairs correct hematopoiesis and provokes severe anemia. The
negative effect of autophagy ablation is not limited to HSC and FIP200 is effectively essential both
for maintenance of CNS proliferative potential (Wang et al., 2013) and its deletion culminates in an

increased rate of ROS generation and p53 checkpoint activation. (Wang et al., 2013).

Autophagy activation plays also a role in oncogene-induced senescence, a first-barrier
mechanism against oncogene-induced transformation; in particular, the coordinated execution of cell
cycle arrest and programmed cell death in healthy cells subjected to oncogenic stress prevents
transformation. In HRAS®Y'? or BRAF"*"" transformed cells, depletion of autophagic essential
proteins impairs Oncogene Induced Senescence (OIS) (Elgendy et al., 2011) by increasing
transformed-cell clonogenicity. Moreover, for its intrinsic nature, autophagy favors the elimination of
oncogenic proteins, as in the case of a dominant negative p53 mutant, BCR-ABL1 gene and the
autophagic target p62 whose accumulation has been directly associated to tumorigenesis (Mathew et

al., 2009).
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Another line of research hypothesized a positive role of autophagy in anti-tumor immune
response, mainly because of its active role in ATP release from dying cells treated with specific
chemotherapeutic agents (an event necessary for triggering immunogenic cell death (ICD) (Kroemer
et al.,, 2013) and for its multipronged functions in mechanism of innate and adaptive immune
response (Deretic et al., 2013). Autophagy is also able to limit inflammation by favoring lysosomal
degradation of inflammasomes, activated both by pathogen-associated molecular patterns (PAMPs)
and by damage-associated molecular pattern molecules (DAMPs) like depolarized mitochnodria and
NF-kB pro-inflammatory pathways (Deretic et al., 2013). Eventually, autophagy may function as a
mechanism of innate immunity against invading pathogens. Indeed, the activation of xenophagic
response against potentially carcinogenic viruses (such as Hepatitis B virus (HBV), Human herpes
virus 8 (HHVS) or bacteria (like Helicobacter Pylori or Salmonella Enterica) is yet-another
mechanism for preventing transformation. Cells bearing genetic alterations in autophagic proteins,
such as those correlated to Crohn’s disease (Murthy et al., 2014) are more susceptible to infections by
pathogens. Similarly, Beclin-1 mutations have been associated to human papilloma virus (HPV)-16

and HPV-18 infections in a cohort of cervical cancer carcinoma (Deretic et al., 2013).

Based on these considerations, it appears consequent that proteins that negatively modulate the
autophagic process can be bona fide considered as oncoproteins whereas components of the
autophagic machinery (or positive modulators of this process) can be enumerated among the

oncosSuppressor.

In the first category, it is important to mention that a wide variety of solid tumor present
overexpression in the BECN1 sequestering proteins Bcl-2 and Bcl-x.. Similarly, a common feature of
human neoplasia is the overexpression of receptor tyrosine kinases (RTKs), which renders cell

proliferation independent of external growth factor. (Hanahan and Weinberg, 2000). Of note, the
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epithelial growth factor receptor (EGFR) hyperactivation promotes tumorigenesis due to the
persistent activation of downstream targets, such as AKTI, in turn activating mTOR via TSC2
phosphorylation. Moreover, EGFR directly inhibits autophagy via BECN1 phosphorylation. (Fantin

and Abraham, 2013)

The relation between Ras and autophagy appears to be context-dependent (Marino et al.,
2011b): at least three members of RAS GTPase family (HRAS, KRAS, VRAS) are involved in
malignant transformation (Shaw and Cantley, 2006). In response to mitogenic signals, Ras strongly
activates PI3K/AKT axis and strongly inhibiting autophagy (Laplante and Sabatini, 2012); however,
Ras can also promote p62 transactivation and NRF2 stabilization, in turn leading to compensatory
autophagy (Duran et al., 2008). Another Ras member, the mTORCI1 activator Rheb, is found

overexpressed in human prostate carcinoma. (Nardella et al., 2008)

BRAFYF is found mutated in cohorts of melanoma patients; hyperactivation of BRAF results
in constitutive ERK (accompanied by TSC2 phosphorylation) and mTOR activation; ERK activation

results also in persistent ER-stress activation that can activate autophagy. (Ma et al., 2005)

The same principle applies to the GF-activated transcription factor Myc, found rearranged in
Burkitt’s lymphoma; Myc can both inhibit, via eukaryotic translation initiation factor 4E binding
protein 1 (Balakumaran et al., 2009) and induce (due to ER-stress dependent mechansims) autophagy

(Hart et al., 2012).

In spite of these divergent mechanisms of action, it is important to highlight that Ras-
dependent tumors presents metabolic alterations that render them particularly sensitive to nutrient

depletion, underscoring the crucial role of autophagy in Ras-activated cancer. (Marino et al., 2011b)
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Among the oncosuppressor genes, a pivotal role is played by the transcription factor p53; a
germline mutations in this protein cause early-tumorigenesis (Li-Fraumeni), whereas somatic
mutations are found in more than 50% human malignancies. Among the ‘Guardian of the genome’
functions, p53 transactivates several pro-autophagic genes (Pietrocola et al., 2013). Similarly,

p , an upstream p53 activator is found mutated in human cancers and promotes autophagy. (Reef

et al., 2006).

By considering the autophagy machinery components, BECNI1 and its interactors, AMBRAI1
and UVRAG, have been found mutated in different cohorts of breast, brain, colorectal and various
solid tumors (Liang et al., 2006); (Cianfanelli et al., 2015). As a caveat, it should be mentioned that
several among these proteins take part in other processes than autophagy and this might explains the
differential and context-dependent phenotype. Germline mutation in phosphatase and tensin homolog
(PTEN) a phosphatase antagonizing PI3KI signals (and a positive autophagy modulator), have been

associated to increased rate of tumorigenesis (Liaw et al., 1997); (Arico et al., 2001)

Once the tumor is established, autophagy generally supports its growth conferring resistance to
environmental and nutritional stress and supporting its increased metabolic requirements (Galluzzi et
al., 2015); in particular, autophagy favors dissemination and increases metastatic potential of
malignant cells (Lazova et al., 2012). As already mentioned above, defects in autophagy promotes
tumor establishment; most of the autophagy-deficient tumors represent form of benign neoplasia,
with low proliferative potential (Guo and White, 2013), that can be further decreased by deletion of

p62.

In the recent past, new established murine model have better clarified autophagic functions in

tumor progression; the lung-specific deletion of Azg7 in BRAF **’F driven carcinogenesis makes the
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tumor evolve in benign oncocytomas, tumors characterized by lipid accumulation and dependence on
exogenous glutamine, direct consequence of dysfunction in mitochondrial performance (Strohecker
et al., 2013). This observation proves that autophagy supports tumor growth sustaining mitochondrial

metabolism, glutamine utilization and energy production (Strohecker et al., 2013).

Similar phenotypes have been characterized in KRAS®'*-driven lung and pancreatic
carcinomas upon specific deletion of autophagy essential genes A7g5 and Atg7 (Rao et al., 2014),
(Yang et al., 2014a), (Rosenfeldt et al., 2013) as well as in BRCA2 knockout tumors coupled to
monoallelic deletion of BECNI (Huo et al., 2013). The discordance in these models in represented by
the mutational status of p53; in Pancreatic Ductal Adeno Carcinoma and KRAS induced lung
cancers, the loss of p53 is epistatic to autophagy inhibition and renders tumor insensitive to
autophagy inhibitory (genetic or pharmacological) intervention aimed to alter metabolism and to
limit tumor growth (Rosenfeldt et al., 2013). Conversely, in a KRAS®"?" —driven autochthonous
adenocarcinoma, with stochastic loss of heterozigosity of p53, p53 status does not influence the

response to autophagy inhibitory intervention (Yang et al., 2014a).

Thus, it appears evident that the impact of autophagy in tumor progression is oncogene- and
context- dependent. It is well accepted that cancer cells, subjected to pharmacological inhibition of
autophagy, are less resistant than their wild type counterpart to stress and chemotherapy (Boya et al.,
2005). This effect is not always found in immunocompetent mice, where activation of autophagy is
linked to recruitment of the immune system and immunogenic cell death response. Hence, in specific
tumors responding to ICD-based therapy, autophagy induction may also represent a chemosensitizing
strategy. Taken together, these observations suggest that inhibition of autophagy might represent a,
yet-context- and oncogene-dependent, strategy for limiting tumor progression and sensitize tumor

cells to death (Galluzzi et al., 2015). Until now, strategies based on lysomotropic agents as autophagy
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inhibitors to be used in clinic are limited by the relative aspecificity of these compounds. It is thus
interesting to develop autophagic specific inhibitor, possibly targeting upstream effectors of

autophagic process.

Linked to its metabolic regulatory functions in controlling lipid homeostasis, energy stores and
amino acids recycling, autophagy is implicated in several metabolic-related pathologies such as
atherosclerosis (Liao et al., 2012), diabetes or pre-diabetic syndromes (Gonzalez et al., 2011) and
obesity (Yang et al., 2010). In particular, autophagy deficiency in liver has been associated with
reduced ER-stress and autophagic response, linked to poor insulin sensitivity and glucose tolerance
(Yang et al., 2010). In line with these notions, autophagy activation in liver prevents steatosis and

minimizes ethanol intoxication. (Chen et al., 2012).

Among the metabolic-diseases, we can also enumerate all the pathologies known as lysosomal
storage disorders (Parenti et al., 2015) and Mucopolysaccharidoses, in which, following to mutations
in various genes, Glycogen and Glycosaminoglycans (GAG) breakdown are altered; this event leads
either to the saturation of lysosomal degradation system or to impaired autophagosome-to-lysosome

fusion mechanism (Parenti et al., 2015).

Pathologies, autophagy implication and therapeutic adaptation are listed in Table 1 (Galluzzi et

al., 2014)
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Table 1. Examples of metabolic diseases characterized by perturbations in autophagy.

Disease

Perturbation(s)

Corrective intervention(s)

Ref.

A1AT deficiency

Mutations in 4147 render the protein
prone to aggregate and accumulate
in the ER of hepatocytes, resulting in
chronic fibrotic liver injury.

Autophagy induction by carbamazepine
as well as the adenoviral delivery
of a TFEB-coding construct favors
the clearance of mutant A1AT.

(Hidvegi et al., 2010)
(Pastore et al., 2013)

Acute ethanol intoxicatio

Compensatory autophagic response to ethanol
mediated by FOXO3.

Autophagy induction by rapamycin, resveratrol
carbamazepine
reduces steatosis and liver injury.

(Nietal., 2013)
(Lin et al., 2013)

Atherosclerosis

Compensatory autophagic response
that limits ER stress-driven cell death
in macrophages, favors the breakdown
of lipid droplets and facilitates
cholesterol efflux via ABCAL.
Inhibition of autophagy impedes the
removal of atherosclerotic material.

In Apoe'/ " mice, late atherosclerotic
lesions exhibit autophagy defects.
Moreover, the specific blockade of autophagy i
macrophages correlates
with inflammasome activation
and disease progression.

Rapamycin and derivatives such as everolimus
which mediate immunosuppressive effects whil
activating autophagy, are currently used
in drug-eluting stents for the local
treatment of coronary occlusion.

Ppmlid " mice have increased autophagy levels

exhibit improved cholesterol clearance, and the
macrophages

do not convert into foam cells

(Le Guezennec et al.,
2012)

(Liao et al., 2012)
(Razani et al., 2012)

(Jia and Hui, 2009)
(Ouimet et al., 2011)
(Mueller et al., 2008)

Cystic fibrosis

(CTFR*™" mutation)

Perturbed proteostasis with reduced expression
BECNI1, enhanced
expression of SQST1 and poor stability
of CTFR at the plasma membrane.

Cystamine, cysteamine and EGCG
improve proteostasis in mice and
patients, normalizing BECN1 and
SQSTM levels as well as CFTR stability.

(Villella et al., 2013)
(Luciani et al., 2012)

Hepatic aging
(in mice)

Autophagy defects correlating with the
accumulation of lipofuscin, steatosis and fibrosi
and with increases in circulating triglyceridesan

transaminases.

Liver-specific knockout of
Igf1 promotes hepatic autophagy
and increases mean lifespan.

(Xu et al., 2012)

Hepatosteatosis

High-fat diet-induced steatosis is accompanied b
reduced autophagy
and autophagic defects in the liver
are sufficient to cause steatosis.

Induction of autophagy by the
knockout of Psme3 (which causes
SIRT1activation), EGCG or caffeine
reduces steatosis.

(Dong et al., 2013)
(Zhou et al., 2014)
(Sinha et al., 2014)

Lysosomal storage
disorders
(Pompe disease)

GAA deficiency impairs glycogen breakdown i
lysosomes, resulting in the accumulation of
glycogen granules and glycogen-loaded
autophagosomes,
which promote cause a severe myopathy.

The overexpression of TFEB favors the clearand

of glycogen granules by stimulating autophagy|
and by favoring

the exocytosis of glycogen debris.

(Spampanato et al.,
2013)

Mucopolysaccharidoses
(Austin disease)

Mutations in SUMFI impair GAG catabolism,
resulting in the accumulation

of autophagosomes that fail to fuse with
lysosomes. This favors the accumulation

of toxic proteins and dysfunctional mitochondria
in the brain.

Methyl-B-cyclodextrin reverts the
autophagic block and ameliorates the
symptomatology of these disease.

(Fraldi et al., 2010)
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Obesity

Increases in white adipose tissue
associated with chronic inflammation
and systemic metabolic alterations.

Inhibition of autophagy by the knockout
of Atg7 or with NR3C2 agonists
favors the conversion of the white
adipose tissue into its brown counterpart.

Induction of autophagy in the liver by
TFEB expression prevents weight
gain and metabolic syndrome. Similarly,
the whole-body overexpression of ATGS protec
against diet-induced obesity.

(Karsli-Uzunbas et al.,

2014)

(Armani et al., 2014)

(Settembre et al., 2013)
(Pyo etal., 2013)

Obesity-related
cardiomyopathy

High-fat diet impairs cardiac geometry

and contractility while promoting MTOR
hyperphosphorylation as well as IKBKB, AMPK
and TSC2 dephosphorylation.

Cardiac dysfunction is exacerbated
by a dominant-negative mutant
of the 02 isoform of AMPK.

Deletion of Ptpnl impedes the dephosphorylatig
of AMPK, induces autophagy and reverts cardiq
defects.

The transgenic expression of catalase restores
autophagy and normalizes the activation of
IKBKB, AMPK and mTOR.

(Turdi et al., 2011)
(Kandadi et al., 2015)
(Liang et al., 2015)

Obesity-related
nephropathy

The damage to tubular epithelial cells provoked
proteinuria is exacerbated

by the tissue-specific knockout of

Atg5 or by obesity, which suppresses proteinuria
induced autophagy.

mTORCI is activated in the proximal
tubules of obese mice, and treatment
with an mTOR inhibitor restores
autophagy while limiting renal damage.

(Yamahara et al., 2013]

Sphingolipidoses
(Gaucher disease)

Mutations in NPCI and NPC?2 coincide
with the accumulation of SQSTM 1

and autophagosomes in the brain,
indicating a defective autophagic flux

The administration of hydroxypropyl-
B-cyclodextrin reduces the accumulation
of cholesterol and normalizes
autophagic flux

(Pacheco et al., 2009)
(Davidson et al., 2009)

Type I diabetes

Mutations in CLEC164 increases the
susceptibility of developing diabetes

while affecting the ability of CLEC16A

to interact with PARK?2 and RNF41,

which compromises mitophagy in

pancreatic B cells and ultimately impairs their
ability to secrete insulin

The CLEC16A/PARK2/RNF41

complex and mitophagy stand out as promising

targets for the treatment and prevention of type
diabetes

(Soleimanpour et al.,
2014)

Type II diabetes

High-fat diet induces insulin
insensitivity in peripheral tissues.

Exercise induces autophagy in cardiac
and skeletal muscle, adipose tissue, and
pancreatic b cells. This improves insulin
sensitivity in wild-type but not Becnl™
mice and mice bearing a BCL2 mutant

that constitutively inhibits BECNI.

Whole-body expression of ATGS
protects against type 2 diabetes.

(He et al., 2012b)
(He et al., 2012a)
(Pyo et al., 2013)

Abbreviations. A1AT, alpha-1 antiproteinase, antitrypsin; ABCA1, ATP-binding cassette, sub-family A (ABC1),

member 1; AMPK, 5' AMP-activated protein kinase; BCL2, B-cell CLL/lymphoma 2; BECNI1, beclin 1; CFTR,

cystic fibrosis transmembrane conductance regulator; CLEC16A, C-type lectin domain family 16, member A;
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EGCQG, epigallocatechin-3-gallate; ER, endoplasmic reticulum; FOXO3, forkhead box O3; GAA, glucosidase,
alpha; acid; GAG, glycosaminoglycan; IGF1, insulin-like growth factor 1; IKBKB, inhibitor of kappa light
polypeptide gene enhancer in B-cells, kinase beta; MTOR, mechanistic target of rapamycin; mTORC1, MTOR
complex 1; NPCI1, Niemann-Pick disease, type Cl; NPC2, Niemann-Pick disease, type C2; NR3C2, nuclear
receptor subfamily 3, group C, member 2; PARK2, parkin RBR E3 ubiquitin protein ligase; PSME3, proteasome
(prosome, macropain) activator subunit 3; PTPN1, protein tyrosine phosphatase, non-receptor type 1; RNF41, ring
finger protein 41, E3 ubiquitin protein ligase; IRT1, sirtuin 1; SQSTMI1, sequestosome 1; SUMF1, sulfatase

modifying factor 1; TFEB, transcription factor EB; TSC2, tuberous sclerosis 2.

In 2014, Lopez-Otin and other published in Cell the so-called ‘Hallmarks of Aging’, describing
the cellular processes leading to the time-dependent functional decline of organisms. Most of these
signatures implicate, more or less directly, loss of proteostasis, mitochondria dysfunction, epigenetic
alterations, genome instability and stem cells exhaustion. Due to its housekeeping function (see
above) autophagy generally plays an anti-aging effect in differentiated cells (Rubinsztein et al.,

2011), limiting their death by increasing mitochondrial fitness and eliminating cytotoxic proteins.

The key role of autophagy in aging is reinforced by the observation that ATG proteins or
indirect modulators of autophagy have a reduced expression in aged tissues like brain. Of note,
tissue-specific knockout of autophagic genes results in the accumulation of ubiquitinated proteins and
protein aggregates. In aged-liver, overexpression of LAMP2A restores CMA and autophagy reducing
aging-related cellular damage (Schneider and Cuervo, 2014). Similarly, HFD-fed aged mice present a
severe downregulation of autophagy gene Atg7. Restauration of Atg7 levels in liver ameliorates the

pre-diabetes syndrome (Yang et al., 2010)
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Aging phenomena are intrinsically linked to nutrient sensing system in cells (Rubinsztein et al.,
2011); in particular glucose-insuline and GH-IGF-1 pathways and their downstream substrates (Akt
and mTOR) are highly conserved throughout the evolution; the downregulation of these pathways
have been associated to longevity (Rubinsztein et al., 2011). Along the same line of principles,
dietary restriction (DR) is the most physiological stimulus able to increase lifespan (Mattison et al.,
2012); (Madeo et al., 2015). Interestingly, longevity related effects of DR are lost in C.Elegans
strains deficient for autophagy (Melendez et al., 2003). DR mediates its effect via multiple pathways:
a decreased mTOR signaling and the activation of AMPK and SIRT1, conditions intimately linked to
autophagy induction (Rubinsztein et al., 2011). In all organisms, mTOR downregulation phenocopies
the effect of DR; this is confirmed by the fact the rapamycin is able to extend lifespan in several
organism including mammals (Bjedov et al., 2010); (Wilkinson et al., 2012). Again, rapamycin effect
is lost when autophagy is inactive (Bjedov et al., 2010), even if off-target effects may also be related

to the anti-aging effect of rapamycin itself.

Caloric restriction (CR) extends lifespan by up-regulating SIRT1 (Sir2 in C.Elegans), and
SIRT1 silencing abrogates the anti-aging effect of CR (Rubinsztein et al., 2011). Particularly,
resveratrol, a direct or indirect SIRT1 activator, shares with CR the ability to increase lifespan in
model organism depending on autophagy (Morselli et al., 2011). Similarly, the administration of the
autophagy inducer spermidine is able to extend lifespan in model organism and to reduce aging
dependent memory impairment in flies (Gupta et al., 2013); (Eisenberg et al., 2009). As a caveat, it
should be mentioned that autophagy-dependent anti-aging effect could be linked to non-cell

autonomous function such as reduced inflammation or innate immunity (Alvers et al., 2009).

In summary, my thesis work encompasses different points treated in this introductive

paragraph. In particular, we have investigated in detail a new level of metabolic regulation by

56



autophagy and characterized the molecular pathways linked to this modulation. Moreover, we have
applied these findings to pathological settings in which autophagy modulation affects the outcome of

disease.

II1. AIM OF THE WORK

As mentioned at the end of the ‘Introduction’section, the natural compounds resveratrol, a
polyphenol found in red wine grapes, and spermidine, the most bioactive polyamine in cells (found in
healthy foods and beverage), are able to induce autophagy and to increase lifespan of model

organism.

In 2011, Morselli et al. (Morselli et al., 2011) better characterized the molecular mechanism
through which these molecules activate autophagy. Resveratrol-induced autophagy relies on SIRT1
activation, whereas SIRT1 activity is not required for spermidine-stimulated autophagy. In spite of
the different phylogenetic pathways intercepted by resveratrol and spermidine, their mechanism of
action impinges on common downstream effectors, which activate mTOR-independent autophagy
and trigger similar modifications in the phosphoproteome. Importantly, both agents can provoke
drastic modifications at the acetylproteome levels, as observed via SILAC mass spectometry
approach after incubating HCT 116 colorectal carcinoma cells with these molecules that are able to

induce massive modification on the acetylation of lysine-tails from various substrates.

Spermidine and resveratrol induce largely convergent change in protein acetylation patterns,
confirming a significant overlap in their mechanism of action. Importantly, (de)acetylation reactions
are predominant in cytosol and mitochondria, whereas in the nucleus acetylation is more prominent.

As already discussed, resveratrol can provoke cytosolic protein (de)acetylation via its stimulatory
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action toward SIRT1, whereas the anti-aging effect of spermidine, in different model organisms, is

specifically linked to the inhibition of histone acetyltransferases (HAT).

Strikingly, both agents are able to stimulate autophagy in enucleated cells (cytoplasts),
highlighting the fact that resveratrol- and spermidine-induced autophagy is a rapid and nucleus-
independent response, possibly based on (de)acetylation reactions affecting autophagic machinery
proteins. Indeed, among the differentially acetylated substrates identified by SILAC, more than 100
proteins were found to be part of the previously identified central/network of autophagy modulators
(Behrends et al., 2010), underlying the importance of this epigenetic modulation in the regulation of
the autophagic process. Particularly, upon incubation with these compounds, ATGS5 and LC3 (already

described as substrate of SIRT1 and EP300) were found deacetylated.

Based on these premises, it appears clear that the epigenetic modulation of autophagy in the
cytoplasm via (de)acetylation reactions represents a further step of regulation of this process. Indeed,
cells harbor multiple acetyltransferases and (de)acetylases, whose role on autophagy regulation has
not been investigated in detail. Of note, acetylation rivals, with phosphorylation in the epigenetic

regulation of several cellular processes and most of cellular proteins, are found acetylated.

The first aim of my thesis has been to determine if protein (de)acetylation reactions were
a common feature of autophagy induction. By means of Stable Isotope Labeling with aminoacids
in cell culture (SILAC) mass spectrometry approach, we decided to compare the short-term effects
elicited by the most common autophagy inducers, such as nutrient starvation and rapamycin, on
cytosolic acetylproteome. The analysis of the global patterns of acetylation allowed us (i) to define

convergent and divergent pathways affected by these autophagy modulators, (ii) to identify the
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substrates and (ii1) to establish a new transcription-independent regulatory function of autophagy by

acetylation.

In the context of starvation-induced autophagy and the crosstalk between autophagy and
metabolism, we aimed to determine whether acetylation could represent a further level of the
‘metabolic regulation of autophagy’ along with the already described AMP/AMPK- and amino
acids/mTOR- axis. The ideal link for this line of investigation is suggested by the property of the
acetyltransferases to catalyze their reaction using AcetylCoA (AcCoA) as substrate. A review about

Acetyl CoA metabolism has been published in (Pietrocola et al., 2015a)

AcCoa is a membrane-impermeant molecule constituted by an acetyl moiety (CH3CO) linked
to coenzyme A (CoA), a derivative of vitamin B5 and cysteine, through a thioester bond (Shi and Tu,
2015). As thioester bonds are energy rich, the chemical structure of AcCoa facilitates the transfer of
the acetyl moiety to a variety of acceptor molecules, including amino groups on proteins (Shi and Tu,

2015)

Nonetheless, acetylation is mostly studied as a post-translational modification that concerns the
Ne amino group of lysine residues, eliminating their positive charge and increasing sterical hindrance
(Choudhary et al., 2014). Thus, Ne acetylation can alter the functional profile of a specific protein by
influencing its catalytic activity, its capacity to interact with other molecules (including other

proteins), its subcellular localization, and/or its stability (Choudhary et al., 2014).

Ne acetylation can occur through a non-enzymatic mechanism, especially in alkaline
environments like the mitochondrial matrix (Weinert et al., 2014), or, as already mentioned, it can be
catalyzed by a diverse group of lysine acetyltransferases (KATs) (Choudhary et al., 2014) .The

human genome encodes no less than 22 distinct KATs, which possess marked substrate specificity
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(Roth et al,, 2001) Many KATs have a relatively high Kd (low affinity) for AcCoA, meaning that,
physiological fluctuations in the abundance of AcCoA within the cellular compartment, where such

KATs are expressed, can affect their catalytic activity.

For this reason, we decided to investigate whether during starvation-induced autophagy a
drop in AcCoA levels could represent a new metabolic parameter able to influence autophagic
response, in vitro and in vivo, though a reduction in KAT activity and consequently a decrease

in protein levels, ultimately leading to autophagy induction.

Furthermore, we wanted to identify which KATs could behave as a ‘sensor’ of AcCoA
levels and as regulator of autophagy. Hence, we firstly decided to set up a method for the mass
spectometry-based detection of AcCoA both in vitro and in vivo. Secondly, in order to prove that
AcCoA could really affect protein acetylation levels, we wanted to establish a rapid method for

the immunofluorescence-based detection of acetylated lysine tails of cytosolic protein.

Then, in order to reinforce the idea that AcCoA might impact on global acetylation levels,
we focused our attention on the metabolic pathways leading to AcCoA generation and, through
their genetic and pharmacological modulation, we evaluated how these modulations could

affect autophagy, AcCoA levels and protein acetylation.

In particular, we investigated the pathways leading to mitochondrial and cytosolic generation of
AcCoA and its transport across different cellular compartment by focusing our attention on the
cytosolic AcCoA and its crosstalk with cytosolic KATs and autophagic protein machinery. The
crucial role of AcCoA in metabolism and signaling has been objet of a review (Pietrocola et al,,

2015a).
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In most mammalian cells, AcCoA is predominantly generated in the mitochondrial matrix by
various metabolic circuitries, namely glycolytic Pyruvate, B-oxidation, and the catabolism of
branched amino acids. (Figure 2) Glycolysis culminates in the generation of cytosolic pyruvate,
which is imported into mitochondria by the mitochondrial pyruvate carrier (MPC), a heterodimer of
MPC1 and MPC2 (Herzig et al., 2012). Mitochondrial pyruvate is decarboxylated to form AcCoA,
CO2, and NADH by the so-called pyruvate dehydrogenase complex (PDC), a large multicomponent
system that in humans is composed of (i) three proteins that are directly involved in CoA- and NAD"-
dependent pyruvate decarboxylation, i.e., pyruvate dehydrogenase (lipoamide) (PDH, which exists in
three isoforms), dihydrolipoamide S-acetyltransferase (DLAT), and dihydrolipoamide dehydrogenase
(DLD); (i1) two regulatory components, i.e., pyruvate dehydrogenase kinase (PDK, which also exists
in four isoforms) and pyruvate dehydrogenase phosphatase (PDP, a heterodimer involving either of
two catalytic subunits and either of two regulatory subunits); and (ii1) one non-enzymatic subunit,
i.e., pyruvate dehydrogenase complex, component X (PDHX) (Patel et al., 2014). Importantly, Ac-
CoA, NADH, and ATP, allosterically inhibit PDC as they activate PDK. Conversely, CoA, NAD+,

and ADP promote pyruvate decarboxylation by inhibiting PDK.

These regulation circuitries ensure that the products of glycolysis are employed for ATP
generation when cells are in energy-low conditions (characterized by elevated ADP, NAD+, and CoA
levels), but diverted toward anabolic metabolism when the energy stores are depleted (characterized

by elevated ATP, NADH, and AcCoA levels).

Alternatively, AcCoA can be generated as the end product of B-oxidation. In this case, one
among several members of the acyl-CoA synthetase protein family catalyzes the CoA- and ATP-
dependent conversion of cytosolic free fatty acids into acyl-CoA. Acyl-CoA is then condensed with

L-carnitine to form acylcarnitine and free CoA, a cytosolic reaction catalyzed by carnitine

61



palmitoyltransferase 1 (CPT1). Acylcarnitine is imported into mitochondria, through the antiporter
solute carrierfamily 25 (carnitine/acylcarnitine translocase), member 20 (SLC25A20), which
exchanges it for free L-carnitine. Finally, mitochondrial acylcarnitine is reconverted by carnitine
palmitoyltransferase2 (CPT2) into L-carnitine (which drives the so-called ‘carnitine shuttle’) and
acyl-CoA, and the latter undergo B-oxidation to generate NADH and AcCoA for use as direct and

indirect, respectively, respiratory substrates (Rufer et al., 2009).

Branched-chain amino acids (BCAA, i.e., valine, leucine, and isoleucine) can also be employed
to produce AcCoA (Harris et al., 2005) thanks to a molecular circuitry that may depend on the
mitochondrial deacetylase sirtuin 3 (SIRT3), at least in some tissues (including brain, liver, kidney,
and skeletal muscles) (Dittenhafer-Reed et al., 2015). To this aim, branched amino acids must be first
transaminated to branched-chain a-ketoacids, a reaction that can be catalyzed by the cytosolic
enzyme branched-chain amino acid transaminase 1 (BCAT1). Upon import into the mitochondrial
matrix, via the carnitine shuttle (Violante et al., 2013), branched-chain a-ketoacids are processed via
a multi-step reaction comparable to the decarboxylation of pyruvate. This irreversible reaction is
catalyzed by the mitochondrial branched-chain a-ketoacid dehydrogenase (BCKD) complex, a large
multicomponent enzymatic system yielding NADH, AcCoA, and other acyl-CoA thioesters (which
can be processed by B-oxidation or the TCA) as end products (Harris et al., 2005). Of note, some
mammalian cells express a mitochondrial variant of BCAT1 (i.e., BCAT2), which is catalytically
active (Yennawar et al., 2006). However, how branched chain amino acids enter the mitochondrial

matrix has not been determined yet.

In addition to these nearly ubiquitous metabolic circuitries, there are organ-specific pathways
for mitochondrial AcCoA generation. For instance, neurons can employ the ketonebody D-B-

hydroxybutyrate to generate AcCoA (Cahill, 2006). This occurs via a three-step reaction involving
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the NAD'-dependent oxidation of D-B-hydroxybutyrate to acetoacetate (catalyzed by 3-
hydroxybutyrate dehydrogenase, typel, BDHI), the transfer of CoA from succinyl-CoA to
acetoacetate (catalyzed by 3-oxoacid CoA transferase 1, OXCTI1, or OXCT2), and the CoA-
dependent cleavage of acetoacetyl-CoA into two AcCoA molecules (catalyzed by an enzymatic

complex with acetoacetyl-CoA thiolase activity) (Cahill, 2006)

In physiological and normoxic conditions, glycolysis- or B-oxidation-derived mitochondrial
AcCoA represents the major source of cytosolic AcCoA upon transportation. That said, there are at
least two relatively ubiquitous metabolic circuitries through which cells actually produce AcCoA in
the cytosol. First, cytosolic AcCoA can originate from Glutamine reductive carboxylation, especially
when glycolysis is blocked (Yang et al., 2014b), in hypoxic conditions (Metallo et al., 2012) or in the
presence of mitochondrial defects (Mullen et al., 2012). Upon uptake from the extracellular milieu
(which is mediated by various transporters, depending on cell type), cytosolic glutamine is
metabolized by glutaminase (GLS) to generate glutamate, which enters mitochondria through the H'-
dependent glutamate/aspartate antiporter solute carrier family 25 (aspartate/glutamate carrier),
member 13 (SLC25A13). Mitochondrial glutamate is converted into a-ketoglutarate (a reaction
catalyzed by glutamate dehydrogenase 2, GLUD2, or glutamic-oxaloacetic transaminase 2,
mitochondrial, GOT2), which undergoes reductive carboxylation within the TCA cycle to generate
citrate. Finally, citrate can be exported back to the cytosol via the dicarboxylate antiporter solute
carrier family 25 (mitochondrial carrier; citrate transporter), member 1 (SLC25A1), and converted

into oxaloacetate and AcCoA by ATP citrate lyase (ACLY) (Zaidi et al., 2012).

Additionally, glutamate also can be converted into a-ketoglutarate by GLUDI, a cytosolic
variant of GLUD2, at least in some settings (Grassian et al., 2014). Along similar lines, a cytosolic

form of GOT2 (i.e., GOT1) can catalyze the reversible interconversion of glutamate and oxaloacetate
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into o-ketoglutarate and aspartate. Cytosolic a-ketoglutarate can be metabolized by isocitrate
dehydrogenase 1 (IDH1) and aconitase 1 soluble (ACO1) to generate citrate for AcCoA synthesis by
ACLY (Grassian et al., 2014) Second, a cytosolic counterpart of ACSS1, i.e., acyl-CoA synthetase
short-chain family, member 2 (ACSS2), employs acetate to produce AcCoA in an ATP-dependent

manner (Schug et al., 2015).

Cytosolic acetate can derive from the extracellular milieu, upon uptake by various members of
the monocarboxylate transporter protein family (Halestrap and Price, 1999), or it can be synthesized
from ethanol-derived acetaldehyde by a cytosolic variant of aldehyde dehydrogenase 2 (ALDH2),
namely aldehyde dehydrogenase 1 family, member Al (ALDHIAL), at least in hepatocytes
(Cederbaum, 2012). Although circulating acetate levels are relatively low in modern humans (as
compared to their ancestors, owing to dietary changes) (Frost et al., 2014), the ACSS2-dependent
conversion of acetate into AcCoA has been shown to be preponderant in primary and metastatic
malignant cells of various origin (Mashimo et al., 2014), especially in hypoxic conditions

(Kamphorst et al., 2014); (Schug et al., 2015).

Normally, mitochondrial AcCoA is metabolized within the TCA to yield NADH, the main
substrate for ATP synthesis via oxidative phosphorylation (Boroughs and DeBerardinis, 2015).
However, some cells, including hepatocytes, can employ mitochondrial AcCoA to synthesize ketone

bodies, i.e., acetoacetate and D-B-hydroxybutyrate.
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Cytosolic AcCoA is the precursor of multiple anabolic reactions that underlie the synthesis of

fatty acids and steroids, as well as specific amino acids including glutamate, proline, and arginine.

B i U cit Nucleus pce
&>
L JC e S
€D er
GcoD @LoHD e ==
&> @» =2

Acetyl-CoA

L.
@ KATs @
NEA @ HATs @

D

y: A 4 S
Ketone body Bioenergetic Protein Fatty acid Protein Steroid
biosynthesis reactions acetylation synthesis acetylation synthesis
Mitochondria Cytosol

Figure 2. (Pietrocola et al., 2015a) Mitochondrial and cytosolic generation of Acetyl Coenzyme A.
Abbreviations (ACAA2, acetyl-CoA acyltransferase 2;ACAC, acetyl-CoA carboxylase; ACAD, acyl-CoA
dehydrogenase; ACATI, acetyl-CoA carboxylase 1; ACAT2, acetyl-CoA acetyltransferase 2; Ace, acetate;
Ach, acetaldehyde; ACOI1, aconitase 1, soluble; ACSS1, acyl-CoA synthetase short-chain family, member 1;
ADHI1B, alcohol dehydrogenase IB (class I), beta polypeptide; ALDH1A1, aldehyde dehydrogenase 1 family,
member Al; ALDH2, aldehyde dehydrogenase 2 family; BCATI, branched chain amino-acid transaminase 1,
cytosolic; BCAT2, branched chain amino-acid transaminase 2, mitochondrial; BCKD, branched-chain a-

ketoacid dehydrogenase; BDH1,3-hydroxybutyrate dehydrogenase, type 1; b-OHB, D-b-hydroxybutyrate; Cit,
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citrate; CPT1, carnitine palmitoyltransferase 1; CPT2, carnitine palmitoyltransferase 2; ECH, enoyl-CoA
hydratase; ER, endoplasmic reticulum; Eth, ethanol; FASN, fatty acid synthase; Gln, glutamine; GLS,
glutaminase; GLUDI1, glutamate dehydrogenase 1; GOTI, glutamic-oxaloacetic transaminase 1, soluble;
HADH, hydroxyacyl-CoA dehydrogenase; HAT, histone acetyltransferase;HMGCL, 3-hydroxymethyl-3-
methylglutaryl-CoA lyase; HMGCR, 3-hydroxy-3-methyl-glutaryl-CoA reductase; HMGCSI1, 3-hydroxy-3-
methylglutaryl-CoA synthase 1, HMGCS2, 3-hydroxy-3-methylglutaryl-CoA synthase 2, IDHI, isocitrate
dehydrogenase 1; KAT, lysine acetyltransferase; MPCI1, mitochondrial pyruvate carrier 1; MPC2,
mitochondrial pyruvate carrier 2; NAT, Na acetyltransferase; NEA, non-enzymatic acetylation; OXCT, 3-

oxoacid CoA transferase.

From this dissertation, it is important to stress the notion that AcCoA exists in separate
mitochondrial, peroxisomal, ER and nucleo-cytosolic compartments. Being a highly charged
molecule, AcCoA cannot passively crosses cellular membranes, whereas it can freely shuttle from
nucleus to cytosol via nuclear pores. This notion underlies that AcCoA compartmentalization relies on

different transporters. (Figure 3)

The transport of AcCoA from the mitochondrial matrix to the cytosol heavily depends on the
so-called ‘citrate-malate-pyruvate shuttle’. In this context, mitochondrial AcCoA is condensed with
oxaloacetate by citrate synthase (CS), the first enzyme of the TCA cycle, thus generating citrate and
free CoA. Citrate can be exported to the cytosol through SLC25A1 (also known as citrate carrier),
followed by the regeneration of oxaloacetate and AcCoA upon the ATP- and CoA-dependent
reaction catalyzed by ACLY (Zaidi et al., 2012). Cytosolic oxaloacetate is the substrate of malate
dehydrogenase 1, NAD (soluble) (MDH1), catalyzing the NADH-dependent synthesis of malate,
which can be transported back to the mitochondrial matrix via solute carrier family 25 (mitochondrial
carrier; dicarboxylate transporter), member 10 (SLC25A10), an inorganic phosphate/dicarboxylate

antiporter (Mizuarai et al., 2005), or solute carrier family 25 (mitochondrial carrier; oxoglutarate
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carrier), member 11 (SLC25A11), an o-ketoglutarate/malate antiporter (Wallace, 2012).
Alternatively, malic enzyme 1, NADP(+)-dependent, cytosolic (ME1) can convert malate into

pyruvate, which can re-enter the mitochondrial matrix via the MPC (Bender et al., 2015).

AcCoA is also exported from mitochondria via the carnitine shuttle. As mentioned above, fatty
acids enter mitochondria in the form of acylcarnitine via the antiporter SLC25A20, which generally
exchanges them with free L-carnitine (Rebouche and Seim, 1998). Mitochondrial L-carnitine can
also be converted by carnitine O-acetyltransferase (CRAT) into acetyl-L-carnitine, and the latter
shares with free L-carnitine the ability to drive the SLC25A20 antiporter. Finally, cytosolic acetyl-L-
carnitine can regenerate AcCoA and L-carnitine via the CoA-dependent reaction catalyzed by a

cytosolic variant of CRAT (Madiraju et al., 2009).

The AcCoA concentration gradient across the inner mitochondrial membrane is influenced not
only by the rate of AcCoA synthesis and consumption in the cytosol and within mitochondria, but
also by the activity of: (i) the citrate carrier (SLC25A1), and (i1)) ACLY, which is regulated by several

signal transducers.

The export of citrate from mitochondria creates the need for the anaplerotic replenishment of
TCA cycle intermediates that regenerate oxaloacetate, meaning that the extracellular availability of
glutamine and the metabolic flux, through glutaminolysis, also influence the relative abundance of
mitochondrial and cytosolic AcCoA. As direct consequence of this highly organized
compartmentalization, different AcCoA pools have a major impact on protein acetylation on different

cellular environments.

For instance, it has already been demonstrated that ACLY activity directly correlates with

increase acetylation levels of histones (Wellen et al., 2009). For this reason, we intended to
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demonstrate that genetic and pharmacological modulation of key enzymes, controlling
synthesis or consumption of AcCoA, correlate with parallel fluctuations in cytosolic protein
acetylation. Of note, we decided to perform an epistatic analysis of KATs, whose localization is not
strictly limited to the nucleus, in order to identify new sensor of cytosolic AcCoA concentration able

to convert the nutrient-stress signal into a pro-autophagic response.

The investigation of metabolic pathway controlling AcCoA in cells allowed us to identify
new autophagic modulators to be potentially used for translational purpose. Particularly, caloric
restriction has been demonstrated to play a pro-healthy role in different pathological context,
including but not limited to cancer and aging (possibly depending on autophagy). De facto, nutrient

deprivation still represents a hardly suitable strategy in clinics.

The study of the metabolic regulation of starvation-induced autophagy may thus help to
identify compounds that, through autophagy induction, could mimic the metabolic alterations
and the pro-healthy effects elicited by CR. To date, autophagy-based therapies have been
inefficient due to side effects (i.e. sirolimus) or for the aspecificity of the compounds. Consequently,
we aimed to validate the role of AcCoA-reducing agents into pathological settings in which

autophagy is known to be involved in the pathogenic process.
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Figure 3. (Pietrocola et al., 2015a) Compartimentalization and transport of Acetyl CoA. Abbreviations a-KG, a-
ketoglutarate; ACLY, ATP citrate lyase; AGC, aspartate/glutamate carrier (SLC25A13); Asp, aspartate; CACT,
carnitine/acylcarnitine translocase (SLC25A20); Cit, citrate; CS, citrate synthase; CTP, citrate transporter (SLC25A1);
DIC, dicarboxylate carrier (SLC25A10); Glu, glutamate; GLUDI, glutamate dehydrogenase 1; GLUD2, glutamate
dehydrogenase 2; GOTI1, glutamic-oxaloacetic transaminase 1, soluble; GOT2, glutamic-oxaloacetic transaminase 2,
mitochondrial; Mal, malate; MDHI1, malate dehydrogenase 1, NAD (soluble); MDH2, malate dehydrogenase 2,
NAD(mitochondrial); ME1, malic enzyme 1, NADP(+)-dependent, cytosolic; MPC1, mitochondrial pyruvate carrier 1;
MPC2, mitochondrial pyruvate carrier 2; OAA, oxaloacetate; OGC, oxoglutarate carrier (SLC25A11); PDC, pyruvate

decarboxylase; Pi, inorganic phosphate; Pyr, pyruvate.



IV. RESULTS

During the first part of my thesis, we set up a method for the rapid detection of cytosolic
protein acetylation via immunofluorescence staining of the acetylated-lysine tails. By means of this
method, it is possible (see Material and Methods Section) to permeabilize cytosolic membrane
without impairing nuclear membrane, hence allowing anti-acetylated lysine antibody to recognize
only cytosolic proteins. Based on the finding that the polyphenol resveratrol triggered autophagy, via
SIRTTI activation and (de)acetylation of cytosolic proteins, we investigated the pro-autophagic effects
of phenolic-based compounds. Importantly, we established a correlation between cytosolic (but not
nuclear) acetylation and autophagy induction. This work has been published in Cell Cycle in 2012
(Pietrocola et al., 2012). We indirectly confirmed these results in vivo by demonstrating that phenolic
compounds contained in coffee were able to stimulate autophagy and to decrease protein acetylation
in various murine organs (published in Cell Cycle on 2014 (Pietrocola et al., 2014). Driven by the
fact that protein (de)acetylation could actually affect autophagic process regulation, we investigated
if this epigenetic modulation could intervene upon physiological autophagy stimuli such as nutrient
deprivation. Through metabolomics analysis, we observed that both short-term starvation in vitro and
48 hours starvation in vivo presented, as common feature, a drastic reduction in AcCoA levels,

mirrored by a decrease in cytosolic protein acetylation and autophagy induction.

We thus explored whether pharmacological and genetic modulation of metabolic pathway,
leading to AcCoA production, by various energy sources (namely glucose, acetate, branched chain
amino acids, TCA cycle intermediates), could also modulate autophagy and protein acetylation. In
this work, published in Molecular Cell (Marino et al., 2014), we demonstrated that a drop in cytosolic

AcCoA correlated with a diminution in protein acetylation and with autophagy induction.
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Consequently, we observed that AcCoA per se acts as a master repressor of starvation-induced
autophagy, as confirmed by the finding that microinjection of AcCoA could inhibit autophagy

induced by nutrient deprivation.

We exploited the discovery of AcCoA increasing agents as new autophagy inhibitors in a
model of cardiovascular disease in which autophagy plays a detrimental role. Moreover, since
AcCoA availability can directly control KATs activity, we screened a small interfering RNA
(siRNA) library against human KATs, whose localization was not strictly confined to the nucleus, for

their capacity to induce autophagy in response to an increase in AcCoA concentrations.

Importantly, we found that the KATs EP300 was the sensor of cytosolic AcCoA, transducing a
signal of nutrient availability into the inhibition of autophagy. Indeed, in presence of nutrient, EP300
acetylates and inhibits key autophagic proteins such as ATGS, ATG7, LC3 and Beclin-1 thus limiting
autophagy. Thus, AcCoA depletion directly impacts on EP300 activity, triggering short-term and
nucleus independent autophagy, as confirmed by the fact that AcCoA lowering agents do work in
cytoplasts. In summary, we demonstrated that nutrient deprivation is characterized by rapid drop in
cytosolic AcCoA concentration, culminating into the inhibition of EP300 activity and autophagy

activation.

Compounds able to reduce AcCoA concentration, as well as EP300 inhibitors or HDAC
activators, can be bona fine considered as Caloric Restriction Mimetics ‘CRMs’. According to this
new definition, we screened among both the broad-range and the specific KATs inhibitors and we
elucidated that, their inhibitory activity, towards KATs, correlated with autophagy induction. In
particular, we found that spermidine could induce autophagy (also) via inhibition of EP300,

(published in (Pietrocola et al., 2015b)
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V. MATERIALS AND METHODS

Cell Culture

Human colon carcinoma HCT 116 cells were cultured in McCoy’s 5A medium containing 10%
fetal bovine serum, 100 mg/L sodium pyruvate, 10 mM HEPES buffer, 100 units/mL penicillin G
sodium, and 100 mg/mL streptomycin sulfate (37 _C, 5% CO2). Human osteosarcoma U20S cells,
their GFP-LC3-expressing derivatives, human neuroblastoma H4 GFP-LC3 cells (gift from Professor
J. Yuan), and human GFP-LC3-expressing HeLa cells were cultured in DMEM medium containing
10% fetal bovine serum, 100 mg/L sodium pyruvate, l0mMHEPES buffer, 100 units/mL penicillin G
sodium, and 100 mg/mL streptomycin sulfate (37 C,5%C0O2). MEFs were cultured in the same
DMEM with additional supplementation of nonessential amino-acids and p--mercaptoethanol. Cells
were seeded in 6-well, 12-well plates or in 10, 15 cm dishes and grown for 24 hr before treatment
with 10 uM rapamycin, 100 nM bafilomycin Al(Tocris Bioscience, Bristol), 5 mM dimethyl a-
ketoglutarate, 20 mM HC, 10 mM a-ketoisocaproate, SOmML-leucine, 20mM sodium DCA, 20mM
sodium butyrate, 5 mM 1,2,3-benzenetricarboxylic acid hydrate (BTC), 20 mM Potassium
Hydorxycitrate, 10 mM PHX maleate salt, 5 mM (#)-a-LA, UK5099, 3 mg/mL puromycin (all from
Sigma Aldrich), 100 mM curcumin, 3-methyl-butyrolactone, 50 mM anacardic acid, and 10 mM
timosaponin A-III, PI-103, moperamide, amiodarone, nimodipine, nitrendipine, niguldipine,rotenone,
rifluoperazine, sorafenib, tosylate, niclosamide, rottlerin,caffeine, metformin, clonidine, rilmenidine,
20,50-dideoxyadenosine, suramin, pimozide, STF-62247, spermidine, FK-866, tamoxifen citrate,
glucosamine, HA 14-1, licochalcone A, vurcumin, Akt Inhibitor X, rockout, 2-deoxyglucose,
etoposide, C2-dihydroceramide and temozolomide (all from Enzo Life Sciences, Villeurbanne). For

serum and nutrient deprivation, cells were cultured in serum-free Hank’s balanced salt solution
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(HBSS). For Cell cycle paper, resveratrol, piceatannol, epicatechin, caffeic acid, gallic acid, quercetin
and bafilomycin Al were purchased from Sigma-Aldrich; oenin chloride, kuronamin chloride,
peonidin-3-O-glucoside chloride and delphinidin-3-O-glucoside chloride from Extrasynthese, EX527
from Tocris Bioscience and myricetin from Indofine Chemical. For Cell Death and Differentiation

paper (REF), Anacardic Acid, Garcinol, C646 were purchased from Sigma Aldrich.

Plasmid transfection and RNA interference in human cell cultures

Transient plasmid transfections were performed with the Attractene reagent (Qiagen, Hilden,
Germany), and, unless otherwise indicated, cells were analyzed 24 h after transfection. sSiRNAs were
reverse-transfected with the help ofthe RNAi1 MaxTM transfection reagent (Invitrogen, Eugene,

USA).

Microinjection experiments

For microinjection, U20S cells were cultured overnight on culture dishes before injection. The
setup for the injection itself was as follows: 10mM CoA or AcCoA in PBS were injected for 0.2 s
under a pressure of 150 hPa, using a microinjector (Eppendorf, Hamburg, Germany). Then cells were
cultured for 3 h in the presence of 100 nM bafilomycin Al (BafAl) and subsequently fixed and

stained for fluorescence microscopy.

Immunofluorescence

Cells were fixed with 4% PFA for 15 min at room temperature, and permeabilized with 0.1%
Triton X-100 for 10 min, except for staining of cytoplasmic acetyl-lysine-containing proteins, in
which any permeabilization step further than PFA fixation was avoided. Non-specific binding sites
were blocked with 5% bovine serum albumin in PBS, followed by incubation with primary

antibodies overnight at 4 °C. Following the cells were incubated with appropriate Alexa FluorTM
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conjugates (Molecular Probes-Invitrogen). In the case of cytoplasmic acetyl-lysine staining, an
additional step of blocking using anti-acetylated-tubulin antibody (1:200) was applied. Ten uM
Hoechst 33342 (Molecular Probes-Invitrogen, Eugene, USA) was employed for nuclear
counterstaining. Fluorescence wide-field and confocal microscopy assessments were performed on an
DM IRE2 microscope (Leica Microsystems, Wetzlar, Germany) equipped with a DC300F camera
and with an LSM 510 microscope (Carl Zeiss, Jena, Germany), respectively or by means of BD

Pathway Automated Videomicroscopy.

Immunohistochemical staining

Immunohistochemical staining of heart tissue sections was performed using the Novolink Kit
(RE7140-K, Menarini Diagnostics, Florence, Italy), as previously described (Ladoire et al., 2012).
Briefly, 4 mm-thick formalin fixed, paraffin embedded tissue sections were deparaffinized with 3
successive passages through xylene, and rehydrated through decreasing concentrations (100%, 95%,
80%, 70% and 50%) of ethanol. Antigen retrieval was performed by heating slides for 30 min in pH
6.0 citrate buffer at 95°C. Slides were then allowed to cool at room temperature for 45 min, mounted
on Shandon Sequenza coverplates (72-199-50, Thermo Fisher Scientific, Waltham, USA) in distilled
water, and then washed twice for 5 min with 0.1% Tween 20 (v/v in PBS). Thereafter, sections were
incubated for 5 min with the Peroxidase Block reagent, and subsequently washed twice for 5 min
with 0.1% Tween20 (v/v in PBS). Following incubation for 5 min at room temperature with the
Protein Block reagent, tissue sections were washed twice for 5 min with 0.1% Tween 20 (v/v inPBS),
and then incubated overnight at 4°C with a primary antibody specific for LC3B (clone 5F10, 0231-
100 from Nanotools, Teningen, Germany), or with an isotypematched IgGl (MAB002, R&D
Systems, Minneapolis, USA), both dissolved in 1 % bovine serum albumin (w/v in TBS) at the final

concentration of 25 mg/mL. The S5F10antibody recognizes both the soluble (LC3-I) and the
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membrane-bound form (LC3-II) of LC3B. After two washes in 0.1% Tween 20 (v/v in PBS),
sections were incubated for 30 min with the Post Primary Block reagent, washed again as before and
incubated for 30 min with the horseradish peroxidase-coupled secondary antibodies. Upon two
additional washes, secondary antibodies were revealed with the liquid DAB Substrate Chromogen
system during 10 min of incubation. Finally, slides were washed in distilled water, and

counterstained with hematoxylin.

Automated microscopy

U208, HeLa or H4 cells stably expressing GFP-LC3 were seeded in 96-well imaging plates
(BD Falcon, Sparks, USA) 24 h before stimulation. Cells were treated with the indicated agents for 4
h. Subsequently, cells were fixed with 4% PFA and counterstained with 10 uM Hoechst 33342.
Images were acquired using a BD pathway 855 automated microscope (BD Imaging Systems, San
Jose, USA) equipped with a 40X objective (Olympus, Center Valley, USA) coupled to a robotized
Twister II plate handler (Caliper Life Sciences, Hopkinton, USA). Images were analyzed for the
presence of GFP-LC3 puncta in the cytoplasm by means of the BD Attovision software (BD Imaging
Systems). Cell surfaces were segmented and divided into cytoplasmic and nuclear regions according
to standard proceedings. RB 2x2 andMarr-Hildreth algorithms were used to detect cytoplasmic GFP-
LC3 positive dots. Statistical analyses were conducted using the R software (http:/www.r-
project.org/). For quantitative analyses of protein acetylation, cell surfaces were segmented into
cytoplasmic and nucleic regions, and staining intensity of each individual cell was measured for

statistical analysis.

75



Immunoblotting

For immunoblotting, 25 pg of proteins were separated on 4-12% Bis-Tris acrylamide
(Invitrogen) or 12% Tris-Glycine SDS-PAGE precast gels (Biorad, Hercules, USA) and
electrotransferred to Immobilon™ membranes (Millipore Corporation, Billerica, USA). Membranes
were then sliced in different parts according to the molecular weight of the protein of interest to allow
simultaneous detection of different antigens within the same experiment. Unspecific binding sites
were saturated by incubating membranes for 1 h in 0.05% Tween 20 (v:v in TBS) supplemented with
5% non-fat powdered milk (w:v in TBS), followed by an overnight incubation with primary
antibodies specific for acetylated-lysine, LC3, phospho-AMPK (Thr172), AMPK, phospho-
ribosomal protein S6 kinase (Thr421/Ser424), ribosomal protein S6 kinase, or STQM/p62 (Santa
Cruz Biotechnology). Development was performed withappropriate horseradish peroxidase (HRP)-
labeled secondary antibodies (Southern Biotech, Birmingham, USA) plus the SuperSignal West Pico
chemoluminescent substrate (Thermo Scientific-Pierce). An anti-glyceraldehyde-3-phosphate
dehydrogenase antibody (Chemicon International, Temecula, USA) was used to controlequal loading

of lanes.

Cell fractionation

Cells were trypsinized, pelleted at 1000 rpm for 4 min, washed withPBS and then pelleted
again at 1000 rpm for 4 min. Cells were then resuspended in 5 mlof ice-cold hyposmotic buffer and
kept on ice for 5 min. Following the cells were broken to release nuclei using a pre-chilled dounce
homogenizer (20 strokes with a tight pestle) and were then centrifuged at 10000 g for 20 min at 4°C

to pellet nuclei and mitochondria. The supernatant was the cytosolic fraction.
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Mouse experiments and tissue processing

C57BL/6 mice (Charles River Laboratory, Lentilly, France) were bred and maintained
according to both the FELASA and the Animal Experimental Inserm Ethics Committee Guidelines
(project: 2012-69). Mice were housed in a temperature-controlled environment with 12 h light/dark
cycles and received food and water ad libitum. For HC-related experiments, mice were injected
intraperitoneally with a single 100 mg/kg dose and 6 h later were sacrificed and tissues were
immediately frozen in liquid nitrogen. For autophagy inducing agents, mice were intraperitoneally
injected once with a dose of 100 mg/kg (Hydroxycitrate) or c646 (30 mg/kg). 6 hours after injection,
mice were sacrificed and tissues were immediately frozen in liquid nitrogen for further processing
(see below). For DCA- and DMKG related experiments, mice were subjected to 24 h starvation and
injected intraperitoneally each 8 h with a 100 mg/kg of either DCA or DMKG solution prepared in
PBS. After 24 h of starvation, mice were sacrificed and tissues were immediately frozen in liquid
nitrogen after extraction and homogenized two cycles for 20 s at 5,500 rpm using Precellys 24 tissue
homogenator (Bertin Technologies, Montigny-le-Bretonneux, France) in a 20 mM Tris buffer (pH
7.4) containing 150 mM NaCl, 1% Triton X-100, 10 mM EDTA and Complete® protease inhibitor
cocktail (Roche Applied Science, Penzberg, Germany). Tissue extracts were then centrifuged at
12,000 g at 4 °C and supernatants were collected. Protein concentration in the supernatants was
evaluated by the bicinchoninic acid technique (BCA protein assay kit, Pierce Biotechnology,
Rockford, USA). For hydroxycitrate-related weight-loss experiments, autophagy-deficient Atg4b-/-
mice were used. Atg4b-/- mice have been previously described (Marifio et al., 2010). For Cell Cycle
paper on coffee (Pietrocola et al., 2014), six weeks aged female C57BL/6 mice (Charles River
Laboratory, Lentilly, France) and transgenic C57BL/6 mice expressing the fusion protein GFP-LC3

under the control of CAG (cytomegalovirus immediate-early (CMVie) enhancer and chicken B-actin
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promoter) promoter, were bred and maintained according to both the FELASA and the European
Community regulations for animal use in research (2010/63UE) as well as the local Ethics
Committee for Animal Welfare (project number: 2012-065, 2012-067). For long-term coffee
experiments, mice were first administered with 1%, 3% and 10 % w/v of regular and decaffeinated
coffee in drinking water ad libitum in order to select a dose not affecting body weight; mice were
then administrated with 3% w/v of coffee for two weeks. Mice were sacrificed and tissues were
recovered and immediately frozen in liquid nitrogen 24, 48 or 72 h, one week and two weeks after
treatment. For short-term coffee experiments, mice were administered with 3% w/v dose of regular
and decaffeinated coffee by gavage and sacrificed after 1, 2, 4 and 6 h, when tissues were
immediately frozen in liquid nitrogen. After extraction, tissues were homogenized during two cycles
for 20 s at 5.500 rpm using a Precellys 24 tissue homogenator (Bertin Technologies, Montigny-le-
Bretonneux, France) in a 20 mM Tris buffer (pH 7.4) containing 150 mM NacCl, 1% Triton X-100, 10
mM EDTA and Complete protease inhibitor cocktail (Roche Applied Science, Penzberg, Germany).
Tissue extracts were then centrifuged at 12.000 g at 4 °C and supernatants were collected. Protein
concentration in the supernatants was evaluated by the bicinchoninic acid technique (BCA protein

assay kit, Pierce Biotechnology, Rockford, USA).

In vivo model of pressure overload

Male WT mice (8-10 wk old) were subjected to pressure overload by surgical thoracic aortic
constriction (TAC) or sham surgery as described. Animals were injected [P with either vehicle (PBS)
or DMKG (300mg/kg) on the morning of the surgery and daily thereafter. Two-dimensional
echocardiography was performed prior to surgery and 1 week post-surgery in non-sedated mice to
quantify functional parameters using a Vevo 2100 high-resolution imaging system (VisualSonics).

Mice were sacrificed 1 week post-surgery and hearts isolated for morphological and biochemical
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analysis. Histological analysis was performed on formalin-perfused, paraffin-embedded sections with
H&E and trichrome staining for analysis of fibrosis. Measurement of myocyte cross-sectional area
was obtained from atransverse section of LV stained with wheat germ agglutinin. Quantitative
analysis was obtained through measurement of an average of 900 cells in each section from two

(sham) or three (TAC) animals.

Quantitative analysis of GFP-LC3 dots in mouse tissue sections

To avoid postmortem autophagy induction, dead mice were immediately perfused with 4%
paraformaldehyde (w:v in PBS, pH 7.4). Tissues were then harvested and further fixed with the same
solution for at least 4 h, followed by treatment with 15% sucrose (w:v in PBS) for 4 h and with 30%
sucrose (w:v in PBS) overnight. Tissue samples were embedded in Tissue-Tek OCT compound
(Sakura Finetechnical Co. Ltd., Tokyo, Japan) and stored at -70 °C. Five um-thick tissue sections
were prepared with a CM3050 S cryostat (Leica Microsystems), air-dried for 1 h, washed in PBS for
5 min, dried at RT for 30 min, and mounted with VECTASHIELD anti-fading medium. In each
organ, the number of GFP-LC3 dots was counted in five independent visual fields from at least five

mice using a TCS SP2 confocal fluorescence microscope (Leica Microsystems GmbH).

Preparation of cytoplasts

U20S cells stably expressing GFP-LC3 were trypsinized and incubated in 3 ml of complete
medium supplemented with 7.5 mg/mL cytochalasin B for 45 min at 37°C. This cell suspension was
layered onto a discontinuous Ficoll density gradient (3 mL of 55%, 1 mL of 90%, and 3 mL of 100%
Ficoll-Paques; GE Healthcare) in complete medium containing 7.5 mg/mL cytochalasin B. Gradients
were prepared in ultracentrifuge tubes and pre-equilibrated at 37°C in a CO2 incubator overnight.

Gradients containing cell suspensions were centrifuged in a prewarmed rotor (SW41; Beckman
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Coulter) at 30,000 g for 30 min at 32°C. The cytoplast-enriched fraction was collected from the
interface between 55 and 90% Ficoll layers, washed in complete medium, and incubated for 4 h at

37°C before treatments.

ATP measurement

Intracellular ATP was measured by means of a kit (Calbiochem, Darmstadt, Germany) based
on an energy-dependent luciferase-driven luciferin conversion following the manufacturer’s
instructions. In short, cells were treated with lysis buffer containing 1% trichloroacetic acid for 1
min. The luciferin solution was added, and the luciferase activity was measured as an indicator of
ATP content. For assessment of the chemoluminescent signal, the plates were read in a Fluostar

luminometer (BMG Labtech, Ortenberg, Germany).

Quantitation of NADH/NADPH

The levels of reduced nicotinamide adenine dinucleotide (NADH) were measured by means of
a FACS Vantage SE (Becton Dickinson), taking advantage of the autofluorescence of NADH and
NAPDH (excitation at 340 nm and emission at 450 nm) (Mayevsky and Rogatsky, 2007). Treatment
with 60 uM of the poly (ADP-ribose) polymerase (PARP) inhibitor PJ34 was used as positive control
to measure the increase of cellular NADH, whereas membrane permeabilization with 0.5% saponin

resulted in aloss of autofluorescence.

Sample preparation for metabolomic analysis

Cells were cultured in 6-well dishes being at an approximate 80% of confluence the day of the
experiment. After the corresponding treatment, cells were detached with trypsin, transferred into 1.5
mL microcentrifuge tubes, centrifuged 2 min at 1000 x G (4°C) and then washed with icecold PBS

after carefully removing the trypsin-containing solution. Cells were centrifuged again and PBS was
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carefully removed. Cell pellets were then resuspended in 150 pL of ice-cold hyposmotic buffer
(water with HEPES and EDTA, pH 7.4) at 1 mM containing internal standard AcCoA (13C2) at 1
mg/L, vortexed and heated at 100 °C for 5 min. Samples were incubated in liquid nitrogen for 5 min
and thawed at 4°C temperature. This cycle was repeated twice. The samples were then kept for 1 h at
-20°C and centrifuged at 4°C during 15 min at 13,000 g. Supernatants were transferred in HPLC vials
and injected into HPLC/MS or kept at -80 °C until injection. For metabolite analysis in cytosolic
fractions, cells were processed as previously described in this section, with the difference that cells
were fractionated after adding the internal standard AcCoA ("°C,) at 1 mg/L. Cells were broken using
a pre-chilled dounce homogenizer (20 strokes with a tight pestle) and were then centrifuged at 10000
g for 20 min at 4°C to pellet nuclei and mitochondria. The supernatant (i.e. the cytosolic fraction) was
heated at 100 °C for 5 min. Fractions were then incubated in liquid nitrogen for 5 min and thawed at
4°C two times. This cycle was performed two times. The samples were then were kept for 1 h at -
20°C and centrifuged at 4°C during 15 min at 13,000 g. Supernatants were transferred in HPLC vials
and injected into HPLC/MS or kept at -80 °C until injection. For animal tissues, flash-frozen tissue
fragments of 60 to 80 mg were placed into dry ice pre-cooled homogenization tubes containing
ceramic beads (Precellys lysis tubes soft tissue homogenizing CK14-KT03961-1-003.2 2mL). Five pul
of lysis buffer (Methanol/water (80/20,v/v, -20°C, supplemented with the internal standard AcCoA
13C2, Img/L) was added to the tubes for each mg of tissue. Tissues were homogenized twice for 20 s
at 5500 rpm using the Precellys 24 tissue homogenator (Bertin Technologies). Once homogenized,
tissue extracts were centrifuged 10 min at 12,000 x G (4°C), and supernatants were collected and

transferred to 1.5ml Eppendorf tubes.

Tubes containing supernatants were lyophilized in a SpeedVac concentrator (Thermo

Scientific) for 2h at 35°C. Dried samples were stored at -80 until analysis, when they were
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resuspended in 100 pL of analytical-grade water, transferred to HPLC vials and injected into the

HPLC-MS system.

Untargeted analysis of intracellular metabolites by high performance liquid

chromatography (HPLC) coupled to a quadrupole- time of flight (QTOF) mass spectrometer.

Profiling of intracellular metabolites was performed on a RRLC 1260 system (Agilent
Technologies, Waldbronn, Germany) coupled to a QTOF 6520 (Agilent) equipped with an
electrospray source operating in positive ion and full scan mode from 100 to 1000 Da. The gas
temperature was set at 350°C with a gas flow of 10 I/min. The capillary voltage was set at 4.0 kV,
and the fragmentor at 150 V. Two reference masses were used to maintain the mass accuracy during
analysis: 121.050873 (C5H4N4) and 922.009798 (C18H1806N3P3F24).Five uL of sample were
injected on a SB Aq column (150 mm A~ 2.1 mm particle size3.5 um) protected by a pre-column
Eclipse plus (30 mm A~ 2.1 mm particle size 3.5um) from Agilent technologies.The gradient mobile
phase consisted of water with 10 mmol/L of ammonium acetate and 0.01% of acetic acid (A) and
acetonitrile (B). Initial condition is 98% phase A and 2% phase B. Molecules are then eluted using a
gradient from 2% to 95% phase B in 10 min .The column was washed using 95% mobile phase B for

1 minute and equilibrated using 2% mobile phase B for 8 min. The flow rate was set to 0.3 ml/min.

Targeted analysis of AcCoA by HPLC coupled to a triple quadruple (QQQ) mass

spectrometer.

Targeted analyses were performed on Rapid Resolution Liquid Chromatography (RRLC)
1200SL system (Agilent Technologies) coupled to a Triple Quadruple QQQ 6410 mass spectrometer
(Agilent Technologies). RRLC analysis was done on 150 % 2.1 mm, 3.5 um Eclipse Plus SB-Aq

column with a pre-column 30 mm x 2.1 mm 3.5 pum Eclipse plus (Agilent Technologies) with water
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containing 10 mmol/L of ammonium acetate and 0.01% of acetic acid in channel A and acetonitrile
in channel B in gradient mode at a flow rate of 0.3 ml/min: t=0 min 2% B; t=9 min 95% B; t=11 min
95% B; re-equilibration time of 3 min. Mass spectrometer analysis was done in positive electrospray
ionization mode at +4 kV on the QQQ system operating in MRM mode. MRM transitions were
optimized with standard of AcCoA and AcCoA A 2-C" with direct infusion. Two transitions were

recorded for each compound;
AcCoA 810.1> 428 (collision energy: 20V)
AcCoA 810.1>303.1 (collision energy : 28V)
Internal standard AcCoA *C, 812>428 (collision energy : 24V)
Internal standard AcCoA "*C, 812>305.1 (collision energy : 36V)
SILAC cell culture and sample processing

HCT 116 cells were cultured for two weeks in three different SILAC media (Invitrogen)
containing either (1) light isotopes of L-arginine and L-lysine (Arg0/Lys0), (i1) L-arginine-13C6 HCI
(Euroisotop) and LLysine 2HCI 4,4,5,5-D4 (Euroisotop) (Arg6/Lys4), and (iii) L-arginine-13C615N4
HCI and L-Lysine 13C6 15N4 HCI (Invitrogen) (Argl0/Lys8) and complemented as previously
described (Blagoev and Mann, 2006). Cells were treated for 4 h with 10 uM rapamycin (Arg10/Lys8)
or incubated in Hank’s Balanced Salt Solution (NF) (Arg6/Lys4) andthen lysed. The lysates were
precipitated using ice-cold (- 20 °C) acetone (4 volumes of the sample extract), vortexed and placed
for 2 h at -20°C. The resulting solution was centrifuged for 10 min at 16,000 g and the supernatant
was removed. The pellet was subsequently washed twice with ice-cold 4:1 acetone/water. The final
pellet was dried using a SpeedVac (Thermo-Scientific) for 10-15 min. Pellets were dissolved

indenaturant 6M/2M urea/thiourea (both from Merck, Darmstadt, Germany) andbenzonase (Merck)
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was added to the nuclear fraction. All steps were performed at RT to avoid carbamoylation of
amines. Reduction of cysteines was performed with 5 mM DTT (Sigma-Aldrich) for 30 min followed
by alkylation with 11 mM iodoacetamide for 20 min in the dark. The proteins were digested with
1:100 protease LysC (Wako, Neuss, Germany) for 3.5 h, diluted 4 times with 50 mM ammonium
bicarbonate and the digested with 1:100 trypsin (Promega, Madison, USA) overnight. The nuclear
fraction mixture was centrifuged at 10,000 g for 10 min and the supernatant was filtered througha
0.45 um MillexHV filter (Millipore). From each fraction ~100 pg digested protein were collected for
isoelectric focusing, a step required for subsequent normalization. The acetyl lysine peptide
enrichment was performed as previously described (Choudhary et al., 2009). After peptide
enrichment and isoelectric focusing, samples were subjected to mass spectrometry analysis and data

were processed as described below.

SILAC sample processing and analysis

Upon digestion, peptides were concentrated and desalted on SepPak C18 (Waters, Milford,
USA) purification cartridges and eluted using a highly organic buffer (80% acetonitrile, 0.5% acetic
acid). Eluates were lyophilized in a vacuum centrifuge, dissolved in immunoprecipitation buffer (50
mM MOPS pH 7.2, 10 mM sodium phosphate, 50 mM sodium chloride) and mixed with anti-acetyl
lysine antibodies conjugated to agarose beads. The mixture was left for 12 h at 4 °C on a rotation
wheel. The flow-through (containing non-bound peptides) was removed and beads were washed 4
times with the immunoprecipitation buffer and twice with deionized water. Bead-bound peptides
were eluted with 0.1% trifluoroacetic acid. Eluates and 3 separately collected digested protein
samples were desalted using SepPak C18 cartridges and 5% of each acetyl lysine-enriched eluate was
used for separate mass spectrometric (MS) analysis. Peptides were fractionated according to pl on a

strong cation exchange chromatography (SCX) column using a pH step elution gradient as described
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(Tsonev and Hirsh, 2008). The resulting fractions were then desalted on a C18 Stage-tip as described
(Rappsilber and Mann, 2007) prior to MS analysis, which was performed on either an LTQ-Orbitrap-
XL (Thermo Sceintific-Pierce, Whaltam, USA) connected to an Agilent 1200 nanoflow HPLC
system (Agilent) or an LTQ-Orbitrap-Velos (Thermo Scientific-Pierce) connected to an Agilent 1100
nanoflow HPLC system (Agilent), using a nanoelectrospray ion source (Thermo Scientific-Pierce).
Peptides were separated by reversed phase chromatography using an in-house made fused silica
emitter (75 um ID) packed with Reprosil-Pur C18-AQ 3 pum reversed phase material (Dr. Maisch
GmbH, Ammerbuch-Entringen Germany). Peptides were loaded in 98% solvent A (0.5% acetic acid)
followed by 100 min linear gradient to 50% solvent B (80% acetonitrile, 0.5% acetic acid). Survey
full scan MS spectra (m/z range 300-200, resolution 60.000 @m/z 400) were acquired followed by
fragmentation of the 10 (in case of using the LTQ-Orbitrap-XL) or the 20 (in case of using the LTQ-
Orbitrap-Velos) most intense multiply charged ions. Ions selected for MS/MS were placed on a
dynamic exclusion list for 45 sec. Real-time internal lock mass recalibration was used during data
acquisition (Rappsilber and Mann, 2007). For unfractionated acetyl lysine-enriched eluates an
additional MS analysis was performed on the LTQ-Orbitrap Velos using HCD fragmentation
(normalized collision energy of 40) of the 10 most intense ions from each MS spectrum creating
MS/MS spectra at resolution 7500. All samples used for protein normalization were analyzed on an
LTQ FT ULTRA mass spectrometer (Thermo Finnigan, Ringoes, USA) where the 5 most intense
ions from each precursor scan were selected for fragmentation in the LTQ. In this case, no real-time
lock mass recalibration was used. Reverse phase chromatography settings were the same as described

for the analysis done on the Orbitrap spectrometers.
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SILAC data processing

Raw files were processed with MaxQuant v. 1.1.1.14 (Cox and Mann, 2008) into centroided
data and submitted to database searching using the Andromeda search algorithm (Cox et al., 2011).
Pre-processing by MaxQuant was performed to determine charge states, miscleavages and SILAC
states and to filter the MS/MS spectra keeping the 6 most intense peaks within a 100 Da bin. Cysteine
carbamidomethyl was chosen as fixed modification while N-termini acetylation and methionine
oxidation were chosen as variable modifications. Furthermore, acetylation of light, medium and
heavy isotope lysines (Lys0/Lys4/Lys8) was chosen as variable modification. Processed MS/MS
spectra were searched against a concatenated targetdecoy database of forward and reversed
sequences from the IPI database (152616 sequences, FASTA file created 20080506). For the search
trypsin/P+DP was used forthe in silico protein digestion allowing 4 miscleavages. The mass tolerance
for the MS spectra acquired in the Orbitrap was set to 7 ppm whereas the MS/MS tolerance was set to
0.6 Da for the CID MS/MS spectra from the LTQ and to 0.04 Da for the HCD MS/MS spectra. Upon
peptide search, protein and peptide identification was performed given an estimated maximal false
discovery rate (FDR) of 1% at both the protein and peptide level. For FDR calculation, posterior
error probabilities were calculated based on peptides of at least 6 amino acids having an Andromeda
score of at least 30. For protein quantification only unmodified peptides and peptides modified by N-
termini acetylation (N-term) and methionine oxidation (M). If a counterpart to a given lysine
acetylated peptide was identified, this counterpeptide was also excluded by protein quantitation.
According to the protein group assignment performed by MaxQuant, both razor and unique peptides
are used for protein quantification. A minimum of two ratio counts was required for protein
quantification. For quantification of lysine-acetylated sites the least modified peptides were used. The

ratios for the sites were normalized by the corresponding protein ratios to account for eventual
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changes in protein abundance. In case a protein ratio was not determined, normalization was based on

a logarithm transformation algorithm as previously described (Cox et al., 2011).

Statistical analysis

Unless otherwise mentioned, experiments were performed in triplicate and repeated at least
twice. Data were analyzed using the GraphPad Prism 5 software and statistical significance was
assessed by means of two-tailed Student’s ¢ or ANOVA tests, as appropriate. Tumor growth
modeling was carried by linear mixed effect modeling on log pre-processed tumor surfaces. Reported
p-values are obtained from testing jointly that both tumor growth slopes and intercepts (on log scale)
are the same between treatment groups of interests. For sake of clarity, the outcome of the test is only
given for comparisons found significant at p < 0.05. Post-hoc pairwise testing at single sampling time

point confirmed the effects reported on the graphs.

Measurement of the Degradation of Long-lived Proteins

As described in (Bauvy et al., 2009), cells were incubated for 18 h at 37 °C with 0.2 pCi/mL-
['*C] valine. Unincorporated radioisotope was removed by three rinses with phosphate-buffered
saline (pH 7.4). Cells were then incubated in nutrient- and serum-free medium (without amino acids
and in the absence of fetal calf serum) plus 0.1% bovine serum albumin and 10 mM unlabeled valine.
When required, 200 nM wortmannin, a potent inhibitor of the formation of autophagic vacuoles, or 4
x AA were added throughout the chase period. After the first hour of incubation, at which time short-
lived proteins were being degraded, the medium was replaced with the appropriate fresh medium,
and the incubation was continued for an additional 4 h period. Cells and radiolabeled proteins from
the 4 h chase medium were precipitated in 10% (v/v) trichloroacetic acid at 4 °C. The precipitated

proteins were separated from soluble radioactivity by centrifugation at 600 x g for 10 min and then
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dissolved in 250 pl Soluene 350. The rate of protein degradation was calculated as acid-soluble

radioactivity recovered from both cells and the medium.

Cytofluorometric assessment of mitochondrial outer membrane permeabilization

Live cells were co-stained with 20 nM 3,3'dihexiloxalocarbo- cyanine iodide (DiOC6(3), from
Molecular Probes-Invitrogen), which measures mitochondrial transmembrane potential (Aym), and 1
pg/mL  propidium iodide (PI), which identifies cells with ruptured plasma membrane.
Cytofluorometric acquisitions were performed on a FACSCalibur or a FACScan cytofluorometer
(BD Biosciences) equipped with a 70 um nozzle. Analysis was performed by means of the
CellQuestTM or DIVA 6.1 software (BD Biosciences) upon gating on the events characterized by

normal forward scatter and side scatter parameters.

EP300 gene deletion in MEFs

EP300 conditional KO MEFs (EP300flox/flox) were infected with pre-packaged viral particles
expressing recombinant Cre (Vector Biolabs, Philadelphia, USA) according to the manufacturer’s
instructions to obtain EP300A/A MEFs. Successful deletion of EP300 was assessed by means of

immunoblotting against EP300 protein.

In vitro acetylation assay

Recombinant GST-EP300 fusion protein, corresponding to the amino acids 1066-1707(14-418,
Millipore), was assessed for its acetyltransferase activity on the EP300 natural substrates recombinant
histone H3 protein (M2503S, New England Biolabs) and recombinant human p53 GST-fusion
protein (14-865, Millipore).Briefly, 1 pg of EP300 HAT domain was incubated in presence of an

HAT assay buffer (250mM Tris-HCL, pH 8.0, 50% glycerol, 0.5 mM EDTA and 5 mM
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dithiothreitol), 1 pg of substrate protein and growing concentrations of AcCoA (A2056, Sigma
Aldrich) for 1 hour at 30 ° C. The reaction was stopped by adding 4x SDS buffer and boiling the
samples. Acetylation of substrate proteins was measured by immunoblotting using specific antibodies
against H3K56 (Cell Signaling, Danvers, USA), p53 K373 (Millipore) and EP300 K1499 (Cell

Signaling).
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VI. DISCUSSION

My thesis project has consisted into the definition of AcCoA as a key metabolite regulating
starvation-induced autophagy. AcCoA occupies a central position in cellular dynamics, as it controls
the balance between anabolic and catabolic reactions, both as a central metabolic intermediate and as
a signal transducer. We have been able to demonstrate that acute nutrient depletion in cultured human
cells and starvation of rodents share as common metabolic feature a rapid decrease in the levels of

AcCoA, which leads to the deacetylation of cellular proteins.

We found that multiple distinct manipulations designed to increase or reduce intracellular
AcCoA lead to the suppression or induction of autophagy, respectively, in mice or in cultured human
cells. Thus, the inhibition of AcCoA synthesis by interventions on pyruvate, acetate, BCAAs, and
fatty acid metabolism induces autophagy, while stimulation of AcCoA synthesis inhibits autophagy
induced by multiple distinct stimuli. As for the well-established AMP/ATP-AMPK, amino
acids/mTOR, and NADH/NAD-SIRTI1 systems, we identified the acetyltransferase EP300 as the
sensor of cytosolic AcCoA levels. Following the increase in AcCoA concentration, EP300 allows the
rapid adaptation to a nutrient-rich condition by inhibiting, in a transcription independent manner, key

proteins of the autophagic pathway, such as ATGS, ATG7 and as recently discovered, Beclin-1.

Moreover, EP300 retains the capacity of auto-acetylation, thus boosting its activity in a
feedforward manner. The rational between AcCoA-levels and EP300 activity relies on the fact that at
variance with kinases, which operate close to independently from ATP concentrations (due to their
high Kd for ATP), acetyltransferases are profoundly influenced in their catalytic activity by the

availability of acetyl groups, provided by AcCoA. Thus, subtle differences in AcCoA levels may
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impact on the level of overall protein acetylation, which reflects the compounded activity of

acetyltransferases and deacetylases (Wellen et al., 2009).

Accordingly, AcCoA depletion was accompanied by a reduction of the acetylation of most
proteins, as indicated by immunofluorescence detection of acetylated proteins or mass spectrometry.
Notwithstanding this prominent (de)acetylation effect elicited by starvation, SILAC approach has
revealed that a few proteins are hyperacetylated. Similarly, the hyperacetylation of specific proteins
contrasting with this general pattern, the hyperacetylation of specific proteins has been linked to
autophagy induction by starvation. This is exemplified by the proautophagic Esalp/ TIP60-mediated
hyperacetylation of Atg3p in yeast (Lin et al., 2012) or the hyperacetylaton of tubulin (Geeraert et al.,
2010) and ULKI in human cells (Lin et al., 2012), although the metabolic basis of these events

remain to be elucidated.

As previously discussed, the depletion of energy-rich metabolites strongly induces autophagy.
Upon starvation, reduction in ATP/AMP ratio results in AMPK activation and consequently mTOR
inhibition; similarly, decrease in NADH/NAD" ratio leads to SIRT1 activation and deacetylation of
autophagic genes. Notwithstanding the importance of ATP/AMPK and NADH/sirtuin-1, our results
point to the existence of an additional control instance, cytosolic AcCoA. Indeed, at early time points
of starvation, intracellular AcCoA was found to be reduced well before ATP depletion or NADH

oxidation became detectable.

At the same time, manipulations designed to reduce AcCoA levels and to induce autophagy
also result into the activation of AMPK and the inhibition of mTOR. However AMPK was

dispensable for autophagy induction by these agents, as confirmed by the fact that MEFs, lacking the
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AMPK subunits PRKAA1 and PRKAAZ2, still responded to starvation and AcCoA depletion/increase

by an increase/reduction in autophagic flux.

It is possible that ATP-, NADH-, and AcCoA-regulated processes are closely interconnected,
based on multiple pathways that link energy homeostasis among these molecules, as well as on the

fact that AMPK phosphorylates the acetyltransferase EP300.

Moreover, our results add a further level of complexity into the intricate landscape of the
‘mTOR-centric’ sensing of amino acids levels. Indeed, we observed that the BCAA leucine could
signal to the autophagic machinery (also) via an increase in AcCoA levels, depending on its oxidative
decarboxylation catalyzed by branched chain alpha-ketoacid dehydrogenase BCKDH. Whether
Leucine can inhibit autophagy independently of mTOR it remains to be characterized. Similarly, it

would be interesting to explore whether a crosstalk between EP300 and mTOR exists.

As abovementioned, AcCoA metabolism is highly compartmentalized. In this study, we
demonstrated that the nucleo-cytosolic pool of AcCoA is responsible for autophagy inhibition.
Indeed, blocking the mitochondrial export of citrate, via inhibition of SLC25A1 or inhibiting the

activity of ACLY, prevents the AcCoA-elevating agents mediated inhibition of autophagy.

Conversely, replenishing the nucleo-cytosolic pool of AcCoA by the microinjection of AcCoA
into cultured human cells or by the systemic administration of dimethlyl-a-ketoglutarate in vivo and
in vitro suppresses starvation-induced autophagy. Based on these findings, it appears clear that
AcCoA compartmentalization impacts on protein acetylation. Of note, specific acetyltransferases and
deacetylases are also subjected to subcellular compartmentalization. This applies, for instance, to
EP300 as well as to the deacetylase SIRT1, both of which shuttle between the nucleus and the cytosol

(Chang and Guarente, 2014).
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The notion that nucleo-cytosolic pool of AcCoA could influence histone acetylation has already
been investigated by other groups (Wellen et al., 2009). In this work, histone acetylation correlated
with cytosolic AcCoA levels generated through ACLY activity. Furthermore, it has been recently
shown that in cancer cells overexpressing the oncogene Akt, an increment in AcCoA/CoA ratio
drives the metabolic reprogramming of tumor cells affecting histone acetylation (Lee et al., 2014).
Again, this increase in AcCoA levels relies on ACLY activation by Akt, which phosphorylates
ACLY on Ser455 hence boosting its catalytic activity. ATP-Citrate Lyase is thus the major
determinant of protein acetylation at nucleo-cytosolic level via AcCoA production. Chemical (via the
competitive inhibitor Hydroxycitrate) or genetic inhibition of ACLY rapidly triggers autophagy and
protein (de)acetylation both in vitro and in vivo and possibly represents a new identified target in

pathological settings.

In my thesis work, we have not analyzed in detail the consequences that manipulations of
AcCoA metabolism have at nuclear level. Nonetheless, in yeast and flies, it has been observed that
histone deacetylation, caused by AcCoA shortage favors the expression of pro-autophagic genes
(Eisenberg et al., 2014) Similarly, it has been shown that down-regulation of the HAT MYSTI
allows the activation of a pro-autophagic nuclear program trough deacetylation of H4K16 in yeast
(Fullgrabe et al., 2013). Moreover LC3 is deacetylated by SIRT1 in the nucleus, allowing it to shuttle
back to the cytoplasm (in complex with tumor protein p53 inducible nuclear protein 2, TP53INP2)
and participate in the assembly of autophagosomes (Huang et al., 2015). These results indicate that

(de) acetylation reactions can also be important for transcription-dependent autophagy.

Related to this, it has been recently shown that PDC exists in the nucleus, generating a specific
pool of AcCoA necessary for histone acetylation and it would be interesting to define how nuclear

PDC can modulate autophagy at nuclear level (Sutendra et al., 2014).

93



As extensively argumented, different fuels and metabolic pathways can lead to AcCoA
generation; in our experimental settings, we observed that glucose and amino acids deprivation are
responsible for the observed decrease in AcCoA and protein acetylation upon starvation.
Nonetheless, it is important to underline that the source of AcCoA can be cell line or model-organism
dependent; in yeast, nucleo-cytosolic AcCoA metabolism mainly relies on acetate (Eisenberg et al.,
2014). Indeed, yeast cells overexpressing the ortholog of mammalian ACSS2 (i.e., Acs2p) have
increased levels of AcCoA, resulting into elevated histone acetylation and autophagy inhibition.
Moreover, the brain-specific knockout of AcCoAS (the sole ortholog of mammalian ACSS1 and
ACSS?2 in Drosophila) suffices to induces autophagy and extend lifespan. Recently, has emerged how
tumors rely on acetate catabolism for their proliferation (Comerford et al., 2014) and several human
cancers (including brain metastatic tumors) overexpress Acss2 in order to maximize acetate

utilization to sustain their growth (Mashimo et al., 2014).

Hence, AcCoA production can also depend on the cellular type and on the metabolic
reprogramming elicited by a pathologic process like cellular transformation. In line with this latter
notion, the expression levels of proteins involved in AcCoA metabolism and transport, as well as in
(de)acetylation reactions, exhibit remarkable variations in cells of different histological origin . Thus,
the cellular differentiation and activation state might also affect the relative abundance of multiple
AcCoA-relevant enzymes, adding yet another layer of complexity to this regulatory network.
However, in our setting, the administration of any Acetyl CoA source or the stimulation of any

AcCoA metabolic route it is sufficient for inhibiting starvation-induced autophagy.

Mice deprived of food (but with access to water ad libitum) for 24 hr exhibit a significant
reduction in total AcCoA levels in several organs, including the heart and muscles, corresponding to

a decrease in protein acetylation levels However, the same experimental conditions have no major
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effects on AcCoA concentrations in the brain and actually increase hepatic AcCoA and protein
acetylation levels (Chow et al., 2014). This latter phenomenon has been causally linked to the
mobilization of subcutaneous fat stores, one of the first effects of short-term fasting (Browning et al.,

2012).

In fasting conditions, indeed, fatty acids are released by adipocytes and employed (at least in
part) as substrate for f-oxidation (which produces AcCoA) within hepatocytes (which are particularly
rich in mitochondria) (Browning et al., 2012).Repeated intraperitoneal injections of dimethyl-a-
ketoglutarate or dichloroacetate (DCA) efficiently prevent the drop of AcCoA levels provoked by

starvation in the heart and muscle of mice.

Along similar lines, the provision of excess acetate has been shown to increase AcCoA levels
in the hypothalamus upon the activation of ACAC, eventually resulting in the synthesis of anorectic
neuropeptides and appetite suppression (Frost et al., 2014) Finally, ethanol intake augments AcCoA

levels in hepatic mitochondria (Fritz et al., 2013).

The aforementioned findings indicate that alterations in food and alcohol intake have a direct
impact on intracellular AcCoA levels. However, it appears unlikely that the starvation induced
decrease of AcCoA in the heart and muscles solely and directly results from reduced glucose

availability.

Indeed, intracellular AcCoA concentrations drop well before glycemia decreases, at the same
time as circulating triglycerides increase. This phenomenon may therefore reflect the ability of
starvation to cause a diminution in the plasma levels of various cytokines and growth factors,
including INS and IGF1, coupled to an increase in the circulating amounts of the IGF1 antagonist

insulin-like growth factor binding protein 1 (IGFBP1) (Cheng et al., 2014).
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Limited growth factor signaling results indeed in reduced AKT]1 activation, which has (at least)
two negative consequences for AcCoA metabolism. First, AKT1 signaling is required for normal
glucose uptake through plasma membrane glucose transporters (at least in muscle and adipose tissue)
(Wieman et al., 2007). Second, AKT1 normally phosphorylates ACLY on S473, hence stimulating
AcCoA production (Lee et al., 2014). Although this hypothetical pathway linking starvation to
dwindling AcCoA levels has not been formally explored in vivo, signs of AKT1 activation (i.e.,
AKTI1 phosphorylation on S473) positively correlate with histone acetylation levels in human

gliomas and prostate cancers (Lee et al., 2014).

Another major pathway that may link starvation to dropping AcCoA levels in some cells
involves SIRT1, which is activated in energy-low conditions (high NAD" levels) (Morselli et al.,
2010) and inhibits ACSS2 (Sahar et al., 2014). This latter effect may explain the circadian

rhythmicity of hepatic AcCoA levels in mice (Sahar et al., 2014).

Obviously, metabolic disorders also affect AcCoA concentrations. For example, type-1
diabetes causes a major increase in hepatic AcCoA concentrations (Perry et al., 2014). Interestingly,
this effect can be mimicked by a 3-day HFD regimen combined with an artificial elevation of
circulating corticosterone levels (which occur spontaneously in animal models of type 1 diabetes) and
can be reverted by the administration of mifepristone, an antagonist of glucocorticoid receptors
(Perry et al., 2014). Thus, the increased turnover of fatty acids and acetate associated with type I
diabetes may elevate mitochondrial AcCoA levels, ultimately promoting hepatic gluconeogenesis by
virtue of its capacity to allosterically activate PC and inhibit the PDC. Further supporting this notion,
mice genetically endowed with a muscle-specific defect in f-oxidation are significantly less prone to

develop diet-induced INS resistance than their wild-type counterparts.
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Based on these observations, it appears clear as AcCoA is a metabolic and signaling molecule
able to influence several cellular process and its levels affect the propensity of cells to grow, progress

along the cell cycle, mount autophagic responses to stress, and succumb to regulated cell death.

(Figure 4).
Acetyl-CoA
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Figure 4. (Pietrocola et al., 2015a). Impact of Acetyl CoA on various Cellular functions. Abbreviations HAT,
histone acetyltransferase; KAT, lysine acetyltransferase; MTORCI, mechanistic target of rapamycin complex I;

NAT, Na acetyltransferase; ULK 1, unc-51-like autophagy activating kinase 1.
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In this work, we defined the fall of AcCoA levels and protein (de) acetylation as new hallmarks
of nutrient starvation. We thus hypothesized that compounds able to induce similar cellular
modifications could also replicate the preclinical positive effects linked to nutrient deprivation.
Indeed, long-term caloric restriction (that is, reduced calorie intake without malnutrition) or
intermittent short-term starvation (fasting) has been shown to prolong the mean and the maximum
lifespan of yeast, plants, worms, flies and rodents. (Rubinsztein et al., 2011) Caloric restriction
may also have beneficial effects on longevity in primates and it may improve healthspan,
particularly by reducing the incidence of highly penetrant pathologies such as metabolic diseases,
cancer, arteriosclerosis and neurodegeneration. More recently, strategies of long-term starvation
have been adopted, even if in preclinical studies, for improving the effect of chemotherapy in
different cancer models (Lee et al., 2012). Unlike alternate day fasting, long-term starvation is
accompanied by a significant weigh-loss, which in non-obese patiens or in the context of
chemotherapy can represent an undesirable effect; for this reason, intermittent fasting regimens can
mediate the positive effects of starvation avoiding weigh-loss. Nonetheless, even in context of
metabolic disorders and more particularly obesity, long-term starvation has turned to be a poorly
suitable strategy for the amelioration of the metabolic syndrome. Similarly, most normal-weighted,
apparently healthy individuals with pre-diabetes, dyslipidaemia or other signs of imminent severe
disease are refractory to harsh diets, vigorous exercise, alternate-day fasting or similar strategies to
improve their health (Madeo et al., 2014). For this reason, the administration of compounds able to
mimic the metabolic and molecular changes triggered by fasting can be adopted to induce the
positive effects of starvation limiting its side effects. Although the use of Caloric Restriction
Mimetics has already been proposed, there is no consensus for the biochemical definition and their

classification. Following our study, we define CRMs as compounds that, as starvation, reduce
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protein acetylation levels. There are three biochemical ways to achieve this effect: first, the

nucleocytosolic pool of AcCoA can be reduced by preventing the synthesis of AcCoA in

mitochondria and in the cytosol or, alternatively, by preventing its export from mitochondria into

the cytosol. Second the direct inhibition of KATs, whose activity directly depends on AcCoA

concentration. Third, the activation of protein Deacetylases such as Sirtuins that deacetylate key

substrate acetylated by KATs. The net result of these different manipulations is the modulation of

different molecular pathways (i.e AMPK activation, mTOR inhibition) as well as the establishment

of an epigenetic nuclear program, which ultimately lead to pro-healthy effects, including autophagy

(Figure 5). A series of hypothetical CRMs is listed on table 2. (Madeo et al., 2014).

Table 2. Biochemical and functional characteristics of CRMs

Preclinical and clinical effects possibly

g flarzes EXGRTC (T linked to autophagy induction
itoch ial .
Mitochondria UK5099 (synthetic) Unknown
pyruvate carrier
Carnitine palmitoyl Perhexiline Anti-angina pectoris agent.
transferase 1 maleate (synthetic) Improvement of hypertrophic cardiomyopathy.
i ial ci 1,2,3-benzene-tricarboxylate . . . . .
Mltgchondmal citrate ” nz X Reduction of insulin secretion in rat islets.
carrier (synthetic)
Autophagy-dependent reduction in weight-loss in mice.
Hydroxycitrate Reduction of body weight, insulin resistance and oxidative
(from Garcinia cambogia and | stress in obese Zucker rats.
AcCoA . . . .
. Hibiscus Antitumor effects on transplantable mouse cancers if combine
depleting . e
acents subdariffa) with lipoic acid.
g . Weight loss in controlled clinical trials.
ATP citrate lyase .. . T
Anti-inflammatory action in sepsis in mice.
Radicicol (Diheterospora Improved muscle regeneration in mice.
chlamydosporia) Protection against renal and myocardial ischemia-reperfusion
damage in rodents.
SB-204990 Decrease in chlolesterol. anq tryglicerydes in rats.
Tumor growth suppression in mice.
Pyruvate CPI-613 Anti-tumor effects in mice.
dehydrogenase
Acety] Improves heart function in rat model of myocardial infarction
Y . Heart failure prevention and cardiac hypertrophy reversion
transferase Histone acetyl transferase Curcumin (from Curcuma T h inhibition i rthotopi del of ti
inhibitors ty longa) umor growth inhibition in an rthotopic model of pancreatic

cancer in mice.
Inhibition of forestomach, duodenal, and colon
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carcinogenesis in mice.

Lifespan extension in C. elegans and D. melanogaster.
Improvement of Glucose Tolerane and Insulin resistant
phenotype in db/db mice.

Prevenzion of Azt-induced colon cancer in db/db mice.

Epigallocatechin-
3-gallate (EGCG) (from green
tea)

Lifespan extension in CElegans and rats.

Neuroprotection in Alzheimer’s mouse model, ischemic
stroke and ALS mouse model.

Inhibition of hepatosteatosis and increase of lipolysis in
high-fat diet fed mice.

Suppression of dextran-sulfate induced cholitis.

Reduced weight gain and insulin resistance in mice receiving
obesogenic diet.

Category

Target

Agent (source)

Preclinical and clinical effects possibly
linked to autophagy induction

Spermidine

Autophagy dependent lifespan extension in yeast, nematodes,
flies.

Lifespan extension in mice.

Prevention of colon cancer development in mice.

Reduction in arterial aging and ROS-mediated oxidative stress.
Reduction in skin inflammation in mice.

Reversion of age-mediated memory impairment in flies.

Anacardic Acid (Anacardium
occidentale)

Tumor growth and angiogenesis inhibition in human cancers
xenografted to mice.

Garcinol
(Garcinia indica)

Antitumoral effects in squamous cell carcinoma of head and
neck.

Xenograft model.

Anti-carcinogenesis effect via 5-lipooxygenase inhibition.

MB-3

Unknown

CPTH2

Unknown

C646

Immunostimulation by inhibition of Treg in mice.

Gallic Acid (different plants)

Anti-proliferative effects on xenografted mouse tumors in mice
Reduces infiltration of tumor by T reg cells in mice.
Reduced weight gain in rats under high-fat diet.
Suppression of P-amyloid neurotoxicity.

Deacetylase
activators

Sirtuin 1

Resveratrol (different plants,
red wine)

Extends lifespan of mice on high-fat diet.

SIRT-1 dependent autophagy induction in mammalian and
nematodes.

Amelioration of metabolic syndrome and inflammation in
Rhesus Monkey fed an obesogenic diet.
Chemopreventive effect on colon cancer in the Apc
mouse model.

Prevents B-cell dedifferentiation under high-fat/high-sugar
conditions in nonhuman primates and isolated human islets
Improvement of insulin sensitivity and glucose control in
diabetic patients.

Min/+

Nicotinamide riboside
Nicotinamide mononucleotide

Protection against high-fat diet induced abnormalities.
Lifespan extension in S. cerevisiae.

Amelioration of diet and age-dependent diabetic
pathophysiology.

SRT1720
(synthetic)

Amelioration of metabolic syndrome in obese Zucker rats
Lifespan extension and amelioration of metabolic syndrome
in HFD-fed mice.

Life span extension and improved insulin sensitvity in mice
fed a standard diet.
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Increased mitochondrial biogenesis in brain and muscle with
augmented exercise tolerance.

Reduction in inflammation, weight gain and metabolic
syndrome in mice.

Tumor growth reduction in orthotopic model of pancreatic
cancer.

Quercetin
(different plants,
red wine, green tea)

Piceatannol

. Improvement of metabolic syndrome in db/db obese mice.
(Picea abies, red wine) prov ¥

In my work, we observed that the inhibition of both pyruvate entry into the mitochondria via
MPC and the block of intra-mitochondrial generation of Acetyl CoA via PDH are able to induce the
triad of Acetyl CoA reduction, protein (de) acetylation and autophagy induction. Similarly, the
inhibition of citrate export in the cytosol and its consequent conversion into Acetyl CoA and
oxaloacetate by ACLY provoke the same effects. Along the same notions, reducing Acetyl CoA
production from Acetate by inhibiting ACSS1 and from FFA blocking CPT can also stimulate the
CRMs triad. For this reason, ACLY inhibitors (such as HC and SB204990), UK-5009 (MPC-

inihibtiors) or perhexiline (CPT1 inhibitors) can be enumerated into CRMs.

KATs inhibitors include a variety of natural compounds known for pro-healthy as well as pro-
autophagic effects. For a series of broad-range KATs inhibitors such as Curcumin, Anacardic Acid
and Garcinol, we established a direct correlation between the (de) acetylation, mTOR inhibition and
autophagy induction. On the contrary, the EP300 specific inhibitor C646 showed a dose-dependent
effect in term of protein (de) acetylation, whereas it maintained the ability to induce autophagy even
at concentrations to which we do not observe (de) acetylation. Importantly, we observed that
Spermidine, known for its lifespan extension and pro-autophagic effects, behave as a competitive

inhibitor of EP300.

Resveratrol is considered to be the first example of a SIRT1 activator, although it has been

disputed whether this effect is achieved by direct molecular interactions with the SIRT1 protein
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causing its allosteric activation or whether it involves indirect mechanisms — for example, an
increase in cellular cyclic AMP levels (as a result of the resveratrol-mediated inhibition of
phosphodiesterase) leading to activation of AMPK. Irrespective of these unknown factors,
resveratrol potently stimulates autophagy via SIRT1 in nematodes and mammalian cell, as already
discussed. Importantly, Resveratrol-based compounds have been shown to induce general (de)

acetylation and to induce autophagy in cultured cell line (Pietrocola et al., 2012).

The net effect of protein deacetylation is detectable only upon a general inhibition of KATs, as
in the case of AcCoA drop or via administration of non-specific KATs inhibitors but it cannot be
reproduced by knocking-down or via chemical inhibition of individual KATs. Another major caveat
concerns the specificity of several natural CRMs. For example, EGCG (a polyphenol found in green
tea) and curcumin have multiple molecular targets and may have pleiotropic effects as a result of
their suboptimal specificity. Therefore, genetic studies are of particular importance to identify the
health-promoting targets of CRMs. Notwithstanding these aspects, it is important to underline that
genetic modulation of CRMs targets confirmed their pivotal role in the regulation of healthy-related
phenomena; Knocking down the gene encoding ACLY was shown to induce cytoprotective
autophagy that delayed the toxicity caused by the expression of a mutant form of Huntingtin in
cultured human cells, and knocking down the gene encoding AcCoA synthetase extended the
lifespan of D. melanogaster. (Eisenberg et al., 2014) Moreover, SIRTI-transgenic mice share
features with mice that have been subjected to a calorically restricted diet, including improved
metabolic parameters and motor capabilities, reduced DNA damage during ageing — which has
oncosuppressive effects — and ameliorated angiotensin IlI-induced vascular pathology. The
knockout of genes encoding acetyl transferases (particularly HATs) is often embryonically lethal,

which reflects the crucial role of these enzymes in several cellular processes and in early
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development (Yao et al., 1998). Nevertheless, there is some genetic evidence that modulating acetyl
transferase activity can be an efficient way to mimic dietary restriction. The KAT3 family of acetyl
transferases (including CREB-binding protein (CBP) and EP300) is a particularly crucial hub that
translates nutrient availability into transient or epigenetic modifications of effector proteins.
Interestingly, genetic ablation of the cysteine histidine-rich 1 (CH1) domain of EP300 or of CBP,
which is responsible for insulin responsiveness, mimicked the beneficial effect of caloric restriction
as it increased insulin sensitivity and glucose tolerance, and also reduced body weight and white
adipose tissue when these mice were fed either normal or high-fat diets (Bedford et al., 2011).
EP300 consequently seems to be a reasonable target for mimicking caloric restriction, and the
putative health-promoting effects of nonspecific acetyl transferase inhibitors (such as curcumin,
gallic acid or EGCQG) could indeed be linked to their ability to block EP300 activity (Mielgo-Ayuso
et al.,, 2014). On the basis of these considerations, it is particularly important to evaluate the
therapeutic and toxicological profiles of more selective EP300 inhibitors (such as C646) in
preclinical studies. It is reasonable to expect — but remains to be shown — that truly specific
EP300 inhibitors might combine maximum efficacy with minimum toxicity. In favour of this
possibility, small-molecule inhibitors of EP300 lack the toxicity of their natural template garcinol
when added to T cells in vitro (Mantelingu et al., 2007). Similarly, analogues of anarcadic acid have
been developed with the aim of generating agents that kill malignant cells but that spare normal
cells (Eliseeva et al., 2007). These findings highlight the potential therapeutic value of more specific

EP300 inhibitors.

The hypothesis that optimal CRMs are pharmacological agents that induce autophagy via

protein deacetylation has several practical implications that warrant further investigation.
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First, autophagy-regulatory deacetylation reactions might be used as biomarkers to measure the
in vitro and in vivo effects of CRMs (for example, in blood cells). As an example, antibodies
recognizing proteins carrying acetylated lysine residues (irrespective of the context) or — more
specifically — antibodies recognizing EP300 only when it is acetylated on Lys1499 (Delvecchio et
al., 2013) can be used to detect the effect of starvation or CRMs on distinct tissues and cell types in
vivo and in vitro. Similarly, the deacetylation of specific sirtuin substrates can be determined as a
proxy of sirtuin activity. It remains to be determined which deacetylation reactions would be

optimally suitable as caloric restriction- or CRM-relevant biomarkers.

Second, if the detection of deacetylation and the induction of autophagy constituted accurate
biomarkers for predicting the efficacy of CRMs, such biomarkers might in turn facilitate
pharmacological screens for the identification of new CRMs. In such screens, cultured cells would
be exposed to candidate CRMs and autophagy would be detected (for example, by monitoring the
redistribution of green fluorescent protein (GFP)-LC3 to autophagosomes). General protein

deacetylation or deacetylation of specific proteins could also be measured.

Third, if deacetylation constituted the point at which autophagy is regulated by AcCoA, acetyl
transferases and deacetylases, it seems obvious that particular combinations of autophagy inducers
should interact in a synergistic manner. In the same way as a kinase inhibitor may be expected to
synergize with an activator of a phosphatase acting on the same substrate, acetyl transferase inhibi-
tors should synergize with deacetylase activators. As a proof of principle, spermidine was shown to
synergize with resveratrol to induce autophagy (Morselli et al., 2011). It will be important to
investigate such interactions in more detail to gain insights into their putative beneficial and

collateral effects in vivo.
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Fourth, it will be important to evaluate novel combination regimens in addition to CRMs. As
cytosolic AcCoA and EP300 repress mTORCI activity and several CRMs extend lifespan by
inhibiting the TOR pathway, it seems that the CRM-modulated and IGF1-, AKT-, and
TORC]1-dependent pathways functionally intersect. Thus, it will be interesting to investigate
whether the combination of CRMs with inhibitors of IGF1, AKT or TORCI1 is more effective than

these agents alone.

Finally, the evaluation of current and future CRMs in clinical trials for the treatment of
diabetes, metabolic syndrome and other diseases should benefit from the monitoring of suitable
biomarkers. In particular, setting up a consistent method for LC3-detection and protein acetylation
in blood peripheral cells may represent a novel approach for rapid evaluation of autophagy in

clinical settings.
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SUMMARY

Acetyl-coenzyme A (AcCoA) is a major integrator of
the nutritional status at the crossroads of fat, sugar,
and protein catabolism. Here we show that nutrient
starvation causes rapid depletion of AcCoA. AcCoA
depletion entailed the commensurate reduction in
the overall acetylation of cytoplasmic proteins, as
well as the induction of autophagy, a homeostatic
process of self-digestion. Multiple distinct mani-
pulations designed to increase or reduce cytosolic
AcCoA led to the suppression or induction of auto-
phagy, respectively, both in cultured human cells
and in mice. Moreover, maintenance of high AcCoA
levels inhibited maladaptive autophagy in a model
of cardiac pressure overload. Depletion of AcCoA
reduced the activity of the acetyltransferase EP300,
and EP300 was required for the suppression of auto-
phagy by high AcCoA levels. Altogether, our results
indicate that cytosolic AcCoA functions as a central
metabolic regulator of autophagy, thus delineating
AcCoA-centered pharmacological strategies that
allow for the therapeutic manipulation of autophagy.

INTRODUCTION

Macroautophagy (“autophagy”) involves the highly regulated
sequestration of cytoplasmic organelles or portions of the

710 Molecular Cell 53, 710-725, March 6, 2014 ©2014 Elsevier Inc.

cytosol in double-membrane vesicles, called autophagosomes,
which later fuse with lysosomes, resulting in the degradation of
the inner autophagosomal membrane and luminal content
(Mizushima and Komatsu, 2011). Autophagy plays an essential
role in cellular adaptation to multiple types of stress, recycling
of superfluous or damaged cellular material, quality control of
organelles, removal of protein aggregates, and destruction of
intracellular pathogens (Kroemer et al., 2010). Although auto-
phagy plays a major role in antagonizing degenerative processes
and avoiding unwarranted cell death, its excessive induction
may result in maladaptive tissue remodeling (Levine and
Kroemer, 2008; Lopez-Otin et al., 2013; Zhu et al., 2007).
Autophagy can be induced by a plethora of cell-extrinsic and
cell-intrinsic stressors, in a biphasic process. The rapid phase
of autophagy induction, which occurs on a timescale of minutes
to hours, does not require de novo synthesis of macromolecules
and relies on posttranscriptional regulators (Morselli et al., 2011;
Tasdemir et al., 2008), contrasting with more protracted auto-
phagic responses that rely on the execution of transcriptional
programs (Settembre et al., 2011; Warr et al., 2013). At the post-
transcriptional level, the autophagic pathway is regulated by
multiple (de)phosphorylation reactions. Multiple components of
the “core machinery” of autophagy are either kinases (such as
the protein kinases autophagy-related gene 1 [ATG1] and
mammalian target of rapamycin [MTOR] or the lipid kinase
Vps34) or kinase substrates (Behrends et al., 2010). Another
posttranslational modification that participates in the regulation
of autophagy is acetylation. Multiple components of the core
machinery of autophagy have been shown to undergo changes
in their acetylation status (Banréti et al., 2013; Lee et al., 2008;
Lee and Finkel, 2009; Morselli et al., 2011; Yi et al., 2012), and
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similarly core regulators of autophagy such as the transcription
factors p53 and forkhead box P3 (FOXP3) can be regulated by
acetylation (Contreras et al., 2013).

Metabolic perturbation, in particular amino acid, serum, or
glucose deprivation, can induce autophagy, and potent energy
sensors including AMP-dependent protein kinase (AMPK), the
mammalian target of rapamycin complex 1 (mMTORC1), and the
NADH-dependent deacetylases of the sirtuin family control
autophagy (Kroemer et al., 2010). Thus, decreases in intracellular
amino acids, ATP, and NADH give rise to mTORCH1 inhibition,
AMPK stimulation, and sirtuin-1 activation, respectively, thereby
stimulating the induction of autophagy via intersecting pathways
(Kroemer et al., 2010).

Here, we report the unexpected finding that acetyl-CoA
(AcCoA) is yet another metabolite that plays a cardinal role in
the regulation of starvation-induced autophagy. Inhibition of
enzymes required for the maintenance of cytosolic AcCoA in-
duces autophagy through a transcription-independent process
related to the reduced activity of the acetyltransferase EP300.
Moreover, manipulations designed to increase cytosolic AcCoA
prevent autophagy in vitro and in vivo.

RESULTS

Starvation Induces Depletion of Acetyl-CoA and Protein
Deacetylation

Autophagy can be potently induced by exposing cells to
nutrient-free media or by subjecting mice to starvation (Mizush-
ima and Komatsu, 2011). Mass spectrometric metabolomic
profiling of starved cells (in vitro) or organs (in vivo) revealed
the intracellular depletion of very few common metabolites,
one of which was AcCoA (Figure 1A). Starvation-induced AcCoA
depletion could be confirmed in murine and human cell lines,
both in total cellular homogenates (Figure 1B) and in cytosolic
fractions (Figure 1C). At the analyzed short (<6 hr) incubation
times, the starvation-induced decrease of AcCoA was not
accompanied by the depletion of ATP or NADH (Figure 1B and
Figures S1A-S1C available online). In mice, heart and muscle
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tissues responded to nutrient depletion by mounting a strong au-
tophagic response (Mizushima et al., 2004), which we found to
be commensurate with a reduction in AcCoA levels (Figures 1A
and 1D) and a decrease in cytoplasmic protein acetylation (Fig-
ures ST1E and S1F). In contrast, brain tissue, in which autophagy
induction is not observed after fasting (Mizushima et al., 2004),
presented no alterations in AcCoA levels or protein acetylation
even after prolonged (48 hr) starvation (Figures 1D and S1G).

Starved cells exhibited a preponderant deacetylation of their
proteins, as determined by SILAC technology (Figure 1E; Table
S1). Global deacetylation of the majority of cellular proteins
was confirmed by immunoblot analyses (Figure 1F), although
some proteins like tubulin were hyperacetylated after starvation
(Geeraertetal., 2010; Lee et al., 2010) (Figure 1F and 1G). For the
rapid evaluation of the global acetylation status of cytoplasmic
proteins, we developed a protocol in which plasma membranes
but not nuclear envelopes were permeabilized (Pietrocola et al.,
2012), acetylated tubulin was blocked with a specific antibody,
and antibody staining of proteins with acetylated lysines was
revealed by immunofluorescence. Using this method, we could
detect starvation-induced deacetylation of cytoplasmic proteins
(Figures 1G and 1H). These results suggest that AcCoA depletion
is linked to the deacetylation of cytoplasmic proteins.

Maintaining AcCoA Levels during Starvation Inhibits
Autophagy Induction

AcCoA is produced in mitochondria by three major pathways
(Figures 11 and 1J), namely pyruvate decarboxylation, fatty
acid oxidation, and the catabolism of branched-chain amino
acids (BCAAs) (Wellen et al., 2009).

Pyruvate decarboxylation is catalyzed by pyruvate dehydro-
genase (PDH), which is negatively regulated by pyruvate dehy-
drogenase kinase (PDK) isoenzymes (PDK1, PDK2, PDK3, and
PDK4) (Roche and Hiromasa, 2007). Knockdown of PDK2 or
PDK4 inhibited both starvation-induced AcCoA depletion and
autophagy, as measured by two assays (GFP-LC3 distribution
to cytoplasmic puncta and LC3 lipidation detectable by immuno-
blot, both in the presence/absence of the lysosomal inhibitor

Figure 1. Nutrient Starvation Leads to a Reduction of Both AcCoA Levels and Cytoplasmic Protein Acetylation

(A) Clustering of metabolites, the concentration of which significantly changed in MEFs and human U20S cells after 4 hr of nutrient-free (NF) culture and in skeletal
muscle and heart tissues from C57BI/6 mice after 48 hr of fasting. The results are presented as fold-change values in relation to appropriate nonstarved controls.
(B and C) Targeted mass spectrometric analyses confirmed a reduction of total AcCoA, but not of NADH or ATP (B) or cytosolic AcCoA (C) in human U20S cell line
and MEFs after 4 hr of nutrient starvation.

(D) Targeted analyses also confirmed a reduction of AcCoA in vivo.

(E) Clustering of proteins found to be differentially acetylated in response to nutrient starvation or rapamycin treatment, as detected by SILAC technology. Only
sites regulated >2-fold were included in statistical analyses.

(F) Representative immunoblots of total cell lysates showing a reduction of protein acetylation and an increase of tubulin acetylation after 4 hr of nutrient star-
vation.

(G) Representative immunofluorescence microphotographs reflecting detection of cytoplasmic lysine-acetylated proteins (left panels) or acetylated tubulin (right
panels), after 4 hr of nutrient starvation. Scale bar, 10 um.

(H) Quantification of data depicted in (G) at different time points during nutrient starvation. Results are reported as means + SEM of at least six replicates per
condition. *p < 0.05 (unpaired Student’s t test) compared to the corresponding controls.

(I and J) Schematic representation of the main cellular pathways involved in the generation of mitochondrial and cytoplasmic AcCoA pools. Strategies to elevate
or deplete AcCoA are shown in () and (J), respectively. Blue, knockdown of genes. Orange, overexpression of genes. Green, compounds causing AcCoA
elevation. Red, compounds causing AcCoA depletion. ACLY, ATP-citrate lyase; ACSS2 (acetyl-Coenzyme A synthetase-2); a-KG (a-ketoglutarate); BCKDH
(branched-chain ketoacid dehydrogenase); BTC (benzenetricarboxylate); CiC (citrate carrier); Cit (citrate); CPT (carnitine palmitoyltransferase); DCA
(dichloroacetate); DMKG (dimethyl a-ketoglutarate); HC (hydroxycitrate); KIC (x-ketoisocaproic acid); IDH (isocitrate dehydrogenase); LA (lipoic acid); Leu
(leucine); MPC (mitochondrial pyruvate carrier); OAA (oxalacetate); PDH (pyruvate dehydrogenase); PDKs (pyruvate dehydrogenase kinases); PHX (perhexiline);
Pyr (pyruvate); TCA, tricarboxylic acid; UK5099 (a-cyano-B-(1-phenylindol-3-yl)acrylate). See also Figure S1.
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bafilomycin A1, BafA1, to measure autophagic flux) but had
no significant effect on cellular ATP content (Figures 2A-2C
and S2A). Starvation-induced autophagy inhibition by PDK2/4
knockdown was accompanied by a reversion of starvation-
associated mTORCH1 inhibition and AMPK activation (Figure 2C).
Similarly, pharmacological inhibition of PDKs with dichloroace-
tate (DCA) resulted in the suppression of starvation-induced
AcCoA depletion (but not in an increase of ATP levels), protein
deacetylation, mTORC1 inhibition, AMPK activation, turnover
of long-lived proteins, and autophagic flux, both in vitro, in
starved human cells (Figures 2D-2G and S4L), and in vivo, in
the heart (Figure 2H-2J and S2B), skeletal muscle, and liver
(data not shown) from starved mice. Direct stimulation of PDH
activity by its cofactor lipoic acid (LA) (Zachar et al., 2011) also
allowed starved cells to maintain high AcCoA and cytoplasmic
acetylation levels, as it blunted starvation-induced mTORC1 in-
hibition, AMPK activation, turnover of long-lived proteins, and
autophagic flux (Figures S2C-S2F and S4L).

BCAAs (such as leucine) are transaminated to branched-chain
a-ketoacids (such as, in the case of leucine, a-ketoisocaproic
acid, KIC), which subsequently undergo oxidative decarboxyl-
ation, yielding AcCoA as the end product. This irreversible
reaction is catalyzed by the mitochondrial branched-chain
a-ketoacid dehydrogenase complex (BCKDH) (Chuang, 2013).
Supplementation of leucine, the most bioactive BCAA, was
sufficient to maintain high AcCoA levels and cytoplasmic protein
acetylation during nutrient deprivation, correlating with the
suppression of autophagy (Figures S2G-S2J). Addition of KIC
was sufficient to avoid AcCoA depletion and protein deacetyla-
tion in starved cells, as it prevented starvation-associated
mTORCH1 inhibition and AMPK activation. Concomitantly, KIC
inhibited the starvation-induced increase in autophagic flux
and turnover of long-lived proteins (Figures 2K-2N and S4L).
On a molar basis, KIC (which barely increased intracellular
leucine levels, as determined my mass spectrometry) was
more efficient than leucine in suppressing autophagy (Figures
S2K and S2L). Depletion of BCKDH E1a. subunit (BCKDHA)
inhibited the conversion of KIC into AcCoA (Figure 20) as it
abolished the KIC-mediated suppression of starvation-induced
autophagy (Figures 2P and 2Q). In contrast, BCKDHA depletion
did not abolish the slight increase in intracellular leucine concen-
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trations induced by KIC supplementation (Figure S2M). Alto-
gether, these findings support the contention that KIC inhibits
autophagy through its conversion into AcCoA rather than by
replenishing amino acids.

When supplemented to starved cells, the short-chain fatty
acid butyrate, which can be catabolized to AcCoA (Donohoe
et al., 2012), maintained high cytosolic AcCoA, increased protein
acetylation, and inhibited autophagic flux (Figures S3A-S3D).
Supplementation of dimethyl-a-ketoglutarate (DMKG), a cell-
permeant precursor of a-ketoglutarate (Willenborg et al., 2009),
also maintained high AcCoA and cytoplasmic acetylation levels
and low autophagy (linked to a coordinated modulation of
mTORC1 and AMPK pathways activity) under starvation condi-
tions in vitro (Figures 3A-3D). DMKG supplementation failed to
enhance intracellular amino acid levels in starved cells (Fig-
ure S3H). Simultaneous depletion of both isocitrate dehydroge-
nase isoforms (IDH1 and IDH2) abolished the ability of DMKG
to replenish cytosolic AcCoA levels (Figure 3E) as well as its
antiautophagic function (Figures 3F and 3G). These results sug-
gest that DMKG-derived a-ketoglutarate undergoes reductive
carboxylation to isocitrate, followed by IDH1/2-mediated isom-
erization to the AcCoA precursor citrate (Figures 11 and 1J).

Beyond these in vitro effects, DMKG efficiently reduced
autophagy in vivo. Parenteral administration of DMKG to starved
mice avoided the depletion of AcCoA (Figure 3H) and the de-
acetylation of cytoplasmic proteins (Figure S3E), as well as
fasting-induced autophagy in heart (Figures 3l and 3J) and
skeletal muscles (data not shown). Moreover, DMKG inhibited
the maladaptive accumulation of autophagosomes induced by
surgical thoracic aortic constriction (TAC) (Figures 3K, 3L, S3F,
and S3G). Repeated DMKG injections suppressed multiple
features of TAC-induced heart failure, namely cardiomyocyte
hypertrophy (Figure 3M), left ventricular dilatation (Figure 3N),
cardiac muscle fibrosis (Figure 30), and reduced contractile
performance (Figure 3P). Thus, suppression of maladaptive
autophagy by increasing AcCoA levels can blunt pressure over-
load-induced cardiomyopathy, confirming the beneficial effects
of genetic autophagy inhibition in this pathology (Zhu et al.,
2007).

It should be noted that none of the AcCoA-replenishing agents
(DCA, LA, KIC, butyrate, or DMKG) were capable of increasing

Figure 2. Starvation-Induced Autophagy Is Inhibited by AcCoA Replenishment

(A-C) Effects of the knockdown of pyruvate dehydrogenase kinase 2 or 4 (PDK2 or PKD4). Depletion of PDK2 or PDK4 from U20S cells kept in nutrient-free (NF)
conditions led to an increase in AcCoA levels but not in ATP (A). In addition, PDK2 or PDK4 knockdown inhibited NF-induced autophagy, as measured by GFP-
LC3 puncta formation (B) or by LC3 lipidation (C). This inhibition of NF-induced autophagy was accompanied by a reduction in AMPK phosphorylation as well as
by an increase in mTORC1 activity (C).

(D-G) In vitro effects of dichloroacetate (DCA). Inhibition of PDKs by DCA resulted in an increase in both AcCoA levels (D) and cytoplasmic protein acetylation (E),
together with the inhibition of NF-induced autophagy, as measured by GFP-LC3 puncta formation (F) and LC3 lipidation. This effect of DCA was associated with a
reduction in NF-induced AMPK phosphorylation, as well as with an increase in mTORC1 activity (G).

(H-J) In vivo effects of DCA. Intraperitoneal injection of DCA (but not vehicle alone) resulted in increased AcCoA levels after 24 hr of starvation (NF) in mouse
tissues (H). () DCA treatment inhibited starvation-induced autophagy in vivo, as measured by assessing LC3 lipidation (upper panel) of heart tissues from C57BI/6
mice or by fluorescence microscopic analyses of hearts from GFP-LC3 transgenic mice (lower panel), quantified in (J).

(K-Q) Reversion of starvation-induced autophagy by ketoisocaproic acid (KIC). Supplementation of KIC to cells cultured in NF conditions resulted in an increase
in AcCoA levels, ATP decrease (K), and cytoplasmic protein acetylation (L), together with an inhibition of autophagy (M), inhibition of AMPK phosphorylation, and
reversion of 70%% dephosphorylation (N). Branched-chain ketoacid dehydrogenase (BCKDH) knockdown prevented the AcCoA increase (O) and autophagy
inhibition (P and Q) mediated by KIC supplementation.

*p < 0.05 (unpaired Student’s t test) compared to control conditions; *p < 0.05 (unpaired Student’s t test) compared to cells kept in nutrient-free (NF) conditions.
See also Figure S2.
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cellular ATP levels in starved cells. Rather, when combined with
starvation, such agents induced a decrease in cellular ATP (Fig-
ures 2A, 2D, 2K, 3A, S2C, and S3A), which may be attributed to
autophagy inhibition, as treatment with the autophagy inhibitor
3-methyladenine (3-MA) similarly reduced ATP content (Fig-
ure S4J) and autophagy-deficient Atg5~'~ or Atg7 '~ mouse
embryonic fibroblasts (MEFs) contained lower cellular ATP levels
than WT MEFs (Lin et al., 2012b). These results suggest that an
increase in cellular AcCoA levels is sufficient to counteract
autophagy induction by nutrient deprivation. Moreover, pharma-
cological and metabolic manipulations designed to increase
AcCoA were capable of suppressing autophagy induced by clin-
ically relevant compounds, including metformin, rotenone, Akt
inhibitors, and rapamycin (Figure S3I; Table S2). Thus, AcCoA
acts as a broad-spectrum autophagy repressor, well beyond
its capacity to inhibit starvation-induced autophagy.

AcCoA Depletion Is Sufficient to Induce Autophagy

Next, we addressed the question as to whether a reduction in
AcCoA levels would be sufficient to increase autophagic activity,
even in cells that are kept in rich medium. Before it can be
converted to AcCoA, pyruvate has to be transported across
the inner mitochondrial membrane by the mitochondrial pyruvate
carrier (MPC) complex (Herzig et al., 2012). Knockdown of MPC
or its inhibition by UK5099 led to the depletion of intracellular
AcCoA without reducing ATP (Figures 4A and 4E). AcCoA deple-
tion was coupled to deacetylation of cytoplasmic proteins
(Figures 4B and 4F), induction of GFP-LC3 puncta (Figures 4C
and 4G), and lipidation of endogenous LC3-I to LC3-Il, both in
the presence and absence of BafA1, confirming an increase of
autophagic flux (Figures 4D and 4H). UK5099 also increased
the autophagy-dependent turnover of long-lived proteins (Fig-
ure S4L). Moreover, transfection-enforced overexpression of
several PDK isoforms, which catalyze the inhibitory phosphory-
lation of PDH, led to a reduction in both AcCoA levels (without
significantly altering ATP concentration) and cytoplasmic protein
acetylation, together with an increase in autophagic flux and
autophagy-dependent protein degradation (Figures 41-4L, S4A,
and S4B).

In addition to pyruvate decarboxylation, fatty acid oxidation
may generate AcCoA. Inhibition of mitochondrial carnitine
palmitoyltransferase-1 (CPT1), the rate-limiting enzyme in fatty
acid-oxidation, by perhexiline (PHX) (Foster, 2004), reduced
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AcCoA cellular levels, and induced signs of autophagy (Figures
S4C-S4E). Similarly, knockdown of CPT1c, a CPT1 isoform
highly expressed in human cancer cells (Zaugg et al., 2011),
stimulated autophagic flux in U20S osteosarcoma cells (Figures
S4F and S4G).

Importantly, all the interventions designed to deplete AcCoA
also resulted in mTORC1 inhibition (as indicated by reduced
phosphorylation of its substrate p70°®) and AMPK stimulation
(Figures 4D, 4H, 4L, and S4E) yet failed to reduce intracellular
ATP levels (Figure S4J) or to reduce the mitochondrial trans-
membrane potential (Figure S4K). Depletion of AcCoA was not
cytotoxic and actually prevented cell death induced by trans-
genic Q74 huntingtin (Williams et al., 2008) (Figures S4H and
S4l), consistent with the reported cytoprotective action of
autophagy (Rubinsztein et al., 2007). Thus, the interruption of
glycolytic and lipolytic AcCoA generation in mitochondria, via
inhibition of MCP or CPT1, respectively, can induce cytoprotec-
tive autophagy.

Cytosolic, Not Mitochondrial nor Nuclear, AcCoA
Regulates Autophagy
AcCoA-dependent acetylation affects the function of proteins in
mitochondria, as well as in other organelles including nuclei
(Hebert et al., 2013; Masri et al., 2013; Wellen et al., 2009).
Cytosolic AcCoA is mostly generated from citrate, which is
transported from mitochondria to the cytosol by the mito-
chondrial citrate carrier (CiC). Once in the cytosol, citrate is
converted back to oxaloacetate and AcCoA by ATP-citrate lyase
(ACLY) (Wellen et al., 2009). Based on these premises, we
analyzed whether cytosolic AcCoA reduction would be sufficient
to stimulate autophagic flux. Inhibition of CiC by the substrate
analog 1,2,3-benzenetricarboxylate (BTC) induced the triad
of AcCoA depletion (measured specifically in the cytosolic
fraction), protein deacetylation, and autophagy (Figures 5A-
5D). Similarly, either knockdown of ACLY or addition of hydrox-
ycitrate (HC), its competitive inhibitor (Lowenstein and Brunen-
graber, 1981), also reduced cytoplasmic AcCoA levels (Figures
5E and 5l), induced -cytoplasmic protein deacetylation
(Figures 5F and 5J), and strongly stimulated autophagy in vitro
(Figures 5G, 5H, 5K, and 5L).

Oral administration of HC to WT mice for 2 days triggered a
systemic autophagic response (Figures 5M and 5N) comparable
to that induced by starvation (Figure S5A). Prolonged treatment

Figure 3. Inhibition of Autophagy by Dimethy-a-Ketoglutarate

(A-G) Inhibition of autophagy by DMKG in vitro. Addition of DMKG to cell cultured in nutrient-free (NF) conditions increased cellular AcCoA levels and decreased
ATP levels (A) and cytoplasmic protein acetylation (B). DMKG treatment also abolished NF-induced GFP-LC3 puncta (C) and LC3 lipidation (D). (E-G) Knockdown
of isocitrate dehydrogenase-1 and dehydrogenase-2 (IDH1/2) prevented AcCoA increase (E) and autophagy inhibition (F and G) after DMKG supplementation.
(H-J) Inhibition of starvation-induced autophagy by DMKG in vivo. Intraperitoneal injection of DMKG increased cardiac AcCoA levels (H) after 24 hr of starvation
(NF), as compared with vehicle-treated mice. DMKG treatment inhibited starvation-induced autophagy in vivo, as measured by LC3 lipidation (upper panelin ) or
by microscopic analysis of hearts from GFP-LC3 transgenic mice (lower panel in |, quantified in J). Scale bar, 10 pm.

(K-P) Effects of DMKG treatment on pressure overload-induced maladaptive autophagy in the heart. Daily intraperitoneal injections of DMKG (300 mg/kg)
decreased cardiac autophagy induced by thoracic aortic constriction (TAC), as measured by immunoblotting (K) or immunohistochemistry (L). DMKG admin-
istration also suppressed TAC-induced cardiomyocyte hypertrophy (measured by staining with wheat germ agglutinin in transverse sections of the left ventricle)
(M), ventricular hypertrophy expressed as the heart weight/body weight ratio (HW/BW) or left ventricle internal diameter (LVID) (N), cardiac muscle fibrosis
measured by trichrome staining (O), and reduction in contractile performance quantified as ejection fraction or fractional shortening (P). Scale bars, 15 um in (D),
40 pum in (F), and 100 um in (1).

All values are shown as means + SEM of at least three experiments. *p < 0.05 (unpaired Student’s t test) compared to the corresponding control conditions; #p <
0.05 (unpaired Student’s t test) compared to values from starved cells. See also Figure S3.
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Figure 4. Inhibition of Pyruvate Decarboxylation Stimulates Autophagic Flux

(A-H) Inhibition of the mitochondrial pyruvate carrier (MPC). Knockdown of MPC or its pharmacological inhibition by UK5099 reduced AcCoA but not ATP levels
(A and E) and cytoplasmic protein acetylation (B and F), while it increased GFP-LC3 puncta (C and G) and LC3 lipidation (D and H).

(I-L) Inhibition of pyruvate decarboxylation by overexpression of pyruvate dehydrogenase kinase (PDK) isoforms. Overexpression of PDK1, PDK2, or PDK4 in
U20S cells led to a decrease in AcCoA (but not ATP) levels (I); deacetylation of cytoplasmic proteins (J); increased GFP-LC3 puncta (K), lipidation of LC3, and
AMPK phosphorylation; and decreased p70°®* phosphorylation by mTORC1 (L).

All values are shown as means + SEM of at least three experiments. *p < 0.05 (unpaired Student’s t test) as compared to the corresponding condition in untreated
controls (or pcDNA3 transfected cells). See also Figure S4.

(2 weeks) with HC is known to cause significant weight loss tion by HC was only observed in autophagy-competent wild-
(Onakpoya et al., 2011), and this effect was not accompanied type mice, not in autophagy-deficient Atg4b*/* mice (Marifio
by reduced food intake (Figure S5B). Surprisingly, weight reduc- et al., 2010) (Figure 50).
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Although cytosolic AcCoA is mostly generated from citrate via
ACLY, it can also be generated from acetate by the acyl-CoA
synthetase short-chain family member 2 (ACSS2) (Wellen and
Thompson, 2012). Knockdown of ACSS2 induced the triad of
cytosolic AcCoA depletion, protein deacetylation, and auto-
phagy induction (Figures 5P-5S).

Depletion of cytosolic AcCoA by the aforementioned experi-
mental approaches was accompanied by an increase in AMPK
phosphorylation and a decrease in mTORC1-mediated p70®*
phosphorylation (Figures 5D, 5H, 5L, and 5S). Importantly,
interventions designed to deplete cytosolic AcCoA (i.e.,
blockade of the mitochondrial citrate carrier by BTC or inhibition
of ACLY by HC) abolished both the protein hyperacetylation and
autophagy suppression by manipulations designed to elevate
mitochondrial AcCoA levels in starved cells (i.e., addition of the
PDH activator DCA, the a-ketoglutarate precursor DMKG, or
the leucine derivate KIC) (Figures 6A and 6B). This supports
the idea that the cytosolic (rather than the mitochondrial) pool
of AcCoA modulates autophagic flux. Consistent with this
notion, all treatments that increased total cellular AcCoA levels
(DCA, LA, DMKG, KIC, and UK5099) also raised the cytosolic
concentration of AcCoA (Figures S5C and S5D). To directly
assess the impact of cytosolic AcCoA on autophagy, starved
U20S cells stably expressing GFP-LC3 were microinjected
with AcCoA. The introduction of AcCoA (but not that of CoA)
into the cytosol of starved cells increased cytoplasmic protein
acetylation and simultaneously reduced starvation-induced
autophagic flux (Figures 6C and 6D). This experiment provides
direct evidence in favor of the idea that cytosolic AcCoA re-
presses autophagy.

Through nuclear pores, cytosolic AcCoA can freely diffuse into
the nucleus, modulate the acetylation of histone and other chro-
matin binding factors, and hence affect gene transcription
programs (Wellen and Thompson, 2012), which in turn might
impinge on autophagy. To evaluate this possibility, we experi-
mentally enucleated GFP-LC3-expressing cells and exposed
the resulting cytoplasts to AcCoA-modulating conditions in
the presence of BafA1l. AcCoA-depleting agents (BTC, HC,
UK5099) stimulated autophagic flux in cytoplasts as efficiently
as in nucleated control cells (Figures 6E and 6F). Moreover, star-
vation-induced autophagy was fully induced in cytoplasts and
was indistinguishably repressed by AcCoA replenishing agents
in cytoplasts and cells (Figures 6G and 6H). Thus, short-term
alterations in cytosolic AcCoA concentrations can regulate auto-
phagy through purely cytoplasmic (nonnuclear) effects.

The Acetyltransferase EP300 Is Required for AcCoA-
Mediated Autophagy Inhibition

Cells harbor multiple acetyltransferases and deacetylases that
control the acetylation of nuclear and cytoplasmic proteins
(Nakamura et al., 2010). Among the 78 acetyltransferases anno-
tated in the human genome, we chose 43 whose localization is
not strictly restricted to the nucleus. We evaluated the effects
of the knockdown of these 43 acetyltransferases on the modula-
tion of autophagic flux by AcCoA-elevating agents, as measured
by the accumulation of GFP-LC3 dots in the presence of BafA1
and p62 degradation (Figures 7A, S7A, and S7B; Table S3).
Although the knockdown of several acetyltransferases increased
autophagic flux (Figure 7A; Table S4), only that of EP300 reverted
the autophagy-inhibitory effects of butyrate, DCA, KIC, LA, and
DMKG (Figure 7A). These results were confirmed by quantifying
GFP-LC3 dots in the presence of BafA1 (Figures 7B and 7D) or
by assessing LC3 lipidation in U20S cells (Figures 7C and 7E).
Moreover, knockdown of EP300 decreased mTORC1 activity
and abolished the activation of mTORC1 by AcCoA donors
(Figures 7E, S7A, and S7B). Pharmacological inhibition of
EP300 protein by c646, which competes for AcCoA binding to
EP300 (Bowers et al., 2010), also induced autophagy both
in vitro, in cultured cells, and in vivo, in mice (Figures 7F, 71,
and 7J). Consistently, either EP300 inhibition by c646 (in human
cells) or EP300 gene deletion (in MEFs) precluded the inhibitory
effect of AcCoA-replenishing agents on starvation-induced
autophagy (Figures 7G and S7E-S7H).

The activity of EP300 was highly sensitive to variations in
AcCoA concentrations that are close to those observed in the
cytosol of mammalian cells (Yeh and Kim, 1980). In fact, the
autoacetylation of recombinant EP300 protein on K1499 (which
reflects its acetyltransferase activity) (Thompson et al., 2004),
as well as its capacity to acetylate other substrates (such as
recombinant tumor suppressor p53 or histone H3 proteins),
was influenced by AcCoA concentrationin a cell-free system (Fig-
ure 7H). Acetylation of EP300 was also reduced after the culture
of cells in nutrient-free conditions, as determined by SILAC tech-
nology (Figure 1E) and confirmed by immunobloting (Figures S7C
and S7D). Starvation-induced deacetylation of the K1499 residue
in EP300 could be avoided when AcCoA was replenished by
addition of DCA, KIC, DMKG, or LA (Figures S7C and S7E).

Taken together, these results indicate that EP300 is respon-
sible for AcCoA-mediated autophagy repression and under-
score the link between AcCoA concentration, EP300 activity,
and autophagy regulation.

Figure 5. Depletion of Cytosolic AcCoA Increases Autophagic Flux

(A-D) Inhibition of citrate transport from mitochondria to cytoplasm by benzenetricarboxylate (BTC). Short-term (4 hr) incubation with BTC reduced AcCoA but not
ATP levels (A), reduced cytoplasmic protein acetylation (B), and increased GFP-LC3 puncta (C) and LC3 lipidation (D).

(E-L) Inhibition of ATP citrate lyase (ACLY) in vitro. Depletion of ACLY by siRNAs or addition of its competitive inhibitor, hydroxycitrate (HC), reduced AcCoA but
not ATP levels (E and I) and reduced cytoplasmic protein acetylation (F and J), while it increased autophagic flux (G, H, K, and L). Hydroxycitrate specifically
inhibits ACLY catalytic activity, reducing its phosphorylation on Ser455 (L).

(M-=0) Inhibition of ACLY in vivo. Intraperitoneal injection of HC (100 mg/kg) induced a rapid (6 hr) increase in LC3 lipidation and p62 depletion (upper panelin M), in
hearts from C57BI/6 mice, or stimulated the formation of GFP-LC3 puncta in transgenic mice (bottom panels in M, quantified in N). Effects of 1 week of HC
treatment (900 mg/kg per day, orally) with standard chow ad libitum on the body weight of WT and Atg4b '~ mice. Averages + SD of weight loss are depicted.
(P-S) Effects of the knockdown of cytoplasmic AcCoA synthetase (ACSS2). ACSS2 depletion reduced AcCoA but not ATP levels (P) and reduced cytoplasmic
protein acetylation (Q), while it increased autophagic flux (R and S). Scale bar, 10 pm.

All values are shown as means + SEM of at least three experiments. *p < 0.05 (unpaired Student’s t test) as compared to the corresponding condition in controls
(or UNR siRNA-transfected cells). See also Figure S5.
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Figure 6. Modulation of Autophagy by Cytosolic AcCoA

(A and B) Inhibition of mitochondria-to-cytoplasm transport of AcCoA reverts autophagic flux inhibition and cytoplasmic protein hyperacetylation elicited by
dichloroacetate (DCA), a-ketoisocaproic acid (KIC), or dimethyl a-ketoglutarate (DMKG). Quantification of cytoplasmic protein acetylation and GFP-LC3 puncta
(in the presence of BafA1), treated with DCA, KIC, or DMKG in the absence or presence of the tricarboxylate carrier inhibitor benzenetricarboxylate (BTC) or
hydroxycitrate (HC) (A and B).

(C and D) Effects of AcCoA microinjection. Representative pictures of AcCoA-injected U20S cells (C) showing reduced accumulation of GFP-LC3 puncta
compared with noninjected (N.1.) cells. Dextran red was added to the AcCoA- or CoA-containing solutions to monitor injection. Scale bar, 10 um. After injection,
cells were incubated in nutrient-free conditions in the presence of 100 nM BafA1 and fixed after 3 hr. (D) Statistical analysis of cytoplasmic protein acetylation and
GFP-LC3 puncta. *p < 0.05 (unpaired Student’s t test) as compared to untreated controls (or CoA-microinjected cells).

(E-H) Effects of enucleation on autophagy. U20S cells stably expressing GFP-LC3 were enucleated to obtain cytoplasts. Cytoplasts were treated for 5 hr with
AcCoA reducing agents in the presence of Baf A1. Shown are representative images of cells and cytoplasts for untreated (Co) and hydroxycitrate (HC)-treated
samples (E), as well as quantitative data (F). Representative images (G) of cells and cytoplasts subjected to 5 hr of starvation (NF) or to starvation in the presence of
lipoic acid (LA). GFP-LC3 dots per cell or cytoplast in nutrient-free (NF) conditions, alone or with supplementation of the indicated agents (H). Arrows indicate
cytoplasts, whereas arrowheads mark nonenucleated cells. Scale bars, 10 um. All values are shown as means + SEM of at least three experiments. *p < 0.05
(unpaired Student’s t test) compared to the corresponding condition in controls (or UNR siRNA-transfected cells). See also Figure S6.
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DISCUSSION

Here we report that multiple distinct manipulations designed to
increase or reduce intracellular AcCoA lead to the suppression
or induction of autophagy, respectively, in mice or in cultured
human cells. Thus, the inhibition of AcCoA synthesis by inter-
ventions on pyruvate, acetate, BCAAs, and fatty acid meta-
bolism induces autophagy, while stimulation of AcCoA synthesis
inhibits autophagy induced by multiple distinct stimuli.

At variance with kinases, which operate close to independently
from ATP concentrations (due to their high Ky for ATP), acetyl-
transferases are profoundly influenced in their catalytic activity
by the availability of acetyl groups, provided by AcCoA. Thus,
subtle differences in AcCoA levels may impact on the level of
overall protein acetylation, which reflects the compounded activ-
ity of acetyltransferases and deacetylases (Wellen and Thomp-
son, 2012). Accordingly, AcCoA depletion was accompanied by
a reduction of the acetylation of most proteins, as indicated by
immunofluorescence detection of acetylated proteins or mass
spectrometry. This finding is in accord with multiple reports
showing that deacetylation favors autophagy. Starvation can
induce the sirtuin-1-induced deacetylation of essential autophagy
proteinsincluding ATG5, ATG7, ATG12,and LC3 (Lee et al., 2008;
Lee and Finkel, 2009); the HDAC6-mediated deacetylation of cor-
tactin (Lee et al., 2010); and the HDAC6-mediated deacetylation
and activation of salt-inducible kinase 2 (SIK2), a member of the
AMPK family, which is counteracted by the acetyltransferase
EP300 (Yang et al., 2013). Moreover, the direct activation of de-
acetylases and inhibition of acetyltransferases can stimulate the
induction of autophagy (Eisenberg et al., 2009; Morselli et al.,
2011). Contrasting with this general pattern, the hyperacetylation
of some specific proteins has been linked to autophagy induction
by starvation. This is exemplified by the proautophagic Esalp/
TIP60-mediated hyperacetylation of Atg3p in yeast (Yi et al.,
2012) or the hyperacetylaton of tubulin (Geeraert et al., 2010;
Lee et al., 2010) and ULK1 in human cells (Lin et al., 2012a).
Accordingly, we found that starvation led to the hyperacetylation
of a few proteins, as determined by SILAC technology. Future
studies must determine through which mechanisms starvation
may stimulate the hyperacetylation of a few exceptional sub-
strates in spite of a context of reduced AcCoA levels.

The depletion of energy-rich metabolites is a strong inducer of
autophagy. As an example, an unfavorable shift in the ratio
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between ATP and AMP causes activation of AMPK, which phos-
phorylates multiple substrates in the cardinal autophagy regula-
tors, including the ULK1, mTORC1, and Beclin 1 complexes (Kim
et al., 2013). Moreover, depletion of NADH causes the activation
of sirtuin-1 and other sirtuins with autophagy-stimulatory conse-
quences (Jang et al., 2012). AMPK and sirtuin-1 can cooperate in
autophagy induction, forming a cooperative switch for the rapid
adaptation of cells to dwindling energy sources (Canto et al.,
2009; Lan et al., 2008). Notwithstanding the importance of
ATP/AMPK and NADH/sirtuin-1, our results point to the exis-
tence of an additional control instance, cytosolic AcCoA. Indeed,
at early time points of starvation, intracellular AcCoA was found
to be reduced well before ATP depletion or NADH oxidation
became detectable.

It is possible that ATP-, NADH-, and AcCoA-regulated
processes are closely interconnected, based on multiple path-
ways that link energy homeostasis among these molecules, as
well as on the fact that AMPK phosphorylates the acetyltransfer-
ase EP300 (Yang et al., 2001) and closely cooperates with the
deacetylase sirtuin-1 (Kroemer et al., 2010). Moreover, sirtuin-1
deacetylates liver kinase B1 (LKB1), increasing its capacity to
phosphorylate and activate AMPK (Lan et al., 2008). In accord
with this postulated interconnectivity, artificial depletion or
replenishment of AcCoA was accompanied by the activation or
inhibition of AMPK, as well as the mirror-like inhibition or activa-
tion of mMTORC1. MEFs lacking the AMPK subunits PRKAA1 and
PRKAA2 still responded to starvation and AcCoA depletion/
increase by an increase/reduction in autophagic flux (Figures
S6A and S6B), supporting the idea that acetylation-dependent
control of autophagy can occur independently from AMPK. In
contrast, our data are fully compatible with the possibility that
cytosolic AcCoA depletion stimulates autophagy via the repres-
sion of mTORC1 activity. Indeed, in all experiments, cytosolic
AcCoA levels negatively correlated with the phosphorylation of
the mTORC1 substrate p705°K.

Interestingly, inhibition of EP300 acetyltransferase counter-
acted the autophagy-suppressive action of high AcCoA. In
fact, none of the AcCoA-elevating agents used in this study
were able to inhibit starvation-induced autophagy in the absence
of EP300 expression. Moreover, genetic or pharmacological
inhibition of EP300 consistently induced autophagy in several
model systems. Notwithstanding the caveat that EP300 inhibi-
tion might induce autophagy via toxic side effects, these results,

Figure 7. Identification of EP300 as the Acetyltransferase Responsible for AcCoA-Mediated Autophagy Inhibition

(A) Systematic analysis of acetyltransferases. Results are clustered as fold change values in the number of GFP-LC3 dots (after a 3 hr period incubation with
BafA1), obtained by comparing USOS cells transfected with two distinct acetyltransferase-specific siRNAs (both shown) to cells transfected with unrelated
control siRNAs, in the indicated cultured conditions. NF refers to nutrient-free.

(B-E) Effects of EP300 depletion on autophagic flux and mTORC1 activity. Autophagy was assessed by GFP-LC3 puncta in the presence of BafA1 (B and D) or by
immunoblotting (C and E).

(F and G) Effects of EP300 inhibition by c646 on autophagic flux and mTORC1 activity, as determined by immunoblotting (F) or quantitation of GFP-LC3 dots in the
presence of BafA1 (G).

(H) Effects of AcCoA concentrations on the enzymatic activity of recombinant EP300 protein in vitro, in a chemically defined system. The autoacetylation of EP300
and the acetylation of p53 or histone H3 by EP300 were determined by immunobloting with antibodies recognizing Ac-K1499 EP300, Ac-K373 p53, or Ac-K56
Histone3.

(I and J) In vivo induction of autophagy by the EP300 inhibitor c646. After intraperitoneal injection of c646, hearts from WT mice were subjected to immunoblot
analyses (l), or hearts from GFP-LC3-transgenic mice were analyzed by fluorescence microscopy (J). Scale bar, 10 um.

Values are shown as means + SEM (n > 3). *p < 0.05, Student’s t test with respect to cells transfected with unrelated (UNR) siRNAs or cultured with vehicle only
(Co) in otherwise identical culture conditions. See also Figure S7.
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together with the fact that EP300 activity is regulated by AcCoA
levels, suggest that EP300 may function as an AcCoA sensor
that translates elevations in intracellular AcCoA into autophagy
inhibition. EP300 is known to acetylate ATG proteins, thereby
interfering with their proautophagic function (Lee and Finkel,
2009). Although this seems a plausible mechanism by which
high AcCoA may inhibit autophagy in an EP300-dependent
fashion, additional EP300 targets may be involved in this
process. Thus, EP300 inhibition prevented mTORC1 activation
upon AcCoA replenishment, suggesting that EP300 inhibition
might stimulate autophagy indirectly, via the suppression of
mTORC1 activity. The molecular links between EP300 and
mTORC1 require further in-depth investigation.

Chronic elevation of AcCoA by excessive caloric intake may
suppress autophagy, thereby accelerating the manifestation
of age-associated pathologies. On the other hand, dietary and
pharmacological manipulations causing a decrease in AcCoA
might ameliorate our health by stimulating autophagy. In this
context, it appears intriguing that HC, an antiobesity agent
(Onakpoya et al., 2011), enhances autophagic flux, which in
turn is required for body weight reduction. In contrast, several
components used to experimentally stimulate weight gain,
such as DMKG or KIC (Campbell et al., 2006; Zanchi et al.,
2011), were found to suppress autophagy.

Altogether, the present data unravel a whole range of meta-
bolic and pharmacological manipulations that, by targeting
AcCoA, allow for the induction or suppression of autophagy irre-
spective of the nutritional status.

EXPERIMENTAL PROCEDURES

Chemicals, Cell Lines, and Culture Conditions
Unless otherwise specified, chemicals were purchased from Sigma-Aldrich
(St. Louis), culture media and supplements for cell culture from GIBCO-
Invitrogen (Carlsbad), and plasticware from Corning (Corning). Human colon
carcinoma HCT 116 cells were cultured in McCoy’s 5A medium containing
10% fetal bovine serum, 100 mg/L sodium pyruvate, 10 mM HEPES buffer,
100 units/mL penicillin G sodium, and 100 pg/mL streptomycin sulfate (37°C,
5% CO,). Human osteosarcoma U20S cells, their GFP-LC3-expressing deriv-
atives, human neuroblastoma H4 GFP-LC3 cells (gift from Professor J. Yuan),
and human GFP-LC3-expressing Hela cells were cultured in DMEM medium
containing 10% fetal bovine serum, 100 mg/L sodium pyruvate, 10 mM HEPES
buffer, 100 units/mL penicillin G sodium, and 100 ng/mL streptomycin sulfate
(87°C, 5% CO,). MEFs were cultured in the same DMEM with additional supple-
mentation of nonessential amino-acids and B-mercaptoethanol. Cells were
seeded in 6-well, 12-well plates or in 10, 15 cm dishes and grown for 24 hr
before treatment with 10 uM rapamycin, 100 nM bafilomycin A1 (BafA1), (Tocris
Bioscience, Bristol), 5 mM dimethyl a-ketoglutarate, 20 mM HC, 10 mM a-ke-
toisocaproate, 50 mM L-leucine, 20 mM sodium DCA, 20 mM sodium butyrate,
5mM 1,2,3-benzenetricarboxylic acid hydrate (BTC), 10 uM PHX maleate salt,
5 mM (z)-a-LA, UK5099, 3 pg/mL puromycin (all from Sigma Aldrich), 100 uM
curcumin, 3-methyl-butyrolactone, 50 uM anacardic acid, and 10 uM timosa-
ponin A-lll, PI-103, moperamide, amiodarone, nimodipine, nitrendipine, nigul-
dipine, rotenone, rifluoperazine, sorafenib tosylate, niclosamide, rottlerin,
caffeine, metformin, clonidine, rilmenidine, 2’,5’'-dideoxyadenosine, suramin,
pimozide, STF-62247, spermidine, FK-866, tamoxifen citrate, glucosamine,
HA 14-1, licochalcone A, vurcumin, Akt Inhibitor X, rockout, 2-deoxyglucose,
etoposide, C2-dihydroceramide and temozolomide (all from Enzo Life Sci-
ences, Villeurbanne). For serum and nutrient deprivation, cells were cultured
in serum-free Hank’s balanced salt solution (HBSS).

The complete set of experimental procedures is available online in the Sup-
plemental Information.
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Supplemental Information includes seven figures, five tables, and Supple-
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Resveratrolis a polyphenol contained in red wine that has been amply investigated for its beneficial effects on organismal
metabolism, in particular in the context of the so-called “French paradox,” i.e., the relatively low incidence of coronary
heart disease exhibited by a population with a high dietary intake of cholesterol and saturated fats. At least part of
the beneficial effect of resveratrol on human health stems from its capacity to promote autophagy by activating the
NAD-dependent deacetylase sirtuin 1. However, the concentration of resveratrol found in red wine is excessively low to
account alone for the French paradox. Here, we investigated the possibility that other mono- and polyphenols contained
in red wine might induce autophagy while affecting the acetylation levels of cellular proteins. Phenolic compounds
found in red wine, including anthocyanins (oenin), stilbenoids (piceatannol), monophenols (caffeic acid, gallic acid)
glucosides (delphinidin, kuronamin, peonidin) and flavonoids (catechin, epicatechin, quercetin, myricetin), were all
capable of stimulating autophagy, although with dissimilar potencies. Importantly, a robust negative correlation could be
established between autophagy induction and the acetylation levels of cytoplasmic proteins, as determined by a novel
immunofluorescence staining protocol that allows for the exclusion of nuclear components from the analysis. Inhibition
of sirtuin 1 by both pharmacological and genetic means abolished protein deacetylation and autophagy as stimulated by
resveratrol, but not by piceatannol, indicating that these compounds act through distinct molecular pathways. In support
of this notion, resveratrol and piceatannol synergized in inducing autophagy as well as in promoting cytoplasmic protein
deacetylation. Our results highlight a cause-effect relationship between the deacetylation of cytoplasmic proteins and

autophagy induction by red wine components.

Introduction

Autophagy is a catabolic pathway leading to the lysosomal degra-
dation of intracellular material, including organelles and portions
of the cytoplasm. Baseline levels of autophagy play a prominent
homeostatic role and contribute to organismal development.!
Moreover, the autophagic flow is significantly upregulated as an
adaptive response to distinct adverse conditions such as meta-
bolic stress (nutrient deprivation and hypoxia) and infection by
intracellular pathogens.”® In line with this notion, autophagic
defects underlie a panel of clinically relevant pathologies encom-
passing heart failure, hereditary myopathies, neurodegenerative
diseases, chronic inflammatory states, steatosis/steatohepatitis
and cancer.*? Conversely, the pharmacological or genetic stimu-
lation of autophagy increases the capacity of cells to withstand
metabolic stress, as it facilitates the maintenance of high ATP
levels,*> sustains genomic stability® and reduces the abundance
of potentially toxic cellular components, such as permeabilized
mitochondria as well as protein aggregates that may promote
neurodegeneration.”®

*Correspondence to: Guido Kroemer; Email: kroemer@orange.fr
Submitted: 08/25/12; Revised: 08/30/12; Accepted: 08/30/12
http://dx.doi.org/10.4161/cc.22027
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Rapamycin, the best characterized pharmacological inducer
of autophagy, acts by inhibiting the mammalian target of
rapamycin complex 1 (mTORCI)? and has been shown to
prolong the lifespan of all organisms studied so far, including
mice.™ In Saccharomyces cerevisiae, Caenorbabditis elegans
and Drosophila melanogaster, the lifespan-extending activity of
rapamycin is lost in conditions in which autophagy cannot be
induced.'*>!¢ Of note, rapamycin and the so-called rapalogs are
the most effective inducers of autophagy currently used in the
clinics, yet have severe immunosuppressive effects.”” Thus, the
pharmacological profile of alternative, non-toxic pro-autophagic
compounds (such as rilmenidine and carbamazepine) is being
characterized in suitable preclinical models of chronic degenera-
tive diseases.'s"

Non-toxic compounds such as resveratrol and spermidine are
also being evaluated for their potential to induce autophagy in
vivo and to improve healthy aging.?** Resveratrol is a natural
polyphenol found in grapes, red wine, berries, knotweed, peanuts
and other plants. This molecule first attracted interest as it was
believed to explain the so-called “French paradox,” that is, the
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relatively low incidence of coronary heart disease manifested by
a population with a high dietary intake of cholesterol and satu-
rated fats.”*?> However, the concentrations of resveratrol found in
red wine are excessively low to entirely account for this phenom-
enon.? Besides operating as an antioxidant, resveratrol is a potent
inducer of autophagy,”® an effect that stems from the activation
of the NAD"-dependent deacetylase sirtuin 1 (SIRT1).212728
Resveratrol was initially proposed to directly activate SIRT1,%%
although less direct mechanisms may actually be preponder-
ant.”?® SIRT1 was originally characterized for its activity of
histone deacetylase.® However, at least two lines of evidence
indicate that SIRT1 operates on cytoplasmic, rather than nuclear,
substrates to mediate resveratrol-induced autophagy. First, the
pro-autophagic activity of resveratrol is fully preserved in enucle-
ated cells (i.e., cytoplasts). Second, a SIRT1 variant that cannot
be imported into the nucleus (owing to the deletion of its nuclear
localization signal) is as proficient at inducing autophagy as its
wild-type counterpart.®!

Recent proteomic studies revealed that 5-10% of mamma-
lian and bacterial proteins undergo reversible lysine acetyla-
tion, a post-translational modification consisting of the addition
of an acetyl group to the & amino group of lysine residues.’*%
(De)acetylation reactions de facto rival (de)phosphorylation for
importance as post-translational mechanisms for the regulation
of protein function.?® Indeed, the (de)acetylation of multiple
distinct proteins affects transcriptional programs (in particular
when histones and transcription factors are involved) as well as
multiple transcription-independent processes, including chro-
mosome separation during mitosis [following the (de)acetyla-
tion of cohesin],** cytoskeletal dynamics,” DNA repair,** RNA
processing,” receptor signaling,’® metabolic circuitries* and cell
death. 4

In mammals, (de)acetylation reactions are catalyzed by at
least 30 acetyltransferases and approximately 18 deacetylases,**%
several of which have been involved in the control of autophagy:
SIRT1,% SIRT2,% histone deacetylase 6 (HDAC6)* and p300.7
However, attempts to identify one or a few critical substrates
whose (de)acetylation would entirely account for the regula-
tion of autophagy by these enzymes have failed. For instance,
p300 can acetylate several autophagy-relevant proteins, includ-
ing ATG5, ATG7, ATG12 and LC3B,” while SIRT1 can cat-
alyze the deacetylation of ATG5, ATG7, LC3B,* as well as of
the transcription factor forkhead box O3 (FOXO3), which, in
turn, controls the expression of several pro-autophagic proteins.”’
Moreover, resveratrol as well as spermidine (a natural polyamine
found in citrus fruits and soybeans) provoke the (de)acetylation
30 suggesting
that (de)acetylation reactions regulate autophagy by a muldi-

of several dozens of autophagy-relevant proteins,

pronged effect.

Based on these premises, we wondered whether chemical
compounds contained in red wine other than resveratrol might
induce autophagy and stimulate protein deacetylation. Driven by
the published literature,’® we focused our attention on a series
of polyphenols and monophenols found in red wine that are sus-
pected to mediate beneficial effects on health. Here, we report
that several of these compounds indeed operate as autophagy
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inducers, correlating with their capacity to reduce the acetylation
of cytoplasmic proteins.

Results and Discussion

Autophagy induction by mono- and polyphenols. For the pur-
pose of this study, we chose a series of natural phenols contained
in red wine or other plant products that have been suggested to
mediate beneficial effects on human health. These compounds
includd one anthocyanin (oenin), one stilbenoid (piceatannol),
two monophenols (caffeic acid, gallic acid), three glucosides
(delphinidin, kuronamin, peonidin) and four flavonoids (cat-
echin, epicatechin, quercetin, myricetin). As a positive control
for autophagy induction, we selected rapamycin, a natural mac-
rolide produced by Streptomyces hygroscopicus that potently inhib-
its mMTORCI1.’ Thus, human osteosarcoma U20S cells stably
expressing a GFP-LC3 chimera were exposed for a short time
(6 h) to the abovementioned phenols (final concentration = 30
wM) or to 1 WM rapamycin, and then the number of cytoplasmic
GFP-LC3* puncta per cell was assessed by quantitative fluores-
cence microscopy (Fig. 1A and B).>**> As an alternative readout,
we employed immunoblotting to monitor the lipidation of LC3
(resulting in the generation of a variant with increased electro-
phorectic mobility, i.e., LC3-II) as well as the degradation of the
autophagic substrate p62 (Fig. 1C). As recommended by widely
accepted guidelines,”**
absence as well as in the presence of bafilomycin Al, a selective
inhibitor of the vacuolar AT Pase that prevents the fusion between
autophagosomes and lysosomes, hence blocking the turnover
of GFP-LC3* vesicles (and the degradation of autophagic sub-
strates).” Beyond resveratrol, which is a well-established inducer

these analyses were performed in the

of autophagy,*® all tested components of red wine provoked the
accumulation of cytoplasmic GFP-LC3* puncta, although to a
variable extent (Fig. 1A and B). Along similar lines, all pheno-
lic compounds mentioned above were capable of increasing the
abundance of LC3-II relative to that of its slowly migrating coun-
terpart LC3-I and of stimulating the degradation of p62, which is
indicative of a functional autophagic flux (Fig. 1C). In support of
this notion, both the accumulation of GFP-LC3* dots and LC3
lipidation following the administration of phenolic compounds
were exacerbated by bafilomycin Al (Fig. 1B and C). Of note,
piceatannol, which is structurally very similar to resveratrol (it
just contains one additional hydroxyl group on the second benzyl
ring), turned out to be as efficient as resveratrol in triggering
autophagy. Altogether, these results demonstrate that phenolic
compounds contained in red wine other than resveratrol induce
bona fide autophagy.

Deacetylation of cytoplasmic proteins in response to mono-
and polyphenols. Since the regulation of autophagy by natu-
ral compounds including resveratrol and spermidine has been
related to the modulation of acetyltransferase and deacetylases,*
we explored whether the aforementioned phenolic compounds
would be able to alter the acetylation of cellular proteins, focus-
ing on the nuclear vs. the cytoplasmic cell compartment. Under
standard permeabilization conditions, the immunofluorescence
microscopy-based quantification of acetylated lysines virtually
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paired, two-tailed Student’s t-test), as compared with untreated cells.

Figure 1. Autophagy induction by mono- and polyphenols. GFP-LC3-expressing human osteosarcoma U20S cells (A and B) or their wild-type counter-
parts (C) were either left untreated or treated with 1 M rapamycin, 10 .M trichostatin A (TSA) or 30 .M of the indicated phenolic compounds, alone
or in combination with 50 nM bafilomycin A1 (BafA1) for 6 h. Thereafter, cells were either processed for the immunofluorescence microscopy-assisted
quantification of cytoplasmic GFP-LC3* dots (A and B) or for the immunoblotting-based detection of LC3 lipidation and p62 degradation (C). Repre-
sentative images are reported in (A) (scale bar = 10 wm) and (C) (GAPDH levels were monitored to ensure equal loading of lanes). In (B), quantitative
data are reported. White and light gray columns represent the Z-score of the number of GFP-LC3* dots detected per cell in the absence and in the
presence of BafA1, respectively. Results from one representative experiments are presented as means + SEM (n = 500 cells/condition). *p < 0.05 (un-

generates results for the nuclear compartment only due to the
sky-scraping abundance of (normally hyperacetylated) histones,
which de facto covers any cytoplasmic signal. In this setting,
trichostatin A, an inhibitor of class I and II histone deacetylases
that we employed as positive control, robustly increased the fluo-
rescent signal obtained with a monoclonal antibody specific for
acetylated lysines. Conversely, we failed to detect any significant
effect of red wine components and rapamycin on the acetyla-
tion of nuclear proteins (Fig. 2A and B). To further investigate
the impact of pro-autophagic phenols on protein acetylation, we
developed a protocol in which plasma membranes but not nuclear
envelopes get permeabilized, allowing for the selective staining
of cytoplasmic components. By this method, we observed that
both trichostatin A and rapamycin increase the levels of protein
acetylation in the cytoplasm. Conversely, cytoplasmic protein
acetylation was reduced by a large array of mono- and polyphe-
nols (Fig. 3A and B).

To validate these results by means of alternative techniques,
U20S whole-cell extracts were subjected to immunoblotting
procedures based on antibodies specific for acetylated lysine resi-
dues (Fig. 4A), a tubulin acetylated on lysine 40, as a representa-
tive of the cytoplasmic compartment (Fig. 4B), and histone 3
(H3) acetylated on lysine 9, as a representative of the nuclear
compartment (Fig. 4C). Confirming the results obtained by
immunofluorescence microscopy, TSA increased the acetyla-
tion of all proteins, including o tubulin and H3. Conversely,

www.landesbioscience.com

resveratrol and piceatannol reduced the global levels of protein
acetylation, yet affected cytoplasmic (o tubulin), but not nuclear
(H3) proteins (Fig. 4A—F). Of note, all phenols included in this
study were able to reduce the global levels of protein acetylation
(Fig. 4G).

Correlation between autophagy induction and deacety-
lation. Based on the observations that mono- and polyphenols
contained in red wine induce autophagy and reduce the acetyla-
tion of cellular proteins, we determined to which extent these two
phenomena would correlate. While there was no statistically sig-
nificant relationship between the number of GFP-LC3* puncta
and the levels of nuclear protein acetylation resulting from the
administration to U20S cells of the phenolic compounds used
in this study (Fig. 5A), a highly significant negative correlation
between the number of GFP-LC3* puncta and the levels of cyto-
solic protein acetylation could be detected (Fig. 5B). Thus, on a
cell population level, we could measure a decrease in cytoplas-
mic acetylation in response to resveratrol that was proportional
to the accumulation of GFP-LC3* dots (Fig. 5B). Conversely,
there was no correlation between the levels of cytoplasmic pro-
tein acetylation and autophagy induction at the single-cell
level, neither in untreated cells nor in cells receiving resveratrol
(Fig. 5C and D) >

Resveratrol is known to induce autophagy by activat-
ing sirtuin 1,%* which can be inhibited by the metabolically
stable indolic compound EX5275%% Importantly, both the
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Figure 2. Effect of phenolic compounds on the acetylation of nuclear proteins. Wild-type human osteosarcoma U20S cells were either left untreated
or treated with 1 wM rapamycin, 10 wM trichostatin A (TSA) or 30 M of the indicated phenolic compounds for 6h, and then processed according to
standard procedures for the immunofluorescence-assisted detection of acetylated lysine residues (red signal from the Alexa 568 fluorochrome). This
protocol mostly yields a nuclear staining, as confirmed by the counterstaining of chromatin with Hoechst 33342 (blue signal). Representative images
are reported in (A) (scale bars = 10 wm) and quantitative data in (B). Results from one representative experiments are presented as Z-score means +
SEM (n = 500 cells/condition). *p < 0.05 (unpaired, two-tailed Student’s t-test), as compared with untreated cells.

accumulation of GFP-LC3* puncta and the deacetylation of
cytoplasmic proteins as stimulated in U20S cells by resvera-
trol could be inhibited by EX527. Conversely, EX527 failed to
affect autophagy induction as well as cytoplasmic deacetylation
reactions as stimulated by piceatannol (Fig. 6A and B). Results
obtained upon the depletion of SIRT1 by means of a previ-
ously validated siRNA® confirm that, contrary to piceatannol,
resveratrol stimulates autophagy and the deacetylation of cyto-
plasmic proteins by a SIRT1-dependent mechanism (Fig. 6C
and D). This notion is further strenghtened by the observations
that resveratrol and piceatannol combined in growing concen-
trations were more efficient at inducing the accumulation of
GFP-LC3* puncta as well as the deacetylation of cytoplasmic
proteins in U20S cells than either compound alone (Fig. 6E
and F). Altogether, our findings suggest a cause-effect relation-
ship between autophagy induction and the deacetylation of cyto-
plasmic proteins.

Concluding remarks. The results presented in this work point
to a strong negative correlation between the capacity of different
mono- and polyphenols to trigger autophagy and their potential
to cause the deacetylation of cytoplasmic proteins. Spermidine-
induced autophagy correlates with its inhibitory effects on histone
acetylases and resveratrol-induced autophagy has been linked to
its capacity to activate the protein deacetylase sircuin 1.2°° In

accord with previous reports,*

the pharmacological or genetic
inhibition of sirtuin 1 reduced both autophagy induction and
cytoplasmic protein deacetylation as triggered by resveratrol,

hence establishing a bona fide cause-effect relationship between
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these two phenomena. Surprisingly, a large panel of mono- and
polyphenols contained in red wine and many other food prepa-
rations that are suggested to have beneficial effects on human
health was able to coordinately promote the deacetylation of
cytoplasmic proteins and the autophagic flux. These observa-
tions are in line with the speculation that chemical compounds
that extend the lifespan (or at least the healthy lifespan), includ-
ing natural polyphenols,”®* do so (at least in part) by inducing
autophagy.®® Interestingly, the phenolic compounds found in
red wine may induce autophagy through heterogeneous, yet-to-
be elucidated mechanisms. Of note, piceatannol, the metabolic
product resulting from the oxidation of resveratrol by human
cytochrome P450 enzyme CYP1B1,% induced autophagy (while
promoting the deacetylation of cytoplasmic proteins) through a
yet elusive mechanism that appears to be virtually independent
from SIRTI. Accordingly, piceatannol (as quercetin) has been
reported to bind and activate SIRT1 with a K|, much higher than
that of resveratrol.®* Intriguingly, we found that resveratrol and
piceatannol combined in growing concentrations induce autoph-
agy and stimulate the deacetylation of cytoplasmic proteins more
efficiently than either compound separately, suggesting that dis-
tinct polyphenols may synergize in the activation of autophagy.
Whether such a synergistic effect would account for the French
paradox remains an open conundrum.®-

In this work, we developed a simple assay to measure the
acetylation of cytoplasmic (as opposed to nuclear) proteins. This
protocol is based on a relatively mild fixation/permeabilization
step (which allows antibodies to access the cytoplasmic, but not
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Figure 3. Effect of phenolic compounds on the acetylation of cytoplasmic proteins. Wild-type human osteosarcoma U20S cells were either left
untreated or treated with 1 wM rapamycin, 10 wM trichostatin A (TSA) or 30 M of the indicated phenolic compounds for 6 h. Thereafter, cells were
fixed with paraformaldehyde, but not permeabilized, and immunostained with an antibody that specifically recognizes acetylated lysine residues
(red signal from the Alexa 568 fluorochrome). This protocol yields a near-to-completely cytoplasmic staining, as confirmed by the counterstaining of
chromatin with Hoechst 33342 (blue signal). Representative images are reported in (A) (scale bars = 10 wm) and quantitative data in (B). Results from

one representative experiments are presented as Z-score means + SEM (n
compared with untreated cells.

the nuclear, compartment) in combination with immunofluores-
cence microscopy based on an antibody that specifically recog-
nizes proteins containing acetylated lysine residues. When this
method is coupled to quantitative imaging (to define cytoplasmic
regions of interest and to exclude false-positive nuclei, as result-
ing, for instance, from mitosis or apoptosis-associated nuclear
breakdown),*”-¢
protein acetylation as measured with other, more laborious tech-

it accurately reflects the level of cytoplasmic

niques. We surmise that this method can be adapted to distinct
cell types, including primary leukocytes and epithelial cells, thus
offering a cost-effective alternative to measure the metabolic (and
pro-autophagic) status of cells. Irrespective of these speculative
considerations, our data establish a strong correlation and cause-
effect relationship between cytoplasmic deacetylation reactions
and autophagy induction.

Materials and Methods

Chemical, cell lines and culture conditions. Resveratrol,
piceatannol, epicatechin, caffeic acid, gallic acid, quercetin and
bafilomycin Al were purchased from Sigma-Aldrich; oenin
chloride, kuronamin chloride, peonidin-3-O-glucoside chloride
and delphinidin-3-O-glucoside chloride from Extrasynthese,
rapamycin and EX527 from Tocris Bioscience and myricetin

=500 cells/condition). *p < 0.05 (unpaired, two-tailed Student’s t-test), as

from Indofine Chemical. Culture media and supplements for cell
culture were obtained from Gibco-Invitrogen and conventional
plasticware from Corning. 96-well black/clear imaging plates
were purchased from BD Falcon. Wild-type human osteosar-
coma U20S cells and their GFP-LC3-expressing derivatives were
cultured in Dulbecco’s modified essential medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 mg/L
sodium pyruvate, 10 mM HEPES buffer, 100 units/mL peni-
cillin G sodium and 100 wg/mL streptomycin sulfate (37°C,
5% CO,). Cells were seeded in 6- or 96-well plates and let
adapt to the culture substrate for 12-24 h prior to experimental
assessments.

RNA interference in human cell cultures. U20S cells stably
expressing GFP-LC3 were grown in 96-well imaging plates until
~50% confluence and then subjected to siRNA transfection by
means of the Oligofectamine transfection reagent (Invitrogen),
following the manufacturer’s recommendations. The following
siRNA duplexes were employed, both purchased from Sigma-
Aldrich: the SIRT1 targeting siRNA siSIRT1 (sense 5-ACU
UUG CUG UAA CCC UGU A-3") and the irrelevant, non-
targeting siRNA siUNR (sense 5-GCC GGU AUG CCG GUU
AAG U-3"),7%! employed as a negative control. Cells were sub-
jected to experimental procedures no earlier than 24 h after
transfection.
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Figure 4. Immunoblotting-assisted detection of protein acetylation in cells responding to mono- and polyphenols. Wild-type human osteosarcoma
U20S cells were either left untreated or treated with 1 wM rapamycin, 10 wM trichostatin A (TSA) or 30 wM of the indicated phenolic compounds,
encompassing resveratrol and piceatannol, for 6 h (A-G). Thereafter, cells were subjected to the immunoblotting-assisted quantification of global
protein acetylation (A, D and G), « tubulin (Tub) acetylation (as a representative of cytoplasmic proteins) (B and E) and histone 3 (H3) acetylation (as

a representative of nuclear proteins) (C and F). Images from one representative experiment are depicted in (A-C and G) (Ponceau Red staining or the
levels of GAPDH and H3 were used to monitor equal loading of lanes), while quantitative results are reported in (D-F). Results from n = 3 independent
experiments are reported as means + SEM *p < 0.05, n.s. = non-significant (unpaired, two-tailed Student’s t-test), as compared with untreated cells.

Immunofluorescence microscopy. In all cases but for the
specific detection of acetylated lysines in the cytoplasm, cells
were fixed with 4% paraformaldeyde (PFA, w:v in PBS) for
15 min at room temperature and then permeabilized with 0.1%

3856 Cell Cycle

TritonX-100 (v:v in PBS) for 10 min, as previously reported.”
Conversely, for the cytoplasm-restricted detection of acety-
lated lysines, fixation in PFA was not followed by any type of
permeabilization. In both experimental settings, non-specific
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Figure 5. Negative correlation between the acetylation of cytoplasmic proteins and autophagy induction. GFP-LC3-expressing human osteosarcoma
U20S cells were left untreated or treated with 30 M of the phenolic compounds used in this study, including resveratrol, for 6 h. Thereafter, cells were
processed for the immunofluorescence microscopy-assisted quantification of GFP-LC3* dots and nuclear (A) or cytoplasmic (B-D) protein acetylation
levels. In (A and B), population-based results (each dot representing the mean of n = 500 cells) are reported, together with linear regression curves

and the corresponding statistical indicators (p values and determination coefficients, R?). In (C and D), results from one representative experiment

are reported (each dot representing a single cell). In this latter scenario, p values and determination coefficients were invariably were > 0.2 and < 0.1,

binding sites were then blocked with 5% FBS (v:v in PBS), fol-
lowed by overnight incubation at 4°C with a primary antibody
specifically recognizing lysine residues that have been post-trans-
lationally modified by acetylation at the £ amino group (Cell
Signaling Technology). Revelation was performed with appro-
priate AlexaFluor™ conjugates (Molecular Probes-Invitrogen).
Nuclear counterstaining was obtained with 10 w Hoechst 33342
(Molecular Probes-Invitrogen). Non-automated fluorescence
microscopy assessments were performed on an IRE2 microscope
(Leica Microsystems) equipped with a DC300F camera.
Automated immunofluorescence microscopy. Images from
plates processed as described above were acquired using a BD
pathway 855 automated microscope (BD Imaging Systems)
equipped with a 40X objective (Olympus) and coupled to a
robotized Twister II plate handler (Caliper Life Sciences). Images
were then analyzed either for the presence of GFP-LC3* (green)
puncta in the cytoplasm or for the intensity of protein acetyla-
tion (red) in the cytoplasm and the nucleus by means of the BD

www.landesbioscience.com

Attovision software (BD Imaging Systems). To this aim, the sur-
face of each cell was segmented and subdivided into a cytoplas-
mic and a nuclear region according to manufacturer’s standard
proceedings. The RB 2x2 and Marr-Hildreth algorithms were
used to recognize cytoplasmic GFP-LC3* dots.
Immunoblotting. Approximately 5 x 10° cells were washed with
cold PBS and lysed following standard procedures.”?” Thereafter,
25 pg of proteins were separated according to molecular weight
on NuPAGE Novex Bis-Tris 4-12% pre-cast gels (Invitrogen)
and electrotransferred to Immobilon™ PVDF membranes (Bio-
Rad). Non-specific binding sites were blocked with 5% non-fat
powdered milk (w:v) plus 0.05% Tween 20 (v:v) in TBS for
1 h, followed by overnight incubation at 4°C with the follow-
ing primary antibodies: anti-Acetylated-Lysine (Cell Signaling
Technology), anti-Acetylated-Histone 3 (Lys9, Cell Signaling
Technology), anti-Acetylated-Tubulin (Lys40, Cell Signaling
Technology), anti-LC3B (Cell Signaling Technology) and anti-
p62 (Abnova). Revelation was performed with appropriate
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Figure 6. For figure legend, see page 3859.

horseradish peroxidase (HRP)-labeled secondary antibodies
(Southern Biotech) coupled with the SuperSignal West Pico che-
moluminiscent substrate (Thermo Scientific-Pierce). Ponceau Red
staining or antibodies recognizing glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) (Chemicon International) or his-
tone 3 (Cell Signaling Technology) were used to monitor equal
loading of lanes. Densitometry was performed by means of the
open-source software Image] (freely available at http://rsbweb.

3858 Cell Cycle Volume 11 Issue 20

©2012 Landes Bioscience. Do not distribute.



Downloaded by [Inserm Disc Ist] at 01:26 01 July 2015

Figure 6 (See opposite page). Resveratrol and piceatannol operate via distinct mechanisms and synergize in the induction of autophagy. (A-D)
Differential effects of sirtuin 1 (SIRT1) inhibition on resveratrol- and piceatannol-induced autophagy. GFP-LC3-expressing human osteosarcoma U20S
cells were left untreated or treated with 1 wM rapamycin, 30 .M resveratrol and 30 wM piceatannol, alone or in combination with 10 wM EX527 for 6
h (A and B). Alternatively, GFP-LC3-expressing U20S cells were transfected with a control siRNA (siUNR) or with a SIRT1-targeting siRNA (siSIRT1) for
24 h, and then left untreated or treated with 30 wM resveratrol or 30 M piceatannol for additional 6 h (C and D). Finally, cells were processed for the
immunofluorescence microscopy-assisted quantification of GFP-LC3* dots (A and C) or cytoplasmic protein acetylation (B and D). Results from n =

3 independent experiments are reported as means + SEM *p < 0.05 (unpaired, two-tailed Student’s t-test), as compared with cells treated with the
same phenolic compound alone in control conditions (no EX527 or siUNR transfection). (E and F) Synergistic effects of resveratrol and piceatannol on
the induction of autophagy and on the deacetylation of cytoplasmic proteins. U20S cells were incubated with resveratrol and piceatannol, alone or
in combination (the total concentration of polyphenols is indicated), for 6 h, followed by the immunofluorescence microscopy-assisted quantifica-
tion of GFP-LC3* dots (E) or cytoplasmic protein acetylation (F). Results from n = 3 independent experiments are reported as means + SEM *p < 0.05
(unpaired, two-tailed Student’s t-test), as compared with cells receiving the same concentration of either compound alone.

nih.gov/ij/download.html). To this aim, the intensity of the band
of interest was normalized to that of loading controls.

Statistical analysis. Unless otherwise specified, experiments
invariably entailed triplicate parallel assessments and were repeated
at least twice. Data were analyzed using the Prism 5 software
(GraphPad Software) and statistical significance was assessed by
means of unpaired, two-tailed Student’s ttests. The correlation
between data sets was evaluated by means of determination coeffi-
cients (R?). p values < 0.05 were considered statistically significant.
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Coffee induces autophagy in vivo
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Epidemiological studies and clinical trials revealed that chronic consumption coffee is associated with the inhibition
of several metabolic diseases as well as reduction in overall and cause-specific mortality. We show that both natural
and decaffeinated brands of coffee similarly rapidly trigger autophagy in mice. One to 4 h after coffee consumption,
we observed an increase in autophagic flux in all investigated organs (liver, muscle, heart) in vivo, as indicated by the
increased lipidation of LC3B and the reduction of the abundance of the autophagic substrate sequestosome 1 (p62/
SQSTMT1). These changes were accompanied by the inhibition of the enzymatic activity of mammalian target of rapamy-
cin complex 1 (mTORC1), leading to the reduced phosphorylation of p70°%, as well as by the global deacetylation of cellu-
lar proteins detectable by immunoblot. Immunohistochemical analyses of transgenic mice expressing a GFP-LC3B fusion
protein confirmed the coffee-induced relocation of LC3B to autophagosomes, as well as general protein deacetylation.
Altogether, these results indicate that coffee triggers 2 phenomena that are also induced by nutrient depletion, namely a
reduction of protein acetylation coupled to an increase in autophagy. We speculate that polyphenols contained in coffee

promote health by stimulating autophagy.

Introduction

Large epidemiological studies involving large cohorts of indi-
viduals have demonstrated that coffee consumption is inversely
associated with total and cause-specific mortality, both in males
and in females. The consumption of coffee is associated with a
reduction of cancer, heart disease, respiratory disease, stroke, dia-
betes, and infections (both in males and females).!”® These effects
are dose-dependent (with a plateau of 6 cups per day) and do not
depend on caffeine content, because both decaffeinated and caf-
feinated coffee were similarly associated with improved health.*
Independent surveys revealed that coffee consumption might
have protective effects, among many, on highly penetrant tumors
such as endometrial,®” mammary® hepatocellular,” colorectal,”
and prostatic cancer." Alchough such studies cannot differentiate
between causal and associational findings, they do suggest that
chronic coffee consumption might have broad health-improving
effects.

One of the general cell biological phenomena that has been
actributed a global health-promoting and anti-aging property is
autophagy,'*"
selective renewal of cytoplasmic organelles.

alysosomal degradation pathway responsible for the
1516 In macroautophagy

(here referred to as “autophagy”), portions of the cytoplasm are
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sequestered in 2-membraned vesicles, the autophagosomes, which
later fuse with lysosomes for the degradation of the luminal con-
tent by lysosomal hydrolases. Since autophagy preferentially tar-
gets damaged macromolecules (such as unfolded and aggregated
proteins) and organelles (such as dysfunctional mitochondria),"”
it contributes to ridding the cytoplasm of aged structures and
hence potentially “rejuvenates” non-nuclear portions of the cell.'®¥
Autophagy has also been suggested to participate in hormesis,?
which consists in the adaptation of cells to low levels of stress, ren-
dering them resistant to otherwise lethal effects of intense stress."*
Several studies indicate that autophagy may act as a tumor-sup-

pressive mechanism.?2¢

Based on these premises, we investigated
the possibility that coffee might induce autophagy in vivo in mice.
Here, we report that both natural and decaffeinated coffee simi-

larly induce a broad organism-wide autophagic response.

Results and Discussion

Chronic administration of non-toxic doses of coffee induces
autophagy in mice
Continuous administration of 1 or 3% coffee in the drink-

ing water for 16 d did not affect the body weight of C57Bl/6
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Figure 1. Long-term administration of regular and decaffeinated coffee at a dose not affecting body weight induces autophagy in the liver.
(A and B). Effect of 2 wk administration of regular (A) or decaffeinated coffee (B) on body weight. C57BL/6 mice were administrated with the indicated
doses of regular coffee (A) or decaffeinated coffee (B) diluted in drinking water, which was provided to mice ad libitum. The dose not affecting body
weight (3% w/v) was designated for investigating pro-autophagic effects. Results from n = 3 independent experiments. (C and D). Immunoblotting
analysis of long-term coffee administration on autophagy regulation in liver. Administration of both regular (C) and decaffeinated coffee (D) for up to
2 wk (w) resulted in activation of autophagy, as measured by LC3 lipidation and p62/SQSTM1 degradation (quantified in E). Autophagy activation was
associated with a decrease in mTORCT activity, as measured by the phosphorylation of p70%, but not to an activation of AMPK (quantified in E). GAPDH
levels were monitored to ensure equal loading. Representative images are reported in (C and D). Results from n = 3 independent experiments are pre-
sented as fold change + SEM *P < 0.05; **P < 0.01; ***P < 0.005 (unpaired, 2-tailed Student t test), compared with untreated mice.

mice. In contrast, 10% of caffeinated (but not of decaffeinated)
coffee did cause weight reduction over this period, suggesting
some caffeine-associated effects (Fig. 1A and B). As a result,
we evaluated the capacity of chronic treatment with 3% cof-
fee to induce autophagy in vivo. This dose is well within the
range of that absorbed by coffee-consuming persons. Three per-
cent of either caffeinated or decaffeinated coffee induced simi-
lar signs of increased autophagic flux in the liver (Fig. 1C-E),
heart (Fig. S1), and muscle (Fig. S2), namely lipidation of

1988 Cell Cycle

microtubule-associated protein 1 light chain 3 3 (LC3B), lead-
ing to an increase in its electrophoretic mobility in sodium
dodecyl sulfate PAGE (SDS-PAGE), generating the isoform II
of LC3B, accompanied by a decrease in the overall abundance
of the autophagic substrate sequestosome-1 (p62/SQSTMI)
(Fig. 1C-E). These results were observable as early as 24 h after
beginning of the treatment and lasted for the entire 2-wk experi-
ment, indicating that chronic exposure to coffee can induce
autophagy irrespective from its caffeine content.
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Figure 2. Short-term administration of both regular coffee and decaffeinated coffee induces autophagy accompanied by a reduction in global acetyla-
tion levels of proteins in the liver. (A and B). Immunoblotting analysis of short-term coffee administration on autophagy regulation in liver. Gavage of
both regular coffee (A) and decaffeinated coffee (B) resulted in an activation of autophagy, although at different extent and timing, as measured by LC3
lipidation and p62 degradation (quantified in C). In both cases, autophagy induction was accompanied by an activation of AMPK and by a reduction in
the activity of mTORC1, as measured by the phosphorylation of its substrate p70°%* (quantified in C). Representative images are depicted in (A and B).
Results from n = 3 independent experiments are presented as fold change + SEM *P < 0.05; **P < 0.01; (unpaired, 2-tailed Student t test), compared with
untreated mice. (D and E) Immunoblot detection of protein acetylation in mice administered with regular coffee. Coffee administration (by gavage)
resulted in a significant drop in the overall acetylation levels of proteins in liver, heart, and muscle (quantified in E) in a range of time of 1 to 6 h depend-
ing on the tissue. Panels in (D) refer to liver. Ponceau red staining was used to monitor equal loading of the lanes. Results from n = 3 independent experi-
ments are presented as fold change + SEM *P < 0.05; **P < 0.01 (unpaired, 2-tailed Student t test), compared with untreated mice.
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Student t test), compared with untreated mice.

Figure 3. Autophagy induction mediated by short-term coffee administration is confirmed for liver, heart, and muscle from GFP-LC3 transgenic mice.
GFP-LC3-expressing mice were administered with regular and decaffeinated coffee by gavage and analyzed for autophagy induction after 4 h. (A-F).
Fluorescence microscopic analysis of liver (A), heart (C), and muscle (E) revealed a significant increase in the number of LC3Il puncta per area of cells
in all tissues (quantified in B, D, and F). Representative images of tissues from untreated vs. regular coffee-treated mice are depicted in (A, C, and E)
(bar scale: 10 um). Results from 3 independent experiments are presented as GFP-LC3 dots/area (means + SEM). *P < 0.05; **P < 0.01; (unpaired, 2-tailed

Short-term administration of coffee induces autophagy in
vivo

We next determined the kinetics with which coffee can
stimulate autophagy in vivo. For this, coffee was administered
by gavage to C57BL/6 mice, and autophagy was quantified by
immunoblot determination of the conversion of native LC3B-I
into lipidated, membrane-associated LC3B-11, as well as by mea-
surements of p62/SQSTM1 degradation. Irrespective of the
absence or presence of caffeine, coffee induced a rapid LC3B-1 to
LC3B-II conversion and a depletion of p62/SQSTMLI in the liver
(Fig. 2A and B). Similarly, both regular and decaffeinated coffee

1990 Cell Cycle

induced signs of autophagy in the heart (Fig. $3) and in the mus-
cle (Fig. S4). The kinetics of LC3B-I to LC3B-II conversion were
similar in all organs. The depletion of p62/SQSTMI1 occurred
earlier (1 h) in the heart (Fig. S3) than in the liver (Fig. 2) and in
the skeletal muscle (Fig. S4), where it was detectable only at 4 h,
thus confirming an organ-specific and transcription-dependent
behavior of p62, as recently described.?” To further evaluate the
capacity of coffee to induce autophagy in vivo, we next took advan-
tage of transgenic mice expressing a chimeric GFP-LC3 protein
under the control of the ubiquitous CAG promoter.** Microscopic
detection of the GFP-dependent fluorescent signal allowed for
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Figure 4. Reduction in global protein acetylation levels mediated by short-term coffee administration in liver, heart, and muscle. Livers, hearts, and
muscles from C57BI/6 mice were analyzed 4 h after treatment with regular and decaffeinated coffee to determine protein acetylatation by immunofluo-
rescence. Fluorescence microscope analysis of liver (A), heart (C), and muscle (E) revealed a significant decrease in the acetylation of proteins in all tissues
(quantified in B, D, and F). Representative images of untreated vs. regular coffee-treated mice are depicted in (A, C, and E) (bar scale: 10 um). Results
from n = 3 independent experiments are presented as acetylated lysine intensity fold change + SEM, considering the values of tissues from untreated
mice as 1. *P < 0.05; **P < 0.01; (unpaired, 2-tailed Student t test), compared with untreated mice.

the detection of coffee-induced autophagy, as GFP-LC3 relo-
cated from a mostly diffuse distribution (in untreated animals)
to cytoplasmic puncta (in treated animals). The accumulation of
GFP-LC3* puncta was observed in liver, muscle, and heart 4 h
after administration of either caffeinated or decaffeinated coffee
(Fig. 3), confirming the notion that coffee does induce a signifi-
cant induction of autophagy in multiple organs.

Coffee ingestion causes global deacetylation of proteins and
hence mimics caloric restriction

To characterize the mechanisms through which coffee induces
autophagy, we determined its capacity to activate prominent
energy sensors such as AMP-activated protein kinase (AMPK)

www.landesbioscience.com

and mammalian target of rapamycin complex 1 (mTORCI).
While acute (within hours) stimulation with caffeinated or decaf-
feinated coffee did induce the activating phosphorylation of
AMPK (Fig. 2A-C), a more protracted exposure (days to weeks)
failed to do so and actually reduced AMPK phosphorylation
(Fig. 1C-E). Thus, the present data suggest that AMPK cannot
be responsible for autophagy induced by long-term coffee admin-
istration. However, both acute and chronic administration of
coffee did reduce the phosphorylation of the mMTORCI substrate
p70%¢% (Figs. 1IC-E and 2A-C), suggesting that this nutrient sen-
sor might be involved in pro-autophagic signaling. Coffee con-

31,32

tains multiple polyphenols,®** and a range of chemically different
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phenolic compounds have been demonstrated capable to stimu-
late the deacetylation of cellular proteins, correlating with their
pro-autophagic activity.”® We therefore investigated the possibility
that in vivo treatment with coffee would reduce the acetylation of
cellular proteins using 2 distinct methodologies designed to detect
acetyl-lysine-modified proteins. First, extracts from liver (Fig. 2D
and E), myocardium (Fig. S3), and skeletal muscle (Fig. S4)
revealed a reduction in protein acetylation upon coffee treatment.
This effect was detectable as soon as 1 h after coffee gavage in the
liver and in the heart and 4 h post-gavage in the skeletal muscle
(Fig. 2E). Second, the deacetylation of proteins was detectable
by immunofluorescence staining with antibodies specific for
acetyl-lysine-modified proteins, revealing a reduction in protein
acetylation both in the cytoplasm and in nuclei from hepatocytes,
cardiomyocytes, and skeletal myocytes 4 h post-gavage (Fig. 4).
Again, these effects were similar for caffeinated and decaffeinated
coffee. Altogether, these results support the notion that autophagy
induction by coffee is linked to the deacetylation of cellular pro-
teins as well as to the inhibition of mMTORCI.

Concluding remarks

The data presented in this paper unequivocally demonstrate
that coffee is a potent, rapid inducer of autophagy in multiple tis-
sues in vivo in mice. This effect is independent of caffeine content.
Although caffeine has been shown to inhibit mTORCI and to
induce autophagy in hepatocytes in vivo, thereby reducing intra-
hepatic lipid content and stimulating 3-oxidation, as well as coun-
teracting hepatosteatosis,* caffeine is apparently not required for
coffee-induced autophagy. Rather, other coffee components that
are not eliminated during the decaffeination process, presumably
polyphenols, must be responsible for these effects. Autophagy
induced by coffee is accompanied by the inhibition of mTORCI,
which represses autophagy in conditions of nutrient availability
(particularly amino acids and lipids).*>*¢ Several polyphenols have
been shown to induce autophagy, correlating with their capacity

to reduce the acetylation levels of cellular proteins.?*3”3

In theory,
the reduction of acetylation levels may be explained by the deple-
tion of the sole donor of acetyl groups, acetyl coenzyme A,**° the
suppression of the activity of acetyltransferases (for instance by
spermidine or C646),* or the activation of deacetylatses (such
as sirtuin 1, which can be activated by resveratrol).?’ Irrespective
of the precise mechanism causing protein deacetylation, this phe-
nomenon is broadly associated with the induction of autophagy
by starvation® or by several pharmacological inducers including
spermidine and resveratrol.! In the present report, we extend the
list of agents able to trigger deacetylation reactions to coffee, cor-
relating with its capacity to stimulate autophagy.

Based on the present data, the hypothesis that coffee reduces
general mortality by inducing autophagy warrants further experi-
mental and clinical scrutiny.

Materials and Methods

Reagents
The results presented refer to a single commercial brand (Belle
France) of 100% regular and decaffeinated hydro soluble coffee.

1992 Cell Cycle

Results were confirmed using other 2 commercial brands (Nestle,
Lavazza). Concentrations are expressed in % (weight per volume).

Mouse experiments and tissue processing

Six-weeks-aged female C57BL/6 mice (Charles River
Laboratory) and transgenic C57BL/6 mice expressing the fusion
protein GFP-LC3 under the control of CAG (cytomegalovirus
immediate-early [CMVie] enhancer and chicken B-actin pro-
moter) promoter, were bred and maintained according to both
the FELASA and the European Community regulations for
animal use in research (2010/63UE) as well as the local Ethics
Committee for Animal Welfare (project number: 2012-065,
2012-067). Mice were housed in a temperature-controlled envi-
ronment with 12-h light/dark cycles and received food and water
ad libitum. For long-term coffee experiments, mice were first
administered with 1%, 3%, and 10% w/v of regular and decaf-
feinated coffee in drinking water ad libitum in order to select a
dose not affecting body weight; mice were then administrated
with 3% w/v of coffee for 2 wk. Mice were sacrificed, and tis-
sues were recovered and immediately frozen in liquid nitrogen
24, 48, or 72 h, 1 wk and 2 wk after treatment. For short-term
coffee experiments, mice were administered with 3% w/v dose
of regular and decaffeinated coffee by gavage and sacrificed after
1, 2, 4, and 6 h, when tissues were immediately frozen in liquid
nitrogen. After extraction, tissues were homogenized during 2
cycles for 20 s at 5500 rpm using a Precellys 24 tissue homog-
enator (Bertin Technologies) in a 20 mM Tris buffer (pH 7.4)
containing 150 mM NaCl, 1% Triton X-100, 10 mM EDTA, and
Complete® protease inhibitor cocktail (Roche Applied Science).
Tissue extracts were then centrifuged at 12000 g at 4 °C, and
supernatants were collected. Protein concentration in the super-
natants was evaluated by the bicinchoninic acid technique (BCA
protein assay kit, Pierce Biotechnology).

Quantitative analysis of GFP-LC3 dots in mouse tissue sec-
tions and immunofluorescence

To avoid postmortem autophagy induction, dead mice were
immediately perfused with 4% paraformaldehyde (w:v in PBS,
pH 7.4). Tissues were then harvested and further fixed with the
same solution for at least 4 h, followed by treatment with 15%
sucrose (w:v in PBS) for 4 h and with 30% sucrose (w:v in PBS)
overnight. Tissue samples were embedded in Tissue-Tek OCT
compound (Sakura Finetechnical Co, Ltd) and stored at -80 °C.
Five micrometer (5 pm) thick tissue sections were prepared with
a CM3050 S cryostat (Leica Microsystems), air-dried for 1 h,
washed in PBS for 5 min, dried at RT for 30 min, and mounted
with VECTASHIELD anti-fading medium. For acetylation
staining, 5-pm-thick tissue sections were prepared. Tissues were
permeabilized with 0.1% Triton and blocked with 5% BSA, then
incubated overnight at 4 °C with primary antibody in 2% BSA.
After 1 h RT incubation with secondary-HRP conjugated anti-
body, tissues were mounted as described above. For each organ,
approximately 10 pictures of 5 independent visual fields from at
least 3 mice were acquired using an Axio Observer inverted fluo-
rescence microscope equipped with Apotome confocal-like sys-
tem (Carl Zeiss). GFP-LC3 dots per area of cells and acetylation
intensity were quantified by means of Metamorph (Molecular
Devices) software.
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Fluorescence microscopy

For the analysis of GFP-LC3 mice tissue sections, a Leica APO
63x NA 1.15 immersion objective was employed. For acetylation
analysis, a Leica APO 40x NA 1.15 immersion objective was
used. Zeiss Immersol® immersion oil was used for all microscopic
analyses. Images were acquired with a Leica DFC 350 Fx camera
(version 1.8.0) using Leica LAS AF software and processed with
Adobe Photoshop (version CS5) software.

Immunoblotting

For immunoblotting, 25 g of proteins were separated on
4-12% bis-tris acrylamide (Invitrogen) or 12% tris-glycine SDS-
PAGE precast gels (Biorad) and electrotransferred to Immobilon™
membranes (Millipore Corporation). Membranes were then sliced
horizontally in different parts according to the molecular weight
of the protein of interest to allow simultaneous detection of differ-
ent antigens within the same experiment.?”*® Unspecific binding
sites were saturated by incubating membranes for 1 h in 0.05%
Tween 20 (v:v in TBS) supplemented with 5% non-fat powdered
milk (w:v in TBS), followed by an overnight incubation with pri-
mary antibodies specific for acetylated-lysine, LC3B, phospho-
AMPK (Thrl72), AMPK, phospho-ribosomal protein S6 kinase
(Thr421/Ser424), ribosomal protein S6 kinase, (Cell Signaling
Technology), or STQM/p62 (Santa Cruz Biotechnology).
Development was performed with appropriate horseradish per-
oxidase (HRP)-labeled secondary antibodies (Southern Biotech)
plus the SuperSignal West Pico chemoluminescent substrate
(Thermo Scientific-Pierce). An anti-glyceraldehyde-3-phosphate

dehydrogenase antibody (Chemicon International) was used to
control equal loading of lanes. Immunoblotting quantifications
were performed through densitometric analysis by means of
Image] software in 3 independent experiments.
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Spermidine induces autophagy by inhibiting the
acetyltransferase EP300

F Pietrocola™2®, § Lachkar'2, DP Enot’, M Niso-Santano'2, JM Bravo-San Pedro'?, V Sica'?, V Izzo"2, MC Maiuri"?, F Madeo®®,
G Marifio*"?® and G Kroemer*"%%%7

Several natural compounds found in health-related food items can inhibit acetyltransferases as they induce autophagy. Here we
show that this applies to anacardic acid, curcumin, garcinol and spermidine, all of which reduce the acetylation level of cultured
human cells as they induce signs of increased autophagic flux (such as the formation of green fluorescent protein-microtubule-
associated protein 1A/1B-light chain 3 (GFP-LC3) puncta and the depletion of sequestosome-1, p62/SQSTM1) coupled to the
inhibition of the mammalian target of rapamycin complex 1 (nTORC1). We performed a screen to identify the acetyltransferases
whose depletion would activate autophagy and simultaneously inhibit mTORC1. The knockdown of only two acetyltransferases
(among 43 candidates) had such effects: EP300 (E1A-binding protein p300), which is a lysine acetyltranferase, and NAA20 (N(a)-
acetyltransferase 20, also known as NAT5), which catalyzes the N-terminal acetylation of methionine residues. Subsequent studies
validated the capacity of a pharmacological EP300 inhibitor, C646, to induce autophagy in both normal and enucleated cells
(cytoplasts), underscoring the capacity of EP300 to repress autophagy by cytoplasmic (non-nuclear) effects. Notably, anacardic
acid, curcumin, garcinol and spermidine all inhibited the acetyltransferase activity of recombinant EP300 protein in vitro.
Altogether, these results support the idea that EP300 acts as an endogenous repressor of autophagy and that potent autophagy
inducers including spermidine de facto act as EP300 inhibitors.

Cell Death and Differentiation (2015) 22, 509-516; doi:10.1038/cdd.2014.215; published online 19 December 2014
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Macroautophagy (herein referred to as ‘autophagy’) consist in health span and/or lifespan.®~'” Moreover, direct induction of

the sequestration of cytoplasmic material in autophagosomes,
followed by their fusion with lysosomes for the bulk degrada-
tion of autophagic cargo by lysosomal hydrolases.' This
phenomenon can be measured by following the redistribution
of green fluorescent protein-microtubule-associated protein
1A/1B-light chain 3 (GFP-LC3) fusion proteins from a diffuse
location to autophagosomes (that results in the formation of
the so-called GFP-LC3 ‘puncta’), the diminution of the overall
abundance of autophagic substrates (such as sequestosome-
1, p62/SQSTM1), and the stereotyped activation of proauto-
phagic signals (such as the inhibition of the mammalian target
of rapamycin complex 1, mTORC1).2

There is growing consensus that the induction of autophagy
by nutritional, pharmacological or genetic interventions can
reduce age-related pathologies (such as neurodegenerative
diseases or type 2 diabetes) and/or extend longevity.>™®
This applies to caloric restriction or intermediate fasting,”
continuous or intermittent medication of rapamycin,s‘10
administration of the sirtuin 1-activator resveratrol,'"'?
external supply of the polyamine spermidine,'® or genetic
ablation of p53.'* In all these cases, inhibition of autophagy by
deleting or silencing relevant genes abolishes the extension of

autophagy by transgenic expression of autophagy-relevant
genes such as ATGS5 in mice is sufficient to increase
lifespan.'®

Recently, acetyltransferases have emerged as a potential
target for the pharmaceutical induction of autophagy. Thus,
depletion of the sole donor of acetyl groups, acetyl-coenzyme
A (acetyl-CoA), is sufficient to reduce the acetylation of
cytoplasmic and nuclear proteins coupled to the induction of
autophagy.'®22 Culture of mammalian cells in nutrient-free
(NF) conditions or starvation of mice for 24 h reduced the
intracellular nucleocytosolic concentrations of acetyl-CoA at
the same time as autophagy was induced, and replenishment
of acetyl-CoA by external sources (for instance, by providing a
membrane-permeant precursor of a-ketoglutarate for ana-
plerotic reactions or by microinjection of acetyl-CoA) was
sufficient to inhibit starvation-induced autophagy.'®~2? Beyond
the inhibition of acetyltransferases by acetyl-CoA depletion,
direct pharmacological inhibition of acetyltransferases might
also contribute to the induction of autophagy. A close
correlation between autophagy induction and deacetylation
of cytoplasmic proteins was observed in a screen conceived to
identify autophagy-stimulating polyphenols®® as well as in
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in vivo experiments designed to explore the health-improving
effects of coffee.2* Spermidine turned out to be an efficient
inhibitor of histone acetyltransferases in vitro'® and reduced
the global protein acetylation levels in cultured cells.?52®

Driven by these premises, we investigated the hypothesis
that several health-related compounds including anacardic
acid, curcumin, garcinol and spermidine might induce
autophagy by inhibition of acetyltranferases. Here we report
results supporting this hypothesis. Moreover, we demonstrate
that one particular acetyltransferase, EP300 (E1A-binding
protein p300), negatively controls autophagy and that anacar-
dic acid, curcumin, garcinol and spermidine may induce
autophagy by directly inhibiting EP300.

Results and discussion

Anacardic acid, curcumin, garcinol and spermidine
induce autophagy and deacetylation of cellular proteins.
Anacardic acid (6-pentadecyl-salicylic acid from the nutshell
of the cashew, Anacardium occidentale), curcumin (from
the South Asian spice turmeric, Curcuma longa, one of
the principal ingredients of curry powder), garcinol (from the
fruit of the Kokum tree, Garcina indica) or spermidine
(a polyamine contained in all organisms, but found at
particularly high concentrations in some health-related
products such as durian fruit, fermented soybeans and wheat
germs) were all able to stimulate the formation of GFP-LC3
puncta when added to human U20S cells stably expressing
this fluorescent biosensor (Figures 1a and b). Induction of
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GFP-LC3 puncta was also observed in the presence of
bafilomycin A1, a specific inhibitor of the vacuolar ATPase
required for the fusion between autophagosomes and
lysosomes (Figure 1c), supporting the notion that these
agents induce autophagic flux2 When added to non-
transfected U20S cells, anacardic acid, curcumin, garcinol
and spermidine also stimulated the autophagy-associated
lipidation of LC3, which increases its electrophoretic mobility
to create the LC3-II form, in both the absence and presence
of bafilomycin A1 (Figure 1d), confirming that they induce
autophagy. These results were confirmed in additional human
cancer cell lines as well as in primary, non-transformed
murine embryonic fibroblasts (Supplementary Figure 1).
Anacardic acid, curcumin, garcinol and spermidine also
reduced the overall lysine acetylation of cellular proteins
(Figures 2a and b), determined by means of a protocol in
which cells were fixed in such a way that the plasma
membrane but not the nuclear envelope would be permea-
bilized, allowing a fluorescence-labeled antibody-recognizing
proteins with acetylated lysines to gain access to the
cytoplasm but not the nucleus.?® The magnitude of deace-
tylation induced by these compounds correlated with their
potential to induce autophagy (Figure 2c). Anacardic acid,
curcumin, garcinol and spermidine also reduced the phos-
phorylation of S6RP (S6 ribosomal protein), a substrate of
p70S6K (p70S6 kinase), which operates downstream of
mTORCH, correlating with their autophagy-inducing capacity
(Figures 2d—f). Moreover, all the mentioned acetyltransferase
inhibitors induced a significant reduction of p62/SQSTM1
levels, thus confirming (together with the results shown in
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Figure 1 Chemical inhibition of acetyltransferases increases autophagic flux. (a) Representative fluorescence pictures of human U20S cells stably expressing the
autophagosome marker GFP-LC3 after treatment with the indicated acetyltransferase inhibitors for 4 h in a complete culture media (Co). (b and ¢) Quantification of GFP-LC3 dots
for the data depicted in (a) either in the absence (b) or presence (c) of the lysosomal inhibitor bafilomycin A1 (Baf A1), to measure autophagic flux. (d) Representative
immunoblots of total cell lysates showing an increase in LC3-Il formation (LC3 lipidation) upon treatment with the indicated acetyltransferase inhibitors either in the presence or
absence of Baf A1. Graphic bars represent average and S.E.M. values for at least three independent experiments. *P-values < 0.05 in two-tailed Student’s T-test as compared

with control. Scale bars, 5 um
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Inhibition of acetyltransferase reduces both cytoplasmic protein acetylation and mTORC1 activity. (a) Representative microphotographs of human U20S cells either

untreated (Co) or treated with acetyltransferase inhibitors (garcinol as an example) after staining for the detection of cytoplasmic acetylated lysine epitopes. (b) Quantification of
the average lysine acetylation of cytoplasmic proteins after treatment with different acetyltransferase inhibitors. (¢) Scatter graph showing the correlation between the number of
GFP-LC3 dots per cell and the average level of cytoplasmic protein lysine acetylation upon treatment with the indicated acetyltransferase inhibitors. NF and trichostatin A (TSA),
which were used as controls for decreased (NF) or increased (TSA) cytoplasmic protein acetylation. (d) Representative pictures of U20S cells treated as in (a) after staining for
the detection of phosphorylated ribosomal protein S6 (p-S6RP). (e) Quantification of the average phosphorylation level of p-S6RP after treatment with acetyltransferase inhibitors.
(f) Scatter graph showing the correlation between an increase of GFP-LC3 dots per cell and a decrease of cytoplasmic protein lysine acetylation. (g) Representative pictures of
U20S cells treated as in (a) after staining for the detection of p62/SQSTM1. (h) Quantification of the average cellular level of p62/SQSTM1 after treatment with acetyltransferase
inhibitors. (i) Scatter graph showing the correlation between an increase in GFP-LC3 dots per cell and a decrease in p62/SQSTM1 cellular levels. Graphic bars represent average

and S.E.M. values for at least three independent experiments. *P-values < 0.05 in two-tailed Student’s T-test as compared with control. Scale bars, 10 um

Figure 1) the induction of a bona fide autophagic flux
(Figures 2g and h). In this regard, we could observe that
the reduction of cellular p62/SQSTM1 levels significantly
correlated with the increase of GFP-LC3 puncta accumula-
tion (Figure 2i). Altogether, these results reveal the ability of
anacardic acid, curcumin, garcinol and spermidine to
stimulate a stereotyped molecular cascade of biochemical
events that resembles that induced by NF conditions:
deacetylation of cellular proteins, inhibition of the mTORCH1
pathway and induction of autophagy.

Identification of the acetyltransferase EP300 as a major
endogenous repressor of autophagy. To identify the

acetyltransferase(s) that control(s) autophagy, we system-
atically compared the capacity of pharmacological autophagy
inducers to the small interfering RNA (siRNA)-mediated
knockdown of 43 distinct gene products annotated as protein
acetyltransferases with regard to four parameters: (i) induc-
tion of GFP-LC3 puncta in the presence of bafilomycin A1,
(i) reduction in the expression of the autophagic substrate
p62/SQSTM1 in the absence of bafilomycin A1, (iii) depho-
sphorylation of s6RP and (iv) protein lysine deacetylation.
Knockdown of only two acetyltransferases was able to induce
the triad of GFP-LC3 puncta, p62/SQSTM1 depletion, and
s6RP dephosphorylation. This applies to EP300, which is a
lysine acetyltranferase, and NAA20, (N(a)-acetyltransferase 20,
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Figure 3 Specific knockdown of a single acetyltransferase has no major impact on the lysine acetylation of cytoplasmic protein. (a) Hierarchical clustering and heat map
depicting relative intensity values for immunofluorescence analyses against either p62/SQSTM1, phospho-s6-ribosomal protein (p-s6RP) or acetyl-lysine (Ac-lys) epitopes and
GFP-LC3 puncta accumulation in the presence of bafilomycin A1 (Baf A1) after systematic knockdown of 43 distinct acetyltransferases and treatment with different
acetyltransferase inhibitors in U20S cells. In the case of gene knockdown, each square from the heat map represents the average fold change value of two siRNAs targeting each
of the acetyltransferase genes. Gene names are depicted in black, whereas chemical acetyltransferase inhibitors and NF conditions are shown in red. Trichostatin A (TSA) used
as a positive control for increase in proteins acetylation is shown in blue. (b) Representative pictures of U20S cells either untreated (Co), treated with acetyltransferase inhibitors
(curcumin as an example) or after single knockdown of acetyltransferase genes (EP300 as an example). (c-e) Scatter graph showing the correlation between the number of
GFP-LC3 dots per cell and the average level of cytoplasmic protein lysine acetylation () or s6RP phosphorylation (d) or p62/SQSTM1 degradation (e) upon specific knockdown

of single acetyltransferase genes. Scale bars, 5 um

also known as NAT5), which catalyzes the N-terminal
acetylation of methionine residues, an irreversible posttran-
scriptional modification, and not the reversible acetylation of
N-e-lysine groups. The absence of antibodies recognizing
acetylated methionine prompted us to focus our studies on
the characterization of EP300 activity. Knockdown of EP300
however failed to cause a significant decrease of protein
lysine deacetylation (Figures 3a and b). Moreover, we were
unable to detect a correlation between overall protein
acetylation levels, s6RP phosphorylation or p62/SQSTM1
cellular content and autophagy induction by the knockdown
of individual acetyltransferases (Figures 3c—e). This finding
that may reflect the high specificity of such inhibitory
manipulations, which target only one single acetyltransferase,
compared with the chemical inhibitors, which likely target
multiple acetyltransferases. Although knockdown of EP300
failed to reduce the overall acetylation status of cellular
proteins (Figures 3a and b), inhibition of EP300 by a ‘specific’
antagonist, C646,%” did cause such an effect if used at a
concentration of 10 uM (Figure 4a). Careful dose—response
studies, however, allowed us to dissociate the capacity of
C646 to reduce protein acetylation and to induce GFP-LC3
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puncta. At doses ranging from 300nM to 1uM, C646 did
induce significant levels of LC3B puncta without causing
detectable deacetylation of cellular proteins (Figures 4a and b).
Thus, the available data indicate that this compound is a
more potent autophagy inducer (operating at an EDsy of
~1 uM) than any of the other chemicals used in this study, in
line with the fact that C646 can inhibit EP300 at an ED5q of
~1uM.2” Moreover, truly selective inhibition of EP300
(by depletion with two non-overlapping siRNAs or by low-dose
C646) could induce autophagy without causing global protein
deacetylation. Importantly, C646 potently induced GFP-LC3
puncta with a similar efficiency in intact cells and in
cytoplasts, that is, cells that have been enucleated
(Figures 5a and b), underscoring the possibility that
EP300 mediates autophagy inhibition by cytoplasmic
(non-nuclear, transcription-independent) effects.?®

Spermidine induces autophagy by inhibiting the acetyl-
transferase activity of EP300. Several of the chemical
autophagy inducers used in this study have been described
to inhibit EP300. This applies to anacardic acid,?®
curcumin,®® garcinol®' and C646.2” However, spermidine,
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Figure 4 Chemical inhibition of EP300 acetyltransferase increases autophagic flux without affecting general protein acetylation levels. (a) Representative fluorescence
pictures of human U20S cells stably expressing the autophagosome marker GFP-LC3 that were either untreated (Co) or treated with EP300-specific inhibitor C646 at the
depicted concentrations after staining for the detection of cytoplasmic acetylated lysine epitopes. (b) Graph showing the percentage of GFP-LC3* cells (cells with more than 25
GFP-LC3 puncta) as well as the average lysine acetylation of cytoplasmic proteins after treatment with different concentrations of the EP300 inhibitor C646. Graphic bars
represent average and S.E.M. values for at least three independent experiments. *P-values < 0.05 in two-tailed Student’s T-test as compared with control. Scale bars, 5 um
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Figure 5 The effects of chemical inhibition of EP300 acetyltransferase are nucleus-independent. (a) Representative pictures for GFP-LC3 puncta accumulation in both
enucleated (cytoplasts, arrowheads) and nucleated cells (arrows) treated with C646 at the depicted concentrations. (b) Quantification of the percentage of GFP-LC3* cells or
cytoplasts (showing more than 25 GFP-LC3 puncta) after treatment with C646 for 4 h in the presence of bafilomycin A1 (Baf A1). Graphic bars represent average and S.E.M.

values for at least three independent experiments. *P-values < 0.05 in two-tailed Student’s T-test as compared with control. Scale bars, 5 um

which is known to inhibit histone acetyltransferases in yeast
(that lacks an EP300 ortholog), has not yet been evaluated
for its capacity to interfere with the catalytic activity of EP300.
In a cell-free system, spermidine inhibited the capacity of
recombinant human EP300 protein to acetylate its substrate
histone H3 (Figures 6a and b). This effect was obtained at a
physiological concentration of the acetyl donor acetyl-CoA of
10uM, yet was attenuated when acetyl-CoA levels were
raised 10-fold to 100uM (Figures 6¢c and d and
Supplementary Figure 2), suggesting that spermidine acts
as a competitive inhibitor, similar to the aforementioned
agents.27'29‘3‘

Concluding remarks. The results in this paper underscore
the notion that inhibitors of acetyltransferases act as potent
autophagy inducers. Among the agents evaluated in this
work, spermidine may represent the most attractive agent for
therapeutic use, for multiple reasons. First, spermidine is a
natural compound contained in all cells, including those of our
body, which means that all mammals, including humans,
physiologically dispose of an endogenous pool of this

polyamine. Second, to date no adverse effects of exogenous
supply of spermidine have been reported to the best
of our knowledge. Third, spermidine has a broad longevity-
extending activity in multiple species from yeast to
rodents.'®%273%  gpermidine retards the manifestation of
several major age-associated diseases including arterial
aging,® colon cancer®” and neurodegenerative processes in
mice, 93839 suggesting that it may be used for the
prophylaxis of major age-related pathologies.

Here we report the evidence that spermidine may act as an
autophagy inducer by virtue of its capacity to inhibit
acetyltransferases. Beyond its capacity to reduce the overall
levels of protein acetylation, spermidine also inhibits EP300,
the acetyltransferase that physiologically acts as a sensor of
nutrient-dependent acetyl-CoA levels'® and that directly
acetylates and inhibits several core autophagy proteins
including ATG5, ATG7, ATG12 and LC3.22 Thus, the
autophagy-repressive activity of EP300 may not only depend
on the intracellular concentration of acetyl-CoA but may also
be regulated by the presence of spermidine (and likely other
polyamines) that acts as a competitive inhibitor or its

Cell Death and Differentiation
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Figure 6 Spermidine competitively inhibits EP300 acetyltransferase activity in a cell-free system. (a) Representative blots showing the inhibition of EP300 in vitro
acetyltransferase activity against histone H3, one of EP300 preferred substrates. Anacardic acid (AA) was used as a positive control for EP300 inhibition. (b) Quantification of the
data obtained in several independent experiments. (¢) EP300 inhibition by different acetyltransferase inhibitors, including spermidine, was reverted by raising the acetyl-CoA
(AcCoA) concentration from 10 to 100 1M, suggesting the competitive nature of EP300 inhibition. (d) Quantification of the data corresponding to several replicate experiments
similar to that shown in (c). Graphic bars in (b and d) represent average and S.E.M. values for at least three independent experiments. *P-value < 0.05 in two-tailed Student's
T-test as compared with control in the absence of inhibitors; *P-value <0.05 in two-tailed Student's T-test as compared with the same condition in the presence of 100 M

of AcCoA

acetyltransferase activity. In fact, this is the first insight into the
molecular mechanism(s) by which spermidine stimulates
autophagic flux in mammalian cells. Further analyses on the
capacity of spermidine to inhibit acetyltransferases should
elucidate the mechanisms through which this polyamine
exerts beneficial effects in diverse pathophysiological con-
texts. Furthermore, it may be tempting to develop new, truly
specific EP300 inhibitors as investigational drugs and —
perhaps — new lead compounds for the therapeutic induction
of autophagy.

Materials and Methods

Chemicals, cell lines and culture conditions. Unless otherwise
specified, chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA),
culture media and supplements for cell culture were from Gibco-Invitrogen
(Carlsbad, CA, USA) and plasticware was from Corning (Corning, NY, USA).
Human osteosarcoma U20S cells and their GFP-LC3-expressing derivatives were
cultured in DMEM medium containing 10% fetal bovine serum, 100 mg/l sodium
pyruvate, 10mM HEPES buffer, 100 U/ml penicillin G sodium and 100 mg/ml
streptomycin sulfate (37 °C, 5% COy). Cells were seeded in 6- and 12-well plates or
in 10 and 15 cm dishes and grown for 24 h before treatment with 100 xM curcumin,
50 M anacardic acid, 3 zM garcinol, 1 or 10 xM C646, 100 M spermidine and
50 M TSA. For serum and nutrient deprivation, cells were cultured in serum-free
Earle’s balanced salt solution.

RNA interference in human cell cultures. siRNAs were reverse
transfected with the help of the RNAi MaxTM transfection reagent (Invitrogen,
Eugene, OR, USA) according to the manufacturer’s instructions. Sequences of the
different siRNAs used in this study have been published previously.™
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Preparation of cytoplasts. U20S cells stably expressing GFP-LC3 were
trypsinized and incubated in 3 ml of complete medium supplemented with 7.5 mg/ml
cytochalasin B for 45min at 37 °C. This cell suspension was layered onto a
discontinuous Ficoll density gradient (3 ml of 55%, 1 ml of 90% and 3 ml of 100%
Ficoll-Paques; GE Healthcare, Buckinghamshire, UK) in complete medium
containing 7.5 mg/ml cytochalasin B. Gradients were prepared in ultracentrifuge
tubes and pre-equilibrated at 37°C in a CO, incubator overnight. Gradients
containing cell suspensions were centrifuged in a prewarmed rotor (SW41;
Beckman Coulter, Brea, CA, USA) at 30 000 x g for 30 min at 32 °C. The cytoplast-
enriched fraction was collected from the interface between 55 and 90% Ficoll layers,
washed in complete medium and incubated for 4 h at 37 °C before treatments.

Immunoblotting. For immunoblotting, 25 ug of proteins were separated on
4-12% Bis-Tris acrylamide (Invitrogen) or 12% Tris-Glycine SDS-PAGE precast gels
(Bio-Rad, Hercules, CA, USA) and electrotransferred to Immobilon membranes
(Millipore Corporation, Billerica, MA, USA). Membranes were then sliced into
different parts according to the molecular weight of the protein of interest to allow
simultaneous detection of different antigens within the same experiment. Unspecific
binding sites were saturated by incubating membranes for 1 h in 0.05% Tween-20
(v:vin TBS) supplemented with 5% non-fat powdered milk (w : v in TBS), followed
by an overnight incubation with primary antibody. Development was performed with
appropriate horseradish peroxidase (HRP)-labeled secondary antibodies (Southern
Biotech, Birmingham, USA) plus the SuperSignal West Pico chemoluminescent
substrate (Thermo Scientific-Pierce). An anti-glyceraldehyde-3-phosphate dehydro-
genase antibody (Chemicon International, Temecula, CA, USA) was used to control
equal loading of lanes.

Automated microscopy. U20S cells stably expressing GFP-LC3 were
seeded in 96-well imaging plates (BD Falcon, Sparks, MD, USA) 24 h before
stimulation. Cells were treated with the indicated agents for 4 h. Subsequently, cells
were fixed with 4% PFA and counterstained with 10 xM Hoechst 33342. Images
were acquired using a BD pathway 855 automated microscope (BD Imaging



Systems, San Jose, USA) equipped with a x 40 objective (Olympus, Center Valley,
PA, USA) coupled to a robotized Twister Il plate handler (Caliper Life Sciences,
Hopkinton, MA, USA). Images were analyzed for the presence of GFP-LC3 puncta
in the cytoplasm by means of the BD Attovision software (BD Imaging Systems).
Cell surfaces were segmented and divided into cytoplasmic and nuclear regions
according to standard proceedings. RB 2x2 and Marr-Hildreth algorithms were
used to detect cytoplasmic GFP-LC3-positive dots.

Statistical analyses were conducted using the R software (http:/www.r-project.org/).
For quantitative analyses of protein acetylation, cell surfaces were segmented into
cytoplasmic and nucleic regions, and average staining intensity of each individual cell
was measured for statistical analysis.

Immunofluorescence. Cells were fixed with 4% PFA for 15min at room
temperature and permeabilized with 0.1% Triton X-100 for 10 min, except for
staining of cytoplasmic acetyl-lysine-containing proteins, in which any permeabiliza-
tion step further than PFA fixation was avoided. Nonspecific binding sites were
blocked with 5% bovine serum albumin in PBS, followed by incubation with primary
antibodies overnight at 4 °C. Later, the cells were incubated with appropriate Alexa
Fluor conjugates (Molecular Probes-Invitrogen, Eugene, OR, USA). In the case of
cytoplasmic acetyl-lysine staining, an additional step of blocking using anti-
acetylated-tubulin antibody (1: 200) was applied. Ten micromoles of Hoechst 33342
(Molecular Probes-Invitrogen) was used for nuclear counterstaining. Fluorescence
wide-field and confocal microscopy assessments were performed on an DM IRE2
microscope (Leica Microsystems, Wetzlar, Germany) equipped with a DC300F
camera and with an LSM 510 microscope (Carl Zeiss, Jena, Germany),
respectively.

Fluorescence microscopy. Confocal fluorescence images were captured
using a Leica TCS SPE confocal fluorescence microscope (Leica Microsystems).
Non-confocal images were acquired with an Axio Observer inverted fluorescence
microscope (Carl Zeiss). For experiments with human cell lines, a Leica APO x63
NA 1.3 immersion objective was used, whereas for the analysis of GFP-LC3 mice
tissue sections, a Leica APO x40 NA 1.15 immersion objective was used. Zeiss
Immersol immersion oil (Zeiss, Jena, Germany) was used for all microscopic
analyses. Images were acquired with a Leica DFC 350 Fx camera (version 1.8.0)
using Leica LAS AF software and processed with Adobe Photoshop (version CS2)
software (Adobe Systems, San Jose, CA, USA).

In vitro acetylation assay. Recombinant GST-EP300 fusion protein,
corresponding to amino acids 1066-1707 (14-418; Millipore, Billerica, MA, USA)
was assessed for its acetyltransferase activity on the EP300 natural substrate
recombinant histone H3 protein (M2503S; New England Biolabs, Ipswich, MA,
USA). Briefly, 1 g of EP300 HAT domain was incubated in the presence of an HAT
assay buffer (250 mM Tris-HCI, pH 8.0, 50% glycerol, 0.5 mM EDTA and 5mM
dithiothreitol), 1 ug of histone H3 protein and 10 or 100 zM of acetyl-CoA (A2056;
Sigma-Aldrich) for 1 h at 30 °C. The reaction was stopped by adding 4x SDS buffer
and boiling the samples. Acetylation of substrate proteins was measured by
immunoblotting using specific antibodies against H3K56 (Cell Signaling, Danvers,
MA, USA).

Statistical analyses. Unless otherwise mentioned, experiments were
performed in triplicate and repeated at least two times. Data were analyzed using
the GraphPad Prism 5 software (Graphpad software, La Jolla, CA, USA) and
statistical significance was assessed by means of two-tailed Students ttest or
ANOVA tests, as appropriate.
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