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Abstract During their growth and development, animals
adapt to tremendous changes in order to survive. These
include responses to both environmental and physiological
changes and autophagy is one of most important adaptive
and regulatory mechanisms. Autophagy is defined as an
autolytic process to clear damaged cellular organelles and
recycle the nutrients via lysosomic degradation. The
process of autophagy responds to special conditions such
as nutrient withdrawal. Once autophagy is induced,
phagophores form and then elongate and curve to form
autophagosomes. Autophagosomes then engulf cargo,
fuse with endosomes, and finally fuse with lysosomes
for maturation. During the initiation process, the ATG1/
ULKI1 (unc-51-like kinase 1) and VPS34 (which encodes a
class III phosphatidylinositol (PtdIns) 3-kinase) complexes
are critical in recruitment and assembly of other complexes
required for autophagy. The process of autophagy is
regulated by autophagy related genes (ATGs). Amino acid
and energy starvation mediate autophagy by activating
mTORC1 (mammalian target of rapamycin) and AMP-
activated protein kinase (AMPK). AMPK is the energy
status sensor, the core nutrient signaling component and
the metabolic kinase of cells. This review mainly focuses
on the mechanism of autophagy regulated by nutrient
signaling especially for the two important complexes,
ULKI1 and VPS34.
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1 Introduction

Autophagy is an autolytic process that degrades cellular
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components through lysosomes. In the 1960s, autophago-
somes were first identified in mammalian cells by electron
microscopy studies, but almost 30 years later, scientists
uncovered the regulatory pathway and molecular
mechanism. Following the discovery of the first autophagy
genes (ATGs) in yeast, more than 30 ATG (autophagy-
related) genes required for autophagy and its related
pathways have been identified!"). Autophagic degradation
can be classified as macro-autophagy, micro-autophagy
and chaperone-mediated autophagy, depending mostly on
the means of cargo delivery to the lysosome!”. Macro-
autophagy is usually referred to as autophagy. Phago-
phores (isolation membranes) engulf the cytoplasmic
components then elongate and curve to form closed
double-membrane structure known as autophagosomes.
Finally, the autophagosome delivers its cargo to fuse with
lysosomes for degradation'™. The two important com-
plexes that regulate autophagosome biogenesis are ULK1
complexes and the class III phosphatidylinositol 3-kinase
(PI3K) complex. Autophagy can be induced by nutrient
deprivation, protein aggregates, organelle damage and
pathogen infection. During nutrient signaling, mTOR"!
and AMPKD ], which sense the amino acid or energy status
master kinase, directly affect the autophagy activity
through the two complexes above. Under certain condi-
tions such as birth!® and weaning!”, transient starvation
and stress will induce autophagy. Mice lacking ATGS or
ATG7, which are the essential autophagy genes, will
decrease plasma and tissue amino acid concentrations and
will die within a day of birth™ ). During stress, autophagy
maintains cellular amino acids and ATP level for protein
synthesis and supplying substrates for the tricarboxylic
acid (TCA) cycle!'”). More recently, autophagy has been
shown to be involved in the recognition and degradation of
intracellular pathogens and functions as an infection
barriert'""'*. Bacterial targets of autophagy include the
intestinal pathogens, e.g., Salmonella typhimurium!">">),
Autophagy in intestinal epithelial cell seems to be essential
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for mammalian intestinal defense against invasive bac-
terial'®). This review aims to summarize and dissect the
autophagy mechanism and interplay of the nutrient
signaling pathway and pathogen recognition and defense.

The pre-autophagosomal structure (PAS/phagophore) is
a single punctate structure close to the yeast vacuole
membrane, where almost all Autophagy related gene
(ATG) proteins are colocalized. In response to amino acid
starvation or Adenosine triphosphate (ATP) withdrawal,
the mechanistic Target Of Rapamycin (mTOR) will be
inhibited, the 5' AMP-activated protein kinase (AMPK)
will be activated to regulate initiation of autophagy by
affecting the activity of Unc-51 Like Autophagy Activat-
ing Kinase 1 (ULK1) and Phosphatidylinositol 3-kinase
(VPS34) complexes. Upon phagophore assembly, many
genes are assembled into core autophagy machinery.
VPS34 complex phosphorylates PtdIns (phosphatidylino-
sitol) to PtdIns3P [phosphatidylinositol-(3)-phosphate]
which recruit many binding proteins, such as Autophagy
related gene 18 (ATGI1S8), to membranes; Autophagy
related gene 9 (ATGY9) is the transmembrane protein
carrying membrane for phagophore expansion. LC3, a
homolog of yeast Atg8, localizes to autophagosomal
membranes after post-translational modifications and
conjugates with phosphatidylethanolamine (PE) by a
ubiquitin-like system. Autophagy related gene 12
(ATG12)-modified Autophagy related gene 5 (ATGS)
forms a multimeric complex with Autophagy related
gene 6 (ATG16) which decorates the expanding phago-
phore with LC3-PE. When the autophagic double-
membrane engulfs its cargo and closes, the autophagosome
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will be fused with the lysosome. Many proteins: Vesicle-
Associated Membrane Protein 7, 3, 8 (VAMP7,3,8), Qa-
SNARE syntaxin 17 (STX17), Synaptosome associated
protein 29(SNAP-29) or other proteins such as Vesicle
transport through interaction with t-SNAREs 1B(Vtilb),
BECNI1-associated autophagy-related key regulator, Bar-
kor or ATGI14, CoCrMo metal particles (COPs),
Endosomal complex enquired for transport III (ESCRT-
III), Homotypic fusion and protein sorting (HOPS),
Lysosomal associated membrane protein 2 (LAMP-2),
Ras-related protein 7 (Rab7), Tectonin beta-propeller
repeat containing 1 (TECPR1), Autophagy related gene
5, 12 (ATGS, ATG12), RUN and cysteine rich domain
containing beclin 1 interacting protein (Rubicon) and UV
radiation resistance associated gene (UVRAG)-associated
VPS34 complex are involved in this process. Finally, the
autophagosome cargo is delivered to be digested in the
lysosome.

2 Mechanism of autophagosome formation
and maturation

In canonical macro-autophagy, hereafter referred to as
autophagy, the membrane derived from the endoplasmic
reticulum separates to form the phagophore, then elongates
and curves to form a closed double-membrane structure,
called the autophagosome. The autophagosome engulfs
cargos to fuse with endosomes, and then finally fuses with
lysosomes to mature (Fig. 1).
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2.1 Autophagosome formation

Upon induction of autophagy, the immediate event is the
formation of the phagophore to supply the platform for
ATGs. Yet, the original membrane source of phagophore
remains unclear. Some findings have shown that the
autophagosome contains lipids of Golgi and plasma
membranes' '™, Many molecules have been founded to
be involved in autophagosome formation. The pre-
autophagosomal structure (PAS) has been described in
yeast!'”). The PAS is a single punctuate structure close to
the yeast vacuole membrane, where almost all ATG
proteins are colocalized. Same structures are also found
in mammalian cells?®!. The recruitment of ATG proteins to
the phagophore along with the acquisition of lipids
expands the membrane to form a cup-shaped precursor
of the autophagosome termed the omegasome*"’.

During autophagosome formation, many genes are
assembled into core autophagy machinery. This core
machinery is composed of three major functional groups:
(1) ATGY and its cycling system, which includes ATG9,
the ATG1/ULKI1 kinase complex, ATG2 and ATGIS;
(2) the VPS34 complex; and (3) the ATG8/LC3 and
ATG12 ubiquitin-like protein system, ATG7, ATG10 and
ATG3, ATG4, ATG5 and ATG16!"!. ATG9 is the only
transmembrane protein in the core machinery in different
species!”!; it cycles from multiple peripheral sites, which
hints at the role of carrying membrane for phagophore
expansion. ATG9 is capable of self-interaction and may
exist in a complex®! and the population of ATG9
molecules is localized on the PAS!'”). In addition, ATG1
complex, ATG2, and ATG18 are required for retrieval of
ATGY9 from PAS. The VPS34 complex presumably
functions at the PAS by recruiting phosphatidylinositol-
(3)-phosphate (PI3P) binding proteins such as
ATG18%*%] which participate in ATG9 retrieval. During
autophagy, a population of ATG8-PE (phosphatidyletha-
nolamine), needs to be released from PE by ATG4!*%,
ATG12-modified ATGS forms a multimeric complex with
ATG167), which decorates the expanding phagophore
with ATG8-PEP*?1. Upon the formation of PAS and
recruitment of proteins, the delivery process of the proteins
to the PAS is mediated by an adaptor, ATG11. After
completion of autophagosome formation, both the cargo
and the receptor are delivered to the vacuole, where the
receptor is degraded (Fig. 1)P°.

2.2 Autophagosome maturation

The autophagic double membrane engulfs its cargo and
closes. This is then followed by fusion with the lysosome
and delivery of the content for digestion. Recent studies
have implicated SNARE proteins (soluble N-ethylmalei-
mide-sensitive factor attachment protein receptor) includ-
ing vesicle-associated membrane proteins (VAMP7,
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VAMP3 and VAMPS), Qa-SNARE syntaxin 17 (STX17),
SNAP-29 and vesicle transport interacting t-SNAREs
homolog 1B (Vtilb). These proteins mediate the fusion
of autophagosome and lysosome!®' *!. STX17 is localized
on the outer membrane of closed autophagosomes and
interacts with SNAP-29 and VAMPS. Depletion of STX17
blocks the autophagosomes and lysosome fusion which
leads to accumulation of autophagosome in the cytosol**!.
In addition, ATG14 (also known as BECNI1-associated
autophagy-related key regulator, Barkor or ATG14L),
binds to the STX17-SNAP29 binary t-SNARE complex on
autophagosomes and promotes VAMPS interaction>!.
The COPs (CoCrMo metal particles)®® and ESCRT III
(endosomal complex required for transport III) complex
are necessary for proper autophagosomal degradation*”!.
ESCRT III complex is a core complex in multivesicular
body sorting. The HOPS complex (homotypic fusion and
protein sorting)l**! is also involved in the fusion process.
During autophagosome fusion with lysosome, LAMP-2
(lysosomal associated membrane protein 2), which
decorates the lysosome membrane, seems to be involve
in the process. LAMP-2 knockout mice have been shown
to have an impaired phagosomal maturation in neutrophils
LAMP proteins[3 I Rab7 (Ras-related protein 7) as one of
the small GTPase Rab proteins acts at a critical point of the
maturation process of both autophagosomes and endo-
somes. Inhibition of Rab7 disrupts lysosome biogenesis,
accumulation of autophagic vacuoles, and finally inhibi-
tion of autophagic vacuole fusion*). Rab7 GTPase
activity is elevated by the VPS34 complex with BECN1
and UVRAG which promotes autophagosome fusion with
late endosomes/lysosomes!*'). However, another complex
that includes BECN1, RUNICON, VPS34, hVpsl5, and
UVRAG may function in the maturation of autophago-
somes. It has been seen that the knockdown of Rubicon
results in a dramatic increase of the autophagosomes!*?!.
TECPRI1 (tectonin beta-propeller repeat containing 1) is an
ATG5-interacting protein and a component of the
autophagy network and plays a critical role in autophago-
some maturation. TECPR1 may function in promoting
fusion of autophagosomes with lysosomes through its
association of ATG12-ATG5 and PI3P, which will initiate
autophagosome-lysosome fusion (Fig. 1)[**.

3 The core complexes in nutrient
stress-induced autophagy

Autophagy is a lysosomal-dependent cellular degradation
process. The initiation of autophagosome requires activity
of ULK1 protein kinase and the VPS34 lipid kinase to
recruit the ATGs to the isolation membrane for the
autophagosome to elongate and curve. The regulatory
mechanism and pathway of these two complexes are
critical for the autophagy induction process. Cellular stress
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such as starvation signals the initiation of the induction
process. Amino acid and energy withdrawal are associated
with mTOR and AMPK activity, which is significant in
autophagy.

3.1 Metabolic master regulator: mTOR and AMPK

3.1.1 mTOR

Cells can sense different environments and respond by
proliferation, differentiation or just quiescence. In most
conditions, the content of growth factors, amino acids or
energy are the critical signals that affect the cells’
physiology.

The highly conserved Ser/Thr protein kinase target of
rapamycin (TOR) is a most important sensor in amino acid
signaling. TOR can control the cell metabolic level and
proliferation. Mammalian TOR (mTOR) forms two
different complexes in mammals: mTOR complex 1
(mTORCI1) and complex 2 (mTORC2). But only
mTORCI can sense the dynamic of both growth factors
and amino acids. When the environmental growth factors
and the amino acids exist, the mTORC]1 will activate and
transfer anabolism signals to the downstream effector to
promote cell protein synthesis and cell growth!**. The
concentration of certain amino acids, such as leucine,
arginine, glutamine, have an affect mTORCI1 activity
directly™. The mTORCI consist of mTOR, regulatory-
associated protein of mTOR (raptor), which functions in
substrate recognition and recruitment, mammalian lethal
with Sec13 protein 8 (mLSTS), proline-rich AKT substrate
40 kDa (PRAS40) and DEP-domain-containing mTOR-
interacting protein (Deptor). This components have
different functions in regulating mTORCI1 activity.
PRAS40 and Deptor can inhibit the mTORCI activity
when bound to the complex. When the cellular amino acid
or growth factors concentrations increase, amino acids can
stimulate mTOR to phosphorylate both PRAS40 and
Deptor, which will release PRAS40 and Deptor from the
complexes*®).

In the process of controlling protein synthesis, mTORC1
is the most powerful. The eukaryotic translation initiation
factor 4E (eIF4E) binding protein 1 (4E-BP1) and S6
kinase 1 (S6K1) are two other important proteins
regulating protein synthesis. The phosphorylation of 4E-
BP1 directly by mTORCI1 sets elF4E free to participate in
the formation of the eIF4F complex that is required for the
initiation of cap-dependent translation. The activation of
S6K1 by mTORCI1 can increase mRNA biogenesis, as
well as translational initiation and elongation. mTORCI1
can also activate the regulatory element tripartite motif-
containing protein-24 (TIF-1A) to interact with RNA
Polymerase I (Pol I) and the synthesis of rRNA (rRNA) to
increase the protein synthesis™”".

3.1.2 AMPK

Numerous studies have found that AMPK acts as a central
energy sensor to sense and regulate cellular activities in
response to many cellular stresses such as energy with-
drawal. AMPK exists as heterotrimeric complexes con-
sisting of a catalytic o subunit and two regulatory subunits
B and y. Environmental AMP, ADP, or ATP can directly
bind to AMPK via the adenine nucleotide binding sites of
the y subunit and binding of AMP or ADP activates
AMPK!*®,

The canonical mechanisms of activation of mammalian
AMPK, involve increases in the ratio of AMP/ATP and
ADP/ATP, by starvation of glucose or oxygen, as well as
by stresses which lead to ATP consumption. Activation of
AMPK can promotes glucose uptake into cells. Moreover,
AMPK promotes uptake into cardiac myocytes via
translocation of vesicles containing the fatty acid trans-
porter CD36 (cluster of differentiation 36) to the plasma
membranel*”). Another crucial process activated by
AMPK is mitochondrial biogenesis!>..

Other studies have demonstrated new mechanism of
AMPK control of the expression of genes involved in
energy metabolism by coordination with another metabolic
sensor, the NAD"-dependent type III deacetylase SIRT1
(silent mating type information regulation 2 homolog 1).
AMPK enhances SIRT1 activity by increasing cellular
NAD™ levels which leads to deacetylation and modulation
of the activity of downstream SIRT1 targets that include
the peroxisome proliferator-activated receptor-y coactiva-
tor 1o (PGC-1a) and the forkhead box O1 (FOXO1) and
03 (FOXO3a) transcription factors. The AMPK-induced
SIRT1-mediated deacetylation of these targets explains
many of the convergent biological effects of AMPK and
SIRTI on energy metabolism!>'),

3.2 Nutrient signals regulate autophagy activity through
coordination with the autophagy core complexes

3.2.1 ATGI/ULKI complexes

Atgl is a serine-threonine kinase in yeast and is important
in the induction of autophagy. The Unc-51-like kinase 1
(ULK1) is the homolog of yeast ATG1 and appears to be
closely related. The siRNA knockdown of ULK1 blocks
autophagy in HEK293 cells®?. ULK1 deletion, or
expression of a kinase-dead mutant, leads to the accumula-
tion of most other components of the autophagy machinery
at the PAS as well as abrogation of autophagy initiation[>*..
The ULK complex is recruited to the membrane of the
autophagosome during the early stage of autophagy
induction. This downstream reactivation, or sustained
activation of the ULK complex at later stages, supports a
self-reinforcing cycle between the ULK complex and the
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class III PI3-kinase complex driving expansion of the
autophagosome initiated at the omegasomel®. ATG1
forms a complex with ATG13 and ATG17. The phosphor-
ylation of ATG13 can directly affect its binding to ATG1
and ATG171°). The ULK1 complexes have been identified
recently and consist of mammalian ATG131°°!, FIP200
[focal adhesion kinase (FAK) family interacting protein of
200 kD]®"" and ATG101P°%. FIP200 is considered to
have functional similarities to yeast ATG17°), although,
FIP200 and ATG101 in mammals are not found in the
yeast, and homologs of ATG17 in yeast have not been
found in mammals. Differences between the components
of the ATG1 complex in yeast versus mammals indicate
that the mechanism of autophagy initiation may differ from
one species to another!®”. ATG13 mediates the interaction
of ULK1 and FIP200!°'! and there is evidence that ULK1
can also directly bind FIP200. Whereas, ATG13 and
FIP200 can elevate ULK1 kinase activity®*.

3.2.2 ULKI complexes respond to nutrients status

Multiple studies have shown the inhibitory function of the
mTOR complex 1 (mTORC1) in autophagy!®*!. The highly
conserved serine-threonine protein kinase TOR is a master
kinase of the amino acid pool sensing signaling and
mTORC1 promotes cell growth by accelerating the
biosynthetic process and inhibiting catabolic processes'®*.
In yeast, upon autophagy initiation, the activity of the
ULK1-ATG13-ATG17 complex can be mediated by TOR
for the initiation of autophagosome formation'®*. In
mammalian cells, ATG13 and ULK1 can be directly
phosphorylated by mTOR to inhibit autophagy initiation.
Autophosphorylation of ULKI increased under mTOR
inhibitory conditions, and ULK-dependent phosphoryla-
tion of FIP200 was induced by mTOR inhibition, which
implies that mTOR functions as a negative factor”>?. In
addition, serine 757 in ULK1 has been identified as the
phosphorylated site for mTORC1!. The mTOR can also
inhibit autophagy through phosphorylating AMBRAI1
(autophagy/BECN-1 regulator 1), which is a ULKI
binding partner required for ULK1 stability and kinase
activity. Upon amino acid withdrawal, AMBRAI1 is
dephosphorylated. This dephosphorylated AMBRAL
then interacts with the E3-ligase TRAF6, promotes
ULK1 ubiquitylation and its subsequent stabilization,
self-association and function. Furthermore, activated
mTORCI can indirectly inhibit ULK1 stability and activity
by modifying AMBRA1 and impairing its E3-ligase-
related functions'®®.

AMPK senses the ratio of AMP/ATP and increases ATP
levels through accelerated catabolism. Cellular AMP, ADP
or ATP can directly bind to the AMPK vy subunit'®”!. Under
energy deprivation, AMPK is activated to promote
autophagy activity®*! by increased ULK1 autophosphor-
ylation. Two phosphorylation sites, serine 317 and 777, in
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ULK1 have been identified when glucose withdrawal
causes activation of AMPK!®*!. Overexpression of Rheb,
an mTORCI1 activator, can decrease ULKI1-AMPK
binding. Consistently, the binding of ULK1 and AMPK
depends on inhibition of mTORCI1! A feedback
mechanism involving ULKI1 is also observed which
inhibits AMPK through phosphorylation'®®). This ULK1
feedback mechanism toward AMPK controls the
autophagy to sustain a suitable level even in the inductive
stage and this ULK1 feedback mechanism regulates the
level of autophagy.

3.2.3 VPS34 complexes

VPS34 is a class III PI3K that phosphorylates the D-3
position of phosphatidylinositol to produce PI3P. Phos-
phatidylinositol is recruited to the cell membrane once
phosphorylated to PI3P. It then recruits PI3P binding
proteins to the membrane to modulate membrane
activity!’®!. Yeast genetic and biochemical studies have
shown that VPS34 can form different complexes!’'’*!. In
yeast, complex I consists of VPS34, VPS15, ATG6/VPS30
and ATG14. The ATG6/VPS30 unit interacts with VPS38
to form the distinctive VPS34 complex II which is
required for endosome-to-Golgi retrograde trafficking!”*!.
In mammalian cells, the primary components of theVPS34
complexes include VPS34 and p150 (VPS15), BECN1 and
ATG14/Barkor for complex I or UVRAG (UV radiation
resistance associated) for complex III"*). Other compo-
nents of VPS34 have been also identified: VMP1 (vacuole
membrane protein 1, interacts with BECN1, a mammalian
autophagy initiator, through the VMPI-ATG domain,
which is essential for autophagosome formation!’}),
AMBRAT1 (activating molecule in BECNI-regulated
autophagy, a positive regulator of autophagy'’®)), Bif-1
(endophilin B1, positive mediator of VPS347!) and
Rubicon (RUN and cysteine rich domain containing
BECNTI interacting protein, which reduces VPS34 activity
and downregulates autophagy!’®}).

3.2.4 VPS34 complexes regulated by nutrient signaling

The VPS34 complex phosphorylates PI to form PI3P,
which allows PI3P binding proteins on the membrane to
modulate membrane activity. The regulatory activity of
VPS34 is critical for autophagosome initiation. The
function of mTOR has been well established as the cell
growth executor as well as being amino acid and growth
factor sensor and mTOR can inhibit the autophagic
degradative pathway by inhibition of ULK1 complexe
function as well as VPS34 activity. Recently, studies
showed mTORCI inhibits the activity of the ATGI14-
containing VPS34 complex by phosphorating ATG14,
which is required for PIK3C3 inhibition by mTORC1 both
in vitro and in vivol””). Amino acid starvation or treatment
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with the mTORC] inhibitor rapamycin and Torinl results
in an increase of activity of VPS34 complex. Consistently,
cotransfection of RHEB (Ras homolog enriched in brain),
an activator of mMTORC1, dramatically reduces the activity
of the ATGl14-containing PIK3C3 complex. However,
further treatment with rapamycin or Torinl reversed this
effect’’”). The mTORC1 mediates the amino acid signal to
regulate ATG14-associated PIK3C3 activity and autop-
hagy. Methionine deficiency results in reduced protein
synthesis, alters the mTOR/S6K1 signaling pathway'®".
Moreover, in a case of methionine-choline deficiency,
which induce nonalcoholic steatohepatitis in mice, will
trigger autophagy!®'l. Further experiments identified five
serine and threonine sites (serine 3, 223, 383 and 440, and
threonine 233) that are phosphorylated by mTORCI1 in
vitro’’). SLC38A9, an uncharacterized protein with
sequence similarity to amino acid transporters, is a
lysosomal transmembrane protein and loss of SLC38A9
represses mMTORCI1 activation by amino acids, particularly
arginine. Overexpression of SLC38A9 or just its Ragulator
binding domain makes mTORCI1 signaling insensitive to
amino acid starvation'®!. In the VPS34 complex II, mTOR
can phosphorylate UVRAG at serine 550 and 571. Serine
to alanine substitutions at serine 550 and 571 prevent the
phosphorylation of UVRAG by mTOR. Thus, mTOR-
mediated UVRAG phosphorylation at serine 550 and 571
enhances VPS34 activity, and the phosphorylation of
UVRAG is essential for the concomitant PI3P production
and increased PIK3C3 activity®*l.

AMPK, the energy status sensor, has a key role in
regulating different VPS34 complexes. Glucose starvation
results in the depletion of energy and activation of AMPK
as well as the induction of autophagy. During glucose
starvation, VPS34 complex activity increases in AMPK
al/2 double-knockout cells. However, VPS34 complex
activity is decreased in AMPK wild type cells. When
VPS34 complexes that are free of ATG14 and UVRAG are
phosphorylated at threonine 163 and serine 165 by AMPK
their activity is inhibited**. Notably, serine 91 and 94 of
BECNI, rather than VPS34 phosphorylation, are required
for activation of VPS34 complex by AMPK containing
ATG14. Consistently, the complex containing a phosphor-
ylation-mimetic double substitution mutant of BECN1 at
serine 91 and 94 showed higher basal activity even in
glucose-rich conditions. ATG14 enhances the phosphor-
ylation activation of BECN1, and suppresses the inhibitory
phosphorylation of VPS34 by AMPK. Ectopic expression
of ATG14 strongly promoted BECN1 phosphorylation and
inhibited VPS34 phosphorylation and AMPK co-expres-
sion!®4,

4 Conclusions

Autophagy is a catabolic pathway degrading proteins and
organelles to recycle nutrients which is induced when cells

face stress or starvation. Upon induction of autophagy, two
complexes: ULK1 and VPS34 are recruited to autophagic
membranes to initiate the membrane extension and are
closely regulated by two master metabolic switches:
mTORC1 and AMPK. mTORC1 and AMPK are the key
regulatory factors in protein and amino acid or energy
metabolism respectively. mTORC1 is activated under
conditions of amino acid or growth factors stimulation,
on the other hand, it is suppressed by amino acid starvation
and autophagy is induced. AMPK, a crucial cellular energy
sensor, is activated when energy deprivation occurs, which
triggers autophagy. More studies are needed to determine
the functional connections between autophagy and meta-
bolic pathways, to elucidate the mechanisms of these
metabolic physiological processes and disease responses.
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