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ABSTRACT

Eukaryotic cells use post-translational modifications to diversify and dynamically coordinate the
function and properties of protein networks within various cellular processes. For example, the
process of autophagy strongly depends on the balanced action of kinases and phosphatases.
Highly conserved from the budding yeast Saccharomyces cerevisiae to humans, autophagy is
a tightly regulated self-degradation process that is crucial for survival, stress adaptation, maintenance
of cellular and organismal homeostasis, and cell differentiation and development. Many studies have
emphasized the importance of kinases and phosphatases in the regulation of autophagy and
identified many of the core autophagy proteins as their direct targets. In this review, we summarize
the current knowledge on kinases and phosphatases acting on the core autophagy machinery and
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discuss the relevance of phosphoregulation for the overall process of autophagy.

Introduction

Eukaryotic cells maintain their physiological complexity by
employing fine-tuned regulatory networks that orchestrate multi-
layered inter- and intraconnected pathways. Post-translational
modifications represent one essential regulatory mechanism by
which cells modulate and diversify the function of biological
molecules and dynamically coordinate their signaling networks.
In higher eukaryotes, aberrant post-translational modifications are
linked to several developmental disorders but also severe pathol-
ogies, including neurodegeneration, inflammatory, cardiac, and
autoimmune diseases as well as cancer [1-3].

Post-translational modifications can be both reversible and
irreversible. Phosphorylation is one type of reversible post-
translational modification that is implicated in a broad spectrum
of cellular processes and physiological states. The addition of
phosphate groups onto proteins creates a new chemical entity,
diversifying the chemical nature of the protein surface. The mod-
ified protein might interact differently with substrates and binding
partners, and/or adopt a new conformation with altered activity.
In eukaryotic cells, the phosphorylation status of a biological
molecule reflects the balanced action of a kinase and its counter-
acting phosphatase [2-4]. Kinases and phosphatases are therefore
key regulators of cellular functions. They act as molecular switches
to navigate and regulate different biological processes by influen-
cing the activity, function and localization of proteins, lipids, and
small molecules within almost all cellular pathways.

Biochemically, kinases are enzymes that modulate the transfer
of a y-phosphate moiety from high energy phosphate-donors,
usually ATP and more rarely GTP, to a target substrate. The
kinome of eukaryotes can be divided into four main superfamilies

depending on the substrate molecule that is phosphorylated: pro-
teins, lipids, carbohydrates, and metabolites, such as nucleotides,
riboflavin, creatine or dihydroxyacetone [5-8].

Phosphorylation by kinases can be reverted by a class of
enzymes known as phosphatases [9]. Phosphatases carry out
dephosphorylation via a hydrolysis reaction wherein a water mole-
cule is used to release the phosphate group from the substrate,
leaving behind an alcohol derivative. The activity, subcellular
localization and substrate specificity of phosphatases are con-
trolled by interactions with regulatory subunits. Thus, phospha-
tases are often hetero-multimeric complexes consisting of
a catalytic subunit and scaffold protein and/or regulatory subunits
[10]. The activity of phosphatases can also be regulated by “dock-
ing interactions” between different amino acid motifs within the
phosphatase and its substrate [11]. Phosphatases are generally
classified into six super-families based on the catalytic domain
homology: protein tyrosine phosphatases, protein phosphatases
(PPP), protein phosphatase, Mg**- or Mn>"-dependent (PP2C/
PPM), lipid phosphatases, haloacid dehalogenases and nudix
hydrolases [12]. Among these, the PPP super-family comprises
the following complexes: protein phosphatase 1 (PPP1), protein
phosphatase 2 (PPP2), protein phosphatase 3 (PPP3/PP2B), pro-
tein phosphatase 4 (PPP4), protein phosphatase 5 (PPP5), protein
phosphatase 6 (PPP6) and protein phosphatase with EF-hand
(PPEF/PPP7) [13]. Protein phosphatases can also be classified
into four sub-types based on their substrates: Ser/Thr phospha-
tases, Tyr phosphatases, His phosphatases and dual-specificity
phosphatases (DSP) [10,12]. Although protein kinases can phos-
phorylate uncommon amino acids such as Lys, Arg, Asp, Cys and
Glu, the identity of the phosphatases that eventually revert these
modification remains elusive [4,14].
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The role of kinases and phosphatases in human health has
been a subject of great scientific interest. Phosphorylation and
dephosphorylation of macromolecules are tightly regulated in
the process of macroautophagy, hereafter autophagy.
Autophagy is a highly conserved intracellular transport path-
way by which cytoplasmic material is targeted to the lytic
compartment, the vacuole in yeast and the lysosome in mam-
mals for degradation and recycling [15]. This cytoplasmic
material can include unnecessary or dysfunctional proteins,
superfluous or damaged organelles, and harmful pathogens.
Proper autophagy function is important for many biological
processes, including embryonic development, cellular differ-
entiation and adaptation to changing environmental condi-
tions [16]. In addition, dysregulation of autophagy
exacerbates a plethora of clinical conditions such as neurode-
generative disorders, cancer, obesity and infectious diseases
[17-19].

Autophagy can be either a nonselective or a selective pro-
cess [20]. Nonselective autophagy is primarily induced as
a response to starvation and serves in the turnover of bulk
cytoplasm in an apparent random manner. The target of
rapamycin complex 1 (TORC1) kinase complex is the master
nutrient sensor of the cell. TORCI1 activity is regulated by
nutrient levels, in particular amino acids [21]. In the presence
of nutrients, TORC1 is active and phosphorylates numerous
substrates, including components of the autophagy machin-
ery, thereby inhibiting the progression of autophagy. Upon
starvation, TORCI1 is inhibited, which is paralleled by the
dephosphorylation of these proteins and autophagy induction.
Selective autophagy is not under the control of TORCI, but
requires receptor proteins, also known as autophagy recep-
tors, which recognize cargo specifically, therefore acting in
a non-stochastic manner [20].

Although nonselective and selective autophagy differ in the
mode of cargo selection, both processes utilize the same core
machinery, and cargo destined for degradation are seques-
tered into double-membrane vesicles known as autophagoso-
mes [15,20]. Autophagosomes eventually deliver their cargo
into the vacuole/lysosome by fusing with the limiting mem-
brane of these organelles. Autophagosome formation is driven
by the concerted action of a group of proteins collectively
called Atg (autophagy-related) proteins [15], and around 20 of
them comprise the core Atg machinery. Many of these Atg
proteins are functionally and structurally conserved among
eukaryotes [22,23]. They are classified into six functional
modules: the Atgl/ULK (unc-51 like autophagy activating
kinase) complex, the phosphatidylinositol  3-kinase
(PtdIns3K) complex I, the Atg9-positive vesicles, the Atg2-
Atgl8/ATG2-WIPI (WD repeat domain, phosphoinositide
interacting) protein complex, the Atgl2 conjugation system
and the Atg8 conjugation system [15].

In yeast, autophagosomes are formed in close vicinity to
the vacuole and the endoplasmic reticulum (ER) [24-27],
whereas in mammals, they appear to be generated through-
out the cytoplasm but adjacent to specific subdomains of
the ER [28-30]. Autophagosome formation requires the
assembly of a distinct multi-component structure called
the phagophore assembly site (PAS), which is anchored
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onto the vacuole in yeast [31]. The PAS is a highly dynamic
entity and evolves from the hierarchical recruitment of core
Atg proteins [15,32]. Once assembled, the PAS gives rise to
a cisterna known as the phagophore [15]. The phagophore
expands through the acquisition of lipids and the fusion of
its extremities leads to the formation of the autophagoso-
me, and the concomitant sequestration of the cargo des-
tined for degradation. Autophagosome biogenesis can be
divided into five discrete steps: 1) initiation, which is char-
acterized by the formation of the PAS and then
a phagophore; 2) phagophore expansion and closure,
which leads to the generation of an autophagosome; 3)
autophagosome maturation, which is characterized by the
release of Atg proteins from the complete autophagosome
and the acquisition of the fusion machinery; 4) autophago-
some fusion with a lysosome/vacuole; and 5) lysosomal/
vacuolar degradation of the autophagosomal cargo
(Figure 1).

Growing evidence has revealed that the fine-tuned regula-
tion of autophagy is coordinated by kinases and phosphatases.
Regardless of the type of autophagy, PAS assembly, autopha-
gosome formation and delivery of the cargo to the lytic
compartment are highly regulated by phosphorylation. Many
Atg proteins have been found to be phosphorylated, and
several kinases and phosphatases have been implicated in
the different steps of autophagy. In this review, we focus on
the kinases and phosphatases that are reported to act directly
on the core Atg machinery and compare the yeast enzymes
with their mammalian counterparts (Figure 2).

Phosphoregulation of Atg1/ULK kinases during
autophagosome formation initiation

The Atgl kinase complex in yeast, conserved with the ULK
kinase complex in mammals [33], is central and essential for
autophagy initiation under all conditions.

Yeast Atgl belongs to the family of serine/threonine
kinases, and is part of the core Atg machinery [33]. The
presence of Atgl is essential for the correct assembly of the
PAS, as well as its maturation and subsequent progression of
autophagy [32]. Therefore, Atgl is viewed as a key regulator
of autophagy, acting early during initiation of the process.
During selective autophagy, the Atgl kinase complex assem-
bles on the cargo recruited in proximity of the vacuole,
resulting in local clustering and activation of the Atgl kinase
[34]. In bulk autophagy, however, a specific cargo serving as
an assembly platform is missing. Instead, Atgl assembles into
a pentameric complex with Atgl3, Atgl7, Atg29 and Atg3l
[35-38]. Several of these complexes further interact with each
other via multiple Atgl3-Atgl7 interactions, resulting in
a higher-order oligomeric structure that constitutes the early
PAS for bulk autophagy [37]. This clustering of the Atgl
complex both in bulk and selective autophagy is the basis of
Atgl kinase activation, leading to the auto-phosphorylation of
Thr226 and Ser230, which are present in a regulatory amino
acid loop that is necessary for kinase activation (Table 1)
[39,40]. This self-activation event leads to the recruitment of
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Figure 1. Schematic of the mechanism of autophagy in yeast and mammalian cells. Schematics of the five discrete steps that characterize the process of autophagy,
and the Atg modules involved. For details see main text. All yeast and mammalian Atg proteins are indicated with their respective numbers. AM, AMBRA1; BE, BECN1;
NR, NRBF2; RB1, RB1CC1; U1, ULK1; V15, Vps15/PIK3R4; V30, Vps30; V34, Vps34/PIK3C3; W45, WDR45/WIPI4. Black arrows indicate the assembly hierarchy of the Atg

machinery and the progression of autophagy.

additional Atg proteins and the subsequent maturation of the
PAS into a site where the phagophore can form (Figure 2). It
was recently proposed that the early PAS also behaves as
a liquid-like condensate, where the Atgl complex undergoes
phase separation to form a liquid droplet [41]. In this sce-
nario, phase separation of the Atgl complex facilitates kinase
activation by increasing the collision frequency between single
Atgl molecules [41].

ULKI1 and ULK2 are the orthologs of Atgl in more com-
plex eukaryotes [42]. Similar to yeast Atgl, ULK1 and ULK2
form a multimeric kinase complex with ATG13, RBICC1/
FIP200 (RBI1 inducible coiled-coil 1), and ATG101 (Figure
2), which are also essential for autophagy [43-46]. Similar to
its yeast homolog, ULK1 harbors an autophosphorylation site
in the regulatory amino acid loop, at Thr180 (Table 2), and it
is also activated by local clustering during selective mitophagy
[47,48]. Two additional autophosphorylation site have been
described on murine ULKI1 (Ser1043 and Ser1047, which
correspond to Ser1042 and Thr1046 in the human protein)
[49]. Phosphorylation of these residues enhances human
ULK1 interaction with CUL3 (cullin 3) E3 ligase via

KLHL20 (kelch like family member 20), promoting ULK1
ubiquitination and degradation [50].

Several Atgl/ULK complex subunits are phosphoregulated
(Table 1, 2, and Figure 2). Atgl itself is phosphoregulated by
several other kinases, which fine-tune its activity and assembly
into the pentameric complex. One of the kinases that acts on
Atgl is the cAMP-dependent protein kinase complex (PKA).
PKA, which senses extracellular nutrients, phosphorylates
Ser508 and Ser515 of Atgl (Table 1) [51] to influence Atgl
localization. When phosphorylated, Atgl recruitment to the
PAS is blocked, thus inhibiting autophagy progression when
nutrients are available. Intriguingly, substitution of these resi-
dues with non-phosphorylatable Ser-to-Ala rescues the loca-
lization defect induced by an overexpression of PKA, although
autophagosome biogenesis is still impaired [51]. Atgl is also
phosphorylated on its N-terminus, at Ser34, which diminishes
its kinase activity [52]. The kinase responsible for this mod-
ification, however, remains unknown.

Several sites on Atgl have been reported to be phosphory-
lated by TORC1, among these is Ser518, which is found
in vivo and is directly targeted by TORCI1 also in vitro
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Figure 2. Autophagy progression is fine-tuned by multiple phosphorylation and dephosphorylation events regulating the core Atg machinery. Autophagy is initiated
by the formation of a phagophore assembly site (PAS), where the hierarchical assembly of the indicated proteins drives the process of autophagosome formation,
characterized by the formation of a phagophore and its expansion. Many of these Atg proteins are subject to phosphoregulation, as detailed in the text. This
overview shows the yeast (left panel) and mammalian (right panel) kinases and phosphatases acting on the autophagy pathway. For simplicity, the effect of the
kinase or phosphatase on the pathway, rather than the effect on the specific target protein, is indicated. All yeast and mammalian Atg proteins are indicated with
their respective numbers. AM, AMBRA1; BE, BECN1; RB1, RB1CC1; NR, NRBF2; S17, STX17; U1, ULK1; V15, Vps15/PIK3R4; V30, Vps30; V34, Vps34/PIK3C3; W2, WIPI2;
W45, WDR45/WIPI4; Y6, Ykt6. Note that BECN1 is regulated by numerous kinases, including AKT1, AMPK, BCR-ABL (an oncogenic fusion protein between BCR [BCR
activator of RhoGEF and GTPase] and ABL1 [ABL proto-oncogene 1, non-receptor tyrosine kinase], which is found in most patients with chronic myelogenous
leukemia), CAMK2, CSNK1G2, DAPK1, DAPK2, EGFR (epidermal growth factor receptor), PTK2 (protein tyrosine kinase 2), MAPKAPK2 (MAPK activated protein
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3. Color code: green, kinase; red, phosphatase. Black dashed arrows indicate the assembly hierarchy of the Atg machinery and the progression of autophagy.



108 M. LICHEVA ET AL.

Kinase domain (16aa-278aa)

A Proline/Serine-rich region (279aa-832aa)
[l c-terminal domain (833aa-1050aa)
PBK CDK1
PRKCA RIPK3
AKT
AMPK
o ~ M NOWN M O NOOSO N-OOLON g
2 P §35% B8k 883888 Nk e
ULK1] [ TT [IT [ [T 1050
%
(3]
©
PP2A PPM1D
EGFR ) )

DAPK3 Bcl-2 homology domain 3 (BH3 domain, 107aa-135aa)
MAPKAPK2 Coiled-coil domain (CCD, 174aa-266aa)
MAPKAPK3 ) .

DAPK pTK2 . Evolutionary conserved domain (ECD, 244aa-337aa)

CAMK2 ROCKA1 AKT1

’H CSNK1G2
STK4
PGK1 AMPK

v
no o [} NN O
- O N~ ONO O

C o ees N R
BeCNt[[[ [ L[] [as0
e
T
PPP2

Figure 3. ULK1 and BECN1 are central hubs for the phosphoregulation of autophagy progression. Schematic representation of ULK1 (A) and BECN1 (B), depicting the
characterized phosphosites, and the identified kinases and phosphatases that modify them. Pointed arrowheads highlight modifications that positively regulate
autophagy, flat arrowheads indicate the ones inhibiting autophagy, and arrows ending in a circle indicate that the mode of regulation is unknwon. Described
domains are indicated. Note that different annotations for domains in BECN1 exist; the shown domains are obtained from [203-205].

(Table 1) [53]. MTOR (mechanistic target of rapamycin
kinase) complex 1 (MTORCI) directly targets and phosphor-
ylates ULK1 at Ser638 and Ser758 (corresponding to Ser637
and Ser757 in the murine protein; Table 2) [54]. These mod-
ifications regulate the interaction between ULK1 and another
kinase, AMP-activated protein kinase (AMPK) [54]. AMPK
activity maintains phosphorylation of Ser638, thereby inhibit-
ing autophagy induction [54]. Interestingly, this phosphoryla-
tion site has been reported to be dephosphorylated by two
phosphatases: PPP2 and PPM1D (protein phosphatase 1D
magnesium-dependent, delta isoform; see below) [55-57].
The targeting of Ser638 by different kinases and different
phosphatases suggests that it represents an important regula-
tory residue of ULKI.

Under glucose starvation, AMPK phosphorylates ULK1 at
Ser317 and Ser777 (the latter is present only in mouse ULK1),
which promotes ULK1 activation and autophagy progression

(Table 2) [58]. Phosphorylation of Ser758 by MTORCI1 coun-
teracts the AMPK activation of ULK1 by disrupting binding
between ULK1 and AMPK. Further AMPK-dependent phos-
phorylation of ULK1 at residues Ser467, Ser556, Thr575 and
Thr660 (Ser467, Ser555, Thr574 and Thr659 in mouse ULK1)
positively regulate mitophagy and starvation-induced auto-
phagy [59,60], although one of these sites, Ser556, has also
been reported to play an inhibitory role [60]. Thus, although
MTORCI1-dependent phosphorylations have so far always
been reported to inhibit ULK1 function, ULK1 phosphoryla-
tion by AMPK appears to both activate and inhibit autophagy.
This apparent discrepancy could stem from the different
modes of autophagy induction, such as different factors
involved and/or different nutrient situations.

One of the ULKI1 sites targeted by MTORCI, Ser758, can
also be phosphorylated by CDK1 (cyclin dependent kinase 1)
in mitosis, which results in an inhibition of autophagy



Table 1. Characterized phosphosites on the yeast Atg machinery.
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Atg protein and phosphosites Function Kinase Phosphatase References

Atg1

Ser34 Kinase activity decrease ? ? [52]
Thr226 Autoactivation, autophagy Atg1 Ptc2 [39,41,110]
Ser230 Autoactivation, autophagy Atgl ? [39]
Ser508 PAS localization and autophagy inhibition PKA ? [51]
Ser515 PAS localization and autophagy inhibition PKA ? [51]
Ser518 ? TORC1 ? [53]
Atg4

Ser307 Atg4 proteolytic activity and autophagy inhibition Atg1l ? [158]
Atg9

Ser19 Phagophore formation induction Atg1 ? [142]
Ser122 Enhancement of the interaction With Atg23 and Atg27, and autophagy ? ? [116]
Ser657 Phagophore formation induction Atg1 ? [142]
Ser802 Phagophore formation induction Atg1 ? [142]
Ser831 Phagophore formation induction Atg1 ? [142]
Ser948 Phagophore formation induction Atg1 ? [142]
Ser969 Phagophore formation induction Atg1 ? [142]
Atg13

Ser344 PAS localization and autophagy PKA ? [68]
Ser348 Mutated in Atg13[8SA], possibly inhibiting autophagy ? (Cdc14) [65,97]
Ser428 Atg17 binding and autophagy inhibition TORC1 Atg1 Ptc2 Ptc2 [41,53] [67]
Ser429 Atg17 binding and autophagy inhibition TORC1 Atg1 Ptc2 Ptc2 [41] [67]
Ser437 PAS localization and autophagy inhibition, mutated in Atg13[8SA] PKA (Ptc2, Ptc3) [65,68,110]
Ser438 Mutated in Atg13[8SA], possibly inhibiting autophagy ? (Ptc2, Ptc3) [65,110]
Ser496 Autophagy inhibition, mutated in Atg13[8SA] Atg1 (Ptc2, Ptc3) [53,65,110]
Ser535 Mutated in Atg13[8SA], Possibly inhibiting autophagy Atgl (Cdc14) [53,65,97]
Ser541 Mutated in Atg13[8SA], possibly inhibiting autophagy ? (Cdc14) [65,97]
Ser581 PAS localization and autophagy inhibition PKA ? [68]
Ser637 ? TORC1 ? [53]
Ser644 TORC1 ? [53]
Ser646 Mutated in Atg13[8SA], Possibly inhibiting autophagy TORC1 (Cdc14) [53,65,97]
Ser649 Mutated in Atg13[8SA], possibly inhibiting autophagy ? (Ptc2, Ptc3) [65,110]
Atg29

Ser106 Autophagy induction Atg1 ? [53]
Thr115 Autophagy inhibition TORC1 ? [53]
Ser129 Autophagy induction Atgl ? [53]
Ser197 Release of self-inhibition, autophagy induction ? ? [73]
Ser199 Release of self-inhibition autophagy induction ? ? [73]
Ser201 Release of self-inhibition Atg1 ? [53,73]
Atg31

Ser174 Positive regulation of Atg9 trafficking and autophagy ? ? [75]
Vps30

Ser85 ? Atg1 ? [53]
Ykté

Thr158 Autophagosome-vacuole fusion inhibition ? ? [182,183]
Ser182 Autophagosome-vacuole fusion inhibition Atg1 ? [182,183]
Ser183 Autophagosome-vacuole fusion inhibition Atg1 ? [182,183]

Additional phosphosites on the core Atg machinery modified by Atg1 and TORC1 have been systematically mapped in vivo and in vitro [53], but their relevance for

autophagy progression remains to be established.
Putative enzymes catalyzing a given dephosphorylation are in parentheses.

induction during this cell cycle stage [61]. Additional CDK1
phosphorylation sites on ULK1 that inhibit autophagy during
mitosis include Ser623, Thr636 and Thr654 (corresponding to
Ser622, Thr635 and Thr653 in the murine ULKI1) [62].
Altogether, these findings suggest that different kinases can
target the same residue depending on the cellular situation.
Additionally, direct phosphorylation of ULK1 at Ser469,
Ser495 and Ser533 by PBK (PDZ binding kinase) inhibited
autophagy induction by reducing ULKI1 stability, complex
assembly, and kinase activation. In contrast, mutation of
these sites to non-phosphorylatable alanine residues led to
enhanced autophagy induction and promoted apoptosis [63].
Moreover, phosphorylation on ULK1 at Ser747 (Ser746 in
mouse ULKI1), catalyzed by the RIPK3 (receptor-interacting
serine-threonine kinase 3), was found to be required for
genotoxic stress-induced unconventional autophagy, but not
for conventional bulk autophagy [57]. ULK1 phosphorylation

by RIPK3 requires the prior dephosphorylation of Ser638 by
the phosphatase PPM1D [56,57]. Finally, AKT1 (AKT serine/
threonine kinase 1) phosphorylation site has been identified at
Ser774 in mouse ULKI1 (corresponding to Ser775 in the
human homolog), which is increased upon insulin stimulation
(Table 2) [64]. Whether this phosphorylation plays
a regulatory role has not been addressed yet. Taken together,
ULK1 is a major hub of phosphoregulation, targeted by sev-
eral different kinases and phosphatases (Figure 3A).

Phosphoregulation of the Atg1/ULK kinase complex
subunits during autophagosome formation initiation

Atgl3 is another direct target of TORCI under nutrient-rich
conditions in yeast (Figure 2 and Table 1) [65]. When TORC1
is inhibited, Atgl3 becomes rapidly dephosphorylated, leading
to bulk autophagy induction [36]. More than 40
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phosphorylation sites on Atgl3 have been mapped, and some
of these sites have been verified as direct TORC1 or Atgl
targets in vitro [53,65,66]. Ser428 and Ser429, which are direct
targets of both TORCI and Atgl [41,53,67], appear to be of
regulatory importance, as these residues are involved in Atgl7
binding upon starvation (Table 1). Phosphorylation of Ser496
also negatively regulates autophagy induction and the depho-
sphorylation of several further Ser residues in the Atgl bind-
ing region of Atgl3, which is key in mediating Atgl-Atgl3
interaction [66]. Atgl3 is also a target of PKA [68]. PKA-
mediated phosphorylation of Ser344, Ser437 and Ser581 reg-
ulates the association of Atgl3 with the PAS (Table 1). The
Atgl3-Atgl7 interaction is affected by phosphorylation of
these sites as well, probably by the modification of Ser437 in
particular, as this residue is located next to the Atgl7-
interacting region in Atgl3 [66]. Direct TORCI1 phosphoryla-
tion sites on Atgl3 include Ser428, Ser637, Ser644 and Ser646
[53]. A mutant of Atgl3, Atgl3[8SA], which potentially lacks
phosphorylation at eight serine residues (Ser348, Ser437,
Ser438, Ser496, Ser535, Ser541, Ser646 and Ser649), has been
reported to bypass the negative TORCI1 regulation (Table 1)
[65]. Recently, these sites were shown to be phosphorylated
in vivo [53], however, only Ser646 was found to be a TORCI
target both in vitro and in vivo, and Ser496 and Ser535 are
targeted by Atgl. How these phosphorylation sites contribute
to autophagy inhibition mechanistically and how TORC1 and
Atgl cooperate in this process remain to be examined.
Similar to its yeast homolog, mammalian ATG13 under-
goes dramatic changes in its phosphorylation status upon
autophagy induction, but in contrast to yeast Atgl3, this
does not appear to influence ATGI13 binding affinity to
ULKI1 and ATGI101 [69]. ATG13 is a target of AMPK and
MTORCI, which phosphorylate murine Ser224 (Ser225 in
human ATGI13) and Ser258 (Ser259 in human ATGI13),
respectively, and negatively regulate autophagy [46,70]. Both
these sites, as well as Ser44, Thr332 and Thr342, are targeted
by CDK1 during mitotic autophagy regulation [61,62]. CDK1
phosphorylation has been suggested to negatively regulate
mitotic autophagy. ATG13 is also a target of ULKI, which
phosphorylates its Ser355 (corresponding to Ser318 in iso-
form 2). This phosphorylation influences mitophagy function
positively by mediating ATG13 localization to mitochondria,
but it does not affect bulk autophagy, indicating that ULK1
might phosphorylate ATG13 at different locations in the cell,
depending on the type of autophagy that needs to be executed
[71]. Other ULKI1 phosphosites on ATGI3 have been
reported, but their role is still not understood [43,54,62,72].
Yeast Atg29, which is part of the Atgl7-Atg31-Atg29 tern-
ary complex (Figure 2), also shows differential phosphoryla-
tion depending on the nutrient availability [53,73]. The
function of Atg29 is regulated by an inhibitory peptide located
at its extreme C-terminus. Upon autophagy induction, the
C-terminus becomes phosphorylated, inducing
a conformational change that releases the inhibition by this
peptide and thus allows autophagy to progress [73]. Three
residues, Ser197, Ser199 and Ser201, appear to be particularly
important for this regulation, but it remains to be determined
whether these sites are phosphorylated in vivo (Table 1) [73].
Only Ser201 phosphorylation has been confirmed in cultured

cells in vivo and appears to be directly targeted by Atgl [53].
Additional phosphorylation sites on Atg29 have been
mapped. In addition to Ser201, Serl06 and Ser129 are Atgl
targets, whereas Thr115 appears to be directly modified by
TORCI1 (Table 1) [53]. Mutation of the three Ser residues to
non-phosphorylatable Ala, or of the Thrll5 to
a phosphomimicking Glu, results in reduced bulk autophagy
[53]. Phosphorylation of Atg29 also appears to regulate its
binding to Atgll and subsequently the targeting of Atgl7-
Atg29-Atg31 to the vacuole under nutrient starvation, but
which phosphorylation sites are responsible for these events
has not been analyzed [73]. These findings indicate that, in
contrast to what has been previously suggested, Atgll may
contribute to the efficiency of bulk autophagy under nitrogen-
starvation conditions, similarly to its role during glucose
deprivation-induced autophagy [74]. Several phosphorylation
sites have been identified on Atg31, and Ser174 in particular
plays an important role in promoting the autophagic flux
because it positively regulates Atg9 trafficking (Table 1) [75].
The kinase responsible for Ser174 modification, as well as the
role of the phosphorylated sites, remain unknown.

Similar to yeast Atgll and Atgl7, RBICCl acts as
a scaffold protein to recruit the Atg machinery in mammals.
It directly interacts with ATGI13 and is considered the func-
tional homolog of yeast Atgll and Atgl7 [43,44,46,76-79].
Similar to Atgll, RBICC1 binds autophagy receptors, thus
linking the ULK1 complex to the autophagosomal cargo [-
80-83]. ULK1 was shown to phosphorylate RB1CCl on
Ser943, Ser986 and Ser1323 (Table 2) [46,72]. The importance
of this phosphoregulation and how it affects autophagy, how-
ever, is not known yet. While no phosphorylation has been
reported on Atgl7 to date, Atgll contains direct Atgl target
sites, but their relevance remains unexplored [53].

The mammalian ULK complex does not contain Atg29 and
Atg31 homologs but rather contains a unique subunit,
ATG101, which shows no functional or structural homology
to any yeast protein (Figure 2). Loss of ATG101 results in the
aberrant recruitment of downstream factors necessary for
phagophore expansion, leading to a defect in autophagosome
biogenesis [43,69,84]. Two ULKI1 consensus phosphorylation
sites are present in human ATG101 (Serll and Ser203), but
whether these sites are important for autophagy progression
remains unknown [72].

Protein phosphatases regulating the Atg1/ULK
kinase complex

A major class of phosphatases counteracting TORCI function
and the early steps of autophagy is the serine/threonine-
protein phosphatase PP2A (PP2A) family of phosphatase
holoenzymes. PP2A phosphatases are ubiquitous, and they
are involved in multiple cellular functions [85-87]. In yeast,
PP2A phosphatases consist of heterotrimeric complexes com-
posed of 1) the scaffold A subunit, Tpd3 (tRNA processing
deficient 3), 2) a regulatory B subunit, Cdc55 (cell division
control 55) or Rtsl (rox three suppressor 1), and 3) a catalytic
C subunit, Pph21 (protein phosphatase 21) or Pph22 [88].
Although Pph21 and Pph22 have redundant roles, the



Table 2. Characterized phosphosites on the human Atg machinery.
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Atg protein and Function Kinase Phosphatase References
phosphosites
AMBRA1
Ser465 ? ULK1 ? [72]
Ser635 ? ULK1 ? [72]
ATG4B
Ser34 ATG4B proteolytic activity AKT1 ? [160,161]
stimulation AKT2 ? [160,161]
Ser316 ATG4B proteolytic activity and autophagy inhibition ULK1 PPP2/PP2A  [159]
Ser383 ATG4B proteolytic activity stimulation STK26 ? [162]
Ser383 ATG4B proteolytic activity stimulation ? ? [163]
Ser392 ATG4B proteolytic activity stimulation ? ? [163]
ATG5
Thr75 Autophagy inhibition MAPK14 ? [149]
Thr101 Stability, binding to ATG16L1 autophagy enhancement PAK1 ? [149]
ATG9A
Tyr8 ATGYA trafficking and autophagy induction SRC ? [117]
Ser14 ATGYA trafficking and autophagy induction ULK1 ? [117]
Ser761 YWHAZ binding and AMPK ? [118]
autophagy induction ULK1 ? [118]
ATG13
Ser44 Mitotic autophagy inhibition CDK1 ? [62]
Ser225 [Ser224*] ULK1 activity inhibition AMPK ? [70]
Mitotic autophagy inhibition CDK1 ? [61,62]
Ser259 [Ser258*] ULK1 activity inhibition MTORC1 ? [70]
Mitotic autophagy inhibition CDK1 ? [61]
Thr332 Mitotic autophagy inhibition CDK1 ? [62]
Thr342 Mitotic autophagy inhibition CDK1 ? [62]
Ser355 [Ser318**¥] Mitophagy upregulation ULK1 ? [71]
ATG14
Ser3 PtdIns3K and autophagy inhibition MTORC1 ? [125]
Ser29 PtdIns3K and autophagy inhibition ULK1 ? [123,124,206,207]
Ser223 PtdIns3K and autophagy inhibition MTORC1 ? [125]
Thr233 PtdIns3K and autophagy inhibition MTORC1 ? [125]
Ser383 PtdIns3K and autophagy inhibition MTORC1 ? [125]
Ser440 PtdIns3K and autophagy inhibition MTORC1 ? [125]
Mitotic autophagy inhibition CDK1 ? [61]
ATG16L1
Ser139 Binding to ATG12-ATG5 and autophagy enhancement CSNK2 PPP1 [148]
Ser278 Regulating ATG16L1 stability and autophagy induction CHUK ? [145]
Regulating ATG16L1 stability and autophagy induction ULK1 ? [146]
Ser269 ATG16L1 degradation induc tion and utophagy inhibition PRKA/PKA 7 [147]
Ser287 [Ser268***] ATG16L1 degradation induction and autophagy inhibition PRKA/PKA ? [147]
ATG101
Ser11 ? ULK1 ? [72]
Ser203 ? ULK1 ? [72]
BECN1
Ser15 [Ser14*] PtdIns3K activation, PRKN interaction ULK1 ? [72,208,209]
Ser30 PtdIns3K activation ULK1 ? [72,207,209]
PtdIns3K activation PGK1 ? [210]
Ser90 Autophagy induction DAPK3 PPP2/PP2A  [129]
MAPKAPK2 ? [211]
MAPKAPK3 ? [211]
CAMK2 ? [212]
Ser93 PtdIns3K activation AMPK ? [213]
Ser96 Autophagy induction ULK1 ? [72]
PtdIns3K activation AMPK ? [213]
Thr108 BCL2-BCL2L1 interaction STK4 ? [214]
Thr119 BCL2-BCL2L1 interaction DAPK ? [215,216]
BCL2-BCL2L1 interaction ROCK1 ? [217]
Tyr229 Progression of autophagy EGFR ? [218]
Tyr233 ATG14 interaction. PTK2 ? [219]
PtdIns3K complex formation EGFR ? [218]
Autophagy regulation BCR-ABL  ? [220]
Ser234 Regulation of function AKT1 ? [221]
Ser279 ? ULK1 ? [72]
Ser295 Regulation of function AKT1 ? [221]
Tyr352 Autophagy regulation BCR-ABL ? [220]
Autophagy regulation EGFR ? [218]
Ser377 ? ULK1 ? [72]
Thr388 Dimerization, association with Ptdins3K complex AMPK ? [222]
Ser409 RUBCN interaction CSNK1G2 7 [223]
GABARAPL2
Ser87 ATG4 protein binding inhibition TBK1 ? [151]
Ser88 ATG4 protein binding inhibition TBK1 ? [151]
MAP1LC3A
Ser12 Autophagosome association and autophagy inhibition PRKA/PKA 7 [152]
MAP1LC3B
Ser12 Autophagosome recruitment and autophagy inhibition PRKA/PKA 7 [152]

(Continued)
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Table 2. (Continued).

Thr50 Fusion with lysosomes and autophagy enhancement STK3 ? [153,154]
Fusion with lysosomes and autophagy enhancement STK4 ? [153,154]
SQSTM1 degradation block NEK9 ? [153]
MAP1LC3C
Ser93 ATG4 protein binding inhibition TBK1 ? [151]
Ser99 ATG4 protein binding inhibition TBK1 ? [151]
NRBF2
Ser113 PtdIns3K assembly and activity inhibition MTORC1 ? [136]
Ser120 PtdIns3K assembly and activity inhibition MTORC1 ? [136]
PIK3C3
Ser249 ? ULK1 ? [72]
Thr159 Interaction with BECN1 reduction and CDK1 ? [127]
autophagy inhibition CDK5 p25 ? [127]
Thr677 PtdIns3K activity and autophagy induction - PRKD1 ? [128]
RB1CC1
Ser943 ? ULK1 ? [72]
Ser986 ? ULK1 ? [72]
Ser1323 ? ULK1 ? [72]
STX17
Ser202 PAS association and autophagy enhancement TBK1 ? [185]
ULK1
Thr180 Autoactivation, autophagy Induction ULK1 ? [48]
Ser317 Autoactivation, autophagy induction AMPK ? [58]
Ser423 Association with STX17, auto-phagosome-lysosome fusion and autophagic flux PRKCA ? [184]
inhibition
Serd67 Autophagy/mitophagy induction AMPK AMPK 597 [59]
Ser469 Autophagy inhibition PBK ? [63]
Ser495 Autophagy inhibition PBK ? [63]
Ser533 Autophagy inhibition PBK ? [63]
Ser556 [Ser555%] Autophagy/mitophagy induction AMPK AMPK 59,60,64? 59,60,64
Thr575 [Thr574*] Autophagy/mitophagy induction AMPK AMPK 597 [59]
Ser623 [Ser622*] Mitotic autophagy inhibition CDK1 ? [62]
Thr636 [Thr635%] Mitotic autophagy inhibition CDK1 ? [62]
Ser638 [Ser637*%] Autophagy inhibition AMPK PPP2/PP2A  [54,55,59,60]
PPM1D [56,57]
MTORC1 [54]
Thr654 [Thr653*] Mitotic autophagy inhibition CDK1 ? [62]
Thr660 [Thr659%] Autophagy induction AMPK ? [60]
Ser747 [Ser746%] Genotoxic stress-induced Autophagy stimulation RIPK3 ? [57]
Ser758 [Ser757%] Inhibition of AMPK-ULK1 interaction, autophagy inhibition MTORC1 ? [54]
Mitotic autophagy inhibition CDK1 ? [61]
Ser775 [Ser774%] Insulin-regulated site, unknown effect on ULK1 activity AKT ? [64]
Ser777%* Autoactivation, autophagy induction AMPK ? [58]
Ser1042 [Ser1043%] KLHL20-CUL3 E3 ligase binding and ULK1 turnover enhancement ULK1 ? [49,50]
Thr1046 [Ser1047%] KLHL20-CUL3 E3 ligase binding and ULK1 turnover enhancement ULK1 ? [49,50]
WiPI2
Ser395 HUWE1 binding, autophagy inhibition MTORC1 ? [140]

Sites in square brackets indicate sites mapped on a different isoform or in a different organism: *corresponding residue in the murine protein; **in the murine protein
only, residue not conserved in the human protein; *** originally reported amino acid position, but on a different isoform.

Many of the listed sites need further rigorous validation to be defined as target sites of the kinases and phosphatases. Additional phosphorylation sites not indicated
in this table have been mapped; however, the responsible kinases and/or their biological relevance remain mostly unknown.

function of these two phosphatases differs based on their
interaction with their regulatory subunits and their substrates
[89].

Approximately 2% of Pph21 and Pph22 form a heterodimer
with Tap42 (two A phosphatase associated protein 42), one of the
targets of the TORCI kinase complex [89,90]. Phosphorylated
Tap42 competes with Cdc5 and Rtsl to bind the PP2A phospha-
tase catalytic subunit C. Upon nutrient depletion, TORC1

becomes inactivated and Tap42 is dephosphorylated, triggering
its dissociation from Pph21 and Pph22. This event allows the
binding of Cdc55 and Rtsl, along with Tpd3, to Pph21 and
Pph22, leading to the formation of active Cdc55-Tpd3- and Rts1-
Tpd3-containing PP2A phosphatase complexes [90,91].
Recently, it was shown that yeast PP2A phosphatases play
a role in dephosphorylating Atgl3 (Figure 2) [92]. Although
pph21A, pph22A, cdc55A and rts1A single knockout cells do



not show any defects in autophagy, the double deletion
pph21A pph22A displays severely impaired autophagy [92].
A similar phenotype is observed in the double knockout
strain cdc55A rts1A. Additional investigations showed that
the autophagy defect observed in these knockout mutants
was due to inefficient dephosphorylation of Atgl3. Another
report reached the opposite conclusion [93] that PP2A
phosphatases negatively regulate starvation-induced auto-
phagy. In the latter report, overexpression of the phospha-
tase-dead Pph22™'**N variant or the inactive pph22-172
allele did not block autophagy induction. Conversely, over-
expression of either PPH2I or PPH22 leads to impaired
autophagy [93]. Further analyses are needed to clarify how
PP2A phosphatases regulate autophagy.

PP2A phosphatases are highly conserved from yeast to
humans and share 74% amino acid similarity. Similar to
yeast PP2A, human PPP2 are heterotrimeric complexes com-
posed of PPP2R1A (protein phosphatase 2 scaffold subunit
Aalpha) or PPP2R1B (protein phosphatase 2 scaffold subunit
Abeta), one of 15 regulatory B subunits that comprise 4
subfamilies namely: PPP2R2 (protein phosphatase 2 regula-
tory subunit B), PPP2R5 (protein phosphatase 2 regulatory
subunit B’), PPP2R3 (protein phosphatase 2 regulatory sub-
unit B”) and STRN (striatin), and one catalytic C subunit
PPP2CA (protein phosphatase 2 catalytic subunit alpha) or
PPP2CB (protein phosphatase 2 catalytic subunit beta)
[85,94,95].

Under starvation conditions, the regulatory subunit
PPP2R2A binds to the catalytic subunit PPP2CA or
PPP2CB, leading to the release of the PPP2 inhibitor IGBP1
(immunoglobulin binding protein 1), a mammalian homolog
of Tap42 [55]. The active PPP2R2A-containing PPP2 complex
promotes autophagy by specifically dephosphorylating Ser637
of mouse ULK1 (corresponding to Ser638 in human ULK1),
a MTORCI and AMPK kinase target site (Table 2) [54,55,59].
Intriguingly, MTORC1 also phosphorylates ULK1 at Ser757,
but the PPP2R2A-containing PPP2 complex is unable to
dephosphorylate this site [55]. This observation highlights
the possibility that other phosphatases may regulate autopha-
gy induction by dephosphorylation of ULKI1.

As the yeast PP2A mutant pph21A pph22A did not show
complete Atgl3 dephosphorylation [92], this observation led
to an investigation aimed at identifying the other
phosphatase(s) involved. The tyrosine protein phosphatase
Cdc14 was identified to cooperate in this dephosphorylation
event. Cdcl4 can dephosphorylate both phospho-Ser/Thr and
phospho-Tyr residues and has been extensively studied for its
role in cell cycle control [96]. In the absence of Cdc14 phos-
phatase activity, bulk autophagy is blocked, which is paralleled
by hyper-phosphorylated Atgl3 [97]. Conversely, hyperacti-
vation of Cdcl4 triggers autophagy under growing conditions
[97], further supporting a positive role of Cdcl4 function in
autophagy induction. Ser348, Ser535, Ser541 and Ser646
within Atgl3, which are phosphorylated and are mutated in
the Atgl13[8SA] variant, match the phosphorylation consensus
of Cdcl4 (Table 1) [97,98]. Cdcl4 function in autophagy,
however, appears not to be restricted to Atgl3 dephosphor-
ylation, as expression of ATG8 and ATGI13 [97] also depends
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on the function of Cdcl4, indicating that this phosphatase
also participates in the transcriptional regulation of autopha-
gy. Cdcl4 has two mammalian homologs, CDC14A and
CDC14B, which also regulate the cell cycle [99]. The role of
human CDC14 phosphatases in mammalian autophagy, how-
ever, remains unknown. As the structure and function of
Cdcl4 phosphatase are conserved from yeast to humans
[100], it is plausible that the human homologs possess
a similar role.

In addition to PP2A and Cdc14, the PP2C are a third class
of phosphatases acting on Atgl/ULKI and Atgl3. PP2C phos-
phatases form a class of phosphatases that comprises the yeast
phosphatase two C (Ptc) family, which consists of seven
members with a highly conserved catalytic domain [101-104].
PP2C phosphatases are monomeric and do not possess reg-
ulatory subunits; their activity is regulated by binding to Mn2
+ or Mg2+ [10]. By dephosphorylating different substrates,
PP2C orchestrate the function of a myriad of proteins, includ-
ing those involved in the high-osmolarity glycerol pathway
[105,106], mitogen-activated protein kinase (MAPK) signaling
cascade [106-108], the unfolded protein response [108] and
the DNA damage checkpoint [109].

Two of the yeast PP2C family phosphatases, the function-
ally redundant Ptc2 and Ptc3, play a key role in enhancing
autophagy in yeast by directly acting on the Atgl kinase
complex (Figure 2). In particular, rapamycin- or DNA
damage-induced autophagy is blocked in the ptc2A ptc3A
double mutant, which also displays hyperphosphorylated
Atgl3 both in the presence of nutrients and upon rapamycin
treatment [110]. Moreover, the autophagy defect of the ptc2A
ptc3A strain is bypassed by overexpression of Atgl3[8SA],
which cannot be phosphorylated at 8 different residues
(described above) [110]. In contrast, expressing Atgl3[8SA]
from the endogenous ATGI3 promoter in ptc2A ptc3A cells
only partially rescued the autophagy impairment, suggesting
that Atgl3 has additional phosphorylation sites that are tar-
geted by Ptc2 and Ptc3. The authors of this study proposed
that Atgl3 (S429), between the mutated residues of Atgl3
[8SA], is probably the site targeted by Ptc2 and Ptc3, as its
dephosphorylation is crucial for the Atgl3-Atgl7 interaction
and normal progression of autophagy under starvation con-
ditions [66]. In vitro, in addition to Atgl (Thr226), Ptc2
dephosphorylates Atgl3 (Ser428 and Ser429), promoting
PAS organization by triggering the formation of phase-
separated liquid droplets consisting of the Atgl kinase com-
plex (Table 1) [41].

In humans, 16 different genes encode 22 different PPM
isozymes, which also arise from alternate splicing [111].
PPM1D-dependent dephosphorylation of mouse ULKI at
Ser637 (corresponding to Ser638 in humans) is reported to
be necessary for genotoxin-induced autophagy in mouse
embryonic fibroblasts (Table 2) [56]. In particular, mouse
ppmld~" primary thymocytes showed reduced dephosphory-
lation of ULKI at Ser637 and impaired autophagic flux after
X-ray irradiation [56]. It should be noted that dephosphoryla-
tion of human ULK1 at Ser638 is necessary for starvation-
induced autophagy [54]. Thus, an appealing hypothesis is that
human PPMI1D regulates ULK1 in a similar way in mice.
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Phosphoregulation during phagophore nucleation:
Atg9/ATG9A

The formation and subsequent activation of the Atgl/ULK
kinase complex in the early stages of autophagosome biogen-
esis are essential for correct phagophore nucleation and its
expansion into an autophagosome. Particularly, both Atgl
and ULK1 phosphorylate and thus regulate many core Atg
proteins via a defined consensus amino acid sequence (Figure
2) [72,112].

One such core Atg protein that undergoes Atgl/ULK-
dependent phosphoregulation is Atg9. Atg9 is the only con-
served multi-spanning membrane protein within the core Atg
machinery and is present in cytoplasmic vesicles and tubules,
which are believed to be involved in the nucleation of the
phagophore [113,114]. Yeast Atg9 has been identified as
a direct substrate of Atgl [112]. Peptide arrays combined
with quantitative in vivo confirmation revealed six bona fide
Atgl target sites on Atg9 (Serl9, Ser657, Ser802, Ser83l,
Ser948 and Ser969, see Table 1), which are required for the
efficient recruitment of Atg8 and Atgl8 to the PAS, and for
subsequent formation of the phagophore [112]. Although
mutation of these phosphorylation sites did not affect Atg9
vesicle trafficking, abrogation of Atgl kinase activity resulted
in accumulation of Atg9 at the PAS, suggesting that Atgl
kinase regulates Atg9 trafficking by phosphorylating one or
more targets [115]. Ser122 of Atg9 is also phosphorylated and
this modification is important for Atg9 interactions with both
Atg23 and Atg27 and for its trafficking to the PAS [116].
However, mutation of this site into an alanine results in
only a slight reduction in autophagy. The kinase responsible
for Serl22 phosphorylation remains unknown [116]. In
higher eukaryotes, ATG9A trafficking is regulated by the
SRC kinase, which directly phosphorylates ATG9A at Tyr8,
promoting autophagy [117]. In response to starvation, ULK1
phosphorylates ATG9A at Serl4, and this modification redir-
ects ATGIA vesicles from the trans-Golgi network to endo-
somes for autophagy initiation (Table 2) [117]. ATG9A is also
phosphorylated in its C-terminus on Ser761 by AMPK and
ULK1, enhancing its binding to YWHAZ/14-3-3 zeta and
thereby promoting autophagosome formation [118].

Table 3. Phosphoinositides that positively regulate autophagy.

Phosphoregulation during phagophore nucleation:
The Ptdins3K complex | and Ptdins3P

The PtdIns3K complex I generates phosphatidylinositol-
3-phosphate (PtdIns3P) on autophagosomal membranes;
PtdIns3P is essential for autophagosome biogenesis in both
yeast and mammals [119,120]. Under specific conditions,
PtdIns3P might be substituted by phosphatidylinositol-
5-phosphate, which is synthesized by PIKFYVE (phosphoino-
sitide kinase, FYVE-type zinc finger containing) in mamma-
lian cells (Table 3) [121]. PtdIns3K complex I consists of the
phosphatidylinositol 3-kinase Vps34 (vacuole sorting protein
34), the protein kinase Vpsl5, Vps30/Atg6, Atgl4 and Atg38
in yeast, and PIK3C3 (phosphatidylinositol 3-kinase catalytic
subunit type 3), PIK3R4 (phosphoinositide-3-kinase regula-
tory subunit 4), BECN1 (beclin 1), ATG14 and NRBEF2
(nuclear receptor binding factor 2) in mammals [119,120].

Vps30, the yeast BECN1 homolog, is a direct target of Atgl
[53,122], in particular Ser85 [53] (Table 1). This serine is in
the poorly conserved N-terminal domain of Vps30, which
shows extensive phosphorylation in human BECN1 as well
(Table 2). In this region, Ser96 of human BECN1 has been
reported to be targeted by ULKI1 [72], suggesting that
although different residues are modified, Vps30 and BECN1
may be regulated similarly.

The mammalian PtdIns3K complex I appears to be exten-
sively phosphoregulated. Several of its subunits undergo
phosphoregulation (Figure 2; Tables 1 and 2). ULK1 and
ULK2 phosphorylate ATG14 on Ser29, which enhances
PtdIns3K lipid kinase activity [123,124], and MTORCI nega-
tively regulates ATG14 function via multiple phosphorylation
sites (Ser3, Ser223, Thr233, Ser383 and Ser440, see Table 2)
[125]. One of these sites, Ser440, is targeted by CDKI1 rather
than MTORCI1 during mitotic autophagy regulation [61].
ULK1 also phosphorylates PIK3C3 at Ser249 [72], as well as
the activating molecule in AMBRA1 (autophagy and BECN1
regulator 1) on Ser465 and Ser635 [72]. AMBRAI has been
reported to interact with the PtdIns3K complex via BECN1
and to regulate its association with the ER [126]. PIK3C3 is
further phosphorylated on Thr159, which reduces its binding
to BECN1 and results in autophagy inhibition. This

Phosphoinositide Kinase Phosphatase References
Yeast
Ptdins3P Vps34 Ymri1 [170,224]
Inp52 [170,224]
Inp53 [170,224]
Ptdins4P Pik1 Sacl [189,191,192,198]
Stt4 Sacl [188,191,192,198]
Human
Ptdins3P PIK3C3 MTMR3, MTMR6 [119,174,175]
MTMR14
Ptdins4P P14K2A ? [194,195]
PI4KB SACM1L [196,198]
Ptdins5P PIKFYVE ? [121]




phosphorylation can be catalyzed by CDKI1, but also by the
aberrantly activated CDK5P° variants, which have been asso-
ciated with neurodegeneration [127]. Moreover, phosphory-
lation of PIK3C3 (Thr677) by PRKD1 (protein kinase D1)
stimulates PtdIns3K activity and autophagy progres-
sion [128].

BECNI is a major hub of phosphoregulation as it is targeted
by many kinases, including ULK1, AMPK, DAPK (death asso-
ciated protein kinase) and many more. The kinase and the
corresponding phosphatase have been identified for one phos-
phorylation site on BECN1 (Ser90; Table 2). Ser90 is phos-
phorylated by DAPK3 and this modification promotes
starvation-induced autophagy [129]. Ser90 is dephosphorylated
by PPP2 phosphatases [129]. In particular, the PPP2R2A-
containing PPP2 complex is associated with BECN1 in the
presence of nutrients, which constitutively dephosphorylates
Ser90, inhibiting autophagy. Starvation induces the release of
PPP2R2A-containing PPP2 from BECNI, promoting the phos-
phorylation of Ser90 and consequently autophagy enhancement
[129]. This regulation of BECN1 (Ser90), however, appears to be
tissue-specific as it is observed in skeletal muscles but not in the
heart tissue and liver [129]. Phosphoregulation of BECN1 has
been extensively covered in recent reviews [130,131] and will
not be discussed in detail here. A summary is provided in Table
2 and Figure 3B.

Atg38 in yeast and NRBF2 in mammals are regulatory com-
ponents of the autophagy-specific PtdIns3K complex [132-135].
MTORCI-mediated phosphorylation of NRBF2 at Ser113 and
Ser120 promotes PtdIns3K complex assembly and activity [136].
Thus, the entire PtdIns3K complex is under heavy phosphor-
egulation, where phosphorylation both positively and negatively
regulates complex assembly and its lipid kinase activity.

PtdIns3P generated by PtdIns3K complex I recruits
PtdIns3P-binding proteins such as Atgl8 and Atg2l in
yeast and their mammalian counterparts, the WIPI proteins,
to the site of autophagosome formation [137-139]. WIPI2
stability has been reported to be regulated by phosphoryla-
tion, whereby Ser395 modification by MTORCI promotes
an interaction between WIPI2 and the ubiquitin ligase
HUWE!1 (HECT, UBA and WWE domain containing E3
ubiquitin protein ligase 1), thus enhancing its ubiquitination
and proteasomal degradation, leading to autophagy inhibi-
tion (Table 2) [140]. Phosphorylation-dependent regulation
of the yeast protein Atgl8 has not been reported to date,
although Ser404 is modified by Atgl in vitro [53]. Atg2,
which interacts with Atgl8 [141], also contains Atgl phos-
phorylation sites [142], but the physiological relevance of
these phosphorylations remains unknown.

Phosphoregulation during phagophore expansion

Atg8 protein family members are ubiquitin-like proteins that
are essential for the expansion and closure of phagophores.
Atg8 proteins are anchored to the phosphatidylethanolamine
(PE) present in the autophagosomal membranes through the
action of two ubiquitin-like conjugation systems [143]. Yeast
Atgl6 forms a trimeric complex with the Atgl2-Atg5 that
oligomerizes and acts as an E3 ligase for the conjugation of
Atg8-family proteins to PE [143]. In mammals, the ATG12-
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ATG5-ATGI16L1 complex is recruited to PtdIns3P-positive
membranes by WIPI2 [144]. The stability of human
ATGI6L1 is regulated by phosphorylation of Ser278
[145,146]. ULK1 kinase and CHUK (component of inhibitor
of nuclear factor kappa B kinase complex) can phosphorylate
this site, although ULK1 appears to be the primary kinase
regulating ATG16L1 stability in cultured cells [145,146].
PKA-mediated phosphorylation of ATG16L1 at Ser269 and
Ser287 also regulates its stability [147]. Moreover, phosphor-
ylation of ATG16L1 Ser139 by CSNK2 (casein kinase 2) pro-
motes the association of ATG16L1 with the ATG12-ATG5
conjugate (Table 2) and, in turn, autophagy progression [148].
Phospho-Ser139 is dephosphorylated by PPP1 (protein phos-
phatase 1) [148]. The stability of ATG5 is also phosphoregu-
lated, but by another kinase, the PAK1 (p21 [RAC1]-activated
kinase 1). Specifically, phosphorylation of ATG5 (Thr101) by
PAKI1 protects ATG5 from ubiquitin-dependent degradation
and increases the binding of ATG12-ATG5 to ATGI6L1,
thereby promoting autophagy [149]. In contrast, MAPK14-
mediated phosphorylation of Thr75 inhibits ATG5 func-
tion [150].

The mammalian Atg8 family proteins MAPILC3A
(microtubule associated protein 1 light chain 3 alpha),
MAPILC3B, MAPILC3C and GABARAPL2 (GABA type
A receptor-associated protein like 2) have also been
reported to be phosphoregulated by various kinases
throughout autophagy progression (Table 2). TBKI
(TANK binding kinase 1) phosphorylates both MAP1LC3C
(on Ser 93 and Ser99) and GABARAPL2 (on Ser87 and
Ser88), impeding their binding to ATG4 proteases and
therefore preventing their deconjugation from PE and
their removal from nascent autophagosomes [151]. PKA
directly phosphorylates MAP1ILC3A and MAPILC3B on
Ser12, which inhibits their recruitment to autophagosomes
and results in autophagy inhibition [152]. MAP1LC3B in
turn is phosphorylated at Thr50 by STK3 (serine/threonine
kinase 3) and STK4 [153,154]. This phosphorylation posi-
tively regulates autophagosome-lysosome fusion, thereby
promoting autophagy flux. Thr50 in MAPILC3B is also
targeted by the NEK9 (NIMA related kinase 9) [153]. In
contrast to the autophagy-enhancing role of STK3 and
STK4, NEK9-mediated phosphorylation of Thr50 results in
a block of autophagic SQSTM1 (sequestosome 1) degrada-
tion. How phosphorylation of Thr50 mediates these see-
mingly opposing functions in autophagy requires further
investigation.  Although Atg8 proteins emerge as
a phosphorylation hub in autophagy, no phosphatases have
been identified that revert these modifications.

Phosphoregulation during autophagosome
maturation

The members of the Atg4 cysteine protease family reversibly
regulate the association of Atg8 proteins to lipid bilayers. That
is, Atg4 proteases post-translationally prime Atg8 proteins by
removing a few C-terminal amino acids, exposing a Gly resi-
due that, upon induction of autophagosome biogenesis, will
be conjugated to PE [15]. Upon completion, the Atg8-PE
present on the autophagosome surface is deconjugated by
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Atg4 proteases, releasing Atg8 from autophagosomes and
promoting their maturation into fusion-competent vesicles
[155-157].

The activity of Atg4 proteases on the growing phagophore
is tightly regulated by Atgl and ULKI1. Atgl phosphorylates
Atg4 at Ser307 on the surface of autophagosomes to locally
inhibit Atg4 proteolytic activity in yeast (Table 1), thereby
protecting the Atg8-PE pool required for autophagosome
formation [158]. Upon autophagosome completion, Atgl
inactivation or dissociation permits Atg4 to act on Atg8-PE
and thus release Atg8 from its PE anchor, allowing the sub-
sequent fusion of the mature autophagosomes with vacuoles
(Figure 2) [158]. ULK1-dependent phosphoregulated inhibi-
tion of human ATG4B has also been described, however, not
on the residue corresponding to yeast Ser307 [159]. ULK1
phosphorylates ATG4B on Ser316, which inhibits its interac-
tion with Atg8 protein family members and their processing.
Intriguingly, the PPP2 phosphatase was found to actively
dephosphorylate ATG4B at Ser316, thus providing
a reversible phospho-switch mechanism to re-activate the
protease [159]. Whether PP2A phosphatases reverse Atg4
phosphorylation in yeast remains to be defined. In contrast,
ATG4B activity is positively regulated by phosphorylation on
Ser34 by AKT1 and AKT2 [160,161] and on Ser383 by STK26
[162]. Also, phosphorylation at Ser383 and Ser392 that
enhanced ATG4B activity has been reported, but the respon-
sible kinases have not been identified [163].

Another phosphatase required for autophagosome matura-
tion is Ymrl (yeast myotubularin related 1). The YMRI gene
encodes Ymrl, the only yeast member of the highly conserved
myotubularin family of PtdIns3P phosphatases. Myotubularin
phosphatases contain a characteristic CXsR catalytic motif,
which is also found in Tyr, dual specificity and SAC phos-
phatase domain-containing phosphatases [164-166]. This cat-
alytic motif hydrolyzes D-3 or D-4 phosphate groups on
different phosphoinositides, but myotubularins show high
specificity toward the D-3 position of PtdIns3P and phospha-
tidylinositol-3,5-biphosphate (PtdIns [3,5]P,, Table 3) [167].
Ymrl phosphatase activity is specific for PtdIns3P; it is unable
to dephosphorylate other phosphoinositides [168]. Ymrl
plays a key role in regulating PtdIns3P levels and their sub-
cellular localization, and therefore in protein sorting pathways
that depend on PtdIns3P, such as the endo-lysosomal system
[168,169]. Ymrl is functionally redundant with two synapto-
janin-like proteins, Inp52 (inositol polyphosphate 5-phospha-
tase 52) and Inp53, which can dephosphorylate multiple types
of phosphoinositides (Table 3) [168]. Autophagosome forma-
tion requires not only the local biosynthesis of PtdIns3P, by
PtdIns3K complex I, but also PtdIns3P dissipation. The con-
version of PtdIns3P into phosphatidylinositol (PtdIns) is car-
ried out mainly by Ymrl [168]. Ymrl is necessary for the
normal progression of autophagy [170], and YMRI deletion
leads to a partial block in autophagy, which is further aggra-
vated by INP53 deletion [170]. This phenotype is phenocopied
by cells expressing the Ymr1“**”® phosphatase-dead variant,
showing that Ymrl phosphatase activity is indeed required for
normal autophagy progression [170]. More precisely, the
ymrlA mutant accumulates complete autophagosomes in the
cytoplasm, which are sealed but they are still decorated with

Atg proteins (Figure 2) [170]. Altogether, these data indicated
that the clearance of PtdIns3P by Ymrl is necessary for the
normal release of the Atg machinery from complete autopha-
gosomes and that this event is a prerequisite for their subse-
quent fusion with vacuoles. Interestingly, Caenorhabditis
elegans MTM-3 (myotubularin myopathy 3) has the same
role in autophagy as Ymrl [171]. Finally, a very recent study
suggested that human MTMR8 (myotubularin-related pro-
tein 8) and its Drosophila homolog, dMtmr6, may be the
functional counterpart of Ymrl and MTM-3, since cells and
tissues lacking these phosphatases accumulate cytoplasmic
autophagosomes [172].

The human myotubularin phosphatase family consists of
sixteen genes: MTMI, and MTMRI to SBF2/MTMRI13 and
two pseudogenes [169]. Myotubularins specifically bind to
and efficiently dephosphorylate PtdIns3P, phosphatidylinosi-
tol-3,4-biphosphate and phopshatidylinositol-3,4,5-tripho-
sphate [173]. In higher eukaryotes, PtdIns3P-specific
phosphatases such as MTMR3, MTMR6 and MTMR14 have
been shown to play a key role during the initial stages of
autophagy (Table 3) [174,175]. The overexpression of
MTMR3“*"*%, 2 dominant-negative mutant, leads to an
increase in autophagosome formation in the presence of
nutrients but not under starvation conditions. Conversely,
overexpression of the wild type variant of this myotubularin
reduces autophagic flux under the same conditions, due to
formation of smaller autophagosomes [174]. Similarly, deple-
tion of MTMR6 or MTMR14 enhances autophagy flux under
starvation conditions. This effect is less prominent in basal
growing conditions [174] and is more pronounced in the
MTMR14 knockdown cells than the MTMR6 knockdown
cells. MTMR14 probably negatively regulates autophagy by
inhibiting the association of the PtdIns3P-binding protein
WIPI1 with autophagosomal membranes, which in turn
affects ATGIA trafficking [175]. Consistently, in vivo knock-
down of MTMRI14 in zebrafish embryos also increases auto-
phagy flux [176]. Although myotubularin phosphatases seem
to also regulate autophagy in mammals, the functional coun-
terpart of Ymrl has not been identified yet, even if MTMRS is
the presumed candidate. Nonetheless, how PtsIns3P turnover
is accomplished upon mammalian autophagosome comple-
tion remains to be uncovered.

Phosphoregulation during autophagosome-vacuole/
lysosome fusion

The fusion of mature autophagosomes with vacuoles and
lysosomes depends soluble N-ethylmaleimide- sensitive factor
attachment protein receptor (SNARE) proteins [177,178].
Despite the recent identification of the contributing SNAREs
and cofactors, such as tethering factors and RAB GTPases
[177,178], little is known about the regulation of this auto-
phagy step. However, recent findings in yeast suggest that this
late step of autophagy is also phosphoregulated. Fusion of
autophagosomes with the lytic compartment requires the
R-SNARE Ykt6 in both yeast and mammals [179-181]. Ykt6
is directly phosphorylated at Ser182 and Ser1832 by Atgl, and
another Ytk6 phosphorylation site was identified at Thr158
(Figure 2, Table 1) [53,182,183]. Phosphorylation of these



sites inhibits autophagosome-vacuole fusion by preventing
Ykt6 bundling with the vacuolar Q-SNAREs Vam3 and Vtil
[182,183]. Therefore, dephosphorylation of Ykt6 on mature
autophagosomes is required for their fusion with the vacuole.
The responsible phosphatase, however, has not been identi-
fied. Interestingly, Ser183 is conserved in mammalian YKT6
(YKT6 v-SNARE homolog), posing the question if YKT6 is
also a target of ULK1 in mammals.

Furthermore, PRKCA (protein kinase C alpha) phosphor-
ylates ULK1 on Ser423, which leads to the inhibition of
autophagosome-lysosome fusion [184]. PRKCA mediated
phosphorylation of ULK1 does not change its kinase activity,
but rather it decreases the binding affinity of ULK1 for the
autophagosomal =~ SNARE STX17 (syntaxin 17).
Unphosphorylated ULKI recruits STX17 onto autophagoso-
mes, which increases the binding of STX17 to SNAP29
(synaptosome associated protein 29), promoting autophago-
some fusion with lysosomes [184]. STX17 also undergoes
phosphoregulation, although early during autophagosome
formation. Ser202 of STX17 is phosphorylated by TBK1
[185] and this modification promotes the translocation of
STX17 from the Golgi to PAS upon starvation. At the PAS,
STX17 controls the formation of the ULK1-ATG13-RB1CCl
complex, thereby contributing to autophagy initiation [185].

MTORCI has been reported to negatively regulate auto-
phagosome-lysosome fusion in mammals by phosphorylating
UVRAG (UV radiation resistance associated) product on
Ser498 [186]. UVRAG is localized in the ER and endosomes
and is known to regulate autophagosome-lysosome fusion by
binding to the homotypic fusion and vacuole protein sorting
(HOPS) complex. The function of UVRAG in HOPS complex
regulation is antagonized by RUBCN (rubicon autophagy
regulator), which binds to phosphorylated UVRAG.
Therefore, dephosphorylation of UVRAG is required to
release this inhibition and allow its binding to the HOPS
complex, promoting autophagosome-lysosome fusion [186].
Additionally, MTORCI1 negatively regulates autophagosome-
lysosome fusion by phosphorylating RUBCNL (RUBCN like
autophagy enhancer), a regulator of hepatic autophagy [187].
Phosphorylation of RUBCNL (Ser157) disrupts its association
with STX17 and the HOPS complex, thereby preventing au-
tophagosome-lysosome fusion [187].

Another phosphoinositide involved in autophagy is
phosphatidylinositol-4-phosphate  (PtdIns4P). In yeast,
PtdIns4P is synthesized by three kinases, namely the plasma
membrane-localized Stt4 (staurosporine and temperature
sensitive 4) [188], the Golgi- and nucleus-localized Pikl
(phosphatidylinositol kinase 1) [189] and the vacuole- and
plasma membrane-localized Lsb6 (Las seventeen binding
protein) [190]. The majority of cellular PtdIns4P is pro-
duced by Pikl and Stt4. Pikl localized on the Golgi is
essential for vesicle-mediated sorting from this organelle,
including that of Atg9 since the inactivation of PIKI causes
an impairment of Atg9 vesicle exit from the Golgi, which in
turn leads to a block of autophagy [191,192]. Interestingly,
Stt4 is also involved in autophagy but the PtsIns4P pool
generated by this kinase plays an important role in auto-
phagosome-vacuole fusion [191,192]. This difference in
contribution to autophagy has been assigned to Pikl
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synthesizing the PtdIns4P ending in the luminal surface of
autophagosomes, and Stt4 producing the PtdIns4P decorat-
ing the surface of autophagosomes [192].

Similar to yeast, mammals require PtdIns4P for normal
progression of autophagy. In mammals, PtdIns4P is synthe-
sized by four kinases, two of which, PI4K2A (phosphati-
dylinositol ~ 4-kinase type 2 alpha) and PI4KB
(phosphatidylinositol 4-kinase beta), localize on the Golgi
apparatus (Table 3) [193]. PI4K2A is also recruited onto
autophagosomes by associating with GABARAP (GABA type
A receptor-associated protein) proteins to produce PtdIns4P
locally, which is required to promote autophagosome-
lysosome fusion [194,195]. PI4KB, in contrast, is present on
the ATG9A-positive compartments that are transported from
the Golgi to the PAS under amino acid starvation conditions
[196]. At the PAS, PI4KB interacts with ATG13 suggesting
a role in the initial stages of autophagosome formation, pos-
sibly participating in the assembly of ATG machinery via the
synthesis of PtsIns4P [196].

The PtdIns4P phosphatase, Sacl (suppressor of actin), has
very recently been shown to play a role in autophagosome-
vacuole fusion [197]. Sacl is a type-II transmembrane protein
that predominantly localizes to the ER and Golgi [197]. Sacl
was identified in a high-throughput screen for autophagy
defective mutants in yeast [198]. In the absence of SACI, an
aberrant increase in PtdIns4P levels in the Golgi leads to Atg9
vesicles carrying PtdIns4P and, consequently, to an abnormal
incorporation of this lipid into autophagosomes (Table 3)
[198]. This abrogates autophagosome-vacuole fusion by
blocking the recruitment of SNAREs, such as Vam7 (vacuolar
morphogenesis 7) and Ykt6, causing an accumulation of com-
plete autophagosomes in the cytoplasm [198]. A similar auto-
phagy defect was observed upon knockdown of its homolog in
C. elegans embryos or in HeLa human cervical cancer cells
[198]. Another report, however, reached a different conclu-
sion about the role of human SACMIL (SAC1 like phospha-
tidylinositide phosphatase) in autophagy [199]. In particular,
knockdown of SAC1 phosphatase enhanced the autophagic
flux in African green monkey kidney fibroblast-like COS-7
cells [199]. TMEM39A (transmembrane protein 39A) is an ER
transmembrane protein that binds SACMI1L and COPII-
coated vesicles, acting as an adapter that allows SACI1 traffick-
ing to early Golgi compartments, where it dephosphorylates
PtdIns4P into PtdIns. Knockdown of TMEM39A leads to an
arrest of SACMIL in the ER and a concomitant increase in
PtdIns4P levels in both late endosomes and lysosomes. This
enhances the recruitment of the HOPS complex, which in
turn facilitates the assembly of the SNARE complex that is
involved in autophagosome fusion with lysosomes [199].
Additional investigations are needed to understand the exact
role of SACMI1L phosphatases in autophagy.

Conclusions

Although this review mainly focused on the kinases and
phosphatases that directly phosphorylate and dephosphorylate
the core Atg machinery, there are several other kinases and
phosphatases that act upstream of the Atgl/ULK kinase com-
plex and regulate autophagy, also at the transcriptional level.
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Over the years, research has revealed that autophagy is
central for many pathophysiological functions. The proper
functioning of kinases and the correct phosphorylation of
their targets have emerged as integral for the whole auto-
phagy process. For this reason, kinase inhibitors that act on
autophagy kinases have gained interest, and several poten-
tial kinase inhibitors to target autophagy have been
reported. These reports were recently reviewed and dis-
cussed elsewhere [200]. Despite a central role in regulating
a multitude of signaling pathways, the promiscuity of phos-
phatases has made them an unattractive target for drug
discovery [201,202]. However, the recent discovery that the
pharmacological modulation of their regulatory subunits
allows the specific regulation of phosphatases has changed
this perception [201,202]. Similarly, the role of phosphatases
in autophagy has been only marginally investigated due to
the notion that they are highly redundant. Recent studies,
however, have revealed that different phosphatases play
specific roles in the regulation of the diverse steps of auto-
phagy. Specific inhibition of these phosphatases by targeting
regulatory subunits or motifs present on the substrate would
be desirable.

The studies conducted so far have highlighted the regula-
tory significance of several phosphosites on the core Atg
machinery. Numerous kinases and a few counteracting phos-
phatases have been shown to act in concert to fine-tune
autophagy in response to the nutritional or environmental
cues. In particular, ULK1 and BECNI have emerged as sig-
naling hubs undergoing extensive phosphoregulation (Figure
3). All these studies have likely revealed only the tip of the
iceberg, as a recent systematic and comprehensive analysis in
yeast has revealed that most components of the core Atg
machinery are phosphorylated by Atgl and TORC1, but also
additional other kinases [53]. Thus, the phosphoregulation of
autophagy remains to be comprehensively decoded. Advances
in this direction will be important to develop better molecules
for the optimal and appropriate modulation of autophagy in
specific pathological situations.
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