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Mechanistic insights into selective
autophagy pathways: lessons from

Jean-Claude Farré and Suresh Subramani

Autophagy involves the lysosomal degradation (or vacu-
olar degradation in yeast and plants) of intracellular
macromolecular components (FIC. 1). Although it was
initially studied as a cellular response to a particular type
of stress, namely starvation, it is now apparent that auto-
phagy is in fact a critical regulator of cellular homeostasis
with intricate links to cell metabolism, growth control,
the balance between cell survival and cell death, as well
as ageing'. Therefore, it is not surprising that autophagy
has a central role in human health and disease (reviewed
in REF. 2). Autophagy is involved in cell death and tumour
suppression’, neurodegeneration®, ageing®, inflam-
mation®, immunity” and genome stability®. We also now
know that apart from starvation, autophagy is induced
by many other perturbations, including hypoxia and
metabolic, osmotic and oxidative stresses®°.

The autophagic machinery is encoded by auto-
phagy-related (ATG) genes and comprises approximately
19 core Atg proteins that orchestrate the different steps
of autophagy (TABLE 1; for a review see REF. 11). In yeast,
this machinery can be divided into five multifunctional
modules: the Atg8—phosphatidylethanolamine (PE)
and the Atg5-Atgl2 conjugation systems (Atg3, Atg4,
Atg5, Atg7, Atg8, Atgl0, Atgl2 and Atgl6); the Atgl
kinase complex (Atgl, Atgl3, Atgl7, Atg29 and Atg31);
the class III phosphoinositide 3-kinase (PI3K) com-
plex I (Atg6, Atgl4, Atg38, vacuolar protein sorting
15 (Vpsl15) and Vps34); the Atg2-Atgl8 complex; and

Abstract | Autophagy has burgeoned rapidly as a field of study because of its evolutionary
conservation, the diversity of intracellular cargoes degraded and recycled by this machinery,

the mechanisms involved, as well as its physiological relevance to human health and disease.

This self-eating process was initially viewed as a non-selective mechanism used by eukaryotic cells
to degrade and recycle macromolecules in response to stress; we now know that various cellular
constituents, as well as pathogens, can also undergo selective autophagy. In contrast to
non-selective autophagy, selective autophagy pathways rely on a plethora of selective autophagy
receptors (SARs) that recognize and direct intracellular protein aggregates, organelles and
pathogens for specific degradation. Although SARs themselves are not highly conserved, their
modes of action and the signalling cascades that activate and regulate them are. Recent yeast
studies have provided novel mechanistic insights into selective autophagy pathways, revealing
principles of how various cargoes can be marked and targeted for selective degradation.

vesicles containing the integral membrane protein Atg9
(REFS 11,12). These core autophagy proteins are often
conserved in eukaryotes (TABLE 1), with the exception
of red algae". The autophagic machinery is sequentially
engaged, and the process of autophagy can be subdivided
into distinct steps. Autophagy starts by establishing a
phagophore assembly site (PAS in yeast; omegasomes
in mammals), followed by membrane expansion to
form a double-membrane phagophore that surrounds
and engulfs cargo destined for autophagy. This leads
to the formation of a double-membrane vesicle known
as the autophagosome, which is then transported to and
fuses with the vacuole (yeast and plants; lysosome in
mammals) for cargo degradation and recycling (FIC. 1).
Although autophagy was initially viewed as a non-
selective process of self-consumption, it is now well
established that a remarkable plethora of cargoes can
be degraded with high selectivity (TABLE 2 and refer-
ences therein). Moreover, these selective autophagy
pathways have been linked to various human disease
states and in plant host-pathogen interactions''.
Selective autophagy pathways operate both in normal
vegetative conditions (non-induced conditions) and in
response to different stimuli (induced conditions) and
contribute to intracellular homeostasis. An example
of non-induced autophagy is a process known as the
cytoplasm-to-vacuole targeting (Cvt) pathway; in this
pathway, vegetatively growing yeast cells produce certain
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proteins, such as vacuolar aminopeptidase 1 (Apel),
aspartyl aminopeptidase 4 (Ape4) and a-mannosidase 1
(Ams1), that are transported to the vacuole where they
mature and can serve enzymatic functions'®. Conversely,
the turnover of superfluous organelles happens in
response to environmental stimuli'®. Selective autophagy
also degrades intracellular protein aggregates, pathogens
and damaged organelles**?'. Similar to non-selective
autophagy, selective autophagy is also activated by vari-
ous external stimuli, including stresses such as oxidative,
osmotic, hypoxic or starvation conditions®°.

Ubiquitin-like (Ubl)
conjugation systems
Proteins in these systems
behave like ubiquitin and are
conjugated to other proteins
(or lipids) using E1, E2 and E3
enzymes, similar to ubiquitin.

Most selective autophagy pathways use a common
mechanism, including the ‘core autophagy machin-
ery’ toolbox (TABLE 1), superimposed on which is a set
of selectivity factors (TABLE 3). Most important among
these selectivity factors are selective autophagy receptors
(SARs) (FIC. 2), which mark each specific cargo for selec-
tive degradation and initiate the autophagic process. The
SARs engage cargo and the core autophagy machinery
at the PAS, and activate a particular selective pathway
to the exclusion of other selective and non-selective
autophagy processes.

Nutrient rich Starvation
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Figure 1| Steps in autophagy. Autophagy is inhibited under nutrient-rich
conditions via the hyperphosphorylation of autophagy-related 13 (Atg13)
by target of rapamycin complex 1 (TORC1) kinase; this process prevents
a tightinteraction between Atg1 kinase and Atg17 (REF. 41). Starvation or
rapamycin treatment activates autophagy by inhibiting TORC1, leading
to the hypophosphorylation of Atg13, which can then interact with Atgl
and Atg17. The first two steps, initiation (step 1) and nucleation (step 2),
involve the recruitment of cytosolic components of the core autophagic
machinery to the phagophore assembly site (PAS) in yeast (omegasomes
in mammals). In yeast, the non-selective autophagy-specific PAS is
organized partly by the scaffold components Atgl1 and Atg17, with
Atg17 itself being part of a tripartite Atg17-Atg29-Atg31 subcomplex*?*3,
Scaffold components then recruit additional proteins, including transport
protein particle Il (TRAPPIII) and Ypt1 (a Rab1 family GTPase), which bring
coat protein complex Il (COPII) and Atg9 vesicles, to initiate the expansion
(step 3) of a double-membrane phagophore. This expansion also involves
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the activity of phosphoinositide 3-kinase (PI3K) complex | (consisting of
Atg6, Atgl4, vacuolar protein sorting 34 (Vps34) and Vps15), which
generates the phosphatidylinositol 3-phosphate required to recruit other
factors involved in phagophore elongation, such as the Atg2-Atg18
complex as well as the ubiquitin-like (Ubl) conjugation systems, Atg8—
phosphatidylethanolamine (PE) (Atg8-PE) and Atg5-Atg12-Atg16
(depicted as grey Atg molecules in contact with Atg8-PE); see also FIC. 3
for details on PAS assembly and isolation membrane formation. As a result
of this membrane expansion, cargo destined for autophagy is surrounded
and engulfed into a double-membrane vesicle called the autophagosome
(step 4)1146-48115 Aytophagosomes are then transported to lysosomes (or
vacuoles in yeast and plants). Docking and fusion (step 5) of the outer
autophagosomal membrane with that of the lysosome (vacuole) releases
the autophagic body into the lysosomal (vacuolar) lumen, where
hydrolases degrade and recycle (step 6) the macromolecular components
for cellular use.
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Table 1 | Autophagy-related proteins and complexes conserved from yeast to mammals

Autophagy-related protein (alias) Function of yeast protein

Yeast Mammals

Signalling

TORC1 complex mTORC1 complex Negative regulator of autophagy

Slt2 ERK5 MAPK required for pexophagy and mitophagy
Hog1l p38 MAPK required for mitophagy

Pbs2 MKK4 * MAPK kinase of the HOG signalling pathway

* Activated under severe osmotic stress
* Mitophagy-specific regulator

Hrr25 CK18 (CSNK1D) CK1 involved in pexophagy and the Cvt pathway, as well as in non-selective autophagy
CK2 CK2 Required for mitophagy
Factors required for selective autophagy (excluding receptors)

Atg21 WIPI1, WIPI2 ¢ PtdIns3P-binding protein
 Recruits the Atg12-Atg5-Atg16 complex to the PAS
* Required for the Cvt pathway

Atg37 (Pichia pastoris) ~ ACBD5 Acyl-CoA-binding protein required for pexophagy in Pichia pastoris

Pex3 (Pichia pastoris) PEX3 Peroxisomal membrane protein involved in peroxisome biogenesis and pexophagy in
Pichia pastoris and Hansenula polymorpha

Dnm1 DRP1 Dynamin-related GTPase required for pexophagy and mitophagy

Vps1 Dynamin Dynamin-related GTPase required for pexophagy and mitophagy

Vesicle formation and completion: PI3K complexes

Vps30-Atgb BECN1 Subunit of PI3K complexes | (Vps34, Vps15, Vps30/Atg6 and Atg14) and Il (Vps34, Vps15,
Vps30/Atg6 and Vps38)

Atgl4 ATG14 e Subunit of PI3K complex |
* Required for autophagy

Vps34 PIK3C3 (VPS34) PI3K catalytic subunit

Vps38 UVRAG e Subunit of PI3K complex Il

* Required for the vacuolar protein sorting pathway
* Not required for autophagy in yeast

Vps15 PIK3R4 (VPS15, p150) Protein kinase required for Vps34 function
Vesicle formation and completion: conjugation systems
Atg5 ATG5 Conjugated to Atg12
Atg7 ATG7 E1-like enzyme for both Atg12 and Atg8
Atg8 LC3A,LC3B,LC3B2,LC3C, * Ubiquitin-like modifier conjugated to PE
GABARAP GATE16 * Needed for autophagosome formation
* Regulates vesicle size
Atg10 ATG10 E2-like enzyme that conjugates Atg12 to Atg5
Atg12 ATG12 Ubiquitin-like modifier that forms the Atg12—-Atg5 conjugate
Atgl6 ATG16L1, ATG16L2 Component of the Atg12-Atg5 complex
Atg3 ATG3 E2 conjugating enzyme that generates Atg8—PE
Atg4 ATG4A, ATG4B, ATG4C, ATG4D  Cysteine protease involved in Atg8 lipidation and Atg8-PE delipidation
Vesicle formation and completion: the Atg1 kinase complex
Atgl ULK1, ULK2 e Serine/threonine kinase
e Interacts with Atg13
Atg13 ATG13 Phosphoprotein activated by dephosphorylation under starvation conditions
Atgl7 FIP200 (RB1CC1) Scaffold protein for autophagy and part of the Atg17-Atg29-Atg31 complex

Vesicle formation and completion: Atg9 vesicles

Atg9 ATG9 * Integral membrane protein required for phagophore membrane expansion
e Interacts with Atg2

Vesicle formation and completion: COPI| vesicle

Yptl RAB1 Rab-family GTPase that recruits Hrr25
TRAPIII complex TRAPII complex Regulates autophagy
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Table 1 (cont.) | Autophagy-related proteins and complexes conserved from yeast to mammals

Autophagy-related protein (alias)

Yeast

Function of yeast protein

Mammals

Vesicle formation and completion: the Atg2-Atg18 complex

Atg2

Atg18

ATG2A, ATG2B

WIPI1, WIPI2

e Interacts with Atg18

® Forms part of the Atg2—-Atg18 complex

e Essential for autophagosome formation

e Binds PtdIns3P and Atg9

* Forms part of the Atg2—Atg18 complex

¢ Essential for autophagosome formation

ACBD, acyl-CoA binding domain; Atg, autophagy-related; BECN, beclin; CK, casein kinase; Cvt, cytoplasm-to-vacuole targeting; Dnm1, dynamin 1;

DRP, dynamin-related protein; ERKS5, extracellular-signal related kinase; FIP200, FAK-family kinase interacting protein of 200 kDa; GABARAP, y-aminobutyric
acid-associated protein; HOG, high osmolarity glycerol; LC3, microtubule-associated protein 1A/1B-light chain 3; Pbs, polymyxin B sensitivity;

PE, phosphatidylethanolamine; Pex, peroxin; PI3K, phosphatidylinositol 3-kinase class III; PIK3C3, PtdIns3P, phosphatidylinositol-3-phosphate; TORC, target

of rapamycin complex; TRAPP, transport protein particle; ULK, Unc51-like kinase; UVRAG, UV-radiation resistance associated gene; Vps, vacuolar protein sorting;
WIPI, WD repeat domain, phosphoinositide-interacting protein.

PolyQ proteins

Proteins with a long stretch of
glutamine (Q) residues that
form aggregates mimicking the
mutant huntingtin protein of
Huntington disease.

Because of the complexity and scope of the rapidly
expanding modes of selective autophagy (TABLE 2), we
focus here on mechanistic insights obtained using yeast
models. The amenability of yeast to genetic as well as
biochemical manipulations and their ease of imaging
have enabled the study of the morphological steps, the
molecular machinery and the mechanisms of autophagy
in great detail. Importantly, because of the evolutionary
conservation of the core autophagy machinery (TABLE 1),
many insights gained from studies of selective autophagy
in yeast are proving remarkably applicable to mammals.
In this Review, we outline the principles governing the
selectivity of autophagy, emphasizing the roles played by
SARs. We also describe the common features of SARs,
their roles and the signalling mechanisms involved in
cargo recognition among eukaryotes.

Receptors for selective autophagy

Selective autophagy depends on the recognition of the
specific cargo to be degraded. In most cases, this recog-
nition occurs through the binding of specific autophagy
receptors, SARs, which allow selective engagement of
the autophagy machinery. In yeast, SARs can be divided
into two groups: soluble receptors (Atgl9, Atg34 and
coupling of ubiquitin conjugation to endoplasmic
reticulum (ER) degradation 5 (Cue5)) and membrane-
associated receptors (Atg30/Atg36, Atg32, Atg39 and
Atg40)22 (FIG. 2).

Soluble receptors. Soluble receptors in yeast are involved
in the Cvt pathway and in the degradation of misfolded
or aggregated proteins (FIG. 2). One of these SARs, Atg19,
binds the precursor of Apel (prApel), the primary Cvt
cargo®, as well as Ams1 and Ape4. The prApel, Amsl
and Atg19 proteins assemble into a large complex called
the Cvt complex, which is then targeted to and processed
in the vacuole. Atg34 functions as an additional recep-
tor protein for Amsl, but not prApel, and only under
starvation conditions®.

A new class of soluble SARs belongs to the conserved
CUET protein family®. Cue5 in yeast and Toll-interacting
protein (TOLLIP) in mammals are required for the auto-
phagic degradation of ubiquitylated proteins and polyQ
proteins. The 50 amino acid long CUE domain of Cue5,

which is structurally related to the ubiquitin-binding
UBA domain, binds to both monoubiquitylated and
polyubiquitylated cargo. Several soluble yeast proteins that
aggregate (for example, Abp1, Cprl, Ent2, Fprl, Gvp36,
Pill, Rpl14B, Rpl26B, Rpp2B, Segl, Tmal9, Tsal and
Ygr130c) are degraded by the Cue5-dependent selective
autophagy pathway.

Membrane-associated receptors. The first SAR identi-
fied for organelles was Atg30 of Pichia pastoris (Atg36
in Saccharomyces cerevisiae), which is the receptor for
selective autophagy of peroxisomes (pexophagy)**
(FIG. 2; TABLE 2). Many yeast species contain one or the
other receptor, but not both. These two SARs do not share
amino acid sequence homology, but they fulfil the same
function. In silico analysis of their amino acid sequences
does not reveal any characteristics that indicate they
would associate with membranes or be imported into
organelles. Instead, the pexophagy receptors bind directly,
in vivo and in vitro, to Pex3, a peroxisomal membrane pro-
tein (PMP)*-%, an essential component for peroxisome
biogenesis. Atg30 also associates with other PMPs such
as Pex14 and Atg37, which are required for peroxisomal
matrix protein import and pexophagy, respectively??.

Mitochondrial degradation (mitophagy) is mediated
by Atg32 (REFS 30,31) (FIC. 2). Despite low overall sequence
homology, Atg32 is conserved in most yeast species.
Atg32 contains a transmembrane domain (TMD) and is
anchored in the mitochondrial outer membrane, with its
amino and carboxyl termini exposed to the cytosol and
mitochondrial intermembrane space, respectively™.

Atg39 and Atg40 are two specific receptors for ER
degradation (ER-phagy)®® (FIC. 2). Atg39 and Atg40
localize at the perinuclear ER and the peripheral ER,
respectively.

SARs and the autophagic machinery

The various SARs recognize and mark the cargoes
for degradation. However, as outlined above, to target
these cargoes to the vacuole, PAS assembly initiation
is required. During selective autophagy PAS assem-
bly is mediated by the interactions of activated cargo-
bound SARs with the core proteins of the autophagic
machinery, which we describe in this section.
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Table 2 | Types of selective autophagy

Selective autophagy type

Aggrephagy

Chaperone-mediated
autophagy

Chlorophagy
Chromatin autophagy
Ciliophagy

Cytoplasm-to-vacuole targeting
DNA-mediated xenophagy

Endoplasmic reticulum-phagy

Ferritinophagy
Glycogen autophagy
Granulophagy
Lipophagy

Lysophagy

Midbody ring disposal
Mitophagy

Myelinophagy
Nucleophagy
Pexophagy

Plant p62-like and Nbr1-like
Plant tryptophan-rich sensory

protein turnover

Plastid-to-vacuole pathway

Proteaphagy
Ribophagy
Virophagy
Xenophagy

Zymophagy

Selective cargo

Protein aggregates

Organism in which
described

Yeast and mammals

Cargo receptor(s)

p62*, OPTN*,NBR1*, Cue5*, TOLLIP*

Refs

20,25,118,119

Cytosolic proteins with Mammals LAMP2A 120
KFERQ-like motifs
Chloroplasts Plants Unknown 121
Chromatin Mammals Unknown 122
Cilia Mammals HDAC6 123
Apel, Ape4 and Ams1 Yeast Atg19, Atg34 18
Mycobacterium tuberculosis Mammals p62*,NDP52* 124
Peripheral and nuclear Yeast and mammals Atg40, FAM134B 33,105,125
endoplasmic reticulum
Ferritin Zebrafishand mammals  NCOA4 126,127
Glycogen Mammals STBD1 128-130
Stress granules and P bodies  Yeast and mammals Unknown 131
Lipid droplets Yeast and mammals Unknown 132,133
Damaged lysosomes Mammals Galectin 8 134,135
Midbody protein CEP55 Mammals p62* NBR1* 136,137
Mitochondria Yeast, plants and Atg32, NIX, OPTN*,NDP52*, 97,104,
mammals TAX1BP1*, BNIP3, FUNDC1, BCL2L13 138-142
Myelin Mammals Unknown 143
Fragments of nucleus Fungi and mammals Atg39 33,144,145
Damaged or superfluous Yeast, plants and Atg30, Atg36, PEX5* NBR1*, p62* 17,26,27,108
peroxisomes mammals
Unknown Plants Joka2* 146
Tryptophan-rich sensory Plant Unknown 147
protein (Arabidopsis thaliana)
Plastids Plants ATI1 148
Inactive proteasomes Plants RPN10* 149
Ribosomal proteins Yeast Unknown 150,151
HIV p24 and viral proteins Mammals TRIM5a, SMURF1 152,153
Bacterial and viral pathogens ~ Mammals Galectin 8, p62*, OPTN*,NDP52*, 21,154,155
TAX1BP1* TECPR1
Pancreatic zymogens Mammals p62* 156

Ams1, a-mannosidase 1; Apel, vacuolar aminopeptidase 1; Ape4, aspartyl aminopeptidase 4; Atg, autophagy-related; ATI1, Atg8-interacting protein; BCL2L13,
BCL-2-like 13; BNIP, BCL-2/adenovirus E1B 19 kDa interacting protein 3; CEP55, centrosomal protein of 55 kDa; CUE, coupling of ubiquitin conjugation to ER
degradation; FUNDC, FUN-domain containing protein; HDACS, histone deacetylase 6; LAMP2A, lysosome-associated membrane glycoprotein 2A; NBR, next to
BRCA gene 1; NCOA4, NDP, nuclear dot protein; NIX, NIP3-like protein X; OPTN, optineurin; PEX, peroxin; RPN, regulatory particle non-ATPase; SMURF, SMAD
ubiquitylation regulatory factor; STBD1, starch-binding domain-containing protein 1; TAX1BP, Tax1-binding protein; TECPR1, tectonin B-propeller repeat
containing protein; TOLLIP, Toll-interacting protein; TRIM, tripartite motif. *Ubiquitin-dependent selective autophagy receptors. Data adapted from REF. 22.

Scaffold and Atg8 proteins in autophagy. As outlined
above, autophagy involves a sequential recruitment of
many proteins that cooperate in the formation of the
autophagosome (FIG. 1). The functions of the core auto-
phagy machinery components have been extensively
reviewed elsewhere®’; however, because they directly
interact with SARs and are therefore important medi-
ators of selectivity, we will briefly describe here the func-
tions of three of these core proteins: Atgll and Atgl7,
which function as scaffolds, and Atg8 (FIG. 3).

Atgll and Atgl7 are the autophagic scaffold pro-
teins in yeast and are partially responsible for organ-
izing the PAS (FIG. 3¢). The non-inducible Cvt pathway

requires Atgl1 exclusively, but many selective, induced
autophagy pathways, such as mitophagy, nucleophagy,
pexophagy and ER-phagy, typically require both Atgl1
and the Atgl7 complex for efficient organelle degrad-
ation®***~% (TABLE 3). Many of these pathways, similar
to non-selective autophagy, are induced by nitrogen
starvation, and this might explain the involvement of
Atg17, which is required during starvation. However,
selective autophagy often has additional requirements
(for example, a change in the carbon source for pexo-
phagy and mitophagy), and requires SARs and their
phosphorylation as well as the presence of auxiliary
factors (in some cases) (TABLE 3).
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Table 3 | Summary of selective autophagy pathways in yeast with known SARs

Selective
autophagy
type

Cargoes

SARs

Requirement for

SAR

phosphorylation kinase(s)

of SARs and
interaction
between SARs

Atgl7-
Atg29-Atg31
requirement

Additional selectivity factors

during

selective

autophagy

Dispensable Atg20 (REFS 60,157), Atg21
(REFS 158,159), Atg24 (REF. 157), Vac8
(REF. 160), VFT complex*®!, actin621%3,
Arp2-Arp3 complex'®*

Required> N.D.

N.D. N.D.

Required Atg21 (REF. 165), Atg24 (REF. 166),

Atg17-Atg28*
(REF. 36)

Atg26 (REF. 167), Atg35 (REF. 168), Atg37
(REF. 29), Pex3 (REF. 28), Vac8 (REF. 169)

and Atg11

Non-induced selective autophagy
Cytoplasm- prApel, Atg19 (REF. 23) Atg19*-Atgl1l Hrr25
to-vacuole Ape4,Amsl  (Sc) (REF. 67) (REF. 67), Atgl
targeting (REF. 67)
Induced selective autophagy
Apel transport  prApel Atg19 (REF. 23) Atg19 (REF. 23) N.D.

(Se)
Ams1 transport ~ Amsl Atg34 (REF. 24) Atg34*-Atgl1l Hrr25

(Sc) (REFS 67,74) (REFS 67,74)
Pexophagy Peroxisomes  Atg30 (REF. 26) Atg30*-Atgl1l N.D.

(Pp) (REF. 26)

Atg36 (REF. 27) Atg36*-Atgll Hrr25

(Sc) (REFS 27,59) (REF. 75)
Mitophagy Mitochondria Atg32 Atg32*-Atgl1l N.D.

(REFS59,71)(Pp)  (REF. 72)

Atg32 Atg32*-Atgll CK2 (REF. 72)

(REFS 30,31) (Sc) (REF. 72)
Nucleophagy Fragmentsof  Atg39 (REF. 33) Atg39-Atgll N.D.

nucleus (Sc) (REF. 33)

Endoplasmic Endoplasmic  Atg40 (REF. 33) Atg40-Atgl1 N.D.
reticulum-phagy reticulum (Sc) (REF. 33)
Aggrephagy Aggregates  Cue5 (REF 20)(Sc) Cueb (REF. 20) N.D.

Required?s Atg20 (REF. 157), Atg24 (REF. 157),
actin'®, Arp2—-Arp3 complex'®, Dnm1
(REE 90],Vp51 (REF. 90), Fis1 (REF. 90)

N.D. N.D.

Required*’ Atg20 (REF. 37), Atg21 (REF. 37),
Ath4 (REF. 37), Atg33 (REF. 37), Dnm1
(REF. 91), Fis1 (REF. 91)

Required® Actin® (REF. 170)

Required® Actin$ (REF. 170)

N.D. Rsp5 (REF. 20), Ubc4 and Ubch (REF. 20)

Ams1, a-mannosidase 1; Apel, vacuolar aminopeptidase 1; Ape4, aspartyl aminopeptidase 4; Atg, autophagy-related; prApel, precursor of Apel;

Arp, actin-related protein; CK2, casein kinase 2; Cue5, coupling of ubiquitin conjugation to endoplasmic reticulum (ER) degradation 5; Dnm1, dynamin 1; Fis1,
mitochondria fission 1; N.D. not determined; Pex, peroxin; Pp, Pichia pastoris; Sc, Saccharomyces cerevisiae; Ubc, ubiquitin carrier protein; Vac, vacuole-related;
VFT, Vps fifty three; Vps, vacuolar protein sorting. *SARs known to be phosphorylated. *Atg28 is the potential Pichia pastoris homologue of the Atg29 and Atg31
complex. *Actin is required to engulf ER structure observed by electron microscopy.

GTPase
A GTP hydrolysing enzyme that
coverts GTP to GDP.

Coat protein complex Il
(COPII). A type of vesicle coat
protein present on vesicles that
transport cargoes from the
rough endoplasmic reticulum
to the Golgi apparatus.

The scaffold proteins have several roles. First, they
interact with and recruit other core autophagy machinery
components, such as the Atgl complex® (FIC. 3¢c-f); during
starvation, typically both Atgl1 and Atgl7 are involved.
During nutrient deprivation, the target of rapamycin
complex 1 (TORC1), which is a protein kinase, is inactiv-
ated, resulting in hypophosphorylation of Atg13 (REF. 39)
(FIG. 1). The hypophosphorylated Atgl3-Atgl complex
is then bound by the Atgl17-Atg29-Atg31 complex and
recruited to form the PAS***#!, Interestingly, Atgl1 can
recruit Atgl7 to the PAS in the absence of Atgl and Atg13
through interactions with the Atg29-Atg31 complex*.
However, in the presence of Atgl and Atgl3, Atgl7 can
form the PAS without Atg11, indicating two cooperative
mechanisms for PAS formation. Scaffold proteins also
promote the activation of the Atgl kinase®, which is
required for isolation membrane elongation and phago-
phore formation* (FIC. 3d,e). Active Atgl phosphorylates
itself as well as the autophagy-related integral membrane
protein Atg9, which recruits the Atg2-Atgl8 complex
to initiate phagophore membrane elongation®. Finally,
these scaffolds also recruit to the PAS other regulators,

such as transport protein particle III (TRAPPIII) and
the guanine-nucleotide exchange factor (GEF) for the
Yptl (a Rabl-family GTPase)'*~% (FIC. 1). It is sug-
gested that during nitrogen starvation, normal traffic of
coat protein complex Il (COPII) vesicles from the ER to
the Golgi is inhibited and these vesicles are diverted to the
PAS to play some unknown function in autophagy®.
TRAPPIII might contribute to the tethering of these
COPII-containing, as well as Atg9-containing, vesicles
for isolation membrane expansion. By contrast, Yptl
recruits additional molecules of Atgl to the PAS.
Yptl also recruits Hrr25 (a casein kinase 18 (CK18; also
known as CSNK1D) homologue) to the PAS and activ-
ates its kinase®; the function of Hrr25 in non-selective
autophagy is currently unknown. During fed conditions,
in which the Cvt pathway is active, Atgl1 is the main
scaffold required for Atgl recruitment and activation.
During Cvt, Atgl1 also recruits Atg9-containing mem-
branes***! by interacting with both Ypt1 and directly with
Atg9 to promote PAS formation (which, in contrast to
nutrient-deprived conditions, occurs independently of
COPII vesicles)*472,
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Tail-anchored (TA)
mechanism

A mechanism of insertion of
proteins into organelle
membranes that operates
post-translationally and occurs
through a carboxy-terminal
transmembrane domain of the
protein; the exact mechanism
of insertion (apart from
endoplasmic reticulum
membranes) remains elusive.

Sec61 translocon

An evolutionarily conserved
protein complex that forms a
channel in the membrane of
the endoplasmic reticulum and
mediates protein translocation
across the membrane as well
as membrane insertion

of proteins.

REVIEWS

pER

Plasma
@ @ MitochondrionQ membrane
Peroxisome i

1 prApel 3 Golgi

! complex ! complex

] & Aggregate o

3 Ams1 3

L,,(,:?Tpl?(iei ,,,,,,,,, : Vacuole /'

Atg36 (Sc)
N

Atg30 (Pp)

Propeptide
—_— —_—
prApel
Monomer Trimer Dodecamer Atg39 or Atg40 (Sc)
Ribosome
Ub'KF‘:S 5 Ubcd Cue5 (Sc) 140
sp5, Ubc4, N( vC
Ubc5 )
Atg39 (Sc
QJRSPS‘ N DC Atg40 (Sc
Ub-K63"  Ubc4, Ubch

Figure 2 | Selective autophagy pathways and cargo recognition by selective autophagy receptors. The upper
panel of the figure shows the specific cargoes, such as oligomeric a-mannosidase 1 (Ams1) or precursor of vacuolar
aminopeptidase 1 (prApel), protein aggregates or organelles (peroxisomes, mitochondria, perinuclear ER (pnER) or
peripheral ER (pER), or fragments of the nucleus), that are subject to selective autophagy. The lower left panel depicts
soluble selective autophagy receptors (SARs). The prApel dodecamer is bound by the coiled-coil (CC) domain of
autophagy-related 19 (Atg19)*%. Ams1 oligomerizes and associates with Atg19 through the Ams1-binding domain
(ABD)*®. prApel, Ams1 and Atg19 assemble into a large complex called the cytoplasm-to-vacuole targeting (Cvt)
complex. Atg34, an Atg19 paralogue, is also a receptor for Ams1 (REF. 24), but not for Apel or aspartyl aminopeptidase 4
(Ape4)'’. Ape4 also binds Atg19. Coupling of ubiquitin conjugation to endoplasmic reticulum (ER) degradation 5 (Cue5)
binds aggregates through direct interaction of its Cue domain with lysine 63 (K63)- and lysine 48(K48)-linked ubiquitin
(Ub) chains that are covalently attached to cargoes? by the E3 ubiquitin ligase Rsp5 and the E2 ubiquitin-conjugating
enzyme Ubc4 or Ubc5. The lower right panel depicts membrane-associated SARs. Pexophagy receptors of Saccharomyces
cerevisiae (Sc) Atg36 and Pichia pastoris (Pp) Atg30 recognize peroxisomal membrane proteins (Pex14 and/or Pex3).

The mitophagy receptor Atg32 is embedded in the mitochondrial outer membrane via a single a-helical transmembrane
domain (TMD) and probably (indicated by a question mark in the figure) the action of the tail-anchored (TA) mechanism,
which refers to the protein machinery that inserts proteins possessing a carboxy-terminal TMD into the membrane such
that, topologically, the amino terminus of the protein is cytosolic and the C terminus of the protein is lumenal. The
ER-phagy receptors Atg39 and Atg40 have one TMD and two TMDs, respectively, and might insert into the ER membrane
co-translationally via the signal recognition particle (SRP), the SRP receptor and the Sec61 translocon.
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Atg8 is a ubiquitin-like protein that functions as a con-
jugate with the phospholipid PE (Atg8-PE) during auto-
phagy. Atg8-PE localizes to the PAS, isolation membrane
and autophagosome, contributes to Atgl recruitment and
is required for autophagosome membrane formation for
all types of autophagy*** (FIC. 3). The precise function of
Atg8-PE during the autophagy process is not yet clear,
but this complex is involved in the growth and matur-
ation of autophagosomal structures and it influences
autophagosome size™. In addition to its role in autophago-
some biogenesis, Atg8-PE appears to be a central factor
in mediating cargo selectivity through direct interactions
with SARs> (FIG. 3e,f) (see also below). Interestingly,

the functions of Atg8-PE in autophagosome biogenesis
and cargo selection depend on different domains of
Atg8 and can be separated by mutations in the ATG8
sequence™. Interactions between Atg8-PE and SARs have
also been shown to play a part during autophagy termin-
ation. In this context, the interaction between Atg8-PE
and the SAR leads to the disassembly of the Atgl2-Atg5-
Atg16-Atg8-PE complex in a reaction that is completed
by Atg4-dependent deconjugation of Atg8-PE™.

Interactions of SARs with scaffold proteins. With
the exception of Cue5, all known yeast SARs upon
activation (for details see below) bind the scaffold

Figure 3 | Phagophore assembly site and isolation membrane
formation in selective autophagy activation. a | Phagophore assembly
site (PAS) formation starts by activation of selective autophagy receptors
(SARs) bound to cargoes. The activation mechanism involves
phosphorylation by casein kinases (phosphorylation is indicated by a red
ball). b | An activated SAR binds the scaffold protein autophagy-related 11
(Atg11) to initiate PAS formation. ¢ | Atg11 binds the SAR-cargo complex,
recruits the Atg17 scaffold complex (composed of Atg17, Atg31 and Atg29)
via Atg29, as well as the Atgl kinase complex (composed of Atgl and
Atg13).d| Atg11 bound to the cargo—-SAR complex and the Atg17 complex
then activates the Atg1l kinase, which autophosphorylates itself as well as
other Atg proteins. e | Activated Atg1 kinase recruits other core autophagy

Isolation
membrane

proteins, resulting in the recruitment of Atg8, which is then conjugated to
phosphatidylethanolamine (PE) to begin phagophore expansion from the
PAS. A second ubiquitin-like conjugate, Atg12-Atg5, forms a complex with
Atg16, and is necessary for the recruitment of Atg8 to the PAS and its
conjugation to PE (it acts as the E3 ubiquitin ligase). The Atg12-Atg5-Atg16
complex itself is recruited to the PAS by the phosphatidylinositol-3-
phosphate (PtdIns3P)-binding protein Atg21, and its localization relies on
PtdIns3P synthesis at the PAS by the PI3K complex | (see also FIG. 1)%%.
Notably, Atg21 is required mostly for selective autophagy pathways and not
for non-selective autophagy. Atg8-PE also interacts with neighbouring
SARs activated by phosphorylation. f | Isolation membrane expansion then
continues around the cargo, engaging other activated SARs.
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protein Atgll REFS 24,26,27,30,31,33,58). The Atgll-
binding regions (A11BRs) in SARs are close (separated by
0-62 amino acids) to the Atg8-family interacting motifs
(AIMs) (Supplementary information S1 (figure)), pre-
cluding simultaneous binding of both Atg8 and Atgl1
to the receptor™. As a result, SARs bind either Atg8 or
Atgl1. Notably, during pexophagy, the same receptor
molecules must interact with both Atg8 and Atgl1. These
interactions, however, occur sequentially, particularly
in SARs in which the binding sites for Atg8 and Atgll
are overlapping, or in close proximity, so as to preclude
simultaneous binding of both proteins to the SAR*.

The A11BRs in SARs consist of two hydrophobic
residues followed by a serine residue and are surrounded
by a series of serine or threonine residues and/or acidic
amino acids (Supplementary information S1 (figure)).
The most frequent Atgl1-binding motif signature found
in the membrane-associated receptors (Atg30, Atg32,
Atg36 and Atg39) is I/VLS (Supplementary informa-
tion S1 (figure)). Atgl9 and Atg34, the two Cvt recep-
tors, bind to Atgl1 through DDSSIISTS and DESSIMSTP,
respectively. These two sequences do not contain the
strict signature motifs of the membrane-associated recep-
tors, although they have in common two hydrophobic
residues followed by a serine residue. Atgll contains
four coiled-coil (CC) domains and the last CC interacts
directly with SARs®¢!. Interestingly, this CC domain is
conserved in the C-terminal domain of the mammalian
protein FAK family kinase-interacting protein of 200kDa
(FIP200; also known as RB1CC1) and is listed in the
protein family (Pfam) database as the Atgl1l domain.

Similar to the role of Atgl7-Atg29-Atg31 in non-
selective autophagy, SAR-bound Atgl1 recruits other
autophagy proteins, such as the Atgl kinase complex
and Atg9, to the PAS. This process leads to Atgl activ-
ation, which then drives the expansion of the isolation
membrane® (FIG. 3d-f). Atgl kinase activation (including
its autophosphorylation) is normally repressed in nutri-
ent-rich conditions by TORCI kinase signalling to block
non-selective autophagy* 2. However, in nutrient-rich
conditions, the cargo-SAR-Atgl1 complex activates
Atgl kinase, bypassing the inhibition by TORCI (REF. 43).

Interactions with Atg8. Atg8 is involved in autophago-
some formation in all autophagy-related pathways, but
it also tethers the cargo-bound SARs to the isolation
membrane during selective autophagy. All known yeast
SARs bind to Atg8 through one or more AIMg?*252731:33,59
(Supplementary information S1 (figure)). Most AIMs
have a short conserved motif (W/F/Y)xx(L/I/V)
surrounded by at least one (often more) proximal acidic
residue®. The first and the fourth hydrophobic residues
in the AIM bind the hydrophobic pocket of Atg8, and the
acidic residue (or residues) upstream of the AIM of SARs
contributes a negative charge (or charges) to reinforce
the interaction®. In several cases, the acidic micro-
environment is further regulated by the phosphoryl-
ation of serine or threonine residues of the SARs in, or
adjacent to, the AIM** (see below).

Why exactly SARs need to interact with Atg8
is not completely understood. One possibility is to
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further promote selective autophagic cargo sequestration
through tight tethering of the cargo decorated by SARs
to the isolation membrane?*. Although Atg8 is essen-
tial for all autophagy pathways*, surprisingly, mutations
in the AIMs of SARs that bind to both Atg8 and Atgl1
only partially impair selective autophagy>"*>*¢*,

A possible explanation for this partial defect could
come from the finding of multiple AIMs in the Cvt
receptor Atgl9 (REF. 64) (Supplementary information S1
(figure)). Atgl9 contains, in addition to its canonical
AIM], two cryptic upstream AIMs (AIM2 and AIM3).
The prApel complex is transported both selectively
to the vacuole by the Cvt pathway and following initi-
ation of the non-selective autophagy pathway during
starvation conditions; in both cases, the transport of the
prApel complex requires Atgl9. It was assumed that
AIMI of Atgl9 was required for prApel transport by
the Cvt pathway but not by non-selective autophagy*>.
However, mutation of AIM1, combined with mutations
of one or more of the other AIMs, fully blocks prApel
transport to the vacuole irrespective of nutrient condi-
tion, indicating that the AIMs in Atgl9 have some direct
or indirect role in cargo selectivity. It has been postu-
lated that one AIM is sufficient for the selectivity of the
prApel complex, but additional AIMs allow exclusion
of non-selective cargo by the Cvt pathway. Thus, it is
possible that SARs may contain multiple AIMs such
that mutation of a single AIM only abolishes the exclu-
sion of non-selective cargo but not the transport of the
selective cargo.

SAR activation through phosphorylation

The mere presence of SARs on the organelle is insuffi-
cient to induce selective autophagy; SARs must be
activated and this activation is often achieved through
phosphorylation (FIGS 3,4). For instance, during organelle
biogenesis, SARs such as Atg36 (or Atg30) and Atg32 are
present in an inactive hypophosphorylated form in or
on the membranes of peroxisomes and mitochondria,
respectively. However, a change in media to a carbon
source (without nitrogen), which limits metabolism in
these organelles, causes SAR activation through their
hyperphosphorylation®**”*, resulting in organelle turn-
over. In this section we review the role of phosphoryl-
ation in the regulation of SARs and we outline the
mechanisms governing these phosphorylation events.

Importance of phosphorylation. Atgl9 and Atg30 are
phosphorylated at residues upstream of the AIM, as well
asin the A11BR**¥. Acidic residues proximal to the AIM
increase their affinity for Atg8, and a phosphorylated
residue mimics an acidic residue®®. Functional studies
of the phosphosites near the AIMs of Atg30, Atg32 and
Atg36 confirmed the requirement of these phosphosites
for these Atg proteins to interact with Atg8 (REF. 59).
Similar to the effects of mutations in AIMs (see above),
phosphosite mutations upstream of the AIM affect
selective autophagy only weakly in vivo. By contrast,
phosphorylation in the A11BR, which is conserved in
most receptors and is essential for the interaction of SARs
with Atgl1 (REFS 26,33,61), is strongly required for the
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respective selective autophagy pathways. Notably, in the
case of pexophagy, mutations in both of the phosphosites
in the pexophagy receptors — thereby simultaneously
affecting SAR-Atg8 and SAR-Atgl1 interactions — are
necessary to mimic the phenotypes of the deletion of
pexophagy SARs (Atg30 or Atg36). These results indi-
cate that interactions with Atg8 and Atgl1 both have
important and non-redundant roles during pexophagy*.

a Model 1 b Model 2
(3 or B
(inactive) |nact|ve
@ Golgi Golgi
complex complex
(active) ¥

R R

Unknown mechanism and/or factor(s)
© Unknown cytosolic factor

— Activation

—» Recruitment
@ Phosphorylation
¢ Ypt1-GTP

Scaffold) Atgl1 or Atgl7

Figure 4 | Hypothetical models for activation of selective autophagy receptors by
casein kinases. Yeast selective autophagy receptors (SARs) are generally phosphorylated
and casein kinases (Hrr25 or casein kinase 2 (CK2)) have been shown to play arole in the
phosphorylation of SARs involved in the mitophagy, pexophagy and Cvt pathways. The
SARs for pexophagy as well as the cytoplasm-to-vacuole targeting (Cvt) cargo, precursor of
vacuolar aminopeptidase 1 (prApel), are phosphorylated by the CK18 homologue, Hrr25,
whereas the mitophagy SAR is phosphorylated by CK2. At least two hypothetical models
could explain the phosphorylation and activation mechanism of SARs. However, the order
and subcellular location of these steps are not currently known. In Model 1 (part a), inactive
Hrr25 and CK2 (step 1) are recruited to inactive SARs (step 2) by an unknown factor

(or factors) (shown as pink-shaded circles) and by unknown mechanisms and activated
close to the SARs (step 3). Activation of CK2 might depend on the MAPKSs of the high
osmolarity glycerol (HOG) pathway, Hog1 and Pbs2 (REFS 61,72). Activated CK2 and Hrr25
then phosphorylate and activate SARs (step 4), resulting in the recruitment of
autophagy-related 11 (Atg11) (step 5). In model 2 (part b), the inactive Hrr25 (step 1) is
activated in the cytosol (step 2) and then recruited to the SAR or its vicinity via unknown
factors (step 3), as well as to the phagophore assembly site (PAS), in a manner dependent on
an activated Ypt1 (Ypt1-GTP) and the scaffold protein Atg17 (REF. 49) or possibly also Atg11
(as Atg11is known to recruit Ypt1 to the PAS*). Consequently, before PAS formation, the
first SAR (shown at the top) will be phosphorylated by the active Hrr25 localized proximal
to the SAR by Ypt1-GTP, the scaffold protein and unknown factors associated either with
the SAR itself or the cargo (step 4). The direct interaction of the phosphorylated SAR
(active) and the scaffold protein Atg11 willinitiate PAS formation. Finally, PAS-localized
Hrr25 will further propagate the phosphorylating signal and activates other SARs (step 5).

’ Unknown cargo-associated factor

Signals inducing selective autophagy and SAR phos-
phorylation. Because organelles often cooperate in
multiple metabolic pathways, proliferate under the same
conditions and share the division machinery, it should
not be surprising that common signals might induce
their degradation. The signals and inducers triggering
the phosphorylation of SARs are unknown; however,
several conditions have been used to study induced
selective autophagy pathways. The most common con-
dition is the switching of glucose-rich and nitrogen-rich
growth media to glucose without nitrogen. In addition,
pexophagy is triggered by replacing the carbon source,
such as from media that induces peroxisome prolifer-
ation (for example, methanol for P. pastoris) to glucose
media without nitrogen. Such nutrient changes results
in the degradation of peroxisomes in a manner that
requires SAR phosphorylation®*®. Pexophagy and mito-
phagy can also be induced without changing the growth
medium, either by continuous growth into stationary
phase or by affecting organelle integrity?***>*. In both
cases, SARs, and probably their phosphorylation, are
necessary. Mitophagy can also be induced by replacing
the carbon source from a non-fermentable source, such
as lactate or glycerol, to glucose medium but without
nitrogen. Interestingly, mitophagy can be induced by
shifting yeast cells from a glucose-rich medium to a
glucose-minimal medium without nitrogen; this type of
induced mitophagy also depends on SAR phosphoryl-
ation®**”. Finally, the SAR is not phosphorylated and
mitophagy is not induced if only TORC1 is inactivated
by rapamycin in glucose-rich media™.

Kinases involved in phosphoregulation. The kinases
involved in the direct phosphorylation of SARs are
known in S. cerevisiae (FIC. 4, TABLE 3). The mitophagy
receptor Atg32 is phosphorylated by CK2 (REF. 72),
a vital and highly conserved serine and/or threonine
kinase that has a role in diverse cellular processes such
as transcription, regulation and cell cycle regulation”.
CK2-dependent phosphorylation of Atg32 stabilizes
the Atg32-Atgl1 interaction, which then leads to PAS
assembly, subsequent autophagosome formation and
ultimately mitophagy’. In vitro, CK2 phosphorylates
two serine residues in the A11BR; one of these serine
residues is essential for the in vivo Atg32-Atgl1 inter-
action. CK2 is not important for non-selective auto-
phagy, pexophagy or the Cvt pathway, suggesting that
CK2 has a specific role in mitophagy.

Interestingly, the kinase responsible for phosphoryl-
ating the Cvt, Amsl and pexophagy receptors is
Hrr25 and not CK2, despite the similar A11BRs in
these receptors®”#7, Hrr25 is a homologue of CK19,
which functions in ribosomal subunit biogenesis,
chromosome segregation, DNA repair and, most
importantly, in vesicular trafficking, where it contrib-
utes to the directional delivery of ER-derived vesicles
to the Golgi’™®. In vitro experiments have indicated
that Hrr25 phosphorylates a residue in the A11BR
of Atg36 that is required for the Atg36-Atgl1 inter-
action” (Supplementary information S1 (figure)).
In agreement with the in vitro results, knockdown of
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Fission

Membrane fission is the
process by which a continuous
cellular membrane divides into
two distinct membranes.

Hrr25 diminishes Atg36 phosphorylation and the
Atgl1-Atg36 interaction. Atgl9 and Atg34 are both
phosphorylated in their A11BRs by Hrr25 (REF. 67).
Similar to the other SARs, these phosphosites are
required for the proper interaction of the receptor and
the scaffold protein Atgll. In conclusion, most, if not
all, selective autophagy pathways are regulated by a
uniform mechanism, which is the enhancement of the
interaction (or interactions) of receptor-autophagic
protein (or proteins) by receptor phosphorylation. It is
also interesting that Hrr25 is involved in the regulation
of three distinct selective autophagy pathways®>’>7".
It is important to note that these different SARs can be
phosphorylated by Hrr25 either under nutrient-rich or
nitrogen-starvation conditions, indicating once again
that the activation mechanism for SARs cannot rely
exclusively on TORC1 signalling.

The evidence for the Hrr25-mediated phosphoryl-
ation of receptors during selective autophagy is
clear®”7>”7. However, the involvement of Hrr25 exclu-
sively in selective autophagy has been investigated by
only one study” so far, and the conclusions from this
study have been challenged by recent work indicating
that Hrr25 is also involved in non-selective autophagy™.
As mentioned earlier, the GTPase Yptl is involved in
both non-selective and selective autophagy and is
recruited by Atgl7 and Atgll in the respective path-
ways. During non-selective autophagy, Yptl activates
and recruits Hrr25 to the PAS (FIC. 1). The possibility
that Atgl1-Yptl is also involved in Hrr25 activation
and recruitment to the PAS during selective autophagy
has not been determined, and we do not know whether
this interaction is involved in the phosphorylation
of SARs. Despite this uncertainty, the recruitment of
Hrr25 to the PAS by scaffold proteins is an attractive
mechanism to explain the phosphorylation of SARs in
selective autophagy.

Interestingly, even though mitophagy and pexo-
phagy receptors are phosphorylated by different casein
kinases, these receptors in S. cerevisiae are interchange-
able. Atg32 targeted to the peroxisomes facilitates pexo-
phagy and Atg36 targeted to the mitochondria activates
mitophagy***, suggesting that each SAR may also be
phosphorylated by the other kinase. We speculate that
SAR phosphorylation might occur at the PAS because
Hrr25 localizes there (FIG. 4), and this localization might
also explain why these receptors are interchangeable.

Two models could explain the phosphorylation
of SARs (FIC. 4). One scenario is that upon induction of
selective autophagy the casein kinases (Hrr25 and CK2)
are first recruited to the cargo surface and the SARs by
unknown factors or mechanisms. These kinases could
be locally activated (potentially by kinases of the high
osmolarity glycerol (HOG) pathway — Hogl and Pbs2
(REFS 61,72)) — resulting in the phosphorylation and
activation of the receptors. Once phosphorylated, SARs
could then recruit Atgl1 (FIG. 4a). Another plausible scen-
ario, at least for the phosphorylation of SARs by Hrr25,
is that upon induction of selective autophagy, Hrr25 is
activated in the cytoplasm and recruited to the SARin a
manner that is dependent on the complex between Yptl
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and scaffold proteins, which would be recruited by some
unknown factors or mechanism. Following this initial
phosphorylation of the SARs, Hrr25 could continue to
be recruited to the PAS via Atgl1 and/or Atgl7 scaffolds,
and phosphorylate additional receptors neighbour-
ing the already activated SAR, thereby propagating
receptor activation (FIC. 4b). In Arabidopsis thaliana,
the Atgl1l homologue interacts with Atg8 (REF. 78), and
Atg8 could be the unknown factor that links the SARs to
the autophagy machinery. In addition, Atg37 and Pex3
(see below) are potential candidates for the unknown
factors bridging the pexophagy SAR and Hrr25.

Further regulation of selectivity

As a consequence of the nature of cargoes, selective auto-
phagy must be tightly regulated and needs to respond
to multiple stimuli. It is no surprise therefore that the
degree of selective cargo degradation is regulated on
multiple levels and by several mechanisms. Signalling
pathways, organelle fission as well as transcriptional
regulation of SARs have been implicated in controlling
selective autophagy. These processes and events that
modulate selective degradation during autophagy are
described below.

Signalling pathways. Mitophagy and pexophagy,
but not non-selective autophagy, are regulated by the
MAPK pathways”®, which play a key part in respond-
ing appropriately to external stimuli or environmental
conditions®. Mitophagy and pexophagy require the
complete cell wall integrity (CWT) signal transduction
pathway, which starts from the CWI sensors and ends
with the MAPK SIt2. The CWI pathway is normally
responsible for maintaining cell wall homeostasis and
consequently is activated by cell wall stress; however,
this pathway is also activated by nitrogen starvation
or rapamycin treatment (a TORCI signalling inhib-
ition condition)®. The exact function of this pathway
during selective autophagy is unclear, but SIt2 activity
is needed for the formation of the specific PAS*. The
phenotype of the slt2A mutant cells resembles that of
the A11BR phosphomutant of Atg32 (REF. 61). Thus, it is
reasonable to propose that Slt2 kinase is involved in the
phosphorylation of SARs.

In addition, mitophagy requires another MAPK sig-
nalling pathway, namely the HOG pathway, which is
essential for yeast survival in high osmolarity environ-
ments. Nitrogen starvation activates at least one compo-
nent, the MAPK Hogl (REF. 80). Two distinct roles have
been proposed for Hogl. One study proposed that Hogl
and the MAPK kinase Pbs2 are required for mitophagy
after PAS assembly, suggesting no direct role of MAPK
in SAR phosphorylation. In a second study, an Atg32
phosphorylation defect was observed in the hogIA and
pbs2A mutants of the HOG pathway. However, Hogl
was unable to phosphorylate Atg32 in vitro and it is
not known whether the Atg32 phosphosites affected
by Ahogl and Apbs2 are in the A11BR®"7. If the second
finding is true, HOG kinases are most probably involved
indirectly in SAR phosphorylation and could potentially
activate CK2 (FIG. 4a).
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Dynamin
A type of GTPase involved in
membrane fission events.

Oleate

A monounsaturated omega-9
fatty acid used as a carbon
source to induce peroxisomes
biogenesis in yeast because
its oxidation requires
peroxisomal enzymes.

Histone deacetylase

An enzyme reversing
acetylation of lysine
residues of histones, thereby
playing a crucial role in
chromatin remodelling

and in the regulation of
gene transcription.

Pexophagy induction in P. pastoris is also regulated
by two Atg30-interacting proteins: the acyl-CoA bind-
ing protein Atg37 and the PMP Pex3 (REFS 28,29,83)
(TABLE 3). Atg37 binds Atg30 and palmitoyl-CoA. Atg37 is
required for proper Atg30 phosphorylation and is there-
fore needed for the Atg30-Atgl1 interaction. Moreover,
in vitro experiments have indicated that palmitoyl-CoA
and Atg30 compete for the same binding region in Atg37.
Pex3, as described earlier, recruits Atg30 to the peroxi-
somes and is also needed for Atg30 phosphorylation
and its interaction with Atgl1 (REF 28). So, what is the
role of palmitoyl-CoA in pexophagy? One possible role
is that the presence of sufficient local concentrations of
palmitoyl-CoA, generated locally by peroxisomal fatty-
acid oxidation, might prevent the activation of pexophagy
by preventing Atg37 from interacting with Atg30. Once
peroxisomal B-oxidation declines, the palmitoyl-CoA
concentration is reduced. In result, the inhibition of the
Atg37-Atg30 interaction is alleviated, thereby allowing
Atg30 phosphorylation and consequently pexophagy.
This model, however, remains to be tested.

Organelle fission is required for selective autophagy.
Organelles frequently divide (through fission), and most
(except peroxisomes) also fuse together. Peroxisomes are
subject to fission by Pex11 (which is a PMP) as well as
two GTPases, dynamin 1 (Dnm1) and Vpsl (which are
dynamin-like proteins)®-%¢, and this fission probably facil-
itates selective organelle degradation. The recruitment of
Dnml1 to the peroxisomes requires both mitochondria
fission 1 (Fisl) and mitochondrial division protein 1
(Mdvl), which together form a protein complex
required for the recruitment of Dnm1. Remarkably, this
molecular complex (Fis1-Mdvl-Dnml) is also neces-
sary for mitochondrial fission®” and, recently, this fission
machinery was reported to be necessary for mitophagy
and pexophagy®°. During mitophagy, Dnm1, which
fragments mitochondria, additionally relies on Atg11 for
its recruitment to mitochondria®’. Autophagosomes may
have a size limit because overexpression of the Cvt path-
way cargo prApel causes larger complexes to form that
cannot be engulfed®”, suggesting that fission may facili-
tate autophagy of large organelle cargoes by decreas-
ing their size. Notably however, the fission machinery
seems to regulate selective autophagy also independently
of organelle size. As an example, peroxisomes are dis-
persed in the cytosol as individual compartments, and
when induced by oleate treatment they have an aver-
age diameter of ~150 nm, which is much smaller than
the largest autophagosome (~900 nm in diameter).
Nevertheless, S. cerevisiae pexophagy also requires
the fission machinery®. Similarly, the methylotrophic
yeast Hansenula polymorpha uses the fission machinery
indirectly, as explained below, to degrade peroxisomes
and to remove large intra-peroxisomal protein aggre-
gates by pexophagy®. The protein aggregate is first
separated from the mother peroxisome by Dnm1- and
Pex11-dependent asymmetric fission and degraded in an
Atgl- and Atgl1-dependent manner. During pexophagy,
although both Dnm1 and Vpsl interact with Atgl1 and
the receptor Atg36 (REF. 90), the dynamin-like proteins

also interact with Atg36 that has mutations in both its
AIM and A11BR. This finding suggests that the inter-
actions of dynamin-like proteins with Atg36 are direct
but independent of pexophagy activation.

Transcriptional regulation of receptors. Atgl9 is
expressed in nutrient-rich media to mediate the bio-
synthetic Cvt pathway. Notably, nitrogen starvation
substantially increases the amount of the Cvt pathway
cargo prApel, and this increase is associated with a
parallel, several-fold increase in Atgl9 levels*. This
result indicates that the modulation of SAR expres-
sion is an important regulatory mechanism during
selective autophagy?.

The pexophagy receptor Atg30 is associated with
peroxisomes during their biogenesis, long before pexo-
phagy induction®. Similarly, in S. cerevisiae, Atg32 and
Atg36 localize to the mitochondria and peroxisomes,
respectively, during organelle biogenesis. As discussed
above, the mere presence of SARs on the organelle is
insufficient to induce selective autophagy, and SARs
must be activated. Nevertheless, also the SAR lev-
els appear to be important for the fate of the organelle
because their overexpression induces their respective
selective-autophagy pathways%.

By contrast, some SARs, such as Atg32 in P, pastoris™
(which is responsible for mitochondrial degradation),
as well as Atg39 and Atg40 in S. cerevisiae® (which
mediate ER-phagy), are not expressed in vegetative
conditions. Their expression is only induced when cells
encounter nitrogen starvation or are treated with rapa-
mycin, which indicates a regulation of the expression
of these receptors by TORCI signalling®. In support of
this finding, it has been revealed that Atg32 expression
in P, pastoris and S. cerevisiae is inhibited by TORC1 and
a histone deacetylase complex comprising Sin3 and Rpd3
(REF. 71). Atg32 levels increase dramatically when TORC1
is inhibited or when the Rpd3 or Sin3 proteins are absent,
suggesting that these proteins suppress ATG32 gene tran-
scription. Interestingly, Atg8 expression is also regulated
by this histone deacetylase complex, and Atg8 levels
determine the size, but not the number, of autophago-
somes, thus influencing autophagic activity*. Controlling
the levels of SARs and their interacting partner Atg8
by the same pathway may be the mechanism that main-
tains the correct ratio of SAR with respect to Atg8 during
the sequestration of large and numerous cargoes.

Termination of selective autophagy. The termination of
signalling for selective autophagy is poorly understood
but is probably achieved at multiple levels, including
destruction of the cargo, together with the SAR-Atg8
complex and/or attenuation of the signalling pathway
that activates selective autophagy®****'. Attenuation of
the signalling pathway that activates selective autophagy
can be achieved through the transient inactivation of
the signalling enzymes, such as kinases, or through the
activation of enzymes, such as phosphatases, deubiquityl-
ation enzymes or C-terminal ubiquitin hydrolases that
reverse the chemical protein modifications involved
in autophagy.
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Zymogens

Inactive enzymes that are
activated by proteolytic
processing.

Functional conservation of SARs

Notably, approximately 90% of the core autophagy genes
are conserved across eukaryotes® (TABLE 1). By contrast,
genes encoding SARs on average exhibit lower conser-
vation in ancient taxa, with the majority having evolved
in Eumetazoan evolution (estimated 650 million years
ago). The exceptions are next to BRCAI gene 1 (NBR1)
and FUN14 domain-containing protein 1 (FUNDCI)
(TABLE 2), which exist in metazoans and older taxa.
However, despite the low primary sequence conser-
vation of SARs, even between closely related yeasts,
recent reports have indicated that proteins exhibiting
functional equivalence to yeast SARs do exist in higher
eukaryotes and that the principles of their activity
during autophagy are conserved®. In this section,
we provide an overview of these common principles
governing selective cargo recognition.

Similar to yeast, higher eukaryotes have ubiquitin-
dependent and ubiquitin-independent SARs? (TABLE 2).
Interestingly, in higher eukaryotes, common tags, such
as ubiquitylation, are used much more prevalently and
this prevalence of tagging may offer a simpler (more
efficient) solution to marking the cargo for degradation
because it allows the use of common adaptors for multi-
ple cargoes. Thus, the selective autophagy pathways that
require ubiquitin-dependent SARs can use the same
receptors (which include p62 (also known as sequesto-
some 1), NBR1, NDP52 (also known as CALCOCQO2),
optineurin (OPTN), Tax1-binding protein 1 (TAX1BP1)
and TOLLIP in mammals). In some cases, a single
mammalian ubiquitin-dependent SAR recognizes
the ubiquitylated cargo destined for degradation; fre-
quently, more than one SAR participates in cargo recog-
nition. For example, two ubiquitin-dependent SARs
(NBR1 and p62) are involved in pexophagy, three in
mitophagy (OPTN, NDP52, TAX1BP1) and four (p62,
NDP52, OPTN, TAX1BP1) during elimination of bac-
teria and viruses (xenophagy). Additionally, some pro-
cesses such as xenophagy and lysophagy may also use
ubiquitin-independent receptors (such as galectin 8),
and the same is true for mitophagy, which, as recently
shown, uses the BCL-2-like protein 13 (BCL2L13) as
a ubiquitin-independent receptor®”. Understandably,
despite common mechanisms of cargo tagging, differ-
ent SARs are still required for efficient selective auto-
phagy in mammals because the cargoes can differ and
organelles are not fixed entities but dynamic structures
interacting with each other and remodelling themselves
in response to various stimuli.

The theme of phosphoregulation of receptors
by kinases also extends to mammalian systems.
During pexophagy, p62 recognizes peroxisomes
through its interaction with monoubiquitylated PEX5
(REFS 17,98,99) but, as discussed above, p62 also recog-
nizes other selective cargoes such as ubiquitylated
aggregates, bacteria and zymogens, allowing a common
tag on multiple cargoes to be recognized by the same
receptor?!'®. p62 is phosphorylated by several kinases,
including Unc51-like kinase 1 (ULK1; the mammalian
homologue of Atgl), CK2 and TANK-binding kinase 1
(TBK1), and, in each case, this activation allows p62 to

REVIEWS

bind to its relevant cargoes'®. In yeast, the key regu-
latory step in selective autophagy appears not to be
cargo binding per se, but rather SAR phosphorylation in
response to appropriate stimuli to engage the autophagic
machinery. By contrast, mammals exploit phosphoryl-
ation of the SAR for binding both to the cargo and the
autophagy machinery, reflecting the greater complexity
of phosphoregulation of selectivity'®-***. Unfortunately,
not enough is known at this point about the role of
phosphorylation as a regulatory step for the ubiquitin-
dependent CUET pathway in yeast® to make meaning-
ful comparisons with the ubiquitin-dependent pathways
in higher eukaryotes.

As is true for yeast, in mammals, most of the
ubiquitin-independent SARs associated with organelles
contain TMDs that allow them to associate with their
cargoes using the intrinsic organelle import machin-
ery. The closest mammalian examples that mimic a
yeast ubiquitin-independent SAR is the mitophagy
receptor BCL2L13 (REF. 97) and the ER-phagy receptor
FAM134B*!%. BCL2L13, similar to yeast Atg32, local-
izes to the outer mitochondrial membrane, contains
a TMD at its C-terminal region and its N terminus is
exposed to the cytosol. BCL2L13 is imported into the
outer mitochondrial membrane via its C-terminal tail
anchor. Remarkably, despite the absence of sequence
homology, BCL2L13 compensates for the function of
Atg32 in yeast. FAM134B, similar to Atg40, localizes
at the peripheral ER and contains two TMDs with
characteristics of a reticulon-like domain.

The mode of recruitment of Atg8 and its mam-
malian homologues, microtubule-associated protein
1A/1B-light chain 3 (LC3; also known as MAP1LC3)
or y-aminobutyric acid receptor-associated protein
(GABARAP), to the growing autophagosome is also con-
served. As previously discussed, in yeast, the SARs have
one or more AIMs. Similarly, the mammalian recep-
tors have one or more LC3-interacting regions (LIRs).
For example, the ubiquitin-dependent SARs (NBR1 and
p62) and the ubiquitin-independent SARs (BCL2L13
and FAM134B) directly bind the Atg8-like protein (or
proteins) LC3 and/or GABARAP®71%5-17. NBR1 has
two LIRs, LIR1 and LIR2, which have major and minor
roles in the binding process, respectively. BCL2L13
and p62 have a single LIR*>!'”". Interestingly, and simi-
lar to organelle SARs and Atg8 interactions in yeast,
NBRI1-LC3 binding is only partially required for
pexophagy'®. Finally, in both yeast and mammals, the
AIM and the LIR are activated via phosphorylation
of serine or threonine residues within or adjacent to
these domains™°!.

The interaction of the cargo-SAR complex with
scaffold proteins is not well established in higher
eukaryotes. There is some homology between the
yeast autophagy scaffolds Atgll and Atgl7, and two
metazoan protein families represented in humans by
FIP200 and huntingtin'®"'2 Similar to yeast Atgll,
which binds SARs and also activates the Atgl kinase®,
these scaffolds interact on the one hand with autophagy
receptors and on the other hand with the metazoan
counterpart of the Atgl kinase ULK1 (REFS 109-111,113).
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Conclusions and perspective

Many intracellular and extracellular components are
selectively degraded by autophagy. Selective autophagy
relies on selectivity factors and the core autophagy
machinery to degrade its cargoes. The main selectiv-
ity factors are the SARs, which exist as two types in
mammals and yeast: the ubiquitin-independent and
ubiquitin-dependent SARs. The principal regulatory
mechanism activating selective autophagy pathways
is the phosphorylation of the SARs, leading to the
engagement of the core autophagy machinery and/or
recognition of the ubiquitylated cargo.

Despite the rapid and impressive progress in unravel-
ling selective autophagy mechanisms, many details of
this process are unknown. To start, most, if not all, yeast
SARs are phosphoproteins and most are phosphoryl-
ated at the A11BR by casein kinases (CK2 for Atg32 and
Hrr25 for Atg19, Atg34 and Atg36), but the kinase (or
kinases) for some SARs, such as Atg30, as well as the
kinase (or kinases) for AIM phosphorylation remain
unknown. In addition, the phosphorylation status of
Atg39 and Atg40 has not been determined. The A11BR

of different receptors, such as Atg32 and Atg36, are rela-
tively well conserved, as is the signal (nitrogen starvation
condition) that triggers mitophagy and pexophagy, but,
surprisingly, these SARs are phosphorylated by differ-
ent casein kinases. The mechanisms responsible for this
selective regulation, as well as the signalling cascades
that activate the casein kinases, are currently elusive.
Furthermore, the involvement of MAPK pathways in
SAR activation, although inferred, remains a mystery.
Although SAR phosphorylation is the primary activa-
tion mechanism for selective autophagy, it also needs
to be considered that it might not be the only one. For
example, despite some controversy in this area, the mito-
phagy receptor Atg32 seems to be activated by an addi-
tional mechanism involving the proteolytic maturation
of its C-terminal region by the protease Ymel (REF. 114).
Finally, it needs to be determined whether yeast, as in
mammals, have more than one SAR for each organelle,
with each responding perhaps to a different stimulus.
Together, resolving these questions will shed important
new light onto how selectivity and precision during
autophagy can be achieved.
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