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1 | INTRODUCTION

Since its discovery, autophagy has been regarded as the ultimate sur-
vival strategy of eukaryotes, asitis a “non-selective” self-degradation
system that is markedly induced in response to nutrient starvation
and that provides amino acids and other building blocks by degrading
the organism's own cellular components. However, since the mech-
anism of selective degradation of ubiquitinated proteins by autoph-
agy was proposed in 2005 by Terje Johansen's group,’ the selectivity
of autophagy has attracted much attention, together with that of the
molecular mechanism of the yeast Cvt pathway (a vacuolar enzyme
transport pathway using the autophagy molecular mechanism)?
and mitochondrial selective degradation (mitophagy).3 To facilitate
the understanding of selective autophagy, we would first like to
briefly describe the basic mechanism of autophagosome formation.*
Autophagy is a system in which an isolation membrane/phagophore
that forms in the vicinity of the endoplasmic reticulum (ER) is elon-
gated, and a portion of its cytoplasm is sequestered into autopha-
gosomes, which are then transported to lysosomes for degradation.
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While starvation-induced autophagy is thought to randomly degrade cellular com-
ponents, under certain circumstances autophagy selectively recognizes, sequesters,
and degrades specific targets via autophagosomes. This process is called selective
autophagy, and it contributes to cellular homeostasis by degrading specific solu-
ble proteins, supramolecular complexes, liquid-liquid phase-separated droplets,
abnormal or excess organelles, and pathogenic invasive bacteria. This means that
autophagy, like the ubiquitin-proteasome system, strictly regulates diverse cellular
functions through its selectivity. In this short review, we focus on the mechanism of
"selective" autophagy, which is rapidly being elucidated.

ATG8-family proteins, autophagy, liquid-liquid phase separation, selective autophagy,
selective autophagy receptors

The proteins involved in the formation of autophagosomes are called
"core ATG proteins," each of which consists of 6 functional units
(Figure 1): (1) the ULK1 protein kinase complex, (2) ATG9 vesicles,
(3) the phosphatidylinositol 3-kinase complex | (PI3K complex 1), (4)
the ATG2-WIPI complex, (5) the ATG12-ATG5-ATG16L complex, and
(6) the ATG8 family protein-phosphatidylethanolamine (PE) conju-
gation system. When autophagy is induced, these functional units
assemble at the site of autophagosome formation and form the pre-
autophagosomal structure, also known as the phagophore assem-
bly site (PAS). The formation of the PAS occurs in the vicinity of the
vacuole and ER in budding yeast, and on the ER in mammals, espe-
cially at the contact site with mitochondria. The sequential action
of these 6 functional units is responsible for the formation of the
isolation membrane/phagophore (Figure 1). When the ULK1 protein
kinase complex (1) is translocated to the ER subdomain (especially
the mitochondrial contact site), PI3K complex | (3) is recruited and
PI(3)P production increases. WIPI, a PI(3)P-binding protein, binds
to the PI(3)P produced by PI3K complex | and accumulates with its
binding partner ATG2 at the site of autophagosome formation (4).
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FIGURE 1 Autophagosome formation. When the ULK1 protein kinase complex1 is translocated to the ER subdomain, PI3K complex |

(3) is recruited and the PI(3)P production increases. WIPI binds to PI(3)P and accumulates with its binding partner, ATG2 (4). ATG2 connects
the ER to the isolation membrane/phagophore and transports lipids. ATG9, a membrane protein (2), transiently accumulates in the isolation
membrane/phagophore and scrambles phospholipids transported by ATG2 from the ER to the cytoplasmic layer of the isolation membrane/
phagophore. VMP1 and TMEM41B are ER membrane proteins that have been shown to be involved in regulating the cytoplasmic side of
the ER. ATG12 and ATGS5 are covalently bound to each other via a ubiquitin-like conjugation reaction. The ATG12-ATG5 conjugate forms

a complex with ATG16L and localizes to the isolation membrane/phagophore (5), which determines the location of amide bond formation
between ATG8 family proteins and PE. For selective autophagy, receptors that bind to both cargo and ATG proteins ensure selectivity.
FIP200, a component of the ULK1 protein kinase complex and ATG9, interacts with these receptors to promote the formation of an isolation

membrane/phagophore around the cargo. Interaction of these receptors with ATG8 family-PE results in the elongation of the isolation

membrane/phagophore along the substrate

ATG2 connects the ER to the isolation membrane/phagophore and
transports lipids.> ATG9, a membrane protein, localizes to vesicles
formed from the Golgi apparatus (2) and transiently accumulates in
the isolation membrane/phagophore. ATG9 scrambles phospholip-
ids transported by ATG2 from the ER to the cytoplasmic layer of the
isolation membrane/phagophore,®’ distributing them to both sides
of the lipid bilayer and allowing the isolation membrane/phagophore
to expand. The ER membrane proteins VMP1 and TMEM41B are re-
sponsible for scrambling phospholipids in the ER membrane and for
regulating the contact between the ER and the isolation membrane/
phagophore.®? In the ATG12-conjugation system, ATG12 and ATG5
are covalently bound via a ubiquitin-like conjugation reaction. The
ATG12-ATGS5 conjugate forms a complex with ATG16L and localizes
to the isolation membrane/phagophore (5), which determines the
location of amide bond formation between ATG8 family proteins
and PE. Autophagosomes surround a specific substrate, known
as the cargo, and fuse with lysosomes to specifically degrade just
the cargo, a process called selective autophagy.'® Depending on
the type of cargo, the process is referred to as aggrephagy (cargo:
protein aggregates), mitophagy (mitochondria), ER-phagy (ER), lys-
ophagy (lysosomes), nucleophagy (nuclear membrane), xenophagy
(invasive bacteria themselves or endosomes surrounding bacteria),

pexophagy (peroxisomes), lipophagy (lipid droplets), or glycophagy

(glycogen granules).10 For selective autophagy, FIP200, a component
of the ULK1 protein kinase complex and ATGY, interacts with the
receptor such as p62, Tax1BP1 and optineurin (see the next section
for more information) to promote the formation of an isolation mem-
brane/phagophore around the cargo.**"** Interaction of the receptor
with ATG8 family-PE results in the elongation of the isolation mem-

brane/phagophore along the substrate '>1¢

2 | MOLECULAR MACHINERY OF
SELECTIVE AUTOPHAGY

2.1 | Selective autophagy receptors

The molecular mechanism of autophagosome formation is thought
to be fundamentally the same in non-selective and selective au-
tophagy. However, in selective autophagy, selectivity is ensured by
specific labeling of each cargo depending on the stress and recep-
tors (or adaptors).}®'” The phrase labeling of each cargo refers to
the ubiquitination of the cargo and the localization of the recep-
tor to the cargo. Conversely, receptors refer to a group of proteins
that bind to both the cargo and to ATG proteins. Receptors can be

divided into 2 types: ubiquitin-binding receptors, which recognize
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the ubiquitin chains of the cargo, and cargo-localizing receptors,
which localize directly on the degraded cargo (Figure 2A). Cargo-
localizing receptors are mainly used for selective autophagy in
budding yeast, while both types of receptors are present in higher
organisms. Selective autophagy by cargo-localizing receptors is
regulated by the receptors’ expression and localization. This is true
in mitophagy and ER-phagy, and in the latter case several of these
receptors are differentially localized in sheet-like or tubular ER
and differentially induced by starvation, ER stress, etc.®? There

are also several cargo-localizing receptors in mitophagy, and their

expression is differentially regulated by starvation, hypoxia, and so
on.2® Conversely, for selective autophagy using ubiquitin-binding
receptors, ubiquitination of substrates by ubiquitin ligases is the
major regulatory mechanism. Ubiquitination of mitochondrial outer
membrane proteins by Parkin-PINK1 is the most well-characterized

form of ubiquitination 222

in depolarized mitochondria. In
lysophagy, several ubiquitin ligases such as TRIM16,2% SCFFBX027 24
and UBE2QL1%° ubiquitinate lysosomal or endosomal membrane
proteins, and in xenophagy, RNF213%° and LUBAC?"?® recruit re-

ceptors by directly ubiquitinating bacteria.
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FIGURE 2 Receptors that facilitate selective autophagy by localizing cargo and binding to ubiquitin, and their interaction with ATG8
family proteins. A, Ubiquitin-binding (left) and cargo-localizing (right) receptors. B, Binding of AIM to ATG8. AIM adopts an elongated -
conformation and forms an intermolecular $-sheet with p2 of ATG8. In addition, the W/Y/F-X-X-L/1/V side chain of the sequence binds to
the W-site between the N-terminal helix (a1, «2) and the ubiquitin fold, and the L/I/V side chain binds to the L-site between 2 and a3 in
the ubiquitin fold. AIMs often contain acidic or phosphorylated residues that act to enhance affinity by interacting electrostatically with

conserved basic residues in ATG8
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2.2 | Phase separation of cargo

During the past 3y in particular, researchers have made great strides
in understanding selective autophagy. A conceptual diagram of the
process is shown in Figure 3, using the selective autophagy of yeast
aminopeptidase 1 (Apel)? and higher animal p62' as examples.
Selective autophagy, especially the degradation of soluble proteins,
has been thought to involve a one-to-one degradation process in
which ATG8 family proteins localized in isolation membranes/pha-
gophores bind to their substrates. However, autophagosomes are
large organelles, and therefore this method of degradation is ex-
tremely inefficient. This contrasts with the efficiency of the conden-
sation of substrate molecules using liquid-liquid phase separation.29
To date, droplets such as the Apel complex,’® Edel-dependent
endocytic protein deposit (END),%! P-granules,32 stress granules,33
and p62-bodies®* have been found to be selectively degraded using
autophagy. Furthermore, it has been found that several factors are
necessary for selective degradation, specifically the retention of re-
ceptors on the surface of the phase-separated cargo,30 the appro-
priate degree of liquidity (gelation) of the droplets,’¢3%%2 and the
wetting effect between the phase-separated cargo and the isolation
membrane/phagophore.’” In addition, a model has been reported in
which the formation of higher order assemblies of ER-phagy recep-
tors in the local ER contributes to ER fragmentation and subsequent

degradation.®>3%¢

2.3 | Interaction of receptors with upstream
ATG proteins

It has been thought that the binding of selective autophagy recep-
tors to ATGS8 family proteins is the decisive factor underlying the
surrounding of specific cargos by the autophagosome. However, for
yeast selective autophagy, the selective autophagy receptor binds
not only to ATGS8 but also to ATG11 (equivalent to FIP200 in higher
animals).%” It is believed that ATG11 retains upstream ATG proteins
on the cargo, causing it to be surrounded by newly formed isolation
membranes/phagophores.37 Ubiquitin-binding receptors such as
p62, NBR1, Tax1BP1, NDP52, and optineurin (core ubiquitin-binding
receptors) bind to FIP200 through the FIP200-interacting region
(FIR),*% and optineurin also binds to ATG9' (Figure 2A). CCPG1
and TEX264, cargo-localizing receptors in ER-phagy, also bind to
FIP200 through their FIR®®%’ (Figure 2A). In addition, core ubiquitin-
binding receptors interact with each other,*°#2 and the ULK1 pro-
tein kinase complex shows a differential ability to recruit them.*
The receptors on the cargo may work in a complementary manner to
recruit upstream factors (eg, FIP200 and ATG9) and promote isola-
tion membrane/phagophore formation. However, even when such
receptors function in a complementary manner, there are cases
in which essential receptors (NDP52 and optineurin) are present,
such as in Parkin-PINK1-dependent mitophagy.** Phosphorylation
and dephosphorylation of each receptor are also involved in the

regulation of interaction with ATG proteins. In particular, receptor

Cancer Science NI e

phosphorylation, which has been identified in budding yeast, en-
hances binding to ATG11.% In higher animals, phosphorylation
of the ubiquitin-associated domain of p62 enhances its binding

to ubiquitin chains,*>*¢

promoting liquid-liquid phase separation.
Phosphorylation of FIR of p62 increases the binding ability to

FIP200.1!

2.4 | ATGS family protein

Selective autophagy receptors directly interact with ATG8 fam-
ily members (LC3A, LC3B, LC3C, GABARAP, GABARAPL1, and
GABARAPL2).*’” The amino acid motifs used for binding are named
ATG8-family interacting motifs (AIMs) in yeast, LC3-interacting re-
gions (LIRs) in LC3-bound types, and GABARAP-interaction motifs
(GIMs) in GABARAP-bound types.*’ Because the receptors interact
with both the cargo and the ATG8 family-PE on the inner side of
the isolation membrane/phagophore, the membrane is expected to
elongate along the cargo. The core motifs of AlMs, LIRs, and GIMs
consist of [W/F/Y],-X;-X,-[L/V/1];, where [W/F/Y], and [L/V/1]; in-
teract with 2 hydrophobic pockets: the gap between the N-terminal
a-helix and the ubiquitin fold of the ATG8 family and within the
ubiquitin fold*’ (Figure 2B). Autophagosome formation has also been
observed in cells lacking ATG3, which is essential for ATG8 family-
PE conjugation,*® and autophagosomes surrounding mitochondria
have been observed even in cells lacking all mammalian ATG8 family
proteins.*’ Conversely, when the interaction between ATG8 family
proteins and p62-bodies on the isolation membrane/phagophore is
inhibited, the number of autophagosomes surrounding p62-bodies
decreases.’>® |n the absence of ATG8 family members, the recep-
tors can recruit the ULK1 protein kinase complex and ATG9 to the
vicinity of the cargo to form an isolation membrane/phagophore,
which can randomly surround the cargo. In this way, it may be pos-

sible to surround the cargo randomly, albeit inefficiently.

2.5 | Client proteins

The precursor of the yeast vacuolar enzyme Apel, proApel, forms
liquid droplets (Apel complexes) by liquid-liquid phase separation.
These droplets are surrounded by cytoplasm-to-vacuole targeting
(Cvt) vesicles (equivalent to autophagosomes) and transported to
the vacuole (Figure 3A). The Apel complex contains a group of
proteins called clients that are not capable of droplet formation
themselves, and these are transported to the vacuole together
with the Apel complex.’® The transport of these clients to the
vacuole has physiological effects such as the degradation of un-
wanted enzymes.>® In higher organisms, the regulation of cellular
functions by selective autophagy is more complicated because of
the presence of various signaling molecules that bind to receptor
molecules as clients. For example, p62-bodies are thought to be
liquid droplets formed in response to an increase in ubiquitinated

proteins under stress (Figure 3B). The client Keap1 in such droplets
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FIGURE 3 Schematic of the current understanding of the mechanism of selective autophagy. A, Selective autophagy of the Apel
complex (Cvt pathway). proApel is condensed by liquid-liquid phase separation (forming the Apel complex). ATG19, a receptor protein
localized on the surface of the Apel complex, recruits ATG11 and sequentially assembles ATG proteins to form an isolation membrane/
phagophore. The Apel complex is transported to the vacuole with client proteins such as Ams1. B, Selective autophagy of p62 bodies. The
binding of p62 with ubiquitinated proteins causes liquid-liquid phase separation and then condensation (p62 bodies). p62 or the p62-binding
protein NBR1 recruits FIP200, and isolation membranes/phagophores are formed by recruitment of ATG proteins. The p62 bodies are

degraded in lysosomes with client proteins such as Keapl

is a ubiquitin ligase for the transcription factor Nrf2. When Keap1
is incorporated into the p62-body, Nrf2 escapes from the Keap1l
interaction and translocates to the nucleus to induce the gene ex-
pression of Nrf2-target proteins, which function as antioxidants.>!
When the Ké3 chains of ubiquitin are conjugated with intracellu-
larly invading Salmonella typhimurium, the ubiquitin ligase complex
LUBAC is recruited to generate linear polyubiquitin chains via the
N-terminal methionine of ubiquitin.?’?® The formation of linear
ubiquitin chains by LUBAC promotes the transfer of the receptor
optineurin and NEMO onto ubiquitinated murine typhus bacteria
and induces the removal of bacteria by autophagy (xenophagy)
and the activation of NF-kB, respectively, both of which inhibit

bacterial growth.?”?8

3 | CONCLUDING REMARKS

How far has our understanding of selective autophagy pro-
gressed? While breakthroughs have been made regarding the
molecular mechanisms that drive the selective degradation of or-
ganelles by autophagy, there are still many unanswered questions
about soluble proteins, including the following: (1) what proteins
are selective substrates for autophagy, at what time points and in
what cells and tissues, and what are the mechanisms involved? (2)
What receptors promote autophagosome formation along these
substrates? (3) What is the physiological significance of these

substrates degradation? We are still far from having thorough
answers to these questions. Regarding the first, comprehensive
interactome analysis of core ubiquitin-binding receptors has been
performed,52 and, in terms of the second, this same type of analy-
sis has been used to investigate ATG8 family proteins.>® However,
it is unknown how many substrates and receptors exist because
these analyses have been conducted at the level of cultured cells
under limited conditions.

In this review, we have mainly paid attention to the selectiv-
ity of macroautophagy, but additional mechanisms and substrates
exist: microautophagy, for example, in which the lysosomal/
vacuolar membrane invaginates and takes in substrates, and
membrane-permeable autophagy (including chaperone-mediated
autophagy), in which substrates permeate the lysosomal mem-
brane. In addition, it has been shown that endocytosis-mediated
plasma membrane degradation (which is broadly defined as the
lysosomal degradation of cellular components) and direct fusion
autophagy (including crinophagy), both of which occur in special-
ized cells such as fertilized eggs in a time-specific manner, play
important roles in individual development. All of these autophagy
types are selective and contribute to the degradation of specific,
spatiotemporally regulated proteins (including phase-separated
granules and aggregates), nucleic acids, and organelles. Autophagy
and its selective degradation of substrates are interrelated and
may regulate a wide range of cellular functions such as environ-

mental adaptation, homeostasis, and differentiation.
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