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Abstract

Proteins are known to perform an astonishing array of functions thanks to their ability to cooperate and
modulate each other’s properties. Inside cells, proteins can assemble into large multi-subunit complexes
to carry out complex cellular functions. The correct assembly and maintenance of the functional state of
macromolecular protein complexes is crucial for human health. Failure to do so leads to loss of function
and potential accumulation of harmful materials, which is associated with a variety of human diseases
such as neurodegeneration and cancer. Autophagy engulfs cytosolic material in autophagosomes, and
therefore is best suited to eliminate intact macromolecular complexes without disassembling them, which
could interfere with de novo assembly. In this review, we discuss the role of autophagy in the selective
degradation of macromolecular complexes. We highlight the current state of knowledge for different
macromolecular complexes and their selective autophagic degradation. We emphasize the gaps in our
understanding of what it takes for these large macromolecular complexes to be degraded and point to
future work that may shed light on the regulation of the selective degradation of macromolecular com-
plexes by autophagy.

© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-
mons.org/licenses/by/4.0/).

Introduction

Cells and organisms require tight control and
maintenance of the correct folding state and
abundance of proteins according to cellular needs.
Distinct pathways, collectively referred to as the
proteostasis network, have evolved to maintain
the integrity of the proteome. The fundamental
importance of this network is exemplified by the
common occurrence of non-native protein
aggregates in various tissues during ageing and
disease-related decline. Macroautophagy
(hereafter referred to as autophagy) is a
conserved intracellular pathway to isolate and
transport bulky superfluous and defective cytosolic
components, such as invading pathogens, protein

aggregates and complexes, as well as organelles
for their destruction in a degradative compartment.
Autophagy plays a role under physiological and
pathological conditions or upon exposure to
environmental stressors. Thus, autophagy is an
essential part of the proteostasis network (its
function and machinery have been exentisvely
reviewed elsewhere' ™). The isolation and transport
of cytosolic cargo are achieved by its sequestration
into an autophagosome, a double-membrane orga-
nelle that is synthesized de novo and later fuses
with a degradative cellular compartment such as
the lysosome or the vacuole. Autophagy can be
selectively activated by various stress factors that
lead to the accumulation of specific cargo, such as
mitochondria.® In addition, catabolic breakdown of
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macromolecules and recycling of their constituents
through autophagy enables cells to cope with nutri-
ent deprivation. These two distinct processes are
referred to as selective and bulk autophagy, respec-
tively. Selective autophagy describes the targeting
of a specific cargo by selective autophagy receptors
(hereafter referred to as receptors), which promote
cargo-driven autophagosome formation and its
selective sequestration. In contrast, bulk autophagy
describes the non-selective uptake and degradation
of cytosolic contents for nutrient recycling as a cel-
lular response to metabolic stress, such as
starvation.

To promote phagophore initiation during selective
autophagy, receptors recruit the autophagy scaffold
protein Atg11 or its mammalian counterpart FIP200
through an often phosphoregulated interaction to
the cargo surface.®® The scaffold protein interacts
with the Atg1 kinase complex, leading to local
Atg1 activation and subsequent phagophore nucle-
ation. The relevance of the scaffold proteins has
been shown by direct tethering of Atg11 to the
cargo, which results in selective cargo degradation
even in the absence of receptors.'® Once initiated,
receptors couple the cargo to the expanding phago-
phore by directly binding to the ubiquitin-like pro-
teins of the Atg8/LC3/GABARAP family.'" These
proteins are covalently anchored to the phagophore
and ensure membrane growth specifically around
the cargo. The interaction between receptors and
Atg8/LC3/GABARAP proteins occurs through a
short linear motif, called Atg8 interacting motif
(AIM) or LC3 interacting region (LIR). Most AIM/
LIRs consist of a short, conserved sequence,
whose consensus is ®-X-X-T', where ® represents
an aromatic amino acid (W/F/Y), I" represents a
hydrophobic amino acid (L/I/V), and X can be any
amino acid. These motifs are often flanked by at
least one proximal acidic residue which regulates
their binding to Atg8. Beyond these, non-canonical
AlMs that do not contain all of these features have
also been described.'? This diversity of sequence
requirements makes receptor protein identification
tedious, as most protein sequences contain multiple
potential AIMs. Besides the AIM/LIR binding pocket
of Atg8, another class of proteins bind to Atg8 via
direct interaction of their ubiquitin-interacting motifs
with a region of Atg8 located opposite to the location
of the classical AIM binding site.'® This further
increases the number and complexity of potential
receptors, and it is expected that the number of pro-
teins degraded via selective autophagy is much lar-
ger than originally thought. Recent approaches to
identify receptors and to map their Atg8 binding
sites include the use of AlphaFold multimer to pre-
dict sites of Atg8-receptor interactions.'* Although
promising, this approach may be limited by the
overall conservation of these binding sites across
homologues. Cargo can be recognized by the
receptor in two distinct ways: either ubiquitin-
dependent or ubiquitin-independent. One of the

best-studied examples for a ubiquitin-binding
receptor is the mammalian protein p62/SQSTM1,
which recognizes polyubiquitylated protein aggre-

gates via its C-terminal ubiquitin associated
domain.™>"®

Notably, the interaction between Atg8/LC3/
GABARAP family members and AIMs/LIRs

typically displays low affinity, thus raising the
question of how cargo recruitment and
autophagosome biogenesis are coordinated. The
current understanding suggests that multiple avid
interactions between the receptor and membrane-
bound Atg8 molecules strengthen the interaction
and allow membrane expansion templating along
the cargo surface. However, this also requires that
the cargo forms a distinct entity prior to
engulfment. Membrane delimited organelles are a
well-described cargo of selective autophagy. All
known organelles are subject to selective
autophagy under certain conditions, establishing
autophagy as a quality control pathway for
organelle functionality. Often, parts of the
organelle are pinched off from the network, as in
the case of the ER or mitochondria, and
subsequently engulfed b}/ autophagy (for a
comprehensive review see.'’

On the other hand, , selective degradation of
cytosolic macromolecular complexes means that
individual protein complexes would need to
undergo an enrichment process before being
selectively engulfed by the autophagy machinery.
This implies that macromolecular complexes
should form a larger assembly that allows for low-
affinity, high-avidity receptor/cargo interactions on
its surface requiered for phagophore growth. This
would ensure that other cytosolic constituents are
largely excluded when the selective cargo is
engulfed by the phagophore membrane during
autophagosome biogenesis. Using correlative
cryo-electron tomography, we recently visualized
cargo directly in situ and showed that both
selective and non-selective autophagosomes exist
under nitrogen starvation in budding yeast, with a
much  higher frequency of non-selective
autophagosomes'® (Figure 1).

We are just beginning to understand how the
biophysical properties of cargo influence
autophagosome biogenesis and its selective
autophagic engulfment . In recent years, liquid—
liquid phase separation (LLPS) has emerged as a
recurring mechanism for the enrichment of
macromolecular complexes. This suggests that
autophagy could also play a crucial role in the
clearance of membraneless organelles.’® LLPS
describes a physical process by which a homoge-
neous solution spontaneously separates into two
distinct immiscible phases: a dense phase, and a
dilute phase. The dense phase is often referred to
as a condensate. In many cases, the exact physical
state of the condensate is poorly characterized and
often ranges from highly mobile liquid-like states to
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Figure 1. Bulk vs. selective autophagy. In bulk autophagy, cytoplasmic components and organelles are engulfed
by autophagosomes for recycling of their cellular components. Here, autophagosomes form without the need for a
cargo entity to serve as a template for membrane nucleation and expansion. Even under these conditions, cargo can
be attached to the growing phagophore via receptor/Atg8 family member interaction. As a result, selective cargo is
engulfed along with other cytosolic components such as ribosomes. In contrast, during selective autophagy, the
phagophore specifically grows around a distinct cellular compartment or macromolecular complex (such as the Ape1
complex in S. cerevisiae) for its targeted degradation, thereby regulating essential cellular processes. Examples
observed using in situ cryo-electron tomography and described in'® are shown below. Scale bars are 200 nm.

gel-like states in which part of the molecules of a
condensate are less mobile or even immobile. For
autophagy, phase-separated condensates provide
a large and dynamic surface for avid interactions
between the receptor and autophagy machinery.
In mammalian autophagy, three major cargo
receptors cooperate during selective autophagy of
protein condensates and aggregates: p62/
SQSTM1, NBR1, and TAX1BP1. These three
receptors colocalize into ubiquitin-containing
condensates.”® Phase separation of p62/SQSTM1
into condensates occurs through multivalent inter-

actions established with multiple ubiquitin chains.?’
In vitro experiments revealed that NBR1 regulates
the condensation of p62 through its ubiquitin asso-
ciated and PB1 domains, and further recruits the
third receptor, TAX1BP1, to the condensates.
TAX1BP1 drives the recruitment of the scaffolding
protein FIP200 to these condensates, which initi-
ates phagophore biogenesis.**

In yeast, the cytoplasm-to-vacuole targeting (Cvt)
pathway is the best characterized selective
autophagic cargo. It has been shown that the
cargo Apel forms condensates through phase
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separation, and this condensation is essential for
autophagic delivery of Apel to the vacuolar
lumen.?®

Thus, receptors, such as p62/SQSTM1, NBR1
and TAXBP1, with their distinct properties are
crucial factors for the packaging and subsequent
disposal of a wide range of cytosolic entities.
However, in addition to receptors, cargo
enrichment and the dependence on autophagic
scaffold proteins such as Atg11 and FIP200 for its
degradation should be considered when proposing
and studying selective autophagy pathways. In the
following sections, we will critically discuss the
current understanding of the selective degradation
of various macromolecular complexes by
autophagy (Figure 2). We will summarize the
current state of knowledge, but also highlight what
is known about their enrichment mechanisms and
dependence on selective autophagy machinery
proteins for their targeted degradation (Table 1).

The Apel complex

The discovery of the Cytoplasm-to-vacuole
Targeting (Cvt) pathway in yeast in the 1990s had
a major impact on the field of cell biology. Much of
our understanding of selective autophagy comes
from studies performed on the Cvt pathway, which
is considered a model pathway for selective
autophagy.®* The primary cargoes of the Cvt path-
way include the enzymes aminopeptidase | (Ape1)
and o-mannosidase (Ams1). In the cytoplasm,
Ape1 is synthesized in a precursor form, prApe1l.
prApel1 contains an N-terminal propeptide that
serves as a signal sequence for its targeting and
delivery to the vacuole, where it gets processed
by vacuolar proteases into its final active form.
prApe1 molecules form dodecamers, and these
dodecamers assemble into higher oligomeric com-
plexes, referred to as Apel complexes, through
hydrophobic interactions of propeptides from differ-
ent dodecamers.

Atg19, the receptor for the Cvt pathway, binds to
Apel and disrupts the propeptide self-interaction,
as two molecules of Atg19 bind to one propeptide
molecule, forming a receptor layer on the surface
of the Ape1 complex and recruiting the autophagy
machinery for phagophore initiation.?®> Additionally,
Atg34 has been suggested as a receptor for
Ams1?° but its role during cargo recruitment has
not yet been defined mechanistically. The
autophagosomes resulting from Apel complex
engulfment are smaller in size (~150 nm) than
autophagosomes formed under bulk autophagy,
which span a wide range (300-900 nm).?’ Fluores-
cence microscopy experiments using a chimeric
construct consisting of prApe1 and the C-terminus
of Atg19 showed that the interaction between
Atg19 and the prApeil not only regulates the size
of the engulfed Ape1 complex, but also its degrada-
tion. In spite of the Atg8 and Atg11 binding regions
being conserved in this chimeric construct, removal

of the propeptide binding region of Atg19 yields
Apel complexes whose size are too large to be
degraded by selective autophagy.®®

Classical EM analysis has described prApe1
correlated autophagosomes as being filled with a
dense homogenous protein content.”® Recent work
on Apel has demonstrated its ability to undergo
LLPS in vivo and in vitro.?® In vitro purified Ape1
showed the formation of spherical droplets that coa-
lesced over time into larger droplets. These droplets
were 1,6-hexanediol sensitive, a feature character-
istic of weak multivalent interactions. Similarly,
Apel complexes in cells dissolved after 1,6-
hexanediol treatment, further supporting the liquid-
like nature of the Apel complex.>®> Fluorescence
recovery after photo bleaching (FRAP) experiments
revealed different liquid-like properties across the
droplet, with higher liquidity at the periphery of dro-
plets compared to a more rigid core. The saturation
concentration required for Ape1 droplet formation
in vitro was determined to be below the physiologi-
cal concentration of Apel1 found within cells, sup-
porting the idea that Ape1 can form a semi-liquid
droplet in vivo.?® The mutant Apel P22L, which
enhances propeptide self-interaction, was shown
to alter the semi-liquid properties of Ape1 towards
a more solid state. High-speed atomic force micro-
scopy revealed the formation of highly dynamic
honeycomb-like patterns on the surface of wild type
Ape1l. Both the organization and dynamics of the
Ape1 complex were lost for the P22 mutant. Fur-
thermore, it was shown that the organization of
Atg19 around the Apel condensate was deter-
mined by its N-terminal domain which is unable to
penetrate into the condensate and therefore
restricts it to the Apel complex surface.”® This
“floatability” of Atg19 was shown to be required for
the delivery of the Apel complex to the vacuole
and in vitro experiments showed that altering the
floatability of Atg19 affects its interaction with Atg8.

Additionally, the liquidity of the Ape1 cargo also
determines the selectivity of its engulfment, as the
Apel P22L mutant which is unable to condensate
did not allow efficient membrane growth and
selective targeting to the vacuole.”® However, it
should also be noted that, besides disrupting the lig-
uidity, the P22L mutation also affected general
parameters such as the size and shape of the
Apel complex as well as its degradation under
rapamycin. Although Ape1 is the major component
of the Ape1 complex, the liquidity might additionally
be modulated by other components of the Cvt path-
way. So far, five cellular components have been
described as cargo proteins of the Cvt pathway.
These are prApei, Ape4, Ams1, leucine aminopep-
tidase Il (Lap3) and retrotransposon Ty1.%°

The lack of high-resolution structural data of the
Apel complex organization leaves room for
speculation about how the fluidity of the Apet
complex is regulated. It is possible that certain
components are transported along with the Ape1
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Figure 2. Overview of molecular complexes degraded by autophagy. For selective autophagy, complexes
should be enriched into a distinct entity to allow selective growth of the phagophore membrane around them.
Cytosolic complexes, such as Ape1, ferritin and END, are found to be enriched by liquid—liquid phase separation.
Other complexes, such as Rubisco or the NPC, are engulfed in membranous compartments, such as NPC-containing
vesicles or Rubisco-containing bodies. Molecular complexes which undergo LLPS as a cargo enrichment mechanism
are shadowed in colors. For some of these complexes, the mechanism of cargo accumulation remains to be
elucidated. Molecular complexes are depicted from PDB IDs 7PKZ, 60LG, 8PRW, 8I0L, 4R8F, 7A6B, 6HWA and
AlphaFold IDs AF-B4DZ85-F1, AF-P35193, AF-AOA2K3A85-F1 and AF-P34216.



Table 1 Summary of macromolecular machines and their features to be degraded by selective autophagy

Cargo Receptor Cargo enrichment mechanism? Requirement of Stimulus Described References
Atg11/FIP200? in
Ape1i Atg19 LLPS Yes Starvation, mutagenesis Budding yeast 21-25
Apel P22L
Centrosome p62 LLPS? Unknown Inhibition of autophagy Mammalian cells 76-78
(Atg5 deletion)
END Ede1 LLPS Yes Nutrient rich conditions Budding yeast 41
FAS N/A, direct interaction with unknown No Cell differentiation Budding yeast and 58
Atg8 non-canonical compounds such as ATRA mammalian cells
Ferritin NCOA4 LLPS Yes Iron deficient conditions Mammalian cells and 62-64
zebra fish
NPC Nup159 unknown Yes mTORC inhibition or Budding yeast 81,82
prolonged starvation
Proteasome RPN10 in plants and Cue5in  Unknown Unknown Proteasome inhibition, Plants and mammalian 48,49
yeast MG132 cells
Ribosome NUFIP1, p62 in mammals? Unknown Unknown Amino acid starvation Budding yeast and 31,43,45
mammalian cells
Rubisco N/A, direct interaction with Unknown, degraded in Rubisco Unknown Leaf senescence Plants 93-95
Atg8 Containing Bodies
Stress granules p62 LLPS Yes Heat-shock, Arsenite- Mammalian cells 98,99
induced stress
Vault p62 Incorporation into p62 bodies in a Unknown Bafilomycin A Mammalian cells 88

NBR-1 dependent manner
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complex by interacting with Atg19 at the Ape1
surface or they can be part of the complex in a yet
undefined organization.

The ribosome

Ribosomes are large macromolecular machines,
which synthesize proteins by translating genetic
information from messenger RNA (mRNA) into
peptides or proteins. The 80S eukaryotic cytosolic
ribosome is composed of a small (40S) and a
large (60S) subunit, which together consist of
approximately 80 ribosomal proteins and four
ribosomal RNAs (rRNA) with a total size of about
3.5 MDa. In dividing cells, ribosomes are highly
abundant cytosolic constituents and have been

observed inside autophagosomes by electron
microscopy.**'
The first evidence for selective ribosome

degradation was described in S. cerevisiae, where
the turnover of the 40S and 60S ribosomal
subunits was shown to be an autophagy-
dependent process during prolonged nitrogen
starvation.®* The degradation of ribosomes dis-
played faster degradation kinetics than other
cytosolic proteins, and therefore this process was
termed ribophagy. Whether or how ribosomes are
packaged into a distinct entity during selective
autophagy is unknown. Structural analysis of pha-
gophores and autophagosomes under early bulk
autophagy conditions using in situ cryo-electron
tomography has revealed no significant difference
in the spacing of individual ribosomes with respect
to each other inside and outside of autophagic
structures,'® arguing for a bulk-mediated uptake of
cytosolic material including ribosomes. Along these
lines, autophagic flux measurements in mammalian
HEK293 or HCT116 cells showed a rather bulk flux
of ribosome degradation,*® whereas SILAC-based
protein turnover mass spectrometry experiments
in human MCF7 breast cancer cells suggest a
selective degradation of proteins important for pro-
tein translation,®* arguing for potential differences
in ribophagy between cell types.

How are ribosomes selectively targeted for
autophagic degradation? A deletion screen of
starvation sensitive genes , performed in the study
by Kraft et al., identified the deubiquitinase Ubp3
and its cofactor Bre5 as specific ribophagy factors.
Deletion of UBP3 selectively impaired ribosome
degradation, while other autophagy cargoes, such
as the Cvt pathway cargo Apel or Atg8 itself,
were not affected, suggesting that ubiquitylation of
the ribosome protects it from autophagic
degradation.®” Notably, the deletion of UBP3 selec-
tively impaired the degradation of the 60S ribosomal
particle while degradation of the 40S particle was
unaffected,” suggesting specific targeting of newly
synthesized 60S subunits or partially disassembled
80S ribosomes. In agreement with the differential
degradation observed, Rpl25, a ribosomal compo-
nent of the 60S subunit, was later found to be ubig-

uitylated by the ubiquitin ligase Ltn1. Lin1 is a key
player in the ribosome-associated protein quality
control (RQC) pathway, which in an Ubp3-
antagonistic manner protects the 60S from autop-
hagic turnover.® Proteins in the RQC pathway facil-
itate the removal of ribosomes on stalled mRNAs by
first splitting the 80S ribosome releasing and
degrading the mRNA. The unfinished polypeptide
chain in the 60S is then polyubiquitinated by Ltn1
in concert with other RQC components and
extracted by the AAA ATPase Cdc48 before being
degraded by the proteasome.®**° Under nitrogen
starvation, the block in translation leads to rapid
depletion of the Ltn1 pool, establishing a direct link
between the protective role of Ltn1 and ribophagy.®
Whether 608 ribophagy is directly linked to the RQC
pathway is still unclear, as later studies saw no
direct relation between ribosomal quality control
and 60S ribophagy.®® However, both share at least
one common factor: the ubiquitin-dependent AAA
ATPase Cdc48. Cdc48 and its ubiquitin-binding
cofactor Ufd3 physically interact with Ubp3, and
impairment of the Cdc48/Ufd3 function, similar to
that of Ubp3, protects ribosomes from ribophagy.*"
In addition, proteomic experiments revealed that
ribosome degradation is strongly induced by arsen-
ite, a proteotoxic stressor, leading to the stalling of
translating ribosomes on mMRNAs, froviding a
potential link to the RQC pathway.***® Similar to
yeast, treatment with arsenite as well as treatment
with reversine, a drug that induces chromosome
mis-segregation, showed increased ribophagic flux,
which in both cases was strictly dependent on the
core-autophagy machinery protein Atg5.%***

In yeast, the receptor that mediates the selective
autophagic degradation of ribosomes remains to be
elucidated. Analysis of pulldown experiments using
Atg8 as a bait have revealed a strong interaction
with ribosomal proteins,*® suggesting that a riboso-
mal protein or an associated factor may function as
an autophagy receptor. In mammals the protein
NUFIP1 has been proposed as a receptor for ribo-
phagy. NUFIP1 is a component of the nucleoplas-
mic R2TP pathway, which is involved in the
assembly of 60S ribosomal subunits.*® In the
nucleus NUFIP1 forms a heterodimeric complex
with ZNHIT3 or ZNHIT6, and this heterodimeric
complex interacts with the R2TP complex. Amino
acid starvation in HEK293 cells led to the cytosolic
shuttling of NUFIP1-ZNHIT3 from the nucleus,
associating with ribosomes in a nutrient-
dependent manner.*” Additionally, NUFIP1 con-
tains a LIR at the N-terminus that mediates its inter-
action with LC3B, thus exhibiting all the features of
an autophagy receptor.”” The presence of NUFIP
or its LC3B-binding competent form was essential
for cellular survival under starvation conditions, sug-
gesting an essential role of ribophagy in amino acid
recycling.*” However, in using Ribo-Keima repor-
ters or unbiased proteomic analysis of autophagic
turnover, it was shown that in mammals amino acid
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starvation or mTOR inhibition promotes ribosome
degradation in a mechanism independent of the
Atg8 conjugation machinery.**“® Later proteomics
experiments further showed no evidence of NUFIP1
relocalization from the nucleus to the cytosol.
NUFIP17- HEK293T cells showed no significant dif-
ference in the turnover rate of ribosomes measured
by proteomics, nor in the processing of Keima
tagged RPSS3, suggesting no functional role of
NUFIP1 in autophagy.*® A recent study investigated
ribosomal turnover during oncogene-induced
senescence, a persistent  antiproliferative
response.*® The deubiquitinase USP10 was found
to dissociate from ribosomes, leading to ubiquityla-
tion of the small ribosomal subunit in particular.
Increased ribosomal ubiquitylation is in turn recog-
nized by p62, resulting in autophagic degradation.*”

It remains unclear whether ribosomes are
selectively degraded under conditions such as
starvation or arsenite treatment. The enrichment
of ribosomes to form a confined entity for
autophagic uptake and the receptor mediating its
degradation have not been clearly identified in
many cases. Additionally, it is uncertain whether
selective autophagic scaffold proteins, such as
Atg11 or FIP200, are involved in ribosome
turnover. Future work addressing these issues will
clarify whether ribosome degradation is part of the
selective autophagy collection.

The proteasome

The 26S proteasome is a large protein complex
responsible for degradation of intracellular
proteins. It is made up of two subcomplexes a
catalytic core particle (20S) and a regulatory
particle (19S) with a total size of about 2.5 MDa.
Proteasomes are found both in the nucleus and
the cytosol and, alongside autophagy,
proteasomal degradation is an additional branch
of the proteostasis network.

Different studies mapping the autophagy network
or autophagosomal content by mass spectrometry
have identified proteasomes as a potential target
during autophagy.”®°" Selective degradation of pro-
teasomes by autophagy was first described in Ara-
bidopsis thaliana, where an increase of
proteasomal subunits was observed in mutants
compromising autophagy.®® Fluorescence micro-
scopy experiments under nitrogen starvation
showed elevated degradation of fully assembled
proteasomes in an autophagy-dependent manner,
named proteaphagy. Examination of other stress
conditions showed that proteaphagy was specifi-
cally induced by pharmacological inhibition of pro-
teasomes. Proteasome inhibition, however, did not
increase general autophagic flux, arguing for speci-
fic induction of proteophagy. Proteasomes and their
targets were highly ubiquitylated under these condi-
tions.”®> RPN10, a subunit of the proteasome, which
also exists as a non-proteasome bound form,>®
strongly associated with these ubiquitylated forms.

8

RPN10 was proposed to be a receptor as it binds
Atg8 via its ubiquitin-interacting motif 2 and deletion
of RPN10 blocks proteaphagy. The selective degra-
dation of proteasomes has subsequently been con-
firmed in yeast and mammals. In yeast, the
ubiquitin-receptor Cue5 was first identified as a
receptor recognizing polyubiquitylated aggregated
proteins®* and later has been suggested to degrade
in addition ubiquitylated proteasomes upon inhibi-
tion.>® In addition, Hsp42 an oligomeric chaperone
important for sequestering misfolded proteins into
aggregates has an essential function in pro-
teaphagy. Fluorescence monitoring of proteasomal
subunits in Hsp42 deletion cells after proteasome
inhibition showed a diffuse cytosolic localization in
contrast to aggregated proteasomal subunits in
wildtype cells, suggesting that Hsp42 acts in the
accumulation of proteasomes for autophagic
uptake. Both RPN10 in Arabidopsis thaliana and
Cue5 in budding yeast are only mediating selective
autophagic degradation of proteasomes under pro-
teasome inhibiting conditions.>*>*

During nitrogen starvation both RPN10 and Cueb
are dispensable for proteaphagy, arguing for a more
bulk-dependent process of proteasome
degradation by autophagy under these conditions.
It has been suggested that mainly soluble
proteasomes are degraded under these
conditions, which is in line with a role of bulk
autophagy.®® However, as similarly observed in
ribophagy, Ubp3 specifically mediates the degrada-
tion of the 20S core particle but not the 19S regula-
tory particle under nitrogen starvation.”” Only a
double deletion of both the bulk and selective autop-
hagy scaffold proteins (Atg17 and Atg11) led to a
complete block in proteasome degradation.® Mass
spectrometry of lysosome-enriched fractions from
mammalian cells after proteasome inhibition
showed an increase of proteasomal subunits.*®
Native gel analysis showed that proteasomes reach
the lysosome intact resembling a similar pathway as
previously shown in plants and yeast. However, the
receptor targeting proteasomes for degradation
under these conditions is unknown. Moreover, next
to macroautophagy, microautophagy pathways
contribute to the lysosomal targeting of protea-
somes under these conditions as Atg5 and Atg7
deficient cells showed only a partial block of degra-
dation. Proteasomes have been shown to accumu-
late under various stress-related conditions in
liquid-like droplets both in the nucleus and the
cytosol.?>¢" Moreover, they have been found in
other cellular compartments such as the JUxta
Nuclear Quality control compartment (JUNQ), a
deposit for protein aggregates.®® Whether any of
these compartments is associated with pro-
teaphagy still has to be addressed in the future.

The fatty acid synthase

Fatty Acid Synthase (FAS) is a 2.6 MDa complex
that is essential for the de novo synthesis of fatty
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acids. It has been reported as one of the
overexpressed genes in a number of cancers,
including leukemia. FAS is composed of two
subunits, Fas1 and Fas2, which in yeast assemble
into a homo-dodecamer with an equimolar number
of subunits.

It has been proposed that upon nitrogen
starvation in yeast, all subunits of FAS are
degraded by selective autophagy in a grocess that
requires direct interaction with Atg8.°° In contrast
to a classical receptor, the interaction between
FAS and Atg8 is not mediated through the canonical
binding pockets of Atg8, but through its N-
terminus,®® and so far, no AIM has been described
in the sequence of FAS. Similar to yeast, FAS is
also frequently found as part of the common autop-
hagic cargoes in mammalian cells.®® Experiments
on differentiation of acute promyelocytic cells have
shown that mammalian FAS is at least partially
degraded by selective autophagy. Upon treatment
with ATRA, an inducer of cell differentiation, and
blockage of lysosomal acidification by bafilomycin
A, NB4 cells showed accumulation of FAS along
with p62 and lipidated LC3B, suggesting the degra-
dation of FAS by autophagy during granulocytic dif-
ferentiation.®* High levels of FAS enhance mTOR
activity, thus inhibiting autophagy and preventing
cellular differentiation. Importantly, inhibition of the
FAS catalytic activity had no effect on cellular differ-
entiation, indicating it is not the activity but the
enzyme levels which prevent cellular differentiation.
The clearance of FAS by autophagy resulted in the
activation of lysosome biogenesis genes improving
differentiation of granulocytic cells and validating
the potential use of these compounds for differenti-
ation therapy.®*

FAS is often observed as an abundant autophagy
cargo, however the role of selective autophagy in
the turnover of FAS has not yet been studied in
depth and the mechanism of FAS enrichment as
well as the factors involved are unknown.

Ferritin

Iron is an essential element for life as it plays a
central role in many essential enzymatic reactions,
such as the generation of energy by oxidative
phosphorylation. To respond to changing iron
levels, cells can sequester and release iron upon
different signals. The 480 kDa complex ferritin,
formed by 24-subunits comprising equimolar
amounts of heavy and light chains (FTH1 and
FTL, respectively), can store up to 4500 iron atoms.

Ferritin is degraded in response to low iron levels
in the cell in order to release these atoms required
for essential cellular functions. A proteomics study
identified NCOA4 as the receptor for selective
autophagy of ferritin, termed ferritino-phagy.®®
Although some reports suggested that ferritin is
degraded by the proteasome,® autophagy of ferritin
was further confirmed by colocalization of ferritin
with NCOA4 and LC3B positive puncta, and accord-

ingly, depletion of NCOA4 led to a decrease in tar-
geting of ferritin to lysosomes.®® The interaction
between NCOA4 and ferritin takes place via the
heavy chain of ferritin (FTH1). Particularly, NCOA4
residues 1489 and W497 and FTH1 R23 were key
for this interaction in vitro, and for productive
ferritino-phagy in vivo.°” The levels of NCOA4 show
an inverse correlation with iron levels in order to reg-
ulate autophagy: as iron levels decrease, NCOA4
levels increase to promote ferritino-phagy resulting
in iron release. NCO4A levels are regulated by the
HECT E3 ligase HERC2 via the ubiquitin-
proteasome system and by basal autophagy.®’
The interaction between HERC2 and NCOA4 takes
place in the same region as FTH1, but is mediated
by different residues. A mechanism has been pro-
posed in which iron binding to NCOA4 enhances
its binding to HERC2, thus downregulating
ferritino-phagy and iron release.®” On an organis-
mal level, knockdown of NCOAA4 in zebrafish exhib-
ited reduced hemin-induced erythroid
differentiation, highlighting the role of ferritino-
phagy for heme synthesis and erithroid cell
development.®”

In HelLa cells deficient for the selective autophagy
scaffold FIP200, ferritin can form membraneless
clusters, and a series of experiments showed their
liquid-like properties.®® While the ferritin light chain
seems dispensable for the formation of these con-
densates, co-expression of human FTH1 and
NCOA4 in yeast cells confirmed that NCOA4 is
required for their formation. The multivalent interac-
tions of NCOA4 (with itself and with FTH1) are
essential for the formation of this liquid-like com-
partment.®® Fluorescence microscopy and 3D-
CLEM experiments showed that ferritin conden-
sates are degraded by autophagy in a piecemeal
fashion, engulfing 500 nm sized portion of the fer-
ritin condensate in autophagosomes.®® TAX1PB1
was found to be dispensable for ferritin-NCOA4
condensate formation but required for autophagy
recognition. Of note, macroautophagy-
independent degradation of ferritin by endosomal
microautophagy was also observed, where a frac-
tion of the condensate is directly internalized into
the endosomal system in a process still depending
on TAX1BP1.°® In vitro, ferritin condensates
become more solid upon increased iron concentra-
tions, suggesting that increased iron availability
turns ferritin condensates into a more aggregate-
like/insoluble state. Remarkably, less mobile con-
densates were found to be degraded by non-
canonical autophagy in an Atg7-independent man-
ner.®® These results infer that the physical state of
the autophagic cargo might determine its degrada-
tion pathway by either macro- or microautophagy.

Clathrin-mediated endocytosis machinery

Clathrin-mediated endocytosis (CME) is an
essential cellular process that enables the
transport of a wide range of cargo molecules from
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the cell surface to the interior and relies on the
concerted assembly and disassembly of a
complex protein machinery. More than 60 different
proteins assemble at the plasma membrane in a
highly interconnected network that enables the
production of clathrin-coated vesicles.”®""

The key initiator protein of CME in S. cerevisiaeis
Ede1, a homologue of mammalian Eps15, which
acts as a scaffold for early CME assembly. During
initiation, Ede1 accumulates at the plasma
membrane through phase separation and recruits
downstream machinery to these sites.”>’>"° Its
ability to phase separate is conserved across bud-
ding yeast, plants and humans, and is essential
for the efficient production of clathrin-coated vesi-
cles at the plasma membrane.”*’® Increasing the
Ede1 concentration or genetic manipulation of the
downstream machinery leads to accumulation of
Edel at the plasma membrane in stable conden-
sates, termed Edel-dependent protein deposits
(END).** ENDs have been observed in both yeast
and plant cells and triggers recruitment of the autop-
hagy machinery.*>"® In turn, this leads to the degra-
dation of ENDs by selective autophagy.

It has been demonstrated that Ede1, in addition to
its role as an initiator and phase separation driver
during CME, also functions as a recegtor for the
removal of aberrant CME assemblies.”> Ede1 con-
tains a C-terminal AIM-rich region that is essential
for interaction with Atg8. In addition, pull-down
experiments showed that Ede1 interacts with the
fourth coiled-coil domain of the autophagy scaffold
Atg11, a domain required for binding other known
receptors.”® Deletion of Atg11 blocks END degra-
dation under nutrient-rich conditions, further con-
firming the selective nature of the pathway. Live
cell microscopy and correlated cryo-electron
tomography revealed that END condensates are
degraded in a piecemeal fashion similar to ferritin-
NCOA4 condensates. Interestingly, correlated
cryo-electron tomography further revealed that
ENDs can be degraded in an exclusive manner dur-
ing selective autophagy under rich conditions or as
a product next to other cytosolic constituents during
bulk autophagy. Notably, both modes of degrada-
tion require the interaction of Ede1 and Atg8.*°

The centrosome

Centrosomes are essential cellular organelles
that play a crucial role in the organization of the
cytoskeleton during cell division. In animal cells,
centrosomes consist of a pair of centrioles
surrounded by an amorphous zone of
pericentriolar material from  which  small
membrane-less granules known as centriolar
satellites extend.”’”®

Autophagy contributes to the regulation of the
centrosome number by centrosome-phagy.
Healthy cells normally contain 1 or 2 centrosomes.
Centrosome abnormalities have often been
observed in several types of cancer, and
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misregulation of the number of centrosomes is
known to lead to defects in chromosome
segregation and genomic instability.”*”® Deletion
of the core autophagy machinery protein Atg5 in
mouse embryonic fibroblasts showed an increase
in centrosome number.?® The centrosomal protein
of 63 kDa (Cep63), which is involved in the initial
steps of centriole duplication, has been subse-
quently shown to interact directly with the receptor
p62, removing premature centrosomes.? Accord-
ingly, deletion of p62 or Atg7 in mice increased
the number of centrosomes observed in erithroid
cells,®° placing autophagy as a regulator of centro-
some number.

Another type of autophagy involving centrosomes
is doryphagy, which refers to selective turnover of
centriolar satellites.®’ Misregulation of centriolar
satellites results in defects in DNA segregation
and postmitotic cell death. Doryphagy is mediated
through a direct interaction between a C-terminal
LIR motif of the satellite organizer PMC1 and the
GABARAP proteins that regulates their selective
degradation. Interestingly, the degradation of centri-
olar satellites is GABARAP specific and does not
depend on LC3 proteins.®’ In contrast, Cep131,
another resident protein of centriolar satellites,
interacts with LC3, indicating that more than one
centriolar satellite protein could regulate their
degradation.®?

Autophagy is also involved in the regulation of
centrosome stability of mid-body derivatives after
cytokinesis, with the centrosomal protein Cep55
binding to the receptor NBR1 and targeting
selective degradation of these compartments in
order to promote cell differentiation.®* Highlighting
the role of autophagy in the maintenance of cellular
homeostasis, inhibition of autophagy of centriolar
satellites or mid-body derivates prevents cell differ-
entiation and enhances tumorgenicity of cancer
cells.®* Although still a matter of debate, a common
feature of centrosomes with other macromolecular
complexes described throughout this review is that
they are also suspected to undergo LLPS.®° This
behavior has been suggested particularly for pro-
teins of the pericentriolar material. Whether the lig-
uid (e.g. mobile) phase properties of these regions
surrounding the centrioles can regulate their degra-
dation by autophagy, similar to what is known for
other macromolecular complexes such as ferritin,
remains to be addressed experimentally.

The nuclear pore complex

The nuclear pore complex (NPC) is a gigantic
proteinaceous pore that spans across the inner
and outer nuclear membrane (60-110 MDa from
yeast to human). It consists of ~550 to 1000
protein subunits and allows bidirectional transport
of large macromolecules in and out of the nucleus.
In S. cerevisiae, NPC degradation has been linked
to autophagy in addition to the proteasome in a
process called NPC-phagy.®*® In this process,
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NPC-containing vesicles originating from the
nuclear envelope are pinched off from the nucleus
into the cytosol and subsequently engulfed by
autophagy. NPC-phagy is induced by pharmacolog-
ical TORC1 inhibition or prolonged nitrogen starva-
tion. The proposed receptor during NPC-phagy is
Nup159%°, the largest cytosolic filament protein of
the NPC, aspulldown experiments using Atg8 as
bait revealed Nup159-dependent binding of NPC
components.®® Nup159 contains an AIM that medi-
ates its interaction with Atg8 and leads to degrada-
tion of certain nucleoporins by selective
autophagy.®*®” While some NPC components
appear to be dependent on Nup159, others have
been found to be independent of the Nup159-Atg8
interaction.®” This has led to the idea that Nup159
is mainly responsible for the degradation of soluble
NPC components in a process called nucleo-
porinophagy. NPC-phagy was shown to be at least
partially dependent on the autophagy scaffold pro-
tein Atg11, and deletion of the receptor binding site
in Atg11 also impaired Nup159 binding in coim-
munoprecipitation experiments. It is possible that
there is more than one receptor that determines
the degradation of NPCs by selective autophagy.
Enrichment of NPCs at the nuclear envelope by
NPC clustering appears to be a prerequisite for
NPC-phagy. This was demonstrated in strains
deleted for the y-complex (outer ring) nucleoporins
Nup120 or Nup133, which display a constitutive
NPC clustering phenotype®~“° and show increased
turnover of NPCs by selective autophagy.®® Inter-
estingly, similar to ENDs, the receptor is part of
the complex and each NPC has Nup159 incorpo-
rated, raising the question of how selective turnover
of certain NPCs is activated and regulated to avoid
constant degradation of this molecular machine.
Future studies will need to address which factors
and signals induce NPC turnover.

The vault complex

Vaults are large ribonucleoprotein particles (13
MDa) found in the cytoplasm of eukaryotic cells.
Vaults have a distinct barrel-like shape, with the
major vault protein forming the cylindrical
framework. The barrel encloses a central space
and is capped at one end by proteins like
telomerase associated protein (TEP1) and vault-
poly (ADP-ribose) polymerase (VPARP). The
central region of the barrel remains largely hollow,
creating an internal space where other molecules,
such as small RNAs, may be enclosed. Despite
being discovered in the 1980s, the exact biological
role of vaults remains a subject of ongoing
research. Functionally, vault proteins have been
related to cancer resistance as they show
overexpression in multi-drug resistance tumors, as
well as to intracellular transport related to the NPC.

By providing nutrients under stress conditions
such as hypoxia or starvation, autophagy may be
beneficial for the survival of cancer cells. Vault
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RNA101, an RNA found inside the Vault complex,
was shown to directly bind p62 preventing its
oligomerization and therefore disrupting p62-
dependent autophagy.®”%? Interestingly, the major
vault protein was found by mass spectrometry as
a component of p62 bodies during fluorescence-
activated particle sorting gurification of p62 bodies
from human cell lysates.”® p62 bodies describe a
phase-separated compartment of ubiquitylated pro-
teins with p62 as the major constituent. Quantitative
proteomics of mouse tissues defective in selective
autophagy showed that vault can be a selective
autophagy cargo. The targeting of vault to p62 bod-
ies requires the interaction of the major vault protein
with the receptor NBR1. The interaction is mediated
between the loop region in the shoulder domain of
the major vault protein and the ubiquitin-
associated domain of NBRH1, recruiting vault for
p62-dependent degradation via selective autop-
hagy. This enrichment of vault correlated with accu-
mulation of p62 and NBR1 in Mallory-Denk bodies
in a distinct form of hepatocellular carcinoma.”®

Rubisco

Autophagy seems also to play a role in the
degradation of protein complexes in plants.
Rubisco (Ribulose-1,5-bisphosphate carboxylase/
oxygenase) is an essential enzyme responsible for
photosynthetic carbon assimilation. This 540 kDa
octameric enzyme complex alone accounts for a
significant percentage of the total leaf protein
mass. During leaf senescence and unfavorable
environmental conditions, Rubisco gets degraded
in the vacuole releasing nutrients that are recycled
towards other organs of the plant or stored inside
seeds.

In line with other molecular complexes, Rubisco
has been shown to form condensates in pyrenoid
organelles in the model alga Chlamydomonas
reinhardtif®> and in carboxysomes in the
cyanobacterium Syneschococcus elongatus PCC
7942.°° |n plants, the degradation of Rubisco hap-
pens after it has been released from the chloroplast
in what is known as Rubisco-containing bodies.””
Rubisco-containing bodies pinch off from the
chloroplast as a membrane enclosed vesicle con-
taining only a fraction of the chloroplast stroma.
Rubisco-containing bodies seem to be degraded
by autophagy since Atg5 deletion mutants did not
show accumulation of such bodies in the vacuole.
Reinforcing this, it was shown that Atg8 and a
stroma marker accumulated in autophagic bodies
in the vacuole.”” The formation of Rubisco-
containing bodies seems to be highly correlated to
the availability of carbon in the leaf, as sugars and
the presence of starch inhibited their formation.”®
The process of Rubisco-containing body degrada-
tion, which takes place in the early stages of leaf
senescence,’ is different from chlorophagy: autop-
hagy of whole chloroplasts. As opposed to the
degradation of Rubisco-containing bodies, chloro-
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phagy does not seem to be affected by the lack of
nutrients but is rather a mechanism for the degrada-
tion of whole chloroplasts damaged by photooxida-
tive stress. '

Further research is needed to understand the
molecular mechanism underlying the selective
degradation of Rubisco. The key difference from
other autophagic degradation pathways described
here is that Rubisco is concentrated in a
membrane-enclosed vesicle. How these Rubisco-
containing bodies are recognized and signaled for
autophagic degradation is still unknown. It may be
that, as is the case for membranous organelles
such as mitochondria, the receptor is a
constitutive or recruited component of the outer
membrane subdomains of chloroplasts that is
recognized by Atg8 and the scaffold proteins for
specific targeting of Rubisco for degradation.

Stress granules

Stress granules are dynamic membraneless
organelles formed in the cytoplasm of eukaryotic
cells under stress.’”’ They are composed of
mMRNAs associated with translation initiation factors
and other RNA binding proteins. Stress granules
regulate mMRNA expression levels by sequestrating
non-translating RNAs, restricting their availability
and lifetime in the cell. Like other protein complexes
covered in this review, stress granules are formed
by LLPS, which is largely mediated by the stress
granule assembly factors G3BP1 and G3BP2."""

In a microscopy-based deletion screen of non-
essential yeast genes, loss of core autophagy
proteins led to increased accumulation of
cytoplasmatic stress granules.'%? Furthermore, trig-
gering the accumulation of mRNAs by decreased
enzymatic decapping activity led to enhanced
degradation of stress granules as seen by their
accumulation in ATG15 deletion mutants, which
cannot breakdown the autophagic body membrane
in the vacuolar lumen. A similar pathway has been
observed in mammalian cells, where autophagy
appears to 2play a role in the degradation of stress
granules.'”> Moreover, selective autophagy of
stress granules is dependent on the AAA ATPase
Cdc48in yeast or its homologue VCP in mammalian
cells. "2 A colocalization screen of E3 ubiquitin
ligases present in stress granules identified
TRIM21, and found that ubiquitination of G3BP1
inhibits its phase separation behavior in vitro,'*?
implicating ubiquitin as a negative regulator of
stress granule phase separation. This is interesting
in the context of selective autophagy, as it requires
enrichment of the cargo prior to successful engulf-
ment. Thus, ubiquitylation of G3BP1 could interfere
with the selective autophagy pathway by dissolving
stress granules. However, the same study identified
the proteins CALCOCO2 and p62 in the periphery
of stress granules as receptors mediating their
degradation under arsenite-induced stress.'*® This
places ubiquitin at different key regulatory steps.
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Recent work has shown how the fate of stress
granules depends on their longevity in the cell and
on the stimulus that induced their formation.'®*
Under heat shock stress conditions, the ubiquityla-
tion of G3BP1 also induces stress granule disas-
sembly by lowering the local concentration below
the percolation threshold. Ubiquitylated G3BP1
bound the ER-associated adaptor for the segregase
p97/VCP FAF2, which was essential for efficient
stress granule clearance.'® Furthermore, short
heat shock treatments resulted in autophagy-
independent clearance of stress granules. Only
after prolonged heat shock (>90 min) clearance
was autophagy dependent, highlighting a role for
selective autophagy in the removal of persistent
protein condensates. '°* How ubiquitination mecha-
nistically regulates disassembly and degradation of
stress granules remains to be elucidated, as stress
granules are likely to be degraded in a piecemeal
fashion during selective autophagy, similar to other
condensates.

Finally, studies in C. elegans have shown that P
granules, specialized ribonucleoprotein
compartments in the oocyte, are also degraded by
autophagy during embryonic development.’®® Dis-
ruption of autophagy induces the formation of intra-
cellular aggregates, known as PGL granules,
containing the protein PGL-1/-3. PGL granules are
LLPS condensates whose liquidity is regulated by
the scaffold protein EGPG2 and by the receptor pro-
tein SEPA-1."° The timely expression of these pro-
teins during embryonic development allows the
degradation of PGL granules.'“® At a higher regula-
tory level, mTORC also regulates the liquidity of
PGL granules, conferring them resistance against
heat stress under which they cannot be degraded
by autophagy.'®®

Conclusion

Selective autophagy is an important part of the
proteostasis network by targeting the degradation
of specific cellular components upon need. This
selectivity enables the degradation of almost any
damaged or unwanted structure in the cell. During
the last years we have started to understand
better the factors that determine the degradability
of autophagic cargo. However, the mechanisms of
cargo enrichment and the properties of these
cargoes are often understudied.

The selective degradation of organelles is
determined by their membrane boundary, which
provides at least a partially deformable surface on
which phagophore templating can take place.
Factors on the membrane surface can laterally
diffuse, which is an essential feature for avid
interactions between receptors and the autophagy
machinery.

For some of the cytoplasmic macromolecular
complexes described in this review, concentration
by LLPS is key to forming an entity that can be
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Atg19 binding to the Ape1 complex

autophagosome

Apel complex

iron availability

| —

Ferritin condensate

NCOA4

Figure 3. Mechanism of cargo concentration of
different macromolecular complexes. Top: Apel
dodecamers form a large super assembly referred to
as the Apel complex which gets targeted by the
receptor Atg19. The Apel complex forms a liquid-like
droplet close to the vacuole with similarities to LLPS.
The receptor Atg19 interacts with Ape1 dodecamers at
the surface and by this regulates its selective degrada-
tion by autophagy. Middle: Ferritin also forms large
liquid-like compartments. The fluidity of these compart-
ments is regulated by the availability of iron. Low iron
recruits NCOA4 the receptor for selective ferritino-phagy
to ferritin. Bottom: Edel accumulation during non-
productive clathrin-mediated endocytosis serves as a
signal for selective autophagy. Ede1 acts as an intrinsic
receptor for recruiting the autophagy machinery to
aberrant endocytic sites referred to as END, thus
removing aberrant endocytic sites from the plasma
membrane by selective autophagy.
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engulfed by selective autophagy. Such phase
transitions have been experimentally
demonstrated for ferritin, stress granules, END
and Apel (Figure 3). Others are still under
discussion, such as for centrosomes, or are still
being elucidated, such as for ribosomes,
proteasomes or FAS. The low affinity interactions
of factors within a condensate provides a dynamic
and deformable surface on which a growing
phagophore can establish the necessary avidity
between the cargo and the autophagy machinery.
In addition, phase transitions can represent a
regulatory step in the process, e.g. triggered by an
increase in cargo concentration, as in the case of
END. Extracellular stresses are also known to
induce phase separation, as in the case of stress
granule formation. These LLPS condensates
normally dissolve rapidly after stress relief, but
persistent stress often triggers their solidification,
which could be counteracted by prior removal
through selective autophagy. In the future,
defining the properties of autophagic cargo by
various biophysical methods will be needed to
clarify its enrichment mechanism and the factors
that modulate it. Moreover, the new developments
in structural biology will allow us to monitor and
visualize autophagic cargo and its factors directly
in the native environment of the cell
Understanding the properties of selective
autophagy cargo and its removal will also allow to
develop strategies to selectively remove factors
during human diseases and open up new
therapeutic treatments based on cargo enrichment
via modulation of its biochemical properties.

CRediT authorship contribution
statement

Javier Lizarrondo: Writing — review & editing,
Writing — original draft. Florian Wilfling: Writing —
review & editing, Writing — original draft, Funding
acquisition, Conceptualization.

DECLARATION OF COMPETING INTEREST

The authors declare that they have no known
competing  financial interests or personal
relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

We thank members of the Molecular Mechanism of
Cellular Quality Control Els Kuiper, Saara Lautala
and Emily Boyle, as well as Mariya Licheva from
the Kraft lab for their critical reading of the review
and the constructive feedback. Some figures



J. Lizarrondo and F. Wilfling

Journal of Molecular Biology xxx (xxxx) Xxx

contain icons from the https://bioicons.com library
created by Simon Duerr. The work was funded
by the Max Planck Gesellschaft, the Deutsche
Forschungsgemeinschaft (DFG, German
Research Foundation) SFB 1177 (Project ID
259130777), and by the European Union (ERC,
IntrinsicReceptors, 101041982). Views and
opinions expressed are however those of the
author(s) only and do not necessarily reflect
those of the European Union or the European
Research Council Executive Agency. Neither the
European Union nor the granting authority can be
held responsible for them. Open Access funding
enabled and organized by Projekt DEAL.

Received 19 January 2024;
Accepted 11 April 2024;
Available online xxxx

Keywords:
Selective;
autophagy;
proteostasis;
LLPS;
cargo-recognition

Abbreviations:

AIM, Atg8 interacting motif; AAA ATPase, ATPases
Associated with Diverse Cellular Activities; ADP,
Adenosine diphosphate; ATG, Autophagy-related; Cvt,
Cytoplasm to vacuole targeting; END, Ede1-dependent
protein deposits; ER, Endoplasmic reticulum; FAS, Fatty
acid synthase; FRAP, Fluorescence recovery after
photobleaching; HEK, Human Embryonic Kidney; HECT,
Homologous to the E6-AP Carboxyl terminus; HCT116,
human colon cancer cell line 116; JUNQ, JUxta Nuclear
Quality control compartment; kDa, kilodalton; LIR, LC3
Interacting Region; LLPS, Liquid-liquid phase separation;
MDa, MegaDalton; mRNA, Messenger ribonucleic acid;
NPC, Nucleapore complex; PGL, P granule abnormality
protein; RCBs, Rubisco Containing Bodies; RQC,
Ribosome-associated protein quality control; rRNAs,
ribosomal ribonucleic acids; SEPA, Suppressor of ectopic
P granules in autophagy; SILAC, Stable Isotope Labeling
by/with Amino acids in Cell culture; TORC1, Target of
Rapamycin Complex 1

References

1. Dikic, I., Elazar, Z., (2018). Mechanism and medical
implications of mammalian autophagy. Nat. Rev. Mol. Cell
Biol. 19, 349-364. https://doi.org/10.1038/s41580-018-
0003-4.

2. Noda, N.N., (2024). Structural view on autophagosome

formation. FEBS Lett. 598, 84-106. https://doi.org/
10.1002/1873-3468.14742.
3. Yamamoto, H., Zhang, S., Mizushima, N., (2023).

Autophagy genes in biology and disease. Nat. Rev.

14

10.

11.

12.

13.

14.

15.

16.

Genet. 24, 382-400. https://doi.org/10.1038/s41576-022-
00562-w.

. Farré, J.-C., Subramani, S., (2016). Mechanistic insights

into selective autophagy pathways: lessons from yeast.
Nat. Rev. Mol. Cell Biol. 17, 537-552. https://doi.org/
10.1038/nrm.2016.74.

. Youle, R.J., Narendra, D.P., (2011). Mechanisms of

mitophagy. Nature Rev. Mol. Cell Biol. 12, 9—14. https:/
doi.org/10.1038/nrm3028.

. Tanaka, C., Tan, L.-J., Mochida, K., Kirisako, H., Koizumi,

M., Asai, E., Sakoh-Nakatogawa, M., Ohsumi, Y., et al.,
(2014). Hrr25 triggers selective autophagy-related
pathways by phosphorylating receptor proteins. J. Cell
Biol. 207, 91-105. https://doi.org/10.1083/jcb.201402128.

. Farré, J., Burkenroad, A., Burnett, S.F., Subramani, S.,

(2013). Phosphorylation of mitophagy and pexophagy
receptors coordinates their interaction with Atg8 and
Atg11. EMBO Rep. 14, 441—-449. https://doi.org/10.1038/
embor.2013.40.

. Pfaffenwimmer, T., Reiter, W., Brach, T., Nogellova, V.,

Papinski, D., Schuschnig, M., Abert, C., Ammerer, G.,
et al.,, (2014). Hrr25 kinase promotes selective autophagy
by phosphorylating the cargo receptor Atg19. EMBO Rep.
15, 862—870. https://doi.org/10.15252/embr.201438932.

. Zhou, Z., Liu, J., Fu, T., Wu, P., Peng, C., Gong, X.,

Wang, Y., Zhang, M., et al., (2021). Phosphorylation
regulates the binding of autophagy receptors to FIP200
Claw domain for selective autophagy initiation. Nature
Commun. 12, 1570. https://doi.org/10.1038/s41467-021-
21874-1.

Torggler, R., Papinski, D., Brach, T., Bas, L., Schuschnig,
M., Pfaffenwimmer, T., Rohringer, S., Matzhold, T, et al.,
(2016). Two independent pathways within selective
autophagy converge to activate Atgl kinase at the
vacuole. Mol. Cell 64, 221-235. https://doi.org/10.1016/
j-molcel.2016.09.008.

Kirkin, V., Rogov, V.V., (2019). A diversity of selective
autophagy receptors determines the specificity of the
autophagy pathway. Mol. Cell 76, 268—285. https://doi.
org/10.1016/j.molcel.2019.09.005.

Marshall, R.S., Hua, Z., Mali, S., McLoughlin, F., Vierstra,
R.D., (2019). ATG8-binding UIM proteins define a new
class of autophagy adaptors and receptors. Cell 177,
766—-781.e24. https://doi.org/10.1016/j.cell.2019.02.009.
von Muhlinen, N., Akutsu, M., Ravenhill, B.J., Foeglein,
A., Bloor, S., Rutherford, T.J., Freund, S.M.V., Komander,
D., et al, (2012). LC3C, bound selectively by a
noncanonical LIR motif in NDP52, is required for
antibacterial autophagy. Mol. Cell 48, 329-342. https://
doi.org/10.1016/j.molcel.2012.08.024.

Ibrahim, T., Khandare, V., Mirkin, F.G., Tumtas, Y.,
Bubeck, D., Bozkurt, T.O., (2023). AlphaFold2-multimer
guided high-accuracy prediction of typical and atypical
ATG8-binding motifs. PLoS Biol. 21, e3001962. https:/
doi.org/10.1371/journal.pbio.3001962.

Pankiv, S., Clausen, T.H., Lamark, T., Brech, A., Bruun,
J.-A., Outzen, H., Qvervatn, A., Bjerkey, G., et al., (2007).
p62/SQSTM1 binds directly to Atg8/LC3 to facilitate
degradation of ubiquitinated protein aggregates by
autophagy*. J. Biol. Chem. 282, 24131-24145. https://
doi.org/10.1074/jbc.m702824200.

Bjorkey, G., Lamark, T., Brech, A., Outzen, H., Perander,
M., @vervatn, A., Stenmark, H., Johansen, T., (2005).


https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1002/1873-3468.14742
https://doi.org/10.1002/1873-3468.14742
https://doi.org/10.1038/s41576-022-00562-w
https://doi.org/10.1038/s41576-022-00562-w
https://doi.org/10.1038/nrm.2016.74
https://doi.org/10.1038/nrm.2016.74
https://doi.org/10.1038/nrm3028
https://doi.org/10.1038/nrm3028
https://doi.org/10.1083/jcb.201402128
https://doi.org/10.1038/embor.2013.40
https://doi.org/10.1038/embor.2013.40
https://doi.org/10.15252/embr.201438932
https://doi.org/10.1038/s41467-021-21874-1
https://doi.org/10.1038/s41467-021-21874-1
https://doi.org/10.1016/j.molcel.2016.09.008
https://doi.org/10.1016/j.molcel.2016.09.008
https://doi.org/10.1016/j.molcel.2019.09.005
https://doi.org/10.1016/j.molcel.2019.09.005
https://doi.org/10.1016/j.cell.2019.02.009
https://doi.org/10.1016/j.molcel.2012.08.024
https://doi.org/10.1016/j.molcel.2012.08.024
https://doi.org/10.1371/journal.pbio.3001962
https://doi.org/10.1371/journal.pbio.3001962
https://doi.org/10.1074/jbc.m702824200
https://doi.org/10.1074/jbc.m702824200

J. Lizarrondo and F. Wilfling

Journal of Molecular Biology xxx (Xxxx) Xxx

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

p62/SQSTM1 forms protein aggregates degraded by
autophagy and has a protective effect on huntingtin-
induced cell death. J. Cell Biol. 171, 603—614. https://doi.
org/10.1083/jcb.200507002.

Anding, A.L., Baehrecke, E.H., (2017). Cleaning house:
selective autophagy of organelles. Dev. Cell 41, 10-22.
https://doi.org/10.1016/j.devcel.2017.02.016.

Bieber, A., Capitanio, C., Erdmann, P.S., Fiedler, F.,
Beck, F., Lee, C.-W., Li, D., Hummer, G., et al., (2022). In
situ structural analysis reveals membrane shape
transitions during autophagosome formation. Proc. Natl.
Acad. Sci. 119, https://doi.org/10.1073/pnas.2209823119
€2209823119.

Noda, N.N., Wang, Z., Zhang, H., (2020). Liquid-liquid
phase separation in autophagy. J. Cell Biol. 219, https://
doi.org/10.1083/jcb.202004062 €202004062.

Danieli, A., Vucak, G., Baccarini, M., Martens, S., (2023).
Sequestration of translation initiation factors in p62
condensates. Cell Rep. 42, https://doi.org/10.1016/j.
celrep.2023.113583 113583.

Sun, D., Wu, R., Zheng, J., Li, P., Yu, L., (2018).
Polyubiquitin chain-induced p62 phase separation drives
autophagic cargo segregation. Cell Res. 28, 405-415.
https://doi.org/10.1038/s41422-018-0017-7.

Turco, E., Savova, A., Gere, F., Ferrari, L., Romanov, J.,
Schuschnig, M., Martens, S., (2021). Reconstitution
defines the roles of p62, NBR1 and TAX1BP1 in
ubiquitin condensate formation and autophagy initiation.
Nature Commun. 12, 5212. https://doi.org/10.1038/
s41467-021-25572-w.

Yamasaki, A., Alam, J.M., Noshiro, D., Hirata, E., Fujioka,
Y., Suzuki, K., Ohsumi, Y., Noda, N.N., (2020). Liquidity is
a critical determinant for selective autophagy of protein
condensates. Mol. Cell 77, 1163—-1175.€9. https://doi.org/
10.1016/j.molcel.2019.12.026.

Scott, S.V., Klionsky, D.J., (1995). In vitro reconstitution of
cytoplasm to vacuole protein targeting in yeast. J. Cell
Biol. 131, 1727-1735. https://doi.org/10.1083/
jcb.131.6.1727.

Yamasaki, A., Watanabe, Y., Adachi, W., Suzuki, K,
Matoba, K., Kirisako, H., Kumeta, H., Nakatogawa, H.,
et al., (2016). Structural basis for receptor-mediated
selective autophagy of aminopeptidase | aggregates.
Cell Rep. 16, 19-27. https://doi.org/10.1016/).
celrep.2016.05.066.

Suzuki, K., Kondo, C., Morimoto, M., Ohsumi, Y., (2010).
Selective transport of o-mannosidase by autophagic
pathways identification of a novel receptor, Atg34p*. J.
Biol. Chem. 285, 30019-30025. https://doi.org/10.1074/
jbc.m110.143511.

Lynch-Day, M.A., Klionsky, D.J., (2010). The Cvt pathway
as a model for selective autophagy. FEBS Letter 584,
1359-1366. https://doi.org/10.1016/j.febslet.2010.02.013.
Bertipaglia, C., Schneider, S., Jakobi, A.J., Tarafder, A.K.,
Bykov, Y.S., Picco, A., Kukulski, W., Kosinski, J., et al.,
(2016). Higher-order assemblies of oligomeric cargo
receptor complexes form the membrane scaffold of the
Cvt vesicle. EMBO Rep. 17, 1044-1060. https://doi.org/
10.15252/embr.201541960.

Yamasaki, A., Noda, N.N., (2017). Structural biology of
the Cvt pathway. J. Mol. Biol. 429, 531-542. https://doi.
org/10.1016/j.jmb.2017.01.003.

15

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Eskelinen, E.-L., (2005). Maturation of autophagic
vacuoles in mammalian cells. Autophagy 1, 1-10.
https://doi.org/10.4161/auto.1.1.1270.

Kishi-ltakura, C., Koyama-Honda, |I., Iltakura, E.,
Mizushima, N., (2014). Ultrastructural analysis of
autophagosome  organization using mammalian

autophagy-deficient cells. J. Cell Sci. 127, 4089—4102.
https://doi.org/10.1242/jcs.156034.

Kraft, C., Deplazes, A., Sohrmann, M., Peter, M., (2008).
Mature ribosomes are selectively degraded upon
starvation by an autophagy pathway requiring the
Ubp3p/Bre5p ubiquitin protease. Nature Cell Biol. 10,
602-610. https://doi.org/10.1038/ncb1723.

An, H., Harper, J.W., (2018). Systematic analysis of
ribophagy in human cells reveals bystander flux during
selective autophagy. Nature Cell Biol. 20, 135-143.
https://doi.org/10.1038/s41556-017-0007-x.

Gretzmeier, C., Eiselein, S., Johnson, G.R., Engelke, R.,
Nowag, H., Zarei, M., Kittner, V., Becker, A.C., et al,,
(2017). Degradation of protein translation machinery by
amino acid  starvation-induced = macroautophagy.
Autophagy 13, 1064-1075. hitps://doi.org/10.1080/
15548627.2016.1274485.

Ossareh-Nazari, B., Nifio, C.A., Bengtson, M.H., Lee, J.-
W., Joazeiro, C.A.P., Dargemont, C., (2014).
Ubiquitylation by the Lin1 E3 ligase protects 60S
ribosomes from starvation-induced selective autophagy.
J. Cell Biol. 204, 909-917. https://doi.org/10.1083/
jcb.201308139.

Joazeiro, C.A.P., (2019). Mechanisms and functions of
ribosome-associated protein quality control. Nature Rev.
Mol. Cell Biol. 20, 368-383. https://doi.org/10.1038/
s41580-019-0118-2.

Bengtson, M.H., Joazeiro, C.A.P., (2010). Role of a
ribosome-associated E3 ubiquitin ligase in protein quality
control.  Nature 467, 470-473. https://doi.org/
10.1038/nature09371.

Brandman, O., Stewart-Ornstein, J., Wong, D., Larson,
A., Williams, C.C., Li, G.-W., Zhou, S., King, D., et al.,
(2012). A ribosome-bound quality control complex triggers
degradation of nascent peptides and signals translation
stress. Cell 151, 1042-1054. https://doi.org/10.1016/
j.cell.2012.10.044.

Defenouillere, Q., Yao, Y., Mouaikel, J., Namane, A.,
Galopier, A., Decourty, L., Doyen, A., Malabat, C., et al.,
(2013). Cdc48-associated complex bound to 60S particles
is required for the clearance of aberrant translation
products. Proc. Natl. Acad. Sci. 110, 5046-5051. https:/
doi.org/10.1073/pnas.1221724110.

Shao, S., Hegde, R.S., (2014). Reconstitution of a
minimal ribosome-associated ubiquitination pathway with
purified factors. Mol. Cell 55, 880—890. https://doi.org/
10.1016/j.molcel.2014.07.006.

Ossareh-Nazari, B., Bonizec, M., Cohen, M,
Dokudovskaya, S., Delalande, F., Schaeffer, C.,
Dorsselaer, A.V., Dargemont, C., (2010). Cdc48 and
Ufd3, new partners of the ubiquitin protease Ubp3, are
required for ribophagy. EMBO Rep. 11, 548-554. https://
doi.org/10.1038/embor.2010.74.

Guerra-Moreno, A., Isasa, M., Bhanu, M.K., Waterman,
D.P., Eapen, V.V, Gygi, S.P., Hanna, J., (2015).
Proteomic analysis identifies ribosome reduction as an


https://doi.org/10.1083/jcb.200507002
https://doi.org/10.1083/jcb.200507002
https://doi.org/10.1016/j.devcel.2017.02.016
https://doi.org/10.1073/pnas.2209823119
https://doi.org/10.1083/jcb.202004062
https://doi.org/10.1083/jcb.202004062
https://doi.org/10.1016/j.celrep.2023.113583
https://doi.org/10.1016/j.celrep.2023.113583
https://doi.org/10.1038/s41422-018-0017-7
https://doi.org/10.1038/s41467-021-25572-w
https://doi.org/10.1038/s41467-021-25572-w
https://doi.org/10.1016/j.molcel.2019.12.026
https://doi.org/10.1016/j.molcel.2019.12.026
https://doi.org/10.1083/jcb.131.6.1727
https://doi.org/10.1083/jcb.131.6.1727
https://doi.org/10.1016/j.celrep.2016.05.066
https://doi.org/10.1016/j.celrep.2016.05.066
https://doi.org/10.1074/jbc.m110.143511
https://doi.org/10.1074/jbc.m110.143511
https://doi.org/10.1016/j.febslet.2010.02.013
https://doi.org/10.15252/embr.201541960
https://doi.org/10.15252/embr.201541960
https://doi.org/10.1016/j.jmb.2017.01.003
https://doi.org/10.1016/j.jmb.2017.01.003
https://doi.org/10.4161/auto.1.1.1270
https://doi.org/10.1242/jcs.156034
https://doi.org/10.1038/ncb1723
https://doi.org/10.1038/s41556-017-0007-x
https://doi.org/10.1080/15548627.2016.1274485
https://doi.org/10.1080/15548627.2016.1274485
https://doi.org/10.1083/jcb.201308139
https://doi.org/10.1083/jcb.201308139
https://doi.org/10.1038/s41580-019-0118-2
https://doi.org/10.1038/s41580-019-0118-2
https://doi.org/10.1038/nature09371
https://doi.org/10.1038/nature09371
https://doi.org/10.1016/j.cell.2012.10.044
https://doi.org/10.1016/j.cell.2012.10.044
https://doi.org/10.1073/pnas.1221724110
https://doi.org/10.1073/pnas.1221724110
https://doi.org/10.1016/j.molcel.2014.07.006
https://doi.org/10.1016/j.molcel.2014.07.006
https://doi.org/10.1038/embor.2010.74
https://doi.org/10.1038/embor.2010.74

J. Lizarrondo and F. Wilfling

Journal of Molecular Biology xxx (xxxx) Xxx

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

effective proteotoxic stress response*. J. Biol. Chem. 290,
29695-29706. https://doi.org/10.1074/jbc.m115.684969.
Moon, S.L., Morisaki, T., Stasevich, T.J., Parker, R.,
(2020). Coupling of translation quality control and mRNA
targeting to stress granules. J. Cell Biol. 219,
€202004120. https://doi.org/10.1083/jcb.202004120.
Trendel, J., Schwarzl, T., Horos, R., Prakash, A.,
Bateman, A., Hentze, M.W., Krijgsveld, J., (2019). The
human RNA-binding proteome and its dynamics during
translational arrest. Cell 176, 391-403.e19. https://doi.
org/10.1016/j.cell.2018.11.004.

Wilfling, F., Lee, C.-W., Erdmann, P.S., Zheng, Y.,
Sherpa, D., Jentsch, S., Pfander, B., Schulman, B.A.,
et al., (2020). A selective autophagy pathway for phase-
separated endocytic protein deposits. Mol. Cell 80, 764—
778.e7. https://doi.org/10.1016/j.molcel.2020.10.030.
Kakihara, Y., Houry, W.A., (2012). The R2TP complex:
discovery and functions. Biochim. Biophys. Acta (BBA) —
Mol. Cell Res. 1823, 101-107. https://doi.org/10.1016/j.
bbamcr.2011.08.016.

Wyant, G.A., Abu-Remaileh, M., Frenkel, E.M., Lagtom,
N.N., Dharamdasani, V., Lewis, C.A., Chan, S.H., Heinze,
l., et al, (2018). NUFIP1 is a ribosome receptor for
starvation-induced ribophagy. Science 360, 751-758.
https://doi.org/10.1126/science.aar2663.

An, H., Ordureau, A., Kérner, M., Paulo, J.A., Harper, J.
W., (2020). Systematic quantitative analysis of ribosome
inventory during nutrient stress. Nature 583, 303-309.
https://doi.org/10.1038/s41586-020-2446-y.

Lépez, A.R., Jargensen, M.H., Havelund, J.F., Arendrup,
F.S., Kolapalli, S.P., Nielsen, T.M., Pais, E., Beese, C.J.,
et al.,, (2023). Autophagy-mediated control of ribosome
homeostasis in oncogene-induced senescence. Cell Rep.
42, https://doi.org/10.1016/j.celrep.2023.113381 113381.
Dengijel, J., Hayer-Hansen, M., Nielsen, M.O., Eisenberg,
T., Harder, L.M., Schandorff, S., Farkas, T., Kirkegaard,
T., et al., (2012). Identification of autophagosome-
associated proteins and regulators by quantitative
proteomic analysis and genetic screens*. Mol. Cell.
Proteom. 11, htitps://doi.org/10.1074/mcp.m111.014035
M111.014035.

Behrends, C., Sowa, M.E., Gygi, S.P., Harper, J.W.,
(2010). Network organization of the human autophagy
system. Nature 466, 68—76. https://doi.org/
10.1038/nature09204.

Marshall, R.S., Li, F., Gemperline, D.C., Book, A.J.,
Vierstra, R.D., (2015). Autophagic degradation of the
26S proteasome is mediated by the dual ATG8/ubiquitin
receptor RPN10 in arabidopsis. Mol. Cell 58, 1053—1066.
https://doi.org/10.1016/j.molcel.2015.04.023.

Matiuhin, Y., Kirkpatrick, D.S., Ziv, I, Kim, W.,
Dakshinamurthy, A., Kleifeld, O., Gygi, S.P., Reis, N.,
et al., (2008). Extraproteasomal Rpn10 restricts access of
the polyubiquitin-binding protein Dsk2 to proteasome.
Mol. Cell 32, 415-425. https://doi.org/10.1016/
j-molcel.2008.10.011.

Lu, K., Psakhye, I., Jentsch, S., (2014). Autophagic
clearance of PolyQ proteins mediated by ubiquitin-atg8
adaptors of the conserved CUET protein family. Cell 158,
549-563. https://doi.org/10.1016/j.cell.2014.05.048.
Marshall, R.S., Vierstra, R.D., (2022). A trio of ubiquitin
ligases sequentially drives ubiquitylation and autophagic
degradation of dysfunctional yeast proteasomes. Cell

16

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Rep. 38,
110535.
Friedman, K., Karmon, O., Fridman, U., Goldberg, Y.,
Pines, O., Ben-Aroya, S., (2022). Inactive proteasomes
routed to autophagic turnover are confined within the
soluble fraction of the cell. Biomolecules 13, 77. https://
doi.org/10.3390/biom13010077.

Waite, K.A., Mota-Peynado, A.-D.-L., Vontz, G., Roelofs,
J., (2016). Starvation induces proteasome autophagy with
different pathways for core and regulatory particles®. J.
Biol. Chem. 291, 3239-3253. https://doi.org/10.1074/jbc.
m115.699124.

Waite, K.A., Burris, A., Vontz, G., Lang, A., Roelofs, J.,
(2022). Proteaphagy is specifically regulated and requires
factors dispensable for general autophagy. J. Biol. Chem.
298, https://doi.org/10.1016/j.jbc.2021.101494 101494.

https://doi.org/10.1016/j.celrep.2022.110535

Goebel, T., Mausbach, S., Tuermer, A., Eltahir, H.,
Winter, D., Gieselmann, V., Thelen, M., (2020).
Proteaphagy in mammalian cells can function

independent of ATG5/ATG7*. Mol. Cell. Proteom. 19,
1120-1131. https://doi.org/10.1074/mcp.ra120.001983.
Yasuda, S., Tsuchiya, H., Kaiho, A., Guo, Q., Ikeuchi, K.,
Endo, A., Arai, N., Ohtake, F., et al., (2020). Stress- and
ubiquitylation-dependent phase separation of the
proteasome. Nature 578, 296-300. https://doi.org/
10.1038/s41586-020-1982-9.

Albert, S., Wietrzynski, W., Lee, C.-W., Schaffer, M.,
Beck, F., Schuller, J.M., Salomé, P.A., Plitzko, J.M., et al.,
(2020). Direct visualization of degradation
microcompartments at the ER membrane. Proc. Natl.
Acad. Sci. 117, 1069-1080. https://doi.org/10.1073/
pnas.1905641117.

Enenkel, C., Kang, R.W., Wilfling, F., Ernst, O.P., (2022).
Intracellular localization of the proteasome in response to
stress conditions. J. Biol. Chem. 298, https://doi.org/
10.1016/j.jbc.2022.102083 102083.

Shpilka, T., Welter, E., Borovsky, N., Amar, N., Shimron,
F., Peleg, Y., Elazar, Z., (2015). Fatty acid synthase is
preferentially degraded by autophagy upon nitrogen
starvation in yeast. Proc. Natl. Acad. Sci. 112, 1434—
1439. https://doi.org/10.1073/pnas.1409476112.
Humbert, M., Seiler, K., Mosimann, S., Rentsch, V.,
Sharma, K., Pandey, A.V., McKenna, S.L., Tschan, M.P.,
(2021). Reducing FASN expression sensitizes acute
myeloid leukemia cells to differentiation therapy. Cell
Death Differ. 28, 2465-2481. https://doi.org/10.1038/
s41418-021-00768-1.

Mancias, J.D., Wang, X., Gygi, S.P., Harper, J.W,,
Kimmelman, A.C., (2014). Quantitative proteomics
identifies NCOA4 as the cargo receptor mediating
ferritinophagy. Nature 509, 105-109. https://doi.org/
10.1038/nature13148.

Domenico, I.D., Vaughn, M.B, Li, L., Bagley, D., Musci,
G., Ward, D.M., Kaplan, J., (2006). Ferroportin-mediated
mobilization of ferritin iron precedes ferritin degradation by
the proteasome. EMBO J. 25, 5396-5404. https://doi.org/
10.1038/sj.emb0j.7601409.

Mancias, J.D., Vaites, L.P., Nissim, S., Biancur, D.E.,
Kim, A.J., Wang, X., Liu, Y., Goessling, W., et al., (2015).
Ferritinophagy via NCOAA4 is required for erythropoiesis
and is regulated by iron dependent HERC2-mediated
proteolysis. Elife 4, e10308. https://doi.org/10.7554/
elife.10308.


https://doi.org/10.1074/jbc.m115.684969
https://doi.org/10.1083/jcb.202004120
https://doi.org/10.1016/j.cell.2018.11.004
https://doi.org/10.1016/j.cell.2018.11.004
https://doi.org/10.1016/j.molcel.2020.10.030
https://doi.org/10.1016/j.bbamcr.2011.08.016
https://doi.org/10.1016/j.bbamcr.2011.08.016
https://doi.org/10.1126/science.aar2663
https://doi.org/10.1038/s41586-020-2446-y
https://doi.org/10.1016/j.celrep.2023.113381
https://doi.org/10.1074/mcp.m111.014035
https://doi.org/10.1038/nature09204
https://doi.org/10.1038/nature09204
https://doi.org/10.1016/j.molcel.2015.04.023
https://doi.org/10.1016/j.molcel.2008.10.011
https://doi.org/10.1016/j.molcel.2008.10.011
https://doi.org/10.1016/j.cell.2014.05.048
https://doi.org/10.1016/j.celrep.2022.110535
https://doi.org/10.3390/biom13010077
https://doi.org/10.3390/biom13010077
https://doi.org/10.1074/jbc.m115.699124
https://doi.org/10.1074/jbc.m115.699124
https://doi.org/10.1016/j.jbc.2021.101494
https://doi.org/10.1074/mcp.ra120.001983
https://doi.org/10.1038/s41586-020-1982-9
https://doi.org/10.1038/s41586-020-1982-9
https://doi.org/10.1073/pnas.1905641117
https://doi.org/10.1073/pnas.1905641117
https://doi.org/10.1016/j.jbc.2022.102083
https://doi.org/10.1016/j.jbc.2022.102083
https://doi.org/10.1073/pnas.1409476112
https://doi.org/10.1038/s41418-021-00768-1
https://doi.org/10.1038/s41418-021-00768-1
https://doi.org/10.1038/nature13148
https://doi.org/10.1038/nature13148
https://doi.org/10.1038/sj.emboj.7601409
https://doi.org/10.1038/sj.emboj.7601409
https://doi.org/10.7554/elife.10308
https://doi.org/10.7554/elife.10308

J. Lizarrondo and F. Wilfling

Journal of Molecular Biology xxx (Xxxx) Xxx

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Ohshima, T., Yamamoto, H., Sakamaki, Y., Saito, C.,
Mizushima, N., (2022). NCOA4 drives ferritin phase
separation to facilitate macroferritinophagy and
microferritinophagy. J. Cell Biol. 221, e202203102.

Kuno, S., Fujita, H., Tanaka, Y., Ogra, Y., lwai, K., (2022).
Iron-induced NCOA4 condensation regulates ferritin fate
and iron homeostasis. EMBO Rep. 23, €54278.
Kaksonen, M., Roux, A., (2018). Mechanisms of clathrin-
mediated endocytosis. Nature Rev. Mol. Cell Biol. 19,
313-326. https://doi.org/10.1038/nrm.2017.132.

Lu, R., Drubin, D.G., Sun, Y., (2016). Clathrin-mediated
endocytosis in budding yeast at a glance. J. Cell Sci. 129,
1531-1536. https://doi.org/10.1242/jcs.1823083.
Bergeron-Sandoval, L.-P., Kumar, S., Heris, H.K., Chang,
C.L.A,, Cornell, C.E., Keller, S.L., Francois, P., Hendricks,
A.G., et al, (2021). Endocytic proteins with prion-like
domains form viscoelastic condensates that enable
membrane remodeling. Proc. Natl. Acad. Sci. 118,
https://doi.org/10.1073/pnas.2113789118 e2113789118.
Kozak, M., Kaksonen, M., (2022). Condensation of Ede1
promotes the initiation of endocytosis. Elife 11 https://doi.
org/10.7554/elife.72865.

Day, K.J., Kago, G., Wang, L., Richter, J.B., Hayden, C.
C., Lafer, E.M., Stachowiak, J.C., (2021). Liquid-like
protein interactions catalyse assembly of endocytic
vesicles. Nature Cell Biol. 23, 366—376. https://doi.org/
10.1038/s41556-021-00646-5.

Dragwidge, J.M., Wang, Y., Brocard, L., Meyer, A.D.,
Hudecek, R., Eeckhout, D., Grones, P., Buridan, M., et al.,
(2023). Biomolecular condensation orchestrates clathrin-
mediated endocytosis in plants 2022.03.17.484738
BioRxiv. https://doi.org/10.1101/2022.03.17.484738.
Wang, P., Pleskot, R., Zang, J., Winkler, J., Wang, J.,
Yperman, K., Zhang, T., Wang, K., et al., (2019). Plant
AtEH/Pani proteins drive autophagosome formation at
ER-PM contact sites with actin and endocytic machinery.
Nature Commun. 10, 5132. https://doi.org/10.1038/
s41467-019-12782-6.

Conduit, P.T., Wainman, A., Raff, JW., (2015).
Centrosome function and assembly in animal cells.
Nature Rev. Mol. Cell Biol. 16, 611-624. hitps://doi.org/
10.1038/nrm4062.

Wu, Q., Li, B.,, Liu, L, Sun, S., Sun, S., (2020).
Centrosome dysfunction: a link between senescence
and tumor immunity. Signal Transduct. Target. Ther. 5,
107. https://doi.org/10.1038/s41392-020-00214-7.
Gonczy, P., (2015). Centrosomes and cancer: revisiting a
long-standing relationship. Nature Rev. Cancer 15, 639—
652. https://doi.org/10.1038/nrc3995.

Watanabe, Y., Honda, S., Konishi, A., Arakawa, S,
Murohashi, M., Yamaguchi, H., Torii, S., Tanabe, M.,
et al., (2016). Autophagy controls centrosome number by
degrading Cep63. Nature Commun. 7, 13508. https://doi.
org/10.1038/ncomms13508.

Holdgaard, S.G., Cianfanelli, V., Pupo, E., Lambrughi, M.,
Lubas, M., Nielsen, J.C., Eibes, S., Maiani, E., et al.,
(2019). Selective autophagy maintains centrosome
integrity and accurate mitosis by turnover of centriolar
satellites. Nature Commun. 10, 4176. https://doi.org/
10.1038/s41467-019-12094-9.

Tang, Z., Lin, M.G., Stowe, T.R., Chen, S., Zhu, M.,
Stearns, T., Franco, B., Zhong, Q., (2013). Autophagy
promotes primary ciliogenesis by removing OFD1 from

17

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

centriolar satellites. Nature 502, 254—257. https://doi.org/
10.1038/nature12606.

Pohl, C., Jentsch, S., (2009). Midbody ring disposal by
autophagy is a post-abscission event of cytokinesis.
Nature Cell Biol. 11, 65-70. https://doi.org/10.1038/
ncb1813.

Kuo, T.-C., Chen, C.-T., Baron, D., Onder, T.T., Loewer,
S., Almeida, S., Weismann, C.M., Xu, P., et al., (2011).
Midbody accumulation through evasion of autophagy
contributes to cellular reprogramming and tumorigenicity.
Nature Cell Biol. 13, 1214-1223. https://doi.org/10.1038/
nch2332.

Raff, J.W., (2019). Phase separation and the centrosome:
a fait accompli? Trends Cell Biol. 29, 612—-622. https://doi.
org/10.1016/j.tcb.2019.04.001.

Lee, C.-W., Wilfling, F., Ronchi, P., Allegretti M.,
Mosalaganti, S., Jentsch, S., Beck, M., Pfander, B.,
(2020). Selective autophagy degrades nuclear pore
complexes. Nature Cell Biol. 22, 159-166. https://doi.
org/10.1038/s41556-019-0459-2.

Tomioka, Y., Kotani, T., Kirisako, H., Oikawa, Y., Kimura,
Y., Hirano, H., Ohsumi, Y., Nakatogawa, H., (2020).
TORCH1 inactivation stimulates autophagy of nucleoporin
and nuclear pore complexes. J. Cell Biol. 219,
€2019100683.

Heath, C.V., Copeland, C.S., Amberg, D.C., Priore, V.D.,
Snyder, M., Cole, C.N., (1995). Nuclear pore complex
clustering and nuclear accumulation of poly(A)+ RNA
associated with mutation of the Saccharomyces
cerevisiae RAT2/NUP120 gene. J. Cell Biol. 131, 1677—
1697. https://doi.org/10.1083/jcb.131.6.1677.

Doye, V., Wepf, R., Hurt, E.C., (1994). A novel nuclear
pore protein Nup133p with distinct roles in poly(A)+ RNA
transport and nuclear pore distribution. EMBO J. 13,
6062—-6075. https://doi.org/10.1002/j.1460-2075.1994.
tb06953.x.

Belgareh, N., Doye, V., (1997). Dynamics of nuclear pore
distribution in nucleoporin mutant yeast cells. J. Cell Biol.
136, 747—759. hitps://doi.org/10.1083/jcb.136.4.747.
Hahne, J.C., Lampis, A., Valeri, N., (2021). Vault RNAs:
hidden gems in RNA and protein regulation. Cell. Mol. Life
Sci. 78, 1487—1499. https://doi.org/10.1007/s00018-020-
03675-9.

Horos, R., Buscher, M., Kleinendorst, R., Alleaume, A.-M.,
Tarafder, A.K., Schwarzl, T., Dziuba, D., Tischer, C.,
et al., (2019). The small non-coding vault RNA1-1 acts as
a riboregulator of autophagy. Cell 176, 1054—1067.e12.
https://doi.org/10.1016/j.cell.2019.01.030.

Kurusu, R., Fujimoto, Y., Morishita, H., Noshiro, D.,
Takada, S., Yamano, K., Tanaka, H., Arai, R., et al.,
(2023). Integrated proteomics identifies p62-dependent
selective autophagy of the supramolecular vault complex.
Dev. Cell 58, 1189—1205.e11. https://doi.org/10.1016/j.
devcel.2023.04.015.

He, S., Chou, H.-T., Matthies, D., Wunder, T., Meyer, M.
T., Atkinson, N., Martinez-Sanchez, A., Jeffrey, P.D.,
et al., (2020). The structural basis of Rubisco phase
separation in the pyrenoid. Nature Plants 6, 1480—1490.
https://doi.org/10.1038/s41477-020-00811-y.
Rosenzweig, E.S.F., Xu, B., Cuellar, L.K., Martinez-
Sanchez, A., Schaffer, M., Strauss, M., Cartwright, H.N.,
Ronceray, P., et al.,, (2017). The eukaryotic CO2-
concentrating organelle is liquid-like and exhibits


http://refhub.elsevier.com/S0022-2836(24)00169-4/h0320
http://refhub.elsevier.com/S0022-2836(24)00169-4/h0320
http://refhub.elsevier.com/S0022-2836(24)00169-4/h0320
http://refhub.elsevier.com/S0022-2836(24)00169-4/h0320
http://refhub.elsevier.com/S0022-2836(24)00169-4/h0325
http://refhub.elsevier.com/S0022-2836(24)00169-4/h0325
http://refhub.elsevier.com/S0022-2836(24)00169-4/h0325
https://doi.org/10.1038/nrm.2017.132
https://doi.org/10.1242/jcs.182303
https://doi.org/10.1073/pnas.2113789118
https://doi.org/10.7554/elife.72865
https://doi.org/10.7554/elife.72865
https://doi.org/10.1038/s41556-021-00646-5
https://doi.org/10.1038/s41556-021-00646-5
https://doi.org/10.1101/2022.03.17.484738
https://doi.org/10.1038/s41467-019-12782-6
https://doi.org/10.1038/s41467-019-12782-6
https://doi.org/10.1038/nrm4062
https://doi.org/10.1038/nrm4062
https://doi.org/10.1038/s41392-020-00214-7
https://doi.org/10.1038/nrc3995
https://doi.org/10.1038/ncomms13508
https://doi.org/10.1038/ncomms13508
https://doi.org/10.1038/s41467-019-12094-9
https://doi.org/10.1038/s41467-019-12094-9
https://doi.org/10.1038/nature12606
https://doi.org/10.1038/nature12606
https://doi.org/10.1038/ncb1813
https://doi.org/10.1038/ncb1813
https://doi.org/10.1038/ncb2332
https://doi.org/10.1038/ncb2332
https://doi.org/10.1016/j.tcb.2019.04.001
https://doi.org/10.1016/j.tcb.2019.04.001
https://doi.org/10.1038/s41556-019-0459-2
https://doi.org/10.1038/s41556-019-0459-2
http://refhub.elsevier.com/S0022-2836(24)00169-4/h0415
http://refhub.elsevier.com/S0022-2836(24)00169-4/h0415
http://refhub.elsevier.com/S0022-2836(24)00169-4/h0415
http://refhub.elsevier.com/S0022-2836(24)00169-4/h0415
http://refhub.elsevier.com/S0022-2836(24)00169-4/h0415
https://doi.org/10.1083/jcb.131.6.1677
https://doi.org/10.1002/j.1460-2075.1994.tb06953.x
https://doi.org/10.1002/j.1460-2075.1994.tb06953.x
https://doi.org/10.1083/jcb.136.4.747
https://doi.org/10.1007/s00018-020-03675-9
https://doi.org/10.1007/s00018-020-03675-9
https://doi.org/10.1016/j.cell.2019.01.030
https://doi.org/10.1016/j.devcel.2023.04.015
https://doi.org/10.1016/j.devcel.2023.04.015
https://doi.org/10.1038/s41477-020-00811-y

J. Lizarrondo and F. Wilfling

Journal of Molecular Biology xxx (xxxx) Xxx

96.

97.

98.

99.

100.

dynamic reorganization. Cell 171, 148-162.e19. https://
doi.org/10.1016/j.cell.2017.08.008.

Zang, K., Wang, H., Hartl, F.U., Hayer-Hartl, M., (2021).
Scaffolding protein CcmM directs multiprotein phase
separation in B-carboxysome biogenesis. Nature Struct.
Mol. Biol. 28, 909-922. https://doi.org/10.1038/s41594-
021-00676-5.

Ishida, H., Yoshimoto, K., Izumi, M., Reisen, D., Yano, Y.,
Makino, A., Ohsumi, Y., Hanson, M.R., et al., (2008).
Mobilization of rubisco and stroma-localized fluorescent
proteins of chloroplasts to the vacuole by an ATG gene-
dependent autophagic process. Plant Physiol. 148, 142—
155. https://doi.org/10.1104/pp.108.122770.

Izumi, M., Wada, S., Makino, A., Ishida, H., (2010). The
autophagic degradation of chloroplasts via rubisco-
containing bodies is specifically linked to leaf carbon
status but not nitrogen status in arabidopsis. Plant
Physiol. 154, 1196-1209. https://doi.org/10.1104/
pp.110.158519.

Ono, Y., Wada, S., lzumi, M., Makino, A., Ishida, H.,
(2013). Evidence for contribution of autophagy to rubisco
degradation during leaf senescence in Arabidopsis
thaliana. Plant Cell Environ. 36, 1147—1159. https://doi.
org/10.1111/pce.12049.

Izumi, M., Ishida, H., Nakamura, S., Hidema, J., (2017).
Entire photodamaged chloroplasts are transported to the
central vacuole by autophagy. Plant Cell 29, 377-394.
https://doi.org/10.1105/tpc.16.00637.

18

101.

102.

103.

104.

105.

106.

Ivanov, P., Kedersha, N., Anderson, P., (2018). Stress
granules and processing bodies in translational control.
Cold Spring Harb. Perspect. Biol. 11, https://doi.org/
10.1101/cshperspect.a032813 a032813.

Buchan, J.R., Kolaitis, R.-M., Taylor, J.P., Parker, R.,
(2013). Eukaryotic stress granules are cleared by
autophagy and Cdc48/VCP function. Cell 153, 1461—
1474. https://doi.org/10.1016/j.cell.2013.05.037.

Yang, C., Wang, Z., Kang, Y., Yi, Q., Wang, T., Bai, Y.,
Liu, Y., (2023). Stress granule homeostasis is modulated
by TRIM21-mediated ubiquitination of G3BP1 and
autophagy-dependent elimination of stress granules.
Autophagy 19, 1934-1951. https://doi.org/10.1080/
15548627.2022.2164427.

Gwon, Y., Maxwell, B.A., Kolaitis, R.-M., Zhang, P., Kim,
HJ., Taylor, J.P., (2021). Ubiquitination of G3BP1
mediates stress granule disassembly in a context-
specific  manner.  Science  372.  https://doi.org/
10.1126/science.abf6548 eabf6548.

Zhang, Y., Yan, L., Zhou, Z., Yang, P., Tian, E., Zhang,
K., Zhao, Y., Li, Z., et al., (2009). SEPA-1 mediates the
specific recognition and degradation of P granule
components by autophagy in C. elegans. Cell 136, 308—
321. https://doi.org/10.1016/j.cell.2008.12.022.

Zhang, G., Wang, Z., Du, Z., Zhang, H., (2018). mTOR
regulates phase separation of PGL granules to modulate
their autophagic degradation. Cell 174, 1492—-1506.e22.
https://doi.org/10.1016/j.cell.2018.08.006.


https://doi.org/10.1016/j.cell.2017.08.008
https://doi.org/10.1016/j.cell.2017.08.008
https://doi.org/10.1038/s41594-021-00676-5
https://doi.org/10.1038/s41594-021-00676-5
https://doi.org/10.1104/pp.108.122770
https://doi.org/10.1104/pp.110.158519
https://doi.org/10.1104/pp.110.158519
https://doi.org/10.1111/pce.12049
https://doi.org/10.1111/pce.12049
https://doi.org/10.1105/tpc.16.00637
https://doi.org/10.1101/cshperspect.a032813
https://doi.org/10.1101/cshperspect.a032813
https://doi.org/10.1016/j.cell.2013.05.037
https://doi.org/10.1080/15548627.2022.2164427
https://doi.org/10.1080/15548627.2022.2164427
https://doi.org/10.1126/science.abf6548
https://doi.org/10.1126/science.abf6548
https://doi.org/10.1016/j.cell.2008.12.022
https://doi.org/10.1016/j.cell.2018.08.006

	Selective Autophagy of Macromolecular Complexes: What Does It Take to be Taken?
	Introduction
	The Ape1 complex
	The ribosome
	The proteasome
	The fatty acid synthase
	Ferritin
	Clathrin-mediated endocytosis machinery
	The centrosome
	The nuclear pore complex
	The vault complex
	Rubisco
	Stress granules

	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


