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Liquid-liquid phase separation in autophagy

Nobuo N. Noda'@®, Zheng Wang?, and Hong Zhang?*®

Liquid-liquid phase separation (LLPS) compartmentalizes and concentrates biomacromolecules into distinct condensates.
Liquid-like condensates can transition into gel and solid states, which are essential for fulfilling their different functions. LLPS
plays important roles in multiple steps of autophagy, mediating the assembly of autophagosome formation sites, acting as an
unconventional modulator of TORC1-mediated autophagy regulation, and triaging protein cargos for degradation. Gel-like, but
not solid, protein condensates can trigger formation of surrounding autophagosomal membranes. Stress and pathological
conditions cause aberrant phase separation and transition of condensates, which can evade surveillance by the autophagy
machinery. Understanding the mechanisms underlying phase separation and transition will provide potential therapeutic

targets for protein aggregation diseases.

Introduction

Emerging evidence has revealed that numerous membraneless
structures, including signaling clusters, processing bodies (P-bodies),
nuclear speckles, stress granules (SGs), and germline granules,
are assembled via liquid-liquid phase separation (LLPS; Banani
et al., 2017; Bergeron-Sandoval et al., 2016; Shin and Brangwynne,
2017). LLPS refers to a process in which key molecules, when they
reach a threshold concentration, become concentrated together
with other proteins or RNAs into confined liquid-like compart-
ments. The constituents exhibit high mobility and undergo dynamic
exchange with the surrounding liquid milieu (Banani et al., 2017;
Shin and Brangwynne, 2017; Wang and Zhang, 2019). LLPS-
assembled structures are collectively called condensates in this re-
view. These condensates ensure that a variety of cellular activities
take place in a spatially and temporally controlled manner. LLPS is
mediated by multivalent weak interactions conferred by intrinsi-
cally disordered regions (IDRs) and/or modular interacting domains
of the constituent proteins (Fig. 1 A; Banani et al., 2017; Li et al., 2012;
Shin and Brangwynne, 2017; Zeng et al., 2016). IDRs lack a stable
tertiary structure and often have a biased amino acid composition
that is enriched in a limited subset of residues, especially glycine,
polar residues (e.g., glutamine and serine), and aromatic residues
(e.g., tyrosine and phenylalanine; Boeynaems et al., 2018; Wang and
Zhang, 2019). These domains are also referred to as low-complexity
domains (LCDs). Protein-RNA or RNA-RNA interactions also con-
tribute to LLPS-mediated formation of RNP granules such as SGs
and P-bodies (Lin et al., 2015; Molliex et al., 2015). Liquid-like
condensates can transition over time into more stable states, such
as the gel-like state, in which the constituents show reduced mo-
bility, and the inert solid state (amorphous or fibrillar; Fig. 1 B;

Bergeron-Sandoval et al., 2016; Kaganovich, 2017). During phase
transition, weak and transient intermolecular interactions in liquid
droplets become strong and stable interactions in gel and solid
structures (Bergeron-Sandoval et al., 2016; Kaganovich, 2017). The
material properties of condensates are essential for their distinct
cellular functions (Kaganovich, 2017).

Protein LLPS and phase transition are modulated by numerous
factors that affect multivalent interactions, including the con-
centration of key components, composition, mutations in key
molecules, chaperones, and environmental factors such as pH and
salt concentration (Banani et al.,, 2017; Shin and Brangwynne,
2017; Snead and Gladfelter, 2019). Various protein posttransla-
tional modifications (PTMs), including phosphorylation, methyl-
ation, ubiquitination, sumoylation, and oxidation, affect the
valency and strength of the interaction (Snead and Gladfelter,
2019). PTMs thus serve as a general mechanism to integrate
various signals and stresses into phase separation and transition
under physiological and pathological conditions.

Macroautophagy (hereafter referred to as autophagy) is an
evolutionarily conserved lysosome-mediated degradation process
involving the formation of a double-membrane autophagosome
that engulfs a portion of the cytosolic constituents and delivers
them to lysosomes (Fig. 2 A; Feng et al., 2014; Mizushima et al.,
2011; Nakatogawa et al., 2009). By degrading and recycling the
sequestrated materials, autophagy provides energy and building
blocks for cell survival in response to stresses (Mizushima, 2018;
Zhang and Baehrecke 2015). Autophagy also selectively removes
protein aggregates formed by misfolded proteins, disease-
associated proteins, or unwanted proteins to maintain cellular
homeostasis, a process referred to aggrephagy (Stolz et al., 2014).
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Figure 1. Phase separation and transition mediate the assembly of
protein condensates with distinct material properties. (A) Multivalent
interactions, mediated by proteins containing IDRs (top) or tandem modular
interacting domains (bottom, represented by the red circles and blue cres-
cents in two different proteins), drive the formation of phase-separated liquid
condensates. Factors affecting interactions, including composition, chaper-
ones, pH, temperature, and various PTMs, modulate LLPS. (B) Liquid-like
phase-separated condensates (with highly dynamic constituents) can tran-
sition into more stable states, such as the gel-like state (with less mobile
constituents) and the inert solid state.

Aberrant accumulation of protein aggregates as a result of im-
paired autophagic degradation has been linked with aging and
pathogenesis of various diseases (Levine et al., 2011; Menzies et al.,
2017; Zhao and Zhang, 2019a). In this review, we will discuss the
involvement of LLPS in the autophagy pathway. LLPS mediates the
assembly of autophagosome formation sites and also serves as a
new mechanism for regulating the activity of TORCI kinase, which
functions as a key nutrient and energy sensor to control autophagy
activity. LLPS triages protein substrates into condensates for se-
lective autophagy (Wang and Zhang, 2019). Stress or pathological
insults can modulate phase separation and transition so that
protein condensates can evade surveillance by the autophagy
machinery. This can have positive consequences, by helping
cells adapt to stress, or negative consequences, by facilitating
the pathological accumulation of aggregates (Guzikowski et al.,
2019; Riback et al., 2017; Zhang et al., 2018). We mainly focus on
LLPS-mediated assembly of two autophagy substrates, namely PGL
granules and SGs. Autophagic degradation of PGL granules during
Caenorhabditis elegans embryogenesis provides a framework for us
to understand how phase separation and transition are precisely
controlled to ensure that specific condensates are efficiently re-
moved under normal growth conditions but allowed to accumulate
under heat stress (Zhang et al., 2018). The assembly of SGs serves

Noda et al.

Phase separation and transition in autophagy

TR
(: k(J
IV

as an example to unravel how genetic mutations and cellular
stresses lead to aberrant phase transition in the pathogenesis of a
variety of diseases (Alberti and Hyman, 2016; Wang and Zhang,
2019).

Autophagosome formation requires coordinated actions of
multiple autophagy protein complexes
The core step of autophagy is the formation of the double-membrane
autophagosome. It starts with nucleation of a cup-shaped isolation
membrane (IM; also known as the phagophore), which further ex-
pands and seals (Fig. 2 A; Feng et al., 2014; Ktistakis and Tooze, 2016;
Lamb et al, 2013; Melia et al., 2020). A set of autophagy-related
(ATG) proteins form different complexes that act at different steps
of autophagosome formation. The ATGI Ser/Thr kinase complex and
the ATGI4-containing VPS34 phosphatidylinositol-3-phosphate ki-
nase complex are required for initiation and nucleation of IMs.
Vesicles carrying the membrane-spanning protein ATG9 have been
suggested to serve as the initial source of membrane for IMs
(Ktistakis and Tooze, 2016; Lamb et al., 2013; Zhao and Zhang, 2018).
The ATG2-ATGI18 complex is involved in IM expansion, possibly by
supplying phospholipids via the lipid transfer activity of the complex
(Maeda et al., 2019; Osawa et al., 2019; Valverde et al., 2019; Zhang,
2020). Two ubiquitin-like conjugation systems, ATG7(E1 enzyme)/
ATG3(E2 enzyme)/ATG8(ubiquitin-like protein) and ATG7(E1)/
ATGI10(E2)/ATG12(ubiquitin-like protein), participate in multiple
steps of autophagosome formation, including IM expansion, shaping,
and closure (Mizushima et al., 2011; Nakatogawa et al., 2009).
Despite the involvement of conserved ATG proteins, the
spatial and temporal organization of autophagosome forma-
tion sites is different in yeast and multicellular organisms.
In yeast, the ATG proteins are targeted to a single site at
the vacuolar membrane, called the preautophagosomal struc-
ture (PAS). Upon closure, autophagosomes directly fuse with
the vacuole (Feng et al., 2014; Nakatogawa et al., 2009).
In multicellular organisms, upon autophagy induction, the
ULK1 complex (counterpart of the ATGI complex) is targeted
to multiple sites on the ER, where it further recruits the
VPS34 complex to generate phosphatidylinositol-3-phosphate-
enriched subdomains of the ER, known as omegasomes (Axe
et al., 2008; Itakura and Mizushima, 2010). The omegasomes
act as platforms for recruiting ATG proteins for the initiation
and expansion of the IMs (Ktistakis and Tooze, 2016; Lamb
et al., 2013; Zhao and Zhang, 2018). Nascent autophagosomes
undergo maturation by fusing with vesicles originating from
the endolysosomal compartments before forming degradative
autolysosomes (Fig. 2 A; Zhao and Zhang, 2019b). The unique
steps of autophagy in multicellular organisms require the
actions of metazoan-specific autophagy proteins, such as
EPG-3, EPG-4, and EPG-5, which were identified from worm
genetic screens (Tian et al., 2010; Wang et al., 2016; Zhao et al.,
2017).

Phase separation in the assembly of autophagosome
formation sites

Organization of the PAS by LLPS

Upon autophagy induction in yeast, the ATG1 complex acts
in the most upstream step to organize the autophagosome
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Figure 2. Formation of autophagosomes in yeast and
multicellular organisms. (A) Schematic illustration of the au-
tophagy pathway in yeast and multicellular organisms. In multi-
cellular organisms, closed autophagosomes undergo maturation
by fusing with early endosomes (EEs) and/or multivesicular bodies
(MVBs) to form amphisomes and with late endosomes/lysosomes
(LE/lysosomes) to form autolysosomes. In yeast, autophagosomes
directly fuse with the vacuole. (B) Organization of autophagosome
formation sites by LLPS. In yeast, upon autophagy induction,
Atgl3 is dephosphorylated, and the ATG1 complex is formed,
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which undergoes LLPS to organize PAS precursors on the vacuolar
membrane. PAS precursors coalescence into one PAS. (C) In
mammals, upon autophagy induction, the ULK complex moves to
the ER via an unknown mechanism and induces multiple auto-
phagosome formation sites. This process might be caused by LLPS
of the ULK complex.
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formation site (Noda and Fujioka, 2015). The yeast ATGl
complex is composed of a Ser/Thr kinase, Atgl; an intrinsically
disordered protein, Atgl3; a scaffold protein, Atgl7; and the
accessory proteins Atg29 and Atg31 (Noda and Fujioka, 2015).
PAS organization is regulated by TORC1. Under nutrient-rich
conditions, Atgl3 is hyperphosphorylated by TORC1, which
impairs PAS organization by inhibiting the formation of the
ATG1 complex. When TORCI is inhibited by starvation or ra-
pamycin treatment, Atgl3 is rapidly dephosphorylated by PP2C
phosphatases, leading to the formation of the ATG1 complex
(Fujioka et al., 2014; Kamada et al.,, 2000; Memisoglu et al.,
2019). The multivalent interaction of Atgl3 with Atgl7 dimers
triggers phase separation of the ATG1 complex (Fig. 2 B; Fujioka
et al., 2020; Yamamoto et al., 2016). The resultant condensates
are tethered to the vacuolar membrane through the specific
interaction of Atgl3 with Vac8, a vacuolar membrane protein
important for autophagy (Fujioka et al., 2020; Hollenstein et al.,
2019). These condensates move rapidly on the vacuolar mem-
brane and coalesce to form one large condensate termed the
early PAS (Fig. 2 B). Downstream ATG proteins are then re-
cruited to the early PAS in a hierarchical order, thereby
building up the PAS for initiation of autophagosome forma-
tion (Suzuki et al., 2007). The distinguishing feature of the
PAS is its high liquidity, which enables dynamic exchange
of the components with those in the cytoplasm to facilitate
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autophagosome generation (Fujioka et al., 2020; Yamamoto
et al., 2016).

In multicellular organisms, the ULK1 complex contains ATGI13,
which possesses abundant IDRs and is phosphoregulated by
mTORC], similar to yeast Atgl3, although the ULK1 complex forms
constitutively (Noda and Fujioka, 2015; Noda and Mizushima,
2016). ATG proteins are recruited to the autophagosome forma-
tion sites in a hierarchical manner, which is in principle similar to
the PAS recruitment of ATG proteins in yeast (Fig. 2 C; Itakura
and Mizushima, 2010). Further studies are required to determine
whether autophagosome formation sites in multicellular organ-
isms are also initiated by LLPS of the ULK1 complex. The re-
stricted movement of autophagosome formation sites on the ER
membrane might inhibit their coalescence, resulting in the si-
multaneous presence of multiple sites in multicellular organisms.
mTORCI also regulates the organization of autophagosome for-
mation sites, but the mechanism has yet to be identified.

Activation of Atgl kinase at autophagosome formation sites

The kinase activity of Atgl is low under nutrient-rich conditions
but is activated upon autophagy induction (Kamada et al., 2000;
Torggler et al., 2016). Activated Atgl phosphorylates various Atg
proteins, such as Atg2 and Atg9, that are important for au-
tophagy initiation (Noda and Fujioka, 2015). As is the case with
other protein kinases, activation of Atgl requires intermolecular
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autophosphorylation at the activation loop, especially at Thr226
(Yeh et al., 2010). Under starvation conditions, LLPS of the ATG1
complex promotes autophosphorylation of Atgl through concen-
tration at the PAS (Fujioka et al., 2020). Activated Atgl has the
ability to dissociate the PAS by phosphorylating Atgl3. Loss of the
kinase activity of Atgl leads to an enlarged PAS, with aberrant
accumulation of some ATG proteins, which cannot mediate auto-
phagosome formation (Cheong et al., 2008). The balance of Atgl3
phosphorylation by Atgl and dephosphorylation by phosphatases
may be important for maintenance of the liquid-like PAS, which
dynamically recruits ATG proteins as autophagy progresses.

Under nutrient-rich conditions, the vacuolar enzyme ami-
nopeptidase I (Apel) is delivered to the vacuole through selective
autophagy, in a process known as cytoplasm-to-vacuole target-
ing (Cvt; Lynch-Day and Klionsky, 2010). As described below,
Apel undergoes LLPS to form a gel-like condensate, which is the
substrate for the Cvt pathway (Yamasaki et al., 2020). Atgl9 is
the receptor protein for Apel and links Apel condensates to Atg8
and Atgll, a scaffold protein essential for selective autophagy
(Shintani et al., 2002). A small population of Atgl is recruited to
Apel condensates via Atgl9 and Atgll and is locally activated by
autophosphorylation, which is important for the progression of
the Cvt pathway (Kamber et al., 2015). Thus, phase-separated
condensates (the PAS during starvation-induced autophagy and
Apel condensates in the Cvt pathway) play a critical role in Atgl
activation.

LLPS modulates TORC1 activity in autophagy regulation
TORCI integrates the availability of energy and nutrients to
control autophagy activity at multiple steps. In mammalian cells,
TORCY, via direct phosphorylation, inhibits the activities of the
ULK1 complex and the VPS34 complex to block autophagosome
initiation and also maintains the cytoplasmic localization of
TFEB/TFE3, the master transcription factors of the autophagy-
lysosome pathway (Puertollano et al., 2018; Russell et al., 2014).
Multiple factors such as the Ragulator complex and the Rag
complex have been identified that couple the availability of
amino acids, glucose, and other nutrients with targeting of
mTORCI to lysosomes, where it is activated (Liu and Sabatini,
2020). TORCI activity is also modulated by phase-separated
structures triggered by diverse stresses. Under stress con-
ditions (e.g., heat, osmotic, or oxidative stress), TORCI is parti-
tioned into SGs with concurrent dissociation from the vacuolar/
lysosomal membrane to blunt TORCI signaling (Takahara and
Maeda, 2012; Wippich et al., 2013). TORCI is reactivated upon
disassembly of SGs in the stress recovery phase (Takahara and
Maeda, 2012). In mammalian cells, the dual-specificity kinase
DYRK3, whose LCD mediates dynamic partitioning between SGs
and the cytosol, regulates SG disassembly and thus mTORC1
release (Wippich et al., 2013). Sequestration of TORCI into SGs
acts as an adaptive response (Takahara and Maeda, 2012).
Phase separation of yeast Pbpl (polyA-binding protein-
binding protein 1) integrates the cellular redox state into TORC1
regulation. Under conditions that demand intense mitochondrial
respiration, such as growth on a nonfermentable carbon source,
the methionine-rich LCD of Pbpl drives phase separation,
forming assemblies near the mitochondria (Yang et al.,, 2019).
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Pbpl condensates inhibit TORCI activity via a yet-to-be-deter-
mined mechanism, possibly by affecting the conformation or
oligomeric status of TORCI, to promote autophagy activity (Yang
etal., 2019). Phase separation of Pbpl in vitro and in living cells is
inhibited by hydrogen peroxide (H,0,)-mediated oxidation of
the methionine residues in the LCD (Kato et al., 2019). Therefore,
stress-induced assembly of condensates via LLPS is involved in
spatial and temporal control of TORCI activity for autophagy
regulation.

Phase separation mediates the assembly of Apel condensates
for trafficking via the double-membrane Cvt vesicle

In budding yeast, some vacuole-resident hydrolases are consti-
tutively delivered to the vacuole through the Cvt pathway. Al-
though the Cvt pathway is biosynthetic, it is mechanistically
similar to selective autophagy (Lynch-Day and Klionsky, 2010).
The aminopeptidase Apel is translated as a precursor with a
45-amino acid propeptide and forms dodecamers (Kim et al.,
1997). The propeptide mediates Apel interaction with the re-
ceptor protein Atgl9 and is also required for clustering of Apel
dodecamers. The propeptide is intrinsically disordered but as-
sumes a helical conformation when self-assembling or inter-
acting with Atgl9 (Yamasaki et al., 2016). Weak multivalent
interactions between propeptides trigger LLPS of Apel to form
Apel condensates, which are historically known as the Apel
complex (Fig. 3 A; Yamasaki et al.,, 2020). Apel condensates
possess gel-like properties. They are spherical in shape, coalesce
slowly, are resistant to high salt concentrations, and have low
internal mobility (Yamasaki et al., 2020). Atgl9 binding is re-
stricted to Apel located in the outer layer of the condensates, so
that Atgl9 coats the Apel condensates (Fig. 3 A; Yamasaki et al.,
2016; 2020). In experiments with Atg8-conjugated giant uni-
lamellar vesicles (Atg8-GUVs) as a proxy for IMs, clustering of
Atgl9 at the surface of Apel condensates tethers the condensates
with Atg8-GUVs via Atgl9-Atg8 interaction and also elicits
shape changes of the membrane, thereby enabling selective se-
questration in the Cvt pathway (Yamasaki et al., 2020).

A Pro-to-Leu mutation at residue 22 (P22L) in the Apel pro-
peptide has been shown to impair the Cvt pathway. This mutation
neither impairs the formation of Apel condensates nor severely
reduces the interaction with Atgl9 (Oda et al., 1996). The P22L
mutation enhances the self-association of propeptides, resulting
in the formation of amorphous condensates with almost no mo-
bility (Fig. 3 A; Yamasaki et al., 2020). In the presence of Atgl9,
the Apel P22L condensates fail to deform Atg8-GUV membranes
(Yamasaki et al., 2020), which suggests that the condensates must
be in a gel-like state for selective sequestration of Apel con-
densates by IMs. The selective transport of Apel condensates to
the vacuole is not severely impaired by the P22L mutation under
starvation conditions, which activate autophagy. This difference
is due to the different cargo dependency of the Cvt pathway and
bulk autophagy; the former, but not the latter, absolutely requires
Apel condensates for autophagosome formation (Shintani and
Klionsky, 2004). These observations suggest that the gel-like
property of the cargo condensate is important for its selective
engulfment by the autophagosome-like double-membrane Cvt
vesicles.
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Figure 3. LLPS mediates assembly of protein condensates for selective autophagy. (A) Weak multivalent interactions between Apel dodecamers induce
LLPS to form gel-like Apel condensates. Atgl9 is localized at the condensate surface. Autophagosome formation proceeds along the surface of the condensates
using the Atg8-Atgl9 interaction. In the case of the Apel P22L mutant, strong multivalent interactions cause aggregation of Apel with little liquidity, and
autophagosome formation does not proceed. (B) Schematic illustration showing the degradation of oocyte-loaded PGL-1/PGL-3 by autophagy in somatic cells.
SEPA-1 and EPG-2 are zygotically synthesized, and their levels exhibit temporal variation. P1 and P2 are germline blastomeres. Z2 and Z3 are germline
precursor cells derived from the germline blastomere P4. Z2 and Z3 remain quiescent during embryogenesis. (C) Phase separation and transition control
autophagic degradation or accumulation of PGL granules under different growth conditions. The concerted actions of SEPA-1 and EPG-2, together with EPG-
11- and LET-363-mediated modifications of PGL-1 and PGL-3, ensure that the assembly rate, size, and material state of PGL granules are coordinated with
autophagic flux during embryogenesis. Under heat stress conditions, this combination of enhanced PGL granule assembly and normal EPG-2 degradation result

in insufficient EPG-2 to render PGL granules amenable to degradation.

Phase separation and transition specify PGL granules for
autophagic degradation

During C. elegans embryogenesis, specialized RNPs in the oocyte,
known as P granules, are partitioned into both germline and
somatic blastomeres during early asymmetric cell divisions
(Strome, 2005). P granule proteins in somatic blastomeres are
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quickly disassembled and removed, resulting in exclusive lo-
calization of P granules in the germline blastomeres and even-
tually in the germline precursor cells Z2 and Z3 (Fig. 3 B; Strome,
2005; Zhang and Baehrecke, 2015). The RGG box-containing P
granule proteins PGL-1 and PGL-3 are degraded by autophagy in
somatic cells. In autophagy mutant embryos, PGL-1 and PGL-3
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accumulate into a large number of aggregates in somatic cells,
called PGL granules (Zhang et al., 2009). In wild-type C. elegans
embryos, autophagy activity occurs at a basal level, and pre-
sumably, the autophagosomes are uniformly sized. Complete
removal of the diffuse oocyte-loaded PGL-1/PGL-3 proteins,
therefore, requires precisely controlled mechanisms to ensure
that the assembly rate and size of PGL granules are coordinated
with autophagic flux during embryogenesis (Wang and Zhang,
2019).

The receptor protein SEPA-1 facilitates LLPS-mediated assembly of
PGL granules

The zygotically synthesized SEPA-1 acts as the receptor for
formation and degradation of PGL granules (Zhang et al., 2009).
In sepa-1 mutant embryos, PGL-1 and PGL-3 fail to be removed
and are diffusely localized in the cytoplasm of somatic cells.
SEPA-1 directly interacts with PGL-3 and also with the C. elegans
Atg8 homologue LGG-1, bridging the PGL granule with auto-
phagic structures (Zhang et al., 2009).

PGL-1 and PGL-3 proteins undergo LLPS in vitro. Mixing of
PGL-1 and PGL-3 reduces the critical concentration of each
protein for LLPS. LLPS of PGL-1/PGL-3 is further promoted by
SEPA-1 in a concentration-dependent manner (Zhang et al.,
2018). Co-addition of SEPA-1 greatly reduces the threshold
concentration of PGL-1/PGL-3 for LLPS. SEPA-1 is homogenously
distributed in the condensates (Zhang et al., 2018). PGL-1/PGL-3
droplets or PGL-1/PGL-3/SEPA-1 droplets possess liquid-like
properties; they are spherical in shape, exhibit high internal
mobility, fuse with each other, and become deformed when
encountering a physical barrier (Zhang et al., 2018). During
embryogenesis, SEPA-1 levels display a temporal pattern, be-
coming evident at the ~24-cell stage, peaking at the ~100-cell
stage, and disappearing at the comma stage (Li et al., 2013; Zhang
et al,, 2009). PGL-1/PGL-3 levels are gradually reduced by deg-
radation as development proceeds in early stage embryos (Zhang
et al,, 2009). Increased levels of SEPA-1 can promote condensa-
tion of low levels of diffuse PGL-1 and PGL-3 into aggregates for
degradation.

EPG-11/PRMT1-mediated arginine methylation and LET-363/
mTORC1-mediated phosphorylation modulate LLPS of PGL-1/-3
Degradation of PGL granules in embryos is modulated by PTMs.
Loss of function of the C. elegans PRMT1 homologue EPG-11
causes a defect in autophagic degradation of PGL granules (Li
et al., 2013). Loss of epg-11 activity also renders the formation
of PGL granules independent of SEPA-1 (Li et al., 2013). EPG-
11-mediated arginine methylation of PGL-1 and PGL-3 increases
the threshold concentration of PGL-1/PGL-3 proteins for LLPS
and reduces the droplet size (Zhang et al., 2018). PGL-1 and PGL-
3 are also phosphorylated by the mTORC1 kinase LET-363
(Zhang et al., 2018). Phosphorylation of PGL-1 and PGL-3 reduces
the critical concentrations required for LLPS. In let-363/mTORCI
mutant embryos, low levels of diffuse PGL-1 and PGL-3 proteins
persist in the cytoplasm of somatic cells (Zhang et al., 2018).
The tightly controlled levels of arginine methylation and phos-
phorylation ensure assembly of PGL granules in a strictly
SEPA-1-dependent manner, which is essential for subsequent
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autophagic degradation and also for condensation and efficient
removal of low levels of PGL-1 and PGL-3.

The scaffold protein EPG-2 mediates gelation of PGL granules
Degradation of PGL granules requires the scaffold protein EPG-2
(Tian et al., 2010). EPG-2 is zygotically synthesized, and its temporal
expression pattern overlaps with SEPA-1, with which it directly
interacts (Tian et al., 2010; Li et al., 2013). Co-addition of EPG-2 leads
to transition of liquid PGL-1/PGL-3/SEPA-1 droplets to a gel-like
state. The EPG-2-containing PGL-1/PGL-3/SEPA-1 droplets are
spherical, have low mobility, and remain small in size over time due
to very slow coalescence. Interestingly, EPG-2 does not mix into the
droplets but rather coats the droplet surface (Zhang et al., 2018). In
autophagy mutant embryos, EPG-2 encircles PGL granules and re-
duces the mobility of PGL proteins (Zhang et al., 2018). PGL granules
do not colocalize with LGG-1-labeled autophagic structures in epg-
2 mutants (Tian et al., 2010). This indicates that the biophysical
properties of PGL granules specified by EPG-2 are essential for
tethering the granules to autophagic structures.

The gel-like state of PGL granules is essential for their autophagic
degradation

Gelation of PGL granules can be induced by mutations in the
PGL-1 protein, including P55S, L82P, and E360K. Droplets
composed of PGL-3, SEPA-1, and mutant PGL-1(P55S, L82P, or
E360K) have gel-like properties, resembling EPG-2-containing
droplets. PGL-1(P55S) and PGL-1(L82P) are incorporated into
the droplets, while PGL-1(E360K) concentrates into a few small
dots that localize on the surface and inside the droplets (Zhang
et al., 2018). In embryos expressing mutant PGL-1(P55S, L82P,
or E360K), autophagic degradation of PGL granules becomes
largely independent of EPG-2 (Zhang et al., 2018). This indicates
that the gelation status of PGL granules, which can be modulated
by wild-type EPG-2 or mutant PGL-1, is essential for autophagic
degradation of the granules. Therefore, the concerted actions of
temporally expressed SEPA-1 and EPG-2, together with the ef-
fects of PTMs, modulate phase separation and transition of
PGL-1 and PGL-3 for their efficient autophagic degradation
(Fig. 3 C). Germline P granules exhibit liquid-like properties,
which may be because they lack SEPA-1 and EPG-2 but contain
multiple other RNA-binding proteins (RBPs) not present in PGL
granules (Brangwynne et al., 2009; Strome, 2005).

LLPS mediates the assembly of aggregates containing p62 and
polyubiquitinated proteins

Misfolded proteins are constitutively produced in cells. Their levels
are elevated by genetic mutations, impairment of the folding ma-
chinery, and alterations of the intracellular environment (Alberti
and Hyman, 2016; Mateju et al., 2017). Molecular chaperones assist
refolding of proteins in aberrant conformations. When the capacity
of the folding machinery is overwhelmed, misfolded proteins are
removed by the ubiquitin-proteasome system (UPS) and the au-
tophagy pathway to maintain cellular homeostasis. For degradation
by autophagy, misfolded proteins are ubiquitinated and form ag-
gregates, a process that is mediated by a family of receptor proteins
such as p62/sequestosome 1 (Komatsu et al., 2007). p62 contains
a self-polymerization PB1 domain, a ubiquitin-associating (UBA)
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domain, and an LC3/Atg8-interacting region (Bjgrkey et al., 2005;
Komatsu et al., 2007; Pankiv et al., 2007).

Phase separation occurs when p62 is mixed in vitro with
substrates carrying two or more ubiquitin chains (each chain
containing three or more ubiquitin moieties) or with long
ubiquitin chains that are not attached to proteins (Fig. 4 A; Sun
et al., 2018; Zaffagnini et al., 2018). The phase separation re-
quires PBl domain-mediated polymerization and the p62-
ubiquitin interaction and is modulated by the valency of the
polyubiquitin chains and the p62-polyubiquitin chain binding
affinity (Sun et al., 2018; Zaffagnini et al., 2018). p62 condensate
formation is facilitated by increasing the binding affinity of p62,
such as through phosphorylation of Ser 403 in the UBA domain,
and it is attenuated by reducing the binding affinity of p62, such
as through the M404T and G411S mutations in the UBA domain,
which are found in Paget’s disease of bone (Danieli and Martens,
2018; Sun et al., 2018; Zaffagnini et al., 2018). In condensates
formed in vitro, p62 forms filaments that are cross-linked by
polyubiquitin chains. p62 is relatively static, while polyubiquitin
chains exhibit high mobility (Sun et al., 2018; Zaffagnini et al.,
2018). In living cells, p62 shows a higher mobility in condensates
(Sun et al., 2018; Zaffagnini et al., 2018), which suggests that
other cellular factors such as chaperones and/or modifications
modulate the fluidity of condensates.

Degradation of p62 condensates is promoted by Alfy, the
BEACH-containing protein WDR81, and the PBl and UBA
domain-containing protein NBRI, all of which associate with
p62 and LC3 (Clausen et al., 2010; Filimonenko et al., 2010;
Kirkin et al., 2009; Liu et al., 2017). These factors may facilitate
phase separation and/or their interactions with IMs. The p62
condensates show gel-like behaviors, namely slow fusion and
low mobility (Sun et al., 2018; Zaffagnini et al., 2018), which
suggests that the gel-like state may ensure efficient autophagic
degradation of these condensates. Consistent with the notion
that higher liquidity is not favorable for degradation, over-
expression of NBR1, which promotes p62-mediated phase sep-
aration and also dramatically increases the mobility of p62 in the
condensates, impairs autophagic degradation of p62 condensates
(Sanchez-Martin et al., 2020; Zaffagnini et al., 2018). Aberrant
p62-positive aggregates, such as Mallory-Denk bodies, al anti-
trypsin aggregates, Lewy bodies, and huntingtin aggregates,
accumulate in a diversity of diseases (Yamamoto and Simonsen,
2011). These aggregates are enriched in disease-specific con-
stituents as well as p62. It remains largely unknown how the
different constituents specify the formation and material prop-
erties of p62 condensates that can escape from autophagic
degradation.

Phase separation mediates the assembly of SGs

When cells experience adverse conditions such as heat, osmotic
stress, oxidative stress, and proteasome inhibition, a stress-
adaptive response occurs in which translationally stalled
mRNAs, associated preinitiation factors, and other proteins as-
semble into SGs (Guzikowski et al., 2019; Kedersha et al., 2013;
Panas et al., 2016; Riback et al., 2017). SGs are heterogeneous
in composition. The scaffold factor that nucleates SG assembly
varies in different cell types and under different stresses
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(Guzikowski et al., 2019). For example, the RBP G3BP1 is es-
sential for SG assembly in response to arsenite treatment, but
not to heat shock or osmotic stress (Yang et al., 2020). Prion-like
RBPs, including hnRNPA1, hnRNPA2, TIAl, TDP-43, and FUS,
undergo stress-triggered nucleus-to-cytoplasm transport and
accumulate in SGs (Guzikowski et al., 2019). Overexpression of
SG-resident prion-like RBPs can also lead to SG formation. Upon
stress cessation, the translationally stalled mRNAs can resume
translation.

SGs are assembled via LLPS that is driven by protein-protein,
RNA-protein, and RNA-RNA intermolecular interactions (Fig. 4
B). The LCD-harboring prion-like RBPs phase separate into lig-
uid droplets that further transition into hydrogels and solid fi-
brillar structures in vitro (Lin et al., 2015; Molliex et al., 2015;
Murakami et al., 2015; Patel et al., 2015; Riback et al., 2017).
RNAs play dual roles in regulating SG assembly. Low RNA/
protein ratios facilitate, while high RNA/protein ratios inhibit,
LLPS of prion-like RBPs (e.g., TDP-43, FUS, and hnRNPAL; Lin
et al., 2015; Maharana et al., 2018; Molliex et al., 2015).

The dynamics and material state of SGs are influenced by
molecular composition, chaperone-mediated surveillance sys-
tem, RNA, and PTMs (Fig. 4 B; Kroschwald et al., 2015). Mis-
folded proteins, such as defective ribosomal products resulting
from prematurely terminated polypeptides, are gradually re-
cruited into SGs under severe or prolonged stress conditions.
Incorporation of misfolded proteins reduces the dynamics and
disassembly kinetics of SGs (Ganassi et al., 2016; Kroschwald
et al., 2015; Mateju et al., 2017). The activity of chaperones
such as HSP70 and HSP27 counteracts the accumulation of
misfolded proteins in SGs and facilitates SG disassembly when
the stress is mitigated (Ganassi et al., 2016; Kroschwald et al.,
2015; Mateju et al., 2017; Panas et al., 2016). The SG-resident
AAA-ATPase VCP promotes SG disassembly, probably by facil-
itating extraction of ubiquitinated proteins from SGs (Buchan
et al., 2013; Mateju et al., 2017). The autophagy proteins ULK1
and ULK2 also accumulate in SGs, in which they phosphorylate
and activate VCP to promote SG dynamics (Wang et al., 2019).
The nuclear transport receptors Karyopherin-p2 (KapB2; also
known as transportin-1) for proteins harboring the C-terminal
Pro-Tyr NLS, and the Importin-a/KapPl complex for proteins
harboring a classic NLS also act as chaperones to prevent
and/or reverse phase separation and fibrillization of Pro-Tyr
NLS-containing RBPs (e.g., FUS, TAF15, EWSRI, hnRNPA1, and
hnRNPA2), and classic NLS-containing protein such as TDP-43,
respectively (Guo et al., 2018; Hofweber et al., 2018; Qamar et al.,
2018; Yoshizawa et al., 2018). In living cells, Kapf2 inhibits FUS,
hnRNPAL1, and hnRNPA2 accumulation in SGs (Guo et al., 2018;
Hofweber et al., 2018). By modulating intermolecular RNA-RNA
interactions, ATP-dependent DEAD-box RNA helicases such as
elF4A act as RNA chaperones to counteract the recruitment
of RNAs to SGs and reduce SG formation (Tauber et al., 2020).
The SG-localized protein Ubiquillin-2 (UBQLN2) promotes the
dynamics of protein-RNA interaction and thus negatively reg-
ulates SG formation (Alexander et al., 2018). PTMs of SG com-
ponents also modulate phase separation and transition of
SGs. Multivalent poly(ADP-ribose) promotes LLPS of poly(ADP-
ribose)-binding prion-like RBPs such as FUS and TDP-43 and
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Figure 4. Phase separation of p62-polyubiquitinated protein aggregates and SGs. (A) LLPS mediates the assembly of condensates containing p62 and
polyubiquitinated proteins. p62 polymerizes and interacts with ubiquitin to drive LLPS. In the condensates, p62 forms filaments via PB1 polymerization, while
the polyubiquitinated proteins cross-link the p62 filaments via ubiquitin-UBA domain interaction. p62 aggregates are selectively enclosed by autophagosomal
membranes. LIR, LC3-interacting region; PBL, self-polymerization Phox and Bem1 (PB1) domain; UBA, UBA domain; ZZ, ZZ-type zinc-finger domain. (B) SGs are
assembled via LLPS. SGs contain translationally stalled mRNAs, associated preinitiation factors, and various prion-like RBPs. Once the SG-inducing stress is
mitigated, SGs rapidly disassemble with the assistance of chaperone proteins, VCP, and RNA helicases. A subset of SGs that fail to disassemble are subjected to
autophagic degradation. Incorporation of misfolded proteins or mutations in SG-resident prion-like RBPs causes aberrant transition of SGs into solid fibrillar

structures, resulting in their accumulation.

their accumulation in SGs (Leung et al., 2011; McGurk et al., 2018;
Patel et al, 2015). DNA-dependent protein kinase-mediated
phosphorylation of the FUS LCD inhibits phase separation
(Monahan et al., 2017; Murray et al., 2017). Arginine methylation
of RG/RGG repeats, which disrupts arginine-mediated cation-nt
intermolecular interactions, also impairs phase separation and so-
lidification of FUS and hnRNPA2 and reduces their SG association
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(Hofweber et al., 2018; Qamar et al., 2018; Ryan et al., 2018). Thus,
multiple mechanisms are employed to modulate the formation and
dynamics of SGs.

SGs are selectively degraded by autophagy
Once the adverse stress is alleviated, the majority of SGs rapidly
disassemble with the assistance of chaperone proteins such as
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the HSPB8-BAG3-HSP70 complex (Ganassi et al., 2016). A sub-
set of SGs, which may undergo slow or no disassembly, are
targeted for autophagic degradation (Fig. 4 B; Buchan et al., 2013;
Ganassi et al., 2016; Chitiprolu et al., 2018; Mateju et al., 2017).
p62, which is dispensable for SG formation, associates with
C90RF72 to mediate autophagic degradation of SGs (Chitiprolu
et al., 2018). Ubiquitinated proteins are not enriched in SGs.
Instead, the p62-C9ORF72 complex, together with the Tudor
protein SMN, recognizes symmetrically methylated arginines in
SG-resident proteins such as FUS (Chitiprolu et al., 2018). VCP
also facilitates autophagic degradation of SGs via an unknown
mechanism (Buchan et al., 2013; Mateju et al., 2017). Dysfunc-
tional autophagy, or mutations in genes encoding proteins in-
volved in SG degradation, such as p62 and VCP, causes
persistence of SGs (Buchan et al., 2013). The mechanism that
makes a specific subset of SGs amenable to autophagic degra-
dation is unknown. The material state may be a key determining
factor.

Accumulation of SGs has been associated with pathogenesis
of a group of degenerative diseases, including inclusion body
myopathy, amyotrophic lateral sclerosis (ALS), frontotemporal
dementia (FTD), and multisystem proteinopathy (Aguzzi and
Altmeyer, 2016; Alberti and Hyman, 2016). Mutations in SG-
resident prion-like RBPs, including TDP-43, FUS, hnRNPAI,
hnRNPA2B1, hnRNPDL, and TIA-1, accelerate the aberrant
transition of SGs into solid fibrillar structures, resulting in their
accumulation (Lin et al., 2015; Molliex et al., 2015; Murakami
et al., 2015; Niaki et al., 2020; Patel et al., 2015; Riback et al.,
2017; Ryan et al., 2018). For FUS, different ALS/FTD-linked
mutations promote phase transition via distinct mechanisms
such as diminishing dynamic protein-RNA binding (e.g., R244C
missense mutation in FUS), accelerating aberrant phase tran-
sition (e.g., G156E missense mutation in FUS), or increasing its
cytoplasmic concentration and rendering it less sensitive to the
chaperone activity of KapP2 (e.g., mutations in the Pro-Tyr NLS
of FUS; Hofweber et al., 2018; Niaki et al., 2020; Patel et al.,
2015). ALS-linked mutations in UBQLN2 impair the ability of
UBQLN2 to regulate FUS-RNA complex dynamics (Alexander
etal., 2018). The ALS-associated repeat expansions in an intron
of C90RF72 result in transcription and translation of repetitive
RNAs and dipeptide repeats. The arginine-rich dipeptide re-
peats promote liquid-to-solid transition of FUS droplets and
reduce the dynamics of SGs (Boeynaems et al., 2017; Lee et al.,
2016). SGs in ALS and FTD also contain high levels of RBPs with
altered PTMs that facilitate phase transition, such as hyper-
phosphorylation of TDP-43 and loss of arginine methylation of
FUS (Hofweber et al., 2018). Aberrant phase transition renders
SGs less susceptible to autophagic degradation and more sus-
ceptible to subsequent pathological accumulation.

Assembly of other autophagy substrates via LLPS

Amyloids formed by the microtubule-associated protein Tau ac-
cumulate in several neurodegenerative diseases such as Alz-
heimer’s disease. Multivalent homotypic interactions of the
lysine-rich microtubule-binding repeats (three or four repeats
resulting from alternative splicing) of Tau drive LLPS. Phospho-
rylation of Ser residues in the repeat by microtubule-associated

Noda et al.

Phase separation and transition in autophagy

TR
(: k(J
IV

protein/microtubule affinity-regulating kinase or coacervation
with negatively charged molecules such as heparin or RNA fa-
cilitates LLPS of Tau repeats and also enhances their transi-
tion into amyloid-like structures (Ambadipudi et al., 2017). A
polyglutamine-expanded exon 1 fragment of the huntingtin pro-
tein (HTTex1) forms aggregates in Huntington’s disease. LLPS of
HTTexl is driven by weak hydrophobic interactions conferred by
the polyQ tract and a Pro-rich region (Peskett et al., 2018). When
the polyQ tract in HTTex1 reaches disease-associated lengths, the
condensates transition into solid-like fibrillar assemblies in living
cells. Autophagy also mediates degradation of Tau and HTTex1
both in cell lines and animal models (Iwata et al., 2005; Kriiger
etal., 2012; Qin et al., 2003; Schaeffer et al., 2012). Aberrant phase
transition of Tau repeats and polyQ tracts may impair their au-
tophagic degradation.

Phase separation and transition control autophagic
degradation or accumulation of protein condensates under
different developmental or stress conditions
Phosphorylation-mediated disassembly of amyloid RIM4 fibrils for
degradation

The dynamic assembly and clearance of amyloid-like ag-
gregates of the translational repressor Rim4 in yeast is es-
sential for progression through meiotic divisions (Berchowitz
et al., 2015). During meiosis I, monomeric Rim4 converts
into amyloid-like aggregates, a process that is mediated
by its IDRs. These aggregates repress the translation of
mRNAs critical for meiosis II progression such as the B-type
cyclin CLB3 and the meiotic ubiquitin ligase activator AMAI
(Berchowitz et al., 2015). At the onset of meiosis II, amyloid-
like Rim4 aggregates are disassembled, a process triggered by
multisite phosphorylation in its IDRs by Ime2 (Carpenter
et al., 2018). Rim4 is then degraded by autophagy and/or the
UPS to enable translation of target mRNAs (Carpenter et al.,
2018; Wang et al., 2020). The number of phosphorylated sites
in the IDRs may cause the disassembly of Rim4 fibers into
monomers or oligomers that are degraded by the UPS and
autophagy, respectively (Carpenter et al., 2018). The coordi-
nated actions of the UPS and autophagy ensure the rapid re-
moval of Rim4 during the short interval between meiosis I
and II.

Modulation of phase separation of PGL granules for

stress adaptation

Protein condensates that are normally removed by autophagy can
escape from degradation under harsh growth conditions. In C.
elegans embryos laid by animals grown under heat stress, PGL-1/
PGL-3 proteins fail to be degraded and instead accumulate into a
large number of granules (Fig. 3 C). LET-363/mTORCI signaling is
required for PGL granules to evade degradation under heat stress
(Zhang et al., 2018). Phosphorylation of PGL-1 and PGL-3 by LET-
363, whose levels are greatly elevated under heat stress, promotes
assembly of PGL granules; the droplet size is increased and the
critical concentration of PGL-1/PGL-3 undergoing LLPS is de-
creased (Zhang et al., 2018). EPG-2, as in embryos at ambient
temperatures, undergoes autophagic degradation during heat
stress. This combination of enhanced PGL granule formation and
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normal EPG-2 degradation means that there is insufficient EPG-
2 to render PGL granules amenable to degradation. Accumulation
of PGL granules in embryos under heat stress is suppressed by
inactivation of mTORCl or overexpression of EPG-2. Heat-
stress-triggered accumulation of PGL granules promotes embry-
onic survival (Zhang et al., 2018). PGL granules may participate in
RNA biogenesis or sequestrate cell death factors. Thus, levels of
mTORCl-mediated phosphorylation of PGL-1/PGL-3 are tightly
controlled to ensure their degradation or accumulation to provide
a fitness advantage under heat stress.

Conclusion and perspectives

Recent studies demonstrate that phase separation and transition
act at different steps of autophagy. LLPS of Atg proteins mediates
the organization of autophagosome formation sites in yeast. In
multicellular organisms, it has yet to be determined whether the
autophagy initiation complexes are also assembled via LLPS and,
if so, how the autophagy induction signals trigger LLPS of the
ULKI complex and how distinct ATG protein complexes are dy-
namically recruited. LLPS also triages protein cargoes for selective
autophagic degradation, which involves the tight association of
condensates with the surrounding IMs. Many questions about
LLPS-mediated assembly of autophagy substrates remain to be
addressed. Different types of protein condensates have distinct
compositions. For example, in C. elegans, PGL granules are distinct
from SQST-1/p62 aggregates (Tian et al., 2010). How is the com-
position of distinct phase-separated condensates specified in liv-
ing cells? Phase-separated condensates occur in a range of states,
from liquid-like to solid structures, which are modulated by
composition, PTMs, and mutations in key components. Delivery
of Apel condensates and PGL condensates to the vacuole/lyso-
somes indicates that the gel-like state is essential for building up
surrounding membranes. The gel-like state may be a common
theme in selective cargo clearance by autophagy. Liquid-like and
solid condensates may fail to elicit membrane shape changes
during IM expansion. The rapid coalescence of liquid-like con-
densates may also lead to excessively large structures that exceed
the relatively fixed autophagosome size. How do animal cells
sense and integrate stresses into specification of the material
properties of protein condensates? Phase separation and transi-
tion determine the autophagic degradation or accumulation of
PGL granules under normal and stress conditions. Is this mecha-
nism generally employed in other systems under certain growth
conditions to induce accumulation of proteins that are normally
degraded?

Studies of selective autophagy of protein condensates in
yeast and C. elegans model systems also provide insights into
the regulation and function of LLPS in diseases. Aberrant
solidification of protein condensates, resulting from muta-
tions in a key constituent protein or impaired chaperone
surveillance, inhibits their efficient removal by autophagy.
Accumulation of solid protein condensates is an early and
critical process in the pathogenesis of protein aggregation
diseases. Investigating the specification and regulation of
the biophysical properties of protein condensates will help
the design of therapeutic interventions for mitigation of
aberrant protein aggregate accumulation.
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