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Abstract: RNA-binding proteins (RBPs) and RNAs can form dynamic, liquid droplet-like cytoplasmic
condensates, known as stress granules (SGs), in response to a variety of cellular stresses. This process
is driven by liquid–liquid phase separation, mediated by multivalent interactions between RBPs and
RNAs. The formation of SGs allows a temporary suspension of certain cellular activities such as
translation of unnecessary proteins. Meanwhile, non-translating mRNAs may also be sequestered
and stalled. Upon stress removal, SGs are disassembled to resume the suspended biological processes
and restore the normal cell functions. Prolonged stress and disease-causal mutations in SG-associated
RBPs can cause the formation of aberrant SGs and/or impair SG disassembly, consequently rais-
ing the risk of pathological protein aggregation. The machinery maintaining protein homeostasis
(proteostasis) includes molecular chaperones and co-chaperones, the ubiquitin-proteasome system,
autophagy, and other components, and participates in the regulation of SG metabolism. Recently,
proteostasis has been identified as a major regulator of SG turnover. Here, we summarize new
findings on the specific functions of the proteostasis machinery in regulating SG disassembly and
clearance, discuss the pathological and clinical implications of SG turnover in neurodegenerative
disorders, and point to the unresolved issues that warrant future exploration.

Keywords: stress granule; chaperones; UPS; autophagy; ubiquitin; VCP; G3BP

1. Introduction

Stress granules (SGs) are phase-separated biomolecular condensates of RNA-binding
proteins (RBPs) and mRNAs, which form liquid droplet-like, membraneless cytoplas-
mic compartments in response to stress. The primary function of SGs is to promote cell
survival in stress by providing a temporary reservoir for storing translationally stalled
mRNAs, RBPs, and ribosomal proteins. The low-complexity domain contained in many
SG-associated RBPs tends to be intrinsically disordered and serves as a driving force for
lipid-lipid phase separation (LLPS) that initiates the assembly of SGs [1,2]. Meanwhile, the
composition and concentration of RBPs, the species and abundance of RNAs, the interac-
tion between RBPs and between RBPs and RNAs, and the post-translational modifications
(PTMs) of RBPs, as well as factors in the micro-environment such as pH, ionic concentration,
temperature, and metabolites can also regulate or modify the process of phase separation
and SG assembly [1,3–5].

In normal cells, SGs are promptly disassembled when stress is relieved. In diseased
conditions, aberrant SG assembly and/or liquid-to-solid phase transition may occur, trigger-
ing the formation of solid protein aggregates that are considered pathogenic in neurodegen-
erative diseases (Figure 1a). Disease-causal mutations in the genes encoding SG-associated
RBPs are shown to alter the protein properties, making them less soluble and inclined to
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aggregate [4,6,7]. In addition, protein misfolding is increased during cellular stress and
proteostasis disturbance. Misfolded proteins appear to accumulate in SGs, making the latter
lose the liquid-like dynamics and form protein aggregation [2]. Thus, while the assembly
and function of SGs have been a hot topic for research in the past decade, the role of SG
turnover in preventing pathological protein aggregation has become increasingly clear and
the molecular mechanisms regulating SG disassembly and clearance are emerging.
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Figure 1. A schematic of the formation and turnover of SGs. (a) Cellular stress induces the assembly
of SGs containing RBPs and RNAs. Under diseased conditions such as in prolonged stress or induced
by pathogenic mutations, aberrant SGs and/or protein aggregation are formed in cells. (b) Upon
removal of stress, dynamic SGs are promptly disassembled by molecular chaperones, the UPS and
VCP, whereas aberrant SGs and solid protein aggregates are cleared via the autophagy pathway.
Abbreviations: RBPs, RNA-binding proteins; SGs, stress granules; UPS, ubiquitin-proteasome system;
VCP, valosin-containing protein.

Protein homeostasis (proteostasis) refers to a balanced state in which proteins are
maintained in the proper conformations, concentrations, and subcellular locations so that
they can execute their cellular functions to maintain the integrity and functionality of a
cell [8]. A sophisticated system has evolved to regulate proteostasis in cells, which controls
the entire life cycle of proteins from synthesis to disposal. The proteostasis regulation
system involves a variety of components, including the translational machinery, molecular
chaperones and co-chaperones, the ubiquitin-proteasome system (UPS), and the autophagy
pathway. Proteostasis disturbance is evident in normal aging and is associated with age-
related neurodegenerative diseases [9,10]. In particular, malfunction of the UPS and/or
autophagy can lead to accumulation and aggregation of misfolded proteins and impair
organelles as well as biomolecular condensates such as SGs, which may further accelerate
the degeneration process [10].

The alterations of the micro-environment and chronic stress during aging can lead to
SG assembly and accumulation, which in turn may promote aging and age-related diseases.
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The related topics have been reviewed elsewhere [4,11,12] and are not examined here, as this
mini-review focuses on the recent advances in our understanding of the molecular players
and mechanisms regulating SG turnover. In this review, we first go through the major
players regulating the disassembly of SGs, including the molecular chaperones, the UPS,
the ubiquitin-dependent segregase valosin-containing protein (VCP), and other factors.
Next, we summarize the recent findings on autophagy-mediated clearance of aberrant
SGs and SG-derived protein aggregation (Figure 1b). Finally, we discuss the unsolved key
questions in SG turnover with the prospect of developing novel therapeutic strategies.

2. Proteostasis Regulation in the Disassembly of Stress Granules
2.1. Molecular Chaperones

Molecular chaperones are a class of proteins that assist in protein folding and re-
folding as well as the assembly of protein complexes. Heat shock proteins (Hsps) are
probably the most extensively studied chaperones, which are divided into sub-families
according to their molecular weight, including Hsp90s, Hsp70s, Hsp40s, and small Hsps.
Hsps play a vital role in refolding, degradation, and sequestration of misfolded proteins in
either an ATPase-dependent or ATPase-independent manner [13]. Mutations in the genes
encoding Hsps, such as DNAJC6, DNAJC9, and HSPB1, are reported to cause Parkinson’s
disease, autosomal recessive spastic ataxia of Charlevoix-Saguenay, and CharcotMarie-
Tooth neuropathy [14,15]. Furthermore, overexpression (OE) of Hsps in a variety of cell
and animal models of neurodegenerative diseases is shown to reduce pathological protein
aggregation [16]. In addition, recent advances in the research of chaperones have high-
lighted a new layer of their regulation in proteostasis and cellular homeostasis. This is
related to the ability of Hsps to regulate protein phase separation and/or phase transition,
thereby regulating SG disassembly and preventing misfolded proteins from accumulating
in SGs (Table 1).

Table 1. Chaperones in SG disassembly.

Name Function in SG Disassembly References

Hsp70

Prevent misfolded proteins from accumulation [17,18]

Prevent liquid-to-solid phase
transition of FUS and TDP-43 [19,20]

Hdj1 Prevent liquid-to-solid phase transition of FUS [21]

HspB8 Prevent misfolded proteins from accumulation [17]

HspB1 Inhibit LLPS of FUS and its association with SGs [22]

Hsp90 Enhance DYRK3 activity that promotes
SG disassembly [23]

Molecular chaperones regulate SG disassembly and clearance. Hsp70 is one of the
first Hsps shown to facilitate SG disassembly, and it plays a central role in this regulation.
Upregulation of Hsp70 promotes SG disassembly and translation restoration in cells after
being released from heat shock in Drosophila melanogaster [24], whereas deficiency of Hsp70
delays SG disassembly in both yeast [25] and mammalian cells [17,18]. Ydj1 and Sis1,
two Saccharomyces cerevisiae Hsp40 molecular chaperones, are the co-chaperone of Hsp70,
which determine the substrate specificity and enhance the ATPase activity of Hsp70. Hsp70
as well as Ydj1 and Sis1 proteins are found accumulating in SGs and the defects in the
latter two reduce the disassembly and/or clearance of SGs [25]. Pharmacological activation
of Hsp70 has been shown to reduce aggregation of huntingtin and alpha-synuclein. For
example, YM-1 is a pharmacological mimetic of Hip (a co-chaperone that enhances binding
of Hsp70 to its substrates), which could allosterically activate Hsp70 and rescue polyg-
lutamine toxicity in a Drosophila model of spinobulbar muscular atrophy [26]. Likewise,
activation of Hsp70 with YM-1 also modulated huntingtin proteostasis by reducing aggre-
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gation of huntingtin, which hence holds potential for treating Huntington’s disease [27].
MAL1-271, a synthetic molecule directly increasing the ATPase activity of Hsp70, reduced
synuclein aggregation in a model of Parkinson’s disease [28].

As mentioned above, a fundamental role of molecular chaperones is that they facili-
tate protein folding and prevent the accumulation of misfolded proteins. This function is
also essential for maintaining the assembly–disassembly dynamics of SGs. For instance,
VER-155008, a potent small molecule inhibitor of the Hsp70 family, induces substantial
SG-localized accumulation of misfolded proteins resulting in aberrant SG formation, and
the disassembly of these SGs requires the functional HspB8-BAG3-Hsp70 chaperone com-
plex [17,18]. Of note, HspB8 is a small Hsp that binds misfolded proteins and subsequently
confers them to Hsp70, while BAG3 is a nucleotide exchange factor that endows the func-
tional specificity of Hsp70. The HspB8-BAG3-Hsp70 complex not only helps with the
autophagic degradation of misfolded proteins [29], but also assists in removing misfolded
proteins from SGs to facilitate SG turnover [17]. Besides, another small Hsp, HspB1, has
been shown to inhibit the LLPS of fused in sarcoma (FUS), which prevents the localization
and association of FUS with SGs, suggesting that the LLPS capability of RBPs may be
required for their partitioning in SGs [22].

In addition to regulating the LLPS of the SG-associated RBPs, a few recent studies have
demonstrated that some molecular chaperones can phase separate on their own and/or co-
phase separate with RBPs, thereby preventing liquid-to-solid phase transition of SGs. For
example, human Hsp40 proteins such as Hdj1 (DNAJB1) and Hdj2 (DNAJA1) display an
intrinsic property of LLPS, and mutations in Hdj1 that disrupt its LLPS capability decrease
its co-LLPS with FUS, reduce its association with SGs, and promote maturation of FUS into
solid fibrils [21]. Likewise, Hsp70 exhibits the capability to phase separate with TDP-43 [19]
and with FUS [20], thereby stabilizing them in the phase-separated, liquid-like state and
preventing the proceeding to toxic aggregation.

The chaperone Hsp90 is thought to function downstream of Hsp70 in regulating
protein folding [30]. Although inhibition of the ATPase activity of Hsp90 barely elicits
any accumulation of misfolded proteins inside SGs, Hsp90 can promote SG disassembly
due to its interaction and stabilization of the dual-specificity tyrosine-phosphorylation-
regulated kinase 3 (DYRK3) [23], as the active DYRK3 promotes SG disassembly and
restores mTORC1 signaling and translation [23,31].

2.2. The Ubiquitin-Proteasome System (UPS)

The UPS is the primary ubiquitin-mediated proteolytic pathway that is responsible
for the elimination of over 80% of damaged or misfolded proteins in eukaryotic cells [32].
It comprises proteasomes, ubiquitin, various protein adaptors, and enzymes that regu-
late ubiquitination and deubiquitination of substrate proteins. The UPS can recognize
ubiquitinated misfolded proteins and subject them to proteasomes for timely degrada-
tion [33]. When the functional capacity of the UPS is impaired in diseased conditions or
when misfolded proteins somehow escape from the protein quality control system, they
accumulate and form pathological aggregation. Recent research in proteasome biology has
demonstrated that genetic or pharmacological enhancement of the proteasome function
can alleviate the neurodegenerative phenotypes in animal models [33].

The UPS also plays a pivotal role in regulating the assembly–disassembly of SGs. First,
interruption of the UPS function, such as by the proteasome inhibitor MG132, induces
proteostasis stress, which can elicit SG formation in cells [17,34]. Secondly, pharmacological
inhibition of the ubiquitin-activating enzyme or proteasomes delays the disassembly of
heat shock- and arsenite-induced SGs after the stress is relieved [35–37]. Thirdly, the
deubiquitinases USP5 and USP13 are recruited to heat shock-induced SGs [38], and the
recovery of heat shock-induced SGs is repressed with genetic depletion or pharmacological
inhibition of the deubiquitinases [37,38].

The proteasome can provide an on-site degradation machinery for SG-localized mis-
folded proteins. For example, AN1-type zinc finger protein 1 (ZFAND1) delivers substrates
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to proteasomes under cellular stress [39], and it can be mobilized to arsenite-induced SGs,
and it then recruits proteasomes to SGs [35]. Consistent with this function, the impairment
of ZFAND1 or inhibition of proteasomes leads to the accumulation of misfolded proteins
in SGs, subsequently eliciting the formation of aberrant SGs and/or protein aggregates
that are subject to autophagic clearance [35]. Moreover, the proteasome foci can exhibit
properties of liquid droplets [40] and stress can trigger the routing of protein clients to the
degradation condensates [41].

Notably, the UPS also regulates the recruitment of RBPs into SGs. This regulation
involves the PTM of SUMOylation, which covalently attaches a small ubiquitin-like modi-
fier (SUMO) protein to the substrate proteins [42]. Protein SUMOlytion is found in SGs,
and SUMOlytion of RBPs modulates the processes of both assembly and disassembly of
SGs [43]. In particular, RING-type ubiquitin ligase 4 (RNF4), a mammalian SUMO-target
ubiquitin ligase, mediates SUMO-primed ubiquitination and degradation of SG-associated
RBPs in the nucleus during proteotoxic stress, and its impairment not only precludes
the entry of a disease-associated FUS mutant into SGs but also dramatically delays SG
disassembly upon stress relief [44].

In summary, the functional UPS maintains cellular proteostasis. Upon stress, cyto-
plasmic proteasomes are mobilized to SGs to enable on-site degradation of SG-localized
proteins. Meanwhile, nuclear proteasomes are also present with misfolded RBPs in
the nucleus, whose timely degradation prevents their translocation and deposition into
cytoplasmic SGs.

2.3. Valosin-Containing Protein (VCP)/p97

The protein unfoldase VCP/p97 is an AAA+-type ATPase, which extracts ubiquiti-
nated substrates from protein complexes, membranes, and aggregates, and subjects them
to refolding or proteasomal/autophagic degradation [45]. Moreover, VCP can enhance
proteasomal activity and regulate autophagosome formation and maturation. Mutations in
VCP predispose humans to amyotrophic lateral sclerosis (ALS) and frontotemporal degener-
ation dementia (FTD), and VCP-associated ALS/FTD is characterized by ubiquitin-positive
cytoplasmic inclusions containing TDP-43 [45,46].

The initial link of VCP to SG turnover came from the observation that depletion or
pathogenic mutations in VCP as well as inhibition of autophagy reduced SG clearance [47].
Later, VCP was shown to be co-recruited with the 26S proteasome to SGs, which promoted
SG disassembly [35]. Phosphorylation of VCP by unc-51-like autophagy activating kinases 1
and 2 (ULK1/2) activated VCP and enhanced its ability to disassemble heat shock-induced
SGs; however, loss-of-function of autophagy-related genes (Atgs) such as Atg7 did not
impair SG disassembly in mouse embryonic fibroblast cells or cause the same muscle
pathology elicited by ULK1/2 deficiency in mice [48], thereby suggesting an autophagy-
independent mechanism.

A recent study on the Ras-GTPase-activating protein-binding protein 1 (G3BP1) has
provided novel insights into the function and molecular mechanism of VCP in regulating
SG turnover [36]. Specifically, heat shock induces ubiquitination of G3BP1, and ubiquiti-
nated G3BP1 interacts with VCP that dissociates G3BP1 from SGs. This process is medi-
ated by the endoplasmic reticulum (ER)-associated VCP adaptor protein, FAS-associated
factor 2 (FAF2), which recognizes ubiquitinated G3BP1 and recruits VCP to SGs. As a
nucleating protein of the SG network of RBPs and RNAs, extraction of G3BP1 from SGs
by VCP results in SG collapse and disassembly (Figure 2). In addition, SG turnover is
context-dependent: acute heat shock-induced SGs are dismissed via the above-described
mechanism by VCP, whereas SGs formed during prolonged heat stress are cleared via the
autophagy pathway [36].
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Figure 2. VCP extracts G3BP1 from SGs and triggers SG disassembly. G3BP is an essential protein
and the core of the interaction network of SGs. Upon heat shock, G3BP1 in SGs undergoes massive
ubiquitination. The ER-associated protein FAF2 recognizes ubiquitinated G3BP1 and delivers it to
VCP. The “extraction” of G3BP1 from SGs by VCP triggers the dissociation of the other SG proteins,
leading to the disassembly of SGs. Abbreviations: ER, endoplasmic reticulum; FAF2, FAS-associated
factor 2; G3BP1, Ras GTPase-activating protein-binding protein 1; SGs, stress granules; Ub, ubiquitin;
VCP, valosin-containing protein.

3. Clearance of Stress Granules and Aggregates via the Autophagy Pathway
3.1. Autophagy

Autophagy is a fundamental and evolutionarily conserved cellular degradation path-
way, by which protein aggregates, damaged organelles, and other unnecessary or dys-
functional cellular components are removed via lysosome-mediated degradation [49].
Autophagy receptors such as p62, also known as sequestosome 1 (SQSTM1), contain LC3-
interacting regions, which recognize the substrates via ubiquitin and lipid-based signals.
The phagophore grows and engulfs the targets, forming a closed, double-membrane vesicle
known as autophagosome that fuses with a lysosome for degradation and recycling [50].
Autophagy is crucial for stress adaptation and proteostasis regulation [51], and autophagyic
and endolysosomal dysfunction is linked to various human diseases [52]. Furthermore,
multiple lines of genetic and pharmacological evidence have demonstrated the promi-
nent role of autophagy in SG clearance [47,53–57]. Thus, pharmacological activation of
autophagy has been proposed as a potential therapeutic means to restore proteostasis and
exert beneficial effects in neurodegenerative disorders [58].
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3.2. p62/Sequestosome 1 (SQSTM1)

Delivery of SGs to autophagic degradation relies on the autophagy receptors, such
as p62/SQSTM1. Notably, SQSTM1 is a causative gene in patients with ALS [59] and
FTD [60,61], and its protein p62 is found in the pathological protein inclusion in patients
with ALS/FTD [62–64] and in SGs colocalized with the autophagosome marker LC3-II [35].
The association of p62 with SGs is enhanced in persisting SGs [65] and SGs containing an
ALS/FTD-linked FUS mutant [53]. Meanwhile, it is shown that a K63 polyubiquitin (poly-
Ub) chain can induce p62 phase separation in vivo and in vitro, which recruits LC3-II and
fosters autophagic degradation of p62 [66]. Given that chaperones such as Hsp27, Hsp40,
and Hsp70 are recruited to SGs by co-phase separation with RBPs [19–22], it is possible that
p62 is partitioned into SGs by poly-Ub-induced phase separation that promotes autophagic
clearance of p62-associated aberrant SGs.

p62 can recognize methylated proteins in addition to ubiquitinated proteins. SG-
associated RBPs such as FUS are symmetrically methylated on arginines, which are rec-
ognized by another ALS-linked protein survival motor neuron (SMN). SMN then brings
p62 to arginine-methylated RBPs, triggering the p62-mediated autophagic clearance of
SGs [56]. Patients with C9ORF72 repeat expansions, the major genetic cause of ALS [67],
accumulate arginine-dimethylated proteins that co-localize with p62, whereas mice lacking
p62 accumulate arginine-methylated proteins [56]. These findings suggest that C9ORF72
associates with the autophagy receptor p62 and affects autophagy-dependent elimination
of SGs. Given that SGs are rich in arginine-containing RBPs [68,69], protein methylation at
arginines may serve as a unique signal for p62-mediated autophagic clearance of SGs.

3.3. Chaperonin-Containing TCP-1 Subunit 2 (CCT2)

The TRiC (chaperonin TCP-1 ring complex) subunit chaperonin-containing TCP-1
subunit 2 (CCT2) is a newly identified aggrephagy receptor in mammals, which specifically
mediates the elimination of solid aggregates, but not liquid-like condensates, via the au-
tophagy pathway. Additionally, it is shown that CCT2 functions independently of ubiquitin
or the TRiC complex to facilitate the autophagic clearance of solid protein aggregates [70].

Although a direct role of CCT2 in SG clearance has yet to be demonstrated, multiple
lines of evidence suggest its possible involvement. First, the subunits of TRiC are abun-
dantly expressed in SGs [69]. Secondly, the TRiC complex functions to prevent protein
aggregation [71] and CCT2 is associated with aggregation-prone proteins [72,73], while
SGs are enriched with aggregation-prone RBPs [74–79]. Thirdly, CCT2 interacts with FUS
and OE of CCT2 enhances autophagic clearance of mutant FUS only when it becomes
solid aggregates [70]. Thus, it is possible that different autophagy receptors govern the
clearance of SGs at different phases. p62 recognizes protein ubiquitination and arginine
methylation in aberrant, less dynamic SGs, whereas CCT2 mediates the clearance of solid
protein aggregates that are derived from liquid-to-solid phase transition of SGs.

4. Concluding Remarks

As summarized in Figure 3, to maintain the liquid-like, dynamic property of the
phase separated SGs, various factors and pathways in cells participate in the regulation
of the SG disassembly, such as the molecular chaperones (which co-phase separate with
SG-associated RBPs and prevent the liquid-to-solid phase transition of SGs), the UPS (which
performs on-site degradation of SG-localized misfolded proteins), and VCP (which extracts
G3BP1 from SGs and causes the subsequent SG disassembly). When aberrant SGs form
or SGs become solid aggregation, the autophagy receptors p62 and CCT2 recognize and
target aberrant SGs and solid aggregates for autophagy-mediated clearance, respectively.
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Figure 3. The turnover of SGs—disassembly and clearance. (a) The disassembly of liquid-like,
dynamic SGs are mediated by molecular chaperones, the UPS and VCP. Chaperones prevent liquid-
to-solid phase transition of SGs by co-phase separation with SG-associated RBPs; the proteasome pro-
vides an on-site degradation machinery for elimination of misfolded proteins in SGs; and VCP disso-
ciates ubiquitinated G3BP1 from SGs, trigging SG disassembly. (b) Aberrant, persisting SGs and solid
protein aggregates are recognized by the autophagy receptors p62 and CCT2, respectively, which are
subsequently eliminated by autophagic degradation. Abbreviations: CCT2, chaperonin-containing
TCP-1 subunit 2; G3BP1, Ras GTPase-activating protein-binding protein 1; RBP, RNA-binding protein;
SGs, stress granules; UPS, ubiquitin-proteasome system; VCP, valosin-containing protein.

Although the UPS enables a highly efficient degradation of SG-localized misfolded
proteins, it is unclear how exactly these proteins are recognized within SGs and sorted
out for degradation by the UPS. G3BP1/2 are so far the only SG-associated RBPs that
have been proven essential for SG assembly, as their knockout disables the formation of
SGs [80–82] and their removal by VCP is sufficient to trigger SG disassembly [36]. What
makes G3BP1/2 so unique, sequence- and structure-wise? Does VCP extract any other SG-
associated protein or any protein associated with other ribonucleoprotein granules such as
P body and nuclear bodies? The autophagy pathway plays a major role in the clearance of
aberrant SGs and SG-derived protein aggregation. In chronic neurodegenerative diseases,
however, the liquid-to-phase transition and maturation of SGs to pathological aggregation
are often gradually developed. So, how do cells surveil the states of SGs and promptly
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recognize the aberrant SGs and aggregation? Along the line, protein ubiquitination appears
to be a molecular signal used for both degradation of misfolded proteins and turnover of
aberrant SGs. As such, when an SG-associated RBP, e.g., G3BP1/2, is ubiquitinated, how
do cells distinguish whether the ubiquitination of G3BP1/2 is to label it for routine protein
degradation or to signal the SGs for disassembly and/or clearance?

Finally, given the association of the proteostasis regulation and SGs in neurodegen-
erative diseases, there have been therapeutic attempts targeting molecular chaperones,
the UPS, and autophagy [16,33,58]. With recent advances in the understanding of the
regulation of SG disassembly and clearance, novel intervention strategies should be con-
sidered, such as to enhance co-LLPS of Hsps with RBPs, to improve the function of VCP
in removing G3BP1/2, and to promote precise recognition and efficient clearance of aber-
rant SGs via autophagy. Together, we expect that further elucidation of the regulatory
mechanisms of SG turnover will assist in the development of effective treatments for
neurodegenerative diseases.
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