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Stress granules (SGs) are dynamic, reversible biomolecular condensates, which assemble
in the cytoplasm of eukaryotic cells under various stress conditions. Formation of SGs
typically occurs upon stress-induced translational arrest and polysome disassembly. The
increase in cytoplasmic mRNAs triggers the formation of a protein-RNA network that
undergoes liquid-liquid phase separation when a critical interaction threshold has been
reached. This adaptive stress response allows a transient shutdown of several cellular
processes until the stress is removed. During the recovery from stress, SGs disassemble
to re-establish cellular activities. Persistent stress and disease-related mutations in SG
components favor the formation of aberrant SGs that are impaired in disassembly and
prone to aggregation. Recently, posttranslational modifications of SG components have
been identified as major regulators of SG dynamics. Here, we summarize new insights into
the role of ubiquitination in affecting SG dynamics and clearance and discuss implications
for neurodegenerative diseases linked to aberrant SG formation.
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INTRODUCTION

The evolution of eukaryotic cells involved a marked increase in organizational complexity,
facilitated by intracellular compartmentalization (Gabaldón and Pittis, 2015; Rout and Field,
2017; Antifeeva et al., 2022). This was accomplished by the formation of cellular organelles by an
endomembrane system and the acquisition of mitochondria, which developed from an alpha-
proteobacterium engulfed by a eukaryotic progenitor. Spatio-temporal regulation of cellular
processes through organelles increases the efficiency of cellular activities by concentrating
components in the correct subcellular location and by avoiding interference with other cellular
processes. A major barrier between the cytoplasm and different organelles are lipid membranes
due to their capacity to exclude the diffusion of hydrophilic molecules, which therefore require
uptake by selective transport mechanisms (Gabaldón and Pittis, 2015; Honigmann and Pralle,
2016). In recent years, another type of cellular compartmentalization has been studied
intensively that is characterized by the transient formation of membrane-less organelles.
These structures are formed by the condensation of proteins and nucleic acids and are also
called biomolecular condensates (Banani et al., 2017; Wheeler and Hyman, 2018; Alberti et al.,
2019; Gomes and Shorter, 2019; Dignon et al., 2020). A characteristic feature of biomolecular
condensates is their highly dynamic behavior, allowing cells to promptly respond to cellular
stress or changes in the metabolic demand and to process local information in the context of
cellular signaling. Biomolecular condensates are formed in the nucleus, such as nucleoli, Cajal
bodies, nuclear speckles, and paraspeckles, and also occur in the cytoplasm, with SGs, P-bodies,
and germ granules being the most studied examples.
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SGs are assembled in response to various stress conditions,
including oxidative, osmotic and heat stress, UV radiation, and
viral infections (Protter and Parker, 2016; Riggs et al., 2020;
Tauber et al., 2020). Their size ranges from 200 to 1,000 nm
and they are mainly composed of proteins and non-translating
messenger ribonucleic acids (mRNAs). The formation of SGs
occurs within an adaptive stress response program to protect
cells under acute stress by a reversible shutdown of several
cellular activities and translational reprogramming. In this
process, house-keeping mRNAs are stalled and recruited to
SGs, whereas mRNAs coding for stress-responsive proteins,
such as heat shock proteins (HSPs), are excluded from SGs,
facilitating the expression of proteins required for coping with
cellular stress (Franzmann and Alberti, 2019). In addition, SGs
can sequester various molecules unrelated to RNA
metabolism, suggesting a role in regulating cellular signaling
pathways, such as anti-viral, tumor necrosis factor (TNF), and
mechanistic target of rapamycin (mTOR) signaling (Kim et al.,
2005; Takahara and Maeda, 2012; Protter and Parker, 2016;
Eiermann et al., 2020; Prentzell et al., 2021). From a
biophysical perspective, the formation of SGs is governed
by liquid-liquid phase separation (LLPS). This is a
thermodynamically driven, reversible process that involves
de-mixing of two liquid phases through protein-protein,
protein-RNA, and RNA-RNA interactions (Shin and
Brangwynne, 2017; Mathieu et al., 2020). In vitro, LLPS can
be influenced by various physicochemical parameters, such as
temperature, pH, osmolarity, ionic strength, and
macromolecular crowding (Molliex et al., 2015; Alberti
et al., 2019; Cinar et al., 2019; Dignon et al., 2020).
However, these parameters are difficult to modify in a cell-
autonomous manner. Hence, cells employ posttranslational
modifications (PTMs) to rapidly and reversibly regulate LLPS
and the assembly and disassembly of biomolecular
condensates by strengthening or weakening multivalent
interactions (Rhoads et al., 2018; Wheeler and Hyman,
2018; Hofweber and Dormann, 2019). In particular,
phosphorylation, acetylation, methylation, poly-ADP-
ribosylation, ubiquitination and modification by the
ubiquitin-like proteins small ubiquitin-related modifier
(SUMO) and neural precursor cell expressed
developmentally downregulated protein (NEDD) have been
implicated in the assembly and disassembly of SGs (Tourrière
et al., 2003; Jayabalan et al., 2016; Jongjitwimol et al., 2016;
Tsai et al., 2016; Reineke et al., 2017; Duan et al., 2019; Gal
et al., 2019; Saito et al., 2019; Huang et al., 2020; Keiten-
Schmitz et al., 2020). PTMs affect the physicochemical
characteristics of the modified proteins, for example their
charge, hydrophobicity, and conformation, which can
influence their LLPS behavior by affecting their valency and
thus their interaction properties (Farina et al., 2021; Sternburg
et al., 2022).

In the regulation of manifold cellular processes, including
protein quality control and signaling, ubiquitination has
moved to center stage. The covalent modification of
substrates with ubiquitin requires a tightly controlled
three-step enzymatic cascade (Berndsen and Wolberger,

2014; Swatek and Komander, 2016; Oh et al., 2018).
Firstly, an E1 ubiquitin-activating enzyme uses ATP to
adenylate the C-terminus of ubiquitin, allowing thioester
formation between ubiquitin and the E1 active site
cysteine. Then, ubiquitin is transferred to an E2 ubiquitin-
conjugating enzyme by trans-thioesterification. Finally,
ubiquitin is conjugated to a lysine (K) residue of the
substrate protein by specific E3 ubiquitin ligases. E3 ligases
belonging to the really interesting new gene (RING)/U-box
families facilitate the direct transfer of ubiquitin from the E2
enzyme to the substrate. Homologous to E6-AP carboxyl
terminus (HECT) E3 ligases form a thioester intermediate
with ubiquitin by an active site cysteine, from which ubiquitin
is transferred onto the substrate to form an isopeptide bond.
RING-between-RING (RBR) ligases use a RING/HECT
hybrid mechanism. They bind to their cognate E2 enzyme
with their RING1 domain and then ligate ubiquitin to the
catalytic cysteine within their RING2 domain by forming a
transient thioester (Figure 1). Ubiquitination is counteracted
by deubiquitinases (DUBs), which show selectivity for either
the ubiquitin chain topology or the ubiquitinated substrate
(Mevissen and Komander, 2017; Clague et al., 2019). A
characteristic feature of ubiquitination is its high
versatility based on variable numbers of ubiquitin moieties
attached to a substrate (mono- or polyubiquitination), the
type of ubiquitin linkage within polyubiquitin chains, and the
formation of homo- or heterotypic polyubiquitin chains with
mixed or branched chain architecture. The linkage between
ubiquitin molecules occurs between the C-terminal glycine of
the donor ubiquitin and one of seven lysine residues (K6, K11,
K27, K29, K33, K48, K63) or the N-terminal methionine (M1)
of the acceptor ubiquitin. The complexity of the ubiquitin
code is further increased by PTMs of ubiquitin itself, such as
phosphorylation, acetylation, SUMOylation, and
NEDDylation (Figure 1) (Swatek and Komander, 2016;
Yau and Rape, 2016; Oh et al., 2018). Ubiquitination plays
a major role in the regulation of cellular proteostasis and
signaling, suggesting that it may also affect SG dynamics. In
support of this notion, several proteins of the ubiquitination
machinery are SG components (Jain et al., 2016; Markmiller
et al., 2018; Marmor-Kollet et al., 2020). Moreover, mutations
of some of these SG components are linked to
neurodegenerative diseases that are characterized by
defective SG dynamics and the accumulation of
polyubiquitinated protein aggregates (Shin and
Brangwynne, 2017; Alberti and Dormann, 2019; Nedelsky
and Taylor, 2019; Mathieu et al., 2020; Zbinden et al., 2020;
Lei et al., 2021). Pathological mutations in SG-related RBPs
can also influence the SG proteome. Markmiller et al. (2018)
observed that the SG composition, dynamics, and localization
are different in motor neurons with the Amyotrophic Lateral
Sclerosis (ALS)-linked mutations in chromosome nine open
reading frame 72 (C9orf72) or heterogeneous nuclear
ribonucleoprotein A2/B1 (hnRNPA2/B1).

Several lines of evidence indicated that an impaired
disassembly of SGs promotes their conversion from a
liquid to a gel- or solid-like state, favoring the formation
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of pathological aggregates (Shin and Brangwynne, 2017;
Wolozin and Ivanov, 2019; Zhang et al., 2019).
Aggregation of SG-associated proteins occurs in several
neurodegenerative disorders, such as ALS and
Frontotemporal Dementia (FTD). In these diseases,
pathogenic mutations have been identified in the RNA-
binding proteins (RBPs) TAR DNA-binding protein 43
(TDP-43), fused in sarcoma (FUS), T-cell internal antigen-
1 (TIA-1), hnRNPA1/A2, matrin-3 (MATR3), and in the
ubiquitin-binding proteins ubiquilin 2 (UBQLN2), valosin-
containing protein (VCP/p97), optineurin (OPTN), and
sequestosome-1 (SQSTM1/p62) (Patel et al., 2015; Taylor,
2015; Mackenzie et al., 2017). Interestingly, aggregates
formed by these proteins stain positive for ubiquitin in
brain sections from affected patients, suggesting a role of
ubiquitination (Galves et al., 2019). In this review, we

summarize our current knowledge on ubiquitin and
ubiquitin-like modifiers as regulators of SG dynamics.

STRESS GRANULES ARE FORMED BY
LIQUID-LIQUID PHASE SEPARATION

SGs are classified as ribonucleoprotein (RNP) granules, in which
homotypic interactions, such as protein-protein and RNA-RNA
interactions, as well as heterotypic protein-RNA interactions
occur (Mittag and Parker, 2018; Van Treeck et al., 2018; Van
Treeck and Parker, 2018). These condensates show a dynamic
behavior, allowing shuttling of proteins and RNA between SGs
and the cytoplasm. Under thermodynamically favorable
conditions, biomolecular condensates are formed by
exchanging macromolecule-water interactions to

FIGURE 1 | The modification of substrate proteins by ubiquitin. (A) Enzymatic cascade of ubiquitination. E1, ubiquitin-activating enzyme; E2, ubiquitin-conjugating
enzyme; E3, ubiquitin ligase. (B) Different types of ubiquitination (C) X-ray crystallographic structure of ubiquitin (PDB: 1UBQ). Lysines are highlighted in pink and the
methionine at the N-terminus is shown in green. Created with BioRender.com.
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macromolecule-macromolecule and water-water interactions
(Alberti et al., 2019; Ribeiro et al., 2019; Mathieu et al., 2020).

Specific regions of proteins and RNAs can establish
multivalent interactions similarly to associative polymers
(Brangwynne et al., 2015). In this way, they form reversible,
non-covalent physical cross-links and thereby promote LLPS.
According to the concept of “stickers and spacers,” short linear
motifs (SLiMs) of 1–10 residues function as stickers that promote
interactions with other biomolecules (Choi et al., 2020). Most of
the stickers have arginine-glycine-rich (RGG/RG) or serine/
arginine-rich motifs (Chong et al., 2018). Small polar residues
and a small fraction of aromatic and charged residues are also
typically present in these motifs (Martin et al., 2020; Borcherds
et al., 2021). The “spacers” are mainly disordered regions that
connect the stickers. Their number and length influence the
formation of biomolecular condensates. Proteins undergoing
LLPS typically harbor RNA recognition motifs (RRMs),
intrinsically disordered regions (IDR), or regions with little
diversity in their residue composition, called low complexity
domains (LCDs) (Molliex et al., 2015; Martin and Mittag,
2018; Wheeler and Hyman, 2018; Franzmann and Alberti,
2019; Youn et al., 2019). These proteins are further classified
in “scaffold” proteins required for the assembly of biomolecular
condensates and “clients,” which are non-essential (Ishov et al.,
1999; Banani et al., 2016, 2017). Based on super-resolution
microscopy and proteomic studies, it has been proposed that
SGs are composed of a stable core and a more dynamic shell (Jain
et al., 2016; Wheeler et al., 2016; Markmiller et al., 2018; Youn
et al., 2018).

Molecular forces that mainly govern LLPS are weak
multivalent interactions, such as electrostatic, π-π, cation-π,
and hydrophobic interactions (Li et al., 2012; Sherrill, 2013;
Nott et al., 2015; Kim et al., 2016; Lin et al., 2016; Pak et al.,
2016; Pierce et al., 2016; Kang et al., 2019; Das et al., 2020).
These interactions are influenced by structural characteristics
and the concentration of the macromolecules involved as well
as by environmental conditions, such as temperature, pH, the
presence and concentration of salts, co-solutes and crowding
agents (Molliex et al., 2015; Nott et al., 2015; Patel et al., 2015;
Alberti et al., 2019; Dignon et al., 2020). Both the chemical
milieu and PTMs can induce conformational alterations of
proteins, which influence their intra- and intermolecular
interactions (Csizmok and Forman-Kay, 2018; Mittag and
Parker, 2018; Van Treeck and Parker, 2018; Youn et al.,
2019; Yang et al., 2020).

Defective disassembly of SGs and their maturation into
aggregates is favored by persistent stress and mutations in
RBPs genes, such as TDP-43, FUS, and hnRNPA1, linked to
neurodegenerative diseases. In support of this notion, SG
markers colocalize with protein aggregates in affected brain
regions (Liu-Yesucevitz et al., 2010; Dormann and Haass,
2011; Li et al., 2013). Disease-associated mutations as well
as PTMs of RBPs affect the conformational plasticity of SG
components and their interactive profile, thereby influencing
their transition into aggregates (Bentmann et al., 2013; Patel
et al., 2015; Ratti and Buratti, 2016; Dobra et al., 2018; McGurk
et al., 2018).

STRESS GRANULES ARE
PHASE-SEPARATED CONDENSATES
THAT QUARANTINE RNAs AND PROTEINS
UNDER CELLULAR STRESS
SGs are mostly composed of three types of proteins: translation
factors, including ribosomal subunits, RBPs, and other proteins, such
as several enzymes. For more details, we refer to databases of SG
proteins (https://msgp.pt; http://rnagranuledb.lunenfeld.ca; Nunes
et al., 2019; Youn et al., 2019). Regarding the first class of
proteins, translation factors like eukaryotic translation initiation
factor 3 (eIF3), eIF4E, eIF4F, eIF4G, and the ribosomal 40 S
subunit have been identified as SG components (Kedersha and
Anderson, 2002; Kedersha et al., 2002). RBPs detected in SGs
include Ras GTPase-activating protein (SH3 domain)-binding
proteins (G3BPs) (Tourrière et al., 2003; Markmiller et al., 2018),
TIA-1 (Markmiller et al., 2018), TIA-1-related protein (TIAR),
polyadenylated [poly(A)+] mRNA binding protein I (PABP-I)
(Kedersha et al., 1999, Kedersha et al., 2002; Kedersha and
Anderson, 2002), survival motor neuron protein (SMN) (Hua and
Zhou, 2004), Staufen (Thomas et al., 2005), ataxin-2, Caprin-1, fragile
X mental retardation protein 1 (FMRP1), DEAD box protein 1
(DDX1) (Markmiller et al., 2018), TDP-43 (Aulas et al., 2012),
FUS (Wolozin, 2012; Li et al., 2013) and Human antigen R (HuR)
(Bley et al., 2015) (Figure 2). ATPases, such as VCP/p97 (Wang et al.,
2016), the co-chaperoneHspBP1 (Mahboubi et al., 2020) and kinases,
including Unc-51-like autophagy activating kinase 1 and 2 (ULK1/2)
(Wang et al., 2019) have also been associated to SGs. The
identification of ubiquitin E3 ligases, like Makorin-1, RING finger
protein 241 (RNF214) and tripartite motif protein family members
(TRIM21, TRIM25, TRIM56) (Cassar et al., 2015; Jain et al., 2016;
Marmor-Kollet et al., 2020) and DUBs, such as ubiquitin-specific-
processing proteases (USP5, USP10, USP11) and the OTU (ovarian
tumor)-domain containing protein 4 (OTUD4) (Jain et al., 2016;
Markmiller et al., 2018) strongly support the notion that
ubiquitination controls SG-related processes.

The assembly of SGs is initiated by at least two events: the
phosphorylation of eIF2α or the inactivation of eIF4A. eIF2α is
phosphorylated by several kinases, including protein kinase RNA-
dependent kinase (PKR), PKR-like endoplasmic reticulum kinase
(PERK), heme-regulated initiation factor 2α kinase (HRI), and
general control non-derepressible protein 2 (GCN2), which are
activated in different stress conditions, such as heat, oxidative, and
UV stress (Lu et al., 2001; Deng et al., 2002; McEwen et al., 2005).
Phosphorylation of eIF2α inhibits translation initiation by depleting
the eIF2/tRNAi

Met/GTP ternary complex, resulting in the formation
of translationally stalled non-canonical 48 S complexes that are not
able to recruit the 60 S ribosomal subunit (Kedersha et al., 1999, 2002;
McCormick and Khaperskyy, 2017). Alternatively, pharmacological
inhibition of the helicase eIF4A by hippuristanol or pateamine A
blocks its interactionwith eIF4G, leading to translation inhibition and
the formation of SGs independent of eIF2α phosphorylation
(Bordeleau et al., 2005; Low et al., 2005; McCormick and
Khaperskyy, 2017; Hofmann et al., 2021). Both mechanisms lead
to an increase in the cellular concentration of mRNAs, which interact
with various RNA-binding proteins. G3BPs play a critical role in SG
formation, since binding of RNAs toG3BPs induces a conformational
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transition of G3BPs that allows the formation of a protein-RNA
network driving LLPS (see Section 5.4); (Guillén-Boixet et al., 2020;
Sanders et al., 2020; Yang et al., 2020) (Figure 2). As a transient
adaptive stress response, SGs disassemble when the stress is removed,
allowing recycling of mRNAs and sequestered proteins and re-
establishment of cellular activities.

THE ROLE OF UBIQUITIN AND
UBIQUITIN-LIKE PROTEINS IN STRESS
GRANULE ASSEMBLY, DISASSEMBLY,
AND CLEARANCE

Ubiquitin and SGs
Ubiquitination can in principle affect all steps of SG formation,
dynamics and elimination. Notably, the composition and

dynamics of SGs are dependent on the specific stress
stimulus and the cell type, in which they are formed (Aulas
et al., 2017; Markmiller et al., 2018; Yang et al., 2020). These
variables most likely also determine the effect of ubiquitination
on SG dynamics and clearance. Moreover, different ubiquitin
chain architectures based on specific inter-ubiquitin linkages,
the formation of heterotypic ubiquitin chains and
posttranslational modifications of ubiquitin itself increase the
complexity of possible regulatory roles of ubiquitin. Recent
publications substantiated an important role of K63-linked
ubiquitination in the disassembly of heat-stress-induced SGs
and thus in the recovery from stress (Gwon et al., 2021; Maxwell
et al., 2021). However, also other aspects seem to be affected by
ubiquitination. Kwon et al. (2007) observed that SGs are
ubiquitinated and recruit the histone deacetylase 6 (HDAC6)
in a ubiquitin-dependent manner. The authors of this study
reported that the deacetylase activity of HDAC6 is required for

FIGURE 2 | Schematic representation of stress granule assembly in the cell. Cells exposed to several stress conditions respond by inhibiting translation initiation of
mRNAs that are not implicated in stress responses. ThesemRNAs interact with specific RBPs, such as TDP-43, FUS, G3BP, and undergo LLPSwhen a critical threshold
of interactions is reached, resulting in SG formation. Both SG assembly and disassembly are regulated by PTMs, including ubiquitination. SG disassembly is promoted by
K63-linked ubiquitination of G3BP and the interaction of these ubiquitin chains with VCP. Mutations in SG components, prolonged stress, and PTM dysregulation
can induce the transition of SGs into pathological aggregates. The elimination of these aggregates is regulated by ubiquitination; K48-linked ubiquitin chains are well
established signals for degradation by the ubiquitin-proteasome system (UPS), whereas K63-linked ubiquitination is rather implicated in autophagosomal degradation.
Created with BioRender.com.
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SG formation under different stress conditions by mediating the
motor protein-driven movement of SG proteins along
microtubules. In a screen performed in Saccharomyces
cerevisiae to identify genes that affect SG assembly, deletion
of the histone E3 ligase 2 (Hel2) was found to increase SG
formation (Buchan et al., 2013). Another study reported that
inhibition of the E3 ubiquitin ligase anaphase promoting
complex (APC) and its regulatory subunit Cadherin-1
(Cdh1) in primary cortical neurons increases SG formation
in a manner that is dependent upon its substrate FMRP
(Valdez-Sinon et al., 2020). These data suggested that
ubiquitination of some SG components interferes with their
efficient incorporation into SGs. In a study comparing different
stress conditions in HeLa cells, K48- and K63-linked ubiquitin
chains were detected at SGs induced by heat stress, osmotic
stress, and arsenite treatment. Inhibition of the E1 ubiquitin-
activating enzyme, VCP/p97, or the proteasome impaired the
clearance of arsenite- and heat-stress-induced SGs (Tolay and
Buchberger, 2021). E3 ubiquitin ligases have also been linked to
virus-induced SG formation. Kuniyoshi et al. (2014) found that
the RNA-binding E3 ubiquitin ligase mex-3 homolog C
(MEX3C), which is the mammalian homolog of
Caenorhabditis elegans RNA-binding protein muscle excess 3
(MEX-3), colocalizes with the viral SG component retinoic
acid-inducible gene I (RIG-I), a cytoplasmic receptor for
viral RNAs that induces antiviral innate immune responses,
such as expression of type I interferons (IFN). Increased
expression of MEX3C induced K63-linked ubiquitination of
RIG-I and activation of the IFN-ß promoter, thereby enhancing
the type I IFN antiviral response (Kuniyoshi et al., 2014). In a
recent publication on the ubiquitination landscape upon heat
stress, ubiquitination of SG components, including FUS, TDP-
43, and some DDX family proteins was observed (see Section
5.4) (Maxwell et al., 2021). Interestingly, in this study heat
stress but not arsenite treatment induced the ubiquitination of
SG components, which was important for SG disassembly and
recovery from stress by a VCP/p97-dependent process
(Maxwell et al., 2021). This is in line with the observation
that ubiquitination is dispensable for the dynamics of arsenite-
induced SGs (Markmiller et al., 2019). Another study provided
evidence for a role of K63-linked ubiquitination of G3BP1 in the
disassembly of SGs formed under heat stress. Ubiquitinated
G3BP1 interacts with the ER-associated protein FAS-associated
factor 2 (FAF2) that engages the segregase VCP/p97 to extract
G3BP1 from SGs, resulting in SG disassembly (Gwon et al.,
2021). The disassembly of arsenite-induced SGs was recently
analyzed by proximity proteomics, revealing several proteins
that are recruited during SG disassembly, called disassembly-
engaged proteins (DEPs). These DEPs include SUMO-
conjugating enzymes as well as proteins of the ubiquitin
machinery, such as the E3 ligases HECT domain-containing
protein 4 (HECTD4), male-specific lethal-2 (MSL2), RING
finger protein 41 (RNF41), X-linked inhibitor of apoptosis
protein (XIAP), the E2 enzyme UBE2G2, and the DUB
USP25 (Marmor-Kollet et al., 2020).

The mechanisms implicated in SG clearance are dependent on
the severity and duration of the initiating stress. Gwon et al.

(2021) reported that SGs induced by a heat stress of 30 or 60 min
can be disassembled, whereas SGs formed upon a prolonged heat
stress of 90 min need to be cleared by autophagy. Ubiquitination
of SG components not only influences SG dynamics but also
affects their elimination. Persistent SGs occurring under
prolonged stress or disease conditions, e.g., through
pathogenic mutations of SG components, can be cleared by
autophagy in a process called granulophagy that requires
VCP/p97 (see below) (Buchan et al., 2013).

SUMO, NEDD8 and Stress Granules
In addition to ubiquitin, the ubiquitin-like modifiers SUMO and
NEDD8 can regulate SG dynamics. SUMOylation and NEDDylation
also require a set of three enzymes (E1, E2, and E3) for the covalent
modification of substrate proteins (Flotho and Melchior, 2013;
Enchev et al., 2015). SUMOylation of eIF4A has been implicated
in SG formation after arsenite treatment and ionization radiation
(Jongjitwimol et al., 2016). SUMOylation of eIF4A correlated with its
recruitment to SGs, whereas a SUMOylation-deficient eIF4A2
mutant decreased the volume of SGs. A role for SUMO in SG
disassembly and formation was provided by Marmor-Kollet et al.
(2020) who identified proteins of the SUMOylation machinery as
DEPs, including SUMO-activating enzyme subunit 1 (SAE1),
SUMO-conjugating enzyme ubiquitin carrier protein 9 (UBC9),
E3 SUMO-protein ligase Ran-binding protein 2 (RanBP2), and
the E3 ubiquitin/SUMO-protein ligase Topors. In support of this
notion, inhibition of SUMOylation or silencing of SAE1 or UBC9
interfered with SG dynamics (Marmor-Kollet et al., 2020).
Overexpression of a GFP fusion construct with 50 proline-
arginine dipeptide repeats, linked to the C9orf72 subtype of ALS,
impaired conjugation of SUMO2/3 to SGs, DEP recruitment, and SG
disassembly in U2OS cells. Keiten-Schmitz et al. (2020) provided
evidence for a role of the nuclear SUMO-targeted ubiquitin ligase
(StUbL) pathway in regulating cytoplasmic SG dynamics. Proteotoxic
stress inactivates SUMO isopeptidases, resulting in an increase in
SUMOylation and activation of the SUMO-dependent nuclear E3
ubiquitin ligase RNF4. SUMO-primed RNF4-dependent
ubiquitination of SG-related RBPs has been shown to promote SG
disassembly in the cytoplasm by a yet unknown crosstalk between the
nuclear and cytoplasmic quality control. Proteasomal degradation of
ubiquitinated RBPs in the nucleus or prevention of their aggregation
might be involved in this process (Keiten-Schmitz et al., 2020).

The impact of NEDDylation on SG dynamics is a controversial
issue. Markmiller et al. (2019) reported that pharmacological
inhibition of the NEDD8-activating enzyme does not affect
arsenite-induced SG dynamics. In contrast, Jayabalan et al.
(2016) observed that silencing NEDD8 or the NEDD8-
conjugating enzyme UBC12 impairs arsenite-induced SG
assembly. In this study, translationally stalled ribosomal
fractions were analyzed for NEDDylated proteins by mass
spectrometry and conjugation of NEDD8 to the SG
component serine/arginine-rich splicing factor 3 (SRSF3) was
shown to promote SG assembly. One possible explanation for
these discrepant findings could be cell type-specific effects.
Whereas Markmiller et al. (2018), Markmiller et al. (2019)
used HEK293T and HeLa cells, Jayabalan et al. (2016)
performed their study in U2OS cells.
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SPECIFIC STRESS GRANULE PROTEINS
AND THEIR REGULATION BY UBIQUITIN

Defective dynamics of SGs, their persistence and transition into
aggregates have been linked to neurodegenerative diseases, such
as ALS and FTD. Notably, mutations in several ubiquitin-binding
proteins, such as p62/SQSTM1, UBQLN2, OPTN, and VCP/p97
cause neurodegeneration, underpinning the role of ubiquitin in
proteostasis regulation (Pohl and Dikic, 2019; Lei et al., 2021).
Both p62 and UBQLN2 form phase-separated condensates under
different stress conditions that are regulated by ubiquitin. The
proteasomal shuttle factor UBQLN2 binds to SGs and undergoes
LLPS that is inhibited by mono- and polyubiquitin. This suggests
that ubiquitination serves as a switch between UBQLN2
recruitment to SGs and UBQLN2-dependent shuttling of
ubiquitinated SG components (Dao et al., 2018). Phase
separation of the ubiquitin-binding and autophagy adaptor
protein p62 is dependent on its oligomerization and binding
to polyubiquitinated cargo, which promotes condensation of
polyubiquitinated proteins and tethering to the
autophagosomal membrane for selective autophagy (Sun et al.,
2018; Zaffagnini et al., 2018; Turco et al., 2019, 2021). In the
following, we summarize the current knowledge on the disease-
related proteins TDP-43, FUS and VCP/p97 and the SG scaffolds
G3BPs and their regulation by ubiquitin.

TDP-43
Human TDP-43 is an RNA-binding protein of 414 amino acids
that is causally linked to ALS and FTD. In 2006, TDP-43-positive
inclusions were first described in patients’ brains and TDP-43 was
found to be hyper-phosphorylated, ubiquitinated, and
proteolytically processed (Neumann et al., 2006, 2009a;
Hasegawa et al., 2008). Subsequently, pathogenic mutations in
the TARDBP gene encoding TDP-43 were identified in familial
ALS andmore rarely in FTD (Gitcho et al., 2008; Rutherford et al.,
2008; Sreedharan et al., 2008). TDP-43 consists of four domains.
The highly conserved N-terminal domain (NTD) comprises
residues with a well-defined fold (Qin et al., 2014). The
correct folding of this region, especially of the first ten
residues, is crucial for the splicing activity of TDP-43 and its
homodimerization into solenoid-like structures (Ayala et al.,
2005; Afroz et al., 2017). The NTD is followed by two RRMs,
RRM1 and RRM2, with two β-α-β folds that bind mostly UG/TG
sequences (Maris et al., 2005). The NTD and RRM domains
contain several caspase cleavage sites, generating C-terminal
fragments of TDP-43 (Dormann et al., 2009; Li et al., 2015).
The glycine-rich C-terminal region is less conserved and harbors
most of the pathogenic mutations (Pesiridis et al., 2009; Dormann
and Haass, 2011; Rademakers et al., 2012). This region, termed
Prion-like domain (PrLD), is intrinsically disordered and
promotes LLPS and aggregation of TDP-43 (Conicella et al.,
2016; Nonaka and Hasegawa, 2018, Nonaka and Hasegawa, 2020;
Loughlin and Wilce, 2019).

TDP-43 contains a bipartite nuclear localization and a nuclear
export signal. It is mostly localized in the nucleus, where it
regulates RNA metabolism, gene expression, and the DNA
damage response (Buratti et al., 2004; Ratti and Buratti, 2016;

Buratti, 2018; Birsa et al., 2020). Under several stress conditions,
TDP-43 translocates to the cytoplasm, where it is recruited to SGs
(Colombrita et al., 2009; Freibaum et al., 2010; Liu-Yesucevitz
et al., 2010; Prpar Mihevc et al., 2017; Lee et al., 2021). Pathogenic
TDP-43 mutants have been described to increase the size of SGs
and to impair their disassembly, favoring their transition into
aggregates (Dewey et al., 2011; Dobra et al., 2018).

The presence of ubiquitin in TDP-43 inclusions is a characteristic
feature of TDP-43 pathologies. The most abundant form of TDP-43
in ALS and FTD inclusions are C-terminal fragments of about
25 kDa (Igaz et al., 2008). The ubiquitin-binding protein p62 is also
found at TDP-43 inclusions, providing a link to protein quality
control and degradation (Tanji et al., 2012). In cellular models, stress
conditions associated with the formation of SGs, such as heat stress,
osmotic stress, or arsenite treatment, induced ubiquitination,
insolubility and reduced splicing activity of TDP-43 (Hans et al.,
2020). Keiten-Schmitz et al. (2020) identified TDP-43 as a target of
the SUMO-dependent nuclear E3 ubiquitin ligase RNF4. Silencing of
RNF4 reduced heat stress-induced TDP-43 ubiquitination and
impaired the disassembly of cytoplasmic SGs, suggesting a link
between nuclear and cytoplasmic protein quality control
pathways (see above). The E3 ubiquitin ligase Parkin has been
reported to ubiquitinate TDP-43 and to facilitate its cytoplasmic
accumulation in a multiprotein complex containing HDAC6
(Hebron et al., 2013). Moreover, TDP-43 was shown to regulate
Parkin expression, resulting in a decreased abundance of Parkin in
motor neurons from ALS patients with TDP-43 pathology, which
may contribute to the mitochondrial defects observed in TDP-43
pathologies (Polymenidou et al., 2011; Lagier-Tourenne et al., 2012;
Gaweda-Walerych et al., 2021). The E2 ubiquitin conjugating
enzymes UBE2E and the ubiquitin isopeptidase Y (UBPY) were
identified as TDP-43-interacting proteins that regulate the
ubiquitination of wildtype TDP-43, TDP-43 mutants and
C-terminal fragments (Hans et al., 2014). A study of ubiquitin
homeostasis in cellular models of ALS revealed that aggregates
formed upon the overexpression of GFP-tagged TDP-43 or FUS
stained positive for K48- and K63-linked ubiquitin chains, in line
with a role for proteasomal and autophagosomal degradation of
these proteins (Urushitani et al., 2009; van Eersel et al., 2011; Scotter
et al., 2014; Farrawell et al., 2020). These ubiquitin topologies were
also identified in a proteomic analysis of a cellular model
overexpressing TDP-43 and several ubiquitination sites within
TDP-43 have been identified (Seyfried et al., 2010; Kim et al.,
2011; Wagner et al., 2011; Dammer et al., 2012; Buratti, 2018;
Hans et al., 2018; Lee et al., 2018). Overexpression of the TDP-43
mutant M337V in the motor cortex of monkeys resulted in the
cytoplasmic aggregation of TDP-43 C-terminal fragments that were
predominantly modified by K63-linked ubiquitin (Yin et al., 2021).
Interestingly, van Well et al. (2019) observed colocalization of M1-
linked ubiquitin chains with TDP-43 aggregates in cellular models
and provided evidence for ubiquitination of TDP-43 by LUBAC, the
linear ubiquitin chain assembly complex. The M1 ubiquitin-specific
E3 ligaseHOIL-1-interacting protein (HOIP, also known as RNF31),
which is the catalytically active component of LUBAC, reduced the
fraction of cells with TDP-43 aggregates in a proteasome- and VCP/
p97-dependent manner, indicating a role for M1-linked
ubiquitination in protein quality control (van Well et al., 2019).
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Supporting a relevance of these findings in vivo, M1-linked ubiquitin
and HOIP were detected at neuronal TDP-43 inclusions in sporadic
ALS patients (Nakayama et al., 2020).

FUS
FUS is a RNA-binding protein of 526 amino acids, which is
primarily localized in the nucleus and involved in various
aspects of RNA metabolism. It is composed of an N-terminal
LCD rich in glutamine/glycine/serine/tyrosine residues
followed by three arginine/glycine-rich domains
interspersed by an RRM and a zinc finger domain. FUS has
a C-terminal nuclear localization signal that is affected by
several pathogenic mutations, causing mislocalization and
aggregation of FUS in the cytoplasm (Bosco et al., 2010;
Dormann et al., 2010; Kino et al., 2011). FUS has various
functions in transcription, splicing, translation, and DNA
damage repair (Chen et al., 2019; Birsa et al., 2020;
Sternburg et al., 2022). In subtypes of ALS and FTD, FUS
aggregates in specific brain regions and mutations in the FUS
gene have been linked to familial ALS (Neumann et al., 2009b;
Kwiatkowski et al., 2009; Vance et al., 2009). FUS can undergo
LLPS and pathogenic FUS mutations have been shown to
enhance the phase transition of stress-induced FUS
condensates, influencing their dynamics and promoting
their transition into aggregates (Bosco et al., 2010; Patel
et al., 2015; Wang et al., 2018; Sternburg et al., 2022). An
important PTM of FUS is arginine methylation, which
regulates its nuclear import by the nuclear import receptor
transportin-1 (Hofweber et al., 2018). Hypomethylation of
FUS is a characteristic feature of FTD in patients, which is
supposed to increase LLPS of FUS and its maturation into
aggregates (Dormann et al., 2012; Suárez-Calvet et al., 2016;
Hofweber et al., 2018; Qamar et al., 2018).

The colocalization of FUS with ubiquitin in pathological
aggregates suggests that FUS is ubiquitinated, which is
supported by proteomic approaches (Neumann et al.,
2009b; Mertins et al., 2013; Akimov et al., 2018; Farrawell
et al., 2020; Sternburg et al., 2022). FUS aggregates formed by
the overexpression of GFP-tagged mutant FUS in a cellular
model accumulated K48- and K63-linked ubiquitin chains,
which reduced the free ubiquitin pool and disrupted
ubiquitin homeostasis (Farrawell et al., 2020). Similarly to
TDP-43, FUS was shown to be modified by the SUMO-
dependent nuclear E3 ubiquitin ligase RNF4 upon heat
stress and the inhibition of this modification promoted the
recruitment of mutant FUS to SGs (Keiten-Schmitz et al.,
2020).

VCP/p97
The human AAA+ (ATP-ase associated with various cellular
activities) protein VCP/p97 is a 806 residue protein that is highly
conserved from yeast to humans (Barthelme and Sauer, 2016). It
is a key enzyme of the protein quality control network that
employs ATP to unfold and segregate ubiquitinated proteins
from cellular membranes, oligomeric assemblies, or protein
aggregates (van den Boom and Meyer, 2018; Zhang and Mao,
2020). VCP/p97 is a ring-shaped hexamer, in which each

monomer is composed of a globular NTD, two ATPase
domains (D1 and D2), and a disordered tail. The NTD
interacts with several ubiquitin-binding cofactors, such as the
Ufd1-Npl4 complex, which function as ubiquitin adaptors and
recruit ubiquitinated client proteins to VCP/p97 (Dai and Li,
2001; Buchberger et al., 2015). The D1 and D2 regions interact
with each other, producing two stacked hexameric rings. VCP/
p97 has a plethora of functions at different cellular locations, for
example at the ER membrane, at the outer mitochondrial
membrane, and in the nucleus. Based on its ability to extract
ubiquitinated proteins from membranes and protein assemblies,
it not only plays an important role in protein quality control by
delivering client proteins to the proteasome, but also regulates
ubiquitin-dependent signaling and chromatin-associated
functions. Moreover, several studies provided evidence that
VCP/p97 is also implicated in the regulation of lysosomal and
autophagosomal degradation (Papadopoulos and Meyer, 2017;
Koerver et al., 2019; Ferrari et al., 2022).

Pathogenic VCP/p97 mutations cause a multisystem
proteinopathy linked to different pathologies, such as inclusion
bodies myopathy associated with Paget’s disease of the bone and
FTD (IBMPFD) as well as ALS (Watts et al., 2004; Kimonis et al.,
2008; Johnson et al., 2010; Gonzalez-Perez et al., 2012; Gang et al.,
2016). VCP/p97 binds to protein aggregates and delivers
misfolded proteins to the proteasome, which explains its
crucial role in proteotoxic stress (van den Boom and Meyer,
2018). Notably, the peptide:N-glycanase and ubiquitin-associated
(UBA)- or ubiquitin regulatory X (UBX) domain-containing
proteins (PUB)-interacting motif (PIM) domain of VCP/p97
specifically interacts with the PUB domain of the M1-
ubiquitin specific E3 ubiquitin ligase HOIP (Elliott et al., 2014;
Schaeffer et al., 2014) and this interaction was shown to recruit
HOIP and VCP/p97 to pathogenic protein aggregates in a feed-
forward mechanism (van Well et al., 2019).

Several lines of evidence indicated a role for VCP/p97 in SG
disassembly and clearance. Inactivation of Cdc48, the yeast
ortholog of VCP/p97, resulted in the accumulation of heat
stress-induced SGs due to defective autophagic clearance, an
observation that was confirmed in several mammalian cellular
models (Buchan et al., 2013). Moreover, Buchan et al. reported
that the overexpression of pathogenic VCP/p97 mutants in
HeLa cells induced the formation of constitutive SGs.
Inhibition of VCP/p97 function has been reported to
promote the colocalization of arsenite-induced SGs with
ubiquitinated defective ribosomal products (DRiPs), which
are released by disassembling polysomes and are usually
degraded in a VCP/p97-dependent manner before SGs are
formed (Seguin et al., 2014). This observation suggested that
VCP/p97 also affects SG composition and morphology.
Turakhiya et al. reported that the recruitment of VCP/p97
and the proteasome to arsenite-induced SGs is mediated by
zinc finger AN1-type-containing protein 1 (ZFAND1) via its
ubiquitin-like domain and zinc finger domain, respectively
(Turakhiya et al., 2018). Deletion of ZFAND1 or inhibition of
the proteasome caused the formation of aberrant and
persistent SGs, characterized by the presence of DRiPs.
These aberrant arsenite-induced SGs stained positive for
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p62 and microtubule-associated protein 1 light chain three
beta (LC3B) and were cleared by autophagy (Turakhiya et al.,
2018). Wang et al. (2019) observed that in response to heat
stress and arsenite treatment, the autophagy-inducing kinases
ULK1 and ULK2 localize to SGs and phosphorylate VCP/p97,
thereby increasing its ATPase activity and promoting SG
disassembly. Strikingly, disrupting ULK1/ULK2 expression
in mice resulted in an inclusion body myopathy phenotype
similar to that observed in mice expressing the pathogenic
VCP/p97 mutant R155H or A232E (Weihl et al., 2007;
Badadani et al., 2010; Custer et al., 2010; Wang et al.,
2019). A critical role for VCP/p97 in heat stress-induced
disassembly of SGs involving ubiquitination of G3BP1 was
recently described by Gwon et al. (2021) see below. Also
SUMOylation of VCP/p97 has been linked to SG dynamics.
Inhibition of the proteasome or arsenite treatment induced
SUMOylation of VCP/p97 in its NTD, which increased VCP/
p97 hexamer assembly and its translocation to SGs and into
the nucleus (Wang et al., 2016). These observations suggested
that SUMOylation contributes to the fine-tuning of VCP/p97
functions under stress conditions.

G3BPs
G3BPs are a family of RNA-binding proteins, which control
mRNA stability and translation in response to environmental
stress. This family includes three homologs in mammals,
G3BP1, G3BP2a and its splice variant G3BP2b, which
show a similar domain structure, comprising a nuclear
transport factor 2 (NTF2)-like domain, followed by an
acidic region (IDR1) and a proline-rich region (IDR2), an
RNA recognition motif (RRM), and an arginine and glycine-
rich region (RGG) at the C-terminus (IDR3). The NTF2-like
domain mediates dimerization of G3BPs and protein-protein
interactions, for example with the SG components Caprin-1
or USP10 that influence SG formation by positive (Caprin-1)
or negative (USP10) cooperativity (Kedersha et al., 2016;
Guillén-Boixet et al., 2020; Sanders et al., 2020; Yang et al.,
2020). G3BPs show differences in the number of their
proline-rich (PxxP) motifs. Whereas G3BP1 has only one
PxxP motif, G3BP2a and G3BP2b have 4 and 5, respectively,
which may influence the nature and extent of their
interactions. G3BPs have been implicated in the regulation
of various cellular processes, most notably in SG formation,
antiviral responses, and cell viability and proliferation,
linking G3BPs to disease mechanisms (Alam and Kennedy,
2019; Kang et al., 2021; Sidibé et al., 2021). For example,
several viruses target G3BPs to evade innate immune
responses of the host. Moreover, G3BPs expression levels
are upregulated in some tumors, which has been correlated
with cancer progression, invasiveness, and metastasis. Both
G3BP1 and G3BP2 are core components of SGs that trigger
SG formation in a context- and cell type-specific manner
(Tourrière et al., 2003; Matsuki et al., 2013; Kedersha et al.,
2016). A double knock-out (KO) of G3BP1 and G3BP2 in
U2OS cells abolished SG formation in response to arsenite
treatment but not in response to heat or osmotic stress (Yang
et al., 2020). In fact, G3BP1 and G3BP2 seem to be the most

important proteins in the SG interaction network that set the
percolation threshold for LLPS (Guillén-Boixet et al., 2020;
Sanders et al., 2020; Yang et al., 2020). Recent publications on
the determinants of SG formation revealed that G3BPs
function as scaffolds that sense local increases in the
concentration of protein-free unfolded RNAs and form
multivalent clusters on RNAs, resulting in a core protein-
RNA interaction network (Guillén-Boixet et al., 2020; Yang
et al., 2020). G3BPs are the central node of this network by
acting as a molecular switch to trigger RNA-dependent LLPS
under stress conditions. Under non-stress conditions, G3BP1
adopts an auto-inhibited closed conformation, characterized
by an intramolecular electrostatic interaction between IDR1
and IDR3. When unfolded RNAs are released from polysomes
in response to stress, G3BP1 undergoes a conformational
transition into an open, multivalent conformation, allowing
binding of RNAs to IDR3 (Guillén-Boixet et al., 2020; Yang
et al., 2020). RNA-induced conformational switching of
G3BP1 was shown to be inhibited by site-specific
phosphorylation, most probably by favoring the auto-
inhibited state (Guillén-Boixet et al., 2020; Sanders et al.,
2020; Yang et al., 2020). Moreover, binding of RNAs to
G3BP1 prevents RNA aggregation, suggesting a
chaperoning function of G3BP1 to support RNA
homeostasis (Guillén-Boixet et al., 2020).

PTMs of G3BPs can affect their valency and thus regulate SG
dynamics, as has been shown for the phosphorylation of G3BP1
at S149 and S232 (Guillén-Boixet et al., 2020; Sanders et al., 2020;
Tauber et al., 2020; Yang et al., 2020). Two recent studies
discovered a role for G3BP1 ubiquitination in SG disassembly.
Maxwell et al. (2021) performed a ubiquitinome analysis in
mammalian cells in response to different stress conditions and
found that ubiquitination is essential for the disassembly of SGs
induced by heat stress but not by arsenite treatment. In this study,
G3BP1 was detected as one of the SG components that is
ubiquitinated in response to heat stress. Gwon et al. (2021)
identified the critical lysine residues modified by ubiquitin and
uncovered the mechanism of SG disassembly promoted by
G3BP1 ubiquitination. By using ubiquitin mutants, linkage-
specific ubiquitin antibodies, and G3BP1 lysine mutants, it was
shown that heat stress mostly induced K63-linked
polyubiquitination of six lysine residues localized in the NTF2-
like domain. Expression of the G3BP1 lysine mutants in G3BP1/2
double KO cells or inhibition of ubiquitination by targeting the
E1 enzyme UBA1 did not interfere with heat stress-induced
assembly of SG but delayed their disassembly during recovery.
Gwon et al. (2021) identified the ER-associated protein FAF2 as
an interactor of ubiquitinated G3BP1 that recruits VCP/p97 to
heat stress-induced SGs. VCP/p97 then extracts G3BP1 from SGs,
thereby decreasing the percolation threshold and inducing SG
disassembly.

CONCLUSION

Tremendous progress has been made recently in unraveling
the basic principles of SG assembly and disassembly by
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identifying the context-dependent proteome of SGs,
characterizing interaction networks of SG-associated
proteins and elucidating biophysical processes driving LLPS.
However, we are only beginning to understand the role of
specific PTMs in regulating these processes. PTMs may
contribute to the contextual and possibly cell type-specific
regulation of SG dynamics. Ubiquitination has emerged as a
crucial determinant of SG disassembly after heat stress,
promoting recovery from stress. Based on its role in
mediating proteasomal and autophagosomal degradation,
ubiquitination can also affect the clearance of SGs formed
under persistent stress or due to pathogenic mutations of SG
components. There is still some work ahead to uncover the role
of specific ubiquitin linkages and heterotypic ubiquitin chains
in these processes. Moreover, the identification of E3
ubiquitin ligases and deubiquitinases implicated in the
regulation of SG dynamics is an important endeavor to
exploit therapeutic strategies for diseases linked to
aberrant SGs.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication.

FUNDING

KW is supported by the German Research Foundation (WI/2111-
6, WI/2111-8, FOR 2848 and Germany’s Excellence
Strategy—EXC 2033—390677874—RESOLV) and the Michael
J. Fox Foundation (Grant Number 16293). MH received a
fellowship from the Alexander-von-Humboldt Foundation.

ACKNOWLEDGMENTS

We acknowledge support by the Open Access Publication Funds
of the Ruhr-Universität Bochum.

REFERENCES

Afroz, T., Hock, E.-M., Ernst, P., Foglieni, C., Jambeau, M., Gilhespy, L. A. B., et al.
(2017). Functional and Dynamic Polymerization of the ALS-Linked Protein
TDP-43 Antagonizes its Pathologic Aggregation. Nat. Commun. 8, 45. doi:10.
1038/s41467-017-00062-0

Akimov, V., Barrio-Hernandez, I., Hansen, S. V. F., Hallenborg, P., Pedersen, A.-K.,
Bekker-Jensen, D. B., et al. (2018). UbiSite Approach for Comprehensive
Mapping of Lysine and N-Terminal Ubiquitination Sites. Nat. Struct. Mol.
Biol. 25, 631–640. doi:10.1038/s41594-018-0084-y

Alam, U., and Kennedy, D. (2019). Rasputin a Decade on and More Promiscuous
Than Ever? A Review of G3BPs. Biochimica Biophysica Acta (BBA) - Mol. Cell.
Res. 1866, 360–370. doi:10.1016/j.bbamcr.2018.09.001

Alberti, S., and Dormann, D. (2019). Liquid-Liquid Phase Separation in Disease.
Annu. Rev. Genet. 53, 171–194. doi:10.1146/annurev-genet-112618-043527

Alberti, S., Gladfelter, A., and Mittag, T. (2019). Considerations and Challenges in
Studying Liquid-Liquid Phase Separation and Biomolecular Condensates. Cell.
176, 419–434. doi:10.1016/j.cell.2018.12.035

Antifeeva, I. A., Fonin, A. V., Fefilova, A. S., Stepanenko, O. V., Povarova, O. I.,
Silonov, S. A., et al. (2022). Liquid-liquid Phase Separation as an Organizing
Principle of Intracellular Space: Overview of the Evolution of the Cell
Compartmentalization Concept. Cell. Mol. Life Sci. 79, 251. doi:10.1007/
s00018-022-04276-4

Aulas, A., Fay, M. M., Lyons, S. M., Achorn, C. A., Kedersha, N., Anderson, P.,
et al. (201719924). Stress-specific Differences in Assembly and
Composition of Stress Granules and Related Foci. J. Cell. Sci. jcs. doi:10.
1242/jcs.199240

Aulas, A., Stabile, S., and Vande Velde, C. (2012). Endogenous TDP-43, but Not
FUS, Contributes to Stress Granule Assembly via G3BP. Mol. Neurodegener. 7,
1. doi:10.1186/1750-1326-7-54

Ayala, Y. M., Pantano, S., D’Ambrogio, A., Buratti, E., Brindisi, A., Marchetti, C.,
et al. (2005). Human, Drosophila, and C.Elegans TDP43: Nucleic Acid Binding
Properties and Splicing Regulatory Function. J. Mol. Biol. 348, 575–588. doi:10.
1016/j.jmb.2005.02.038

Badadani, M., Nalbandian, A., Watts, G. D., Vesa, J., Kitazawa, M., Su, H., et al.
(2010). VCP Associated Inclusion Body Myopathy and Paget Disease of Bone
Knock-In Mouse Model Exhibits Tissue Pathology Typical of Human Disease.
PLoS ONE 5, e13183. doi:10.1371/journal.pone.0013183

Banani, S. F., Lee, H. O., Hyman, A. A., and Rosen, M. K. (2017). Biomolecular
Condensates: Organizers of Cellular Biochemistry. Nat. Rev. Mol. Cell. Biol. 18,
285–298. doi:10.1038/nrm.2017.7

Banani, S. F., Rice, A. M., Peeples, W. B., Lin, Y., Jain, S., Parker, R., et al. (2016).
Compositional Control of Phase-Separated Cellular Bodies. Cell. 166, 651–663.
doi:10.1016/j.cell.2016.06.010

Barthelme, D., and Sauer, R. T. (2016). Origin and Functional Evolution of the
Cdc48/p97/VCP AAA+ Protein Unfolding and Remodeling Machine. J. Mol.
Biol. 428, 1861–1869. doi:10.1016/j.jmb.2015.11.015

Bentmann, E., Haass, C., and Dormann, D. (2013). Stress Granules in
Neurodegeneration - Lessons Learnt from TAR DNA Binding Protein of
43 kDa and Fused in Sarcoma. FEBS J. 280, 4348–4370. doi:10.1111/febs.12287

Berndsen, C. E., and Wolberger, C. (2014). New Insights into Ubiquitin E3 Ligase
Mechanism. Nat. Struct. Mol. Biol. 21, 301–307. doi:10.1038/nsmb.2780

Birsa, N., Bentham, M. P., and Fratta, P. (2020). Cytoplasmic Functions of TDP-43
and FUS and Their Role in ALS. Seminars Cell. & Dev. Biol. 99, 193–201. doi:10.
1016/j.semcdb.2019.05.023

Bley, N., Lederer, M., Pfalz, B., Reinke, C., Fuchs, T., Glaß, M., et al. (2015). Stress
Granules Are Dispensable for mRNA Stabilization during Cellular Stress.
Nucleic Acids Res. 43, e26. doi:10.1093/nar/gku1275

Borcherds, W., Bremer, A., Borgia, M. B., and Mittag, T. (2021). How Do
Intrinsically Disordered Protein Regions Encode a Driving Force for Liquid-
Liquid Phase Separation? Curr. Opin. Struct. Biol. 67, 41–50. doi:10.1016/j.sbi.
2020.09.004

Bordeleau, M.-E., Matthews, J., Wojnar, J. M., Lindqvist, L., Novac, O., Jankowsky,
E., et al. (2005). Stimulation of Mammalian Translation Initiation Factor eIF4A
Activity by a Small Molecule Inhibitor of Eukaryotic Translation. Proc. Natl.
Acad. Sci. U.S.A. 102, 10460–10465. doi:10.1073/pnas.0504249102

Bosco, D. A., Lemay, N., Ko, H. K., Zhou, H., Burke, C., Kwiatkowski, T. J., et al. (2010).
Mutant FUS Proteins that Cause Amyotrophic Lateral Sclerosis Incorporate into
Stress Granules. Hum. Mol. Genet. 19, 4160–4175. doi:10.1093/hmg/ddq335

Brangwynne, C. P., Tompa, P., and Pappu, R. V. (2015). Polymer Physics of
Intracellular Phase Transitions.Nat. Phys. 11, 899–904. doi:10.1038/nphys3532

Buchan, J. R., Kolaitis, R.-M., Taylor, J. P., and Parker, R. (2013). Eukaryotic Stress
Granules Are Cleared by Autophagy and Cdc48/VCP Function. Cell. 153,
1461–1474. doi:10.1016/j.cell.2013.05.037

Buchberger, A., Schindelin, H., and Hänzelmann, P. (2015). Control of P97
Function by Cofactor Binding. FEBS Lett. 589, 2578–2589. doi:10.1016/j.
febslet.2015.08.028

Buratti, E., Brindisi, A., Pagani, F., and Baralle, F. E. (2004). Nuclear Factor TDP-43
Binds to the Polymorphic TG Repeats in CFTR Intron 8 and Causes Skipping of
Exon 9: A Functional Link with Disease Penetrance. Am. J. Hum. Genet. 74,
1322–1325. doi:10.1086/420978

Buratti, E. (2018). TDP-43 Post-translational Modifications in Health and Disease.
Expert Opin. Ther. Targets 22, 279–293. doi:10.1080/14728222.2018.1439923

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 91075910

Krause et al. Ubiquitin and Stress Granule Dynamics

https://doi.org/10.1038/s41467-017-00062-0
https://doi.org/10.1038/s41467-017-00062-0
https://doi.org/10.1038/s41594-018-0084-y
https://doi.org/10.1016/j.bbamcr.2018.09.001
https://doi.org/10.1146/annurev-genet-112618-043527
https://doi.org/10.1016/j.cell.2018.12.035
https://doi.org/10.1007/s00018-022-04276-4
https://doi.org/10.1007/s00018-022-04276-4
https://doi.org/10.1242/jcs.199240
https://doi.org/10.1242/jcs.199240
https://doi.org/10.1186/1750-1326-7-54
https://doi.org/10.1016/j.jmb.2005.02.038
https://doi.org/10.1016/j.jmb.2005.02.038
https://doi.org/10.1371/journal.pone.0013183
https://doi.org/10.1038/nrm.2017.7
https://doi.org/10.1016/j.cell.2016.06.010
https://doi.org/10.1016/j.jmb.2015.11.015
https://doi.org/10.1111/febs.12287
https://doi.org/10.1038/nsmb.2780
https://doi.org/10.1016/j.semcdb.2019.05.023
https://doi.org/10.1016/j.semcdb.2019.05.023
https://doi.org/10.1093/nar/gku1275
https://doi.org/10.1016/j.sbi.2020.09.004
https://doi.org/10.1016/j.sbi.2020.09.004
https://doi.org/10.1073/pnas.0504249102
https://doi.org/10.1093/hmg/ddq335
https://doi.org/10.1038/nphys3532
https://doi.org/10.1016/j.cell.2013.05.037
https://doi.org/10.1016/j.febslet.2015.08.028
https://doi.org/10.1016/j.febslet.2015.08.028
https://doi.org/10.1086/420978
https://doi.org/10.1080/14728222.2018.1439923
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Cassar, P. A., Carpenedo, R. L., Samavarchi-Tehrani, P., Olsen, J. B., Park, C. J.,
Chang, W. Y., et al. (2015). Integrative Genomics Positions MKRN 1 as a Novel
Ribonucleoprotein within the Embryonic Stem Cell Gene Regulatory Network.
EMBO Rep. 16, 1334–1357. doi:10.15252/embr.201540974

Chen, C., Ding, X., Akram, N., Xue, S., and Luo, S.-Z. (2019). Fused in Sarcoma:
Properties, Self-Assembly and Correlation with Neurodegenerative Diseases.
Molecules 24, 1622. doi:10.3390/molecules24081622

Choi, J.-M., Holehouse, A. S., and Pappu, R. V. (2020). Physical Principles
Underlying the Complex Biology of Intracellular Phase Transitions. Annu.
Rev. Biophys. 49, 107–133. doi:10.1146/annurev-biophys-121219-081629

Chong, P. A., Vernon, R. M., and Forman-Kay, J. D. (2018). RGG/RG Motif
Regions in RNA Binding and Phase Separation. J. Mol. Biol. 430, 4650–4665.
doi:10.1016/j.jmb.2018.06.014

Cinar, H., Fetahaj, Z., Cinar, S., Vernon, R. M., Chan, H. S., and Winter, R. H. A.
(2019). Temperature, Hydrostatic Pressure, and Osmolyte Effects on Liquid-
Liquid Phase Separation in Protein Condensates: Physical Chemistry and
Biological Implications. Chem. Eur. J. 25, 13049–13069. doi:10.1002/chem.
201902210

Clague, M. J., Urbé, S., and Komander, D. (2019). Breaking the Chains:
Deubiquitylating Enzyme Specificity Begets Function. Nat. Rev. Mol. Cell.
Biol. 20, 338–352. doi:10.1038/s41580-019-0099-1

Colombrita, C., Zennaro, E., Fallini, C., Weber, M., Sommacal, A., Buratti, E., et al.
(2009). TDP-43 Is Recruited to Stress Granules in Conditions of Oxidative
Insult. J. Neurochem. 111, 1051–1061. doi:10.1111/j.1471-4159.2009.06383.x

Conicella, A. E., Zerze, G. H., Mittal, J., and Fawzi, N. L. (2016). ALS Mutations
Disrupt Phase Separation Mediated by α-Helical Structure in the TDP-43 Low-
Complexity C-Terminal Domain. Structure 24, 1537–1549. doi:10.1016/j.str.
2016.07.007

Csizmok, V., and Forman-Kay, J. D. (2018). Complex Regulatory Mechanisms
Mediated by the Interplay of Multiple Post-translational Modifications. Curr.
Opin. Struct. Biol. 48, 58–67. doi:10.1016/j.sbi.2017.10.013

Custer, S. K., Neumann, M., Lu, H., Wright, A. C., and Taylor, J. P. (2010).
Transgenic Mice Expressing Mutant Forms VCP/p97 Recapitulate the Full
Spectrum of IBMPFD Including Degeneration in Muscle, Brain and Bone.
Hum. Mol. Genet. 19, 1741–1755. doi:10.1093/hmg/ddq050

Dai, R. M., and Li, C.-C. H. (2001). Valosin-containing Protein Is a Multi-
Ubiquitin Chain-Targeting Factor Required in Ubiquitin-Proteasome
Degradation. Nat. Cell. Biol. 3, 740–744. doi:10.1038/35087056

Dammer, E. B., Fallini, C., Gozal, Y. M., Duong, D. M., Rossoll, W., Xu, P., et al.
(2012). Coaggregation of RNA-Binding Proteins in a Model of TDP-43
Proteinopathy with Selective RGG Motif Methylation and a Role for RRM1
Ubiquitination. PLoS ONE 7, e38658. doi:10.1371/journal.pone.0038658

Dao, T. P., Kolaitis, R.-M., Kim, H. J., O’Donovan, K., Martyniak, B., Colicino, E.,
et al. (2018). Ubiquitin Modulates Liquid-Liquid Phase Separation of UBQLN2
via Disruption of Multivalent Interactions. Mol. Cell. 69, 965–978. e6. doi:10.
1016/j.molcel.2018.02.004

Das, S., Lin, Y.-H., Vernon, R. M., Forman-Kay, J. D., and Chan, H. S. (2020).
Comparative Roles of Charge, π , and Hydrophobic Interactions in Sequence-
dependent Phase Separation of Intrinsically Disordered Proteins. Proc. Natl.
Acad. Sci. U.S.A. 117, 28795–28805. doi:10.1073/pnas.2008122117

Deng, J., Harding, H. P., Raught, B., Gingras, A.-C., Berlanga, J. J., Scheuner, D.,
et al. (2002). Activation of GCN2 in UV-Irradiated Cells Inhibits Translation.
Curr. Biol. 12, 1279–1286. doi:10.1016/S0960-9822(02)01037-0

Dewey, C. M., Cenik, B., Sephton, C. F., Dries, D. R., Mayer, P., Good, S. K., et al.
(2011). TDP-43 Is Directed to Stress Granules by Sorbitol, a Novel Physiological
Osmotic and Oxidative Stressor. Mol. Cell. Biol. 31, 1098–1108. doi:10.1128/
MCB.01279-10

Dignon, G. L., Best, R. B., and Mittal, J. (2020). Biomolecular Phase Separation:
From Molecular Driving Forces to Macroscopic Properties. Annu. Rev. Phys.
Chem. 71, 53–75. doi:10.1146/annurev-physchem-071819-113553

Dobra, I., Pankivskyi, S., Samsonova, A., Pastre, D., and Hamon, L. (2018). Relation
between Stress Granules and Cytoplasmic Protein Aggregates Linked to
Neurodegenerative Diseases. Curr. Neurol. Neurosci. Rep. 18, 107. doi:10.
1007/s11910-018-0914-7

Dormann, D., Capell, A., Carlson, A. M., Shankaran, S. S., Rodde, R.,
Neumann, M., et al. (2009). Proteolytic Processing of TAR DNA
Binding Protein-43 by Caspases Produces C-Terminal Fragments with

Disease Defining Properties Independent of Progranulin. J. Neurochem.
110, 1082–1094. doi:10.1111/j.1471-4159.2009.06211.x

Dormann, D., and Haass, C. (2011). TDP-43 and FUS: a Nuclear Affair. Trends
Neurosci. 34, 339–348. doi:10.1016/j.tins.2011.05.002

Dormann, D., Madl, T., Valori, C. F., Bentmann, E., Tahirovic, S., Abou-Ajram, C.,
et al. (2012). Arginine Methylation Next to the PY-NLS Modulates Transportin
Binding and Nuclear Import of FUS. EMBO J. 31, 4258–4275. doi:10.1038/
emboj.2012.261

Dormann, D., Rodde, R., Edbauer, D., Bentmann, E., Fischer, I., Hruscha, A., et al.
(2010). ALS-associated Fused in Sarcoma (FUS) Mutations Disrupt
Transportin-Mediated Nuclear Import. EMBO J. 29, 2841–2857. doi:10.
1038/emboj.2010.143

Duan, Y., Du, A., Gu, J., Duan, G., Wang, C., Gui, X., et al. (2019). PARylation
Regulates Stress Granule Dynamics, Phase Separation, and Neurotoxicity of
Disease-Related RNA-Binding Proteins. Cell. Res. 29, 233–247. doi:10.1038/
s41422-019-0141-z

Eiermann, N., Haneke, K., Sun, Z., Stoecklin, G., and Ruggieri, A. (2020). Dance
with the Devil: Stress Granules and Signaling in Antiviral Responses.Viruses 12,
984. doi:10.3390/v12090984

Elliott, P. R., Nielsen, S. V., Marco-Casanova, P., Fiil, B. K., Keusekotten, K.,
Mailand, N., et al. (2014). Molecular Basis and Regulation of OTULIN-LUBAC
Interaction. Mol. Cell. 54, 335–348. doi:10.1016/j.molcel.2014.03.018

Enchev, R. I., Schulman, B. A., and Peter, M. (2015). Protein Neddylation: beyond
Cullin-RING Ligases. Nat. Rev. Mol. Cell. Biol. 16, 30–44. doi:10.1038/nrm3919

Farina, S., Esposito, F., Battistoni, M., Biamonti, G., and Francia, S. (2021). Post-
translational Modifications Modulate Proteinopathies of TDP-43, FUS and
hnRNP-A/B in Amyotrophic Lateral Sclerosis. Front. Mol. Biosci. 8, 693325.
doi:10.3389/fmolb.2021.693325

Farrawell, N. E., McAlary, L., Lum, J. S., Chisholm, C. G., Warraich, S. T., Blair, I.
P., et al. (2020). Ubiquitin Homeostasis Is Disrupted in TDP-43 and FUS Cell
Models of ALS. iScience 23, 101700. doi:10.1016/j.isci.2020.101700

Ferrari, V., Cristofani, R., Tedesco, B., Crippa, V., Chierichetti, M., Casarotto, E.,
et al. (2022). Valosin Containing Protein (VCP): A Multistep Regulator of
Autophagy. IJMS 23, 1939. doi:10.3390/ijms23041939

Flotho, A., and Melchior, F. (2013). Sumoylation: A Regulatory Protein
Modification in Health and Disease. Annu. Rev. Biochem. 82, 357–385.
doi:10.1146/annurev-biochem-061909-093311

Franzmann, T. M., and Alberti, S. (2019). Protein Phase Separation as a Stress
Survival Strategy. Cold Spring Harb. Perspect. Biol. 11, a034058. doi:10.1101/
cshperspect.a034058

Freibaum, B. D., Chitta, R. K., High, A. A., and Taylor, J. P. (2010). Global Analysis
of TDP-43 Interacting Proteins Reveals Strong Association with RNA Splicing
and Translation Machinery. J. Proteome Res. 9, 1104–1120. doi:10.1021/
pr901076y

Gabaldón, T., and Pittis, A. A. (2015). Origin and Evolution of Metabolic Sub-
cellular Compartmentalization in Eukaryotes. Biochimie 119, 262–268. doi:10.
1016/j.biochi.2015.03.021

Gal, J., Chen, J., Na, D.-Y., Tichacek, L., Barnett, K. R., and Zhu, H. (2019). The
Acetylation of Lysine-376 of G3BP1 Regulates RNA Binding and Stress Granule
Dynamics. Mol. Cell. Biol. 39. doi:10.1128/MCB.00052-19

Galves, M., Rathi, R., Prag, G., and Ashkenazi, A. (2019). Ubiquitin Signaling and
Degradation of Aggregate-Prone Proteins. Trends Biochem. Sci. 44, 872–884.
doi:10.1016/j.tibs.2019.04.007

Gang, Q., Bettencourt, C., Machado, P. M., Brady, S., Holton, J. L., Pittman, A. M.,
et al. (2016). Rare Variants in SQSTM1 and VCP Genes and Risk of Sporadic
Inclusion Body Myositis. Neurobiol. Aging 47, e1–e1218. e9. doi:10.1016/j.
neurobiolaging.2016.07.024

Gaweda-Walerych, K., Sitek, E. J., Narożańska, E., and Buratti, E. (2021). Parkin
beyond Parkinson’s Disease-A Functional Meaning of Parkin Downregulation
in TDP-43 Proteinopathies. Cells 10, 3389. doi:10.3390/cells10123389

Gitcho, M. A., Baloh, R. H., Chakraverty, S., Mayo, K., Norton, J. B., Levitch, D.,
et al. (2008). TDP-43A315T Mutation in Familial Motor Neuron Disease. Ann.
Neurol. 63, 535–538. doi:10.1002/ana.21344

Gomes, E., and Shorter, J. (2019). The Molecular Language of Membraneless
Organelles. J. Biol. Chem. 294, 7115–7127. doi:10.1074/jbc.TM118.001192

Gonzalez-Perez, P., Cirulli, E. T., Drory, V. E., Dabby, R., Nisipeanu, P., Carasso, R.
L., et al. (2012). Novel Mutation in VCP Gene Causes Atypical Amyotrophic

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 91075911

Krause et al. Ubiquitin and Stress Granule Dynamics

https://doi.org/10.15252/embr.201540974
https://doi.org/10.3390/molecules24081622
https://doi.org/10.1146/annurev-biophys-121219-081629
https://doi.org/10.1016/j.jmb.2018.06.014
https://doi.org/10.1002/chem.201902210
https://doi.org/10.1002/chem.201902210
https://doi.org/10.1038/s41580-019-0099-1
https://doi.org/10.1111/j.1471-4159.2009.06383.x
https://doi.org/10.1016/j.str.2016.07.007
https://doi.org/10.1016/j.str.2016.07.007
https://doi.org/10.1016/j.sbi.2017.10.013
https://doi.org/10.1093/hmg/ddq050
https://doi.org/10.1038/35087056
https://doi.org/10.1371/journal.pone.0038658
https://doi.org/10.1016/j.molcel.2018.02.004
https://doi.org/10.1016/j.molcel.2018.02.004
https://doi.org/10.1073/pnas.2008122117
https://doi.org/10.1016/S0960-9822(02)01037-0
https://doi.org/10.1128/MCB.01279-10
https://doi.org/10.1128/MCB.01279-10
https://doi.org/10.1146/annurev-physchem-071819-113553
https://doi.org/10.1007/s11910-018-0914-7
https://doi.org/10.1007/s11910-018-0914-7
https://doi.org/10.1111/j.1471-4159.2009.06211.x
https://doi.org/10.1016/j.tins.2011.05.002
https://doi.org/10.1038/emboj.2012.261
https://doi.org/10.1038/emboj.2012.261
https://doi.org/10.1038/emboj.2010.143
https://doi.org/10.1038/emboj.2010.143
https://doi.org/10.1038/s41422-019-0141-z
https://doi.org/10.1038/s41422-019-0141-z
https://doi.org/10.3390/v12090984
https://doi.org/10.1016/j.molcel.2014.03.018
https://doi.org/10.1038/nrm3919
https://doi.org/10.3389/fmolb.2021.693325
https://doi.org/10.1016/j.isci.2020.101700
https://doi.org/10.3390/ijms23041939
https://doi.org/10.1146/annurev-biochem-061909-093311
https://doi.org/10.1101/cshperspect.a034058
https://doi.org/10.1101/cshperspect.a034058
https://doi.org/10.1021/pr901076y
https://doi.org/10.1021/pr901076y
https://doi.org/10.1016/j.biochi.2015.03.021
https://doi.org/10.1016/j.biochi.2015.03.021
https://doi.org/10.1128/MCB.00052-19
https://doi.org/10.1016/j.tibs.2019.04.007
https://doi.org/10.1016/j.neurobiolaging.2016.07.024
https://doi.org/10.1016/j.neurobiolaging.2016.07.024
https://doi.org/10.3390/cells10123389
https://doi.org/10.1002/ana.21344
https://doi.org/10.1074/jbc.TM118.001192
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Lateral Sclerosis. Neurology 79, 2201–2208. doi:10.1212/WNL.
0b013e318275963b

Guillén-Boixet, J., Kopach, A., Holehouse, A. S., Wittmann, S., Jahnel, M.,
Schlüßler, R., et al. (2020). RNA-induced Conformational Switching and
Clustering of G3BP Drive Stress Granule Assembly by Condensation. Cell.
181, 346–361. e17. doi:10.1016/j.cell.2020.03.049

Gwon, Y., Maxwell, B. A., Kolaitis, R.-M., Zhang, P., Kim, H. J., and Taylor, J. P.
(2021). Ubiquitination of G3BP1 Mediates Stress Granule Disassembly in a
Context-specific Manner. Science 372, eabf6548. doi:10.1126/science.abf6548

Hans, F., Eckert, M., von Zweydorf, F., Gloeckner, C. J., and Kahle, P. J. (2018).
Identification and Characterization of Ubiquitinylation Sites in TAR DNA-
Binding Protein of 43 kDa (TDP-43). J. Biol. Chem. 293, 16083–16099. doi:10.
1074/jbc.RA118.003440

Hans, F., Fiesel, F. C., Strong, J. C., Jäckel, S., Rasse, T. M., Geisler, S., et al. (2014).
UBE2E Ubiquitin-Conjugating Enzymes and Ubiquitin Isopeptidase Y
Regulate TDP-43 Protein Ubiquitination. J. Biol. Chem. 289, 19164–19179.
doi:10.1074/jbc.M114.561704

Hans, F., Glasebach, H., and Kahle, P. J. (2020). Multiple Distinct Pathways Lead to
Hyperubiquitylated Insoluble TDP-43 Protein Independent of its Translocation
into Stress Granules. J. Biol. Chem. 295, 673–689. doi:10.1016/S0021-9258(17)
49926-1

Hasegawa, M., Arai, T., Nonaka, T., Kametani, F., Yoshida, M., Hashizume, Y.,
et al. (2008). Phosphorylated TDP-43 in Frontotemporal Lobar Degeneration
and Amyotrophic Lateral Sclerosis. Ann. Neurol. 64, 60–70. doi:10.1002/ana.
21425

Hebron, M. L., Lonskaya, I., Sharpe, K., Weerasinghe, P. P. K., Algarzae, N. K.,
Shekoyan, A. R., et al. (2013). Parkin Ubiquitinates Tar-DNA Binding Protein-
43 (TDP-43) and Promotes its Cytosolic Accumulation via Interaction with
Histone Deacetylase 6 (HDAC6). J. Biol. Chem. 288, 4103–4115. doi:10.1074/
jbc.M112.419945

Hofmann, S., Kedersha, N., Anderson, P., and Ivanov, P. (2021). Molecular
Mechanisms of Stress Granule Assembly and Disassembly. Biochimica
Biophysica Acta (BBA) - Mol. Cell. Res. 1868, 118876. doi:10.1016/j.bbamcr.
2020.118876

Hofweber, M., and Dormann, D. (2019). Friend or foe-Post-translational
Modifications as Regulators of Phase Separation and RNP Granule
Dynamics. J. Biol. Chem. 294, 7137–7150. doi:10.1074/jbc.TM118.001189

Hofweber, M., Hutten, S., Bourgeois, B., Spreitzer, E., Niedner-Boblenz, A.,
Schifferer, M., et al. (2018). Phase Separation of FUS Is Suppressed by its
Nuclear Import Receptor and Arginine Methylation. Cell. 173, 706–719. e13.
doi:10.1016/j.cell.2018.03.004

Honigmann, A., and Pralle, A. (2016). Compartmentalization of the Cell
Membrane. J. Mol. Biol. 428, 4739–4748. doi:10.1016/j.jmb.2016.09.022

Hua, Y., and Zhou, J. (2004). Survival Motor Neuron Protein Facilitates
Assembly of Stress Granules. FEBS Lett. 572, 69–74. doi:10.1016/j.
febslet.2004.07.010

Huang, C., Chen, Y., Dai, H., Zhang, H., Xie, M., Zhang, H., et al. (2020).
UBAP2L Arginine Methylation by PRMT1 Modulates Stress Granule
Assembly. Cell. Death Differ. 27, 227–241. doi:10.1038/s41418-019-0350-5

Igaz, L. M., Kwong, L. K., Xu, Y., Truax, A. C., Uryu, K., Neumann, M., et al.
(2008). Enrichment of C-Terminal Fragments in TAR DNA-Binding
Protein-43 Cytoplasmic Inclusions in Brain but Not in Spinal Cord of
Frontotemporal Lobar Degeneration and Amyotrophic Lateral Sclerosis.
Am. J. Pathology 173, 182–194. doi:10.2353/ajpath.2008.080003

Ishov, A. M., Sotnikov, A. G., Negorev, D., Vladimirova, O. V., Neff, N.,
Kamitani, T., et al. (1999). Pml Is Critical for Nd10 Formation and Recruits
the Pml-Interacting Protein Daxx to This Nuclear Structure when Modified
by Sumo-1. J. Cell. Biol. 147, 221–234. doi:10.1083/jcb.147.2.221

Jain, S., Wheeler, J. R., Walters, R. W., Agrawal, A., Barsic, A., and Parker, R.
(2016). ATPase-Modulated Stress Granules Contain a Diverse Proteome
and Substructure. Cell. 164, 487–498. doi:10.1016/j.cell.2015.12.038

Jayabalan, A. K., Sanchez, A., Park, R. Y., Yoon, S. P., Kang, G.-Y., Baek, J.-H.,
et al. (2016). NEDDylation Promotes Stress Granule Assembly. Nat.
Commun. 7, 12125. doi:10.1038/ncomms12125

Johnson, J. O., Mandrioli, J., Benatar, M., Abramzon, Y., Van Deerlin, V. M.,
Trojanowski, J. Q., et al. (2010). Exome Sequencing Reveals VCP Mutations
as a Cause of Familial ALS. Neuron 68, 857–864. doi:10.1016/j.neuron.
2010.11.036

Jongjitwimol, J., Baldock, R. A., Morley, S. J., and Watts, F. Z. (2016). Sumoylation
of eIF4A2 Affects Stress Granule Formation. J. Cell. Sci. jcs, 184614. doi:10.
1242/jcs.184614

Kang, J., Lim, L., Lu, Y., and Song, J. (2019). A Unified Mechanism for LLPS of
ALS/FTLD-causing FUS as Well as its Modulation by ATP and Oligonucleic
Acids. PLoS Biol. 17, e3000327. doi:10.1371/journal.pbio.3000327

Kang, W., Wang, Y., Yang, W., Zhang, J., Zheng, H., and Li, D. (2021). Research
Progress on the Structure and Function of G3BP. Front. Immunol. 12, 718548.
doi:10.3389/fimmu.2021.718548

Kedersha, N., and Anderson, P. (2002). Stress Granules: Sites of mRNA Triage that
Regulate mRNA Stability and Translatability. Biochem. Soc. Trans. 30, 963–969.
doi:10.1042/bst0300963

Kedersha, N., Chen, S., Gilks, N., Li, W., Miller, I. J., Stahl, J., et al. (2002). Evidence
that Ternary Complex (eIF2-GTP-tRNAiMet)-Deficient Preinitiation
Complexes Are Core Constituents of Mammalian Stress Granules. MBoC
13, 195–210. doi:10.1091/mbc.01-05-0221

Kedersha, N. L., Gupta, M., Li, W., Miller, I., and Anderson, P. (1999). RNA-
binding Proteins TIA-1 and TIAR Link the Phosphorylation of eIF-2 Alpha to
the Assembly of Mammalian Stress Granules. J. Cell. Biol. 147, 1431–1442.
doi:10.1083/jcb.147.7.1431

Kedersha, N., Panas, M. D., Achorn, C. A., Lyons, S., Tisdale, S., Hickman, T., et al.
(2016). G3BP-Caprin1-USP10 Complexes Mediate Stress Granule
Condensation and Associate with 40S Subunits. J. Cell. Biol. 212,
e201508028. doi:10.1083/jcb.201508028

Keiten-Schmitz, J., Wagner, K., Piller, T., Kaulich, M., Alberti, S., and Müller, S.
(2020). The Nuclear SUMO-Targeted Ubiquitin Quality Control Network
Regulates the Dynamics of Cytoplasmic Stress Granules. Mol. Cell. 79,
54–67. e7. doi:10.1016/j.molcel.2020.05.017

Kim, S., Huang, J., Lee, Y., Dutta, S., Yoo, H. Y., Jung, Y. M., et al. (2016).
Complexation and Coacervation of Like-Charged Polyelectrolytes Inspired by
Mussels. Proc. Natl. Acad. Sci. U.S.A. 113. doi:10.1073/pnas.1521521113

Kim, W., Bennett, E. J., Huttlin, E. L., Guo, A., Li, J., Possemato, A., et al. (2011).
Systematic and Quantitative Assessment of the Ubiquitin-Modified Proteome.
Mol. Cell. 44, 325–340. doi:10.1016/j.molcel.2011.08.025

Kim, W. J., Back, S. H., Kim, V., Ryu, I., and Jang, S. K. (2005). Sequestration of
TRAF2 into Stress Granules Interrupts Tumor Necrosis Factor Signaling under
Stress Conditions. Mol. Cell. Biol. 25, 2450–2462. doi:10.1128/MCB.25.6.2450-
2462.2005

Kimonis, V. E., Fulchiero, E., Vesa, J., and Watts, G. (2008). VCP Disease
Associated with Myopathy, Paget Disease of Bone and Frontotemporal
Dementia: Review of a Unique Disorder. Biochimica Biophysica Acta (BBA)
- Mol. Basis Dis. 1782, 744–748. doi:10.1016/j.bbadis.2008.09.003

Kino, Y., Washizu, C., Aquilanti, E., Okuno, M., Kurosawa, M., Yamada, M., et al.
(2011). Intracellular Localization and Splicing Regulation of FUS/TLS Are
Variably Affected by Amyotrophic Lateral Sclerosis-Linked Mutations. Nucleic
Acids Res. 39, 2781–2798. doi:10.1093/nar/gkq1162

Koerver, L., Papadopoulos, C., Liu, B., Kravic, B., Rota, G., Brecht, L., et al. (2019).
The Ubiquitin-conjugating Enzyme UBE 2 QL 1 Coordinates Lysophagy in
Response to Endolysosomal Damage. EMBO Rep. 20. doi:10.15252/embr.
201948014

Kuniyoshi, K., Takeuchi, O., Pandey, S., Satoh, T., Iwasaki, H., Akira, S., et al.
(2014). Pivotal Role of RNA-Binding E3 Ubiquitin Ligase MEX3C in RIG-I-
Mediated Antiviral Innate Immunity. Proc. Natl. Acad. Sci. U.S.A. 111,
5646–5651. doi:10.1073/pnas.1401674111

Kwiatkowski, T. J., Bosco, D. A., LeClerc, A. L., Tamrazian, E., Vanderburg, C. R.,
Russ, C., et al. (2009). Mutations in the FUS/TLS Gene on Chromosome 16
Cause Familial Amyotrophic Lateral Sclerosis. Science 323, 1205–1208. doi:10.
1126/science.1166066

Kwon, S., Zhang, Y., and Matthias, P. (2007). The Deacetylase HDAC6 Is a Novel
Critical Component of Stress Granules Involved in the Stress Response. Genes.
Dev. 21, 3381–3394. doi:10.1101/gad.461107

Lagier-Tourenne, C., Polymenidou, M., Hutt, K. R., Vu, A. Q., Baughn, M., Huelga,
S. C., et al. (2012). Divergent Roles of ALS-Linked Proteins FUS/TLS and TDP-
43 Intersect in Processing Long Pre-mRNAs. Nat. Neurosci. 15, 1488–1497.
doi:10.1038/nn.3230

Lee, Y.-B., Scotter, E. L., Lee, D.-Y., Troakes, C., Mitchell, J., Rogelj, B., et al. (2021).
Cytoplasmic TDP-43 Is Involved in Cell Fate during Stress Recovery. Hum.
Mol. Genet. 31, 166–175. doi:10.1093/hmg/ddab227

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 91075912

Krause et al. Ubiquitin and Stress Granule Dynamics

https://doi.org/10.1212/WNL.0b013e318275963b
https://doi.org/10.1212/WNL.0b013e318275963b
https://doi.org/10.1016/j.cell.2020.03.049
https://doi.org/10.1126/science.abf6548
https://doi.org/10.1074/jbc.RA118.003440
https://doi.org/10.1074/jbc.RA118.003440
https://doi.org/10.1074/jbc.M114.561704
https://doi.org/10.1016/S0021-9258(17)49926-1
https://doi.org/10.1016/S0021-9258(17)49926-1
https://doi.org/10.1002/ana.21425
https://doi.org/10.1002/ana.21425
https://doi.org/10.1074/jbc.M112.419945
https://doi.org/10.1074/jbc.M112.419945
https://doi.org/10.1016/j.bbamcr.2020.118876
https://doi.org/10.1016/j.bbamcr.2020.118876
https://doi.org/10.1074/jbc.TM118.001189
https://doi.org/10.1016/j.cell.2018.03.004
https://doi.org/10.1016/j.jmb.2016.09.022
https://doi.org/10.1016/j.febslet.2004.07.010
https://doi.org/10.1016/j.febslet.2004.07.010
https://doi.org/10.1038/s41418-019-0350-5
https://doi.org/10.2353/ajpath.2008.080003
https://doi.org/10.1083/jcb.147.2.221
https://doi.org/10.1016/j.cell.2015.12.038
https://doi.org/10.1038/ncomms12125
https://doi.org/10.1016/j.neuron.2010.11.036
https://doi.org/10.1016/j.neuron.2010.11.036
https://doi.org/10.1242/jcs.184614
https://doi.org/10.1242/jcs.184614
https://doi.org/10.1371/journal.pbio.3000327
https://doi.org/10.3389/fimmu.2021.718548
https://doi.org/10.1042/bst0300963
https://doi.org/10.1091/mbc.01-05-0221
https://doi.org/10.1083/jcb.147.7.1431
https://doi.org/10.1083/jcb.201508028
https://doi.org/10.1016/j.molcel.2020.05.017
https://doi.org/10.1073/pnas.1521521113
https://doi.org/10.1016/j.molcel.2011.08.025
https://doi.org/10.1128/MCB.25.6.2450-2462.2005
https://doi.org/10.1128/MCB.25.6.2450-2462.2005
https://doi.org/10.1016/j.bbadis.2008.09.003
https://doi.org/10.1093/nar/gkq1162
https://doi.org/10.15252/embr.201948014
https://doi.org/10.15252/embr.201948014
https://doi.org/10.1073/pnas.1401674111
https://doi.org/10.1126/science.1166066
https://doi.org/10.1126/science.1166066
https://doi.org/10.1101/gad.461107
https://doi.org/10.1038/nn.3230
https://doi.org/10.1093/hmg/ddab227
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Lee, Y.-C., Huang, W.-C., Lin, J.-H., Kao, T.-J., Lin, H.-C., Lee, K.-H., et al. (2018).
Znf179 E3 Ligase-Mediated TDP-43 Polyubiquitination Is Involved in TDP-43-
Ubiquitinated Inclusions (UBI) (+)-related Neurodegenerative Pathology.
J. Biomed. Sci. 25, 76. doi:10.1186/s12929-018-0479-4

Lei, L., Wu, Z., and Winklhofer, K. F. (2021). Protein Quality Control by the
Proteasome and Autophagy: A Regulatory Role of Ubiquitin and Liquid-Liquid
Phase Separation.Matrix Biol. 100-101 (101), 9–22. doi:10.1016/j.matbio.2020.
11.003

Li, P., Banjade, S., Cheng, H.-C., Kim, S., Chen, B., Guo, L., et al. (2012). Phase
Transitions in the Assembly of Multivalent Signalling Proteins. Nature 483,
336–340. doi:10.1038/nature10879

Li, Q., Yokoshi, M., Okada, H., and Kawahara, Y. (2015). The Cleavage Pattern of
TDP-43 Determines its Rate of Clearance and Cytotoxicity. Nat. Commun. 6,
6183. doi:10.1038/ncomms7183

Li, Y. R., King, O. D., Shorter, J., and Gitler, A. D. (2013). Stress Granules as
Crucibles of ALS Pathogenesis. J. Cell. Biol. 201, 361–372. doi:10.1083/jcb.
201302044

Lin, Y.-H., Forman-Kay, J. D., and Chan, H. S. (2016). Sequence-Specific
Polyampholyte Phase Separation in Membraneless Organelles. Phys. Rev.
Lett. 117, 178101. doi:10.1103/PhysRevLett.117.178101

Liu-Yesucevitz, L., Bilgutay, A., Zhang, Y.-J., Vanderwyde, T., Citro, A., Mehta, T.,
et al. (2010). Tar DNA Binding Protein-43 (TDP-43) Associates with Stress
Granules: Analysis of Cultured Cells and Pathological Brain Tissue. PLoS ONE
5, e13250. doi:10.1371/journal.pone.0013250

Loughlin, F. E., and Wilce, J. A. (2019). TDP-43 and FUS-Structural Insights into
RNA Recognition and Self-Association. Curr. Opin. Struct. Biol. 59, 134–142.
doi:10.1016/j.sbi.2019.07.012

Low, W.-K., Dang, Y., Schneider-Poetsch, T., Shi, Z., Choi, N. S., Merrick, W. C.,
et al. (2005). Inhibition of Eukaryotic Translation Initiation by the Marine
Natural Product Pateamine A. Mol. Cell. 20, 709–722. doi:10.1016/j.molcel.
2005.10.008

Lu, L., Han, A.-P., and Chen, J.-J. (2001). Translation Initiation Control by Heme-
Regulated Eukaryotic Initiation Factor 2α Kinase in Erythroid Cells under
Cytoplasmic Stresses. Mol. Cell. Biol. 21, 7971–7980. doi:10.1128/MCB.21.23.
7971-7980.2001

Mackenzie, I. R., Nicholson, A. M., Sarkar, M., Messing, J., Purice, M. D., Pottier,
C., et al. (2017). TIA1 Mutations in Amyotrophic Lateral Sclerosis and
Frontotemporal Dementia Promote Phase Separation and Alter Stress
Granule Dynamics. Neuron 95, 808–816. e9. doi:10.1016/j.neuron.2017.07.025

Mahboubi, H., Moujaber, O., Kodiha, M., and Stochaj, U. (2020). The Co-
chaperone HspBP1 Is a Novel Component of Stress Granules that Regulates
Their Formation. Cells 9, 825. doi:10.3390/cells9040825

Maris, C., Dominguez, C., and Allain, F. H.-T. (2005). The RNARecognitionMotif,
a Plastic RNA-Binding Platform to Regulate Post-transcriptional Gene
Expression. FEBS J. 272, 2118–2131. doi:10.1111/j.1742-4658.2005.04653.x

Markmiller, S., Fulzele, A., Higgins, R., Leonard, M., Yeo, G. W., and Bennett, E. J.
(2019). Active Protein Neddylation or Ubiquitylation Is Dispensable for Stress
Granule Dynamics. Cell. Rep. 27, 1356–1363. e3. doi:10.1016/j.celrep.2019.
04.015

Markmiller, S., Soltanieh, S., Server, K. L., Mak, R., Jin, W., Fang, M. Y., et al.
(2018). Context-Dependent and Disease-specific Diversity in Protein
Interactions within Stress Granules. Cell. 172, 590–604. e13. doi:10.1016/j.
cell.2017.12.032

Marmor-Kollet, H., Siany, A., Kedersha, N., Knafo, N., Rivkin, N., Danino, Y.
M., et al. (2020). Spatiotemporal Proteomic Analysis of Stress Granule
Disassembly Using APEX Reveals Regulation by SUMOylation and Links
to ALS Pathogenesis. Mol. Cell. 80, 876–891. e6. doi:10.1016/j.molcel.2020.
10.032

Martin, E. W., Holehouse, A. S., Peran, I., Farag, M., Incicco, J. J., Bremer, A.,
et al. (2020). Valence and Patterning of Aromatic Residues Determine the
Phase Behavior of Prion-like Domains. Science 367, 694–699. doi:10.1126/
science.aaw8653

Martin, E. W., and Mittag, T. (2018). Relationship of Sequence and Phase
Separation in Protein Low-Complexity Regions. Biochemistry 57,
2478–2487. doi:10.1021/acs.biochem.8b00008

Mathieu, C., Pappu, R. V., and Taylor, J. P. (2020). Beyond Aggregation:
Pathological Phase Transitions in Neurodegenerative Disease. Science 370,
56–60. doi:10.1126/science.abb8032

Matsuki, H., Takahashi, M., Higuchi, M., Makokha, G. N., Oie, M., and Fujii, M.
(2013). Both G3BP1 and G3BP2 Contribute to Stress Granule Formation.
Genes. cells. 18, 135–146. doi:10.1111/gtc.12023

Maxwell, B. A., Gwon, Y., Mishra, A., Peng, J., Nakamura, H., Zhang, K., et al.
(2021). Ubiquitination Is Essential for Recovery of Cellular Activities after Heat
Shock. Science 372, eabc3593. doi:10.1126/science.abc3593

McCormick, C., and Khaperskyy, D. A. (2017). Translation Inhibition and Stress
Granules in the Antiviral Immune Response. Nat. Rev. Immunol. 17, 647–660.
doi:10.1038/nri.2017.63

McEwen, E., Kedersha, N., Song, B., Scheuner, D., Gilks, N., Han, A., et al. (2005).
Heme-regulated Inhibitor Kinase-Mediated Phosphorylation of Eukaryotic
Translation Initiation Factor 2 Inhibits Translation, Induces Stress Granule
Formation, and Mediates Survival upon Arsenite Exposure. J. Biol. Chem. 280,
16925–16933. doi:10.1074/jbc.M412882200

McGurk, L., Gomes, E., Guo, L., Mojsilovic-Petrovic, J., Tran, V., Kalb, R. G., et al.
(2018). Poly(ADP-Ribose) Prevents Pathological Phase Separation of TDP-43
by Promoting Liquid Demixing and Stress Granule Localization. Mol. Cell. 71,
703–717. e9. doi:10.1016/j.molcel.2018.07.002

Mertins, P., Qiao, J. W., Patel, J., Udeshi, N. D., Clauser, K. R., Mani, D. R., et al.
(2013). Integrated Proteomic Analysis of Post-translational Modifications by
Serial Enrichment. Nat. Methods 10, 634–637. doi:10.1038/nmeth.2518

Mevissen, T. E. T., and Komander, D. (2017). Mechanisms of Deubiquitinase
Specificity and Regulation. Annu. Rev. Biochem. 86, 159–192. doi:10.1146/
annurev-biochem-061516-044916

Mittag, T., and Parker, R. (2018). Multiple Modes of Protein-Protein Interactions
Promote RNP Granule Assembly. J. Mol. Biol. 430, 4636–4649. doi:10.1016/j.
jmb.2018.08.005

Molliex, A., Temirov, J., Lee, J., Coughlin, M., Kanagaraj, A. P., Kim, H. J., et al.
(2015). Phase Separation by Low Complexity Domains Promotes Stress
Granule Assembly and Drives Pathological Fibrillization. Cell. 163, 123–133.
doi:10.1016/j.cell.2015.09.015

Nakayama, Y., Tsuji, K., Ayaki, T., Mori, M., Tokunaga, F., and Ito, H. (2020).
Linear Polyubiquitin Chain Modification of TDP-43-Positive Neuronal
Cytoplasmic Inclusions in Amyotrophic Lateral Sclerosis. J. Neuropathology
Exp. Neurology 79, 256–265. doi:10.1093/jnen/nlz135

Nedelsky, N. B., and Taylor, J. P. (2019). Bridging Biophysics and Neurology:
Aberrant Phase Transitions in Neurodegenerative Disease.Nat. Rev. Neurol. 15,
272–286. doi:10.1038/s41582-019-0157-5

Neumann, M., Kwong, L. K., Lee, E. B., Kremmer, E., Flatley, A., Xu, Y., et al.
(2009a). Phosphorylation of S409/410 of TDP-43 Is a Consistent Feature in All
Sporadic and Familial Forms of TDP-43 Proteinopathies. Acta Neuropathol.
117, 137–149. doi:10.1007/s00401-008-0477-9

Neumann, M., Rademakers, R., Roeber, S., Baker, M., Kretzschmar, H. A., and
Mackenzie, I. R. A. (2009b). A New Subtype of Frontotemporal Lobar
Degeneration with FUS Pathology. Brain 132, 2922–2931. doi:10.1093/brain/
awp214

Neumann, M., Sampathu, D. M., Kwong, L. K., Truax, A. C., Micsenyi, M. C.,
Chou, T. T., et al. (2006). Ubiquitinated TDP-43 in Frontotemporal Lobar
Degeneration and Amyotrophic Lateral Sclerosis. Science 314, 130–133. doi:10.
1126/science.1134108

Nonaka, T., and Hasegawa, M. (2020). Prion-like Properties of Assembled TDP-43.
Curr. Opin. Neurobiol. 61, 23–28. doi:10.1016/j.conb.2019.11.018

Nonaka, T., and Hasegawa, M. (2018). TDP-43 Prions. Cold Spring Harb. Perspect.
Med. 8, a024463. doi:10.1101/cshperspect.a024463

Nott, T. J., Petsalaki, E., Farber, P., Jervis, D., Fussner, E., Plochowietz, A., et al.
(2015). Phase Transition of a Disordered Nuage Protein Generates
Environmentally Responsive Membraneless Organelles. Mol. Cell. 57,
936–947. doi:10.1016/j.molcel.2015.01.013

Nunes, C., Mestre, I., Marcelo, A., Koppenol, R., Matos, C. A., and Nóbrega, C.
(20192019). MSGP: the First Database of the Protein Components of the
Mammalian Stress Granules. Database 2019. doi:10.1093/database/baz031

Oh, E., Akopian, D., and Rape, M. (2018). Principles of Ubiquitin-dependent
Signaling. Annu. Rev. Cell. Dev. Biol. 34, 137–162. doi:10.1146/annurev-cellbio-
100617-062802

Pak, C. W., Kosno, M., Holehouse, A. S., Padrick, S. B., Mittal, A., Ali, R., et al.
(2016). Sequence Determinants of Intracellular Phase Separation by Complex
Coacervation of a Disordered Protein. Mol. Cell. 63, 72–85. doi:10.1016/j.
molcel.2016.05.042

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 91075913

Krause et al. Ubiquitin and Stress Granule Dynamics

https://doi.org/10.1186/s12929-018-0479-4
https://doi.org/10.1016/j.matbio.2020.11.003
https://doi.org/10.1016/j.matbio.2020.11.003
https://doi.org/10.1038/nature10879
https://doi.org/10.1038/ncomms7183
https://doi.org/10.1083/jcb.201302044
https://doi.org/10.1083/jcb.201302044
https://doi.org/10.1103/PhysRevLett.117.178101
https://doi.org/10.1371/journal.pone.0013250
https://doi.org/10.1016/j.sbi.2019.07.012
https://doi.org/10.1016/j.molcel.2005.10.008
https://doi.org/10.1016/j.molcel.2005.10.008
https://doi.org/10.1128/MCB.21.23.7971-7980.2001
https://doi.org/10.1128/MCB.21.23.7971-7980.2001
https://doi.org/10.1016/j.neuron.2017.07.025
https://doi.org/10.3390/cells9040825
https://doi.org/10.1111/j.1742-4658.2005.04653.x
https://doi.org/10.1016/j.celrep.2019.04.015
https://doi.org/10.1016/j.celrep.2019.04.015
https://doi.org/10.1016/j.cell.2017.12.032
https://doi.org/10.1016/j.cell.2017.12.032
https://doi.org/10.1016/j.molcel.2020.10.032
https://doi.org/10.1016/j.molcel.2020.10.032
https://doi.org/10.1126/science.aaw8653
https://doi.org/10.1126/science.aaw8653
https://doi.org/10.1021/acs.biochem.8b00008
https://doi.org/10.1126/science.abb8032
https://doi.org/10.1111/gtc.12023
https://doi.org/10.1126/science.abc3593
https://doi.org/10.1038/nri.2017.63
https://doi.org/10.1074/jbc.M412882200
https://doi.org/10.1016/j.molcel.2018.07.002
https://doi.org/10.1038/nmeth.2518
https://doi.org/10.1146/annurev-biochem-061516-044916
https://doi.org/10.1146/annurev-biochem-061516-044916
https://doi.org/10.1016/j.jmb.2018.08.005
https://doi.org/10.1016/j.jmb.2018.08.005
https://doi.org/10.1016/j.cell.2015.09.015
https://doi.org/10.1093/jnen/nlz135
https://doi.org/10.1038/s41582-019-0157-5
https://doi.org/10.1007/s00401-008-0477-9
https://doi.org/10.1093/brain/awp214
https://doi.org/10.1093/brain/awp214
https://doi.org/10.1126/science.1134108
https://doi.org/10.1126/science.1134108
https://doi.org/10.1016/j.conb.2019.11.018
https://doi.org/10.1101/cshperspect.a024463
https://doi.org/10.1016/j.molcel.2015.01.013
https://doi.org/10.1093/database/baz031
https://doi.org/10.1146/annurev-cellbio-100617-062802
https://doi.org/10.1146/annurev-cellbio-100617-062802
https://doi.org/10.1016/j.molcel.2016.05.042
https://doi.org/10.1016/j.molcel.2016.05.042
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Papadopoulos, C., and Meyer, H. (2017). Detection and Clearance of Damaged
Lysosomes by the Endo-Lysosomal Damage Response and Lysophagy. Curr.
Biol. 27, R1330–R1341. doi:10.1016/j.cub.2017.11.012

Patel, A., Lee, H. O., Jawerth, L., Maharana, S., Jahnel, M., Hein, M. Y., et al. (2015).
A Liquid-To-Solid Phase Transition of the ALS Protein FUS Accelerated by
Disease Mutation. Cell. 162, 1066–1077. doi:10.1016/j.cell.2015.07.047

Pesiridis, G. S., Lee, V. M.-Y., and Trojanowski, J. Q. (2009). Mutations in TDP-43
Link Glycine-Rich Domain Functions to Amyotrophic Lateral Sclerosis. Hum.
Mol. Genet. 18, R156–R162. doi:10.1093/hmg/ddp303

Pierce, W. K., Grace, C. R., Lee, J., Nourse, A., Marzahn, M. R., Watson, E. R., et al.
(2016). Multiple Weak Linear Motifs Enhance Recruitment and Processivity in
SPOP-Mediated Substrate Ubiquitination. J. Mol. Biol. 428, 1256–1271. doi:10.
1016/j.jmb.2015.10.002

Pohl, C., and Dikic, I. (2019). Cellular Quality Control by the Ubiquitin-
Proteasome System and Autophagy. Science 366, 818–822. doi:10.1126/
science.aax3769

Polymenidou, M., Lagier-Tourenne, C., Hutt, K. R., Huelga, S. C., Moran, J., Liang,
T. Y., et al. (2011). Long Pre-mRNA Depletion and RNA Missplicing
Contribute to Neuronal Vulnerability from Loss of TDP-43. Nat. Neurosci.
14, 459–468. doi:10.1038/nn.2779

Prentzell, M. T., Rehbein, U., Cadena Sandoval, M., De Meulemeester, A.-S.,
Baumeister, R., Brohée, L., et al. (2021). G3BPs Tether the TSC Complex to
Lysosomes and Suppress mTORC1 Signaling. Cell. 184, 655–674. e27. doi:10.
1016/j.cell.2020.12.024

Protter, D. S. W., and Parker, R. (2016). Principles and Properties of Stress
Granules. Trends Cell. Biol. 26, 668–679. doi:10.1016/j.tcb.2016.05.004

Prpar Mihevc, S., Darovic, S., Kovanda, A., Bajc Česnik, A., Župunski, V., and
Rogelj, B. (2017). Nuclear Trafficking in Amyotrophic Lateral Sclerosis and
Frontotemporal Lobar Degeneration. Brain 140, 13–26. doi:10.1093/brain/
aww197

Qamar, S., Wang, G., Randle, S. J., Ruggeri, F. S., Varela, J. A., Lin, J. Q., et al.
(2018). FUS Phase Separation Is Modulated by a Molecular Chaperone and
Methylation of Arginine Cation-π Interactions. Cell. 173, 720–734. e15. doi:10.
1016/j.cell.2018.03.056

Qin, H., Lim, L.-Z., Wei, Y., and Song, J. (2014). TDP-43 N Terminus Encodes a
Novel Ubiquitin-like Fold and its Unfolded Form in Equilibrium that Can Be
Shifted by Binding to ssDNA. Proc. Natl. Acad. Sci. U.S.A. 111, 18619–18624.
doi:10.1073/pnas.1413994112

Rademakers, R., Neumann, M., and Mackenzie, I. R. (2012). Advances in
Understanding the Molecular Basis of Frontotemporal Dementia. Nat. Rev.
Neurol. 8, 423–434. doi:10.1038/nrneurol.2012.117

Ratti, A., and Buratti, E. (2016). Physiological Functions and Pathobiology of TDP-
43 and FUS/TLS Proteins. J. Neurochem. 138, 95–111. doi:10.1111/jnc.13625

Reineke, L. C., Tsai, W.-C., Jain, A., Kaelber, J. T., Jung, S. Y., and Lloyd, R. E.
(2017). Casein Kinase 2 Is Linked to Stress Granule Dynamics through
Phosphorylation of the Stress Granule Nucleating Protein G3BP1. Mol. Cell.
Biol. 37. doi:10.1128/MCB.00596-16

Rhoads, S., Monahan, Z., Yee, D., and Shewmaker, F. (2018). The Role of Post-
Translational Modifications on Prion-like Aggregation and Liquid-phase
Separation of FUS. IJMS 19, 886. doi:10.3390/ijms19030886

Ribeiro, S. S., Samanta, N., Ebbinghaus, S., and Marcos, J. C. (2019). The Synergic
Effect of Water and Biomolecules in Intracellular Phase Separation. Nat. Rev.
Chem. 3, 552–561. doi:10.1038/s41570-019-0120-4

Riggs, C. L., Kedersha, N., Ivanov, P., and Anderson, P. (2020). Mammalian Stress
Granules and P Bodies at a Glance. J. Cell. Sci. 133, jcs242487. doi:10.1242/jcs.
242487

Rout, M. P., and Field, M. C. (2017). The Evolution of Organellar Coat Complexes
and Organization of the Eukaryotic Cell. Annu. Rev. Biochem. 86, 637–657.
doi:10.1146/annurev-biochem-061516-044643

Rutherford, N. J., Zhang, Y.-J., Baker, M., Gass, J. M., Finch, N. A., Xu, Y.-F., et al.
(2008). Novel Mutations in TARDBP (TDP-43) in Patients with Familial
Amyotrophic Lateral Sclerosis. PLoS Genet. 4, e1000193. doi:10.1371/
journal.pgen.1000193

Saito, M., Hess, D., Eglinger, J., Fritsch, A. W., Kreysing, M., Weinert, B. T., et al.
(2019). Acetylation of Intrinsically Disordered Regions Regulates Phase
Separation. Nat. Chem. Biol. 15, 51–61. doi:10.1038/s41589-018-0180-7

Sanders, D. W., Kedersha, N., Lee, D. S. W., Strom, A. R., Drake, V., Riback, J. A.,
et al. (2020). Competing Protein-RNA Interaction Networks Control

Multiphase Intracellular Organization. Cell. 181, 306–324. e28. doi:10.1016/j.
cell.2020.03.050

Schaeffer, V., Akutsu, M., Olma, M. H., Gomes, L. C., Kawasaki, M., and Dikic, I.
(2014). Binding of OTULIN to the PUB Domain of HOIP Controls NF-Κb
Signaling. Mol. Cell. 54, 349–361. doi:10.1016/j.molcel.2014.03.016

Scotter, E. L., Vance, C., Nishimura, A. L., Lee, Y.-B., Chen, H.-J., Urwin, H., et al.
(2014). Differential Roles of the Ubiquitin Proteasome System (UPS) and
Autophagy in the Clearance of Soluble and Aggregated TDP-43 Species.
J. Cell. Sci. jcs, 140087. doi:10.1242/jcs.140087

Seguin, S. J., Morelli, F. F., Vinet, J., Amore, D., De Biasi, S., Poletti, A., et al. (2014).
Inhibition of Autophagy, Lysosome and VCP Function Impairs Stress Granule
Assembly. Cell. Death Differ. 21, 1838–1851. doi:10.1038/cdd.2014.103

Seyfried, N. T., Gozal, Y. M., Dammer, E. B., Xia, Q., Duong, D. M., Cheng, D., et al.
(2010). Multiplex SILAC Analysis of a Cellular TDP-43 Proteinopathy Model
Reveals Protein Inclusions Associated with SUMOylation and Diverse
Polyubiquitin Chains. Mol. Cell. Proteomics 9, 705–718. doi:10.1074/mcp.
M800390-MCP200

Sherrill, C. D. (2013). Energy Component Analysis of π Interactions. Acc. Chem.
Res. 46, 1020–1028. doi:10.1021/ar3001124

Shin, Y., and Brangwynne, C. P. (2017). Liquid Phase Condensation in Cell
Physiology and Disease. Science 357, eaaf4382. doi:10.1126/science.aaf4382

Sidibé, H., Dubinski, A., and Vande Velde, C. (2021). The Multi-functional RNA-
binding Protein G3BP1 and its Potential Implication in Neurodegenerative
Disease. J. Neurochem. 157, 944–962. doi:10.1111/jnc.15280

Sreedharan, J., Blair, I. P., Tripathi, V. B., Hu, X., Vance, C., Rogelj, B., et al. (2008).
TDP-43 Mutations in Familial and Sporadic Amyotrophic Lateral Sclerosis.
Science 319, 1668–1672. doi:10.1126/science.1154584

Sternburg, E. L., Gruijs da Silva, L. A., and Dormann, D. (2022). Post-translational
Modifications on RNA-Binding Proteins: Accelerators, Brakes, or Passengers in
Neurodegeneration? Trends Biochem. Sci. 47, 6–22. doi:10.1016/j.tibs.2021.
07.004

Suárez-Calvet, M., Neumann, M., Arzberger, T., Abou-Ajram, C., Funk, E.,
Hartmann, H., et al. (2016). Monomethylated and Unmethylated FUS
Exhibit Increased Binding to Transportin and Distinguish FTLD-FUS from
ALS-FUS. Acta Neuropathol. 131, 587–604. doi:10.1007/s00401-016-1544-2

Sun, D., Wu, R., Zheng, J., Li, P., and Yu, L. (2018). Polyubiquitin Chain-Induced
P62 Phase Separation Drives Autophagic Cargo Segregation. Cell. Res. 28,
405–415. doi:10.1038/s41422-018-0017-7

Swatek, K. N., and Komander, D. (2016). Ubiquitin Modifications. Cell. Res. 26,
399–422. doi:10.1038/cr.2016.39

Takahara, T., and Maeda, T. (2012). Transient Sequestration of TORC1 into Stress
Granules during Heat Stress.Mol. Cell. 47, 242–252. doi:10.1016/j.molcel.2012.
05.019

Tanji, K., Zhang, H.-X., Mori, F., Kakita, A., Takahashi, H., and Wakabayashi, K.
(2012). p62/sequestosome 1 Binds to TDP-43 in Brains with Frontotemporal
Lobar Degeneration with TDP-43 Inclusions. J. Neurosci. Res. 90, 2034–2042.
doi:10.1002/jnr.23081

Tauber, D., Tauber, G., and Parker, R. (2020). Mechanisms and Regulation of RNA
Condensation in RNP Granule Formation. Trends Biochem. Sci. 45, 764–778.
doi:10.1016/j.tibs.2020.05.002

Taylor, J. P. (2015). Multisystem Proteinopathy: Table. Neurology 85, 658–660.
doi:10.1212/WNL.0000000000001862

Thomas, M. G., Tosar, L. J. M., Loschi, M., Pasquini, J. M., Correale, J., Kindler, S.,
et al. (2005). Staufen Recruitment into Stress Granules Does Not Affect Early
mRNA Transport in Oligodendrocytes. MBoC 16, 405–420. doi:10.1091/mbc.
e04-06-0516

Tolay, N., and Buchberger, A. (2021). Comparative Profiling of Stress Granule
Clearance Reveals Differential Contributions of the Ubiquitin System. Life Sci.
Alliance 4, e202000927. doi:10.26508/lsa.202000927

Tourrier̀e, H., Chebli, K., Zekri, L., Courselaud, B., Blanchard, J. M., Bertrand, E.,
et al. (2003). The RasGAP-Associated Endoribonuclease G3BP Assembles
Stress Granules. J. Cell. Biol. 160, 823–831. doi:10.1083/jcb.200212128

Tsai, W.-C., Gayatri, S., Reineke, L. C., Sbardella, G., Bedford, M. T., and
Lloyd, R. E. (2016). Arginine Demethylation of G3BP1 Promotes Stress
Granule Assembly. J. Biol. Chem. 291, 22671–22685. doi:10.1074/jbc.M116.
739573

Turakhiya, A., Meyer, S. R., Marincola, G., Böhm, S., Vanselow, J. T., Schlosser,
A., et al. (2018). ZFAND1 Recruits P97 and the 26S Proteasome to Promote

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 91075914

Krause et al. Ubiquitin and Stress Granule Dynamics

https://doi.org/10.1016/j.cub.2017.11.012
https://doi.org/10.1016/j.cell.2015.07.047
https://doi.org/10.1093/hmg/ddp303
https://doi.org/10.1016/j.jmb.2015.10.002
https://doi.org/10.1016/j.jmb.2015.10.002
https://doi.org/10.1126/science.aax3769
https://doi.org/10.1126/science.aax3769
https://doi.org/10.1038/nn.2779
https://doi.org/10.1016/j.cell.2020.12.024
https://doi.org/10.1016/j.cell.2020.12.024
https://doi.org/10.1016/j.tcb.2016.05.004
https://doi.org/10.1093/brain/aww197
https://doi.org/10.1093/brain/aww197
https://doi.org/10.1016/j.cell.2018.03.056
https://doi.org/10.1016/j.cell.2018.03.056
https://doi.org/10.1073/pnas.1413994112
https://doi.org/10.1038/nrneurol.2012.117
https://doi.org/10.1111/jnc.13625
https://doi.org/10.1128/MCB.00596-16
https://doi.org/10.3390/ijms19030886
https://doi.org/10.1038/s41570-019-0120-4
https://doi.org/10.1242/jcs.242487
https://doi.org/10.1242/jcs.242487
https://doi.org/10.1146/annurev-biochem-061516-044643
https://doi.org/10.1371/journal.pgen.1000193
https://doi.org/10.1371/journal.pgen.1000193
https://doi.org/10.1038/s41589-018-0180-7
https://doi.org/10.1016/j.cell.2020.03.050
https://doi.org/10.1016/j.cell.2020.03.050
https://doi.org/10.1016/j.molcel.2014.03.016
https://doi.org/10.1242/jcs.140087
https://doi.org/10.1038/cdd.2014.103
https://doi.org/10.1074/mcp.M800390-MCP200
https://doi.org/10.1074/mcp.M800390-MCP200
https://doi.org/10.1021/ar3001124
https://doi.org/10.1126/science.aaf4382
https://doi.org/10.1111/jnc.15280
https://doi.org/10.1126/science.1154584
https://doi.org/10.1016/j.tibs.2021.07.004
https://doi.org/10.1016/j.tibs.2021.07.004
https://doi.org/10.1007/s00401-016-1544-2
https://doi.org/10.1038/s41422-018-0017-7
https://doi.org/10.1038/cr.2016.39
https://doi.org/10.1016/j.molcel.2012.05.019
https://doi.org/10.1016/j.molcel.2012.05.019
https://doi.org/10.1002/jnr.23081
https://doi.org/10.1016/j.tibs.2020.05.002
https://doi.org/10.1212/WNL.0000000000001862
https://doi.org/10.1091/mbc.e04-06-0516
https://doi.org/10.1091/mbc.e04-06-0516
https://doi.org/10.26508/lsa.202000927
https://doi.org/10.1083/jcb.200212128
https://doi.org/10.1074/jbc.M116.739573
https://doi.org/10.1074/jbc.M116.739573
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


the Clearance of Arsenite-Induced Stress Granules. Mol. Cell. 70, 906–919.
doi:10.1016/j.molcel.2018.04.021

Turco, E., Savova, A., Gere, F., Ferrari, L., Romanov, J., Schuschnig, M., et al.
(2021). Reconstitution Defines the Roles of P62, NBR1 and TAX1BP1 in
Ubiquitin Condensate Formation and Autophagy Initiation. Nat. Commun.
12, 5212. doi:10.1038/s41467-021-25572-w

Turco, E., Witt, M., Abert, C., Bock-Bierbaum, T., Su, M.-Y., Trapannone, R., et al.
(2019). FIP200 Claw Domain Binding to P62 Promotes Autophagosome
Formation at Ubiquitin Condensates. Mol. Cell. 74, 330–346. doi:10.1016/j.
molcel.2019.01.035

Urushitani, M., Sato, T., Bamba, H., Hisa, Y., and Tooyama, I. (2009). Synergistic
Effect between Proteasome and Autophagosome in the Clearance of
Polyubiquitinated TDP-43. J. Neurosci. Res., NA. doi:10.1002/jnr.22243

Valdez-Sinon, A. N., Lai, A., Shi, L., Lancaster, C. L., Gokhale, A., Faundez, V., et al.
(2020). Cdh1-APC Regulates Protein Synthesis and Stress Granules in Neurons
through an FMRP-dependent Mechanism. iScience 23, 101132. doi:10.1016/j.
isci.2020.101132

van den Boom, J., and Meyer, H. (2018). VCP/p97-Mediated Unfolding as a
Principle in Protein Homeostasis and Signaling. Mol. Cell. 69, 182–194. doi:10.
1016/j.molcel.2017.10.028

van Eersel, J., Ke, Y. D., Gladbach, A., Bi, M., Götz, J., Kril, J. J., et al. (2011).
Cytoplasmic Accumulation and Aggregation of TDP-43 upon Proteasome
Inhibition in Cultured Neurons. PLoS ONE 6, e22850. doi:10.1371/journal.
pone.0022850

Van Treeck, B., and Parker, R. (2018). Emerging Roles for Intermolecular RNA-
RNA Interactions in RNP Assemblies. Cell. 174, 791–802. doi:10.1016/j.cell.
2018.07.023

Van Treeck, B., Protter, D. S. W., Matheny, T., Khong, A., Link, C. D., and Parker,
R. (2018). RNA Self-Assembly Contributes to Stress Granule Formation and
Defining the Stress Granule Transcriptome. Proc. Natl. Acad. Sci. U.S.A. 115,
2734–2739. doi:10.1073/pnas.1800038115

Vance, C., Rogelj, B., Hortoba´gyi, T., De Vos, K. J., Nishimura, A. L., Sreedharan,
J., et al. (2009). Mutations in FUS, an RNA Processing Protein, Cause Familial
Amyotrophic Lateral Sclerosis Type 6. Science 323, 1208–1211. doi:10.1126/
science.1165942

Wagner, S. A., Beli, P., Weinert, B. T., Nielsen, M. L., Cox, J., Mann, M., et al.
(2011). A Proteome-wide, Quantitative Survey of In Vivo Ubiquitylation Sites
Reveals Widespread Regulatory Roles. Mol. Cell. Proteomics 10, M111. doi:10.
1074/mcp.M111.013284

Wang, B., Maxwell, B. A., Joo, J. H., Gwon, Y., Messing, J., Mishra, A., et al. (2019).
ULK1 and ULK2 Regulate Stress Granule Disassembly through
Phosphorylation and Activation of VCP/p97. Mol. Cell. 74, 742–757. doi:10.
1016/j.molcel.2019.03.027

Wang, J., Choi, J.-M., Holehouse, A. S., Lee, H. O., Zhang, X., Jahnel, M., et al.
(2018). A Molecular Grammar Governing the Driving Forces for Phase
Separation of Prion-like RNA Binding Proteins. Cell. 174, 688–699. doi:10.
1016/j.cell.2018.06.006

Wang, T., Xu, W., Qin, M., Yang, Y., Bao, P., Shen, F., et al. (2016). Pathogenic
Mutations in the Valosin-Containing Protein/p97(VCP) N-Domain Inhibit the
SUMOylation of VCP and Lead to Impaired Stress Response. J. Biol. Chem. 291,
14373–14384. doi:10.1074/jbc.M116.729343

Watts, G. D. J., Wymer, J., Kovach, M. J., Mehta, S. G., Mumm, S., Darvish, D., et al.
(2004). Inclusion Body Myopathy Associated with Paget Disease of Bone and
Frontotemporal Dementia Is Caused by Mutant Valosin-Containing Protein.
Nat. Genet. 36, 377–381. doi:10.1038/ng1332

Weihl, C. C., Miller, S. E., Hanson, P. I., and Pestronk, A. (2007). Transgenic
Expression of Inclusion Body Myopathy Associated Mutant P97/VCP Causes
Weakness and Ubiquitinated Protein Inclusions in Mice. Hum. Mol. Genet. 16,
919–928. doi:10.1093/hmg/ddm037

Well, E. M., Bader, V., Patra, M., Sánchez-Vicente, A., Meschede, J., Furthmann,
N., et al. (2019). A Protein Quality Control Pathway Regulated by Linear
Ubiquitination. EMBO J. 38. doi:10.15252/embj.2018100730

Wheeler, J. R., Matheny, T., Jain, S., Abrisch, R., and Parker, R. (2016). Distinct
Stages in Stress Granule Assembly and Disassembly. eLife 5, e18413. doi:10.
7554/eLife.18413

Wheeler, R. J., and Hyman, A. A. (2018). Controlling Compartmentalization by
Non-membrane-bound Organelles. Phil. Trans. R. Soc. B 373, 20170193. doi:10.
1098/rstb.2017.0193

Wolozin, B., and Ivanov, P. (2019). Stress Granules and Neurodegeneration. Nat.
Rev. Neurosci. 20, 649–666. doi:10.1038/s41583-019-0222-5

Wolozin, B. (2012). Regulated Protein Aggregation: Stress Granules and
Neurodegeneration. Mol. Neurodegener. 7, 56. doi:10.1186/1750-1326-7-56

Yang, P., Mathieu, C., Kolaitis, R.-M., Zhang, P., Messing, J., Yurtsever, U., et al.
(2020). G3BP1 Is a Tunable Switch that Triggers Phase Separation to Assemble
Stress Granules. Cell. 181, 325–345. e28. doi:10.1016/j.cell.2020.03.046

Yau, R., and Rape, M. (2016). The Increasing Complexity of the Ubiquitin Code.
Nat. Cell. Biol. 18, 579–586. doi:10.1038/ncb3358

Yin, P., Bai, D., Zhu, L., Deng, F., Guo, X., Li, B., et al. (2021). Cytoplasmic TDP-43
Impairs the Activity of the Ubiquitin-Proteasome System. Exp. Neurol. 345,
113833. doi:10.1016/j.expneurol.2021.113833

Youn, J.-Y., Dunham, W. H., Hong, S. J., Knight, J. D. R., Bashkurov, M., Chen, G.
I., et al. (2018). High-Density Proximity Mapping Reveals the Subcellular
Organization of mRNA-Associated Granules and Bodies. Mol. Cell. 69,
517–532. e11. doi:10.1016/j.molcel.2017.12.020

Youn, J.-Y., Dyakov, B. J. A., Zhang, J., Knight, J. D. R., Vernon, R. M., Forman-
Kay, J. D., et al. (2019). Properties of Stress Granule and P-Body Proteomes.
Mol. Cell. 76, 286–294. doi:10.1016/j.molcel.2019.09.014

Zaffagnini, G., Savova, A., Danieli, A., Romanov, J., Tremel, S., Ebner, M., et al.
(2018). p62 Filaments Capture and Present Ubiquitinated Cargos for
Autophagy. EMBO J. 37. doi:10.15252/embj.201798308

Zbinden, A., Pérez-Berlanga, M., De Rossi, P., and Polymenidou, M. (2020). Phase
Separation and Neurodegenerative Diseases: A Disturbance in the Force. Dev.
Cell. 55, 45–68. doi:10.1016/j.devcel.2020.09.014

Zhang, P., Fan, B., Yang, P., Temirov, J., Messing, J., Kim, H. J., et al. (2019).
Chronic Optogenetic Induction of Stress Granules Is Cytotoxic and Reveals
the Evolution of ALS-FTD Pathology. eLife 8, e39578. doi:10.7554/eLife.
39578

Zhang, S., and Mao, Y. (2020). AAA+ ATPases in Protein Degradation:
Structures, Functions and Mechanisms. Biomolecules 10, 629. doi:10.
3390/biom10040629

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Krause, Herrera and Winklhofer. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 91075915

Krause et al. Ubiquitin and Stress Granule Dynamics

https://doi.org/10.1016/j.molcel.2018.04.021
https://doi.org/10.1038/s41467-021-25572-w
https://doi.org/10.1016/j.molcel.2019.01.035
https://doi.org/10.1016/j.molcel.2019.01.035
https://doi.org/10.1002/jnr.22243
https://doi.org/10.1016/j.isci.2020.101132
https://doi.org/10.1016/j.isci.2020.101132
https://doi.org/10.1016/j.molcel.2017.10.028
https://doi.org/10.1016/j.molcel.2017.10.028
https://doi.org/10.1371/journal.pone.0022850
https://doi.org/10.1371/journal.pone.0022850
https://doi.org/10.1016/j.cell.2018.07.023
https://doi.org/10.1016/j.cell.2018.07.023
https://doi.org/10.1073/pnas.1800038115
https://doi.org/10.1126/science.1165942
https://doi.org/10.1126/science.1165942
https://doi.org/10.1074/mcp.M111.013284
https://doi.org/10.1074/mcp.M111.013284
https://doi.org/10.1016/j.molcel.2019.03.027
https://doi.org/10.1016/j.molcel.2019.03.027
https://doi.org/10.1016/j.cell.2018.06.006
https://doi.org/10.1016/j.cell.2018.06.006
https://doi.org/10.1074/jbc.M116.729343
https://doi.org/10.1038/ng1332
https://doi.org/10.1093/hmg/ddm037
https://doi.org/10.15252/embj.2018100730
https://doi.org/10.7554/eLife.18413
https://doi.org/10.7554/eLife.18413
https://doi.org/10.1098/rstb.2017.0193
https://doi.org/10.1098/rstb.2017.0193
https://doi.org/10.1038/s41583-019-0222-5
https://doi.org/10.1186/1750-1326-7-56
https://doi.org/10.1016/j.cell.2020.03.046
https://doi.org/10.1038/ncb3358
https://doi.org/10.1016/j.expneurol.2021.113833
https://doi.org/10.1016/j.molcel.2017.12.020
https://doi.org/10.1016/j.molcel.2019.09.014
https://doi.org/10.15252/embj.201798308
https://doi.org/10.1016/j.devcel.2020.09.014
https://doi.org/10.7554/eLife.39578
https://doi.org/10.7554/eLife.39578
https://doi.org/10.3390/biom10040629
https://doi.org/10.3390/biom10040629
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	The Role of Ubiquitin in Regulating Stress Granule Dynamics
	Introduction
	STRESS GRANULES Are Formed by Liquid-Liquid Phase Separation
	Stress Granules Are Phase-Separated Condensates That Quarantine RNAs and Proteins Under Cellular Stress
	The Role of Ubiquitin and Ubiquitin-Like Proteins in STRESS GRANULE Assembly, Disassembly, and Clearance
	Ubiquitin and SGs
	SUMO, NEDD8 and Stress Granules

	Specific STRESS GRANULE Proteins and Their Regulation by Ubiquitin
	TDP-43
	FUS
	VCP/p97
	G3BPs

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


