1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2022 January
01.

Published in final edited form as:

Biochim Biophys Acta Mol Cell Res. 2021 January ; 1868(1): 118876. doi:10.1016/
j.bbamcr.2020.118876.

Molecular mechanisms of stress granule assembly and
disassembly

Sarah Hofmann?!, Nancy Kedershal, Paul Anderson?, Pavel Ivanov?”
1Brigham and Women'’s Hospital, Harvard Medical School, Boston, MA 02115, USA

2Brigham and Women’s Hospital, Harvard Medical School, Harvard Initiative for RNA Medicine,
Boston, MA 02115, USA

Abstract

Stress granules (SGs) are membrane-less ribonucleoprotein-based cellular compartments that form
in the cytoplasm of a cell upon exposure to various environmental stressors. SGs contain a large
set of proteins, as well as MRNAs that have been stalled in translation as a result of stress-induced
polysome disassembly. Despite the fact that SGs have been extensively studied for many years,
their function is still not clear. They presumably help the cell to cope with the encountered stress,
and facilitate the recovery process after stress removal, upon which SGs disassemble. Aberrant
formation of SGs and impaired SG disassembly majorly contributes to various pathological
phenomena in cancer, viral infections, and neurodegeneration.

The assembly of SGs is largely driven by liquid-liquid phase separation (LLPS), however the
molecular mechanisms behind that are not fully understood. Recent studies have proposed a novel
mechanism for SG formation that involves the interplay of a large interaction network of mRNAs
and proteins. Here we review this novel concept for the assembly of SGs, and discuss the current
insights into SG disassembly.

I. Introduction: General introduction to RNA granules and SGs

Throughout their life, cellular mMRNASs are coated with proteins and exist as messenger
ribonucleoprotein (MRNP) complexes (Erickson and Lykke-Andersen, 2011; Ivanov et al.,
2019). The mRNP composition determines the fate of the mRNA and controls different
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processes such as transport, degradation and translational regulation. Remodeling of MRNPs
via changes in the protein composition dictates whether the mRNA can actively engage in
translation, or if it is translationally silenced and consequently prone to storage or
degradation (Anderson and Kedersha, 2002a, 2008; Erickson and Lykke-Andersen, 2011;
Kedersha and Anderson, 2002; Zhang et al., 2011). Within cells, mMRNP complexes can
organize to form microscopically visible cytoplasmic RNA granules (Anderson and
Kedersha, 2009a). Specific types of RNA granules occur in different cell types and have
varying functions, e.g. neuronal transport RNP granules, U bodies, or germline granules
(Anderson and Kedersha, 2006; Banani et al., 2017; Moser and Fritzler, 2010). To date, the
best characterized RNA granules are processing bodies (PBs) and stress granules (SGs)
(Anderson and Kedersha, 2002a, 2009b; Buchan and Parker, 2009; Ivanov et al., 2019;
Kedersha and Anderson, 2009; Markmiller et al., 2018; Parker and Sheth, 2007; Youn et al.,
2018).

SGs are non-membraneous cytoplasmic foci ranging in size from 100 — 2000 nm (Moser and
Fritzler, 2010). They form in cells exposed to environmental stress conditions such as heat
shock, oxidative stress, viral infection, osmotic stress, UV irradiation, or cold shock
(Anderson and Kedersha, 2009b; Hofmann et al., 2012; Moser and Fritzler, 2010; Zeng et
al., 2020). Components of SGs include stalled 48S preinitiation complexes (PICs) consisting
of translationally arrested mRNAs, small ribosomal subunits, translation initiation factors,
and the RNA-binding proteins PolyA-binding protein (PABP), RasGAPSH3-binding protein
(G3BP) and TIA-1 (Kedersha et al., 2002, 1999; Moser and Fritzler, 2010; Tourriére et al.,
2003). Many additional SG-related proteins have been identified over the last 20 years
(Anderson and Kedersha, 2008; Buchan and Parker, 2009; Kedersha and Anderson, 2009),
and the invention of proximity-labeling techniques has revealed an even bigger SG
interactome (Cao et al., 2020; Markmiller et al., 2018; Youn et al., 2019, 2018).

Interestingly, not only the composition of SGs, but also the exchange dynamics of individual
SG components vary greatly (Advani and Ivanov, 2019; Kedersha et al., 2005). Fluorescent
recovery after photobleaching (FRAP) analysis, which measures the recovery time of any
given protein at distinct locations in the cell, shows that some proteins such as TIA1, TTP,
PABP, and G3BP rapidly shuttle between SGs and the cytoplasm, while others (e.g. FAST,
IGF2BP1, YB1 or HUR) exchange very slowly (Bley et al., 2015; Kedersha et al., 2005). In
many cases, the distribution of different proteins within the granule was shown to be
heterogeneous (Guillén-Boixet et al., 2020; Jain et al., 2016; Niewidok et al., 2018; Wheeler
et al., 2016). Furthermore, it has been reported that SGs are comprised of a stable core
substructure that is surrounded by a more dynamic shell, wherein components are in a
dynamic equilibrium with polysomes and can rapidly shuttle between these structures
(Banani et al., 2017; Jain et al., 2016; Zhang et al., 2011). In a recent study by Niewidok et
al. using single-molecule fluorescence microscopy, individual G3BP molecules have even
been shown to exhibit two different populations; one that resembles the free, diffusing state
(presumably in the SG shell), and another immobile (presumably in the SG core (Niewidok
et al., 2018). SG assembly is reported to be nucleated by the stable core, followed by the
assembly of the shell (Jain et al., 2016; Niewidok et al., 2018).
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Besides the growing list of SG-associated proteins, SGs also contain translationally stalled
mRNAs, which mostly encode housekeeping proteins, while a distinct subset of excluded
transcripts (e.g. HSP70) is selectively translated under stress (Kedersha and Anderson, 2002;
Stohr et al., 2006). Thus, the assembly of SGs may be part of an adaptation process in
response to unfavorable environmental conditions. However, the function of SGs still
remains unclear (Erickson and Lykke-Andersen, 2011; Guzikowski et al., 2019; Riggs et al.,
2020). Many studies have reported a connection between the ability of cells to assemble SGs
and their survival during stress (Arimoto et al., 2008; Eisinger-Mathason et al., 2008; Kim et
al., 2012; Lavut and Raveh, 2012; Zou et al., 2012, 2011). Although numerous translational
repressors are SG components, SG formation per se is not required for translation inhibition
during stress (Anderson and Kedersha, 2009a; Buchan et al., 2008; Fujimura et al., 2009;
Kwon et al., 2007; Loschi et al., 2009; Mokas et al., 2009; Ohn et al., 2008). Global
stabilization of MRNAS, which occurs under stress conditions, also does also not require
assembly of SGs (Buchan et al., 2008). Yet the selective exclusion of stress-induced
transcripts from SGs and their preferential translation under stress conditions suggest that
SGs enable translation of mMRNAs involved in the adaptation response (Anderson and
Kedersha, 2009b; Buchan and Parker, 2009).

The sequestration of specific proteins into SGs upon exposure to stress leads to an altered
concentration and composition of cytosolic proteins, and thereby, the course of biochemical
reactions in the cytosol is changed (Buchan and Parker, 2009; Riggs et al., 2020). For
example, under mild stress conditions, the pro-apoptotic protein Receptor for activated C
kinase 1 (RACK1) localizes to SGs resulting in the suppression of the MTK1-SAPK
signaling pathway, which in turn prevents apoptosis (Arimoto et al., 2008). Similarly, TNFa
receptor associated factor 2 (TRAF2) is trapped in heat shock-induced SGs, whereby the
NF-xB-dependent, pro-inflammatory, and pro-apoptotic response is impaired (Buchan and
Parker, 2009; Kim et al., 2005). Along the same lines, the steroid receptor coactivator-3
(SRC-3) is a nuclear coactivator of several transcription factors involved in the inflammatory
response, and promotes the expression of inflammatory cytokines upon LPS stimulation
(Anderson and Kedersha, 2007; Yu et al., 2007). Under stress conditions, SRC-3 is exported
to the cytoplasm where it binds to TIA-1 and localizes to SGs (Anderson and Kedersha,
2007; Kedersha and Anderson, 2009), coincident with the silencing of pro-inflammatory
genes. Many other SG-associated proteins, e.g. TIA-1/TIAR, G3BP, HUR, and FMRP/FXR,
are also nuclear-cytoplasmic shuttling proteins. Their stress-induced cytoplasmic
localization and sequestration into SGs precludes their nuclear functions such as alternative
splicing, transcriptional regulation or mRNA processing (Kedersha and Anderson, 2009).
Thus, the formation of SGs under various stress conditions alters specific nuclear events and
provides a link between nuclear and cytoplasmic processes. For a more comprehensive
review about the role of SGs as signaling hubs, see (Kedersha et al., 2013).

SGs are proposed to be sites of MRNA triage (Kedersha and Anderson, 2002), wherein
individual transcripts are sorted and routed to either reinitiation, degradation or packaging
into stable, non-polysomal mRNPs (Anderson and Kedersha, 2009a, 2008; Kedersha and
Anderson, 2009, 2002; Somasekharan et al., 2020). The spatial and functional link between
SGs and PBs supports this notion (Kedersha et al., 2005; Mollet et al., 2008; Riggs et al.,
2020). SGs and PBs are distinct and independent cytoplasmic structures, but share several
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proteins and RNA components (Anderson and Kedersha, 2008, 2006). Both SGs and PBs
are dynamic structures that constantly exchange mMRNAs with the cytosol, polysomes and
other RNA granules (Kedersha and Anderson, 2009; Parker and Sheth, 2007). Drugs that
stabilize polysomes (e.g. cycloheximide (CHX), emetine) and thus disrupt this equilibrium
cause the disassembly of SGs and PBs (Anderson and Kedersha, 2006; Kedersha et al.,
2000). In contrast, drugs that enhance polysome disassembly (e.g. puromycin) promote the
formation of SGs and PBs (Anderson and Kedersha, 2006; Kedersha et al., 2000).

The formation of SGs is (at least) biphasic. First, translation initiation is inhibited, and
stalled mMRNAs accumulate (Kedersha et al., 2002). Secondly, these mMRNAs and their
associated proteins condense into distinct cytoplasmic foci. In most physiological cases,
translation inhibition is initiated through phosphorylation of elF2a by one or more of the
four elF2a kinases: PKR, PERK/PEK, HRI and GCN2 (Anderson and Kedersha, 2009b,
2006; Kedersha et al., 2002, 1999). Consequently, the depletion of elF2-GTP-tRNAipet
ternary complexes disrupts translation initiation, which leads to polysome disassembly and
concomitant recruitment of stalled 48S PICs into SGs (Anderson and Kedersha, 2002b;
Kedersha et al., 2002, 1999). However, pharmacologically-induced SG formation occurs
independently of phospho-elF2a. For example, the elF4A inhibitors Pateamine A and
hippuristanol bind to elF4A, and thereby disrupt the association of elF4A with elF4G, which
prevents formation of the elF4F complex and causes inhibition of translation initiation
downstream of joining of the ternary complex (Bordeleau et al., 2006, 2005; Low et al.,
2007h, 20073, 2005).

Treatment of mammalian cells with Pateamine A or hippuristanol causes SG formation
without inducing or requiring elF2a phosphorylation (Dang et al., 2006; Mazroui et al.,
2006). In addition, Farny et al. showed that in Drosophila S2R+ cells, SG assembly in
response to heat shock does not require the activity of elF2a kinases (Farny et al., 2009). In
fission yeast, the formation of SGs upon glucose starvation requires protein kinase A (PKA)
and is also independent of elF2a phosphorylation (Nilsson and Sunnerhagen, 2011).
Furthermore, cold shock causes phosphorylation of elF2a in both mammalian cells and in
yeast cells, but the formation of cold shock SGs is independent of elF2a. phosphorylation
(Hofmann et al., 2012). Therefore, the universal trigger of SG formation appears to be the
disassembly of polysomes, which can be mediated by either inhibition of mTOR,
phosphorylation of elF2 a or interference with the elFAF complex (Panas et al., 2016).

The protein composition of mammalian SGs can slightly vary depending on which step of
the MRNA translational cycle the translation stalling point happens. At least three different
subtypes of SGs have been identified - for details see previously published reviews (Advani
and Ivanov, 2019; Ivanov et al., 2019; Riggs et al., 2020). Type | canonical SGs form e.g.
upon exposure to oxidative stress, ER stress or viral infection as a result of stress-related
phosphorylation of elF2a. Type | SGs require G3BP and contain 48S PICs, but lack elF2
and elF5 (Kedersha et al., 2002). In contrast, Type 1l SGs form upon phospho-elF2a.-
independent inhibition of translation, mainly through inactivation of the elF4A helicase by
elF4A inhibitors, but still require G3BP. In this case, the translation initiation stalling point
is downstream of joining of the elF2-loaded ternary complex to the 48S PIC, and thus, Type
I1 SGs contain elF2 and elF5. While both Type | and Type Il SGs contain elF3, Type Il SGs
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are characterized by their lack of elF3 (Anderson et al., 2015; Aulas et al., 2018; Fujimura et
al., 2012). Their formation is triggered by sodium selenite, UV, nitric oxide, glucose
starvation or other xenobiotic agents through an unknown mechanism (Advani and Ivanov,
2019).

Finally, osmotic stress causes the assembly of another type of non-canonical SG that forms
independently of both phospho-elF2a and G3BP. It has been reported that molecular
crowding plays a role in their formation, but the exact mechanism is unclear (Bevilacqua et
al., 2010; Bounedjah et al., 2012; Ivanov et al., 2019; Zeng et al., 2020). The distinct
functions and properties of the different SG subtypes are not known yet, but the differences
in composition and dynamics of the various subtypes might give insights into their
pathological nature (Advani and lvanov, 2019).

II. LLPS

Molecular crowding and multivalency-driven LLPS

The cytoplasm of a living cell is very complex, and harbors many biochemical reactions and
critical functions (e.g. mMRNA translation, etc.). It is remarkable that around 20-30% of the
volume in the cytoplasm is, in fact, occupied by macromolecules such as RNA, proteins, or
polysaccharides, and therefore a large fraction of the cytoplasm is physically unavailable for
all the other hundreds of cytosolic molecules and constituents, including metabolites and
small ions (Ellis, 2001). This excluded volume effect, also referred to as macromolecular
crowding, may affect various enzymatic activities within the cytoplasm, as well as the
binding affinities of different molecular interactors (Banani et al., 2017; Kuznetsova et al.,
2015). The total concentration of macromolecules inside a cell is extremely high (e.g. the
concentration of total protein is in the range of 200-300 g¢/I, and the total concentration of
RNA in the range of 75-150 g/l (Ellis, 2001).

Besides macromolecules, ribosomes are by far one of the most dominant constituents in a
cell, and ribosomal RNAs make up about 85% of the cellular RNA pool at any given time
(Scott et al., 2010). There are about 70,000 ribosomes in a single bacterial cell (Bremer and
Dennis, 2008), which accounts for one third of the total dry mass of the cell (Bremer and
Dennis, 2008; Brunschede et al., 1977). Thus, ribosomes (and the translation machinery in
general) take up a significant fraction of the cell interior (Milo and Philips, 2016). In 1999
Johansson et al. predicted that the high intracellular concentration of any two incompatible
macromolecules should drive demixing in the cytoplasm (Johansson et al., 2000). The Flory-
Huggins model, that was first postulated in the 19408, predicts that molecular crowding
promotes liquid-liquid phase separation (LLPS) in the cellular cytosol (Johansson et al.,
2000). Twenty years later we now know that LLPS does indeed occur within the crowded
cytoplasm, and several membraneless compartments, also called biomolecular condensates,
of various different functions have been identified both in the cytoplasm and in the nucleus
(Alberti and Dormann, 2019; Banani et al., 2017; Boeynaems et al., 2018; Shin and
Brangwynne, 2017; Yoshizawa et al., 2020).

There is evidence that spontaneous, passive, simple phase separation mediated through
strong, non-specific interactions of macromolecules accounts for the formation of
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condensates, e.g. the formation of SGs upon exposure to osmotic stress (Bounedjah et al.,
2012; Ivanov et al., 2019). However, most condensates are assembled from weak, specific
interactions between certain macromolecules, and phase separation is an active process
driven by multivalency of particular central interactors (Alberti and Dormann, 2019; Banani
etal., 2017; Sanders et al., 2020).

Protein interaction domains and molecular interactions that contribute to multivalency-
driven LLPS in SG dynamics

Proteins essential to multivalency-driven LLPS are multi-domain proteins that carry
oligomerization domains, intrinsically-disordered regions (IDRs), and/or substrate-binding
domains (SBDs, e.g. RNA-binding domain (RBD)) (see Fig. 1A). The more interaction
domains that a protein contains, the higher its valence (v). Examples for protein-interaction
domains are Prion-like domains (PrLDs), low complexity domains (LCDs), short linear
motifs (SLiMs), low complexity aromatic-rich kinked segments (LARKS), or the PABP-
interacting motif, protospacer adjacent motif 2 (PAM2) (see Fig. 1A, glossary and
previously published reviews (Boeynaems et al., 2018; Cao et al., 2020)). Interactions
between different macromolecules can occur at the level of protein-protein, protein-RNA, or
RNA-RNA interactions (Cao et al., 2020; Protter et al., 2018; Van Treeck and Parker, 2018).
The different types of molecular interactions are summarized in Fig. 1B, and are reviewed in
detail elsewhere (Boeynaems et al., 2018; Cao et al., 2020).

As mentioned above, SG assembly requires two steps, the first being the inhibition of
translation initiation coupled with the subsequent disassembly of polysomes. The second
step, which is downstream of translational inhibition and polysome disassembly, leads to the
visible appearance of distinct cytoplasmic foci and is regulated by a variety of different
proteins (Anderson and Kedersha, 2006) called SG nucleators, since they induce the
formation of SGs upon overexpression even in the absence of stress (Anderson and
Kedersha, 2009a; Buchan and Parker, 2009; Erickson and Lykke-Andersen, 2011; Gilks et
al., 2004; Kedersha et al., 1999; Ohn et al., 2008; Tourriére et al., 2003). SG nucleators
typically contain IDRs or PrLDs in conjunction with RNA-binding domains (RBDs), and are
prone to self-aggregation (Anderson and Kedersha, 2006; Erickson and Lykke-Andersen,
2011) (see Fig. 2). See Kedersha et al. (Kedersha et al., 2013) for extensive list of SG
nucleators and SG-associated proteins that contain IDRs and LCDs.

Kuechler et al. identified a comprehensive set of molecular features in SG proteins
(Kuechler et al., 2020). The authors analyzed recently published proteomics data from yeast
and mammalian SGs, and assign a mammalian granule z-score (MaGS) that predicts the
likelihood that a certain protein will partition into SGs (Kuechler et al., 2020). The features
that contribute to the MaGS include total amount of protein disorder/IDRs within a protein,
as well as the PScore which determines the enrichment of rt-7t interactions for potential
protein-protein or RNA-protein interactions. Moreover, the CamSol score indicates the
predicted solubility of a protein. Kuechler et al. found that SG-associated proteins have a
higher CamSol score and thus, have a higher propensity to remain in solution than other
proteins within the cytosol (Kuechler et al., 2020). This is particularly interesting since
another feature of SG proteins is their high abundance. Despite their supersaturation, they
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are actively being kept in solution through still unknown mechanisms. Furthermore,
increased potential for post-translational modifications (PTMs), as well as RNA-binding
capacity also contributes to a higher MaGS and presents another interesting feature of
proteins associated with SGs.

Role of RNA-RNA interactions in SG formation and LLPS

Besides the importance of molecular interactions of multivalent proteins in the formation of
macromolecular condensates through LLPS, intermolecular interactions between RNA
molecules have lately also gained attention (Fay and Anderson, 2018; Van Treeck and
Parker, 2018). RNA itself can self-separate (Jain and Vale, 2017), but its sequence-specific
and structural features specifically contribute to it (Fay and Anderson, 2018). Specifically,
RNAs containing GGGGCC (rG4C2), CAG, and CUG repeats can phase separate /n vitro
and in cells (Fay et al., 2017; Jain and Vale, 2017). This phase separation is dependent on the
RNA length (Fay et al., 2017; Jain and Vale, 2017), but also on the secondary structure of
the RNA molecules (Langdon et al., 2018). For example, rG4C2 repeats in the ALS/FTD-
associated COORF72 RNA form a G-quadruplex (G4) structure, and manipulating the G4
structure leads to impaired LLPS and RNA granule formation /n vitro (Fay et al., 2017). G4-
containing RNAs act as molecular scaffolds to sequester specific RBPs (such as G3BP1)
thus increasing their local concentrations and promoting SG nucleation (Fay et al., 2017).
Likewise, the intermolecular G4 structure formed from the 5" fragments of cleaved tRNAs
Ala/Cys have also play an essential role in LLPS, and specifically in SG formation, in a
structure-dependent manner (Fay et al., 2017; Fay and Anderson, 2018; Ivanov et al., 2011;
Lyons et al., 2017).

RNA molecules have a tendency to self-assemble in /n vitro systems (Bounedjah et al.,
2012; Langdon et al., 2018; Van Treeck et al., 2018). Direct RNA-RNA interactions such as
Watson-Crick base-pairing, non-canonical base-pairing, or helical stacking, therefore
facilitate the formation of macromolecular condensates by LLPS - see previous review (Van
Treeck and Parker, 2018).

Methodology to study LLPS and SGs

There are a wide variety of methods that are used to study LLPS and/or SG formation (see
Fig. 3). A classical way to investigate the role of a certain gene in a specific phenomenon is
to perform knockdown or knockout assays and to monitor the outcome. The first such study
by Ohn et al. (Ohn et al., 2008) used an siRNA screen against around 7000 druggable targets
to identify a wide variety of genes regulating Type | SG assembly triggered by arsenite (Ohn
et al., 2008). Subsequently several other studies have been published and further broadened
the list of SG regulators (Kim et al., 2012; Mokas et al., 2009; Wheeler et al., 2020; Youn et
al., 2018). Most recently Yang et al. conducted another screen using siRNAs and reported a
set of at least 274 genes whose knockdown impaired the formation of SGs (Yang et al.,
2020), and which significantly overlapped with the previous study by Ohn et al (Ohn et al.,
2008).

A biochemical approach to study LLPS or SG formation employs molecular crowding
agents (e.g. B-isox, PEG), addition of which cause LLPS within cell lysates, allowing the
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physical separation of pellet and supernatant from which the RNA or protein composition
can be analyzed (Han et al., 2012; Kato et al., 2012). Kedersha et al. utilized the application
of B-isox precipitation for the study of SG formation (Kedersha et al., 2016). An affinity
purification approach (e.g. via GFP-tagged G3BP) can be utilized in combination with mass
spectrometry analysis, in order to identify proteins that are enriched in SGs (Jain et al.,
2016). Similarly, Goodier et al. used a yeast-two hybrid screen to identify several RNA-
binding proteins and SG-associated proteins that coimmunoprecipitate with the SG protein
LINE-1 ORF1p (Goodier et al., 2007). A more recent methodology for interactome analyses
is provided by proximity labeling, which detects an even wider network of SG-associated
proteins (Markmiller et al., 2018; Marmor-Kollet et al., 2020; Youn et al., 2018).

In addition, bioinformatic methods predicting whether a particular protein is localized to
SGs have become more recently available. While previous predictions mainly focused on
whether a particular protein exhibits low complexity domains or intrinsically disordered
regions (Kedersha et al., 2013), a newer study by Kuechler et al. describes several distinct,
characteristic features that predict the localization to SGs (Kuechler et al., 2020) (see above
for more details).

The most classically used method, however, is a microscopy-based imaging approach. Both
live and fixed cell imaging provide the most direct experimental data on LLPS and SG
formation. Moreover, the Corelet system, an optogenetic protein system that forms an
oligomer structure within cells upon induction, and which was invented by Bracha et al.
provides a powerful novel tool (Bracha et al., 2018). Its latest adaption allowing its use for
condensate formation under live imaging conditions (Sanders et al., 2020).

lll. Regulation of SG assembly

Novel model of protein interaction networks that control multivalency-driven LLPS in SG

assembly

Several critical SG regulator proteins have been identified. For example, the TIA proteins
TIA-1 and TIAR exhibit Q/N-rich domains that are required for the stress-induced
aggregation of TIA proteins and thereby promote the formation of SGs (Gilks et al., 2004).
In addition, TIA-1 contains two RNA-recognition motifs (RRM), which are needed for the
recruitment of TIA-1 to mRNPs and for the subsequent assembly of SGs (Erickson and
Lykke-Andersen, 2011; Kedersha et al., 1999). Other examples are TTP and BRF1
(Stoecklin et al., 2004), Ago2 (Leung et al., 2006), fragile X mental retardation protein
(FMRP), fragile X mental retardation-related protein 1 (FXR1) (Antar et al., 2005) and Fas-
activated Ser/Thr phosphoprotein (FAST) (Anderson and Kedersha, 2008; Kedersha et al.,
2005).

More recently, G3BP has become recognized as the central regulator of SG assembly (Gal et
al., 2016; Guillén-Boixet et al., 2020; Kedersha et al., 2016; Sanders et al., 2020; Tourriére
et al., 2003; Tsai et al., 2016; Yang et al., 2020). Double knockout cells lacking both G3BP1
and G3BP2 (AAG1/G2 cells) grow normally, but cannot form Type | (phospho-elF2a-
dependent) or Type Il (elF4A dependent) SGs (Kedersha et al., 2016). G3BP-mediated SG
assembly is regulated by G3BP’s two major binding partners: the SG nucleator Caprinl and
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Ubiquitin carboxyl-terminal hydrolase 10 (USP10) (Kedersha et al., 2016). The binding sites
of Caprinl and USP10 on G3BP are adjacent or overlapping, and the two proteins compete
for mutually exclusive binding to G3BP with opposite outcomes (Kedersha et al., 2016;
Panas et al., 2015; Vognsen et al., 2013). Caprinl binding to G3BP promotes the formation
of SGs, whereas the binding of USP10 to G3BP abolishes SG assembly. A mutant of G3BP
incapable of binding to either Caprinl or USP10 is fully SG competent, whereas
overexpression of Caprinl in the AAG1/G2 cells does not restore SGs (Kedersha et al., 2016;
Sanders et al., 2020). One explanation for the central role of the G3BP-Caprin1-USP10 axis
is that binding of Caprinl to G3BP causes a conformational shift within the G3BP-Caprinl
complex that facilitates LLPS mediated through the IDRs of G3BP. In contrast, binding of
USP10 to G3BP promotes the soluble confirmation of G3BP, and thereby induces SG
disassembly (Kedersha et al., 2016).

Sanders et al., Yang et al., and Guillen-Boixet et al. recently proposed a novel network
model to describe the mechanisms underlying G3BP’s role in SG assembly (Guillén-Boixet
et al., 2020; Sanders et al., 2020; Yang et al., 2020). Protein-interaction networks are viewed
as interconnected complexes (= nodes) of modular proteins, and the valence of each node is
determined by the number of available interaction domains. Stoichiometry-dependent
competition, either within one protein network or between different networks, critically
regulates the assembly process. G3BP is depicted as the central node, as it exhibits a
modular domain architecture which includes a dimerization domain and an RNA-binding
domain, connected by a disordered region comprised of two compositionally distinct IDRs
(IDR1, IDR2). Yang et al. claim that G3BP has the highest centrality within the core SG
network (Yang et al., 2020). Despite the common assertion that IDRs universally drive phase
separation, all three papers showed that both IDRs are dispensable for the role of G3BP in
SG assembly (Guillén-Boixet et al., 2020; Sanders et al., 2020; Yang et al., 2020). These
show that intrinsic properties of G3BP, specifically its ability to undergo dimerization
coupled with its the high binding affinities towards RNA, drive LLPS upon polysome
disassembly.

All three publications highlight the importance of the NTF2 dimerization domain in SG
assembly, as cells that express ANTF2 mutants of G3BP (in AAG1/G2 cells) fail to form SGs
upon arsenite stress (Guillén-Boixet et al., 2020; Sanders et al., 2020; Yang et al., 2020).
Likewise, G3BP mutants with impaired RNA-binding capacity show reduced (Yang et al.,
2020) or even complete loss (Sanders et al., 2020) of SGs. The authors conclude that
multivalency for RNA binding is a critical factor in SG assembly (Yang et al., 2020), and the
G3BP-RNA condensates act as recruiting platforms for various other RNA-binding proteins
(Guillén-Boixet et al., 2020).

Another novel high-affinity binding partner of G3BP, UBAP2L, was recently found through
proteomics studies to be required for SG formation (Markmiller et al., 2018; Youn et al.,
2018), and might act upstream of G3BP in nucleating SG assembly (Cirillo et al., 2020).
Overexpression of UBAP2L in HeLa cells caused the formation of SGs in the absence of
stress (Huang et al., 2020). As in the case of G3BP, deletion of the (RNA-binding) RGG
motif of UBAP2L abolishes SG formation upon arsenite stress (Huang et al., 2020). In
addition, UBAP2L contains a self-associative IDR that is likely critical for SG formation
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(Sanders et al., 2020). UBAP2L has been found to interact with G3BP via its DUF domain,
and DUF deletion disrupted the interaction between G3BP and UBAP2L, and compromised
SG assembly (Huang et al., 2020). Thus, it is fair to assume that UBAP2L serves as an
interaction node to collectively confer the high RNA-binding capacity (“RBD valence”) of
G3BP that is needed to form a condensed RNP network following stress-dependent mRNA
influx. In the context of this networking model, G3BP represents a central node in the SG
network, and the G3BP dimerization domain (NTF2) serves as the major interaction site for
RBD-containing bridges (e.g. Caprinl) and secondary nodes (e.g. UBAP2L) (Sanders et al.,
2020; Yang et al., 2020). Upon stress-dependent influx of RNA, the increase in valence of
the G3BP node, mediates the multivalency-driven LLPS assembly of SGs.

Furthermore, the networking model also describes a so called “valence capping” mechanism
for regulating phase separation, which explains USP10-mediated SG inhibition. Hereby,
USP10 acts as a v=1 interactor (= cap), and upon binding to G3BP, USP10 decreases the
overall valence of the G3BP complex, turning it from a v>3 node into a v=2 bridge, which
thus inhibits the formation of SGs (Fig. 4). Valence capping could provide a powerful
mechanism for temporal regulation of multiphase structuring and substrate processing,
particularly given that effective valence can depend on sensitively or stoichiometry.

Thus, the combined studies by Sanders et al., Yang et al. and Guillen-Boixet et al. show that
protein network-based interactions directly control multiphase condensation through finely
tuned interaction strengths of interconnected caps, bridges, and nodes to allow substrate-
dependent “phase switches” (Guillén-Boixet et al., 2020; Sanders et al., 2020; Yang et al.,
2020). In G3BP this “switch” arises from competition between intra- and inter-molecular
interactions (Guillén-Boixet et al., 2020; Yang et al., 2020). Under physiological conditions,
when the concentration of “free”, unfolded RNA in the cytoplasm is low, intramolecular
interactions between the acidic IDR1 and the basic IDR3/RG rich region in G3BP are
favoured, which creates a compact, “closed” conformation. Upon stress-induced
translational arrest and polysome disassembly, once a threshold concentration of protein-
free, unfolded mRNA sequences is reached, RNA binds to G3BP and outcompetes the
intramolecular interactions with G3BP. This induces a conformational shift in G3BP, and
exposes an expanded, “open” confirmation, which allows the engagement in other protein-
RNA or protein-protein interactions. As a result, the valence of the G3BP-RNA complex
increases, and thereby initiates LLPS and subsequent SG assembly.

Speculative: Interaction of SG proteins (e.g. G3BP) with ribosomes—While
considerable evidence shows that translational arrest and SG formation are two distinct,
uncoupled processes, it still remains unclear how the disassembled polysomes are being
recognized, how exactly they are recruited to the SG condensates, and what role certain SG
proteins play. It has been shown that G3BP1/2 can bind to dissociated 40S subunits via its
RGG motif, and that both Caprinl and USP10 can be recruited to the 40S-associated G3BP1
(Kedersha et al., 2016). Meyer et al recently confirmed these earlier findings, and showed
that G3BP1/2 directly crosslinks with the 18S rRNA of the 40S subunit, (but not with the
60S subunit) (Meyer et al., 2020). The authors claim that the G3BP1/2-USP10 complex is
specifically recruited to dissociated 40S subunits, due to the fact that the G3BP binding site
on the 40S subunit is near or at the interaction site between the 40S and 60S subunits. Upon
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binding, USP10 causes site-specific deubiquitination of rpS2, rpS3, and rpS10, and thus
prevents lysosomal degradation of the 40S subunit (Meyer et al., 2020).

These findings invite speculation that G3BP-USP10 complexes are the cellular sensors that
detect disassembled polysomes (Fig. 5). Once G3BP has been recruited to the stalled 40S
subunits, USP10 dissociates from the complex, and thus allows UBAP2L, Caprinl, and
other node proteins to bind to G3BP. Interestingly, neither Caprinl nor USP10 binding to
G3BP is needed for its association with the 40S subunit (Kedersha et al., 2016). However, it
was recently shown that knockdown of UBAP2L abolished the association of G3BP with
PABPC1 and rpS6 (Huang et al., 2020). It is not known whether the interaction between
G3BP and ribosomal proteins happens directly via G3BP, or whether it might occur though
UBAP2L binding. Therefore, one can imagine a model where the G3BP-USP10 complex is
first recruited to dissociated 40S subunits upon stress, then USP10 (which acts as a cap) is
replaced by Caprinl and UBAP2L, where the latter serves as a bridge for additional binding
to ribosomal proteins. Subsequently, the increase in multivalency causes LLPS and the
formation of visible SGs.

Posttranslational modifications (PTMs) of node proteins/ SG regulator proteins in the
regulation of SG assembly.

The network model proposed by Sanders et al., Yang et al. and Guillen-Boixet et al.
convincingly describes how multivalency is the main driver for LLPS. It also provides an
explanation of how the assembly of stimulus-responsive condensates can be regulated:
minor changes in the network stoichiometry can have drastic effects in influencing the
valence of a central node. Given that many key components of SGs have been identified as
substrates for posttranslational modifications (PTMs) (Cao et al., 2020; Kuechler et al.,
2020), PTMs likely also regulate SG formation (Hofweber and Dormann, 2019; Kim et al.,
2019; Ohn and Anderson, 2010). Of the various PTMs, phosphorylation events are known to
be key in SG assembly and disassembly: phosphorylation of elF2a at Ser51 is critical for
translational arrest and subsequent SG formation in response to many types of stress
(Anderson and Kedersha, 2008; Kedersha et al., 1999). Secondly, phosphorylation of TTP
regulates the interaction between SGs and PBs by preventing the recruitment of TTP to SGs
(Kedersha et al., 2005). Finally, phosphorylation of growth factor receptor-bound protein 7
(Grb7) promotes the disassembly of heat shock-induced SGs (Tsai et al., 2008).

Another PTM influencing SG formation is the reversible addition of O-linked N-
acetylglucosamine (O-GIcNAC) to serine and threonine residues of target proteins, which is
crucial for sensing environmental conditions and regulating signaling cascades (Hart et al.,
2007; Slawson et al., 2006). Many SG proteins are O-GIcNAc-madified, and glycosylation
by O-GIcNAc is generally increased upon arsenite-induced oxidative stress (Ohn and
Anderson, 2010). Knockdown of the O-GIcNAc transferase (OGT) did not affect
translational arrest upon arsenite treatment, but inhibited the formation of SGs (Ohn et al.,
2008). Thus, O-GIcNAc-modification seems to be required for modulating the aggregation
process during SG formation (Ohn et al., 2008; Ohn and Anderson, 2010).

The translation factor elF5A is post-translationally modified by covalent conjugation of
hypusine, a derivative of spermidine, to Lys50 via the polyamine biosynthetic pathway
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(Dever et al., 2014; Murphey and Gerner, 1987; Ohn and Anderson, 2010). Knockdown of
elF5A or factors involved in the polyamine synthesis pathway leads to inhibition of arsenite-
induced polysome disassembly and SG formation (Li et al., 2010; Ohn et al., 2008).
Mechanistically, cells lacking hypusine-modified elF5A show decrease in the rate of stress-
induced ribosome run-off and translation elongation. Mechanistically, elF5A increases the
rate of peptidyl-tRNA hydrolysis during translation termination and specifically enhances
translation of ribosomes stalled at some sequences, e.g. proline stretches, during translation
elongation (Schuller and Green, 2017).

Several SG proteins, such as FMRP, G3BP, UBAP2L, and PABP contain an RGG/RRM
domain where arginine methylation can occur (Huang et al., 2020; Tsai et al., 2016; Xie and
Denman, 2011). Methylation of the arginine residue in FMRP is required for the assembly of
SGs (De Leeuw et al., 2007; Dolzhanskaya et al., 2006; Goulet et al., 2008), whereas for
G3BP and UBAP2L arginine demethylation was reported to promote SG formation (Huang
et al., 2020; Tsai et al., 2016). During recovery from stress, UBAP2L was found to be
methylated again. Interestingly, overexpression of the arginine methyltransferase PRMT1,
which prevents demethylation of UBAP2L upon arsenite stress, inhibited the formation of
SGs (Huang et al., 2020). In addition, acetylation/deacetylation (Jedrusik-Bode et al., 2013;
Kwon et al., 2007), ubiquitination (Kwon et al., 2007; Mazroui et al., 2007) and neddylation
(Jayabalan et al., 2016; Xirodimas, 2008) of specific target proteins might also play a role in
SG formation (Markmiller et al., 2019; Ohn and Anderson, 2010; Xie and Denman, 2011).

Another type of PTM that has been shown to play a role in SG formation is Poly(ADP)-
ribosylation (Duan et al., 2019; Leung, 2020). Thereby, Poly(ADP)-ribose (PAR), a polymer
of two or more ADP-ribose units, is added onto target proteins by one or several PAR
polymerases (PARPS), and the removal of PAR mainly involves PAR glycohydrolase
(PARG) (Leung, 2020, 2014). Several PARPs and PARG isoforms are localized into SGs,
and the overexpression of some PARPs has been shown to induce SG formation (Leung et
al., 2012, 2011; Leung, 2020). Duan et al. recently characterized the PARylation site of the
SG-associated protein hnRNP AL, as well as a PAR-binding motif (PBM) of hnRNP Al
which can bind PAR and PARylated proteins (Duan et al., 2019). The authors further
showed that a decrease in the overall cellular PARylation levels prevents the localization of
hnRNP A1l to SGs, that PARylation at K298 regulates the nucleocytoplasmic transport of
hnRNP A1, and that the PBM is indispensable for LLPS of hnRNP A1 jn vitro and thus for
its recruitment to SGs /n vivo (Duan et al., 2019).

Some recent studies point to the involvement of SUMOylation in the regulation of SG
assembly (Jongjitwimol et al., 2016; Keiten-Schmitz et al., 2020; Sanders et al., 2020). Most
recently, proximity labeling studies demonstrated that several SUMO ligases (RANBP2,
UBE?2I) are recruited to SGs (Marmor-Kollet et al., 2020). Furthermore, knockdown of
several factors of the SUMO-targeted ubiquitin ligase (StUbL) pathway caused impairment
of SG disassembly (Keiten-Schmitz et al., 2020). The underlying mechanism is not clear yet,
but the authors claim a significant role for SUMOylation in SG dynamics (see section on SG
disassembly below).
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Interestingly, PTMs are reported to preferentially affect IDRs (Bah and Forman-Kay, 2016).
This could complicate the hypothesis that PTMs fine tune the LLPS properties of node and
bridge proteins, and are thus provide a switch in the regulation of SG assembly (Guillén-
Boixet et al., 2020; Sanders et al., 2020; Yang et al., 2020). Yang et al., and Guillen-Boixet
et al. have investigated the role of G3BP phosphorylation, and found that site-specific
phosphorylation of G3BP at Ser149 and Ser232 provides a potential switch for regulating
phase separation, presumably by affecting intra- and intermolecular interactions between
acidic regions, charged regions or IDRs (Guillén-Boixet et al., 2020; Yang et al., 2020). This
contradicts an earlier report by Panas et al. which showed that phosphorylation of G3BP at
Ser149 does not influence SG formation (Panas et al., 2019).

Finally, an emerging theme in SG research is the role of RNA modifications and their effects
on SG assembly. SG-associated mRNAs contain multiple N6-methyladenosine (m6A)
modifications, which specifically distinguishes them from mRNAs that are not localized to
SGs (Anders et al., 2018). The m6A “reader” proteins, the YTH domain family (YTHDF)
proteins, undergo LLPS upon binding to the mRNAs, and are thereby promoting the
formation of SGs (Fu and Zhuang, 2020; Ries et al., 2019).

In conclusion, while it is now widely accepted and proved by many studies that the physics
of LLPS underlies the formation of SGs, the exact molecular mechanisms about how the

assembly process is regulated are not fully understood. However, it appears likely that there
is a whole network of interconnected SG regulator proteins, with G3BP as the central node.

Finally, it needs to be pointed out that viral infection also causes the formation of SGs, and
that viruses have developed distinct strategies to suppress SG assembly. While it is beyond
the scope of this review, it is worth mentioning that viruses have various different
mechanisms in play to modulate SG regulation and SG dynamics - for detailed reviews see
(Eiermann et al., 2020; Lloyd, 2012; Reineke and Lloyd, 2013; White and Lloyd, 2012).

IV. Regulation of SG disassembly

While the mechanisms of SG assembly in response to various stressors and in different
model systems have been extensively studied, less attention has been paid to the SG
disassembly process. Apart from cold shock-induced SGs, which disassemble within
minutes after return to normal temperature (Hofmann et al., 2012), SG recovery after
arsenite stress, HoO» treatment, sorbitol exposure, or heat shock occurs between 60-120
minutes (Anderson and Kedersha, 2002a; Cherkasov et al., 2013; Huang et al., 2020;
Kedersha et al., 2002; Marmor-Kollet et al., 2020). The reversibility of SGs after stress
removal or upon co-treatment with translation elongation inhibitors cycloheximide or
emetine, as a critical characteristic of bona fide SGs, hints on the important roles of
polysome dynamics in this process, although how polysome formation affects phase
separation is not known.

It was recently shown by Huang et al. that UBAP2L could be a critical regulator in SG
dynamics. Both knockdown and overexpression of UBAP2L impair SG disassembly (Huang
et al., 2020). The underlying mechanism for that is not clear yet. However, as UBAP2L is
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regulated by arginine methylation, this data may point to an important role of PTMs in the
disassembly process, consistent with reports that phosphorylation of growth factor receptor-
bound protein 7 (Grb7) promotes the disassembly of heat shock-induced SGs (Tsai et al.,
2008), and chemical inhibition of PARylation or knockdown of the cytoplasmic PAR
glycohydrolase (PARG), which impairs the removal of PAR from its target proteins, cause a
delay in SG disassembly upon stress relief (Duan et al., 2019; Leung et al., 2012, 2011).

Chaperones/disaggregases such as VCP (Buchan et al., 2013; Seguin et al., 2014; Wang et
al., 2019) and HSP70 (Cherkasov et al., 2013; Kroschwald et al., 2015; Mazroui et al., 2007)
may be important for SG disassembly. Ganassi et al. proposed a SG surveillance system,
wherein HSPBS is recruited to SGs and prevents the irreversible aggregation of aberrant
proteins within SGs (Ganassi et al., 2016). Under normal conditions, the incidence of having
misfolded proteins within a SGs is very low, thus the HSPB8-mediated neutralization of
misfolded proteins, as well as the recruitment of the BAG3-HSP70 subcomplex, and the
subsequent degradation of aberrant SG components ensure SG fluidity and proper SG
disassembly (Ganassi et al., 2016).

In 2016, Wheeler et al. postulated that SG disassembly occurs through multiple steps,
wherein the stalled mMRNAS are titrated out of SGs, thereby causing structural instability of
the protein complexes, and subsequently stepwise disassembly of the visible SGs (Wheeler
et al., 2016). This hypothesis is in line with more recent experimental data. In fact, given the
network multivalency model of SG formation, the easiest explanation would be that SG
disassembly happens as a consequence of a decrease in multivalency. The release from
stress, allows replenishment and restoration of functional elFs and/or ternary complexes, e.g.
upon dephosphorylation of elF2a. This most likely involves other signaling cascades, which
might alter various PTMs on essential SG node proteins. Indeed, G3BP1 is reported to be
acetylated by CBP/p300 upon release from stress (Gal et al., 2019) decreasing its binding
affinity for RNA (Gal et al., 2019). Other PTMs such as arginine methylation could similarly
cause a decrease in RNA binding and/or conformational changes within the core SG
proteins, which would then allow to “re-mixing” of the SG components with the cytoplasm,
and would reverse the LLPS. As a result, the sequestered mMRNAs would be released to allow
the resumption of translation.

A stepwise model for the disassembly process of SGs, and the coordinated interplay
between SG disassembly and restoration/recovery of the translational machinery is
supported by an often-overlooked study on cold shock-induced SG formation (Hofmann et
al., 2012). Upon return to ambient temperatures, SGs disassemble within a few minutes,
proceeding polysome reassembly, which supports reversed LLPS rather than complex and
slower degradation processes.

In addition, the speed with which cold-shock SGs resolve may reflect the fact that enzymatic
activities can instantly be resumed coincident with optimal temperature, and that protein
conformational changes occur very quickly (potentially mediated by PTMSs). In the case of
cold shock-induced SG disassembly, it is clear that the disassembly process precedes the
recovery of mRNA translation.
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Another interesting insight into the mechanisms of SG disassembly come from two new
studies by Marmor-Kollet et al. and Keiten-Schmitz et al. (Marmor-Kollet et al., 2020).
Marmor-Kollet et al conducted proximity labeling of several core SG proteins, and identified
distinct subsets of proteins that associate with these core proteins during the recovery phase
(Marmor-Kaollet et al., 2020). The appearance of these unique subsets of proteins, termed
Disassembly Engaged Proteins (DEPs), indicates that the disassembly of SGs is indeed a
controlled process occurring in a stepwise manner and not merely passive dissolution of SG
components into the cytoplasm. Furthermore, Marmor et al. identified several SUMO ligases
as DEPs that are specifically recruited to SGs during recovery from stress, and they showed
that there is broad SUMOQylation of SG proteins (Marmor-Kollet et al., 2020). SUMOylation
could thus be another important PTM regulating the valence of SG proteins and thus SG
disassembly. Likewise, Keiten-Schmitz et al. show that the nuclear SUMO-targeted ubiquitin
ligase (StUbL) pathway is involved in SG disassembly (Keiten-Schmitz et al., 2020).
Knockdown of key components of the StUbL pathway (e.g. SUMO2, RNF4) significantly
impair SG disassembly after stress. This provides a first notion that nuclear and cytosolic
stress response pathways are connected.

Finally, we must say that even though the mechanisms for SG disassembly are not yet
widely studied, the resolution of SGs is important for maintaining viability and protein
homeostasis. Impaired clearance of SGs results in persistent protein aggregates, which are
implicated in several neurodegenerative diseases, e.g. ALS (Aulas et al., 2012; Baron et al.,
2013; Bosco et al., 2010; Dammer et al., 2012; Gal et al., 2016, 2011; Li et al., 2013; Liu-
Yesucevitz et al., 2010), Parkinsons disease (Repici et al., 2019), and Alzheimefs
(Vanderweyde et al., 2012). Some studies report that aberrant SGs are degraded by
autophagy, Cdc48/VCP function, and the HSPB8-BAG3-HSP70 chaperone complex
(Buchan et al., 2013; Ganassi et al., 2016; Seguin et al., 2014). Whether or not it is indeed an
autophagy-dependent process, is still controversial. However, it is clear that resolution of
any type of protein aggregate is required for maintaining cellular proteostasis, and the
interplay between restoration of polysomes, rerouting of mMRNAs into active translation, and
disassembly of the remaining protein-protein and protein-RNA complexes is critical for
enduring viability.

Conclusions

Understanding the molecular mechanisms of SG assembly and disassembly is an ongoing
challenge. Remarkable genetic evidence connects neurological diseases with mutations in
specific proteins related to RNA metabolism, proteostasis, and cytoskeleton maintenance,
and link these to the regulation of SG dynamics and clearance.

Recent advances in proteomics have identified factors that contribute to SG assembly,
primarily via interaction with the hallmark node protein G3BP1 (Fig. 6). Whether other
proteins constitute the central node in all cell types remains unknown, and will be especially
interesting to ascertain in cells such as neurons and stem cells. Lagging behind is our
understanding of the molecular mechanisms of SG disassembly. In theory, upon stress
removal, altering PTMs at key sites on critical node/bridge or cap proteins may decrease
overall multivalency, and lead to stepwise disaggregation of larger microscopically visible
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SGs into smaller SGs. Subsequently, the smaller SGs disperse into RNP complexes (Fig. 6).
This hypothesis demands further testing.

The network multivalency model may also explain how mutations in specific SG-associated
proteins can cause abnormalities in SG dynamics, which, at least in neurodegenerative
diseases, culminate in the pathological aggregation or coalescing mutated RBPs into SGs.
We speculate that by introduction of mutations, protein factors can change their biophysical
properties or interaction pattern thereby changing their natural valence (e.g., from bystander
into bridge, or from bridge to cap). Mutations in some proteins (e.g., FUS/TLS or TDP43)
can also influence their subcellular localization that, in turn, change their nuclear-
cytoplasmic distribution leading to changes in relative abundance of SG-associated factors in
the cytosol. Again, this awaits further examination in the /n vivo context.

In conclusion, and possibly most importantly, we expect significant advances in the
development of new therapies towards neurodegenerative diseases based on the investigation
of basic mechanisms of LLPS and SG dynamics. Current data reflecting the complex nature
of RNA granule dynamics also provide us with a roadmap to define critical targets for
therapy. Most critically, we are in the urgent need in the development of /n vivo models that
ultimately will examine the relevance of these findings in the physiological context.
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Liquid-liquid phase separation (LLPS)

Physical process by which a homogeneous liquid solution (phase) of mixed molecules
separates into two distinct phases, one phase that is enriched for a certain subset of
molecules and another phase that is depleted of the same molecules

Liquid phase transition
Describes the switch from one phase to another (e.g. liquid to solid) of one particular
molecule

Molecular crowding
Excluded volume effect

RNA condensate/Biomolecule condensate
Cellular structures that contain RNA, and/or other biomolecules (such as proteins) and that
were formed by LLPS

RNP granule/RNA granule
Biomolecule condensate consisting of RNA and proteins

Intrinsically disordered region (IDR)/IDR protein (IDRP)
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IDRs contain amino acid sequences that promote structural flexibility and instability. IDRPs
lack a stable structure and rather thus exist as conformational ensembles

Low complexity domain (LCD)
Consists of amino acid sequences that contain repeats of a particular amino acid, or amino
acid motifs, and lacks diversity in its amino acid composition

Prion-like domains (PrLDs)
Low complexity domain in RNA-binding proteins

Short linear motifs (SLiMs)
Regulate low-affinity interactions, modulated by PTM

low complexity aromatic-rich kinked segments (LARKYS)
Weak interactions through polar atoms and aromatic side chains

PABP-interacting motif, protospacer adjacent motif 2 (PAM2)
A 12 amino acids peptide motif that specifically interacts with MLLE motif (Mademoiselle
motif) found in PABP

Valence (v)
Number of potential interaction domains within a protein

Node protein
Protein with v >3

Bridge protein
Protein with v =2

Cap protein
Protein withv =1

SG nucleator
Proteins that causes the formation of SGs when overexpressed in a cell, even in the absence
of stress

SG regulators
Proteins whose knockout/ knockdown prevents the assembly of SGs upon stress
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Highlights
Multivalency is the main driver for LLPS leading to SG assembly
Proteins essential for multivalency-driven LLPS are multi-domain proteins

PTMs play a role in regulating SG formation and disassembly.
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Figure 1:
(A) generic model of a central SG protein, depicting an oligomerization domain (OD) or

dimerization domain (DD), intrinsically disordered regions (IDRs) or low-complexity
domains (LCDs), and a substrate binding domain (SBD), such as RNA-recognition motif
(RRM) or RGG/RG domain. (B) Different types of protein-protein (pp), protein-RNA (pR),
and RNA-RNA (RR) interaction that are implicated in SG assembly. The schematic was
created in ©BioRender (biorender.com) and does not resemble actual sizes and ratios.
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Figure 2:
Localization of key motifs and domains, as well as predicted disordered regions calculated

using the PONDR-VSL2 algorithm of (A) G3BP1, (B) FXRL1, (C) Caprinl, (D) UBAP2L,
and (E) TIAL
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Figure 3:
Methodology to study SGs. (A) siRNAs screen to identify genes whose knockdown impairs

assembly (or disassembly) of SGs. (B) Use of molecular crowding agents (e.g. B-isox, PEG)
causes LLPS within a cell lysate, and allows separation of soluble and non-soluble fractions.
(C) Both live imaging and fixed cell imaging present a microscopy-based approach to study
LLPS and SGs. (D) An affinity purification approach (e.g. via GFP-tagged G3BP) can be
utilized in combination with mass spectrometry analysis to identify proteins that are
enriched in SGs. (E) Bioinformatic studies that can predict whether a particular protein is
localized to SGs. (F) Interactome analyses using proximity labeling studies reveals a wide
network of SG-associated proteins. (G) Yeast-two hybrid screen can be used to identify
protein-protein interactions with SG-associated proteins as bait. (H) The Corelet system
visualizes condensate formation in live cells using imaging as a readout. The schematic was
created in ©BioRender (biorender.com) and does not resemble actual sizes and ratios.
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bridge

Figure 4:
Novel model depicting a SG protein and RNA interaction network: Macromolecules with

more than three interaction domains (v = 3) are defined as nodes, and constitute the essential
drivers for LLPS. Proteins that lack interactions with other particles are bystanders (v = 0),
whereas v = 1 proteins are called caps (modified from Sanders et al., 2020). This model
depicts a mechanistic framework for network-based cellular condensation. The schematic
was created in ©BioRender (biorender.com) and does not resemble actual sizes and ratios.
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Figure 5:
Speculative model

Upon polysome disassembly, G3BP-USP10 complexes bind to dissociated 40S subunits.
Prior to its dissociation from G3BP, USP10 mediates deubiquitination of specific ribosomal
proteins to prevent their degradation through the lysosome. Binding of UBAP2L and caprinl
to G3BP leads to increased valency, which promotes LLPS and subsequent SG formation.
The schematic was created in ©BioRender (biorender.com); it is not time-resolved and does
not resemble actual sizes and ratios.
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Figure 6:
Model of SG assembly and disassembly. Upon RNA influx, key SG node and bridge

proteins form a multi-interaction network, which causes LLPS and the assembly of SGs.
Following stress removal, PTMs potentially lead to the loss of protein-protein, protein-RNA,
and RNA-RNA interactions, leading to a decrease in valence and allowing subsequent SG
disassembly. The schematic was created in ©BioRender (biorender.com); it is not time-
resolved and does not resemble actual sizes and ratios.
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