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Abstract

Significance: Stress granules (SGs) are biomolecular condensates that form upon global translation suppression
during stress. SGs are enriched in translation factors and messenger RNAs (mRNAs), which they may sequester
away from the protein synthesis machinery. While this is hypothesized to remodel the functional transcriptome
during stress, it remains unclear whether SGs are a cause, or simply a consequence, of translation repression.
Understanding the function of SGs is particularly important because they are implicated in numerous diseases
including viral infections, cancer, and neurodegeneration.

Recent Advances: We synthesize recent SG research spanning biological scales, from observing single proteins
and mRNAs within one cell to measurements of the entire transcriptome or proteome of SGs in a cell
population. We use the emerging understanding from these studies to suggest that SGs likely have less impact
on global translation, but instead may strongly influence the translation of individual mRNAs localized to them.
Critical Issues: Development of a unified model that links stress-induced RNA-protein condensation to reg-
ulation of downstream gene expression holds promise for understanding the mechanisms of cellular resilience.
Future Directions: Therefore, upcoming research should clarify what influence SGs exert on translation at all
scales as well as the molecular mechanisms that enable this. The resulting knowledge will be required to drive
discovery in how SGs allow organisms to adapt to challenges and support health or go awry and lead to disease.
Antioxid. Redox Signal. 00, 000-000.
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Introduction include other ribonucleoprotein (RNP) granules such as
transport granules in neuronal cells, which mediate subcel-
PROTEIN BIOSYNTHESIS IS one of the most energy- lular localization of RNAs (Ainger et al., 1993; Kiebler and
intensive processes in the cell (Buttgereit and Brand, Bassell, 2006; Wilhelm and Vale, 1993) and germ granules,
1995; Li et al., 2014). It is therefore unsurprising that inhi- which store RNAs during development in germ line cells
bition of translation is a crucial response of cells to a wide (Hegner, 1911; Schisa, 2014).
variety of stressors. A less foreseeable response to stress and Besides these cell-type-specific examples, many biomo-
translation suppression is the formation of microscopically lecular condensates are found in the nucleus, including su-
visible foci of nontranslating RNA and proteins known as  perenhancers, speckles and paraspeckles, Cajal bodies, and the
stress granules (SGs). SGs are part of a growing group of nucleolus (Sabari et al., 2020). Constitutive RNP granules are
biomolecular condensates—large membraneless structures also found in the cytoplasm in the form of processing bodies
with distinct compositions from their surroundings that dis-  (P-bodies), which are enriched in nontranslating messenger
play a range of material properties similar to liquids, gels, RNAs (mRNAs) and components of the RNA degradation and
or solids (Alberti et al., 2019). Biomolecular condensates silencing machinery (Hubstenberger et al., 2017; Sheth and
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Parker, 2003). In contrast to most of these condensates, SGs
are induced during specific challenges, including oxidative
stress, heat shock, endoplasmic reticulum (ER) stress, and
other insults that result in global translation repression.

The functional importance of most biomolecular conden-
sates is enigmatic. Varied hypotheses propose that localiza-
tion of biomolecules to condensates increases the effective
concentration of components to increase their reaction rate or
specificity, sequesters them away from outside factors to
inhibit other reactions, and/or buffers cellular changes in the
concentration of components (Alberti et al., 2019; Banani
et al., 2017). However, the links between the physical prop-
erties of condensates and their biological outcomes are
challenging to determine experimentally.

In the case of SGs, their formation displays characteristics
of liquid-liquid phase separation (LLPS), resulting from high
levels of exclusive but reversible intermolecular interactions
between their components (Protter and Parker, 2016). Con-
densation of mRNAs into SGs has been proposed to suppress
their translation, protect them from degradation, and allow
rapid resumption of translation after stress removal (Ivanov
et al., 2019). However, linking these functional outcomes to
mRNA localization in SGs is challenging and is an active
area of research.

Understanding the function of SGs is relevant for research
areas across fundamental biology and human health. As a large
and inducible condensate, SGs have been used to develop
theoretical frameworks describing phase separation of bio-
molecules (Sanders et al., 2020) and to study the role of con-
densation in organismal fitness and adaptation to stress (Riback
et al.,, 2017). Most importantly, SGs have emerged as key
players in pathogenesis of multiple diseases, including cancer
(Song and Grabocka, 2020), viral infections (Eiermann et al.,
2020; McCormick and Khaperskyy, 2017), neurodegeneration
(Wolozin and Ivanov, 2019), and aging (Cao et al., 2020).

Each of these separate topics has been reviewed in detail
recently in the publications cited above. To progress in these
areas, it is essential to address the gap in knowledge of how
SGs are important for regulating translation during stress. In
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this study, we summarize current understanding of SGs as
consequences and causes of translation repression, and in
doing so highlight where more investigation is needed to
understand their cellular function.

Induction and Assembly of Stress Granules

The first step in SG assembly is the inhibition of translation
initiation upon acute stress. Temporally, SGs form almost
immediately following the translational repression of bulk or
representative mRNAs (Kedersha et al., 2000; Khong and
Parker, 2018; Moon et al., 2019; Wheeler et al., 2016), which
typically occurs within tens of minutes depending on the type
of stress (Wheeler et al., 2016). In the vast majority of SG-
forming circumstances, translation shutdown occurs through
phosphorylation of elF2a. Phosphorylated eukaryotic trans-
lation initiation factor 2o (P-eIF2«) inhibits the activity of its
guanine nucleotide exchange factor eukaryotic translation
initiation factor 2B (elF2B) (Pavitt et al., 1997; Scorsone
etal., 1987). Limiting e[F2B activity reduces the assembly of
the ternary complex containing elF2« in the elF2 complex,
GTP, and the initiator tRNAiMet (Kedersha et al., 1999), and
leads to the accumulation of mRNAs bound to an incomplete
48S preinitiation complex (PIC).

Components of the PIC, but not large ribosomal subunits
or elF2q itself, are highly enriched in SGs (Kedersha et al.,
2002). Notably, P-elF2a-mediated SG formation can be
disrupted by increasing the activity of the eIF2B complex to
drive ternary complex formation (Sidrauski et al., 2015; Si-
drauski et al., 2013; Tsai et al., 2018). Phosphorylation of
elF2a is therefore a primary driver of translation initiation
suppression leading to SG formation.

Phosphorylation of elF2« to inhibit translation is performed
by any of the four distinct kinases in the first step of the inte-
grated stress response (ISR) (Fig. 1) (reviewed in English et al.,
2022 and Costa-Mattioli and Walter, 2020). Numerous studies
have evaluated the requirements of elF2o kinases for SG for-
mation, which are described in Table 1. For instance, treatment
with arsenite is one of the most commonly used models for SG
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FIG. 1. Diverse stresses and multiple signaling pathways cause inhibition of translation initiation and formation of

stress granules. A variety of stressors can activate any of four kinases for the key initiation factor elF2o. This phos-
phorylation event enhances binding of the eIF2 complex to eIF2B, preventing GDP/GTP exchange and eIF2 release, and
therefore limiting formation of the ternary complex containing GTP, the initiator Met-tRNA;M', and eIF2. The ternary
complex is essential for start codon recognition and is typically a component of the 48S PIC containing the mRNA, 40S
ribosome subunit, and various other initiation factors. Among these is the 5" cap binding complex, eIF4F. Inactivation of the
kinase mTOR during conditions such as starvation leads to hypophosphorylated 4E-BP, which in turn binds and sequesters
one of the cap binding complex components, eI[F4E. This prevents assembly of the cap binding complex, inhibiting PIC
formation and translation initiation. In both of these cases, translationally repressed mRNAs are recruited to stress granules,
along with select PIC components. 4E-BP, eukaryotic translation initiation factor 4E-binding protein; eIF2B, eukaryotic
translation initiation factor 2B; eIF4E, eukaryotic translation initiation factor 4E; mRNA, messenger RNA; mTOR,
mammalian target of rapamycin; PIC, preinitiation complex.
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TABLE 1. NUMEROUS STRESSES DRIVE FORMATION OF STRESS GRANULES IN MAMMALIAN CELLS
THROUGH EIF20. AND MTOR SIGNALING PATHWAYS

Integrated stress response

Stress HRI PKR PERK GCN2 mTOR

References

Arsenite Y

Bortezomib

Erythroid differentiation

Hepatitis C virus and
interferon-alpha

Measles virus, hantavirus,
Respiratory syncytial virus,
and yellow fever virus

G3BP1 overexpression

ADARI depletion

2’,5’-Oligoadenylate

Small RNase L-cleaved RNAs

Lapatinib

Thapsigargin

Sorafenib

Carbon monoxide

Bisphenol A

Vinorelbine

MG-132 Y Y

Y
Y

s =

KR

Ultraviolet light

Cortisone

Chronic nutrient deprivation Y Y
Dihydrocapsaicin

Selenite

Cold

ATP depletion

Hydrogen peroxide

<

Y Aulas et al. (2017); Fay et al. (2021);
Fournier et al., (2013); McEwen et al. (2005);
Sfakianos et al. (2018); Szaflarski et al. (2016)
Y Fournier et al. (2013); Fournier et al. (2010)
Ghisolfi et al. (2012)
Ruggieri et al. (2012)

Beauclair et al. (2020); Christ et al. (2020);
Lindquist et al. (2011); Okonski
and Samuel (2013)
Reineke and Lloyd (2015)
Corbet et al. (2022)
Manivannan et al. (2020)
Manivannan et al. (2020)
Adjibade et al. (2020)
Aulas et al. (2017)
Adjibade et al. (2015)
Chen et al. (2019)
Fay et al. (2021)
Y Schwed-Gross et al. (2022); Szaflarski et al. (2016)
Alvarez-Castelao et al. (2020); Aulas et al. (2017);
Jiang and Wek (2005); Mazroui et al. (2007);
Yerlikaya et al. (2008)
Ying and Khaperskyy (2020)
Schwed-Gross et al. (2022)
Kuo et al. (2020); Reineke et al. (2018)
De et al. (2022)
Fujimura et al. (2012)
Hofmann et al. (2012)
Wang et al. (2022)
Emara et al. (2012)

<

Stresses for which specific signaling pathways have been defined as major contributors to SG formation through genetics and/or chemical
genetics assays are indicated as ““Y.”” This includes all four elF2o kinases in the integrated stress response pathway, as well as mTOR
signaling. Signaling pathways upstream (e.g., AMPK) and downstream (e.g., 4E-BP) of mTOR are included.

4E-BP, eukaryotic translation initiation factor 4E-binding protein;, AMPK, AMP-activated protein kinase; GCN2, general control
nonderepressible 2; HRI, heme-regulated inhibitor kinase; mTOR, mammalian target of rapamycin; PERK, PKR-related endoplasmic
reticulum associated kinase; PKR, protein kinase R; SG, stress granule.

assembly in cell culture, and arsenite-induced SGs result, in
part, from phosphorylation of elF2x by heme-regulated in-
hibitor kinase (HRI) (McEwen et al., 2005). Another elF2a
kinase, protein kinase R (PKR), senses intracellular double-
stranded RNAs, resulting in SG formation during some viral
infections, although many viruses also have mechanisms to
inhibit SG assembly (White and Lloyd, 2012).

The PKR-related endoplasmic reticulum-associated kinase
(PERK) is activated by accumulation of unfolded proteins,
and contributes to SG formation under circumstances such as
ER stress (Aulas et al., 2017). The fourth elF2« kinase,
general control nonderepressible 2 (GCN?2), is activated by a
variety of stressors including amino acid starvation, and helps
trigger SG assembly during processes as diverse as protea-
some inhibition and ultraviolet radiation damage (Mazroui
etal., 2007; Ying and Khaperskyy, 2020). Therefore, the ISR
converges diverse stress circumstances into similar responses
to drive inhibition of translation initiation and SG formation.

Various regulatory, physical, and experimental circum-
stances that do not target e[F2a can also lead to SG formation.

Assembly of SGs in the classic model stress condition of heat
shock, for instance, does not require P-eIF2a in flies and
yeast, although mammalian cells do require P-e[F2o (Farny
et al., 2009; Grousl et al., 2009). One alternative signaling
event that may induce SGs is inhibition of the kinase mam-
malian target of rapamycin (mTOR), which itself is activated
by diverse stimuli from nutrient availability to growth hor-
mones. Loss of mTOR activity leads to sequestration of the
mRNA cap-binding protein eukaryotic translation initiation
factor 4E (elF4E) by unphosphorylated eukaryotic transla-
tion initiation factor 4E-binding protein (4E-BP), resulting in
decreased translation initiation that could contribute to SG
assembly (Fig. 1).

Interestingly, in the P-eIF2o-independent induction of SGs
by hydrogen peroxide, there is a unique requirement for
signaling through the eIFAE cap protein, which may be per-
formed by mTOR (Emara et al., 2012; Frydryskova et al.,
2016). Disruption of the eIF4AE-mTOR pathway also inhibits
SG formation in arsenite, heat, and other stresses (Fournier
et al., 2013). Inactivation of mTOR appears sufficient to
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cause SG formation in some cases, including severe ATP
depletion in human cells (Wang et al., 2022) and nutrient
deprivation in nematodes (Kuo et al., 2020).

Finally, assembly of condensates that share features with
SGs, including a requirement for polysome runoff and the
presence of several key SG RNA-binding proteins (RBPs),
can be induced by osmotic stress (Bounedjah et al., 2012;
Zeng et al., 2020). In these cases, it is likely that condensation
is promoted by increased intermolecular interactions result-
ing from decreased cellular volume and crowding forces in
the cytoplasm (Jalihal et al., 2020). However, for formation
of canonical SGs during stress, repression of translation is the
primary initiator.

Not all modes of translation inhibition lead to assem-
bly of SGs, which tells us much about how they form
(Fig. 2). Stalling elongating ribosomes on transcripts
using small molecules such as cycloheximide or emetine,
for instance, does not lead to SG formation (Kedersha
et al., 1999). Instead, these inhibitors prevent SG as-
sembly during stress (Kedersha et al., 1999; Mollet et al.,
2008), while another inhibitor of translation elongation
that allows ribosome removal, puromycin, does not. In
contrast, inhibition of translation using small molecules
such as hippuristanol and pateamine A that target eu-
karyotic translation initiation factor 4A (elF4A) to pre-
vent initiation or assembly of the elF4F 5" cap binding
complex induces formation of SG-like structures (Dang
et al.,, 2006; Kedersha and Anderson, 2007; Mazroui
et al., 20006).

BAYMILLER AND MOON

These distinct results of disrupting initiation versus elon-
gation have been recapitulated using genetic depletion of
various factors from these steps including the cap-binding
protein elF4E and large ribosomal subunits, respectively
(Mokas et al., 2009). Mechanisms of translation elongation
inhibition that trap mRNAs within polysomes are therefore
proposed to limit the condensation of mRNAs into SGs
(Kedersha et al., 2002). Indeed, there is evidence that select
transcripts require removal of stalled or slowed ribosomes via
a stress-activated ribosome quality control (saRQC) pathway
to partition into SGs during arsenite or heat stress (Moon
et al., 2020). These observations together suggest a model
where the suppression of translation initiation and ribosome
runoff of transcripts drives the formation of SGs.

A theoretical framework used to describe SG assembly is an
interaction network containing ‘‘node” or “hub’ biomole-
cules participating in three or more interactions with compo-
nent proteins/RNAs, “bridges’ that interact with two other
molecules, and inhibitory ‘“‘caps” that interact with only one
molecular partner (Sanders et al., 2020) (Fig. 2). The formation
of SGs, in particular, is dependent upon high-valency hub
RBPs, which facilitate the phase transition to condensates in a
manner dependent upon their own concentration and that of
their RNA binding partners, primarily translationally repressed
mRNAs (Guillén-Boixet et al., 2020; Van Treeck and Parker,
2018; Yang et al., 2020). After removal of polysomes from the
coding sequence, the naked mRNA becomes a key multivalent
hub available for interaction with these RBPs to drive SG
condensation (Fig. 2) (Guillén-Boixet et al., 2020).

Initiation Elongation
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FIG. 2. Different modes of translation inhibition promote or prevent interaction networks required for stress
granule assembly. Small-molecule inhibition of translation initiation at multiple points by pateamine A or hippuristanol
leads to stress granule formation. However, inhibition of elongation by any of three small molecules does not lead to stress
granule formation. Among these, puromycin allows ribosome removal from the mRNA, and does not prevent stress granule
formation upon stress. The ribosome-vacant mRNA then participates in a network of interactions with ‘‘hub’> RBPs (hub
defined as binding valency n>3) as well as other RNAs. This exclusive and interconnected network leads to phase
separation and stress granule assembly. When ribosomes remain on mRNA, such as during normal translation or when
trapped with inhibitors cycloheximide or emetine, interactions with RBPs and other RNAs are prevented or decreased. This,
as well as inhibition of RBPs by ““‘cap’ proteins, conformational changes, or PTMs, prevents stress granule assembly. PTM,

posttranslational modification; RBP, RNA-binding protein.
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Furthermore, as RNA is capable of forming phase-
separated structures at high concentrations in vitro, RNA-
RNA interactions likely also play a key role in SG assembly
(Van Treeck et al., 2018). These concepts explain the es-
sential requirement for forms of translation suppression that
lead to mRNAs freed from polysomes to drive SG formation,
and the bias toward long RNAs being enriched in SGs (dis-
cussed in Composition and Physicial Properties of SGs), as
both maximize the ability of an mRNA to form intermolec-
ular interactions and nucleate SGs.

While RNA is an essential hub for SG assembly, many
multivalent RBPs play crucial roles in SG assembly
(Table 2). The functions and properties of these proteins are
an area of intense study, as mutations in many SG RBPs lead
to neurodegenerative disease. Central among these hub pro-
teins are G3BP1 and G3BP2, which are indispensable for
canonical SG formation upon most stresses (Kedersha et al.,
2016). The essential role of G3BP1/2 in nucleating SGs re-
sults from their high valency, in particular from their RNA-
binding capability and self-dimerization, both of which are
required for SG formation (Guillén-Boixet et al., 2020;
Sanders et al., 2020; Yang et al., 2020).

Formation of SGs and similar structures can be induced
purely by overexpression of G3BP1 (Kedersha and Anderson,
2007; Reineke et al., 2012), driving G3BP1-G3BP1 interac-
tions using the light-induced oligomerization cryptochrome 2
(Cry2) domains (Zhang et al., 2019), or by addition of re-
combinant G3BP1 to cell lysates (Freibaum et al., 2021). In-
teraction of G3BP1 with the 40S ribosome is important for
formation of SGs, and likely determines some of the specificity
for initiation-stalled mRNAs in SGs (Kedersha et al., 2016).
Similar to several other SG-associated RBPs such as hnRNPA1
and FMR1, G3BP1/2 contain multiple intrinsically disordered
regions (IDRs), which are frequently reported as drivers of
phase separation through promiscuous protein—protein inter-
actions (Posey et al., 2018). Interestingly, while having defined
regulatory roles and interaction partners, these IDRs alone are
not required for SG formation (Guillén-Boixet et al., 2020;
Sanders et al., 2020; Yang et al., 2020).

A more recently recognized central node protein is ubi-
quitin associated protein 2 like (UBAP2L), which has RNA-
and G3BP1-binding activities essential for SG formation, and
self-dimerizes similarly to G3BP1 (Huang et al., 2020;
Sanders et al., 2020). Similar to G3BP1, overexpression of
UBAP2L is sufficient to induce SG assembly in nonstressed
conditions (Huang et al., 2020). Induction of SG assembly by
increasing protein expression is also true for another group of
key SG-associated RBPs, TIA1 cytotoxic granule associated
RNA binding protein (TIA-1) and TIAI1 cytotoxic granule
associated RNA binding protein like 1 (TIAR) (Gilks et al.,
2004; Kedersha and Anderson, 2007; Kedersha et al., 1999).
Similarly to the IDRs found in other SG nucleator proteins,
the TIA proteins contain low complexity prion-like domains
whose aggregation propensity is an important interaction
contributing to SG assembly (Gilks et al., 2004). Tethering
studies have shown that rather than binding of any one spe-
cific SG RBP, the presence of many interactions is likely the
major factor that determines the ability of a given RNA to be
sequestered within an SG (Khong et al., 2017; Matheny et al.,
2021; Moon et al., 2019). These data show that a variety of
RBPs collaborate to form the interaction network that con-
denses RNAs into SGs.

To prevent aberrant granule formation, the protein—
protein, protein-RNA, and RNA-RNA interactions that lead
to SG formation must be inhibited in the absence of stress
(Van Treeck and Parker, 2018). The primary mechanism for
this appears to be that actively translating mRNAs are coated
in polysomes and therefore the concentration of free mRNA
available to form interactions is low. For G3BP1 in particu-
lar, increased RNA concentration leads to a conformational
switch from low to high valency states, allowing it to initiate
SG assembly (Yang et al., 2020). The development of con-
formations and interactions leading to RNA condensation
into SGs may also be actively modulated by certain enzymes.
The highly abundant e[F4A RNA helicase inhibits SG as-
sembly in a manner not entirely dependent on its ATPase
activity, suggesting that its RNA binding alone can disrupt
important RNA-RNA interactions leading to condensation
(Tauber et al., 2020).

Activity of protein-specific chaperones has also been
found to inhibit SG assembly, potentially by remodeling
protein—protein or protein-RNA interactions (Jain et al.,
2016). Changes from an inhibited to active state of G3BP1
are mediated by binding of its inhibitor protein and “‘cap’
USP10 (ubiquitin-specific peptidase 10) as well as some viral
proteins to prevent SG formation (Kedersha et al., 2016;
Panas et al., 2015). These studies show that, while translation
suppression and the resulting interactions with nontranslating
mRNAs are the key drivers of SG assembly, targeted regu-
lation of SG formation does occur.

Posttranslational modifications (PTMs) have been exten-
sively identified as molecular regulators of interactions
leading to SG formation (Hofweber and Dormann, 2019). For
instance, the autoinhibitory conformation of G3BP1’s IDR
domains that is controlled both by RNA- and USP10-binding
appears to be modulated by multiple phosphorylation events
(Guillén-Boixet et al., 2020; Yang et al., 2020), although the
exact effects of these modifications are unclear (Panas et al.,
2019). The arginine-glycine-glycine (RGG) motifs and RNA
recognition motif (RRM) domains of G3BP1 and UBAP2L
contain methylated arginines, which could interfere with
RNA binding, and decreasing or preventing these modifica-
tions increases SG formation (Huang et al., 2020; Tsai et al.,
2016).

A wide variety of other protein PTMs have been shown to
influence SG assembly, including glycosylation (Ohn et al.,
2008), ubiquitination (Mazroui et al., 2007), sumoylation
(Jongjitwimol et al., 2016), acetylation (Jedrusik-Bode et al.,
2013), and poly(ADP)-ribosylation (Leung et al., 2011).
However, the signaling events leading to these modifications,
what components are being modified, and the impacts of
these PTMs on SG formation are not well-understood. Fur-
thermore, the longer timescales required for these modifica-
tions to be generated upon stress may suggest that they are
involved less in inducing SG formation as they are in granule
stability, disassembly, or are secondary impacts from dis-
rupted cell signaling pathways (Hofweber and Dormann,
2019).

As RNA and protein interactions accumulate following
suppression of translation initiation, one model posits that the
assembly of SGs occurs in two distinct steps. In this model, a
stable “‘core’’ nucleating structure of ~ 100-200nm (Jain
et al., 2016; Niewidok et al., 2018) forms first, followed by
recruitment of a more dynamic ‘‘shell”” to one or multiple
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FIG. 3. Stress granules are dynamic condensates with discrete substructures. Stress granules display properties of
liquid-liquid phase separation within the cell, including spherical shape and the ability to merge and split. Many stress
granule components are characterized by rapid movement of molecules within, as well as frequent exchange with sur-
roundings, which is proposed to indicate the presence of a highly dynamic ‘‘shell’” layer. In contrast, numerous putative
“core” regions within one stress granule are smaller, more densely packed, have less internal movement, and slower
exchange with the surroundings. Substantial variability in, and biphasic distribution of, molecule lifetimes within the stress
granule may also indicate these two distinct core and shell states.

cores. The formation of mature SGs may then occur through
fusion of multiple of these structures, a process possibly fa-
cilitated by cytoskeletal movement of RNP complexes, as
inhibition of microtubule dynamics limits formation of large
SGs (Ivanov et al., 2003; Nadezhdina et al., 2010). The ex-
istence of the central cores is largely supported by data from
live and fixed human cell fluorescence microscopy assays
relying on imaging of SG proteins tagged with fluorescent
proteins that show areas of increased RBP density and de-
creased dynamics within the granule (Jain et al., 2016; Nie-
widok et al., 2018) (Fig. 3).

Other live cell microscopy experiments show that a sub-
population of mRNAs interact stably with the SG for at least
10 minutes (the time limit of this imaging method), suggesting
regions of variable dynamics with the granule (Moon et al.,
2019). The existence of cores is also indicated by purification of
G3BP1I- and poly(A) RNA-containing structures from stressed
cells, which contain many SG components but are smaller and
much more stable than SGs within the cell (Jain et al., 2016).

Beyond evidence for this substructure itself, several lines
of evidence suggest that cores form first, followed by re-
cruitment of the shell, rather than cores condensing within the
mature SG: (1) cores can be purified at or before the time of
appearance of microscopically visible SGs, (2) the core
structure in SGs appears similar in size and dynamicity
through the entire lifetime of the granule, and (3) proximity
mapping indicates that SG nucleator proteins maintain sim-
ilar interaction networks both pre- and poststress, suggesting
they exist as ‘“‘seeds’” even before stress (Markmiller et al.,
2018; Marmor-Kollet et al., 2020; Wheeler et al., 2016).
Distinct cores containing either G3BP1 or UBAP2L can be
observed within an SG, and genetic disruption of these RBPs
suggests that UBAP2L acts upstream of G3BP1, perhaps
indicating a role in early core formation (Cirillo et al., 2020).

Correlations between proximity interactomes of multiple
SG proteins pre- and post-stress have enabled definition of a

putative set of proteins in the SG “‘seed,”” including G3BP1,
TIA1, and UBAP2L (Marmor-Kollet et al., 2020). However,
one caveat to these proximity mapping experiments is that
G3BP1, and likely other RBPs, can rapidly enter and exit the
putative SG shell (as measured by fluorescence recovery after
photobleaching [FRAP] assays) (Kedersha et al., 2005)
Therefore, these G3BP1 interactomes likely include proteins
that interact with the large fraction of G3BP1 present in the
cytoplasm. While these lines of evidence suggest a substructure
and ordered formation of SGs, further data are needed to
identify the mechanisms of core assembly and to indicate what
consequences they have for SG condensation and function.

Composition and Physical Properties
of Stress Granules

The assembled SGs are present as microscopically visible
foci of RNA and protein, typically with diameters of ~ 1 um
(Moon et al., 2019) (Fig. 3). Canonical SGs are droplet-like,
displaying many characteristics of LLPS, such as a spherical
shape, rapid exchange of components with surroundings
(Buchan and Parker, 2009; Kedersha et al., 2005), and ability
to fuse and split (Kroschwald et al., 2015). For instance,
single-molecule imaging techniques have shown that indi-
vidual proteins diffuse within SGs and mRNAs dynamically
interact with granules for seconds-minutes; behaviors char-
acteristic of phase-separated liquids and suggestive of the
“shell” component (Moon et al., 2019; Niewidok et al.,
2018). These and other methods also observe biochemically
purifiable, less dynamic ‘‘core’ structures within SGs, as
described above (Jain et al., 2016; Khong et al., 2017;
Namkoong et al., 2018).

Both RNAs and proteins in SGs have been observed to
rapidly exchange with the surrounding solvent and nearby
P-bodies in live cells, although there is substantial variability
between and within molecules in terms of lifetime in the SG
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or P-body (Buchan and Parker, 2009; Kedersha et al., 2005;
Moon et al., 2019). These observations show that SGs are
composed of both dynamic and stable components, rather
than strictly sequestering all their protein and RNA compo-
nents for long timescales during stress.

The majority of RNA content observed in SGs is mRNAs
(Fig. 4), with estimates ranging from ~80% of the RNA
content in biochemically purified cores (Khong et al., 2017)
to >99% of RNA species in the SG using in vivo proximity
labeling by editing followed by sequencing (van Leeuwen
et al., 2021). It should be noted, however, that these pro-
portions are reported after removal of ribosomal RNA
(rRNA) before RNA sequencing, and thus, rRNA may
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FIG. 4. The RNA and protein composition of stress
granules. Transcriptomic studies of purified stress granule
cores suggest that they contain ~80% mRNAs and 20%
noncoding RNAs. While the vast majority of cellular mRNA
species are present in the stress granule, relative enrichment
varies greatly. A primary determinant of mRNA localization
to stress granules is the low translation efficiency and ri-
bosome occupancy, leaving sites available for interactions
with RNA binding proteins. In contrast, mRNAs that con-
tinue to translate during stress may be excluded. A further
important factor determining RNA localization to stress
granules is the RNA length, with greater length providing
more interaction sites and therefore increased valency “n.”
Proteins present in stress granules are greatly enriched in
RNA binding functions and include translation factors. Also
present are various helicase and chaperone proteins. Proteins
within stress granules are enriched in (and tend to have
longer) IDRs, LCDs, and prion-like domains, all of which
are implicated in phase separation. IDR, intrinsically dis-
ordered region; LCD, low-complexity domain.

comprise a large fraction of SG RNAs. The mRNAs in SGs
comprise a relatively small fraction (~ 10%-13%) of the
total mRNA content of the cell, and, while nearly all coding
transcripts appear to be represented in SGs, the relative par-
titioning of a given mRNA to the granule varies greatly
(Khong et al., 2017).

These results are based primarily upon SG cores purified
by centrifugation and G3BP1 affinity purification, and, while
validated using single molecule fluorescent in-situ hy-
bridization (smFISH) of multiple transcript components and
overall poly(A) RNA signal, the in vivo mRNA composition of
more dynamic SGs may differ substantially (Khong et al.,
2017). Furthermore, other results suggest contamination with
polysome-bound mRNAs when using similar centrifugation-
based methods and imply that affinity purification is vital for
achieving an SG-specific transcriptome or proteome (Matheny
et al.,, 2019). Within SG mRNAs, an attractive idea is that
specific functional classes of genes would be enriched to facil-
itate their coordinated regulation. While various transcriptomic
studies have reported that mRNAs encoded by genes involved
in metabolism (Matheny et al., 2019), oncogenesis (Namkoong
et al., 2018), and ATP binding (van Leeuwen et al., 2021) are
enriched in SGs, no consistent functional overrepresentations
have been identified between analyses.

Instead, the mRNAs in SGs resulting from multiple
stressors are heavily biased toward increased length and de-
creased translational efficiency (Khong et al., 2017; Nam-
koong et al., 2018; van Leeuwen et al., 2021; Van Treeck
et al., 2018). In addition, mRNAs with longer open reading
frames are sequestered within SGs for longer durations
(Moon et al., 2019). This corresponds well with the proposed
valency model of SG assembly, as both longer mRNAs and
those with fewer ribosomes will present more sites for in-
teractions with other mRNAs or nucleating RBPs. Con-
versely, mRNAs with very high translational efficiency
localize to SGs only at very low levels (Matheny et al., 2019).
Single-molecule imaging further shows that actively trans-
lating mRNA reporters have short interaction times with SGs
and do not enter into a more long-lived ‘‘locked’’ state with
them (Moon et al., 2019).

Interestingly, noncoding RNAs (ncRNA) are a relatively
minor component of SGs, at 0.4% of distinct RNA species as
measured by proximity transcriptomics (van Leeuwen et al.,
2021) and ~20% of bulk RNA content in purified SG cores
(Khong et al., 2017). This also represented only ~0.6% of
nonribosomal ncRNAs (Khong et al., 2017), and suggests
that translation repression is a determinant of targeting to SG
rather than simply not being bound by ribosomes. The high
level of consistency between many reports makes it likely
that these two factors, translation efficiency and length, are
the primary determinants of RNA enrichment within SGs
(Fig. 4).

The targeting of specific RNAs to SGs could in principle
also be due to specific interactions with RBPs that phase
separate during stress. Studies of the SG transcriptome have
not, however, uncovered any enrichment for particular RBP
sequence motifs in SG RNAs (Khong et al., 2017; Matheny
et al., 2021). The transcriptome of SG cores purified from
yeast is very similar to RNA condensates formed in vitro
using purified cellular RNAs (Van Treeck et al., 2018),
suggesting that specific RBP-RNA interactions are not
strictly necessary for transcript selection in SGs. Even loss of



Downloaded by University of Michigan from www.liebertpub.com at 07/05/23. For personal use only.

10

key hub proteins G3BP1/2 does not perturb the localization of
their target transcripts during stresses that induce SGs in a
G3BP1/2-independent manner (Matheny et al., 2021).

One possible exception is AU-rich elements (AREs),
which are overrepresented in some SG RNAs (Namkoong
et al., 2018), and could mediate interactions with SG RBPs
such as TIA-1, TIAR, and human antigen R (HuR) (Waris
et al., 2014). These AREs, and another RBP binding motif,
pumilio response elements, are present in high numbers on
several SG-enriched transcripts such as the NORAD long
noncoding RNA (IncRNA). However, disruption of these
sequence elements or depletion of the pumilio RBP does not
entirely abrogate localization of target RNAs to SGs
(Matheny et al., 2021; Namkoong et al., 2018).

Modification of RNAs with N6-methyladenosine (m6A)
has also been proposed to target transcripts to, and even to
explain the RNA length bias in, SGs (Fu and Zhuang, 2020;
Ries et al., 2022). A recent study, however, found that
knockout of the key methyltransferase responsible for m6A
modification did not affect partitioning of m6A mRNAs to
SGs, and that tethering of up to 25 molecules of the m6A
binding protein YTH domain-containing family proteins
(YTHDF) to an mRNA had only a modest impact on its SG
localization (Khong et al., 2022). These observations com-
bine to suggest that the sum of many protein-RNA or RNA-
RNA interactions, more of which are present in long
transcripts, rather than targeting by a specific RBP binding
site or modification, is responsible for the enrichment of most
transcripts within the SG (Matheny et al., 2021).

Sequence features of mRNAs that determine their trans-
lation status under stress do appear to influence their locali-
zation to SG. For instance, many transcripts encoding protein
biosynthesis factors contain an mTOR-sensitive 5" terminal
oligopyrimidine (TOP) motif. When mTOR is inactivated
during stress, TIA proteins bind to TOP sequences to assist in
translational arrest of these mRNAs, possibly by targeting
them to SGs (Damgaard and Lykke-Andersen, 2011). Con-
versely, some mRNAs are selectively translated during the
canonical SG-forming ISR pathway, and are therefore likely
to be largely excluded from SGs (Fig. 4). These include the
stress response transcription factor activating transcription
factor 4 (ATF4), which upon decreased translation initiation
activity is relieved of translation inhibition via upstream open
reading frame (UORF) elements (Vattem and Wek, 2004).

While endogenous ATF4 transcripts can be observed co-
localizing with SGs (Adjibade et al., 2015; Mateju et al.,
2020), fluorescence in situ hybridization analysis revealed
this as only ~20% of all ATF4 mRNAs (Adjibade et al.,
2015). Heat shock protein mRNAs are largely absent from
sedimented heat shock granules in plant cells and are instead
present in polysome fractions (Nover et al., 1989). In addi-
tion, an analysis of nascent proteins captured using bio-
orthogonal noncanonical amino acid tagging (BONCAT)
revealed that the mRNAs encoding proteins that are gener-
ated during stress, including several heat shock protein
mRNAs, are generally translated and depleted from SGs
(Baron et al., 2019). These observations continue to reinforce
the importance of translation repression as a determinant of
mRNA partitioning to SGs.

The RNA content of canonical SGs is quite consistent
across stress circumstances, cell types, and species that have
so far been investigated. Similar categories of RNAs and

BAYMILLER AND MOON

many of the same individual transcripts are enriched or de-
pleted in SGs between arsenite, heat shock, ER stress, and
sorbitol-induced granules as measured by smFISH and tran-
scriptomics (Khong et al., 2017; Matheny et al., 2021).
Comparable mRNA enrichment profiles are found in SGs even
when differing stress circumstances (heat shock and ER stress)
change the cytoplasmic transcriptome, and high similarity is
observed between SG transcriptomes from mouse and human
cell lines (Namkoong et al., 2018). In Drosophila, an ~60%
overlap in SG transcriptomes was observed between the S2
cell line and differentiated neurons (van Leeuwen et al., 2021)
showing that, while neuron-specific SG transcripts exist, much
of the core SG RNA content is conserved.

Finally, using purified cytoplasmic RNA from yeast to
assemble phase-separated granules in vitro also recapitulates
many of the features of both the yeast and human SG tran-
scriptome (Van Treeck et al., 2018). These observations
suggest that the SG transcriptome across cell types and or-
ganisms shares certain features that underlie SG assembly
and properties, including the increased length and decreased
translation efficiency biases (Khong et al., 2017). Therefore,
it is highly likely that different SG RNA contents between
stress stimuli and cell types result primarily from differences
in the bulk transcriptome of the cell before SG condensation.

Some of the protein content of SGs can be predicted from
their mode of assembly and RNA content. For instance, the
translationally stalled mRNAs necessarily contain initiation
factors, small subunit ribosomal proteins, and cytoplasmic
poly(A) binding protein (PABP) (Fig. 4) (Kedersha et al.,
2002). As described earlier, characteristic RBPs such as
G3BP1/2, Caprin (Kedersha et al., 2016), TIAR/TIA-1 (Ke-
dersha et al., 1999), FMR1 (Mazroui et al., 2002), UBAP2L
(Cirillo et al., 2020), and many others are present in intact
SGs as determined by immunofluorescence staining, fluo-
rescent fusion protein reporters, and proteomic assays.
A wealth of proteomic data have revealed hundreds to
thousands of other SG protein constituents with varying
levels of confidence (collected in a database here: (Millar
et al., 2023)). Unlike for its mRNAs, enrichment of one
specific function is very apparent for the protein fraction of
SGs: RNA interaction.

Predictably, proteins with RNA binding domains and a
variety of annotated functions in RNA metabolism and reg-
ulation are highly enriched among the SG proteomes across
all analyses (Jain et al., 2016; Marmor-Kollet et al., 2020;
Youn et al., 2019). This includes at least ~40 RBPs, which
have been confirmed to be SG components in multiple cell
types and stress circumstances as part of a high-throughput
immunofluorescence microscopy screen (Markmiller et al.,
2018). Thus, many of the protein components of SGs are
involved in RNA metabolism.

Yet, approximately half of the proteins in various pub-
lished SG proteomes are not annotated as RBPs (Jain et al.,
2016). This remainder includes various translation system
components, DNA and RNA helicases, chaperones, DEAD
box proteins, and proteostasis factors, the potential functions
of which are discussed further in the disassembly section
below. Whether RBPs or not, SG proteins tend to have a
higher fraction of IDRs that are longer than the proteome
average (Markmiller et al., 2018; Youn et al., 2019). This
agrees well with the observation that IDRs and low com-
plexity domains are key participants in biomolecular phase



Downloaded by University of Michigan from www.liebertpub.com at 07/05/23. For personal use only.

STRESS GRANULES IN TRANSLATION

separation (Posey et al., 2018). Similarly, prion-like domains,
which can facilitate protein aggregation, are also enriched
within SGs (Youn et al., 2019).

In contrast to the SG transcriptome, the SG proteome has
been observed to vary between cell types, disease states, and
stressors (Aulas et al.,, 2017; Markmiller et al.,, 2018;
Marmor-Kollet et al., 2020). A literature meta-analysis
comparing these and other data sets to identify a central set of
high-confidence SG proteins has returned primarily the same
characteristic RBPs including G3BP1/2, UBAP2L, and
PABP (Youn et al., 2019). Many putative SG proteins and
non-RBPs that vary between conditions and measurement
types, especially those identified by proximity labeling pro-
teomics, await further verification. Therefore, it remains to be
established whether common determinants of protein re-
cruitment to SGs beyond RNA binding exist, and what the
functional consequences of their localization within SGs are.

Regulation of Translation by Stress Granules

SGs may cause global or transcript-specific translation
suppression (Fig. 5). One mechanism by which SGs could
trigger global translation suppression is by inducing elF2a
phosphorylation in a form of positive feedback. Formation of
SGs by overexpression of G3BP1 alone induces P-eIF2« in
human cells (Reineke et al., 2012). Intriguingly, P-eIF2a was
not induced upon G3BP1 overexpression in mouse embry-
onic fibroblasts lacking PKR, suggesting that SGs can trigger
PKR activation and thus elF2o phosphorylation to globally
repress translation initiation activity (Reineke et al., 2012).
Cells lacking PKR with such G3BP1-driven SGs maintained
global translation activity as assessed by the accumulation of
puromycinylated proteins (Reineke et al., 2012). SGs may
therefore play a role in mediating global translation sup-
pression through activation of PKR.

elF2
GO~

Signaling

\:“1 ~10% total
S mRNA

Stoichiometry?
()] >
@ sEe——t

Sequestration of Translation Components R

11

A second possibility is that SGs can cause translational
repression in an elF2«-independent mechanism. In support
of this idea, the formation of optogenetically induced SG-
like condensates via light-dependent dimerization of
G3BP1 called OptoGranules requires the release of mRNAs
from polysomes (Zhang et al., 2019). This is evidenced by
the observation that cycloheximide treatment, a translation
elongation inhibitor that traps mRNAs within polysomes,
blocked the formation of these light-induced G3BP1-driven
granules (Zhang et al., 2019). In contrast to SGs driven by
G3BP1 overexpression, elF2a phosphorylation does not
occur upon OptoGranule formation, nor is P-eIF20 required
for OptoGranules to form, as pretreatment of cells with the
elF2B activator integrated stress response inhibitor (ISRIB)
does not impair OptoGranule formation (Zhang et al.,
2019). This study did not demonstrate that OptoGranules
reduce global translation. However, the results do suggest
that polysome collapse on the mRNAs contained in the
OptoGranule is a consequence of light-induced, G3BP1-
driven assembly, and imply that SG formation alone can
drive release of mRNAs from polysomes to suppress
translation.

A potential mechanism for SG-mediated translation
suppression is that G3BP1 oligomerization and/or G3BP1-
driven OptoGranules could outcompete the translation
machinery for mRNAs by sequestration. However, because
only 10%—-13% of the transcriptome is estimated to be
stably sequestered within SGs (Khong et al., 2017), while
the majority of mRNAs would be predicted to interact
transiently with them (Moon et al., 2019), OptoGranules
would likely need to be fundamentally different from
stress-induced granules for this competition to occur (and
they do not appear to be). A second possibility is that
G3BP1 plays a role in translation that is perturbed upon
OptoGranule assembly.

Repression of Individual mRNAs

FIG. 5. Stress granules can regulate translation at global and transcript-specific levels. Formation of stress granules
has been shown to activate PKR through an unknown mechanism, thereby causing global translation inhibition. Seques-
tration of a portion of cellular mRNAs and translation factors may also contribute to global translation repression. However,
the proportion of these components relative to total cellular supply is likely minimal, because only ~ 10% of total mRNA is
highly enriched in stress granules and are expected to be present in a 1:1 stoichiometry of mRNA to most translation
initiation factors. Induced stress granule formation using overexpression or forced oligomerization of key stress granule
hubs (e.g., G3BP1) suggests that RNA-protein interactions may compete to some extent with the translation machinery.
Finally, while translating mRNAs interact only transiently with stress granules, translationally repressed mRNAs can enter
long-lived associations with stress granules that likely sequester them away from the translation machinery. PKR, protein
kinase R.
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In support of this possibility, a recent study demonstrated a
role for G3BP1 and its binding partner USP10 in deubiqui-
tination of 40S subunit proteins during ribosome-associated
quality control to release them from mRNAs and rescue them
to support translation (Meyer et al., 2020). G3BP1/2
knockout reduces polysomes, increases monosomes and 60S
ribosomal subunits, and slows HEK 293 cell proliferation rates
(Meyer et al., 2020). In addition, G3BP1 and G3BP2 cosedi-
ment with polysomes in these cells (Meyer et al., 2020).
Therefore, it may be possible that G3BP1 sequestration into
OptoGranules is itself the driver of translation suppression,
rather than other aspects of condensate formation.

Another possible mechanism by which SGs may suppress
translation activity during stress is by the sequestration of
mRNAs and/or translation factors (Fig. 5). For this to be the
case, either the majority of the mRNAs and translation factors
would need to be sequestered within SGs, or key mRNAs or
proteins necessary for global translation activity would need
to be sequestered within them. The former is unlikely as only
~10%-13% of RNAs are localized to SGs as measured by
fluorescence in situ hybridization of polyadenylated tran-
scripts and sequencing RNAs that copurify with stable SG
“cores’” (Khong et al., 2017).

Furthermore, while components of the PIC including 40S
ribosomal subunits, elF4F complex members, and other
translation initiation factors as well as PABP colocalize with
SGs (Kedersha et al., 2016; Kedersha et al., 2002; Kedersha
et al., 1999; Moon et al., 2020), many of these would be
expected to occurin a 1:1 stoichiometry with the SG mRNAs.
Therefore, it appears unlikely that these translation compo-
nents are sequestered in sufficient amounts to influence glo-
bal translation outside the granule. It is, however, possible
that more rRNA is sequestered to SGs than is currently in-
dicated in the literature, as these are depleted from tran-
scriptomic data sets of SG RNA composition. Notably, 60S
ribosomal subunit components are generally not found in
SGs, signifying that translation is unlikely to occur in SGs
themselves (Kedersha et al., 2002; Moon et al., 2020).

Colocalization of translation factors with SGs in fixed cells
also does not demonstrate whether these proteins are se-
questered and therefore unavailable for use in active trans-
lation. For example, numerous FRAP experiments have
demonstrated that there is some level of dynamic protein-SG
interactions for virtually every fluorescent fusion protein
reporter examined (reviewed in Buchan and Parker, 2009).
As described above, cutting-edge live and fixed cell mi-
croscopy experiments revealed that each protein component
examined likely exists in two phases—a static or dynamic
phase—within SGs (Jain et al., 2016; Niewidok et al., 2018).
Finally, while knockout of key SG nucleator proteins G3BP1/
2 or UBAP2L impairs SG assembly, it does not prevent
translation suppression upon stress (Cirillo et al., 2020; Ke-
dersha et al., 2016). Therefore, the contribution of SGs to
global translation suppression by sequestration of proteins or
mRNAs appears to be minimal.

Single mRNP imaging studies revealed that mRNAs can
spend long durations within SGs, and thus a portion of
transcripts likely are sequestered away from the translation
machinery (Fig. 5). Single mRNAs tagged with MS2 stem
loops and visualized with HaloTag-MS?2 coat protein interact
in unstable and stable ““docked” and ‘‘locked” states with SGs
in human U-2 OS cells expressing GFP-G3BP1 (Moon et al.,

BAYMILLER AND MOON

2019). Evidence from prior studies suggests such ‘‘docking”
and “‘locking” interactions are observed at the population
level between numerous types of transcripts with SGs. For
example, short (~2 s) and long (~ 1 min) recovery times were
observed in FRAP experiments analyzing the mobility of GFP-
tagged MS2 coat protein in cells expressing MS2 stem loops
within f-Gal reporter mRNAs (Mollet et al., 2008).

In addition, FRAP experiments in arsenite-stressed cells
microinjected with fluorescently labeled poly(U) probes to
detect endogenous polyadenylated RNAs revealed a biphasic
fluorescence recovery time of ~40 and ~275s, again sug-
gestive of distinct RNA pools “docking’ and ““locking”” with
SGs (Zhang et al., 2011). Therefore, accessibility of tran-
scripts to the translation machinery outside the SG varies.

Interestingly, translating mRNA reporters transiently in-
teract with SGs for at most several minutes, indicating that
translation complexes are not likely to be stably sequestered
within SGs and can only briefly ‘““dock” with them (Mateju
et al., 2020; Moon et al., 2020; Moon et al., 2019). Prior
studies demonstrated that ribosome runoff is critical for SG
formation through the use of the translation elongation in-
hibitor emetine, which traps ribosomes on transcripts, blocks
SG assembly, and causes clearance of preformed SGs (Ke-
dersha et al., 2000). Furthermore, ribosome stalling and
trapping by cycloheximide slows mRNA accumulation
within SGs, while puromycin increases mRNA localization
to SGs during stress by causing ribosome release during
elongation (Khong and Parker, 2018).

In addition, the length of the open reading frames of
mRNAs correlates with the time before they become en-
riched in SGs after stress, supporting the notion that the ri-
bosome runoff rate is a key determinant of mRNA
recruitment to SGs (Khong and Parker, 2018). Another ob-
servation that supports the idea that ribosomes must run off
and/or be removed from transcripts for their localization to
SGs is that inhibition or genetic depletion of ribosome-
associated quality control factors reduces the accumulation
of specific mRNAs within SGs during arsenite or heat stress
(Moon et al., 2020). Since translation repression and ribo-
some runoff appear to be a prerequisite for stable association
of mRNAs within SGes, it follows that SGs likely keep many
transcripts that have exited translation from re-entering the
translating pool during stress.

Stress Granules Disassembly and Clearance

While the molecular mechanisms underlying assembly of
SGs have become relatively well-understood, those deter-
mining granule disassembly or clearance have lagged behind.
Multiple distinct pathways of RNA and protein remodeling
and degradation have been identified as important for clear-
ance of SGs (Hofmann et al., 2021), but no consensus mech-
anism has emerged. This process is particularly important to
understand as impaired clearance of SGs is implicated in the
formation of pathological aggregates in disease (Zhang et al.,
2021). In laboratory model systems, SGs are readily cleared
upon removal of stress, although the timing of disassembly
varies during different stress contexts, just as it does for as-
sembly. For instance, SGs resulting from 1-h arsenite stress in
human U-2 OS cells start to break apart into smaller assemblies
(potentially cores) 1h after arsenite removal, with loss of
microscopically visible foci by 1.5h (Wheeler et al., 2016).
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FIG. 6. Disassembly and clearance of stress granules may occur by many distinct mechanisms. The action of
ATPases such as helicases, chaperones, and VCP may dynamically disrupt interactions between, or extract components
from, the stress granule. For mRNAs leaving the granule by these or other mechanisms, entering the translating pool would
prohibit re-entry to the stress granule and promote disassembly. Ub modifications may be a mode of targeting stress granule
proteins for removal, particularly during heat stress by VCP. The related SUMO modification may play a similar role in
other conditions. Once removed, stress granule proteins may be degraded by the proteasome or autophagy pathways. It is
also possible that autophagy clears intact stress granules or their cores. SUMO, small ubiquitin-related modifier; Ub,

ubiquitin; VCP, valosin-containing protein.

There appears to be some dependence on the duration of
stress preceding disassembly, as another investigation using
30 min of arsenite treatment, also in U-2 OS cells, observed
disassembly beginning 40min after removal of stress
(Marmor-Kollet et al., 2020), and longer periods of heat
stress are associated with longer SG clearance times (Gwon
et al., 2021). However, the contributions of cell type, type of
stress, stress intensity, and stress duration to variation in SG
disassembly rates have not been systematically determined.

One proposed mechanism for disassembly of SGs is active
remodeling of biomolecules within the granule by various
types of cellular machinery (Fig. 6). First among these are
helicases, which could disrupt RNA-RNA and RNA-protein
interactions to promote a dynamic equilibrium between SGs
and their surroundings, shifts in which would drive disas-
sembly (Jain et al., 2016). The crucial translation initiation
factor eIF4A, for instance, has been identified as an inhibitor
of SG assembly in vivo and in vitro, at least in part, through its
helicase activity (Tauber et al., 2020). Inhibition of e[F4A’s
function in translation is itself sufficient to induce formation of
noncanonical SGs (Mazroui et al., 2006). However, the ability
of eIF4A to limit RNA recruitment to SGs may be independent
of its role in translation, leading to the idea that it instead binds
to mRNAs to interrupt their interactions with RBPs or other
RNAs. Knockdown of the SG-localized minichromosome
maintenance and RuvB-like DNA helicases also speeds SG
disassembly in yeast, suggesting that diverse helicases may
contribute to SG stability (Jain et al., 2016).

A distinct type of remodeling protein, chaperones, has
been implicated in maintaining SG dynamics and therefore
influencing disassembly. Defects in specific yeast heat shock
protein 40 (Hsp40)-class chaperones leads to impaired
clearance of SGs (Walters et al., 2015), while mammalian
heat shock protein 70 (Hsp70) family member heat shock
protein A 1 A (HSPA1A) is required for disassembly of SGs
during chronic proteasome inhibition (Ganassi et al., 2016).
Linking these observations, depletion of cellular ATP using
the glycolysis inhibitor 2-deoxyglucose and the electron
transport chain inhibitor carbonyl cyanide m-chlorophenyl

hydrazone (CCCP) reduces SG mobility, propensity to fuse in
the cell, and results in longer recovery of GFP-G3BP1 within
SGs from FRAP experiments (Jain et al., 2016). While this
broad intervention likely has many off-target effects, it could
indicate that the activity of ATP-requiring molecular ma-
chines increases dynamic movement of SG components, thus
inhibiting SG assembly or promoting SG disassembly (Jain
et al., 2016; Tauber et al., 2020).

Complementing the remodeling forces from helicases,
chaperones, or other machinery is translation itself, which
likely assists in SG disassembly. For instance, as mRNAs
rapidly enter and exit SGs (Moon et al., 2019), the transcripts
that form the basis of SGs may be outcompeted by translating
polysomes and thus lead to SG disassembly (Fig. 6). This is
supported by the observations that specific ribosome-
trapping translation elongation inhibitors (e.g., cyclohexi-
mide or emetine) promote SG disassembly (Kedersha et al.,
2000; Mollet et al., 2008). The translation-promoting small
molecule ISRIB, which prevents inhibition of eIF2B by
P-elF2q, leads to rapid clearance of pre-existing SGs that are
formed upon ISR activation (Sidrauski et al., 2015).

This observation suggests that translation alone can be
sufficient to cause SG clearance. The exact order of events is
unclear, however, as reporter mRNAs that localize to SGs
appear to resume translation only after SGs are entirely dis-
assembled (Moon et al., 2019). In long-term (10 hours) cold
shock (10°C) of human cells, SGs are cleared within
10 minutes after return to normal growth temperature (37°C),
while bulk translation activity as measured by polysomal
ribosome accumulation increases 30 min after SG clearance
(Hofmann et al., 2012). Overall, just as translation repression
is required for SG assembly, the resumption of translation
may also play a role in SG disassembly.

Another method proposed to drive SG clearance is the
action of the AAA+ ATPase and ubiquitin segregase valosin-
containing protein (VCP; also known as p97 or cell division
control protein 48 [Cdc48]) (Fig. 6). Either chemical inhi-
bition or genetic knockdown of VCP impairs clearance of
mammalian SGs caused by heat shock or arsenite (Buchan
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etal., 2013; Gwon et al., 2021; Rodriguez-Ortiz et al., 2016),
and yeast expressing a temperature-sensitive Cdc48 variant
accumulates SGs (Buchan et al., 2013). Overexpression of
disease-associated VCP mutants also impairs disassembly of
SGs following heat or arsenite stress (Gwon et al., 2021;
Rodriguez-Ortiz et al., 2016). Activation of VCP via phos-
phorylation by autophagic kinases promotes more rapid SG
clearance following heat stress (Wang et al., 2019). Inter-
estingly, VCP knockdown leads to smaller and more dis-
persed SGs forming during arsenite stress (Seguin et al.,
2014). It is possible that freeing transcripts from stalled ri-
bosomes during its role in a saRQC pathway underlies this
role for VCP in SG formation (Moon et al., 2020). VCP is
therefore important in several areas of the SG life cycle,
likely through multiple distinct mechanisms.

An attractive proposed explanation for VCP’s role in SG
clearance is that ubiquitinated SG components are removed
from the granule via its segregase activity. One specific piece
of support for this mechanism is the finding that G3BP1 is
ubiquitinated during heat shock, and this modification is re-
quired for its interaction with VCP (Gwon et al., 2021).
Furthermore, ubiquitination of G3BP1 and VCP activity are
both required for SG clearance in these circumstances. No-
tably, ubiquitination of G3BP1 was not observed during ar-
senite or sorbitol stress, nor is binding of G3BP1 to a specific
VCP adaptor protein, Fas associated factor family member 2
(FAF2), which occurs during heat stress recovery (Gwon
et al., 2021). These results suggest that the mechanism of
VCP in SG disassembly varies between stresses.

Some of these processes may occur independent of ubi-
quitination, as one report found that ubiquitination and the
related process of neddylation are not required for SG dis-
assembly after arsenite stress (Markmiller et al., 2019), de-
spite the requirement of VCP for SG clearance in this stress
(Rodriguez-Ortiz et al., 2016). Inhibiting the related PTM of
SUMOylation has also been found to impair SG disassembly
after arsenite stress, and the small ubiquitin-related modifier
(SUMO)-conjugating machinery appears to be recruited to
these SGs during clearance (Marmor-Kollet et al., 2020)
(Fig. 6). Overall, the roles of VCP, ubiquitination, and related
modifications in both SG assembly and disassembly are
likely complex, context dependent, and require further study.

While the exact role of these PTMs in SG disassembly is
itself an unresolved area, the importance of the downstream
pathways of autophagy and the proteasome in granule
clearance is more so. In the case of SG assembly, contra-
dictory reports exist as to whether inhibition of autophagy,
lysosome fusion, or the proteasome impairs SG formation
(Moon et al., 2020; Seguin et al., 2014) or triggers the ISR to
induce SG formation (Mazroui et al., 2007; Suraweera et al.,
2012). Early reports of VCP’s role in SG disassembly found
evidence that intact SGs were targeted for degradation by
autophagy, as VCP-dependent accumulation of SG compo-
nents was observed in vacuolar compartments in baker’s
yeast, and knockout of autophagy genes impaired SG clear-
ance after heat shock in both yeast and mouse fibroblasts
(Buchan et al., 2013).

It should be noted that, while frequently associated with
proteasome function, the fate of VCP substrates after
ubiquitin-dependent extraction varies from degradative to
nondegradative pathways (Meyer and Weihl, 2014). So,
while reports of VCP’s role in SG disassembly suggest the
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involvement of the proteasome or autophagy in clearing
granules, this may not be the case in every stress scenario.

The direct evidence for the role of these pathways in SG
dissolution comes from reports that small-molecule inhibi-
tors of lysosome function, autophagy, and/or the proteasome
cause defects in SG disassembly (Rodriguez-Ortiz et al.,
2016; Turakhiya et al., 2018). However, another study using
the same small-molecule inhibitors found only a minor
contribution of autophagy in SG disassembly, although this
was after SG formation induced by long-term proteasome
inhibition (Ganassi et al., 2016). It is also difficult to under-
stand how targeting of SG components to the proteasome or
autophagic processes would be required when the tightly
linked process of ubiquitination is not (Markmiller et al.,
2019).

The contribution of autophagy likely varies between cell
type, stressor, stress duration, and severity of stress, as in-
hibitors of late-stage autophagy have been shown to impair
SG disassembly only following prolonged, rather than brief,
heat stress (Gwon et al., 2021), and variable stress stimuli are
used throughout the above reports. Even if SGs themselves
are not targeted for degradation through autophagy, this
pathway may be required for signaling events such as phos-
phorylation of VCP, which could lead to SG disassembly by
other proposed mechanisms (Wang et al., 2019). In summary,
SG clearance appears to be facilitated by several PTMs,
proteostasis pathways, translation, and protein and RNA re-
modeling processes that may act together or individually
predominate in specific stress conditions.

Conclusions

SGs form both as a result of translation suppression during
stress, and may themselves serve as key mediators of trans-
lation regulation. Technological advances in omics ap-
proaches, molecular genetics, and microscopy have yielded
unprecedented insights into the mechanisms that lead to SG
formation and their composition. We now know that as-
sembly of SGs is driven by additive, multivalent interactions
of diverse RBPs with nontranslating mRNAs (Khong et al.,
2022; Sanders et al., 2020; Van Treeck et al., 2018). These
forces seem to define much of the composition of SGs, as SGs
are enriched in long, poorly translated mRNAs (Khong et al.,
2017; van Leeuwen et al., 2021) and a similar subset of RBPs
with many intrinsically disordered domains, even between
distinct cell types and stressors (Markmiller et al., 2018;
Millar et al., 2023).

In this study, we have synthesized multiple lines of evi-
dence to show that the sequestration of mRNAs within SGs
likely affects translation repression of individual transcripts
(Kedersha et al., 2002; Moon et al., 2019). However, SG
formation is not required for global translation suppression
(Cirillo et al., 2020; Kedersha et al., 2016). It therefore re-
mains unclear whether SGs sequester or outcompete trans-
lation components to make widespread impacts on protein
synthesis as has been previously hypothesized (Ivanov et al.,
2019; Protter and Parker, 2016).

Many outstanding questions remain regarding SG function.
This is particularly true in their roles in regulating translation.
One major unresolved question is, if SGs are not required for
bulk translation shutoff during stress, then do they serve other
roles such as buffering gene expression and/or dictating the
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specificity of translation during stress or recovery from it?
Understanding how SGs interact with translation can then in-
form investigations into the roles of SGs in physiological and
pathological contexts. For instance, what consequences do the
potential posttranscriptional regulatory functions of SGs have
within tissues, organs, and organisms? What are the ways in
which SGs form or persist to lead to disease? Do these aberrant
SGs then contribute to disease through dysregulation of
translation, or other mechanisms? Overall, uncovering the
mechanistic details of SG assembly, composition, properties,
and disassembly holds great promise for deepened under-
standing of how cells adapt to challenges and will lend insight
into key areas in human health.
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Abbreviations Used
4E-BP = eukaryotic translation initiation factor
4E-binding protein
ALS = amyotrophic lateral sclerosis
AMPK = AMP-activated protein kinase
ARE = AU-rich element
ATF4 = activating transcription factor 4
Cdc48 = cell division control protein 48
elF20 = eukaryotic translation initiation factor 2
elF2B = eukaryotic translation initiation factor 2B
elF4A = eukaryotic translation initiation factor 4A
elF4E = eukaryotic translation initiation factor 4E
ER = endoplasmic reticulum
FRAP = fluorescence recovery after photobleaching
FTD = frontotemporal dementia
GCN2 = general control nonderepressible 2
HRI = heme-regulated inhibitor kinase
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IDR = intrinsically disordered region

ISR = integrated stress response
ISRIB = integrated stress response inhibitor
LCD =low complexity domain
LLPS =liquid-liquid phase separation
m6A = N6-methyladenosine
mRNA = messenger RNA
mTOR = mammalian target of rapamycin
n/a=not available
ncRNA =noncoding RNA
PABP =poly(A) binding protein
P-body = processing body
P-elF2a = phosphorylated eukaryotic translation initiation
factor 2o
PERK =PKR-related endoplasmic reticulum associated
kinase
PIC = preinitiation complex
PKR = protein kinase R
PTM = posttranslational modification
RBP =RNA-binding protein
RNP = ribonucleoprotein
rRNA =ribosomal RNA
saRQC = stress-activated ribosome quality control
SG = sstress granule
SUMO = small ubiquitin-related modifier
TDP-43 =TAR DNA binding protein
TIA-1=TIAI cytotoxic granule associated RNA binding
protein
TIAR = TIA1 cytotoxic granule associated RNA binding
protein like 1
TOP =5’ terminal oligopyrimidine
Ub = ubiquitin
UBAP2L = ubiquitin associated protein 2 like
USP10 = ubiquitin specific peptidase 10
VCP = valosin-containing protein
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