Received: 2 October 2020

Revised: 9 December 2020

Accepted: 11 December 2020

DOI: 10.1111/jnc.15280

REVIEW

Journal of
Neurochemistry

JNC

The multi-functional RNA-binding protein G3BP1 and its
potential implication in neurodegenerative disease

Hadjara Sidibé

Department of Neurosciences, Université
de Montréal, and CHUM Research Center,
Montréal, QC, Canada

Correspondence

Christine Vande Velde, Department of
Neurosciences, Universite de Montreal,
CRCHUM-Tour Viger, 900, rue Saint-Denis,
R09.474, Montreal, QC H2X 0A9, Canada.
Email: c.vande.velde@umontreal.ca

Funding informationResearch in the CVV
laboratory is funded by CIHR, Target ALS,
the ALS Canada/Brain Canada Arthur J.
Hudson Translational Team Grant, and ALS
Association. AD is supported by an ALS
Canada Trainee Award. HS is supported

by an FRQS studentship. CVV is an FRQS
Senior Research Scholar.

1 | Introduction

Since its discovery in 1996 as a RAS-binding partner, Ras-GTPase-
activating protein (GAP)-binding protein 1 (G3BP1) has been linked
to a variety of biological processes, molecular functions and cellular
compartments (Parker et al., 1996). Initially suggested to play a key
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Abstract

Ras-GTPase-activating protein (GAP)-binding protein 1 (G3BP1) is a multi-functional
protein that is best known for its role in the assembly and dynamics of stress gran-
ules. Recent studies have highlighted that G3BP1 also has other functions related to
RNA metabolism. In the context of disease, G3BP1 has been therapeutically targeted
in cancers because its over-expression is correlated with proliferation of cancerous
cells and metastasis. However, evidence suggests that G3BP1 is essential for neu-
ronal development and possibly neuronal maintenance. In this review, we will ex-
amine the many functions that are carried out by G3BP1 in the context of neurons
and speculate how these functions are critical to the progression of neurodegen-
erative diseases. Additionally, we will highlight the similarities and differences be-
tween G3BP1 and the closely related protein G3BP2, which is frequently overlooked.
Although G3BP1 and G3BP2 have both been deemed important for stress granule
assembly, their roles may differ in other cellular pathways, some of which are specific

to the CNS, and presents an opportunity for further exploration.
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role in the Ras signaling pathway via direct binding to Ras, more re-
cent evidence contradicts this potential function (Annibaldi et al.,
2011; Xu et al., 2013). Even if this initial function is debated, based
on its role in development, RNA metabolism, degradation and stress
response, G3BP1 seems to be a jack-of-all-trades protein that is fun-

damental to cellular homeostasis.
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Over the years, G3BP1 has been demonstrated to be essential
for cell survival either as a key player to counter viral infections
(Lloyd, 2016; White et al., 2007; White & Lloyd, 2011) or in cancer
where it has been shown to aid tumors and cancer cells in over-
coming chemotherapeutics and hostile conditions (Dou et al., 2016;
Wang, Fu, et al., 2018; Zhang et al., 2015, 2019). However, to date,
the exact molecular functions of G3BP1 in a physiological context
have yet to be fully uncovered. In vivo evidence clearly indicates that
G3BP1 is especially important for brain development and basal neu-
ronal activities (Martin et al., 2013, 2016). The majority of what is
known about G3BP1 is focused on its link to specialized RNA gran-
ules, termed stress granules, but largely in a non-neuronal context.

The current review will describe the genetic and structural char-
acteristics of G3BP1, as well as highlight important interactors. We
will also discuss how G3BP1 has been demonstrated to be implicated
in a number of key molecular mechanisms and how these may be
associated with neurodegenerative disease. We will further explore
important differences between G3BP1 and its paralogs G3BP2a and
G3BP2b, and how they may be important in the CNS.

2 | G3BP1 is not only important but
essential for neuronal homeostasis

The exact functions of G3BP1 have been debated for many years. The
importance of G3BP1 is highlighted by the generation of G3bp1”" mice
which exhibit late embryonic lethality (Zekri et al., 2005). Examination
of G3bp1™~ neonates (on the 129/Sv mouse background) indicated that
all organs were present and of normal size with the only marked abnor-
mality being severe cell death in the brain (Zekri et al., 2005). Indeed,
pyknosis and activated Caspase-3 were prevalent within multiple brain
regions, including CA1 pyramidal neurons of the hippocampus, cortical
neurons and internal capsule neurons (Zekri et al., 2005). Importantly,
this observation was absent in other organs, indicating that the lethality
results from neuronal cell death in the CNS. Given that G3BP1 is ubig-
uitously expressed in both humans and mice, the finding that G3bp1
genetic deletion has a prominent and disproportionate effect on neu-
rons was surprising and suggests that the encoded protein is essential to
physiological neuronal functions.

In an effort to obtain viable pups, the original G3bp1™~ mice were
subsequently crossed onto a 129/Balb/c background (Martin et al.,
2013). Neurodegeneration was also observed in the brains of these
mice, especially in the Purkinje layer of the cerebellum (Martin et al.,
2013). While other CNS regions related to motor activity were not
investigated, these mice displayed impaired motor coordination,
dysfunctional synaptic transmission, and altered calcium homeosta-
sis. Consolidation of long-term depression was also impaired causing
working memory deficits (Martin et al., 2016). In these mice, the ap-
parent calcium homeostasis defect in the hippocampus was linked to
neurocognitive defects and paralleled neurodegenerative diseases
associated with aging in humans, such as Alzheimer's disease (AD)
(Martin et al., 2013). In vitro studies in cultured hippocampal neu-

rons showed that a combination of elevated metabotropic glutamate
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receptor stimulation and high basal calcium concentration led to an
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exacerbated internal release of calcium in these mice. With aging,
this calcium misregulation could potentially be deleterious as this
type of malfunction is linked to the progression of several neurolog-
ical disorders including AD, Parkinson’s disease (PD), amyotrophic
lateral sclerosis (ALS), Huntington'’s disease (HD), spinocerebellar
ataxias, and stroke (Alavian et al., 2012; Bezprozvanny, 2009; Chung
et al., 2015; Kawamoto et al., 2012; Mattson, 2007).

Taken together, these mouse models establish the physiological
importance of G3BP1 to the CNS and suggest that dysfunction of

the protein may be damaging for the brain.

3 | Genetic and structural features of
G3BP1

In humans, G3BP1 is encoded by the gene G3BP1 located on chro-
mosome 5. Transcription gives rise to 14 different transcripts with
only two encoding the 466 amino acid protein, and the others being
degraded by non-sense-mediated decay (GTEx). The difference be-
tween the two protein-encoding transcripts resides in the size of
their untranslated regions. The longer transcript contains a 5’UTR
of 132nt and a 3'UTR of 8,694nt, whereas the shorter transcript
has a 5’'UTR of 145nt and a 3'UTR of 1,263nt (GTEx, UCSC genome
browser). These distinctions suggest a potential difference in the
regulation and/or localization of the transcripts.

The G3BP1 protein has a theoretical molecular weight of 55kDa but
runs at an apparent molecular weight of ~68KDa on standard Laemmli
SDS-PAGE. Structurally, G3BP1 is similar to proteins of the heteroge-
neous nuclear ribonucleoprotein (hnnRNP) superfamily. The N-terminal
domain of the protein (amino acids 1-139) has high structural similar-
ity to nuclear transport factor 2 (NTF2), a small homodimer that plays
an important role in nuclear transport via RanGDP import (Nehrbass
& Blobel, 1996; Vognsen et al., 2013). Because of this similarity, the
NTF2-like domain of G3BP1 has been suggested to play a similar role in
nuclear shuttling despite the fact that G3BP1 is primarily observed to
be localized to the cytosol (Prigent et al., 2000; Vognsen et al., 2013).
This domain is the most highly conserved region of the G3BP1 pro-
tein sequence and was previously suggested to be a RasGAP-binding
site, however, this has now been questioned (Annibaldi et al., 2011; Xu
et al., 2013). The NTF2-like domain is necessary for G3BP1 dimeriza-
tion (Vognsen et al., 2013) and interaction with other proteins, such
as cytoplasmic activation/proliferation-associated protein 1 (Caprinl)
(Kedersha et al., 2016). The region encoded by amino acids 139-340
contains two intrinsically disordered regions (referred to as IDR1 and
IDR2), the first half of which consists mainly of acidic amino acids (139-
221), whereas the second half is enriched for proline residues (PxxP;
amino acids 222-340). These regions are also associated with protein-
protein interactions (Booker et al., 1993).

G3BP1 is an RNA-binding protein (RBP), as indicated by the pres-
ence of an RNA recognition motif (RRM) located between amino
acids 340-415. This RRM has two conserved amino acid regions

which can interact with RNA sequences of 2-8 nucleotides via a
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binding platform formed by beta sheets (Cléry et al., 2008; Kennedy
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et al., 2002). G3BP1 also contains an arginine-glycine-glycine repeat
(RGG) domain (amino acids 430-461). This region harbors a third in-
trinsically disordered region (IDR3), which forms an undefined ex-
posed structure because of RGG clusters that facilitate non-specific
RNA interactions. Post-translational modifications in the RGG do-
main influences interactions with proteins and mRNA. For example,
methylation in this domain increases steric hindrance and removes
amino hydrogens that might be involved in hydrogen bonds and
therefore modulate interactions with partner proteins (McBride &
Silver, 2001). Since the RRM and RGG domains together form the
G3BP1 RNA-binding domain, it is plausible that post-translational
modifications can also modulate RNA interactions (Yang et al., 2020).

4

| Regulation of G3BP1 mRNA

There are only a handful of studies focused on the regulation of
G3BP1 mRNA. First, Y-box-binding protein 1 (YB-1), a highly con-
served cold shock domain family protein, regulates G3BP1 via bind-
ing to its 5’UTR to activate its translation (Somasekharan et al.,

2015). YB-1 has also been linked to neurodegeneration such that

YB-1 expression is neuroprotective in a mouse model of sporadic AD
(Bobkova et al., 2015). Specifically, intranasal administration of YB-1
into mice induced the formation of YB-1 granules and positively cor-
related with a reduction in p-amyloid plaques and showed an im-
provement in short-term working memory (Bobkova et al., 2015).
The authors noted that intact exogenous YB-1 was detectable within
cells for at least 2 hours, suggesting that it may be involved in other
mechanisms regulating cell survival in conditions of AD-type neuro-
degeneration (Bobkova et al., 2015).

MAGE-B2 and DDX5 have recently been demonstrated to reg-
ulate G3BP1 transcripts in an antagonistic manner. MAGE-B2, a
protein member of the Melanoma antigen (MAGE) family, binds the
G3BP1 mRNA 5'UTR to reduce its translation, whereas the Dead-box
RNA helicase DDX5 (or p68) binds to the G3BP1 5'UTR to increase
translation (Lee et al., 2020). Interestingly, DDX5 binding to G3BP1
is inversely correlated with MAGE-B2 binding and the deletion of
the DDX5-binding sequence in G3BP1 5'UTR inhibits MAGE-B2
binding to G3BP1, suggesting that the two proteins compete for the
same sequence (Lee et al., 2020). Moreover, this regulation was not
dependent on YB-1. Notably, the DDX5-binding site is only present
on the short G3BP1 transcript (Figure 1). Recent evidence indicates

that G3BP1 transcripts are differentially expressed in different CNS
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FIGURE 1 Sequence characteristics of G3BP proteins. (a) Schematic representation of G3BP1 and G3BP2 transcripts. G3BP regulating
sequences are indicated (red: DDX5-binding site, yellow: TAR DNA-binding protein 43-binding site). (b) Schematic representation of G3BP1, G3BP2a,
and G3BP2b structural domains: nuclear transport factor 2 (NTF2)-Like domain, Glycine rich-domain (intrinsically disordered domain 1), PxxP
(intrinsically disordered domain 2), RNA recognition motif (RNA-recognition motif), and RGG (Arginine, Glycine rich domain, intrinsically disordered
domain 3). Known sites of G3BP1 post-translational modification are in bold (blue: phosphorylation; red: methylation). The three proteins were
aligned and sites that aligned with the modified G3BP1 amino-acids are displayed. Underline indicates sites that are not conserved.



SIDIBE ET AL.

Journal of

regions, with the longer transcript being the predominant one ex-
pressed in the cerebellum compared to the frontal cortex (Sidibé
et al., 2020). This implies that the relevance of this regulatory mech-
anism may vary within the CNS. Indeed, DDX5 malfunction has been
suggested to be involved in tauopathies as its helicase activity is in-
volved in the splicing of tau exon 10 (Kar et al., 2011). Misplicing of
this exon leads to neurodegeneration because of an imbalance of
the ratio of the tau4R/tau3R and is observed in progressive supra-
nuclear palsy, corticobasal degeneration, multiple system tauopathy
with dementia, argyrophilic grain disease, and even in some AD pa-
tients (Andreadis, 2006; Conrad et al., 2007; Gallo et al., 2007; Glatz
et al., 2006; Umeda et al., 2004).

G3BP1 is also regulated by TAR DNA-binding protein 43 (TDP-
43), an RBP that is the primary constituent of the cytoplasmic inclu-
sions observed in ALS, frontotemporal dementia (FTD), Gaumanian
ALS-parkinsonism-dementia, and multi-system proteinopathy
(Forman et al., 2007; Kertesz, 2010; Scotter et al., 2015). It is notable
that cytoplasmic inclusions of TDP-43 are almost always associated
with TDP-43 nuclear depletion, suggesting TDP-43 loss-of-function
mechanisms may underlie these diseases. Indeed, TDP-43 depletion
results in decreased G3BP1 protein levels (McDonald et al., 2011)
and recent work has uncovered that this is because of TDP-43 bind-
ing and stabilizing the short G3BP1 transcript via a conserved 16-nt
element located within the 3'UTR (Sidibé et al., 2020). This work also
demonstrated that G3BP1 mRNA levels are compromised in ALS/
FTD neurons featuring TDP-43 inclusions with concomitant nuclear
depletion (Sidibé et al., 2020). Whether this is also true in other dis-

eases featuring TDP-43 pathology remains to be demonstrated.

5 | What are the functions of G3BP1 and
how are they linked to disease?

G3BP1 is most well-known for its role in the nucleation of stress
granules. Inrecent years, additional G3BP1 functions in axonal trans-
lation, ribosomal quality control (RQC), and transcriptional decay
have been reported (Figure 2) (Fischer et al., 2020; Meyer et al.,
2020; Sahoo et al., 2018). Overall, the recent literature suggests that

G3BP1 is an essential regulator of cellular RNA metabolism.

5.1 | G3BP1 and stress granules

Stress granules are cytoplasmic RNA-protein condensates that form
by liquid-liquid phase separation (LLPS) following exposure to ad-
verse growth conditions (Guillén-Boixet et al., 2020; Sanders et al.,
2020; Yang et al., 2020). G3BP1 was first shown to associate with
stress granules in 2003, when it was co-localized with HuR and TIA-1
in granular structures following cellular exposure to sodium arsenite,
an inorganic compound that can be used as a pesticide, antiseptic
or carcinogen (Tourriere et al., 2003). Importantly, these puncta
also contained polyadenylated mRNA as a result of interrupted

translation because of elF2a phosphorylation. Note, G3BP1 does
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the rapid assembly of stress granules (Tourriere et al., 2003). Many
other forms of external insults also lead to the formation of stress
granules, but the proteomic composition as well as the assembly and
dynamics of the granules vary according to stress exposure as well
as cell type (Aulas et al., 2017). Regardless of the nature of the stress,
G3BP1 has always been shown to be a part of these cytoplasmic
biomolecular condensates.

5.1.1 | G3BP1 in stress granule assembly

The ability for G3BP1 to mediate both protein-protein and protein-
RNA interactions is essential to its role in stress granule assembly. Its
NTF2-like domain, RNA-binding domain, and intrinsically disordered
regions are important features to mediate the necessary protein
and RNA interactions that drive the formation of these subcellular
structures. Under external stress conditions, G3BP1 undergoes a
conformational change where the dephosphorylation of $149 and
5232 in IDR1 causes G3BP1 to adopt an open conformation which
exposes the RRM and RGG domains, thereby enhancing G3BP1
dimer binding to RNA (Guillén-Boixet et al., 2020; Yang et al., 2020).
In basal conditions, IDR1 is phosphorylated at these sites and acts
as an autoinhibitory element by blocking substantial RNA binding
to the RRM and IDR3 in G3BP1 (Yang et al., 2020). Rather than bind
specific sequences, G3BP1 preferentially binds RNAs that are either
long, single-stranded, or are prone to form an abundance of RNA-
RNA interactions (Yang et al., 2020). In addition to RNA, many other
proteins also aid in the formation of stress granules, whereas some
proteins inhibit their formation. Using a model based on patchy col-
loid theories, the valency of a certain protein defines whether it will
enhance or inhibit stress granule formation (Sanders et al., 2020).
For example, G3BP1 and another stress granule nucleating protein
UBAP2L each have large valencies, meaning they can mediate mul-
tiple interactions and therefore both greatly enhance the formation
of stress granules. In addition, other G3BP1-binding partners, such
as Caprinl and TIA-1, decrease the critical concentration of RNA
needed to bind G3BP1 and trigger LLPS. On the other hand, USP10,
a deubiquitinase which can antagonize G3BP1-Caprinl interactions,
has a low valency, so it acts as a cap and prevents granule forma-
tion by inhibiting additional RNA binding to G3BP1 and UBAP2L
(Sanders et al., 2020). Taken together, the summation of the valen-
cies of interactions defines the promotion or inhibition of granule
assembly (Sanders et al., 2020). In the patchy colloid model, RNA
acts as the substrate to promote the formation of the granules and
increase valencies of these proteins (Sanders et al., 2020). RNA is
the main component of the granules, and without RNA, granules will
not form (Guillén-Boixet et al., 2020). Importantly, the concentra-
tion of G3BP1 required for LLPS with RNA is quite low (65 mg/mL)
compared to estimates of protein-only condensates (400 mg/mL)
(Guillén-Boixet et al., 2020). Lastly, the binding of G3BP1 to RNA,
in the form of condensates, is thought to inhibit RNA entanglement,

which could otherwise lead to toxicity (Guillén-Boixet et al., 2020).
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FIGURE 2 G3BP1 conformation affects its role in the cell. (a) G3BP1 functions in ribosomal quality control and stress granule assembly.
In the closed conformation (blue), G3BP1 is phosphorylated and IDR1 acts as an autoinhibitory element to block the RNA recognition motif
(RRM) from binding high concentrations of RNA. In the open conformation (red), G3BP1 is dephosphorylated, and the RRM binds RNA

and can undergo liquid-liquid phase separation related to stress granule formation. (b) G3BP1 functions in axonal mRNA translation are
illustrated. Specifically, G3BP1 is part of granules when the serines are dephosphorylated in combination with HuR, TIA-1, and FMR1. When
G3BP1 becomes phosphorylated, the granules disassemble and select mRNAs are translated in the axon. (c) G3BP1 function in structure-
mediated decay. (Figure created with BioRender.com)
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Given that G3BP1 regulates the formation and dynamics of stress
granules, it has recently been proposed to be the central regulator of
stress granule assembly (Guillén-Boixet et al., 2020; Sanders et al.,
2020; Yang et al., 2020). In fact, reconstruction of a G3BP1-like
protein with all the appropriate structural features can effectively
rescue stress granule assembly in G3BP depleted cells, although
the protein and RNA composition of these reconstituted granules is
likely very different (Yang et al., 2020).

Another model that has been proposed for stress granule as-
sembly is centered on the concept of free mRNA (Bounedjah et al.,
2014). Under physiological conditions, there is a higher propor-
tion of mRNA bound to polysomes (polysomal mRNA) compared
to non-polysomal mRNA found in microscopic RNPs (Arava et al.,,
2003). In the presence of an external stressor, polysome disassembly
results in a large increase in non-polysomal mRNA in the cytoplasm.
The mRNAs “freed” from protecting ribosomes may then seed the
formation of mRNA-rich granules because of the intrinsic tendency
of RBPs to oligomerize (Bounedjah et al., 2014). In other words, this
model proposes that excess non-polysomal mRNA could be the rea-
son for aggregation of self-attracting RBPs, which leads to stress
granule formation. In this mechanism, G3BP1 would bind non-poly-
somal mRNA. Post-translational modifications impacting the valency
of G3BP1 could induce conversion of the protein structure, enhanc-
ing binding properties to RNA. In this case, SGs assembly would be
primarily driven by mRNA interactions and secondarily by protein/
protein interactions.

5.1.2 | G3BP1 and stress granule composition

The RNA composition of stress granules has not been associated
with a specific biological process, but is mainly composed of mMRNAs
with long-coding sequences and poor translatability (Khong & Parker,
2018). The recruitment of RNA to stress granules is largely based on
RNA structure and interaction potential. The influence of G3BP1 on
the stress granule transcriptome is thought to be minimal (Matheny
et al., 2020). One common MRNA modification that has been asso-
ciated with stress granule targeting is the N6-methyladenosine (m%A)
modification. m®A-modified RNAs have an enhanced ability to phase
separate, and this tracks positively with a report that m®A-modified
RNAs are recruited to stress granules by interacting with the YTHDF
family of proteins (Ries et al., 2019). YTHDF proteins are components
of stress granules and are thought to promote stress granule formation
(Fu & Zhuang, 2020). However, using a systematic mass spectrome-
try-based screening of m®A-modified mRNA interactors, G3BP1 was
found to repel RNA molecules with m®A sites (Edupuganti et al., 2017).
While itis possible that G3BP1 and m®A-modified mRNAs can co-exist
in stress granules, there is some debate on whether the m®A modifica-
tion effectively targets mRNAs to these condensates.

If and how G3BP1 affects the protein composition of stress
granules remains unclear. It has been shown that siRNA-mediated
knockdown of G3BP1 results in smaller stress granules and that

this correlates with reduced mRNA steady-state levels, suggesting
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et al., 2015). Using super-resolution microscopy, stress granules
have been proposed to consist of a relatively stable inner core with
a more dynamic outer shell where proteins and RNAs are continu-
ously exchanged with the surrounding cytoplasm (Jain et al., 2016).
This model positioned G3BP1 as an important component of stress
granule cores, along with other well-known stress granule proteins
such as TIA-1, Caprini, and TIAR. However, considering new infor-
mation on valencies (Sanders et al., 2020), the loss of G3BP1 could
result in an overall decreased valency and therefore contribute to
the outcome of stress granules having a smaller size. Indeed, this is
observed when G3BP1 is depleted in cells, with these smaller gran-
ules showing fewer interactions with P-bodies (Aulas et al., 2012,
2015). Because G3BP1 mediates many protein-protein interactions
in stress granules via its NTF2-like domain, one could speculate that
the proteome of stress granules is severely affected by the loss of

G3BP1. However, this question has not been directly assessed.

5.1.3 | Post-translational modifications of G3BP1
affect stress granule assembly

G3BP1 is subjected to numerous post-translational modifications
including phosphorylation, acetylation, methylation, and parylation
(Table 1) (Bikkavilli & Malbon, 2011; Gal et al., 2019; Leung et al.,
2011; Solomon et al., 2007). Each modification can individually or
in concert influence G3BP1 functions. For example, specific argi-
nine residues in the RGG domain of G3BP1 are differentially meth-
ylated by protein arginine methyltransferases 1 and 5 (PRMT1 and
PRMT5). The knockdown of these methyltransferases or expres-
sion of a methylation-deficient G3BP1 mutant promotes the for-
mation of stress granules upon stress exposure (Tsai et al., 2016).
Mechanistically, PRMT1 methylates R435 and R447, whereas R460
is methylated by PRMT5. PRMT1-mediated methylation of R447
strongly inhibits stress granule formation, and R435 and R460 re-
main methylated during stress granule formation (Tsai et al., 2016).
The authors suggest that PRMT5 does not enter stress granules
whereas PRMT1 does and promotes R447 methylation in situ, stim-
ulating stress granule disassembly by depleting G3BP1 from the
granule. This arginine demethylation requirement is altered with dif-
ferent types of stress. For example, assymetric dimethyl arginines
(ADMAs) are decreased on G3BP1 in arsenite stress, but symmetric
dimethyl arginines are decreased with heat stress and thapsigargin-
induced ER stress (Tsai et al., 2016). It is noted that chemical inhibi-
tion of PRMT1 and PRMTS5 results in a higher proportion of smaller
stress granules, similar to what is observed in G3BP1-depleted con-
ditions (Aulas et al., 2012; McDonald et al., 2011; Tsai et al., 2016).
In neurons, G3BP1 is also dimethylated by PRMT8 (Bikkavilli
& Malbon, 2011; Guo et al., 2014). PRMT8 expression is highly
restricted to the CNS with spinal cord motor neurons exhibiting
a high abundance of ADMAs because of PRMT8 (Kousaka et al.,
2009; Simandi et al., 2018; Taneda et al., 2007). The presence of

this post-translational modification provides protection against
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TABLE 1 Summary of G3BP1 post-translational modifications and their effects on the protein

Proteins
PTM Residues involved Effects References
Acetylation K376 CBP/p300 Prevents G3BP1 binding to mRNA Gal et al., (2019)
Prevents mRNA-dependent binding to
PABP1
SG disassembly
Deacetylation K376 HDAC6 Required for SG formation
Methylation R435 PRMT1 Methylated during SG assembly and Tsai et al., (2017)
maintenance
R447 PRMT1 Inhibits stress granules formation
R460 PRMT5 Methylated during SG assembly and
maintenance
R435°2 PRMTS8 Spine maturation Lo et al., (2020)
R447°
Demethylation R435 JMJD6 Promotes SG formation and G3BP1 Tsai et al., (2017)
R447 oligomerization
R460
Phosphorylation S149 Casein kinase 2 Blocks G3BP1 RNA binding Sahoo et al., (2018), Sahoo et al.,
5232 _ Allows axonal regeneration (2020) and Yang et al., (2020)
Dephosphorylation S149 — Induces G3BP1 open conformation Guillén-Boixet et al., (2020) and
5232 _ Enhances G3BP1 dimer binding to RNA Yang et al., (2020)
ADMAs (asymmetric dimethyl — — Decreased in SA stress Tsai et al., (2017)
arginine)
SDMAs (symmetric dimethyl — — Increased in HS and ER stress
arginine)
Parylation — PARP Facilitates RBP recruitment to SGs Leung et al., (2011)

Abbreviations: ADMA, assymetric dimethyl arginine; G3BP1, Ras-GTPase-activating protein (GAP)-binding protein 1; HDACS, histone deacetylase 6;
PABP1, poly(A)-binding protein 1; RBP, RNA-binding protein; SDMA, symmetric dimethyl arginine.
Lo et al, (2020) reported as R433 and R445 of the mouse sequence corresponding to R435 and R447 of the human sequence.

environmental stress (Simandi et al., 2018). Notably, ADMA levels
decline during embryonic development in the mouse, however, cho-
line acetyltransferase positive motor neurons selectively maintain
high ADMA levels in the adult spinal cord (Simandi et al., 2018). In
mice, persistent stress caused by the absence of PRMT8 activity de-
creases activation of pro-survival and regeneration pathways, even
under aging-related oxidative and ER stress, ultimately leading to a
progressive loss of muscle strength because of premature destabili-
zation of neuromuscular junctions (Simandi et al., 2018). Moreover,
PRMT8 expression is increased in the hippocampus during spine
maturation and depletion of PRMT8 impairs spine maturation and
alters actin dynamics; importantly, these phenotypes are mimicked
by G3BP1 depletion (Lo et al., 2020). Thus, defects in the motor neu-
ron-specific methyltransferase PRMT8 induce G3BP1 dysfunction,
developmental problems, and accelerated aging that could poten-
tially be rescued by G3BP1 activity. Interestingly, this activity can
be countered by the stress granule resident protein Jumonji do-
main-containing domain 6 which directly interacts with and reduces
G3BP1 monomethylation, thereby promoting G3BP1 oligomeriza-
tion and stress granule formation (Tsai et al., 2017).

Upon stress, G3BP1 also exhibits a significant increase
(polyADP-ribosylation), a

in  parylation post-translational

modification resulting from the addition of a macromolecular poly-
mer of 2-200 ADP-ribose subunits, organized in linear or branched
chains (Schreiber et al., 2006). The formation of G3BP1 positive
stress granules is pADPr-dependent and helps to facilitate the re-
cruitment of other stress granule RBPs (Chang et al., 2009; Duan
et al., 2019; Kotova et al., 2009). Indeed, this modification is pro-
posed to act as a scaffold for protein recruitment at stress granules,
or other cellular structures, consistent with G3BP1’s function as a
stress granule nucleator (Duan et al., 2019; Isabelle et al., 2012).
Lastly, it is reported that an acetylation event impairs G3BP1's
RNA-dependent interaction with poly(A)-binding protein 1 and
mRNA, thus promoting G3BP1 disaggregation and consequent
stress granule disassembly (Gal et al., 2019). G3BP1 acetylation is
regulated by histone deacetylase 6 (HDAC6) and CBP (cyclic AMP
response element-binding protein) and its homolog p300 (Gal
et al., 2019). HDAC6 activity is reportedly required for the for-
mation of stress granules (Kwon et al., 2007). Specifically, HDACé6
interacts with G3BP1 and although this interaction is indepen-
dent of HDAC6 activity, it is modulated by G3BP1 phosphoryla-
tion at S149. Similar to G3BP1 knockdown conditions, inhibition
of HDAC6 deacetylation activity yields smaller arsenite-induced

stress granules compared to untreated control cells (Kwon et al.,
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2007). While HDAC6 is known to have pleiomorphic effects, it
is noteworthy that HDAC6é down-regulation is observed in sev-
eral neurodegenerative diseases including AD, PD, and HD, and
HDACSH is regulated by TDP-43 (Fiesel et al., 2010; Simbes-Pires
et al,, 2013).

5.1.4 | Stress granules in neurodegenerative disease

Mutations in many stress granule components have been linked to
neurodegenerative diseases (Wolozin & Ivanov, 2019) and many others
have been predicted to be involved in these neurodegenerative diseases
(Bakkar et al., 2018). However, it is important to note that many follow-
up studies focused on stress granule dynamics have been performed
in immortalized cell lines (e.g. HeLa, U20S, HEK293) or used over-ex-
pression to express proteins that are prone to undergo phase separa-
tion (Aulas & Vande Velde, 2015). The contribution of stress granule
dynamics in neurons and/or in vivo is important to deepen our under-
standing of how these condensates are affected in neurodegenerative
diseases. In general, there are three ways that have been proposed in
which stress granules could be associated with neurodegeneration (Li
et al., 2013). First, stress granules could fail to assemble properly and
therefore are not functional, resulting in increased neuronal vulnerabil-
ity (Wolozin & Ivanov, 2019). Since stress granules are associated with
mMRNA protection, improper assembly would lead to an increase in non-
translating RNA, which could have various detrimental effects associ-
ated with dysregulated RNA metabolism. (Aulas et al., 2015). Second,
stress granules form during times of stress but do not disassemble, and
over time evolve from a liquid phase to a solid phase, effectively seeding
the cytosolic inclusions frequently associated with neurodegenerative
diseases (Baron et al., 2013). Lastly, stress granules that fail to disassem-
ble could sequester important translation factors, transport proteins,
or other crucial cellular chaperones (Wolozin & Ivanov, 2019). Taken
together, these hypotheses suggest that stress granule dysfunction in
neurodegeneration is likely mediated by a defective balance between
RNA-binding proteins and RNAs crucial for LLPS (Sidibé & Vande Velde,
2019; Wolozin & Ivanov, 2019). It is likely that a combination of these
processes contribute to the onset and progression of neurodegenera-
tion, and therefore understanding how stress granules behave in neu-
rons and the functional consequences of their dysfunction is essential.
Given that G3BP1 is the central regulator of stress granules, studying it
in the context of neurodegenerative disease will likely help elucidate the
nature of the defect.

5.2 | G3BP1 in RNA and ribosomal stability

The in-depth understanding we have of G3BP1 in the assembly of
stress granules opens an interesting question: what is the function of
G3BP1 in steady-state conditions when the cell is not being challenged
by environmental stress? The literature suggests that G3BP1 depletion
impacts the stress granule proteome more so than its associated tran-
scriptome (Edupuganti et al., 2017; Markmiller et al., 2018). Therefore,
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in steady-state conditions. The G3BP1 ortholog in Drosophila, Rasputin
(RIN) was originally linked to cell differentiation but has recently been
shown to be associated with polysomes to promote the translation of
short, highly translated transcripts (Laver et al., 2020). Similar to mam-
malian cell lines, RIN interacts with Caprinl and FMR1 in Drosophila
early embryos. Transcriptomic analyses indicate that RIN is associated
with many abundant transcripts that are linked to oxidative phospho-
rylation, the ribosome, and transcriptional control. Importantly, these
transcripts were depleted for Smaug recognition elements (SRE), which
are elements associated with mRNA destabilization and therefore de-
creased translation (Chen et al., 2014). Lastly, RIN-bound transcripts
were neither enriched nor depleted for m®A-modifications compared
to the general cellular level (Laver et al., 2020). The authors proposed
that during extracellular stress, the association of G3BP1 with stress
granules is two-pronged: (a) it functions to stabilize vulnerable mRNAs;
and (b) it directly lowers translation levels since it is no longer directly
bound to the ribosome. In a study using human PC-3 cells, the authors
compared the transcripts bound by either polysomes or G3BP1 fol-
lowing arsenite stress (Somasekharan et al., 2020). Interestingly, tran-
scripts that bind G3BP1, but not polysomes after stress, are associated
with pathways related to oxidative phosphorylation and mitochondrial
transport (Somasekharan et al., 2020), similar to what was found with
RIN (Laver et al., 2020). Transcripts that were polysome-enriched and
G3BP1-depleted during stress were associated with cell division and
DNA repair (Somasekharan et al., 2020). Finally, transcripts that were
both polysome and G3BP1-enriched during stress were involved in
stress response pathways (Somasekharan et al., 2020). Overall, this
could indicate that G3BP1 also plays an important regulatory role in
translation in times of stress.

Transcript analyses in the mouse brain suggest that G3BP1 also
binds and stabilizes transcripts with retained introns (Martin et al.,
2016). Specifically, G3BP1 preferentially binds to non-coding se-
quences of RNA and increases the stability of transcripts with re-
tained intronic sequences as well as long non-coding RNAs (Martin
et al.,, 2016). Indeed, G3BP1 depletion was associated with a de-
crease in intron-retained transcripts, leading to widespread changes
in the stability of premature RNAs in the cerebellum (Martin et al.,
2016). Among the enriched transcripts, genes involved in synaptic
transmission, especially glutamate-related, were over-represented.
Ultimately, G3BP1-regulated transcriptional changes induced ataxia,
exacerbated neuronal responses and impairment of hippocampal
plasticity (Martin et al., 2016). The role of G3BP1 in the stability of
short, highly translated transcripts (Laver et al., 2020; Somasekharan
et al., 2020) compared to its role in the stability of transcripts with
retained introns (Martin et al., 2016) could suggest a difference in its
RNA stability function in dividing cells and neurons.

In addition to being associated with stabilizing specific mMRNAs,
G3BP1 has been suggested to play an important role in the stabiliza-
tion of the ribosome itself (Meyer et al., 2020). The RQC pathway is
activated during the translation of aberrant mRNAs and the arrested
complex is dissociated into 40S and 60S subunits, followed by aberrant
mRNA decay (Pisareva et al., 2011; Shoemaker et al., 2010). Recycling
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of the 60S ribosomal subunit involves polyubiqutination of the nascent
polypeptide by NEMF and LTN1 (Joazeiro, 2019). To recycle the 40S
ribosomal subunit, USP10 and G3BP1 are directly involved in its deu-
biquitination to prevent its degradation (Meyer et al., 2020). As the
need for recycling ribosomal subunits is a regular process, this result is
in agreement with the fact that in a G3BP1 knockdown context, there
is an overall increase in cellular ubiquitination (Anisimov et al., 2019)
and decreased protein synthesis (Aulas et al., 2015). As many ribosomal
subunits are components of stress granules (Khong et al., 2017), it
would follow that G3BP1 is also present during the deubiquinatination
of these proteins by USP10. In agreement with this, the C-terminus of
G3BP1 has been shown to interact with two 40S ribosomal proteins,
RPS6 and RPS23, which were originally proposed to be important for
stress granule assembly (Kedersha et al., 2016). However, replacing the
C-terminus of G3BP1 with heterologous sequences from other RBPs is
sufficient to assemble SG-like structures in G3BP1/2 double knockout
cells (Yang et al., 2020), indicating that the interaction between G3BP1
and the ribosomal subunits is not necessary for this process. Given
that the interaction between G3BP1 and USP10 inhibits stress gran-
ule formation, this function is anticipated to be relevant to unstressed/
physiological conditions, where translation rates are higher (Kedersha
et al,, 2016). In conditions with low G3BP1 expression, ubiquitination
is also increased for a-synuclein and CFTRA508, two disease-causing
and aggregation-prone proteins (Anisimov et al., 2019). Moreover, the
increased ubiquitination of these proteins is related to increased ag-
gregation and cell toxicity. Lastly, this study reported that decreased
G3BP1 expression is associated with proteasome inhibition (Anisimov
et al., 2019). Therefore, in the absence of G3BP1, ubiquitinated pro-
teins accumulate and cannot be degraded, presumably increasing their
toxicity to cells. This is potentially relevant to the many examples of
ubiquitinated aggregates that accumulate in neurodegenerative dis-
ease-affected neurons (Wolozin & Ivanov, 2019).

5.3 | G3BP1 and structure-mediated RNA decay

Arecent study demonstrates that G3BP1 acts in concert with UPF1 to
selectively degrade highly structured RNAs (Fischer et al., 2020). This
mechanism, referred to as structure-mediated decay (SRD), involves
UPF1 and G3BP1 interaction in an RNA-dependent manner at highly
base-paired regions. The binding of the helicase UPF1 to these regions
permits the unwinding of the double-stranded RNA regions and facili-
tates G3BP1 binding, leading to the degradation of the targets via an
unknown endonuclease, which is hypothesized to be G3BP1 (Fischer
et al., 2020). Note, G3BP1 has been previously reported to bind highly
structured sequences such as viral internal ribosomal entry sites in
order to inhibit translation (Galan et al., 2017).

To date, SRD has been demonstrated to have two main functions.
First, to differentially regulate specific isoforms of mRNAs, a function
of notable importance in neurons since long and highly structured
transcripts are more prominent in this cell type (Bernat & Disney, 2015;
Middleton et al., 2019). The complex structures facilitate the recogni-

tion of these transcripts by transporters and regulators for trafficking

to axons and dendrites (Je et al., 2018; Middleton et al., 2019; Tushev
et al., 2018). Second, SRD regulates circular RNAs, the levels of which
change throughout development and aging, and are tightly regulated.
Notably, these non-coding RNAs can serve as sponges for miRNAs, as
decoys to sequester RNA-binding proteins, and can even be translated
to protein (Yu & Kuo, 2019). In a neuronal context, these RNAs can
be detrimental for cells and may drive neurodegeneration (Memczak
et al., 2013; Piwecka et al., 2017; Wang, Liu, et al., 2018). For example,
circHIPK2 functions as a sponge to sequester miR-124 and inhibit its
activity, resulting in increased sigma non-opioid intracellular receptor
1 expression, a protein mutated and/or misregulated in several neu-
rodegenerative diseases, including ALS and AD (Fehér et al., 2012;
Gregianin et al., 2016; Luty et al., 2010; Maruszak et al., 2007; Mori
et al., 2012; Tagashira et al., 2014; Ververis et al., 2020). Also, miR-124
is a neuron-specific microRNA that induces a switch from general to
neuron-specific alternative splicing, meaning that the loss of miR-124
via the misregulation of circRNAs may impair neuronal development
and renewal (Makeyev et al., 2007).

RNAs targeted for SRD are excluded from stress granules,
thus providing G3BP1 an opportunity to regulate a distinct subset
of RNAs and broadly influence the transcriptome (Fischer et al.,
2020). Interestingly, UPF1 localizes to G3BP1-positive stress gran-
ules (Brown et al., 2011). Delayed stress granule disassembly, as is
reported in cells expressing ALS-associated FUS or TDP-43 muta-
tions, may sequester the two proteins away from their targets and
impair RNA metabolism post-stress (Bosco et al., 2010; Gal et al.,
2010). It has been suggested that G3BP1 and UPF1 could be sub-
ject to post-translational modifications that serve to switch their
function to either SRD or stress granules. Thus, impairments in the
post-translational modification code of G3BP1/UPF1 could be dele-
terious for cells (Fischer et al., 2020).

UPF1 is expressed at low levels but is tightly regulated for opti-
mal cellular function such that elevated UPF1 levels leads to transla-
tional inhibition, whereas diminished levels result in RNA-mediated
toxicity (Barmada et al., 2015). UPF1 has already been associated
with neurodegenerative disorders. Specifically, UPF1 expression is
neuroprotective in mutant TDP-43 and FUS ALS models; however,
this does not extend to mutant SOD1-mediated neurodegeneration
(nor HD models) (Barmada et al., 2015), reinforcing the concept that
mutant SOD1-associated ALS occurs through mechanisms that are
fundamentally dissimilar to those involving TDP-43 and FUS. TDP-
43 and FUS bind to and trigger the alternative splicing of thousands
of transcripts resulting in transcripts that are substrates for NMD
and the formation of splicing by-products such as circRNA (Lagier-
Tourenne et al., 2012; Zhou et al., 2013). Human UPF1 effectively
rescues neurons from TDP-43 over-expression but fails to improve
survival in TDP-43 knockdown neurons. The authors suggest that
the loss of endogenous TDP-43 is not responsible for the toxicity as-
sociated with TDP-43 over-expression and that cell death resulting
from the absence or overabundance of TDP-43 is via distinct mech-
anisms (Barmada et al., 2015). Given that TDP-43 regulates G3BP1
(Sidibé et al., 2020), it is plausible that in the context of TDP-43
nuclear depletion, the lack of G3BP1 impedes UPF1 from carrying
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out its SRD-related functions, resulting in toxicity. Moreover, FUS
mutant proteins disturb stress granule disassembly such that G3BP1
remains in the granules longer than intended (Baron et al., 2013).
Therefore, in the context of TDP-43 and FUS pathology, G3BP1 may

not be available to function in SRD, resulting in RNA-related toxicity.

5.4 | Neuron-specific functions of G3BP1

5.4.1 | G3BP1 and axonal growth

Several studies have noted the importance of axonal mRNA translation
for neuronal growth, repair, and homeostasis (Klim et al., 2019; Sahoo
etal., 2018, 2020; Sephton et al., 2014; Welshhans & Bassell, 2011; Willis
et al., 2005). A number of SG proteins have been associated with axonal
translational, including G3BP1. Specifically, G3BP1 assembles into ax-
onal SG-like structures that are approximately the size of the SG cores
proposed by Jain et al (Sahoo et al., 2018). As a part of these granules,
G3BP1 modulates protein synthesis and axon growth. In response to
axotomy, a rapid increase in these aggregates is observed in the axon.
Disaggregation of these granules is triggered by G3BP1 phosphorylation
at S149 by the calcium-dependent activation of Casein Kinase 2 and cor-
relates with accelerated regeneration (Sahoo et al., 2018, 2020). This is in
agreement with the recent report that phosphorylation of G3BP1 at this
site promotes the closed conformation state which defavors LLPS (Yang
et al., 2020). Naive and injured neurons have different protein needs in
order to respond to their different growth states. For example, Nrn1
translation promotes neurite growth and axonal growth, whereas Impf1
protein is retrogradely transported to activate regeneration-associated
gene expression in the soma and likely decreases axon elongation be-
cause of its role in axon length sensing (Sahoo et al., 2018). Both Nrn1
and Impp1 mRNAs were released from G3BP1 axonal SG-like structures
(Sahoo et al., 2018). In sum, axonal G3BP1 is a specific modulator of
intra-axonal protein synthesis and axon growth. The fact that G3BP1
is aggregated in uninjured axons points toward unknown functions for
G3BP1 in physiological conditions. Moreover, these axotomy experi-
ments revealed a new function for G3BP1 in the axon in both physio-
logical and injured/stressed states. Interestingly, axonal G3BP1 and TIA1
only partially colocalize. This was also true for other SG components,
suggesting that these G3BP1-positive axonal puncta are distinct from
SGs (Sahoo et al., 2018, 2020). Importantly, the P-body markers DCP1A
and XRN1 were absent from these axonal G3BP1-granules (Sahoo et al.,
2018). Therefore, the role of G3BP1-granules in axons is likely related
to transcript stability and/or translatability. These reports were not the
first to link G3BP1 ribonucleoprotein (RNP) granules to axonal and neu-
rite growth. In neurons, G3BP1 is localized in RNP granules containing
tau mRNA, which are enriched in axons (Atlas et al., 2004). Indeed, tau
mRNA has a 3'UTR sequence that targets it to axons in a microtubule-
dependent manner via RNP granules containing HuD, IMP-1, and G3BP1
(Atlas et al., 2004). G3BP1 RNA granule formation leads to an increase
in tau mRNA High Molecular Weight encoding isoforms, compared to
the Low Molecular Weight encoding forms (Moschner et al., 2014). This

shiftin the ratio between the isoforms is associated with neurites. Finally,
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G3BP1 is associated in granules with the RBPs NONO, Hermes, hnRNP
K, and PABP in differentiated murine retinal ganglion cell lines (RGC-5
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cells) (Furukawa et al., 2015). It is suggested that these granules are trans-
ported to the neurites in association with the kinesin KIF5. However, the

function of these granules is yet to be explored.

5.4.2 | G3BP1isinvolved in dendritic maturation

Proper spine maturation is dependent on local dendritic protein
synthesis and is essential for synapses (Lai & Ip, 2003, 2009, 2013;
McKinney, 2010; Yuste, 2011). mRNA localization and translational
regulation requires specific RBPs, and their deficiency in neurons
often leads to a more immature dendrite phenotype (more filopo-
dia-like spines, less mushroom-shaped) (Afroz et al., 2017; Goetze
et al., 2006; Lai & Ip, 2003, 2009, 2013). For example, in fragile X
syndrome, which is caused by a deficiency of the RBP FMR1, spine
morphology is noted to be more immature (Dictenberg et al., 2008;
Muddashetty et al., 2011). This phenotype is mimicked by the de-
pletion of G3BP1 whose function in spine maturation depends on
PRMT8-mediated methylation (Lo et al., 2020). Importantly, G3BP1
can rescue PRMT8-depletion effects on dentrite morphology. These
data suggest that G3BP1 impairment may induce neurodevelopmen-

tal, memory or synaptic dysfunctions in a PRMT8-mediated manner.

6 | A tale of two solitudes: G3BP1 vs.
G3BP2

Since the first report, G3BP1 and its paralog G3BP2 have often
been studied as one entity. Indeed, studies focused on G3BP1 fre-
quently extend or generalize conclusions to apply to G3BP2 in the
absence of evidence. In general, literature surrounding stress gran-
ule assembly and dynamics focuses on G3BP1, whereas both G3BP1
and G3BP2 has been largely implicated in cancer (Alam & Kennedy,
2019). Additionally, many studies on viral infection suggest that vi-
ruses preferentially target G3BP1 (Zhang et al., 2019). This set of
work normally discounts the fact that despite the high homology
among the proteins, close inspection of their protein structure sug-
gests that G3BP protein functions may not fully overlap.

G3BP1 and G3BP2 are not isoforms of the same gene, but paral-
ogs located on separate chromosomes: G3BP1 is localized on chromo-
some 5, whereas G3BP2 is situated on chromosome 4. G3BP2 can be
transcribed into 19 transcripts, three of which code for proteins of 482
and 449 amino acids: the isoforms G3BP2a and G3BP2b, respectively.
DNA sequence analysis reveals that G3BP2a and G3BP2b coding se-
quences have 60% and 55% similarity with G3BP1 (MView). At the pro-
tein level, these similarities translate to 61% and 55% identity to G3BP1
for G3BP2a and G3BP2b, respectively (MView). The most conserved
region is the NTF2-like domain, suggesting that G3BP1 and G3BP2a/b
shuttle through nuclear pores and the regulation of this function is
similar (Vognsen et al., 2013). Also, since the NTF2-like domains can di-

merize and are highly similar between the proteins, one could speculate
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that G3BP1, G3BP2a, and G3BP2b might assemble with each other
to function as heterodimers or even influence homodimer functions,
meaning that dysfunction in any one of the proteins may have an im-
pact on the other. The main dissimilitude between the G3BP proteins
is found in their central unstructured regions where the number of pro-
line-rich motifs (PxxP) varies. Specifically, G3BP2a contains a cluster
of four PxxP motifs between the acid-rich and RRM domains, whereas
G3BP2b contains five in the homologous region (Kennedy et al., 2002)
(Figure 1). The PxxP motifs represent the minimal SH3 domain-bind-
ing consensus sequences (Kami et al., 2002; Saksela & Permi, 2012).
Since SH3 domain-containing proteins are pivotal signal transducers,
the variability in the PxxP regions suggests that the G3BP proteins
may associate with different partners to produce distinct cellular out-
comes (Kurochkina & Guha, 2013; Mayer & Baltimore, 1993; Morton &

Mus Musculus G38P2a

Rattus Norvegicus G3BP2
Xenopus Tropicalis G3BP2

_EXen opus Laevis G3BP2

Pongo Abelii G3BP1
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Bos Taurus G38P1

- E Mus Musculus G3BP1
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Xenopus Laevis G3BPIL

Danio Rerio G3BP1

Drosophila Melanogaster Rasputin
Caenorhabditis Elegans GTBP1

FIGURE 3 Comparisons of G3BP
proteins. (a) Phylogram of 14 species
comparing G3BP1 and G3BP2 orthologs.
(b) Comparison of G3BP1 and G3BP2
transcriptomic levels in several brain cell
subtypes, extracted from Brain RNA-seq
database in RPKM (Reads Per Kilobase
of transcript per Million mapped reads)
(Zhang et al., 2016).

Campbell, 1994; Saksela & Permi, 2012; Teyra et al., 2017). Moreover,
the size of the glycine-rich, RRM, and RGG domains varies between
G3BP1 and G3BP2 (Uniprot). While in G3BP1 the glycine-rich, RRM,
and RGG domains are, respectively, of 82, 76, and 32 amino acids, in
G3BP2a/b these domains are 90, 79, and 61 amino acids. Also, even
though the NTF2-like domains of G3BP1 and G3BP2 are highly similar,
structural studies indicate that each have unique secondary structure
(Kristensen, 2015; Vognsen et al., 2013) (Figure 1). Collectively, these
structural differences suggest that G3BP1, G3BP2a, and G3BP2b are
similar but sufficiently different to possibly effect distinct functions.
As paralogs, alignment and construction of a phylogenic tree across
14 species indicates that G3bpl and G3bp2 form two distinct gene
clusters that were separated from a common ancestor gene (Dereeper

et al., 2008) (Figure 3). Specifically, among the various species, all the
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G3bp1 genes are closely related and separated from the G3bp2 genes,
and vice versa. An intriguing observation is that the common ancestor
gene is separated from the Drosophila and C. elegans orthologs RIN
and gtbp-1, respectively, suggesting either that some new function(s)
arose during evolution or that the function(s) were separated out to
two genes. Therefore, functional studies using flies and worms should
likely avoid overgeneralizing to G3BP1 and G3BP2. Moreover, the evo-
lution of G3BP1 and G3BP2 from this ancestral gene could signal that
the respective proteins have acquired important new non-redundant

functions specific to high-order species.

6.1 | G3BPs expression differences in the CNS

G3BP1 and G3BP2 expression levels appear to be comparable in
the periphery (GTEx). However, within the CNS, G3BP2 is gen-
erally expressed at levels higher than G3BP1 (Irvine et al., 2004;
Kennedy et al., 2002; Parker et al., 1996). According to public da-
tabases (GTEx, Brain RNA-seq), depending on the brain region,
G3BP2 is expressed 2-10 times more than G3BP1. G3BP1 protein
is expressed weakly throughout the brain but with the highest ex-
pression in the cerebellum (Purkinje cell layer), hippocampus (den-
tate granule cell layer and CA1 pyramidal regions) and the cortex
(Martin et al., 2016; Parker et al., 1996). The Allen Brain Atlas also
provides insight on the differential expression pattern of G3BP1
and G3BP2 (Hawrylycz et al., 2012). Specifically, while G3BP2 ap-
pears to be expressed in all layers of the brain with high expres-
sionin layers 1, 4, 5, and 6, G3BP1 is concentrated in layers 3 and
6. There also appears to be a difference among neuronal subsets
such that G3BP1 is enriched in glutamatergic neurons, whereas
G3BP2 is equally abundant in glutamatergic and GABAergic neu-
rons. Inspection of transcriptomics data from several brain cell
subtypes such as astrocytes, oligodendrocytes, and endothelial
cells showed that these varied cell types express approximatively
the same levels of GBBP1 and G3BP2 (Zhangetal., 2016) (Figure 1).
The main difference between G3BP1 and G3BP2 expression lies
in their levels in neurons and microglia. In both cases, G3BP2 is
10-times more expressed than G3BP1. One could hypothesize
that this differential expression may be related to specific G3BP
protein functions in different cell types. Notably, exon expression
analysis (GTEx) show that exon 16, the exon present in G3BP2a
and not in G3BP2b, is mostly expressed in skeletal muscle, the cer-
ebellar hemisphere, and the frontal cortex, but sparsely expressed
in peripheral tissues. These differences in expression strongly sug-
gest a difference of function for the two isoforms, with G3BP2a

being the form having a potential role within the CNS.

6.2 | Can G3BP2 compensate for known G3BP1
functions?

G3BP2 can induce stress granule formation similarly to G3BP1

(Matsuki et al., 2013), and complete abolishment of stress granule
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assembly in transformed cell lines requires genetic deletion of both
G3BP1 and G3BP2 (Kedersha et al., 2016). The main difference in
the structure of G3BP1 and G3BP2 is in the internal regions, which
have shown to be dispensible for the formation of stress granules
(Yang et al., 2020). Additionally, the protein sequence of G3BP2
has predicted phosphorylation sites that could represent S149 and
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S$232 (Figure 1), suggesting it may also fluctuate between an open
and closed conformational state, like G3BP1. However, the phase
separation properties of G3BP2 are slightly different from those of
G3BP1 (Guillén-Boixet et al., 2020). In an in vitro experiment to mimic
phase separation with only proteins or RNA, it was demonstrated
that G3BP2 exhibits a greater tendency to phase separate with pro-
teins and RNA compared to G3BP1, since a higher percentage of
G3BP2 could form condensates with poly-ethylene glycol (PEG) or
RNA at lower concentrations (Guillén-Boixet et al., 2020). This is
probably because of G3BP2 having longer intrinsically disordered
regions and RNA-binding domain compared to G3BP1 (Figure 1).
Lastly, G3BP2 is predicted to repel m®A-modified RNA, similar to
G3BP1 (Edupuganti et al., 2017). With these factors in mind, the role
of G3BP2 in stress granule formation and dynamics is likely similar, if
not overlapping, with G3BP1.

Given that other functions of G3BP1 are less studied for G3BP2,
it is hard to predict whether G3BP2 can functionally replace G3BP1
in RQC or SMD. Although G3BP1 was the primary focus of recent
papers related to RQC and SMD, there were some data in these
studies to suggest that G3BP2 could have an overlapping role in
these pathways as well (Anisimov et al., 2019; Fischer et al., 2020;
Meyer et al., 2020). As discussed previously, G3BP1 is involved in
axonal growth when aggregated in SG-like structures and depletion
of G3BP1 in the axon leads to the loss of these structures and in-
creased axonal growth. Interestingly, G3BP2 levels were not altered
in this situation, suggesting that G3BP2 cannot compensate for
G3BP1 in this scenario (Sahoo et al., 2018). In the case of dendritic
spine maturation, G3BP2 cannot rescue PRMT8-depletion effects
on dendrite morphology, indicating that this function is also likely
unique to G3BP1 (Lo et al., 2020).

It is important to note that the RNAs bound by G3BP1 and
G3BP2 are largely overlapping, although there are also many mRNA
targets that are specific to only one of the G3BPs (Edupuganti et al.,
2017). For example, G3BP1 uniquely binds TARDBP mRNA (which
encodes TDP-43), whereas G3BP2 uniquely binds HNRNPA1 mRNA
(Edupuganti et al., 2017); both of these genes are linked to ALS and
FTD. The distinctions in the mRNAs regulated by G3BP1 and G3BP2
is likely the key to defining unique functions for each protein.

6.3 | G3BP2ais aregulator of lkBa/NF-
kB complexes

In neurons and glial cells, G3BP2a binds IkBa and IkBa/NF-kB com-
plexes leading to their cytoplasmic retention, a function that is not
shared with G3BP1 (Prigent et al., 2000). G3BP2a-mediated cy-

toplasmic retention of IkBa implies a positive influence on NF-xB
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activation, since IkBa would be prevented from inhibiting NF-kB in
the nucleus. Conversely, G3BP2a-mediated cytoplasmic retention of
IxBa in complex with NF-kB would imply a negative role in NF-xB
activation (Prigent et al., 2000). NF-xB is a family of transcription
factors known for their rapid and potent capacity for modulating
gene expression (May & Ghosh, 1998). In mice, activation of the
NF-kB pathway in excitatory glutamatergic neurons promotes den-
dritic spine and excitatory synapse formation, whereas diminution of
NF-xB activity reduces dendritic spine size and density (Dresselhaus
& Meffert, 2019). Thus, any dysfunction in G3BP2a could influence
NF-kB activity and ultimately be deleterious in the CNS.

NF-xB is well known to regulate the activation of chemokines, cy-
tokines, proinflammatory enzymes, adhesion molecules, proinflamma-
tory transcription factors, and other factors that modulate neuronal
survival (Shih et al., 2015). In addition to neurons, NF-kB is abundant in
glia where it regulates the inflammatory reaction around the neuronal
environment (Aguilera et al., 2017; Engelmann & Haenold, 2016; Jha
et al., 2019; Milligan & Watkins, 2009). Several neurological diseases
are linked to NF-xB activation by inflammatory mediators including
ALS, FTD, and glaucoma (Swarup et al., 2011; Toth & Atkin, 2018).
Loss of function mutations in the gene OPTN, which negatively reg-
ulates TNF-a-induced NF-kB activation, have been reported in ALS,
FTD, and glaucoma patients and up-regulation of NF-xB is robustly
associated with AD and PD (Gveric et al., 1998; Maruyama et al., 2010;
Mattson & Camandola, 2001; Minegishi et al., 2016; Terai et al., 1996;
Toth & Atkin, 2018; Valerio et al., 2006). In ALS, NF-kB becomes in-
creasingly activated with disease progression in both SOD1 and TDP-
43 mouse models and selective inhibition of NF-kB in microglia or
neurons rescues motor neuron survival, delaying disease progression
in these models (Dutta et al., 2020; Frakes et al., 2014; Haidet-Phillips
et al., 2011). Similarly, over-expression of the NF-«kB ortholog Relish is
associated with neurodegeneration in Drosophila models of AD and
spinocerebellar ataxia type 3 (Li et al., 2018). As in ALS mouse mod-
els, lowering NF-xB protein levels or activation improves phenotypes
(Dutta et al., 2020; Frakes et al., 2014; Li et al., 2018).

6.4 | G3BP1 and G3BP2 are Wnt pathway
antagonists

Neurons and glia originate from common precursor cells (neural
precursor cells, or NPCs) that proliferate in the ventricular zone of
the fetal brain and spinal cord (Temple & Qian, 1996). The Wnt sign-
aling pathway is implicated in promoting NPC self-renewal during
neural development. The over-expression of Wnt1 and the stabiliza-
tion of B-catenin in the early stages of chick spinal cord or mouse
forebrain development both induce an increased number of NPCs
and suppression of neuronal differentiation (Chenn & Walsh, 2002;
Megason & McMahon, 2002). The balance between proliferation
and differentiation of NPCs is essential in determining the size of
each region within the brain. G3BP1 is a negative regulator of Wnt/
B-catenin signaling, whereas G3BP2 is a positive regulator, giving

new insights to why the two proteins are essential for development

(Bikkavilli & Malbon, 2011, 2012). Moreover, impaired Wnt signaling
leading to neuronal damage is observed in AD, HD, ALS and schizo-
phrenia models (Gonzalez-Fernandez et al., 2020; Inestrosa et al.,
2005, 2012; Inestrosa & Toledo, 2008). Notably, p-catenin levels are
reduced in AD patients carrying presenilin-1 mutations, whereas in-
activation of p-catenin is seen in HD (Godin et al., 2010; Zhang et al.,
1998). Collectively, this suggests that an impairment in G3BP1 or
G3BP2-related Wnt functions has the potential to be a feature in

neurological disorders, in two different ways.

7 | Concluding remarks

G3BP1 has been thoroughly studied in the context of cancers and
viral infections, and has now become a promising therapeutic target
for specific types of tumors (Alam & Kennedy, 2019). However, the
most striking observation in the G3bp1™ mouse model was the loss
of neurons, compared to any other organ (Zekri et al., 2005). This
suggests that the role of G3BP1 is critical to development, and is
emphasized in neurons. Therefore, we posit that the role of G3BP1
in the CNS is fundamentally different from its role in proliferat-
ing cells. Additionally, many aspects of RNA metabolism, including
translation rates, decay rates, and structure, are different in neurons
compared to other cell types. Importantly, we suggest that the phase
separation properties of G3BP1 are impacted differently in neurons
because of the higher proportion of longer transcripts, and the tis-
sue expression differences in G3BP1. These properties of neurons,
along with relatively low G3BP1 expression could be key factors in
shifting the balance of G3BP1 function in stress granule assembly
with its neuronal specific functions in axonal translation and den-
dritic spine maturation.

Finally, we submit the following points for consideration:
G3BP1 and G3BP2 are structurally similar and exhibit similar
LLPS behavior. Thus, it is easy to conceive that their roles in stress
granule assembly and dynamics are overlapping in most contexts.
However, a significant portion of the mRNAs regulated by G3BP1
and G3BP2 are different, implying that the roles of these RBPs are
different in physiological conditions. Recently identified functions
of G3BP1 in ribosomal recycling and structure-mediated decay
should not be generalized to G3BP2. Lastly, several important
qguestions remain: Does G3BP2 have a role in RNA degradation?
Do the transcriptomic differences between G3BP1 and G3BP2
inform on cell specific roles of each of these proteins, especially
given that the function of G3BP2 is largely unexplored in the con-
text of neurons? Are functions of G3BP1 and G3BP2, beyond their
role in stress granules, impacted in neurodegenerative disease?
Answering these questions will provide a number of opportunities
for therapeutic interventions targeting G3BP protein function in
neurodegenerative disease.
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