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Abstract: Viruses depend on host cellular resources to replicate. Interaction between viral and host
proteins is essential for the pathogens to ward off immune responses as well as for virus propagation
within the infected cells. While different viruses employ unique strategies to interact with diverse sets
of host proteins, the multifunctional RNA-binding protein G3BP1 is one of the common targets for
many viruses. G3BP1 controls several key cellular processes, including mRNA stability, translation,
and immune responses. G3BP1 also serves as the central hub for the protein–protein and protein–
RNA interactions within a class of biomolecular condensates called stress granules (SGs) during
stress conditions, including viral infection. Increasing evidence suggests that viruses utilize distinct
strategies to modulate G3BP1 function—either by degradation, sequestration, or redistribution—and
control the viral life cycle positively and negatively. In this review, we summarize the pro-viral and
anti-viral roles of G3BP1 during infection among different viral families.

Keywords: G3BP1; stress granules; innate immune response; proviral; antiviral; condensates;
RNA-binding protein

1. Introduction

Eukaryotic cells reprogram a variety of cellular processes and pathways in response to
unfavorable growth conditions, including viral infection. When stressed, cells selectively
transcribe and translate stress-responsive genes while arresting global protein synthesis
to conserve energy [1–4]. Upon viral entry, cells trigger innate response pathways to
eliminate or prevent viral replication [5]. The first line of host defense against viral infec-
tion is the recognition of viral RNA or DNA by pathogen-associated molecular patterns
(PAMPs) through different sensors [6]. For example, viral nucleic acids can be detected
by retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), Toll-like receptors (TLRs),
and cGMP/cAMP synthase (cGAS) [7–12]. These proteins detect and distinguish viral
vs. cellular nucleic acids based on the structural differences, such as the presence of a 5′-
triphosphate (5′-PPP) moiety in viral RNAs [13]. In turn, viruses have developed adaptive
mechanisms to counteract host innate responses for successful propagation [14]. Even the
most complex virus encodes only a few hundred proteins; thus, viruses must interact with
host proteins to exploit their cellular machinery for efficient viral replication [14–16].

Among the host proteins, ribosomes and translation factors are critical for viral pro-
tein synthesis and mRNA binding proteins to stabilize viral RNA, and some proteins are
involved in the viral replication complexes. The Ras GTPase-activating (SH3 domain)
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protein-binding protein G3BP1 is an RNA-binding protein targeted by many viruses [17].
G3BP1 is highly conserved from yeast to humans and plays a key role in RNA metabolism,
such as regulating the stability and translation of a subset of mRNAs, binding to spe-
cific transcripts during stress conditions, and activating interferon (IFN)-stimulated gene
expression [18–21]. G3BP1 function is further modulated by post-translational modifica-
tions and also implicated in many diseases such as cancer, neurodegeneration, and viral
infection—the latter is the focus of this review [22–26].

G3BP1 and its paralog G3BP2 possess similar protein domain architecture composed
of regions for protein, RNA and DNA interactions (Figure 1). These domains include
N-terminal nuclear transport factor 2-like (NTF2L), followed by an acidic domain, proline-
rich region (PxxP), an RNA recognition motif (RRM), and an arginine and glycine-rich
region (RGG) at the C-terminus [27,28]. The N-terminal domains contain motifs for protein
binding while the C-terminal domains bind nucleic acids. For instance, the NTF2L domain
interacts with FGDF sequence motifs present in many proteins and the PxxP domain
interacts with SH3 motifs. The RRM domain is essential for RNA binding and RGG domain
increases RNA binding as well as mediates protein–protein interactions. The functions of
G3BP1 and G3BP2 are redundant in some, but not all cases [29]. For example, knockdown
of G3BP1 increases the expression of G3BP2 to compensate for the loss of G3BP1 expression
and function, but not vice versa [23,29].
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sary to completely inhibit SG formation induced by many stressors, implying their im-
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Emergent data suggest that G3BP1 is one of the key proteins that impact the viral life
cycle both positively and negatively [30,31]. For example, some viruses require G3BP1 for
efficient viral replication, while the replication of other viruses is negatively affected by
G3BP1 expression. Well-studied functions of G3BP1 include participation in the innate
response to infection through activation of viral nucleic acid sensors RIG-I and cGAS and as
an essential component of stress granules (SGs) [29,30,32–35]. SGs are a class of cytoplasmic
biomolecular condensates enriched with mRNA–protein complexes assembled in response
to stress, including viral infection. Knockout of both G3BP1 and G3BP2 is necessary to
completely inhibit SG formation induced by many stressors, implying their importance
to form protein–protein and protein–RNA interactions within SGs [29]. Given that G3BP1
impacts the life cycle of many viruses, it is important to distinguish what specific functional
roles are played by G3BP1 at different infection stages. Here, we focus on the role of G3BP1
during viral infection and the various strategies utilized by viruses to exploit or counteract
G3BP1 functions.

2. G3BP1 Amplifies Innate Immune Signaling

G3BP1 regulates early innate responses through its ability to bind nucleic acids and
proteins in these signaling pathways. G3BP1 facilitates the initial IFN-β response by
binding and augmenting the function of viral RNA and DNA sensing proteins in the
cytoplasm. For example, the RGG domain of G3BP1 binds the RIG-I helicase domain and
viral dsRNA to prevent RIG-I degradation and enhance Ifn-b mRNA expression [30]. G3BP1
also interacts with cGAS to form large complexes that enhance interaction with viral DNA
to induce IFN [30,34,36]. The binding of the N-terminal region of cGAS with G3BP1 is
required for activation of the RNA-dependent protein kinase PKR leading to co-localization
as small cytoplasmic foci [35]. The local concentration of G3BP1, cGAS, and PKR within
cytoplasmic foci is proposed to enhance PKR activity. G3BP1 is required for activation
of cGAS as depletion of G3BP1 dramatically reduces DNA-induced IFN production [34].
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These data suggest that G3BP1-mediated interactions with signaling molecules facilitate
the initiation of downstream innate response pathway signaling. G3BP1 can also facilitate
the expression and translation of IFN-stimulated genes (ISGs). For example, G3BP1, G3BP2,
and their binding partner Caprin1 positively regulate the translation of multiple ISGs in
response to IFN (Figure 2a) [21].
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3. G3BP1 Forms the Core of Stress Granules

A well-known function of G3BP1 during stress stimuli is its involvement in SG as-
sembly (Figure 2b). SGs assemble upon stress-induced translation arrest that results in
the accumulation of free untranslated mRNAs and mRNA binding proteins in the cyto-
plasm [37]. Upon stress, one of the following five kinases is activated: double-stranded
RNA (dsRNA)-dependent PKR, protein kinase R-like endoplasmic reticulum kinase (PERK),
heme-regulated inhibitor (HRI), general control nonderepressible-2 (GCN2), or microtubule
affinity-regulating kinase 2 (MARK2). The activated kinase phosphorylates the translation
initiation factor eIF2α subunit [38,39]. The initiation complex containing the phospho-
rylated eIF2α becomes unavailable for recycling, which leads to a stall in translation
initiation [40]. Once the elongating ribosomes run off from polysomes, the stalled transla-
tion initiation results in a sudden influx of untranslated mRNAs in the cytoplasm. These
untranslated mRNAs bound with ribonucleoproteins (mRNPs) cluster together with G3BP1,
G3BP2, and several other RNA binding proteins to form RNA/protein-rich condensates in
the cytoplasm. Several post-translational modifications (PTMs) control the dynamics of
SGs [33,41–46]. Of note, G3BP1 itself undergoes several post-translational modifications,
including phosphorylation, methylation, ubiquitination, and ADP-ribosylation during
stress conditions [42,44,47]. G3BP1 and G3BP2 form the core protein–protein interaction
network which binds translation factors, mRNA binding proteins, long and translationally
incompetent mRNAs as well as specific transcripts during stress conditions [19,48,49].
RNAi-mediated knockdown or genetic knockout of both G3BP1 and G3BP2 results in
cells that do not form SGs in response to most stressors, emphasizing the importance of



Viruses 2023, 15, 449 4 of 17

G3BP1/G3BP2 in SG assembly [29]. These data suggest that G3BP1/G3BP2 act as a scaffold
that recruits other proteins into SGs [47,50].

Recent studies provided more mechanistic insights into the role of G3BP1 as the
scaffold for SG assembly. G3BP1 is the central node of the protein–protein interaction
network within SGs, where RNA serves as a molecular trigger for phase separation. In the
normal state, G3BP1 adopts a compact, closed auto-inhibitory state with intramolecular
interaction between acidic and arginine-rich regions. Increasing local RNA concentrations
can increase their binding to G3BP1, relieving G3BP1 from the autoinhibitory state and
resulting in more RNA recruitment and less aberrant RNA–RNA interaction [50–52]. In
light of the viral infection, it may be possible that at the early infection stage, an increase
in viral RNA concentration may relieve G3BP1 from its auto-inhibitory state, triggering
G3BP1 condensation, with the protein serving as the scaffold to recruit other proteins/RNA
required for viral replication.

4. Role of G3BP1 during Viral Infection

At least four distinct temporal patterns of SGs have been observed during infection
with different viruses: (1) stable, (2) transient, (3) oscillating, or (4) no SGs (active blocking
of SG induction) [53–55]. These patterns highlight the importance of modulating SGs upon
virus infection (Table 1). As demonstrated by one of the earliest studies using Semliki
Forest virus (SFV), infection-induced translation arrest results in the assembly of transient
SGs. Given that some of the key anti-viral proteins (such as ADAR1, PARP13/ZAP, OAS,
IRF3, IRF7, TBK1, and RNase L) localize to SGs and activate the anti-viral response, SGs
may negatively affect viral replication [56–60]. Thus, viruses may target SGs not only to
modulate G3BP1 function but also to disassemble SGs to counteract anti-viral mechanisms
in the infected cells. On the other hand, the presence of SGs may facilitate the switch
from viral translation to genome amplification by sequestering translation factors into the
condensed state (Figure 3) [23].

Table 1. SG status during infection against different viruses.

Family Species SG
Dynamics

Duration
Monitored for
SG Presence

eIF2alphα Phos-
phorylation

Status

Responsible
Kinase Cell Line Tested References

Picornaviridae

EMCV Transient 4, 12 hpi *ND* PKR HeLa [61]

FMDV Block 4–6 hpi *ND* *ND* PK-15 [62,63]

EV

Transient

0–24 hpi 8 h PKR HeLa, RD [64–66]

PV 0–6 hpi *ND* *ND* HeLa, 293T,
MCF7, Vero [67]

CVB3 1–7 hpi 6 h *ND* HeLa [68,69]

Flaviviridae

Zika Block 24 hpi 24 h PKR A549, Huh7, Vero [70–72]

DENV Unknown 6–24 hpi 12 h PKR A549, Huh7 [21,73]

HCV Oscillating 0–96 hpi 24 h PKR Huh7, HEK293T [53,74,75]

Togaviridae

CHIKV Transient 0–12 hpi 6 h *ND* U2OS, HEK293,
Vero [23,47]

SFV Transient 2–8 hpi 5 h *ND* MEF [54,76,77]

SINV Transient 6 h PKR MEF [78]

Coronaviridae
PEDV Transient 0–36 hpi *ND* *ND* Vero E6, Vero-76 [79,80]

SARS-CoV-2 Block 0, 10, 24 hpi *ND* PKR HeLa [81–83]

Caliciviridae MNV Unknown 9, 12 hpi 9 h PKR, GCN2 BMDM, BV2,
RAW264.7 [31,84]
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Table 1. Cont.

Family Species SG
Dynamics

Duration
Monitored for
SG Presence

eIF2alphα Phos-
phorylation

Status

Responsible
Kinase Cell Line Tested References

Arteriviridae PRRSV Stable 12–48 hpi 12 h PERK MARK-145 [85,86]

Filoviridae EVD Block 0.5–24 hpi *ND* *ND* U2OS, Vero, Huh7 [55,87]

*ND*—Not determined. Species: Chikungunya virus (CHIKV); Coxsackie virus B (CVB3); Dengue virus (DENV);
Ebola virus disease (EVD); Encephalomyocarditis virus (EMCV); Enterovirus (EV); Foot-and-mouth disease
virus (FMDV); Hepatitis C virus (HCV); Murine norovirus (MNV); Porcine epidemic diarrhea virus (PEDV);
Porcine reproductive and respiratory syndrome virus (PRRSV); Poliovirus (PV); severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2); Semliki Forest virus (SFV); Sindbis virus (SINV); Zika virus (ZIKV), Human norovirus
(HuNoV), Feline calicivirus (FCV). Duration of SG presence monitored: the time point identified in each report;
also, the time point ranges differently. eIF2α status: the earliest time point at which phosphorylation of eIF2α
was observed or tested. Kinases: protein kinase R (PKR); protein kinase R-like ER kinase (PERK); general control
nonderepressible 2 (GCN2). Cell lines: A549 (lung carcinoma epithelial cells), BMDM (bone marrow-derived
macrophages), BV2 (microglial cell derived from C57/BL6 murine), HEK293T (human embryonic kidney 293 cells
expressing SV40 T-antigen), HeLa (cervical cancer cells), Huh7 (human hepatoma-derived cell line), MARK-145
(monkey kidney cells), MCF7 (breast cancer cells), MEF (mouse embryonic fibroblasts), PK-15 (porcine kidney
cells), RAW264.7 (monocyte/macrophage-like cells), RD (Rhabdomyosarcoma), U2OS (osteosarcoma), Vero (cells
derived from kidney of an African green monkey).

G3BP1 can either promote or inhibit the viral life cycle, but the molecular mechanisms
are not completely understood. One way by which G3BP1 may regulate its function dur-
ing infection is through post-translational modifications. For example, ADP-ribosylated
G3BP1 is crucial for SG assembly, given that chikungunya virus (CHIKV) actively reduces
G3BP1 ADP-ribosylation, disrupting SGs with translation factors released from the con-
densed state [47]. However, G3BP1 is also required for establishing CHIKV replication
complexes, and post-translational modifications required for this process have not been
defined [23]. Thus, post-translationally modified G3BP1 may act as an anti-viral protein,
while the unmodified or differently modified G3BP1 could play a pro-viral role during
CHIKV infection. Similarly, arginine methylation status of G3BP1 partly recruits Tudor
domain-containing protein (TDRD3) to regulate innate immune response against enterovirus
species [60]. Using polyinosinic:polycytidylic acid as a mimic for viral replication double-
stranded intermediates, Kim et al. showed that G3BP1 is phosphorylated at tyrosine
residue 40 by Bruton’s tyrosine kinase (BTK). Phosphorylation of G3BP1 by BTK is critical
for dimerization and phase separation to limit viral spread [88]. Further clues are obtained
from identifying the strategies that viruses employ to target G3BP1—i.e., sequestration,
cleavage, or degradation—and modulate its function during infection (Figure 4). In general,
viruses use their genome-encoded proteins to sequester G3BP1 if it is required for viral
replication. On the contrary, viruses cleave G3BP1 when it exerts an anti-viral role (Table 2).
Here, we describe the role of G3BP1 during specific viral infections and the ways by which
G3BP1 is targeted.

G3BP1 controls several key cellular processes, including mRNA metabolism, ribosomal
quality control, immune response, and SG assembly. G3BP1 facilitates replication of some
viruses whereas it restricts viral spread in other viruses. Depending on the virus type,
G3BP1 plays different roles in the viral life cycle, including (1) stabilizing viral RNA;
(2) recruiting ribosomes to initiate viral RNA translation; (3) serving as a scaffold to build
viral replication complexes; (4) assembling SGs; (5) stabilizing and enhancing the IFN-β
response; and (6) activating cGAS and RIG-I pathways. Here, we explore the mechanisms
by which different viruses regulate G3BP1 function during infection.
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Table 2. Role of G3BP1 and proposed mechanism of viral modulation.

Family Species G3BP1 Status Role of G3BP1

Effect of Viral Protein/RNA
or Titer Value

Interaction
with Viral

Protein

Interaction
with Viral RNA

Proposed Mechanism of Action References
G3BP1 KD G3BP1 OE

Picornaviridae

EMCV

Cleavage Anti-viral

↑ *ND* 3C protease cleaves G3BP1 at Q325 [61]

FMDV ↑ ↓ 3A Interacts with
IRES

Leader protein cleaves G3BP1,
G3BP1 dephosphorylated, G3BP1
binds to FMDV IRES region, 3A

protein degrades G3BP1
through autophagy

[62,63,89]

EV ↑ ↓ Interacts with
3′UTR 3C proteinase cleaves G3BP1 at Q326 [64–66]

PV *ND* ↓ 3C protease cleaves G3BP1, but not
G3BP2, at Q326 [67,90]

CVB3 ↑ ↓ 3C protease cleaves G3BP1 at Q325 [69,91]

Flaviviridae

Zika

Sequestration

Pro-viral ↓ ↑

Interacts with
Capsid,

colocalizes with
envelope
protein

Interacts with
genomic RNA,
localize with
replication
complexes

Sequester G3BP1 and facilitates
viral replication [70–72]

DENV Anti-viral ↑ *ND* Subgenomic viral RNA binds to
G3BP1 and antagonizes its function [21,73]

HCV Pro-viral ↓ *ND* NS5B Localizes to vRC G3BP1 requires at early and late
stages of infection [53,74,75]

Togaviridae

CHIKV

Sequestration Pro-viral

↓ *ND* nsP3 yes Binding through FGDF motif,
Reduction G3BP1 ADP-ribosylation [23,47,92]

SFV ↓ *ND* nsP3 yes Binds through FGDF motif; recruits
ribosomal proteins to nsP3 [54,76,77]

SINV ↓ *ND* nsP3, nsP4 Colocalizes with
vRNA

Binding through FGDF motif block
SG assembly [78,93]
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Table 2. Cont.

Family Species G3BP1 Status Role of G3BP1

Effect of Viral Protein/RNA
or Titer Value

Interaction
with Viral

Protein

Interaction
with Viral RNA

Proposed Mechanism of Action References
G3BP1 KD G3BP1 OE

Coronaviridae

PEDV Cleavage Anti-viral ↑ ↓
Caspase-8-mediated G3BP1 cleavage

at Asp168 and Asp169 at late
infection stages

[79,80]

SARS-
CoV-2 Sequestration

Both proviral &
antiviral roles

have been
reported

↑ *ND* N protein, nsP1 N protein interacts/phase separates
with G3BP1 [81–83]

Caliciviridae

MNV Sequestration Pro-viral ↓
*ND*

NS3, VPg Colocalizes with
vRCs

Remodels G3BP1 interactome,
doesn’t affect SGs

[31,84,94]
FCV Cleavage *ND* NS6-mediated G3BP1 cleavage

at E405

Arteriviridae PRRSV *ND* Not involved No changes
G3BP1 closely

associated with
vRCs

[85,86]

Filoviridae EVD Sequestration *ND* *ND* VP5 Sequestered within viral inclusions [55,87]

*ND*—Not determined. Interaction with viral protein: identified through physical interactions. Interaction with viral RNA: identified through co-localization studies.
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4.1. G3BP1 as an Anti-Viral Factor

G3BP1 enhances the immune response against invading viruses by inducing the
expression of IFN and translation of ISGs. In virus-infected cells, G3BP1 binds to dsRNA
resulting from the viral replication intermediates through the RGG domain and elevates
RIG-I induced IFN-β mRNA expression [30]. In response to IFN, G3BP1, G3BP2, and
Caprin 1 promote ISG translation to synthesize anti-viral factors. G3BP1 also assembles
SGs in response to infection-mediated translation arrest and limits the availability of
translation factors for viral protein synthesis. To counter these anti-viral functions, viruses
target G3BP1—either cleaving or sequestering it during infection. Here we summarize the
strategies shared by viruses in the Picornaviridae and Coronaviridae families to counteract
host defense.

4.1.1. Picornaviruses Inhibit G3BP1 Function through Protease-Mediated Cleavage

Picornaviruses are small, non-enveloped, positive-sense RNA viruses that include
EMCV, EV, PV, FMDV, and CVB3. G3BP1 negatively regulates Picornaviridae infection by
binding the 3′ untranslated regions (3′UTRs) or Internal Ribosome Entry Site (IRES) regions
of viral RNAs to inhibit viral replication [53,95]. To counteract these effects, the 3C protease
or leader protein of these viruses cleaves G3BP1 between Q325 and Q326 at late infection
stages. G3BP1 cleavage is essential for the expression of viral proteins, and expression of
the non-cleavable G3BP1 Q325E mutant suppresses viral replication [61–69].

During Picornaviruses infection, PKR is activated by double-stranded RNA intermedi-
ates, phosphorylates eIF2α, and induces SG formation. SGs are observed early in infection
but disassembled at late stages of infection. SG disassembly correlates temporally with
G3BP1 cleavage, and the expression of the non-cleavable G3BP1 Q325E mutant results
in sustained IFN-β mRNA expression and SG persistence. Consistent with the observed
effect on G3BP1 cleavage, knockdown of G3BP1 increases viral protein synthesis and virus
production, whereas G3BP1 overexpression shows an inhibitory effect [61,64–66].

FMDV, which uses the leader protein to cleave G3BP1, also causes SG disassem-
bly. Catalytic mutant C41A or leaderless FMDV inefficiently inhibits arsenite-induced
SG formation in infected cells [63]. FMDV infection also causes degradation of G3BP1
through autophagy [62]. Thus, protease-mediated cleavage or degradation of G3BP1 is
the fundamental mechanism employed by Picornaviridae to restrict anti-viral activities
of G3BP1.

4.1.2. Coronaviruses Modulate G3BP1 Function Either by Cleavage or Sequestration

Coronaviridae is a family of enveloped viruses with large single-stranded positive-sense
RNA genomes and includes PEDV and SARS-CoV-2. Similar to Picornaviridae, G3BP1 nega-
tively regulates coronavirus infection. Overexpression of G3BP1 reduces viral replication,
protein synthesis, and virus production, while G3BP1 knockdown enhances viral replica-
tion. However, these viruses utilize different strategies to modulate G3BP1 function; for
example, PEDV induces cleavage of G3BP1 between D168 and D169 by caspase-8 to regu-
late SG dynamics in infected cells. Expression of non-cleavable G3BP1 results in persistent
SGs and reduces viral replication, but the mechanism behind G3BP1-mediated reduction of
viral replication remains unexplored [79,80].

SARS-CoV-2—the virus responsible for the COVID-19 pandemic—modulates G3BP1
function by sequestration and condensation with the nucleocapsid protein. The intrin-
sically disordered region (IDR) at the N-terminal region of nucleocapsid is required for
condensation with G3BP1, and this IDR is also crucial for viral particle production. Though
it is unclear whether SARS-CoV-2 induces SGs, G3BP1–nucleocapsid binding blocks the
interaction of SG proteins such as PKR and USP10 with G3BP1 in arsenite-treated cells [82].
However, the role of G3BP1 remains unclear given the conflicting reports on the effect of
G3BP1 knockdown in structural protein and viral RNA levels [81–83,96]. Recent studies
highlighted the potential anti-viral role of G3BP1 in the lung tissue of COVID-19 patients
and SARS-CoV-2-infected mice. In COVID-19 patients and mice, the N protein interacts
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with G3BP1, suppresses SG formation, and potentiates viral infection by antagonizing the
G3BP1-mediated host innate immune response pathway [97,98].

4.2. G3BP1 as a Pro-Viral Factor

Although G3BP1 synergizes host immune responses to fight viral invasion, some
viruses require G3BP1 for efficient infection. Such pro-viral activities have been reported for
several viruses including CHIKV, hepatitis C virus, and respiratory syncytial virus [23,74,99].
For example, during CHIKV infection, depletion of both G3BP1 and G3BP2 significantly
decreases viral RNA levels, protein expression, and subsequent viral progeny produc-
tion [23]. Binding of the viral genome by G3BP1 and sequestering it into viral replication
complexes may be important to prevent G3BP1-mediated activation of the innate immune
response. The proposed pro-viral functions of G3BP1 include: stabilizing viral mRNAs to
prevent degradation, facilitating viral protein translation by recruiting translation factors
and ribosomes, acting as a scaffold to build viral replication complexes, and amplifying the
viral genome. In this section, we will discuss the different strategies employed by viruses
that use G3BP1 to promote viral replication.

4.2.1. Togaviruses Sequester G3BP1 to Facilitate Viral Replication and Translation

Togaviridae is a family of enveloped, icosahedral viruses with a positive-sense single-
stranded RNA genome including the mosquito-borne alphaviruses that cause rash and
arthritis such as CHIKV, SFV, and SINV. Notably, the alphavirus genus can be categorized
into the Old World alphaviruses (CHIKV, SINV, SFV) and the New World alphaviruses
(VEEV, EEEV) based on their geographical origin. Cells lacking both G3BP1/G3BP2 do
not support replication of the Old World alphaviruses but do support replication of the
New World encephalitic alphaviruses, indicating a virus-specific importance of G3BP1 for
infection. In infected cells, G3BP1 is sequestered through interaction of the NTF2L domain
with FGDF motifs in the C-terminal hypervariable region of non-structural protein 3 (nsP3).
For initiation of infection, G3BP1 facilitates CHIKV, but not to SFV, translation of genomic
RNA by enriching translation factors at cytopathic vacuoles [100]. The binding of nsP3 with
G3BP1 is a proposed mechanism for SG disassembly where nsP3-G3BP1 binding inhibits
the interaction between other SG components and G3BP1. However, SFV without FGDF
motifs still disassembles SGs, but at a slower rate suggesting an additional mechanism for
SG disassembly [77]. Recently, our group discovered that the SG disassembly for CHIKV
is partly mediated by the macrodomain at the N-terminus of nsP3. The macrodomain
possesses ADP-ribosylhydrolase activity (the ability to remove ADP-ribose from conjugated
proteins), and this enzymatic activity is critical for replication and virulence of viruses from
several viral families [92,101–104]. G3BP1 ADP-ribosylation, a key driver of SG assembly,
is reduced in cells infected by wild-type CHIKV, but not a mutant virus that lacks hydrolase
activity. Infection with the mutant virus results in delayed SG disassembly and reduced
viral structural protein synthesis in neuronal cells, suggesting that G3BP1 ADP-ribosylation
regulates virus production [47,105].

Notably, the New World alphaviruses do not have the FGDF motif and thus do not
bind G3BP1. Instead, these viruses sequester other SG components, such as FXR1, FXR2,
and FMR1, which bind to ribosomes. Hence, these proteins possibly recruit ribosomes
and facilitate translation of New World viral genomic RNA similar to the G3BP1 role for
Old World alphaviruses [78,106]. Therefore, although SG components are targeted by
both Old World and New World alphaviruses, G3BP1 plays a pro-viral role only for Old
World alphaviruses.

4.2.2. Caliciviruses Remodel the G3BP1 Interactome during Infection

The Caliciviridae family comprises small non-enveloped positive-strand RNA viruses,
including human norovirus (HuNoV) and the closely related murine norovirus (MNV). MNV
remodels G3BP1 interactome in infected cells and induces cytoplasmic G3BP1 granules
during infection that are distinct from SGs. The proteome of G3BP1 granules contains
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several proteins that are present in viral replication complexes, suggesting a pro-viral
role of G3BP1 during MNV infection. Consistently, genetic depletion of G3BP1 severely
affects viral replication and translation. In addition, knockdown of MNV-induced G3BP1
interactors reduces MNV replication, suggesting that the G3BP1 interactome consists of
host factors that are required for efficient viral replication complex formation [84,107].
Similar to alphaviruses, G3BP1 in MNV-infected cells recruit ribosomes to viral RNA and
initiates translation [31]. During MNV infection, both PKR and GCN2 phosphorylate eIF2α;
however, SG formation is not observed in the infected cells, even though they can still form
SGs upon arsenite treatment, suggesting that MNV decouples the SG formation from eIF2α
phosphorylation during virus infection. In contrast, feline calicivirus cleaves G3BP1 through
the viral 3C-like proteinase NS6Pro [94].

4.3. G3BP1 Is Differentially Utilized within the Flaviviridae Family

Although G3BP1 influences viral propagation of Flaviviridae family, different members
utilize G3BP1 at different stages of infection. In this section, we describe how G3BP1
function is modulated by DENV, ZIKV, and HCV.

4.3.1. Dengue Virus (DENV) Modulates G3BP1 Function by Interacting with 3′UTR vRNA

DENV infection induces G3BP1 punctate-like structures at the early stage of infection.
Although the phosphorylation of eIF2α by PKR occurs at the late infection stage [73], it is
unclear whether infected cells induce SGs. The expression of viral protein is reduced in
cells containing G3BP1 granules, whereas knockdown of G3BP1 enhances protein level
and viral titers. In DENV-2-infected cells, G3BP1 is also associated with ISG mRNAs and
facilitates their translation to inhibit viral replication. As an IFN countermeasure during
DENV-2 infection of Huh-7 cells, a long noncoding RNA from the subgenomic region of
flaviviral RNA (sfRNA) produced by all flaviviruses binds G3BP1, G3BP2, and Caprin1, and
thereby inhibits the translation of ISGs [21]. Not all flavivirus sfRNAs have this property
and whether a similar decoy phenomenon may be used by other viruses to counter the
production of ISG proteins and promote viral replication is unknown.

4.3.2. ZIKV and HCV Require G3BP1 for Proper Viral Replication

In both ZIKV- and HCV-infected cells, G3BP1 associates with the viral replication
complex. G3BP1 depletion reduces viral replication, titer, and viral protein levels, while
overexpression of G3BP1 enhances viral titers. In addition, in ZIKV-infected cells, G3BP1
interacts with capsid protein and co-localizes with envelope protein, suggesting a possible
role for G3BP1 in virion assembly [70–72]. During HCV infection, G3BP1 interacts with the 5′-
UTR of viral RNA and is involved in genome amplification [74]. Interestingly, HCV requires
only G3BP1, but not G3BP2 whose knockdown does not alter viral replication [74,75].

4.4. Viruses without a Defined Role for G3BP1 in Infection

Though G3BP1 is a predominant target for many viruses, there are some viruses whose
replication is unaffected by the expression level of G3BP1.

4.4.1. Depletion or Overexpression of G3BP1 Does Not Affect PRRSV Infection

PRRSV—a single-stranded positive-sense enveloped virus in the Arteriviridae family—
does not require G3BP1, yet the protein is closely associated with viral replication complexes.
Neither deletion nor overexpression of G3BP1, G3BP2, or both affects viral titers. In contrast
to the above-described viruses, PRRSV induces SGs only at late stages of infection (48–72-h
post-infection) through PERK-, rather than PKR-mediated eIF2α phosphorylation. The
reason for G3BP1 association with viral replication complexes and the mechanism and
role of SG assembly at late infection stages are not known [85,86]. Intriguingly, one study
suggested a pro-viral function of SG assembly during PRRSV infection. Cells infected
with PRRSV induces SGs, recruits G3BP1 and the viral replicase protein nsP1β, thereby
inhibiting G3BP1-mediated PKR activation [108].
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4.4.2. G3BP1 Is Sequestered within Ebola Virus Inclusions

EBOV, a single-stranded negative-sense RNA virus, does not induce SG assembly
but sequesters SG components G3BP1, eEF2, eIF2, and eIF3 through the viral protein
VP5 [55,87]. Although infection-mediated SG assembly is not observed, EBOV inhibits
arsenite-induced SG assembly. VP5 expression affects IFNα/β expression and PKR kinase
activation in infected cells. Although G3BP1 is sequestered within the viral inclusions, the
exact role of G3BP1 in EBOV infection is not well understood.

5. Discussion

Viruses employ at least three strategies to target and modulate G3BP1 function during
infection: (1) enzymatic activity such as proteolytic cleavage or removing post-translation
modification (e.g., poliovirus and alphavirus); (2) binding or sequestration (e.g., alphavirus
and coronavirus); and (3) redistribution or remodeling of G3BP1 interaction (e.g., norovirus).
These functional modulations of G3BP1 by viruses impacts the viral life cycle either posi-
tively or negatively. In general, if G3BP1 exerts anti-viral activity, then viruses cleave or
sequester G3BP1 (e.g., polioviruses, flaviviruses). If G3BP1 is required for viral replication,
viruses do not cleave G3BP1, but instead recruit it to build viral replication complexes
(e.g., alphaviruses). For pro-viral roles, the NTF2L and RGG domains of G3BP1 play a
crucial role to bind viral proteins or viral RNA, respectively. Besides, some viruses possess
conserved motifs (e.g., FGDF) within their proteins to bind and modulate G3BP1 func-
tion [76,109]. Intriguingly, the post-translational modification status of heavily regulated
G3BP1 may determine the functional consequences of interaction. G3BP1 methylation
recruits TDRD3 into SGs to regulate innate immune response [60]. Alphaviruses and
coronaviruses encode an enzyme to remove ADP-ribosylation indicating that the modified
form of G3BP1 may possess anti-viral functions. Given that G3BP1 is also modified by
phosphorylation and ubiquitylation, it is worth checking the status of G3BP1 for other
post-translation modification at different infection stages and determine how these modi-
fications affect a viral life cycle [33,42]. Furthermore, the differences in the role of G3BP1
during infection—pro-viral or anti-viral—may also depend on the type and differentiation
status of the cell infected.

G3BP1 plays critical yet distinct roles during infection by different families of the
virus. Recent proteomic studies provided some insights into the G3BP1 interactome during
infection. In SINV-infected cells, G3BP1 stably interacts with viral proteins throughout
the life cycle, whereas some SG components interact in a time-dependent manner. During
norovirus infection, the G3BP1 interactome is modulated to inhibit the formation of SGs.
Given that the interacting partners of G3BP1 are modulated during infection to form new
complexes in a virus-specific manner, different terms have been used to differentiate for
these viral-induced protein complexes, including atypical SGs (EV), anti-viral SGs (IBV),
or nsP3 foci (alphaviruses). Therefore, not all G3BP1-positive structures are SGs, and
should be stained with other markers to ascertain their identities. Unlike RNA viruses, the
role of G3BP1 during infection with DNA viruses is poorly understood. For example, in
vaccinia virus-infected cells, G3BP1 and other SG components are recruited to cytoplasmic
viral factories where transcription and translation occur. However, the precise function of
G3BP1 in these viral factories is yet to be characterized. Extensive research is warranted to
delineate whether G3BP1 plays a pro-viral or anti-viral role in DNA viruses [110,111].

Finally, it is noteworthy to mention that some studies have been performed in a system
by overexpressing or knocking down G3BP1, which may result in ambiguous conclusions.
For example, G3BP1 knockdown increases G3BP2 expression, while G3BP1 overexpression
induces PKR-mediated eIF2α phosphorylation and SG formation–these non-physiological
changes could affect the normal stages of the viral life cycle. To overcome these concerns,
many groups recently have begun to apply CRISPR technologies to genetically knock in a
fluorescent tag or knock out G3BP1 to delineate the functions of G3BP1 under physiological
conditions. Special consideration should also be given to the cell type and viral load, as
these factors may influence the outcome of virus infection. Given that these factors also
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modulate the cellular status and proteome in a spatio-temporal manner, it is critical to
analyze at single-cell levels using live-cell imaging, and assays, such as ribopuromycylation,
to quantitate the cellular changes only in the infected cells. Given that G3BP1 is a well-
described target for many viruses, clarifying the precise functional roles of G3BP1 during
infection will not only advance the field of host-virus interaction but may also offer novel
therapeutic opportunities.
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87. Nelson, E.V.; Schmidt, K.M.; Deflubé, L.R.; Doğanay, S.; Banadyga, L.; Olejnik, J.; Hume, A.J.; Ryabchikova, E.; Ebihara, H.;
Kedersha, N.; et al. Ebola Virus Does Not Induce Stress Granule Formation during Infection and Sequesters Stress Granule
Proteins within Viral Inclusions. J. Virol. 2016, 90, 7268–7284. [CrossRef]

88. Kim, S.S.-Y.; Sim, D.C.N.; Carissimo, G.; Lim, H.-H.; Lam, K.-P. Bruton’s Tyrosine Kinase Phosphorylates Scaffolding and
RNA-Binding Protein G3BP1 to Induce Stress Granule Aggregation during Host Sensing of Foreign Ribonucleic Acids. J. Biol.
Chem. 2022, 298, 102231. [CrossRef] [PubMed]

89. Galan, A.; Lozano, G.; Piñeiro, D.; Martinez-Salas, E. G3BP1 Interacts Directly with the FMDV IRES and Negatively Regulates
Translation. FEBS J. 2017, 284, 3202–3217. [CrossRef]

90. Dougherty, J.D.; White, J.P.; Lloyd, R.E. Poliovirus-Mediated Disruption of Cytoplasmic Processing Bodies. J. Virol. 2011, 85,
64–75. [CrossRef]

91. Zhai, X.; Wu, S.; Lin, L.; Wang, T.; Zhong, X.; Chen, Y.; Xu, W.; Tong, L.; Wang, Y.; Zhao, W.; et al. Stress Granule Formation Is One
of the Early Antiviral Mechanisms for Host Cells Against Coxsackievirus B Infection. Virol. Sin. 2018, 33, 314–322. [CrossRef]

92. Eckei, L.; Krieg, S.; Bütepage, M.; Lehmann, A.; Gross, A.; Lippok, B.; Grimm, A.R.; Kümmerer, B.M.; Rossetti, G.; Lüscher,
B.; et al. The Conserved Macrodomains of the Non-Structural Proteins of Chikungunya Virus and Other Pathogenic Positive
Strand RNA Viruses Function as Mono-ADP-Ribosylhydrolases. Sci. Rep. 2017, 7, 41746. [CrossRef] [PubMed]

93. Cristea, I.M.; Carroll, J.-W.N.; Rout, M.P.; Rice, C.M.; Chait, B.T.; MacDonald, M.R. Tracking and Elucidating Alphavirus-Host
Protein Interactions. J. Biol. Chem. 2006, 281, 30269–30278. [CrossRef]

94. Humoud, M.N.; Doyle, N.; Royall, E.; Willcocks, M.M.; Sorgeloos, F.; van Kuppeveld, F.; Roberts, L.O.; Goodfellow, I.G.; Langereis,
M.A.; Locker, N. Feline Calicivirus Infection Disrupts Assembly of Cytoplasmic Stress Granules and Induces G3BP1 Cleavage. J.
Virol. 2016, 90, 6489–6501. [CrossRef] [PubMed]

95. Jaafar, Z.A.; Kieft, J.S. Viral RNA Structure-Based Strategies to Manipulate Translation. Nat. Rev. Microbiol. 2019, 17, 110–123.
[CrossRef] [PubMed]

96. Ciccosanti, F.; Di Rienzo, M.; Romagnoli, A.; Colavita, F.; Refolo, G.; Castilletti, C.; Agrati, C.; Brai, A.; Manetti, F.; Botta, L.; et al.
Proteomic Analysis Identifies the RNA Helicase DDX3X as a Host Target against SARS-CoV-2 Infection. Antiviral Res. 2021,
190, 105064. [CrossRef]

http://doi.org/10.1128/JVI.00013-11
http://doi.org/10.1128/JVI.07101-11
http://www.ncbi.nlm.nih.gov/pubmed/22855484
http://doi.org/10.1128/JVI.00439-14
http://www.ncbi.nlm.nih.gov/pubmed/24623412
http://doi.org/10.1091/mbc.e12-08-0619
http://doi.org/10.1128/JVI.02853-12
http://www.ncbi.nlm.nih.gov/pubmed/23221551
http://doi.org/10.1128/JVI.02344-20
http://www.ncbi.nlm.nih.gov/pubmed/33568512
http://doi.org/10.1016/j.vetmic.2019.108392
http://doi.org/10.1038/s41421-021-00275-0
http://www.ncbi.nlm.nih.gov/pubmed/34035218
http://doi.org/10.1016/j.scib.2021.01.013
http://www.ncbi.nlm.nih.gov/pubmed/33495715
http://doi.org/10.1038/s41467-020-20768-y
http://doi.org/10.1371/journal.ppat.1008250
http://www.ncbi.nlm.nih.gov/pubmed/31905230
http://doi.org/10.1016/j.virusres.2019.02.016
http://www.ncbi.nlm.nih.gov/pubmed/30826338
http://doi.org/10.3389/fcimb.2017.00111
http://doi.org/10.1128/JVI.00459-16
http://doi.org/10.1016/j.jbc.2022.102231
http://www.ncbi.nlm.nih.gov/pubmed/35798143
http://doi.org/10.1111/febs.14184
http://doi.org/10.1128/JVI.01657-10
http://doi.org/10.1007/s12250-018-0040-3
http://doi.org/10.1038/srep41746
http://www.ncbi.nlm.nih.gov/pubmed/28150709
http://doi.org/10.1074/jbc.M603980200
http://doi.org/10.1128/JVI.00647-16
http://www.ncbi.nlm.nih.gov/pubmed/27147742
http://doi.org/10.1038/s41579-018-0117-x
http://www.ncbi.nlm.nih.gov/pubmed/30514982
http://doi.org/10.1016/j.antiviral.2021.105064


Viruses 2023, 15, 449 17 of 17

97. Zheng, Y.; Deng, J.; Han, L.; Zhuang, M.-W.; Xu, Y.; Zhang, J.; Nan, M.-L.; Xiao, Y.; Zhan, P.; Liu, X.; et al. SARS-CoV-2 NSP5 and
N Protein Counteract the RIG-I Signaling Pathway by Suppressing the Formation of Stress Granules. Signal Transduct Target Ther
2022, 7, 22. [CrossRef]

98. Liu, H.; Bai, Y.; Zhang, X.; Gao, T.; Liu, Y.; Li, E.; Wang, X.; Cao, Z.; Zhu, L.; Dong, Q.; et al. SARS-CoV-2 N Protein Antagonizes
Stress Granule Assembly and IFN Production by Interacting with G3BPs to Facilitate Viral Replication. J. Virol. 2022, 96, e0041222.
[CrossRef]

99. Lindquist, M.E.; Lifland, A.W.; Utley, T.J.; Santangelo, P.J.; Crowe, J.E. Respiratory Syncytial Virus Induces Host RNA Stress
Granules To Facilitate Viral Replication. J. Virol. 2010, 84, 12274–12284. [CrossRef]

100. Götte, B.; Panas, M.D.; Hellström, K.; Liu, L.; Samreen, B.; Larsson, O.; Ahola, T.; McInerney, G.M. Separate Domains of G3BP
Promote Efficient Clustering of Alphavirus Replication Complexes and Recruitment of the Translation Initiation Machinery. PLoS
Pathog. 2019, 15, e1007842. [CrossRef]

101. McPherson, R.L.; Abraham, R.; Sreekumar, E.; Ong, S.E.; Cheng, S.J.; Baxter, V.K.; Kistemaker, H.A.V.; Filippov, D.V.; Griffin,
D.E.; Leung, A.K.L. ADP-Ribosylhydrolase Activity of Chikungunya Virus Macrodomain Is Critical for Virus Replication and
Virulence. Proc. Natl. Acad. Sci. USA 2017, 114, 1666–1671. [CrossRef]

102. Alhammad, Y.M.O.; Kashipathy, M.M.; Roy, A.; Gagné, J.-P.; McDonald, P.; Gao, P.; Nonfoux, L.; Battaile, K.P.; Johnson, D.K.;
Holmstrom, E.D.; et al. The SARS-CoV-2 Conserved Macrodomain Is a Mono-ADP-Ribosylhydrolase. bioRxiv 2020, 95, e01969-20.
[CrossRef] [PubMed]

103. Leung, A.K.L.; McPherson, R.L.; Griffin, D.E. Macrodomain ADP-Ribosylhydrolase and the Pathogenesis of Infectious Diseases.
PLoS Pathog. 2018, 14, e1006864. [CrossRef] [PubMed]

104. Leung, A.K.L.; Griffin, D.E.; Bosch, J.; Fehr, A.R. The Conserved Macrodomain Is a Potential Therapeutic Target for Coronaviruses
and Alphaviruses. Pathogens 2022, 11, 94. [CrossRef]

105. Abraham, R.; Hauer, D.; McPherson, R.L.; Utt, A.; Kirby, I.T.; Cohen, M.S.; Merits, A.; Leung, A.K.L.; Griffin, D.E. ADP-Ribosyl-
Binding and Hydrolase Activities of the Alphavirus NsP3 Macrodomain Are Critical for Initiation of Virus Replication. Proc. Natl.
Acad. Sci. USA 2018, 115, E10457–E10466. [CrossRef]

106. Kim, D.Y.; Reynaud, J.M.; Rasalouskaya, A.; Akhrymuk, I.; Mobley, J.A.; Frolov, I.; Frolova, E.I. New World and Old World
Alphaviruses Have Evolved to Exploit Different Components of Stress Granules, FXR and G3BP Proteins, for Assembly of Viral
Replication Complexes. PLoS Pathog. 2016, 12, e1005810. [CrossRef]

107. Fritzlar, S.; Aktepe, T.E.; Chao, Y.-W.; Kenney, N.D.; McAllaster, M.R.; Wilen, C.B.; White, P.A.; Mackenzie, J.M. Mouse Norovirus
Infection Arrests Host Cell Translation Uncoupled from the Stress Granule-PKR-EIF2α Axis. MBio 2019, 10, e00960-19. [CrossRef]

108. Gao, P.; Liu, Y.; Wang, H.; Chai, Y.; Weng, W.; Zhang, Y.; Zhou, L.; Ge, X.; Guo, X.; Han, J.; et al. Viral Evasion of PKR Restriction
by Reprogramming Cellular Stress Granules. Proc. Natl. Acad. Sci. USA 2022, 119, e2201169119. [CrossRef] [PubMed]

109. Panas, M.D.; Schulte, T.; Thaa, B.; Sandalova, T.; Kedersha, N.; Achour, A.; McInerney, G.M. Viral and Cellular Proteins Containing
FGDF Motifs Bind G3BP to Block Stress Granule Formation. PLoS Pathog. 2015, 11, e1004659. [CrossRef]

110. Katsafanas, G.C.; Moss, B. Colocalization of Transcription and Translation within Cytoplasmic Poxvirus Factories Coordinates
Viral Expression and Subjugates Host Functions. Cell Host Microbe 2007, 2, 221–228. [CrossRef]

111. Katsafanas, G.C.; Moss, B. Vaccinia Virus Intermediate Stage Transcription Is Complemented by Ras-GTPase-Activating Protein
SH3 Domain-Binding Protein (G3BP) and Cytoplasmic Activation/Proliferation-Associated Protein (P137) Individually or as a
Heterodimer. J. Biol. Chem. 2004, 279, 52210–52217. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1038/s41392-022-00878-3
http://doi.org/10.1128/jvi.00412-22
http://doi.org/10.1128/JVI.00260-10
http://doi.org/10.1371/journal.ppat.1007842
http://doi.org/10.1073/pnas.1621485114
http://doi.org/10.1128/JVI.01969-20
http://www.ncbi.nlm.nih.gov/pubmed/33158944
http://doi.org/10.1371/journal.ppat.1006864
http://www.ncbi.nlm.nih.gov/pubmed/29566066
http://doi.org/10.3390/pathogens11010094
http://doi.org/10.1073/pnas.1812130115
http://doi.org/10.1371/journal.ppat.1005810
http://doi.org/10.1128/mBio.00960-19
http://doi.org/10.1073/pnas.2201169119
http://www.ncbi.nlm.nih.gov/pubmed/35858300
http://doi.org/10.1371/journal.ppat.1004659
http://doi.org/10.1016/j.chom.2007.08.005
http://doi.org/10.1074/jbc.M411033200
http://www.ncbi.nlm.nih.gov/pubmed/15471883

	Introduction 
	G3BP1 Amplifies Innate Immune Signaling 
	G3BP1 Forms the Core of Stress Granules 
	Role of G3BP1 during Viral Infection 
	G3BP1 as an Anti-Viral Factor 
	Picornaviruses Inhibit G3BP1 Function through Protease-Mediated Cleavage 
	Coronaviruses Modulate G3BP1 Function Either by Cleavage or Sequestration 

	G3BP1 as a Pro-Viral Factor 
	Togaviruses Sequester G3BP1 to Facilitate Viral Replication and Translation 
	Caliciviruses Remodel the G3BP1 Interactome during Infection 

	G3BP1 Is Differentially Utilized within the Flaviviridae Family 
	Dengue Virus (DENV) Modulates G3BP1 Function by Interacting with 3'UTR vRNA 
	ZIKV and HCV Require G3BP1 for Proper Viral Replication 

	Viruses without a Defined Role for G3BP1 in Infection 
	Depletion or Overexpression of G3BP1 Does Not Affect PRRSV Infection 
	G3BP1 Is Sequestered within Ebola Virus Inclusions 


	Discussion 
	References

