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ARTICLE INFO ABSTRACT

Keywords: Ras-GTPase-activating protein (SH3 domain)-binding proteins (G3BPs, also known as Rasputin) are a family of
G3BP RNA binding proteins that regulate gene expression in response to environmental stresses by controlling mRNA
Rasputin stability and translation. G3BPs appear to facilitate this activity through their role in stress granules for which
Stress granules ) they are considered a core component, however, it should be noted that not all stress granules contain G3BPs and
'\r/:i':;sliitfl;r;?;nregulatlon this appears to be contextual depending on the environmental stress and the cell type. Although the role of
Cancer biomarker G3BPs in stress granules appears to be one of its major roles, data also strongly suggests that they interact with
mRNAs outside of stress granules to regulate gene expression. G3BPs have been implicated in several diseases
including cancer progression, invasion, and metastasis as well as virus survival. There is now a body of evidence
that suggests targeting of G3BPs could be explored as a form of cancer therapeutic. This review discusses the
important discoveries and advancements made in the field of G3BPs biology over the last two decades including
their roles in RNA stability, translational control of cellular transcripts, stress granule formation, cancer pro-
gression and its interactions with viruses during infection. An emerging theme for G3BPs is their ability to
regulate gene expression in response to environmental stimuli, disease progression and virus infection making it

an intriguing target for disease therapies.

1. Introduction

G3BPs (also known as Rasputin (Rin) in Drosophila) were last re-
viewed in 2004 only 5years after their initial identification and pre-
liminary characterisation [1]. More than a decade later we are starting
to make sense of their cellular activities and to tame their apparent
biological promiscuity. Current consensus would undoubtedly agree
that their central role is the triage of mRNA including translational
control and RNA stability but this is being extended to other biological
activities. However, research is still providing conflicting evidence re-
garding their precise role in these biological functions and would sug-
gest that G3BPs sit at the nexus of several cellular functions and that
they are involved in disease etiology including neurological disease,
cancer progression and viral infection and these functions appear to
revolve around G3BPs' roles in mRNA regulation and stress granule
(SG) formation.

Ras-GTPase-activating protein (SH3 domain)-binding proteins de-
rive their name from their original discovery which identified G3BP1

binding to the Ras-GTPase activating protein (RasGAP) [2]. The Ras,
family of GTPases (which are key signalling transducers), in its active
GTP-bound form, activates serine/threonine kinases such as Raf and
initiates downstream signalling. Hydrolysis of the Ras-bound GTP mo-
lecule to GDP by RasGAPs, inactivates Ras which inhibits further sig-
nalling [3]. G3BPs were originally speculated to intersect with the Ras
signalling pathway by interacting with the SH3 domain of RasGAP
[2,4,5], but a recent study failed to fully support these results and
provides evidence against G3BP1 being a genuine RasGAP-binding
partner [6]. However, further experimentation needs to be done before
making a final conclusion about the interactions between G3BPs and
RasGAP. Apart from the potential interactions with RasGAP, the G3BP
family has demonstrated significant interactions with other signalling
pathways and these are discussed, in relation to cellular or disease
contexts, in this review.

Abbreviations: G3BP, Ras-GTPase-activating protein (SH3 domain)-binding proteins; ISGs, interferon stimulated genes; IFN, interferon; IFITM, interferon induced
transmembrane protein; SG, stress granules; Ras-GAP, RasGTPase activating protein; RBPs, RNA binding proteins; EMT, epithelial to mesenchymal metastasis;
MMP2, metalloproteinase protein 2; PTEN, phosphatase and tensin homolog; PMP22, peripheral myelin protein 22; BART, binding partner of ARL2; nsP3, non-
structural protein 3; NTF2, nuclear transport factor 2; Ctnnb1, (-catenin; hnRNP, heterogeneous ribonucleoprotein
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1.1. Structural motifs of G3BPs

In mammals, the G3BP protein family comprises of three homo-
logous proteins; G3BP1, G3BP2a and its splice variant G3BP2b. All
G3BPs have four distinct motifs; a nuclear transport factor 2 (NTF2) like
domain [7], acidic and proline-rich regions, an RNA recognition motif
(RRM) [8] and arginine and glycine rich boxes (RGG box) [9]. The
difference between the G3BP2 splice variants lies in the proline-rich
region where G3BP2b lacks 33 residues [4], however, the biological
significance of splicing to generate G3BP2b has not yet been char-
acterised. The NTF2-like domain shares both structural and functional
homology to the small NTF2 protein which is involved in nuclear
transport via nuclear pores [10,11]. The role of the NTF2-like domain in
nuclear transport is supported by the presence of both G3BP1 and
G3BP2 in the nucleus during serum stimulation [12], however, another
study using targeted mutations in G3BP2 has shown that the NTF2-like
domain was more important for targeting G3BP2 to the nuclear en-
velope and not for actual nuclear translocation of G3BP2 [13]. More-
over, the NTF2-like domain has been shown to facilitate protein-protein
interactions [4] and can also mediate the dimerization of G3BPs [14].
Interestingly, G3BPs can also bind to Ran [15] and it is possible that the
NTF2 regions interact with Ran at the nuclear pore, although this is yet
to be confirmed.

The central regions of G3BPs contain the acid-rich motif which
appears to be unstructured in nature and similar motifs in other pro-
teins are often associated with protein-protein interactions as seen in
transcription factors. It is yet to be determined if this region has any
correlation with the data that demonstrates G3BP1 associates with
acetylated histone 3-associated transcriptionally active genomic DNA
[12]. The central region of G3BPs also contains the proline-rich region
(typically identified by PxxP motifs). These regions are also associated
with protein interactions and in particular, the binding to aromatic
amino acids in target SH3 domains [16]. G3BP1 has three PxxP motifs
which might limit its capacity to interact with partner proteins [17],
compared to G3BP2a and G3BP2b which have five and six PxxP motifs,
respectively [4]. The RRM of G3BPs have two conserved sequences,
RNP1 and RNP2, which interact with target RNA sequences of 2-8
nucleotides through a beta sheet binding platform comprised of four
beta strands with structural integrity provided by two alpha helices.
The overall structure creates a three-dimensional platform that binds
RNA [4,8]. The RRM can also bind with other proteins which may affect
its specificity for RNA interactions [18].

RGG boxes are comprised of closely located arginine-glycine-glycine
clusters from where the motif derives its name. The RGG containing
region has an undefined exposed structure due to the larger polar amino
acids like arginine, which surrounds the glycine residues. This exposed
structure influences interactions with proteins or RNA and facilitates
post-transcriptional modifications. Methylation of arginine residues
blocks hydrogen bonds (H-bonds) which are important for target
binding and consequently may affect protein-mRNA interactions [19].
Arginine methylation of heterogeneous nuclear protein (hnRNP) has
been shown to play a role in the identification of the RNA complexes for
nuclear export [20], however, contrary results were observed in
mammalian cells where arginine methylation led to decreased retention
of nuclear hnRNP A2 [21]. Later findings have questioned the hy-
pothesis that arginine methylation of hnRNP A/B proteins is responsible
for their nuclear/cytoplasmic distribution [22]. Whereas in relation to
G3BPs, methylation of G3BP1 at Arg433 in the RGG box regulates
Ctnnb1 (B-catenin) mRNA in a Wnt-dependent manner [23] while the
Wnt-dependent methylation of G3BP2 recruits methylated G3BP2 into
the dishevelled protein 3 super molecular complexes (Dvl3-complexes).
The Dv13-G3BP2 complex later facilitates low density lipoprotein re-
ceptor 6 (LRP6) phosphorylation at Ser1490 through GSK(3. Methy-
lation of G3BP2 is also involved in the regulation of Ctnnbl mRNA, but
unlike G3BP1, G3BP2 downregulation leads to an upregulation of
Ctnnb1 transcript levels, but not the protein [24]. The methylation
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status of G3BP1 is also involved in SGs formation where demethylation
of G3BP1, primarily at Arg-447, regulates SGs assembly in response to
oxidative stress induced by sodium arsenite [25]. PRMT1, 5 and 8 are
involved in the methylation of G3BP1, whereas the methylation by
PRMTS is very weak. PRMT1 and 5 controlled methylation of G3BP1
occurs in the RGG domain at specific residues. PRMT1 methylates Arg-
435 and Arg-477 whereas Arg-460 is methylated by PRMT5. Methyla-
tion of Arg-477 strongly inhibits SGs formation whereas Arg-435 and
Arg-460 remain methylated during SGs formation. This suggest that a
fine tuned mechanism exists for methylation of GB3P1 and this may
occur within the SGs. PRMTS5 does not enter SGs whereas PRMT1 does
enter SGs and may promote Arg-447 methylation in situ, stimulating
SGs disassembly by taking G3BP1 out of the structure. The demethy-
lation of G3BP1 to form SGs is functionally linked to JMJD6 (Jumonji C
domain-containing protein 6), which is a component of SGs and inter-
acts with G3BP1. JMJD6 is responsible for the direct or indirect de-
methylation of G3BP1 at three Arg-residues as its knockdown caused
demethylation of G3BP1 and repressed SGs and these effects can be
rescued by overexpressing JMJD6 [26]. More recently, it has been
found that the LRP6, which is a canonical Wnt-receptor, inhibits Arg
methylation of many proteins, including G3BP1 [27]. LRP6 inhibits the
methylation of G3BP1 as demonstrated in LRP6 deficient mice which
showed an increase (up to > 30-fold) in the monomethylation (MMA)
of the G3BP1 C-terminal domain [27]. In addition to SGs regulation,
methylation of RGG region may affect the ATP/Mg>* dependent DNA/
RNA helicase activity of G3BPs [28].

1.2. Expression of G3BPs and their activity

Although G3BPs are expressed in all normal cells, some isoform
specific tissue expression has been identified for G3BP1 in lung and
kidney, for G3BP2a in brain and for G3BP2b in the small intestine [4].
G3BPs are primarily cytoplasmic proteins, but a difference in distribu-
tion has been reported for the different isoforms. G3BP1 can localize to
nuclei in quiescent cells, most probably due to phosphorylation at
Ser149 [5,29], however G3BP2 can move to nucleus upon serum-sti-
mulation [11].

Earlier studies suggested that G3BPs could have a role in tumor-
igenesis as they are overexpressed in many cancers and proliferating
cells [11,12,30]. G3BP1 has been found to be highly expressed in
proliferating retinal pigment epithelial cells [31]. Furthermore, the
generation of G3BP1 knockout (KO) mice supported the role of G3BP1
in cell survival and proliferation [32]. Moreover, G3BP1 (but not
G3BP2) is involved in the cellular proliferation of various breast cancer
cell lines through a regulatory effect on peripheral myelin protein 22
(PMP22) [33].

Although G3BPs possess a role in cell proliferation, it appears un-
likely that G3BP proteins play a single specific function within the cell.
Instead, emerging evidence suggests that these proteins may mediate
alterations in gene expression at various levels of control, in response to
a range of cell signals, in various cellular and sub-cellular contexts. For
example, G3BPs form SGs [14], possess antiviral activities [34] and
have a role in epithelial-to-mesenchymal transition (EMT)-induced
metastasis [35,36]. The emerging roles of G3BPs in SGs formation,
cancer metastasis and viral infection, has driven extensive research to
explore the role of G3BPs in different cellular contexts. The following
sections collate the latest articles describing the emerging roles of
G3BPs with a view to understand and to update our knowledge about
the dynamic roles of G3BPs and their involvement in cellular me-
chanisms in different cellular environments.

2. G3BPs in cancer
G3BP1 and G3BP2 are overexpressed in several human cancers

particularly in breast [11,12,30], pancreas [37], colon, head and neck
and lung cancers [11,30]. G3BPs are involved in various growth related
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Table 1
Summary of different cellular functions of G3BPs.
Biological function Description Effect(s) Reference(s)
Cancer etiology G3BPs are overexpressed in various cancers Promotes S-phase entry. [11,30]
Involved in Ras, NFkB and ubiquitin proteasome pathway [5,13,38]
signalling pathways.
G3BPs negatively regulates expression of p53 Regulates tumour suppressing role of p53. [42]
G3BP1 is involved in Smad pathway Facilitate cancer metastasis and invasion. [36]
G3BP1 regulates expression of PMP22 and BART mRNA.  G3BP1 supports cell proliferation and invasion through [33,37,51]
regulation of these transcripts.
G3BP2 interacts with TWIST1. G3BP2 regulates cellular localization of Twistl, having arole in ~ [35]
cancer metastasis.
G3BP1 interactions with mRNA c-Myc mRNA Degrades the c-Myc transcript by exonuclease activity & [5]
initiates RNA turn over.
Tau mRNA Stabilizes Tau mRNA and affects neuronal differentiation. [62]
BART mRNA Degrades BART mRNA and promotes metastasis and invasion. [37,51]
CTNNBI mRNA Degrades CTNNB1 mRNA thereby regulating the Wnt/B-catenin ~ [23]
pathway.
PMP22 mRNA Degrades PMP22 mRNA and affects cell growth & proliferation.  [33]
GAS5 & IGF-Il mRNA Degrades these transcripts by exonuclease activity. [32]
B-F1ATPase mRNA Inhibits translation of 3-F1ATPase. [64]
Grm5 mRNA Inhibits expression of the mature Grm5 transcript. [69]
miR-15b ~ 16-2, miR-23a ~ 24a ~ 24-2 Inhibits the maturation of both transcripts. [69]
miR-1 Inhibits expression of mature miR-1 transcript [67]
HIV-1 RNA G3BP1 sequesters viral RNA and inhibits the translation and [116]
protein packaging of viral proteins.
G3BP2 interactions with mRNA G3BP2 interacts with SART3 mRNA. Stabilization of SART3 leading to expression of pluripotent [56]
transcription factors and breast cancer initiation.
G3BP1 and G3BP2 interactions Alphaviruses sfRNA interact with both G3BP1 & G3BP2.  Viral sfRNA sequesters G3BPs out of the SGs, hence [34,100]
with mRNA compromising their antiviral activity.
Stress granule formation G3BPs are essential part of mRNP complexes. Recruit mRNP complexes to SGs. [62,72]
G3BP overexpression induces SGs formation Potentially stops translational initiation and affects many [14,48]

G3BPs & viruses G3BPs are sequestered out of SGs to viral foci.

3C protease of poliovirus cleaves G3BPs.

G3BP1 interacts with IRES elements of FMDV & is

cleaved by 3C protease.

G3BPs, along with Caprinl, regulate the IFN system

during viral attack to reduce infection.

G3BPs are essential constituents of CHIKV and HCV viral

fractions.

signalling pathways.
nsP3 domain of alphaviruses target G3BPs to counteract the
host's protective mechanisms.

[106,107,115]

Results in SGs inhibition and viral infection. [119]
Results in SGs inhibition and viral infection. [121]
G3BPs are targeted by viral components to compromise the cell-  [34]
based immune response to the virus.

Facilitates viral replication and assembly. [105,113]

signalling pathways which are involved in cancer progression such as
Ras signalling, the NF-kB pathway, Erk signalling and the ubiquitin
proteasome system [5,13,38] (see Table 1).

2.1. G3BPs and tumour suppressor genes

Although G3BPs are not oncogenes their expression levels are ty-
pically low in most of the normal cells whereas G3BPs expression levels
are upregulated in many primary cancers and cancer lines. Increased
expression of genes could be collateral damage caused by cancer pro-
gression, however, evidence would suggest that the regulation G3BPs is
required by cancer cells and serve as auxiliary genes to promote the
survival of cancer cells and this is best demonstrated through G3BPs'
interactions with genes known to be directly involved in cancer pro-
gression. The tumour suppressor, PTEN, is mutated in numerous can-
cers and is implicated in pathways of proliferation and regulation of cell
growth. PTEN regulates cellular activity by various mechanisms, the
most important being through its phosphatase activity that specifically
hydrolyses, and thus inactivates, the potent secondary messenger,
phosphatidylinositol-3,4,5-triphosphate (PIP3) [39,40]. Furthermore,
PTEN can modulate the expression levels of several proteins including
G3BP1, AKAP121, DHFR, Rapl and RCC1. It negatively regulates the
protein expression levels of G3BP1 and AKAP121 [41]. To determine if
the downregulation of G3BP1 protein by PTEN was due to the inhibi-
tion of signalling through PIP3, Huang et al. employed the use of a
mutated PTEN (C124S, which cannot hydrolyse PIP3) and the inhibitors
of PI3K (wortmannin and LY294002) to inhibit the formation of PIP3.
Inhibition of PI3K reiterated the effect of PTEN downregulation,
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showing that PTEN suppresses the activity of G3BP1 through the PI3K
pathway via its phosphatase activity [41]. Therefore, a potential
pathway to tumorigenesis appears to be 1) through loss of functional
mutations in PTEN, resulting in 2) overexpression of G3BP1, leading to
3) cellular proliferation and deregulated promotion of the cell cycle,
possibly through its endonucleolytic degradation of growth arrest genes
like GASS5, as previously described by Zekri et al., 2005 [32]. To sum-
marize, the overexpression of G3BP1 displays a diseased state by fa-
cilitating cellular proliferation, apparently through regulation of the
cell cycle and this seems to be linked with the ability of G3BP1 to as-
sociate with RNA.

G3BPs bind to tumour suppressor p53 both in vivo and in vitro and
are involved in the redistribution of p53 from the nucleus to the cyto-
plasm. Moreover, G3BPs negatively regulate the expression of p53 be-
cause the knockdown of G3BP1 and G3BP2 by short hairpin RNA
(shRNA) resulted in an upregulation of p53 in human cancer cell lines
whereas their overexpression leads to a differential localization of p53
in cells [42]. G3BP2, but not G3BP1, also interacts with murine double
minute 2 (MDM2), which is a negative regulator of p53 and exports p53
from the nucleus to the cytoplasm. The interaction between G3BP2 and
MDM2 compromises its ability to ubiquitinate p53 and the subsequent
degradation of p53 by the proteasome [42]. A cytoplasmic IncRNA,
P53RRA, interacts with the RRM domain (also responsible for the in-
teraction of G3BP1 with p53) of G3BP1 in the cytoplasm via nucleotides
1 and 871 and this interaction displaces p53 from G3BP1-complex,
subsequently retaining p53 in the nucleus, inducing cell cycle arrest and
cell death [43]. PS3RRA also increases the levels of MDM2 and p21
(which is a direct target of p53), showing that PS3RRA promotes the
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activity of the p53 signalling pathway [43]. Regardless of their me-
chanism of action, both G3BP proteins inhibit p53 functions and hence
play an accessory role in tumorigenesis. Furthermore, G3BP2 is tran-
scriptionally activated by the androgen receptor (AR) and facilitates the
proliferation of prostate cancer [44]. Upon androgen-mediated induc-
tion, G3BP2 interacts with the SUMO-E3 ligase, RanBP2, which facil-
itates the AR-dependent sumoylation of p53 and regulates the translo-
cation of p53 from nucleus to cytoplasm [45]. The strong cytoplasmic
localization of p53 is clinically correlated with elevated G3BP2 ex-
pression and predicts poor prognosis and disease progression to the
hormone-refractory state, suggesting a role of G3BP2 in cancer metas-
tasis and progression [45]. More recently, it has been found that tri-
partite motif-containing protein 25 (TRIM25) interacts with G3BP2 and
is responsible for modulating the cellular localization of p53. TRIM25 is
involved in the negative regulation of p53 through an interaction with
G3BP2 and its over-expression suppresses the p53 activity via a G3BP2-
mediated export mechanism [46]. This study also suggests that TRIM25
could serve as a positive regulator of p53 sumoylation induced by a
G3BP2/RanBP2 complex and a negative regulator of p53 ubiquitination
induced by MDM2 [46]. Furthermore, USP10, a binding partner of
G3BP2, is also an androgen responsive gene and is transcriptionally
activated by the AR. USP10 regulates androgen-mediated signalling and
inhibits p53 activities by regulating G3BP2 expression. The association
of USP10 with G3BP2 suppresses p53 signalling which correlates to a
poor prognosis in prostate cancer, highlighting an oncogenic role of
USP10 in prostate cancer via G3BP2 [47]. These studies suggest a role
of G3BPs, specifically G3BP2, in the mediating the tumour suppressor
activities of p53 and thereby implicating it in cancer development or
progression.

Interestingly, G3BP1 and G3BP2 play an important role in SGs
formation [48] and this activity has also been associated with cancer
progression. Various cellular stresses like hypoxia and heat shock in-
duce SGs formation, however, of particular interest is the finding that
chemotherapeutics may also induce SGs formation which may in turn
inhibit some stress responsive pathways (like the MAPK pathway) and
hence suppresses apoptosis [49], suggesting yet another role of G3BPs
in cancer progression. In this case, through the regulation of the MAPK
pathway [50].

2.2. G3BPs in cancer metastasis and invasion

G3BP1 binds to the transcript of BART (Binding partner of ADP-
ribosylation factor-like 2 (ARL2)), and facilitates its degradation
whereas CD24 interacts with G3BP1 and prevents its endoribonuclease
activity on BART in SGs, preventing metastasis and cell invasion in
pancreatic cancer cells [51]. The association of G3BP1 and BART is
dominant-negatively inhibited by overexpression of the N-terminal
domain of G3BP1, subsequently contributing to the posttranscriptional
regulation of cell invasiveness and metastasis in pancreatic cancer cells
[37]. G3BPs also facilitate the invasion and migration of the human
lung cancer cells through activation of Src, FAK, ERK, NFkB with sub-
sequent activation of matrix metalloprotease (MMP) 2, 9 and plasmi-
nogen activator (uPA). Both stable and transient downregulation of
G3BPs suppressed metastasis and invasion of human lung cancer cells
by suppressing the Src, FAK, ERK, NFxB and lowered levels of MMP2
[50]. Src and FAK kinase stimulate the MEK/ERK pathway which in-
itiates a cascade of events, including activation of NF«kB, leading to
activation of factors which support cancer metastasis and invasion such
as MMP2, MMP9 and uPA in lung cancer cells [50]. Therefore, the
inhibition of Src and FAK by G3BPs knockdown suggests a role of
G3BPs in human lung cancer metastasis. G3BP1 may also play a vital
role in lymph node metastasis and invasiveness in oesophageal squa-
mous cell (ESC) carcinoma as overexpression of G3BP1 is positively
correlated with poor prognosis in patients with ESC. Although the
modes of action through which G3BP1 can induce metastasis are still
unclear, it can be considered as an independent marker for the
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prognosis of carcinogenesis in ESC patients [52]. Depletion of G3BP1
inhibits SGs assembly and cancer invasion in sarcoma xenografts, and
entirely inhibits metastasis of lung cancer in mouse models [53]. Al-
though no correlation has been observed, the analysis of G3BP1 and
Vezatin (VEZT, a putative tumour suppressor) expression levels in
gastric cancer demonstrates a downregulation of both G3BP1 and VEZT
at mRNA levels. The significance of this was observed in relation to
expression of these proteins with the age of patients and stage of dis-
ease. Expression levels of VEZT were directly related to metastasis
whereas no significant relevance between G3BP1 expression and me-
tastasis was reported. The conclusion of this research was that G3BP1
can be used as a diagnostic marker for gastric cancer whereas VEZT
would be a preferred biomarker for gastric cancer progression [54]. The
data regarding G3BPs and metastasis does not show clear correlations
in all cancers and appears to be contextual in relation to the type and
stage of the cancer and therefore needs more research to clarify the
significance of the data reported so far, however, some of these corre-
lations are discussed below.

2.3. G3BPs in EMT (epithelial to mesenchymal transition)-induced breast
cancer metastasis

Several studies (as described above) have shown that G3BPs are
overexpressed and are involved in metastasis and invasion by various
cancers, but they have also been specifically implicated in the EMT-
induced metastasis of breast cancer. Overexpression of G3BP1 mediates
EMT in breast cancer cells via the Smad signalling pathway. siRNA
mediated knockdown of Smads entirely blocked G3BP1-induced EMT,
signifying the role of the Smad signalling pathway in this process.
Likewise, G3BP1 knockdown blocked the mesenchymal phenotype of
MDA-MB-231 cells in vitro and repressed tumour growth and metastasis
in 4T1 cells in vivo, demonstrating that G3BP1 has a role in breast
cancer progression and may serve as a potential therapeutic target for
metastatic human breast cancer. G3BP1 plays an essential role in the
activation of Smads through phosphorylation which in turn stimulate
EMT factors [36]. Furthermore, G3BP1 is overexpressed in hepatocel-
lular carcinoma (HCC) and is involved in EMT of HCC by stimulating
the expression of Slug, a member of the SNAIL family of zinc finger
transcription factors which induces EMT. Both in vitro and in vivo stu-
dies have shown that downregulation of G3BP1 decreased cell migra-
tion and metastasis. G3BP1 depletion reduced Slug expression and in-
creased the expression of E-cadherin, subsequently inhibiting
metastasis [55]. G3BP2, on other hand, inhibits matrix-stiffness in-
duced-EMT in MCF10A (human) and Eph4Ras (mouse) cell lines by
sequestering TWIST1 (an important mechano-mediator) into the cyto-
plasm. Matrix stiffness mediates EMT via the TWIST1-G3BP2 mechano-
transduction pathway. During matrix stiffness, TWIST1 detaches from
G3BP2 and moves to nucleus, resulting in EMT induction. Moreover,
G3BP2 knockdown leads to constitutive localization of TWIST1 to the
nucleus and subsequent induction of EMT, suggesting that the TWIST1-
G3BP2 mechano-transduction pathway responds to biomechanical sig-
nals from the tumour microenvironment to drive EMT [35]. However, a
more recent study contradicts these findings by suggesting that G3BP2
has a role in breast cancer initiation by stabilizing mRNA transcripts of
squamous cell carcinoma antigen recognized by T cells 3 (SART3).
SARTS3 is responsible for the expression of pluripotent transcription
factors, Oct-4 (octamer binding protein 4) and Nanog. These findings
support the role of G3BP2 as a breast cancer initiating protein. More-
over, this report suggests that a lead anticancer compound, C108, in-
teracts with G3BP2 via its RRM thereby facilitating the degradation of
SART3 mRNA with subsequent tumour suppression [56]. These reports
suggest that G3BP2 can serve as a positive regulator of breast cancer
initiation as well as a negative regulator of cancer metastasis. These two
contradictory roles of G3BP2 can be due to the fact that to acquire
cancer initiating properties for metastatic colonization the cancers cells
must lose their EMT-phenotype [57].
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The role of G3BPs in cancer progression and metastasis seems to be
contextual and tumour type dependent and therefore, the exact me-
chanisms of their involvement are still ambiguous and need further
exploration. To date the role of G3BP1 in cancer progression has been
studied more than G3BP2 and it appears that G3BP1 participates in
metastasis and invasion of various cancers including breast cancer,
HCC, ESCC, lung cancer and oesophageal cancer but the precise path-
ways that are activated by G3BP1 are still ambiguous because a single
consensus mechanism has not been identified. The current data is sto-
chastic because the various discoveries of G3BP1 in cancer progression
have been identified by its participation in cancer related pathways.
Perhaps the role of G3BPs would be more easily identified if a sys-
tematic approach to determine the functions of the protein had been
carried out. The current discoveries are almost serendipitous and have
implicated G3BP1 in the regulation of tumour suppressor genes like
P53, SGs formation and various signalling pathways like the Src/FAK
and Smad signalling pathways. Although G3BP2 has been identified as
being overexpressed in many cancers, its role is less characterised than
G3BP1. Furthermore, G3BP2, appears to have contradictory roles in
cancer progression, as it has been reported to inhibit as well as initiate
breast cancer. Like G3BP1, G3BP2 is also involved in SGs formation and
p53 regulation and its role in cancer progression could also be due to
these activities. However, the role of G3BP2 has only been studied in
breast cancer metastasis and therefore, there is a need to explore its role
on other cancers before we come to final consensus about its role in
cancer progression. Overall, these studies have shown significant roles
of G3BPs in cancer metastasis and invasion, suggesting a potential for
GB3Ps to be targeted as a putative drug target to suppress tumorigen-
esis.

2.4. G3BPs as potential drug target

A novel peptide, GAP161, binds with G3BPs and interferes with
their interaction to RasGAP, thereby inhibiting Ras signalling, which in
turn induces apoptosis and suppresses cell growth. GAP161 causes
G3BP1 and G3BP2 downregulation and the knockdown studies of
G3BPs have led to decreased levels of proliferation in HCT116 cells
both in vivo and in vitro which indicates that targeting G3BPs might be
useful in cancer treatment [58]. Moreover, another synthetic peptide,
GAP159, targets and inhibits the expression of G3BPs thereby in-
creasing CDDP-induced cytotoxicity in HCT116 cells and CT26 mouse
models [59]. Another biologically active compound present in green
tea, called Epigallocatechin gallate (EGCG), is known to inhibit lung
cancer proliferation by interacting with G3BP1, subsequently inhibiting
Ras and other downstream signalling pathways such as the mitogen
activated protein kinase (MAPK) pathways [60]. Resveratrol, an an-
ticancer agent, targets G3BP1 by binding to its NTF2-like domain
thereby inducing apoptosis by p53 activation. Moreover, down-
regulation of G3BP1 suppresses resveratrol induced p53 expression and
apoptosis [61]. Altogether, these lines of evidence suggest that G3BPs
are involved in cancer progression and metastasis in through several
pathways (Fig. 1) and can serve as a potential drug target for future
studies. However, it is important to bear in mind that neuronal cell
death and embryonic lethality has been detected in G3BPs-deficient
mice, therefore, systemic therapies that modulate G3BPs activity may
not be an appropriate approach as a therapeutic. This suggests that
targeting specific tissues or cancers cells may be required if G3BPs are
to be targeted in anti-cancer therapies and this would represent a sig-
nificant hurdle if drugs targeting G3BPs are to be considered. Further-
more, the essential roles for G3BPs in regulating gene expression during
cancer development are still to be fully characterised. The data cur-
rently available for G3BPs highlights the need for further studies to
explore the potential for targeting G3BPs as a cancer therapeutic.
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3. G3BPs and RNA interactions
3.1. G3BPs and mRNAs

Functional studies of G3BPs have extensively been focused on
finding their mRNA targets, however, to date only one mRNA target,
SART3 (as mentioned above), has been identified for G3BP2. RNA im-
munoprecipitation (RIP) and qPCR analysis of SART3 mRNA in G3BP2
depleted cells as compared to control cells revealed that SART3 mRNA
degrades in G3BP2 depleted cells [56]. On the other hand, many RNA
targets have been identified for G3BP1. The first reported interaction
for G3BP1 was with ¢c-MYC mRNA and G3BP1 exhibited endonuclease
activity on this target in a phospho-dependant manner in vitro, subse-
quently cleaving the 3-UTR of the ¢-MYC mRNA [5,29], however, in
vivo analysis did not support these findings [32]. It is difficult to re-
concile the discrepancy between the in vitro and in vivo data but it is
possible that the in vivo analysis described by Zekri et al., was per-
formed in G3BP1-KO (G3BP1 /") fibroblasts. However, G3BP2 would
still have been present in the cells and it is unclear if there are re-
dundancies between the proteins which may also mediate the regula-
tion of c-MYC mRNA. Therefore, it is possible that the in vivo study may
not have had the capacity to quantify the endoribonuclease effect of
GB3P1 on ¢-MYC without depleting G3BP2. Furthermore, the in vivo
analysis may have been unable to evaluate short-lived mRNAs, such as
the transcript of c-MYC, under these conditions [32]. Therefore, the
interaction of G3BP1 with ¢-MYC transcript and its endoribonuclease
action on this transcript is still ambiguous and needs further exploration
before coming to a final conclusion.

Although the endoribonuclease activity of GB3P1 on ¢-MYC could
not be completely characterised by Zekri et al., additional studies have
supported this function of G3BP1 for other transcripts [29] and it can be
applied to other mRNAs including; BART [37], CTNNBI1 [23], PMP22
[33], IGF-II and GAS5 [32] (see Table 1). Conversely, G3BP1 has been
found to play a role in stabilizing mRNAs including the transcripts of
TAU [62] and CDK7 [63]. G3BP1 binds with the 3’-UTR of 3-F1ATPase
and impedes its translation, supporting a role of G3BP1 in the Warburg
effect during cancer progression [64]. The regulation of a specific
mRNA transcripts bound by G3BP1 may be highly regulated and de-
pend on post-translational modifications of G3BP1 and its association
with other proteins. For instance, the binding of G3BP1 with CDK7and
CDK9 mRNA transcripts depends on the interaction of G3BP1 with
RasGAP and filamin [63]. In its phosphorylated form, G3BP1 exhibits
endoribonuclease activity while unphosphorylated G3BP1 appears to
regulate cell proliferation and this suggests that the phosphorylation
status of G3BP1 may function as a cell growth switch where phos-
phorylated G3BP1 mediates degradation of growth-related mRNAs and
thus reduce cellular proliferation [1].

G3BP1-regulated mRNAs have been found to affect cell growth in
both a positive (e.g. ¢-MYC [5] and CDK [63]) and negative manners
(e.g. GASS5 [32]). The RNA binding specificity of G3BP1 has in several
different cases been shown to be influenced by protein interactions. For
example, CD24 interaction with G3BP1 can inhibit BART mRNA decay
which leads to increased invasion capacities of pancreatic cancer cells
[37] whereas interaction with Caprinl affect its localization to SGs
[65]. SGs are specialised ribonucleoprotein (RNP) particles that have a
role in triaging and regulating the life cycle of RNA and are discussed
further below (see section: G3BPs and stress granules (SGs) formation).
Bidet et al., reported that Dengue virus (DENV) generate a subgenomic
non-coding flaviviral RNA (sfRNA) from the 3’-UTR of viral genomic
RNA (gRNA) which bind to host proteins including G3BP1, G3BP2 and
Caprinl, which are involved in the translational regulation of ISGs and
antagonize their antiviral activity [34].

The interplay between G3BPs, SGs and RNAs are not only limited to
endogenous mRNAs but are also extended to microRNAs (miRNAs).
These interactions will be discussed in more detail below.
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Fig. 1. Schematic representation of G3BPs in different cellular pathways.

3.2. G3BPs and microRNAs (miRNAs)

Apart from interactions with endogenous mRNA and viral RNA,
G3BP1 is also involved in the processing of several miRNAs. For ex-
ample, overexpression of G3BP1 in cardiac hypertrophy inhibits miR-1
processing, by interacting with its consensus sequence present in the
pre-miR-1-2 stem loop which results in a subsequent increased ex-
pression of miR-1 targets (CDK9, eI[F4E) which have a significant role in
the development of cardiac hypertrophy. Although the overexpression
of G3BP1 alone is not enough to cause development of cardiac hyper-
trophy, it does have a role in the regulation of miR-1 during disease
progression [67]. The potential role of G3BP2 in miRNA regulation in
cardiac hypertrophy remains elusive, but it is involved in isoproterenol-
induced cardiac hypertrophy by inducing the NF«B signalling pathway
[68]. Interestingly, in situ hybridisation studies of G3BP2 mRNA in
developing mouse embryos showed that its expression is reduced in the
heart relative to other tissues (unpublished data by the author).
G3BP1 also regulates the maturation of the glucocorticoid receptor
(GR) regulated miRNAs. It binds to primary miR-15b ~ 16-2 and miR-
23a ~ 27a ~ 24-2 through its consensus sequence and restricts their
maturation in endothelial cells [69]. G3BP1 is also involved in the
regulation of neuronal genes by regulating non-coding (NC) RNAs, in-
cluding intron retaining transcripts. The immunopurification of G3BP1
complexes from the mouse brain has shown that it primarily interacts
with the RNA transcripts retaining introns or with NC-RNA sequences
like 3-UTRs and long NC-RNAs. G3BP1 specifically inhibits the ex-
pression of mature glutamate receptor 5 (Grm5) RNA and this appears
to be regulated by binding with introns present in the premature
transcript to stabilize the premature transcript in the cerebellum [70].
No miRNA target for G3BP2 has been reported yet, however, it has been
reported that miRNA-23b targets G3BP2 during diabetic neuropathy to
increase albuminuria and fibrosis. High blood glucose levels decrease

miR-23b levels whereas the expression of G3BP2 (a putative target of
miR-23b) is increased in kidney cells. Moreover, in vitro studies showed
that G3BP2 levels are decreased by overexpression of miR-23b, and
increased by inhibition of miR-23b levels and this miR-23b/G3BP2
circuit is important in regulating the pathogenic pathways during dia-
betic neuropathy [71].

In conclusion, the role of GB3P1 in RNA metabolism has been
characterised more than that of GB3P2. G3BP1 is involved in the reg-
ulation of various cellular RNAs, including mRNAs and miRNAs. The
role of G3BP1 in mRNA metabolism is, once again, contextual in nature
with the data showing that specific transcripts are controlled differently
depending on the cell and the stimulus. It has both stabilizing (TAU,
CDK?7) and degrading (c-MYC, BART, CTNNB1, PMP22) effects on its
target mRNAs. In addition, it also inhibits (BF1ATPase) and enhances
(ISGs) the translation of various target mRNAs. The control mechanisms
which allow GB3P1 to differentially regulate its targets have not been
clearly identified. The variations in control demonstrated by G3BP1
could be cell type or stimuli specific and may depend on the cis-factors
present in its mRNA targets. Possibly, G3BP1 recognizes multiple se-
quences or elements in different targets and the fate of the transcript is
determined by the RNA elements to which G3BP1 binds. However, we
cannot exclude the possibility that the fate of a transcript is determined
by several trans-factors working in conjunction with G3BP1. Therefore,
there is need to catalogue the RNA sequences recognized by G3BP1 and
determine how GB3P1 uses these to control the fate of the transcript.
Several miRNA targets have also been reported for G3BP1 and so far it
appears that for miRNAs G3BP1 has one mode of action and that is to
stop the maturation of target pre-miRNAs by binding to them and this
control mechanism appears to be extended to NC-RNAs as well. Despite
the huge sequence homology shared with G3BP1, G3BP2 does not ap-
pear to have a complicated role in RNA metabolism and to date there is

only one reported mRNA target, SART3, for G3BP2. However, recently
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G3BP1, G3BP2 along with Caprinl have reported to have role in the
translation of ISGs. To date the role of G3BPs in the regulation of RNA
metabolism is not well-characterised and there are many unknowns,
including consensus sequences for the RNA elements bound by G3BP1
and GB3P2. These elements need to be identified before we can un-
derstand how G3BPs regulate the fates of RNAs. Future studies should
focus on identifying the G3BPs' RNA-binding elements and although in
silica strategies have been made using bioinformatics analysis, those
preliminary studies will undoubtedly become more powerful as in vitro
studies identify and confirm validated targets.

4. G3BPs and stress granules (SGs) formation

The functions of G3BP proteins differ according to cellular context,
however, the functions are generally attributed to cell proliferation and
survival. Both G3BP1 and G3BP2 interact with polysome-associated
mRNP complexes [62,72] and the key role for this might be to regulate
translation initiation of mRNAs and/or induce SGs formation.

SGs are translationally stalled mRNP complexes, formed in the cy-
toplasm in response to various cellular stresses such as oxidative stress,
hypoxia and viral infections (as reviewed by [73-75]). The overall role
of the SGs is to triage mRNA [76] although a role of SGs in protein
sequestration cannot be excluded because studies have shown that SGs
also recruit proteins which are involved in signalling pathways and
hence influence cell metabolism and survival [77,78]. The dynamic
transport of mRNPs between translating polysomes and translationally
silent bodies such as SGs is a result of mRNA sorting. Exposure to
stressful conditions leads to SGs assembly [79], but both the extent and
form of stress may affect the components of SGs. Eukaryotic cells shut
down some cellular translation in response to environmental stresses
(common environmental stresses are hyperosmolarity, heat and oxida-
tive conditions), in order to save energy and to respond with stress
induced damage [79]. The assembly of canonical SGs depends upon the
phosphorylation of elF2a and different stresses induce the specific
serine/threonine kinases which phosphorylate the eukaryotic initiation
factor 2a (elF2a), including HRI (heme-regulated initiation factor 2a
kinase) which senses the oxidative stress induced by sodium arsenite
[80-82], PKR (protein kinase RNA-dependent kinase) which is acti-
vated by heat shock, viral infections and UV irradiation [74,81,82],
PKR-like endoplasmic reticulum (ER) kinase (PERK), induced in ER
lumen by unfolded proteins and general control non-derepressible 2
(GCN2) protein which is activated by stress induced by amino acid
deprivation [81,82]. Upon specific stress stimuli, these kinases phos-
phorylate elF2a at Ser51 leading to the depletion of the eIF2/tRNA;Met/
GTP ternary complex which is responsible for translational initiation. In
the absence of the ternary complex, formation of the 48S preinitiation
complex, which assembles at the 5’-ends of capped mRNAs, is impaired
producing a translationally stalled, noncanonical 48S complexes which
are unable to recruit the 60S ribosomal subunit [83,84] and these non-
functional translational initiation complexes aggregate to form SGs
[85]. Alternatively, translational inhibition caused by suppressing the
functions of eIF4A and elF4G also induces SGs formation [85], but these
pathways are not discussed in detail here as are outside the scope of this
review.

During stress, both G3BP1 and G3BP2 localize in elF2a-induced SGs
[14] but they also harbor the potential to induce SGs independently
[48]. G3BPs are recruited to SGs in an unphosphorylation dependent
manner suggesting that the phosphorylation status of G3BPs might in-
fluence the fate of the mRNAs by protecting it from degradation during
cellular stress. Under normal conditions, G3BPs are phosphorylated and
in some reported cases, this causes mRNA degradation, whereas upon
cellular stress induced by arsenite, unphosphorylated G3BPs may oli-
gomerize and bring mRNAs to the SGs. In concordance with this, ar-
senite leads to unphosphorylation of G3BPs at Ser149 with subsequent
SGs formation both in mammalian cells [14,86] and in Drosophila cells
[87]. Whereas, upon the stress induced by amino acid starvation in
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Drosophila S2 cells, only the Ser142 phosphorylated Rasputin (G3BP) is
recruited to SGs [87]. Furthermore, Sec16 which is a component of
endoplasmic reticulum (ER) exit site, interacts with and stabilizes
phosphorylated Rasputin. However, in absence of Sec16, the stabiliza-
tion of phosphorylated Rasputin is not sufficient to form SGs, suggesting
a critical role of Secl6 in SGs assembly upon amino acid starvation
[87]. These studies suggest that SGs formation is a fine-tuned process
which is regulated by specific signals that are unique to each stress.

Besides stress inducing agents, overexpression of several RBPs such
as TIA-1, CPEB1 and G3BPs along with inhibition of translational in-
itiation complex components [88,89] can induce SGs assembly
[14,90,91]. Most stress factors suppress translational initiation, forming
SGs by inducing phosphorylation of the el[F2a whereas SGs induction
by G3BPs are independent of this phosphorylation and could affect the
translational complex afterwards by PKR-dependent phosphorylation of
elF2a [92]. However, another study has shown that the overexpression
of the C-terminal region of G3BPs can cause phosphorylation of elF2a
[37]. Therefore, it remains to be elucidated if the SGs induction by
G3BPs is dependent or independent of elF2a phosphorylation or if the
specific cellular contexts decide this dependence. In brief, G3BPs induce
SGs assembly and co-localize with another SGs marker protein TIA-1
[14,92,93] however, it is yet to be confirmed whether these two me-
chanisms are entirely dependent on one another.

Interaction of G3BPs' own transcript and protein with other proteins
also affects its ability to form SGs during various cellular stress re-
sponses. TAR DNA-binding protein 43 (TDP-43) regulates SGs through
differential regulation of G3BP1 and TIA-1 by regulating the aggrega-
tion of TIA-1 and the mRNA levels of G3BP1. Depletion of TDP-43 leads
to disrupted aggregation of TIA-1 and also downregulates the mRNA
levels of G3BP1, though it should be noted that this study does not show
the direct interaction of the TDP-43 with G3BP1 mRNA [94]. In addi-
tion, another protein, YB-1, has been reported to regulate the expres-
sion levels of G3BP1 through its interaction with the 5’-UTR of G3BP1,
subsequently regulating SGs formation during stress [94]. Caprinl in-
teracts with G3BP1, forming a complex which is localized in the SGs
though the association of G3BP1 and Caprin1 is not mandatory for their
ability to form or to be sequestered into SGs [65]. However, a recent
study suggests that G3BP proteins interact with Caprinl and USP10 but
that they are mutually exclusive allowing the binding of these proteins
to serve as a switch for SG formation depending on the binding partner
interacting with G3BP1. When the interaction of G3BPs is with Caprinl
the complex facilitates SG formation, whereas their binding with USP10
inhibits SGs assembly [86]. Earlier reports have shown that knockdown
of G3BPs suppress SGs formation [95] whereas this report showed that
G3BPs depletion abrogates SGs formation only in response to stresses
that act through the phosphorylation of elF2a or to the inhibition of
elF4A and the cells lacking G3BPs are still competent to form SGs in
response to non-elF2a or elF4a dependant pathways such as osmotic or
thermal stress. Rescue experiments using a G3BP1 mutant that lacks the
ability to bind Caprinl or USP10 rescues SGs assembly, whereas other
phosphomimetic mutants of G3BP1 (G3BP1-S149E) fail to do that [86].
G3BP2 is a binding partner of protein kinase C (PKCa), which also has a
role in SGs formation [96] and this interaction might assist G3BP2 in
SGs assembly. A ubiquitously expressed protein, Tudor-SN interacts
with G3BP1 and is co-localized with G3BP1 in SGs. This interaction is
not important for SGs assembly, however, the depletion of Tudor-SN
affects SGs aggregation [97].

G3BP1 and G3BP2 are both considered as basic components of SGs
and can induce the formation of SGs, however, their exact role in SGs
formation is still not clearly defined. Early reports suggested that upon
stress stimulation G3BPs are unphosphorylated which acts a signal to
recruit them to SGs but more recent studies have shown that the type of
stress decides whether phosphorylated or unphosphorylated G3BPs are
recruited to SGs. How these decisions are made, based on the different
phosphorylation states of G3BPs, is still not known but this might be
due to the differential binding partners of G3BPs under different stress
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stimuli and therefore, there is a need to further explore and characterise
the role of G3BPs under different cellular stresses. In conclusion, the
role of G3BPs in SGs is associated with the triage of mRNA under en-
vironmental stresses but like other activities of G3BPs, this activity also
appears to be target and context specific and needs further exploration.

5. G3BPs in viral infections

SGs are also induced in response to viral infections [98], most likely
as a cellular response to block virus replication of survival, however,
several viruses have evolved different counteractive mechanisms to
avoid negative regulation by SGs and many of these target G3BP pro-
teins [99,100]. For instance, old and new world alphaviruses exploit
various essential components of SGs, like G3BPs and FXR [100],
probably to inhibit the formation of SGs in response to viral stress. The
sequestration of essential SGs components, such as G3BPs, by viral
components to foci outside and exclusive to SGs may give additional
clues to the role of G3BPs and these interactions will be discussed
below.

The precise role of G3BPs during viral infections has yet to be fully
elucidated and in an apparent contradiction to the inhibitory role of
G3BPs mentioned above, it appears that in some instances G3BPs are
utilised by viruses to support their replication or the transcription of
viral genes which seems contradictory to the role of G3BPs to induce
the innate immune system in response to viral infection. Viruses ma-
nipulate and hijack cellular processes to favour conditions for their
survival so it is of no surprise that viruses may use the SGs components
like G3BP1 and TIA-1 to favour viral replication and/or to invade the
cellular immune response. In this section the different ways by which
viruses manipulate G3BPs to gain control of host cellular system are
discussed.

5.1. G3BPs and viral transcription

Initial reports indicated that G3BP1 has a role in viral transcription
by regulating the activities of vaccinia virus RNA polymerase and
transcription factors [101] and in regulating hepatitis C virus (HCV)
virus replication [102-104]. G3BP1 has been reported to play an im-
portant role in the viral assembly of HCV, as it is a constituent of the
viral replication complex (RC) [105]. G3BP1 has been shown to interact
with the NS5B protein of HCV and HCV RNA [103,104] and later
G3BP1 was confirmed to be the part of the RC of HCV [102]. The role of
G3BP1 in HCV replication was confirmed by downregulating G3BP1 in
viral infected cells which resulted in a significant reduction of viral
particles, confirming a role of G3BP1 in viral replication [102].

5.2. Viral targeting of G3BPs by protein interactions

Despite the findings implicating G3BP1 in HCV replication, G3BPs
are now emerging as antiviral proteins in other systems and research
has shown that many viruses use distinct mechanisms to target G3BPs
in order to invade a cell based immune-like response. SGs are formed in
mammalian cells in response to environmental stress including viral
infections by various viruses [74]. Both G3BP1 and G3BP2 are se-
questered to the foci which contain aggregations of viral proteins and
this is facilitated by the C-terminal variable repeat domains of nsP3
(non-structural protein 3) proteins of old world alphaviruses which
bind directly to G3BPs [106,107]. The nsP3 interactome studies of
Sindbis virus (SINV) show that both G3BP1 and G3BP2 are present in
the nsP3 containing complexes. Even Rasputin (G3BP1 homolog in in-
sects) is associated with nsP3 containing complexes [108]. The nsP3 C-
terminal variable domain of many alphaviruses contains an SH3-do-
main binding motif (PxxPxR) which facilitates its interaction with
G3BPs, resulting in G3BP's recruitment to viral cytoplasmic foci and
subsequent inhibition of SGs assembly [109]. The interaction of nsP3
with G3BPs has also been shown in CHIKV (chikungunya) infection.
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G3BPs' NTF2-like domain has been reported to interact with the nsP3
protein of many viruses, including Semliki Forest virus (SFV), SINV,
CHIKV and Herpes Simplex virus [107,110-113].

CHIKV infection mediates cytoplasmic G3BP1 and G3BP2 con-
taining granules which differ from the actual SGs in terms of mor-
phology and behaviour. Although knockdown of G3BPs has shown that
G3BPs play an essential role in efficient viral replication, it is assumed
that they do not have any direct role in RNA synthesis as the cellular
fractions containing CHIKV replication/transcription complexes do not
contain G3BPs [113]. Moreover, the study of the interaction of CHIKV
nsP3 protein and Rin (G3BP) in insect cells and live mosquitos (Ae.
Albopictus) shows that the normally diffuse cytoplasmic localization of
Rin, is effectively sequestered to granules, containing nsP3, during co-
expression studies. The interaction of Rin and nsP3 is moderated
through an interaction of the C-terminal domain of nsP3 and the NTF2-
like domain of G3BPs [114]. More recently it has been shown that viral
and cellular proteins containing FGDF motifs also bind with G3BPs and
inhibit SGs assembly by G3BPs. The nsP3 protein of SFV contains two
FGDF motifs while the ICP8 protein of HSV contains one FGDF motif
and these motif(s) are responsible for their binding to G3BPs. Inter-
estingly, the binding interaction of USP10 with G3BPs is also mediated
by a FGDF motif [115]. The N-terminal Capsid domain of Gag (pre-
cursor viral polyprotein, processed into different viral proteins during
maturation) interacts with eukaryotic elongation factor 2 (eEF2) to
block SGs formation. To dismantle the already formed SGs, Gag recruits
G3BP1 out the SGs (by displacing eEF2 with G3BP1) [116]. Infection
with Rubella virus has also been shown to change the localization of
host G3BPs, indicating that G3BPs may play an important role during
infection by Rubella [117].

5.3. Plant viruses and G3BPs

The studies of viral protein interactions with G3BPs to inhibit SGs
have led to the speculation that plant viruses also evade host cellular
processes by inhibiting SGs formation. The nuclear shuttle protein
(NSP) of begomo ablution mosaic virus (AbMV), has a FVSF motif
which interacts with the G3BP-like protein of Arabidopsis thaliana
(AtG3BP) which is responsible for SGs assembly in plants during cel-
lular stress and thereby inhibiting SGs. Moreover, the NSP of pea ne-
crotic yellow dwarf virus (PNYDV) harbors a FNSGF motif which also
interacts with AtG3BP [118]. These findings support the speculation
that SGs assembly is conserved in plants and mammalian cells and plant
viruses also inhibit SGs formation by interacting with G3BPs to invade
host cellular responses in response to infection. The FGDF-mediated
G3BP binding interactions described here represent an attractive target
for therapeutic interventions against a range of diverse viral infections.

5.4. Viral targeting of G3BPs by proteases

It is interesting that unlike alphaviruses, flaviviruses and HCV, and
the coronavirus systems discussed above, viruses like picornaviruses,
cleave SG proteins, such as G3BPs, to inhibit SGs formation [98].
During poliovirus infection (PV), the viral 3C protease splits the NTF2-
like domain and RRM domains of G3BPs by cleaving it after residue
Q325, which subsequently inhibits SGs formation [119]. En-
cephalomyocarditis virus (EMCV) shares the same mechanism with PV
to cleave G3BP1 after residue Q325 with specificity identical to that of
the PV 3C protease. This was confirmed by experiments in which a
mutation of this residue prevented cleavage of G3BP1 by EMCV [120].
G3BP1 associates directly to the three specific sequences of the internal
ribosome entry site (IRES) elements of foot and mouth disease virus
(FMDV) and the virus uses a similar mechanism to poliovirus to block
G3BPs activity. During FMDV infection G3BP1 is also cleaved by its
protease, 3C (3Cpro), yielding two fragments of G3BP (Ct-G3BP1, Nt-
G3BP1) [121].
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5.5. Viral inactivation of G3BPs by RNA

Viral RNA-host protein interactions are essential for the replication
of RNA viruses like flaviviruses (a genus of positive strand RNA-
viruses), which include the life threatening vector-borne human pa-
thogens such as West Nile virus (WSNV) and Dengue virus (DENV).
Recently it has been shown that all flaviviruses have non-coding sub-
genomic flaviviral RNA (sfRNA), formed by the incomplete degradation
of viral 3’-UTR by cellular exonuclease XRN1 [122]. Studies on the
Kunjin strain (KUNV) of WSNV showed that sfRNA antagonized IFN-
mediated antiviral activity [122,123]. DENV-2 sfRNA binds to G3BP1,
G3BP2 and Caprinl, impeding their role in innate immunity by in-
hibiting SGs which, in turn, inhibits translation of ISGs mRNA. G3BP1,
G3BP2 and Caprinl are novel regulators of antiviral responses as they
are required for the efficient translation of interferon stimulated genes
(ISGs) including protein kinase R (PKR) and interferon-induced trans-
membrane protein 2 (IFITM2) [34] and this role of G3BPs in ISGs
mRNA translation is supported by the study reporting a role of G3BP1
and G3BP2 in the translational regulation of IFITM1-3 mRNAs. [66].
Furthermore, G3BP1 also restricts HIV-1 infection by interacting with
HIV-1 RNA in the cytoplasm. This interaction sequesters the viral
transcripts, thereby inhibiting protein synthesis or packaging [124],
however to invade this response, HIV-1 also blocks SGs formation and
dismantles the pre-formed SGs.

All these reports show that many viruses target and manipulate
G3BPs to invade cellular responses that would inhibit the virus. Viruses
do this by either targeting G3BPs with the result of disrupting SGs
formation or by inhibiting the translation of the ISGs through interac-
tions with G3BPs. Either way, disrupting G3BPs functions appears to be
a common theme adopted by viruses to avoid cellular and host antiviral
responses.

6. Conclusion

In our original review [1] the discovery of G3BPs had only just
begun and like its namesake, Rasputin, we concluded that its activities
were promiscuous and seemed to lack a consistent theme. More than a
decade of research has failed to tame G3BPs but we now see a more
focused role for the protein in cellular biology and it has now been
demonstrated that G3BPs are involved in multiple cell signalling
pathways. The most commonly reported mechanism of action for
G3BPs is to interact with many cellular RNAs, controlling their fate in
response to environmental and cellular stimuli. However, the binding
elements to which G3BPs bind are yet to be clearly identified and there
does not appear to be a clear consensus on this yet. Early evidence
suggested that G3BPs might bind to target mRNA in the nucleus sug-
gesting that it might be a shuttle protein and this is supported by its co-
localization to transcriptional active sites. Is the role of G3BPs that of a
chaperone to transport mRNA cargo to appropriate cytoplasmic struc-
tures including, but not exclusively, the SGs? The dual roles that G3BPs
play in both the translation and degradation of transcripts still appears
to be contradictory but does seem to be contextual based depending on
cell type, protein partners and possibly RNA elements within its targets.
The role of G3BPs as components of SGs is irrefutable, however, their
role there still remains contentious. Intuitively, SGs are seen as a cel-
lular response that allows the cell the opportunity to respond and re-
cover to environmental stress. This is seen best by the fact that viruses
need to disrupt G3BPs function to avoid a cell based anti-viral response.
For certain, viruses hunt down G3BPs and use an impressive array of
mechanisms to do so but how does G3BPs hunt down its targets? A hint
to this might reside in its myriad of binding partners which appear to
facilitate target specificity. The next decade will undoubtedly reveal
G3BPs' secrets and with this will coincide with the exciting challenge of
understanding how we can use G3BPs to fight diseases such as cancer
and viral infection.
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