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Stress granule: A promising target for cancer treatment
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Stress granules (SGs) are primarily composed of mRNAs that stall at translation initi-
ation and usually appear in the cytoplasm under unusual physiological or pathological
conditions such as hypoxia, oxidative stress, and viral infection. Recent studies have
indicated that several components of SGs participate in tumourigenesis and cancer
metastasis through tumour-associated signalling pathways as well as other mecha-
nisms. Furthermore, some chemotherapy drugs have been reported to induce SGs.
Thus, the roles of SGs in cancer treatment have attracted considerable interest.
Importantly, disturbing the recruitment of SGs components or microtubule polymeri-
zation, as well as other strategies that can abolish SGs formation, is reported to inhibit
tumour progression, suggesting that targeting SGs could be a promising strategy for
cancer treatment. In this review, we summarize the relationship between SGs and

cancer, as well as recent advances in targeting SGs, in the interest of providing new

dation of China, Grant/Award Number:
81872885

1 | INTRODUCTION

During the eukaryotic gene expression process, RNA translation is
thought to be a key process that regulates RNA modification, stability,
location, protein function, and chromatin structure (Rizvi & Smith,
2017). Stresses such as hypoxia, viral infection, heat shock, and oxida-
tive stress can induce multiple tissue and organ damages, as well as
disordered protein translation, all of which are called “integrated stress
responses (ISRs)” (Anderson, Kedersha, & Ivanov, 2015). Composed of
non-translated mRNAs, cytoplasmic messenger ribonucleoprotein par-
ticles (MRNPs) are components of the ISR and emerge when transla-
tion initiation is stalled, subsequently forming granules to ensure cell
adaptation to stress conditions. These RNA granules can usually be
divided into four types: processing bodies, stress granules (SGs), neu-
ronal granules, and germ cell granules (Anderson & Kedersha, 2006).

Abbreviations: 5-Fu, 5-fluorouracil; Caprini, cell cycle associated protein 1; elF2A, eukaryotic
initiator factor 2A; ER stress, endoplasmic reticulum stress; FUS, fused in sarcoma; G3BP1,
Ras-GTPase-activating protein SH3 domain-binding protein 1; HDACS, histone deacetylase
6; HDACs, histone deacetylases; HRI, haem-regulated inhibitor; Hsp40, heat shock protein
40; Hsp70, heat shock protein 70; mRNPs, messenger ribonucleoprotein particles; mTOR,
mammalian target of rapamycin; NDs, neurodegenerative diseases; PERK, PKR-like
endoplasmic reticulum kinase; PKR, RNA-dependent protein kinase; PRD, prion-related
domain; PTMs, post-translation modifications; RBPs, RNA-binding proteins; RRMs, RNA
recognition motifs; SGs, stress granules; SIRTS, sirtuin 6; TIA-1, T-cell-restricted intracellular
antigen-1; UPS, ubiquitin proteasome system; USP10, ubiquitin specific peptidase 10

opportunities for cancer treatment.

Among these granules, SGs are the most well studied. Given that
SGs assemble when translation initiation is stalled, they usually occur
in the cytoplasm, containing various RNA-binding proteins (RBPs),
non-translated RNAs, types of translation initiation factors, poly(A)-
binding protein, and ribosomal subunits.

SGs assemble immediately once stresses are encountered and are
cleaned up once the stresses disappear (Reineke & Neilson, 2019).
As SGs are a non-typical type of multifunctional membrane-less
organelles, the formation of SGs is a highly regulated and dynamic pro-
cess. SGs are usually triggered by the serine 51 phosphorylation of
eukaryotic initiator factor 2A (elF2A; Buchan & Parker, 2009; Gilks
et al., 2004), which represents the initiation of 48-s ribosomal subunit
disassembly and translation arrest. Considered to be one of the most
pivotal components of SGs, the phosphorylation of Ras-GTPase-
activating protein SH3 domain-binding protein 1 (G3BP1) affects SG
formation (Mahboubi & Stochaj, 2017). Moreover, the post-translation
modifications (PTMs) of mRNPs components are also closely associ-
ated with SGs assembly (Jayabalan et al, 2016; Kwon, Zhang, &
Matthias, 2007). Neddylation enhances SG assembly in response to
cellular oxidative stress caused by arsenite and promotes polysomic
disassembly to facilitate SG formation after translation arrest
(Jayabalan et al., 2016). Furthermore, several reports have shown that
oxidative stress may disturb SGs formation (Lian & Gallouzi, 2009). All
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of the evidence mentioned above has indicated that the regulation of
SG assembly is complicated but precise.

It is generally accepted that there are two models and multiple
steps involved in SG assembly, all of which have already been well
described in several related reviews (Anderson et al., 2015; Panas,
Ivanov, & Anderson, 2016; Protter & Parker, 2016). In the traditional
“cores first” model, core granule forms ahead of the outer shell. First,
untranslated mRNPs form oligomers through mRNP interaction and
modification in mammalian cells (Mahboubi & Stochaj, 2017). RBPs,
such as G3BP1 and T-cell-restricted intracellular antigen-1 (TIA-1)
bind to nuclear mRNA to form mRNPs, and this complex subsequently
moves out of the nucleus, being translated or keeping maintained at
specific regions in the cytoplasm (Anderson & Kedersha, 2008; Fasken
& Corbett, 2005). Second, the oligomer grows into small granule core
of approximately 200 nm by connecting with additional parts, which
likely occurs in processing bodies and transforms out soon afterwards.
Third, the core particles are formed as advanced structure and become
surrounded by a dynamic and liquid-like shell in a microtubule -
dependent manner (Chernov et al., 2009).

The other model is called the “liquid-liquid phase separations first”
model which means that granules come into being before the core is
formed (Nott et al., 2015). Untranslated mRNPs are divided into drop-
lets that are held together by weak interactions (Wheeler, Matheny,
Jain, Abrisch, & Parker, 2016). The next step is similar to that of the
first model: the droplets grow larger, accompanied by some untrans-
lated mRNPs. For the high concentration of protein droplets in the
granules, the cores emerge gradually, driven by protein-protein inter-
actions (Lin, Protter, Rosen, & Parker, 2015).

SGs assembly and RBPs imbalance are well-documented to have a
strong relationship with several physiological pathological conditions
such as neurodegenerative diseases (NDs), cancer progression, and
viral infections (Chen & Liu, 2017; Li, King, Shorter, & Gitler, 2013;
Malinowska, Niedzwiedzka-Rystwej, Tokarz-Deptula, & Deptula,
2016). Given that SGs have attracted considerable attentions in recent
years, the correlations between NDs and SGs have already been
widely reviewed (Chen & Liu, 2017; Li et al, 2013; Mahboubi &

TABLE 1 Overview of SGs assembly in human cancer cells

Tumour types

(human) Physiological function

Pancreatic cancer

Hepatocellular carcinoma Resistance to chemotherapeutic drugs like sorafenib

Glioma/glioblastoma

Sarcoma
with the poor prognosis

Mantle cell myeloma

Colorectal cancer
promoting survival of cancer cells

Head and neck cancers
of cancer cells

Prostate cancer

Regulated by mutant KRAS gene, promoting survival of cancer cells

Assembly in the elF2A-dependent way, promoting survival of cancer cells

YB1 and G3BP1 participating in related biological pathways, associated

Induced by 5-fluorouracil (5-Fu) or bortezomib in the elF2A-dependent way,

Induced by MG132 or 5-Fu in the elF2A-dependent way, promoting survival

Induced by the chemotherapeutic drug sodium selenite in the ROS-dependent

Stochaj, 2017; Reineke & Lloyd, 2013), while reviews about the role
of SGs in cancer are largely falling behind. Inspired by the review of
Anderson et al. (2015) about the explicit relationship between RNA
granules and cancers, in this review, we mainly focus on recent
advances in targeting SGs for cancer therapy, in the interest of provid-

ing new opportunities for cancer treatment.

2 | SGS FORMATION AND
TUMOURIGENESIS ARE RECIPROCALLY
REGULATED PROCESSES

Up-regulation of several SGs components has been observed in differ-
ent kinds of tumours, such as pancreatic cancer (Sim, lIrollo, &
Grabocka, 2019), sarcoma (Somasekharan et al., 2015), hepatocellular
carcinoma (Adjibade et al., 2015), and malignant gliomas (Vilas-Boas
Fde et al., 2016; Table 1). Grabocka and Bar-Sagi (2016) reported that
SG formation was markedly promoted in mutant KRAS tumours, which
was regulated by the secretion of the signalling lipid molecule 15-
deoxy-A12,14 prostaglandin J,. SG formation enhancement in turn
endowed the chemoresistance of Kras-mutant cells. It has been indi-
cated that SG formation in glioma cells occurred in an elF2A-
dependent manner, which might be responsible for the resistance of
malignant gliomas to chemotherapeutic drugs (Vilas-Boas Fde et al.,
2016). Overexpression of Y-box-binding protein 1 could up-regulate
G3BP1 and was related to the poor survival rate in human sarcomas.
In addition, G3BP1 facilitated the tumour metastasis in a mouse model
(Somasekharan et al., 2015).

Cancer cells are usually exposed to hypoxia, nutrient starvation,
and high osmotic stress conditions for the high metabolic demands
of proliferation (Ackerman & Simon, 2014). Thus, the tumour micro-
environment is typically full of a variety of stresses, such as high con-
centration of ROS and hypoglycaemia, almost all of which could
strongly trigger SG formation (Mahboubi & Stochaj, 2017; Figure 1).
SGs begin to assemble in response to the stresses mentioned above,

which orchestrates cellular adaptation to the hostile environment. In
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addition, the formation of SGs is reported to regulate several impor-
tant canonical signalling pathways, such as mammalian target of
rapamycin (mTOR) and mitogen-activated protein kinase (MAPK)
(Arimoto, Fukuda, Imajoh-Ohmi, Saito, & Takekawa, 2008; Kedersha
et al, 2002; Thedieck et al., 2013; Figure 1). It is well known that
mTOR complex 1 plays an essential role in cell metabolism and sur-
vival. When amino acids are depleted, mTORC1 is inactivated and
released from the lysosomal membrane to the cytoplasm and then
accumulates in the SGs in an elF2A phosphorylation-dependent man-
ner (Kedersha, Ivanov, & Anderson, 2013). Thus, SGs might inhibit
cancer cell growth signalling by changing the location and activity of
mTOR complex 1. Furthermore, Arimoto et al. (2008) claimed that
hypoxia-induced SGs inhibited apoptosis in cancer cells by suppress-
ing the stress-responsive MAPK signalling pathway, which might be
related to the chemotherapy resistance (Figure 1).

3 | THE MECHANISMS OF CHEMOTHERAPY
DRUG-INDUCED SGS ASSEMBLY

Apart from the pathophysiological conditions, many studies have asso-
ciated cancer cell survival with the assembly of SGs in response to
chemotherapy drugs, which could in turn aggravate cancer. Upon dif-
ferent stress conditions, elF2 phosphorylation is regulated by different
kinds of kinases (Wek, Jiang, & Anthony, 2006) including the double
stranded RNA-dependent protein kinase (PKR), PKR-like endoplasmic
reticulum kinase (PERK) Hamanaka, Bennett, Cullinan, & Diehl, 2005),
haem-regulated inhibitor (HRI), and general control non-derepressible
2 (GCN2) (Hamanaka et al., 2005; Holcik, 2015). Chemotherapeutic
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drugs are usually considered to induce SG assembly through activating

the phosphorylation kinases mentioned above (Figure 1).

3.1 | Sorafenib

As a well-known TK inhibitor, sorafenib is widely used for
hepatocarcinoma and has already been proposed as a chemotherapeu-
tic stress of SG formation. Rahmani et al. reported that treatment with
sorafenib in human leukaemia cells induced severe endoplasmic retic-
ulum stress (ER stress) accompanied by the activation of PERK and the
subsequent phosphorylation of elF2A. Inhibition of PERK activity or
blocking the phosphorylation of elF2A could significantly enhance
the lethality of sorafenib treatment (Rahmani et al., 2007). Adjibade
et al. (2015) further validated these results by showing that
sorafenib-induced ER stress was the main activator of PERK, which
promoted the production of p-elF2A and SGs formation as a result.
Further experiments showed that treatment with specific inhibitors
of PERK or knocking down PERK in MEFs cells could block the forma-
tion of SGs, thereby enhancing the therapeutic effect of sorafenib. All
of the evidence above has confirmed that in the presence of sorafenib,
PERK is the main phosphorylation kinase of elF2A, which is activated
by ER stress and could induce SG formation as a result, thereby con-

tributing to the chemoresistance of cancer cells to sorafenib.

3.2 | Bortezomib

Bortezomib is a boronate inhibitor of the 26S proteasome that has

been approved for a range of haematological tumours but has no
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FIGURE 1 SGs formation and tumourigenesis are reciprocally regulated processes
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effect on solid tumours (McConkey & Zhu, 2008; Richardson, 2004;
Richardson, Hideshima, & Anderson, 2003). McEwen et al. (2005) first
noted that MEF cells that were deficient in HRI had no ability to form
SGs after arsenite treatment, resulting in apoptosis and cell death as a
result. Subsequently in 2010, Fournier, Gareau, and Mazroui (2010)
proposed that bortezomib could strongly induce SG formation
through the phosphorylation of elF2A in cancer cells. Further research
showed that this stress response to bortezomib was significantly
type of elF2A
phosphorylation kinase, which showed that activation of HRI is the

inhibited by the depletion of HRI, a typical

prerequisite of bortezomib-induced SGs. Because the related
signalling pathways of the chemoresistance to bortezomib are
complex, further studies are surely needed to determine whether SG

formation is the most critical one.

3.3 | 5-Fluorouracil

As a long-established chemotherapy drug, 5-fluorouracil (5-FU)
strongly inhibits DNA replication and cell proliferation, and is widely
used in the treatment of solid tumours, especially in the first-line ther-
apy of gastric cancer (Longley, Harkin, & Johnston, 2003). The increas-
ing drug resistance problem of 5-FU has seriously weakened its
therapeutic effect, with multiple signalling pathways being involved,
such as the PI3K/Akt and mTOR. Kaehler, Isensee, Hucho, Lehrach,
and Krobitsch (2014) proposed that 5-Fu treatment induced SGs
assembly in an RNA-incorporated way; in further experiments, these
researchers found an important SG component named RACK1, which
was associated with cell survival and apoptosis and was the key regu-
lator of 5-FU-induced SG assembly.

Accordingly, based on the close relationship between SGs and can-
cer, disturbing the formation of SGs can not only influence the tumour
progression but also sensitize cancer cells to chemotherapeutic
agents, which represents a promising strategy for cancer treatment.
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4 | INTERFERING WITH SG FORMATION
CAN EFFECTIVELY HINDER TUMOUR
PROGRESSION

Given that SG assembly is a highly fine regulated process, recent stud-

ies have proposed the following methods to target SGs for cancer

therapy.
4.1 | Regulating the activity of elF family
411 | elF2A

Because SGs assembly is primarily triggered by the phosphorylation of
the initiation factor elF2A, it is clearly an effective strategy to inhibit
SGs formation by targeting elF2A phosphorylation. Inhibiting the
phosphorylation of elF2A sensitized glioma cells to chemotherapy
(Vilas-Boas Fde et al., 2016). Brain tumours and malignant gliomas
with high lethal rates usually respond poorly to chemotherapeutic
drugs. Vilas-Boas Fde et al. (2016) showed that the dominant
negative mutant of phosphorylated elF2A reduced the assembly of
SGs and enhanced the response to chemotherapeutic agents, such
as bortezomib, cisplatin, or etoposide in the treatment of tumours
mentioned above. However, inhibiting the phosphorylation of elF2A
itself has effects on cancer therapy for some additional reasons, such
as apoptosis. A selective elF2A dephosphorylation inhibitor salubrinal
(Boyce et al., 2005), promoted apoptosis induced by a proteasome
inhibitor in leukaemia and myeloma cells (Drexler, 2009; Teng et al.,
2014), which contributed to cancer treatment (Figure 2). Notably,
salubrinal inhibited apoptosis in neural cells triggered by ER stress
and a recent study about neurodegeneration treatment revealed that
overexpressing a specific phosphorylated elF2A phosphatase,
GADD34, or knocking down prion protein expression by lentivirus
infection could reduce elF2A phosphorylation level and thereby rescue
cells from the activation of unfolded protein response (Moreno et al.,
2012; Figure 2). These discrepancies might be attributable to the

p-elF2A-independent SGs
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FIGURE 2

Targeting SGs by regulating the activity of elF2A or elF4 complex
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different genetic backgrounds between tumour cells and neuronal
cells. Thus, whether the phosphorylation of elF2A is favourable for
cancer treatment is dependent on specific cancer types.

412 | elF4

Although elF2A is a significant translation initiation factor of SGs
formation, not all kinds of SG assembly depend on the serine 51 phos-
phorylation of elF2A. Considered as unconventional SGs, elF2A-
independent SGs assembly is induced by different initiation conditions
compared to conventional SGs (Sasaki, Fujimura, & Anderson, 2012).
Apart from the elF2A, elF4F complex consists of elF4A, elF4E, and
elF4G can also regulate SG formation (Pelletier, Graff, Ruggero, &
Sonenberg, 2015; Sonenberg & Hinnebusch, 2009), which acts as a
core exon junction complex component (Ryu et al., 2019) and control-
ler of translation initiation. Activity or composition alteration of the
elF4F complex can induce non-canonical SGs, which is not dictated
by elF2A phosphorylation. Thus, targeting the elF4F complex might
be a promising approach to inhibit SG formation. Silvestrol, one of
the flavagline derivatives, had a strong effect on the elF4F complex,
inhibiting translation initiation and exhibiting strong anti-cancer activ-
ity in human prostate and breast cancer (Cencic et al., 2009). Given
that cyclin-dependent kinases could affect on the nonsense-mediated
mRNA decay pathway during the cell cycle by regulating the phos-
phorylation of elF4A3, it is possible that cyclin-dependent kinases
modulators could influence elF4 complex function. In addition,
targeting elF4E by sodium selenite (Sasaki et al., 2012) and loss of
elF4E or elF4B could also induce unconventional SGs (Ayuso,
Martinez-Alonso, Regidor, & Alcazar, 2016), thereby contributing to
the body of knowledge regarding cancer therapy (Figure 2).

Multiple studies have already shown that high expression of elF4
can lead to abnormal cell cycling as well as accelerate protein synthe-
sis, and thus promote tumourigenesis and malignant progression
(Pelletier et al., 2015; Topisirovic, Ruiz-Gutierrez, & Borden, 2004;
Tutar & Tutar, 2008), contrary to the function of elF2A. Thus, it is
likely confirmed that elF2A-dependent or elF4-dependent types of
SGs not only have different components and induction conditions
but also exert opposite functions in cellular survival and

tumourigenesis (Sasaki et al., 2012).

4.2 | Inhibiting the assembly of SGs

Because SGs are formed upon the inhibition of translation initiation,
these particles naturally contain multiple types of RBPs, and almost
all of these proteins influence SG assembly and disassembly. In addi-
tion, some proteins that are not involved in SGs also have effects on
the regulation of key steps in SG formation. For example, heat shock
protein families in yeasts, such as heat shock protein 40 (Hsp40) and
heat shock protein 70 (Hsp70) are both localized in SGs (Cherkasov
et al., 2013; Kroschwald et al., 2015) and exert critical roles in SG for-
mation. Overexpression of Hsp70 could inhibit SG assembly while
accelerate the SG disassembly (Kroschwald et al., 2015; Mazroui, Di
Marco, Kaufman, & Gallouzi, 2007) and different types of Hsp40
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regulated SGs through different pathways. In addition, other proteins
such as Sis1, an important cytoplasmic Hsp70 co-chaperone, pro-
moted SG clearance by autophagy; while Ydj1, a type | HSP40 co-
chaperone, promoted this clearance by starting new translation (Tutar
& Tutar, 2008; Walters, Muhlrad, Garcia, & Parker, 2015), which was
associated with the activity of Hsp70, as well. Overall, proteins associ-
ated with SG assembly provide considerable possibilities to target SG
components, as well as key steps for cancer treatment.

4.2.1 | Targeting the SGs components

TIA-1

In response to elF2 phosphorylation, related RBPs including TIA-1 and
TIAR exert self-aggregation and RNA-binding functions immediately
to promote SG formation (Kedersha et al., 2000). In addition, TIA-1
could also dynamically transport the stalled initiation complex into
SGs foci (Gilks et al., 2004). TIA-1 involves three N-terminal RNA rec-
ognition motifs (RRMs) and a glutamine-rich prion-related domain
(PRD) at the C-terminal (Gilks et al., 2004; Kedersha et al., 2000),
which plays an important role in SG condensation. Overexpression
of PRD could form small cytoplasmic bodies, and conformational
changes in PRD contributed to SG core formation (Han et al., 2012;
Figure 3). It has been proposed that Pubi, a yeast homologue of
TIA-1, promoted liquid droplet formation in a temperature- and salt-
dependent manner, which were subsequently transformed into rigid
structures, similar to RNA granules (Lin et al., 2015). All of the findings
described above suggest that targeting TIA-1 for SG regulation is
worth being studied for cancer treatment.

Overexpression of TIA-1 truncation protein lacking the RRM
domain prevented SG assembly induced by arsenite, as TIA-1-del
RRM cut off the interaction between TIA-1 and TIAR (Kedersha, Gupta,
Li, Miller, & Anderson, 1999). Cells transfected with the mutant could
not form SGs because related mRNAs had no ability to accumulate in
the cytoplasm. This result has showed that TIA-1 inhibited protein
expression, which had an inverse correlation with SG assembly, consis-
tent with the finding that RNA triage domains had an influence on pro-
tein expression (Kedersha et al., 2000). Thus, the dominant negative

mutant of TIA-1 may be considered a good strategy to target SGs.

G3BP
G3BP1 and G3BP2 are essential for SG formation and both contain
RNA-binding domains, such as RGG or RRM, which means that they
might be associated with the RNA interaction (Solomon et al.,
2007b). Unlike other SG-related proteins, G3BP lacks prion-like
domains necessary for SG core formation and the mechanism of
G3BP-regulating SG formation has not been clarified to date. It is well
accepted that heat shock or arsenite treatment could induce the
dephosphorylation of G3BP at Ser149, which initiateed SG formation
(Gallouzi et al., 1998; Tourriere et al., 2003). In contrast, the phosphor-
ylation of G3BP at Ser149 has been shown to inhibit SG formation.
Data in a related research study showed that both the wide type
and the non-phosphorylatable mutant S149A G3BP had interactions
with histone deacetylase 6 (HDAC6); however, the phosphomimetic
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mutant S149E G3BP failed to coprecipitate with HDAC6 (Kwon et al., Parton, Kuznetsov, Schroer, & Gruenberg, 1990). mRNPs are

2007). Thus, enhancing the phosphorylation of G3BP could block the
initiation of SG formation, which provided new approaches to the reg-
ulation of SGs formation. For example, arsenite treatment caused
dephosphorylation of G3BP and subsequently increased its interaction
with HDAC. Moreover, the interaction of G3BP and HDACé6 was
weaker after treatment with phosphatase inhibitors, such as okadaic
and vanadate (Kedersha et al., 2016; Figure 3). In addition, phospha-
tase inhibitors could also increase the G3BP phosphorylation level
(Tourriere et al., 2001). All of the methods described above could
change the phosphorylation states of G3BP and then regulate SG for-
mation, promoting the investigation of homologous approaches for
cancer therapy.

Furthermore, it has been proposed that SG formation might be
associated with the initiation of breast cancer because the important
SG component G3BP2 could stabilize the squamous cell carcinoma
antigen recognized by T-cell 3 mRNA and promote tumourgenesis
(Gupta et al., 2017; Figure 3). These data showed that the lead com-
pound, C108, identified by high-throughput chemical screening could
alleviate the function of G3BP2 and inhibit the activity of tumour-
initiating cells (Gupta et al., 2017). Thus, combining compound C108
and its derivatives with standardized treatment might be considered
a beneficial method for patients with breast cancer.

4.2.2 | Targeting the key steps of SG assembly

SGs usually assemble and disassemble rapidly in response to environ-
mental stress, which is contradictory with the hindered diffusion rules
in cytoplasm (Lukacs et al., 2000). Thus, how such rapid aggregation
can form attracts considerable interest. As previous studies reported,
macromolecule transportation, such as recruitment of mRNPs in the

cytoplasm, depended on cytoskeleton-active transport (Bomsel,

transported along with microtubule motor proteins, and several stud-
ies have found that microtubule integrity was important for SG assem-
& Nadezhdina, 2003).
microtubules with the microtubule-depolymerizing drug vinblastine

bly (lvanov, Chudinova, Disruption of
could trigger SG disappearance in CV-1 cell (Ilvanov et al., 2003;
Figure 3). In contrast, the microtubule-stabilizing drug paclitaxel had
the opposite function.

The microtubule system is necessary for SG formation, and micro-
tubules can drive small particles to form larger granules through coa-
lescence (Arn & Macdonald, 1998). These results have provided
helpful strategies for targeting microtubules to regulate SG formation.
Stress conditions, such as UV irradiation and hypoxia-induced SGs
might be partly inhibited by combination therapy with microtubule-
inhibiting drugs, such as vinblastine.

4.3 | Regulating PTMs related to SGs assembly

Post-translational modifications with ubiquitin and ubiquitin-like pro-
teins are essential for eukaryotic cellular processes. One of the most
common modifications is ubiquitination, which regulates various fun-
damental cellular activities (Hershko & Ciechanover, 1998; Komander
& Rape, 2012). In addition, proteins can also be modified with
ubiquitin-like proteins, such as NEDD8 and SUMO, which are called
neddylation and sumoylation respectively (van der Veen & Ploegh,
2012). Other PTMs, such as acetylation, phosphorylation, O-GIcNAc
modification (Ohn, Kedersha, Hickman, Tisdale, & Anderson, 2008),
and arginine methylation of ribosomal subunits, are also involved in
SG assembly, SG protein interactions, disassembly, and clearance
(Mahboubi & Stochaj, 2017; Ohn & Anderson, 2010). For example,
phosphorylation of fused in sarcoma (FUS) and G3BP1 at Ser149 dis-
turbed the formation of SGs 2003),

(Tourriére et al., and
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phosphorylation of FUS prevented its recruitment to SGs (Han et al.,
2012), while dephosphorylation functioned in contrast (Reineke
et al., 2017; Tourriere et al., 2003). Most SGs contain arginine methyl-
ation motifs , such as RGC motifs, which have effects on the recruit-
ment of SG components (Nott et al., 2015). In addition, G3BP1 was
observed to bind to HDAC6 and sirtuin 6 (SIRT6), both of which have
extensive enzymatic activity and are required for SGs production.
Methylation was determined to promote the RBPs interaction among
fragile X mental retardation protein, heterogeneous nuclear ribonu-
cleoprotein, and FUS (Dolzhanskaya, Merz, Aletta, & Denman, 2006;
Yamaguchi & Kitajo, 2012) and then to stimulate the SG assembly.
As it is well-known to all that the assembly of SGs is highly complex,
PTMs of individual components even make this process further com-
plicated, which actually provides great possibilities to regulate SGs in
cancer therapy by targeting PTMs.

4.3.1 | Ubiquitination

The ubiquitin proteasome system (UPS) is the most important path-
way responsible for intracellular protein degradation. The activity of
UPS is essential not only for protein homeostasis but also for the
translation process through providing reused amino acids that can be
produced by SG disassembly after the stress is relieved (Hershko,
2005; Vabulas & Hartl, 2005). Studies have shown that inhibiting the
activity of UPS with pharmacological agents, such as proteasome
inhibitors MG132 or bortezomib influenced translation initiation,
which could induce a typical stress response and was followed by
the overexpression of the heat shock protein Hsp72 (Fournier et al.,
2010; Schewe & Aguirre-Ghiso, 2009; Figure 4). In addition, UPS has
also been shown to be involved in RNA metabolism. All of these
observations showed that UPS was associated with the formation
and disassembly of SG, suggesting a promising strategy applied for

SG regulation and cancer therapy.
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Multiple studies have shown that G3BP-dependent SG formation is reg-

Ubiquitin specific peptidase 10

ulated by ubiquitin-specific peptidase 10 (USP10) and cell cycle-
associated protein 1 (Caprin1), and the former is an important type of
deubiquitinase that usually binds with G3BP to inhibit SG formation,
while the latter functions oppositely (Solomon et al., 2007a; Figure 4).
Overexpression of mCherry-USP10 inhibited SG formation induced
by arsenite, and USP10 competed with Caprinl for binding with
G3BP (Kedersha et al., 2016). Although the binding sites of USP10
and Caprinl overlapped, USP10 had a Phe-Gly-Asp-Phe region that
provided interaction with G3BP and SG inhibition, while Caprinl did
not (Panas et al., 2015). Researchers recombined and purified the His-
tagged G3BP1 and His-tagged Caprin1 protein through bacteria, aiming
to study direct protein-protein interactions in vitro. The results showed
that Caprin1 disturbed the interaction between G3BP1 and USP10in a
dose-dependent manner, and competition existed between Caprinl
and USP10 for binding to G3BP (Kedersha et al., 2016). Furthermore,
arsenite could induce the formation of SGs in non-induced tet-on
GFP-USP10 cells, but once USP10 was overexpressed by doxycycline,
SG formation was completely blocked. USP10 also inhibits the cytoplas-
mic mRNPs condensed into SGs. Thus, targeting USP10 or Caprin to
decrease the interaction between G3BP and USP10 may be accepted
as a new strategy to regulate SG formation. Small inhibitors of Caprin
or the agonists of USP10 warrant further sudy for cancer treatment.

MG132

Although multiple studies have shown that MG132 could strongly
induce the formation of SGs in an elF2-dependent manner, cells
treated with MG132 for 6 hr were found to disassemble SGs and
partly restore translation activity, despite of the maintenance of elF2
phosphorylation (Mazroui et al., 2007). The data showed that sustain-
able stress of MG132 passed suicide signals to the cell through acti-

contributed to the overexpression of

vating Hsp70, which
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FIGURE 4 Targeting SGs by regulating related PTMs like ubiquitinations, phosphorylations, and acetylations
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proapoptotic proteins and, eventually, apoptosis at last (Mazroui et al.,
2007; Figure 4). Therefore, identifying the factors involved in MG132-
induced SG disassembly could provide better approaches to promote
cancer cell transformation from survival to apoptosis, which would
help to improve cancer treatment.

More recently, Markmiller et al. (2019) claimed that although SGs
formation is associated with UPS or ubiquitinated proteins accumula-
tion, SGs dynamics are not affected by the ubiquitin-activating
enzyme. This article implied that polyubiquitination was dispensable
for SG assembly or disassembly, but significant for cellular response
signals regulating upon stress. Thus, further studies are needed to pro-
vide insight into the relationship between UPS, SGs, and various
diseases.

4.3.2 | Acetylation

HDAC6

In recent years, reversible protein acetylation has gradually appeared
to be a major form of protein modification (Caron, Col, & Khochbin,
2003; Glozak, Sengupta, Zhang, & Seto, 2005). The acetylation of
proteins is controlled by histone acetylases as well as histone
deacetylases (HDACs). Multiple articles have proposed that HDAC6
strongly associated with tubulin and microtubule network (Boyault,
Sadoul, Pabion, & Khochbin, 2007; Hubbert et al., 2002). HDAC6
could interact with G3BP1 both in vitro and in vivo, while other
HDAC S, such as HDAC1 and HDAC4, failed to be G3BP-interacting
partners (Kwon et al., 2007), implying that HDAC6 might be an
essential component of SGs. Data have shown that inactivating
mutations of the HDAC6 catalytic domain impaired SG formation,
and MEFs lacking HDAC6 also exhibited impaired SG assembly abil-
ity (Figure 4). Furthermore, in the absence of intact HDACé func-
tion, cells could not overcome the fate of apoptosis in oxidative
conditions induced by arsenite treatment (Hubbert et al, 2002).
Boyault et al. (2006) noted that HDAC6 could deacetylate tubulin
and microtubule (Zhang et al., 2003), both of which are important
SG components (Figure 4). In addition, HDAC6 not only accelerated
the clearance of misfolded proteins and then protected cells from
stress-induced apoptosis but also interacted with AAA ATPase
p87/VCP, which was critical for misfolded protein degradation in
the proteasome (Boyault et al., 2006). Thus, it is convincing that
HDAC6 is necessary in the formation of SGs and cell stress
response, and inhibitors targeting HDAC6 deacetylase activity or
its interaction with G3BP are worth considering for SG regulation
for cancer therapy.

4.3.3 | Phosphorylation

SIRT6

As a NAD*-dependent deacetylase, SIRTé is found in the nucleus, reg-
ulating the structure of chromatin and genomic stability (Michishita
et al., 2008). Jedrusik-Bode et al. (2013) proposed that in response
to stress, SIRT6 was localized into the cytoplasm, which was partly
dependent on interactions with G3BP and then with the SG compo-

nents to promote SG assembly. Inhibiting the catalytic activity of

SIRT6 or knocking down SIRTé could strongly impair SG formation
and the survival of Caenorhabditis elegans. Further data obtained by
these researchers showed that SIRT6 did not affect the acetylation
of G3BP. In contrast, the absence of SIRTé was shown to increase
the phosphorylation of G3BP at Ser149, which had already been
shown to inhibit SG formation under stress conditions (Tourriere
et al, 2003; Figure 4). Thus, targeting SIRT6 could provide a clear
strategy to regulate SG formation by changing the phosphorylation
status of G3BP.

4.4 | Preventing the oxidative stress

Oxidative stress, caused by glucose deprivation (Simons, Mattson,
Dornfeld, & Spitz, 2009), hydrogen peroxide (Emara et al., 2012;
Thedieck et al., 2013), and sodium arsenite, has been proposed to be
a significant inducer of SG formation. SGs that respond to different
oxidative stress conditions have different components. For example,
arsenite-induced SGs mainly contain the elF4 complex and require
the phosphorylation of elF2, while the concentrations of elF3, elF4E,
and elF4G are relatively low in hydrogen peroxide-induced SGs
(Emara et al., 2012). Emerging evidence has shown that SG formation
is helpful for antioxidant activity in mammalian cells. Upon sodium
arsenite treatment, cancer cells were more likely to undergo apoptosis
without SG formation (Takahashi et al., 2013) . However, once SGs
formed, G3BP1 was subsequently inactivated which activated
USP10 as a result (Kedersha et al., 2016; Sowa, Bennett, Gygi, &
Harper, 2009). Because USP10 usually interacts with multiple
polysomic proteins, such as poly(A)-binding protein (Sowa et al.,
2009), its activation could regulate SG formation and balance the
ROS level, thereby facilitating tumour survival.

Considering the close relationship of SG formation and oxidative
stress, seeking possibilities that target oxidative signal pathways or
antioxidant enzymes is a promising method for inhibiting SG formation
(Cacciatore, Baldassarre, Fornasari, Mollica, & Pinnen, 2012). For
example, glutathione (GSH)is an antioxidant in plants and animals
and can prevent cellular components from damage caused by ROS.
Chemical strategies applying analogues or prodrugs to increase the
GSH concentration were previously evaluated in vivo and in vitro
(Cacciatore et al., 2012; Fujita, Yamafuji, Nakabeppu, & Noda, 2012).
Other approaches, such as utilizing medical gases like hydrogen sul-
fide, hydrogen, and carbon monoxide (Fujita et al., 2012), to rescue
ROS levels or directly stimulating related antioxidant enzymes and
transcription factors, such as haem oxygenase-1, SOD, and nuclear
factor erythroid related factor 2 have only been approved in
neurodegradation disease therapy, all of which need to be confirmed

in cancer therapy.

5 | CONCLUSION AND FUTURE
PERSPECTIVES

Over the past several years, a number of studies have shown that the

function of SGs is not simply the temporary storage or degradation
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controller of MRNA. Indeed, SGs are versatile and important regulators
of multiple physiological functions including cancer development
(Anderson & Kedersha, 2008). The formation of SGs in eukaryotic cells
represents a conserved response, that protects cells from harmful
stress conditions and possesses apparent physiological advantages.
These protective granules promote cell survival during stress condi-
tions, minimize the expenditure of energy, and simultaneously regulate
RNA and protein homeostasis (Arimoto et al., 2008; Panas et al.,
2016).

As we reviewed above, it is likely that SG assembly has a strong
connection with cancer cell proliferation and metastasis. Targeting
SGs through disturbing their formation or assembly, as well as chang-
ing the stress condition, can not only influence tumour progression but
also sensitize cancer cells to chemotherapeutic agents, which repre-
sents a promising strategy for cancer treatment. In addition, hotspot
research on human immune checkpoints has shown that
microtubule-targeting drug treatment inhibits programmed cell death
protein 1 expression in cancer therapy, independent of their antimi-
totic activity but associated with SG assembly (Franchini et al.,
2019). Given that overexpression of immune checkpoint mRNA by
stimulated T-cells leads to SG assembly and chemotherapy resistance,
inhibiting the expression of several checkpoint mRNAs by pro-
grammed cell death protein 1 and programmed cell death-ligand 1
inhibitors might be considered a new strategy for cancer treatment
in the future.

Last, further research may investigate why SGs exert different
functions among cancer cells and neuron cells and whether strategies
targeting SGs could be usefully applied in both cancers and NDs. It is
clear that SGs share many components with neuronal granules and are
associated with neuronal RNA transport, as well as translation, which
contributes to ND progression (Batish, van den Bogaard, Kramer, &
Tyagi, 2012). Thus, more attention has been paid to the relationship
between SGs and NDs, while less attention to SGs and cancer. Recent
studies have proposed that neurons exist in the tumour micro-
environment, promoting cancer cell proliferation and metastasis. The
secretion of growth factors by cancer cells, in turn, accelerated neuron
outgrowth in solid tumours (Jobling et al., 2015). The reciprocal rela-
tionship between neurons and cancer cells provides new insights for
the potential strategies targeting SGs for cancer and ND treatment.
Thus, in the future, understanding the crosstalk between neurons and
cancer cells is necessary for clarifying the different functions of SGs
among neurons and cancer cells, which might be helpful in developing
SGs as a new therapeutic target for cancer treatment.

5.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org/, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2017/18(Alexander et al., 2017).
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