INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 49: 44, 2022

Pathophysiology of stress granules:
An emerging link to diseases (Review)

JIHUI WANG, YIXIA GAN, JIAN CAO, XUEFEN DONG and WEI OUYANG

Department of Kinesiology and Human Sciences, College of Physical Education and Health Sciences,
Zhejiang Normal University, Jinhua, Zhejiang 321004, PR. China

Received December 13, 2021; Accepted January 21, 2022

DOI: 10.3892/ijmm.2022.5099

Abstract. Under unfavorable environmental conditions,
eukaryotic cells may form stress granules (SGs) in the
cytosol to protect against injury and promote cell survival.
The initiation, mRNA and protein composition, distribution
and degradation of SGs are subject to multiple intracellular
post-translational modifications and signaling pathways to
cope with stress damage. Despite accumulated comprehensive
knowledge of their composition and dynamics, the function
of SGs remains poorly understood. When the stress persists,
aberrant and/or persistent intracellular SGs and aggregation
of SGs-related proteins may lead to various diseases. In the
present article, the research progress regarding the generation,
modification and function of SGs was reviewed. The regulatory
effects and influencing factors of SGs in the development of
tumors, cardiovascular diseases, viral infections and neurode-
generative diseases were also summarized, which may provide
novel insight for preventing and treating SG-related diseases.
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1. Introduction

When facing the dangers of oxidative stress, temperature
changes, toxins, hypoxia and osmotic pressure changes,
eukaryotic cells produce a series of comprehensive stress
responses in order to resist the above-mentioned unfavorable
conditions and reduce damage (1). These include the produc-
tion of membraneless messenger ribonucleoprotein (mRNP)
particles, such as stress granules (SGs) and P bodies (PBs) in
the cytoplasm (1-4). The aberrant assembly or disassembly of
SGs has pathological implications in cancer (5-7) and viral
infection (8.9). In addition, SGs are associated with increased
rates of aging-related conditions such as cardiovascular
disease (10,11) and neurodegenerative disorders (12-15).
Therefore, a better understanding of the initiation, assembly
and pathological assembly of SGs in these diseases may help
to discover different target molecules and help to develop
precise pharmacological interventions. The present article
provides a review of current findings on the formation, compo-
sition, dynamics, function and involvement of SGs in different
diseases.

2. Formation of SGs and influencing factors

When faced with a stress stimulus, the four monitoring kinases
including protein kinase R (PKR), PKR-like endoplasmic
reticulum kinase (PERK), heme-regulated kinase inhibitor and
general control nonderepressible 2 (GCN2) in eukaryotic cells
are activated and the Ser51 site of the translation initiation factor
eukaryotic translation initiation factor 2A (eIF2) is phosphory-
lated. As a result, the eIF2-GTP-tRNAiMet ternary complex
required for normal translation initiation is gradually depleted
and the ribosomes disintegrate and stagnant 48S preinitiation
complexes (PICs), PICs including translation initiation factor,
40S ribosomal subunit, untranslated mRNA and RNA binding
protein are generated, which aggregate to form the ‘nucleus’ of
SGs and further combine with RNA-binding proteins (RBPs)
to form the ‘shell’ of SGs (16-18). Furthermore, the activated
‘shell’ may exchange its components with ribosomes, PBs and
other structures in the cytoplasm (4,18-20), thus regulating the
transport, translation, isolation and degradation of RNA (2,3).
The low-complexity domains (LCDs) contained in RBPs are
critical to the formation of the ‘core’ and ‘shell’ of SGs. This
region may mediate specific protein-protein, protein-RNA
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and/or RNA-RNA cross-linking and aggregation through
liquid-liquid phase separation (LLPS), thereby condensing into
SGs particles in the cytoplasm (2,3). In addition, the formation
and depolymerization of SGs are an energy-consuming process
and multiple ATP-dependent complexes affect the assembly
of SGs. For instance, the Chaperonin-Containing T complex
inhibits the assembly of SGs, while the mini-chromosome
maintenance and RuvB-like helicase complexes promote the
survival of SGs (20,21).

RBPs are regulated by a variety of intracellular
signaling pathways, thereby affecting translation/protein
synthesis. Under unfavorable circumstances, intracel-
lular DNA-binding proteins and RBPs join SGs, such as
TAR DNA-binding protein 43 (TDP-43), fused in sarcoma
(FUS), GTPase-activating protein SH3 domain-binding
protein (G3BP) SG assembly factor 1/2 (G3BP1/2), ubiquitin
specific peptidase 10 (USP10), cell cycle associated protein 1
(Caprinl), T-cell intracytoplasmic antigen 1 (TIA1) cytotoxic
granule associated RNA binding protein (TTA1)/TIAl-related
protein (TIAR) and heat shock proteins (Hsp)40/70 (18,21-24),
participating in different stresses and the pathological process
of disease (Table I). G3BP1/2, Caprinl, USP10 and TIA1/R
have important roles in the formation of SGs (23). Among
them, G3BP1/2 is regulated by the phosphorylation site of S149
and may bind to Caprinl or USP10; binding to Caprinl may
promote the formation of SGs, while binding to USP10 may
inhibit the formation of SGs (23). G3BP cross-links with 40S
ribosomal subunits through its arginine- and glycin-rich motif
RGG, which is also one of the necessary conditions for G3BP
to mediate the formation of SGs (23). In addition, TIA-1 or
TIAR may also promote the formation of SGs alone (23,25).

According to the translation initiation factors and RBPs
contained, SGs may be divided into different subtypes. For
instance, type I SGs are classical SGs. The formation process
includes phosphorylation of eIF2a, which requires G3BP and
48S PICs. Its components include eIF3, but lack eIF2 and eIF5.
The formation of type II SGs includes eIF4A inactivation and
still requires G3BP. The group of type II SGs includes elF2,
elF3 and elF5. However, type III SGs lack elF3 (18,26,27),
display reduced recruitment of 40S ribosomal subunit (26)
and are less dynamic (28). The formation of type III SGs
is independent of the phosphorylation of eIF2a and may be
triggered by sodium selenite (26), glucose starvation (27) and
nitric oxide (NO) (28). The different functions and properties
of the diverse SG subtypes remain to be fully elucidated, but
different SG subtypes may exert opposite effects on cellular
metabolism and survival.

There is a full interaction between mRNA and RBPs in
SGs. RBPs may act on mRNA to regulate its metabolism
and function; conversely, nRNA may also be combined with
RBPs to affect the subsequent functions of RBPs (2). After the
separation between SGs, fusion may also form new SGs (29).
The formation and depolymerization of SGs are also affected
by a variety of post-translational modification factors. For
instance, the phosphorylation of elF2a at Ser51 regulates
the initiation of SGs; phosphorylation of tristetraprolin may
regulate the interaction between SGs and PBs; and phos-
phorylation of growth factor receptor bound protein 7 may
promote heat shock-induced depolymerization of SGs (18).
The demethylation of G3BP1 and ubiquitin-associated

protein 2 like (UBAP2L) protein arginine may promote
the production of SGs (30,31). The UBAP2L RGG motif is
able to mediate the enrollment of SG components, including
mRNPs, RBPs and ribosomal subunits (30,31). The protein
arginine methyltransferase 1 asymmetrically dimethylated
UBAP2L by targeting the RGG motif, thus compromising
SG assembly (30). Therefore, the RGG motif may serve as a
critical interface for SG assembly. The RGG motif and argi-
nine methylation/demethylation are involved in the regulation
of the downstream nucleic acid binding, protein-protein inter-
actions and signal transduction.

3. Functions of SGs

In eukaryotic cells, there is a competitive relationship
between the signaling pathways that govern protein transla-
tion and mRNA degradation, which jointly regulate cell gene
expression under different conditions. Both SGs and PBs are
membraneless mRNP particles produced by LLPS from local
high concentrations of RBPs and RNA in order to adapt to
environmental changes (24,29). Due to their non-membrane
characteristics, SGs and PBs may serve as a stress signal
processing center where various signaling pathways converge
and may exchange components. Therefore, SGs and PBs share
a variety of RBPs and RNA components (4).

When faced with external, unfavorable factors, cells
suspend most of their protein synthesis to conserve energy.
The mRNAs encoding housekeeping proteins (e.g., f-actin,
p-tubulin and GAPDH) in the ribosome are transported to
SGs for temporary storage (24,32). The mRNAs encoding
other proteins are transferred to PBs or other mRNPs for
further storage or degradation (18,24,29,32). However, certain
transcripts involved in the stress response of SGs are allowed
to be translated to maintain cell survival. For instance,
activating transcription factor 4 and HSP70 help reduce
misfolding during protein expression (32,33). In addition,
the pro-apoptotic protein receptor for activated C kinase 1
(RACKI]) is ‘isolated’ in SGs, so that the MAP three kinase 1
(MTKI)-stress activated protein kinase (SAPK) signaling
pathway that depends on RACKI1 is blocked (34) and the
activation of caspase-3 is reduced (35), thereby inhibiting the
apoptotic signaling cascade response to promote cell survival.

When oxidative stress, heat shock and hypoxia, and other
harmful stimuli persist, chronic stress may occur. Continuous
cell stress response may induce mutations in RBPs, block
autophagy pathways and cause deposition of disease-related
proteins, leading to the breakdown of the stability/degradation
balance of SGs, continuous accumulation of SGs, as well as
degeneration and deposition and/or formation of abnormal
SGs. Therefore, SGs are a key factor that determines the fate of
mRNA when cells face stress and affect the translation, stabili-
zation, transport and degradation of mRNA (Fig. 1) (18,36,37).
When the subsequent stress crisis is relieved, e[F2a. is dephos-
phorylated, which may restore the normal translation initiation
function and the normal protein translation process of the
cell is restored (21,36). Therefore, the main function of SGs
is to help cells reorganize the translation process in protein
synthesis, store housekeeping protein mRNA and solve the
survival crisis first when faced with unfavorable environments.
However, the persistence of SGs and the imbalance of SG
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Table I. Relations between specific stress granule initiation factors, proteins and different types of disease.

Disease, Refs. for established relations
Initiation factors

and RBPs Treatment/effectors Tumor VI AD ALS/FTD PD
elF2a Bortezomib, cisplatin, (27,34,41,42)  (52,56,57,65) (74-76,102) (74,76)
etoposide, morusin,
NO, IL-19, PRV, EV71,
MERS-CoV, EBOV,
GCN2, PKR, PERK,
TDP-43
elF3, elF4 NO, EV71, EBOV, PKR, 27) (56,57) (74) (74,103) (100)
PERK, rapamycin,
DJ-1, COI
G3BP1 or Cisplatin, etoposide, (27,34,35,37, (53,55,57) (84,103) (84,103)
G3BP2 morusin, NO, SASP, 41,46,47)
SART3, YB-1, PKM2,
IL-19, LRP6, RIG-I
C108, CrPV-1A, PV,
EBOV, SOD1, COI
G3BPI1 and Bortezomib, MERS-CoV, (42,45) (54,65)
G3BP2 IFITM1, FMDV
RACKI1 NO, morusin, 5-Fu, DJ-1 (25,27,34) (101)
TIA1 NO, EV71, MERS-CoV, 27 (53,56, 65) (35,82-84) (35,82-84,103) (100)
CrPV-1A,YB-1, Tau,
DJ-1, COI
TDP-43 PKR, PERK, RRM, (90) (76,78,79,103)
SINE, tau, COI
FUS Hpo, JNK, AchR, COI (86,87,103)
hnRNPs PrLD, DJ-1, MAP 1B-LCI (104) (88,89) (100)

CVD, cardiovascular diseases; VI, viral infections; AD, Alzheimer's disease; ALS, amyotrophic lateral sclerosis; FTD, frontotemporal
dementia; PD, Parkinson's disease; AchR, acetylcholine receptor; C108, G3BP antibody; COI, chronic optogenetic induction; CrPV-1A, cricket
paralysis virus 1A protein; DJ-1, protein deglycase; EBOV, ebola virus; elF2, eukaryotic translation initiation factor 2; EV71, enterovirus 71;
FMDYV, foot-and-mouth disease viruses; FUS, fused in sarcoma; G3BP1, GTPase-activating protein SH3 domain-binding protein 1; G3BP2,
GTPase-activating protein SH3 domain-binding protein2; GCN2, general control nonderepressible 2; hpo, protein kinase Hippo; IFITM,
interferon inducible transmembrane proteins; JNK, cJun-N-terminal kinase; LRP6, low-density lipoprotein receptor-related protein 6;
MAP 1B-LCl1, microtubule-associated protein 1B light chain; NO, nitric oxide; PERK, protein kinase RNA-like endoplasmic reticulum
kinase; PKM2, pyruvate kinase M2; PKR, protein kinase R; PrLD, prion-like domain; PV, poliovirus; PRV, pseudorabies virus; RACKI1,
receptor for activated C kinase 1; RBP, RNA-binding protein; RIG-I, retinoic acid-inducible gene I; RRM, RNA recognition motif; SART3,
spliceosome associated factor 3; SASP, senescent-associated secretory phenotype; SINE, selective inhibitor of nuclear export; SODI1, Cu/Zn
superoxide dismutase; TDP-43, TAR DNA-binding protein 43; TIA1, T-cell intracytoplasmic antigen 1; YB-1, Y-box binding protein 1; 5-Fu,
5-fluorouracil.

production/decomposition are also the main reasons for the
degeneration and hydrolysis of important cellular mRNAs and
may promote the occurrence of numerous diseases, including
cancer, cardiovascular diseases, viral infections and neurode-
generative diseases (18,21,36).

4. SGs involved in cell senescence and tumors

Cell senescence is one of the main pathogenic factors of cancer.
During ageing, cells in the human body gradually become
senescent. Under chronic oxidative stress, senescent cells inhibit
the production of SGs in the cytoplasm, which may be accom-
panied by heat shock response and autophagy, which further
promote the decomposition of SGs (38). The key factors, HSP70

and autophagy related 5, which inhibit the heat-shock response,
as well as the autophagy pathway, may restore the ability
of senescent cells to generate SGs during chronic oxidative
stress (38). Aging-related secreted phenotype (SASP) factors
are closely related to the occurrence of tumors (39,40). A recent
study suggested that G3BP1 is not only the key RBP for cell
stress response and SG generation, but also a necessary factor
for activating SASP factors. G3BP1 may activate the NF-xB and
signal transducer and activator of transcription 3 signaling path-
ways through cyclic GMP-AMP synthase (cGAS) to promote
the expression of SASP protein; depleting G3BP1 or inhibiting
the cGAS pathway may prevent the expression of SASP factors
and reduce the occurrence and migration of tumors without
affecting the normal senescence of cells (39).
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Figure 1. Possible mechanisms of acute and chronic stress-inducing different types of SGs. (A) When subjected to acute stresses, the stalled 48S PICs in
eukaryotic cells serve as the ‘nucleus’ of SGs. The SG ‘shell’ consists of various dynamic RBPs. The assembly of SG ‘cores’ and ‘shells’ is largely driven by

LLPS. The mRNA in SGs is able to resume translation after the stress is reli
proteins and RBPs, leading to abnormal LLPS and generating aberrant SGs

eved. (B) Chronic stress may induce mutations and aggregation of DNA-binding
. The deposited tau may cross-link with RBPs. As chronic stress persists, RBPs

in normal SGs may also undergo mutations and the autophagy hydrolysis pathway of SGs is blocked. Normal SGs gradually change from liquid to gel/solid

and persist, eventually inducing various diseases. (C) The typical RBPs in

SGs, such as G3BP1, are the main targets of various viruses. The N protein in

SARS-COV-2 integrates with G3BP1 into SGs, promoting the degeneration of SGs. In addition, after SARS-COV-2 enters human host cells, the initially
synthesized NSP1 may block the channel of host mRNA to enter the 40S subunit but promote viral replication. SG, stress granule; RBP, RNA-binding protein;
SARS-COV-2, severe acute respiratory syndrome-coronavirus disease; LLPS, liquid-liquid phase separation; G3BP1, G3BP SG assembly factor 1; TIA1, TIA1
cytotoxic granule associated RNA binding protein; RACK1, receptor for activated C kinase 1; NSP1, non-structural protein 1; PICs, preinitiation complexes;

PTM, post-translational modification.

The survival of tumor cells faces numerous unfavorable
conditions, such as hypoxia, nutrient deficiency, reactive oxygen
species and high osmotic pressure. Tumor cells may pursue the
path of generating SGs to selectively perform mRNA transla-
tion to regulate cell signal transduction pathways, metabolism
and stress response to promote their own survival (1,41,42). For
instance, in liver cancer cells, PI3K and MAPK/p38 activate the
mechanistic target of rapamycin (mTOR) complex 1-S6 kinase
signaling pathway and phosphorylate elF2a, eIF3, eI[F4B and
elF5 to generate SGs (5-7), which may promote the develop-
ment of liver cancer (6). Chemotherapy drugs commonly used
in cancer treatment, such as bortezomib, cisplatin or etoposide,
may stimulate tumor cells to generate SGs that depend on
elF2a phosphorylation and resist the effects of drugs (43,44).
In tumor cells cultured in vitro, the plant-derived anti-cancer
drug Sanxin may activate PKR and elF2a phosphorylation in
cancer cells and induce the production of SGs (35). SGs may
also regulate tumor-related signaling pathways and participate
in tumor migration. By inhibiting the phosphorylation of
elF2a and interfering with the recruitment of SGs or microtu-
bule polymerization, tumor occurrence and metastasis may be
inhibited (43,45).

NO is one of the key factors in tumorigenesis, development
or suppression, depending on the source and concentration of

NO. The high concentration of NO synthesized by inducible NO
synthase in activated macrophages/lymphocytes may induce cell
cycle arrest and apoptosis and exert anti-tumor effects. The low
and intermediate concentrations of NO synthesized by tumors
and endothelial cells interfere with normal cell DNA repair and
promote the accumulation of mutations, tumor heterogeneity,
angiogenesis, epithelial mesenchyme and tumor invasion (46).
The different effects of NO in inhibiting or promoting tumori-
genesis may be related to the regulation of different translation
initiation factors by NO, inducing the production of different
subtypes of SGs in cancer cells and promoting the conversion
between different subtypes of SGs. For instance, the lack of
elF3 in type II SGs may promote tumorigenesis (28).

Various RBPs also have a vital role in the generation of
SGs in tumor cells and the promotion of tumor development
(Table I). The anti-metabolite drug 5-fluorouracil (5-Fu) is
widely used to treat solid tumors. However, tumors generally
develop resistance to 5-Fu in the later stages of treatment.
Kaehler ef al (25) indicated that during the process of 5-Fu
inducing SGs in cancer cells, RACK1 was isolated in SGs,
which inhibited MTK1-SAPK and downstream tumor apop-
tosis signaling pathways, resulting in a decrease in the effect
of 5-Fu chemotherapy. Similarly, when Sanxin was used to
treat tumors, RACK1 was isolated in SGs, which reduced
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the activation of caspase-3 and the therapeutic effect of
Sanxin (35). The results of in vitro experiments indicate that
the use of comprehensive therapies such as hypoxia, arsenite
and X-ray therapy may also induce the production of SGs
containing RACKI1 in cancer cells, thereby reducing cancer
cell apoptosis and resisting therapeutic intervention (34).

Compared with the control group, G3BP1 gene knockout
in tumor cells significantly enhanced the sensitivity to Sanxin
treatment (35). G3BP1/2 is able to regulate the translation of
interferon-stimulated genes to promote tumor development
and metastasis (47); G3BP2 was also reported to promote
breast tumors by binding to squamous-cell carcinoma anti-
gens (48). Studies on SGs of human sarcoma cells indicated
that G3BP1 interacts with Y-box binding protein (YB-1) to
jointly promote the production of SGs; at the same time, the
increased expression of G3BP1 and YB-1 predicts a poor
survival prognosis for tumor patients (49). In the SGs of tumor
cells induced by sodium arsenite, the distributions of G3BP1
and TIA1/R are highly overlapped and may jointly regulate
the stability and degradation of mRNA in SGs under stress
conditions (37). Therefore, by regulating the phosphorylation
of translation initiation factors, regulating the SGs-promoting
effects of various RBPs, such as RACK1, G3BP1/2 and the
downstream signaling pathways of SGs/RBPs, may reduce the
incidence of tumors, improve the efficacy of tumor treatment
drugs and reduce the mortality of patients with cancer.

5. SGs involved in cardiovascular disease

A recent study indicated that for monocytes/macrophages
isolated from the serum of patients with myocardial infarction
(MI) and coronary artery disease, hyperglycemia stimulation
activated the pyruvate kinase isoenzyme type M2 (PKM2),
followed by SGs marker protein G3BP1 production, intra-
vascular plaque loosening and shedding; eventually, the risk
of thrombosis was increased (10). A study on atherosclerotic
plaques in low-density lipoprotein (LDL) receptor knockout
mice suggested that increased expression of G3BP1 and
poly-A binding protein (PABP) in macrophages and smooth
muscles was significantly associated with the progression of
atherosclerosis (11). In human coronary artery smooth muscle
and macrophages cultured in vitro, application of oxidized
LDL and mitochondrial/oxidative stress mediator may rapidly
induce the production of SGs containing PABP and G3BP;
while application of IL-19 may inhibit eIF2a phosphorylation,
PABP expression and SG production (11).

A molecular genetic study in humans and rodents indicated
that the Wnt and LDL receptor-related protein (LRP) signaling
pathway may be a key step in cardiometabolic diseases. For
cultured mouse aortic smooth muscle cells, under the stimula-
tion of glycerol phosphate, the expression of G3BP1, a marker
protein of SGs in smooth muscle cells, increased through
its C-terminal arginine methylation domain and mitochon-
drial antiviral signal protein retinoic acid-inducible gene I
cross-linking to promote Wnt signaling related to arterioscle-
rosis and accelerated arteriosclerosis (50). The application of
G3BP antagonist C108 may reduce G3BP1 methylation and
Wnt signaling (50).

The mutation of human RNA binding motif protein 20
(RBM?20) caused by gene mutation is closely related to

congenital dilated cardiomyopathy. A clinical study indicated
that mRNP particles containing RBM20 variants accumulate
abnormally in the sarcoplasm of patients' myocardial cells
and promote the fusion of biomolecules and SGs in the sarco-
plasm (51). Therefore, the disorder of the protein components
of mRNP particles, including SGs, is closely related to cardio-
vascular diseases such as MI and coronary artery disease,
atherosclerosis and dilated cardiomyopathy. In addition, the
above-mentioned diseases are mostly chronic diseases except
for MI, which may cause intracellular protein translation, RBP
dysregulation and the persistence of SGs, thereby promoting
the development of cardiovascular diseases. For instance, acute
coronary syndrome, otherwise known as type 1 MI, occurs as
a result of vulnerable plaque rupture with following thrombus
formation and arterial spasm and thus coronary occlusion (52).
However, the activation of PKM2 may mediate NLR family
pyrin domain containing 3 inflammasome and G3BP1 produc-
tion, ultimately increasing plaque vulnerability/rupture and is
associated with acute MI (10). Circular RNAs are a subclass
of non-coding RNAs detected within mammalian cells and
are generated from numerous protein-coding genes. It was
recently reported that a circRNA transcript, circFndc3b, is
significantly downregulated in the post-MI mouse and human
hearts. Overexpression of circFndc3b significantly enhanced
vascular endothelial growth factor A expression via reducing
the levels of SGs-related protein FUS (53). These results
indicated that modulation of circRNA expression and/or
SGs-related protein levels may represent a potential strategy
to promote cardiac function and remodeling after MI. In the
meantime, meticulous research is also required to determine
the roles of SGs and RBPs in acute cardiovascular diseases
such as MI.

6. SGs involved in viral infection

SGs produced by host cells have an important role in
antiviral innate immunity (54). During virus attack, viral
double-stranded RNA may activate PKR and PERK in host
cells, phosphorylate elF2a, generate SGs and inhibit the trans-
lation and replication of viral RNA; therefore, SGs have also
become the target of numerous viral attacks (8,9). Different
viruses may affect the various stages of SGs, such as inhibiting
the production of SGs or interfering with the components of
SGs and the function of SGs (8,55). Pseudorabies virus (PRV)
may infect other mammals such as pigs, cattle, sheep, dogs
and cats. The results of in vitro experiments suggest that PRV
may inhibit the process of eIF2a phosphorylation induced by
sodium arsenite, inhibit the production of SGs and promote viral
replication (56). The cricket paralysis virus (CrPV)-associated
protein CrPV-1A may induce the aggregation of G3BP1 and
inhibit the production of SGs (57). Foot-and-mouth disease
virus and equine rhinitis A virus also inhibit the production of
SGs by host cells by lysing G3BP1/2 (58).

Poliomyelitis virus (PV) may induce host cells to produce
SGs at the initial stage of infection, but as time goes by, PV
promotes the cleavage of G3BP1 through protease 3C and
inhibits the production of SGs (59). Protease 2A in picorna-
virus, EV71, isolates host mRNA by cleaving eIF4GI to form
atypical SGs, but releases viral mRNA to promote virus
replication (60). Ebola virus (EBOV) replicates in host cells
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and infection does not induce the production of SGs, and
may inhibit the process of arsenite-induced SGs; EBOV virus
particles may also inhibit the production of SGs induced by
a variety of drug stresses (61). The effect of EBOV in inhib-
iting SGs may lie in the cross-linking between its C-terminal
domain and G3BP1, elF3 and eEF2 in SGs (61).

Coronavirus disease 2019, which is currently circulating
globally, is a highly contagious disease caused by severe acute
respiratory syndrome coronavirus 2 (SARS-COV-2) infec-
tion. The latest research has indicated that the SARS-COV-2
nucleocapsid (N) protein is cross-linked with G3BP1 in the
host cell SGs through LLPS to isolate G3BP1, thereby inhib-
iting the formation of SGs or promoting the degeneration of
SGs, and is beneficial to the virus' self replication (62-64).
Prasad et al (65) even observed that 116 human SG proteins
directly interacted with SARS-CoV-2 proteins and they are
involved in 430 different brain disorders.

SARS-COV-2 may also interfere with the initiation of
SGs in the host cell by inhibiting translation initiation; for
instance, after SARS-COV-2 enters the host cell, it first
synthesizes non-structural protein 1 (NSP1), and NSP1 uses
its C-end to bind to the 40S subunit in the host cell ribosome
complex, blocking the passage of host mRNA into the 40S
subunit; NSP1 may also bind to 43S PIC (66-68). In addi-
tion, SARS-COV-2 may also inhibit host cell translation
and immune response through NSP1, but does not restrict
the translation of the virus' own protein (66-68). In the host
cell, the aggregated N protein and SARS-COV-2 RNA poly-
merase form a high-density complex through LLPS, which
may effectively promote the translation of viral RNA and
viral replication (62). MERS-CoV, similar to SARS-COV-2,
inhibits PKR-mediated phosphorylation of elF2a, prevents
host cells from producing SGs and promotes viral mRNA
translation (69). At present, as is common for viruses, new
coronavirus variants keep on emerging, and certain strains
may be more contagious and harmful. Whether the mutated
SARS-COV-2 has other ways to inhibit host cell translation
and immune response, inhibit the production of SGs in host
cells and promote its own protein translation and virus repli-
cation requires further research.

The diversity of the above-mentioned viruses' attack
methods in host cells highlights the importance of SGs in
anti-viral defense. It is necessary to intervene with specific
proteins according to the interaction between different viruses
and the host cell's SG production process, and determine a
treatment plan. For instance, for SARS-COV-2, it interferes
with the LLPS process in the host cell, inhibits the accumula-
tion of N in large quantities and interferes with the binding of
NSP1 to the 40S subunit of the host cell's ribosome. However,
a latest heavily mutated Omicron variant (B.1.1.529) puts
scientists on alert due to its increased infectivity and ability
to evade infection-blocking antibodies compared to the Delta
and Alpha variants (70). In addition, certain key questions
about this variant remain unanswered, such as whether
Omicron is more transmissible and causes more severe or
milder pathologies than other variants. A question related
to the present review, namely how SGs/RBPs directly and
indirectly regulate various signaling pathways to contribute
to Omicron evading the antiviral immune response is also
worthy of in-depth study.
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Caprin1 "¢

TBI

Figure 2. Moderate TBI induces the alteration of caprinl expression in
injured neurons of the C577BL/6J mouse motor cortex. (A and B) Sham
group at magnifications of (A) x100 and (B) x200. (C and D) TBI group at
(C) x100 and (D) x200 magnification (scale bars, 30 ym). B and D provide
magnified windows of A and C, respectively. In TBI mice, the right somato-
sensory cortex had been subjected to a moderate fluid percussion pulse from
2.5 to 2.6 atm. On day 8 post-injury, immunofluorescence analysis indicated
that neurons in the sham animals exhibited clear and even caprinl expression
in the motor cortex; while the expression of caprinl (stress granule-related
RNA-binding proteins, as indicated by red arrows in D) in typical lesioned
neurons on the left of the vertical red line in TBI animals was largely diffu-
sive and uneven with numerous dots. However, caprinl expression in neurons
outside the lesion zone (on the right side of the vertical red line) was less
affected. The experimental protocol is provided in Appendix S1. TBI, trau-
matic brain injury.

7. SGs involved in neurodegenerative diseases

Accompanied by chronic encephalopathy caused by brain
aging, ischemia, traumatic brain injury and other factors
such as secondary neuroinflammation, the nervous system of
the elderly is prone to chronic stress and in turn, the occur-
rence of chronic stress is closely related to neurodegenerative
disease (19,71). Among the mRNP particles induced by stress,
SGs are most closely related to neurological diseases (19,71).
The above-mentioned risk factors, such as brain aging, cerebral
ischemia, brain injury and neuroinflammation, may induce
the generation of SGs in neurons, regulate the expression of
RBPs (72-75), such as Caprinl (Fig. 2), and induce irreversible
accumulation of key RBPs and tau (19,76).

In SGs, RBPs and deposited tau may be cross-linked,
hindering the translation of RNA. Eventually, RBP and/or
tau deposits aggregate and transform into an irreversible state
of accumulation (77). The results of in vitro studies have
indicated that under pathological conditions, SGs transform
from liquid to viscous/solid amyloid and cause tau deposi-
tion (12-15), which promotes neurodegenerative diseases (77).
The phosphorylation of neuron elF2a and elF4 is mainly
caused by the activation of signaling pathways such as mTOR,
GCN2, PKR and PERK; therefore, these signaling pathways
may also become targets for the development of neuropro-
tective drugs (78-80). The disordered LCDs in RBPs may
regulate the liquid-solid transition of mRNPs. Under patho-
logical conditions, the LCDs of RBPs exhibit a highly ordered
structure, which promotes the aggregation of RBPs and the
unidirectional transformation of mRNPs from liquid to solid,
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and generates pathological SGs (13,81). Full-length tau with
internal disorder may also pass through LLPS under patho-
logical conditions and aggregate (15). Numerous proteins
involved in the composition of SGs, such as TDP-43 (82-85),
TIA1 (86,87), G3BP1/2 (88,89), FUS (90,91) and hetero-
geneous nuclear ribonucleoproteins (hnRNPs) (92,93), are
related to the pathogenesis of neurodegenerative diseases
(Table I).

Amyotrophic lateral sclerosis (ALS) and frontotemporal
dementia (FTD) have the same pathological and genetic
characteristics, and TDP-43 and FUS are closely related to
ASL/FTD (82-84,90,91). TDP-43 also accumulates in the
brains of patients with Alzheimer's disease (AD) (85,94). In
the brains of patients with AD, in addition to -amyloid and
tau protein, TDP-43 may also accumulate in the limbic system;
AD patients with full-length TDP accumulation have more
obvious FTD symptoms (85). The latest research suggested that
FUS is able to regulate the gene expression of acetylcholine
receptors at the neuromuscular junction and FUS mutations
may directly lead to ALS (91). In addition, the accumulation
of FUS mutations may activate the protein kinase Hippo and
JNK signaling pathways, accelerating neuronal degeneration
and apoptosis (90). RBPs, such as TDP-43 and FUS, regulate
the distribution and metabolism of RNA in cells by binding
to coding and non-coding RNA; these RBPs may interact and
participate in the pathogenesis of ALS/FTD (95,96). Clinical
autopsy results suggested the presence of a large number of
TDP-43 accumulations in neurons of TIA1 mutation carriers;
TIA1 mutations may hinder the decomposition of SGs
and promote the accumulation of TDP-43 in non-dynamic
SGs (96).

Under stress, neurons may work with their intracellular
SGs to degrade a large amount of RNA through the autophagy
pathway (18,19). When the crisis is removed, SGs are also
eliminated through autophagy and the normal translation
process is restored (18,19). However, under continuous stress,
the chromosome 9 open reading frame 72 mutation causes
the SG autophagy pathway to be blocked and promotes the
accumulation of TDP-43 in the cytoplasm (97,98), leading
to ALS/FTD (99,100). In addition, the methylation of FUS
arginine at R218 by protein arginine methyltransferase 5 is
a prerequisite step for the formation of the above-mentioned
complex and the maintenance of the SG clearance mecha-
nism (99). Mutations in p62 may also reduce the ability
of neurons to clear SGs, resulting in neurotoxicity (100).
Therefore, regulating the production/disaggregation balance
of SGs in stress by arginine methyltransferase and p62 kinase
drugs may help reduce the occurrence of neurodegenerative
diseases. In the pathological process of AD and ALS/FTD,
RBPs and tau in SGs may also interact with each other (94).
Transgenic animal (87) and in vitro experiments (86) indi-
cated that TIA1 is able to promote tau phosphorylation and
misfolding, and they then enter pathological SGs together,
affecting the normal metabolism of RNA; tau may also regulate
the distribution of TIA1 (86). In addition to long-term poten-
tiation (LTP), long-term depression (LTD) is also involved in
regulating the synaptic plasticity of hippocampal neurons and
they jointly affect the formation of different types of memory.
The phosphorylation of elF2a may reduce LTP, increase
mGIuR-LTD and affect learning and memory (101,102).

DJ-1 is a protein/nucleic acid desaccharase encoded by the
gene PARK?7 related to familial Parkinson's disease (PD). It has
numerous functions, such as anti-oxidation, transcription regu-
lation and regulation of protein degradation. The expression of
DJ-1 helps delay the pathological process of neurodegenerative
diseases such as PD and AD (103). During acute stress, DJ-1
is able to combine with SGs to jointly regulate RNA metabo-
lism and shunt, and exert a neuroprotective effect (104,105).
However, under chronic stress conditions, DJ-1 mutation
promotes the transformation of SGs into pathological SGs
and promotes the occurrence of PD (104). Therefore, eIF2a
phosphorylation, liquid-solid phase transformation of SGs,
incorrect intracellular distribution of RBPs, RNA metabolism
disorders and interactions between RBPs and tau or DJ-1 may
all be targets for the development of drugs for neurodegenera-
tive diseases.

8. Conclusions

The production of SGs by eukaryotic cells is an important
means of resisting various stress injuries and maintaining cell
survival. SGs contain translation initiation factors, untrans-
lated mRNA and RBPs. During the stress process, numerous
signaling pathways/proteins affect the distribution, assembly
and degradation of SGs. SGs may also change a variety of
intracellular signaling pathways by isolating various messenger
proteins. Therefore, SGs may be combined with other mRNPs,
such as PBs, to become the ‘stress signal processing center’ of
cells under stress conditions. However, there are still numerous
unknowns about SGs. For instance, it remains elusive how
various intracellular signaling pathways regulate the initiation
factors to affect the initiation, nucleation and cross-linking
process of SGs with RBPs. Similarly, how various RBPs
inside and outside SGs regulate the storage, retranslation and
degradation of specific mRNAs is also undetermined. In the
acute phase of stress, the assembly/disassembly of SGs is in
a dynamic equilibrium. As the stress continues, SGs may
transform into aggregated pathological SGs. Possibly, varied
signaling pathways engage in regulating the assembly/disas-
sembly of SGs under acute or chronic stress conditions. The
coding and non-coding mRNA components of SGs and the
relationships between different RBP mutations and diseases
are also worthy of in-depth study. Therefore, it is necessary to
clarify the various components of SGs, including mRNA and
RBPs, and the roadmap for the occurrence of various diseases,
so as to provide a theoretical basis for the design and develop-
ment of drugs for SG-related diseases.
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