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Abstract: Cells possess membraneless ribonucleoprotein (RNP) granules, including stress granules,
processing bodies, Cajal bodies, or paraspeckles, that play physiological or pathological roles. RNP
granules contain RNA and numerous RNA-binding proteins, transiently formed through the liquid-
liquid phase separation. The assembly or disassembly of numerous RNP granules is strongly
controlled to maintain their homeostasis and perform their cellular functions properly. Normal RNA
granules are reversibly assembled, whereas abnormal RNP granules accumulate and associate with
various neurodegenerative diseases. This review summarizes current studies on the physiological or
pathological roles of post-translational modifications of various cellular RNP granules and discusses
the therapeutic methods in curing diseases related to abnormal RNP granules by autophagy.

Keywords: RNP granules; stress granules; P-bodies; Cajal bodies; paraspeckles; autophagy; post-
translational modification; neurodegenerative disease

1. Introduction

Cells comprise membrane-bound organelles, including mitochondria, the Golgi ap-
paratus, and the endoplasmic reticulum, and membraneless organelles, such as stress
granules (SGs), processing bodies (P-bodies), Cajal bodies, and paraspeckles [1]. Many
membraneless organelles contain RNAs and RNA-binding proteins (RBPs) (Figure 1),
which are transiently formed through the liquid-liquid phase separation (LLPS), similar
to oil droplet formation in water. The LLPS occurs due to the forces that weaken the elec-
trostatic, hydrophobic, protein—protein, protein-RNA, and RNA-RNA interactions [2,3].
Notably, intrinsically disordered regions (IDRs) on RBPs are the key drivers of LLPS [4,5].
Generally, post-translational modifications (PTMs) of proteins in the various RNA granules,
via phosphorylation, glycosylation, or methylation, impact the associations of RNP granule
proteins, enzymatic activities, the stability of modified proteins, or intracellular locations.
Remarkably, current accruing evidence proposes that PTMs altering the phase separation of
these RBPs might play a crucial role in forming pathological RBP inclusions in neurodegen-
erative diseases [6]. Additionally, autophagy, a lysosomal degradation pathway, controls
ribonucleoprotein (RNP) granules and pathological RBP aggregates.

This review summarizes several RNP granules and discusses the pathophysiological
roles of PTMs of RNP granules that autophagy can regulate.
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Figure 1. Cellular ribonucleoprotein (RNP) granules. (a,b) Schematic structural representation of
cytoplasmic RNP granules. (a) Stress granules (S5Gs) containing untranslated mRNA, ribosomes,
translational initiation factors, and RBPs. (b) P-bodies containing untranslated mRNAs and RBPs.
(c and d) Schematic structure of nuclear RNP granules. (c) Paraspeckles containing IncRNA NEAT1
and nuclear-localized RBPs. (d) Cajal bodies containing snRNPs, snoRNPs, and nuclear RNPs.

2. RNP Granules
2.1. Cytosolic RNP Granules
2.1.1. SGs

SGs are dynamic cytoplasmic RNP granules formed during cellular stress, such as heat
shock, oxidative stress, viral infection, osmotic stress, ultraviolet irradiation, or long-term
starvation [7]. The major function of SGs is protection from the RNA damage and abnormal
protein synthesis from stress conditions and to increase cell viability [8].

Notably, these SGs rapidly disassemble when stress is relieved. They generally con-
tain RNAs, RBPs, and 40S ribosomal subunits and comprise cell-type- or stress-specific
components [9]; however, SGs strictly require translation machinery and they are disrupted
by translation inhibitors [10].

Many signaling molecules tightly regulate the assembly or disassembly of SGs. SG
formation is mostly dependent on eukaryotic translation initiation factor 2« (elF2x) phos-
phorylation using protein kinase RNA (PKR), heme-regulated inhibitor, general control
nonrepressed 2 (GCN2), or PKR-like endoplasmic reticulum kinase. Most stress increases
elF2x (S51) phosphorylation, a component of the elF2-GTP-tRNAiMet ternary complex,
leading to the inhibition of protein translation [11]. SG assembly is enhanced by mTORC1
activation, which is regulated by PI3K and p38 [12]. SG formation is also affected by the
mTORCI effector kinases S6K1 and S6K2 via elF2o phosphorylation regulation and persis-
tence, respectively [13,14]. However, elF4A activity or cap-dependent ribosome recruitment
inhibition induces SG formation in an el[F2« phosphorylation-independent manner [15].
Intriguingly, various proteins are essential for SG formation, such as G3BP1/2 [16], TIA-
1 [17], histone deacetylase 6 (HDAC6) [18], and UBAP2L [19]. These proteins generally
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possess IDRs, which regulate LLPS [17,20,21]. Many mutations in the IDRs of RBPs, such as
FUS, TDP-43, EWS, and hnRNPA1, can alter the phase separation of RNA-binding proteins,
consequently inducing gel-like structures/aggregates.

SGs are biphasic structures with a stable core that is usually surrounded by a dynamic
shell [22]. They initially assemble stable cores, providing a platform for the growth of
dynamic shells around these cores. Shell dissipation occurs first, followed by core decompo-
sition during the disassembly step [23]. SG disassembly occurs in a reverse process where
a less stable shell initially dissolves, accompanied by core disassembly and/or clearance
by autophagy. Several corollaries exist in this observation. First, mRNA is believed to
be in rapid equilibrium between the cytosol and SGs upon translation re-establishment.
This exchange influences stress granule structural integrity and may account for titrating
select RNA into translation. The lag in the clearance of granule cores may reflect the
requirement of a myriad of ATP-dependent remodeling complexes (e.g., heat shock protein
70 or p97 /valosin-containing protein (VCP) AAA-ATPase complexes [24,25]) and serve as
a cytoprotective mechanism to acutely re-nucleate SGs whenever the cell re-encounters
stress [23].

2.1.2. P-bodies

P-bodies are also cytosolic dynamic RNP granules containing translationally repressed
mRNAs and proteins involved in mRNA decay, increasing the roles of P-bodies in post-
transcriptional regulation. P-bodies are compositionally and functionally associated with
SGs [26]. They share numerous proteins, such as elF4E, XRN1, and RAP55, which are
usually fused [27,28], although the physiological meaning of their docking remains con-
troversial. Though P-bodies and SGs are involved in post-transcriptional regulation and
translational control, they form through the coassembly of translationally inactive mRNAs
linked with distinct RN A-binding proteins (RBPs), notably with translational initiation
components (5Gs) and mRNA degradation machinery components (P-bodies) [29]. Unlike
SGs, they are internally present within cells, further increased by cellular stresses, such as
sodium arsenite or mild cold shock [30]. It has been reported that mRNA decapping and 5'-
3’ decay generally promote P-body formation [31]. However, the mechanistic explanations
for P-body formation are still unclear.

P-bodies are involved in mRNA storage and degradation, nonsense-mediated mRNA
decay, translational repression, or microRNA (miRNA)/small interfering RNA-mediated
gene silencing [32,33]. Interestingly, P-bodies drive viral mRNP inclusions to prevent viral
protein synthesis during viral infection conditions.

Several factors regulate P-body assembly and disassembly. Notably, the formation
and integrity of P-bodies require mRNA [34]. These mRNAs dissociate from the ribosome
via translation inhibition, subsequently increasing P-bodies [26], and the overexpression
of non-translating mRNA fragments increases the number and size of P-bodies. The
various mRNA-regulating proteins involved in exonuclease activity (XRN1), decapping
(Dcp1A, Dcp2, and Edc3), and deadenylation (Ccr4, Cafl, Pan2, and Pan3) are linked
with the regulation of P-bodies. Similarly, compared with other key factors, 4E-T [35,36],
GW182 [37,38], and RAP55 [27,39] can reduce the P-body assembly. Current studies reveal
that the RNA helicase and P-body component, DDX6, modulates P-body homeostasis and
controls the self-renewal and differentiation of stem cells [40].

2.1.3. Germ-Cell-specific RNP Granules

Germ-cell-specific RNP granules are cytoplasmic RNP granules specifically formed
only in germ cells for proper germ cell development from worms to humans [41]. Germ
granules have various names depending on the organisms, such as chromatoid bodies in
mammals, P granules in Caenorhabditis elegans, cytoplasmic polar granules in Drosophila
melanogaster, and Balbiani bodies in zebrafish. Germ-cell-specific RNP granules act as
storage compartments that prevent maternally provided mRNAs’ premature translation in
many organisms [42,43]. Notably, germ granules provide platforms for the PIWI-interacting
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RNA (piRNA) pathway and are involved in piRNA biogenesis and piRNA-targeted RNA
degradation. Recently, other RNA regulatory mechanisms, such as the nonsense-mediated
mRNA decay pathway, have been linked with germ granules. Germ-cell-specific RNP
granules share components with SGs and P-bodies and contain specific proteins and RNAs
involved in gametogenesis and embryonic development [44]. DEAD-box RNA helicase
VASA (DDX4) and nanos mRNA are vital components of the general germ granule. Among
germ-cell-specific RNA granules, chromatoid bodies are transiently and highly condensed
structures at the initial spermatogenesis stages, comprising mouse VASA homolog (MVH),
MIWI, TDRD family proteins, UPF2, IP6K1, GRTH [45], and small RNAs, such as miRNAs
and piRNAs.

The molecular specifics of germ-cell-specific RNP granule assembly and disassembly
are poorly elucidated. However, a few studies reported that PGL proteins, PGL-1 and PGL-
2, are crucial for germ granule formation through self-association and RBP recruitment [46].
Furthermore, in Drosophila germ granules, also called polar granules, RNA molecules form
homotypic clusters containing multiple molecules of the same RNA species, signifying the
importance of RNA assembly in the polar granules [47].

2.2. Nuclear RNP Granules
2.2.1. Cajal Bodies

Cajal bodies, also called coiled bodies, are subnuclear organelles with diameters
between 0.3 and 1.0 pm in the nucleoplasm of animal and plant cells. These are the
main sites for assembling small nuclear RNPs (snRNPs). Thus, Cajal bodies are enriched
with snRNPs, small nucleolar RNPs (snoRNPs), and telomerase RNA. Most snoRNPs are
involved in guiding RNA modification in snoRNAs, specifically named scaRNAs in Cajal
bodies [48]. These RNP granules are essential for histones mRNA, rRNA processing, and
intron-encoded snoRNP biogenesis.

Coilin phosphorylation regulates the assembly and disassembly of the Cajal body.
Coilin (also known as P80C), a marker protein of Cajal bodies, is essential for the proper
formation of Cajal bodies and cell proliferation [49,50]. However, coilin overexpression
does not increase the number or size of Cajal bodies, indicating that coilin concentration is
not a limiting factor for their assembly [51]. Another regulator of the formation of Cajal
bodies is WRAP53, also a central player in the trafficking and formation of telomerase
RNPs [52]. Spinal motor neuron (SMN) protein, through its interaction with coilin, is
also localized to Cajal bodies [53]. This protein is required for the biogenesis of various
snRNPs. Therefore, SMN deletion inhibits Cajal body formation and maintenance [54].
Furthermore, Cajal bodies facilitate telomerase recruitment to telomeres and telomere
elongation [55-57]. In this process, coilin and WRAP53 are associated with telomerase
RNA, which may contribute to telomerase biogenesis.

2.2.2. Paraspeckles

Paraspeckles are unique subnuclear structures composed of specific long noncoding
RNAs (IncRNAs) and proteins [58]. They are structured in a core-shell spherical struc-
tures with irregular diameters of ~0.36 pm on average [59]. Paraspeckles are critical for
controlling gene expression as the site of nuclear retention of specific mRNAs during
differentiation, viral infection, and stress responses [60]. Additionally, they are involved in
transcriptional gene regulation, such as mRNA biogenesis, pre-mRNA 3'-end formation,
and cyclic AMP signaling.

Paraspeckles have IncRNAs, and nuclear paraspeckle assembly transcript 1 (NEAT1),
composed of two isoforms (NEAT1_1 and NEAT1_2), serves as an architectural compo-
nent [61]. Indeed, most paraspeckles are assembled near the NEAT1 locus on human
chromosome 11 [62]. NEAT1 knockout mice fail to form paraspeckles, and only NEAT1_2
overexpression can rescue the paraspeckle formation, indicating that NEAT1_2 is essential
for paraspeckle formation [63]. Interestingly, a recent study showed that TDP-43 and FUS,
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associated with amyotrophic lateral sclerosis (ALS), are abundant in paraspeckles and
interact directly with NEAT1_2 in ALS-patient-derived motor neurons [64].

Some of the paraspeckle proteins overlap with SGs. Furthermore, stress-induced
SG assembly induces paraspeckle formation, indicating that SGs act as key regulators
of paraspeckle assembly in response to stress [65]. However, the mechanism for the
disassembly of paraspeckles remains unknown.

2.2.3. Promyelocytic Leukemia (PML) Bodies

PML bodies are spherical structures in the nucleus that can measure up to 1 pM
in diameter. Unlike other granules, PML bodies only contain more than 170 proteins
and do not contain RNA or DNA processes [66]. However, in a specific situation, such
as HSV-1 infection into cells, the HSV-1 genome can be encased into PML bodies [67].
PML bodies vary in composition and are implicated in cellular processes such as telomere
lengthening, DNA repair, and the DNA damage response [68-70]. Proteasomes and
nuclear diffused defective ribosomal products (DRiPs) can accumulate in PML bodies
with polyubiquitin conjugation, indicating that they remove newly synthesized misfolded
proteins [71]. Moreover, the interaction of PML bodies with chromatin is important for
controlling specific cellular chromatin assembly pathways and the chromatinization of viral
genomes [67].

The principal organizing component of PML bodies is the PML protein, a member of
the TRIM/RBCC family protein and a type of tumor suppressor gene. They are essential
for the biogenesis and formation of PML bodies. This protein contains an N-terminal
RING finger, two zinc fingers, and an RBCC domain. The RBCC domain mediates protein
interaction, multimerization, and localization in the PML bodies. However, it does not have
a DNA-binding capacity [72]. In particular, it is dimerized and oligomerized upon oxidative
stress. Additionally, PTMs on PML are critical for PML body assembly. SUMOylation
(small ubiquitin-like modifier) can alter protein interactions and cellular localization. The
SUMOylation of PML also plays a critical role in recruiting partner proteins and accelerates
PML body formation [73]. The SUMOylation of PML K160 is required for PML body
recruitment [74]. Moreover, other SUMOylated proteins, such as Sizn1, are implicated in the
accumulation of PML bodies [75]. Furthermore, DNA damage or stress-activated kinases,
such as ATM [76], CHK2 [70], CK2 [77], or ERK [78], phosphorylate PML, regulating PML
stability, PML body biogenesis, and interacting protein association.

2.2.4. Nuclear SG-like Structures

Nuclear SG-like structures have been recently identified. Nuclear SG-like structures
are assembled upon heat shock or stress induced by chemicals. Tellurite-induced oxidative
stress also induces elF2a phosphorylation and G3BP1- and elF23-positive nuclear gran-
ules [79]. Therefore, we called them nuclear SG-like structures. Nuclear SG-like structures
are composed of the transcription and splicing machinery, RBPs, and satellite III (SatIII)
IncRNAs [80,81]. Additionally, pre-mRNA-splicing factor SF2, an alternative splicing factor
(SF2/ASF), is recruited to nuclear SG-like structures, which is mediated by a direct interac-
tion with Satlll transcripts [82]. However, the specific roles of nuclear SG-like structures
remain elusive.

2.2.5. Physiological Roles of RNP Granules

RNP granules are eukaryote-conserved biomolecular condensates composed of RNA
and RBPs, which play a major role in RNA metabolism. Moreover, in the case of cytoplasmic
RNP granules, such as SGs, P-bodies are enriched with mRNAs that are suggested to
play a role in translation regulation and mRNA storage. In this section, we describe the
physiological roles of RNP granules.

RNP granules form and play roles in various cellular functions. P-bodies regulate
mRNA metabolism, Cajal bodies play a role in RNA processing and telomerase biogenesis,
and paraspeckles control gene expression. Among the RNP granules, SGs, which are
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the most studied, are mainly formed to cope with abnormal translation and improve cell
survival in stress conditions. [1]. SGs can sequester various intracellular components and
regulate cell signaling pathways. Stress can typically induce apoptosis to avoid stress-
induced alterations. However, some evidence shows that SGs prevent apoptosis. The
apoptotic signaling receptor protein RACK1 is sequestered into SGs under heat stress
conditions, inhibiting the p38 and c-Jun N-terminal kinase apoptotic signaling pathway [2].
SGs also inhibit apoptosis by recruiting mammalian TOR (mTOR) to SGs [3]. Not only
can SGs prevent apoptosis but they can also play a potential protective role through anti-
inflammatory [4] and antioxidant effects [5].

A growing body of evidence implies that RNP granules carry specific mRNAs to target
sites to synthesize the required proteins. Notably, highly polarized cells carry specific
mRNAs to target sites to synthesize the required proteins in the neurons. In neurons,
highly polarized cells, the transport of mRNAs to distal sites from the cell body is required
for the accurate synthesis of specific proteins [6]. RNP granules containing mRNAs have
been transported in neurons by interacting with the cytoskeleton and motor proteins.
Additionally, RNP granules play a role in local protein synthesis by transporting mRNA
to the axons or dendrites [7]. For example, the persistence of activated spine localized f3-
actin mRNA [8] undergoes multiple translations, and the newly synthesized proteins may
function in spine enlargement and synaptic consolidation [6]. Furthermore, upregulated
TDP-43 forms RNP granules, also called myo-granules, in injured skeletal muscle, which
contains mRNA encoding structural proteins vital for proper muscle formation [9].

Further studies on the composition, assembly, and transport of RNP granules are
required to understand their role in cellular regulation and organization.

3. Dynamic Regulation of RNP Granules by PTMs

As described earlier, many different RNP granules are dynamically assembled or
disassembled, which can be tightly controlled in various ways for their proper cellular
functions. Therefore, among the numerous ways to dynamically control RNP granules,
the physiological PTM of RNP granules becomes an important factor (Table 1). Further-
more, currently accumulating evidence suggests that abnormal PTMs of RNP granules are
also present in a disease state, leading to an alteration in the dynamics of RNP granules
(Figures 2 and 3).

PTMs refers to the covalent modification of amino acid residues using methyl, acetyl,
phosphoryl, etc. PTMs generally regulate biological processes by affecting the interaction
strength between proteins and nucleic acids, affecting protein stability and localization.
This section will describe PTMs on RBPs to regulate RNP granule dynamics.

3.1. PTMs in Dynamic Physiological Regulation
3.1.1. Arginine Methylation

Methylation by arginine methyltransferases or histone lysine methyltransferases is
modified by the methyl group of various amino acid side chains. The methylation of
RGG/RG motifs in RBPs by arginine methyltransferases regulates the phase separation to
form RNP granules [83,84]. The arginine methylation of RNA-binding proteins reduces
the arginine-m aromatic interaction and phase separation [85]. For example, the most
common SG component, G3BP1, is methylated by arginine methyltransferases PRMT1
and PRMTS5 [86]. ]MJD6 (Jumonji C domain-containing protein), arginine demethylase,
is known to demethylate G3BP1 directly or indirectly [87]. Previous studies showed that
G3BP1 demethylation resulted in enhanced SG assembly. UBAP2L, an essential component
for SG assembly and disassembly, is asymmetrically dimethylated by PRMT1 in its RGG
motif [19,84]. Increased arginine methylation of UBAP2L inhibits SG formation. Altogether,
arginine methylated SG core proteins can inhibit SG assembly. The dynamics of SGs and
P-bodies or chromatoid bodies are also regulated by methylation. In contrast to SGs,
PRMT5-mediated symmetrical dimethylarginine on Lsm4 [88] or SMEDWI-3 [89] promotes
the formation of P-bodies or chromatoid bodies, respectively.



Cells 2022, 11, 2063

7 of 20

(a) Physiology

N o $
i & BAP2 » Aggregates

|

%
¥

Neurodegeneration

) Pathology

°
oaTees () ee2

Figure 2. Physiological/pathological RNP granules regulated by PTMs. (a) Physiological RNP
granules composed of proteins modified by PTMs, such as arginine methylation, phosphorylation,
acetylation, ubiquitination, and glycosylation. PTMs can regulate RNP granule dynamics by affecting
the interaction strength between proteins and nucleic acids. (b) RNP-binding proteins linked to
neurodegenerative diseases can be modified by phosphorylation, acetylation, or PARylation (Figure 3),
altering the biophysical properties. Accumulation of aggregates associated with altered RNP granules
in neurons is a hallmark of several neurodegenerative diseases. (¢) Abnormal RNP granules and
aggregates can be degraded by granulophagy.

3.1.2. Phosphorylation

Phosphorylation transfers a phosphate group from ATP to the receptor residues
by kinase enzymes. Phosphorylation modification mainly occurs on Ser, Thr, Tyr, and
His residues. Many RBPs are modified by phosphorylation and affect the dynamics of
RNP granules. As one of the critical translation regulators during stress, Glel [90] is
phosphorylated by MAPKs and GSK3 [91]. Phosphorylated Glel inhibits SG assembly and
promotes disassembly. ULK1/2 and CK2 phosphorylate VCP [92] and G3BP1 5147 [93],
respectively, which can induce efficient SG disassembly. Furthermore, Grb7, which is
required to form SGs, is phosphorylated by focal adhesion kinase and attenuates SG
disassembly [94]. Phosphorylation also affects the P-body assembly. The phosphorylated
P-body component DcplA at S315 increases the number of DcplA-positve P-bodies [95].
Tristetraproline (TTP), a common component in SGs and P-bodies, is also phosphorylated
by MAP kinase-activated protein kinase 2 (MK2). Interestingly, TTP phosphorylation by
MAPKAP?2 deliberates the protein from SGs but not from PBs [96]. In the phosphorylation
of the protein-associated splicing factor and p54nrb, paraspeckle proteins regulate the
integrity and size of paraspeckles [97,98].

3.1.3. Acetylation

Protein residues modify acetylation with the acetyl group to the lysine side chains,
which is catalyzed via lysine acetyltransferase and histone acetyltransferase. In SG dy-
namics, the acetylation of the lysine 376 residue in the RNA-binding domain of G3BP1
is regulated by HDAC6 and CBP/p300. Acetylated G3BP1 impaired RNA-binding and
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interactions with other components, facilitating SG disassembly [99]. The acetylation of the
IDR of DDX3X, an SG component, impairs SG formation [100]. Furthermore, MVH (also
known as DDX4, a germ-cell-specific-type RBP) in the chromatoid body of germ cells is
acetylated in a Hatl-dependent manner during mammalian spermatogenesis, which leads
to the inhibition of MVH RNA-binding capacity [101]. Most of the acetylation seems to
regulate RNP granules negatively. However, the acetylation of SG components, such as
FUS or TDP-43, is also linked to a pathological transition and will be described later.

3.1.4. Glycosylation or Poly(ADP-ribosyl)ation (PARylation)

Interestingly, glycosylation is also one of the PTMs for regulating RNP granule dynam-
ics. Glycosylation is the enzymatic process that modifies specific residues with oligosac-
charide chains. Based on the target residue, it is classified into six groups, including
N-glycosylation, O-glycosylation, and C-glycosylation. O-GlcNAc glycosylation regulates
SG and P-body formation [102]. For example, the glycosylation of RACK1 and prohibitin-2,
which are associated with the translational machinery, promotes SG assembly [102]. Con-
versely, a knockdown of GFAT, which converts glucose to GlcNAc and O-GlcNAc trans-
ferase, inhibits SG assembly. As with other PTMs, PARylation is a reversible process that
adds ADP-ribose to the Glu, Asp, Lys, Arg, or Ser residue. PARylation is also known as the
major SG dynamic regulator. The inhibition of PARylated TDP-43 or hnRNPA1 reduces the
dynamics of SG assembly and disassembly [103].

3.1.5. Ubiquitination, Neddylation, or SUMOylation

Ubiquitination, the addition of monoubiquitin or a ubiquitin chain on a single lysine
residue on the substrate protein, affects cellular processes by regulating protein degradation
via the proteasome. Neddylation is mediated by NEDDS, a small ubiquitin-like protein
covalently conjugated to the lysine residue on the target protein, to induce a conformational
change and provide a novel binding surface [104]. These PTMs are potential regulators
of SG dynamics. SGs colocalize with ubiquitin—proteasome system-related proteins, in-
cluding ubiquitin-specific protease 10, HDACS6, or ubiquitin-conjugating enzyme 9. Kwon
et al. showed that polyubiquitinated G3BP1 is required for SG disassembly upon heat
shock [105]. For SG assembly, serum and arginine-rich splicing factor 3(SRSF3), which is
neddylated upon oxidative stress, is required [106]. Moreover, current studies reveal that
ubiquitination or neddylation inhibition regulates SG dynamics [106-108]. However, there
is a controversial study that found that the inhibition of ubiquitin-activating enzyme or
NEDDS8-activating enzyme did not affect SG dynamics [109]. SUMO protein is covalently
attached to a lysine residue. SUMOylation is also a similar process to ubiquitination and
regulates RNP granule dynamics. The SUMOylation of the PML protein enhances PML
body formation, recruiting proteins [73].

3.1.6. Hypusine Modification

Hypusine is a polyamine-derived amino acid that is essential for eukaryotic transla-
tion [110]. This target protein modification is a conjugation of the aminobutyl moiety of
spermidine to a specific lysine residue. The post-translational modification is catalyzed
by deoxyhypusine synthase (DHPS) and deoxyhypusine hydroxylase (DOHH). eIF5A is
required for global protein synthesis, and only hypusine modifies protein. Furthermore,
one study showed that a hypusine modification of eIF5A is required for arsenite-induced
stress granule assembly, showing that a knockdown of DHPS inhibits the assembly of
SGs [111].
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Table 1. PTMs regulating physiological ribonucleoprotein (RNP) granule dynamics.

Assembly or

PTM Protein RNP Granule . Reference
Disassembly

G3BP1 G Disassembly [86,87]

Arginine methylation UBAP2L Disassembly [19,84]
Lsm4 P-body Assembly [88]
SMEDWI-3 Chromatoid body Assembly [89]
VCP Disassembly [92]
G3BP1 Disassembly [93]
. Glel SG Assembl [91]
Phosphorylation elF2 Assembg [11]
GRB7 Disassembly [94]

PSF, p54nrb1 Paraspeckle Assembly [97,98]
. G3BP1 Disassembl [99]
Acetylation DDX3X SG Disassemblzf [100]

Delayed assembly
PARylation TDP-43, hnRNPA1 SG and disassembly (low [103]
dynamics)

Phosphorylation and ubiquitination DcplA P-body Assembly [95]
Ubiquitination G3BP1 SG Disassembly [105]
Neddylation SRSF3 SG Assembly [106]
O-GIcNAcylation RACKI1, prohibitin-2 SG Assembly [102]

SUMOylation PML PML body Assembly [73,112]
Hypusine modification elF5A SG Assembly [111]

Further detailed studies are required to address how many PTMs affect the dynamics
of various RNP granules in a context-dependent manner.

3.2. PTMs on Pathological RNP Granules

Interestingly, many PTMs, such as PARylation, phosphorylation, or ubiquitination,
mainly modify RBPs in RNP granules. Liquid-like RNP granules can alter gel-like or
solid structures/aggregates by some PTMs [113], such as phosphorylation, acetylation,
and PARylation. Conversely, PTMs also inhibit RNP granules’ transition from liquid-like
structures to aggregates. This section describes the regulation of pathological RNP granules
by PTMs (Figure 3).

For example, the PARylation of TDP-43 and hnRNPA1 reduces SG dynamics, increases
cytotoxicity, and promotes protein aggregation [103]. Tau is regulated by two PTMs that
have the opposite effect on aggregation properties. The phosphorylation of tau promotes
phase separation and can serve as an intermediate to aggregate formation [114]. However,
the acetylation of tau decreases phase separation, preventing aggregate formation [115]. Fur-
thermore, the methylation [85,116], phosphorylation [117-119], and acetylation [120,121]
of FUS or TDP-43 associated with ALS and frontotemporal dementia (FTD) decrease
aggregation. The phosphorylation of TDP-43 could induce or reduce aggregation in a
context-dependent manner [122]. Intriguingly, the O-GlcNAcylation of TDP-43 inhibits its
hyperphosphorylation, resulting in the suppression of TDP-43 aggregates [123]. Addition-
ally, phosphorylation can induce the ubiquitination of RBPs within aggregates and promote
proteasomal or autophagic degradation, showing that PTMs can promote other PTMs.

There are some RNP granules called myo-granules (again, TDP-43), transport granules,
and neuronal granules in neurons. These mainly transport mRNAs to target sites and are im-
portant for neuronal functions such as axonal translation, synaptic properties, and memory.
A very small portion of TDP-43 localizes to cytoplasmic RNA granules. TDP-43-positive
RNA granules in neurons deliver the target mRNA to a distal neuronal compartment. TDP-
43 mutations inhibit mRNA-RNA granule transport kinetics in Drosophila motor neurons,
mouse cortical neurons, and ALS patient iPSC-derived neurons [124]. Interestingly, the
retrograde movement was significantly decreased. This paper suggested that impairing the
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axonal transport of mRNA targeted by TDP-43 may cause ALS or FTD pathogenesis. PTM
also regulates RNP granules in neurons and their function. Fragile X mental retardation
protein (FMRP) binds mRNAs and generates RNP granules. These transport mRNA to
active synapses along axons and dendrites to regulate local translation [125]. During this
process, FMRP SUMOylation is essential for maintaining RNP granule shape and regulating
spine elimination and maturation. Additional research is needed to uncover the therapeutic
target for inhibiting the aggregate property, which is related to neurodegenerative diseases.

(a) Increased aggregation property

PEE_TS
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Juiq k. " ,'l Tau AD, FTD Phosphorylation Wegmannet al, 2018
Acetylation Cohen et al., 2015
TDP-43 ALS, FTD Phosphorylation Nonaka et al., 2016
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Duan et al., 2019
hnRNPA1 ALS,FTD PARylation

Gene PTM Reference
. Qamar et al., 2018;Hofweber et
Methylation al., 2018
FUS Phosphorylation Monahan et al., 2017
Acetylation Bock et al., 2021
Phosphorvlation Liet al., 2011; Gruijs da Silva et
TDP-43 phory al., 2022; Nonaka et al., 2016
O-GlcNAcylation Zhao et al., 2021
Tau Acetylation Ferreon et al., 2018

Figure 3. PTMs on pathological RNP granules. (a) Increased aggregation property by PTMs
on RBPs: phosphorylation of tau [114] or TDP-43 [121], acetylation of TDP-43 [122], PARylation
of TDP-43, or hnRNPA1 [103] accelerate the solid transition. (b) Decreased aggregation prop-
erty by PTMs on RBPs: methylation [85,116], phosphorylation [119], or acetylation [120] of FUS;
phosphorylation [117,118,122], or acetylation of tau [115] prevent the phase to solid transition.

4. Abnormal RNP Granules and Neurodegenerative Diseases

Ischemia, neuroinflammation, and aging affect SG formation and induce the irre-
versible accumulation of RBPs in SGs in neurons [126-128]. SGs are mainly composed
of RBPs, which are proteins that frequently contain low-complexity domains. These do-
mains make RBPs more prone to aggregate, interact with other proteins, and recruit to
aggregates. Inside cells, aggregate-prone RBPs normally participate in the repeating and
highly dynamic cycles of functional assembly and disassembly of protein-RNA granules
such as SGs [25]. On the other hand, the pathological SGs cause RBPs and RNAs/DNAs to
aggregate abnormally and stably. Their presence may disrupt the normal RBP aggregation
equilibrium; RBPs from SGs and abnormal disease-containing proteins with low-complexity
domains may produce an overactive aggregation phenomenon within neurons. The se-
questration of RBPs and other components of SGs may contribute to the pathogenesis of
several neurodegenerative diseases with aggregate-prone proteins. Cell stress and stress
response dysfunction may further exacerbate abnormal protein disruption, further feeding
the aggregation cascade. This section will describe the accumulation of abnormal RNP
aggregates, a hallmark of several neurodegenerative diseases.

Current perspectives on the biology of proteins with low-complexity sequences sug-
gest a putative mechanistic link between the biophysical properties of SGs and the patho-
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logic aggregation of disease-associated proteins such as FUS, TDP-43, or poly-Q diseases.
Proteins enriched in low-complexity sequences are prone to forming intracellular liquid-
like condensates, of which SGs are an example [129]. Phase-separated membraneless
organelles appear to be metastable. While they can disassemble, they can also evolve into
a solid-like state or directly drive the formation of amyloid-like fibrils, as demonstrated
for abnormal SGs [4]. Many RBPs associated with ALS or FTD, such as TDP-43 [130],
FUS [131], Ataxin2 [132], C9orf72 [133], hnRNPA1 [134], and TIA-1 [135], are colocalized to
SGs. Interestingly, several genetic mutations in the IDRs of RBPs result in the accumulation
of abnormal SGs. For example, mutations on TDP-43 (A315T and M337V) [136], FUS
(G156E) [137,138], TIA-1 (P362L) [135], and hnRNPA2B1 (hnRNPA2 D290V and hnRNPA1
D262V) [134] impair SG dynamics, leading to the accumulation of abnormal SGs. Ad-
ditionally, poly(GR) dipeptide repeats in ALS-linked C90rf72 induce SG formation and
delay disassembly [133]. The connection of SGs with neurodegeneration is not limited
to changes in protein aggregates. The cytoplasmic mislocalization of TDP-43, which nor-
mally has a nuclear localization, is sequestered into SGs. Nucleocytoplasmic transport
factors sequester into SGs and impair nucleocytoplasmic transport [139]. Furthermore,
SGs that are spontaneously assembled by mutant TDP-43 and dipeptide repeat proteins
also disrupt nucleocytoplasmic transport, contributing to the pathogenesis of ALS/FTD.
Parkinson’s disease (PD)-associated protein, DJ-1 mutation, promotes abnormal SG for-
mation and PD pathogenesis [140]. Furthermore, G3BP1-positive SGs that recruit TDP-43
are increased in huntingtin mutant-expressing Huntington’s disease (HD) mouse cortical
neurons [141]. This implies that the abnormal dynamics of SGs play a significant role in the
pathophysiology of HD, and mutations in RBPs cause persistent stress in cells.

Tau protein is a risk factor for neurodegenerative diseases, including Alzheimer’s
disease. It is associated with microtubules and is essential for transport along axons.
Although tau protein is not an RBP, they are localized to SGs, interacting with TIA1. Tau
can promote SG formation, and interactions with TIA1 contributes to the pathophysiology
of tauopathy [142]. Furthermore, tau phosphorylation can accelerate phase separation and
tau aggregates [114].

Acute stress could also enhance the dynamics of SGs to support the physiological
cellular environment. However, the SGs induced by chronic/prolonged stresses differ from
acute-stress-induced SGs in their contents and dynamics [143]. For example, SGs induced
by acute stress are translation initiation factors, 40S ribosomes, RBPs, and mRNAs, whereas
SGs formed under chronic nutrient starvation lack 40S ribosomes and have reduced dynam-
ics [144]. In addition, chronic arsenic stress also formed pathological TDP-43 aggregates in
induced pluripotent stem cell (iPSC)-derived motor neurons from patients with ALS [145].

The accumulation of paraspeckles and neural RNA transport granules is associated
with neurodegenerative diseases. Paraspeckles, such as SGs, also contain ALS-associated
proteins, including TDP-43 and FUS. The sequestration of TDP-43 into RNP granules
enhances paraspeckle assembly by the upregulation of NEAT1 and NEAT1_2 and the
impairment of miRNA processing during ALS pathogenesis [146]. TDP-43 D169G mutation
impairs the assembly of TDP-43-positive paraspeckles, causing an excessive translocation
of TDP-43 into cytoplasmic SGs [147]. Additionally, FUS P525L mutation promotes the
excessive formation of dysfunctional paraspeckles [148]. On the contrary, FUS R522G
mutation induces the accumulation of cytoplasmic FUS-positive paraspeckles in motor
neurons of patients with ALS [149]. The alteration of the dynamics of RNP granules by IDR
mutations or chronic stresses induces persistent RNA granules resistant to degradation.
The excessive accumulation of abnormal RNP granules might cause neuronal toxicity.
Therefore, manipulating abnormal RNP granules is an excellent matter of therapeutic
approaches. The following section will describe the removal of abnormal aggregates of
RNP granules.
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5. Autophagic Degradation of RNP Granules: Granulophagy

Current accruing evidence proposes that the disassembly and removal of RNP gran-
ules can be induced by chaperones, such as HSP70 family proteins, or autophagy. In
particular, gel-like or solid RNP granules are resistant to disassembly. Therefore, intracellu-
lar degradation pathways should clear these abnormal structures. Among the degradation
pathways, there is autophagy, a self-degradation pathway in which cytoplasmic materials
are sequestered into double-membrane-bound vesicles and delivered to the lysosomes
for degradation. RNP granules could be degraded by autophagy, which is called granu-
lophagy [24,150,151].

Until now, there are a few proteins involved in granulophagy. For example, VCP
belongs to the AAA+ (ATPases associated with diverse cellular activities) family of a
chaperone-like protein involved in various cellular processes [152]. VCP promotes au-
tophagosome biogenesis and is critical for SG clearance and interacting with LC3 and
p62 [24,153,154]. Furthermore, hypoxia-induced SG-like structures in Arabidopsis thaliana [155]
contain calmodulin-like 38, a calcium-sensor protein, and cell division cycle 48A (ortholog
VCP in mammals). These proteins regulate their degradation by autophagy. More recently,
ULK1 and ULK2, autophagy-inducing kinases, localize to SGs and regulate their disas-
sembly by VCP phosphorylation [92]. This process is dependent on the enhanced ATP
hydrolase activity of VCP. Moreover, VCP mutations are identified in ALS and FID, sug-
gesting that defects in VCP cause the abnormal accumulation of SGs due to the impairment
of autophagy, leading to neurodegeneration [156,157].

Zinc finger AN1-type containing 1 (ZFAND1) is known to recruit 26S proteasome and
VCP into arsenite-induced SGs for the clearance of SGs [158]. DRiP-positive abnormal
SGs accumulate in ZFAND1-deficient cells treated with autophagy inhibitor, indicating
that abnormal SGs can be disassembled or cleared by the proteasome and then activated
autophagy to control protein homeostasis. Furthermore, a recent study showed that chronic
oxidative stress increased the number of p62-TIAR- and LC3-TIAR-positive autophago-
somes in TDP-43 A382T patient-derived iPSC motor neurons, suggesting that SG clearance
is regulated by autophagy [145].

Autophagy can degrade P-bodies in yeast and mammalian cells [24,159]. The deletion
of atg15 in yeast causes the accumulation of P-bodies [24]. An autophagy inhibitor blocked
the transmission of growth factor-p (TGF-f3)-induced DcplA-positive P-body clearance
upon TGE-f3 removal conditions [159]. Another RNP granule, germ granules in C. elegans,
termed PGL granule component PGL-3, interacts with SEPA-1, forming aggregates and
binding to LGG-1/Atg8 [160,161].

Autophagy adaptor protein, p62 or NDP52, is preferentially colocalized with SGs or
P-bodies [162]. Lee et al. [163] also showed that p62 knockout mouse embryonic fibrob-
lasts slowly recover the SG from heat shock stress. Additionally, an autophagy inhibitor,
bafilomycin Al, inhibits the clearance of heat-shock-induced SGs. p62, as an adaptor pro-
tein for SG degradation, is also required to degrade arsenite-induced SGs [150]. One of the
autophagy genes, Atgl9, is known to mediate cargo selection in selective autophagy [164].
SG and P-body proteins also colocalize to Atgl9 [24]. Taken together, Atgl9 may contribute
to granulophagy by targeting RNP granules.

As mentioned earlier, the protein quality control system through granulophagy is
important for the clearance of abnormal RNP granules. However, a chaperone-mediated
protein quality system and granulophagy could prevent the formation of abnormal SGs
and promote their disassembly [165].

DRIiP (prematurely terminated and misfolded polypeptides) accumulation in SGs
leads to aberrant SGs and delays their disassembly. A recent study also showed that
SGs are regulated by a chaperone complex, HSPB9-BAG3-HSP70 [166]. However, the
relative contribution of granulophagy or chaperone on the clearance of physiological or
pathological RNP granules needs to be further studied.
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6. Discussion

Many nuclear or cytoplasmic RNP granules, such as dynamic membraneless or-
ganelles, regulate protein synthesis or various RNA processes, which are important for
regulating gene expression. Thus, the assembly and disassembly of these RNP granules
must be tightly regulated by multiple cellular mechanisms. PTMs act as important regula-
tors of RBPs and influence the biophysical properties, molecular interactions, subcellular
localizations, and cellular functions of RBDs in RNP granules. This review has described
the roles of physiological or pathological PTMs on various RNP granules. Accumulat-
ing evidence suggests that PTMs are emerging as crucial factors for the dynamics and
assembly /disassembly of RNP granules in a context/tissue-dependent manner. Notably,
further detailed proteomic studies might explain why components of RNP granules are
different or how PTMs have a tissue-specific pattern in a physiological or pathological state.
Moreover, how the combinational effects of PTMs within one protein affect the function of
RNP granules will explain the PTM perspective in the regulation of RNP granules. Beyond
the PTMs in RBPs discussed in this review, many other key regulators of PTMs might be
associated with RNP granules, which will be an exciting future area of exploration for
scientists to discover.

Additionally, this review also described granulophagy, which can regulate RNP gran-
ule clearance, including SGs. Many exciting questions must be solved to understand
the cellular mechanism of granulophagy. For example, what are the specific signals for
activating granulophagy for physiological or pathological RNP granules? Which PTMs
could contribute to granulophagy? How effectively would a combinational approach
that controls autophagy and PTMs treat neurodegenerative diseases, such as FTD and
ALS? In addition to the regulation of cytosolic RNP granules, recent studies suggest the
importance of nuclear autophagy for nuclear RNP granules. Future studies to uncover the
molecular mechanism of nuclear RNP granules will open new fields for RNA metabolism,
granulophagy, and neurodegenerative diseases.

Author Contributions: J.-A L. conceived the paper. PJ., H.-].H., S.P. and J.-A.L. wrote the manuscript
and designed the graph for the figures. All authors have read and agreed to the published version of
the manuscript.

Funding: ]J.-A Lee was supported by the National Research Foundation of Korea (NRF; NRF-
2020R1A2C2005021); the Neurological Disorder Research Program (NRF-2020M3E5D9079908); the
Bio and Medical Technology Development Program, funded by the Ministry of Science and ICT
(2017M3A9G7073521); and the Science Research Center Program, funded by the Ministry of Science
and ICT (2020R1A5A1019023). P Jeon was supported by the Basic Science Research Program through
the NRF, funded by the Ministry of Education (2021R1A6A3A13039924).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank all lab members for the discussion.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Gomes, E.; Shorter, J. The molecular language of membraneless organelles. ]. Biol. Chem. 2019, 294, 7115-7127. [CrossRef]

[PubMed]

2. Mittag, T.; Parker, R. Multiple Modes of Protein-Protein Interactions Promote RNP Granule Assembly. J. Mol. Biol. 2018, 430,

4636-4649. [CrossRef]

3.  Campos-Melo, D.; Hawley, Z.C.E.; Droppelmann, C.A.; Strong, M.]. The Integral Role of RNA in Stress Granule Formation and
Function. Front. Cell Dev. Biol. 2021, 9, 621779. [CrossRef] [PubMed]

4. Molliex, A.; Temirov, J.; Lee, J.; Coughlin, M.; Kanagaraj, A.P.; Kim, H.].; Mittag, T.; Taylor, ].P. Phase separation by low complexity
domains promotes stress granule assembly and drives pathological fibrillization. Cell 2015, 163, 123-133. [CrossRef] [PubMed]


http://doi.org/10.1074/jbc.TM118.001192
http://www.ncbi.nlm.nih.gov/pubmed/30045872
http://doi.org/10.1016/j.jmb.2018.08.005
http://doi.org/10.3389/fcell.2021.621779
http://www.ncbi.nlm.nih.gov/pubmed/34095105
http://doi.org/10.1016/j.cell.2015.09.015
http://www.ncbi.nlm.nih.gov/pubmed/26406374

Cells 2022, 11, 2063 14 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

Murakami, T.; Qamar, S.; Lin, J.Q.; Schierle, G.S.; Rees, E.; Miyashita, A.; Costa, A.R.; Dodd, R.B.; Chan, ET.; Michel, CH.; et al.
ALS/FTD Mutation-Induced Phase Transition of FUS Liquid Droplets and Reversible Hydrogels into Irreversible Hydrogels
Impairs RNP Granule Function. Neuron 2015, 88, 678-690. [CrossRef]

Sternburg, E.L.; Karginov, EV. Analysis of RBP Regulation and Co-regulation of mRNA 3’ UTR Regions in a Luciferase Reporter
System. Methods Mol. Biol. 2021, 2170, 101-115. [CrossRef]

Anderson, P.; Kedersha, N. Stress granules. Curr. Biol. 2009, 19, R397-R398. [CrossRef]

Mahboubi, H.; Stochaj, U. Cytoplasmic stress granules: Dynamic modulators of cell signaling and disease. Biochim. Biophys. Acta
Mol. Basis Dis. 2017, 1863, 884-895. [CrossRef]

Markmiller, S.; Soltanieh, S.; Server, K.L.; Mak, R.; Jin, W.; Fang, M.Y.; Luo, E.C.; Krach, E; Yang, D.; Sen, A.; et al. Context-
Dependent and Disease-Specific Diversity in Protein Interactions within Stress Granules. Cell 2018, 172, 590-604. [CrossRef]
Pietras, P.; Aulas, A.; Fay, M.M.; Lesniczak-Staszak, M.; Sowinski, M.; Lyons, S.M.; Szaflarski, W.; Ivanov, P. Translation inhibition
and suppression of stress granules formation by cisplatin. Biomed. Pharmacother. 2022, 145, 112382. [CrossRef]

Kedersha, N.; Chen, S.; Gilks, N.; Li, W.; Miller, L] ; Stahl, J.; Anderson, P. Evidence that ternary complex (eIF2-GTP-tRNA(i)(Met))-
deficient preinitiation complexes are core constituents of mammalian stress granules. Mol. Biol. Cell 2002, 13, 195-210. [CrossRef]
[PubMed]

Heberle, A.M.; Razquin Navas, P; Langelaar-Makkinje, M.; Kasack, K.; Sadik, A.; Faessler, E.; Hahn, U.; Marx-Stoelting, P.; Opitz,
C.A,; Sers, C.; et al. The PI3K and MAPK/p38 pathways control stress granule assembly in a hierarchical manner. Life Sci. Alliance
2019, 2. [CrossRef] [PubMed]

Sfakianos, A.P.; Mellor, L.E.; Pang, Y.E; Kritsiligkou, P.; Needs, H.; Abou-Hamdan, H.; Desaubry, L.; Poulin, G.B.; Ashe, M.P;
Whitmarsh, A.J. The mTOR-S6 kinase pathway promotes stress granule assembly. Cell Death Differ. 2018, 25, 1766-1780. [CrossRef]
[PubMed]

Mazroui, R.; Sukarieh, R.; Bordeleau, M.E.; Kaufman, R.].; Northcote, P.; Tanaka, J.; Gallouzi, I.; Pelletier, J. Inhibition of ribosome
recruitment induces stress granule formation independently of eukaryotic initiation factor 2alpha phosphorylation. Mol. Biol. Cell
2006, 17, 4212-4219. [CrossRef]

Emara, M.M.; Fujimura, K.; Sciaranghella, D.; Ivanova, V.; Ivanov, P.; Anderson, P. Hydrogen peroxide induces stress granule
formation independent of el[F2x phosphorylation. Biochem. Biophys. Res. Commun. 2012, 423, 763-769. [CrossRef]

Kedersha, N.; Panas, M.D.; Achorn, C.A,; Lyons, S.; Tisdale, S.; Hickman, T.; Thomas, M.; Lieberman, J.; McInerney, G.M.; Ivanov,
P; et al. G3BP-Caprin1-USP10 complexes mediate stress granule condensation and associate with 40S subunits. J. Cell Biol. 2016,
212, 845-860. [CrossRef] [PubMed]

Gilks, N.; Kedersha, N.; Ayodele, M.; Shen, L.; Stoecklin, G.; Dember, L.M.; Anderson, P. Stress granule assembly is mediated by
prion-like aggregation of TIA-1. Mol. Biol. Cell 2004, 15, 5383-5398. [CrossRef]

Kwon, S.; Zhang, Y.; Matthias, P. The deacetylase HDACS6 is a novel critical component of stress granules involved in the stress
response. Genes Dev. 2007, 21, 3381-3394. [CrossRef]

Cirillo, L.; Cieren, A.; Barbieri, S.; Khong, A.; Schwager, E; Parker, R.; Gotta, M. UBAP2L Forms Distinct Cores that Act in
Nucleating Stress Granules Upstream of G3BP1. Curr. Biol. 2020, 30, 698-707. [CrossRef]

Yang, P.; Mathieu, C.; Kolaitis, R M.; Zhang, P.; Messing, J.; Yurtsever, U.; Yang, Z.; Wu, J.; Li, Y.; Pan, Q.; et al. G3BP1 Is a Tunable
Switch that Triggers Phase Separation to Assemble Stress Granules. Cell 2020, 181, 325-345. [CrossRef]

Sanders, D.W,; Kedersha, N.; Lee, D.S.W.; Strom, A.R.; Drake, V.; Riback, J.A.; Bracha, D.; Eeftens, ]. M.; Iwanicki, A.; Wang, A.;
et al. Competing Protein-RNA Interaction Networks Control Multiphase Intracellular Organization. Cell 2020, 181, 306-324.
[CrossRef] [PubMed]

Jain, S.; Wheeler, J.R.; Walters, R.W.; Agrawal, A.; Barsic, A.; Parker, R. ATPase-Modulated Stress Granules Contain a Diverse
Proteome and Substructure. Cell 2016, 164, 487-498. [CrossRef] [PubMed]

Wheeler, ].R.; Matheny, T.; Jain, S.; Abrisch, R.; Parker, R. Distinct stages in stress granule assembly and disassembly. Elife 2016, 5.
[CrossRef] [PubMed]

Buchan, J.R.; Kolaitis, R.M.; Taylor, ].P,; Parker, R. Eukaryotic stress granules are cleared by autophagy and Cdc48/VCP function.
Cell 2013, 153, 1461-1474. [CrossRef] [PubMed]

Ramaswami, M.; Taylor, J.P,; Parker, R. Altered ribostasis: RNA-protein granules in degenerative disorders. Cell 2013, 154,
727-736. [CrossRef]

Kedersha, N.; Stoecklin, G.; Ayodele, M.; Yacono, P.; Lykke-Andersen, J.; Fritzler, M.].; Scheuner, D.; Kaufman, R.J.; Golan, D.E.;
Anderson, P. Stress granules and processing bodies are dynamically linked sites of mRNP remodeling. J. Cell Biol. 2005, 169,
871-884. [CrossRef]

Yang, W.H.; Yu, ].H.; Gulick, T.; Bloch, K.D.; Bloch, D.B. RNA-associated protein 55 (RAP55) localizes to mRNA processing bodies
and stress granules. RNA 2006, 12, 547-554. [CrossRef]

Stoecklin, G.; Kedersha, N. Relationship of GW /P-bodies with stress granules. Adv. Exp. Med. Biol. 2013, 768, 197-211. [CrossRef]
Ivanov, P; Kedersha, N.; Anderson, P. Stress Granules and Processing Bodies in Translational Control. Cold Spring Harb. Perspect.
Biol. 2019, 11. [CrossRef]

Ayache, J.; Bénard, M.; Ernoult-Lange, M.; Minshall, N.; Standart, N.; Kress, M.; Weil, D. P-body assembly requires DDX6
repression complexes rather than decay or Ataxin2/2L complexes. Mol. Biol. Cell 2015, 26, 2579-2595. [CrossRef]


http://doi.org/10.1016/j.neuron.2015.10.030
http://doi.org/10.1007/978-1-0716-0743-5_7
http://doi.org/10.1016/j.cub.2009.03.013
http://doi.org/10.1016/j.bbadis.2016.12.022
http://doi.org/10.1016/j.cell.2017.12.032
http://doi.org/10.1016/j.biopha.2021.112382
http://doi.org/10.1091/mbc.01-05-0221
http://www.ncbi.nlm.nih.gov/pubmed/11809833
http://doi.org/10.26508/lsa.201800257
http://www.ncbi.nlm.nih.gov/pubmed/30923191
http://doi.org/10.1038/s41418-018-0076-9
http://www.ncbi.nlm.nih.gov/pubmed/29523872
http://doi.org/10.1091/mbc.e06-04-0318
http://doi.org/10.1016/j.bbrc.2012.06.033
http://doi.org/10.1083/jcb.201508028
http://www.ncbi.nlm.nih.gov/pubmed/27022092
http://doi.org/10.1091/mbc.e04-08-0715
http://doi.org/10.1101/gad.461107
http://doi.org/10.1016/j.cub.2019.12.020
http://doi.org/10.1016/j.cell.2020.03.046
http://doi.org/10.1016/j.cell.2020.03.050
http://www.ncbi.nlm.nih.gov/pubmed/32302570
http://doi.org/10.1016/j.cell.2015.12.038
http://www.ncbi.nlm.nih.gov/pubmed/26777405
http://doi.org/10.7554/eLife.18413
http://www.ncbi.nlm.nih.gov/pubmed/27602576
http://doi.org/10.1016/j.cell.2013.05.037
http://www.ncbi.nlm.nih.gov/pubmed/23791177
http://doi.org/10.1016/j.cell.2013.07.038
http://doi.org/10.1083/jcb.200502088
http://doi.org/10.1261/rna.2302706
http://doi.org/10.1007/978-1-4614-5107-5_12
http://doi.org/10.1101/cshperspect.a032813
http://doi.org/10.1091/mbc.E15-03-0136

Cells 2022, 11, 2063 15 of 20

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.
52.

53.

54.
55.

56.

57.

58.
59.

60.

61.

Sheth, U.; Parker, R. Decapping and decay of messenger RNA occur in cytoplasmic processing bodies. Science 2003, 300, 805-808.
[CrossRef] [PubMed]

Wilusz, C.J.; Wilusz, J. Bringing the role of mRNA decay in the control of gene expression into focus. Trends Genet. 2004, 20,
491-497. [CrossRef] [PubMed]

Parker, R.; Sheth, U. P bodies and the control of mRNA translation and degradation. Mol. Cell 2007, 25, 635-646. [CrossRef]
[PubMed]

Teixeira, D.; Sheth, U.; Valencia-Sanchez, M.A ; Brengues, M.; Parker, R. Processing bodies require RNA for assembly and contain
nontranslating mRNAs. RNA 2005, 11, 371-382. [CrossRef]

Andrei, M. A ; Ingelfinger, D.; Heintzmann, R.; Achsel, T.; Rivera-Pomar, R.; Luhrmann, R. A role for eIF4E and elF4E-transporter
in targeting mRNPs to mammalian processing bodies. RNA 2005, 11, 717-727. [CrossRef]

Ferraiuolo, M.A ; Basak, S.; Dostie, ].; Murray, E.L.; Schoenberg, D.R.; Sonenberg, N. A role for the e[F4E-binding protein 4E-T in
P-body formation and mRNA decay. |. Cell Biol. 2005, 170, 913-924. [CrossRef]

Liu, J.; Rivas, EV.; Wohlschlegel, J.; Yates, ].R., 3rd; Parker, R.; Hannon, G.J. A role for the P-body component GW182 in microRNA
function. Nat. Cell Biol. 2005, 7, 1261-1266. [CrossRef]

Rehwinkel, J.; Behm-Ansmant, I.; Gatfield, D.; Izaurralde, E. A crucial role for GW182 and the DCP1:DCP2 decapping complex in
miRNA-mediated gene silencing. RNA 2005, 11, 1640-1647. [CrossRef]

Tanaka, K.J.; Ogawa, K.; Takagi, M.; Imamoto, N.; Matsumoto, K.; Tsujimoto, M. RAP55, a cytoplasmic mRNP component,
represses translation in Xenopus oocytes. J. Biol. Chem. 2006, 281, 40096—40106. [CrossRef]

Di Stefano, B.; Luo, E.C.; Haggerty, C.; Aigner, S.; Charlton, J.; Brumbaugh, J.; Ji, F.; Rabano Jimenez, I.; Clowers, K.J.; Huebner,
AJ.; et al. The RNA Helicase DDX6 Controls Cellular Plasticity by Modulating P-Body Homeostasis. Cell Stem Cell 2019, 25,
622-638. [CrossRef]

Gao, M.; Arkov, A L. Next generation organelles: Structure and role of germ granules in the germline. Mol. Reprod. Dev. 2013, 80,
610-623. [CrossRef] [PubMed]

Leatherman, J.L.; Jongens, T.A. Transcriptional silencing and translational control: Key features of early germline development.
Bioessays 2003, 25, 326-335. [CrossRef] [PubMed]

Voronina, E.; Seydoux, G.; Sassone-Corsi, P.; Nagamori, I. RNA granules in germ cells. Cold Spring Harb. Perspect. Biol. 2011, 3.
[CrossRef]

Schisa, J.A. Germ Cell Responses to Stress: The Role of RNP Granules. Front. Cell Dev. Biol. 2019, 7, 220. [CrossRef] [PubMed]
Kotaja, N.; Bhattacharyya, S.N.; Jaskiewicz, L.; Kimmins, S.; Parvinen, M.; Filipowicz, W.; Sassone-Corsi, P. The chromatoid body
of male germ cells: Similarity with processing bodies and presence of Dicer and microRNA pathway components. Proc. Natl.
Acad. Sci. USA 2006, 103, 2647-2652. [CrossRef]

Hanazawa, M.; Yonetani, M.; Sugimoto, A. PGL proteins self associate and bind RNPs to mediate germ granule assembly in C.
elegans. |. Cell Biol. 2011, 192, 929-937. [CrossRef]

Trcek, T.; Grosch, M.; York, A.; Shroff, H.; Lionnet, T.; Lehmann, R. Drosophila germ granules are structured and contain
homotypic mRNA clusters. Nat. Commun. 2015, 6, 7962. [CrossRef]

Meier, U.T. RNA modification in Cajal bodies. RNA Biol. 2017, 14, 693-700. [CrossRef]

Carrero, Z.1.; Velma, V.; Douglas, H.E.; Hebert, M.D. Coilin phosphomutants disrupt Cajal body formation, reduce cell proliferation
and produce a distinct coilin degradation product. PLoS ONE 2011, 6, e25743. [CrossRef]

Lemm, I; Girard, C.; Kuhn, A.N.; Watkins, N.J.; Schneider, M.; Bordonne, R.; Luhrmann, R. Ongoing U snRNP biogenesis is
required for the integrity of Cajal bodies. Mol. Biol. Cell 2006, 17, 3221-3231. [CrossRef]

Ogg, S.C.; Lamond, A.IL Cajal bodies and coilin-moving towards function. J. Cell Biol. 2002, 159, 17-21. [CrossRef] [PubMed]
Zhong, F,; Savage, S.A.; Shkreli, M.; Giri, N.; Jessop, L.; Myers, T.; Chen, R.; Alter, B.P.; Artandi, S.E. Disruption of telomerase
trafficking by TCAB1 mutation causes dyskeratosis congenita. Genes Dev. 2011, 25, 11-16. [CrossRef] [PubMed]

Hebert, M.D.; Szymczyk, PW.; Shpargel, K.B.; Matera, A.G. Coilin forms the bridge between Cajal bodies and SMN, the spinal
muscular atrophy protein. Genes Dev. 2001, 15, 2720-2729. [CrossRef] [PubMed]

Neugebauer, K.M. Special focus on the Cajal Body. RNA Biol. 2017, 14, 669-670. [CrossRef]

Zhu, Y,; Tomlinson, R.L.; Lukowiak, A.A.; Terns, R.M.; Terns, M.P. Telomerase RNA accumulates in Cajal bodies in human cancer
cells. Mol. Biol. Cell 2004, 15, 81-90. [CrossRef]

Cristofari, G.; Adolf, E.; Reichenbach, P; Sikora, K.; Terns, R.M.; Terns, M.P,; Lingner, ]. Human telomerase RNA accumulation in
Cajal bodies facilitates telomerase recruitment to telomeres and telomere elongation. Mol. Cell 2007, 27, 882-889. [CrossRef]
Jady, B.E.; Richard, P,; Bertrand, E.; Kiss, T. Cell cycle-dependent recruitment of telomerase RNA and Cajal bodies to human
telomeres. Mol. Biol. Cell 2006, 17, 944-954. [CrossRef]

Fox, A.H.; Lamond, A.I Paraspeckles. Cold Spring Harb. Perspect. Biol. 2010, 2, a000687. [CrossRef]

Fox, A.H.; Nakagawa, S.; Hirose, T.; Bond, C.S. Paraspeckles: Where Long Noncoding RNA Meets Phase Separation. Trends
Biochem. Sci. 2018, 43, 124-135. [CrossRef]

Fox, A.H.; Lam, Y.W.; Leung, A K,; Lyon, C.E.; Andersen, J.; Mann, M.; Lamond, A.I. Paraspeckles: A novel nuclear domain. Curr.
Biol. 2002, 12, 13-25. [CrossRef]

Nakagawa, S.; Naganuma, T.; Shioi, G.; Hirose, T. Paraspeckles are subpopulation-specific nuclear bodies that are not essential in
mice. . Cell Biol. 2011, 193, 31-39. [CrossRef] [PubMed]


http://doi.org/10.1126/science.1082320
http://www.ncbi.nlm.nih.gov/pubmed/12730603
http://doi.org/10.1016/j.tig.2004.07.011
http://www.ncbi.nlm.nih.gov/pubmed/15363903
http://doi.org/10.1016/j.molcel.2007.02.011
http://www.ncbi.nlm.nih.gov/pubmed/17349952
http://doi.org/10.1261/rna.7258505
http://doi.org/10.1261/rna.2340405
http://doi.org/10.1083/jcb.200504039
http://doi.org/10.1038/ncb1333
http://doi.org/10.1261/rna.2191905
http://doi.org/10.1074/jbc.M609059200
http://doi.org/10.1016/j.stem.2019.08.018
http://doi.org/10.1002/mrd.22115
http://www.ncbi.nlm.nih.gov/pubmed/23011946
http://doi.org/10.1002/bies.10247
http://www.ncbi.nlm.nih.gov/pubmed/12655640
http://doi.org/10.1101/cshperspect.a002774
http://doi.org/10.3389/fcell.2019.00220
http://www.ncbi.nlm.nih.gov/pubmed/31632971
http://doi.org/10.1073/pnas.0509333103
http://doi.org/10.1083/jcb.201010106
http://doi.org/10.1038/ncomms8962
http://doi.org/10.1080/15476286.2016.1249091
http://doi.org/10.1371/journal.pone.0025743
http://doi.org/10.1091/mbc.e06-03-0247
http://doi.org/10.1083/jcb.200206111
http://www.ncbi.nlm.nih.gov/pubmed/12379800
http://doi.org/10.1101/gad.2006411
http://www.ncbi.nlm.nih.gov/pubmed/21205863
http://doi.org/10.1101/gad.908401
http://www.ncbi.nlm.nih.gov/pubmed/11641277
http://doi.org/10.1080/15476286.2017.1316928
http://doi.org/10.1091/mbc.e03-07-0525
http://doi.org/10.1016/j.molcel.2007.07.020
http://doi.org/10.1091/mbc.e05-09-0904
http://doi.org/10.1101/cshperspect.a000687
http://doi.org/10.1016/j.tibs.2017.12.001
http://doi.org/10.1016/S0960-9822(01)00632-7
http://doi.org/10.1083/jcb.201011110
http://www.ncbi.nlm.nih.gov/pubmed/21444682

Cells 2022, 11, 2063 16 of 20

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Clemson, C.M.; Hutchinson, J.N.; Sara, S.A.; Ensminger, A.W.; Fox, A.H.; Chess, A.; Lawrence, ].B. An architectural role for
a nuclear noncoding RNA: NEAT1 RNA is essential for the structure of paraspeckles. Mol. Cell 2009, 33, 717-726. [CrossRef]
[PubMed]

Naganuma, T.; Nakagawa, S.; Tanigawa, A.; Sasaki, Y.F; Goshima, N.; Hirose, T. Alternative 3'-end processing of long noncoding
RNA initiates construction of nuclear paraspeckles. EMBO . 2012, 31, 4020-4034. [CrossRef] [PubMed]

Nishimoto, Y.; Nakagawa, S.; Hirose, T.; Okano, H.J.; Takao, M.; Shibata, S.; Suyama, S.; Kuwako, K.; Imai, T.; Murayama, S.; et al.
The long non-coding RNA nuclear-enriched abundant transcript 1_2 induces paraspeckle formation in the motor neuron during
the early phase of amyotrophic lateral sclerosis. Mol. Brain 2013, 6, 31. [CrossRef] [PubMed]

An, H.; Tan, J.T,; Shelkovnikova, T.A. Stress granules regulate stress-induced paraspeckle assembly. ]. Cell Biol. 2019, 218,
4127-4140. [CrossRef] [PubMed]

Boisvert, EM.; Hendzel, M.].; Bazett-Jones, D.P. Promyelocytic leukemia (PML) nuclear bodies are protein structures that do not
accumulate RNA. J. Cell Biol. 2000, 148, 283-292. [CrossRef] [PubMed]

Corpet, A.; Kleijwegt, C.; Roubille, S.; Juillard, E; Jacquet, K.; Texier, P.; Lomonte, P. PML nuclear bodies and chromatin dynamics:
Catch me if you can! Nucleic Acids Res. 2020, 48, 11890-11912. [CrossRef]

Madhusudan, S.; Middleton, M.R. The emerging role of DNA repair proteins as predictive, prognostic and therapeutic targets in
cancer. Cancer Treat. Rev. 2005, 31, 603-617. [CrossRef]

Dellaire, G.; Ching, R.W.; Ahmed, K ; Jalali, E; Tse, K.C.; Bristow, R.G.; Bazett-Jones, D.P. Promyelocytic leukemia nuclear bodies
behave as DNA damage sensors whose response to DNA double-strand breaks is regulated by NBS1 and the kinases ATM, Chk2,
and ATR. J. Cell Biol. 2006, 175, 55-66. [CrossRef]

Yang, S.; Jeong, ].H.; Brown, A.L.; Lee, C.H.; Pandolfi, P.P.; Chung, ].H.; Kim, M.K. Promyelocytic leukemia activates Chk2 by
mediating Chk2 autophosphorylation. J. Biol. Chem. 2006, 281, 26645-26654. [CrossRef]

Mediani, L.; Guillen-Boixet, J.; Vinet, J.; Franzmann, T.M.; Bigi, I.; Mateju, D.; Carra, A.D.; Morelli, EF; Tiago, T.; Poser, I; et al.
Defective ribosomal products challenge nuclear function by impairing nuclear condensate dynamics and immobilizing ubiquitin.
EMBO J. 2019, 38, €101341. [CrossRef] [PubMed]

Salomoni, P.; Pandolfi, P.P. The role of PML in tumor suppression. Cell 2002, 108, 165-170. [CrossRef]

Gao, C.; Ho, C.C.; Reineke, E.; Lam, M.; Cheng, X.; Stanya, K.J.; Liu, Y.; Chakraborty, S.; Shih, H.M.; Kao, H.Y. Histone deacetylase
7 promotes PML sumoylation and is essential for PML nuclear body formation. Mol. Cell Biol. 2008, 28, 5658-5667. [CrossRef]
Lallemand-Breitenbach, V.; Zhu, J.; Puvion, F,; Koken, M.; Honoré, N.; Doubeikovsky, A.; Duprez, E.; Pandolfi, PP.; Puvion, E.;
Freemont, P; et al. Role of promyelocytic leukemia (PML) sumolation in nuclear body formation, 11S proteasome recruitment,
and As203-induced PML or PML/retinoic acid receptor alpha degradation. J. Exp. Med. 2001, 193, 1361-1371. [CrossRef]
[PubMed]

Cho, G.; Lim, Y.; Golden, J.A. SUMO interaction motifs in Siznl are required for promyelocytic leukemia protein nuclear body
localization and for transcriptional activation. . Biol. Chem. 2009, 284, 19592-19600. [CrossRef]

Fausti, F,; Di Agostino, S.; Cioce, M.; Bielli, P.; Sette, C.; Pandolfi, P.P.; Oren, M.; Sudol, M.; Strano, S.; Blandino, G. ATM kinase
enables the functional axis of YAP, PML and p53 to ameliorate loss of Werner protein-mediated oncogenic senescence. Cell Death
Differ. 2013, 20, 1498-1509. [CrossRef]

Scaglioni, PP; Yung, TM.; Cai, L.F,; Erdjument-Bromage, H.; Kaufman, A.].; Singh, B.; Teruya-Feldstein, J.; Tempst, P.; Pandolfi,
P.P. A CK2-Dependent Mechanism for Degradation of the PML Tumor Suppressor. Cell 2006, 126, 269-283. [CrossRef]
Hayakawa, F.; Privalsky, M.L. Phosphorylation of PML by mitogen-activated protein kinases plays a key role in arsenic trioxide-
mediated apoptosis. Cancer Cell 2004, 5, 389-401. [CrossRef]

Gaete-Argel, A.; Velasquez, F.; Marquez, C.L.; Rojas-Araya, B.; Bueno-Nieto, C.; Marin-Rojas, J.; Cuevas-Zuniga, M.; Soto-Rifo, R.;
Valiente-Echeverria, F. Tellurite Promotes Stress Granules and Nuclear SG-Like Assembly in Response to Oxidative Stress and
DNA Damage. Front. Cell Dev. Biol. 2021, 9, 622057. [CrossRef]

Jolly, C.; Metz, A.; Govin, J.; Vigneron, M.; Turner, B.M.; Khochbin, S.; Vourc’h, C. Stress-induced transcription of satellite III
repeats. J. Cell Biol. 2004, 164, 25-33. [CrossRef]

Biamonti, G.; Vourc’h, C. Nuclear stress bodies. Cold Spring Harb. Perspect. Biol. 2010, 2, a000695. [CrossRef] [PubMed]

Chiodi, I.; Corioni, M.; Giordano, M.; Valgardsdottir, R.; Ghigna, C.; Cobianchi, F; Xu, RM.; Riva, S.; Biamonti, G. RNA
recognition motif 2 directs the recruitment of SF2/ASF to nuclear stress bodies. Nucleic Acids Res. 2004, 32, 4127—-4136. [CrossRef]
[PubMed]

Chong, P.A.; Vernon, R M.; Forman-Kay, ].D. RGG/RG Motif Regions in RNA Binding and Phase Separation. J. Mol. Biol. 2018,
430, 4650—4665. [CrossRef] [PubMed]

Huang, C.; Chen, Y; Dai, H.; Zhang, H.; Xie, M.; Zhang, H.; Chen, F; Kang, X.; Bai, X.; Chen, Z. UBAP2L arginine methylation by
PRMT1 modulates stress granule assembly. Cell Death Differ. 2019, 27, 227-241. [CrossRef] [PubMed]

Qamar, S.; Wang, G.; Randle, S.J.; Ruggeri, ES.; Varela, J.A.; Lin, ].Q.; Phillips, E.C.; Miyashita, A.; Williams, D.; Strohl, F; et al.
FUS Phase Separation Is Modulated by a Molecular Chaperone and Methylation of Arginine Cation-pi Interactions. Cell 2018,
173, 720-734. [CrossRef]

Tsai, W.C.; Gayatri, S.; Reineke, L.C.; Sbardella, G.; Bedford, M.T.; Lloyd, R.E. Arginine Demethylation of G3BP1 Promotes Stress
Granule Assembly. |. Biol. Chem. 2016, 291, 22671-22685. [CrossRef]


http://doi.org/10.1016/j.molcel.2009.01.026
http://www.ncbi.nlm.nih.gov/pubmed/19217333
http://doi.org/10.1038/emboj.2012.251
http://www.ncbi.nlm.nih.gov/pubmed/22960638
http://doi.org/10.1186/1756-6606-6-31
http://www.ncbi.nlm.nih.gov/pubmed/23835137
http://doi.org/10.1083/jcb.201904098
http://www.ncbi.nlm.nih.gov/pubmed/31636118
http://doi.org/10.1083/jcb.148.2.283
http://www.ncbi.nlm.nih.gov/pubmed/10648561
http://doi.org/10.1093/nar/gkaa828
http://doi.org/10.1016/j.ctrv.2005.09.006
http://doi.org/10.1083/jcb.200604009
http://doi.org/10.1074/jbc.M604391200
http://doi.org/10.15252/embj.2018101341
http://www.ncbi.nlm.nih.gov/pubmed/31271238
http://doi.org/10.1016/S0092-8674(02)00626-8
http://doi.org/10.1128/MCB.00874-08
http://doi.org/10.1084/jem.193.12.1361
http://www.ncbi.nlm.nih.gov/pubmed/11413191
http://doi.org/10.1074/jbc.M109.010181
http://doi.org/10.1038/cdd.2013.101
http://doi.org/10.1016/j.cell.2006.05.041
http://doi.org/10.1016/S1535-6108(04)00082-0
http://doi.org/10.3389/fcell.2021.622057
http://doi.org/10.1083/jcb.200306104
http://doi.org/10.1101/cshperspect.a000695
http://www.ncbi.nlm.nih.gov/pubmed/20516127
http://doi.org/10.1093/nar/gkh759
http://www.ncbi.nlm.nih.gov/pubmed/15302913
http://doi.org/10.1016/j.jmb.2018.06.014
http://www.ncbi.nlm.nih.gov/pubmed/29913160
http://doi.org/10.1038/s41418-019-0350-5
http://www.ncbi.nlm.nih.gov/pubmed/31114027
http://doi.org/10.1016/j.cell.2018.03.056
http://doi.org/10.1074/jbc.M116.739573

Cells 2022, 11, 2063 17 of 20

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Tsai, W.C.; Reineke, L.C.; Jain, A.; Jung, S.Y.; Lloyd, R.E. Histone arginine demethylase JMJD6 is linked to stress granule assembly
through demethylation of the stress granule-nucleating protein G3BP1. ]. Biol. Chem. 2017, 292, 18886-18896. [CrossRef]
Arribas-Layton, M.; Dennis, J.; Bennett, E.J.; Damgaard, C.K.; Lykke-Andersen, J. The C-Terminal RGG Domain of Human Lsm4
Promotes Processing Body Formation Stimulated by Arginine Dimethylation. Mol. Cell Biol. 2016, 36, 2226-2235. [CrossRef]
Rouhana, L.; Vieira, A.P.; Roberts-Galbraith, R.H.; Newmark, P.A. PRMT5 and the role of symmetrical dimethylarginine in
chromatoid bodies of planarian stem cells. Development 2012, 139, 1083-1094. [CrossRef]

Aditi; Folkmann, A.W.; Wente, S.R. Cytoplasmic hGlelA regulates stress granules by modulation of translation. Mol. Biol. Cell
2015, 26, 1476-1490. [CrossRef]

Aditi; Mason, A.C.; Sharma, M.; Dawson, T.R.; Wente, S.R. MAPK- and glycogen synthase kinase 3-mediated phosphorylation
regulates the DEAD-box protein modulator Glel for control of stress granule dynamics. J. Biol. Chem. 2019, 294, 559-575.
[CrossRef] [PubMed]

Wang, B.; Maxwell, B.A,; Joo, ].H.; Gwon, Y.; Messing, J.; Mishra, A.; Shaw, T.I.; Ward, A.L.; Quan, H.; Sakurada, S.M.; et al.
ULK1 and ULK2 Regulate Stress Granule Disassembly Through Phosphorylation and Activation of VCP/p97. Mol. Cell 2019, 74,
742-757. [CrossRef] [PubMed]

Reineke, L.C.; Tsai, W.C; Jain, A.; Kaelber, ].T.; Jung, S.Y.; Lloyd, R.E. Casein Kinase 2 Is Linked to Stress Granule Dynamics
through Phosphorylation of the Stress Granule Nucleating Protein G3BP1. Mol. Cell Biol. 2017, 37. [CrossRef] [PubMed]

Tsai, N.P,; Ho, P.C.; Wei, L.N. Regulation of stress granule dynamics by Grb7 and FAK signalling pathway. EMBO ]. 2008, 27,
715-726. [CrossRef] [PubMed]

Tenekeci, U.; Poppe, M.; Beuerlein, K.; Buro, C.; Muller, H.; Weiser, H.; Kettner-Buhrow, D.; Porada, K.; Newel, D.; Xu, M; et al.
K63-Ubiquitylation and TRAF6 Pathways Regulate Mammalian P-Body Formation and mRNA Decapping. Mol. Cell 2016, 62,
943-957. [CrossRef]

Stoecklin, G.; Stubbs, T.; Kedersha, N.; Wax, S.; Rigby, W.F,; Blackwell, TK.; Anderson, P. MK2-induced tristetraprolin:14-3-3
complexes prevent stress granule association and ARE-mRNA decay. EMBO . 2004, 23, 1313-1324. [CrossRef]

Lukong, K.E.; Huot, M.E; Richard, S. BRK phosphorylates PSF promoting its cytoplasmic localization and cell cycle arrest. Cell
Signal. 2009, 21, 1415-1422. [CrossRef]

Proteau, A.; Blier, S.; Albert, A.L.; Lavoie, S.B.; Traish, A.M.; Vincent, M. The multifunctional nuclear protein p54nrb is
multiphosphorylated in mitosis and interacts with the mitotic regulator Pin1. J. Mol. Biol. 2005, 346, 1163-1172. [CrossRef]

Gal, J.; Chen, J.; Na, D.Y,; Tichacek, L.; Barnett, K.R.; Zhu, H. The Acetylation of Lysine-376 of G3BP1 Regulates RNA Binding and
Stress Granule Dynamics. Mol. Cell Biol. 2019, 39. [CrossRef]

Saito, M.; Hess, D.; Eglinger, J.; Fritsch, A.W.; Kreysing, M.; Weinert, B.T.; Choudhary, C.; Matthias, P. Acetylation of intrinsically
disordered regions regulates phase separation. Nat. Chem. Biol. 2019, 15, 51-61. [CrossRef]

Nagamori, I.; Cruickshank, V.A.; Sassone-Corsi, P. Regulation of an RNA granule during spermatogenesis: Acetylation of MVH
in the chromatoid body of germ cells. . Cell Sci. 2011, 124, 4346—4355. [CrossRef] [PubMed]

Ohn, T.; Kedersha, N.; Hickman, T.; Tisdale, S.; Anderson, P. A functional RNAIi screen links O-GlcNAc modification of ribosomal
proteins to stress granule and processing body assembly. Nat. Cell Biol. 2008, 10, 1224-1231. [CrossRef] [PubMed]

Duan, Y;; Du, A,; Gu, J,; Duan, G.; Wang, C.; Gui, X.; Ma, Z,; Qian, B.; Deng, X.; Zhang, K,; et al. PARylation regulates stress
granule dynamics, phase separation, and neurotoxicity of disease-related RNA-binding proteins. Cell Res. 2019, 29, 233-247.
[CrossRef] [PubMed]

Rabut, G.; Peter, M. Function and regulation of protein neddylation. ‘Protein modifications: Beyond the usual suspects’ review
series. EMBO Rep. 2008, 9, 969-976. [CrossRef] [PubMed]

Gwon, Y.; Maxwell, B.A.; Kolaitis, RM.; Zhang, P.; Kim, H.J.; Taylor, ]J.P. Ubiquitination of G3BP1 mediates stress granule
disassembly in a context-specific manner. Science 2021, 372, eabf6548. [CrossRef]

Jayabalan, A.K.; Sanchez, A.; Park, R.Y.; Yoon, S.P.; Kang, G.Y.; Baek, ].H.; Anderson, P.; Kee, Y.; Ohn, T. NEDDylation promotes
stress granule assembly. Nat. Commun. 2016, 7, 12125. [CrossRef]

Xie, X.; Matsumoto, S.; Endo, A.; Fukushima, T.; Kawahara, H.; Saeki, Y.; Komada, M. Deubiquitylases USP5 and USP13 are
recruited to and regulate heat-induced stress granules through their deubiquitylating activities. J. Cell Sci. 2018, 131. [CrossRef]
Seguin, S.J.; Morelli, EE; Vinet, J.; Amore, D.; De Biasi, S.; Poletti, A.; Rubinsztein, D.C.; Carra, S. Inhibition of autophagy,
lysosome and VCP function impairs stress granule assembly. Cell Death Differ. 2014, 21, 1838-1851. [CrossRef]

Markmiller, S.; Fulzele, A.; Higgins, R.; Leonard, M.; Yeo, G.W.; Bennett, E.J. Active Protein Neddylation or Ubiquitylation Is
Dispensable for Stress Granule Dynamics. Cell Rep. 2019, 27, 1356-1363. [CrossRef]

Park, M.H.; Wolff, E.C. Hypusine, a polyamine-derived amino acid critical for eukaryotic translation. J. Biol. Chem. 2018, 293,
18710-18718. [CrossRef]

Li, C.H.; Ohn, T,; Ivanov, P,; Tisdale, S.; Anderson, P. eI[F5A promotes translation elongation, polysome disassembly and stress
granule assembly. PLoS ONE 2010, 5, €9942. [CrossRef]

Miiller, S.; Matunis, M.].; Dejean, A. Conjugation with the ubiquitin-related modifier SUMO-1 regulates the partitioning of PML
within the nucleus. EMBO J. 1998, 17, 61-70. [CrossRef] [PubMed]

Sternburg, E.L.; Gruijs da Silva, L.A.; Dormann, D. Post-translational modifications on RNA-binding proteins: Accelerators,
brakes, or passengers in neurodegeneration? Trends Biochem. Sci. 2022, 47, 6-22. [CrossRef] [PubMed]


http://doi.org/10.1074/jbc.M117.800706
http://doi.org/10.1128/MCB.01102-15
http://doi.org/10.1242/dev.076182
http://doi.org/10.1091/mbc.E14-11-1523
http://doi.org/10.1074/jbc.RA118.005749
http://www.ncbi.nlm.nih.gov/pubmed/30429220
http://doi.org/10.1016/j.molcel.2019.03.027
http://www.ncbi.nlm.nih.gov/pubmed/30979586
http://doi.org/10.1128/MCB.00596-16
http://www.ncbi.nlm.nih.gov/pubmed/27920254
http://doi.org/10.1038/emboj.2008.19
http://www.ncbi.nlm.nih.gov/pubmed/18273060
http://doi.org/10.1016/j.molcel.2016.05.017
http://doi.org/10.1038/sj.emboj.7600163
http://doi.org/10.1016/j.cellsig.2009.04.008
http://doi.org/10.1016/j.jmb.2004.12.034
http://doi.org/10.1128/MCB.00052-19
http://doi.org/10.1038/s41589-018-0180-7
http://doi.org/10.1242/jcs.096461
http://www.ncbi.nlm.nih.gov/pubmed/22223882
http://doi.org/10.1038/ncb1783
http://www.ncbi.nlm.nih.gov/pubmed/18794846
http://doi.org/10.1038/s41422-019-0141-z
http://www.ncbi.nlm.nih.gov/pubmed/30728452
http://doi.org/10.1038/embor.2008.183
http://www.ncbi.nlm.nih.gov/pubmed/18802447
http://doi.org/10.1126/science.abf6548
http://doi.org/10.1038/ncomms12125
http://doi.org/10.1242/jcs.210856
http://doi.org/10.1038/cdd.2014.103
http://doi.org/10.1016/j.celrep.2019.04.015
http://doi.org/10.1074/jbc.TM118.003341
http://doi.org/10.1371/journal.pone.0009942
http://doi.org/10.1093/emboj/17.1.61
http://www.ncbi.nlm.nih.gov/pubmed/9427741
http://doi.org/10.1016/j.tibs.2021.07.004
http://www.ncbi.nlm.nih.gov/pubmed/34366183

Cells 2022, 11, 2063 18 of 20

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Wegmann, S.; Eftekharzadeh, B.; Tepper, K.; Zoltowska, K.M.; Bennett, R.E.; Dujardin, S.; Laskowski, PR.; MacKenzie, D.; Kamath,
T.; Commins, C.; et al. Tau protein liquid-liquid phase separation can initiate tau aggregation. EMBO J. 2018, 37. [CrossRef]
Ferreon, J.C.; Jain, A.; Choi, KJ.; Tsoi, P.S.; MacKenzie, K.R.; Jung, S.Y.; Ferreon, A.C. Acetylation Disfavors Tau Phase Separation.
Int. J. Mol. Sci. 2018, 19. [CrossRef] [PubMed]

Hofweber, M.; Hutten, S.; Bourgeois, B.; Spreitzer, E.; Niedner-Boblenz, A.; Schifferer, M.; Ruepp, M.D.; Simons, M.; Niessing, D.;
Madl, T.; et al. Phase Separation of FUS Is Suppressed by Its Nuclear Import Receptor and Arginine Methylation. Cell 2018, 173,
706-719. [CrossRef] [PubMed]

Li, H.Y,; Yeh, PA.; Chiu, H.C,; Tang, C.Y.; Tu, B.P. Hyperphosphorylation as a defense mechanism to reduce TDP-43 aggregation.
PLoS ONE 2011, 6, €23075. [CrossRef] [PubMed]

Gruijs da Silva, L.A.; Simonetti, F.; Hutten, S.; Riemenschneider, H.; Sternburg, E.L.; Pietrek, L.M.; Gebel, ].; Dotsch, V.; Edbauer,
D.; Hummer, G,; et al. Disease-linked TDP-43 hyperphosphorylation suppresses TDP-43 condensation and aggregation. EMBO ]J.
2022, 41, €108443. [CrossRef]

Monahan, Z.; Ryan, V.H.; Janke, A.M.; Burke, K.A.; Rhoads, S.N.; Zerze, G.H.; O’'Meally, R.; Dignon, G.L.; Conicella, A.E.; Zheng,
W.; et al. Phosphorylation of the FUS low-complexity domain disrupts phase separation, aggregation, and toxicity. EMBO J. 2017,
36, 2951-2967. [CrossRef]

Bock, A.S.; Murthy, A.C.; Tang, W.S.; Jovic, N.; Shewmaker, F; Mittal, J.; Fawzi, N.L. N-terminal acetylation modestly enhances
phase separation and reduces aggregation of the low-complexity domain of RNA-binding protein fused in sarcoma. Protein Sci.
2021, 30, 1337-1349. [CrossRef]

Cohen, T].; Hwang, A.W.; Restrepo, C.R.; Yuan, C.X.; Trojanowski, J.Q.; Lee, V.M. An acetylation switch controls TDP-43 function
and aggregation propensity. Nat. Commun. 2015, 6, 5845. [CrossRef] [PubMed]

Nonaka, T.; Suzuki, G.; Tanaka, Y.; Kametani, F; Hirai, S.; Okado, H.; Miyashita, T.; Saitoe, M.; Akiyama, H.; Masai, H.; et al.
Phosphorylation of TAR DNA-binding Protein of 43 kDa (TDP-43) by Truncated Casein Kinase 15 Triggers Mislocalization and
Accumulation of TDP-43. J. Biol. Chem. 2016, 291, 5473-5483. [CrossRef] [PubMed]

Zhao, M.]; Yao, X.; Wei, P; Zhao, C.; Cheng, M.; Zhang, D.; Xue, W.; He, W.T.; Xue, W.; Zuo, X,; et al. O-GlcNAcylation of TDP-43
suppresses proteinopathies and promotes TDP-43's mRNA splicing activity. EMBO Rep. 2021, 22, €51649. [CrossRef] [PubMed]
Alami, N.H.; Smith, R.B.; Carrasco, M.A.; Williams, L.A.; Winborn, C.S.; Han, S.S.W.; Kiskinis, E.; Winborn, B.; Freibaum, B.D.;
Kanagaraj, A.; et al. Axonal transport of TDP-43 mRNA granules is impaired by ALS-causing mutations. Neuron. 2014, 81,
536-543. [CrossRef]

Khayachi, A.; Gwizdek, C.; Poupon, G.; Alcor, D.; Chafai, M.; Casse, F.; Maurin, T.; Prieto, M.; Folci, A.; De Graeve, E; et al.
Sumoylation regulates FMRP-mediated dendritic spine elimination and maturation. Nat. Commun. 2018, 9, 757. [CrossRef]
[PubMed]

Ayuso, ML.I.; Martinez-Alonso, E.; Regidor, I.; Alcazar, A. Stress Granule Induction after Brain Ischemia Is Independent of
Eukaryotic Translation Initiation Factor (elF) 2alpha Phosphorylation and Is Correlated with a Decrease in elF4B and eIF4E
Proteins. J. Biol. Chem. 2016, 291, 27252-27264. [CrossRef]

Correia, A.S.; Patel, P; Dutta, K.; Julien, J.P. Inflammation Induces TDP-43 Mislocalization and Aggregation. PLoS ONE 2015, 10,
€0140248. [CrossRef]

Cao, X,; Jin, X.; Liu, B. The involvement of stress granules in aging and aging-associated diseases. Aging Cell 2020, 19, e13136.
[CrossRef]

Shin, Y.; Brangwynne, C.P. Liquid phase condensation in cell physiology and disease. Science 2017, 357. [CrossRef]

Sreedharan, J.; Blair, LP.; Tripathi, V.B.; Hu, X.; Vance, C.; Rogelj, B.; Ackerley, S.; Durnall, ].C.; Williams, K.L.; Buratti, E.; et al.
TDP-43 mutations in familial and sporadic amyotrophic lateral sclerosis. Science 2008, 319, 1668-1672. [CrossRef]

Vance, C.; Rogelj, B.; Hortobagyi, T.; De Vos, KJ.; Nishimura, A.L.; Sreedharan, J.; Hu, X.; Smith, B.; Ruddy, D.; Wright, P.; et al.
Mutations in FUS, an RNA processing protein, cause familial amyotrophic lateral sclerosis type 6. Science 2009, 323, 1208-1211.
[CrossRef] [PubMed]

Elden, A.C.; Kim, H.J.; Hart, M.P.,; Chen-Plotkin, A.S.; Johnson, B.S.; Fang, X.; Armakola, M.; Geser, F.; Greene, R.; Lu, M.M,; et al.
Ataxin-2 intermediate-length polyglutamine expansions are associated with increased risk for ALS. Nature 2010, 466, 1069-1075.
[CrossRef] [PubMed]

Zhang, Y.J.; Gendron, T.F; Ebbert, M.T.W.; O'Raw, A.D.; Yue, M.; Jansen-West, K.; Zhang, X.; Prudencio, M.; Chew, J.; Cook, C.N;
et al. Poly(GR) impairs protein translation and stress granule dynamics in C9orf72-associated frontotemporal dementia and
amyotrophic lateral sclerosis. Nat. Med. 2018, 24, 1136-1142. [CrossRef] [PubMed]

Kim, H.J.; Kim, N.C.; Wang, Y.D.; Scarborough, E.A.; Moore, ].; Diaz, Z.; MacLea, K.S.; Freibaum, B.; Li, S.; Molliex, A.; et al.
Mutations in prion-like domains in hnRNPA2B1 and hnRNPA1 cause multisystem proteinopathy and ALS. Nature 2013, 495,
467-473. [CrossRef] [PubMed]

Mackenzie, I.R.; Nicholson, A.M.; Sarkar, M.; Messing, J.; Purice, M.D.; Pottier, C.; Annu, K.; Baker, M.; Perkerson, R.B.; Kurti, A,;
et al. TIA1 Mutations in Amyotrophic Lateral Sclerosis and Frontotemporal Dementia Promote Phase Separation and Alter Stress
Granule Dynamics. Neuron 2017, 95, 808-816. [CrossRef]

Ding, Q.; Chaplin, J.; Morris, M.J.; Hilliard, M.A.; Wolvetang, E.; Ng, D.C.H.; Noakes, P.G. TDP-43 Mutation Affects Stress
Granule Dynamics in Differentiated NSC-34 Motoneuron-Like Cells. Front. Cell Dev. Biol. 2021, 9, 611601. [CrossRef]


http://doi.org/10.15252/embj.201798049
http://doi.org/10.3390/ijms19051360
http://www.ncbi.nlm.nih.gov/pubmed/29734651
http://doi.org/10.1016/j.cell.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/29677514
http://doi.org/10.1371/journal.pone.0023075
http://www.ncbi.nlm.nih.gov/pubmed/21850253
http://doi.org/10.15252/embj.2021108443
http://doi.org/10.15252/embj.201696394
http://doi.org/10.1002/pro.4029
http://doi.org/10.1038/ncomms6845
http://www.ncbi.nlm.nih.gov/pubmed/25556531
http://doi.org/10.1074/jbc.M115.695379
http://www.ncbi.nlm.nih.gov/pubmed/26769969
http://doi.org/10.15252/embr.202051649
http://www.ncbi.nlm.nih.gov/pubmed/33855783
http://doi.org/10.1016/j.neuron.2013.12.018
http://doi.org/10.1038/s41467-018-03222-y
http://www.ncbi.nlm.nih.gov/pubmed/29472612
http://doi.org/10.1074/jbc.M116.738989
http://doi.org/10.1371/journal.pone.0140248
http://doi.org/10.1111/acel.13136
http://doi.org/10.1126/science.aaf4382
http://doi.org/10.1126/science.1154584
http://doi.org/10.1126/science.1165942
http://www.ncbi.nlm.nih.gov/pubmed/19251628
http://doi.org/10.1038/nature09320
http://www.ncbi.nlm.nih.gov/pubmed/20740007
http://doi.org/10.1038/s41591-018-0071-1
http://www.ncbi.nlm.nih.gov/pubmed/29942091
http://doi.org/10.1038/nature11922
http://www.ncbi.nlm.nih.gov/pubmed/23455423
http://doi.org/10.1016/j.neuron.2017.07.025
http://doi.org/10.3389/fcell.2021.611601

Cells 2022, 11, 2063 19 of 20

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Patel, A.; Lee, H.O,; Jawerth, L.; Maharana, S.; Jahnel, M.; Hein, M.Y.; Stoynov, S.; Mahamid, J.; Saha, S.; Franzmann, TM.; et al. A
Liquid-to-Solid Phase Transition of the ALS Protein FUS Accelerated by Disease Mutation. Cell 2015, 162, 1066-1077. [CrossRef]
Rhine, K.; Makurath, M.A; Liu, J.; Skanchy, S.; Lopez, C.; Catalan, K.F; Ma, Y.; Fare, C.M; Shorter, J.; Ha, T.; et al. ALS/FTLD-
Linked Mutations in FUS Glycine Residues Cause Accelerated Gelation and Reduced Interactions with Wild-Type FUS. Mol. Cell
2020, 80, 666—681. [CrossRef]

Zhang, K.; Daigle, ].G.; Cunningham, K.M.; Coyne, A.N.; Ruan, K.; Grima, J.C.; Bowen, K.E.; Wadhwa, H.; Yang, P,; Rigo, F; et al.
Stress Granule Assembly Disrupts Nucleocytoplasmic Transport. Cell 2018, 173, 958-971. [CrossRef]

Repici, M.; Hassanjani, M.; Maddison, D.C.; Garcao, P; Cimini, S.; Patel, B.; Szego, E.M.; Straatman, K.R.; Lilley, K.S.; Borsello, T.;
et al. The Parkinson’s Disease-Linked Protein D]-1 Associates with Cytoplasmic mRNP Granules During Stress and Neurodegen-
eration. Mol. Neurobiol. 2019, 56, 61-77. [CrossRef]

Sanchez, I.L; Nguyen, T.B.; England, WE; Lim, R.G.; Vu, A.Q.; Miramontes, R.; Byrne, L.M.; Markmiller, S.; Lau, A.L.; Orellana, I;
et al. Huntington’s disease mice and human brain tissue exhibit increased G3BP1 granules and TDP43 mislocalization. J. Clin.
Investig. 2021, 131, e140723. [CrossRef] [PubMed]

Vanderweyde, T.; Apicco, D.J.; Youmans-Kidder, K.; Ash, PE.A.; Cook, C.; Lummertz da Rocha, E.; Jansen-West, K.; Frame, A.A;
Citro, A.; Leszyk, ].D.; et al. Interaction of tau with the RNA-Binding Protein TIA1 Regulates tau Pathophysiology and Toxicity.
Cell Rep. 2016, 15, 1455-1466. [CrossRef] [PubMed]

Reineke, L.C.; Neilson, ].R. Differences between acute and chronic stress granules, and how these differences may impact function
in human disease. Biochem. Pharmacol. 2019, 162, 123-131. [CrossRef] [PubMed]

Reineke, L.C.; Cheema, S.A.; Dubrulle, J.; Neilson, J.R. Chronic starvation induces noncanonical pro-death stress granules. J. Cell
Sci. 2018, 131. [CrossRef]

Ratti, A.; Gumina, V.; Lenzi, P.; Bossolasco, P.; Fulceri, F.; Volpe, C.; Bardelli, D.; Pregnolato, F.; Maraschi, A.; Fornai, F;
et al. Chronic stress induces formation of stress granules and pathological TDP-43 aggregates in human ALS fibroblasts and
iPSC-motoneurons. Neurobiol. Dis. 2020, 145, 105051. [CrossRef]

Shelkovnikova, T.A.; Kukharsky, M.S.; An, H.; Dimasi, P; Alexeeva, S.; Shabir, O.; Heath, PR.; Buchman, V.L. Protective
paraspeckle hyper-assembly downstream of TDP-43 loss of function in amyotrophic lateral sclerosis. Mol. Neurodegener. 2018, 13,
30. [CrossRef]

Wang, C.; Duan, Y.; Duan, G.; Wang, Q.; Zhang, K.; Deng, X.; Qian, B.; Gu, J.; Ma, Z.; Zhang, S.; et al. Stress Induces Dynamic,
Cytotoxicity-Antagonizing TDP-43 Nuclear Bodies via Paraspeckle LncRNA NEAT1-Mediated Liquid-Liquid Phase Separation.
Mol. Cell 2020, 79, 443-458. [CrossRef]

An, H,; Skelt, L.; Notaro, A.; Highley, ].R.; Fox, A.-H.; La Bella, V.; Buchman, V.L.; Shelkovnikova, T.A. ALS-linked FUS mutations
confer loss and gain of function in the nucleus by promoting excessive formation of dysfunctional paraspeckles. Acta Neuropathol.
Commun. 2019, 7, 7. [CrossRef]

Shelkovnikova, T.A.; Robinson, H.K.; Troakes, C.; Ninkina, N.; Buchman, V.L. Compromised paraspeckle formation as a
pathogenic factor in FUSopathies. Hum. Mol. Genet. 2014, 23, 2298-2312. [CrossRef]

Chitiprolu, M.; Jagow, C.; Tremblay, V.; Bondy-Chorney, E.; Paris, G.; Savard, A.; Palidwor, G.; Barry, EA.; Zinman, L.; Keith, J.;
etal. A complex of COORF72 and p62 uses arginine methylation to eliminate stress granules by autophagy. Nat. Commun. 2018, 9,
2794. [CrossRef]

Zheng, Y.; Zhu, G.; Tang, Y.; Yan, ].; Han, S.; Yin, J.; Peng, B.; He, X.; Liu, W. HDAC6, A Novel Cargo for Autophagic Clearance of
Stress Granules, Mediates the Repression of the Type I Interferon Response During Coxsackievirus A16 Infection. Front. Microbiol.
2020, 11, 78. [CrossRef] [PubMed]

Yeo, B.K.; Yu, S.-W. Valosin-containing protein (VCP): Structure, functions, and implications in neurodegenerative diseases. Anim.
Cells Syst. 2016, 20, 303-309. [CrossRef]

Ju, J.S.; Fuentealba, R.A.; Miller, S.E.; Jackson, E.; Piwnica-Worms, D.; Baloh, R.H.; Weihl, C.C. Valosin-containing protein (VCP) is
required for autophagy and is disrupted in VCP disease. J. Cell Biol. 2009, 187, 875-888. [CrossRef] [PubMed]

Krick, R.; Bremer, S.; Welter, E.; Schlotterhose, P.; Muehe, Y.; Eskelinen, E.L.; Thumm, M. Cdc48/p97 and Shp1/p47 regulate
autophagosome biogenesis in concert with ubiquitin-like Atg8. J. Cell Biol. 2010, 190, 965-973. [CrossRef] [PubMed]

Field, S.; Conner, W.C.; Roberts, D.M. Arabidopsis CALMODULIN-LIKE 38 Regulates Hypoxia-Induced Autophagy of SUP-
PRESSOR OF GENE SILENCING 3 Bodies. Front. Plant Sci. 2021, 12, 722940. [CrossRef]

Watts, G.D.; Wymer, J.; Kovach, M.J.; Mehta, 5.G.; Mumm, S.; Darvish, D.; Pestronk, A.; Whyte, M.P,; Kimonis, V.E. Inclusion
body myopathy associated with Paget disease of bone and frontotemporal dementia is caused by mutant valosin-containing
protein. Nat. Genet. 2004, 36, 377-381. [CrossRef]

Johnson, J.O.; Mandrioli, J.; Benatar, M.; Abramzon, Y.; Van Deerlin, V.M.; Trojanowski, J.Q.; Gibbs, J.R.; Brunetti, M.; Gronka, S.;
Wuu, J.; et al. Exome sequencing reveals VCP mutations as a cause of familial ALS. Neuron 2010, 68, 857-864. [CrossRef]
Turakhiya, A.; Meyer, S.R.; Marincola, G.; Bohm, S.; Vanselow, ].T.; Schlosser, A.; Hofmann, K.; Buchberger, A. ZFAND1 Recruits
P97 and the 26S Proteasome to Promote the Clearance of Arsenite-Induced Stress Granules. Mol. Cell 2018, 70, 906-919. [CrossRef]
Hardy, S.D.; Shinde, A.; Wang, W.H.; Wendt, M.K.; Geahlen, R.L. Regulation of epithelial-mesenchymal transition and metastasis
by TGE-B, p bodies, and autophagy. Oncotarget 2017, 8, 103302-103314. [CrossRef]

Zhang, Y,; Yan, L.; Zhou, Z.; Yang, P; Tian, E.; Zhang, K.; Zhao, Y; Li, Z.; Song, B.; Han, J.; et al. SEPA-1 mediates the specific
recognition and degradation of P granule components by autophagy in C. elegans. Cell 2009, 136, 308-321. [CrossRef]


http://doi.org/10.1016/j.cell.2015.07.047
http://doi.org/10.1016/j.molcel.2020.10.014
http://doi.org/10.1016/j.cell.2018.03.025
http://doi.org/10.1007/s12035-018-1084-y
http://doi.org/10.1172/JCI140723
http://www.ncbi.nlm.nih.gov/pubmed/33945510
http://doi.org/10.1016/j.celrep.2016.04.045
http://www.ncbi.nlm.nih.gov/pubmed/27160897
http://doi.org/10.1016/j.bcp.2018.10.009
http://www.ncbi.nlm.nih.gov/pubmed/30326201
http://doi.org/10.1242/jcs.220244
http://doi.org/10.1016/j.nbd.2020.105051
http://doi.org/10.1186/s13024-018-0263-7
http://doi.org/10.1016/j.molcel.2020.06.019
http://doi.org/10.1186/s40478-019-0658-x
http://doi.org/10.1093/hmg/ddt622
http://doi.org/10.1038/s41467-018-05273-7
http://doi.org/10.3389/fmicb.2020.00078
http://www.ncbi.nlm.nih.gov/pubmed/32082291
http://doi.org/10.1080/19768354.2016.1259181
http://doi.org/10.1083/jcb.200908115
http://www.ncbi.nlm.nih.gov/pubmed/20008565
http://doi.org/10.1083/jcb.201002075
http://www.ncbi.nlm.nih.gov/pubmed/20855502
http://doi.org/10.3389/fpls.2021.722940
http://doi.org/10.1038/ng1332
http://doi.org/10.1016/j.neuron.2010.11.036
http://doi.org/10.1016/j.molcel.2018.04.021
http://doi.org/10.18632/oncotarget.21871
http://doi.org/10.1016/j.cell.2008.12.022

Cells 2022, 11, 2063 20 0f 20

161.

162.

163.

164.

165.

166.

Zhao, Y.; Tian, E.; Zhang, H. Selective autophagic degradation of maternally-loaded germline P granule components in somatic
cells during C. elegans embryogenesis. Autophagy 2009, 5, 717-719. [CrossRef] [PubMed]

Guo, H.; Chitiprolu, M.; Gagnon, D.; Meng, L.; Perez-Iratxeta, C.; Lagace, D.; Gibbings, D. Autophagy supports genomic stability
by degrading retrotransposon RNA. Nat. Commun. 2014, 5, 5276. [CrossRef] [PubMed]

Lee, Y,; Jonson, PH.; Sarparanta, J.; Palmio, J.; Sarkar, M.; Vihola, A.; Evila, A.; Suominen, T.; Penttila, S.; Savarese, M.; et al. TIA1
variant drives myodegeneration in multisystem proteinopathy with SQSTM1 mutations. J. Clin. Investig. 2018, 128, 1164-1177.
[CrossRef] [PubMed]

Kim, J.; Huang, W.P.; Stromhaug, P.E.; Klionsky, D.J. Convergence of multiple autophagy and cytoplasm to vacuole targeting
components to a perivacuolar membrane compartment prior to de novo vesicle formation. J. Biol. Chem. 2002, 277, 763-773.
[CrossRef] [PubMed]

Mateju, D.; Franzmann, T.M.; Patel, A.; Kopach, A.; Boczek, E.E.; Maharana, S.; Lee, H.O,; Carra, S.; Hyman, A.A.; Alberti, S. An
aberrant phase transition of stress granules triggered by misfolded protein and prevented by chaperone function. EMBO . 2017,
36, 1669-1687. [CrossRef] [PubMed]

Ganassi, M.; Mateju, D.; Bigi, I.; Mediani, L.; Poser, I.; Lee, H.O.; Seguin, S.J.; Morelli, EF.; Vinet, J.; Leo, G.; et al. A Surveillance
Function of the HSPB8-BAG3-HSP70 Chaperone Complex Ensures Stress Granule Integrity and Dynamism. Mol. Cell 2016, 63,
796-810. [CrossRef]


http://doi.org/10.4161/auto.5.5.8552
http://www.ncbi.nlm.nih.gov/pubmed/19372764
http://doi.org/10.1038/ncomms6276
http://www.ncbi.nlm.nih.gov/pubmed/25366815
http://doi.org/10.1172/JCI97103
http://www.ncbi.nlm.nih.gov/pubmed/29457785
http://doi.org/10.1074/jbc.M109134200
http://www.ncbi.nlm.nih.gov/pubmed/11675395
http://doi.org/10.15252/embj.201695957
http://www.ncbi.nlm.nih.gov/pubmed/28377462
http://doi.org/10.1016/j.molcel.2016.07.021

	Introduction 
	RNP Granules 
	Cytosolic RNP Granules 
	SGs 
	P-bodies 
	Germ-Cell-specific RNP Granules 

	Nuclear RNP Granules 
	Cajal Bodies 
	Paraspeckles 
	Promyelocytic Leukemia (PML) Bodies 
	Nuclear SG-like Structures 
	Physiological Roles of RNP Granules 


	Dynamic Regulation of RNP Granules by PTMs 
	PTMs in Dynamic Physiological Regulation 
	Arginine Methylation 
	Phosphorylation 
	Acetylation 
	Glycosylation or Poly(ADP-ribosyl)ation (PARylation) 
	Ubiquitination, Neddylation, or SUMOylation 
	Hypusine Modification 

	PTMs on Pathological RNP Granules 

	Abnormal RNP Granules and Neurodegenerative Diseases 
	Autophagic Degradation of RNP Granules: Granulophagy 
	Discussion 
	References

