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Ribonucleoprotein (RNP) granules are membrane-less organ-
elles consisting of RNA-binding proteins (RBPs) and RNA. RNA
granules form through liquid–liquid phase separation (LLPS),
whereby weak promiscuous interactions among RBPs and/or
RNAs create a dense network of interacting macromolecules
and drive the phase separation. Post-translational modifica-
tions (PTMs) of RBPs have emerged as important regulators of
LLPS and RNP granule dynamics, as they can directly weaken or
enhance the multivalent interactions between phase-separating
macromolecules or can recruit or exclude certain macromole-
cules into or from condensates. Here, we review recent insights
into how PTMs regulate phase separation and RNP granule
dynamics, in particular arginine (Arg)-methylation and phos-
phorylation. We discuss how these PTMs regulate the phase
behavior of prototypical RBPs and how, as “friend or foe,” they
might influence the assembly, disassembly, or material proper-
ties of cellular RNP granules, such as stress granules or amyloid-
like condensates. We particularly highlight how PTMs control
the phase separation and aggregation behavior of disease-linked
RBPs. We also review how disruptions of PTMs might be
involved in aberrant phase transitions and the formation of
amyloid-like protein aggregates as observed in neurodegenera-
tive diseases.

In recent years, phase separation has emerged as a novel
principle of cellular organization. Numerous membrane-less
organelles (MLOs)3 in the cytoplasm or nucleus, which are

supramolecular assemblies of macromolecules, assemble
through the process of liquid–liquid phase separation (LLPS)
(1). The resulting assemblies, also called biomolecular conden-
sates (2), concentrate certain macromolecules, while excluding
others, and hence can speed up or slow down biochemical reac-
tions or organize intracellular structures (3). Classical examples
of MLOs include RNP granules, such as stress granules (SGs)
and P bodies (PBs) in the cytoplasm, or nucleoli and paraspeck-
les in the nucleus. They consist of RNA-binding proteins
(RBPs) and RNAs and often have liquid-like properties, i.e. they
fuse with one another upon contact and show fast internal rear-
rangement and dynamic exchange of molecules with their sur-
roundings (3–5). However, there are also cellular RNP conden-
sates with solid-like properties, such as the Balbiani body (Bb)
in oocytes, which is a large, electron-dense “aggregate” that
sequesters many membranous organelles and is thought to
keep them in a low-activity state during oocyte dormancy (6, 7).

In recent years, great advances have come from in vitro
experiments that have reconstituted liquid-like RNP granules
or other condensates with only one or a few components, e.g.
purified RBPs or RNA (4, 8 –13). Such in vitro studies have
demonstrated that liquid-like assemblies are metastable and
can harden into viscous liquids, gels, or even solid-like amy-
loids. Such liquid-to-solid–state transitions are thought to
underlie the formation of intracellular, pathological protein
aggregates in the context of neurodegenerative diseases, e.g.
aggregates containing the RBPs TDP-43 or FUS in amyotrophic
lateral sclerosis (ALS) and frontotemporal dementia (FTD) or
Tau aggregates in Alzheimer’s disease (AD) (4, 14 –16). In vitro
reconstitution experiments also helped to establish that biolog-
ical phase separation is mainly driven by weak promiscuous
interactions between multivalent protein interaction domains
(8) or intrinsically disordered low complexity domains (LCDs)
(17). As multivalent interaction motifs and short linear motifs
in intrinsically disordered regions (IDRs) and LCDs are often
post-translationally modified (18 –21), it is not surprising that
post-translational modifications (PTMs) are important regula-
tors of phase separation (22, 23). PTMs change the physico-
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chemical properties of the modified amino acids, e.g. by altering
the steric properties, charge state, or bulkiness, and hence mod-
ulate interactions either positively or negatively. PTMs can
alter the phase-separated state by directly weakening or
enhancing the multivalent interactions between phase-separat-
ing macromolecules (Fig. 1A) or by recruiting/excluding cer-
tain macromolecules (e.g. a protein or a nucleic acid) into/from
the condensate (Fig. 1B). In this fashion, PTMs can control the
assembly or disassembly of condensates and MLOs and change
their composition as well as their material properties (Fig. 1).

In this review, we highlight recent examples that illustrate
how phase separation of RBPs and intracellular RNP granules
are regulated by PTMs, in particular arginine (Arg)-methyla-
tion and phosphorylation as well-studied paradigms. We
discuss how these PTMs regulate the phase behavior of proto-
typical RBPs in vitro and how they might influence the compo-
sition, dynamics, and material properties of cellular RNP gran-
ules, such as SGs or amyloid-like condensates. We place special
emphasis on disease-linked RBPs that are thought to form path-
ological aggregates via aberrant liquid-to-solid–state transi-
tions and are linked to neurodegenerative diseases.

Key amino acids governing the phase separation
behavior of RBPs are frequently post-translationally
modified

Recently, much progress has been made toward elucidating
the molecular interactions that underlie phase separation of
proteins and dictate their phase behavior. In particular, recent
work by Hyman and co-workers (24) has identified a sequence
encoded the “molecular grammar” governing phase separation
of RBPs with prion-like LCDs. This study established that inter-
actions between aromatic and positively charged amino acids,
in particular Tyr and Arg, are the key driving force for phase
separation of RBPs (24). In line with these findings, several
other studies have recently shown that Arg residues in
RGG/RG or RG-FG repeat motifs are required for phase sepa-
ration of FUS (25–27) or Ddx4, respectively (28, 29). The mate-
rial properties of RBP condensates are also determined by a
specific sequence code: Gly residues enhance fluidity of con-

densates, whereas Gln and Ser residues promote hardening
(24), possibly by promoting formation of labile cross–�-sheets
(30 –32).

Considering that Arg, Tyr, and Ser are frequently post-trans-
lationally modified, e.g. by methyl-groups on Arg and phospho-
groups on Tyr or Ser, PTMs on these residues are likely to be
crucial modulators of RBP phase separation. Phosphorylation
introduces a negative charge, which should tune RBP phase
separation behavior either positively or negatively, depending
on whether it is driven primarily by aromatic– cationic interac-
tions or by aromatic–aromatic interactions (24). Arg-methyla-
tion does not alter the charge, but increases the bulkiness and
alters the charge distribution, hydrophobicity, and hydrogen
bonding properties of the guanidinium headgroup (33), all of
which impacts intermolecular interactions and hence could
tune the phase separation behavior.

In the following paragraphs, we will discuss arginine methyl-
ation and phosphorylation as two important control mecha-
nisms that tune phase separation of RBPs and hence regulate
the dynamic assembly and disassembly of cellular RNP gran-
ules. We contemplate whether these PTMs are “friend or foe” of
RBP phase separation, i.e. whether they tend to promote or
rather to suppress LLPS and RNP granule assembly/disassem-
bly. Finally, we will briefly discuss how the interplay of Arg-
methylation and phosphorylation with other PTMs may pro-
vide an even more complex biological regulation of phase
separation and condensates.

Arginine methylation: a key regulator of RBP phase
separation and RNP granule dynamics

Repetitive RGG- or RG-rich motifs are a prevalent sequence
pattern in heterogeneous ribonucleoproteins (hnRNPs) and
other nuclear RBPs (34). Arg residues located in RGG/RG
motifs are the preferred sites for methylation by members of
the protein arginine methyltransferase (PRMT) family (35).
PRMTs catalyze the transfer of one or two methyl groups from
S-adenosylmethionine to the terminal guanidino nitrogen
atoms of Arg, thus generating monomethyl-arginine or sym-
metric or asymmetric dimethyl-arginine. In mammals, there
are nine PRMTs (PRMT1–9), but the major enzyme responsi-
ble for the bulk of Arg-methylation activity is PRMT1 (36),
which preferentially methylates RGG/RG motifs and generates
monomethyl-arginine and asymmetric dimethyl-arginine (37).

Arg-methylation is thought to be a rather stable or “static”
modification, although there is evidence for the existence of
an Arg-demethylase activity (37), and JMJD6 and JmjC his-
tone lysine demethylases have been reported to function as
Arg-demethylases (38, 39). Nevertheless, Arg-methylation is
considered much less dynamic than other PTMs, such as
phosphorylation or acetylation (40); hence, in contrast to
phosphorylation, Arg-methylation is unlikely to act as a
rapid “switch” that can be readily activated and deactivated
in response to changes in the cellular environment.

As RGG/RG-rich motifs are highly abundant in RBPs (34)
and Arg-aromatic interactions are a key driving force of RBP
phase separation (24), it is not surprising that a vast number of
recent studies have provided evidence for a critical role of RGG/
RG-rich motifs in RBP phase separation (25, 26, 28, 41– 43). We

Figure 1. PTMs can regulate formation and material properties of con-
densates. A, PTMs have the potential to promote the assembly or disassem-
bly of liquid-like condensates as well as the transition to gel- or solid-like
condensates by enhancing or disrupting weak multivalent interactions
between phase-separating RBPs. B, in a heterogeneous solution of macro-
molecules PTMs can regulate the recruitment or exclusion of specific protein
or RNA molecules from or to MLOs.
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summarize recent examples that have established Arg-methyl-
ation as a suppressor of RBP phase separation in vitro and dis-
cuss different scenarios how Arg-methylation may modulate
RNP granule assembly/disassembly in cells.

Arginine methylation suppresses LLPS of RBPs in vitro

So far, three different examples (Ddx4, hnRNP-A2, and FUS)
have demonstrated that Arg-methylation reduces LLPS by
reducing Arg-aromatic (�) interactions that normally drive
phase separation of these RBPs (Fig. 2). The first example was
provided by the DEAD-box RNA helicase Ddx4, which is an
essential component of germline-specific RNP granules, e.g.
nuage or chromatoid bodies in mammals and P granules in
Caenorhabditis elegans. Nott et al. (28) demonstrated that the
disordered N-terminal RGG-rich domain of Ddx4 (DdxN1)
undergoes LLPS in vitro and forms liquid-like compartments in
cells. They furthermore established that formation of liquid
DdxN1 droplets is driven by cation–� interactions between
repeated RG and FG motifs and is suppressed by asymmetric
dimethylation, introduced by co-expression of PRMT1 with
Ddx4N1 in Escherichia coli (28). Subsequently, a structural
study of the hnRNP-A2 prion-like LCD reported that asymmet-
ric dimethylation of four RGG motifs (by in vitro methylation
with purified PRMT1) causes a significant reduction of phase
separation, by disrupting the interactions of Arg residues with
aromatic residues (44). Finally, two independent studies re-
cently reported that Arg-methylation suppresses phase separa-
tion of FUS, which shows extensive asymmetric dimethylation
in its three RGG/RG repeat domains (45–47). The first study by
our own laboratory compared unmethylated FUS purified from
E. coli and asymmetrically dimethylated FUS obtained by in
vitro methylation with PRMT1 (25). Compared with unmethy-
lated FUS, methylated FUS exhibits significantly reduced
liquid–liquid demixing and shows an enhanced droplet

dynamic, as measured by fluorescence recovery after photo-
bleaching of half-bleached FUS-enhanced GFP droplets. More-
over, when added to semi-permeabilized cells containing SGs,
the methylated protein shows significantly lower SG associa-
tion than unmethylated FUS (25). The other study by Qamar et
al. (26) obtained hypomethylated FUS (HYPO-FUS) by purify-
ing the protein from insect cells treated with adenosine-2�,3�-
dialdehyde (AdOx), a global inhibitor of methylation. Com-
pared with “normal” FUS purified from untreated insect cells,
HYPO-FUS forms a larger number of liquid droplets and
shows reduced sphericity and fewer fusion events, suggest-
ing reduced dynamics (26). Using atomic force microscopy,
they furthermore demonstrated that a portion of the HYPO-
FUS assemblies have stiffer nanomechanical properties and
show enhanced binding of an amyloidophyllic dye (pFTAA),
suggestive of �-sheet–rich hydrogels.

The finding that the lack of Arg-methylation promotes LLPS
and more solid-like FUS assemblies is most likely of direct path-
ological relevance, as hypomethylated FUS has been found in
insoluble protein aggregates in brains of FTD patients, whereas
FUS is normally soluble and asymmetrically dimethylated in
healthy brains (48, 49). Given the recent findings that Arg-meth-
ylation suppresses LLPS of FUS and keeps the protein in a
dynamic, liquid-like state (25, 26), it can be speculated that loss
of FUS Arg-methylation is a pathogenic event, promoting
LLPS and liquid-to-solid–state transition of FUS, eventually
leading to pathological FUS aggregates. In this respect, it will
be interesting to determine how loss of FUS Arg-methyla-
tion arises and whether other Arg-methylated RBPs that
aggregate in neurodegenerative diseases, e.g. hnRNP-A fam-
ily proteins, EWS or TAF15 (50), are also hypomethylated in
patients and show enhanced LLPS and solidification upon
loss of Arg-methylation.

So far, three different examples (Ddx4N1, hnRNP-A2 LCD,
and FUS) have shown a suppression of LLPS by Arg-methyla-
tion (25, 26, 28, 44), and there are currently no examples where
Arg-methylation had the opposite effect. This could indicate
that Arg-methylation in general is a PTM that reduces Arg-
aromatic (�) interactions (Fig. 2) and thus reduces phase sepa-
ration of RBPs, in particular of RBPs with numerous Arg and
Tyr residues, e.g. hnRNP-UL1, hnRNP-R, Drosha, or Syncrip
(24). Further experimental tests will eventually prove or dis-
prove this hypothesis.

Arginine methylation regulates RNP granule assembly
through diverse mechanisms

Methylation of Arg residues was not only shown to influence
phase separation of RBPs in vitro, but was also found to regulate
RNP granule dynamics and function in cells, although the
underlying molecular mechanisms are in most cases still
unknown. Studying Arg-methylation in cells is challenging, as
“unmethyl-Arg” and “methyl-Arg” cannot be faithfully mim-
icked by amino acid mutations, and inhibition or overexpres-
sion of PRMTs affects a multitude of Arg-methylated proteins,
making it impossible to attribute a certain phenotypic change
to one particular Arg-methylated protein. Nevertheless, from
the reported examples, two general principles can be extracted
regarding how Arg-methylation of RBPs may regulate RNP

Figure 2. Arginine methylation weakens cation–� interactions. Arginine
methylation weakens cation–� interactions of arginines with aromatic amino
acids (e.g. tyrosine) and thereby weakens the intermolecular interactions that
drive phase separation of RBPs, causing reduced phase separation of RBPs
and increased RNP granule dynamics.
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granules: (a) by altering protein–protein or protein–RNA
interactions, and (b) by altering nucleocytoplasmic transport of
RBPs and hence altering their concentration in the nucleus or
cytoplasm (Fig. 3). Interestingly, Arg-methylation does not
always have a suppressive effect on RNP granule formation, as
might be expected from its suppressive effect on RBP LLPS in
vitro (see above and Fig. 2). Instead, it can also promote RNP
granule assembly, e.g. by recruiting a certain factor (protein or
RNA) that in turn promotes phase separation and RNP granule
formation, or by increasing the concentration of a phase-sepa-
rating RBP in a particular compartment, hence promoting RBP
condensation in this compartment. Thus, even though Arg-
methylation generally tends to reduce phase separation of RBPs
(25, 26, 28, 44), it has a more complex regulatory role in the in
vivo context and can affect the dynamics and functional prop-
erties of RNP granules in numerous different ways.

First evidence for a “suppression” of RNP granules by Arg-
methylation was provided in 2006 by Dolzhanskaya et al. (51),
who reported that global inhibition of methylation using AdOx
increases the number of cells with FMRP-containing cytoplas-
mic granules, which are negative for SG marker proteins. More
recently, Arg-methylation has been more directly linked to the
suppression of SGs, as it was shown that hypermethylation of
the SG-nucleating protein G3BP1 by PRMT overexpression
suppresses SG formation (52). Conversely, pharmacological
inhibition of PRMT1 or PRTM5 or AdOx treatment reduces
Arg-methylation levels of G3BP1 and elevates the number of
arsenite-induced SGs. They furthermore demonstrated that
arsenite stress quickly and reversibly decreases G3BP1 methyl-
ation on three Arg residues, suggesting that G3BP1 demethyl-
ation might be involved in SG formation (52). A follow-up study
has implicated the JmjC domain-containing histone arginine
demethylase JMJD6 as G3BP1-demethylating enzyme: JmJD6
partially localizes to SGs, and its overexpression promotes SG
formation and demethylation of G3BP1 (53). Whether Arg-

methylation directly affects LLPS of FMRP or G3BP1, e.g. sup-
pressing it through reduced cation–� interactions (Fig. 2),
remains to be demonstrated using in vitro methylation and in
vitro phase separation experiments.

As noted above, there is also ample evidence for a “promo-
tion” of RNP granules by Arg-methylation. In 2016, it was
shown that the RGG domain of the symmetrically dimethylated
Lsm4 protein is required for PB formation, and PRMT5 deple-
tion strongly reduces Lsm4 methylation and PB formation (54).
Similarly, RAP55A, a member of the Scd6 or Lsm14 family, is an
asymmetrically dimethylated PB protein that fails to localize to
PBs upon PRMT1 depletion, indicating that Arg-methylation
stimulates PB localization of RAP55A (55). This appears to be
functionally relevant, as Arg-methylation of the RAP55A yeast
orthologue Scd6 promotes its SG localization and translation
repression activity by enhancing eIF4G1 binding (56). Interest-
ingly, a number of other translational repressors, e.g. Sbp1,
Npl3, and Ded1, are Arg-methylated and repress translation
through binding to eIF4G1 (57). Moreover, the disease-linked
RBPs FMRP, ATXN-2, and hnRNP-A1 are Arg-methylated and
play a role in translational control (58 –60). Thus, it will be
interesting to determine whether Arg-methylation is a general
regulator of translational repressors, e.g. by regulating their
interaction with other proteins and/or mRNAs, thus affecting
their recruitment into RNP granules and controlling their
activity as translational repressors.

Arg-methylation cannot only promote the assembly of liq-
uid-like condensates, but recently was also reported to promote
the solid-like Bb in germ cells. The Bb is a large, electron-dense
“aggregate” in oocytes, enriched in germline-specific mRNAs
and a single protein with a prion-like LCD, called Xvelo in
C. elegans or Bucky ball (Buc) in zebrafish (6, 7). The C terminus
of Buc contains a tri-RG motif that is symmetrically dimethy-
lated and is required for Bb formation: Arg-methylated Buc
recruits the Tudor-domain containing protein Tdrd6, which
regulates Buc aggregation and promotes Bb assembly and
hence is essential for germ cell development (61). Other exam-
ples where Arg-methylation promotes RNP assembly through
recruitment of the Tudor-domain containing protein SMN
include the symmetrically dimethylated snRNP proteins SmD1
and SmD3 and the asymmetrically dimethylated protein FUS.
Methylated SmD1 and SmD3 recruit SMN and in turn promote
assembly snRNPs and spliceosomes (62), whereas FUS recruits
SMN via its methylated RGG domains to promote assembly of
Cajal body–associated nuclear structures called Gems (63, 64).
Together, these example demonstrate that Arg-methylation
frequently promotes RNP granule assembly by positively affect-
ing protein–protein interactions, e.g. with Tudor domain-con-
taining proteins, which in turn trigger RNP granule assembly
(Fig. 3A).

Another mechanism how Arg-methylation may affect RNP
granule assembly or disassembly is through the regulation of
nucleocytoplasmic transport, leading to an altered concentra-
tion of certain factors in the cytoplasm versus the nucleus (Fig.
3B). Evidence for this is so far limited, but was proposed to
underlie the reduced SG localization of cold-inducible RNA-
binding protein (CIRP) and of SERPINE1 mRNA-binding pro-
tein 1 (SERBP1) upon AdOx treatment (65, 66). SG recruitment

Figure 3. Different mechanisms how PTMs can regulate RNP granule
assembly or disassembly in cells. A, PTMs of RBPs can regulate protein–
protein or protein–RNA interactions and thereby modulate RNP granules. B,
nucleocytoplasmic localization of RBPs can be regulated by PTMs. Altered
RBP concentrations in the nucleus or cytoplasm may affect the assembly/
disassembly of RNP granules in the respective cellular compartment. C, PTMs
can regulate RNP granules by promoting degradation by autophagy or the
proteasome. Reduced cellular concentrations of a specific RBP may affect RNP
granules.
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of CIRP upon oxidative stress or heat shock is abolished in
AdOx-treated HeLa cells (65), potentially because nucleocyto-
plasmic localization of CIRP is regulated by Arg-methylation
(67); hence, unmethylated CIRP might be unable to exit the
nucleus and fail to localize to cytoplasmic SGs. Similarly,
SERBP1 shows reduced cytoplasmic localization upon loss of
Arg-methylation (66) and hence may not partition into SGs
upon AdOx treatment (68). How exactly nucleocytoplasmic
transport of CIRP and SERBP1 is regulated by Arg-methylation
remains to be established, but there are several other examples
where Arg-methylation has been clearly shown to regulate
Transportin-dependent nuclear import of RBPs, e.g. of
PABPN1 or FUS (48, 49, 69). This additional level of regulation
should be kept in mind as a further possibility of how Arg-meth-
ylation may affect condensation of certain RBPs in the nucleus
or cytoplasm and hence may control the assembly or disassem-
bly of nuclear or cytosolic RNP granules.

In summary, numerous examples illustrate that Arg-methyl-
ation is a key regulatory PTM controlling RNP granules’
dynamics and functions. The above-mentioned examples illus-
trate that this regulation can entail different mechanisms, e.g.
modulation of protein–protein interactions, or altered nucleo-
cytoplasmic transport and hence altered protein concentra-
tions in the nucleus or cytoplasm. The different scenarios most
likely lead to altered phase separation behavior of individual
RNP granule components, although this still remains to be
demonstrated through in vitro phase separation experiments. A
future challenge will be to combine in vitro studies (such as
those described above) with cellular or in vivo experiments to
reveal how Arg-methylation regulates phase separation of spe-
cific RBPs and in turn modulates RNP granule assembly and
dynamics.

Other PTMs on arginine residues and their role in phase
separation and RNP granule dynamics

Arginine residues in RGG/RG motifs are also subject to other
types of PTMs, most notably citrullination. The conversion of
Arg to citrulline is catalyzed by the peptidyl arginine deiminase
(PAD) protein family, which converts the positively charged
guanidino group of Arg to a neutral urea group; hence citrulline
has different chemical properties than unmethylated Arg.
RGG/RG-rich motifs are consensus sequences for PAD4-medi-
ated citrullination, and interestingly, PAD4 overexpression was
recently found to competitively inhibit Arg-methylation and to
increase the solubility of different RBPs (e.g. FUS, TAF15, EWS,
and hnRNP-A1) in cells (70). In line with these findings, PAD-
mediated citrullination of FUS was shown to abolish LLPS of
FUS in vitro (26). This suggests that citrullination reduces the
multivalent Arg–Tyr interactions that drive phase separation
of FUS (24, 26) and hence has a similar “suppressive” effect on
RBP phase separation as Arg-methylation. Whether citrullina-
tion of disease-linked RBPs is altered in neurodegenerative dis-
eases with RBP aggregates remains to be examined. Interest-
ingly, a single nucleotide polymorphism in the PAD4 gene,
associated with low PAD4 expression, is linked with a higher
ALS risk and earlier disease onset (70). This could indicate that
PAD4-mediated RBP citrullination is decreased in ALS patients
and may contribute to aberrant phase transitions of disease-

linked RBPs, e.g. FUS, TAF15, EWS, and hnRNP-A1. Under
which conditions PAD4-mediated citrullination occurs and
what determines the relative ratios of PRMT-mediated Arg-
methylation and PAD-mediated citrullination of RGG/RG
motifs is poorly understood. Further studies are necessary to
dissect the interplay between Arg-methylation and citrullina-
tion and to clarify their roles in phase separation and RNP gran-
ule dynamics.

Besides methylation and citrullination, several other enzy-
matic and nonenzymatic PTMs of Arg residues are known,
including phosphorylation, ADP-ribosylation (71), and meth-
ylglyoxal adducts, the latter being abundant on histones (72).
Given the important role of Arg residues in phase separation of
RBPs (24), it will be interesting to determine whether these
other PTMs arise on RBPs under physiological or disease con-
ditions and how they affect phase separation and RNP granule
dynamics.

Phosphorylation: an important regulator of LLPS and
membrane-less organelles

Phosphorylation is the most frequent PTM (73), and phos-
phorylation by kinases and dephosphorylation by phosphatases
provide a major control mechanism to many fundamental pro-
cesses in eukaryotic cells. In contrast to Arg-methylation, phos-
phorylation can rapidly and reversibly modify proteins and act
as a rapid switch to respond to signals and quickly modulate
protein function. The most frequently phosphorylated residue
is serine (�90%), followed by threonine and tyrosine (�10%).
Ser residues were found to affect the hardening behavior of
RBPs (24), and Ser and Tyr residues are often highly enriched in
prion-like LCDs that drive LLPS of RBPs (24, 74). Unlike Arg-
methylation, phosphorylation alters the charge of the modified
amino acid side chains, i.e. it introduces two negative charges
(PO4

2�). This drastically alters their steric and chemical prop-
erties and provides novel possibilities for intra- and intermolec-
ular electrostatic interactions (18). According to the recently
established molecular grammar of RBP phase separation, this is
expected to tune RBP phase separation behavior either posi-
tively or negatively, depending on whether LLPS is driven pri-
marily by aromatic– cationic interactions or by aromatic–
aromatic interactions, respectively (24). Accordingly, several
recent studies have provided evidence for a critical role of phos-
phorylation in regulating the phase separation behavior of RBPs
in vitro and the assembly or disassembly of RNP granules in
cells.

Phosphorylation regulates LLPS and aggregation of
disease-linked RBPs in vitro

In contrast to Arg-methylation, phosphorylation does not
always have a suppressive effect on LLPS of RBPs in vitro, but
there are examples for both negative and positive regulation of
LLPS by phosphorylation.

One example is the neurodegeneration-linked protein FUS,
which is phosphorylated at multiple Ser/Thr residues by DNA-
dependent protein kinase (DNA-PK) (75–77). Phosphorylation
with DNA-PK interferes with phase separation of the FUS LCD
(30, 76, 78), reduces binding to FUS-LCD hydrogels (79), and
abrogates phase separation of multivalent interacting proteins
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tethered to FUS-LCD (80). DNA-PK–mediated phosphoryla-
tion or phosphomimetic substitutions of 12 Ser/Thr residues to
acidic glutamate in full-length FUS also reduce phase separa-
tion and prevent its subsequent liquid-to-solid–state transition
and fibril or aggregate formation (76). NMR experiments dem-
onstrated that this was due to less frequent transient intermo-
lecular contacts (76) and interference with hydrogen bonding
and cross–�-interactions (30, 78). In line with these in vitro
findings, phosphomimetic FUS was less aggregation-prone
when overexpressed in yeast or mammalian cells (76). Under
which conditions FUS is phosphorylated in vivo is still poorly
understood; so far, only the treatment of cells with DNA
damage–inducing drugs, e.g. calicheamicin or calyculin-A, was
found to transiently induce FUS phosphorylation on multiple
Ser/Thr residues (75, 77). It has been proposed that transient
phosphorylation of FUS after DNA damage may occur in FTD
patients with FUS aggregates, as post-mortem brains of these
patients show elevated levels of �-H2AX (75), a marker for
DNA double–strand breaks. Whether phosphorylation of FUS
(and the other members of the FET protein family, EWS and
TAF15) indeed occurs in disease conditions or as a physiologi-
cal stress response, and how it affects other functional proper-
ties, such as protein interactions or subcellular localization, are
still matters of debate (22, 75, 77) and remain to be clarified by
future studies.

Another example is TDP-43 (TAR DNA– binding protein of
43 kDa), which is found in cytoplasmic and nuclear aggregates
in the degenerating brain regions in most ALS and FTD
patients (81, 82) and up to 30 –50% of AD patients (83, 84). A
phosphomimetic S48E substitution in the N-terminal domain
(NTD) of TDP-43, a site that is constitutively phosphorylated in
different cell lines (85–88), was found to reduce LLPS of
TDP-43 in vitro and to form less viscous nuclear assemblies
than WT TDP-43, indicating reduced intermolecular interac-
tions (87). In line with previous studies reporting that oligomer-
ization of TDP-43 via the NTD is essential for proper splicing
activity (89, 90), the S48E mutation impairs the splicing regula-
tory activity of TDP-43 (87), indicating that phase separation of
TDP-43 may be important for the protein’s physiological func-
tion in splicing regulation. Interestingly, the data on S48E also
demonstrate that regions outside prion-like LCDs of RBPs can
regulate phase separation via PTMs, in this case phosphoryla-
tion in the globular NTD of TDP-43 (87).

Surprisingly, it has so far not been examined how phos-
phorylation and dephosphorylation of TDP-43 in the C-ter-
minal LCD affect its phase separation behavior in vitro.
TDP-43 is known to be abnormally phosphorylated on mul-
tiple Ser residues in the LCD (e.g. Ser-379, Ser-403, Ser-404,
Ser-409, and Ser-410) in ALS and FTD patients (91, 92),
which was shown to be mediated by casein kinase 1� (CK1�)
(93–95), GADD34-bound casein kinase 1� (CK1�) (96), or
Tau tubulin kinases TTBK1/2 (97, 98). Dephosphorylation
of TDP-43 was shown to be mediated by protein phosphata-
ses PP1� and PP1� (99) or the phosphatase calcineurin
(100). In cells and model organisms, some studies found that
CK1�- or TTBK1/2-mediated phosphorylation or inhibition
of calcineurin-mediated dephosphorylation causes aggrega-
tion of phosphorylated TDP-43 and promotes toxicity and

neurodegeneration (97, 98, 100 –102). In contrast, Li et al.
(103) reported that phospho-mimicking substitutions of the
C-terminal serines decrease TDP-43 aggregation and allevi-
ate cytotoxicity in a neuronal cell line, suggesting that phos-
phorylation may rather serve as a compensatory mechanism
antagonizing TDP aggregation. In vitro LLPS experiments
will hopefully be able to resolve whether C-terminal TDP-43
phosphorylation suppresses or enhances phase separation
and aggregation of TDP-43.

In contrast to FUS and TDP-43, where phosphorylation has a
suppressive effect on LLPS, the microtubule-associated protein
Tau exemplifies a protein whose phase separation is promoted
by phosphorylation. Tau is a neuron-specific protein that sta-
bilizes microtubules, but forms insoluble neurofibrillary tan-
gles in AD and other neurodegenerative disorders (104).
Although Tau is not a classical RBP, it has long been known that
Tau binds RNA and that RNA induces fibrillization of Tau in
vitro (105, 106). Additionally, Tau was shown to associate with
SGs by binding to RBPs that are typically found in SGs, e.g.
TIA-1 (107–109). More recently, Tau or its isolated microtu-
bule binding domain was shown to undergo LLPS in vitro (15,
16, 110, 111), and GFP-tagged Tau forms dynamic, droplet-like
Tau condensates in neurons (16, 108). Tau condensation
appears to have an important physiological function, as Tau
droplets were shown to concentrate tubulin and to nucleate
microtubule bundles, suggesting that intracellular Tau conden-
sates may locally promote microtubule polymerization, e.g. in
the neuronal growth cone, at branching points or after axon
injury (111).

Nonetheless, physiological Tau condensation can become
pathological and give rise to aberrant Tau aggregates as seen in
neurodegenerative disorders; Tau droplets rapidly transition
from a liquid to a gel-like state in vitro and even mature into
thioflavin S–positive aggregates (16). Interestingly, Ser phos-
phorylation in the microtubule binding domain of Tau by
MARK2 kinase promotes LLPS of Tau, indicating that the addi-
tional negative charges promote electrostatic interactions that
drive Tau phase separation (15). Similar observations were
made when hyper-phosphorylated (insect cell-derived) Tau
was compared with partially dephosphorylated (alkaline phos-
phatase-treated) Tau and E. coli-derived unphosphorylated
Tau, demonstrating that phosphorylation promotes phase sep-
aration of full-length Tau (16). This is most likely pathologically
relevant, as hyperphosphorylated Tau is found in Tau aggre-
gates of AD and FTD patients (112–114), and the AD-risk fac-
tor ApoE4 elevates Tau phosphorylation in neurons (115).
Thus, phosphorylation of Tau (e.g. by MARK2 or other kinases
(116)) may drive pathological Tau aggregation by promoting
LLPS and a liquid-to-solid–state transition of Tau. Interest-
ingly, Tau was shown to associate with a number of RBPs and to
promote SG formation by interacting with TIA-1 (107–109). In
this respect, it would be interesting to examine how phosphor-
ylation and altered Tau LLPS behavior influence phase separa-
tion of TIA-1 and other SG-associated RBPs, e.g. using in vitro
reconstitution experiments. This could reveal an interesting
connection between a microtubule-nucleating protein and RBP
phase separation as well as RNP granule dynamics.
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Phosphorylation regulates the dynamics of RNP
granules, e.g. SGs, in cells

Evidence for an important role of phosphorylation in the
regulation of RNP granule dynamics mainly comes from the
observation that inhibition or overexpression of certain kinases
leads to altered RNP granule assembly or disassembly (117–
121). In many cases, the involved substrate(s) and underlying
molecular mechanisms are still unclear, but there are a few
examples from which we can learn about possible mechanisms
regarding how phosphorylation may modulate RNP granules:
(a) by modulating LLPS of certain RBPs, thus promoting their
condensation or decondensation and hence RNP granule
assembly or disassembly, and (b) by promoting degradation of
certain RBPs (by the proteasome or autophagy), hence reducing
their cellular concentration and altering RNP granule assembly
or disassembly (Fig. 3C). Just like Arg-methylation, phosphor-
ylation can have either a suppressive or a promoting effect on
RNP granule formation, although in most paradigms examined
so far, phosphorylation was found to promote RNP granule
disassembly, i.e. to “suppress” certain RNP compartments.

The first prominent kinase that shows a suppressive effect
on certain MLOs is dual specificity tyrosine phosphorylation–
regulated kinase 3 (DYRK3), a kinase with broad specificity that
phosphorylates multiple Ser and Thr residues in unstructured
domains (117, 122). In 2013, DYRK3 was shown to localize to
SGs via its N-terminal LCD and to regulate their dissolution via
its kinase activity (117). More recently, the same group exam-
ined the role of DYRK3 during mitosis, as it has long been
known that numerous cytosolic and nuclear MLOs disappear
during mitosis. They found that DYRK3 acts as a “dissolvase” of
multiple MLOs during mitosis (118). Stable isotope labeling
with amino acids in cell culture-based proteomics showed that
DYRK3 interacts with multiple RBPs that are known compo-
nents of splicing speckles, SGs, and the centrosome. During
mitosis, as the nuclear envelope dissolves, the DYRK3-to-sub-
strate ratio suddenly increases for certain nuclear or cytosolic
DYRK3 substrates, which drives them from a condensed state
into a dispersed state and causes dissolution of the correspond-
ing MLO (118).

Besides DYRK3, casein kinase 2 (CK2) was recently found to
cause SG disassembly, most likely via phosphorylation of the
SG-nucleating protein G3BP1 (119). It has long been known
that phosphorylation of G3BP1 on Ser-149 regulates the
protein’s oligomerization, SG recruitment, and RNase activity
(123, 124), but only recently was CK2 identified as the kinase
that phosphorylates G3BP1 on Ser-149 and thus promotes SG
disassembly (119). Whether CK2 also acts on other key SG reg-
ulators, such as other SG nucleating RBPs or translation inhi-
bition factors, and hence affects SG dynamics through multiple
different mechanisms remains to be examined. Future research
will also have to address how different kinases coordinately reg-
ulate SG dynamics. It seems likely that at least some of them
directly phosphorylate key SG nucleators (e.g. G3BP1) and reg-
ulate their phase separation behavior.

A third kinase that shows a “suppressive” effect on SGs is
spleen tyrosine kinase (Syk), although this mechanism appears
to involve SG degradation rather than SG disassembly. Syk is

recruited to G3BP1-positive SGs, where it actively phosphory-
lates SG-localized proteins on Tyr residues and promotes SG
clearance by autophagy (120). Degradation of entire RNP gran-
ules or individual RBPs could be a common theme of how phos-
phorylation down-regulates RNP granules and their cellular
functions (Fig. 3C). Recently, Ime2 kinase was shown to phos-
phorylate the amyloid-like translational repressor Rim4 in bud-
ding yeast, causing Rim4 disassembly and rapid degradation by
the proteasome (121). This mechanism is important for pro-
gression of yeast cells through meiosis, as yeast employs amy-
loid-like structures to mediate translational repression during
pre-meiotic G1 phase but have to release translational repres-
sion to progress through meiosis (125). This is achieved by phos-
phorylation in the LCD of Rim4, causing its decondensation
and subsequent proteasomal degradation. It is tempting to
speculate that clearance of amyloid-like assemblies by phos-
phorylation might be a general mechanism that is also used to
clear disease-associated protein aggregates, e.g. Tau or TDP-43.
Indeed, Tau and TDP-43 aggregates are known to be hyperphos-
phorylated in post-mortem brains of AD, FTD, or ALS patients
(82, 95, 112, 113, 126), suggesting that this could be a typical
cellular response to the presence of amyloid-like aggregates.
Perhaps deficiencies in certain chaperones or in proteasomal
degradation in the aging brain prevent efficient disassembly or
clearance of hyperphosphorylated Tau or TDP-43 aggregates,
leading to their persistence.

As mentioned above, phosphorylation cannot only have a
negative, suppressive effect on RNP granules, but also can pro-
mote their formation (Fig. 4). Kinases that were reported to
have a “promoting” effect on SGs include 5�-AMP-activated
protein kinase-�2 (AMPK-�2), which localizes to SGs upon

Figure 4. PTMs can have either a suppressive or a promoting effect on
phase separation and RNP granule formation. Color code in legend indi-
cates the respective PTM. For details and references see text. A, in vitro: PTMs
were shown to reduce or enhance phase separation of the indicated RBP or
LCD or IDR. B, in cells: PTMs can regulate the assembly, disassembly, and
composition of different RNP granules, e.g. SG, PB, and Bb, and of amyloid-like
aggregates (orange). An arrow pointing up indicates a promotion of conden-
sate formation or RBP recruitment by the respective PTM, and an arrow point-
ing down indicates condensate disassembly or RBP exclusion from the con-
densate by the respective PTM.
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stress treatment of HeLa cells. Pharmacological inhibition or
knockdown of AMPK-� interferes with SG formation, whereas
pharmacological activation of the enzyme stimulates SG
assembly (127, 128). Other examples are the mTOR (mechanis-
tic target of rapamycin) effector kinases S6 kinase 1 and 2 (S6K1
and S6K2) that were shown to localize to SGs and to be required
for SG assembly and maintenance after mild oxidative stress
(129).

Taken together, phosphorylation appears to be a crucial con-
trol mechanism governing RNP granule assembly, disassembly,
and/or degradation (Figs. 3 and 4). For the most part, it is still
unknown which exact molecular interactions are modulated by
the involved kinases and whether phosphatases are also
involved in the regulation. Another interesting question is how
a kinase can access its phosphorylation sites within conden-
sates, especially if phosphorylation sites are partially buried
within solid-like assemblies, e.g. Rim4 aggregates. Further study
of the molecules and interactions involved will hopefully
uncover how phosphorylation regulates the dynamics of vari-
ous RNP granules and whether it can be exploited as a promis-
ing drug target to disassemble or prevent formation of patho-
logical RNP aggregates.

Arginine methylation and phosphorylation as regulators
of LLPS and RNP granules: friend or foe?

As discussed above, there are numerous paradigms indicat-
ing an important role of Arg-methylation and phosphorylation
in the regulation of LLPS of RGG/RG-containing RBPs, both
from in vitro studies and from studies of RNP granules in cells
or model organisms (Fig. 4). Depending on the modified pro-
teins, both PTMs can have either a suppressive or a promoting
effect on LLPS and RNP granule assembly, i.e. they cannot be
clearly categorized as “friend” or “foe” of phase separation.
However, so far there are more examples where Arg-methyla-
tion and phosphorylation suppress LLPS of RBPs and trigger
the disassembly of RNP granules, so for the most part, they tend
to negatively regulate biological phase separation.

Suppression of LLPS by Arg-methylation or phosphorylation
may be especially relevant for aggregation-prone RBPs that get
highly concentrated in cytoplasmic RNP granules and therefore
are at risk of undergoing aberrant liquid-to-solid transitions
and engaging in amyloid-like cross–�-sheet interactions, e.g.
the highly abundant Arg/Ser/Tyr-rich proteins FUS, EWS, and
TAF15 (24). In young and healthy cells, numerous quality con-
trol mechanisms are in place to control LLPS and aberrant
phase transitions of these proteins, e.g. chaperones and factors
that promote degradation of misfolded proteins, such as the
ubiquitin–proteasome system and autophagy (130). Arg-meth-
ylation could be an additional “protein quality control” mecha-
nism that declines during aging, as several PRMTs and global
Arg-methylation levels are reduced in aged cells or rats (131).
Arg-methylation appears to be especially relevant in terminally
differentiated and long-lived neurons, e.g. motor neurons,
which show tissue-specific expression of PRMT8 and require
Arg-methylation for a proper stress response and for maintain-
ing motor neuron health during aging (132). Suppression of
aberrant RBP phase separation by Arg-methylation may be part
of the protective mechanism, and hence it would be interesting

to examine whether loss of PRMT8 promotes pathological RBP
phase transitions and alters RNP granule dynamics and func-
tion in neurons. Taken together, Arg-methylation may be a
“friend” of protein homeostasis and quality control of liquid
phase separation and hence a “friendly” and protective PTM in
neurons.

Whether phosphorylation of disease-linked aggregating pro-
teins is indeed a protective “friend” or rather a threatening “foe”
still remains to be clarified, and it is likely that no general rule
applies to all aggregating proteins. On the one hand, phos-
phorylation of amyloid-like aggregates may be an important
quality control mechanism, favoring decondensation of solid
assemblies and subsequent clearance by the proteasome or
autophagy, as recently shown for Rim4 aggregates in yeast
(121). On the other hand, phosphorylation of Tau and TDP-43
promotes their aggregation, and both proteins are known to be
hyperphosphorylated in post-mortem brains of AD, FTD, or
ALS patients (82, 95, 112, 113, 126). Interestingly, both Tau and
TDP-43 can be phosphorylated by Tau tubulin kinases 1 and 2
(TTBK1/2) (97, 133), and elevated levels of TTBK1/2 have been
identified in brains of AD (134) as well as FTD-Tau and FTD-
TDP patients (98), where they co-localize with pTDP-43 (97). A
phosphatase that was found to be elevated in the aging brain
and cortices of ALS patients is the nuclear PP1 isoform PP1�
(158), furthermore indicating that misregulated phosphoryla-
tion and dephosphorylation events may contribute to patholog-
ical protein aggregation and neurodegeneration.

Interplay of arginine methylation and phosphorylation
with other PTMs

Besides post-translational Arg-methylation and Ser/Tyr-
phosphorylation, many other PTMs are found on RBPs, in par-
ticular in intrinsically disordered regions and short linear
motifs (21). RBPs can carry single or multiple PTMs, or a com-
bination of different PTMs on the same or different amino
acids, which can lead to additive, cooperative, or competitive
responses, providing many layers of complex biological regula-
tion (18). How the different types of PTMs coordinately regu-
late phase separation of RBPs and RNP granule dynamics, is still
largely undetermined. RBPs are frequently both methylated
and phosphorylated, suggesting that they could cooperate or
interfere with one another. For instance, for the SG nucleating
protein G3BP1, it has been proposed that demethylation may
cooperate with dephosphorylation to promote SG assembly
and translational inhibition (52, 119). Other examples could
include FUS or hnRNP-A1, which are constitutively Arg-meth-
ylated and become phosphorylated during DNA damage, oxi-
dative stress, or heat stress, respectively (22, 135).

Other PTMs that appear to cross-talk with phosphorylation
are lysine acetylation and O-linked GlcNAc (O-GlcNAc) mod-
ification. Lys acetylation was shown to decrease Tau LLPS and
aggregation (136, 137) as well as LLPS of the N-terminal IDR of
DDX3X (DDX3X-IDR1) (138), and the deacetylase HDAC6
was shown to be required for SG formation (139). Interestingly,
acetylation on Lys-321 of Tau prevents phosphorylation of the
downstream Ser-324 residue, which inhibits Tau function and
promotes itsaggregation(136).Thus,acetylationandphosphor-
ylation coordinately regulate Tau assembly and function. Sim-
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ilar mechanisms may exist for other acetylated and phosphor-
ylated RBPs, e.g. TDP-43 (95, 140). The second example is
O-GlcNAcylation on Ser/Thr residues, which reversibly occurs
on numerous components of the translational machinery in
response to stress and promotes SG and PB formation (141) as
well as selective translation of stress mRNAs during the
heat-stress response (142). O-GlcNAcylation appears to be
tightly interlinked with phosphorylation, as both PTMs
occur on Ser and Thr residues. Mass spectrometry studies
have shown that O-GlcNAcylation and phosphorylation are
often found on the same proteins, and protein kinases are
more extensively O-GlcNAcylated than proteins in general,
demonstrating cross-talk between the two PTMs (143, 144).
An interesting target protein that is both phosphorylated
and O-GlcNAcylated is Tau, and curiously, loss of O-
GlcNAcylation in forebrain neurons induces progressive
neurodegeneration, an increased production of hyperphos-
phorylated Tau and Tau aggregation (145). Another example
is hnRNP-A1, whose nucleocytoplasmic localization is reg-
ulated by phosphorylation and O-GlcNAcylation (135, 146).
It will be interesting to study the role of O-GlcNAcylation on
Tau and hnRNP-A1 phase separation and SG association,
and how both types of PTM (and possibly other PTMs) coor-
dinately regulate the phase separation and aggregation
behavior of these disease-linked proteins.

So far, most PTMs have been studied in isolation, either
through in vitro modification approaches or cellular studies
exploiting chemical inhibition or silencing/overexpression of a
certain modifying enzyme. Recently, advances in semi-syn-
thetic strategies have allowed for the site-specific introduction
of single or multiple different PTMs into recombinant proteins,
as successfully demonstrated for Lys acetylation and Tyr and
Ser phosphorylation in the microtubule-binding domain of Tau
(147). Such strategies provide new opportunities for investigat-
ing other types of PTMs that occur within Tau or other heavily
post-translationally modified proteins. This may eventually
allow us to decipher the “PTM code” of key disease-linked pro-
teins, such as Tau, FUS, or TDP-43.

Perspective

Arg-methylation and phosphorylation have been recognized
as important regulators of LLPS and RNP granule dynamics;
however, they are by far not the only PTMs that have been
shown to modulate phase separation and RNP granules. Several
deubiquitylases as well as the small ubiquitin-like proteins
NEDD8 and SUMO were shown to regulate SG assembly and
disassembly in yeast and mammalian cells (148 –151). Ubiqui-
tin and other small ubiquitin-like proteins are covalently
attached to target proteins and often provide an altered binding
surface and altered protein–protein interactions. Furthermore,
ubiquitin and poly(ADP-ribose) (PAR) were recently shown to
influence phase separation in trans, i.e. ubiquitin binds to the
UBA domain of Ubiquilin 2 (UBQLN2) and thus disperses
UBQLN2 condensates (152), whereas PAR binds to PAR-bind-
ing motifs in TDP-43 and thus promotes phase separation and
SG localization of TDP-43, but prevents pathological TDP-43
phosphorylation (153). This suggests a highly complex regula-

tion of phase separation by a multitude of different PTMs, and
we are only beginning to unravel this complex puzzle.

Beyond RBPs and RNP granules, PTMs also control phase
separation of key chromatin and transcription regulators (154 –
156) as well as signaling proteins in various signaling cascades
(19, 157). Hence, the control of phase separation by PTMs is not
only an important principle for RBPs and RNP granules, but
most likely for all phase-separating proteins and biomolecular
condensates.
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