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Spatial organization of cellular processes in membranous or membrane-less organelles
(MLOs, alias molecular condensates) is a key concept for compartmentalizing
biochemical pathways. Prime examples of MLOs are the nucleolus, PML nuclear bodies,
nuclear splicing speckles or cytosolic stress granules. They all represent distinct sub-
cellular structures typically enriched in intrinsically disordered proteins and/or RNA and
are formed in a process driven by liquid-liquid phase separation. Several MLOs are
critically involved in proteostasis and their formation, disassembly and composition are
highly sensitive to proteotoxic insults. Changes in the dynamics of MLOs are a major
driver of cell dysfunction and disease. There is growing evidence that post-translational
modifications are critically involved in controlling the dynamics and composition of MLOs
and recent evidence supports an important role of the ubiquitin-like SUMO system in
regulating both the assembly and disassembly of these structures. Here we will review
our current understanding of SUMO function in MLO dynamics under both normal and
pathological conditions.
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INTRODUCTION

Most cellular processes are compartmentalized in membranous or membrane-less organelles
(MLOs, also termed molecular condensates). Prototypical MLOs in the nucleus are the nucleolus,
paraspeckles, nuclear speckles (NS), Cajal bodies, PML nuclear bodies (PML NBs) or nuclear
stress bodies (nSBs), and in the cytoplasm P-bodies and stress granules (SGs) (Banani et al.,
2017; Alberti and Hyman, 2021). All these structures typically contain disordered proteins
and/or RNA and form in a process that is driven by liquid-liquid phase separation (LLPS).
LLPS describes the condensation of biological macromolecules in a dense phase that resembles
liquid droplets and is stabilized by multivalent interactions. Intrinsically disordered regions
(IDRs) of RNA binding proteins (RBPs) often play important roles in these condensates, in
which specific RNAs or proteins act as scaffolds that recruit other client proteins. Several MLOs
function as RNA or protein quality control centers and, accordingly, their formation, disassembly

Frontiers in Molecular Biosciences | www.frontiersin.org 1 May 2021 | Volume 8 | Article 673038

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://doi.org/10.3389/fmolb.2021.673038
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmolb.2021.673038
http://crossmark.crossref.org/dialog/?doi=10.3389/fmolb.2021.673038&domain=pdf&date_stamp=2021-05-07
https://www.frontiersin.org/articles/10.3389/fmolb.2021.673038/full
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


fmolb-08-673038 April 30, 2021 Time: 20:29 # 2

Keiten-Schmitz et al. SUMO in MLO Dynamics

and composition are highly sensitive to cellular stress, including
proteotoxic stress (Gartner and Muller, 2014; Advani and
Ivanov, 2019). Post-translational modifications (PTMs) have
emerged as regulators of phase separation in the dynamics of
MLOs and accumulating evidence points to the involvement
of the SUMO system in these processes (Banani et al., 2016;
Hofweber and Dormann, 2019). The SUMO pathway constitutes
an evolutionary conserved ubiquitin-like post-translational
modification system. SUMO (Small ubiquitin-related modifier)
proteins (SUMO1,2,3 in humans) are covalently attached to
a multitude of cellular proteins via lysine-linked isopeptide
bonds (Flotho and Melchior, 2013; Cappadocia and Lima,
2018). At the amino acid level human SUMO2 and SUMO3
are 98% identical to each other and share about 50% identity
to SUMO1. Conjugation of all three modifiers involves the
heterodimeric E1 enzyme (AOS1/UBA2), the E2 enzyme UBC9
and a relatively small set of E3 SUMO ligases serving as
specificity factors. SUMOylation is reversed by SUMO-specific
isopeptidases. Notably, compared to the ubiquitin (Ub) system,
the SUMO conjugation-deconjugation machinery is far less
complex and SUMO E3 ligases or isopeptidases mostly target
groups of related proteins that are physically and functionally
connected (Jentsch and Psakhye, 2013). SUMO can be conjugated
as a monomer, but also forms different types of polymeric
chains via internal lysine residues (Keiten-Schmitz et al., 2019;
Perez Berrocal et al., 2019). Compared to SUMO2/3, SUMO1
is less prone to chain formation and at least in some instances
terminates SUMO2/3 chains (Jansen and Vertegaal, 2021).
SUMOylation generally coordinates the plasticity of protein
networks by modulating protein-protein interactions. This is
mediated by specific SUMO interaction motifs (SIMs) that
bind to SUMO conjugates thereby reading and interpreting the
SUMO signal. There are multiple examples, where SUMO-SIM
interactions can function in a "glue-like" manner to control the
assembly of protein complexes (Matunis et al., 2006). SUMO
chains, however, can trigger a particular signaling cascade,
known as the SUMO-targeted ubiquitin ligase (StUbL) pathway
(Kumar and Sabapathy, 2019). In this pathway, polySUMOylated
proteins are bound by distinct ubiquitin ligases that harbor
tandemly repeated SIMs. In mammals the RING-type E3 ligases
RNF4 and RNF111 function as StUbLs triggering proteolytic
or non-proteolytic ubiquitylation of polySUMOylated proteins,
thereby directly bridging SUMO signaling to the Ub machinery.
SUMO chain formation and the StUbL pathway are induced in
response to proteotoxic or genotoxic stress (Jansen and Vertegaal,
2021). Under proteotoxic stress SUMO-primed ubiquitylation
by RNF4 contributes to protein quality control by degrading
misfolded nuclear proteins (Gartner and Muller, 2014; Guo et al.,
2014). In the genotoxic stress response StUbLs are critical for
remodeling of protein complexes (Keiten-Schmitz et al., 2019).
The importance of the StUbL pathway for resolving protein
complexes is best exemplified in the DNA damage response,
where the disassembly of DNA repair complexes at sites of
DNA damage is often mediated by polySUMO-primed RNF4-
mediated ubiquitylation either triggering their degradation or
their extraction from chromatin (Keiten-Schmitz et al., 2019).
The latter process typically involves the AAA-ATPase p97/VCP

and its co-factors (Bergink et al., 2013). In the following sections
we will exemplify the role of the SUMO system in controlling the
dynamics of membrane-less organelles.

SUMO AND THE DYNAMICS OF PML
NUCLEAR BODIES

A paradigm for SUMO-SIM-dependent complex assembly and
phase separation are PML (promyelocytic leukemia protein)
nuclear bodies. The biomedical interest in PML NBs stems
from the initial observation that the structural integrity of
these macromolecular assemblies is lost in acute promyelocytic
leukemia (APL). Disruption of NBs in APL is caused by
expression of the oncogenic fusion protein PML-RARα (PML-
retinoic acid receptor alpha) resulting from the aberrant t(15,
17) chromosomal translocation (Lallemand-Breitenbach and
de The, 2018). PML NB biology is still not fully understood,
but one well-established role is their function as hubs for post-
translational modifications and centers of nuclear protein quality
control (Gartner and Muller, 2014; Guo et al., 2014; Sha et al.,
2019). Newly synthesized aberrant polypeptide chains, such as
defective ribosomal products (DRiPs), or misfolded proteins,
e.g., polyQ proteins, are sequestered into PML NBs, where
they are cleared by the chaperone machinery or the ubiquitin
proteasome system (Guo et al., 2014; Mediani et al., 2019a,b; Sha
et al., 2019). It has been proposed that PML itself can recognize
aberrant or misfolded proteins subsequently triggering their
SUMOylation and StUbL-mediated ubiquitylation (Gartner
and Muller, 2014; Guo et al., 2014). A role of PML NBs as
centers of proteostasis is further supported by their enhanced
formation in response to reactive oxygen species suggesting
that they act as sensors for oxidative stress (Jeanne et al., 2010;
Sahin et al., 2014). PML, which functions as the scaffold and
organizer of this multiprotein complex, is expressed in seven
different isoforms in humans and belongs to the tripartite motif
(TRIM) family of proteins, characterized by a RING finger
domain, two B-box zinc finger domains and a coiled-coil region
(Jensen et al., 2001). PML represents a major cellular target for
covalent modification by SUMO and also harbors a SIM for
non-covalent SUMO binding (Muller et al., 1998; Zhong et al.,
2000; Shen et al., 2006). Similarly, most proteins associated
with PML NBs are modified by SUMO and/or contain SIMs.
A plethora of cell-biological studies over more than 20 years led
to a model, in which SUMO-SIM interactions provide the glue
for the assembly of mature PML NBs. The biogenesis of PML
NBs occurs in at least two steps (Figure 1). The initial nucleation
phase, which generates an outer shell primarily comprised of
PML, requires oligomerization of PML. It has been proposed
that disulfide bridges between oxidized PML monomers as
well as intermolecular non-covalent interactions between its
RBCC domains are the major drivers of this event (Jeanne
et al., 2010; Sahin et al., 2014). At least for some PML isoforms
SUMO-SIM-dependent oligomerization also contributes to this
process (Zhong et al., 2000; Shen et al., 2006; Li et al., 2017).
The subsequent maturation phase of PML NBs is triggered
by the recruitment of multiple proteins to the inner core of
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FIGURE 1 | SUMO and the dynamics of PML nuclear bodies. PML NB formation begins with PML oligomerization via its N-terminal domain. UBC9 is recruited to
PML oligomers and PML is SUMOylated. PML SUMOylation and consequential SUMO-SIM interactions further promote PML NB assembly and the recruitment of
PML NB-associated proteins into PML NBs. Stimuli such as arsenic trioxide treatment can lead to multi- and polySUMOylation of PML and NB-associated proteins.
The StUbL RNF4 can subsequently ubiquitylate PML, thereby targeting it for proteolytic degradation and causing the clearance of PML NBs.

the scaffold. Importantly, this process is primarily dictated by
SUMO-SIM-dependent protein-protein interactions. It is indeed
well established that SUMOylation of PML induces recruitment
of other SIM-containing factors to these bodies, such as DAXX,
HIPK2 or SP100 (Figure 1; Weidtkamp-Peters et al., 2008; Sung
et al., 2011). Upon recruitment to NBs these factors typically
also undergo covalent modification by SUMO, amplifying
the assembly process. More recent in vitro biochemical and
biophysical studies strengthened this conceptual framework
and provided evidence that phase separation in PML NBs is
driven by SUMO polymers that recruit SIM-containing proteins
(Banani et al., 2017). In line with the current model, partitioning
of these clients into PML NBs requires SUMO-SIM binding
and depends on the levels of PML SUMOylation. By controlling
SUMO conjugation-deconjugation, cells can regulate PML NB
composition. This is exemplified by an increase in their number
and size upon inactivation of the SUMO deconjugase SENP6
(Mukhopadhyay et al., 2006; Hattersley et al., 2011), which
limits chain formation on PML. Another way to control PML
dynamics is the regulation of SUMO-SIM interactions through
additional PTMs in either SUMO or the SIM region (Stehmeier
and Muller, 2009; Ullmann et al., 2012; Cappadocia et al., 2015;
Cappadocia and Lima, 2018). Notably, SUMO-SIM-dependent
LLPS also contributes to the formation of ALT (alternative
lengthening of telomeres)-associated PML NBs that mediate
telomerase-independent telomere maintenance in a subset of
cancer cells (Min et al., 2019; Zhang et al., 2020). However,
one important aspect of the SUMO-SIM glue model in PML
NB condensation is that polymeric SUMO chains on PML can
also recruit and activate the StUbL RNF4, ultimately leading

to the proteolytic degradation of PML and the disassembly
of the NBs (Lallemand-Breitenbach et al., 2008; Tatham
et al., 2008; Figure 1). This scenario can be experimentally
induced by treating cells with arsenic trioxide, which triggers
polySUMOylation of PML. Initially this causes an increase in
size and number of PML NBs via recruitment of SIM-containing
clients, but at a later stage leads to the complete disappearance
of NBs. SUMO-dependent degradation of PML, followed by
disassembly of NBs, is also observed upon infection with Herpes
simplex virus, which encodes the viral StUbL ICP0 (Muller
and Dejean, 1999; Jan Fada et al., 2020). Altogether these data
demonstrate that, dependent on the nature of the SUMO signal,
SUMOylation can exert dual functions on MLOs by either
fostering their assembly or disassembly. PolySUMO chains
on PML or other NB component that exceed a certain length
are preferentially targeted by RNF4-mediated ubiquitylation
and proteasomal degradation. In this context, SUMO loses
its glue-like functions and contributes to the dissolution of
MLOs by mediating scaffold degradation. Notably, recent work
suggests that at least in certain cases stress-induced SUMO
conjugation can keep unfolded proteins soluble and prevent
their accumulation into insoluble aggregates independent from
ubiquitylation (Liebelt and Vertegaal, 2016; Liebelt et al., 2019).

SUMO CONJUGATION-DECONJUGATION
IN THE NUCLEOLUS

The nucleolus is another prototypic membrane-less
organelle forming by liquid-liquid phase separation
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(Lafontaine et al., 2020). Nucleoli are complex structures, where
ribosomal and non-ribosomal proteins form a macromolecular
network through interactions with RNA, such as rRNAs or
snoRNAs. Nucleoli are organized in three morphologically
distinct sub-regions, where successive steps of ribosome
biogenesis take place. The inner core, termed fibrillar center
(FC), is the site of rRNA transcription. Early and late nucleolar
maturation of ribosomal subunits occur in the dense fibrillar
component (DFC) and in the more peripheral granular
components (GC), respectively. FC, DFC, and GC likely
represent coexisting, immiscible, liquid phases determined by
differences in the biophysical properties of their constituents.
A key organizer of the liquid-like structure of the GC is
nucleophosmin (NPM1 or B23). It has been proposed that
multiple NPM1-regulated LLPS mechanisms influence the
ordered assembly of pre-ribosomal particles and their exit from
the nucleolus (Mitrea et al., 2018). Importantly, there is evidence
that the function of NPM1 is interconnected with the SUMO
system by stabilization of the SUMO deconjugases SENP3 and
SENP5 and by recruiting them to the GC region (Yun et al., 2008;
Raman et al., 2014). SENP3/5 control the SUMOylation status of
many nucleolar, ribosomal and non-ribosomal proteins and the
lack of nucleolar SENP3 induces unscheduled SUMOylation at
60S pre-ribosomes leading to nucleolar exit of immature pre-60S
particles (Finkbeiner et al., 2011; Castle et al., 2012; Raman
et al., 2016). Noteworthy, NPM1 itself is a major nucleolar
target of SUMOylation, which inhibits 28S maturation (Haindl
et al., 2008). Although it remains to be determined whether
the balance of SUMO conjugation-deconjugation on NPM1
or other nucleolar proteins affects the different LLPS processes
in the nucleolus, it is attractive to speculate that SUMO may
modulate protein-protein or RNA-protein interactions that
drive phase separation. In support of this idea, SUMOylation
of the snoRNP component NOP58 was shown to facilitate its
interaction with Box C/D snoRNA, thereby targeting snoRNPs
to the nucleolus (Westman et al., 2010). Similarly, miscibility
of Dyskerin (DKC1) within the nucleolar DFC was proposed
to rely on SUMO-dependent binding of DKC1 to a SIM in
GAR1, a component of the H/ACA snoRNP complex (MacNeil
et al., 2021). Altogether, these data suggest that SUMO may
contribute to phase separation in the nucleolar compartment.
Notably, under specific conditions the StUbL pathway also plays
a role in resolving nucleolar condensates as exemplified by the
SUMO/RNF4-dependent nucleolar release of repair complexes
that act on damaged rDNA in the nucleolus (Capella et al., 2021).

Importantly, new data indicate that in addition to their crucial
role in ribosome biogenesis nucleoli exert critical functions in
protein quality control and proteostasis (Alberti and Carra, 2019;
Amer-Sarsour and Ashkenazi, 2019; Mende and Muller, 2021).
Similar to what was observed in PML NBs, aberrant translation
products or misfolded proteins accumulate transiently in nucleoli
for further clearance by the chaperone machinery (Frottin et al.,
2019; Mediani et al., 2019b). Intriguingly, under stress conditions,
misfolded proteins enter the GC region, where association
with NPM1 or other GC components prevent their irreversible
aggregation. Considering that NPM1 SUMOylation is strongly
induced upon proteotoxic stress and that at least in vitro

SUMOylation functions as a general solubility "tag" it is tempting
to speculate that SUMO may contribute to this process.

SUMO CONTROL OF THE SPLICING
MACHINERY AND NUCLEAR SPECKLES

Nuclear speckles are phase-separated MLOs with key functions
in mRNA processing and quality control (Galganski et al., 2017).
Acting as a physical barrier, they temporarily retain incompletely
processed and export-incompetent mRNA-protein complexes
(mRNPs) after their release from chromatin (Girard et al., 2012).
Nuclear speckles also retain and release mRNPs as part of a
regulated, nuclear stress response (Hochberg-Laufer et al., 2019).
Furthermore, it was recently proposed that the interface of phase-
separated and non-phase-separated areas of nuclear speckles
spatially organize the biochemical reaction of alternative splicing
(Liao and Regev, 2021). Pre-mRNA splicing is catalyzed by the
spliceosome that assembles at each intron from five small nuclear
ribonucleoprotein particles, termed U1, U2, U4, U5, and U6
snRNP. Each snRNP consists of a small nuclear RNA (snRNAs)
and a large set of associated proteins (Wahl et al., 2009). Assembly
of spliceosomes starts with the formation of the A complex
comprising U1 and U2 snRNP bound to the intron. Binding
of the U4/U6U5 tri-snRNP generates the B complex, which is
converted to its active form releasing U1 and U4 snRNP. The C
complex then catalyzes intron excision and ligation of the exons
followed by spliceosome disassembly (Kastner et al., 2019).

Nuclear speckles are built from two RBPs, SRRM2, and SON,
that contain long low complexity regions rich in arginine and
serine dipeptides (RS domain) and form a dense meshwork
via multivalent interactions (Ilik et al., 2020). RS domains
are also a feature of many components of the splicing
machinery and other RNA processing factors, including SR
proteins (SRSF1-SRSF12) (Wegener and Muller-McNicoll, 2019).
Through multivalent RS-RS interactions SR proteins are retained
in nuclear speckles and stored in an inactive state, but during
stress or changes in transcription they are activated and released
to the nucleoplasm. RS-RS interactions and hence nuclear
speckle residency is modulated through PTMs that control
the RNA-binding and phase separation propensities of nuclear
speckle RBPs and retained mRNPs (Snead and Gladfelter,
2019). Recent high-throughput proteomic screens revealed that
splicing components, including SR proteins, are also prime
targets of SUMOylation, and some members of the SUMOylation
machinery, e.g. UBC9, also localize to nuclear speckles (Richard
et al., 2017). Moreover, it was shown that SRSF1, which is
involved in assembly of the A complex, promotes SUMOylation
of RNA processing factors, in particular in response to heat
stress through interaction with UBC9 (Pelisch et al., 2010). This
led to the proposition that SUMOylation might be required
for spliceosome assembly and splicing efficiency (Pozzi et al.,
2018). In line with this idea, addition of a recombinant SUMO-
isopeptidase decreases the efficiency of splicing in in vitro assays
pre-mRNA splicing assays (Pozzi et al., 2017). Moreover, a
SUMO-deficient variant of PRP3, a component of the U4/U6
di-snRNP, fails to co-precipitate U2 and U5 snRNAs and the
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FIGURE 2 | SUMOylation of PRP3 promotes U4/U6U5 tri-snRNP formation. (A) The human PRP3 protein, as a component of the U4/U6 di-snRNP, is a SUMOylation
target and promotes U4/U6U5 tri-snRNP formation to convert the A complex into the active B complex by interacting with U2 and U5 thereby promoting the splicing
process. (B) After mutation of the relevant lysine residues into arginine, the SUMO-deficient PRP3 fails to co-precipitate U2 and U5 snRNAs resulting in hampered
U4/U6U5 tri-snRNP assembly and shows diminished recruitment to splice sites indicating that SUMOylation of PRP3 promotes U4/U6U5 tri-snRNP formation.

splicing factors SF3 and Snu114, suggesting that SUMOylation
of PRP3 promotes U4/U6U5 tri-snRNP formation (Pozzi et al.,
2017; Figure 2). This PRP3 mutant also exhibited diminished
recruitment to active spliceosomes and did not rescue splicing
defects observed in PRP3-depleted cells. Interestingly, however,
we have recently shown that the PRP19 splicing complex is
tightly associated with the SUMO peptidase SENP6, suggesting
that SUMO deconjugation of the spliceosome is also needed for
proper splicing (Wagner et al., 2019). This idea is also supported
by recent findings from the Lamond lab, which linked impaired
SUMO deconjugation to the inhibition of splicing (Pawellek
et al., 2017). The authors proposed that treatment of cells with
the splicing inhibitor hinokiflavone, a plant-derived biflavonoid,
inhibits SUMO deconjugases. They also demonstrated that
hinokiflavone prevents transition of the spliceosome from the
A complex to the catalytic activated B complex and proteomic
studies revealed that this was accompanied by dramatically
enhanced SUMOylation of U2 snRNP proteins. Their data
suggest that deSUMOylation of U2 components is needed for
formation of the activated B complex. Although these data
provide strong circumstantial evidence for a role of conjugation-
deconjugation in controlling spliceosome dynamics, it remains

to be demonstrated that the lack of deSUMOylation in response
to hinokiflavone is directly responsible for the observed splicing
defects. SUMOylation might also affect the dynamics of nuclear
speckles. Indeed, splicing inhibition by hinokiflavone changed
the morphology and composition of nuclear speckles. They now
formed “mega-speckles” that accumulated SUMO1/2/3, splicing
factors, snRNPs and unspliced, polyadenylated mRNAs (Pawellek
et al., 2017). Enlarged nuclear speckles have also been observed
with other splicing inhibitors (Araki et al., 2015; Carvalho et al.,
2017), but it is currently unknown whether they impair the
deSUMOylation pathway.

SUMO AND THE DYNAMICS OF STRESS
GRANULES

The best-studied example of cytosolic MLOs are stress granules
(SGs), which form through LLPS in response to various stress
conditions, including heat or oxidative stress (Protter and
Parker, 2016). SGs are ribonucleoprotein particles comprised of
untranslated mRNAs and RBPs. Their assembly is tightly linked
to the inhibition of translation initiation, which helps in relieving

Frontiers in Molecular Biosciences | www.frontiersin.org 5 May 2021 | Volume 8 | Article 673038

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


fmolb-08-673038 April 30, 2021 Time: 20:29 # 6

Keiten-Schmitz et al. SUMO in MLO Dynamics

cellular protein quality control systems from additional protein
influx during stress exposure. Together with mRNA, stalled
translation pre-initiation complexes comprising 40S ribosomal
subunits and translation initiation factors provide the seed for
further recruitment of cytosolic and nuclear RBPs, such as G3BP,
FMR1, FUS, or TDP-43. The mRNAs stored in SGs can be
either directed toward mRNA decay or their translation can
be reinitiated when stress is released and SGs disassemble.
The mechanism of SG formation and dissolution are still
not fully understood, but there is accumulating evidence that
post-translational modifications contribute to these processes
(Turakhiya et al., 2018; Hofweber and Dormann, 2019; Hofmann
et al., 2021; Tolay and Buchberger, 2021). Recent independent
findings by the Hornstein and Müller groups suggest that the
SUMO system and the StUbL pathway are critically involved
in both assembly and dissolution of SGs (Keiten-Schmitz et al.,
2020; Marmor-Kollet et al., 2020). A role of SUMOylation
in modulating the formation and composition of SGs was
initially inferred from work on eIF4A2, a subunit of the cap-
binding eIF4 complex (Jongjitwimol et al., 2016). Watts and
co-workers reported that recruitment of eIF4A2 to SGs upon
arsenite-induced oxidative stress goes along with its enhanced
SUMOylation, whereas expression of a SUMOylation deficient
mutant of eIF4A2 results in impaired SG formation. Work
by the Hornstein laboratory now supports the idea that SG
assembly or targeting may involve SUMOylation (Marmor-
Kollet et al., 2020). It was observed that mutation of two
reported SUMOylation sites in FMR1 leads to its reduced
recruitment to SGs in response to arsenite. Furthermore, delayed
SG formation in response to arsenite was detected upon
inhibition of the SUMO E2 enzyme UBC9 prior to stress
exposure, by genetic means or by small molecule inhibitors,
suggesting that SUMOylation of SG-associated proteins is
involved in their recruitment to these structures. These findings
are consistent with mass-spectrometry-based SUMO proteomics
that identified many SG-associated RBPs as stress-induced
SUMOylation targets and APEX-based proximity-proteomics
that detected SUMO at SGs (Matic et al., 2009; Hendriks
and Vertegaal, 2016; Marmor-Kollet et al., 2020). However,
endogenous SUMO has so far never been stably detected
within SGs by immunofluorescence, thus it remains unclear
whether SUMO functions as an essential glue-like scaffold in
SGs. In an alternative model transient SUMO conjugation may
prime SG components for recruitment and assembly in SGs.
Once incorporated into the complex SUMO could be removed
potentially explaining why only a small fraction of a substrate
is modified at a given time (Hay, 2005). For validation of this
model, it remains to be determined where SUMO conjugation
and deconjugation of SG components occurs. Since SUMO
ligases (e.g., RanBP2) and isopeptidases (SENP1 and SENP2) are
associated with nuclear pore complexes, transient SUMOylation
of nuclear RBPs may occur upon nucleo-cytoplasmic shuttling
(Flotho and Melchior, 2013; Cappadocia and Lima, 2018;
Kunz et al., 2018).

While the above-mentioned data involve SUMO in SG
targeting and assembly, the SUMO pathway is also critical
for SG disassembly upon stress release. In a search for

stress-induced targets of RNF4 we identified and validated a
large number of SG-associated RBPs, including the nuclear RBPs
FUS and TDP-43, as targets of SUMO-primed ubiquitylation
(Keiten-Schmitz et al., 2020). We further found that impairment
of the StUbL pathway by chemical or genetic inhibition
of SUMO2/3 or depletion of RNF4 significantly delays SG
clearance in cells recovering from heat or arsenite-induced
proteotoxic stress. By contrast, overexpression of the chain-
selective SUMO isopeptidases SENP6 or SENP7 triggers SG
assembly. Altogether, these data show that SUMOylation
and polySUMO-primed ubiquitylation by RNF4 fosters the
disassembly of SGs. This concept was strengthened by work
from Hornstein and co-workers (Marmor-Kollet et al., 2020).
Marmor-Kollet et al. used APEX-based proximity-proteomics
to characterize the SG-associated proteome in response to
stress induction and release. Among a set of "disassembly
engaged proteins," which are specifically associated with SG
proteins when they disassemble, they identified and validated
the SUMO E1 subunit AOS1 (alias SAE1), the E2 UBC9,
and the SUMO E3 ligases TOPORS and RANBP2. It was
further demonstrated that inhibition of SUMOylation by siRNA-
mediated depletion of AOS1 or UBC9, or small molecule
inhibitor of UBC9 (2D08), impaired SG disassembly. The
ensemble of these data provides compelling evidence that
SUMOylation is functionally connected to SG disassembly.
However, important mechanistic questions are still open. For
example, it remains to be determined whether SUMOylation and
RNF4-mediated ubiquitylation occur directly on disassembling
SGs or at a later stage, for example when nuclear SG-
associated proteins re-enter the nucleus. Since we were unable
to detect RNF4 at SGs and found stress-induced SUMO
conjugates predominantly compartmentalized in the nucleus,
we favor a model of RNF4-mediated ubiquitylation taking
place in the nuclear compartment at PML NBs. In support
of this, we observed that lack of PML also impairs SG
disassembly. Based on these data we propose that in response
to proteotoxic stress the StUbL pathway primarily targets
the nuclear fraction of SG-associated RBPs thereby bridging
nuclear to cytosolic protein quality control. To reconcile this
concept with data from Marmor-Kollet et al. one possible
scenario might be that SUMO-priming occurs at SGs upon
their disassembly, whereas subsequent polySUMOylation and
ubiquitylation primarily involves the nuclear StUbL machinery.
Regardless of these molecular details, a compelling hypothesis
is that—similar to what is described for PML NBs—the SUMO
system controls both the assembly and dissolution of SGs.
Whether this dual function is also controlled by a switch
from mono- to polySUMOylation needs to be addressed in
future experiments.

Importantly, these data also open up new perspectives
in the understanding of neurodegenerative disease, such as
amyotrophic lateral sclerosis (ALS) or frontotemporal lobar
degeneration (FTLD) which have been linked to aberrant and
persistent SGs (Wolozin and Ivanov, 2019). In a subset of ALS or
FTLD patients, mutations in FUS or TDP-43 induce a transition
of SGs from a liquid-like dynamic to a solid state and FUS/TDP-
43 aggregates are found in affected brain regions of patients
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suffering from ALS or FTLD. Interestingly, we could demonstrate
that the StUbL pathway limits the formation of aberrant SGs
caused by expression of the ALS-associated FUSP525L mutant,
pointing to a possible role of SUMO in protecting from ALS
pathology (Keiten-Schmitz et al., 2020; Marmor-Kollet et al.,
2020). In support of this idea, Marmor-Kollet and colleagues
provided evidence that impairment of the SUMO pathway may
affect formation of aberrant SGs and ALS pathology in the
context of C9orf72 mutations. Genetic alterations of the C9orf72
gene, due to expansion of a GGGGCC hexanucleotide repeat in
the first intron, represent the most frequently observed inherited
form of ALS and generate different dipeptide repeat proteins.
Intriguingly, expression of one of these dipeptides, the poly-
PR(50) repeat protein, impaired SUMO ligase recruitment to SGs
and SG SUMOylation. Further, enhanced SUMOylation activity
ameliorated photoreceptor neurodegeneration in a drosophila
model of C9orf72-related ALS (Marmor-Kollet et al., 2020).
How expression of poly-PR(50) dipeptide repeat proteins inhibits
SUMOylation activity at SGs is currently unknown. Notably,
poly-PR(50) is found in nuclear aggregates indicating that it
might sequester the SUMO machinery in these aggregates.

CONCLUSION AND PERSPECTIVES

Investigation of MLOs and characterization of their assembly-
disassembly mechanisms are an emerging field of biophysics
and cell biology. The role of SUMO in controlling MLO
dynamics likely goes beyond the above-mentioned examples,
since formation of Cajal bodies (alias coiled bodies), processing
bodies (P-bodies, PBs) and the recently described NELF bodies
are also controlled by SUMOylation. Thus, SUMOylation and
a SIM-like-domain in SMN are critical for the assembly of
Cajal bodies thereby likely controlling in snRNP and snoRNP
biogenesis (Tapia et al., 2014). P-bodies are cytoplasmic RNPs
with functions in translational repression and/or mRNA decay.
PBs and SGs share a close relationship and exchange RNAs
as well as proteins. One example is the RNA helicase DDX6,
which was shown to be associated with SUMO E3 ligase TIF1β

and a number of SUMOylation substrates (Bish et al., 2015).
A very recent example in SUMO-dependent phase separation
is the formation of heat-induced NELF (negative elongation
factor)-containing condensates (Rawat et al., 2021). The NELF

complex is a hetero-tetramer composed of the subunits NELFA,
B, C/D, and E. In response to heat stress NELF forms
nuclear condensates that drive transcriptional downregulation
and cellular survival under stressful conditions. It has been
proposed that these structures represent nuclear counterparts
of cytosolic stress granules functioning as critical nodes of
cellular stress survival by adapting gene expression programs.
NELF condensates cause transcriptional pausing by negatively
regulating transcriptional elongation by RNA polymerase II.
Intriguingly, stress-induced SUMOylation and the E3 SUMO
ligase ZNF451 are required for NELF condensation providing
another intriguing example how the SUMO system integrates
the cellular stress response with phase separation. Another
important aspect for future research concerns the role of SUMO
conjugation-deconjugation in regulating the interdependency
and interplay of distinct MLO, such as PML NBs with nucleoli
and SGs, under stress (Condemine et al., 2007; Keiten-Schmitz
et al., 2020).

AUTHOR CONTRIBUTIONS

JK-S, LR, EH, MM-M, and SM wrote the article. JK-S and LR
designed the figures. All authors contributed to the article and
approved the submitted version.

FUNDING

Work in the Müller lab was funded by DFG collaborative
research cebters SFB815 and SFB1177. MM-M and SM are
part of the Cluster project ENABLE funded by the State of
Hesse. Work in the Hornstein lab is supported by Mondry
Family Professorial Chair, RADALA Foundation, Weizmann –
Brazil Center for Research on Neurodegeneration and Minerva
Foundation with funding from the Federal German Ministry for
Education and Research.

ACKNOWLEDGMENTS

We thank all members of our group and members of IBC2 for
constructive feedback and discussions.

REFERENCES
Advani, V. M., and Ivanov, P. (2019). Translational control under stress: reshaping

the translatome. Bioessays 41: e1900009.
Alberti, S., and Carra, S. (2019). Nucleolus: a liquid droplet compartment for

misbehaving proteins. Curr. Biol. 29, R930–R932.
Alberti, S., and Hyman, A. A. (2021). Biomolecular condensates at the nexus of

cellular stress, protein aggregation disease and ageing. Nat. Rev. Mol. Cell Biol.
22, 196-213

Amer-Sarsour, F., and Ashkenazi, A. (2019). The nucleolus as a proteostasis
regulator. Trends Cell Biol. 29, 849–851. doi: 10.1016/j.tcb.2019.08.002

Araki, S., Dairiki, R., Nakayama, Y., Murai, A., Miyashita, R., Iwatani, M., et al.
(2015). Inhibitors of CLK protein kinases suppress cell growth and induce
apoptosis by modulating pre-mRNA splicing. PLoS One 10:e0116929. doi: 10.
1371/journal.pone.0116929

Banani, S. F., Lee, H. O., Hyman, A. A., and Rosen, M. K. (2017). Biomolecular
condensates: organizers of cellular biochemistry. Nat. Rev. Mol. Cell Biol. 18,
285–298. doi: 10.1038/nrm.2017.7

Banani, S. F., Rice, A. M., Peeples, W. B., Lin, Y., Jain, S., Parker, R., et al. (2016).
Compositional control of phase-separated cellular bodies. Cell 166, 651–663.
doi: 10.1016/j.cell.2016.06.010

Bergink, S., Ammon, T., Kern, M., Schermelleh, L., Leonhardt, H., and Jentsch, S.
(2013). Role of Cdc48/p97 as a SUMO-targeted segregase curbing Rad51-Rad52
interaction. Nat. Cell Biol. 15, 526–532. doi: 10.1038/ncb2729

Bish, R., Cuevas-Polo, N., Cheng, Z., Hambardzumyan, D., Munschauer, M.,
Landthaler, M., et al. (2015). Comprehensive protein interactome analysis of
a key RNA helicase: detection of novel stress granule proteins. Biomolecules 5,
1441–1466. doi: 10.3390/biom5031441

Capella, M., Mandemaker, I. K., den Brave, F., Caballero, L. M., Pfander, B.,
Ladurner, A. G., et al. (2021). Relocation of rDNA repeats for repair is

Frontiers in Molecular Biosciences | www.frontiersin.org 7 May 2021 | Volume 8 | Article 673038

https://doi.org/10.1016/j.tcb.2019.08.002
https://doi.org/10.1371/journal.pone.0116929
https://doi.org/10.1371/journal.pone.0116929
https://doi.org/10.1038/nrm.2017.7
https://doi.org/10.1016/j.cell.2016.06.010
https://doi.org/10.1038/ncb2729
https://doi.org/10.3390/biom5031441
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


fmolb-08-673038 April 30, 2021 Time: 20:29 # 8

Keiten-Schmitz et al. SUMO in MLO Dynamics

dependent on SUMO-mediated nucleolar release by the Cdc48/p97 segregase.
bioRxiv [Preprint]. 2021.01.05.425376.

Cappadocia, L., and Lima, C. D. (2018). Ubiquitin-like protein conjugation:
structures. Chem. Mech. Chem. Rev. 118, 889–918. doi: 10.1021/acs.chemrev.
6b00737

Cappadocia, L., Mascle, X. H., Bourdeau, V., Tremblay-Belzile, S., Chaker-Margot,
M., Lussier-Price, M., et al. (2015). Structural and functional characterization
of the phosphorylation-dependent interaction between PML and SUMO1.
Structure 23, 126–138. doi: 10.1016/j.str.2014.10.015

Carvalho, T., Martins, S., Rino, J., Marinho, S., and Carmo-Fonseca, M. (2017).
Pharmacological inhibition of the spliceosome subunit SF3b triggers exon
junction complex-independent nonsense-mediated decay. J. Cell Sci. 130, 1519–
1531. doi: 10.1242/jcs.202200

Castle, C. D., Cassimere, E. K., and Denicourt, C. (2012). LAS1L interacts with the
mammalian Rix1 complex to regulate ribosome biogenesis. Mol. Biol. Cell 23,
716–728. doi: 10.1091/mbc.e11-06-0530

Condemine, W., Takahashi, Y., Le Bras, M., and de The, H. (2007). A nucleolar
targeting signal in PML-I addresses PML to nucleolar caps in stressed or
senescent cells. J. Cell Sci. 120, 3219–3227. doi: 10.1242/jcs.007492

Finkbeiner, E., Haindl, M., and Muller, S. (2011). The SUMO system controls
nucleolar partitioning of a novel mammalian ribosome biogenesis complex.
EMBO J. 30, 1067–1078. doi: 10.1038/emboj.2011.33

Flotho, A., and Melchior, F. (2013). Sumoylation: a regulatory protein modification
in health and disease. Annu. Rev. Biochem. 82, 357–385. doi: 10.1146/annurev-
biochem-061909-093311

Frottin, F., Schueder, F., Tiwary, S., Gupta, R., Korner, R., Schlichthaerle, T., et al.
(2019). The nucleolus functions as a phase-separated protein quality control
compartment. Science 365, 342–347. doi: 10.1126/science.aaw9157

Galganski, L., Urbanek, M. O., and Krzyzosiak, W. J. (2017). Nuclear speckles:
molecular organization, biological function and role in disease. Nucleic Acids
Res. 45, 10350–10368. doi: 10.1093/nar/gkx759

Gartner, A., and Muller, S. (2014). PML, SUMO, and RNF4: guardians of nuclear
protein quality. Mol. Cell 55, 1–3. doi: 10.1016/j.molcel.2014.06.022

Girard, C., Will, C. L., Peng, J., Makarov, E. M., Kastner, B., Lemm, I., et al. (2012).
Post-transcriptional spliceosomes are retained in nuclear speckles until splicing
completion. Nat. Commun. 3:994.

Guo, L., Giasson, B. I., Glavis-Bloom, A., Brewer, M. D., Shorter, J., Gitler, A. D.,
et al. (2014). A cellular system that degrades misfolded proteins and protects
against neurodegeneration. Mol. Cell 55, 15–30. doi: 10.1016/j.molcel.2014.04.
030

Haindl, M., Harasim, T., Eick, D., and Muller, S. (2008). The nucleolar SUMO-
specific protease SENP3 reverses SUMO modification of nucleophosmin and
is required for rRNA processing. EMBO Rep. 9, 273–279. doi: 10.1038/embor.
2008.3

Hattersley, N., Shen, L., Jaffray, E. G., and Hay, R. T. (2011). The SUMO protease
SENP6 is a direct regulator of PML nuclear bodies. Mol. Biol. Cell 22, 78–90.
doi: 10.1091/mbc.e10-06-0504

Hay, R. T. (2005). SUMO: a history of modification. Mol. Cell 18, 1–12.
Hendriks, I. A., and Vertegaal, A. C. (2016). A comprehensive compilation of

SUMO proteomics. Nat. Rev. Mol. Cell Biol. 17, 581–595. doi: 10.1038/nrm.
2016.81

Hochberg-Laufer, H., Schwed-Gross, A., Neugebauer, K. M., and Shav-Tal, Y.
(2019). Uncoupling of nucleo-cytoplasmic RNA export and localization during
stress. Nucleic Acids Res. 47, 4778–4797. doi: 10.1093/nar/gkz168

Hofmann, S., Kedersha, N., Anderson, P., and Ivanov, P. (2021). Molecular
mechanisms of stress granule assembly and disassembly. Biochim.
Biophys. Acta Mol. Cell Res. 1868:118876. doi: 10.1016/j.bbamcr.2020.
118876

Hofweber, M., and Dormann, D. (2019). Friend or foe-post-translational
modifications as regulators of phase separation and RNP granule dynamics.
J. Biol. Chem. 294, 7137–7150. doi: 10.1074/jbc.tm118.001189

Ilik, I. A., Malszycki, M., Lubke, A. K., Schade, C., Meierhofer, D., and Aktas,
T. (2020). SON and SRRM2 are essential for nuclear speckle formation. eLife
9:e60579.

Jan Fada, B., Kaadi, E., Samrat, S. K., Zheng, Y., and Gu, H. (2020). Effect of SUMO-
SIM interaction on the ICP0-mediated degradation of PML isoform II and its
associated proteins in herpes simplex virus 1 infection. J. Virol. 94:e00470-20.

Jansen, N. S., and Vertegaal, A. C. O. (2021). A Chain of events: regulating target
proteins by SUMO polymers. Trends Biochem. Sci. 46, 113–123. doi: 10.1016/j.
tibs.2020.09.002

Jeanne, M., Lallemand-Breitenbach, V., Ferhi, O., Koken, M., Le Bras, M.,
Duffort, S., et al. (2010). PML/RARA oxidation and arsenic binding initiate the
antileukemia response of As2O3. Cancer Cell 18, 88–98. doi: 10.1016/j.ccr.2010.
06.003

Jensen, K., Shiels, C., and Freemont, P. S. (2001). PML protein isoforms and the
RBCC/TRIM motif. Oncogene 20, 7223–7233. doi: 10.1038/sj.onc.1204765

Jentsch, S., and Psakhye, I. (2013). Control of nuclear activities by substrate-
selective and protein-group SUMOylation. Annu. Rev. Genet. 47, 167–186.
doi: 10.1146/annurev-genet-111212-133453

Jongjitwimol, J., Baldock, R. A., Morley, S. J., and Watts, F. Z. (2016). Sumoylation
of eIF4A2 affects stress granule formation. J. Cell Sci. 129, 2407–2415. doi:
10.1242/jcs.184614

Kastner, B., Will, C. L., Stark, H., and Luhrmann, R. (2019). Structural insights into
nuclear pre-mRNA splicing in higher eukaryotes. Cold Spring Harb. Perspect.
Biol. 11:a032417. doi: 10.1101/cshperspect.a032417

Keiten-Schmitz, J., Schunck, K., and Muller, S. (2019). SUMO chains rule on
chromatin occupancy. Front. Cell Dev. Biol. 7:343. doi: 10.3389/fcell.2019.00343

Keiten-Schmitz, J., Wagner, K., Piller, T., Kaulich, M., Alberti, S., and Muller, S.
(2020). The nuclear sumo-targeted ubiquitin quality control network regulates
the dynamics of cytoplasmic stress granules. Mol. Cell 79, 54–67.e7.

Kumar, R., and Sabapathy, K. (2019). RNF4-A paradigm for SUMOylation-
mediated ubiquitination. Proteomics 19:e1900185.

Kunz, K., Piller, T., and Muller, S. (2018). SUMO-specific proteases and
isopeptidases of the SENP family at a glance. J. Cell Sci. 131:jcs211904. doi:
10.1242/jcs.211904

Lafontaine, D. L. J., Riback, J. A., Bascetin, R., and Brangwynne, C. P. (2020).
The nucleolus as a multiphase liquid condensate. Nat. Rev. Mol. Cell Biol. 22,
165–182 doi: 10.1038/s41580-020-0272-6

Lallemand-Breitenbach, V., and de The, H. (2018). PML nuclear bodies: from
architecture to function. Curr. Opin. Cell Biol. 52, 154–161. doi: 10.1016/j.ceb.
2018.03.011

Lallemand-Breitenbach, V., Jeanne, M., Benhenda, S., Nasr, R., Lei, M., Peres, L.,
et al. (2008). Arsenic degrades PML or PML-RARalpha through a SUMO-
triggered RNF4/ubiquitin-mediated pathway. Nat. Cell Biol. 10, 547–555. doi:
10.1038/ncb1717

Li, C., Peng, Q., Wan, X., Sun, H., and Tang, J. (2017). C-terminal motifs in
promyelocytic leukemia protein isoforms critically regulate PML nuclear body
formation. J. Cell Sci. 130, 3496–3506. doi: 10.1242/jcs.202879

Liao, S. E., and Regev, O. (2021). Splicing at the phase-separated nuclear speckle
interface: a model. Nucleic Acids Res. 49, 636–645. doi: 10.1093/nar/gkaa1209

Liebelt, F., Sebastian, R. M., Moore, C. L., Mulder, M. P. C., Ovaa, H., and
Shoulders, M. D. (2019). SUMOylation and the HSF1-regulated chaperone
network converge to promote proteostasis in response to heat shock. Cell Rep.
26, 236–249.e4.

Liebelt, F., and Vertegaal, A. C. (2016). Ubiquitin-dependent and independent
roles of SUMO in proteostasis. Am. J. Physiol. Cell Physiol. 311, C284–C296.

MacNeil, D. E., Lambert-Lanteigne, P., Qin, J., McManus, F., Bonneil, E., Thibault,
P., et al. (2021). SUMOylation- and GAR1-dependent regulation of dyskerin
nuclear and subnuclear localization. Mol. Cell Biol. 41:e00464-20.

Marmor-Kollet, H., Siany, A., Kedersha, N., Knafo, N., Rivkin, N., Danino, Y. M.,
et al. (2020). Spatiotemporal proteomic analysis of stress granule disassembly
using APEX reveals regulation by sumoylation and links to ALS pathogenesis.
Mol. Cell 80, 876–891.e6.

Matic, I., Tatham, M. H., Cole, C., Yin, Y., Nakamura, A., Cox, J., et al. (2009).
System-wide changes to SUMO modifications in response to heat shock. Sci.
Signal. 2:ra24. doi: 10.1126/scisignal.2000282

Matunis, M. J., Zhang, X. D., and Ellis, N. A. (2006). SUMO: the glue that binds.
Dev. Cell 11, 596–597. doi: 10.1016/j.devcel.2006.10.011

Mediani, L., Guillen-Boixet, J., Alberti, S., and Carra, S. (2019a). Nucleoli and
Pomyelocytic Leukemia Protein (PML) bodies are phase separated nuclear
protein quality control compartments for misfolded proteins. Mol. Cell. Oncol.
6:e1415624. doi: 10.1080/23723556.2019.1652519

Mediani, L., Guillen-Boixet, J., Vinet, J., Franzmann, T. M., Bigi, I., Mateju, D.,
et al. (2019b). Defective ribosomal products challenge nuclear function by

Frontiers in Molecular Biosciences | www.frontiersin.org 8 May 2021 | Volume 8 | Article 673038

https://doi.org/10.1021/acs.chemrev.6b00737
https://doi.org/10.1021/acs.chemrev.6b00737
https://doi.org/10.1016/j.str.2014.10.015
https://doi.org/10.1242/jcs.202200
https://doi.org/10.1091/mbc.e11-06-0530
https://doi.org/10.1242/jcs.007492
https://doi.org/10.1038/emboj.2011.33
https://doi.org/10.1146/annurev-biochem-061909-093311
https://doi.org/10.1146/annurev-biochem-061909-093311
https://doi.org/10.1126/science.aaw9157
https://doi.org/10.1093/nar/gkx759
https://doi.org/10.1016/j.molcel.2014.06.022
https://doi.org/10.1016/j.molcel.2014.04.030
https://doi.org/10.1016/j.molcel.2014.04.030
https://doi.org/10.1038/embor.2008.3
https://doi.org/10.1038/embor.2008.3
https://doi.org/10.1091/mbc.e10-06-0504
https://doi.org/10.1038/nrm.2016.81
https://doi.org/10.1038/nrm.2016.81
https://doi.org/10.1093/nar/gkz168
https://doi.org/10.1016/j.bbamcr.2020.118876
https://doi.org/10.1016/j.bbamcr.2020.118876
https://doi.org/10.1074/jbc.tm118.001189
https://doi.org/10.1016/j.tibs.2020.09.002
https://doi.org/10.1016/j.tibs.2020.09.002
https://doi.org/10.1016/j.ccr.2010.06.003
https://doi.org/10.1016/j.ccr.2010.06.003
https://doi.org/10.1038/sj.onc.1204765
https://doi.org/10.1146/annurev-genet-111212-133453
https://doi.org/10.1242/jcs.184614
https://doi.org/10.1242/jcs.184614
https://doi.org/10.1101/cshperspect.a032417
https://doi.org/10.3389/fcell.2019.00343
https://doi.org/10.1242/jcs.211904
https://doi.org/10.1242/jcs.211904
https://doi.org/10.1038/s41580-020-0272-6
https://doi.org/10.1016/j.ceb.2018.03.011
https://doi.org/10.1016/j.ceb.2018.03.011
https://doi.org/10.1038/ncb1717
https://doi.org/10.1038/ncb1717
https://doi.org/10.1242/jcs.202879
https://doi.org/10.1093/nar/gkaa1209
https://doi.org/10.1126/scisignal.2000282
https://doi.org/10.1016/j.devcel.2006.10.011
https://doi.org/10.1080/23723556.2019.1652519
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


fmolb-08-673038 April 30, 2021 Time: 20:29 # 9

Keiten-Schmitz et al. SUMO in MLO Dynamics

impairing nuclear condensate dynamics and immobilizing ubiquitin. EMBO J.
38:e101341.

Mende, H., and Muller, S. (2021). Surveillance of nucleolar homeostasis and
ribosome maturation by autophagy and the ubiquitin-proteasome system.
Matrix Biol. doi: 10.1016/j.matbio.2021.02.001 [Epub ahead of print].

Min, J., Wright, W. E., and Shay, J. W. (2019). Clustered telomeres in phase-
separated nuclear condensates engage mitotic DNA synthesis through BLM and
RAD52. Genes Dev. 33, 814–827. doi: 10.1101/gad.324905.119

Mitrea, D. M., Cika, J. A., Stanley, C. B., Nourse, A., Onuchic, P. L.,
Banerjee, P. R., et al. (2018). Self-interaction of NPM1 modulates
multiple mechanisms of liquid-liquid phase separation. Nat. Commun. 9:
842.

Mukhopadhyay, D., Ayaydin, F., Kolli, N., Tan, S. H., Anan, T., Kametaka, A., et al.
(2006). SUSP1 antagonizes formation of highly SUMO2/3-conjugated species.
J. Cell Biol. 174, 939–949. doi: 10.1083/jcb.200510103

Muller, S., and Dejean, A. (1999). Viral immediate-early proteins abrogate the
modification by SUMO-1 of PML and Sp100 proteins, correlating with nuclear
body disruption. J. Virol. 73, 5137–5143. doi: 10.1128/jvi.73.6.5137-5143.1999

Muller, S., Matunis, M. J., and Dejean, A. (1998). Conjugation with the ubiquitin-
related modifier SUMO-1 regulates the partitioning of PML within the nucleus.
EMBO J. 17, 61–70. doi: 10.1093/emboj/17.1.61

Pawellek, A., Ryder, U., Tammsalu, T., King, L. J., Kreinin, H., Ly, T., et al. (2017).
Characterisation of the biflavonoid hinokiflavone as a pre-mRNA splicing
modulator that inhibits SENP. eLife 6:e27402

Pelisch, F., Gerez, J., Druker, J., Schor, I. E., Munoz, M. J., Risso, G., et al. (2010).
The serine/arginine-rich protein SF2/ASF regulates protein sumoylation. Proc.
Natl. Acad. Sci. U.S.A. 107, 16119–16124. doi: 10.1073/pnas.1004653107

Perez Berrocal, D. A., Witting, K. F., Ovaa, H., and Mulder, M. P. C. (2019). Hybrid
chains: a collaboration of ubiquitin and ubiquitin-like modifiers introducing
cross-functionality to the ubiquitin code. Front. Chem. 7:931. doi: 10.3389/
fchem.2019.00931

Pozzi, B., Bragado, L., Will, C. L., Mammi, P., Risso, G., Urlaub, H., et al. (2017).
SUMO conjugation to spliceosomal proteins is required for efficient pre-mRNA
splicing. Nucleic Acids Res. 45, 6729–6745. doi: 10.1093/nar/gkx213

Pozzi, B., Mammi, P., Bragado, L., Giono, L. E., and Srebrow, A. (2018). When
SUMO met splicing. RNA Biol. 15, 689–695.

Protter, D. S. W., and Parker, R. (2016). Principles and Properties of stress granules.
Trends Cell Biol. 26, 668–679. doi: 10.1016/j.tcb.2016.05.004

Raman, N., Nayak, A., and Muller, S. (2014). mTOR signaling regulates nucleolar
targeting of the SUMO-specific isopeptidase SENP3. Mol. Cell Biol. 34, 4474–
4484. doi: 10.1128/mcb.00801-14

Raman, N., Weir, E., and Muller, S. (2016). The AAA ATPase MDN1 acts as a
SUMO-targeted regulator in mammalian pre-ribosome remodeling. Mol. Cell
64, 607–615. doi: 10.1016/j.molcel.2016.09.039

Rawat, P., Boehning, M., Hummel, B., Aprile-Garcia, F., Pandit, A. S.,
Eisenhardt, N., et al. (2021). Stress-induced nuclear condensation
of NELF drives transcriptional downregulation. Mol. Cell 81,
1013-1026.e11

Richard, P., Vethantham, V., and Manley, J. L. (2017). Roles of sumoylation in
mRNA processing and metabolism. Adv. Exp. Med. Biol. 963, 15–33. doi:
10.1007/978-3-319-50044-7_2

Sahin, U., Ferhi, O., Jeanne, M., Benhenda, S., Berthier, C., Jollivet, F., et al. (2014).
Oxidative stress-induced assembly of PML nuclear bodies controls sumoylation
of partner proteins. J. Cell Biol. 204, 931–945. doi: 10.1083/jcb.201305148

Sha, Z., Blyszcz, T., Gonzalez-Prieto, R., Vertegaal, A. C. O., and Goldberg, A. L.
(2019). Inhibiting ubiquitination causes an accumulation of SUMOylated newly
synthesized nuclear proteins at PML bodies. J. Biol. Chem. 294, 15218–15234.
doi: 10.1074/jbc.ra119.009147

Shen, T. H., Lin, H. K., Scaglioni, P. P., Yung, T. M., and Pandolfi, P. P.
(2006). The mechanisms of PML-nuclear body formation. Mol. Cell 24,
331–339.

Snead, W. T., and Gladfelter, A. S. (2019). the control centers of biomolecular
phase separation: how membrane surfaces, PTMs, and active processes regulate
condensation. Mol. Cell 76, 295–305. doi: 10.1016/j.molcel.2019.09.016

Stehmeier, P., and Muller, S. (2009). Phospho-regulated SUMO interaction
modules connect the SUMO system to CK2 signaling. Mol. Cell 33, 400–409.
doi: 10.1016/j.molcel.2009.01.013

Sung, K. S., Lee, Y. A., Kim, E. T., Lee, S. R., Ahn, J. H., and Choi, C. Y. (2011). Role
of the SUMO-interacting motif in HIPK2 targeting to the PML nuclear bodies
and regulation of p53. Exp. Cell Res. 317, 1060–1070. doi: 10.1016/j.yexcr.2010.
12.016

Tapia, O., Lafarga, V., Bengoechea, R., Palanca, A., Lafarga, M., and Berciano,
M. T. (2014). The SMN Tudor SIM-like domain is key to SmD1 and coilin
interactions and to Cajal body biogenesis. J. Cell Sci. 127, 939–946. doi: 10.
1242/jcs.138537

Tatham, M. H., Geoffroy, M. C., Shen, L., Plechanovova, A., Hattersley, N., Jaffray,
E. G., et al. (2008). RNF4 is a poly-SUMO-specific E3 ubiquitin ligase required
for arsenic-induced PML degradation. Nat. Cell Biol. 10, 538–546. doi: 10.1038/
ncb1716

Tolay, N., and Buchberger, A. (2021). Comparative profiling of stress granule
clearance reveals differential contributions of the ubiquitin system. Life Sci.
Alliance 4:e202000927. doi: 10.26508/lsa.202000927

Turakhiya, A., Meyer, S. R., Marincola, G., Bohm, S., Vanselow, J. T., Schlosser, A.,
et al. (2018). ZFAND1 Recruits p97 and the 26S proteasome to promote the
clearance of arsenite-induced stress granules. Mol. Cell 70, 906–919.e7.

Ullmann, R., Chien, C. D., Avantaggiati, M. L., and Muller, S. (2012). An acetylation
switch regulates SUMO-dependent protein interaction networks. Mol. Cell 46,
759–770. doi: 10.1016/j.molcel.2012.04.006

Wagner, K., Kunz, K., Piller, T., Tascher, G., Holper, S., Stehmeier, P., et al. (2019).
The SUMO isopeptidase SENP6 functions as a rheostat of chromatin residency
in genome maintenance and chromosome dynamics. Cell Rep. 29 480–494.e5.

Wahl, M. C., Will, C. L., and Luhrmann, R. (2009). The spliceosome: design
principles of a dynamic RNP machine. Cell 136, 701–718. doi: 10.1016/j.cell.
2009.02.009

Wegener, M., and Muller-McNicoll, M. (2019). View from an mRNP: the roles of
sr proteins in assembly, maturation and turnover. Adv. Exp. Med. Biol. 1203,
83–112. doi: 10.1007/978-3-030-31434-7_3

Weidtkamp-Peters, S., Lenser, T., Negorev, D., Gerstner, N., Hofmann, T. G.,
Schwanitz, G., et al. (2008). Dynamics of component exchange at PML nuclear
bodies. J. Cell Sci. 121, 2731–2743. doi: 10.1242/jcs.031922

Westman, B. J., Verheggen, C., Hutten, S., Lam, Y. W., Bertrand, E., and
Lamond, A. I. (2010). A proteomic screen for nucleolar SUMO targets shows
SUMOylation modulates the function of Nop5/Nop58. Mol. Cell 39, 618–631.
doi: 10.1016/j.molcel.2010.07.025

Wolozin, B., and Ivanov, P. (2019). Stress granules and neurodegeneration. Nat.
Rev. Neurosci. 20, 649–666. doi: 10.1038/s41583-019-0222-5

Yun, C., Wang, Y., Mukhopadhyay, D., Backlund, P., Kolli, N., Yergey, A., et al.
(2008). Nucleolar protein B23/nucleophosmin regulates the vertebrate SUMO
pathway through SENP3 and SENP5 proteases. J. Cell Biol. 183, 589–595. doi:
10.1083/jcb.200807185

Zhang, H., Zhao, R., Tones, J., Liu, M., Dilley, R. L., Chenoweth, D. M., et al. (2020).
Nuclear body phase separation drives telomere clustering in ALT cancer cells.
Mol. Biol. Cell 31, 2048–2056. doi: 10.1091/mbc.e19-10-0589

Zhong, S., Muller, S., Ronchetti, S., Freemont, P. S., Dejean, A., and Pandolfi, P. P.
(2000). Role of SUMO-1-modified PML in nuclear body formation. Blood 95,
2748–2752. doi: 10.1182/blood.v95.9.2748.009k31a_2748_2752

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Keiten-Schmitz, Röder, Hornstein, Müller-McNicoll and Müller.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org 9 May 2021 | Volume 8 | Article 673038

https://doi.org/10.1016/j.matbio.2021.02.001
https://doi.org/10.1101/gad.324905.119
https://doi.org/10.1083/jcb.200510103
https://doi.org/10.1128/jvi.73.6.5137-5143.1999
https://doi.org/10.1093/emboj/17.1.61
https://doi.org/10.1073/pnas.1004653107
https://doi.org/10.3389/fchem.2019.00931
https://doi.org/10.3389/fchem.2019.00931
https://doi.org/10.1093/nar/gkx213
https://doi.org/10.1016/j.tcb.2016.05.004
https://doi.org/10.1128/mcb.00801-14
https://doi.org/10.1016/j.molcel.2016.09.039
https://doi.org/10.1007/978-3-319-50044-7_2
https://doi.org/10.1007/978-3-319-50044-7_2
https://doi.org/10.1083/jcb.201305148
https://doi.org/10.1074/jbc.ra119.009147
https://doi.org/10.1016/j.molcel.2019.09.016
https://doi.org/10.1016/j.molcel.2009.01.013
https://doi.org/10.1016/j.yexcr.2010.12.016
https://doi.org/10.1016/j.yexcr.2010.12.016
https://doi.org/10.1242/jcs.138537
https://doi.org/10.1242/jcs.138537
https://doi.org/10.1038/ncb1716
https://doi.org/10.1038/ncb1716
https://doi.org/10.26508/lsa.202000927
https://doi.org/10.1016/j.molcel.2012.04.006
https://doi.org/10.1016/j.cell.2009.02.009
https://doi.org/10.1016/j.cell.2009.02.009
https://doi.org/10.1007/978-3-030-31434-7_3
https://doi.org/10.1242/jcs.031922
https://doi.org/10.1016/j.molcel.2010.07.025
https://doi.org/10.1038/s41583-019-0222-5
https://doi.org/10.1083/jcb.200807185
https://doi.org/10.1083/jcb.200807185
https://doi.org/10.1091/mbc.e19-10-0589
https://doi.org/10.1182/blood.v95.9.2748.009k31a_2748_2752
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles

	SUMO: Glue or Solvent for Phase-Separated Ribonucleoprotein Complexes and Molecular Condensates?
	Introduction
	Sumo and the Dynamics of Pml Nuclear Bodies
	Sumo Conjugation-Deconjugation in the Nucleolus
	Sumo Control of the Splicing Machinery and Nuclear Speckles
	Sumo and the Dynamics of Stress Granules
	Conclusion and Perspectives
	Author Contributions
	Funding
	Acknowledgments
	References


