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Highlights
STUbLs recognize the composition of
SUMO chains as demonstrated by the
preference of RNF4 for homogeneous
SUMO-2 chains while RNF111 has a
preference for SUMO-1-capped chains.

Depletion of the polySUMO protease
SENP6 leads to a broad range of cellular
defects including reduced accumulation
at the centromere of most members of
the constitutive centromere-associated
network, improper spindle assembly,
and micronuclei, thereby impairing
proper cell cycle progression.
Small ubiquitin-likemodifiers (SUMOs) regulate virtually all nuclear processes. The
fate of the target protein is determined by the architecture of the attached SUMO
protein, which can be of polymeric nature. Here, we highlight the multifunctional
aspects of dynamic signal transduction by SUMO polymers. The SUMO-targeted
ubiquitin ligases (STUbLs) RING-finger protein 4 (RNF4) and RNF111 recognize
SUMO polymers in a chain-architecture-dependent manner, leading to the forma-
tion of hybrid chains, which could enable proteasomal destruction of proteins.
Recent publications have highlighted essential roles for SUMO chain disassembly
by the mammalian SUMO proteases SENP6 and SENP7 and the yeast SUMO
protease Ulp2. SENP6 is particularly important for centromere assembly. These
recent findings demonstrate the diversity of SUMO polymer signal transduction
for proteolytic and nonproteolytic purposes.
In mammals, SENP6 and SENP7 are
responsible for the cleavage of polymeric
SUMO. These two proteases are ex-
pected to have distinctive pools of target
proteins since they cannot compensate
for each other.

Inhibitors targeting the SUMOylation
machinery, either by blocking conjuga-
tion or by blocking deconjugating en-
zymes, could be promising anticancer
therapies.
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Ubiquitin and Ubiquitin-Like Modifiers
Several processes can modulate proteins beyond their composition predetermined at the DNA
level, including protein processing and post-translational modifications (PTMs). Ubiquitylation
and SUMOylation are PTMs that are similar concerning the enzymatic cascades they use for
conjugation and deconjugation, and despite their limited sequence identity of only 18% [1],
they are comparable regarding their 3D structure, known as the β-grasp fold [2]. The conjugation
of both molecules involves three steps performed by three classes of enzymes known as the E1
activating enzyme, the E2 conjugating enzyme, and the E3 protein ligase. The functional outcome
of the modification depends on its nature, being monomeric, multimonomeric, or polymeric, with
possibly branched chains (Figure 1) [3]. Ubiquitylation and SUMOylation are not mutually exclu-
sive on protein substrates and can coexist on targets via different acceptor lysines or via mixed
chains, functioning as modified modifiers [4,5].

Although the structure and conjugation pathways of ubiquitin (see Glossary) and SUMO are
similar, their functions are unique since they cannot compensate for each other. Target
substrates conjugated with monoubiquitin have been linked to trafficking, protein sorting, and
chromatin regulation, while substrates conjugated to most forms of polyubiquitin are targeted
for degradation by a multisubunit ATP-dependent protease complex known as the 26S protea-
some or via ubiquitin-dependent autophagy, regulating a broad variety of cellular processes
such as cell cycle progression and genome stability [6–8]. Distinct types of ubiquitin chain archi-
tecture can have different functions, including the degradation-independent roles of K63-linked
ubiquitin chains [9,10]. SUMO is not generally associated with protein degradation but is impli-
cated in protein–protein interactions, protein activity, and protein subcellular localization. Cellular
processes dependent on SUMOylation are transcription, pre-mRNA splicing, ribosome matura-
tion, cell growth, cell division, and the maintenance of genome stability [11–15]. PolySUMOylation
of target substrates has been observed in response to replication arrest and various forms of
cellular stress, including heat shock [16–19]. However, compared with our extensive knowledge
on ubiquitin polymers, we are still limited in our understanding of signaling by SUMO polymers.
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Glossary
Small ubiquitin-likemodifier (SUMO):
SUMOs belong to the ubiquitin family, a
group of small proteins of approximately
100 amino acids in length and 12 kDa in
mass. SUMOylation is a PTM regulating
numerous processes in the cell. The
enzymatic cascade required for
attachment to substrates is analogous
to that of ubiquitin.
SUMO chain/polymer: SUMO-2 and
SUMO-3 have the ability to form
polymers, enabled by internal
SUMOylation sites. These polymers can
be established on distinct internal lysine
residues, potentially leading to branched
chains.
SUMO-interaction motif (SIM):
proteins can interact noncovalently with
SUMO via short SIMs. These peptide
motifs contain a hydrophobic core and
can have acidic amino acid residues
flanking the core.
SUMO protease: an enzyme that
catalyzes the cleavage of peptide bonds,
removing SUMO from substrates. These
proteases cleave the peptide bond
between the terminal glycine of SUMO
and the acceptor lysine in the substrate.
Certain proteases are responsible for
SUMO maturation while others are
responsible for the removal of SUMO
from substrates or for cleavage of SUMO
polymers.
SUMO-targeted ubiquitin ligase
(STUbL): a family of ubiquitin ligases
that recognize SUMO polymers and can
subsequently ubiquitylate the target
protein, resulting in the formation of
hybrid chains.
Ubiquitin: a post-translational modifier
of 76 amino acids in length and 8.6 kDa
in mass, encoded by four genes in
mammals. Protein polyubiquitylation can
target substrates for proteasomal
degradation.
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Figure 1. Conjugation of Small Ubiquitin-Like Modifiers (SUMOs) on Substrates. Differential architecture of SUMO
molecules attached to lysine residues on target proteins. SUMO can be attached to the target protein by monoSUMOylation,
multiSUMOylation, or polySUMOylation.

Trends in Biochemical Sciences
The ability of SUMO to form polymers is the main focus of this review. Here we elaborate on
the SUMO family members that are able to form polymers and on STUbLs. Moreover, specific
proteases that are able to cleave SUMO polymers are discussed, including the mammalian
proteases SENP6 and SENP7 and the yeast Ulp2. These proteases are essential for numerous
processes such as genome stability, cell cycle progression, and the DNA damage response
[15,20]. Furthermore, polymeric SUMO signaling in meiosis, in mouse embryonic development,
and in yeast is discussed.

SUMO Family Members SUMO-2 and SUMO-3 Form Ubiquitin-Like Polymers on
Target Proteins
Mammals express at least three SUMO family members. The functional outcome of protein
modification by SUMO is dependent on the identity of the SUMO family member conjugated to
the target protein. Mature SUMO-2 and SUMO-3 are nearly identical, sharing 97% sequence
identity, and are collectively named SUMO-2/3. Mature SUMO-2/3 share a 47% overlap with
mature SUMO-1. The concentration of free SUMO-2/3 in cells is higher than that of free
SUMO-1 [21]. Some target proteins are preferentially conjugated to SUMO-2/3 or SUMO-1
and other targets can be conjugated by either [22]. Interestingly, SUMO-2/3 are able to form
ubiquitin-like polymers on target proteins [23]. MonoSUMOylation and polySUMOylation should
be regarded as different signals.

AssemblyMechanism of Polymeric SUMOChains and Disassembly by Dedicated
SUMO Proteases
SUMO-2/3 chains form preferably on lysine residue 11 situated in a SUMO consensus site,ψKxE
(ψ is a large hydrophobic amino acid such as I, V, or L), although alternatively linked, noncanonical
chains also exist [24]. SUMO-1 contains an inverted SUMO consensus site, ExK [25]. SUMO
consensus sites are recognized by the SUMOE2 enzymeUbc9, thereby promoting the formation
of chains [26–28].

E3 ligases enhance the transfer of SUMO proteins from E2 to substrates [11,29]. E3 ligases
can have E4 elongase activity to extend and promote the formation of SUMO chains on target
substrates [30,31]. Until now, a limited set of these ligases has been described. One type of E3
ligase is the protein inhibitor of activated STAT (PIAS) family, which comprises PIAS1–4. Members
of this family contain the SP-RING domain, a conserved RING-finger-like domain, similar to
ubiquitin E3 ligases, which enables binding to Ubc9 [32]. PIAS family members have been initially
114 Trends in Biochemical Sciences, February 2021, Vol. 46, No. 2
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described to act as transcriptional co-regulators [33], but recent findings have also shown the
importance of PIAS members in signal transduction pathways regulating protein stability, cellular
proliferation, and DNA repair by interactingwith up to 60 cellular partners [34–36]. Amore recently
identified SUMOE3 ligase with E4 elongase activity is zinc-finger protein 451 (ZNF451), which has
a preference for SUMO-2/3 [30]. It contains an N-terminal tandem-SUMO interaction motif
(SIM) region, which is sufficient to anchor the SUMO molecule and initiate chain formation
by its zinc-finger region [29]. ZNF451 plays a role in response to stress and transcription by
regulating the SUMOylation of the promyelocytic leukemia gene product PML and by interacting
with Smad3/4, which ultimately leads to the inhibition of the TGF-β pathway [37–39]. These E3
ligases provide substrate specificity and aid in the formation of SUMO-2/3 chains, which can
act as recruitment signals for other PTM enzymes as described in the next section.

Attachment to target proteins can be reversed by a family of cysteine proteases called SENPs.
The human genome encodes six members of the SENP family: SENP1, SENP2, SENP3,
SENP5, SENP6, and SENP7, each having their own function and subcellular localization [40].
SENPs enable the maturation of SUMO precursors by proteolytic cleavage of their carboxyl
termini, exposing a diglycine motif essential for conjugation. Furthermore, SENPs act as
deconjugating enzymes to remove SUMO from substrates, and depolymerize polySUMO-2/3
chains. SENP1 has a preference for SUMO-1, whereas the other SENP family members have a
preference for SUMO-2/3 [40,41]. SENP6 and SENP7 differ from other SENP family members
due to an insertion in their conserved catalytic domains that enables their preference for SUMO-
2/3 chains [42].

Regulation of SUMO Polymers by STUbLs in a Chain-Architecture-Dependent
Manner
Since the discovery of SIM-containing ubiquitin E3 ligases, known as STUbLs, considerable effort
has been made to reveal their function and their regulatory effects on SUMO chains [43]. STUbL-
mediated ubiquitylation regulates SUMOylation homeostasis by promoting target protein degra-
dation or by altering the subcellular localization of proteins, establishing crosstalk between
SUMOylation and ubiquitylation [4,44,45]. SUMO chain formation acts as a recruitment signal
for STUbLs since they enable preferential binding to tandem SIMs (Figure 2) [46–48]. Whether
the reverse scenario, ubiquitin-targeted SUMO ligases, exists is currently unclear.

Following the identification of a STUbL in yeast, the first STUbL found in mammals was
RNF4 (also known as SNURF), containing four N-terminal SIMs and a C-terminal RING-
finger domain. Mechanistically, RNF4 maintains SUMO signaling homeostasis by directly
controlling the auto-SUMOylated E2 conjugating enzyme Ubc9 and auto-SUMOylated E3
ligases (Figure 3) [49]. Arsenic-induced polySUMOylation of PML and PML-RARα acts as
a recruitment signal for RNF4 enabling subsequent K48-linked polyubiquitylation, leading
to proteasomal degradation [50,51]. Interestingly, ZNF451-1, a SUMO E3 ligase, and
RNF4 appear to cooperate in maintaining PML levels by acting on the same target protein
[39] whereas RNF168, another ubiquitin E3 ligase, might act downstream of RNF4 by regulating
PML-NBs by the efficient binding of K63-linked hybrid chains [52]. RNF4 is important to maintain
genome stability, by regulating DNA damage response components such as MDC1, BRCA1,
PARP1, and JARID1B/KDM5B [53–56]. However, the regulatory function of RNF4 goes beyond
merely tagging cellular proteins for ubiquitin-mediated degradation. Modifications by RNF4
can alter the subcellular localization and functional dynamics of target substrates [57]. As
an example, RAP80, the first characterized SUMO-ubiquitin chain receptor, recognizes K63-
linked ubiquitin chains formed by RNF4 and can hereby mediate BRCA1 recruitment to DNA
damage sites [58].
Trends in Biochemical Sciences, February 2021, Vol. 46, No. 2 115
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Figure 2. Formation of Poly-Small Ubiquitin-Like Modifier (SUMO)-Ubiquitin Hybrid Chains. Mature SUMO
proteins are activated by attachment via a thioester bond to a heterodimeric E1 SUMO-activating enzyme. Subsequently,
activated SUMOs are transferred to the catalytic cysteine residue of the E2 conjugating enzyme (Ubc9; novel
nomenclature UBE2I). Thereafter, SUMOs are attached to lysine residues of the target protein, which is facilitated by E3
SUMO ligases. SUMO proteins can be detached from target proteins by specific proteases. MonoSUMOylation can be
reversed by the SUMO proteases SENP1–3 and SENP5. Substrates can also be polySUMOylated with the help of E3
ligases containing E4 elongase activity. These polySUMO chains can be cleaved by SENP6 and SENP7. Furthermore,
SUMO-targeted ubiquitin ligases (STUbLs) can recognize SUMO polymers via multiple SUMO interaction motifs (SIMs).
SIMs comprise a string of large hydrophobic residues that can be flanked by acidic residues. STUbLs can conjugate
ubiquitin to SUMO polymers to form hybrid chains. These hybrid chains can act as targeting signals for degradation by the
26S proteasome. RING-finger protein 111 (RNF111) has a preference for SUMO chains capped with SUMO-1, having the
ability to ubiquitylate and form hybrid chains, either targeting substrates for proteasomal degradation or mediating
signaling in a nonproteolytic manner.

Trends in Biochemical Sciences
A second STUbL is Arkadia (RNF111) [59]. Arkadia is able to noncovalently attach to SUMO-2/3
polymers as expected for a STUbL, enabled by its three SIM motifs [60]. Depletion of this
STUbL leads to polySUMOylated PML accumulation, suggesting that Arkadia and RNF4
both regulate polySUMO-PML degradation. However, Arkadia does not heterodimerize with
RNF4, indicating that these two STUbLs interact independently in the process of PML degra-
dation [61]. Interestingly, RNF4 has a preference for homogenous SUMO-2 chains while
Arkadia employs two SIMs (type r and type b SIMs) and a SUMO-1-binding motif (SOB) to
preferentially bind to SUMO-2 chains capped with SUMO-1, with a higher targeting efficiency
for three SUMO-2 moieties or more [62]. Moreover, Arkadia targets the SMAD inhibitor
SMAD7, thereby promoting the TGF-β and bone morphogenetic protein (BMP) signaling path-
way [63,64]. Whether this involves SUMOylation of SMAD7 is currently unclear. However,
116 Trends in Biochemical Sciences, February 2021, Vol. 46, No. 2
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Figure 3. RING-Finger Protein 4 (RNF4) Acts as a Brake on Small Ubiquitin-Like Modifier (SUMO) Signal
Transduction. AutoSUMOylated E2 and E3 enzymes including PIAS1, PIAS2, PIAS3, ZNF451, and NSMCE2 are
preferentially ubiquitylated by RNF4 and subsequently targeted to the proteasome, thereby limiting SUMO signal
transduction. In the absence of RNF4, autoSUMOylated active E2 and E3 enzymes continue to SUMOylate substrates,
leading to increased SUMOylation levels in cells.

Trends in Biochemical Sciences
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Arkadia also has a nonproteolytic function by modifying SUMOylated targets such as
xeroderma pigmentosum C (XPC) with a K63-linked ubiquitin chain in response to UV-induced
DNA damage [60] or with a K48-linked ubiquitin chain as is the case for the polySUMOylated
transcription factor Nrf2, surprisingly enabling its stabilization [65]. The investigation of STUbLs
is important to understand the functionality of SUMO polymers and SUMO-ubiquitin
hybrid chains.

Depolymerization of SUMO Chains Is Vital for Genome Stability and Accurate
Mitosis and Is Required for Assembly of the Constitutive Centromere-Associated
Network (CCAN)
As mentioned earlier, SENP6 and SENP7 are inefficient in processing SUMO precursors and in
removing monoSUMO from substrates, but they are particularly efficient in depolymerizing
SUMO-2/3 chains [66,67]. Both SENP6 and SENP7 contain several SIM domains, which might
enable preferential recognition of SUMO chains [68,69]. SENP6 is highly efficient in processing
SUMO chains and the depletion of either SENP6 or SENP7 leads to the accumulation of
high-molecular-mass polySUMO-2/3 conjugates in PML subnuclear bodies [66,70,71].

Cells depleted of SENP6 are severely compromised in proliferation and accumulate polySUMO
chains on over 200 proteins [15]. These targets include most kinetochore components that
belong to the CCAN. The CCAN facilitates the physical attachment of centromeres to spindles
formed by microtubule polymers [72]. Removal of SUMO from CCANmembers is important for
their accumulation at centromeres to enable accurate chromosome segregation, leading to
correct progression of the cell cycle (Figure 4). Cellular defects include improper spindle
Trends in Biochemical Sciences, February 2021, Vol. 46, No. 2 117
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Figure 4. Protein Group deSUMOylation by SENP6. Depicted are the SENP6-regulated proteins Mis18BP1 and members of the constitutive centromere-
associated network (CCAN). In the presence of SENP6, poly-small ubiquitin-like modifier (SUMO) chains are removed and CENP proteins localize to the kinetochore
where Mis18BP1 is important for CENP-A loading. However, in the absence of SENP6, polySUMOylated Mis8BP1 is ubiquitylated by the SUMO-targeted ubiquitin
ligase (STUbL) RING-finger protein 4 (RNF4) and subsequently targeted to the proteasome for degradation, while polySUMOylated CCAN members fail to properly
accumulate at centromeres, possibly due to steric hindrance.

Trends in Biochemical Sciences
assembly, reduced metaphase chromosome congression, and the formation of micronuclei
due to the reduction of most CCAN members at the kinetochore [15,72,73]. This points to
functional protein group demodification, demonstrating the cooperative regulation of a func-
tional group of proteins by SENP6. This is consistent with earlier observations that
SUMOylation acts via functional protein group coregulation [74,75]. The reduced accumulation
of CCAN members at the kinetochore is possibly due to steric hindrance by SUMO chains as
an underlying mechanism [15] and not due to RNF4-mediated proteasomal degradation as
proposed earlier [72]. In yeast, Ulp2 is present at centromeres to enable SUMO removal from
CCAN members [20]. By contrast, in mammalian cells SENP6 does not accumulate at centro-
meres but is thought to remove SUMO chains from centromeric proteins in the nucleoplasm to
enable their subsequent accumulation at centromeres [15]. Interestingly, SENP6 also has a
critical role in DNA replication and in the DNA damage response [15]. SENP6 deSUMOylates
RPA70 (RPA1) that is part of the replication protein A (RPA) complex, leaving it in a
hypoSUMOylated state during S phase [68,76]. However, RPA70 was not identified in our
unbiased screen for SENP6 target proteins [15]. The central components of the Fanconi
anemia (FA) DNA repair pathway, FANCI and FANCD2, are SUMOylated with the help of
SUMO E3 ligases PIAS1/PIAS4 during replication stress, enabling subsequent ubiquitylation
by RNF4 and extraction by the DVC1-p97 complex. SENP6 antagonizes this pathway, showing
a versatile role in the DNA damage response [77].

Moreover, SUMO chains are assembled on proteins at double-stranded DNA breaks in
response to DNA-damaging agents and their deconjugation by SENP7 plays an important
role in chromatin relaxation and DNA repair by homologous recombination. SENP7 does
this, for example, by removing SUMO-2/3 polymers from KRAB-associated protein1 (KAP1/
TRIM28) and by regulating CHD3 at the chromatin, thereby promoting DNA repair mechanisms
[69]. SENP7 also has a regulatory effect in innate immunity by removing SUMO as a cGAS-
STRING inhibitor, thereby fine-tuning immune and inflammatory responses [78]. Taking these
findings together, the removal of polySUMO from substrates by SENP6 and SENP7 is impor-
tant for multiple cellular processes related to oncogenesis. Therefore, SENP6 and SENP7
might act as valuable targets for drug development in the fight against cancer.
118 Trends in Biochemical Sciences, February 2021, Vol. 46, No. 2
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SUMO Polymers Are Vital in Meiosis
Meiosis is a specialized division in which DNA replication, synapsis, and segregation steps pro-
duce haploid gametes. Meiotic spindles lack centrosomes, in contrast to mitotic spindles, and
follow a different, two-step segregation pathway (meiosis I and meiosis II). Errors in this process
can lead to aneuploidy, eventually causing infertility and birth defects in mammals. An interplay
between SUMO and ubiquitin during meiotic recombination in mice has been suggested,
whereby the presumed SUMO E3-ligase RNF212 stabilizes factors at recombination sites [79].
However, in vitro biochemical evidence for a role of RNF212 as a SUMO E3 ligase is currently
not available. A potential STUbL, HEI10, might interact with RNF212 along chromosome axes,
thereby regulating the SUMO and ubiquitin-proteasome system and influencing events of meiotic
prophase in the mouse [80]. In Caenorhabditis elegans, a multiprotein ring complex (RC) situated
between chromosomes is important for oocyte meiosis. Several components of the RC, such as
the kinase BUB-1 and the SUMO E3 ligase GEI-17/PIAS, contain SIMs and can be SUMOylated,
leading to the recruitment of SUMO target proteins into the RC, which are needed for correct
chromosome congression [81]. Thus, a delicate balance between SUMO conjugation and
deconjugation regulates the stability of the RC. Smt3 deconjugation in yeast by the protease
Ulp1 is important for RC disassembly and completion of the meiotic divisions [82]. Interestingly,
transcription of Ulp2, responsible for Smt3 polymer modification, increases at the early meiotic
stage and poly-Smt3 protein conjugates change throughout meiosis [83]. This shows the impor-
tance of SUMO in meiotic events and highlights the dynamic nature of SUMO polymer conjuga-
tion to and deconjugation from target proteins, which is important for correct chromosome
segregation across species.

SUMO Polymers in Mice
In vivo mouse experiments have shown the importance of several components of the SUMO
pathway for viability during embryogenesis [84]. Interestingly, SUMO-1 is not necessary for
embryonic development, since its loss can be compensated for by SUMO-2/3, whereas
SUMO-2 is the most abundant and therefore the essential SUMO family member [85,86].
Cleavage of SUMO polymers is of importance, as in vivo knockdown of SENP6 causes upregu-
lation of proinflammatory cytokines by potentiating NFκB-responsive genes, thereby increasing
the death rate of mice by endotoxic shock [87]. SENP6 regulates osteochondroprogenitors
(OCPs) during skeletal development by maintaining TRIM28 levels, consequently regulating
p53 activity [88]. The SUMO protease SENP7 is also important in mice to maintain HP1α accu-
mulation at pericentric heterochromatin and to regulate DNA repair by interacting with the chro-
matin remodeler CHD3 [69,89]. Mouse SENP7-deficient oocytes arrest in meiotic prophase I
and metaphase I while SENP7-deficient embryos display decreased blastocyst production and
induced embryonic death due to hampered zygotic DNA repair [90]. Taken together, in vivo
knockout/down experiments have shown an indispensable role for SUMO chain depolymeriza-
tion in mouse embryonic development.

SUMO Polymers in Yeast
The single cellular organisms Saccharomyces cerevisiae and Schizosaccharomyces pombe are
able to form SUMO chains via the presence of internal acceptor lysine residues [16,91], showing
that the occurrence of SUMO polymers is not limited to vertebrates. In yeast, the DNA helicase
Sgs1, forming a complex with Top3 and Rmi1, has a preference for polySUMO chains and
associates with the SUMO E3 Smc5/6 to remove DNA recombination intermediates important
in genome stability [92]. Moreover, the Mre11-Rad50-Xrs2 (MRX) complex catalyzes double-
stranded break repair, whereby Mre11 noncovalently binds to polySUMO moieties through its
SIM, thereby promoting the SUMOylation of DNA repair proteins [93]. The formation of hybrid
ubiquitin-SUMO chains also occurs in yeast [94], facilitated by STUbLs known as synthetic lethal
Trends in Biochemical Sciences, February 2021, Vol. 46, No. 2 119



Outstanding Questions
Whereas STUbLs recognize and
ubiquitylate SUMO polymers, it is
currently unclear whether the inverse,
ubiquitin-targeted SUMO ligases, also
exists.

Why does the SUMO system, in con-
trast to the ubiquitin system, have a
very limited set of E3 ligases, and do
additional SUMO E3 ligases exist?

Does the large pool of over 600
ubiquitin E3 ligases comprise other
STUbLs?

How do SUMOchains functionally inac-
tivate target proteins in a nonproteolytic
manner? Do these lengthy SUMO
chains lead to steric hindrance?

What are the functional differences
between the SUMO chain-modifying
proteases SENP6 and SENP7?

Trends in Biochemical Sciences
of unknown function 5 (Slx5), Slx8, Rfp1 (RNF1), Rfp2, and Uls1. These STUbLs are able to
heterodimerize via their RING domains, forming the functional E3 ligases Slx5/8 and Rfp1/2
[44,95]. DeSUMOylation is required for growth and to cope with replication stress [96]. While
Ulp1 is thought to deSUMOylate an extensive number of substrates, Ulp2 is thought to be
more substrate specific and is recruited to transcriptionally active genes [97,98]. Knockout of
Ulp2 leads to the accumulation of specific Smt3–protein conjugates and subsequent loss of
chromosomes, abnormal mitotic spindles, poor recovery from cell cycle check point arrest,
and inefficient replication onset [83,99–101]. Consequently, yeast deficient for Ulp2 display
aneuploidy and an increase in transcription levels across two chromosomes leading to an
increase of two genes, CLN3 and CCR4, to counteract the loss of this essential protease
[102,103]. It has been proposed that Ulp2 recognizes a minimum of three SUMO moieties and
trims SUMO polymers from the distal end [104]. Overexpression of Ulp2 leads to suppression
of the MIF2 gene, a homolog of the mammalian centromere protein CENP-C [105]. Impaired
recruitment of Ulp2 and/or its perturbed binding to SUMO results in an increased rate of chromo-
some loss, hypersensitivity to DNA replication stress, and elevated levels of SUMOylation
on CCAN members, indicating a dual substrate recognition mechanism via a kinetochore-
targeting motif [20]. Ulp2 prefers polySUMOylated substrates through its C-terminal regulatory
domain, containing three conserved motifs including a SIM domain, targeting its SUMO protease
activity to Smt3 polymers [106]. The Smt3 protein is an essential gene; however, chain formation
is not a prerequisite for viability in S. cerevisiae [99]. The data indicate that SUMO chain formation
could be dispensable for some organisms, whereas SUMO chain disassembly is essential.

Concluding Remarks
Since the SUMO protein was discovered, a considerable amount of genetic and proteomic
research has been performed in the quest to unravel its function. Over the years it has become
clear that not only monoSUMOylation is an important regulatory cue but also polySUMOylation,
which acts as, for example, a recruitment signal for STUbLs. It has been observed that the poly-
meric form of SUMOplays an important role in a broad range of cellular mechanisms, varying from
the regulation of subcellular localization to influencing DNA repair mechanisms. Deregulation of
these processes can lead to the onset of diseases. A role for polymeric SUMOylation has been
described in Alzheimer’s disease, influencing amyloid-β peptide generation whereby polySUMO
reduced Aβ regeneration [107], and might be involved in Gordon Holmes syndrome whereby the
ubiquitin ligase RNF216 recognizes SUMO-2 chains in a nonproteolytic manner [108]. Moreover,
a role for polySUMO-2/3 and RNF4 has been described in the degradation of misfolded ataxin-7
(polyQ-ATXN7), a hallmark of the neurodegenerative disease spinocerebellar ataxia type 7 (SCA7)
[109]. In addition, RNF4 regulates the compartmentalization of an amyotrophic lateral sclerosis
(ALS)-associated FUS mutant in stress granules [110]. Polymeric SUMOylation has also been
associated with cancer, affecting various proteins important for, for example, the DNA damage
response, cell cycle progression, and correct chromosome segregation [15,48,76,111]. It is
important to obtain a full view of the complete SUMO pathway and its functional effects on target
substrates. Cutting-edge proteomic screens can now be performed using mass spectrometry
and data mining, which might contribute to the discovery of new target proteins. Novel STUbLs
might be found in the large pool of ubiquitin ligases (see Outstanding Questions), revealing
more crosstalk between these two modifiers, which could be of use in the search for therapeutic
agents to block tumor cell proliferation. Increased target SUMOylation has been associated with
poor disease outcomes, and therefore inhibiting the SUMO machinery could be a solution
[112,113]. ML-792 is a potent SUMOylation inhibitor, targeting the SUMO E1 enzyme [114].
Blocking this enzyme, which could potentiate several oncogenes such as c-Myc and FoxM1
and might contribute to cancer progression, has shown to be promising in preclinical models
of colorectal cancer [115,116]. In addition to targeting the SUMO conjugation system, it could
120 Trends in Biochemical Sciences, February 2021, Vol. 46, No. 2
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also be useful to target the SUMO deconjugation machinery as a potential anticancer therapy
since depletion of SENP6 leads to several mitotic defects, ultimately causing cells to stop their
proliferation. This implies that inhibitors of SENP6 and possibly SENP7 could also be considered
in the fight against cancer.

Acknowledgments
The laboratory of A.C.O.V. is supported by the Netherlands Organization for Scientific Research (NWO).

References

1. Bayer, P. et al. (1998) Structure determination of the small

ubiquitin-related modifier SUMO-1. J. Mol. Biol. 280, 275–286
2. Burroughs, A.M. et al. (2007) A novel superfamily containing

the β-grasp fold involved in binding diverse soluble ligands.
Biol. Direct 2, 4

3. Pickart, C.M. and Fushman, D. (2004) Polyubiquitin chains:
polymeric protein signals. Curr. Opin. Chem. Biol. 8, 610–616

4. Prudden, J. et al. (2007) SUMO-targeted ubiquitin ligases in
genome stability. EMBO J. 26, 4089–4101

5. Lamoliatte, F. et al. (2017) Uncovering the SUMOylation and
ubiquitylation crosstalk in human cells using sequential peptide
immunopurification. Nat. Commun. 8, 14109

6. Hochstrasser, M. (1996) Ubiquitin-dependent protein degra-
dation. Annu. Rev. Genet. 30, 405–439

7. Rock, K.L. et al. (1994) Inhibitors of the proteasome block the
degradation of most cell proteins and the generation of peptides
presented on MHC class I molecules. Cell 78, 761–771

8. Kraft, C. et al. (2010) Selective autophagy: ubiquitin-mediated
recognition and beyond. Nat. Cell Biol. 12, 836–841

9. Komander, D. and Rape, M. (2012) The ubiquitin code. Annu.
Rev. Biochem. 81, 203–229

10. Husnjak, K. and Dikic, I. (2012) Ubiquitin-binding proteins:
decoders of ubiquitin-mediated cellular functions. Annu. Rev.
Biochem. 81, 291–322

11. Gill, G. (2004) SUMO and ubiquitin in the nucleus: different
functions, similar mechanisms? Genes Dev. 18, 2046–2059

12. Jackson, S.P. and Durocher, D. (2013) Regulation of DNA
damage responses by ubiquitin and SUMO. Mol. Cell 49,
795–807

13. Melchior, F. et al. (2003) SUMO: ligases, isopeptidases and
nuclear pores. Trends Biochem. Sci. 28, 612–618

14. Vertegaal, A.C.O. (2010) SUMO chains: polymeric signals.
Biochem. Soc. Trans. 38, 46–49

15. Liebelt, F. et al. (2019) The poly-SUMO2/3 protease SENP6
enables assembly of the constitutive centromere-associated
network by group deSUMOylation. Nat. Commun. 10, 3987

16. Skilton, A. et al. (2009) SUMO chain formation is required
for response to replication arrest in S. pombe. PLoS One
4, e6750

17. Srikumar, T. et al. (2013) Global analysis of SUMO chain func-
tion reveals multiple roles in chromatin regulation. J. Cell Biol.
201, 145–163

18. Zhou, W. et al. (2004) Global analyses of sumoylated proteins in
Saccharomyces cerevisiae. J. Biol. Chem. 279, 32262–32268

19. Liebelt, F. et al. (2019) SUMOylation and the HSF1-regulated
chaperone network converge to promote proteostasis in re-
sponse to heat shock. Cell Rep. 26, 236–249

20. Suhandynata, R.T. et al. (2019) Recruitment of the Ulp2 protease
to the inner kinetochore prevents its hyper-sumoylation to ensure
accurate chromosome segregation. PLoS Genet. 15, e1008477

21. Saitoh, H. and Hinchey, J. (2000) Functional heterogeneity of
small ubiquitin-related protein modifiers SUMO-1 versus
SUMO-2/3. J. Biol. Chem. 275, 6252–6258

22. Vertegaal, A.C.O. et al. (2006) Distinct and overlapping sets of
SUMO-1 and SUMO-2 target proteins revealed by quantitative
proteomics. Mol. Cell. Proteomics 5, 2298–2310

23. Tatham, M.H. et al. (2001) Polymeric chains of SUMO-2 and
SUMO-3 are conjugated to protein substrates by SAE1/SAE2
and Ubc9. J. Biol. Chem. 276, 35368–35374

24. Gärtner, A. et al. (2018) Acetylation of SUMO 2 at lysine 11 fa-
vors the formation of non-canonical SUMO chains. EMBO
Rep. 19, e46117

25. Matic, I. et al. (2010) Site-specific identification of SUMO-2
targets in cells reveals an inverted SUMOylation motif and a hy-
drophobic cluster SUMOylation motif. Mol. Cell 39, 641–652

26. Capili, A.D. and Lima, C.D. (2007) Structure and analysis of a
complex between SUMO and Ubc9 illustrates features of a
conserved E2–Ubl interaction. J. Mol. Biol. 369, 608–618

27. Knipscheer, P. et al. (2007) Noncovalent interaction between
Ubc9 and SUMO promotes SUMO chain formation. EMBO J.
26, 2797–2807

28. Wiechmann, S. et al. (2017) Site-specific inhibition of the
SUMO-conjugating enzyme Ubc9 selectively impairs SUMO
chain formation. J. Biol. Chem. 292, 15340–15351

29. Cappadocia, L. et al. (2015) Structural basis for catalytic activa-
tion by the human ZNF451 SUMO E3 ligase. Nat. Struct. Mol.
Biol. 22, 968–975

30. Eisenhardt, N. et al. (2015) A new vertebrate SUMO enzyme
family reveals insights into SUMO-chain assembly. Nat. Struct.
Mol. Biol. 22, 959–967

31. Tomanov, K. et al. (2014)ArabidopsisPIAL1 and 2 promote SUMO
chain formation as E4-type SUMO ligases and are involved in stress
responses and sulfur metabolism. Plant Cell 26, 4547–4560

32. Jackson, P.K. (2001) A new RING for SUMO: wrestling
transcriptional responses into nuclear bodies with PIAS family
E3 SUMO ligases. Genes Dev. 15, 3053–3058

33. Schmidt, D. andMüller, S. (2002) Members of the PIAS family act
as SUMO ligases for c-Jun and p53 and repress p53 activity.
Proc. Natl. Acad. Sci. U. S. A. 99, 2872–2877

34. Bischof, O. et al. (2006) The E3 SUMO ligase PIASy is a regulator
of cellular senescence and apoptosis.Mol. Cell 22, 783–794

35. Rabellino, A. et al. (2017) The role of PIAS SUMO E3-ligases in
cancer. Cancer Res. 77, 1542–1547

36. Li, C. et al. (2020) Quantitative SUMO proteomics identifies
PIAS1 substrates involved in cell migration and motility. Nat.
Commun. 11, 834

37. Feng, Y. et al. (2014) Zinc finger protein 451 is a novel Smad
corepressor in transforming growth factor-β signaling. J. Biol.
Chem. 289, 2072–2083

38. Karvonen, U. et al. (2008) ZNF451 is a novel PML body- and
SUMO-associated transcriptional coregulator. J. Mol. Biol.
382, 585–600

39. Koidl, S. et al. (2016) The SUMO2/3 specific E3 ligase
ZNF451-1 regulates PML stability. Int. J. Biochem. Cell Biol.
79, 478–487

40. Hickey, C.M. et al. (2012) Function and regulation of SUMO
proteases. Nat. Rev. Mol. Cell Biol. 13, 755–766

41. Kunz, K. et al. (2018) SUMO-specific proteases and
isopeptidases of the SENP family at a glance. J. Cell Sci.
131, jcs211904

42. Nayak, A. and Müller, S. (2014) SUMO-specific proteases/
isopeptidases: SENPs and beyond. Genome Biol. 15, 422

43. Sriramachandran, A.M. et al. (2014) SUMO-targeted ubiquitin
ligases. Mol. Cell Res. 1843, 75–85

44. Sun, H. et al. (2007) Conserved function of RNF4 family pro-
teins in eukaryotes: targeting a ubiquitin ligase to SUMOylated
proteins. EMBO J. 26, 4102–4112

45. Uzunova, K. et al. (2007) Ubiquitin-dependent proteolytic con-
trol of SUMO conjugates. J. Biol. Chem. 282, 34167–34175

46. Perry, J.J.P. et al. (2008) A SIM-ultaneous role for SUMO and
ubiquitin. Trends Biochem. Sci. 33, 201–208

47. Nie, M. et al. (2017) SUMO-targeted ubiquitin ligase activity can
either suppress or promote genome instability, depending on
the nature of the DNA lesion. PLoS Genet. 13, e1006776
Trends in Biochemical Sciences, February 2021, Vol. 46, No. 2 121

http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0005
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0005
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0010
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0010
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0010
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0015
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0015
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0020
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0020
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0025
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0025
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0025
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0030
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0030
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0035
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0035
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0035
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0040
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0040
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0045
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0045
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0050
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0050
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0050
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0055
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0055
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0060
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0060
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0060
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0065
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0065
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0070
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0070
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0075
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0075
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0075
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0080
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0080
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0080
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0085
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0085
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0085
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0090
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0090
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0095
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0095
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0095
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0100
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0100
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0100
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0105
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0105
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0105
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0110
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0110
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0110
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0115
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0115
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0115
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0120
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0120
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0120
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0125
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0125
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0125
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0130
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0130
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0130
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0135
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0135
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0135
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0140
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0140
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0140
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0145
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0145
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0145
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0150
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0150
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0150
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0155
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0155
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0155
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0160
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0160
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0160
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0165
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0165
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0165
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0170
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0170
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0175
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0175
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0180
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0180
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0180
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0185
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0185
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0185
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0190
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0190
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0190
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0195
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0195
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0195
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0200
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0200
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0205
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0205
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0205
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0210
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0210
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0215
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0215
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0220
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0220
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0220
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0225
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0225
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0230
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0230
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0235
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0235
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0235


Trends in Biochemical Sciences
48. Guzzo, C.M. et al. (2012) RNF4-dependent hybrid SUMO-
ubiquitin chains are signals for RAP80 and thereby mediate
the recruitment of BRCA1 to sites of DNA damage. Sci. Signal.
5, ra88

49. Kumar, R. et al. (2017) The STUbL RNF4 regulates protein
group SUMOylation by targeting the SUMO conjugation ma-
chinery. Nat. Commun. 8, 1809

50. Tatham, M.H. et al. (2008) RNF4 is a poly-SUMO-specific E3
ubiquitin ligase required for arsenic-induced PML degradation.
Nat. Cell Biol. 10, 538–546

51. Lallemand-Breitenbach, V. et al. (2008) Arsenic degrades PML
or PML-RARα through a SUMO-triggered RNF4/ubiquitin-
mediated pathway. Nat. Cell Biol. 10, 547–555

52. Shire, K. et al. (2016) Identification of RNF168 as a PML
nuclear body regulator. J. Cell Sci. 129, 580–591

53. Galanty, Y. et al. (2012) RNF4, a SUMO-targeted ubiquitin E3
ligase, promotes DNA double-strand break repair. Genes
Dev. 26, 1179–1195

54. Hendriks, I.A. et al. (2015) SUMO-2 orchestrates chromatin
modifiers in response to DNA damage.Cell Rep. 10, 1778–1791

55. Martin, N. et al. (2009) PARP-1 transcriptional activity is regulated
by sumoylation upon heat shock. EMBO J. 28, 3534–3548

56. Vyas, R. et al. (2013) RNF4 is required for DNA double-strand
break repair in vivo. Cell Death Differ. 20, 490–502

57. Fryrear, K.A. et al. (2012) The Sumo-targeted ubiquitin ligase
RNF4 regulates the localization and function of the HTLV-1
oncoprotein Tax. Blood 119, 1173–1181

58. Guzzo, C.M. and Matunis, M.J. (2013) Expanding SUMO and
ubiquitin-mediated signaling through hybrid SUMO-ubiquitin
chains and their receptors. Cell Cycle 12, 1015–1017

59. Sun, H. and Hunter, T. (2012) Poly-small ubiquitin-like modifier
(PolySUMO)-binding proteins identified through a string
search. J. Biol. Chem. 287, 42071–42083

60. Poulsen, S.L. et al. (2013) RNF111/Arkadia is a SUMO-
targeted ubiquitin ligase that facilitates the DNA damage
response. J. Cell Biol. 201, 797–807

61. Erker, Y. et al. (2013) Arkadia, a novel SUMO-targeted ubiquitin
ligase involved in PML degradation. Mol. Cell. Biol. 33,
2163–2177

62. Sriramachandran, A.M. et al. (2019) Arkadia/RNF111 is a
SUMO-targeted ubiquitin ligase with preference for substrates
marked with SUMO1-capped SUMO2/3 chain. Nat. Commun.
10, 3678

63. Koinuma, D. et al. (2003) Arkadia amplifies TGF-β superfamily sig-
nalling through degradation of Smad7. EMBO J. 22, 6458–6470

64. Liu, W. et al. (2006) Axin is a scaffold protein in TGF-β signaling
that promotes degradation of Smad7 by Arkadia. EMBO J. 25,
1646–1658

65. McIntosh, D.J. et al. (2018) Arkadia (RING finger protein 111)
mediates sumoylation-dependent stabilization of Nrf2 through
K48-linked ubiquitination. Cell. Physiol. Biochem. 46, 418–430

66. Lima, C.D. and Reverter, D. (2008) Structure of the human
SENP7 catalytic domain and poly-SUMO deconjugation activi-
ties for SENP6 and SENP7. J. Biol. Chem. 283, 32045–32055

67. Mukhopadhyay, D. et al. (2006) SUSP1 antagonizes formation of
highly SUMO2/3-conjugated species. J. Cell Biol. 174, 939–949

68. Wagner, K. et al. (2019) The SUMO isopeptidase SENP6 func-
tions as a rheostat of chromatin residency in genome mainte-
nance and chromosome dynamics. Cell Rep. 29, 480–494.e5

69. Garvin, A.J. et al. (2013) The deSUMOylase SENP7 promotes
chromatin relaxation for homologous recombination DNA repair.
EMBO Rep. 14, 975–983

70. Hattersley, N. et al. (2011) The SUMO protease SENP6 is a di-
rect regulator of PML nuclear bodies. Mol. Biol. Cell 22, 78–90

71. Nan Shen, L. et al. (2009) Characterization of SENP7, a
SUMO-2/-3 specific isopeptidase. Biochem. J. 421, 223–230

72. Mukhopadhyay, D. et al. (2010) The SUMO protease SENP6 is
essential for inner kinetochore assembly. J. Cell Biol. 188,
681–692

73. Mitra, S. et al. (2020) Genetic screening identifies a SUMO pro-
tease dynamically maintaining centromeric chromatin. Nat.
Commun. 11, 501

74. Jentsch, S. and Psakhye, I. (2013) Control of nuclear activities
by substrate-selective and protein-group SUMOylation. Annu.
Rev. Genet. 47, 167–186

75. Psakhye, I. and Jentsch, S. (2012) Protein group modification
and synergy in the SUMO pathway as exemplified in DNA re-
pair. Cell 151, 807–820

76. Dou, H. et al. (2010) Regulation of DNA repair through
deSUMOylation and SUMOylation of replication protein A com-
plex. Mol. Cell 39, 333–345

77. Gibbs-Seymour, I. et al. (2015) Ubiquitin-SUMO circuitry con-
trols activated Fanconi anemia ID complex dosage in response
to DNA damage. Mol. Cell 57, 150–164

78. Cui, Y. et al. (2017) SENP7 potentiates cGAS activation by re-
lieving SUMO-mediated inhibition of cytosolic DNA sensing.
PLoS Pathog. 13, e1006156

79. Qiao, H. et al. (2014) Antagonistic roles of ubiquitin ligase
HEI10 and SUMO ligase RNF212 regulate meiotic recombina-
tion. Nat. Genet. 46, 194–199

80. Prasada Rao, H.B.D.D. et al. (2017) A SUMO-ubiquitin relay re-
cruits proteasomes to chromosome axes to regulate meiotic
recombination. Science 355, 403–407

81. Pelisch, F. et al. (2017) A SUMO-dependent protein network
regulates chromosome congression during oocyte meiosis.
Mol. Cell 65, 66–77

82. Davis-Roca, A.C. et al. (2018) Dynamic SUMO remodeling
drives a series of critical events during the meiotic divisions in
Caenorhabditis elegans. PLoS Genet. 14, e1007626

83. Li, S.J. and Hochstrasser, M. (2000) The yeast ULP2 (SMT4)
gene encodes a novel protease specific for the ubiquitin-like
Smt3 protein. Mol. Cell. Biol. 20, 2367–2377

84. Nacerddine, K. et al. (2005) The SUMO pathway is essential for
nuclear integrity and chromosome segregation in mice. Dev.
Cell 9, 769–779

85. Evdokimov, E. et al. (2008) Loss of SUMO1 in mice affects
RanGAP1 localization and formation of PML nuclear bodies,
but is not lethal as it can be compensated by SUMO2 or
SUMO3. J. Cell Sci. 121, 4106–4113

86. Wang, L. et al. (2014) SUMO2 is essential while SUMO3 is dis-
pensable for mouse embryonic development. EMBO Rep. 15,
878–885

87. Liu, X. et al. (2013) Negative regulation of TLR inflammatory
signaling by the SUMO-deconjugating enzyme SENP6. PLoS
Pathog. 9, e1003480

88. Li, J. et al. (2018) Desumoylase SENP6 maintains
osteochondroprogenitor homeostasis by suppressing the
p53 pathway. Nat. Commun. 9, 143

89. Maison, C. et al. (2012) The SUMO protease SENP7 is a critical
component to ensure HP1 enrichment at pericentric hetero-
chromatin. Nat. Struct. Mol. Biol. 19, 458–460

90. Huang, C.J. et al. (2017) Maternal SENP7 programs meiosis
architecture and embryo survival in mouse. Biochim. Biophys.
Acta 1864, 1195–1206

91. Bencsath, K.P. et al. (2002) Identification of a multifunctional
binding site on Ubc9p required for Smt3p conjugation.
J. Biol. Chem. 277, 47938–47945

92. Bonner, J.N. et al. (2016) Smc5/6 mediated sumoylation of the
Sgs1-Top3-Rmi1 complex promotes removal of recombina-
tion intermediates. Cell Rep. 16, 368–378

93. Chen, Y.J. et al. (2016) S. cerevisiae Mre11 recruits conju-
gated SUMO moieties to facilitate the assembly and function
of the Mre11-Rad50-Xrs2 complex. Nucleic Acids Res. 44,
2199–2213

94. Nie, M. et al. (2016) Functional crosstalk between the PP2A
and SUMO pathways revealed by analysis of STUbL suppres-
sor, razor 1-1. PLoS Genet. 12, e1006165

95. Mullen, J.R. et al. (2001) Requirement for three novel protein
complexes in the absence of the Sgs1 DNA helicase in
Saccharomyces cerevisiae. Genetics 157, 103–118

96. Békés, M. et al. (2011) The dynamics and mechanism of
SUMO chain deconjugation by SUMO-specific proteases.
J. Biol. Chem. 286, 10238–10247

97. De Albuquerque, C.P. et al. (2016) Molecular circuitry of the
SUMO (small ubiquitin-like modifier) pathway in controlling
sumoylation homeostasis and suppressing genome rearrange-
ments. J. Biol. Chem. 291, 8825–8835

98. Ryu, H. et al. (2019) The Ulp2 SUMO protease promotes
transcription elongation through regulation of histone sumoylation.
EMBO J. 38, e102003
122 Trends in Biochemical Sciences, February 2021, Vol. 46, No.
 2

http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0240
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0240
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0240
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0240
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0245
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0245
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0245
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0250
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0250
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0250
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0255
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0255
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0255
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0260
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0260
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0265
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0265
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0265
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0270
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0270
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0275
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0275
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0280
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0280
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0285
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0285
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0285
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0290
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0290
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0290
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0295
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0295
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0295
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0300
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0300
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0300
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0305
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0305
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0305
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0310
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0310
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0310
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0310
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0315
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0315
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0320
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0320
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0320
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0325
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0325
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0325
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0330
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0330
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0330
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0335
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0335
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0340
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0340
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0340
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0345
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0345
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0345
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0350
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0350
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0355
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0355
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0360
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0360
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0360
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0365
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0365
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0365
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0370
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0370
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0370
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0375
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0375
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0375
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0380
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0380
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0380
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0385
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0385
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0385
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0390
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0390
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0390
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0395
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0395
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0395
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0400
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0400
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0400
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0405
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0405
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0405
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0410
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0410
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0410
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0415
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0415
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0415
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0420
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0420
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0420
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0425
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0425
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0425
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0425
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0430
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0430
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0430
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0435
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0435
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0435
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0440
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0440
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0440
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0445
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0445
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0445
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0450
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0450
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0450
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0455
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0455
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0455
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0460
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0460
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0460
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0465
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0465
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0465
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0465
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0470
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0470
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0470
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0475
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0475
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0475
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0480
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0480
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0480
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0485
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0485
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0485
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0485
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0490
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0490
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0490


Trends in Biochemical Sciences
OPEN ACCESS
99. Bylebyl, G.R. et al. (2003) The SUMO isopeptidase Ulp2 pre-
vents accumulation of SUMO chains in yeast. J. Biol. Chem.
278, 44113–44120

100. Schwienhorst, I. et al. (2000) SUMO conjugation and
deconjugation. Mol. Gen. Genet. 263, 771–786

101. Psakhye, I. et al. (2019) SUMO-chain-regulated proteasomal
degradation timing exemplified in DNA replication initiation.
Mol. Cell 76, 632–645

102. Ryu, H.Y. et al. (2016) Loss of the SUMO protease ULP2 triggers a
specific multichromosome aneuploidy.Genes Dev. 30, 1881–1894

103. Ryu, H.Y. et al. (2018) Distinct adaptive mechanisms drive re-
covery from aneuploidy caused by loss of the Ulp2 SUMO pro-
tease. Nat. Commun. 9, 5417

104. Eckhoff, J. and Dohmen, R.J. (2015) In vitro studies reveal a se-
quential mode of chain processing by the yeast SUMO (small
ubiquitin-related modifier)-specific protease Ulp2. J. Biol.
Chem. 290, 12268–12281

105. Meluh, P.B. and Koshland, D. (1995) Evidence that the MIF2
gene of Saccharomyces cerevisiae encodes a centromere pro-
tein with homology to the mammalian centromere protein
CENP-C. Mol. Biol. Cell 6, 793–807

106. de Albuquerque, C.P. et al. (2018) Binding to small ubiquitin-like
modifier and the nucleolar protein Csm1 regulates substrate speci-
ficity of the Ulp2 protease. J. Biol. Chem. 293, 12105–12119

107. Li, Y. et al. (2003) Positive and negative regulation of APP
amyloidogenesis by sumoylation. Proc. Natl. Acad. Sci. U. S.
A. 100, 259–264

108. Seenivasan, R. et al. (2019) Mechanism and chain specificity of
RNF216/TRIAD3, the ubiquitin ligase mutated in Gordon
Holmes syndrome. Hum. Mol. Genet. 28, 2862–2873

109. Marinello, M. et al. (2019) SUMOylation by SUMO2 is impli-
cated in the degradation of misfolded ataxin-7 via RNF4 in
SCA7 models. Dis. Model. Mech. 12, 036145

110. Keiten-Schmitz, J. et al. (2020) The nuclear SUMO-targeted
ubiquitin quality control network regulates the dynamics of
cytoplasmic stress granules. Mol. Cell 79, 54–67.e7

111. Eifler, K. and Vertegaal, A.C.O. (2015) SUMOylation-mediated
regulation of cell cycle progression and cancer. Trends
Biochem. Sci. 40, 779–793

112. Chen, S.F. et al. (2011) Ubc9 expression predicts chemo resis-
tance in breast cancer. Chin. J. Cancer 30, 638–644

113. Moschos, S.J. et al. (2010) Expression analysis of Ubc9, the
single small ubiquitin-like modifier (SUMO) E2 conjugating
enzyme, in normal and malignant tissues. Hum. Pathol. 41,
1286–1298

114. He, X. et al. (2017) Probing the roles of SUMOylation in cancer
cell biology by using a selective SAE inhibitor. Nat. Chem. Biol.
13, 1164–1171

115. Li, Y.J. et al. (2019) Allosteric inhibition of ubiquitin-like modifi-
cations by a class of inhibitor of SUMO-activating enzyme.
Cell Chem. Biol. 26, 278–288.e6

116. Magin, R.S. et al. (2019) Discovery of a first-in-class covalent
allosteric inhibitor of SUMO E1 activating enzyme. Cell Chem.
Biol. 26, 153–155
Trends in Biochemical Sciences, February 2021, Vol. 46, No. 2 123

http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0495
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0495
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0495
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0500
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0500
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0505
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0505
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0505
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0510
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0510
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0515
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0515
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0515
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0520
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0520
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0520
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0520
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0525
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0525
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0525
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0525
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0530
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0530
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0530
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0535
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0535
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0535
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0540
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0540
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0540
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0545
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0545
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0545
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0550
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0550
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0550
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0555
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0555
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0555
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0560
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0560
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0565
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0565
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0565
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0565
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0570
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0570
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0570
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0575
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0575
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0575
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0580
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0580
http://refhub.elsevier.com/S0968-0004(20)30227-9/rf0580

	A Chain of Events: Regulating Target Proteins by SUMO Polymers
	Ubiquitin and Ubiquitin-Like Modifiers
	SUMO Family Members SUMO-2 and SUMO-3 Form Ubiquitin-Like Polymers on Target Proteins
	Assembly Mechanism of Polymeric SUMO Chains and Disassembly by Dedicated SUMO Proteases
	Regulation of SUMO Polymers by STUbLs in a Chain-Architecture-Dependent Manner
	Depolymerization of SUMO Chains Is Vital for Genome Stability and Accurate Mitosis and Is Required for Assembly of the Cons...
	SUMO Polymers Are Vital in Meiosis
	SUMO Polymers in Mice
	SUMO Polymers in Yeast
	Concluding Remarks
	Acknowledgments
	References




