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A B S T R A C T

Various post-translational modifications (PTMs) collaboratively fine-tune protein activities. SUMO-targeted
ubiquitin E3 ligases (STUbLs) emerge as specialized enzymes that recognize SUMO-modified substrates
through SUMO-interaction motifs and subsequently ubiquitinate them via the RING domain, thereby bridging the
SUMO and ubiquitin signaling pathways. STUbLs participate in a wide array of molecular processes, including cell
cycle regulation, DNA repair, replication, and mitosis, operating under both normal conditions and in response to
challenges such as genotoxic stress. Their ability to catalyze various types of ubiquitin chains results in diverse
proteolytic and non-proteolytic outcomes for target substrates. Importantly, STUbLs are strategically positioned in
close proximity to SUMO proteases and deubiquitinases (DUBs), ensuring precise and dynamic control over their
target proteins. In this review, we provide insights into the unique properties and indispensable roles of STUbLs,
with a particular emphasis on their significance in preserving genome integrity in humans.
1. Introduction

Genome integrity serves as the foundation for maintaining cellular
homeostasis, making it crucial for preventing carcinogenesis and age-
related diseases (Hanahan, 2022; Hanahan & Weinberg, 2011). The
preservation of genome stability relies on the precise orchestration of
multiple intricate processes, including accurate DNA replication, effec-
tive DNA damage response, and appropriate chromosome segregation,
among a plethora of other essential processes (Bakhoum, Thompson,
Manning, & Compton, 2009; Ciccia & Elledge, 2010; Jackson & Bartek,
2009; Jeggo, Pearl, & Carr, 2016; Lombard et al., 2005; MacNeill, 2005;
Rickman & Smogorzewska, 2019). These orchestrated pathways work
together to ensure the faithful duplication and transmission of genetic
information stored in DNA.

Post-translational modifications (PTMs) involve covalent attachments
of small modifiers to proteins, rapidly and reversibly regulating protein
functions (Lee, Hammaren, Savitski, & Baek, 2023; Millan-Zambrano,
Burton, Bannister, & Schneider, 2022). Among these known protein
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modifiers, ubiquitin (Ub) and its relative, small ubiquitin-related modi-
fier (SUMO), play key roles in various genome maintenance pathways
(Bergink & Jentsch, 2009; Gatel, Piechaczyk, & Bossis, 2020; Jansen &
Vertegaal, 2021). Interestingly, a family of proteins known as
SUMO-targeted ubiquitin ligases (STUbLs) has been identified to facili-
tate crosstalk between the SUMO and Ub systems through
SUMO-interaction motifs (SIMs). STUbLs are unique E3 ubiquitin ligases
that control the abundance and subcellular localization of SUMOylated
proteins (Perry, Tainer, & Boddy, 2008). Given the integral roles of
ubiquitination and SUMOylation in maintaining genomic integrity, the
absence of STUbLs results in genomic instability and heightened sensi-
tivity to genotoxic stress (Chang, Oram, & Bielinsky, 2021; Jalal, Cha-
lissery, & Hassan, 2017; Munk et al., 2017; Xiao et al., 2015).

2. A brief overview of the ubiquitin and SUMO modification
systems

Reversible modification of proteins by Ub or SUMO plays a regulatory
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role in most aspects of eukaryotic cellular processes (Bergink & Jentsch,
2009). The process of ubiquitin modification, known as ubiquitination,
occurs through a sequential cascade involving the E1 Ub-activating
enzyme, the E2 Ub-conjugating enzyme, and the E3 Ub-protein ligase
(Maspero& Polo, 2016). Initially, E1 activates mature Ub in an adenosine
triphosphate (ATP)-dependent manner and transfers it to E2, forming a
thioester bond between the active cysteine of E2 and the C-terminal
carboxyl group of Ub. The final step of Ub transfer is catalyzed by the E3
Ub ligase, which simultaneously interacts with a Ub-loaded E2 enzyme
and a specific substrate, facilitating the covalent linkage between the
lysine ε-amino group of the substrate and the C-terminal glycine residue
of Ub (Dove et al., 2017; Maspero & Polo, 2016; Pao et al., 2018; Streich
& Lima, 2016). Subsequent ubiquitination events may occur on the same
substrate, either at additional sites (multi-monoubiquitination) or by
forming distinct Ub polymers (polyubiquitination). Ub itself contains
seven internal lysine residues (K6, K11, K27, K29, K33, K48, K63) and an
N-terminal methionine (M1) that can be attached to another Ub moiety,
resulting in distinct Ub chains serving as different signals (Branigan,
Plechanovova, Jaffray, Naismith, & Hay, 2015; Bremm, Freund, &
Komander, 2010; Saeki, 2017). The ubiquitin codes typically regulate
protein stability by providing proteasomal targeting signals or modulate
protein interactions and activities. For instance, K48-linked poly-
ubiquitin chains typically target proteins for degradation, whereas
monoubiquitination or K63-linked chains serve as signals in various
cellular processes, such as DNA repair (Castaneda et al., 2016; Jung et al.,
2013). The specificity of Ub linkage types and substrates is substantially
determined by E2-E3 pairs, given that there are only 2 E1s, but approx-
imately 40 E2s and over 600 E3s in humans (Kim et al., 2007; Scott et al.,
2016; Wang & Pickart, 2005). The reversible nature of ubiquitination is
facilitated by Ub-specific proteases known as deubiquitinases, or DUBs
(Chen, 2016; David, 2011).

Despite sharing only 18% sequence identity, SUMO is structurally
related to Ub because they both adopt the β-grasp fold (Johnson, 2004).
Similar to ubiquitination, SUMOylation involves a three-step cascade
that includes a single dimeric E1 enzyme (SAE1/UBA2), a unique E2
enzyme (UBC9), and a limited number of E3 ligases (Okuma, Honda,
Ichikawa, Tsumagari, & Yasuda, 1999; Wang et al., 2007; Wang et al.,
2010). SUMOylation typically occurs on a specific lysine residue within
the consensus motif ψ-K-X-E/D (where ψ represents a large hydrophobic
amino acid, and X can be any amino acid). This motif is directly recog-
nized by the E2 enzyme, UBC9 (Hoege, Pfander, Moldovan, Pyrowolakis,
& Jentsch, 2002; Jansen & Vertegaal, 2021). SUMO E3 ligases appear to
contribute to substrate specificity and conjugation efficiency by binding
both the SUMO-loaded E2 enzyme and the substrate, facilitating the
covalent linkage between the lysine residue of the specific substrate and
the C-terminal glycine residue of SUMO (Gill, 2004; Joazeiro & Weiss-
man, 2000).

While yeast contain only one SUMO protein, vertebrates have at least
three SUMO isoforms, namely SUMO1-3. Mature SUMO2 and SUMO3
are collectively referred to as SUMO2/3 because they share 97%
sequence identity with each other but have only about 50% overlap with
mature SUMO1 (Bergink & Jentsch, 2009; Bouchard et al., 2021; Jansen
& Vertegaal, 2021; Johnson, 2004). SUMO2/3 possess an N-terminal
ψ-K-X-E consensus motif and efficiently form SUMO chains, a property
that SUMO1 lacks (Yang, Hsu, Ting, Liu, & Hwang, 2006). SUMOs are
predominantly distributed in the nucleus. Among the SUMO isoforms,
SUMO2 is the most abundant member and can compensate for the
absence of SUMO1 and SUMO3, making it essential for embryonic
development in mammals (Wang et al., 2014). The removal of SUMO
moieties from substrates is catalyzed by a family of cysteine proteases
known as SUMO-specific proteases (SENPs), which are also responsible
for maturing precursor SUMO molecules by exposing their C-terminal
di-Glycine motif required for conjugation (Hay, 2007; Hickey, Wilson, &
Hochstrasser, 2012; Mukhopadhyay & Dasso, 2007).
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3. SUMO-targeted ubiquitin ligases

SUMO-targeted ubiquitin ligases (STUbLs) are RING-type E3 ubiq-
uitin ligases that specifically prime SUMOylated proteins for ubiquiti-
nation, thereby regulating protein turnover and cellular responses (Y. C.
Chang et al., 2021; Perry et al., 2008). STUbLs recognize SUMOylated
proteins through conserved SUMO-interaction motifs (SIMs), typically
composed of short stretches containing large hydrophobic residues such
as leucine (L), isoleucine (I), or valine (V), flanked by acidic residues that
enhance affinity for SUMO via electrostatic interactions (Boutell et al.,
2011; Perry et al., 2008; Prudden et al., 2007; Xu et al., 2014).

As of now, the identification of STUbLs remains limited, with only a
small number having been characterized (Fig. 1). Saccharomyces cer-
evisiae possesses three STUbLs: Uls1, the heterodimeric Slx5-Slx8 (Uls2),
and Rad18 (Parker&Ulrich, 2012; Uzunova et al., 2007; Xie et al., 2007).
While Rad18 preferentially ubiquitinates SUMOylated PCNA to initiate
DNA damage bypass, Uls1 and Slx5-Slx8 mediate the degradation of
polySUMOylated proteins by the proteasome. Mutations in Uls1 or
Slx5-Slx8 result in the accumulation of SUMOylated proteins. Dysfunc-
tion of the Rfp1/Rfp2-Slx8 heterodimer in Schizosaccharomyces pombe
leads to a similar accumulation of SUMOylated proteins (Prudden et al.,
2007; Sun, Leverson, & Hunter, 2007). Intriguingly, this phenotype can
be complemented by the expression of Homo sapiens RNF4, indicating
that STUbLs are functionally conserved from yeast to humans. In
Drosophila melanogaster, Degringolade (Dgrn), and in Homo sapiens,
RNF111 (also known as Arkadia), also function as STUbLs (Abed et al.,
2011; Erker et al., 2013; Poulsen et al., 2013).

Through their precise regulation of SUMOylated proteins, STUbLs
contribute to maintaining protein quality control and genome stability.
Dysfunction of STUbLs has been implicated in cancer, neurodegenerative
disorders, and other diseases. In this review, we discuss the importance of
human STUbLs, RNF4 and RNF111, in maintaining genome integrity
(Fig. 2 and Table 1).

4. RNF4 and its diverse role in genome maintenance

Mammalian RNF4 is an orthologue of fission yeast Rfp1/Rfp2 and
specifically targets SUMOylated proteins for ubiquitination in a SIM-
dependent manner (Jansen & Vertegaal, 2021; Keusekotten et al.,
2014; Kosoy, Calonge, Outwin, & O'Connell, 2007; Prudden et al., 2007;
Sun et al., 2007; Wilson, 2017). Human RNF4 is a protein consisting of
190 amino acids, characterized by four N-terminal tandem SIMs and a
C-terminal canonical C3HC4 RING-finger domain (Chiariotti et al., 1998;
Hu et al., 2010; Moilanen et al., 1998). Adjacent to the SIMs (residues
36–70), there exists a highly conserved arginine-rich motif (ARM, resi-
dues 73–82), which enhances RNF4's specificity for substrates that are
both SUMOylated and phosphorylated (Kuo et al., 2014; Sun et al., 2007;
Tatham et al., 2008). This specificity is derived from the interaction of
the positively charged ARM with phosphorylated substrates. Addition-
ally, the ARM promotes the interaction between the SIMs and the RING
domain of RNF4, thereby facilitating the E3 ligase activity of RNF4 (Kuo
et al., 2014; Tatham et al., 2008). Moreover, RNF4 contains three basic
RKK residues (residues 177–179) bordering the RING domain (residues
132–177), enabling RNF4 to bind DNA and nucleosomes (Groocock et al.,
2014). In vivo, RNF4 is predominantly monomeric and inactive. How-
ever, once polySUMO chains become available, RNF4 is activated
through RING domain mediated dimerization (Branigan et al., 2015;
Liew, Sun, Hunter, & Day, 2010; Plechanovova et al., 2011; Rojas-Fer-
nandez et al., 2014). Considering the crucial roles of ubiquitination and
SUMOylation in maintaining genomic integrity, the STUbL RNF4 plays
diverse roles in protecting against genome instability throughout the cell
cycle (Chang et al., 2021; Sun et al., 2007; Wagner et al., 2019). In the
following sections, we will discuss the major contributions of RNF4 in
regulating promyelocytic leukemia (PML) homeostasis, DNA repair, DNA
replication, and mitosis.



Fig. 1. STUbL domain structures. (a) An overview of STUbLs in various organisms. Saccharomyces cerevisiae possesses three STUbLs: Uls1, the heterodimer Slx5-Slx8
(Uls2), and Rad18. In Saccharomyces pombe, Slx8 interacts exclusively with either Rfp1 or Rfp2 to form a functional heterodimeric STUbL. In Drosophila melanogaster, it
is Degringolade (Dgrn), while in Homo sapiens, it's RNF4 and RNF111/Arkadia. (b) Schematic representations of the domain structures of STUbL proteins. The domain
information was sourced from Uniprot (https://www.uniprot.org/) and GPS-SUMO (https://sumo.biocuckoo.cn/userguide.php). The orange bar represents the
SUMO-interacting motif (SIM), and the green bar represents the RING (really interesting new gene) domain. Abbreviations: SIM, SUMO-interacting motif; RING, really
interesting new gene; aa, amino acids.
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Fig. 2. The Crucial Role of Human STUbLs, RNF4, and RNF111, in Maintaining Genome Integrity. Human RNF4 and RNF111 recognize SUMOylated proteins through
their conserved SIM domains and attach polyubiquitin chains to SUMOylated substrates via the RING domain. Upon binding to polySUMOylated substrates, RNF4
undergoes activation through dimerization. RNF4 and RNF111 either mediate the proteolytic degradation of their targets or facilitate substrate extraction by the
ATPase p97 with its cofactors DVC1 or FAF1. Consequently, STUbLs play diverse roles in DNA repair, DNA replication, replication stress response, mitotic division, and
PML homeostasis, underscoring their significance in maintaining genome integrity. S, SUMO; U, Ub.

Table 1
Substrates of human STUbL proteins.

STUbLs Substrates Functions in preserving
genome integrity

RNF4 PML/PML-fusion protein, SP100, TDG,
HIPK2

PML homeostasis

MDC1, CtIP, KAP1, 53BP1, BRCA1, BARD1,
RPA1, ATRIP, FANCI, FANCD2, FANCA,
TOP-DPCs, trapped PARP1

DNA repair

TOP2A Replication stress
response

CENPI, Mis18BP1, CENP-B Mitotic division
RNF111 PML PML homeostasis

XPC, Pol η DNA repair
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4.1. Regulation of PML homeostasis

Dynamic super-assembled PML nuclear bodies (PML-NBs) are
discrete, membraneless macromolecular organelles tightly attached to
the nuclear matrix. PML-NBs modulate a broad range of biological pro-
cesses, including protein modifications, DNA repair, and transcriptional
regulation (Chang et al., 2018; Corpet et al., 2020). Therefore, main-
taining PML homeostasis is vital for genome stability. PML, the core
component of PML-NBs, was identified as the first in vivo target of human
RNF4 to undergo SUMO-triggered K48-linked polyubiquitination for
further degradation (Lallemand-Breitenbach et al., 2008; Tatham et al.,
2008). The arginine methyltransferase PRMT5 methylates RNF4 at
Arg164 to block the interaction between RNF4 and the PML fusion
protein PML-RARα, preserving the protein stability of PML-RARα (Huang
et al., 2022). In addition to PML/PML-fusion protein, RNF4 is charac-
terized by regulating PML homeostasis through the degradation of
several other resident components of PML-NBs, such as
homeodomain-interacting protein kinase 2 (HIPK2), thymine DNA gly-
cosylase (TDG), and SP100 (Moriyama et al., 2014; Sahin et al., 2014).

Beyond directly modulating the degradation of PML-NBs compo-
nents, RNF4 has been found to play new roles in biological processes
involving PML-NBs. By generating SUMO-dependent ubiquitin chains,
RNF4 promotes the recruitment of RNF168 and the downstream PML-
4

NBs to DNA lesions under genotoxic stress (Shire et al., 2016; Vancur-
ova et al., 2019). Failure to clear misfolded or aggregated proteins often
leads to neurodegenerative diseases, such as Alzheimer's and Parkinson's
(Peng, Trojanowski, & Lee, 2020; Ross & Poirier, 2004). In response to
proteotoxic stress, misfolded proteins or aggregation-prone RNA binding
proteins (RPBs) are recognized and SUMOylated by PML or other SUMO
E3 ligases (Guo et al., 2014; Keiten-Schmitz et al., 2020). RNF4 then
facilitates the proteasomal degradation of SUMO-labeled misfolded
proteins by attaching K48-linked polyubiquitin signals. This
RNF4-dependent protein quality surveillance pathway may open up new
perspectives in understanding the pathogenesis and clinical therapy of
neurodegenerative diseases.

4.2. Regulation of DNA repair

Our genomic integrity faces constant challenges from both exogenous
and endogenous toxins, leading to various forms of DNA damage. Cells
have developed a surveillance mechanism known as the DNA damage
response (DDR) to address these DNA lesions (Ciccia & Elledge, 2010;
Jackson & Bartek, 2009; Pilie, Tang, Mills, & Yap, 2019). Defects in DDR
can result in genomic instability, potentially leading to senescence or
cancer (Jackson & Bartek, 2009; Schumacher, Pothof, Vijg, & Hoeij-
makers, 2021). Among the various forms of DNA damage, DNA
double-strand breaks (DSBs) are particularly detrimental as they disrupt
the physical continuity of chromosomes (Canela et al., 2017; Katsuki,
Jeggo, Uchihara, Takata, & Shibata, 2020). Cells utilize two major
pathways, non-homologous end joining (NHEJ) and homologous
recombination (HR), to repair DSBs (Katsuki et al., 2020). NHEJ operates
throughout interphase and repairs DSBs by rejoining the broken ends
with simple end trimming. This high-efficiency repair mechanism safe-
guards genome integrity but may compromise fidelity. In contrast to
NHEJ, HR primarily occurs during the late S and G2 phases of the cell
cycle, when sister chromatids are accessible as repair templates (Zhang&
Gong, 2021).

RNF4 is swiftly recruited to DNA damage sites, playing a crucial role
in promoting the repair of DSBs. It recognizes DNA damage-induced
SUMOylation, mediated by SUMO E3 ligases PIAS1 and PIAS4, through
its tandem SIMs (Galanty, Belotserkovskaya, Coates, & Jackson, 2012;
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Vyas et al., 2013; Yin et al., 2012). RNF4 then catalyzes and amplifies
ubiquitination around the damaged areas. Several components of the
DDR undergo SUMOylation in response to DNA damage and are targeted
by RNF4 for subsequent degradation, facilitating efficient DSB repair
through NHEJ or HR.

One such target of RNF4 is Mediator of DNA Damage Checkpoint 1
(MDC1). Upon DSB induction, MDC1 becomes SUMOylated at Lys1840
(Galanty et al., 2012; Luo, Zhang, Wang, Yuan, & Lou, 2012; Vyas et al.,
2013; Yin et al., 2012). Subsequently, RNF4 is recruited to DSB sites by
recognizing SUMOylated MDC1 and catalyzes polyubiquitination of
MDC1, leading to its timely removal (Luo et al., 2012; Vyas et al., 2013).
Consequently, RNF4 integrates SUMO modification and ubiquitin
signaling into the cellular response to genotoxic stress.

Recent discoveries have revealed that the removal of MDC1 by RNF4
is tightly regulated by two enzymes: the deubiquitinase ataxin-3 and the
SUMO protease SENP2 (Garvin et al., 2019; Pfeiffer et al., 2017).
Ataxin-3, a member of the Josephin protease family, is recruited to DSBs
through DNA damage-induced SUMOylation. As a SUMO-activated
deubiquitinase, ataxin-3 prevents the premature removal of MDC1
from DSBs by counteracting RNF4-mediated ubiquitination of MDC1,
thereby facilitating the initiation of the DDR and DNA repair (Pfeiffer
et al., 2017). Additionally, the SUMO protease SENP2 has been found to
protect MDC1 from inappropriate SUMOylation. However, this protec-
tive mechanism is impaired by DNA damage, allowing MDC1 to undergo
SUMOylation and subsequent ubiquitination by RNF4 (Garvin et al.,
2019). This timely regulation is essential for maintaining an adequate
supply of SUMO and is critical for DSB repair. In summary, the precise
temporal and spatial control of MDC1 turnover is a prerequisite for
appropriate DSB repair.

During the S phase of the cell cycle, RNF4 undergoes phosphorylation
by CDK2 at T26 and T112. This phosphorylation event enhances the E3
ubiquitin ligase activity of RNF4, which, in turn, accelerates the degra-
dation of MDC1 (Luo et al., 2015). This process is essential to ensure the
proper repair of DNA through HR.

HR repair initiation is dependent on DNA end resection (Cejka &
Symington, 2021; Symington & Gautier, 2011). The master kinase ATM
plays a crucial role by orchestrating a sequence of posttranslational
modifications on the key resection factor CtIP (Chapman, Taylor, &
Boulton, 2012; Jasin & Rothstein, 2013; Symington & Gautier, 2011).
These modifications precisely control the extent of DNA end resection. In
response to DSB induction, CtIP undergoes hyperphosphorylation by
ATM (H. Wang et al., 2013). Subsequently, PIAS4 exhibits a preference
for the hyperphosphorylated form of CtIP and transfers SUMO chains to
CtIP's lysine 578 (Han et al., 2021; Locke et al., 2021). This
SUMO-modified and hyperphosphorylated CtIP is then recognized and
catalyzed by RNF4 for further turnover (Han et al., 2021). This regulatory
step limits excessive resection of DNA ends, ensuring that HR proceeds
appropriately without overresection. In this way, the phosphorylation
and SUMOylation of CtIP, followed by its controlled turnover by RNF4,
collectively contribute to the precise regulation of DNA end resection
during HR repair.

In addition, various other factors involved in DSB repair, including
Kruppel-associated box (KRAB)-associated protein 1 (KAP1), BRCA1,
BARD1, 53BP1, RPA1, and ATRIP have been identified as direct sub-
strates of RNF4 (Galanty et al., 2012; Guzzo et al., 2012; Kumar, Gon-
zalez-Prieto, Xiao, Verlaan-de Vries, & Vertegaal, 2017; Kuo et al., 2014;
Pfeiffer et al., 2017; Vyas et al., 2013; Yin et al., 2012). RNF4 regulates
their proteasome-mediated turnover at DNA damage sites. Consequently,
the deficiency of RNF4 impairs DSB repair and checkpoint activation,
rendering cells hypersensitive to DNA-damaging agents (Chang et al.,
2018; Maure, Moser, Jaffray, A, & Hay, 2016; Ragland et al., 2013).

Similar to DSBs, DNA interstrand crosslinks (ICLs) are cytotoxic le-
sions that physically obstruct DNA replication and transcription. The
Fanconi anemia (FA) pathway is responsible for repairing ICLs (Ceccaldi,
Sarangi, & D'Andrea, 2016). A central step in the FA pathway involves
the monoubiquitination of the FANCI/FANCD2 (ID) heterodimer at
5

specific lysine residues (K523 of FANCI and K561 of FANCD2) (Swuec
et al., 2017; Garcia-Higuera et al., 2001; Vandenberg et al., 2003). This
monoubiquitination is carried out by the E3 ligase FANCL with the
assistance of other FA-core complex components. Once mono-
ubiquitinated, the ID complex recruits nucleases like FAN1, SLX4/SLX1,
and XPF/ERCC1 to unhook the DNA crosslinks, facilitating downstream
repair processes (Fontebasso, Etheridge, Oliver, Murray, & Carr, 2013;
Garner & Smogorzewska, 2011; Yamamoto et al., 2011). After DNA
damage, the monoubiquitinated and chromatin-bound ID complex is
SUMOylated by PIAS1 and PIAS4. This DNA damage-induced SUMOy-
lation triggers RNF4-dependent ubiquitylation of the ID complex. The
SUMO-dependent polyubiquitin chains on the ID complex guide the
DVC1-p97 ubiquitin-selective segregase complex for the active removal
of the ID complex from chromatin (Gibbs-Seymour et al., 2015). Notably,
recent clinical research on FA patients has shown that FANCA undergoes
SUMOylation and subsequent RNF4-dependent ubiquitination and
proteasome-mediated degradation in the absence of FAAP20 binding
(Xie et al., 2015). This SUMO-ubiquitin signaling circuitry is also critical
for the proper turnover of FANCA from damage sites in the normal FA
pathway.

Covalent DNA–protein crosslinks (DPCs) are highly toxic DNA lesions
that disrupt nearly all chromatin-based processes due to their large size
(Fu et al., 2011; Nakano et al., 2013; Weickert & Stingele, 2022). DPCs
are commonly induced by widely used chemotherapeutics, such as DNA
topoisomerase inhibitors and Poly (ADP-ribose) polymerase (PARP) in-
hibitors (Kojima et al., 2020; Sun, Chen, & Pommier, 2023; Thomas &
Pommier, 2019). The repair of DPCs involves the coordination of
Tyrosyl-DNA phosphodiesterases (TDPs), the MRE11–RAD50–NBS1
(MRN) nuclease complex, and the protease SPRTN (also known as DVC1)
(Stingele, Bellelli, & Boulton, 2017). Moreover, SUMO-mediated ubiq-
uitination has been associated with the degradation of topoisomerase
DNA-protein crosslinks (TOP-DPCs). TOP-DPCs undergo SUMOylation
by PIAS4 and are then targeted by RNF4 for ubiquitination, which trig-
gers the proteasomal degradation of TOP-DPCs (Sun et al., 2020). Simi-
larly, trapped PARP1, a product of clinical PARP inhibitors (PARPi), is
sequentially SUMOylated by PIAS4 and ubiquitinated by RNF4. The
ubiquitin-dependent ATPase p97 recognizes and removes trapped PARP1
from chromatin (Krastev et al., 2022).

4.3. Regulation of DNA replication and replication stress response

The complete and accurate duplication of DNA is essential for
maintaining genome integrity and ensuring the faithful transmission of
genetic information. Active DNA replication creates a SUMO-rich and
Ub-poor environment, largely influenced by the replisome-enriched
SUMO deubiquitinase USP7 (Lecona, Rodriguez-Acebes, Specks,
Lopez-Contreras, Ruppen, Murga, Munoz, et al., 2016). Working in co-
ordination with USP7, the ATPase p97 and its co-factor FAF1 (also
known as UBXN3) play a role in the spatiotemporal removal of
SUMOylated or ubiquitinated DNA replication factors (Besche, Haas,
Gygi, & Goldberg, 2009). This process helps maintain the balance be-
tween SUMO and ubiquitin around the replisomes, thereby supporting
accurate replication. Recent research has revealed that RNF4 collabo-
rates with USP7 to replenish the nuclear ubiquitin pool necessary for
complete DNA replication (Kumar et al., 2017; Lecona,
Rodriguez-Acebes, Specks, Lopez-Contreras, Ruppen, Murga, Mu~noz,
et al., 2016).

DNA replication is constantly challenged by various sources of
replication stress, both endogenous and exogenous, often leading to
replication fork stalling. Failure to address these issues properly can
result in genome instability (Taglialatela et al., 2017; Wang, Xu, & Egli,
2023). Cells have evolved a complex network of responses to cope with
replication stress. One critical pathway is fork reversal, where blocked
replication forks are unwound to form four-way junctions, a process
common in higher eukaryotes. Fork reversal typically occurs in a
two-step process. First, the RAD51 recombinase, along with fork
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remodelers like SNF2-family DNA translocases (HLTF, ZRANB3, and
SMARCAL1), initiates limited fork reversal, creating superhelical strain
in the newly replicated sister chromatids (Ceballos & Heyer, 2011; Kra-
marz et al., 2017; Liu et al., 2023; Rickman & Smogorzewska, 2019;
Taglialatela et al., 2017). Second, TOP2A resolves the topological bar-
riers on the reversed fork. At the same time, TOP2A is SUMOylated by
ZATT, a SUMO E3 ligase, at lysines 1228 and 1240 (Tian et al., 2021).
Subsequently, the translocase PICH is recruited by the SUMOylated
TOP2A to drive extensive fork reversal (Tian et al., 2021). However,
uncontrolled fork reversal can expose fork structures to nucleases,
potentially causing pathological degradation or cleavage of stalled forks.
Interestingly, RNF4 accumulates at stalled forks and targets SUMOylated
TOP2A for ubiquitination and subsequent degradation (Ding et al.,
2022). This SUMO-ubiquitin signaling circuitry precisely regulates the
extent of fork reversal and protects stalled forks.

4.4. Regulation of mitotic division

RNF4 plays a crucial role in chromosome alignment and spindle as-
sembly, primarily by regulating the kinetochore CENPH-CENPI-CENPK
complex. It achieves this by targeting polySUMOylated CENPI for pro-
teasomal degradation in mammals, a critical step for kinetochore as-
sembly. Notably, in this process, SENP6 and RNF4 act antagonistically to
maintain CENPI homeostasis (Mukhopadhyay, Arnaoutov, & Dasso,
2010). Furthermore, RNF4 also controls the stability of the recruitment
factor Mis18BP1 for CENP-A, which plays a crucial role in regulating
centromere architecture by controlling the deposition and/or mainte-
nance (Fu et al., 2019; Liebelt et al., 2019). In mammalian cells, it is
probable that the dynamics of CENP-B at centromeres are directly under
the regulation of SUMO-primed RNF4-dependent proteasomal degrada-
tion (Maalouf et al., 2018). This finding aligns with the identification of
CENP-B as a primary target of SENP6 in proteomic studies (Liebelt et al.,
2019; Wagner et al., 2019).

In terms of biochemical function, RNF4 shares functional similarities
with the Slx5-Slx8 complex in S. cerevisiae (Lallemand-Breitenbach et al.,
2008; Tatham et al., 2008). Notably, while depletion of RNF4 from HeLa
cells did not result in any noticeable defects in chromosome alignment,
mitotic timing, or mitotic checkpoint function, it significantly increased
the occurrence of lagging chromosomes during anaphase, with a three-to
six-fold rise observed when employing various siRNA oligos (van de
Pasch et al., 2013). This underscores the conserved role of both Slx5-Slx8
and RNF4 in safeguarding genome integrity during mitosis (van de Pasch
et al., 2013). In an experiment conducted by Masayuki and his col-
leagues, they observed the accumulation of RNF4 on mitotic chromo-
somes in HeLa cells following exposure to the DNA topoisomerase II
inhibitor etoposide during mitosis. Depletion of RNF4 sensitized mitotic
HeLa cells to etoposide and increased the number of cells with micro-
nuclei (Saito et al., 2014). Conversely, deletion of RNF4 in chicken
DT40 cells resulted in a significant increase in chromosome breaks. Six
weeks after RNF4 deletion, the DNA content in RNF4�/� cells decreased
by 25%. Furthermore, RNF4�/� cells exhibited micronuclei, indicating
abnormal chromosome segregation (Hirota et al., 2014). Collectively,
these findings underscore the significance of RNF4 in preserving chro-
mosome integrity by ensuring precise chromosome segregation during
mitosis.

5. RNF111 and its role in genome maintenance

RNF111, also known as Arkadia, is an E3 ligase characterized by
multiple N-terminal nuclear localization signals, three tandem SIMs, and
a C-terminal RING-finger domain (Erker et al., 2013; Kotter, Mootz, &
Heuer, 2023; Sun & Hunter, 2012). Originally identified as a key regu-
lator in embryonic development, RNF111 was found to play a crucial role
in activating and amplifying TGF-β family signaling by ubiquitinating
and degrading negative regulators of the TGF-β pathway, including
Smad7, SnoN, and c-Ski (Chen et al., 2015; Cunnington, Nazari,& Dixon,
6

2009; Koinuma et al., 2003; Liu et al., 2006; Nagano et al., 2007; Tian
et al., 2015; Wu et al., 2021; Xu et al., 2021).

In 2012, RNF111's significance expanded as it was discovered to
contain clustered SIMs through bioinformatics analysis, hinting at a new
role in regulating SUMO-mediated signaling (Sun & Hunter, 2012).
Subsequently, two independent research groups almost simultaneously
reported RNF111's function as a STUbL, with roles in modulating PML
homeostasis and nucleotide excision repair (NER) (Erker et al., 2013;
Poulsen et al., 2013). In brief, RNF111 interacts with polySUMOylated
PML through its tandem SIMs and catalyzes K48-linked ubiquitination of
SUMOylated PML, leading to its degradation (Erker et al., 2013).
Depletion of RNF111 results in the accumulation of SUMOylated PML,
especially in response to arsenic exposure. Notably, RNF111 operates
independently of RNF4 in PML degradation, underscoring the impor-
tance of these two STUbLs in the precise regulation of PML turnover
(Erker et al., 2013; McIntosh, Walters, Arinze, & Davis, 2018; Srir-
amachandran et al., 2019). In contrast to its role with PML, RNF111
promotes K63-linked ubiquitin chain formation on SUMOylated xero-
derma pigmentosum complementation group C (XPC) in response to UV
radiation, with the assistance of UBC13-MMS2 (Poulsen et al., 2013; van
Cuijk et al., 2015). This SUMO-dependent and non-proteolytic ubiquiti-
nation of XPC by RNF111 facilitates the release of XPC, enabling the
loading of XPG and XPF-ERCC1 for efficient NER (Poulsen et al., 2013;
van Cuijk et al., 2015). Additionally, RNF111 acts as a STUbL to mediate
the displacement of polySUMOylated DNA polymerase η (Pol η) from
damaged sites (Guerillon, Smedegaard, Hendriks, Nielsen, & Mailand,
2020). Interestingly, RNF4 also plays a role in restraining the DNA
damage-induced accumulation of Pol η, independent of its STUbL activity
(Guerillon et al., 2020).

Similar to the dimeric RNF4, the monomeric RING domain of RNF111
efficiently facilitates ubiquitin transfer. Structural and biochemical ana-
lyses have revealed that the monomeric RING domain of RNF111 binds
non-covalently to free ubiquitin (Guerillon et al., 2020; Laigle et al.,
2021; Nagano et al., 2007). Interestingly, RNF111 preferentially targets
substrates carrying hybrid SUMO1-capped SUMO2/3 chains (Birkou
et al., 2017; Episkopou et al., 2001; Erker et al., 2013). In a recent
research, UBXN7, a member of the UBA-UBX family, was discovered to
directly interact with the RING domain of RNF111 through its UAS
thioredoxin-like domain. UBXN7 regulates the E3 ligase activity of
RNF111 by competitively binding to its RING domain in competition
with the E2 conjugating enzymes (Amhaz et al., 2023). Since UBXN7 is a
co-factor of p97, RNF111 may potentially enhance the efficiency of
protein clearance by p97, similar to the role played by RNF4 (Alexandru
et al., 2008; Kochenova, Mukkavalli, Raman, & Walter, 2022; Tarcan,
Poovathumkadavil, Skagia, & Gambus, 2022).

Furthermore, RNF111 contributes to the DNA damage response by
acting as a NEDD8 E3 ligase in collaboration with UBE2M (Li et al., 2021;
Ma et al., 2013). It facilitates the neddylation of histone H4 at DSB sites,
which is then recognized by the MIU (Motif Interacting with Ubiquitin)
domain of RNF168 (Ma et al., 2013; Pinato et al., 2009; Pinato, Gatti,
Scandiuzzi, Confalonieri, & Penengo, 2011). This amplifies the DNA
damage-induced ubiquitination cascade and promotes DNA damage
repair. RNF111-mediated neddylation also inhibits DNA end resection, a
critical process in DSB repair pathway choice (Jimeno et al., 2015; Li
et al., 2021; Ma et al., 2013).

Despite being recognized as a STUbL for a decade, RNF111's sub-
strates have been relatively limited. Due to the E3 ligase activity of
NEDD8, it remains unclear whether RNF111 regulates the crosstalk be-
tween SUMO and NEDD8.

6. Conclusions and perspectives

Despite significant progress in understanding human STUbLs, their
functions and substrates remain largely unexplored. There is a growing
body of evidence suggesting that the nuclear periphery plays a spatio-
temporal role in regulating DNA replication and repair, a phenomenon
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conserved from yeast to humans. Yeast STUbLs have been shown to
facilitate the relocation of damaged DNA to the nuclear periphery for
proper repair. Investigating whether human STUbLs also play a role in
modulating the relocalization of lesions to the nuclear periphery is a
promising avenue of research.

Additionally, STUbLs frequently function within specialized com-
partments, such as nuclear repair foci that contain numerous DDR pro-
teins. Recent research has uncovered that the SUMO/RNF4 pathway is
activated by SLX4 compartmentalization (Alghoul et al., 2023). Whether
a similar mechanism holds true for RNF111 remains uncertain. Investi-
gating whether the STUbL pathway is regulated by other condensates is
also a valuable avenue for future research.
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