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Abstract

Like in most other areas of cellular metabolism, the functions of the
ubiquitin-like modifier SUMO in the maintenance of genome stability are
manifold and varied. Perturbations of global sumoylation causes a wide
spectrum of phenotypes associated with defects in DNA maintenance,
such as hypersensitivity to DNA-damaging agents, gross chromosomal
rearrangements and loss of entire chromosomes. Consistent with these
observations, many key factors involved in various DNA repair pathways
have been identified as SUMO substrates. However, establishing a func-
tional connection between a given SUMO target, the cognate SUMO
ligase and a relevant phenotype has remained a challenge, mainly because
of the difficulties involved in identifying important modification sites and
downstream effectors that specifically recognize the target in its sumoylated
state. This review will give an overview over the major pathways of DNA
repair and genome maintenance influenced by the SUMO system and dis-
cuss selected examples of SUMO’s actions in these pathways where the
biological consequences of the modification have been elucidated.
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El SUMO (or ubiquitin) activating
enzyme

E2 SUMO (or ubiquitin) conjugating
enzyme

E3 SUMO (or ubiquitin) protein ligase

FA Fanconi anemia

HR homologous recombination

HU hydroxyurea

MEF mouse embryonic fibroblast

MMS methyl methanesulfonate

NHEJ non-homologous end joining

ORC origin recognition complex

PIP PCNA-interacting protein

pre-RC pre-replication complex

rDNA ribosomal DNA

RFC replication factor C

RPA replication protein A

SAC spindle assembly checkpoint

SENP sentrin-specific protease

SIM SUMO-interacting motif

SMC structural maintenance of
chromosomes

SP-RING  Siz/PIAS really interesting new
gene

ssDNA single-stranded DNA

STUbL SUMO-targeted ubiquitin ligase

WT wild-type

4.1 Introduction

Our cells face the constant challenge of protect-
ing their DNA from spontaneous and exogenous
insults that include single- and double-strand
breaks (DSBs), various base adducts (Lindahl
1993), replication blocks and topological stress.
Dealing with these problems is essential for the
maintenance of genome stability because muta-
tions arising from unrepaired DNA can lead to
loss or incorrect transmission of genetic informa-
tion, which in turn can predispose to cancer
(Hanahan and Weinberg 2011). Therefore, cells
have evolved many mechanistically diverse DNA
repair and genome maintenance pathways that
are able to respond to damage rapidly, ensuring
that mutations do not become fixed in the genome
(Hoeijmakers 2001). One way of achieving this

responsiveness is the activation or modulation of
the properties of key DNA repair factors through
post-translational modifications, which usually
result in changes in their activities, localization
or interactions with other cellular proteins
(Huang and D’ Andrea 2006).

Like other post-translational modifiers such as
phosphate groups and ubiquitin, the ubiquitin-
like protein SUMO is important for the mainte-
nance of genome stability (Huang and D’ Andrea
2006). On one hand, budding (Saccharomyces
cerevisiae)andfissionyeast(Schizosaccharomyces
cerevisiae) mutants of the SUMO El1, E2 and
some E3 enzymes are hypersensitive to various
DNA damaging agents, accumulate gross
chromosomal rearrangements, lose mini-
chromosomes frequently and fail to maintain
telomeres and segregate chromatids properly
(Tanaka et al. 1999; Ho and Watts 2003; Maeda
et al. 2004; Xhemalce et al. 2004, 2007; Andrews
et al. 2005; Zhao and Blobel 2005; Motegi et al.
2006; Takahashi et al. 2006; Watts et al. 2007).
Altering the normal regulation of sumoylation is
also detrimental to some pathways of DNA repair
in human cells (Li et al. 2000; Potts and Yu 2005).
On the other hand, proteins involved in many of
the main DNA repair pathways have been shown
to be sumoylated. These include components of
nucleotide excision repair [e.g. XPC and XRCC4
(Wang et al. 2005; Yurchenko et al. 2006)],
base excision repair [e.g. thymine DNA glycosyl-
ase, (Hardeland et al. 2002)], homologous recom-
bination [HR, e.g. Rad52, PCNA and the RECQ
family of DNA helicases (Kawabe et al. 2000;
Hoege et al. 2002; Eladad et al. 2005; Sacher
et al. 2006)] and non-homologous end joining
[NHEJ, e.g. Ku70 (Zhao and Blobel 2005)].
Sumoylation also modulates the functions of pro-
teins that are not directly involved in DNA repair
but that nonetheless play a role in preserving
genome stability, such as DNA replication factors
(Wei and Zhao 2016), topoisomerase II (Bachant
et al. 2002) and many proteins essential to protect
telomeres (Potts and Yu 2007).

Recent advances in mass spectrometry have
revealed so many new sumoylation substrates
that our insight into SUMO’s mechanism of
action is lagging far behind the number of its
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known targets (Hendriks et al. 2014; Lamoliatte
et al. 2014; Tammsalu et al. 2014). For some of
the proteins mentioned above, however, we
understand how SUMO alters their functions.
Beginning with a brief overview over the compo-
nents of the SUMO system relevant to genome
maintenance, this review will highlight such
cases, focusing on DNA replication, homologous
recombination, base-excision repair, telomere
maintenance, and chromosome segregation path-
ways. From these examples, it will become clear
that whatever the downstream effect of
sumoylation may be, it usually involves a change
in the affinity of the modified proteins for either
other proteins or DNA.

4.2 Components of the SUMO

Pathway

Rather than giving a full account of the SUMO
system here, the intention of this section is to pro-
vide a brief mechanistic overview over those fea-
tures relevant for understanding SUMO
metabolism and highlight those components that
play prominent roles in genome maintenance.

4.2.1 SUMO Proteins

SUMO belongs to the family of ubiquitin-like
modifiers, which share a common three-
dimensional structure and a C-terminal di-glycine
motif needed for attachment to a lysine residue
via an isopeptide bond (van der Veen and Ploegh
2012). In contrast to other ubiquitin-like modifi-
ers, SUMO possesses a long flexible N-terminal
tail. While only one SUMO paralogue is present
in budding or fission yeast (Smt3 or Pmt3, respec-
tively), human cells have four different SUMO
isoforms, SUMO1-4. All are translated as longer
precursors that need to be cleaved to obtain the
corresponding mature forms. SUMOI1 shares
about 48% sequence identity with SUMO?2, while
SUMO?2 and SUMO3 are highly similar with
95% sequence identity (Saitoh and Hinchey
2000). Therefore, these two isoforms, which are
most closely related to the fungal proteins, can-

not be distinguished via immune-staining and are
usually referred to as SUMO2/3. SUMO4 seems
to be processed to its mature form only under rare
conditions and has so far only been described to
be conjugated to other proteins in serum-starved
cells (Wei et al. 2008).

Like ubiquitin, SUMO2/3, Smt3 and Pmt3 can
form polymeric chains on their substrates
(Tatham et al. 2001; Bylebyl et al. 2003; Matic
et al. 2008; Windecker and Ulrich 2008). These
are predominantly linked via lysine residues in
the N-terminal tail. SUMO chains play important
roles in genome maintenance, as demonstrated
by the fact that budding yeast mutants accumulat-
ing them show pleiotropic phenotypes, including
hypersensitivity to genotoxins (Bylebyl et al.
2003). While mono-sumoylation can act antago-
nistically to ubiquitylation (Desterro et al. 1998),
poly-SUMO chains can induce ubiquitylation
and subsequent proteasome-mediated degrada-
tion, with important implications for genome sta-
bility (see Sect. 4.2.4).

4.2.2 SUMO Ligases

SUMO ligases boost the efficiency and deter-
mine the substrate specificity of sumoylation
events mediated by the sole SUMO-specific E2,
UBCY. The largest, most conserved category of
SUMO E3s is the PIAS/SIZ family of proteins.
In mammals it includes PIAS1, PIAS2 (PIASx),
PIAS3 and PIAS4 (PIASy), which were initially
described as protein inhibitors of the activated
JAK-STAT signaling pathway. Fungal PIAS/SIZ
proteins are Sizl and Siz2 in budding yeast, and
Plil in fission yeast. Both in vitro and in vivo,
these enzymes show a significant amount of
redundancy (Reindle et al. 2006). Mms21 (also
known as Nse2 in fission yeast and NSMCE2 in
humans) also contains an SP-RING domain, but
does not strictly belong to the PIAS/SIZ family
of proteins. This E3 will be discussed in detail in
Sect. 4.5.1.

Structurally, PIAS/SIZ proteins share a modu-
lar architecture that consists of four domains. The
N-terminal SAP domain interacts with DNA but
is dispensable for catalytic activity (Okubo et al.
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2004; Takahashi et al. 2005; Parker et al. 2008;
Suzuki et al. 2009). The PINIT motif directly
contacts certain sumoylation substrates and helps
determine the selectivity for both the target pro-
tein and the target site (Takahashi et al. 2005;
Yunus and Lima 2009). The SIZ/PIAS RING
(SP-RING) finger harbors the catalytic activity
(Kotaja et al. 2002; Takahashi et al. 2005; Yunus
and Lima 2009). It resembles the RING finger of
ubiquitin E3s but, unlike such folds, which sport
two zinc-coordinating loops, the SP-RING
domain contains only one. The second loop is
instead held together by hydrogen bonds and Van
der Waals forces (Duan et al. 2009; Yunus and
Lima 2009). Like RING-type ubiquitin ligases,
PIAS/SIZ proteins enhance sumoylation likely
by facilitating the interaction between the
SUMO-loaded E2 and its substrates. At their
C-termini, PIAS/SIZ E3s contain a SUMO-
interacting motif (SIM). This motif is not essen-
tial for catalytic activity but promotes SUMO
conjugation, probably by contacting the SUMO
appendage of the charged UBC9 (Takahashi et al.
2005; Yunus and Lima 2009).

PIAS1 and PIAS4 play critical roles in the
response to DNA DSBs. In human cells, these
lesions trigger a cascade of events controlled by
different types of post-translational modifica-
tions, such as phosphorylation and ubiquity-
lation, which leads to the formation of
microscopically visible repair foci and culmi-
nates in the recruitment of the repair factor
BRCA1 (Jackson and Bartek 2009). SUMOI,
SUMO?2/3, UBC9, PIASI, PIAS4 and MMS21
are all recruited to such DNA repair foci, and
depleting PIAS1 or PIAS4, but not MMS2I,
obstructs their formation. However, PIAS1 and
PIAS4 do not act redundantly. While PIAS4 is
required for the recruitment of SUMO2/3, PIAS1
is necessary to recruit SUMOI, and each E3
appears to mediate the accumulation of a differ-
ent set of additional signaling factors (Galanty
et al. 2009; Morris et al. 2009). Consistent with a
role in controlling DNA repair, depletion of
PIAS1 or PIAS4 renders cells sensitive to various
genotoxins and reduces their ability to mend
DSBs by HR and NHEIJ. The relevant substrates

remain unclear, but one of them could be BRCA1
itself. Although depletion of PIAS1/4 also affects
factors upstream of BRCA1 in the pathway,
BRCALI is modified by SUMO1 and SUMO2/3 in
a PIAS1/4-dependent manner following expo-
sure to genotoxic stress (Galanty et al. 2009;
Morris et al. 2009). Sumoylation likely enhances
BRCAT1’s ubiquitin ligase activity, as mutating a
sumoylation consensus motif within BRCA1
reduces the formation of K6-linked ubiquitin
chains in vivo, a chain type characteristic for
BRCAL activity. Consistent with these results,
in vitro sumoylation of BRCA1 enhances its
activity by an order of magnitude (Morris et al.
2009).

4.2.3 SUMO Proteases

SUMO proteases catalyze both the maturation of
SUMO and its deconjugation from target pro-
teins. The largest category of SUMO proteases is
the family of sentrin-specific proteases (SENPs).
It comprises two members in budding yeast, Ulpl
and Ulp2, and six members in mammalian cells,
SENPI1, -2, -3, =5, —6 and —7 (Hickey et al.
2012; Nayak and Muller 2014). These proteases
have varying preferences for the different SUMO
paralogues and chain lengths and exhibit distinc-
tive localizations within the cell, which largely
determines their substrate specificity. Ulpl is tar-
geted to the nuclear pore and processes a broad
range of substrates. It is also responsible for the
maturation of most of the SUMO translational
fusions (Li and Hochstrasser 2003). Ulp2, on the
other hand, is nucleoplasmic and has a strong
preference for poly-sumoylated target proteins
(Li and Hochstrasser 2000; Bylebyl et al. 2003).
The mammalian homologue of Ulp2, SENP6,
and its closest relative, SENP7, preferentially
deconjugate SUMO chains in biochemical assays
and are distributed throughout the nucleoplasm
(Drag et al. 2008; Lima and Reverter 2008).
SENP1 and SENP2 localize to the nuclear pore,
and SENP3 and SENP5 show preferential reten-
tion at the nucleolus (Hang and Dasso 2002;
Gong and Yeh 20006).



4 Functions of SUMO in the Maintenance of Genome Stability 55

4.2.4 SUMO-Targeted Ubiquitin
Ligases

SUMO-targeted ubiquitin ligases (STUbLs) are
ubiquitin E3s that recognize SUMO moieties
via internal SIMs and thereby specifically ubiq-
uitylate sumoylated proteins (Fig. 4.1). Three
STUbLs have been described in yeasts. S. cere-
visiae Uls] is a large RING finger protein that
binds to SUMO via four internal SIMs (Fig.
4.1a). Although uls! mutant cells accumulate
SUMO conjugates, efficient ubiquitylation of
sumoylated proteins by Uls1 has so far not been
validated biochemically (Hannich et al. 2005;
Uzunova et al. 2007). Budding yeast Radl8
exhibits a highly specific STUbL-like function
towards its substrate, PCNA, and will be dis-
cussed in detail in Sect. 4.5.4 (Parker and Ulrich
2012). The third and major STUbL, which is
present in both budding and fission yeasts, is
the RING E3 S1x8 (Mullen et al. 2001; Ii et al.
2007a; Uzunova et al. 2007; Xie et al. 2007). Its
RING domain forms an obligatory complex
with a SUMO-binding subunit, S1x5 in budding
yeast, and Rfpl (or the redundant Rfp2) in fis-
sion yeast (Prudden et al. 2007; Sun et al. 2007;
Uzunova et al. 2007; Xie et al. 2007; Mullen
and Brill 2008). SIx5’s preference for poly-
SUMO chains (Uzunova et al. 2007) is likely
shared by Rfpl and Rfp2 because they, like
SIx5, possess multiple SIMs (Prudden et al.
2007; Sun et al. 2007). Accordingly, SIx5/8 and
Rfpl1/2-SIx8 efficiently ubiquitylate a model
substrate in vitro only if it is sumoylated (Sun
et al. 2007; Mullen and Brill 2008). In vivo, the
presence of proteins that are simultaneously
sumoylated and ubiquitylated strictly depends
on SIx5/8 and the ability of SUMO to form
chains (Uzunova et al. 2007).

In budding and fission yeasts, inactivating the
SIx8 complex results in increased levels of
sumoylated species (Burgess et al. 2007; Ii et al.
2007b; Uzunova et al. 2007; Wang et al. 2006;
Xie et al. 2007; Mullen and Brill 2008). A similar
phenotype results from defects in ubiquitin con-
jugation or proteasome activity (Uzunova et al.
2007), indicating that SIx8 generally mediates
the ubiquitin-dependent degradation of poly-

sumoylated proteins (Uzunova et al. 2007, Fig. 4.1b).
The ability of SIx8-like complexes to modify
sumoylated proteins and potentially target them
for degradation is important for genome stability.
In budding and fission yeasts, SIx8-complex
mutants are hypersensitive to various genotoxins
such as hydroxyurea (HU) and methyl-methane-
sulfonate (MMS) (Mullen et al. 2001; Zhang
et al. 2006; Kosoy et al. 2007; Ii et al. 2007b;
Prudden et al. 2007; Sun et al. 2007; Xie et al.
2007; Mullen and Brill 2008). They also show a
high incidence of events that may arise from the
repair of spontaneous DSBs by HR, such as
Rad52 foci during S phase, gross chromosomal
rearrangements, gene conversion events and
small point mutations (Zhang et al. 2006; Burgess
et al. 2007; Prudden et al. 2007; Nagai et al.
2008).

It should be noted that the S1x8 complex also
comprises SUMO-independent functions as
demonstrated for the transcriptional repressor
Mata?2, needed to control mating and differentia-
tion. For example, S1x5/8 was shown to ubiquity-
late unmodified Mata2 and was able to trigger
proteasomal turnover of Mata2 also in the
absence of a functional sumoylation system (Xie
et al. 2010).

Despite a striking difference in structure and
size, the small mammalian RING finger protein
RNF4 can rescue the genome stability defects of
S1x5/8-deficient yeast cells, clearly demonstrat-
ing that the function of STUbLs is evolutionary
conserved among eukaryotes (Prudden et al.
2007; Sun et al. 2007). In addition to its RING
domain, RNF4 contains four SIMs (SIM1-4),
which explains its preference for poly-SUMO
chains (Tatham et al. 2008, Fig. 4.1a). SIM2 and
SIM3 have been shown to be necessary and suf-
ficient for the binding to chains of at least two
SUMO moieties, while SIM4 only contributes to
interactions with longer chains. SIMI1, on the
other hand, is likely irrelevant for SUMO bind-
ing, resulting in three functional SIMs in RNF4
(Keusekotten et al. 2014). Binding to SUMO
chains induces homodimerization and thereby
activation of RNF4, promoting the transfer of
ubiquitin to the distal SUMO of the chain (Rojas-
Fernandez et al. 2014; Xu et al. 2014).
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Fig. 4.1 Ubiquitylation of poly-sumoylated proteins via
SUMO-targeted ubiquitin ligases. (a) Domain architec-
ture of the SUMO-targeted ubiquitin ligases (STUbLSs)
from yeast and humans. (b) In response to a signal, a poly-
SUMO (S) chain may form on a certain sub-population of
protein X. By means of its SIMs, the S1x5/8 complex rec-
ognizes such poly-sumoylated substrate and ubiquitylates
it (U). Following ubiquitylation, the modified substrate is
degraded by the proteasome. Whether the SUMO moi-
eties are degraded together with the substrate or deconju-
gation occurs before proteolysis is unknown. Adapted
from Ulrich (2008). (¢) RPA binds to ssDNA during repli-
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cation. Under undisturbed replication conditions, RPA is
kept in a hyposumoylated state through associating with
the SUMO protease SENP6. After DNA double-strand
formation during replication, SENP6 dissociates from the
chromatin, allowing poly-sumoylation of RPA. On the
one hand, this induces the recruitment of RAD51 to DNA
DSBs. On the other hand, it promotes binding of RNF4 to
the poly-SUMO chains via its internal SIMs and poly-
ubiquitylation of RPA. The poly-ubiquitin chains serve as
a signal for proteasomal degradation of RPA, allowing its
replacement by Rad51 needed for repair of the DSBs via
homologous recombination
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RNF4 has been extensively characterized in
the context of arsenic-induced degradation of
PML and its oncogenic variant PML-RARa, a
fusion protein expressed in acute promyelocytic
leukemia (Lallemand-Breitenbach et al. 2008;
Tatham et al. 2008; Weisshaar et al. 2008). In
RNF4-depleted cells, sumoylated PML and
mixed poly-ubiquitin and poly-SUMO chains
highly accumulate in the nucleus, clearly indicat-
ing that RNF4 targets these substrates for degra-
dation (Tatham et al. 2008). Other proteins that
co-localize with PML in so-called PML bodies
carry poly-SUMO chains, suggesting a more
global function for RNF4 in PML body turnover.
While these findings suggest that RNF4 mainly
catalyzes the attachment of K48-linked ubiquitin
chains for proteasomal degradation of target pro-
teins, depletion of RNF4 has also been described
to result in a decrease in K63 ubiquitin chains
(Yin et al. 2012). In line with this finding, RNF4
can cooperate with the K63-specific ubiquitin E2
UBCI13-UEV1 in vitro to poly-ubiquitylate an
N-terminally ~ mono-ubiquitylated =~ SUMO2
(Tatham et al. 2013). Rather than leading to
degradation, modification with these chains is
generally assumed to facilitate complex assem-
bly and signal transduction.

Apart from a striking increase in SUMO
chains, RNF4-deficient cells as well as RNF4
knockout mice show increased sensitivity to a
variety of DNA damaging agents (Luo et al.
2012; Yin et al. 2012; Vyas et al. 2013).
Additionally, RNF4~~ mice show impaired sper-
matogenesis, as described after depletion of other
regulators of DSB repair. These studies implicate
a key role for RNF4 in the assembly and disas-
sembly of DNA repair complexes at the sites of
DNA DSBs. Without RNF4, important DNA
damage response factors such as MDC1, RNFS,
53BP1, and BRCAL1 are still recruited to DSBs
but their removal from repair foci is delayed (Luo
et al. 2012; Yin et al. 2012).

A second mammalian STUbL,
RNF111/Arkadia, has been identified by compu-
tational means (Sun and Hunter 2012). Similar to
RNF4, Arkadia contains a RING domain and
three clustered SIMs (Erker et al. 2013). While
the SIMs do not seem to be required for Arkadia’s

function in the TGF-} pathway, they are essential
for its interaction with sumoylated PML after
arsenic treatment. Indeed, sumoylated PML
highly accumulates after depletion of Arkadia,
suggesting a destabilizing effect of Arkadia on
PML bodies similar to RNF4 (Erker et al. 2013).
However, Arkadia and RNF4 do not form het-
erodimers, but seem to act independently on
PML. Apart from its proteolytic activity towards
PML, Arkadia catalyzes the formation of K63-
linked ubiquitin chains on sumoylated XPC, a key
regulator of nucleotide excision repair, after UV
treatment. Ubiquitylation by Arkadia strongly
induces XPC recruitment to UV lesions, revealing
an essential non-proteolytic function for this
STUDBL in DNA repair (Poulsen et al. 2013).

4.2,5 SUMO-Targeted Ubiquitin
Proteases

Given the importance of STUbLs, it is not sur-
prising to find a class of proteases that catalyze
the reverse reaction, i.e. the removal of ubiquitin
from SUMO or sumoylated proteins. One such
enzyme is Wss1, a metalloprotease from budding
yeast. It was initially linked to SUMO by the
observation that its deletion suppresses the phe-
notypes of a SUMO mutant, smt3—331 (Biggins
et al. 2001). Indeed, Wssl directly binds to
SUMO and efficiently deubiquitylates ubiquitin-
SUMO hybrid chains and also ubiquitin-SUMO
fusion proteins in vitro. Although Wssl also
interacts with proteasomal subunits, it exhibits
direct proteolytic activity towards poly-SUMO
chains. In contrast, its activity on ubiquitylated
substrates and poly-ubiquitin chains is not as pro-
nounced. Hence, it is not entirely clear whether
Wssl acts as a SUMO protease or a SUMO-
targeted ubiquitin protease (Mullen et al. 2010).
Wss1 helps the formation of SUMO chains at
sites of DNA damage through forming a complex
with the ubiquitin-dependent protein segregase
Cdc48/p97 and its adaptor Doal. It then further
promotes auto-cleavage and proteolytic degrada-
tion of associated proteins, resulting in extraction
of sumoylated proteins from the chromatin
(Balakirev et al. 2015).



58

N. Zilio et al.

In mammalian cells two potential SUMO-
targeted ubiquitin proteases have been described,
USPI11 and USP7. USP11 is a functional interac-
tor of RNF4 and specifically deubiquitylates
ubiquitin-SUMO hybrid chains. It also stabilizes
PML bodies through deubiquitylation of
sumoylated PML, thereby directly antagonizing
RNF4 function (Wu et al. 2014; Hendriks et al.
2015b). Downregulation of USP11 expression
confers PML destabilization and several malig-
nant characteristics to a glioma tumor cell line,
such as increased proliferation, invasiveness and
tumor growth, implying that USP11 might serve
as an interesting novel cancer drug target (Wu
et al. 2014).

USP7 deubiquitylates SUMO2 in vitro and
in vivo and appears to specifically act on SUMO
substrates at replication forks (Lecona et al.
2016). Inhibiting USP7 in cells increases the
amount of sumoylated and ubiquitylated proteins
on newly replicated chromatin, and additional
inhibition of the Cdc48/p97 segregase further
enhances this effect. This indicates that USP7
limits ubiquitylation of SUMO targets on chro-
matin, thus preventing their subsequent extrac-
tion by Cdc48/p97. In this way, USP7 appears to
regulate the balance of post-translational modifi-
cations at and around replication forks that leads
to a high concentration of SUMO at active forks,
while ubiquitin conjugates dominate on mature
chromatin (Lopez-Contreras et al. 2013).
Although USP7 is clearly important for efficient
DNA replication, its exact substrates in this con-
text remain unknown.

4.3 SUMO Proteomics

The number of proteomic screens for SUMO tar-
gets has greatly expanded within the last decade.
Due to substantial methodological improvements
in mass spectrometry, hundreds of SUMO target
proteins and thousands of SUMO sites are known
to date, many of which imply far-reaching conse-
quences for genome maintenance pathways. One
recurring problem in the identification of SUMO
targets is the observation that the fraction of
sumoylated protein for a given target is usually

minute and can strongly vary between different
cell cycle stages or cellular responses. Therefore,
the sumoylated fraction often has to be enriched
via appropriate treatment of the cells and subse-
quent affinity purification. In addition, SUMO
proteases are highly potent and therefore have to
be inactivated by working with denaturing buf-
fers or specific protease inhibitors.

To be able to efficiently purify endogenous
SUMO targets from a wide range of samples,
such as patient material or rare tissues, monoclo-
nal antibodies raised against human SUMO1 and
SUMO?2 have been used for immunoprecipitation
(Barysch et al. 2014). So far, almost 600 human
SUMO targets have been identified in this man-
ner (Becker et al. 2013). An issue with this
method is that it requires relatively large amounts
of starting material. For a much more efficient
purification of SUMO targets, several proteomic
approaches made use of N-terminally tagged
SUMO alleles exogenously expressed in cells.
Altogether, more than 3000 human proteins have
been reported to be sumoylated in such studies
(Vertegaal et al. 2006; Schimmel et al. 2008;
Golebiowski et al. 2009; Matic et al. 2010;
Tatham et al. 2011; Hendriks et al. 2014; Impens
et al. 2014; Lamoliatte et al. 2014; Schimmel
et al. 2014; Schou et al. 2014; Bursomanno et al.
2015; Hendriks et al. 2015a; Sohn et al. 2015;
Tammesalu et al. 2014, 2015; Xiao et al. 2015).
However, this approach is usually restricted to
cultured cells, and overexpression of SUMO
might lead to false positive results. Therefore,
potential SUMO targets identified in this manner
should first be validated via purification of the
endogenous proteins.

The identification of sumoylation sites is even
more challenging, since it relies on the detection
of a proteolytic remnant of SUMO’s C-terminus
on the modified lysine residue, after digestion
with a protease specific for basic amino acids.
For ubiquitin targets, marked by a di-glycine
remnant, this approach has been highly success-
ful; however, the corresponding remnant of
SUMO is too large to be efficiently identified via
mass spectrometry. To overcome this difficulty,
several approaches have made use of an addi-
tional proteolytic cleavage site introduced via
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point mutations close to SUMO’s C-terminus
(Matic et al. 2010; Hendriks et al. 2014; Impens
et al. 2014; Lamoliatte et al. 2014; Schimmel
et al. 2014; Tammsalu et al. 2014, 2015;
Bursomanno et al. 2015; Hendriks et al. 2015a;
Sohn et al. 2015; Xiao et al. 2015). These mutant
alleles can be exogenously expressed as tagged
versions in the sample of interest. In this manner,
more than 7000 SUMO sites have been reported
under various conditions in human cells to date.
Proteome-wide identification of SUMO sites
under completely endogenous conditions, how-
ever, still remains unsolved.

Thanks to these developments, many new gen-
eral characteristics of sumoylation have been
revealed by analyzing the dynamics of the SUMO
proteome during different cell cycle stages and in
response to specific external stimuli (Golebiowski
et al. 2009; Psakhye and Jentsch 2012; Hendriks
et al. 2014; Schimmel et al. 2014; Cubenas-Potts
et al. 2015; Hendriks et al. 2015¢; Xiao et al.
2015). These studies strongly support the concept
of SUMO group modification, i.e. the collective
modification of an ensemble of functionally
related proteins at their site of action (Johnson
2004; Matunis et al. 2006; Jentsch and Psakhye
2013). This concept, according to which SUMO
acts as a “molecular glue” that promotes local pro-
tein-protein interactions in a relatively redundant
manner, was first systematically substantiated for
the HR-mediated repair of DSBs in yeast (Psakhye
and Jentsch 2012), but appears to apply to other
pathways relevant to genome maintenance, such
as nucleotide excision repair and DNA replication,
and may well turn out to be a common theme in
protein sumoylation. In human cells, treatment
with MMS not only triggers sumoylation of HR
proteins, but also affects many chromatin remod-
elers and transcriptional regulators, suggesting
an important role of sumoylation in changing
chromatin dynamics and the transcriptional pro-
gram in response to MMS (Hendriks et al. 2015c).
Similarly, two proteomic screens that analyzed
sumoylation after replication stress showed a
dynamic sumoylation response on several compo-
nents of the DNA replication machinery and on
factors involved in DNA repair (Bursomanno et al.
2015; Xiao et al. 2015).

In conclusion, the recent advances in SUMO
proteomics demonstrate that in contrast to those
post-translational modifiers that mostly target
specific proteins, SUMO can act on large protein
complexes and functional networks to elicit a
global cellular response to external stimuli.

Effects of SUMO on DNA
Replication and Replication
Stress

4.4

Accurate and complete DNA replication is essen-
tial for genome maintenance even in the absence
of exogenous damage, as both over- and under-
replication of the genome will inevitably lead to
problems with subsequent chromosome segrega-
tion. Moreover, most types of DNA damage
strongly interfere with the progression of replica-
tion forks. Hence, the response to replication
stress appears to be a finely tuned reaction rang-
ing from subtle effects that can be viewed as part
of the normal replication process up to a full-
blown damage response that follows from repli-
cation fork collapse and the emergence of
replication-associated DSBs. The SUMO system
has been shown to contribute to this process at
several levels (reviewed by Garcia-Rodriguez
et al. 2016).

4.4.1 SUMO in Replication Initiation

DNA replication initiates at characteristic
sequences named origins of replication, which are
marked as such by the association of the origin
recognition complex (ORC). In preparation for
replication, origins are primed for activation by
the assembly of the pre-replicative (pre-RC) com-
plex, which includes the hexameric MCM2-7
complex as a precursor of the replicative helicase.
Conversion to the active helicase at the entry into
S phase requires phosphorylation of the complex
and association of additional subunits, Cdc45 and
the GINS complex, which then allows DNA
unwinding, recruitment of DNA polymerases and
other accessory factors, and finally initiation of
DNA synthesis (Fragkos et al. 2015). SUMO has



60

N. Zilio et al.

recently been reported to exert a subtle, but mea-
surable, negative influence on this process. In
budding yeast, all subunits of the MCM complex
are subject to sumoylation (Wei and Zhao 2016).
Interestingly, different E3s appear to act on the
various subunits, and the modification patterns
vary somewhat over the cell cycle (de Albuquerque
et al. 2016). Overall, sumoylation was shown to
exhibit a pattern complementary to MCM phos-
phorylation, i.e. it was found highest at the pre-
RC stage upon loading of the inactive complex
onto DNA, and diminished in the course of S
phase. Inhibition of one of the relevant kinases,
DDK, or interference with origin firing by other
means prevented desumoylation of the MCM
complex. In contrast, local enhancement of
sumoylation by means of tethering a strong
SUMO-binding domain to Mcm6 compromised
helicase activation and thus inhibited origin firing,
likely via the SUMO-dependent recruitment of a
phosphatase, Glc7. This enzyme appears to pref-
erentially interact with the sumoylated form of
Mcm6, thereby preventing essential phosphory-
lation events required for helicase activation
(Wei and Zhao 2016). The significance of such a
complex sumoylation pattern of the different
MCM subunits for replication initiation is not yet
understood, and apparently the inhibitory effect
of SUMO cannot be ascribed to the modification
of an individual subunit.

In vertebrate systems, a similar effect may
apply, although it appears to be regulated in a dif-
ferent fashion. In Xenopus egg extracts, SUMO
exerts a negative influence on replication initia-
tion, as inhibition of sumoylation caused an
increase in origin firing (Bonne-Andrea et al.
2013). Here, the sumoylation target responsible
for the effect was cyclin E, which was modified
upon its recruitment to pre-RCs. The mechanistic
details of this phenomenon have not been eluci-
dated, but its recurrence in different organisms
suggests that SUMO may contribute to limiting
excessive origin firing. In this context, it is inter-
esting that many pre-RC components, including
ORC subunits, have been found to be sumoylated
(Golebiowski et al. 2009), thus possibly indicat-
ing a case of group sumoylation at replication
origins.

4.4.2 SUMO at Replication Forks
and in Replication Stress

In human cells, SUMO has been shown to be
strongly enriched at replication forks (Lopez-
Contreras et al. 2013), and in budding yeast,
numerous components of the replication machin-
ery are sumoylated, such as subunits of DNA
polymerases, the replicative clamp loader and the
Rad27 flap endonuclease (Cremona et al. 2012).
The relevance of this enrichment is not entirely
clear yet, but the maintenance of appropriate
sumoylation levels appears to be important for
efficient replication, given the actions of the
human SUMO-targeted ubiquitin protease USP7
at replication forks (Lecona et al. 2016). As
described above (see Sect. 4.2.5), USP7 appears
to counteract RNF4, which would otherwise tar-
get sumoylated replication factors for ubiquity-
lation and extraction from chromatin by the
ubiquitin-dependent chaperone Cdc48/p97. In
budding yeast, the STUbL complex SIx5/8 also
appears to influence events at replication forks;
however, here it seems more relevant as a
response to fork damage. This is particularly
important for refractive sequences such as CAG
triplet repeats, which are prone to fragility and
instability. During replication, these regions tend
to localize to the nuclear periphery, where they
have been suggested to undergo processing and
fork restart by HR in a S1x5/8-dependent manner
(Su et al. 2015). This principle of damage re-
localization not only applies to damaged replica-
tion forks, but also to DSBs (see Sect. 4.5).

A cross-talk between SUMO and ubiquitin is
also observed in the Fanconi anemia (FA) path-
way, a system for the resolution of replication
fork problems as well as DNA interstrand cross-
links (reviewed by Walden and Deans 2014;
Coleman and Huang 2016). The FA pathway
coordinates the cooperation between components
of different repair systems, involving nucleotide
excision repair, HR, and translesion synthesis.
FA pathway mutations are associated with a rare
hereditary disease, Fanconi anemia, which is
associated with bone marrow and congenital
abnormalities as well as cancer predisposition
(reviewed by Kee and D’Andrea 2012). Two
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components of this pathway, FANCI and
FANCD2, form a heterodimer, the ID complex,
which is loaded onto chromatin after stalling of
replication forks. This is accompanied by several
post-translational modification events, including
phosphorylation and ubiquitylation, which facili-
tates the recruitment of downstream factors.
After being loaded onto chromatin, both FANCI
and FANCD?2 are also sumoylated in a PIAS1/4-
dependent This promotes poly-
ubiquitylation of the complex by RNF4 and
subsequent extraction from the chromatin by
Cdc48/p97 (Gibbs-Seymour et al. 2015). SENP6
antagonizes PIAS1/4-dependent sumoylation of
FANCI and FANCD2, thus stabilizing the ID
complex at stalled replication forks by abolishing
RNF4-mediated ubiquitylation (Gibbs-Seymour
et al. 2015).

Another sumoylation target within the FA
pathway is FANCA, a subunit of the FA core
complex, which acts as an ubiquitin ligase on the
ID complex at stalled replication forks. A patient-
derived point mutation in FANCA abolishes the
interaction of this protein with another core com-
plex subunit, FAAP20, and increases FANCA
sumoylation (Xie et al. 2015). This in turn
induces ubiquitylation of FANCA by RNF4 and
subsequent proteasomal degradation, which pre-
vents efficient execution of downstream events.
Interestingly, not only the patient-derived mutant,
but also wild-type (WT) FANCA, is sumoylated
and targeted by RNF4, even though to a lesser
extent, possibly suggesting that a regulated
release of FANCA from the FA core complex is
physiologically relevant. In conclusion, the
extensive crosstalk between ubiquitylation and
sumoylation fine-tunes the FA pathway at multi-
ple levels.

manner.

Effects of SUMO
on Homologous
Recombination

4.5

HR involves the exchange or replacement of
genetic information between homologous DNA
regions, which is vital to repair DSBs and dam-
aged replication forks, but also for the correct

pairing and segregation of chromosomes during
meiosis. When a DSB occurs, its ends are ini-
tially clipped by the MRX/MRN complex
(Mrel1-Rad50-Xrs2/Nbs1) and Sael/CtIP and
subsequently resected further by Exol and Sgsl
to produce 3’ single-stranded DNA (ssDNA)
overhangs. This DNA is coated by the ssDNA-
binding trimeric replication protein A (RPA,
Rfal-3), which is exchanged for Rad51 by means
of Rad52 (or BRCAZ2 in vertebrates). The result-
ing Rad51-ssDNA filaments search DNA
molecules for regions of homology. These are
subsequently invaded by displacing the homolo-
gous strand. Following strand extension and cap-
ture of the second end, four-way DNA structures
called Holliday junctions are generated, which
migrate along the DNA to create extended het-
eroduplex regions. The junctions are eventually
resolved by specific nucleases to yield two intact
DNA molecules (reviewed by San Filippo et al.
2008). In addition to the proteins involved in the
core pathway described above, additional factors
can control when and where HR takes place.
These factors include anti-recombinogenic heli-
cases such as Sgsl, Srs2 and Rrm3 in budding
yeast and WRN, BLM and RECQ5 in mammals
(Branzei and Foiani 2007; Bachrati and Hickson
2008).

Sumoylation plays important roles in control-
ling HR at several stages. It affects overall
damage-induced recombination rates in mamma-
lian and yeast cells (Li et al. 2000; Maeda et al.
2004), but it also controls the initial resection/
clipping of DSBs (Cremona et al. 2012). SUMO
targets many proteins with well-established roles
in this repair pathway in both budding yeast and
human cells, such as the MRN/MRX complex,
Sae2,Rad52,Rad59 and many more (Golebiowski
et al. 2009; Cremona et al. 2012; Psakhye and
Jentsch 2012). In response to DNA damage,
several, although not all, of these proteins are
synchronously sumoylated (Cremona et al. 2012;
Psakhye and Jentsch 2012). This modification
“wave” probably occurs due to the coordinated
recruitment of multiple HR factors and a suitable
SUMO E3 to DNA. On one hand, the process
strictly depends on the resection of a DSB to
ssDNA, which is necessary for HR proteins to
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accrue on damaged DNA. In fact, deleting mrel l,
exol or sgsl significantly reduces the sumoylation
of recombination factors, while mutations that
accumulate unusually high amounts of ssDNA,
such as cdcl3", enhance the modification. On the
other hand, the coordinated sumoylation of
recombination factors requires the SUMO E3
Siz2 and its recruitment to DNA. The latter is
likely mediated by a combination of two features:
a direct binding of Siz2 to DNA via its SAP
domain and a SIM-mediated interaction of Siz2’s
C-terminus with sumoylated Mrel1. Although it
remains to be determined whether the interaction
between Siz2 and Mrel 1 actually depends on the
sumoylation of Mrell itself, this model would
explain why deletion of MRE] 1, but not an allele
encoding a catalytically inactive mutant, abol-
ishes collective sumoylation of HR proteins
(Cremona et al. 2012; Psakhye and Jentsch 2012).

Sumoylation apparently also influences where
in the nucleus HR takes place. As described
above for damaged replication forks, DSBs also
re-localize to the nuclear envelope in budding
yeast and cannot be efficiently processed in
mutants where the integrity of the nuclear pore is
compromised (Nagai et al. 2008). Recent find-
ings demonstrate that the relocation of DSBs to
the nuclear pore is dependent on poly-sumoylation
mediated by the E3s Siz2 and Mms21 in Gl
phase, which leads to the recruitment of SIx5/8 to
DSBs. This STUbL then promotes the relocation
of lesions to the nuclear envelope (Horigome
et al. 2016). Accordingly, SIx5 colocalizes with
Rad52 and Rad9 at repair foci in a SIM- and
SIx8-dependent manner (Cook et al. 2009).
Interestingly, when SIx5 is artificially targeted to
undamaged DNA, it is sufficient to induce
relocalization of these loci to nuclear pores,
independently of previous sumoylation. While
this essential function of SIx5/8 seems to be
specific for repair processes in G1 phase, DSBs
arising in S phase appear to trigger Mms21-
dependent mono-sumoylation and subsequent re-
localization to the nuclear periphery, but not the
nuclear pore. In this case, association is mediated
by the membrane protein Mps3 and is promoted
by, but not dependent on, the presence of SIx5
(Horigome et al. 2016). This finding might also

explain why another study found that deletion of
SLX8 does not affect the survival of cells where
replication forks are transiently stalled or col-
lapsed (Zhang et al. 2006).

Some aspects of SUMO with particular rele-
vance to HR have been characterized in detail
and will be discussed below: (1) the SUMO
ligase activity of Mms21, (2) the sumoylation of
the ssDNA-binding RPA complex, (3) of the
recombinase Rad52, (4) of the eukaryotic DNA
polymerase processivity factor PCNA, and (5) of
the helicase Sgs1/BLM.

4,51 MMS21-Dependent

Sumoylation

Mms21 (also called Nse2 or NSMCE?2) is part of
an essential complex defined by two structural
maintenance of chromosome (SMC) proteins,
Smc5 and Smc6, and several non-SMC elements,
called Nsel-6 in yeast (Stephan et al. 2011). In
addition to Smc5/6, eukaryotes possess two addi-
tional SMC complexes: cohesin (Smcl/Smc3)
and condensin (Smc2/Smc4). SMC proteins
share a common structure that consists of a cen-
tral coiled coil, which brings their globular N-
and C-termini together to form an ATPase
domain, and a hinge region that mediates het-
erodimerization. It is generally accepted that
SMC heterodimers encircle DNA providing
structural support to chromosomes and possibly
targeting non-SMC partners to relevant loci
(Lehmann et al. 1995; Fousteri and Lehmann
2000; Lehmann 2005; Zhao and Blobel 2005;
Taylor et al. 2008; Uhlmann 2016).

Mms21 is essential in almost all species tested
so far, except for Arabidopsis thaliana and
chicken DT40 cells, where SMCS5 itself is also
dispensable (Giaever et al. 2002; McDonald et al.
2003; Huang et al. 2009; Kliszczak et al. 2012;
Jacome et al. 2015). Mutating or removing
Mms21’s catalytic domain is compatible with
viability, but slows growth, sensitizes cells to
various genotoxins and leads to increased levels
of chromosome mis-segregation in both mitosis
and meiosis, thus pointing to a specific role in
genome maintenance (McDonald et al. 2003;
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Pebernard et al. 2004; Andrews et al. 2005; Potts
and Yu 2005; Zhao and Blobel 2005; Behlke-
Steinert et al. 2009; Rai et al. 2011; Xaver et al.
2013; Liu et al. 2014; Yuan et al. 2014).

In budding yeast, these phenotypes most prob-
ably derive from the formation of toxic sister
chromatid junctions at damaged replication forks
that likely represent HR intermediates (Branzei
et al. 2006). Presently, the Mms21 targets respon-
sible for these phenotypes have not been identi-
fied. In fission yeast, the processing of damaged
replication forks also seems to involve Mms21-
dependent sumoylation (Pebernard et al. 2008).
In a mutant where replication forks are induced
to irreversibly collapse, the Smc5/6 complex re-
localizes to sub-telomeric regions, which are
sequences particularly prone to fork stalling. A
similar re-localization is observed in MMS-
treated WT cells. Additionally, a functional
Smc5/6 complex is required for efficient HR and
the repair of collapsed replication forks and
DSBs (Ampatzidou et al. 2006; Potts et al. 2006).
These phenotypes closely resemble those seen
for other Smc5/6 complex mutants, which indi-
cates that Mms21, as an integral component of
this complex, is required to prevent DNA damage
or that its absence creates toxic DNA structures.
Accordingly, a budding yeast mms2/ mutant
lacking the SP-RING domain not only shows a
mild, but constitutive, activation of the DNA
damage checkpoint, but it also requires a func-
tional checkpoint to grow properly (Rai et al.
2011). Mms21 itself is phosphorylated upon acti-
vation of the S phase checkpoint during DNA
replication. Inhibiting this modification causes a
mild increase in the rate of chromosome loss
after DNA damage and reduces sumoylation of
Mms21 targets, suggesting that phosphorylation
is required for full activation of this E3 (Carlborg
et al. 2015).

Structural studies on budding yeast Mms21
show that it interacts with Smc5’s coiled-coil
domain via its N-terminus (Duan et al. 2009;
Duan et al. 2011), while its C-terminus contains
the catalytic SP-RING finger. Disrupting the
Mms21-Smc5 interaction recapitulates many of
the defects observed in mms2] or Smc5/6
mutants, such as gross defects in chromosome

segregation and reduced sumoylation of Mms21
targets (Bermudez-Lopez et al. 2015). A Smc5
mutant that proficiently binds to Mms21 and
chromatin, but is defective in ATP binding, also
impairs Mms21 ligase function. Considering that
ATP binding seems to change the structure of the
Smc5-Mms21 complex in vitro (Bermudez-
Lopez et al. 2015), this suggests that an ATP-
driven conformational change within the Smc5/6
complex could contribute to activating the E3
function of Mms21 (Bermudez-Lopez et al.
2015). The observation that SMC5 and NSE2 are
epistatic in chicken DT40 cells with respect to
DNA damage sensitivity supports this idea
(Kliszczak et al. 2012).

Mms21 contributes to sumoylation of several
proteins with known roles in DNA damage and
repair, such as fission yeast Smc6, Nse3 and Nse4
(Andrews et al. 2005; Pebernard et al. 2008) and
budding yeast Ku70, Smc5 and Birl (Zhao and
Blobel 2005; Montpetit et al. 2006; Yong-
Gonzales et al. 2012). In human cells, MMS21
also modifies SMC6, and several components of
the telomeric shelterin complex (Potts and Yu
2005; Potts et al. 2006; 2007; see Sect. 4.7).
Other prominent substrates of Mms21 include
yeast and human cohesin subunits (Almedawar
et al. 2012; McAleenan et al. 2012; Wu et al.
2012), as described in more detail below (see
Sect. 4.7.1).

Although the consequences of Mms21-
dependent sumoylation are often poorly under-
stood, it appears that in many instances the
sumoylated targets are subject to subsequent
STUbL-mediated ubiquitylation and possibly
proteasomal degradation. Accordingly, budding
yeast SIx5/8 was shown to act on many Mms21-
dependent SUMO conjugates (Albuquerque et al.
2013). One of these is Birl, a component of the
chromosome passenger complex, which regulates
several key mitotic events, including activation of
the spindle assembly checkpoint (SAC; Carmena
et al. 2012). Upon mild replicative stress induced
by a dysfunctional allele of the replication factor
Mcml10, deletion of SLX5 caused a SAC-
mediated mitotic block and accumulation
of sumoylated Birl (Thu et al. 2016). Moreover,
inhibition of the proteasome led to a similar accu-
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mulation of Birl SUMO conjugates, consistent
with a model where the joint action of Mms21
and the SIx5/8 complex suppresses SAC activa-
tion via degradation of Birl, thus allowing pro-
gression through mitosis in the presence of
tolerable replicative stress (Thu et al. 2016).

4.5.2 Sumoylation of RPA

RPA serves as a platform for various ssDNA-
associated protein complexes during a multitude
of DNA transactions, including HR. The largest
subunit of the human complex, RPA1 (RPA70),
is sumoylated, but is kept in a hyposumoylated
state during unperturbed S phase by means of a
tight interaction with the SUMO protease SENP6
(Dou et al. 2010). In response to DSBs, SENP6
dissociates from RPA1, which thus becomes
sumoylated at K449 and K577. This in turn leads
to an increase in the number of HR events (Dou
et al. 2010). On one hand, sumoylation of RPA1
boosts the interaction with RADS1 in vitro, sug-
gesting that the modification could promote the
assembly of the recombinogenic filament by
means of enhancing the RPA1-RADS!1 interac-
tion (Dou et al. 2010). On the other hand, some of
the consequences of RPA sumoylation may be
mediated by RNF4. This STUbL is essential for
the removal of RPA1 from resected DNA to allow
the subsequent loading of RADS51. Hence, for-
mation of RADS51 repair foci is abolished and
RPA1 association is prolonged in cells depleted
of RNF4. Similarly, an unsumoylatable mutant of
RPA1 remains associated with chromatin after
DSB formation (Galanty et al. 2012). RPA1
interacts with RNF4 in a SIM-dependent manner,
and association with the proteasomal subunit
PSMD4 is observed after DNA damage in the
presence of RNF4. Although biochemical evi-
dence for a preferential action of RNF4 on
sumoylated RPAL1 is still needed, these results
strongly suggest that the extraction of RPA1 from
the chromatin is mediated by sumoylation-
induced, RNF4-dependent, ubiquitylation and
subsequent proteasomal degradation (Galanty
et al. 2012). Taken together, both mechanisms,
i.e. RPA’s induced binding to RADS51 and its

extraction from damaged DNA after sumoylation,
likely promote the formation of RADS51 filaments
and might jointly facilitate DSB repair by HR
(Fig. 4.1¢).

4.5.3 Sumoylation of RAD52

Sumoylation of Rad52 is a widely conserved
phenomenon observable in both budding and fis-
sion yeasts, Xenopus laevis egg extracts and
human cells (Ho and Watts 2003; Leach and
Michael 2005; Sacher et al. 2006; Ohuchi et al.
2008). However, the process is best understood in
S. cerevisiae. Budding yeast Rad52 is sumoylated
at K10, K11 and K220 both in vivo (via Siz2) and
in vitro (in the absence of any E3). Whereas
in vitro K220 is the predominant target and K10
and K11 appear to be modified as a consequence
of K220 sumoylation, in vivo all three lysine resi-
dues are required for efficient sumoylation. This
phenomenon may reflect the actions of an E3 in
cells (Sacher et al. 2006). In vitro, sumoylation of
Rad52 requires its C-terminal DNA-binding
domain and is stimulated by naked or RPA-
covered ssDNA, but not by Rad51 filaments
(Altmannova et al. 2010). In vivo, the modifica-
tion is boosted by DSBs induced during meiotic
recombination or by DNA-damaging agents
(Sacher et al. 2006). It also requires the presence
of Mrell, but not its nuclease activity, and is
enhanced by deleting RAD51, but not other fac-
tors involved in later steps of HR (Ohuchi et al.
2008). This suggests that Rad52 sumoylation
may occur just before or at the time of Rad51
recruitment to a DSB. Artificially tethering
Rad52 to DNA, via a sequence-specific DNA-
binding domain, also promotes its sumoylation,
even in the absence of exogenous DNA damage.

Functionally, sumoylation appears to mildly
modulate the known properties of Rad52. In
vitro, SUMO does not affect Rad52’s oligomer-
ization state or its interaction with Rad51 or RPA,
but it reduces its affinity for both ssDNA and
double-stranded DNA (dsDNA), and it slightly
impairs its ssDNA annealing activity. In vivo,
cells that carry an unsumoylatable rad52 mutant
(rad52¥1011.220R)  are  not sensitive to DNA-
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damaging agents (Sacher et al. 2006; Silva et al.
2016) and are proficient in forming Rad52 foci as
a mark of ongoing HR, albeit with a slightly
reduced half-life and an altered distribution
(Altmannova et al. 2010; Yong-Gonzales et al.
2012). Overall, Rad52 sumoylation appears to
influence not so much the efficiency of HR, but
rather the type of recombination pathway that is
used for repair, i.e. the balance between single-
stranded annealing, gene conversion and break-
induced replication events. However, not all
studies agree on the direction or magnitude of
these phenotypes (Sacher et al. 2006; Ohuchi
et al. 2008; Altmannova et al. 2010).

Sumoylation also appears to affect the stabil-
ity of Rad52, but different studies report contrast-
ing results. Sacher et al. (2006) report that SUMO
protects Rad52 from accelerated proteasomal
degradation. In contrast, Su et al. (2015) show
that the STUbL SIx5/8, which preferentially tar-
gets sumoylated Rad52 in vitro (Xie et al. 2007),
promotes the degradation of a Rad52-SUMO
fusion upon DNA damage in vivo. Moreover,
sIx8A is epistatic with the non-sumoylatable
rad52%1011:220R myutant with respect to recombina-
tion rates at sequences that interfere with DNA
replication (Su et al. 2015).

Although the majority of the phenotypes
caused by preventing Rad52 sumoylation are
minor, some are more obvious, and these relate to
how Rad52 interacts with the anti-recombinogenic
helicases Rrm3 and Srs2. While Srs2 acts glob-
ally, Rrm3 specifically prevents recombination
and facilitates replication fork restart within the
rDNA (Veaute et al. 2003; Torres et al. 2004a;
Torres et al. 2004b). An rrm3A srs2A double
mutant is inviable, but can be rescued by deleting
RADS2, indicating that unrestrained recombina-
tion at the rDNA locus causes the lethality (Torres
et al. 2004a; Sacher et al. 2006). Inhibiting Rad52
sumoylation also suppresses the inviability of
rrm3A srs2A cells, suggesting that the modifica-
tion may selectively affect the role of Rad52 in
rDNA recombination (Sacher et al. 2006).
Although the rad52%1%11:220R mutant is proficient
in rDNA recombination, it causes Rad52 foci to
form within the nucleolus, while in WT cells
Rad52 foci assemble outside of this compart-

ment, possibly due to a transient re-localization
of the break. These observations therefore sug-
gest that Rad52 sumoylation could be critical to
exclude the core HR machinery from the nucleo-
lus. Hence, the rescue of the rrm3A srs2A
mutant lethality by rad52%1%11.220R may be due to
a facilitated access of HR factors to the nucleo-
lus, which might allow replication fork restart in
the rDNA even in the absence of Rrm3 and Srs2
(Torres-Rosell et al. 2007). Presently, it is
unknown how sumoylation affects Rad52’s
accessibility to the nucleolus, but it may involve
a SUMO-dependent change in interactions
between Rad52 and its partners. Surprisingly, the
consequences of altering Rad52 sumoylation for
the single srs2A mutant are strikingly different
from those observed for rrm3A srs2A cells: pre-
venting Rad52 sumoylation slightly aggravates
the damage sensitivity of the srs2A mutant, while
a Rad52-SUMO fusion fully rescues it (Esta et al.
2013). Further evidence for a direct role of Rad52
sumoylation in controlling Srs2 functions is that
overexpressing S1Z2, encoding Rad52’s cognate
E3, also rescues the srs2A mutant phenotypes as
long as Rad52 can be sumoylated (Esta et al.
2013). Given the well-established role of Srs2 in
disassembling Rad51-ssDNA complexes, it is
therefore likely that Rad52 sumoylation prevents
the formation of excessive or defective nucleo-
protein filaments by modulating the interactions
of Rad52 with Rad51. The observations that
Rad51 contains a SIM within its C-terminus that
enhances its interaction with Rad52, and a
Rad52-SUMO fusion protein binds to Rad51
somewhat better than unmodified Rad52 support
this hypothesis (Bergink et al. 2013).

Rad52 sumoylation may not just control the
properties of Rad51 filaments directly, but it
could recruit other proteins to do so, such as
Cdc48/p97 with its cofactors Ufdl-Npl4. This
segregase is well-known for its roles in extracting
proteins from complexes. It interacts preferen-
tially with sumoylated Rad52 via SIMs in both
Ufdl and Cdc48, therefore suggesting that it
could compete with Rad51 for binding to Rad52.
Epistasis between a hypomorphic allele of cdc48
and a rad51 SIM mutant with respect to DNA
damage sensitivity favors this model. Also,
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Cdc48/p97 can displace Rad51/Rad52 from
DNA, and it does so more effectively when
Rad52 is fused to SUMO (Bergink et al. 2013).

Identification of a robust function for Rad52
sumoylation has probably been hampered by the
fact that it represents only one of many
sumoylation events that coordinately target and
therefore likely jointly regulate the HR pathway
(see Sect. 4.3). Mechanistically, this phenome-
non could involve SUMO acting as a “molecular
glue” to control the interactions amongst the rel-
evant proteins (Matunis et al. 2006). In fact,
Rad52  preferentially interacts with the
sumoylated forms of Rfal, as part of RPA, and
Rad59 (Psakhye and Jentsch 2012; Silva et al.
2016). Likewise, Rfal preferentially interacts
with the sumoylated forms of Rad52 (Psakhye
and Jentsch 2012). Fusing SUMO to either Rad52
or Rad59, to mimic constitutively modified ver-
sions of these proteins, also enhances their
respective interactions, but, surprisingly, occlud-
ing their sumoylation does not appreciably inhibit
it (Psakhye and Jentsch 2012; Silva et al. 2016).
Phenotypically, mutations of the known
sumoylation sites of RPA (in Rfal, Rfa2 and
Rfa3), Rad52, and Rad59 impair growth upon
chronic exposure to MMS and, unlike the
rad52X10.11:220R gingle mutant, significantly reduce
the rates of both spontaneous and damage-induced
interchromosomal recombination (Psakhye and
Jentsch 2012). As expected from the function
of Siz2 in mediating bulk sumoylation of HR
factors, siz2A is epistatic with the “SUMO-less”
RPA/Rad52/Rad59 mutant (Psakhye and Jentsch
2012). Overall, these results suggest that the
DNA  damage-induced and -coordinated
sumoylation of recombination factors, including
Rad52, stabilizes the interactions amongst such
proteins, promoting repair.

Like in yeast, human RADS52 is also
sumoylated in vivo and in vitro, at K411 and
K412, which are close to the C-terminus of this
protein. In vitro, this modification does not affect
Rad52’s binding to ssDNA or dsDNA, its ssDNA
annealing activity or its interaction with Rad51.
In vivo, mutating K411 and K412 to arginine
restricts RADS52, which is normally a nuclear
protein, to the cytoplasm. It remains to be deter-

mined whether this phenotype actually results
from loss of sumoylation, or from a disruption of
RADS52’s nuclear localization signal, which over-
laps with K411 and K412 (Saito et al. 2010).

4.5.4 Sumoylation of PCNA

In budding yeast, the homotrimeric DNA poly-
merase processivity factor PCNA is sumoylated
mainly at K164 by Sizl, and to a lesser extent at
K127 (Hoege et al. 2002; Stelter and Ulrich
2003). PCNA sumoylation normally takes place
during S phase (Hoege et al. 2002), which is con-
sistent with the observation that the protein is
efficiently modified only when loaded onto DNA
(Parker et al. 2008). In fact, the relative abun-
dance of loaded and sumoylated PCNA suggests
that a large proportion, if not all, of the loaded
trimer could be modified during unperturbed rep-
lication (Parker et al. 2008). Yet, abolishing
PCNA sumoylation does not compromise the
replication process per se. PCNA is not only tar-
geted by SUMO: in response to DNA damage it
is also modified by mono- and poly-ubiquitin by
a set of ubiquitin E2s and E3s known as the RAD6
pathway (Hoege et al. 2002). PCNA mono-
ubiquitylation at K164 by the E3 Rad18 promotes
the bypass of DNA lesions by recruiting damage-
tolerant polymerases to stalled replication forks,
while poly-ubiquitylation activates a poorly
understood error-free damage avoidance pathway
that likely involves template switching (Ulrich
2005). Although they target the same site on
PCNA, sumoylation does not seem to compete or
act antagonistically with ubiquitylation. Instead,
SUMO appears to channel damage processing
away from HR into the RAD6 pathway via two
cooperating mechanisms (Fig. 4.2).

The first clue to the roles of PCNA sumoylation
counteracting HR came from the observation that
an unsumoylatable PCNA mutant (pol30X127.16R)
or a deletion of SIZ! strongly suppresses the DNA
damage sensitivity of radl8A cells, where PCNA
cannot be ubiquitylated (Papouli et al. 2005;
Pfander et al. 2005). Interestingly, deleting SRS2
suppresses the radl8A phenotype to a similar
extent (Lawrence and Christensen 1979), suggest-



4 Functions of SUMO in the Maintenance of Genome Stability 67

Ubc9

Siz1(\

PCNA

Loading
--.-»

SRR

DNA damage\

Fig. 4.2 SUMO modification of PCNA in budding yeast.
During S phase, PCNA is loaded onto DNA, thus becoming
a favorable substrate for sumoylation by Ubc9 and Sizl.
The resulting PCNA-SUMO conjugate recruits the Srs2
helicase to replication forks, where this helicase counter-
acts the accumulation of recombinogenic Rad51 filaments.
Sumoylation of PCNA also contributes to the recruitment

ing that Srs2 may act in the same pathway as
PCNA sumoylation (Papouli et al. 2005; Pfander
et al. 2005). In fact, deleting SRS2 in radl8A
sizIA or radl8A pol30%12716% cells does not sup-
press their damage sensitivity any further, and the
effects of both SRS2 and SIZI were found to
depend on the presence of an intact HR pathway.
This genetic relationship between PCNASY™© and
SRS2 was elaborated mechanistically by showing
that sumoylation enhances the affinity of Srs2 for
PCNA both in vivo and in vitro, due to a tandem
receptor motif consisting of a PCNA-interacting
protein box (PIP-box) and a SUMO interaction
motif (SIM) at the C-terminus of Srs2 (Papouli
et al. 2005; Pfander et al. 2005; Armstrong
et al. 2012). These findings have given rise to a
model whereby sumoylated PCNA recruits Srs2
to replication forks, where the helicase counter-
acts the assembly of Rad51 filaments onto
DNA. Conversely, when PCNA cannot be
sumoylated, Srs2 fails to associate with replica-
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of Elgl, which facilitates the unloading of PCNA from the
chromatin. After replication fork stalling due to DNA dam-
age, the E2-E3 complex Rad6-Rad18 associates preferen-
tially with sumoylated PCNA through a SIM within Rad18.
Rad6-Rad18-dependent ubiquitylation of PCNA then
allows DNA damage bypass via translesion synthesis or
template switching. (S) = SUMO, (U) = ubiquitin

tion forks efficiently, resulting in an increased rate
of sister chromatid recombination due to the ele-
vated levels of Rad51 on DNA (Robert et al.
2006). In addition, Srs2 recruitment by PCNASUMO
has been shown to induce the dissociation of Pold
and Poln from a recombination intermediate
(Burkovics et al. 2013).

At the same time, the attachment of SUMO to
PCNA greatly enhances the activity of the ubig-
uitin ligase Radl8 towards the DNA-bound
clamp (Parker and Ulrich 2012, Fig. 4.2). This
effect is attributable to a SIM in Rad18 and sug-
gests that PCNASUMO js Rad18’s physiological
substrate. Altogether these observations indicate
that sumoylation of PCNA, by means of recruit-
ing the anti-recombinogenic Srs2 and the ubiqui-
tin E3 Rad18, may allow stalled replication forks
to use PCNA ubiquitylation for damage bypass
rather than the possibly deleterious recombina-
tion pathway (Papouli et al. 2005; Pfander et al.
2005; Parker and Ulrich 2012).
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There is also good evidence for a more direct
contribution of SUMO to the regulation of Srs2.
Sumoylation of Srs2, mediated through the
C-terminal SIM of this protein, has been
described to inhibit the interaction with
PCNAS™O_ thus likely ensuring an appropriate
balance between PCNA-bound and free Srs2
(Kolesar et al. 2012). Furthermore, the SUMO-
like domain protein Esc2 can counteract the Srs2-
mediated inhibition of HR by promoting Srs2
turnover on chromatin and thereby facilitating
Rad51 recruitment (Urulangodi et al. 2015).

Sumoylation of PCNA is not limited to bud-
ding yeast, but has also been observed in Xenopus
egg extracts, chicken DT40 B lymphocytes and
more recently human cells (Leach and Michael
2005; Arakawa et al. 2006; Gali et al. 2012;
Moldovan et al. 2012). Although SUMO-
dependent Rad18 recruitment and stimulation of
PCNA ubiquitylation do not appear to be con-
served in vertebrates (Parker and Ulrich 2012), a
potential homologue of Srs2 has been identified:
similar to Srs2 in yeast, the protein PARI harbors
a UvrD-like helicase domain, interacts with
Rad51 and preferentially binds to a PCNA-
SUMOL fusion construct via a C-terminal PIP-
box and a SIM. Depletion of PARI in U20S or
DT40 cells significantly stimulates HR rates,
suggesting that vertebrate PARI acts like Srs2 in
the suppression of inappropriate HR events
(Moldovan et al. 2012). In accordance with these
findings, overexpression of a PCNA-SUMOI1
fusion inhibits recombination at stalled replica-
tion forks, and overexpression of sumoylation-
deficient PCNA mutants induces DNA DSBs
(Gali et al. 2012). The relevance of this mecha-
nism in a physiological setting needs to be deter-
mined, however, as sumoylation of human PCNA
has been detected only after overexpression of
tagged SUMO1 in 293T or HeLa cells (Gali et al.
2012; Moldovan et al. 2012).

In addition to enhancing mono-ubiquitylation
via Rad18 and controlling HR via Srs2, SUMO
may affect other aspects of PCNA biology. The
yeast protein Elgl bears homology to the largest
subunit of the replication factor C (RFC) com-

plex, and it has been proposed to act as an
unloader of PCNA in complex with the Rfc1-4
subunits (Kubota et al. 2013, Fig. 4.2). As a con-
sequence, both sumoylated PCNA and Srs2
strongly accumulate on the chromatin of elgl
mutants. Similar to Srs2, Elgl preferentially
binds to sumoylated PCNA via two SIMs (Parnas
et al. 2010); however, the Elgl complex likewise
acts on unmodified PCNA.

Finally, SUMO modification of PCNA can
also interfere with the binding of interaction part-
ners, such as Rfcl and Ecol (Moldovan et al.
2006). It has been noted that K127 is located
within a region of PCNA that serves as its major
partner-interaction site. Sumoylation of such res-
idue might therefore compromise the association
of PCNA with its partners, essentially acting as
an “off-switch” to clear the clamp (Moldovan
et al. 2006).

4.5.5 Sumoylation of SGS1/BLM

The budding yeast RecQ-like helicase Sgs1 is an
important player in the repair of DSBs via HR. A
sgsI knockout mutant accumulates Rad51 foci at
damaged replication forks, a phenotype that has
similarly been described for a ubc9 mutant
(Liberi et al. 2005; Branzei et al. 2006). This
indicates that both sumoylation and Sgs1 func-
tions are needed for the regulation of HR at dam-
aged replication forks. Sgsl has been identified
as a SUMO target; however, this sumoylation
event per se does not affect HR efficiency (Lu
et al. 2010). Recently, the STUbL SIx5/8 has
been reported to interact with Sgs1 and to nega-
tively affect the formation of Sgs1 foci after rep-
lication fork stalling, indicating that Sgs1 might
be removed from damaged replication forks in a
STUbL-dependent manner (Bohm et al. 2015).
However, overall protein levels of Sgsl after
damage induction remain unaltered, suggesting
that removal of Sgs1 does not involve proteasomal
degradation. Interestingly, expression of the
human STUbL RNF4 in a s/x8A mutant back-
ground also reduces the formation of Sgsl foci.
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A triple sIx5A sIx8A sgslA mutant is syntheti-
cally lethal, but overexpression of the protease
Wssl1 in this background rescues this phenotype
(Tong et al. 2001; Pan et al. 2006; Mullen et al.
2010). A wssIA sgsIA double mutant also exhib-
its synthetic lethality, suggesting that SIx8 and
Wssl act synergistically in this pathway.
Accumulation of the human homologue of
Sgsl, BLM, in repair foci is also diminished after
depletion of RNF4 in human cells, clearly indi-
cating that the phenomenon of STUbL-mediated
modulation of RecQ-like helicases is conserved
in evolution (Bohm et al. 2015). Accordingly,
BLM is indeed sumoylated, and cells producing
an unsumoylatable BLM mutant accumulate
higher levels of DNA damage after replication
fork stalling than those expressing the WT pro-
tein, indicating that the modification is important
to resolve replication problems (Eladad et al.
2005). Abolishing sumoylation of BLM prevents
the recruitment of RADS51 and subsequent HR at
stalled replication forks. Indeed, RADS51 prefer-
entially binds to sumoylated BLM in vitro, pro-
viding a first mechanistic explanation for how
sumoylation of BLM may stimulate HR at stalled
replication forks (Ouyang et al. 2009).

4.5.6 Sumoylation of Thymidine
DNA Glycosylase in Base
Excision Repair

Base excision repair processes a variety of chem-
ical lesions inflicted on the nitrogenous bases of
the DNA. It relies on several highly specialized
glycosylases that recognize and cleave a narrow
spectrum of damaged or modified bases. The
resulting abasic sites, regardless of the enzyme
that generated them, feed into a common core
pathway that involves the initial displacement of
the glycosylase from DNA and the nicking of the
damaged duplex by the APEl endonuclease.
DNA polymerase  then removes the baseless
sugar residue and polymerizes across the gap.
Finally, the XRCCl1-ligase III complex seals the
nick in the DNA (reviewed by Memisoglu and
Samson 2000; Barnes and Lindahl 2004).

Thymidine DNA glycosylase (TDG) is best
known for its ability to protect DNA against C —
T transitions by recognizing thymine or uracil
within G*T and GeU mismatches arising from
spontaneous deamination of 5-methyl-cytosine
or cytosine, respectively (Barnes and Lindahl
2004). More recently, TDG has also been impli-
cated in regulating DNA methylation. TDG
actively demethylates DNA by excising
5-carboxylcytosine and 5-formylcytosine, the
products of iterative oxidation of 5-methyl-
cytosine by TET dioxygenases (Cortazar et al.
2011; Cortellino et al. 2011; He et al. 2011; Maiti
and Drohat 2011; Kohli and Zhang 2013). This
process is critical for the development of higher
eukaryotes and could explain why, unlike other
DNA glycosylases, TDG is essential for viability
in mice (Hu et al. 2010).

Human TDG is sumoylated at K330 in vivo
and in vitro. In vitro, TDG is preferentially modi-
fied by SUMOI, and to a lesser extent by
SUMO2, under equivalent reaction conditions.
This could be partly explained by the observation
that TDG also non-covalently interacts with
SUMOL1 through a SIM at the C-terminus of the
central catalytic core, and possibly a second one
within the N-terminal regulatory domain
(Hardeland et al. 2002; Baba et al. 2005;
Steinacher and Schar 2005; Takahashi et al. 2005;
Mohan et al. 2007; Smet-Nocca et al. 2011; Coey
et al. 2014). Both covalent and non-covalent
interactions influence the functions of TDG.

Initially, sumoylation was proposed to reduce
TDG’s affinity for DNA, thereby relieving the
strong product inhibition exhibited by this
enzyme and promoting catalytic turnover. The
crystal structure of a central region of TDG con-
jugated to SUMOI appears to support this model
because it shows that the covalent and non-
covalent interactions between SUMO and TDG
may result in the protrusion of a helix from the
surface of the glycosylase. When DNA is mod-
eled into this structure, the protruding helix steri-
cally clashes with the duplex, suggesting that a
SUMO-induced conformational change may
force the enzyme to dissociate from DNA (Baba
et al. 2006, 2005). This conformational change
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does not strictly depend on the covalent modifi-
cation of TDG, but can apparently also be trig-
gered by the non-covalent binding of SUMO to
the glycosylase (Smet-Nocca et al. 2011). An
interaction between SUMO and the N-terminus
of TDG, which is required for tight binding to
G°T, may also be involved in this process because
deleting this domain enhances TDG turnover in a
way that is “epistatic” with SUMO modification.
Consistently, early studies show that the
N-terminus of TDG undergoes a conformational
change in response to sumoylation of the enzyme
(Steinacher and Schar 2005). More recently,
however, NMR analysis reported no change in
the structure of TDG’s N-terminal regulatory
domain upon sumoylation. It rather seems that
the interaction between SUMO and the C-terminal
SIM of TDG competes with its regulatory domain
for binding to the catalytic domain. Therefore,
SUMO could dislodge the regulatory domain
from the catalytic interface of TDG, leading to an
extended conformation that is poised for cataly-
sis (Smet-Nocca et al. 2011). Observations show-
ing that sumoylation reduces the affinity of TDG
for DNA and thereby stimulates its catalytic turn-
over also corroborated the above-described
model (Hardeland et al. 2002). However, subse-
quent studies show that sumoylated TDG can still
bind to DNA fairly tightly, albeit less so than the
unmodified enzyme (Coey et al. 2014). In addi-
tion, in contrast to what the model described
above would predict, DNA-bound TDG is not
sumoylated more efficiently than the free enzyme,
at least in vitro and in the absence of an E3 (Coey
et al. 2014). Free SUMO can also boost the cata-
Iytic turnover of TDG in vitro in a SIM-
independent manner, which possibly suggests a
more indirect influence of SUMO on TDG activ-
ity (Smet-Noccaet al. 2011). In vivo, sumoylation
does not appear to be important for TDG activity
either, as neither preventing sumoylation nor
disrupting non-covalent interactions with
SUMO compromise TDG’s ability to excise
5-carboxylcytosine. Likewise, overexpressing
SUMO or altering the cellular sumoylation/desu-
moylation balance does not affect TDG’s in vivo
activity (McLaughlin et al. 2016).

Given that APE1 can also relieve product inhi-
bition of TDG (Waters et al. 1999; Fitzgerald and
Drohat 2008; McLaughlin et al. 2016), it is con-
ceivable that TDG sumoylation may actually
regulate some other process, e.g. binding to other
proteins. In fact, in exponentially growing cells
TDG is found exclusively in the nucleus and is
enriched within PML nuclear bodies. This local-
ization relies on the interaction of TDG’s two
SIMs with sumoylated PML (Takahashi et al.
2005; Mohan et al. 2007; McLaughlin et al.
2016). Consistently, TDG preferentially binds to
sumoylated PML in vitro (Takahashi et al. 2005).
This association appears to be incompatible with
DNA binding (Mohan et al. 2007). As a conse-
quence, deleting the DNA-binding N-terminus of
TDG enhances co-localization with PML, prob-
ably by exposing TDG’s SIMs (Mohan et al.
2007). At the same time, TDG sumoylation pre-
vents the non-covalent, intermolecular interac-
tion with a SUMO moiety on PML (Mohan et al.
2007). Taken together, these observations sug-
gest that when TDG is released from DNA, it
exposes its SIMs that would mediate its translo-
cation to PML bodies unless the intermolecular
interaction with sumoylated PML is prevented by
sumoylation of TDG itself (Mohan et al. 2007).
Why unsumoylated TDG localizes to PML bod-
ies is unclear, but it may involve CBP/p300, an
acetyl-transferase responsible for the transcrip-
tional activation of several genes in mammalian
cells (Goodman and Smolik 2000). CBP/p300
can interact with and acetylate TDG (Tini et al.
2002), but only when the glycosylase is unmodi-
fied, suggesting that TDG localization to PML
bodies may promote its acetylation (Mohan et al.
2007).

The STUbL RNF4 may also affect the func-
tions of sumoylated TDG, as determined by work
on DNA methylation. Overexpressing RNF4
reduces the methylation levels of a methylation-
sensitive reporter promoter, leading to its activa-
tion. This effect requires both the SUMO-binding
and ubiquitin ligase activities of RNF4, as well as
TDG and APEIl. Vice versa, RNF4~~ mouse
embryonic fibroblasts (MEFs) show increased
levels of global and locus-specific DNA methyla-
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tion compared to WT cells. Viaits SIM-containing
N-terminal region, RNF4 physically interacts
with TDG and APEI, synergizing with them in
the activation of DNA demethylation (Hu et al.
2010). Therefore, RNF4 controls DNA demeth-
ylation via TDG/APEI as a STUbL. It remains to
be determined whether these functions actually
depend on the sumoylation and subsequent ubiq-
uitylation of TDG or on its SUMO-binding activ-
ity: although the interaction between RNF4 and
TDG can be recapitulated in vitro, it does not
apparently require, or is enhanced by, prior
sumoylation of the glycosylase (Moriyama et al.
2014).

SUMO in the Maintenance
of Telomere Function

4.6

Telomeres are structural elements at the ends of
chromosomes that protect these from being rec-
ognized as DSBs and provide a solution to the end
replication problem, which would otherwise
cause a shortening of linear DNA molecules after
every round of replication (Watson 1972; Verdun
and Karlseder 2007; Arnoult and Karlseder 2015).
Telomeric sequences consist of tandemly repeated
dsDNA that terminates in a G-rich single-stranded
3’-overhang (Blackburn et al. 2015). They are
covered by a group of proteins collectively called
shelterin complex that, together with a range of
accessory factors, controls telomere length and
function (Fig. 4.3). Telomere length is maintained
by an RNA-dependent DNA polymerase named
telomerase, an enzyme that uses an RNA cofactor
as a template to elongate telomeres (Autexier and
Lue 2006). In the absence of telomerase, chromo-
some ends progressively shorten, leading to
senescence and/or cell death. Hence, all immortal
cell lines appear to have acquired some mecha-
nism to maintain telomeres. Frequently, this
involves re-expression of telomerase (Granger
et al. 2002), but it is also possible by means of a
mechanism called alternative lengthening of telo-
meres (ALT), as observed in a few cancers.
Although the exact molecular aspects of ALT
remain unclear, increasing evidence suggests that
this process involves some type of HR-mediated

DNA replication that uses telomeric DNA, in cis
or in trans, as a template (Pickett and Reddel
2015).

SUMO plays an important role in telomere
biology. Not only do telomeres become longer
than usual in budding and fission yeast
sumoylation mutants (Tanaka et al. 1999;
Xhemalce et al. 2004; Zhao and Blobel 2005;
Hang et al. 2011), but in S. cerevisiae compro-
mising sumoylation causes cells to senesce more
quickly than normal (Chavez et al. 2010).
Conversely, senescent cells also show increased
levels of total sumoylation (Chavez et al. 2010).

In both budding and fission yeast, sumoylation
controls telomerase activity. Early studies hinted
at this possibility by showing that the unusually
long telomeres observed in S. pombe SUMO
mutants probably originate from extension of the
telomeric 3’-overhangs, a hallmark of uncon-
trolled telomerase activity (Xhemalce et al.
2007). The main player in this process appears to
be the shelterin factor Tpzl. Tpzl sumoylation
peaks with telomere replication in late S phase
and is catalyzed by the SUMO E3 Plil (Garg
et al. 2014; Miyagawa et al. 2014). An unsu-
moylatable allele, pzI¥**F does not affect shel-
terin stability but leads to longer-than-usual
telomeres. This phenotype is suppressed by loss
of telomerase activity but is not further enhanced
by loss of plil or pmt3, indicating that Tpzl
likely is the main sumoylation target in telomere
homeostasis in fission yeast, and that this process
is mediated via telomerase. In fact, ipz1%**F cells
show both a loss of the telomerase-inhibitory
complex Stnl/Tenl from telomeres and an
increased association of telomerase. Stnl binds
non-covalently and independently to both SUMO
and Tpzl, resulting in a synergistic enhancement
of binding to a covalent SUMO-Tpzl fusion.
These observations suggest a model where Tpz1
sumoylation prevents telomere elongation by
recruiting Stnl/Tenl to telomeres and thereby
restraining telomerase activity (Garg et al. 2014;
Miyagawa et al. 2014). In support of this model,
fusing Stnl to SUMO or even directly to Tpzl, to
mimic a constitute interaction between these two
proteins, suppresses the telomeric phenotypes of
pmt3A cells (Miyagawa et al. 2014, Fig. 4.3a).
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(A) Fission yeast

(C) Human cells

Proteasome?

Fig. 4.3 Telomere composition and contributions of the
SUMO system in yeast and human cells. (a) In fission yeast,
the dsDNA-binding protein Tazl coats double-stranded
telomeric repeats (Spink et al. 2000) and interacts with
Rapl and Pozl. Via Tpzl, Pozl interacts with Potl, which
directly recognizes the 3’ telomeric overhang (Baumann
and Cech 2001). (b) In budding yeast, dsDNA telomeric
repeats are bound by Rapl, which interacts with Rifl/2,
while the CST complex recognizes the 3’-overhangs via

A surprisingly similar contribution of SUMO
to telomere homeostasis is observed in budding
yeast (Hang et al. 2011), although both the
molecular mechanism and the key modification
target are probably different. In S. cerevisiae,
several telomeric proteins are sumoylated:
yKu70, Rapl, the helicase Pifl and the 3’ over-
hang binding protein Cdc13 (Zhao and Blobel

Recruitment to PML bodies
HR

Cdc13. (c) Human telomeres harbor a set of proteins simi-
lar to those found in fission yeast, which are collectively
called shelterin complex: TRF1 and TRF2 (the orthologues
of Taz1) bind to RAP1 and TIN2. In turn, TIN2 recognizes
TPP1, which interacts with POT1 (de Lange 2005). In addi-
tion to shelterin, another complex is important for telomere
regulation. It is called CST, after its constituent human pro-
teins CTC1 (Cdc13 in budding yeast), STN1 and TENI,
and it is reminiscent of RPA. (S) = SUMO

2005; Hang et al. 2011; Hang et al. 2014;
Chymkowitch et al. 2015). Similar to sumoylation
of Tpzl in S. pombe, budding yeast Cdcl3
sumoylation peaks in late S phase. The modifica-
tion, catalyzed by Sizl and Siz2, occurs at K909
within Cdc13’s Stnl-binding domain. Cells bear-
ing an unsumoylatable cdcl3%R allele have
longer-than-usual telomeres but show normal
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levels of telomeric 3'-overhangs, indicating that
chromosome end protection is unaffected. The
cdc13%R allele is epistatic with sizl/siz2 and
stnl, strongly suggesting that Cdc13 is the main
target of Siz1/Siz2-dependent sumoylation in
telomere control in budding yeast, and that the
modification acts via Stnl. In fact, inhibiting
Cdc13 sumoylation reduces the binding of Cdc13
to Stnl in the yeast two-hybrid system, while a
permanent fusion of SUMO to Cdc13 increases
the interaction in vitro and leads to shorter telo-
meres in vivo. Given that the telomeric pheno-
type of cdci3¥%® cells depends on active
telomerase and is suppressed by overexpressing
STN1, Cdc13 sumoylation has been proposed to
facilitate Stnl/Tenl recruitment to telomeres
(Hang et al. 2011). However, unlike fission yeast
Stnl, budding yeast Stnl does not appear to bind
appreciably to SUMO; therefore, it is unlikely
that it directly recognizes sumoylated Cdcl3
(Hang et al. 2011). Rather, sumoylation may
change other properties of Cdcl3, such as its
structure or DNA binding, which could ulti-
mately facilitate association of Stnl with telo-
meres (Fig. 4.3b).

In budding yeast, Siz2-dependent sumoylation
appears to regulate telomerase activity by a sec-
ond mechanism, involving telomere clustering
(Ferreira et al. 2011; Ferreira et al. 2013). Asin a
number of other organisms (Ferreira et al. 2013),
chromosome ends cluster at the nuclear envelope
in S. cerevisiae. This effect is mediated by two
pathways: one dependent on the partially redun-
dant Sir2/3/4 proteins and the other on Yku70/80
(yeast Ku70/80; Hediger et al. 2002). Both Sir4
and Yku80, and to some extent Yku70, are
sumoylated in a Siz2-dependent manner (Ferreira
etal.2011), and deletion of SIZ2 leads to a loss of
telomere clustering. Both pathways appear to be
affected, because siz2A cells are unable to tether
a reporter locus to the nuclear envelope via either
Yku70/80 or Sir4. Clustering can be rescued by
permanently fusing SUMO to Yku70 or Yku80
to mimic a constitutively sumoylated Yku70/80
complex, indicating that sumoylated Yku70/80
directly controls telomere clustering. Sumoylation
of Sir4 does not seem to be as critical. Telomere

lengthening upon loss of siz2 is epistatic with
deletion of PIFI, encoding a helicase with an
inhibitory effect on telomerase. It has therefore
been proposed that SUMO-dependent clustering
of telomeres at the nuclear envelope may antago-
nize telomerase activity (Ferreira et al. 2011).
Although interesting, definitive proof for this
model will require a demonstration that the
increase in telomere length observed in siz2A
cells actually depends on, for example, Yku70
sumoylation, rather than another functionally
analogous sumoylation event, such as the modifi-
cation of Cdc13.

The roles of SUMO in telomere regulation go
beyond controlling telomerase activity. For
instance, sumoylation of the anti-recombinogenic
helicase Sgsl by Siz1/Siz2 at K621 stimulates
recombination between telomeres (Lu et al.
2010). In addition, sumoylation of Yku70 by
Mms21, which appears to be functionally distinct
from that catalyzed by Siz2, may also play a role
in this process. This modification event, which
occurs at a cluster of lysines within the DNA-
binding domain of Yku70, does not in fact act via
telomerase (Hang et al. 2014). In addition, a
vku70 mutant that shows reduced levels of Yku70
sumoylation has shortened, rather than elongated,
telomeres and an increased length of telomeric
3’-overhangs. These results are consistent with
the Yku70/80 complex’s well-established ability
to inhibit end resection by DNA binding, thereby
preventing HR and promoting NHEJ. Inhibiting
sumoylation of Yku70 reduces its binding to
DNA ends at both telomeres and DSBs and, con-
sequently, has been reported to speed up resec-
tion of the latter. It follows that Yku70
sumoylation could facilitate the association of
the Yku70/80 complex with DNA ends in general
and thereby contribute to telomere maintenance
(Hang et al. 2014). The exact mechanism of this
process is unclear but could involve HR, because
inhibiting Mms21 E3 activity boosts the levels of
recombination intermediates at telomeres in
senescing telomerase-deficient mutant yeast
(Chavez et al. 2010).

SUMO’s roles in regulating NHEJ at budding
yeast telomeres also involves STUbLs. Cells
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devoid of Uls1 show increased levels of chromo-
somal end-to-end fusions (Lescasse et al. 2013).
This phenotype requires a functional NHEJ path-
way and the ability to form poly-SUMO chains
and is recapitulated by inhibiting Uls1’s ubiquitin
E3 activity (Lescasse et al. 2013). This implies
that Uls1’s poly-sumoylation-mediated ubiquity-
lation activity protects telomeres by inhibiting
NHEJ at these loci. Consistently, Ulsl binds to
telomeres. The relevant SUMO target in this
pathway might be Rap1, as it was not only shown
to be sumoylated, but its modification increases
upon loss of ulsl. Also, a rapl*¥?**2%R jllele,
which largely but not completely abolishes
sumoylation, can partially suppress the end-to-
end fusions observed in uls/ cells (Lescasse et al.
2013). Although it seems clear that Ulsl-
dependent degradation of Rapl is important for
inhibiting NHEJ at telomere fusions, the molecu-
lar details of this mechanism remain to be
determined.

Another STUbL contributing to telomere
function is the S1x5/8 complex. Like human cells,
budding yeast cells devoid of telomerase accu-
mulate critically short telomeres and eventually
undergo senescence. Under these conditions,
eroded telomeres relocalize from their typical
position around the nuclear envelope to the
nuclear pore complex (Khadaroo et al. 2009).
This accrual of dysfunctional telomeres is
thought to facilitate HR amongst them, thereby
allowing some cells to maintain telomeres with-
out telomerase by a mechanism similar to ALT in
human cells. These cells can escape senescence
and are called “survivors”. Mutants devoid of
STUbL activity (slx5A4) poorly concentrate telo-
meres to the nuclear pore complex and also show
reduced levels of survivors (Churikov et al.
2016). A similar, although not as penetrant, phe-
notype is observed in the siz/ siz2 mutant
(Churikov et al. 2016), suggesting that SIx5/8
controls recombination at dysfunctional telo-
meres by mechanisms that are dependent on its
ability to ubiquitylate poly-sumoylated proteins.
Accordingly, S1x5/8 has been suggested to recruit
telomeres to the nuclear pore complex, since it
also associates with the latter (Nagai et al. 2008).
This model appears, however, unlikely because

artificially tethering a telomere to the nuclear
pore complex cannot restore recombination at
this locus in the six5A mutant (Churikov et al.
2016). On the other hand, both SUMO and S1x8
are recruited to eroding telomeres with similar
kinetics (Churikov et al. 2016). The relevant
sumoylated proteins on which SIx5/8 acts in this
process are unclear. RPA has been suggested as a
candidate, because Rfal is sumoylated in
response to telomere attrition, and deleting SLX5
also boosts this modification (Churikov et al.
2016). However, this scenario seems improbable
because RPA is sumoylated not exclusively upon
telomere erosion, but also in response to other
kinds of DNA damage (see Sects. 4.5.2 and
4.5.3), all of which produce large amounts of
ssDNA as repair intermediates. Therefore,
ssDNA is the likely trigger for RPA sumoylation,
rather than eroded telomeres per se.
Sumoylation plays an important role at human
telomeres as well (Fig. 4.3c): several components
of human shelterin are sumoylated. The main
SUMO E3 involved in this process is the SMC5/6-
associated ligase MMS21, which appears to be of
particular importance for the ALT pathway (Potts
and Yu 2007). In ALT cells only, telomeres co-
localize with specialized PML bodies containing
many HR factors, suggesting that they could act
as sites of telomere elongation (Yeager et al.
1999). This co-localization depends on both an
intact SMC5/6 complex and MMS21-dependent
sumoylation.  Consistently, =~ MMS21 can
sumoylate four (TRF1, TRF2, TIN2 and RAP1)
out of the six components of the shelterin com-
plex. In ALT cells, over-producing unsumoylat-
able TRF1 or TRF2 mutants reduces the
recruitment of telomeres to PML bodies.
Blocking shelterin sumoylation by silencing
MMS?21 also inhibits recombination between sis-
ter telomeres in these cells, possibly explaining
why they develop progressively shorter telomeres
and eventually senesce (Potts and Yu 2007). The
functions of shelterin sumoylation could be
mediated, at least partially, via SLX4, an interac-
tion partner of TRF2. SLX4 acts as a scaffold
protein by interacting with several complexes
involved in different DNA repair pathways, pos-
sibly orchestrating their activities. SLX4 contains
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three SIMs that allow it to interact preferentially
with SUMO2/3 chains and have been shown to
contribute to the SLX4-TRF2 interaction in ALT
cells (Ouyang et al. 2015). Overall, these results
suggest that sumoylation of telomeric factors,
including but not limited to TRF2, helps telo-
meres to associate with specialized PML bodies
and SLX4 in ALT-positive cells.

TRF2 (and TRF1) is also modified by PIAS1
with SUMO1 and SUMO2/3, but the relevant tar-
get lysines are different from those sumoylated
by MMS21 (Her et al. 2015). The molecular con-
sequences are also distinct. Poly-sumoylation of
TRF2, together with its ability to physically
interact with the STUbL RNF4, leads to its poly-
ubiquitylation and subsequent proteasome-
mediated degradation (Her et al. 2015). The exact
downstream functions of this process are
unknown, but they could be related to TRF2’s
roles in telomere protection because depleting
RNF4 leads to telomere end-to-end fusions
(Groocock et al. 2014).

4,7 Sumoylation in Chromosome

Topology

Not only DNA repair pathways, but also the
mechanisms that control chromosome segrega-
tion, contribute to genome maintenance, as errors
in the distribution of the genetic material during
cell division result in aneuploidy and thus
genomic instability. Not surprisingly, SUMO
plays a prominent role in this area as well.
Accordingly, SUMO has been detected in asso-
ciation with essentially the entire chromosome
segregation apparatus, i.e. centromeres and kinet-
ochores, the chromosomal passenger complex
and the mitotic spindle, and numerous compo-
nents within these structures have been identified
as SUMO targets by mass spectrometry in yeast
and mammalian cells. The functions of SUMO in
controlling chromosome segregation, especially
in the context of centromere and kinetochore
function, have been the subject of several excel-
lent reviews (Dasso 2008; Wan et al. 2012) and
are also covered in more detail elsewhere in this
volume [see Chap. 9 ]. Here we will only discuss

those aspects that directly impinge on the genetic
material itself, namely DNA damage-induced
cohesion and the processing of topological stress
by means of topoisomerase II.

4.7.1 Sumoylation of Cohesin

In S. cerevisiae, both core components of the
cohesin complex (Smcl and Smc3) and its ancil-
lary factors (Mdcl/Sccl, Scc3 and Pds5) are
sumoylated (Almedawar et al. 2012). Although
all three mitotic SUMO E3s (Sizl, Siz2 and
Mms21) contribute to modification of Sccl,
Mms21 appears to be responsible for the bulk of
it. During unchallenged growth, modification
peaks at the beginning of S phase (Almedawar
et al. 2012). As determined by genetically arrest-
ing cohesin at different stages of its cohesion
cycle, modification occurs at a point between
loading of cohesin onto chromatin and DNA
entrapment (Almedawaretal.2012). Functionally,
SUMO regulates the core activities of cohesin.
Overproducing Sccl fused to the catalytic
domain of Ulpl (Sccl-Ulpl®P), as a means to
reduce the sumoylation of adjoining proteins, is
toxic to cells, but only when such an appendage
is catalytically active. Although it is not possible
to unambiguously ascribe this effect to the
sumoylation of cohesion itself, as Ulp1P could
also promote the desumoylation of other pro-
teins, it strongly suggests that SUMO is required
to establish cohesion during unchallenged
growth. In fact, cells carrying an unsumoylatable
mutant of Sccl experience defects in sister chro-
matid cohesion (McAleenan et al. 2012). Cohesin
sumoylation is also induced by exposure to DNA
damaging agents, such as MMS (McAleenan
et al. 2012). Since nucleotide depletion by HU
treatment does not induce this modification, it
may be triggered by genuine DNA damage. In
fact, a single DSB is sufficient to boost the
reaction (McAleenan et al. 2012). Hence, SUMO
appears to affect cohesin’s ability to facilitate
DSB repair by promoting cohesion around them.
Inhibiting the SUMO E3 activity of Mms21,
compromising the integrity of the Smc5/6 com-
plex (by using the smc6-9 allele), or rendering
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Sccl refractory to sumoylation reduces the
recruitment of cohesin to a DSB and impairs the
establishment of damage-induced cohesion at
such lesions (McAleenan et al. 2012).

Human Sccl is also sumoylated at several
lysines by MMS21 but, unlike in yeast, this
modification is not induced by DSBs (Wu et al.
2012). Although an unsumoylatable SCC1
mutant (SCC1¥5®) can fully rescue the chroma-
tid separation phenotype exhibited by SCCI-
depleted cells, it cannot suppress the increased
rate of sister chromatid exchanges that such cells
experience, and it also sensitizes them to ionizing
radiation (Wu et al. 2012). Also, in contrast to the
yeast system, sumoylation is dispensable for
recruiting human cohesin to DNA damage
because SCC1 proficiently localizes to DNA
lesions upon depletion of MMS21 or SMC5 (Wu
et al. 2012). Instead, sumoylation of human
SCCI1 appears to exert its functions through the
negative regulator of cohesion, WAPL. Knocking
down this protein suppresses both the increased
sensitivity to ionizing radiation and the defects in
sister chromatid recombination caused by deplet-
ing MMS21 or rendering SCC1 unsumoylatable
(Wu et al. 2012).

4.7.2 Sumoylation
of Topoisomerase Il

During DNA replication, the topological stress
associated with opening the template DNA gen-
erates catenanes between homologous chromo-
somes (Lucas et al. 2001). Catenanes are
inter-locked structures of two topologically con-
strained DNA molecules. They pose a serious
problem to cells because they have to be resolved
prior to chromosome segregation in order to
avoid damage to or partial loss of the genome.
Topoisomerase II (Topo II) resolves catenanes by
covalently binding to both strands of a DNA
helix and creating a DSB that is used as a gate to
allow passage of a second duplex. It then reseals
the initial break to avoid lasting damage (reviewed
by Champoux 2001). Inhibiting Topo II results in
metaphase arrest and extensive chromosome
bridging, which likely arises from a defect in

chromosome disjunction due to impaired decate-
nation (DiNardo et al. 1984; Downes et al. 1991;
Shamu and Murray 1992).

Analysis of Topo II function, especially in
higher eukaryotes, has relied on the use of phar-
macologically relevant inhibitors such as ICRF-
193, which traps the enzyme on its target DNA
and prevents strand cleavage (Roca et al. 1994),
and poisons such as etoposide, which stabilizes
the covalent DNA-Topo II complex (Froelich-
Ammon and Osheroff 1995). Topo II sumoylation
is conserved from budding yeast to metazoans.
Although the way in which this modification is
regulated is analogous in the two systems, its
functions appear to be distinct. A pivotal role for
the centromere may in fact be the only similarity.
In Xenopus egg, mouse and human cell extracts
Topo II is preferentially sumoylated by
SUMO2/3 in metaphase (Azuma et al. 2003;
Agostinho et al. 2008; Dawlaty et al. 2008).
PIAS4 facilitates this reaction in Xenopus egg
extracts and possibly in some human cell lines
(Azuma et al. 2005; Diaz-Martinez et al. 2006).
In Xenopus egg extracts, depletion of PIAS4
eliminates nearly the entire pool of SUMO con-
jugates on mitotic chromosomes, demonstrating
a general role for this SUMO ligase during
mitotic progression (Azuma et al. 2005).
Depletion of PIAS4 in HeLa cells blocks the
localization of Topo II at centromeres and thereby
faithful chromosomal segregation (Diaz-
Martinez et al. 2006). Conversely, in MEFs,
RanBP2, but not PIAS4, promotes Topo II
sumoylation (Dawlaty et al. 2008). Agostinho
et al. (2008) also showed, by using chemicals that
arrest Topo I at different catalytic stages, that the
modification occurs at the covalent DNA-Topo II
complex state, implying that sumoylation may
depend on Topo II activity.

Regardless of the mechanism of regulation,
PIAS4-depleted HeLa cells or Xenopus egg
extracts and RanBP2-deficient MEFs show a
similar phenotype: chromosomes correctly con-
dense, attach to the spindle and align onto the
metaphase plate but then fail to disjoin properly
(Azuma et al. 2005; Diaz-Martinez et al. 2006;
Dawlaty et al. 2008). When anaphase naturally
occurs or is induced, chromosomes show exten-
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sive bridging, and lagging chromosomes and
mis-segregation frequently cause aneuploidy
(Diaz-Martinez et al. 2006; Dawlaty et al. 2008).
This phenotype is independent of cohesin because
in cells co-depleted of PIAS4 and the cohesin
guardian hSGO1 chromosomes are still unable to
separate (Diaz-Martinez et al. 2006). Such stud-
ies demonstrate that in the absence of
PIAS4/RanBP2-mediated sumoylation, chromo-
some segregation is impaired most likely because
of an unusually high level of catenation. This
phenotype in turn suggests that Topo II function
is compromised in the absence of sumoylation. In
support of this view, Topo II cannot localize to
the axial core of chromosomes and centromeres
in both PIAS4-depleted Xenopus egg extracts and
HeLa cells and in RanBP2-deficient MEFs
(Azuma et al. 2005; Diaz-Martinez et al. 2006;
Agostinho et al. 2008; Dawlaty et al. 2008). In
the latter system, an over-produced SUMO-Topo
II fusion protein localizes to centromeres and
prevents chromosome bridging, suggesting that
Topo II is indeed the relevant substrate whose
sumoylation is required for efficient chromosome
decatenation (Dawlaty et al. 2008). Interestingly,
sumoylation of Topo II strongly inhibits decate-
nation activity in vitro (Ryu et al. 2010). Using a
mass spectrometric approach, X. laevis Topo II
has been found to be sumoylated within its DNA-
binding domain at K660. Modification is
enhanced by DNA binding. Mutation of K660
abolishes the inhibitory effect on decatenation,
suggesting that SUMO specifically modifies
active Topo II on centromeric DNA and thereby
regulates decatenation activity (Ryu et al. 2010).
Additional SUMO sites at the C-terminus of
Topo II have no influence on the decatenation
activity, but facilitate its interaction with other
proteins, such as Claspin, an essential regulator
of checkpoint arrest (Ryu et al. 2015).
Sumoylation of Topo IT and SIMs within Claspin
are needed for the efficient recruitment of Claspin
to centromeric DNA. Thus, sumoylation has dif-
ferent effects on the functionality and interac-
tome of Topo II.

In budding yeast, the roles of Topo II
sumoylation are somewhat different. Sizl and
Siz2 mediate the modification of the enzyme at

K1220, K1246 and K1277 during metaphase
(Bachant et al. 2002; Takahashi et al. 2006). A
yeast strain carrying an unsumoylatable Topo II
mutant (top2K1220.1246.12778)  grows normally and
shows only a mild chromosomal phenotype. This
includes low levels of bridged chromosomes
(Bachant et al. 2002), which possibly explains
why top2Ki2201246.1277R ¢cellg lose artificial mini-
chromosomes at a slightly higher rate than the
WT (Takahashi et al. 2006). The most notable
phenotype of the top2K!220.1246.1277R mutant is an
increased stretching of centromeres during pre-
cocious separation of chromatids (Warsi et al.
2008). In budding yeast, as homologues pair dur-
ing metaphase, they separate and recoil over a
~10 kbp region surrounding the centromere
(Goshima and Yanagida 2000). It has been pro-
posed that cells may use this mechanism to sense
and control for correct tension at kinetochores
and bi-orientation of homologous chromosomes
prior to anaphase (Yeh et al. 2008). The
top2k1220.1246.1277R gllele is also able to stabilize
spindle attachment in a genetic background
where kinetochores are weakened. Both of these
phenotypes occur in the absence of catenation
(Warsi et al. 2008). Thus, these observations indi-
cate that in budding yeast sumoylation impinges
on a new role of Topo II in the maintenance of
centromere compaction and separation that is
independent of its function in decatenation.

4.8 Conclusion

In this chapter we have reviewed the contribu-
tions of the SUMO system to several aspects of
genome stability, including homologous recom-
bination, base excision repair, telomere mainte-
nance and chromosome segregation. On one
hand, these examples illustrate the diversity of
the effects that the modifier can exert on cellular
metabolism. Here, the pervasive influence of a
few key factors, such as the SUMO-targeted
ubiquitin ligases, throughout the various path-
ways of genome maintenance is particularly
noteworthy. On the other hand, the cases dis-
cussed here exemplify two distinct mechanistic
principles in the action of sumoylation: by
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becoming attached to a substrate, the modifier
can either create a binding surface for a particular
downstream effector that recognizes SUMO
through a dedicated interaction motif (SIM), as
observed in the recruitment of Srs2 through
sumoylated PCNA or the intricate modulation of
inter- and intramolecular interactions involving
human TDG. Alternatively, there are many exam-
ples of SUMO targets for which the consequences
of the modification are much less well under-
stood because of the difficulties in identifying the
modification sites and/or relevant SUMO-
interacting proteins. Here, a clear-cut one-to-one
relationship between a SUMO target and its
downstream effector may not even apply. This
appears to be particularly relevant for those
SUMO substrates that are part of multi-protein
complexes or macromolecular assemblies where
more than one subunit is modified, such as the
nuclear PML bodies or the chromatin-associated
HR machinery. In these cases, SUMO is believed
to either maintain the structural integrity of a sub-
cellular compartment via multiple covalent and
non-covalent interactions among the different
components or mediate effective recruitment and
complex formation of an ensemble of factors
involved in a common process, thus acting as a
“molecular glue” in a relatively substrate-
independent fashion. Therefore, in the future it
will be necessary to differentiate between the
target-specific and the bulk interaction effects of
sumoylation on a case-by-case basis. Last, but
not least, a better understanding of how SUMO
protects DNA will require assigning the pheno-
types exhibited by global sumoylation defects to
the relevant target proteins.
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