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Two related post-translational modifications, the covalent linkage of Ubiquitin
and the Small Ubiquitin-related MOdifier (SUMO) to lysine residues, play
key roles in the regulation of both DNA repair pathway choice and
transcription. Whereas ubiquitination is generally associated with proteasome-
mediated protein degradation, the impact of sumoylation has been more
mysterious. In the cell nucleus, sumoylation effects are largely mediated by the
relocalization of the modified targets, particularly in response to DNA dam-
age. This is governed in part by the concentration of SUMO protease at
nuclear pores [Melchior, F et al. (2003) Trends Biochem Sci 28, 612-618;
Ptak, C and Wozniak, RW (2017) Adv Exp Med Biol 963, 111-126]. We
review here the roles of sumoylation in determining genomic locus positioning
relative to the nuclear envelope and to nuclear pores, to facilitate repair and
regulate transcription.
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substrate [2]. Ubiquitin (Ub) moieties are conjugated
either as a monomer or as a polymeric chain, which
results from repetitive Ub addition. Distinct types of

Mechanisms of ubiquitination and
sumoylation

Ubiquitination entails the covalent attachment of a
small protein of 76 amino acid residues through its C-
terminal glycine to a lysine in a target protein. It was
originally discovered as a means to target modified sub-
strates to the proteasome machinery, and thereby to
regulate protein turnover [1]. Since then, many studies
have shown that ubiquitination can also regulate pro-
tein activity without triggering degradation of its
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linkages within Ub chains trigger different outcomes;
for example, Lys48-linked Ub chains target the modi-
fied protein to the proteasome, while Lys63-linked
chains tend to regulate protein—protein interactions [2].
SUMO is a small Ub-like protein that becomes cova-
lently attached to its substrate through a highly con-
served cascade of enzymatic reactions mediated by El,
E2, and E3 ligases, like ubiquitination. Sumoylation has
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been linked genetically to the regulation of various cellu-
lar processes, most notably transcription and the repair
of DNA damage, and in many cases, it serves to
ensure a specific subnuclear localization of the relevant
DNA-dependent event [3-5].

Vertebrates have three SUMO proteins: SUMO-1
and the two highly related polypeptides, SUMO-2 and
SUMO-3 (also called SUMO?2/3), that function redun-
dantly. Budding yeast has a single SUMO protein called
Smt3 [6,7]. The enzymatic cascade that attaches SUMO
to a target protein involves a heterodimeric activating
enzyme E1 (Uba2/Aosl in budding yeast) that transfers
SUMO to the SUMO-conjugating enzyme E2 (Ubc9 in
yeast), and the transfer of the SUMO residue to the tar-
get protein by an E3 ligase (budding yeast has four
SUMO E3s: Sizl, Siz2, Zip3, and Mms21). In mammals
there are a large number of Ub conjugating E1, E2, and
E3 enzymes (e.g., there are more than 500 distinct E3
enzymes alone), while the SUMO-conjugation system is
simpler, with one heterodimeric El activating enzyme
(SAE1/SAE2 in mammals), a unique E2 ligase (UBC9)
and a small number of E3 ligases with different, but
sometimes overlapping, target specificities [8,9].

Like Ub, SUMO can be conjugated either as a
monomer or as a polymeric chain. Mono-sumoylation
mainly regulates protein—protein interactions through
SUMO-interacting motifs (SIMs), which help assemble
multisubunit complexes and mediate protein accumula-
tion in subnuclear compartments such as NPCs or
PML nuclear bodies [10,11]. In mammals, poly-SUMO
chains are formed by SUMO2/3 linked through their
Lysl11 residue, while SUMOI can act as a chain termi-
nator, capping a poly-SUMO?2/3 chain [6,7,12]. Poly-
SUMO2/3 conjugates have been shown to play a criti-
cal role in the cellular response to stress, most notably
DNA damage (reviewed in [13-15]).

Sumoylation is able to cross-talk directly with the
Ub-proteasome system, through a set of SUMO-
targeted E3 ubiquitin ligases (STUbLSs), which can bind
sumoylated lysines and target the poly-sumoylated sub-
strate for poly-ubiquitination. There are two STUbLs
in yeast, Ulsl and the SIx5/S1x8 complex (also called
Uls2), and three in mammalian cells (RNF111, RNF4,
and SHPRH, or SNF2 Histone Linker PHD RING
Helicase, which has extensive homology to yeast Ulsl).
In addition, the S. cerevisiae repair factor Rad18 has a
SIM that enhances PCNA ubiquitination by Radl8
in vitro [16,17]. STUbLs bind sumoylated proteins
through one or multiple SIMs and catalyze ubiquitina-
tion, which usually leads to degradation of the substrate
by the proteasome. Not only are many DNA repair fac-
tors subject to sumoylation [15,18], but STUbLSs, as well
as SUMO ligases, have been repeatedly implicated in
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DNA repair in yeast by genome-wide synthetic lethality
or synthetic sensitivity screens [19-21].

Chromosome positioning during
DNA repair

DNA repair in heterochromatin

Both the positioning of DNA damage within the
nucleus, and the relative accessibility of the chromatin
in which the damage is found influence the choice and
efficacy of DNA repair mechanisms, in yeast [22] and
in higher eukaryotes (reviewed in [23]). Indeed, several
studies have demonstrated that double-strand breaks
(DSBs) occurring in repetitive or heterochromatic
domains, such as ribosomal DNA (rDNA) or peri-
centric heterochromatin, shift away from these
domains to be repaired by homologous recombination
(HR). This relocation is thought to minimize the risk
of recombination-mediated rearrangements among
repeats, which can result in sequence loss or chromo-
somal translocations [24]. It has also been argued,
based on relative mutation rates, that DSBs in active
genes are more often repaired by HR to prevent muta-
tions in coding sequences, while DSBs in heterochro-
matin and lamin-associated domains (LADs) rely on
more error-prone pathways, such as microhomology-
mediated end-joining (MMEJ) or non-homologous
end-joining (NHEJ) [25,26]. We note, however, that
this bias may not hold in Drosophila [27].

Recent work has focused on how damage moves or
shifts position, especially for DSBs that occur in the repet-
itive heterochromatin of pericentric and centromeric
domains of flies and mammalian chromosomes. By track-
ing YH2Av damage foci in Drosophila, it was shown that
irradiation-induced damage shifts away from heterochro-
matic domains to the nuclear periphery, presumably as a
pre-requisite for repair by HR [28,29]. In mouse cells, cell-
cycle-dependent differences were observed: in G1 phase,
DSBs in pericentric heterochromatin were repaired by
NHEJ and did not shift position, whereas in S or G2
phases, heterochromatic DSBs shifted to the periphery of
the heterochromatin domain to enable HR [30]. Long
before these discoveries, DSBs in the rDNA of budding
yeast were shown to shift away from the nucleolus prior
to forming Rad52 foci, which precede Rad51 loading for
HR-mediated repair [31]. This relocation required the
Smc5/Smc6 complex and mono-sumoylation by its associ-
ated SUMO ligase, Mms21 [31]. A similar SMC5/SMC6/
MMS21-dependent shift of breaks out of the nucleolus
was also confirmed in mammalian cells [32,33]. Sumoyla-
tion was thus shown to play a role in both damage reloca-
tion and in the regulation of repair.
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Mechanistically, it was proposed that mono-
sumoylation mediated by MMS21/NSE2 (called dPTAS
in flies) first generates a block-to-end resection and
Rad51 loading, and then by attracting the STUbL/
RENI complex (S1x5/SIx8 in yeast, Dgrn/dRad60 in flies
and RNF4 in man) contributes to the stable relocaliza-
tion of the damage to either the inner nuclear envelope
or to NPCs [19,28,29,34,35]. The action of the STUDbL,
which ubiquitinates the sumoylated factors and tags
them for degradation, appears to precede strand inva-
sion for HR or break-induced replication (BIR, sece
Fig. 1A,B). Exactly which proteins are degraded and
which repair components then bind the sites of damage,
is not entirely resolved for persistent DSBs, although in
the case of damage in the yeast rDNA the key target
appeared to be Rad52, the functional homologue of
BRCA2 in yeast [31]. The relocation of damage from
the rDNA compartment (i.e., the nucleolus) may
require the action of the p97/Cdc48 ATPase, which rec-
ognizes ubiquitinated and sumoylated substrates, and
catalyzes either Ub unfolding or factor release [39].
Besides Rad52, another p97/Cdc48 target relevant for
yeast T DNA DSB movement may be the phosphory-
lated and sumoylated form of CLIP-cohibin, a special-
ized complex containing components of the inner
nuclear envelope and homodimers of Lrs4 and Csml.
This complex tethers the rDNA to the yeast’s nuclear
membrane in the absence of DNA damage [40].

The shared logic of these DSB relocation events
across various species appears to be the reduction of
illegitimate recombination or chromosomal transloca-
tions that occur when breaks arise in repetitive
sequence. This is achieved by inhibiting HR, translocat-
ing the break, and finally releasing the inhibition
through sequential sumoylation, ubiquitination, and
repair factor degradation near the nuclear periphery
(Fig. 1). The removal of one or more ligands that block
the DNA end from appropriate processing, leads to
alternative modes of repair than standard homology-
driven recombination with the sister chromatid.
Intriguingly, an inner nuclear membrane-associated
endonuclease has recently been identified in humans
that generates a 5’ overhang to favor repair by NHEJ,
counteracting the resection that forms the 3’ overhang
necessary for Rad51-mediated strand invasion [41]. This
suggests that NHEJ may also be an alternative outcome
for hard-to-repair breaks at the nuclear envelope.

Functional outcome—Why the nuclear periphery?

Several studies in budding yeast have examined the
importance of relocating persistent DSBs generated in
euchromatin to the NPC [19,42]. Horigome et al.
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showed that DSB relocation to the NPC indeed
enabled or favored alternative pathways such as
MMEJ, or BIR, while the association of resected
breaks with a second perinuclear site, the SUN domain
homolog Mps3, appeared to repress ectopic recombi-
nation at least transiently [43—45]. The shift of persis-
tent DSBs to the yeast nuclear periphery occurred 1-
2 h after endonuclease-induced DSB formation, and
was triggered as well by collapsed replication forks in
non-repetitive sequences, but not by simple fork stal-
ling on hydroxyurea (HU) [19]. Relocation to the NPC
in yeast required the Nup84 subcomplex and its inter-
action with the conserved SUMO-dependent E3 ligase
SIx5/SIx8 [19,44], as described above for the shift of
DSB damage out of heterochromatin or out of the
nucleolus.

In both budding and fission yeast, a second inner
nuclear envelope site for DSB accumulation was identi-
fied as the SUN domain protein, Mps3 or Sadl [43,46].
In contrast to relocation to pores, the association of
damage with Mps3 in budding yeast depended on DNA
end resection, and on the INO80C chromatin remodeler,
perhaps due to the association of INO8SO with Cdc48
[40,45,46]. Resected DSBs without sister chromatid
donors could bind Mps3 and be repaired by homology-
based repair in S/G2 phase after a delay [5,43,44]. This
relocation event required only mono-sumoylation of key
substrates, such as RPA, Rad52, or Rad59, all of which
play key roles in mitotic recombination [47,48]. In fis-
sion yeast, DSB relocation to the nuclear periphery in
S/G2 phase led to repair focus formation at the
S. pombe Mps3 homolog, Sadl, and promoted ectopic
gene conversion [46,49]. It is possible that breaks associ-
ate first with SUN-domain proteins and then shift to the
NPC or other sites for further processing [45], so that
the two processing sites would contribute to repair
sequentially, rather than being mutually exclusive.

Because repeat-containing telomeres cluster at the
nuclear envelope in yeast [50], it was examined
whether telomeric exchange by HR was also enhanced
by their spatial clustering near nuclear pores. The
Kupiec and Haber laboratories have demonstrated
that genomic regions that are spatially juxtaposed do
recombine more efficiently than sequences that are
spatially distant from each other in yeast [51,52]. Their
work reinforced earlier evidence that the search for
homology throughout the genome is rate limiting
[53,54], and argued that HR efficiency might be pre-
dicted in silico based on a locus’ position. However,
others have shown that subtelomeric DSBs in yeast
are preferentially repaired by BIR, rather than gene
conversion, despite the presence of homology on both
sides of the break [55]. Increasing the clustering of
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Fig. 1. Pathways of repair and their relationship to Small Ubiquitin-related MOdifier (SUMO)-induced relocation to NPC and other nuclear
envelope complexes. (A) Double-strand breaks (DSBs) can occur in heterochromatin or euchromatin, and the chromatin context of the dam-
age influences the preferred pathway of repair. Smc5/Smc6 and mono-sumoylation by MMS21/Nse2 (dPIAS in flies) shift DSBs out of het-
erochromatin to enable repair by recombination-mediated mechanisms, particularly in S/G2 phases of the cell cycle. Recruitment of
additional SUMO E3 ligases to the DSBs promotes poly-SUMO ligands that facilitate SUMO-targeted E3 ubiquitin ligases (STUbL) (SIx5/
SIx8) binding and STUbL-dependent relocalization of the DSB to the nuclear pore complex (NPC). At the NPC, proteins are ubiquitylated and
degraded by the proteasome to allow alternative repair factors to bind the break. Alternatively, damage-associated factors may be desumoy-
lated and reactivated, as in the case of fork restart (see [36] and panel B). In budding and fission yeast, mono-sumoylated factors found at
DSBs can also lead to damage relocation to SUN-domain proteins like Mps3, an inner nuclear envelope SUN-domain factor (Sad1 in
S. pombe). This latter event is independent of STUbL (SIx5/SIx8) interactions, but the shift of damage to Mps3 still depends on Smcb/
SmcB6-Mms21 mono-sumoylation. Persistent DSBs or blocked ends that have no template for repair in budding yeast undergo a similar path-
way, as described in the text. (B) In the case of stalled or collapsed replication forks, a somewhat similar scenario plays out, although recent
work has clearly shown that in some cases the proximity to the NPC-associated Ulp1 triggers desumoylation of factors required for recovery
or reactivation of replication-dependent pathways of repair [37,38], alongside the potential clearance of factors that might be blocking the
strand invasion process [36]. Among the likely targets for desumoylation during fork restart are the mini-chromosome maintenance (MCM)
complex and DNA Pole, while Rad52 and Rad51 are implicated in strand invasion events. See text for details and references. In the case of
telomeric damage, the outcome also depends on strand invasion through break-induced replication (BIR), which generates Type Il survivors
through telomere end duplication. In the case of replication fork collapse or arrest, recombination can trigger a full fork restart in a Rad51-
dependent manner. Radb1, unlike Rad52, may be activated by desumoylation, based on studies in S. pombe [38]. This figure is based on a

figure in the excellent review by Whalen and Freudenreich [36] and summarizes work described in [37] and [38].

telomeres does increase HR-dependent gene conversion
rates, but studies of chromatin context argued that the
increase depended more on the chromatin context of
the break than on the spatial proximity [55]. Consis-
tently, the enhanced mobility of a DSB, which
increases the likelihood of encountering an ectopic
template, was found to be less important than the tem-
plate accessibility for the efficiency of strand invasion
[22], again suggesting that chromatin context and tem-
plate accessibility are rate-limiting. Template accessibil-
ity is governed by nucleosome density [22], which in
turn is controlled following checkpoint activation by
damage-recruited Ub ligases and proteasome-mediated
histone degradation [56]. In conclusion, while damage-
clustering at pores may help fine-tune the homology
search, repair factor turnover and pathway choice are
more likely influenced by the fact that NPCs bring
together STUbLs, the SUMO protease Ulpl, and pro-
teasomes, to unblock ends and generate accessible tem-
plates [57]. Below we review data on the role of the
SUMO machinery in positioning DNA DSBs, col-
lapsed replication forks, and DNA-protein crosslinks
(DPCs) at the NPC for appropriate repair.

The role of SUMO and NPCs in DSB
repair

As stated above, the relocation of an induced DSB at
the euchromatic MAT locus in yeast occurs in a
SUMO-dependent manner [19,42] and both the SIx5/
SIx8 STUDbL and its interaction partner at the NPC,
Nup84, contribute to both localization and repair [19].
Budding yeast s/x5- and/or slx§-deficient mutants

accumulated DNA recombination foci and gross chro-
mosomal rearrangements [19]. Not surprisingly,
abruptly shortened yeast telomeres, which resemble
DSBs, also shift to the NPC [58,59]. Prior to STUbL
binding, proteins at the DSB are modified by both
SUMO E3 ligases Mms21 and Siz2 [44], with Mms21
monosumoylating and Siz2 generating poly-SUMO
chains. This modification recruits SIx5/S1x8 and stimu-
lates its ubiquitination activity [60]. While a key SIx5/
Six8 target is the HR repair protein Rad52, other
damage-binding factors, including Rad59, Sae2, Ku,
cohesion, and the SMC-like Mrell/Rad50/Xrn2
(MRX) complex, may be targeted for degradation as
well (discussed in [36,61]).

A consensus model based on these diverse observa-
tions in yeast and higher eukaryotes would be that
sequential mono- and poly-sumoylation generates
binding sites for STUbLSs, which together with either a
conformational change or additional signal, favors
break relocation to the NPC (Fig. 1A). The SIx5/SIx8
STUDbL complex clearly helps relocation to nuclear
pores, as Horigome et al. showed that in Gl-phase
cells the binding of a lexA-SIx5 fusion protein alone to
a nondamaged site was sufficient to shift the site to
the NPC [44]. Sumoylation initially seems to inhibit
HR, but it allows ubiquitination by SIx5/SIx8, which
in turn leads to the degradation of certain modified
proteins, to enable either ectopic recombination, BIR,
or HR to occur (Fig. 1A). In some cases, poly-
sumoylation and SIx5/SIx8 may not be needed; notably
in S/G2 phase resected DSBs are localized to the inner
nuclear membrane SUN domain proteins, Mps3 or
Sadl, in a Mms2l-mediated mono-sumoylation-
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dependent manner, as discussed above (Fig. 1A).
Other potential cooperative signals for translocation to
the nuclear envelope may be phosphorylation events
catalyzed by the ATR homolog, Mecl, or the deposi-
tion of the histone variant H2A.Z by the SWR remo-
deler complex [45]. The presence of proteasomes [57]
and of the SUMO protease Ulpl at or near pores
[62,63] allows modified substrates to be either
degraded or desumoylated, enabling more than one
repair outcome (Fig. 1).

Special roles for SUMO in rDNA
stability

As described above, breaks in the rDNA resemble DSBs
in heterochromatic repeats in many ways, yet much of
the rDNA is not heterochromatic. As mentioned above,
the Lisby laboratory initially observed that a DSB in the
rDNA relocates out of the nucleolus prior to processing
for repair by HR [31], in a manner dependent on Rad52
sumoylation and the activity of the Smc5/Smc6-asso-
ciated SUMO ligase, Mms21. Mutations that suppress
these activities led to a loss of Rad52 focus relocation,
and provoked hyper-recombination and the excision of
extrachromosomal rDNA circles [31]. It was unclear
whether the sumoylation itself promoted DSB reloca-
tion, or simply inhibited HR transiently, to allow dam-
age to shift position through another mechanism. In a
more recent study, Horigome et al. showed that
replication-dependent damage in the rDNA associates
with the NPC in a Tell checkpoint kinase-dependent
manner, requiring only Mms21, and not Siz2 (i.e.,
mono- and not poly-sumoylation) [64]. The authors sug-
gested that this relocation reflects the conversion of the
replication fork block to a break. As observed earlier,
interference with damage relocation induced repeat
instability in the rDNA [64], thus both replication-
associated damage and discrete DSB events in the
rDNA require SUMO-dependent relocation.

SUMO in the repair of replication fork
collapse

The replication fork contains a number of key enzymes
that become sumoylated in response to replication fork
damage [15,18] (Fig. 1B). The Zhao laboratory specifi-
cally examined the impact of such sumoylation events
and found that sumoylation of the hexameric mini-
chromosome maintenance (MCM) replicative helicase
blocks the phosphorylation events that are necessary to
initiate DNA replication [65]. Since MCM activity is
necessary for fork restart, desumoylation of MCMs
may regulate fork restart at collapsed or stalled forks.
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Similarly, the catalytic subunit of the leading strand
DNA polymerase ¢ is specifically sumoylated in
response to replication fork blockage [66].

Sumoylation has also been implicated in recovery
from damage during DNA replication, when fork pro-
gression is stalled by triplet CAG repeats. The ensuing
damage, if not appropriately repaired, drives repeat
number variation and a number of human genetic dis-
eases. The Freudenreich laboratory has shown that
forks blocked at CAG repeat shift to the NPC in a SIx5/
Six8-dependent manner, much like persistent DSBs [67],
reviewed in [36]. Interestingly, forks lacking repeats that
are stalled by HU did not associate with the NPC [19],
suggesting that paused forks are distinct from collapsed
or folded-back structures. In the context of CAG-
induced fork arrest, Rad52 is sumoylated, ubiquitinated
and, after relocation to the pore, degraded by the pro-
teasome system. Its degradation was followed by fork
restart and a decrease in aberrant recombination [67]. A
more recent paper showed as well that relocalization of
CAG-induced fork collapse to the NPC required
Mms21 SUMO ligase activity, as shown earlier for per-
sistent DSBs [37]. In the context of replication fork
damage, it is possible that juxtaposition to the NPC
may allow Ulpl to desumoylate MCMs, for example,
enabling fork restart [36] (Fig. 1B).

Indeed, it is likely that the trigger for relocation to the
NPC is not one specific sumoylation event, but rather an
accumulation of multiple sumoylation targets at collapsed
forks or processed DSBs. Replication protein A, Rad52,
and Rad59 are all targets of sumoylation induced by
ssDNA and checkpoint activation, and each may contrib-
ute to damage relocation, but then be subsequently
degraded (reviewed in [36]). Rad51, on the other hand, is
needed for both fork restart and strand invasion during
recombination-mediated repair pathways, thus Rad5l
would need to be stabilized rather than degraded. In sup-
port of such a model, a recent study in S. pombe by Kra-
marz et al. [38] used a natural replication fork barrier
(RFB) and found that forks arrested at the RFB shifted to
nuclear pores after Rad51 loading in a manner dependent
on poly-sumoylation by the fission yeast E3 SUMO ligase
Pli1 [38]. These authors present evidence that recruitment
to the NPC allowed desumoylation of multiple targets by
the SUMO protease Ulpl, triggering Rad51-dependent
DNA synthesis and fork restart [38] (reviewed in [36] and
Fig. 1B). In conclusion, the processing of collapsed forks
may require a cycle of sumoylation and desumoylation
facilitated by spatial relocation, although in other contexts
(or species) pore association appears to trigger the degra-
dation of factors that impede end processing. What trig-
gers desumoylation as opposed to ubiquitination by a
STUDBL and degradation, is still unclear.
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The common take-home from these diverse systems is
that poly-sumoylation and its recognition by SIx5/SIx8
promote damage relocalization to the NPC, while mono-
sumoylation can delay inappropriate repair or processing
of single-stranded templates, possibly by association with
the Mps3/Sadl complex. NPC association brings the
lesion and its associated factors to the pore-bound
SUMO protease [62,63], as well as pore-proximal protea-
somes [57]. Whereas the ubiquitination by STUbLs may
trigger the degradation of cohesin and end-blocking fac-
tors like MRX, other factors and enzymes that are
needed for recovery, such as MCMs and DNA pol ¢, or
Rad51 in S. pombe, may be desumoylated and reacti-
vated [37,38]. The common event in the regulation of
these diverse repair events appears to be sumoylation-
mediated relocation, even though it can lead to different
outcomes for the sumoylated factors [58,68,69].

The role of SUNMO in DNA-protein
crosslink repair

Interesting functional links have also been established
between sumoylation and DPC repair, which is a
major challenge to genome integrity. DNA-protein
crosslinks reflect a covalent bond between a protein
and a DNA strand, that interferes severely with essen-
tial cellular processes such as DNA replication or tran-
scription. Lack of DPC removal can lead eventually to
cell death [70-73]. Because endogenous DPCs form
under normal physiological conditions, carefully con-
trolled DPC repair mechanisms have evolved.

Two pathways lead to DPCs: they can arise either
from unspecific chemical crosslinking (non-enzymatic
DPCs) or from the trapping of abortive enzymatic reac-
tions (enzymatic DPCs), the most common of which
involve involve DNA topoisomerases. The most fre-
quent non-enzymatic sources of DPCs result from expo-
sure to ionizing radiation, UV light, or substances such
as reactive aldehydes [70], while Type I topoisomerases
(Topl in yeast) form covalent complexes between one
strand of the DNA and a tyrosine residue in the
enzyme’s active site as they alleviate torsional stress dur-
ing transcription or replication [74-76]. This reaction
intermediate, known as Topl covalent complex
(Toplcc), allows DNA rotation, which releases tortional
stress. The last step of the reaction is that of DNA reli-
gation, failure of which irreversibly traps the enzyme in
a Toplcc intermediate. Such covalent complexes occur
in vivo as part of the enzymatic cycle, but also accumu-
late upon exposure to chemotherapeutic agents such as
camptothecin (CPT) or its derivatives, as camptothecin
sits in the Topl active site preventing the final religation
step of repair and enzyme release [77].

SUMO in genome stability and transcription

Because CPT is used in chemotherapy, repair mecha-
nisms dedicated to Toplcc clearance have been exten-
sively studied. The repair involves the tyrosyl-DNA-
phosphodiesterase Tdpl that hydrolyzes the bond
between the Topl enzyme and DNA [78,79]. Degrada-
tion of the protein attached to DNA requires the metal-
loprotease Wssl (Weak suppressor of smt3) in yeast
(SPRTN in mammals) [80—84]. Yeast cells lacking both
Wssl and Tdpl are defective in Toplcc repair, are very
sensitive to CPT-induced damage, and show slow
growth even in the absence of CPT. Wssl acts not only
on Toplcc structures, but on a variety of protein-DNA
covalent links. Nonetheless, Wssl is a DPC-dedicated
protease that recognizes sumoylated targets surrounding
the DPC through its SIM motifs. Finally, Wssl func-
tions in association with the AAA ATPase/segregase
Cdc48 (p97 in mammals), which is targeted to DPCs
through adaptors such as Doal or UbxS5, which bind
Ub- or SUMO-modified proteins. The AAA ATPase/
segregase Cdc48 contributes to the processing of the
DNA adducts and is able to unfold ubiquitinated pro-
teins for removal or degradation [39,83,85,86].

While these initial steps of Toplcc repair are fairly
well understood [76,87,88], it remained unclear to
which extent other repair components deal with DPCs.
To identify additional pathways in yeast, a SATAY
transposon screen [89] was performed in the slow-
growing tdplA wsslA mutant strain deficient in Toplcc
processing. Among the hits that were functionally
more important in tdplA wssiA as opposed to wild-
type cells was DDII (DNA damage inducible-1). Ddil
is a yeast aspartic protease implicated in DPC proteol-
ysis, as well as the removal of tightly bound proteins
from chromatin [90]. Ddil has proteolytic activity
in vitro on substrates with very long Ub chains, but
unlike Wssl, does not have a SIM [91]. The role of
Ddil in DPC metabolism was further characterized by
using the inducible Flp-nick system. The Flp-nick sys-
tem is based on a recombinase point mutant, Flp-
H305L, which binds an integrated flippase recognition
target (FRT) locus and generates a single-strand nick
with covalent recombinase crosslink, mimicking a
Toplce [92]. In the absence of Tdpl and Wssl, Ddil
was efficiently recruited to the FRT site containing the
Flp-cc and promoted DPC processing. Genetic analy-
sis then showed that Wssl, Ddil, and the 26S protea-
some act in parallel to provide resistance to a range of
DPC-inducing agents [90].

Interestingly, the tdplA wssiA SATAY transposon
screen also identified a number of suppressors of this
mutant’s slow-growth phenotype. Besides loss of
TOPI, the loss of UBXS5 turned out to be a very
strong suppressor in the tdplA wssiA background.
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Indeed, a recent study showed that in the absence of
Wssl, the Cdc48-Ubx5 complex gets trapped on the
Flp-cc FRT locus and prevents access to alternate
repair pathways, such as one involving Ddil [86].
Other strong suppressors of zdplA wsslA were linked
to sumoylation, including the Siz2 SUMO ligase and
the STUDL subunits SIx5 and SIx8, which, as
described above, mediate damage relocation to NPCs,
conferring SUMO-dependent ubiquitination. Several
NPC components, such as Nup60 and Mlpl, which
are responsible for Ulpl anchoring at the pore, were
also recovered as suppressors [93]. These hits implicate
SUMO metabolism mediated by Ulpl, Siz2, SIx5, and
Six8 in the control of the repair of Toplcc or analo-
gous DPC lesions.

Genetic analysis further revealed that although
SUMO promotes Toplcc processing in the absence of
Tdpl, it has an inhibitory role if cells additionally lack
Wssl. In the tdplA wssiA double mutant, the E3
SUMO ligase Siz2 sumoylates targets in the vicinity of
the DPC, inhibiting alternative DPC repair mechanisms,

(A) Wt (B)

tdp1AwssTA (%))
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such as that mediated by Ddil. Thus, sumoylation and
its turnover coordinates the available repair pathways
to facilitate DPC repair. Intriguingly, the genetically
dominant AN-ulpl SUMO protease mutant, which lacks
the N-terminal pore-interacting domain but remains
catalytically active, significantly rescued the tdplA
wss1A strain slow growth. This may reflect the fact that
an unanchored Ulpl strongly decreases Siz2 protein
levels, and thereby reduces sumoylation [93]. As one
might predict, the growth of the tdplA wsslA siz2A
strain was strongly dependent on Ddil. In other words,
sumoylation by Siz2 and ubiquitination by the STUbL
SIx5/S1x8, which both accumulate at DPCs, become
toxic in the context of tdplA wsslA because they inter-
fere with the alternative Ddil repair pathway (Fig. 2).
These genetic and molecular observations implicate
SUMO and Ub post-translational modifications in
orchestrating DPC repair pathway choice. Given the
important role of the NPC in regulating SUMO modi-
fications and in the repair of various types of DNA
damage, as well as the impact of pore protein

tdp1AwssTAsizZ\
(or tdp1Awss1A AN-ulpT)
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©

% Ddil
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Fig. 2. Hypothetical link between Small Ubiquitin-related MOdifier (SUMO), Double-strand breaks (DPC) repair, and the nuclear pore com-
plex (NPC). (A) In WT cells, both sumoylation and ubiquitination near a DPC contribute to the recruitment of the Cdc48-Ubx5 ATPase and
the Wss1 metalloprotease promoting digestion of the protein adduct. The figure shows the modifications in the vicinity of a Top1cc, which
will promote proteolysis followed by hydrolysis of the protein-DNA bond by Tdp1. An open question is whether these reactions may be reg-
ulated or stimulated by the NPC environment. (B) In tdp74wss14 strains, Cdc48-Ubx5 accumulates at the DPC site [86], where proteins
become heavily sumoylated by Siz2 and ubiquitinated by SIx5/SIx8 [93]. These modifications may promote DPC trapping at the NPC and pre-
vent access to alternate repair pathways such as Ddi1. (C) In tdp714wss14siz2A or tdpl14wss14 AN-ulp1, both sumoylation and ubiquitina-
tion are reduced, potentially releasing the DPC from the pore and allowing access to alternate repair pathways such as Ddi1, which
recognizes substrates with very long ubiquitin (Ub) chains deposited by a still undefined Ub ligase [91].
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mutations on DPC repair, it would be interesting to
know how DPC metabolism is influenced by the
lesion’s subnuclear localization. So far, there is only
one example that reports a physical link between DPC
repair and the nuclear periphery in mammalian cells
[94]. This study shows that a cofactor to the p97/
Cdc48 AAA ATPase/segregase called TEX264 is
enriched at the nuclear periphery and associates with
replication forks. TEX264 recognizes both non-
modified and SUMO-modified TOPl and promotes
TOPIcc repair by recruiting p97/Cdc48 and SPRTN
to the DPC [94]. TEX264 is a cofactor specific for
TOPIcc repair, and it remains unknown if the repair
of other types of DPCs also depends on cofactors
found at the nuclear periphery.

It would be interesting to check whether the increased
sumoylation and ubiquitination observed at the FRT
site upon Flp-cc induction in tdplA wsslA promotes
DPC relocalization to the NPC in yeast, thereby pre-
venting the access of other repair pathways. Loss of Siz2
or delocalization of Ulpl from the NPC likely reduces
DPC site sumoylation, as well as SIx5/S1x8-dependent
ubiquitination, thereby preventing DPC accumulation
at the NPC and favoring its resolution by Ddil (Fig. 2).

The role of SUMO in transcriptional
regulation

The nuclear periphery has long been considered to be a
zone that antagonizes transcription, given that silent
chromatin concentrates at the nuclear envelope in yeast
[50], as in nearly every differentiated cell-type found in
multicellular organisms [95]. In contrast, NPCs prefer-
entially associate with highly induced genes, not only in
yeast, but in flies and worms [96-100]. A number of
promoter-associated factors have been implicated in the
relocalization of activated genes to the NPC, including
the coactivator SAGA and components of the Mediator
complex, but also factors recruited during transcription
and mRNA biogenesis, such as the THO/TREX com-
plex or the export receptor Mex67 [101].

Excellent genetic studies suggested that the NPC
contributes to optimal gene activation by controlling
the localization of Ulpl in yeast [11,102] (Fig. 3). It
was shown that loss of nucleoporins such as Mipl/
MIp2 or Nup60, which are all involved in Ulpl
anchoring [62,63], resulted in faster kinetics of GALI
gene activation when cells were shifted from glucose to
galactose. Deletion of the Ulpl N-terminal domain
(AN-ulpl), which mediates Ulpl-NPC anchoring,
resulted in a similar phenotype, while artificial anchor-
ing of Ulpl to the NPC suppressed the rapid gene
induction provoked by mipl and milp2 deletion. This

SUMO in genome stability and transcription

cytoplasm

S
B—
nucleus

TN

“Nupsﬁ
NUP60 Yy

Mip1/2 S’

\

nucleosomes

Fig. 3. Link between Small Ubiquitin-related MOdifier (SUMO),
nuclear pore complex (NPC), and transcription regulation. In budding
yeast, Drosophila, and a few mammalian systems, it has been shown
that active genes are anchored at NPCs through key transcriptional
complexes such as SAGA, TREX, and—in yeast—the transcription
repressors Tup1 and Ssn6 (reviewed in [50,95-100]; see text for pri-
mary references). Cycles of sumoylation/desumoylation, respectively,
by Siz2 and NPC-associated Ulp1 of a number of gene-associated fac-
tors (repressors and transcription regulators) participate in NPC gene
anchoring and optimal gene regulation [11,102,103].

argued that the major role of the pore basket in gene
induction is its ability to bind and sequester the
SUMO protease Ulpl [102]. The faster gene activation
likely stems from the fact that a number of gene-
associated transcriptional repressors, notably Tupl
and Ssn6, require sumoylation for their repressive
function, and therefore require desumoylation for their
inactivation. Delocalization of Ulpl would reduce
sumoylation globally and in turn upregulate transcrip-
tion. Consistently, this phenocopies specific Ssn6 KR
mutations that prevent sumoylation [102].

It is noteworthy that the GALI gene does not relo-
cate to the NPC upon activation when Ulpl is not
present at the NPC (either in milpiA milp2A or AN-
ulpl). This argues that Ulpl protein may play a direct
role in anchoring the activated GALI gene with the
NPC [102]. Spatial proximity to the pore has also been
proposed to enhance efficient mRNA export, given
that heat shock loci, which are rapidly induced and
highly transcribed, are found associated with the NPC
both before and after activation, in both flies and
C. elegans [104,105]. For heat shock loci, which
depend on SAGA for induction, there is an associated
DUB (deubiquitinating complex) that is important for
pore basket association [105]. Finally, GCNS, a core
component of SAGA, is also sumoylated, although the
relevance in this context is unclear [106].

FEBS Letters 597 (2023) 2833-2850 © 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of 2841

Federation of European Biochemical Societies.

85U80]7 SUOWILWIOD A1) 3cedldde Uy Aq peusenob e ol O @SN JO'Sa|nJ 10} Akeid178ulUQ 48] UO (SUORIPUOD-pUe-SLUBIA0D A8 im A eIq 1jpul|UO//:SANY) SUOTIPUOD pue swie | 8u 88S *[7202/20/60] Uo ARiqiauluo A8|iM ‘suuesne] nog Aq TS.HT 89%E-E£8T/200T OT/I0P/WO0 A8 1M Aleiq 1 BUIUO'STRY//SANY WO} pepeoumoqd ‘2z ‘€202 ‘89vEEL8T



SUMO in genome stability and transcription

The importance of the NPC as the platform for opti-
mizing inducible gene expression was convincingly dem-
onstrated for the inducible gene HXKI already in 2006
[98]. A more recent study focuses on the inducible INO/
gene, and has further dissected the link between gene
expression and recruitment to the NPC. Again, sumoyla-
tion by Siz2 of proteins bound to the promoter and gene
body was shown to be required for /NOI gene recruit-
ment to the NPC where the transcription initiation com-
plex interacted with Ulpl. The presence of catalytically
active Ulpl at the pore further stabilized /NO! anchoring
and efficient mRNA production [103]. Together, these
observations support the view that optimal regulation
and expression of inducible genes such as INOI, HXKI,
or GALI depends on cycles of sumoylation and NPC-
linked desumoylation, which affect a range of transcrip-
tion factors (Fig. 3). We conclude that the NPC primarily
impacts inducible gene expression, at least in yeast, by
serving as a platform for SUMO binding and proteolysis.

The role of SUMO at telomeres

The tethering of full-length natural telomeres at the
nuclear periphery is also SUMO-dependent in both yeast
and C. elegans, even without DNA damage checkpoint

S. M. Gasser and F. Stutz

activation. Telomere anchoring to the nuclear periphery
in budding yeast is mediated by at least two pathways,
one which depends on subtelomeric silent chromatin and
one that does not [107-109] (Fig. 4). Budding yeast silent
chromatin depends on the binding of a repressive com-
plex of Sir2, Sir3, and Sir4 (the SIR complex) to nucleo-
somes, notably Sir2-Sir4 to the deacetylated tail of
histone H4, and Sir3 to the interface between two adja-
cent nucleosomes (reviewed in [117]). The spreading of
silent chromatin is triggered by the deacetylation of his-
tones by Sir2-Sir4 and by Sird’s ability to recruit Sir3,
which then binds nucleosomes [117]. At telomeres, the
nucleation of silencing initiates from the cluster of bind-
ing sites for Rapl found in the terminal (TG/_3)n repeat,
as Rapl binds both Sir3 and Sir4 (Fig. 4). The perinuc-
lear anchoring of silent chromatin is mediated through
the affinity of Sir4 for Escl, a prenylated protein associ-
ated with the inner nuclear membrane [107,115]. Sir4 also
binds the Yku70/Yku80 dimer (hereafter yKu), which
binds the inner nuclear membrane SUN domain factor,
Mps3 (Fig. 4) [110,111]. Given that the natural chromo-
some end also binds yKu, which helps recruit telomerase,
both Sir4 and yKu play a role in proper telomere length
maintenance by telomerase. As indicated in Fig. 4, the
nuclear envelope tethering of the telomere through yKu-

SUN domain prenylated pore
protein NE protein subcomplex J NPC
(S-phase) (G1-phase) le

independent of silencing
Rap1-Telomerase-Ku
interacting with Mps3

dependent on silent chromatin
Sir3-Sir4-Escl
Sir4- Nup170-Siz2

Fig. 4. Two pathways tether silent chromatin in yeast. Telomeres are tethered to the yeast's inner nuclear envelope by two pathways that
reflect interactions either with subtelomeric SIR-bound silent chromatin, or the end-binding complex yKu. The latter is mediated by yKu inter-
action with the SUN domain inner nuclear envelope factor Mps3 (SUN1 homolog). The Rap1-Sir4 binding at telomeric repeats also interacts
with yKu, forming a second bridge to telomerase (see Fig. 5). The latter link to the nuclear envelope is independent of SIR-mediated silenc-
ing, while the association of silent chromatin depends on the interaction of Sir4 with Esc1, a prenylated component of the inner nuclear
envelope. Esc1 and Sird are also associated with a subcomplex of the nuclear pore (the SNUP complex) which contains Nup170, Nup192,
Nup157, Nup188, Nup84, Nup133, and Nup145C, but which lacks a number of other core NPC components [114]. Loss of Nup170-Sird
interaction compromises telomere association with the nuclear envelope, as does loss of Esc1 or Sir4. Loss of Nup170 also compromises
telomeric silencing partially, as does loss of Esc1 [115,116].
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Mps3 is primarily active in S phase, while tethering
through Sir4-Escl is dominant in G1.

Recently, the Wozniak laboratory identified a pore sub-
complex containing NPC-component Nup170, along with
Escl, Sird, and Siz2, that mediates Sir4 and silent chroma-
tin interaction with the nuclear envelope [114]. The com-
plex, called SNUP, harbors Nupl70 as the key Sir4-
binding factor, along with Nup192, Nupl57, Nupl§S,
Nup84, Nupl33, and Nupl45C, although it lacks many
other core NPC components [114]. Consistent with earlier
findings of the Gasser laboratory on Sir4-Escl anchoring
of telomeres, the Nupl70-Sir4-Escl axis for telomere
anchoring is especially important in G1-phase cells [116],
and the disruption of nup170 shows only partial derepres-
sion of subtelomeric reporter genes, much like esc/ dis-
ruption [107,115,116]. Whereas the deletion of sir4
completely ablates subtelomeric silencing, one must dis-
rupt both the genes encoding Sir4 and yKu to release telo-
meres from their association with the nuclear envelope
[108,118-120]. This is due to the existence of a parallel,
silencing-independent anchoring pathway, which depends
on other factors recognizing the chromosome end.

This silencing-independent  tethering  pathway
depends on the sumoylation-dependent interaction of
the yeast telomerase subunits Estl, Est2 and the RNA
subunit of telomerase, Tlcl, with the SUN-domain
protein, Mps3 [110,111]. Estl itself binds the yKu
DNA end-binding complex through the Yku80 subunit
[111], and yKu80 binds Sir4 in a sumoylation-
enhanced manner. The SUMO E3 ligase Siz2 modifies
Yku70, Yku80, and Sir4 in vivo [110,111]. Thus, the
loss of the SUMO ligase, Siz2, significantly compro-
mises telomere anchoring through two pathways: it
not only compromises the SIM-SUMO ligand interac-
tions on the silencing-independent anchoring pathway,
but as an integral component of the SNUP complex,
Siz2 directly links Escl, Sir4, and Nupl70 to a nuclear
pore subcomplex in G1 [114] (Fig. 5).

Sumoylation was not only shown to be necessary for
telomere anchoring to the nuclear envelope in yeast, but
also in C. elegans [110,121]. Using genetic means, it was
shown in early C. elegans embryos that telomere cluster-
ing at the nuclear periphery requires the nuclear envelope
protein SUN-1, the telomere-specific single-strand bind-
ing protein POT-1, and the SUMO ligase GEI-17, which
is equivalent to Siz2 in yeast [121]. This mode of end teth-
ering varies through worm development, suggesting that
even though conserved across species, the role of SUMO
in the sub-nuclear localization may be differentiation-
stage specific.

Sumoylation has also been invoked as a player in
the repression and localization of heterochromatin in
mammals, albeit through a very different pathway.

SUMO in genome stability and transcription
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Fig. 5. SUMO contributes to regulated yeast telomere anchoring:
Siz2 sumoylation and Ulp1 desumoylation alter telomere positioning
through the cell cycle. The three panels illustrate the roles played by
SUMO and/or Siz2 in the telomere anchoring pathways other than
those dependent on silent information regulator (SIR)-mediated
silencing (Fig. 4) at different stages of the cell cycle in the budding
yeast, S. cerevisiae. In G1 phase, the Sir4-Esc1 interaction is key,
which can also include the SNUP complex of Nup170 and the subset
of NPC components described in Fig. 4. Sir4 itself is a target of
sumoylation by Siz2 [110,111]. In S phase, the SUN1 homolog Mps3
also helps tether telomeres, independent of silent chromatin,
through the yeast telomerase subunits Est1, Est2, and Tic1 (see
text). Yku70 and Yku80 are multiply sumoylated. The presence of
this complex reduces ectopic recombination events at the telomere
as it becomes uncapped for replication. In mitosis, as proposed by
Ferreira et al. [110,111], Ptak et al. [112], and Saik et al. [113], desu-
moylation mediated by Ulp1 at the NPC may release telomeres to
facilitate end replication and segregation of telomeres. Mitotic phos-
phorylation is then thought to precede re-sumoylation and telomere
reattachment for the next cell cycle [112].

Heterochromatin protein 1, the major ligand of the
repressive histone H3K9me2/3 mark is sumoylated and
its loading appears to be facilitated by the propensity
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of the H3K9 histone methyltransferase SUV39HI to
load this modified form of HP1 [122]. The SUMO pro-
tease, SENP7, then plays a key role in stabilizing HP1
on chromatin presumably by binding the de-
sumoylated form of the repressor HPI once it is
loaded on chromatin [122-124]. Nonetheless, the teth-
ering of the 1-167 domain of SUV39H1 to pericentric
heterochromatin accelerates the de novo targeting of
HPla to these domains, but only if SUV39H1 retains
its ability to bind the UBC9 SUMO ligase. It remains
unclear whether sumoylated HP1 or its ligands help
target heterochromatin to lamin A, which contains a
SIM domain [125]. It is thus possible, but remains
unproven, that mammalian heterochromatin anchoring
to the lamina involves sumoylation.

The function of telomere tethering
and the unusual STUbL Uls1 in end
maintenance

In budding yeast, the inactivation of telomerase causes
telomere erosion and induces relocation of the shortened
telomere to the NPC [58,68,69]. In a compelling study,
Churikov et al. reported that Siz2-dependent sumoylation
of RPA at eroded telomeres triggers relocation to the
NPC through the SIx5/SIx8 STUbL. Similar to Whalen
et al., the authors speculate that the targeting to the NPC
allows the desumoylation of eroded telomeres giving the
telomere another chance for repair [58], and releases it
transiently from the nuclear envelope. Consistently, Agui-
lera et al. propose a key role for the NPC in suppressing
sister-chromatid recombination (SCR) of stalled forks at
telomeres after telomerase inactivation [126]. This same
release of telomeres through desumoylation occurs in
late S/G2 phase in yeast, coincident with telomerase
elongation and facilitating mitotic segregation (Fig. 5).
Subsequent mitotic phosphorylation then enables re-
sumoylation, presumably in late telophase/G1, possibly
restoring telomere anchoring upon entry into G1 [112].
Combining the intriguing effect of telomeric repeats
and DSB induction on chromatin dynamics and subnu-
clear positioning (reviewed in [58,68,69]), the behavior of
an internal DSB that is flanked on one side by telomeric-
like TG repeats was also investigated in budding yeast
[61]. In contrast to a canonical induced DSB whose reloca-
tion to the pore would normally be SIx5/SIx8-dependent,
relocation of the TG-flanked DSB was dependent on
another yeast STUbL, Ulsl, which in addition to contain-
ing SIMs and UD ligase activity, harbors an AAA/ATPase
remodeler activity. The recognition of poly-sumoylated
Rapl by Ulsl [127] is thought to trigger the ubiquitination
and degradation of Rapl1 at telomeres. This probably also
occurs at break-associated internal TG repeats, as well. In

S. M. Gasser and F. Stutz

addition to Rapl, the largest component of the MRX
complex, Mrell, is known to be sumoylated in response
to DNA damage. Moreover, at an induced DSB, Mrell
and Rapl are both depleted in a Ulsl-dependent manner
at TG-embedded breaks [61]. It was proposed that Ulsl
ubiquitinates MRX and possibly Rapl, leading to their
degradation and thereby enhancing break mobility [22]. In
line with this hypothesis, it was shown that wuls/-deficient
cells have reduced DSB movement, fewer translocations,
and more NHEJ, consistent with the accumulation of
MRX at the TG-flanked DSB [22].

Ulsl is an unusual member of the STUbL family
because in addition to harboring Ub ligase activity
and multiple SIM motifs, it contains a SNF2-like heli-
case domain related to nucleosome remodelers. The
likely homolog to Ulsl is the human E3 Ub ligase
SHPRH, which was identified as a tumor suppressor
that helps prevent genome instability [128,129]. It is
thought that SHPRH increases DNA damage toler-
ance or post-replication repair, which depends on the
ubiquitination of PCNA [130]. In budding yeast, Ulsl
seems to regulate the accumulation of cohesin and
MRX [131,132], as the loss of Ulsl correlated with
enhanced levels of cohesin and MRX at a DSB, and
reduced its dynamic movement [22]. It is possible, that
Ulsl controls the levels of cohesin (Sccl) and MRX
(Rad50) at all processed breaks through SUMO-
dependent ubiquitination and subsequent degradation
or eviction. It remains to be explored if the binding of
Ulsl antagonizes or accelerates Slx5/SIx8 recruitment,
or if it modulates relocation to the NPC.

Both cohesin subunits (SMCs and Mrell) were
shown to be a major target of sumoylation following
DNA damage [18]. In addition, MRX itself helps
recruit SUMO ligases, and sumoylated Mrell appears
to recruit Ulsl [18,61,133]. Clearly, the impact of
SUMO- and Ub-dependent removal of natural ring-
forming complexes like cohesin, Smc5/Smc6, or MRX
at sites of damage will need to be examined more in
depth. Such degradation events could both improve
access for the recombination machinery and release
the damage from local constraints to accelerate the
homology search. Given the abundance of cohesin
found around the centromere, it will be interesting to
see if centromere-proximal breaks require cohesin deg-
radation for efficient repair, and whether this requires
the activity of Ulsl or SHPRH in mammals.

Perspectives

The role of SUMO in the repair of collapsed replication
forks or DSBs that cannot be repaired by recombination
with the sister chromatid, are of course only a subset of
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