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SUMO wrestles breaks to the nuclear ring’s edge
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The accurate repair of DNA double-strand breaks (DSBs) is
essential for cell survival and maintenance of genome integrity.
In most cases, cells counteract DSBs by employing 2 highly
conserved repair pathways: non-homologous end-joining
(NHEJ) and homologous recombination (HR). When these
pathways are impaired due to a lack of homologous donor
sequence or conditions that block end-to-end ligation, alterna-
tive repair occurs, such as break-induced replication (BIR) or
else imprecise or microhomology-mediated end-joining. Since
these alternative pathways tend to be highly mutagenic, the
choice of the repair pathway is controlled on at least 3 levels: by
cell cycle stage, the chromatin context of the damage and the
subnuclear position of the breaks.

In budding yeast, persistent DSBs are recruited to the
nuclear periphery and associate with nuclear pores through the
Nup84 subcomplex or with an inner nuclear membrane SUN
domain protein called Mps3." The cell cycle stage influences
target site choice: pores are used in both G1 and S/G2-phases
of cell cycle, while Mps3 binding only occurs in S/G2-phase
cells. In S-phase cells, collapsed or stalled replication forks at
extended triplet repeats, as well as eroded telomeres, were
shown to shift to nuclear pores." Importantly, these 2 perinu-
clear binding sites differentially affected the repair outcome.
Mps3 appears to sequester resected DSBs and thereby inhibits
aberrant recombination events, whereas nuclear pores are
implicated in the non-canonical repair pathways such as BIR
and imprecise end-joining (see reviews'® and Horigome
et al*®). There is, however, some cross-talk between the sites, as
Mps3 may contribute to proper pore assembly, complicating
the interpretation of repair data based on mps3 mutants.

Several recent papers highlight the importance of SUMO
(small ubiquitin-like modifier) as a driver for perinuclear
anchoring of DSBs.”” The nuclear pore harbors the SUMO
protease Ulpl and SIx5/S1x8 SUMO-targeted ubiquitin ligase
(STUbL) and an earlier genetic study revealed that nuclear
pores, Slx5/SIx8, and the proteasome act on the same pathway
in DNA repair. Extensive SUMOylation events occur in
response to DNA breaks in multiple species, such that factors
involved in various pathways of repair become modified.
Intriguingly, Horigome et al showed that the target of DSB

relocation at the nuclear envelope depends on the nature of
SUMOylation mediated by the E3 ligases Siz2 and Mms21.” In
G1- and S-phase cells, a polySUMOylation chain deposited
coordinately by Mms21 and Siz2 recruits the Slx5/S1x8 STUbL
to persistent breaks. Then Slx5 mediates binding to the nuclear
pore subcomplex, Nup84. SIx5 alone can shift DNA to pores
when it is targeted to a tagged locus through a DNA binding
domain, even in the absence of damage. This artificial targeting
of SIx5 bypasses the need for polySUMOylation for relocation.
Nonetheless, at endogenous breaks® and shortened telomeres,®
both SUMOylation and SIx8 are needed to stabilize SIx5 bind-
ing and allow the damaged site to shift to the Nup84.

In S-phase cells, monoSUMOylation mediated by the
SMC5/6-Mms21 E3 complex correlated with the association
of resected DSBs with the SUN domain protein, Mps3, and
this can occur in the absence of Slx5. Moreover, the targeted
binding of a polymer of SUMO residues (4 head-to-tail
linked Smt3 residues) to an undamaged chromatin locus,
allowed it to bind to pores, while the targeting of a single
Smt3 residue (mono-SUMO), shifted the same locus to
Mps3. Importantly, the polyfSUMO-dependent relocation to
pores still required SIx5, arguing that this STUbL and its
SUMO interacting motifs must recognize a polySUMO chain
to mediate relocation (Fig. 1).

The question arises as to whether one or multiple SUMOyla-
tion targets are crucial for the relocation. This may well depend
on the type of damage. At eroded telomeres RPA was shown to
be a SUMOylation target. Since it recruits SIx5/S1x8, it was pro-
posed to be involved in targeting the telomere to nuclear pores
for an alternative pathway of repair.

In Drosophila, Ryu et al. showed that DSBs in heterochro-
matin shift away from the compacted chromatin domain and
bind to either the nuclear pore (Nupl07 or Nupl60) and/or
the SUN domain proteins (Koi or Spag4) in a SUMOylation-
and STUbL (Dgrn)-dependent manner.” As in yeast, both
nuclear pores and the SUN domain proteins work in concert
with Smc5/6 and its targeted SUMO ligase Mms21 (Nse2), yet
the 2 perinuclear binding sites act independently from each
other. The recruitment of the fly SIx5/SIx8 homolog (Dgrn)
requires SUMO ligases Nse2 and dPIAS, which modifies
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Figure 1. The extent of SUMO chain formation affects spatial sequestration of damage and the repair pathway choice. Repair proteins bind to DSBs and eroded telomeres
in yeast and become modified by Mms21 and/or Siz1/Siz2 SUMO ligases. If monoSUMOylated, the DSBs shift to Mps3 where aberrant recombination is inhibited. If Siz2
adds a polySUMO chain, it is recognized by SIx5/SIx8, a STUbL enzyme that shifts the damage to nuclear pores. At the pore, ubiquitination of the polySUMOylated sub-
strates and proteasome degradation facilitate alternative repair pathways. Similar events happen to DSBs in heterochromatin in flies (see text).

multiple repair factors at the site of damage. SUMOylation
appears to trigger TopBP1/ATRIP displacement to allow
Rad51 binding and HR.

While problematic breaks in yeast may resort to more than
one alternative pathway of repair, it seems that the association
of eroded telomeres with pores facilitates a single BIR-type
repair which generates type II survivors: amplification of TG
repeats copied from other telomeres is a mechanism dependent
on Mrell, Rad50, and Xrs2, the yeast Rad51 homolog Rad59,
and a RecQ helicase, Sgs1. Triggering this recombination event
at TG repeats may not be unlike the repair event that occurs in
repetitive satellite DNA of metazoans like flies. For DSBs with-
out TG sequences, BIR is also pore-enhanced, and for triplet
repeat expansions, fork recovery through breaks that can occur
at expanded triplet repeats also are favored by a transient shift
to pores in late S-phase. These findings confirm that the pore
relocation is likely to be functionally relevant for certain types
of repair.

In conclusion, distinct perinuclear subcompartments act as
healing hubs for eukaryotic DNA damage. How the transloca-
tion occurs is still largely unclear, and whether the outcome of
relocation is always a ubiquitination and degradation event, is
also unknown. Nonetheless, it is tempting to hypothesize that it

may be important to clear away proteins that might mediate
end-joining, to allow an alternative repair pathway to initiate.
Such alternative repair mechanisms may be crucial in regions
rich in repeats, such as heterochromatin at centromeres or telo-
meres. Future studies will no doubt reveal if the “SUMO strug-
gle” at the edge of the nuclear ring, ends up in the destruction
of one or another repair factor, yielding an ultimate winner of
the match.
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