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nuclear pores through the S1x5/S1x8 STUbL
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High-resolution imaging shows that persistent DNA damage in budding yeast localizes in distinct perinuclear foci for
repair. The signals that trigger DN A double-strand break (DSB)relocation or determine their destination are unknown.
We show here that DSB relocation to the nuclear envelope depends on SUMOylation mediated by the E3 ligases Siz2
and Mms21.In G1,a polySUMOylation signal deposited coordinately by Mms21 and Siz2 recruits the SUMO targeted
ubiquitin ligase SIx5/SIx8 to persistent breaks. Both SIx5 and SIx8 are necessary for damage relocation to nuclear
pores. When targeted to an undamaged locus, however, SIx5 alone can mediate relocation in G1-phase cells, bypassing
the requirement for polySUMOylation. In contrast, in S-phase cells, monoSUMO Qylation mediated by the Rtt107-
stabilized SMC5/6-Mms21 E3 complex drives DSBs to the SUN domain protein Mps3 in a manner independent of

SIx5. SIx5/S1x8 and binding to pores favor repair by ectopic break-induced replication and imprecise end-joining.
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The accurate repair of DNA double-strand breaks (DSBs)
is crucial for genome integrity. Nonhomologous end-join-
ing (NHEJ) and repair by homologous recombination (HR)
are common and highly conserved pathways of DSB
repair. Breaks that are difficult to repair due to a lack of
homologous donor sequences or conditions that impair
end-to-end ligation must be repaired by alternative path-
ways, which include imprecise or microhomology-medi-
ated end-joining or break-induced replication (BIR) (for
review, see Ceccaldi et al. 2016). Repair pathway choice
is influenced by both the cell cycle (which in turn impacts
resection at the break site) and the chromatin context of
the damage (Nagai et al. 2010; Geli and Lisby 2015).
Certain types of DNA repair appear to be favored by spe-
cific subnuclear compartments. Compartmentation can
either stem from the chromatin context of the damage
(Therizols et al. 2006; Khadaroo et al. 2009; Agmon
et al. 2013) or arise through recruitment of the damage
to specific subnuclear sites (for review, see Nagai et al.
2010; Geli and Lisby 2015). For example, DSBs in the re-

SPresent address: Institute of Molecular and Cellular Biosciences, The
University of Tokyo, Yayoi, Bunkyo-ku, Tokyo 113-0032, Japan

These authors contributed equally to this work.

Corresponding author: susan.gasser@{mi.ch

Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.277665.116.

petitive ribosomal DNA locus of yeast or in heterochro-
matic satellite repeats of flies and mammalian cells shift
away from the repetitive sequence domain prior to repair
by HR (Torres-Rosell et al. 2007; Chiolo et al. 2011; Le-
maitre et al. 2014). This is thought to avoid unequal cross-
over events in cis and/or chromosomal translocations that
arise from strand invasion into other chromosomes. In
budding yeast, DSBs that occur in unique sequences also
shift their subnuclear position if they lack an intact donor
for HR or if repeated cleavage/ligation cycles occur (Nagai
et al. 2008). Within 2 h of their induction, such persistent
DNA breaks accumulate at the nuclear envelope (NE)
(Nagai et al. 2008). Similarly, collapsed replication forks
and those stalled at expanded triplet repeats (Su et al.
2015) were shown to shift to nuclear pores, as do uncapped
telomeres that arise from telomere erosion in telomerase-
deficient cells (for review, see Geli and Lisby 2015). It is
noteworthy that the repair of these three types of damage
requires mechanisms other than precise end-joining or ca-
nonical HR.
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The perinuclear sites at which yeast damage accumu-
lates were initially identified as nuclear pores, and, in
several instances, sequestration was shown to require
the Nup84 complex, which, in budding yeast, includes
Nup84, Nupl20, Nupl33, and the associated Nup60
(Nagai et al. 2008; Khadaroo et al. 2009). Subsequent stud-
ies identified a second binding site at the NE, the Saccha-
romyces cerevisiae SUN domain protein Mps3 (Kalocsay
et al. 2009; Oza et al. 2009). Mps3 sequesters repair inter-
mediates containing ssDNA complexed with Rad51 and
reduces promiscuous recombination events (Kalocsay
et al. 2009; Oza et al. 2009; Ferreira et al. 2011). The loss
of the Nup84 complex or its associated SIx5/S1x8 SUMO
targeted ubiquitin ligase (STUDL), on the other hand, com-
promised survival after replication fork collapse and en-
hanced ectopic recombination (Nagai et al. 2008; Oza
et al. 2009; Horigome et al. 2014). The two sites of seques-
tration not only affect repair outcome differentially but
have distinct requirements for damage recruitment. Bind-
ing to Mps3 appears to be restricted to S and G2 phases of
the cell cycle and requires extensive resection at DSBs
(Kalocsay et al. 2009; Oza et al. 2009), unlike relocation
to nuclear pores, which occurs in G1 without extensive
end resection (Horigome et al. 2014). We note that in oth-
erwise unperturbed cells, a transient pore association of
triplet repeat stalled replication forks was scored in late
S/G2 phase, while they could not be recovered with
Mps3 (Su et al. 2015). Intriguingly, ablation of the relevant
Nup84 pore subcomplex or of the STUbL subunits Slx5/
SIx8 increased the frequency of triplet repeat expansion/
contraction events during stalled fork recovery (Su et al.
2015).

Early genetic screens in budding yeast implicated nucle-
ar pore proteins in DNA repair. Screens for survival of ion-
izing radiation showed that the yeast Nup84 complex
contributes to cell survival (Bennett et al. 2001; Loeillet
et al. 2005), and loss of Nup84, Nup120, or Nup133 led
to pleiotropic DNA damage sensitivities and synthetic
lethality with components of the Rad52 pathway of HR
(Chang et al. 2002; Loeillet et al. 2005; Nagai et al.
2008). This sensitivity is consistent with the notion that
pores mediate repair pathways distinct from canonical
HR. Indeed, sites of active HR, visualized as Rad52 foci,
are found in the nuclear interior and are specifically ex-
cluded from the NE and the nucleolus (Bystricky et al.
2009; Dion et al. 2013). Besides conferring sensitivity to
exogenous agents (Bennett et al. 2001), nuclear pore mu-
tants showed impaired replication fork restart (for review,
see Bukata et al. 2013; Geli and Lisby 2015) and have
recently been implicated in the repair of subtelomeric
DSBs by strand invasion events (Chung et al. 2015). In hu-
man cells, components in the Nup84 complex were found
to suppress elevated levels of H2AX phosphorylation in
cells exposed to aphidicolin (Paulsen et al. 2009), and, in
flies, the loss of the corresponding complex enhanced the
appearance of damage foci provoked by ionizing irradiation
(Ryu et al. 2015).

In both yeast and flies, Nup84-linked damage sensitiv-
ity and the closely associated nuclear pore basket proteins
Nup60 and Mlp1/Mlp2 have been linked to enzymes that
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control SUMO metabolism (Zhao et al. 2004; Palancade
et al. 2007; Nagai et al. 2008; Ryu et al. 2015). Indeed,
DSBs that occur in the ribosomal DNA in budding yeast
(Torres-Rosell et al. 2007) and in heterochromatin in flies
(Chiolo et al. 2011) were shown to shift away from the
domain of repetitive sequences in a manner dependent
on the SMC5/6 complex and its associated SUMO ligase,
Mms21. Although Rad52 SUMOylation influenced dam-
age relocation from the nucleolus to the nucleoplasm
(Torres-Rosell et al. 2007), Rad52 was not needed for the
relocation of a euchromatic DSB to pores (Horigome
et al. 2014). In flies, the STUDbL subunit Dgrn, along
with the SMC5/6 complex, was necessary for DSB reloca-
tion away from heterochromatin (Chiolo et al. 2011; Ryu
et al. 2015). This shift required the STUDL interactor
Rad60 (ScEsc2/HsNIP45) and the Nup84 pore complex
(Ryu et al. 2015).

The molecular link between pores and STUbL enzymes
is less clear. Earlier work showed that the yeast STUbL
Slx5/SIx8 can be precipitated with Nup84 from cell ex-
tracts (Nagai et al. 2008), yet it was unclear whether
S1x5/S1x8 mediates damage relocation or instead process-
es breaks once they reach the periphery. Moreover, the
damage-associated signal that triggers relocation re-
mained unknown. Because STUDbLs contain SUMO-inter-
acting motifs (SIMs) (for review, see Sarangi and Zhao
2015) and because repair proteins of many different path-
ways are SUMOylated (Cremona et al. 2012; Psakhye
and Jentsch 2012), it became important to test whether
SUMO ligases contribute to the relocation of damage to
the NE.

Here we dissect the role of SUMO-mediated events me-
diated by the E3 ligases Siz2 (PIAS in humans) and the
SMC5/6-associated Mms21 in damage recognition by
the yeast STUDL SIx5/SIx8 and examine how these com-
ponents affect DSB relocation to the NE. We used rigorous
assays that distinguish pore-binding from Mps3-binding
sites and G1-phase from S-phase cells. Both loss-of-func-
tion and gain-of-function assays allowed us to correlate
different sites of damage sequestration with the binding
of SIx5, whose recruitment reflects recognition of a poly-
SUMO modification. We found that SUMO chain length
helps determine the perinuclear site for damage seques-
tration. These data likely reflect conserved rules govern-
ing damage relocation and appropriate repair pathway
choice.

Results

SUMO E3 ligases affect DSB relocation

In addition to phosphorylation and ubiquitination
(Smeenk and van Attikum 2013), many proteins become
SUMOylated at sites of DNA damage (Cremona et al.
2012; Psakhye and Jentsch 2012). Targets include proteins
implicated in basically every pathway of repair, including
Rad52, Rad59, Srs2, RPA, Sae2, yKu, Sgsl, and Mrell. In-
deed, the loss of Mrell actually alters SUMOylation of
other repair factors (Cremona et al. 2012). SUMO E3 ligas-
es such as Siz2 and Mms21 themselves are recruited to



damage (Zhao et al. 2004; Zhao and Blobel 2005; De Pic-
coli et al. 2006; Chung and Zhao 2015) and were shown
to cooperate with SIx5/8 to suppress duplication-mediat-
ed genome rearrangements (Albuquerque et al. 2013).
We therefore examined the role of SUMO E3 ligases in
DSB relocation to the NE.

In budding yeast, there are four SUMO E3 ligases—
namely, Sizl and Siz2, the yeast PIAS homologs; Mms21,
a highly conserved ligase component of the SMC5/6 com-
plex; and Cst9, the meiosis-specific putative E3. Siz1 and
Siz2 mediate the vast majority of SUMOylation in vegeta-
tively growing yeast, with Sizl primarily targeting cyto-
plasmic proteins, and Siz2 modifying a large number of
factors involved in HR and other pathways of repair (Ferre-
ira et al. 2011; Cremona et al. 2012; Psakhye and Jentsch
2012; Chung and Zhao 2015). Because Siz1 tends to com-
pensate for survival of DNA damage in the absence of
Siz2 (Cremona et al. 2012), we first monitored DSB reloca-
tion in cells lacking both PIAS homologs.

To do this, we used a high-resolution microscopic
approach that monitors the subnuclear position of an
HO-induced DSB at a GFP-LacI-tagged MAT locus in cells
lacking both HM donor sites (Fig. 1A,B). A focal stack of
images through a population of intact cells allowed us to
determine the position of the break relative to the
Nup49-CFP-tagged NE and score for the cell cycle phase
based on bud size and nuclear position. PCR analysis
monitored the efficiency DSB induction. This assay
allowed us to differentiate Gl-phase from S/G2-phase
requirements for DSB relocation (Fig. 1B; Nagai et al.
2008; Horigome et al. 2014).

At 120 min after induction of the HO endonuclease, we
note that the peripheral relocation of the induced DSB
observed in wild-type cells was lost in the sizIA siz2A
double mutant in both G1- and S-phase cells (Fig. 1C;
Supplemental Table S1). We tested the deletion alleles
individually and found that siz2A compromises perinu-
clear relocation more efficiently than siz1A alone, espe-
cially at early time points (Supplemental Fig. S1B).
This is consistent with recent work showing a dominant
role of Siz2 in damage-associated SUMOylation (Chung
and Zhao 2015; for review, see Sarangi and Zhao 2015),
although Siz1 may compensate over time (Supplemental
Fig. S1B).

The SUMO E3 ligase Mms21, like all components of its
associated SMC5/6 complex, is essential for yeast viabili-
ty, although its SUMO ligase activity is not. Mms21
SUMOylation activity, on the other hand, is critical for
survival of genotoxic stress and becomes essential in the
absence of Sizl and Siz2 activities (Cremona et al. 2012).
We therefore tested the effects of a SUMO ligase-deficient
Mms21, mms21AC, on DSB relocation. Similar to the
siz1A siz2A double mutant, cells harboring the mms21AC
allele were completely deficient in break relocation to the
NE in both G1- and S-phase cells (Fig. 1C).

To determine which of the two perinuclear anchorage
sites, pores or Mps3, was affected by loss of SUMOylation,
we used two independent assays. The most rigorous
means to score pore association is with a microscopy-
based assay that exploits a strain with a small N-terminal
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deletion in Nup133 that allows Nup49-CFP-tagged pores
to form a single cluster in the NE without compromising
the pore’s transport function (Fig. 1D). Uncut controls and
computer simulations of random distributions let us dis-
tinguish colocalization with the pore cluster above the
level of stochastic coincidence (stochastic colocalization
zone in Fig. 1D, shaded gray; see Horigome et al. 2014,
2015). As above, we can also determine cell cycle stage
cell by cell. Colocalization with Mps3 is not possible to
do by microscopy because the perinuclear rim staining
of Mps3 in mitotic cells is weak (Horigome et al. 2014).
Mps3 association is instead monitored by chromatin im-
munoprecipitation (ChIP). Previous studies showed that
the association of resected breaks with Mps3 is S-phase-
specific even though Mps3 is expressed throughout the
cell cycle (Oza et al. 2009; Horigome et al. 2014).

We found that DSBs are enriched at the nuclear pore
cluster for 2 h in Gl-phase cells and for at least 40 min
in S-phase cells (Fig. 1D). While resection through the
IacO repeats attenuates the DSB signal in S-phase cells,
nuclear pore-ChlIP (using a monoclonal antibody against
FG repeats) confirmed that DSBs persist at nuclear pores
up to 4 h after the cut is induced. In the absence of Siz2,
however, the DSB association with nuclear pores is signif-
icantly reduced both in G1- and S-phase cells, when mon-
itored by either microscopy or pore ChIP (Fig. 1D,E).
Intriguingly, siz2A did not alter DSB association with
Mps3, suggesting that another signal addresses damage
to Mps3 (Fig. 1F).

As shown in Figure 1C, we observed that loss of either
the Siz2 or Mms21 SUMO ligase led to a loss of peripheral
sequestration. One way to explain this double dependence
is that the two ligases act sequentially to generate a poly-
SUMOylation signal at damage, which in turn triggers re-
location to the pore. Consistent with this model, it was
observed that a number of Siz2 targets retain monoSU-
MOylation but lose polySUMO chains in the absence of
Siz2, suggesting that another enzyme, such as Mms21,
might deposit the initial SUMO conjugate (Mullen and
Brill 2008; Psakhye and Jentsch 2012; D’Ambrosio and
Lavoie 2014; Chung and Zhao 2015). Analogously,
sequential action of Mms21 and Siz2 has been proposed
to regulate sister chromatid segregation in yeast (Mullen
and Brill 2008; D’Ambrosio and Lavoie 2014).

To see whether polySUMOylation is important for relo-
cation, we evaluated DSB position in a mutant strain that
cannot form SUMO chains due to mutations in three ly-
sine residues of the N-terminal domain of the SUMO-1
homolog Smt3 (K11, K15, and K19) (Tatham et al. 2001;
Bylebyl et al. 2003), compromising almost all polySU-
MOylation. In this smt3-3KR allele, DSB relocation is
compromised in both G1- and S-phase cells (Fig. 1G), con-
sistent with a requirement for SUMO chain formation.
Given that this mutant alters all SUMO chain formation
in the cell, affecting transcription as well as chromosome
segregation, we cannot exclude that there are indirect
effects of smt3-3KR. Nonetheless, the observed results
are consistent with our hypothesis that Mms21 and Siz2
cooperate to deposit a polySUMOylation signal that
might trigger DSB relocation. Intriguingly, smt3-3KR is
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Figure 1. SUMO E3 ligases are required for the DSB anchoring to the nuclear periphery. (A) Shown is chromosome III (Chr III) in GA-6844
bearing deleted homologous donor loci (hmIA/hmrA) and a lacO array inserted 4.4 kb from the HO cut site at MAT. GFP-Lacl and CFP-
Nup49 label DSB and pores, respectively. Relocation to Mps3 was previously shown to occur in S or G2 phase, coincident with extensive
resection. (B) Locus position was scored relative to the nuclear diameter in the locus’ plane of focus using a spinning disc confocal image
stack. Distance over diameter ratios are binned into three equal zones. (C) Position of cleaved MAT position relative to CFP-Nup49 in
siz1A siz2A (GA-7968) and mms21AC (JC3654) after 120 min on galactose. The mutants compromise relocation in both G1- and S-phase
cells. (#) Significantly nonrandom based on cell number and confidence values from a proportional test comparing random and experimen-
tal distributions; (*) significantly different distribution between wild type and the mutant; (red dotted line) 33 % or random distribution.
Cleavage efficiency, nuclei counted, and statistical significance for all imaging experiments are summarized in Supplemental Table S1. (D)
Scoring of MAT colocalization with the pore cluster in nup133AN (GA-7314) after cut induction. Scoring criteria are shown at the left, and
results comparing wild type (GA-7314) and siz2A (GA-7970) are at the right. A gray-shaded zone between dotted lines represents empir-
ically (top) and computationally (bottom) determined limits of stochastic colocalization (Horigome et al. 2014, 2015). (E) Pore-ChIP (chro-
matin immunoprecipitation) was performed with Mab414 monoclonal (Abcam) with wild-type and siz2A isogenic derivatives of JRM179
(Lee et al. 1998). HO cleavage was induced for the indicated times on galactose. Quantitative PCR (qPCR) at 1.6 kb from the HO cut site
was performed in triplicate on two biological replicates. See the Supplemental Material for normalization techniques. (F) Chromosome III
in the MATa strain was used for ChIP, with the positions of primer/probe sets shown. ChIP of MAT colocalization with HA-tagged Mps3 is
shown for wild-type (GA-8306) and siz2A (GA-8541) cells at the indicated times after cut induction. Data from two independent experi-
ments quantified in triplicate are represented as mean + SEM. (G) The position of the cleaved MAT relative to CFP-Nup49 in smt3-3KR
(GA-9072) after 120 min on galactose, as in C. (n.s.) Not significantly different from random.
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synthetic lethal with both sgs1A and sIx5A (Mullen et al.
2011).

PolySUMOylation is required for SIx5 recruitment
and DSB relocation to pores in G1

Earlier work indicated that SIx5/SIx8 binds the Nup84
complex and showed that its recruitment to DSBs corre-
lates with DSB relocation to pores, although positioning
was not shown to depend on SIx5/SIx8 in the case of per-
sistent DSBs (Nagai et al. 2008). SIx5 contains multiple
SIMs, which are required for the formation of damage-in-
duced foci of SIx5 in a SUMO-dependent manner (Cook
et al. 2009). Moreover, the human homolog RNF4 prefer-
entially binds polySUMO chains. We therefore asked
whether SIx5 recruitment to the DSB at MAT is affected
by the presence or absence of Siz2 or by the non-chain-
forming SUMO mutant (smt3-3KR). Control ChIP for a
fully functional HA-tagged Slx5 at MAT after 2 or 4 h of
cut induction showed a strong enrichment for SIx5, which
dropped to half the wild-type level in a siz2A strain, con-
sistent with partial compensation by Sizl (Fig. 2A). In
the smt3-3KR mutant, on the other hand, SIx5 recruit-
ment was completely eliminated (Fig. 2A; Bylebyl et al.
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2003). We note that cleavage efficiency ranged from
75% to 90% in all samples, and ChIP data were normal-
ized to cut efficiency at each time point.

We next asked whether SIx5 or SIx8 binding was neces-
sary for DSB relocation to the NE. We monitored the posi-
tion of the induced DSB at the GFP-lacl-tagged MAT locus
in sIx5A and sIx8A strains, distinguishing G1-phase from
S-phase cells (Fig. 2B). Loss of either subunit completely
compromised DSB relocation to the nuclear periphery in
Gl-phase cells, but the effect was attenuated in S phase.
Indeed, in S-phase cells, zone 1 enrichment of the DSB
was still significant in sIx5A and sIx8A S-phase cells (Fig.
2B). From this, we conclude that the SIx5/S1x8 STUDL is
essential for DSB-pore association in G1, while it ac-
counts for only part of the shift in S.

We surmised that the partial effect of the STUbL mu-
tants in S phase could reflect the fact that DSBs can bind
Mps3 as well as pores in S phase, while Mps3 is not an op-
tion in G1. We therefore examined whether the loss of
SIx5/S1x8 selectively compromises pore binding. Indeed,
in the quantitative pore colocalization assay, the six5
deletion strain lost DSB—pore association in both GI-
and S-phase cells, while the interaction of the DSB with
Mps3, as monitored by ChIP, was unchanged or even
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Figure 2. The STUbL SIx5/8 promotes DSB relocation to the nuclear pore. (A) ChIP for HA-tagged Slx5 monitored MAT locus binding of
SIx5 at the indicated time after cut induction on galactose in wild-type (JC3020), siz2A (JC3668), smt3-3KR (JC3214), and a nontagged
strain (JC727). Data from three independent experiments are represented as mean + SEM. (B) MAT position relative to CFP-Nup49 in
wild-type (GA-6844), six5A (GA-7097), and sIx8A (GA-7098) after 120 min on galactose. Symbols and scoring are as in Figure 1, C and
G. (C) Scoring of MAT colocalization with the pore cluster in nup133AN (GA-7314) after cut induction as in Figure 1D. Strains scored
at the indicated times on galactose were wild type (GA-7314) and sIx5A (GA-7969). (Pink/red shaded region) Colocalization. (D) ChIP
for HA-tagged Mps3 monitored MAT locus association with Mps3 at the indicated times after cut induction in wild-type (GA-8306)
and sIx5A (GA-8539) cells. Data from three independent experiments are represented as mean + SEM.
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slightly increased (Fig. 2C,D). A similar loss of DSB—pore
association was scored in six5A and sIx8A cells by pore-
ChIP, with the effect being strongest very close to the
DSB (Supplemental Fig. S2a). We conclude that the yeast
STUDL is required for DSB recruitment selectively to nu-
clear pores, which can occur in either G1- or S-phase cells,
while the S-phase relocation to Mps3 is Slx5/SIx8-inde-
pendent. This does not mean that Mps3 interaction is
SUMO-independent; indeed, the results shown in Figure
1 argue that it is also largely dependent on some form of
SUMOylation.

LexA-polySUMO and LexA-SIx5 can trigger pore binding
in the absence of damage and Siz2

While STUDL recruitment and damage movement to
pores both correlate with polySUMOylation, it remained
unresolved whether polySUMOylation is a sufficient sig-
nal for break relocation and whether it acts specifically by
recruiting SIx5. Given the pleiotropic effects of the smt3-
3KR mutant, we turned to a gain-of-function assay in
which we targeted LexA fusion proteins to a GFP-tagged
reporter. This allowed us to monitor the sufficiency of
Smt3 moieties (SUMO) or specific ligands like SIx5 for re-
location activity. We created a LexA-polySUMO fusion
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protein by stringing four Smt3s lacking the internal digly-
cine motifs together with LexA (see the Supplemental
Material). This fusion was able to bind an undamaged ge-
nomic locus (PES4) thanks to a cluster of four LexA-bind-
ing sites inserted next to the lacO array (Fig. 3A). If we
expressed LexA alone, the PES4 locus distributed random-
ly in the nucleoplasm (Fig. 3B), as did the locus in the ab-
sence of LexA (Taddei et al. 2004). We confirmed by
microscopy that there was no change in the abundance
of budded versus unbudded cells in cultures expressing
LexA or the polySUMO fusion, arguing against any dam-
age or checkpoint induction arising from expression of
these constructs. However, the expression of LexA-poly-
SUMO (LexA-4xSmt3) triggered a highly significant relo-
cation of PES4 to the NE in Gl-phase but not S-phase
cells (Fig. 3B). Importantly, the LexA-polySUMO chain fu-
sion lost its ability to shift to the NE in cells lacking Slx5
(Fig. 3B), arguing that SIx5 acts downstream from SUMO
chain formation for DSB relocation (Fig. 3B). In siz2A cells,
the LexA-polySUMO construct retained at least partial
relocation activity, although it was significantly reduced
(P = 1.8x107™* in G1 phase) (Fig. 3B). This reduction in
the absence of Siz2 may argue that Siz2 itself is part of
the relocation machinery or might simply reflect pleiotro-
pic effects arising from loss of the Siz2 E3 ligase (Fig. 3B).
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Figure 3. Targeted polySUMO and SIx5 promote chromatin relocation to the nuclear pore, bypassing Siz2 and S1x8 activities. (A) Scheme
of the LexA fusion protein targeting to PES4::lacO-LexA for the zoning assay (GA-1461) and to LYS2::lacO-LexA in a strain bearing
nup133AN (GA-8194) for nuclear pore colocalization of the intact targeted locus. (B,C) The position of lacO/LexA-tagged PES4 was visu-
alized by GFP-Lacl and scored in cells classified as G1 or S phase. Strains carried GFP-Nup49 (GA-1461) and the indicated LexA fusion
proteins (polySUMO =4xSmt3) (see the Supplemental Material) or LexA alone expressed from pAT4 derivatives. LexA fusion was ex-
pressed in wild-type (wt) (GA-1461), siz2A (GA-4447), six5A (GA-4448), or sIx8A (GA-4449) strains. Position was scored as in Figure 1C.
(D) Pore cluster colocalization for LexA-tagged LYS2 in a strain bearing nup133AN (GA-8194) transformed with the indicated LexA fusion.

Colocalization (pink to red) is as described in Figure 1D.
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To determine whether the binding of SIx5 itself is suffi-
cient to shift PES4 to pores, we expressed a LexA-SIx5 fu-
sion in the same reporter strain. Like LexA-polySUMO,
LexA-SIx5 was sufficient to shift its target locus to the
NE in Gl-phase cells, while LexA alone could not (Fig.
3C). Intriguingly, LexA-Slx5 did not relocate PES4 in S-
phase cells, arguing that there may be cell cycle modifica-
tions of SIx5 or the Nup84 pore complex to which it binds
(Fig. 3C). To see whether Slx5 is the key factor recruited by
polySUMO with respect to the relocation event, we exam-
ined whether the artificial recruitment of Slx5 is suffi-
cient to trigger relocation in the absence of Siz2. Indeed,
LexA-SIx5 is able to shift PES4 to the periphery in the ab-
sence of Siz2 (Fig. 3C), arguing that, with respect to subnu-
clear targeting, an artificial recruitment of Slx5 (Fig. 3B)
bypasses the requirement for Siz2. Furthermore, reloca-
tion by LexA-Slx5 was independent of an intact SIx8
(Fig. 3C) even though S1x8 is recruited to breaks with effi-
ciency equal to that of SIx5 (Supplemental Fig. S2b). Con-
sistently, a targeted LexA-SIx8 does not shift PES4
position to the NE (Fig. 3C). This result was not due to
misfolding of the fusion protein, since the LexA-SIx8 fu-
sion complements the impaired growth of a sIx8A strain
on HU (Supplemental Fig. S3a). We conclude that SIx8-
mediated ubiquitination is not the signal for relocation
to nuclear pores, although, in the living cell, when persis-
tent DSBs are scored for their positioning, SIx8 contrib-
utes to pore association (Fig. 2, Supplemental Fig. S2a).
This may reflect a role for SIx8 in promoting the stable
binding of Slx5 at DSBs.

This partial divergence in function between Slx5 and
S1x8 has precedents. Although SIx5 and S1x8 form a com-
plex and the null alleles share many phenotypes, epistatic
miniarray profiling (EMAP) analysis suggests that loss of
SIx5 is more deleterious than loss of SIx8 on damaging
agents (Nagai et al. 2008; Hustedt et al. 2015). Indeed,
sIx5A populations tend to generate polyploid cells, which
is not the case in sIx8 mutants, and SIx5 can form repair
foci in the absence of S1x8 (Cook et al. 2009).

To determine whether the SIx5/polySUMO chain-me-
diated positioning at the NE reflected binding at pores or
at Mps3, we coupled a Lacl-LexA-tagged internal locus
(LYS2, chromosome 2) with the nupl133AN mutant in
which pores cluster on one side of the nucleus. This al-
lowed us to monitor the position of the reporter relative
to a pore cluster. Upon the targeting of LexA-polySUMO
to LYS2, we observed a strong colocalization with the nu-
clear pore cluster (Fig. 3D). This result is remarkably con-
sistent with our finding that DSB relocation to pores is
SIx5-dependent in Gl-phase cells and that relocation to
Mps3 is not affected by loss of SIx5 (Fig. 2D). Similarly,
LexA-SIx5 was sufficient to shift the tagged LYS2 locus
to the nuclear pore cluster in G1 only, like LexA-poly-
SUMO (Fig. 3B-D). These sufficiency studies lack the
complex signals that arise from checkpoint activation
and the recruitment of irrelevant DNA repair factors.
They allow us to establish a dependency between Slx5-
and Siz2-mediated polySUMOylation for locus recruit-
ment to nuclear pores. Indeed, we bypassed the require-
ment for Siz2-mediated polySUMOylation by targeting

SUMO-mediated break relocation through SIx5

SIx5 to a tagged locus (Fig. 3C). These gain-of-function
studies argue that SIx5 binding may be sufficient to shift
the break to pores, at least in G1 phase. We hypothesize
that S-phase cells incur other modifications that block
SIx5’s relocation activity or else that additional S-phase
constraints impair relocation, provoking a need for factors
other than SIx5.

In flies, it was shown that dRad60 (the homolog of
Rad60 in fission yeast, Esc2 in budding yeast, and NIP45
in humans) contributes to the shift of DSBs away from
heterochromatin in irradiated Drosophila cells (Ryu
et al. 2015). This class of factors, called RENJ, is thought
to stimulate the ubiquitination activity of the SIx5/8
STUDL in yeast (Prudden et al. 2007). Therefore, we tested
a complete deletion of the S. cerevisiae RENi homolog
Esc2 to see whether it would phenocopy loss of SIx5/
SIx8, which blocks relocation primarily in G1. Indeed,
we found that esc2A cells show a significant drop in relo-
cation of the DSB to the NE only in G1 phase and not in S
phase (cf. Fig. 3B and Supplemental Fig. S2b). Unlike SIx5,
however, the targeting of a LexA-Esc2 fusion did not trig-
ger a shift to the NE (Supplemental Fig. S3c), arguing that
it is not directly involved in pore association. Rather, like
SIx8, Esc2 may help stabilize SIx5 binding to polySUMO
motifs at damage.

MonoSUMOylation relocates exclusively to Mps3-
binding sites in S-phase cells

In Figure 1, we showed that the loss of SUMO E3 ligases
impaired break relocation in S phase as well as in G1, un-
like sIx5A, and found strong effects of mms21AC, which is
thought to mediate primarily monoSUMOylation (D’Am-
brosio and Lavoie 2014). Given the inability of LexA-poly-
SUMO to relocate damage in S-phase cells, we next
examined whether the fusion of a single Smt3 moiety to
LexA might promote the positioning of an undamaged
site in S phase. We expressed two monoSUMO LexA fu-
sions (i.e., to either a single Smt3 moiety or a smt3-
3KRmoiety) and monitored the position of PES4 locus
tagged with lacO-LexA sites. In both cases, the randomly
distributed undamaged locus shifted to zone 1 upon ex-
pression of the LexA-monoSUMO construct only in S-
phase and not in Gl-phase cells (Fig. 4A). The LexA-
smt3-3KR fusion was also expressed in a siz2A strain,
and there was a slightly reduced but still significant
Siz2-independent relocation activity (Fig. 4A). We next de-
termined whether the relocated locus showed enrichment
at the nuclear pore cluster using the LYS2::lacO-LexA
strain bearing nup133AN and Nup49-CFP. In contrast to
the LexA-polySUMO construct, the LexA-smt3-3KR
(monoSUMO) fusion did not colocalize with the pore clus-
ter (Fig. 4B), suggesting that the relocated locus binds
Mps3. To address this hypothesis, we overexpressed the
soluble Mps3 N-terminal domain, which can displace oth-
er nucleoplasmic ligands from interaction with mem-
brane-bound Mps3-binding sites (Ferreira et al. 2011).
The soluble Mps3N’ domain indeed successfully compet-
ed for LexA-smt3-3KR’s relocation activity (Fig. 4C). Con-
sistent with the fact that Mps3 functions as a tethering
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Figure4. The targeted monoSUMO construct shifts chromatin to the nuclear periphery in S phase but not to nuclear pores. (A) The
indicated LexA fusion proteins are expressed in the wild-type (wt) strain (GA-1461) and siz2A (GA-4447). The position of lacO/LexA-
tagged ARS607 was visualized by GFP-Lacl and scored as in Figure 1C. (B) Pore cluster colocalization for LexA-tagged LYS2 in a
strain bearing nup133AN (GA-8194) transformed with the indicated LexA fusions. Colocalization (pink to red) was scored as in Fig-
ure 1D. (C) In a wild-type strain (GA-1461) expressing LexA-smt3-3KR and either an empty vector or the Mps3N’ construct, PES4
position was scored as in A. (D) Summary of the chromatin positioning roles of monoSUMO and polySUMO chains based on the

targeting assays.

site only in S phase, the monoSUMO fusion can only me-
diate relocation in S-phase cells. Taken together, our data
argue that, in S-phase cells, monoSUMOylation events
mediate DSB relocation to Mps3, whereas, in G1, reloca-
tion to the nuclear pore requires a polySUMO chain that
acts through the recruitment of SIx5. Given that LexA-
Slx5 can bypass the requirement for Siz2, we suggest
that Slx5 does not need to be SUMOylated to interact
with Nup84 (see the model in Fig. 4D), although, in S-
phase, there may be other factors at play. Nonetheless,
we note that not all SIx5 foci that arise from ionizing radi-
ation are associated with nuclear pores (Supplemental Fig.
S4); thus, there may be ways to impair Slx5-pore associa-
tion in S phase. Alternatively, Slx5-pore binding may be
transient in nature, allowing some foci to shift away
from the NE after processing of the damage.

SIx5 binding to Nse5, part of the SMC5/6 complex, is
compromised by the L247A mutation

In addition to being a target of SUMO E3 ligases, and bind-
ing SUMO chains, SIx5 and its orthologs have been shown
to interact with a component of the SMC5/6 complex (i.e.,
Nse5), with factors involved in kinetochore function
(Ndc10), and with the repair factor family RENi (Rad60,
Esc2, and Nip45) (summarized in Cook et al. 2009). The
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SMC5/6 complex contains the Nse2/Mms21 E3 SUMO li-
gase as well as Nisel, an E3 ubiquitin ligase, and the Nse3—
6 subunits (Supplemental Fig. S5a; Jeppsson et al. 2014).
High-throughput yeast two-hybrid (Y2H) screens suggest-
ed that budding yeast Nse5 might bind SIx5 (Hazbun et al.
2003), like its Schizosaccharomyces pombe homolog
(Prudden et al. 2007). Nse5 contributes to SMC5/6 com-
plex stability and its recruitment to sites of replication
stress by binding Nse6 (Cook et al. 2009; Bustard et al.
2012), but Nse5 also binds directly to Smt3 and indirectly
to E3 ligases Siz1, Siz2, and Mms21 and the upstream E2
ligase Ubc9 (DE Bustard and JA Cobb, pers. comm.). To see
whether Nse5 contributes to the recruitment of Slx5/
S1x8, we first characterized the proposed protein—protein
interaction between Nse5 and Slx5 by Y2H assays.

With galactose-inducible expression of LexA-Nse5 as
the bait and of a SIx5 activation domain (AD) fusion as
prey, we scored a >10°-fold increase in p-galactosidase ac-
tivity in cells exposed to galactose. This reflects an effi-
cient interaction between Slx5 and Nse5 (Supplemental
Fig. S5b). Given that both SIx5 and Nse5 are reported to in-
teract with SUMO (Hazbun et al. 2003), we asked whether
the Y2H interaction might be compromised in strains that
fail to efficiently deposit SUMO chains (i.e., either smt3-
3KR, which blocks SUMO chain formation, or smt3-
331, which reduces SUMOylation efficiency). The Slx5-
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Nse5 binding was reduced, yet there was still interaction
that was 350-fold above background (Supplemental Fig.
S5b), suggesting that Nse5 and SIx5 may interact indepen-
dently of SUMO. Consistently, a mutant form of Slx5 in
which the two demonstrated SIM elements A and B
were mutated (alanine substitutions at amino acids 25—
27 and amino acids 93-96) (Xie et al. 2007) did not signifi-
cantly reduce Nse5-SIx5 interaction (Supplemental Fig.
S5b). In all cases, both constructs were efficiently ex-
pressed on galactose (Supplemental Fig. S6).

In earlier work, SMC5/6 was shown to facilitate the re-
location of DSBs away from the nucleolus (Torres-Rosell
etal. 2007) and away from heterochromatin in Drosophila
cells (Chiolo et al. 2011), yet it was unclear whether it acts
solely by delivering the SUMO E3 ligase Mms2.1 or wheth-
er it stabilizes the recruitment or binding of the STUDbL
complex. In order to be able to test the relevance of the
Nse5-Slx5 interaction in relocation assays, we screened
previously isolated point mutations in Nse5 for one that
would lose interaction with Slx5 without disrupting the
stability of SMC5/6 and the SUMO ligase activity of
Mms21. The nse5 L247 A mutant protein completely abro-
gated the Nse5-Smt3 interaction (Supplemental Fig. S5c¢)
but retained wild-type levels of binding to Nse6
(Supplemental Fig. S5¢) and, unlike the mms21-11 mu-

A B

a0 DSB zoning assay, Gal 120 min

SUMO-mediated break relocation through SIx5

tant, did not induce MMS sensitivity (DE Bustard and JA
Cobb, pers. comm.). It did, however, abolish Nse5’s inter-
action with SIx5 as monitored by Y2H (Supplemental Fig.
S5c¢). While this may be partly through a loss of SUMO rec-
ognition, the L247A allele appeared to be a useful tool to
perturb the SIx5-SMC5/6 complex interaction without in-
terfering with SMC5/6 complex integrity or its SUMOyla-
tion activity. In contrast, the temperature-sensitive smc6-
9 allele both disrupts the SMC5/6 complex (Torres-Rosell
et al. 2005; De Piccoli et al. 2006; Sollier et al. 2009) and
compromises its E3 ligase function (Bermudez-Lopez
et al. 2015). A summary of the relevant interactions dis-
rupted by Nse5 L247A is shown in Figure 5A.

Using the temperature-sensitive smc6-9 allele, we first
asked whether the disruption of SMC5/6 would affect
DSB relocation to the NE. Not unexpectedly, like the E3
ligase-deficient allele (mms21AC) (Fig. 1C), the smc6-9
mutant lost perinuclear anchorage in both G1- and S-
phase cells (Fig. 5B). SMC5/6 is known to be recruited to
DSBs by Rtt107 when phosphorylated by the DNA dam-
age checkpoint kinase Mecl (De Piccoli et al. 2006;
Ohouo et al. 2010; Leung et al. 2011; Ullal et al. 2011).
Consistently, the rtt107A strain also compromised reloca-
tion of DSBs to the NE in both stages of the cell cycle (Fig.
5B). In contrast to the effects of smc6-9 and mms21AC
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Figure 5. The SMC5/6 complex, the recruiter Rtt107, and the efficient interaction of Nse5 with S1x5/SIx8 facilitate DSB anchoring to
Mps3. (A) Depiction of Nse5 interactions with SUMO (Smt3), SIx5, and Nse6 and the effects of the nse5°?"4 mutation (Supplemental
Fig. S5; see the text). (B) The position of the cleaved MAT locus relative to CFP-Nup49 in wild-type (GA-6844), nse5-L247A (JC3161),
smc6-9 (JC3131), and rtt107A (GA-7092) cells after 120 min on galactose at 30°C is shown. Binning into G1 and S as well as the symbols
are as in Figure 1C. (C) ChIP for Nup84-13MYC monitored the MAT locus after 240 min on galactose in wild-type (GA-4133), nse5-L247A
(JC3154), and smc6-9 (JC3150) cells grown at 30°C. Data from four experiments are represented as mean = SEM. PCR probes were at the
indicated distances from the HO cut site. (D) ChIP against 3HA-Mps3 (anti-HA) at the indicated times on galactose. Enrichment of MAT
(0.6 kb from the cut site) over uncut SMC2 was quantified by qPCR in wild type (JC3167) and nse5-L247A (JC3114). For the smc6-9 tem-
perature-sensitive alleles (JC3115), strains were grown at 25°C and then transferred for 1 h to 37°C to inactivate the smc6-9 allele before
HO induction at 35°C. Data from three independent experiments are represented as mean = SEM. (E) ChIP for HA-tagged SIx5 monitored
MAT locus association at the indicated time after cut induction in wild-type (JC3020), nse5-L247A (JC3621), smc6-9 (JC3198), and non-
tagged (JC727) cells at 30°C. Data from three independent experiments are represented as mean + SEM.
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mutants, break relocation to the NE in the nse5%%74 al-
lele has a reduced but still significant perinuclear associa-
tion in G1 (Fig. 5B). This may reflect its ability to sustain
functional Mms21 activity in G1-phase cells, which nei-
ther smc6-9 nor rtt107A does.

This model predicts that the smc6-9 mutation might af-
fect recruitment to both pores and Mps3, phenocopying
the loss of Mms21’s SUMOylation activity, while the
nse5t244 allele might only impair S-phase recruitment
to Mps3, since the Mms21 SUMOylation activity, neces-
sary for the polySUMO signal in G1, would be intact. We
tested this with both pore-ChIP and Mps3-ChIP assays
and, whenever possible, elevated the temperature to
37°C to induce the smc6-9 defect (Fig. 5C,D). Indeed,
the nse5 L247A protein allowed DSB association with
Nup84 (see the 1.6-kb probe in Fig. 5C), while smc6-9
did not (both probes in Fig. 5C). Thus, the Nse5 interac-
tion with Slx5 may not be essential for G1-phase reloca-
tion to pores. In the case of Mps3, both mutants showed
a similar reduction to levels less than twofold above
background (Fig. 5D). We asked whether the nse5%244
allele actually reduces Slx5 binding at the break by per-
forming HA-SIx5 ChIP in the nse5"®%# and smc6-9
strains (Fig. 5E). SIx5-HA recruitment was indeed compro-
mised by nse522474 at the DSB, suggesting that Nse5 at
least partially stabilizes SIx5 binding, probably acting in
S-phase and not in Gl-phase cells, since relocation to
the pore was intact in the nse5"?*”4 mutant. We were un-
able to test the smc6-9 allele combined with Slx5-HA at
37°C due to poor growth of this strain on galactose at
this temperature. However, at a semipermissive 30°C,
we could score a partial reduction in SIx5 recruitment in
the smc6-9 strain, consistent with a loss of Mims2.1-medi-
ated SUMOylation.

In addition to its effect on Slx5/SIx8 recruitment, we
propose that the SMC5/6 complex plays a SIx5/8-indepen-
dent role in relocation of breaks to Mps3, acting at least in
part through Mms21. The nse5"2*"# mutant protein may
fail to bind an S-phase ligand necessary for efficient reloca-
tion to Mps3. This ligand most likely is not SIx5, since
LexA-SIx5 was unable to shift PES4 to either nuclear pores
or Mps3 in S-phase cells (Fig. 3C).

Our results establish a hierarchy of molecular interac-
tions that mediate the relocation of DSBs to distinct peri-
nuclear sites where the relative importance of these
pathways varies with the cell cycle. We found that poly-
SUMOylation has a specific role in G1, acting at least in
part through Slx5, while monoSUMOylation functions
in S phase, acting through an unknown ligand. It is not
clear what the relocation-relevant targets of SUMOyla-
tion are, although it seems likely that multiple targets
could function in this case given that LexA-polySUMO
had a fairly efficient relocation activity. Given the conser-
vation of SUMOylation across species, the conservation
of STUDL enzymes, and the fact that SMC5/6 and the re-
cruitment factors responsible (Rtt107/Esc4 and Esc2/
Rad60) are important for break relocation in flies and
yeast, we suggest that SUMO conjugation and STUDL re-
cruitment will be relevant positioning signals in other
species.
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SIx8 and pore proteins facilitate BIR and imprecise end-
joining

To determine whether the functional hierarchy of factors
for break relocation translates into a repair function, we
scored for cell survival after 1, 2, or 4 h of growth on galac-
tose, during which the HO endonuclease would be in-
duced. After this incubation, cells were plated on
glucose-containing plates to score for the efficiency of re-
pair through the number of colony-forming units (CFUs)
recovered (viable cells in Fig. 6A). We first asked whether
slx5A and nse5%2474 would be epistatic, and, indeed, while
the loss of SIx5 compromises cell survival far more than
the other single mutants, there was no additive loss of vi-
ability when combined with nse5%?#’4 (Fig. 6A, light
gray). This was not the case when siz2A, which reduced
survival only moderately at 2 h, was combined with
sIx5A; in this case, the double mutant was strongly addi-
tive (Fig. 6A, dark gray). This is consistent with the notion
that Siz2 has additional roles at damage, promoting sur-
vival by factors other than those that recruit and activate
S1x5/S1x8. Nonetheless, Slx5 has a profound effect on sur-
vival following induction of a persistent DSB.

There were multiple pathways of repair that led to
CFUs in the survival assay scored above. To get insight
into which repair pathways SIx5 and pore binding affects,
we performed an assay designed to monitor repair of a DSB
by strand invasion into an ectopic donor (BIR). We scored
for the loss of the distal arm of the invaded chromosome to
ensure that we monitored BIR rather than another recipro-
cal recombination event. A recent study observed an
~50% drop in efficiency of survival in both the nup84A
and sIx5A strains after induction of a DSB in a subtelo-
meric region (Chung et al. 2015). Survival was correlated
with a recombination-based pathway that required
Rad52 and Rad32, although it was not a specific assay
for ectopic BIR, in which a one-ended DSB is repaired by
an error-free mechanism involving recombination-medi-
ated replication fork restart. Since Nup84 had already
been tested in a BIR-like assay, we tested another pore
component that is associated with the Nup84 complex,
Nup60. Nup60 is recruited to breaks and shows similar
EMAP sensitivities (Nagai et al. 2008). Monitoring a
strand invasion event from chromosome V to chromo-
some I (Fig. 6B), we observed that sIx8A and nup60A
strains have a 60% and 40% drop in BIR efficiency, respec-
tively (Fig. 6B). We propose that an irreparable or persis-
tent DSB resembles a collapsed fork in that it has a
damaged end with no immediate donor for repair (no in-
tact sister chromatid).

The other potential pathway for repair of such lesions
would be either precise NHE] or imprecise NHE]. Com-
promising the Nup84 complex did not compromise pre-
cise NHEJ at an HO-induced break to any detectable
extent (Fig. 6C), but imprecise end-joining (also called al-
ternative or microhomology-mediated end-joining) was
reduced by 50%, like BIR (Fig. 6C). Both BIR and imprecise
end-joining involve resection at the cut site; thus, one sce-
nario that explains our results is that recruitment of DSBs
without intact sisters to nuclear pores by Slx5/S1x8
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triggers the degradation of a complex that might be block-
ing end resection. Resection would then allow alternative
strand invasion or annealing pathways to proceed in a last-
ditch attempt by the cell to force repair and survive. In-
triguingly, sequestration at Mps3 appears to have the op-
posite effect: Mps3 suppresses ectopic recombination
and thus may counteract the repair pathway promoted
at nuclear pores (Ferreira et al. 2011; Horigome et al.
2014; Chung et al. 2015).

Discussion

We identified two distinct SUMO-dependent pathways
that trigger relocation of a DSB to the NE (Fig. 7). In G1,
SUMO chain formation leads to recruitment of Slx5 and
subsequent break relocation to the nuclear pore. G1 poly-
SUMOylation depends on Siz2 and Mms21. Loss of either
SUMO E3 ligase compromises relocation of DSBs to pores.
In S phase, on the other hand, monoSUMOylation by
Mms21 leads to DSB movement to Mps3 but not to the
nuclear pore. Interestingly, Slx5 contributes to, but is
not sufficient for, S-phase movement of breaks to pores
and is stabilized at damage in an Nse5-dependent manner.
Thus, our data also suggest that the SMC5/6 complex con-
tributes in several ways to break relocation; in both G1
and S phase, it recruits Mms21 to mediate monoSUMOy-
lation, but its Nse5 subunit may have additional S-phase-
specific roles.

Our findings allow a generalization of the phenomena
to damage relocation from heterochromatin in Drosophila
cells (Chiolo et al. 2011). Chiolo et al. (2011) similarly
found that ablation of the fly SIx5/SIx8 homologs
SMC5/6 and impaired SUMOylation interfered with the
relocation of DSBs from heterochromatin to perinuclear
sites of repair (Ryu et al. 2015). It has also been reported
elsewhere that the repair of intrastrand cross-links by
the Fanconi anemia complex and PML body-mediated re-
covery from arsenic-induced damage (Tatham et al. 2008;
Kim and D’Andrea 2012) are controlled by SUMOylation,
STUDL enzymes, and SMC5/6. Finally, Mms21 in parallel
with S1x5/8 and SMC5/6 was shown to suppress spontane-
ous gross chromosomal rearrangements, although the
mechanism was not clarified (Hwang et al. 2008; Albu-
querque et al. 2013). Our study suggests that damage can
be directed to subcompartments at the NE by distinct sig-
nals, where distinct repair activities seem to be favored.
From genetic data, one would argue that the proteasome
acts on the same pathway as nuclear pores and SIx5/S1x8
(Nagai et al. 2008), possibly requiring SIx8-mediated ubig-
uitination. Above all, we establish here for the first time a
strong correlation between the spatial sequestration of
damage and the extent of SUMO chain formation.

We note that ubiquitination and SMC5/6 are also neces-
sary for telomere maintenance and PML body formation
in ALT cancer cells (Potts and Yu 2007), where BIR is
the primary mechanism of telomere maintenance. Con-
sistently, SIx8 promotes type II survivor formation in
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Figure 7. Model for the role of SUMO and the Slx5 STUDL sub-
unit in break relocation. Siz2 is damage-associated and deposits
SUMO on various repair substrates that are monoSUMOylated
by Mms21. SIx5/SIx8 is itself SUMOylated and recruited to the
DSB in a polySUMOylation-dependent manner. Siz2, polySU-
MOylation, and its recognition by SIx5/SIx8 are required for
DSB relocation to pores in both G1 and S. Nup84 components
are recognized by Slx5. In contrast, monoSUMOylation can shift
chromatin to Mps3 in an SMC5/6-dependent but S1x5/8-indepen-
dent manner. Rtt107 phosphorylation by Mecl recruits the
SMC5/6 complex to DSBs. A component of SMC5/6, Nse5, inter-
acts with SIx5. The SUMO E3 ligase Mms21 is recruited with the
SMC5/6 complex. Ubiquitination of SUMOylated target proteins
by the SIx5/S1x8 STUbL most likely results in subsequent degra-
dation by the proteasome at the NE to enable repair pathways
such as BIR.

yeast mutants that lack functional telomerase (Azam
et al. 2006). Also, in yeast, eroded telomeres relocate to
nuclear pores (V Geli, pers. comm.). These repair events
all entail ectopic strand invasion, as occurs in BIR. Thus,
it is tempting to speculate that a processing event that en-
ables nonsister chromatid strand invasion is favored by
shifting breaks to nuclear pores.

With respect to relocation to pores in G1-phase cells, in
a gain-of-function targeting assay, we found that LexA-
SIx5 can bypass the requirement for polySUMOylation.
Moreover, the relocation mediated by LexA-4xSmt3 (pol-
ySUMO) fusion is dependent on SIx5 (Fig. 3). This is con-
sistent with the notion that any number of appropriately
modified targets might suffice to recruit SIx5. Indeed, it
may be the extent of modification rather than the specific
substrate that is critical for site-specific recruitment. Still,
the question remains: Which targets of SUMOylation are
relevant in this context? Do they vary with cell cycle or
types of damage?

There are a number of DSB-bound factors that are tar-
gets and ligands of either Mms21, Siz2, or both. Siz2 bind-
ing at sites of damage appears to be facilitated by RPA
binding to ssDNA, mediated by the Rfa2 C-terminal
winged helix domain (Chung and Zhao 2015). We did
not find a requirement for Rad52 in DSB relocation to nu-
clear pores (Horigome et al. 2014), although Rad52-KR
mutants that attenuate its SUMOylation affect damage
relocation out of the yeast nucleolus (Torres-Rosell et al.
2007). Similarly, whereas yKu70-SUMOylation and
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yKu80-SUMOylation mediate the interaction of telo-
meres with Mps3, these constructs do not target DNA
to Nup84 (Ferreira et al. 2011; Chung et al. 2015). Htzl
SUMOylation was implicated in DSB relocation to Mps3
(Kalocsay et al. 2009), but, given that Htz1 is a necessary
chaperone for the localization of Mps3 in the inner nucle-
ar membrane (Gardner et al. 2011), these data must be
complemented with controls that show that Mps3 was
properly localized in these mutants (Gardner et al.
2011). The fact that Htzl deletion affects DSB relocation
to both pores and Mps3 (Dion and Gasser 2013; Horigome
et al. 2014) may argue for a role of this variant histone in
break relocation. Future studies will have to address this
by mapping and mutating specific interaction sites be-
tween Htzl and Mps3. Whatever the target may be, our
work illustrates the crucial importance of SUMOQylation
signals at DSBs for the targeting of damage to distinct nu-
clear subcompartments that mediate repair.

Materials and methods

Plasmids, yeast strains, and techniques

Standard yeast methods and media were used, and constructs,
strains, growth conditions, and Y2H assays are described in detail
in the Supplemental Material and Supplemental Table S2. Cut ef-
ficiencies are summarized in Supplemental Table S1.

The LexA fusions were created in the plasmid pAT4 (Taddei
et al. 2004). The 4xSmt3 construct (LexA-polySUMO) was creat-
ed by cloning four Smt3 genes tandemly into the vector pAT4 us-
ing a 4xSmt3 construct synthesized by Bio Basic, Inc., gene
synthesis. To prevent processing of the internal SUMO proteins
by Ulpl, the constructs were truncated at Iy to remove the digly-
cine motif. The fourth SUMO residue in the chain retained the
full SUMO sequence, including the diglycine motif. Targeted
binding is described in Neumann et al. (2012) and Horigome
et al. (2014).

Microscopy and statistical analyses

Fluorescence microscopy and quantification were performed ac-
cording to published methods (Meister et al. 2010; Horigome
et al. 2015) using a Metamorph-driven spinning disk confocal
system with a Yokogawa CSU-X1 scan head and an EM-CCD
Cascade II (Photometrics) camera. Lacl-GFP position was deter-
mined with a through-focus stack of 16-21 0.2-uym steps and
was measured by Image] (National Institutes of Health) and the
plug-in software PointPicker (Meister et al. 2010). The numbers
of nuclei scored are in Supplemental Table S1.

To determine zone enrichment, we applied a x* test comparing
zone 1 with a random distribution (degree of freedom, 2; confi-
dence limit, 95%). P-values are listed in Supplemental Table S1.
To compare the perinuclear enrichment of two different strains,
we used a proportional analysis with a confidence limit of 95%.
The error bars of ChIP experiments represent the SEM.

ChIP

ChIP with anti-HA or anti-MYC epitope-tagged strains was car-
ried out as previously described (Yoshida et al. 2010) with modi-
fications described in the Supplemental Material. Absolute
enrichment was calculated as follows: For each time point, the
signal from a site near the HO DSB at MAT was normalized
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to that from either the genomic SMC2 locus or the mitochondrial
OLI1 locus in ChIP and input DNA samples. For each time
point and site, normalized ChIP signals were normalized to input
DNA signals.

Repair assays

Precise NHE]J and imprecise NHE] were performed as described in
van Attikum et al. (2007) using isogenic derivatives of GA-1081
(i.e., GA-8860 [wild type] and GA-8471 [nup84A]). The DSB survival
assay is described in the Supplemental Material; the BIR assay was
performed and the frequency of recombinants was calculated
as previously described (Donnianni and Symington 2013).
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