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Thesis overview

This PhD thesis is based on the following publications:

e Horigome C, etal. (2014). SWR1 and INO80 chromatin remodelers contribute to
DNA double-strand break perinuclear anchorage site choice. Molecular Cell
55(4): 626-39

e Horigome C, etal. (2016). PolySUMOylation by Siz2 and Mms21 triggers
relocation of DNA breaks to nuclear pores through the SIx5/SIx8 STUbL. Genes &
Development 30(8): 931-45

e Marcomini I, Gasser SM (2015). Nuclear organization in DNA end processing:
Telomeres vs double-strand breaks. DNA Repair 32: 134-40

e Marcominil, et al. (2018). Asymmetric processing of DNA ends at a double-
strand break leads to unconstrained dynamics and ectopic translocation. Cell
reports 24: 2614-28

This thesis consists of 4 chapters. Chapter 1 is an introduction, based on a published
review (Marcomini I, Gasser SM, 2015). Chapter 2 presents the published papers on DSB
processing relative to the nuclear periphery in S. cerevisiae, to which I contributed.
Chapter 3 is the published article about the effect on telomeric repeats on DSB processing.

Chapter 1 gives an overview of the field of end processing in the double-strand break
response as well as at telomeres. It is based on a review (Marcomini and Gasser, 2015),
butis rearranged, updated and modified in order to avoid redundancy and provide clarity.
Additional relevant sections and citations were added that were not adequately discussed
in the review or outdated since its publication.

Chapter 2 is an experimental chapter that reports previous works on the role of the
nuclear periphery in DSB processing. These studies provided a foundation to develop my
own project, and they are some of the first works showing a role for the nuclear periphery
in the DNA damage response. While the first one (2014) dissects the requirements for a
persistent DSB to interact with the nuclear envelope, the second one focuses on the role
and extent of SUMOylation in such interactions, providing functional data for their
biological relevance. I participated in both papers (Horigome C et al., 2014 and 2016),
which were lead by Dr Horigome.

Chapter 3 presents the paper as published on Cell reports. This work stems from the basic
question of what determines the identity of a DNA end as a telomere. It isolates telomeric
repeats in an internal chromosomal position next to a DSB end, and analyzes their effects
on the processing, nuclear localization and repair of the DSB.

Finally, Chapter 4 discusses the significance of these studies in the context of DNA repair
and telomere biology, highlights open questions and provides future perspectives.


https://www.ncbi.nlm.nih.gov/pubmed/25066231
https://www.ncbi.nlm.nih.gov/pubmed/25066231
https://www.ncbi.nlm.nih.gov/pubmed/27056668
https://www.ncbi.nlm.nih.gov/pubmed/27056668
https://www.ncbi.nlm.nih.gov/pubmed/26004856
https://www.ncbi.nlm.nih.gov/pubmed/26004856




CHAPTER 1. AN INTRODUCTION TO DNA END
PROCESSING: TELOMERES VERSUS DOUBLE-
STRAND BREAKS

Based on:
Marcomini I and Gasser S.M.

DNA Repair 32:134-40, 2015

SUMMARY

DNA double strand breaks (DSBs) can arise in eukaryotic cells due to exogenous
(radiation, chemicals) or endogenous (oxidative stress, replication fork collapse)
processes. DSBs consitute a threat for genome integrity and need to be repaired to avoid
loss of genetic material and allow cell cycle progression. Telomeres are the ends of
eukaryotic chromosome and, like DSBs, expose a free 3’-OH. What differentiates
telomeres from DSBs has been a long-standing question in the field of cell biology:
indeed, recognition of telomeres as DSBs would cause chromosome fusions and genomic
instability. Unlike DSBs, telomeres are protected from the DNA damage response
machinery by a dedicated protein complex, the telosome, as well as by their association
in clusters at the nuclear periphery. Interestingly, some components of the telosome
have fundamental but different functions in DSB processing. Furthermore, some nuclear
envelope binding sites are common to telomeres and the processing of DSBs. This
introduction highlights common pathways as well as specific features of these two

different kinds of DNA ends.






Introduction

The double-strand break response

DNA double-strand breaks (DSBs) are among the most deleterious types of DNA damage
in the nucleus, particularly if an intact template is not immediately available for
repair(Jackson and Bartek 2009). To ensure cell survival, DSBs trigger a conserved
cascade of events called the DNA damage checkpoint, that arrests the cell cycle and
stimulates repair(Tsabar and Haber 2013). The Ser/Thr PI3-like kinases ATM (Tel1 in the
budding yeast, S. cerevisiae) and ATR (Mecl in S. cerevisiae) initiate the checkpoint
signaling by phosphorylating other effector kinases, thereby promoting the recruitment
of the repair machinery, the stalling of cell cycle progression, and changes in gene
expression(Finn et al. 2011; Smeenk and van Attikum 2013; Adam and Polo 2014).

DSBs are repaired through two main pathways in eukaryotic cells. Non-homologous end
joining (NHE]) is active throughout the cell cycle and involves the direct religation of the
broken ends, as long as a 3’-OH and a 5’ phosphate group are available for religation. If
not, then base removal or limited end resection occurs, allowing single-strand annealing,
processing and imprecise religation, that leads to short deletions. NHE] is mediated by a
dedicated ligase, ligase IV (Lieber 2010). In S- and G2-phases of the cell cycle, 5' to 3'
resection at breaks is more efficient, yielding a long 3' single-strand tail on both sides of
the break. DSB repair is then preferentially mediated by homologous recombination (HR),
during which single stranded (ss) overhangs anneal with an intact, homologous double
stranded DNA (dsDNA) template. The ssDNA overhang mediates both strand invasion
and activation of the DNA damage checkpoint kinase ATR-ATRIP (Mec1-Ddc2 in yeast) to
arrest the cell cycle.

DSBs are initially sensed by the Mre11-Rad50-Nbs1 (MRN) complex (Mre11-Rad50-Xrs2
or MRX in yeast), which rapidly localizes to DNA ends and, in a process called short range
end resection, starts trimming the 5’ end, thereby exposing a short protruding 3’ end of
ssDNA. MRX activity is dependent on phosphorylation of CtIP (Sae2 in yeast) by cyclin-
dependent kinases (CDK), which contributes to the observed cell-cycle bias for
resection(Cannavo and Cejka 2014). DNA ends are also bound by the Ku70/80
heterodimer: in G1 phase, the Ku complex limits both ssDNA formation and the activity of
resection proteins, promoting repair via the NHE] pathway(Mimitou and Symington
2010). In S- or G2-phase cells, Ku binds the break ends, but homologous recombination in
these phases of the cell cycle is by far the preferential repair pathway in yeast. It was

assumed that Ku competes with MRX for end binding, but how repair pathway choice



becomes biased towards HR, and how Ku is dealt with at S- and G2-phase DSBs, was rather
unclear. Recent data suggest that Ku promotes the initial cleavage catalyzed by Mrel1l
together with phosphorylated Sae2, thereby favoring resection and HR when Sae2 is
modified (Reginato et al. 2018; Wang et al. 2018). [t also seems indeed that Ku has a much
higher DNA binding affinity for blunt dsDNA ends than for short overhangs(Foster et al.
2011). In mammalian cells repair pathway choice is largely dictated by competition
between BRCA1 and 53BP1 at DSBs(Chiba et al. 2008; Xia et al. 2013). While Ku binding
to BRCA1 was initially thought to promote end-joining, it now appears that 53BP1 is
loaded onto chromatin and through its interacting factors Rifl and PTIP promotes NHE]
by inhibiting the end resection that is necessary for HR(Zimmermann and de Lange
2013).

The ssDNA stretches created by MRX/Sae2 are coated by Replication Protein A (RPA).
RPA promotes long-range resection by recruiting Exol endonuclease and/or a complex
of Dna2-Sgs1 (DNA2-BLM in mammalian cells)(Myung et al. 2001; Gravel et al. 2008;
Symington and Gautier 2011). The resected ssDNA filament bound by RPA recruits the
ATR/ATRIP (Mecl/Ddc2 in yeast) kinase, which is further stimulated by the 9-1-1
complex. 9-1-1 binds the ss-dsDNA junction at resected breaks, acting through the BRCT-
domain protein, TOPBP1 (or Dbp11 in yeast)(Kumagai et al. 2006; Delacroix et al. 2007).
RPAislater replaced by Rad51, facilitated by mediator proteins including BRCA2 (in yeast
by Rad52). Rad51 forms a protein-ssDNA filament which is essential for homology search
and invasion into the double-stranded template DNA.

The C-terminus of Nbs1 (Xrs2 in yeast) recruits ATM/Tell to DSBs(Falck et al. 2005).
Once ATM/Tell is activated, it phosphorylates itself and the C-terminal tail of histone
H2AX (yH2AX or phosphorylated Ser129 in yeast histone H2A). yH2AX has the unique
propensity to spread from the site of damage, providing a platform for the binding of
many other DNA repair enzymes(Bekker-Jensen et al. 2006). Whereas in mammals ATM
is specifically activated by DSBs, ATR responds also to replication stress and other lesions
that cause ssDNA formation(Gobbini et al. 2013; Hustedt et al. 2013). It seems that in
budding yeast, the ATR homolog Mec1 plays a much more central role in DSB processing
than Tell (the ATM homolog), perhaps because resection and ssDNA formation are more
efficient in this organism(Clerici et al. 2008). Indeed, as its name indicates, Tel1 is largely
specialized for functions at telomeres; its loss leads to constitutively short TG repeats at
chromosome ends(Greenwell et al. 1995). At telomeres, even if short, resection is

suppressed and Tell activity leads to the recruitment of telomerase, as discussed below.
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The nature of telomeres

The natural ends of eukaryotic chromosomes, or telomeres, expose a short protruding 3’
end, just like resected DSBs. However, telomeres contain repetitions of a TG-rich
sequence, specifically (TG1-3)n in budding yeast, and TTAGGG in most vertebrates. The
length of this repetitive region varies from 300-400 bp in yeast to ~15 kb in humans, and
up to 100 kb in certain species of mice. The TG cap has two main functions: one is to
ensure complete replication of chromosomes, the second is to protect the ends from both
degradation and from activating the DNA damage checkpoint, which would block cell
cycle progression. Replication by polymerase a proceeds only 5’ to 3’ and acts in a
discontinuous manner on the lagging strand. It makes use of RNA primers, which are
removed at the end of the polymerization process(Blackburn 1991). Therefore, on
leading strands this mechanism leads to a small loss of the terminal sequence each cell
cycle, which would eventually erode unique chromosomal DNA. To compensate for this,
a specialized replicative polymerase called telomerase acts at telomeres(Shampay et al.
1984). Telomerase is a protein-RNA complex whose RNA moiety serves as an internal
primer that templates DNA synthesis at chromosomal ends. It is generally in very low
abundance and its recruitment is highly regulated. On average, fewer than one telomere
in 10 is elongated by telomerase each cell cycle(Teixeira et al. 2004), with shorter
telomeres being favored, suggesting that there may be a switch from an inaccessible to an
accessible structure prior to elongation. Nonetheless, telomerase is not only bound at
short telomeres, but also at low frequency at DSBs(0za et al. 2009).

A second crucial function of the telomere is to suppress the DNA damage response (DDR)
and block the action of the repair machinery that would normally act on the terminal 3’
ssDNA telomeric overhang as a repair substrate. If DSB repair takes place at telomeres,
cells undergo potentially lethal telomere fusions and chromosomal translocations, which
result in genomic instability(Burgess 2013). This is normally prevented by a set of
proteins that have evolved to specifically recognize telomeric DNA, forming the telosome.
The telosome is composed of a ssDNA binding component and a sequence-specific dsDNA
repeat-binding component. In budding yeast, the former is the Cdc13-Stn1-Ten1 (CST)
complex, while dsDNA repeats are bound by Rapl. Rap1 binds the Rapl-interacting
factors, Rifl and Rif2, as well as Sir3 and Sir4, two yeast-specific nucleosome-binding
factors involved in gene silencing. Higher eukaryotes possess a telosome complex called
Shelterin that integrates both ss- and ds-DNA binding activities.

In addition, mammalian telomeres form a secondary structure called t-loop, generated by
a folding back of the 3’ ssDNA overhang, such that it anneals with upstream telomeric

repeats to displace the TG-rich strand of the repeats DNA(Griffith et al. 1999). This may
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physically sequester the chromosome end from the DSB signaling machinery, at least until
replicative polymerases pass through. The human TTAGGG-binding factor TRF2 is
required for the formation of such structures even in vitro(Stansel et al. 2001).
Interestingly, telomere repeat-binding proteins in different organisms share very high
structural similarity, despite significant sequence divergence(Bilaud et al. 1996; Pitt et al.
2007): their DNA-binding domain is a Myb-like domain of about 60 aa in a helix-turn-helix
conformation in their C-terminus, and it is called the telobox. Budding yeast has only one
telomeric DNA binding protein, Rap1, that has a dimeric binding site with two
teloboxes(Konig et al. 1996). In humans, TRF1 and TRF2 both bind DNA directly, and have
one telobox each(Konig et al. 1998; Court et al. 2004). A similar Myb-like binding domain
is also a feature of Tbf1, an essential yeast protein discovered for its ability to bind the
mammalian telomeric sequence TTAGGG(Brigati et al. 1993). This sequence is located at
yeast subtelomeres as well as in other regions of the yeast genome, where it blocks silent
chromatin propagation(Fourel et al. 1999).

In most species, telomeric repeat binding factors also nucleate domains of repressed
chromatin that spread inwards from the chromosomal end. In yeast, Rap1 binds the ds
TG repeats roughly every 18 bp in a sequence-specific manner, and recruits Sir4 to
nucleate SIR-mediated gene repression(Gilson et al. 1993; Kueng et al. 2013). This
requires at least 20 Rap1 binding sites, due to competition between Rif1/2 and Sir3/4 for
binding the Rap1 C-terminus(Aksenova et al. 2013). This subtelomeric heterochromatin
may help distinguish telomeres from breaks, as heterochromatin tends to self-associate
in nuclear subcompartments, either adjacent to the nuclear envelope or around the
nucleolus(Taddei and Gasser 2012). Cdc13, which binds the ssDNA at telomeres in a
sequence-specific manner, further distinguishes breaks from chromosomal ends, as it
binds resected TG ssDNA 40-fold more efficiently than random ssDNA (McGee et al.
2010). Cdc13 is phosphorylated in S phase, and its phosphorylation promotes telomere
elongation through interaction with Est1 of the telomerase complex(Wu and Zakian 2011;
Wu et al. 2012), whereas RPA, a similar trimeric complex that binds ssDNA with little
sequence specificity, stabilizes the resected end and activates the Mec1/ATR checkpoint

kinase.

Double-strand break repair proteins with telomeric functions

Interestingly, despite the presence of the telosome and its suppression of the DDR, a
number of DNA repair proteins have a functional role at telomeres. For example, the
MRN/MRX complex is involved in telomere maintenance in both higher eukaryotes and

yeast(Lamarche et al. 2010). During the DSB response, Mrell is one of the earliest
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sensors of damage, recruiting ATM/Tell as well as helping to activate ATR/Mec1, by
initiating resection to form a ssDNA overhang. At telomeres, on the other hand, MRX
preferentially binds short telomeres(McGee et al. 2010), although at telomeres it was
proposed to inhibit resection: in a cdc13-1 mutant, where telomeres are uncapped, MRX
binding was proposed to hide the ends from other exonuclease activities(Vega et al. 2007)
and possibly promote telomerase binding(Foster et al. 2006; Martina et al. 2012).
Consistently, mutations in any MRX subunit, like deletion of tell or yeast Ku
(yKu)(Boulton and Jackson 1998), lead to constitutively short telomeres, due to inefficient
recruitment of telomerase(Takata et al. 2005).

The roles of MRN at mammalian telomeres may be simpler. It was shown that functional
telomeres are indeed recognized as DSBs in late S/G2 in mammalian cells, when they are
replicated: at that point, ATM is transiently phosphorylated, although it does not activate
effector kinase Chk2 or p53, and cell-cycle progression is not delayed. ATM can be
recovered at telomeres with MRN, suggesting that a localized damage response is
initiated at telomeres(Verdun et al. 2005), resembling the association of Tell at short
yeast telomeres bound by MRX(McGee et al. 2010). Finally, an enzymatic assay, based on
nucleotide addition by terminal transferase, showed that chromosome ends in S/G2 are
accessible, confirming the disruption of the t-loop(Verdun et al. 2005). Thus, disruption
of the t-loop coincides with MRN binding, ATM activation and telomerase recruitment.
Ku is another conserved, end-binding protein that has a dual role in DSB repair and in
telomere protection. Like MRX, it binds DSBs immediately after break induction and it
promotes repair by the NHE] pathway, by recruiting ligase IV and other enzymes involved
in end religation(Boulton and Jackson 1996; Lundblad and Victoria 2003). In budding
yeast, yKu80 mutants display elevated rates of ectopic recombination(Marvin et al. 2009),
presumably because NHE] is compromised. Furthermore, Ku has multiple roles at
telomeres, and yKu was among the first proteins shown to contribute to telomeric
silencing, length maintenance and the spatial organization of telomeres(Boulton and
Jackson 1998; Laroche et al. 1998; Mishra and Shore 1999).

In S. cerevisiae, telomeres cluster in 6-8 foci at the nuclear periphery(Gotta et al. 1996) in
a manner dependent on yKu80 and Sir4. The targeting of yKu80 to a randomly localized
chromosomal locus was sufficient to shift it to the nuclear periphery(Taddei et al. 2004),
in a manner dependent on Mps3 and Est1 in S phase (Schober et al. 2009). The loss of yKu
leads to a physical release of telomeres from their sequestration by Mps3, a SUN domain
protein of the inner nuclear membrane(Schober et al. 2009). In addition, due to its
interaction with Sir4, yKu also contributes to the nucleation of subtelomeric gene

repression(Boulton and Jackson 1998; Laroche et al. 1998; Mishra and Shore 1999), an
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activity that can be separated genetically from its anchorage function(Taddei et al. 2004).
Finally, genetic screens have identified mutants(Bertuch and Lundblad 2003; Stellwagen
et al. 2003) that separate the function of yKu in DSB repair from its roles at telomeres.
This genetic approach showed that through binding Tlc1 (the RNA moiety of telomerase)
yKu helps recruit telomerase and suppress recombination. This latter function may be
aided by an S-phase sequestration of telomeres(Schober et al. 2009). Yku-Tlc1 interaction
is also important for telomerase accumulation in the nucleus(Gallardo et al. 2008). Thus,
both MRN/MRX and the Ku complex moonlight at telomeres with profoundly different
roles than they have at DSBs. Besides distinct interaction partners, these roles may in part
be determined by posttranslational modification of Ku; both yKu70 and yKu80 are
SUMOylated in vivo, and this modification plays a key role in their ability to shift
chromatin to the nuclear envelope protein Mps3(Ferreira et al. 2011).

Intriguingly, although yeast Cdc13 has a strong preference for TG-rich sequences(Lin and
Zakian 1996), it can also bind ssDNA at resected DSBs, and both Cdc13 and Est2 can be
detected by chromatin immunoprecipitation (ChIP) at HO-induced DSBs at internal loci
(e.g. MAT(Oza et al. 2009)), albeit at low levels. Given this observation, it became relevant
to examine mechanisms that actively prevent de novo telomere addition at non-TG ends,
an event called telomere healing. Recent work showed that Mec1-Ddc2 phosphorylates
Cdc13 at these DSBs, inhibiting telomere addition in a manner regulated by the PP4
phosphatase Pph3(Zhang and Durocher 2010). A further deterrent of telomere addition
at breaks is the Pifl helicase, a conserved and potent unwinder of G-quadruplex
structures, that is able to evict telomerase from its substrate(Schulz and Zakian 1994).
Consistently, telomere addition at breaks increases 200-fold in cells lacking nuclear
Pif1(Schulz and Zakian 1994). In addition, the yeast ATR kinase, Mec1, phosphorylates
Pif1 at specific sites, promoting Pif1-mediated eviction of telomerase. On the other hand,
this does not affect Pifl function at telomeres, suggesting that a selective mechanism
inhibits telomerase activity at sites of damage(Makovets and Blackburn 2009). As
described above, this acts in parallel through the DSB-induced phosphorylation of Cdc13
and Pif1.

Given that DSBs and telomeres share key ligands, it appears that the crucial determinants

of telomere identity are the inhibition of resection and recruitment of telomerase.

Regulation of telomerase
Several recent studies have shed light on how telomerase recruitment occurs and how
telomere addition is prevented at internal breaks. At short telomeres the amount of Rap1-

Rif2 complex drops, which leads to the association of MRX and Tel1, and phosphorylation
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of Cdc13 and Rifl1(McGee et al. 2010; Wu and Zakian 2011). Phosphorylated Cdc13
associates directly with Est1, which is in complex with Est3, Est4 and Est2, the catalytic
subunit of telomerase that triggers telomere elongation. Coincidently, the
phosphorylation of Rif1 appears to reduce its telomerase-inhibiting activity(McGee et al.
2010). yKu70/80 is also essential for telomerase recruitment. Tlcl (the RNA moiety of
telomerase), is exported to the cytoplasm and needs to be imported back in the nucleus
in early S phase. Ku mutants fail to accumulate TLC1 in the nucleus(Gallardo et al. 2008;
Pfingsten et al. 2012). YKu has also been proposed to bind the TLC1-Est2 complex in
subtelomeric domains in G1 phase of the cell cycle(Schober et al. 2009).

At mammalian telomeres, telomerase recruitment is achieved by interaction of the
Shelterin component TPP1 with the transcriptase (TERT) subunit of
telomerase(Nandakumar et al. 2012; Zhong et al. 2012; Schmidt et al. 2014). It was
recently shown that mammalian telomerase probes each telomere hundreds of time in
each S phase, establishing short-lived, unstable interactions with TPP1. Stable
engagement of telomerase for elongation, by its interaction with the DNA end, is instead
a slow and rare event whose mechanics are not entirely clear(Schmidt et al. 2016).
Whereas the de novo addition of telomeric repeats at a DSB is disfavored in all species due
to the risk of losing the genetic information distal to the break, there can be instances in
which telomere healing is needed. For instance, telomere addition may be favored when
repair pathways are compromised, when replication forks collapse in difficult-to-
replicate zones, or during fork collapse in subtelomeric regions, where the risk of crucial
gene loss following telomere addition is low. Indeed, telomere healing was shown to be
far more frequent at breaks in subtelomeric zones. Furthermore, in the yeast double
mutant sgsl4exo14, subtelomeric breaks showed reduced resection and a 60% increase
in survival due to telomere healing(Maringele and Lydall 2002), suggesting that telomere
healing may be linked to reduced levels of resection. These data suggest that resection
may well disfavor telomerase recruitment and activation. In fact, Mec1 activation leads to
a modulation of Cdc13 or Pifl activities to disfavor telomerase activation(Dewar and
Lydall 2010). This is in apparent contradiction with the fact that MRX, that is able to
initiate resection, is required for efficient recruitment of telomerase. The mechanism of
MRX function at telomeres in not entirely clear, however it is notable that the nuclease
activity of Mrell is not required for the telomerase-promoting activity of the MRX
complex(Tsukamoto etal. 2001), although MRX mutants have a modest delay in telomeric
resection. A plausible model for MRX role in telomeric repeat addition is that the binding
of MRX to short telomeres promotes recruitment of Tell through Xrs2. Phosphorylation

of unidentified targets by Tell stabilizes telomerase association to the ends, thereby
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promoting telomere lengthening. MRX at short telomeres might also favor nucleolytic
activities that extend the 3’ ss overhang, offering a better substrate to telomerase(Gao et
al. 2010; Churikov et al. 2013). It is clear, however, that how resection is coordinated by

MRX is a central problem in telomerase biology.

Control of DNA end resection

Resection is a tightly controlled process. In mammals this is particularly the case, because
mammalian cells use end joining much more than yeast. This can be rationalized by the
fact that the mammalian genome comprises up to 70% repeat sequences, in the form of
mini- and micro-satellites, and DNA and RNA transposons. This means that HR must be
strongly down-regulated to prevent homeologous and deleterious recombination. The
competition between BRCA1 and 53BP1 largely determines repair pathway choice in
mammals. P53 binding protein 1 (53BP1) binds in the vicinity of DNA lesions, recruited
by methylated histone H4K20 and ubiquitylated K15 on histone H2A(Fradet-Turcotte et
al. 2013). In G1, 53BP1 blocks resection by limiting the accumulation of BRCA1, a protein
that binds CtIP and MRN(Chen et al. 2008). 53BP1 also prevents resection at deprotected
telomeres, when TRF2 is depleted(Lange et al. 2013). The resection block by 53BP1 in all
contexts requires intact S/TQ phosphorylation sites in its N terminus: these sites are not
necessary for its recruitment at DSBs(Bothmer et al. 2011), but rather for the recruitment
of its effectors Rif1 and PTIP. How the block to resection is exactly executed is not known.
PTIP and Rif1 both lack an enzymatic domain directly involved in repair, but Rif1 binds a
phosphatase that may be implicated in downregulating resection. The downstream
effector of PTIP is the nuclease Artemis: Artemis is thought to interact with PTIP at DSBs
inan ATM-dependent manner and trim DNA ends to promote end joining, thereby making
them inaccessible to the resection machinery. One downstream effector of Rifl is
MADZ2L2: it operates at both telomeres and DSBs(Jacobs et al. 2015). Another player in
resection inhibition at DSBs is Rap80: it binds SUMO and ubiquitin chains at break sites,
protecting them from deubiquitinating enzymes(Kakarougkas et al. 2013). It is recruited
together with BRCA1, however it does not promote BRCA1 activity in resection, instead
Rap80 sequesters BRCA1 away from interaction with CtIP, that would foster resection.
Inhibition of end resection at telomeres has multiple levels, but is fundamentally achieved
by Shelterin, that acts at the level of DNA damage signalling: inhibition of CtIP-MRN
mediated resection, that would lead to ATM activation, is ensured by TRF2 and its ability
to promote the formation of a t-loop(Doksani et al. 2013). Inhibition of ATR is ensured by
POT1-TPP1. In both pathways the block to resection is mediated by 53BP1 and Rifl

epistatically. A specific role in actively promoting end joining at telomeres was uncovered
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for 53BP1: it increases the movement of deprotected telomeres, favoring telomere
fusions(Dimitrova et al. 2008). None of the known 53BP1 effectors share this activity.

New mechanisms are starting to emerge on how resection is controlled once it started.
DNA helicase B (HELB) was recently discovered to control resection through its 5’-3’
translocase activity. HELB is recruited by RPA at DSBs and inhibits EXO1 and BLM-DNA2
nucleases. Its nuclear levels increase gradually until entry in S phase. Phosphorylation by
CDK drives the gradual export of HELB from the nucleus, thereby relieving the block to
long-range resection. The effect of HELB on resection, however, does not influence repair

pathway choice(Tkac et al. 2016).

In budding yeast, beside Ku70/80, several other factors have emerged as key resection
regulators. One of these is Rif1: in yeast it has been long known for its role at telomeres
as part of the Rap1-Rif1-Rif2 complex. At telomeres, it inhibits the recruitment of
telomerase(Mattarocci et al. 2017) and thus should act as an antagonist to MRX. Rif1 was
recently identified at DSBs also in yeast(Ira and Nussenzweig 2014; Martina et al. 2014).
It binds 16 bp of a DNA end in a head-to-tail dimer, thereby preventing access of the end
to other processing factors, in a way similar to the Ku70/80 heterodimer. This end
protection results in slight inhibition of resection, which favors repair by end
joining(Mattarocci et al. 2017). In apparent contrast with this study, a different study
implicated Rif1 in promoting resection, with a role particularly apparent in G1(Martina et
al. 2014). The 2 studies use different detection method for ssDNA: while Martina et al. rely
on Southern blot, Mattarocci et al. use a much more quantitative PCR approach. Repair by
NHE] is very quick and it might reduce the amount of ssDNA detected by Southern blot,
thereby mimicking a defect in resection. Moreover, Martina et al. do not inquire the
outcome of possible increased resection in riflIA: they detect only a slight increase in
resection in rif1A and it cannot be assumed that this leads to increased HR repair. In fact,
resection assays are performed on the entire population of cells, most of which are
destined to die: in the system used in both papers (HO-induce DSB at MAT), imprecise
NHE] is anyway a rare event involving 0.1-0.3% of the cells, so that variation in its
frequency cannot be easily detected without a specific NHE] assay. However, it cannot be
excluded that both conclusions of these studies are valid, and that Rif1 has a dual role: in
G1 it could contribute to minimal resection at DSBs, in order to ensure appropriate timing
of extensive resection in the following S phase, whereas in S, possibly upon modifications
and/or conformational changes, it could bind DNA in a conformation that encases the

ends, attenuating end resection.
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Mecl itself controls resection at yeast DSBs, albeit indirectly: it promotes
phosphorylation of H2A and DSB sites, and phosphorylated H2A (YH2A) recruits
Rad9(Hammet et al. 2007; di Cicco et al. 2017). Rad9 is often considered to be the yeast
ortholog of 53BP1, which is a resection inhibitor. However, the yeast Rad9 is a main actor
of checkpoint activation in all phases of the cell cycle, a function that is not shared with
53BP1. Moreover, distinct from 53BP1, there is no apparent role of Rad9 at telomeres,
probably because subtelomeric chromatin does not have much H3K79me, a histone mark
that provides a binding site for Rad9(Takahashi et al. 2011).

Chromatin structure indeed plays also an important role in coordinating resection.
Chromatin remodeling occurs at breaks in order to allow coordinated access to
processing and repair components. For example, in yeast the initiation of resection by
MRX is controlled by the SWI/SNF ATP-dependent nucleosome remodeler (although
SWI/SNF does not affect MRX-related functions in end joining)(Wiest et al. 2017). Fun30
counteracts the action of Rad9 at DSBs, where Fun30 promotes long-range resection by
facilitating access both to Exol and Sgs1/Dna2 nucleases(Chen et al. 2012). Fun30
recruitment at breaks is dependent on its interaction with Dpb11 and with the 9-1-1
complex. The interaction Fun30-Dpb11 is CDK-dependent, thereby restricting long range
resection to S phase(Bantele et al. 2017). In humans, the homolog of Fun 30 is SMARCAD1.
SMARCAD1 is also involved in promoting resection: the complex BRCA1-BARD1 acts as
E3 ubiquitin ligase and modifies histone H2A. Ubiquitinated histone H2A is bound by
SMARCAD1, that by sliding nucleosomes promotes repositioning of 53BP1 to the
periphery of IR-induced foci(Neely et al. 2016).

When NHE] is compromised, or resection is initiated but does not progress efficiently,
another highly mutagenic repair mechanism called alternative end joining (A-EJ) comes
into play. A-E] is independent of Dnl4 as well as yKu70/80. High mobility group protein 1
(Hmo1) is a DNA-binding factor that prevents this end joining mechanism by limiting
resection and channeling break repair towards classical NHE]. Hmo1l is not evenly
distributed in the genome: its occupancy and effect is highest at ribosomal protein genes
and nucleosome-free regions. The effect of Hmo1l on resection is due to its ability to
stabilize chromatin by slowing chromatin remodeling(Panday et al. 2017).

Recently the role of short ncRNA transcribed and acting in cis at sites of DSBs is starting
to emerge in several organisms: in higher eukaryotes, these damage-induced RNAs were
proposed to favor recruitment of remodelers and other processing enzymes. In S.
cerevisiae, it was demonstrated that short RNAs can promote repair of a DSB by acting
directly as donors in homologous recombination(Storici et al. 2014). In S. pombe the

mechanism of action of this short RNA was elucidated: the initial resection by MRN
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promotes recruitment of Polll and transcription, with the nascent short RNAs annealing
directly at their strand DNA template: in this way, they stabilize the ssDNA at the break
site and inhibit RPA binding. Although a direct contribution of these RNAs to inhibiting
resection was not tested, it was apparent that the length of RPA-bound ssDNA at a DSB

was significantly increased in presence of RNAse H1(Ohle et al. 2016).

Mammals

S. cerevisige

Fig.1. The main players in early resection control in mammals versus S. cerevisiae.

Coordinated colors indicate homologs.

The processing of TG-flanked DSBs

To study the specific effects of sequence composition at DSBs, an internal HO cleavage
site was flanked by TG repeats at the budding yeast MAT locus(Diede and Gottschling
2000). Initial studies on this system placed 80bp of TG sequence at the cut site, which was
shown to be sufficient to serve as a seed for telomerase in S/G2 phase cells, although no
elongation was detected when cells were arrested in G1(Diede and Gottschling 2000).
Indeed, replicative polymerases were also necessary for telomere addition. In this
context, the MRX complex appeared to be crucial for determining the repair outcome of
the break: at normal DSBs, it initiated resection and promoted Mecl recruitment. At
telomeres and TG80-flanked HO breaks, MRX recruited Tell, although the binding of
Cdc13 inhibited MRX nuclease activity(Hirano and Sugimoto 2007). This in turn reduced
Mec1 recruitment and activation.

Another study compared the checkpoint response stemming from a DSB flanked by 80bp
or 250bp of TG repeats. Whereas the TG80 break bound RPA, showed resection and
partial activation of the DNA damage checkpoint, the TG250 break did not bind DSB
signaling proteins (Mec1, RPA, or Cdc13), nor did it induce a checkpoint response(Negrini
et al. 2007). This suggests that 250bp of exposed TG repeats are recognized as a bona fide
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telomere in cells, blocking both resection and checkpoint activation. DSBs flanked by
short yeast telomeric and human-like telomeric repeats arrays, on the other hand,
represent an intermediate state: although they are uncapped and bind DSB signaling
proteins upon cleavage, they do not undergo repair, but serve as a template for
telomerase elongation(Ribaud et al. 2012). Similar effects were seen at telomeres in
human cell lines undergoing senescence: although telomere dysfunction-induced foci
(TIFs) reflect DNA damage signaling, no fusion events were detected(Cesare et al. 2009;
Kaul et al. 2011), suggesting that DSB repair was suppressed.

In summary, the presence of telomeric DNA sequences flanking a DSB is sufficient to affect
its processing. This is also influenced by the chromosomal context of the break, the length
of the repeat sequence and other determinants that are currently unknown. One potential
factor in this response may be the spatial organization of damage processing, as discussed

below.

Persistent DSBs and telomeres share common nuclear subcompartments
Nuclear organization of telomeres

Although there is extensive genetic and biochemical data about telomeric DNA
processing, less is known about the spatial organization of these events and their relation
to the nuclear architecture of chromosomal domains or sites of DSB repair. In budding
yeast, fission yeast and C. elegans, telomeres tend to cluster adjacent to the nuclear
envelope, bound by redundant interaction pathways(Funabiki et al. 1993; Gotta et al.
1996; Hediger et al. 2002b; Ferreira et al. 2013). In budding yeast S-phase cells,
peripheral anchorage is dependent on the Ku complex (yKu70-yKu80) and on the silent
information regulatory complex that consists of Sir4, Sir2 and Sir3(Hediger et al. 2002b;
Taddei and Gasser 2004; Kueng et al. 2013). Sir4 binds Esc1, an acidic protein of the inner
nuclear membrane, as well as yKu80 and a putative anchor called cohibin(Chan et al.
2011). Deletion of the two genes encoding Esc1 and yKu80 is sufficient to release yeast
telomeres from the nuclear periphery, while deletion of only one, or of SIR4, leads to
partial release(Taddei et al. 2004). Indeed, yKu-mediated anchorage of telomeres in S-
phase cells depends on yKu interaction with the SUN domain protein Mps3, which Ku
binds indirectly but in a manner independent of Sir4. YKu80 in S phase also binds Tlc1,
the telomerase RNA, which is also bound by Est1, which in turn binds the N-terminal
nucleoplasmic domain of Mps3(Antoniacci et al. 2007; Bupp et al. 2007; Schober et al.
2009). Also in G1-phase cells multiple pathways of telomere anchoring (Sir4- and yKu-
mediated) were detected, although the membrane partner for yKu in G1 phase is

unknown. Nuclear pores seem not to be directly involved in undamaged telomere
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anchorage, although the nuclear basket proteins Mlp1/Mlp2 affect telomere length on a
pathway that is epistatic with Tell(Hediger et al. 2002a).

Intriguingly, short telomeres, and especially those that are dependent on recombination
for length maintenance (e.g.in telomerase deficient strains), show a different distribution.
First, a critically short telomere in a newly formed yeast zygote was shown to shift away
from the nuclear envelope during the first round of elongation by telomerase(Ferreira et
al. 2011). Moreover, in absence of telomerase, a single eroded telomere that activates the
DSB response was shown to bind recombination factors and colocalize with the nuclear
pore, although this might be a transient interaction(Khadaroo et al. 2009). Consistent
with the notion that the normal S-phase sequestration of telomeres at Mps3 reduces
recombination, an N-terminal deletion of Mps3 causes elevated recombination between
telomeres(Schober et al. 2009). In another study, the 3D position of fluorescently labeled
telomere XI-L with respect to the nuclear periphery was tracked: the peripheral location
of this telomere was found to be disrupted in mutants of the Nup84 complex. In such
mutants Sir3 was partially dispersed, causing a silencing defect of subtelomeric
genes(Therizols et al. 2006). A further link of nuclear pores to telomere function came
from the study of Nup170. This nucleoporin impacts gene silencing in subtelomeric
domains, possibly by regulating nucleosome positioning. Sir4 and Nup170 were shown to
co-immunoprecipitate, primarily in M phase, and to favor each other’s interaction with
subtelomeric DNA. Finally, nup1704 mutants influenced the peripheral localization of
telomeres in G1-, but not in S-phase cells(Van de Vosse et al. 2013).

Recently, Lapetina and colleagues proposed that although Escl can interact with pores,
and Nup170 is a NPC component, their interaction with Sir4 and Siz2 occurs outside of
the holo-NPC, in a separate complex called Snup, that regulates telomere silencing and

localization(Lapetina et al. 2017).
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Fig. 2. Anchorage of telomeric heterochromatin at the nuclear periphery in S. cerevisiae.
Sir4 interacts with Rap1 and nucleates subtelomeric heterochromatin. Telomeres are located at the nuclear
periphery through interactions of Sir4 with Ku80 and with the inner nuclear membrane protein Escl. In S
phase, anchorage of telomeres also depends on the interaction of Ku80 with the SUN domain protein Mps3,
which is mediated by the telomerase subunit Est1 (not shown). While nuclear pores are not directly involved
in anchorage of steady state telomeres, several nucleoporins were shown to play a role in subtelomeric
silencing and organization. Recently it was proposed that a Snup complex, composed of Nup170, Sir4, Esc1,
Siz2 and other nucleoporins, assembles outside of the holo-nuclear pore complex and regulates telomeric
nuclear organization(Lapetina et al. 2017). Tested components of the Snup complex are highlighted in bold.
ONE = outer nuclear envelope. INE = inner nuclear envelope.

organisms as well: C. elegans telomeres in somatic cells are not clustered but they localize

at the nuclear envelope through a direct interaction between the Shelterin component

POT-1 and the Mps3 homolog SUN-1(Ferreira et al. 2013). In most eukaryotes, telomeres

cluster in meiosis at the nuclear envelope through the SUN and KASH domain nuclear

membrane proteins, in a so-called bouquet arrangement that favors recombination

between homologous chromosomes. These proteins interact to link the cytoskeleton to

the nuclear structural proteins, connecting telomeres with the cytoskeleton(Ding et al.

2007) and potentially also to the extracellular matrix in complex tissues. In contrast to

yeast, eroded mammalian telomeres in cells lacking telomerase do not shift to nuclear

pores, but are recruited to Promyelocytic Leukemia (PML) bodies together with the

recombination factors that are needed to maintain telomere length. Telomere length in

these cells is maintained through a recombination-mediated ALT pathway. In so-called

ALT cells, the SUMO-targeted Ubiquitin ligase (STUbL) RNF4 and the SMC5/6 complex

promote colocalization of telomeres with PML bodies, where the E3 SUMO ligase Mms21

leads to the modification of TRF1 and TRF2. Extensive SUMOylation appears to be

required for telomeric recombination. Intriguingly, nuclear pores in yeast are the binding

sites of the RNF4 homologue, SIx5/S1x8, and the major site of SUMO metabolism.
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Furthermore, in yeast SIx5/8 was shown to be necessary for formation of type Il survivors
at telomeres, the recombination-mediated process of telomere maintenance analogous to
mammalian ALT (Azam et al. 2006). Therefore, the functional role of eroded telomere
relocation to sites of high SUMOylation (nuclear pores in yeast, PML bodies in mammals)

in absence of telomerase may be conserved(Potts and Yu 2007).

Nuclear organization in DSB processing

In mammalian cells, PML bodies are not general sites of DNA repair, because not all
proteins related to repair behave the same in relation to these foci: some accumulate upon
damage while others are released, and yet others translocate only late after induction of
damage(Bernardi and Pandolfi 2007). Nonetheless, PML bodies increase in number and
size upon genotoxic stress in an ATM- and ATR-dependent manner, accumulate some
checkpoint and repair proteins, as well as ssDNA and SUMOylated proteins(Bischof et al.
2001; Dellaire et al. 2006). PML bodies sequester irreparable or hard-to-repair DNA
damage and harbor sumoylating enzymes and substrates(Saitoh et al. 2006), much like
the nuclear periphery in budding yeast, as described below.

Consistently, the processing of DSBs in S. cerevisiae in the absence of a donor for HR
appears to occur at nuclear pores. Conversely, DSBs that can be rapidly repaired by NHE]
or by the classic HR in which sister chromatids provide the sequence template, remain
randomly distributed in the nucleoplasm, away from the nuclear envelope, as scored by
the distribution of Rad52 foci(Bystricky et al. 2008). Nuclear pores are not the only
perinuclear sites that bind damage. The only SUN domain protein in yeast, Mps3, was also
shown by ChIP to interact specifically with irreparable DSBs, through its N-terminal
domain, which also recognizes the histone variant Htz1(Kalocsay et al. 2009; Gardner et
al. 2011). Htz1l is rapidly incorporated at DSBs in yeast, by the SWR1 nucleosome
remodeler, and its SUMOylation is required for DSB relocation to the nuclear
envelope(Kalocsay et al. 2009). Interestingly, Htz1l seems to have also a chromatin-
independent role in targeting Mps3 to the inner nuclear membrane by interacting with
its N terminal soluble domain(Gardner et al. 2011). Moreover, breaks in rDNA relocate
transiently outside of the nucleolus in a manner that requires SUMOylation of Rad52 by
the SMC5/6 complex(Torres-Rosell et al. 2007). However, when both sister chromatids
are cleaved, or a replication fork collapses prior to producing a template, these DSBs are
shifted to nuclear pores within 40 minutes(Nagai et al. 2008).

Expanded CAG repeats, in yeast as in mammals, are fragile sites prone to replication
stress. These repeats were shown to relocate to nuclear pores, but not to Mps3, in a SIx5/8

dependent manner. It was proposed that SIx5/8 promotes removal of SUMOylated Rad52
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to limit HR-driven repeats instability and favor replication fork restart(Su et al. 2015). By
using a reporter assay for gene conversion, it was seen that tethering a locus to the
nuclear envelope by lexA fusions enhances the frequency of recombination. These results
started to uncover the role of SUMOylation in DSB repair and led to the hypothesis that
an alternative repair pathway takes place at nuclear pores: a SUMOylated protein may
accumulate at DSB sites and require ubiquitination and proteasomal degradation to allow
repair.

This scenario finds genetic support in the epistatic relationship (E-MAP) between the
SUMO-targeted ubiquitin ligases (STUbLs) SLX5, SLX8, genes encoding the Nup84
complex, and mutants in components of recombinational repair(Nagai et al. 2008). These
mutations also led to a sensitivity to conditions of replication fork collapse and in
telomerase-deficient cells, this pathway appears to promote type Il survivors(Burgess et
al. 2007). The relevant target(s) of these STUbLs at DSBs are still unknown and their
identification is complicated by the extensive and promiscuous SUMOylation of proteins
at DSBs(Cremona et al. 2012).

Current studies have been focusing on whether these subnuclear compartments in DNA
repair have distinct functions. The loss of the SIx5/8 complex, which is partially located
at nuclear pores, reduces break-induced replication (BIR) and other imprecise exchange
pathways of repair, while loss of Mps3 increases telomeric exchange(Schober et al. 2009).
Thus, it appears that the functions of these two peripheral binding sites are quite distinct,
although it cannot be excluded that they hand-off damage from one to the other.
Moreover, in yeast there are other putative STUbLs that are involved in DNA repair: the
Swi2/Snf2 family of ATPases Irc2 and Uls1(Alvaro et al. 2007; Cal-Bakowska et al. 2011;
Miura et al. 2012). A possible role of these STUbLs in DSB processing or repair, has not
yet been explored.

Relocation of damage to specialized domains is not unique to yeast. In Drosophila, a DSB
in a heterochromatic region is preferentially repaired by HR: it forms YH2AX foci in
heterochromatin and is resected but then moves to the periphery of a heterochromatic
domain to form Rad51 foci and be further processed by recombination proteins(Chiolo et
al. 2011). Also in mice, induction of a DSB in the chromocenter induces a similar
phenomenon: breaks are seen to move outside the chromocenter and its heterochromatin
domain(Jakob et al. 2011).

However, relocation may not be common to all organisms, nor to all kinds of
heterochromatin. In a recent study in mammalian cells, breaks in lamina-associated
domains, but not breaks that occur elsewhere in the nucleus, were not relocated outside

of heterochromatin for repair, instead they were shown to repair with delayed kinetics
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and preferentially by microhomology mediated end joining(Lemaitre etal. 2014). In mice,
HR proteins are assumed to be unable to access the dense lamina-associated
heterochromatin, indicating that chromatin context and subnuclear location can affect
repair pathway choice. Thus, although DSB interactions with the nuclear envelope are not
common in mammalian cells, the spatial segregation of DSB processing pathways into
subdomains of the nucleus is something that is found across many eukaryotic species. In
addition, an indirect role for nucleoporins in coordinating DSB repair seems to be
conserved in mammalian cells: Nup153, a nucleoporin belonging to the pore basket, plays
two roles in 53BP1 function: it mediates 53BP1 nuclear import(Moudry et al. 2011) and
promotes NHE] by intranuclear targeting of 53BP1 to sites of DNA damage(Lemaitre et
al. 2014; Mackay et al. 2017). In the latter function, Nup153 is assisted by another
nucleoporin: Nup50, which is dispensable for 53BP1 import(Ullman et al. 2017).
Although no direct interaction of these NPC components with DSBs was detected, Nup153
interacts directly with SUMO proteases SENP1 and SENP2(Dasso and Mary 2002; Chow
et al. 2012) which may regulate 53BP1 SUMOylation at DSB sites. Modification of 53BP1
by SUMO-1 E3 ligase is required for efficient accumulation of 53BP1 at DSBs and efficient
repair by NHE]J(Duheron et al. 2017). These studies are reminiscient of a very similar
SUMO-dependent effect of nucleoporins Nup60 and Nup84 on DSB repair in budding
yeast: they modulate Ulp1l SUMO protease levels at pores and the SUMOylation levels of

several DSB processing factors, among which is yKu70(Palancade et al. 2007).
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Fig. 3. Proteins and binding sites shared by telomeres and DSBs in budding yeast.

Yeast telomeres and DSBs share both ligands relevant for repair and checkpoint activation, as
well as sites of perinuclear anchorage. Shown schematically are two types of “exposed”
chromosomal ends found in living cells. Telomeres and DSBs share some ligands (see middle,
bottom) while others are unique. Breaks and telomeres are both found at specific binding sites
on the inner nuclear membrane. Heavy black lines show direct interactions, while lighter lines
show synthetic interactions consistent with occasional contact. See text for details.

Aim of the thesis

Already in 1938, with the studies of Miiller on the effects of X-rays on Drosophila
chromosomes, it became apparent that natural chromosomal ends have special protective
features that prevent them from being recognized as DSBs in the cellular environment.
Since then, the features that specify telomere identity have been a major field of research
in cell biology. The features that confer a distinct identity on telomeres with respect to
DNA repair have been identified, and they include both a specific set of telomeric DNA
repeat-binding proteins (the telosome), and mechanisms that sequester the telomere in
heterochromatic foci, which in yeast are located at the inner nuclear membrane. However,
as highlighted in this introduction, it is now clear that many telomeric proteins are shared
with DSBs, yet have a different function in the two situations. Moreover, the nuclear
envelope has emerged as a site of DSB end processing and break repair, as well as a zone
that sequesters telomeres.

My project stems from the apparently contradictory observation that telomeres and DSBs
share common proteins and subnuclear locations yet must ultimately have opposite fates:
DSBs need to be repaired to maintain genome integrity and cell proliferation, whereas
telomeres need to be protected from unwanted repair events that can cause chromosome
fusions and a different sort of genomic instability. I tackled this apparent contradiction

addressing two questions:

1. Two common anchorage sites of DSBs and telomeres are known at the nuclear
envelope: Mps3 and the nuclear pore. It is conceivable that they might determine
break or telomere identity by favoring one or more end processing events that are
common to breaks and telomeres. I shed light on this hypothesis by contributing
the definition of requirements for a DSB to move to the NE, and by testing the
efficiency of specific repair pathways with reporter assays in NE mutants. These
results are published in the two Horigome et al. papers (chapter 2).

2. Chromosome ends differ from break ends by a repetitive DNA sequence in all

eukaryotes. | hypothesized that suppression of repair at telomeres is entirely
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specified by this DNA sequence. I tested this hypothesis by inserting a telomeric
sequence, flanked by an inducible DSB, in the middle of a chromosome arm, far
from the telomeric environment. I analyzed the effects of the telomeric repeats on
DSB processing and repair, also in relation to its nuclear location. These results

are leading to the paper whose manuscript is included in chapter 3.
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This paper investigates for the first time requirements for a persistent double strand break
(DSB) to move to two sites at the nuclear envelope: pores and Mps3. More specifically, it
shows that DSB binding to Mps3 can only be detected in S/G2 phases, and this interaction is
Rad51- and Ino80-dependent. On the other hand, interaction with pores occurs throughout
the cell cycle. Swrl complex controls relocation of a DSB to either site. In particular, in this
work | contributed to show that mobility increase of the break site and relocation of it to the
NE are events with different genetic requirements: lexA-mediated targeting of Arp6 (SwrC
subunit) or Htz1 to an undamaged locus was not sufficient to increase its mobility, but
promoted NE recruitment of the locus. The opposite effect was observed by tethering lexA-

Ino80 or lexA-Rad51 to the undamaged locus (Figures 3c, 4c, f).
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SUMMARY

Persistent DNA double-strand breaks (DSBs) are
recruited to the nuclear periphery in budding yeast.
Both the Nup84 pore subcomplex and Mps3, an
inner nuclear membrane (INM) SUN domain protein,
have been implicated in DSB binding. It was unclear
what, if anything, distinguishes the two potential sites
of repair. Here, we characterize and distinguish
the two binding sites. First, DSB-pore interaction
occurs independently of cell-cycle phase and re-
quires neither the chromatin remodeler INO80 nor
recombinase Rad51 activity. In contrast, Mps3 bind-
ing is S and G2 phase specific and requires both fac-
tors. SWR1-dependent incorporation of Htz1 (H2A.2)
is necessary for break relocation to either site in both
G1-and S-phase cells. Importantly, functional assays
indicate that mutations in the two sites have additive
repair defects, arguing that the two perinuclear
anchorage sites define distinct survival pathways.

INTRODUCTION

Improperly repaired DNA double-strand breaks (DSBs) can lead
to genomic rearrangements and loss of genetic information
(Jackson and Bartek, 2009), making them one of the most haz-
ardous forms of genomic damage. DSBs arise both from exoge-
nous agents, such as v irradiation or chemical insult, and from
endogenous events, such as replication fork collapse (Pfeiffer
et al., 2000).

DSB repair is generally achieved by two conserved mecha-
nisms: nonhomologous end-joining (NHEJ) or homologous
recombination (HR) (Chapman et al., 2012). In haploid yeast,
NHEJ is prominent only in G1 phase, whereas, in mammals, it
dominates throughout the cell cycle (Smeenk and van Attikum,
2013). Repair by HR requires a homologous donor that serves
as atemplate for DNA synthesis, being most commonly provided
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by the replicated sister chromatid. The choice of repair by HR
over NHEJ is dictated in part by 5 to 3’ end resection at the
break, which requires the activity of the S-phase cyclin-depen-
dent kinase (Ira et al., 2004). The resulting single-stranded DNA
(ssDNA) overhang is coated by replication protein A (RPA) and
later by the Rad51 recombinase. This ssDNA-Rad51 nucleopro-
tein filament mediates homology search and strand invasion,
enabling error-free, recombination-mediated repair. Other less-
precise, recombination-based events can also occur, including
break-induced replication or template switching, particularly at
damaged replication forks (Aguilera and Garcia-Muse, 2013).
Recent work has highlighted the importance of ATP-dependent
chromatin remodelers in DSB repair. In yeast, the remodeler com-
plexes RSC and INO80 and the SWR1 complex (SWR-C) are
sequentially recruited to breaks, whereas, in mammalian cells,
the SWI/SNF homolog as well as INO80 and SRCAP are impli-
cated in repair pathway choice and outcome (reviewed in Peter-
son and Almouzni, 2013; Price and D’Andrea, 2013; Seeber
etal., 2013b; Smeenk and van Attikum, 2013). The budding yeast
complexes INO80 and SWR-C accumulate at breaks at much
higher levels in S and G2 than G1, coincident with end resection
and Rad51 binding (Bennett et al., 2013). Indeed, the recruitment
of INO8O facilitates short-range resection at DSBs and Rad51
binding, possibly because of the preferential eviction of H2A.Z-
containing nucleosomes (Papamichos-Chronakis et al., 2011;
Tsukuda et al., 2005; van Attikum et al., 2004, 2007). More recent
workimplicates the FUN30 remodeler in long-range end resection
(Chen et al., 2012; Costelloe et al., 2012). In contrast, SWR-C ex-
changes H2A-H2B dimers for Htz1-H2B at promoters, telomeres,
centromeres, and, in some cases, DSBs, but its loss does not
impair end resection (Kobor et al., 2004; Krogan et al., 2003;
Luk et al., 2010; Mizuguchi et al., 2004; Papamichos-Chronakis
et al., 2006; van Attikum et al., 2007; Wu et al., 2005). Instead,
SWR-C appears to promote the association of yeast Ku to broken
ends, facilitating error-free NHEJ (van Attikum et al., 2007).
INO80, on the other hand, was shown to facilitate replication
fork restart after stalling or collapse of replication forks (Papami-
chos-Chronakis and Peterson, 2008; Shimada et al., 2008).
Another intriguing effect of chromatin remodeler recruitment
to DSBs is the enhanced subdiffusive movement scored for
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fluorescently tagged DSBs in yeast (Dion et al., 2012; Miné-Hat-
tab and Rothstein, 2012; Neumann et al., 2012). Not only the site
of damage, but other tagged loci throughout the genome
showed a general increase in mobility after DSB induction in a
manner dependent on checkpoint response and the INO80 re-
modeler (Neumann et al., 2012; Seeber et al., 2013a). Other
studies established that DSBs, which lack a functional donor
for HR shift at least transiently to the nuclear periphery, where
they appear to bind either the Nup84 nuclear pore subcomplex
or an essential inner nuclear membrane Sad1-Unc-84-related
(SUN) domain protein Mps3 (Kalocsay et al., 2009; Nagai et al.,
2008; Oza et al., 2009; Oza and Peterson, 2010). Fluorescence
microscopy confirmed that critically short telomeres and
collapsed replication forks associate with nuclear pores (Khada-
roo et al., 2009; Nagai et al., 2008), yet it has remained unclear
whether Mps3 and pores constitute independent or interdepen-
dent sites of DSB interaction. Moreover, it was unresolved what
relationship, if any, exists between the enhanced subdiffusive
movement that stems from damage and the localization of
DSBs to the inner nuclear membrane (INM).

Previous work from our laboratory has shown that Mps3 and
nuclear pores distribute independently around the nuclear rim
in vegetatively growing cells (Horigome et al., 2011). Unlike
Mps3, nuclear pores harbor the SUMO protease Ulp1 and the
heterodimeric SUMO-dependent ubiquitin ligase SIx5—SIx8
(Nagai et al., 2008; Zhao et al., 2004; Palancade et al., 2007),
which is implicated in alternative recombination-mediated path-
ways of repair (Khadaroo et al., 2009; Nagai et al., 2008). In
contrast, Mps3 was shown to sequester DSBs from promiscu-
ous interactions with chromatin and suppress telomere-telo-
mere recombination in mutant strains (Oza et al., 2009; Schober
et al., 2009). These results provide indirect arguments that these
DSB binding sites have different functions, yet it is unclear what
differentiates one binding site from the other.

Here, we combine chromatin immunoprecipitation (ChIP) and
fluorescence imaging approaches in appropriate mutant back-
grounds in order to distinguish and characterize the two DSB
binding sites at the nuclear envelope. We find cell-cycle-
dependent binding site selection with differential dependence
on the INO80 chromatin remodeler. On the other hand, the
related SWR-C and its deposition of Htz1 were required for
relocation to both sites. By studying factors that affect DSB
mobility, we also distinguish perinuclear binding site choice
from DNA-damage-response-enhanced mobility. Finally, we
confirm that mutants that ablate one or the other binding site
have distinct outcomes on repair, arguing that the spatial
segregation of damage participates selectively in pathways of
repair.

RESULTS

SWR-C-Dependent H2A.Z Incorporation Is Required to
Shift a DSB to the Nuclear Periphery

To study the relocation of damaged DNA to the nuclear periph-
ery, we used a strain in which a unique DSB can be induced at
the mating type locus (MAT) by galactose-controlled expression
of the homothallic (HO) endonuclease. The donor sequences at
HML and HMR are deleted in order to prevent intrachromosomal

repair by gene conversion (Figure 1A). To determine the subnu-
clear localization of the DSB, we inserted an array of lacO sites at
4.4 kb from MAT and expressed a GFP-Lacl fusion and either a
GFP- or cyan fluorescent protein (CFP)-tagged pore protein
(Figures 1A and 1B). In wild-type (WT) cells exposed to galactose
for 2 hr, the induced DSB shifts efficiently to the nuclear periph-
ery, and 59% of the cleavage sites mapped to the outermost rim
(zone 1; 52% in WT CFP-Nup49-expressing strains; p < 1.0 X
103%orp = 1.2 x 107" versus random; Figures 1C and 1E; Ta-
ble S3 available online). On the other hand, the uncleaved MAT
locus has a random subnuclear localization (Figure 1C) (Nagai
et al., 2008).

Histone variant Htz1 is deposited at DSBs, and its loss was
shown to abolish the association of the break with Mps3 in S
or G2-phase cells (Kalocsay et al., 2009). Although Htz1 physi-
cally interacts with Mps3 in vitro, recent work showed that
Htz1 also serves as an essential chaperone for the insertion of
Mps3 into the INM (Gardner et al., 2011). Thus, the negative ef-
fect of htz1 deletion on DSB localization could stem from a failure
to integrate Mps3 into the INM and not an absence of Htz1 at the
break. To resolve this issue, we made use of a mutant called
htz1AMG6 (Wu et al., 2005), which ensures proper INM localization
of Mps3 but fails to bind SWR-C. Therefore, the mutant histone
htz1AMBS is not incorporated into chromatin by SWR-C (Gardner
etal., 2011; Wu et al., 2005). We confirmed that the cleaved MAT
locus failed to shift to the nuclear periphery in the hiz1A strain
and that relocation could be faithfully restored by expression of
WT Htz1 (Figure 1D). However, the mutant histone htz1AM6
failed to support break relocation to the nuclear rim (Figure 1D).
This, along with the fact that either loss of Swr1 or the SWR-C
component Arp6 completely eliminated DSB relocation to the
nuclear periphery (Figure 1E), argued strongly that the deposition
of Htz1 at damage by SWR-C is indeed crucial for DSB reloca-
tion. Consistently, complementation of the swr7A background
with a WT SWR1 gene (+SWRT1; Figure 1F), but not the catalytic
site mutation (+ swr1K727G; Figure 1F), restored relocation of
the DSB to the nuclear periphery, demonstrating dependence
on both SWR-C and Htz1 deposition.

Although SWR-C is implicated in Htz1 incorporation, INO80
has been proposed to remove this histone variant at both dam-
age and other sites (Kobor et al., 2004; Krogan et al., 2003; Luk
etal., 2010; Mizuguchi et al., 2004; Papamichos-Chronakis et al.,
2006; van Attikum et al., 2007; Wu et al., 2005). To see whether
the importance of Htz1 deposition by SWR-C is to recruit INO80
to breaks, we examined whether ablation of the INO80 chromatin
remodelling complex would affect DSB relocation. Because
ino80A itself is lethal in our yeast background, we instead tested
the effects of arp5A or arp8A mutants, which compromise
INO80-remodelling activity and reduce INO80 recruitment to
breaks (Shen et al., 2000; van Attikum et al., 2004). Surprisingly,
there was no effect of arp5 or arp8 deletion on DSB relocation
(Figure 1E).

INO8O0 has been implicated in the removal of nucleosomes to
favor resection at DSBs, whereas swr? mutants showed no
defect in resection (van Attikum et al., 2007; Chen et al., 2012).
Although resection is not sufficient for relocation, it leads to the
binding of Rad51, which, along with Rad52, was shown to be
necessary for the detection of damaged DNA at Mps3 by ChIP
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Figure 1. SWR1-Dependent H2A.Z Incorporation Is Required to Shift DSBs to the Nuclear Periphery

(A) Shown is Chr lll in strains GA-1496 and GA-6844 bearing deleted homologous donor loci (hrm/A/hmrA) and a lacO array 4.4 kb from the HO cut site at MAT,
which allows visualization by GFP-Lacl. Pores are visualized by GFP-Nup49 (GA-1496) or CFP-Nup49 (GA-6844).

(B) Locus position is scored relative to the nuclear diameter in its plane of focus, as described in the Supplemental Information. Distance over diameter ratios are
binned into three equal zones. 33% distribution = random.

(C) MAT position in GA-1496 (WT) after 120 min on galactose (Gal) or glucose (Glu). * = significantly nonrandom distribution on the basis of cell number and
confidence values from a proportional test between random and experimental distribution (see Table S3).

(D) In strain GA-7095 expressing HTZ1 or htz1AM6 from the HTZ1 promoter at URA3, MAT position was scored at 120 min on galactose as in C. Strains: htz1A
(GA-7095), htz1A + HTZ1 (GA-8110), and htz1A + htz1AM6 (GA-8111).

(E) MAT position relative to CFP-Nup49 in WT (GA-6844), swr1A (GA-7003), arp6A (GA-7094), arp5A (GA-8069), and arp8A (GA-7103) as in (C) and (D).

(F) In swr1A (GA-7003) strain or same expressing SWR1 or swr1K727G from a TEF promoter, MAT position was scored as in (C) and (D). swr1A (GA-7003),
swr1A + SWRT (GA-8667), and swr1A + swr1K727G (GA-8668).

(G) MAT position scored in WT (GA-6844) and rad51A (GA-7099) cells as in (C) and (D) but binned into G1 (unbudded) and S (budded) cells.

See also Figure S1.

(Kalocsay et al., 2009; Oza et al., 2009). Using our quantitative
positioning assay, we tested whether Rad51 or Rad52 was
necessary for the perinuclear relocation of the DSB. Surprisingly,
and in contrast to Mps3-ChlP results (Kalocsay et al., 2009), we

scored a significant enrichment of the DSB at the nuclear periph-
ery in both rad57A and rad52A mutants (Figures 1G and S1).
Altogether, these results led us to propose that in addition to
Mps3, a Rad51-independent DSB binding site, should exist at
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the nuclear periphery. The obvious candidate for this would be
the Nup84 subcomplex of the nuclear pore, which was shown
by ChIP and fluorescence microscopy to interact with irrepa-
rable DSBs in an asynchronous population of cells (Nagai
et al., 2008).

Although Kalocsay et al. (2009) claimed that they could not
distinguish between pore and Mps3 binding by ChIP, the two
INM complexes are indeed distinct by high-resolution fluores-
cence microscopy (Horigome et al., 2011). In WT cells, endoge-
nously tagged Mps3 (EGFP-Mps3; Figure 2A) shows a bright
focus at the spindle pole body (SPB; Figure 2A, arrow) and a
weak perinuclear ring. To see whether the weak Mps3 rim
staining was pore dependent, we induced the clustering of nu-
clear pores by deleting a portion of the N-terminal domain of
Nup133 (A amino acids [aa] 44-236) (Doye et al., 1994). In this
mutant, pores cluster without loss of function. However, the
EGFP-tagged Mps3 retained its rim staining (Figure 2A, red =
pore, green = Mps3), even though the bright SPB was often adja-
cent to a pore cluster. The independence of the non-SPB Mps3
signals from pores reinforced the hypothesis that the Rad51-in-
dependent perinuclear localization of DSBs might reflect their
association with pores.

To correlate nuclear pore and/or Mps3 binding with the effects
of the mutations described in Figure 1, we performed ChIP
assays with Mab414 (antinuclear pore) and anti-HA (recognizing
3HA-Mps3) in WT and mutant yeast strains (Figure 2B). Consis-
tent with previous work, an induced DSB could be recovered in
immunoprecipitates for either nuclear pore or Mps3 in WT cells
(Figure 2B). The level of association increased rapidly for
120 min after cut induction before reaching a plateau. In swr1A
strains, break association with either pores or Mps3 was reduced
to a background level, which existed prior to HO induction. Thus,
ChlP confirms that the SWR-C is required for DSB relocation.

In contrast, in the INO80-deficient arp8A strain, DSB associa-
tion with the nuclear pore occurred at WT levels, whereas break
binding to Mps3 was lost (Figure 2B). Thus, the binding of DSBs
to Mps3, but not pores, requires INO80 activity. The fact the
breaks bind pores in the absence of INO80 is consistent with
the INM-localization of the DSB in arp5A and arp8A strains, as
presented in Figure 1. Given that break association with either
the pore or Mps3 required SWR-C, the action of INO80 appears
to distinguish damage that is destined for Mps3 from damage
that is targeted to pores. This could reflect either the direct bind-
ing of INO80 or an alteration of the DSB that is INO80-dependent
and renders the DSB able to bind Mps3.

Microscopic Confirmation that INO80 Contributes Only
to DSB-Mps3 Association

We sought to confirm this finding with an assay that does not
depend on protein-DNA crosslinking, given that formaldehyde
crosslinking efficiency varies significantly from protein to protein.
To achieve this, we scored for colocalization of a GFP-Lacl-
tagged DSB and CFP-tagged nuclear pores with high-resolution
spinning disk confocal microscopy. To enhance the accuracy of
scoring colocalization by microscopy, we used a nup133AN
background, in which pores form a large, single cluster (Doye
et al., 1994). The deletion of the Nup133 N terminus does not
affect macromolecular import or export and does not confer

sensitivity to DNA-damaging agents, unlike complete loss of
Nup133 or Nup84 subcomplex components (Doye et al., 1994;
Loeillet et al., 2005). We scored three degrees of colocalization
with the pore cluster: fully overlapping, partially overlapping,
and juxtaposition (“touching”; Figure 2C). All three degrees of
colocalization are consistent with molecular interaction of the
break with the pore cluster, given the relative signal sizes of
the lacO array and the clustered pore (Schober et al., 2009).

The background level of colocalization was determined with a
strain that lacks the gene for the HO endonuclease (hoA). In this
strain, we found MAT juxtaposed to a pore cluster in 20% of the
cells, and this value did not change over time. This background is
higher than the computed likelihood of a lacO focus coinciding
with the pore cluster (9%) (see Schober et al., 2009). Nonethe-
less, we use this empirically determined value as the background
above which colocalization of the DSB and pore is considered
significant (Figures 2C-2E, hoA).

In a WT yeast strains, DSB colocalization with pores showed a
rapid increase upon induction of cleavage, which was then
reduced to a plateau of 30% (Figure 2C). This could indicate
that DSB binding at pores is transient for a subpopulation of
breaks or else that extensive resection at the break eliminates
the lacO signal at later time points (Figure S2). Nonetheless,
there was significant colocalization of DSBs with the pore cluster
in both G1- and S-phase cells (Figure 2D). Importantly, DSB-
pore interaction was diminished in swr1A, but not arp8A, strains,
providing independent confirmation that pore association of a
DSB requires SWR-C but not a functional INO80 complex. The
slight delay in DSB accumulation at pores in the arp8A strain
correlates with both reduced chromatin mobility and reduced
resection rate at the break in that mutant (Neumann et al,,
2012; van Attikum et al., 2007). In conclusion, quantitative micro-
scopy confirms a differential requirement for SWR-C and INO80
in the association of DSBs with pores.

Another variable in break relocalization is the stage of the cell
cycle at which position is measured. In previous ChlIP studies,
the Mps3-DSB interaction was detected in asynchronous cul-
tures, yet it was lost when cells were arrested in G1 (Kalocsay
et al., 2009). Cell-cycle effects were not examined in the context
of DSB association with pores. Taking advantage of the ease
with which one can determine cell-cycle stage by yeast cell
morphology, we binned the cells scored by microscopy into un-
budded (G1 phase) and budded cells, counting only those in
which the nuclei were still round (early to mid S phase) (Fig-
ure 2D). We conclude from this that DSB-pore interaction occurs
in both G1- and S-phase cells, reaching 36% and 43% colocal-
ization with pores, respectively. In both sets of cells, pore asso-
ciation depends on SWR-C (Figure 2D) and cleavage (Figure 2E,
hoA background, ~20%). However, in S phase, DSB association
with the pore was independent of INO80 function, and even
increased in the absence of Arp8 (Figure 2D). Moreover, whereas
Mps3 binding was reported to be sensitive to loss of Rad51
(Kalocsay et al., 2009; Oza et al., 2009), we found that DSB-
pore association was intact in the rad571A mutant (Figure 2D).
Thus pore-DSB interaction occurs in G1- and S-phase cells
and is dependent on SWR-C but independent of Rad51 and
INO80. On the other hand, DSB recruitment to Mps3 requires
Rad51 and INO80 and is restricted to S phase.
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Figure 2. SWR-C Is Required for DSB Binding at Both Nuclear Pores and Mps3, and INO80 Is Only Required for Mps3 Interaction
(A) EGFP-Mps3 and CFP-Nup49 localization in WT (GA-6647) and in pore-clustering cells (nup133AN, GA-6650). Images are reproduced from (Horigome et al.,
2011) with permission. Arrow = spindle pole body; white bars = 1 um.
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To make sure that these cell-cycle conclusions were not
artifacts of the nup733AN strain, we confirmed them with ChIP
assays for nuclear pore proteins (Mab414, see the Experimental
Procedures) and HA-tagged Mps3 in synchronized NUP133*
cells. Cells arrested in G1 showed a cleavage-dependent in-
crease in association with nuclear pores but not Mps3 (Figures
2F and 2G) (Kalocsay et al., 2009; Oza et al., 2009). Both types
of association increased in G2- and M-phase cells (Figures 2F
and 2G). This contrasts with the fluorescence colocalization
analysis, where we scored a drop in DSB-pore interaction in
both WT and arp8A cells at 120 min after cut induction (Figure
S2A). Given that this correlates with a reduced number of bright
Lacl/lacO foci (<1 per cell), we suggest that the drop in colocal-
ization stems from resection through the lacO repeat sequence
at 120 min postcleavage (Figures 2A and 2B). Intriguingly, in
both rad57A and arp8A cells, DSBs bind more efficiently to pores
in S-phase than WT cells, even though the Mps3 interaction
drops in these mutants. This is consistent with the two binding
sites being competitive, rather than sequential binding sites.

Htz1 Is Able to Mediate Direct Interaction with Mps3 but
Not Nuclear Pores

The loss of perinuclear interactions in remodeler deletion strains
does not necessarily mean that the remodeler itself mediates
interaction with pores or Mps3. Rather, the effects could be
achieved indirectly by the action of the complex on the substrate;
i.e., modification of chromatin or processing of the DSB. How-
ever, in the case of Htz1, it was proposed that this histone variant
interacts directly either with nuclear pores (Dilworth et al., 2005;
Light et al., 2010) or Mps3 (Gardner et al., 2011). To test whether
Htz1 incorporation is sufficient to shift chromatin to either nu-
clear pores, Mps3, or both, we made use of a gain-of-function
assay in which LexA fusion proteins are targeted to four double
LexA operators inserted near a fluorescently labeled locus
(ARS607). Then, subnuclear position of ARS607 was monitored
in the absence of DNA damage. This locus has a random subnu-
clear localization even when Lacl/lacO is near it, and, consistent
with previous work, the binding of LexA does not alter its random
distribution (Taddei et al., 2004) (open bars, Figures 3A-3C). On
the other hand, the binding of LexA fused to a protein that has
affinity for an INM protein shifts ARS607 in a statistically signifi-
cant manner to zone 1, which is the case for LexA-Htz1 in both
WT and swriA cells (Figures 3B and 3C). Moreover, LexA-
htz1AM®6, which cannot bind SWR-C, worked as efficiently as
LexA-Htz1 itself in translocation (Figure 3B). Not surprisingly,
these interactions were cell-cycle independent.

Next, we asked whether the Htz1-mediated interaction with
the nuclear periphery reflects binding to nuclear pore com-
plexes, as had been previously shown for LexA-Arp6 (Yoshida
et al., 2010). To score this, we targeted LexA-htz1AM®6 to the
LexA/lacO-tagged LYS2 in a nup133AN background expressing
CFP-Nup49 and scored colocalization of LYS2 with the pore
cluster. LexA-htz1AM6 was unable to enhance interaction with
the nuclear pores above background levels (20%), whereas
the targeting of LexA-Swr1 could (Figure 3D). Finally, to see
whether Htz1 functions by binding Mps3, we overexpressed
the nucleoplasmic N-terminal domain of Mps3, which distributes
throughout the nucleoplasm (Schober et al., 2009), along with
LexA- htz1AMS. In this case, LexA-htz1AM6 no longer shifted
ARS607 to zone 1 in either WT or swr1A cells (Figure 3E), sug-
gesting that the soluble Mps3N competes for Htz1-Mps3 inter-
action at the INM. Unfortunately, we were unable to test an
mps3AN mutant in this assay, given that the cells show severely
impaired growth (data not shown). In conclusion, the targeting of
a LexA-Htz1 fusion is sufficient to shift chromatin to the INM
in the absence of damage, probably because of its affinity for
Mps3N. Previous work showed that LexA-Arp6 can shift an inter-
nal LexA-tagged locus to the nuclear pore cluster (Yoshida et al.,
2010) as we show here for LexA-Swr1 (Figure 3D). The signifi-
cance of this Swr1 interaction for DSB relocalization is unclear,
given that we showed above that point mutants that eliminate
the ATPase activity of SWR-C blocked DSB relocation (Fig-
ure 1F). In summary, we suggest that SWR-C functions in DSB
relocation in multiple interdependent ways: by depositing Htz1,
by serving as a bridge for pore interaction, and possibly by
enhancing the subdiffusive mobility of chromatin in response
to breaks (Dion et al., 2012; Miné-Hattab and Rothstein, 2012).

Testing the Role of Remodeler-Enhanced DSB Mobility
in DSB Relocalization

Previous work demonstrated a role for INO80 remodeling activity
in chromatin movement both at a DSB and when targeted to
undamaged sites (Neumann et al., 2012), whereas the role of
SWR-C or Htz1 deposition had not been tested. To examine
this, we scored the mobility of a lacO-tagged induced DSB at
the ZWF1 locus in the middle of the long left arm of chromosome
XIVin swr1- and htz1-deficient strains (Figure 4A). The deletion of
swr1 did not affect in the mobility of the locus in the absence of
damage (Figure 4B); however, after |-Scel-induced cleavage,
the dramatic increase in DSB movement that occurs in WT cells
was compromised in swr1-and htz1-deficient strains (Figure 4C).
The effect was similar in the absence of other SWR-C subunits,

(B) Top: ChIP against nuclear pores (Mab414) and 3HA-Mps3 (anti-HA) at the indicated times on galactose. Enrichment of MAT (0.6 kb from the cut site) over
uncut SMC2 or PES4 was quantified with quantitative PCR in WT (GA-7002), swr1A (GA-7004), and arp8A (GA-7161) cells. Bottom: Chrlll in strains used.

(C) Scoring of MAT colocalization with the pore cluster in nup 133AN (GA-7314) after cut induction as shown in WT (GA-7314), swr1A (GA-8142), arp8A (GA-8143),
and hoA (GA-8669) cells. Scored at indicated times on galactose. Pink/red shaded region = colocalization; hoA values = background.

(D and E) Experiments performed as in (C) with data binned into G1- or S-phase cells. Strains are the same as in (C) plus rad57A (GA-8072) with nup 133AN. Dotted

line = background (see hoA).

(F) ChIP analysis performed as in (B) on galactose with Mab414 in WT (GA-8627) cells. Cells were synchronized in G1 phase by « factor and in G2 and M phase by
nocodazole. PCR primers for MATa are 0.24 kb from cut site. Enrichment over an uncut SMC2 locus was calculated and normalized to 0 min Gal and cut

efficiency.

(G) ChIP analysis at 0 or 240 min on galactose for 3HA-Mps3 and at MATa in WT (GA-7002) cells as in (B). Cells are asynchronous or synchronized in G2 and M
phase by nocodazole. Enrichment was calculated as in (F), and data from multiple experiments are represented as mean + SEM.

See also Figure S2.
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Figure 3. Htz1 Is Sufficient to Shift an Internal Locus to the Nuclear Periphery

(A) The position of lacO/LexA-tagged ARS607 was visualized by GFP-Lacl and scored as in Figure 1B. Cells are binned into G1 or S phase as in Figure 1G. Strains
carry either GFP-Nup49 (GA-1461) or CFP-Nup49 (GA-1993). LexA fusion proteins are expressed from plasmids.

(B) WT strain (GA-1993) expresses indicated LexA fusion constructs. ARS607 position was scored as in (A).

(C) Experiments were performed as in (B) with strain bearing swr1A (GA-7898).

(D) Pore cluster colocalization for LexA-tagged LYS2 in a strain bearing nup133AN (GA-4584) transformed with LexA fusions. Colocalization (pink to red) is

presented as in Figure 2C.

(E) In a WT strain (GA-1993) expressing LexA-htz1AM6 and Mps3N’, ARS607 position was scored as in (B). Right, same experiments performed with swr1A

(GA-7898) bearing LexA and either an empty vector or the Mps3N’ construct.

Swc?2 and Swcb (Figure S3), which are necessary for remodeler
function (Wu et al., 2005). The reduction in mobility was as strong
as, if not stronger than, the reduced mobility of the same DSB in
arp8A or rad51A mutants (Figure 4D) (results from Dion et al.,
2012; Neumann et al., 2012). However, in arp8A or rad51A
strains, we still score the shift of DSBs to the INM (Figures 1
and 2), ruling out an absolute requirement of enhanced mobility
for relocation to pores.

Having demonstrated that the LexA-mediated targeting of
Swr1, Arp6, and Htz1 can mediate relocation to the nuclear
periphery, we tested whether they also affect the mobility of
the undamaged locus to which they are bound. We find that
the expression of LexA-Arp6, LexA-Htz1, or LexA-htz1AM6
confers no significant increase in ARS607 mobility (Figures 4E
and 4F), yet they can still shift the locus to the INM (Figure 3).

Indeed, the targeting of LexA-Arp6, which can bring an internal
locus to pores (Yoshida et al., 2010), reduces ARS607 mobility
(Figure 4E). Given that LexA-Arp5, LexA-Arp8, or LexA-Ino80
bound to various undamaged sites enhance locus mobility
(Neumann et al., 2012) and do not lead to perinuclear enrich-
ment (Figure S4), we conclude that enhanced random move-
ment is neither sufficient nor necessary for shifting a DSB to
the INM.

Crosstalk between Anchorage at Pores and Mps3
Reveals Additive Phenotypes

We have distinguished the two INM binding sites for DSBs with
respect to INO80 and cell-cycle dependence, yet it remained
possible that the two sites influence each other in some way.
For example, pore binding might precede binding to Mps3 or

632 Molecular Cell 55, 626-639, August 21, 2014 ©2014 Elsevier Inc.
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Figure 4. Enhanced DSB Mobility Depends on SWR-C and H2A.Z but Is Not Required for Relocalization
(A) Schematic representations of the I-Scel cut site and a /lacO array inserted at ZWF1 on chromosome 14L (GA-6208). Strains express CFP-Lacl and galactose-

induced I-Scel from a 2 um plasmid.

(B) MSD pilots (see the Experimental Procedures) of the ZWF1 locus in WT and swr1A cells during S phase in glucose medium show no mobility change for

undamaged chromatin in swr1A.

(C) MSD plots of I-Scel-induced Rad52-YFP foci in WT (GA-6208), swr1A (GA-6335), htz1A (GA-6637) strains, and CFP-Lacl at uncut site (GA-6215) during S

phase. Only the cut WT sample increases mobility.

(D) MSD plots of I-Scel-induced Rad52-YFP foci in WT (GA-6208), arp8A (GA-6317), and rad51A (GA-6225) strains during S phase reproduced with permission

(Dion et al., 2012; Neumann et al., 2012).

(E and F) MSD plots of the undamaged /lacO/LexA-tagged ARS607 tracked after binding LexA or the indicated LexA fusion during G1 phase. The reduction in
mobility due to Arp6 binding is significant. MSD data are represented as mean + SEM.

See also Figures S3 and S4.

vice versa. This was tested directly by monitoring DSB relocation
in mutants lacking one or the other site.

Consistent with earlier findings (Oza et al., 2009), we show
through both microscopic analysis and ChIP that DSBs fail
to relocate to the nuclear periphery in the mps3A65-145 strain

(Figures 5A-5C). Interestingly, the relocation defect in the
mps3A65-145 strain was observed in both G1- and S-phase
cells, even though DSB binding to Mps3 is only detected in G1
(Kalocsay et al.,, 2009). Using the colocalization assay, we
confirmed that a GFP-tagged DSB failed to bind the CFP-labeled
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Figure 5. Nonreciprocal Effects of the Loss of Mps3N or of Nup120 on DSB Positioning
(A) Position of cleaved MAT loci in mps3A65-145 (GA-7096) scored at 120 min after HO induction as in Figure 1G.

(B) Colocalization of the nuclear pore cluster and the MAT scored for G1 or S phase in mps3A65-145 cells with nup133AN (GA-7897). Quantified as in Figure 2D.
(C) ChIP for nuclear pores (Mab414) after the indicated time on galactose in WT (GA-7002) and mps3A65-145 cells (GA-7096). Quantitation and enrichment over
SMC2 was normalized as in Figure 2B. Data from multiple experiments are represented as mean + SEM.

(D) GFP-tagged MAT position was determined in WT (GA-6844) and nup120A (GA-8141) relative to the nuclear periphery determined from DAPI staining as in

Figure 1G. An S-phase nup120A cell nucleus is shown.

(E) MAT colocalization with nuclear pores scored in G1- or S-phase nup720A cells (GA-8141) as in (B).
(F) ChIP for 3HA-Mps3 monitors MAT locus after 120 min on galactose in WT (GA-8306) and nup120A (GA-8308) cells synchronized in G2 and M phase
by nocodazole. Enrichment by quantitative PCR as in Figure 2B but with a probe that recognizes both mating-type alleles (1.6 kb from cut site). ChIP data are

mean + SEM.
See also Figure S5.

pore cluster in nup133AN in the absence of the Mps3 N terminus
in both G1- and S-phase cells (Figure 5B). This did not reflect
obvious pore misdistribution (Figure S5). The effects were
confirmed by nuclear pore ChIP on the cleaved MAT locus:
loss of Mps3N reduces break-induced association with pores
from 5- to 2-fold (Figure 5C).

To test whether this crosstalk was reciprocal or not, we scored
for the effect of deleting a component of the Nup84 subcomplex
on DSB relocation to Mps3. The short arms of the Nup84
Y-shaped complex mediate key contacts with components of
the nuclear pore complex, and these are lost upon deletion of
any Nup84 subcomplex component (Fernandez-Martinez et al.,
2012). Therefore, we used a strain lacking Nup120, which dis-
rupts DSB interaction with the pore (Nagai et al., 2008). Impor-
tantly, in this mutant, we found that DSB relocation to the
nuclear periphery is lost in G1- phase, but not S-phase, cells
(Figure 5D). We could prove that this mutant disrupts interaction
with the nuclear pore by scoring colocalization of the tagged
DSB with the CFP-labeled pore cluster in nup120A cells. As ex-
pected, cleavage-induced association with the nuclear pore

634 Molecular Cell 55, 626-639, August 21, 2014 ©2014 Elsevier Inc.

cluster was lost upon ablation of Nup120 in both G1- and
S-phase cells (Figure 5E). On the other hand, Mps3 ChIP showed
WT levels of DSB association with 3HA-Mps3 in the absence of
Nup120 (Figure 5F). Thus, Mps3 influences DSB binding to pores
but not vice versa.

Repair Defects in mps3 or Pore Mutants Are Additive
To test whether interactions at the two binding sites are
functionally epistatic or additive for repair, we constructed dou-
ble mutants that compromise the Nup84 subcomplex (nup120A)
and the Mps3 nuclear anchorage domain (mps3A65-145).
Single and double mutants were challenged with DNA damage.
In a simple drop assay that monitors sensitivity to 0.03%
methyl methanesulfonate (MMS), we found that the effects of
nup120A and mps3A65-145 on cell viability after plating on
MMS were indeed additive (Figure 6A). This suggests that the
two anchorage sites mediate different functions under condi-
tions of S phase damage.

To extend this to a more precise pathway of repair, we scored
for DSB repair by unequal sister chromatid recombination
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Figure 6. Additive Effects of nup720 and mps3 on Unequal Sister Chromatid Exchange
(A) Serial dilutions of isogenic strains bearing indicated mutations (nup720A or nup133A and mps3A65-145) were spotted onto the YPAD + 0.03% MMS. Plates

shown are after 3 days of growth.

(B) The uSCR frequencies of WT (SCRMTL2), nup120A (YH1301), mps3A65-

145 (YH1302), and nup120A mps3A65-145 (YH1303) cells were determined by

plating on YPAD or SC-His medium. Recombination frequency = number of His* recombinants per 10° colony forming units (CFUs) from eight experiments. Error

bars indicate SD.

(C) An I-Scel cut site was placed within the lys5 gene bearing a frameshift mutation on Chr XIV in a strain with a galactose-inducible I-Scel. An induced DSB
repaired by gene conversion with the truncated lys5 template at MET10 (Chr VI) allows survival on galactose-Lys plates. Survivors over total plated cells yields the
rate of gene conversion. Tested were eight independent colonies of swr1A (GA-6386), six colonies of arp8A (GA-6382), and 14 colonies of WT (GA-6217). An
rsc2A strain yielded same as arp8A (data not shown). Significance was determined by a Student’s t test (p = 0.0209; WT versus swr1A, p = 0.0306; WT versus

arp8A). Error bars indicate SD.

(USCR) (Gonzalez-Barrera et al., 2003; Kadyk and Hartwell,
1992, 1993). It has been proposed that uSCR occurs when the
replication fork bypasses lesions that normally obstruct its pas-
sage. The frequency of uSCR in the absence of Nup120 did not
increase significantly over WT frequencies (Figure 6B). However,
in the mps3A65-145 mutant, we scored a strong increase in
uSCR recombination (Figure 6B). Again, the double mutant
showed additive effects, arguing that unequal sister chromatid
exchange is indeed repressed by binding to Mps3 (Figure 6B),
whereas an alternative pathway of repair appears to be lost by
nup120 deletion. If pore and Mps3 anchorage worked on the
same pathway to repress recombination, then the two mutations
would have shown epistatic effects on uSCR efficiency.

Finally, we scored for rates of homologous recombination with
an ectopic donor at an induced DSB (Figure 6C). We found that
loss of SWR-C increases HR with an exact ectopic donor, again
confirming that sequestration of a DSB at the INM probably dis-
favors either homology search or the recombination event (Dion
etal., 2012; Oza et al., 2009). As expected, the loss of Arp8 had
the opposite effect (Figure 6C), confirming earlier results that
scored reduced rates of resection and chromatin mobility in
this mutant (van Attikum et al., 2007; Neumann et al., 2012).

DISCUSSION

Many nuclear events have been shown to be localized to nuclear
subcompartments, although it has remained unclear what
establishes the localization of damage and whether different po-
sitions impact repair pathways differentially. Here, we exploited
both quantitative microscopy and ChIP studies in order to
examine the relocation of DSBs to the nuclear envelope in
budding yeast. Although each assay has inherent weaknesses,
the combination allows us to show conclusively that the two pro-
posed binding sites for DNA damage, the SUN domain protein
Mps3, and the Nup84 subcomplex of the nuclear pore, are
distinct DSB binding sites. We resolve apparent contradictions
in the literature by showing that DSBs bind pores in both G1
and S-phase cells, whereas they associate with Mps3 only in S
and G2. A differential requirement for INO80 and SWR-C remod-
elers for translocation to Mps3 and pores reinforces the argu-
ment that the binding sites are distinct. Furthermore, disruption
of the two anchors has differential effects on DSB repair: anchor
site loss has additive, and not epistatic, impact on the survival of
alkylating damage and for uSCR (Figure 6). Finally, we identified
a nonreciprocal crosstalk between the Mps3 N terminus and
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Figure 7. Model of the DSB Relocation and the Outcome

(A) SWR-C and INOB8O influence DSB relocation to either Mps3 or pores, as
described in the Results. SWR-C incorporated Htz1 (H2A.Z) is essential
throughout the cell cycle. Outside of G1, DSBs can bind Mps3 in an INO80-
and Rad51-dependent manner independent of pore integrity.

(B) DSB binding to nuclear pores and Mps3 suppresses uSCR, a hallmark of
the illegitimate recombination.

nuclear pores with the use of three independent assays. Collec-
tively, they show that the loss of Mps3 affects damage binding at
pores, but the loss of pore binding does not impair association
with Mps3. This means that either Mps3 acts on pore organiza-
tion in a subtle manner that ablates the DSB interaction site or
there is a necessary, but very transient, interaction of irreparable
breaks with Mps3 prior to binding the pore. This latter is unlikely,
given that the remodeler INO8O is selectively required for break
association with Mps3 and not nuclear pores. Indeed, our final
insight into DSB position stems from the relationship of chro-
matin remodelers to the subnuclear positioning of damage, as
depicted in the model in Figure 7.

DSB recruitment to nuclear pores in G1 phase depends on
SWR-C activity. Because there is neither resection nor available
homology from the replicated sister in G1-phase cells, the
preferred pathway of repair in G1 phase is NHEJ. Consistently,
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previous work has shown that SWR-C is required both for effi-
cient Ku80 recruitment to an induced DSB and for optimal
error-free NHEJ (van Attikum et al., 2007). DSB-pore interactions
may be stabilized by the affinity of yKu for the pore basket com-
ponents Mip1 and MIp2 (Galy et al., 2000). On the other hand,
Arp6 binding to pores is independent of Mip1 and MIp2 in G1
phase and is dependent on them in S phase (Yoshida et al.,
2010). This may suggest that there is more than one anchorage
site for DSBs at pores in G1-phase cells. Pore binding was also
implicated in NHEJ-dependent repair of subtelomeric DSBs
(Therizols et al., 2006). Finally, and in contrast to swr7A, the
INO80-deficient mutant arp8A did not affect break recruitment
to pores in G1, nor did it alter rates of error-free NHEJ (van Atti-
kum et al., 2007).

In S-phase cells, on the other hand, sister chromatid recombi-
nation (SCR) becomes the preferred mechanism of DSB repair
(Gonzélez-Barrera et al., 2003; Kadyk and Hartwell, 1992).
Although equal SCR is difficult to monitor, unequal exchange
(USCR) can be readily scored. Spontaneous uSCR rates were
unaffected in the nup720A mutant, whereas rates increased in
mps3A65-145 (Figure 6). Given that DSB-Mps3 binding is intact
in the nup120A mutant, Mps3 most likely serves as a repressor of
uSCR. This is consistent with previous reports of enhanced
recombination between telomeres in mps3AN mutants (Schober
et al., 2009). Whether Mps3 acts simply by sequestration of the
free end or by helping to load Mre11 (Gonzélez-Barrera et al.,
2003) and/or cohesin (Cortés-Ledesma and Aguilera, 2006) is
unknown. Consistent with our findings, previous work showed
the SWR-C-deficient arp6 mutant has an increased level of
spontaneous USCR in this same assay (Kawashima et al., 2007).

In an assay for ectopic HR, we found that loss of INO80
function (arp8A) decreased efficiency, whereas swr1 deletion
increased the rate of DSB-induced HR (Figure 6). Collectively,
these results argue for a recombination-repressive role for
Mps3, which is consistent with previous observations on
telomere-telomere exchange and the likelihood of DNA-DNA
interactions detected in a chromosome conformation capture
technology (Oza et al., 2009; Schober et al., 2009). Given that
we score a delayed but intact DSB-pore interaction in INO80-
deficient strains (Figure 2), we propose that nuclear pore associ-
ation normally does not repress recombination. However, if
Mps3 binding is ablated, then S-phase association with nuclear
pores may compensate, as supported by the additive effects
of the double nup120 mps3A65-145 mutant on uSCR. Consis-
tent with this, spontaneous Rad52 foci were found to be more
mobile in arp8 and in swr1 mutants, which might favor ectopic
repair over SCR (data not shown; Dion et al., 2013). We specu-
late that the role of the nuclear pore in S-phase DSB repair
may reflect SUMO- and/or ubiquitin metabolism because of
the nuclear pore-associated SUMO protease Ulp1 and the
SUMO-dependent ubiquitin ligase SIx5-SIx8 (Nagai et al.,
2008; Zhao et al., 2004). Strains mutant for the Nup84 complex
(Nup84, Nup120, and Nup133) are hypersensitive to DNA-
damaging agents, synthetic lethal with mutations that impair
HR, and accumulate spontaneous damage foci containing
Rad52 (Nagai et al., 2008; Palancade et al., 2007).

How do remodelers affect DSB binding site choice? The cata-
lytic effects of the INO80 complex under conditions of DNA
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damage are well documented and include nucleosome eviction,
enhanced resection, and enhanced subdiffusive mobility (re-
viewed in Seeber et al., 2013b). It is likely that INO80 acts on
the substrate itself, generating 3' overhang without remaining
bound to tether the break to Mps3, given that Ino80, Arp5, or
Arp8, when fused to LexA, could not shift a tagged locus to the
nuclear periphery (Figure S4). The contribution of SWR-C and
Htz1 to DSB relocation and repair may instead reflect their bind-
ing at the break site. A role for SWR-C and Htz1 in DSB repair ap-
pears to be conserved in mammals, given that the Swr1 homolog
p400 ATPase and H2A.Z play critical roles in Rad51-mediated
repair (Courilleau et al., 2012; Xu et al., 2012). The striking depo-
sition of H2A.Z at laser-induced damage in mammalian cells
correlates with an open conformation of chromatin at DSBs
and the loading of the Brcal complex (Xu et al., 2012). Addition-
ally, H2A.Z exchange appears to restrict formation of ssDNA and
favor loading of the Ku70/Ku80 complex. We propose that, in
yeast, the equivalent phenomenon is break sequestration by
Mps3, which is indeed Htz1 dependent. Intriguingly, SWR-C
favors Ku loading in yeast (van Attikum et al., 2007), just as its
homolog, SRCAP, does in mammalian cells (Xu et al., 2012),
which may suppress recombination by sequestration and thus
favor NHEJ. Given that remodelers show conserved functions
in surviving DNA damage, it is most likely that a spatial segrega-
tion of repair functions, such as that shown here, is a conserved
aspect of the cell’s arsenal of defense against genomic insult.

EXPERIMENTAL PROCEDURES

Plasmids, Yeast Strains, and Yeast Techniques

Yeast strains used in this study are described in Table S1. Conditions for DSB
induction and relocalization were previously described (Nagai et al., 2008), and
cell culture and synchronization conditions are described in the Supplemental
Information.

Microscopy and Movie Analysis

Fluorescence microscopy and quantification was performed according to
Meister et al. (2010). For specific details, see the Supplemental Information.
Movie analysis and other parameters are available in Table S2.

Statistical Analyses and Cutting Efficiency

To determine zone enrichment, we applied a XZ test comparing zone 1 to a
random distribution (degree of freedom = 2, confidence limit = 95%). p values
are listed in Table S3. To compare the perinuclear enrichment of two different
strains, we used a proportional analysis with a confidence limit of 95%. The
error bars of all mean squared displacement (MSD) plots and ChIP experi-
ments represent the SEM. The uSCR results were compared with a Student’s
t test. The efficiency of DSB induction was determined by quantitative PCR
with TagMan probes as previously described (van Attikum et al., 2007). The
cutting efficiencies are available in Table S83.

Chromatin Immunoprecipitation
ChlP was carried out as previously described (Yoshida et al., 2010) with mod-
ifications described in the Supplemental Information.

Assay for Spontaneous Unequal SCR

uSCR was previously described (Ui et al., 2007) with the generation of
functional ADE3 by reciprocal recombination or gene conversion. Ade3 partic-
ipates in histidine prototrophy, and thus recombination frequency was moni-
tored by scoring viable colonies on SC-His. After growth at 30°C overnight,
cells were collected by centrifugation, washed once, counted, and appropri-
ately diluted onto either yeast extract, bactopeptone, adenine, dextrose

(YPAD; 10® cells) in order to determine cell viability or SC-His (10° cells).
Colonies were scored after 3—-4 days at 30°C.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
five figures, and three tables and can be found with this article online at
http://dx.doi.org/10.1016/j.molcel.2014.06.027.
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Supplementary Materials:

Figures S1 — S5, Legends and Figures
Tables S1 — S3 (Table S3 is an excel file)
Supplemental materials and methods

Supplementary references

Supplementary Figure legends

Figure S1. Rad52 is not necessary for the DSB relocation, Related to Figure 1

The position of the lacO-tagged MAT locus on Chr 111 in a rad52A background (GA-7100)
was scored 120 min after HO cut induction on galactose, as in Figure 1C. The asterisk
indicates a significantly non-random distribution and the dotted line indicates a random
distribution. Number of cells analysed (n) = 194; the P value indicates a comparison with a

random distribution.

Figure S2. DSB-pore co-localization is lost by 120 min after cleavage in S-phase due to
resection of the lacO repeat, Related to Figure 2

(A) The co-localization of clustered nuclear pores and the MAT locus was scored in G1- or S-
phase in both wild-type (GA-7314) and arp8A (GA-8143) cells after induction of HO on
galactose. Co-localization was determined as in Figure 2D, in a nup133AN background
expressing CFP-Nup49. Hatch mark indicates reduction to background signals after 120 min.
The number of nuclei scored are 222 or 237 for G1 phase after 40 or 120 min on galactose, or
57 and 51 for S phase after 40 or 120 min on galactose. (B) The percentage of cells that still
have bright GFP-Lacl/ lacO foci at MAT drops to 33% after 120 min in S phase (GA-7314),

probably due to resection and loss of lacO repeats.



Figure S3. Loss of functional SWR-C impairs enhanced DSB mobility, Related Figure 4
A mobility assay based on time-lapse tracking of a tagged and I-Scel-cleaved ZWF1 locus is
shown. The movement of Rad52-YFP is tracked in multiple movies over time after HO
endonuclease induction on galactose, as in Figure 4C,D. MSD plots of the Rad52-YFP foci in
wild-type (GA-6208), swc2A (GA-6581) and swchA (GA-6673) cells during S phase are
shown. Swc2 and Swc5 are components of SWR-C and are essential for its function. The

data of MSD are represented as mean +/- SEM.

Figure S4. INOSQO is not sufficient to shift an internal locus to the nuclear periphery,
Related to Figure 4

Relocation of a randomly distributed locus (ARS607) due to the binding of a LexA-fusion
protein, is shown for a wild-type strain (GA-1993) that was transformed plasmids expressing
LexA alone or LexA-1no80, LexA-Arp5 or LexA-Arp8 fusion constructs. The position of the
ARS607 relative to three concentric zones (see FigurelB) was scored. The dotted line

indicates a random distribution. None of the distributions shown here are non-random.

Figure S5. Nuclear pore distribution is not affected in mps3A65-145, Related to Figure 5
CFP-Nup49 was localized in the G1- or S-phase of the living wild-type (GA-6844) and
mps3A65-145 (GA-7096) cells by fluorescence confocal microscopy. Corresponding phase
images reveal the cell cycle phase. Fluorescence images show little or no difference between

mutant and wild-type cells.



Table S1. Yeast strains used in this study, Related to Figure 1-6, S1, S3

Name Genotype Source
GA-1081 JKM179; MATa,, Aho hml::ADE1 hmr::ADE1 ade3::GALHO adel- (Leeetal.,
100 leu2-3, 112 lys5 trpl::hisG ura3-52 1998)
GA-1496 GA-1081 GFP-NUP49 GFP-Lacl:Leu2 MAT::LacO repeats: TRP1 (Nagai et
al., 2008
GA-6844 GA-1081 CFP-NUP49 GFP-Lacl:Leu2 MAT::LacO repeats:TRP1 This stud)y
GA-7095 GA-6844 htzl::natMX4 This study
GA-8110 GA-6844 htz1::natMX4 ura3::3HA-HTZ1:URA3 This study
GA-8111 GA-6844 htzl::natMX4 ura3::3HA-htz1AM6:URA3 This study
GA-7003 GA-6844 swrl::natMX4 This study
GA-7094 GA-6844 arp6::natMXx4 This study
GA-8069 GA-6844 arp5::natMX4 This study
GA-7103 GA-6844 arp8::natMXx4 This study
GA-8667 GA-6844 swrl::natMX4 pRS416-SWR1 This study
GA-8668 GA-6844 swrl::natMX4 pRS416-swrlK727G This study
GA-7099 GA-6844 rad51::natMX4 This study
GA-6647 W303 MATa, mps3::HIS3 pRS314-EGFP-MPS3 NUP49::CFP- (Horigome
NUP49:URA3 etal.,
2011)
GA-6650 W303 MATa, nup133::HIS3 pUN100-nup133AN:kanMX6 (Horigome
NUP49::NUP49-CFP:URA3 mps3::HIS3 pRS314-EGFP-MPS3 etal.,
2011
GA-7002 GA-6844 3HA-MPS3 This )study
GA-7004 GA-6844 3HA-MPS3 swrl::natMX4 This study
GA-7161 GA-6844 3HA-MPS3 arp8::natMX4 This study
GA-7314 GA-6844 nup133::natMX4 pUN100-nup133AN:kanMX6 This study
GA-8142 GA-6844 nup133::natMX4 pUN100-nup133AN:kanMX6 This study
swrl::C.a.URA3
GA-8143 GA-6844 nup133::natMX4 pUN100-nup133AN:kanMX6 This study
arp8::C.a.URA3
GA-8072 GA-6844 nup133::natMX4 pUN100-nup133AN:kanMX6 This study
rad51::C.a.URA3
GA-8669 GA-7314 ho::C.a.URA3 This study
GA-8627 GA-1259 barl::C.a.URA3 This study
GA-1461 W303 MATa, PES4:4xLexA:lacO array:TRP1 his3-15::GFP- (Heun et
Lacl:HIS3 NUP49-GFP al., 2001)
GA-1993 W303 MATa, PES4:4xLexA:lacO array:TRP1 his3-15::GFP- This study
Lacl:HIS3 NUP49-CFP
GA-7898 GA-1461 swrl::natMX4 This study
GA-4584 W303 MATa, ade2-1 trpl-1 his3-11 his3-15 ura3-1 leu2-3 leul-112 This study
canl-100 nup133::HIS3 pUN100-nup133AN:kanMX6 NUP49::CFP-
NUP49:URAS3 ade2::lacl-GFP:ADE2 lys2::LexALacOPs:TRP
GA-6208 W303 MATa, ade2-1 trpl1-1 his3-11 his3-15 ura3-1 leu2-3 leu2-112 (Dion et
RAD52-YFP NUP49-GFP ADEZ2::TetR-mCherry lys5::Lacl-CFP:TRP  al., 2012)
leu2::LoxP, ZWF1:cutsite (Lmn:lys5:Iscelcs:LEU2:LacO array:Lmn)
GA-6335 GA-6208 swrl::natMX4 This study
GA-6637 GA-6208 htz1::HIS3p-natMX4 This study
GA-6215 W303 MATa, ade2-1 trpl1-1 his3-11 his3-15 ura3-1 leu2-3 leu2-112 (Dion et



RAD52-YFP NUP49-GFP ADE2::TetR-mCherry lys5::Lacl-CFP:TRP  al., 2012)
leu2::LoxP, ZWF1:cutsite (Lmn:lys5:Iscelcs:LEU2:LacO array:Lmn)
met10::Imn adaptamers-HIS3-delLys5del-LexAOx4-TetO array

GA-6317 GA-6208 arp8::natMXx4 (Neumann
etal.,2012)
GA-6225 GA-6208 rad51::natMX4 (Dion et
al., 2012)
GA-7096 GA-6844 mps3A65-145 This study
GA-7897 GA-6844 nup133::natMX4 pUN100-nup133AN:kanMX6 mps3A65-145  This study
GA-8141 GA-6844 nup120::natMX4 This study
GA-1259 JKM139; MATa, Aho hml::ADE1 hmr::ADE1 ade3::GALHO ade1-100 (Leeetal.,
leu2-3, 112 lys5 trpl::hisG ura3-52 1998)
GA-8306 GA1259 3HA-MPS3 This study
GA-8308 GA1259 3HA-MPS3 nup120::natMX4 This study
GA-7895 GA-6844 nupl120::natMX4 mps3A65-145 This study
GA-7106 GA-6844 nupl33::natMXx4 This study
GA-7896 GA-6844 nupl33::natMX4 mps3A65-145 This study
SCRMTL2 MATa, ade2 ade3-130 leu2 trpl ura3 cyh2 SCR::LEU2 (Onoda et
al., 2004), 2
YH1301 SCRMTL2 nup120::natMX4 This study
YH1302 SCRMTL2 mps3A65-145 This study
YH1303 SCRMTL2 nup120::natMX4 mps3A65-145 This study
GA-6217 W303 MATa, RAD52-YFP, NUP49-GFP, ADE2::TetR-mCherry, This study

lysb:Lacl-CFP:TRP, template site (MET10, Imn adaptamers-HIS3-
delLys5del-LexAOx4-TetO array), cut site (ZWF1,
Lmn:lys5:Iscelcs:LEU2:LacO array:Lmn), leu2::LoxP

GA-6386 GA-6217 swrl::natMX4 This study
GA-6382 GA-6217 arp8::natMX4 This study
GA-7100 GA-6844 rad52::natMX4 This study
GA-6581 GA-6208 swc2::natMX4 This study
GA-6673 GA-6208 swcb::natMX4 This study

2 Gift from M. Seki (Graduate School of Pharmaceutical Sciences, Tohoku University)



Table S2. Summary of movement parameters, Related to Figure 4, S3

Figure Genotype Condition  Locus Cell D(x10% Rc # of
cycle um?s?) (um) nuclei
Fig 4B Wild-type Glucose ZWF1 S 1.98 0.6056 9
Fig 4B SWr1A Glucose ZWF1 S 1.67 0.6225 11
Fig4C,D  Wild-type DSB (Gal) ZWF1 S 1.69 0.6958 17
(Neumann et al.,
2012)
Fig 4C swrlA DSB (Gal) ZWF1 S 0.79 0.4071 16
Fig 4C htz1A DSB (Gal) ZWF1 S 1.06 0.4488 10
Fig 4C Wild-type (Dionet Uncleaved ZWF1 S 1.18 0.4635 20
al., 2012)
Fig 4D arp8A (Neumann  DSB (Gal) ZWF1 S 1.46 0.5305 9
etal., 2012)
Fig 4D rad51A (Dion et DSB (Gal) ZWF1 S 1.44 0.4823 16
al., 2012)
Fig 4E + LexA Targeting ARS607 Gl 1.81 0.6247 19
Fig 4E + LexA-Arp6 Targeting ARS607 G1 1.44 0.4893 6
Fig 4F + LexA-Htzl Targeting ARS607 Gl 1.57 0.552 17
Fig 4F + LexA-htz1AM6  Targeting ARS607 G1 1.7 0.5485 14
Fig S3 SWC2A DSB (Gal) ZWF1 S 1.06 0.4552 10
Fig S3 SWCHA DSB (Gal) ZWF1 S 0.79 0.4185 13

Table S3. Summary of localization assay statistics, Related to Figure 1-3, 5, S1-S4

(see separate Excel file)



Supplemental Experimental Procedures

Plasmids, yeast strains and yeast techniques

JKM139 and JKM179 are gifts from J. E. Haber and have been previously described (Lee et
al., 1998). Standard methods for genetic modification of yeast were used (Longtine et al.,
1998) and verified by PCR and phenotypic analysis. Yeast strains with 3HA-MPS3 and
mps3A65-145 are created by using the plasmids pRS306-3HA-MPS3 and pRS306-mps3A65-
145 (gifts from Dr. Mizuta) (Horigome et al., 2011). For the DSB localization assay, yeast
cells were grown at 30 °C for 2 days on YPAD plate (or selective SC media if selection is
required), then inoculated the cells in synthetic media containing 0.05% glucose, 3% glycerol
and 2% lactate (SCLGg) overnight to obtain an exponentially growing cell population with no
more than 5-7x108 cells m1* the next morning. We added 20% galactose (final 2%) to the
medium to induce HO. The cells were harvested, fixed with paraformaldehyde (final 4%) and
washed three times with PBS. Targeting assay was carried out with cells grown at 30°C in
selective SC media to a concentration of 5x10° cells ml %, G1 arrest was achieved using 1 pM
a. factor in a barl1A strain. G2/M arrest was achieved using 15 pg ml™* nocodazole in 1%
DMSO. Arrests were confirmed by visual microscopy, and budding indices. Cell cycle stages
were assigned based on the following criteria: cells in G1 have no bud and a round nucleus,

cells in S phase have a bud up to 2/3 the size of the mother cells and a round nucleus.

Microscopy and movie analysis

Images for zoning measurements were captured on a Metamorph-driven Spinning-disk
confocal system based on an Olympus 1X81 microscope, Yokogawa CSU-X1 scan head, EM-
CCD Cascade Il (Photometrics) camera and an ASI MS-2000 Z-piezo stage. We used
PlanApo %100, NA 1.45 total internal reflection fluorescence microscope oil objective. Lacl-

GFP position was determined with a through-focus stack of 16-21 0.2 um steps and was



measured by ImageJ (NIH, USA) and the plug-in software PointPicker (Meister et al., 2010).
The numbers of nuclei scored are available in Table S2. Movie analysis was carried out as
described previously (Dion et al., 2012; Heun et al., 2001; Lisby et al., 2004). Briefly, the
images obtained Spinning-disk confocal system were deconvolved using Huygens Remote
Manager. We further processed the movies of fluorescence-labelled chromatin loci, which are
very bright when compared with the nuclear background, by taking the cubic root of the pixel
intensities using ImageJ and normalizing the pixel intensities across 2D projections to correct
for bleaching using Imaris (Bitplane). This improved definition of the nuclear background and
both the alignment and tracking quality, with the plug-in SpotTracker. The movement data
were analysed by MSD= (x (t+At)—x (t))> where X is the position of the spot and t is time in

seconds (Neumann et al., 2012).

Statistical analyses and cutting efficiency
The value was normalized to SMC2 locus. Primer and probe sequences are available on

request.

Chromatin immunoprecipitation (ChIP)

Yeast cells cultured in 45 ml medium were cross-linked at 30 °C for 20 min, and disrupted
using a bead beater (TOMY) and Zirconia/Silica beads. The recovered chromatin fraction was
subjected to sonication using Bioruptor Plus (Diagenode) to obtain fragmented chromatin <
500 bp in length. An anti-HA antibody (sc-7392, Santa Cruz Biotech, Inc) or an anti-nuclear
pore FG-repeat antibody (Mab414, Sigma) combined with anti-mouse 1gG magnetic beads
(Invitrogen) or Protein G magnetic beads (Invitrogen), respectively, were used for IP. ChIP
DNA was purified and was analysed by quantitative PCR using primers adapted to the MATa

or MATa locus (available on request).
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This paper explores the role of SUMOylation and SUMOylation-dependent enzymes in the
movement of a DSB to the nuclear periphery. It shows that SUMOylation is required for DSB
relocation to the NE, but to different extents: In G1, relocation to pores requires SIx5 that
recognizes a polySUMOylated target, whereas in S phase binding to Mps3 requires
monoSUMOylation mediated by Mms21 SUMO E3 ligase. Interaction with Mps3 depends on
SMC5/6 complex but not on SIx5/8. In this study, my main interest was in determining the
functionality of the DSB binding sites. My main contribution was in testing a role for pore
and STUbL mutants in repair outcome. | could detect a differential role in precise and
imprecise end joining: only the latter is significantly affected by the Nup84 complex. Besides,
| used a reporter assay to demonstrate an effect of pores on break-induced replication

(Figure 6b, c).

65


mailto:jcobb@ucalgary.ca

66



PolySUMOylation by Siz2 and Mms21
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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.

[Keywords: SUMO; Siz2; Mms21; SIx5; DNA damage; nuclear pores; nuclear organization]

Supplemental material is available for this article.
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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-
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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.

© 2016 Horigome et al. This article is distributed exclusively by Cold
Spring Harbor Laboratory Press for the first six months after the full-issue
publication date (see http://genesdev.cshlp.org/site/misc/terms.xhtml).
After six months, it is available under a Creative Commons License (At-
tribution-NonCommercial 4.0 International), as described at http://
creativecommons.org/licenses/by-nc/4.0/.
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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
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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

SUMO-mediated break relocation through SIx5

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.

940 GENES & DEVELOPMENT

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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Supplementary Fig. S1. Deletions of siz1 or siz2 partially reduce DSB relocation

(a) Cleavage efficiency in wild-type (GA6844), siz1A (GA-7899) and siz2A (GA-6858)
strains determined by qPCR across the cleavage site. (b) Position of cleaved MAT in wild-
type (GA-6844), siz1A (GA-7899) and siz2A (GA-6858) is shown following DSB induction
(+ galactose) at indicated times. Assay was performed as described in Figure 1a-c. 33% (red

dotted line) indicates random distribution.
Supplementary Fig. S2. Deletions of sIx5 or sIx8 reduce DSB recruitment to pores

(a) ChIP with the anti-pore monoclonal antibody, Mab414, monitors MATa locus association
with nuclear pores at the indicated time after addition of glucose (no cleavage) or galactose
(HO cleavage) in wild-type (GA-3862), sIx5A (GA-4105), sIx8A (GA-4106) and wild-type no
GAL-HO (MATa, GA-1080) cells. We cannot exclude that the sIX5A culture was not partially
diploidized in this assay, which might explain its two-fold higher level of pore recovery
vs.sIx8A. ChIP was carried out and results were processed as described in Nagai et al. (2008).
(b) ChIP for HA-tagged SIx8 monitors MAT locus association with SIx8 at 1 h after cut
induction on galactose in non-tagged (GA-3862) and SIx8-3HA (GA-3867) tagged cells.
Distances of primers used for qPCR from the HO cut site are indicated and a probe 0.5kb

from the end of telomere 6R is used as a control. ChIP was performed as in panel a.

Supplementary Fig. S3 Esc2 promotes DSB relocation to the nuclear pore in G1-phase
cells, but is not sufficient for relocation a LexA-Esc2 targeting assay

(a) LexA-SIx8 complements the HU sensitivity observed in sIx8A. Five-fold serial dilutions
starting from 7x10 cells for each indicated strain were spotted on SD-LEU medium
containing indicated dose of HU and incubated at 30°C for 4 days. Two independent clones
were tested per strain. (b) MAT position relative to CFP-Nup49 in wild-type (GA-6844), and
esc2A (GA-9373) after 120 min on galactose, as described in Figure 1a-c. #, significantly

non-random distribution based on cell number and confidence values from a proportional test
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between random and experimental distribution. * , significantly different distribution between
wild-type and mutant. n.s., difference is not significant from random (33%), indicated by the
red dotted line. (c) The position of lacO/LexA-tagged PES4 was visualized by GFP-Lacl and
scored in the presence of LexA alone or a LexA-Esc2 fusion. Cells are classified into G1 or S
phase. Strains carry GFP-Nup49 (GA-1461) and LexA fusion proteins are expressed from
plasmids. Neither LexA nor LexA-Esc2 shift the tagged locus to the NE. n= cells counted;

P=significance relative to a random distribution.

Supplementary Fig. S4. Localization of SIx5-GFP before or after y-irradiation

(a,b) SIx5-GFP (green) and CFP-Nup49 (red) lare visualized by confocal microscopy in a
wild-type strain (GA-8565). Cells are grown at 30°C in selective SC-L+G418 media and
exposed to y-irradiation (30 Gy). Prior to microscopy cells recovered during 2 h in SC-
L+G418 media. Representative images (b) showing both peripheral (white arrows) and some
internal SIX5 foci, particularly under conditions of irradiation, which induces nicks and
oxidative damage, as well as DSBs. Spontaneous foci are of weaker intensity. Bars = 2um
Supplementary Fig. S5. SIx5 binds Nse5, but not nse5-L247A, of the SMC5/6 complex
(a) Left panel compares the dimeric S. cerevisiae STUbL SIx5/SIx8, with its human
homologue RNF4. The combination of SIM (SUMO-interacting motifs) and RING finger
ubiquitin ligase function is characteristic of this class of enzyme. Right panel shows a sketch
of the SMC5/6 complex with subunit names from budding yeast. (b) Analysis of Nse5 and
wild-type SIx5 or SIx5**™ (in which SIMs at aa25-27 and aa93-96 are mutated) protein
interactions by galactose-inducible yeast two-hybrid assays. Quantitative 3-galactosidase
assay is described in online Methods. Actual mean values of -galactosidase activity are
indicated beside bars. Interaction of Nse5 with SIx5 is monitored in smt3-3KR and the smt3-
331 loss-of-function mutant backgrounds. (c) Sketch of the Nse5 subunit. Nse5 has no
recognizable SIM, although the L247 mutation interferes with both SIx5 and Smt3 interaction.
Interaction of a fusion of SIx5-AD, Nse6-AD or of Smt3-AD with the wild-type Nse5 or
Nse5-%*"A as bait are monitored as in (b).

Supplementary Fig. S6. The protein expression from yeast two-hybrid constructs
Plasmids J038 (Nse5-LexA) and J150 (SIx5-AD) which are both galactose inducible, were
co-transformed into strains JC470 (wild-type), JC2996 (smt3-3KR), or JC2758 (smt3-331).
Cells were treated with glucose (-) or galactose (+) at 30°C for 6 h and protein extracts were
TCA precipitated prior to denaturation for 8% SDS-PAGE. Western blots were probed with
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either anti-HA (SIx5-AD) or anti-LexA (Nse5-LexA; antibodies from Santa Cruz
Biotechnology). Equal loading was confirmed by probing with anti-actin (Sigma). The smt3-

331 mutation reduces but does not eliminate all SUMOylation.

Table S1. Summary of localization assay statistics

Figure Experiment Relevant min % of intact MAT  Cell cycle  # of P-value
genotype after nuclei (vs random/
HO wild-type)

Fig 1c,2b,  MAT zoning Wild-type 120 4.27 £0.58 Gl 169 1.1x10*

5a, S3b

Fig 1c, 2b,  MAT zoning Wild-type 120 4.27 £0.58 S 108 3.6x10°®

5a, S3b

Fig 1c MAT zoning siz1A siz2A 120 6.51 £0.05 Gl 321 0.24/
1.8x10*

Fig 1c MAT zoning siz1A siz2A 120 6.51 £0.05 S 64 0.48/
8.3x10°®

Fig 1c MAT zoning mms21AC 120 6.08 £0.28 Gl 146 9.0x102%/
1.7x10*

Fig 1c MAT zoning mms21AC 120 6.08 £0.28 S 146 0.56/
3.2x10™

Fig 1d, 2¢ Pore coloc. Wild-type 0 100 G1 301 -

Fig 1d, 2¢ Pore coloc. Wild-type 40 10.60 £5.30 Gl 299 -

Fig 1d, 2¢ Pore coloc. Wild-type 120 3.78 £1.08 Gl 149 -

Fig 1d, 2¢ Pore coloc. Wild-type 0 100 S 94 -

Fig 1d, 2¢ Pore coloc. Wild-type 40 10.60 £5.30 S 88 -

Fig 1d Pore coloc. Siz2A 0 100 Gl 206 -

Fig 1d Pore coloc. Siz2A 40 47.47 +0.66 Gl 150 -

Fig 1d Pore coloc. Siz2A 120 7.95+0.82 G1 129 -

Fig 1d Pore coloc. Siz2A 0 100 S 62 -

Fig 1d Pore coloc. Siz2A 40 47.47 +0.66 S 51 -

Fig 1g MAT zoning smt3-3KR 120 6.21 +£0.37 Gl 279 0.20

Fig 1g MAT zoning smt3-3KR 120 6.21 +£0.37 S 71 0.36

Fig 2b MAT zoning sIx5A 120 4.34+0.98 Gl 110 0.89/
1.6x10

Fig 2b MAT zoning sIx5A 120 4.34+0.98 S 63 1.6x102/
017

Fig 2b MAT zoning sIx8A 120 6.83 £ 1.06 Gl 108 0.68/

4.6x10
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Fig 5b MAT zoning smc6-9 120 14.45+1.19 S 61 0.86/
2.8x10°3
Fig 5b MAT zoning rtt107A 120 5.01+0.45 Gl 252 0.32
Fig 5b MAT zoning rtt107A 120 5.01+0.45 S 106 0.28
Fig Sla, b MAT zoning Wild-type 0 100 G1/SIG2 198 1
Fig Sla, b MAT zoning Wild-type 20 2043 +£5.19 G1/s/G2 206 4.3x10°°
FigSla,b  MAT zoning Wild-type 40 15.95 + 9.68 G1/SIG2 225 2.0x107%°
FigSla,b  MAT zoning Wild-type 60 6.60 + 0.33 G1/S/G2 218 <1.0x10™%°
Fig Sla, b MAT zoning Wild-type 120 479214 G1/s/G2 211 5.3x10°
FigSla,b  MAT zoning siz1A 0 100 Gl/S/IG2 267 0.19
FigSla,b  MAT zoning siz1A 20 34.64 +6.92 G1/S/G2 233 0.75
FigSla,b  MAT zoning siz1A 40 1154 +0.79 G1/S/G2 185 1.1x1072
FigSla,b  MAT zoning siz1A 60 8.06 + 0.07 G1/S/IG2 282 3.0x10°
FigSla,b  MAT zoning siz1A 120 8.04+0.79 G1/S/G2 191 0.26
FigSla,b  MAT zoning Siz2A 0 100 G1/S/G2 135 0.27
FigSla,b  MAT zoning siz2A 20 40.89 £2.13 G1/S/G2 101 0.78
FigSla,b  MAT zoning Siz2A 40 20.37 +3.36 GUS/IG2 111 4.4x10?
FigSla,b  MAT zoning siz2A 60 15.39 + 1.23 G1/S/IG2 124 2.6x102
FigSla,b  MAT zoning siz2A 120 9.93+1.77 G1/S/IG2 125 6.5x10°°
Fig S3b MAT zoning esc2A 120 14.95+4.19 Gl 179 0.49/
5.1x10"
Fig S3b MAT zoning esc2A 120 14.95+4.19 S 96 9.7x10°%/
0.97
Fig S3c Targeting, LexA-Esc2/WT - - Gl 104 0.78
zoning
Fig S3c Targeting, LexA-Esc2/WT - - S 130 0.42
zoning

Bold face: significantly non-random
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Table S2. Yeast strains used in this study

Name Genotype Source
GA-1081 JKM179; MATa, Aho hml::ADE1 hmr::ADE1 ade3::GALHO ade1-100 leu2-3, 112  (Lee et al. 1998)
lys5 trpl::hisG ura3-52
GA-6844 GA-1081 CFP-NUP49 GFP-Lacl:Leu2 MAT::LacO repeats:TRP1 (Horigome et al.
2014)
GA-7968 GA-6844 sizl::natMX4 siz2::C.a.URA3 This study
JC3654 GA-6844 mms21AC:HYG This study
GA-7314 GA-6844 nupl133::natMX4 pUN100-nup133AN:kanMX6 This study
GA-7970 GA-7314 siz2::C.a.URA3 This study
GA-6858 GA-6844 siz2::KanMX This study
GA-1259 JKM139; MATa, Aho hml::ADE1 hmr::ADE1 ade3::GALHO adel-100 leu2-3, 112 (Lee et al. 1998)
lys5 trpl::hisG ura3-52
GA-8306 GA-1259 3HA-MPS3 (Lee et al. 1998;
Horigome et al.
2014)
GA-8541 GA-8306 siz2::natMX4 This study
GA-9072 GA-6844 smt3-3KR:HYG This study
(JC3656)
GA-1081 JKM179; MATa, Aho hml::ADE1 hmr::ADE1 ade3::GALHO adel-100 leu2-3, 112 (Lee et al. 1998)
Jcr2r) lys5 trpl::hisG ura3-52
JC3020 JC727 SLX5-3HA::URA3 This study
JC3668 JC3020 siz2::KanMX6 This study
JC3214 JC3020 smt3-K11R,K15R,K19R::TRP1 This study
GA-7097 GA-6844 sIx5::natMX4 This study
GA-7098 GA-6844 sIx8::natMX4 This study
GA-7969 GA-7314 sIx5::C.a.URA3 This study
GA-8539 GA-8306 slIx5::natMX4 This study
GA-8194 W303 MATa, ade2-1 trpl1-1 his3-11 his3-15 ura3-1 leu2-3 leul-112 can1-100 This study

nupl33::HIS3 -pUN100-nupl33AN:kanMX6 CFP-NUP49 ade2::lacl-GFP:ADE2
lys2::LexALacOPs:TRP

GA-1461 W303 MATa, PES4:4xLexA:lacO array:TRP1 his3-15::GFP-Lacl:HIS3 NUP49- (Heun et al.
GFP 2001)
GA-4447 GA-1461 siz2::KanMX6 This study
GA-4448 GA-1461 sIx5::KanMX6 This study
GA-4449 GA-1461 sIx8::KanMX6 This study
JC3161 GA-6844 nse5::HYG ura3:: nse5-L247A:URA3 This study

JC3131 GA-6844 smc6-9::KanMX4 This study
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GA-7092 GA-6844 rtt107::natMX4 This study
GA-4133 GA-1081 NUP84-13MYC This study
JC3154 GA-4133 nse5::HYG ura3:: nse5-L247A:URA3 This study
JC3150 GA-4133 smc6-9::KanMX4 This study
JC3167 GA-1081 3HA-MPS3:URA3 This study
JC3114 JC3167 nse5::HYG ura3:: nse5-L247A:URA3 This study
JC3115 JC3167 smc6-9::KanMX4 This study
JC3621 JC3020 nse5::HYG ura3:: nse5-L247A:URA3 This study
JC3189 JC3020 smc6-9::KanMX This study
GA-9206 GA-6844 siz2::HPH sIx5::natMX4 This study
GA-9355 GA-6844 nse5-L247A:URA3 sIx5::HYG This study
GA-8994 W303 MATa-inc, lys2::NatMX4 AVT2::ly-HOcs::KanMX6 ERV46::TRP1-ys2 (Ch  (Donnianni and
1 60kb donor) ade3::GAL-HO URA3::TK BAR1::LEU2 Symington
2013)
GA-9185 GA-8994 nup60::hphMX4 This study
GA-9186 GA-8994 sIx8::hphMX4 This study
GA-9090 GA-8994 pol32::hphMX4 This study
GA-8860 GA-1081 CFP-NUP49 GFP-Lacl:Leu2 MAT::LacO repeats: TRP1 This study
GA-8471 GA-6844 nup84::natMX4 This study
GA-7899 GA-6844 sizl::natMX4 This study
GA-3862 JKM139; MATa, Aho hml::ADE1 hmr::ADE1 ade3::GALHO ade1-100 leu2-3, 112  Gift from Nevan
lys5 trpl::hisG ura3-52 Krogan
GA-4105 GA-3862 sIx5::caURA3 This study
GA-4106 GA-3862 sIx8::caURA3 This study
GA-1080 JKM115; MATa, Aho hml::ADE1 hmr::ADE1 adel1-100 leu2-3, 112 lys5 trpl::hisG ~ Gift from James
ura3-52 E. Haber
GA-3867 KLY3; GA-3862 sIx5::SIx5-3HA:KL-TRP Gift from
Michael Keogh
GA-9373 GA-6844 esc2::natMX4 This study
GA-7451 YOK851; MATa, his3-A200 leu2-3, 112 ura3-52 lys2-80 trpl-1 gal2 sIx5::kanMX4  (Cook et al.
SLX5-GFP:LEU2/CEN 2009)
GA-8565 GA-7451 CFP-NUP49 This study
JC470 W303 MATa, ade2-1 trpl-1 his3-11 his3-15 ura3-1 leu2-3 leu2-112, RAD5+ This study
JC2758 JC470 smt3-331 This study

JC2996 JC470 smt3K11R, K15R, K19R::TRP1 (smt3-3KR) This study
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Online Methods

Plasmids, yeast strains and yeast techniques

Yeast strains used in this study are described in Table S2. JKM139 and JKM179 are gifts
from J. E. Haber and have been previously described (Lee et al. 1998). Standard methods for
genetic modification of yeast were used (Longtine et al. 1998) and were verified by PCR and
phenotypic analysis. Yeast strains with 3HA-MPS3 were created by using the plasmid
pRS306-3HA-MPS3 (gift from Dr. Mizuta) (Horigome et al. 2011). For DSB localization a
lacO array initially containing 256 lacl binding sites was inserted at 4.4 kb from the HO cut
site at MAT (Nagai et al. 2008). Note that repeat number is not stable in all strains and is
usually less than 256. For DSB localization, cells were grown at 30°C for 2 days on YPAD
plate (or selective SC media if required), then inoculated into synthetic media containing
0.05% glucose, 3% glycerol and 2% lactate (SCLGg) and grown overnight to obtain an
exponentially growing cell population with no more than 5-7x10° cells ml™*. Galactose (20%)
is added to final 2% to induce the HO endonuclease. Cells were harvested, fixed with para-
formaldehyde (final 4%) and washed 3 times with PBS at indicated time points. Cell cycle
stages were assigned as follows: G1 cells have no bud and a round nucleus, cells in S phase
have a bud up to 2/3 the size of the mother cells and a round nucleus. G2 cells have nuclei at

the bud neck; such nuclei are usually distorted and therefore not reliable for position analysis.

Targeting constructs and strains

Like the LexA-SIx5, -SIx8 and -Esc2 fusion, LexA fusions to 4xSmt3 to a single Smt3 or
smt3-3KR moiety were created in and expressed from the plasmid pAT4. The 4xSmt3
construct (LexA-polySUMO) was created by cloning four Smt3 genes tandemly into the
vector pAT4 using a 4xSmt3 construct synthesized by Bio Basic Inc. Gene Synthesis. To
prevent processing of the internal SUMO proteins by Ulp1, the constructs were truncated at
lgs to remove the di-glycine motif. The fourth SUMO residue in the chain retains the full
SUMO sequence including the di-glycine motif. The single Smt3 moiety is not mutated and
can be a substrate for polySUMOylation while smt3-3KR cannot. Targeted binding of LexA
fusions to the indicated loci is described in (Neumann et al. 2012; Horigome et al. 2014).

Microscopy and image analysis

Fluorescence microscopy and quantification was performed according to published methods

(Meister et al. 2010; Horigome et al. 2015). Images for zoning measurements were captured



Horigome_Supplement, page 10

on a Metamorph-driven Spinning-disk confocal system based on an Olympus 1X81
microscope, Yokogawa CSU-X1 scan head, EM-CCD Cascade Il (Photometrics) camera and
an ASI MS-2000 Z-piezo stage. We used PlanApo %100, NA 1.45 total internal reflection
fluorescence microscope oil objective. Lacl-GFP position was determined with a through-
focus stack of 16-21 0.2 um steps and was measured by ImageJ (NIH, USA) and the plug-in

software PointPicker (Meister et al. 2010). The numbers of nuclei scored are in Table S1.

Statistical analyses and cutting efficiency

To determine zone enrichment we applied a y2 test comparing zonel to a random distribution
(degree of freedom = 2, confidence limit = 95%). P-values are listed in 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 all ChIP experiments represent the s.e.m.

The efficiency of DSB induction was determined by gPCR using TagMan probes as
described (van Attikum et al. 2007). The value was normalized to cut efficiency and PCR
efficiency at an uncut locus, SMC2. Primer and probe sequences are available on request. The

cutting efficiencies are available in Table S1.

Chromatin immunoprecipitation (ChlP) assays

ChlIP with anti-HA or anti-MYC epitope tagged strains was carried out as previously
described (Yoshida et al. 2010) with the following modifications. Yeast cells cultured in 45
ml medium were cross-linked at 30°C for 20 min, and disrupted using a bead beater (TOMY)
and Zirconia/Silica beads. The recovered chromatin fraction was subjected to sonication
using Bioruptor Plus (Diagenode) to obtain fragmented chromatin < 500 bp in length. An
anti-HA antibody (sc-7392, Santa Cruz Biotech, Inc), an anti-MY C antibody (9E10)
combined with anti-mouse IgG magnetic beads (Invitrogen) or Protein G magnetic beads
(Invitrogen), respectively, were used for IP. ChIP DNA was purified and was analysed by
quantitative PCR using primers adapted to the MATa or MAT « locus (available on request).
ChIP with Mab414 (Abcam) was performed basically as described (H. Van Attikum et al.
2007) using the indicated strains. Input and IP DNA were purified and analyzed by real-time
(rt) PCR, using the Perkin-Elmer ABI Prism 7700 Sequence Detector System. For each ChIP,
rtPCR was performed two or three times. Absolute enrichment was calculated as follows: for
each time point, the signal from a site near the HO DSB at MAT was normalized to that from
either genomic SMC2 locus or mitochondrial OLI1 locus in ChIP and input DNA samples.
For each time point and site, normalized ChIP signals were normalized to input DNA signals.
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Repair assays

Precise and imprecise NHEJ 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). For
imprecise NHEJ, cells were grown in YPLGg to OD600 0.6-1.2. They were plated on 2%
galactose plates, and scored for CFUs after 2-3 days at 30°C. For precise NHEJ, cells were
grown in YPLGg to log phase, HO was induced with 2% galactose for 75 min, cells were
washed 2x and shaken in YPD for 2 h. Samples for gPCR were taken before galactose
addition (0 min), after gal addition (75 min) and after YPD recovery (195 min). Genomic
DNA was extracted and used for real-time PCR (primers available upon request). Formulas
for NHEJ efficiency are described in van Attikum et al., 2007.. Survival after HO-induced
cleavage was performed by standard induction of HO-cleavage on galactose for up to 4 h,
followed by washing of the cells and plating in triplicate on YPAD. CFU were scored after 2
days at 30°C.

The Break-induced replication (BIR) assay was performed, and the frequency of
recombinants was calculated, as previously described (Donnianni and Symington 2013).
Briefly, 4 individual colonies per strain were grown to exponential phase in YPR (1% yeast
extract, 2% peptone, 2% raffinose), and then plated on YP containing 2% Glucose or 2%
Galactose in 3 serial dilutions. CFU were counted after 3 days. Plates were replica plated on
SC-Lys and YPD+G418 to determine the frequency of BIR recombinants, which is the ratio
of colonies growing on SC-Lys over those growing on YPGalactose, divided by the plating
efficiency.

Two-hybrid Analysis

NSES5 versions were cloned into pEG202-derived bait plasmids, creating Nse5-LexA fusion
proteins, while SLX5 genes were cloned into pJG4-6-derived prey plasmids creating SIx5-
B42-activating domain fusion proteins. nse5L247A was generated by site-directed
mutagenesis, while sIxX5ASIM was generated by subcloning sIX5SIMA/B from the pAA3-
derived plasmid published in (Cook et al. 2009). Bait and prey plasmids, as well as the
reporter plasmid pSH18034, were transformed into W303 wild type strain JC470, JC2996
(smt3-3KR), or JC2758 (smt3-331). Protein-protein interactions were measured by
quantitative B-galactosidase activity for permeabilized cells, and represent the averages of
three independent experiments, with error bars indicating S.D.
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SUMMARY

Multiple pathways regulate the repair of double-
strand breaks (DSBs) to suppress potentially
dangerous ectopic recombination. Both sequence
and chromatin context are thought to influence
pathway choice between non-homologous end-
joining (NHEJ) and homology-driven recombination.
To test the effect of repetitive sequences on break
processing, we have inserted TG-rich repeats on
one side of an inducible DSB at the budding yeast
MAT locus on chromosome lll. Five clustered Rap1
sites within a break-proximal TG repeat are sufficient
to block Mre11-Rad50-Xrs2 recruitment, impair
resection, and favor elongation by telomerase. The
two sides of the break lose end-to-end tethering
and show enhanced, uncoordinated movement.
Only the TG-free side is resected and shifts to the
nuclear periphery. In contrast to persistent DSBs
without TG repeats that are repaired by imprecise
NHEJ, nearly all survivors of repeat-proximal DSBs
repair the break by a homology-driven, non-recip-
rocal translocation from Chrlll-R to ChrVII-L. This
suppression of imprecise NHEJ at TG-repeat-flanked
DSBs requires the Uls1 translocase activity.

INTRODUCTION

Eukaryotic genomes are riddled with repeat sequences. Simple
sequence repeats include mini-, micro-, and centromeric satel-
lites, as well as telomeric repeats. Complex repeats include pro-
tein-encoding RNA and DNA transposons. Collectively, repeats
comprise up to 70% of the human genome (Padeken et al.,
2015). While the functions served by repeats are unclear, it is un-
equivocally established that they are a source of genomic insta-
bility (Kim and Mirkin, 2013; Leffak, 2017). Replication-induced
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insertions, deletions, and breaks are enhanced at repeats, and
spontaneous breaks within repeat elements compromise
genome integrity, as they are prone to inappropriate trans-
locations (Aksenova et al., 2013). In mammals, such events
can lead to loss of heterozygosity, which in the case of onco-
genes or tumor suppressor genes contributes to oncogenic
transformation.

To suppress the risk of nonreciprocal or unequal crossovers,
the repair of double-strand breaks (DSBs) in repetitive DNA is
accompanied by the relocation of the repeat-flanked DSB
away from the repetitive sequence domain prior to resection
and the loading of Rad51 (Amaral et al., 2017). Only then can sin-
gle-strand invasion and homologous recombination (HR) occur.
This was shown for budding yeast, where breaks in the repetitive
rDNA shift from the nucleolus prior to repair by HR (Torres-Rosell
etal., 2007), and for breaks that occur within centromeric hetero-
chromatin of both Drosophila (Chiolo et al., 2011) and mouse
cells (Tsouroula et al., 2016). In both yeast and flies, this reloca-
tion has been shown to depend on sumoylation of break-associ-
ated factors (Horigome et al., 2016; Amaral et al., 2017).
In budding vyeast, poly-sumoylation is implicated in the
relocation of irreparable DSBs to the nuclear pore complex,
which favors alternative recombination-mediated repair path-
ways like break-induced replication (BIR) (Horigome et al.,
2016). Satellite-embedded breaks in Drosophila similarly relo-
cate to nuclear pores, although repair outcomes were not moni-
tored (reviewed in Amaral et al., 2017).

Telomeric repeats pose a special case as they normally
demarcate a natural DNA end that must be protected from
both non-homologous end joining (NHEJ) and HR, in order to
prevent chromosomal end-to-end fusions. In most eukaryotes,
telomeres contain tandem TG-rich repeats. In budding yeast,
the irregular (TG4.3), repeat covers 300 to 600 bp, while the
mammalian terminal TTAGGG repeat can extend hundreds of
kilobases (Palm and de Lange, 2008). These sequences are
bound by sequence-specific DNA binding proteins and their
ligands, forming the telosome. The telosome protects the eu-
karyotic genome from erosion during genomic replication,
mediates short telomere elongation in S phase by nucleating
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telomerase-mediated repeat extension, and prevents the recog-
nition of chromosome ends as breaks. All three actions attenuate
DNA damage checkpoint activation that would arrest the cell
cycle to promote recombination-mediated repair (Symington
and Gautier, 2011).

In contrast to telomeric ends, proteins recruited to internal DSBs
process the ends for repair and trigger a checkpoint response. In
budding yeast, DSBs are initially sensed by both yKu and the
Mre11-Rad50-Xrs2 (MRX) complex (Mre11, Rad50, Nbs1 in mam-
mals); MRX in turn recruits Tel1 kinase (ATM). If end ligation is not
immediate, MRX makes a single-strand nick distal to the break, to
initiate short-range resection (Cannavo and Cejka, 2014). The
single-stranded DNA (ssDNA) is then extended by a second set
of partially redundant enzymes, namely, Exo1, Dna2, and Sgs1
(Nicolette et al., 2010). Resection is more efficient in S phase
than in G1 phase, and robust resection favors repair by HR over
NHEJ, as long as a homologous template is available (Symington
and Gautier, 2011). The Ku70/80 heterodimer competes for MRX
and favors NHEJ (Langerak et al., 2011), which can either be
precise or imprecise. Precise NHEJ entails error-free religation,
while imprecise NHEJ occurs after limited resection or trimming
and leads to short deletions (Sfeir and Symington, 2015). Indepen-
dent of the repair pathway, the two sides of a break must be held
together. This is achieved in part by MRX, which can be recruited
to breaks by the single-strand DNA binding factor, replication
protein A (Seeber et al., 2016).

It is noteworthy that short yeast telomeres in telomerase-
deficient strains and internal HO endonuclease-induced DSBs
that lack homologous donors behave similarly with respect to
nuclear organization: both shift to the nuclear envelope (NE)
(Nagai et al., 2008). Short telomeres bound by recombination
proteins accumulate at nuclear pores (Khadaroo et al., 2009),
as do difficult-to-repair DSBs. Both depend on sumoylation
and the SUMO-targeted ubiquitin ligase (STUbL) SIx5/SIx8
(Horigome et al., 2016; Churikov et al., 2016). SIx5/SIx8 is also
required to maintain telomere length by asymmetric strand
invasion and elongation, called ALT (alternative lengthening of
telomeres) or BIR (Azam et al., 2006). Differentiating internal
DSBs from short telomeres is the fact that short telomeres
present a free end, while at DSBs two ends are held together.

There are many sumoylated proteins found at DSBs, including
Htz1, Ku, RPA, Rad51, and Rad52 (Cremona et al., 2012; Kaloc-
say et al., 2009), while at short telomeres, Rap1 is also sumoly-
ated (Lescasse et al., 2013). The binding of SUMO-targeted
ubiquitin ligase subunit SIx5 to both poly-SUMO chains and to
Nup84 are needed for the localization of telomeres (Churikov
et al., 2016) and DSBs (Horigome et al., 2016) to nuclear pores
for BIR or ALT, and the impaired relocation and damage survival
phenotypes of six5 or six8 strains are epistatic with nup84A
(Nagai et al., 2008). This mechanism is conserved, as homologs
of the SUMO E3 ligase Siz2 and SIx5/SIx8 are similarly impli-
cated in the sequestration of heterochromatic DSBs to nuclear
pore complexes in Drosophila (Amaral et al., 2017).

Here, we sought to understand how a repetitive TG-rich
sequence alters the processing and repair of an internal DSB
in budding yeast. We added a telomeric TG-rich sequence to
the centromere-proximal side of the natural HO endonuclease
cleavage site at the MAT locus on Chrlll. Only the TG-rich side

of the break showed no MRX recruitment nor end resection,
which allowed the two ends to separate and acquire very high
levels of local movement. The non-repetitive, distal side of the
break was efficiently resected and then bound by Mps3 at the
nuclear envelope, whereas the TG-rich side resisted resection
and was elongated by telomerase. Imprecise NHEJ was sup-
pressed by the TG sequence and the surviving yeast colonies
underwent homology-dependent, nonreciprocal translocation
of the distal arm of ChrllIR to ChrVIIL. This required a putative
SUMO-targeted ubiquitin ligase, Uls1. In the absence of Uls1
there is no increased movement despite normal end resection,
and ablation of the Uls1-associated translocase activity
increased imprecise NHEJ efficiency. Thus, the presence of
Rap1-binding TG repeats near breaks alters MRX recruitment
and end-to-end tethering, and impairs imprecise NHEJ, favoring
nonreciprocal translocations. The latter event resembles
genome rearrangements observed in human cancers.

RESULTS

TG Repeats Affect Nuclear Envelope Interactions of a
Persistent DSB

The budding yeast genome has relatively little interstitial repeat
sequence and lacks centromeric satellite arrays. The introduc-
tion of internal repeats leads to replication fork stalling and
both the expansion and reduction of the initial repeat (Kim and
Mirkin, 2013; Leffak, 2017). Inserts of 120 bp of (TGTGTGGG)15
can lead to gross chromosomal rearrangements, translocations,
and acentric minichromosomes (Aksenova et al., 2013), yet how
internal repeats influence break processing was never deter-
mined. To examine this, we inserted telomeric repeats on
the centromeric side of the HO endonuclease cleavage site
at the MAT locus on yeast chromosome Il (Figure 1A), such
that the G-rich strain is oriented 5’ to 3’ and would create a
TG-rich overhang if resected.

The induction of Gal1p:HO by galactose led to rapid cleavage
at the HO cut site with efficiencies that were comparable with or
without inserted repeats (Figure 1B). We note that the presence
of 250 bp of TG (Tg250), unlike 80 bp (Tg80), tethers the intact
MAT locus at the nuclear envelope prior to cleavage (Figures
1C and S1), likely reflecting Sir4 binding and SIR-mediated tran-
scriptional repression (Gartenberg et al., 2004).

We examined whether the short Tg80 insert would affect the
efficiency of DSB relocation to the nuclear envelope by tracking
Lacl-GFP after Gal1p:HO induction. After 100 min of continuous
HO induction, the lacO-tagged Tg0 and Tg80 constructs had
both shifted significantly toward the Nup49-CFP tagged nuclear
rim. However, the kinetics of relocation differed: at time points of
40 and 70 min, the Tg80 DSB was not enriched at the nuclear
envelope, unlike the Tg0 break (Figure 1D). The Tg250 locus,
on the other hand, was peripheral prior to cleavage and
remained there after HO induction (Figure S1).

There are at least two characterized sites of damage binding at
the nuclear envelope, the nuclear pore complex and the SUN
domain protein Mps3 (Horigome et al., 2014). Persistent breaks
in G1- and S-phase cells shift to nuclear pores, while resected
ends in cells lacking a homologous template bind Mps3 in S or
G2 phase (Horigome et al.,, 2014). We therefore examined
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(A) TG-flanked DSB constructs with 80 or 250 bp
of (TG1.3)n (Gilson et al., 1993) as shown at the
MAT locus (Chrlll) with 256 lacO repeats at 4.6 kb.
HML and HMR loci are deleted, and CFP-Nup49,
Lacl-GFP, and Gal1p::HO-expressing constructs
are integrated. A single-plane confocal image with
Nup49 and MAT signals is shown at left.

(B) Zoning assay used in (C): the ratio of locus
distance to nuclear envelope divided by the
nuclear diameter is determined in the focal plane in
which the Lacl-GFP spot is brightest. Ratios are
binned into three equal concentric zones of equal
surface. HO cleavage efficiency at 90 and 180 min
of HO induction monitored by qPCR in GA-8860
(Tg0), GA-8119 (Tg80), and GA-8502 (Tg250).
HO-cut site Ct values were normalized to an am-
plicon in SMC2 and were further normalized to
the ratio at time point 0. Experiments were done
in triplicate, and error bars are not shown as
SD < 5%.

(C) Zoning assay for GFP-tagged MAT locus as in
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whether the presence of Tg80 or Tg250 near a DSB alters perinu-
clear anchorage site. Using chromatin immunoprecipitation
(ChIP) for nuclear pores and Mps3, we scored for interaction
on either side of the break (Figure 1E). The Tg0 DSB interacted
with Mps3 on both sides at 90 and 180 min after HO induction,
while the Tg80-flanked break bound Mps3 exclusively on
the non-TG side (Figure 1E). The same was observed for
the cleaved Tg250 construct (Figure 1E). Thus, the presence of
TG repeats led to asymmetric Mps3 binding, with the
TG-containing end failing to bind Mps3. Low-level interaction
with nuclear pores was detected in all constructs for both
break sides (Figure 1F).
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Resection and MRX Binding Are Blocked by TG Repeats
at an Internal HO-Induced DSB

Given that the interaction of a DSB with Mps3 requires end
resection (Horigome et al., 2014), we hypothesized that the
TG-rich inserts might impair resection at the HO cut site. We
therefore monitored the amount of exposed ssDNA following
HO endonuclease induction at either 90 or 180 min, using a
restriction enzyme-based method (Zierhut and Diffley, 2008).
Because Alu1 only cleaves dsDNA, the generation of ssDNA
by end resection will block cleavage at its cognate sites near a
resected DSB. By monitoring amplification efficiency at Alu1
consenses, we could score the extent and efficiency of resection
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around the break, which was proportional to the intensity of the
Alu1-spanning gPCR bands (Figure 2A).

In the TgO strain, we detected nearly equal resection on both
sides of the break after 90 min on galactose (Figure 2A), with
the centromere-proximal side showing more extensive resection
by 180 min. In contrast, in the strains bearing a Tg80 or Tg250
insert, little or no resection was scored on the TG-containing
side of the break, even after 180 min, although resection pro-
ceeded efficiently on the distal side of the same break (Figure 2A).
We hypothesized that yKu or telomerase might bind and block
the Tg80 repeats, given that Tg80 in a subtelomeric location is
recognized as short telomere in need of elongation (Negrini
et al.,, 2007). However, the resection block was not alleviated
by deletion of yKu nor of the catalytic subunit of telomerase,
Est2 (Figure 2B). There was limited improvement in resection
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(B) Absence of either yKu70 (Tg80 ku70A; GA-
9553) or telomerase (Tg80 est24; GA-9005) does
not release the resection block on the TG side of
the DSB. Resection from two biological replicates,
amplified in triplicate and presented as mean
values + SEM.

(C) Anti-PK ChIP of MRX subunit Rad50-PK in Tg0
(GA-9519), Tg80 (GA-9549), and Tg250 (GA-9521)
at the indicated times after HO induction.

(D) ChIP as in (C), but for Ku70 in Tg0 (GA-8861),
Tg80 (GA-8119), and Tg250 (GA-8502) strains,
0 and 180 min after HO induction. Fold enrich-
ments over the mitochondrial locus OLI/T were
normalized to levels at time 0. (C) and (D) are three
experiments shown as mean + SEM.
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on the Tg80 side of the break upon over-
expression of Exo1, which drives the
extended resection at DSBs (Figure S2).

The 5'-end resection is generally initi-
ated by the MRX complex and requires
the ATPase activity of Rad50 (Deshpande
et al., 2014). Therefore, we monitored the
recruitment of MRX to the DSB by per-
forming ChIP for a fully complementing
PK-tagged Rad50 (Seeber et al., 2016).
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= As expected, we find Rad50 recruited
equally to both sides of the break in the
TgO strain, enabling MRX to bridge the
DNA ends and initiate resection on both
sides (Figure 2C, left graph). In contrast,
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in strains carrying either the Tg80 or
Tg250 insert, we observe strongly
reduced Rad50 binding on the TG side
of the break, while its recruitment to the distal side was readily
detected, at levels equivalent to the TgO0 strain (Figure 2C). Pre-
vious studies suggested that natural short telomeres have a
reduced complement of Rap1-Rif1-Rif2, which allows more
MRX recruitment (Shore and Bianchi, 2009). This appears not
to occur at a Tg80-proximal DSB at MAT, where the TG repeats
block MRX binding, leading to an asymmetrical processing of the
two sides of the break.

Although Ku does not affect resection, it might influence MRX
association. Therefore, we monitored the presence of yKu on
either the TG-rich or the distal side of Tg80- or Tg250-flanked
HO cuts by ChIP-gPCR. As presented in Figure 2D, in TgO,
Tg80, and Tg250-bearing strains, yKu70 showed equal enrich-
ment by ChIP at 180 min on the distal side of the break. yKu70
levels were equal between Tg0 and Tg250 on the TG-rich side

min after HO induction
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Figure 3. TG Resection Block Requires Multiple Rap1 Motifs but Not Major Rap1 Ligands

(A) Resection assay as Figure 2A after HO induction, using color-coded probes. Strain (ToAGg)eo (GA-9823) contains human TTAGGG repeats that cannot bind
Rap1, while Tg18 (GA-9824) harbors one Rap1 consensus. Two biological replicates, amplified in triplicate, are presented (mean values + SEM).

(B-D) Resection assay at the DSB in Tg0 and Tg80 strains as in Figure 2A, in isogenic Tg80 and Tg250 strains (B); Tg80 rif1A (GA-9449), Tg80 sir4A (GA-9158) in
(C); Tg250 rif1A (GA-8596) and Tg250 sir4A (GA-8587) in (D). Loss of Rif1 partially relieved the TG-resection block in Tg80 but not Tg250. Loss of Sir4 had no effect
in either background. Data of GA-8596 and GA-8587 are mean values of three technical replicates + SEM; data of GA-9449 and GA-9158 are mean values of three

biological replicates + SEM.

but were strikingly enriched in Tg80 (Figure 2D). This latter may
reflect Ku’s role in telomerase recruitment (Bertuch and Lund-
blad, 2008), because Tg80, but not Tg250, triggers elongation
(Ribeyre and Shore, 2012).

Sequence and Length of TG Repeats Control the
Resection Block at TG-Flanked DSBs

The asymmetric binding of MRX at the Tg80 DSB is a likely cause
of the differential processing of the two DNA ends, yet why
should MRX bind asymmetrically? To ask whether it stems
from the repetitive nature of the Tg80 DNA or the binding of
Rap1, the (TGq.3), ligand, we replaced the yeast repeat with
60 bp of human telomeric repeat and monitored end resection.
The human (TTAGGG), repeat is known to recruit telomerase
for elongation in yeast, although Rap1 does not bind it with sig-
nificant affinity (Brevet et al., 2003; Ribaud et al., 2012). Using the
Alu1-amplicon method, we found that the human repeat allowed
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efficient resection on both sides (Figure 3A), unlike the Tg80
insert (Figure 3B), arguing that Rap1 binding, rather than a
G-quartet forming sequence, blocks end resection. Consis-
tently, the Tg250 insert with 14 Rap1 binding sites (Gilson
et al.,, 1993), was an even more effective barrier to resection
and MRX binding than Tg80, while a single high-affinity Rap1
consensus (Tg18) functioned like TgO (Figures 3A and 3B).

A previous study inserted a similar Tg80-flanked HO cleavage
site in a telomere-proximal region and found that the C terminus
of Rap1 inhibits MRX binding to the break in a Rif1-dependent
manner (Hirano et al., 2009). A second Rap1C ligand, Sir4, com-
petes for Rif1 binding (Moretti et al., 1994; Wotton and Shore,
1997) and is recruited to DSBs (Martin et al., 1999). Therefore,
we tested the effect of either Rif1 or Sir4 deletion on Tg80 resec-
tion. While the loss of Rif1 slightly improved resection on the
Tg80 side at 90 min, this impact did not persist at 180 min and
was not detectable at the Tg250-flanked break. Loss of Sir4



also showed no significant increase in resection (Figures 3C and
3D), and neither Tg80 nor Tg250 flanked sites showed any resec-
tion at the distal probe at —4.2 kb in these mutants (data not
shown). Given that the HO cleavage was equally efficient in all
strains (Figure S3) and that resection on the non-TG side
occurred, we conclude that the asymmetric resection pattern
at the Tg80 DSB reflects the binding of Rap1, but not Rif1 or Sir4.

Rap1 is encoded by an essential gene in yeast, and it plays a
major role in controlling the transcription of growth-regulatory
genes. Because telomeres become dramatically extended
upon loss of the Rap1 C-terminal domain, we next tried to
monitor DSB resection at Tg80 either in a rap74C background
or after depletion of a degron-tagged Rap1 protein. However,
galactose-induced transcription of Gal1p:HO was compromised
under both conditions, obviating this approach (data not shown).
We cannot exclude that Rap1’s affinity for (TG4.3),, itself impairs
resection, although we note that Tbf1 binds the TTAGGG repeat
with similar avidity without blocking resection.

The TG-Rich and Non-TG Sides of the DSB Separate,
Allowing Increased Break Movement

Recent work has shown that the binding of MRX to short ssDNA
stretches at DSBs through the N-terminal OB fold of RPA1
contributes to holding the two break ends together (Seeber
et al., 2016). Given that MRX is missing from the proximal side
of the break in the Tg80 strain, we next asked whether the asso-
ciation of the two ends is affected by the Tg80 insert. We tracked
the proximal TG-containing side of the break through the binding
of Lacl-GFP to the lacO array, and of the distal non-TG side
through Rad52-Ruby?2, which binds after cleavage and resection
(Dion et al., 2012; Lisby et al., 2004). Visible Rad52 foci assemble
within 1 hr after HO induction (Miyazaki et al., 2004).

To estimate the impact of TG-repeats on end tethering, we first
quantified the level of Rad52 and Lacl-GFP colocalization at
135 min after cut induction. Whereas 55% of the green and the
red signals coincide in the Tg0 cells bearing both Lacl-GFP
and Rad52-Ruby2 foci, only 14% of foci showed coincidence
in Tg80 cells and 70% were fully separated (Figure 4A). This strik-
ing loss of tethering of Rad52 and Lacl-GFP tagged sides is
consistent with the observed asymmetry in MRX binding to
only one side of the break in the Tg80 strain (Figure 2D) and con-
trasts with break behavior at normal HO cut sites (Tg0), where
97% of the ends remained together (Seeber et al., 2016).

The induction of a persistent DSB increases local chromatin
movement (Dion et al., 2012; Miné-Hattab and Rothstein,
2012), even though the ends remain linked through a protein
bridge. Our ability to visualize the two sides of the same break
by fluorescence microscopy (Lacl-GFP on the TG-side and
Rad52-Ruby?2 on the resected side) allowed us to monitor their
dynamics independently using through-focal three-dimensional
(3D) stacks acquired at 80-ms intervals on a total internal fluores-
cence (TIRF) microscope (Figure 4B). From the single-particle
tracking (SPT) data taken at 2 hr after HO induction, we extracted
characteristic statistical parameters of movement of either end,
and calculated the extent of nuclear volume explored by either
focus using mean square displacement (MSD) curves. From
the plateau of constrained diffusive movement of multiple
SPTs, we estimated the radius of the maximal volume of particle

movement, or Rc, before and after HO cut induction (Figure 4C).
As expected, prior to DSB induction, the Lacl-GFP foci had
similar subdiffusive movement in both Tg0 and Tg80 strains,
and the Rad52-Ruby2 marker was not present (Figure 4C, left,
uncut). Upon cut induction, movement of the Lacl-tagged focus
increased more significantly at the Tg80 DSB than at the Tg0
break (R = 0.41 pm? versus 0.37; Figures 4C and 4D; Figure S4
for SEs). Moreover, the Rad52-tagged distal side of the break
had extremely robust movement in Tg80 cells, with Rc and
diffusion constant (Dc) values much larger than those of the
Rad52 focus in Tg0. As expected, the Tg0 Rad52-Ruby2 and
Lacl-lacO foci coincided and moved coordinately (R, = 0.34
versus 0.37; Figure 4D), in contrast to the uncoordinated
movement observed at the Tg80 break.

Statistical parameters from time-lapse imaging (Amitai et al.,
2017) confirm that the movement of the resected Rad52-bound
side has thrice the diffusion coefficient and one-half the spring
constant (K.) in the Tg80 background (Figure 4D). A particularly
informative parameter of SPTs is the anomalous exponent (x),
which indicates whether movement is directed, diffusive, or sub-
diffusive in character (Amitai et al., 2017). Intriguingly, the change
in o is significantly different on the two sides of the Tg80 break,
but not of the Tg0 break; o increases from 0.409 to 0.479 on
the Tg80 side, while it decreases to 0.328 on the resected distal
end (Figure 4D). Thus, the resected end not only moves more,
but in a more diffusive manner. This coincides with the loading
of Rad51, which is proposed to form a damage-induced
stiffening of the ssDNA distal to DSB site (Miné-Hattab and
Rothstein, 2012). This asymmetrical behavior of the two DNA
ends in the Tg80 strain underscores the fact that the break
ends are not tethered and are differentially processed for repair
(Figure 4E). Given that increased chromatin mobility is thought
to favor homology-dependent repair (Dion et al., 2012;
Miné-Hattab and Rothstein, 2012), the increased mobility of
the non-TG side at the Tg80 break suggests that it may be
engaging in early steps of HR.

Telomeric Repeats Near a Persistent DSB Inhibit
Imprecise End Joining but Allow Alternative Repair
Haploid colony survival in face of persistent HO endonuclease
expression requires a repair event that eliminates the HO
consensus but retains the distal arm of Chrlll, which bears
many essential genes. Given that the test strain lacks the homol-
ogous mating type loci that provide donor sequences for repair
(Figure 5A), no intrachromosomal gene conversion events can
occur. Thus, in a wild-type background, most survivors of
continuous HO endonuclease expression repair the cut site by
imprecise NHEJ, generating survivors with mutated cleavage
consenses that resist HO endonuclease cleavage.

As shown in Figure 5B, the introduction of TG repeats on one
side of the break reduced the frequency of colony formation on
galactose by 76% (Tg80*), in comparison to the survivor fre-
quency at the native MAT (Tg0, wild-type [WT] MAT). Since
survivor colony number was very low, we provided 300 bp of ho-
mology to the 3’ of MNT2, a non-essential gene located in the left
subtelomeric region of ChrVIl, to the distal side of the HO
consensus. Addition of this sequence restored the survival fre-
quency of TG-flanked DSBs to a level roughly equivalent to the
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Figure 4. Break Ends at TG-Flanked DSBs Separate and Move in an Uncoordinated Fashion

(A) System used to visualize Rad52-Ruby?2 on one side of the resected HO-induced non-TG break side, while the TG side was visualized by Lacl-GFP. Criteria for
juxtaposition of foci are shown. Percentage of colocalization of Lacl-GFP and Rad52-Ruby? foci in Tg0 (GA-9948) and Tg80 (GA-9912) are quantified at 135 min
after HO induction. Cleavage efficiency is >95%. n = 80 cells per strain per experiment; mean values of three independent experiments + SEM are shown.

(B) Scheme of Lacl-GFP and Rad52-Ruby? locus tracking by TIRF microscopy acquired at 80-ms time intervals for 1 min, starting 2 hr after HO induction.

(C) MSD analysis based on SPTs of Lacl-GFP and Rad52-Ruby?2 using Tg0 (GA-9948, black) and Tg80 (GA-9913, orange) strains, with and without HO cut. SPTs
per strain and conditions are as follows: Tg0 uncut, 20; Tg0 Rad52-Ruby2, 23; Tg80 uncut, 23; Tg0 Lacl-GFP, 25; Tg80 Rad52-Ruby?2, 24; and Tg80 Lacl-GFP, 24.
Re, radii of constrained movement (um), are indicated above each averaged track.

(D) Statistical biophysical parameters (Amitai et al., 2017) determined from single-particle trajectories as in (C). Numbers are means of at least 20 trajectories.
o, anomalous exponent; D, diffusion coefficient; k., effective spring constant; L., length of constraint (Amitai et al., 2017).

(E) In the absence of TG repeats, ends are held together by the MRX complex, which leads to end resection, RPA, Rad51, and Rad52 binding. In Tg80, MRX binds
only the non-TG side. Ends separate, moving without constraint.
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Figure 5. Telomeric-Like Repeats Flanking a Persistent DSB Determine Repair Outcome

(A) Scheme of TG-flanked DSB constructs at the MAT locus (Figure 1A): blue box, 300-bp MNT2 homology relative to the HO cut site.

(B) Colony formation on galactose (HO on, DSB cut) normalized to colony growth on glucose (HO off, DSB uncut) in GA-8861 (Tg0), GA-10085 (Tg0-MNT2),
GA-9918 (Tg80*), GA-8119 (Tg80), and GA-8502 (Tg250). Colony growth on galactose requires mutation of HO consensus. Mean ratios of four or more
experiments + SD are shown; p values from a t test with 95% confidence interval between Tg0 and test constructs. n.s., nonsignificant (p > 0.05).

(C) Cultures of Tg0 and Tg80 were grown in 3% galactose for 90 or 180 min and then plated on glucose; colony outgrowth mostly represents precise end joining.
Percentage of colony formation rate after the galactose pulse is normalized to colony formation rate on glucose without galactose. Mean + SD of three
independent experiments is presented.

(D) As (B) for the indicated Tg0, Tg80, and Tg250 strains with indicated mutations. Arrows mark no growth on galactose (Tg0 dn/4A; Tg80 est2A) based on three
independent experiments (mean + SD).

(E) For each construct, genomes from 20 colonies grown on galactose were used in parallel PCRs across the HO cut site (red asterisk), and within SMC2 (labeled
C). Pooled PCR products were resolved on agarose gels. Uncut control from the same strain (on glucose; uncut) is indicated.

(F) CHEF gel analysis of two of ten independent galactose-grown colonies of Tg0, Tg80, and Tg250 survivors on galactose. For each strain, all ten karyotypes
resembled the two shown. Dotted blue arrow, Chrlll; solid blue arrow, Chrl signal; red arrow, new band in Tg80 and Tg250 survivors.

(G) Scheme for the MNT2-mediated nonreciprocal translocation from ChrllIR to subtelomeric ChrVIIL.

(H) As (B) in indicated mutants. Each column represents the mean of four independent experiments + SD. *Statistical significance with a p value < 0.001 (t test with
95% confidence interval, wild-type versus mutant).
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TgO strain, while the presence of Tg250 instead of Tg80 at the
DSB further increased survivor frequency (Figure 5B).

To see whether the presence of Tg80 affects rates of precise
end joining, we first checked whether Tg80 inhibits NHEJ gener-
ally. For precise or imprecise end-joining reactions to occur, un-
blocked 3’ OH and 5’ PO, groups are needed together with DNA
ligase 4 (Dnl4), resulting in end-to-end ligation and an intact
Chrlll (Boulton and Jackson, 1996; Matsuzaki et al., 2008).
Ligation following limited resection generates a mutated HO
consensus, which prevents the continuous cleavage-ligation cy-
cle that provokes cell-cycle arrest. To score NHEJ events in the
presence of Tg80, we placed cells on galactose to induce the HO
endonuclease for a limited time (90 or 180 min), and then plated
the cells on glucose to repress HO endonuclease expression.
This allows cells in which the DSB is repaired by precise NHEJ
to grow, as well as those repaired by imprecise end joining.
Intriguingly, we scored statistically equivalent rates of colony
outgrowth in Tg0 and Tg80 strains under these conditions (Fig-
ure 5C). Given that cleavage was equally efficient (Figure S5A),
we argue that Tg80 per se does not inhibit precise NHEJ.

As mentioned above, Gal1p:HO strains that survive on galac-
tose generally undergo imprecise NHEJ, and thus survivor rates
drop upon ablation of DNA ligase 4 (dnl4 4). For the TgO strain on
galactose, this is indeed the case (Figure 5D). However, the Tg80
and Tg250 survivor colonies on galactose were insensitive to the
loss of DNA ligase 4 (Figure 5D). We further tested the deletion of
POL32, which encodes the regulatory subunit of DNA polymer-
ase d required for BIR (Lydeard et al., 2007). Neither altered
the rate of survivor formation, arguing that neither NHEJ nor
BIR mediates the repair in Tg80 DSB survivors.

We next tested directly for end-to-end re-ligation events in the
galactose-grown survivors of Tg80 and TgO0 strains. Using col-
ony PCR with primers that span the HO cut site, we scored for
the regeneration of an intact MAT fragment, which arises from
either precise or imprecise NHEJ (Figure 5E). As an internal con-
trol for PCR efficiency, we amplified the SMC2 gene on ChrVI,
and the PCR products were pooled for analysis by agarose gel
electrophoresis. As shown for 20 randomly chosen Tg80 survi-
vors (from 80 tested per strain), 18 had no PCR product from
primers that span the HO consensus (Figure 5E). This argues
for a repair event that does not restore an intact Chrlll (Figure 5E).
In contrast, nearly all Tg0 and Tg0-HO-MNT2 survivors of contin-
uous HO induction restored a contiguous MAT locus, as ex-
pected for repair by imprecise NHEJ (Figure 5E). We ruled out
the possibility of cleavage site deletion by performing PCR on
DNA isolated from the strain prior to galactose exposure (ctrl
glc). These results argue that the Tg80 insert profoundly alters
DSB repair of a persistent HO cut, possibly by suppressing
imprecise NHEJ.

We checked the karyotypes of the survivors by pulsed-field gel
electrophoresis (clamped homogeneous electric fields [CHEFs])
to examine karyotype after Gal1p:HO-induced cleavage.
Genomic DNA from galactose-growth survivors for Tg0, Tg80,
and Tg250 strains (ten each) was analyzed, and representative
CHEF gels are shown (Figure 5F). TgO survivor karyotypes
were identical to the reference genome, while all Tg80 and
Tg250 survivors shared exactly the same changes: an additional
chromosomal band appears above the doublet of ChrVIl and
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ChrXV (~1.1 Mb), and loss of Chrlll at 320 kb (Figure 5G).
None of these changes was detected in cells that were grown
continuously on glucose (Figure S5B).

We determined the precise chromosome rearrangements
by performing whole Pacific Biosciences (PacBio) genome
sequencing on three Tg80 and three Tg250 galactose survivors.
In all those analyzed, the distal 100 kb of Chrlll had been trans-
located to the native MINT2 gene in the left subtelomere of ChrVII.
The recombination restored the intact MNT2 reading frame
precisely, indicating that strand invasion must have been
initiated by the 300 bp of MNT2 homology inserted at MAT (Fig-
ure 5G, PacBio data in Figure S5C). This explains the upshift of
ChrVIl to a slower migrating band, and the loss of full-length
Chrlll. Loss of the Chrlll sequences distal to MAT results in a
chromosome the size of Chrl (230 kb), explaining the increase
in intensity of a band at 220 kb. No other recurrent variations
were detected in the six colonies sequenced.

We examined the repair pathway/factors needed for this
nonreciprocal translocation event in Tg80, by testing for survi-
vors in strains lacking genes involved in HR, and in the dni44
pol324 double mutant, which ablate NHEJ and BIR, respec-
tively. The rate of Tg80 survivors in the pol324 dnl44 double
mutant was like wild-type, but we found a significant reduction
of survivors in strains lacking Rad51 and Rad52 (Figure 5H).
Deletion of yKu or Rad59 had more minor effects (Figure 5H).
In conclusion, the presence of TG repeats at a DSB blocked
imprecise NHEJ and drove repair toward ectopic recombina-
tion, generating a nonreciprocal chromosomal translocation
(Figure 5G).

Telomerase Elongates the Tg80 Side of the DSB

The stability of Chrlll in the TG-DSB survivors requires that the
TG-flanked end is stabilized or capped. While Tg250 is sufficient
to serve as a telomere, Tg80 has been previously shown to be
“critically short” and seed telomerase-mediated elongation. In
the absence of telomerase (est2A), we no longer recovered sur-
vivors in the Tg80 background, while both the Tg0 and Tg250
yielded normal colony outgrowth (Figure 5D). To confirm that
the right arm of Chrlll is elongated by de novo telomere extension
at the Tg80-flanked cut, we performed telomere-specific PCR to
monitor terminal TG-repeat length on DNA extracted from cells
at specific time points after HO induction (Férstemann et al.,
2000). Without telomere elongation, a single stable band is
amplified, as shown in the left-hand gel for the Tg0 DSB
(Figures S5D and S5E). The population of fragments larger than
the expected PCR band in the Tg80 strain was absent upon muta-
tion of the catalytic telomerase subunit, Est2 (Figure S5D), confirm-
ing that the Tg80 end is a substrate for telomerase.

Previous work argued that the activation of telomerase in
S-phase cells leads to a release of telomeres from Mps3, their
perinuclear anchorage site (Schober et al., 2009), which was
restored only after telomere elongation (Ferreira et al., 2011).
We therefore tested whether telomerase binding was respon-
sible for the delayed relocation of the Tg80 end to the nuclear
envelope (Figure 1). Upon deletion of the telomerase catalytic
subunit Est2, the Tg80 side of the DSB shifted more rapidly to
zone 1 (Figure S5F), confirming that telomerase action delayed
Tg80 binding at the nuclear envelope (Ferreira et al., 2011).



Sumoylation and the Translocase Uls1 Affect Nuclear
Envelope Relocation of the Tg80 DSBs and Repair
Outcome

The Tg80 break localization data argue that the TG insert initially
prevents both resection and Mps3 binding (Figures 1B and 1C),
while the TG-free side of the break showed strong association
with Mps3, much like normal S-phase resected DSBs that lack
an intact sister for repair (Horigome et al., 2014). Earlier work
has implicated sumoylation and the poly-SUMO targeted ubiqui-
tin ligase SIx5/SIx8 (a SUMO-targeted ubiquitin ligase enzyme) in
the shift of damage to the Nup84 complex at pores, while mono-
sumoylation was implicated in Mps3 binding (Horigome et al.,
2016). The importance of SUMO recognition by SUMO-targeted
ubiquitin ligase enzymes extends to the human homolog RNF4 in
the relocation of damage to PML bodies for repair (Prudden
et al., 2007), as well as to DSB relocation to nuclear pores in
Drosophila (Amaral et al., 2017).

We therefore tested the role of the SUMO ES3 ligase Siz2 and the
SIx5/SIx8 SUMO-targeted ubiquitin ligase on the relocation of the
Tg80 DSBs (Horigome et al., 2016). Surprisingly, the loss of SIx5/
SIx8 had no effect, while the loss of the SUMO ES3 ligase Siz2
completely impaired relocation to the nuclear envelope (Fig-
ure 6B). This suggests that sumoylation, but not the SIx5/SIx8
SUMO-targeted ubiquitin ligase, mediates Tg80 end relocation.
We therefore examined the second putative SUMO-targeted
ubiquitin ligase in yeast, Uls1 (or Ris1, Figure 6A), which in addition
to harboring SUMO-interacting motifs (SIMs) and the ubiquitin E3
ligase RING finger, has a SNF2 DNA-dependent ATPase domain.
Uls1 has been reported to be recruited to short telomeres in yeast,
potentially recognizing sumoylated Rap1 (Lescasse et al., 2013).
Indeed, deletion of the ULS7 gene completely blocked relocation
of the Tg80-proximal side of the DSB at MAT (Figure 6B).

Next, we examined whether Uls1 plays a role in the relocation
of normal DSBs to either Mps3 or nuclear pores, by monitoring
DSB association with Mps3 by ChIP in the uls7A strain, and by
performing DSB colocation with clustered pores (Horigome
et al.,, 2014). This assay makes use of a well-characterized
pore-clustering strain (nup133AN) as previously reported (Hori-
gome et al., 2014), in which we monitor colocation of the GFP-
tagged break with the CFP-Nup49 tagged pore cluster. Figure 6C
shows the percentage of cells in which the DSB was in contact
with the Nup49-CFP pore cluster at the indicated times after
HO induction. In the TgO0 strain, interaction increased from a
background level of 20% to roughly 40% after HO cut induction.
For Tg0, the increase required SIx5/SIx8 and the E3 SUMO ligase
Siz2 (Horigome et al., 2016), but not Uls1 (Figure 6C). In contrast,
for the Tg80 DSB, both uls1A and siz2A reduced DSB association
with the periphery, while six8A did not (Figure 6B). This suggests a
unique role for the Uls1 ubiquitin ligase at breaks harboring telo-
meric repeats, consistent with the reported ability of Uls1 to bind
sumoylated Rap1 at telomeres (Lescasse et al., 2013).

Because uls1A and siz2A reduce pore relocation, we next asked
whether these mutants influence the pathway of repair at the Tg80-
flanked DSB. We scored for NHEJ in survivor colonies grown on
galactose by monitoring for a PCR band across the cleavage
consensus. While the overall rate of survivor colony formation on
galactose is roughly equal in all Tg80 strains (Figure S6B), the
frequency of imprecise NHEJ over ectopic recombination events

increased 10-fold in either the uls7A or siz2A Tg80 strain (from
5% to 55%), but not in six8A (Figure 6D), correlating reduced relo-
cation with enhanced NHEJ. Although previous studies reported a
role for Rif1 in facilitating NHEJ at normal DSBs (Mattarocci et al.,
2017), we scored only a slight increase in NHEJ in rif1 4, while sird 4
mutants enhanced NHEJ much like the mutants ul/s74 and siz24
(Figure 6D). Rif1 may play a minor role in suppressing NHEJ at
Tg80-flanked breaks, probably acting only at early-stage process-
ing. In contrast, the 10-fold increase of imprecise NHEJ observed
in the Tg80 uls7A and sir44 mutants suggests that Uls1 and Sir4
strongly inhibit NHEJ at Tg80 DSBs in wild-type strains. We exam-
ined whether this might be due to altered resection, yet loss of
these factors had no effect on 5'-end resection at Tg80 breaks
(Figures 3C and 6E). Importantly, in the case of Uls1, the suppres-
sion of NHEJ required its translocase activity (Figure S6C).

The increased chromatin movement observed at DSBs corre-
lates with increased rates of recombination (Hauer et al., 2017;
Dion et al., 2012), as enhanced diffusive movement is thought
to enhance the efficiency of homology search. The Swi2/Snf2-
like domain at the Uls1 C terminus could mediate chromatin
remodeling and enhance movement; thus, we monitored
break-induced chromatin movement at the Tg80 DSB in the
absence of Uls1. MSD analysis of Lacl-GFP (TG side) and
Rad52-Ruby2 (non-TG side) foci was performed (as Figure 4D).
ULS1 deletion slightly reduced the basal subdiffusive chromatin
movement even before HO induction (Figure 6F, left panel)
and strongly reduced DSB movement on both sides of the
HO-induced break in the Tg80 strain (Figure 6F, dotted lines).
Moreover, the level of Rad52 foci in uls74 cells was reduced.
Both of these observations correlate with the elevated rate of
NHEJ repair in uls14 cells (Figure 6D). Thus more NHEJ corre-
lates with less movement, and both were favored by uls1A.

In wild-type backgrounds, the TG-rich side of the Tg80 DSB
failed to bind Mps3, and this coincided with reduced imprecise
NHEJ. Consistent with earlier work, this argues that Mps3-
mediated sequestration of resected breaks favors imprecise
NHEJ over ectopic recombination. To see whether deletion of
the Mps3 nucleoplasmic domain (mps34N) reduces NHEJ, we
monitored end joining by gPCR across the cut site in a strain
with efficient NHEJ, that is, the Tg18 strain (Figure S6D). Indeed,
imprecise end-joining repair of the Tg18-proximal break dropped
by 50% in mps34N cells compared to cells bearing intact Mps3
(Figure S6D). This confirms that DSB association with Mps3 pro-
tects from ectopic recombination after resection, and in some
cases favors imprecise NHEJ.

Taken together, our results argue that poly-sumoylation and
Uls1 binding at a TG-flanked DSB protect the end from NHEJ,
while helping load telomerase (Figure 7). The binding of a resected
DSB to Mps3 favors imprecise NHEJ, as long as the ends are held
together, which is not the case at the Tg80-flanked break. At
these, Uls1 counters NHEJ by antagonizing end-to-end tethering
and increasing chromatin movement. This in turn enhances the
homology search and the observed nonreciprocal translocation.

DISCUSSION

Interstitial telomeric sequences (ITSs) are present in many or-
ganisms and are recognized as markers of chromosome fragile

Cell Reports 24, 2614-2628, September 4, 2018 2623

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

A STUbL: SUMO-targeted ubiquitin ligases Cc
CFP-Nup49 (Pore) lacl-GFP (DSB) nup133AN
[@ touching [l colocation
ScUis1 (1 I 11 i- 1T ) Tgo TgO slx5A TgO uls1A TgO siz2A
60
Six5 (11 | | g
Sc »
SIx8 11 5 a0
o]
Hs RNF4 (IIT_T1) g
©
® 20 o e —
I SIM [ SWI/SNF [ RING &
@
[0}
[a]
0 40120 0 40120 0 40 120 0 40 120
B Zoning assay min after HO induction
ety
I/ Y = Tg8o O Tg80 slx8A D
\1\Z / /I @ Tg80 uls1A m Tg80 siz2A )
= 100 - Tg80 uls1A colonies on gal 2
1 » 20 ©
60 3 **
80 -
x* 5 —*
- ° L
© 40 £ @
[ 4 oL
o B 1] [ e, [3
N ~ 40
£ =
) w
S 20 Z 20|
x =
D AD 9D, AD.AD
0 , , W B P
zone: 1 2
130 min after HO induction Tg80
E Resection assay F
Lacl-GFP Rad52-Ruby?2 (cut)
0.25 0.25
Tg80 uls1A ~Tg80cut - Tg80 uls7A cut - Tg80 --Tg80 uls1A
40
Tg80 uncut — Tg80 uls7A uncut
30 &
g E 015 0.15
2 20 a
"’ 1%}
o
= 10 =
0.05 O 0.05 ——
0 = B
NI NI QS minafter
e e 9" Ho induction 0 0
0 10 20 30 40 0 10 20 30 40
-4.2 kb -0.6 kb +0.7 kb At (sec) At (sec)

Figure 6. Siz2 and Uls1 Control Relocation of the TG Side at the Tg80 DSB and Suppress NHEJ

(A) Scheme of major yeast SUMO-dependent ubiquitin ligases (STUbLs) and RNF4 in man. Uls1 contains a SNF2-like ATPase as well as SUMO-interacting motifs
(SIMs) and RING finger ubiquitin ligase domain.

(B) Zoning assay (Figure 1B) for DSB distribution at 130 min after galactose-induced HO expression. Strains used were Tg80 (GA-8119), Tg80 six8A (GA-10050),
Tg80 uls7A (GA-9855), and Tg80 siz2A (GA-9794). Mean values of three independent experiments + SEM are shown. *Non-random distribution in zone 1 (2 test
of random versus experimental distribution; degree of freedom, 2; confidence limit, 95%), p = 0.048.

(C) Co-localization of MAT with the pore cluster in nup 133 4N background, in wild-type (GA-7314), six5A (GA-7969), uls1A (GA-8475), and siz2A (GA-7970) strains
at specific times after HO induction. Pink and red colors indicate adjacency and colocalization, respectively (Horigome et al., 2016). Gray, random distribution
zone based on theoretical tests.

(D) Indicated genes were deleted in the Tg80 strain (wild-type, GA-8119) generating GA-10050, GA-9855, GA-9794, GA-9158, and GA-9449. Graph presents the
percentage of colonies repaired by imprecise NHEJ out of all survivors on galactose, as scored by qPCR across the HO cut site (Figure 1C). n = 60 per strain.
*Statistical significance with a p value < 107* in a ? test of wild-type and mutant with 95% confidence interval. Example gels showing 20 colonies of indicated
strains are shown.

(E) Loss of Uls1 does not release the resection block on the TG side of the DSB in Tg80. Resection scored by ssDNA Alul assay (Figure 2A) with Tg80 uls74
(GA-9555). Probe distance from the HO consensus is shown. Three biological replicates, assayed in triplicate, are presented as mean values + SEM.

(F) MSD analysis based on single-particle trajectories of Lacl-GFP and Rad52-Ruby2 in Tg80 (GA-9913, orange) and Tg80 uls1A (GA-10435, green), with and
without HO induction (cut versus uncut). Tg80 control data are from Figure 4C. Videos analyzed per strain are as follows: Tg80 lacl-GFP uncut, 23; Tg80 Rad52-
Ruby2, 28; Tg80 lacl-GFP cut, 28; Tg80 uls7A Lacl-GFP uncut, 43; Tg80 uls7A Rad52-Ruby?2 cut, 25; Tg80 uls7A Lacl-GFP cut, 9. Rad52 foci in the Tg80 uls7A
are rare due to elevated rates of NHEJ.
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sites (Ruiz-Herrera et al., 2009), hot spots for replication fork
stalling, repeat expansion, deletion events (Aksenova et al.,
2013), and nonreciprocal chromosomal rearrangements. It has
been unclear whether ITSs influence the repair pathway or only
generate more damage. By inserting a short stretch of yeast
telomeric repeats next to a controlled HO cleavage site at the
MAT locus, 80 bp of a TG-rich repeat was shown sufficient
to significantly alter DSB repair outcome. Five Rap1 binding
sites blocked resection of the TG-rich side of the break,
allowing separation of the two break ends and enabling distinct
repair mechanisms to act. MRX binding was reduced only
on the repeat-containing side, while the opposite side was
resected normally for HR and Rad52-mediated Rad51 loading.
The distal side of the break shows dramatically increased
subnuclear movement, which correlates with a nonreciprocal
ectopic recombination event or chromosomal translocation. All
survivor colonies of persistent HO endonuclease expression
underwent the ChrllI-ChrVIl translocation, while without the
TG-rich insert, almost all undergo repair by imprecise NHEJ
(Figure 5). This is striking because asymmetric chromosomal
translocation at repeats is a frequent form of genomic instability
in cancer cells. Mechanisms that suppress their occurrence are
unknown.

We propose that the absence of MRX, which holds DSB ends
together at TG-free DSBs (Seeber et al., 2016), and the ensuing
increase in DSB movement, both attenuate NHEJ and enable
the distal side of the break to engage in homology search.
We note that loss of the translocase activity of the SUMO-
targeted ubiquitin ligase, Uls1, or silencing factor Sir4, increase
the rate of imprecise NHEJ over translocation (Figure 6
and S6C), but does not increase end resection on the TG-rich
side of the break (Figures 3C and S5A). Thus, the resection-
initiating role of MRX may not be the definitive parameter in
repair pathway choice. Instead, MRX may influence repair
outcome by recruiting Sae2 or Tell, or it may simply hold the
two sides of the break together, reducing their uncoordinated
mobility (Seeber et al., 2016). We cannot exclude a role for
the MNT2 homology present at MAT in the enhanced end
movement, yet the MNT2 insert did not have a significant effect

TG-flanked DSB

Figure 7. Model for the Effect of TG-Rich
Repeats on DSB Repair

MRX binds and helps tether the ends of a Tg0 DSB
together (Seeber et al., 2016). On the TG-rich side of
a TG-flanked DSB, MRX binding is reduced, allow-
ing the two ends to separate. Tg80 seeds telome-
rase, and once elongated, the end moves to
the nuclear envelope, while the TG-free side,
lacking end-to-end tethering, moves freely, favoring
homology-driven ectopic recombination. The pro-
cessing of Tg0 and Tg80 ends requires the translo-
case activity of Uls1 and sumoylation by the SUMO
E3 ligase Siz2. Siz2 and Uls1 antagonize NHEJ.

o)
h

imprecise
NHEJ

on repair outcome in the TgO strain (Fig-
ure 5B). Thus, it is not sufficient to pro-
mote end movement. Rather, we argue
that the asymmetrical binding of MRX
coupled with the telomerase-seeding
capacity of (TG4.3), suppress imprecise NHEJ and promote
ectopic HR.

Importantly, the nature of the repeat sequence present at
the DSB can influence the pathway of repair. TTAGGG can
seed telomerase, yet it does not significantly increase ectopic
HR when it flanks the HO-induced break. Moreover, a single
Rap1 binding site fails to have the same effect as a cluster
of 5. We cannot attribute the repair outcome to the Rap1
ligand, Rif1, given that rif1A only slightly enhances imprecise
NHEJ at the Tg80 break (Figure 6D). Stronger effects on repair
were seen upon ablation of either the SUMO E3 ligase, Siz2,
or the SUMO binding ATPase, Uls1. Both factors significantly
suppress imprecise NHEJ (Figure 6). The recognition of poly-
sumolyated Rap1 by Uls1 (Lescasse et al., 2013) may lead to
the ubiquitination and degradation of Rap1 or other sumoy-
lated targets at break sites. We note that the loss of Uls1
also reduces the exaggerated movement of the untethered
ends, suggesting that its loss may restore MRX binding to
the Tg80 end.

While the Siz2 SUMO ligase acts at both Tg0 and Tg80 DSBs,
the effect of Uls1 appears to be specific for Tg80-adjacent
breaks. At TG-free DSBs, it was shown that poly-sumoylation
recruits the SUMO-targeted ubiquitin ligase SIx5/SIx8, which
then mediates relocation of the DSB to nuclear pores
(Horigome et al., 2016). This does not require Uls1 (Figure 6C).
The opposite is true for the shift of Tg80 to pores: repeat-
flanked damage depends on Uls1 and not on SIx5/SIx8
(Figure 6B). Uls1 has, in addition to SUMO binding motifs and
a E3-like Ring finger, a unique ATP-dependent translocase
activity, which is required to impair NHEJ at the Tg80 end
(Figure S6C).

Besides these break-binding factors, we find that nuclear
envelope binding sites influence repair outcome. The loss of
the nucleoplasmic domain of the yeast Mps3 protein (mps34N)
led to increased spontaneous sister chromatid exchange
(Horigome et al., 2014) and less imprecise NHEJ (Figure S6A).
In contrast, DSB-pore interaction favored ectopic recombination
pathways, BIR, and other nonreciprocal homology-driven events
(Chung et al., 2015; Horigome et al., 2014).
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Telomeric Identity and DNA Repair Outcome

This work sheds new light on how cells safeguard telomeres: the
(TG4-3)n sequence inhibits imprecise end joining in yeast, in a
length-dependent manner. This explains why TG repeats are
primarily found at telomeres; the largest internal (TG;.3), stretch
in budding yeast is <34 bp (Mangahas et al., 2001). From an evolu-
tionary perspective, ITSs of (TG4.3), repeats >80 bp would be
destabilizing, inducing translocations at spontaneous DSBs.
Whereas other researchers have invoked folded G-structures as
an intrinsic means to block NHEJ and/or recombination at telo-
meres (Moriyama et al., 2017), the effect we see does not stem
solely from TG richness. Human and yeast telomere repeats are
similarly TG-rich, yet did not have the same impact. Intriguingly,
an earlier study still saw MRX bound to a subtelomeric TG-flanked
DSB, although end resection was reduced (Ribeyre and Shore,
2012). These authors did not score repair pathway choice, howev-
er, since all survivors simply lost the distal part of the chromosome,
a nonlethal event in their strain. Because the Chrlll sequences
distal to MAT are essential, our internal TG-flanked DSB more
closely reflects ITS-associated breaks in mammalian cells.

In the human genome, short ITSs have been correlated with
jumping translocations, a rare case of cytological aberrations
in which a fragment of donor chromosome is translocated onto
more than one recipient chromosome. This kind of nonreciprocal
translocation is frequent in Prader-Willi syndrome and hemato-
logical malignancies (Miller et al., 2015; Rivera et al., 1990; Ver-
meesch et al., 1997). Previous work also reported several kinds
of chromosome rearrangements favored by internal telomeric
sequences in yeast (Aksenova et al., 2013). While fork stalling
was suggested to drive these rearrangements, they may stem
from TG-specific factors that favor ectopic recombination over
end joining, by competing with MRX and preventing end-to-
end tethering. We show in yeast that this correlates with an
asymmetrical processing of DNA ends and nonreciprocal trans-
location events. We propose that asymmetrical end processing
may be the critical feature that drives recombination-dependent,
nonreciprocal translocations at a TG-flanked DSB. In our sys-
tem, this required the activity of the SNF2-ATPase containing
putative SUMO-targeted ubiquitin ligase, Uls1, which disfavors
imprecise NHEJ. We speculate that, in mammals, the repair of
repeat-flanked DSBs may be influenced by ATRX, a mammalian
AAA+ translocase (Lovejoy et al., 2012), which suppresses
repeat-induced translocations at ITSs.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mab414 nuclear pore antibody abcam Mab414, ab24609
Sheep anti-mouse IgG magnetic beads Invitrogen 11031

Anti-HA antibody Santa Cruz Biotech F-7, sc-7392
Anti-PK antibody Acris Antibodies SV5-PK1, SM1691
Sheep anti-rabbit IgG Dynabeads Invitrogen 11203D
anti-yKu70 rabbit polyclonal antibody A. E. Tomkinson anti-Hdf1

Critical Commercial Assays

SMRTbell Template Prep Kit Pacific Biosciences 100-259-100
PippinHT Sage Science HTP0001
protease inhibitors (cOmplete EDTA-free) Roche 04693159001
AccuPrep DNA extraction kit Bioneer K-3034
MagBead-binding One Cell Per Well Pacific Biosciences 100-267-800-03
Binding Kit P6 v2 Pacific Biosciences 100-372-700

DNA Sequencing Kit 4.0 Pacific Biosciences 100-364-600

Deposited Data

Pacific Biosciences sequencing datasets

NCBI Bioproject database

Submission ID SUB4312748, under
Bioproject ID PRINA482327

Experimental Models: Organisms/Strains

Budding yeast: see Table S1

Susan Gasser, FMI

Table S1

Oligonucleotides

Primer lists: see Tables S2 and S3

different suppliers, this paper

Tables S2 and S3

Recombinant DNA

Plasmid expressing wild-type ULS1

Plasmid expressing translocase mutant
uls1-K975A

Plasmid containing EXO1
Plasmid containing Ruby?2 fluorophore
Plasmid containing TG80-HO-3'MNT2

Plasmid containing (TTAGGG)60-HO-
3'MNT2

HFP269, H. Ferreira, St. Andrews University
HFP282, H. Ferreira, St. Andrews University

Lee et al., 2003
Addgene

Ribeyre and Shore, 2012
Ribaud et al., 2012

p416-FLAG-ULS1
p416-FLAG-uls1-K975A

pJH1772
pFA6Ba-link-yomRuby2-Kan
pIM35

pVR4

Plasmid 3571 containing TG250-HO- This paper pUC57-TG250
3'MNT2

Plasmid 3892 containing TG18-HO-3'MNT2 This paper pUC57-TG18
Software and Algorithms

SPT analysis and biophysical parameter S. Gasser, Amitai et al., 2017 NA

extraction

Spot tracker Imaged (FIJI) plug-in S. Gasser, Sage et al., 2005 NA
PointPicker S. Gasser, Meister et al., 2010 NA

CONTACT FOR REAGENT AND RESOURCE SHARING

All reagents and resources can be obtained by contacting Susan M. Gasser, at the Friedrich Miescher Institute for Biomedical
Research, Maulbeerstr. 66, 4058 Basel, Switzerland; Susan.gasser@fmi.ch
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast Strains and Construction

All strains were derived from JKM179 and are listed in Table S1. Strain GA-8119 (TG80-HO-3'MNT2 construct at MAT) and strain GA-
9823 ((TTAGGG)60-HO-3'MNT2 construct at MAT) were constructed by delitto perfetto (Storici and Resnick, 2006), followed by
insertion of the TG-HO-3'MNT2 PCR fragment obtained from plasmid pIM35 (Ribeyre and Shore, 2012) and pVR4 (Ribaud et al.,
2012) respectively, using primers SG-6571 and SG-6572. Strain GA-9918 was constructed by subsequent deletion of the
3’ MNT2 fragment present in GA-8119. The strains GA-8502 and GA-9824 were constructed the same as GA-8119, except that
the PCR products containing TG250-HO-3'MNT2 orTG18-HO-3'MNT2 were amplified from plasmids 3571 (pUC57-TG250) and
3892 (pUC57-TG18), respectively (available upon request). These constructs differ from TG80-HO-3'MNT2 only by the presence
of either 250 bp or 18 bp of TG repeats, instead of 80. The Ruby2 fluorophore plasmid used to create GA-9912 and GA-9948 was
obtained from Addgene. For all live microscopy and localization assays, SC medium was used instead of YP. For DSB localization
assays, 1ml of cells was harvested at each time point, fixed in 4% paraformaldehyde (final concentration) for 5 min and washed three
times with PBS before microscopy.

METHOD DETAILS

The primers used in this work are listed in Tables S2 and S3. The plasmid containing EXO1 in Figure 2C is pJH1772 (Lee et al., 2003).
The plasmid expressing wild-type ULST (p416-FLAG-ULS1) and translocase mutant uls7-K975A (p416-FLAG-uls1-K975A) were
cloned into pRS416 from HFP269 and HFP282 (gifts from Dr. H. Ferreira), respectively.

DNA Extraction for PCR

Unless otherwise specified, DNA for PCR and quantitative PCR was extracted by spinning down 1ml of cells and resuspending them
in 200 pl DNA isolation buffer (2% v/v Triton X-100, 1% w/v SDS, 100 mM NaCl, 10 mM Tris-HCI pH 8, 1 mM EDTA). Cell lysis was
performed by addition of 200 pul zirconia/silica beads and 200 pl phenol:chloroform:isoamylalcohol (25:24:1), followed by vortexing for
5 min at room temperature. 200 pl TE buffer pH 8 was added to each sample, and samples were centrifuged for 5 min at 16,000 g.
DNA was precipitated by addition of 1 ml 100% ethanol and 50 pl of 3 M sodium acetate to the aqueous phase. Samples were
incubated at —70°C for 40 min, then centrifuged for 10 min at 16,000 g. The pellet was washed once in 70% ethanol, dried and
resuspended in 100 pl sterile water for use in PCR reactions.

Fluorescence Microscopy

Images for assessment of DSB localization by performing zoning or colocalization measurements were captured on a Metamorph-
driven Spinning-disk confocal system based on an Olympus IX81 microscope, Yokogawa CSU-X1 scan head, EM- CCD Cascade Il
(Photometrics) camera and an ASI MS-2000 Z-piezo stage. We used a PlanApo X 100, NA 1.45 total internal reflection fluorescence
microscope oil objective.

Live microscopy was done at 25°C on a Nikon Eclipse Ti microscope, two EM-CCD Cascade Il (Photometrics) cameras, an ASI
MS-2000 Z-piezo stage and a PlanApo x100, NA 1.45 total internal reflection fluorescence microscope oil objective and Visiview soft-
ware. Fluorophores were excited at 561 nm (for Ruby2) and at 491 nm (for GFP), and emitted fluorescence was acquired simulta-
neously on separate cameras (Semrock FF01-617/73-25 filter for mCherry/ Ruby2 and Semrock FF02-525/40-25 filter for GFP).
Time-lapse series were streamed taking 8 optical slices per stack every 80 ms for 60 s with 10 ms exposure times per slice respec-
tively with laser powers set to ~7%-12% for either laser line. Gain was set to 800.

DSB Survival Assay by Colony Formation

Cultures were grown in YPLGg medium (2% glycerol lactate, 0.05% glucose) at 30°C overnight to late log phase (1 x 107 cells/ml).
For colony formation assays (e.g., Figure 5), cells were counted and diluted as follows: for each strain, 10 and 100 cells were plated on
two YPAD (Yeast extract, bactopeptone, adenine, and 2% dextrose (glucose)) plates, while 10,000, 20,000 and 50,000 cells were
plated on YPGal (2% galactose instead of dextrose) plates and incubated at 30°C. Survivor colonies were counted after 4 days at
30°C. In Figure S6C, cells were grown in synthetic LGg-uracil medium, and survivors were obtained on synthetic-2% galactose-uracil
medium after 5 days at 30°C. Total survivor numbers were calculated by normalizing colony number on YPGal to colony number on
YPD. For the experiment in Figure 5C: in late log phase, HO cut was induced by addition of 2% galactose in liquid cultures. Before
induction (time 0’), cells were counted and diluted. For each culture, 10 or 100 cells were plated in duplicate on YPAD plates. At 90
and 180 min after cut induction, 250 and 500 cells for each strain were plated in duplicate on YPAD plates, respectively. Plates were
incubated at 30°C. Survivor colonies were counted after 3 days of incubation, and the total survivor numbers were determined at
each time point by normalizing number of colonies from that time point to number of colonies at time 0 (before HO induction).

Pulsed-Field Gel Electrophoresis (PFGE)

PFGE was performed as previously described (Hage and Houseley, 2013). Yeast genomic DNA was prepared in an agarose plug
as described in the instruction manual of the Pulsed Field Electrophoresis System (Bio-Rad, CHEF-DR Il) with the following
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modifications. Cultures were grown in YPLGg overnight to log phase. About 5x10° cells were harvested and washed in ice-cold
0.05 M EDTA pH 8.0 and pelleted. Cell pellets were resuspended in Zymolyase buffer (50 mM Na-PO4 [pH 7.0], 50 mM EDTA,
1 mM dithiothreitol [DTT]) and embedded in a 2% agarose plug (Cleancut agarose, Biorad): 50 ul agarose was mixed with 50 pl of
cells. Genomic DNA was prepared by treating the plug with 0.4 mg/ml Zymolyase (20T, Seikagaku) in Zymolyase buffer at 37°C
for 1 h, followed by 1 mg/ml proteinase K digestion in 10 mM Tris-HCI (pH 7.5), 50 mM EDTA, 1% sodium N-lauroylsarcosinate at
50°C or 30°C for 15-20 h. After 4 washes in 20 mM Tris-50 mM EDTA pH 8.0, plugs were loaded in 0.8% agarose/0.5 X Tris-
Borate-EDTA (TBE) on the CHEF-DR Il (Bio-Rad) and chromosomal DNA was migrated at 14°C, 6V/cm, 60 s switch time for 15 h,
then 90 s for 9 h. The gel was stained for 1 h at room temperature with RedSafe (Fisher Scientific), destained for 2 h and imaged
on ¢c400 Imaging System (Azure Biosystems).

Telomerase PCR at a Double Strand Break

Telomerase PCR was performed as previously described (Forstemann et al., 2000). DNA was extracted from 1.5 ml of culture
collected at each time point indicated (Figure S5D). A starting amount of 150 ng/ul of DNA was used in each C-tailing reaction: first,
DNA was diluted in CutSmart buffer (NEB) to a final volume of 8 ul and denatured at 96°C for 10 min on a PCR block. Once samples
cooled down to 37°C, 1 ul of tailing mix was quickly added to each reaction: the tailing mix contained 1 U of terminal transferase
(NEB), 0.1 mM dCTP and 1x CutSmart buffer. The tailing reaction was performed using the following program: 37°C for 30 min,
65°C for 10 min and 95°C for 5 min. Immediately afterward, telomerase PCR was started by addition of 30 ul PCR mix to each
tube. The PCR mix contained 0.5 mM fresh dNTPs, 0.75 uM G18 primer (SG-7613), 2.5 U ExTaq polymerase (Takara), 0.75 uM for-
ward primer (SG-2659 for Tg0, SG-6611 for Tg80), 4 ul 10X telomerase PCR buffer. 10X PCR buffer containing 50% glycerol, 670 mM
Tris-HCI (pH 8.8), 160 mM (NH4)2S04, 0.1% Tween-20, 0.74% HCI. The telomerase PCR program was as follows: 95°C 3 min, [95°C
for 30 s, 62°C for 20 s, 72°C for 20 s] for 35 cycles, and 72°C for 5 min. PCR products were separated on a 2.5% agarose gel
(10 ul PCR product with 2 pl 6x loading dye) and imaged with Azure c400 Imaging Systems. The control band was obtained in a
standard PCR reaction using the same DNA, and primers SG-525 and SG-526 for the SMC2 gene.

Chromatin Immunoprecipitation (ChlP)

ChlIP using the Mab414 nuclear pore antibody (Abcam) was performed as previously described (Horigome et al., 2014) with slight
modifications. At each time point about 15x108 cells were sampled, crosslinked with 1% formaldehyde for 20 min while rotating
at rt, then washed twice in ice cold 1x PBS. 40 ul of sheep anti-mouse IgG magnetic beads (Invitrogen) per sample were washed
twice in 500 pl PBS, 5 mg/ml bovine serum albumin (BSA, A-4503 Sigma Aldrich), and blocked in the same solution for 30 min while
rotating at 4°C. Beads were washed with 500 pl PBS, and 1 pg nuclear pore antibody (mAB414) per sample was added to the beads
followed by 4 h incubation while rotating at 4°C. After incubation, antibody-coupled beads were washed twice in 1 ml lysis buffer
(50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate) and then added to cell ly-
sates, which were prepared as follows. Cell pellets were resuspended in 600 pl lysis buffer and lysed by addition of 200 pl zirconia-
silica beads and bead beating in a bead beater (Fastprep-24 5G, MP Biomedicals) for 1 min at 6.5 m s-1 for 3 times. Lysates were
recovered from beads by centrifugation at 2000 g for 10 min at 4°C. The pellet fraction containing cross-linked chromatin was then
resuspended in 1 mL of lysis buffer and sonicated on a (Bioruptor) for 20 cycles (30 s on, 30 s off). Samples were centrifuged at 7000 g
for 2 min and the supernatant containing released chromatin proteins was recovered: 50 pl of the supernatant was collected as input
and stored at —20°C until the crosslinking reversal step, and the rest was added to antibody-coupled beads and incubated on a
rotating wheel at 4°C overnight (about 16 h). The next day, beads were washed 3 times 5 min in lysis buffer, and once in wash buffer
(10 mM Tris-HCI pH 8.0, 250 mM LiCl, 0.5% Nonidet P40 (Igepal), 0.5% sodium deoxycholate, 1 mM EDTA) for 10 min, and lastly
once in Tris-EDTA (TE) pH 8.0 for 1 min. All washes were done on a rotating wheel at 4°C. DNA was eluted from beads in 100 pl
1% SDS-TE by incubation at 65°C for 10 min, and repeated once (200 pl total elute). 200 pl 1% SDS-TE was also added to input
samples, and crosslinking was reversed for all samples by an overnight incubation at 65°C.

ChIP with anti-yKu70 rabbit polyclonal antibody was performed as follows. Briefly, after sonication 1 ul primary antibody anti-
yKu70 (kind gift of Dr. A. E. Tomkinson) was added directly to each lysate and samples were incubated for 10 h at 4°C. 40 nl
M-280 sheep anti-rabbit IgG Dynabeads (Invitrogen) were added to each sample followed by 2h incubation while rotating at 4°C
for to capture Ab-bound species. Bead washes, elution and crosslink reversal were performed as for pore ChIP. HA-tagged
Mps3 ChIP was performed similarly as pore ChIP using 50 ul sheep anti-mouse IgG magnetic beads (Invitrogen) and 6 ug anti-HA
antibody (sc-7392, Santa Cruz Biotech), per sample. Slight modifications were made in the washing steps, after overnight incubation
of antibody-coupled beads with lysates: samples were washed 3 times in lysis buffer for 10 min at 4°C, once with high salt buffer
(1% Triton X-100, 0.1% sodium deoxycholate, 1 mM EDTA pH 8.0, 10 mM Tris-HCL pH8.0, 0.5 M NaCl) for 5 min, two washes
in standard wash buffer for 10 min on rotation, and one wash in Tris-EDTA (TE) pH 8.0 for 1 min. Elution and decrosslinking were
performed as for pore ChIP.

ChlP for PK-tagged Rad50 was done as described (Seeber et al., 2016) and with the same procedure as pore ChIP, except that
immunoprecipitation required only 2 h rotation at 4°C, given the high efficiency of the antibody. 1 pul of SV5-PK1 antibody (Acris
Antibodies) was used per sample. All ChIP buffers contained protease inhibitors (cOmplete EDTA-free, Roche). In all ChIP experi-
ments, DNA was recovered after reversal of crosslinking using the AccuPrep DNA extraction kit (Bioneer), and DNA was eluted in
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20% kit elution buffer (diluted with deionized water). This DNA was analyzed by quantitative PCR on StepOnePlus machine (Applied
Biosystem) using Tagman or SYBR green detection methods. Primers were used at 0.3 uM concentration, probes at 0.04 uM.

Resection Assay

For this technique, it is important to use a robust DNA extraction method that produces very clean DNA. For each time point, 6 x 107
cells grown at 30°C to late log phase were harvested and washed once in cold phosphate-buffered saline (PBS). Cells were resus-
pended in 500 ul buffer L (50 mM Tris-HCI pH 8.0, 7 mM B-mercaptoethanol, 150 mM NaCl, 1 mM EDTA, 1% v/v SDS), transferred to
cryotubes with 300 pl zirconia silica beads and 500 l phenol: chloroform:isoamylalcohol (PCI) 25:24:1. Samples were vortexed for
2 min, beat in a cell lyser (Fastprep-24 5G, MP Biomedicals) for 90 s at 6.5 m s-1, placed on ice for 2 min and centrifuged at 16,000 g
for 5 min. The top aqueous layer was isolated, and 500 pl PCl was added to it. Samples were vortexed for 2 min, centrifuged for 5 min
at 16,000 g. The aqueous layer was isolated and 1 ml ethanol was added to it. DNA was precipitated at —70°C for 40 min. Samples
were centrifuged at 4°C for 10 min at 16,000 g. The pellet was dried briefly, then resuspended in 300 ul TE buffer + 15 pg RNase A
(BioBasic) and incubated at 37°C for 2 h. DNA was precipitated by addition of 600 pl isopropanol and 0.15 mM NaCl. Samples were
centrifuged at 4°C for 10 min at 16,000 g. The pellet was washed once in 70% ethanol and dried, then resuspended in TE pH 8.0. The
amount of DNA isolated was quantified by Nanodrop measurement and all samples were diluted to a 200 ng/ul for the resection
assay, which was carried out as previously described (Zierhut and Diffley, 2008). The only exception was that Alu1 (NEB) was
used as the restriction enzyme. For each sample, a mock digestion and an Alu1 digestion were set up in 25 ul overnight at 37°C
with 3 ug DNA per sample. Digestions were diluted 1:10 in sterile water and used directly in quantitative PCR. DNA was analyzed
by quantitative PCR with StepOnePlus machine (Applied Biosystem) and SYBR green detection method. For each time point,
Ct values were normalized to those obtained from the mock sample, and then further normalized to values obtained from an amplicon
in SMC2 control gene.

SMRTbell Library Construction for Sequencing

The amount of 20 ug of genomic DNA were needle-sheared with a 26-gauge blunt-end needle (BD), and used as input for SMRTbell
library construction using the SMRTbell Template Prep Kit (Pacific Biosciences), following Pacific Biosciences’ 20 kb Template Prep-
aration protocol. The final libraries were size-selected on a PippinHT (Sage Science) using the 0.75% 6-10 kb High-Pass 75D method,
with a starting size of 9900 bp. The final average library size was about 60,000 bp as judged on an Agilent Genomic DNA ScreenTape
(Agilent).

PacBio RSIl Sequencing

Each SMRTbell library was sequenced on three to four Pacific Biosciences RSIl SMRTcells at loading concentrations ranging from
300 to 450 pM using the MagBead-binding One Cell Per Well workflow, the Binding Kit P6 v2 and DNA Sequencing Kit 4.0 (all Pacific
Biosciences). Data was acquired for a duration of 240 min, with Stage Start enabled.

QUANTIFICATION AND STATISTICAL ANALYSIS

Time-lapse image stacks were analyzed as in (Dion et al., 2012) and in (Amitai et al., 2017) using a custom made ImagedJ (FIJI) plug-in
(Sage et al., 2005), to correct for translational movement and to extract the coordinates of locus position. Only S phase cells were
tracked. The error bars of all mean square displacement (MSD) plots represent the s.e.m. In all microscopy experiments, cut induc-
tion was verified by quantitative PCR using primers flanking the cut site. The derivation and extraction of biophysical parameters of
the single particle tracking data was performed exactly as described in the supplemental methods of Amitai et al. (2017). MSD graphs
were calculated as described in Hauer et al. (2017). Three-zone position analysis for Lacl- GFP foci was preformed using a through-
focus stack of 16-21 0.2 um steps and was measured by Imaged (NIH, USA) and software PointPicker (Meister et al., 2010). Standard
tests for significance are described in the corresponding figure legends.

For quantification of ChIP results, the absolute enrichment was calculated as follows. For each time point, the signal from a PCR
reaction near the DSB was normalized to the signal from the control genomic locus, SMC2 or the mitochondrial gene, OL/1, in the
same sample. For each time point and probe, the normalized IP signal was then normalized to the input signal.

DATA AND SOFTWARE AVAILABILITY

The accession number for the Pacific Biosciences sequencing data sets reported in this paper is NCBI: PRUNA482327.
All sequencing data and software used are available from the lead author, upon request.
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Name
GA-8861

GA-8119
GA-8502
GA-10085
GA-9005
GA-9502
GA-9511
GA-8561
GA-9551
GA-9512
GA-9918
GA-9549
GA-9519
GA-9521
GA-9948
GA-9913
GA-9449

GA-9158
GA-8596

GA-8587
GA-9553
GA-9823
GA-9824
GA-8306

GA-8633
GA-8845
GA-10054
GA-8334
GA-9855
GA-10050
GA-9794
GA-10435
GA-7314
GA-7969
GA-8475
GA-7970

Marcomini et al. Supplementary tables

Table S1. Strains used in this study (related to Fig. 1-7, S1-4).

Genotype

JKM179: MATa, Aho hml::ADE1 hmr::ADE1
ade3::GALHO adel- 100 leu2-3, 112 lys5 trpl::hisG
ura3-52 CFP-NUP49 GFP-Lacl:Leu2 MAT::LacO
repeats:TRP1

GA8861 TG80-HO-MNT?2

GA8861 TG250-HO-MNT2

GA8861 HO-MNT?2

GA-8119 est2::natMX4

GA-8119 pol32::natMX4

GA-8119 dnl4::natMX4

GA-8861 dnl4::natMX4

GA-8561 pol32::hphMX4

GA-8502 dnl4::natMX4

GA-8861 TG80-HO

GA-8119 rad50-9PK-k.i.

GA-8861 rad50-9PK-k.i.

GA-8502 rad50-9PK-k.i.

GA-8861 yom-Ruby2-kanMX6

GA-8119 yom-Ruby2-kanMX6

GA-8119 rifl::hphMX4

GA-8119 sir4d::natMX4

GA-8502 rifl::hphMX4

GA-8502 sir4::natMX4

GA-8119 yku70::natMX4

GA-8861 (TTAGGG)60-HO-MNT?2

GA8861 TG18-HO-MNT?2

JKM139: MATa Aho hml::ADE1 hmr::ADE1
ade3::GALHO adel-100 leu2-3,112 lys5
trpl::hisG ura3-52 Mps3-3HA

GA8119 Mps3-3HA

GA8502 Mps3-3HA

GA-9824 mps3465-145

GA8119 nup84::natMXx4

GA8119 ulsl::kanMX6

GA8119 slx8::natMX4

GA-8119 siz2::hphMX4

GA9913 ulsl::natMX4

GA-8861 nup133::natMX4 pUN100-nup 133AN:kanMX6
GA-7314 sIx5::C.a. URA3

GA-7314 ulsl::C.a. URA3

GA-7314 siz2::C.a. URA3

Source

Horigome et al., 2014

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study
This study
This study
This study
This study
This study
This study
This study

Horigome et al., 2014

This study
This study
This study
This study
This study
This study
This study
This study

Horigome et al., 2014
Horigome et al., 2016

This study

Horigome et al., 2016



Table S2. PCR Primers used in this study. Related to Fig. 1, 2, 7.

Name Sequence

SG-7613 | CGGGATCCGGGGGGGGGGGGGGGGGG
SG-6611 | CGCTGGTTTGCATAAAGGTA

SG-2659 | CACAGTTTGGCTCCGGTGTA

SG-5771 | ACAAAGAATGATGCTAAGAATT

SG-475
SG-476
SG-525
SG-526

GACGACCTT GTAACAGTCC AGACAG
TACGTCCTTACCTTCGCATGGAACC
AATTGGATTTGGCTAAGCGTAATC
CTCCAATGTCCCTCAAAATTTCTT

Table S3. Real-time PCR Primers used in this study. Related to Fig. 3, 5, 6, 7, S1, S2, S4.

Name

SG-525
SG-526

TQ-3 (probe)
SG-2918
SG2919
SG-6695
SG-6696
SG-2285
SG-2286
SG-563
SG-564

TQ-2 (probe)
SG-2912
SG-2913
TQ-44 (probe)
SG-8444
SG-8445
SG-8440
SG-8441
SG-8448
SG-8449
SG-8459
SG-8460
SG-7702
SG-7703
TQ-56 (probe)
SG-6761
SG-6762
TQ-54 (probe)

Sequence
AATTGGATTTGGCTAAGCGTAATC

CTCCAATGTCCCTCAAAATTTCTT
CGACGCGAATCCATCTTCCCAAATAATT
CAAGAAACCCATCAATTAAAGACCTAGT
ATGAAACCATTAAACAGAATAAACCTGTAG
GTAGTTGTGTGCCAGAAGGC
GGCAGGGGGAATTCTTATACT
AATATGGGACTACTTCGCGCAACA
CGTCACCACGTACTTCAGCATAA
TCAACCATATATAATAACTTAATAGACGACATTC
CTAGACGTTTTTCTTTCAGCTTTTTTG
CTTTCAAAATTAAGAACAAAGCATCCAAATCATACAGAA
TCACGCTTTATAACAATATCAAGTTTACCT
ATTGGAAACACCAAGGGAGAGA
TCATTACTATTCATCTTCGCCACAAG
CCCAAACAAAACCCAGACAT
TGCTGGATTTAAACTCATCTGTG
CTCTCCCTTGGTGTTTCCAA
GAAAAGATTGGCCGTCAAAA
CAATGCCTTCCTTCTCCAAA
ACCTGAGCGACGAGAAATTG
TGCGATGAAGTCAACGAATTA
GAGCACTTTTACCGGCAGTT
CACACAATCACATCCCTCAAAC
AGAAGAAGAGGAAGGCGAAAG
CCTCAATATTCCGCCTTTCCTCTTCCC
ACATTAAAAAAGAGAAGAGCCCAAAG
GCCACATTTCTTTGCAACTTC
AGCACGGGCATTTTTAGAACAGGTTTTTAGAAG

Target
SMC2

OoLI1
HOcs (TG strains)
HOcs (wt MAT)

-0.6kb from HOcs

+0.7 kb from HOcs

-0.6kb from HOcs
+0.7kb from HOcs
-4.2kb from HOcs
+4.5kb from HOcs

+3.5 kb from HOcs

-0.24 kb from HOcs
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Marcomini et al., Figure S1

Figure S1. Tg250 is at the nuclear periphery before and after HO cleavage.

a) Relates to Figure 1C. Results from scoring the position of the MAT locus in the 3 zoning assay in
panel 1B, for an exponentially growing culture in glucose (left graph) or 100 min after HO induction on
galactose (right graph) in Tg0 (GA-8861, white) and Tg250 (GA-8502, green) strains. n=number of
nuclei scored per condition. A random distribution of a locus results in 33% of cells with the locus in
each zone, as indicated by the red dotted line. The lacl-GFP focus in Tg250 strains is significantly
perinuclear before and after HO cut induction, presumably due to the binding of Sir4.

Resection assay
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Marcomini et al., Figure S2

Figure S2. Overexpression of Exo1 exonuclease partially rescues the resection block at the
TG-flanked end in Tg80 strains. Relates to Figure 2. Quantification of ssDNA generated by 5" end
resection as in panel 2A, in a Tg80 strain overexpressing EXO1 from a galactose-inducible 2
plasmid (pJH1772). Data from 2 biological replicates, amplified in triplicate are presented as mean
values +/- s.e.m.
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Figure S3. HO cleavage efficiency is not affected by TG-rich insertions nor by rif1 or sir4 mutation.
A) — D) Relates to Figure 3. The MAT locus is cut with comparable efficiencies by HO endonuclease

upon galactose addition to exponentially growing cultures of GA-9823, GA-9824, GA-8861, GA-8119,
GA-9449, GA-9158, GA-8596, GA-8587. DNA samples were collected at 0, 90 and 180 mins after HO
induction and were used to quantify the percentage of intact MAT locus by gPCR. Ct values of amplicons
across the HO cut site were normalized for those obtained by ampilification of the control locus SMC2 at
90 and 180 minutes after galactose addition, and these ratios were further normalized for the ratio
obtained at time point 0. Mean of 3 replicates are shown. Standard deviation is not shown, as it was
lower than 2% for each strain and time point.



Movement parameters - standard errors of the mean (s.e.m.)

Tgo Tg80
uncut lacl-GFP lacl-GFP
o (um) 0.036 0.024
D, (um?/s) 8.28E-03 5.77E-05
L, (um) 7.38E-03 5.54E-03
k. (kg T/um?) 13.382 5.579
Tg0 Tg80 Tg0 Tg80
cut lacl-GFP lacl-GFP__ |Rad52-Ruby2 | Rad52-Ruby2
o (um) 0.032 0.039 0.039 0.047
D_(um?s) 7.6E-04 4.3E-05 1.5E-04 3.7E-04
L, (um) 0.010 0.011 0.009 0.020
k. (k;T/um?) 6.075 13.053 9.117 4.920

Marcomini et al., Figure S4

Figure S4. Standard deviation values for the biophysical parameters defining DSB end movement.
Relates to Figure 4D. Derivation of these values is described in Amitai et al., 2017. See text for details.
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Figure S5. Processing of the Tg80 break by telomerase.

A) Relates to Figure 5C. Cut efficiency calculated by qPCR as percentage of intact MAT locus in Tg0
(GA-8861) and Tg80 (GA-8119). Ct values from qPCR of cut locus at 90 and 180 minutes HO induction
were normalized to a control locus SMC2, and were further normalized to the ratio at t=0.

Results show the mean of 3 independent experiments, +/- s.d. B) Relates to Figure 5F. CHEF gel of
wild-type chromosomal pattern forTg80 (GA-8119) grown always on glucose. C) Relates to Figure 5F,G.
Sequencing analysis by PacBio for aTg0 and aTg80 colony grown on galactose, out of 3 analyzed by
SMRT sequencing with identical results. This shows homology-mediated ectopic recombination between
the non-TG side of the Tg80 DSB on Chr Il with the MNT2 gene on Chr VII-L. D,E) Relates to Figure 5F,G.
Telomere PCR at a DSB in Tg0 (GA-8860), Tg80 (GA-8119) and Tg80 est2A (GA-9005), at indicated time
points after HO induction in exponentially growing cultures. Extracted DNA samples was used as template
for two PCR reactions: the control amplicon in SMC2 (marked as C), and the amplified telomeric repeat
extension which generates an upward smear of varying sizes (red asterisk plus bar). Shown is a 1.5%
agarose gel and stained with RedSafe nucleic acid staining solution (Chembio). The graph in panel E
represents the quantification of the smear in arbitrary units for the color-coded indicated zone over back-
ground values. F) Relates to Fig. 5 and Fig. 1D. Deletion of telomerase catalytic subunit Est2 rescues the
delay in relocation to the nuclear periphery of Tg80. Quantitation of focus number in zone 1 of the nuclear
volume as in Fig. 1D at indicated time-points after HO induction in Tg0 (GA-8861), Tg80 (GA-8119) and
Tg80 est2A (GA-9005). Error bars represent mean values of 3 independent experiments, +/- s.e.m. n=80
nuclei for each strain and experiment. The red dotted line indicates a random distribution.
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Figure S6. DSB-Mps3 anchorage is Siz2 and Uls1 independent and enhances NHEJ over ectopic HR.
A) Relates to Figure 6B,C. ChIP for HA-tagged Mps3 monitors MAT locus association with Mps3 at indicated
time points after HO cut induction on galactose in Tg0 wild-type (GA-8306), s/x5A (GA-8539) and uls1A
(GA-8542) cells. Data from two- (Tg0) or three- (sIx54, uls14, siz2A) independent experiments are presented
as mean +/- s.e.m. B) Relates to Figure 6D. The indicated mutants do not compromise overall survival on
galactose of a cut at Tg80. Ratio of colonies on galactose normalized to colony numbers on glucose was
calculated for the indicated Tg80 mutants. Each column represents the mean of at least three independent
experiments, +/- s.d. C) Relates to Figure 6D. The uls7A strain (GA-9855) was complemented with a plasmid
expressing either no ULS7 (no gene, pRS416), wt ULS1 (p416-FLAG-ULS1) or translocase-dead uls1
(p416-uls1-K975A, uls1-trd). Survivor colonies after 5 days on galactose from each strain were monitored by
PCR for repair by imprecise NHEJ (as in Fig. 6D, n= 40, wt ULS1; 40, uls1-trd; 37, no gene). Whereas wt
ULS1 reduces imprecise NHEJ events, the translocase deficient uls7 mutant does not. The asterisk indicates
statistical significance with a p value < 10#in a Chi square test with 95% confidence interval. D) Relates to
Fig. 6. The assay for NHEJ pathway efficiency (Fig. 6D) was performed on exponentially growing cultures

of Tg18 (GA-9824) and Tg18 mps3AN (GA-10054). NHEJ is highly efficient in the Tg18 strain which allows us
to monitor a drop in mps3AN (GA-10054). The graph presents the % of colonies resulting from NHEJ over all
galactose-grown survivor colonies (n= 40). The p value is indicated for a Chi square test with 95% confidence
interval between wt and mutant. Alongside are examples of agarose gels obtained as in Fig. 6D, from DNA of
galactose-grown colonies of Tg18 and Tg18 mps3AN. 20 colonies grown on galactose were selected and their
genomic DNA was used in two PCR reactions to amplify the region encompassing the HO cut site (asterisk),
as well as a control region in SMC2 gene (marked with C). For each colony pooled PCR products were
resolved on an agarose gel. The last lane represents a colony of the same strain grown on glucose (uncut).
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CHAPTER 4. CONCLUSIONS AND FUTURE PERSPECTIVES

Processing of a persistent DSB

This PhD thesis investigated two main questions in the field of cell biology: one is the newly
discovered participation of the nuclear periphery in DNA repair. The other is what differentiates a
telomere as such from a DSB for the repair machinery. At the beginning of my PhD I contributed to
two papers that stem from an initial observation that a persistent DSB, in absence of a partner for
homologous recombination, moves to the nuclear periphery(Nagai et al. 2008). The first paper
(Horigome et al. 2014) analyzes dynamics of break movement and requirements for binding to either
pores or Mps3. The second paper (Horigome et al. 2016) concentrates specifically on the SUMO role
in the DNA break relocation. These papers have made the first steps towards uncovering the role of
the nuclear periphery in break repair. In fact, we know now that a persistent DSB moves to the NE
within 40 min after break induction. This movement is dependent on SUMOylation. DSBs bind pores
and Mps3 with different requirements: binding to pores occurs throughout the cell cycle, binding to
Mps3 occurs only in S phase in a resection-dependent manner. SUMOylation plays an important role
in the relocation of a persistent DSB to the NE: whereas pore binding requires SIx5 recruitment and
polySUMOylation at the break site, Mps3 binding is independent of SIx5, but dependent on
monoSUMOylation by the E3 SUMO ligase MmsZ21. In relation to chromatin remodeling, while Ino80
is required to bind Mps3, Swrl and histone Htz1 are required for relocation to either site, possibly
for different reasons. Finally, we have learned that DSB relocation and chromatin mobility are

processes with different genetic requirements.

Despite the advances made in the past few years towards understanding the role of the nuclear
envelope in repair, the fundamental question still remains: which downstream events are dependent
on localization at nuclear pores or Mps3? Given the role of SUMO-dependent ubiquitin ligases in these
processes, it is speculated that the targeting of proteins to the proteasome, which is enriched at the
nuclear envelope, may be a key step in repair pathway choice. Alternatively, deSUMOylation by the
pore-associated SUMO protease Ulp1 in yeast, may be required to initiate an alternative pathway of
repair. On the other hand, Mps3 appears to sequester ssDNA from ectopic recombination and its role
may simply be structural. Further studies are needed to test these hypotheses (discussed in

Horigome et al. 2014, 2016).
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A different approach to investigate repair at the nuclear periphery

Given the numerous players recruited to break sites, and the large number of proteins that are
SUMOylated at DSBs, it is difficult to determine which target might be most crucial for DSB repair or
for relocation. Moreover, SUMO ligase/protease and STUbL mutants have pleiotropic effects that
make it quite hard to dissect single events and causality at the nuclear pore. Most of the progress has
been made through the use of mutants, and this genetic approach has natural limitations. First, the
mutants have variable viability, and second, there are multiple potential interpretations of the
readout. While high-resolution microscopy provides some insight, it is hard to determine the
relevance and significance of biological observations on the single cell level, for repair events that
might represent a very small fraction of the total cells in a population. In most cases a DSB without

an homologous donor for repair will cause cell death.

The bottom up genetic approach, which leads from DSB to NE function, is based on educated guesses
and seeks to find some biological relevance for the events observed. An alternative approach that
might yield major contributions could be a top down systematic analysis of several repair pathways
and their components with respect to the nuclear periphery, or at the known sites for repair at the
nuclear periphery. This was done in part by localizing Rad52 foci, which were systematically
excluded from the nuclear periphery(Bystricky et al. 2008), except -surprisingly - in the case of short
telomeres, for which Rad52 foci could be observed at nuclear pores(Khadaroo et al. 2009; Churikov
et al. 2016). Some nuclear pore mutants do affect repair pathways(Loeillet et al. 2005; Nagai et al.
2008; Bukata et al. 2013; Chung et al. 2015), as does the mps34AN mutant(Horigome et al. 2014), yet
itis difficult to exclude indirect effects of these mutations that stem from impaired nuclear trafficking
and related functions. In my thesis I contributed by testing NHE] and break-induced replication, given
that unequal sister chromatid recombination (uSCR) was already tested. However, there is as yet no
analysis of NE contribution to synthesis-dependent strand annealing (SDSA) or single strand
annealing (SSA), although assays for these repair pathways exist(Moore et al. 2009a; Korbel et al.
2017). By testing all possible pathways of repair for comparative effects on damage outcome, one

may be able to identify new determinants and rate limiting steps in repair pathway choice.

Understanding how cells control repair pathway choice is important because the classic
chemotherapeutic drugs are based on provoking DNA damage that overwhelms repair pathways,
which themselves are often mutated in cancers. Although it was shown in a chemical screen that
drugs that target nuclear pores are synthetic lethal with compromised recovery from replication

stress (mec1-100 or sgs1A mutants in budding yeast on HU, K. Shimada and SM Gasser, unpublished),
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itis unclear what aspects of pore function they affect. This approach has not been exploited for cancer
therapeutics because the exact contributions made by nuclear structure and the spatial organization
of repair are still poorly understood. For example, it is intriguing that precise end joining is not
perturbed by deletion of Nup84 (Horigome et al. 2016, Fig.6), while imprecise end-joining is. This
would suggest that something specific to the imprecise pathway requires the pore: it could be the
initiation of resection, or the trimming of 3’ ends by the Rad1-10 complex, a step that is also involved
in nuclear excision repair (NER). NER however does not require resection. So, if nup844 did not have
a clear NER phenotype, this would suggest that end trimming is not the limiting factor in imprecise
NHE] in nup84A. If it did have such phenotype, in the context of an induced DSB, one could look at
fluorescently tagged Rad10 localization. Rad10 was already shown to form foci in response to
DSBs(Moore et al. 2009b), but their nuclear location was not analyzed. On the other hand, if repair
proteins are present in excess of the lesions, it may be difficult to see any preferred localization at

pores or other substructures.

Another aspect that reveals the limitations of our understanding is that to date only nuclear pores
and Mps3 have been described as NE compartments with a role in DSB repair. Recently, a novel sub-
pore particle that consists of Nup170, Siz2, Escl and Sir4 has been proposed(Lapetina et al. 2017).
Given the effects we observe of the sir44 on NHE] frequency, it would be interesting to test a mutation

in Nup170 for its role in creating a novel NE subcompartment for repair.

[tis possible that other unsuspected or unknown NE partners are involved in DSB repair, which might
be discovered by detecting DSB binding proteins at the NE in an unbiased way. A generic screen for
NE proteins binding a single DSB would not be easy, because these proteins would likely be
hydrophobic and difficult to solubilize. To surmount the intrinsic difficulties of catching transient
interactions, Bio-ID has been successfully applied in many contexts in mammalian cells. Although
there are only a few reports in yeast(Williams et al. 2014; Kim et al. 2016), Bio-ID provides a mean
to identify proteins that are difficult to purify. It involves fusion of the biotin ligase BirA with a protein
of interest and consequent biotinylation of proximal endogenous proteins, that can then be recovered
by a standard biotin-affinity column. Alternatively, one could try to pull down GFP in the strains with
GFP-tagged DSB, in a SILAC condition +/- DSB induction. This pulldown would have the advantage
that the system is not affected by any modifications. Either of these assays could yield novel players

in DSB processing and repair at the NE.

The nucleo- to cytoskeleton connection
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MonoPolar Spindle 3 (Mps3) is a mysterious protein. On the one hand it is a component of the spindle
pole body (SPB) half bridge, where it is important for meiotic bouquet formation and correct
chromosome segregation(Jaspersen et al. 2002; Conrad et al. 2008). On the other hand, it has a
recently described role in DSB repair(Oza et al. 2009; Peterson and Craig 2010). Intriguingly, Mps3
is one of two binding sites that an irrepairable DSB will move to with the other being the nuclear pore
(NPC)(Oza et al. 2009; Horigome et al. 2014). The choice of repair site is regulated by the cell cycle.
While DSBs can bind pores throughout the cell cycle, DSBs will not be recruited to Mps3 in G1 phase
because binding to Mps3 requires resection, which occurs mostly in S phase(Horigome et al. 2014).
However, Mps3 affects the interaction of a DSB also with nuclear pores, for unknown reasons. The N-
terminal domain of Mps3 is of particular interest. This domain can be cleaved during meiosis, which
changes the conformation of the protein and facilitates segregation(Li et al. 2017). In addition, the N-
terminus is necessary to anchor telomeres, bind DSBs and prevent ectopic recombination

events(Schober et al. 2009).

Mps3 is a member of a large family of transmembrane proteins called Sad1-UNC-84 homology (SUN)
family. It is conserved from yeast to man. Recent work with mammalian SUN domain-containing
proteins (SUN1/2) that are themselves components of the greater Linker of Nucleoskeleton and
Cytoskeleton Complex (LINC), has shown that these proteins are important for increased movement
of dysfunctional telomeres as well as DSBs(Lottersberger et al. 2015). Moreover, degenerative
laminopathies have been shown to be suppressed by loss of SUN1(Chen et al. 2012). In mammalian
cells, microtubules connect to the nucleus through the LINC complex. In the same study,
depolymerization of microtubules through toxins such as Taxol or Nocodazole prevented increased
movement of dysfunctional telomeres and decreased the frequency of telomere end-end fusions.
These observations have led to the hypothesis that external forces transmitted from cytoplasmic

microtubules to the nucleus can contribute to ectopic repair events.

In yeast, chromosomes are constitutively tethered to the SPB through their centromeres by
kinetochore microtubules, and Nocodazole treatment in yeast actually increases - rather than blocks
- the chromatin movement (Marshall et al. 1998; Amitai et al. 2017). Nocodazole also triggers the
release of centromeres from the SPB(Bystricky et al. 2004), which could be another source of altered
movement. However, one observation that may support a role for external microtubules affecting
the internal movement of a DSB is that increased movement of a DSB is prevented by nocodazole

treatment(Amitai et al. 2017; Lawrimore et al. 2017)
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Lately, there has been evidence for a role of nuclear actin in repair, not only limited to its role in
chromatin remodelers. A recent study analyzed the subdiffusive movement of chromatin in response
to actin depolymerization in the nucleus(Spichal and Fabre 2017). They demonstrated that
chromatin movement in yeast is decreased by an actin polymerization inhibitor, in a way that is
independent of the putative LINC component Csm4. Importantly, this study did not look at a DSB
movement. In addition, they showed that tethering actin to the nuclear envelope increased the
movement of pores within the envelope itself. In the nucleus of S. cerevisiae, most of G-actin was
shown to be in complex with Arp4(Miyamoto and Gurdon 2013), which blocks the formation of a
polymer fiber, but in other model systems there is some evidence supporting intranuclear oligomeric
structures different from cytoplasmic F-actin(Gorlich et al. 2006; McDonald et al. 2006; Kalendova et
al. 2014; Belin et al. 2015). A very speculative scenario in case of a persistent DSB is that the
interaction with the LINC complex member Mps3 could provide a link between the nuclear actin and
the cytoplasmic cytoskeleton, promoting NPC movement. An interaction of Mps3 with actin was not
reported, but Mps3 was shown to interact with formin (Bnrl and Bnil) by yeast two-hybrid
assays(Wang et al. 2012), and formin is important to nucleate actin filaments(Baarlink and Grosse
2014). Perhaps the ability of nuclear pores to shift in the membrane would facilitate interaction with
the DSB or partial clustering of a subset of pores. Association of a subset of nucleoporins of the outer
and inner pore ring in a complex distinct from NPC was recently reported(Lapetina et al. 2017). Such
a model would explain why Mps3 deletion affects relocation of a DSB to pores. Mps3 could therefore
mediate the link between DSB signaling and nuclear actin oligomers thereby favoring mobilization

of pores.

[t was recently shown that treatment of cells with Latrunculin A, which inhibits actin polymerization,
only partially attenuates the damage-dependent increase in locus movement (Amitai et al. 2017).
However, this study did not look at NE interactions or repair efficiency: if actin is required to transmit
the cytoskeleton-to-Mps3-to-pore signal, a DSB upon Latrunculin A treatment would still be able to

bind Mps3 but maybe not pores. These aspects are ripe for exploration.
Processing of TG-flanked double strand breaks

My main project tackled the long-standing question of what defines a telomere and protects it from
the repair machinery. The main advantage of my system is that the telomeric repeats I used are
isolated from their natural location at chromosome ends, allowing for unbiased investigation on how
the repeats affect repair. I could show that 80bp of telomeric repeats are sufficient to block long-

range resection and strongly inhibit the binding of the MRX complex. This is sufficient to disengage
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the destiny of the two DNA ends: one gets elongated by telomerase, the other translocates onto
another chromosome. The separation of ends also allows them to explore a larger portion of the
nuclear volume. Particularly on the non-TG end we observe increased movement which theoretically
should favor homology search. Furthermore, TG repeats affect binding of the DSB to the nuclear
periphery: they completely abolish interaction with Mps3, consistent with their ability to block
resection. Interaction with the periphery is affected by SUMO: the SUMO dependent ubiquitin ligase
Uls1 has the strongest effect on repair outcome. Mutations of the NE binding sites, Nup84 and Mps3,
have opposite effects in repressing and favoring the translocation, respectively. In conclusion, the

presence of MRX at both sides of a DSB is a key determinant of genomic stability.
The resection block imposed by TG repeats

The most pressing question arising from these observations is: what imposes such a strong block to
resection at TG-flanked breaks? A recent study analyzed TG-flanked breaks and telomeres of
different lengths: they pinpointed a threshold in telomere addition at TG34. They propose a model
where, at TG tracts of less than 34 bp, Pif1 helicase inhibits telomerase recruitment, whereas when
TG repeats are over 34bp, Cdc13 outcompetes Pifl and promotes elongation by telomerase, both at
telomeres and at TG-flanked breaks(Strecker et al. 2017). However, a follow up paper shows that Pif1
inhibitory effect on telomerase activity is not dependent on telomere length, indicating that Pif1 itself
is not responsible for setting a threshold of repeats elongation(Stinus et al. 2017). Since the threshold
is also not dependent on the Cdc13-Est1 interaction, the authors suggested a specific role for Cdc13
binding alone. While Cdc13 is a player that should be tested in a rapid timecourse in my TG-HO
system, binding of Cdc13 at Tg80 would imply ssDNA exposure, hence Mre11 binding, which is barely
detectable at TGB0-flanked DSBs by ChIP 90 mins after break induction. Furthermore, nuclear Pif1 is
involved in several biological processes, like Okazaki fragment processing, telomeres replication, and
BIR(Geronimo and Zakian 2016). Binding partners in any of these processes, brought in by Pif1, could

play a direct role in telomerase regulation.

A likely candidate responsible for blocking resection is Rap1: this protein in yeast binds tightly to
telomeric repeats in a sequence-specific manner, through a bipartite binding site that resembles the
Myb domain(Gilson et al. 1993; Konig et al. 1996). Rap1 molecules bind continuously along the
repetitive telomeric consensus sequence with a spacing of about 18bp(Gilson et al. 1993). Negrini
and colleagues showed that, when long TG telomeric tracts (250bp) were exposed by induction of a
nearby DSB in the subtelomeric region of chromosome V, the binding of Mre11 and Cdc13 along the

repeats was inhibited. To test if Rap1 was the cause of this inhibition they incorporated synthetic
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arrays of 16 Rap1 binding sites, either the precise consensus or sequences with a critical mutation
that would prevent Rap1 binding. In the latter case, in absence of Rap1 binding the binding of Cdc13
and Mre1l1 to the sequence upon DSB was rescued. However, in the subtelomeric region, Rap1 seems
to block Mre11 and Cdc13 binding only at long TG tracts (more than 4 Rap1 binding sites), as showed
by ChIP, and they reported that Tg80 is resected and binds Mrell when flanking a DSB in the
subtelomere. However, no ‘Tg0’ control is reported in this work, hence it is unknown how much
Cdc13 or Mrel1 would be detected by ChIP at thatlocus in absence of TG repeats. The authors further
report that Tg80 gets resected, as measured by Southern blot and measurement of the relative
enrichment of the 3’ strand over the 5’ strand within 70bp from the DSB site. This is not necessarily
in contrast with my data, since I measured resection starting 300bp away from the DSB. Again in this
experiment it would have been interesting to see the data in absence of TG repeats. When Tg80 was
integrated at MAT, 1 detected some levels of ssDNA as well as Mrel1 binding, but these amounts are

not relevant when compared with a Tg0 construct.

It could also be that Tg80 behaves differently when located at a DSB in an internal position along the
chromosome, given that subtelomeric chromatin far beyond the spread of SIR-mediated repression
is unique in its nucleosomal modifications(Robyr et al. 2002). In addition, DSBs in this subtelomeric
zone have been shown to have unique repair outcome(Taddei and Gasser 2004; Agmon et al. 2013).
Therefore, the genomic location of the construct could be important. It is highly likely that a
chromatin-based mechanism senses position and tailors the response accordingly. Perhaps the cell
has developed ways to prevent maintenance of short TG tracts (of length comparable to a short
telomere) in an internal position, because over generations these repeats could become unstable,
either causing replication fork to stall, or sequestering telomeric factors away from the telomeres. An
aspect of nuclear substructure, for example, the clustering of telomeres in foci, could favor a high
local concentration of factors and influence end processing. In support of this hypothesis, clustering
of telomeres in foci is promoted by the SIR proteins (in particular Sir3), and in a sir4A mutant I could

detect an appreciable change in repair pathway choice.
Control of chromosome length by SMC proteins

Another player in determining repair pathway choice could be the Structural Maintenance of
Chromosome (SMC) proteins, which also sense DSBs and are involved in higher order chromatin
folding. The characterization of survivors on galactose in TG-DSB-containing strains might provide

insight into the effects of repeats on chromosome stability. | know that these survivors are stable at
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least for a few generations. However, these cells have a chromosome shortened by 100kb and a de

novo telomere. How is chromosome stability reorganized in light of the translocation?

Chromosomes stability and accurate segregation are safeguarded in the cell by SMC proteins. There
are 3 SMC complexes: condensin (SMC1-3) responsible for chromosome assembly, cohesin (SMC2-
4) that prevents early separation of chromatids in anaphase, and SMC5/6. They all share a conserved
V-shaped structure, with two long arms, each of which has an ATP-binding head tail. SMC5/6 has
been implicated in several processes: it is required for appropriate segregation and integrity of
nucleolar DNA, and more in general of repetitive DNA(Torres-Rosell et al. 2005a; Torres-Rosell et al.
2005b). It has been involved also in replication termination. It associates to DSB in a Mrel1l-
dependent manner and has been shown to promote the resolution of joint DNA molecules during
recombination, both in mitosis and meiosis(Bermudez-Lopez et al. 2016; Bonner et al. 2016).
SMC5/6 is necessary for movement of a persistent DSB to the nuclear periphery, thanks to its Mms21
component (E3 SUMO ligase) and its interaction with Slx5/8 STUbLs(Horigome et al. 2016).
Movement of Tg80 to the periphery also requires SUMOylation (Siz2) and the STUbL Uls1, which
recognizes polySUMO chains. While the requirement for Mms21 for Tg80 relocation was not tested,
it is likely to be required for the initial monoSUMOylation event on the distal DSB side. However, the
proximal side of Tg80, that is also the side whose relocation depends on Uls1, does not interact with
Mps3: it would be interesting to test SMC5/6 role in relocation of the proximal side. It is possible that
the SUMOylation target on that side is not a target of Mms21, because the SMC5/6 complex is
recruited to a DSB through Mrell(Lindroos et al. 2006), and TG repeats inhibit MRX binding.

Alternatively or in addition, Uls1 might target protein(s) associated with repetitive DNA regions.

It is noteworthy that relocation of Tg80 to the NE is delayed due at least in part to telomerase
elongation. A Ku80-Sir4 dependent pathway for telomerase recruitment was recently elucidated at
telomeres(Chen et al. 2018): in G1 phase, Ku recognizes a buldged loop in TLC1 telomerase RNA
moiety and interacts with Sir4. This complex facilitates accumulation of telomerase at DNA ends and
can sustain basal telomerase activity in S phase also when the Cdc13-Est1 interaction on the ssDNA
stretch is compromised. Uls1 was shown to interact with Sir4 C-terminal domain by biochemical
assays(Zhang and Buchman 1997): this interaction was thought to be important for Uls1 interference
with heterochromatin silencing when overexpressed. Since 80bp TG repeats seed telomerase
elongation, it could be that the Uls1-Sir4 interaction has a role in the relocation dynamics that has
not been explored. Indeed deletion of SIR4, like that of ULS1, alters repair pathway choice of Tg80,
suggesting that Sir4 might be an important SUMOylation target with respect to repair. SUMOylation

is known to interfere with NE interaction at Mps3(Ferreira et al. 2011).
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Notably, in absence of DNA damage the SMC5/6 complex does not require Mrel1 to associate to DNA.
In G2/M, SMC5/6 associates to chromosomes by binding cohesin (SMC1/3), while very few SMC5/6
molecules are detected along chromosomes in G1(Jeppsson et al. 2014). The binding sites are mostly
in intergenic regions that have a tendency for transcription-replication collisions. Moreover, SMC5/6
is not uniformly distributed: this is evident particularly on long chromosomes, where it concentrates
around the centromere and is much less detectable towards the telomeres. The longer a chromosome
arm, the more SMC5/6 accumulates in the centromeric region(Jeppsson et al. 2014). The reason for
this distribution was not demonstrated but there are several indications that SMC5/6 helps relieving
superhelical stress, which tends to be higher for long chromosomes. It has been difficult to
demonstrate that SMC5/6 targets topological stress, because mutants have pleiotropic phenotypes,
and their topological effect only becomes evident upon mutation of topoisomerases. Topological
stress is one feature of both high transcription and replication: during replication, the passage of the
fork separates the parental DNA strands causing the formation of supercoils ahead of the fork and
sister chromatid intertwinings (SCI) behind. In yeast topoisomerases I and II (Topl and Top2)
resolve the supercoils, whereas SCIs are resolved by TopZ2. During transcription, supercoils are
formed and resolved continuously. It was seen that in mutants of Top2 SMC5/6 accumulates along
the chromosomes in a manner dependent on chromosome cohesion. This accumulation did not relate
to the presence of DNA breaks, stalled replication forks or recombination (processes where SMC5/6
was shown to be involved), but was dependent on passage through S phase. This is coherent with the
idea that SMC5/6 recognizes a structure normally resolved by Top2, but that persists after
replication in absence of Top2. In fact, if Top2 is inactivated after replication in G2/M, the amount of
SMC5/6 binding on chromosome arms does not increase(Jeppsson et al. 2014). Moreover, the
modifications of two convergent natural gene promoters into high copy promoters is sufficient to
induce a new SMC5/6 binding site (C. Sjoegren, personal communication). To demonstrate that
SMC5/6 helps to resolve supercoils, the system of inducible translocation I discovered could become
useful, because it would shorten the already short chromosome III and elongate chr VII. The TG-HO
DSB could be placed at a site of high convergent transcription in the middle of a chromosome. This
should induce SMC5/6 binding. Upon DSB induction, the translocation would cause the site to be
located now at a telomeric region, where torsional stress is easily relieved by rotation of the
chromosome arm. It would be interesting to observe a reorganization of SMC5/6 along the shortened

chromsome arm, that would be in line with a topological function of SMC5/6.

This line of research is starting to be pursued by the Sjogren lab in Stockholm. Since chromosome III

is already small, to have a clearer phenotype they put the MNT2-HO-Tg80 construct in this
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orientation (TG on the telomeric side of the break, opposite to the orientation I used) in the middle
of another chromosome (XI), close to a site of high convergent transcription. Interestingly, they
observe translocation also in this different chromosomal context. The translocation, however, is not
onto chromosome VII but onto chromosome XIV. This result needs to be confirmed, and it is
necessary to understand what kind of repair pathway the TG end (that is, this time, the translocating
end) engages in. Importantly, this means that the inhibition of end joining observed in TG-flanked

DSBs is not dependent on some specific feature of the MAT locus.
A possible role of transcription in nuclear organization of DNA damage

One aspect that remains unexplored in the system we developed is the contribution of transcription
and the role of RNA polymerase II (Pol II). An important role for transcripts in the DNA damage
response is emerging in many organisms. In higher eukaryotes, these small RNAs are Dicer and
Drosha dependent, and they were proposed to help recruitment of repair proteins to break sites, or
to direct chromatin modification(Francia et al. 2012; Wei et al. 2012; Gao et al. 2014; Storici et al.
2014). S. cerevisiae lacks the RNAi machinery, yet small RNA species were detected and were
proposed to participate actively in the repair process by acting as templates for homologous
recombination reactions(Keskin et al. 2014). Furthermore, at telomeres TERRA, a long non-coding
RNA transcribed from subtelomeric promoters, has major functions in telomere stability. Mammalian
ALT cells overexpress TERRA: mounting evidence shows that increased TERRA transcription causes
the formation of DNA:RNA hybrids and stimulates the binding of RPA. Persistent RPA binding
stimulates the recombination with other telomeric sequences which constitutes the ALT mechanism
of telomere maintenance(Arora et al. 2014; Arora and Azzalin 2015). Telomeres depleted of TRF2
are uncapped and tend to fuse by NHE]. It was reported that the histone demethylase LSD1 increases
its association with uncapped telomeres, even without significantly altering chromatin structure. The
increased association of LSD1 with telomeres is instead dependent on Mrel1: Lsd1 stimulates Mrel1
nuclease activities and promotes the 3’ G overhang processing that precedes chromosome
fusions(Porro et al. 2014). Deprotected telomeres also overexpress TERRA, which bind LSD1 and are
important to stabilize LSD1 interactions with the MRN complex. In S. cerevisiae, it was demonstrated
that TERRA are overexpressed from a short telomere and a study used cytological live-cell assay to
show that TERRA form a nuclear cluster with telomerase. The authors suggest that once the cell
enters S phase, they guide telomerase to the telomere that needs to be elongated(Cusanelli et al.
2013). In absence of telomerase, TERRA molecules promote telomeric recombination of very short

telomeres: there, the transcripts produced associate with their native locus in R-loops, but their
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amount is not enough to recruit Ratl and RNAseH, enzymes that normally cleave R-loops, hence in

this condition TERRA promote DNA damage signaling and Rad51 recruitment(Graf et al. 2017).

The presence of damage-induced RNA species was reported that could affect the processing of ends:
the presence of a few oligonucleotides of ssRNA with a 3’-OH terminus was shown to be a sufficient
template for elongation by Pol II(Kadesch and Chamberlin 1982). In S. pombe, damage-induced RNAs
(diRNAs) were identified at DSBs and reported to stabilize short ssDNA tracts, thereby inhibiting RPA
binding(Ohle et al. 2016). In my system, transcription is occurring at the site of integration of TG
repeats: the promoter of the MAT locus is about 1500bp away, and the one of MATa1 is 350bp away.
When a DSB occurs in an actively transcribed region, higher eukaryotes activate an ATM-dependent
signaling pathway that shuts off transcription of the damaged region(Soutoglou et al. 2012). It has
been shown instead that in S. cerevisiae, inhibition of transcription around the damaged locus also
occurs, but is not Mec1/Tell dependent and is due to resection(Longhese et al. 2015). In the TG-HO
system described in this thesis, given that the TG side of the break is not resected, transcriptional
shutoff may not occur. It is possible that in such a situation the formation of R loops is favored, that
is the reannealing of the nascent RNA strand to the native DNA sequence. R loops have been shown
before to be associated with genomic instability and gross chromosomal rearrangements due to
replication fork collapse(Al-Hadid and Yang 2016). It is not excluded that they act elsewhere as well.
My system offers the opportunity to follow the effects of the stabilized transcription products on
repair outcome at a single hard-to-repair break: to begin with, one could overexpress RNAseH or
make use of the mutant rnh1rnh201, to see if and how DSB processing and repair pathway are

affected by these RNA species. In fact, TERRA, R loops and diRNA are all substrates of RNAseH.
The role of end separation in DSB repair pathway choice

Another question arising from my project is whether end separation is sufficient to promote ectopic
recombination, or whether there is something intrinsic to the TG end that contributes to the

translocation event on the opposite break end.

This question could be answered by the use of a strain with the same DSB at MAT and the MNT2
homology (without TG repeats), and with rfal-t11 mutation. This mutation maps to the OB fold in
the N terminus of the Rfal subunit of RPA. It is essential for recruitment of MRX, but it does not affect
resection, which makes it a great way to separate the function of these two events (resection and
MRX binding) on repair. Seeber et al.(Seeber et al. 2016) demonstrated that Rfal promotes the
function of MRX in holding break ends and sister chromatids together. They also show that this

mutant has reduced repair efficiency in both HR and NHE] tests. Nonetheless, with my system what
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[ would be scoring is not the absolute survival but rather the ratio NHE] /translocation, that is, how
end separation affects repair pathway choice, in absence of TG repeats (in the strain Tg0-HO-MNT?2).
This strain normally repairs only by end joining. If some of the galactose survivors in the rfal-t11
mutant would translocate, this would mean that an efficient recruitment of MRX is sufficient to affect

repair pathway choice.

[t is noteworthy that in T2(AG)3 strain, resection is as efficient as in a wt strain, but repair by NHE]
is only about 45%, versus the 5% of NHE] in Tg80. This means that resection and repair pathway are
not necessarily coupled. A further indication is the phenotype of ulsIA and sir4A on Tg80: both of
these mutants have almost no effect on the resection block on the TG side of the DSB, but increase
10-fold the frequency of NHE] among galactose survivors. While resection is measured in a
population of cells in a liquid culture, repair in my system always concerns a small percentage of the
total population of cells plated. What my data suggest is that while the binding of Rap1 is most likely
the key factor in rescuing the resection block of Tg80, other DSB factors not strictly dependent on
Rap1 contribute to inhibiting end joining in this strain, or other factors Rap1-dependent are actively
promoting GCRs. Whether this phenotype is an active promotion of GCRs or prevention of end joining
could be figured out by quantifying the total amount of survivors on galactose for the two constructs,
once the MNT2 homology region downstream of the HO cut site has been removed: in this case NHE]
is going to be the only available pathway for repair, and if end joining is inhibited by some other
factor that binds T2(AG)3, then the total amount of survivors in T2(AG)3-(no MNT2) should be

drecreased.

The phenotype of Tg80 sir44 is particularly interesting: at telomeres, Rap1 was proposed to inhibit
end joining through three independent pathways, one dependent on Sir4, one on Rif2, and one on the
central domain of Rap1 itself(Marcand et al. 2008). These pathways were shown to act also at an
internal DSB flanked by 256 bp of telomeric repeats, but the mechanism is not known(Marcand et al.
2008). Moreover, at telomeres Sir4 and Uls1 were shown to prevent NHE] (telomere fusions) in a
synergistic manner, so it can be speculated that also in the described TG-HO system a double mutant
sir4Auls1A would have more NHE] over HR repair (Lescasse et al. 2013). While 250bp of telomeric
repeats can nucleate Sir4-mediated heterochromatin, 80bp are not enough to do so(Luo et al. 2002),
yet I observe end joining inhibition also in Tg80, which is located in a transcribed locus (where Sir4
is not expected to bind), suggesting that Sir4 function in preventing end joining might be independent
from its role in heterochromatin formation. Intriguingly, Sir4 was found to interact with several
deubiquitylating enzymes, like Tom1 and Dia2 E3 ligases, Ubp10 and Ubp3 proteases. The

significance of these interactions has been partially explored only in the context of heterochromatin
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maintenance: for example, DiaZ was shown to promote silencing at telomeres and HM loci by keeping
the amount of monoUb-H2B low. Ub-H2B is required for H3K4 and H3K79 methylation, that are
markers of transcriptional activity and an obstacle for Sir4-mediated heterochromatin assembly.
H3K79me is known to recruit Rad9 (the yeast homologue of 53BP1) that blocks resection and favors
end joining(Wysocki et al. 2005). Moreover, Tom1 is known to be required for DiaZ ubiquitylation
and degradation in G2 phase, while in S phase DiaZ2 is stablilized. Sir4 is also a target of Tom1. Since
Sir4 is having such significant effect on repair of Tg80, despite the locus not being heterochromatic,
it could be that Sir4 function at this DSB is to bring in ubiquitin ligases. A way to explore a possible
role of Sir4 ubiquitylation would be to try complement Sir4 deletion with a Sir4-RKR mutant that is
not ubiquitylated and quantify an effect of NHE] repair. One could also get a comprehensive view of
ubiquitylation with a mass-spec (SILAC) approach that compares ubiquitylation after a DSB +/- Tg

repeats, exploiting the presence of lacO-repeats.
Relevant modifications to the TG-HO system

TG-HO system offers the possibility to investigate the order of events at a persistent break in relation
to the nuclear periphery. The relative movement of two homologous loci was studied previously in
diploids(Rothstein and Rodney 2012). Now that we know how few telomeric repeats are able to
affect break processing, we could tag the nonTG (translocating) side of the DSB, as well as the
homologous donor on chr VII, and analyze several features: what is the timing required for the break
and the donor site to come together? The rate of survival is very low compared to reported examples
of ectopic recombination(Haber et al. 2016). One possible reason for this could be that the donor and
acceptor sequences are located in different regions of the nuclear volume(Agmon et al. 2013), and
contact frequency of donor and acceptor sequences is a major determinant of repair
frequency(Haber et al. 2016). In addition, the donor (MNTZ2) is located in a subtelomeric region,
hence embedded in heterochromatin at the nuclear periphery. This could make it less dynamic and
decrease the chances of contact with the DSB during homology search(Batte et al. 2017). By
visualization of the break and the donor site it would be possible to understand the dynamics of
homology search for the two recombination partners and how they are affected by their chromosome
location. Moreover, by adding a tag to the NPC one could examine how they move in relation to the
NE. When do they relocate to nuclear pores and how long does the binding persist? Do the two ends

meet at pores or beforehand?

Further insights on the effect of TG repeats on DSB repair could come from inserting the TG repeats

on the opposite side relative to the HO, in a MNT2-HO-TG80 setup: now, TGs would be on the
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telomeric side of the break. A probable outcome of repair is illustrated in Figure 6. This system could
be tuned to allow an unbiased screen for factors that promote NHE] in presence of TG repeats. Upon
DSB induction, the nonTG side will recombine with chromosome VII and likely be repaired by BIR,
while the TG side of chromosome III will form an acentric chromosome with two telomeres. Since it
harbors essential genes, this acentric chromosome will probably be maintained for several
generations, but eventually it might be lost, causing cell death. As mentioned before, some
preliminary data from the Sjogren lab indicate that in MNT2-HO-TG80 a translocation still takes
place: it could be caused by a telomere-telomere fusion of the acentric chromosome with another
chromosome, or by some microhomology region present within the 100kb. In any case, if this result
will be confirmed, it will be important to establish the frequency of this translocation, as well as the
rate of loss of the acentric chromosome. A rate of loss within a few hundreds of generations, together
with a very low frequency of translocation, would allow to use the MNT2-HO-TG80 system for a
mutagenic screen: random mutagenesis of the culture before cut induction with galactose, than
plating on galactose, replicating plates (to allow time for loss of the acentric chromosome and
consequent death of the corresponding colony), and screening the repair of survivors. Survivors
repairing by end joining could then be characterized to find out which genes were hit by the

mutagenesis. One positive control in this screen would be Uls1.

[t must be said that this perspective is rather optimistic: essential genes will probably not be lost so
easily, and cells with an acentric chromosome are able to survive for several generations(Dani and
Zakian 1983). However, the system could be designed so that the gene recreated by recombination
is not MNT?2, but a toxic gene that becomes functional only upon BIR. This gene would allow for a

positive selection of candidates whose loss favors end joining.
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Many insights into the effect of TG repeats on repair would also come from other setups, with TG
stretches flanked by a DSB, but a different homology region. In fact, all the non-NHE] survivors I
observed had a nonreciprocal translocation, and this way of repairing is possible because the loss of
the subtelomere of chromosome VII is compatible with life. If the donor homology region was placed
more centromere proximal, what would be the outcome of repair? There would likely be just very
rare (NHE]) survivors (5% of Tg80 survivors still repair by end joining), but in this condition repeats
could also promote some kind of different GCR, or be extended creating genomic instability that can

be followed over generations.

By inserting short repeats on both sides in the middle of a chromosome arm, it would be possible to
investigate if it is the imbalance in the binding of MRX, rather than MRX itself, that determines repair
pathway choice. If MRX binding is the key determinant for repair, the survivors would probably have
elongated both ends, and 100kb of chromosome III will be maintained as a stable acentric
chromosome for a few generations(Dani and Zakian 1983). But if it is rather the imbalance of MRX
that prevents appropriate end joining in Tg80 construct, than in TG80-HO-TG80 the cell might

compensate for the absence of MRX by upregulating end joining.
A model system for the study of translocations

Another relevant point deriving from my work concerns the minimum homology required to see the
translocation occur. This is relevant also for a possible application of this system to study
translocations in mammalian cells. In fact, translocations are a hallmark of cancer development: they

occur particularly frequently in genomic locations called Chromosome Fragile Sites (CFS)(Schwartz
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et al. 2005), but the reasons are still largely mysterious. New generation sequencing data have
allowed to correlate many features of CFS with translocation frequency, although it has been very
difficult to establish causality(Hogenbirk et al. 2016) (so far, only an open chromatin structure is a
solid predictive factor). One main reason has been the lack of a genetic system to study the aetiology
of translocations. My study could provide a way to look at early molecular events at a DSB that is

known to be prone to repair by translocation.

There are different kinds of translocation, and most of them in mammalian cells are mediated by
alternative NHE], since HR is much less common in the mammalian nucleus. Whatever the
mechanism, clearly the exposure of microhomology or repeated regions is a promoting factor. In
particular, the translocation I isolated is a nonreciprocal translocation. Primary nonreciprocal
translocations are quite rare, but characteristic of epithelial(Mitelman et al. 2007) and renal
cancers(Ali et al. 2013). Moreover, the frequency of nonreciprocal translocations increases with
cancer progression in most types of tumors. This study could therefore provide an excellent model

system to get better insight into the mechanisms leading to this kind of rearrangements.

In conclusion, this thesis provides evidence that having as little as 80bp of TG repeats flanking a DSB
has dramatic effects on its processing, its nuclear localization and the repair outcome. TG repeats
block Mrel1 binding and resection, causing break ends to come apart, thereby substantially favoring
gross chromosomal rearrangements. Moreover, for the first time we can visualize by microscopy DSB
separation without the use of mutants, and potentially also a complex chromosomal rearrangement.
Much remains to be learned, and how the nuclear envelope, the cytoskeleton and genomic locations

affect these events will be an exciting future research topic.
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APPENDICES

List of abbreviations

53BP1
A-E]
ALT
ATM
ATR
CFS
CST
DDR
diRNA
DSB
dsDNA
Gal
GCR
HR

ITS
LINC
MRX(N)
MSD
ncRNA
NE
NER
NHE]
NPC
PML
RPA
SCI
SDSA
SIR
SMC5/6
SPB
SSA
ssDNA
STUbL
SUMO
TRF (1/2)
uSCR

p53 binding protein 1

Alternative End Joining

Alternative Lengthening of Telomeres
Ataxia-Telangectasia Mutated
Ataxia-Telangectasia and Rad3 related protein
Chromosome Fragile Site
Cdc13-Stn1-Tenl complex

DNA Damage Response

Damage-induced RNA

Double Strand Break

Double-stranded DNA

Galactose

Gross Chromosomal Rearrangements
Homologous Recombination

Internal Telomeric Sequences

Linker of Nucleoskeleton and Cytoskeleton
Mrel11-Rad50-Xrs2 (Nbs1 in mammals)
Mean Square Displacement

Non-coding RNA

Nuclear Envelope

Nucleotide Excision Repair
Non-homologous End Joining

Nuclear Pore Complex

ProMyelocitic Laeukemia

Replication Protein A

Sister Chromatids Intertwinings
Synthesis Dependent Strand Annealing
Silent Information Regulators

Structural Maintenance of Chromosomes
Spindle Pole Body

Single Strand Annealing

Single-stranded DNA

SUMO-dependent Ubiquitin Ligase

Small Ubiquitin-like Modifier

Telomere Repeat-binding Factor
Unequal Sister Chromatids Recombination
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