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SUMMARY

Functional telomeres in yeast lacking telomerase can be restored by rare Rad51-
or Rad59-dependent recombination events that lead to type | and type Il survi-
vors, respectively. We previously proposed that polySUMOylation of proteins
and the SUMO-targeted ubiquitin ligase SIx5-SIx8 are key factors in type Il recom-
bination. Here, we show that SUMOylation of Rad52 favors the formation of type
| survivors. Conversely, preventing Rad52 SUMOylation partially bypasses the
requirement of SIx5-SIx8 for type Il recombination. We further report that
SUMO-dependent proteasomal degradation favors type Il recombination.
Finally, inactivation of Rad59, but not Rad51, impairs the relocation of eroded
telomeres to the Nuclear Pore complexes (NPCs). We propose that Rad59 coop-
erates with non-SUMOylated Rad52 to promote type Il recombination at NPCs,
resulting in the emergence of more robust survivors akin to ALT cancer cells.
Finally, neither Rad59 nor Rad51 is required by itself for the survival of estab-
lished type Il survivors.

INTRODUCTION

Telomeres are nucleoprotein structures located at the chromosome ends. They ensure complete replica-
tion of and prevent undesirable repair activities at the chromosome physical ends (Kupiec, 2014). In Saccha-
romyces cerevisiae, telomeres form perinuclear foci, the formation of which depends on two redundant
pathways that involve Sird and the heterodimeric yKu70-yKu80 complex (Taddei et al., 2004). Sird anchors
telomeres to the nuclear membrane via its interaction with the nuclear-membrane-associated Esc1 (Andru-
lisetal., 2002; Gartenberg et al., 2004; Taddei et al., 2004), whereas yKu-dependent anchoring has different
requirement in G1 and S-phase. In G1, it depends on yKu70 and on a yet unidentified membrane factor,
whereas in S-phase it requires the telomerase holoenzyme and the integral nuclear membrane protein
Mps3 that also contributes to the Sird-dependent anchoring (Bupp et al., 2007; Oza et al., 2009; Schober
et al., 2009; Taddei et al., 2010). In normal conditions, perinuclear positioning of telomeres is regulated
by the covalent attachment of the small ubiquitin-like modifier (SUMO/Smt3). SUMOylation of both
Yku70/80 and Sird by the SUMO E3 ligase Siz2 promotes telomere anchoring to the nuclear envelope
(NE) (Ferreira et al., 2011). Telomere recombination is normally repressed, and their peripheral positioning
may sequester telomeres in an HR-inhibitory zone (Géli and Lisby, 2015).

In the absence of telomerase, telomeres progressively shorten with each cell division until their protective
function fails. At this point, the cell population enters irreversible growth arrest (Lundblad and Szostak,
1989) often referred to as replicative senescence. In addition, telomerase-negative cells may undergo sto-
chastic reversible arrests, consistent with the repair of accidental telomere damage probably arising as a
result of telomere replication stress due to absence of telomerase (Aguilera et al., 2020; Churikov et al.,
2014; Simon et al., 2016; Xie et al., 2015; Xu et al., 2015). Crisis is defined as the time point when most of
the cells in a population are arrested at the G2/M transition (or dead). This arrest results from activation
of the Mec1-dependent DNA damage checkpoint that is activated directly in response to deprotected
telomeres (Enomoto et al., 2002; Hector et al., 2012; [Jpma and Greider, 2003). Rare survivors are able
to escape the permanent arrest by repairing their telomeres via two distinct pathways that require both
the essential homologous recombination factor Rad52 and the non-essential subunit of DNA polymerase
3, Pol32 (Chen et al.,, 2001; Lundblad and Blackburn, 1993; Lydeard et al., 2010). Type | survivors depend on

4')

b

"Marseille Cancer Research
Center (CRCM), U1068
Inserm, UMR7258 CNRS, Aix
Marseille University, Institut
Paoli-Calmettes, Marseille,
13009, France

?Department of Biology,
University of Copenhagen,
Copenhagen N, Denmark

3These authors contributed
equally

“Lead contact
*Correspondence:
marie-noelle.simon@inserm.

fr (M.-N.S.),
vincent.geli@inserm.fr (V.G.)

https://doi.org/10.1016/j.isci.
2021.102231

oo iScience 24, 102231, March 19, 2021 © 2021 The Author(s). 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:marie-noelle.simon@inserm.fr
mailto:marie-noelle.simon@inserm.fr
mailto:vincent.geli@inserm.fr
https://doi.org/10.1016/j.isci.2021.102231
https://doi.org/10.1016/j.isci.2021.102231
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.102231&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

Rad51 and exhibit amplified subtelomeric Y’ elements and short terminal telomeric sequences (Le et al,,
1999). Type Il survivors display long heterogeneous terminal TG, 3 sequences and their formation requires
the MRX complex, Rad59, the yeast RecQ helicase Sgs1, and Sae2 (Chen et al., 2009; Hardy et al., 2014; Le
etal, 1999; Lee et al., 2007; Teng et al., 2000). In liquid cultures, type | survivors appear first, but the cultures
are quickly taken over by type Il survivors that have nearly wild-type growth rate (Hardy et al., 2014; Teng
and Zakian, 1999).

As telomeres shorten, they lose their capping function and are subject to unregulated degradation by nu-
cleases (Dewar and Lydall, 2012; Hardy et al., 2014). Accordingly, the amount of single-stranded DNA in-
creases at telomeres during senescence (Deshpande et al., 2011; Fallet et al., 2014), and RPA is increasingly
recruited to telomeres in senescing cells (Khadaroo et al., 2009). We previously reported that eroded telo-
meres relocalize from the nuclear envelope to the nuclear pore complex (Khadaroo et al., 2009). We further
showed that eroded telomeres accumulate high level of SUMOylated telomere bound proteins that are
recognized by the SUMO-targeted ubiquitin ligase (STUbL) SIx5-SIx8 (Churikov et al., 2016). Relocation
to the NPCs appears to be causally linked to the recruitment of SIx5-SIx8 to eroded telomeres (Churikov
et al., 2016). This process shares similarities with the relocation of irreparable DSBs and expanded CAG re-
peats to the NPCs (Horigome et al., 2016; Nagai et al., 2008; Su et al., 2015) but may also exhibit some dif-
ferences. We and others proposed that failure to repair telomeres via canonical HR leads to excessive accu-
mulation of SUMO, which targets telomeres to the NPCs where recombination intermediates can be
stripped of SUMOylated proteins (Géli and Lisby, 2015; Nagai et al., 2011). In turn, this would help to disas-
semble dead-end recombination intermediates, thus allowing type Il telomere recombination as a telo-
mere rescue pathway (Freudenreich and Su, 2016; Géli and Lisby, 2015).

DNA damage triggers a SUMOylation wave promoted by extended ssDNA that results in the SUMOylation
of a whole set of DNA damage checkpoint, replication, and repair proteins (Burgess et al., 2007; Cremona
et al., 2012; Psakhye and Jentsch, 2012; Sacher et al., 2006). The SUMOylation of individual homologous
recombination proteins are thought to act synergistically through a combination of SUMO-SIM interactions
to accelerate DNA repair (Psakhye and Jentsch, 2012). In addition, a number of constitutive telomeric pro-
teins are also SUMOylated including yKu, Rap1, and Cdc13 (Hang et al., 2014; Lescasse et al., 2013), and we
previously showed that Rfal is SUMOylated in response to telomere erosion in est24 cells (Churikov et al.,
2016). In this study, we address the functional consequences of the SUMOylation of RPA and Rad52, two
factors essential for telomere recombination. We show that SUMOylation of Rad52 functions as a molecular
switch that channels telomere recombination to either Rad51- or Rad5%9-dependent pathways, revealing a
new role of SUMQylation in the choice of the pathway that leads to telomerase-independent survivors. We
further show that relocation of the eroded telomeres to the NPCs is greatly impaired in the absence of the
Rad52 paralog Rad59, suggesting that specific recombination intermediates play a role in the tethering of
eroded telomeres to the NPC.

RESULTS

SUMOylation-deficient RPA still interacts with STUbL SIx5-SIx8 and rfa-5KR cells form type Il
survivors in the absence of telomerase

We previously reported that the SUMOylation state of proteins bound to telomeres is a key determinant in
the spatial regulation of telomere recombination (Churikov et al., 2016). We demonstrated that RPA phys-
ically interacts with the SIx5/SIx8 STUbL and that polySUMOyalted forms of RPA accumulate during senes-
cence in the absence of STUbL activity. To further elucidate the role of RPA SUMOylation, we mutated five
lysines distributed over the three subunits of RPA, which were reported to be the major SUMOylation sites
(Psakhye and Jentsch, 2012). The resulting mutant, rfal-K133R,K170R,K427R rfa2-K199R rfa3-K46R (rfa-5KR
henceforth), showed reduced SUMOylation in response to methyl-methane sulfonate (MMS) exposure (Fig-
ure 1A). Notably, the rfa-5KR mutant still co-immunoprecipitated with SIx5 (Figure 1B), suggesting that the
basal interaction between the two proteins is largely independent of SUMO-SIM binding. We next as-
sessed the type of survivors generated in the rfa-5KR background in the absence of telomerase. A hetero-
zygous EST2/est24 RFA/rfa-5KR diploid strain was sporulated, and tetrads were dissected. After the germi-
nation of the spores (20-30 generations), telomerase negative cells were selected, inoculated in liquid
culture, and propagated by diluting to ODgog = 0.1 every 24 h. To avoid any bias in the starting length
of telomeres, est24 and est24 rfa-5KR clones were isolated from the same diploid. As expected, prolifer-
ation of the est24 cells progressively declined, culminating in the crisis after about 70 population doublings
(PDs) when most of the cells stopped dividing before type Il survivors took over the culture (Figures 1C and
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Figure 1. SUMOylation-deficient RPA mutant retains basal interaction with SIx5 and does not affect type Il
survivor formation

(A) The effect of rfa-5KR mutation on MMS-induced Rfal SUMOylation was analyzed by immunoblotting with anti-RFA
serum. The cells were treated with 0.25% MMS for 2 h where indicated.

(B) Co-immunoprecipitation of the HA-SIx5 with either Rfal wild-type or Rfa-5KR proteins. The presence of HA-SIX5 in the
anti-RPA immunoprecipitates was determined by anti-HA (12CA5) immunoblotting. The fuzzy band detected in all anti-
RPA immunoprecipitates is due to cross-reactivity of the anti-HA antibody with unknown protein precipitating with anti-
RPA serum. To verify DNA-independent interaction between HA-SIx5 and Rfa1, the extracts were treated with DNase |
(100 pg/mL) for 30 min on ice prior to immunoprecipitation.

(C) Mean senescence profiles of est24 (n = 12), est24 sIx84 (n = 8), est24 rfa-5KR (n = 17), and est24 rfa-5KR slx48 (n = 9)
clones. Each clone issued from a spore colony was propagated in liquid culture through daily serial dilution. ODggp was
measured every day to estimate the cell density reached in 24 h. PD numbers were estimated from the initial spores. Bars
are SD.

(D) Relative frequencies of the telomerase-independent survivor types formed by the clones analyzed in (C). Note that the
profile of est24 sIx84 is from a total of 28 clones that have been analyzed throughout this study (see also Figure 4).

1D). The rfa-5KR slightly accelerated senescence of est24 cells, indicating that RPA SUMOylation facilitates
telomere maintenance early after inactivation of telomerase. Yet, we did not find any defect in the ability of
rfa-5KR mutant to form type Il survivors in liquid cultures (Figures 1C and 1D). We reasoned that if type Il
recombination requires either degradation or deSUMOylation of poly-SUMOylated RPA at the nuclear
pores, we may expect SUMOylation-defective RPA mutant to bypass the necessity of NPC relocalization.
To address this possibility, we analyzed the type of survivors produced by est24 rfa-5KR cells carrying a
deletion of SLX8 that prevents relocalization of eroded telomeres to the NPCs (Churikov et al., 2016).
We found that the rfa-5KR allele slightly delayed the senescence of est24 six84 cells (Figure 1C) and
moderately rescued type Il recombination in sIx84 cells (Figure 1D). The lack of complete rescue of the
type Il recombination in the absence of STUbL activity by the SUMOylation-defective RPA suggested
that SIx5-SIx8 targets other poly-SUMOylated proteins in which efficient turnover and/or de-SUMOylation
is required for full-capacity type Il recombination.

Because we found that RPA SUMOylation is dispensable for basal interaction between SIx5 and RPA, we
tested whether type Il recombination depends on efficient binding of RPA to the telomeres. To this end,
we took advantage of the rfal-D228Y allele (Smith and Rothstein, 1995). The RPA-D228Y complex shows
reduced affinity for single-stranded DNA in vitro (Audry et al., 2015; Deng et al., 2014) and elevated level
of recombination in vivo (Smith and Rothstein, 1999). After sporulation of a heterozygous EST2/est24
RFA1/rfa1-DD28Y diploid and selection of the appropriate genotypes, senescence rate and survivor
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Figure 2. The absence of Rad52 SUMOylation accelerates replicative senescence and facilitates type Il survivor
formation

(A) Mean replicative senescence curves of est24 and est24 rad52-3KR (n = 26). Error bars are SDs.

(B) Telomere length and recombination were analyzed by TG4 3 probed Southern blot of Xhol-digested DNA prepared
from samples of the replicative senescence. The result for two representative clones is shown. The number of PDs from
spore germination is indicated.

(C) Mean senescence profiles of est24 saed (n = 4), est24 and est24 rad52-3KR (n = 7) clones.

(D) Relative frequencies of the telomerase-independent survivor types for est24 (n = 44), est24 rad52-3KR (n = 26), est24
sae24 (n = 4), and est24 sae24 rad52-3KR (n = 7) clones.

production were analyzed as described earlier. The Figures STA-S1C shows that rfa1-D228Y greatly accel-
erated senescence and prevented the formation of type Il survivors in four out of four independent clones
analyzed. Together, our data suggest that although high-affinity-binding of RPA is crucial for both prevent-
ing precocious senescence and for the formation of type Il survivors, its SUMOylation is largely dispensable
for type Il recombination.

Rad52 SUMOylation influences the balance between telomere recombination pathways
Treatment with genotoxic agents induce mono- and di-SUMOylated forms of Rad52 with apparent molec-
ular masses of approximately 85 and 105 kDa (Sacher et al., 2006). We analyzed Rad52 SUMOylation status
in telomerase-negative cells at different stages of senescence obtained by sequential re-streaking on solid
medium (Figure S2). We detected two Rad52 forms that migrate as the mono- and di-SUMOylated Rad52
that were also observed in EST2 positive cells treated with MMS (Figure S2). We concluded that Rad52
became mono- and di-SUMOylated upon telomere erosion and remained SUMOylated in survivors.

We next addressed the role of Rad52 SUMOylation during the course of telomere erosion. Growth rates
were analyzed in telomerase-negative cells (est24) carrying the rad52-K43,44,253R allele (called rad52-
3KR) encoding a non-SUMOylatable form of Rad52 (Sacher et al., 2006). After sporulation of a heterozy-
gous EST2/est24 RAD52/rad52-3KR diploid and selection of the appropriate genotypes, senescence rate
was analyzed as described earlier. Examination of a large number of independent clones revealed that
rad52-3KR conferred a slightly accelerated senescence (Figure 2A). Analysis of telomere length indicated
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Figure 3. The rad52-3KR mutation impairs Rad51-dependent type I survivor formation

(A) Mean replicative senescence curves of est24, est24 rad51A (n = 4), and est24 rad514 rad52-3KR (n = 3) cells. Bars are
SD.

(B) Replicative senescence est24, est24 rad594 (n = 10), and est24 rad594 rad52-3KR (n = 8) clones. Bars are SD.

(C) The crisis period is determined as the number of days the cell population stays arrested for each individual clones
analyzed. Crisis period average calculated for each mutant is represented. T test analysis between crisis period of est24
rad594 and est24 rad594 rad52-3KR spores scores 0.029 (*).

(D) Cell density at crisis corresponds to the optical density (OD) at 600nm measured at the nadir of crisis. Average of the
lowest ODg4qp during replicative senescence is represented for each mutant. T test analysis between est24 rad594 and
est24 rad594 rad52-3KR spores scores 0.016 (*).

that the rate of telomere shortening was similar between est24 and est24 rad52-3KR cells (Figure 2B).
Next, we aimed to determine the effect of non-SUMOylatable Rad52 on the choice of survivor pathway.
Because est24 cells generate mainly type Il survivors in liquid cultures, we introduced the rad52-3KR
allele in est24 cells carrying a deletion of SAE2 that impairs type Il survivor formation (Churikov et al.,
2014, Hardy et al., 2014). Analysis of several independent sae24 est24 rad52-3KR clones revealed that
a number of them generated type Il survivors (Figures 2C and 2D), suggesting that non-SUMOylatable
Rad52 may favor type Il survivor formation. To further address the role of Rad52 SUMOylation in telomere
recombination, we combined the rad52-3KR mutation with deletions of either RAD51 or RAD59, specif-
ically required for type | and type Il survivors formation, respectively (Chen et al., 2007; Le et al., 1999).
est24 rad52-3KR rad514 and est24 rad52-3KR rad594 clones were isolated from the suitable heterozy-
gous diploid strains and processed as described earlier (Figure 3). The absence of either Rad51 or
Rad59 in telomerase negative cells has been reported to accelerate replicative senescence (Chen
et al., 2001; Johnson et al.,, 2001). As shown in Figures 3A and 3B, preventing the SUMOylation of
Rad52 did not affect the kinetics of senescence of rad514, whereas it did accelerate senescence of
rad594 cells. In addition, the est24 rad594 rad52-3KR triple mutant exhibited an extended crisis period,
indicating that formation of type | survivors was delayed compared with the est24 rad594 double mutant
(Figure 3C). Consistent with these results, careful examination of the cell density at crisis indicated that
the rad52-3KR mutation decreases the survival of the est24 rad594 double mutant (Figure 3D). Collec-
tively, these results indicate that SUMOylation of Rad52 fosters Rad51 functions during senescence,
including formation of type | survivors. This inference was reinforced by the analysis of the rad51 mutant
lacking the carboxy-terminal SIM domain that has been shown to strengthen the interaction between
Rad51 and SUMOylated Rad52 (Bergink et al., 2013). To determine the ability of the rad514SIM allele
to sustain Rad51-dependent recombination during senescence, we introduced it in est24 sae24 cells
that are impaired in type Il survivor formation. We found that the rad514SIM accelerated senescence
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Figure 4. The rad52-3KR mutation partially bypasses the need for SIx8 for type Il survivor formation

(A) Mean senescence profiles of est24 (n = 7), est24 sIx84 (n = 11), est24 rad52-3KR (n = 6), and est24 rad52-3KR sIx48
(n = 14) clones. The est24 sIx84 profile is as in Figure 1D and is shown for comparison. Bars are SD.

(B) Relative frequencies of the telomerase-independent survivor types formed by the clones analyzed in (A).

(Figure S3A) and exhibited a reduced ability to produce type | survivors in the sae24 background as
shown by a prolonged crisis period before survivor appearance (Figure S3A and S3B).

The absence of Rad52 SUMOylation partially bypasses the role of SIx5-SIx8 in type Il survivor
formation

We previously suggested that deSUMOylation and/or SUMO-dependent degradation of telomere-bound
proteins at the nuclear pore might favor type Il recombination (Géli and Lisby, 2015). Therefore, our find-
ings that rad52-3KR benefits type Il recombination suggest that Rad52 might be one of the targets of this
deSUMOylation pathway. We thus addressed the possibility that preventing Rad52 SUMOylation bypasses
the need for SIx5-SIx8 STUbL activity in type |l recombination. To this end, we analyzed the type of survivors
produced by est24 rad52-3KR cells carrying a deletion of SLX8. The rad52-3KR allele did not significantly
rescue the accelerated senescence induced by the absence of SIx8 (Figure 4A). However, the non-SUMOy-
latable form of Rad52 favored type Il recombination even in the absence of STUbL activity as more type Il
recombination events occurred in est24 sIx84 rad52-3KR as compared with est24 sIx84 cells (Figure 4B,
p = 0,01). This suggests that deSUMOylation or degradation of SUMO-Rad52 at the NPC could be one
link that connects type Il recombination with relocalization of eroded telomeres to the NPCs.

SUMO-dependent proteasomal degradation promotes type Il recombination

The ATPase Cdc48 facilitates extraction from chromatin of the proteins marked by ubiquitin or SUMO for
degradation by the proteasome. It acts together with the substrate-recruiting co-factor Ufd1 that binds SU-
MOylated proteins and operates as a selective receptor for STUbL targets (Nie et al., 2012). Because Cdc48/
Ufd1 binds to SUMOylated Rad52 and acts in parallel with Srs2 in restricting Rad51 levels on DNA (Bergink
et al., 2013), we investigated whether it impacts type Il recombination. We isolated est24 clones carrying
either the temperature-sensitive allele ufd1-2 or an allele of ufd1 lacking the C-terminal SIM domain (ufd14
SIM) and monitored their senescence profiles at 30°C. Both alleles appeared to slightly accelerate senes-
cence and extend the crisis period, suggesting that fully functional Cdc48/Ufd1 complexes are required
for survivor formation (Figures 5A and 5B). Telomere length analysis by Southern blot further showed
that the mutant alleles of UFD1 preferentially impact or delay the appearance of type Il survivors (Figures
5C and S5). In line with the observation that Cdc48/Ufd1 weakens the Rad51-Rad52 interaction through
its binding to SUMOylated Rad52 (Bergink et al., 2013; Niu and Klein, 2017), this result further supports
our hypothesis that shifting a balance of Rad52 interactions from Rad51 toward Rad59 allows the telomeres
to engage in type Il recombination. It also suggested that formation of the Rad51 filament at eroded telo-
meres may impede type Il recombination.

Because Srs2 has the ability to both dismantle and prevent re-formation of Rad51 filament, we next tested
whether this protein is required for type Il recombination. The deletion of SRS2 did not significantly impact
the rate of senescence (Figure S6A) but completely prevented formation of type Il survivors as five out of
five independent est24 srs24 clones formed only type | survivors in liquid cultures (Figure S4B). Because
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Figure 5. Ufd1 mutants impact type Il recombination

(A) Mean replicative senescence curves of est24 (n = 6), est24 ufd1ASIM (n = 6), and est24 ufd1-2 (n = 6) cells. Bars are SD.
(B) Average of the length of the crisis period for each mutant is represented (see Figure 3C). Statistical differences were
determined by a Fisher's exact test (*p = 0.022, ***p = 0.008).

(C) Relative frequencies of the telomerase-independent survivor types formed.

Srs2 is a multi-functional protein (Figure S6C), we took advantage of the well-characterized Srs2 C-terminal
truncation mutants (Niu and Klein, 2017) to ask which of its functions is instrumental for type Il recombina-
tion. One mutant, srs2 1-998, retains both the helicase and Rad51 displacement activity but is missing the
PCNA interaction domain and the other, srs2 1-860, lacks in addition to the Rad51 interaction domain.
Neither mutant affected type Il recombination (Figure Sé6D). This suggests that the helicase function of
Srs2 rather than its strippase activity is required for type Il recombination. From these experiments, we
conclude that Srs2 rather functions in the break-induced replication that generates long telomeres in
type Il survivors in line with its role in preventing toxic structures during BIR (Elango et al., 2017).

Rad59, but not Rad51, is required to target eroded telomeres to the NPC

To further explore the requirements for telomere localization to NPCs, we used fluorescence microscopy to
address the role of DNA repair proteins in this process. As previously described, to monitor telomere re-
localization to NPCs we used the est2A pEST2-URA3 strain carrying an N-terminal deletion of Nup133
(nup1334N) and expressing CDC13-YFP, RAD52-RFP, and CFP-NUP49 under the control of their native
promoters (Khadaroo et al., 2009). The nup1334N causes NPC clustering at one side of the nucleus. After
loss of telomerase, the position of eroded telomeres were determined by the colocalization of Cdc13-YFP,
Rad52-RFP foci, and CFP-Nup49 as cells progressed into senescence (Figure 6A) (Churikov et al., 2016; Kha-
daroo et al., 2009). In agreement with our previous studies, we observed that Cdc13-YFP and Rad52-RFP
colocalized in a single focus at the NPC cluster after loss of telomerase (Figure 6A). The rfa-5KR mutations
only partially affected the relocation of eroded telomeres to the NPC (Figure 6B). We next analyzed telo-
mere relocation to the NPC in cells lacking either Rad59 or Rad51. The absence of Rad51 did not prevent
the relocalization of eroded telomeres to the NPC (Figure 6B) and in fact slightly augmented it. In striking
contrast, deletion of RAD59 largely abolished the Cdc13-YFP and Rad52-RFP colocalization with the NPC
(Figure 6C).

Because Rad59 is also SUMOylated at lysines 207 and 228 in response to DNA damage (Psakhye and
Jentsch, 2012; Silva et al., 2016), we asked whether a non-SUMOylatable allele of RAD59 (rad59-
K207,228R a.k.a. rad59-2KR) would affect telomere localization and recombination. Telomerase negative
cells carrying the rad59-2KR allele exhibited a slightly delayed senescence (Figure S7A). Similarly to
est24 cells, the est24 rad59-2KR cells produced type Il survivors in liquid culture (Figure S7B), indicating
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(A) Co-localization of Cdc13-YFP/Rad52-RFP foci with CFP-Nup49 during replicative senescence in est24 cells. Eroded telomeres in est24 cells are detected
as foci containing both Rad52-RFP and Cdc13-YFP in the nup1334N background, which causes Nup49-CFP (NPCs) to cluster at one side of the nucleus.

Representative images illustrating the colocalization of Cdc13, Rad51, and Nup49 are shown.

(B) Quantification of the triple colocalization of Cdc13-YFP, Rad52-RFP, and Nup49-CFP during senescence and at the time of crisis. The data are
represented as the means + SEM for 4, 2, 4, 2, and 2 biological replicates for the est24, est2 rfal-5KR, est24 rad514, est24 rad59-2KR, and est24 rad594

mutants, respectively. Control est24 are from Churikov et al., (2016).

that Rad59 SUMOylation has no detectable impact on type Il recombination. In contrast to rad594 cells,
telomere relocation to the NPC was not affected in the rad59-2KR mutant (Figure 6B). We concluded
that Rad59 is required for telomere relocalization to and/or stabilization at the NPC independently of its
SUMOylation, whereas Rad51 does not seem to be involved in this process. These results draw an
intriguing link between the positive role that Rad59 plays in type Il survivor pathway and its requirement
for relocalization of eroded telomeres to NPCs.

Rad59 is dispensable for telomere maintenance in type Il survivors

To determine whether the role of Rad59 extends beyond the initial elongation of telomeres by type Il recombi-
nation, we asked whether Rad59 is still required for telomere maintenance in the established type Il survivors.
One RAD59 allele was deleted in an est24 diploid strain isolated by crossing type Il survivors of opposite mating
types. After sporulation of the diploid, the spore colonies were serially restreaked on YPD plates for an estimated
number of 250 population doublings (10 restreaks). Strikingly, although Rad59 is strictly required for type Il sur-
vivor formation, it appeared dispensable to sustain their growth and to maintain the long and heterogeneous
telomeres characteristic of type Il survivors (Figure 7A). Telomere length appeared to be strictly dependent
neither on Rad51 once type Il survivors have been stably established (Figure 7A) nor on SIx8, Pif1, and Srs2
that play key role in type Il survivor formation (Figure 7B). It thus appeared that once long telomeres are formed,
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Figure 7. Rad59 is not required for the maintenance of type Il survivors

(A) RAD59 and RAD51 genes were deleted in an est24 diploid strain obtained by mating two type Il survivors. Haploid
type Il survivors with the indicated genotypes were obtained after dissection and the spore colonies serially restreaked
every two days on YPD plates. The telomere length distribution was analyzed by TG4 3 probed southern blot analysis of
DNA isolated at the first and the 10'" streak.

(B) A similar approach was used to delete SRS2, SLX8, and PIF1 in already formed type Il survivors. Telomere length were
analyzed as in (A) after 1 and 4 restreaks on plates from independent spore colonies.

several recombination pathways might redundantly ensure repair when a single or few short telomeres arise due
to either the end replication problem or accidental telomere breakage.

DISCUSSION

Type | and type Il telomere recombination were previously shown to rely on Rad51 and Rad59, respectively
(Chen et al., 2001), but what dictates this choice is only partially understood. We have recently shown that
type Il recombination is linked to relocation of telomeres to the NPC that involves the recognition of telo-
mere-bound SUMOylated proteins by SIx5-SIx8 (Churikov et al., 2016).

In this study, we show that SUMOylation of Rad52 functions as a molecular switch that channels telomere
recombination to either Rad51- or Rad59-dependent pathway. Our results indicate that SUMOylation of
Rad52 favors Rad51-dependent telomere recombination pathway. This is consistent with the observation
that SUMOylation of Rad52 reinforces its interaction with Rad51 (Bergink et al., 2013) and reduces its single-
strand annealing activity (Altmannova et al., 2010). We also propose that non-SUMOylatable form of Rad52
may favor Rad59-dependent type Il recombination. We show in addition that Rad59 is required to relocate
telomeres to the NPC, reinforcing the tight correlation between type Il recombination and relocation of
eroded telomeres to the NPC (Churikov et al., 2016). We propose that during early stage of senescence,
short telomeres with limited levels of single-stranded overhangs and low levels of SUMOylated proteins
would be repaired by recombination between subtelomeric Y’ elements or internal TGy 3 tracts that relies
on the interaction between SUMO-Rad52 and the SIM domain of Rad51. At later stages of senescence and
by the time of crisis when the reservoir of TG4_3 sequences is severely depleted, the efficiency of this repair
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is diminished, and telomeres accumulate in the form of “congested” recombination intermediates (Géli
and Lisby, 2015). These non-repairable telomeres are then targeted to the NPC through a process involving
SUMO and SIx5-SIx8 as well as Rad59.

It has been proposed that STUbL- and NPC-associated Ulp1 both contribute to clean up of the SUMOy-
lated proteins, thereby disassembling dead-end intermediates at resected telomeres (Churikov et al,,
2016; Nagai et al., 2011). It is conceivable that deSUMOylation of Rad52 occurs at the NPC and thereby
triggers subsequent type Il telomere recombination. Although RPA SUMOylation is a key determinant of
the relocation of stalled replication forks (Whalen et al., 2020), it appeared largely dispensable for both
relocation of eroded telomeres to the NPC and type Il recombination. This might be expected if multiple
SUMOylated proteins at telomeres interact with SIx5-SIx8, so that preventing SUMOylation of any one of
them would have only negligible effect on relocation to NPCs and type Il recombination. Furthermore,
non-SUMOylatable RPA (rfa-5KR) still interacts with SIx5, suggesting that SUMOylation of RPA might
become instrumental only when resection is limited.

The mechanism by which Rad59 contributes to the relocation of eroded telomeres to the NPC remains to
be clarified. Recently, Rad59 has also been implicated in the relocation to the NPC of replication forks
stalled at long CAG-triplet repeats (Whalen and Freudenreich, 2020; Whalen et al., 2020). Both Rad59 (Da-
vis and Symington, 2003) and SIx5-SIx8 (Churikov et al., 2016) interact with RPA. Whether Rad59 participates
in the same pathway of eroded telomeres relocation to NPCs that involves RPA and the SIx5-SIx8 complex
or acts independently remains to be determined. One can also envision that the absence of Rad59 channels
all telomere recombination to the Rad51-mediated pathway and thus prevents relocalization of the eroded
telomeres to the NPC. In support of this notion, deletion of RAD51 that abolishes the type | recombination
pathway did not have any effect on NPC localization. Indeed, rad59A cells are proficient in the formation of
Rad51-dependent type | survivors despite their defect in relocalization of eroded telomeres to the NPCs,
indicating that Rad51-dependent recombination does not take place at the NPC. Alternatively, certain
Rad59-dependent recombination intermediates may need to be formed at telomeres to induce or stabilize
their interaction with NPCs. In line with this possibility, it has recently been shown in Schizosaccharomyces
pombe that replication forks arrested at a specific replication fork barrier (RFB) relocate to the NPC only
when processed by resection factors and recombinase (Kramarz et al., 2020).

Previous studies have shown that Rad59 is endowed with ssDNA annealing activity and interacts with Rad52
likely forming heteromeric rings (Cortés-Ledesma et al., 2004; Davis and Symington, 2003; Silva et al., 2016;
Wu et al., 2006). Rad59 has also been shown to physically interact with the ATP-dependent chromatin re-
modeler RSC (Oum et al., 2011), which is required to maintain proper NPC localization (Titus et al., 2010). It
is thus possible that relocation of eroded telomeres to the NPC involves RSC-dependent chromatin remod-
eling events. Binding of eroded telomeres to the NPC would therefore have different requirements
compared with the localization of persistent DSBs to the nuclear envelope that requires the chromatin re-
modeler INO8O, the recombinase Rad51, and SWR1-dependent incorporation of Htz1 (Horigome et al.,
2014). This underscores that seemingly conserved process of DNA damage localization to NPC is neverthe-
less context dependent and is driven by damage-specific mechanisms.

Our data show that Rad59 is only required for the initial formation of type Il survivors but not to sustain
their growth. As type Il survivors arise at crisis when most of the telomere repeats have been lost, it is
possible that the initial elongation of telomeres requires a specific Rad59-dependent structure, which
is no longer required once a sufficient reservoir of telomeric repeats has been accumulated in the estab-
lished type Il survivors. At that point, several recombination pathways probably can take place to repair
either accidental or gradually shortened telomeres arising during successive cell cycles. The redundancy
of repair pathways might thus render NPC localization less crucial to maintain the telomeres of type I
survivors.

Limitations of the study

Because type Il survivors dominate in the liquid cultures of telomerase negative yeast, itis difficult to impos-
sible to demonstrate further enhancement of the type Il pathway. For this reason, we used sae24 back-
ground in which resection of the DSBs and eroded telomeres is attenuated, and as a result, the rate of
type Il survivor formation is diminished giving the opportunity to type | survivors to dominate the cultures.
In this background we could demonstrate that non-SUMOylatable Rad52 shifted the balance toward type Il
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survivors in spite of the structural hindrance to DNA end resection. We cannot rule out however that this is
mediated by a negative effect of the non-SUMOylatable Rad52 on type | formation. Although, that would
lead to aggravation of the crisis which is not the case. Further work will be needed to clarify when and where
Rad52 is deSUMOQylated.
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Figure S1. rfa1-DD228Y impairs type Il recombination (related to Figure 1). (A) Mean senescence
profiles of est2A (n=6) and est2A rfalD228Y (n=4) clones. Bars are SD. (B) The crisis period is
determined as the number of days the cell population stays arrested for each individual clones
analyzed. Crisis period average calculated for each mutant is represented. Bars are SD (C). Relative
frequencies of the telomerase-independent survivor types formed by the clones analyzed in (A).



est2A

streaks

(%)
S
S
+
5
w

B
est2A
N (%]
N treak
B § c s Streaks
150 kD
di-SUMO #* e
mono-SUMO x e 100kD
Rad52-myc o > a— e— 75 kD

Figure S2. Rad52 is SUMOylated upon telomere erosion (Related to Figure 2). An est2A RAD52-MYC
haploid strain was obtained by sporulating a heterozygous EST2/est2A RAD52/RAD52-MYC diploid
strain. The est2A RAD52-MYC haploid was serially streaked 4 times on YPD plates. After each
restreak, cells were collected for DNA extraction and whole cell protein extracts. (A) Telomere length
was analyzed after Xhol DNA digestion by southern blot using a TG, ; probe. (B) At each restreak, cell
protein extracts were analyzed by Western-blot using an anti-MYC antibody (9E10). SUMOylated
forms of Rad52 are indicated. Extracts from EST2 cells treated or not with MMS are shown as
controls. Crisis (C), Survivors (S).
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Figure S3. Deleting the SIM domains of Rad51 affects type | recombination (Related to Figure 3).
(A) Replicative senescence profiles of est2A rad51A sae2A cells expressing either WT RAD51 or
rad51ASIM from a centromeric vector. Senescence was monitored as described above except that
the liquid cultures were performed in SC-LEU to maintain the vector. Deleting the SIM domains of
Rad51 delays the appearance of survivors. (B) Mean time spent in crisis for the clones in (A).
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Figure S5. Representative teloblots (related to Figure 5).
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Figure S6. The helicase/antirecombinase Srs2 is required for type Il recombination (Related to
Figures 3 and 5). (A) Mean senescence profiles of est2A (n=5), est2A srs2A (n=5) clones. Bars represent
SD. (B) Telomere length and recombination were analyzed by TG, ; probed Southern blot of Xhol-
digested DNA prepared from samples of the replicative senescence. The result for two representative
clones is shown (5 clones analyzed). (C) Schematic representation of the domain organization of Srs2
and of the mutants used in this study. Only the helicase domain and the domains of interaction with
Rad51 and PCNA are shown. (D) Mean senescence profiles of est2A (n=8), est2A srs2 1-860 (n=4) and
est2A srs2 1-998 (n=10) clones. Bars represent SD. (E) Southern blot of Xhol-digested DNA prepared
from samples of the replicative senescence. The result for two representative clones is shown for each
genotypes.
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Figure S7. Abolishing Rad59 SUMOylation does not affect NPC type Il recombination (Related to
Figure 6).

(A) Replicative senescence of est2A and est2A rad59-2KR (n=7). (B) Relative frequencies of the
telomerase-independent survivor types for the est2A and est2A rad59-2KR.



Supplementary Table 1: Strains used in this study (related to figures 1 to 7).

Strain Genotype' Source
ML741-6A | MATa RAD52-RFP CDC13-YFP nup133::HIS3 )
est2::KanMX6 rad5 1A pNEB21 pUN100-protA- This study
NUP133::LEU2
NEB364- MATa RAD52-RFP CDC13-YFP nupl33::HIS3 This study
74B est2::KanMX6 rad59::KanMX6 pNEB21 pUN100-
protA-NUP133::LEU2
NEB162- MATa RAD52-RFP CDC13-YFP nupl33::HIS3 Khadaroo et al.,
37B est2::KanMX6 pNEB21 pUN100-protA- 2009
NUP133::LEU2
TGO1-8D MATa est2::LEU2 pEST2(URA3) AM Bailis
NEB153- MATa est2::kanMX6 pEST2(URA3) Hardy et al., 2014
10B
DCY5H2 MATa RADS rfal-K133,170,427R rfa2-K199R rfa3- This study
K46R p3xHA-SLX5 (LEU2) 2u
MNY 1508 MATa/a EST2/est2 ::LEU2 SLX8/sIx8 ::KanMX6 RFA1/ | This study
rfal-K133,170,427R RFA2/rfa2-K199R RFA3/ rfa3-
K46R
NEB142-7C | MATa RADS rad52-K43,44,253R This study
FCY337 MATa/o EST2/est2 ::LEU2 RAD52/rad52-K43,44,253R | This study
MNY 896 MATo sae2::TRPI Hardy et al., 2014
MNY896 x MATa/o EST2/est2::LEU2 RADS52/rad52- K43,44,253R | This study
FCY278 SAE2/sae2::TRP pEST2::URA3
MNY 1016 rad51::LEU?2 Hardy et al., 2014
MNY 1016 x | MATa/o. EST2/est2 ::LEU2 RADS51/rad51 ::LEU?2 This study
FCY278 RADS52/rad52- K43,44,253R
ML894-4c MATa rfal-K133,170,427R rfa2-K199R rfa3-K46R This study
DCY-5I1 MATa, rad52-myc (NAT) This study
ML236-9B MATa rad59::KanMX6 This study
ML236-9B x | MATa/o. EST2/est2::LEU2 RAD59/rad59::KanMX6 This study
FCY278 RADS52/rad52- K43,44,253R
FJY1 MATa/o EST2/est2 ::KanMX6 SAE2/sae2 ::TRPI This study
RADS51/rad51 ::KanMX6 pRADS51(LEU2)
FJY2 MATa/o EST2/est2 ::KanMX6 SAE2/sae2 ::TRPI This study
RADS51/rad51::KanMX6 pRADSIASIM(LEU)
MLO912-14A | MATa RAD52-RFP CDC13-YFP nupl33::HIS3 rfal- This study
K133,170,427R rfa2-K199R rfa3-K46R est2::KanMX6
pNEB21 pUN100-protA-NUP133 (LEU2)
ML825-1D | MATa RAD52-RFP CDC13-YFP nup133::HIS3 This study
est2::KanMX6 rad59-K207,228R pNEB21 pUN100-
protA-NUP133 (LEU2)
MATa/a EST2/est2::LEU2 UFD1/ufdIAC::HPH This study




MNY 1640 MATa/a EST2/est2::LEU2 UFD1/ufd1-2 This study

MNY 1455 MATa/a EST2/est2::LEU2 SLX8/slx8::KanMX6 This study
RADS52/rad52- K43,44,253R

2070-5 MATa/o EST2/est2 ::KanMX6 rad59::KanMX6/ rad59- | This study
K207,228R

MNY 1460 MATa/a EST2/est2::KanMX6 NUPI1/nupl-LexA::TRP1 | This study
SRS2/ srs2::HIS pEST2::URA3

2070-5 srs2 2-860::HPH Hannah Klein

MNY 1522 MATa/o EST2/est2::KanMX6 NUP1/nupl-LexA::TRP This study
SRS2/ srs2 2-860::HPH

MNY 1527 MATa/a EST2/est2::LEU2 NUPI1/nupl-LexA::TRPI This study
SRS2/srs2 1-998::KanMX6

MNY 1597 MATa/o EST2/est2::KanMX6 NUPI/nupl-LexA::TRPI1 | This study
RFAI/rfal-D228Y pEST2::URA3

MNY 1528 Type Il survivors MATa/o. est2::LEU2/est2::LEU2 This study
SRS2/srs2::HIS3

MNY1542 Type Il survivors MATa/o. est2::LEU2/est2::LEU2 This study
PIF1/pif]::KanMX6

MNY 1548 Type Il survivors MATa/o. est2::LEU2/ est2::LEU2 This study
SLX8/slx8::KanMX6

MNY 1565 Type Il survivors MATa/a. est2::LEU2/ est2::LEU2 This study
RADS51/rad51::KanMX6

MNY 1563 Type Il survivors MATa/a. est2::LEU2/ est2::LEU2 This study

RADS59/rad59: :KanMX6

! Yeast strains in this study are derivatives of W303-1A (MATa BARI LYS2 ade2-1 canl-100

ura3-1 his3-11,15 leu2-3, 112 trpl-1 rad5-535) (Thomas and Rothstein, 1989).




TRANSPARENT METHODS

Strains and Senescence assays

Strains used in this study are described in Table S1. Liquid senescence assays were performed
starting with the haploid spore products of diploids that were heterozygous for EST2
(EST2/est24) and for the gene(s) of interest. To ensure homogeneous telomere length before
sporulation, the diploids were propagated for at least 50 PDs in YPD. The entire colonies
outgrowing from haploid spores (estimated 20-30 PDs) were inoculated in liquid YPD
medium to estimate the number of PDs, diluted to OD600= 0,1 and grown at 30°C. Every 24
hrs, the cell density was measured (ODgqo), and a fresh 15 ml of YPD culture was inoculated
at an estimated density of 10> cells per ml. Multiple clones of each genotype were propagated
in this manner until the emergence of survivors. Replicative senescence curves shown in this
study correspond to the average of several senescence using independent spores with identical
genotype. When indicated, the number of days the cell population stays arrested (crisis
period) was determined for each individual spore. Senescence assays on solid medium were
initiated as described above, but the cells were propagated by consecutive restreaking on solid
YPD plates followed by outgrowth for 2 days at 30°C. The process was repeated until the
appearance of survivors. Telomere lengths were analyzed by Southern blotting of Xhol cut
genomic DNA probed with a telomeric TG;.; probe. Type I and II survivors were determined
based on their characteristic terminal restriction fragment pattern (Simon et al., 2021). When

both type I and II survivors were detected in the same culture, the type was scored as mixed.

Coimmunoprecipitation

Native protein extracts were prepared in HNT buffer (50 mM HEPES, 200 mM NaCl, 1%
Triton X-100) at pH 7.5 by cell disruption with glass beads in a Precellys 24 homogenizer
(BertinTechnologies, France). To minimize protein degradation and loss of PTMs, the buffer
was supplemented with protease inhibitors: 30 mM N-ethylmaleimide (NEM), 1 mM sodium
orthovanadate, and EDTA-free complete cocktail (Roche). For IPs the extracts were rotated
top over bottom, first for 2 hr with either anti-HA (3F10) or anti-yRFA antibodies, and then
for another 1.5 hr with Dynabeads protein G (Invitrogen Dynal AS, Oslo, Norway) at 4°C.
The beads were then subjected to stringent washing (5 times in HNT buffer) to remove non-
specific background binding to the beads. The bound proteins were eluted by boiling the

beads in the Laemmli sample buffer and subjected to immunoblotting. For the experiment



shown in Fig. 1, the extracts were treated with 100 mg/mL of DNase I (Roche) for 30 min on

ice prior to IP.

Live cell imaging of senescing cells and fluorescence microscopy

Live-cell imaging was performed on est24 nupl334N cells expressing Rad52-RFP, Cdc13-
YFP and CFP-Nup49 (pNEB21) tagged proteins after loss of the pVL291 vector carrying
EST2 (URA3) by restreaking on SC-Trp plates and testing for the loss of pEST2-URA3 by
replica-plating onto SC-Ura, (Churikov et al., 2016; Khadaroo et al., 2009). Two-to-four
independent Ura™ and 5-FOA" colonies were used to inoculate 20-ml liquid cultures in SC-
Trp-LeutAde medium (100 pg/ml adenine). These cultures were grown in the shaker
incubator at 25°C and diluted to ODgoo = 0.3 every day. At the time of each dilution, an
aliquot of cells was examined by fluorescence microscopy. Generation time was calculated
based on ODgop measured over consecutive time intervals. Mutant strains (rad5IA, rad594,
rad59-2KR) were obtained by sporulation of respective hetorozygous diploids followed by
selection of spore clones carrying desired combination of markers. Fluorescence microscopy

was performed as described (Eckert-Boulet et al., 2011).

Western Blot and antibodies

Protein extracts for Western blot analysis were prepared from trichloroacetic acid (TCA)-
treated yeast cells (Azzam et al., 2004). Proteins were resolved on 10% SDS-PAGE and
analyzed by standard Western blotting techniques. Monoclonal antibody against the MYC-
epitope (9E10) was used to detect Rad52-Myc. Rabbit polyclonal serum against S. cerevisiae
RFA (AS07 214) was obtained from Agrisera.
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