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SUMMARY

In budding yeast, inactivation of telomerase and
ensuing telomere erosion cause relocalization of
telomeres to nuclear pore complexes (NPCs). How-
ever, neither the mechanism of such relocalization
nor its significance are understood. We report that
proteins bound to eroded telomeres are recognized
by the SUMO (small ubiquitin-like modifier)-targeted
ubiquitin ligase (STUbL) SIx5-SIx8 and become
increasingly SUMOylated. Recruitment of SIx5-SIx8
to eroded telomeres facilitates telomere relocaliza-
tion to NPCs and type Il telomere recombination, a
counterpart of mammalian alternative lengthening
of telomeres (ALT). Moreover, artificial tethering of
a telomere to a NPC promotes type Il telomere
recombination but cannot bypass the lack of SIx5-
SIx8 in this process. Together, our results indicate
that SUMOylation positively contributes to telomere
relocalization to the NPC, where poly-SUMOylated
proteins that accumulated over time have to be
removed. We propose that STUbL-dependent re-
localization of telomeres to NPCs constitutes a
pathway in which excessively SUMOylated proteins
are removed from “congested” intermediates to
ensure unconventional recombination.

INTRODUCTION

Telomeres are nucleo-protein structures that protect chromo-
some ends from degradation, end-to-end fusions, and illegiti-
mate recombination. Telomeres can also recruit telomerase to
counteract loss of terminal DNA sequences at the ends of linear
eukaryotic chromosomes, which occurs during their replication
by conventional DNA polymerases (Pfeiffer and Lingner, 2013).
In the budding yeast S. cerevisiae, the ends of chromo-
somes contain a 300-bp array of TG4_3 repeats. The essential
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repressor/activator protein 1 (Rap1) is specifically associated
with telomeric duplex DNA repeats, while the extreme ends of
telomeres consist of a 12- to 14-nt-long 3’ single-stranded over-
hang that is bound by Cdc13, a subunit of the CST complex
(Cdc13-Stn1-Ten1) (Wellinger and Zakian, 2012). The CST
complex plays a major role in telomere end protection, telomere
elongation by telomerase, and synthesis of the complementary
C strand by DNA polymerase alpha (Churikov et al., 2013).

In addition, telomeres participate in several aspects of the
spatial and functional organization of the chromosomes in the
nucleus (Taddei and Gasser, 2012). In the budding yeast
S. cerevisiae, heterochromatic telomeres cluster into three to
eight foci at the nuclear periphery, thereby creating a perinuclear
compartment enriched in silent information regulator (Sir) pro-
teins. This specialized zone is repressive for transcriptional activ-
ity and for canonical homologous recombination (HR) (Schober
etal., 2009). Telomere clusters are anchored at the nuclear enve-
lope (NE) through two redundant pathways that involve Sir4 and
yKu80, the large subunit of yKu heterodimer (yKu80-yKu70)
(Taddei et al., 2004). In S phase, the yKu-specific anchoring
pathway requires the telomerase holoenzyme and the integral
nuclear membrane protein Mps3 that also contributes to the
Sir4-dependent pathway (Bupp et al., 2007; Schober et al.,
2009; Oza et al., 2009). In addition, some individual telomeres
can be anchored to the nuclear pore complex (NPC). Anchoring
to the NPC was shown to be essential for efficient DNA double-
strand break (DSB) repair in subtelomeric regions (Therizols
et al., 2006).

Telomeres in yeast cells lacking telomerase activity progres-
sively shorten with each cell cycle until they lose capping function
and elicit Mec1-dependent growth arrest (Hector et al., 2012).
Most of the cells die or remain arrested, but a few cells, called sur-
vivors, escape this arrest by rearranging their telomeres via rare
recombination events. Two pathways, both requiring Rad52
and Pol32, the nonessential subunit of DNA Pold, operate to pro-
duce telomerase-independent survivors (Teng and Zakian, 1999;
Lydeard et al., 2007). Type | survivors that additionally rely on
Rad51 carry amplified subtelomeric Y’ elements and have a short
terminal TG4_3 tracts, while Rad51-independent type Il survivors
exhibit extended and heterogeneous terminal TG4_3 sequences
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with minor modifications of subtelomeric repeats (McEachern
and Haber, 2006). The type Il pathway depends on the MRX
(Mre11, Rad50, and Xrs2) complex, Rad59, and the yeast RecQ
helicase Sgs1 (Le et al., 1999; Teng et al., 2000; Johnson et al.,
2001). Type | survivors arise at a relatively high frequency but
grow slowly due to constitutive activation of the DNA damage
checkpoint. As a result, type Il survivors that arise at a lower fre-
quency but grow robustly take over liquid cultures (Teng and Za-
kian, 1999). In spite of well-characterized genetic requirements, it
proved to be notoriously difficult to analyze recombination events
leading to telomere reorganization in survivors due to extremely
low frequency of these events (Churikov et al., 2014). We pre-
viously characterized the DNA damage response to eroded
telomeres in telomerase-negative cells and reported that short
telomeres move from their membrane anchor sites to the NPCs
(Khadaroo et al., 2009). Similarly, persistent DSBs or replication
fork-associated breaks relocalize either to the NPC or to NE pro-
tein Mps3 (Nagai et al., 2008; Oza et al., 2009; Kalocsay et al.,
2009; Horigome et al., 2014; Chung and Zhao, 2015).

How exactly NPCs contribute to DNA repair is not well under-
stood, but given that SUMO (small ubiquitin [Ub]-like modifier)
peptidase Ulp1 localizes at the nuclear basket of NPCs (Zhao
et al., 2004) and the similarity of genetic interactions with DNA
repair factors displayed by nucleoporins and Ulp1 (Loeillet
et al., 2005; Palancade et al., 2007), one part of this contribution
may be related to SUMO metabolism. In support of this notion,
another member of the SUMO modification pathway, the SIx5-
SIx8 heterodimer that constitutes a SUMO-targeted Ub ligase
(STUbL) (Xie et al., 2007), was shown to interact with Nup84
complex and to enhance spontaneous gene conversion in an
experimental system where a donor sequence was tethered to
NPC (Nagai et al., 2008). Very recently, expanded CAG repeats
were also shown to transiently relocalize to the NPCs during
DNA replication. Impaired relocalization of the expanded CAG
repeats in slx84 and nup844 mutants correlated with Rad52-
dependent expansions and contractions (Su et al., 2015).

Here, we dissect the mechanism by which eroded telo-
meres are relocalized to the NPCs and the functional conse-
quences of this transaction. We show that telomere erosion at
crisis induces an overall increase of telomere-bound protein
SUMOylation and that this process is required for telomere
relocation to NPC. We further show that SIx5-SIx8 STUbL recog-
nizes SUMOylated eroded telomeres and is essential for telo-
mere relocalization to NPC and type Il recombination. We found
that replication protein A (RPA), which binds resected telomeres,
becomes SUMOylated at the time of crisis and interacts with
SIx5-SIx8 STUbL. We propose that relocalization of the eroded
telomeres to NPC reflects a pathway involving the SIx5-SIx8-
dependent targeting of poly-SUMOylated proteins for either
deSUMOylation or proteasomal degradation, a process that
facilitates continuous telomere repair attempts.

RESULTS

Telomeres Are SUMOylated upon Their Erosion in the
Absence of Telomerase

Previous work established that extended single-stranded DNA
(ssDNA) that accumulates in response to DNA damage triggers

extensive SUMOylation of a number of HR proteins by the
DNA-bound SUMO ligase Siz2 (Cremona et al., 2012; Psakhye
and Jentsch, 2012). Therefore, we wondered whether SUMO
accumulates at eroded telomeres. To this end, we sporulated
heterozygous EST2/est24 diploids, isolated haploid telome-
rase-negative est2 4 spore clones, and propagated them in liquid
cultures via serial dilutions as schematized in Figure 1A (see also
Figure S1). As shown for one representative clone, cells went
through the telomere erosion-driven crisis and formed survivors
(Figure 1B). Typically, est24 liquid cultures were dominated by
type Il survivors because of their growth advantage over type |
survivors (Figure 1C). We analyzed SUMOylation of telomeres
by chromatin immunoprecipitation (ChIP) with an anti-Smt3
(SUMO) antibody followed by dot-blot hybridization with TG4_3
probe at different time points of the senescence (Figure 1B).
We found that the global level of telomere SUMOylation normal-
ized for the total TG.3 content gradually increased with telomere
shortening and then eventually decreased in established survi-
vors with recombined telomeres (Figure 1B). In the input, the in-
tensity of the hybridization signal over time reflected the change
of the TG4_3 repeats content in agreement with the Southern blot
that reveals progressive telomere shortening followed by abrupt
telomere elongation via type Il recombination (Figure 1C). The
increase in SUMOylation appeared to be specific to telomeres,
since it was not prominent at rDNA repeats (Figure 1B). Telomere
SUMOylation was also detected at the level of individual telo-
meres using Smt3 ChIP-gPCR, with specific primers in multiple
clones (see next section).

SUMOylation of Eroded Telomeres and Efficient Type Il
Recombination Require Sequestration of the SUMO
Protease Ulp1 at NPCs
In budding yeast, the major SUMO-deconjugating enzyme Ulp1is
localized at the nuclear basket of NPCs (Zhao et al., 2004). Such
sequestration is believed to limit its uncontrolled access to
SUMOylated substrates. Therefore, we took advantage of an
Ulp1 mutant, which lacks its N-terminal domain required for
NPC localization (Figure 2A) (Li and Hochstrasser, 2003). In spite
of decreased level of the ulp1AN protein, its mislocalization leads
to reduced SUMOylation of specific proteins within the nucleo-
plasm (Palancade etal., 2007). We reasoned that its delocalization
should abolish telomere SUMOylation upon telomere erosion
(Figure 2A, right panel). Therefore, we examined global telomere
SUMOylation in the est24 ulp14N mutant by Smt3 ChIP-gPCR
at the VI-R, XV-L, and XI-L chromosome ends and at the control
loci (Figure 2B). We confirmed by gPCR the accumulation of
SUMO at eroded telomeres in the est24 cells and observed that
this increase in the SUMOylation was abolished in the est24
ulp14N mutant at all chromosome ends analyzed (Figure 2B).
Next, we tested whether SUMOylation of eroded telomeres
impacts telomere recombination by evaluating the senescence
profiles and the type of survivors formed in multiple est24 and
est24 ulp14N clones. We found that, on average, est24 ulp14N
clones showed accelerated senescence and a defect of type Il
recombination (Figures 2C and 2E). Similarly, type Il survivor for-
mation was also impaired in est24 cells lacking the NPC nuclear
basket myosin-like proteins 1 and 2 (MIp1 and MIp2) (Figures 2D
and 2E), which are also required for the proper localization of
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Figure 1. Eroded Telomeres Accumulate SUMO-Modified Proteins

(A) The schematic of the replicative senescence assay. Senescence assays were initiated with telomerase-negative (est2 4) haploid spore clones (at 20-30 PDs)
obtained by sporulation of the double-heterozygous diploids (EST2/est2 4 and GeneX/geneX4, where GeneX represents any gene of interest). The spore clones
were inoculated at 10° cells per milliliter into 20 ml of YPD, followed by growth for 24 hr, and the process was repeated until survivors emerged. Cell numbers were
estimated by measuring ODggo.

(B) The association of SUMO-modified proteins with telomeres in est24 cells was determined by Smt3 (SUMO) ChIP at the indicated time points (PDs, population
doublings starting from est24 spore). The DNA purified from the chromatin immunoprecipitated with the anti-Smt3 antibodies was dot-blotted on the nylon
membrane and hybridized with telomeric TG;_3 probe. As a control, the blots were stripped and rehybridized with the rDNA probe. The Smt3 ChIP results were
expressed as the percentage of input DNA in ChlPs and plotted on the same graph with the growth curve.

(C) The shortening and recombination of the telomeres in the same replicative senescence experiment (B) was monitored by TG4_s-probed Southern blot of
Xhol-digested genomic DNA. MW, molecular weight.

Ulp1 at NPCs (Zhao et al., 2004). In contrast, mps3475-150 with a positive effect of eroded telomere SUMOylation on type Il
mutant defective in telomere anchoring to the NE did not exhibit  recombination efficiency.

any defect in the formation of type Il survivors (Figures S2A and To further confirm the effect of deSUMOylation of telomere-
S2B) (Bupp et al., 2007). Altogether, these results are consistent  bound proteins by the spatial delocalization of Ulp1, we adapted
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a targeting system described by Texari et al. (2013) allowing the
tethering of Ulp1 catalytic domain (Ulp1C) to a single telomere.
For this purpose, we inserted eight LexA binding sites (8LexAbs)
1.2 kb away from the telomere VI-R (Figure S3) and ectopically
expressed either LexA-Ulp1C fusion or LexA protein alone as a
negative control (Figure 3A). To quantify the efficiency of type Il
recombination at TelVI-R, we scored at the first time of growth
improvement the number of discrete bands hybridizing with
the TelVI-R probe, each corresponding to one TG;_3 tract elon-
gation event in the population of senescing cells (Figure 3B). In
spite of the possibility of promiscuous activity of the ectopically
expressed LexA-Ulp1C at non-targeted chromosome ends,
assessment of the type Il recombination events across multiple
clones revealed that tethering of the Ulp1C to TelVI-R resulted
in the statistically significant 2-fold decrease in the frequency
of type Il recombination at the TelVI-R, while no significant
change was detected at the non-targeted TelXV-L (Figure 3C).
We concluded that tethering of the catalytic domain of the
SUMO protease to TelVI-R negatively affected the efficiency of
type Il recombination in cis but had little effect on recombination
in trans. Taken together, our data indicate that untimely access
of Ulp1 to telomeres by either artificial tethering (LexA-Ulp1C)
or global redistribution (ulp 7 4AN) inhibits telomere recombination
and type Il survivor formation.

Siz1- and Siz2-Dependent SUMOylation Promotes
Eroded Telomere Relocalization to NPCs and Telomere
Type Il Recombination

Siz1 and Siz2 are responsible for most of the E3-mediated
SUMOylation in yeast. Although each E3 ligase has unique sub-
strates in vivo, SUMOylation of many proteins can be stimulated
by either one (Reindle et al., 2006). DNA damage has been
shown to trigger SUMOylation of a whole suite of proteins
involved in the HR-dependent repair (Cremona et al., 2012; Psa-
khye and Jentsch, 2012). This SUMOylation wave is dependent
on the SUMO E3 ligase Siz2, which is recruited to the DNA
damage site via interaction with ssDNA-binding complex RPA
(Chung and Zhao, 2015). It is thought that SUMO modifications
of multiple proteins act synergistically through a combination
of SUMO-SIM (SUMO-interaction motif) interactions to accel-
erate DNA repair.

Therefore, we further investigated whether these SUMO E3
ligases impact senescence rate and telomere recombination
(Figures 4A and 4B). While deletion of SIZ2 alone only slightly
decreased the capacity of telomerase-negative cells to form
type Il survivors, additional inactivation of Siz1 accelerated the
senescence rate and increased the type Il recombination defect

(Figures 4A and 4B), indicating an apparent redundancy in the
action of the two SUMO ligases.

Next, we asked whether SUMOylation plays a role in telomere
relocalization to NPCs. For this purpose, we used fluorescence
microscopy to examine relocalization of the eroded telomeres
to NPCs in telomerase-negative mutants lacking the SUMO E3
ligases Siz1 and Siz2. As previously described, we defined, as
eroded telomeres under repair, the subset of short telomeres
in which Cdc13-YFP (yellow fluorescent protein) and Rad52-
RFP (red fluorescent protein) foci colocalized (Khadaroo et al.,
2009). We used a strain expressing the nup7334N mutation,
which causes NPCs to cluster at one side of the nucleus while
retaining normal DNA repair and mRNA export functions (Khada-
roo et al., 2009), to monitor the position of these foci relative to
NPC clusters marked by CFP (cyan fluorescent protein)-Nup49
(Figure 4C). While a large proportion of the Cdc13-YFP/Rad52-
RFP foci were found at an NPC cluster at the peak of senescence
after loss of telomerase in SUMOylation-proficient cells, relocal-
ization of the eroded telomeres to NPCs was compromised after
the deletion of either SIZ71 or SIZ2 alone and, to a larger extent, in
the absence of both Siz1 and Siz2 (Figure 4D).

Together, these results demonstrated that SUMOylation-
defective mutants are impaired in the relocalization of eroded
telomeres to NPCs in a manner that inversely correlates with
the efficiency of type Il telomere recombination.

Recognition of the SUMOylated Eroded Telomeres by
SIx5-SIx8 STUbL Is Required for Their Relocalization to
NPCs and Type Il Recombination

The SIx5-SIx8 complex is a STUbL that physically interacts with
the Nup84 subcomplex of the NPC (Nagai et al., 2008) and
possesses multiple SIMs (Xie et al., 2007). Thus, it constitutes
an attractive candidate to mediate an interaction between the
SUMOylated eroded telomeres and the NPC. To investigate
whether the SIx5-SIx8 complex recognizes eroded telomeres
as they progressively shorten and accumulate SUMO in est24
cells, we examined SIx8 association with telomeric chromatin
by ChIP in a strain with SIx8 tagged with GFP at the genomic lo-
cus. In parallel, we performed Smt3 ChIP and monitored the
state of the telomeres by Southern blot in the same samples.
As shown for two independent clones, we recovered increasing
amounts of VI-R and XV-L telomere-specific DNA with SIx8-GFP
as telomeres shortened, confirming that SIx8 associates with
short telomeres (Figures 5A and 5B; see also Figure S4). Further-
more, the timing of SIx8-GFP association with each specific
telomere correlated with their SUMOylation, as assessed by
Smt3 ChIP (Figure 5A). Interestingly, reduced SUMOylation

Figure 2. Delocalization of the SUMO Protease Ulp1 from NPCs Prevents Eroded-Telomere SUMOylation and Reduces Type Il Recombi-

nation Efficiency

(A) Schematic of the domain organization of the full-length Ulp1 and ulp1AN proteins (left). Cartoon of the delocalization of ulp1AN from NPC showing how it may

get access to the telomeres and diminish their SUMOylation (right).

(B) Ulp1 delocalization from NPC prevents accumulation of SUMO at eroded telomeres. The association of SUMO-modified proteins with specific telomeres
(VI-R, XV-L, XI-L) and control loci (rDNA, ALG9) in three independent est24 and est24 ulp14N clones was determined by ChIP with anti-Smt3 antibody and
subsequent gPCR. Data are represented as means + SEM. Since the time leading up to crisis differs between the strains with different genotypes, the period
preceding crisis was divided into two equal parts, “pre-senescence” and “senescence.” The crisis itself was defined by the longest PD time (growth nadir).

(C and D) Mean replicative senescence profiles of (C) the est24 (n = 44) and est24 ulp1 4N (n = 20) and (D) the est24 (n =5) and est24 mip14 mip24 (n = 12) clones

propagated in liquid cultures. Error bars represent SD.

(E) Relative frequencies of the telomerase-independent survivor types, | and I, for these clones determined by Southern blot analysis.
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and STUbL binding to telomere XV-L correlated with its delayed
and inefficient recombination (compare with telomeres VI-R and
XV-L in Figures 5A and 5B).

Next, we deleted SLX8 and examined eroded-telomere local-
ization relative to NPC in telomerase-negative cells as described
earlier. In parallel, the checkpoint-deficient rad94 rad244
mutant was analyzed in the same way. SLX8 deletion resulted
in a drastic reduction of the fraction of Rad52- and Cdc13-con-
taining foci that colocalized with the NPC clusters, while relocal-
ization of eroded telomeres was partially affected in the rad94
rad244 mutant (Figure 5C). Consistent with previous reports,
we found that disruption of the SIx5-SIx8 complex led to the pro-
duction of mainly type | survivors (Figure 5D) (Azam et al., 2006),
while inactivation of the DNA damage checkpoint partially
affected type Il recombination (Figure 5D) (Grandin and Char-
bonneau, 2007). These results showed that eroded-telomere
localization to NPC is greatly dependent on the SIx5-SIx8 com-
plex and that its disruption causes severe type Il recombination
defect.

RPA Is SUMOylated during Senescence and Physically
Interacts with SIx5-SIx8

In response to DNA damage, RPA is SUMOylated on all three
subunits, mainly by Siz2 (Cremona et al., 2012; Psakhye and
Jentsch, 2012). To verify that Rfal is also SUMOylated in
response to telomere erosion in est24 cells, we ectopically
expressed His-Smt3 and performed denaturing nickel-nitrilo-
acetic acid (Ni-NTA) pull-down to isolate His-Smt3 conjugates.
The presence of Rfal in the pull-downs was subsequently
analyzed by immunoblotting with anti-RPA antibodies. Indeed,

Rfal in est24 cells approaching telo-

mere erosion-driven crisis (Figure 6A).
Although the pattern of SUMOylated species of Rfal in
est24 cells closely resembled that in methyl methanesulfonate
(MMS)-treated cells, the fraction of the SUMOylated Rfal was
notably lower in est24 compared to MMS-treated cells, probably
because of the heterogeneity of the population of senescing
cells. Rfal SUMOylation returned to the background level
when survivors were formed in est24 culture.

One role that STUbLs plays in DNA repair is to recognize
SUMOylated substrates and target them for Ub-dependent
degradation, thereby promoting protein turnover and efficient
progression through repair steps (Jackson and Durocher,
2013). We reasoned that the targets of SIx5-SIx8 STUbL would
become hyper-SUMOylated in the absence of SIx5. Therefore,
we analyzed the effect of SLX5 deletion on the SUMOylation
levels of Myc-tagged Rfa1 and also of Rad52, which has been
shown to be SUMOylated after DNA damage (Sacher et al.,
2006). We found that SLX5 deletion resulted in a pronounced
accumulation of Rfa1-Myc signal in the high=molecular-weight
area of the gel (Figure 6B), which is likely caused by excessive,
possibly poly-SUMOQylation of Rfa1 in the absence of SIx5-SIx8
STUbL activity. Notably, SLX5 deletion had no measurable effect
on the Rad52-myc signal (Figure 6B), although SIx5-SIx8 can
ubiquitinate Rad52 in vitro (Xie et al., 2007). We infer from these
experiments that Rfa1-SUMO bound to eroded telomeres in
est24 cells may be targeted by SIx5-SIx8.

We next asked whether RPA and SIx5-SIx8 proteins stably
interact. We tested the interaction between hemagglutinin
(HA)-SIx5 (Tan et al., 2013) and untagged Rfal by reciprocal
co-immunoprecipitation (co-IP). We detected enrichment of
Rfa1 in IPs of HA-SIx5, and, reciprocally, HA-SIx5 was recovered
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from anti-RPA precipitates (Figure 6C). Treatment of the extracts
with DNase | did not prevent the co-IP of HA-SIx5 and Rfal
(Figure 6D). Thus it is unlikely that interaction between the two
proteins is bridged by DNA.

Artificial NPC Anchoring of TelVI-R Promotes Type Il
Recombination but Cannot Bypass the Requirement for
SIx5-SIx8

We further examined the relationship between NPC localization
and type Il recombination by artificial tethering of one telomere
to the NPC in telomerase-negative cells. Since est2 4 cells grown
in liquid culture produce predominantly type Il survivors, the
impact of TelVI-R tethering to the NPC could be monitored
only in a mutant strain exhibiting a defect in type Il telomere
recombination. We chose to use a strain deleted for the SAGA
subunit encoded by ADA2 that exhibits type Il telomere recom-
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Figure 4. Simultaneous Inactivation of the
SUMO E3 Ligases Siz1 and Siz2 Impairs Both
Eroded Telomere Relocalization to NPCs and
Telomere Type Il Recombination

(A) Senescence profiles of the est24 (n = 3), est24

Otype | siz14 (n = 6), est24 siz24 (n = 9), and est24 siz14

Biype /I Si224 (n = 10) clones in liquid cultures. Error bars
represent SD.

Wtype Il (B) Relative frequencies of the telomerase-inde-

pendent survivor types, | and Il, for the same clones
as in (A) determined by TG1_s-probed Southern blot.
(C) Schematic of the triple-tagged strain used for
fluorescence microscopy. Representative images
illustrate the presence/absence of eroded telomere
colocalization with an NPC cluster. Eroded telo-
meres were detected as foci containing both Cdc13-
YFP and Rad52-RFP, whereas NPC clusters were
highlighted by Nup49-CFP in the nup1334N back-
ground, which causes NPCs to cluster at one side of
the nucleus.

(D) 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, 2, and 1
biological replicates for the est24, est24 siz1A,
est24 siz24, and est24 siz14 siz24 mutants,
respectively.

siz2

bination defect (Figures S5A and S5B). To
tether a single telomere to the NPC, we ex-
pressed a LexA-Nup60 fusion protein (Tex-
ari et al., 2013) in an ada24 nup604 est24
strain carrying 8LexAbs integrated near

40 mest2A telomere VI-R (Figure 7A). Such a system
30 B 6524 siz 1A was shown to successfully tether GAL17 to

B o5t/ siz2 the NPC (Texari et al., 2013). Expression
20 B os12 Sz A Siz2 of LexA-Nup60 fully rescued the hydro-

yurea sensitivity of the nup604 mutant
(Figure S5C).
The state of the TelVI-R was analyzed by
Southern blot over the course of senes-
cence and survivor formation as described
earlier (Figures 7B and 7C). Analysis of mul-
tiple clones indicated that tethering of TelVI-R to the pore re-
sulted in a significant 3-fold increase of the number of type I
recombination events in the population of cells as compared to
the unmodified TelVI-R control clones (Figure 7C). As an internal
control, we probed the unmodified TelXV-L (Figures 7B and 7C)
and found similar recombination efficiency in both strains. These
data suggest that tethering-eroded telomeres to the NPC pro-
vides a molecular environment that improves type Il telomere
recombination, at least in the context of the ada24 mutant.

To test whether the type Il survivor formation defect observed
in the strains deleted for either SLX5 or SLX8 is caused solely by
impaired localization of eroded telomeres to NPC, we used the
same telomere-to-NPC tethering approach to evaluate whether
it can also improve type Il recombination at TelVI-R in the
six64 mutant. As described earlier, type Il recombination effi-
ciency was evaluated by scoring the number of discrete bands
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(A) SUMOylated telomeres are recognized by SIx5-
SIx8 STUbL. The association of SIx8-GFP- and
SUMO-modified proteins with two telomeres was
determined in parallel by anti-GFP and anti-Smt3
ChIP-gPCR, respectively, at the indicated time
points after telomerase inactivation. The data are
shown for one representative SLX8-GFP est24
clone.

(B) The timing and efficiency of telomere type I
recombination is closely correlated with their
recognition by SIx5-SIx8 STUbL analyzed by ChIP-
gPCR in (A). Southern blot analysis of the same
SLX8-GFP est24 clone as in (A). Note that telomere
XV-L, which is poorly SUMOylated, and is weakly
bound by STUbL as compared to telomere VI-R, also
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hybridizing with the TelVI-R and TelXV-L probes (Figure 7D). We
did not measure any statistically significant improvement of type
Il recombination efficiency due to tethering of the TelVI-R to NPC
as compared to the non-tethered telomere XV-L (Figures 7D and
7E). We concluded that artificial tethering of a telomere to NPC
could not bypass the lack of SIx5-SIx8 STUbL activity in telomere
type Il recombination.

DISCUSSION

We have previously shown that eroded telomeres relocalized to
NPCs when recognized as DNA damage in telomerase-negative
yeast (Khadaroo et al., 2009). Although this was a tantalizing
observation, particularly in light of the findings that persistent
DSBs and long tracts of CAG repeats also tend to localize to
NPC where their repair is enhanced (Nagai et al., 2008; Su
et al., 2015), neither the mechanism of such relocalization nor

probe.

@Type | . . R
its functional significance for the fate

of eroded telomeres was understood. In
this study, we show that SUMOylation
of telomere-bound proteins increases as
telomeres shorten in the absence of telo-
merase with a peak during telomere-
erosion-driven crisis and is required for
proper telomere relocalization to NPCs.
We further showed that the SIx5-SIx8
STUbL is recruited to telomeres as they become sumoylated
and plays a crucial role in telomere targeting to NPC. Since
SIx5-SIx8 interacts with both the Nup84 complex of NPCs (Nagai
et al., 2008) and the SUMOylated protein at telomeres, it may
indeed tether the two. Finally, we found that formation of type
Il survivors, which is dependent on a very specific and still poorly
understood mode of Rad51-independent HR, appears to benefit
from telomere SUMOylation, telomere relocalization to NPCs,
and the proper localization of Ulp1 at the NPCs.

Interestingly, the lack of SIx5-SIx8 STUbL causes much
greater defect in type Il recombination than when telomere
SUMOylation is reduced by disrupting Siz1 and/or Siz2. Since
in both cases the relocalization of telomeres to NPCs is reduced,
this difference suggests an additional role of STUbL in telomere
type Il recombination. As type Il recombination is particularly
dependent on relocalization to NPCs in SUMOylation-proficient
cells, the essential role of SIx5-SIx8 STUbL activity in telomere

mType | /1l
mType Il
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rad9
rad24
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Figure 6. RPA Is SUMOylated during Senes-
cence and Physically Interacts with
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immunoblotting. The band migrating above the
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diSUMOylated Rfal, marked with an asterisk,
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another modification (e.g., phosphorylation).
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type Il recombination could be related to promoting turnover of
certain proteins that become hyper-SUMOylated when telomere
recombination is blocked. Since SIx5-SIx8 has multiple SIMs
and preferentially interacts with poly-SUMO chains (Mullen and
Brill, 2008), its recruitment to telomeres suggests that they
accumulate poly-SUMOylated protein(s). Hyper-SUMOylation
of several DNA repair factors is known to occur when the down-
stream repair reactions are inhibited (Sarangi and Zhao, 2015).
Accordingly, we found that RPA, which is recruited to resected
telomeres (Khadaroo et al., 2009), becomes SUMOylated during
the peak of telomere erosion in the absence of telomerase and
is hyper-SUMOylated in the absence of SIx5-SIx8. Similarly,
the mammalian STUbL RNF4 is required to prevent RPA hy-
per-SUMOylation (Galanty et al., 2012). We do not think that
RPA is the only hyper-SUMOylated target of SIx5-SIx8 at eroded
telomeres, but it might be the primary one. In support of this
notion, we found that SIx5-SIx8 physically interacts with unmod-
ified RPA, and thus, ssDNA-bound RPA may serve as a landing
pad for the SIx5-SIx8 recruitment to resected telomeres. It
is possible that continuous SUMOylation of RPA by Siz2 in
response to persistent DNA damage enhances its interaction
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proteins. The presence of Rfal in the anti-HA
(8F10) immunoprecipitate was determined by
anti-RPA immunoblotting, and reciprocally, the
presence of HA-SIx5 in the anti-RPA immuno-
precipitate was determined by anti-HA (12CA5)
immunoblotting. Co-IP was not observed when
HA-SIx5 was not expressed. The faint Rfal band
detected in the anti-HA immunoprecipitate is a
common background due to RPA sticking to the
beads. The fuzzy band migrating just above
the HA-SIx5 in the anti-RPA immunoprecipitate is
due to cross-reactivity of the anti-HA antibody
with unknown protein precipitating with anti-RPA
serum. n.sp., hon-specific.

(D) To verify DNA-independent interaction be-
tween HA-SIx5 and Rfa1, the extracts were treated
with DNase | (100 pg/ml) for 30 min on ice prior
to IP. The presence of HA-SIx5 in the anti-RPA
immunoprecipitates was determined by anti-HA
(12CA5) immunoblotting. n.sp., non-specific.

Rfa1

n.sp.

with SIx5-SIx8, which results in the localized retention of
STUbL activity. In addition, the DNA damage checkpoint also
affects relocalization of telomeres to NPCs, which may be
related to proper DNA end resection (Cremona et al., 2012).
These results suggest that large regions of ssDNA covered by
hyper-SUMOylated RPA may constitute the initial signal that
triggers the relocalization of various unrepairable DNA lesions
to NPCs (Géli and Lisby, 2015).

There are two possible ways whereby relocalization to NPCs
may promote deSUMOQylation of telomere-bound proteins. One
way of deSUMOQylation at NPCs is via the nuclear-basket-asso-
ciated Ulp1, while another one is Ub-dependent targeting of
the poly-SUMOylated substrates for proteasomal degradation
(Geoffroy and Hay, 2009). Remarkably, the NPC nuclear basket
is part of a dynamic protein network, which includes protea-
somes (Niepel et al., 2013). In addition, the SIx5-SIx8 STUbL
physically interacts with multiple regulatory subunits of the 26S
proteasome lid, including Rpn3, Rpn5, and Rpni1 (Krogan
et al., 2006). Therefore, it is tempting to speculate that the shift
of the eroded telomeres to NPCs may actually reflect the pro-
cess of targeting to proteasomes. The presence of both Ulp1
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Figure 7. Tethering of the TelVI-R to the NPC
Promotes Type Il Recombination

(A) Schematic of the two est24 nup604 pLexA-
NUP60 strains bearing either wild-type (wt) or
modified VI-R that were used to assay for the effect
of TelVI-R tethering to the NPC on the efficiency of
type Il recombination.

(B) The effect of tethering to NPC on type I
recombination was evaluated in ada24 nup604
est24 pLexA-NUP60 cells in cis (TelVI-R) and in
trans (TelXV-L) by Southern blotting using sub-
telomere-specific probes. The results are shown
for two representative clones. DNA was digested
with Xhol. LC represents a loading control, an in-
ternal fragment of chromosome (Chr) Ill that cross-
hybridizes with XV-L probe. Yellow asterisks mark
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and proteasome at the NPC may facilitate either deSUMOylation
or degradation of the SUMOylated proteins at eroded telomeres,
thereby giving them an opportunity for another repair attempt.
We propose that telomere repair in telomerase-negative cells
is a two-step process (Figure S6). During the first stage, short
telomeres with limited levels of single-stranded overhangs would
be repaired by subtelomeric sequence translocation and ampli-
fication (Churikov et al., 2014). By the time of crisis, the efficiency
of this repair is diminished due to shortening of the TG4_3 tracts,
leading to extensive resection, excessive SUMOylation, and
accumulation of telomeres in the form of “congested” recombi-
nation intermediates (Géli and Lisby, 2015). These non-repair-
able telomeres are then targeted to the NPC through a process
involving SUMO, RPA, and SIx5-SIx8. Possibly, STUbL and
NPC-associated Ulp1 both contribute to the clean-up of poly-

sIx5A est2A
VI-R::8LexAbs

(E) Quantification of the effect of TelVI-R tethering
to NPC on the frequency of type Il recombination
events in cis (VI-R) and in trans (XV-L) in the six54
background. The data for the clones with either
unmodified TelVI-R (n = 10) or TelVI-R:8LexAbs
(n = 8) were plotted and analyzed as in (C).

ns

|

SUMOylated proteins, including RPA,
thereby disassembling dead-end interme-
diates at resected telomeres.

The alternative lengthening of telomeres
(ALT), identified in certain human cancer
cells, also depends on SUMO-mediated
targeting of the telomeres to promyelocytic leukemia (PML) nu-
clear bodies (Potts and Yu, 2007). Remarkably, the RNF4 STUbL
that interacts with RPA (Galanty et al., 2012) and the SMC5/6
complex that is essential for ALT are both recruited to PML
bodies (Potts and Yu, 2007). Therefore, the SUMO dependence
of the telomere recombination pathways in the absence of telo-
merase may be conserved between yeast and mammals.

XV-L

EXPERIMENTAL PROCEDURES

Senescence Assays and Telomere Southern Blot Analysis

Strains, primers, and plasmids used in this study are described in Tables S1,
S2, and S3, respectively. Liquid senescence assays were performed starting
with the haploid spore products of diploids that were heterozygous for EST2
(EST2/est24) and for the gene of interest. To ensure homogeneous telo-
mere length before sporulation, the diploids were propagated for at least 50

Cell Reports 15, 1242-1253, May 10, 2016 1251




OPEN

ACCESS
CellPress

population doublings (PDs) in YPD. The entire colonies outgrowing from
haploid spores (estimated 25-30 PDs) were inoculated in liquid YPD medium
and grown to saturation at 30°C. Every 24 hr, the cell density was measured
(optical density at 600 nm; ODgqg), and a fresh 15 ml of YPD was inoculated
with an estimated 10° cells per milliliter. 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 experiments using different spores with identical geno-
type. The senescence assays on solid medium were initiated in the same
fashion as described earlier, but the cells were propagated by consecutive re-
streaking on solid YPD plates followed by outgrowth for 3 days at 30°C. The
process was repeated until the appearance of survivors. Terminal restriction
fragments (TRFs) containing telomeres were visualized by Southern blotting
with a telomeric TG4_3 probe. The types of survivors were determined based
on their characteristic TRF pattern. For Southern blot analysis, approximately
25 ng of DNA was digested with Xhol, resolved in 1% agarose gel, and trans-
ferred onto a Hybond-N+ membrane. For bulk telomere analysis, Southern
blots were hybridized with radiolabeled telomeric TG1_3. For single-telomere
analysis, DNA was treated as described earlier, and the blots were probed
sequentially with TelVI-R- and TelXV-L-specific probes prepared as described
earlier and elsewhere (Churikov et al., 2014). To monitor the efficiency of type Il
recombination events at TELVI-R and TELXV-L, we scored the number of
discrete bands hybridizing with the specific probe at the first time point of
type Il appearance for each clone analyzed. Each of these bands corresponds
to a single type Il recombination event, independently of its size (which is
stochastic from one recombination event to another) and intensity (that only
reflects the relative enrichment of one peculiar survivor in the heterogeneous
population of cells).

Integration of the LexAbs into the VI-R Subtelomere for Tethering
Experiments

The cassette containing eight tandem LexAbs and floxed Kluyveromyces lactis
URA3 was amplified using the pUG72-8LexA_BS plasmid and the primers
VIRpUG72F and VIRpUGT72R (Tables S2 and S3). The cassette was then
transformed into the W303 pGAL-Cre strain for integration upstream of the
YFRO57W open reading frame (ORF), 1.2 kb away from the TG_3 repeats (Fig-
ure S2A). The integrants were selected on SD-Ura dropout plates. Due to
strong subtelomeric silencing, small colonies appear 1 week after transforma-
tion. The clones were screened for targeted integration by PCR and Southern
blotting. Subsequently, Cre-recombinase was induced in galactose medium
to remove KIURAS3. The PCR fragment used to prepare a VI-R-specific probe
for Southern blot was generated using the primers given in Table S2. Plasmids
pUGT72-8LexA_BS (to integrate LexAbs); pLac111-promUIp1-LexA (control
plasmid) and pLac111-promUlp1-LexA-Ulp1C (to express the catalytic
domain of Ulp1 fused to LexA); and pBTM116-URArev-LexA (control plasmid)
and pBTM116-URArev-LexA-Nup60 (to express Nup60 fused to LexA) were
kindly provided by Lorane Texari and Frangoise Stutz (Texari et al., 2013).

Live-Cell Imaging of Senescing Cells and Fluorescence Microscopy
Live-cell imaging was performed on est24 nup133 4N cells expressing Rad52-
RFP-, Cdc13-YFP-, and pNup49-CFP-tagged proteins after elimination of the
pVL291 vector carrying EST2 (URA3) on 5'-fluoroorotic acid (5'-FOA)-contain-
ing plates. Two to four independent Ura- and 5'-fluoroorotic acid resistant
(5'-FOAR) colonies were used to inoculate 20-ml liquid cultures in SC-Trp-
Leu+Ade medium (100 pg/ml adenine). These cultures were grown in the
shaker incubator at 25°C and diluted to ODggp = 0.3 every day. At the time
of each dilution, an aliquot of cells was examined by fluorescence microscopy.
Generation time and PDs were calculated based on ODggg measured over
consecutive time intervals. Mutant strains (siz14, siz24, siz14 siz24, rad94
rad24 4, and six84) were obtained by sporulation of respective hetorozygous
diploids followed by selection of spore clones carrying desired combination
of markers.

Fluorescein microscopy was performed as described by Eckert-Boulet et al.
(2011). Fluorophores were CFP (clone W7), YFP (clone 10C), and RFP (clone
YEMRFP). Fluorophores were visualized on an Axiolmager Z1 (Carl Zeiss
Microlmaging) equipped with a 100x objective lens (Zeiss PLAN-APO; NA,
1.4), a cooled Orca-ER CCD camera (Hamamatsu), differential interference
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contrast (DIC), and a Zeiss HXP120C illumination source. Images were
acquired and processed using Volocity software (PerkinElmer). Images were
pseudocolored according to the approximate emission wavelength of the
fluorophores.

Other Methods
Smt3 (SUMO) and GFP ChlP; co-IP; protein pull-down and western blot quan-
tification; and antibodies are described in the Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
six figures, and three tables and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2016.04.008.
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