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ABSTRACT

In the absence of telomerase, telomeres progres-
sively shorten with every round of DNA replication,
leading to replicative senescence. In telomerase-
deficient Saccharomyces cerevisiae, the shortest
telomere triggers the onset of senescence by
activating the DNA damage checkpoint and recruit-
ing homologous recombination (HR) factors. Yet,
the molecular structures that trigger this checkpoint
and the mechanisms of repair have remained
elusive. By tracking individual telomeres, we show
that telomeres are subjected to different path-
ways depending on their length. We first demon-
strate a progressive accumulation of subtelomeric
single-stranded DNA (ssDNA) through 5-3' resec-
tion as telomeres shorten. Thus, exposure of
subtelomeric ssDNA could be the signal for cell
cycle arrest in senescence. Strikingly, early after
loss of telomerase, HR counteracts subtelomeric
ssDNA accumulation rather than elongates
telomeres. We then asked whether replication
repair pathways contribute to this mechanism. We
uncovered that Rad5, a DNA helicase/Ubiquitin
ligase of the error-free branch of the DNA damage
tolerance (DDT) pathway, associates with native
telomeres and cooperates with HR in senescent
cells. We propose that DDT acts in a length-
independent manner, whereas an HR-based re-
pair using the sister chromatid as a template
buffers precocious 5-3 resection at the shortest
telomeres.

INTRODUCTION

Telomeres are nucleoprotein structures at the ends of
linear chromosomes. They ensure genome stability by pro-
tecting DNA extremities from fusions and degradations
(1). In many eukaryotes, telomeres consist of TG-rich se-
quences and end with a single-stranded DNA (ssDNA)
tail on the strand containing the 3’ extremity. Telomere-
binding protein complexes cap both the double- and
single-stranded telomeric repeats (2). This unusual struc-
ture is subject to the DNA end replication problem, which
results in telomere shortening with each replication cycle
and is counteracted by a specific cellular reverse tran-
scriptase, the telomerase (3,4). Although telomerase is ex-
pressed in unicellular eukaryotes for their long-term
maintenance, its expression is downregulated in most
somatic tissues of many metazoa. Accordingly, telomere
length was found to decrease with age in human individ-
uals (5), suggesting a link between telomere length and
aging. In human fibroblasts in culture, a lack of telomer-
ase expression leads to progressive telomere shortening,
and cells cease to divide in a process called replicative
senescence (6-8). In Saccharomyces cerevisiae, when tel-
omerase activity is removed experimentally, telomeres
also shorten progressively and cells gradually lose viability
in ~60-80 population doublings (9,10). In both settings,
eroded telomeres were found to activate a DNA damage
checkpoint, indicating that the early response to the
absence of telomerase is conserved in eukaryotes
(11-14). The current model is that, as telomeres shorten,
their protective cap declines and they may become
recognized as accidental DNA ends, such as double-
strand breaks (DSBs). Although some components of
this checkpoint have been identified, the structures
adopted by the short telomeres that activate them in the
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absence of telomerase remain to be defined. The issue is
particularly obscured by the fact that even when telomer-
ase is present, telomeres recruit many factors usually
involved in the response to accidental DNA damage, spe-
cifically in DSB processing.

The activation of a DSB-like processing at wild-type
telomeres is best described in S. cerevisiae but is also
shown to occur in several other eukaryotes. The replica-
tion fork passage through telomeres is accompanied by
5'-3" resection and fill-in (15-19). In budding yeast, these
activities promote telomere elongation by telomerase at
the shortest telomeres (20-25). Similar to the initial
response to a DSB, short telomeres stabilize the MRX
complex composed of Mrell, Rad50 and Xrs2, and the
phospho-inositide-3 kinase-related protein kinase (PIKK)
Tell. This induces the serial action of the nucleases and
helicases Sae2, Sgs1-Dna2 and Exol, the activity of which
is highly stimulated in S and G2/M phases (16,26,27).
Accordingly, a DSB placed next to a short telomeric
tract displays higher levels of 5-end resection, compared
with one placed next to a longer telomeric tract (28-30).
However, direct evidence for a length-dependent process-
ing at native telomeres has been lacking. Nonetheless, in
contrast to an accidental DSB that is repaired by homolo-
gous recombination (HR) in S and G2/M phases, telo-
meres are elongated by telomerase.

In telomerase-negative budding yeast cells, the DSB-like
response at short telomeres appears to be more complete.
Similar to a DSB in S or G2/M phase (31), telomeres
recruit Tell, the major ssDNA-binding protein replication
protein A (RPA), and the other PIKK checkpoint kinase
Mecl and its interacting factor Ddc2 (32,33). Rad9, Chkl
and Rad53 are also activated, leading to an effective
G2/M arrest (13,34). Moreover, the deletion of DSB pro-
cessing factors such as Tell, Rad50 and Xrs2 delays sen-
escence (33,35,36), and the deletion of checkpoint
components such as Mecl or Mec3 abolishes the G2/M
cell cycle arrest found in cells of senescing yeast cultures
(12,13). This indicates that eroded telomeres indeed
activate a full checkpoint similar to the DSB checkpoint.
However, in contrast to a DSB, the senescence checkpoint
appears to be permanent, and telomeres are not efficiently
repaired.

Another consequence of telomerase loss is the rapid re-
cruitment of repair factors that are usually excluded from
wild-type telomeres. Rad52, an essential HR factor in
S. cerevisiae, relocalizes into telomere-colocalizing foci in
most cells depleted of telomerase (32). Together with other
HR factors, Rad52 function is critical for both the short-
and long-term survival of telomerase-negative cells
(13,33,36-43). However, despite the presence of many
homologous telomeric repeats, evidence for massive telo-
meric rearrangements has not been found in short-term
cultures of senescing cells (33). Only a small subset of
cells, termed post-senescence survivors, arises in late-sen-
escent cultures (37,44). In these cells, telomeres are
extended either by long and heterogeneous telomeric
tracts or by Y’ subtelomeric elements through HR-based
pathways for which the mechanisms remain difficult to
uncover. The exact role of HR components during the
first part of senescence is even less understood.
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Several lines of evidence suggest the simultaneous acti-
vation of the replication checkpoint in telomerase-
negative budding yeast cells. It was shown that Mrcl, a
component of the replication stress checkpoint, is
phosphorylated and required, together with Rad9, for
Rad53 activation in senescent cells (34). Similarly,
Mmsl, a subunit of an E3 ubiquitin ligase complex
involved in replication repair and stabilization of the rep-
lication fork during replication stress, also contributes to
the viability of cells in the absence of telomerase (33).
These results indicate that replication stress protection
and signalling is important in telomerase-negative cells.
However, although telomere replication appears to be
constitutively difficult and requires telomeric proteins to
proceed (45-48), evidence that an additional replicative
stress emanates from telomeres after the deletion of tel-
omerase remains controversial (40,49,50).

At stalled replication forks, a myriad of proteins stabil-
ize the forks, activate the replication checkpoint and
restart or repair the forks during or after S phase. For
instance, the DNA damage tolerance (DDT) pathway,
also termed post-replicative repair, allows the bypass of
DNA damages by the replication fork and partially
requires the replication checkpoint to be activated (51—
53). In this pathway, Proliferating Cell Nuclear Antigen
(PCNA) is mono-ubiquitylated in response to the fork
encountering the damage, thereby recruiting translesional
polymerases and promoting an error-prone mode of
repair. Alternatively, subsequent poly-ubiquitylation of
PCNA by the E2 ubiquitin-conjugating complex Mms2-
Ubcl13 and the E3 ligase/helicase Rad5 orients the repair
to a template-switch mode. The intact sister chromatid
serves as a template for DNA synthesis, resulting in an
error-free mode of repair (54-56). This template switch
generates X-shaped replication intermediates that are
resolved mainly by Sgsl-Top3 (57). The HR factors
Rad51 and Rad52 are also potentially involved in the gen-
eration of these intermediates, but the relationship between
the HR and DDT pathways remains unclear (58-62).
Although telomeres are difficult replication substrates
and the replication checkpoint appears to be activated in
telomerase-negative cells, the involvement of the DDT
pathway in telomere biology has not yet been explored.

The idea, suggested by in vivo studies, that the senes-
cence process is initiated at the shortest telomere(s) in
mammals has been challenged by cell culture analysis
(63—66). We demonstrated using formal genetic analysis
that the onset of senescence is determined by a single
dominant telomere in budding yeast, likely the shortest
one (67). Accordingly, generating a single artificial very
short telomere accelerates the onset of senescence (33).
Our results showed an enrichment of Tell and Mecl at
this telomere, indicating that cells sense this short telomere
as DNA damage. Interestingly, MEC! deletion abolished
the acceleration of senescence in the presence of a critically
short telomere, suggesting that Mecl recognition of the
shortest telomere initiates the senescence process.
However, the exact structure that activates Mecl in this
context was not determined. This telomere also rapidly
colocalizes with Rad52 after telomerase loss, and strains
depended on RADS52 and MMS1 for short-term survival
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(32,33). Thus, the DNA damage checkpoint and HR are
activated earlier in the presence of a very short telomere in
the absence of telomerase, but it is not known whether the
permanent arrest of senescence is achieved by the accumu-
lation of several such telomeres.

In this work, we took advantage of the cellular setting in
which a single very short telomere is generated to address
the question of the structure of the shortest telomere that
induces senescence. Genetic data combined with direct
analysis of telomeres having different lengths in the
same cell population deprived of telomerase activity dem-
onstrate that 5'-3’ resection is stimulated at the shortest
telomeres, exposing subtelomeric ssSDNA and promoting
the onset of senescence. HR factors, which are recruited in
a Tell-dependent manner to these short telomeres, coun-
teract this resection, explaining their role in delaying sen-
escence at these early time points after telomerase loss. We
also found that factors of the DDT pathway are required
to maintain the viability of pre-senescent cells. To our
surprise, Rad5 localizes at wild-type telomeres, supporting
the notion that semi-conservative DNA replication
through telomeric repeats is challenging. We propose
that whereas replication stress factors operate in a
length-independent manner, HR acts at short telomeres
by specifically compensating for 5'-3" resection and thus
limiting the telomere shortening rate. Hence, distinct
mechanisms operate at short and relatively longer
telomeres.

MATERIALS AND METHODS
Materials

All enzymes were purchased from New England Biolabs,
chemicals came from Sigma-Aldrich and yeast media were
from Difco. Oligonucleotides listed in Supplementary
Table S3 were synthesized by Eurofins MWG Operon.

Yeast strains

Most yeast strains used in this study were derivatives of
yT136 and yT138 diploids that contained the Control or
the VST versions of the telomere VIIL on both chromo-
somes VII and bore one copy of the tlcl::PraNat allele in
the W303 background (33). Additional gene deletions or
epitope tagging were introduced as described (68) using
oligonucleotides listed in Supplementary Table S3 and ap-
propriate crossings. See Supplementary Table S1 for the
full list of strains.

Solid senescence assay

Senescence was analysed with spot assays as described in
Supplementary Figure S1 and in (33,67). Briefly, diploid
strains homozygous for the construct at telomere VIIL
and heterozygous for TLCI and relevant genes were
sporulated on 2% potassium acetate for 3-5 days at
30°C. Spores were germinated for 6-9h at 30°C in
YPGal-Raff (2% galactose; 1% raffinose) to induce the
excision of the URA3-containing circle. Cells were subse-
quently plated on YPD containing Nourseothricin and left
to grow for 1.5 days to select for tlc/A. A small portion of

the colonies was used for genotyping in appropriate select-
ive media. Then 816 independent clones with the relevant
genotypes were spotted (4000 cells and 10-fold serial dilu-
tions) on Nourseothricin-containing rich media and
grown for 2 days at 30°C for each passage. Plates were
scanned on an EPSON Perfection V750 Pro scanner, and
cells from the most concentrated spots were then respotted
until senescence was observed. DNA was prepared for
telomere length determination by telomere-polymerase
chain reaction (telomere-PCR) using oligonucleotides
oT182 (Y’ telomeres), oT156 (VIIL telomeres) and
oT531 (VIR telomeres; (69)) [Supplementary Table S3].

Quantification and statistical analysis of senescence

Quantification of cell viability was performed as in (67).
For each clone, the signal intensity of each spot was
measured using the ‘Microarray Profile’ plugin of
ImageJ 1.46a. Signal intensity versus dilution could then
be plotted. A threshold value of the intensity was set to
correspond to an exponentially growing strain (here one-
fiftth of the maximum intensity of cells grown to satur-
ation) and used for all experiments. The viability index
is the theoretical dilution necessary to obtain a spot inten-
sity equal to the threshold value. Negative values were
obtained by extrapolation of the curve, and the
minimum value was limited to —10. Viability indexes for
each genotype were plotted as boxplots using R2.15.2.
P-values were determined using pairwise Wilcoxon rank-
sum tests and adjusted with a false discovery rate correc-
tion. At least two complete independent experiments were
performed for each pair of diploid starting strains
(Control and VST), and one is shown.

Chromatin immunoprecipitation

Immunoprecipitation of chromatin was performed as
described (33) wusing individual clones obtained as
described in Supplementary Figure S1 and subjected to
the senescence assay described above. Briefly, colonies
obtained in germination plates were inoculated in 50 ml
of Nourseothricin-containing rich media, grown to log
phase, fixed in 1% formaldehyde solution and lysed in
Hepes 50 mM, NaCl 140mM, EDTA 1mM, Triton X-
100 1%, Na-deoxycholate 0.1% containing Mgl32
(C2211, Sigma) and Complete Mini, EDTA-free (Roche)
with glass beads (4 x 30s at 6.5m/s in a cooled FastPrep,
MP Bio). Chromatin was sonicated (Bioruptor UCD-200,
Diagenode) and immunoprecipitated with anti-c-Myc
(9E10 purchased from Sigma), anti-Rad52 or anti-Rad51
(obtained from R. Rothstein and A. Shinohara, respect-
ively). Purified DNA was analysed by quantitative PCR
(qPCR) using FastStart Sybr Green master detection
(Roche) and primers oT310-0T311 (subtelomere VIIL),
0T312-0T313  (subtelomere  VIR),  0T570-0T571
(subtelomere Y’) and 0T314-0T315 (4ROI). Fold
increase values are the ratio of a given telomere enrich-
ment (immunoprecipitated/input) over the enrichment of
the ARO1 locus (immunoprecipitated/input) unless other-
wise stated. Error bars indicate SEM values obtained from
at least three independent cultures.

9T0Z ‘9T {unC uo DINdN e /ﬁJO'S|BUJnO [pJOJXO'JEU//Zdnq wioJ} pepeojumoq


'
'
is
is
'
'
,
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1328/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1328/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1328/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1328/-/DC1
.
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1328/-/DC1
ere
 to 
'
,
(
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1328/-/DC1
)
.
``
''
--
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1328/-/DC1
L
;
;
;
,
z
'
,
.
.
.
http://nar.oxfordjournals.org/

Telomere structure analysis

To obtain a sufficient amount of DNA to further analyse
telomere structure, we produced tlc/A cells as described
above and in Supplementary Figure S1. Relevant starting
diploid strains were germinated as described above, and
then plated to obtain 2.5 x 10° colonies on plates that
contained galactose and Nourseothricin. To simultan-
eously select for additional mutations, we combined
G418 or selective media lacking histidine if required.
Under these conditions, 100 and 90-95% of spores in
Control and VST strains, respectively, excised the
URA3-containing circle. All cells were resuspended,
grown in liquid-rich media containing Nourseothricin
and diluted daily to 10° cells/ml until senescence was
reached. Each day, at least 5x 10% cells were collected
and stored at —20°C. Genomic DNA was purified by
shearing cells with glass beads and phenol-chlorophorm
extraction according to (70). To determine telomere
length and subtelomeric structure, we performed
Southern blot by digesting DNA with Xho 1 (telomeres
Y’) or Stu I (telomere VIIL). Fragments were separated
by electrophoresis, transferred to a membrane and
hybridized with suitable radioactively labelled probes ac-
cording to a protocol adapted from (71). Probes were
generated by random priming on a purified oT316-
0T318 PCR fragment (telomere Y’) or a Sall-Ncol diges-
tion of pVIIL URA3-TEL containing adh4-ura3 (telomere
VIIL; (72)). Images were obtained with Typhoon Trio and
lengths measured with the MolWt macro in ImageJ 1.46a.
Subtelomeric ssDNA was quantified according to (73)
using primers listed in Supplementary Table S3. To test
the effect of resection factors on ssDNA accumulation,
colonies with the relevant genotypes were obtained as in
the solid senescence assay and grown for 1 day in liquid-
rich media containing Nourseothricin. Genomic DNA
was purified with glass beads and phenol-chlorophorm
extraction, and subtelomeric ssDNA was quantified ac-
cording to (73) using primers listed in Supplementary
Table S3.

Microscope analysis

Yeast cells were grown and processed for fluorescence mi-
croscopy as described previously (74). Fluorophores were
visualized on a Deltavision Elite microscope (Applied
Precision) equipped with a 100x objective lens (Olympus
U-PLAN S-APO, NA 1.4), a cooled Evolve 512 EMCCD
camera (Photometrics, Japan), and an Insight solid state
illumination source (Applied Precision). Images were
acquired using softWoRx (Applied Precision) software
and processed with Volocity software (PerkinElmer).

RESULTS

5'-3 resection factors promote the onset of senescence
when one single critically short telomere is present

We have previously shown that Tell and Mecl accumu-
late at the shortest telomere in telomerase-deficient cells
and promote the onset of senescence (33). Because Mecl
can be recruited at ssDNA on the 5-3' resection of DSB
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ends, we wondered whether subtelomeric ssDNA accumu-
lates at the shortest telomere in the absence of telomerase.

To determine this, we used our previously described
system to generate a very short telomere that we could
track in several independent clones deprived of telomerase
activity [Figure 1A; see Supplementary Figure S1 and
‘Materials and Methods’ section (33)]. This was achieved
by the mass sporulation of a diploid heterozygous for
TLCI encoding the template RNA of telomerase and
the selection of #/c1A clones using a haploid-specific select-
ive marker. The very short telomere was a modified
version of the telomere VIIL in which the subtelomeric
region was replaced by an artificial construct that
allowed the reduction of terminal telomeric repeats in
cells termed VST cells (Figure 1B). Control cells contained
a control construct in which the VIIL telomere was of
nearly wild-type length (Figure 1A and B). To cope with
the heterogeneity of the senescence phenotype, we used a
sensitive spot assay in which the growth of many inde-
pendent clones could be assessed in parallel in serial
passages performed every 2 days of growth on plates at
30°C in a single full experiment [see Supplementary Figure
S1 and ‘Materials and Methods’ section (67)]. With this
system, VST cells, which contained a very short VIIL
telomere, senesced earlier than Control cells, which had
a near—wild-type—length VIIL telomere, as described pre-
viously (33).

To test for the role of DSB processing factors, we
deleted their corresponding genes in this cellular setting
and derived tlc1A4 spores containing or not the additional
mutations from the same diploids. Comparing all geno-
types within a single full experiment was important
because telomere length and/or structure can be altered
by the deletions in the parental strains, affecting senes-
cence rates of all derivatives. For instance, as observed
for TELI, XRS2 and RADS50 (33,35,36), mrellA]
MRE]II diploids displayed shorter telomeres providing a
plausible explanation for the faster senescence of tlclA
MREII derivatives compared with z/cIA clones obtained
from MREII/MREI]I diploids (Supplementary Figure S2
and Figure 1). Nonetheless, in Control cells, the loss of
Mrell resulted in a delay of senescence in the second
passage (Figure 1C, blue lines), similar to observations
in tleld xrs24 and tlclA rad504 mutants described
recently (36). In the presence of a single very short VIIL
telomere, MREI] deletion delayed senescence from the
first passage (VST cells; Figure 1C, red lines). This is in
accordance with the idea that displaying a very short
telomere from the moment telomerase is lost anticipates
the phenotype observed in Control cells. Thus, Mrell
promotes the establishment of senescence, probably via
the action of the MRX complex at the shortest telomere.

At a DSB and at telomeres maintained by telomerase,
the MRX complex, along with Sae2 nuclease, allows
extended 5-3’ resection by Exol or Sgsl-Dna2
(16,77,78). Deletion of SAE2 in our cellular system ini-
tially accelerated senescence in both Control and VST
cells (Figure 1D, passage 1) but later delayed it
(Figure 1D, passages 2-3). As for mrellA, the delay in
senescence was more pronounced in cells displaying a
very short telomere, which argues for a more prominent
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Figure 1. 5'-3’ resection factors promote senescence. (A and B) Experimental setting used in this study. (A) Two sets of yeast strains deleted for
telomerase activity (t/c/4) and containing a modified version of the telomere VIIL were used [adapted from (33,75)]. In Control cells the VIIL
telomere is of wild-type length, and in VST cells the VIIL telomere is very short. The proliferation capacity of several independent clones of such
strains, obtained through the procedure described in Supplementary Figure S1, was compared. (B) Telomeric constructs. The VST strain contains an
artificial VIIL telomere, such that a URA3 selection marker and 600 nt of TG, _; repeats were inserted between two flipase recognition target (FRT)
sequences close to the chromosome end. These internal repeats negatively regulated telomerase activity via the protein-counting mechanism (76),
resulting in a short array of terminal telomeric repeats after the second FRT. The Control strain did not display internal telomeric sequences,
resulting in normal homeostasis of the number of distal telomeric repeats. The induction of Flpl, a site-directed recombinase, resulted in the excision
of the fragment between the two FRTs, leaving only the terminal telomeric repeats. (C) Quantitative analysis of senescence by serial spot assays in
the presence (VST) or absence (Control) of a very short VIIL telomere was performed on 8 MREII tlcIA (dotted lines) and 8 mrellA tlciA
(full lines) independent spores derived from yT235 (Control cells) and yT236 (VST cells; see Supplementary Figure SI and ‘Materials and Methods’
section). Adjusted P-values were obtained by Wilcoxon rank-sum test with a false discovery rate correction. *P <0.1; **P <(.05. See Supplementary
Table S2 for detailed P-values. (D) Same as in (C) for 16 SAE2 tlc1A and sae2A tlcl14 independent spores derived from yT231 and yT232. (E) Same
as in (C) for 16 EXOI ticiA and 16 exolA tlcl1A independent spores derived from yT403 and yT404.

action of Sae2 in the presence of a short telomere. EXO/ may act preferentially on short telomeres to promote
deletion delayed senescence from the second passage in senescence.

both Control and VST cells (Figure 1E). In this case, no
loss of viability was observed in the first passage as
compared with sae24 senescent cells. Thus, Mrell, Sae2
and Exol display similar phenotypes, suggesting that they
act in the same pathway. The accelerated senescence Because all of these factors are involved in the 5'-3" resec-
phenotype observed in the presence of a single very tion of DSBs, we hypothesized that their effects in
short telomere suggests in addition that these factors promoting senescence could be due to a more prominent

Subtelomeric ssDNA accumulates as telomere shortens in
the absence of telomerase
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action at the shortest telomeres. We thus compared the
level of ssDNA at telomere-proximal regions of the artifi-
cial VIIL telomere and of the independent native VIR
telomere in the same populations of Control and VST
cells. To obtain sufficient cells for the analysis, we mixed
all independent colonies resulting from the mass sporula-
tion and tlc1A selection and grew them in liquid cultures
for 4 days until they reached senescence and before the
appearance of post-senescence survivors. DNA was
prepared each day and ssDNA at ~100 bp upstream of
the telomeric tract was quantified by quantitative amplifi-
cation of ssDNA [QAOS, (73), Figure 2].

We found that ssDNA at the subtelomere of chromo-
some VIR increased from ~6-12% at early time points in
both Control and VST cells to 20-40% in late cultures
(Figure 2A and Supplementary Figure S3A). This indi-
cates that ssDNA progressively accumulates at
subtelomeres as cells divide in the absence of telomerase
and that one-third of cells presents subtelomeric ssDNA at
the VIR telomere at the moment of senescence. A similar
profile was observed for the telomere-proximal region of
the modified VIIL telomere in Control cells (Figure 2A
and Supplementary Figure S3B), showing that the lack
of natural subtelomeric sequences did not grossly influ-
ence the processing of this nearly wild-type-length
telomere in the absence of telomerase. In contrast, in
VST cells, the short VIIL telomere showed higher levels
of ssDNA (~18%) in the telomere-proximal region before
30 population doublings (PDs) compared with the same
region in Control cells and compared with the VIR
subtelomere in the same cell population (Figure 2A and
Supplementary Figure S3B). During the course of the
culture, these ssDNA levels increased to 40%. To test
whether the progressive accumulation of subtelomeric
ssDNA as cells divide reflects its preferential accumulation
at shorter telomeres, we determined telomere length of
each individual sample and plotted ssDNA as a function
of telomere length. Strikingly, the amount of subtelomeric
ssDNA tended to increase as telomeres shortened (Figure
2B). Thus, native telomeres likely become better substrates
for 5/-3' resection as they become short. Moreover, at the
VIIL telomere in VST cells, at a constant short length, the
amount of subtelomeric ssDNA increased with the
number of PDs (Figure 2B, full red-brown circles). We
can thus suggest that the number of telomeres presenting
subtelomeric ssDNA increases as telomeres shorten and as
cell cultures reach senescence. Thus, cells in crisis probably
have several short telomeres with long ssDNA extremities.

To verify that this accumulation of ssDNA at short
telomeres is indeed due to 5-3’ resection, we measured
the amount of ssDNA at telomeres in the absence of re-
section factors. To be able to compare cells derived from
the same diploid, we selected MREI11 tlciA and mrellA
tlc1A clones and measured ssDNA ~25 PDs after the loss
of telomerase. We found a similar low level of 3-4% of
ssDNA at VIR subtelomeres in Control and VST cells
both in MREII and mrellA cells (Figure 2C and
Supplementary Figure S3C). In contrast, the accumula-
tion of ssDNA at the subtelomere of a very short VIIL
telomere was lost in mrellA tlciA cells (Figure 2C and
Supplementary Figure S3C), indicating that the increase
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in ssDNA specifically at short telomeres depends on
Mrell. Likewise, the accumulation of ssDNA at the
VIIL subtelomere in VST cells was decreased on EXOI
deletion (Figure 2D and Supplementary Figure S3D), in
accordance with the notion that parallel pathways act at
telomeres for 5-3’ resection (16). Importantly, these
findings strongly support that the DSB 5-3’ resection
pathway acts to erode telomeres thereby generating long
ssDNA tails.

We conclude that an excessive amount of ssDNA at
telomeres could be the signal stemming from short telo-
meres that triggers Mecl-dependent checkpoint activation
and cell cycle arrest. Based on this, and the fact that 5'-3’
resection factors promote the onset of senescence, we
propose that as telomeres shorten, they become more
prone to the action of these resection factors and thus
accumulate ssDNA at their subtelomeres, exposing non-
telomeric ssDNA that will activate the Mecl checkpoint.

HR counteracts subtelomeric ssDNA exposure at short
telomeres in telomerase-negative cells

The 3’ extended ssDNA tails created by 5'-3' resection can
be the substrate for HR. Because HR factors such as
Rad51 and Rad52 were shown to contribute to the viabil-
ity of cells in the absence of telomerase, we investigated
their roles at the telomeres of senescent cells. We have
previously shown that RADS52 deletion accelerates senes-
cence in both Control and VST cells and that Rad52 forms
foci at the shortened VIIL telomere (32,33). Here we
examined whether RADS5I deletion had the same effect.
In a similar manner, RAD51 deletion accelerated the
onset of senescence in both Control and VST strains
(Figure 3A).

The DNA polymerase & is the major polymerase of
lagging strand synthesis within the replisome but is also
involved in many DNA repair processes requiring DNA
synthesis (60,79-81). Pol32 is a non-essential subunit of
DNA polymerase 9, the function of which is revealed at
low temperatures, where it is required for efficient replica-
tion, and in processes such as break-induced replication
and telomere maintenance in post-senescence Survivors
(82-84). To test whether HR-coupled DNA synthesis
was required to maintain senescent cells before the estab-
lishment of post-senescence survivors, we tested how sen-
escence was affected in the absence of POL32. We found
that POL32 deletion resulted in a significant acceleration
of the onset of senescence in both the presence and
absence of a very short telomere (Figure 3B). This
supports the notion that efficient replication and/or
DNA repair—coupled DNA synthesis is required to
maintain viability before senescence.

The genetic effects were probably due to a direct action
of HR at the short telomere, as both Rad52 and Rad51
proteins were found to be enriched at the short VIIL
telomere in VST cells compared with other telomeres in
the same cell population or to the VIIL telomere in
Control cells (Figure 3C). Therefore, the mild increase in
recombination factors binding to chromosome end se-
quences in the absence of telomerase described previously
(41) is probably due to its highly preferential binding to
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Figure 2. The accumulation of subtelomeric ssDNA by end resection contributes to senescence. (A) A mixture of t/c/A colonies derived from yT136
or yT138 was grown in liquid-rich medium with daily dilutions. DNA was prepared every day, and for each culture the number of PDs grown in
liquid culture was estimated. Genomic DNA was prepared and ssDNA quantity was monitored by QAOS using a probe located 56 nt away from the
telomeric repeats of telomere VIR (open circles) and 139 nt away from the telomeric repeats of telomere VIIL (full circles) in Control (blue circles)
and VST (red circles) tlc14 cells and plotted according to the PDs since the loss of telomerase. (B) DNA samples from (A) were used to determine
the telomere length of VIR and VIIL by telomere-PCR. ssDNA determined as above was plotted according to telomere length. Circle colors indicate
whether DNA was from Control cells (blue circles) or VST cells (red-brown circles). Full or open circles indicate whether data correspond to VIR
(open circles) or VIIL (full circles) telomeres. PD indicates the number of estimated PDs in liquid cultures after mass sporulation and colony
formation. (C) MREII tlciA and mrellA tlciA colonies derived from yT235 or yT236 were grown in liquid-rich medium for ~25 population
doublings. Genomic DNA was prepared from Control (blue) and VST (red) cells and ssDNA quantity was monitored by QAOS as in (A) (n = 34
clones per genotype). (D) Same as in (C) with EXOI tlciA and exolA tlclA colonies derived from yT403 or yT404 grown for ~27 population
doublings (n = 3—4 clones per genotype).

the shortest telomere(s) in the cell. In accordance with this ssDNA at native VIR subtelomeres in VST cells was not

idea, Rad51 and Rad52 association with telomeres is de-
pendent on telomere length (Supplementary Figure S4A).
In addition, we found that Rad52 preferential recruitment
to the short telomere is partially lost in cells lacking Tell
(Figure 3D). This is in accordance with Tell promoting
senescence in the same pathway as MRX (33,30),
probably through its ability to assist in the formation of
long ssDNA tails at short telomeres (85), allowing the
loading of Rad52. We therefore speculate that the long
ssDNA tails, which accumulate at short subtelomere(s)
in senescent cells as a consequence of 5'-3' resection, are
probably coated with RPA, then with Rad51 with the as-
sistance of Rad52 and at the same time activate Mecl.
Because short telomeres accumulated both ssDNA and
HR factors, we asked whether HR was affecting the
amount of ssDNA at telomeres. We observed that the

affected by the loss of RADS52. In contrast, as early as 9
PDs, VIIL subtelomeres showed a slight increase in
ssDNA in rad524 Control cells compared with RADS52
(Figure 4A and B). Remarkably, the amount of ssDNA
at very short VIIL subtelomeres in VST cells increased to
42%, a level previously observed only in cells late in sen-
escence (see Figure 2). Hence, Rad52 restricts the accumu-
lation of subtelomeric ssDNA at a short telomere at early
time points after the loss of telomerase. One hypothesis is
that Rad52 counteracts resection by promoting strand
invasion and DNA synthesis from a homologous
template.

Because an increased resection at the shortest telomere
is expected to increase the telomere shortening rate
because of the end replication problem (3), we next
asked whether the telomere shortening rate was affected
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Figure 3. HR counteracts senescence. (A) The deletion of RADS51 accelerates senescence. Quantitative analysis of senescence as in Figure 1C on 8
RADSI tlclA and rad51A tlelA colonies derived from yT347 and yT348. Adjusted P-values were obtained by Wilcoxon rank-sum test with a false
discovery rate correction. *P <0.1; **P < 0.05. See Supplementary Table S2 for detailed P-values. (B) The deletion of POL32 accelerates senescence.
Quantitative analysis of senescence as in Figure 1C on 8 POL32 tlc1A and 8 pol32A4 tlc1A colonies derived from yT225 and yT226. (C) Rad52 and
RadS51 associate preferentially with short telomeres in the absence of telomerase. Cultures from independent t/c/A4 spores derived from yT136 or
yT138 were grown in liquid YPD for ~30 generations after sporulation in the absence (Control cells) or presence (VST cells) of a short VIIL
telomere. Chromatin was immunoprecipitated using primary antibodies directed against Rad52 (left panel) or RadS1 (right panel). The association of
each protein with the VIR or VIIL telomeres or with an internal locus (4RO1) was quantified by qPCR, and the fold increase in telomere enrichment
over AROI is indicated. Error bars indicate the SEM from three independent spores. (D) Rad52 association with the short telomere depends on Tell.
ChIP of Rad52 was performed as in (B) in #z/c/4 independent spores derived yT174 or yT176 with the indicated genotypes. Association of each
protein with the Y’ telomeres or VIIL telomeres or to an internal locus (4ROI) was quantified by qPCR, and fold increase of telomere enrichment

over AROI is indicated. Error bars indicate SEM from at least three independent spores.

by initial telomere length. We thus measured the length of
the short VIIL telomere in VST cells and compared it with
that of the VIIL telomere in Control cells and with that of
Y’ telomeres in VST and Control cells at several time
points in senescing cultures. We found that the latter
control telomeres shortened at the expected rate of 3—
Snt per PD [Figure 4B and C and Supplementary Figure
S4B (75)]. In contrast, in VST cultures, the length of the
short VIIL telomere became stable at an average of 70—
80nt. An increased shortening of the shortest telomere
could not be detected. Instead, either an active mainten-
ance of this telomere is operating, or cells with an ex-
tremely short telomere—or even no telomeric repeats
left—do exist but are rapidly counterselected in liquid
cultures [see the spread and loss of the smear of VIIL
terminal fragment in VST cells of Figure 4B and (33)],
or both. Interestingly, we often could observe VIIL telo-
meres shorter than this 70-80nt limit in cells deleted for
MREII (Supplementary Figure S3C), suggesting that it is

the increased resection at short telomeres rather that their
length that triggers cell cycle arrest.

Given the involvement of HR factors specifically at the
short VIIL telomere, we investigated how RADS52 deletion
affected this telomere length-dependent maintenance in
VST cultures. Whereas the short VIIL telomere was
detected in VST cells at eight PDs, only longer VIIL telo-
meres were detected in subsequent PDs (Supplementary
Figure S4C). This was associated with the growth of a
small subset of cells from the initial population that
regained higher viability (Supplementary Figure S4D
and E) in accordance with strong selection being at
work in liquid cultures of rad524 ticiA VST cells. We
concluded that the very short telomere could not be main-
tained as short in the absence of Rad52.

In accordance with the sequence of events occurring at
the DSB, we propose that HR protects short telomeres by
promoting DNA synthesis from a homologous region to
counteract extended resection, effectively delaying
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Figure 4. Rad52 counteracts the accumulation of subtelomeric ssDNA. (A) Rad52 counteracts ssDNA accumulation at subtelomeres of the very
short telomere. ssDNA at VIIL (left panel) and VIR (right panel) subtelomeres from Control or VST cells was measured by QAOS as described for
Figure 2A ~9 PDs after the loss of TLC/I in RADS52 (derived from yT136 and yT138) or rad524 (derived from yT143 and yT145) cells. Mean = SEM
for three independent experiments. (B) Lengths of Y’ (left panel) and VIIL (right panel) telomeres in Control and VST cells were measured by
Southern blot at the indicated PD after the loss of TLCI. Full arrow: internal ura3 locus; open arrow: fragment of the VIIL when excision did not
occur. (C) Mean shortening rate per PD was determined from Southern blot as in (B) between 9 and 33-35 PDs for Y’ and VIIL telomeres from

three independent cultures. Mean = SEM.

senescence. This pathway, however, does not result in net
telomere elongation, as the length of the VIIL telomere in
VST cultures does not increase [Figure 4B (33)]. One pos-
sibility is that most of the recombination events occur
using the replicated sister chromatid as a template,
perhaps coupled with the semi-conservative DNA replica-
tion through telomeric repeats. To test for this possibility,
we went on testing the effect of replication repair
pathways on senescence.

The error-free DDT pathway modulates the rate of
senescence

Along with the existence of substantial evidence for a
short telomere being recognized as a DSB, some data
argue that a short or dysfunctional telomere can be
sensed as a replication stress. For example, Mecl is
activated both in the case of a DSB and during replication
stress, and some replication-specific factors, such as Mrcl,
Mmsl and Pol32, interfere with the rate of senescence
(33,34,86) (Figure 3B). We thus investigated how known
factors that allow replication through damaged templates
control senescence.

Rad5, a key component of the error-free DDT pathway,
is both a RING finger-containing ubiquitin ligase required
for the poly-ubiquitylation of PCNA and a DNA helicase
with an in vitro activity of fork regression (59,87). All of
our work has been performed in the original W303 back-
ground, which contains the rad5-535 allele of RADS.
Although this allele displays only mild defects, it corres-
ponds to a point mutation positioned in one of the seven
Rad5 helicase domains (88). We verified that senescence in
a RAD)5 background was also accelerated by the presence
of a very short telomere, suggesting that the Rad5-535
protein retains most Rad5 functions in senescence
(Supplementary Figure S5A). In contrast, when Rad5
was totally absent, a significant acceleration in senescence
was observed in both Control and VST cells (Figure 5A),
showing that this ubiquitin ligase/DNA helicase promotes
the viability of cells in the absence of telomerase.

This result indicates that the error-free branch of the
DDT is potentially involved in the maintenance of senes-
cent cells. To check this, we tested the role of MMS2,
which encodes a ubiquitin-conjugating component that
cooperates with Rad5 for the poly-ubiquitylation of
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Figure 5. DDT and HR act independently to sustain the viability of senescent cells. (A and B) DDT factors sustain the viability of senescent cells.
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correction. *P <0.1; **P <0.05. See Supplementary Table S2 for detailed P-values. (C and D) rad54 and rad524 display synthetic slow growth
phenotypes in TLCI or tlclA background. TLCI/tlclA RADS52[rad52A rad5-535/rad5A diploids (yT567) were sporulated and meiosis products
dissected and analysed after 2 days of growth on rich medium, photographed and genotyped. (C) Representative tetrads are shown, and genotypes
of the tlclA colonies are indicated. (D) Spore colonies of each genotype were given an index according to their size. —: non-growing spore or
microcolony, +: small colony, ++: medium colony, +++: normal size colony. n = 15 tetrads/60 spore colonies were analysed.

PCNA in the DDT. MMS2 deletion accelerated senes-
cence, but only in the presence of a very short telomere
(Figure 5B). This suggests a specific role of Mms2 in
the maintenance of a very short telomere, while Rad5
would have a role in both strains, perhaps through a
helicase-dependent and ubiquitin-independent function.
Alternatively, mms24 might confer a milder phenotype
than rad54, revealed by our assay that exacerbates pheno-
typic differences in senescence, as observed for other DDT
assays (58).

As a telomerase-positive rad54 strain displays a slightly
increased telomere length compared with RADS [(89) and
Supplementary Figure S2], we wondered whether the
effects of Rad5 in senescence could be related to
telomere length homeostasis. However, we saw no signifi-
cant difference in Y’ and VIIL telomere shortening rates
between rad5-535 and rad54 in Control and VST cells
(Supplementary Figure S5B and C). Hence, the acceler-
ation of senescence of rad54 cells is not simply due to
faster erosion of telomeres.

Increasing evidence points to the idea that both DDT
and HR factors act at damaged forks to promote

replication repair and restart (58-61). However, how
these pathways cooperate remains unclear, perhaps
because different stresses may trigger different mechan-
isms. To investigate how these two pathways cooperate
at telomeres in the context of senescence, we combined
deletions of RADS5, RADS52 and TLCI in heterozygous
diploids. Spore analysis of meiosis products showed a
strong synthetic growth defect between rad54 and
rad524 in TLCI that was exacerbated in tlciA cells
(Figure 5C and D). We thus concluded that Rad5-535
and Rad52 act in at least partially non-overlapping
pathways to maintain the viability of telomerase-
negative cells.

Rad5 localizes to a subset of telomeres in S/G2 phase
in telomerase-positive cells

The involvement of Rad5 in the control of senescence
prompted us to explore its association with telomeres.
We expressed Myc-tagged versions of both Rad5 and
Rad5-535 and immunoprecipitated chromatin from tel-
omerase-positive cells. Epitope-tagging these proteins
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only slightly increased telomere length (Supplementary
Figure S2C). We saw a significant enrichment of both
Myc-tagged Rad5-535 and Myc-tagged Rad5 over the
background for all loci analysed. These included an
internal locus (4AROI gene) as well as two telomere-
associated loci, the VIIL subtelomere in the context of a
wild-type regulated telomere and the VIR native
subtelomere (Figure 6A). Strikingly, the enrichment at
telomeric loci was significantly higher compared with the
internal locus, suggesting that Rad5 could have a specific
role at telomeres in the presence of telomerase.

To confirm this, we replaced wild-type Rad5 with a
YFP-tagged version in cells expressing a CFP-tagged
version of Rapl and a RFP-tagged version of Rad52 to
check for colocalization of RadS with both telomeres and
HR foci, respectively. We observed that Rad5-YFP was
able to form spontancous foci in one-fourth of unchal-
lenged S/G2 cells (Figure 6C and D, EST2). These foci
are only observed in S/G2 cells, when Rad5 activity has
been shown to be required for DDT (80). Strikingly, one-
third of these foci associated with the telomeric protein
Rapl1-CFP, indicating that Rad5 foci were indeed found
at a subset of wild-type telomeres. Thus, Rad5 and
perhaps the error-free DDT pathway might assist in
telomere replication, thereby ensuring telomere length
homeostasis.

When telomerase activity was removed, the ability of
Rad5 to accumulate at telomeres persisted (Figure 6B).
Notably, no preference for shorter telomeres was
detected because the VIIL telomere in VST cells was not
enriched in Rad5-535-myc immunoprecipitates, compared
with the VIIL telomere in Control cells or the Y’ telomeres
in VST or Control cells. Surprisingly, telomerase removal
by the loss of a plasmid-borne copy of EST?2 resulted in a
significant decrease in Rad5-YFP foci as early as 25 PDs
after the loss of telomerase (Figure 6C and D, est24). This
decrease included the Rapl-associated Rad5 foci, suggest-
ing that, although present, Rad5 loses its ability to form
foci at telomeres and also at other sites in the absence of
telomerase. In contrast, Rad52-RFP foci, previously
described to associate with short telomeres, increased
[Figure 6E (32)]. These results suggested that the inter-
action between Rad5 molecules at telomeres changed
after loss of telomerase. We then asked whether the
increase in ssDNA telomeric tails as telomeres shortened
explained the inhibition of Rad5-YFP foci. In restrictive
conditions, cdcl7-1, a conditional mutation of a DNA
polymerase o-primase component gene, leads to telomer-
ase-dependent overextension of single-stranded G-tails.
However, this genetic background did not affect the
ability of Rad5-YFP to form foci in S/G2, indicating
that modification of the primary structure of telomeres
does not alter the ability of Rad5-YFP to form foci at
telomeres (Supplementary Figure S5D). An intriguing
possibility could be that telomerase or the cellular check-
point state controls Rad5 foci formation. An alternative
explanation is that the telomeric, and perhaps genomic,
chromatin structure or nuclear organization is altered in
est2/ cells in a way that prevents Rad5-YFP from forming
foci. In accordance with this hypothesis, an alteration of

global chromatin structure after the loss of telomerase was
recently proposed (90).

Mus81 and Sgs1 affect senescence through distinct
mechanisms

D-loops or Holliday junction intermediates generated by
HR and the error-free DDT pathway are expected to be
resolved after DNA synthesis by several enzyme
complexes. Of these complexes, the Mus81-containing
complex has specificity for resolving D-loops and nicked
Holliday junctions that are potentially formed by HR and
template switching at telomeres (91). Accordingly, Mus81
was recently found at the telomeres of human cells that
maintain telomeres through a recombination-based mech-
anism (92). Confirming previous results, deletion of
MUSSI did not affect senescence in Control cells (39);
(Figure 7A). In contrast, we found that mus814 VST
cells displayed faster senescence compared with MUSS!
VST cells. This suggests that Mus81 may have a promin-
ent role at critically short telomeres, revealed when at least
a single one of these is present when telomerase is lost.

Sgs1 is a RecQ helicase that, as part of a complex with
Rmil and Top3, also resolves HR and DDT intermediates
(57,93,94) and has long been implicated in telomere
biology (40). In addition, Sgsl is also involved in DSB
and telomeric 5-3’ resection (16,78), shown here to
promote senescence. Thus, Sgsl potentially contributes
to opposing phenotypes during senescence. Confirming
the literature (95-97), we found that SGS/ deletion
accelerated senescence in Control cells. In contrast, in
VST cells with a short telomere, an absence of Sgsl did
not significantly affect the onset of senescence (Figure 7B).
We conclude that either Sgs1 has no effect in the presence
of a single very short telomere or this complex phenotype
reflects the multiplicity of Sgs1 activities. We propose that,
in sgsiA cells, 5'-3" resection at short telomeres may be
limited, decreasing both checkpoint activation and the for-
mation of substrates resolved by Sgs1 itself.

DISCUSSION

Increasing evidence indicates that in many eukaryotes
telomere length dictates the proliferation capacity of a
cell lineage in the absence of telomerase. More specifically,
the length of the shortest telomere is probably the major
determinant of the onset of senescence. Here, using a
cellular setting in which we could distinguish a very
short telomere from the remaining ones, we have shown
that, as they erode, telomeres are subjected to different
processing pathways. This is attested by the direct charac-
terization of telomere primary structure, the differential
enrichment of several DNA repair factors and the require-
ment of distinct gene products for cell growth according to
telomere length. Namely, as telomeres shorten, we observe
a switch between a mode of telomere maintenance that
involves Rad5 and a DSB-like processing with increasing
accumulation of subtelomeric ssDNA (Figure 8). Thus, it
appears that telomeres maintain genome integrity possibly
through distinct mechanisms according to their length and
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Figure 6. Rad5 localizes to a subset of telomeres in wild-type cells. (A) Rad5-535 and Rad5 are enriched at telomeres. Telomerase-positive cells
expressing Rad5-535 (yT580), a myc-tagged version of Rad5-535 (yT581), Rad5 (yT583) or a myc-tagged version of Rad5 (yT582) and a wild-type
length telomere VIIL (Control construct after excision of the URA3-containing circle) were submitted to ChIP using an anti-myc antibody. The
association of Rad5-535-myc and Rad5-myc with the VIIL telomere, the VIR telomere or the internal ARO! locus was quantified by qPCR.
The mean fraction of input £ SEM was calculated from four independent cultures. (B) ChIP of Rad5-535-myc was performed as in (A) in tlc14
independent spores derived yT382 or yT383 with the indicated genotypes grown ~30 PDs after sporulation. Association with the Y’ telomeres or
VIIL telomeres or to an internal locus (ARO1) was quantified by qPCR. Error bars indicate SEM from three independent spores. (C-E) Rad5
colocalizes with Rapl in telomerase-positive cells. RadS foci were examined by fluorescence microscopy in wild-type cells expressing Rad5-YFP,
Rad52-RFP and Rapl-CFP (ML690-16A) and in est2A mutant cells (ML691-12C) 1, 2 or 3 streaks after the loss of a plasmid-borne EST2. (C)
Representative images of wild-type (left) and est2A (right) cells are shown. Scale bar: 3 um. (D) Percentage of S/G2 cells displaying Rad5 foci. Blue:
percentage of S/G2 cells displaying a Rad5 focus co-localizing with Rapl; red: percentage of S/G2 cells displaying a Rad5 focus co-localizing with
Rad52. In EST2 cells, ~30% of Rad5 foci colocalize with Rapl and 10% colocalize with a Rad52 focus. Rad5 foci are observed exclusively in
budded cells (S/G2). A total of 60-120 cells were counted per genotype. Error bars represent 95% confidence intervals. (E) Quantification of Rad52
foci in S/G2 cells in the experiment shown in (B and C). Error bars represent 95% confidence intervals.
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for detailed P-values.

that these pathways may simultaneously operate at differ-
ent telomeres in a given cell.

Increasing exposure of subtelomeric ssDNA as telomeres
shorten

Previous results have indicated that Mecl is activated in
the absence of telomerase by recognizing the shortest
telomere in the cell, leading to cell cycle arrest in G2/M
(12-14,32,33,98). Although RPA enrichment at telomeres
increases as cells senesce (32), indicating the presence of
ssDNA, the structure sensed by Mecl remained un-
covered. In this work, we directly observed ssDNA accu-
mulation at subtelomeres in the absence of telomerase.
Our results show that this accumulation increases as telo-
meres shorten and as cell cultures progress into crisis. Two
non-exclusive mechanisms could lead to such an outcome.
In the first one, the nucleases/helicases in charge of DSB
5’-3 resection act preferentially at short telomeres, and in
the second one, the semi-conservative DNA replication is
incomplete at short telomeres leaving ssDNA gaps.

In support of the first mechanism, deletion of factors
involved in the generation of ssDNA at DSBs, namely
Mrell, Rad50, Xrs2, Sae2 and Exol, all delayed the
onset of senescence [this work and (36)], implying that
their activities contribute to the signal for senescence.
Moreover, for Mrell, Sae2 and Exol, we demonstrate
here that their role is more prominent when a critically
short telomere is present in the cell and that the accumu-
lation of ssDNA at this critically short telomere depends
at least on Mrell and Exol. The same factors are known
to act at wild-type telomeres at each replication cycle to
transiently increase the G-overhang (16), and their action
is repressed at long telomeric tracts placed next to a DSB
(28). Besides, Exol is the main exonuclease that acts at
dysfunctional telomeres lacking telomeric proteins (99).
Thus, the increasing exposure of subtelomeric ssDNA at

short telomeres could be caused by a de-repressed action
of these nuclease activities at chromosome ends with short
telomeric tracts. This would be reminiscent of the situ-
ation of telomeres maintained by telomerase, in which
telomeric proteins are required to limit the action of the
MRX-dependent nucleolytic activities (100).

With respect to the second mechanism, several lines of
evidence substantiate the idea that DNA replication
through telomeric repeats is challenging. Moreover,
DNA replication at telomeres is a complex process, since
in addition to the semi-conservative DNA replication, a
C-strand fill-in is expected to occur after 5-3’ C-strand
resection and after telomerase elongation. This additional
DNA synthesis is believed to depend on the recruitment of
the DNA polymerase o/primase by the telomeric complex
CST [Cdcl3-Stnl-Tenl in budding yeast or Ctcl-Stnl-
Tenl in metazoa; (15,101,102)]. Therefore, our results
could also be explained by a delay in or inhibition of
C-strand synthesis. Although Cdcl3 is shown to fre-
quently form foci at the very short telomere (32), we
cannot rule out that accumulation of subtelomeric
ssDNA at short telomeres in the absence of telomerase
may be caused by an interference with CST function or
C-strand polymerization.

Notwithstanding, our results are compatible with the
notion that at least part of the activation of Mecl stems
from the exposure of non-telomeric ssDNA after 5'-3' re-
section, RPA association and the subsequent recruitment
of Ddc2-Mecl at short telomeres. In addition, the accu-
mulation of subtelomeric ssDNA in senescent cells could
have other consequences, such as Rapl release and loss of
subtelomeric heterochromatin formation (90).

The error-free DDT pathway acts at telomeres

We document here that the DDT helicase/ubiquitin ligase
Rad5 forms nuclear foci in unperturbed conditions and
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Figure 8. Model for telomere maintenance in the absence of telomerase. Factors studied in this work are indicated. In the presence of telomerase or
carly after the loss of telomerase, a Rad5-dependent mechanism could contribute to the semi-conservative DNA replication of telomeres. As they
become short in the absence of telomerase, telomeres are subject to progressive increased resection and/or incomplete replication, increasing telomeric
overhang length and subsequently increasing the asymmetry in length of replication products. ssDNA may then trigger the recruitment of HR and
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the activation of Mecl in a feedback loop. Note that in all these events, a minimal DNA end replication should remain, causing a minimal
shortening rate. Permanent cell cycle arrest is thus inexorably expected when telomeric repeats become exhausted.

that one-third of these foci are associated with telomeres.
This indicates that Rad5 may have a role during unper-
turbed replication, which is surprising because Rad5 foci
have only been reported in replication stress conditions
(103). Yet, RadS was initially described to affect the sta-
bility of a poly(GT) tract (88), independently of Rad52
(104). Thus, Rad5 could contribute to maintain the stabil-
ity of TGy.; telomeric repeats. Accordingly, deletion of
RADS leads to slightly longer telomeres (89). In addition
to its ubiquitin ligase activity on PCNA, Rad5 possesses
an in vitro fork regression activity that might work inde-
pendently (59,105). An attractive hypothesis is that Rad5
assists in C-strand synthesis after the C-strand resection
via the fork reversal activity. Alternatively, the error-free
DDT pathway could rescue unscheduled precociously
arrested replication forks at telomeres, protecting

telomeres from rare shortening events that would be cata-
strophic in the absence of telomerase to re-elongate them
(Figure 8). In support of this, our genetic data point to a
role of Rad5 in the maintenance of the viability of tel-
omerase-negative cells. Yet, after the loss of the catalytic
subunit of telomerase, the ability of Rad5 to form foci
decreases. We thus suggest that the mode of action of
Rad5 may change after telomerase loss in such a way
that it acts without forming foci.

Furthermore, MMS2 and RADS deletions have slightly
different phenotypes regarding senescence, with MMS?2
effects being restricted to cells bearing a very short
telomere. The Ubc13-Mms2 complex is cytoplasmic and
relocalizes to the nucleus in response to DNA damage
(106). Thus, ecarly activation of the checkpoints by
the presence of a very short telomere could result in
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Mms2-Ubc13 import to the nucleus, explaining the more
prominent role of MMS?2 in the presence of a very short
telomere. This also supports the notion that the role of
Rad5 at wild-type telomeres and early after the loss
of telomerase is probably independent of the poly-
ubiquitylation of PCNA.

DNA repair activities at very short telomeres

Combining our genetic data and ChIP data, we have
delineated a critical role for DNA repair activities such
as strand invasion, template switching, DNA repair—
associated DNA synthesis and resolution at very short
telomeres. The activation of these activities is likely due
to the presence of long ssDNA stretches because we
observe a decrease in Rad52 recruitment in the absence
of Tell, a checkpoint kinase known to contribute to 5'-3’
resection at DSBs and telomeres (107). ssDNA is also the
substrate for strand invasion by Rad52 and Rad51
activities and potentially for template switching by the
error-free DDT pathway (60). Although the exact role of
the known error-free DDT factors in template switching is
not well defined, HR and DDT cooperate (58,60). We
found that the lack of both pathways leads to an
additive effect on the growth of cells, in particular in
cells deprived of telomerase activity. An increased syn-
thetic growth defect between these genes has also been
observed on ultraviolet light or methyl methanesulfonate
treatment (108,109), suggesting that the loss of TLCI
causes similar DNA damage and lethality in rad54
rad524 cells. Our results suggest an intimate connection
of these pathways at short telomeres that remains to be
elucidated.

In mitotic cells, recombination intermediates are mainly
resolved by the cooperative activities of the helicase Sgsl,
the topoisomerase Top3, and Rmil, which dissolve
Holliday junctions (110). Although the interpretation of
our genetic results may be confounded by the potential
involvement of Sgsl in the generation of ssDNA at
short telomeres, the data are compatible with the Sgsl-
dependent resolution of intermediates at telomeres in the
absence of telomerase. This interpretation is supported by
previous evidence that, in the absence of Sgs1 and telomer-
ase, telomeres accumulate Rad52-dependent secondary
structures  that resemble hemicatenanes (39,40).
Notwithstanding, it is clear that the viability of cells dis-
playing a very short telomere depends on MusS81, suggest-
ing a role for this endonuclease specifically at very short
telomeres. An attractive possibility is that the intermedi-
ates of very short telomeres preferentially adopt a struc-
ture resembling nicked Holliday junctions, as depicted in
Figure 8, which is the preferred substrate for the Mus81—
Mms4 complex (91). Moreover, a recent report indicated
that the action of Mus81 is restricted to G2/M (111). This
phase of the cell cycle is when telomeres are subjected to
the most profound remodelling events—semi-conservative
DNA replication, 53’ resection and telomerase elong-
ation. Thus, although we cannot exclude a role for Sgsl
at this stage, short telomeres may be eminent substrates of
the Mus81-Mms4 complex in the context of senescence.

In conclusion, in this work we distinguish the events
operating at relatively long and short telomeres in the
absence of telomerase and before the emergence of post-
senescence survivors. We expect that in this period, which
is critical for human health, many of the factors we
describe have key roles in the stability of human chromo-
some ends and consequently the whole genome.
Specifically, the repair activities promote mainly sister
chromatid exchanges, buffering the DNA end replication
problem and the telomere shortening rate, by modulating
the overhang length. It is important to note that they do
not result in a net increase in telomere length. Hence, these
repair pathways may be under tight control to avoid an
unscheduled change in the proliferation capacity of a cell
linecage. In support of this, most of the factors described
have human orthologues that are well-known tumour sup-
pressors. BLM and WRN, the human orthologues of
Sgsl, are found to be mutated in aging syndromes
characterized by a high incidence of cancer. The Rad5
human orthologues HLTF and SHPRH have likewise
been identified as potential tumour suppressors (56).
Hence, our work provides a new framework for testing
their role in cancer progression through their potential
effects on telomere replication and integrity.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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