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Tel1/ATM Signaling to the Checkpoint Contributes to
Replicative Senescence in the Absence of Telomerase
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ABSTRACT Telomeres progressively shorten at every round of DNA replication in the absence of telomerase. When they become
critically short, telomeres trigger replicative senescence by activating a DNA damage response that is governed by the Mec1/ATR and
Tel1/ATM protein kinases. While Mec1/ATR is known to block cell division when extended single-stranded DNA (ssDNA) accumulates
at eroded telomeres, the molecular mechanism by which Tel1/ATM promotes senescence is still unclear. By characterizing a Tel1–
hy184 mutant variant that compensates for the lack of Mec1 functions, we provide evidence that Tel1 promotes senescence by
signaling to a Rad9-dependent checkpoint. Tel1–hy184 anticipates senescence onset in telomerase-negative cells, while the lack of
Tel1 or the expression of a kinase-defective (kd) Tel1 variant delays it. Both Tel1–hy184 and Tel1–kd do not alter ssDNA generation at
telomeric DNA ends. Furthermore, Rad9 and (only partially) Mec1 are responsible for the precocious senescence promoted by Tel1–
hy184. This precocious senescence is mainly caused by the F1751I, D1985N, and E2133K amino acid substitutions, which are located
in the FRAP–ATM–TRAPP domain of Tel1 and also increase Tel1 binding to DNA ends. Altogether, these results indicate that Tel1
induces replicative senescence by directly signaling dysfunctional telomeres to the checkpoint machinery.
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TELOMERESarenucleoprotein structures that cap the ends
of linear chromosomes. In most eukaryotes, telomeric

DNA comprises a variable number of repetitive TG-rich se-
quences oriented in the 59/39 direction that terminate with
a 39 protruding single-stranded DNA (ssDNA) end (G-tail)
(Wellinger and Zakian 2012; de Lange 2018). Telomeres
are coated by a specific set of proteins that shield them from
DNA double-strand break (DSB) signaling and repair activi-
ties, which could otherwise cause chromosome rearrange-
ments (Maciejowski and de Lange 2017). This protective
function is achieved by the shelterin complex in vertebrates
(TRF1, TRF2, POT1, TPP1, TIN2, and Rap1) (de Lange
2018), and by the Rap1, Rif1, Rif2, Sir2, Sir3, and Sir4
proteins in Saccharomyces cerevisiae (Wellinger and Zakian

2012). In all eukaryotes, a second chromosome-end cap-
ping pathway exists, which involves a complex named CST
(Cdc13–Stn1–Ten1 in budding yeast) (Giraud–Panis et al.
2010).

The addition of telomeric repeats depends on the action
of telomerase, a ribonucleoprotein complex with a reverse
transcriptase subunit (TR or TERT in mammalian cells, and
Est2 in budding yeast) that extends the TG-rich strand of
chromosome ends by using an associated noncoding RNA
(TERC in mammals; TLC1 in S. cerevisiae) as a template
(Armstrong and Tomita 2017; Vasianovich and Wellinger
2017). The DNA polymerase a–primase complex accom-
plishes the fill-in synthesis of the complementary CA-rich
strand (Grossi et al. 2004).

Telomerase components are expressed in dividing cells,
such as germ and stem cells, and in unicellular eukaryotes,
while their expression is downregulated in most human
somatic cells (Kim et al. 1994; Mozdy and Cech 2006). These
telomerase-deficient cells experience progressive telomere
shortening at each round of DNA replication, which leads
to an irreversible cell division arrest known as replicative
senescence (Hayflick 1965; Lundblad and Szostak 1989;
Harley et al. 1990; Stewart and Weinberg 2006; Teixeira
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2013; Shay 2016). Therefore, telomeres are considered mo-
lecular clocks that limit cell replicative life span, thus acting
as a potent tumor-suppressive mechanism. Consistently, most
tumor cells express telomerase, which confers them infinite
replicative potential (Stewart and Weinberg 2006; Shay
2016; Maciejowski and de Lange 2017).

Telomere shortening causes a progressive loss of the
protective structures at chromosome ends, which are then
exposed to DSB recognition factors, whose activation triggers
a checkpoint response that inhibits cell cycle progression
(Enomoto et al. 2002; d’Adda di Fagagna et al. 2003; IJpma
and Greider 2003; Grandin et al. 2005; Teixeira 2013). The
S. cerevisiae protein kinases Tel1 and Mec1, as well as their
respective human counterparts ATM and ATR, are the
master regulators of the DSB response. Tel1/ATM is activated
by blunt or minimally processed DNA ends, where it is
recruited through the interaction with the MRX (Mre11–
Rad50–Xrs2)/MRN (Mre11–Rad50–Nbs1) complex, while
Mec1/ATR and its interactor Ddc2/ATRIP primarily recog-
nize ssDNA stretches coated by the Replication Protein
A complex (Shiloh and Ziv 2013; Villa et al. 2016). Once
activated, Tel1/ATM and Mec1/ATR block the cell cycle
trough phosphorylation of the effector kinases Rad53/Chk2
and Chk1, whose activation requires Rad9/53BP1 and Mrc1/
Claspin adaptors (Moriel-Carretero et al. 2019).

Moreover, MRX-dependent association of Tel1 to short
telomeres induces their telomerase-dependent elongation
(Ritchie et al. 1999; Ritchie and Petes 2000; Tsukamoto
et al. 2001; Arnerić and Lingner 2007; Hector et al. 2007;
Sabourin et al. 2007). Tel1/ATM promotes the nucleolytic
degradation of the 59 DNA ends by the MRX/MRN complex
at both telomeres and DSBs (Mantiero et al. 2007; Martina
et al. 2012). Degradation of the 59 CA-rich strand at telo-
meres generates transient 39 TG-rich overhangs that recruit
telomerase (Wellinger et al. 1996; Teixeira et al. 2004;
Goudsouzian et al. 2006; Bianchi and Shore 2007; Fallet
et al. 2014), while DSB-end processing creates 39-ended
ssDNA tails that trigger both DSB repair by homologous re-
combination and activation of a Mec1-dependent checkpoint
(Villa et al. 2016).

Telomerase removal in yeast causes progressive telomere
shortening as well as the activation of a Mec1-dependent
checkpoint that induces senescence (Enomoto et al. 2002;
IJpma and Greider 2003; Grandin et al. 2005). Furthermore,
the lack of telomere-processing proteins, such as any MRX
component, delays senescence, while the absence of pro-
cessing inhibitors such as Rif2, anticipates it, indicating
that ssDNA is one of the signals that trigger senescence
(Abdallah et al. 2009; Khadaroo et al. 2009; Ballew and
Lundblad 2013). The lack of Tel1 also delays senescence
(Ritchie et al. 1999; Enomoto et al. 2002; Abdallah et al.
2009; Gao et al. 2010; Chang and Rothstein 2011; Ballew
and Lundblad 2013). As Tel1 promotes ssDNA generation at
both DSBs and telomeres (Mantiero et al. 2007; Martina et al.
2012), the delayed senescence in Tel1-deficient cells has
been proposed to be due to a reduced amount of ssDNA at

telomeres (Gao et al. 2010; Ballew and Lundblad 2013; Fallet
et al. 2014).

Here, we studied the function of Tel1 in senescence by
using both a hyperactive Tel1–hy184 mutant variant, which
has been identified because of its ability to compensate for
the lack of Mec1 functions (Baldo et al. 2008), and a kinase-
defective (kd) Tel1–kd variant (Mallory and Petes 2000). We
showed that, in telomerase-deficient cells, Tel1–hy184 antic-
ipates the onset of senescence compared to wild-type Tel1,
while both Tel1–kd and the lack of Tel1 delay senescence.
Strikingly, neither Tel1–hy184 nor Tel1–kd affects the gen-
eration of ssDNA at telomeres, indicating that Tel1’s function
in promoting senescence is not directly linked to its function
in telomere processing. Furthermore, the anticipated senes-
cence triggered by Tel1–hy184 completely depends on Rad9
and only partially on Mec1, indicating that Tel1 promotes
senescence mainly by directly signaling the presence of dys-
functional telomeres to a Rad9-dependent checkpoint.

Materials and Methods

Yeast strains and media

S. cerevisiae strains used in this work are listed in Supplemen-
tal Material, Table S1 and are isogenic to W303 (MATa/a
ade2–1 can1–100 his3–11,15 leu2–3,112 trp1–1 ura3–1
rad5–535) or UCC5913 (MATa–inc ade2–101 lys2–801
his3–D200 trp1–D63 ura3–52 leu2–D1::GAL1–HO–LEU2
VII–L::ADE2–TG(1–3)–HO site–LYS2), kindly provided by D.
Gottschling (Fred Hutchinson Cancer Research Center, Seat-
tle). A yeast strain carrying the sgs1–D664D allele was kindly
provided by R. Rothstein (Columbia University, New York
City, NY).

All genetic manipulations were verified by polymerase
chain reaction (PCR) and/or Southern blot analyses. Gene
deletions were carried out by one-step PCR methods. Cells
were grown in YEP medium (1% yeast extract and 2% pep-
tone) supplementedwith2%glucose (YEPD), 2%raffinose, or
2% raffinose and 3% galactose (YEPRG).

Senescence assay

Senescenceanalysiswasperformedbyserialpassages in liquid
YEPD medium of spore clones obtained from heterozygous
diploids carrying the deletion of either the EST2 orTLC1 gene,
and the mutation of interest, thus ensuring that all the strains
inherited telomeres of similar length and from the same epi-
genetic environment. After sporulation, meiotic tetrads were
dissected on YEPD plates that were incubated at 30�, fol-
lowed by spore genotyping. Next, 48 hr after tetrad dissec-
tion, haploid spore clones with the desired genotypes were
recultured directly from themicrodissection plates into liquid
YEPD medium at concentrations of 5 3 104 cells/ml and
grown at 30�. Every 24 hr, cell density was determined and
cell cultures were diluted back to 5 3 104 cells/ml in YEPD.
The mean cell concentration of at least four independent
spores with the same genotype against the number of
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generations [population doubling (PD)] was plotted on a
graph to visualize the senescence kinetics. As we estimated
that colonies on the microdissection plates were grown for
�20 PDs when they were inoculated in liquid medium and
that an additional 10 PDs occurred in liquid medium before
the first cell density measurement, the starting point in the
senescence assays was set to 30 PDs.

Southern blot analysis of telomere length

Yeast genomic DNA prepared via standard methods was
digested with XhoI restriction enzyme. The resulting DNA
fragments were separated by agarose gel electrophoresis in
TBE 13 buffer in a 0.8% agarose gel. DNA was blotted onto
a GeneScreen nylon membrane (New England Nuclear,
Boston, MA). Hybridization was carried out at 50� with a
32P-labeled poly(GT) probe obtained by random priming
(DECAprimeTM kit by Ambion).

In-gel hybridization for the analysis of the G-tail

Yeast genomic DNA was purified with a genomic-tip 100/G
extraction kit purchased from QIAGEN (Valencia, CA). Visu-
alization of the single-stranded overhangs at native telomeres
was performedby in-gel hybridization as previously described
(Dionne and Wellinger 1996). The same gel was denatured
and hybridized with the same end-labeled CA-rich oligonu-
cleotide as a loading control.

Analysis of ssDNA generation at an artificial telomere
induced by a cut with the HOmothallic switching
endonuclease (HO) telomere

81-bp TG repeats adjacent to a recognition sequence for the
HO endonuclease were placed at the ADH4 locus on chro-
mosome VII in UCC5913 and derivative strains, which
express the HO gene from a galactose-inducible GAL1 pro-
moter. RsaI- and EcoRV-digested genomic DNA was sub-
jected to denaturing polyacrylamide gel electrophoresis,
and transferred onto a positively charged nylon membrane.
The filter was then hybridized with a single-stranded RNA
probe complementary to the 59 CA-strand to a site located
212 nt centromere-proximal to the HO-cutting site. The
ssRNA probe was obtained by in vitro transcription using
Promega (Madison,WI) Riboprobe System-T7 and a pGEM-
7Zf-based plasmid as a template. For quantitative analysis
of the CA-strand signals, the ratio between the intensities of
the cut CA-strands and loading control bands was calcu-
lated by using the National Institutes of Health ImageJ
program.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were per-
formed as previously described (Martina et al. 2012). Data
are expressed as fold enrichment at the HO-induced short
telomere or at the VI-R native telomere over that at the non-
cleaved ARO1 locus, after normalization of each ChIP signal
to the corresponding amount of immunoprecipitated protein
and input for each time point. Fold enrichment was then

normalized to the efficiency of DSB induction. Primers are
listed in Table S2.

Immunoprecipitation and kinase assays

Immunoprecipitation and kinase assays were performed as
previously described (Baldo et al. 2008). Protein extracts
were incubated for 2 hr at 4� with 75 ml of a 50% (v/v)
protein A–Sepharose resin covalently linked to anti-HA
monoclonal antibodies (12CA5). Kinase reactions were incu-
bated at 30� for 30 min. Sodium dodecyl sulfate (SDS) gel-
loading buffer was added to the samples and bound proteins
were resolved by SDS-18% polyacrylamide gel electrophore-
sis, and visualized after exposure of the gels to autoradiogra-
phy films. The residual 300 ml of each resuspended resin
were dried, resuspended in 10 ml of loading buffer, boiled,
and subjected to western blot analysis with anti-HA
antibodies.

Quantitative amplification of ssDNA

Yeast genomic DNA was purified with agenomic-tip 100/G
extraction kit purchased from QIAGEN, and subtelomeric
ssDNA was quantified according to Booth et al. (2001) and
Zubko et al. (2006) using primers listed in Table S2.

Other techniques

Flow cytometric analyses of DNA content were performed
on a Becton Dickinson FACScan. Rad53 was detected by
using anti-Rad53 polyclonal antibodies kindly provided by
J.Diffley (The Francis Crick Institute, London,UK). For drop-
test assays, the concentrations of exponentially growing
overnight cultures were determined, and 10-fold serial di-
lutions of equivalent cell numbers were spotted out onto
plates containing the indicated medium. Images were cap-
tured after 2–3 days of growth at 30�. For cell viability as-
says, the same numbers of cells were plated onto YEPD
plates with or without different concentrations of hydroxy-
urea (HU). Colony-forming units were determined after
2–3 days of growth at 30�.

Data availability

Table S1 includes the names and genotypes of all strains
used in this work. Table S2 includes sequences of primers
used for ChIP and quantitative amplification of ssDNA
(QAOS) assays. Figure S1 illustrates the viability of est2D
and est2D TEL1–hy184 cells during a senescence assay. Figure S2
shows that Tel1–hy184 promotes precocious senescence in
tlc1D cells. Figure S3 shows that est2D cells accumulate
ssDNA at telomeres and that TEL1–hy184 does not increase
the lethality of cdc13–1 cells. Figure S4 illustrates the kinet-
ics of senescence and Rad53 phosphorylation, in est2D and
est2D TEL1–hy184 cells lacking Rad9 or Mec1. All the
strains are available upon request. All data necessary for
confirming the conclusions of the article are present within
the article and the associated supplemental files. Supple-
mental material available at FigShare: https://doi.org/10.
25386/genetics.8980337.
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Results

The tel1D and TEL1–hy184 alleles exert opposite
effects on replicative senescence onset in
telomerase-negative cells

Tel1 is recruited to short telomeres in telomerase-deficient
cells (Sabourin et al. 2007; Abdallah et al. 2009) and pro-
motes replicative senescence by an unknown mechanism
(Ritchie et al. 1999; Enomoto et al. 2002; Abdallah et al.
2009; Gao et al. 2010; Chang and Rothstein 2011; Ballew
and Lundblad 2013).

We investigated the function of Tel1 in promoting repli-
cative senescenceby takingadvantageofhyperactiveTEL1–hy
mutant alleles that partially relieve both the hypersensitivity
to genotoxic agents and the checkpoint defects of cells lack-
ing the checkpoint kinase Mec1 (Baldo et al. 2008). We fo-
cused on the Tel1–hy184 mutant variant, which carries the
F1752I, D1985N, E2133K, R2735G, and E2737V amino acid
substitutions. This mutant variant, which only slightly in-
creases telomere length, and possesses an intrinsic kinase
activity similar to or slightly higher than wild-type Tel1, re-
stores Rad53 phosphorylation and cell cycle arrest in mec1D
cells more efficiently than other Tel1–hy variants (Baldo et al.
2008). In particular, TEL1–hy184 mec1D cells showed almost
wild-type levels of Rad53 phosphorylation after both UV ir-
radiation and treatment with bleomycin, although Rad53
phosphorylation was delayed compared to MEC1 cells
(Baldo et al. 2008). TEL1–hy184 also increased the resistance
of mec1D cells to low doses of the replication inhibitor HU
(Baldo et al. 2008; Figure S1A).

The effect of TEL1–hy184 and tel1D alleles on the prolif-
erative decline in cells lacking the Est2 telomerase subunit
was assayed by performing standard senescence assays in
liquid medium. In liquid rich medium at 30�, we inoculated
multiple wild-type, tel1D, TEL1–hy184, est2D, est2D tel1D,
and est2D TEL1–hy184 spore clones derived from the mei-
otic products of EST2/est2D TEL1/tel1D and EST2/est2D
TEL1/TEL1–hy184 diploids. Every 24 hr, cell concentrations
and the corresponding PDs were determined, and samples
were collected to determine cell viability before diluting cell
cultures to the starting concentration of 5 3 104 cells/ml
(Figure S1B). As expected, est2D cells showed a gradual re-
duction of cell density starting from �50 PDs (Figure 1A)
until they reached the minimum cell density (“crisis” in Fig-
ure 1B) at �65 PDs, followed by restoration of nearly wild-
type growth (Figure 1A). This latter growth phase was due to
the accumulation of survivors that elongate their telomeres
by telomerase-independent mechanisms and therefore reac-
quire replicative potential (Lundblad and Blackburn 1993).
The absence of Tel1 delayed senescence of �10 PDs, with
est2D tel1D cells reaching the minimum cell density at �74
PDs, as expected (Figure 1, A and B; Chang and Rothstein
2011). Conversely, est2D TEL1–hy184 cells lost proliferative
capacity �10 PDs earlier than est2D cells and reached
the minimum cell density at �55 PDs (Figure 1, A and B).
This early decrease in proliferative capacity was not due to a

growth defect conferred by the TEL1–hy184 mutation per se.
In fact, TEL1–hy184 cells showed constant growth rates
after each dilution, similar to both wild-type and tel1D cells
(Figure 1A). Furthermore, meiotic tetrads of EST2/est2D
TEL1/TEL1–hy184 diploids generated spore colonies of sim-
ilar sizes independently of the presence of the TEL1–hy184
allele (Figure 1C). Finally, est2D TEL1–hy184 cells restored
nearly wild-type growth after 90 PDs (Figure 1A), as
expected in cases of accumulation of survivors.

A similar precocious decrease in proliferative capacity of
est2D TEL1–hy184 cells was also observed when the same
cells were spotted out onto YEPD plates after each day of
growth during the senescence assay. In fact, est2D TEL1–
hy184 strains showed a decrease in both colony size and
density (Figure 1D), as well as a strong decrease in cell via-
bility (Figure 1E and Figure S1C), starting from the first pas-
sage in liquid medium (�40 PDs). In contrast, est2D cells
generated smaller colonies than wild-type cells and showed
loss of viability only after the second passage in liquid me-
dium (�50 PDs) (Figure 1, D and E and Figure S1C). The
decreased cell growth in est2D and est2D TEL1–hy184 cells
correlated with an accumulation of cells with the same total
amount of DNA (2C) as cells in G2 phase, as indicated by
FACS analysis (Figure 1F). Furthermore, it was followed by
the accumulation of survivors, as indicated by the appearance
of colonies with wild-type size (Figure S1C), increased cell
viability (Figure 1E and Figure S1C), and the bypass of the G2
block (Figure 1F). TEL1–hy184 anticipated the onset of se-
nescence of �10 PDs also in tlc1D cells, which lack the telo-
merase RNA moiety (Figure S2). Altogether, these results
indicate that Tel1–hy184 accelerates senescence in the ab-
sence of telomerase, while the lack of Tel1 delays it.

The precocious senescence observed in est2D TEL1–hy184
cells compared to est2D cells could be caused by accelerated
telomere shortening and/or telomere loss. Therefore, we an-
alyzed telomere length by Southern blot analysis with a
TG-rich DNA probe as a function of PDs during the liquid
senescence assay. Telomere shortening was not enhanced
in est2D TEL1–hy184 cells compared to est2D cells, and both
strains showed telomeric signals until �60 PDs (Figure 1, G
and H), although est2D TEL1–hy184 cells had decreased cell
proliferation at the same time points (Figure 1A). We can
conclude that Tel1–hy184 induces a fast senescence, without
accelerating the kinetics of bulk telomere shortening or telo-
mere loss.

TEL1–hy184 does not increase ssDNA generation
at telomeres

Tel1 is known to promote ssDNA generation at both DSBs
and telomeres (Mantiero et al. 2007; Martina et al. 2012). As
ssDNA triggers senescence (Abdallah et al. 2009; Khadaroo
et al. 2009; Ballew and Lundblad 2013; Teixeira 2013; Fallet
et al. 2014), the delayed senescence of telomerase-deficient
tel1D cells might be due to a decrease in the amount of telo-
meric ssDNA (Gao et al. 2010; Ballew and Lundblad 2013;
Fallet et al. 2014). If this were the case, Tel1–hy184 might
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Figure 1 Effect of tel1D and TEL–hy184 on replicative senescence. (A–H) After tetrad dissection, spore clones were grown for 48 hr at 30� onto YEPD
plates and then transferred to liquid culture. Every 24 hr, cell cultures were diluted back to 53 104 cells/ml in YEPD. (A) The mean cell concentrations of
independent clones with the same genotypes after each day of growth against the number of PDs since tetrad dissection were plotted. We assumed
that the spores had undergone 30 PDs before the first density measurement. Error bars denote SD. (B) The mean PD numbers at the peak of senescence
(crisis) for each genotype are represented. Error bars denote SD. Wild-type, n = 3; tel1D, n = 3; TEL1–hy184, n = 3; est2D, n = 5; est2D tel1D, n = 4; and
est2D TEL1–hy184, n = 7. Student’s t–test: ** P , 0.01 and **** P , 0.0001. (C) Meiotic tetrads from the indicated diploids were dissected on YEPD
plates that were incubated at 30� for 48 hr, followed by spore genotyping. (D and E) Cell samples harvested daily since the first passage in liquid medium
(�30 PDs after tetrad dissection) were serially diluted (1:10) before being spotted out onto YEPD plates (D), or plated onto YEPD plates to determine the
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anticipate senescence by increasing ssDNA accumulation at
telomeres. Exo1 exonuclease is known to promote the gen-
eration of ssDNA at unprotected telomeres (Fallet et al. 2014)
and the lack of Exo1 slightly delays senescence (Dewar and
Lydall 2010; Fallet et al. 2014; Hardy et al. 2014). The heli-
case Sgs1 also contributes to induce senescence (Hardy et al.
2014) and promotes DNA-end processing by acting in a dif-
ferent pathway to that of Exo1 (Villa et al. 2016). We asked
whether the accelerated senescence of est2D TEL1–hy184
cells depends on Exo1 and/or Sgs1. We used the separa-
tion-of-function sgs1–D664D allele, which delays senescence
in est2D cells and causes defects in DNA-end processing,
but not in the resolution of recombination intermediates
(Bernstein et al. 2009; Hardy et al. 2014). EXO1 deletion
delayed senescence onset in est2D cells of �10 PDs, while it
did not significantly delay senescence in est2D TEL1–hy184
cells (Figure 2A). In fact, while the decline in cell prolifera-
tion appeared to be slightly slower in est2D TEL1–hy184
exo1D cells than in est2D TEL1–hy184 cells (Figure 2A), the
two strains reached the minimum cell density after similar
mean numbers of PDs (Figure 2B). Furthermore, the prolif-
erative decline of est2D TEL1–hy184 cells was not delayed by
the sgs1–D664D allele, both in the presence and in the ab-
sence of Exo1 (Figure 2C). Therefore, Exo1 and Sgs1 do
not account for the anticipated senescence induced by
Tel1–hy184.

Telomeric ssDNA generation depends also on the MRX
complex, whose activity at telomeres is regulated in an op-
posing manner by Tel1 and Rif2. Rif2 prevents telomere
processing by limiting MRX accumulation at chromosome
ends (Bonetti et al. 2010). In contrast, Tel1, once recruited
to DNA ends by MRX, enhances ssDNA generation at telo-
meres by promoting MRX association to DNA ends in a pos-
itive feedback loop (Martina et al. 2012). Both Tel1 and Rif2
interact with the C-terminus of the MRX subunit Xrs2, sug-
gesting that Rif2 and Tel1 compete with each other for MRX
binding (Nakada et al. 2003; Hirano et al. 2009;Martina et al.
2012). Therefore, we askedwhether Tel1–hy184 induces fast
senescence by overcoming the inhibition that Rif2 exerts on
MRX. est2D TEL1–hy184 rif2D cells decreased cell prolifera-
tion faster than either est2D TEL1–hy184 or est2D rif2D cells,
which both anticipated the onset of senescence of �10 PDs
compared to est2D cells (Figure 2, D and E). These results
suggest that the lack of Rif2 and the presence of Tel1–hy184
promote senescence by affecting different pathways, and that
Tel1 might play an additional function in modulating the
onset of senescence that is different from the induction of
MRX-dependent ssDNA.

We then directly monitored ssDNA at native telomeres
after telomerase inactivation. Genomic DNA prepared from

telomerase-negative spore clones was analyzed by nondena-
turing in-gel hybridization with a CA-rich radiolabeled oligo-
nucleotide that detects TG-rich ssDNA (Dionne and Wellinger
1996). The total amount of TG repeats was detected by the
same probe after denaturation of the gel. As expected, the
levels of TG-rich ssDNA signals were higher in est2D cells
compared to wild-type EST2 cells 3 days after tetrad dissec-
tion, due to telomere erosion after telomerase inactivation
(Figure S3, A and B). Both the ssDNA signals (native) and
the TG repeats signals (denatured) decreased during the ex-
periment, as expected from the progressive loss of telomeric
sequences in the absence of telomerase (Figure 3, A and B).
est2D TEL1–hy184 cells did not show increased levels of
TG-rich ssDNA signals compared to est2D TEL1 cells (Figure
3, A and B), supporting the hypothesis that the anticipated
senescence triggered by the Tel1–hy184 variant is not caused
by increased telomere processing.

As ssDNA is generated very fast at the TG-rich telomeric
sequences after telomerase inactivation, we quantified ssDNA
during senescenceat internalX subtelomericDNAsequences
by QAOS (Booth et al. 2001; Zubko et al. 2006). As a control,
we monitored ssDNA at X sequences in est2D rif2D cells,
which are expected to enhance ssDNA (Abdallah et al.
2009; Khadaroo et al. 2009; Bonetti et al. 2010; Ballew and
Lundblad 2013). Processing of X sequences was not en-
hanced by Tel1–hy184. Both est2D and est2D TEL1–hy184
cells showed almost 5–7% of ssDNA at subtelomeric se-
quences after tetrad dissection, while almost 10–15% of
ssDNAwas detectable in the same regions in est2D rif2D cells
derived from the same diploid (Figure 3C). Furthermore,
Tel1–hy184 did not reduce the viability of cells carrying the
cdc13–1 temperature-sensitive allele (Figure S3C), which
causes cell lethality at high temperatures because of the ac-
cumulation of ssDNA at chromosomal DNA ends (Garvik et al.
1995; Vodenicharov and Wellinger 2006). This finding sug-
gests that Tel1–hy184 does not enhance DNA degradation
when chromosome-end capping is defective.

We confirmed that Tel1–hy184 has no effect on telomeric
ssDNA by evaluating ssDNA generation at an HO-inducible
short telomere, whose processing is known to be promoted by
Tel1 (Martina et al. 2012). We inserted the TEL1–hy184 al-
lele in a yeast strain carrying an 81-bp TG repeats sequence
placed immediately adjacent to an HO endonuclease recog-
nition sequence at the ADH4 locus on chromosome VII. This
strain expresses the HO gene from a galactose-inducible
GAL1 promoter (Diede and Gottschling 1999). HO cleavage
creates a centromere-proximal TG-rich DNA end, whose pro-
cessing can be evaluated by Southern blot under denaturing
conditions using a single-stranded RNA probe that anneals to
the 59 CA-rich strand. The HO cleavage converts the uncut

colony-forming units (E). Plotted values are the mean values of independent clones with the same genotypes as in (B). Error bars denote SD. (F–H) Cell
samples harvested daily since the first passage in liquid medium were subjected to FACS analysis of DNA content (F) or Southern blot analysis with a
poly(GT) probe (G). The mean lengths of telomeres at different time points were determined from Southern blots (H). Error bars denote SD (n = 3). PDs,
population doublings; wt, wild-type; YEPD, Yep medium supplemented with 2% glucose.
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Figure 2 Exo1 and Sgs1 are not responsible for precocious senescence induced by Tel1–hy184. (A–E) Senescence assays were performed as in Figure
1A. (A, C, and D) The mean cell concentrations of independent clones with the same genotypes against PDs were plotted. Error bars denote SD. (B and
E) The mean PD numbers at the peak of senescence (crisis) for each genotype are represented. Error bars denote SD. Student’s t-test: *** P, 0.001 and
**** P, 0.0001. (A and B) est2D, n = 4; est2D TEL1–hy184, n = 4; est2D exo1D, n = 4; and est2D TEL1–hy184 exo1D, n = 5. (C) est2D TEL1–hy184, n =
4; est2D TEL1–hy184 sgs1–D664D, n = 4; and est2D TEL1–hy184 sgs1–D664D exo1D, n = 4. (D and E) est2D, n = 4; est2D TEL1–hy184, n = 6; est2D
rif2D, n = 6; and est2D TEL1–hy184 rif2D, n = 9. ns, not significant; PDs, population doublings.
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Figure 3 Tel1–hy184 does not affect the generation of ssDNA at telomeres. (A–C) Senescence assays were performed as in Figure 1A. (A) Genomic
DNA extracted from cell samples harvested daily since the first passage in liquid medium (�30 PDs) was digested with XhoI and subjected to
nondenaturing in-gel hybridization using an end-labeled CA-rich oligonucleotide as a probe (native). The gel was then denatured and hybridized with
the same CA-rich probe (denatured). (B) Densitometric analysis. The amount of native TG-ssDNA was normalized to the total amount of TG sequences
for each sample. Plotted values are the mean value 6 SD from three independent experiments as in (A). (C) ssDNA quantity was monitored by QAOS
using primers located in the subtelomeric X repeats. Plotted values are the mean value 6 SD (n = 3). Student’s t-test: * P , 0.05. (D) Schematic
representation of the HO-inducible telomere system. Galactose-induced HO endonuclease generates a DSB at a HOcs adjacent to an 81-bp TG repeats
sequence (TG tracts) that is inserted at the ADH4 locus on chromosome VII. RsaI (R)- and EcoRV (E)-digested genomic DNA was hybridized with a single-
stranded riboprobe (in red), which anneals to the 59 CA-strand 212 bp from HOcs. The probe reveals an uncut 390-nt DNA fragment (uncut), which is
converted by HO cleavage into a 166-nt fragment (cut CA-strand). Degradation of the 59 CA-strand leads to disappearance of this signal. The probe also
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390-nt DNA fragment revealed by this probe into a 166-nt
fragment (cut CA-strand), whose subsequent disappearance
indicates that the 59 strand degradation has proceeded be-
yond the hybridization region (Figure 3D). To avoid possible
effects on ssDNA generation due to different cell cycle
phases, we evaluated processing of the TG-rich end gener-
ated after the HO cleavage in wild-type and TEL1–hy184 cells
kept arrested in G2 with nocodazole. The band correspond-
ing to the cut CA-rich strand disappearedwith similar kinetics
in both wild-type and TEL1–hy184 cells (Figure 3, E and F),
indicating that Tel1–hy184 does not affect the processing of
an HO-induced short telomere. Altogether, these results in-
dicate that the Tel1–hy184 variant does not accelerate senes-
cence by increasing ssDNA generation at telomeres.

Tel1 kinase activity is required to induce senescence,
while it is dispensable for telomere processing

Tel1 plays both kinase-dependent and -independent func-
tions. Tel1 kinase activity is required for both telomere elon-
gation and checkpoint activation (Greenwell et al. 1995;
Mallory and Petes 2000; Gobbini et al. 2015), while it is
dispensable for the association of Tel1 andMRX to telomeres,
and for Tel1-mediated processing of DSB ends (Takata et al.
2004; Hirano et al. 2009; Gobbini et al. 2015; Cassani et al.
2016). To assess whether Te1l kinase activity is necessary to
support the role of Tel1 in promoting senescence, we ana-
lyzed replicative senescence in the presence of the tel1–kd
allele, which carries the G2611D, D2612A, N2616K, and
D2631E amino acid substitutions that abolish Tel1 kinase
activity in vitro (Mallory and Petes 2000). As Tel1 promotes
the nucleolytic degradation of DSB ends independently of its
kinase activity (Gobbini et al. 2015; Cassani et al. 2016), we
first analyzed nucleolytic degradation of the HO-induced
telomere in the presence of the tel1–kd allele. The cut
CA-strand signals disappeared with similar kinetics in both
wild-type and tel1–kd cells, while they persisted longer in
tel1D cells, as expected (Figure 4, A and B; Martina et al.
2012). Similar results were obtained at native telomeres, as
the amount of TG-rich ssDNA was similar in senescing est2D
and est2D tel1–kd cells, while it was slightly reduced in est2D
tel1D cells compared to est2D cells (Figure 4, C and D). tel1D
cells also accumulated less ssDNA compared to est2D and
est2D tel1–kd cells at subtelomeric X sequences, where simi-
lar levels of ssDNA were measured in both est2D and est2D
tel1–kd cells (Figure 4E). Therefore, Tel1 stimulates the
degradation of telomeric DNA independently of its kinase
activity.

Importantly, est2D tel1–kd cells decreased their prolifera-
tion capacity starting from 55 PDs and reached the minimum

cell density at 73 PDs, �10 PDs later than est2D cells (Figure
4, F and G). As the lack of Tel1 kinase activity did not affect
the generation of ssDNA at telomeres in est2D cells (Figure 4,
C–E), these results indicate that Tel1 kinase activity promotes
replicative senescence in the presence of wild-type levels of
telomeric ssDNA. However, senescence appeared to be antic-
ipated of �5 PDs in est2D tel1–kd cells compared to est2D
tel1D cells (Figure 4, F and G). Therefore, while Tel1 kinase
activity strongly contributes to senescence induction, kinase-
independent functions of Tel1 are likely involved in the same
process. Altogether, these data indicate that the main func-
tion of Tel1 in promoting replicative senescence requires Tel1
kinase activity and that it is not related to the generation of
ssDNA at telomeres.

Precocious senescence in TEL1–hy184 cells is triggered
by the activation of a DNA damage checkpoint that
depends totally on Rad9 and only partially on Mec1

The decrease in cell density after telomerase inactivation
correlates with checkpoint activation that depends on both
Rad9 and Mec1 (Enomoto et al. 2002; IJpma and Greider
2003). We asked whether the fast senescence promoted by
the TEL1–hy184 allele depends on checkpoint activation by
performing a senescence assay in telomerase-negative cells
and monitoring Rad53 phosphorylation, which is a marker of
checkpoint activation and is induced in senescing telomerase-
negative cells (IJpma and Greider 2003). Mobility shifts cor-
responding to Rad53 phosphorylated forms were detectable
by western blot in both est2D and est2D TEL1–hy184 cell
extracts after two-to-three passages of spore clones in liquid
culture, while they were under the detection level in est2D
rad9D and est2D TEL1–hy184 rad9D cells (Figure 5A), indi-
cating that a Rad9- and Rad53-dependent checkpoint is ac-
tivated in senescing est2D and est2D TEL1–hy184 cells. This
checkpoint activation accounts for the senescence kinetics of
est2D and est2D TEL1–hy184 cells. In fact, both est2D rad9D
and est2D TEL1–hy184 rad9D cells reduced cell density start-
ing from �60 PDs, and reached the minimum cell density at
�75 PDs,�10 PDs later than est2D cells and 20 PDs later than
est2D TEL1–hy184 cells (Figure 5B).

The lack of Rad9 also completely relieved the precocious
senescence caused by the TEL1–hy184 allele in cells lacking
TLC1 (Figure S4A), and abolished Rad53 phosphorylation in
both tlc1D and tlc1D TEL1–hy184 cells (Figure S4B). Further-
more, Rad9 contributes to reduce the growth of est2D
TEL1–hy184 cells spotted out onto YEPD plates, as est2D
TEL1–hy184 cells showed small colonies starting from the
first passage after sporulation, while a decrease in colony
number and size was detectable in est2D TEL1–hy184 rad9D

detects a 138-nt fragment from the ade2–101 locus on chromosome XV, which serves as an INT. (E) HO expression was induced at time zero by
galactose addition to nocodazole-arrested cell cultures that were kept arrested in G2. Genomic DNA was subjected to Southern blot analysis as
described in (D). (F) Densitometric analysis. The cut CA-strand signals were normalized to the INT signals for each time point. Plotted values are the
mean value 6 SD from three independent experiments as in (E). DSB, double-strand break; HO, HOmothallic switching endonuclease; HOcs, HO
cleavage site; INT, internal loading control; ns, not significant; PDs, population doublings; QAOS, quantitative amplification of ssDNA; ssDNA, single-
stranded DNA; wt, wild-type.
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Figure 4 Tel1–kd delays senescence without affecting telomeric ssDNA generation. (A) HO expression was induced at time zero by galactose addition
to nocodazole-arrested cell cultures that were kept arrested in G2. Genomic DNA was analyzed by Southern blot under denaturing conditions as in
Figure 3D. (B) Densitometric analysis. Plotted values are the mean value 6 SD from three independent experiments as in (A). (C) XhoI-digested genomic
DNA extracted from cell samples harvested daily since the first passage in liquid medium (�30 PDs) was subjected to nondenaturing in-gel hybridization
as in Figure 3A. (D) Densitometric analysis. Plotted values are the mean value 6 SD from three independent experiments as in (C). (E) ssDNA quantity
was monitored by QAOS using primers located in the subtelomeric X repeats. Plotted values are the mean value 6 SD (n = 3). (F and G) Senescence
assay as in Figure 1A. (F) The mean cell concentration of independent clones with the same genotype against PDs was plotted. (G) The mean PD
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cells only starting from the second passage in liquid medium
(Figure 5C). Thus, the precocious senescence induced by the
Tel1–hy184 variant appears to depend on the activation of a
Rad9-dependent checkpoint. Although many more replicates
would be required to make these observations statistically
significant, Rad53 phosphorylation appeared earlier and per-
sisted longer in est2D TEL1–hy184 cells than in est2D cells
(Figure 5A). Furthermore, the arrest of cell proliferation,
which was anticipated in est2D TEL1–hy184 cells compared
to est2D cells, persisted on average slightly longer in est2D
TEL1–hy184 than in est2D cells (Figure 1, A and F, Figure 2A,
and Figure 5B). Finally, the TEL1–hy184 allele appeared to
promote Rad53 phosphorylation, cell cycle arrest, and the
decrease of cell proliferation in the est2D background when
telomeres did not look so deranged as in est2D TEL1 cells
(Figure 1 and Figure 5A). Altogether, these observations sug-
gest that the Tel1–hy184 variant may decrease the threshold
of telomeric signals required for checkpoint activation in the
absence of telomerase.

As Tel1–hy184 decreases cell viability in the absence of
telomerase in a Rad9-dependent manner (Figure 5C), we
asked whether Tel1–hy184 also affects cell viability in re-
sponse to DNA damage both in the presence and absence of
Rad9. While the lack of Tel1 causes sensitivity to the top-
oisomerase inhibitor camptothecin (CPT) (Figure 5D; Menin
et al. 2018), TEL1–hy184 cells were resistant to CPT and
MMS, and showed only mild sensitivity to the radiomimetic
drug phleomycin (Phleo) (Figure 5D), suggesting that
Tel1–hy184 might impair the response to DNA DSBs. How-
ever, we were unable to define whether this sensitivity
depends on Rad9 because the lack of Rad9 per se caused
phleomycin sensitivity (Figure 5E).

Tel1 contributes to checkpoint activation both by generat-
ing ssDNA that activates Mec1 and by acting in a pathway
parallel to Mec1 (Clerici et al. 2004; Mantiero et al. 2007).
We tested whether Mec1 is required for the anticipated senes-
cence induced by Tel1–hy184 by repeating the senescence
assay in telomerase-negative cells lacking Mec1 (kept viable
by the lack of the ribonucleotide reductase inhibitor Sml1).
As expected, senescence onset was delayed by �10 PDs in
est2D mec1D cells compared to est2D cells (Figure 5F). In-
terestingly, est2D TEL1–hy184 mec1D cells lost proliferative
capacity�10 PDs earlier than est2Dmec1D cells (Figure 5F),
indicating that Tel1–hy184 also anticipates senescence in the
absence of Mec1. The same effect was observed in a tlc1D
background. In fact, tlc1D TEL1–hy184 mec1D cells decreased
cell proliferation �10 PDs earlier than tlc1D mec1D cells (Fig-
ure S4C). Furthermore, Rad53 phosphorylation, which was
under the detection level in both est2D mec1D (Figure 5G)
and tlc1D mec1D cells (Figure S4D), was still detectable in
senescing est2D TEL1–hy184 mec1D (Figure 5G) and tlc1D

TEL1–hy184 mec1D cells (Figure S4D), although to a lesser
extent than in est2D TEL1–hy184 and tlc1D TEL1–hy184 cells
(Figure 5G and Figure S4D). These results indicate that Tel1–
hy184 can promote Rad53 phosphorylation independently of
Mec1. Consistent with a decreased Rad53 phosphorylation in
both est2D TEL1–hy184 mec1D and tlc1D TEL1–hy184 mec1D
cells, compared to est2D TEL1–hy184 cells and tlc1D TEL1–
hy184 cells (Figure 5G and Figure S4D), senescence was
slower in est2D TEL1–hy184 mec1D and tlc1D TEL1–hy184
mec1D cells than in est2D TEL1–hy184 and tlc1D TEL1–
hy184 cells, respectively (Figure 5F and Figure S4C). Thus,
Mec1 partially contributes to the reduction of cell proliferation
in telomerase-deficient cells expressing the Tel1–hy184 vari-
ant,which appears to activate a Rad9-dependent checkpoint in
both a Mec1-dependent and -independent manner.

The amino acid substitutions located in the FRAP–ATM–

TRAPP domain are responsible for early senescence of
TEL1–hy184 est2D cells

The Tel1–hy184 variant carries five amino acid substitutions
grouped in two different clusters. Two substitutions (R2735G
and E2737V) are located in the C-terminal kinase domain,
while the other three substitutions (F1752I, D1985N, and
E2133K) are grouped in the conserved FRAP–ATM–TRAPP
(FAT) domain (Figure 6A). To understand which group of
substitutions was responsible for the precocious senescence
triggered by Tel1–hy184, we constructed the TEL1–hy184–
3N allele, which carried the F1752I, D1985N, and E2133K
amino acid substitutions, and the TEL1–hy184–2C allele,
which carried the R2735G and E2737V substitutions (Figure
6A). Interestingly, both TEL1–hy184–3N and TEL1–hy184–
2C alleles suppressed the hypersensitivity of mec1D cells to
HU similar to TEL1–hy184 (Figure 6B), indicating that each
group of mutations is sufficient to compensate for the lack of
Mec1 functions in HU.

Tel1–hy184 was shown to possess an intrinsic kinase ac-
tivity similar or maybe slightly higher than wild-type Tel1,
and to cause mild telomere overelongation (Baldo et al.
2008). After immunoprecipitation with anti-HA antibodies
of different Tel1 variants from cells expressing fully func-
tional TEL1, TEL1–HA, TEL1–hy184–HA, TEL1–hy184–3N–
HA, or TEL1–hy184–2C–HA alleles, we measured their
in vitro kinase activity on the artificial substrate of the ATM
kinase family, PHAS-I (Mallory and Petes 2000; Baldo et al.
2008). The Tel1–hy184 variant turned out to have a higher
intrinsic kinase activity than wild-type Tel1 and the muta-
tions in the kinase domain were responsible for it. In fact,
the amount of phosphorylated PHAS-I in the presence of
Tel1–hy184–HA or Tel1–hy184–2C–HA was 12–16-fold
higher than in the presence of Tel1–HA (Figure 6C), while
a similar amount of phosphorylated PHAS-I was detectable in

numbers at the peak of senescence (crisis) for each genotype are represented. Error bars denote SD. est2D, n = 6; est2D tel1D, n = 6; and est2D Tel1–kd,
n = 6. Student’s t-test: * P , 0.05 and ** P , 0.01. HO, HOmothallic switching endonuclease; INT, internal loading control; ns, not significant; PDs,
population doublings; QAOS, quantitative amplification of ssDNA; ssDNA, single-stranded DNA; wt, wild-type.
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Figure 5 The precocious senescence induced by Tel1–hy184 requires Rad9 and only partially Mec1. (A–C) Senescence assays were performed as in
Figure 1A. (A) Protein extracts prepared from cell samples harvested daily since the first passage in liquid medium (�30 PDs) were analyzed by western
blot with anti-Rad53 antibodies. (B) The mean cell concentrations of independent clones with the same genotypes against PDs were plotted. Error bars
denote SD. est2D, n = 4; est2D TEL1–hy184, n = 4 est2D rad9D, n = 6; and est2D TEL1–hy184 rad9D, n = 6. (C) Cell samples harvested daily since the
first passage in liquid medium were serially diluted (1:10) before being spotted out onto YEPD plates. (D and E) Exponentially growing cell cultures were
serially diluted (1:10) and each dilution was spotted out onto YEPD plates, with or without (CPT), MMS, and Phleo. (F and G) Senescence assays were
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the presence of Tel1–hy184–3N–HA or Tel1–HA (Figure 6C).
PHAS-I phosphorylation depends on Tel1, as it was not de-
tected in the presence of untagged Tel1 (Figure 6C).

Consistent with previous conclusions that telomere elon-
gation depends on Tel1 kinase activity (Greenwell et al. 1995;
Mallory and Petes 2000; Baldo et al. 2008; Martina et al.
2012), both TEL1–hy184 and TEL1–hy184–2C alleles, which
increased Tel1 kinase activity (Figure 6C), caused a mild
telomere overelongation in themec1D background compared
to both wild-type and mec1D cells (Figure 6D). Conversely,
telomeres were of wild-type length in the presence of the
TEL1–hy184–3N allele (Figure 6D), which did not increase
Tel1 kinase activity (Figure 6C).

We then assayed the senescence kinetics of est2D TEL1–
hy184–3N and est2D TEL1–hy184–2C cells, compared to
est2D cells, after sporulation and tetrad dissection of
EST2/est2D TEL1/TEL1–hy184–3N or EST2/est2D TEL1/TEL1–
hy184–2C diploids, respectively. est2D TEL1–hy184–2C cells
appeared to slightly anticipate the decrease in cell proliferation
compared to est2D cells, although the difference in the mean
number of PDs carried out by the two strains before reaching
theminimum cell densitywas not statistically significant (Figure
6, E and G). Conversely, est2D TEL1–hy184–3N cells decreased
proliferative capacity starting from �47 PDs and reached
the minimum cell density at �57 PDs, almost 10 PDs earlier
than est2D cells derived from the same diploid (Figure 6, F
and H), indicating that precocious senescence is mainly caused
by the F1752I, D1985N, and E2133K substitutions.

Tel1–hy184–3N binds telomeric DNA ends more robustly
than wild-type Tel1

The finding that Tel1–hy184 can promote the activation of a
Rad9-dependent checkpoint in telomerase-negative cells in-
dependently of Mec1 suggests that Tel1 may generate a
checkpoint signal by itself at telomeres, and that the Tel1
variants with mutations in the FAT domain accelerate repli-
cative senescence by doing it more efficiently. One possibility
is that Tel1–hy184–3N is more robustly associated with short
telomeres compared to wild-type Tel1, prompting us to eval-
uate the recruitment of Tel1 and Tel1–hy184–3N to an
HO-induced telomere. The Tel1–HA and Tel1–hy184–3N–
HA variants were expressed in the strain carrying both the
81-bp TG repeats adjacent to the HO-cutting site, at the
ADH4 locus and the GAL1–HO inducible gene (Diede and
Gottschling 1999). Upon HO induction in G2-arrested cells,
we performed ChIP followed by quantitative PCRwith primer
pairs located at both the telomeric (TG–HO) and HO sides of
the HO-cutting site (Figure 7A). As expected, wild-type Tel1–
HA associated with both sides of the HO-induced DSB, with a
reduced amount of Tel1–HA bound to the TG–HO side com-
pared to the amount associated with the nontelomeric HO

side (Figure 7B; Hirano et al. 2009; Martina et al. 2012). The
levels of the Tel1–hy184–3N–HA variant bound at both sides
of the HO-induced DSB were higher compared to that of
Tel1–HA (Figure 7B). This increased association cannot be
ascribed to increased protein level, as similar amounts of
Tel1–HA and Tel1–hy184–3N–HA could be detected in total
protein extracts (Figure 7C).

We attempted to evaluate whether the F1752I, D1985N,
and E2133K amino acid substitutions can also increase Tel1
binding at native telomeres. We were unable to detect Tel1–
HA and Tel1–hy184–3N–HA enrichment at native telomeres
by ChIP analysis even during a synchronous cell cycle, likely
because only few Tel1 molecules bind native telomeres dur-
ing a normal S phase. As an increased Tel1 binding to DNA
ends results in an enhanced recruitment of MRX to the same
ends (Hirano et al. 2009; Martina et al. 2012), we evaluated
the amount of the MRX subunit Mre11 bound at native telo-
meres in TEL1 and TEL1–hy184–3N cells synchronously re-
leased into the cell cycle from a G1 arrest. Similar amounts of
Mre11–Myc were detected in protein extracts from TEL1 and
TEL1–hy184–3N cells (Figure 7D). Mre11 binding to VI–R
telomere peaked in both TEL1 and TEL1–hy184–3N cells
45 min after release, when the DNA was almost fully dupli-
cated (Figure 7, E and F). However, the amount of Mre11
bound to this telomere was higher in TEL1–hy184–3N cells
than in TEL1 cells, indicating that Tel1–hy184–3N can en-
hance the association to native telomeres of MRX and likely
of Tel1–hy184–3N itself. These findings, together with the
observation that Tel1–hy184–3N increases neither Tel1 ki-
nase activity (Figure 6C) nor telomere length (Figure 6D),
suggest that Tel1–hy184 promotes replicative senescence by
increasing Tel1 binding/persistence at DNA ends.

Discussion

The lack of Tel1 delays senescence (Ritchie et al. 1999;
Enomoto et al. 2002; Abdallah et al. 2009; Gao et al. 2010;
Chang and Rothstein 2011; Ballew and Lundblad 2013), and
causes both a defect in checkpoint signaling (D’Amours and
Jackson 2001; Clerici et al. 2004; Mantiero et al. 2007;
Gobbini et al. 2015) and a delay in the processing of DNA
ends (Mantiero et al. 2007; Martina et al. 2012). This double
role of Tel1 in checkpoint signaling and DNA-end processing
makes it difficult to define whether Tel1’s function in pro-
moting senescence can be ascribed either to a direct role of
Tel1 in signaling critically short telomeres to the checkpoint,
or rather to the generation of telomeric ssDNA that induces
cell cycle arrest through the activation of a Mec1-dependent
checkpoint.

Here, we analyzed the function of Tel1 in inducing senes-
cence by taking advantage of two different TEL1 alleles: the

performed as in Figure 1A. (F) The mean cell concentrations of independent clones with the same genotypes against PDs were plotted. Error bars denote
SD. est2D, n = 4; est2D TEL1–hy184, n = 4 est2Dmec1D, n = 6; and est2D TEL1–hy184 mec1D, n = 8. (G) Western blot with anti-Rad53 antibodies as in
(A). CPT, camptothecin; PDs, population doublings; Phleo, phleomycin; wt, wild-type; YEPD, Yep medium supplemented with 2% glucose.
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Figure 6 The F1752I, D1985N, and E2133K amino acidic substitutions promote anticipated senescence in telomerase-negative cells. (A) Schematic
representation of the Tel1 protein with the position of the TEL1–hy184mutations. (B) Exponentially growing cell cultures were serially diluted (1:10) and
each dilution was spotted out onto YEPD plates, with or without HU. (C) Protein extracts were immunoprecipitated with anti-HA antibodies, and
subjected to a kinase assay on PHAS-I and g-32P-labeled ATP, before being analyzed by SDS-polyacrylamide gel electrophoresis. Immunoprecipitates
were also subjected to western blot analysis with anti-HA antibodies. Band signals from kinase assays were normalized to band signals from western
blots to determine the relative kinase activities. (D) XhoI-digested genomic DNA extracted from exponentially growing cell cultures was subjected to
Southern blot analysis with a poly(GT) probe. (E–H) Senescence assays were performed as in Figure 1A. (E and F) The mean cell concentrations of
independent spores with the same genotypes against PDs were plotted. Error bars denote SD. (G and H) The mean PD numbers at the peak of
senescence (crisis) for each genotype are represented. Error bars denote SD. (E and G) est2D, n = 8; est2D TEL1–hy184–2C, n = 12. (F and H) est2D, n =
6; and est2D TEL1–hy184–3N, n = 9. Student’s t-test: ** P , 0.01. FAT, FRAP–ATM–TRAPP; FATC, FAT C-terminal; KD, kinase domain; ns, not
significant; PD, population doubling; wt, wild-type; YEPD, Yep medium supplemented with 2% glucose; HU, hydroxyurea.
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Figure 7 Recruitment of Tel1–hy184–3N to telomeres. (A) Schematic representation of the HO-induced telomere system. Primer pairs located 640 bp
centromere-proximal to the HO cleavage site (TG–HO) and 550 bp centromere-distal to the HO cleavage site (HO), respectively, are indicated by arrows.
(B) Chromatin samples prepared after HO induction to G2-arrested cells were immunoprecipitated with anti-HA antibodies and subjected to qPCR using
primer pairs depicted in (A) and a primer pair located at the nontelomeric ARO1 locus (CON). Data are expressed as relative fold enrichment of the TG–
HO or HO signal over the CON signal after normalization to the input signals for each primer set. The data presented are means 6 SDs from three
different experiments. Student’s t-test: * P , 0.05 and ** P , 0.01. (C and D) The same amounts of protein extracts from exponentially growing cells
expressing HA-tagged Tel1 variants (C) or Myc-tagged Mre11 were subjected to western blotting with anti-HA or anti-Myc antibodies, respectively, or
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hypermorphic TEL1–hy184 allele, which was identified by its
ability to compensate for Mec1 deficiency in response to DNA
damage (Baldo et al. 2008), and the tel1–kd allele, which
abolishes Tel1 kinase activity (Mallory and Petes 2000).
Tel1–hy184 and Tel1–kd exert opposite effects on senes-
cence kinetics: while Tel1–hy184 accelerates senescence in
telomerase-negative cells, Tel1–kd delays it. Importantly, this
effect on senescence is not due to a role of Tel1 in promoting
ssDNA generation at DNA ends, as neither Tel1–hy184 nor
Tel1–kd affect ssDNA generation at telomeres. Rather, the
accelerated senescence caused by Tel1–hy184 in both wild-
type and MEC1-deleted cells is completely dependent on
Rad9, indicating that Tel1 plays a direct role in the induction
of senescence independently of both ssDNA and Mec1.

However, the lack of Tel1, which reduces ssDNA at telo-
meres, appears to delay the onset of senescence slightly more
severely than the absence of Tel1 kinase activity, which does
not affect ssDNA generation. This result suggests that, al-
though Tel1 induces replicative senescencemainly by directly
signaling the presence of dysfunctional telomeres to the
checkpoint, the function of Tel1 in telomere processing also
contributes to senescence onset.

We show that Tel1 kinase activity is important to promote
senescence independently of telomeric ssDNA generation,
while the presence of Tel1, but not its kinase activity, is
important to generate ssDNA at telomeres. These results
extend previous findings indicating that Tel1 plays both
kinase-dependent and -independent functions at telomeres,
and that Tel1 kinase activity is essential for telomere elonga-
tion, while it is dispensable for the nucleolytic degradation of
DSB ends (Greenwell et al. 1995; Mallory and Petes 2000;
Baldo et al. 2008; Ma and Greider 2009; Martina et al. 2012;
Gobbini et al. 2015; Cassani et al. 2016).

When we separated the two clusters of mutations present
in the TEL1–hy184 allele, we found that the R2735G and
E2737V amino acid substitutions located in the kinase do-
main increased both kinase activity and telomere length, in-
dicating a tight correlation between kinase activity and
telomere length/telomerase activity, as previously observed
(Greenwell et al. 1995; Mallory and Petes 2000; Baldo et al.
2008; Martina et al. 2012). However, these mutations do not
significantly affect the onset of senescence in telomerase-neg-
ative cells. These findings indicate that, although Tel1 kinase
activity is important to promote senescence, increased kinase
activity alone is not sufficient to anticipate senescence.

Interestingly, the F1752I, D1985N, and E2133K substitutions
grouped in the FAT domain of Tel1 cause anticipated senes-
cence in telomerase-negative cells, without affecting telo-
mere length or Tel1 kinase activity. Furthermore, we show
that TEL1–hy184–3N alleles enhance Tel1 and MRX binding
at DNA ends. Therefore, more robust Tel1 binding at short
telomeres appears to cause early senescence.

Tel1/ATM belongs to the phosphoinositide 3-kinase-
related kinase (PIKK) family, a group of giant protein kinases
that share some similarities in enzymatic activity, as well as
common structures. All PIKKs have a conserved C-terminal
kinase domain flanked by the conserved FAT and FAT
C-terminal (FATC) domains, and an extensive helical solenoid
N-terminal to the FAT domain (Figure 6A; Baretić and
Williams 2014; Wang et al. 2016). Tel1/ATM is recruited to
DNA ends through interaction with the C-terminal domain of
the Xrs2/NBS1 subunit of the MRX/MRN complex (Nakada
et al. 2003; Falck et al. 2005; You et al. 2005; Limbo et al.
2018). In S. cerevisiae, both the FATC domain and the
N-terminal solenoid of Tel1 participate in the Tel1/Xrs2 in-
teraction (Nakada et al. 2003; You et al. 2005; Ogi et al.
2015). However, the Tel1/MRX interaction appears to be
more complex. In fact, Tel1/ATM interacts with a complex
composed of only Mre11 and Rad50 (Lee and Paull 2004,
2005; Limbo et al. 2018). Furthermore, the characterization
of separation-of-functionmre11 and rad50 alleles, which spe-
cifically affect Tel1 activation, suggests that Tel1 interacts
with Rad50 and Mre11 MRX subunits independently of
Xrs2 (Cassani et al. 2019). Finally, each MRX subunit was
found to interact with Tel1 in pull-down assays (Hailemariam
et al. 2019).

Our results that the F1752I, D1985N, and E2133K substi-
tutions in the FAT domain increase both Tel1 recruitment/
persistence to DNA ends and Tel1 signaling in the absence of
Mec1 suggest that the FAT domain controls Tel1 localization
onto DNA, and that increased Tel1 association with eroded
telomeres may be sufficient to generate a local Tel1-dependent
checkpoint signal, which is then propagated through
Rad9 and Rad53 (Figure 7G). As there is no evidence of a
direct interaction between Tel1 and the DNA, and Tel1
appears to bind DNA only through MRX (Nakada et al.
2003; Falck et al. 2005; You et al. 2005; Limbo et al. 2018;
Hailemariam et al. 2019), the FAT domain could mediate the
interaction of Tel1 with MRX components or with proteins
that modulate Tel1/MRX binding. Alternatively, the F1752I,

stained with Coomassie as a loading control. (E and F) Cells arrested in G1 with a-factor (af) were released into the cell cycle. Cell samples taken at the
indicated times after a-factor release were analyzed by FACS (E) or subjected to ChIP with anti-Myc antibodies (F). Co-immunoprecipitated DNA was
analyzed by qPCR using primer pairs located at telomere VI-R and at the control ARO1 locus (CON). The mean values 6 SD are represented (n = 3). (F)
Working model. The Rap1–Rif1–Rif2 complex inhibits MRX–Tel1 accumulation at telomeres, with Rif2 inhibiting MRX–Tel1 interaction. Telomere
shortening in the absence of telomerase causes progressive loss of TG repeats and therefore of the negative control exerted by Rif2 on MRX–Tel1.
As a consequence, MRX bound at short telomeres recruits Tel1, which in turn stimulates a further increase of both MRX and Tel1 to DNA possibly
outcompeting with Rif2 for MRX binding. This local accumulation of Tel1 promotes activation of a Rad9- and Rad53-dependent checkpoint, and
increases the amount of telomere-bound MRX, which contributes to generate ssDNA ends covered by Replication Protein A (RPA) that trigger Mec1
activation. ChIP, chromatin immunoprecipitation; HO, HOmothallic switching endonuclease; qPCR, quantitative PCR; ssDNA, single-stranded DNA; wt,
wild-type.
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D1985N, and E2133K substitutions might increase Tel1 sig-
naling of eroded telomeres by modifying specific Tel1 interac-
tions with substrates involved in checkpoint activation at
telomeres but not in the control of ssDNA generation, and this
enhanced checkpoint activation may in turn increase Tel1 lo-
calization at telomeres in a positive feedback loop.

Altogether, our results suggest that, as telomeres shorten in
the absence of telomerase and the negative control exerted by
Rif2 on MRX–Tel1 association to telomeres is progressively
lost, MRX can bind short telomeres and recruits Tel1. Once
recruited to telomeres, Tel1 possibly outcompetes with Rif2
for binding to MRX and stimulates a further increase of MRX,
and therefore of Tel1 binding to DNA. This local accumula-
tion of Tel1 promotes activation of a Rad9- and Rad53-
dependent checkpoint, and concomitantly increases the
amount of telomere-bound MRX, whose nucleolytic activ-
ity contributes to generate long ssDNA ends that trigger
Mec1 activation (Figure 7G).

As the cellular response to short telomeres is now consid-
ered one of the most potent barriers to cancer emergence
(Maciejowski and de Lange 2017), understanding how short
telomeres trigger a crucial signal for the fate of cells and
organisms is an important field in cancer research. Our find-
ings that Tel1/ATM participates together with Mec1/ATR to
activate a checkpoint response that promotes senescence in
the presence of eroded telomeres contribute both to this field
and to the elucidation of the multiple functions of Tel1/ATM
at telomeres.
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