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Summary
Most human tissues express low levels of telomerase and undergo telomere shortening and
eventual senescence; the resulting limitation on tissue renewal can lead to a wide range of age-
dependent pathophysiologies. Increasing evidence indicates that the decline in cell division
capacity in cells that lack telomerase can be influenced by numerous genetic factors. Here, we use
telomerase-defective strains of budding yeast to probe whether replicative senescence can be
attenuated or accelerated by defects in factors previously implicated in handling of DNA termini.
We show that the MRX (Mre11-Rad50-Xrs2) complex, as well as negative (Rif2) and positive
(Tel1) regulators of this complex, comprise a single pathway that promotes replicative senescence,
in a manner that recapitulates how these proteins modulate resection of DNA ends. In contrast, the
Rad51 recombinase, which acts downstream of the MRX complex in double-strand break (DSB)
repair, regulates replicative senescence through a separate pathway operating in opposition to the
MRX-Tel1-Rif2 pathway. Moreover, defects in several additional proteins implicated in DSB
repair (Rif1 and Sae2) confer only transient effects during early or late stages of replicative
senescence, respectively, further suggesting that a simple analogy between DSBs and eroding
telomeres is incomplete. These results indicate that the replicative capacity of telomerase-
defective yeast is controlled by a network comprised of multiple pathways. It is likely that
telomere shortening in telomerase-depleted human cells is similarly under a complex pattern of
genetic control; mechanistic understanding of this process should provide crucial information
regarding how human tissues age in response to telomere erosion.
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Introduction
Replicative life span was first described by Hayflick & Moorhead (1961) who demonstrated
that human fibroblasts do not possess unlimited replicative potential in culture but instead
are capable of only a finite number of cell divisions. The molecular basis for this “Hayflick
limit” is the gradual attrition of telomeric repeats present at chromosome termini (Lundblad
& Szostak, 1989; Harley et al., 1990); once telomere length falls below a critical threshold,
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cells irreversibly exit from the cell cycle. This block to indefinite cell division can be
alleviated by the enzyme telomerase which adds telomeric DNA to chromosome ends
(Greider & Blackburn, 1985), thereby preventing replicative senescence. However,
telomerase is expressed at low levels in most human somatic tissues (Kim et al., 1994)
which undergo progressive telomere shortening as a consequence. The vulnerability of
tissues to telomere length was first revealed in patients with a rare genetically inherited
deficiency due to mutations in telomerase (Mason & Bessler, 2011). However, increasing
evidence indicates that short telomeres are a risk factor for age-dependent pathophysiologies
among a much broader segment of the human population (Armanios, 2009; Armanios &
Blackburn, 2012). The most common manifestation of telomere shortening in adults is a
progressive and irreversible scarring of the lungs known as idiopathic pulmonary fibrosis
(Tsakiri et al., 2007; Armanios et al., 2007), but telomere shortening can also lead to bone
marrow failure, liver cirrhosis, or increased incidence of diabetes due to β-cell apoptosis
(Savage & Alter, 2008; Hartmann et al., 2011; Guo et al., 2011).

Largely unexplored is the degree to which the proliferative ability of human cells
undergoing telomere shortening can be modulated by factors other than telomerase. The
potential impact of such modulation is illustrated by the spectrum of age-dependent
characteristics displayed by individuals who have an identical genetically inherited defect in
telomerase (Alder et al., 2011), which suggests that telomere shortening in telomerase-
depleted cells may be subject to a complex pattern of genetic control. Therefore,
understanding the regulatory pathways that dictate how human tissues age in response to
telomere erosion is likely to provide key insights into one aspect of the aging process.

This current study employs S. cerevisiae, which provides a highly amenable experimental
system for probing the genetic network that mediates replicative senescence in response to a
telomere replication defect. Elimination of telomerase in budding yeast, by defects in either
the catalytic core of the enzyme or three regulatory proteins, confers gradual telomere
shortening and an eventual block to further cell division, referred to as the Est (ever shorter
telomere) phenotype (Lundblad & Szostak, 1989; Singer & Gottschling, 1994; Lendvay et
al., 1996). Replicative senescence in telomerase-defective strains of yeast is commonly
assessed by monitoring the ability of individual cells to form single colonies on rich media
at various intervals during continuous propagation of the strain (Lundblad & Szostak, 1989;
Rizki & Lundblad, 2001). Initially, the colony-forming ability of a newly generated
telomerase-defective yeast strain is indistinguishable from that of a telomerase-proficient
strain, even though telomeres have already begun to shorten. However, a decline in viability
becomes detectable by ~50 generations, as evidenced by an increase in the number of
individual cells that no longer give rise to full-sized colonies; by ~75 to 100 generations, the
majority of cells are unable to undergo sufficient cell divisions to form a colony. This
gradual decline in proliferative capacity, which is a defining characteristic of a telomerase
deficiency in yeast cells (Singer & Gottschling, 1994; Lingner et al., 1997), is also
recapitulated in human cells (Smith & Whitney, 1980; Bodnar et al., 1997).

Many studies of telomerase-deficient yeast have focused on the ability of a small subset of
cells to escape the lethal consequences of a telomerase deficiency via a recombination-
dependent process, which occurs during the later stages of senescence when viability is
severely impaired (Lundblad & Blackburn, 1993). This current study is instead directed at
the genetic regulation of the early stages of replicative senescence, prior to the appearance of
the recombination-mediated pathway. This analysis was prompted by previous observations
showing that the senescence profile of a telomerase-defective strain is slightly delayed if the
strain also has a defect in the TEL1 gene, even before telomeres have became critically short
(Ritchie et al., 1999; Abdallah et al., 2009; Gao et al., 2010; Chang & Rothstein, 2011). We
previously suggested (Gao et al., 2010) that this attenuated senescence was a reflection of
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Tel1’s contribution to resection of DNA termini (Mantiero et al., 2007), whereby impaired
resection of chromosome ends would impact the rate of telomere shortening, with a resulting
delay in the appearance of critically short telomeres and senescence. Since Tel1 modulates
resection at telomeres in collaboration with other factors (Rif2 and the MRX complex;
Bonetti et al., 2010; Martina et al., 2012), we examined the potential contribution of these
additional proteins to viability in the absence of telomerase, which revealed that this set of
proteins functions in a single pathway to regulate replicative senescence, via a genetic
relationship which exactly parallels the previously demonstrated interactions between these
proteins in nucleolytic processing of telomeres (Bonetti et al., 2010; Martina et al., 2012).
This is not the only genetic pathway that impacts cell viability in the absence of telomerase,
as we show that the Rad51 protein makes an independent contribution to replicative
senescence which opposes the effects of the MRX-Tel1-Rif2 pathway. Finally, defects in
two other proteins (Rif1 and Sae2) are shown to have transient effects during early or late
stages of replicative senescence, respectively, indicating that these two proteins are
responding to aspects of telomere dysfunction rather than contributing to the process(es) by
which telomeres erode in telomerase-defective strains. These epistatic relationships suggest
that the pathways that modulate telomere function in the absence of telomerase are likely to
be as complex as the genetic interactions that regulate telomere length in the presence of
telomerase.

Results
The MRX complex, like Tel1, regulates replicative senescence

Similar to Tel1, a defect in the MRX (Mre11-Rad50-Xrs2) complex confers reduced
resection at both double-strand breaks (DSBs) and telomeres (Larrivee et al., 2004; Takata
et al., 2005; Mantiero et al., 2007; Bonetti et al., 2010). This predicts that replicative
senescence should be attenuated in telomerase-defective strains lacking the MRX complex,
in a manner similar to the effects observed when Tel1 is absent. To test this, the impact of
rad50-Δ and xrs2-Δ mutations on the phenotype of a strain lacking the telomerase RNA
subunit (called TLC1 in yeast) was examined. To do so, we used an expanded version of the
serial single colony propagation assay that monitors the progressive decline in growth in the
absence of telomerase (Rizki & Lundblad, 2001; Gao et al., 2010). Following dissection of a
tlc1-Δ/TLC1 diploid strain bearing additional mutation(s) of interest, multiple isolates of
independently generated telomerase-defective strains were propagated as single colonies on
solid media for ~25, ~50 and ~75 generations. Growth characteristics of each isolate were
assessed genotype-blind on a scale of 6 (equivalent to wild type) to 1 (maximal senescence)
at each time point, and the data were displayed either as a histogram of the entire dataset for
each genotype (as shown in Fig. 1A) or as a graph of relative senescence scores (where the
average score for tlc1-Δ geneX-Δ was compared to the average score for tlc1-Δ, such that
positive or negative values corresponded to attenuated or enhanced senescence, respectively,
relative to tlc1-Δ). The key feature of this expanded assay is the inclusion of a substantial
number of biological replicates (usually 20 to 35 isolates for each genotype), which
addresses the inherent variability of the senescence phenotype that arises due to sequence
loss occurring at 32 distinct genetic loci (i.e. 32 chromosome termini) at each cell division.
Analysis of a high number of samples also permits an evaluation of the statistical
significance of potential differences between genotypes (see Gao et al., 2010 for further
discussion).

Using this protocol, a comparison of 34 tlc1-Δ xrs2-Δ isolates with 31 tlc1-Δ isolates showed
that loss of the Xrs2 subunit of the MRX complex delayed replicative senescence, with a
statistically significant difference (p < 0.001) at all three time points (Fig. 1A, B).
Senescence of tlc1-Δ rad50-Δ strains (25 isolates) was similarly attenuated when compared
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to 39 tlc1-Δ strains (p = 0.004, <0.001 or 0.001 for the 25, 50 and 75 generation time points,
respectively; Fig. 1B and Fig. S1). The increased viability of tlc1-Δ rad50-Δ and tlc1-Δ xrs2-
Δ strains relative to their tlc1-Δ RAD50 or tlc1-Δ XRS2 counterparts was particularly notable
given that xrs2-Δ and rad50-Δ mutations confer a slight growth defect in a telomerase-
proficient background (data not shown). These results indicate that the action of the MRX
complex at telomeres enhances the progressive decline in replicative capacity of telomerase-
deficient cells.

These observations provide further support for the model that reduced telomeric resection
can partially alleviate the consequences of a telomerase deficiency. Since Tel1 positively
regulates resection by promoting the activity of the MRX complex at telomeres (Martina et
al., 2012), this predicts that the consequence of a tel1-Δ defect in the absence of telomerase
should not be additive with rad50-Δ or xrs2-Δ mutations. To test this, two independent
experiments for each set of genotypes compared replicative senescence of double mutant
strains with that of the corresponding triple mutant strains. For both RAD50 and XRS2, the
triple mutant strains (tlc1-Δ tel1-Δ rad50-Δ or tlc1-Δ tel1-Δ xrs2-Δ) exhibited senescence
phenotypes that were statistically indistinguishable from those of the corresponding double
mutant strains (Fig. 1C and S1). The lack of an additive effect argues that Tel1 and MRX act
in a common pathway to promote senescence in a telomerase-defective strain, in a manner
which recapitulates their genetic relationship in resection of DSBs.

However, the results reported here on the attenuated senescence conferred by a rad50-Δ
mutation, as well as similar prior observations for tel1-Δ (Ritchie et al., 1999; Abdallah et
al., 2009; Gao et al., 2010; Chang & Rothstein, 2011), contradict a recent genome-wide
analysis which concluded that both rad50-Δ and tel1-Δ mutations instead resulted in
accelerated senescence of telomerase-defective strains (Chang et al., 2011a). In the protocol
used in this current study, the growth characteristics of tlc1-Δ geneX-Δ strains were always
compared to tlc1-Δ isolates generated from the same parental diploid strain. This aspect of
the experimental design was crucial because the senescence profile displayed by telomerase-
defective haploid strains can be substantially altered by the genotype of the parental diploid
strain. This was illustrated by a comparison of the growth characteristics of isogenic sets of
tlc1-Δ isolates derived from three different tlc1-Δ/TLC1 diploid strains (Fig. 2). Whereas
tlc1-Δ isolates from an xrs2-Δ/XRS2 tlc1-Δ/TLC1 diploid underwent accelerated senescence
(relative to tlc1-Δ strains from an otherwise wild type tlc1-Δ/TLC1 diploid), tlc1-Δ strains
from a rif1-Δ/RIF1 tlc1-Δ/TLC1 diploid displayed a substantial delay in the appearance of
the senescence phenotype (Fig. 2A). The differences between these three groups of isogenic
haploid tlc1-Δ strains were statistically significant (p < 0.001 at the 50 and 75 generation
time points) and highly reproducible. A similar accelerated senescence has been reported for
tlc1-Δ isolates from a TEL1/tel1-Δ diploid, relative to isolates from a TEL1/TEL1 diploid
(Abdallah et al., 2009). This phenomenon was the result of differences in telomere length in
the starting diploid strains due to haploinsufficiency, as xrs2-Δ/XRS2 or tel1-Δ/TEL1 strains
exhibited a slight reduction in telomere length, whereas telomeres were clearly elongated in
the rif1-Δ/RIF1 diploid (Fig. 2B and data not shown). As a result, telomere length of newly
generated haploid tlc1-Δ strains following dissection of each of these three diploid strains
was not identical, which dictated the subsequent senescence profiles of tlc1-Δ isolates from
these different strains. We suggest that similar inherited differences in telomere length in
haploid strains, due to haploinsufficiency in certain diploid strains, impacted the conclusions
from the genome-wide analysis reported by Lydall and colleagues (Chang et al., 2011a), in
which the senescence phenotypes of tlc1-Δ geneX-Δ strains (such as tlc1-Δ rad50-Δ or tlc1-Δ
tel1-Δ) were compared with that of tlc1-Δ strains derived from different diploid parents.
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Rif2 regulates replicative senescence through the MRX/Tel1 pathway
Like Tel1 and MRX, the Rif2 protein contributes to telomere length regulation in
telomerase-proficient strains (Bianchi & Shore, 2009) and also influences the growth
characteristics of telomerase-defective strains (Chang et al., 2011b). As shown in Fig. 3, a
rif2-Δ mutation conferred an immediate impact on the growth of a tlc1-Δ strain, with tlc1-Δ
rif2-Δ isolates displaying a substantial difference when compared to isogenic tlc1-Δ strains
even at the 25 generation time point; with additional propagation, replicative senescence was
further accelerated (Fig. 3A and S2).

In telomerase-proficient cells, Rif2 is an inhibitor of MRX-mediated resection, whereby the
increased single-stranded DNA observed at telomeres in a rif2-Δ mutant strain is blocked by
an mre11-Δ mutation (Bonetti et al., 2010). Similarly, the severe replicative senescence
phenotype conferred by a rif2-Δ mutation was reversed by the loss of the MRX complex, as
the senescence progression of rif2-Δ rad50-Δ or rif2-Δ xrs2-Δ telomerase-defective strains
was indistinguishable from that of rad50-Δ or xrs2-Δ telomerase-defective strains (Fig. 3B
and data not shown). Rif2 has been proposed to regulate MRX-dependent resection by
competing with Tel1 for binding to the Xrs2 subunit of this complex (Hirano et al., 2009),
which predicts that loss of Tel1 function should also alleviate the consequences of a rif2-Δ
mutation on a telomerase-defective strain. Indeed, the rapid replicative senescence displayed
by a tlc1-Δ rif2-Δ strain was partially reversed by loss of Tel1 function. The severity of
phenotype of the triple mutant tlc1-Δ rif2-Δ tel1-Δ (28 isolates) was attenuated at all three
time points, when compared to the rapid senescence displayed by 36 tlc1-Δ rif2-Δ isolates
(Fig. 3C and S2), with a difference that was statistically significant (p = < 0.001, <0.001 and
0.003 for the 25, 50 and 75 generation time points, respectively); similar results were
reported by Chang & Rothstein, 2011. The triple mutant strain nevertheless exhibited a
senescence phenotype that was still more pronounced than that of an otherwise wild type
tlc1-Δ strain (Fig. 3C). The inability of a tel1-Δ mutation to fully reverse the consequences
of a rif2-Δ defect is consistent with prior observations showing that positive regulation by
Tel1 is not absolutely essential for MRX-dependent nucleolytic processing (in other words,
the negative and positive regulatory effects of Rif2 and Tel1 are not equally balanced;
Martina et al., 2012).

Fig. 3D places these epistasis results in a genetic pathway for regulation of senescence in a
telomerase-defective strain, with the Rif2 and Tel1 regulatory proteins upstream of the MRX
complex. In strains lacking the MRX complex, replicative senescence is partially attenuated.
In contrast, loss of the negative regulator, Rif2, results in rapid senescence due to increased
activity of the MRX complex at telomeres; this accelerated senescence is reversed, however,
when the MRX complex is no longer present (and partially reversed by the loss of the Tel1
positive regulator). Notably, the genetic relationships that we observe here in the absence of
telomerase exactly parallel the relationships between these proteins in the resection pathway
(Bonetti et al., 2010; Martina et al., 2012). This correlation between delayed senescence and
impaired resection suggests that the action of the MRX complex may enhance the rate of
telomere shortening in tlc1-Δ strains. If so, the effects are modest enough that changes in
telomere length of telomerase-defective strains in response to defects in the MRX complex
cannot be observed by standard Southern blot protocols (see Fig. 2 in Nugent et al., 1998).
However, even a single very short telomere can confer accelerated senescence (Abdallah et
al., 2009); therefore, a small change in the number of critically short telomeres may be
sufficient to alter the senescence profile of a tlc1-Δ strain in response to MRX activity but
escape detection by protocols that monitor average telomere length.
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Rad51 regulates replicative senescence through an independent pathway acting in
opposition to the MRX-Tel1-Rif2 pathway

Previous work has implicated RAD51 in the formation of survivors which arise late in the
outgrowth of telomerase-defective strains in response to extreme telomere erosion (Le et al.
1999). In addition, a rad51-Δ mutation confers a substantial growth phenotype even in the
earliest stages of propagation of telomerase-defective strains (Le et al., 1999), indicating that
loss of RAD51 function confers accelerated replicative senescence well before effects on the
late-stage appearance of the survivor pathway. In the DSB repair pathway, Rad51 acts
downstream of MRX-mediated resection by binding the exposed single-stranded DNA in
order to initiate homologous recombination (Costanzo, 2011). If Rad51 similarly acts
downstream of the MRX complex to mediate events in the absence of telomerase, the
dramatic enhancement of senescence conferred by a rad51-Δ mutation should be reversed by
loss of the MRX complex. In contrast to this expectation, the triple mutant tlc1-Δ rad50-Δ
rad51-Δ strain exhibited a phenotype that was intermediate between either of the two double
mutant strains (Fig. 4A). This argues that RAD51 and RAD50 act in two separate, and
opposing, pathways to regulate replicative senescence.

We also tested the epistatic relationship between RAD50 and RAD52, as loss of RAD52
function also has a profound negative impact on the early stage growth of telomerase-
defective strains (Lundblad & Blackburn, 1993). Once again, the pronounced senescence
progression of tlc1-Δ rad52-Δ strains was partially reversed by the presence of a rad50-Δ
mutation (Fig. 4B). In both cases, the viability profiles of the triple mutant tlc1-Δ rad51-Δ
rad50-Δ and tlc1-Δ rad52-Δ rad50-Δ strains were essentially indistinguishable from the
behavior of a single mutant tlc1-Δ strain at the 25 and 50 generation time points (Fig. S3).
Since these effects were observed within the first 25 to 50 generations of growth of a
telomerase-defective strain, these epistatic interactions are also distinct from prior
observations of how RAD50, RAD51 and RAD52 influence the appearance of survivors
during later stages of propagation of telomerase null strains (Chen et al. 2001). We conclude
that in telomerase-defective strains, RAD50 acts at telomeres in opposition to both RAD51
and RAD52.

The premise that Rad51 acts in a distinct pathway from the MRX complex in replicative
senescence was also supported by epistasis analysis with the Rif2 negative regulator of
MRX function. As would be predicted if Rif2 and Rad51 were functioning in separate
pathways, an additive effect on senescence at the 25 generation time point was observed
when rad51-Δ and rif2-Δ mutations were combined (Fig. 4C). A statistically significant
additive effect was less evident at later time points, because senescence was accelerated for
all of the telomerase-defective strains in this experiment (even tlc1-Δ isolates; Fig. S3). As a
consequence, the majority of isolates for the double and triple mutant genotypes were
inviable by 50 generations (Fig. S3), which precluded any meaningful comparisons at this
time point. In contrast to the enhancement of a rif2-Δ mutation, loss of Tel1 function
resulted in a very slight reversal of the senescence progression of a tlc1-Δ rad51-Δ strain
(data not shown); the modest impact of the tel1-Δ mutation is once again presumably due to
the fact that MRX activity is not completely abolished in a tel1-Δ strain. Collectively, the
observations shown in Fig. 4A–C support a model in which the MRX-Te1-Rif2 and Rad51
pathways make separate regulatory contributions to replicative senescence, as depicted in
Fig. 4D.

The Sae2 protein makes a transient contribution during late stages of replicative
senescence

In addition to the MRX complex, efficient processing of DSBs in budding yeast also
requires the Sae2 protein, as the combined contributions of these two activities are essential

Ballew and Lundblad Page 6

Aging Cell. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



for the first step in resection of 5′ strands to generate a single-stranded 3′ DNA extension
(Paull, 2010; Mimitou & Symington, 2011). Sae2 also contributes to the MRX-dependent
production of 3′ overhangs in a de novo telomere assay (Bonnetti et al., 2009). These prior
observations suggested that a sae2-Δ mutation would have an effect similar to the attenuated
senescence imparted by mutations in the MRX complex. However, in striking contrast to
this expectation, loss of Sae2 function had no impact on the viability of a tlc1-Δ strain
during the first ~50 generations of growth (Fig. 5A). This result is concordant with the fact
that Sae2 is not required for processing of native telomeres (Bonnetti et al., 2009), in
contrast to the well-established role of the MRX complex in this process. Like the Rad51
epistasis data, the lack of a Sae2-dependent effect also challenges the proposed mechanistic
parallels between the processing of experimentally induced DSBs vs. native telomeres.

Despite the inability of a sae2-Δ mutation to influence viability during early stages,
senescence was nevertheless exacerbated during later stages of propagation of tlc1-Δ sae2-Δ
strains (Fig. 5 and S5). The late-generation decline in cell viability that was observed in the
absence of Sae2 was highly reproducible, as it was observed in three independent
experiments which compared a total of 79 tlc1-Δ isolates with 81 tlc1-Δ sae2-Δ isolates (Fig.
5B). The fact that a Sae2 defect was evident only after telomeres became critically short
argued that the Sae2 protein was not contributing to the progression of replicative
senescence but instead was responding to the consequences (such as a signal generated by
critically short telomeres). Consistent with this supposition, the Sae2-mediated response was
Tel1-dependent, as Sae2 was completely dispensable in a tel1-Δ strain, even at late points
during replicative senescence (Fig. 5A). This suggests that Sae2 responds to a Tel1-
dependent event which occurs at (or is triggered by) ultra short chromosome termini.

We also considered an alternative possibility for the lack of a Sae2-dependent effect during
the early stages of growth in the absence of telomerase, based on prior work showing a
resection defect at native telomeres which could only be observed in sae2-Δ sgs1-Δ double
mutant strains but not in either single mutant strain (Bonetti et al., 2009). This argued that
the maintenance of 3′ single-stranded G-strand overhangs in telomerase-proficient cells
relied on partially redundant pathways that required Sae2 and Sgs1, which suggested that a
similar redundancy might be masking an effect on replicative senescence. However,
dissection of a sae2-Δ/SAE2 sgs1-Δ/SGS1 diploid revealed that the sae2-Δ sgs1-Δ mutant
strain had a severe synthetic growth defect even in a telomerase-proficient background (Fig.
S5), which is consistent with prior observations (Pan et al., 2006). The nearly inviable
phenotype conferred by combined mutations in SAE2 and SGS1 therefore precluded analysis
of a potential redundant contribution to the senescence progression of a telomerase-deficient
strain.

The Rif1 protein makes a transient contribution during early stages of replicative
senescence

In contrast to the effects of rif2-Δ on replicative senescence, comparison of a tlc1-Δ rif1-Δ
strain with tlc1-Δ did not reveal a significant impact of the loss of Rif1 function in the
absence of telomerase, even when examined for ~100 generations (Fig. 6A and S4). We
considered that the lack of an apparent effect of the rif1-Δ mutation might be masked due to
the substantial delay in the progression of replicative senescence exhibited by telomerase-
defective strains derived from a rif1-Δ/RIF1 diploid strain, as described in Fig. 2. However,
a similar lack of an effect was observed when comparing tlc1-Δ and tlc1-Δ rif1-Δ strains
recovered from a tlc1-Δ/TLC1 rif1-Δ/RIF1 tel1-Δ/TEL1 diploid, in which senescence in the
resulting haploid telomerase-defective isolates was accelerated as a consequence of TEL1
heterozygosity (Fig. S4). Collectively, based on a comparison of RIF1 vs. rif1-Δ telomerase-
defective strains from five independent experiments (corresponding to ~125 isolates of each
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genotype), we were unable to detect a statistically significant contribution of Rif1 to
replicative senescence. The differential effects of Rif1 and Rif2 on replicative senescence
reported here are also consistent with genome-wide epistasis studies showing that rif1-Δ and
rif2-Δ mutations have very different genetic interaction profiles (Addinall et al., 2010),
indicative of distinct roles in telomere biology.

Under one genetic situation, however, a transient contribution by Rif1 in response to
telomere erosion was observed. During the initial propagation of telomerase-defective
strains lacking both Rif1 and Rif2, there was a significant enhancement in the severity of
replicative senescence of tlc1-Δ rif1-Δ rif2-Δ strains, relative to tlc1-Δ rif2-Δ strains (Fig.
6B). This enhancement was reproducibly observed only in the early stages of senescence; as
cells continued to be propagated, the senescence profile of the triple mutant strain became
indistinguishable from that of the double mutant strain. The inability to differentiate between
genotypes at later time points was not due to a problem with inviability, as noted above for
the rif2-Δ rad51-Δ epistasis experiment, as the majority of isolates for this experiment could
be propagated for at least 100 generations, until inviability prevented further analysis (Fig.
S4). This short-lived impact during early stages of senescence further argues that Rif1 is
contributing to replicative senescence through a mechanism which is distinct from the
MRX-Tel1-Rif2 pathway.

Discussion
Increasing evidence indicates that telomere maintenance is a substantial contributing factor
to the human aging process. Telomerase is down-regulated in most tissues, and therefore
whether telomeres erode at a faster or shorter rate will dictate proliferation limits. This
argues that understanding the genetic control of cellular proliferation in the absence of
telomerase will be as vital as figuring out the pathways that regulate telomere length in the
presence of telomerase. In this study, we have used telomerase-defective strains of budding
yeast to investigate this problem. Our starting point was prior analysis of the behavior of
telomerase-defective strains that also lack the Tel1 protein. Although TEL1 was first
discovered based on the short telomere length phenotype displayed by telomerase-proficient
tel1-Δ strains (Lustig & Petes, 1986), we and others have shown that loss of Tel1 function
partially attenuates the senescence phenotype of a tlc1-Δ strain. This suggests that other
factors, first identified on the basis of phenotypes in telomerase-proficient strains, might
similarly impact replicative senescence. Consistent with this premise, our data show that the
Tel1, Rif2 and MRX proteins comprise an epistasis group that influences replicative
senescence in a manner that exactly parallels their behavior in telomerase-proficient cells.

A current model for these proteins, largely supported by work from the Longhese laboratory,
suggests that their role at telomeres is to mediate resection (Mantiero et al., 2007; Bonetti et
al., 2010; Martina et al., 2012). This provides an appealing molecular basis for explaining
the array of phenotypes that result when these factors are absent in either telomerase-
proficient or telomerase-deficient cells. In cells undergoing telomere shortening due to a
telomerase deficiency, an altered rate of resection could impact the rate of erosion of
chromosome ends and hence senescence. In contrast, in the presence of telomerase, reduced
resection could create chromosomal termini which are no longer optimal substrates for
telomerase, as previously proposed (Gao et al., 2010), thereby explaining the reduced
telomere length observed in tel1-Δ and mrx-Δ strains (and conversely, telomere elongation in
rif2-Δ strains).

However, the consequences of a rad51-Δ mutation for a telomerase-deficiency do not easily
fit into the above picture. Although Rad51 acts downstream of the MRX complex in DSB
repair, Rad51 makes a contribution to replicative senescence in opposition to the MRX
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pathway. The recent demonstration that Rad51 has a separate role in DNA replication, in
which nascent DNA bound by Rad51 is protected from MRX-mediated degradation at
stalled replication forks, potentially provides an explanation (reviewed by Constanzo 2011).
The opposing roles for Rad51 and the MRX complex in DNA replication, which mirror the
effects of these factors on replicative senescence, may suggest a common molecular
mechanism, whereby RAD51 function ensures continuous replication of the duplex
telomeric DNA.

An unanticipated observation from this analysis was that loss of SAE2 function had no
discernible effect on replicative senescence until telomeres had become critically short, in
contrast to the immediate impact exhibited by telomerase-defective cells that were deficient
in the MRX complex. This is discordant with the role of these proteins in DSB repair, as the
current model postulates that MRX and Sae2 collaborate to facilitate resection of newly
generated DSBs (Paull, 2010). This distinction may be due to differing substrates (i.e.
differences in the structure of DNA termini) that are monitored in DSB assays vs. replicative
senescence. A key assay for DSB repair (as well as de novo telomere formation; Diede &
Gottschling, 1999) monitors how cells process DSBs experimentally induced by the HO
endonuclease, which creates a substrate with a defined 4-nucleotide overhang (Haber, 2002).
Dissimilarities between the structure of natural chromosome ends and HO-generated breaks
may be sufficient to shunt telomeres and DSBs into distinct resection pathways, which
might offer an explanation for the effects of Sae2 and MRX on DSB repair vs. replicative
senescence.

Also unexpected was the lack of an effect on senescence when RIF1 was absent. Although
the results reported here for rif1-Δ are supported by a prior study, which similarly failed to
detect a difference in the senescence profiles when multiple est2-Δ RIF1 vs. est2-Δ rif1-Δ
isolates were compared (Anbalagan et al., 2011), data from several other groups have
observed that loss of RIF1 function accelerated the loss of viability in strains lacking
telomerase (Chang et al., 2011a; Chang et al., 2011b). This is not the only disagreement
with regard to how genetic perturbations might impact senescence, as strikingly different
conclusions have been reported on the contribution of the four SIR genes to the proliferation
of telomerase-defective strains. Lowell et al., 2003 observed a notable suppression of
senescence when any of the four SIR genes were deleted, with this effect phenocopied by
simultaneous expression of both MATa and MATα information. In contrast, Kozak et al.,
2010 reported that sir3-Δ and sir4-Δ deletions delayed or enhanced senescence, respectively,
whereas sir2-Δ had no impact. These differing results may reflect different assay methods,
but also underscore the difficulty of monitoring a phenotype which exhibits such variability.

In summary, this study lends support to the idea that telomere erosion in the absence of
telomerase is likely to be a highly dynamic process. With each cell division, the duplex
telomeric tract must be completely replicated, with the newly synthesized termini
subsequently converted into mature telomeres. Variations in several steps in this process –
such as incomplete progression of the replisome through duplex telomeric DNA, variable
positioning of the terminal Okazaki fragment or variations in the rates of nucleolytic
processing of newly replicated blunt termini – can potentially impact the rate of telomere
erosion (Lundblad, 2012). In addition, telomeres may become vulnerable to ectopic
resection activities, particularly in later stages when critically short telomeres are no longer
adequately protected. Each of these molecular mechanisms are potentially under the control
of one or more genetic regulators, with defects at any step of each of these pathways
contributing to the rate of DNA loss from chromosome ends. Therefore, the work presented
here, as well as many prior studies that have examined the genetic impact of numerous gene
deletions on the early stages of senescence (Lundblad & Blackburn, 1993; Le et al., 1999;
Ritchie et al., 1999; Rizki & Lundblad, 2001; Chen et al., 2001; Lowell et al., 2003;
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Enomoto et al., 2004); Abdallah et al., 2009; Gao et al., 2010; Kozak et al., 2010; Chang &
Rothstein, 2011; Chang et al., 2011a; Noël & Wellinger 2011), indicates that a complex
network of pathways controls telomere erosion in telomerase-defective cells.

Experimental Procedures
All yeast strains used in this study, which are listed in Table S1, were derived from a
parental diploid tlc1-Δ/TLC1 strain and thus isogenic, with mutations introduced using
standard genetic methods. The protocol for the serial single colony propagation assay was as
follows: For each experiment, a diploid strain was sporulated in liquid sporulation medium
for ~4 to 5 days at 30° and 50 to 70 tetrads were dissected on rich media plates (YPAD).
Following incubation at 30° for three days, tlc1-Δ isolates from the dissection plate were
streaked for single colonies on rich media plates and grown at 30° for 72 hours (the ~25
generation time point). Strains were propagated for two to three successive streak-outs, with
average-sized colonies chosen at each time point with no bias with regard to colony size. As
needed, streak-outs were allowed to grow for an additional 1 to 2 days to allow those streak-
outs that were composed of significantly smaller colonies to catch up, thereby ensuring that
cells used to initiate the next set of streak-outs had undergone the same number of cell
divisions. Each experiment was concluded when a substantial number of isolates either
scored as “2” (barely growing) or “1” (no growth). Growth phenotypes were scored from
photographs of each set of streak-outs, by comparison to a set of standards (see Gao et al.,
2010); independent scoring of the growth phenotypes by either co-author of roughly half of
the experiments performed in this study resulted in virtually indistinguishable relative
senescence scores. Genotyping of mating type and other mutation(s) was performed and
recorded separately. At the conclusion of the experiment, the complete genotype(s) were
unblinded and the data were displayed as a histogram of the distribution of scores for each
genotype at each time point (i.e. ~25, 50 and 75 generations) or as the average score for tlc1-
Δ geneX-Δ compared to the average score for tlc1-Δ as positive or negative values
(indicating attenuated or enhanced senescence, respectively). Comparisons of telomerase-
defective strains of different genotypes always employed isolates derived from the same
diploid strain (except for the experiment shown in Fig. 2). Each epistasis experiment was
performed at least twice (i.e. the relevant diploid strain was re-sporulated and dissected to
generate an independent set of haploid isolates), with most experiments performed three
times.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The MRX complex and Tel1 regulate senescence through a common pathway
(A) Histogram of the senescence phenotypes of 31 tlc1-Δ isolates and 34 tlc1-Δ xrs2-Δ
isolates, as the percentage displaying a particular growth score (on a scale of 1 to 6) at ~25,
~50 and ~75 generations (abbreviated “g”). (B) Average senescence scores of 34 tlc1-Δ
xrs2-Δ isolates or 25 tlc1-Δ rad50-Δ isolates, relative to the average score of 31 or 39 tlc1-Δ
isolates, respectively, where a positive value corresponds to an attenuated senescence
phenotype (relative to that of the tlc1-Δ isolates). (C) Relative senescence scores for the
three indicated genotypes generated from a tlc1-Δ/TLC1 xrs2-Δ/XRS2 tel1-Δ/TEL1 diploid
strain; the average of two experiments is shown, corresponding to a total of 66 tlc1-Δ, 77
tlc1-Δ xrs2-Δ, 50 tlc1-Δ tel1-Δ and 68 tlc1-Δ xrs2-Δ tel1-Δ isolates. Senescence was
monitored for only ~50 generations in this experiment, because telomerase-defective strains
derived from this diploid strain senesced faster, compared to the senescence progression
shown in Fig. 1A.
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Fig. 2. The senescence progression of haploid tlc1-Δ isolates is influenced by haploinsufficiency in
the parental diploid strain
(A) Senescence phenotypes of tlc1-Δ strains from the indicated diploid strains; tlc1-Δ
isolates from the rif1-Δ/RIF1 diploid continued to exhibit a progressive decline in growth
phenotype with further propagation (data not shown). (B) Telomere length of xrs2-Δ/XRS2
tlc1-Δ/TLC1 (lanes 2–4) and rif1-Δ/RIF1 tlc1-Δ/TLC1 (lanes 6–7) diploid strains used in part
(A), compared to the isogenic tlc1-Δ/TLC1 parental strain (lanes 1, 5, 8–9).
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Fig. 3. Rif2 negatively regulates replicative senescence through the MRX pathway
(A) Relative senescence scores for tlc1-Δ rif2-Δ (22 isolates) compared to tlc1-Δ (18
isolates). (B) Relative senescence scores for the indicated strains, derived from an average of
two experiments (with a minimum of 25 isolates per genotype for each experiment); Fig. S2
shows statistical data for the comparison between rad50-Δ and rad50-Δ rif2-Δ for each of
the two experiments. The apparent lack of an effect at the 25 generation time point for tlc1-Δ
rad50-Δ (and similarly for tlc1-Δ tel1-Δ, in part C), indicated by asterisks, was a
consequence of slightly elongated telomeres in the parental diploid strains (due to rif2-Δ/
RIF2 haploinsufficiency; data not shown), which delayed the appearance of the senescence
phenotype in the resulting tlc1-Δ and tlc1-Δ rad50-Δ isolates. (C) Relative senescence scores
of the indicated strains generated following dissection of a tlc1-Δ/TLC1 rif2-Δ/RIF2 tel1-Δ/
TEL1 diploid strain; an independent repeat of this experiment is shown in Fig. S2. (D)
Genetic map of the epistatic relationship between Tel1, Rif2 and MRX; the severity of the
replicative senescence phenotype in response to mutations in factors in the pathway is
schematically represented by the size of the box.
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Fig. 4. Rad51 and Rad52 affect replicative senescence in opposition to the MRX pathway
(A) through (C) Relative senescence scores for the indicated genotypes (20 to 32 isolates for
each genotype); histograms of the senescence phenotypes for each experiment, as well as the
number of isolates tested for each genotype, are shown in Fig. S3. Independent repeats of
the experiments shown in (A) and (B) performed by each of the two co-authors produced
essentially identical results. (D) Schematic illustration of the impact of mutations in two
pathways that act in opposition to each other to regulate replicative senescence; see text for
discussion.
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Fig. 5. Loss of SAE2 function only becomes apparent in telomerase-defective strains late in
senescence
(A) Relative senescence scores for tlc1-Δ sae2-Δ (20 isolates) and tlc1-Δ sae2-Δ tel1-Δ (15
isolates), with each compared to tlc1-Δ (25 isolates); a second independent experiment
similarly showed that a sae2-Δ mutation had no impact on the attenuated senescence
conferred by a tel1-Δ mutation (data not shown). (B) Summary of p-values for the difference
between the senescence scores for tlc1-Δ and tlc1-Δ sae2-Δ strains at 50 and 75 generations
for three independent experiments (comparing 28 vs. 36, 25, vs. 20 and 26 vs. 25 isolates of
tlc1-Δ vs. tlc1-Δ sae2-Δ, respectively); the histogram of the data for Experiment I is shown
in Fig. S5.
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Fig. 6. Rif1 has a transient effect during early stages of replicative senescence in a rif2-Δ
background
Relative senescence scores for (A) tlc1-Δ rif1-Δ (26 isolates) compared to 18 isolates of tlc1-
Δ, and (B) tlc1-Δ rif2-Δ and tlc1-Δ rif2-Δ rif1-Δ (25 and 24 isolates, respectively) compared
to 28 isolates of tlc1-Δ. The comparison in part (B) shows relative senescence scores at 50,
75 and 100 generations; the histogram of the data for this experiment is shown in Fig. S4.
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