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Abstract
As we age, the majority of our cells gradually lose the capacity to divide because of replicative
senescence that results from the inability to replicate the ends of chromosomes. The timing of
senescence is dependent on the length of telomeric DNA, which elicits a checkpoint signal when
critically short. Critically short telomeres also become vulnerable to deleterious rearrangements,
end degradation and telomere-telomere fusions. Here we report a novel role of non-homologous
end joining (NHEJ), a pathway of double-strand break (DSB) repair in influencing both the
kinetics of replicative senescence and the rate of chromosome loss in telomerase-deficient
Saccharomyces cerevisiae. In telomerase-deficient cells, the absence of NHEJ delays replicative
senescence, decreases loss of viability during senescence, and suppresses senescence-associated
chromosome loss and telomere-telomere fusion. Differences in mating-type gene expression in
haploid and diploid cells affect NHEJ function, resulting in distinct kinetics of replicative
senescence. These results suggest that the differences in the kinetics of replicative senescence in
haploid and diploid telomerase-deficient yeast is determined by changes in NHEJ-dependent
telomere fusion, perhaps through the initiation of the breakage-fusion-bridge (BFB) cycle.

Introduction
Telomeres are the structures located at the ends of eukaryotic chromosomes that protect
them from end-to end fusions and translocations (Muller, 1938, McClintock, 1941). In
budding yeast, loss of even a single telomere can cause cell-cycle arrest followed by either
chromosome loss or acquisition of a new telomere, which is usually associated with a loss of
heterozygosity (LOH) (Zakian, 1996). Telomeres are established and maintained by a
variety of cellular factors including telomerase, a ribonucleoprotein complex required for the
replication and protection of telomeric DNA (Greider and Blackburn, 1985; Blackburn,
2005). Consequently, the absence of telomerase leads to a progressive shortening of
chromosomes and to a loss of DNA end protection, or capping (Chen and Kolodner, 1999;
DuBois et al., 2002). Ultimately, telomerase-deficient cells undergo replicative senescence,
a process in which the majority of cells in the culture cease to grow, and a variety of
deleterious genome destabilizing events increase in frequency (Chen and Kolodner, 1999;
Hackett et al., 2001; DuBois et al., 2002; Hackett and Greider, 2003; Mieczkowski et al.,
2003; Meyer and Bailis, 2007). However, a small fraction of the cells escape senescence by
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using homologous recombination (HR) to reestablish and maintain telomeres (Lundblad and
Blackburn, 1993).

In S. cerevisiae, HR is primarily controlled by genes in the RAD52 epistasis group (McKee
and Lawrence, 1980). However, genes that specify factors involved in DNA replication, cell
cycle control and a variety of DNA repair pathways other than HR are also known to affect
HR (Paques and Haber, 1999; Symington, 2002). Among these is the mating type locus,
MAT (Friis and Roman, 1968; Heude and Fabre, 1993; Fasullo and Dave, 1994; Lowell et
al., 2003). Haploid and diploid strains expressing both MATa and MATα display greater
resistance to a variety of DNA damaging agents than haploids or diploids expressing only
MATa or MATα, and this resistance is mediated by the RAD52 epistasis group members
RAD51, RAD52 and RAD54 (Saeki et al., 1980). Recent work has shown that the MAT locus
exerts this control through a complex network of genes that have distinct interactions with
the various components of HR (Valencia-Burton et al., 2006).

MAT has also been shown to influence the response to uncapped chromosome ends in
telomerase-deficient cells. Simultaneous expression of MATa and MATα in telomerase-
defective est1Δ or tlc1Δ mutant haploids was found to suppress the loss of viability
normally associated with replicative senescence in these cells (Lowell et al., 2003). Further,
work done with MATa/MATα heterozygous diploids that lack telomerase showed that they
undergo normal replicative senescence, but that telomerase-deficient MATa/MATa or MATα/
MATα homozygous diploids display accelerated senescence. Although this work strongly
suggests that mating type influences replicative senescence, the precise nature of this effect
remains unclear.

The MAT locus is known to directly control the expression of an array of genes important
for specifying cell type and cell-cell interaction (Strathern et al., 1981). Haploid MATa or
MATα cells express haploid-specific genes, while MATa/MATα heterozygous diploids
express the Mata1-Mata2 corepressor that represses expression of haploid-specific genes
and derepresses the expression of diploid-specific genes. A number of both haploid- and
diploid-specific genes have been discovered through microarray analysis (Galitski et al.,
1999; Valencia et al., 2001), including the haploid-specific gene, NEJ1, which is required
for the function of DNA ligase IV, and limits the action of nonhomologous end-joining
(NHEJ) to haploid cells (Kegel et al., 2001; Valencia et al., 2001).

NHEJ has been shown to cause telomere-telomere fusions in mammals, plants and yeast
cells that have lost telomere capping (Espejel et al., 2002; Chan & Blackburn, 2003;
Mieczkowski et al., 2003; Carter et al., 2007; Heacock et al., 2007). Telomere fusions create
dicentric chromosomes that feed into the BFB cycle (McClintock, 1941), which results in
serial genome instability that can, in turn lead to tumorigenesis and loss of cell viability
(Maser et al., 2002; Feldser et al., 2003; DeLange, 2005; Johnson and Broccoli, 2007). The
different characteristics of replicative senescence in telomerase-defective haploids and
diploids may, therefore, be related to the differential capacity of these cells to generate
telomere fusions by NHEJ when the chromosome ends are uncapped.

In this manuscript we demonstrate that the loss of viability observed in telomerase-deficient
haploids and diploids is less severe when both MATa and MATα are expressed
simultaneously than when only a single MAT allele is expressed. The increased inviability
associated with the expression of only a single MAT allele was suppressed by a mutation in
DNL4, a gene encoding a subunit of DNA ligase IV, which suggests that the loss of viability
is a result of NHEJ. Importantly, the dnl4 mutation also suppressed elevated levels of
chromosome loss and telomere fusion associated with mono-allelic expression of MAT,
suggesting that the loss of viability associated with telomerase deficiency may, in part, be
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due to the loss, or rearrangement of chromosomes that follow NHEJ-dependent telomere
fusion.

Results
The influence of MAT on the kinetics of replicative senescence is dependent on DNL4

We initially examined the influence of mating type on replicative senescence by determining
the effects of expressing either MATa alone, or both MATa and MATα in est2 mutant haploid
strains. In est2 haploids that expressed MATa alone viability was reduced to 0.9% of wild
type viability at 40 generations, while strains expressing both MATa and MATα displayed a
minimum viability of 33% at 60 generations (Figure 1A). These results indicate that mating
type influences both the severity and the rate of onset of replicative senescence, similar to
previously published reports (Lowell et al., 2003). Experiments with est2/est2 homozygous
diploid strains revealed substantially similar results, as est2 haploid strains expressing MATa
alone displayed a minimum viability of 4.5% at 40 generations, while strains expressing
both MATa and MATα displayed a minimum viability of 17% at 60 generations (Figure 1B).
These results suggest that mating type exerts relatively equivalent effects on both the rate
and severity of replicative senescence in haploids and diploids, while ploidy has relatively
minor effects.

The MAT locus has been shown to control the expression of a large network of genes
(Strathern et al., 1981; Galitski et al., 1999; Valencia et al., 2001) making it likely that
mating type-dependent expression of one or more genes may influence the kinetics of
replicative senescence. One of these is the haploid-specific gene, NEJ1, which is necessary
for the function of DNA ligase IV (Kegel et al., 2001; Valencia et al., 2001). MATa/MATα
heterozygous diploids suppress the expression of NEJ1, severely reducing the efficiency of
DNA ligase IV and blocking NHEJ. This suggests that MAT could be influencing the
kinetics of replicative senescence in telomerase deficient cells through its effect on NHEJ.
We addressed this possibility by examining the effect of a mutation in the DNL4 gene,
which encodes a subunit of DNA ligase IV (Wilson et al., 1997), on the serial growth
characteristics of est2 mutant haploid strains. Our results show that the dnl4 allele both
delayed and reduced the severity of replicative senescence in est2 dnl4 double mutant
haploids, as they reached a minimum viability of 14% at 60 generations (Figure 1C), similar
to the effects of expressing both MATa and MATα in est2 haploid strains (Figure 1A).
Consistent with these results, we also found that the dnl4 allele reduced the severity of
replicative senescence in est2/est2 dn4/dnl4 double homozygotes that expressed MATa
alone, a minimum viability of 24% at 40 generations (Figure 1D), which is similar to the
minimum viability observed in the est2/est2 homozgotes that expressed both MATa and
MATα (Figure 1B). These results are consistent with MAT influencing replicative senescence
through its control of NHEJ.

In contrast to disabling NHEJ, mutating the central yeast HR gene, RAD52 (Resnick and
Martin, 1976), significantly accelerated replicative senescence in both est2 rad52 double
mutant haploid (Figure1C) and est2/est2 rad52/rad52 doubly homozygous diploid (Figure
1D) strains. As expected, neither set of strains survived replicative senescence, presumably
due to their inability to activate the HR-dependent telomere recovery pathway (Le et al.,
1999). Taken together these results suggest that NHEJ both accelerates and increases the
severity of replicative senescence in telomerase-deficient cells, while HR delays senescence
and facilitates recovery from it.
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NHEJ influences chromosome loss in the absence of telomerase
The absence of telomerase function has been shown to lead to a senescence-associated
increase in genome instability in both haploid and diploid strains (Chen and Kolodner, 1999;
Hackett et al., 2001; DuBois et al., 2002; Hackett and Greider, 2003; Mieczkowski et al.,
2003; Meyer and Bailis, 2007). We have shown previously that senescent est2 mutant
haploids display increased rates of mutation and gross chromosomal rearrangement (GCR)
at the CAN1 locus which lies near the left end of chromosome V (Meyer and Bailis, 2007).
Since both chromosome loss (CL) and interhomolog recombination (IHR) have previously
been shown to be stimulated during senescence in est2/est2 homozygous diploids (Hacket
and Greider, 2003; Ijpma and Greider, 2003), we sought to determine the rates of these
events in our strains using the CAN1 locus and chromosome V. We found that the rate of CL
increased almost 7.5-fold and the rate of IHR increased 13-fold during replicative
senescence in est2/est2 homozygotes, but that the rates of these events were not significantly
different from wild type before and after replicative senescence (Table 1). In contrast, the
rate of IHR at the CYH2 locus that lies near the centromere on the left arm of chromosome
VII was not significantly different from wild type before, during or after senescence in the
est2/est2 homozygotes. These results confirm that replicative senescence in telomerase
deficient diploids results in levels of instability that are similar to those observed in haploids,
and that this instability is limited to telomere proximal loci.

Our observation that MAT influences replicative senescence through its effect on NHEJ led
us to investigate how it might affect the increased genome instability that occurs
concomitantly with replicative senescence. We found that est2/est2 homozygotes expressing
only MATa, which displayed more rapid and severe replicative senescence than est2/est2
homozygotes expressing both MATa and MATα (Figure 1B), also displayed a 4.4-fold
increased rate of senescence-associated CL, but a rate of IHR that was not statistically
different (Table 1). The stimulation of CL was found to be completely dependent on NHEJ
as the CL rate in senescent est2/est2 dnl4/dnl4 double homozygotes expressing only MATa
was essentially identical to that in the senescent est2/est2 homozygotes expressing both
MATa and MATα. In contrast, loss of HR had only a minimal effect on senescence-
associated CL but a substantial effect on IHR as the rate of CL in senescent est2/est2 rad52/
rad52 double homozygotes was very similar to that in senescent est2/est2 homozygotes but
the rate of IHR was reduced 400-fold. These results suggest that senescence-associated CL
is NHEJ-dependent but HR-independent, while senescence-associated IHR is NHEJ-
independent but HR-dependent.

Replicative senescence stimulates NHEJ-dependent telomere fusion
Telomere fusion has been associated with the uncapping of telomeres in a broad spectrum of
eukaryotic cells, including yeast (Espejel et al., 2002; Chan & Blackburn, 2003;
Mieczkowski et al., 2003; Carter et al., 2007; Heacock et al., 2007). This process has
previously been shown to be dependent upon the NHEJ apparatus, which is thought to
recognize uncapped telomeres as substrates for DSB repair (Riha et al., 2006). Given that
telomere fusion could affect cell viability by initiating the BFB cycle (McClintock, 1941)
we investigated whether such events were occurring during replicative senescence in our
strains, and whether they were under the control of NHEJ. Genomic DNA extracted from
serially grown cultures of wild type, est2 single, and est2 dnl4 double mutant haploid strains
was subjected to PCR using a single primer complementary to the YRF1 sequence that is
present in the same orientation at seven telomeres in the yeast genome (SGD). In the event
of a telomere fusion involving any two of these telomeres, the single primer would amplify a
sequence that spans the distance between the complementary sequences that would then be
oriented toward each other. We found that PCR signals appeared when using genomic DNA
extracted from cells from the third day of serial growth of the est2 single mutants (Figure 2),
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concomitant with replicative senescence (Figure 1A), but not before or after. We also failed
to obtain PCR signals using genomic DNA obtained from wild type, or est2 dnl4 double
mutant cells at any point during serial liquid growth. Cloning and sequencing of the PCR
bands verified that they represent genuine telomere fusions (Figure S1). The DNA
sequences at the junctions suggested that little if any homology between the parent
molecules was utilized to make the fusions, consistent with the involvement of NHEJ. In
addition, the majority of the telomere fusions that were isolated and characterized were
between YRF1 and unidentified sequences that may be heterogeneous subtelomeric DNA
(Mefford and Trask, 2002). These data confirm that telomere fusion accompanies replicative
senescence in telomerase-deficient cells, and suggest that these events are dependent upon
NHEJ.

Discussion
The results described here confirm that mating type influences the rate of onset and the
severity of replicative senescence in telomerase-deficient yeast cells (Lowell et al., 2003),
but further establishes that this control is through the effect of MAT on NHEJ. Additionally,
this analysis suggests that the increased loss of viability during senescence that is associated
with mono-allelic expression of MAT is the result of NHEJ-dependent telomere fusion that
may also fuel senescence-associated CL. However, we cannot rule out the possibility that
other MAT regulated genes also influence replicative senescence in the absence of
telomerase. The absence of telomerase has been shown to lead to telomere dysfunction and
genome instability in a variety of eukaryotic systems (Espejel et al., 2002; Smogorzewska et
al., 2002; Chan and Blackburn, 2003; Hackett and Greider, 2003; Mieczkowski et al., 2003;
Carter et al., 2007; Heacock et al., 2007). Interestingly, NHEJ seems to play a prominent
role in promoting genome instability through fusions of dysfunctional telomeres in higher
eukaryotes (Riha et al., 2006), perhaps by initiating the BFB cycle first proposed by Barbara
McClintock (McClintock, 1941). The consequences of the BFB cycle are LOH, gene
duplication, chromosome loss and non-reciprocal translocation. Emerging evidence is
pointing increasingly toward telomere dysfunction as being one of the driving forces behind
tumorigenesis in mammals (Maser et al., 2002; Feldser et al., 2003; DeLange, 2005;
Johnson and Broccoli, 2007).

Although our results suggesting the importance of NHEJ in yeast replicative senescence are
consistent with observations in other systems (Riha et al., 2006), a previous study in yeast
suggested that NHEJ has no impact on replicative sencescence (Hackett et al., 2001). In
their study, Hackett and colleagues observed no difference in the kinetics of replicative
senescence in est1 single mutant and est1 lig4 double mutant haploid strains. One potential
source of the discrepancy may be that the previous study monitored cell growth potential by
determining cell density instead of cell viability, a more sensitive measure of proliferative
capacity. Another potential issue is that the previous study used a switch of carbon source to
initiate replicative senescence by inhibiting the expression of a catabolite-repressible EST1
gene. Since the authors found that these conditions allowed rad52 mutants to recover from
replicative senescence it seems likely that breakthrough expression of EST1 reduced the
stringency of the telomerase defect, potentially obscuring the effect of losing NHEJ. Finally,
differences in the genetic backgrounds of the strains used in these studies may have
contributed to the dissimilar results. Despite these differences, it is important to note that
overall, the two studies report similar findings regarding the link between replicative
senescence and genome instability, including that replicative senescence results in the
appearance of telomere fusions.

Another important observation from the current analysis is that replicative senescence
stimulates CL and IHR at telomere proximal loci. This confirms the results of other studies
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that have tied telomere dysfunction to increased LOH in diploid yeast (Hackett et al., 2001;
Hackett et al., 2003). Interestingly, while senescence-associated CL is at least in part, Dnl4-
dependent, sensescence-associated IHR is dependent on Rad52 (Table 1). This suggests that
senescence-associated LOH is the product of both NHEJ and HR. It also suggests that CL
and IHR may be mechanistically separate. We speculate that CL may be the result of the
NHEJ-dependent fusion of uncapped telomeres and subsequent chromosomal non-
disjunction, while IHR may be the result of the recombinational repair of replication lesions
(Meyer and Bailis, 2007), or exonucleolytically digested chromosome ends (Hackett et al.
2001).

The observation that increases in the rates of both mutation and LOH at telomere proximal
loci accompany replicative senescence in yeast suggests a role for these processes in the
progression toward cancer in aging mammalian cells. Mutagenesis of tumor suppressor
genes may increase as cells approach senescence if they lay near a telomere. But, since most
of these mutations would be expected to confer a recessive loss of function, the mutated
cells would remain phenotypically normal. However, if these mutations are subsequently
either homozygosed by IHR, or rendered hemizygous by CL, a mutant phenotype would
emerge. Senescence-associated loss of tumor suppression via sequential genetic change may
help explain the precipitous increase in cancer observed in elderly humans (DePinho, 2000).

Materials and Methods
Yeast strains and plasmids

All strains used in this study are isogenic with W303-1A (Thomas and Rothstein 1989) but
are wild type at the RAD5 locus. All strains were constructed using conventional methods
(Burke et al., 2000). The est2::URA3 allele used in this study was the generous gift of
Victoria Lundblad (Rizki and Lundblad, 2001). The est2::ura3::LEU2 allele was created by
single-step gene disruption of the est2::URA3 allele (Rothstein, 1991) using a ura3::LEU2
construct from pLAY315. The MATa::LEU2 allele used in this analysis was introduced by
single-step gene disruption using a DNA fragment derived from the plasmid pJH124 which
was the kind gift of Jim Haber. The dnl4::LEU2 allele was constructed as previously
described (Pannunzio et al., 2008). The hom3-10 and CAN1 alleles were derived from strain
RKY2672 (Tishkoff et al., 1997), which was the generous gift of Richard Kolodner. The
plasmid pLAY263 was constructed by cloning a 4.0 kb BamHI/ClaI fragment containing the
wild type MATα sequence into the polylinker of the single-copy plasmid pRS413, which
carries a HIS3 selectable marker (Sikorski and Hieter, 1989). The plasmid pSD196, a
generous gift from Dan Gottschling, bears the wild type EST2 gene on a 4.5 kb SalI
fragment cloned into the single-copy vector pRS316, which carries a URA3 selectable
marker (Sikorski and Hieter, 1989).

Serial liquid growth
Serial liquid growth was performed as described previously (Meyer and Bailis, 2007). Mean
cell densities were reported and were calculated from at least eight independent cultures of
each indicated genotype. Error bars represent two standard errors. Selection for the plasmid
containing MATα (pLAY263) and the control plasmid, pRS413 were maintained throughout
the serial liquid growth analysis by growth in liquid synthetic medium lacking histidine.
During each day of serial liquid growth, hemocytometer counts were performed to
determine the number of cell bodies, after which approximately 500 cells were plated to
YPD medium and incubated at 30°C for three days. Colonies were then counted and divided
by 500 to determine plating efficiency. Finally, viability was determined following each day
of growth in liquid culture by taking the number of cell bodies, and multiplying by the
plating efficiency.
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Determination of the rates of chromosome loss (CL) and interhomolog recombination
(IHR)

The rates of interhomolog recombination (IHR) and chromosome loss were determined as
described previously (Hartwell and Smith, 1985). Freshly dissected segregants containing
copies of chromosome V with either, CAN1 and HOM3 or can1-100 and hom3-10 alleles
were crossed to generate CAN1/can1-100, HOM3/hom3-10 doubly heterozygous diploid
strains. Segregants containing CYH2 and cyh2r were also crossed to generate diploids
heterozygous at the CYH2 locus on chromosome VII in order to facilitate a second,
independent assay of IHR. At least five independent diploids of each genotype were
prepared. Cultures were initiated from homozygous wild type and mutant diploid strains that
contained pSD196, a single-copy plasmid containing a wild type allele of EST2 and a URA3
selectable marker. Seven fresh Ura+ diploid colonies of each genotype were dispersed in
sterile water, plated onto YPD medium, and the resulting colonies lightly replica plated to
medium lacking uracil to identify those that had lost pSD196. Colonies that had lost the
plasmid were used to inoculate cultures containing five ml of YPD medium. These cultures
were grown for 24 hours at 30°C and cell density determined by hemocytometer counts.
Serial cultures were initiated by inoculating fresh five ml cultures with appropriate dilutions.

With the initial liquid cultures and with each successive culture appropriate dilutions were
also plated to YPD medium to determine the total number of viable cells. Dilutions were
also plated onto either synthetic medium lacking arginine and containing 60 µg/ml of
canavanine to determine the number of canavanine resistant (Canr) colonies, or onto
synthetic medium containing 1µg/ml of cycloheximide to determine the number of
cycloheximide resistant (Cyhr) colonies. The total numbers of Canr or Cyhr colonies were
counted after growth at 30°C for four days. Cyhr colonies were scored directly as IHR
events. The Canr colonies were replica plated onto synthetic medium lacking threonine and
incubated for two days at 30°C to score for the presence of the HOM3 marker and
distinguish between CL and IHR events. Colonies that were Canr and Thr− were scored as
CL events while the Canr and Thr+ colonies were scored as IHR events. While Canr Thr+

colonies may also represent mutation events it was previously found that these colonies
result predominantly from mitotic recombination (Golin and Esposito, 1977). Rates and 95%
confidence intervals for both IHR and CL were determined each day in liquid culture over 9
days from a minimum of 12 trials using the method of the median (Lea and Coulson, 1948)
or fluctuation analysis (Luria and Delbruck, 1943).

Detecting telomere fusion by PCR
Genomic DNA was prepared from aliquots of cells from independent serial cultures by glass
bead extraction. Thirty ng of genomic DNA were used to detect telomere fusions by PCR
using a single primer, YRF (5’ –AAC GTT GAA GTT CTC GCT GC- 3’) that is
complementary to a sequence located within the YRF1 open reading frame located adjacent
to the end of the telomeres on the right arms of chromosomes IV, V, VII and XII, and the
left arms of chromosomes XIV and XVI (SGD http://www.yeastgenome.org/). Positive
controls were generated by amplifying sequences from the SAM1 locus using the primers
SAM1-264F (5’–GCC CTT GCC TAC TAG TGC ATT T- 3’) and SAM1-88R (5’-CGA
AGC TAA CCG AAA AAC AAC G-3’). PCR products were run on 0.8% agarose gels and
visualized with ethidium bromide staining.

Characterization of telomere fusions by DNA sequencing
The PCR amplified telomere fusion products were treated with T4 DNA polymerase to
polish the ends before inserting them into the polylinker of EcoRV digested pBluescript
(Stratagene, Inc.), and transformation into E. coli. Blue/white screening was utilized to
identify insert-bearing clones. Plasmids containing inserts were purified and their DNA
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sequences determined by automated DNA sequencing using T3 and T7 primers
complementary to sequences flanking the polylinker in pBluescript.
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Figure 1.
Viability of telomerase deficient cells in serial liquid culture is influenced by NHEJ. Serial
liquid growth was performed as described previously (Meyer and Bailis 2007). After each
day of serial liquid growth, hemocytometer counts were performed to determine the number
of cell bodies, after which 500 cells were plated to YPD medium and incubated at 30° for 3
days. The resulting colonies were counted and the number divided by 500 to determine
plating efficiency. Viability was determined by multiplying the number of cell bodies plated
by the plating efficiency. Each data point represents the mean viability ±2 SE determined
from at least eight independent cultures. The trough of cell viability appearing at 40 or 60
generations corresponds to the point of maximum cell death prior to recovery by HR-
dependent telomere recovery. (A) (▲) Wild type MATa/α haploid, (△) est2Δ MATa/α
haploid, (▼) Wild type MATa haploid, (▽) est2Δ MATa haploid. (B) (■) Wild type MATa/
MATa::LEU2 diploid, (□) est2Δ/est2Δ MATa/MATa::LEU2 diploid, (◆) est2Δ/est2Δ
MATa/α diploid, (◇)Wild type MATa/α diploid. (C) (●) dnl4Δ MATa haploid, (○) est2Δ
dnl4Δ MATa haploid, (×) rad52Δ MATa haploid, (+) est2Δ rad52Δ MATa haploid. (D) (✱)
est2Δ /est2Δ rad52Δ /rad52Δ MATa/α diploid, (○) rad52Δ /rad52Δ MATa/α diploid, (▼)
est2Δ/est2Δ dnl4Δ/dnl4Δ MATa/MATa::LEU2 diploid.
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Figure 2.
Telomere fusion in telomerase deficient cells is dependent on Dnl4. Cells from cultures with
the indicated genotypes and collected after the indicated number of generations in serial
liquid culture, were used to prepare genomic DNA. PCR was performed with 30 ng of the
DNA samples and the products run on 0.8% agarose gels along with 1 kb markers (M)
before visualization by staining with ethidium bromide. Potential telomere fusions were
detected using a single primer complementary to a sequence located in the YRF1 open
reading frame that lies adjacent to several telomeres. PCR signals generated using primers
complementary to sequences in the SAM1 gene were used as a positive control.
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