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SUMMARY

Reactive oxygen species (ROS) are proposed to play a major role in telomere length alterations
during aging. The mechanisms by which ROS disrupt telomeres remain unclear. In
Saccharomyces cerevisiae, telomere DNA consists of TG;.3) repeats, which are maintained
primarily by telomerase. Telomere length maintenance can be modulated by the expression level
of telomerase subunits and telomerase activity. Additionally, telomerase-mediated telomere repeat
addition is negatively modulated by the levels of telomere-bound Rap1-Rifl-Rif2 protein
complex. Using a yeast strain defective in the major peroxiredoxin Tsal that is involved in ROS
neutralization, we have investigated the effect of defective ROS detoxification on telomere DNA,
telomerase, telomere binding proteins, and telomere length. Surprisingly, the #saZ mutant does not
show significant increase in steady-state levels of oxidative DNA lesions at telomeres. The fsaZ
mutant displays abnormal telomere lengthening, and reduction in oxidative exposure alleviates
this phenotype. The telomere lengthening in the #saZ cells was abolished by disruption of Est2,
subtelomeric DNA, Rapl C-terminus, or Rif2, but not by Rifl deletion. Although telomerase
expression and activity are not altered, telomere-bound Est2 is increased, while telomere-bound
Rapl is reduced in the #saZ mutant. We propose that defective ROS scavenging can interfere with
pathways that are critical in controlling telomere length homeostasis.
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INTRODUCTION

It has been proposed that ROS play an important role in age-related cellular dysfunction and
disease. ROS are generated as byproducts of normal cellular respiration or from exposure to
exogenous physical and chemical agents and can result in a variety of oxidative damage to
cellular components. To counteract the deleterious effects of ROS, most organisms have
evolved multiple defense pathways to scavenge ROS and repair oxidized cellular
components. Peroxiredoxins (Prxs) are a family of small peroxidases which catalyze
peroxide reduction of hydrogen peroxide (H,O,) and other peroxide substrates. All Prxs
contain a conserved peroxidatic cysteine residue (Cp) that reduces peroxide, though some
Prxs carry additional resolving cysteine (CR) to react with oxidized Cp to form a disulfide
bond that is reduced by thioredoxin (Trx)(Hall et al. 2009). There are five peroxiredoxins
isoforms in the budding yeast S. cerevisiae;, Tsal (cTPx1), Tsa2 (cTPxIl), Prx1 (mTPXx),
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Dot5 (nTPx), and Ahpl (cTPxIII)(Park et al. 2000). These Prxs are localized to different
cellular compartments with varying abundance, and Tsal is the most highly-expressed Prx
(Ghaemmaghami et al. 2003), consistent with its role as the major scavenger for ROS
(Iraqui et al. 2009). The tsaZ mutant displays reduced ability to scavenge ROS (Wong et al.
2002). In addition, the #saZ mutant accumulates a variety of mutations (Huang et a/. 2003,
Smith et al. 2004), supporting its role in maintaining genome stability.

Telomeres are the protective caps of chromosomes that prevent linear chromosomes from
being recognized as double-strand DNA breaks. Telomere dysfunction activates a DNA
damage response and subsequently leads to genome instability, cellular senescence, and/or
cell death (de Lange 2011). In S. cerevisiae, telomere DNA is composed of ~300+75 bp of
double-stranded tandem repeats (TG1_3), and a short, single-stranded 3" overhang. All
chromosome ends contain subtelomeric repeats; X elements are present in all chromosome
ends, while Y’ elements can be found in about 2/3 of telomeres (Teng & Zakian 1999).
Although many factors influence telomere length maintenance (Askree et al. 2004; Ungar et
al. 2009), telomerase plays an essential role in telomere repeat addition. Telomerase consists
of two core components: a reverse-transcriptase protein subunit (encoded by £572) and a
template RNA (encoded by 7LC1I) (Singer & Gottschling 1994; Lendvay et a/l. 1996;
Counter et al. 1997). Additionally, telomerase-associated proteins, such as Estl, play a vital
role in telomerase recruitment to telomeres (Lendvay ef a/. 1996; Evans & Lundblad 1999).
Telomerase core components and telomerase-associated proteins are essential in telomere
repeat addition and defects in these genes cause gradual telomere shortening and eventually
cell death (Singer & Gottschling 1994; Lendvay ef a/. 1996). Telomere-associated protein
complex Rap1/Rif1/Rif2 also regulates telomerase-mediated telomere repeat addition. Rapl
binds to double-stranded telomere DNA and recruits its interacting proteins, Rifl and Rif2
via its C-terminus. It has been suggested that these proteins negatively regulate telomerase
function and thus telomere length through a protein-counting mechanism (Bianchi & Shore
2008). Proteins binding to subtelomeric DNA may also regulate telomerase (Berthiau et al.
2006; Arneric & Lingner 2007).

Oxidative stress has been proposed to be the major factor causing telomere shortening in
human cells in culture (von Zglinicki 2000). To further understand the mechanisms through
which oxidative damage disrupts telomere integrity, we deleted peroxiredoxins in S.
cerevisiae and investigated the effects of defective ROS neutralization on telomere DNA
and telomere length maintenance. Ablation of Tsal function leads to an increase in ROS
levels, but does not cause telomere attrition. Unexpectedly, the fsaZ mutant displays
telomerase-, Rapl-, or subtelomeric DNA-dependent telomere over-elongation. Our data
suggest that physiological level of oxidative stress interferes with telomerase regulation.

Tsal, the major peroxiredoxin, is required for telomere length maintenance

ROS include superoxide anions (O,7), hydrogen peroxide (H>0O5), and hydroxyl radicals
(OH). H,05 is a relatively long-lived molecule that can readily penetrate cell membranes,
causing oxidative damage at a distant site of its formation. Peroxiredoxins (Prxs) are the
major ROS detoxification enzymes for H>O, and are ubiquitously expressed in many
organisms including S. cerevisiae (Park et al. 2000). To investigate the consequence of
H,0, and/or peroxiredoxin deficiency in telomere length maintenance, we individually
disrupted five peroxiredoxin isoforms, Tsal, Tsa2, Prx1, Dot5, and Ahpl in S. cerevisiae.
Among the five Prx isoform mutants, only the #saZ deletion mutant displayed abnormal
telomere length, which is consistent with the fact that Tsal is the major scavenger of H,O,
(Park et al. 2000). It is noteworthy that Tsal deficiency does not affect cell proliferation or
cell cycle progress (Park et al. 2000; Wong et al. 2002). Surprisingly, the #saZ mutant
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showed longer Y’ -containing telomere restriction fragments (Y’ -containing TRFs) than the
wild-type cells (Fig. 1A), suggesting its telomeres were over-lengthened.

To test if telomere lengthening is specifically caused by Tsal deficiency, we cloned the
wild-type 7SAI gene into an expressing plasmid and transformed the recombinant DNA
into a heterozygous #saZ/ TSA1 diploid strain. This strain was sporulated to obtain the wild-
type and #sal spores carrying the 7SAZ plasmid. H,O,-sensitivity of the #saZ mutant was
complemented by a plasmid harboring the wild-type 7SAZ gene, but not by the vector alone,
suggesting that the 7SAZ gene in the plasmid is functional (Fig. 1B). The #saZ mutant
carrying the 7SAZ plasmid displayed a telomere length similar to that of the wild type (Fig.
1C). Thus, telomere lengthening in the #saZ mutant is caused by loss of Tsal function.

We further characterized telomere lengthening phenotype among individual telomeres and
clones in the #saZ mutant by Southern blot analysis. Several wild-type and #saZ clones were
examined, and the #saZ mutant clones displayed variably lengthened Y’ -telomeres (Fig. 2A,
top panel). In addition, telomere PCR revealed that individual telomeres, Tel VIR and Tel
XVL, were lengthened to different extents among the #saZ clones (Fig 2A, bottom panel).
Thus, ablation of the Tsal function leads to disparate lengthening of telomere repeats in
individual clones and telomeres.

Given that tandem amplification of Y elements can attribute to telomere maintenance (Teng
& Zakian 1999), we investigated if Y’ elements are amplified in the £saZ mutant. Arrays of
amplified Y’ elements generate 5.2 and 6.7 kb fragments after digestion with Xhol, which
reflect the short or long isoforms of Y elements, each of which contains a single Xhol site.
As shown in Fig. 2B, Southern blot analysis using a Y "-specific probe of Xho-digested
DNA revealed no amplification in the #saZ mutant.

Enhanced ROS correlates with telomere length abnormalities in the tsal mutant

Because the #saZ mutant displays reduced ability to scavenge ROS (Wong et al. 2002), we
hypothesize that telomere lengthening in the £saZ mutant is caused by oxidative stress; a
reduction in oxidative stress should therefore alleviate telomere lengthening. We thus
investigated telomere length of both wild-type and #saZ cells grown under the oxygen-
limiting condition. Freshly dissected wild-type and #saZ cells were grown in ambient
condition (20% oxygen) or a sealed jar in which oxygen was depleted (Ragu et a/. 2007).
First, we measured intracellular ROS level in the wild-type and #saz cells by
dihydroethidium (DHE) staining. When grown in 20% oxygen, the #saZ cells displayed a
higher DHE fluorescence signal intensity than the wild-type cells. However, when cells
were grown in an oxygen-limiting condition, there was no significant difference in DHE
signals between the wild-type and #saZ cells (Supplementary Fig. 1). Concurrently, when
grown in 20% oxygen, the #saZ cells had longer telomeres than the wild-type cells. However,
the wild type and #saZ mutant showed similar telomere length when grown in an oxygen-
limiting condition (Fig. 2C). These results confirm the oxygen-dependent nature of telomere
lengthening and support that oxidative stress is responsible for telomere lengthening in the
tsal mutant.

Telomerase is required for telomere lengthening in the tsal mutant

Abnormal telomere lengthening in the #saZ mutant suggests that telomere length homeostasis
is disrupted in this mutant. Many mutations that result in telomere elongation through
telomerase-dependent mechanisms cause telomeres to gradually reach a longer length. To
explore the dynamic change in telomere length, a heterozygous tsaZ/ TSA1 diploid strain was
sporulated to obtain the wild-type and #saZ spores. After successive re-streaking, telomere
length was checked by Southern blot analysis at different generations. While the wild type
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had relatively stable telomere length over time (Y’-containing telomeres ranging from 338
to 363 bp), the #saZ mutant increased its telomere length with progressive re-streaking (Fig.
3A).

Telomeres consist of stable sequences at the centromere-proximal region and degenerate
repeats at the distal region; and sequence divergence is the result of telomere shortening
followed by telomerase-mediated extension (Forstemann et a/. 2000). To further
characterize the involvement of telomerase in telomere lengthening, we verified telomere
sequences in individual telomeres in the wild type and #saZ mutant. Telomere XV-L
(TEL215L) was PCR amplified, cloned, and sequenced from an early passage (~50
generations after spore germination) of the #saZ mutant. It is noteworthy that the sequencing
data present here may reflect multiple telomere repeats addition events and are distinct from
data generated during a single-round of telomerase action (Teixeira et al. 2004). Consistent
with the overall telomere length changes determined by Southern blot analysis, the PCR-
amplified TEL15L showed an increase in average telomere length in the #saZ cells (393+16
and 344+10 bps for the #saZ and wild-type cells, respectively). The sequences of telomere
repeats (TG;_3) were aligned and constant and divergent sequences were identified
(Supplementary Fig. 2). The number of sequenced telomeres with divergent sequences was
the same (15/20) in the wild-type and #saZ mutant, which is not in favor of the idea that
telomerase elongates a greater number of telomeres in the #saZ mutant. The #saZ and wild-
type cells contain 236+36 and 219+28 bps of constant sequences and 157+32 and 125+27
bps of divergent sequences, respectively (Fig. 3B). Thus, the average lengths of constant and
divergent sequences were not significantly different in the wild-type and #saZ cells. Because
maintenance of very short or long telomeres can involve different mechanisms, e.g. very
short telomeres are prone to recombination and very long telomeres are rarely elongated by
telomerase (Teixeira ef al. 2004), we therefore categorized telomeres into three groups
according to the length of constant telomere sequences (<100, 100-300, >300 bp) and
compared the length of divergent sequences between the wild-type and #saZ cells. Telomeres
with <100 or >300 bp constant telomere sequences did not show more divergent sequences,
but telomeres with 100-300 bp constant telomere sequences had more divergent sequences
in the #saZ mutant (Fig. 3C). Collectively, these data suggest that telomerase elongation is
stimulated in the #saZ mutant.

To genetically confirm the involvement of telomerase in telomere over-elongation, we
deleted the £S72gene (which encodes the catalytic subunit of telomerase complex) in the
tsal mutant. The heterozygous tsall TSA1 est2 ESTZ2 diploid strains were sporulated to
obtain single and double mutants. Senescence rate of the est2 mutant is similar to that of the
tsal est2? double mutant (Supplementary Fig. 3A). Telomere length of single and double
mutants was analyzed by Southern blot at ~90 generations after spore germination prior to
senescence. Consistent with earlier observations (Lendvay et a/. 1996; Counter ef al. 1997;
Lingner et al. 1997), telomere length in the est2 mutant became shorter after successive
subcultures (Supplementary Fig. 3B and C). Telomere length of the #saZ est2 double mutant
was significantly shorter than that of the #saZ mutant but similar to that of the est2 mutant
(Fig. 3D and Supplementary Fig. 3B and C), suggesting that Tsal deficiency is unable to
cause telomere lengthening in the est2 mutant. The requirement of Est2 for telomere
lengthening supports the idea that telomerase participates in telomere lengthening in the #sal
mutant.

Telomerase-dependent telomere lengthening in the #saZ mutant could be due to increased
telomerase expression/activity or enhanced telomerase recruitment. We therefore checked
the expression of telomerase core components (TLC1 and Est2) and a telomerase-associated
protein Estl (which is involved in the recruitment of telomerase to its substrate) in the sa
mutant. Quantitative real-time PCR was utilized to measure the transcripts of these genes.
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The transcripts of 7LC1, ESTZ2, and EST1 genes were not significantly altered in the #saZ
mutant (Supplementary Fig. 4A). To compare telomerase activity between the wild type and
tsal mutant, the 7SAZ gene was deleted in a strain carrying a Myc-tagged £S72gene
(Osterhage et al. 2006). The expression of Myc-Est2 was confirmed by Western blot
analysis (Supplementary Fig. 4B). Myc-Est2 was immunoprecipitated by a-Myc antibody
(Supplementary Fig. 4C) and its capacity to extend an oligonucleotide complementary to the
telomerase template was measured. As shown in Supplementary Fig. 4D, the intensity of
primer extension products was similar in the wild type and #saZ mutant, suggesting that
telomerase activity was not affected in the #saZ mutant.

The involvement of telomere protein complex in telomere lengthening in the tsal mutant

Telomerase occupancy on telomeres can influence telomere repeat addition (Bianchi &
Shore 2008). We therefore used chromatin immunoprecipitation (ChlP) to analyze the
binding of Est2 protein to telomere DNA. Antibody against Myc was used to
immunoprecipitate Myc-tagged Est2 and quantitative multiplex PCR was used to monitor
the level of telomere VII-L (TEL) and nontelomeric control (ARO1) fragments. As shown in
Fig. 4A, the tsaZ mutant had approximately two-fold increase of Est2 binding to telomeres.

In yeast, the recruitment of telomerase to telomeres is negatively regulated by the levels of
telomere-bound Rapl-Rifl-Rif2 protein complexes (Bianchi & Shore 2008). To determine
the binding of Rap1 to telomere DNA, ChIP was performed using a Rapl antibody and the
amount of pulled-down telomere DNA was determined by dot-blot. Rap1-bound telomere
DNA in the #saZ mutant was about 50% of that in the wild type (Fig. 4B, upper panel). This
mild reduction is consistent with a mild increase in telomere length in the #saZ mutant. This
reduction cannot be explained by the change of Rapl expression, since Rapl expression was
not altered in the #saZ mutant (Fig. 4B, lower panel). Thus, Tsalp deficiency alters telomere-
bound telomerase and Rap1, implying that loss of Tsal impairs Rap1l’s negative regulation
on telomerase recruitment to telomeres.

To further confirm the role of Rap1-Rifl-Rif2 in telomere lengthening, we carried out
genetic epistasis studies with rgpZ, rifl, rif2, and tsaZ mutation. Double mutants were
created and telomere length was examined by Southern blot analysis. Because deletion of

Rapl leads to cellular lethality, we utilized the rap1-17allele that encodes a Rap1l protein
with C-terminal truncation (missing amino acids 663-827) (Kyrion ef al. 1992). The rap1-17
mutant is incapable of interacting Rifl and Rif2, but efficiently binds to telomere DNA
(Kyrion et al. 1992). As shown in Fig. 4C, the #sal rap1-17double mutant had a similar
telomere length as the rapZ-17single mutant, supporting that Rap1 is required for telomere
lengthening in the #saZ mutant. Similarly, the #saZ rif2 double mutant displayed a similar
telomere length as the /72 single mutant (Fig. 4D), implying the importance of Rif2 in
telomere lengthening in the #saZ mutant. Interestingly, telomere length of the #saz rif1
double mutant is significantly longer than that of the /71 single mutant, suggesting that #saZ
and rifI mutations causes telomere lengthening via distinct pathways.

Telomerase regulation has been shown to be influenced by the proteins that bind to
subtelomeric DNA (Berthiau et a/. 2006; Arneric & Lingner 2007). We thus tested if
removal of subtelomeric DNA would affect telomere lengthening in the #saZ mutant.
Subtelomeric DNA adjacent to the telomere at chromosome VII-L was replaced by the
URA3gene in UMY2584 strain (Lu & Liu 2010). Deletion of the 7SAI gene caused
general lengthening of Y~ telomeres in this strain (361 and 429 for the wild type and #saZ
mutant, respectively) (Supplementary Fig. 5A). In the #saZ mutant the telomere at the
URAZ3-Tel VII-L locus showed a length close to wild-type length (304 and 322 for the wild
type and #saZ mutant, respectively). Thus, proteins binding to subtelomeric DNA might
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contribute to telomere length alteration in the #saZ mutant. However, over-lengthening of
URAZ3-Tel was found in some of the #saZ mutant clones (Supplementary Fig. 5B). Hence,
subtelomeric proteins cannot be the solo factors causing telomere over-lengthening in the
tsal mutant.

Ablation of Tsal does not significantly enhance steady-state level of oxidative DNA
lesions at telomeres

Oxidation can result in oxidative guanine lesions in telomeric repeats /n vitro (Kawanishi et
al. 1999; Rhee et al. 2011), and an exposure to a high oxidative environment causes more
single-strand breaks (SSBs) and oxidative guanine lesions in telomeric DNA compared to
non-telomeric DNA in human and murine cells (Petersen ef a/. 1998; Rhee et al. 2011).
Furthermore, oxidative DNA lesions impair the binding of telomere binding proteins to
telomere DNA (Opresko et al. 2005; Lu & Liu 2010). We reasoned that enhanced ROS
might cause oxidative DNA damage and consequently perturb the association of Rapl and
telomere DNA in the #saZ mutant. We therefore measured the levels of oxidative base
modifications, abasic sites, or DNA strand breaks in telomere DNA in the £saZ mutant.
Restricted genomic DNAs from the wild type and #saZ mutant were treated with £. coli
DNA glycosylases, either Fpg alone or Endolll plus EndoVII11, which release oxidized
purines and/or pyrimidines and incise at abasic sites via N-glycosylase and lyase activity (Lu
& Liu 2010; Wang et al. 2010; Rhee et al. 2011). The extent of telomere DNA
fragmentation caused by DNA glycosylase treatment reflects the amount of base
modifications and abasic lesions at telomeres, which are revealed as a decreased medium
telomere length (MTL) on an alkaline gel (Supplementary Fig. 6A). DNA glycosylase
treatment resulted in a slight decrease of MTL in the wild type and #saZ mutant, indicating
that normal cellular respiration can cause low levels of oxidative base damage at telomeres.
Surprisingly, there was no difference in DNA glycosylase-sensitive lesions between the wild
type and #saZ mutant (Supplementary Fig. 6B).

Single-strand breaks (SSBs) can lead to faster migrating DNA fragments in alkaline
electrophoresis, yet no significant increase in faster migrating telomere restriction fragments
was observed in the £saZ mutant (Supplementary Fig. 6B, lanes without DNA glycosylase).
Furthermore, SSBs as well as other DNA replication blocking lesions (e.g. abasic sites) in
telomere DNA should block DNA polymerases, resulting in a decrease in telomere PCR
products. We therefore checked the presence of these DNA lesions at telomeres by telomere
PCR in the wild type and #saZ mutant. As shown in Supplementary Fig. 7, both strains
yielded similar levels of telomere PCR products.

S. cerevisiae telomere DNA consists of TG(;.3) repeats. G or tandem Gs are relatively
sensitive to oxidative damage in comparison to other bases or base combinations, causing G
to T transversion if oxidative guanine damage is left unrepaired. Because G to T
transversion in one or a series of guanine bases tandemly adjacent to thymidine can alter
telomere TGy.3) repeats, e. 9. TG to TT, TGG to TTT, or TGGG to TTTT, we counted the
occurrence of tandem Ts in the telomere repeats in the wild type and #saZ mutant. Telomere
VIR (Tel 06R) and telomere XVL (Tel 15L) were amplified by PCR using a high-fidelity
DNA polymerase. The PCR product was cloned and sequenced. Tandem Ts were not found
in the wild-type telomeres, but were found in two of the #saZ telomeres (t21 and 25,
Supplementary Fig. 2). Because of the degenerate nature of S. cerevisiae telomeres repeats,
telomere sequence analysis cannot determine G to T transversions that occur in guanine
bases not adjacent to thymidine (e.g, TGGG to TGTG). Thus, more G to T transversions
might exist in the telomere DNA. Lastly, strings of five or four G’s were also found in the
tsal telomeres at low frequency. The origin of these abnormal sequences remains unknown.
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DISCUSSION

High oxidative stress associates with telomere shortening in human cells in culture (von
Zglinicki 2000). However, it is not known if mild oxidative stress, such as ROS would
generate a similar telomere phenotype /1 vivo. Peroxiredoxin proteins reduce H,O, and
other hydroperoxide substrates. These proteins are ubiquitously expressed in many
organisms and play important roles in protecting cells against ROS-induced damage. Here,
we demonstrate that deletion of the major peroxiredoxin gene 7SAZ can disrupt telomere
length regulation in S. cerevisiae. Surprisingly, elevated ROS is associated with telomerase-
dependent telomere over-lengthening in the £saZ mutant. This observation is in agreement
with a recent study that oxidative stress leads to telomere lengthening in humans (Shlush et
al. 2011). Thus, oxidative stress can alter telomere length homeostasis, and its level may
influence the outcome of telomere length changes.

Oxidative stress induces SSBs at 5" of GGG bases and 8-0xo-7,8-dihydroguanine (8-oxoG)
base damage in telomere DNA in vitro (Kawanishi et al. 1999). These observations lead to
the hypothesis that oxidative stress damages telomere DNA, especially at or close to guanine
bases /in vivo. Unexpectedly, the fsaZ mutant does not display a significant increase in
oxidative DNA damage, e.g. SSBs, 8-0x0G and its derived G to T transversion at telomeres.
The same method has been successful in detecting oxidative guanine lesions in a budding
yeast mutant deficient in a DNA glycosylase, Oggl (Lu & Liu 2010). Because the #sal
mutant has intact repair pathways, it is possible that oxidative DNA lesions are efficiently
removed in the mutant and could not therefore accumulate and reach a significant steady-
state level at telomeres for easy detection. However, we cannot rule out the possibility that
the tsaZ mutant suffers slightly enhanced oxidative DNA damage that is not readily
detectable by the current method.

Several lines of evidence support that telomere over-lengthening is dependent on telomerase
in the #saZ mutant. First, Southern blot and sequence analysis reveals that telomere
lengthening results from telomere repeat expansion, while the length of the subtelomeric
region is not affected. Second, the progressive telomere lengthening suggests a mechanism
that involves telomerase. Consistently, the elongated portion of a telomere contains the
irregular TG repeats, a pattern that is characteristic of telomerase action. Third, the
requirement of Est2 for telomere lengthening further supports telomerase’s participation.
Because Rad52 is essential in the #saZ mutant ((Huang & Kolodner 2005) and data not
shown), it is not feasible to determine its involvement in telomere lengthening. However, all
the clones of the tsal est? strains display similar telomere length to the est2strain,
suggesting that telomerase is the major (if not the sole) pathway involved in telomere
lengthening.

Telomerase-mediated telomere repeat addition can be influenced by the expression level of
telomerase subunits. ROS have been proposed to activate or increase telomerase activity,
resulting in telomere lengthening in individuals with oxidative exposure (Shlush et al. 2011).
We thus tested if increased ROS levels would alter telomerase expression or activity in the
fsal mutant. Over-expression of Est1 or Est2 can lead to increased telomerase activity, while
over-expression of 7LCZ decreases telomerase activity in S. cerevisiae (Singer &
Gottschling 1994; Larose et al. 2007). However, expression of £S71, ESTZ, and 7TLCIis
not altered in the #saZ mutant. Furthermore, the wild type and #saZ mutant have comparable
telomere primer extension activity, implying that telomerase activity is not enhanced in the
tsal mutant.

Telomerase recruitment to telomeres is highly regulated, and it preferentially acts on short
telomeres over long telomeres (Teixeira et al. 2004). The tsa mutant has increased
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telomerase occupancy at telomeres, and the longer divergent telomere sequences observed in
the tsaZ mutant could be therefore caused by telomerase. These findings suggest that
telomerase elongation is dysregulated in the #saZ mutant. Rap1p directly binds telomere
DNA, where it negatively regulates telomerase recruitment and elongation via a protein
counting mechanism (Bianchi & Shore 2008). The #saZ mutant has decreased telomere-
bound Rap1, which may contribute to increased telomerase occupancy at telomeres in the
tsal mutant. Previous studies have shown that oxidative DNA lesions in the telomere DNA
affect the binding of telomere binding proteins to telomere DNA (Opresko et al. 2005; Lu &
Liu 2010). However, oxidative DNA lesions are not significantly elevated in the fsaZ
mutant. We cannot rule out the possibility that the #saZ mutant harbors a moderate increase
of telomeric oxidative DNA damage that is undetectable by the current method, nevertheless
contributes to reduced Rapl binding to telomere DNA. Alternatively, DNA binding
properties of Rapl might be sensitive to ROS levels, so the amount of active Rapl could be
reduced in the #saZ mutant. Although Rap1-Rifl1-Rif2 complexes have been proposed to
regulate the recruitment of telomerase to telomeres (Bianchi & Shore 2008), telomere
lengthening in the #saZ cells can be abolished by disruption of Rif2, but not by Rifl deletion,
suggesting a functional separation of Rifl and Rif2 in telomere length regulation in the #saZ
mutant. In support of these observations, it has been shown that Rifl and Rif2 are
differentially required for Tell-mediated telomere length regulation (Hirano et a/. 2009) and
accumulation of TERRA at telomeres (lglesias ef a/. 2012). Rif1 is also involved in Rap1l-
independent anti-checkpoint function (Xue ef a/. 2012) and CST complex-modulated
telomere capping (Anbalagan ef al. 2012).

In addition to Rap1/Rif1/Rif2, other proteins binding to subtelomeric DNA have been
suggested to regulate telomerase (Berthiau ef a/. 2006; Arneric & Lingner 2007). Like Rapl/
Rif1/Rif2 complex, the binding of subtelomeric proteins to subtelomeric DNA might also be
sensitive to ROS levels and therefore become less functional in the #saZ mutant. When
subtelomeric DNA adjacent to Tel VII-L is replaced by the URA3gene, URA3-Tel VII-L
does not show significant lengthening in the #saZ mutant. However, over-lengthening of
URAZ3-Tel VII-L is indeed found in particular £saZ mutant clones, and it appears to be less
prominent than over-lengthening of bulk telomeres. Collectively, these results suggest a
possible role of subtelomeric proteins in telomere lengthening in some, but not all the #saZ
mutant clones. An alternative explanation is that both Rap1/Rif2 and one or more
subtelomeric proteins play a role in telomere lengthening in the #saZ mutant, and the over-
lengthening seen in some URA3-telomere #saZ clones is due a stochastic effect on Rap1/Rif2
in that cell lineage.

In summary, our data support the notion that defective ROS neutralization can alter
pathways that regulate telomerase elongation and thus telomere length homeostasis. Human
stem cells, highly proliferating tissues and majority human cancers express telomerase (Shay
& Wright 2005). High levels of ROS are commonly observed in cancer cells and can also
result from chronic inflammation or decreased scavenging capacity in aging (Trachootham
et al. 2009). Enhanced ROS may alter telomerase-mediated telomere repeat addition and the
pathways that regulate telomerase in highly proliferating tissues and cancer cells, which
could be one of the contributing factors influencing aging and cancer.

EXPERIMENTAL PROCEDURES

Yeast strains and genetic procedures

Yeast transformation, media, and genetic procedures have been described previously (Lu &
Liu 2010). Except the rgpI mutant, the rest yeast mutants used in this study are null mutants
in which the corresponding open reading frame (ORF) was replaced with a deletion marker.
The details of the yeast strains were described in supplementary material.
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Oxygen-limiting growth condition and ROS detection

The heterozygous 7SA1/tsal diploid strains were sporulated, and tetrads were picked under
normal aeration condition. After tetrads were dissected and spores were placed on YEPD
plates, the dissecting plates were immediately placed in an airtight jar containing GasPak EZ
Gas Generating Sachets (BD Diagnostics)(Ragu ef a/. 2007). Anaerobic Indicator Strips (BD
Diagnostics) were used to monitor the anaerobic conditions. The jar was incubated at 30 °C
for 5 days before Southern blot analysis and stained for cytoplasm and chromatin-bound
dihydroethidium bromide (DHE) for detecting intracellular ROS (Polysciences, Inc, Catalog
No. 17084-50). 30,000 cells were measured for DHE fluorescence intensity by Accuri C6
flow cytometer (Accuri Cytometers) using FlowJo software (Tree Star).

RNA preparation, quantitative PCR, and telomerase activity

Total RNA was prepared using Trizol (Gibco BRL). cDNA was reverse-transcribed by
SuperScript 11 reverse transcriptase (Invitrogen) using random primers according to the
manufacturer’s instruction. Quantitative PCR of the EST1, EST2, TLCI1, TUB1, and ACT1
cDNA was conducted using iTaq Fast SYBR Green Supermix (BioRad) and primers listed
in Table S1. A strain carrying the Myc-tagged £S72allele (Osterhage et al. 2006) was used
for determining telomerase activity as described (Ji ef a/. 2005).

Southern blot analysis

DNA was isolated from exponentially growing cultures and digested with Xhol. Southern
blot analysis was performed as previously described (Lu & Liu 2010) using radio-labeled
polyTG,.3 fragments (the EcoRI/Kpnl fragments from pCT300 containing 256 bps of TG;.3)
(Ray & Runge 1998). The length of TRFs containing Y ’-telomeres was estimated by
plotting the peak of signal intensity of TRFs against the position of the molecular weight
standards (Askree ef al. 2004). The length of TRFs was subtracted by that of Y’ element
fragment (~875 bp) to yield Y ’-containing telomere length. For URA3-TEL analysis,
genomic DNA was digested with Apal and a 300 bp URA3 fragment (PCR amplified,
corresponding to 400 — 700 nt of URA3 gene) was used as probe.

ChlP and western blot

The binding of Est2 and Rap1 protein to the telomere DNA was measured by ChIP as
described (Ji ef a/. 2008; Lu & Liu 2010). Myc-tagged Est2 was pulled down by antibody to
Myc. Quantitative multiplex PCR was used to measure two DNA fragments associated with
Est2: TEL, a 252-bp fragment that is 7 bp from telomere repeats at the left telomere of
chromosome VII; ARO1, a control non-telomere fragment (372-bp). The PCR products
were quantified by ethidium bromide staining using Image Lab (Biorad). Dot blot was used
to measure telomere DNA pulled down by the Rapl antibody. Threefold serial dilutions of
DNA were dot blotted onto positively charged nylon membrane. The radioautography
results were quantified by Image Quant (GE Healthcare). For each sample, the fold
enrichment was calculated as (TELp / AROLp) / (TELjnput / AROLjnpyt)-

Western blot was employed to measure Rapl and Myc-tagged Est2 protein levels using an
anti-Rap1 antibody and anti-Mcy antibody (Ji et a/. 2008; Lu & Liu 2010). Pgk1 was probed
in the same blot as a loading control.

Telomere PCR and sequencing

Telomere XVL (Tel 15L) was amplified from genomic DNA using PCR (Teixeira et al.
2004; Hector et al. 2007). Briefly, polyC was added to a telomere using terminal transferase.
Tel 15L telomere was then amplified using a polyG primer and a primer specific for Tel 15L
using Phusion high fidelity DNA polymerase (New England Biolabs). PCR product was gel
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purified and cloned into pCR2.1 vector (Invitrogen). 20-30 colonies were picked from one
transformation and plasmids isolated from these clones were sequenced using M13R or
MZ13F primer. Sequencing service was performed by Genewiz Corporation using the
difficult template protocols (http://www.genewiz.com/public/rnai.aspx).

Detection of oxidative DNA lesions in telomeres

DNA isolation and identification of oxidative base lesions in telomeres were performed as
previously described with minor modifications (Lu & Liu 2010; Wang et a/. 2010). In brief,
DNA was treated with Alul, Hael, Hinfl, and Mspl and then with mock buffer or Fpg- or
Endolll/EndoVI11I. The resulting single-stranded DNA fragments were detected by Southern
blot using 32P-labeled polyTG;.3 fragments (Ray & Runge 1998). The frequencies of DNA
glycosylase-sensitive sites were calculated as described previously (Lu & Liu 2010; Wang et
al. 2010).

To quantify single strand breaks and other DNA blocking lesions, telomere VI-R or XV-L
((Tel 6R or Tel 15L) was amplified from genomic DNA of four clones of each genotype
using the similar method (see telomere PCR and sequencing), except that polyG primer and
a primer specific for these telomeres were used and Phusion DNA polymerase was replaced
by Tag (New England Biolabs) (Hector et a/. 2007). PCR was controlled so that
amplification was in an exponentially increasing phase.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation

Prxs Peroxiredoxins

ROS reactive oxygen species

SSB single strand break
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Figure 1. Loss of Tsal causes abnormal telomere lengthening

(A) Genomic DNA from Prx mutants was cut with Xhol and analyzed by Southern blot
using a telomere repeat-specific probe. Y’ TRFs are bracketed. A DNA fragment (~700bp)
containing telomere repeats was included as the migrating control (arrow). (B) The wild
type S. cerevisiae TSAI gene (S.c. TSAI) was cloned into a S. cerevisiae vector and
transformed into a £sa2 strain. Transformants were spotted on plates containing H202 for
testing H202 sensitivity (upper panel). (C) The indicated strains (~90 generations after
spore germination) were analyzed for telomere length as in (A). Error bars indicate SD of
the length of TRFs from at least three independent clones. Student’s t test was used to
compare means between two groups. NS, not significant; *, p<0.05.
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Figure 2. Characterization of telomere lengthening in the tsal mutant

(A) The representative wild-type and #saZ clones were analyzed for telomere length using
Southern blot as in Figure 1A. Tel VIR and Tel XVL were analyzed by telomere PCR
(lower panel). (B) The same blot was stripped sequentially and probed with the probes
specific for the Y elements (top panel) and the 7UB2gene (bottom panel). The positions of
Y’ elements are indicated by arrows. The intensity ratio between the Y’ elements and 7UB2
was compared between the wild-type and #saZ clones using Student’s t test. NS, not
significant. (C) The wild-type and saZ spores were dissected from a 7SA1/tsal
heterozygous strain. Immediately after dissection, one plate was allowed to germinate in a
closed jar in which oxygen was depleted by GasPak EZ Gas Generating Sachets (low O2).
Another plate was incubated in an ambient oxygen condition (20% O2). Genomic DNA was
isolated after 5 days and analyzed for telomere length using Southern blot as in Figure 1A.
Representative clones are shown. The length of Y’ TRFs was compared between two groups
using Student’s t test. Error bars indicate SD from at least three independent clones. NS, not
significant; *, p<0.05.
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Figure 3. Telomeraseisrequired for telomere lengthening in the tsal mutant

(A) The wild-type and #saz spores from a 7SA1/tsal heterozygous strain were re-streaked
successively on YEPD plates. Genomic DNA was isolated at the indicated time and
analyzed for telomere length using Southern blot as in Figure 1A. (B) Telomere XVL from
either wild-type or fsaZ cells was amplified using a high fidelity DNA polymerase, cloned,
and sequenced. Telomere sequences were aligned and constant and divergent sequences
were indicated by blue and red color. The average length of constant and divergent
sequences is shown below the graph. Error bars indicate standard errors. NS, not significant;
*, p<0.05. (C) Telomeres were categorized according to the length of constant sequences
and the length of divergent sequences and compared between the wild-type and #saZ cells.
Error bars indicate standard errors. NS, not significant; *, p<0.05. (D) Spores with the
indicated genotype generated from a 7SA1/tsal ESTZ2/est2 heterozygous strain were re-
streaked successively on YEPD plates for ~ 90 generations. Genomic DNA was analyzed for
telomere length using Southern blot as in Figure 1A. Representative clones are shown.
Calculated Y’ -telomere lengths (mean+SD) from three clones for each genotype are shown
at the bottom.
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Figure 4. Altered binding of telomerase and Rap1p to telomere DNA in the tsal mutant

(A) The association of Myc-tagged Est2 with telomere DNA was determined by ChIP using
an antibody to Myc. A strain carrying untagged EST2 allele (no tag) was used as a control.
Multiplex PCR results from a representative ChlP experiment are shown. Quantitative
analysis was derived from four independent experiments and fold enrichment of TEL over
background (no tag) was calculated as described (Taggart et a/. 2002) and shown on the
right. (B) Upper panel: binding of Rapl protein to telomere DNA was analyzed by ChIP
using an antibody to Rapl. The representative dot-blot results are shown. Fold enrichment of
telomere signal from three independent experiments was calculated as described (Ji et al.
2008) and shown on the right. Error bars represent SD values from multiple independent
experiments. Student’s t ~test was used to determine significance. *, p<0.05. Lower panel:
Rapl protein level in the wild-type and £saZ cells were determined by Western blot using the
antibody against Rapl. Pgk1 level was measured as the loading control. The signals of a
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band corresponding to Rap1 were normalized to those of Pgk1p for each sample. Error bars
indicate SD from three independent clones. Student’s t test was used to compare means
between groups. NS, not significant. (C and D) Genomic DNA from the indicated strains
was analyzed for telomere length using Southern blot as in Figure 1A. Representative clones
are shown.
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