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Short ArticleTelomerase and ATM/Tel1p
Protect Telomeres
from Nonhomologous End Joining

burn, 2000). Thus, the role of telomerase in averting
chromosome end-to-end fusion has been attributed en-
tirely to its preventing attrition of telomeres to critically
short lengths.

Some evidence, however, points to a role of telo-
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merase in chromosome end protection that is inde-
pendent of its ability to effect telomere elongation. S.
cerevisiae cells expressing an active telomerase RNASummary
template mutant grow at wild-type rates but have shorter
telomeres than telomerase-negative cells at the point ofTelomeres protect chromosome ends from fusing to
senescence (Prescott and Blackburn, 1997b). Similarly,double-stranded breaks (DSBs). Using a quantitative
human fibroblasts and endothelial cells ectopically ex-real-time PCR assay, we show that nonhomologous
pressing telomerase reverse transcriptase can bypassend joining between a telomere and an inducible DSB
replicative senescence despite a lack of bulk telomerewas undetectable in wild-type cells, but occurred
elongation (Yang et al., 1999; Zhu et al., 1999). Thesewithin a few hours of DSB induction in �1/2000 ge-
observations suggested that the catalytic activity ofnomes in telomerase-deficient cells and in �1/1000
telomerase at telomeres, rather than bulk telomere elon-genomes in telomerase-deficient cells also lacking the
gation per se, may protect very short telomeres fromATM homolog Tel1p. The fused telomeres contained
recognition as damaged DNA.very little telomeric DNA, suggesting that catastrophic

The ATM family of protein kinases contains two mem-telomere shortening preceded fusion. Lengthening of
bers, Tel1p/ATM and Mec1p/ATR, whose functions aretelomeres did not prevent such catastrophic telomere
critical to both DNA damage checkpoint signaling andshortening and fusion events. Telomere-DSB fusion
telomere maintenance (Ritchie et al., 1999; Zhou andalso occurred in cells containing a catalytically inac-
Elledge, 2000). In S. cerevisiae cells lacking Tel1p, telo-tive telomerase and in tel1 mec1 cells where telo-
meres are stably maintained at a short length. Tel1pmerase cannot elongate telomeres. Thus, telomerase
acts through the Mre11p/Rad50p/Xrs2p (MRX) complexand Tel1p function in telomere protection as well as
to facilitate telomere elongation by telomerase (Ritchiein telomere elongation.
and Petes, 2000). The MRX complex has been localized
at human telomeres, suggesting that the role of ATM in

Introduction telomere maintenance is conserved between yeast and
humans (Zhu et al., 2000). Telomeres in tel1 tlc1 cells

Telomeres, the ends of eukaryotic chromosomes, are shorten at the same rate as those in tlc1 cells for many
protected from nonhomologous end joining so that they generations, consistent with Tel1p exerting its effect on
do not fuse to a double-stranded break (DSB). This pro- telomere elongation entirely through telomerase (Ritchie
tection of DNA ends was noted in early experiments on et al., 1999). Mec1p plays a more limited role in S. cere-
broken chromosomes by McClintock, whose cytoge- visiae telomere maintenance. Telomere length is wild-
netic analysis indicated that normal chromosome ends type in mec1 cells, but deleting both Tel1p and Mec1p
lack the “stickiness” of random chromosome breaks, results in the same initial overall rate of telomere short-
and Muller, who inferred that chromosome ends (the ening and eventual cellular senescence as deleting telo-
“terminal genes”) have a protective function, based on merase (although tel1 mec1 cells divide for somewhat
his inability to isolate terminal deletions (Gall, 1995). longer than tlc1 cells) (Chan et al., 2001; Ritchie et al.,

Telomerase, a specialized reverse transcriptase, cop- 1999). We recently showed that telomerase is enzymati-
ies its intrinsic RNA template into telomeric DNA, com- cally active in tel1 mec1 cells but is unable to act on its
pensating for telomere shortening that results from substrate, the telomere (Chan et al., 2001).
incomplete DNA replication. The catalytic core of Sac- Ataxia telangiectasia patients lacking the Tel1p homo-
charomyces cerevisiae telomerase comprises telo- log ATM are cancer-prone, and their cells have a se-
merase reverse transciptase Est2p and telomerase RNA verely impaired DNA damage response. Telomerase-
TLC1, and synthesizes a degenerate telomeric repeat expressing ATM�/� lymphocytes and fibroblasts exhibit
sequence that can be abbreviated TG1-3 (Nugent and cytological telomeric associations (Metcalfe et al., 1996;
Lundblad, 1998). In replicating cells lacking telomerase, Wood et al., 2001). The pleiotropy of the human ATM
gradual telomere shortening eventually leads to loss of knockout complicates analysis of the telomeric func-
chromosome end protection. Loss of chromosome end tions of ATM in these cells. However, S. cerevisiae tel1

mutants grow indistinguishably from wild-type and areprotection caused by critical telomere shortening pro-
not affected in their DNA damage responses (Greenwellvokes a cell cycle arrest that blocks cellular proliferation;
et al., 1995; Morrow et al., 1995).telomere-telomere fusion may occur at this stage (Black-
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changed in tlc1 or tel1 cells but increases nearly 3000-
fold in tel1 tlc1 double mutants (Myung et al., 2001).
Chromosome rearrangements recovered from tel1 tlc1
cells showed fusions between a telomere and a variety
of internal chromosome sequences. Another genetic
assay that is specific for telomere protection defects
uses a defined chromosome break generated by the
endonuclease HO to initiate telomeric recombination or
fusion with a telomere (DuBois et al., 2002). These au-
thors found an increase in telomeric recombination
events in tel1 cells, but saw little effect on the frequency
of telomere-DSB fusion. To assay telomere-DSB fusion
directly, we modified the procedure of DuBois et al.
(2002) to detect fusions between an inducible chromo-
some break and a telomere using quantitative real-time
PCR. Our assay has three advantages for assaying telo-
mere-DSB fusion. Like the genetic assay of DuBois et
al., it is specific for telomere-DSB fusions and does
not detect other types of chromosomal rearrangement.
Second, because the assay is rapid, telomere length will
not be changed by repeated cell divisions when cells
lack telomerase. Last, this direct assay does not require
cellular viability.

We report that telomeres fuse rapidly (within hours)
to the HO-generated double-stranded break in cells
lacking active telomerase. The frequency of fusion in-
creased when either telomerase or Tel1p was deleted,
and was synergistically increased in tel1 tlc1 cells. For-
mation of telomere-DSB fusions occurred by the nonho-
mologous end joining pathway, as they depended on
DNA ligase IV (encoded by DNL4). Fusions also occurred
in tel1 mec1 cells in which telomerase cannot elongate
telomeres. Telomere-DSB fusion was assayed well be-
fore critical telomere shortening caused detectable cel-
lular senescence, and occurred even in cultures where
the vast majority of telomeres were significantly elon-
gated. However, the tracts of telomeric TG1-3 repeat DNA
trapped in the telomere/DSB fusions were an average
of 200 bp shorter than the bulk telomere length of the
cells assayed. In contrast, the nontelomeric, HO-cleaved
side of the cloned fusion products was commonly intact
and was never resected by more than 17 nucleotides.
This suggests that catastrophic loss of most of the telo-
meric DNA and a consequent defect in chromosome
end protection occur at a low frequency in cells lacking
telomerase. We propose that telomerase and Tel1p have
previously unrecognized roles in chromosome end pro-
tection, to prevent catastrophic telomere shortening
even when the majority of cellular telomeres are long.

DNA for Y� fusions using the primers VII-HO B and Y� subtelomeric,
and 405 bp � telomeric DNA for X fusions using the primers VII-HO
A and X subtelomeric.
(C) PCR detection of Y� telomere-DSB fusions from DNL4 and dnl4
cells. Genomic DNAs were prepared 8 hr after HO induction. The
primers were VII-HO B and Y� subtelomeric.

Figure 1. Telomeres Undergo Nonhomologous End Joining with a (D and E) Quantitative real-time PCR of telomere-DSB fusions. (D)
Double-Stranded Break in Cells Lacking Telomerase and Tel1p Standard curve. (E) Genomic DNA was prepared 8 hr after HO in-
(A) A PCR-based assay for telomere-DSB fusion (see text for details). duction. PCR primers were VII-HO B and Y� subtelomeric. Number
The centromere-proximal side of the HO cleavage site is adjacent of fusions per HO cut was calculated from the absolute number of
to 81 bp of telomeric DNA. We assayed fusion between a telomere telomere-DSB fusions (derived by comparing the cycle threshold of
and the centromere-distal side of the HO site. a given sample with a standard curve for amplification) and the
(B) PCR detection of Y�- and X telomere-DSB fusions. Genomic amount of genomic DNA in the amplification reaction. Each geno-
DNAs were prepared 0 or 8 hr after HO induction with galactose. type represents at least three independent spores from the same
The expected PCR product sizes are arrowed: 487 bp � telomeric parent diploid.
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Results bromide staining results (Figure 1D). The frequency of
fusion was noticeably increased, to about 1.6 in 104

Telomeres Undergo Nonhomologous End Joining genomes, in tel1 cells, and was higher still, at about 4
with a DSB in Cells Lacking Telomerase and Tel1p in 104 genomes, in cells lacking telomerase RNA (tlc1)
To assay for fusigenic telomeres directly, we exploited or telomerase reverse transcriptase (est2). The tel1 and
a unique site on chromosome VII that was engineered tlc1 mutations had a synergistic effect on telomere-DSB
to be cleavable by the HO endonuclease (Diede and fusions, which occurred in greater than 1 in 103 genomes
Gottschling, 1999) (Figure 1A). In the strain used, the in tel1 tlc1 cells. The Tel1p-related kinase Mec1p (homo-
endogenous HO site at MAT is deleted, so only one DSB log of human ATR) was not required for telomere protec-
is created (see Experimental Procedures). HO expres- tion; mec1 sml1 cells did not show telomere-DSB fu-
sion from the GAL promoter was induced in log phase sions, and mec1 sml1 est2 cells showed no increase
cells by the addition of galactose. Cells were harvested over est2 cells (sml1 is a suppressor mutation that res-
2–8 hr after HO induction and frozen for DNA prepara- cues mec1 lethality). We conclude that both telomerase
tion. S. cerevisiae telomeres contain either an X or Y� and Tel1p are important in protecting telomeres from
conserved subtelomeric element directly adjacent to the fusing to a DSB (Figure 1D).
terminal telomeric TG1-3 sequence; in the S288C strain
used here, there are 15 X telomeres and 17 Y� telomeres Telomere-DSB Fusions Contain Very Short Tracts
(see complete genome sequence at http://genome- of Telomeric DNA
www.stanford.edu/Saccharomyces/). Therefore, telo- The size of PCR-amplified telomere-DSB fusion bands
mere-DSB fusions were specifically amplified by PCR indicated that telomeres that fused to a DSB had lost
using one primer adjacent to the HO cleavage site on most of their terminal TG1-3 repeat tracts. In every case,
chromosome VII and a second primer complementary the PCR product size was consistent with very little
to either the X or Y� subtelomeric element. Telomere telomeric DNA remaining between the subtelomeric X or
shortening in the absence of telomerase can compro- Y� elements and HO-cleaved chromosome VII sequence.
mise chromosome end protection. For this reason, in all This was confirmed by cloning and sequencing 77 PCR
experiments, we assayed telomere-DSB fusion in cells products (see example in Figure 2A). The average length
inoculated directly from spore colonies; that is, well be- of telomeric TG1-3 DNA in fusions cloned from tel1 tlc1
fore the onset of cellular senescence in cells lacking and tel1 est2-D530A cells was 33 bp, with a standard
telomerase. deviation of 19 bp and a range from 4 and 130 bp (Figure

A PCR product of the expected size for a telomere- 2B). There was no significant difference between fusions
DSB fusion was seen with either an X or Y� subtelomeric to X or Y� telomeres. To ensure that the PCR amplifica-
primer in tel1 tlc1 cells (Figure 1B). No product was tion step did not selectively amplify very short telomere-
visualized by ethidium bromide staining in assays of DSB fusions from a pool of fusions containing much
wild-type or tel1 cells, but a faint product was seen with longer tracts of telomeric DNA, we amplified cloned telo-
tlc1 cells. The PCR product depended on induction of mere-DSB fusions containing 32, 88, and 130 bp of TG1-3HO with galactose. In control reactions, no product was DNA from plasmids. The efficiency of the PCR reaction
detected when PCR was performed with an X primer

was similar for all three plasmids (Figure 2C; note that
alone, a Y� primer alone, or with an X and a Y� primer

a lower cycle threshold means earlier detection of the
(data not shown). As will be described below, cloning

PCR product, and thus higher efficiency of amplifica-and sequencing of the PCR products from tel1 tlc1 DNA
tion). Telomeric DNA in tel1 tlc1 cells assayed for telo-confirmed that the assay detects direct end-to-end fu-
mere-DSB fusions had a mean length of �230 � 50 bp;sions between telomeres and the HO-cleaved chromo-
the shortest telomeres detected by long exposures ofsome break.
Southern blots are about 190 bp long (Figure 3B andTo ascertain the cellular pathway for telomere-DSB
data not shown). Hence, the shortest telomeres detect-fusion, we assayed the involvement of Dnl4p/DNA ligase
able by Southern blotting in tel1 tlc1 cells were substan-IV, the ligase involved in nonhomologous end joining
tially longer than the TG1-3 tracts retained in the fusions.(Wilson et al., 1997). Fusions were reduced to wild-type

This finding suggests that in tel1 tlc1 cells, a smalllevels in dnl4 tlc1 and dnl4 tel1 tlc1 cells (Figure 1C).
fraction of telomeres undergoes catastrophic shorten-Hence, telomeres in tel1 tlc1 cells fused to the DSB by
ing, causing loss of chromosome end protection andthe canonical nonhomologous end-joining machinery.
fusion to a DSB. As our assay is done a few hours afterIn order to quantify the level of telomere-DSB fusion
the HO-cut chromosome break is created, we proposein tlc1 and tel1 tlc1 cells, we used real-time PCR with
that extremely short telomeres are already present whenvery similar amplification parameters to reactions that
this inducible break is generated. Two lines of evidenceyielded ethidium bromide-stained products. The stan-
suggest that few tlc1 tel1 cells contain drastically short-dard for PCR amplification was a linearized plasmid
ened telomeres: first, tel1 tlc1 cells at the time of thecontaining a cloned telomere-DSB fusion (wild-type ge-
fusion grew indistinguishably from wild-type, and sec-nomic DNA was included in PCR standard reactions,
ond, long exposures of Southern blots of tel1 tlc1 geno-which had the same DNA concentration as experimental
mic DNA did not detect drastically shortened telomeres.samples). Amplification of the PCR standard was linear
In agreement with these data, telomere-DSB fusion wasover five orders of magnitude (r2 � 0.998) corresponding
a rare event.to a range of telomere-DSB fusion frequencies from 0.93

Notably, the portion of chromosome VII adjacent toto 5.596 � 10�5 (data not shown). Telomere-DSB fusions
the HO cleavage site and the cleavage site sequencewere essentially undetectable (i.e., occurred at �1 in 105

genomes) in wild-type cells, in agreement with ethidium itself was intact in nearly all the cloned fusions (Figure
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2D). HO cleavage of chromosome VII leaves a 3�-over-
hang with the sequence 5�-AACA-3�, which was fully
preserved in 43 of 77 cloned fusions. In 69 of the 77
fusion products, the HO-cut end was not resected be-
yond this 4-base 3�-overhang.

In order to investigate the mechanism that generates
extremely short telomeres, we tested the possible
involvement of Exo1p, a nuclease that degrades telo-
meric DNA when Cdc13p function is removed (Maringele
and Lydall, 2002). Unlike the dnl4 mutation, exo1 did
not completely suppress telomere-DSB fusions, whose
frequency was significantly greater in exo1 tlc1 and exo1
tel1 tlc1 than in completely wild-type cells (Figure 2E).
Therefore, Exo1p is not solely responsible for cata-
strophic telomere shortening.

Telomere-DSB Fusion Occurs in tel1 tlc1 Cells
with Long Telomeres
Telomerase preferentially elongates short telomeres,
while long telomeres are a poor substrate for the enzyme
(Marcand et al., 1999). Therefore, we tested whether
telomerase and Tel1p are required to prevent long telo-
meres from fusing to a DSB. We artificially lengthened
telomeres by transiently expressing a fusion between
the telomere binding protein Cdc13p and the telomerase
protein Est1p. An interaction between these proteins
recruits telomerase to the telomere, and fusing them in a
single polypeptide causes telomere lengthening (Evans
and Lundblad, 1999; Tsukamoto et al., 2001). The
Cdc13p-Est1p fusion was expressed from a CEN/ARS
plasmid in a tlc1/TLC1 tel1/TEL1 diploid, causing telo-
meric TG1-3 DNA to lengthen by approximately 250 bp
(Figure 3A, right panel; note that the terminal XhoI frag-
ment also contains �850 bp of the subtelomeric Y� ele-
ment). Spores from this diploid that had lost the CDC13-
EST1 plasmid but inherited long telomeres were assayed
for telomere-DSB fusion. Gradual loss of telomeric DNA
during spore growth produced tlc1 tel1 cells with an
average telomere length of about 480 bp at the time
they were assayed (compared to a mean length of 350
bp in wild-type cells; Figure 3A). Lengthening of telo-
meres to greater than wild-type size did not prevent the
appearance of telomere-DSB fusions in tlc1 and tel1 tlc1
cells, though their frequency was reduced compared to
tlc1 and tel1 tlc1 cells with short telomeres (Figure 3B).
Importantly, the tel1 tlc1 cells with short and long telo-
meres gave the same size PCR products (Figure 3C).
These results confirm that it is not bulk telomere short-
ness per se but rather the absence of telomerase and
Tel1p that causes extreme telomere shortening and telo-

Figure 2. Telomere-DSB Fusions Contain Very Little Telomeric DNA

(A) Complete sequence of one cloned telomere-DSB fusion. Un-
shaded sequence is derived from a Y� telomere. Shaded sequence
is from chromosome VII adjacent to the HO cleavage site. Upper- real-time PCR using the primers VII-HO C and Y� subtelomeric 2. A
case sequence conforms to the telomeric DNA consensus lower cycle threshold represents more efficient PCR amplification.
TG1-3(TG)1-6. Underlined nucleotides represent the 3� overhang cre- (D) Junction sequences where telomeric DNA is fused to the HO
ated by HO cleavage, which is preserved in this fusion. cleavage site. Position “�4” means that the complete 3� overhang
(B) Histogram of cloned telomere-DSB fusions grouped into bins (underlined) is preserved; “0” refers to the beginning of duplex DNA
representing 1–10 bp of telomeric DNA, 11–20 bp telomeric DNA, at the DSB. A total of 77 telomere DSB fusions were cloned from
etc. tel1 tlc1 telomere length is derived from Southern blotting (Fig- tlc1 tel1 (34), est2-D530A tel1 (34), and tel1 mec1 sml1 (9) cells.
ure 3A). (E) Quantitative real-time PCR of telomere-DSB fusions. Genomic
(C) Quantitative real-time PCR of plasmids containing telomere-DSB DNA was prepared 8 hr after HO induction. The PCR primers were
fusions with different lengths of TG1-3 DNA. Plasmids containing VII-HO B and Y� subtelomeric. White bars represent the genotypes
cloned Y� telomere-DSB fusions with 32, 88, or 130 bp of TG1-3 DNA shown below the graph. Black bars are the genotypes below the
were quantitated with a fluorimeter and amplified by quantitative graph with the addition of the exo1 mutation.
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mere-DSB fusion. Furthermore, they imply that telo-
merase is still necessary to protect long telomeres from
catastrophic shortening. This shows that the telomere-
protective function of telomerase is independent of its
role in promoting bulk telomere elongation.

The Protective Function of Telomerase Requires Its
Catalytic Activity at Telomeres
We tested whether the ability of telomerase to prevent
telomere-DSB fusions in the absence of Tel1p requires
its catalytic activity. The est2-D530A point mutation
abolishes the catalytic activity of telomerase (Lingner et
al., 1997). As shown in Figure 4A, telomere-DSB fusions
were observed by ethidium-bromide staining of PCR
products from est2-D530A and tel1 est2-D530A DNAs.
Thus, the presence of an intact but inactive telomerase
ribonucleoprotein complex is not sufficient for chromo-
some end protection. We also examined the effect of a
background (tel1 mec1 sml1) in which telomerase is
catalytically active but telomeres are refractory to its
action (telomere shortening in these cells is initially iden-
tical to that in telomerase-deficient cells) (Chan et al.,
2001; Ritchie et al., 1999). Again, telomere-DSB fusions
were detected by ethidium bromide staining of PCR
products from tel1 mec1 sml1 cells, but not from tel1
or mec1 sml1 cells, following induction of the HO chro-
mosome break (Figure 4B). Telomere-DSB fusions cloned
from tel1 mec1 sml1 cells contained an average of 29 �
10 bp TG1-3 DNA, indicating that drastic telomere short-
ening also occurs in these cells. These results provide
evidence that the telomere defect in tel1 tlc1 cells and
in tel1 mec1 sml1 cells is similar and that chromosome
end protection requires telomerase that is both catalyti-
cally active and able to access the telomere.

Fusion occurred in tlc1 tel1-kd cells, which express
a mutant Tel1p predicted to lack kinase activity (Figure
4A). This result implies that a Tel1p phosphorylation
substrate is important for telomere end protection. Hu-
man ATM phosphorylates NBS1, the homolog of Xrs2p,
and Tel1p acts through the MRX complex to promote
telomere elongation (Gatei et al., 2000; Lim et al., 2000;
Ritchie and Petes, 2000; Zhao et al., 2000). Whether
Tel1p also acts through the MRX complex in telomere
end protection is unknown. We did not observe fusions
in tel1 tlc1 xrs2 or tel1 est2 xrs2 cells despite the absence
of both telomerase and Tel1p (data not shown). How-
ever, telomere-DSB fusions are mediated by nonhomol-
ogous end joining (Figure 1C), a process that requires
the MRX complex (Boulton and Jackson, 1998). There-
fore, addressing the potential telomere-protective role
of the MRX complex will require separation-of-function
mutations that disrupt its telomeric function but pre-
serve nonhomologous end joining. Mutating the Tel1p
phosphorylation sites in the complex may achieve this,

(B) Quantitative real-time PCR of telomere-DSB fusions. Genomic
Figure 3. Telomere-DSB Fusions Occur in tel1 tlc1 Cells with Long DNA was prepared 8 hr after HO induction. The PCR primers were
Telomeres VII-HO B and Y� subtelomeric.
(A) Southern blot showing telomere length in strains assayed. Geno- (C) Telomere-DSB fusions from cells with long telomeres contain
mic DNA digested with XhoI was probed with a telomeric oligonucle- short tracts of telomeric DNA. PCR detection of X-telomere-DSB
otide. Y� telomeres in wild-type cells are the band at about 1.2 kb fusions from tel1 tlc1 cells with short and long telomeres. The PCR
in wild-type cells. primers were VII-HO A and X subtelomeric.
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the frequency of nonhomologous end joining is in-
creased in G1 phase or that telomeres in tel1 tlc1 are
specifically fusigenic in G1.

Previous assays for nonhomologous end joining in S.
cerevisiae have relied either on healing of transformed
linearized plasmids or on repair of the MAT locus follow-
ing HO cleavage (Boulton and Jackson, 1998; Moore
and Haber, 1996). Telomere-telomere fusions in S.
pombe cells lacking the telomere binding protein Taz1p
are detectable when cells are arrested in G1 but not in
asynchronously growing cells that are primarily in G2/M
(Ferreira and Cooper, 2001). Our findings confirm that
this preference for nonhomologous end joining in G1 is
conserved in budding yeast. Notably, we also observe
telomere-DSB fusions in an asynchronous population,
where they presumably occur mostly in the G1 cells.
Haploid cells may find it advantageous to use nonhomol-
ogous end joining in G1, when only one copy of the
genome is present. After DNA replication, homologous
recombination can use a second copy of a given se-
quence to achieve a more accurate means of genome
repair. The mechanism by which cells select a particular
DNA repair pathway depending on their cell cycle state
is an interesting question for future research.

Discussion

Here, we have shown that telomerase and the ATM ki-
nase homolog Tel1p are needed to prevent telomeres
from fusing to a double-stranded break by nonhomolo-
gous end joining. All telomere-DSB fusions analyzed
contained very little TG1-3 DNA, so we infer that extreme
shortening of the telomeres is the reason that they fused
to the DSB. Wild-type telomeres shorten and lengthenFigure 4. The Protective Function of Telomerase Requires Its Cata-
within generally well-controlled length boundaries. How-lytic Activity at Telomeres

ever, studies of long-term telomere maintenance in the(A) PCR for X telomere-DSB fusions performed on genomic DNA
prepared 8 hr after HO induction. The primers were VII-HO A and budding yeast Kluyveromyces lactis suggest that ex-
X subtelomeric. treme telomere shortening occurs at a very low fre-
(B) PCR for X telomere-DSB fusions performed on genomic DNA quency in wild-type cells (McEachern et al., 2002). K.
prepared 8 hr after HO induction. The primers were VII-HO A and

lactis telomeres are �400 bp in length, with a range ofX subtelomeric.
250–550 bp, but rare events that shorten the telomeric(C) Telomere-DSB fusions are increased in G1 phase. Quantitative
repeat tract to 25–50 bp were inferred using a silentreal-time PCR for Y� telomere-DSB fusions. tel1 tlc1 cells were ar-

rested for 4 hr as indicated, followed by 2 hr of HO induction in the telomerase RNA template mutation that “marks” the ac-
cell cycle arrested state. tion of telomerase in telomeric DNA.

To create the shortened tracts of telomeric DNA we
cloned as telomere-DSB fusions, an average of 200 bp of

as tel1 cells have no defect in nonhomologous end join- telomeric DNA would have had to be degraded. Without
ing (Boulton and Jackson, 1998). telomerase, S. cerevisiae telomeres shorten at an aver-

age of 3–5 bp/generation irrespective of telomere length
(Marcand et al., 1999). This rate is consistent with lossTelomere-DSB Fusion Occurs in G1 Phase

of the Cell Cycle through incomplete DNA replication and is similar over-
all in tlc1 and tel1 tlc1 cells. This suggests that theTelomere elongation by telomerase occurs during S

phase and possibly in G2/M and may be coupled to subpopulation of telomeres that fuses to a DSB must
shorten considerably faster, although the mechanismDNA replication as it depends on certain DNA replication

factors (Diede and Gottschling, 1999; Marcand et al., for this is not known. In order for a telomere of normal
length to give rise to the very short TG1-3 tracts seen in2000). To determine when in the cell cycle telomeres

fuse to an induced DSB, we assayed tel1 tlc1 cells ar- telomere-DSB fusions, both strands of telomeric DNA
must have been degraded. This contrasts with strand-rested with 	 factor (G1), hydroxyurea (S), or nocodazole

(G2/M). After 4 hr of cell cycle arrest, HO was induced specific 5�-3� resection of DNA at a double-stranded
break or at a telomere lacking the essential telomerefor 2 hr in the arrested state, after which genomic DNA

was prepared and analyzed. Interestingly, fusions oc- binding protein Cdc13p (Garvik et al., 1995). Notably,
strand-specific degradation of the HO-cleaved chromo-curred at a significantly higher frequency in 	-factor-

arrested cells (Figure 4C). This result implies either that some did not result in drastic loss of sequence informa-
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tion when it fused to a telomere; no more than 17 bp locus (Chenevix-Trench et al., 2002) and ATM�/� ataxia
of the HO recognition site were missing in any cloned telangiectasia patients have a cancer-prone phenotype.
telomere-DSB fusion, and only 8 of 69 fusions were Primary mammary epithelial cells, the progenitors to
resected beyond the 3�-overhang of the HO site. breast carcinomas, lack active telomerase (Kiyono et

We suggest two models for how telomerase prevents al., 1998; Romanov et al., 2001). Furthermore, it was
telomere-DSB fusions. In the first, the basal frequency recently shown that mice with mutations in ATM and in
of extreme telomere shortening events is identical in wt telomerase RNA show a synergistic increase in telomere
and tlc1 (� tel1) cells. Telomerase confers end protec- dysfunction (Wong et al., 2003). The telomere protection
tion to any such extremely shortened telomeres by elon- defect we observe in tel1 tlc1 cells suggests that the
gating them. In this case, the failure of est2-D530A telo- absence of telomerase and ATM may exacerbate geno-
merase to protect telomeres from fusions would result mic instability early in tumorigenesis. Based on our re-
from its inability to synthesize telomeric DNA to re-elon- sults in yeast, these effects may manifest themselves
gate the extremely shortened telomere. In the second well before critical telomere shortening is apparent.
model, the frequency of extreme shortening events in-

Experimental Procedurescreases in tlc1 (� tel1) cells because telomerase nor-
mally binds telomere ends, sterically protecting them

Strain and Plasmid Constructionfrom catastrophic shortening. Supporting a steric pro-
The diploid strain ySC241 was made by mating UCC5706 (a gifttective role for telomerase, Est2p is associated with
from D. Gottschling) to a tel1 tlc1 MAT	 derivative of ySC78

telomeres in vivo throughout S phase and also in G1, a (tel1::HIS3/TEL1 mec1::LEU2/MEC1 sml1::TRP1/SML1 tlc1::TRP1/
time in the cell cycle when it cannot elongate telomeres TLC1 MATa/	) (Diede and Gottschling, 1999). Both parent haploids
in vivo (Diede and Gottschling, 1999; Taggart et al., are in the S288C background. The endogenous HO site at MATa-

inc is deleted, so only one DSB is created upon cleavage of the HO2002). In vivo, telomerase is known to elongate telo-
site in MATa-inc derivatives of this strain. Subsequent strains weremeres in late S and G2/M phases of the cell cycle (Diede
constructed by mating GAL-HO::LEU2 VII-L::ADE2-TG-HO MATa-and Gottschling, 2001; Marcand et al., 2000). Further
inc spores from ySC241 to mutant strains isogenic with the S288C

consistent with this mechanism, in vitro telomerase sta- strain BY4705 (Brachmann et al., 1998). The tel1::HIS3, tlc1::TRP1,
bly binds its DNA elongation product, the telomeric DNA mec1::LEU2, and sml1::TRP1 alleles have been previously de-
terminus (Fulton and Blackburn, 1998; Prescott and scribed; all are null alleles (Chan et al., 2001). dnl4::URA3, est2::HIS3,

and exo1::KANMX4 were made by PCR-mediated transformationBlackburn, 1997a). Moreover, conversion of the enzyme
and delete the entire open reading frame in all cases. est2-to a conformation allowing stable protective association
D530A::LEU2 was made by integrating pSC149 into the est2::HIS3with the telomere depends on a round of polymerization
allele. pSC149 contains nucleotides �524 to 3226 of EST2 (relative(Prescott and Blackburn, 1997a). Thus, by this model,
to �1) cloned from SacI to BamHI into pRS305, and mutagenized

est2-D530A telomerase fails to protect telomeres from by overlapping PCR to introduce the D530A mutation. pSC149 was
fusions because it cannot form a stable association with subcloned from pRS426-est2-D530A, a gift from J. Lin. The tel-
its telomeric substrate. kd::HIS3 allele was made in a one-step gene replacement with

pSC150 and contains the mutations D2612A and N2617K; mutatingTwo mechanisms can be envisaged for how Tel1p
the corresponding residues in Mec1p reduces kinase activity �90%enhances the protection of telomeres by telomerase.
(Mallory and Petes, 2000). To make pSC150, nucleotides 7488 toFirst, telomerase action on telomeres is known to be
9223 of TEL1 (relative to �1) were cloned as a XbaI-KpnI fragment

promoted by Tel1p (Chan et al., 2001; Ritchie et al., into pBluescript and mutagenized by overlapping PCR. The HIS3
1999), and a protective role for telomerase may be po- gene from pRS303 was then cloned into the EcoRI site at nucleotide
tentiated by the kinase. Tel1p acts through the MRX 8977 of TEL1. For telomere-lengthening experiments with the

Cdc13p-Est1p fusion, the GAL-HO::LEU2 gene was converted tocomplex to facilitate telomere elongation. Although it is
GAL-HO::URA3 with plasmid pLU12 (Cross, 1997). The CDC13-EST1unknown whether the MRX complex acts downstream
plasmid pVL1091 (LEU2 marker) was a gift from V. Lundblad (Evansof Tel1p to prevent extreme telomere shortening, it has
and Lundblad, 1999). We assayed Leu-minus spores from tetradsDNA binding, helicase, and nuclease activities in vitro
in which at least one spore contained the CDC13-EST1 plasmid, to

that may modulate telomere structure and act to limit ensure that the plasmid had been lost recently.
catastrophic shortening (Paull and Gellert, 1998, 1999).
Second, a catastrophically short telomere may normally HO Induction
elicit a TEL1-dependent cell cycle arrest in either S or Whole spore colonies grown for 3 days postgermination were inocu-

lated into YEP-2.5% raffinose and grown for 12–16 hr at 30
C. CellsG2/M. If cells also lack functional Tel1p, they may pro-
were then washed and resuspended in YEP-3% galactose at OD600 �ceed into G1, the cell cycle phase when fusion to a DSB
0.3. Prior to HO induction, spore colonies were checked for theis most efficient. However, recent results from Berman
presence of the LYS2 marker indicative of the uncleaved VII-and coworkers show that tlc1 cells near senescence do
L::ADE2-TG-HO allele. Each experiment was repeated with at least

not require Tel1p to arrest the cell cycle, arguing against three independent spores for a given genotype.
this hypothesis (Enomoto et al., 2002).

Our findings may have relevance in human cancer PCR Amplification of Telomere-DSB Fusions
cells, where telomere end protection has two con- Genomic DNA was prepared as described (Chan et al., 2001) and
trasting roles. Early in tumorigenesis, genomic instability quantified with a fluorometer and Hoechst 3300 dye with calf thymus

DNA as a standard. PCR reactions for ethidium bromide stainingcaused by critical telomere shortening in the absence
(25 �l) contained 1x PC2 buffer (AB Peptides), 200 �M dNTPs, 0.5of telomerase is thought to facilitate genomic variants
�M each oligonucleotide primer, 2.5 units of polymerase (16:1 vol/that can be selected for enhanced growth properties;
vol mixture of KlenTaq [AB Peptides] and PfuTurbo [Stratagene]),

subsequently, activation of telomerase becomes essen- and 50 ng of genomic DNA. The PCR consisted of thirty cycles of:
tial for unlimited proliferative capacity in most human 94
C for 5 s, 60
C for 30 s, and 72
C for 1 min, and the entire
tumors (Maser and DePinho, 2002). The ATM gene has reaction was electrophoresed through a 1.5% agarose gel. Primer

sequences: VII-HO A 5�-CGCCATATTGCTTAGTTTCG-3�; VII-HO Brecently been mapped as a breast cancer susceptibility
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5�-CGCGCGCGGCCGTGACATGGTTATAACTGTTAGC-3�; VII-HO C Received: August 8, 2002
Revised: February 24, 20035�-CGCGCGCGGCCGGAGGCCTTCAATGAGCTTCC-3�; X subtelo-

meric 5�-AATGGAGGGTAAGTTGAGAGACAGG-3�; Y� subtelomeric Accepted: March 18, 2003
Published: May 22, 20035�-GGCGCTGCAGTGAAGGAAATTGTTGTTACG-3�; Y� subtelomeric

2 5�- GGCGCTGCAGATGTAGAAGTGTTGTAGGGC-3�. Consistent
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