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Telomerase-mediated telomere addition counteracts telomere
shortening due to incomplete DNA replication. Short telomeres are
the preferred substrate for telomere addition by telomerase;
however, the mechanism by which telomerase recognizes short
telomeres is unclear. In yeast, the Ataxia telangiectasia mutated
(Atm) homolog, Tel1, is necessary for normal telomere length
regulation likely by altering telomere structure, allowing telomer-
ase recruitment to short telomeres. To examine the role of Atm in
establishing preference for elongation of short telomeres in mice,
we examined telomerase-mediated elongation of short dysfunc-
tional telomeres in the presence or absence of Atm. Here we show
that Atm is dispensable for elongation of short telomeres by
telomerase, suggesting that telomerase recruitment in mammalian
cells and in yeast may be regulated differently.

DNA damage � chromosome fusion � telomerase recruitment

A taxia telangiectasia mutated (Atm) is the major sensor of
DNA double-strand breaks in mammalian cells (1). Cells

that are deficient in Atm display sensitivity to DNA-damaging
agents and defective DNA repair. Atm also plays a role in
mammalian telomere function (2–4). In contrast, the yeast
homolog of Atm, Tel1, plays a minor role in the DNA damage
response and a larger role in telomere function. Tel1 plays a role
in damage response only in strains where the major DNA
damage response pathways are disrupted. In yeast, Tel1 activity
is critical for telomere length regulation. Deletion of Tel1 results
in telomere hyperrecombination, telomere fusion, chromosome
loss, and progressive telomere shortening (5, 6). However, after
many generations of shortening, telomere length stabilizes at
�50 bp, 15% of normal length (5). The remaining telomere
length is maintained by the activity of the Atm-related (Atr)
homolog Mec1. Simultaneous deletion of both TEL1 and MEC1
results in progressive and complete loss of telomeric sequences
(7). This ever-shorter telomere phenotype is similar to that
observed when telomerase components are deleted; however, in
�tel1�mec1 strains telomerase activity is intact (8). Taken
together, these data suggest that Tel1 is the major regulator of
telomerase access to the telomere, with Mec1 playing a com-
pensatory role in �tel1 strains. Interestingly, the requirement for
Tel1 and Mec1 to maintain telomere length can be bypassed.
Targeting telomerase to the telomere by means of fusion to the
telomere-binding protein Cdc13 restores telomere length main-
tenance in both �tel1 and �tel1�mec1 cells (9). Furthermore,
mutations that affect the telomere-binding proteins Rif1 and
Rif2, which negatively regulate telomere length, also allow
telomere elongation in �tel1 and �tel1�mec1 mutants (8, 10).
Taken together, these data suggest that, in yeast, Tel1 is impor-
tant in the recruitment of telomerase to the telomere. It is
unclear, however, whether mammalian Atm plays any role in
telomerase recruitment.

Telomerase preferentially elongates the shortest telomeres in
yeast, mouse, and human cells (11–13). Telomeres shorten
progressively during cellular division in the absence of telomer-

ase. Mating wild-type yeast to telomerase-null yeast with short
telomeres results in preferential elongation of short telomeres
(11), consistent with what was previously observed in mice (12).
Using intergenerational crosses of mTR�/� mice (mouse telom-
erase RNA) having long telomeres to mTR�/� G6 (sixth gen-
eration in the absence of telomerase) short-telomere mice, we
found that short dysfunctional telomeres were preferentially
elongated in telomerase-positive, mTR�/� intergenerational F1
(iF1) mice but not in telomerase-negative, mTR�/� iF1 litter-
mates (12).

Results and Discussion
To directly test whether Atm is necessary for the elongation of
critically short telomeres, we crossed Atm�/� mTR�/� animals
with late-generation telomerase-null animals that were also
heterozygous for Atm (Atm�/� mTR�/� G5) (Fig. 1A). Bone
marrow was harvested from 8-wk-old progeny, and telomere
length analysis was performed on metaphase spreads by quan-
titative FISH (14). In Atm�/� mTR�/� iF1 offspring the fre-
quency of critically short telomeres was very high, as expected.
In contrast, in Atm�/� mTR�/� iF1 progeny, critically short
telomeres were not detected, consistent with our previous
observations that the shortest telomeres are preferentially elon-
gated (Fig. 1B) (12). Surprisingly, Atm was not required for
elongation of critically short telomeres. Atm�/� mTR�/� iF1
animals displayed extensive critically short telomeres that were
completely repaired in their telomerase-positive, Atm�/�

mTR�/� iF1 littermates (Fig. 1B).
Atm is required for telomere capping in humans, mice, and

yeast (2–4, 6, 15). To test whether Atm is required for normal
telomere function in context of this intergeneration cross, we
analyzed chromosome fusions in metaphase spreads from iF1
offspring. Telomerase-positive Atm�/� mTR�/� and Atm�/�

mTR�/� mice showed no chromosome fusions. Chromosome
end-to-end fusions were detected in Atm�/� mTR�/� cells as
expected, and there was a significant elevation of the number of
fusions in the Atm�/� mTR�/� cells (Fig. 2). This synergistic
increase in chromosome fusions in the double-null mice further
confirms the role of Atm in telomere capping and preferentially
in capping the shortest telomeres in mice (3, 4).

Our results demonstrate that Atm is not required for prefer-
ential action of telomerase on short telomeres. The lack of a
requirement for Atm in the elongation of the shortest telomeres
suggests that other signaling pathways must monitor telomere
length in mammalian cells to allow the specific recruitment of
telomerase to short telomeres. Atm and Tel1 play dramatically
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different roles in the DNA damage response in mammals and
yeast. In mammalian cells, Atm mutations result in severe
sensitivity to DNA damage (1). In contrast, tel1 mutants in yeast

show sensitivity to DNA-damaging agents only in strains in which
other components of the DNA damage pathways are mutant (16,
17). The difference in the roles of Tel1 and Atm in the DNA
damage response may extend to telomerase recruitment. In
mammalian cells where Atm does not have a specialized role
in telomere length regulation, Atr may play the dominant role in
telomerase recruitment.

Recently, the role of Atm and Atr in telomere length regu-
lation in Arabidopsis was analyzed (18). In the absence of either
Atm or Atr, Arabidopsis maintains normal telomere length over
multiple generations. However, codeletion of Atm and Tert (the
catalytic component of telomerase) leads to an earlier onset of
telomere dysfunction despite an equivalent rate of telomere
shortening across multiple generations compared with a Tert
mutant alone. These results suggested that short telomeres and
Atm deficiency cooperatively result in telomere dysfunction,
consistent with experiments in mice (3). In addition, because Atr
is not essential in Arabidopsis, the authors were able to show that
Atr deficiency leads to an increased rate of telomere loss in
atr�tert double knockouts. This increased shortening was pro-
posed to be due to the combined effect of telomerase deficiency
and failure to protect the telomere from nucleolytic attack in
cells that lack Atr. Taken together, these results show that
neither Atm nor Atr homologs are important for telomerase

Fig. 1. Telomerase lengthens critically short telomeres in the absence of Atm. (A) Diagram of the Atm�/� mTR�/� � Atm�/� mTR�/� G5 intergenerational cross.
Vertical bars represent relative telomere lengths. Progeny from this cross inherit half long and half short telomeres, giving littermates equivalent average
telomere length. (B) Telomere length analysis of primary bone marrow from 8-wk-old animals. Cy-3-labeled PNA probes were hybridized to metaphase spreads,
and telomere signal intensities were quantified as described (14). Each histogram contains data from three animals. Telomere lengths are shown as frequency
distributions of telomere fluorescence intensities. Critically short telomeres are defined as those telomeres of the ‘‘zero’’ class of the distribution.

Fig. 2. Telomere end-to-end fusion. Metaphase spreads from primary bone
marrow were analyzed for chromosome fusions. Atm�/� mTR�/� (iF1) mice, n �
54; Atm�/� mTR�/� (iF1) mice, n � 85; Atm�/� mTR�/� (iF1) mice, n � 54; Atm�/�

mTR�/� (iF1) mice, n � 56. Significance of P � 0.016 was calculated by using a
two-tailed t test between Atm�/� mTR�/� and Atm�/� mTR�/�.
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recruitment in Arabidopsis, consistent with the work we present
here in Atm in mice.

Telomere uncapping due to Atm deficiency has been observed
in every organism for which it has been tested (2–4, 6, 15, 18).
This remarkable conservation of Atm homolog function at the
telomere, taken together with our results, may suggest that Atm
homologs in general are not involved in telomerase recruitment.
The loss of Tel1 activity may result in short telomeres indirectly
because of the uncapped state of the telomeres in �Tel1 strains.
In the uncapped state the telomere may be vulnerable to
nucleolytic end processing, ultimately resulting in short telo-
meres. However, as discussed above, this effect is specific to yeast
and is not observed in plants, mice, or humans.

The lack of a requirement for Atm in the elongation of the
shortest telomeres suggests that other signaling pathways must
monitor telomere length to allow the specific recruitment of
telomerase to short telomeres. Understanding the pathways that
recognize short telomeres and signal for telomerase recruitment
will provide important molecular targets for cancer therapy.

Materials and Methods
Mice. mTR�/� mice on C57BL�6 background were generated as
described (19). Late-generation mTR�/� animals that are het-
erozygous for Atm (129S6�SvEvTac) were generated by inter-
crossing Atm�/� mTR�/� animals to generate Atm�/� mTR�/�

G1 animals, then intercrossing Atm�/� mTR�/� G1 animals to
get G2, and so forth to get Atm�/� mTR�/� G5 mice (20). Atm,

mTR, iF1 mice analyzed here were on an equivalent genetic
background. Atm and mTR animals were genotyped by PCR as
described (19, 21).

Bone Marrow Cell Culture and Metaphase Spread Preparation. Bone
marrow cells were harvested from 8-wk-old animals and cultured
in MarrowMAX media (GIBCO catalog no. 12260-014) for 24 h.
Bone marrow cells were arrested in metaphase by using 0.1
�g�ml KaryoMAX Colcemid Solution (GIBCO catalog no.
15201-040) for 2 h, then harvested and swelled in prewarmed
(37°C) 75 mM KCl hypotonic solution at room temperature for
10 min. Cells were then fixed with repeated exchanges in (3:1)
methanol:acetic acid solution and dropped onto microscope
slides over a boiling water bath.

Telomere Length and Chromosome Fusion Analysis. Quantitative
FISH analysis was performed by using Cy-3-labeled (CCCTAA)3
PNA probes (PE Biosystems) as described (14). Metaphase
spreads were counterstained with DAPI. Images were acquired
by using IP-LAB software on a Zeiss Axioskop microscope.
Chromosome fusions were scored when a continuous DAPI
signal indicated an obvious chromosome fusion. Both analyses
were performed double-blinded.
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