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ABSTRACT We have established a method for the detec-
tion of DNA damage and its repair in human telomeres, the
natural ends of chromosomes which are necessary for repli-
cation and critical for chromosomal stability. We find that
ultraviolet light-induced pyrimidine dimers in telomeric DNA
are repaired less efficiently than endogenous genes but more
efficiently than inactive, noncoding regions. We have also
measured telomeric length, telomeric DNA damage, and its
repair in relation to the progression of aging. Telomeres are
shorter in fibroblasts from an old donor compared to fibro-
blasts from a young donor, shortest in cells from a patient with
the progeroid disorder Werner syndrome, and relatively long
in fibroblasts from a patient with Alzheimer disease. Telo-
meric DNA repair efficiency is lower in cells from an old donor
than in cells from a young donor, normal in Alzheimer cells,
and slightly lower in Werner cells. It is possible that this
decline in telomeric repair with aging is of functional signif-
icance to an age-related decline in genomic stability.

The accumulation of various cytogenetic changes and DNA
damage, due to either exposure to DNA-damaging agents or
reduction and errors in DNA synthesis, has been correlated
with the aging process (1, 2). Among the different types of
age-associated genetic instabilities described to date (3), telo-
meric shortening represents a structural change in chromo-
somes (4, 5). Decreases in telomeric length are seen with
increasing donor age (5) and increasing passage in culture (4),
indicating that progressive telomeric shortening is a significant
molecular biomarker of aging (4, 5). Shortened telomeres in
transformed cells (5) suggest that decreases in telomeric length
may contribute to genomic instability and cellular transfor-
mation.

This and recent findings that DNA repair capacity declines
with age (6) led us to initiate studies on DNA damage and
repair in telomeres in order to categorize this genetic bio-
marker of aging and compare it with other components of the
cellular DNA repair hierarchy (7-10). In addition, we wished
to determine the capacity of DNA repair in the telomere as a
function of age. There have been no previous studies ofDNA
repair activity in telomeres. Telomeres represent unusual and
interesting structures for DNA damage and repair because of
their unique DNA sequence, which consists of tandem
(TTAGGG) hexanucleotide repeats (11), their exposed loca-
tion at the ends of chromosomes, and their association with
unique binding proteins (12), as well as with the nuclear matrix
(13). Furthermore, they allow for DNA repair studies in a
system where there is no transcription (to date, there is no
evidence that telomeres are actively transcribed), and where
replication can be modulated (14). Although telomeres consist
of transcriptionally inactive, noncoding DNA sequences, te-
lomeric position effects (15) suggest a regulatory role for
telomeres. We are only beginning to understand the critical
role telomeres play in the maintenance of chromosomal sta-
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bility (15, 16). Measurements of telomeric damage and repair
may provide information about the accessibility of damaging
agents and repair processes in telomeric DNA. Since telomeric
length is a critical factor in maintaining genomic stability, these
measurements may allow connections to be drawn between
genomic instability and aberrant DNA damage processing
(17). For example, in addition to the shortening due to incom-
plete end replication (18), the accumulation of telomeric DNA
damage might block replication and thereby contribute to
telomeric shortening.

In this report, we present a method for the measurement of
UV-induced pyrimidine dimers in the telomere restriction
fragment. Using this approach, we find that there is detectable
DNA repair in the telomeric region. The efficiency of telomere
repair is less than that of the endogenous gene dihydrofolate
reductase (DHFR) but more than that of an inactive genomic
region, the X chromosome-associated 754 region. We have
also examined the change in telomeric repair with senescence
by measuring repair (i) in fibroblasts from old and young
donors; (ii) in Werner syndrome fibroblasts, a condition with
clinical signs of premature aging; and (iii) in fibroblasts from
a patient with Alzheimer disease, a neurodegenerative disor-
der that may be associated with deficiencies in the repair of
certain types of DNA damage (19). Our results indicate that
telomere repair appears to decline with aging. While this study
followed telomeric repair of UV-induced pyrimidine dimers,
the methodology is suited for studying other types of DNA
damage.

MATERIALS AND METHODS
Cell Culture. Primary cultures of normal human GM

00038A (in this paper, designated GM 38A) fibroblasts from
a 9-year-old donor (10) were grown in minimal essential
medium (MEM) supplemented with 10% fetal bovine serum
(GIBCO/BRL), nonessential amino acids (0.25 ,ug/ml), es-
sential amino acids (0.25 ,ug/ml), vitamins (1000 ,ug/ml)
(GIBCO/BRL), and fungizone/penicillin/streptomycin (1000
units/ml). Media and supplements except for serum and
vitamins were obtained from Advanced Biotechnologies. The
following cultures of primary fibroblasts were obtained from
the Coriell Cell Repository (Camden, NJ): GM 08447 (2-day-
old donor), GM 08401 (75-year-old donor), AG 05810D (Alz-
heimer patient), AG 03141A (Werner patient). Cultures were
maintained in MEM supplemented with antibiotics, 20% fetal
bovine serum, and 2x the concentration of amino acids and
vitamins listed above. All cultures were maintained in 5%
C02/95% air at 37°C. GM 38A, GM 08447, and AG 05810D
cultures were in exponential growth phase at the time of DNA
damage for all experiments in this study. Due to limited
availability, GM 38A cultures used in these experiments were
at passages 19-22; all remaining cultures were used in passages
7-12.

Abbreviations: DHFR, dihydrofolate reductase; MTL, mean telo-
meric length; T4 endo, T4 endonuclease V.
*To whom reprint requests should be addressed.
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UV Irradiation, DNA Isolation, Restriction Endonuclease
Digestion, Separation of Parental DNA, and T4 Endonuclease
V (T4 Endo) Treatment. For dose-response experiments, cells
were washed with phosphate-buffered saline (PBS); drained;
and irradiated with 0, 5, 10, 20, 30, or 45 J of UV light per m2
at 254 nm and lysed immediately.
For repair experiments, cells were grown in MEM contain-

ing 0.2 ,uM thymidine and prelabeled with [3H]thymidine as
described (7, 8). The cultures were washed with PBS, drained,
and then irradiated with 20 J of UV light per m2 at 254 nm.
After irradiation the cells were either lysed immediately or
incubated in fresh tissue culture medium containing 10 ,uM
bromodeoxyuridine and 1 AM fluorodeoxyuridine at 37°C for
various lengths of time to allow for telomeric repair before they
were harvested and the DNA was isolated as described (7, 8).
Briefly, cells were lysed in 10 mM Tris HCl/1 mM EDTA/
0.5% SDS/0.1 mg of proteinase K per ml (Sigma) at 37°C for
a minimum of 24 h. DNA was isolated by standard organic
extraction, treated with 100 ,ug of RNase A per ml, and
resuspended in 10 mM Tris.HCl/1 mM EDTA, pH 7.2.
Concentration was determined by the absorbance at 260 nm.
DNA was digested to completion with the restriction enzyme
Hinfl (1 unit per [kg of DNA; New England Biolabs), which
generates terminal restriction fragments consisting of telo-
meric and subtelomeric regions. The preparation and CsCl
density-gradient separation of unreplicated parental DNA
from replicated DNA were as described (8, 9). Duplicate
samples containing 1-2 j4g of DNA from each dose or repair
time point were electrophoresed in parallel. One sample of
each duplicate was treated with T4 endo, which specifically
cleaves DNA at pyrimidine dimer sites, and the other sample
was treated with a mock buffer. The preparation and incision
activity of T4 endo have been described (8).
For determination of telomeric length in nonirradiated cells,

cultures were washed and lysed, and the DNA was isolated as
described above. The DNA from these samples was neither
separated in CsCl gradients nor treated with T4 endo.

Gel Electrophoresis, Southern Transfer, and Hybridization
Conditions. DNA (1-2 ,tg) was loaded onto 0.5% alkaline
agarose gels, resolved by electrophoresis at 1 Vcm-1 for 24-48
h, transferred to Hybond-N support membranes (Amersham)
in 1ox SSC (1.5 M NaCl/0.15 M sodium citrate), and hybrid-
ized in Church's hybridization buffer (20) at 42°C with
[y-32P]ATP (DuPont/NEN) end-labeled (TTAGGG)4. The
telomeric oligonucleotide (TTAGGG)4 was synthesized by

MW -T4 +T4n mI
Hi

Lo

Michael Crow (Nation Institute on Aging). Membranes were
washed in 0.5x SSC/0.1% SDS at 42°C, and telomeres were
visualized by autoradiography.

RESULTS
Quantitation of UV-Induced Pyrimidine Dimers in Telo-

meres, DNA Repair, and Mean Telomeric Length (MTL).
Autoradiographs were scanned with a densitometer (Personal
Densitometer, Molecular Dynamics), and using the IMAGE-
QUANT software (Molecular Dynamics) a grid object was
defined as a single column with 30 rows (Fig. 1). This 1 x 30
grid was placed over the lane corresponding to the molecular
size markers, and the row, 1-30, in which each marker fell was
recorded. These data were transferred to the spreadsheet
software package EXCEL (Microsoft). Next, the 1 x 30 grid was
placed over a telomere lane, and quantitation was performed
by integrating volume. The numbers corresponding to the
average optical density for each row were transferred to
EXCEL. This process was repeated for each lane until a
numerical representation of the autoradiograph was achieved.
Interpolated molecular sizes for each row were determined by
plotting the row number, 1-30, against the logio(molecular
size) for the molecular size ladder, and fitting a best (least
squares) line. This allowed a molecular size to be calculated for
each of the 30 rows making up the 1 x 30 grid.
The MTL was calculated as a center of mass (21) and

expressed in kb ± SE. MTL = E(MWi x ODi)/Y(ODi) where
ODi is the densitometer output and MWi is the length of the
DNA at position i. Sums were calculated over the range
1.6-12.2 kb. This formula differs from that originally used by
Harley et at (4), where the mean telomere restriction fragment
(TRF) length was calculated as TRF = EODi/E(ODi/MWi).
If the entire telomere was made up of repeating TTAGGG
sequences (no subtelomeric region) then this TRF formula
would correct for the fact that the longer telomeres bind more
labeled probe molecules and, consequently, appear more
dense in the autoradiograph. Using this formula, the TRF is
smaller than expected upon visual inspection of a lane. How-
ever, since the extent of the subtelomere region is unknown at
this time, we do not use this correction factor.

Because the ends of human chromosomes contain 2-30 kb
of telomeric repeats, which vary among individual chromo-
somes, telomeres are visualized as smears with average mo-
lecular sizes near 6 kb from normal nonirradiated GM 38A
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phoresis.
Quantitation of
average MW

I1

12 kb

Quantitation by
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FIG. 1. Assay for telomeric
damage and repair. Gel profiles
are shown before and after T4 endo
treatment. Profiles were read in a
densitometer and collected into a
grid; data were transferred to an
EXCEL (Microsoft) spreadsheet for
analysis. Histograms illustrate a
gradient profile of the data and the
inclusion of molecular size stan-
dards (MW). Telomeric sizes are
then calculated as described in the
text.
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FiG. 2. Autoradiogram for analysis of repair of UV-induced
pyrimidine dimers in telomeres ofGM 38A cells. Cells were irradiated
at 0 or 20 J/m2. DNA was collected 0, 8, and 24 h after irradiation.
Autoradiograms of Southern blots are shown. Samples were run in
parallel with (lanes +) or without (lanes -) T4 endo treatment.
Telomeres from normal GM 38A fibroblasts can be visualized as
smears with average molecular sizes of 5.89 t 0.35 kb. Telomeres can
be extensively damaged by UV irradiation as seen by the shortening
of the MTLs followed by significant repair in the T4 endo-treated
samples.

fibroblasts (Fig. 2, lane 2). This is consistent with published
MTL values for normal fibroblasts (4, 22).
The frequency of pyrimidine dimer formation after irradi-

ation was calculated as described (9) as (MWu/MWt) - 1
where MWu is the average telomeric length of untreated DNA
(without T4 endo treatment) and MWt is the average telomeric
length of T4 endo-treated DNA. Telomeric repair was calcu-
lated as percentage removal of pyrimidine dimers over time.
Dose-Response. Irradiation of GM 38A cells with 0, 5, 10,

20, 30, or 45 J/m2 resulted in a progressive increase in initial
dimer frequency and a decrease in MTL after T4 endo
treatment (Table 1). Since UV irradiation produces'pyrimi-
dine dimers, and T4 endo cleaves DNA at sites of dimers,
treatment of UV-irradiated telomeric DNA with T4 endo
generates shorter telomeric fragments compared to non-T4-

Table 1. Pyrimidine dimers formed per 20-kb fragment and
telomeric length in GM 38A cells

J/m2 Pyrimidine dimers MTL, kb

0 0 5.89 ± 0.35
5 0.44 ± 0.20 5.36 ± 0.52
10 0.59 ± 0.18 5.13 ± 0.23
20 1.04 ± 0.06 4.73 ± 0.24
30 2.14 ± 0.64 4.42 ± 0.36
45 1.76 ± 0.45 4.37 ± 0.04

GM 38A cells were UV irradiated with increasing doses and the
number of initial pyrimidine dimers formed and MTLs at each dose
were determined from two autoradiograms from each of three bio-
logical experiments expressed in kb ± SE.

treated samples. This telomeric shortening is seen as a length-
ening of telomeric smears (Fig. 2, lane 3) in autoradiographs
compared to nonirradiated DNA (lane 2) or irradiated DNA
that has not been treated with T4 endo (lane 4). A dose of 20
J/m2 was chosen for subsequent repair experiments since at
this dose initial dimer frequencies of 1.04 ± 0.11 pyrimidine
dimers per 20-kb DNA fragment closely matched those ob-
tained in previous gene-specific DNA repair experiments with
GM 38A cells (8).
GM 38A Telomeric Repair: Comparison to Other Parts of

the Genome. After irradiation with 20 J/m2 and treatment with
T4 endo, telomeres from GM 38A cells were reduced by >25%
in size compared with nonirradiated controls (Fig. 2; Table 2).
There was significant repair of UV-damaged telomeres in GM
38A fibroblasts (Figs. 2 and 3; Table 2). Within 8 h of
irradiation, 24% of the pyrimidine dimers were repaired and
>50% were repaired by 24 h. Comparison with data previously
obtained in this laboratory shows that the extent of telomeric
repair is comparable to that of the nontranscribed 8-globin
gene. The telomeric repair is slower than the repair in the
actively transcribed DHFR gene and the repair in the overall
genome (refs. 7 and 8; Fig. 3). However, telomeric repair
exceeded that found in other noncoding regions of the genome
such as the X chromosome linked 754 locus (ref. 8; Fig. 3).
GM 38A Telomeric Repair: Comparison with Other Cell

Types. Telomere lengths varied among the different cell types
examined, but telomeres from old donors and Werner cells
were consistently shorter (Table 2). In nonirradiated controls,
the MTLs from very young donors, adolescent donors, and
Alzheimer cells were 6.36 ± 0.49, 6.41 ± 0.12, and 6.47 ± 0.43
kb, respectively, while MTLs of 5.57 ± 1.68 and 4.67 ± 0.27 kb
were obtained from an old donor and Werner syndrome donor
fibroblasts.

After UV irradiation and T4 endo treatment, values for the
number of initial pyrimidine dimers were 1.25 ± 0.1 per 20-kb
DNA fragment in GM 38A cells (Table 2). This is in good
accord with values obtained previously in this laboratory for
the DHFR gene (8). Similar values for the frequency of

Table 2. MTL and pyrimidine dimer frequency after UV irradiation

Time after T4 GM 08447 GM 38A GM 08401 AG 05810D AG 03141A
UV, h J/m2 endo (2 day) (9 yr) (75 yr) (Alzheimer) (Werner)
0 0 - 6.36 ± 0.49 6.41 ± 0.12 5.57 + 1.68 6.47 ± 0.43 4.67 ± 0.27
0 20 + 4.80 ± 0.50 4.63 ± 0.12 4.52 ± 1.30 4.84 ± 0.25 3.78 ± 0.21
8 20 + 5.05 ± 0.30 4.90 ± 0.12 4.60 1.31 5.03 ± 0.16 3.80 ± 0.26
18 20 + 5.43 ± 0.38 5.01 ± 0.06 4.79 ± 1.39 5.41 ± 0.29 3.90 ± 0.22
24 20 + 5.05 ± 0.03 5.52 ± 0.04 5.04 ± 1.55 6.06 ± 0.37 4.08 ± 0.34
0 (IDF) 20 + 1.09 ± 0.30 1.25 ± 0.10 0.91 ± 0.25 1.04 ± 0.24 0.93 ± 0.17
MTLs and number of initial pyrimidine dimers formed from various cells were determined as described 0-24 h after UV

irradiation and are expressed in kb ± SE. MTLs for each repair time point are averages obtained for that time point from
three autoradiograms from each of two experiments performed for GM 08447 and GM 08401 cells and from three
autoradiograms from each of three experiments performed for GM 38A, AG 05810D, and AG 03141A cells. Initial dimer
frequency (IDF) was calculated as described and is expressed as number of initial pyrimidine dimers formed ± SE per 20-kb
DNA fragment.
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FIG. 3. Rate of repair of UV-induced pyrimidine dimers in specific
genomic regions and in the overall genome of GM 38A fibroblasts.
Values for rate of repair in the overall genome (A), the nontranscribed
&-globin gene (v), the nontranscribed noncoding 754 locus (K), and
the actively transcribed DHFR gene (0) are derived from data
previously obtained in this laboratory (7, 10). Extent of telomeric
repair (n) is in accord with rates for nontranscribed genes.

pyrimidine dimers initially formed were seen in the very young
donor fibroblasts and in Alzheimer cells-1.09 ± 0.3 and 1.04
± 0.24 per 20-kb DNA fragment, respectively. However,
although not statistically significant, the number of initial
dimers formed in old donor fibroblasts (0.93 ± 0.45 per 20-kb
DNA fragment) and Werner cells (0.96 ± 0.22 per 20-kb DNA
fragment) were consistently less. After irradiation with 20
J/m2 and T4 endo treatment, telomeres from young donor
fibroblasts, adolescent donor fibroblasts, old donor fibro-
blasts, Alzheimer fibroblasts, and Werner fibroblasts were
reduced 24.5%, 28%, 19%, 26%, and 19% in size (Table 2).
There was significant repair of UV-damaged telomeres in

all cell lines as noted by the restoration of telomeric lengths
over time (Fig. 4; Table 2). Telomeres from Alzheimer cells
were repaired most efficiently among the cell types examined,
repairing >70% of the damage by 24 h. Telomeres from very
young donors were repaired at a rate and extent comparable
to GM 38A cells-46% repair in 24 h (Fig. 4). While telomeric
repair was greater in Werner fibroblasts than in cells from an
old donor, they were both slower than that found in the GM
38A cells at 24 h post-UV irradiation. Only 24% and 41% of
pyrimidine dimers formed were removed in old donor cells and
Werner cells, respectively.

DISCUSSION
DNA damage formation and its repair have not previously
been studied in telomeres. We find that the UV-induced
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FIG. 4. Influence of donor age on repair of UV-induced pyrimi-
dine dimers in telomeres. There is a greater rate and extent of
telomeric repair among very young (-), adolescent (o), and Alzheimer
(-) donors compared with old (O) andIWerner (0) donors.

damage in telomeres is less frequent than in other regions of
the genome such as active genes. The rate of telomeric repair
is slow, consistent with this being an inactive region. Telo-
meres, are, however, repaired more efficiently than an X
chromosome-linked inactive region. We find that normal human
somatic cells from a variety of different donor ages and disease
states are capable of repairing damaged telomeres, and it
appears that the rate and extent of telomeric repair decline
with donor age.

While it is assumed that UV irradiation induces a uniform
distribution of pyrimidine dimers across the genome (23),
heterogeneous distribution of DNA damage has also been
reported (24). In the GM 38A cells, it was necessary to use a
dose of 20 J/m2 to obtain initial pyrimidine dimer frequencies
of -1 per 20-kb DNA fragment in the telomeres comparable
to the dimer frequencies that we obtain in many other parts of
the genome when these cells are irradiated at 10 J/m2 (8). The
repeat sequence TTAGGG, which we and others (4, 22) have
used as a probe, detects the complementary sequence AATCCC.
This sequence contains not a TT dimer site but rather a TC
dimer site. This might explain the lower frequency of UV-
induced dimers that we find. However, several telomere
binding proteins have been described (12) and, perhaps, these
and/or the conformation of telomeres (13) may provide some
shielding from UV-induced damage (25). However, our data
show that UV-induced damage can be introduced in telomeres
in a dose-dependent manner as detected as a progressive
shortening of the MTL in GM 38A cells after treatment with
T4 endo.

After irradiation with 20 J/m2 and treatment of the purified
DNA with T4 endo, telomeres from GM 38A cells are reduced
>25% in size. These changes in MTL do not involve a loss of
telomeric DNA. Gels were loaded with the same amount of
DNA per lane for all experiments. Optical densities calculated
from the telomeric signals on the autoradiographs were similar
among lanes, indicating that although telomeric length changed,
the amount of telomeric material was the same. Furthermore,
DNA collected from each dose treatment or repair time point
was treated with or without T4 endo so that an internal
quantitation for each data point was included. Furthermore,
the repair measurements were performed on parental DNA,
excluding the possibility that changes in telomeric length
during the repair periods were due to telomeric replication.

It is well established that there is intragenomic heteroge-
neity of DNA repair processes that relate to the level of
genomic transcription (7-10). In the present study, we have
demonstrated that there is efficient repair of UV-induced
pyrimidine dimers in telomeres as seen by the restoration of
>50% of telomeric length in GM 38A telomeres within 24 h
after UV irradiation (and treatment of the purified DNA with
T4 endo). There is less repair in telomeres than in transcrip-
tionally active genes such as DHFR and in the overall genome,
but telomeric repair is comparable to levels found in nontran-
scribed genes such as the 8-globin gene. Yet, telomeric repair
is distinctly more efficient than that of other noncoding DNA
such as the X chromosome-linked locus 754. While we have
previously demonstrated differences in the levels of repair in
nontranscribed genes and regions (10), our present results
suggest that there may be a hierarchy ofDNA repair processes
at the level of nontranscribed, noncoding DNA. The regulation
involved in the repair heterogeneity between telomeres and
region 754 is unclear. It is apparently not associated with any
transcriptional differences but may be related to chromatin
structural differences or the presence of unique telomere-
associated binding proteins and, thus, to the accessibility toward
repair enzymes. DNA repair in telomeres may be enhanced due
to their significant role in the maintenance of chromosomal
stability. Recent studies indicate that the maintenance of both
telomeric length (26) and telomeric specific sequences (27) is
necessary for chromosomal stability. Alternatively, efficient
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repair in telomeres may be due to their association with the
nuclear matrix. It has been observed that at low doses of UV
irradiation, there is preferential repair of nuclear matrix-
associated DNA (28).

Like others (4, 22), we found that MTL from undamaged
DNA decreased with increasing donor age, consistent with the
telomere hypothesis of aging (4, 22). Telomeric lengths from
nonirradiated very young, adolescent, and Alzheimer donors
were slightly larger than those from old donor and from
Werner cells. The smallest telomeres were found in Werner
cells. This is in agreement with previous reports on shortened
MTL in progeroid donors (22). Interestingly, while UV irrad-
iation induced similar levels of telomeric damage in the
different cell lines examined, there was a tendency for the
formation of fewer initial pyrimidine dimers in Werner cells
and in old donor cells. Efficient telomeric DNA repair was
seen in all cell types examined, although there was a tendency
toward declining capacity with age. Telomeric repair in
Werner cells was greater than that found in old donors. This
is in accord with previous studies which showed that Werner
cells demonstrated greater overall genomic repair after UV
irradiation than old donors (29). We found that cultured
Werner cells exhibit a longer doubling time than old cells (data
not shown) as has been reported by others (30), consistent with
the hypothesis that a lengthened cell cycle in Werner cells
allows for greater DNA repair (29, 30).

Hypersensitivity to DNA-damaging agents has been re-
ported to be associated with the chromosomal instability that
is observed in a number of neurodegenerative disorders in-
cluding Alzheimer disease (31). We find that the most efficient
repair of telomeres was in fibroblasts from a patient with
Alzheimer disease. In general, cells from Alzheimer patients
are not defective in repair of single-strand breaks compared to
normal cells after exposure to a variety of alkylating agents and
,y-irradiation (32). Proficient repair in Alzheimer disease was
reported by Robbins et at (19), who demonstrated a normal
response to UV irradiation in cell lines from patients with
Alzheimer disease, and by a study from our laboratory (C.
Link, personal communication), which shows normal gene-
specific repair of UV-induced pyrimidine dimers in familial
Alzheimer fibroblasts. However, decreased DNA repair of
single-strand breaks has been reported in cells from familial,
but not sporadic, Alzheimer disease patients after exposure to
N-ethyl-N-nitrosourea (33).

Little is known about the mechanism of telomeric repair, but
our results suggest that repair after UV irradiation is inde-
pendent of transcription. Telomerase, the enzyme that elon-
gates telomeres, is expressed only in germ cells and in trans-
formed cells and is thought to be turned off in normal somatic
cells (15). We have thus studied telomeric damage and repair
in cells that are not expressing telomerase. It does not negate
the possibility that telomerase activity involves a proofreading
capacity that might indirectly enhance the DNA repair; this
can be tested by measuring telomeric repair in germ cells.
Telomeric repair may involve well-established DNA repair
mechanisms (2) or processes such as telomere-telomere re-
combination (34). Further studies are needed to fully charac-
terize telomeric damage and repair.
The explanation for telomeric shortening with age is thought

to be incomplete end replication (18). It is, however, possible
that deficiencies in the DNA repair of certain lesions could
lead to blockage of replication or to the accumulation of
mutations, both of which could lead to telomeric shortening.
In this context, we plan to examine the repair of oxidative
lesions, which have been reported to accumulate with aging in
many biological systems studied (35). A major advantage of
our technique for telomere repair studies is that it can readily
be used for DNA-damaging agents other than UV, as long as
we can generate a strand break at the site of the lesion (7, 8).

Our results support the hypothesis that conservation of
telomeric integrity is necessary for the maintenance of chro-
mosomal stability. Age-related decreases in telomeric repair
capacities, possibly in conjunction with telomeric reduction,
may cause an imbalance in chromosomal homeostasis that
favors genomic instability leading to cellular senescence and,
possibly, to cellular transformation.
We thank Drs. George R. Martin, Lone Petersen, and Michele K
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