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Cultured primary human cells inevitably enter a state of replica-
tive senescence for which the specific molecular trigger is
unknown. We show that the single-strand telomeric overhang,
a key component of telomere structure, is eroded at senes-
cence. Expression of telomerase prevents overhang loss, sug-
gesting that this enzyme prevents senescence by maintaining
proper telomere structure. In contrast, progressive overhang

loss occurs in cells that avoid senescence through the inactiva-
tion of p53 and Rb, indicating that overhang erosion is the
result of continuous cell division and not a consequence of
senescence. We thus provide evidence for a specific molecular
alteration in telomere structure at senescence and suggest that
this change, rather than overall telomere length, serves to trig-
ger this state.
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Fig. 1 Measurement of the telomeric overhang using T-OLA. a, Schematic of the T-OLA method. Total genomic DNA is incubated with a radioactively labeled
oligonucleotide of the sequence (CCCTAA),. The oligonucleotide hybridizes to accessible G-rich telomeric overhangs. A ligase is added to the reaction, resulting
in ligation of oligonucleotides that hybridized to adjacent positions along the overhang. This creates a collection of DNA fragments with sizes increasing by units
of 24 nt that are denatured and separated on a denaturing polyacrylamide gel. A population of telomeres carrying a longer average telomeric overhang length
is expected to produce a stronger total T-OLA signal and a greater maximal product length. b, T-OLA analysis of DNA fragments of 200 bp and 350 bp represent-
ing 107, 108 and 10° telomeres (7, 8, 9) on the background of yeast genomic DNA. Analysis was also done with the same fragments in the absence of denatura-
tion (no den) and with a 550-bp DNA fragment of random sequence (random). Product sizes are indicated. ¢, Analysis of genomic DNA from BJ foreskin
fibroblasts at PD 40 pretreated with different enzymes as indicated. Ba/31 is a single-strand endonuclease, Exol is a single-strand 3’ specific exonuclease, Exolll
degrades recessed and blunt 3’ ends, T7 Gene 6 (T7G6) exonuclease degrades 5’ ends and Klenow DNA polymerase fills in 5" overhangs but not 3’ overhangs. To
verify equal amounts of input DNA, quantitative PCR was done on each T-OLA sample using primers directed against the genomic GAPD locus. Results of these
PCR reactions are displayed below each T-OLA panel. d, Analysis using oligonucleotides complementary to the G-rich strand (CCCTAA), to the C-rich strand
(TTAGGG) or to neither (CCCTTA). e, T-OLA dose response using genomic DNA extracted from GM847 cells. 2, 4, 10 and 20 ug of genomic DNA were analyzed.
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Two main hypotheses have been proposed to explain the mecha-
nism governing the replicative lifespan of primary human cells'™
The first suggests that cultured cells suffer from physiologic stress
and cumulative damage that ultimately trigger senescence. The sec-
ond postulates that an intrinsic counting mechanism triggers
senescence after a predetermined number of cell generations. The
‘telomere length’ hypothesis is based on the latter model and argues
that the progressive telomere shortening that occurs during succes-
sive divisions induces senescence once telomeres erode to a critical
length°. Consistent with this hypothesis, expression of telomerase,
which halts telomere erosion, prevents senescence®”’.

Some important experimental findings are not -easily
explained by the telomere length hypothesis. In most senescent
cells, telomeres are still quite long, often averaging 5-10 kilobases
(kb)>8. There are many examples of cells that carry much shorter
telomeres yet retain the ability to divide®-!!. Thus, short telom-
eres per se are not incompatible with continued cellular division.
Moreover, experimental acceleration of telomere shortening
does not affect the onset of senescence!?.

We speculated that another aspect of telomere structure, dis-
tinct from overall length, might govern the onset of senescence.

Telomeric DNA consists of a double-strand region composed of
TTAGGG repeats, which terminates in a 3” single-strand G-rich
overhang (refs. 13-16; Fig. 1a). The telomeric overhang has
been implicated as a critical component of telomere structure
that is required for proper telomere function!”1°, We therefore
undertook to examine whether changes in the overhang occur
during senescence.

To assess the length of the telomeric overhang, we used a
recently developed method termed telomere—oligonucleotide
ligation assay (T-OLA; ref. 20). In this assay, radiolabeled
oligonucleotides complementary to the telomeric overhang are
annealed to genomic DNA, ligated and then electrophoretically
separated (Fig. 1a). The length of the ligation products and their
radioactive intensity then provide an indication of the length of
the overhangs present in the sample.

We carried out a series of control experiments to assess the accu-
racy and sensitivity of T-OLA. First, we denatured a known num-
ber of double-strand DNA molecules composed of 200 and
350 base pairs (bp) of tandem telomeric repeats and mixed these
with yeast genomic DNA (serving as a surrogate for non-telomeric
genomic DNA). T-OLA analysis of this reconstructed system
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Fig. 2 Loss of the telomeric overhang at replicative senescence. a, T-OLA analysis of DNA from BJ fibroblasts at different PDs up to senescence (sen) and from BJ
cells expressing ectopic TERT. All DNA samples were assayed in duplicate. Quantitative PCR of the GAPD locus done on each sample is displayed in the lower
panel. Standards for PCR (0-100 ng of genomic template DNA) quantification are shown. b, Non-denaturing TRF Southern-blot analysis of genomic DNA isolated
from BJ cells at the indicated PD or from BJ cells expressing ectopic TERT. Signal intensity represents the amount of single-strand overhang available for
hybridization, whereas migration sizes represent overall telomere length. Size markers (in kb) are indicated. Lower panel shows ethidium-bromide staining of
the gel indicating relative DNA amounts loaded. ¢, T-OLA analysis of genomic DNA isolated from MRC5 fibroblasts at the indicated PD. d, Denaturing TRF South-
ern-blot analysis of genomic DNA from MRC5 cells at the indicated PD (due to denaturation, this figure represents overall telomere length and not overhang
length). Size markers (in kb) are indicated. e,f, Densitometric analysis of T-OLA signal intensities in senescing BJ (e) and MRC5 (f) cells. The geometric mean inten-
sities of all detected T-OLA products in duplicate lanes were calculated and compared to the first sample. Estimates were transformed to relative changes. Error
bars represent 95% confidence intervals. g, Graphic representation of average telomere lengths shown in d. h, Senescence-associated B-galactosidase staining of
BJ fibroblasts at PD 36 and PD 106.
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Fig. 3 Loss of the telomeric overhang in cells expressing large T-antigen. a, T-
OLA analysis of BJ fibroblasts at PD 39 and of BJ fibroblasts expressing the SV40
large T-antigen (T-Ag) continuously passaged to PD 20, 27 and 44 after intro-
duction of large T-antigen (+20, +27, +44) and up to crisis (cri). Cells expressing
TERT were also tested. Densitometric analysis is shown underneath each panel.
b, Similar analysis of MRC5 cells at PD 30 and of MRC5 cells expressing the large
T-antigen (T-Ag) continuously passaged to PD 20 after introduction of large T-
antigen (+20) and up to crisis (cri). Cells expressing TERT were also tested.

yielded products with maximal lengths of 168 and 312 nucleotides
(nt), respectively (Fig. 1b), indicating that the assay is sensitive
enough to detect telomeres present in total genomic DNA and
provides a reasonably accurate representation of overhang length.
In the absence of template denaturation, we detected only a faint
signal, and a template with a randomly chosen sequence produced
no signal (Fig. 1b).

We next treated genomic DNA samples from human BJ fore-
skin fibroblasts with various enzymes predicted to affect over-
hang length. We found that treatment with each of the enzymes
affected T-OLA product length in the expected manner (Fig. 1c;
see also ref. 20). Importantly, treatment with Bal31, a single-
strand specific endonuclease, or with Exol, a single-strand spe-
cific exonuclease, resulted in loss of most T-OLA signal (Fig. 1¢).
An oligonucleotide carrying a mismatched telomeric sequence
did not yield a T-OLA signal, and an oligonucleotide comple-
mentary to the C-rich strand produced only a faint signal (Fig.
1d). Finally, T-OLA signal intensities showed a near-linear
response to increases in input genomic DNA (Fig. le). These
experiments show that T-OLA detects the presence of 3" single-
strand telomeric overhangs with high specificity and sensitivity.

We used T-OLA to examine the telomeric overhang in BJ
fibroblasts grown in culture from an early passage until they
reached senescence. By population doubling (PD) 80, the prolif-
eration rate of these cells is greatly reduced, and by PD 100 virtu-
ally all cells become senescent, exhibiting a typical flat
morphology and senescence-associated [B-galactosidase activity
(Fig. 2h). T-OLA done on DNA from early-passage BJ cells (PD
25) generated a ladder of products reaching a maximal detected
length of 624 nt (Fig. 2a). Previous reports have estimated that
the overhang ranges from 50 to 400 nt in various cell types
including BJ fibroblasts!3-16-20, Although most overhangs may be
in this size range, T-OLA is probably sensitive enough to detect
longer overhangs if they are present in the sample.

As BJ cells were passaged, T-OLA products remained constant
in intensity and maximal length up to PD 68 (Fig. 2a). Notably,
senescent BJ cells at PD 106 had markedly lower signal intensity,
with products reaching a maximal detected length of only 384 nt
(Fig. 2a). Densitometric analysis indicated that the total signal
intensity of T-OLA products in senescent cells dropped to 19% of
that observed in young cells (Fig. 2e). Thus, both the maximal
length and total signal intensity were lower in senescing BJ cells,
indicating substantially shorter overhangs in these cells. We also
examined the telomeric overhangs in BJ cells by an alternative
method, non-denaturing telomeric restriction fragment (TRF)
Southern blotting!. Similar to our results with T-OLA, we found
that the telomeric overhang in senescent (PD 106) BJ cells was
considerably shorter than that of younger cells (Fig. 2b).

We also carried out T-OLA analysis on an additional normal
human cell line, MRC5 human lung fibroblasts. These cells enter
senescence between PD 49 and PD 59. T-OLA analysis indicated
that senescing MRC5 cells had much shorter telomeric over-
hangs (Fig. 2¢,f), and this was also shown by non-denaturing
TRF Southern-blot analysis (data not shown).

We observed that in both BJ and MRC5 cells, the T-OLA prod-
ucts of 120 nt and longer were markedly less abundant in senescent
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cells, whereas products of 48-96 nt remained nearly constant in
intensity throughout the lifespan of the cells (Fig. 2a,c). Densito-
metric analysis indicated that in the senescent cells 65% of the sig-
nal intensity was observed in products <120 nt, as compared with
37% in early passage cells. It has been shown that telomeres can
exist in a ‘T-loop’ structure'3. The formation of the T-loop
depends on the presence of the telomeric overhang, which invades
upstream double-strand telomeric DNA, and it has been suggested
that at least 100 nt of overhang participate in the formation of this
structure!®?!. Our data suggest that during senescence most over-
hangs drop below 100 nt, potentially disrupting the T-loop or
another telomeric structure.

The kinetics of overhang loss differ from those of overall telom-
ere shortening. Telomere shortening has been shown to occur at a
constant rate of approximately 50-100 bp per division in various
cell types™1©22, We observed this type of overall telomere shorten-
ing in both BJ (Fig. 2b) and MRCS5 cells (Fig. 2d,g). In contrast, we
found that telomeric overhang lengths remained constant during
early passages and then dropped abruptly at senescence (Fig. 2ef).
This difference in kinetics indicates that overhang length is not a
direct reflection of overall telomere length.

Ectopic expression of the catalytic subunit of telomerase
(TERT) prevents senescence in many cell types®’. Because
telomerase adds telomeric repeats to the 3" end of the telomere,
it could directly extend the telomeric overhang??. We found
that BJ and MRCS5 cells overexpressing TERT carried telomeric
overhangs similar in length to those present in early-passage
cells, or, in some cases, longer (Fig. 2a—c,e,f). Thus, sequences
added to the 3’ telomeric end by telomerase extend overall
telomere length but also generate longer single-strand over-
hangs. We suggest that the means by which telomerase prevents
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entry to senescence is by maintaining telomeric overhang and,
therefore, proper telomere structure, rather than by extending
double-strand repeats.

It is possible that loss of the telomeric overhang is a consequence
of the senescence program itself and, as such, does not have a
causal role in inducing this state. To test this, we examined whether
the telomeric overhang was lost in cells that bypass senescence
after inactivation of the senescence effector proteins p53 and Rb,
which is achieved by overexpression of the SV40 large T-antigen.
Such cells continue to divide beyond the senescence point until
they reach a second proliferative barrier termed crisis?*. At crisis,
the bulk of the double-strand telomeric DNA is lost, resulting in
genomic catastrophe and massive cell death. B] and MRCS5 cells
expressing large T-antigen were passaged beyond the point where
they normally enter senescence and into crisis. Notably, the telom-
eric overhangs in these cells were progressively lost during propa-
gation to an extent similar to that observed in senescent cells (Fig.
3a,b). Thus, overhang loss seems to be a direct result of continued
cellular division and not of the senescence program itself. Further-
more, the continued growth of cells lacking normal telomeric
overhangs indicates that inactivation of the p53 and Rb pathways
renders cells refractory to signals induced by telomeric overhang
loss. The fraction of such cells in the population is thus allowed to
progressively increase, explaining the progressive mode of over-
hang erosion that is observed by T-OLA in these cells. In a normal
cell population, however, cells losing their overhangs will senesce
and be eliminated from the population. Therefore, substantial
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Fig. 4 Effect of growth arrest and physiologic stress on telomeric overhang length. a, T-OLA analysis of genomic DNA from
dividing BJ fibroblasts (div) and from BJ cells arrested by contact inhibition for 4 d (CI-4d) or 4 wk (Cl-4wk). b, Analysis of
BJ fibroblasts exposed to the following genotoxic agents for 48 h: no treatment (-), 6 Gy and 12 Gy y-irradiation, doxoru-
bicin (doxo), cisplatin (cisp), methyl-nitro-nitroso-guanidine (MNNG) or hydrogen peroxide (H,0,). Cells were exposed to
40% oxygen (O,) for 2 wk. ¢, Analysis of cells exposed to the following treatments for 48 h: no treatment (-), cyclohex-
imide (CHX), actinomycin D (AD) or hydroxyurea (HU). Cells grown in the absence of glucose (-Glu) or of the amino acids

leucine and glutamine (-aa) were also analyzed.
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overhang loss is observed only when most of the cells in the popu-
lation senesce.

To test whether the quiescent state of senescent cells con-
tributes to overhang loss, we induced growth arrest in BJ fibro-
blasts by contact inhibition. T-OLA signal intensity in arrested
cells was 80% of that in proliferating cells (Fig. 4a). When cells
were held under these quiescent conditions for 4 weeks, we
observed a slight further decrease in signal to 68% of that
observed in proliferating cells (Fig. 4a). We conclude that the
state of quiescence can contribute to a minor loss of telomeric
overhang but cannot explain the substantial loss (to 19%)
observed in senescence (Fig 2e).

To determine whether overhang loss is a general cellular
response to physiologic stress, we exposed BJ cells to DNA dam-
age—inducing agents, to oxidative stress conditions or to meta-
bolic stresses. Some treatments caused a considerable reduction
in T-OLA signal, specifically methyl-nitro-nitroso-guanidine,
hydrogen peroxide and cycloheximide (Fig. 4b,c). The former
two have been suggested to specifically damage G-rich telomeric
DNA?>. None of the treatments reduced T-OLA signal to the
same magnitude of the reduction observed in senescent BJ cells,
indicating that loss of the telomeric overhang is not a general cel-
lular response to physiologic stress. Instead, we suggest that cer-
tain physiologic stresses suffered by cells in culture provoke
telomeric overhang loss; moreover, the erosion of the telomeric
overhang observed during replicative senescence may be the con-
sequence of the cumulative stress experienced by cells during

extended culture in vitro.
Our results are the first iden-
¢ tification of a specific molecu-
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telomere in association with
senescence. Previous studies
have suggested that the telom-
eric overhang is an essential
component of telomere struc-
ture!’”~1%, and we believe that its
erosion reflects the disruption
of this nucleoprotein structure.
Accordingly, we propose that
overhang loss, rather than
shortening of overall telomere
length, is the molecular signal
that triggers senescence. Ero-
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Methods

T-OLA analysis. We carried out the T-OLA assay as described?’. Briefly,
we extracted genomic DNA by standard cell lysis, proteinase K treatment,
phenol and chloroform extraction and RNaseA treatment. We used 5 ug
of genomic DNA per assay in a 20-pul reaction volume containing
0.5 pmol *2P-end-labeled oligonucleotide of the sequence (CCCTAA),.
We used oligonucleotides of the sequence (TTAGGG), to detect the C-
rich strand and of the sequence (CCCTTA), as a mismatch control. We
carried out hybridization for 12-15 h at 50 °C followed by ligation using
20 units of Tuq DNA ligase (New England Biolabs) at 50 °C for 5 h. After
ligation, we precipitated and dried the reactions, resuspended products
in water and denatured them in a formamide-based loading buffer. We
separated products on 5% acrylamide, 6 M urea gels. To ensure equal
DNA loading of T-OLA gels, we used 10 ng of every T-OLA sample as tem-
plate for quantitative PCR reaction for the genomic GAPD gene. Primer
sequences are available on request. In the reconstituted system, we used 2,
20 or 200 pg of a 200-bp fragment or 5, 50 or 500 pg of a 350-bp fragment,
both containing telomeric repeats, as templates together with 5 ug of Sac-
charomyces cerevisiae genomic DNA. We carried out enzyme treatments of
genomic DNA as follows: 0.25g ™! of genomic DNA was treated with 0.6
units ul~! T7 Gene 6 exonuclease (Roche) for 25 min at 37 °C, with 0.3
units W' Bal31 nuclease (New England Biolabs) for 25 min at 30 °C or 1
unit uI-! Exonuclease IT1 (USB) for 30 min at 37 °C. We treated 0.05 pg pl-!
of genomic DNA with 1 unit pl~! Exonuclease I (USB) for 24 h at 37 °C or
1 unit pug~! Klenow DNA polymerase I (New England Biolabs) in the pres-
ence of 33 uM dNTPs for 25 min.

TRF Southern-blot analysis. We digested 3 g of total genomic DNA for 16 h
with Rsal and Hinfl and separated it on a 0.7% Tris—borate—EDTA agarose
gel. We then dried gels at 63 °C for 50 min and prehybridized them in 5X Den-
hardt’s solution, 5x sodium chloride/sodium citrate buffer, 0.1% SDS and
20 mM NaH,PO, for 5 h at 55 °C. We added *?P-labeled probe and hybridized
for 15 h. We washed gels overnight in 2x sodium chloride/sodium citrate
buffer and 0.1% SDS at 55 °C and exposed them to film. For denatured gel
hybridization, we incubated gels in 1.5 M NaCl and 0.5 N NaOH and then
neutralized them in 3 M NaCl and 0.5 M Tris, pH 7.4, before hybridization.

Cell culture and media. We grew B]J fibroblasts in a 4:1 mixture of Dulbecco’s
modified Eagle medium and M199 medium containing 15% fetal calf serum
and grew MRCS5 fibroblasts in Dulbecco’s modified Eagle medium containing
10% fetal calf serum. Cells were split 1:4 or 1:8 on reaching confluency. We
introduced TERT and T-Ag into the cells as previously described?S. For con-
tact inhibition, we grew BJ cells to confluency and held them for 4 d or 4 wk,
replacing medium every 2 d. For stress exposures, we exposed BJ cells to 6 Gy
or 12 Gy y-irradiation or treated them with the following drugs for 24 h: 6 ug
ml~! doxorubicin, 100 mM cisplatin, 150 mM hydrogen peroxide, 25 mM
methyl-nitro-nitroso-guanidine, 1 g ml™! cycloheximide, 2 g ml™! actino-
mycin D or 2 mM hydroxyurea. For hyperoxic growth conditions, we grew
cells for 2wk in 40% oxygen. For nutrient starvation, we grew cells in medi-
um deficient of glucose or deficient in leucine and glutamine for 48 h. None
of the treatments resulted in a senescence-like phenotype, as determined by
morphology and the absence of senescence-associated 3-galactosidase stain-
ing (data not shown). We carried out senescence-associated 3-galactosidase
staining as previously described?’.

Densitometric analysis. We processed scanned images using NIH Image
software to assess signal intensity of each T-OLA product. To correct for
the non-Gaussian skewness of the data, we log-transformed the relative
intensity values and calculated geometric mean intensities of duplicate
products using modified analysis of variance?. We tested values against a
null hypothesis where the product intensities of each sample are equal to
those of the first sample, allowing for a trend in mean intensity from small
to large products. Estimated contrasts between samples were transformed
to relative changes and confidence intervals.
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