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Normal human cells cease proliferation after a finite number of
population doublings, a phenomenon termed replicative senes-
cence. This process, first convincingly described by Hayflick and
Moorhead [Hayflick, L. & Moorhead, P. S. (1961) Exp. Cell Res. 25,
595-621] for cultured human fibroblasts 40 years ago, is suggested
to be a fundamental defense against cancer. Several events have
been demonstrated to induce the senescent phenotype including
telomere shortening, DNA damage, oxidative stress, and onco-
genic stimulation. The molecular mechanisms underlying senes-
cence are poorly understood. Here we report that a 1-week
exposure to oligonucleotide homologous to the telomere 3’-over-
hang sequence TTAGGG (T-oligo) similarly specifically induces a
senescent phenotype in cultured human fibroblasts, mimicking
serial passage or ectopic expression of a dominant negative form
of the telomeric repeat binding factor, TRF2PN, We propose that
exposure of the 3’ overhang due to telomere loop disruption may
occur with critical telomere shortening or extensive acute DNA
damage and that the exposed TTAGGG tandem repeat sequence
then triggers DNA-damage responses. We further demonstrate
that these responses can be induced by treatment with oligonu-
cleotides homologous to the overhang in the absence of telomere
disruption, a phenomenon of potential therapeutic importance.

DNA damage | aging

Permanent loss of somatic human cells’ proliferative capacity
after a finite number of mitoses (1) is an efficient cancer-
prevention mechanism, because only cells that have acquired
multiple independent mutations in key regulatory genes within
the first 50-60 postnatal population doublings can achieve
immortality (2). Cultured human cells enter the senescent state
after serial passage, accompanied by progressive telomere short-
ening (3), but an apparently identical state can also result more
rapidly from exposure to DNA-damaging agents (4), oxidative
stress (5, 6), or oncogenic stimulation (7, 8). Whether these states
share a common molecular mechanism is unknown.

Under normal conditions, telomeres exist in a loop structure
stabilized by telomeric repeat binding factor 2 (TRF2) with the
3’ overhang presumably concealed within the telomere double
helix (9). Although disruption of telomere loop structure by
expression of a dominant negative TRF2 induces a growth arrest
with features of replicative senescence (10), it is unknown how
this altered telomere structure is recognized, apparently as
damaged DNA. Moreover, although progressive shortening of
telomeres at chromosome ends is associated with replicative
senescence of human cells, senescence can also occur in the
absence of extensive cell division and short telomeres (11).
Finally, overexpression of TRF2 increases the rate of telomere
shortening in primary cells without accelerating senescence (12),
and some malignant cell lines continue to proliferate indefinitely
despite having telomeres shorter than those observed in late-
passage senescent cells (11). Together, these observations
strongly suggest that proliferative senescence of primary human
cells cannot be determined simply by loss of telomeric DNA or
critical telomere shortening. Recently, Blackburn (13) proposed
that senescence is not induced by short telomere length per se but
rather by an “uncapped,” dysfunctional telomere structure.
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Disruption of the telomere loop with subsequent exposure of the
3’ overhang may represent this uncapped state and occur as a
result of critical telomere shortening that renders the loop
stochastically unstable. Our present results strongly support this
concept.

Materials and Methods

Oligonucleotides. Two DNA oligonucleotides were designed, one
homologous to the telomere overhang (T-oligo, pPGTTAGGGT-
TAG) and one complementary to this sequence (pCTAAC-
CCTAAC), and synthesized by the Midland Certified Reagent
(Midland, TX). Oligonucleotides were resuspended in H,O to
give a 2 mM stock solution. For use in experiments, the stock
solution was diluted into culture medium, filter-sterilized, and
added to culture dishes. In all experiments (up to 7 days), cells
were given medium containing oligonucleotide only once and
were not refed.

Cell Source and Culture. Primary human neonatal fibroblast cul-
tures were established and cultured as described (14). Cells were
passed serially in vitro, and early-passage, proliferating cells, and
late-passage, near-senescent cells were collected at population
doubling (PD) 10 and 50, respectively. WI-38 fibroblasts were
purchased from the American Type Culture Collection.

Senescence-Associated B-Galactosidase (SA-B-gal) Staining. Cells
were treated once with diluent and 40 uM T-oligo or comple-
ment oligo for 1 week without refeeding, fixed for 3-5 min, and
incubated at 37°C (no CO,) overnight with fresh SA-B-gal stain
solution as described (15).

Western Blot Analysis and Antibodies. Western blot analysis was
performed as described (16). The following antibodies were
used: DO-1 (Ab-6) anti-p53 (Oncogene Research Products,
Cambridge, MA), anti-phospho-p53 (Ser-15) (9284, Cell Signal-
ing Technology, Beverly, MA), anti-p21/SDI1 (C24420, Trans-
duction Laboratories, Lexington, KY), anti-pRb (Ab-5) (OP66,
Oncogene Research Products), anti-p27Kipl (610241, BD
Transduction Laboratories, San Diego), anti-p33™NG1 (66156E,
BD PharMingen, San Diego), anti-p16™K4 (554079, BD Phar-
Mingen), anti-c-Myc (9E10, Santa Cruz Biotechnology).

Cell-Cycle Analysis. Human neonatal foreskin fibroblasts were
plated in DMEM supplemented with 10% (vol/vol) calf serum.
Duplicate cultures were treated with a final concentration of 40
uM T-oligo or an equal volume of diluent as a control. In
experiments designed to examine the cell-cycle profile of T-
oligo-treated cells in the presence of continued mitogenic stim-
ulation, cells were provided fresh 10% calf serum on day 5; in
other experiments, cells were not refed. One week after treat-
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Fig. 1. Exposure to T-oligo and serial passage induce the same markers of replicative senescence. (a) Induction of large spread morphology by exposure to
T-oligo and serial passage. Fibroblasts were treated for 7 days with diluent alone, 40 uM T-oligo, or the complementary oligo and then stained with rhodamine
phalloidin to demonstrate cell size and degree of spreading. Early-passage (PD = 10) and late-passage (PD = 50) fibroblasts are shown as controls. (b) Induction
of increased SA-B-gal activity by exposure to T-oligo and serial passage. Fibroblasts were treated as described for a and assayed for SA-B-gal activity as described
by Dimri etal. (15). Early- and late-passage fibroblasts again served as controls. (c) Statistically significant increase (P < 0.01) of SA-B-gal-positive cells by exposure
to T-oligo and serial passage. Cells expressing SA-B-gal activity are presented as percent of total cells in the cultures shown as above. Averages and standard
deviations are calculated from three representative fields from each of three independent experiments using different donors. (d) Effect of T-oligo on the
cell-cycle regulatory proteins p53, p21/SDI1, p27/KIP1, and p33NG'. Newborn fibroblasts were treated with 40 uM T-oligo, complementary oligo, or an equal
volume of diluent for the indicated times and then collected for protein analysis by Western blot using 50 ug of total protein and probed for total p53,
phospho-p53 (Ser-15), p21/SDI1, p27/KIP1, and p33'NG', For p53 detection, the blot was first probed for phospho-p53 (Ser-15) and then stripped and reprobed
with the pantropic p53 antibody DO-1. p53-ser15* indicates p53 phosphorylated at Ser-15. Lanes 1-3 contain protein samples from fibroblasts treated with
diluent, T-oligo, or complementary oligo, respectively, for the indicated periods of time. B-Actin was used as a loading control. (e) Effect of serial passage on
p53, p21/SDI1, p27/KIP1, and p33NGT, Early-passage (PD = 10) and late-passage (PD = 50) newborn fibroblasts were analyzed as described for d. () Effect of
T-oligo and serial passage on p16/NK42_ Fibroblasts were treated as described for a for 1 week, and p16'/NK42 was detected. Lanes 1-3 contain protein samples from
fibroblasts treated with diluent alone, T-oligo, or complementary oligo, respectively. Early-passage (PD = 10) and late-passage (PD = 50) newborn fibroblasts
from a different donor served as controls. B-Actin was used as a loading control.

ment, cells were collected by trypsinization, fixed in ethanol, and  determine whether exogenously added T-oligo can induce the
stained with propidium iodide. Stained cells were analyzed for  senescent phenotype, early-passage human fibroblasts were
DNA content by using a fluorescence-activated cell sorter  treated with diluent, T-oligo, or the complementary oligo as a
(Becton Dickinson). The distribution of cells between different control for 1 week and then assessed. Only T_Oligo_treated cells
phases of the cell cycle was determined by using the CELLQUEST  and not diluent- or control oligo-treated cells exhibited a large
program. spread morphology and an increase in SA-B-gal activity identical

. . to late-passage, typically senescent fibroblasts (Fig. 1 a and b).
Adenovirus Infection of TRF2°N. The Myc-tagged AdTRF2PN ex- T-oligo-treated cultures contained 8-9 times more SA-B-gal-
pression vector was the kind gift of Titia de Lange (The  gitive cells than cultures treated with diluent or complemen-
1'\’lock§fellerd Un'lver?lgy,s Nelv(v)s Yolfk)' WI-Z;JSOﬁbrgblalsts weﬁe tary oligo (61 = 10%, 7 = 2%, and 10 = 2%, respectively; P <
plated at a density of 3.5 X cells per cm”. One day fater, the 0.01), whereas late-passage versus early-passage cultures con-

. 0 < . ;
ATRE2DN or AGEP, Cells were Collcted at the indicated (A0 48 £ 5% v, 12.2 3% SA--galpositive cells (P < 0.01),
times after infection. respectively (Fig. 1c). In the context of our hypothesis, these
results are consistent with those of Van Steensel et al. (10) that
expression of TRF2PN leads to senescent morphology and
staining of actin was performed as described (17). Fluorescence ~ increased SA-B-gal activity in human fibrosarcoma cells and
was examined by using a Nikon fluorescence microscope witha  Strongly suggest that exposure of the TTAGGG-repeat sequence
rhodamine filter system and standard compound light micro- s the relevant signal after telomere loop disruption.

Immunocytochemistry. Rhodamine phalloidin (Molecular Probes)

scope at X200. In addition to a spread morphology and increased SA-B-gal
. . activity, senescent cells are known to exhibit p53 activation and
Results and Discussion induction, up-regulation of the cyclin-dependent kinase inhibi-

Senescent fibroblasts characteristically exhibit a large spread  tors p21/SDI1 and p16'™K4 and subsequent reduction in reti-
morphology and an increase in SA-B-gal activity (15). To  noblastoma protein (pRb) phosphorylation. Cells characterized
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Fig. 2. The effect of T-oligo on pRb phosphorylation. Newborn fibroblasts
were treated with diluent, T-oligo, or complementary oligo for 3 days or
cultured in serum-free medium for 3 days and then stimulated with fresh
serum. Cells were collected 24 h after serum stimulation, and proteins were
analyzed by Western blot. pRb* indicates phosphorylated pRb. Lanes 1-4
contain protein samples from fibroblasts treated with diluent, serum-free
medium, T-oligo, or complementary oligo, respectively, for 72 h. Early-passage
(PD = 10) and late-passage (PD = 50) fibroblasts were compared also. B-Actin
was used as a loading control.

by DNA damage or replicative senescence display overlapping
but distinct profiles of p53 modification, with increased phos-
phorylation of Ser-15, a marker for p53 transcriptional activity
(18), occurring in both situations (19). Karlseder et al. (20)
demonstrated that ectopic expression of TRF2PN also induces an
increase in total p53 in IMR90 human fetal lung fibroblasts,
although p53 phosphorylation was not studied.

In the present experiments, we asked whether treatment of
human fibroblasts with T-oligo induces p53 levels and Ser-15
phosphorylation, mimicking the effect of serial passage and
associated telomere shortening. Western analysis of the treated
fibroblasts revealed that T-oligo selectively induces p53 and that
p53 remains elevated for at least 72 h (Fig. 1d). We then
examined phosphorylation of p53 on Ser-15. There was a striking
and selective increase in phosphorylation of p53 on Ser-15 in
response to T-oligo detected at 24-72 h (Fig. 1d).

a ] 2 P 1

p21/SDI1, a transcriptional target of p53, was first found to be
a senescence-inducing gene by Noda ef al. (21) and was also
shown to be capable of inducing senescence in a p53-
independent manner (22). In human fibroblasts, inhibition of
DNA methyltransferases induces expression of p21 and an
irreversible growth arrest, with eventual induction of the senes-
cent phenotype (23). Recently it was reported that p21/SDI1
increases intracellular levels of reactive oxygen species and that
quenching reactive oxygen species accumulation prevents p21-
induced senescence (24). Therefore, p21 is likely a critical
mediator of replicative senescence in human fibroblasts. Similar
to serial passage, T-oligo selectively induces p21/SDI1 first
observed at 24 h and peaking at 72 h (Fig. 1d). p27/Kipl, a
member of the Cip/Kip family of CDK2 inhibitors, is critical for
pRb-mediated senescence in the absence of an intact p53
pathway (25). A major role of p27/Kipl is to maintain pRb in
its hypophosphorylated (growth-inhibitory) state (26), and
Western analysis showed that T-oligo selectively induces p27/
Kipl (Fig. 1d).

RNA and protein levels of candidate tumor suppressor p33™NG1
which cooperates with p53 to enhance p53 transcriptional activity
(27), increase in senescent fibroblasts (28), and inhibition of p33™NG!
has been shown to extend the life span of human fibroblasts.
Western analysis of treated fibroblasts showed that p33™6! jg
selectively induced by T-oligo (Fig. 1d) in the same time frame as
p33 (Fig. 1d). Thus, induction of p33™6&1 along with p53 occurs in
response to T-oligo and is consistent with the proposed cooperative
role of these two tumor suppressors in replicative senescence.
Similarly, and as expected, compared with proliferating early-
passage fibroblasts, near-senescent late-passage human neonatal
foreskin control fibroblasts also showed elevated levels of total p53,
p53 phosphorylated on Ser-15, p21/SDI1, p27/Kipl, and p33™NG!
(Fig. 1le).

pl6™K4a js also implicated as a key regulator in replicative
senescence, and the level of this protein rises as fibroblasts
approach the end of their replicative lifespan in vitro (29). In
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Fibroblasts in b7 received no further treatment after day 0;
fibroblasts in b2 were provided fresh serum on day 5, 48 h
before harvesting.

1000

PNAS | January 21,2003 | vol. 100 | no.2 | 529

CELL BIOLOGY



2 3 4 3 Day Post-Infection
I o I I |
- 4+ - 4 - + . 4  TRE2W
I -_— = = -I c-myc
|“-"-__- —4 total p53

p53-serl5*

[F= s - -]

[ — = = - = == = —=| p21/5DI
[ B R e | ploMkda

e pRb*

--:-4-6-4-""'— pRb
e e

Fig. 4. Effect of TRF2PN on cell-cycle regulatory proteins implicated in
replicative senescence. WI-38 fibroblasts were infected with either AdTRF2PN
or AdGFP. Total cellular proteins were collected at the indicated times after
infection and analyzed by Western blot using antibodies against c-Myc, p53
(DO-1), phospho-p53 (Ser-15), p21/SDI1, p16/NK4a, and pRb. Lanes "~ and
4+ contain proteins from AdGFP- and AdTRF2PN-infected fibroblasts, respec-
tively. B-Actin was used as a loading control.

B-Actin

human fibroblasts, the up-regulation of p16™&42 which occurs
during replicative senescence and is required for oncogenic
RAS-induced senescence (30), does not rely on the p53-p21
pathway and instead is up-regulated by the activation of the Ets
transcription factor (31). We next examined p16™K42 Jevels in
fibroblasts treated with T-oligo for 1 week, when SA-B-gal
activity is readily detected (see above). Western analysis showed
that T-oligo selectively induces p16™NK42 as also observed in
late-passage, near-senescent human neonatal foreskin control
fibroblasts (Fig. 1f).

It is well established that in senescent cells pRb remains in a
hypophosphorylated, growth-suppressive state despite growth stim-
uli (32) and that up-regulation of the cyclin-dependent kinase
inhibitors p21/SDI1 and p16™¥42 which block pRb phosphoryla-
tion, seems to be necessary for the establishment and maintenance
of cellular senescence (33). Therefore, we next examined whether
phosphorylation of pRb is prevented by treatment with T-oligo.
Western analysis showed that cells treated with the T-oligo, unlike
diluent- or complement-treated cells or quiescent cells, fail to
phosphorylate pRb in response to serum stimulation as did late-
passage, near-senescent fibroblasts (Fig. 2). Taken together, these
data demonstrate that T-oligo activates the same well established
p53-p21-pRb and p16—pRb pathways as serial passage, leading to
a senescent phenotype in human fibroblasts.

We have shown recently that T-oligos induce an S-phase arrest
within 24 h in normal and transformed cells, mediated by
phosphorylation of the p95/Nbsl protein (34, 35). To better
define the cell-cycle arrest in T-oligo-induced senescence, fibro-
blasts were treated for 1 week and then collected for cell-cycle
analysis and Western analysis. Western analysis showed that
although total p53 returned to basal level, phosphorylation of
p53 on Ser-15 and p21/SDI1 induction, indicative of p53 activity,
persisted (Fig. 3a). In addition, p16™k42 was elevated also, and
pRb was not phosphorylated (Fig. 3a). However, p95/Nbsl
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Fig.5. Proposed mechanism of replicative senescence. Known pathways are

indicated by solid black arrows, and hypothesized pathways are indicated by
open arrows. Serial cell division leads to progressive telomere shortening,
making the terminal loop ““tight,” intrinsically unstable, and prone to disrup-
tion (opening). Although telomere-associated proteins promote reclosure of
the loop structure, an equilibrium is established that progressively favors
disruption with exposure of the 3’ telomere overhang (tandem repeats of
TTAGGG). This exposed single-stranded DNA is then recognized by a sensor, as
yet unidentified but likely a protein or protein complex, that then activates a
number of signaling pathways. Activation of ataxia telangiectasia mutated
(ATM), p53, p21, p95, p16, p27/Kip1, and p33'NG have all been demonstrated
experimentally to occur as a consequence of critical telomere shortening,
telomere loop disruption (as by TRF2PN), or other stimulation leading to
cellular senescence as discussed in the introduction. Whether ATM is activated
through direct interaction with the sensor mechanism or indirectly through
one or more intermediate molecules upstream of ATM, as diagrammed, is
unknown. However, several of the proteins up-regulated during senescence,
including p27/Kip1, p16, and p33'NG, are not known to be regulated by ATM.
These proteins, therefore, are diagrammed as being up-regulated by a signal
transduction molecule upstream of ATM, although it is also possible that they
are up-regulated by one or more as-yet-unrecognized signal transduction
molecules downstream of ATM. In either case, p27/Kip1 and p16 then act to
inhibit pRb phosphorylation, blocking the cell cycle in G4, whereas activation
of p53 leads to transcriptional up-regulation of p21, facilitated by the increase
in p33'NG |evels, and p21 then also acts to block pRb phosphorylation. In the
presence of mitogens, cells initially arrested in S phase by ATM-mediated
phosphorylation of the p95/Nbs1 protein slowly complete DNA synthesis and
then progress through the cell cycle to Gy, where they accumulate as a result
of the pRb hypophosphorylation. Exogenously provided oligonucleotides
homologous to the 3’-overhang sequence (T-oligos) are taken up into the
nucleus and presumably interact with the same sensor to initiate the same
signaling in the absence of telomere loop disruption (shown within the dotted
box).

phosphorylation, seen within 24 h of T-oligo stimulation in
fibroblasts (35), returned to baseline in these cells within 1 week
(Fig. 3a). Cell-cycle analysis showed that 1 week after being
provided DMEM containing 10% calf serum, 84 = 2% of the
quiescent diluent-treated cells were in the Go/G; phase of the
cell cycle, and these cells reentered the cell cycle after fresh
serum stimulation, as expected (data not shown). In contrast,
after 7 days, cells treated with T-oligo were still substantially
within the S phase (56 + 2%), with only 28% in Go/G (Fig. 3b1),
a profile quite different from either quiescent or senescent cells
(36). However, when paired cultures were initially provided
DMEM containing 10% calf serum plus T-oligos and fresh
serum was added to the medium on day 5, by day 7 many more
cells were in Go/G; (Fig. 3b2). This profile is consistent with
previously S phase-arrested serum-starved cells having pro-
ceeded through the S and G,/Gy portions of the cell cycle after
serum stimulation and then accumulated in Go/G; because of
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persistent p21/SDI1-, p16™NK4. and pRb-induced cell-cycle
arrest. These results are also consistent with the well docu-
mented arrest of senescent fibroblasts in the G; phase despite
continued mitogenic stimulation (36) and with the suggestion
that there may be a non-p95/Nbs1-mediated S-phase component
of senescent growth arrest such as repression of DNA polymer-
ase and cofactors (36, 37).

To further support our hypothesis that exposure of the 3’
telomere overhang sequence is the mechanism by which telo-
mere shortening induces proliferative senescence, we asked
whether telomere loop disruption by ectopic expression of
TRF2PN would induce the same cell-cycle regulatory proteins as
T-oligo treatment. Recently, Smogorzewska and de Lange re-
ported that ectopic expression of AATRF2PN in WI-38 fibro-
blasts induced p53, p21, and p16 and decreased pRb phosphor-
ylation (38). By day 16 of infection, the cells appeared senescent,
with a large spread morphology and expression of SA-B-gal (38).
To compare our results with telomere disruption, WI-38 fibro-
blasts were infected with either AATRF2PN or AAGFP, express-
ing green fluorescent protein, as a control. Total cellular pro-
teins were collected up to 5 days after infection and analyzed by
Western blot (Fig. 4). Expression of TRF2PN was determined in
the same samples by using a c-Myc antibody that recognizes the
c-Myc tag of TRF2PN (20). Fluorescence microscopy of AAGFP-
infected cultures demonstrated that ~60-70% of the WI-38
fibroblasts were infected (data not shown). By day 2 postinfec-
tion, there was a modest induction of p53 by AdTRF2PN
comparable to that seen by Karlseder ez al. (20), accompanied by
a distinct phosphorylation of p53 on Ser-15 that persisted up to
4 days postinfection (Fig. 4). p21/SDI1 induction by AdTRF2PN
was first detected 2 days postinfection and persisted above basal
levels for up to 5 days. p27/KIP1 induction by AdTRF2PN was
detected only on day 2 postinfection. p16™K4a expression in-
duced by AdTRF2PN was detected only on day 5 postinfection,
consistent with its late induction during the establishment of
senescence in serially passaged cells (29). Furthermore, there
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