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Senescence Induced by Altered 

Telomere State, Not Telomere 

Loss 

Jan Karlseder, Agata Smogorzewska, Titia de Lange* 

Primary human cells in culture invariably stop dividing and enter a state of 
growth arrest called replicative senescence. This transition is induced by pro- 
grammed telomere shortening, but the underlying mechanisms are unclear. 
Here, we report that overexpression of TRF2, a telomeric DNA binding protein, 
increased the rate of telomere shortening in primary cells without accelerating 
senescence. TRF2 reduced the senescence setpoint, defined as telomere length 
at senescence, from 7 to 4 kilobases. TRF2 protected critically short telomeres 
from fusion and repressed chromosome-end fusions in presenescent cultures, 
which explains the ability of TRF2 to delay senescence. Thus, replicative se- 
nescence is induced by a change in the protected status of shortened telomeres 
rather than by a complete loss of telomeric DNA. 

Replicative senescence of human cells occurs some ends (1). Human telomeres are pro- 
as a consequence of the progressive shorten- grammed to lose ~ 100 base pairs (bp) per 
ing of the TTAGGG repeat tracts at chromo- population doubling (PD), resulting in senes- 

Table 1. Effect of TRF2 on telomere shortening rates and senescence setpoints. 

Cell line PD at infection Vector* TRF2 Setpoint 

Telomere shorteningt 
IMR90 20 112 165 
IMR90 30 104 170 
IMR90 35 100 181 
IMR90 40 99 170 

IMR90-p53-175H 25 95 152 
IMR90-SV40 large T 30 104 162 
IMR90-HPV16-E6 + -E7 25 97 150 
BJ 80 105 197 

Senescence setpoint? 

IMR90 20 7.1 4.4 2.7 
IMR90 30 6.1 4.1 2.0 
IMR90 35 6.0 3.8 2.2 
IMR90 40 6.2 4.2 2.0 
IMR90 p53-175H 25 5.5 3.1 2.4 

BJ 80 4.7 3.5 1.2 
AG02496 A-T -20 5.6 4.9 0.7 
AG04405 A-T -20 7.0 4.8 2.2 
AG03058 A-T -20 7.3 5.8 1.5 
AG03057 A-T het. -20 7.4 5.3 2.1 

*pLPC. tBase pair per end per PD. :Mean length of telomeric restriction fragments (in kb) in senescent cell 
cultures determined by genomic blotting analysis of DNA harvested 10 days after culture growth arrest. ?IMR90 
cells were infected with p53-175H retrovirus at PD20 and superinfected with pLPC or TRF2 viruses at PD25; the same 
strategy was applied for SV40 large T (at PD25) + TRF2 (at PD30) and for HPV16-E6 + -E7 (at PD20) + TRF2 (at PD25). 
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cence after -50 PDs (2-4). This shortening 
rate is faster than expected from the end- 
replication problem (5-8), suggesting active 
nucleolytic attack on chromosome ends. Ev- 
idence for 5' processing lies in the presence 
of - 150-nucleotide 3' overhangs at telomere 
ends (9). An overhang may be required to 
form a potentially protective structure at telo- 
meres, the t loop, in which the G strand 
invades the duplex part of the telomere (10, 
11). Replicative senescence can be induced 
by either the p53 or the pl6-retino blastoma 
(RB) pathways (4, 12, 13), but how these 
pathways are activated in cells with shortened 
telomeres is not known. One possibility is 
that senescence occurs when one or more 
chromosome ends have lost all telomeric 
DNA. The data presented here argue against 
this view and suggest that the main event 
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heralding the end of the replicative life of 
primary human cells is a failure in the pro- 
tective function of critically shortened telo- 
meres. 

TRF2 is a sequence-specific DNA binding 
protein that binds to the duplex array of 
TTAGGG repeats at human telomeres and 
protects chromosome ends from end-to-end 
fusion (14-17). Loss of TRF2 function leads 
to chromosomal abnormalities, cell cycle ar- 
rest, and the activation of the ataxia telangi- 
ectasia mutated (ATM)-p53 DNA damage 
response pathway (16-18). The protective ac- 
tivity of TRF2 may be related to its ability to 
form t loops (10, 11). Retroviral-mediated 
overexpression of TRF2 in primary human 
IMR90 fibroblasts (19) resulted in accelerat- 
ed telomere shortening (Fig. 1, A and B). 
Although IMR90 cells normally lose telo- 
meric DNA at a rate of 99 to 112 bp per end 
per PD, TRF2 accelerated telomere attrition 
by 50 to 80%, from 165 to 181 bp per end per 
PD'(Fig. lB) (Table 1). Because there was no 
change in the growth rate or S-phase index 
(Fig. 1C), it is unlikely that the increased loss 

of telomeric DNA per PD was due to in- 
creased cell death or senescence. The en- 
hanced telomere shortening explains previ- 
ously recorded effects of TRF2 on telomere 
length maintenance in telomerase-positive 
cells (20). In contrast to the results of over- 
expression of TRF2, overexpression of sev- 
eral forms of TRF 1, a related telomeric DNA 
binding protein, did not affect telomere short- 
ening, even though each of these proteins was 
expressed at high levels and showed the ex- 
pected subnuclear localization (Fig. 1, A and 
B) (19). These findings confirm the idea that 
TRF1 controls telomere dynamics primarily 
by affecting telomerase-mediated telomere 
elongation (20, 21). Thus, TRF1 and TRF2 
both act as negative regulators of telomere 
length but affect different aspects of telomere 
dynamics. 

Consistent with the idea that telomere 
shortening is linked to DNA replication 
(22), TRF2-dependent telomere shortening 
required cell divisions. When the cells were 
temporarily arrested by contact inhibition, 
their telomere lengths did not change for 20 

Fig. 1. Effect of TRF2 A vector TRF1 
overexpression on telo- 10 20 30 40 48 55 10 20 30 40 48 55 102 
mere shortening and cul- 
ture growth. (A) Genom- kb -l 

|- 
ic blotting analysis of ;' -~i L 
telomeric restriction 23l 
fragments in IMR90 cells 9.4 
expressing TRF1, TRF2, or 
no exogenous protein. 6.6- 
IMR90 cells were infect- 
ed at PD20 with retrovi- 4.4 
ruses expressing TRF1, 
TRF2, or no protein (vec- - 

tor) (79). Pools of puro- . . 
mycin-resistant cells 2.3 - 
were passaged every 4 2.0 - 
days by seeding 1 x 106 
cells into a 15-cm dish. 
DNA was harvested at 
the indicated PDs, digest- 
ed with Mbo I and Alu I, B 12- [vector D 
and analyzed by genomic OTRF1 

blotting using a TTAGGG 10- TRF1lA x TRF1l M 
repeat probe (19). The \ TRF1 AM 
lanes labeled PD10 repre- 
sents cells before infec- 8- 
tion. (B) Graph of telo- \- 
mere shortening in a E 6- E IMR90 cells expressing 6- 
the indicated TRF1 and mycTRF2 , 
TRF2 alleles (79). TRF1AA 4 *TRF2 
TRF1 lacking the acidic 
domain; TRF1^M, TRF1 / i 

lacking the myb domain; 10 20 30 40 50 60 

TRF1 AAIM TRF1 lacking 
population doublings 

the acidic and the myb domains. Telomeric restriction fragments were 
detected as in (A), and mean telomere lengths were deduced using the 
method described in (19). (C) Growth curve of IMR90 cells expressing the 
indicated genes. The cells were treated as described in (B). Cumulative cell 
numbers were recorded and plotted. The insert shows the percentage of cells 
that incorporated bromodeoxyuridine in a 1-hour interval in cultures ex- 
pressing TRF2 or in vector control cells (average values and SDs are from 
three experiments). (D) Dependence of telomere shortening on proliferation. 
IMR90 pools infected at PD15 with the TRF2 retrovirus or with the vector 
control were grown for 20 days (from PDs 15 to 30) and then allowed to 
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reach confluence. Confluent cultures were maintained for 20 days with daily 
media changes, reseeded at 8 X 106 cells per 15-cm dish, and grown for 
another 15 days (from PDs 30 to 36). Telomere lengths were measured as 
in (B). (E) Accelerated entry into crisis in TRF2-overexpressing SV40 large 
T-transformed cells. IMR90 cells were infected with a retrovirus expressing 
SV40 large T antigen and subsequently with either the TRF2 retrovirus or the 
vector control. After selection for both viruses, the culture growth was 
monitored as in (C) and plotted as cumulative PDs versus days in culture. 
Cells were infected with an SV40 large T retrovirus at PD35 and subsequent- 
ly superinfected with a TRF2 virus. The graph starts at PD40. 
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days (Fig. ID). Yet, when the culture was 
prompted to resume growth by reseeding, 
telomere shortening occurred again at the 
rate observed before the arrest, both in the 
control cells and in the cells overexpressing 
TRF2. 

TRF2 accelerated telomere shortening in 
several fibroblast strains, regardless of the 
status of p53 or the pl6-RB pathways. Inhi- 
bition of p53 with the p53-175H dominant 
negative allele (23) or suppression of both the 
p53 and RB pathways with viral oncoproteins 
(SV40 large T or HPV16-E6 and -E7) did not 
change the rate of telomere shortening, nor 
did these oncoproteins alter the ability of 
TRF2 to accelerate this process (Table 1). 
TRF2 also accelerated the entry into crisis in 
the SV40 large T and HPV16-E6 and -E7 
cultures by -10 PDs (Fig. IE) (19). Such 
premature crisis is consistent with accelerated 
telomere shortening resulting in an earlier 
induction of the excessive genome damage 
responsible for crisis. 

Accelerated telomere shortening could 
be explained if TRF2 enhanced the 5' exo- 
nucleolytic processing of telomere ends, for 
instance by recruiting an exonuclease. In- 
deed, TRF2 inhibition results in a reduction 
in the G-strand overhang DNA, and the 
recruitment of a nuclease would be consis- 
tent with the protective activity of TRF2, 
because overhangs are required for t-loop 
formation (10, 11, 16). If accelerated telo- 
mere shortening were due to increased 5' 
processing, the telomeres might be expect- 
ed to contain longer 3' overhangs (Fig. 
2A). However, quantification of the 
G-strand overhang signal in TRF2-overex- 
pressing cells showed only a minor 
(-15%) increase as compared to vector 
control cells (Fig. 2B) (19). If the acceler- 
ated rate of telomere shortening were en- 
tirely due to increased degradation of the 
5'-ended strand, a three- to fourfold higher 
G-strand signal would be expected (Fig. 
2A). Therefore, the effect of excess TRF2 
was not only limited to the processing of 
the 5'-ended C strand but also involved the 
loss of sequences of the G-rich strand. 

No premature senescence was noted in 
IMR90 cells that overexpressed TRF2, de- 
spite their accelerated telomere shortening. 
TRF2-overexpressing cells entered senes- 
cence at the same PD or later than did cells 
infected with TRF 1 retroviruses or the vector 
control cultures (Fig. 1C). However, due to 
the rapid shortening of their telomeres, 
TRF2-overexpressing cells senesced with 
telomeres that were 2.0 to 2.7 kb shorter than 
those of senescent control cells (Fig. 1B) 
(Table 1). TRF2-expressing cells continued 
to grow for a considerable number of dou- 
blings (-15 PDs) beyond the normal senes- 
cence setpoint of 6 to 7 kb. The resetting of 
the senescence setpoint occurred regardless 
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Fig. 2. TRF2 overexpression does not result in extensive elongation of the G-strand overhang. (A) 
Schematic showing the relation between the length of the telomeric overhang and the rate of 
telomere shortening (24). tel, telomere. (B) Quantitative analysis of telomeric G-strand overhang 
signals in IMR90 cells infected with the TRF2 virus or the vector control. DNA from IMR90 cells 
infected with the indicated viruses was harvested at 5, 10, and 15 days (from left to right) after 
selection, and the relative abundance of the G-strand overhang DNA was measured by quantitative 
annealing of an end-labeled [(CCCTAA)4] oligonucleotide to equal amounts of Mbo l-Alu I digested 
DNA, followed by gel fractionation (16, 19). Signals were quantified with a Phosphoimager and 
were expressed relative to the signal in the first lane. 

of the time of infection of the cells and 
always reduced the telomere length at senes- 
cence by ~2 kb (Fig. 3A). Reduction of the 
senescence setpoint by 1.2 kb and a moderate 
life-span extension was also observed when 
diploid foreskin fibroblasts (BJ) were infect- 
ed with the TRF2 virus (Fig. 3A) (Table 1). 

Because inhibition of p53 can delay se- 
nescence, we asked whether the effect of 
TRF2 on the senescence setpoint was due to 
the repression of p53. Although overexpres- 
sion of TRF2 results in a slight reduction of 
p53 protein levels (19), TRF2 could alter the 
senescence setpoint in p53-deficient cells. 
Expression of TRF2 in p53-175H cells re- 
duced their senescence setpoint from 5.5 to 
3.0 kb (Fig. 3B) (Table 1). Moreover, TRF2 
lowered the senescence setpoint in A-T cells 
lacking ATM kinase, an upstream activator 
of p53 (Table 1). In addition, it is unlikely 
that the resetting of the senescence setpoint 
by TRF2 involves an effect on the RB-pl6 
pathway, because cells overexpressing TRF2 
show normal levels and modification status 
of pRb and p16 (19). 

We next considered the possibility that 
TRF2 acted by protecting critically short 
telomeres, thereby delaying the induction 
of senescence. Human fibroblasts lacking 
p53 and RB function, due for instance to 
the expression of HPV16-E6 and -E7, grow 
beyond the normal senescence setpoint (12, 
13). Such cells continue to lose telomeric 

DNA, resulting in frequent chromosome- 
end fusions and other chromosomal damage 
(3) (Fig. 3C). Overexpression of TRF2 in 
such cells created a measurable reduction 
in chromosome-end fusions and associated 
chromosomal damage (Fig. 3D), indicating 
that TRF2 had a protective effect on criti- 
cally short telomeres. The low yield in 
mitotic cells from senescent cultures pro- 
hibited the direct assessment of the protec- 
tive effect of TRF2 based on inspection of 
metaphase chromosomes from senescent 
cells. However, molecular data on IMR90 
cells expressing p53-175H were consistent 
with the protection of critically short telo- 
meres by TRF2. IMR90-p53-175H cells 
that are approaching replicative senescence 
contained a class of larger TTAGGG re- 
peat-containing restriction fragments that 
resembled previously characterized telo- 
mere fusion products (Fig. 3E) (16). Con- 
sistent with their being derived from telo- 
mere fusions, these fragments were about 
twice the size of the original telomeric 
restriction fragments, and they lacked a 
G-strand overhang (Fig. 3E). When TRF2 
was overexpressed, the occurrence of fused 
telomeric fragments was suppressed (Fig. 
3E). Similarly, telomere fusion fragments 
were detected in normal IMR90 cells as 
they progressed toward senescence, where- 
as TRF2-overexpressing cells did not show 
these fragments even in the later stages of 
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Fig. 3. Effect of TRF2 overexpression 
on the senescence setpoint. (A) Ef- Ag_ MR C 
fect of TRF2 on the senescence set- vectr 
point in IMR90 and BJ cells. IMR90 
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PD30or 

9 

o vector-p53175H 
and BJ cells were infected with the - m_ TRF2 Th67 o PD35lvector 

? 
TRF2 TRF2-expressing retrovirus or the 7 , *PD35/ *TRF2-p53175H 

vector control at PDs 30, 35, 40 - PD40/vector 7- e 6- -< PD40/vector 
(IMR90), and 80 (BJ); mean telo- *PD40/TRF2 J mere lengths were determined as in _ 5- 6 
Fig. 1 and were plotted versus PD. E 
For each curve, the last point repre- 4- \ o 
sents senescent cells. (B) Effects of 0 o4 5o 60 PD 4- 
TRF2 on telomere shortening and 6- 
the senescence setpoint in cells with BJ 3- 
diminished p53 function. IMR90 5- 1 0 2 40 0 PD 
cells were infected with a retrovirus \ vector 
expressing p53-175H at PD20 and 
were superinfected with the TRF2- 24 Ab 
expressing virus or the vector con- E Retrovirus Chromatid Chromosome Pieces + 
trol. Mean telomere lengths were ? TRF2 Type Fusions Type Fusions Breaks 
determined as in Fig. 1 and were 3- vector 13 25 16 
plotted versus PD. (C) Examples of , TRF2 1 2 2 
chromosomal aberrations observed 80 85 90 PD 
in IMR90 cells expressing HPV16-E6 
and -E7 at 10 PD before crisis. Meta- 
phase chromosomes obtained from E vector TRF2 vector TRF2 
colcemid-treated cultures were 202530354045505563202530354045505563 PD 202530354045505563202530354045505563 PD 
stained with 4',6'-diamidino-2-phe- 

chromosome-end fusions in cells A . fusions 
with critically short telomeres. The 23- 23 
cells described in (C) were infected 
with the TRF2 virus or the vector 94- 9.4 
control, and the frequency of chro- 6.6 6.6 

breaks and chromosome pieces was 
determined on metaphase spreads. 
(E) Diminished occurrence of telo- 
mere fusion fragments in p53-defi- 2.3 2.3- 
cient IMR90 cells expressing TRF2. 2 2 
IMR90-p53-175H cells were infect- 
ed as described in (B), and the telo- natve conditions denaturing conditions 
meric restriction fragments were gel 
fractionated and hybridized to a 32P end-labeled [(CCCTAA)4 oligonucleotide under native conditions (left panel) (19). Subsequently, the DNA was 
denatured in the gel and rehybridized with the sae probe (right panel). 

their life-span (Fig. 1A). These data sug- 
gest that excess TRF2 can protect very 
short telomeres and that this is the mecha- 
nism by which TRF2 can extend the life- 
span and alter the senescence setpoint of 
primary human cells. 

Collectively, these data argue that replica- 
tive senescence in human cells is caused by a 
change in the status of the telomeric complex 
rather than by a complete loss of telomeric 
sequences. If the senescence signal were due 
to one or more chromosome ends lacking 
telomeric DNA altogether, TRF2 would not 
be expected to repress this signal and alter the 
senescence setpoint. One possibility is that 
critically shortened telomeres in senescent 
human cells no longer bind sufficient TRF2 
to achieve a protective state, such as the t 
loop, a conformation that can be induced by 
TRF2 in vitro (10, 11). Alternatively, binding 
of TRF2 may facilitate the recruitment of 
other proteins required for telomere protec- 
tion and suppression of senescence. Telo- 
mere-directed replicative senescence in hu- 
man cells can be induced by either the p53 

pathway or the pl6-RB pathway (12, 13). 
Our data reveal that the main event activating 
these pathways is not the complete loss of 
telomeric DNA from one or more chromo- 
some ends. Instead, telomere attrition ends 
proliferation by generating telomeres that are 
too short to function. 
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