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Telomere damage resulting from telomere shortening can potentially suppress tumorigenesis by permanently arresting or eliminating incipient cancer cells. Dysfunctional
telomeres activate the canonical DNA damage response pathway, resulting in a p53mediated G1/S arrest and senescence or apoptosis. Experimental induction of telomere
damage through inhibition of the telomeric protein TRF2 recapitulates aspects of telomere
attrition, including a p53-mediated cell cycle arrest. Using this system, we have shown
that telomere damage can also elicit a G1/S arrest through the RB-regulator p16INK4a,
especially in cells lacking p53 function. Here we discuss the significance of p16INK4a
as a second effector of the telomere damage response.
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In the absence of telomerase human telomeres shorten at an average rate of 50–100 bp
per population doubling (PD).1 This process depletes the telomere reserve in 50–100 PD
and results in senescence or apoptosis (Fig. 1). Inactivation of p53 and pRB can bypass
this arrest and extend the life-span of the culture.2 Eventually such cultures succumb to a
crisis caused by the severe genomic instability associated with continued telomere shortening.
Senescence and crisis can be averted through the activation of telomerase3 or alternative
mechanisms of telomere lengthening (ALT).4 Because telomere attrition limits the proliferation of normal and transformed cells, it is thought to represent a tumor suppressor
pathway. Telomere shortening is observed in early stages of human tumorigenesis5 and
modeling in the mouse has shown that short telomeres can diminish tumor incidence.6,7
Furthermore, the fact that most human tumors express telomerase8 (or have an active ALT
pathway) suggests that telomere maintenance is an important aspect of the malignant
phenotype.
Because cellular senescence was initially only observed in cultured cells, the idea that
this response could repress tumorigenesis met with considerable skepticism. More recently,
in vivo tumor models have confirmed that senescence can counteract tumorigenesis.9-14
Thus, both the apoptotic and the senescent response to dysfunctional telomeres fit within
the general frame-work of a telomere dependent tumor suppressor pathway.
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THE CELLULAR RESPONSE TO TELOMERE SHORTENING

All available data indicates that shortening of telomeres eventually leads to the activation
of the DNA damage response pathway. As cells approach replicative senescence, their
telomeres become associated with DNA damage response factors and the ATM kinase
pathway is activated.15 The ATR kinase may also be activated by damaged telomeres,
especially when ATM is absent.16 How shortened telomeres activate these checkpoint
kinases is not known.
Activation of the canonical DNA damage response explains how dysfunctional telomeres
induce a cell cycle arrest (Fig. 2A). Most cells in a senescent culture have a 2N DNA
content indicating a G1 arrest. A G1 arrest is consistent with p53 activation by ATM
signaling and the concomitant induction of the p21 Cdk inhibitor. Inhibition of
Cdk2/Cyclin E by p21 blocks E2F from mediating entry into S-phase (Fig. 2). Interestingly,
p21-/- human fibroblasts lack the ability to enter senescence and continue to grow until
they die of genome damage.17
The contribution of a second pRB regulator, p16INK4a, to the telomere damage
response has been controversial. As primary cells divide and telomeres shorten, p16INK4a
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levels progressively increase.18-20 This p16INK4a accumulation is
abolished when telomeres are stabilized through expression of
hTERT, suggesting that p16INK4a is induced by telomere dysfunction.3
Furthermore, p16INK4a can enforce a G1/S arrest in response to DNA
damage.14,21-24 However, p16INK4a is also induced by telomereindependent signals, including the culture conditions routinely
applied to primary human fibroblasts (reviewed in ref. 25). This
culture stress response makes it difficult to assign changes in p16INK4a
levels to telomere dysfunction, especially in the context of primary
cells that are subjected to prolonged culturing to induce replicative
senescence.
A recent study attempted to circumvent these difficulties by
examining individual cells for signs of telomere damage and correlating this with expression of p16INK4a and p21.16 Telomere damage
was assessed based on the occurrence of Telomere dysfunction
Induced Foci (TIFs,26), cytological structures that represent telomeres
associated with DNA damage response factors. Although cells with
TIFs often had increased levels of p21, no such correlation was
found for p16INK4a, suggesting that p16INK4a does not respond to
telomere damage in senescent primary human fibroblasts. However,
confounding aspect in this study is that TIFs are formed rapidly
(within hours) and are transient, probably because the damaged
telomeres are repaired by non-homologous end-joining.26,27 In
comparison, p16INK4a induction is a relatively slow process.
However, p16INK4a protein levels may not peak until after the
telomere damage is repaired, explaining the occurrence of p16INK4a
positive cells without TIFs.

EXPERIMENTAL DEPROTECTION OF TELOMERES:
ADVANTAGES AND PITFALLS

Acute telomere damage can be created through inactivation of
proteins that protect the chromosome end. Mammalian telomeres
are protected by shelterin, a protein complex composed of six subunits: TRF1, TRF2, TIN2, TPP1, Rap1 and POT128 (Fig. 1A). A
dominant-negative allele of TRF2 (TRF2-DN) has proven to be a
versatile tool for the induction of telomere deprotection.29 TRF2-DN
can dimerize with the endogenous TRF2, rendering it incompetent
for DNA binding (Fig. 1A). The advantage of TRF2-DN is that all
cells experience telomere damage within a few days of its expression
(Fig. 1B). Such synchronized deprotection can not be achieved
through replicative telomere attrition. When a culture of primary
cells progresses towards replicative senescence, the deprotection of
telomeres is a stochastic process affected by the length of the individual telomeres and each cell will arrest at a different point in time.
The consequences of TRF2 inhibition include a DNA damage
response at the deprotected telomeres and their fusion by nonhomologous end-joining26,30,31 (Fig. 1B). The ATM kinase pathway
is activated, leading to phosphorylation of Chk2 and a rise in p53
levels (Fig. 2A). Induction of p21 is observed, pRB becomes
hypo-phosphorylated, and the cells arrest with a 2N DNA content,
showing the morphological hallmarks of senescent fibroblasts.32 A
small percentage of the cells have a 4N DNA content but rather than
a G2/M arrest, these cells appear to have undergone endoreduplication.32 Collectively, the data suggests that TRF2-DN induces a cell
cycle arrest that is indistinguishable from replicative senescence. A
similar phenotype is observed in mouse cells from which TRF2 is
removed by conditional deletion of the TRF2 gene,30 confirming
that TRF2-DN acts through inhibition of TRF2.
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Figure 1. Telomeres and their effect on cell proliferation. (A) Top; Schematic
of telomeric DNA, telomerase and the shelterin complex. Bottom; Domain
structure of TRF2 and TRF-DN. (B) Comparison of replicative senescence due
to telomere attrition and induction of senescence with TRF2-DN. Arrowhead
points to a dicentric chromosome generated through telomere fusion.

How loss of TRF2 or telomere attrition induces telomere damage
is not clear. In the case of TRF2 inhibition, loss of telomeric DNA
does not occur, indicating that DNA processing is not required for
a telomere damage response. Clearly, the DNA damage surveillance
has the ability to detect some other aspect of telomere structure as
defective. Given the uncertainty on the telomere damage signal, it is
possible that the telomere dysfunction induced by TRF2 inhibition
is qualitatively different from that in cells with shortened telomeres.
Arguing against such a qualitative difference, overexpression of
TRF2 in cells close to replicative senescence delays their arrest and
protects the telomeres from fusion.33 Thus, additional TRF2 loading
on telomeres shortened through replicative attrition appears to stabilize
them, suggesting that the phenotype arising from telomere attrition
is primarily due to insufficient TRF2 on shortened telomeres. A second
potential pitfall of TRF2-DN as a surrogate for telomere attrition is
that there may be a quantitative difference in the telomere damage.
TRF2-DN creates only a modest level of telomere damage and has a
much less severe phenotype than complete loss of TRF2 through
gene deletion.30 Yet, many TRF2-DN expressing cells usually have
~10 dysfunctional telomeres.26 How many telomeres are deprotected
due to replicative senescence is not yet clear but the number may be
low.34 Finally, the studies with TRF2-DN require that this protein
fragment is overexpressed 10–30 fold, which has the potential of
creating misleading phenotypes. However, since TRF2-DN closely
mimics the TRF2 null phenotype, its overexpression may not be a
concern.

p53 AND p16INK4a AS EFFECTORS OF THE TELOMERE
DAMAGE RESPONSE

Upon expression of TRF2-DN, p16INK4a protein levels rise.26,32,35
The induction of p16INK4a can be detected in immunoblots as well
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index still drops in response to
TRF2-DN but the reduction is less, now
A
showing 60% of the controls.35 The
residual drop can be abrogated when
p16INK4a is inhibited, resulting in
TRF2-DN expressing cells with an
S-phase index of 90% of the control
(cells with inhibited p53 and p16INK4a
but not expressing TRF2-DN).
The ability of p16INK4a to mediate a
telomere damage response in p53 deficient
cells is also obvious from microscopic
B
inspection of the cells.35 Within 2 weeks
of infection with TRF2-DN, cells that
express the dominant negative allele of
p53 show a senescent morphology and
stain with SA-β-gal. This response is
abrogated in cells that also have been
infected with a p16INK4a shRNA retrovirus. The effects of p16INK4a shRNA
inhibition were also observed when the
p16INK4a levels were repressed with
Bmi1. It is unlikely that the reduction in
p16INK4a abrogates the arrest by somehow
improving the protection of the telomeres,
because chromosome end fusions still
C
occur. Collectively the data suggest that
p16INK4a can respond to telomere damage and contributes to telomere-directed
senescence in cells that lack normal p53
function. However, p16INK4a inhibition
alone does not have a significant effect
on the growth or S-phase index of cells
Figure 2. Proposed role for p16INK4a in the telomere damage response. (A) The p53-dependent induction expressing TRF2- DN. Therefore, p53
of G1/S arrest. This is the major pathway by which cells respond to telomere damage. (B) The constitutes the dominant effector pathway
p16INK4a-dependent induction of G1/S arrest. This pathway is active in p53 deficient cells expressing TRF2-DN. of the telomere damage response.
It has not been established whether this pathway responds to telomere attrition. (C) Immunoblot of the
The binding of p16INK4a to Cdk4/
INK4a
by oncogenic ras and telomere damage. BJ1 primary human fibroblasts were infected 6-cycD prevents the inactivation of RB
induction of p16
with the indicated retroviruses and analyzed on the indicated days after drug selection. Note the earlier directly by inhibiting Cdk4/6-cycD
response in cells infected with a retrovirus expressing RasV12 and the absence of p16INK4a in vector activity and can also act indirectly by
control cells.
binding to Cdk4/6-cycD complexes
as by immunohistochemistry (IHC), but the kinetics are slow (Fig. 2C). thereby releasing p21 for inhibition of Cdk2-cycE/A36-38 (Fig. 2B).
While p53 and p21 are induced in a few days, p16INK4a changes The latter effect of p16INK4a could explain why targeted disruption
only become detectable after eight to ten days. The increase in of p21 is sufficient to abolish replicative senescence,17 whereas in our
p16INK4a is not the result of culture stress since parallel cultures lacking studies p53 inactivation alone is not sufficient to fully abrogate
TRF2-DN do not show this response (Fig. 2C). In addition to telomeredirected senescence, but combined inactivation of p53 and
human IMR90 fibroblasts, p16INK4a induction upon TRF2-DN p16INK4a is.
expression occurs in WI38, BJ1, hTERT-immortalized BJ1 fibroblasts and fibroblasts from A-T patients (refs. 26, 32 and 35; Jacobs J, MECHANISM OF p16INK4a ACTIVATION BY TELOMERE DAMAGE
de Lange T, unpublished), (Fig. 2C).
The p16INK4a gene can be activated by Ets1, Ets2, JunB and
The contribution of p53 and p16INK4a to the G1/S arrest in cells
with telomere damage is best measured using BrdU incorporation to MITF and is repressed by Bmi1, CBX7, Id1 and Tal1/Scl or promoter
assess changes in the S-phase index.32,35 An alternative is to determine methylation.13,38-43 The p38-stress-activated kinase pathway has
changes in proliferation of the cells but this can be misleading been implicated in p16INK4a induction, and the RNA binding protein
because the dicentric chromosomes formed by telomere fusion can AUF1 appears to negatively control p16INK4a mRNA stability.44,45
slow progression through mitosis even in cells with a deficient G1/S In addition, in human cells p16INK4a may be subject to negative
checkpoint. In response to TRF2-DN, the S-phase index of primary feedback regulation by RB.46 Which (if any) of these pathways is
fibroblasts gradually drops to ~30% relative to control cells. When mediating the p16INK4a response to telomere damage is not clear.
A puzzling feature of the p16INK4a response to telomere damage
cells lack normal p53 function (due to expression of a dominant
negative allele of p53 or knockdown with shRNA), the S-phase is that, in comparison to stress-induced p16INK4a upregulation and
1366
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the p53/p21 response to telomere damage, it appears to be rather
slow. Figure 2 (panel C) shows a comparison of p16INK4a levels in
primary human BJ1 fibroblasts infected in parallel with retroviruses
encoding oncogenic Ras or the dominant-negative TRF2 allele.
Whereas p16INK4a is already elevated six days after infection with
RasV12 retrovirus. For the TRF2-DN expressing cells induction of
p16INK4a is seen first after 10 days, with a further increase at day 14.
These slow kinetics are similar to the kinetics of p16INK4a induction
after global DNA damage induced by UV or γ-irradiation (refs. 21-24;
Jacobs J, de Lange T, unpublished). This suggests that the mechanisms by which telomere damage and oncogenic stress induce
p16INK4a are different. Perhaps the upregulation of p16INK4a upon
telomere damage (and global DNA damage) is slow because it
requires extensive chromatin remodeling or because the inducing
signal is weak. Another possibility is that the induction of p16INK4a
is counteracted by activation of RB (as part of a negative feedback
loop) which occurs rapidly when cells undergoing telomere damage
activate p53.

RELEVANCE TO HUMAN CANCER

The effectiveness of the telomere damage response determines the
fate of cells experiencing dysfunctional telomeres. Cells will cause no
harm if they cease proliferation or die, but if the telomere damage
response is not effective, the genome instability associated with
telomere dysfunction will increase the risk of a malignant conversion.
Thus, the telomere damage response determines whether telomere
dysfunction will have tumor suppressive or oncogenic consequences.
From this perspective, the finding of p16INK4a as a second effector
of the telomere damage response is of interest. The rapid cell cycle
arrest enforced by p53 may allow cells to repair the telomere damage.
However, if this arrest fails, p16INK4a could ensure that potentially
malignant cells do not arise by arresting the defective cells. This view
is supported by a recent study on the reversibility of human cellular
senescence, in which it was found that p53 inactivation only resulted
in the reversal of senescence in cells with low p16INK4a levels.48 The
ability of p16INK4a to enforce irreversible senescence may be related
to the role of the p16INK4a/Rb pathway in the formation of
Senescence-associated heterochromatin foci (SAHFs).49 Furthermore,
recent data has suggested that early in tumorigenesis, before the
telomere reserve has been depleted, replication stress selects for
p53.50,51 If this scenario is correct, p53 function is lost before telomere
directed senescence occurs, leaving p16INK4a as the main barrier in
the telomere tumor suppressor pathway.
One hurdle in the analysis of telomere dynamics and tumorigenesis is that mouse models do not fully recapitulate the human
setting (reviewed in ref. 52). Because mouse telomeres are very long
and telomerase is constitutive, the telomere reserve has to be depleted
experimentally using telomerase-deficient mice (reviewed in ref. 53).
A second concern is that the balance between the contribution of
p53 and p16INK4a to the telomere damage response appears to be
different in mouse cells.32 Although MEFs infected with the
TRF2-DN allele show induction of p16INK4a protein, this pathway
does not appear to contribute to the telomere damage induced G1/S
arrest. MEFs that lack p53 are completely refractory to TRF2-DN
and even continue to enter S-phase when TRF2 is deleted (Celli G,
de Lange T, unpublished). The unresponsiveness of MEFs to
p16INK4a -mediated growth inhibition in a p53-deficient setting is
not unique to telomere-directed senescence, but is also observed for
stress-induced senescence,54 pointing to a different wiring or balance
between the p53/p21 and p16INK4a/RB pathways in mouse and man.
www.landesbioscience.com

With regard to the p16INK4a response to telomere damage, there
are several challenges for the future. First, we need to know whether
the findings with TRF2-DN recapitulate telomere attrition. In order
to determine whether shortened telomeres induce p16INK4a it will be
necessary to study replicative senescence under conditions that do
not create culture stress so that the basal level of p16INK4a remains
low. Preferably, this should be done in p53 deficient cells so that the
induction of a G1/S arrest by p16INK4a can be assessed. The second
important issue is the pathway by which p16INK4a is induced and
the mechanism of its action. Is p21 indeed downstream of both p53
and p16INK4a? Finally, it will be important to understand the difference
between human and mouse cells better, in hopes of generating a
mouse model that recapitulates the telomere tumor suppressor pathway
more closely.
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