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The cellular level of telomere dysfunction determines
induction of senescence or apoptosis in vivo
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Telomere dysfunction induces two types of cellular response:
cellular senescence and apoptosis. We analysed the extent to
which the cellular level of telomere dysfunction and p53 gene
status affect these cellular responses in mouse liver using the
experimental system of TRF2 inhibition by a dominant-negative
version of the protein (TRF24BAM), We show that the level of
telomere dysfunction correlates with the level of TRF2ABAM
protein expression resulting in chromosomal fusions, aberrant
mitotic figures and aneuploidy of liver cells. These alterations
provoked p53-independent apoptosis, but a strictly p53-
dependent senescence response in distinct populations of mouse
liver cells depending on the cellular level of TRF24BAM expres-
sion. Apoptosis was associated with higher expression of
TRF2ABAM whereas cellular senescence was associated with low
levels of TRF24BAM expression. Our data provide experimental
evidence that induction of senescence or apoptosis in vivo
depends on the cellular level of telomere dysfunction and
differentially on p53 gene function.
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INTRODUCTION
The main function of telomeres is to cap chromosomal ends and
thus to prevent chromosomal fusions and activation of DNA
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damage responses (Blackburn et al, 2000; de Lange, 2002). It has
been shown that telomere shortening leads to loss of telomere
function and induction of DNA-damage responses (Shay et al,
1991; Chin et al, 1999; Karlseder et al, 1999; d’Adda di Fagagna
et al, 2003; Satyanarayana et al, 2004a). In vitro experiments have
suggested that a two-stage checkpoint response exists in response
to different levels of telomere dysfunction (Shay et al, 1991).
According to this hypothesis, moderate telomere dysfunction
induces senescence at the mortality stage 1 (M1). However, if p53
is lost, cells bypass the senescence checkpoint and continue to
proliferate, eventually reaching a second mortality stage (M2)
characterized by massive cell death and chromosomal in-
stability (crisis). Whether this model applies to the in vivo
situation is under debate.

In telomerase-deficient (Terc~) mice, telomere shortening
induced two different cellular phenotypes: apoptosis and senescence
(Lee et al, 1998; Satyanarayana et al, 2003). In compound mutant
mice lacking p53 and Terc, organ phenotypes induced by
telomere dysfunction were rescued. However, these reappeared
in a late generation of Terc”~ p53~/~ double-knockout mice,
suggesting that p53-independent signals can mediate responses to
telomere dysfunction in vivo (Chin et al, 1999).

To analyse the influence of the level of telomere dysfunction

on cellular responses in vivo, we used the experimental system
of TRF2 inhibition, which leads to telomere dysfunction and
chromosomal fusions (van Steensel et al, 1998). In vitro
experiments have established that inhibition of TRF2 provokes
the same phenotypes as telomere shortening: senescence and
apoptosis (Karlseder et al, 1999, 2002; Smogorzewska &
de Lange, 2002).

In the present study, we analysed the consequences of the loss
of telomere protection by TRF2 inhibition in the mouse liver. The
cellular responses were analysed in correlation with the level of
telomere protection and p53 gene status. Our study demonstrates
that the cellular level of telomere dysfunction determines the type
of damage response that occurs and provides experimental
evidence that telomere dysfunction provokes both p53-dependent
and p53-independent effects in mouse liver cells.
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RESULTS
Dose-dependent induction of telomere dysfunction
We analysed chromosomal fusions, anaphase bridges and ploidy
of liver cells in response to adenoviral-mediated TRF24BAM
expression in mouse liver. The level of TRF24BAM protein
expression peaked 24 h after virus application (Fig 1A). Chromo-
somal fusions were detected at a rate of 1.03 fusions per
metaphase 72h after adenovirus TRF24BAM (Ad TRF24BAM)
infection. Chromosomal fusions often contained telomere
sequence, and there were high rates of telomere free ends
(Fig 1B-F). We did not detect a significant degradation of the
telomeric G-strand in mouse liver infected with Ad TRF2484M
(supplementary Fig 1 online), which is possibly due to the
relatively low percentage of TRF24BAM_infected liver cells in our
in vivo system (supplementary Fig 2 online; also see below and
Fig 3F) compared with previous in vitro experiments. In our in vivo
system, the majority of infected liver cells were hepatocytes, as
determined on the basis of cell morphology (data not shown).
Ad TRF24BAM.jnfected mouse liver showed high rates of
aberrant mitosis (Fig 1G), including misaligned metaphase
chromosomes, triphasic spindles, and most importantly, frequent
anaphase bridges (Fig 1H,l). The prevalence of higher rates of
mitotic figures in Ad TRF224BAM.infected mice compared with
control mice was in line with previous observations showing that
telomere dysfunction induces a delay in mitosis progression, thus
increasing the rate of mitotic figures in regenerating liver (Rudolph
et al, 2000). Telomere dysfunction and aberrant mitosis resulted
in severe polyploidy of liver cells in TRF22BAM.infected mice
(supplementary Fig 3 online). Adenovirus (Ad) green fluorescent
protein (GFP)-infected control mice did not show telomere dys-
function, anaphase bridges or polyploidy (Fig 1G; supplementary

Fig 1| TRF24BM induces telomere dysfunction in mouse liver. Mice were
injected intravenously with Ad TRF24BAM (1 x 101° PFU/ml) or with
control Ad GFP (1 x 10’ PFU/ml, n=21 mice per group, three mice per

time point). (A) Protein expression level of TRF24BAM

in protein extracts
(100 pg) from whole-cell lysates of mouse liver. (B-F) Representative
photographs of metaphase chromosomes from mouse liver cells, 72h
after Ad TRF24BAM (1 x 10'© PFU/ml) infection. A telomere-specific probe
was used for fluorescence in situ hybridization (FISH; counter staining:
DAPI). (B) Normal chromosome with telomere signal on either side of
chromosome arms. (C) Fusion involving both p-arms of the fused
chromosomes with telomeric sequence at the fusion point. (D) Single
short-arm chromatid fusion involving only one p-arm with telomeric
sequence at the fusion point. (E) Telomere free end at the q-arm of the
chromosome. (F) Metaphase: the white arrowhead shows chromosomal
fusion, and the green arrowhead points to telomere-free end. (G) Graph
of the rate of aberrant mitosis at the indicated time points after virus
infection. The rate of aberrant mitosis was significantly higher in the
liver of Ad TRF22BAM_infected mice compared with Ad GFP-infected
mice (e.g. rate of aberrant mitosis at day 4 after virus infection:
0.23340.033 in Ad TRF24BAM-infected mice versus 0.040+0.033 in Ad
GFP-infected mice, P=0.006). (H) Representative photographs and

(I) piechart of the types of aberrant mitotic figure observed in Ad
TRF22BAM_infected mouse liver. (H) From left to right: misaligned
chromosome, triphasic spindle and anaphase bridge (magnification:

% 1,000). (J) Percentage of aberrant mitotic figures 120h after Ad
TRF24BAM infection at different viral concentrations.
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Fig 3 online). The analysis of aberrant mitosis and anaphase
bridges in mouse liver after application of different doses of Ad
TRF24BAM showed a strong correlation between the level of Ad
TRF24BAM infection and induction of aberrant mitosis (Fig 1)).
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Induction of apoptosis and senescence

TRF24BAM adenovirus produced an apoptotic response peaking
at 48-72 h after virus application, which was not seen in Ad GFP-
infected control mice (Fig 2A,B). At later time points (day 7 after
virus infection), Ad TRF24BAM.jnfected mouse liver no longer
showed elevated rates of apoptosis compared with Ad GFP-infected
control mouse liver. Senescence-associated B-galactosidase
(SA-B-Gal)-positive liver cells were detected first at 48 h after
adenoviral delivery of TRF24BAM byt not in Ad GFP-infected
control mice (Fig 2C,D).

Outcome - dependent on level of mutant TRF2
Co-staining of SA-B-Gal and TUNEL showed that senescence and
apoptosis were induced in different populations of mouse liver
cells in response to TRF24BAM infection (Fig 3A-C). Co-staining
of TUNEL, SA-B-Gal and TRF24BAM showed that apoptotic cells
showed stronger staining for TRF24BAM —\hereas SA-B-Gal-
positive liver showed weaker staining for TRF24BAM (supplemen-
tary Fig 4A—C online). After infection of mice with different titres of
Ad TRF24BAM 3 strong dose-response correlation between the
titre of TRF24BAM infection and the rate of apoptotic liver cells was
observed at day 2 after viral infection (Fig 3D). In contrast to the
apoptotic response, the induction of SA-B-Gal activity was
sustained and showed a slight increase at day 7 after Ad TRF24BAM
infection (Fig 3E). These data correlated with the observation that
the percentage of liver cells expressing high levels of TRF24BAM
decreased at day 7 compared with day 2 after virus infection,
whereas the percentage of liver cells expressing weak levels
of TRF24BAM increased at the same time interval (Fig 3F).
Fluorescence-activated cell sorting (FACS) analysis on liver cell
suspension co-stained for TUNEL and TRF24BAM confirmed a
positive correlation between the cellular level of TRF24BAM
expression and apoptosis of liver cells (Fig 3G). To analyse the
correlation between senescence and the level of TRF248AM - cel|
size was monitored according to previous studies, which have
shown a significant increase in cell size of senescent cells,
detectable by FACS analysis (Gorbunova et al, 2003; Martin-Ruiz
et al, 2004). This analysis showed an inverse relationship between
the cellular level of TRF24BAM expression and the rate of senescent
liver cells (Fig 3H).

Role of p53 in apoptosis and senescence

To identify the role of p53 in response to different levels of
telomere dysfunction induced by TRF24BAM in mouse liver cells,
we studied induction of apoptosis and senescence in p53~/~ and
p53*+/+ mice 48 h after infection with Ad TRF24BAM (Fig 4). The
rate of apoptosis induced by Ad TRF24BAM infection was almost
identical in p53*/+ and p53~/~ mice (Fig 4A,C). In contrast, the
induction of senescence by Ad TRF2482M infection was markedly
reduced in p53~/~ mice compared with p53+/* mice (Fig 4B,D).

DISCUSSION

Our current study shows that TRF24BAM expression provokes acute
telomere dysfunction, chromosomal fusions, aberrant mitosis and
polyploidy in mouse liver cells in vivo. One limitation of this
experimental system is that it does not mimic the gradual telomere
attrition that is observed in physiological processes in vivo.
Conversely, TRF2 inhibition seems to be a functional surrogate for
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Fig 2| TRF24B4M induces apoptosis and senescence in the mouse liver.
Apoptosis was determined by TUNEL assay on liver sections from mice
infected with Ad TRF24BAM or Ad GFP (1 x 10'° PFU/ml, n =21 mice per
group, n =3 mice per time point). (A) Percentage of apoptotic liver cells
at the indicated time points. Note that Ad TRF245AM induced
significantly higher rates of apoptosis compared with Ad GFP-infected
mice at early time points when maximal levels of TRE24BAM were
expressed (P=0.01 at day 2 after virus infection; P=0.05 at day 3 after
virus infection). (B) Representative photographs of apoptotic liver cells
as detected by TUNEL assay at the indicated time points after virus
infection (magnification: x 200). (C) Representative photographs of
SA-B-Gal-positive liver cells 48 h after Ad TRF24BAM (top) and Ad GFP
infection (bottom) (magnification: x 200). (D) Percentage of liver cells
positive for SA-B-Gal staining in Ad TRF24BAM.infected mice compared
with Ad GFP-infected mice.

telomere dysfunction arising from telomere attrition, as shown by
its ability to promote anaphase bridging in a dose-dependent
manner. This system allowed us to pinpoint specific downstream
signalling responses to different levels of telomere dysfunction in
the mouse liver.
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Fig 3| Induction of apoptosis or senescence depends on the level of TRF24BAM expression in mouse liver. The localization of apoptotic and senescent
cells was analysed in liver sections of mice infected with Ad TRF24BAM (1 x 10! PFU/ml; n =4). (A) Representative photographs of TUNEL and SA-f-
Gal co-staining. Upper panel: TUNEL staining; lower panel: SA-B-Gal staining with haemotoxylin and eosin counterstaining. Note that the SA-B-Gal-
positive cells (black arrows) can be discriminated from the green fluorescent apoptotic liver cells (red arrows) (magnification: x 200). (B) Histogram
of the prevalence of SA-B-Gal-positive liver cells 48 h after Ad TRF24BAM infection (1 x 10' PFU/ml): 15.7% of total liver cells were SA-B-Gal positive,
whereas only 1.9% of TUNEL-positive liver cells were SA-B-Gal positive (P=0.016). (C) Histogram of the prevalence of apoptotic liver cells 48h after
Ad TRF24BAM jnfection (1 x 10'° PFU/ml): 4.9% of total liver cells were TUNEL positive, whereas only 0.6% of SA-B-Gal-positive liver cells were
TUNEL positive (P<0.001). (D) Dose-response analysis of the percentage of TUNEL-positive cells in correlation with the titre of virus infection. The

dose of Ad TRF22BAM jnfection correlates with the level of apoptosis at day 2 after virus infection. (E) Dose-response analysis of the percentage of
SA-B-Gal-positive cells in correlation with the titre of virus infection. There was no significant dose-response correlation. Note that in contrast to the
apoptosis response, the rate of SA-B-Gal-positive liver cells increased at day 7 after virus infection. (F) Percentage of TRF24BAM_positive liver cells as

determined by FACS analysis of liver-cell suspensions at the indicated time points after virus infection (1 x 10'° PFU/ml). Left: Ad GFP-infected control

mouse liver; middle: Ad TRF22BAM.infected mouse liver at day 2 after viral infection; right: Ad TRF24BAM.infected mouse liver at day 7 after viral

infection. Note the decrease in liver cells expressing a high level of TRF24BAM but the increase in liver cells expressing a low level of TRF2484M at day

7 compared with day 2 after viral infection. (G) Representative graphs of the percentage of TUNEL-positive cells in liver-cell suspensions analysed by
FACS at day 2 after virus infection (1 x 10'° PFU/ml). Left: control mouse liver; middle: fraction of liver cells expressing high levels of TRF24BAM
(52.8% of the cells stain positive for TUNEL); right: fraction of liver cells expressing low levels of TRF24BAM (9.85% of the cells stain positive for

TUNEL). The gates for the expression level of TRF22BAM were set according to the labelling in (F). (H) Representative graphs of the percentage of
senescent liver cells as analysed on the basis of cell size by FACS of liver-cell suspension at day 7 after virus infection. The gate R3 contains cells that
have an increase in cell size (FSC, increase in forward scatter). Left: control mouse liver; middle: fraction of liver cells expressing high levels of

TRF24BAM (29.1% of the cells show a senescence-associated increase in cell size); right: fraction of liver cells expressing low levels of TRF24BAM (44.1%
of the cells show a senescence-associated increase in cell size). The gates for the expression level of TRF22BAM were set according to the labelling in (F).

Our study shows that the cellular level of the loss of telomere
protection dictates the type of damage response induced in liver
cells in vivo. The data show that senescence induced by low levels
of TRF24BAM expression is p53 dependent, whereas apoptosis
induced by high levels of TRF24BAM expression is p53 indepen-
dent. Our results differ from previous reports, which showed a
strict p53 dependency of apoptosis induced by TRF24BAM jn
mouse fibroblasts and human cancer cell lines in vitro (Karlseder
et al, 1999). A possible explanation is that the accumulation of
genetic alterations in mouse embryo fibroblasts (Parrinello et al,
2003) and human cancer cells alters the cellular responses to
telomere dysfunction. Our data suggest that in vivo a two-stage
checkpoint exists in response to different levels of telomere
dysfunction. These data are in agreement with the classical model
of two mortality stages of primary human fibroblasts in response to
moderate or severe telomere dysfunction (Shay et al, 1991). Given
that telomere shortening is a property of ageing cells and an early
feature of various cancers (Djojosubroto et al, 2003; Satyanar-
ayana et al, 2004b), it is possible that this two-stage checkpoint
response to telomere dysfunction is necessary for tumour
suppression in vivo. An increase in senescent cells has been
demonstrated in various mammalian tissues during ageing (Dimri
et al, 1995; Krishnamurthy et al, 2004). It remains to be analysed
how frequently cells bypass the M1 checkpoint of senescence in
vivo and how this contributes to cancer initiation in aged human
tissue.

METHODS

Mice. For this study, we used 12- to 14-week-old female mice in a
C57Bl/6) background and, for the p53-related experiments,
C57BIl/6)-Trp53tm1Tyj.

Western blotting. Proteins subjected to SDS—polyacrylamide gel
electrophoresis were detected using antibody against human TRF2
(1:10,000; anti-TRF2 05-521, Upstate, Charlottesville, VA, USA),
which recognizes TRF24BAM but not endogenous mouse TRF2.

©2005 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

G-strand overhang assay. The assay was carried out as described
previously (Cimino-Reale et al, 2001; Keys et al, 2004).
Adenovirus amplification and purification. All viruses were
produced in HEK-293 cells and titred at the same time point
in the same manner according to standard protocols. To assure a
similar rate of adenovirus infection in different areas of mouse
liver, the expression level of GFP was monitored 48h after
infection in all five liver lobes of an individual mouse infected
with Ad GFP (supplementary Fig 5 online).

Apoptosis staining. The rate of apoptosis was determined by
TUNEL assay (In situ cell detection kit, Roche, Mannheim,
Germany). The number of apoptotic cells was determined in 20
low-power fields (x 200) and expressed as a percentage of all
cells counted.

Senescence-associated f-galactosidase staining. SA-B-Gal stain-
ing was carried out as described previously (Dimri et al, 1995).
The number of SA-B-Gal-positive cells was determined in 20
randomly chosen low-power fields (x 100) and expressed as a
percentage of all cells counted.

Apoptosis—SA-B-galactosidase co-staining. The SA-B-Gal-stained
sections were permeabilized with 1% Triton X-100 and 0.1%
sodium citrate followed by TUNEL staining and counterstaining
with DAPI. The number of apoptotic (n=422) and SA-p-Gal-
positive cells (n=1,200) was analysed randomly in low-power
fields ( x 200) chosen at random (n=4 mice).
SA-p-galactosidase-TRF2 co-staining. The SA-B-Gal-stained sec-
tions were permeabilized in 10 mM citric acid-sodium phosphate
buffer at 95 °C for 7 min followed by incubation with anti-TRF2
antibody (1:300) for 1h. The detection was performed by
Cy3-labelled rabbit anti-mouse antibody (1:500; Zymed, San
Francisco, CA, USA). The number of SA-B-Gal-positive cells
(n=600) in correlation with the level of TRF24BAM expression was
counted in randomly chosen low-power fields ( x 200; n=4 mice).
Apoptosis—-TRF2 co-staining. TUNEL-stained slides were incu-
bated with TRF2 antibody (1:300) for 1 h followed by incubation

EMBO reports VOL 6 | NO 32005 279
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Fig 4| TRF24BAM expression induces p53-independent apoptosis but p53-dependent senescence. The impact of p53 status on the effects of the loss of
telomere protection by Ad TRF24BAM (1 x 10'° PFU/ml) infection was analysed by comparing p53 wild-type (p53*/+) and p53-knockout (p53~/~) mice
(n=5). (A) Representative photographs of TUNEL-positive liver cells 48 h after TRF24BAM infection in p53~/~ mice (left), p53*/+ mice (middle) and
GFP control-infected p53*/* mice (right) (magnification: x 200). (B) Representative photographs of SA-B-Gal-stained liver sections 48 h after Ad
TRF24BAM infection of p53~/~ mice (left), Ad TRF24BAM infection of p53*/+ mice (middle) and Ad GFP infection of p53+/* mice (right)
(magnification: x 200). (C) Percentage of apoptotic liver cells 48 h after Ad TRF24B4M or Ad GFP infection. Note that the increase in apoptotic cells in
Ad TRF24BAM.infected mice is p53 independent. (D) Percentage of SA-B-Gal-positive liver cells 48 h after Ad TRF24BAM infection. Note that the
increase in SA-B-Gal-positive cells in Ad TRE24BAM.infected mice is p53 dependent.

with a secondary Cy3-labelled rabbit anti-mouse antibody (1:500)
for 30 min. The number of apoptotic cells (n=400) in correlation
with the level of TRF24BAM expression was counted in randomly
chosen low-power fields ( x 200; n=4 mice).

Feulgen staining. Feulgen staining was performed according to
standard methods. The intensity of Feulgen staining was analysed
with ACAS software (Ahrens Cytometry Analysis System for flow
and static cytometry, Bargteheide/Hamburg, Germany). For each
sample, 300 hepatocyte nuclei were analysed.

Metaphase spreads. After 48h of adenovirus infection (Ad
TRF24BAM = nh—3- Ad GFP, n=4), the mice were treated with
colcemid (a total of 20 pg/mouse) by intraperitoneal injection. At
24h after colcemid injection, the liver cells were collected by
liver perfusion as described previously (Satyanarayana et al, 2003).
Telomere fluorescence in situ hybridization. Quantitative fluor-
escence in situ hybridization (Q-FISH) was carried out as
described previously (Plentz et al, 2004). Signals were detected
using an epifluorescence microscope (Carl Zeiss Jena GmbH,

VOL 6| NO 3 | 2005

Jena, Germany) equipped with a CCD camera and FISH View
software (Applied Spectral Imaging Ltd, Migdal HaEmek, Israel).
FACS analysis. Cells were collected by liver perfusion at different
time points and immediately used for TRF2 and TUNEL staining.
They were then analysed by FACS Calibur flow cytometer (Becton
Dickinson, Franklin Lakes, NJ, USA). The cells were double
stained for TRF2 with Cy3-labelled goat anti-mouse antibody
(1:100; Zymed) and TUNEL to analyse the apoptosis. For
measuring senescence, cells were stained for TRF2 with FITC-
labelled goat anti-mouse (1:100; Caltag, Burlingame, CA, USA)
and cell size was monitored by forward scatter (FSC). The gating
for selection of large-senescent and small non-senescent cells was
used as described previously (Gorbunova et al, 2003; Martin-Ruiz
et al, 2004) using Ad GFP-infected and non-infected mice as
controls.

Statistical programs. Student’s t-test, Graphpad Instat, Graphpad
Prism and Microsoft Excel software was used to calculate the
statistical significance and standard deviations.
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Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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