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telomere dysfunction limits the proliferative capacity of 
human cells and induces organismal aging by activation of 
p53 and p21 (refs. 1–6). Although deletion of p21 elongates 
the lifespan of telomere-dysfunctional mice2, a direct analysis 
of p53 in telomere-related aging has been hampered by early 
tumor formation in p53 knockout mice6. Here we analyzed 
the functional consequences of conditional p53 deletion7. 
Intestinal deletion of p53 shortened the lifespan of telomere-
dysfunctional mice without inducing tumor formation. In 
contrast to p21 deletion, the deletion of p53 impaired the 
depletion of chromosomal-instable intestinal stem cells in 
aging telomere-dysfunctional mice. these instable stem 
cells contributed to epithelial regeneration leading to an 
accumulation of chromosomal instability, increased apoptosis, 
altered epithelial cell differentiation and premature intestinal 
failure. together, these results provide the first experimental 
evidence for an organ system in which p53-dependent 
mechanisms prevent tissue destruction in response to telomere 
dysfunction by depleting genetically instable stem cells.

The functional role of p53 in aging is currently under debate. Knock-in 
mice expressing a hyperactive mutant form of p53 have shown prema-
ture aging and reduced lifespan8. In contrast, transgenic mice overex-
pressing an extra copy of naturally regulated, wild-type p53 (encoded 
by Trp53) did not show an alteration in lifespan9. Triple transgenic 
mice overexpressing an extra copy of wild-type p53 along with an 
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Figure 1 p53 deletion impairs organ maintenance and shortens survival of 
telomere-dysfunctional mice. (a) Kaplan-Meyer curves depicting survival of 
mice in the indicated cohorts. Survival of iG4 mice (n = 63) was lower than 
that of iF1 mice (n = 63, P < 0.0001). Note that iG4, Trp53−/− mice (n = 31) 
had a significantly shortened lifespan compared to iG4, Trp53+/+ mice  
(n = 32, P < 0.0001). iF1, Trp53−/−mice (n = 31) and iF1, Trp53+/+ mice  
(n = 32) showed similar survival (P = 0.345) during the observation period 
of 18 months. (b,c) Weight curves of aging male (b) and female (c) mice of 
the iG4, Trp53+/+ cohort (n = 17 and 15, respectively) and the iG4, Trp53−/− 
cohort (n = 15 and 16, respectively). Body weights were significantly lower in 
8- to 9-month-old iG4, Trp53−/− mice compared to iG4, Trp53+/+ mice  
(P = 0.006 males, P = 0.0154 females, aged 9 months). (d) Representative 
hematoxylin and eosin (H&E) staining from small intestine. Scale bar, 200 µm. 
(e) The number of basal crypts per vision field. Crypt numbers were lower in 
iG4 mice (n = 16) compared to iF1 mice (n = 10, P < 0.0001). Seven- to nine-
month-old iG4, Trp53−/− mice (n = 8) showed a lower number of crypts compared 
to age-matched iG4, Trp53+/+ mice (n = 8, P = 0.013). As a control, we examined 
the crypt number of 11- to 12-month-old iG4, Trp53+/+ (n = 5–8 mice).
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extra copy of the cell cycle inhibitors p19ARF 
and p16 showed an increased lifespan10 
that was even more pronounced when the 
catalytic subunit of telomerase (TERT) was 
introduced as a fourth transgene11. It appears 
that p53 by itself can have different effects on 
aging depending on gene expression, protein 
activity and the molecular context.

One important molecular component 
of human aging is the accumulation of tel-
omere dysfunction and DNA damage12–14. 
Telomeres shorten in most human tissues 
during aging, and there is growing evidence 
for an accumulation of telomere dysfunc-
tion and DNA damage in human aging and 
age-associated diseases12,14. Studies in late-
generation telomerase knockout mice (G3–G6 Terc−/−) have shown 
that telomere dysfunction can limit stem cell function, organ main-
tenance and lifespan2–5. In cell culture, telomere dysfunction induces 
p53-dependent DNA damage checkpoints, including p21-dependent 
senescence1,15. Deletion of p21 (encoded by Cdkn1a) abrogates cell 
cycle arrest, improves organ maintenance and elongates the lifespan 
of telomere-dysfunctional mice2.

Studies on human fibroblasts have shown that p53-independent 
checkpoints limit the survival of telomere-dysfunctional cells that 
have bypassed senescence. This checkpoint is named ‘crisis’ and is 
characterized by an accumulation of telomere dysfunction, chro-
mosomal instability and cell death1. In vivo, crisis involves the fol-
lowing two checkpoint stages, which limit the survival of germ cells 
and tumor cells in response to telomere dysfunction and genomic 
instability: a p53-dependent checkpoint at early stages of genomic 
instability and a p53-independent checkpoint in response to high 
levels of genomic instability6. The role of p53-dependent checkpoints 

in the aging of somatic tissues in the context of telomere dysfunc-
tion remains to be defined. Of note, overexpression of an extra copy 
of naturally regulated, wild-type p53 did not affect the lifespan of  
telomere-dysfunctional mice16.

Here we crossed late-generation telomerase knockout mice  
(G3 Terc−/−) carrying two floxed alleles of Trp53 (Trp53loxP/loxP)7 with 
compound mutant Terc+/−; Trp53loxP/loxP mice carrying an inducible 
Cre-recombinase transgene (Cre-ERT2) under control of the villin 
promoter17, which is specifically active in the intestinal epithelium 
(Supplementary Figs. 1 and 2a,b). These crosses generated the follow-
ing cohorts (Trp53−/−, homozygous deletion of exons 2–10 of Trp53 in 
the intestinal epithelium; iF1, intercross Terc+/− offspring; iG4, inter-
cross Terc−/− offspring): (i) iF1, Trp53+/+ (n = 31), (ii) iF1, Trp53−/−  
(n = 32), (iii) iG4, Trp53+/+ (n = 32), (iv) iG4, Trp53−/− (n = 31).

Consistent with previous studies2,5, telomere-dysfunctional iG4 
mice had a significantly shortened lifespan compared to iF1 litter-
mates with functional telomeres (Fig. 1a, P < 0.0001). Intestinal 
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Figure 2 p53 deletion rescues cell cycle 
arrest but increases apoptosis in telomere-
dysfunctional intestine. (a,b) Expression of  
p21 in basal intestinal crypts. (a) Representative 
immunohistochemistry (IHC) against p21. White 
arrows point to p21-positive cells; scale bar, 50 µm.  
(b) The percentage of p21-positive cells per 
crypt in the small intestine of mice (n = 5 mice 
per group). iG4 mice displayed an increase in 
p21-positive cells per crypt, which was rescued 
in iG4, Trp53−/− mice (P < 0.0001). (c,d) Cell 
proliferation in basal intestinal crypts.  
(c) Representative IHC against PCNA. Black 
arrow points to a PCNA-negative crypt; scale 
bar, 50 µm. (d) The percentage of PCNA-
positive cells in basal crypts of mice (n = 5 
mice per group). Seven- to nine-month-old iG4, 
Trp53+/+ mice showed a reduction in PCNA-
positive crypt cells, which were partially rescued 
in iG4 Trp53−/− mice (P < 0.0001) and iG4, 
Cdkn1a−/− mice (P = 0.0003). (e,f) Apoptosis 
in basal intestinal crypts. (e) Representative 
TUNEL staining. Black arrows point to TUNEL-
positive cells; scale bar, 50 µm. (f) The number 
of apoptotic cells per crypt in the small intestine 
of mice (n = 5 mice per group). Seven- to  
nine-month-old iG4, Trp53+/+ mice displayed  
an increase in TUNEL-positive cells, which  
was further increased in iG4, Trp53−/− mice  
(P = 0.009) but not in iG4, Cdkn1a−/−  
mice (P = 0.100).



©
20

09
 N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

Nature GeNetics  ADVANCE ONLINE PUBLICATION �

 deletion of p53 had no effect on lifespan of iF1 mice, but the deletion 
significantly shortened the lifespan of iG4, Trp53−/− mice compared 
to iG4, Trp53+/+ mice (Fig. 1a, P < 0.0001). The shortened lifespan 
of iG4, Trp53−/− mice was not associated with tumor formation, on 
either a macroscopic or a histological level (data not shown). Seven- to 
nine-month-old iG4, Trp53−/− mice showed an acceleration of intes-
tinal crypt atrophy and weight loss compared to age-matched iG4, 
Trp53+/+ mice (Fig. 1b–e and Supplementary Fig. 2c,d). Premature 
crypt atrophy correlated with increased inflammation in the intestinal 
epithelium of 7- to 9-month-old iG4, Trp53−/− mice (Supplementary 
Table 1), possibly due to a decrease in intestinal barrier function.

The observed effects of intestinal p53 deletion here were very 
different from previous studies on p21 deletion, which resulted in 
improved maintenance of the intestinal epithelium and an elongated 
lifespan of telomere-dysfunctional mice2. Here p53 deletion prevented 
the upregulation of p21 in intestinal basal crypts of aging iG4 mice  
(Fig. 2a,b), which correlated with a significant rescue in cell pro-
liferation in the basal intestinal crypts of the mice (Fig. 2c,d and 
Supplementary Fig. 3a–c, P < 0.0001). Expression analysis of phos-
phorylated histone H3 revealed a very low increase in the incidence of 
G2/M arrested cells (<2%) in the intestinal epithelium of iG4, Trp53+/+ 

mice (Supplementary Fig. 3d), indicating that telomere dysfunction 
in intestinal epithelium of iG4 mice induced primarily a p53- and 
p21-dependent G1 cell cycle arrest. In contrast to p21 deletion2, the 
deletion of p53 did not improve maintenance of the intestinal epithe-
lium of iG4 mice (Fig. 1b–d and Supplementary Fig. 2c,d), indicating 
that p53 deletion had adverse effects counteracting the impairment in 
p21 induction and the rescue of cell proliferation.

Our previous studies have shown that p21 deletion rescued cell pro-
liferation, maintenance of the intestinal epithelium and lifespan of iG4 
mice2. However, this rescue was limited by an increase in apoptosis occur-
ring at the end of the extended lifespan in the intestine of 20-month- 
old iG4, Cdkn1a−/− mice2. This delayed increase in apoptosis stood in 
agreement with the classical experiments in human fibroblasts that showed 
that abrogation of p53 or p21 leads to a bypass of the senescence check-
point. However, the extended lifespan of these cells was limited by mitotic 
catastrophe–induced cell death (crisis) several population doublings after 
bypass of the senescence checkpoint1,15. In contrast to the delayed apop-
tosis response in 20-month-old iG4, Cdkn1a−/− mice, our study revealed 
that the intestinal deletion of p53 induces an early increase in apoptosis 
in basal crypts of 7- to 9-month-old iG4, Trp53−/− mice compared to  
age-matched iG4, Trp53+/+ and iG4, Cdkn1a−/− mice (Fig. 2e,f).

l e t t e r s

Figure 3 p53 deletion increases the accumulation of telomere dysfunction and DNA damage in intestinal epithelium of iG4 mice. (a,b) DNA breaks in 
basal intestinal crypts. (a) Representative IHC showing nuclear γ-H2AX foci. Arrows point to γH2AX-positive cells; scale bar, 50 µm. (b) The number 
of γH2AX-positive cells per crypt in the small intestine of mice of the indicated genotype and age (n = 5–8 mice per group). Note that p53 deletion 
increased the number of γH2AX-positive cells in iG4 mice (P = 0.0005), which was not observed in response to p21 deletion. (c,d) Telomere length in 
basal intestinal crypts of 7- to 9-month-old mice. (c) The distribution of the mean telomere fluorescence intensity (TFI) of individual crypts of mice of 
the indicated genotype (n = 5 mice per group, n = 30 crypts per mouse). The red line shows the mean TFI of individual crypts, the number left of the 
dotted line shows the percentage of crypts with critically short telomeres. (d) The prevalence of individual telomere spots with a very low fluorescence 
intensity (<200 arbitrary units). (e) The percentage of cells in anaphase showing chromatin bridges in intestinal basal crypts of mice (n = 5–8 mice per 
group). Within the iG4 cohort, p53 deletion increased the percentage of anaphase bridges (P = 0.002), whereas p21 deletion had no significant effect 
(P = 0.093). (f) Representative H&E staining showing an anaphase bridge (black arrow) in the small intestine. Scale bar, 50 µm (inset, 100 µm).
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To reveal the underlying mechanism of the 
early increase in apoptosis in the intestine of 
iG4, Trp53−/− mice, we determined the accu-
mulation of DNA damage and telomere dys-
function in 7- to 9-month-old mice. γH2AX 
staining revealed significantly increased rates 
of DNA damage in intestinal epithelial cells 
of iG4, Trp53−/− mice compared to iG4, Trp53+/+ mice (P = 0.0005) 
and iG4, Cdkn1a−/− mice (P < 0.0001, Fig. 3a,b). Moreover, a sig-
nificant increase of cells with critically short telomeres occurred in 
the intestinal epithelium of iG4, Trp53−/− mice compared to iG4, 
Trp53+/+ mice (P = 0.0051) and iG4, Cdkn1a−/− mice (P = 0.002, 
Fig. 3c,d). In addition, the number of anaphase bridges—which are 
hallmarks of telomere dysfunction and chromosomal fusion18—was 
significantly increased in intestinal basal crypts of iG4, Trp53−/− mice 
compared to iG4, Trp53+/+ mice (P = 0.002) and iG4, Cdkn1a−/− mice 
(P = 0.0008, Fig. 3e,f). Control experiments excluded effects of Cre 
expression on apoptosis, DNA damage and anaphase bridge forma-
tion (Supplementary Fig. 4a–h). Together, these data indicate that 
p53 has a p21-independent function preventing survival of epithelial 
cells that carry dysfunctional telomeres or DNA damage.

To analyze at which level in the cellular hierarchy p53 prevented 
survival of damaged cells, we determined the number of intestinal 
stem cells by PCNA staining19 and OLFM4 in situ hybridization in 
7- to 9-month-old mice20. Significantly fewer intestinal stem cells 
were seen in iG4, Trp53+/+ mice compared to iF1 mice (Fig. 4a–d, 
P < 0.0001). Deletion of p53 had no significant effect on stem cell 
numbers in iF1 mice but significantly rescued the decline in stem 
cell number in basal crypts of iG4 mice (Fig. 4a–d, P = 0.001 for 
OLFM4-positive cells, P = 0.0002 for PCNA-positive cells). Of note, 
the number of intestinal stem cells was also greater in iG4, Trp53−/− 

mice compared to iG4, Cdkn1a−/− mice (Fig. 4b,d, P = 0.022 for 
OLFM4-positive cells, P = 0.007 for PCNA-positive cells), suggest-
ing that prolonged survival of damaged stem cells may occur in the 
intestine of telomere-dysfunctional mice in response to p53 deletion 
but not in response to p21 deletion.

To test this hypothesis, we performed array-comparative genomic 
hybridization (array-CGH) on micro-dissected basal crypts of 7- to 9-
month-old mice. Each intestinal crypt represents a self-renewing unit 
generated from a few intestinal stem cells. We reasoned that genomic 
instability at the single crypt level (20–30 cells) should only be detect-
able when genetically instable stem cells regenerated the crypt but 
not when random instability occurred at the level of progenitor cells. 
We detected a high incidence of chromosomal gains and losses in 
crypts of 7- to 9-month-old iG4, Trp53−/− mice, but such gains and 
losses rarely occurred in the other cohorts (Figs. 4e–h and 5a, and 
Table 1). Control experiments excluded an effect of Cre expression on 
the induction of chromosomal imbalances (Supplementary Fig. 5). 
Conventional fluorescence in situ hybridization (FISH) confirmed an 
increased incidence of chromosomal aberrations in intestinal crypts 
of iG4, Trp53−/− mice but stable chromosome copy numbers in iG4, 
Cdkn1a−/− mice, including the oldest survivors in this cohort at  
20 months of age (Fig. 5b and Supplementary Fig. 6a). Together, 
these data indicate that chromosomal instability occurred in intestinal 
stem cells of aging iG4, Trp53−/− mice but not in the other cohorts, 
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Figure 4 p53 deletion impairs the depletion 
of stem cells and increases chromosomal 
instability in basal crypts of telomere-
dysfunctional mice. (a–d) Intestinal stem cells 
in basal crypts. (a) Representative  
in situ staining of OLFM4-positive stem cells 
in basal intestinal crypts. Black arrows point to 
OLFM4-positive stem cells; scale bar, 50 µm. 
(b) The number of OLFM4-positive intestinal 
stem cells in basal crypts of the small intestine  
of mice of the indicated age and genotype  
(n = 4–6 mice per group). Within the iG4 
cohorts, p53 deletion increased the stem cell 
number (P = 0.001). p21 deletion also led to 
a partial rescue in OLFM4-positive cells, but 
the number remained lower than that in iG4, 
Trp53−/− mice (P = 0.022). (c) Representative 
IHC showing PCNA-positive stem cells at the 
bottom of basal intestinal crypts. Black arrows 
point to PCNA-positive stem cells; scale bar, 50 µm. 
(d) The number of PCNA-positive intestinal stem 
cells in basal crypts of the small intestine of 
mice of the indicated age and genotype  
(n = 5–8 mice per group). Within the iG4 
cohorts, p53 deletion increased the stem cell 
number (P = 0.0002), whereas p21 deletion 
had no effect (P = 0.226). (e–h) Representative 
genome-wide array-CGH profiles obtained from 
single colonic crypts from (e) iF1, Trp53+/+, 
(f) iF1, Trp53−/−, (g) iG4, Trp53+/+, (h) iG4, 
Trp53−/− mice. Whereas the first three profiles 
are balanced, the last ratio profile (h) shows 
several imbalances (purple bars).
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including that of iG4, Cdkn1a−/− mice. In agreement with this inter-
pretation, γH2AX and PCNA co-staining revealed that p53 deletion 
increased the rate of DNA damage in intestinal stem cells of aged iG4 
mice, whereas p21 deletion had no significant effect (Fig. 5c,d).

The imbalance in expression of various genes arising from dupli-
cations and/or deletions of entire chromosomes could contribute to 
compromised tissue integrity in aging iG4, Trp53−/− mice either by 
increasing the mice’s susceptibility to environmental stress and non-
specific cell death (see above data on apoptosis) or through altered 
epithelial cell differentiation. In agreement with the latter assumption, 
RNA expression analysis and protein marker analysis here revealed 
alterations in epithelial cell differentiation in the intestine of iG4, 
Trp53−/− mice compared to iG4, Trp53+/+ mice (Supplementary Fig. 
6b,c and Supplementary Table 2).

Our study provides experimental evidence that deletion of p53 
compromises the integrity of the intestinal epithelium of aging tel-
omere-dysfunctional mice. There is growing evidence that a decrease 
in stem cell function contributes to an impairment in maintenance 
and function of somatic organs during aging21,22. The current find-
ings indicate that p53 is required to deplete intestinal stem cells 
carrying DNA breaks and chromosomal aberrations. Our findings 
could provide an explanation for the delayed onset of age-related gene 
expression changes in hematopoietic stem cells of aging mice with 
superactive p53 compared to wild-type mice23. However, accelerated 
aging in mouse mutants with superactive p53 (ref. 8) indicates that 
the function of p53 in depleting damaged stem cells needs to stay 
within certain levels. An overactivation of this pathway may reduce 
stem cell numbers prematurely, whereas a loss of p53 function leads 
to survival of dysfunctional and damaged stem cells.

Our study shows that p53 deletion leads to 
survival of chromosomal-instable stem cells 
in telomere-dysfunctional mice. The type of 

genomic instability in this model mostly involves entire chromosomes 
and could possibly represent a specific type of genomic instability 

Figure 5 p53 deletion, but not p21 deletion, 
increases survival of chromosomal-instable 
stem cells in basal intestinal crypts of 
telomere-dysfunctional mice. (a) Summary of 
chromosomal gains and losses in basal crypts of 
7- to 9-month-old iG4, Trp53−/− mice. The bars 
on the right side of each chromosome indicate 
how often (in what percentage) a gain or loss 
was found. Losses are displayed in green in 
the left half of the bars, and gains are shown 
in red in the right half. Some changes, such 
as loss of chromosomes 11 and 14 or the loss 
of the proximal region of chromosome 8, were 
recurrently observed, whereas other changes 
occurred only once. (b) The percentage of 
chromosomal gains and losses of chromosome 
14 and 15 in basal crypts of iG4, Trp53−/− and 
iG4, p21−/− mice analyzed by FISH. (c,d) p53 
deletion increases DNA damage in intestinal 
stem cells of 7- to 9-month-old telomere-
dysfunctional mice. (c) Representative IHC 
showing γH2AX-positive intestinal stem cells 
(PCNA-positive in positions 1–4 at the bottom 
of the crypt) in the small intestine. Scale bar, 
10 µm. (d) The percentage of γH2AX-positive 
stem cells in mice. iG4 mice showed an 
increase in DNA damage foci in intestinal stem 
cells compared to iF1 mice. Within the iG4 
cohort, p53 deletion increased the percentage 
of intestinal stem cells showing DNA damage  
foci (P = 0.0003), whereas p21 deletion had  
no significant effect (P = 0.682).
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table 1 Genomic imbalance in basal crypts of iG4, trp53−/− mice

Chr.

iG4 Trp53−/−

Duplication Deletion

Whole chr. Partial Total # Whole chr. Partial Total #

 1 1 1

 2

 3

 4

 5 2 2

 6 1 1

 7 1 1

 8 1 1 1 1

 9

10 1 1 1 1

11 1 2 3

12 1 1

13 1 1

14 4 4

15 1 2 3

16 1 1

17 1 1

18 1 3 4

19 2 2

The table displays all chromosomal aberrations detected in basal crypts of 7- to  
9-month-old iG4, Trp53−/− mice (n = 9 crypts).
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induced by end-to-end fusions in telomere-dysfunctional tissues. In 
human cancers, the complexity of chromosomal aberrations is often 
higher involving gains and losses of chromosomal fragments, inver-
sions, duplications and translocations. An increased complexity in 
chromosomal aberrations in human cancer in response to telomere 
dysfunction might be due to an increased formation of dicentric chro-
mosomes that are instable and prone to breakage24.

Our study shows that the survival of instable stem cells is disad-
vantageous at the tissue level, and that this survival leads to aberrant 
differentiation, increased rates of apoptosis and premature organ fail-
ure. Recent studies have revealed a decline in p53 checkpoint function 
in aging mice and a correlation between the onset of this decline 
in checkpoint function and the lifespan of various mouse strains25. 
Impaired clearance of damaged stem cells may contribute to tissue 
degeneration and lifespan reduction in response to an age-dependent 
decline in p53 checkpoint function.

Previous studies have shown a protective role of p53- and  
p21-dependent cell cycle arrest in acute intestinal injury induced by 
high-dose irradiation26. Our results differ from these previous results 
and provide to our knowledge the first evidence that p53 has a unique 
function in maintaining a genetically stable stem cell pool in telomere-
dysfunctional intestine. This specific function of p53 is independent of 
p21-induced cell cycle arrest and may involve other processes control-
led by p53, such as apoptosis6. These findings support the concept that 
p53-dependent checkpoints are activated at early stages of telomere 
dysfunction–induced crisis in vivo6. According to our results, these  
p53-dependent responses ensure the depletion of chromosomal-insta-
ble stem cells in telomere-dysfunctional intestine. Previous studies on 
telomere-dysfunctional mice have shown that p53 deletion can also 
have beneficial effects on organ maintenance by rescuing germ cell 
apoptosis and fertility as well as epidermal stem cell function6,27. 
These data indicate that the adverse effects of p53 deletion induced by 
impaired clearance of genetically instable stem cells can show tissue spe-
cificity. Our findings appear to be highly relevant in defining molecular 
targets for future therapies aiming to improve tissue regeneration in 
the context of telomere dysfunction and aging. Moreover, our findings 
point to an alternative pathway in intestinal carcinogenesis, indicating 
that chromosomal-instable stem cells can clonally expand and thus can 
contribute to epithelial regeneration at pre-tumorous stages.

MetHods
Methods and any associated references are available in the online  
version of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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oNlINe MetHods
Mouse crosses and survival. Trp53loxP/loxP were crossed with Terc+/− mice to 
generate Terc+/−; Trp53loxP/loxP mice. These mice were crossed through suc-
cessive generations to produce G3 Terc−/−; Trp53loxP/loxP mice. Intercrosses 
between Terc+/−; Trp53loxP/loxP; villin-Cre-ERT2+ and G3 Terc−/−; Trp53loxP/loxP 
mice were carried out to obtain the experimental cohorts (Supplementary 
Fig. 1). At 4 weeks of age, all mice were injected with 1 mg of tamoxifen (intra-
peritoneally, five times in daily intervals). Mice were maintained on C57BL/6J 
background. The animal experiments were approved by the government of the 
state of Baden-Württemberg (animal protocol number 35/915.81-3).

Histopathological examination of tissues. For survival analysis, aging cohorts 
were monitored by weekly inspections. Mice were killed after losing >25% 
of body weight or when mice were moribund. In addition, a cohort of mice  
(n = 7) was killed at 7–9 months of age to retrieve various organs for histologi-
cal analysis. Organs were fixed in 4% (vol/vol) buffered formalin overnight 
or snap frozen in liquid nitrogen. Whole mounts of colon were prepared as 
previously described2.

Immunohistochemistry on paraffin sections. 5-µm-thick sections of the pre-
pared organs were deparaffinized and rehydrated. For antigen retrieval, sections 
were pressure cooked in citrate buffer (pH 6.0). Sections were stained with 
the following primary antibodies overnight at 4 °C: anti-PCNA (Oncogene), 
anti-p53 (Zymed), anti-p21 (Santa Cruz), anti-γH2AX (Millipore), anti pH3 
(Santa Cruz), anti Ki67 (Monosan), chromogranin A (Abcam) and anti-Cre 
(kind gift from G. Schütz lab, German Cancer Research Center, Heidelberg). 
Apoptosis was measured using a TUNEL assay kit (Roche). For PCNA, p53, 
Cre and γH2AX, a biotinylated secondary antibody and the vectastain ABC 
elite kit (Vector Laboratories) were used. For p21, a secondary antibody  
labeled with Cy3 was used. Staining was analyzed in a minimum of 200 crypts 
per mouse.

Quantitative fluorescence in situ hybridization (qFISH) for telomere length. 
Q-FISH was performed on 5-µm paraffin sections of the organs according to 
previous protocols2,4 using a cye3-labeled PNA probe (Panagene). The relative 
telomere length was measured by the telomere fluorescence intensity by a TFL 
analysis software program28.

Chromosome FISH. Sections were treated as described above. Additionally, 
these sections were incubated with proteinase K (1 mg/ml). The hybridization 
mix (50 vol/vol formamide; 4× citrate buffered saline (SSC) buffer; 80 µg/ml 
Cot1 mouse DNA; 400 µg/ml herring sperm; 1× Denhardt solution; 20 nM 
CHAPS; 5 mM EDTA; 400 ng of Cy3-labeled probe; for chromosome 14 the 
RP23-338A21 BAC clone and for chromosome 15 the RP23-299O23 BAC clone 
was used29) was added and slides were covered with coverslips. The DNA was 
denaturated for 10 min at 80 °C and incubated overnight at 37 °C. The next 
day, the sections were washed two times in 2× SSC.

Genome-wide amplification. Genome-wide amplification of DNA from 
microdissected crypts was performed as described previously30. The 
GenomePlex single cell whole-genome amplification kit (Sigma-Aldrich) 
was used according to the manufacturer’s instructions with the following 
modifications: after tissue lysis and fragmentation of the genomic DNA, an 
amplification of the libraries was performed by adding 7.5 µl of 10× ampli-
fication master mix, 51 µl of nuclease-free water and 1.5 µl Titanium Taq 
DNA polymerase (Takara Bio Europe/Clontech) to 14 µl library mix. PCR 
conditions for amplification were denaturation at 95 °C for 3 min followed by  
25 cycles, with each cycle consisting of a denaturation step at 94 °C for 30 s and 
an annealing and extension step at 65 °C for 5 min. DNA was purified using the 
GenElute PCR clean-up kit (Sigma-Aldrich). The quality of the amplification 
was evaluated using a multiplex PCR approach as previously described31.

Array-comparative genomic hybridization. Array-CGH was carried out 
using a genome-wide oligonucleotide microarray platform (mouse genome 
CGH 44B microarray kit, Agilent Techologies). This array consists of approxi-
mately 43,000 60-mer oligonucleotide probes with a spatial resolution of about  
22 kb. As reference DNA, we used amplified male DNA from the same mouse 
strain. Samples were labeled with the Bioprime array-CGH genomic labeling 
system (Invitrogen) according to the manufacturer’s instructions. Briefly,  
500 ng test DNA and reference DNA were differentially labeled with  
dCTP-Cy5 or dCTP-Cy3 (GE Healthcare). Slides were scanned using a microar-
ray scanner, and images were analyzed using CGH Analytics 3.4.40 (both from 
Agilent Technologies) with the statistical algorithm ADM-2; the sensitivity  
threshold was 4.0. At least ten consecutive clones had to be aberrant to be 
scored by the software.

OLFM4 in situ hybridization. 8-µm-thick sections were rehydrated as described 
above. Afterward, the sections were treated with 0.2 M sodium chloride and 
proteinase K. Slides were postfixed, and sections were then demethylated with  
acetic anhydride and prehybridized. Hybridization was done in a humid chamber  
with 500 ng/ml freshly prepared digoxigenin (DIG)-labeled RNA probe of 
OLFM4. Sections were incubated for at least 48 h at 68 °C. The slides were 
washed, and incubation of the secondary anti-DIG antibody (Roche) was done 
at 4 °C overnight. The next day, sections were washed and developed using 
Nitro Blue Tetrazolium Chloride/5-Brom-4-Chlor-3-Indolyl-Phosphat.

28. Poon, S.S. et al. Telomere length measurements using digital fluorescence 
microscopy. Cytometry 36, 267–278 (1999).

29. Chung, Y.J. et al. A whole-genome mouse BAC microarray with 1-Mb resolution for 
analysis of DNA copy number changes by array comparative genomic hybridization. 
Genome Res. 14, 188–196 (2004).

30. Geigl, J.B. & Speicher, M.R. Single-cell isolation from cell suspensions and whole 
genome amplification from single cells to provide templates for CGH analysis. Nat 
Protoc. 2, 3173–3184 (2007).

31. van Beers, E.H. et al. A multiplex PCR predictor for aCGH success of FFPE samples. 
Br. J. Cancer 94, 333–337 (2006).
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