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Telomere shortening limits the proliferation of primary human
fibroblasts by the induction of senescence, which is mediated by
ataxia telangiectasia mutated-dependent activation of p53. Here,
we show that CHK2 deletion impairs the induction of senescence
in mouse and human fibroblasts. By contrast, CHK2 deletion did
not improve the stem-cell function, organ maintenance and
lifespan of telomere dysfunctional mice and did not prevent the
induction of p53/p21, apoptosis and cell-cycle arrest in telomere
dysfunctional progenitor cells. Together, these results indicate
that CHK2 mediates the induction of senescence in fibroblasts,
but is dispensable for the induction of telomere dysfunction
checkpoints at the stem and progenitor cell level in vivo.
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INTRODUCTION

Telomere shortening limits the proliferative capacity of human
cells by the induction of senescence or crisis (Wright & Shay,
1992). Studies on telomerase knockout mice (Terc™~) have shown
that telomere dysfunction enhances tissue atrophy and thus
impairs organ maintenance, resulting in a shortened lifespan of
the mice (Rudolph et al, 1999). Telomere shortening and an
increase in the expression level of markers of telomere dysfunction
are associated with shortened lifespan and the evolution of age-
associated diseases in humans (Cawthon et al, 2003; Lansdorp,
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2009), indicating that telomere shortening can contribute to
ageing and disease in humans.

Tissue atrophy in telomere dysfunctional mice correlates with
activation of the p53 pathway (Chin et al, 1999; Wong et al, 2003;
Choudhury et al, 2007; Schaetzlein et al, 2007). It has been shown
that deletion of p21 elongates the lifespan of primary human
fibroblast cultures (Brown et al, 1997) and improves stem-cell
function and organ maintenance in telomere dysfunctional mice
(Choudhury et al, 2007), indicating that checkpoint responses
to telomere dysfunction are conserved in cell culture and
in vivo models.

CHK2 is the downstream target of the ataxia telangiectasia
mutated (ATM) kinase, which is the primary mediator of
checkpoint induction in response to DNA double-strand breaks.
Short hairpin RNA (shRNA)-mediated knockdown of CHK2 was
sufficient to abrogate the induction of p53 and senescence in
cultured human fibroblasts (Gire et al, 2004). To decipher the
in vivo role of CHK2 in telomere-driven ageing, we crossed CHK?2
knockout mice (Hirao et al, 2002) with Terc”~ (Rudolph et al,
1999). This study shows that CHK2 deletion cannot rescue the
progenitor cell function, organ maintenance and lifespan of
telomere dysfunctional mice, indicating that CHK2-independent
checkpoints limit the function of stem and progenitor cells in
response to telomere dysfunction.

RESULTS AND DISCUSSION

Stem-cell function, organ maintenance and lifespan
Terc*/=Chk2+/~ double-heterozygous mice were crossed with
third-generation Terc~/~Chk2%/~ mice to generate the experi-
mental cohorts (supplementary Fig STA online). On using this
mating scheme, intercross G4 (iG4) Terc”’~ mice show telomere
dysfunction, impaired organ maintenance and a shortened
lifespan, whereas intercross Terc*/~ (iF1 Terc*’") littermates
show a rescue in telomere function, organ maintenance and
lifespan (Hemann et al, 2001; Choudhury et al, 2007). In
agreement with previous studies, iG4 Terc”~ mice from our
cohorts showed a shortened lifespan compared with iF1 Terc*/~
mice (Fig TA). Of note, CHK2 deletion did not affect the lifespan of
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Fig 1| CHK2 deletion does not rescue progeroid phenotypes of telomere dysfunctional mice. (A) Survival curves for iFI Terc*/~Chk2*'* mice (n=54),

iFI Terc*/~Chk2~/~ mice (n=22), iG4 Terc™/~Chk2+'* mice (n=24) and iG4 Terc~'~Chk2~/~ mice (n=15). (B) Representative photographs of haematoxylin
and eosin-stained longitudinal sections of the small intestine of 9-12-month-old mice of the indicated genotypes. Scale bars, 200 pm. (C) Histogram of the
number of basal crypts per vision field (original magnification x 100) in the small intestine of 9-12-month-old mice of the indicated genotypes (n=4-5

mice per group). (D) Histogram of the percentage of haematopoietic stem cells (that is, CD34~/°LSK cells) in total BM cells of 9-12-month-old mice of the
indicated genotypes (1 =4-6 mice per group; data are shown as mean; error bars represent s.d.). (E) Histogram showing percentage of B cells and myeloid

cells in WBCs of the BM of 9-12-month-old mice of the indicated genotypes (rn=4-6 mice per group; data are shown as mean; error bars represent s.d.).

(F) Histogram showing percentage of donor-derived WBCs, 3 months after competitive transplantation for the indicated genotypes (n=3-6 mice per group;
data are shown as mean; error bars represent s.d.). BM, bone marrow; iFl, intercross; iG4, intercross G4; NS, non-significant; WBC, white blood cell.

iF1 Terc*/~ or iG4 Terc~'~ mice (Fig 1A) and CHK2 deletion did  in the body weight of 9-12-month-old iG4 compared with
not lead to an increase in cancer formation (data not shown). age-matched iF1 Terc*/~ mice, but CHK2 deletion did not rescue

The reduction in the lifespan of iG4 Terc~/~ mice was associated  these phenotypes (Fig 1B,C; supplementary Fig S1B-D online).
with impaired maintenance of intestinal epithelium and reduction =~ CHK2 deletion also did not rescue telomere shortening in iG4
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Terc”’~ mice (supplementary Fig S2A online). Similarly, the
quantification of anaphase bridges—a tissue marker of telomere
dysfunction (Kirk et al, 1997; Rudolph et al, 2001)—showed
no rescue by CHK2 deletion (supplementary Fig S2B,C online).
Chromosome fluorescence in situ hybridization on basal intestinal
crypts showed that CHK2 deletion did not provoke an increase
in chromosomal aberration (ploidy change) in iG4 Terc™/~
mice (supplementary Fig S2D online), as it was detected
in response to intestinal deletion of p53 in previous studies
(Begus-Nahrmann et al, 2009).

Impairments in haematopoietic stem-cell (HSC) function and
lymphopoiesis are further age-related phenotypes that are induced
by telomere dysfunction in both mice and humans (Ju et al, 2007;
Rossi et al, 2007). Previous studies have shown a reduced number
of HSCs (c-Kit-positive, Scal-positive, Lineage-negative, CD34
low/negative = CD34!~LSK cells) in the bone marrow of aged
telomere dysfunctional mice compared with age-matched wild-
type mice (Choudhury et al, 2007; Ju et al, 2007; Schaetzlein et al,
2007). The deletion of CHK2 did not rescue the maintenance of
HSCs or skewing of haemato-lymphopoiesis (that is, a decrease in
B-lymphopoiesis and increase in myelopoiesis) in the bone
marrow of iG4 Terc”’~ mice (Fig 1D,E). HSCs from 9-12-
month-old iG4 Terc’~ mice had a significantly reduced
repopulation capacity compared with those from iF1 Terct/~
mice, which was not rescued by CHK2 deletion (Fig 1F). Together,
these data show that CHK2-independent mechanisms impaired
the function of intestinal and haematopoietic stem and progenitor
cells in response to telomere dysfunction.

Telomere dysfunction induced checkpoints

To elucidate the failure of CHK2 deletion to rescue organ
maintenance in ageing telomere dysfunctional mice, we focused
on the intestinal epithelium, which shows high rates of cell
turnover during a lifetime (Barker et al, 2007). Intestinal atrophy
in ageing iG4 mice has been associated with impaired cell
proliferation in progenitor cells located in the basal crypts of the
intestinal epithelium (Choudhury et al, 2007; Schaetzlein et al,
2007). An analysis of cell proliferation markers—proliferating cell
nuclear antigen (PCNA) and Ki67—in intestinal basal crypts
revealed that CHK2 deletion did not rescue the induction of cell-
cycle arrest in telomere dysfunctional mice (Fig 2A,B; supple-
mentary Fig S3 online). CHK2 deletion also did not rescue the
elevated rates of apoptosis in 9-12-month-old iG4 Terc~'~ mice
(Fig 2C,D), or the activation of p53 and p21 in the telomere
dysfunctional intestine (Fig 2E-H). Together, these results indicate
that CHK2-independent mechanisms mediate the activation of
p53 and p21 as well as the induction of cell-cycle arrest and
apoptosis in response to telomere dysfunction in intestinal
progenitor cells. Owing to the absence of transplantation assays
for the assessment of intestinal stem-cell function, it was not
possible to prove formally the CHK2-independent induction of
checkpoints in response to telomere dysfunction at the intestinal
stem-cell level.

CHK2-dependent senescence in fibroblasts

The results on CHK2-independent induction of checkpoints
in progenitor cells of mice with dysfunctional telomeres stood in
contrast to the significant role of CHK2 in the induction of
senescence in primary human fibroblasts (Takai et al, 2002;
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Gire et al, 2004). Infection of late-passage, primary human B)
fibroblasts with lentiviral vectors expressing a CHK2-directed
shRNA confirmed that CHK2 knockdown abrogated the induction
of senescence, resulting in positive selection of CHK2-knockdown
cells and improved proliferation rates of human fibroblast cultures
at late passage (supplementary Fig S4A-C online). Similar results
were obtained for mouse ear fibroblasts. Genetic deletion of
CHK2 rescued proliferation of iG4 Terc~~ fibroblasts (supple-
mentary Fig S4D online). These experiments on mouse fibroblasts
were carried out under low-stress conditions (3% oxygen),
suggesting that CHK2 deletion can rescue telomere-dependent
senescence in cell culture. However, the improvement in
cell proliferation of Terct/* Chk2=/= fibroblasts compared
with Terc*/+ Chk2+/+ fibroblasts indicates that stress-induced
culture conditions (independent of oxygen) can limit fibroblast
proliferation in a CHK2-dependent manner. The relative
contribution of CHK2 to the induction of telomere-dependent
and telomere-independent senescence in fibroblast senescence
remains to be analysed. A challenge for these experiments
is that oxygen-independent stress factors that contribute to
induction of telomere-independent senescence in fibroblasts are
not well defined.

In contrast to the cell culture data, the deletion of CHK2 did
not rescue organ maintenance in ageing telomere dysfunctional
mice (Figs 1,2). These findings demonstrate that CHK2 is
dispensable for the induction of DNA-damage checkpoints in
stem and progenitor cell compartments in response to telomere
dysfunction in vivo.

Localization of CHK2 in response to telomere dysfunction
Previous studies have shown that ATM is activated in response to
telomere dysfunction in fibroblasts (d’Adda di Fagagna et al,
2003). In agreement with these data, phosphorylation of ATM was
seen in western blot analysis and immunofluorescence staining of
the intestinal epithelium of iG4 and iG4 Chk2~'~ mice (Fig 3A;
supplementary Fig S5A,B online). In line with ATM activation,
western blot and immunofluorescence staining showed an
upregulation of phospho-CHK2 (T68) in intestinal progenitor
cells of 9-12-month-old iG4 Terc~~ mice compared with iF1
Terc*’/~ mice (Fig 3B-D; supplementary Fig S5C,D online).
Interestingly, the expression of activated CHK2 in ageing
telomere dysfunctional intestine was restricted to the cytoplasm,
indicating that activated CHK2 did not translocate to the
nucleus (Fig 3C; supplementary Fig S5D online). In contrast,
intra-nuclear expression of phospho-CHK2 was readily detectable
in terminally differentiated epithelial cells of the intestinal
villi of iG4 mice (Fig 3C), as well as in senescent human
fibroblasts (Fig 3E,F).

Together, these data indicate that CHK2 is phosphorylated in
response to telomere dysfunction. In contrast to senescent
fibroblasts, phosphorylated CHK2 did not translocate to the
nucleus in telomere dysfunctional progenitor cells of the intestinal
basal crypts. The cytoplasmic localization could be one of the
reasons for the failure of activated CHK2 to contribute to
activation of p53-dependent checkpoint responses in intestinal
basal crypt cells. This interpretation is in line with previous
findings showing that the failure of embryonic stem cells to induce
G1 cell-cycle arrest in response to y-irradiation is associated with
an impaired nuclear localization of activated CHK2 in response to
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Fig 2| CHK2 deletion does not ameliorate checkpoint induction in response to telomere dysfunction. (A) Representative photographs of PCNA-stained
crypts in the small intestine of 9-12-month-old mice of the indicated genotypes. Scale bars, 200 um. (B) Histogram showing the percentage of PCNA-
positive cells per crypt in the small intestine of 9-12-month-old mice of the indicated genotypes. (C) Representative photographs of apoptotic cells (green
nuclei) in basal crypts of the small intestine of 9-12-month-old mice of the indicated genotypes. Scale bars, 200 pm. (D) Histogram showing the number
of TUNEL-positive nuclei per basal crypt in the small intestine of 9-12-month-old mice of the indicated genotypes. (E) Representative photographs of p53
staining in crypts in the small intestine of 9-12-month-old mice of the indicated genotypes. Scale bars, 200 um. (F) Histogram showing the percentage of
p53-positive crypts in the small intestine of 9-12-month-old mice of the indicated genotypes. (G) Representative photographs of p21-stained crypts in the
small intestine of 9-12-month-old mice of the indicated genotypes. Scale bars, 200 pm. (H) Histogram showing the percentage of p21-positive crypts in
the small intestine of 9-12-month-old mice of the indicated genotypes (1 =4-5 mice per group; data are shown as mean; error bars represent s.d.).
PCNA, proliferating cell nuclear antigen; TUNEL, TdT-mediated dUTP nick end-labelling.

DNA damage (Hong & Stambrook, 2004). The current data The formation of DNA-damage foci represents the initial
suggest that this observation could also hold true for intestinal ~ response to telomere dysfunction leading to activation of
progenitor cells in vivo. ATM and ataxia telangiectasia and rad3-related (ATR) kinases
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control. (B) Western blot showing activation of phospho-CHK2 T68 in the small intestinal lysates of 9-12-month-old mice of the indicated genotypes.
The lower panel shows GAPDH expression for the loading control. (C) Representative photographs showing cytoplasmic localization of phosphorylated
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genotypes. Scale bar, 400 um. (D) Histogram showing the percentage of phospho-CHK2-positive cells per crypt in the small intestine of 9-12-month-
old mice of the indicated genotypes. (E) Representative photographs of phosphorylated CHK2 staining in human BJ fibroblasts at the indicated
population doubling. (F) Histogram showing the percentage of phospho-CHK2-positive fibroblasts at the indicated population doublings. (More than
100 cells were counted.) (G) Representative photographs of phospho-CHK1-stained crypts in the small intestine of 9-12-month-old mice of the
indicated genotypes. Scale bars, 400 um. (H) Histogram showing the percentage of phospho-CHK1-positive cells per crypt in the small intestine of
9-12-month-old mice of the indicated genotypes (n=4-5 mice per group; data are shown as mean; error bars represent s.d.). (I) Western blot on
small-intestinal protein lysates from 9-12-month-old mice of the indicated genotypes. The lower panel shows GAPDH expression for the loading
control. ATM, ataxia telangiectasia mutated; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; iFI, intercross; iG4, intercross G4.
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(Nalapareddy et al, 2008). ATM and ATR have both been
implicated in the induction of replicative senescence in fibroblast
cultures (Herbig et al, 2004) and it has been shown that these two
pathways are partly redundant in telomere maintenance (Bi et al,
2005). The deletion of ATM accelerated the ageing of telomere
dysfunctional mice (Wong et al, 2003). However, this accelerated
ageing possibly involved the role of ATM in the metabolism of
reactive oxygen species and telomere maintenance (lto et al,
2004; Silva et al, 2004) and thus did not allow us to draw a direct
conclusion on the role of ATM/CHK2 signalling in checkpoint
induction in response to telomere dysfunction. In contrast to ATM,
CHK2 has no direct role in anti-oxidant defence or telomere
capping but can rescue cell-cycle arrest induced by oxidative
DNA damage (Liu et al, 2009). The current study indicates
that CHK2 is dispensable for the induction of DNA damage
checkpoints in response to telomere dysfunction at the stem and
progenitor cell level and that CHK2 deletion cannot rescue the
organ maintenance and lifespan of telomere dysfunctional mice.

It is known that ATR-dependent activation of CHK1 is an
alternative route of p53 activation in response to various kinds of
DNA damage (d’Adda di Fagagna et al, 2003; Zou & Elledge,
2003; Jazayeri et al, 2006). Studies on exonuclease 1 showed
that exonuclease 1 deletion prevented the induction of ATR and
p53 in telomere dysfunctional mice (Schaetzlein et al, 2007). To
analyse the possible involvement of CHK1 activation in telomere
dysfunction-induced checkpoints in progenitor cells, the expres-
sion of phospho-CHK1 was determined in intestinal basal
crypts. Immunofluorescence staining of phosphorylated CHK1
showed nuclear staining of phospho-CHK1 in intestinal basal
crypts and progenitor cells of iG4 mice (Fig 3G,H). Immuno-
fluorescence on CHK1-shRNA-treated cells confirmed the staining
specificity (supplementary Fig S6A online). In addition, western
blot analysis of intestinal epithelium reconfirmed the activation of
CHKT in iG4 and iG4 Chk2~/~ mice (Fig 3I). These data are in
agreement with our previous observation on increased expression
of phospho-ATR in the intestinal basal crypt cells of telomere
dysfunctional mice (Schaetzlein et al, 2007). However, the
functional importance of CHK1 for the induction of DNA-damage
checkpoints in response to telomere dysfunction remains to be
demonstrated in vivo.

Together, these data show that CHK2 is dispensable for the
induction of DNA damage checkpoints in telomere dysfunctional
intestinal progenitor cells in vivo. Moreover, CHK2 (Fig 1F)
deletion could not rescue the repopulation capacity of telomere
dysfunctional HSCs as it was reported for p21 deletion
(Choudhury et al, 2007). The study supports the concept that
CHK2-independent pathways can contribute to the induction of
telomere dysfunction-induced checkpoints in stem and progenitor
cells. Together, these findings have an implication for regenerative
therapies aimed at improving the function of endogenous
stem and progenitor cells in the context of telomere dysfunction
and ageing.

METHODS

Mouse crosses and survival. The Chk2 knockout mice were
provided by T.W. Mak. For PCR genotyping, in the wild-type mice
a 600bp fragment was amplified and in Chk2 knockout mice,
exons 8-11 were deleted. The PCR primers flanking exons 8-11
resulted in a product of 900bp (supplementary Fig S6B online).
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Chk2+/= mice were crossed with Terc*/~ mice to generate
double-heterozygous mice, which in turn were intercrossed
through successive generations to produce G3 Terc~/~Chk2+/~
mice. Intercrosses between  Terct/~Chk2+/~ and G3
Terc/~Chk2*/~ mice generated the following experimental
cohorts: Terct/~Chk2+/+ (iF1 Chk2+’/*), Terct/~Chk2~'= (iF1
Chk1-/=), Terc’~Chk2+/+(iG4 Chk2*+/+) and Terc’/~Chk2~/~
(iG4 Chk2='=). Mice were bred on a C57BL/6) background.
Stainings for PCNA, Ki67, p53, p21CIP, phospho-CHK1 and
phospho-CHK2. Immunofluorescence was performed on 3 pm-
thick paraffin sections of the small intestine. Sections were
deparaffinized, rehydrated and permeabilized in T mM sodium
citrate buffer. Primary antibodies were used either overnight at
4°C or for 2h at room temperature (22-25°C): PCNA (Calbio-
chem, 1:150 dilution), Ki67 (Monosan, 1:800 dilution), p53
(Vector Labs, 1:500), p21CIP (Santa Cruz, 1:50), phospho CHK1
(Cell Signaling, 1:100) and phospho-CHK2 T68 (Cell Signaling,
Abcam, 1:100). The following secondary antibodies were used:
p21CIP and PCNA: anti-mouse-Cy3 (Zymed, 1:200); ki67 and
p53: anti-rabbit-Cy3 (Jackson Laboratories, 1:500); phospho-
CHK1 and phospho-CHK2: anti-rabbit-Cy3 or FITC (Jackson
Laboratories, 1:200) for 1-2 h at room temperature (22-25 °C).
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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