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BRCA1 is a checkpoint and DNA damage repair gene that

secures genome integrity. We have previously shown that

mice lacking full-length Brca1 (Brca1D11/D11) die during

embryonic development. Haploid loss of p53 completely

rescues embryonic lethality, and adult Brca1D11/D11p53þ /�

mice display cancer susceptibility and premature aging.

Here, we show that reduced expression and/or the

absence of Chk2 allow Brca1D11/D11 mice to escape from

embryonic lethality. Compared to Brca1D11/D11p53þ /�

mice, lifespan of Brca1D11/D11Chk2�/� mice was remarkably

extended. Analysis of Brca1D11/D11Chk2�/� mice revealed

that p53-dependent apoptosis and growth defect caused by

Brca1 deficiency are significantly attenuated in rapidly

proliferating organs. However, in later life, Brca1D11/D11

Chk2�/� female mice developed multiple tumors.

Furthermore, haploid loss of ATM also rescued Brca1

deficiency-associated embryonic lethality and premature

aging. Thus, in response to Brca1 deficiency, the activation

of the ATM–Chk2–p53 signaling pathway contributes to the

suppression of neoplastic transformation, while leading to

compromised organismal homeostasis. Our data highlight

how accurate maintenance of genomic integrity is critical

for the suppression of both aging and malignancy, and

provide a further link between aging and cancer.
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Introduction

Defects in DNA damage repair and cell cycle checkpoints

cause genetic instability, resulting in the accumulation of

mutations and eventual cancer development. The ATM–

Chk2–p53 pathway is involved in the DNA damage repair

network that is activated in response to DNA damage or

errors in cell cycle events (Bartek and Lukas, 2003; Kastan

and Bartek, 2004; Deng, 2006). Upon the occurrence of

double-stranded DNA breaks (DSBs), ATM directly phosphor-

ylates p53 on Ser-15 and Thr-68 on Chk2, which, in turn,

phosphorylates p53 on Ser-20, thereby helping to regulate the

cell cycle and apoptosis (Matsuoka et al, 1998; Hirao et al,

2000). Thus, Chk2 works as both a transducer acting in the

ATM–Chk2–p53 cascade and a candidate tumor suppressor.

Indeed, Chk2 mutations are found in some hereditary malig-

nancies, such as Li-Fraumeni Syndrome (Bell et al, 1999).

The tumor suppressor BRCA1 acts as both a checkpoint

and a DNA damage repair gene that secures genome integrity

(Deng and Wang, 2003; Deng, 2006). Brca1-null embryos

were embryonic lethal at days 7–8 (E7–E8), and could be

partially rescued by p53 or p21 deficiency (Hakem et al, 1997;

Ludwig et al, 1997; Shen et al, 1998). We showed that over

98% of mutant embryos carrying a hypomorphic mutation of

Brca1 (Brca1D11/D11) died at E12–E18, and haploid loss of p53

could completely suppress embryonic lethality (Xu et al,

2001). The Brca1D11/D11p53þ /� female mice developed tumors

in multiple organs with loss of heterozygosity (LOH) of p53.

As p53 mutations are present in about 50% of human cancers

and in 90% of BRCA1-associated mammary tumors (Schuyer

and Berns, 1999), it is important to identify other genetic

alterations that allow BRCA1 mutant cells to survive and

undergo malignant transformation. On the other hand, the

Brca1D11/D11p53þ /� male mice exhibited premature senes-

cence and aging due to p53 hyperactivity (Cao et al, 2003).

These results suggest that the absence of full-length Brca1

results in genomic instability/DNA damage, which leads to

p53 activation. It is not clear, however, how p53 becomes

activated in Brca1-deficient mice and leads to premature

aging.

Several mechanisms are thought to contribute to the

progression of aging, including apoptosis and senescence

(Hasty et al, 2003; Campisi, 2005; Lombard et al, 2005).

Current research suggests that compromised organismal

homeostasis is an important pathogenic factor in accelerated

aging (Wong et al, 2003). Tissue stem/progenitor cells govern

organismal homeostasis in somatic tissues through self-

renewal and differentiation of stem/progenitor cells. This is

important in the face of detrimental genetic and environ-

mental factors in order to avoid aging and tumorigenesis.

Apoptosis induced by DNA damage and genetic instability

may impair organ function. Cell cycle arrest may then affect

the self-renewal of tissue stem/progenitor cells and impair

their ability to replace these damaged cells.
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Recently, inactivation of Chk2 was found to rescue thymic

T-cell growth defects caused by Brca1 mutation, and enhance

tumorigenesis in thymus and mammary glands, with specific

targeting of Brca1 (McPherson et al, 2004). In this study, we

use a candidate approach to identify the genes involved in

p53 activation. Our data revealed that ATM–Chk2–p53 DNA

damage response (DDR) is activated in the absence of Brca1

during embryonic development and that DDR acts as a

natural barrier to eliminate cells carrying DNA damage.

Consistent with this, we demonstrated that either the loss

or haploid loss of Chk2 or ATM enables Brca1D11/D11mice to

survive to adulthood. These mice displayed delayed onset

of aging and tumor formation at lower frequency than the

Brca1D11/D11p53þ /� mice. These observations point to the

requirement of the ATM–Chk2–p53 signaling in governing

development and aging, as well as preventing malignancy in

late adulthood associated with Brca1 mutation.

Results

A genetic candidate approach to identify p53 pathway

regulation factors in response to Brca1 deficiency

During our initial study of Brca1D11/D11 embryos, we found

that about 1–2% of them, primarily male mice, survived to

adulthood (Xu et al, 2001). We followed 15 Brca1D11/D11 male

mice for 2 years, and found that the average lifespan of these

mice was 15 months. The Brca1D11/D11p53þ /� male mice,

however, had an average age of only 7.5 months. We hy-

pothesize that some genetic modifiers may account for the

prolonged survival. To investigate this, we used a candidate

approach to explore expression changes of genes that are

involved in the DNA damage repair network and/or p53-

mediated genotoxic stress pathway. We found that the

expression of Chk2 was downregulated in these mice

(Figure 1A). Interestingly, our further analysis revealed that

the expression of p53 was also downregulated to an extent

roughly correlated with the level of Chk2 (Figure 1A); this

finding suggests that the Brca1D11/D11 mice escaped from

embryonic lethality, possibly owing to impaired Chk2 and/

or p53 signaling. We therefore first tested whether inactiva-

tion of Chk2 could rescue the embryonic lethality of Brca1D11/D11

mice by introducing a Chk2-null mutation (Takai et al, 2002)

into these mice. We found that the absence of Chk2 comple-

tely rescued embryonic lethality caused by Brca1 deficiency

(Figure 1B and Supplementary Table I). In addition, about

32% of Brca1D11/D11Chk2þ /� mice also survived to adulthood

(Supplementary Table I).

Next, we tested Chk1, which is involved in the ATR–Chk1–

p53 signaling pathway at the DNA replication checkpoint.

Chk1-null embryos died at E4.5 (Liu et al, 2000); therefore,

we chose to test whether haploinsufficiency of Chk1 could

rescue embryonic lethality caused by Brca1 deficiency. Our

data indicated that heterozygosity of the Chk1 mutation could

partially rescue Brca1D11/D11 embryos, as about 80% Brca1D11/D11

Chk1þ /� mice were found alive at birth and died within 24 h

(Supplementary Table II). We have also tested the effect of

loss of function mutations of p19ARF, Pten, Bax, p21, Gadd45a

and Parp1, which are involved in various aspects of p53

functions, such as its stability, DNA damage repair pathway,

apoptosis and/or cell cycle regulation, but this failed to yield

any live Brca1D11/D11 mice above background levels (data not

shown).

Chk2 inactivation delays premature aging caused

by Brca1 deficiency

The Brca1D11/D11Chk2�/� mice survived to adulthood, en-

abling us to explore the possible connections among Brca1

deficiency, elevated p53 activity and the premature aging

phenotype of Brca1-deficient mice. We followed cohorts of

tumor-free Brca1þ /D11Chk2�/�, Brca1D11/D11Chk2�/� and

Brca1D11/D11p53þ /� male mice. The young Brca1D11/D11Chk2�/�

and Brca1D11/D11p53þ /� mice were healthy, although they

were infertile and smaller (Figure 1B and C). The body

weights of Brca1D11/D11p53þ /� and Brca1D11/D11Chk2�/� mice

were 70 and 85% of control mice (Brca1þ /D11Chk2�/�),

respectively, at ages younger than 6 months. At 7–8 months

of age, 80% of Brca1D11/D11p53þ /� mice exhibited signs of

premature aging and showed a substantially decreased body

weight compared to control mice (Figure 1D and E). In

contrast, only 10% (6/60) of the Brca1D11/D11Chk2�/� mice

showed a further decrease in body weight in this time period

(aging affected, Figure 1D). The majority of the Brca1D11/D11

p53þ /� mice died within 8 months, whereas the majority of

the Brca1D11/D11Chk2�/� mice were healthy at this age (Figure

1F and H). By 18 months of age, about 47% (9/19) of

Brca1D11/D11Chk2�/� male and 12.5% (2/16) of female mice

showed morphological signs of premature aging, such as

kyphosis (Figure 1G). Thus, although some Brca1D11/D11

Chk2�/� mice exhibited premature aging, their lifespan was

remarkably extended compared to the Brca1D11/D11p53þ /�

mice.

We next studied aging-related pathological changes, such

as reductions in dermal thickness, subcutaneous adipose

tissue of skin and osteoporosis in the long bones

(Supplementary Table III). Most Brca1D11/D11p53þ /� male

mice displayed decreased skin thickness (Figure 1I) and

reduced bone density, as revealed by decreased intensity of

X-ray images (Figure 1J) at 8 months of age, whereas only the

aging-affected Brca1D11/D11Chk2�/� male mice showed similar

changes at this time (Figure 1J). This suggests that inactiva-

tion of Chk2 attenuates aging-related pathological changes

and delays premature aging caused by Brca1 deficiency

compared with the p53þ /� mutation.

Chk2 inactivation represses p53-mediated apoptosis

in Brca1-deficient mice

It has been suggested that apoptosis is a major factor that

causes premature aging by the disruption of normal organis-

mal homeostasis (Zhang and Herman, 2002). We therefore

performed histological analysis of both young and elderly

mouse organs, focusing on the gastrointestinal tract, which is

dependent on a highly renewable epithelium. By H&E stain-

ing, 80% of 8-month-old Brca1D11/D11p53þ /� mice showed

villous atrophy in the small intestine (Figure 2A, right upper

panel), but fewer than 10% of the Brca1D11/D11Chk2�/� mice

showed this abnormality (Figure 2A, right lower panel). To

see if apoptosis contributed to these aging-related changes,

we examined the degree of apoptosis in the small intestine by

TUNEL assay. We found that massive apoptosis occurred in

the Brca1D11/D11p53þ /� mouse intestinal villi (Figure 2B, right

upper panel), but not in the crypts containing rapidly dividing

cells. In contrast, there was less apoptosis in the Brca1D11/D11

Chk2�/� mice (Figure 2B, right lower panel). In addition, we

found that p53 was highly expressed in the intestinal villi

from Brca1D11/D11p53þ /� mice (Figure 2C, right upper panel),
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but not in Brca1D11/D11Chk2�/� mice (Figure 2C, lower panel).

These results suggest that apoptosis induced by Brca1 defi-

ciency is p53-dependent; however, it can be inhibited by

Chk2 inactivation. These data also suggest that the absence

of Chk2 might block p53 hyperactivity caused by Brca1

deficiency.

To address this further, we studied ionizing radiation

(g-IR)-induced apoptosis in thymocytes, which is known to

be mediated by p53 (Clarke et al, 1993). We found that Brca1

deficiency resulted in a p53-dependent decrease of thymocyte

viability under normal culture condition (Supplementary

Figure 1A) and p53-dependent increase of apoptosis upon

g-IR treatment (Supplementary Figure 1B). Significantly, the

absence of Chk2 restored the viability and apoptotic levels of

Brca1D11/D11 cells to wild-type levels (Supplementary Figure

1A and B). Our data also indicated that Chk2–p53 signaling is

activated in response to Brca1 deficiency and that the absence

of Chk2 attenuated p53 induction (Supplementary Figure

1C). These results suggested that the increased apoptosis

in Brca1-deficient mice is mediated by Chk2–p53 signaling

pathway, and that the absence of Chk2 blocks p53-dependent

apoptosis. Thus, the reduction of Chk2–p53 signaling-

mediated apoptosis may prevent loss of organismal homeo-

stasis caused by Brca1 deficiency-associated DNA damage.

ATM–Chk2–p53 pathway is activated in response to

Brca1 deficiency-associated DNA damage

As our data indicated that Brca1 deficiency triggers Chk2

activation and p53-dependent apoptosis, we hypothesized

that the Chk2–p53 signaling pathway might be activated in

Figure 1 Inactivation of Chk2 rescues embryonic lethality and premature aging caused by Brca1 deficiency. (A) Western blot analysis of spleen
and thymus from natural-survived Brca1D11/D11 mice for Chk2 and p53 expression (n¼ 6). (B, C) Photograph of postnatal 1-month-old wild-
type, Brca1D11/D11Chk2�/� and Brca1D11/D11p53þ /� mice. (D) Body weights of Brca1D11/D11Chk2�/� and Brca1D11/D11p53þ /� male mice (each time
point, n¼ 10; aging-affected Brca1D11/D11Chk2�/� mice, n¼ 6). (E) Photograph of 8-month-old Brca1þ /D11p53þ /� and Brca1D11/D11p53þ /� mice.
(F, G) Photograph of 8-month-old aging-unaffected (F) and aging-affected (G) Brca1D11/D11Chk2�/� mice. An arrow in (G) points to severe
kyophosis. (H) Lifespan of Brca1þ /D11Chk2�/� male and female mice (n¼ 15), Brca1D11/D11Chk2�/� female male (n¼ 30), Brca1D11/D11Chk2�/�

male mice (n¼ 20) and Brca1D11/D11p53þ /� male mice (n¼ 14) (F: female; M: Male). (I) Skin histologic section of 8-month-old Brca1þ /D11

p53þ /�, Brca1D11/D11p53þ /� and Brca1D11/D11Chk2�/� male mice (n¼ 4). (J) Long-bone radiograph of 8-month-old Brca1þ /D11p53þ /�, Brca1D11/D11

p53þ /� and Brca1D11/D11Chk2�/� male mice (n¼ 4).

ATM–Chk2–p53 signaling in aging and tumorigenesis
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response to DNA damage and/or genomic instability asso-

ciated with Brca1 deficiency. To test this hypothesis, we

examined whether Brca1 deficiency could induce DNA da-

mage and activate p53 in vivo. We stained embryonic tissues

of wild-type, Brca1D11/D11 and Brca1D11/D11Chk2�/� embryos

using an anti-g-H2AX antibody. Phosphorylation of histone

H2AX (g-H2AX) is among the earliest ATM-dependent re-

sponses to DNA double-strand breaks (Rogakou et al, 1998;

Burma et al, 2001). Our analysis detected massive g-H2AX

foci in Brca1D11/D11 (Figure 3B and I), Brca1D11/D11Chk2�/�

(Figure 3C and I) and Brca1D11/D11p53�/� (data not shown)

embryonic brain tissue, but not in controls (Figure 3A and I).

These results indicated an accumulation of un-repaired DNA

double-strand breaks in Brca1 mutants, but not in control

embryos. Next, we tested whether p53 was activated in the

Brca1 mutant embryos by using an antibody specific to

phosphorylated Ser23 of p53, which is dependent on Chk2

activation (Matsuoka et al, 1998; Hirao et al, 2000). We

detected markedly increased levels of p53-Ser23 phosphor-

ylation in Brca1D11/D11 embryonic brain tissues (Figure 3F and

I) compared with the controls (Figure 3E and I). In contrast,

the level of p53-Ser23 phosphorylation was significantly

lower in Brca1D11/D11Chk2�/� embryonic brain tissue (Figure

3G and I).

In our crosses between Brca1 mutant mice and other

mutant strains, interestingly, we found that haploid loss or

complete loss of ATM could also overcome embryonic leth-

ality caused by Brca1 deficiency (Supplementary Table IV).

Using this strain of mice, we investigated whether Chk2–p53

activation in Brca1 mutant cells is ATM dependent. We

showed that despite the formation of g-H2AX foci in

Brca1D11/D11Atm�/� embryonic brain tissue (Figure 3D and

I), p53-Ser23 foci were diminished (Figure 3H and I). In

addition, Western blot analysis revealed Chk2 phosphoryla-

tion in Brca1D11/D11p53�/� mouse embryonic fibroblast (MEF)

cells, but not in Brca1D11/D11Atm�/� MEF cells (Figure 3J).

These observations provide compelling evidence that the

activation of Chk2 in Brca1-mutant cells is ATM dependent.

Recent studies indicated that overexpression of certain

oncogenes could cause stalled or collapsed replication

forks, which activate the ATR/ATM-regulated checkpoint,

followed by DNA double-strand breaks leading to ATM-

Chk2 activation (Bartek and Lukas, 2003; Kastan and

Bartek, 2004; Bartkova et al, 2005; Gorgoulis et al, 2005).

To investigate whether the activation of DDR in Brca1-

deficient cells was also caused by replication errors, we

performed further studies using a number of molecular

markers. Our analyses on cell proliferation using BrdU label-

ing (Supplementary Figure 2A–D) and immunohistochemical

staining using an antibody to the proliferation cell nuclear

antigen (PCNA), which binds to replication forks, failed to

reveal a significant difference between Brca1D11/D11 and wild-

type embryos (Supplementary Figure 2E). We also detected

no apparent alterations in expression/activation of ATR and

Chk1 in Brca1 mutant embryonic tissues and MEF cells

(Supplementary Figure 2F–H). These observations provide

compelling evidence that the ATM–Chk2 pathway is specifi-

cally activated owing to DNA damage caused by Brca1

deficiency. The activation of ATM–Chk2 signaling, in turn,

triggers phosphorylation of p53, leading to p53-dependent

apoptosis.

Consistent with this, by TUNEL assay, we detected high

levels of apoptosis in Brca1D11/D11 embryos, but not in

Brca1D11/D11Chk2�/�, Brca1D11/D11Atm�/� and Brca1D11/D11

p53�/� embryos (Supplementary Figure 2I–L and data not

shown). Moreover, although the Brca1D11/D11Atm�/� mice

Figure 2 The absence of Chk2 inhibits p53 activity and p53-
mediated apoptosis caused by Brca1 deficiency. (A) Small intestine
histologic section of 8-month-old Brca1þ /D11p53þ /�, Brca1D11/D11

p53þ /�, Brca1D11/D11Chk2�/� (aging unaffected) and Brca1D11/D11

Chk2�/� (aging affected) male mice (n¼ 5). (B) TUNEL-assay on
small intestine from 8-month-old Brca1þ /D11p53þ /�, Brca1D11/D11

p53þ /�, Brca1D11/D11Chk2�/� (aging-unaffected) and Brca1D11/D11

Chk2�/� (aging affected) male mice (n¼ 4). (C) p53 expression
detected by immunohistochemical staining using an antibody to
p53 in small intestine from 8-month-old Brca1þ /D11p53þ /�,
Brca1D11/D11p53þ /�, Brca1D11/D11Chk2�/� (aging-unaffected) and
Brca1D11/D11Chk2�/� (aging-affected) male mice (n¼ 4).
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died of lymphoma before 6 months of age similar to Atm�/�

mice (Barlow et al, 1996), the lifespan of Brca1D11/D11Atmþ /�

mice was extended. In a total of 15 Brca1D11/D11Atmþ /� mice

followed up to 15 months of age, none developed the

premature aging phenotypes yet. We believe that the apop-

tosis occurring in highly renewable adult organs and in the

rapidly growing embryos may be caused by p53 activation.

Hence, the absence of Chk2 or ATM attenuates p53-depen-

dent apoptosis and delays the onset of premature aging

caused by Brca1 deficiency.

Chk2 inactivation attenuates stem/progenitor cell

growth arrest in aging-affected Brca1-deficient mice

Aging is characterized by a gradual decline in organ function

and may be due, in part, to impaired self-renewal of stem/

progenitor cells. To address the effect of Brca1 deficiency in

tissue stem/progenitor cells, we performed a BrdU labeling

assay in transit amplifying (TA) cells to reflect the stem/

progenitor cell self-renewal capacity. The small intestine is

the most rapidly renewing organ with the stem cells located

in the intestinal crypts. The crypt stem cells divide by self-

renewal to produce TA cells. The TA cells, in turn, undergo

a number of rapid cell divisions, and differentiate into the

mature epithelial cell types (Foulkes et al, 2003). Fewer BrdU

positive cells were seen in the Brca1D11/D11p53þ /� mice

(Figure 4A, right upper panel than in control mice), although

no difference was observed in younger mice (data not

shown). In contrast, in age-matched Brca1D11/D11Chk2�/�

mice, the majority showed no difference (Figure 4A, left

lower panel), and only some aging-affected Brca1D11/D11

Chk2�/� mice showed decrease of BrdU-positive TA cells

(Figure 4A, right lower panel).

Skin is another rapidly renewable organ. Under normal

physiological conditions, the process of cell renewal is not as

quick as it is in the intestine. Upon wounding/injury, TA cells

rapidly proliferate and differentiate to generate more natural

cells to repair the wound (Lehrer et al, 1998). Skin wound-

healing assays, followed by BrdU-labeling of the TA cells,

showed that fewer BrdU-positive TA cells were seen in

Brca1D11/D11p53þ /� (Figure 4B, right upper panel) and in

aging-affected Brca1D11/D11Chk2�/� mice than in wild-type

mice (Figure 4B, right lower panel). On the other hand,

aging-unaffected Brca1D11/D11Chk2�/� mice did not show a

decrease in BrdU-positive TA cells (Figure 4B, left lower

panel). These results suggest that Chk2 activation caused

by Brca1 deficiency impairs tissue stem cell self-renewal

capacity and may account for the decline in organ function

seen in aging. Taken together, again our data suggested that

aging might be caused by multiple factors such as apoptosis

and tissue stem cell depletion, which can be induced by DNA

damage and/or genomic instability.

Chk2–p53 signaling pathway-mediated apoptosis

suppresses Brca1-associated tumor formation in

a tissue-specific manner

We next studied tumor development in Brca1D11/D11Chk2�/�

mice. Our data indicated that 72% (16/22) of the Brca1D11/D11

Chk2�/� female mice developed mammary tumors by 16

Figure 3 Activation of the ATM–Chk2–p53 signaling pathway in response to Brca1 deficiency in embryogenesis. (A–D) g-H2AX staining on
brain tissues of wild-type, Brca1D11/D11, Brca1D11/D11Chk2�/� and Brca1D11/D11Atm�/� E12.5 embryos (n¼ 3). (E–H) p53-Ser23 staining on brain
tissues of wild-type, Brca1D11/D11, Brca1D11/D11Chk2�/� and Brca1D11/D11Atm�/� E12.5 embryos (n¼ 3). (I) Quantification of the g-H2AX and
p53-Ser23-positive cells. (J) Western blot analysis of Atm, Chk2 and p53 expression of passage 1 MEF cells of wild type, Brca1D11/D11p53�/�

and Brca1D11/D11Atm�/� in treated or untreated with g–irradiation.
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months of age with a mean age of 12 months (Figure 5A and

Supplementary Figure 3A). Previously, we have reported

that only 10% of the mice carrying a Cre/LoxP-mediated

mammary-specific deletion of Brca1 exon 11 (Brca1Co/Co;

MMTV-Cre) developed mammary tumors by 18 months of

age (Xu et al, 1999). The comparison between Brca1Co/Co;

MMTV-Cre and Brca1D11/D11Chk2�/� mice indicates that the

absence of Chk2 enhances Brca1-associated mammary

tumor, underscoring an important role for Chk2–p53 signal-

ing in suppression of Brca1-associated mammary tumor

formation.

We also compared the tumor spectrum between Brca1D11/D11

Chk2�/� and Brca1D11/D11p53þ /� female mice. The Brca1D11/D11

p53þ /� female mice developed multiple tumor types, which

is similar to those seen in Li-Fraumeni Syndrome, including

mammary tumor, sarcoma, lymphoma, lung cancer, liver

cancer and brain tumors (Kleihues et al, 1997). In contrast,

the Brca1D11/D11Chk2�/� mice developed mostly mammary

and ovarian tumors (Figure 5B). As p53 is also required for

controlling the G1/S checkpoint after DNA damage, we

compared the p53-dependent G1 cell cycle arrest of wild-

type, Brca1D11/D11, Brca1D11/D11Chk2�/�, Chk2�/�, Brca1D11/D11

p53�/� and p53�/� MEF cells in response to g-IR. Upon g-IR,

wild-type cells exhibited G1 arrest as indicated by 66%

reduction in BrdU-positive cells compared with untreated

cells. Brca1D11/D11 and Brca1D11/D11Chk2�/� cells exhibited a

more significant decrease of BrdU-positive cells than wild-

type cells, suggesting that these cells not only have an intact

G1/S checkpoint but also display a stronger checkpoint than

wild-type cells. In contrast, only a slight reduction in the

BrdU-positive population was observed in p53�/� and

Brca1D11/D11p53�/� MEF cells (Figure 5C and Supplementary

Figure 3B and C). Taken together, these data again suggest

that Chk2-p53 pathway-mediated apoptosis acts as important

factor in the suppression of Brca1-associated mammary

tumor formation. The intact p53-dependent G1/S checkpoint

in Brca1D11/D11Chk2�/� mice may contribute to the more

limited spectrum, lower frequency and late onset of tumors

observed in these mice.

In human, p53 mutations are found in about 50% of

sporadic breast cancer and about 90% of BRCA1-associated

breast cancer (Schuyer and Berns, 1999). To further address

whether the additional p53 mutations are required for tumor-

igenesis in Brca1D11/D11Chk2�/� tumors, we performed

Southern blot analysis for p53 on tumors from both

Brca1D11/D11Chk2�/� and Brca1D11/D11p53þ /� mice. All tumors

isolated from Brca1D11/D11p53þ /� mice lost the remaining

wild-type allele of p53. In contrast, all tumors from

Brca1D11/D11Chk2�/� mice had intact p53 (Figure 5D).

Moreover, Western blot analysis showed that Brca1D11/D11

p53þ /� tumor cell lines lost both p53 and p53-mediated

induction of p21 (Figure 5E). In contrast, p53 and p21 were

expressed in Brca1D11/D11Chk2�/� tumor cell lines, although

they failed to be induced at 6 h after g-IR (Figure 5E). p21,

however, could be induced 12 h after g-IR (Figure 5F). This

observation suggests that Chk2 plays a role in transient p21

induction after g-IR (up to 6 h); however, its induction is not

dependent on Chk2 function in the later phase after g-IR. To

test whether p53 could be induced by other genotoxic stres-

ses, we treated these cells with UVor 5-FU. We found that p53

was induced under both conditions (Figure 5G), whereas p21

expression was induced upon 5-FU treatment. The expression

of p21 was decreased upon UV treatment, perhaps owing to

UV-induced degradation (Bendjennat et al, 2003). These data

indicated that the p53 function was completely lost in

Brca1D11/D11p53þ /� tumors owing to LOH, whereas in

Brca1D11/D11Chk2�/� tumors, which showed no alterations of

p53 at genomic level, Chk2-mediated p53 function was

attenuated only partially. Our data highlight the importance

of p53-dependent apoptosis and the G1/S cell cycle check-

point in suppression of Brca1-associated tumorigenesis. In

addition, our data distinguish the role of p53-dependent

apoptosis and the G1/S cell cycle checkpoint in tumor onset

and tumor spectrum.

We also performed cytogenetic characterization of mam-

mary tumors derived from Brca1D11/D11p53þ /� and Brca1D11/D11

Figure 4 Activation of Chk2–p53 signaling in transit amplifying
stem cell proliferation. (A) BrdU-labeling assay for transit amplify-
ing cells of small intestine crypts from 8-month-old Brca1þ /D11

p53þ /�, Brca1D11/D11p53þ /�, Brca1D11/D11Chk2�/� (aging unaffected)
and Brca1D11/D11Chk2�/� (aging affected) male mice (n¼ 4). (B)
BrdU-labeling assay for transit amplifying cells of skin keratinocyte
from 8-month-old Brca1þ /D11p53þ /�, Brca1D11/D11p53þ /�, Brca1D11/D11

Chk2�/� (aging unaffected) and Brca1D11/D11Chk2�/� (aging af-
fected) male mice after wounded 3 days (n¼ 4). Number of BrdU-
positive cells in these areas were counted and shown in each panel.
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Chk2þ /� mice. We detected more extensive genetic instabil-

ity in tumors derived from Brca1D11/D11p53þ /� mice than in

tumors from Brca1D11/D11Chk2�/� mice (Supplementary

Figure 4A and B). Tumors developed from Brca1D11/D11

Chk2�/� mice were less diverse in their histopathology and

showed a higher mitotic index that was accompanied by

increased expression of several oncogenes, including cyclin

D1 and c-myc (Supplementary Figure 4C–F). These data

suggest that p53-mediated G1/S checkpoint serves as a

barrier against most alterations/mutations caused by Brca1

deficiency. However, some alterations/mutations, that is

those with significant survival and/or proliferation potential,

may overcome this barrier and eventually result in tumor-

igenesis in Brca1D11/D11Chk2�/� mice.

Senescence in aging and mammary tumorigenesis

Cellular senescence, which acts as a potential anticancer

mechanism, can be induced by multiple conditions, including

DNA damage, telomere shortening and oncogene expression

(Braig et al, 2005; Chen et al, 2005; Collado et al, 2005;

Michaloglou et al, 2005). Our previous observation that Brca1

deficiency causes both premature aging in adult mice and

senescence in cultured cells (Cao et al, 2003) suggests that

cellular senescence might be linked to premature aging. To

investigate this, we examined the replicative capacity of wild-

type, Brca1D11/D11, Chk2�/� and Brca1D11/D11Chk2�/� MEFs by

using a standard 3T3 immortalization protocol (Todaro and

Green, 1963). We found that Brca1D11/D11 MEFs displayed

a profound proliferation defect, which could be rescued

partially by the absence of Chk2 (Brca1D11/D11Chk2�/�) at

passage 1 (Supplementary Figure 3D) but not later passages

(data not shown). Using senescence-associated acidic

b-galactosidase (SA-b-gal) activity assay, we found that

Brca1D11/D11 and Brca1D11/D11Chk2�/� MEFs displayed similar

premature senescence phenotype starting at passage 2. By

passage 4, more than 50% of these cells, but not wild-type

and Brca1D11/D11p53�/� MEFs, showed SA-b-gal activity

(Figure 6A). To understand the mechanisms underlying cel-

lular senescence in Brca1D11/D11 and Brca1D11/D11Chk2�/� cells,

we examined the status of Chk2 and p53 in these cells. We

Figure 5 Incidence, latency, spectrum and p53 status in tumors from Brca1D11/D11p53þ /� and Brca1D11/D11Chk2�/� female mice. (A) Onset of
Brca1-associated mammary tumors of Brca1þ /D11Chk2�/�, Brca1D11/D11Chk2�/� and Brca1D11/D11p53þ /� female mice. (B) Tumor spectra
of Brca1D11/D11p53þ /� and Brca1D11/D11Chk2�/� female mice. (C) Analysis of the G1/S checkpoint of passage 1 wild-type, Brca1D11/D111,
Brca1D11/D11Chk2�/�, Chk2�/�, Brca1D11/D11p53�/� and p53�/� MEF cells (n¼ 3) upon 10 Gy g-IR. The percentage of BrdU-positive cells after
g-IR relative to the unirradiated controls was shown. (The profiles of FACS were shown in Supplementary Figure 3B and C.) (D) Southern blot
analysis of p53 on breast tumors (BT) and lymphomas (L) from Brca1D11/D11p53þ /� and Brca1D11/D11Chk2�/� mice by EcoRI digestion. Wild-type
(Wt) band (16 kb) and mutant (Mt) bands (8 kb) were indicated. (E) Western blot analysis for p53 and p21 of cell lines derived from
Brca1D11/D11p53þ /� and Brca1D11/D11Chk2�/� mice mammary tumors without (UT) and with 10 Gy g-IR after 6 h. (F) Time point of p21
expression of tumor cell lines from Brca1D11/D11p53þ /� and Brca1D11/D11Chk2�/� mice after 10 Gy of g-IR. (G) Western blot analysis of p53 and
p21 expression of tumor cell lines from Brca1D11/D11p53þ /� and Brca1D11/D11Chk2�/� mice by without (UT), 100 J/m2 of UV-irradiation
and 50 mg/ml of 5-fluorouracil (5-FU) treatment for 6 h.
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found that Chk2 phosphorylation was increased in passage 4

of Brca1D11/D11, and more dramatically in Brca1D11/D1p53�/�

MEF cells, but not in wild-type MEF cells (Figure 6B). These

data suggest that senescence may trigger Chk2 activation as

about 50% Brca1D11/D11 MEF cells had already undergone

senescence. Notably, p53 accumulation was also found in

Brca1D11/D11Chk2�/�cells, although it was slightly lower than

in Brca1D11/D11 MEF cells (Figure 6B). Thus, under cell culture

conditions, p53 can still be activated in the absence of Chk2,

perhaps by other upstream kinases, such as ATM. This

activation may be responsible for the reduced replicative

capacity and increased senescence in Brca1D11/D11Chk2�/�

cells.

Next, we studied the relationship between cell senescence

and premature aging on tissues of aging-affected Brca1D11/D11

p53þ /� and Brca1D11/D11Chk2�/� mice. We detected SA-b-gal

activity in kidney and brain in aging-affected mutant mice

but not in wild-type and mutant mice before aging onset

(Figure 6C and D). Next, we examined the effects of senes-

cence in Brca1-associated mammary tumor formation. Our

data detected increased SA-b-gal-positive staining in mam-

mary tissues of aged Brca1D11/D11Chk2�/� mice at premalig-

nant stages (Figure 6E). This observation suggests that Brca1

mutation also induces cellular senescence in this tissue in a

manner similar to other tissues. Interestingly, more pro-

nounced SA-b-gal-positive staining was detected in tissues

associated with hyperplasia, whereas the staining became

negative in the tumors (Figure 6E). These observations

demonstrate, in principle, that activation of DDR due to

Brca1 deficiency induces cell senescence, which serves as a

barrier to prevent cancer formation. Further alterations asso-

ciated with Brca1 deficiency may eventually inactivate DDR

and overcome senescence, leading to tumor formation in late

developmental stages.

Discussion

In this study, we showed that DNA damage and genetic

instability caused by BRCA1 deficiency-activated ATM–

Chk2–p53 mediated DDR, leading to apoptosis, senescence

Figure 6 Senescence in aging and tumorigenesis. (A) SA-b-gal staining of passage 4 MEF cells from wild-type, Brca1D11/D11, Brca1D11/D11p53�/�

and Brca1D11/D11Chk2�/� E14.5 embryos. (B) Western blot analysis for Chk2 and p53 expression of passage 4 MEF cells from wild-type,
Brca1D11/D11, Brca1D11/D11p53�/� and Brca1D11/D11Chk2�/� E14.5 embryos. (C) SA-b-gal staining of kidney from 8-month-old wild-type, Chk2�/�,
Brca1D11/D11p53þ /� and Brca1D11/D11Chk2�/� mice (aging affected). (D) SA-b-gal staining of brain from 8-month-old wild-type, Chk2�/�,
Brca1D11/D11p53þ /� and Brca1D11/D11Chk2�/� mice (aging affected). (E) SA-b-gal staining of normal and hyperplasia mammary tissue, and
mammary tumor Brca1D11/D11Chk2�/� female mice.
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and cell cycle arrest through distinct pathways. At the same

time, BRCA1 deficiency also impairs the DDR, resulting in

tumorigenesis (Figure 7). The ATM-Chk2 signaling acts in the

pathway involved in p53-dependent apoptosis in response to

genotoxic stress associated with BRCA1 deficiency. In em-

bryonic development, the ATM–Chk2–p53-dependent apop-

tosis acts as a natural selection to eliminate mutations in

individuals. In adult tissues, Chk2–p53 signaling pathway

acts as a ‘security gate’ to prevent neoplastic transformation

as manifested by the finding that the absence of either Chk2

or p53 results in tumorigenesis in Brca1 mutant mice.

However as a side effect, the hyperactivity of the Chk2–p53

pathway causes apoptosis and tissue stem cell depletion.

This may also compromise organism homeostasis, causing

premature aging.

BRCA1 plays critical roles in DNA damage repair and cell

cycle regulation through interacting with many proteins,

including the BRCA1-associated genome surveillance com-

plex (BASC) and several Fanconi anemia (FA)-associated

proteins (Wang et al, 2000; Rothfuss and Grompe, 2004;

Deng, 2006). Our data indicate that the absence of Brca1

results in the accumulation of un-repaired DNA damage, as

revealed by markedly elevated gH2AX foci formation, which

may be responsible for activation of ATM–Chk2–p53 signal-

ing. Recent studies demonstrated that oncogenic stress (over-

expression of oncogenes, such as cyclin-E or ras) could

activate the ATR/ATM-regulated checkpoint through dereg-

ulation of DNA replication and DNA damage (Bartkova et al,

2005; Gorgoulis et al, 2005). Specifically, it was proposed that

oncogenic stress might cause abnormalities in prereplication

complex maturation and/or stalled or collapsed replication

forks, which activate the ATR-H2AX/Chk1 cascade (Bartek

and Lukas, 2003; Kastan and Bartek, 2004). The collapsed

replication forks, consequently, result in double-strand

breaks, leading to the activation of the ATM-H2AX/Chk2-

p53 signaling (Bartkova et al, 2005; Gorgoulis et al, 2005).

Our analysis of Brca1 mutant cells failed to detect ATR and

Chk1 activation, suggesting that the DNA damage observed

in Brca1 mutant cells is caused by a different mechanism

rather than by replication errors. The activation of the ATM–

Chk2–p53 signaling pathway, in turn, acts as a natural barrier

to eliminate mutations during embryonic development and to

prevent neoplastic transformation in late life. However, the

‘hyperactivation’ of the ATM–Chk2–p53 signaling in response

to genotoxic stress induces apoptosis and stem cell depletion,

which may compromise organism survival and result in

premature aging. This study reveals the importance of ‘geno-

mic integrity’ and the balance of ATM–Chk2–p53 signaling

pathway regulation in both repressing tumorigenesis and

maintaining organism homeostasis.

Biochemical studies have shown that defects in Chk2–p53

checkpoint cascades might cause accumulation of mutations

and chromosomal aberrations, which is one of the hallmarks

of cancer cells (Bartek and Lukas, 2003; Motoyama and Naka,

2004). We have previously shown that p53-deficiency could

rescue embryonic lethality of Brca1D11/D11 embryos and allow

tumor formation in adult mice (Xu et al, 2001). These

findings suggest that suppression of apoptosis caused by

Brca1 deficiency is a part of the mechanism underlying

Brca1-associated tumorigenesis. The abolishing of apoptosis

in Brca1-deficient cells may give cells a chance to survive and

accumulate mutations, causing activation of oncogenes and/

or inactivation of tumor suppressor genes, eventually leading

to tumorigenesis. In this study, by crossing mice carrying

targeted mutations of genes that are involved in p53 activa-

tion, p53 stability and p53 downstream functions, we showed

that the loss of functions of either ATM or Chk2 can substitute

for p53 inactivation in Brca1-associated embryonic lethality

by inhibition of p53-mediated apoptosis. Brca1 mutant mice

in Chk2-deficient background escape from embryonic lethal-

ity and develop normally, but they are at risk for neoplastic

transformation later in life. Chk2 deficiency cooperates with

Brca1 mutation in mammary tumors even in the presence of

wild-type p53. However, the latency of mammary tumors in

Brca1D11/D11Chk2�/� mice is much longer and the frequency

of thymic lymphoma formation is also much lower

(Supplementary Figure 3E) than in Brca1D11/D11p53þ /� and

Brca1D11/D11p53�/� mice (Xu et al, 2001; Bachelier et al, 2003;

Cao et al, 2003). Our study revealed that although the

Brca1D11/D11Chk2�/� cells are defective in initiating apoptosis,

they maintain an ability to induce cell cycle arrest. As this cell

cycle arrest occurs only in Brca1D11/D11Chk2�/� cells, but not

in Brca1D11/D11p53�/� cells, we may define the cell cycle arrest

as p53-dependent and Chk2 independent. This observation

highlights the importance of p53-dependent cell cycle arrest

in suppression of thymic lymphoma in the absence of

apoptosis.

On the other hand, we also found that, similar to Brca1D11/D11

MEF cells, Brca1D11/D11Chk2�/� MEF cells undergo p53-

mediated senescence. These results indicate that the p53-

mediated cell cycle checkpoint and senescence play an

essential role in the suppression of tumorigenesis associated

with BRCA1 mutations, thus highlighting distinct roles of

p53-mediated apoptosis, cell cycle arrest and senescence in

tumorigenesis. Therefore, our data support the theory that

Chk2 acts as a tumor suppressor and distinguishes the role of

p53-dependent apoptosis and G1/S cell cycle checkpoint in

tumor onset and tumor development. These observations

reveal a significant difference between Chk2 and p53 in

Brca1- associated thymic lymphoma and mammary tumor

development, and they suggest that the ATM–Chk2–p53

signaling pathway-mediated apoptosis suppresses Brca1-

associated tumorigenesis in a tissue-specific manner.

Figure 7 Model of the ATM–Chk2–p53 signaling pathway upon
Brca1 mutation-associated premature aging and tumorigenesis.
ATM–Chk2–p53 signaling pathway senses DNA damage/genomic
instability and acts as a gatekeeper to eliminate mutations, but, as
a side effect, it may also lead to premature aging.
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We have previously shown that the Brca1D11/D11p53þ /�

male mice exhibit premature aging due to p53 hyperactivity

triggered by Brca1 deficiency (Cao et al, 2003). However, the

underlying mechanisms remain elusive. As Brca1D11/D11

Chk2�/� mice could survive to adulthood, and inactivation

of Chk2 only blocks p53-mediated apoptosis, but not the p53-

dependent cell cycle checkpoint and senescence, this allowed

us to further dissect the function of p53 signaling in pre-

mature aging. By comparing Brca1D11/D11p53þ /� and

Brca1D11/D11Chk2�/� male mice, we found that the premature

aging phenotypes of Brca1D11/D11Chk2�/� male mice were

significantly delayed. These mice also lost p53-dependent

apoptosis and transiently amplified progenitor cell growth

defects in adult renewable organs, but maintained the G1/S

cell cycle checkpoint and senescence. These data demon-

strate that DNA damage and/or tumor suppressor gene

mutation causes tumor formation and/or premature aging

(Vijg and Dolle, 2002; Campisi, 2003; Hasty et al, 2003). We

believe that continuous DNA damage associated with BRCA1

deficiency activates the ATM–Chk2 pathway and triggers p53

hyperactivation, leading to apoptosis and cell growth defects

and causing damage to individual cells and the depletion of

stem cell renewal capacity of organs/tissues. This eventually

results in the functional decline of organs and premature

aging.

Materials and methods

Mice and MEF cells
ATMþ /� (Barlow et al, 1996), Chk1þ /� (Liu et al, 2000), Chk2þ /�

(Takai et al, 2002) or p53þ /� (Donehower et al, 1992) mice were
crossed with Brca1þ /D11 (Xu et al, 2001) mice to generated double-
mutant mice. MEF cells were derived from E14.5 embryos generated
from intercrosses of Brca1/D11Chk2þ /� mice. For proliferation
analysis, 5�104 MEF cells were plated on six-well plates in DMEM
supplemented with 10% FBS.

BrdU labeling
BrdU (100 mg/kg of body weight) was injected i.p. into mice for 2 h.
The tissues were stained with BrdU staining bulk kit (ZYMED). The
passage 1 MEF cells were labeled with BrdU for 30 min before
stained by anti-BrdU (Becton-Dickinson) monoclonal antibody. The
cells were incubated with Alexa Flour conjugated goat anti-mouse
antibody (Molecular Probes), and propidium iodide (PI). Cellular
fluorescence was measured using FACSCalibur.

Histologic and immunohistologic analysis
For histology, tissues were fixed in 10% formalin, blocked in
paraffin, sectioned, stained with hematoxylin and eosin and
examined by light microscopy. Antibodies for ATM (a gift from
Eva Lee), p53-ser-20 (16G8, Cell Signaling), g-H2AX (Upstate),
PCNA (Ab-1, PC10, CALBIOCHM) Cyclin D1 (Santa Cruz) and
C-myc (Upstate) were used in the immunohistologic analysis.
Detection of primary antibodies was performed using the ZYMED
Histomouse TM SP Kit according to the manufacturer’s instruction.

Immunoblot analysis
Western blot analysis was accomplished according to standard
procedures using ECL detection (Amersham). The following
primary antibodies were used: p53 (Ab-7, Oncogene), p21WAF1

(Ab-6, Oncogene), Chk1 and Chk2 (Transduction Laboratories).
Horseradish peroxidase-conjugated anti-rabbit, sheep, and anti-
mouse antibodies (Amersham) were used as secondary antibodies.

Detection of apoptotic cells
For TUNEL assays of apoptotic cells on tissue sections, we used
embryos at E12.5. For flow cytometric detection of apoptosis,
thymocytes were isolated from 2–3-month-old animals fixed in 70%
ethanol, stained with PI and analyzed for sub-G0/G1 events on
a Becton-Dickinson FACSCalibur.

Senescence-associated acidic b-galactosidase activity assay
Acidic b-galactosidase activity was detected as described (Dimri
et al, 1995). Cells were washed with PBS (pH 7.2), fixed with 0.5%
glutaraldehyde in PBS (pH 7.2) for 5 min and then washed in PBS
(pH 7.2). The frozen tissues were cut (5 mm) and fixed in 1%
formalin in PBS for 1 min, then washed in PBS.

G1/S checkpoint analysis
G1/S checkpoint analysis in asynchronized population of cells was
performed according to a method described (Takai et al, 2002).
Briefly, 1 h after the MEF cells of passage 1 were treated with 10 Gy-
IR, cells were labeled with BrdU for 30 min before they were stained
with an antibody to BrdU and PI for DNA content, followed by flow
cytometry using a Becton-Dickinson FACSCalibur.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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