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Senescence may function as a two-edged sword that brings unexpected consequences to organisms. Here we
provide evidence to support this theory by showing that the absence of the Brcal full-length isoform causes
senescence in mutant embryos and cultured cells as well as aging and tumorigenesis in adult mice. Haploid
loss of p53 overcame embryonic senescence but failed to prevent the adult mutant mice from prematurely
aging, which included decreased life span, reduced body fat deposition, osteoporosis, skin atrophy, and
decreased wound healing. We further demonstrate that mutant cells that escaped senescence had undergone
clonal selection for faster proliferation and extensive genetic/molecular alterations, including overexpression
of cyclin D1 and cyclin A and loss of p53. These observations provide the first in vivo evidence that links cell
senescence to aging due to impaired function of Brcal at the expense of tumorigenesis.
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Senescence is considered the final phenotypic state dis-
played by cells in response to several distinct cellular
physiologic processes, including DNA replication (Hay-
flick 1965), oncogene activation (Serrano et al. 1997; Zhu
et al. 1998; Zindy et al. 1998), and oxidative damage
(Chen et al. 1995; von Zglinicki et al. 1995). This physi-
ologic response appears to trigger growth inhibition via
activation of the tumor suppressor p53, which conse-
quently up-regulates cyclin-dependent kinase (CDK) in-
hibitors p21, p19, and pl6 (Brown et al. 1997; Lundberg
et al. 2000). Senescent cells have a large, flat morphology
and high acidic B-galactosidase enzymatic activity and
are accompanied by profound growth defects (Dimri et
al. 1995). Because senescence prevents cell proliferation,
it is considered as a mechanism to suppress tumorigen-
esis (for review, see Campisi 2001). On the other hand,
senescence may render cells resistant to apoptosis
(Sasaki et al. 2001) and may also allow cells to undergo
clonal selection for mutations, as it was shown recently
that high-frequency genomic changes were detected in
cultured human mammary epithelial cells when they
emerged from senescence (Romanov et al. 2001). The
accumulated DNA damage could lead to the inactivation
of p53, and/or pl6, rendering growth advantages to the
cells. This, in turn, would allow further cellular changes,
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leading to immortalization and malignant transforma-
tion. Thus, it has been hypothesized that senescence
may protect organisms from cancers while young, but
promote carcinogenesis in later life (for reviews, see
Wynford-Thomas 1999; Campisi 2000, 2001; Fossel
2000; Reddel 2000).

Most combined familial breast and ovarian cancers
and ~40% of familial breast cancer cases have been
linked to mutations in the breast-cancer-associated gene
1 (BRCA1; Miki et al. 1994; Alberg and Helzlsouer 1997;
Brody and Biesecker 1998; Paterson 1998; Rahman and
Stratton 1998). In mouse, loss-of-function mutations of
Brcal result in embryonic lethality that is accompanied
by pleiotropic effects, including growth retardation,
apoptosis, defective DNA damage repair, centrosome
amplification, loss of G2/M cell cycle checkpoint, and
genetic instability (Deng and Scott 2000; Scully and Liv-
ingston 2000; Zheng et al. 2000; Venkitaraman 2002). In
mutant mice where Brcal is specifically disrupted in
mammary epithelial cells, tumorigenesis requires long
latency and is also associated with retarded ductal devel-
opment, apoptosis, and chromosome abnormality (Xu et
al. 1999a). Although these observations indicate that
BRCA1 may play important roles in multiple biological
processes, it raises questions about potential mecha-
nisms through which BRCA1 represses tumor forma-
tion. In particular, how can BRCA1 mutations result in
breast cancer if mutant cells fail to grow?

Investigations on the genetic interactions between
Brcal and p53 revealed that pleiotrophic phenotypes in
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Brcal mutant mice are, at least in part, caused by del-
eterious effects of p53 activation. It has been shown that
Brcal-null mutant embryos died at embryonic day 7-8
(E7-E8), and the embryonic lethality could be rescued
partially by p53 or p21 deficiency (Hakem et al. 1997;
Ludwig et al. 1997; Shen et al. 1998). Studying mutant
embryos carrying a hypomorphic mutation of Brcal
(Brca1”??/211) we showed that haploid loss of p53 could
completely rescue embryonic lethality (Xu et al. 2001).
The absence of p53 was found to relax cell cycle control
and decrease apoptosis. Therefore the mutant cells could
survive and proliferate, leading to tumorigenesis (Xu et
al. 2001). Consistently, it was found that BRCA1 familial
breast cancer tumors contain significantly higher rates of
p53 mutations than do sporadic cancers (Schuyer and
Berns 1999).

Activation of p53 also causes premature aging, which
is characterized by the age-related deterioration of physi-
ological functions necessary for the survival of an organ-
ism (Donehower 2002; Tyner et al. 2002). Aging happens
to all organisms and, because of its complexity, very
little is known about the underlying molecular mecha-
nism. Recent studies indicate that proteins involved in
DNA damage repair play an essential role in life-span
determination, as a number of mouse mutants carrying
targeted disruption of genes involving in DNA damage
repair exhibit premature aging (Vogel et al. 1999; De-
Pinho 2000; Kuro-o 2001; Mohaghegh and Hickson 2001;
de Boer et al. 2002). Considering a role of BRCA1 in DNA
damage repair and its extensive interactions with p53
(Scully et al. 1997; Gowen et al. 1998; Moynahan et al.
1999; Xu et al. 2001; Zhong et al. 2002), we hypothesize
that Brcal may also play a role in aging. Because human
BRCA1 homozygous mutation carriers are not viable
(Kuschel et al. 2001) and Brcal-null mutations in mouse
result in embryonic lethality (for review, see Deng 2002),
a link between BRCA1 and organismal aging processes

has not been established. The survival of Brca1*11/A1!
p53*/~ mice provides an opportunity to address this is-
sue.

In this study, we show that the Brcal®!! deficiency
triggers physiologic and pathologic responses, which are
manifested as p53-dependent, p21-associated senescence
at the cellular level and premature aging at the organis-
mal level. We demonstrate that senescence, although
limiting Brcal®??/211 cell proliferation, allows the cells
to undergo clonal expansion and immortalization at the
expense of genetic stability. The immortalized mutant
cells also exhibit overexpression of cyclin A and cyclin
D1, loss of p53, increased proliferation, and ultimately
undergo malignant transformation.

Results
Brcal®!'V/A p53+/~ mice exhibit aging phenotypes

Brcal®11/A11 p53*/~ mice survive to adulthood, and fe-
male mice develop mammary tumors, ovarian tumors,
and/or lymphoma before 12 mo of age (Xu et al. 2001). As
Brcal®11/A11 p53*/- male mice usually do not develop
mammary tumors, we have followed a cohort of mutant
male mice and found that the majority of them also died
within 1 yr of age. Our analysis indicated that ~30% of
mice developed lymphoma and died before they were 7
mo old (Bachelier et al. 2003). Starting from 8 mo of age,
the majority of mutant mice, although tumor-free, ex-
hibited a variety of phenotypes usually found in aging
mice and died from aging-related mortality (Table 1).
Compared with littermates or age-matched control
(p53*/~) mice, Brcal*'1/A11 p53*/~ mice were smaller (Fig.
1A) and had lower body weights (Fig. 1B). The differences
became more profound with increasing ages of animals
(Fig. 1C,D). We found that ~80% of mutant mice exhib-
ited kyphosis at varying severity (Fig. 1E). All the mutant

Table 1. Aging-related changes and tumorigenesis in p53*/~ and Brcal''»/'14 p53+/~ mice

Number of mice

Phenotypes p53+- Brcall1A/11A p53+/- affected/analyzed

Aging-related changes
Life span >12 mo 6-12 mo 45
Kyphosis normal pronounced after 8 mo 15/18
Osteoporosis normal pronounced after 8 mo 18/25
Wound healing normal decreased after 8 mo 4/4
Body weight normal greatly reduced after 6 mo 28/30
Dermal thickness normal reduced after 8 mo 12/14
Thickness of adipose layer of skin normal reduced after 8 mo 14/14
Adipose tissue normal reduced after 6 mo 7]7
Hair regeneration normal reduced after 8 mo 4/6
Muscle atrophy normal reduced after 6 mo 7]7
Anaesthetic stress tolerance normal reduced 3/8
Death of unknown reason normal 7-11 mo 10

Tumorigenesis in female mice
Mammary tumor 0/(11) 6-12 mo 13/19
Other types of tumor 1/(11) 7-10 mo 6/19P

2Bracal mutant mice (31 males and 14 females) that were >6 mo were followed for aging. All the males did not have an obvious tumor.
PThese tumors occurred at bone (2), brain (1), liver (1), lung (1), thymus (1), and spleen (2).
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mice were thin with very little fat (Fig. 1F). By radio-
graphic analysis, 70% of the mutant mice exhibited os-
teoporosis, as reflected by decreased bone radiodensity
(Fig. 1G). Histologic analysis confirmed a decrease in the
thickness of cortical bone (Fig. 1J) and bone loss in tra-
becular bones (Fig. 1K) relative to controls (Fig. 1H,I).
Reduced dermal thickness and subcutaneous adipose
tissue is often associated with human aging. Histologic
examinations of skin of 8-mo and older mutant mice
revealed a reduction in the thickness of dermis and fat
layer compared with age-matched control mice (Fig.
2A,B). No obvious skin changes were found in mutant
mice at younger age (data not shown). Some older mu-
tant mice also displayed unhealthy hair growth patterns
(data not shown) and chronic skin lesions, perhaps
caused by unhealed wounds from fighting (data not
shown). These abnormalities are usually observed in
naturally or genetically engineered aging mice (Chuttani
and Gilchrest 1995; Kuro-o et al. 1997; Rudolph et al.

Figure 1. Aging-related phenotypes in
Brcal11/A11 p53*/~ mice. (A) Photograph
of 3-month-old p53*/~ (all p53*/~ mice are
wild type for Brcal and are simply referred
to as Wt) and Brcal®'1/A11 p53+/~ (Mt) male
mice. (B) Body weights of p53*/~ and
Brcal?''/A11 p53+/- mice (including both
male and female, n = 65). Photograph of
8-month-old p53*/~ (C) and Brca1!'/A!!
p53*~ (D) female mice. (E) X-Ray radio-
graph of an 8-month-old Brcal®!/A!
p53*~ male mouse showing kyphosis (5
out of 18 mice examined exhibited this
phenotype). (F) Photograph of 8-month-old
female mouse, showing that all examined
mutant mice (n > 10) have less fat (arrows).
(G) Long-bone radiograph of 9-month-old
p53*~ and Brca1*'/211 p53+/~ mice; 18 out
of 25 mutant mice examined showed de-
creased bone density. (H-K) Haematoxy-
lin-eosin staining section of 10-month-old
p53*~ (H,I) and Brca1211/211 p53*/- (] K) fe-
male mice. The mutant mice exhibited de-
creased bone density (G), thinner cortical
bone (]), and reduced trabecular bones (K).
Most mice were tumor-free at the time
when they were analyzed.

1999; Vogel et al. 1999; Tyner et al. 2002). Aging is also
associated with decreased hair regeneration and a re-
duced capacity to respond to stresses such as wound
healing. To see if this is the case, we performed hair
regeneration and wound-healing studies. We found that
the mutant mice showed impaired hair regeneration
(data not shown) and delayed wound repair compared
with control mice (Fig. 2G). Histologic examinations of
the wounds revealed a reduction in re-epithelialization
from the wound edge in mutant mice (Fig. 2F) compared
with control mice (Fig. 2E). During the wounding experi-
ment, some older mutant mice died, suggesting that the
mutant mice had a reduced ability to tolerate the stress.
Some aging mice (six males and four females) were also
found dead without any apparent cause that would result
in death (Table 1). In addition to the targeted organ
analysis, three male mutant mice at 6.5, 8, and 9.5 mo old
were subjected to necropsy study. This analysis revealed
more extensive abnormalities in multiorgan/tissue sys-
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Figure 2. Skin-aging phenotypes in Brcal®!¥/21! p53*/~ mice. (A,B) Haematoxylin-eosin-stained section of 8-month-old p53*/~ (A) and
BrcalA11/A11 p53+/- (B) mice. The thickness of the dermal layer (d) and subcutaneous fat (f) is reduced in mutant mice. (C,D) Quan-
titative measurement of thickness of dermal layer (C) and fat layer (D; n = 14). (E,F) Haematoxylin-eosin-stained section at day 4
postwounding in 8-month-old p53*/~ (E) and Brca1*'"/2!! p53*/~ (F) female mice. Epithelialization is visible in control mice, but this
process is delayed in mutant mice (arrow in F'). (G) Comparison of wound healing in 11-month-old p53*/~ and Brca1®'/4!? p53*/~ male
mice (data were summarized from 12 wounds in 4 mutant mice and 12 wounds in 4 control mice). (H) Western blot analysis of p53
expression in 1-month-old (IM) and 6-month-old (6M) p53*/~ and Brcal''/*!! p53*/~ mice. Protein extracts (50 ng/lane) from spleen
were used for the assay. Three mutant and three control mice are shown at each time point.

tems in the 9.5-month-old animal than the younger ones
(Table 2). This observation is consistent with a view that
aging is characterized by a progressive decline of functions
of many organs, ultimately leading to death.

We also examined female Brca1®''/21? p53*/~ mice and
found that 13 out of 14 mice examined exhibited similar
aging phenotypes when they were >8 mo old. Of note, we
found that Brca12??/A11 p53*/~ female mice were prone
to tumorigenesis. In addition to mammary tumor forma-
tion, which is specific to females, 6 out of 19 developed
tumors in other organs, including lung, liver, spleen,
bone, thymus, and brain (Table 1). The high incidence of
tumorigenesis raises a possibility that premature aging
in the Brcal mutant female mice is secondary to tumor-
associated cachexia. However, our analysis of these tu-
mors indicated that five tumors (except for one brain
tumor) were small (<1 ¢cm in diameter), whereas the ani-
mals already showed pronounced aging phenotypes. In
addition, our study of Brcal®®/® MMTV-Crep53*/~ fe-
male mice, all of which developed mammary tumors
within 1 yr of age (Xu et al. 1999b), did not detect pre-
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mature aging. These observations provide compelling
evidence that impaired Brcal function also caused pre-
mature aging of female mice.

Recently, it was shown that activation of p53 results
in premature aging in mouse (Tyner et al. 2002). Because
the genetic instability associated with the Brcal muta-
tion could cause p53 activation, we were interested in
determining p53 levels in Brcal®!?/A!! p53*/~ mice.
Western blots on proteins extracted from the spleen of
1-month-old and 6-month-old mice detected higher lev-
els of p53 in Brcal®'/A21! p53*/- than in p53*/~ mice (Fig.
2H). This observation suggests that p53 activation plays
a role in premature aging of Brcal*??/21! p53*/~ mice.

Brcal®'V/A'' embryos show senescence

and senescence-like growth defects

We next investigated whether the embryonic lethality of
Brcal®1?/A11 embryos is associated with senescence, a
pivotal event in aging (Fossel 2000). We found that mu-
tant embryos exhibit acidic B-galactosidase activity, a



Table 2. Necropsy of Brcal mutant mice at 6.5, 8, and 9.5 mo

Brcal in senescence, aging, and tumorigenesis

Organ tissues?® Phenotypes 9.5 mo 8 mo 6.5 mo
Mandibular, lymph node lymphoid hyperplasia, mild +

Adrenal adenoma, cortex, unilateral +

Thyroid follicular dilatation, C cell hyperplasia +

Esophagus hyperplasia, hyperkeratosis +

Heart chronic cardiomyopathy +

Liver hepatocellular necrosis inflammation

Colon goblet cell hyperplasia +

Spleen marginal zone hyperplasia, decreased +

Stomach, glandular
Stomach, nonglandular
Ileum

Cecum

Kidney

Mesenteric, lymph node
Testis

extramedullary hematopoiesis
eosinophilic cytoplasmic globules
hyperplasia, hyperkeratosis
GALT hyperplasia
proliferative typhlitis
mineralization, minimal, multipfocal
lymphoid hyperplasia
tubular degeneration

+ o+ o+ o+

+ o+

Epididymis hypospermia +

Eye retina degeneration

Bone marrow granulacytic hyperplasia

Inguinal, lymph node pigment, lymphoid hyperplasia +

Bulbourethral gland cystic hyperplasia +

Nasal structures eosinophilic cytoplasmic globules respiratory + +

and olfactory epithelium inflammation

All three mice were alive at time of sacrificing. The 9.5-month-old mouse showed visible signs of aging, as judged by body size, weight,

fur appearance, and movement.

2Qrgan/tissue systems examined include brain, salivary gland, pancreas, trachea, pituitary, thymus, jejunum, liver, gall bladder, lung,
duodenum, rectum, skin, seminal vesicles, coagulating gland, urinary bladder, prostate, kidney, eyes, Harderian glands, femur-bone,
femur-bone marrow, vertebra, spinal cord, and tongue. Only the ones with abnormalities are listed.

characteristic marker of senescence (Dimri et al. 1995).
Very strong X-gal staining patterns were found in mutant
embryos at E16-E18 (Fig. 3A), especially in the tail and
limbs (Fig. 3B,C), whereas weak staining was observed at
E12-E15, and no staining was detected at E10-E11 (data
not shown). These results indicate that the premature
senescence occurred at late stages of embryonic devel-
opment.

We demonstrated previously that the Brcal*'*/21 em-
bryos exhibited widespread apoptosis with significantly
increased intensity in the central nervous system (Xu et
al. 2001). This pattern of cell death is complementary to
that revealed by acidic B-galactosidase activity assays,
which exhibited the highest levels on the ventral side of
the mutant embryos and the lowest in the central ner-
vous system. It is conceivable that senescence may rep-
resent a protection mechanism that puts cells into a qui-
escent state to avoid acute death. Therefore, we predict
that the senescence that occurred in Brcal®??/2'! em-
bryos might be related to the premature aging observed
in adult Brca14/211 p53*/~ mice.

Senescence is characterized in vitro by a spontaneous
decline in growth rate and culmination of a terminal
arrest in the G1 phase of the cell cycle (Noda et al. 1994;
Atadja et al. 1995; Alcorta et al. 1996; Hara et al. 1996;
Reznikoff et al. 1996; Serrano et al. 1997). Therefore, we
investigated whether proliferation is affected in
Brcal®'/211 embryos by BrdU incorporation assays. Ex-
amination of E16.5 embryos revealed significantly lower

incorporation of BrdU in Brcal®!'/21! embryos than in

their littermates (Fig. 3D,E). Decreased cell proliferation,
but less obvious than in E16.5 embryos, was also found
in mutant embryos of E10.5-E13.5 (data not shown).
These results suggested that the premature senescence
observed in Brcal®??/21! embryos might result in the
reduction of embryonic growth and could be responsible
for the embryonic lethality arising from developmental
defects.

Brcal®'V/AMY MEF cells display premature senescence
and senescence-like growth defect

To study the molecular mechanisms underlying senes-
cence in Brcal*??/2! embryos and aging in Brca111/411
p53*/~ adult mice, we generated and characterized
Brcal21/A11 MEF cells and monitored their replicative
capacity. Our analysis confirmed our previous finding
that Brca1”??/21? MEFs exhibited a stronger p53-medi-
ated G1/S cell cycle checkpoint and proliferated signifi-
cantly slower than wild-type controls (Xu et al. 2001).
We also found that many Brca12'?/2'! MEF cells dis-
played a flattened and enlarged senescence phenotypic
morphology at early passages (Fig. 4A,B). With increases
in passages, increasing number of cells displayed this
morphology.

To determine whether the flattened and enlarged MEF
cells were in senescence, we checked the activity of
acidic B-galactosidase in these cells. Consistent with
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Figure 3. Senescence phenotypes in
Brcal*'1/A11 embryos. (A-C) Photograph of
acidic B-galactosidase staining of Brca1211/A11
(Mt) and Brcal*/* wild-type (Wt) E18 embryos.
Strong staining was found in the tail (B) and
limbs (C) of all tested mutant embryos (n = 6)
that were E16.5 and older. (D,E) BrdU incor-
poration of Brca12/211 (D) and wild-type (E)
E16 embryos in thoracic region. Mutant em-
bryos contained fewer BrdU-positive cells
than wild-type embryos. The boxed areas in D
and E are shown in D’ and E'. To provide a
quantitative comparison, BrdU"* cells in com-
parable areas equivalent to the size shown in
D’ and E’' in wild-type (n=4) and mutant
(n = 4) embryos were counted and subjected to
the T-test. The average number of BrdU* cells
was 118 +11.9 cells/area and 88.5 =+ 12.2
cells/area in wild-type and mutant, respec-
tively (p = 0.017).

what was observed in embryos, Brcal®''/21? MEFs ex-
hibited significantly stronger activity of senescence-as-
sociated B-galactosidase than did control cells (Fig.
4C,D). Similar results were obtained in adult mutant
skin fibroblasts (data not shown). Quantitative analysis
indicated that the increased percentage of cells in senes-
cence (Fig. 4E) was inversely correlated with their
growth rate as reflected by a dramatic decline in cell
numbers (Fig. 4F). These results indicate that the
Brcal®!! mutation induces premature senescence and
senescence-related growth defects in mutant cells and
embryos. In addition, the Brca12??/2! MEF cells also
exhibited sensitivity to y-irradiation and oxygen toxic-
ity-induced senescence (data not shown).

It has been shown that senescence is accompanied by
the accumulation of p53, p21, p16, and/or p19 (Noda et
al. 1994; Atadja et al. 1995; Alcorta et al. 1996; Hara et al.
1996; Reznikoff et al. 1996). To characterize the nature
of the senescence and senescence-like growth arrest of
Brcal®'1/A11 MEF cells, we examined the expression of
these proteins in MEF cells from passages 1 through 5 by
Western blot. The expression of p53 and p21 gradually
increased in both wild-type and Brcal mutant MEF cells
with each passage (Fig. 4G). Notably, in Brcal mutant
cells, the increases of p53 and p21 were higher than those
of wild-type cells, which is consistent with previous
studies of p53 and p21 expression in Brcal®!/A1! em-
bryos (Xu et al. 2001). In contrast, expression of pl16 and
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p19 was similar between mutant and wild-type cells, al-
though the proteins increased with each passage (Fig.
4G). These observations suggest that the accumulation
of p53 and/or its downstream mediator p21 may be re-
sponsible for the Brcal-associated premature senescence.

Senescence of Brcal*!''/A!! embryos and MEF cells is

p53-dependent and partially p21-mediated

Next, we investigated whether p53 and p21 were indeed
involved in the senescence observed in Brcal*?/A1! em-
bryos and MEF cells using a genetic approach. By cross-
ing Brcal*/*'! mice with p53~/~ or p21~/~ mice, we gen-
erated embryos and MEF cells with full ranges of com-
binations of Brcal and p53 or Brcal and p21 mutations.
Our analysis revealed that Brcal2?/2? embryos exhib-
ited low levels of activity of acidic B-galactosidase in
either p53*/~ or p53~/~ genetic backgrounds (data not
shown). However, in cultured MEFs, only complete loss
of p53 could overcome senescence (Fig. 5B,E) and growth
defects (Fig. 5F). Brca12'1/A11 p53+/~ MEFs still displayed
senescence, slow proliferation, and high levels of activity
of acidic B-galactosidase, although to lesser extents than
BrcalA11/A11 p53*/* MEFs (Fig. 5E,F; data not shown).
Although these observations indicate that the activation
of p53 is indeed a primary cause for the senescence of
Brcal®'/211 embryos and MEFs, they also point out a
differential requirement of p53 dosages for the induction
of senescence in vivo and in vitro.
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passage 3 (P3), and passage 5 (P5) cells.

P21 is a downstream mediator of p53 in cell cycle regu-
lation (Brugarolas et al. 1995; Deng et al. 1995). Our
analysis revealed that absence of p21 could rescue the
senescence-like phenotype observed in Brcal®'*/*1! em-
bryos as manifested by the absence of obvious activity of
acidic B-galactosidase in Brcal“??/21! p21~/~ embryos
(Fig. 5C). The Brca1*!1/A11 p21~/~ embryos also survived
significantly longer than Brcal*!?/2! p21*/* embryos;
however, they all died within 24 h after birth for rea-
sons presently unknown (Table 3; Fig. 5D). Because
Brcal®'1/211p53-/~ and Brcal®11/A11 p53*/~ embryos sur-
vive to adulthood, the prenatal lethality of Brca141/A11
p21~/~ embryos suggests that although the absence of
p21 rescues the embryonic lethality caused by the
Brcal®! mutation, the postnatal development of
Brcal®'¥/211 mice may involve other p53-mediated path-
ways that are p21-independent.

Notably, we found that the absence of p21 in cultured
MEEF cells could only partially rescue senescence and
growth defects at early passages (1~3; Fig. 5E,F). At later
passages (4 and 5), the growth of Brca12/21? p21-/~ MEF
cells significantly decreased, and showed senescence-
like morphology and acidic B-galactosidase activity at

MEEF cells (closed squares) and Brcal'?/2" MEF cells (open squares). (F) Proliferation analysis of wild-type MEF
cells (closed squares) and Brcal®!?/A1! MEF cells (open squares).

(G) Expression analysis of p53, p21, pl6, and pl9, at passage 2 (P2),

extents similar to those of Brca14??/411 p53*/~ MEF cells.
These observations provide evidence for the existence of
a culture shock-induced senescence that cannot be over-
come by the loss of p21 or haploid loss of p53.

Immortalized Brcal®''/21Y MEF cells exhibited faster
proliferation and more extensive genetic/molecular
alterations than immortalized controls

Our data so far demonstrated that the Brcal®?! mutation
results in premature aging at organism levels and cellu-
lar senescence characterized by decreased cell prolif-
eration in mutant embryos and cultured MEF cells.
This observation seems contradictory to the tumor-sup-
pressor functions of Brcal. To provide further insights
into this phenomenon, we studied the growth properties
of Brcai®*!’/A'* MEF cells. Our attempts to pass
Brcai1*11/211 MEF cells by the 3T3 protocol failed to pro-
duce immortalized cells because of their profound senes-
cence phenotype, whereas wild-type MEF cells could
routinely be immortalized by this protocol. However,
when Brca121?/211 MEF cells were left in culture dishes
for 2 mo, some foci (colonies) started to form. We picked
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4 Brcal®!'/A11 MEF cells (A) and Brca1®?%/A11 p53-/- MEF cells (B). The Brcal®!/4! MEF cells showed a senescence-like morphology,
and strong X-gal staining. (C,D) Photograph of X-gal staining of E18 embryos (C), and postnatal (P) day 1 pups (D). All Brca1411/411
p21~/~ pups died within 24 h after birth. (E) Percentages of senescent MEF cells at passage 1 (P1), passage 3 (P3), and passage 5 (P5). (F)

Cell proliferation of MEF cells at passages 1-5.

a dozen individual colonies and pooled the remaining
colonies (n > 20) from both Brcai®??/2'? and wild-type
MEFs. We found that most colonies and the pooled cells
could continue to grow and became immortalized. We
next analyzed the proliferation capacity of these cells.
Opposite to what was observed in primary MEF cells
(Fig. 5F), the immortalized Brca121?/211 cells grew faster
than wild-type controls that were immortalized in the
same fashion (Fig. 6A). For long-term study, we moni-
tored the growth properties of one individually picked
colony and one pooled cell line from Brcal®'¥/2'? and
control cells for >2 yr by continuously passing them ev-
ery 3-4 d. Our data indicated that Brca1??/2’* MEF cells
exhibited significantly increased proliferative capacity
compared with controls when assayed at multiple time
points (Fig. 6A).

Next, we examined expression of several cell cycle-
related proteins by Western blots. We found that expres-
sion of cyclin D1 and cyclin A went up in both wild-type
and Brcal®'¥/A11 MEF cells at late passages, and the in-
crease was greater in mutant cells than in wild-type cells
(Fig. 6B). This is consistent with the observation that
Brcal mutant cells grew significantly faster than wild-
type cells. Cells from all the colonies analyzed at late
passages were negative for p53, and 2 of 3 colonies at
early passages contained detectable p53 (Fig. 6B). To test
if the detected p53 was functional, we irradiated cells
from 10 mutant colonies of early passages (less than pas-
sage 10 after cloning) to examine their p53 functions. We
found that only one colony (Fig. 6C, Brcal*!/411.2) had
functional p53, as indicated by p53 and p21 induction
upon irradiation, but all others had lost the wild-type

Table 3. Offspring obtained from Br®/* p21*/~ x Br®/* p21*/~ crosses

Total BIA/+ Br+/+ BIA/A BIA/+ Br+/+ BI,A/A BIA/+ Br+/+ BI,A/A
Ages no. p21~/- p21~/- p21~/- p21+/- p21+/~ p21+- p21+/ p21+’ p21+’
El6 14 1 2 3 4 1 1 1 1 0
E18 12 1 2 2 4 3 1 0 0
P1 71 13 7 6+ 17 20 9 12 8 6 0
Predicted
no. at P1° 71 9 4.5 4.5 18 9 9 9 4.5 4.5

aThese two embryos (1 Br*’2 p21-/- and 1 Br*’* p21*/-) were born dead. All six other Br*/* p21~/~ embryos died within 24 h after birth.
No live Br*/2 p21*/~ embryos found at birth suggests that loss of only one copy of p21 does not have an obvious effect on survival of
Br*/A embryos.

PBrcal and p21 are located on mouse chromosomes 11 and 17, respectively. The predicted number is based on the Mendelien ratio.
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p53 function (Fig. 6C; data not shown). This observation
suggests that, in principle, escaping senescence by
Brcal®11/211 cells requires loss of p53 function. It was
recently shown that frequent genomic changes occurred
in cultured human mammary epithelial cells immerging
from senescence (Romanov et al. 2001). We prepared and
analyzed chromosome spreads from immortalized mu-
tant and control cells. We found that 90% of mutant
MEEF cells had >80 chromosomes, whereas only 40% of
the control cells had >80 chromosomes (data not shown).
About 30% of mutant MEF cells also contained many
short chromosomes (Fig. 6E), which were rarely observed
in wild-type MEF cells (Fig. 6D). These observations may
suggest that Brcal®!/211 MEF cells escape senescence
through clonal selection of cells, which contain more
extensive genetic and molecular alterations than control
cells.

Malignant transformation of immortalized
Brcal®!'/A!! MEFs

The immortalized mutant MEF cells also showed loss of
contact inhibition, reduced cell sizes and cell adhesion,
as well as decreased response to apoptotic stimulation,
including serum-free culture, H,0,, and doxorubicin
treatment, which are hallmarks of transformed cells

tion. (B) Expression of cyclin A (CyA), cy-
clin D1 (CyD1), and p53 in MEF cells at
early and late passages. (C) p53 activity as
reflected by p21 induction upon y-irradia-
tion of immortalized Brca1*!'/A!! MEF
cells at early passages. (D,E) Chromosome
spreads of immortalized Wt control (D)
and Brcal2!'/*!! (E) MEF cells. Note that
only parts of spreads are shown in order to
highlight the short chromosomes (arrows)
found in mutant cells. (F-K) Soft agar
colony formation assay of immortalized
Brcal*''/A11 (FHJ) and control (G,IK)
MEEF cells at early (F,G), mediate (H,I), and
late (J,K) passages, respectively. (L,M) Tu-
morigenicity assay of MEF cells at mediate
passages in nude mice. Nude mice were
tumor-free even 3 mo after injection of
wild-type MEF cells (L), whereas tumors
(arrows) were observed 3 wk after injection
of Brca1®'/A11 MEF cells (M).

(data not shown). To further investigate the tumorige-
nicity of immortalized mutant MEF cells, we analyzed
their foci formation properties in soft agar and tumori-
genesis in nude mice. The mutant MEF cells at late pas-
sages exhibited malignant features as reflected by foci
formation in soft agar (Fig. 6H,J) and tumorigenesis in
nude mice (Fig. 6M). In contrast, matched control MEFs
showed much fewer and smaller colonies (Fig. 6I,K) and
failed to form tumors in nude mice (Fig. 6L). These ob-
servations indicate that immortalized Brcal mutant
MEFs have greater potential to become malignantly
transformed than controls.

Discussion

In this study, we demonstrated that the impaired func-
tion of Brcal in mouse causes senescence in mutant
MEFs and embryos as well as premature aging in adult
animals. We further demonstrated that the involvement
of Brcal in senescence and aging is dependent on wild-
type functions of tumor suppressor p53. As the absence
of p21, which mediates a p53-dependent G1-S cell cycle
checkpoint (Brugarolas et al. 1995; Deng et al. 1995),
could also rescue senescence in Brcal®!'/A?? embryos,
we conclude that senescence is most likely caused by the
activation of a p53-dependent cell cycle checkpoint that
prevents cell proliferation.
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Senescence is a phenotypic state that a cell adapts in
response to a variety of stimuli, including DNA damage
(Chen et al. 1995; von Zglinicki et al. 1995), telomere
shortening (Harley et al. 1990; Allsopp et al. 1992), acti-
vation of oncogenes (Serrano et al. 1997; Zhu et al. 1998;
Zindy et al. 1998), and the inappropriate activation of
mitogenic signals (Lin et al. 1998). Consistently, expres-
sion changes of many genes involved in some of these
processes, including Ras, Raf, E2F1, MEK, p53, p16, RD,
and telomerase, resulted in senescence in mutant MEF
cells (for review, see Campisi 2001). Several previous in-
vestigations demonstrated that the absence of Brcal re-
sulted in defective DNA damage repair, abnormal G2-M
cell cycle checkpoint, and centrosome duplication, all of
which are essential for maintaining genetic stability (for
review, see Deng and Brodie 2000). Thus, the cell senes-
cence observed in Brcal2?/21? embryos and MEF cells is
most likely triggered by genetic instability. The exten-
sive chromosome alterations, both numeric and struc-
tural, found in Brcal*??/2!! embryos and MEF cells (Xu
et al. 1999b; this study) are consistent with this claim.
Notably, we found that the increased expression of p53
and p21 was detected in E14.5 embryos (Xu et al. 2001)
and P2 MEF cells, whereas high activity of B-galactosi-
dase only became obvious in E16.5 embryos and P3 MEF
cells. Because increased levels of p53 and p21 are de-
tected at stages prior to the onset of senescence, it is
conceivable that p53 activation due to the accumulation
of DNA damage, which in turn activates a p21-mediated
cell cycle checkpoint, is a primary cause for the observed
premature senescence.

Despite the fact that the removal of only one p53 allele
enables Brcal mutant embryos to bypass senescence and
survive to adulthood, the Brca14?/21! MEFs, however,
require the removal of both p53 alleles to escape senes-
cence, indicating a stronger activation of the p53 check-
point in vitro than in vivo. Although this may reflect an
intrinsic differential requirement of p53 dosage for the
initiation of senescence, a number of factors need to be
considered. The senescence observed in Brca1*'?/21! em-
bryos is mainly triggered by genetic instability due to the
absence of Brcal, whereas senescence occurring in cul-
tured Brcal®11/A11 MEFs may also be triggered by physi-
ologic and environmental changes. An acute response of
cells to this “culture shock” (Sherr and DePinho 2000) is
the alteration of gene expression, including the up-regu-
lation of p16, p19, p21, and p53 (Fig. 4G). This may pro-
vide a possible explanation for why p53 haploinsuffi-
ciency or absence of p21 fails to overcome senescence of
Brcal”1/A11 MEFs in culture.

Although p53 haploinsufficiency enables Brca
p53*/~ embryos to bypass senescence and survive to
adulthood, it does not prevent them from prematurely
aging, which is characterized by a progressive decline of
functions of many organs, ultimately leading to aging-
related diseases, tumorigenesis, and death. This is per-
haps because of the fact that such a rescue is established
on the relaxed G1-S checkpoint and attenuated apopto-
sis, which never corrects any deficiency caused by the
Brcal mutation. Therefore, the “rescue” enables mutant

1A11/A11
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cells to propagate without being properly checked. Be-
cause of the important roles of Brcal in DNA damage
repair (Scully et al. 1997; Gowen et al. 1998; Moynahan
et al. 1999), the proliferation of Brca14/211 p53*/~ cells
is expected to accumulate more and more DNA damage
during the development and growth of the mutant ani-
mals. Thus, analogous to what was observed in the cul-
tured Brca1211/211 p53+/~ MEF cells, we hypothesize that
the remaining wild-type allele of p53 in Brca1*/211
p53*/~ mice could be activated by the accumulation of
DNA damage when they reach a threshold, leading to
the initiation of cell senescence in vivo. When the num-
ber of senescent cells in organs reaches a critical level,
these organs cannot function properly, which eventually
results in a decreased life span. This explanation is con-
sistent with many recent investigations, which demon-
strated that mutations of genes that are involved in DNA
damage repair could result in premature aging in both
human and mouse (Vogel et al. 1999; DePinho 2000; Fos-
sel 2000; Mohaghegh and Hickson 2001; de Boer et al.
2002).

Cell senescence has been considered as a mechanism
to repress tumorigenesis, as it irreversibly arrests the
growth of cells at risk of neoplastic transformation
(Campisi 2001). An intriguing finding here is that Brcal
mutant MEFs exhibit both premature senescence and
greater potential for malignant transformation. We
found that mutant cells always underwent senescence
earlier than controls, and were also more difficult to im-
mortalize using the 3T3 procedure. However, once im-
mortalized, the mutant cells proliferated faster and
gradually exhibited many features often observed in ma-
lignantly transformed cells, that is, loss of contact inhi-
bition, anchorage-independent growth (formation of
colonies in soft agar), and tumorigenesis in nude mice.
Concomitant to these phenotypic changes at the cellular
level, mutant cells showed extensive genetic and mo-
lecular alterations as manifested by chromosomal
changes and increased expression of cyclin A and cyclin
D1 as well as the loss of p53. These observations suggest
that cells escaping senescence may have gone through a
selective process for mutations that promote cell prolif-
eration. Such mutations, as they promote cell prolifera-
tion, are often associated with malignant transforma-
tion. This may account for the reason that both prema-
ture cell senescence and tumorigenesis occur in the
same type of cells.

Of note, the phenotypes exhibited by Brca
p53*/~ mice are reminiscent of those observed in the late-
generation (i.e., G6) telomerase knockout mice (Rudolph
et al. 1999). This suggests that there is nothing unique
about telomere malfunction that contributes to organis-
mal aging, but that instability produced by many mecha-
nisms can produce a similar phenotype. In the light of
our finding, we propose that the genomic instability
caused by the absence of Brcal activates p53, which ini-
tiates multiple p53-dependent processes, including cell
cycle arrest, senescence, and apoptosis, that result in em-
bryonic lethality in mutant embryos (Fig. 7). This physi-
ologic response of p53 activation in Brcal mutant MEF
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Figure 7. A working model summarizing how the Brcal defi-
ciency causes cell senescence, premature aging, and tumorigen-
esis.

cells and mice should, in theory, prevent tumorigenesis
as demonstrated recently by an activating mutation of
p53, which results in aging and decreases in tumor for-
mation (Tyner et al. 2002). However, the genetic insta-
bility triggered by the absence of Brcal could mutate p53
and other genes and eventually lead to tumorigenesis.
p53 mutation is emphasized in this model as we found
that 9 out of 10 Brcal mutant colonies emerging from
senescence have lost p53 function, suggesting that this
protein is a primary target during the selection process
for growth advantages. Thus, our study provides an ex-
cellent example for the hypothesis that senescence could
serve as a two-edged sword that suppresses tumorigen-
esis early in life but may have deleterious effects later,
leading to aging and tumor formation (Wynford-Thomas
1999; Campisi 2000; Fossel 2000; Reddel 2000; Sharpless
and DePinho 2002). The Brca14?/41! p53+/~ mice should
serve as a good animal model for future aging and tu-
morigenesis studies.

Materials and methods

Mice, MEF cells, immortalization, and analysis

Brcal*11/A11  embryos, Brcal®!/A! p21~/~ embryos, and
Brcal*11/A11 p53+/- mice were generated as described (Xu et al.
2001). The genetic background of these mice is 50% FVB, 25%
129, and 25% Black Swiss. MEF cells were derived from E14.5
embryos generated from intercrosses of Brcal*/*!! p53*/~ mice.
Because of difficulties in immortalizing Brca14?1/211 MEF cells
by the regular 3T3 protocol, we seeded 1 x 10° cells in a 10-cm
dish and left them untouched (except for the medium change
every 3 d) for 2 mo. We then picked individual colonies and
passed them sequentially through 24-well, 12-well, 6-well, and
10-cm plates. For proliferation analysis, 5 x 10* wild-type and
Brca1®'1/A11 MEF cells were plated on 6 wells in DMEM supple-
mented with 10% FBS. Cell numbers were counted every day
for up to 6 d.

Cell senescence analysis

We plated 5 x 10* MEF cells in a 1-well FALCON culture slide
(Becton Dickinson) for 3 d, and then processed them for acidic
B-galactosidase activity as described (Dimri et al. 1995). Stain-
ing for embryos was carried out at 37°C for 6-8 h.

Immunoblot analysis

Western blot analysis was accomplished according to standard
procedures using ECL detection (Amersham). The following pri-
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mary antibodies were used: p53 (Ab-7, Oncogene); p21WAF! (Ab-
6, Oncogene); pl6 (M-156, Santa Cruz); p192RF (NOVUS); Cye-
lin D1 (C-20, Santa Cruz); and Cyclin A (H-432, Santa Cruz).
Horseradish peroxidase-conjugated donkey anti-rabbit or sheep
anti-mouse antibodies (Amersham) were used as secondary an-
tibodies.

Wound-healing experiments

Mice were anaesthetized with methoxyfluorane, and the dor-
sum was shaved and cleaned with alcohol. Four equidistant
1-cm full-thickness incisional wounds were made through the
skin and panniculus carnosus muscle. Wounded skin specimens
were collected at day 4 postwounding and were bisected for
histology.

Bone X-ray imaging and histologic analysis

Mice were killed by CO,. The skin and the viscera were re-
moved. Photographs were taken in an X-ray machine (Faxitron
X-ray). We used an X-ray dose of 15 kV for 100 sec. For histologic
analysis, bones were fixed in 4% paraformaldehyde at 4°C over-
night and decalcified in 0.5 M EDTA/PBS. Decalcified tissues
were dehydrated, embedded in wax, and sectioned using stan-
dard procedures.

BrdU labeling of embryos

BrdU labeling of the cells in the S phase of the cell cycle was
performed as described. BrdU (100 mg/g of body weight) was
injected i.p. into pregnant females at E16.5. The females were
killed 2 h after injection; the embryos were fixed in 4% para-
formaldehyde at 4°C overnight and processed for immunohis-
tochemistry. The tissues were stained with BrdU staining bulk
kit (ZYMED].

Colony formation in soft agar and tumorigenicity assay

For colony formation, 5 x 10* immortalized wild-type and
Brca1*'1/211 MEF cells were suspended in 0.3% agar (in DMEM
supplemented with 10% FBS) and plated on 6-well plates con-
taining a solidified bottom layer (0.5% agar in growth medium).
For the tumorigenicity assay, 2 x 10® immortalized wild-type
and Brcal®''/A'! MEF cells were injected into 6-week-old fe-
male nude nice for 3 wk to 3 mo.
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