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Abstract
The tumor suppressors p16INK4a and p53 have been implicated as contributors to age-associated stem
cell decline. Key functions of p53 are the induction of cell cycle arrest, senescence, or apoptosis in
response to DNA damage. Here, we examine senescence, apoptosis, and DNA damage responses in
a mouse accelerated aging model that exhibits increased p53 activity, the p53+/m mouse. Aged tissues
of p53+/m mice display higher percentages of senescent cells (as determined by senescence-associated
β-galactosidase staining and p16INK4a and p21 accumulation) compared to aged tissues from
p53+/+ mice. Surprisingly, despite having enhanced p53 activity, p53+/m lymphoid tissues exhibit
reduced apoptotic activity in response to ionizing radiation compared to p53+/+ tissues. Ionizing
radiation treatment of p53+/m tissues also induces higher and prolonged levels of senescence markers
p16INK4a and p21, suggesting that in p53+/m tissues the p53 stress response is enhanced and is shifted
away from apoptosis toward senescence. One potential mechanism for accelerated aging in the
p53+/m mouse is a failure to remove damaged or dysfunctional cells (including stem and progenitor
cells) through apoptosis. The increased accumulation of dysfunctional and senescent cells may
contribute to reduced tissue regeneration, tissue atrophy, and some of the accelerated aging
phenotypes in p53+/m mice.
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1. Introduction
Organismal aging is characterized by a progressive deterioration of physiological function
during adult life that leads to an increased vulnerability to challenges and a decreased ability
of the organism to survive stress. It has been proposed that age-associated tissue dysfunction
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is due to the accumulation of molecular and cellular damage, which leads to generalized
homeostatic failure either as a direct consequence of this damage or the cellular response to it
(Kirkwood, 2005). Of particular interest is the accumulation of DNA mutations of various
forms with age (Dolle et al., 2002; Hill et al., 2004; Stuart et al., 2000). A number of mutant
mouse models with DNA repair deficiencies do exhibit accelerated aging phenotypes (Hasty
et al., 2003). Mice with enhanced stress resistance, including IGF1r+/− mice and p66Shc−/−

mice, exhibit increased longevity (Holzenberger et al., 2003; Migliaccio et al., 1999).
Conversely, mice deficient in DNA repair, including TTD mutant mice, XPD null mice, Ku80
null mice, and XPF-ERCC1−/− mice, exhibit a broad array of accelerated aging phenotypes
(de Boer et al., 2002; Niedernhofer et al., 2006; van der Pluijm et al., 2007; Vogel et al.,
1999).

The ability to respond to multiple types of stress and repair the resulting damage is critical for
an organism’s survival and longevity. The inability to repair DNA damage may result in cellular
responses that contribute to aging (Hasty, 2005). In response to genotoxic stress, the cell will
activate tumor suppressors, which can halt cell proliferation through the initiation of cell cycle
arrest and induce DNA repair, apoptosis, or cellular senescence (Lowe et al., 2004; Macip et
al., 2003). Tumor suppressors may be an example of antagonistic pleiotropy, where natural
selection selects for genes that ensure the reproductive success of young organisms, even if
that trait or gene has deleterious effects on the organism at post-reproductive stages (Kirkwood
and Austad, 2000; Williams, 1957). Hence, while tumor suppression is critical for the
prevention of cancers, an unregulated increase in tumor suppression may accelerate the age-
related loss of tissue homeostasis by aberrantly increasing apoptosis or senescence, ultimately
compromising stem cell proliferation and regenerative capabilities (Rando, 2006; Sharpless
and DePinho, 2007).

The ability of tumor suppressors to induce apoptosis and senescence in response to cellular
stress may play a role in the development of aging pathologies, as alterations in apoptosis and
senescence have been associated with aging (Campisi, 2003; Serrano and Blasco, 2007).
Senescent cells have been shown to accumulate with age and have been detected in several
types of age-related pathologies (Choi et al., 2000; Fenton et al., 2001; Matthews et al.,
2006; Paradis et al., 2001). Recently, p16INK4a, a tumor suppressor which plays a role in the
induction and maintenance of senescence, has been identified as a biomarker of cellular
senescence and aging, as p16INK4a expression level has been shown to correlate with age in
multiple tissues (Krishnamurthy et al., 2004). An accumulation of senescent cells over time
may contribute to aging pathologies and may also contribute to tumorigenesis (Campisi,
2005; Michaloglou et al., 2005; Ressler et al., 2006; Rodier et al., 2007). In addition, evidence
suggests that aging leads to a general dysregulation of apoptosis, as aging has been shown to
both suppress and increase levels of apoptosis (Adams and Horton, 1998; Ikeyama et al.,
2002; Suh, 2002). An increase in either senescence or apoptosis may contribute to loss of tissue
homeostasis and potential exhaustion of stem and progenitor cells, while a decrease in apoptosis
may facilitate the accumulation of non-functional cells leading to an age-related loss of tissue
function.

The tumor suppressor p53 has recently been linked to aging (Bauer et al., 2005; Cao et al.,
2003; Feng et al., 2007; Gatza et al., 2005; Maier et al., 2004; Rodier et al., 2007; Tyner et al.,
2002; Van Heemst et al., 2005; Varela et al., 2005). The ability of p53 to induce DNA repair,
apoptosis, or senescence in response to cellular stress may contribute to its role in aging.
Multiple mouse models with premature aging phenotypes demonstrate increased p53 function,
including the Brca1Δ11/Δ11 mice, Ku80 null mice, Zmpste24 null mice, and telomerase-
deficient mice (Cao et al., 2003; Rudolph et al., 1999; Varela et al., 2005; Vogel et al., 1999).
Crossing these models to p53 heterozygous or null mice can partially rescue some of the aging
phenotypes (Cao et al., 2003; Chin et al., 1999; Lim et al., 2000; Varela et al., 2005).
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Additionally, two recent models, the p53+/m mouse and the p44 transgenic mouse, directly
implicate p53 in aging by demonstrating that increased p53 function leads to accelerated aging
(Maier et al., 2004; Tyner et al., 2002). These models reveal that truncated forms of p53 are
capable of enhancing the activity of full-length p53, leading to a reduced lifespan and multiple
traits associated with accelerated aging (Moore et al., 2007; Tyner et al., 2002).

The p53+/m mice generated by our laboratory express one wildtype p53 allele and a truncated
C-terminal p53 mutant allele, referred to as the “m” allele, which consists of exons 7–11 and
contains a deletion of p53 exons 1–6 and an upstream region (Tyner et al., 2002). The m allele
is missing the transactivation domain, the Mdm2 binding site, and the majority of the DNA
binding domain, yet retains the C-terminal oligomerization domain, which allows it to interact
with wildtype p53, as demonstrated in in vitro binding assays (Moore et al., 2007; Tyner et al.,
2002). p53+/m mice are highly resistant to tumors, yet display a reduction in median lifespan
and exhibit a variety of accelerated aging phenotypes, including osteoporosis, sarcopenia,
reduced stress resistance, and generalized skin and tissue atrophies (Tyner et al., 2002). The
p53+/m mice also exhibit alterations in hematopoietic stem cell number, proliferation, and
engraftment capabilities in aged animals, suggesting that altered p53 function affect stem cell
functionality (Chambers et al., 2007; Dumble et al., 2007). In response to γ-irradiation,
p53+/m tissues exhibit increased levels of wildtype p53 protein, demonstrating that the m
protein can both elevate and stabilize wildtype p53 protein levels.

It should be pointed out, however, that a deletion upstream of the p53 m allele renders the
p53+/m mice hemizygous for 24 genes, which could also affect the aging genotypes. Moreover,
the m allele RNA is expressed at low levels in most tissues and the m protein has not yet been
detected in the p53+/m tissues. These caveats have generated hypotheses that non-p53-
associated mechanisms could be responsible for the observed p53+/m cancer resistance and
early aging phenotypes (Gentry and Venkatachalam, 2005). However, we and others have
argued from earlier studies that p53 hyperactivity in at least some of the p53+/m tissues is likely
to be the primary driver of the aging and cancer phenotypes (Tyner et al., 2002; Donehower,
2002; Vijg and Hasty, 2005; Moore et al., 2007). Evidence supporting a hyperactive p53 model
include (1) in vitro studies showing that the mallele encoded protein binds with high affinity
to wildtype p53, and promotes increased wildtype p53 nuclear localization and transcriptional
activity on p53 target genes, and (2) in vivo studies of the p53+/m and p53−/m mice showing
that m allele associated cancer resistance was wholly dependent on p53 allele status (Tyner et
al., 2002). We believe that the data in this paper showing an elevated and prolonged p53 DNA
damage response in the p53+/m mice further support our argument that the p53+/m mouse is
primarily a model of hyperactive p53.

Here we demonstrate that p53+/m mice exhibit an increase in a variety of senescence markers
with age in spleen, liver, and kidney in comparison to age-matched wildtype (p53+/+) mice.
The p53+/m mice also display a modestly increased accumulation of mutations in these same
tissues with age as compared to p53+/+ mice. We show that with various dosages of ionizing
radiation, senescence markers increase in the p53+/m tissues to a much greater extent than in
p53+/+ tissues. Surprisingly, both young and old p53+/m lymphoid tissues exhibit decreased
apoptosis in response to ionizing radiation compared to p53+/+ tissues. These data indicate that
the m allele contributes to the increase in senescence and decrease in apoptosis observed in the
p53+/m mice. Moreover, such alterations in apoptosis and senescence may contribute to the
aging phenotypes observed in these mice.
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2. Materials and methods
2.1. Mice

All mice were bred and maintained in a specific pathogen free animal facility at Baylor College
of Medicine, where cages, chow (Irradiated LabDiet 5053 PicoLab Rodent Diet 20), and water
were changed weekly. The WT and p53+/m mice were generated by crossing p53+/+ mice to
p53+/m mice and were genotyped by PCR as previously described (Dumble et al., 2007).

2.2. Murine embryonic fibroblasts (MEFs)
Mating pairs of p53+/+ and p53+/m mice were housed together and female mice were checked
each morning until a vaginal plug was identified. To obtain p53+/− MEFs, p53+/− mice were
also mated and monitored in this way. The day of the plug was determined to be day 0.5.
Embryos were harvested on day 12.5. The uterus was removed from the mouse and placed in
a sterile petri dish containing sterile phosphate buffered saline (PBS). Each embryo was
separated from the yolk sac and surrounding uterine tissue and transferred to a 6 well dish with
sterile PBS. Genomic DNA was prepared from the yolk sac following proteinase K digestion
and phenol-chloroform extraction and was used for genotyping. Each embryo was
homogenized by forcing the embryo through an 18 gauge needle two to three times in 3 ml
15% FBS DMEM. The embryo solution was plated in a 10 mm tissue culture dish with 15%
FBS (Invitrogen, Carlsbad, CA), DMEM (Invitrogen) and was left undisturbed for 2 days to
allow the fibroblasts to adhere to the plate (P0). Once the cells became confluent, MEFs were
split twice (P2) before freezing aliquots. MEF aliquots were frozen in 10% DMSO 90% FBS
and stored in liquid nitrogen until use.

MEFs were cultured in a 3T3 protocol to prevent transformation while being used in
experiments (Harvey et al., 1993b). MEFs were plated in three 10 cm tissue culture dishes at
106 cells per dish with 15% FBS, DMEM (Invitrogen). Every 3 days the cells from the three
dishes were pooled, counted by Trypan Blue (Sigma, St Louis, MO) dye exclusion, and replated
at 106 cells per dish in three 10 cm tissue culture dishes. Each split was considered one passage.

2.3. Antibodies
Primary antibodies used included cleaved caspase 3 (Cell Signaling Technology [CST],
Danvers, MA), caspase 3 (CST), caspase 9 (CST), actin (Neomarkers, Fremont, CA and Santa
Cruz Biotechnology [SCBT], Santa Cruz, CA), cleaved PARP (CST), p16INK4a (M-156)
(SCBT), p21(F-5) (SCBT) and p53 (R-19) (SCBT). All primary antibodies were incubated in
3% Milk PBS-Tween 0.05% (PBST) at varying antibody dilutions. Secondary antibodies
included: anti-mouse-HRP (SCBT), bovine anti-rabbit-HRP (SCBT), and donkey anti-goat-
HRP (SCBT). All secondary antibodies were incubated in 3% Milk PBST at 1:10,000 dilution.

2.4. Senescence-associated β-galactosidase assay in MEFs
MEFs were passaged in a 3T3 protocol as above. Prior to staining, p53+/+, p53+/−, and
p53+/m MEFs were plated at 2 × 105 cells per well in a 6 well dish and grown overnight. The
next day, cells were rinsed with sterile PBS, fixed with 0.5% gluteraldehyde at room
temperature for 15 min, and then rinsed with sterile PBS. Cells were stained overnight with
fresh senescence-associated β-galactosidase staining solution (1 mg/ml X-gal in 40 mM citric
acid/sodium phosphate, pH 6.0, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide,
150 mM sodium chloride, 2 mM magnesium chloride) at 37 °C. Post staining, the staining
solution was removed and cells were stored in PBS. Senescent cells show marked perinuclear
blue staining and non-senescent cells do not exhibit this stain. A standard light microscope was
used to count the number of senescence-associated β-galactosidase positive cells and the total
number of cells over 5 microscope fields per sample. The percent senescence was calculated
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by dividing the average number of senescence-associated β-galactosidase positive cells by the
average number of total cells and multiplying by 100.

2.5. Senescence-associated β-galactosidase assay in tissues
Spleen, liver, and kidney were harvested from young (3–4 months) and old (18–22 months)
p53+/+, p53+/−, and p53+/m mice. The tissue was frozen in a cryomold with OCT by flash
freezing in liquid nitrogen, allowing the OCT and tissue to gradually freeze in liquid nitrogen
vapor. Embedded frozen tissue was stored at −80 °C until use. A cryotome was used to cut 4
µm (spleen and kidney) or 6 µm sections (liver). The tissue was mounted on positively charged
glass slides and sections were kept on dry ice until fixed. Immediately after cutting, the sections
were fixed in 0.5% glutaraldehyde at room temperature for 15 min and then rinsed with PBS.
Sections were incubated in a humidity chamber at 37 °C with fresh senescence-associated β-
galactosidase staining solution from 6 h to up to 18 h (10 h for liver, 6 h for kidney, 6 h for
spleen). Tissues were counterstained with hematoxylin and then cover slipped with mounting
media. A standard light microscope was used to count the average number of senescence-
associated β-galactosidase positive cells over 30 microscope fields per sample. The average
total cell number was counted on a hematoxylin and eosin-stained slide. The percent senescence
was calculated by dividing the average number of senescence-associated β-galactosidase
positive cells by the average number of total cells and multiplying by 100. This value is the
percent senescent cells in a given tissue.

2.6. TUNEL assay for detection of apoptotic cells
Young (3 months) and old (18–23 months) p53+/+, p53+/−, and p53+/m mice were exposed to
5 Grays whole body γ-irradiation using a cesium-137 source (MDS Nordion GammaCell 40
Exactor). At 0, 4, or 6 h post-irradiation, the spleen was harvested and fixed in 4%
paraformaldehyde at room temperature for 2 h followed by 70% ethanol. Tissue was processed,
paraffin embedded, and sections (6 µm) were cut at the Baylor College of Medicine Histology
Core. Immunostaining for apoptosis was performed using the in situ Apoptosis Detection Kit
(Trevigen, Helgerman, CT) per manufacturer’s instructions. For each tissue section, 5 fields
were counted and cells were scored positive (dark brown/black nuclear staining) or negative
for TUNEL staining. The percent apoptosis was calculated by dividing the average of the
percent TUNEL positive cells by the average number of total cells from 3 separate spleens and
multiplying by 100.

2.7. Protein lysates
Freshly excised tissue samples were harvested, snap frozen in liquid nitrogen, and stored at
−80 °C until use. Tissues lysates were prepared by homogenization of approximately 75 mg
tissue in 500 µl NP40 Lysis Buffer (150 mM NaCl, 50 mM Tris–HCl pH 7.5, 0.75% NP-40 +
1 mini EDTA protease inhibitor tablet/10 ml (Roche Applied Science, Mannheim Germany).
Tissue lysates were cleared of debris by centrifugation for 10 min at 12,000 × g, and stored at
−80 °C until use. MEF lysates were prepared using Tris Lysis buffer (50 mM Tris pH 7.5, 150
mM NaCl, 0.1% NP-40 + 1 EDTA protease inhibitor tablet/10 ml). Cultured cells were exposed
to 200–500 µl of lysis buffer depending on cell number, passed through a 20 gauge needle 3
times, and then cleared by centrifugation. The supernatant was transferred to a new tube and
stored at −80 °C until use.

2.8. Western blots
25–40 µg lysates were loaded per well for SDS-PAGE using 10% NuPAGE Bis-Tris or 4–
12% NuPAGE Bis-Tris gels with MES (Invitrogen) running buffer using the Invitrogen Mini-
blot apparatus. Gels were transferred to PVDF membrane (PVDF Filter Paper Sandwich, 0.45
µm pore, Invitrogen) with 10–20% Methanol Transfer Buffer (Invitrogen). Blots were blocked
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with 3% Milk-PBST. Protein was detected using SuperSignal West Pico Chemiluminescent
substrate (Pierce, Rockford, IL).

2.9. Big Blue assay for detection of mutation frequencies
Wildtype C57BL/6 Big Blue mice (Stratagene, La Jolla, CA) were crossed with p53+/m mice
and aged to 3, 6, 12, 18, 24 months of age. Where possible, tissues of littermates were harvested
concurrently such that at least 3 mice from each time point from each genotype were recovered.
Tissues were excised, rinsed with PBS, snap frozen in liquid nitrogen and stored at −80 °C
until use. High molecular weight genomic DNA was prepared from kidney, liver and spleen
using the Stratagene RecoverEase DNA Isolation Kit (Stratagene) or the Big Blue DNA
Isolation Kit (Stratagene) for small intestine (due to its resiliency to mechanical disruption)
and stored at 4° until use. DNA was packaged into lambda phage using Transpack Packaging
Extract (Stratagene) and 1:100 dilutions were made for titering purposes. Mutation frequency
was assessed using the λ Select-cII Mutation Detection System (Stratagene) via the
manufacturer’s protocols. Top agar was supplemented with 10 mM MgSO4 to aid in plaque
visibility at permissive temperatures. Mutation frequency was determined by dividing total
mutant plaque counts at 23.5 °C divided by the total plaque titer for each reaction. This number
was averaged with that of other mice of the same age and genotype.

3. Results
3.1. Late passage p53+/m MEFs exhibit increased senescence compared to p53+/+ MEFs

The evidence for augmented p53 activity in the p53+/m mice suggested the possibility that
increased p53 induction of senescence could partially account for the aging phenotypes and
cancer resistance seen in these mice. To determine if p53+/m MEFs exhibit increased
senescence, p53+/+, p53+/−, and p53+/m MEFs were examined by utilizing the senescence-
associated β-galactosidase assay (SA-β-gal). At low passage number (P2), p53+/+ MEFs
exhibited low levels of senescence, while the p53+/m MEFs exhibited a nearly two-fold increase
in senescence (Fig. 1A and B). p53+/m MEFs continue to exhibit significantly higher levels of
senescence compared to wildtype at passages 6 and 10. As an additional comparison, we
examined MEFs derived from p53+/− mice, which have a single null p53 mutation, and develop
early tumors but do not exhibit premature aging phenotypes (Harvey et al., 1993a).
Surprisingly, p53+/− MEFs had much higher percentages of senescent cells at passage 2 than
either p53+/+ or p53+/m MEFs, but by passage 10, these cells showed virtually no senescence
(perhaps due to outgrowth of immortalized clones after the loss of the p53 wildtype allele)
(Harvey et al., 1993b).

p53 initiates senescence through the induction of p21, a critical mediator of the G1 arrest typical
of senescent cells (Tahara et al., 1995). A subsequent increase in p16INK4a, which can induce
G1 arrest by preventing the phosphorylation of Rb, may maintain the senescent growth arrest
(Alcorta et al., 1996). Consistent with the results of the SA-β-gal assay, Western blot analysis
demonstrated that p53+/m MEFs exhibit an increase in both p21 and p16INK4a protein levels
by passage 10 relative to levels of these proteins in P10 p53+/+ MEFs, supporting an increased
level of senescence in these cells compared to wildtype cells (Fig. 1C).

3.2. Aged p53+/m tissues exhibit increased numbers of senescent cells
Levels of senescence in young (3 months) and old (18–22 months) p53+/+, p53+/−, and
p53+/m mice were examined using an in vivo SA-β-gal assay (Fig. 2A). Young p53+/+ and
p53+/m kidney, liver, and spleen exhibit comparable low levels of senescence, while p53+/−

tissues show somewhat higher fractions of senescent cells. Old p53+/+ kidney, liver, and spleen
demonstrated a two to three-fold increase in levels of senescence with age compared to young
p53+/+ tissues. Old p53+/m liver, kidney, and spleen also displayed a dramatic increase in
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senescence with age compared to young p53+/m tissues. Interestingly, old p53+/m tissues
displayed a nearly two-fold increase in levels of senescence compared to age-matched
p53+/+ samples (Fig. 2B). The old p53+/− tissues also exhibited an age-associated increase in
senescent cells and a higher fraction of senescent cells relative to p53+/+ tissues, but exhibited
lower levels of senescence in spleen and liver relative to p53+/m spleen and liver (though not
kidney). The age-associated increase in levels of senescence in p53+/m tissues was confirmed
by examining p21 and p16INK4a protein levels in young and old spleen from p53+/+ and
p53+/m mice. Young p53+/+ and p53+/m spleen exhibited comparable low levels of p16INK4a

and p21 (Fig. 2C). Both old p53+/+ and old p53+/m spleens exhibited significant increases in
levels of these proteins compared to young spleens, but p53+/m spleens showed higher levels
of p21 and p16INK4a than their age-matched p53+/+ counterparts (Fig. 2C). These data support
an increase in senescent cell numbers with age in the p53+/m mice, which may be due in part
to increased p53 activity.

3.3. Increased accumulation of point mutations in aged p53+/m tissues
It has been shown in many studies that almost every mouse tissue accumulates mutations with
age (Dolle et al., 2000; Hill et al., 2004; Ono et al., 2000; Stuart et al., 2000; Turker et al.,
2007). As the p53+/m mouse is a model of increased p53 function, it is likely to have an
augmented DNA damage response that could affect mutation frequencies over the mouse
lifespan. To assess the effects of them allele on mutation frequency, we crossed it into the Big
Blue Mouse, a transgenic model that uses a lambda shuttle vector carrying λ-cII as the
mutational target to efficiently detect mutation frequencies in all tissues (Hill et al., 2004).
Kidneys, livers, spleens, and small intestine were harvested and analyzed from p53+/+ and
p53+/m mice at 3, 6, 12, and 24 months of age. p53+/− and p53−/− tissues were not examined
as these were shown not to differ in mutation frequencies from age-matched p53+/+ tissues
(Hill et al., 2006; Nishino et al., 1995). As previously reported by other groups, we also
observed increases in mutation frequency with age in all tissues examined. In kidney, liver,
and spleen (tissues which displayed increased levels of senescent cells with age in p53+/m mice)
the p53+/m samples displayed a consistent trend toward higher mutation frequencies at 24
months compared to their p53+/+ counterparts. However, these differences were not quite
statistically significant. In the small intestine, a tissue characterized by particularly high
mutation frequency, high cellular turnover, and an apoptotic response to stress, there was no
difference between p53 genotypes. No significant differences in the types of nucleotide
alterations between p53+/+ and p53+/m young and aged tissues were observed in our analyses
(data not shown) (Fig. 3).

3.4. p53+/m mice exhibit a reduced apoptotic response to IR stress
p53 is a potent regulator of apoptosis in response to DNA damage and other stresses (Vousden
and Lu, 2002). One effect of altered p53 activity in p53+/m mice could be dysregulation of
apoptosis. Because apoptotic cells are infrequently detected in tissues of unstressed mice, mice
were treated with differing doses of IR and lymphoid organs were harvested one week post-
irradiation. In particular, mouse spleen cells are susceptible to p53-dependent radiation-
induced apoptosis (MacCallum et al., 1996). As IR dosage was increased, p53+/+ spleen mass
correspondingly decreased one week after treatment. In contrast, p53+/− and p53+/m spleens
tended to retain splenic mass with increased IR dosage, suggesting a resistance to apoptotic
effects of radiation (Fig. 4A). To more accurately quantitate levels of apoptosis in irradiated
spleens, a TdT dUTP nick end labeling (TUNEL) assay was performed to determine if
p53+/m mice exhibit altered apoptosis in the presence and absence of ionizing radiation (Fig.
4B and C). In the absence of IR stress, both young (3 months) and old (18–20 months) spleens
of all p53 genotypes exhibit comparably low levels of apoptosis. In response to 5 Gy whole
body IR, young and old p53+/+ mice exhibited a comparable large induction of apoptosis at 4
h post-irradiation. However, both young and old p53+/m and p53+/− spleens demonstrated a
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significantly reduced apoptotic index in response to irradiation compared to age-matched
p53+/+ mice (Fig. 4B and C). Additionally, both an Annexin V flow cytometry assay and an
active caspase 3 flow cytometric assay demonstrated that young p53+/m thymocytes exhibited
a decreased apoptotic index in response to whole body irradiation compared to age-matched
p53+/+ thymocytes (data not shown).

The decreased level of apoptosis in the p53+/m mice was further confirmed by examining levels
of pro-apoptotic proteins in spleen and thymus in response to irradiation. Both young and old
p53+/m spleen exhibited decreased levels of cleaved caspases 3 and cleaved PARP, two pro-
apoptotic proteins which play an important role in the induction of apoptosis (data not shown).
Young p53+/m thymi also exhibited decreased levels of cleaved caspase 3, cleaved caspase 9,
and cleaved PARP relative to p53+/+ thymi (Fig. 4D). As expected, p53+/− thymi also showed
reduced caspase 9 and PARP cleavage, though caspase 3 cleavage was increased. These data
collectively demonstrate that both young and old p53+/m mouse lymphoid tissues exhibit a
reduced apoptotic index in response to stress.

3.5. p53+/m tissues show increased induction of senescence markers in response to IR stress
The resistance to IR-induced apoptosis exhibited by p53+/m spleen and thymus (Fig. 4) and the
increased level of senescence observed in aged unstressed p53+/m tissues (Fig. 2) is consistent
with a higher retention of senescent or dysfunctional cells. Thus, p53 in p53+/m tissues may
preferentially induce senescence rather than apoptosis in response to IR stress. To examine this
possibility further we measured the accumulation of the senescence markers p16INK4a and p21
in irradiated spleen tissues. Young p53+/+ and p53+/m mice were irradiated with 0, 0.1, 1.0,
and 5.0 Gy and spleens were harvested one week post-irradiation. Levels of p16INK4a and p21
in spleen lysates were compared by Western blot analysis. In p53+/+ spleens p21 returned to
basal levels within one week post-irradiation regardless of IR dose and there was little to no
upregulation of p16INK4a (Fig. 5A). Conversely, in the apoptosis-deficient p53+/m spleens,
higher levels of both p21 and p16INK4a were observed with increasing IR dosage. We also
examined short term responses to IR by harvesting spleens 6 h post-irradiation. As in spleens
harvested at one week post-irradiation, p53+/m spleens harvested 6 h after 5 Gy IR exhibited
higher levels of p16INK4a compared to p53+/+ spleens (Fig. 5B). p53+/− spleens showed reduced
short term induction of p16INK4a. In addition, IR induction of p53 protein was higher in the
p53+/m spleens compared to p53+/+ and p53+/− spleens (Fig. 5B). These data are consistent
with the hypothesis that high levels of DNA damage in the p53+/m tissues leads to an enhanced
and prolonged p53 response and senescence rather than apoptosis, compared with the p53+/+

tissue response.

4. Discussion
The data reported here demonstrate that the p53+/m mouse, a model of accelerated aging,
exhibits increased age-associated senescence, decreased apoptosis, and an enhanced and
prolonged response to DNA damage relative to p53+/+ mice. Wildtype p53 is a potent effector
of both senescence and apoptosis through its response to various cellular stresses, including
DNA damage. We propose that these aberrant senescence, apoptosis and damage response
phenotypes are a result of altered wildtype p53 regulation and activity in the p53+/m tissues.
We have previously shown that the truncated C-terminal form of p53 encoded by the “m” allele
interacts with wildtype p53, alters p53 transcriptional activation functions, enhances p53
stability, and promotes nuclear localization of p53 (Moore et al., 2007; Tyner et al., 2002).
Nevertheless, despite the evidence that wildtype p53 activities are generally enhanced by them
protein, consistent with the enhanced DNA damage responses and increased cellular
senescence in aged p53+/m MEFs and tissues, the pro-apoptotic functions of p53 are
unexpectedly inhibited in these same tissues.
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Multiple molecular and cellular assays on the spleens and thymi of young and old irradiated
p53+/m mice indicate a significant reduction of apoptosis compared to that observed in
lymphoid organs of similarly treated p53+/+ mice. A reduction in p53+/m apoptotic response
relative to the p53+/+ apoptotic response seems counterintuitive given the enhanced p53-
associated DNA damage and senescence responses in the p53+/m mice. One possible
explanation may derive from our earlier finding that them protein interacts with the wildtype
p53 protein and drives it into the nucleus, even in the absence of stress (Moore et al., 2007).
Because a significant component of the p53 apoptotic response is non-transcriptional and
dependent on direct p53 migration to mitochondrial membranes (Moll et al., 2005), the
p53+/m apoptosis response may be reduced because of an absence of cytoplasmic wildtype p53
and consequently a deficiency in p53 mitochondrial-induced apoptosis.

The decrease in apoptosis in the p53+/m mice may contribute to the observed aging phenotypes,
although the mechanism for how it would do so is unclear. A consensus does not appear to
have formed on the role of apoptosis in organismal aging (Higami and Shimokawa, 2000;
Kujoth et al., 2006; Suh and Vijg, 2006; Zhang et al., 2003). A reduction in apoptosis, as
observed in the p53+/m model, may contribute to aging by failing to remove damaged and
dysfunctional cells, leading to an accelerated loss of tissue function with age. Some of these
retained dysfunctional cells could include stem and progenitor cells, which could inhibit tissue
regeneration. However, p53+/− tissues also exhibit reduced apoptotic phenotypes similar to
those in p53+/m mice, yet p53+/− mice do not show early aging phenotypes and are cancer
susceptible.

One possibility is that wildtype p53 activity in p53+/m and p53+/− mice preferentially induces
cellular senescence rather than apoptosis in response to stress. p53+/m and p53+/− mice exhibit
an age-related increase in levels of senescence in kidney, liver, and spleen in comparison to
age-matched p53+/+ control mice. Supporting these data, p53+/m tissues also exhibit an age-
related increase in p16INK4a protein levels, which is known to play an important role in the
induction and maintenance of senescence (Janzen et al., 2006; Krishnamurthy et al., 2006,
2004;Molofsky et al., 2006). In addition, MEFs derived from p53+/m and p53+/− mice exhibit
a significant increase in levels of senescence as examined by the SA-β-gal assay, even at an
early passage (P2). Late passage p53+/m MEFs exhibit an increase in p21 and p16INK4a protein
levels as well. One possible mechanism for the increased senescence in early passage p53+/−

cells are studies showing that reduced dosage of p53 in some contexts results in a shift away
from apoptosis and towards cell cycle arrest or senescence (Macip et al., 2003). However,
despite high senescence levels, the older p53+/− mice are profoundly susceptible to tumors
(Harvey et al., 1993a), unlike the highly cancer resistant p53+/m mice (Tyner et al., 2002). We
hypothesize that these differences are due to the reduced upregulation of p53 (and p21 and
p16INK4a) after stress in p53+/− tissues, while p53+/m tissues show an abnormally high and
prolonged response to stress compared to p53+/+ and p53+/− tissues (Fig. 5A and B).

In this paper we attempted to determine which major p53 function most closely correlated with
the cancer resistance and early aging phenotypes observed in the p53+/m mice. By examining
p53-mediated apoptosis, senescence, mutation frequencies, and DNA damage responses in
three mouse strains with differing levels of p53 activity, we hoped to better understand how
p53 may influence longevity and aging. Spontaneous mutation frequencies were only modestly
increased in some tissues in older p53+/m mice in comparison to their p53+/+ counterparts (Fig.
3), so we do not believe increased mutation rates are a major factor in p53+/m premature aging
phenotypes. It is possible that the increased p53+/m mutation frequencies are related to
increased retention of senescent or dysfunctional cells.

Aged cancer resistant p53+/m mice exhibit significantly increased cellular senescence in
multiple tissues relative to age-matched p53+/+ mice, but only marginally increased senescence
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relative to cancer-susceptible p53+/− mice (Fig. 6A). Likewise, p53+/m and p53+/− mice both
display attenuated apoptosis relative to p53+/+ mice, indicating a failure to mount a proper p53
response. In this context age-associated senescent cells and attenuated apoptotic responses do
not necessarily correlate with aging, given their similar appearance in a cancer-susceptible
normally aging mouse (p53+/−) and a cancer resistant premature aging mouse (p53+/m). But
the p53+/m mouse does display a robust and prolonged DNA damage response relative to both
p53+/+ and p53+/− mice, as measured by high p53 protein levels, and high levels of p21 and
p16INK4a. Such a prolonged anti-proliferative response to damage could be the critical p53-
associated property that is most relevant to the early aging phenotypes observed in the
p53+/m mice. The robust and extended upregulation of p21 and p16INK4a in stem and progenitor
cells could produce senescence or dysfunction in these cells that over time may contribute to
the p53+/m aging phenotypes and pathologies through the loss of proliferative and tissue
regenerative capacities (Fig. 6B). Consistent with this model, we have shown that
hematopoietic and mammary gland stem cells in aged p53+/m mice display reduced
proliferative and regenerative function compared to their age-matched p53+/+ counterparts
(Dumble et al., 2007;Gatza et al., 2008).

In summary, the data presented here demonstrate that tissues in aging p53+/m mice exhibit an
increase in senescent cell numbers, a reduced apoptotic index and an enhanced and prolonged
DNA damage response in comparison to their wildtype counterparts. Because only the DNA
damage response is consistently enhanced in p53+/m mice relative to both p53+/+ and p53+/−

mice, we hypothesize that this p53 property is the best correlate for the p53+/m premature aging
phenotypes. We postulate that the truncated p53 m protein could disrupt normal wildtype p53
regulation and even in the absence of exogenous stress provide a chronic low level stimulation
of wildtype p53 that might gradually impact on stem and progenitor cell functionality and cause
the p53+/m early aging effects. This work strengthens the link between p53 and aging,
suggesting that p53 activity must be maintained under tight regulation, as alterations in activity
may contribute to aberrant aging phenotypes. Increasing p53 dosage while retaining normal
p53 regulation can sometimes be beneficial by promoting cancer resistance without early aging
(Garcia-Cao et al., 2002), but if normal p53 regulation is disrupted, deleterious effects such as
increased tumor incidence or even accelerated aging can result (Donehower et al., 1992; Maier
et al., 2004; Tyner et al., 2002). Further studies will be necessary to precisely identify the
mechanisms by which p53 impacts on aging and longevity.
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Fig. 1.
p53+/m MEFs exhibit increased levels of senescence markers compared to p53+/+ MEFs. Mouse
embryonic fibroblasts (MEFs) were passaged and evaluated at passages 2 (P2), 6 (P6) and 10
(P10). (A) SA-β-gal staining of MEFs, as indicated by blue perinuclear staining, reveals
increased accumulation of positive staining in p53+/− MEFs at early passage (P2) and
p53+/m MEFS at late passage (P10) compared to wildtype (p53+/+) MEFs. (B) Quantitation of
the mean percent senescence (±s.e.m.) show that p53+/m MEFs exhibit significantly higher
levels of staining at each passage than p53+/+ MEFs (*p < 0.02; n = 4 per p53 genotype/passage
number). (C) Western blots for cellular senescence initiator p21 and senescence marker
p16INK4a verify increased senescence in p53+/m MEFs compared to p53+/+ MEFs with passage.
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Fig. 2.
p53+/m tissues exhibit increased levels of senescence markers compared to p53+/+ tissues.
Kidney, liver, and spleen from young 3 month (Y) and old 18–22 month (O) p53+/−, p53+/+

and p53+/m mice were analyzed for markers of cellular senescence. (A) Representative SA-β-
gal staining of tissues, as indicated by blue perinuclear staining and arrows. All images are
shown at 40× magnification. (B) Quantitation of senescent cells in multiple microscope fields
for four mice of each age/genotype group reveals increased accumulation of positive staining
in p53+/m tissues with age as compared to p53+/+ tissues (*p < 0.05). (C) Western blots for
cellular senescence initiator p21 and senescence marker p16INK4a verify increased senescence
in p53+/m spleen compared to p53+/+ spleen with age.
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Fig. 3.
Tissues that exhibit accelerated senescence in p53+/m mice also show increased mutation
frequency with age. Kidney, liver, spleen, and small intestine were examined for mutation
frequency in genomic DNA of p53+/+ and p53+/m mice at 3, 6, 12, and 24 months of age using
the Big Blue Transgenic Mouse system. Wildtype p53 tissue mutation frequencies are
represented by light blue lines, p53+/m mutation frequencies are in dark blue (n ≥ 3 at each data
point). Increased mutation frequency is observed in all tissues in both genotypes with age. (A)
Kidneys of p53+/m mice trend towards increased mutations versus p53+/+ kidneys in the oldest
animals (p = 0.051). (B) Livers of 24 month p53+/m mice exhibit increased mutation frequencies
compared to 24 month p53+/+ livers (p = 0.056). (C) Spleens of p53+/m mice display increases
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in mutation frequency with age as compared to p53+/+ spleens (p = 0.076). (D) In small
intestine, a tissue where cellular senescence is neither expected nor reported in the literature,
p53+/+ and p53+/m mutation frequencies are indistinguishable (p = 0.388).
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Fig. 4.
Apoptosis is reduced in p53+/m lymphoid tissues compared to wildtype lymphoid tissues. (A)
One week after IR p53+/+ male spleens exhibit a steep decrease in spleen mass (mg spleen per
gram body weight) at IR dosage of 3 Gray (Gy) and 5 Gy, whereas p53+/m spleens are refractory
until the highest levels of IR (n = 3 per data point). p53+/− spleens exhibit a steady decline in
spleen mass with increasing IR dosage. The data are normalized to non-irradiated spleens. (B)
Representative TUNEL staining of young and old p53+/+, p53+/−, and p53+/m non-irradiated
and 4 h post 5 Gy irradiation spleens. Dark brown-black nuclear staining indicates TUNEL
positive, apoptotic cells. All images are shown at 20× magnification. (C) Quantitation of
percent average TUNEL positive staining (±s.e.m) in young and old untreated and 5 Gy IR
treated spleens from p53+/+, p53+/− and p53+/m animals. In both young and old spleens,
p53+/m tissue sections exhibit significantly lower levels of positive TUNEL staining as
compared to p53+/+ tissue sections (**p < 4.2 × 10−5 and *p < 0.008, respectively) (n = 4). (D)
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Western blot showing reduced cleavage of apoptosis-facilitating proteins (caspase 3, caspase
9, and PARP) in young p53+/m thymus relative to young p53+/+ thymus, 6 h post 5 Gy IR.
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Fig. 5.
Increased IR dosage leads to increased and prolonged induction of molecular senescence
markers in p53+/m mice. (A) Six-week-old male p53+/+ and p53+/m mice were irradiated with
a dosage curve ranging from 0 to 5 Gy IR and spleens were harvested one week post-irradiation.
Western blots show little or no increase in p21 or p16INK4a senescence markers in p53+/+

spleens, but dramatic increases in both markers in the p53+/m spleens. (B) Three-month-old
p53+/+, p53+/−, p53−/−, and p53+/m male mice were irradiated with 5 Gy IR and spleens were
harvested 6 h post-irradiation. Western blot analysis indicates significant increase in the levels
of p16INK4a in p53+/m spleens. Levels of p53 protein induced 6 h post IR are also shown. When
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normalized to loading control, levels of p53 induced in p53+/m spleens are at least three fold
higher than in p53+/+ spleens. Representative blots are illustrated.
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Fig. 6.
Models showing relative p53 responses in p53+/−, p53+/+, and p53+/m mice (A) and p53+/m

accelerated organismal and cellular aging resulting from altered stress responses (B). (A) In
response to DNA damage and other stresses, p53 induces differential senescence, apoptosis,
and damage responses dependent on p53 dosage and activity. Relative responses are indicated
by bar heights for each effect for p53+/−, p53+/+, and p53+/m mice. p53+/m mice exhibit
enhanced senescence and DNA damage responses and reduced apoptosis relative to p53+/+

mice. (B) Enhanced damage responses in p53+/m tissues are associated with inadequate
apoptotic removal of damaged cells and retention of senescent cells in p53+/m tissues and may
contribute to the accelerated aging phenotypes observed in p53+/m mice. As p53+/+ mice age,
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damaged cells are efficiently removed by p53-mediated apoptosis and replaced by functional
adult tissue stem cells (top part of panel). Senescent cells accumulate at a modest rate and aging
phenotypes occur late in life. In contrast, p53+/m tissues exhibit enhanced anti-proliferative
damage responses and are defective in apoptotic elimination of damaged or dysfunctional cells
and these accumulate with age, perhaps as senescent cells. Such cells may include stem and
progenitor cells that more rapidly lose the ability to replenish cells in the tissues as the organism
ages. The result is tissue atrophy and some of the accelerated aging phenotypes observed in
the p53+/m mouse.
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