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Abstract Tumor suppressor p53 prevents early death due to cancer development. However, the

role of p53 in aging process and longevity has not been well-established. In humans, single

nucleotide polymorphism (SNP) with either arginine (R72) or proline (P72) at codon 72 influences

p53 activity; the P72 allele has a weaker p53 activity and function in tumor suppression. Here,

employing a mouse model with knock-in of human TP53 gene carrying codon 72 SNP, we found

that despite increased cancer risk, P72 mice that escape tumor development display a longer

lifespan than R72 mice. Further, P72 mice have a delayed development of aging-associated

phenotypes compared with R72 mice. Mechanistically, P72 mice can better retain the self-renewal

function of stem/progenitor cells compared with R72 mice during aging. This study provides direct

genetic evidence demonstrating that p53 codon 72 SNP directly impacts aging and longevity,

which supports a role of p53 in regulation of longevity.

DOI: https://doi.org/10.7554/eLife.34701.001

Introduction
Aging is a complex process of time-dependent series of progressive loss of functions and structures

of all systems, which leads to an increased vulnerability to death (López-Otı́n et al., 2013). Cancer is

an age-associated disease, which can lead to both premature death and age-associated increase in

morbidity and mortality (Campisi and Yaswen, 2009). Tumor suppressor p53 plays a pivotal role in

tumor prevention (Feng et al., 2008; Vousden and Prives, 2009). Loss or disruption of p53 function

is often a prerequisite for tumor initiation and development. In humans, more than 50% of all human

tumors contain mutations in the p53 gene (Olivier et al., 2002). In mice, loss of both Trp53 alleles

(p53-/-) leads to the development of tumors early in life and a reduced lifespan compared with wild

type mice (Donehower et al., 1992). Therefore, p53 ensures longevity by preventing cancer devel-

opment early in life.

Longevity depends on the balance between tumor suppression and tissue renewal mechanisms

(Campisi and Yaswen, 2009). While genomic instability is a hallmark of aging, stem cell exhaustion

is another important hallmark of aging (López-Otı́n et al., 2013). It has been indicated that the anti-

proliferative function of p53 which is crucial for tumor suppression could affect self-renewal function

of stem/progenitor cells and contribute to aging (van Heemst et al., 2005; Donehower, 2002).

However, the precise role of p53 in aging process and longevity has not been clearly established.

Inconsistent results on aging and longevity have been reported in different mouse models in which
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the p53 activity has been manipulated through different strategies (Tyner et al., 2002;

Dumble et al., 2007; Maier et al., 2004; Liu et al., 2010; Garcı́a-Cao et al., 2002; Mendrysa et al.,

2006; Matheu et al., 2007). Specifically, transgenic mice with constitutively elevated p53 activity by

expression of certain p53 mutants or a short p53 isoform showed increased cancer resistance but

premature aging phenotypes (Tyner et al., 2002; Dumble et al., 2007; Maier et al., 2004;

Liu et al., 2010). The ‘super p53’ mice with a regulated hyperactive p53 activity by having an extra

copy of the wild type Trp53 gene were resistant to cancer but did not exhibit signs of accelerated

aging (Garcı́a-Cao et al., 2002; Mendrysa et al., 2006). Interestingly, the ‘super p53’ mice with an

extra copy of Ink4/Arf showed extended longevity (Matheu et al., 2007; Matheu et al., 2009). It is

worth noting that mouse models used in these studies did not reflect p53 activation under physio-

logical conditions. It is therefore critical to address the role of p53 in the aging process and longevity

using a proper mouse model reflecting the p53 activity under physiological conditions.

TP53 is a haplo-insufficient gene, a little decrease in p53 levels or activity (e.g. 2-fold difference)

significantly impacts tumorigenesis (Venkatachalam et al., 2001; Berger and Pandolfi, 2011;

Bond et al., 2004). p53 protein levels and activity are under tight regulation in cells (Feng et al.,

2008; Vousden and Prives, 2009). In humans, naturally occurring single nucleotide polymorphisms

(SNPs) in the p53 pathway, which modulate the activity or levels of p53, have been found to signifi-

cantly impact cancer risk (Bond et al., 2004; Whibley et al., 2009; Lin et al., 2008; Basu and Mur-

phy, 2016). p53 codon 72 SNP is a common coding SNP in the TP53 gene, which results in either an

arginine (R72) or a proline (P72) residue at codon 72. We and others have reported that compared

with the R72 allele, the P72 allele displays a weaker p53 transcriptional activity towards a group of

its target genes, many of which are involved in apoptosis and suppressing cell transformation

(Dumont et al., 2003; Jeong et al., 2010). Studies in human populations indicate that p53 codon

72 SNP may modify cancer risk, but currently the consensus has not been reached on this in the liter-

ature (van Heemst et al., 2005; Whibley et al., 2009). Several studies of aged or general human

populations indicate that the P72 carriers have an increased lifespan despite an increased mortality

from cancer (van Heemst et al., 2005; Bojesen and Nordestgaard, 2008; Smetannikova et al.,

eLife digest How long most animals live depends on the balance between the biological

processes that allow them to regenerate their tissues when damaged and those that prevent them

from developing cancer. Regeneration relies mostly on cells, in particular stem cells, dividing to

make new cells, while cancer occurs when cell division becomes uncontrolled.

Tumor suppressor genes protect against cancer. One such gene encodes a protein called p53

that eliminates damaged cells before they can become cancerous. The p53 protein is also believed

to be involved in regulating how quickly an animal ages and how long it lives, but this second role

has not yet been clearly established.

Previous studies using different strategies to change the activity of p53 in several mouse models

have led to inconsistent results. However, the mouse models used in these earlier studies did not

reflect how p53 works under normal conditions.

Zhao et al. have now used mice in which the mouse gene for p53 was replaced with one of two

versions of the equivalent human gene to study its impact on lifespan and the aging process. The

two versions of p53 only differ slightly; a single building block of the protein, the amino acid at

position 72, is a proline in one version but an arginine in the other. This difference makes one

version of p53 weaker than the other; in other words, it is less able to eliminate damaged cells. Zhao

et al. revealed that the mice with the weaker p53 lived for longer and appeared to age more slowly

too. Further experiments showed that the stem cells in the mice with a weaker p53 were able to

keep dividing and create new cells for longer. This is important because a decline in this activity –

which is known as self-renewal – is a hallmark of aging.

Together these findings show that a small yet common change in p53 impacts both aging and

lifespan, possibly by altering how stem cells are regulated. Further work is now needed to better

understand why the different versions of p53 have different effects on stem cells.

DOI: https://doi.org/10.7554/eLife.34701.002
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2004). These epidemiological results support the dual functions of p53 in longevity, and suggest

that codon 72 SNP may have an impact upon aging and longevity. Considering the genetic back-

ground variations of human populations and environmental factors in epidemiological studies, the

precise role of p53 codon 72 SNP in aging and longevity remains elusive.

In this study, we employed a mouse model with knock-in of human TP53 gene (Hupki) carrying

codon 72 SNP to directly investigate the impact of p53 codon 72 SNP upon longevity and its under-

lying mechanism. The Hupki mice carrying codon 72 SNP recapture the impacts of codon 72 SNP

upon p53 transcriptional activity and function in tumor suppression, which is widely used for studies

on p53 and codon 72 SNP (Feng et al., 2011; Kung et al., 2016; Azzam et al., 2011;

Reinbold et al., 2008; Frank et al., 2011; Leu et al., 2013). We found that despite the increased

cancer risk, P72 mice that have escaped tumor development have a longer lifespan than R72 mice

and display a delay of age-associated phenotypes compared with R72 mice. Mechanistically, P72

mice have a better ability to retain the self-renewal function of stem/progenitor cells compared with

R72 mice during the aging process. Long-term stem cells from aging P72 mice have better engraft-

ment and repopulation abilities than aging R72 mice. In turn, P72 mice have less expansion of long-

term stem/progenitor cells than R72 mice during the aging process. Taken together, our study pro-

vides direct genetic evidence demonstrating that human p53 codon 72 SNP has a direct impact

upon aging and longevity in vivo, which supports the role of p53 in longevity.

Results

The lifespans of mice carrying human p53 Codon 72 SNP
To investigate the impact of human p53 codon 72 SNP upon aging and the lifespan, Hupki mice

with knock-in of human TP53 gene carrying codon 72 SNP in place of the corresponding mouse

Trp53 gene were employed (Kung et al., 2016; Frank et al., 2011; Leu et al., 2013). It has been

reported that p53 protein levels in different tissues are comparable between R72 and P72 mice,

which was confirmed in this study (Figure 1—figure supplement 1A) (Kung et al., 2016;

Frank et al., 2011; Leu et al., 2013). Previous studies including ours showed that the P72 allele in

these mice has a weaker transcriptional activity towards a subset of p53 target genes than the R72

allele, suggesting that these mice retain the function of p53 codon 72 SNP in human (Feng et al.,

2011; Kung et al., 2016; Azzam et al., 2011). Because the lifespan of mice varies among different

inbred strains, Hupki mice with p53 codon 72 SNP were backcrossed to mice with different genetic

backgrounds, including 129SVsl and C57BL/6J, for ten generations to establish p53 codon 72 SNP

Hupki mice in 129SVsl and C57BL/6J backgrounds, respectively. The lifespan of mice with p53 codon

72 SNP in 129SVsl and C57BL/6J backgrounds was measured in a cohort of ~150 mice for each

genotype. The median survival age was 740 days in 129SVsl mice and 490 days in C57BL/6J mice,

respectively (Figure 1—figure supplement 1B and C), which is consistent with previously reported

lifespans of these two mouse strains (Storer, 1966).

In 129SVsl mice, P72 mice showed an overall longer lifespan compared with R72 mice; the median

survival age was 759 days for P72 mice and 697 days for R72 mice, respectively (Log-rank test:

p<0.0001) (Figure 1A). The causes of death included tumor, inflammation (including dermatitis),

ocular lesion, urinary syndrome, nephropathy, etc., which are common causes of death in 129SVsl

mice as reported by previous studies (Marx et al., 2013; Brayton et al., 2012; Radaelli et al.,

2016) (Table 1). For those mice died from non-neoplastic events, P72 mice showed a significantly

longer lifespan than R72 mice; the median survival was 768 days for P72 mice and 673 days for R72

mice, respectively (Log-rank test: p<0.0001) (Figure 1B). For those mice died from neoplastic dis-

eases, R72 mice (with a median survival of 774 days) showed a longer lifespan than P72 mice (with a

median survival of 756 days) (Log-rank test: p=0.015) (Figure 1C). Further analysis of mice older

than 18 months, which are equivalent to humans older than 60 years (Dutta and Sengupta, 2016),

showed that P72 mice had a longer lifespan (with a median survival of 780 days) than R72 mice (with

a median survival of 715 days) (Log-rank test: p<0.0001) (Figure 1D).

Similar results were observed in C57BL/6J mice. P72 mice had an overall longer lifespan (with a

median survival of 495.5 days) than R72 mice (with a median survival of 481 days) (Log-rank test:

p=0.015) (Figure 2A). For those mice died from non-neoplastic events, P72 mice had a significantly

longer lifespan (with a median survival of 564.5 days) than R72 mice (with a median survival of 438
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days) (Log-rank test: p<0.0001) (Figure 2B). For those mice died from neoplastic diseases, R72 mice

(with a median survival of 566 days) had a longer lifespan than P72 mice (with a median survival of

411 days) (Log-rank test: p=0.0084) (Figure 2C). Further analysis of mice older than 18 months

showed that P72 mice had a longer lifespan (with a median survival of 693 days) than R72 mice (with

a median survival of 657 days) (Log-rank test: p<0.0001) (Figure 2D).

P72 mice showed delayed aging-associated phenotypes
Our results that mice carrying different p53 codon 72 SNP have different lifespans suggest that p53

codon 72 SNP impacts the aging process. Therefore, several aging-associated phenotypes were

examined in R72 and P72 mice at different ages.

During the aging process, mice develop lordokyphosis which is characterized by an increased cur-

vature of the spine (López-Otı́n et al., 2013). In this study, skeleton structures of 129SVsl mice at dif-

ferent ages were imaged and reconstructed by a micro-CT scan. A narrowing of the spine angle

indicates an increase in lordokyphosis. In 6-month-old mice, lordokyphosis was not observed, and

there was no significant difference in spinal curves between R72 and P72 mice (Figure 3A&B). In 18-

month-old mice, lordokyphosis was observed. Notably, 18-month-old R72 mice developed more

Figure 1. The lifespans of 129SVsl p53 R72 mice and p53 P72 mice. (A) The overall survival of 129SVsl R72 mice (n = 162) and P72 mice (n = 219). The

median survival is 697 days and 759 days for R72 and P72 mice, respectively. p<0.0001. (B) Survival of 129SVsl R72 mice (n = 136) and P72 mice (n = 180)

died from non-neoplastic events. The median survival is 673 days and 768 days for R72 and P72 mice, respectively. p<0.0001. (C) Survival of 129SVsl R72

mice (n = 26) and P72 mice (n = 39) died from neoplastic diseases. The median survival is 774 days and 756 days for R72 mice and P72 mice,

respectively. p=0.015. (D) Survival of 129SVsl R72 mice (n = 140) and P72 mice (n = 199) older than 18 months. The median survival is 715 days and 780

days for R72 mice and P72 mice, respectively. p<0.0001. Log-rank test was used to analyze the difference in survival.

DOI: https://doi.org/10.7554/eLife.34701.003

The following figure supplement is available for figure 1:

Figure supplement 1. The p53 protein levels in the bone marrow from 129SVsl p53 Hupki mice and the lifespans of 129SVsl and C57BL/6J p53 Hupki

mice.

DOI: https://doi.org/10.7554/eLife.34701.004
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pronounced lordokyphosis compared with age-matched P72 mice (Figure 3B). A similar phenotype

was observed in C57BL/6J mice (Figure 3G&H).

Another aging-related phenotype in both humans and mice is osteoporosis (López-Otı́n et al.,

2013). The mouse tibias bone structure and density were examined by a micro-CT scan followed by

3D reconstruction. The structure and density of the tibias bone between 6-month-old 129SVsl R72

and P72 mice were morphologically identical, and showed no sign of osteoporosis (Figure 3C).

Osteoporosis was observed in both R72 and P72 mice at the age of 18 months. Notably, R72 mice

displayed a more obvious sign of osteoporosis than P72 mice (Figure 3C). Analysis of tibias bone

structure and density of mice at different ages showed aging-related changes, including decreased

bone volume/total volume (BV/TV), decreased trabecular number and increased trabecular spacing

during aging (Figure 3D–F). P72 mice showed a delayed development of all these aging-related

changes compared with R72 mice, with the most obvious differences observed at the age of 18

months (Figure 3D–F). Similar results were obtained in C57BL/6J mice (Figure 3I–K).

Decreases in the skin dermal thickness and subcutaneous adipose tissues occur during the aging

process (López-Otı́n et al., 2013). Older 129SVsl mice (12–18 month-old) had a thinner dermal layer

and less subcutaneous adipose tissues than young mice (6-month-old) (Figure 4A–C). There was no

obvious difference in the dermal thickness and the amount of subcutaneous adipose tissues between

young R72 and P72 mice. Notably, in older mice, R72 mice showed more significant decreases in

both skin dermal thickness and subcutaneous adipose thickness compared with P72 mice

(Figure 4A–C).

One of the hallmarks of aging is the stem cell exhaustion, which leads to the reduced ability of tis-

sue repair (López-Otı́n et al., 2013). Under stress, such as skin wounds, epidermal stem cells exhibit

a highly organized and complex self-renewal process to restore the integrity and function of the

skin. This ability dampens down as both humans and mice age (López-Otı́n et al., 2013). Therefore,

the cutaneous repair ability of mice was examined by measuring the wound healing process which

reflects the function of the skin stem cell (Shaw and Martin, 2009). Three-mm wounds were intro-

duced in the mouse skin by punch and the wound diameters were measured daily. Both R72 and

P72 129SVsl young mice (6-month-old) showed an efficient wound healing ability (Figure 4D). How-

ever, 12- and 18-month-old R72 mice showed a more pronounced decrease in the wound healing

ability than age-matched P72 mice (Figure 4D). Similar results were obtained in C57BL/6J mice

Table 1. Major contributing causes of death in mice evaluated at end of life.

129SVsl C57BL/6J

R72 P72 R72 P72

n (%) n (%) n (%) n (%)

Neoplasm 26 (16.3) 39 (18.3) 48 (32.9) 56 (35)

Nonspecific systemic disease 33 (20.6) 47 (22.1) 21 (14.4) 31 (19.4)

Ocular lesion 38 (23.8) 53 (24.9) 7 (4.8) 5 (3.1)

Dermatitis 5 (3.1) 4 (1.9) 34 (23.3) 43 (26.9)

Megaesophagus 15 (9.4) 24 (11.3)

Urinary syndrome/nephropathy 18 (11.3) 21 (9.9) 9 (6.2) 4 (2.5)

Neurologic diseases 5 (3.1) 7 (3.3) 4 (2.7) 3 (1.9)

Others 9 (5.6) 8 (3.8) 10 (6.8) 8 (5.0)

Unknown reason 11 (6.9) 10 (4.7) 13 (8.9) 10 (6.3)

Note:

Nonspecific systemic disease: age-related or -induced lesions including cardiac and respiratory failure; sepsis and

DIC; female reproductive diseases or male urogenital diseases, etc.

Ocular lesion: includes corneal ulceration and chronic keratitis

Neurologic diseases: include head tilt, paresis, paralysis and ataxia

Others: include rectal prolapse, gastrointestinal bleedings

DOI: https://doi.org/10.7554/eLife.34701.005
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(Figure 4E). These results demonstrate that P72 mice exhibited a delayed aging process compared

with R72 mice.

The impact of p53 Codon 72 SNP upon hematopoietic stem cell self-
renewal abilities during the aging process
Stem cell exhaustion is considered as a hallmark of the aging process (López-Otı́n et al., 2013). Dur-

ing aging in both humans and mice, the regeneration ability of stem cells gradually diminishes

(López-Otı́n et al., 2013). Ample studies on stem cell aging process have focused on hematopoietic

stem cell (HSC) (Chambers and Goodell, 2007; Seita and Weissman, 2010). Studies using mouse

models demonstrated a HSC aging phenotype with the characteristic of the increase of the pool of

stem/progenitor cells and the reduction of their self-renewal abilities during the aging process

(Dumble et al., 2007; Chambers et al., 2007). p53 has been indicated to play a critical role in regu-

lating the function of stem/progenitor cells (Dumble et al., 2007; Kaiser and Attardi, 2018). Here,

we investigated the impact of p53 codon 72 SNP upon HSC pool size and self-renewal function dur-

ing aging.

To this end, the numbers of long term-HSCs (LT-HSCs) as well as proliferating HSCs, which repre-

sent HSC pool size and self-renewal function, respectively, were measured in R72 and P72 mice at

different ages. Bone marrow cells were isolated from mouse hind limb bones and stained with

mature hematopoietic lineage markers. The numbers of LT-HSCs (Lin-/low, Sca1+, c-kit+ and CD34-,

Figure 2. The lifespans of C57BL/6J p53 R72 mice and p53 P72 mice. (A) The overall survival of C57BL/6J R72 mice

(n = 146) and P72 mice (n = 160). The median survival is 481 days and 495.5 days for R72 and P72 mice,

respectively. p=0.015. (B) Survival of C57BL/6J R72 mice (n = 98) and P72 mice (n = 104) died from non-neoplastic

events. The median survival is 438 days and 564.5 days for R72 and P72 mice, respectively. p<0.0001. (C) Survival of

C57BL/6J R72 mice (n = 48) and P72 mice (n = 56) died from neoplastic disease. The median survival is 566 days

and 411 days for R72 mice and P72 mice, respectively. p=0.0084. (D) Survival of C57BL/6J R72 mice (n = 61) and

P72 mice (n = 70) older than 18 months. The median survival is 657 days and 693 days for R72 mice and P72 mice,

respectively. p<0.0001. Log-rank test was used to analyze the difference in survival.

DOI: https://doi.org/10.7554/eLife.34701.006
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Figure 3. p53 P72 mice have a delay in developing aging-associated bone structure phenotypes compared with p53 R72 mice. (A) Lordokyphosis in

129SVsl R72 and P72 mice. Shown are representative images taken with the INVEON PET/CT system of mouse whole skeleton at different ages. (B)

Average of spine angles from 6-month-old and 18-month-old 129SVsl R72 and P72 mice. A narrowing of the angle indicates an increase in

lordokyphosis. n = 5/group, *: p<0.05; Student’s t-test. (C) Representative micro-CT bone structure images taken with the INVEON PET/CT system of

Figure 3 continued on next page
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Flk2-) were determined by FCM analysis (Figure 5—figure supplement 1). Consistent with previous

reports (Akunuru et al., 2016; Morrison et al., 1996), the percentage of LT-HSCs in bone marrow

cells clearly increased during the aging process in both 129SVsl and C57BL/6J mice (Figure 5A–C).

R72 mice showed a more rapid increase in the numbers of LT-HSCs than P72 mice during aging.

While there was no significant difference in LT-HSC numbers between young 129SVsl R72 and P72

mice, much higher LT-HSC numbers were observed in R72 mice than P72 mice at the age of both 12

and 18 months (Figure 5A&B). Similar results were obtained in C57BL/6J mice (Figure 5C). These

results demonstrated that P72 mice showed a delayed HSC expansion during aging.

To determine the population of functional/proliferating HSCs in R72 and P72 mice at different

ages, BrdU-labeled proliferating HSCs were quantified by FCM analysis. As shown in Figure 5D&E,

the number of proliferating HSCs decreased during aging in both 129SVsl and C57BL/6J mice, which

is consistent with previous reports (Dumble et al., 2007; Chambers and Goodell, 2007). Notably,

the decrease of proliferating HSC numbers was more rapid in R72 mice than P72 mice during aging.

In 129SVsl mice, the percentage of proliferating HSCs in all HSCs in R72 mice decreased from 45%

at the age of 6 months to 28% at the age of 22 months, whereas the decrease of proliferating HSCs

in P72 mice was less pronounced: from 44% at the age of 6 months to 34% at the age of 22 months

(Figure 5D). Similar results were obtained in C57BL/6J mice; the decrease of proliferation HSCs was

more rapid in R72 mice than P72 mice during aging (Figure 5E).

To further evaluate the self-renewal and repopulation function of HSCs in mice with p53 codon

72 SNP during aging, the engraftment and repopulation abilities of HSCs of mice were determined

by bone marrow transplantation assays. Bone marrow cells isolated from donor CD45.2 mice with

different p53 codon 72 SNP at different ages were transplanted into lethally irradiated recipient

CD45.1 mice along with CD45.1 bone marrow cells (Figure 6A). The long-term HSC engraftment

and repopulation abilities were evaluated by analyzing CD45.1 or CD45.2 cell surface markers of

peripheral blood cells at 16 weeks after transplantation. As shown in Figure 6B, while bone marrow

cells from 6-month-old R72 and P72 mice showed similar abilities in engraftment and contribution to

mature peripheral lymphocytes, bone marrow cells from 18-month-old P72 mice showed a signifi-

cantly higher engraftment ability than R72 mice. For donors from 129SVsl mice,~76% vs.~68% of lym-

phocytes were derived from 18-month-old P72 and R72 donors, respectively. Similar results were

obtained in C57BL/6J mice;~74% vs ~56% of lymphocytes were derived from 18-month-old P72 and

R72 donors, respectively (Figure 6B). Taken together, these results demonstrated that P72 mice dis-

played a delayed aging process in HSC number and function compared with R72 mice, which con-

tributes to the delayed aging phenotypes in P72 mice.

In response to stress, p53 transcriptionally regulates a group of target genes that can lead to dif-

ferent cell fates through inducing growth arrest or apoptosis, etc. Here, 129SVsl mice were

employed to examine whether p53 codon 72 SNP differentially regulates the basal expression of its

target genes involved in cell cycle arrest (p21) and apoptosis (Puma and Noxa), which in turn impacts

the number and function of stem cells. As shown in Figure 6C, p21 mRNA expression levels in the

bone marrow were slightly higher in P72 mice compared with R72 mice as determined by real-time

PCR assays with this difference being more obvious in older mice than young mice. This difference in

p21 expression levels was confirmed at the protein level as determined by Western-blot assays

(Figure 6C). In contrast, the bone marrow from P72 mice displayed slightly lower expression levels

Figure 3 continued

tibias from 129SVsl R72 and P72 mice at different ages. (D–F) Quantification of bone volume relative to total volume (D), trabecular number (E) and

trabecular spacing (F) from micro-CT scans of tibias from 129SVsl R72 and P72 mice at different ages using INVEON Research Workplace software. Data

were presented as mean ± SD. n = 3, *: p<0.05, #: p<0.01; Student’s t-test. (G) Lordokyphosis in C57BL/6J R72 and P72 mice. Shown are representative

images of mouse whole skeleton at different ages. (H) Average of spine angles from 6-month-old and 18-month-old C57BL/6J R72 or P72 mice. n = 5,

*: p<0.05; Student’s t-test. (I–K) Quantification of bone volume relative to total volume (I), trabecular number (J) and trabecular spacing (K) from micro-

CT scans of tibias from C57BL/6J R72 and P72 mice at different ages using INVEON Research Workplace software. Data were presented as mean ± SD.

n = 3, *: p<0.05, #: p<0.01; Student’s t-test.

DOI: https://doi.org/10.7554/eLife.34701.007

The following source data is available for figure 3:

Source data 1. Average of spine angle from 6-month-old and 18-month-old R72 and P72 mice.

DOI: https://doi.org/10.7554/eLife.34701.008
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of Puma and Noxa than that from R72 mice (Figure 6C). These results demonstrate the differential

regulation of the basal expression levels of p21, Puma and Noxa by p53 codon 72 SNP in the bone

#

#

#

*

##

*
*

� �

*

Figure 4. p53 P72 mice have a delay in developing aging-associated skin phenotypes compared with p53 R72

mice. (A) H and E staining of cross-sections of dorsal skins from 129SVsl R72 mice and P72 mice at different ages.

e: epidermis; d: dermis; a: adipose; m: muscle. Scale bar: 100 mm. (B and C) Quantification of dermal thickness (B)

and subcutaneous adipose layer thickness (C) of 129SVsl R72 mice and P72 mice at different ages. (D and E) Skin

wound healing abilities in 129SVsl (D) and C57BL/6J (E) R72 and P72 mice at different ages. The skin wound area

was quantified as 0.25 � p �width � length. For (B–E), data were presented as mean ± SD, n � 5/group, *:

p<0.05, #:p<0.01, ##: p<0.001; Student’s t-test.

DOI: https://doi.org/10.7554/eLife.34701.009

The following source data is available for figure 4:

Source data 1. Quantification of dermal thickness of 129SV R72 and P72 mice at different ages.

DOI: https://doi.org/10.7554/eLife.34701.010
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- -

Figure 5. HSCs from p53 P72 mice exhibit a delayed aging phenotype compared with HSCs from p53 R72 mice. (A) The representative gating of long-

term HSCs (LT-HSCs) in 129SVsl R72 mice and P72 mice. LT-HSCs were identified as Lin-/low, Sca1+, c-kit+ and CD34-, Flk2- cells from bone marrow by

flow cytometry analysis. (B and C) The bar graph represents the percentage of LT-HSCs in the bone marrow of 129SVsl (B) and C57BL/6J (C) R72 mice

and P72 mice at different ages. Data were presented as mean ± SD. n � 5/group, *: p<0.05, #: p<0.01, ##: p<0.001; Student’s t-test. (D and E) The bar

graph represents the percentage of proliferating HSCs in the bone marrow of 129SVsl (D) and C57BL/6J (E) R72 mice and P72 mice at different ages.

Proliferating HSCs were labeled with BrdU for 16 hr in vivo and then identified as Lin-/low, Sca1+, c-kit+, Flk2 - and BrdU+ by flow cytometry analysis.

Data were presented as mean ± SD. n = 5/group, *: p<0.05, #: p<0.01; Student’s t-test.

DOI: https://doi.org/10.7554/eLife.34701.011

The following source data and figure supplement are available for figure 5:

Source data 1. The percentage of LT-HSCs in the bone marrow of R72 and P72 mice at different ages.

DOI: https://doi.org/10.7554/eLife.34701.013

Figure supplement 1. The gating strategy to identify LT-HSCs.

Figure 5 continued on next page
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marrow, which may contribute to the delayed aging process in HSC number and function observed

in P72 mice.

Discussion
While the role of p53 in assuring longevity through prevention of early cancer development has

been well established, its role in regulating aging and longevity aside from cancer prevention has

not been well established. Divergent results have been obtained from different mouse models in

which the p53 activity was manipulated through different strategies. The increased p53 activity was

reported to lead to accelerated aging in some mouse models, but do not affect the lifespan or even

prolong the life span in other mouse models (Tyner et al., 2002; Dumble et al., 2007; Maier et al.,

2004; Liu et al., 2010; Garcı́a-Cao et al., 2002; Mendrysa et al., 2006; Matheu et al., 2007). These

results indicate that p53 can be pro-aging or pro-longevity depending on the context of its regula-

tion and activity. The precise role of p53 in intrinsic aging process, especially under the physiological

condition, remains unclear.

Longevity depends on a balance between tumor suppression and tissue renewal mechanisms

(López-Otı́n et al., 2013; Campisi, 2003a). Declines in stem cells self-renewal and differentiation are

critical components of aging (Campisi and Yaswen, 2009). The anti-proliferative function of p53,

which is crucial for suppression of cancer cells, plays a crucial role in eliminating damaged cells

including stem cells (TeKippe et al., 2003; Shounan et al., 1996). The pleiotropic antagonism the-

ory suggests that certain cellular processes that provide beneficial effects in youth, may compromise

organismal fitness later in life (Campisi, 2003b). Currently, it is unclear whether p53 has the antago-

nistic pleiotropy and how the balance of p53 for tumor surveillance and stem cell regulation is

regulated.

In humans, functional SNPs have been identified in both p53 and its signaling pathway, such as

p53 codon 72 SNP and SNP309 in p53 negative regulator MDM2. These SNPs alter the levels and/

or function of p53. Some of these SNPs, including p53 codon 72 SNP, appear to have undergone

the natural selection, which suggests that p53 has evolutionarily-conserved functions other than

tumor suppression (Atwal et al., 2007; Atwal et al., 2009). It is possible that these SNPs modulate

the function of p53 in maintaining the balance between tumor surveillance and stem cell regulation,

which are important genetic modifiers for human longevity. Up till now, majority studies on p53

codon 72 SNP have focused on its impact upon cancer risk. However, there is no consensus in the lit-

erature as to the impact of p53 codon 72 SNP upon cancer risk (van Heemst et al., 2005;

Whibley et al., 2009). Further, the role of p53 codon 72 SNP in stem cell regulation and aging pro-

cess remains unclear. Several epidemiological studies of human populations indicate that p53 codon

72 SNP may influence human longevity. A perspective study with an aging human population (�85

years, n = 1226) reported that individuals homozygous for the P72 allele have a 41% increased sur-

vival (p=0.032) despite a 2.54-fold increased mortality from cancer (van Heemst et al., 2005).

Another perspective study of the Danish general population (ages 20–95, n = 9219) reported that

the p53 P72 allele is associated with an increased overall survival rate (Bojesen and Nordestgaard,

2008). Similarly, a study of long-lived individuals in Novosibirsk and Tyumen Regions (n = 131)

reported the enrichment of the p53 P72 allele in the long-lived group (Smetannikova et al., 2004).

These findings suggest that p53 activity is reversely associated with aging, and p53 codon 72 SNP

may impact the lifespan in humans.

In this study, we used a genetic approach to investigate whether p53 codon 72 SNP modulates

longevity through regulating the balance of p53 functions in tumor surveillance and stem cell regula-

tion by using Hupki mice carrying p53 codon 72 SNP. To exclude the effect of mixed mouse genetic

backgrounds on the lifespan and the aging process, mice carrying p53 codon 72 SNP were back-

crossed with 129SVsl mice and C57BL/6J mice, respectively, for 10 generations. As shown in Fig-

ure 1—figure supplement 1B and C and Table 1, the lifespan and causes of death of these two

mouse strains are very different. p53 codon 72 SNP showed a clear impact upon the lifespan in both

strains of mice; P72 mice have a longer lifespan compared with their R72 littermates, although P72

Figure 5 continued

DOI: https://doi.org/10.7554/eLife.34701.012
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Figure 6. Aged p53 P72 mice exhibit better hematopoietic stem cell self-renewal and repopulation abilities compared with aged p53 R72 mice. (A) The

experimental design for bone marrow transplantation assays to examine engraftment and repopulation abilities of HSCs in mice. (B) Percentage of

Figure 6 continued on next page
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mice have a higher risk for tumor development. This result is consistent with the observation in

human populations showing that P72 carriers have a longer lifespan (van Heemst et al., 2005;

Bojesen and Nordestgaard, 2008; Smetannikova et al., 2004). Further, P72 mice display delayed

aging-associated phenotypes compared with R72 mice. Results from this study further showed that

P72 mice have a better self-renewal ability of stem cells and a delay of compensatory expansion of

the stem cell pool compared with R72 mice. Stem cells from older P72 mice have better engraftment

and repopulation ability compared with older R72 mice as determined by the bone marrow trans-

plantation assays (Figure 6D). It has been suggested that p53 codon 72 SNP can influence the basal

expression levels of some p53 target genes in humans, including p21 and PAI-1 (Salvioli et al.,

2005, Testa et al., 2009). For instance, it was reported that dermal fibroblasts from P72 carriers dis-

play a higher expression of p21 (Salvioli et al., 2005). In plasma samples from healthy populations,

the P72 allele plays an important role in determining PAI-1 levels in aging populations (Testa et al.,

2009). Results from this study showed that the bone marrow from P72 mice displays higher expres-

sion levels of p21 but lower expression levels of Puma and Noxa compared with R72 mice. The dif-

ferential expression of these target genes may modulate the p53 decision on cell fates towards

survival or death, which may contribute to the delayed aging process in HSC function observed in

P72 mice. In addition to p53 codon 72, a group of functional SNPs have been identified in the p53

gene and important genes in the p53 pathway, such as MDM2. A very recent study reported that a

patient affected by a segmental progeroid syndrome has a germline mutation in the MDM2 gene

(Lessel et al., 2017). This mutation abrogates MDM2 function and leads to increased p53 levels and

function, which might be the driving cause for the premature aging phenotype of this patient

(Lessel et al., 2017). It will be of interest to study how these SNPs in the p53 pathway (individual or

in combination) impact aging and longevity in future studies.

Taken together, results from this study provided the genetic evidence showing that functional

p53 codon 72 SNP, which regulates the activity of p53, influences aging and longevity through the

regulation of self-renewal function of stem cells. Results from this study strongly support a role of

p53 in regulation of stem/progenitor cell function and longevity.

Materials and methods

Mice
Hupki mice carrying either the P72 or R72 allele were generous gifts from Dr. Maureen Murphy (The

Wistar Institute) (Kung et al., 2016). Hupki mice in 129SVsl and C57BL/6J backgrounds were pro-

duced by backcrossing Hupki mice ten times to 129SVsl and C57BL/6J, respectively. C57BL/6J

CD45.1 mice (RRID:IMSR_JAX:002014) were purchased from The Jackson Laboratory (Bar Harbor,

ME). All animal experiments were approved by the IACUC committee of Rutgers University.

Micro-CT scan analysis
Mice were anesthetized for CT scanning of whole body skeletons using the INVEON PET/CT system

(Siemens Healthcare). The images were reconstructed using INVEON Research Workplace software

(Siemens Healthcare, Tarrytown, NY).

The bone microstructure measurement was carried out as previously described (Ell et al., 2013).

In brief, mouse tibias were scanned by micro-CT. The images were reconstructed with Beam

Figure 6 continued

CD45.2 cells in peripheral blood at 16 weeks after engraftment. In both 129SVsl mice (left) and C57BL/6J mice (right), aged P72 mice showed better

stem cell abilities of engraftment and repopulation compared with aged R72 mice. n = 6/group, ##: p<0.001; Student’s t-test. (C) The mRNA expression

levels of p21, Puma and Noxa (upper panels) and the protein expression levels of p21 (lower panels) in bone marrow from 129SVsl p53 R72 and P72

mice at different ages as determined by real-time PCR assays and Western-blot assays, respectively. Data were presented as mean ± SD, n = 4/group,

*p<0.05; Student’s t-test. (D) A schematic model depicting the dual functions of p53 codon 72 SNP in regulating longevity.

DOI: https://doi.org/10.7554/eLife.34701.014

The following source data is available for figure 6:

Source data 1. Percentage of CD45.2 cells in peripheral blood at 16 weeks after engraftment.

DOI: https://doi.org/10.7554/eLife.34701.015
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Hardening Correction and Hounsfield calibrated before being analyzed using INVEON Research

Workplace software. The 3D images were generated corresponding to the trabecular bone regions.

CT scans were carried out at the Preclinical Imaging Shared Resource of Rutgers Cancer Institute of

New Jersey.

Histology
Paraffin-embedded skin specimens were sectioned with 5 mm thickness and stained with hematoxylin

and eosin (H and E). The thickness of the dermal and adipose layers from the skin samples were

determined by taking three random measurements along the length of each skin sample using

ImageJ software.

Cutaneous wound healing assays
Cutaneous wound healing assays were carried out as previously described (Tyner et al., 2002). In

brief, mice were anesthetized and a full-thickness wound was generated in the mouse dorsal skin

using a 3 mm biopsy punch (Integra, York, PA). Wound diameters were measured daily. Wound

areas = 0.25 � p �width � length.

Flow cytometry (FCM) assays to determine LT-HSC numbers and HSC
proliferation
LT-HSC numbers were determined as previously described (Dumble et al., 2007). In brief, bone

marrow cells were flushed out from mouse hind limb bones with PBS and stained with a cocktail of

antibodies (BD bioscience Pharmingen), including an anti-lineage-APC antibody (RRID:AB_1645213),

an anti-Sca-1-PE-Cy7 antibody (RRID:AB_647253), an anti-c-kit-PE-CF594 antibody (RRID:AB_

11154233), an anti-CD34-FITC antibody (RRID:AB_395017) and an anti-Flk-2-PE antibody (RRID:AB_

395079). LT-HSCs which were selected as Lin-/low, Sca1+, c-kit+ and CD34-, Flk2- cells were quantified

by FCM analysis using a Beckman-Coulter Cytomics FC500 Flow Cytometer (Indianapolis, IN).

To determine the HSC proliferation ability, mice were injected intraperitoneally with 1 mg BrdU

(BD bioscience Pharmingen) at 16 hr before the collection of bone marrow. Bone marrow cells were

stained with a cocktail of antibodies, including an anti-lineage-APC antibody, an anti-Sca-1-PE-Cy7

antibody, an anti-c-kit-PE-CF594 antibody and an anti-Flk-2-PE antibody. After cell surface staining,

a BrdU-FITC Flow Kit (BD bioscience Pharmingen; RRID:AB_2617060) was used to identify cycling

cells according to the manufacturer’s instructions. Proliferating HSCs were identified as Lin-/low,

Sca1+, c-kit+, Flk2- and BrdU+ by FCM analysis.

Total bone marrow competitive transplantation assays
Bone marrow transplantation assays were carried out as previously described (Dumble et al., 2007).

In brief, bone marrow cells from 6-month-old and 18-month-old ‘donor’ CD45.2 mice were mixed

with bone marrow cells from 6-month-old ‘competitor’ CD45.1 mice at a ratio of 2:1. Recipient

CD45.1 mice at the age of 6 to 12 week-old were irradiated with a lethal dose of 10 Gy the day

before bone marrow transplantation. n = 6/group. The mixture of bone marrow cells was injected

into recipient mice via the tail vein. Sixteen weeks after transplantation, peripheral white blood cells

of recipient mice were analyzed for CD45.1 and CD45.2 cell surface markers using an anti-CD45.1-

PE antibody (RRID:AB_395044) and an anti-CD45.2-FITC antibody (RRID:AB_395041), respectively

(BD Biosciences Pharmingen).

Western-blot assays
Standard Western-blot assays were used to analyze protein expression in tissues. The following anti-

bodies were used for assays: anti-p53 (FL393, Santa Cruz Biotechnology; RRID; AB_653753), anti-

p21 (Santa Cruz Biotechnology; RRID:AB_628073), and b-actin (Sigma; RRID:AB_476744).

Taqman real-time PCR
Total RNA was prepared by using an RNeasy kit (Qiagen). All probes were purchased from Applied

Biosystems. Real-time PCR was done in triplicate with TaqMan PCR mixture (Applied Biosystems).

The expression of genes was normalized to the b-actin gene.
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Statistical analysis
The data were present as mean ± SD. The lifespan of mice were summarized by Kaplan-Meier plots

and compared using the log-rank test using GraphPad Prism software. All other p values were

obtained using the Student’s t-test. Based on survival data of p53 codon 72 SNP mice, we hypothe-

sized that the P72 mice have a delayed development of aging associated phenotypes. Therefore,

one-tailed Student’s t-test was used for majority of data analysis related to the development of

aging associated phenotypes. Values of p<0.05 were considered to be significant.
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López-Otı́n C, Blasco MA, Partridge L, Serrano M, Kroemer G. 2013. The hallmarks of aging. Cell 153:1194–
1217. DOI: https://doi.org/10.1016/j.cell.2013.05.039, PMID: 23746838

Maier B, Gluba W, Bernier B, Turner T, Mohammad K, Guise T, Sutherland A, Thorner M, Scrable H. 2004.
Modulation of mammalian life span by the short isoform of p53. Genes & Development 18:306–319.
DOI: https://doi.org/10.1101/gad.1162404, PMID: 14871929

Marx JO, Brice AK, Boston RC, Smith AL. 2013. Incidence rates of spontaneous disease in laboratory mice used
at a large biomedical research institution. Journal of the American Association for Laboratory Animal Science :
JAALAS 52:782–791. PMID: 24351767

Matheu A, Maraver A, Collado M, Garcia-Cao I, Cañamero M, Borras C, Flores JM, Klatt P, Viña J, Serrano M.
2009. Anti-aging activity of the Ink4/Arf locus. Aging Cell 8:152–161. DOI: https://doi.org/10.1111/j.1474-9726.
2009.00458.x, PMID: 19239418

Matheu A, Maraver A, Klatt P, Flores I, Garcia-Cao I, Borras C, Flores JM, Viña J, Blasco MA, Serrano M. 2007.
Delayed ageing through damage protection by the Arf/p53 pathway. Nature 448:375–379. DOI: https://doi.
org/10.1038/nature05949, PMID: 17637672

Mendrysa SM, O’Leary KA, McElwee MK, Michalowski J, Eisenman RN, Powell DA, Perry ME. 2006. Tumor
suppression and normal aging in mice with constitutively high p53 activity. Genes & Development 20:16–21.
DOI: https://doi.org/10.1101/gad.1378506, PMID: 16391230

Morrison SJ, Wandycz AM, Akashi K, Globerson A, Weissman IL. 1996. The aging of hematopoietic stem cells.
Nature Medicine 2:1011–1016. DOI: https://doi.org/10.1038/nm0996-1011, PMID: 8782459

Olivier M, Eeles R, Hollstein M, Khan MA, Harris CC, Hainaut P. 2002. The IARC TP53 database: new online
mutation analysis and recommendations to users. Human Mutation 19:607–614. DOI: https://doi.org/10.1002/
humu.10081, PMID: 12007217

Radaelli E, Castiglioni V, Recordati C, Gobbi A, Capillo M, Invernizzi A, Scanziani E, Marchesi F. 2016. The
pathology of aging 129S6/SvEvTac mice. Veterinary Pathology 53:477–492. DOI: https://doi.org/10.1177/
0300985815608673, PMID: 26467077

Reinbold M, Luo JL, Nedelko T, Jerchow B, Murphy ME, Whibley C, Wei Q, Hollstein M. 2008. Common tumour
p53 mutations in immortalized cells from Hupki mice heterozygous at codon 72. Oncogene 27:2788–2794.
DOI: https://doi.org/10.1038/sj.onc.1210932, PMID: 17998932

Zhao et al. eLife 2018;7:e34701. DOI: https://doi.org/10.7554/eLife.34701 17 of 18

Research article Cancer Biology

https://doi.org/10.1016/j.ccr.2013.09.008
http://www.ncbi.nlm.nih.gov/pubmed/24135284
https://doi.org/10.4161/cc.7.7.5657
http://www.ncbi.nlm.nih.gov/pubmed/18414039
https://doi.org/10.1096/fj.10-180166
http://www.ncbi.nlm.nih.gov/pubmed/21402718
https://doi.org/10.1128/MCB.01136-10
http://www.ncbi.nlm.nih.gov/pubmed/21245379
https://doi.org/10.1093/emboj/cdf595
http://www.ncbi.nlm.nih.gov/pubmed/12426394
https://doi.org/10.1096/fj.09-146001
http://www.ncbi.nlm.nih.gov/pubmed/20019240
https://doi.org/10.1038/cdd.2017.171
http://www.ncbi.nlm.nih.gov/pubmed/29099489
https://doi.org/10.1016/j.celrep.2016.02.037
http://www.ncbi.nlm.nih.gov/pubmed/26947067
https://doi.org/10.1172/JCI92171
http://www.ncbi.nlm.nih.gov/pubmed/28846075
http://www.ncbi.nlm.nih.gov/pubmed/23991369
http://www.ncbi.nlm.nih.gov/pubmed/23675098
https://doi.org/10.1038/ncb2100
http://www.ncbi.nlm.nih.gov/pubmed/20818388
https://doi.org/10.5754/hge10215
https://doi.org/10.5754/hge10215
http://www.ncbi.nlm.nih.gov/pubmed/22234063
https://doi.org/10.1016/j.cell.2013.05.039
http://www.ncbi.nlm.nih.gov/pubmed/23746838
https://doi.org/10.1101/gad.1162404
http://www.ncbi.nlm.nih.gov/pubmed/14871929
http://www.ncbi.nlm.nih.gov/pubmed/24351767
https://doi.org/10.1111/j.1474-9726.2009.00458.x
https://doi.org/10.1111/j.1474-9726.2009.00458.x
http://www.ncbi.nlm.nih.gov/pubmed/19239418
https://doi.org/10.1038/nature05949
https://doi.org/10.1038/nature05949
http://www.ncbi.nlm.nih.gov/pubmed/17637672
https://doi.org/10.1101/gad.1378506
http://www.ncbi.nlm.nih.gov/pubmed/16391230
https://doi.org/10.1038/nm0996-1011
http://www.ncbi.nlm.nih.gov/pubmed/8782459
https://doi.org/10.1002/humu.10081
https://doi.org/10.1002/humu.10081
http://www.ncbi.nlm.nih.gov/pubmed/12007217
https://doi.org/10.1177/0300985815608673
https://doi.org/10.1177/0300985815608673
http://www.ncbi.nlm.nih.gov/pubmed/26467077
https://doi.org/10.1038/sj.onc.1210932
http://www.ncbi.nlm.nih.gov/pubmed/17998932
https://doi.org/10.7554/eLife.34701


Salvioli S, Bonafé M, Barbi C, Storci G, Trapassi C, Tocco F, Gravina S, Rossi M, Tiberi L, Mondello C, Monti D,
Franceschi C. 2005. p53 codon 72 alleles influence the response to anticancer drugs in cells from aged people
by regulating the cell cycle inhibitor p21WAF1. Cell Cycle 4:1264–1271. DOI: https://doi.org/10.4161/cc.4.9.
1978, PMID: 16082224

Seita J, Weissman IL. 2010. Hematopoietic stem cell: self-renewal versus differentiation. Wiley Interdisciplinary
Reviews: Systems Biology and Medicine 2:640–653. DOI: https://doi.org/10.1002/wsbm.86, PMID: 20890962

Shaw TJ, Martin P. 2009. Wound repair at a glance. Journal of Cell Science 122:3209–3213. DOI: https://doi.org/
10.1242/jcs.031187, PMID: 19726630

Shounan Y, Dolnikov A, MacKenzie KL, Miller M, Chan YY, Symonds G. 1996. Retroviral transduction of
hematopoietic progenitor cells with mutant p53 promotes survival and proliferation, modifies differentiation
potential and inhibits apoptosis. Leukemia 10:1619–1628. PMID: 8847897

Smetannikova MA, Beliavskaia VA, Smetannikova NA, Savkin IV DDV, Ustinov SN. 2004. [Functional
polymorphism of p53 and CCR5 genes in the long-lived of the Siberian region]. Vestnik Rossiı̆skoı̆ Akademii
Meditsinskikh Nauk 11:25–28.

Storer JB. 1966. Longevity and gross pathology at death in 22 inbred mouse strains. Journal of Gerontology 21:
404–409. DOI: https://doi.org/10.1093/geronj/21.3.404, PMID: 5944803

TeKippe M, Harrison DE, Chen J. 2003. Expansion of hematopoietic stem cell phenotype and activity in Trp53-
null mice. Experimental Hematology 31:521–527. DOI: https://doi.org/10.1016/S0301-472X(03)00072-9,
PMID: 12829028

Testa R, Bonfigli AR, Salvioli S, Invidia L, Pierini M, Sirolla C, Marra M, Testa I, Fazioli F, Recchioni R, Marcheselli
F, Olivieri F, Lanari L, Franceschi C. 2009. The Pro/Pro genotype of the p53 codon 72 polymorphism modulates
PAI-1 plasma levels in ageing. Mechanisms of Ageing and Development 130:497–500. DOI: https://doi.org/10.
1016/j.mad.2009.06.001, PMID: 19523975

Tyner SD, Venkatachalam S, Choi J, Jones S, Ghebranious N, Igelmann H, Lu X, Soron G, Cooper B, Brayton C,
Park SH, Thompson T, Karsenty G, Bradley A, Donehower LA. 2002. p53 mutant mice that display early ageing-
associated phenotypes. Nature 415:45–53. DOI: https://doi.org/10.1038/415045a, PMID: 11780111

van Heemst D, Mooijaart SP, Beekman M, Schreuder J, de Craen AJ, Brandt BW, Slagboom PE, Westendorp
RG, Long Life study group. 2005. Variation in the human TP53 gene affects old age survival and cancer
mortality. Experimental Gerontology 40:11–15. DOI: https://doi.org/10.1016/j.exger.2004.10.001,
PMID: 15732191

Venkatachalam S, Tyner SD, Pickering CR, Boley S, Recio L, French JE, Donehower LA. 2001. Is p53
haploinsufficient for tumor suppression? Implications for the p53+/- mouse model in carcinogenicity testing.
Toxicologic Pathology 29 Suppl:147–154. DOI: https://doi.org/10.1080/019262301753178555, PMID: 116
95551

Vousden KH, Prives C. 2009. Blinded by the light: the growing complexity of p53. Cell 137:413–431.
DOI: https://doi.org/10.1016/j.cell.2009.04.037, PMID: 19410540

Whibley C, Pharoah PDP, Hollstein M. 2009. p53 polymorphisms: cancer implications. Nature Reviews Cancer 9:
95–107. DOI: https://doi.org/10.1038/nrc2584

Zhao et al. eLife 2018;7:e34701. DOI: https://doi.org/10.7554/eLife.34701 18 of 18

Research article Cancer Biology

https://doi.org/10.4161/cc.4.9.1978
https://doi.org/10.4161/cc.4.9.1978
http://www.ncbi.nlm.nih.gov/pubmed/16082224
https://doi.org/10.1002/wsbm.86
http://www.ncbi.nlm.nih.gov/pubmed/20890962
https://doi.org/10.1242/jcs.031187
https://doi.org/10.1242/jcs.031187
http://www.ncbi.nlm.nih.gov/pubmed/19726630
http://www.ncbi.nlm.nih.gov/pubmed/8847897
https://doi.org/10.1093/geronj/21.3.404
http://www.ncbi.nlm.nih.gov/pubmed/5944803
https://doi.org/10.1016/S0301-472X(03)00072-9
http://www.ncbi.nlm.nih.gov/pubmed/12829028
https://doi.org/10.1016/j.mad.2009.06.001
https://doi.org/10.1016/j.mad.2009.06.001
http://www.ncbi.nlm.nih.gov/pubmed/19523975
https://doi.org/10.1038/415045a
http://www.ncbi.nlm.nih.gov/pubmed/11780111
https://doi.org/10.1016/j.exger.2004.10.001
http://www.ncbi.nlm.nih.gov/pubmed/15732191
https://doi.org/10.1080/019262301753178555
http://www.ncbi.nlm.nih.gov/pubmed/11695551
http://www.ncbi.nlm.nih.gov/pubmed/11695551
https://doi.org/10.1016/j.cell.2009.04.037
http://www.ncbi.nlm.nih.gov/pubmed/19410540
https://doi.org/10.1038/nrc2584
https://doi.org/10.7554/eLife.34701

