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Abstract 

The protein p53 is very well known as a tumor suppressor and recent evidence 

suggests that it is also involved in the process of aging and longevity. As 

transcription factor, p53 regulates cellular stress responses, mainly through target 

gene activation. This thesis focuses on p53 in relation to the hallmarks of cellular 

aging. Interestingly, p53 is involved in all nine identified cellular aging hallmarks: 

genomic instability, mitochondrial dysfunction, telomere shortening, cellular 

senescence, stem cell exhaustion, epigenetic alterations, loss of proteostasis, 

deregulated nutrient-sensing and altered intercellular communication. The 

interplay of p53, caloric restriction, and autophagy as an anti-aging tool spanning 

all species is also discussed. Furthermore, the dispute if p53 is a pro-aging or anti-

aging factor will be highlighted, mainly with evidence coming from various mouse 

models. In conclusion, p53 can be pro-aging or anti-aging, depending on the 

context. It seems to act as pro-aging molecule when constitutively active or 

deregulated, while it might have anti-aging functions when aiding down-regulation 

of nutrient sensing pathways. 
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Zusammenfassung 

Das Protein p53 ist in seiner Funktion als Tumorsuppressor bereits gut bekannt 

und vielfach erforscht. Doch es spielt nicht nur in der Krebsentstehung eine Rolle, 

sondern auch in vielen anderen Bereichen wie zum Beispiel dem 

Alterungsprozess. In dieser Arbeit wird auch auf das Thema Fasten als ein 

wirksamer Mechanismus gegen das Altern und wie p53 damit zusammenhängt 

eingegangen. p53 ist in Zellen dafür zuständig, dass die Zelle richtig auf Angriffe 

unterschiedlicher Art reagieren kann, indem Zielgene aktiviert werden. Diese 

Arbeit möchte mit Hilfe der neun Kennzeichen der Zellalterung und dem Prozess 

Autophagie die Stellung von p53 im Alterungsprozess beschreiben. p53 ist am 

Autophagieprozess und an den folgenden neun von neun Kennzeichen der 

Zellalterung beteiligt: Genetische Instabilität, Telomerverkürzung, 

Funktionsstörungen der Mitochondrien, zelluläre Seneszenz, Erschöpfung des 

Stammenzellpools, epigenetische Veränderungen und Störungen der 

Proteinhomeostase, der Signalwege von Wachstum und Nährstoffen sowie  der 

zellulären Kommunikation. Dem Protein p53 werden im Alterungsprozess 

entgegengesetzte Rollen zugeschrieben. Diese Arbeit möchte mit Hilfe 

verschiedener Modell, vor allem von Mäusen, die Frage klären, ob p53 das Altern 

stoppen kann oder ob es dazu beiträgt. Es bestätigt sich die Dualität von p53: je 

nach Kontext kann p53 Altern beschleunigen oder verlangsamen. Das Protein 

kann das Altern beschleunigen, wenn es über lange Zeit überaktiviert ist oder die 

normale Regulation nicht funktioniert. p53 könnte dem Altern aber auch 

entgegenwirken indem es Signalwege von Wachstumshormonen und Nährstoffen 

herunterreguliert.  
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Aging and disease 

The median age of Austria’s population in 1950 was 35.7 years (1). Currently, in 

the European Union it reached 42.6 years (2,3). Life expectancy at birth is growing 

around 0.22% per year and in 2018 it was 81.9 years with a gap of 4.6 years 

between males (79.6 years) and females (84.2 years) (4). An aging population will 

also lead to a rise in age-related diseases. Thereby it is essential that healthspan 

is increasing at the same rate as lifespan. Healthspan can be defined as the years 

without a serious disease, i.e. a disease that leads to death (5). So it is more 

important than ever to find strategies that prolong healthspan. On the non-clinical 

front, various lifestyle modifications can be useful tools to extend healthspan. It 

has been shown in experimental models including primates that caloric restriction 

or fasting could be such strategies prolonging lifespan and healthspan.  

Living twice as long as normal mice, a male dwarf mouse was reported with the 

longest lifespan of four years (6). Dwarf mice have a deficiency or resistance of 

growth hormone (7). In the above mentioned case the mouse  lacked the anabolic 

IGF-1 (insulin-like-growth-factor 1) which is activated by growth hormone (GH) (8). 

These dwarf mice not only live longer but also have an extended healthspan (7).  

Human aging is characterized by greying of hair, development of wrinkles, loss of 

fertility, and pathological features such as hearing loss, presbyopia, reduced 

cognitive ability, osteoporosis and loss of muscle mass resulting in decreased 

mobility. Apart from these common characteristics the risk of cancer, heart 

diseases and neurocognitive diseases increases during the process of aging (9). 

At first sight, aging and cancer seem to be two separate fields but in fact they have 

a common underlying cause: accumulation of molecular damage (10). One 

plausible connection of aging and cancer is the prominent tumor suppressor p53, 

which has a disputed function in the context of aging and is the focus of this thesis. 

To search for literature mainly PubMed has been used with the following 

keywords: p53 and aging, p53 and longevity. 
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1 The process of aging 

1.1 Aging at the cellular level 

About 60 years ago Leonhard Hayflick developed the concept of the Hayflick-limit, 

stating that the number of cell divisions of normal human embryonic cells in culture 

is limited to around 50 times before they reach a state of mitotic inactivity, known 

as replicative senescence (11). This presented one of the first studies, describing 

the process of aging at the cellular level. More recently, in a review from Lopez-

Otin et al, (12), the authors defined the  following nine key hallmarks of the 

process of aging: genomic instability, telomere dysfunction, mitochondrial 

dysfunction, cellular senescence, altered intercellular communication, stem cell 

exhaustion, epigenetic alterations, loss of proteostasis and deregulated nutrient-

sensing (12). To these nine aging hallmarks the molecular mechanism of 

autophagy was added as it is also of importance for cellular and organismal aging 

proven by many different papers. 

1.1.1 Genomic instability and accelerated aging disorders 

The first aging hallmark dealt with in this thesis is genomic instability. Cumulative 

genetic damage over time contributes to cellular and organismal aging. The DNA 

can be challenged endogenously and exogenously compromising its stability and 

integrity. Exogenous threats include biological, chemical and physical components 

and endogenous threats are DNA replication errors, reactive oxygen species 

(ROS) and hydrolytic reactions (12). All these stressors can lead to chromosomal 

gains or losses, translocations, gene disruptions, telomere attrition or point 

mutations (12). It has been estimated that each cell is affected by ten thousand of 

the described damages per day (13). The initial notion was that most damages are 

caused by ROS which has been disproved by more recent studies showing 

replication errors are major culprits (12,14). It is crucial that cellular responses 

envolved that ensure diverse repair and control mechanisms to prevent permanent 

damage. Furthermore, mitochondrial DNA (mDNA) damage has been shown to be 

involved in the aging process (4), as it has been evidenced in mouse models of 

mDNA damage showing signs of aging like greying of hair (15). There is also a link 

between damaged nuclear architecture and the accelerated aging disorder 
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Hutchinson-Gilford progeria, an autosomal dominant genetic disease caused by 

mutations in the gene coding for laminin A (16). The wild-type protein is 

responsible for the architecture of the nuclear lamina and is safeguarding genomic 

stability (16). Several genetic causes for accelerated aging are known as 

described below. Progeroid syndromes or accelerated aging disorders are rare 

genetic disorders ending up in death at a young age, mostly as a result of 

cardiovascular disease or musculoskeletal decline. They mimic normal ageing in 

loss of hair, skin tightness, cardiovascular diseases and osteoporosis (9) . Human 

progeroid syndromes are classified by their molecular pathways underlying the 

disease: (i) defects in the nuclear envelope or (ii) errors affecting DNA repair 

mechanisms (9). Hutchinson-Gilford progeria is an example for the first group with 

a defect in the nuclear lamina. Physiologically this lamina divides the nucleus in 

eukaryotic cells from the cytoplasm and also contains proteins related to gene 

regulation and chromatin organization (17). The responsible gene defect is a 

mutation in the LMNA gene resulting in a Lamin  protein, named progerin, missing 

50 amino acids with a fatal outcome in nuclear architecture (18). The estimated 

incidence in the USA is 1 per 8 million births. In most cases a sporadic mutation is 

causing Hutchinson-Gilford progeria. Only three reported cases of familial 

occurrence exist in the literature (19).  At birth patients appear normal but at the 

age of around two years growth retardation is noticed (19). Patients’ clinical 

appearance include micrognathia, midface-hypoplasia, alopecia and the absence 

of subcutaneous fat tissue. Problematic pathologies are osteodysplasia resulting in 

pathological fractures and atherosclerosis causing strokes and coronary heart 

disease leading to death in their early teens (20). Interestingly, patients do not 

suffer from a higher risk of cancer nor they are affected by cognitive decline (21), 

compared to old individuals aged physiologically. Werner’s syndrome belongs to 

the second group of progeroid syndromes, i.e. harbouring defects in DNA repair 

mechanisms. Humans have five helicases in order to maintain genomic stability 

(9). They repair double-strand breaks occurring during DNA-replication and one of 

these helicases is defect in Werner’s syndrome (9,22). This syndrome is 

autosomal-recessive and begins in early adulthood with patients showing signs of 

premature aging (23). Retrospectively the first sign noticed is retardation in growth 

and quite a small stature in adulthood (24). Later, in their early thirties, they 
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present with skin thinning and with grey hair and hair loss (24). With progressing 

age, patients’ are suffering from age-related diseases such as bilateral cataracts, 

hypogonadism, diabetes mellitus type 2, osteoporosis as well as atherosclerosis 

and malignancies leading to death around the age of 54 (24,25). 

Genomic damage contributes to the aging process and so does defective mDNA. 

In Hutchinson-Gilford progeria and Werner’s syndrome two examples of rare 

genetic diseases leading to accelerated aging are listed.  

1.1.2 Telomere dysfunction and telomerase  

Telomeres are DNA structures at the ends of chromosomes. They protect the 

chromosomes from degradation and consist of tandem repeats, which are often 

rich of the base guanine (26). Chromosomes need the protection because they are 

minimized whenever they are replicated, because enzymes are incapable of a full 

DNA strand replication (27). Shortening telomeres without any protein coding 

information is better than damaging other genes (28). Telomeres also preserve the 

chromosomes from breaking and thereby they build a barrier against end-to-end 

fusion or degradation (27). They are bound by a protecting protein complex in 

order to not be recognized by the DNA damage repair machinery (29). After many 

cell divisions cultured human fibroblasts show short telomeres and enter 

replicative senescence (for senescence see 1.1.4 cellular senescence). At this 

point the Hayflick-limit is reached and mitosis is halted. However, other cell types 

may enter apoptosis when their telomeres are too short (27). 

Telomerase is a reverse transcriptase that extends telomeres, but is absent in 

most cells except germline cells, lymphocytes during the immune answer, basal 

ceratinocytes, intestine cryptocytes, some blood stem cells and unsurprisingly 

most cancer cells (30). In 1998, induction of telomerase in human diploid cells was 

discovered to enable prolongation of cellular lifespan and empower more cell 

divisions before the cell enters replicative senescence (31). 

Short telomeres are a hallmark of cellular aging as the cell stops mitosis. The 

enzyme telomerase is able to extend telomeres and prolong lifespan, but 

telomerase is absent in most cells. 
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1.1.3 Mitochondrial dysfunction 

As another hallmark of aging mitochondrial dysfunction has long been considered 

to have multiple impacts on the ageing process. Besides their main cellular 

function of energy production as ATP (adenosine triphosphate), they produce ROS 

(reactive oxygen species) and participate in the process of apoptosis and 

autophagy (32). There are several theories on how mitochondria are involved in 

ageing, as described below. 

The mitochondrial free radical theory, is based on the permise that old 

mitochondria produce more ROS leading to further mitochondrial detoriation (12). 

However, in the last years, it has been shown that increased ROS may lengthen 

lifespan in yeast countered this theory (33–35). Contributing to that, genetically 

manipulated mice that produce more mitochondrial ROS did not show signs of 

premature aging, although they had a higher incidence of pathology (36). For a 

long time ROS was seen as the evil by-product of a limited system, but they also 

partake in intracellular signaling, since they trigger proliferation and survival as the 

answer to physiological processes and cellular stressors (37). 

Another concept, although contrary to the ROS theory of aging, is mitohormesis. 

Mitohormesis describes the process of a system gaining more fitness after chronic 

exposition to mildly elevated levels of ROS by improving defense mechanisms due 

to an adaptive response (38). This concept can be compared to the mechanisms 

underlying vaccination, where stimulation of system resulting in more fitness 

afterwards (38). 

 

Figure 1: Mitohormesis compared with vaccination (38) 
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Apart from ROS levels mitochondria impact cellular ageing via other pathways as 

it has been shown in mice deficient for mitochondrial DNA polymerase y, some 

underlying mechanisms discussed include inflammation, altered apoptotic 

signaling or a direct impact on intercellular signaling (12). 

Further telomere length also affects mitochondria. That is the case in telomerase 

deficient mice, where a decline of mitochondrial biogenesis was considered to be 

the consequence of telomere shortening (39). This process has been found in 

wild-type mice during aging and was partly reversible through telomerase initiation 

(40).  

To provide enough healthy mitochondria to the cells the balance between 

mitochondrial biogenesis and degradation is essential. Mitochondrial biogenesis is 

modulated through Sirtuin1 (a histone deacetylase; see 1.1.7 epigenetic 

alterations) with an effect on PGC-1α (peroxisome proliferator-activated receptor 

gamma, coactivator 1 alpha), a transcriptional co-activator (12). The PGC proteins 

are important for mitochondrial function and energy metabolism, since there 

repression results in a decline of mitochondrial biogenesis and elevated ROS 

levels (41). PGC-1α is master regulator of mitochondrial biogenesis. PGC1-β is 

important in mitochondria for beta-oxidation of fatty acids and oxidative 

phosphorylation (42,43). Aged and defect mitochondria are degraded by the cell 

itself through the process of autophagy, which is named mitophagy in 

mitochondrial elimination (for autophagy see 1.1.10 autophagy) (12). The causes 

of defective mitochondria include mutations and deletions in mDNA, changes of 

the lipids in the membrane, oxidation of mitochondrial proteins and defective 

control mechanisms (44).  

So a combination of decreased mitochondrial biogenesis and increased 

mitochondrial damage may function as causative driver of aging. The outlined 

facts serve as evidence for mitochondria playing a central role in the process of 

aging. Different theories on how ROS are involved in aging exist in literature. 

Further, mitochondrial biogenesis is telomere dependent and they are degraded 

via mitophagy. All these show the connection between the cellular aging 

hallmarks.   
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1.1.4 Cellular senescence 

During a human’s life time cells are exposed to many stressful endogenous and 

exogenous events. Cells respond with evolutionary conserved mechanisms that 

prevent accumulation of damaged cells by evoking cell death (e.g. apoptosis), 

maintain cellular function (e.g. DNA damage repair), or forstall proliferation of aged 

or damaged cells. To unsure the latter a cell can undergo senescence, a 

permanent cell-cycle arrest (45). Senescent cells do not react with growth and 

proliferation upon growth and mitotic factors anymore (46). Although recent 

findings provide evidence, that this cell state is not permanent (41). The state of 

senescence caused by genomic damage is called premature senescence whereas 

it is called replicative senescence denominates shortened telomeres as reason for 

halted proliferation. Senescent cells appear to be more flattened and respond 

worse to stress (10). ROS also contribute to senescence by generating oxidative 

damage (41). Important pathways regulating cellular senescence are the p53/p21 

pathway and the p16/Retinoblasoma protein pathway (47). In mammals, including 

humans, cells with senescent aspects increase with age (48). These 

hyporeplicative cells aquire a so-called senescence-associated secretory 

phenotype (SASP) by producing a chronic inflammatory environment through 

secretion of pro-inflammatory chemokines like interleukin-6, tumor necrosis factor, 

growth factors, matrix metalloproteases, and others (10). In general, chronic 

inflammation is part of nearly every age-related degenerative or hyperplastic 

disease (49). Clearance of senescent cells is associated with delayed aging, 

whereas their accumulation is linked to accelerated aging and the development of 

the SASP. Senescent cells secrete pro-inflammatory chemokines, on one hand 

this attracts further immune cells to clear senescent cells, but on the other hand it 

could also lead to immune evasion and less clearance of senescent cells. This 

would lead to further aging (10). 

Cells with senescent aspects increase with age, wheather this is a permanent 

state or not, and they can lead to the SASP if they accumulate and accelerate 

aging.  
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1.1.5 Altered intercellular communication 

Aging is accompanied with altered systemic hormone levels and tissues show a 

higher level of inflammation, immunosurveillance against malignant cells 

decreases, and extracellular matrix changes (12). All these affect the 

communication between cells. The term ‘inflammaging’ is described to be a 

chronic non-infectious and low-grade inflammation occurring in different tissues 

undergoing the aging process (50). A connection to the hallmark cellular 

senescence and the SASP can be made, since senescent cells secrete an 

increased amount of inflammatory cytokines, chemokines and proteases (51). 

Inflammation is strongly associated with age-related diseases such as 

atherosclerosis and diabetes mellitus type 2 (12). 

1.1.6 Stem cell exhaustion 

Stem cells divide symmetrically in order to reproduce themselves and 

asymmetrically in order to generate tissue-specific cells as a replacement in adult 

tissue as soon as cells are damaged, injured or unable to function properly (52). 

During the aging process stem cells’ functions decline (53). Greying of hair as a 

characteristic feature of aging has been linked to melanocyte stem cell dysfunction 

(54). Blood is more likely affected by the decline in regenerative potential with age, 

resulting in pathologies such as moderate anemia, haematological neoplasia, 

bone marrow failure and decreased immunity (53). 

1.1.7 Epigenetic alterations 

Epigenetic mechanisms control access to DNA information and its transmission to 

the following generation, regulates gene expression, and stabilizes genes.  This is 

achieved by using three main mechanisms: DNA methylation in order to block 

gene expression, the modification of the DNA’s packaging material, called 

histones, and the regulation of mRNA stability and translation by interference 

through short RNA sequences (30). 

Histone demethylases in Caenorhabditis elegans interact with the IGF-1 and 

insulin signaling pathway (IIS) which plays a key role in the aging process (12). 

For more information about IIS see 1.1.9. deregulated nutrient sensing. There is 

growing interest on sirtuins in the field of aging research. They are a group of  
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histone-deacetlyases which suppress and enhance transcription. To date, eleven 

different classes of sirtuins have been discovered in humans (55). Sirt1, Sirt3, 

Sirt6 have been identified to influence the aging process: Sirt1 overexpression in 

mammals improves their health during aging, while Sirt6 deficient mice showed 

signs of accelerated aging. Sirt3 overexpression has been connected to the 

regenerative potential of hematopoietic stem cells and the pro-longevity aspects of 

caloric restriction. Interestingly Sirt3 is located in mitochondria placing at the 

center of an aging hallmark (12). 

Further, heterochromatin which is tightly packed DNA material with lots of 

repetitive sequences and can be found in centromeres and telomeres (56). Cells 

from individuals affected by Hutchinson-Gilford progeria show less 

heterochromatin structures compared to cells of individuals undergoing the 

physiological aging process (57). Telomeres mainly consist of heterochromatin 

providing another connection between several hallmarks of aging namely 

epigenetics, genomic stability, and telomere shortening (12).  

Epigenetic alterations also influence cellular senescence. For instance, the 

accumulation of heterochromatic structure in the promotor of E2F-target genes, 

resulting in their repression, has been shown. E2F is a transcription factor 

regulating cell cycle. This accumulation of heterochromatic structures in E2F-

target promoters is associated with senescence and therefore is referred to as 

senescence-associated heterochromatic foci (SAHF) (41,46).  

The outlined facts serve as evidence for epigenetic mechanisms influencing the 

aging process and therefor being a promising field to conduct further study. 

1.1.8 Loss of proteostasis 

The word proteostasis is a combination of protein and homeostasis. Proteostasis 

is essential for proper cellular function and encompasses protein stabilization, 

correct folding, maintenance and degradation through proteasome or lysosome 

(58). The protein homeostasis is altered during the aging process which has been 

proven by many studies. The connection between loss of proteostasis and age-

related diseases such as Alzheimer’s and Parkinson’s disease is reviewed 

elsewhere (12). For instance, in Alzheimer’s disease accumulation of mis-folded 

amyloid beta protein or tau proteins are believed to be causative (59).  
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Every protein is folded very specifically to ensure correct function and the 

organism’s health. Sometimes proteins need assistance to fold correctly, 

especially under conditions of cellular stress like heat, and this assistance is 

provided by chaperone proteins (60). Chaperones stabilize proteins and 

polypeptides and they avoid their aggregation. Prominent chaperones are the so 

called heat shock proteins (HSPs) (61). HSPs play a role in longevity and aging, 

since their expression is needed to avoid protein damage and a decline in the heat 

shock response while aging has been reported (62). 

Old or misfolded proteins must be eliminated by the cell. This elimination is 

ensured by the ubiquitin-proteasome system and the autophagy-lysosomal 

system. Proteasomes degrade proteins marked for elimination by the small protein 

ubiquitin through an ATP-demanding process. In contrast, lysosomal elimination 

does not require ATP although whole cell organelles like mitochondria can be 

degraded via hydrolytic enzymes (63). For more information about autophagy see 

1.10 autophagy. The activity and fidelity of the ubiquitin-proteasome and the 

autophagy-lysosomal systems are reduced with increasing age (12).  

Proteostasis changes during the aging process and it impacts aging. There is a 

decline in HSPs respone as well as in fidelity of the ubiquitin-proteasome and the 

autophagy-lysosomal systems with the age. Alzheimer’s and Parkinson’s disease 

also show altered proteostasis. 

1.1.9 Deregulated nutrient-sensing 

If there are enough macronutrients (lipids, glucose and amino acids) and growth 

factors available, nutrient sensing- and growth factor pathways confer signals for 

cell growth and division (64). Mutations or polymorphisms resulting in decreased 

function of the nutrient sensing pathways, such as reduced function of the IGF-1 

receptor and the insulin receptor or diminished intracellular signals via AKT (AKT 

is an important kinase for intracellular signal transduction), mechanistic target of 

Rapamycin (mTOR) or forkhead box protein O (FOXO) have been linked to 

longevity in humans and other organisms (12). One nutrient-sensing pathway 

involved in aging is the mTOR pathway and the other one is the IGF-1 and insulin 

signaling pathway or short IIS. The latter is called IIS, because the intracellular 

signaling of IGF-1 and insulin while the presence of glucose is the same (12).  
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The mTOR pathway recognizes amino acid and glucose levels (12), but it is also 

involved in sensing low  energy levels with decreasing ATP and increasing 

adenosine monophosphate (AMP), hypoxia and growth factors via the IIS pathway 

(64). mTOR contains two enzymatic complexes: mechanistic target of rapamycin 

complex 1 (mTORC1) (contains mTOR, Raptor, and mLST8 proteins) and 

mTORC2 (contains mTOR, Rictor, Sin1 and mLST1) (65). In response to nutrient 

levels mTOR regulates cell growth and protein translation. To sense low energy 

states, with increasing AMP/ATP ratio liver kinase B 1 (LKB1) and AMP-activated 

protein kinase (AMPK) are activated. Subsequently, AMPK phosphorylates 

tuberous sclerosis complex 2 (TSC2) (64). The TSC2 protein, also called tuberin, 

is defect in tuberous sclerosis, where patients affected develop multiple at least 

non-malign tumours (66). TSC2, on the other hand, regulates the small binding 

protein Rheb to activate mTORC1. Normally, elF4E binding protein and a 

repressor of mRNA translation (4EBP) and the p70 ribosomal protein S6 kinase 

(S6K) are bound to eukaryotic initiation factor 3 (elF3) and are dormant until 

growth hormone binds to the cell and mTORC1 inhibits elF3 and activates S6K 

and 4EBP. 4EBP then releases eukaryotic initiation factor 4E (elF4E) (64). Finally, 

protein translation and cell growth start.  

How does the IIS pathway work? As soon as GH is released by the anterior 

pituitary gland of mammals and it reaches the cells via the circulation they produce 

IGF-1, especially hepatocytes (12). When IGF-1 binds to the IGF-1 receptor the 

enzyme phosphatidylinositol 3-kinase (PI3K) produces phosphatidylinositol-3,4,5-

triphosphate (PIP3) that activates lipidkinase PDK1 and mTORC 2 then AKT 

kinase is activated and moved to the nucleus where it phosphorylates FOXO 

transcription factors, then they leave the nucleus (67). The nuclear export of 

FOXO proteins inhibits apoptotic signaling (64). This results in cell growth and 

division.  

Additionally, AKT can also stimulate nuclear factor kappa-light chain-enhancer of 

activated B-cells (NFκB) (68), which works as a transcription factor and plays a 

role in proliferation, apoptosis and immune answer (69). There is also a 

connection between the IIS and mTOR pathway: AKT activates mTORC1 via 

inactivation of TSC2 (68). 
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Figure 2:  

The process of growth regulated by the mTOR (left) (64) and in the IIS pathway (right) (68) 

 

The downregulation of the nutrient sensing pathways mTOR and IIS through 

mutations is linked to longevity (12), and a better understanding of these pathways 

is essential for following chapters. 

1.1.10 Autophagy 

Autophagy can be seen as a part of the hallmark protein homeostasis. Anyway, as 

this process might be of importance it is discussed separately. There are three 

different types of autophagy: macroautophagy, chaperone-mediated autophagy 

and microautophagy (70). In the following the word autophagy is used to refer to 

macroautophagy. Autophagy is essential during states of nutrient deprivation. The 

process ensures recycling and it provides nutrients and energy (70). 

Autophagy starts with a membrane wrapping around the cytoplasmatic element, 

which has to be eliminated, for example old mitochondria. Then the edges of this 

membrane melt together and forming the autophagosome. The autophagosome’s 

outer membrane fuses with the lysosome leading to the autophagolysosome. 

Next, enzymes (lysosomal hydrolases) degrade the cytoplasmatic material inside 

the autophagolysosome including the inner membrane. The recycled products can 
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be used again for a broad range of cellular processes. Hence, such as 

ribonucleotide synthesis and protein translation (68). The process of autophagy is 

important to adapt to the cells need in times of diminished resources and to 

prevent accumulation of non-functional proteins (69). In many organisms 

autophagy plays a key role in regulating lifespan: As soon as autophagy is 

reduced the aging process accelerates. Thus, the autophagy process is generally 

considered an anti-aging process (70). Although reports of the beneficial effects of 

autophagy are prevalent, this notion is challenged by recent studies such as the 

one by Zhou et al. (72). They show that autophagy induction can have detrimental 

effects on organismal health in the context of increased mitochondrial 

permeability. 

On the cellular level, autophagy is primarily a process to protect the cell (70). 

Autophagy allows the cell to adapt to stressful conditions as it provides nutrients 

(proteins, lipids and carbohydrates) in times of starvation from the breakdown of 

cellular components. The inactivation of the mTOR pathway can activate 

autophagy. With that mTOR switches between cell growth in the presence of 

nutrients and catabolic degradation in times of starvation (64). Also, mitochondrial 

homeostasis is regulated through mitophagy (12). Furthermore, autophagy is 

essential for proteostasis and therefore has an impact on the aging process.  

In summary, autophagy is mainly considered as an anti-aging process and 

evidence showing pro-aging effects are so far strictly context-dependent. 
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1.2 Longevity and healthspan 

1.2.1 Genetic basics 

Many genetic variations connected to longevity have been discovered yet and 

some of them interact with the IIS pathway (73). A significant proportion of genetic 

variations linked to longevity exist, a few of which are discussed in the following: At 

the beginning the dwarf mouse lacking IGF-1 and living twice as long as her litter 

mates, was already mentioned. Another prominent variation is that of the FOXO3A 

gene, encoding a transcription factor and key downstream effctor in the IIS 

pathway. It gained special interest when three singe nucleotide polymorphisms 

(SNPs) in this gene were connected with prolonged survival in humans (74). Data 

from studies across several species suggest a strong link between FOXO 

transcription factors and autophagy. Specifically, FOXO3A can stimulate 

autophagy in mammals as in response to Sirt1 activation or starvation (70). 

Another one of genetic variations prolonging lifespan is the p53 polymorphism 

Arg72Pro. Individuals with this polymorphism live longer (10). Paradoxically this 

p53 variant shows reduced apoptotic potential (74). Further discussion about this 

p53 polymorphism can be found in chapter 3.12 p53 SNP increases lifespan. 

Sexual dimorphism also influences lifespan. Usually females and males of a 

species differ in their characteristic behavior. Interestingly females and males are 

also different concerning lifespan and cancer development. In general, females of 

a species live longer and develop cancer later than males (67).  

In conclusion, many genetic variations determining lifespan exist and gender also 

seems to influence longevity.  

1.2.2 Lifestyle interventions 

Caloric restriction (CR) extends lifespan and slows the aging process in many 

species including primates. (76) Until now CR has been the most successful tool 

to extend lifespan and reduce age-related diseases in animal models (77). The 

first CR experiments were performed in 1935. Rats fed with 30% less food 

compared to a group of ad libitum fed rats. The finding was an increase in mean 

and maximum lifespan by more than 30%.  Data has shown that CR may reverse 
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the molecular aging hallmarks: genomic instability, mitochondrial dysfunction, 

telomere shortening, cellular senescence, stem cell exhaustion, loss of 

proteostasis, deregulated nutrient sensing and altered cellular communication 

(78). In humans, a healthy diet and normal body weight are believed to have 

positive influence in preventing many diseases related to age. Diabetes mellitus 

type 2, colorectal cancer, atherosclerosis and cardiac disease are connected to 

inadequate nutrition. High blood glucose and elevated cholesterol are risk factors 

for many other diseases, and can be partly regulated through nutrition.  

CALERIE is a study of human CR published in 2015, where 218 non-obese 

humans between 21 years and 25 years have been examined. They were 

randomized into two groups, caloric restriction (CR) or ad libitum (AL) diet, for over 

two years. CR was feasible to use in non-obese humans. Metabolic slowing, 

reduced core temperature and reduced triiodthyronine (T3) have been found in 

animal models of CR and might correlate with the positive effects on lifespan. The 

resting metabolic rate within the CR group droped significantly more compared to 

the AL group. Also, T3 droped significantly more in CR than in AL while tumor 

necrosis factor α (TNFα) decreased significantly in the CR group. The hormone T3 

from the thyroid gland assists the body in adapting to environmental conditions 

and is therefore of great significance for human metabolism (79). Inflammation is 

part of the aging process therefore it is interesting, that TNFα which is a pro-

inflammatory  cytokine droped in the CR group. This study points out that CR had 

positive effects on cardiometabolic risk factors without showing any negative 

findings in quality of life (80). However, chronic CR could lead to loss of bone 

density with the possibility of pathologic fractures and therefore intermittent fasting 

may be the better alternative to reduce aging biomarkers in humans since both CR 

and IF show similar lifespan extensions in rodents without a major decrease on 

bodymass (70). The longevity extension upon CR is most likely regulated via the 

following nutrient-sensing pathways: mTOR, AMPK, sirtuins and IIS (81). On the 

molecular basis mTOR seems to play an important role concerning the beneficial 

effects of CR, because CR fails to prolong lifespan without mTOR signaling (41). 

AMPK and Sirt1 act as energy sensors, as soon as there is a lack of energy they 

regulate many cellular processes of energy homeostasis, such as autophagy (70). 

Further, the decrease of the metabolic rate in times of CR also descends the 
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production of toxic components like ROS, but it is not clear if this corresponds to 

the longevity effect (67).  

Exercise in general is a modifiable risk factor for cardiovascular disease which is 

among the most frequent causes of death. Prevention of mitochondrial 

degeneration is one suggested mechanism through which endurance training may 

improve healthspan (12). It has been shown in enducance-trained persons, that no 

age-related decline in mitochondria’s oxidative potential occured, although mtDNA 

and mitochondrial transcription factors showed signs of age-related damage. 

Further, it has been seen a decline of Sirt3 in inactive persons with age while it 

was equally elevated in endurance-trained persons through all included ages (82).  

Hence, besides genetics, also lifestyle decisions such as CR and exercise impact 

longevity and healthspan.  

1.2.3 CR and fasting mimetics 

Taking a pill to achieve longevity and healthspan would be the more comfortable 

method compared to caloric restriction and physical exercise. A pharmaceutical 

approach to utilize the positive effects of CR, are caloric restriction mimetics, 

which mimic CR without restricted food intake. Resveratrol and its relatives, 

metformin, rapamycin and other mTOR inhibitors have been proposed as such 

(83).  

Grapes, and with that red wine, contain the polyphenol resveratrol to a varying 

degree. Red wine was suggested to have various beneficial effects on health and 

longevity with special interest on the substance resveratrol. Resveratrol was 

shown to possess cardioprotective, anti-inflammatory, anti-cancer, and 

neuroprotective, cumulating in an anti-aging effect (84). Anti-aging effects of 

Resveratrol have been found in in yeast, flies and worms via indirect activation of 

Sirt2, which is ortholog to Sirt1, and the induction of autophagy in yeast and C. 

elegans has been reported (70). No effect on longevity has been found in rodents, 

but an improvement in health parameters in the resveratrol-fed animals has been 

recognized in animals fed with a high fat diet (84). No beneficial effects of 

resveratrol in healthy individuals could be found, whereas in exercise studies the 

effect was unfavorable. Only in small patient studies some improvements have 

been found (85). Other pro-autophagic substances include spermidin and 

curcumin (70).   
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Metformin is a drug widely used in the treatment of diabetes mellitus type 2. 

Metformin has been proposed to have positive effects on lifespan as it might 

interfere with the IIS and mTOR pathway via the activation of AMPK, which makes 

it a caloric restriction mimetic (85).  

In 2009 rapamycin has been discovered to extend the lifespan in mice (86). Today 

it is approved as an anti-cancer drug and immunosuppressant, the latter of which 

is at the same time indicated as adverse effect in the use of rapamycin 

supplementation in healthy adults. Rapamycin functions as a selective inhibitor of 

mTORC1, a major nutrient sensing pathway as described above (87). The drug 

rapamycin inhibits mTORC1 while mTORC2 is insensitive to its inhibition (64). In 

human fibroblasts rapamycin has been able to delay senescence (65). Hence, 

through modulation of the mTOR pathway rapamycin can mimick effects of CR or 

IF (70). Besides immunosuppression rapamycin has various harmful effects 

including disregulation of the glucose and insulin homeostasis and cataracts, 

although there is evidence that these side effects could be avoided by regulation 

of dose and timing (85). mTOR also interacts with PGC-1 in the regulation of 

mitochondrial genes, but it is not clear yet if this also pertains to the longevity 

effects of rapamycin (85).  

In sum, CR and fasting mimetics have at least some of the positive effects of CR 

but are often plagued with harmful side effects. 

1.2.4 Parabiosis – young blood  

Connecting the circulatory systems of old and young mice was done in 

heterochronic parabiosis experiments (10). This procedure leads to old mice being  

exposed to factors in the young mouse’s blood. Strikingly, it has been shown that 

factors in the circulatory system can modulate ageing by rejuvenating the brain 

and numerous other organs (88,89). One such factor was shown to be growth 

differentiation factor 11 (GDF11) that can reverse age-related decline in some 

cells, while other studies show controversial outcomes (10). 
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2 p53: the guardian of the genome 

The TP53 gene encodes for the correspondent protein p53 with a molecular 

weight of 53kD, giving the protein its name. In 1992 it was declared The Guardian 

of the Genome and awarded as Molecule of the Year in 1993. As a transcription 

factor it regulates numerous genes functioning as tumor suppressor in most 

contexts, as it prevents a genomic damaged cell from proliferation. p53 has a wide 

spectrum of functions. The connection between p53 and cancer is well established 

already, in contrast to its role in ageing and longevity. Normally the concentration 

of p53 in the cell is kept on a low level and the protein has a half-life of 20 minutes 

(28). Initially, the protein was thought to be localized in the nucleus, but some 

functions are also mediated by protein-protein intarctions in the cytoplasma and at 

the outer mitochondrial membrane (90). In general, p53 acts as a sensor of 

extrinsic and intrinsic stress signals like DNA damage, activation of oncogenes, 

hypoxia, extreme temperatures and diminished nutrient levels in times of 

starvation (64). For a long time the protein was ascribed two main functions due to 

its responses to stress signals: cell cycle arrest and apoptosis. p53-mediated cell 

cycle arrest blocks the proliferation of damaged cells until they are repaired. Major 

DNA defects, that are beyond repair, are detected and apoptosis is initiated by 

p53’s transcriptional activity as well as through interaction with the apoptosis 

regulator BCL2 (B-cell lymphoma 2) at the mitochondrial membrane (28). As a 

response to stress it controls transcription through sequence-specific DNA binding 

to its target genes. (91) These target genes provide genomic integrity to protect 

the whole organism against a defective dividing cell through either cell cycle arrest 

and repair or senescence or apoptosis. (64) Besides these transcriptional 

functions, p53 also has non-transcriptional functions such as DNA-repair and 

mitochondrial protein survival (92,93). 

However, research on p53 continues to deliver surprising results as it seems to be 

essential for molecular processes way beyond its canonical functions (94). 

2.1 The p53 protein domain structure  

Like all transcription factors, p53 has a distinct and defined domain structure. Most 

mutations associated with cancer are localized in the protein-binding domain (94).  
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At the N-terminus p53 contains two transcriptional activation domains, TAD1 and 

TAD2, with the range of amino acid residues 1-40 and 40-60. Further, TAD is 

important for the regulation of p53’s transcriptional activity as an transcriptional 

enhancer of p53 target genes (94). Interestingly, the TAD1 region is the binding 

site for the negative p53 regulators MDM2 and MDMX (95). 

 

 

Figure 3: The p53 protein domain structure (94) 

 

The next part of the protein domain structure is a proline-rich region (PRD) which 

might play a role in protein-protein interactions (94). C-terminal to the PRD, the 

DNA-binding domain ranges from residue 100 to 300. This region is responsible 

for the exact binding of the protein to the corresponding recognition sites in the 

DNA. p53 binds to DNA sites as a homotetramer. Tetramerization is ensured by 

the tetramerization domain (Tet) stretching from 325 to 356 amino acid residue 

(94,95). At the C-terminus p53 has a basic lysine-rich domain, at residues 363-

393. This domain supports DNA binding of the p53 tetramer. It also harbours 

several residues prone to posttranslational modifications that can affect p53 

stabilization (94).  

2.2 Regulation of the protein p53 

The level of the p53 protein in a proliferating, non-stressed cell is kept very low 

due to constant degradation by the ubiquitin-proteasome system. As soon as the 

cell has to respond to a stress signal the p53 protein concentration rises through 

stabilization. Inappropriate regulation could result in a damaged cell proliferating 

and passing the defect on to further cells which would affect the whole organism.  

p53 is regulated on the transcriptional level and also post-transcriptionally through  
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diverse modifications on the protein. Ubiquitilation, acetylation and 

phosphorylation might be the most prominent (93). Ubiquitilation marks p53 for 

degradation, for phosphorylation p53 protein has Ser/Thr amino acid residues 

serving as phosphorylation sites for enzymes and many lysine residues act as 

acetylation sites as acetylation prevents the ubiquitilation of these sites resulting in 

p53 stabilization (93). 

One of p53’s well-known regulators is the MDM2 protein. It is the most important 

of the E3 ubiquitin ligases to negatively regulate p53 activity. (94) MDM2 can 

decrease p53 protein levels via at least three mechanisms: First, poly-

ubiquitylation marks p53 for degradation mediated by proteasomes; Secondly, 

mono-ubiquitilation by MDM2 translocates p53 out of the nucleus; Thirdly, MDM2 

can directly binding to the transactivation domain of p53, hampering its ability to 

engage with recognition sites and activate target genes (10). As response to 

stress p53 is released via several mechanisms. One is the post-translational 

modification of MDM2 and p53 to decrease their interaction. The aminoacid 

residues Ser15 (Ser18 in mice) and Ser20 (Ser23 in mice) become 

phosphorylated by ATM (ataxia-teleangectasia mutated) and other kinases. This 

results in disturbed MDM2-p53 interaction and p53 stabilization (93,94). Another 

mechanism is the inhibtion of p53’s ubiquitilation. And last MDM2 sequestration by 

the tumor suppressor alternate reading frame (ARF) when oncogenes are 

activated (94). ARF accumulates when oncogenic or aberrant hyperproliferative 

signals prevail (96). Synonyms are p14ARF in humans or p19ARF in mice. Acting 

through p53, it can induce cell cycle arrest or apoptosis. The encoding gene is 

INK4a and is located on the short arm of chromosome 9. This gene also encodes 

p16INK4a, a major senescence regulator (97).  

On the flip side, the enzyme ubiquitin-specific-processing protease 7 (USP7), or 

also called herpesvirus-associated ubiquitin-specific protease (HAUSP) since it 

has first been identified as a reaction partner with a Herpes-simplex-virus 1 

protein. (98) USP7 is a de-ubiquitylation enzyme that divides ubiquitin from p53 

and protects it from degradation, so it works as an antagonist of MDM2 (99). 

Overall, p53 is exceedingly regulated which highlights its importance in cellular 

processes. 



 

21 

 

2.3 Cellular processes regulated by p53 

It is not completely understood yet, why p53 makes cell cycle arrest in some types 

of cells and apoptosis in others (91). The cell fate is dependent not only on the cell 

type but also on the nature and extent of stress and the cellular environment (94). 

p53 works as a transcriptional regulator of target genes. While some p53 target 

genes are regulated by high levels of p53, others require basal levels (10). 

One p53 function is cell cycle arrest and repair. If stress is occurring cellular p53 

concentrations rise within a few minutes through phosphorylation via upstream 

kinases, outcompeting MDM2 in binding p53. Interruption of the cell cycle in 

damaged cells happens at the checkpoint in the G1-phase (Gap1-phase) and G2-

phase (Gap2-phase) of the cell cycle. This point between G1- and S-phase 

(synthesis) is also called restriction-point, where a cell decides whether DNA is 

replicated or not. The second checkpoint is between G2- and the M-phase 

(mitosis) and at this point the replicated DNA is checked again (28). 

 

 

 

Figure 4: Simplified cell cycle with p53 dependent checkpoints (28) 

 

Irreparably damaged cells have to be eliminated via apoptosis to protect the whole 

organism against neoplasia (94). p53 starts apoptosis via downregulation of BCL2, 

first found in a b-cell-lymphoma, that releases cytochrom c from the mitochondrial 

membrane into the cytoplasm where it activates caspase 9 that itself activates 
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caspase 3 to start the apoptotic process. Another protein belonging to the BCL2 

family is BAX. This protein helps to release more cytochrome c from the 

mitochondria, rendering it pro-apoptotic. Transactive nuclear p53 enhances BAX 

transcription (28), as well as that of other factors of the apoptotic pathway: FAS, 

NOXA and PUMA (94). 

In some contexts, p53 reacts to damage with the induction of senescence, a cell 

state widely known as a permanent cell cycle arrest, although there is now 

evidence for it to be reversible under certain conditions. Premature senescence 

denotes a cell cycle arrest before the cell would naturally stop dividing. The natural 

end of mitosis in aged cells is called replicative senescence. In contrast to 

replicative senescence is premature senescence independent from telomere 

attrition (100). Senescence also works as a tumor protection as it prevents a 

benign tumor cell from malignant transformation (100). The p53 / p21 and 

p16INK4A / Retinoblastoma protein pathways are the two main pathways 

underlying the mechanism of senescence, p53 is able to activate p21 and 

plasminogen activator inhibitor-1 (PAI-1) to lead the cell into senescence (41). It 

has been shown in mouse embryonic fibroblasts, that the senescence function of 

p53 also relies on p21 working properly, as the cells failed to undergo cell cycle 

arrest after DNA damage when p21 was deleted (101). Additionally, E2F7 has 

been described as another partner of p53 in senescence (41). E2F7, which is a 

p53 target, belongs to a family of transcriptional regulators involved in cell cycle 

repression (102). When inducing senescence in the laboratory through oncogenes 

and proliferative signals, E2F7 is upregulated depending on p53 (41). 

Thus, cell cycle arrest, apoptosis and senescence are three distinct cellular 

processes all regulated by p53.  

2.4 p53 tumorsuppressor and beyond 

About 50% of human cancer cells have a loss or mutation in the p53 gene locus 

(94). A severe example for the protein not working correctly is the Li-Fraumeni-

Syndrome. Humans showing a mutant p53 allele are predisposed to suffer from 

cancer in early ages, such as renal carcinomas, breast carcinomas, sarcomas and 

brain tumors (103). Before the age of routine genetic testing the Li-Fraumeni-

Syndrome was defined as follows: a person with a sarcoma under the age of 45 
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years who has got a first-degree relative with any kind of cancer under the age of 

45 years plus another relative (first- or second-degree) with cancer under the age 

of 45 years or a sarcoma at any age. Suggesting an autosomal dominant 

transmission of the gene (104). The importance of p53 in tumor suppression has 

also been evident in p53-null mice, which developed tumors in nearly 100% (105). 

Most cancer mutations are located In the DNA-binding domain and most of those 

mutations are missense mutations, which prevent efficient DNA-binding, 

underlying the importance of p53’s transactivation function for its role as a tumor 

suppressor (94,95). 

Besides tumor suppression p53 plays a role in the physiological processes of 

aging, development, cell differentiation, stem cell function, fertility and tissue 

homeostasis as well as in many other pathologies (94). Pathologies relying on 

defective ribosomal biogenesis, like Diamond-Blackfan anemia, Trecher Collins 

syndrome, 5q-syndrome macrocytic anemia have been linked to aberrant p53 

activation in mouse models (94). Further, p53 was also suggested to play a role in 

the origin of diabetes concerning the senescence response in fat cells (94). 

Ongoing research has been establishing roles of p53 in the fields of 

neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease 

and Huntington’s disease (94). 

As listed above, the prominent tumor suppressor impacts numerous other 

physiological and pathological fields of study.  
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3 Pro-aging and anti-aging roles of p53 

p53 assures longevity also due to its cancer protecting functions as it has been 

shown in a mouse model, where both allels of p53 were deleted, resulting in early 

death caused by cancer (106). Evidence for p53 regulating longevity and aging 

beside its function as a tumor suppressor has been growing in the last two 

decades. Mice aged naturally showed a decline in p53’s function (10). Further, the 

decline of effective p53 stress response has been associated with the increasing 

incidence of cancer with the age (67). The global average age of cancer incidence 

in men and woman was 65.7 years in 2018 (107). Cancer is most commonly in the 

last part of an animal’s lifespan, although animals have very different life spans 

(67). In an experiment to test if the effectiveness of p53’s stress response changes 

with age, mice at different ages were “treated” with gamma rays (5 Gray) and the 

transcription of six p53 target genes (p21, MDM2, Cycin G, Puma, Noxa, Fas) was 

examined. Strikingly, the induction in response to irradiation of all six genes 

decreased with age (108). Interestingly, their lifespan correlated with the onset of 

p53’s functional decline (67). This supports a positive association between p53 

and its anti-aging function. So does a study from the worm C. elegans: mutations 

increasing longevity also lifted p53 activity (96,109). On the other hand, elevated 

levels of the protein p53 have been shown in astrocytes, fibroblasts and retinal 

pigment epithelial cells from aged individuals (10).  

As can be glanced from these reports, there is evidence for both p53 as pro-aging 

and anti-aging as further discussed in the following chapters. Importantly, p53 

impacts nine out of nine cellular aging hallmarks as well as the process of 

autophagy.  

3.1 p53 in genomic instability 

Over time cells accumulate genomic damage and p53 has functions of cell cycle 

arrest, repair and apoptosis to conserve genomic integrity. Progeroid syndromes 

with defects in DNA repair mechanisms, like Werner’s Syndrome, show genomic 

instability with high levels of p53 (10). One stress response pathway in 

Hutchinson-Gilford Progeria Syndrome to the defect nuclear lamina is the 

activation of p53 (12). Similarly, it has been evidenced in a mouse model  
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(Zmpste24-/-) mimicking Hutchinson-Gilford progeria  by lacking a metalloprotease 

and resulting in destroyed nuclear architecture. Here, p53 target gene expression 

was upregulated, whereas basal p53 protein levels were unchanged. When 

crossing these Zmpste24-/- mice into p53-null mice their aging phenotype could be 

partly rescued (110). Further, in another mouse model of accelerated aging due to 

defective breast cancer 1 (Brca1), which is important for double-strand break 

repair, p53 deletion reduced cellular senescence and the aging phenotype (111). 

Additionally, generated Ku80(-/-) mice had a defect in double-strand brake repair 

and showed skin atrophy, osteopenia, and reduced longevity (92). In this model, 

fibroblasts showed an elevated level of p53 and entered replicative senescence 

early. When these fibroblasts were made deficient for p53, they did not present 

with early replicative senescence but died earlier due to neoplasia (112). In the 

same way, SnoN(m/m) mice were not able to antagonize transforming growth 

factor beta (TFB beta) signalling anymore and showed accelerated aging, unless 

made deficient of p53 their aging phenotype could be rescued partially (113). 

These studies support the idea that constitutive p53 activation as a response to 

genomic damage causes accelerated aging and it indicates p53 to be a key driver 

of this accelerated aging phenotype.   

On the flip side, a mouse model (ATRs/s) of the ATR-Seckel syndrome showed an 

aggravated aging phenotype when loosing p53 (114). This syndrome is a rare 

genetic disease caused by mutations in ataxia telangiectasia and Rad3 related 

protein (ATR), which is a component of DNA damage signaling. Patients affected 

have dramatic microcephaly, dwarfism and developmental delay (115). This 

diverse outcome in p53 loss could be seen as the failure of an already damaged 

system due to additional stress when loosing p53 (10).  

In summary, most mentioned studies support the idea, that constitutively active 

p53 in response to genomic damage accelerates aging. On the flip side are mice 

mimicking ATR-Seckel syndrome with an aggravated aging phenotype when 

loosing p53. 

3.2 p53 in telomere dysfunction and its results  

Dysfunctional telomeres limit the proliferative potential in human cells and 

induce the organismal aging process by p53 and p21 activation (116). So p53 
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also interferes with short telomeres. The erosion of telomeres while cell 

proliferation also results in replicative senescence. Short telomeres are recognized 

as DNA-damage (more specifically as double-strand breaks) which activates DNA 

damage response. In the DNA damage response the pathway around ATM kinase 

is activated, which activates p53 to induce cell-cycle arrest and senescence (41). 

In another mouse model (terc -/-), telomerase has been eliminated resulting in 

mice with decreased lifespan, short telomeres, increased senescence as well as 

infertility in the sixth generation (117). When p53 has been eliminated in this model 

their phenotype could be saved regardless of telomere dysfunction (10). This 

supports the pro-aging role of p53. 

3.3 p53 and mitochondria 

p53 is able to inhibit mitochondrial biogenesis and function through inhibition of 

PGC-1α and PGC1-β in response to short telomeres. This itself leads to further 

ROS production activating p53 in a forward-feedback loop (10). p53 in general is 

also partly responsible for the expression of cytochrome c oxidase 2 which is part 

of complex IV of the electron transport chain, but it is not entirely clear yet if this 

impacts the aging process (41). In a study on animals lacking telomerase a link 

between mitochondria and p53 in aging has been found. When telomeres become 

too short they are recognized as DNA-damage and this activates p53 resulting in 

age-related mitochondrial decline. In these telomerase-deficient animals a 

reduction of p53’s function diminished this age-related mitochondrial decline, partly 

because of reduced p53-mediated cell death (118). Further, p53 is able to interact 

with mTOR and to regulate autophagy, that suggests that p53 also plays a role in 

mitophagy, but more research is needed to clarify the axis (41). Depending on the 

type and level of stress p53 can induce opposing outcomes in mitochondrial 

fidelity. Basal p53 activity optimizes mitochondrial function and reduces ROS 

through its target genes SCO2, TIGAR and sestrins. Upon mild stress, p53 can 

induce the transcription of anti-oxidant genes whereas upon acute stress p53 

activates pro-oxidant mechanisms leading to apoptosis and senescence (10). 

To sum up, p53 has various functions from inhibition of mitochondrial biogenesis 

to an improvement of mitochondrial function, which are dependent on type and 

level of stress. 
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3.4 p53 in cellular senescence 

Senescent cells show increased expression of p53, p21, p16 and other inhibitors 

of the cell cycle. p53 is essential for senescence as it has been proven by  p53  

deletion when the induction of senescence through oncogenes was not possible 

anymore (41).  A p53 dependent senescence response has been shown in 

Studies of diabetes in fat cells from obese mice. Interestingly, that response 

generated insulin resistance (92). Additionally, it has been proposed, that 

excessive calorie intake led to a type 2 diabetes like disease and to the following 

senescent changes: increased p53 expression, increased proinflammatory 

cytokine production and increased activity of senescence-associated beta-

galactosidase. Whereas p53 inhibition in mice's adipose tissue improved insulin 

resistance, decreased pro-inflammatory cytokines and ameliorated senescent 

changes. p53 upregualtion caused an inflammatory response resulting in insulin 

resistance (119). Populations of ku80(-/-) cells have defects in double strand brake 

repair leading to replicative senescence. The reduction of p53 levels  could rescue 

these cells from replicative senescence and enabled immortalization (112). In the 

above cases, p53 acts pro-senescent. On the other hand, it has been shown that 

p53 can allure macrophages due to  CC-chemokine ligand 2 (CCL2) and Death 

domain 1α (DD1α) expression for clearing senescent cells as the clearance of 

senescent cells is associated with delayed aging (10). Also, cellular damage 

mediated through ROS takes part in inducing cellular senescence. By regulating 

ROS levels p53 can prevent or promote senescence. There is evidence for p53 to 

regulate antioxidant genes (mitochondrial superoxide dismutase 2, glutathione 

peroxidase 1, mammalian sestrin homologs 1 and 2), suggesting the suppression 

of senescence. DNA-damage activates p53 and produces an intracellular ROS 

peak resulting in apoptosis or senescence. This dual role of p53 and ROS might 

also contribute to senescence in a dual way (41). 

In the two above described studies p53 has been labeled pro-senescent, but there 

is also evidence for a dual role as it has been described in cell clearance and 

ROS. 
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3.5 p53 in intercellular communication 

As discussed above, p53 plays an important role in senescence. But does it also 

play a role in the SASP? Cells with wild-type p53 were compared to cells lacking 

p53 function: Those lacking p53 secreted higher levels of cytokines known as 

SASP components (90). Further, p53 has a role in the regulation of the immune 

system (120). Toll-like receptors, natural killer cell ligands (ULBP1 and ULBP2) 

and cytokines are also p53 targets as it is able to enhance their transcription (121). 

Through these mechanisms p53 modulates innate immune answer, apoptosis and 

inflammation (10). Additionally, p53 loss accelerates aging of the immune system: 

memory T-cells accumulate, more cytokines are produced and T-cell proliferation 

is stopped earlier. p53 can upregulate Toll-like receptors, cytokines and natural 

killer cell ligands. It can downregulate the expression of programmed cell death 

ligand 1 (PDL1) (10). 

Overall, p53 is involved in intercellular communication, like in the immune system, 

where is shows protection against aging. Concerning the SASP phenomenon p53 

also has an anti-aging function in cells. 

3.6 p53 in stemcell function  

p53 is involved in the restriction of the self-renewal in some stem cells, like in 

neural stem cells and hematopoietic stem cells (94). In the absence of p53 

enhanced efficiency in reprogramming somatic cells to induced pluripotent stem 

cells has been reported, leading to the conclusion that p53 maintains a 

differentiated cell state (94,122). It has also been shown in aged mice with 

reduced p53 activity (p53+/-), that they had a higher number of proliferating 

hematopoietic stem cells compared to mice with normal p53 activity (p53+/+). 

Indicating that an alteration in p53 activity in aged organisms can influence the 

number of stem cells, their proliferative capacity and hematopoiesis (123). This 

also corresponds to the pro-aging activity of p53. Similarly, p53 +/m mice were 

generated carrying one copy wild type p53 and one copy with truncation at the N-

terminus, where MDM2 interaction happens. p53+/m mice showed accelerated 

aging, diminished self-renewal and differentiation potential of their stem cell 

population (123). Contributing to this, the p44+/+ mice with the short isoform of 
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p53 lacking the transactivation domain at the N-terminus displayed accelerated 

aging phenotypes and they also showed defective regeneration potential of neural 

progenitor cells (68,124). 

These data suggest that downregulation of p53 activity could enhance the 

regenerative capacity in stem cells, while p53 deficiency could contribute positively 

to the proliferative capacity of hematopoietic and neuronal progenitor cells (68). 

p53 has pro-aging roles in stem cell populations, especially when it is deregulated 

like in p44+/+ and p53+/m mice. 

3.7 p53 in epigenetics 

The sirtuins and their role in aging have already been discussed in chapter 1.1.7 

epigenetic alterations. p53 interacts with several sirtuins. Sirt1 not only 

deacetylates histone complexes but also p53, so it prevents interaction with some 

of the p53 target genes involved in proliferation, ROS production, senescence and 

apoptosis (41). Through acetylation p53 shows enhanced stability (125). Cells with 

mutations in the last seven lysine residues of p53 mimic acetylation. These cells 

entered the state of senescence accelerated. Further, cells with mutation 

preventing acetylation fail to enter replicative and oncogene induced senescence. 

These data suggest, that p53 deacetylation by Sirt1 inhibits senescence (41). 

However, further studies are necessary to analyze how this is connected to the 

process of aging.  

Sirt6 also acts as deacetylase and regulates p53 stability and activity negatively. In 

mice loss of Sirt6 lead to accelerated aging and premature death. This aging 

phenotype could be rescued upon heterozygous deletion of p53 (126). In this 

study p53 has pro-aging functions. 

Summing up, p53 interacts with epigenetics exemplified by the cases of Sirt1 and 

Sirt6. In Sirt6 deficient mice a pro-aging role of p53 could be demonstrated.  

3.8 p53 in dysregulated proteostasis in Parkinson’s disease and 

Alzheimer’s disease   

A connection between dysregulated p53 and neurodegenerative disorders has 

been shown in many studies (10). The apoptotic potential of p53 causes 

pathologies associated with neurodegenerative disorders, such as Parkinson’s 
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disease and Alzheimer’s disease (94). In Parkinson’s disease the main pathology 

is the degeneration of dopaminergic neurons. DJ-1 is a mutated gene in human 

Parkinson’s disease. A connection between DJ-1 and p53 was made in animal 

models (127). In experimental parkinsonism p53 inhibitors were tested and the 

finding was that p53 inhibitors preserve dopamine neurons from degeneration 

(128). In animal models it has been shown that a loss of DJ-1 expression activates 

p53 and leads dopaminergic neurons into degeneration (127). Here, p53 was 

involved in disease progression. Further, Parkin (encoded by PARK2), a 

Parkinson disease-associated gene, has been identified as a p53 target. p53 

increased the transcription of Parkin in mice and humans. Parkin contributed to 

p53’s role in glucose metabolism as Parkin deficiency activated glycolysis and 

lead to a reduction in mitochondrial respiration, the so-called Warburg effect. The 

Warburg effect could be reversed through restoration of Parkin expression (129). 

In Alzheimer’s disease the amyloid cascade hypothesis says that amyloid 

precursor protein is converted into amyloid β, which accumulates in neurons and 

forms plaques. This has a toxic effect and cause cell death and dysfunction (59). It 

has been suggested that pathologic amyloid β peptides change p53’s 

conformation (127). Additionally, it has been shown in Alzheimer’s disease that 

p53 is upregulated (10), and it was implicated as a reason for neuronal cell death 

(127).  

These results indicate that p53 plays a role in modification of these age-related 

neurodegenerative disorders.  

3.9 p53 in nutrient sensing pathways  

Reduced signaling in the mTOR and the IIS pathways is linked to longevity (12). 

mTOR and IIS pathways together with p53 partly explain the longevity effect of 

caloric restriction (67). As a response to nutrient stress p53 is able to regulate 

mTOR and ISS pathway negatively to restrict cell growth and division to avoid 

replicative errors (64). p53 interacts with these pathways through the expression of 

the following target genes: The insulin like growth factor binding protein (IGF-BP3) 

and phosphatase and tensin homolog (pTEN) to diminish IIS and it can reduce 

mTOR signaling via tuberous sclerosis complex 2 (TSC-2), AMPK-β an isoform of 

AMPK, sestrins and regulated in development and DNA damage responses 1 
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(REDD1). So the cell is able to inhibit growth, division, nutrient sensing and 

metabolic regulation under conditions of nutrient scarcity (67). IGF-BP3 binds free 

IGF-1. Bound IGF-1 cannot interact with the IGF-1 receptor to activate IIS 

signaling (130). pTEN  is a tumor suppressor and phosphatase which stops cell 

growth in different tissues (131). It functions as a phosphatidylinositol-3,4,5-

triphosphate (PIP3) phosphatase as it makes PIP3 to phosphatidylinositol-4,5-

bisphosphonate (PIP2) and this leads to decreased AKT activation via diminished 

PDK1 and mTORC2 signaling. It also affects the mTORC1 pathway because of 

the connection between AKT and TSC2. AKT decreases in function and as an 

effect TSC1 and TSC2 activity increases and blocks mTORC1 activity (64). As 

mentioned, p53 can also induce TSC2 expression (64) and then together with 

TSC1  shut down the mTORC1 pathway (66). AMPK-β regulates AMPK formation 

and activity in cells (132). Increased expression of AMPK-β can stimulate AMPK 

activity and the TSC complex positively and this leads to inhibition of the mTOR 

pathway (64). The sestrins (Sestrin 1 and Sestrin 2) are target genes of p53, and 

they activate AMPK, that itself interacts with TSC2 and inhibits mTOR. It has been 

shown that mice lacking Sestrin 2 are not able to inhibit mTOR during genotoxic 

stress (133). REDD1 is also a p53 target gene (134), that can be induced via 

hypoxia and has an important role in inhibiting mTOR during hypoxic stress (135). 

Further, IIS signaling can activate p53’s endogenous inhibitor MDM2. The 

activation of the insulin receptor substrate 1 (IRS1) and PI3K/AKT can activate 

MDM2 leading to enhanced ubiquitin ligase activity and p53 can be degraded 

faster (136). Additionally, MDM2 can bind IRS-1 and IGF-1 receptor to target them 

for degradation (10). In summary, p53 interacts in a complex way with many 

players of nutrient sensing pathways.  
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Figure 5: p53 interacts with the IIS and mTOR pathways through the expression of target genes 

(IGF-BP3, pTEN, TSC2, AMPK- β and Sestrin 1/2) (64,68) 

 

p44 is a short isoform of p53 without the transactivation domain at the N-terminus. 

Deregulation of the IIS pathway has been seen in p44 mice, contributing to 

accelerated aging in these mice. In their cells p53 targets such as p21, MDM2 and 

IGF-BP3 were upregulated and others such as IGF-1-R were downregulated 

(137). In a short-lived (137) and a long-lived mouse model showing higher p53 

activity, elevated levels of IGF-1 and IIS have been found (90). This hints to p53’s 

pro-aging function in nutrient sensing pathways. On the other hand, in a short-lived 

hyper-p53 mouse model reduced IIS has been seen (90). Further, the p53 protein 

might also have the function of mTOR downregulation due to its ability to protect 

cells against ROS and the activation of antioxidant genes. High ROS levels are a 

consequence of mTOR activity (136).  



 

33 

 

Therefore, p53 is able to act anti-aging through downregulation of nutrient sensing 

pathways, although recent findings do not suggest p53 to be a key player in life 

span extension by CR (138). On the other hand, elevated p53 activity could also 

elevate IIS in some mouse models. 

3.10  p53 in autophagy  

It has been shown, that p53 can activate or inactivate autophagy (68), therefore it 

has been suggested that p53 in the nucleus promotes autophagy, whereas it 

inhibits autophagy in cytoplasm (41). It could also positively affect autophagy via 

inhibition of the mTOR and the IIS pathway under conditions of stress (67). 

Additionally, through AMPK, PTEN and sestrins, p53 acts positively on autophagy, 

mostly due to mTOR inhibition (41). Additionally, it has been shown that p53 can 

stimulate autophagy as mouse embryo fibroblasts with normal p53 produce more 

autophagosomes during stress than the same cells lacking p53 (64). Similarily, 

p53 regulates autophagy directly through the transcription of its target gene 

damage-regulated autophagy modulator (DRAM) encoding for a lysosomal 

protein. It has been found out, that DRAM overexpression can lead to 

accumulation of autophagosomes in cells. In contrast to that, DRAM knockdown 

could avoid this p53-driven autophagosome accumulation (64).  

On the other hand, p53 in cytoplasm represses autophagy. The underlying 

mechanism is unknown. Guido Kroemer’s group could show, that cytoplasmatic 

p53 was responsible for the inhibition of autophagy and that p53 loss resulted 

positively on autophagy. The autophagy inducers starvation and rapamycin 

degraded p53 so autophagy could be activated (41).  

These studies indicate that p53 has a dual role in autophagy. However, autophagy 

itself is generally considered an anti-aging process, but challenged by recent 

findings (see above). 

3.11  Arf and p53 

The ARF/p53 pathway is relevant in tumor suppression protecting cells against 

many types of damage. It has been described in mammals that this pathway also 

protects an organism against the aging process (139). It has to be mentioned, that 

the ARF allele includes the Ink4a gene which could act pro-aging itself and the 
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anti-aging effect of ARF could be underestimated (96). Mice expressing ‘super-

Arf/super-p53’ due to the induction of multiple transgenes of p53 and Arf have 

been generated and displayed a significant increase in median longevity due to 

delayed-onset aging and not due to cancer protection (140). This group created 

transgenic mice carrying four Arf alleles in total and these mice also displayed 

delayed onset aging, longevity and cancer protection. So it is still not clear if the 

longevity effect is dependent on p53 or Arf, because it is known that Arf has 

functions independent from p53 (96). However, ‘super-Arf/super-p53’ mice showed 

protection against oxidative stress and efficient cell elimination, what could explain 

part of its longevity effect. Also DNA damage accumulated more slowly compared 

to wild-type mice (96,140). 

These findings also lead to p53 as an anti-aging component in the ARF/p53 

pathway. 

3.12  p53 polymorphism increases lifespan 

p53-Pro72 is a single nucleotide polymorphism (SNP) affecting codon 72 of p53 in 

humans and is linked to longevity. p53-Arg72 is the most common variant. 

Individuals carrying the p53-Pro72 variation can show extended longevity, unless 

they die early because this polymorphism also has higher risk of developing 

cancer (96). The p53-Arg72 has higher apoptotic potential compared to p53-Pro72 

(141). In contrast, cells with the longevity polymorphism p53-Pro72 are arrested 

into G1 phase of the cell cycle more frequently (142) and show a higher level of 

senescence (96). Indicating, that p53’s apoptotic function may work pro-aging 

while cell-cycle-arrest and senescence function are anti-aging. These findings 

have been underlined by a mouse model carrying the p53 longevity SNP single 

nucleotide polymorphism with proline (P72) compared to the more common variant 

with arginine (R72) (75). Thus, this p53 SNP may act as anti-aging factor due to its 

reduced apoptotic potential. Indicating, that p53’s apoptotic potential might act pro-

aging and so p53 itself.  

3.13  p53 levels and regulation contribute to the aging process 

‘super-p53’ mice were created via induction of multiple transgenes of wild- type 

p53 and did not display signs of accelerated aging, but these mice were very 
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resistant to neoplasia (143). It becomes evident in the following mouse models 

that aberrant p53 regulation leads to an accelerated aging phenotype (10). 

Heterozygote mice (p53+/m) with one copy of wild-type p53 and one copy of p53 

with truncation on the N-terminus have been created and showed an accelerated 

aging phenotype with organ atrophy and skeletal defects (144). In this region the 

MDM2 interaction domain is located, indicating that dysregulated p53 is connected 

to aging (10). These p53+/m mice showed hyperactive p53 through deletion of the 

first six exons. The finding was, that p53 levels did not change significantly to the 

cells without this alteration, but the p53 response was augmented. Another mouse 

model (p44 TG) with an overexpression of p53’s short isoform p44 lacking the 

transactivation domain at the N-terminus also showed accelerated aging (137). 

Mouse embryonic fibroblasts from the p44 TG and the p53+/m mice showed 

normal p53 levels but p53 was constitutively active (10). The accelerated aging 

phenotype of these MDM2-insensitive mice has been explained by massive 

apoptotic cell loss caused by the aggravated and constitutive p53 activation. At 

least these mice were very resistant to neoplasia (96). 

Further, mice deficient of REGγ (REG: 11S regulatory particles, 28-kDa 

proteasome activator) were created and showed accelerated aging phenotypes. 

REGγ deficient mice accumulate an enzyme degrading MDM2 and thereby 

elevating p53 levels. Crossing these mice into a p53+/- background could rescue 

the aging phenotype (138). Moreover, mice with modest elevation of p53 levels but 

under normal regulation did not show an accelerated aging phenotype but an 

increased cancer resistance (96). Mice with elevated p53 wild-type gene (‘super 

p53’) (143), with large genomic segments of the ARF gene (145) or with reduced 

MDM2 activity are included here (146).  

In a case report, a patient with a special Progeria has been described (147). This 

patient had the putative diagnosis of a Werner syndrome–like segmental progeroid 

disorder. When he was 19 years old he presented with gray hair, short stature, 

pinched facial features, high-pitched voice, scleroderma-like skin, few pubic hair, 

hypogonadism, small kidneys and kidney failure resulting in severe arterial 

hypertension. The patient’s parents were of Saudi-Arabian origin and showed 

consanguinity, they were not affected by progeria. Two of his sisters showed 

similar symptoms and died at the ages of 31 and 23. Conventional sequencing for 
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progeria did not offer results. Special investigations lead to a homozygous 

antiterminating mutation in MDM2 at the C-terminus which is essential for its E3 

ubiquitin ligase activity. It has been shown that this MDM2 is not able to degrade 

p53. In patient’s primary dermal fibroblasts higher levels of p53 protein and higher 

p53 induction was found. Their data indicate that this mutated MDM2 was not able 

to repress p53 at basal activity whereas upon stress it lead to hyperactivation of 

p53. Cells from the patient also showed increased protection against ionizing 

radiation with increased p53 stabilization, at the expense of decreased 

regenerative capacity. Consequently, the cells entered replicative senescence 

earlier than control cells. 

Contributing to previous studies, this case report also pictures deregulated p53 to 

act pro-aging. 

3.14  Apoptosis, senescence and ferroptosis drive aging 

Mice lacking the ATM phosphorylation site (due to a mutation in serine 18) which 

is necessary for apoptosis through PUMA had a high rate of neoplasia.  While the 

non-tumor-bearing mice showed accelerated aging and their cells were lead into 

premature senescence (148). Analog to the previous mice, p53-S18A/S23A mice 

were also resistant to apoptosis (10,149). Xrcc4 (-/-) mice, lacking the protein 

Xrcc4 important in DNA repair mechanisms, were embryonic lethal unless crossed 

into p53-S18A/S23A background. The resulting mice (Xrcc4-/-; p53S18A/S23A) 

showed accelerated aging. Moreover, the Xrcc4 (-/-) mice’s early lethality could be 

rescued by p53 knockout (10,150). Thus, the apoptotic function is not necessary 

for the accelerated aging phenotype. In another study, the Xrcc4(-/-) mice with the 

defect DNA repair mechanism were crossed with mice (p53-K3R/K3R) exhibiting 

loss of p53-dependend apoptosis, senescence and cell cycle arrest via the loss of 

p53 acetylation. These mice (Xrcc4−/−; p53-K3R/K3R) showed signs of 

accelerated aging including testicular atrophy. In testicular cells an increase in 

ferroptosis could be found. So it has been speculated, that the process of 

ferroptosis could also contribute to the aging process (151). Ferroptosis is a 

relatively recent discovered form of cell death dependent on iron and resulting in 

lipid peroxide accumulation (152).  
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These results indicate, that besides initiating apoptosis, p53 also contribute to the 

aging process by regulating senescence, cell cycle arrest and the process of 

ferroptosis.  

3.15  p53 and the antagonistic pleiotrophy  

The antagonistic pleiotropy is a theory hypothesizing that organisms have genes 

that contribute positively to fitness at a young age but have a negative influence on 

fitness late in life (153). Early in life high p53 levels are essential for the embryonic 

implantation in the uterus and also for fertility (154). Further, high p53 activity 

during lifespan protected mice from cancer development (96). Higher levels or 

higher activity of p53 were the reason for these mice do die at younger ages, due 

to higher rates of apoptosis leading to stem cell exhaustion (155). p53 is a good 

example for antagonistic pleiotropy. 

3.16  p53 and sexual dimorphism 

After triggering p53 activation and analyzing p53 functions in C57BL/6 mice, a 

sexual dimorphism was recognized in p53 loss during the aging process. Female 

mice showed a decline in p53 activity about three months earlier than the males. 

Males lived about three month longer than their female litter mates. In humans, 

females live longer than man. Usually sexual dimorphism can be explained 

through hormonal signaling, factors linked to the X or Y chromosome or epigenetic 

imprinting, but it is still unknown which of these aspects are relevant for p53 levels 

and signaling. Notably, MDM2 and leukemia inhibitory factor (LIF), which is 

important during embryonic implantation, are regulated via p53 and estrogen (67). 
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4 Conclusion 

The protein p53 is regulatory involved in nine out of nine aging hallmarks as well 

as the process of autophagy. From the literature review conducted in this thesis it 

can be concluded that p53 has a very important but dual and highly context-

dependend role in the process of aging. 

If p53 is constitutively active it can enhance the aging process and reduce lifespan 

but it offers tumor protection. The literature analysis of this thesis also yielded, that 

mild elevation of p53 under normal regulation does not accelerate the aging 

process whereas deregulated p53 results in accelerated aging phenotypes.  

In contrast, p53 could act as anti-aging factor through its negative regulation in 

growth and growth-related stress or in nutrient sensing pathways. p53 is able to 

down-regulate the nutrient sensing pathways IIS and mTOR. Reduced signaling in 

these pathways is linked to longevity (10). It can repress the IIS pathway via the 

expression of IGF-BP3 and PTEN and the mTOR pathway via TSC-2, AMPK-beta, 

sestrins, and REDD1. p53’s ability to inhibit the mTOR pathway on one hand and 

induce cell-cycle arrest on the other hand could offer an explanation for why 

modest elevation of p53 activity both prolongs lifespan and protects against cancer 

(41). 

p53 has wide-ranged functions from flies to mammals including humans 

concerning cancer-protection, disease-modification and aging. In general, p53 

seems to have a plethora of functions and interactions in cells and will continue to 

surprise scientist over many more years. Especially in the field aging, much more 

research is needed to exactly define pre-conditions, contexts, tissues and cells, 

and stimuli that tilt p53 between a pro-aging and an anti-aging function. 
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