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Abstract
Background Centenarians are exceptionally long living
individuals who escaped the most common age-related dis-
eases. In particular they appear to be eVectively protected
from cancers. The mechanisms that underlie this protection
are quite complex and still largely unclear.
Aim To critically analyse the literature in order to propose
a unifying hypothesis that can account for this cancer pro-
tection in centenarians.

Methods Review of the scientiWc literature regarding
three main players in tumourigenesis such as IGF-1, inXam-
mation and p53, and centenarians.
Results Centenarians appear to be characterised by low
IGF-1-mediated responses and high levels of anti-inXam-
matory cytokines such as IL-10 and TGF-�, a condition that
results in protection from cancer. Both inXammation and
IGF-1 pathway converge on the tumour suppressor p53.
Accordingly, some studies indicate that genetic variants of
p53 are associated with human longevity by providing pro-
tection from cancer mortality.
Conclusions The available data let us to hypothesise that
among other possible mechanisms, well-preserved p53-
mediated responses are likely a key factor contributing to
protection from cancer in centenarians.

Keywords Centenarians · Cancer · p53 · IGF-1 · 
InXammation

Introduction

Centenarians are the best living example of successful age-
ing, as they largely avoided, postponed or survived the
majority of life-threatening, age-related diseases such as
cancer, diabetes, and cardiovascular diseases [1]. As far as
neoplastic diseases are concerned, studies on autopsy
records revealed that centenarians are characterised by a
lower than expected incidence of cancer, together with a
decline of metastatic rate, and a decrease in mortality due to
cancer (see [2] for references). Accordingly, it has been
reported that the mortality due to cancer constantly
decreases after the age of 85–90 years [3]. Therefore, it
seems that centenarians are endowed with a peculiar resis-
tance to cancer. The reason for this phenomenon is still
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largely unclear. It is likely that protection from cancer is not
determined by a single molecular mechanism, but rather by
the interaction among diVerent ones, and between these
mechanisms and the environment. In this regard, we
reported some years ago that a well-maintained NK activity,
as it is found in centenarians, can be one of these mecha-
nisms [4]. In this review we will take in consideration other
possible mechanisms and in particular we will brieXy sum-
marise the data indicating the involvement of IGF-1 path-
way and inXammation in this phenomenon. These two
pathways both converge on p53 protein, the well-known
“guardian of the genome” that is widely recognised as an
eYcient anti-cancer defence [5]. Given the inherent impor-
tance of p53 for human cancers as well as its functional links
with IGF-1 pathway and inXammation, it can be hypothe-
sised that p53 is a key element in protecting centenarians
from cancers. However, it is not precisely understood how
p53 determines the level of protection from cancer in aged
people. Given the complex network of interactions that p53
has with a high number of proteins, it is possible that genetic
pool and epigenetic modiWcations of the components of such
a network can play a role. In this regard, the age-related
changes in p53 interactome are currently the subject of stud-
ies. Another interesting hypothesis can be also put forward,
i.e. that p53 itself undergoes a series of age-related post-
translational modiWcations that alter its functionality. A pos-
sible decrease in p53 activity seems to be a plausible expla-
nation for the correlation between tumourigenesis and the
ageing process. No data are available in this regard on
humans. Nevertheless, recently published data suggest that
an age-related accumulation of a conformational mutant
form of p53 occurs in human peripheral blood mononuclear
cells (PBMC) [6]. This mutant-like form of p53 lacks tran-
scriptional activity and the reason/s of this accumulation is/
are presently unclear, even if oxidative stress likely plays a
crucial role. We think that these data are worth to be deep-
ened and extended to centenarians, within a scenario of pro-
found and important age-related modiWcation of p53 and
p53-mediated responses in humans.

Insulin/IGF-1: a trade-oV between cancer and longevity

Insulin-like growth factors (IGFs) comprise a family of
peptides that play important roles in mammalian growth
and, among them, IGF-1 is a polypeptide mediating many
of the growth-promoting hormone eVects, being essential
for a normal development [7]. In yeast, worms, and Xies,
the evolutionary conserved glucose or insulin/IGF-1-like
pathways down-regulate antioxidant enzymes and heat
shock proteins, reduce the accumulation of glycogen or fat,
and control growth together with mortality [8]. Mutations
that reduce the activity of these pathways appear to extend

animal longevity [9]. In animal models like mouse, the
down-regulation of IGF-1 pathway is associated with an
extension of life span [10, 11], whereas high levels of IGF-
1 are associated with a shortened life span [11]. Also in
humans this pathway appears to be crucial for longevity
and data obtained in long-lived individuals, such as cente-
narians, showed that longevity is associated with decreased
plasma levels of IGF-1 and preserved insulin sensitivity
[12, 13]. On the basis of these data, we tested the hypothe-
sis that the IGF-1 plasma level could be genetically con-
trolled, and we investigated the role of genetic variability at
some human loci that share similarities with the genes that
regulate the insulin/IGF-1 pathway in invertebrates [14].
The major Wndings emerging from these studies were that
Italian long-lived people (aged >85 years of age) had IGF-1
plasma levels lower than younger controls (that can be an
expected but not trivial result, considering the association
between low IGF-1 levels and frailty) and that these levels
were aVected by polymorphisms at insulin-like growth fac-
tor type 1 receptor (IGF-1R) and phosphoinositide 3-kinase
(PI3KCB) genes that were found more frequently in cente-
narians [15]. This study was the Wrst indication that genetic
variability in the genes responsible for IGF-1 regulation
plays a role in human longevity as well, indicating that the
impact of these genes on longevity is an evolutionary con-
served property, from yeast to humans. Other authors had
conWrmed our results by Wnding a reduced functionality of
Insulin/IGF-1 signaling in diVerent populations such as eld-
erly Dutch people [16] and Ashkenazi Jewish centenarians
[17]. Thus, it seems that a reduction in Insulin/IGF-1 path-
way function is an important determinant of longevity also
in humans and not only in animals, but the reasons for the
survival advantage brought by this reduction are not imme-
diately evident. Indeed, an eYcient IGF-1 signaling should
provide the individual with greater body mass and one
could think that the biggest and strongest individuals
should be favoured in the struggle for survival and
protected against disabilities and mortality. To this regard,
it has been shown that low serum levels of IGF-1 are
detrimental in aged people, especially in terms of physical
performance and muscle strength maintenance [14].
Furthermore, a relationship has been observed between
IGF-1 and inXammation, and in particular IL-6, one of the
best-known pro-inXammatory cytokines. Pro-inXammatory
cytokines often act as negative regulatory signals that tem-
per the action of hormones and growth factors. We found
that, not only muscle strength is inversely correlated with
IL-6 plasma levels [14], but it also appears that IGF-1 and
IL-6 have an inverse impact on other important outcomes
such as disability and mortality. In a longitudinal survey it
has been shown that older women with low serum levels of
IGF-1 and high serum levels of IL-6 have the highest risk
of disability and mortality, in comparison with women who
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have low levels of IL-6 and high levels of IGF-1 [18]. Such
a beneWcial eVect of high IGF-1 serum level in the elderly
is in contrast with the above reported data showing that
reduced IGF-1 plasma levels are associated with longevity
[15]. How can these data be reconciled? It has to be consid-
ered that IGF-1 has been implicated in several chronic age-
associated diseases, including cancer, heart disease, and
osteoporosis [19]. In particular, both IGF-1 and IGF-1R
have been reported to play important roles in the establish-
ment and maintenance of the transformed phenotype [20].
It can be hypothesised that the decrease of plasmatic IGF-1
observed in nonagenarians and centenarians might mini-
mise the risk of cancer brought by IGF-1 by decreasing glo-
bal mitogenic stimulation. The price to pay is frailty and
massive reduction of muscle strength, two characteristics of
such very old people [18, 19]. In this perspective, a sort of
trade-oV between cancer risk and frailty can be envisaged.
On one hand, elderly people with elevated IGF-1 are pro-
tected against sarcopenia and disability but have a higher
risk of cancer, while on the other hand elderly people with
lower IGF-1 levels are at risk of disability and frailty but
have a lower risk of cancer. This trade-oV is likely an evo-
lutionarily conserved “survival” response that shifts the
organism’s resources from growth to maintenance, as an
adaptation to stresses such as DNA damage. To this regard,
studies on mice defective for the DNA repair gene Ercc1
have shown that the GH-IGF-1 axis is suppressed likely as
a defense response toward DNA damage accumulation
[21]. The mechanism by which Ercc1 deWciency induces
the suppression of the somatotroph axis is yet unknown.
These Ercc1¡/¡ animals display a dramatic premature
senescence, but still this IGF-1 suppression can be consid-
ered beneWcial for longevity since it leads to metabolic
changes that shift energy usage from growth and prolifera-
tion to protective maintenance, aimed at counteracting the
accumulation of stochastic DNA damages. This shift
includes a series of gene expression changes shared by a
number of animal strains independently on how long they
can live (progeroid, normal, or long-living) [22] and pro-
tects the organism from cancer and promotes late life sur-
vival, likely also in a context of a chronic pro-inXammatory
status typical of the elderly that we will discuss in the next
section. In this perspective centenarians, who have very
low levels of serum IGF-1, could be seen not as IGF-1-deW-
cient subjects, but rather as the people who have the most
tightly preserved connection between DNA damage sens-
ing and suppression of somatotroph axis.

InXammation and cancer in the oldest old

It is known that inXammatory diseases increase the risk of
developing many types of cancer (including bladder, cervical,

gastric, intestinal, oesophageal, ovarian, prostate, and thy-
roid cancer), and that inXammatory cells and mediators are
present in the microenvironment of most, if not all,
tumours, irrespective of the trigger for development [23].
Cancer-related inXammation has been recently described
as “extrinsic” (driven by inXammatory conditions that
increase the risk of cancer) or “intrinsic” (due for example
to the activation of oncogenes that induce a transcriptional
pattern similar to that which occurs during inXammation)
[23]. On the other side, it has been observed that ageing is
characterised by an increase in the level of pro-inXamma-
tory markers, and this state of sub-clinical, chronic inXam-
mation has been called “inXamm-ageing” [24]. Thus it
would be expected that inXamm-ageing can be a trigger for
a series of diseases with an inXammatory pathogenesis such
as diabetes, neurodegeneration, cardiovascular pathologies
and, as discussed, also cancer. This is in fact the general
picture found in elderly people. To double-check this
hypothesis, it should be demonstrated that centenarians
who escaped these diseases, on the contrary, have no signs
of inXamm-ageing. Quite surprisingly, centenarians have
been found to display elevated markers of inXammation
[25]. This apparent paradox is blunted by the fact that at the
same time centenarians display high levels of anti-inXam-
matory agents such as IL-10, IL1-Ra, and TGF-�, that
likely counteract the eVect of the pro-inXammatory ones
[26–28]. Moreover, it is also possible that some genetic
Wndings obtained from centenarians indicative of the pres-
ence of inXammation risk factors have in fact a diVerent
biological meaning. As an example, it has been reported
that centenarians have higher frequencies of the 4G allele
and of the homozygous 4G4G genotype of the plasminogen
activator inhibitor 1 (PAI-1) gene with respect to young
subjects [29]. The 4G allele is associated with high serum
levels of PAI-1, which in turn is considered a predictor of
myocardial infarction and also a marker of poor prognosis
for a series of cancers. Thus, it is paradoxical that geno-
types associated with high levels of such a risk factor are
more represented in centenarians than in young people. It is
possible that other actions of PAI-1 might overcome in very
old age the detrimental ones (pro-inXammatory, inhibition
of Wbrinolysis, etc.). As an example, it has been reported
that PAI-1 is necessary and suYcient to induce cell senes-
cence [30]. In particular, PAI-1 knockdown results in sus-
tained activation of the PI(3)K-AKT-GSK3� pathway and
nuclear retention of cyclin D1, consistent with a role for
PAI-1 in regulating growth factor signalling. In agreement
with this, it has been found that the PI(3)K-AKT-GSK3�-
cyclin D1 pathway is also causally involved in cellular
senescence [30]. This pathway, at least in its upstream part,
is the same that is activated by IGF-1 and, as we have dis-
cussed above, the down-regulation of this pathway seems to
be correlated with longevity. Thus it is plausible that high
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levels of PAI-1 can have a double-sided role for longevity:
negative on one side, as risk factors for cardiovascular dis-
eases and cancers, but positive on the other side, as inhibi-
tor of the PI(3)K-AKT pathway. At present it is unclear
what elements control and decide what has to be the preva-
lent eVect of high levels of PAI-1 (negative or positive for
longevity).

The plasma levels of some cytokines important for
inXammation and anti-inXammation (such as IL-6 and IL-
10) have been found aVected by common genetic polymor-
phisms in the correspondent genes (reviewed in [2, 31]).
Accordingly, we and other authors observed that genotypes
associated with production of high amounts of pro-inXam-
matory cytokines such as IL-6 and of low amounts of anti-
inXammatory ones such as IL-10 are less represented in
long-lived people and centenarians, thus supporting the
hypothesis that inXammation in old age represents a jeop-
ardy for the survival. In fact, those individuals who are
genetically predisposed to produce high levels of IL-6 have
a reduced capacity to reach the extreme limits of human
life [32], whereas the high IL-10-producer genotype is
increased among centenarians [26]. The gene of another
important pro-inXammatory cytokine, TNF-�, involved in
cancer onset and metastasis [23], has a (A/G) polymor-
phism at position ¡308 that is associated with age-related
diseases, and we found that the frequency of the A allele is
decreased with age in old men, including centenarians, but
not in women [33].

This opposite eVect of IL-6 and IL-10 common gene
polymorphisms in longevity is intriguing, indeed, inXam-
matory genotypes may be both friends and foes. In fact,
inXammation is an important and necessary part of the nor-
mal host responses to pathogens, but the overproduction of
inXammatory cytokines might cause immune-inXammatory
diseases and eventually death. In fact, our immune system
has evolved to control pathogens, so pro-inXammatory
responses are likely to be evolutionarily programmed to
resist fatal infections in the early phases of life. However,
in the post-reproductive period of life, strong inXammatory
responses may represent a risk factor for many non-infec-
tious diseases including cancer, while weak responses may
on the contrary hinder their onset [25]. These conditions
might result in an increased chance of long-life survival in
an environment with a reduced antigen (i.e. pathogens)
load.

We observed that IL-6 genetic variability inXuence the
amount of the cytokine in patients with colorectal cancer, in
particular in presence of hepatic metastasis [34]. Another
interesting aspect of the complex role of inXammation
results from recent data showing opposite roles played by
IL-6 as both cancer promoter and inhibitor. Indeed, it has
been recently reported that as a paracrine factor, secreted
IL-6 contributes to tumourigenesis by promoting angiogenesis

[35]. Furthermore IL-6 is a determinant factor for the acqui-
sition of a malignant phenotype in an in vitro model of
breast cancer [36], and it is capable to down-regulate p53
by maintaining TP53 promoter methylation [37]. On the
other side, IL-6 has been observed to act in the autocrine
way in the induction and maintenance of oncogene-induced
cell senescence, an eYcient mechanism to suppress tumo-
urigenesis [38] and it appears to be down-regulated by p53
likely via a p53-dependent reduction in the expression of
the NF-�B subunit p65 [39]. It is thus possible that cyto-
kines such as IL-6 can play a complex double-edged role in
neoplastic diseases and represent a bridge between inXam-
mation, cell senescence and cancer, with a feedback loop
with another key player for the control of these phenomena,
that is p53, which will be the topic of the next paragraphs.

P53: a connection point between IGF-1 
and inXammation

As discussed in the previous paragraphs, IGF-1 pathway
and inXammation are deeply involved in tumourigenesis
and centenarians seem to be protected against cancer
through mechanisms involving low levels of circulating
IGF-1, genetic variants predisposing to low IGF-1-medi-
ated responses, and low inXammatory responses. Recent
studies have demonstrated that both IGF-1/insulin signal-
ling pathway and inXammation are interconnected with p53
protein. p53 gene, TP53, is a critical tumour suppressor
gene that is mutated in about half of all human cancers [40,
41] and loss of TP53 predisposes mice and humans to
increased morbidity and mortality (reviewed in [42]). Apart
from its well known action on cell cycle, DNA repair,
apoptosis and cell senescence, it has been demonstrated that
p53 can exert its tumour suppressive activity by inhibiting
IGF-1 pathway at various stages (it suppresses Igf-1R tran-
scription, it regulates the levels PTEN and TSC2, which
antagonise the signalling of IGF-1 to Akt and mTOR,
respectively, and it stimulates the transcription of IGFBP-3,
which inhibits the activation of IGF-1R) (reviewed in [43]).

As for inXammation, it is known that inXammatory
responses induce reactive oxygen and nitrogen species
including hydrogen peroxide, nitric oxide, and reactive
intermediates such as hydroxyl radicals, superoxide and
peroxynitrite. To avoid the damaging eVects of these com-
pounds several defence mechanisms have evolved. One of
the genes at the cross-roads of cellular stress response net-
works is TP53, which, in response to inXammatory stress,
can trans-activate or trans-repress a number of genes [44].
Indeed, p53 function not only as a sequence-speciWc tran-
scriptional activator in the G1 and G2 phases of the cell
cycle [45], but it also mediates the repression of a number
of target genes [46]. In fact, it is estimated that up to 80% of
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p53-responsive genes are repressed rather than activated
[47]. Accordingly, loss of p53 function is reported to be
associated with increased inXammatory responses and
increased T cell responses in mice [48]. In particular, it has
been reported to down-regulate the transcription of genes
such as metalloproteinase-13, IL-6, IL-2, c-fos, and c-jun
and, as discussed, competitively inhibits others transcrip-
tion factors such as NF-�B p65 (discussed in [48]). These
factors are important mediators of inXammation, such as
IL-6, as discussed in the previous paragraph, or promote the
activation of immune responses, responsible in turn for
inXammation to occur.

Thus, on the basis of what has been discussed in the Wrst
two paragraphs, the overall picture emerging from the
available experimental evidence, summarised in Fig. 1, is
that IGF-1 pathway activation and inXammatory responses
represent a risk factor for tumourigenesis and p53 can
negatively regulate both of them, so that at least a part of
the anti-cancer activity of p53 can be attributed to this
capability.

P53 activity in ageing

It has long been considered that TP53 is a longevity-assur-
ance gene in the sense that it acts on longevity by prevent-
ing tumours, since p53-deWcient mice live shorter than
normal counterpart because of rapid development of
tumours [49]. Nevertheless, in the case of p53-competent
animals, the situation was considered a little bit more com-
plicated and controversial. Indeed, it has been observed that
in mice the expression of a truncated form of p53 coding

for the C-terminal fragment of the protein (called M
protein) led to increased tumour suppression but also
decreased longevity, likely because of a deleterious eVect
on stem cell proliferative capability [50]. Thus it was
hypothesised that p53 activity against cancer was at the
expenses of longevity [18]. It has been proposed that in
TP53+/m mice the age-associated accumulation of mutations
provokes augmented cell cycle arrest or apoptosis
responses, thus preventing tumour formation, but also
decrease the number of division-competent stem cells to a
point in which their functional capacity is so reduced that
suYcient numbers of mature cells cannot be provided to
maintain organ homeostasis [51]. Recently, it has been
shown that such a truncated form of p53 leads to an alter-
ation of wild type (wt) p53 stability, localisation and activ-
ity [52]. In particular the M protein interacts with wt p53,
increases its stability, and facilitates its nuclear localisation
even in the absence of stress.

Nevertheless, a diVerent TP53 transgenic mouse model
displays an increased activity of tumour suppression and
ages normally [53]. These “Super-p53 mice” are provided
with supernumerary copies of the TP53 gene in the form of
large genomic transgenes. These supernumerary copies of
TP53 are surrounded by regulatory sequences that are iden-
tical to those at the endogenous TP53 locus, thus TP53
gene is under normal regulatory control and this avoids
abnormal activity, likely responsible for the observed dele-
terious side eVects (premature ageing). More recently, a
new model of genetically manipulated mice with increased,
but otherwise normally regulated levels of Arf and p53,
presents strong cancer resistance and has decreased levels
of ageing-associated damage [54].

These experimental evidences on mice are in agreement
with the hypothesis that TP53 acts as a longevity gene in
mammals basically by shutting down tumourigenesis. If
this is true, it is possible that the increased age-related inci-
dence of cancer can be due not only to an accumulation of
mutations, but also to a possible age-related decrease in
p53-mediated responses. In agreement with this hypothesis,
it has been reported that the eYciency of the p53 response
to gamma-irradiation was found to decline signiWcantly in
various tissues of ageing mice, including lower p53 tran-
scriptional activity and p53-dependent apoptosis [55]. This
decline resulted from a decreased stabilisation of the p53
protein after stress. The function of the Ataxia-telangiecta-
sia mutated (ATM) kinase, which activates p53 by phos-
phorylating it at Ser-15 [56], declined signiWcantly with
age, which may then be responsible for the decline of the
p53 response to radiation in mice [55]. Declining p53
responses to other stresses were also observed in the cul-
tured splenocytes from ageing mice. Interestingly, the time
of onset of this decreased p53 response correlated with the
life span of mice; mice that live longer delay their onset of

Fig. 1 The complex interplay between IL-6, p53 and IGF-1 and its
eVect on physiology and pathology. The dashed line indicates a possi-
ble role for some short p53 isoforms in tumourigenesis (see text). Nev-
ertheless, this role has yet to be clariWed
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decreased p53 activity with time [55]. On the basis of their
results, these authors suggest that an enhanced Wxation of
mutations in older mice should occur because of the declin-
ing Wdelity of p53-mediated apoptosis or senescence in
response to stress [55]. Furthermore, this age-related
decline in p53-mediated responses suggests a plausible
explanation for the correlation between tumourigenesis and
the ageing process. No evidence in this regard has been
reported to date in human ageing, where a correlation
between age and tumours is also present. Lack of p53
functional activity, beside gene mutations, can be due to
conformational changes in its tertiary structure. In fact, p53
DNA-binding domain exhibits a high degree of conforma-
tional Xexibility. Such feature permits the existence of at least
two diVerent conformational isoforms in human cells, reported
as “wild type” and “mutant-like.” This latter does not pres-
ent sequence mutations and it is transcriptionally inactive
due to the oxidation of the DNA-binding domain [57]. It
has been recently reported that this mutant-like form of p53
(p53mut) does accumulate in dermal Wbroblasts and PBMC
of patients with Alzheimer Disease (AD) [6, 58]. Some
years ago it was also demonstrated that Wbroblasts of AD
patients display a profound impairment in the H2O2-acti-
vated, p53-dependent pathway, which results in a lack of
activation of p53 or p53-target genes, including p21,
GADD45 and bax [59]. As a whole, these data suggest that
there is a decrease in p53 activity in at least some tissues of
AD patients. Interestingly, it has been observed that the
percentage of PBMC highly positive for monoclonal anti-
bodies speciWc for p53mut increases with age even in non-
demented people [6]. Thus, it could be hypothesised that
the accumulation of p53mut with age impacts on p53-medi-
ated responses, leading to their decrease similarly to what
has been observed in mice. The mechanisms that lead to
this age-dependent decrease in p53 functionality would
thus be diVerent between mice and humans (mediated by
ATM decline in mice and by accumulation of conforma-
tional mutant form in humans) but with a similar Wnal
result. Further studies are needed to conWrm this hypothe-
sis, also taking into account that this p53mut is very abun-
dant in Wbroblasts and PBMC from AD patients, as
mentioned [58] and that an inverse correlation seems to
exist between AD and cancer incidence [60]. This is an
apparent paradox, since it would be expected that, if
“mutant-like” p53 accumulation is really indicative of a
progressive decrease in p53 activity, then cancer incidence
should be high in AD patients, while in fact it is not. There
can be diVerent explanations for this paradox. First of all, it
has to be considered that nanomolar concentrations of
Amyloid-�1-40 peptide are able to induce the conforma-
tional change of p53 [61], and the increased amount of
p53mut in cells from AD patients may simply reXect the
presence of such peptide in the cellular environment. Further,

it is possible that p53 is substituted for by other similar ones
such as p63 and p73, and/or that other molecular pathways
can substitute for the p53 one in AD. The amount of the
remaining wt p53 should be also taken into consideration
and the ratio between wt p53 and p53mut should be consid-
ered in order to better understand what it is really going on
during ageing, i.e. to understand whether an increase in the
percentage of cells positive for the p53mut means a real
increase in the expression of this isoform or rather merely reX-
ects a general increase of p53 expression that leaves
unchanged, or even increases, the amount of wt p53.

It is at present not known whether in centenarians there is a
high or low percentage of cells positive for p53mut. Studies in
this direction are actually ongoing. If these percentages would
result to be lower with respect to old people and more similar
to young people, one could interpret this datum as an indica-
tion that centenarians have a well-preserved p53 function that
can justify the observed decrease in cancer incidence. On the
contrary, if this percentage would result to be similar to that of
old people, thus the protection from cancer should likely be
explained by other mechanisms, which in any case are not
excluded by our p53-based hypothesis.

An age-related change in p53 interactome should also be
considered as a determinant of a possible decrease of p53
activity. Indeed, many proteins interact with p53 and acti-
vate or inhibit it. It is at present unknown if these interac-
tors undergo modiWcation(s) in their expression during
ageing thus aVecting p53 activity as observed in mice [55].

It is known since many years that p53 can exist in diVer-
ent isoforms, shorter than the full length [62]. Recently it
has been reported accordingly that TP53 gene has an
unforeseen complex regulation similar to that of p63 and
p73 genes [63]. This includes multiple splicing at intron 2
and 9, alternative promoter and alternative initiation of
translation. This complex regulation leads to the formation
of nine possible short isoforms of p53, which can modulate
p53 activity as far as gene transcription, apoptosis, and
capability to bind to DNA is concerned [64]. Some of these
isoforms can enhance p53 target gene expression, while
others, such as the so-called �133p53 are dominant-nega-
tive toward full-length p53 [63]. �133p53 is found to be
expressed in many breast tumours [63], so that it is possible
that a failure of appropriate regulation of p53 isoforms
plays role in tumourigenesis, as indicated in Fig. 1 (dashed
line). To date, it is not yet completely understood the pre-
cise role and relevance of such isoforms, especially for the
ageing process. It is nevertheless possible to hypothesise
that a genetic-based capability to modulate the expression
of such short p53 isoforms can have some importance in the
protection from cancer and thus impact on longevity, for
example by stabilizing wt p53, or on the contrary by com-
peting with wt p53 at the level of p53 responding elements
on the DNA. Some suggestions of a possible relevance for
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ageing of the short p53 isoforms come indirectly from the
mouse model described by Tyner et al. [50] and discussed
above, in which a truncated form of p53 is expressed
together with a wt one. This mouse model exhibits prema-
ture ageing, but it is unknown whether the truncated p53
isoform it expresses (the M protein) is similar to those
occurring in wt animals or in human cells. Moreover, it is
not clear if these alternative p53 variants are always
expressed at the same extent during lifetime or rather if
they can undergo an age-related modulation. All these
questions need to be answered by future studies.

Conclusion

As discussed along this paper, it appears that centenarians are
protected from cancer by at least two diVerent mechanisms:
low IGF-1-mediated responses and elevated production of
anti-inXammatory mediators. We summarised here the main
experimental data obtained in this regard and discussed also
the possibility that a central link between these two pathways
is constituted by p53. In particular, we hypothesise that cente-
narians are endowed with a high protection from cancer
because of a well-preserved p53-mediated response able to
block tumourigenesis or to decrease cancer aggressiveness.
This can be likely due to individual genetic variants (e.g.
TP53 gene variants more active in inducing apoptosis or cell
senescence) and epigenetic modiWcations (p53 protein modiW-
cations such as acetylation, phosphorylation, ubiquitination, or
redox modiWcations that impinge upon protein stability, acti-
vation, turn-over, and functionality). To this regard, early
studies from our group indicated that a genetic variant of
TP53 due to a polymorphism at codon 72 leading to two func-
tionally diVerent isoforms of p53 protein (one with an argi-
nine residue at position 72, the other with a proline residue)
was not diVerently distributed among age classes, including
centenarians, in the Italian population [4]. Nevertheless, a
more recent study reported a meta-analysis indicating that
subjects carrying the TP53 codon 72 proline allele have a sur-
vival advantage in spite of a higher risk of cancer in long liv-
ing people [65], even if the association appears to be
dependent on the type of tumour and on the genetic back-
ground of the population studied. Indeed, we recently reported
that the TP53 codon 72 arginine allele is more frequent in
patients with colorectal cancer with respect to age-matched
controls and centenarians [66]. The results obtained on the
Dutch population have been partially conWrmed by another
study in Danish population, in which the authors suggest that
increase longevity of TP53 codon 72 proline allele carriers
may be due to increased survival after a diagnosis of cancer or
other life-threatening diseases [67]. However, it is to mention
that p53 has a crucial role not only in cancer but also in a
number of other age-related pathologies, such as cardiovascu-

lar diseases that are among the major causes of death in west-
ern Countries [68]. It is thus possible that the diVerence
between young and long-living people observed in diVerent
populations, such as, for example in Italians, Danish and
Dutch regarding the frequency of TP53 codon 72 genotype
can be explained by hypothesising that diVerent TP53 geno-
types may predispose to diVerent age-related diseases, and
thus the genotype frequencies observed in centenarians or
long-living people could be the result of a population-speciWc
balancing between opposite tendencies towards an increased
or decreased risk of many diVerent life-threatening diseases
(cancer, cardiovascular diseases, etc.). We have reported that
the two p53 isoforms resulting from this polymorphism at
codon 72 diVer in the capability to induce apoptosis and cell
senescence in ex vivo experiments only when cells were
obtained from aged individuals [69, 70]. All together, these
results suggest that the activity of p53 changes with age due to
genetic polymorphisms and/or epigenetic age-related modiW-
cations. Consequently, it can be hypothesised that centenari-
ans are endowed with a well preserved p53 activity as a result
of the combination of genetics and epigenetics that allow
them to be protected from cancer, and in particular p53 can
play a direct role as a tumour suppressor, or it may act indi-
rectly through its involvement in the IGF-1 pathway and in
inXammation, as discussed above. Of course it is not excluded
that other mechanisms can co-exist in order to ensure protec-
tion from cancer in these exceptional subjects. Further studies
are needed to verify this hypothesis by means of genomic and
proteomic analysis on cells obtained from subjects of diVerent
age, including centenarians, focused on p53 and its down-
stream transcriptional targets as well as its interactors, also in
the light of the possibility in the near future to inhibit or
enhance p53 functions pharmacologically for therapeutic pur-
poses, such as cancer treatment.
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