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           The dual role of p53: DNA protection and antioxidant      
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 Abstract
The classical functions of p53 protein are those related to its role on DNA damage, cell growth arrest, senescence and 
apoptosis. For this reason it is called  ‘ the guardian of the genome ’  and is considered one of the most important players in the 
development of cancer. However, more recently it has been show that p53 is not only involved in cancer, but also in ageing. 
p53 is stimulated by stress, which in turn results in the activation of a wide range of transcriptional targets. Low-intensity 
stress will activate p53 in a manner which results in antioxidant response, thus protecting against ageing because of its anti-
oxidant function. On the contrary, high-intensity activation of p53 will result in an increase of oxidative stress by activation 
of p53-mediated pro-oxidant targets, thus increasing the rate of ageing, but protecting against cancer.  

  Keywords:   Anti-oncogenic protein  ,   oxidative stress  ,   ageing  ,   cancer  ,   antioxidant   
  Introduction 

 Several groups reported in 1979 the fi nding of a 
protein (p53) that forms a complex with the SV40 
tumour-virus oncoprotein [1,2]. Since then, the role 
of p53 has been widely studied and it is a very inter-
esting protein because of its role as a tumour suppres-
sor, but recently also because it has other important 
functions which we will review in this paper.   

 p53: A reminder 

 The classical functions of p53 protein are those related 
to its role in DNA damage, cell growth arrest, senes-
cence and apoptosis [3] (see Figure 1). For this rea-
son it is considered one of the most important players 
in the development of cancer [4]. 

 DNA damage was the fi rst stress signal to be iden-
tifi ed as a modulator of p53 activity [4,5]. In fact, 
many kinds of DNA damage such as hypoxia [6], 
spindle poisons [7], telomere shortening [8], heat and 
cold shock [9,10], nutrient defi ciency [11] and the 
mutational activation of some oncogenes [12 – 14] 
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have been shown to activate p53 (see Figures 2A 
and B). 

 p53 is also involved in cell cycle arrest in G1, 
G2 and late G2 phases. G1 arrest is a prominent 
consequence of DNA damage and is induced in 
many cell types by expression of exogenous wild-type 
p53 [15], which interacts, among others, with the 
cdk inhibitor p21 (CIP1/WAF1) [16], the cyclins 
 Cln G and  Cln D1 [17] and the protein phosphatase 
WIP1 [18]. Activation of the DNA-damage cascade 
(ataxia telangiectasia mutated (ATM)/ataxia telangi-
ectasia and Rad3-related (ATR)-Chk2/1-p53) leads 
to cell cycle arrest in the G2 phase of the cell cycle 
[19]. There is also evidence for cell cycle controls 
in late G2 and early M phases that may involve p53 
(see Figure 3). 

 Hayfl ick and colleagues [20,21] fi rst formally 
described cellular senescence as the fi nite replicative 
life span of human fi broblasts in culture. Many kinds 
of oncogenic or stressful stimuli can induce a senes-
cence response. Among them, the most important are 
DNA damage (telomere loss, DNA breaks, oxidative 
lesions) [22], over-expression of some oncogenes 
 of Medicine, University of Valencia. Av. Blasco Ib á  ñ ez, 15 46010 
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    Figure 1.     Classical functions of p53.  
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(activated components of the RAS-RAF-MEK sig-
nalling cascade) [23] or responses to epigenetic changes 
in chromatin organization (i.e. histone modifi ca-
tions) [24]. Multiple mechanisms are involved in 
p53-induced senescence, including stabilization of p53 
by ADP ribosylation factor (ARF) which prevents 
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    Figure 2.     Scheme of p53 degradation 
ubiquitination and, thus, degradation of p53 [25]. 
Another example of p53-induced senescence is 
p53-mediated autophagy, which is activated during 
senescence and its activation is correlated with nega-
tive feedback in the PI3K-mammalian target of the 
rapamycin (mTOR) pathway [26,27] (see Figure 4). 
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    Figure 3.     The role of p53 in cell growth.   
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 p53 also induces programmed cell death by activa-
tion of pro-apoptotic target genes. Induction may 
depend on increased levels of p53 protein, cooperat-
ing with transcription factors such as NF-  k  B [28,29] 
or E2f, which share regulatory factors, such as 
ARF or MDM2 [30], p53-binding proteins like ASPP 
[31] or post-translational modifi cations with p53.  

 Regulation of p53 and main targets 

 Under basal condition, p53 is a short-lived transcrip-
tion factor, which is kept at low levels through ubiq-
uitylation and proteasomal degradation, mediated by 
several E3 ubiquitin ligases, such as MDM2 [32]. 

 Classical models for the activation of p53 focus 
on three steps: p53 stabilization induced by ATM/
ATR-mediated phosphorylation [33], sequence-
specifi c DNA binding [34] and target gene activation 
by interacting with the general transcriptional machin-
ery (see Figure 2B). Furthermore, a key step in the 
physiological activation of p53 appears to be its release 
from repression by factors such as MDM2 and 
MdmX [35,36]. 

 Phosphorylation of p53 is classically regarded as 
the fi rst crucial step of p53 stabilization. p53 is 
phosphorylated by a broad range of kinases, including 
those in the ATM/ATR/DNAPK cascade as well as 
Chk1/Chk2. N-terminal phosphorylation at Ser15 
(mouse Ser18) and Ser20 (mouse Ser23) by ATM, 
ATR, DNA-PK, Chk1 and Chk2 has been considered 
to stabilize p53 by inhibiting the interaction between 
p53 and MDM2 (the negative regulator of p53) 
[32,37]. ARF binds and inhibits MDM2 that is nor-
mally present at low levels in the cell, but is highly 
induced at a transcriptional level when oncogenes are 
introduced into normal cells [38,39]. ARF is regarded 
as a protein specialized in communicating to p53, a 
process which has been called  ‘ oncogenic stress ’ . This 
term encompasses the array of cell perturbations pro-
duced by oncogenes [40] (see Figure 5). 

 Central to the p53 master regulatory network are 
the target response element (RE) sequences [34]. In 
its role as a master regulator, the universe of genes 
subject to p53 control because they have RE extends 
across a diverse group of biological activities [41] that 
include DNA metabolism [42], apoptosis [43], cell 
cycle regulation [44], senescence [45], energy metab-
olism [46,47], angiogenesis [48], immune response 
[49], cell differentiation, motility and migration [50] 
and cell – cell communication [51]. One of the genes 
presenting RE is glutathione peroxidase 1, which has 
been shown to be regulated by p53 [52] (see below).   
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    Figure 4.     The role of p53 in senescence.   
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 p53 in cancer and ageing 

 Cancer and ageing share convergent and divergent 
mechanisms [53]. On one side, both are caused by 
accumulation of damage; therefore, mechanisms 
which protect from cellular damage also protect from 
both cancer and ageing. On the other side, inhibition 
of cell proliferation would protect against cancer, but 
will exacerbate ageing. On the contrary, mechanisms 
which promote cell proliferation would inhibit ageing, 
but enhance cancer [53]. 

 There are some mechanisms which could interfere 
with both cancer and ageing, such as oxidative stress 
and anti-oncogenic proteins. 

 Oxidative stress is one of the convergent mecha-
nisms linking cancer and ageing. It is widely known 
that it causes damage to biomolecules such as lipids 
[54], proteins [55], DNA [56] and carbohydrates 
[57]. This cell damage is known to promote ageing 
[58] and also cancer, mainly because of the oxidative 
DNA damage [59]. Therefore, mechanisms which 
protect against oxidative stress will provide protection 
against cancer and ageing. 
 In cooperation with Dr Serrano (CNIO, Madrid), 
we found that p53 is related to cancer and ageing 
[40,60]. As mentioned, p53 is stimulated by stress, 
which in turn results in the activation of a wide range 
of transcriptional targets. The consequent cellular 
response depends on the type and intensity of the 
stress. Low-intensity stress activates p53 in a manner 
resulting in antioxidant response [60 – 63] and, there-
fore, it not only protects against cancer, but also against 
ageing because of its antioxidant function. On the con-
trary, high-intensity stress activates p53, resulting in an 
increase of oxidative stress by activation of pro-oxidant 
targets [64], thus increasing the rate of ageing. 

 Finally, all molecules that can modulate p53 
activation/degradation would also interfere with can-
cer and ageing. One of these molecules is ARF, which 
has been shown to increase longevity and decrease 
cancer in mice [65].    

 p53 and ROS: A double-edge sword 

 By specifi c modulation of cellular ROS levels p53 can 
act as a double-edge sword. ROS act as both upstream 
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    Figure 5.     Arf as modulator of p53 activation.  
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signals that trigger p53 activation and downstream 
factors that mediate apoptosis [66]. Some of the p53 
transcriptional target genes code for ROS-generating 
proteins and may be involved in cell death [67,68]. 
However, other genes up-regulated by p53, such as 
those regulating the expression of antioxidant enzymes 
[52,69], can act as antioxidants. 

 Cells contain a network of antioxidant defense 
mechanisms to reduce the risk of oxidative damage 
during periods of increased ROS production. The term 
 antioxidant  can be broadly defi ned as any substance 
that delays or prevents the oxidation of a substrate 
(i.e. all molecules found  in vivo ) [70]. Cells contain 
both enzymatic and non-enzymatic antioxidants that 
work as a complex unit to balance reactive oxygen 
species. Classical antioxidant enzymes include super-
oxide dismutase (SOD), glutathione peroxidases 
(GPX) and catalase. Additional antioxidant enzymes 
such as peroxiredoxins (Prx), glutaredoxin (Trx) 
and thioredoxin reductases (TrxR) also contribute to 
cellular protection against oxidation [71]. 

 Given that both ROS and p53 participate in mul-
tiple redox-regulated cellular processes, there should 
be interactions between ROS and p53 and intersec-
tions between their signalling pathways. A microarray 
analysis of H 2 O 2 -treated human cells identifi ed one-
third of 48 highly H 2 O 2 -reponsive genes as targets of 
p53 [72]. In 2005 it was shown that the pro-oxidant 
function of p53 is tightly linked to release of mito-
chondrial ROS during stress-induced apoptosis [64]. 
When a cell is exposed to severe stress such as geno-
toxic stress, p53 can activate numerous genes which 
increase ROS generation, thus leading to apoptosis 
[60,73]. ROS generated by severe stress can further 
activate p53 in a positive feedback loop [74]. If, 
however, cells are exposed to light stress, basal activ-
ity of p53 leads to the activation of antioxidant genes, 
of which the most important are probably sestrins 
(see below). Thus, in non-stressed or physiologically-
stressed cells p53 can act as an antioxidative through 
the induction of a set of antioxidant genes [64]. 
p53 activates a transcriptional programme that is 
particularly relevant when p53 is activated by mild 
stresses [75] such as those presumed to operate dur-
ing physiological ageing [60]. An increase in infl am-
matory cytokines and a decrease in sex and growth 
hormones with age have been suggested to contribute 
to the ageing process [76,77]. Different studies have 
employed microarray technology to uncover changes 
in gene expression that accompany ageing of mice 
[78], rats [79], monkeys [80] and humans [81]. In 
2007 it was demonstrated that genes that are activated 
by p53 or whose gene products are known to bind to 
p53 increase signifi cantly with age, while the expres-
sion of genes that are known to inhibit p53 activity 
decline specifi cally in old muscle [82]. The concentra-
tion of 8-oxo-2 deoxyguanosine, a by-product of DNA 
oxidation, has been observed to increase with age in a 
variety of tissues [83]. One possible reason for the 
observed increase in p53 activity during ageing could 
be the elevated levels of DNA damage with age, 
although it is debatable [82]. Nevertheless, these 
observations support a role for a p53-mediated tran-
scriptional programme in mammalian ageing [82]. 

 p53 also transactivates a series of genes encoding 
pro-oxidant or redox active proteins, including ROS 
generating enzymes, NQO1 (quinone oxidoreductase) 
[67], proline oxidase (POX) [84], BAX, PUMA 
and p66Shc [66]. Up-regulation of these enzymes 
leads to oxidative stress and consequently to apopto-
sis [67,84,85]. Surprisingly, even though some anti-
oxidant genes, e.g. PIG12 (microsomal glutathione 
transferase homologue) [67] and ALDH4 (aldehyde 
dehydrogenase 4) [86], are concomitantly up-regulated 
upon p53 over-expression, they are not able to reverse 
the apoptotic process and seem more like an adaptive 
response to p53-induced oxidative stress. More sur-
prisingly, oxidative stress can result from the imbal-
anced induction of antioxidant enzymes by p53. In 
the human lymphoblast cell line TK6, Hussain et al. 
[69] found that over-expression of p53 increases cel-
lular levels of MnSOD and GPX, but does not alter 
the level of catalase. The steady-state level of H 2 O 2  
may be increased by activating superoxide dismutase 
and not catalase. In the presence of iron, this usually 
results in an increased activity of the Haber-Weiss reac-
tion and, thus, in increases in hydroxyl radicals which 
are indeed extremely harmful. However, the actual 
mechanism can be complex [87,88], with glutathione 
and NADPH possibly being involved [69,89]. 

 In contrast to the pro-oxidant function of hyper-
physiological levels of p53, physiological levels of p53 
have a subtle but vital function in maintaining ROS 
at non-toxic levels through transactivation of antioxi-
dant genes [64,90,91]. At physiological levels, p53 is 
required to maintain a normal basal transcription of 
antioxidant genes, including sestrins (see below) and 
GPx1 [64]. Interestingly, AIF (apoptosis-inducing 
factor), a pro-apoptotic protein by defi nition, has 
paradoxically been found to work as an antioxidant 
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enzyme under physiological conditions regulated by 
basal levels of p53 [91]. Suppression of p53 results in 
a signifi cant decrease in the basal transcription of 
Sesn1, Sesn2 and GPx1, but does not affect the 
expression of the pro-oxidant genes BAX, NQO1 and 
PUMA [64]. This leads to an increase in ROS and 
subsequently to oxidative damage of DNA, whereas 
restoring physiological levels of p53 up-regulates the 
antioxidant enzymes and decreases the levels of ROS. 
Regulating antioxidant defense against ROS may be 
one of the tumour-suppressing mechanisms of p53. 
This mechanism seems to be general; its validity has 
been seen in multiple normal and carcinoma human 
cell lines as well as in p53-knockout mice [64]. 

 In conclusion, p53-inducible genes can be broadly 
placed into two groups: those induced by low levels of 
stress (generally cell-cycle arrest or antioxidant targets) 
and those that are induced by higher levels of p53/
stress (generally apoptotic targets) [64] (see Figure 6). 

 Recently a new class of p53-regulated antioxidant 
proteins, sestrins, has emerged. Sestrins (Sesns) are 
a family of stress-inducible proteins that can function 
as antioxidants and inhibitors of mTORC1 [92,93]. 
Members of the family were named Sesns after 
Sestri Levante, a small town on the Ligurian coast of 
Italy where, during a human genetics course, research-
ers discovered the amino acid sequence homology of 
three proteins (Sesn1, Sesn2 and Sesn3) [94,95]. As 
antioxidants sestrins can control the activity of 
peroxiredoxins (Prxs) which scavenge ROS [63]. 
Sestrins are transcriptionally induced by oxidative 
stress. Both mammalian Sesn1 and Sesn2 are induced 
upon DNA damage in response to activation of 
p53 [94,96] and dSesn (Drosophila sestrin) is also 
induced upon radiation-induced DNA damage [92]. 
Sestrins can function as oxidoreductases  in vitro  and 
P
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 in vivo , leading to reactivation of oxidized Prxs [63]. 
Cysteine thiols in proteins are the most vulnerable 
targets of peroxides in cells and, based on their sen-
sitivity to peroxides, thiol groups have been employed 
as redox sensors in biological systems [97,98]. The 
reaction of cysteinyl thiolates with hydrogen peroxide 
results in the formation of different oxidation forms, 
such as sulphenic acid ( – SOH), sulphinic acid 
( – SO 2 H), sulphonic acid ( – SO 3 H) and disulphide 
( – S-S – ), including glutathione S-conjugate and 
disulphide S-oxides [99]. Prxs, a family of thiol-
containing peroxidases conserved from bacteria to 
mammals [100], are major reductants of endoge-
nously produced peroxides in eukaryotes [101]. In 
addition, Prxs catalyse decomposition of Reactive 
Nitrogen Species [63,102]. In contrast to catalases, 
which directly catalyse the decomposition of perox-
ides to water and oxygen, peroxiredoxins, which 
consume expensive cellular reducing equivalents to 
reduce peroxides, should be systematically regulated 
to conserve cellular reducing resources [98]. The 
eukaryotic 2-Cys Prxs have acquired increased 
sensitivity to inactivation by over-oxidation of their 
catalytic centre [103]. During background scaveng-
ing, the peroxidatic cysteine is oxidized to Cys-SOH, 
which forms a disulphide bridge with the resolving 
cysteine located in the other sub-unit of the Prx 
dimer. This disulphide bond is then reduced by thi-
oredoxin [104]. However, because the formation 
of the resolving disulphide bond is slow, high con-
centrations of ROS cause further oxidation of the 
peroxidatic cysteine to Cys-SO 2 H, yielding an inactive 
form of Prx that cannot be reduced by thioredoxin 
[100]. It has been demonstrated that sestrins are 
cysteine sulphinyl reductases required for regeneration 
of Prxs containing Cys-SO 2 H [63]. However, recently 
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Woo et al. [105] have questioned the role of sestrin 
2 as a reductase for cysteine sulphinic acid of Prxs. 
Therefore, more research is needed to clarify the role 
of sestrin 2. 

 Modulation of sestrin expression by p53 might be 
part of an adaptive response mechanism that protects 
the cell against oxidative stress [63] (see Figure 7). 
On the other hand it has been recently demonstrated 
that increased sestrin abundance potentiates the 
activity of AMP-activated protein kinase (AMPK), 
thereby diminishing TORC1 activity [93]. Reduced 
TORC1 activity inhibits anabolic pathways including 
protein and lipid synthesis [106]. Shutdown of 
TORC1-dependent anabolism upon genotoxic stress 
is likely to be important for minimizing new protein 
and membrane synthesis saving the cell energy to 
promote DNA repair. Therefore, sestrin induction in 
response to DNA damage may contribute to the 
many tumour suppressor functions carried out by 
p53 [41]. Sestrins can suppress the growth of some 
cancer cell lines [94] and loss of Sesn2 makes immor-
talized cells more susceptible to oncogenic transfor-
mation [61]. The SESN1 (6q21) and SESN2 (1p35) 
loci are frequently deleted in a variety of human can-
cers [96], implicating loss of sestrins in tumour pro-
gression and suggesting that sestrin-dependent 
inhibition of TORC1 is critical for suppressing 
tumourigenesis induced by age-dependent accumu-
lation of damaged DNA. Moreover, sestrins induce 
autophagy by inhibition of TORC1 [4,32,33]. 
Enhanced autophagy results in more effi cient elimi-
nation of ROS-producing damaged mitochondria in 
stressed cells [27,28]. Finally, sestrin-induced activa-
tion of AMPK and inhibition of TORC1 can also 
reduce ROS production by increasing the effi ciency 
Thioredoxin

(reduced)

Prx-S

S 

Thioredoxin

(oxidized)

NADP+

NADPH

Thioredoxin

Reductasa

RSSR

2RSH

Sulfiredo

Sestrin 2 

    Figure 7.   Role of sest
of mitochondrial respiration [10,11]. Therefore, ses-
trins have a key role in maintaining cellular integrity 
and homeostasis during oxidative insults. Both ROS 
accumulation and TORC1 activation are associated 
with accelerated ageing and development of age-
associated pathologies [93]. Thus, sestrins have been 
identifi ed as a family of p53-inducible proteins that pro-
vide an antioxidant defense to protect cells from H 2 O 2 - 
induced damage [61,63], implicating that p53-induced 
sestrins may act as anti-ageing agents [60,92].   

 Concluding remarks 

 Thirty years ago, an antigen present in SV40 trans-
formed cells was discovered. This protein had a 
molecular weight of  ∼ 53 KD and was named p53. 
Soon, it became apparent that p53 had such a power-
ful DNA protective effect. 

 Much more recent work by Serrano ’ s group has 
shown its implication in ageing. Regulated over-
expression of p53 protects against damage and pro-
longs longevity. Much of its anti-ageing activity is due 
to the fact that it behaves as an antioxidant (mediated 
by the recently discovered sestrins). The common 
biology between cancer and ageing and the involve-
ment of p53 in both phenomena indicates that its 
activity may be exquisitely regulated. 

 Fine details of p53 regulation by physiological and 
nutritional manipulation promise interesting results 
regarding the biology of this remarkable protein. 
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