
The tumour suppressor p53 was discovered in 19791–3, 
and has since become one of the most studied genes 
in human diseases, primarily because the majority of 
human tumours have defects in the p53 pathway. Many 
cancer therapies, such as radiotherapy and chemo-
therapy, exploit the p53 pathway to suppress cancer-cell 
growth by stimulating p53-mediated cell-cycle arrest, 
apoptosis and senescence. Conversely, cancer cells can 
escape the tumour suppression function of p53 through 
missense mutation of the p53 gene or deregulation of p53 
activity. Gene mutations inactivate p53 in around 50% of 
human cancers, although the mutation rate of p53 varies 
dramatically, from 10–12% in leukaemias, to 38–70% in 
lung cancers and 43–60% in colon cancers (see the IARC 
TP53 Mutation Database and The p53 Web Site; details 
in Further information).

The tumour-suppression function of p53 can also 
be impaired by the elevated activities of its inhibitors, 
such as MDM2, MDMX and iASPP, or by the reduced 
activities of its activators, such as Arf, ASPP1, ASPP2, 
ATM and p300. p53 is a transcription factor and can 
transactivate and transrepress many hundreds of genes 
in response to a large number of stress signals, including 
those caused by DNA damage, telomere erosion, hypoxia, 
temperature change, nucleolar disruption and dNTP 
depletion4,5. Furthermore, p53 interacts with over 100 
cellular proteins and influences the cellular response 
to stress signals through transcription-dependent and 
-independent pathways. Thus, p53 functions as a key 
integrator that translates diverse stress signals into 
different cellular outcomes — ranging from cell-cycle 

arrest, DNA repair, genome stability, apoptosis, induc-
tion of autophagy6,7, cell migration8 and senescence, 
to differentiation, embryo implantation9, regulation of 
metabolism10–13 and angiogenesis14.

The manner in which p53 responds to different 
stresses and decides between its many biological func-
tions is of paramount importance when considering 
p53-targeted therapies for the treatment of cancer15. 
Here we review our current understanding of how p53 
integrates particular stress signals into a range of cell-
ular responses. We emphasize that the p53 response 
is hetero geneous and dependent on both the incom-
ing stress signals and the environment of the cell. The 
physio logical outcome of p53 activation is, therefore, 
tissue and cell-type dependent, and the heterogeneous 
response is likely to be caused by the presence of protein 
cofactors and modifying enzymes, which can induce 
alterations in the stability, subcellular localization and 
DNA-binding properties of p53. Thus, the cofactors that 
associate with p53 and the post-translational modifica-
tions that are imposed on p53 are the bars of a ‘barcode’ 
that governs p53 activity, thereby forming the underlying 
basis of the heterogeneous p53 response.

Cell-type-dependent p53 response
Levels of p53 protein increase in response to stress sig-
nals, resulting in cell-cycle arrest or apoptosis, principally 
through the ability of p53 to transcriptionally modulate 
target genes that mediate these processes. Many elegant 
studies in transgenic mouse models demonstrate, how-
ever, that the response to p53 activation is dependent on 
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Senescence
The irreversible arrest of cell 
growth. This process limits the 
lifespan of mammalian cells 
and prevents the growth of 
cells that are at risk of 
neoplastic transformation.

Missense mutation
A genetic mutation whereby a 
single nucleotide is substituted, 
which changes a codon so that 
it codes for a different amino 
acid. This change in one amino 
acid can alter the activity of the 
protein.

Telomere erosion
The shortening of the ends of 
telomeres due to incomplete 
replication of the lagging 
strand of DNA. The shortening 
of telomeres can happen in the 
early stages of cancer, leading 
to short dysfunctional 
telomeres.

A complex barcode underlies the 
heterogeneous response of p53  
to stress
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Abstract | The tumour suppressor p53 is activated following stress and initiates a 
heterogeneous response in a cell-, tissue- and stress-dependent manner. This heterogeneity 
is reflected in the different physiological outcomes that follow p53 activation. One 
mechanism that may contribute to this variability is the promoter selectivity of p53 target 
genes. p53 is at the hub of numerous signalling pathways that are triggered in response to 
particular stresses, all of which can leave their mark on p53 by way of post-translational 
modifications and interactions with cofactors. The precise combination of these marks, much 
like the bars in a barcode, dictates the behaviour of p53 in any given situation.
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both tissue and cell type. MacCallum et al. 16 compared 
the cellular responses of wild-type and p53-deficient 
mice to γ-irradiation and observed that different tissues 
respond differently to γ-irradiation in vivo. The ability 
of γ-irradiation to cause the accumulation of p53 and 
to induce apoptosis divides various tissues into three 
groups16 (summarized in FIG. 1). Group 1 tissues retain 
the classical p53 response and exhibit an increase in p53 
expression and apoptosis upon γ-irradiation; group 2 
tissues show γ-irradiation-induced p53 accumulation 
without detectable increases in apoptosis; and group 3 
tissues fail to induce both p53 accumulation and apop-
tosis upon γ-irradiation. Classification of tissues in this 
way is not absolute, and depends on the method, and 
the sensitivity of the method, used. For example, liver 
is classified as a group 3 tissue because induction of p53 
is not observed by immunohistochemistry; however, 
p53 protein levels are clearly induced when analysed by 
western blotting16.

These studies showed that the p53 response to stress 
signals is heterogeneous in vivo and raised many ques-
tions about how the heterogeneous response of p53 is 
achieved. For example, why does the same stress signal 

fail to induce p53 in group 3 tissues? The underlying 
mechanisms are poorly understood, although an asso-
ciation between high levels of p53 mRNA and rapid 
apoptosis was postulated17. However, the ability of p53 to 
induce apoptosis is not strictly associated with its mRNA 
levels. In lung and kidney, both of which are group 2 
tissues, p53 mRNA levels are similar to that seen in the 
small intestine, a group 1 tissue. However, being group 2 
tissues, γ-irradiation fails to induce apoptosis in lung and 
kidney, despite inducing an increase in the p53 protein 
levels16,17.

So why does induced p53 fail to initiate apoptosis 
in group 2 tissues? by examining the ability of p53 to 
induce various genes in different tissues, it was revealed 
that induction of certain sets of target genes is one 
mechanism by which p53 integrates stress signals into a 
cellular response. In thymus, spleen and colon, for exam-
ple, γ-irradiation-induced p53 accumulation induces the 
expression of pro-apoptotic genes such as Bax, Fas, DR5, 
Puma and Noxa18,19. The importance of Puma and Noxa 
as apoptotic mediators of p53-induced apoptosis is con-
firmed in Puma- and Noxa-deficient mice models, in 
which γ-irradiation-induced apoptosis is impaired20,21. 
It remains unclear as to why γ-irradiation-induced p53 
accumulation can induce the expression of Puma, Noxa, 
Bax and Fas in some tissues, such as thymus and spleen, 
but not in the other tissues, such as lung and kidney16–19. 
Perhaps the ability of p53 to respond to stimuli is coor-
dinated by its cellular regulators, which are likely to be 
expressed in a tissue- and cell-type-specific manner, thus 
contributing to the heterogeneous p53 response in vivo. 
It is also possible that the post-translational modifica-
tions of p53 differ between the group 1, 2 and 3 tissues.

The classification of tissues based on the p53 response 
and the induction of apoptosis following γ-irradiation by 
MacCallum et al. might be applied to other stress signals 
in vivo, although the actual tissues in each group would  
probably vary depending on the type of stress. on this 
basis, a defined stress signal would induce a particular 
p53 response and cellular response in group 1 tissues; 
induce a p53 response but not a cell ular response in 
group 2 tissues; and fail to generate both a p53 and a 
cellular response in group 3 tissues (FIG. 1). Therefore, 
the activity of p53 would vary between different tissues, 
resulting in different cellular responses to the same stress 
signal.

Stimulus-dependent p53 response 
The variation in the p53 response is not only cell-type 
and tissue dependent, it is also affected by the type of 
stress that is experienced. Initially, this is reflected in 
the timing and duration of the elevation in p53 levels. 
For example, in mouse prostate cells, ultraviolet (uv) 
radiation does not cause an increase in p53 until 4 hours 
post exposure, after which time the p53 levels continue 
to rise. In the same cells, however, γ-irradiation causes 
an acute elevation in p53 levels 1 hour post exposure, 
after which time the p53 levels decline (FIG. 2; reF. 22). 
Hypoxia causes an increase in p53 levels that is pro-
portional to the duration of oxygen deprivation, with p53 
levels returning to normal levels after re-oxygenation23. 

Figure 1 | Classification of tissues based on the heterogeneous p53 response.  
a | Following a particular stress, tissues can be classified into one of three groups on the 
basis of their p53 response and their cellular response. Group 1 tissues exert a p53 
response and a cellular response; group 2 tissues show a p53 response but not a cellular 
response; and group 3 tissues have neither a p53 response nor a cellular response.  
b | Tissues from γ-irradiated adult mice can be split into three broad categories on the 
basis of the accumulation of p53 protein levels and the induction of apoptosis. p53 protein 
levels are induced in group 1 and group 2 tissues, but changes in the p53 level are not 
detected in group 3 tissues. Apoptotic target genes, such as Bax, Puma and Noxa, are 
induced and apoptosis is detected in group 1 tissues, whereas apoptosis is not induced in 
group 2 and 3 tissues. It is likely that the tissue in each group varies depending on which 
stress is encountered. Data compiled from reFs 16,18,19,24.
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γ-radiation
A type of electromagnetic 
radiation that is generally 
characterized by having high 
frequency and energy, but 
short wavelength. γ-radiation is 
often used to kill living cells, 
such as in the sterilization of 
medical equipment, in a 
process called irradiation.

Similarly, the duration of the p53 response following 
γ-irradiation is affected by the rate at which the DNA 
lesions are repaired, as p53 elevation can be prolonged by 
concurrent exposure to an inhibitor of the DNA-repair 
enzyme poly(ADP-ribose) polymerase22.

Analysis of the timing of the p53 response in the 
organs of γ-irradiated mice has revealed that two 
waves of p53-dependent apoptotic activity occur in 
radio sensitive tissues. Interestingly, the initial wave of 
apoptosis was transcription independent and occurred 

in response to the rapid translocation of p53 to the mito-
chondria, which was detected as early as 30 minutes post 
irradiation in thymus and spleen24. p53 transcription-
dependent apoptosis had a longer lag phase, with detec-
tion of the first apoptotic gene target, Puma, occurring in 
the thymus 2 hours post irradiation. Induction of Noxa 
and Bax occurred after 4 and 8 hours, respectively. The 
temporal variation of the p53 response is also reflected 
in the timing of the expression of different categories of 
p53-responsive genes. A detailed study by Levine and 
colleagues, which analysed p53-mediated gene expres-
sion by oligonucleotide array, found that the genes 
expressed using a zinc-inducible wild-type p53 could be 
separated into a number of groups, largely depending on 
the time at which they were elevated25. Those genes that 
are involved in cell-cycle arrest were found to be the first 
to have their expression elevated, and the pro-apoptotic 
genes were expressed at intermediate and later stages25.

The array of genes that are activated or repressed by 
p53 also varies depending on the stimulus. In Levine’s 
study, cell lines that expressed wild-type p53 that were 
exposed to either γ-radiation or uv-radiation elevated 
a different spectra of genes compared with cells that 
expressed the zinc-inducible wild-type p53. In fact, the 
altered expression of only a few individual genes was 
common to all three circumstances. This strongly sug-
gests that distinct stress signals result in the expression of 
a different set of genes, and this is also probably cell-type 
dependent25.

The complexity of the p53 response is also reflected  
by the fact that gene-expression profiles can be affected by  
the intensity of a particular stress signal. A recent in vivo 
study showed that even in the same tissues and in 
response to the same stimulus, pro-apoptotic target genes 
exhibit different sensitivities to p53 induction. The Puma 
gene is induced in the thymus and spleen following a 
0.1-Gy irradiation dose, whereas the Bax and Killer (also 
known as DR5) genes are induced after 0.2 Gy and Noxa 
is induced after 0.5 Gy26. Interestingly, these observations 
agree with work carried out in knockout mice, which 
show different degrees of apoptosis in tissues depending 
on whether Puma, Bax or Noxa has been deleted. Loss of 
Noxa results in only a slightly reduced level of apoptosis 
in the thymus of mice, whereas the loss of bax results in  
a reduction in apoptosis in both the thymus and the 
central nervous system (CNS)20. Strikingly, loss of Puma 
shows a dramatic decrease in apoptosis in both thymus 
and the CNS, which, together with the kinetic data from 
the May group, suggest that Puma is perhaps one of the 
most sensitive apoptotic targets of p53 activation20,21,26. 
As yet, it is unclear what regulates the sensitivity of  
different p53 targets. Detailed in situ hybridization stud-
ies may help to determine which different pro-apoptotic 
targets of p53 are induced in different cells.

Therefore, the exact nature of the actions, and cellular 
outcomes, of p53 is determined by cell and tissue type, 
the nature of the stress to which the cell has been exposed 
and the dose or severity of this stress. This specific set 
of circumstances governs whether the p53 response is 
dependent or independent of transcription, the timing 
and range of genes the expression of which is altered, 

Figure 2 | Kinetics of the p53 response. a | Induction of p53 
protein levels following ultraviolet (UV) or X-ray irradiation 
in mouse prostate cells. The time course of the p53 response 
to the same doses of UV and X-ray was analysed by ELISA 
(enzyme-linked immunosorbent assay). p53 protein levels 
are differentially induced in the same cells following UV or 
X-ray, indicating that the way in which p53 responds 
depends on the stress signal. Data compiled from reF. 22.  
b | The kinetics of induction of p53 pro-apoptotic target- 
gene mRNAs from the thymus of whole-body γ-irradiated 
mice. Induction of p53 apoptotic target genes is observed 
after just 1 hour following p53 activation, with maximal 
activity observed at 3 hours. Comparison of panels a and b 
indicate that the kinetics of target-gene induction reflect 
the kinetics of p53 protein induction, with peak mRNA 
levels occurring after maximal p53 protein levels have been 
reached. Data compiled from reF. 26.
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Poly-ubiquitylation
The addition of multiple 
ubiquitin molecules to a target 
protein. The process usually 
involves the addition of a chain 
of ubiquitin to a target Lys 
residue (or residues) on the 
target protein.

E3 ligase
The third enzyme in a series 
(after e1 and e2) of enzymes 
that mediate the ubiquitylation 
of target proteins. e3 ligases 
recruit e2 ligases and the 
specific substrate, and aid in 
the transfer of ubiquitin to the 
target protein.

and so governs the fate of the cell. How can one protein 
integrate all these variables? Numerous pathways are 
triggered in response to a particular stress, and each one 
has the potential to leave their mark on p53 by induc-
ing post-translational modifications and influencing its 
interactions with cofactors. Thus, p53 is at the hub of the 
stress response, and the way it responds in any particu-
lar situation is dictated by the precise combination of 
these marks. These marks, we propose, can be thought  
of like the bars in a barcode. While this is an extension of 
the ‘histone code’ analogy that was proposed by Toledo 
and Wahl27, the countless potential combinations of the 
‘bars’ in this model reflects the variety of cellular envi-
ronments, triggers and consequences that are mediated 
by p53 (FIG. 3).

Regulation at the protein level
p53 levels in a cell can be controlled at the transcriptional 
and the translational levels28–31. For example, in response to 
γ-irradiation, increased translation of p53 mRNA occurs, 
which contributes to the induction of p53 levels29,32.  
However, the principal way in which p53 levels are con-
trolled is through the stability and degradation of the 
protein. p53 degradation by the proteasome requires 
poly-ubiquitylation. Several comprehensive reviews have 

recently discussed the complexities of regulating p53 
stability; therefore, we will only briefly discuss some of 
the key observations27,33,34.

Regulation of p53 stability by ubiquitin. The main 
mediator of endogenous p53 ubiquitylation is the MDM2 
e3 ligase. MDM2 binds the N terminus of p53 and recruits 
e2 ligases, which directly transfer ubiquitin molecules to 
Lys residues in the C terminus of p53. MDM2 is also a 
transcriptional target of p53, which creates an autoregula-
tory loop whereby p53 controls the expression of its own 
negative regulator (FIG. 4).

The importance of effective negative regulation of 
p53 activity is highlighted by the embryonic lethality of 
Mdm2-knockout mice, which die due to aberrant p53-
induced apoptosis. This phenotype is completely rescued 
following deletion of the p53 gene, demonstrating that it is 
the uncontrolled activity of the p53 protein that prevents 
development of the mice35,36. Interestingly, a genetic dele-
tion of MDMX, another negative regulator of p53, also 
caused embryonic lethality, which was also completely 
rescued by p53 deletion37. In contrast to MDM2, MDMX 
contains no intrinsic e3 ligase activity. The precise mecha-
nisms by which MDMX inhibits p53 function remains 
unclear, although it can negatively regulate p53 function 
by directly binding to p53 and inhibiting its transcriptional 
activity (reviewed in reF. 34), and MDMX has also been 
shown to complex with MDM2 and positively influence 
the e3 ligase activity of MDM2 (reF.  38). Mice expressing 
an MDM2 mutant that binds p53, but that does not act  
as an e3 ligase, exhibit a similar p53-dependent embryonic 
lethality to the Mdm2-knockout mice39. However, endo-
genous MDMX is not sufficient to alleviate the embryonic 
lethality of mice in which MDM2 has been mutated so 
that it no longer has e3 ligase activity39. Collectively, the 
data from the mouse models raise the question of whether 
MDM2 can inhibit p53 via mechanisms that are inde-
pendent of its e3 ligase activity.

The counterbalances to MDM2 in regulating 
p53 stab ility are de-ubiquitylating enzymes, such as 
HAuSP40. De-ubiquitylation of p53 leads to its stabi-
lization and induction of cell-cycle arrest41. However, 
HAuSP can also de-ubiquitylate MDM2, thereby adding 
another level of complexity to the MDM2–MDMX feed-
back loop42 (FIG. 4). The regulation of p53 by MDM2 and 
HAuSP has been extensively reviewed elsewhere33.

Several other e3 ligases antagonize p53, including 
PIRH2 and CoP1, which, like MDM2, are transcrip-
tional targets of p53 (reFs 43,44). Recently, a family of 
ubiquitin ligases called caspase 8/10-associated RING 
proteins (CARPs) were described45. CARPs target 
either unmodified p53 or p53 that has been phospho-
rylated on Ser20 for degradation, independently of 
MDM2 (reF. 45). It remains to be seen whether CARPs 
are as crucial as MDM2 and MDMX in counteracting  
the actions of p53 during development. Certainly in the 
Mdm2-knockout mouse model their collective e3 ligase 
activities are not sufficient to compensate for the loss of 
MDM2 activity, at least during development, and they 
may only function in specific tissues or in particular 
circumstances35,36.

Figure 3 | The p53 barcode. p53 is activated by an array of cellular stresses and 
responds by activating various signalling pathways that are involved in diverse cellular 
mechanisms, from apoptosis to DNA repair. The protein level, localization, 
post-translational modifications and the cofactors of p53 are crucial to the function and 
regulation of p53. We propose that each individual aspect of p53 regulation represents 
a bar from a barcode that directs p53 activity. Different combinations of bars form 
different barcodes, and the barcode dictates which response p53 induces, be it 
apoptosis, cell-cycle arrest or senescence. Importantly, this allows p53 to be activated in 
a manner that is stress and cell-type dependent. The diagram shows a range of p53 
regulations that control p53 activity and, ultimately, determine the cellular response. 
This response may be transcription dependent or independent. Each regulator is 
illustrated with its own bars. The number and width of the bars was assigned arbitrarily 
and has no relevance to the importance of each aspect in the regulation of p53 activity.
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Co-activator
A protein that enhances gene 
expression by binding (directly 
or indirectly) to a transcription 
factor.

Mono-ubiquitylation
The addition of a single 
ubiquitin molecule to a target 
Lys residue on the substrate 
protein.

Poly(ADP-ribosyl)ation
The covalent or non-covalent 
attachment of polymers of 
ADP-ribose units to proteins. 
Poly(ADP-ribose) polymerase-1 
(PArP1) catalyses the covalent 
poly(ADP-ribosyl)ation of p53

Regulation of p53 stability by small modifications. In 
addition to ubiquitylation, p53 is heavily modified by 
other small modifications such as phosphorylation, 
acetylation, methylation, ribosylation and glycosylation. 
over 30 residues of p53 have been reported to be modi-
fied by these small modifications, and over 20 of these 
are Ser or Thr residues that are phosphorylated.

Despite a wealth of information about the effects of 
these post-translational modifications on p53 stability 
in cell-culture systems, the biological significance of 
these modifications remains uncertain. Knock-in mouse 
genetic models have largely failed to offer any clarifica-
tion, as most of the phosphorylation- or acetylation-site 
knock-in mice exhibit minimal phenotypes (reviewed in 
detail in reFs 27,46). Currently, genetic evidence does not 
resolve whether other post-translational modifications, 
such as methylation, ribosylation and glycosylation, have 
profound effects on p53 stability. Nevertheless, some 
of the methylation sites (Lys370, Lys372 and Lys382) 
have been tested in knock-in mouse models where the 
six C-terminal Lys residues (Lys370, Lys372, Lys373, 
Lys381, Lys382 and Lys386), which can also be acetylated, 
sumoylated, ubiquitylated and neddylated, have been 
mutated to Arg residues (6KR mice)47,48. In these models 
only minimal differences in p53-dependent gene activ-
ation were observed in thymocytes and eS cells from 
the 6KR mice in response to irradiation47. one possible 
reason for these subtle phenotypes is that the coordinated 
regulation of p53 by ubiquitylation and by other post-
translational modifications may regulate the stability 
and/or activity of p53 in highly specific situations. Thus, 
a particular barcode combination may be needed to 
instruct p53 under these circumstances; however, the 
specific stimuli that characterize a specific situation have 
yet to be identified.

Furthermore, we cannot exclude the possibility that 
many of these residue-specific modifications occur 
in combination with other modifications and protein 
interactions. This may result in some overlap between 
different mechanisms of p53 activation, although dif-

ferent modifications may activate p53 in different ways. 
This is particularly relevant in the case of residues that 
are modified in multiple ways, in a mutually exclusive 
manner. For example, Lys370 can be methylated, ubiq-
uitylated and neddylated, with each having a different 
effect on p53 activity49–51. Also, even the same type of 
modification can result in opposite effects on p53 activity. 
Mono-methylation of Lys370 represses p53 transcription 
and helps to maintain low concentrations of promoter-
associated p53, whereas dimethylation promotes the 
interaction of p53 with the co-activator 53bP1 (reF. 52). 
Mutation of Lys370 in mouse knock-in models may not 
yield a phenotype because p53 can neither be activated 
nor repressed following modification. Lys370 is not the 
only residue in p53 that is modified by multiple modi-
fications; many other p53 C-terminal Lys residues are 
modified by ubiquitylation, sumoylation, neddylation 
and acetylation. So, residues that can be modified in 
more than one way, which may have opposite effects, can 
result in a neutral phenotype in mouse models because 
the opposite effects can cancel each other out.

Regulating p53 localization
because p53 functions as a transcriptional regulator, it 
must be localized in the cell nucleus. However, p53 can 
also function outside the nucleus, notably by stimulating 
apoptosis directly at mitochondria. Thus, regulating the 
subcellular localization of p53 is important for control-
ling its activity. Whereas the steady-state levels of p53 are 
predominantly controlled by poly-ubiquitylation, locali-
zation of p53 is often regulated by mono-ubiquitylation 
and other ubiquitin-like modifications (FIG. 5).

Nuclear localization. In order to function as a transcrip-
tion factor, p53 must localize to the nucleus and bind 
DNA. Many cellular factors affect the nuclear localiza-
tion of p53, and the list of cofactors that retain p53 in the 
nucleus is growing (reviewed in reF. 53). For example, 
ubiquitylation by the e3 ubiquitin ligase e4F1, which 
poly-ubiquitylates p53 on Lys320, a residue distinct to 
those used by MDM2, affects the location, rather than 
the abundance, of p53. Instead of targeting it for deg-
radation, ubiquitylation of p53 by e4F1 results in the 
enhanced localization of p53 to chromatin, although it 
does not increase the levels of p53 in the nucleus. p53 
that has been ubiquitylated by e4F1 is enriched on the 
p21 promoter and specifically enhances the expression 
of cell-cycle-arrest genes such as p21, cyclin G1 and 
GADD45, which results in growth arrest and inhibition 
of apoptosis54. Thus, ubiquitin ligases have a diverse role 
in controlling p53 by influencing its stability, location 
and activity. Again, the regulation of p53 localization by 
these modifications also probably depends on the tis-
sue, environment, timing and/or the presence of other 
protein cofactors that regulate p53 activity.

In contrast to sumoylation and mono-ubiquitylation 
(see below), poly(ADP-ribose) polymerase-1 (PARP1)-
mediated poly(ADP-ribosyl)ation of p53 leads to its nuclear 
accumulation. Following DNA damage, PARP1 becomes 
activated and poly(ADP-ribosyl)ates p53, preventing it 
from interacting with the nuclear export receptor CRM1 

Figure 4 | The p53–mDm2 feedback loop. The Mdm2 
gene is a transcriptional target of p53 and, following 
induction by stress, p53 induces Mdm2 expression. MDM2 
is a negative regulator of p53 and induces its ubiquitylation 
and subsequent degradation, thus, preventing further 
gene transactivation. The MDM2-related protein MDMX 
can also inhibit p53 transactivation, although the precise 
mechanism involved has yet to be uncovered. HAUSP is a 
deubiquitylating enzyme and functions as a negative 
regulator of MDM2 and, therefore, as an activator of p53.
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(reF. 55). This modification, therefore, provides a means 
by which p53 levels can accumulate in the nucleus fol-
lowing stress. Phosphorylation of p53 on Ser315 in its 
C terminus can result in increased export of p53 from 
the nucleus, which may be because the nuclear-export 
signal in this region becomes unmasked. However, phos-
phorylation at this site also enhances the interaction of 
p53 with the nuclear transcription factor e2F1, thereby 
retaining p53 in the nucleus56–58.

Cytoplasmic localization. Retention of p53 in the cyto-
plasm is another way to regulate p53 function. This was 
first illustrated with viral proteins, including the X pro-
tein of hepatitis b virus and the e1b 55kDa protein of 
adenovirus, which negatively regulate p53 activity by 
retaining p53 in the cytoplasm59–62. Recent studies have 
shown that, in addition to catalysing poly-ubiquitylation 
of p53, MDM2 induces p53 mono-ubiquitylation, which 
occurs when MDM2 levels in the cell are low63. The 
addition of a single ubiquitin molecule to p53 induces 
the translocation of the protein from the nucleus to the 
cytoplasm, suggesting that in unstressed cells (when 
MDM2 levels are low) p53 is located in the cytoplasm.  
A recent quantitative analysis of p53 subcellullar local-
ization indicated, however, that p53 was distributed 

evenly between the nucleus and cytoplasm before DNA 
damage64. Analysis of specific modified forms of p53 
and their subcellular localizations may increase our 
understanding of these apparent discrepancies.

Recent work has shown that MDM2 can enhance the 
sumoylation of mono-ubiquitylated p53 by promoting 
the interaction of p53 with the SuMo e3 ligase PIASy65. 
The resultant sumoylated p53 promotes the release of 
MDM2 and is more effectively exported to the cyto-
plasm. Cytoplasmic localization of p53 can also be medi-
ated by the ubiquitin ligases Cullin-7, Parc and WWP1 
(reFs 66–68). All three ligases accumulate transcription-
ally inactive p53 in the cytoplasm, without targeting it for 
degradation. Parc and Cullin-7 are members of a family of 
e3 ligases, but fail to directly ubiquitylate p53. by contrast, 
WWP1 directly binds p53 and mediates its ubiquitylation, 
and modified p53 then remains inactive in the cytoplasm. 
These ligases all inhibit the transactivation activity of p53 
by retaining p53 in the cytoplasm.

Although cytoplasmic p53 is transcriptionally 
in active, p53 can nevertheless induce cellular responses 
such as apoptosis through transcriptionally independent 
pathways. Mono-ubiquitylated p53 accumulates at the 
mitochondria and directly induces apoptosis69. A recent 
study also showed that cytoplasmic, but not nuclear, p53 
can repress autophagy independently of the transcrip-
tional activity of p53 (reF. 70). This raises the question of 
how the conditions of the cell affect which role cytoplas-
mically retained p53 performs.

Mitochondrial localization. p53 functions in the 
cyto plasm and can directly activate apoptosis at the 
mitochondria through its direct interaction with the 
pro-apoptotic proteins bak and bax, as well as with the 
anti-apoptotic protein bcl-xL71–73. The in vivo significance 
of p53 trans cription-independent apoptosis has recently 
been demons trated in mouse models24. Targeting of p53 
to the outer membrane of mitochondria induced apopto-
sis and suppressed tumori genesis of primary lymphomas 
in eµ-Myc transgenic mice, in which Myc overexpression 
is driven by the Ig heavy-chain enhancer74. Furthermore, 
insulin-like growth-factor-binding protein-1 (IGFbP1) 
negatively regulates the interaction between p53 and 
bak, resulting in impaired apoptosis. This regulation 
was confirmed in IGFbP1-deficient mice, which show 
spontaneous apoptosis and accumulation of p53 at the 
mitochondria75.

Therefore, one crucial role of the p53 barcode is to 
ensure that p53 is in the correct cellular compartment so 
that it can instigate the correct outcome, be it cell-cycle 
arrest, apoptosis, autophagy or survival. 

Regulating target-gene selection
The function of p53 as a transcription factor is its best 
characterized mode of action, and the role of modifications 
and cofactors in ensuring its presence in the nucleus is just 
one aspect of the barcode’s function. When p53 is in the 
nucleus, the barcode also acts in more subtle ways to direct 
target-gene selection and, therefore, the biological out-
come. This can occur by post-translational modification,  
the actions of cofactors or a combination of both.

Figure 5 | Post-translational modifications and interactions with protein cofactors 
can regulate the subcellular localization of p53. Mono-ubiquitylation by MDM2 targets 
p53 to the mitochondria, whereas poly(ADP-ribosyl)ation retains p53 in the nucleus. 
Phosphorylation on Ser315 of p53 is thought to retain p53 in the nucleus in a manner that 
is dependent on the interaction of p53 with the transcription factor E2F1. The interaction 
of p53 with several E3 ligases also influences p53 localization. Parc and Cullin-7 anchor 
p53 in the cytoplasm, without targeting it for ubiquitylation. By contrast, WWP1 and E4F1 
mediate the ubiquitylation of p53, but without subsequent degradation. WWP1 holds p53 
in an inactive state in the cytoplasm, whereas E4F1 targets p53 to the chromatin, where it 
enhances transactivation of cell-cycle-arrest genes.
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Modifications that affect promoter selectivity. Initial cell-
culture studies indicated that p53 selects which genes to 
activate based on its abundance and affinity for a par-
ticular promoter. In other words, when p53 levels are 
low, it activates genes with high-affinity promoters that 
tend to be associated with cell-cycle arrest, and when 
p53 levels are high, it activates low-affinity promoters 
that tend to be involved in the apoptotic response76,77. 
However, the situation is not this clear cut.

The modification of specific residues in p53 can 
also directly influence the promoter to which p53 will 
bind (FIG. 6). In response to uv and genotoxic stress, 
p53 is phosphorylated on Ser46 by the kinases homeo-
domain-interacting protein kinase-2 (HIPK2) and the 
dual-specificity tyrosine-phosphorylation-regulated 
kinase-2 (DYRK2), respectively78–80. This occurs in the 
later stages of p53 activation and influences the response 
by specifically promoting the induction of the apoptotic 
gene p53AIP1 (reF. 81). This is accompanied by down-
regulation of p21 expression, ultimately resulting in 
p53-dependent apoptosis.

p53-dependent apoptosis can also be specifically 
enhanced following DNA damage through the acetyla-
tion of Lys120 by the MYST family acetyltransferases 
MoF and TIP60. Lys120 lies in the DNA-binding 
domain of p53, and its acetylation leads to increased 
recruitment of p53 specifically to pro-apoptotic tar-
get genes, such as Puma and Bax, suggesting that this 
modification alone can influence how p53 responds to 
DNA-damage signals. This modification appears to be 
required for p53-dependent apoptosis, as mutants that 
can no longer be modified in this way exhibit impaired 
apoptotic activity while maintaining the proper regula-
tion of Mdm2 and cell-cycle-arrest genes82,83. These data 
show that a defined p53 modification can be linked to a 
specific cellular outcome.

by contrast, Lys320 of p53 can be modified independ-
ently by both acetylation and ubiquitylation to influence 
promoter selectivity. The e3 ligase e4F1 ubiquitylates 
p53 at Lys320, and specifically increases the activation of  
cell-cycle-arrest genes, such as p21, Gadd45 and cyclin 
G1 while the expression of apoptotic targets remains 
unchanged54. Chromatin immunoprecipitation experi-
ments demonstrated that Lys320-ubiquitylated p53 was 
bound to the p21 gene promoter, but not to that of the 
apoptotic target gene Noxa. Similarly, acetylation of 
Lys320 following drug-induced DNA-damage promotes 
cell survival, with Lys320-acetylated p53 binding more 
efficiently to the p21 promoter than does non-acetylated 
p53 (reF. 84). Despite their apparent overlapping func-
tions, the modification of Lys320 by these two distinct 
mechanisms appears to be mutually exclusive, as ubiq-
uitylation abolishes acetylation, and vice versa54. Thus, 
the two modifications may represent a way that p53 can 
selectively target cell-cycle arrest genes in response to 
different incoming signals. Furthermore, the same mod-
ification on the same residue can also result in different 
cellular outcomes. Acetylation of Lys320 in neuronal 
cells does not cause cell-cycle arrest, but it is specifically 
involved in promoting neurite outgrowth by elevating 
the expression of two p53 target genes: coronin 1b, which 
encodes an actin-binding protein, and Rab13, which 
encodes a GTPase85. Thus, even the same modification 
can cause markedly different outcomes, depending on 
the tissue in which activation occurs (FIG. 6).

ultimately, these differences must be due to the 
presence of cofactors in the cell that are differentially 
expressed from one cell type to another. Analysis of p53 
cofactors must, therefore, be taken into consideration 
when trying to predict the p53 response.

Cofactors that regulate promoter selectivity. The avail-
ability of p53 cofactors in different tissues is crucial for 
generating the barcode and for its interpretation, because 
the modification of p53 can affect its interaction with 
factors that may affect both transcription-dependent and 
-independent activities of p53. The proteins that interact 
with p53, therefore, play an important role in directing 
its heterogeneous response27,48.

A number of proteins cooperate directly with p53 to 
influence the expression of target genes and regulate cell 
fate. Many of these bind to the DNA-binding domain of 
p53, a region that is conserved among all species. The 
first example of this group of proteins is the evolutionar-
ily conserved ASPP family, which specifically regulate the 
apoptotic, but not the cell-cycle-arrest, function of p53 
and its family members p63 and p73. The family consists 
of three members: ASPP1, ASPP2 and iASPP. Whereas 
ASPP1 and ASPP2 bind and enhance p53-dependent 
apoptosis by stimulating the binding of p53 to pro-apop-
totic gene promoters such as Bax and Pig3, iASPP inhibits 
p53-mediated apoptosis by antagonizing the elevation in 
pro-apoptotic gene expression86,87. Importantly, p63 and 
p73 are required for p53-mediated apoptosis in some cell 
types following DNA damage88; thus, the ASPP family 
may direct this process by orchestrating promoter binding 
and gene activation.

Figure 6 | residues that directly influence p53 promoter selectivity following 
post-translational modification. The modifying enzymes that can effect the 
modification of Ser46, Lys120 and Lys320 of p53 are indicated above the particular 
residues, and the modifications that they induce are shown directly below the residues. 
Modification of these residues results in the selective activation or repression of 
particular p53 target genes, resulting in cell survival or apoptosis.
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Like the ASPP family, the haematopoietic zinc  
finger (Hzf) protein binds to the DNA-binding domain  
of p53. However, rather than inducing the expression of  
apoptotic genes, Hzf preferentially transactivates pro-
arrest target genes89. Hzf is itself a p53 target gene, cre-
ating an autoregulatory feedback loop and favouring 
a cell-cycle-arrest response. However, upon prolonged 
stress, Hzf is targeted for degradation, allowing the 
release of p53 and the strong activation of apoptotic 
genes. The bRN3A and bRN3b proteins also bind 
to the DNA-binding region of p53 and contribute to  
p53 activity, although they appear to regulate p53 
with opposing outcomes. bRN3A activates p21 and 
represses bax expression, whereas bRN3b activates bax 
and represses p21 (reFs 90,91). Additionally, the DNA-
binding domain is also important for targeting p53 
to nuclear bodies by an isoform of the promyelocytic 
leukaemia protein (PML3), which can then alter the 
promoter selectivity of p53 (reF. 92). upon relocaliza-
tion into nuclear bodies, p53-dependent transcription 
is enhanced in a promoter-specific manner, with strong 
activation of PIG3 and weak activation of p21.

The promoter selectivity of p53 can also be influ-
enced by post-translational modifications of p53, 
which in turn influence cofactor binding. For example, 
phosphorylation of p53 on Ser33, Thr81 and Ser315 
following genotoxic stress dramatically increases its 
binding to the peptidyl-prolyl isomerase PIN1 (reFs 

93,94). This changes the conformation of p53, thereby 
enhancing its activity by stabilizing p53 and altering 
its interaction with DNA. Furthermore, PIN1 can 
stimulate binding of other transcriptional cofactors, 
such as p300, resulting in increased p53 acetylation and 
activation95. The binding of ASPP family proteins to 

p53 can also be regulated by post-translational modi-
fication. Following Ser46 phosphorylation, induced 
in response to cytotoxic stimuli, p53 dissociates from 
iASPP in a PIN1-dependent manner, thereby enabling 
p53 to promote apoptosis95. The in vivo significance 
of the interaction between p53 and PIN1, and of the 
isomerization of Pro residues, has been tested in two 
p53 knock-in mice strains that lack either one of the 
PIN1-binding sites (Thr81) or the crucial Pro residues 
in p53 (reF. 96). In agreement with the in vitro data, 
PIN1 stabilizes p53; however, there was no evidence 
that PIN1 regulates the transcriptional activity of 
p53. Future studies are needed to clarify the biologi-
cal significance of the interaction between PIN1 and 
the residues Ser33 and Ser315 on p53 in regulating the 
transcriptional activity of p53 in vivo.

Taken together, the existing evidence supports 
a hypothesis that the DNA-binding domain of p53 
may function as the region of the protein where the 
appropriate response to a particular stress is encoded, 
either through post-translational modifications and/
or through interaction with protein cofactors (FIG. 7). 
It is also the region of p53 that houses the majority  
of tumour-derived mutations. Importantly, a number of  
tumour-derived p53 mutants that house mutations 
in this region alter promoter selectivity. For example, 
mutants R181L and R181C have selectively lost the 
ability to transcriptionally activate pro-apoptotic genes 
even though they retain wild-type p53 activity towards 
the transcriptional activation of p21 and MDM2 
(reFs 97,98). This may, at least in part, be explained by 
the fact that this mutation prevents binding to ASPP1 
and ASPP2 (reF. 86). Another p53 mutant with similar 
properties is p53 R175P. This mutant can induce cell-
cycle arrest, but fails to induce apoptosis99. Collectively, 
these data support the notion that the expression of 
appropriate cofactors in a particular tissue can signal 
through the DNA-binding domain of p53 to coordi-
nate the cellular response in a manner that fits both 
the environment of the cell and the type of stress that 
has been inflicted.

Cofactors that indirectly influence p53. Many cofactors 
of p53 can indirectly affect p53 function by regulating 
the proteins that are directly involved in its activation 
and repression, thus affecting promoter specificity 
(FIG. 8). As a ubiquitous transcriptional co-activator, 
p300/CbP activity is tightly regulated by an array of 
associated proteins. Acetylation of p53 by p300/CbP 
and the p300/CbP-associated factor (PCAF) occurs in 
response to DNA-damaging agents, such as uv and 
ionizing radiation, and is associated with the induction 
of sequence-specific DNA binding and transactiva-
tion by p53. During the DNA-damage response, p300 
interacts with its cofactor, junction-mediating and 
regulatory protein (JMY), resulting in increased p53 
acetyl ation and subsequently enhancing p53-depend-
ent transcription and apoptosis100. This interaction 
between JMY and p300 is facilitated by the recruit-
ment of a second p300 cofactor, Strap101. Strap also 
increases the levels and half-life of p53 by preventing 

Figure 7 | Protein interactions that directly affect p53 
promoter selectivity. Many of the cofactors that directly 
influence the gene-promoter selectivity of p53 bind its 
DNA-binding domain. This region makes direct contact 
with the promoters of p53 target genes; therefore, in 
principle this would be the best place for proteins to 
influence the target specificity of p53. Cofactors are listed 
above p53, and the target genes they activate are listed 
below. Genes and proteins that promote apoptosis are 
boxed in red, whereas those that promote cell-cycle arrest 
are boxed in green.
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MDM2-mediated downregulation102. More recently, a 
third p300 cofactor, SKP2, was identified and shown to 
affect p53 activity by preventing the interaction between 
p300 and p53, thereby preventing acetylation of p53 
and suppressing p53 transactivation and apoptosis103. 
Although some factors, such as JMY, enhance trans-
activation while other factors, such as SKP2, repress 
apoptosis, such factors do not appear to cause p53 to 
discriminate between pro-apoptotic or cell-cycle-arrest 
promoters. Human cellular apoptosis susceptibility pro-
tein (CAS/CSe1L) suppresses p53-mediated transcrip-
tion by binding directly to the promoters of certain p53 
target genes in a p53-independent manner. Again, the 
promoters bound by CAS/CSe1L do not appear to cor-
relate with a particular physiological outcome (that is, 
arrest or apoptosis), although silencing of CAS/CSe1L 
inhibits uv-induced death104. Components of the basal 
transcription machinery have also been implicated in 
specifically regulating p53 activity. The CDK8 subunit 
of the CDK module of the Mediator complex can func-
tion as a p53 co-activator and is recruited to the p21 
promoter in a proportional manner only under condi-
tions of strong p21 activation by p53, so that there is 
stronger transcriptional activation as more CDK8 binds 
to the promoter105.

Post-translational modifications and p53-interacting  
proteins influence the promoter selectivity and outcome  

of p53 activation106. Many of these modifiers and 
co factors are expressed in a tissue- and cell-dependent 
manner. Consequently, they function in certain cellular 
contexts, in response to a particular stress or in asso-
ciation with a single gene; they function in response 
to a specific p53 barcode. The identification of cofac-
tors that indirectly influence p53 activity is a new and 
emerging field. Future studies will no doubt identify 
more proteins that can regulate p53 in this way, adding 
to the complexity of the p53 response.

Summary and future prospects
Nearly 30 years of research on the p53 protein has 
shown that p53 is a major regulator of cellular stress 
and an important tumour suppressor. p53 is activated 
following different forms of cellular stress and inte-
grates the incoming signals so that an appropriate 
cellular response is made. An increasing number of 
p53 target genes, with an ever-varied function in the 
cell, are being identified, and many transcription-
independent functions of p53 are also now being 
identified.

The new challenge in p53 research will be to exam-
ine the vast heterogeneity of the p53 response and to 
unravel the extreme complexities of p53 activity. We 
need to understand how p53 can integrate a particular 
stress signal into a cellular response. The classification 
of the tissue response in vivo will apply to all stress 
signals, so that in response to a defined stress signal, 
any given tissue will always fall into one of three 
groups: group 1, group 2 or group 3. understanding 
the heterogeneous p53 response to stress signals will 
ultimately allow us to understand the factors that gov-
ern this classification, such as p53 cofactors that bind  
and/or modify p53. A detailed understanding of the 
significance of modifications of specific residues will 
also be needed to fully appreciate the multiple out-
comes and effects that modifications can have on p53 
regulation.

A comprehensive understanding of the heteroge-
neity of the p53 response will be important in defin-
ing which cellular functions of p53 are crucial for 
its tumour suppression function in specific tissues 
in response to carcinogenic signals. For example, 
γ-irradiation induction of p53 activity failed to cause 
apoptosis in lung, raising the question as to whether 
apoptosis forms part of the tumour-suppression func-
tion of p53 in lung cancer. Alternatively, apoptosis may 
be induced in the lung in response to signals other 
than γ-irradiation. An elegant study by Gerard evan’s 
group showed that pathological apoptosis induced by 
γ-irradiation is not crucial for the tumour suppression 
function of p53 in a transgenic mouse model system 
of lymphoma; rather, the ability of p53 to suppress the 
oncogenic signal is crucial107. The true response of p53 
might only be revealed if the cells are stressed and the 
effects monitored in a way that allows subtle changes  
to be detected. Thus, a new era of p53 research is likely to  
emerge during which we will begin to unravel the 
response in each particular setting, defining a barcode 
for each particular p53 response.

Figure 8 | Cofactors that indirectly affect p53 activity. 
Activation of the Bax gene promoter can be enhanced by 
p300-mediated acetylation of p53. The p300 cofactor JMY 
can enhance this acetylation, whereas SKP2 can bind p300 
and antagonize acetylation of p53. p53-dependent 
transactivation of the p21 gene promoter can be enhanced 
through the recruitment of CDK8 to the Mediator complex. 
Independent binding of the long-range chromatin modifier 
CAS/CSE1L,  which is the human orthologue of yeast Cse1, 
to promoters, such as the Pig3 gene promoter, can also 
enhance p53-dependent transcription.
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