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Abstract

Normal function of the p53 pathway is ubiquitously lost in cancers either through mutation or inactivating interaction with viral or cellular proteins. 
However, it is difficult in clinical studies to link p53 mutation status to cancer treatment and clinical outcome, suggesting that the p53 pathway is 
not fully understood. We have recently reported that the human p53 gene expresses not only 1 but 12 different p53 proteins (isoforms) due to 
alternative splicing, alternative initiation of translation, and alternative promoter usage. p53 isoform proteins thus contain distinct protein domains. 
They are expressed in normal human tissues but are abnormally expressed in a wide range of cancer types. We have recently reported that p53 
isoform expression is associated with breast cancer prognosis, suggesting that they play a role in carcinogenesis. Indeed, the cellular response to 
damages can be switched from cell cycle arrest to apoptosis by only manipulating p53 isoform expression. This may provide an explanation to the 
hitherto inconsistent relationship between p53 mutation, treatment response, and outcome in breast cancer. However, the molecular mechanism is 
still unknown. Recent reports suggest that it involves modulation of gene expression in a p53-dependent and -independent manner. In this review, 
we summarize our current knowledge about the biological activities of p53 isoforms and propose a molecular mechanism conciliating our current 
knowledge on p53 and integrating p63 and p73 isoforms in the p53 pathway.
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Introduction
p53 is a major tumor suppressor inacti-
vated in almost all cancer types. p53 pre-
vents cancer formation by regulating 
multiple pathways including the 2 most 
described p53-mediated cellular func-
tions, which tilt the balance in favor of 
life (cell cycle arrest) or cell death. p53 
is a transcription factor that binds 
directly and specifically as a tetramer to 
target sequences of DNA through p53-
responsive elements (p53REs), thereby 
regulating gene expression.1,2 For exam-
ple, p53 induces cell cycle arrest by 
transactivating genes such as the cyclin-
dependent kinase inhibitor, p21, or the 
microRNA, miR34. Alternatively, p53 
induces apoptosis by transactivating 
proapoptotic genes such as Bax, Puma, 
Scotin, and Fas and repressing the anti-
apoptotic gene Bcl2.3 However, one of 
the main unanswered questions is how 
p53 “decides” to trigger the prosurvival 
or cell death responses. It has been docu-
mented that depending on the tissue and 
cell type, the nature and intensity of the 
stress signal, and the extent of cellular 
damage, p53 would favor one response 
to another. In other words, the question 

that remains to be answered is how  
one protein, p53, can integrate all these 
variables to yield a coordinated and 
defined cellular response. Additionally, 
the molecular mechanisms involved in 
such decision making are still unclear 
(reviews4-6). Indeed, in clinical studies, 
it has been difficult to link p53 mutation 
status to therapeutic response and clini-
cal outcome, suggesting that additional 
factors may affect the p53 pathway.

The p53 Family
Two p53-related genes, p63 and p73, 
exhibit, like p53, the 3 typical domains 
of a transcription factor: the amino- 
terminal transactivation domain (TAD), 
the DNA-binding domain (DBD), and 
the carboxy-terminal oligomerization 
domain (OD).7,8 These 2 p53-related 
proteins share significant structural and 
functional homologies with p53, partic-
ularly in the DBD, including conserva-
tion of all essential DNA contact residues 
(review9). The p63 gene was shown to 
express at least 3 alternatively spliced 
C-terminal isoforms (α, β, γ), while the 
p73 gene expresses at least 7 alterna-
tively spliced C-terminal isoforms (α, β, 

γ, δ, ε, ζ, η) and 4 alternatively spliced 
N-terminal isoforms.9 Furthermore, both 
p63 and p73 genes can be transcribed 
from 2 different promoters: one upstream 
of exon 1 (the distal promoter) and 
another located within intron 3 (the 
internal promoter). The distal promoter 
leads to the expression of TAp63 and 
TAp73, respectively, while the internal 
promoter leads to the expression of iso-
forms deleted of the N-terminal domain, 
ΔNp63 and ΔNp73, respectively. There-
fore, the p63 gene expresses 6 mRNA 
variants that code for 6 different p63 
protein isoforms, while the p73 gene 
expresses at least 35 mRNA variants that 
would encode 29 different p73 protein 
isoforms.9

Genetic experiments on mice have 
shown that p63 is essential for epidermal 
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morphogenesis and limb development. 
p63-null mice display severe deformi-
ties of the limbs and fail to develop a 
stratified epidermis and most epithelial 
tissues. In humans, 6 rare autosomal 
dominant developmental diseases 
involving limb and ectodermal develop-
ment are due to germline mutations 
throughout the p63 gene. Each syn-
drome can result from mutations in the 
p63 gene affecting different p63 iso-
forms. For instance, EEC (ectrodactyly–
ectodermal dysplasia–cleft) and ADULT 
(acro-dermato-ungual-lacrimal-tooth) 
syndromes result from missense muta-
tions in the DBD of p63 affecting all p63 
isoforms, whereas AEC (ankyloblepha-
ron–ectodermal dysplasia–cleft) syn-
drome is caused by missense mutations 
in exon 13 mutating only TAp63α and 
ΔNp63α isoforms. This delineates the 
specific biological and biochemical 
activities that each p63 isoform could 
have (review9).

Regarding p73, mice deficient for all 
p73 isoforms are born without severe 
deformities but with profound defects in 
neurogenesis. They also develop chronic 
infections and inflammation and have 
abnormalities in pheromone sensory 
pathways, without increased susceptibil-
ity to spontaneous tumorigenesis. Con-
trary to p63, no human genetic disorders 
have been associated yet with germline 
mutations of the p73 gene10 (review9).

The recent work of Mak and col-
leagues confirmed the tumor suppressor 
function of TAp73 by generating mice 
deficient for TAp73 but retaining the 
ΔNp73 isoforms.11 Although the devel-
opmental defects of these mice are less 
severe than their p73–/– counterparts, 
TAp73–/– mice defined a role for TAp73 
in the development of the central nervous 
system, as these mice show hippocampal 
dysgenesis.11 More importantly, they are 
more prone to spontaneous and DMBA-
induced tumors (7,12-dimethylbenz[a]
anthracene), recapitulating the tumor-
prone phenotype of the p73+/– mice11 
(review12).

More recently, 2 groups have also 
generated mice that are selectively defi-
cient for the ΔNp73 isoforms.13,14 These 

mice are viable like the TAp73–/– mice. 
The developmental defects of the 
ΔNp73–/– mice are less severe than their 
p73–/– counterparts, but they display 
signs of neurodegeneration, supporting 
the role of ΔNp73 in neuronal sur-
vival.13,14 Mak and colleagues also 
reported a tumor inducer function of 
ΔNp73, as ΔNp73–/– mice show an 
impairment of tumor formation.14 Alto-
gether, studies from human develop-
mental diseases and genetic experiments 
on mice have highlighted specific bio-
logical and biochemical activities that 
each p63/p73 isoform could have 
(review9).

The human p53 gene was first thought 
to have a much simpler organization than 
the p63 and p73 genes, with transcription 
being initiated from 2 distinct sites 
upstream of exon 1 (P1 and P1′). Our 
laboratory has assessed the structure of 
the human p53 gene, using a PCR-based 
technique that specifically amplifies 
capped mRNAs.15 This showed that, sim-
ilarly to p63 and p73, 12 distinct human 
p53 protein isoforms (p53** when  
we mention p53, we refer to FLp53)  
(full-length p53 or FLp53, p53β, p53γ, 
Δ40p53α, Δ40p53β, Δ40p53γ, Δ133p53α, 
Δ133p53β, Δ133p53γ, Δ160p53α, 
Δ160p53β, Δ160p53γ) can be produced 
through alternative initiation of transla-
tion, usage of an internal promoter, and 
alternative splicing (reviews16,17) (Fig. 1). 
Therefore, the dual gene structure, that is, 
the gene being transcribed from 2 distinct 
promoters, a distal and an internal pro-
moter, is conserved for the 3 p53 family 
members (p53, p63, and p73). This sug-
gests that the internal promoters play 
essential roles in the biological activities 
of the p53 gene family. Furthermore, our 
laboratory and others have shown that the 
dual gene structure of the p53 gene is 
conserved across different species, 
including the Drosophila and zebrafish 
p53 genes. Indeed, Chen and colleagues 
reported that the zebrafish p53 gene con-
tains an internal promoter leading to the 
expression of Δ113p53, an amino-termi-
nally truncated p53 protein initiated at 
codon 113 and homologous to human 
Δ133p53.18,19

Biological Activities 
of the p53 Isoforms
Δ133p53α

The first genetic evidence demonstrating 
that endogenous p53 isoforms have cru-
cial biological activities came from gene 
silencing experiments after injection of 
p53 morpholino RNA (antisense oligo-
nucleotides used to knock down gene 
expression) into zebrafish embryos. The 
zebrafish model provides numerous 
advantages over other mammalian mod-
els including the mouse model, in that it 
is cheaper and assays can be performed 
more rapidly. p53 isoforms have been 
identified in zebrafish and were found to 
be induced in response to developmental 
defects in zebrafish embryos.18,20 In col-
laboration with the laboratory of J. Peng 
(A-star, Singapore), we have recently 
reported that, in response to DNA-dam-
aging agents and embryonic defects, the 
zebrafish p53 internal promoter is 
induced by p53, leading to Δ113p53 pro-
tein expression, which prevents p53-
mediated apoptosis.19 Zebrafish embryos 
depleted of Δ113p53 expression after 
Δ113p53 morpholino injection were 
extremely sensitive to ionizing radiation 
and embryonic defects. Restoration of 
Δ113p53 induces p53 target gene expres-
sion including MDM2, cyclin G, p21, and 
Bcl-xL, thus inhibiting apoptosis and res-
cuing the development of embryos.19 
Moreover, we have shown that Δ113p53 
regulates gene expression in a promoter- 
and stress-dependent manner as well as in 
a p53-dependent and -independent man-
ner. Therefore, Δ113p53 does not simply 
act in a dominant-negative manner toward 
p53 but rather modulates p53 response by 
differentially regulating the expression 
profile of p53 responsive genes at the 
physiological level in zebrafish. These 
data clearly demonstrate that the Δ113p53 
isoform has intrinsic biological activity at 
the physiological level in zebrafish 
embryos. Δ113p53 prevents p53-medi-
ated apoptosis in response to develop-
mental defects and DNA damage.

In human cells, we have shown that 
ectopic expression of Δ133p53α inhibits 
p53-mediated apoptosis after transient 
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transfection in H1299 cells, which are 
devoid of p53 expression.15 We have 
recently reported the regulation of 
Δ133p53α expression and its physiologi-
cal role in modulating the cellular 
response to DNA damage.21 We showed 
that the human p53 internal promoter is 
directly transactivated by p53 in response 
to genotoxic stress, leading to Δ133p53α 
protein induction. The induced Δ133p53α 
differentially regulates gene expression 
in a p53-dependent and -independent 
manner, inhibiting then p53-dependent 
apoptosis and G1 arrest, without inhibit-
ing p53-dependent G2 arrest in U2OS 
cells. This indicates that Δ133p53α can 
differentially regulate p53-dependent 
biological activities and that Δ133p53α 
does not act exclusively by inactivating 
p53. Moreover, it demonstrates that the 
cellular response to DNA damage could 
be regulated by modulating Δ133p53α 
expression.21

Consistent with this, our laboratory 
has recently reported in collaboration 
with the group of Professor C. Harris 

(National Institutes of Health, Bethesda, 
MD, USA) that expression of Δ133p53α 
isoform inhibits p53-mediated replicative 
senescence and promotes cellular prolif-
eration of normal human fibroblasts by 
inhibiting p21 expression. Importantly, 
Δ133p53α concomitantly represses the 
expression of miR-34a, showing, for the 
first time, interplay between Δ133p53α 
and miR-34a to regulate p53-mediated 
senescence.22

Altogether, these results indicate that 
Δ133p53α modulates cell proliferation 
and cell fate outcome in response to DNA 
damage and developmental defect in a 
p53-dependent and -independent manner 
by differentially regulating the expres-
sion of microRNAs and protein-coding 
genes. Our findings may have profound 
significance to further our understanding 
of the mechanisms by which p53 exerts 
its tumor suppressor activity.

Δ133p53β and Δ133p53γ
p53 mRNAs are transcribed from the 
internal promoter (in intron 4) and are 

also subject to alternative splicing of 
exon 9b (in intron 9), producing, in addi-
tion to the Δ133p53α isoform, 2 other 
isoforms, Δ133p53β and Δ133p53γ.15 In 
H1299 cells, coexpression of Δ133p53β 
or Δ133p53γ with p53 does not alter p53 
transcriptional activity on the p21 and 
Bax promoters or p53-mediated apopto-
sis.9,15 Δ133p53β and Δ133p53γ are 
expressed in normal human tissues. 
However, several clinical studies have 
shown that Δ133p53β and Δ133p53γ  
are abnormally expressed in tumors, 
suggesting that they play a role in 
carcinogenesis.15,23

Δ160p53α, Δ160p53β, and Δ160p53γ
Δ160p53α, Δ160p53β, and Δ160p53γ are 
p53 isoforms that we have recently 
reported to lack the first 159 amino  
acids of p53.17 Δ160p53α, Δ160p53β,  
and Δ160p53γ are encoded by Δ133p53α, 
Δ133p53β, and Δ133p53γ mRNAs, 
respectively, through alternative initia-
tion of translation at ATG 160, which lies 
within a sequence environment matching 
Kozak’s consensus criteria (GCC GCC 
(A/G)CC ATG G).17 Intriguingly, ATG 
160 is conserved in all mammalian p53 
genes, while ATG 133 is conserved only 
in primates. Endogenous expression of 
Δ160p53 protein was detected in U2OS, 
T47D, and K562 cells.17 Interestingly, 
K562 cells were described as devoid of 
p53 expression because of a base inser-
tion at codon 135, leading to a frameshift 
and a premature stop codon, which pre-
vents p53 protein expression.24 However, 
we show that K562 cells express 
Δ160p53α and Δ160p53β both at the 
mRNA and protein levels. Moreover, 
upon hemin-induced erythroid differenti-
ation of K562 cells, only Δ160p53β 
expression was reduced, while Δ160p53α 
expression was stable, suggesting that 
Δ160p53β plays a role in erythroid 
differentiation.17

p53β
It was shown that intron 9 (exon 9b) of 
the p53 gene can be alternatively spliced 
to produce 2 different truncated human 
p53 proteins, p53β (previously described 

Figure 1. The human p53 gene expresses 12 distinct p53 protein isoforms. Schematic 
representation of the domains of human p53 isoform proteins including the 2 transactivation domains 
(TADI [light purple] and TADII [dark purple]), the DNA-binding domain (orange), the C-terminal 
domain comprised of the nuclear localization signal (NLS [yellow]), the oligomerization domain 
(OD [blue]), and the basic region (BR [violet]). The gray boxes represent the 5 highly conserved 
regions defining the p53 protein family. The amino acid positions defining the different p53 domains 
are indicated. The C-terminal domains of p53β (DQTSFQKENC) and p53γ (MLLDLRWCYFLINSS) 
are indicated with a green and pink box, respectively. The molecular weight of each p53 isoform 
protein is indicated.



456 Genes & Cancer / vol 2 no 4 (2011)M Monographs

as p53i9) and p53γ, terminating with 10 
or 15 additional amino acids, respec-
tively.15,25,26 Both p53β and p53γ iso-
forms lack the oligomerization domain 
of p53 because of a stop codon con-
tained in exon 9b.

When p53β (or p53i9) was first 
described, it was shown to fail to bind 
DNA in vitro and to lack transcriptional 
activity in normal cells.26 However, 
using an antibody specific for the β pep-
tide of p53 in chromatin immunoprecip-
itation (ChIP) assay on MCF7 cell 
extracts, we showed that endogenous 
p53β can bind specifically to p53-
responsive promoters in a promoter-
dependent manner. p53β preferentially 
binds to the Bax promoter but poorly to 
the MDM2 promoter, while p53 prefer-
entially binds to the MDM2 promoter 
but poorly to the Bax promoter.15 Our 
laboratory determined that p53β can 
induce the PG13 promoter, an artificial 
promoter containing 25 adjacent p53REs 
upstream of a minimal promoter and 
driving a luciferase reporter gene, indi-
cating that p53β has a residual intrinsic 
transcriptional activity on p53REs.9 
Moreover, p53β enhances p53 transcrip-
tional activity on the p21 promoter but 
has no effect on the Bax promoter in the 
absence of cellular stress. In addition, 
expression of p53β induces apoptosis 
independent of p53, albeit with a lower 
efficiency than p53. Furthermore, p53β 
enhances p53-mediated apoptosis after 
cotransfection with p53 in H1299 cells. 
This effect can be due to a direct interac-
tion of p53β with p53 because endoge-
nous p53β can form a protein complex 
with p53.15 However, we and others 
could not coimmunoprecipitate p53β 
with p53 after transient transfection in 
p53-null H1299 cells, suggesting that 
the interaction between p53 and p53β 
involves other p53 isoforms or proteins. 
It was also reported that p53β cooperates 
with p53 to accelerate replicative cellu-
lar senescence of human normal fibro-
blasts by increasing p53-dependent 
induction of p21 and miR-34a.22

Altogether, these data suggest that 
p53β regulates p53 tumor suppressor 

activity by modulating its transcriptional 
activity in a promoter-dependent man-
ner. However, we should not rule out the 
possibility that p53β can regulate gene 
expression independent of p53, as p53β 
can bind p53REs and induce apoptosis 
independent of p53.

p53γ
p53γ is a p53 protein truncated of the last 
60 amino acids of p53 and contains 15 
additional amino acids (peptide γ).15 p53γ 
is expressed in normal human tissues 
through alternative splicing of exon 9b 
(in intron 9). The C-terminal domain of 
p53γ is hydrophobic, a feature that makes 
it difficult to raise an antibody specific 
for this isoform. The subcellular localiza-
tion of p53γ is different from the one of 
p53β. p53β is mostly localized in the 
nucleus, while p53γ is either localized in 
the nucleus or the cytoplasm, suggesting 
that p53γ shuttles between the nucleus 
and the cytoplasm.15 By luciferase 
reporter assay, we determined that p53γ 
can transactivate the internal promoter of 
p53, independent of p53, and can enhance 
p53 transcriptional activity on the Bax 
promoter but not on the p21 promoter.15 
In addition, we have attempted to gener-
ate stable U2OS and MCF7 cell lines 
constitutively expressing p53γ. However, 
we were not successful in generating 
cells with functional p53γ, as in the few 
clones that were able to grow, p53γ was 
localized exclusively in the cytoplasm, 
suggesting that p53γ was sequestered and 
thus inactivated. This led us to the con-
clusion that p53γ is cytotoxic.

However, it is important to note that 
these results are not consistent with those 
of Graupner and colleagues, who have 
reported that p53β and p53γ have no 
effect on senescence, apoptosis, and tran-
scription.27 The report from Graupner 
and colleagues is not consistent with sev-
eral publications demonstrating that p53β 
binds DNA, regulates transcription, 
forms a protein complex with p53, and 
regulates apoptosis, cell cycle progres-
sion, and senescence.9,15,22 The results of 
Graupner and colleagues can be explained 
by the experimental conditions used. The 

authors transfected cells with flag-tagged 
p53, flag-tagged-p53β, or flag-tagged 
p53γ and selected cells for several weeks 
that were able to proliferate in the pres-
ence of neomycin, a potent inducer of cell 
death. Hence, they obtained clones con-
stitutively overexpressing p53, p53β, or 
p53γ. However, when Graupner and col-
leagues assessed the sensitivity of the 
clones to several cytotoxic treatments, 
they did not detect any differences with 
the parental cells and concluded that 
p53β and p53γ have no cytotoxic activi-
ties. A more likely interpretation is that 
by selecting cells resistant to neomycin, 
Graupner and colleagues have generated 
cells that have acquired a strong resis-
tance to the cytotoxic effect of p53, p53β, 
and p53γ.

Δ40p53α, Δ40p53β,  
and Δ40p53γ

Δ40p53 (also named p47 or ΔNp53) is 
another p53 isoform that lacks the first 
transactivation domain of p53 (TADI) 
and that was shown to be obtained in 
humans by alternative splicing of intron 
2 of p53 mRNA, leading to a p53I2 tran-
script.28 Recent studies have demon-
strated the presence of internal ribosome 
entry site (IRES) sequences in p53 
mRNA, which allow p53 mRNA trans-
lation in conditions where the cap-
dependent initiation of translation is 
inhibited, such as cytotoxic and endo-
plasmic reticulum stresses.29-31

Consistently, the presence of the 
IRES sequences in p53 mRNA upstream 
of AUG 40 contributes to the alternative 
initiation of translation at codon AUG 
40 (instead of AUG 1) and therefore to 
Δ40p53 expression.29,32,33 It was reported 
that the p53 IRES sequences are regu-
lated by several IRES transacting factors 
(ITAFs) including polypyrimidine tract 
binding protein (PTB), dyskerin, and 
hnRNP C1/C2, modulating the expres-
sion of p53 and Δ40p53 proteins and 
thus p53 tumor suppressor activity.34-37 
Δ40p53 isoform was also shown to  
be obtained by alternative initiation of 
translation at codon 40 located in exon 4 
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of the human p53 gene and lying within 
a sequence environment matching 
Kozak’s consensus criteria (GCC GCC 
(A/G)CC ATG G).28,32,33

It was further demonstrated that in 
addition to Δ40p53 obtained by classic 
splicing of the C-terminus (Δ40p53α), 
the p53 gene can produce alternatively 
spliced C-terminal Δ40p53 isoforms 
(Δ40p53β and Δ40p53γ). Although 
endogenous Δ40p53β and Δ40p53γ pro-
teins are detected in several cell lines, 
their biological activities have not been 
investigated yet.

Although Δ40p53α lacks the TADI, it 
retains the second transactivation domain 
(TADII) and is therefore capable of regu-
lating gene expression after transfec-
tion.38 Also after transfection, Δ40p53 
can act in a dominant-negative manner 
toward p53, inhibiting its transcriptional 
activity and impairing p53-mediated 
growth suppression28,33 (review39).

The level of expression of p53 can be 
controlled through its degradation. How-
ever, it can also be controlled by regulat-
ing its mRNA translation, as determined 
in conditions of cellular stresses such  
as endoplasmic reticulum stress (ER 
stress).31,40 It has been suggested that 
Δ40p53 expression is controlled by alter-
native mechanisms of mRNA translation 
initiation via an IRES sequence present in 
the 5′UTR of p53 mRNA (upstream of 
codon 40). This would allow Δ40p53 to 
be expressed under conditions where the 
cap-dependent initiation of translation is 
inhibited, such as the G2/M transition of 
the cell cycle and ER stress. Following 
ER stress, Δ40p53 expression is increased 
(caused by PERK-mediated stimulation 
of Δ40p53 mRNA translation), and 
Δ40p53 homo-oligomers are formed, 
which bind to the 14-3-3σ promoter and 
mediate G2 cell cycle arrest or Δ40p53-
induced apoptosis.31,40

p53 Isoforms in Animal Models
The first report revealing that the mouse 
p53 gene codes for more than one func-
tional protein was published by Rotter 
and colleagues in 1985, describing the 

presence of another p53 variant in trans-
formed mouse fibroblasts.41 This p53 
variant was reported to be generated by 
alternative splicing using a cryptic 3′ 
splicing site in intron 10, located 96 bp 
upstream of the regular 3′ splicing site of 
exon 11, thereby naming it p53AS (alter-
natively spliced).42 A stop codon in the 
96-bp insert from intron 10 leads to the 
production of a truncated p53 protein, in 
which the last 26 amino acids of mouse 
p53 are missing and are replaced by 17 
new amino acids homologous to human 
β peptide of p5341,42 (Fig. 2). Like p53β, 
p53AS can form hetero-oligomers with 
p53.43 p53AS was shown to be expressed 
in normal mouse tissues as well as in 
normal epidermal and carcinoma cells 
and to localize to the nucleus.44-47

Several groups have shown that p53 
and p53AS bind specifically to p53REs 
but have distinct biochemical activities 
and are functionally different. Contrary 
to p53, p53AS protein is constitutively 
active for DNA binding.43,48,49 This is in 

accordance with in vivo results showing 
that deletion of the last 30 amino acids 
of p53 C-terminus or binding to the 
monoclonal antibody PAb421 (whose 
epitope lies between residues 370-378) 
activate the sequence-specific DNA 
binding and the transcriptional activities 
of p53.50-52 Additionally, p53 and p53AS 
can form hetero-oligomers, resulting in 
inactivation of p53AS DNA-binding 
activity.43,48

In stably transfected myeloid cells, 
p53AS is able to induce apoptosis, albeit 
with much slower kinetics (a 12-hour 
delay) when compared to that induced by 
p53, accompanied with a delay in Bax 
induction and Bcl-2 repression.53 Indeed, 
p53AS is a less potent transactivator of 
Bax and p21 promoters, although p53AS 
has a stronger affinity to p53REs.54

Interestingly, coexpression of p53  
and p53AS in stably transfected myeloid 
cells or in transiently transfected  
p53-null H1299 cells results in an inhibi-
tion of p53 transcriptional activity and 

DNA binding Oligomerization
p53 isoform Localization Isoform with FLp53 Isoform with FLp53

FLp53 Nucleus Yes (+) Yes (+) Yes Yes
p53AS Nucleus Yes (++) Yes (+) Yes Yes

Gene
transactivation FLp53 p53AS FLp53+p53AS

Bax Yes (+ + ) Yes (+) Yes (+)
p21 Yes (+ + ) Yes (+) Yes (+)
MDM2 Yes (+) Yes (+ + ) ND
RGC Yes (+) Yes (+ + ) Yes

A

B
a)

b)

(h)p53β  :

(m)p53AS :

LQDQTS FQ      KEN C

LQPRA   FQALI KEE SPN C

Figure 2. p53AS: protein homology with p53β and biochemical activities. (A) Protein homology 
between human p53b ((h)p53b) and murine p53AS ((m)p53AS) isoforms. Conserved amino acids 
are highlighted in red. (B) Biochemical properties of mouse FLp53 and p53AS. (a) The intracellular 
localization, DNA binding, oligomerization, and (b) gene transactivation capacities (determined 
by luciferase assay) are highlighted. ND = not done; + = positive effect; ++ = stronger effect. 
Information obtained from Arai et al.,42 Kulesz-Martin et al.,45 Wu et al.,43 Miner and Kulesz-Martin,49 
Wu et al.,47 Almog et al.,53 Wolkowicz et al.,48 Almog et al.,54 Almog et al.,55 and Huang et al.102.
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p53-mediated apoptosis.54 The p53AS 
inhibitory effect on p53-mediated apop-
tosis is MDM2 dependent, as p53AS is 
able to induce higher levels of the MDM2 
protein than p53.55 Although p53AS was 
shown to regulate the expression of  
several genes including p21, Bax, and 
Bcl-2, Kulesz-Martin and colleagues 
reported that p53AS is more effective in 
transcription repression than p53, high-
lighting a role of p53 C-terminal domain 
in this effect.44

Mouse Δ40p53 isoform (also named 
ΔNp53 or p44) is expressed in normal tis-
sue through alternative initiation of trans-
lation at codon 41. Genetically modified 
mice overexpressing Δ40p53 have  
been generated. These mice present an 
increased cellular senescence, a slower 
growth rate, memory loss, neurodegen-
eration, and premature aging pheno-
type.56-58 A ratio of p53/Δ40p53 has been 
proposed to regulate the aging program 
by modulating insulin-like growth factor 
1 receptor (IGF-1R) signaling.57,58

Interestingly, heterozygote p53 mice 
(p53/Δ40p53) are less susceptible to can-
cer than heterozygote p53+/– mice. How-
ever, homozygote mice (Δ40p53/Δ40p53) 
are as cancer prone as p53–/– mice and do 
not show any accelerated aging pheno-
type, indicating that the accelerated aging 
phenotype is dependent on the interplay 
between Δ40p53 on wild-type p53.56,57

Altogether, these results highlight an 
important role for mouse p53 isoforms 
in regulating p53 transcriptional activity, 
especially under stress conditions. They 
also emphasize the importance of the 
ratio of p53 isoforms for regulating cell 
fate outcome.

Interestingly, a Δ40p53 isoform 
(also named ΔNp53) has recently been 
described in zebrafish. Δ40p53 was 
shown to be obtained by alternative splic-
ing of intron 2 of the zebrafish p53  
gene and not by alternative initiation of 
translation because codon 40 is not con-
served in zebrafish p53 mRNA. Zebraf-
ish Δ40p53 protein lacks part of the 
transactivation domain, but unlike human 
Δ40p53, it contains additional amino 
acids encoded by intron 2.20 Interestingly, 

ionizing radiation induces Δ40p53 and 
Δ113p53 mRNA transcript levels in 
zebrafish embryos, while p53 mRNA 
level is stable. Injection of zebrafish 
Δ40p53 mRNA induces lethality in 
approximately 30% of the embryos 
within 5 to 7 days, associated with hypo-
plastic and malformed heads, eyes, and 
somites in the surviving embryos.20 
Depletion of p21 expression by injection 
of p21 morpholino into zebrafish embryos 
rescues developmental defects associated 
with Δ40p53 overexpression. Contrary to 
Δ40p53, injection of Δ113p53 mRNA 
into zebrafish embryos has no deleterious 
effect on embryo development.19,20 Alto-
gether, these data indicate that Δ40p53 
and Δ113p53 have distinct intrinsic 
activities.

Injection of zebrafish p53 mRNA 
induces lethality in approximately 80% 
of the embryos preceded by multiple 
morphological aberrations.20 The exper-
iments performed by Davidson and col-
leagues further confirm that Δ40p53 and 
Δ113p53 have distinct intrinsic activi-
ties. Indeed, co-injection of zebrafish 
p53 and Δ113p53 mRNAs totally res-
cues p53-associated lethality, while co-
injection of zebrafish p53 and Δ40p53 
mRNAs partially rescues p53-associated 
lethality.

Although Δ40p53 can form a protein 
complex with Δ113p53, co-injection  
of Δ113p53 mRNA with Δ40p53  
mRNA into zebrafish embryos does not 
rescue Δ40p53-associated developmental 
defects, suggesting that contrary to the 
inactivating effect of Δ113p53 on p53, 
Δ113p53 does not inactivate Δ40p53. 
Therefore, Δ40p53 and Δ113p53 are not 
equivalent and are likely to have specific 
p53-dependent and -independent biologi-
cal activities.

p53 Isoforms and Cancer
Despite 30 years of research on p53 dem-
onstrating the key role of p53 in cancer 
treatment and prevention of cancer for-
mation, it is still difficult in clinical stud-
ies to link p53 mutation status to cancer 
prognosis and cancer treatment. The 

uncertainties around the link between 
p53 mutation, therapeutic response, and 
outcome in cancer suggest that additional 
factors may be involved. We believe that 
p53 isoforms could provide an explana-
tion to this question.

Several clinical studies have reported 
that p53 isoforms are abnormally 
expressed in different types of human 
cancers (breast tumors, acute myeloid 
leukemia [AML], head and neck tumors 
[HNSCCs], melanoma, renal cell carci-
noma, and colon, ovarian, and lung 
tumors), suggesting that abnormal 
expression of the p53 isoforms could 
contribute to cancer formation and can-
cer progression.15,23,59-64

Fujita and colleagues determined that 
Δ133p53α inhibits senescence while 
p53β promotes senescence in normal 
human fibroblasts. They analyzed the 
expression of Δ133p53α and p53β in a 
cohort of colon adenomas and carcino-
mas and reported an association of the 
senescent phenotype of colon adenoma 
with reduced Δ133p53α and increased 
p53β expression. Interestingly, Δ133p53α 
expression was increased, while p53β 
isoform expression was decreased in 
colon carcinomas, suggesting that dereg-
ulation of p53β and Δ133p53α may  
contribute to adenoma to carcinoma 
progression.22

Hofstetter and colleagues have recently 
analyzed p53 isoform expression in  
a cohort of 245 primary ovarian  
cancers in relation to clinical marker  
and clinical outcome. They reported  
that p53β expression was associated with 
adverse clinicopathological markers 
(serous and poorly differentiated cancers) 
and correlated with worse recurrence-
free survival in patients expressing func-
tionally active wild-type p53. Moreover, 
they reported frequent mutations in splic-
ing sites of p53 that lead to the expression 
of tumor-specific p53 splice variant 
mRNA, including one named p53δ, 
which was associated with poor response 
to primary platinum-based chemother-
apy. Consistently, p53δ mRNA expres-
sion was independently associated with 
poor prognosis. It remains to be shown 
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whether p53δ mRNA leads to p53δ pro-
tein expression and whether p53δ has 
oncogenic activities.

We have recently reported the analy-
sis of p53β and p53γ mRNA expression 
in relation to clinical outcome and clini-
cal markers in a cohort of 127 primary 
breast tumors. We determined that p53β 
and p53γ are not randomly expressed in 
breast cancer. Indeed, p53β is associated 
with p53γ expression, and p53γ is asso-
ciated with p53 gene mutation, while 
p53β is associated with estrogen recep-
tor expression (ER).63 Interestingly, 
mutant p53 breast cancer patients 
expressing the p53γ isoform have low 
cancer recurrence and an overall sur-
vival as good as wild-type p53 breast 
cancer patients, independent of ER sta-
tus. Conversely, mutant p53 breast can-
cer patients devoid of p53γ expression 
have a particularly poor prognosis. We 
did not observe any significant differ-
ence in wild-type p53 breast cancer 
patients whether they expressed p53β/
p53γ or not.

Therefore, the determination of p53γ 
expression allows the identification of  
2 populations of mutant p53 breast  
cancer patients with different prognoses, 
independent of ER status and cancer 
treatment. Indeed, mutant p53 breast can-
cer patients expressing p53γ have a prog-
nosis as good as wild-type p53 breast 
cancer patients, suggesting that they may 
respond better to treatment. On the other 
hand, mutant p53 breast cancer patients 
not expressing p53γ have a particularly 
poor prognosis probably because they 
poorly respond to treatment. p53γ iso-
form may provide an explanation of the 
hitherto inconsistent relationship between 
p53 mutation, treatment response, and 
outcome in breast cancer.

In conclusion, the above clinical data 
report the expression of p53 isoforms in 
several types of cancer, confirming that 
p53 isoforms are expressed both at the 
mRNA and protein levels. Because p53 
isoforms can regulate cell proliferation 
(cell cycle progression, senescence, and 
apoptosis) and are abnormally expressed 
in different cancer types, it suggests that 

their differential expression may disrupt 
the p53 response and contribute to tumor 
formation. Therefore, p53 isoforms may 
provide an explanation to the difficulties 
in many clinical studies to link p53 sta-
tus to cancer prognosis and treatment. In 
cancer cells, restoration of p53β/p53γ or 
abolition of Δ133p53 expression would 
impair tumor cell growth by inducing 
senescence or cell death and therefore 
may represent novel therapeutic targets.

Biochemical Activities
Our results on Δ133p53α reveal the 
importance of p53-induced Δ133p53α in 
modulating the cellular response to 
DNA damage. The latest reports define 
Δ133p53α as an essential component of 
the p53 pathway involved in the cell fate 
decision and demonstrate that Δ133p53α 
does not act exclusively as a dominant-
negative regulator of p53 activities but 
rather differentially modulates gene 
expression at both transcriptional and 
posttranscriptional levels.21,22 However, 
we cannot rule out the possibility that 
Δ133p53α has biological activities inde-
pendent of p53, as revealed by the 
zebrafish embryo studies.19

It is well established that p53 tran-
scriptional activity is required for its 
biological activities. p53 is a transcrip-
tion factor that binds specifically p53RE 
DNA sequences as a tetramer. Δ133p53α 
lacks the L1 loop of the p53 DBD (resi-
dues 117-142), which is essential for the 
binding of p53 to p53RE. Consistently, 
Marcel and colleagues have demon-
strated by gel shift assay that Δ133p53α 
does not bind the consensus p53RE 
without p53.65 However, it is important 
to note that although Δ133p53 lacks the 
L1 loop, it retains the highly conserved 
helix (H2) of the DBD (residues 270-
286), which binds to the major groove of 
DNA and the C-terminal domain 
required for the linear diffusion of p53 
along DNA.66,67 Therefore, we shall not 
rule out the possibility that Δ133p53α 
specifically binds to DNA using either a 
different DNA consensus sequence or 
different p53REs.

Δ133p53α could regulate transcrip-
tion through direct interaction with tran-
scription factors. Indeed, we showed 
that Δ133p53α can form a protein com-
plex with p53, which suggests that the 
interaction of Δ133p53α with p53 could 
either enable Δ133p53α to bind p53RE 
or impair the binding of p53 to p53RE.21 
Indeed, Marcel and colleagues have 
demonstrated by gel shift assay that 
Δ133p53α inhibits the binding of p53 on 
an oligonucleotide containing a p53RE 
sequence, suggesting that the hetero-
oligomer p53:Δ133p53α is unable to 
bind this p53RE.65 Moreover, we deter-
mined by luciferase assay that cotrans-
fection of Δ133p53α with p53 inhibits 
p53 transcriptional activity on the Bax 
and p21 promoters.15 Depletion of 
endogenous Δ133p53α after transfection 
of siRNA specific for Δ133p53 signifi-
cantly increases the expression of p21 
mRNA in response to DNA damage in 
U2OS cells.21

Altogether, these data suggest that 
Δ133p53α can inhibit p53 transcrip-
tional activity on the p21 promoter by 
inhibiting its DNA-binding activity 
through direct inactivating interaction. 
However, further studies will determine 
whether Δ133p53α can regulate p21 or 
Bax promoter activity through other 
mechanisms.

Importantly, our results indicate that 
Δ133p53α does not act exclusively by 
inhibiting p53 because overexpression 
of Δ133p53α does not inhibit p53-
dependent G2 cell cycle arrest in U2OS 
cells in response to DNA damage. More-
over, Δ133p53α induces Bcl-2 expres-
sion and contributes to p53-mediated 
induction of HDM2 in response to DNA 
damage.21 Further experiments are 
required to elucidate the regulation of 
HDM2 expression by Δ133p53α because 
the HDM2 gene contains 3 promoters 
(P1 upstream of exon 1, P2 in intron 1, 
and P3 in intron 3), 2 of which are 
responsive to p53; P2 is induced by p53, 
while P3 is repressed by p53.68,69

Δ133p53α-mediated induction of 
Bcl2 in response to stress seems to be 
p53 independent because depletion of 
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p53 by siRNA (targeting specifically 
FLp53) does not induce Bcl2 expres-
sion.21 The Bcl2 gene contains 2 promot-
ers, which have been reported to be 
repressed by p53. However, the regula-
tory regions responsive to p53 have  
not been clearly defined.70-72 Further 
experiments will allow the identification 
of the promoter region responsive to 
Δ133p53α. Altogether, this suggests 
that, despite its low protein expression 
level, Δ133p53α regulates gene expres-
sion in a promoter- and stress-dependent 
manner by inhibiting the binding of p53 
to p53RE, by enhancing p53 transcrip-
tional activity on promoters, or by regu-
lating gene expression independent of 
p53.

Regarding p53β, it has been reported 
that this p53 isoform can bind directly 
p53-responsive promoters independent 
of p53, albeit p53β preferentially binds 
the Bax and p21 promoters rather than 
the HDM2 promoter, suggesting that 
p53β would bind only a subset of p53-
responsive promoters.15 Endogenous 
p53β can form a protein complex with 
p53, as demonstrated by coimmunopre-
cipitation assay. By luciferase gene 
reporter assay, we reported that p53β 
can simultaneously enhance and inhibit 
p53-dependent transcriptional activity in 
a promoter- and stress-dependent man-
ner.9,15,22 Of note, it is likely that p53β 
regulates gene expression independent 
of p53 because it can bind specifically to 
DNA in the absence of p53.

Therefore, based on our current 
knowledge, we would like to propose a 
speculative molecular mechanism for 
p53 isoforms. We will focus the model 
on the regulation of p53 transcriptional 
activity by p53β and Δ133p53 isoforms. 
However, it is worth mentioning that 
they may have transcriptional activities 
independent of p53 and may interact 
with other transcription factors.

It is well documented that depending 
on the tissue type, the nature of the cel-
lular damages (such as DNA damage, 
damage to the cytoplasmic membrane, 
the endoplasmic reticulum, mitochon-
dria), due to a variety of stress inducers 

(such as ultraviolet, hypoxia, ionizing 
radiation, nutrient deprivation, viral 
infection), and the intensity of the dam-
ages (acute or chronic) and the extent of 
the damages, the transcription factor p53 
would trigger differentiation, senes-
cence, and cell death or promote a pro-
survival response by inducing cell cycle 
arrest and cell/organ repair, in order to 
rapidly restore cell and organ functions. 
Such key biological activities are com-
plex to put in place, as they require the 
orchestrated regulation of multiple 
molecular pathways and the coordinated 
involvement of different cell types 
within a damaged tissue to rapidly 
restore its function.

Interestingly, p53 is involved in  
a vast number of molecular pathways 
(energy metabolism, antioxidant response, 
DNA repair, endoplasmic reticulum 
stress, lipid synthesis, nucleotide syn-
thesis, ROS scavenger, nutrient supply, 
angiogenesis, cell motility, inflamma-
tion, antiviral response, among others) 
(review3). Thus, the key questions are 
the following: how can p53 protein be 
activated by almost any type of damage? 
How can p53 protein be involved in so 
many different pathways leading to one 
defined cellular response, adapted to the 
damages and the tissue type?

It is well established that p53 tran-
scriptional activity is required for its 
biological activities. It thus implies that 
p53 differentially regulates gene expres-
sion. p53 can regulate gene expression 
at the transcriptional level by direct 
binding to DNA on p53RE or by inter-
acting with other transcription factors. 
We will focus the model on the tran-
scriptional activity of p53 upon binding 
to p53RE.

The DNA p53 consensus sequence of 
p53RE is degenerated and is written 
RRRCWWGYYY, where R is G/A, W is 
A/T, and Y is C/T. Several studies have 
shown that p53RE can have up to 3 dis-
crepancies compared to the p53 consen-
sus sequence. The discrepancies occur 
very rarely on C and G at positions 4 and 
7, respectively.2,73-75 Therefore, there are 
28 (or 256) different ways to write a 

sequence RRRCWWGYYY with no 
discrepancy, 2,048 different sequences 
with 1 discrepancy, 7,168 different 
sequences with 2 discrepancies, and 
14,336 sequences with 3 discrepancies 
to the p53 consensus sequence. Hence, 
there are a total of 23,808 different ways 
to write a sequence RRRCWWGYYY 
with 0 to 3 discrepancies to the consen-
sus sequence, without variation on C 
and G at positions 4 and 7 (Fig. 3). The 
nucleotide sequence of the p53RE as 
well as the number of p53REs present in 
a given promoter have been shown to 
influence promoter selectivity and the 
responsiveness to p53 (reviews5,6).

Several other factors have been 
shown to influence p53 promoter selec-
tivity and thus the cell fate outcome. In 
the first part of the review, we reported 
that the cell fate outcome can be 
switched in response to a defined stress 
from p53-mediated prosurvival to p53-
induced cell death by only manipulating 
p53 isoform expression (Fig. 4). There-
fore, we consider that p53 isoforms play 
essential roles in modulating p53 bio-
logical activities and are essential to the 
coordination of the multiple molecular 
pathways involved.

In addition, p63 and p73 isoform pro-
teins, belonging to the p53 protein fam-
ily, can also bind p53RE and induce the 
expression of p53 target genes, such as 
p21, Bax, PUMA, and NOXA, causing 
cell cycle arrest or apoptosis in response 
to cellular stress74,76,77 (reviews78,79). p63 
and p73 were shown to oligomerize and 
form homotetramers and heterotetra-
mers, but not with p53.80,81 However, 
p53/p63/p73 can assemble on p53RE of 
p53 target gene promoters.74,76,82 Flores 
and colleagues have shown in mouse 
models that the combined loss of p63 
and p73 genes, abolishing the expres-
sion of all p63 or p73 isoforms, results in 
the failure of cells containing functional 
p53 to undergo apoptosis in response to 
DNA damage.83 In addition, they high-
lighted the synergistic effects of the p53 
family in tumor suppression, with mice 
heterozygous for mutations in both p53 
and p63 or p53 and p73 displaying 
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higher tumor burden and metastasis, 
compared to p53+/– mice.84 This indi-
cates that p63/p73 isoforms can comple-
ment some of the biological activities of 
p53. Hence, p63, p73, and p53 isoforms 
integrate the stress signals and modulate 
synergistically p53/p63/p73 target gene 
expression to orchestrate the cellular 
response according to the nature, inten-
sity, and extent of the damages.

Several genetic animal studies empha-
sized the importance of a fine ratio of the 
different p63/p73 isoforms to balance and 
fine tune the cellular response. Indeed, 
ΔNp73–/– mice (expressing TAp73) have 
a defect in DNA repair and are more sen-
sitive to apoptosis, while TAp73–/– mice 
(expressing ΔNp73) have a defect in 
maintaining genome integrity and are 

cancer prone and sterile.11,14 Moreover, 
TAp73 ensures normal adult neurogenesis 
by promoting the long-term maintenance 
of neural stem cells.85 Regarding p63, it 
has been shown that TAp63 can induce 
senescence and tumor suppression in vivo 
or prevent premature aging by promoting 
adult stem cell maintenance.86,87 In  
addition, TAp63 suppresses metastasis 
through coordinated regulation of Dicer 
and miRNAs.88 Specific depletion of 
ΔNp63 isoforms in mouse epidermis 
causes severe epidermal defects, leading 
to the development of severe skin ero-
sions indistinguishable from that of  
AEC patients.89,90 As p53, p63, and p73 
isoforms are expressed in a tissue-
dependent manner, it may explain why 
different human cell types respond 

differently to identical cellular 
damages.91,92

The promoter selectivity and activa-
tion by p53, p63, and p73 are also regu-
lated by cofactors such as ASPP1/
ASPP2/iASPP and posttranslational 
modifications such as phosphorylation 
and acetylation93-96 (reviews97,98). p63 
and p73 and particularly p53 proteins 
are extensively modified by posttransla-
tional modifications so that they are not 
expressed as one major unique protein 
but as different posttranslationally mod-
ified p53, p63, and p73 protein isoforms 
(review98).

Therefore, we would consider the 
transcription factor p53 as a multi-sub-
unit protein complex composed of dif-
ferent amounts of p53, p63, and p73 
protein isoforms that assemble on 
p53RE in response to stress. Hence, the 
binding and assembling/dismantling of 
p53, p63, and p73 isoforms into the tran-
scription factor p53, as well as the inter-
action of the assembled transcription 
factor p53 with cofactors and the tran-
scriptional machinery, would be regu-
lated by posttranslational modifications.

A large majority of p53-responsive 
promoters contain clusters of RRRCW-
WGYYY sequences (p53RE), which 
enable the assembling of multiple iso-
forms of p53, p63, and p73 on promot-
ers.2 The assembled transcription factor 
p53 bound to p53RE could thus have a 
different isoform composition depend-
ing on the promoter, the damages, and 
the cell and tissue types. Hence, several 
types of the multi-subunit transcription 
factor p53 could coexist within a cell. 
Thus, the large diversity of p53/p63/p73 
isoforms would enable the integration 
and translocation of many and different 
stress signals to a p53-responsive pro-
moter. Indeed, the vast diversity of 
p53RE would match the vast diversity of 
stress signals, enabling the translation of 
the diverse stress signals into an adapted 
cell response. It is worth mentioning that 
some p53 target genes contain several 
clusters of p53RE.99 It has been shown 
that the induction of a p53-responsive 
promoter containing a cluster of p53RE 
close to the TATA box is increased 

Consider the pattern RRR-C-WW-G-YYY where R, W, and Y can all take on one 
of the values A, C, G, or T.

For R, permitted values are A & G, while C & T are incorrect.
For W, permitted values are A & T, while C & G are incorrect.
For Y, permitted values are C & T, while G & A are incorrect.

Since each of the R, W, and Y components can take on 4 different values there 
are 48 [= 216 = 65,536] different possible combinations. We wish to count the 
number of mistakes that can occur in the pattern.

We wish to identify the number of different combinations of R, W, and T which 
contain precisely k mistakes, for k = 0 to 3.

Suppose that the pattern contains k mistakes. There are 8Ck different ways of 
fixing k of the 8 components to be incorrect, and each component can be 
incorrect in just 2 ways, while each of the remaining (8 – k) components is 
correct in 2 ways. Therefore, there are just 8Ck * 2k *2(8 – k) = 28

*
8Ck = 256 *

8Ck
ways in which k precisely errors can occur.

The following table shows the values obtained.

k 8Ck 256 *
8Ck

0 1 256

1 8 2,048

2 28 7,168

3 56 14,336

total 23,808

Note that, by definition, 
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−
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where r!=1 * 2 * 3 *...* r is the product of the first r integers. The term r! is pronounced r-
factorial.

Figure 3. Total number of p53RE sequences that can be written RRRCWWGYYY with 0 to 3 
errors.
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Figure 4. Extracellular and intracellular signals integrated by a single cell in response to a low dose 
of doxorubicin. Oxidation of doxorubicin generates free radicals that react with lipids, carbohydrates, 
proteins, and nucleic acids. Hence, doxorubicin causes lipid peroxidation, thus releasing the 
toxic content from the different subcellular organelles and causing loss of ATP production by 
mitochondria. Doxorubicin also causes loss of enzymatic activity and protein aggregation through 
thiol group oxidation, amino group oxidation, and formation of metatyrosine. Doxorubicin inhibits 
topoisomerase II activity, inducing DNA double-strand breaks. Moreover, doxorubicin binds 
covalently to DNA, inhibiting transcription and replication. Free radicals break all nucleic acids 
including mitochondrial DNA, ribosomal RNA, tRNA, mRNA, and microRNA. The damages are 
related to the concentration and duration of incubation with doxorubicin. The damaged cell is also 
in contact with surrounding cells, which secrete cytokines in response to doxorubicin treatment. If 
the neighboring cells die, the damaged cell loses its contact with the neighboring cells, triggering 
wound healing signaling. This is reinforced by the presence of nutrients, glucose, and growth 
factors. The extracellular and intracellular signals are integrated by cellular proteins (including p53, 
p63, and p73 isoforms), which will induce, in relation to the damages and the cell type, either 
prosurvival pathways (cell cycle arrest followed by cell repair, leading to proliferation or senescence) 
or cell death. The cell fate outcome is different if Δ133p53α is expressed or not. When Δ133p53α 
is expressed, p53-mediated apoptosis and G1 arrest are inhibited, while the p53-mediated G2 cell 
cycle arrest is promoted, allowing cell repair.

25-fold in the presence of a distal cluster 
of p53RE. This is due to the fact that p53 
proteins bound on distal and proximal 
clusters of p53REs interact and form a 
DNA loop, maximizing the integration 
and translocation of stress signals to 
p53-responsive promoters.99-101

Hence, we speculate that p53-induc-
ible proapoptotic genes would contain 
clusters of p53RE with low affinity for 
p53, p63, and p73 isoforms so that a 
maximum of stress signals has to be 
integrated and translocated to promoters 
by the p53 protein family to induce the 
expression of deadly proapoptotic genes. 
Reciprocally, one would predict that 
promoters of genes involved in cell 
cycle arrest contain p53RE with high 
affinity for a wide range of p53, p63, and 
p73 isoforms so that they are the first 
induced in response to a vast diversity of 
stress signals. Therefore, such promot-
ers would be little affected by the loss of 
p53, p63, or p73 isoform expression 
and/or aberrant cell signal transduction. 
Reciprocally, we can expect that some 
p53-responsive genes would require a 
specific composition of posttranslation-
ally modified p53/p63/p73 isoforms to 
be transactivated. Such genes would 
thus be sensitive to mutation/polymor-
phism of their p53RE, unbalanced 
expression of p53/p63/p73 isoforms, or 
aberrant cell signal transduction. Hence, 
this model could provide an explanation 
to the maintenance of p53/p63/p73-
mediated prosurvival response in tumor 
cells, while the p53/p63/p73-induced 
cell death is compromised.

In conclusion, the study of the p53 
isoforms is still in its infancy, but the 
increasing number of publications indi-
cates that p53 isoforms modulate gene 
expression and thus cell fate outcome in 
response to developmental defects and 
cell damages. p53 isoforms can modu-
late gene expression in a p53-dependent 
and -independent manner in response to 
stress. Several studies have shown that 
p53 isoforms are abnormally expressed 
in a wide range of cancers, suggesting 
that they play a role in carcinogenesis. 
As a molecular mechanism, we propose 
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that the transcription factor p53 is in fact 
a multi-subunit protein composed of 
posttranslationally modified p53/p63/
p73 isoforms. Hence, the large diversity 
of p53/p63/p73 isoforms enables the 
integration of a large diversity of stress 
signals to p53/p63/p73-responsive pro-
moters. The large diversity of p53RE 
sequences as well as the number of 
p53REs enables the accommodation of 
the binding of a large diversity of p53/
p63/p73 isoforms to translocate a maxi-
mum of different stress signals to 
responsive promoters. This would allow 
the orchestration of a defined and 
adapted cell response to the damages.

We focused our model on the modula-
tion of gene expression by transcription. 
However, we expect p53/p63/p73 iso-
forms to modulate cell response in a tran-
scription-independent manner. Future 
experiments will be needed to gain fur-
ther insight into how the array of p53 iso-
forms modulates the function of p53 and 
the different biological activities, which 
will undoubtedly impact the fields of can-
cer, embryo development, and aging. The 
first results on p53/p63/p73 isoforms are 
promising and stimulating. They may 
provide an explanation to the difficulties 
in clinical studies to link p53 mutation 
status to cancer prognosis and treatment. 
The deciphering of the p53/p63/p73 iso-
forms interplay could help improve can-
cer prognosis and treatment in the near 
future.
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