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Abstract. For 25 years, the p53 tumor suppressor
protein was considered the only protein expressed by
the TP53 gene. However, in several studies the
existence of p53 alternative transcripts in mouse and
human cells has been documented, while their ex-
pression patterns and functions remained a mystery.
Since 2002, several groups have identified and descri-
bed the existence of up to 10 p53 isoforms and have
demonstrated their roles in modulation of p53 sup-
pressive activity. It is now clear that the patterns of p53

expression are much more complex than previously
recognized and that these isoforms have the potential
to act either synergistically or antagonistically, de-
pending on their structure and mechanism of produc-
tion. This review focuses on the different ways to
produce p53 isoforms, on their specific properties, on
their effect on p53 suppressive activity as well as on
their implication in a new potential mechanism
involved in p53 deregulation in cancer.

Keywords. p53, isoforms, cancer, mutations, p53 response.

Introduction

The p53 tumor suppressor protein is ubiquitously
expressed in latent form in normal cells. In response to
stresses, including environmental DNA-damage or
endogenous metabolic stresses, p53 is subjected to
rapid activation and nuclear accumulation, thus
regulating the transcription of genes involved in cell
cycle arrest, DNA repair and apoptosis [1]. These
processes provide an anti-proliferative response pre-
venting accumulation of genomic alterations due to
cell replication in improper conditions. Furthermore,
pS3 growth suppression has a direct impact on cell
differentiation and senescence. The balance between
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different p53-dependent responses varies according to
cell type and differentiation status.

The TP53 gene belongs to a family containing two
other members, TP63 and TP73, which play roles in
development and differentiation. 7P53 appears to be
the only family member specialized in stress responses
[2]. Both TP63 and TP73 are expressed as multiple
isoforms that share a common “pS53-like” DNA-
binding domain with a different N- or C-terminus,
generated by multiple promoter usage and alternative
splicing. This observation prompted a re-investigation
of the expression status of 7P53. In 2002, two studies
identified a shorter form of the p53 protein, lacking
the N-terminus [3, 4]. Since then, the systematic work
of Bourdon and colleagues has shown that TP53
expresses a complex pattern of isoforms, and data
have started to accumulate on their potential func-
tions [5]. Here, the current knowledge on the mecha-
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Figure 1. Organization of the p53 transcription factor. The transactivation domain (TAD) contains two sub-domains (TADI and TADII)
following by a proline-rich region. The central domain is a DNA-binding domain (DBD). The C-terminus encompasses the oligomerisation
domain (OD) and a basic region. One nuclear export signal (NES) is present in N-terminus, whereas three nuclear localization signals
(NLS) are located in C-terminus (gray boxes). A single Hdm2-binding site is present in TAD. Several proteins are known to induce post-

translational modifications on p53.
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nisms regulating the expression of p53 isoforms is
summarized and their impacts on p53 suppressive
capacity as well as on cancer development are
discussed.

p53 protein: domain organization and functions
The p53 transcription factor has a classical organiza-

tion, including an N-terminal transactivation domain
(a major sub-domain, TADI, residues 1-40; and a

DNA repair

Figure 2. The classical p53 path-
way. In normal cells, p53 is bound
by Hdm?2, which mediates its
cytoplasmic re-localization and
its proteasome-mediated degra-
dation (1). After genotoxic or
non-genotoxic stress, pS3 escapes
to Hdm?2, leading to its stabiliza-

Hdm2 tion (2). Thus, p53 regulates sev-
eral targets genes involved in
apoptosis, DNA repair and cell

4 cycle arrest (3). p53 also induces
(&) expression of Hdm2, this auto-
regulatory loop leading to the
return to normal p53 expression
®) level (4). The p53 tumor suppres-
— p53 sor activity is also mediated by
interactome protein interactions, such as in
mitochondria to induce apopto-
3) sis (5).
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minor one, TADII, residues 43-73); a proline-rich
domain (residues 65-97); a central DNA-binding
domain (DBD, residues 102-292); a hinge region
containing the main nuclear localization signal (NLS,
residues 300-325); a C-terminal oligomerisation do-
main (OD, residues 325-356); and a basic region
(residues 363-393) (Fig. 1) [6]. Under normal con-
ditions, p53 is present at a low intracellular level due to
its interaction with Hdm2 (Human double minute 2),
which acts as a pS3-specific E3-ubiquitin ligase [ 7, 8].
In the nucleus, Hdm2 binds residues 18-23 of the p53
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TADI and induces p53 mono- and poly-ubiquitina-
tion, respectively related to cytoplasmic re-localiza-
tion and proteasome-mediated degradation (Fig.2
(1)) [9-12]. In response to stress, phosphorylations
within the N-terminus, including Serl5 and Thrl8
sites, prevent p53/Hdm2 interaction that results in
both p53 stabilization and nuclear localization by
altering the accessibility of the nuclear export signal
(NES, residues 11-27) (Fig.2 (2)) [13, 14]. This
initiates a complex cascade of post-translational
modifications, including phosphorylation, acetylation,
sumoylation or neddylation (Fig. 1) [15]. These modi-
fications stabilize p53 as a tetramer, with high affinity
for specific DNA sequences and high capacity to
attract transcriptional co-activators at the promoter of
target genes[16, 17].

The p53 response-element (pS3RE) corresponds to
repeats of a palindromic sequence 5’-PuPuPuC(A/
T)(T/A)GPyPyPy-3’, present in over 300 copies in the
genome [16, 18, 19]. Genes regulated through a
pS3RE include genes involved in cell cycle:
CDKNIA (p21(WAFI1/CIP1)), GADD45, CCNGI
(Cyclin G), CCNBI (Cyclin Bl) and 14-3-30 ;
apoptosis: BAX, PIG3, IGFBP3, PUMA, NOXA,
CD95(APO-1/FAS), KILLER/DRS5, CXCR4; and
DNA repair: O°MGMT, MSH?2 (Fig.2 (3)). HDM2
is also a p53-target gene, leading to a regulatory loop
that down-regulates p53 protein levels and suppres-
sive activity to induce a progressive return to low basal
level after stress (Fig. 2 (4))[20]. Several other Hdm2-
like proteins induce p53 proteasomal degradation,
such as COP1, CHIP and Pirh2 [21-24]. In addition to
gene regulation, p53 also acts through direct forma-
tion of protein complexes to induce mitochondrial
changes leading to apoptosis, via Bak/p53 interactions,
or by participating in machineries regulating tran-
scription, replication or repair (Fig. 2 (5)) [25, 17, 26].
In cancer, p53 suppressive activity is inactivated by
different molecular mechanisms. First, TP53 is fre-
quently mutated in cancer and 80% of these muta-
tions occur in the DBD to inactivate DNA-binding
capacity resulting in loss of p53 transactivation (IARC
TP53 database: www-pS3.iarc.fr) [27]. Second, loss of
wild-type TP53 alleles is extremely common in cancer,
sometimes in conjunction with mutation in the
remaining allele [28]. Third, p53 functional inactiva-
tion can occur through alterations of the p53 pathway,
such as over-expression of HDM?2 in sarcoma or
retinoblastoma leading to constitutive inhibition of
p53 suppressive activity, or through sequestration and
degradation of p53 by viral proteins, such as the E6
protein produced by oncogenic forms of human
papilloma viruses [29-31].
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Regulation of p53 isoform expression

In human cells, recent studies described 10 different
p53 isoforms. Most of them share a common DBD but
differ in their N-terminus (TA, AN and A133 forms)
and in their C-terminus (o, § and y forms) (Fig. 3). The
TA forms carry a complete TAD as compared to AN
and A133 forms, lacking 39 or 132 residues, respec-
tively[4, 5]. In C-terminus, the entire OD is conserved
in o forms, while in § and y forms, it is truncated and
replaced by 10 or 15 additional residues [5]. The
combination of the six different ends produces
theoretically nine p53 isoforms: the canonical p53
protein (or TAp53a), pS3p (TApS3P), pS3y (TAp53y),
ANp53 (ANp53a, also termed p44, p53/47 or A40p53),
AND53p, ANp53y, A133p53 (A133p53a), A133p53f3
and A133p53y. In addition, a tenth isoform, Ap53, has
been described that lacks part of DBD and OD [32].
The production of these p53 isoforms involves regu-
latory mechanisms at the level of transcription, RNA
processing and translation.

Transcriptional regulation of TP53 gene. The proxi-
mal p53P1 promoter, located upstream of the non-
coding exon 1, initiates the synthesis of TA and AN
forms (Fig. 3A). p53P1 is a bi-partite promoter that
lacks conventional TATA box[33, 34]. However, a 21
bp PE21 element (-79 to -60 from transcriptional
initiation site) carries a bi-directional initiation activi-
ty toward a reporter gene and may be considered the
transcriptional origin [35]. pS3P1 promoter controls
basal expression of 7P53 but its activity can be
induced in response to stress, such as UV radiation
or mitogen stimulation, whereas it is down-regulated
by NF-kB and c-Jun [35-38]. These observations
suggest that several stresses associated with environ-
mental exposures, cell division or inflammatory re-
sponses may regulate p5S3P1 promoter activity and
thus the expression of both TA and AN forms.

A second promoter, p53P2, has been described in
intron 1, generating a 1,125 bp mRNA containing only
sequences derived from intron 1[39]. Although p53P2
activity was more important than p53P1 in reporter
assays, the nature and function of the protein encoded
by this sequence remains elusive [40]. These observa-
tions suggest that the 7P53 locus may contain more
than one gene. In murine cell lines, a transcript of 1.3
kb encoding by the first intron was also described that
accumulated in the nucleus during differentiation
[41]. Recent in silico analysis supported the fact that
TP73 also contains a promoter located in intron 1,
both in human and murine genes[42]. The presence of
a promoter within the first intron of 7P53 is a
conserved feature through evolution. It remains to
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Figure 3. The human p53 isoforms. (A) Schematic representation of the 7P53 tumor suppressor gene. TP53 contains 11 exons (boxes) and
several introns (bold lines). Three promoters have been described (black arrows): pS3P1 upstream exon 1 regulates transcription of FSp53 and
p5312 variants; p5S3P2 in the large intron 1 of 10 kb; p53P3 initiates transcription in intron 4 to produce p5314 variant. Normal splice is shown by
bold line under the gene’s schema, while alternative splicing pattern is shown over the gene’s schema. Grey boxes: non-coding sequence; blue
boxes: sequence coding TAD; orange boxes: sequence coding DBD; green boxes: sequence coding OD; number 1 to 11: exons 1 to 11; I2:
intron 2; I4: part of intron 4 retained in p5314 mRNA; J98: part of intron 9 encoding p53@; I9y: part of intron 9 encoding p53y. (B)
Representation of pS3 transcripts. pS3P1 promoter generates two 5’ regions: FSpS3, which retains all exons correctly spliced, and p5312, which
retains the stop codon-rich intron 2. p53P3 promoter produces p5314 mRNA containing 3’ part of intron 4. In C-terminus, o forms retain all
exons from 9 to 11, while p53f and p53y retain /98 and/or 19y. A deletion from 3’ end of exon 7 to 5’ end of exon 9 is present in Ap53 transcript.
Grey boxes: non-coding sequence; open arrow in right direction: start site of translation; open arrow in left direction: stop site of translation.
(C) Organization of p53 isoforms. TA forms contain an entire TAD, while AN forms lack TADI, due to initiation of translation at ATG 40 using
both FSp53 and pS312 transcripts, and A133 forms lack entire TAD and part of DBD because of usage of the alternative promoter pS3P3. The a
forms conserve an entire C-terminal domain, whereas [3 and y forms lack several residues replaced by new amino acids. Ap53 isoform lacks a
large part of the DBD and the C-terminal NES. Grey boxes: nuclear export or localization signal. (D) Pattern of p53 expression. The lines
correspond to N-terminal forms, while columns correspond to C-terminal forms. R: RNA expression detected; P: protein expression detected.

be shown whether these other genes participate to the  that the initiation site of transcription is located in the
regulation of p53 functions. middle of intron 4, leading to the production of p5314
Recently, reporter gene assays using as promoter a large  mRNA (GenBank DQ186650). This transcript retains
fragment of 7P53 demonstrated the existence of a third the 3’ end of intron 4 followed by all exons correctly
internal promoter, pS3P3[5]. Primer extension indicated  spliced. The use of AUG 133 in exon 5 generates the
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Figure 4. Structural representation of p53 core domain. This tri-dimensional model presents p53 monomer binding its consensus sequence
(left panel: right view; right panel: back view). All p53 isoforms conserve a core domain containing residues Met133 to Leu257 (yellow) but
could lack a large part of this domain in Ap53 isoform (violet). The core domain included in p53 isoforms contains the residues needed for
Zinc atom binding and also the L2-L3 loops able to bind minor grove of DNA. This representation was realized using p53 sequence of

Protein DataBase n°1TSR and Swiss PDB Viewer [69].

A133 forms, which lack the entire TAD and a part of the
DBD (Fig. 3B, C). A computational analysis identified
several response elements (REs) in intron 4, such as
TFIID-RE, SP1-RE, AP1-RE and NFkB-RE [43].
Their presences suggest that pS314 mRNA synthesis
may be controlled by factors involved in the regulation
of cell proliferation, survival and migration. However,
the contribution of these factors to the expression of
A133 forms remains to be investigated.

p53P1 and p53P3 promoters, regulating the produc-
tion of TA and N-truncated forms, are conserved
among distant species (zebrafish, drosophila and
human) as well as in TP63 and TP73 [44, 5, 45, 46].
The high conservation of pS3P3 internal promoter
among the TP53 family, if not in terms of promoter
sequence, at least with respect to its position within the
gene, suggests an essential role of N-truncated iso-
forms in the activity of TP53 family members. In
addition, it suggests that expression of TA and AN
forms is tightly coordinated, since they are regulated
by the same proximal promoter. Unfortunately, the
focus on post-translational regulation as the main
mechanism for induction of p53 in response to stress
has eclipsed studies on transcriptional regulation of
basal gene expression during the normal cell cycle,
differentiation and senescence. The discovery of
complex promoter activities that work either in
alternation (e.g. p5S3P1 vs. p53P3) or in an integrated
manner (e. g pS3P1 in the control of both TA and AN
forms) suggests that basal p53 levels may be under
sophisticated transcriptional controls.

Alternative splicing of p53 pre-RNA. In the N-
terminus, TA and AN forms are produced by an

alternative splicing of intron 2 (Fig. 3B). The tran-
script initiated from p53P1 promoter shares two
different 5’ regions in human cells, the fully spliced
pS3 variant (FSp53, GenBank DQ286964) and the
p5312 variant [47]. FSp53 retains all 5’ exons and use
of AUG 1 results in synthesis of TA forms. The first
evidence supporting the existence of p5312 mRNA
came from the screening of a pS3 cDNA library of
normal human foreskin fibroblasts [48]. This study
detected a second p53 mRNA containing sequences
derived from intron 2 but did not succeed in identify-
ing its complete 5’ end. Seventeen years later, addi-
tional investigations showed that p5312 retained the
entire intron 2 [47]. This additional exon introduces
three stop codons in the reading frame of AUG 1,
favoring the use of AUG 40 to generate AN forms. The
p5312 variant is less abundant than the FSp53 variant
but its accumulation in polysomes is the same as
FSp53, suggesting that the two transcripts are equally
used for translation [47].

In the region encoding the DBD, a non-canonical
alternative splicing has been described that produces a
transcript lacking 198 bp, corresponding to a fragment
from the 3’ end of exon 7 to the 5’ end of exon 9[32].
These exons contain two identical cassettes of 7 bp
that have been predicted to be ESE (Exon Splicing
Enhancers), a sequence bound by the SF2/ASF
splicing factor [49]. The reading frame initiated from
ATG 1 is not altered, inducing a deletion of 66 amino
acids that corresponds to a part of the DBD and the
entire NLS (residues 257-322). The resulting protein,
ApS53, is predicted to lack a major a-helix motif that
binds p53RE in the minor groove, indicating a protein
with functional properties that are very different from
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those of p53 (Fig. 4) [49]. However, the existence of
this isoform is controversial [50].

In the C-terminus, three alternatively spliced forms
have been identified and termed o,  and y. The o
forms correspond to the canonical C-terminal domain
encoding by exons 9 to 11, while alternative splicing in
intron 9 generates the  and y forms (Fig. 3). The p53
transcript encoding 3 forms was described for the first
time in acute lymphoblastoid leukemia cells and later
in lymphocytes of healthy blood donors using a
functional assay in yeasts (FASAY) [51, 52]. This
p353+19 mRNA contains 133 additional bp from intron
9 and corresponds to the transcript of p53p isoform
described more recently by Bourdon and collabora-
tors (GenBank DQ186648) [S]. The retention of an
additional exon 9 leads to the replacement of the
entire OD by a new motif (DQTSFQKENC), which
has been used for developing a specific antibody,
KIJCS. The level of p53f is decreased in the presence of
wortmannin, used as an inhibitor of the Non-Medi-
ated Decay pathway (NMD), which eliminates tran-
scripts carrying a premature stop codon in the open
reading frame [53]. However, wortmannin has other
biochemical activities, such as inhibition of PI3-
kinases, and the NMD-dependent regulation of p53f3
remains to be clarified. As p forms, the p53y isoform
lacks the OD, substituted by 15 new residues
(MLLDLRWCYFLINSS), due to the retention by
alternative splicing of 58 bp corresponding to the
distal portion of the 133 bp additional segment of pS3[3
mRNA (GenBank DQ186649) [5].

Alternative splicing is a well-conserved mechanism
among TP53 family members in the same species but
not necessarily among 7P53 genes of different species.
For example, the murine ASp53 transcript, which
retains 96 bp of intron 10 at position +1091, has no
equivalent in humans, since the additional 5’ splice site
used to produce ASp53 is conserved in humans but is
non-functional [ 54-57]. In addition, the human splic-
ing of intron 2 generating pS3I2 mRNA has not yet
been reported for other species. In chicken cell lines, at
least 28 truncated mRNAs have been described,
lacking sequences that encode parts of proline-rich
domain and DBD [58]. In human cells, the EASI
method (Enrichment of Alternatively Spliced Iso-
forms) has recently allowed the identification of up to
14 human p53 alternative transcripts in addition to
those discussed here [59]. The main difficulty will be
determining which of these mRNAs leads to the
production of proteins with meaningful activities.

Translational regulation of p53 transcripts. The
generation of AN forms also occurs through alterna-
tive initiation of translation at AUG 40 located in exon
4, using both FSp53 and p5312 transcripts (Fig. 3A).

Effects of p53 isoforms on p53 activity

The first clue supporting internal initiation was
obtained in 1987, when a conserved Kozak sequence
was described at codon 40[60]. Recent transfection of
a p53 cDNA resulted in the production of two distinct
p53 proteins, a 53 kDa protein corresponding to the
canonical p53 and a shorter form of 40 kDa, recog-
nized by PAb1801 antibody (residues 46-55) but not
by DO-7 (residues 19-26), that correlates with charac-
teristics of the ANp53 isoform [4]. Mutation of ATG
40 in p53 cDNA abolished expression of ANp53 but
not of p53, while mutation of ATG 1 eliminated
expression of p53 but not of ANp53[3, 4]. In contrast,
mutation of another ATG located at position 44 had
only minor effects, suggesting that this latter ATG has
no significant role in translational initiation. These
observations suggest the presence of two initiation
sites of translation on FSp53 transcript, AUG 1 and
AUG 40 that generate, respectively, TA and AN
forms. On the other hand, AUG 40 also serves as the
only initiation site on p5312 transcript, which retains
the stop codons-rich intron 2, thus preventing the
synthesis of a protein using AUG 1 (Fig. 3). There is no
strict Kozak consensus environment at AUG 133,
suggesting that A133p53 cannot be produced by
internal initiation of translation from FSp53 transcript
(Kozak consensus: GCC GCC (A/G)CC ATG G)
[61].

Recent studies demonstrated that the dual transla-
tional initiation using FSp53 mRNA is regulated by
cap-dependent (e.g. recognition of 5> mRNA cap by
40S ribosomal subunit) and cap-independent mecha-
nisms (e.g. using IRES signal, Internal Ribosome
Entry Sites) [62, 63]. In particular, two IRES elements
have been described. The first, (-1)S’UTR, is located
in the 5’ UTR just upstream of AUG 1 and enhances
translational initiation of TA forms. The second,
p53(439), is located in the first coding 120 nucleotides
upstream of AUG 40 generating AN forms [63].
Previous studies showed that 5 UTR sequence of
FSp53 transcript has an impact on the translation of
pS3,initiated at AUG 1. The deletion of 132 bp-long 5’
UTR resulted in an increase in p53 expression,
suggesting that this region inhibits FSp53 translation
[64]. This inhibition may result from the binding of
regulatory proteins such as nucleolin or p53 itself, on
the 5’ UTR of FSp53 mRNA [65, 66]. It has also been
shown that DNA-damaging stress increased binding
of RPL26 ribosomal protein on 5° UTR of FSp53,
leading to a higher p53 expression. In this context, the
return to a low basal level of pS3 protein appears to
depend upon antagonistic effects between nucleolin
and RPL26 ribosomal protein [65]. Recently, it was
shown that hnRNPC1/C2 protein binds the 5> UTR of
FSp53 mRNA, leading to an increase in p53 protein
level in response to cisplatin treatment [67].
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Table 1. Biochemical properties of p53 isoforms. The intra-cellular localization of p53 isoform and p53 in the presence of p53 isoform are
shown. N: nucleus; C: cytoplasm; nd: not determined. The DNA-binding and oligomer formation capacities of p53 isoforms are presented.

p53 isoform Localization DNA-binding Oligomerisation Reference
isoform isoform and p53 isoform isoform and p53

p53p N nd Yes nd Yes [5]

ANDS3 C C Yes Yes Yes [4,47]

A133p53 N nd nd nd nd [5]

Ap53 C N Yes Yes No [32,71]

The Kozak sequence around AUG 40 is conserved in
several species such as human, mouse, rat and chicken,
but not in cow, xenopus, rhesus and pig, suggesting that
alternative initiation of translation is not fully con-
served through evolution [4]. Mice do not express a
pS312 transcript produced by alternative splicing, but
may generate AN forms through internal initiation of
translation. This mechanism is also conserved among
TP53 family members, as one IRES signal has been
described in exon 2 of TP73 that regulate alternative
translational initiation to produce ANp73 [68]. The
diversity of the mechanisms, which can be used to
produce AN forms (alternative promoter, splicing or
translational initiation), is a clue to the functional
importance of these forms in cell physiology.

The three mechanisms described above result in the
generation of three different N- and C-termini. In
theory, the combinations of one N-terminal variant
with another C-terminal variant, in addition to
taking account of an entire core- or truncated-
domain as described in Ap53, could result in the
generation of 18 distinct p53 isoforms. However,
only eight forms have been consistently observed at
RNA and protein level (Fig.3D). The lack of
detection of some isoforms may be due to the poor
performance of available antibodies that are cur-
rently not specifically dedicated to detecting them.
For example, the pS3f isoform has been undetect-
able until an antibody against its 10 C-terminal
residues was raised, allowing its detection against a
background of other isoforms [5].

Biochemical and biological functions of p53 isoforms

pS3 isoforms differ by the absence of structural and
functional domains that may alter biochemical
properties known to be essential for p53 suppressive
functions. Only one motif is common to all isoforms,
the portion of the DNA-binding domain (residues
133-257), which is stabilized by a Zinc atom and
provides the structural motif that binds in the minor
groove of DNA (Fig. 4) [69]. In theory, pS3 isoforms
can exert their effects by two mechanisms: autono-

mous functional properties, different from those of
p53, and/or modulation of p53 activity.

Intrinsic properties of p53 isoforms. Most studies on
the biochemical properties of pS3 isoforms have been
performed by transfection of constructs encoding
isoforms in p53-null cells, revealing that p53 isoforms
have distinct biochemical properties (Table 1). How-
ever, these experimental conditions have serious
limitation as compared to p53 activation by physio-
logical or toxic stimuli. In normal cells, pS3 presents a
rapid turnover estimated at about 5 to 20 minutes
because of its Hdm2-dependent cytoplasmic degra-
dation (Fig. 2)[70]. In transfected cells, p53 expressed
in excess escapes Hdm2-induced degradation leading
to pS3-dependent activation of reporter systems, even
in the absence of additional induction by stress.

The controversial Ap53 isoform was described as a
protein detected exclusively in the cytoplasm, perhaps
due to absence of the main C-terminal NLS signal
(residues 300-325) [71]. Indeed, addition of NLS
sequences downstream of Ap53 coding sequences
redirected it into the nucleus. Alternatively, Hdm2
may be involved in Ap53 cytoplasmic location, as
Ap53 has been shown to have a higher affinity for
Hdm2, a higher sensitivity to Hdm2-dependent
ubiquitination and a higher proteasome-dependent
degradation than p53 [71]. This intracellular location
is consistent with the incapacity of Ap53 to trans-
activate p53 target genes, such as P21(WAF1/CIPI),
HDM?2 or Cyclin BI in non-stressed cells (Table 2)
[71]. It has also been proposed that the lack of a major
a-helix part of the DNA-binding domain may explain
this deficiency in transactivation capacity [49]. How-
ever, under DNA damaging stress, transfected Ap53
appears to recover some DNA-binding and trans-
activation capacity, as it physically binds P21(WAFI1/
CIPI) and 14-3-30 promoters, and the products of
these two genes are up-regulated [32]. No increase
was observed on Hdm2, Bax or Pig3 protein expres-
sion or on the binding of Ap53 to promoters of these
genes.

It has been reported that transfection of ANpS3
resulted in its cytoplasmic location, due to its mono-
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Effects of p53 isoforms on p53 activity

Table 2. Transactivation activity of p53 isoforms. The p53 transactivation activity is defined as 100 % (++). The intrinsic transactivation
activity of p53 isoforms are based on p53 activity: 0: 0 to 30% of p53 transcriptional activity; +: 30 to 60 %; ++: 60 to 100 %; nd: not
determined. The residual transactivation activity in the presence of both p53 and p53 isoform are compared to the intrinsic activity of p53
alone: --: 0 to 50 % of p53 transcriptional activity; -: 50 to 100 %; 0: 100 %; +: 100 to 150 %; ++: higher than 150 %; nd: not determined.

p53 isoform Target gene p53 Isoform Isoform and p53 Reference
p53p P21 (WAF1/CIP1) ++ 0 nd [73]
0 [5]
BAX ++ 0 nd [73]
++ [5]
IGF-BP3 0 0 nd [91]
ANp53 p53-RE ++ 0 - [4]
P21 (WAF1/CIP1) ++ + nd [4]
++ 0 -- [47]
nd nd ++ [76]
IGF-BP3 0 0 nd [91]
HDM2 ++ 0 nd [4]
nd nd ++ [76]
GADD45 ++ 0 nd [4]
Cyclin G ++ 0 nd [4]
PIG3 ++ 0 nd [4]
A133p53 CXCR4 - 0 nd [92]
Ap53 P21 (WAF1/CIP1) ++ 0 + [71]
HDM2 ++ 0 0 [71]
Cyclin Bl - 0 0 [71]

ubiquitination status, while others and we observed a
predominantly nuclear location [47]. The differences
in cell culture and stress conditions may explain the
contradictory observations. Indeed, one week after
stable transfection, ANp53 was found to localize
exclusively in the nucleus, but could be sent back to
the cytoplasm by stress treatment using doxorubicin
or second transfection of an empty vector, which is
supposed to induce a form of DNA-dependent stress
[47]. These observations suggest that, in normal cells,
ANDp53 is located in the nucleus but re-localizes in the
cytoplasm in response to stress. This behavior seems
opposite to that of pS3, which is known to accumulate
in the nucleus in response to stress. Another spectacu-
lar difference between p53 and ANpS53 is its extended
stability, with a half-life greater than 9.5 hours [60].
This stability is explained by the fact that ANp53 lacks
Hdm2-binding site and does not form detectable
complexes with Hdm2 in co-immunoprecipitation
experiments [4]. The expression level of endogenous
AND53 is not affected by DNA-damage induced by
hydrogen peroxide, UV-B, MMS or cisplatin, but is
increased in some cell types after serum starvation or
endoplasmic reticulum stress[4, 62]. Although ANp53
can form stable and specific complexes with p53
consensus DNA sequence, reporter assays showed
that ANp53 does not carry an autonomous transcrip-
tional capacity, perhaps due to the lack of the first
transactivation domain (Table 2) [4, 47]. Surprisingly,
a recent analysis of the transcriptome of Saos-2 cells
expressing ANp53 indicated that this isoform could
regulate 30 % of the p53 target genes, including BAX

[72]. This observation is in agreement with observa-
tions showing that Bax protein levels increased after
over-expression of ANp53[3]. Moreover, the panel of
genes regulated by ANp53 appeared to include genes
non-regulated by p53, with a preferential activation of
several pro-apoptotic genes [72]. Although binding
tightly to the p53 consensus DNA sequence, ANpS3
does not appear to promote transcription initiation
alone and may require recruitment of co-factors on
some promoters, containing pS3REs or not.

The transfection of pS3f or A133p53 results in their
nuclear localization. This suggests that the C-terminal
NLS signal carried by the p53f isoform is sufficient for
nuclear location [5]. The expression levels of these
isoforms are not affected by six hours of actinomycin
D treatment at pro-apoptotic concentrations in breast
and osteosarcoma cell lines, suggesting that accumu-
lation of pS3f3 and of A133p53 is not necessary for their
biological activities. The p53f isoform binds BAX and
P21(WAFI/CIPI1) promoters with a six-fold higher
affinity than the HDM2 promoter but failed to
transactivate either BAX or P2I1(WAFI1/CIPI) pro-
moters in a reporter system [5]. In addition, no
induction of p21 expression was observed after
cisplatin treatment in the neuroblastoma SK-N-AS
cells, which express only the p53f isoform [73]. These
observations suggest that p53f has no intrinsic tran-
scriptional capacity towards promoter genes contain-
ing a pS3RE, despite retaining the DNA-binding and
the N-terminal transactivation domains of p53. Little
information is available about the biochemical
properties of the A133p53 isoform (Table 1). The
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only evidence available so far shows that A133p53 had
no effect on pG13-Luc reporter, which contains 13
pS3RE upstream of a minimal promoter and lucifer-
ase gene [74].

All p53 isoforms discussed above appear to conserve
some DNA-binding activity. The lack of transcrip-
tional activity is likely due to their poor capacity to
recruit components of the transcriptional machinery
onto promoters, either because of the lack of a suitable
protein interaction domain (e.g. ANp53 and A133p53)
or to the lack of domains essential for high DNA-
binding affinity (e.g. Ap53: core domain; p53f3:
oligomerisation and/or regulation domains). How-
ever, it cannot be ruled out that they may exert effects
towards genes different from the known p53 target
genes.

Modulation of the classical p53 transcriptional activity
by p53 isoforms. Analysis of HDM2 and Cyclin Bl
luciferase reporters in the presence of Ap53 showed
that their activities were identical in cells transfected
with p53 alone or with both Ap53 and p53 [71]. This
observation suggests that Ap53 has no detectable
impact on p53 transcriptional activity, in agreement
with the results showing that the lack of the main NLS
in Ap53 led to cytoplasmic location and rapid degra-
dation by Hdm2. The addition of three C-terminal
NLS to Ap53 forced Ap53-NLS to enter into the
nucleus and co-expression of p53 and Ap53-NLS was
associated with a dose-dependent decrease of lucifer-
ase activity of HDM?2 reporter system as compared to
pS3 transfected cells[71]. Ap53is thus able to act as an
inhibitor of p53, but only if Ap53 is forced to re-
localize into the nucleus. Ap53 is not able to form
oligomers with p53 but retains DNA-binding capacity,
suggesting that the inhibitory effect results from
competition between p53 and Ap53 for promoter
binding [71, 32].

With A133p53, reporter assays using pG13-Luc have
shown a dose-dependent inhibition of p53 transcrip-
tional activity [ 74]. This is compatible with the lack of
the N-terminal transactivation domain. However, no
further studies have been reported on A133p53
biochemical properties.

ANDp53 isoform can also inhibit p53 transcriptional
activity. The p53-RE reporter system containing two
pS3RE showed that a ten-fold excess of ANpS53
inhibited transactivation of p53 [4]. The same result
was obtained on P21(WAFI/CIPI) reporter system,
leading to a complete inhibition of p53-dependent
transactivation[47]. Using co-immunoprecipitation, it
has been shown that ANp53 binds p53 to form hetero-
dimers and -tetramers[47,4]. As ANp53 lacks the first
transactivation domain, hetero-oligomers ANp53/p53
may be deficient for transactivation. In addition to this
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inhibitory effect, transfected ANp53 may also affect
pS3 activity by altering its cellular localization, as
exogenous ANp53 accumulated in the cytoplasm and
induced the cytoplasmic re-localization of p53, there-
by decreasing its transcriptional activity [47]. Stable
co-transfection of ANp53 and p53 led to accumulation
of the two proteins in the nucleus. However, the two
proteins migrated to the cytoplasm after doxorubicin
treatment or transfection of an empty vector, treat-
ment that is supposed to induce a form of DNA
damage [47]. ANp53 may work as an inhibitor of p53
suppression by two complementary mechanisms,
depending upon stress context. In non-stressed cells,
ANp53 may work in the nucleus as a competitive
inhibitor of p53 to prevent transactivation. In stressed
cells, accumulation of p53 may favor formation of
hetero-oligomers with ANp53 that are exported from
nucleus into cytoplasm, preventing p53 from regulat-
ing gene expression.

In contrast with the above isoforms, p53f presents the
capacity to increase p53 transcriptional capacity, as
shown using a pG13-Luc reporter system [74]. This
effect appears to be promoter-dependent, as these
positive effects have been observed only with BAX
but not with P21(WAFI1/CIPI) reporter genes [5].
pS3p may thus modulate p53 transcriptional activity to
favor the transactivation of apoptotic target genes,
such as BAX. While p53f lacks a large part of the
oligomerisation domain, this isoform interacts with
pS3 as shown by co-immunoprecipitation of endoge-
nous p53 and p53f in MCF7 cells[5]. This observation
suggests that p5S3p may modulate p53 transactivation
by hetero-oligomers formation, whereas their struc-
ture remains to be determined. There is some
evidence that a p53 protein lacking the OD may
nevertheless form unstable complexes that retain
DNA-binding capacities[75]. It is not known whether
this mechanism accounts for the biological effects of
pS3p on transactivation by p53 [5].

Even if some intrinsic biochemical capacities have
been attributed to p53 isoforms, most of the studies
report their biochemical role towards p53 transcrip-
tional activity either as inhibitory regulators (ANp53,
A133p53 and Ap53) or as enhancer (p53f). In both
instances, the biochemical mechanisms include DNA-
binding modulation, hetero-oligomers formation and/
or p53 sequestration in the cytoplasm. These three
mechanisms may be dependent on the isoform, on the
cellular context and also on the target gene consid-
ered, leading to a wide diversity of regulatory options,
either positive or negative, by p53 isoforms. In this
way, one of the most important factors is the relative
expression level of the isoforms as compared to p53
itself, which may vary from one tissue or cell type to
another [5]. These observations based on in vitro data
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suggest that modulation of p53 transcriptional activity
by its isoforms may elicit a complex panel of biological
responses that have a profound impact on the
consequences of pS3 activation.

Biological properties of pS3 isoforms. ANp53: suppres-
sor or enhancer of p53 functions? Clonogenic assays in
cells co-transfected with ANp53 and p53 revealed that
ANDPS53 could partially alleviate growth suppressive
activity of p53 [4, 47]. This inhibitory activity may
contribute to transiently suppress p53 activity during
normal cell-cycle progression. In the human fibroblast
cell line WI38, endogenous levels of ANpS53 increased
at the G1/S transition while p53 expression level
decreased, resulting in ratios that are in favor of
ANDPS53 [4]. In parallel, levels of p21 were reduced
throughout S phase, while normal p53 and p21
expression patterns were restored in cells progressing
into G2/M. These experiments suggest that up-regu-
lation of ANp53 may be part of a mechanism by which
normal cells can switch off p53 activity during cell cycle
progression. It was demonstrated that variations of p53
and ANp53 expression levels were dependent upon two
IRES motifs that share different and independent
capacities [63]. The (-1)S’UTR IRES motif regulates
p53 expression and is the most active during G2/M
transition, whereas the p53(439) IRES motif, in charge
of ANp53 expression, is more active during G1/S
transition [ 63]. In addition, coordinated changes in the
relative levels of p5S3 and ANp53 may be brought about
by changes in p53 mRNA splicing patterns but remain
to be investigated.

Based on the above biochemical and biological
evidence, it would be expected that excess levels of
AND53 in vivo down-regulates p53 suppressive activ-
ity during development, stress responses and tumori-
genesis. Surprisingly, this is not the case. In a mouse
model, over-expression of an ANpS53 transgene ap-
peared to have a biological effect only in the presence
of functional TP53 allele [76]. The transgenic mice
presented a decrease of both lifespan and body size,
not due to a reduction of cell size or increased
apoptosis, but due to a slowdown in cell proliferation
rate associated with an increase in senescence. Maier
and collaborators speculated that over-expression of
ANpS53 may interrupt an IGF-1 dependent prolifer-
ative signaling system, at the origin of the reduced
lifespan and accelerated senescence [ 76]. However, it
should be noted that transgenic mice expressed a
higher p53 level than the non-transgenic mice, sug-
gesting that ANpS3 may contribute to stabilize p53 in
vivo by helping p53 to escape Hdm2-dependent
degradation and that, in such circumstances, ANp53
may enhance the basal activity of p53. This hypothesis
is compatible with the observed biological effects in
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mice (i.e. proliferation slowdown, cellular senescence
and premature ageing) and with reporter assay in
normal MEF cells, where transfection of ANp53 in
variable amounts resulted in opposite effects on p53
transcriptional capacity[76]. Low levels of ANp53 had
inhibitory effects on p53 transactivation but, at high
levels, ANp53 exerted enhancing effects on p53. These
opposite results may be explained by the impaired
Hdm2-dependent degradation of p53 in cells co-
transfected with both p53 and ANp53 as compared
to pS3 alone [3]. The positive effect of ANp53 on p53
may be due to ANp53-dependent escape of pS3 from
Hdm?2 degradation [4, 47].

There are only few clues on physiological and/or
pathological conditions in which ANp53 may enhance
pS3 activity. Recent studies have shown that treatment
of cancer cell lines with low doses of the novel
platinum(IV) complex LA-12, which restores
sensitivity to cisplatin-resistant cells, induced a p53-
dependent inhibition of cell proliferation together
with increased levels of p53 and ANp53 [77]. This
observation is compatible with other recent results
showing that ANp53 may modulate the folding,
oligomerisation and post-translational regulation of
p53 toinduce different p53 properties depending upon
cellular stress [78]. Thus, the role of post-translational
modification status of p53, ANp53, or both, may have
amajor influence in either enhancing or counteracting
p53 function by ANp53.

Aside from pS53-dependent functions, it has been
proposed that ANp53 may exert some autonomous
activities. When expressed alone in clonogenic assays
using pS3-null cells, ANp53 induced an increase in cell
proliferation rate as compared to empty vector,
suggesting that ANp53 may have an intrinsic p53-
independent proliferative activity [4, 47]. The mecha-
nism behind this activity is however, not understood.
It could result from interference between ANpS3 and
products of TP63 or TP73, which use similar response
elements to regulate a range of genes partially over-
lapping with p53 target genes [45, 46]. In contrast,
when transiently transfected in a p53-null cell back-
ground, ANp53 over-expression was able to induce
apoptosis, suggesting that this isoform retains an
intrinsic capacity to transactivate pro-apoptotic gene
[3]. This hypothesis was supported by the fact that at
least some of the pro-apoptotic pS3 target genes were
found to be over-expressed in a micro-array based,
transcriptome profiling of cells expressing ANp53
[72]. In addition, tunicamycin treatment inducing
endoplasmic reticulum stress was shown to increase
ANpS53 expression in a cap-independent manner (i.e.
use of IRES motif for translational initiation), leading
to an ANp53-dependent apoptosis [62].
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Other p53 isoforms. In p53-null transfected cells
exposed to UV, Ap53 was observed to bind the
P21(WAFI1/CIP1) promoter and to increase its ex-
pression, leading to a decrease of cyclin A-Cdk2
activity and of progression into S phase [32]. This has
been interpreted as a mechanism that may allow for
better coordination of DNA repair before replication.
In the same cell system, expression of p53 was
responsible for inhibition of cyclin A-Cdk1 activity,
resulting in cell cycle arrest at S/G2 transition.
Regarding A133p53, its co-expression with p53 was
associated with a complete inhibition of p53-induced
apoptosis that may be explained by inhibition of p53
transcriptional activity by A133p53 [5, 74]. In earlier
studies, p5S3 cDNA construct retaining the entire
intron 4 actually behaved as a better oncogene than
p53 cDNA natural construct in RAS-mediated trans-
formation of primary fibroblasts [79, 80]. Such a
cDNA would be predicted to retain the capacity to
express not only ANp53 but also A133p53. However, it
has been shown that ANp53 expressed alone in a RAS-
transformed assay has no effect on cell transforma-
tion, suggesting that combined effect of N-truncated
p53isoforms may have pro-oncogenic properties, such
as ANp73[81, 82]. In addition, induction of A133p53
expression in def -/- zebrafish embryos is concomitant
to P21(WAFI1/CIPI) gene activation, leading to cell
cycle arrest [44].

Over-expression of p53p in the presence of p53
induced an increase by 20 % of apoptosis as compared
to p53 alone, an effect that correlates with a quanti-
tative increase in transactivation of the BA X promoter
[5].

Although limited, current observations suggest some
biological functions for p53 isoforms. Both N-trun-
cated isoforms, ANp53 and A133p53, appear to be
strong suppressors of p53. However, ANp53 seems to
have more subtle effects since it enhances p53 activity
in non-stressed conditions, whereas its effects range
from suppression to enhancement of p53 activity in
stressed cells. In addition, ANp53 may exert p53-
independent function, being involved in cell cycle
progression. The p53f isoform, which differs from p53
only by its C-terminus, may either cooperate with p53
or take over some specialized p53 suppressor func-
tions, depending upon stress and cell type contexts.

p53 isoforms and clinical considerations

TP53 is frequently inactivated by gene deletion or
mutation. In many cancers retaining a wild-type TP53,
others types of alterations in the p53 pathway have
been described resulting in the down-regulation of p53
function [27]. N-truncated p63 and p73 isoforms have
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been proposed to act as dominant-negative inhibitors
of p53. In particular, ANp73 can operate as an
oncogene through neutralization of p53 suppressive
activity [46]. p53 isoforms modulate p53 activity,
suggesting that their deregulation and/or differential
expression may contribute to inhibit wild-type p53
suppressive activity. In this way, attenuation of p53
response may result in a higher sensitivity of cells to
genetic damage, facilitating transformation and/or
progression of tumorigenesis.

Deregulation of p53 isoforms expression in human
cancers. Clinical studies have focused on the differen-
tial expression of p53 isoforms, in particular p53,
A133p53 and their C-terminal variants. In eight
normal breast tissues, p53 (f and y) mRNA, but not
A133p53 (o, f and vy), were detected, while in 30
human breast tumors only p53f (33 %) and A133p53a
(80%) were expressed [5]. This suggests an associa-
tion between breast cancer and deregulation of p53
isoform expression, namely over-expression of
A133p530 and reduction of pS53p. Whether these
changes occur preferentially in cancers that retain
wild-type allele remains to be assessed. Two other
studies were based on analysis of p53 isoforms
expression by using nested RT-PCR, which amplified
the entire p53 mRNA. The first analyzed biopsies of
21 Squamous Cell Carcinoma of the Head and Neck
(SCCHN) and 16 adjacent tissues. The expression of
pS3f is observed in 93% of all samples, including
cancer and non-cancer, whereas p53y and A133p53 (a,
B and y) were detected in only some samples and at
low levels [83]. This study thus concluded that p53f3 is
the most expressed, both in normal tissue and in
SCCHN. However, numbers of cases were two small
to draw a conclusion about a possible significant
difference in expression. The second study analyzed
the expression of pS3 (a, p and y) and A133p53 (a, p
and v) in 20 biopsies from patients with Oral Lichen
Planus (OLP), a chronic inflammatory disease of skin
and mucosa that is considered a pre-malignant con-
dition [84]. This study found that pS3f and A133p53a
were the most expressed isoforms in OLP. Finally, one
study analyzed the expression of isoforms in melano-
ma, a type of cancer where 7P53 mutation is
infrequent. In nine primary cultures of melanoma
cells, p53 mRNA was expressed in 55 % of samples,
whereas p5312 mRNA, encoding ANp53, was ex-
pressed in all samples[85]. In addition, in a panel of 16
melanoma cell lines, pS3f and ANp53 isoforms
presented an unconventional intracellular distribu-
tion. p53p was accumulated in both the nucleus and
cytoplasm, while ANp53 was accumulated in the
cytoplasm, instead of being restricted to the nucleus
as observed in non-melanoma cell lines [85]. These
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data suggest that p53 isoforms may exhibit differential
pattern of expression in tumors. However, data
available are too limited to draw definitive conclu-
sions, due to lack of statistical power. In addition, no
systematically analyses of all known p53 isoforms at
both mRNA and protein levels were done because of
the lack of suitable antibodies, in particular for N-
terminally truncated isoforms.

The impact of p53 isoforms expression was also
examined for therapeutic considerations. The expres-
sion patterns of cells isolated from peripheral venous
blood of five patients diagnosed with Acute Myeloid
Leukemia (AML) were analyzed by RT-PCR and
two-dimensional protein electrophoresis before and
18 h after chemotherapy with idarubicine and cytara-
line[86]. A group of pS3 isoforms shorter than p53 was
detected, perhaps corresponding to p53f, p53y or
Ap53. In cells before treatment, these shorter isoforms
were expressed at levels higher than p53, while after
treatment, the ratio p53/shorter isoforms increased,
the shorter isoforms being expressed less after than
before treatment [86]. This shift in p53 isoform
patterns suggests that p53 response to chemotherapy
requires that pS3 accumulates at levels higher than the
ones of short isoforms. This interpretation is consis-
tent with the hypothesis of a negative regulatory role
of p53 isoforms, which may have an impact on p53-
responses to chemotherapy.

Ap53: a modulator of clinical outcome in breast
cancer with TP53 mutations? In a case-only series of
88 breast carcinomas, it was shown that Ap53 ex-
hibited an expression pattern similar to p53 in relation
to TP53 mutational status [49]. In wild-type TP53
tumors, p5S3 mRNA expression was higher than in
tumors with missense or in frame mutations, but lower
than in those with nonsense, frameshift and splicing
mutations. Since some tumors harbored mutations
located in region from exon 7 to 9, lacking in Ap53, this
study investigated whether tumors with “double
mutants” (e.g. mutation affecting both p53 and
Ap53) had a different clinical outcome than those
with “single mutants” (e.g. mutation affecting only
p53). No difference in survival rate, clinical or bio-
logical parameters were observed. This observation
suggests that Ap53 does not compensate for the
functional impact of mutant 7P53. Analysis of sur-
vival curves showed a trend for a worse prognosis of
cancers with mutAp53, and Ap53 mutational status
showed a tendency to differ among breast cancer
subtypes as classified according to gene expression
patterns[49]. Wild-type Ap53 expression tended to be
more common in Luminal A subtype, whereas
mutAp53 expression was more common in Basal and
ERBB?2 subtypes. These results suggest that mutApS53
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may be associated with a worse prognosis of cancer.
However, with these data being the first available to
implicate Ap53 in breast cancer, this type of analysis
remains to be confirmed by a more important study.

Mutations affecting p53 splicing patterns. Several
studies reported that intronic or exonic mutations
gave rise to particular truncated p53 proteins with
strong similitude to p53 isoforms. Molt-4 T-lympho-
blastic leukemia cell lines express an unexpected p53
transcript of higher molecular weight than the usual
pS3 one [51]. A deletion of 8 bp was identified in
intron 9 leading to an insertion of 133 additional
nucleotides derived from intron 9. The authors
suggested that this deletion induced formation of an
alternative 5’ acceptor splice site inintron 9. However,
this transcript corresponds to p533 mRNA and we can
speculate that the 8 bp deletion may favor the use of
the alternative splice site producing pS3f. In one case
of colorectal cancer, a substitution of A to G in the 3’
part of intron 9 led to the expression of a p53 protein,
which conserves residues 1 to 332 but presents new
residues from 332 to 358 [87]. This truncated protein
presents some similitude with pS3[3 but has a longer C-
terminal domain.

On the other hand, mutations sometimes occur at
splice junctions, leading to the production of aberrant
p53 truncated protein. In one study of chronic
lymphocytic leukemia, 85% of patients expressed a
Aex6 p53 transcript, which lacks the first 113 nucleo-
tides of exon 6 leading to a premature stop codon at
residue 189 that results in a C-truncated p53 product
[88]. This transcript was not found in healthy patients
and no mutation on TP53 was detected, suggesting a
deregulation of splicing giving rise to the production
of a new p53 isoform. In Li-Fraumeni syndrome,
defined as family carrying germline 7P53 mutations,
three atypical mutations have been described, all
affecting acceptor or donor splicing sites [89]. For
example, mutation of 5’ acceptor splice site in intron 3
resulted in the skipping of exon 4, suggesting that
these cells were unable to produce p53 and ANpS3.
Another study presented similar results and compiled
data of other studies to demonstrate the importance of
mutations occurring in splice sites of 7P53[90]. In 108
samples issued from patients with lung cancer, they
described two aberrant transcripts produced by muta-
tions occurring in splicing sites not detected by using
their classical primers. This study suggested that
mutations occurring in splice sites of TP53 may
occur at a higher frequency than currently estimated,
raising the hypothesis that truncated p53 protein may
have an impact on p53 function.
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Figure 5. ANp53, a “buffer” for regulating p53 response. ANp53 is
more stable than p53 as it escapes to Hdm2-degradation and is not
activated by a stress as compared to p53. As ANp53 inhibits p53
transcriptional activity, a pS3 response would be observed only
when the quantity of stabilized p53 is higher than the quantity of
ANp53. A change in p53 ratio would induce a decrease of p53
response (dotted line).

Conclusion: Biological integration of the pS3 isoforms
network

Several lessons can be extracted from current data on
p53 isoforms. First, the diversity of processes leading
to their production is a clue to the functional
significance of p53 isoforms, as cells have adopted
number of strategies to produce them in different
regulatory contexts. Second, most p53 isoforms are
deficient for p53-like suppressive function but appear
to modulate p53 activity[4,74,71]. Third, N-truncated
pS3isoforms escape Hdm2-mediated degradation and
may provide a regulatory system for controlling p53
activity independently of Hdm2 [4, 11]. Fourth,
patterns of p53 isoform appear to be deregulated in
different cancer types and may provide an alternative
mechanism to inactivate p53 suppressive function in
wild-type TP53 tumors or to modulate mutation
penetrance and phenotype in mutant 7P53 tumors
[5, 49, 84, 83].

A model illustrating the possible biological signifi-
cance of p53 isoforms can be drawn (Fig. 5). Cells are
permanently submitted to transient environmental
(i.e. radiation, hypoxia) or endogenous (i.e. meta-
bolic) stresses that induce p53-dependent cell death,
an undesirable response in many physiological con-
texts. The model suggests that, to avoid small but
potentially damaging variations in p53 activation, cells
have developed sensors based on two main compo-
nents. First, the p53-Hdm?2 loop maintains p53 at a low
level in normal conditions but is transiently disrupted
in response to stress to allow rapid accumulation of
p53 [11, 14]. Second, N-truncated isoforms, such as
ANp53, act as repressors of p53 transcriptional
response, working as a “buffer” against untimely p53
activation. Indeed, ANp53 is expressed at a higher
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level than p53 in non-stressed cells since ANpS3, being
deficient for Hdm2 binding, escapes Hdm2-induced
degradation [4, 47]. Upon DNA-damage, ANp53 is
not activated in contrast to p53, which then becomes
more abundant than ANp53[4]. This transcriptionally
inactive protein may occupy p5S3RE in promoters of
pS3 target genes, so that a certain threshold of p53
accumulation must be reached to out-compete them
and allow the binding of the transcriptionally active
form (Fig. 5).

This hypothesis has several consequences: (1) the
critical factor in determining p53 suppressive response
will be the ANp53/p53 ratio, suggesting that only quite
drastic stress would induce a p53 response (Fig. 5); (2)
the balance between ANp53 and p53 may provide a
subtle mechanism for selective induction of p53 target
genes and thus for inducing the appropriate response,
since p5S3RE may have different binding affinity for
pS53 and ANp53; (3) alteration of the ANpS53/p53 ratio
may deregulate the sensor system that integrates
stress signals involved in the regulation of cell
proliferation, DNA repair and cell survival, explaining
the phenotype of premature aging observed in mice
over-expressing ANp53 in a p53 background [76]; (4)
different individuals may have different intrinsic
levels of ANpS3 expression, thus providing an addi-
tional mechanism to account for individual differ-
ences in susceptibility to stress, mutagenesis and
carcinogenesis.

In this model, A133p53 isoform may have similar
pS3RE-blocking properties to ANpS3. However,
A133p53 is expressed from an independent promoter
and in specific tissues, suggesting that its blocking
properties may be specifically expressed in a cell type
and time restricted manner, such as during develop-
ment or differentiation [5]. Ap53 appears to be
present in the cytoplasm of normal cells, suggesting a
function independent of pS3RE binding. Interestingly,
Ap53 retains the portion of the DNA-binding domain
that binds the pS3-BP2 protein. Thus, this non-canoni-
cal isoform could be specialized in protein interac-
tions. Finally, p5S3p may represent a truly suppressive
form of p53, which may be particularly tuned to induce
apoptotic responses.

The complex effects of p53 isoforms on p53 response
may have significant consequences for cancer
development. Aside from a possible involvement in
individual susceptibility, isoform expression may con-
tribute to p53 inactivation in cells retaining wild-type
TP53 alleles. However, based on the hypotheses
detailed above, the biggest impact of isoforms may
be on p53-dependent responses to cytotoxic therapies,
as the capacity of cancer cells to undergo drug-induced
apoptosis may be largely dependent upon p53 isoform
expression patterns. For example, cancer cells ex-
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pressing high levels of ANp53 or A133p53 may have
poor apoptotic responses, whereas cells expressing
high levels of pS3 may be very good responders to
treatment. Thus, studies on p53 isoforms will provide a
rich field of new concepts and paradigms in the
regulation of p53 activities.
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