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FOREWORD TO THE PAPERBACK EDITION 
 
 
 
 
 
 

This book was assembled in 2004-2005 to mark the 25th anniversary 
of the discovery of p53 and to summarize the current knowledge on  
the multiple roles of this protein as a central tumour suppressor with 
potentially great clinical impact. Through 20 chapters authored by the 
scientists who are leading the field, this book provides an overview of how 
p53 rose to the status of « superstar » among cancer-related genes, 
catching the essential lessons of 25 years of research to identify major 
paths towards applications. 

This paperback edition has two ambitions. The first is to make the p53 
research field accessible to the largest community of scientists, clinicians, 

research. 
It is probably fair to say that p53 is the most studied protein in the 

whole history of cancer biology so far. The knowledge accumulated on its 
structure, biochemistry, function and  mutation in cancer is unprecedented 
in its detail and complexity. This information represents a gold mine in the 
search for novel ways to approach, detect and manage cancer. However, 
the p53 field is difficult to grasp for the non-p53 specialist and its 
complexity may act as a deterrent for clinical applications. The fact that 
mutations in p53 are diverse in their biological effects and that they may 
occur at many different stages during tumor evolution makes it impossible 
to derive simple messages uniformly applicable to all clinical contexts. 
Thus, there are several roadblocks on the path towards the clinic. Here we 
highlight certain key problems and questions that must be addressed in 
order to facilitate the clinical exploitation of p53: 
 

and biology and medical students. The second is to stimulate the develop-
ment of clinical applications by outlining a « roadmap » for translational 
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1. Communication, awareness and access to information: Given the 
complexity of the field and the fact that data pertaining to each 
particular aspects of p53 biology or deregulation are scattered in 
many different publications, it is extremely difficult to access the 
full scale of relevant information of any specific p53-related topic. 
Review arcticles, despite their fundamental role in disseminating 
knowledge, usually focus only on general mechanisms and do not 
discuss in detail the many variations that can occur with respect to 
cell type, particular mutation type, as well as biological activation 
context. Books such as this one may help in this task by putting 
into perspective both general considerations on the p53 pathway 
and more specific information on various aspects of p53. In the 
longer term, however, open access to p53 complexity will require 
the development of knowledge bases accessible through the web 
and using simple navigation tools to guide users towards the 
specific information they need. Several efforts are currently being 
developed in that direction. They need to be strenghtened and 
better integrated within the rapidly growing galaxy of web-based 
information sources on molecular and individual variations in 
cancer.  

2. Reference functional assays and structural analysis: Given the 
huge diversity of cellular and animal models for wild-type or 
mutant p53 functions, it will be important to set up standard, 
universally accepted assays to measure critical p53 protein functions. 
Yeast-based transcriptional assays, for example, have proven 
extremely useful to measure residual transcriptional activities of all 
known p53 mutants in a controlled system. However, because 
yeast cells do not share the sophisticated and intricated 
proliferation and apoptosis control systems of mammalian cells, 
yeast assays lack the sensitivity and specificity for measuring 
biologically relevant functional effects of human p53. The 
availability of affordable, universal mammalian cell-based assays 
to measure key p53 properties such as growth suppression, 
induction of apoptosis, dominant-negative effects of mutant p53 
over wild-type and gain-of-function properties of mutant p53, 
would greatly boost research on designer drugs capable of 
rehabilitating the p53 pathway or enhancing p53-dependent 
growth suppression in cancer cells. Also, more detailed infor-
mation on the structural consequences of specific p53 mutations 
from structural analysis by NMR and/or X-ray crystallography 
should complement the information obtained in functional assay to 
provide a full characterization of the most common mutant p53 
isoforms. 
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3. Alternative mechanisms for inactivation of p53: Based on current 
evidence on the central tumour suppressor role of p53, one may 
wonder how cancer can develop from cells that retain apparently 
wild-type and functional p53 genes. Such cells must develop 
elaborate systems to trap their p53 in an off-side position, or to 
bypass its effect by compensating mutations in other effectors. 
There is solid evidence that several alternative mechanisms exist 
in cancer cells that inactivate the function of p53 in the absence of 
a mutation. These mechanisms include interactions with cellular or 
viral proteins, competition with paralogues such as isoforms of 
p63 or p73, and perhaps also competition between full-length p53 
and several of its own recently discovered isoforms that lack the 
N-terminus required for transactivation functions. Elucidating 
these mechanisms is critical for the correct exploitation of p53 in 
the clinic. Indeed, it is possible that many cancers with wild-type 
p53 carry alterations in the p53 pathway that are as detrimental as 
inactivating mutations in the p53 gene. Further research on these 
aspects is required to make sure that, in future clinical trials, 
patients are stratified in an appropriate way with respect to the 
degree of deficiency in the p53 pathway. 

4. Understanding and using the potential of p53 as a target in 
combination therapy: As stressed by George Klein in chapter 20 of 
this book, the idea behind combination therapy is seductively 

–6 and 
resistance to drug B occurs with the same probability, the 
frequency of doubly resistant cells is 10–12. Achieveing such low 
frequency of resistance would greatly increase the chances of 
eradicating a tumor. The availability of small molecules that either 
activate wild-type p53 or restore wild-type function to mutant p53 
opens unprecedented opportunities for new concepts in combination 
chemotherapy. The combined use of drugs restoring or enhancing 
the activity of p53 as a critical inducer of apoptosis may increase 
the therapeutic efficacy of many current chemotherapy protocols 

modalities based on such an approach should be considered a 
priority. Indeed, in contrast to many « new drug » developements, 
this approach is not an alternative to classical chemotherapy. It is a 

and increase the efficiency of current protocols and should 
therefore be relatively easy to incorporate within existing 
therapeutic regimens.   

5. Coordination of p53 clinical trials: Despite overwhelming 
experimental evidence that p53 is a major effector in DNA 

simple: if the frequency of cells resistant to drug A is 10

with only limited side effects. Developing and validating treatment 

complementary approach, which will allow reduced cytotoxicity 
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damage-induced apoptosis, we still have a very fragmentary 
knowledge of the significance of p53 status for predicting treatment 
responses and for selecting therapeutic options. This is due, at least 
in part, to the fact that most clinical studies so far have lacked the 
necessary structured design and statistical power. This can be 
achieved only in the context of large, structured clinical trials in 
which patients are recruited on the basis of specific inclusion 
criteria, randomized for treatment according to determined regi-

significance of p53 status in the clinic will derive from pooled 
analyses and meta-analyses assessing the strenght of evidence 

as the current p53 mutation databases have a critical role in 
collecting, structuring and disseminating such data. Trial design 
and coordination and efficient use of available databases will of 
course also be critical in clinical studies of novel compounds that 
target wild-type or mutant p53. 

 
After 25 years of research, p53 has had a tremendous impact on our 

understanding of the molecular biology of cancer. As this knowledge 
develops to reveal more and more intricate pathways, the p53 protein will 
continue to be the « Ariadne thread » pointing out new routes in the maze 
of cancer biology. But the greatest hope for the 25 years to come is that 
concerted efforts to remove roadblocks for clinical applications will result 
in the effcicient transfer of p53 know-how from he lab to the bedside. We 
hope that this book will, it its own way, contribute to this objective by 
opening up the « p53 box » to the scientific and medical community. 
 
 
August 30, 2007 
Pierre Hainaut and Klas G. Wiman 

as separate studies: the detailed understanding of the exact 
end-points. Moreover, it is essential that such trials are not run
mens, and followed up for long-term therapeutic and clinical

across large datasets and different study contexts. Databases such 



 

Chapter 1 

THE FIRST TWENTY-FIVE YEARS OF P53 
RESEARCH 
 

Harlan Robins*, Gabriela Alexe*, Sandra Harris# and A. J. Levine*# 
Institute for Advanced Study* and the Cancer Institute of New Jersey# 

SETTING THE STAGE 

During the 1960s, the field of cancer research lacked clear direction.  
Several facts appeared to be well-established and correct, but the 
relationships among these observations were not apparent. Fifty years of 
research had demonstrated that viruses with both DNA and RNA genomes 
could cause cancer in animals. Over the next 45 years six new viruses were 
to be discovered that were able to initiate cancers in humans (Epstein-Barr 
Virus, Human T-Cell Leukemia Virus, Hepatitis B and C Viruses, Kaposi 
Sarcoma Virus and the Papilloma Viruses) (McKinnel et al., 1998). It was 
equally clear from the perspective of the 1960s that certain chemicals, when 
applied to animals, were able to initiate cancers (Yamagawa et al., 1918). 
Chemical carcinogenesis was a field both separate and distinct (both in the 
experiments one did and the experimentalists who did them) from viral 
carcinogenesis and very few scientists thought to find a common ground 
between concepts generated in each field. Thirdly, the study of mouse 
genetics demonstrated that some cancers were clearly inherited and these 
observations confirmed many prior publications that suggested a role for 
cancer causing genes in humans and other animals (DeOme, 1965).  Finally 
epidemiologists, studying a variety of important variables that predispose 
humans to developing cancers, had made the very striking observation that 
the rates of cancer incidence increase exponentially with age and begin to 
rise dramatically by the fifth and sixth decade of life (Miller, 1991). While 
these four observations were all accepted facts the relationship between 

1 
P. Hainaut and K. G. Wiman (eds.), 25 Years of p53 Research, 1-25. 
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these concepts was not clear and researchers who studied viruses hardly ever
discussed chemicals and those who thought about genes and viruses didn’t
know what to make of aging as an important variable. Literally researchers 
from each of these fields, virology, chemical carcinogenesis, genetics and 
epidemiology never got together to discuss these issues.  

Things began to change when it became clear that some RNA tumor 
viruses packaged an extra gene in their genomes and this gene could cause 
the cancer (Kawai and Hanafusa, 1971; Bader, 1972). The cancer causing 
gene, or oncogene, was shown to be derived from the hosts chromosome and 
when sequenced contained mutations that activated the oncogene so that it 
behaved as a dominant mutation giving rise to the cancer in cells infected by 
the retrovirus (Stehelin et al., 1976). These studies united the concepts for 
the role of viruses and genes and chemicals that could cause mutations in 
selected genes, be they from the host or a virus carrying a host gene. The 
power of this explanation and the unity it gave to three of the four 
observations discussed above, kept everyone from focusing on two 
additional observations that contradicted the oncogene dogma. First, somatic 
cell genetics were employed to fuse a cancer cell with a normal cell in 
culture. The resultant hybrid, unlike the cancer cell, no longer made tumors 
in isogenic animals, suggesting that the gene(s) that made the cell 
tumorigenic was (were) recessive to the normal allele from the normal cell 
(Jonasson et al., 1977). When these hybrid cells occasionally did produce 
tumors in animals, those tumors contained cells that had lost some 
chromosomes. This was interpreted as the loss of genes that prevented 
cancer formation. The idea that humans and animals have genes that prevent 
cancer formation or reverse the oncogene phenotype was novel. 
Independently, in 1971 A. Knudson hypothesized that two independent 
mutations in the same gene, later called the retinoblastoma gene, could give 
rise to a childhood cancer of the eye (Knudson, 1971). Knudson noted that 
the same tumor, a retinoblastoma, had two very different presentations in 
young children. Some children developed this tumor within the first year 
after birth, and these children had bilateral tumors in both eyes and as many 
as three or more tumors per eye. Other children developed these tumors over 
several years after birth, and these children had unilateral tumors and only 
one tumor in one eye. He went on to explain these observations using a 
common hypothesis that unified both classes of tumors. The tumors that 
presented at a very young age were due to an inherited mutant allele 
followed by a spontaneous mutation in the other allele (resulting in multiple 
tumors in both eyes at a very early age). The other class of tumors were due 
to a rare event of two independent mutations one in each of the two alleles in 
a cell (resulting in a single tumor in one eye at a later age). This idea 
suggested a different type of gene than an oncogene (by definition a 
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dominant gene) was involved in the origins of cancer and it was variously 
called an anti-oncogene, recessive oncogene or a tumor suppressor gene. The 
idea that several oncogenes and tumor suppressor genes must sustain 
mutations in the same cell to give rise to a cancer, and that any one mutation 
is necessary but not sufficient to produce a cancer came to be appreciated, 
understood and demonstrated at some time in the future (Knudson and 
Strong, 1972; Land et al., 1983).  This concept would explain why cancer 
was usually a disease of the elderly (it took a long time to accumulate many 
mutations in the same cell) and that the rate of cancer formation would rise 
exponentially with the age of the population. This unification of four very 
diverse observations into a single hypothesis for the origins of cancers in 
humans gave the field some confidence that these ideas might be correct. 

HOW DO THE DNA TUMOR VIRUSES CAUSE 
CANCERS? 

The small DNA tumor viruses, discovered in the mid 1950’s, were 
quickly tested to determine if they too carried oncogenes that were derived 
from cellular DNA sequences. From this it became clear that the small DNA 
tumor viruses (SV40, polyoma, the adenoviruses and later the 
papillomaviruses) encoded their own genes (not the cellular genes) that 
caused the cancer and therefore were termed viral oncogenes. When these 
viruses were inoculated into a host animal, the animal would develop a 
tumor at the site of injection after a long latent period. It was most common 
that the infectious virus disappeared and that a single cell (a clone) 
developed into a tumor with the viral DNA integrated into a cellular 
chromosome. This DNA was differentially expressed and viral m-RNA 
made one or a few viral proteins in the tumor cells. These proteins were 
recognized as foreign by the host’s immune system that responded by 
making antibodies against the viral encoded proteins. Thus, these viral 
oncogene products were termed tumor antigens. These antibodies were then 
employed to demonstrate that the viral proteins were common to all tumors 
made by that virus, were different when different tumor viruses were 
employed to initiate the tumors and that the tumor antigens were most 
commonly encoded by the viral genomes. An extensive genetic analysis with 
these tumor viruses provided strong evidence that one or two viral encoded 
genes were required to cause these tumors and the products of these genes 
were most often the tumor antigens. In every case the viral tumor antigens 
were also required for an efficient replication of the virus. For SV40 the 
proteins were called the large T-antigen and the small t-antigen, the 
adenoviruses encoded the E1A proteins and the E1B proteins (E1B-58K and 
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E1B-19K) and for the papilloma viruses the E6 and E7 proteins. Mutations 
in these viral oncogenes resulted in the inability to form a tumor in animals.  

The next question that came under study was how did the viral tumor 
antigens act to initiate tumors in animals or transform cells in culture?  It 
was in the pursuit of this question that several groups uncovered the p53 
protein. In 1979 David Lane and Lionel Crawford (Lane and Crawford, 
1979) demonstrated that the immunoprecipitation of the SV40 T-antigen also 
detected a second protein of 53,000 molecular weight, called p53. They 
could show that the dilution of their tumor antisera always produced the 
same ratio of T-antigen and p53 which demonstrated that there was a T-
antigen –p53 complex in the cell extract (it is unlikely that the antibodies to 
two different proteins were in equal concentrations). The SV40 T-antigen 
bound to the p53 protein in the cell. At the same time Daniel Linzer and 
Arnold Levine (Linzer and Levine, 1979) employed antisera from animals 
bearing SV40 induced tumors to detect both p53 and the viral T-antigen in 
SV40 transformed cells. Antibodies in this sera also immunoprecipitated the 
p53 protein from teratocarcinoma cells in the absence of the SV40 T-
antigen. The peptide maps of the p53 proteins from the SV40 transformed 
cells and the teratocarcinoma cells were identical. These results 
demonstrated that the p53 protein was a cellular protein, animals bearing 
SV40 induced tumors also made antibodies against the p53 protein, and 
monoclonal antibodies to the SV40 T-antigen co-immunoprecipitated the 
p53 protein demonstrating the T-antigen p53 complex (Linzer and Levine, 
1979). The concentration of the p53 protein in SV40 transformed cells was 
much greater then in normal cells in culture. In teratocarcinoma cells in 
culture p53 was higher in its concentration than in normal cells but lower 
than in SV40 transformed cells [13]. The presence of an SV40 T-antigen –
p53 complex and the higher levels of p53 in transformed cells suggested that 
p53 might act as a transforming gene product or oncogene. At the very least 
the presence of antibodies directed against the p53 protein demonstrated that 
it was a tumor antigen. In SV40 transformed cells that contained a 
temperature-sensitive mutation in the SV40 T-antigen gene, shifting to the 
non-permissive temperature inactivated T-antigen function, made the cell 
revert to a non-transformed phenotype, and drastically lowered the levels of 
p53 in the cell (Linzer et al., 1979). This demonstrated that T-antigen really 
did control p53 levels in a cell. At this time, Llyod Old and his colleagues 
(DeLeo et al., 1979) demonstrated that animals immunized with spontaneous 
transformed and tumorigenic cells also made antibodies to the p53 protein 
and so it was clear that the p53 protein could well be called a tumor antigen 
in its own right. At a later time L. Crawford and his colleagues showed that 
some humans with cancers made antibodies directed against the p53 protein 
(Crawford et al., 1984).  
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The generality of these observations received a big boost when it was 
shown that an adenovirus tumor antigen, the E1B-58k protein, which was 
quite distinct from the SV40 T-antigen, bound to the p53 protein in 
adenovirus transformed cells (Kao et al., 1990; Sarnow et al., 1982). 
Similarly a human papilloma virus oncogene product, the E6 protein, bound 
to the p53 protein in cells derived from human tumors caused by this virus 
(Werness et al., 1990). Thus three distinct tumor virus groups encoding 
diverse proteins evolved a mechanism to complex with the same cellular 
protein, the p53 protein. About this same time the retinoblastoma (Rb) gene 
was identified and cloned (Friend et al., 1986). The Rb protein, the product 
of a tumor suppressor gene, was shown to bind to the adenovirus E1A gene 
product (Whyte et al., 1989) the SV40 T-antigen (DeCapricio et al., 1988) 
and the papilloma E7 protein (Munger et al., 1989). Thus three different 
tumor viruses encoded oncogene products that bound to the cellular proteins 
p53 and Rb.  The real meaning of these observations was only poorly 
understood until the functions of the p53 protein and the Rb protein were 
elucidated, but they made everyone feel confident that they were on the right 
track. 

CLONING THE P53 GENE: IS IT AN ONCOGENE OR A 
TUMOR SUPPRESSOR GENE? 

The cloning of the p53 c-DNA and gene were carried out by several 
groups from a wide variety of cellular sources including both transformed 
and normal cells (Crawford et al., 1984; Beinz et al., 1984; Oren et al., 1983; 
Pennica et al., 1984). Once these c-DNA and genomic clones were in hand 
the biological activities of these clones were tested. The fact that the SV40 
T-antigen regulated and increased the levels of the p53 protein made most 
think that p53 was an oncogene whose over-expression (mutant or not?) 
resulted in transforming the cell. At the time there were two assays for 
testing an oncogene, one group of oncogenes was able to immortalize cells 
in culture but not change other properties of these cells (E1A, Myc) while 
other oncogenes could fully transform immortalized cells (E1B, Ras) but 
could not transform non-immortalized cells in culture unless myc or E1A 
were added as well (Land et al., 1983). Very quickly three groups 
demonstrated that the p53 c-DNA clones were like myc or E1A and could 
immortalizes cells or could fully transform cells when added to the Ras 
oncogene clone (Eliyahu et al., 1984; Jenkins et al., 1984; Parada et al., 
1984). p53 was declared an oncogene. Moshe Oren’s laboratory had a 
genomic clone of p53 and A Levine’s group had a c-DNA clone of p53 and 
they exchanged these clones for further experiments.  There were two 
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complicating aspects to these results; first the c-DNA from the Levine 
laboratory did not immortalize cells in culture nor did it transform cells 
along with the ras oncogene. The Levine laboratory could repeat the results 
of M. Oren’s showing that p53 was an oncogene when they used his clones 
but could not reproduce these results when the Levine c-DNAs were 
employed. Second, the amino acid sequence of the Oren and Levine clone 
differed at codon 135 (a valine and alanine difference). In a series of 
experiments several things became clear; 1. the wild type p53 c-DNA does 
not transform cells (Hinds et al., 1989), 2. mutant p53 c-DNAs or mutant 
genomic clones are commonly found in cells that are grown in culture, in 
fact p53 mutations are commonly selected for as cells adapt to long term 
culture conditions (Harvey and Levine, 1991), and 3. a mutant p53 c-DNA 
or genomic clone can act in a dominant negative fashion ( the p53 protein is 
a tetramer and faulty subunits will inactivate the wild type p53 function) and 
transform cells (Eliyahu et al., 1988; Kraiss et al., 1988; Finlay et al., 1989). 
The Levine group went on to show that the wild type p53 c-DNA and its 
protein can actively inhibit oncogenes from transforming cells in culture 
(Finlay et al., 1989). In fact a very similar observation had been observed in 
murine erythroleukemia cells transformed with a retrovirus containing an 
oncogene (Munroe et al., 1988; Ben David et al., 1988) where the integration 
of the viral DNA disrupted the p53 gene function in these cancer cells. Thus 
p53 was behaving as a tumor suppressor gene in all of these assays. These 
conclusions were independently demonstrated by Vogelstein and his 
colleagues when they sequenced three human colon carcinomas and showed 
that p53 mutations were found in their p53 genes and the other allele was 
lost or reduced to homozygosity (Baker et al., 1989; Nigro et al., 1989). This 
is the hallmark of a tumor suppressor gene.   

Thus three different approaches all led to the conclusion that the p53 
gene product acted as a tumor suppressor protein and that the viral oncogene 
products bound to the p53 protein must therefore inactivate it. Mutations in 
both p53 alleles were selected for in non-viral induced cancers. Adding back 
the wild type p53 gene to a cancerous cell in culture killed the cell or 
blocked the action of oncogenes. At this time there were two examples of 
tumor suppressor genes (retinoblastoma and p53) and the field turned its 
attention to elucidating the functions of these genes and their products. 

THE FUNCTIONS OF THE P53 GENE AND THE 
DOWNSTREAM PROGRAM 

One of the first clues about the function of the p53 protein came from the 
observation that it bound to DNA and that tight binding to DNA occurred in 
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a sequence specific fashion (Funk et al., 1992; Zauberman et al., 1993; el-
Deiry et al., 1992). Steinmeyer and Deppert (1988) selected for DNA 
sequences that would bind to the p53 protein even at low concentrations and 
sequence analysis of these DNA’s gave a consensus for the optimal DNA 
binding sequence: RRRCWWGYYY where R is a purine, W is A or T and Y 
is a pyrimidine. A core fragment of the p53 protein containing its DNA 
binding domain was co-crystallized with this consensus oligonucleotide and 
the protein was found to make strong contacts with the C and G residues and 
weaker contacts with the other sequences (Cho et al., 1993). At this time a 
series of experiments demonstrated that as a result of this DNA binding p53 
behaved as a transcription factor (Fields et al., 1990; Raycroft et al., 1990; 
Kern et al., 1991). This set off a search for the genes regulated by the p53 
protein and these target genes are discussed further later in the chapter. 

At about this same time the p53 protein in cells was shown to bind to 
another protein and temperature sensitive mutants of the p53 protein 
regulated the levels of this interacting protein (Momand et al., 1992). The 
purification and sequencing of this p53 binding protein identified it as the 
MDM-2 protein (Momand et al., 1992) which had recently been shown to be 
an oncogene in mouse cells (Fakharzadeh et al., 1991). The MDM-2 protein 
was found to bind to the p53 protein and block its ability to act as a 
transcription factor (Momand et al., 1992) and the MDM-2 gene in humans, 
called HDM-2, was shown to be amplified and over-expressed in some 
human sarcomas (Oliner et al., 1992). Furthermore the MDM-2 gene was 
shown to be transcriptionally regulated by the p53 protein, containing a 
number of DNA sequences in the first intron of the gene related to the p53 
DNA consensus sequence (Zauberman et al., 1995).  This meant that p53 
and MDM-2 formed an autoregulatory loop where increased p53 activity 
increased MDM-2 levels which in turn decreased p53 activity resulting in 
declining MDM-2 levels (Piksley and Lane, 1993; Wu et al., 1993). This 
forms a failsafe mechanism to prevent p53 activity from getting too high in a 
cell. Subsequently it was shown that MDM-2 is an E3 ubiquitin ligase that 
transfers ubiquitin to p53 resulting in its degradation (Honda et al., 1997). 
This type of circutry between p53 and MDM-2 means that the levels and 
activities of these proteins in a cell oscillate out of phase with each other 
over time (Bar-Or et al., 2000) and this has been shown to be the case in 
single cell experiments (Lahav et al., 2004).  This relationship between p53 
and its negative regulator MDM-2 can be disrupted in several different ways; 
1. The p53 gene can be mutated so that the cell doesn’t make MDM-2 
proteins (present in 50-55% of cancers), 2. the MDM-2 gene can be 
amplified so it blocks p53 functions (found in 30% of sarcomas), 3 .p53 
protein modifications (phosporylations) can occur in or near the p53-MDM-
2 binding sites (Unger et al., 1999; Lin et al., 1994) and disrupt this protein-
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protein interaction as is the case after p53 activation in response to the 
appropriate signals, 4. MDM-2 can be inactivated by the ARF protein or by 
interaction with some ribosomal proteins (Zhang et al., 2003; Lohurm et al., 
2003). 

Another gene regulated by the p53 transcription factor is the p21/ Waf-1/ 
Cip-1 gene (el-Deiry et al., 1993). This gene contains perfect p53 DNA 
binding consensus sites that regulate it by the activation of the p53 protein. 
One of the functions of the p21 protein is to bind to the cyclin E cdk-2 
protein kinase that must act in late G1 of the cell cycle and block its activity 
(Harper et al., 1995; Xiong et al., 1993). This is in part the reason why p53 
activation can lead to cell cycle arrest in G1. Similarly the 13-3-3 sigma 
gene is regulated by p53 and this protein binds to the CDC-25 protein, 
keeping it in the cytoplasm where it is unable to function as a nuclear 
phosphatase thus permitting cells to go from G2 to M phase (Draetta and 
Eckstein, 1997; Taylor and Stark, 2001). This contributes to a G2-M block 
that is sometimes observed after p53 activation. Thus some of the 
downstream genes regulated by p53 contribute to a cell cycle arrest. Another 
set of p53 responsive genes promotes apoptosis in a cell by helping to 
activate the release of cytochrome c from the mitochondria (bax, noxa, perp, 
etc.) and contributing via the production of APAF-1 (Rozenfeld-Granot et 
al., 2002) to the activation of caspase 9 and 3 followed by apoptosis. p53 
also activates a second apoptotic pathway increasing the levels of the Fas 
ligand and the KILLER DR receptor in the caspase 8 and 3 pathway (Sheikh 
et al., 1998). Thus a second major p53 response is programmed cell death. 
p53 also regulates some genes that participate in DNA repair reactions in the 
cell (p53R2 an alternative ribonucleotide reductase subunit) and a set of gene 
products that produce secreted proteins after a p53 response 
(thrombospondin, maspin, inhibitors of plasminogen activators). These gene 
products may alter the extracellular matix and could impact upon the 
regulation of cell division, metastasis, angiogenesis, or other functions. 
Figure 1 depicts these pathways and see also the recent review by Nakamura 
(2004).  

Among the more interesting aspects of the p53 inducible and regulated 
pathway is the elaborate negative feedback loops that are formed by three 
p53 regulated genes and their products. First is the p53 -MDM-2 feedback 
loop that has been discussed above. p53 also regulates the Cyclin G gene 
that makes a protein that combines with the PP2A phosphatase and removes 
a phosphate residue from the MDM-2 protein (Okamoto et al., 2002) thus 
increasing the MDM-2 activity and lowering p53 levels in a cell. A mouse 
with the Cyclin G gene knocked out is viable but has higher constitutive p53 
levels in its cells (Jensen et al., 2003). The phosphate group removed from 
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MDM-2 by Cyclin G -PP2A is added to MDM-2 by one of several cyclin-
cdk kinases suggesting a link to cell cycle events.  
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Figure 1a. Downstream of p53: known transcriptional response of the activated p53 protein. 
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Figure 1b. Downstream of p53: known transcriptional response of the activated p53 protein. 
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Another negative regulator of p53 that is encoded by a p53 responsive 
gene is Wip-1 (Fiscella et al., 1997). Wip-1 is a phosphatase that acts upon 
MAP kinase that in turn can phosphorylate the p53 protein at two sites 
resulting in its increased activity as a transcription factor. The 
dephosphorylation of MAP kinase by Wip-1 lowers MAP kinase activity and 
reduces p53 activity (Takekawa et al., 2000). Thus MDM-2, Wip-1 and 
Cyclin G are all p53 regulated genes that in turn negatively regulate p53 
activity or levels and both MDM-2 (Taubert et al., 2003) and Wip-1 
(Bulavin et al., 2002; Sinclair et al., 2003) genes are found to be amplified in 
selected cancers. Figure 2 summarizes this negative feedback loop and 
network.  

Figure 2. Negative feedback loops that control p53 activity in the cells. 

To date some 30-35 genes have been shown to contain the p53 
responsive elements in their DNA and, by one criteria or another, have been 
shown to be regulated by p53 either in a positive or negative fashion. Hoh 
and her colleagues (Hoh et al., 2002) have formulated an algorithm that 
scans the human or mouse genome for p53 responsive DNA elements or 
sequences adjacent to genes that may be regulated by the p53 protein (see 
http://linkage.rockefeller.edu/p53). They identified in the mouse and human 
genome 16 genes that had excellent p53 responsive elements and tested these 
genes for their transcriptional regulation after p53 activation in cells in 
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culture (Hoh et al., 2002). To date 12 of those genes have been shown to 
increase or decrease their abundance after p53 activation. There is some cell 
or tissue type specificity in some of these responses and this has been 
observed in mice as well. A survey of the p53 responsive DNA sequence 
elements in many p53 regulated genes demonstrates that there are always 
two RRRCWWGYYY palindromes separated by a 0-21 base pair spacer of 
any sequence and a good deal of sequence degeneracy is permitted in these 
sites. An oligonucleotide chip analysis of genes up- or down-regulated after 
p53 levels rise in a cell identified a number of genes that have p53 
responsive elements (as in Figure1) and many genes whose m-RNA levels 
change but don’t have recognizable p53 responsive elements (Zhao et al., 
2000). This suggests that their may well be a program of gene activation or 
repression begun by p53 regulated genes that is no longer dependent upon 
p53 for its activity and that among the p53 regulated genes might well be 
transcription factors that carry out this program. Figure 3 shows the kinetics 
of mRNA levels (increased or decreased) for a series of genes in 
lymphoblastoid cell lines, as detected by Affymetrix chips after exposure to 
gamma irradiation, a known activator of the p53 pathway. Using the data 
provided by Jen and Cheung, (2003) but utilizing different clustering 
algorithms, we addressed the problem of identifying among 126 IR-
responsive genes in common between 3 Gy and 10 Gy exposure, clusters of 
genes which are highly correlated in their temporal expression patterns at the 
two doses (Figure 3 and http://www.csb.ias.edu/Research/clusters.htm). As 
in Jen and Cheung our analysis reveals a complex program of gene 
expression in these cells after p53 activation. A similar program was 
observed in carcinoma cells undergoing a p53 response (Robison et al., 
2003).  

Figure 3. This analysis was performed to better identify clusters of genes whose expression 
following IR insult display similar temporal patterns. The data that consisted of Affymetrix 
chip analysis of gene expression in lymphoblastoid cells, was provided by Jen and Cheung 
[78] (see also http://www.csb.ias.edu/Research/clusters.htm for details). The consensus 



12 Chapter 1
 
profiles show a highly coordinated IR response of genes after 3 Gy and 10 Gy IR exposure: 
(i) more than 90% of the genes in two of the four 3Gy profiles (Cluster 3Gy-1a and Cluster 
3Gy-1b) display similar temporal patterns after 10 Gy exposure (in Cluster 10Gy-1), and (ii) 
more than 85% of the genes in each of the remaining two 3Gy profiles (Cluster 3Gy-2 and 
Cluster 3Gy-3) display similar temporal expression patterns after 10 Gy radiation (in Cluster 
10Gy-2, and in Cluster 10Gy-3, respectively). Each profile identified in this analysis is stable 
to data perturbation with white noise, has high homogeneity, and has a very low likelihood to 
occur by chance. Additionally, Jen and Cheung identified 16 profiles of smaller size in 
response to 3Gy, and 10 Gy radiation exposure. 

THE ACTIVATION OF P53 AND THE UPSTREAM 
PROGRAM 

The p53 protein is synthesized in most cells in the body and has a very 
short half-life of 6-30 minutes depending upon the cell or tissue type. Under 
these circumstances there is very little p53 regulation of p53 responsive 
genes. A variety of stress signals will activate the p53 protein so that there is 
an enhanced transcription of the p53 responsive genes. Activation is 
associated with and is caused by protein modifications of p53 
(phosphorylation and acetylation). This in turn results in an increased half-
life and increased concentrations of the p53 protein (Maltzman and Czyzyk, 
1984; Price and Calderwood, 1993; Maki and Howley, 1997). While 
activation of the p53 protein was first carried out using temperature-sensitive 
mutants of the p53 gene, the first demonstration by a real physiological 
stress that activated p53 was by Maltzman and Czyzyk (1984) who showed 
that UV light damage increased the level of the p53 protein in cells. This was 
roundly ignored by the field for quite a while until Kastan (Kastan et al., 
1991) and others demonstrated that a wide variety of DNA damaging agents 
producing very different DNA lesions, each can activate the p53 response 
(Huang et al., 1996). UV damage involves the formation of thymine dimers, 
gamma radiation results in single or double stranded breaks in DNA, 
alkylating agents often react with guanine residues producing alkylated G-
residues and each of these lesions has a distinct set of repair activities in the 
cell. Associated with this repair process are a series of enzymatic activities; 
protein kinases, histone acetylases, and possibly histone methylases, sumo 
ligases, or other such activities, that recognize the type of DNA damage and 
modify the p53 protein, signaling to it the existence of that type of damage. 
Although it has been difficult to assign a specific kinase to a specific signal, 
the available evidence suggests that the ATM kinase (Canman et al., 1998; 
Banin et al., 1998) and a CHK kinase (Zhao et al., 2002; Gatei et al., 2003) 
may well play a role in the single and double strand break stress signals and 
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the ATR kinase could be involved in UV damage recognition (Unsal-
Kacmaz et al., 2002). The patterns of phosphorylation after such stress 
signals have been intensively studied and it appears that different kinases 
may yield different combinations or patterns of phosphorylation on the p53 
protein. UV damage or gamma radiation produces distinct p53 
transcriptional responses as examined by oligonucleotide arrays (Zhao et al., 
2000). These data suggest that the p53 protein integrates the input signals 
from different stresses and responds accordingly with a distinct 
transcriptional output. Thus, removal of each of these lesions might be by a 
different mechanism in cells.  There are also sets of p53 responsive genes 
that are always transcribed in a p53 response independently of the type of 
input stress or the cell type under study. These genes include p21, MDM-2, 
Gadd-45, 14-3-3 sigma, and Cyclin G. Today we recognize a variety of 
stress signals that activate the p53 pathway such as DNA damage, hypoxia, 
spindle poisons, the size of the ribonucleotide triphosphate pools in a cell, 
NO signaling, cold shock, denatured or altered proteins and even some 
oncogene mutations result in enhanced p53 activity in a cell (reviewed 
recently by Nakamura (2004). Thus the p53 protein is modified by a wide 
variety of stress signals or alarms, it then processes this information using a 
protein modification code yet to be elucidated and responds by activating a 
transcriptional program (Figure 3) resulting in either cell cycle arrest, 
apoptosis, DNA repair, the modification of the cellular matrix and 
communication with neighboring cells.  

Clearly these upstream signals that communicate with p53 can mobilize a 
large number of enzymatic functions such as kinases and phosphatases, 
histone acetylase complexes and histone deacetylases, PML bodies, 
helicases, ubiquitin ligases, etc. which all may play a positive or a negative 
role in modulating p53 activity and p53 responses (see Figure 1).  The 
modified p53 protein must then enter into the transcriptional machinery of 
the cell, which may respond to the protein modification code, and promote 
p53 interactions with other proteins to enhance the rate of transcription of 
selected genes. Together these upstream inputs and their downstream 
responses create a highly regulated network that responds to the stress 
signals (Figures 1, 3). 

INACTIVATION OF THE P53 PATHWAY IN CANCERS 

The p53 pathway is composed of hundreds of genes and many of them 
will have single nucleotide polymorphisms that impact upon the efficiency 
of p53 function. Thus we can expect that genetic difference between people 
will contribute to the cellular and molecular responses to stresses and this 
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may well impact upon the age of onset of cancers, the incidence of cancers 
and the responses to therapy that results in DNA damage.  A small number 
of families inherit one p53 mutant allele in the germ line. These families 
have the Li-Fraumeni syndrome with early age of onset of cancers, and in 
some cases multiple independent cancers. The penitrance of the p53 mutant 
allele is almost 100% in people and the tumors frequently, but not always, 
reduce to homozygosity for the mutant allele. The tumors are commonly 
sarcomas, but breast, colon and several other types of cancers are observed 
(Frebourg et al., 1992; Malkin et al., 1990). The mouse with no p53 alleles 
develops thymic lymphomas at a young age and these tumors are not 
observed in humans. The heterozygous mouse frequently develops sarcomas 
and this is similar to the human spectrum of tumors (Jacks et al., 1994).     
About 50 percent of all cancers have p53 somatic mutations in both p53 
alleles (Hollstein et al., 1991). A few cancer types do not usually have any 
p53 mutations (teratocarcinomas), and others (melanomas, some leukemias) 
have a very low frequency of p53 mutations (about 10% of the time) 
(Hollstein et al., 1991; Drexler et al., 2000). In teratocarcinomas, which are 
germ cell tumors, the p53 protein is not functional (Lutzker and Levine, 
1996) but has a wild type DNA sequence. Because it is not functional there 
is no selection pressure to inactivate it via mutation. The p53 protein can be 
activated and kill the cell by apoptosis after DNA damage. Interestingly 
teratocarcinomas respond very well to chemotherapy and are cured most of 
the time. Similarly leukemias rarely have p53 mutations and respond very 
well to chemotherapy. When they relapse these tumors often, but not always, 
now harbor p53 mutations.   

The International Agency for Cancer Research (IARC) maintains a 
database of p53 mutations (http://www.iarc.fr/p53) that encompasses 18,585 
examples of somatic and 1114 of germ line mutations. Of the somatic 
mutations 82% are point mutations whereas 18% are insertions, deletions or 
more complex rearrangements. When the entire p53 c-DNA or gene is 
sequenced the great majority of the mutations are located in the DNA 
binding or core domain of the p53 gene and protein. Because of this most 
researchers have sequenced only exons 5-8 encompassing codons 108 to 298 
which is the DNA binding domain. Possibly because of this bias 94% of all 
point mutations in the p53 gene have been localized to codons 100-310. 
About 35% of these point mutations are localized in six hot spots in the gene 
at codons 175, 245, 248, 249, 273, and 282. When tested, the proteins with 
these p53 mutations fail to bind to the p53 DNA response element efficiently 
(Bullock et al., 2000; Kern et al., 1991; Epstein et al., 1998) and fail to 
transcribe p53-regulated genes. The hot spot mutations correspond to amino 
acid residues that make contact with the nucleotides in the p53 response 
element. This suggests that mutations resulting in a loss of function of the 
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DNA binding and transcription factor properties of the protein are being 
selected. A mutational analysis of the amino terminal region of the p53 
protein, where the transactivation domain resides, indicates that at least two 
independent point mutations are required to inactivate the transcriptional 
activity of this domain (Lin et al., 1995) so it is clearly easier and more 
common to obtain point mutations in the DNA binding domain.  

Some other tumor suppressor genes, such as the APC gene and the p16 
gene, are commonly inactivated by point mutations that result in stop codons 
that lead to a loss of function. In the p53 database both missense and 
nonsense mutations are found in many cancers. The missense proteins are 
not transcriptionally functional and so no MDM-2 protein is made in most 
cells. Due to the decreased abundance of the negative regulator protein, 
mutant p53 protein is found in much larger amounts in cancer cells than in 
normal cells with the wild type p53 protein (Hinds et al., 1990). When the 
missense protein is produced in large amounts in a cell along with wild type 
p53 protein both wild type and missense proteins are synthesized and enter 
into a tetrameric protein complex that is inactive because of the mutant or 
faulty subunits. Thus p53 mutant c-DNA clones show a dominant loss of 
function phenotype and can transform cells in culture (Hinds et al., 1989). It 
is not at all clear that this has any functional significance in vivo or in 
tumors. However many of the missense mutations in the p53 gene have been 
shown to have a potential gain of function phenotype (Blandino et al., 1999; 
Dittmer et al., 1993). When a p53 missense c-DNA clone is added to a cell 
that is normal but has no p53 gene, the cell can grow more rapidly, become 
more tumorigenic when inoculated into animals and can gain a drug resistant 
phenotype. These experiments have been carried out by a number of 
different research laboratories, they appear to be quite reproducible and even 
show some allele specific phenotypes, all of which suggests that the 
missense p53 mutations generated in cancers could have a gain of function 
phenotype. If this was the case then one could understand why missense 
mutations would occur more frequently in the p53 gene in cancers than 
nonsense mutations that are true loss of function mutations. 

One of the questions never answered properly is whether or not missense 
p53 mutations are selected for over and above the frequency of nonsense 
mutations or neutral mutations observed in the database. The IARC database 
was employed to ask this question for all possible point mutations in codons 
100-310 that could lead to a missense mutation or a nonsense mutation. The 
way to accomplish this is by comparing the number of ways a mutation in 
any base in a codon can result in a missense mutation or a nonsense mutation 
with the number of times this has occurred in cancers with p53 mutations. 
The necessary assumption is that the database contains a large enough set of 
mutations that differences in the point mutation rates are balanced out. In 
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addition it is important to consider the set of mutations that were selected, 
above the noise, by using the silent mutations as background noise. The 
frequency of silent mutations (a nucleotide change that does not result in an 
amino acid change) in the database suggests a background level of 
unselected mutations such that a mutation should occur in four or more 
separate tumors so as to be above this background level.  Then the mutation 
is clearly selected for some property.  In Table 1 we carry out this exercise 
for mutations that are found in 4 or more tumors.  Although it is not shown, 
increasing this cutoff has very little effect on the results.  In column A is 
shown the number of different nucleotide changes that have led to a 
missense, nonsense, or silent mutation, respectively, and were represented in 
the database as least 4 times.  The total number of tumors in the database 
that have the set of nucleotide changes described in column A is represented 
in column B.  Finally, in column C, we calculate the average occurrence of 
each type of mutation (column B divided by column A). The surprising 
result of this analysis is that when we correct for the number of positions in 
which these mutation types could occur, missense mutations occur at about 
the same frequency or ratio (B/A) as nonsense mutations.  

Table 1. Comparison of missense, nonsense and silent mutations in p53. Numbers correspond 
to mutations that are found in 4 or more tumors in the IARC TP53 database. The total number 
of tumors in the database that have the set of nucleotide changes described in column A is 
represented in column B. Column C: average occurrence of each type of mutation (column B 
divided by column A).   

 A B C 
MISSENSE 529 12296 23,2 
NONSENSE 50 1145 22,9 
SILENT 76 445 5,9 

 
We have added the analysis in column A because different bases in 

different sequence contexts have different rates of mutation as is shown in 
Table 2. By far the most common mutation in the p53 gene is a C to T 
change in the dinucleotide CpG (see table 2) whether or not the mutation 
results in a nonsense, missense or silent amino acid change. For nonsense 
mutations C to T and G to T changes make up 75% of the mutations 
observed. For missense mutations C to T, G to A, and G to T changes make 
up 63% of the mutations in the database. For silent mutations the C to T and 
G to A changes make up 62% of the mutations found. With these base pair 
biases in the rate of mutations taken into account, it does not appear that 
missense mutations or nonsense mutations are preferentially selected in the 
cancers. Recently Yang et al. (2003) applied a variety of mutation rate 
models to this same p53 database and also concluded that selection for 
missense and nonsense mutations is about equal in the DNA binding region.   
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Table 2. Frequency of mutation types in p53 IARC database. Breakdown of nonsense, 
missense and silent mutations in the IARC TP53 database according to the nature of base 
change. The total number and percentage of each base change is shown.  
Type

mutation tot number percent CpG mutation tot number percent CpG mutation tot number percent CpG
A->C 0 0 A->C 243 2 A->C 7 0.8
A->G 0 0 A->G 1365 10 A->G 37 4
A->T 51 4 A->T 412 3 A->T 9 1
C->A 72 5 C->A 353 3 C->A 54 7
C->G 58 4 C->G 501 4 C->G 35 4
C->T 712 52.5 480 C->T 2549 19 1580 C->T 316 38.3 24
G->A 103 8 G->A 4198 31.2 2533 G->A 201 24.3 31
G->C 0 0 G->C 737 5 G->C 24 3
G->T 299 22.5 G->T 1790 13.3 G->T 25 3
T->A 36 3 T->A 398 3 T->A 14 2
T->C 0 0 T->C 492 4 T->C 86 12.1
T->G 7 0.5 T->G 397 3 T->G 18 2

Sum 1338 13435 826

nonsense missense silent

 

These data contradict the gain of function hypothesis and suggests three 
possible explanations for the contradiction. 1. The gain of function 
phenotypes observed with missense p53 mutations are observed in cell 
culture and animal models but are not operative in human cancers, 2. There 
are times that cancers select for nonsense mutations and others where 
missense mutations that have a gain of function are selected for by a tumor. 
Here the genetic background and the nature of the oncogene and tumor 
suppressor gene mutations could influence whether a gain of function 
mutation is selected. Even the cell or tissue type of the tumor could influence 
this. We could use the IARC database to look at mutations from individual 
tumors to see if they maintain the equality of selection between missense and 
nonsense mutations. However, specific mutation rates are modified so 
strongly by particular carcinogens that we would no longer trust that the 
large database could smooth out the varying rates. 3. Something is 
fundamentally wrong with the interpretation of the gain of function 
experiments (the mutant p53 still acts as a transactivator that changes the 
cell, it still binds to DNA and alters the cell) but these properties are not 
important in cancers and are not selected for by tumors. This gain of 
function hypothesis remains one of the unresolved problems in the field. 

The IARC database does not permit one to examine the frequency of p53 
mutations in one or more cancers because data are not presented for the total 
number of tumors where the p53 gene has been sequenced so as to know 
what percentage of these tumors had p53 mutations. Based upon a large 
number of studies in the literature it would be conservative to claim that 
about 30% of all tumors examined contained p53 mutations (likely to be 
>50%). If we accept a 30% cutoff then the IARC database contains about 
18585 mutations (out of an estimated 62,000 tumors sequenced) of which 
826 are silent mutations. These are usually considered neutral mutations that 
are not selected for or against in a tumor or in the evolution of an organism. 
Because this may be as pure an estimate of a mutation frequency in the 
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absence of selection (not a rate as we know nothing of the number of cell 
divisions) in tumor cells in vivo, we attempted to estimate this number. 
There are 826 silent mutations in about 62,000 tumors (a third of which have 
p53 mutations) which implies that 1.3% of tumors have silent mutations.  
268 of 630 nucleotides in codons 100-310 can yield silent mutations. 
Therefore, the estimate for the neutral mutation rate per nucleotide in the 
tumor is .013/268 = 5x10^(-5). An estimate of the frequency of germ line 
changes per base pair is commonly about 3x10^(-8) or about 1,000 times 
lower than the silent mutation frequency suggested from this analysis. There 
are many estimates and assumptions in this calculation, but it does suggest 
something that was intuitively thought to be correct, namely that the 
spontaneous mutation frequency (as measured using only neutral mutations) 
in a cancer is about 1,000 fold higher than in a normal cell. Thus it implies 
that mutator gene phenotypes are involved in raising the frequency of 
mutations in cancer. 

The possibility that these silent mutations are actually polymorphisms 
and not somatic mutations can be ruled out.  There are 6 known SNPs in the 
coding region of p53 (also 1 in the promoter region and 12 in introns).  Of 
these 6 SNPs, 4 are silent and 2 change amino acids.  Only one of the 4 silent 
SNPs (Arginine 213) is in the region of the gene being studied (codons 100-
310).  This change could account for at most 2 of the 826 silent mutations. 

Finally it should be pointed out that mutations that do not alter an amino 
acid in the protein may not be selectively silent. Such changes could alter 
RNA folding, the rate of RNA processing or the rate of translation. RNA–
protein interactions might fail when there is a change in the structure or 
sequence of the m-RNA brought about by a so called neutral mutation. 
While we don’t usually think of these changes as critical to function, these 
ideas have been poorly tested.  

There are a number of other mutations in the p53 pathway that alter p53 
functions. As reviewed in Figure 2 there are four negative and one positive 
feedback loops for p53 regulation. Thus MDM-2 and WIP-1 gene 
amplifications in sarcomas and breast cancers respectively reduce p53 
activity (Taubert et al., 2003; Bulavin et al., 2002). Cyclin G over-expression 
also reduces p53 function and cyclin G knockout mice have more p53 
protein (Jensen et al., 2003). The AKT kinase in the IGF- PI3K-PTEN 
pathway has been shown to phosphorylate the MDM 2 protein resulting in 
the movement of MDM-2 into the nucleus where it more effectively 
degrades the p53 protein (Ashcroft et al., 2002; Mayo et al., 2001). Several 
other signal transduction pathways produce transcription factors that 
enhance ARF synthesis or activity, which in turn inhibits MDM-2 and 
positively regulates p53. Beta catenin-TCF-4 (the product of the WNT-APC 
pathway), E2F-1 (the product of the Cyclin D-Rb pathway), MYC, RAS and 



1. The First Twenty-Five Years of p53 Research 19
 
p38 MAPK which acts via the ETSandAP-1 transcription factors, are all 
examples of interconnections between several signal transduction pathways 
and p53. Thus we are beginning to understand not only the p53 pathway but 
also its many connections to signal transduction pathways that play central 
roles in the origins of cancers. It will now be up to the new field of systems 
biology to construct these pathways, model them and make clear predictions 
which can be tested in experiments and ultimately shown to benefit cancer 
patients with predictive and prognostic outcomes.  

After 25 years of research with the p53 gene and its protein we have built 
an infrastructure upon which to extend our detailed understanding of its 
functions. The p53 gene and its protein are not essential for life (i.e. the 
knock out mouse is born alive) but it is quite clear that it is essential for life 
to faithfully reproduce itself.  The p53 gene in worms and flies protects the 
germ line from stress and mutations. In the mouse and human these 
functions still operate effectively but the role of p53 has also been adapted to 
faithful cellular reproduction of somatic cells, as vertebrates regenerate their 
tissues. Responses to stress that disrupt our homeostatic mechanisms, cause 
mutations that impact information transfer, and result in pathogenic 
outcomes, are the business of the p53 pathway. We need to understand this 
business better.    
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REGULATION OF P53 DNA BINDING 
 

Kristine McKinney and Carol Prives 
Columbia University, Department of Biological Sciences, New York, NY, USA 

p53 is one of the most frequently mutated genes in human cancers and, as 
a result, is also one of the most well-studied genes in the history of cancer 
research. Although many functions have been ascribed to p53 over the years, 
one of the first activities to be characterized was the ability to bind DNA 
sequence-specifically through its central domain (reviewed in Vogelstein & 
Kinzler, 1992).  This domain, also frequently referred to as “the core” due to 
its protease resistance (Bargonetti et al., 1993; Pavletich et al., 1993), 
contains the most evolutionarily conserved sequences of the protein, both 
between p53 proteins from different species and between the different p53 
family members, p63 and p73 (reviewed in Yang et al., 2002).  This region 
is also the most frequently mutated domain of p53 in the major forms of 
human cancer (Hainaut & Hollstein, 2000; Olivier et al., 2002).  
Consequently much research has focused on understanding this crucial 
ability as well as its regulation.  Indeed, the regulation of p53 DNA binding 
has generated much debate recently, specifically with regard to the role of 
the C-terminus.  

In addition to a sequence-specific DNA binding domain, p53 also 
contains a transactivation domain in its N-terminus and can therefore bind 
and transactivate targets in vivo and in vitro (reviewed in Vogelstein & 
Kinzler, 1992). Other well-characterized functional domains are diagrammed 
in Figure 1.  This chapter will focus on what is known about the involvement 
and regulation of the individual domains of p53 in sequence-specific DNA 
binding.     
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Figure 1. Schematic diagram of p53 functional domains highlighting the clustering of tumor-
derived mutations in the sequence-specific DNA binding domain (generated in IARC 
database October 2003 http://www.iarc.fr/p53).  Indicated are the  N-terminal activation 
domains (AD1, AD2), the proline rich region (PXXP), the central core sequence specific 
DNA binding domain (DNA BINDING CORE), the tetramerization domain (TETRA) and the 
C-terminal sequence non-specific nucleic acid binding region (BASIC). 

TRANSACTIVATION DOMAIN 

The first 100 amino acids of p53 contain two transactivation domains, a 
proline-rich domain and a nuclear export signal.  The transactivation 
domains have been mapped between amino acids 20-40 (Chang et al., 1995; 
Lin et al., 1994; Unger et al., 1993) and 40-60 (Candau et al., 1997; Venot et 
al., 1999; Zhu et al., 1998) and are both required for full transactivation 
ability.  Missense mutations in these two domains, however, can have 
different effects in cells (Chen et al., 1996; Walker & Levine, 1996; Zhu et 
al., 1999; Zhu et al., 2000). The p53 N-terminus also contains a proline-rich 
domain (residues 60-90) which contains five copies of the motif “PXXP.”  
This domain has been implicated in regulation of p53-mediated apoptosis 
(Baptiste et al., 2002; Sakamuro et al., 1997; Venot et al., 1998; Walker & 
Levine, 1996; Zhu et al., 1999).  It is also interesting to note that the proline-
rich region is reportedly required for interaction with the nuclear matrix in a 
DNA-damage dependent manner (Jiang et al., 2001; Okorokov et al., 2002) 
although the physiological relevance of this association  has not yet been 
adequately addressed.  The list of verified and potential p53 target genes is 
increasing rapidly, as is our understanding of when and in which cell types 
particular genes are important for the physiological outcomes of p53 and its 
family members’ (reviewed in Harms et al., 2004). 

Although its transactivation domains are pivotal to p53 function in cells, 
there are only a few reports of their direct effects on DNA binding (reviewed 
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in Jayaraman & Prives, 1999). For example, it was demonstrated that 
antibodies directed at N-terminal epitopes can protect p53 from thermal 
denaturation and stabilize p53 DNA binding (Friedlander et al., 1996b; 
Hansen et al., 1996).  Therefore it is possible that one way to increase p53 
function in cells would be through protein-protein interactions with this 
intrinsically destabilizing domain.  It is interesting to note that interaction 
with the N-terminal antibody 1801 can stabilize DNA binding of some 
tumor-derived mutants of p53 even at elevated temperatures (Friedlander et 
al., 1996b).  A potential explanation for this effect may be found in the 
report that multiple monoclonal antibodies directed at N-terminal epitopes 
result in a marked reduction in dissociation rate of p53 from DNA in vitro 
(Cain et al., 2000). This is consistent with the observation that the TATA-
binding protein (TBP) subunit of the basal transcription factor TFIID, as 
well as TFIID itself, interacts with the N- and C-termini of p53 and is 
capable of stimulating p53 recognition of target sequences both in the 
absence and presence of a TATA box (Chen et al., 1996).  Similarly, the 
adenovirus E1B 55K protein interacts with the N-terminus of p53 and 
stabilizes its interaction with DNA (Yew et al., 1994).       

Residues 80-93 in the poly-proline region have also been reported to 
comprise a negative autoregulatory domain since deletion of this domain 
results in an increase in p53 DNA binding (Muller-Tiemann et al., 1998).  
Furthermore, in the same study a peptide spanning this domain was shown to 
increase p53 DNA binding when titrated in trans in a manner that required 
the presence of residues 80-93 and 363-393 (another autoinhibitory region 
that will be discussed below).   

The N-terminus of p53 is highly post-translationally modified (reviewed 
in Appella & Anderson, 2001).  Phosphorylation events in this region have 
been implicated in both the stability of p53 as well as the specificity of target 
transactivation (Chao et al., 2003; Oda et al., 2000), although only 
phosphorylation of Ser46 has been shown to affect target specificity at the 
level of DNA binding.  Oda et al. report in vitro evidence using nuclear 
extracts from transiently transfected cells that an Ser46Ala mutation 
decreases p53 binding to the p53-regulated Apoptosis-Inducing Protein 1 
(p53AIP1) target sequence (and not to a p21 binding site).  Further work 
including a DNA binding assay using purified recombinant p53 Ser46Ala to 
understand if other interacting proteins are required for this effect as well as 
a chromatin immunoprecipitation experiment to confirm that altered DNA 
binding specificity is the result of serine 46 phosphorylation in vivo would 
be interesting. Another possible example comes from the Ser18Ala mutant 
(homologous to Ser15 in human p53) knock-in mouse which shows reduced 
transactivation of some target genes and an abrogated ability of p53 to 
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induce cell cycle arrest and apoptosis, although there is no data addressing 
the effect on the DNA binding ability of p53 per se (Chao et al., 2003).   

SEQUENCE-SPECIFIC DNA BINDING DOMAIN 

Sequencing of the p53 locus from over 16,000 human tumors provides 
striking evidence for the importance of the sequence-specific DNA binding 
domain for intact tumor suppressor function (Hainaut & Hollstein, 2000; 
Olivier et al., 2002) (Figure 1). 97% of the mapped mutations cluster in the 
sequence-specific DNA binding domain (Hainaut & Hollstein, 2000; Olivier 
et al., 2002) and render the protein inactive for target sequence binding 
(reviewed in Bullock & Fersht, 2001; Ko & Prives, 1996). This region lies in 
the center of the protein (approximately amino acids 100-300) and also has 
the zinc-binding activity required for proper protein folding. Consensus 
sequences for p53 binding contain two copies of the inverted pentameric 
sequence PuPuPuCA/T

T/AGPyPyPy separated by 0 to 13 base pairs with the 
4th C and 7th G being the least variant. Sequences generally conforming to 
this consensus have been found in many genes that are induced by p53 and 
have been shown to bind to p53 in vitro, to serve as p53 response elements 
in both reporter transactivation assays in vivo and transcription assays in 
vitro. In many cases p53 has also been shown to bind to these sites in 
chromatin immunoprecipitation (ChIP) assays.  Reports using computational 
genomics and microarray studies suggest that there are 300 - 1600 potential 
binding sites for p53 in the human genome (Cawley et al., 2004; Hoh et al., 
2002). Recently a p53 response element in a microsatellite sequence of the 
PIG3 promoter which contains 10-17 tandem repeats of the pentanucleotide 
sequence (TGPyCC)n (Contente et al., 2002) was identified. This 
microsatellite sequence has substantial homology to the classic p53 
consensus sequence but differs in the number of repeats and is also the first 
p53 response element shown to be polymorphic. 

p53 is also capable of transrepression of some genes although the 
mechanisms are less well-understood (reviewed in Oren, 2003). While in 
some cases repression is caused by target gene products that are induced by 
p53 such as p21 (Gottifredi et al., 2001; Lohr et al., 2003), other mechanisms 
involving direct repression have also been described.  One study described a 
large co-repressor complex that could be recruited by p53 via its proline-rich 
domain (Zilfou et al., 2001). However some cis-acting DNA sequences 
required for p53-transrepression have also been identified. Some of these 
sequences conform to the consensus p53 binding site while others are 
essentially permutations of the consensus. The first class of repression target 
sequences found in the Bcl-2 and α-fetoprotein genes contains p53 binding 



2. Regulation of p53 DNA Binding 31
 
sites which overlap with the binding site of another more potent activator 
(Budhram-Mahadeo et al., 1999; Lee K. C. et al., 1999).  In these cases, p53 
actually transactivates when bound to the promoter, but since its activity is 
weaker than the transcription factor it has displaced, the target mRNA levels 
decrease.  In a related mechanism, there is a p53 binding site adjacent to an 
enhancer in the HBV gene. p53 represses transcription of HBV in a manner 
which requires the presence of the enhancer sequence (Ori et al., 1998).  
When the enhancer is deleted, p53 binds and activates transcription of HBV. 
Similarly, the survivin gene contains a p53 binding site which conforms to 
the consensus, i.e. two half-sites separated by 3 base pairs and is near an E2F 
binding site which is required for p53-mediated repression (Hoffman et al., 
2002). In contrast, the sequences in the MDR1 (multi-drug resistance 1) gene 
required for p53-mediated transrepression do not conform to the p53 
consensus. Rather, they contain four direct repeats of the canonical quarter 
site (rather than two copies of two inverted repeats) (Johnson et al., 2001).  If 
the MDR1 promoter sequences are mutated into inverted repeats as in the 
p53 consensus, p53 becomes an activator of the promoter instead of a 
repressor.  Similar sites were found by sequence analysis in other promoters 
repressed by p53 and it will be interesting to find out how general this 
putative p53 repression sequence is. Since p53 binds its consensus sequences 
in a manner similar to its three-dimensional organization, in other words as a 
“dimer of dimers,” it will be interesting to understand if p53’s interaction 
with a site containing straight repeats is fundamentally different (McLure & 
Lee, 1998).   

Two interesting aspects of the regulation of the core domain are worth 
mentioning. The first is the role of metal ions and redox (Hainaut & Mann, 
2001). Core cysteine residues Cys176 in the L2 loop and Cys238 and 
Cys242 in the L3 loop along with His179 in Helix 1 coordinate a single zinc 
molecule in the core. Not surprisingly mutation of the corresponding 
cysteines in mouse p53 ablates DNA binding (Rainwater et al., 1995) while 
use of zinc but not other divalent metals at physiological concentrations is 
required for maintaining the wild-type conformation of p53 (Meplan et al., 
2000).  This is further supported by observations that divalent metals such as 
copper (Hainaut et al., 1995; Verhaegh et al., 1997) and cadmium (Meplan et 
al., 2000) inhibit p53 DNA binding in vitro and in vivo. The importance of 
core cysteine residues is also supported by results showing that redox factors 
Ref1/APE (Gaiddon et al., 1999; Jayaraman et al., 1997; Seo et al., 2002; 
Ueno et al., 1999) and thioredoxin (Ueno et al., 1999) can affect p53 DNA 
binding and transactivation activities. Indeed Cys277 is involved in the 
selenium-requiring Ref1 activation of p53 DNA binding (Seo et al., 2002) 
and has been shown to play an important role in differential regulation of 
p53 binding to its target sites (Buzek et al., 2002). It merits pointing out that 
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while redox modulation is key in DNA binding by the core domain, it 
apparently plays no role in the DNA interactions of the C-terminal sequence 
non-specific DNA binding domain that is discussed below (Fojta et al., 
1999; Parks et al., 1997). 

The second feature of this region to be noted is the role in DNA binding 
of the L1 loop (residues 112-125) which is the sole “cold spot” in the core of 
human p53 tumor derived mutation. Studies using yeast genetics to identify 
core residues with altered or increased transactivation ability have yielded an 
inordinate number of L1 loop mutants (Resnick & Inga, 2003 and references 
therein).  The most well studied of these, Ser121Phe, has been shown to be 
an unusual mutant in that, in contrast to wild-type p53, it binds well to a 
single 10-mer of the canonical 20-mer consensus sequence (Saller et al., 
1999). Interestingly, Ser121Phe displays greater pro-apoptotic activity than 
does wild-type p53 along with defects in induction of some p53 targets such 
as p21 and Mdm2.  This is in contrast to other core domain mutants that 
have been identified that are selectively defective in activating and binding 
to sites in some pro-apoptotic target genes (Friedlander et al., 1996a; Ludwig 
et al., 1996).  Identification of core domain mutants that preferentially impair 
arrest or apoptosis would be invaluable for determining the roles of these 
two outcomes in tumorigenesis in mouse models.   

Studies examining the wild-type functions of the core have provided 
insights into possible modes of regulation of DNA binding. In addition, 
multiple protein-protein interactions have been mapped to this domain and 
may directly or indirectly impact the ability to interact sequence-specifically 
with DNA. On the other hand, studies that have focused on mutant proteins 
and the restoration of their sequence-specific DNA binding ability have also 
provided both useful insights to the molecular mechanisms of DNA binding 
and candidate drug therapies for cancer treatment.   

Insights from studies of wild-type p53 

Research focused on the DNA binding properties of the central domain 
have yielded interesting clues as to possible modes of regulation and the 
molecular mechanism of DNA binding.  The isolated core domain is capable 
of binding target sites in a cooperative manner as a tetramer, even without 
the aid of the C-terminal tetramerization domain (reviewed in Ko & Prives, 
1996) and there is some evidence that protein-protein interactions between 
core molecules partially mediate this phenomenon (Rippin et al., 2002).  The 
core DNA binding domain can induce ~40-60 degree bends in its target 
sequences upon binding (Balagurumoorthy et al., 1995; Cherny et al., 1999) 
and actually prefers sites containing intrinsically flexible sequences 
(Nagaich et al., 1997a). Furthermore, Nagaich et al. have proposed that a 
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bend in the DNA is actually required to accommodate all four molecules in 
the tetramer and avoid steric clashes (Nagaich et al., 1999; Nagaich et al., 
1997b). Therefore DNA conformation is a potential way to regulate DNA 
binding through the core domain. Interestingly HMGB1, an abundant 
nuclear protein capable of bending DNA, has been shown to augment both 
DNA binding in vitro and in vivo (Jayaraman et al., 1998), although whether 
this ability requires the p53 core is not fully understood. Another interesting 
finding is that when bound to DNA containing more than one target 
sequence, core domains can interact with each other and bend any 
intervening DNA into loops (Jackson et al., 1998; Stenger et al., 1994; Zhou 
& Prives, 2003). Since many p53 target promoters have more than one p53 
binding site, it is tempting to speculate that this activity could potentially aid 
in the formation of transcriptional pre-initiation complexes in the context of 
genomic DNA.   

Protein-protein interactions  

Most functions involving the core domain depend on its ability to interact 
with DNA sequence-specifically, however there are a few noteworthy 
exceptions.  Some interesting protein-protein interactions have been 
localized to the core domain including the p53 homologs p63 (Yang et al., 
1998) and p73 (Jost et al., 1997). Specifically, p73 isoforms have been 
shown to interact with mutant p53 in a core-dependent manner (Gaiddon et 
al., 2001; Strano et al., 2000) and tumor-derived mutants of p53 can thereby 
interfere with p63 and p73 transactivation (Di Como et al., 1999; Gaiddon et 
al., 2001; Strano et al., 2002).  Furthermore in some tumors the expression 
patterns of various isoforms of p63 are altered in a complex manner that is 
not yet fully understood (Di Como et al., 2002; Urist et al., 2002) but may 
reflect a role in the process of oncogenesis. On a related note, Flores et al. 
demonstrated a requirement for the wild-type p63 and p73 gene families in 
the p53-dependent induction of target genes in E1A-immortalized mouse 
embryo fibroblasts (Flores et al., 2002). They were able to show that 
removal of the p63 and p73 genes resulted in a decreased occupancy of p53 
at apoptotic promoters, although the precise function/mechanism of the p53 
homologs in this context is still elusive. In addition two proteins termed 
ASPP1 and ASPP2 (for Apoptosis Stimulating Protein of p53) interact with 
the p53 core and are capable of directly enhancing the interaction of p53 
with pro-apoptotic (but not pro-arrest) target sequences in vivo (Samuels-Lev 
et al., 2001). 

The idea that the sequence-specific binding function of p53 is the only 
activity targeted in oncogenesis could be somewhat over-simplified. It was 
recently demonstrated that p53 can interact with Bcl-XL and Bcl-2 (Mihara 



34 Chapter 2
 
et al., 2003), two anti-apoptotic proteins that reside in the outer 
mitochondrial membrane and protect its integrity (reviewed in Green & 
Evan, 2002). It was reported that interaction with these proteins depends on 
the p53 core domain and that tumor-derived mutants have lost the ability to 
interact with them but not the ability to localize to mitochondria.  
Furthermore p53 can relocalize to mitochondria in a stress-dependent 
manner in cells and induce release of cytochrome c from purified 
mitochondria in vitro.  In this scenario, p53 would act in a manner analogous 
to the related pro-apoptotic BH3-only proteins by sequestering Bcl-XL and 
Bcl-2 (reviewed in Chipuk & Green, 2004). Furthermore, the p53-Bcl-XL 
interaction is even stronger than some BH3-only proteins such as Bid 
(Chipuk et al., 2004).  These and other data (reviewed in Baptiste & Prives, 
2004) imply that it is possible that the core domain is targeted for mutation 
during oncogenesis because it not only disrupts the DNA binding ability of 
p53 but also the ability to directly induce apoptosis through interaction with 
Bcl-XL and Bcl-2 proteins in the mitochondria.  It should be noted that 
results by Dumont et al. urge determination of the polymorphic status of 
residue 72 (Dumont et al., 2003) and in general more experiments are 
required to clarify the regulation, cell-type specificity and physiological 
relevance of this localization (reviewed in Manfredi, 2003).     

Mutant Rescue 

Restoring the DNA binding function of p53 mutant proteins which are 
highly expressed in tumors has long been a prominent goal in the field 
(reviewed in Bullock & Fersht, 2001). The structure of a single core domain 
sequence specifically bound to DNA has provided a framework for 
understanding the precise defects of tumor-derived mutants (Cho et al., 
1994). The six most common mutant forms of p53 found in cancer can be 
classified as either DNA-contact mutants (Arg248 and Arg273) or 
conformational mutants (Arg175, Gly245, Arg249 and Arg282), however 
nuclear magnetic resonance data argues that Arg248 mutation also causes 
significant long-range structural changes (Wong et al., 1999).  Many if not 
all of these so-called “hot-spot” mutations result in less thermodynamically 
stable proteins.  Although highly impaired for DNA binding, many tumor-
derived mutant versions of p53 retain some residual, albeit temperature-
sensitive, DNA binding capacity in vitro and in vivo (Di Como & Prives, 
1998; Friedlander et al., 1996a; Friedlander et al., 1996b).  However, at 37°C 
it has been shown that several mutants can interfere with wild-type p53 
binding to its promoter sites when expressed together at similar levels in the 
same cells (Willis et al., 2004).  
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These and other data led to the design of large-scale screens for 
compounds that could increase p53 mutant sequence-specific DNA binding.  
Rastinejad et al. isolated a small molecule, termed “CP-31398,” on the basis 
of its ability to restore recognition by the native-state specific antibody 
PAb1620 and lose recognition by the unfolded mutant conformation-specific 
antibody PAb240 in vitro (reviewed in Bullock & Fersht, 2001). CP-31398 
was able not only activate p53-dependent transactivation in mutant-
expressing cells but also to slow tumor growth in mice (Foster et al., 1999). 
Although these results are exciting, the mechanism by which the compound 
is able to activate p53 appears to involve reduced ubiquitination (Wang W. 
et al., 2003) rather than stabilization of the folded conformation.  More 
recently another small molecule, named “PRIMA,” was isolated by Wiman 
and Selivanova and colleagues (Bykov et al., 2002). PRIMA is able to 
restore DNA binding to p53 mutants in vitro and can induce apoptosis in 
cells in a manner that requires both mutant p53 and an intact transactivation 
domain. Perhaps the most promising result is that intravenous administration 
of PRIMA to mice harboring mutant p53 tumor xenografts showed tumor 
shrinkage with no apparent toxicity. There is recent evidence, however, 
showing that PRIMA-induced p53-dependent apoptosis does not require 
transcription or protein synthesis and can proceed in a manner that depends 
on Bax and its translocation (Chipuk et al., 2003). 

Using a very different approach which still focused on stabilizing the 
folded form of mutant proteins, the Fersht group identified a small peptide 
derived from p53BP2, a protein which interacts with the core domain 
(Gorina & Pavletich, 1996; Iwabuchi et al., 1994). This peptide is able to 
preferentially bind the native fold of the core thereby shifting the equilibrium 
towards a folded state (Friedler et al., 2002).  Importantly, this peptide is also 
displaced by DNA and should therefore allow p53 to bind and transactivate 
targets. However, it should be noted that because of irreversible 
denaturation/aggregation, such compounds can only rescue mutant 
conformation shortly after their biosynthesis (Friedler et al., 2003). 
Regardless, such “small-molecule chaperones” remain an intriguing class of 
potential drugs although their efficacy in cells and tumor models remains to 
be tested.  

Yet another strategy aimed at increasing p53 thermostability was 
employed by Nikolova et al. who re-engineered p53 based on a compilation 
of evolutionary comparisons. Through the introduction of multiple amino 
acid substitutions, they were able to maintain DNA binding activity as well 
as increase the melting temperature of the resulting p53 by 5.6ºC (Nikolova 
et al., 1998).  Such mutants may be of use in the ongoing efforts to deliver 
wild-type p53 to tumors using adenoviral vectors (Wilson, 2002).  Although 
data from phase I clinical trials indicate low toxicity, they also suggest that 
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the more general problem of efficiency and potency of infection by 
adenoviral vectors is more pressing (Lang et al., 2003; Pagliaro et al., 2003). 

Focusing on the DNA contact class of p53 mutations instead, Wieczorek 
et al. reasoned that secondary mutations which introduced novel interactions 
between amino acid side chains and the phosphate backbone might act as 
suppressor mutations. Therefore, they singly mutated several residues in p53 
to arginine or lysine. One resulting mutant was in fact able to restore DNA 
binding ability as well as the ability of p53 to transactivate reporters and 
suppress colony formation (Wieczorek et al., 1996).   

TETRAMERIZATION DOMAIN 

The oligomerization domain is located between amino acids 320-360 
(reviewed in Chene, 2001). This domain is responsible for the mostly 
tetrameric state of p53 in solution and along with the basic region comprises 
the minimal transforming domain. The structure of the tetramerization 
domain has been determined and forms a “dimer of dimers” which 
folds/assembles in the same manner. Furthermore p53 binds DNA with the 
same organization i.e. each dimer binds two contiguous quarter-sites of the 
target sequence. The second nuclear export signal (NES) also resides in the 
tetramerization domain (residues 340-351) and may require ubiquitination 
for efficient usage (Boyd et al., 2000; Geyer et al., 2000; Stommel et al., 
1999). In addition, the dominant nuclear localization signal (NLSI, amino 
acids 316-325) overlaps the tetramerization domain (Shaulsky et al., 1990). 

Interestingly, the tetrameric status of p53 requires a larger hydrophobic 
side chain at residue 341 than 344.  An inversion of this relationship results 
in dimeric p53. The tetramerization domain has been the focus of research 
aimed at enabling exogenously added p53 to avoid forming inactive co-
tetramers with inactive endogenous mutant forms of p53 that are often 
present at high levels in tumors. Indeed rationally designed mutants of p53 
that can form homotetramers yet cannot co-tetramerize with wild-type p53 
were shown to maintain intact tumor suppressor activity when the wild-type 
and mutant forms of p53 were coexpressed in cells (Waterman et al., 1996).  
In addition, there is some evidence that the tetramerization of p53 can be 
regulated. Sakaguchi et al. found that phosphorylation of serine 392 could 
increase the association constant for tetramer formation by 10-fold in vitro. 
Furthermore they showed that while phosphorylation of serine 315 alone had 
little effect, when combined with Ser392 phosphorylation it counteracted the 
increased tetramerization induced by Ser392.   
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BASIC DOMAIN 

An extraordinary amount of research has focused on the last 30 amino 
acids of p53.  This highly basic domain is located between amino acids 364-
393 and is itself capable of interacting with DNA in a sequence nonspecific 
fashion (Foord et al., 1991; Wang Y. et al., 1993). Two minor nuclear 
localization signals (NLSs) reside in this region (Dang & Lee, 1989; 
Shaulsky et al., 1990) that also contains multiple ubiquitination sites 
(reviewed in Michael & Oren, 2003), the major site of sumoylation in vitro 
and in vivo: lysine 386 (Gostissa et al., 1999; Rodriguez et al., 1999) and 
many other stress-inducible modification sites including phosphorylation, 
acetylation and glycosylation (reviewed in Appella & Anderson, 2001).  

The extreme C-terminus of p53 has long been a focus of experiments 
addressing the regulation of sequence-specific DNA binding (reviewed in 
Ahn & Prives, 2001).  Although the interaction of the C-terminus with DNA 
is not sequence-dependent, there are many reports that it is capable of 
recognizing a variety of non-B form DNA structures such as single-stranded 
ends (Bakalkin et al., 1995; Bakalkin et al., 1994; Jayaraman & Prives, 
1995), insertion/deletion mismatches (Lee S. et al., 1995), gamma irradiated 
DNA (Miyashita & Reed, 1995), three- and four-way junctions (Lee S. et al., 
1997), stem-loops (Kim E. et al., 1997), recombination intermediates 
(Dudenhoffer et al., 1998), supercoiled DNA (Mazur et al., 1999; Palecek et 
al., 2004), gapped DNA (Zotchev et al., 2000), minicircles (McKinney & 
Prives, 2002) and hemicatenated DNA (Stros et al., 2004).  It is interesting to 
note that in some cases secondary structure actually augments the ability of 
p53 to recognize its target sequence, for example when binding single-
stranded overhangs (Zotchev et al., 2000), minicircular DNA (McKinney & 
Prives, 2002) supercoiled DNA (Mazur et al., 1999; Palecek et al., 2004) and 
hemicatenated DNA (Stros et al., 2004) while in other cases it inhibits that 
ability, for example when binding gapped DNA (Zotchev et al., 2000).  In 
addition, it can recognize and dissociate DNA aggregates (Yakovleva et al., 
2001) and has a strand reannealing ability (Bakalkin et al., 1994; Wu et al., 
1995) as well as a strand transfer activity (Reed et al., 1995). 

It was noted quite early that many different alterations of the C-terminus 
result in a striking increase in binding to small oligonucleotide probes in 
vitro.  First of all, deletion of the last 30 amino acids (generating p53∆30) 
results in an increase in p53 sequence-specific DNA binding (Hupp et al., 
1992).  Secondly, interaction with the monoclonal C-terminal antibody 421 
as well as other molecules like E. coli dnaK (Halazonetis et al., 1993; Hupp 
et al., 1992), c-abl (Nie et al., 2000), 14-3-3 (Waterman et al., 1998) or short 
single strands of DNA (Jayaraman & Prives, 1995) also results in an 
increased ability to bind targets in vitro. Post-translational modifications 
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including phosphorylation by protein kinase C (Takenaka et al., 1995), 
casein kinase II (Hupp et al., 1992) and acetylation by p300/CBP or pCAF 
(Gu & Roeder, 1997; Liu et al., 1999; Sakaguchi et al., 1998) can also 
augment p53’s ability to bind DNA sequence-specifically.  Even peptides 
spanning the last 30 amino acids can increase the ability of p53 to bind to 
DNA sequence-specifically in vitro (Hupp et al., 1995; Jayaraman & Prives, 
1995; Muller-Tiemann et al., 1998).  An early hypothesis proposed that the 
C-terminus maintains p53 in a conformationally inert “latent” state which 
could be converted allosterically to an activated state by treatments such as 
the abovementioned (Halazonetis & Kandil, 1993; Hupp & Lane, 1994). 
This model was intellectually appealing when extended into cells since many 
of the post translational modifications of the C-terminus are stress-inducible 
(Appella & Anderson, 2001).   

Further support for the idea that the C-terminus is a negative regulator of 
core DNA binding came from the identification of cellular proteins that 
could serve as non-covalent activators of p53 DNA binding in a manner that 
requires the C-terminus.  The multifunctional protein Ref-1/APE-1, which is 
a redox factor as well as an A/P endonuclease, is capable of increasing p53 
DNA binding in vitro and transactivation in vivo (Jayaraman et al., 1997).  
Downregulation of endogenous Ref-1 in cells using antisense results in 
diminished p53 transactivation, indicating a requirement of Ref-1 for full 
p53 response in cells (Gaiddon et al., 1999).  In addition, HMGB1 (HMG-1), 
an abundant nonhistone chromosomal protein, was identified on the basis of 
its ability to increase p53 DNA binding in vitro (Jayaraman et al., 1998; 
McKinney & Prives, 2002). Moreover, co-transfection experiments 
demonstrate that HMGB1 is also capable of increasing p53 transactivation in 
vivo.      

Anderson et al. extended these observations in a careful study that 
dissected the effects of nonspecific DNA on p53 sequence-specific DNA 
binding in the presence and absence of classic C-terminal stimulators 
(Anderson et al., 1997). Their data led to a reinterpretation of the C-terminal 
allosteric hypothesis. Surprisingly, they found that the long, nonspecific 
DNA that was commonly used as competitor in EMSAs was an inhibitor of 
p53 DNA binding. Furthermore p53∆30 was immune to this effect and 
inhibition of full-length p53 could be blocked by the addition of PAb 421. 
They therefore concluded that defining the C-terminus as an autoinhibitor of 
sequence-specific DNA binding was dependent on the inclusion of long 
nonspecific DNA in the in vitro assays used to measure DNA binding. 
However, since genomic DNA is also long, they speculated that the presence 
of genomic DNA in cells would similarly inhibit p53 DNA binding and 
therefore mechanisms must be in place to neutralize the C-terminus upon 
activation. In support of the Anderson et al. hypothesis, Hoffmann et al. 
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tested the ability of small, C-terminally derived peptides in vitro to bind to 
DNA sequence-nonspecifically with and without defined post-translational 
modifications.  They found that phosphorylation at the PKC site (Ser378) or 
the CKII site (Ser392) resulted in a decrease in nonspecific DNA binding 
activity to small oligonucleotides and modification of both sites rendered the 
peptides almost completely incapable of interaction with DNA (Hoffmann et 
al., 1998).  Although this proposed mechanism of C-terminal autoinhibition 
was tested using long, non-specific DNA in trans (which is not always the 
case in cells), these results clearly showed that there was something different 
about the interaction of the C-terminus with long DNA and was important in 
paving the way for thinking about this key domain in new ways.  Perhaps the 
most compelling argument against conformational C-terminal-dependent 
changes was a report by Ayed et al. that there is no difference in the NMR-
derived structures of full-length (“latent” form) and p53∆30 (“active” form) 
(Ayed et al., 2001).   

Data questioning the in vivo relevance of the latency hypothesis have 
since emerged. First, cells inducing a C-terminally deleted form of p53 at 
physiological levels were reported to have defects in the induction of p21 
and apoptosis (Chen et al., 1996). Second, the increase in binding of p53 to 
target sites in chromatin before and after DNA damage is directly 
proportional to p53 protein levels (Kaeser & Iggo, 2002).  Experiments 
performed in vitro using purified p53 protein have also provided differing 
conclusions. Espinosa and Emerson demonstrated that p53∆30 is less able to 
bind long and/or chromatinized DNA than is full-length p53 (Espinosa & 
Emerson, 2001). When binding sites are in the context of structured DNA, 
the C-terminus is actually required for efficient target recognition (Gohler et 
al., 2002; Mazur et al., 1999; McKinney & Prives, 2002; Palecek et al., 
2004).  Finally, it has been reported that in the case of some binding sites 
addition of PAb 421 inhibits rather than stimulates p53 binding to some 
targets in vitro  (Resnick-Silverman et al., 1998; Thornborrow & Manfredi, 
1999).  These data suggest that there may be a positive, promoter specific 
requirement for the C-terminus, for example the 3’ site in the p21 promoter 
(which contains two p53 recognition motifs) as well as the binding sites in 
the cdc25 and BAX promoters.   

ChIP experiments to address the role of post-translational modifications 
in p53 DNA binding regulation in cells, particularly acetylation of the C-
terminus, have produced some contradictory results. It is clear that p53 can 
be acetylated in vivo in a stress-dependent manner (Liu et al., 1999; Luo et 
al., 2004) and that p300/CBP and pCAF can augment p53 transactivation 
(Avantaggiati et al., 1997; Gu et al., 1997; Scolnick et al., 1997).  
Furthermore, deacetylases including both HDAC1 (Juan et al., 2000; Luo et 
al., 2000) and Sir2α (Langley et al., 2002; Luo et al., 2001; Vaziri et al., 
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2001) have been demonstrated to deacetylate p53 at lysine 382.  Importantly, 
lower levels of p53 acetylation as a result of increased HDAC1 or Sir2α 
activity correlate with decreased apoptosis (Luo et al., 2001; Luo et al., 
2000). The above data are consistent with physiological regulation of p53 
function by acetylase/deacetylase activity but do not address the mechanism 
by which they act.   

Data using structured DNA target sites in vitro and chromatin 
immunoprecipitation (ChIP) experiments in vivo to address the mechanistic 
contribution of acetylation argue that it does not augment p53 DNA binding 
to its target sites in the context of chromatin (Barlev et al., 2001; Espinosa & 
Emerson, 2001; Hsu et al., 2004) in contrast to what was previously deduced 
from in vitro studies using small oligonucleotide binding sites (Gu & 
Roeder, 1997; Sakaguchi et al., 1998).  It is interesting to note that one study 
found that acetylated p53 was enriched at promoters (Luo et al., 2004), 
although it is not clear whether acetylation of p53 itself is required for 
increased promoter occupancy or simply the result of the concomitant 
recruitment and increase in local HAT activity that accompanies 
transcriptional activation (Hsu et al., 2004). In fact it has been reported that 
p53 DNA binding can augment its ability to be acetylated by p300 (Dornan 
et al., 2003). In vitro transcription assays using chromatinized templates and 
some in vivo data suggest that acetylation of p53 itself is not required for the 
coactivation by p300 but histone acetyltransferase activity is required, 
especially on the tails of histones H3 and H4 (An et al., 2004; Espinosa & 
Emerson, 2001; Hsu et al., 2004).  Somewhat contradictorily, Barlev and 
colleagues showed that transactivation and apoptosis induction by a 
hypoacetylated p53 mutant (K320/373/381/382R) transiently overexpressed 
in cells is compromised relative to wild-type p53 (Barlev et al., 2001).  
While they do not observe a difference in p21 promoter occupancy of the 
p53 mutant, they do observe a defect in the recruitment of the CBP histone 
acetyltransferase (as well as other coactivators such as TRAAP) to the 
promoter.  Although CBP and p300 are highly homologous proteins, in 
striking contrast with p300, the interaction of CBP and p53 has been shown 
to depend on the CBP bromodomain and is strongly enhanced by acetylation 
of p53 at K382 (Mujtaba et al., 2004).  Therefore it appears that the reported 
differences in the precise role of p53 acetylation in the recruitment of 
coactivators could be the result of surprisingly different regulation of two 
closely related proteins.  Since the C-terminal lysines could be sites of post-
translational modifications other than acetylation and could therefore have 
multiple effects when mutated in vivo, further experiments would be useful 
in resolving this question.   

Although recent data strongly urge reconsideration of the idea that the C-
terminus is a negative regulator of p53 DNA binding, there are some data in 
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the literature which remain difficult to reconcile.  Notably  microinjection of 
antibody 421 into cells results in activation of a p53-specific reporter 
(Abarzua et al., 1995; Hupp et al., 1995).  In addition, there are reports that 
peptides derived from the C-terminus are capable of activating p53 (wild-
type and several tumor-derived mutants) transcription from reporters and 
apoptosis using co-overexpression (Abarzua et al., 1996; Selivanova et al., 
1997). Because the C-terminus of p53 is important for efficient degradation 
(Kubbutat et al., 1998; Rodriguez et al., 2000) and the site of multiple 
protein-protein interactions, it remains an untested possibility whether 
antibody interaction with the C-terminus or an excess of the isolated C-
terminus in trans could affect the stability of the protein and/or act as a 
dominant negative.  In addition, it was reported that a similar peptide 
(encompassing residues 361-382) fused to an internalization sequence was 
capable of inducing apoptosis in a manner that required overexpressed wild-
type or a mutated (and thereby stabilized) p53 in breast cancer cell lines 
(Kim A. L. et al., 1999).  Although they show that the peptide does not alter 
p53 levels upon internalization, it is not clear that there is similar 
internalization of the peptide in different cell lines.  A key experiment would 
be to use the chromatin immunoprecipitation assay to test directly whether it 
is the DNA binding activity per se that is being affected by these treatments.   

SUMMARY 

Recent studies regarding the regulation of p53-mediated transcriptional 
activation suggest that a critical question is what and when other coactivators 
are recruited to the promoters of p53 target genes. For instance, Kaeser and 
Iggo found large differences in the type and extent of histone modification 
on various p53 regulated promoters (Kaeser & Iggo, 2004).  In addition, 
Espinosa and colleagues followed the assembly of transcription initiation 
complexes on arrest and apoptotic promoters over time and under different 
stress conditions (Espinosa et al., 2003).  Their study shows fundamental 
differences in the timing and presence of key members of the basal 
transcriptional machinery including RNA Pol II, TBP and TFIIB. Further, 
they were able to show that recruiting the proper assortment of factors likely 
depends both on p53 as well as some cis- acting DNA sequences in the 
promoter.  Another recent study using recombinant wild-type and mutated 
histone-containing chromatin demonstrated stepwise requirements for the 
histone acetyltransferase p300 as well as two arginine histone 
methyltransferases PRMT1 and CARM for efficient in vitro transactivation 
from a synthetic promoter containing multiple copies of the p53 response 
element derived from the GADD45 promoter (An et al., 2004).  It would be 
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interesting to determine if and which of these factors are required for the 
appropriate regulation of p53 response genes in cells.   

One constant theme in p53 research is that the DNA binding activity of 
p53 is crucial to its function as a transcription factor and as a tumor 
suppressor.  A precise understanding of the mechanism of DNA binding has 
already generated productive rational drug design in vitro and may yet yield 
a useful cancer therapy.  Furthermore, given that p53 is one of the most well-
studied transcription factors in the literature and subject to complex 
regulation, it is likely to continue to serve as a paradigm for mechanisms of 
specific gene regulation.    
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INTRODUCTION 

The short history of p53 contains an overwhelming number of facts and 
hypotheses, presenting the challenge of integrating diverse and sometimes 
mutually exclusive ideas into a coherent picture. It is important to make a 
distinction between p53 tumor suppressor activity, the mechanism of which 
remains speculative, and p53 responses to DNA damage, which are well 
characterized. Because critical steps in tumorigenesis involve genomic 
fixation of DNA damage-induced mutations, it seems reasonable to assume 
that DNA damage signaling to p53 would activate p53 tumor suppressor 
activity. However, this has not been demonstrated, and p53 tumor suppressor 
activity may not require the acute p53 response to DNA damage (Komarov 
et al., 1999). Nonetheless, the genotoxic chemicals and ionizing radiation 
that are clinically used to treat human cancer indisputably activate wild type 
p53.  

DNA damage refers to alterations in the chemical bonds of constituent 
nucleotides, resulting in aberrant or mismatched base pairs, cross-linked 
bases, or single- and double-strand breaks in the phosphodiester DNA 
backbone. DNA damage can be induced by genotoxic chemicals, ultraviolet 
radiation, shortened telomeres, or reactive oxygen species generated by 
processes including mitochondrial respiration, ionizing radiation, or 
ischemia-reperfusion (Giaccia and Kastan, 1998). DNA damage can also be 
induced by oncogenic alterations in cancer cells, such as 
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overexpressed/amplified c-myc, which has been reported to generate excess 
reactive oxygen species and damages DNA (Vafa et al., 2002). 

There is an ongoing “background” of oxidative damage that is 
continuously repaired (Friedberg, 2003), and this does not detectably 
activate the p53 DNA damage response. Otherwise, since the p53 response 
can last for hours to days, p53 would be constantly activated. Thus, when we 
refer to DNA damage signaling to p53 we refer to a level of damage that is 
sufficiently above background to result in experimentally detectable changes 
in p53.  

We will focus on how DNA damage signals to p53 and how DNA 
damage signaling regulates p53 function. Careful consideration of these 
events casts doubt on the pervasive assumption that post-translational 
modification of p53 is primarily responsible for DNA damage-induced p53 
stabilization. 

DNA DAMAGE DETECTION 

Conceptually, p53 could be a direct sensor of DNA damage by binding 
directly to damaged DNA or to DNA damage repair products. In vitro p53 
can directly bind to irradiated DNA, to DNA which has a short mismatch, or 
to DNA ends (Lee et al., 1995), (Reed et al., 1995), (Bakalkin et al., 1994). 
Binding to damaged DNA could be involved in the actual process of DNA 
repair  (Offer et al., 1999) (Zhou et al., 2001) (Rubbi and Milner, 2003b). 
That lower organisms such as bacteria and yeast lack p53 but possess robust 
DNA repair systems indicates that p53 is dispensable for DNA repair. 
Nonetheless, a high level of DNA damage could directly signal to a relevant 
fraction of nuclear p53. As DNA damage does not induce a change in the 
intracellular distribution of p53, for example into subnuclear foci, p53 does 
not appear to relocalize to genomic sites of DNA damage. 

The conceptual problem with p53 function being impacted by p53 
directly recognizing damaged DNA or DNA repair products is that the signal 
does not directly result in persistent alteration of p53 functions. For example, 
to induce G1/S arrest p53 has to travel to the genomic p53 binding sites in 
the p21 gene in order to transcriptionally activate p21 (Dulic et al., 1994) 
(Szak et al., 2001). Although p53-dependent induction of apoptosis is 
mechanistically disputed, transcription-independent apoptosis might require 
p53 to translocate to mitochondria (Mihara et al., 2003). Another problem is 
that if p53 binds directly to damaged DNA or repair products, relatively few 
molecules of p53 would receive the DNA damage signal. In contrast, 
indirect signaling occurring via intermediate DNA damage sensors that 
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transmit a signal to p53 conceptually allows for amplification of the DNA 
damage signal to a substantial fraction of the cellular p53.  

Elucidating the interface between DNA damage detection and 
amplification systems is an ongoing endeavor with its roots in the yeast 
DNA damage response (Rouse and Jackson, 2002). These studies have 
guided the framework for the mammalian DNA damage detection systems, 
which have been closely linked to understanding how DNA damage signals 
to p53.  

In the late 1970s it was generally assumed that viruses were the causative 
agent of human cancer, and tumor viruses were known to ‘transform’ 
mammalian cells into a cancer-like state, so the search was on for cellular 
proteins that bound to viral transforming antigens. Thus were discovered 
proteins that were bound by the SV40 tumor virus Large T Antigen, one of 
which migrated at ~53 kDa on an SDS-polyacrylamide gel and was 
descriptively named p53 (Linzer and Levine, 1979) (Lane and Crawford, 
1979) (Deleo et al., 1979). The realization that the viral large TAg was 
inactivating a tumor suppressor gene rather than activating an oncogene 
would have to wait nearly 10 years, because mutated versions of p53 had 
been inadvertently cloned from cell lines and p53 was therefore assumed to 
be a proto-oncogene. 

In this context, it is perhaps not surprising that the first report of DNA 
damage signaling to p53 in 1984 did not receive widespread attention 
(Maltzman and Czyzyk, 1984). The connection between DNA damage and 
p53 became much more significant when ionizing radiation was found to 
induce stabilization of the p53 protein, which by this time was known to be a 
tumor suppressor (Kastan et al., 1991). Such ionizing radiation-induced p53 
stabilization was defective in radiosensitive cells derived from ataxia 
telangiectasia (AT) patients, and AT cells were also defective in an ionizing 
radiation-induced G1/S cell cycle checkpoint (Kastan et al., 1992). This was 
important because cell cycle checkpoints had been conceptualized as a 
mechanism by which yeast (and mammalian) cells could actively sense 
DNA damage and prevent fixation of genetic mutations before DNA repair 
could occur (Weinert and Hartwell, 1988) (Hartwell and Weinert, 1989). By 
this time a biochemical activity of p53 had been demonstrated, namely 
sequence-specific DNA binding (Kern et al., 1991) (El-Deiry et al., 1992) 
(Funk et al., 1992). Ionizing radiation induced both p53 protein stabilization 
and p53 sequence-specific DNA binding activity, both of which were 
deficient in AT cells (Kastan et al., 1992). Thus arose the concept that 
ionizing radiation could elevate p53 protein to bind DNA and induce G1/S 
cell cycle arrest, and that the gene defective in AT cells (later cloned and 
named ataxia telangiectasia mutated, ATM (Savitsky et al., 1995)) was 
required for such signaling.  
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ATM is not, however, required for ultraviolet radiation-induced p53 
protein accumulation (Khanna and Lavin, 1993) (Canman et al., 1994). 
Instead, the ATM and Rad3-related protein ATR is responsible for 
ultraviolet radiation-induced p53 protein induction (Tibbetts et al., 1999). 
The mechanism by which ATM and ATR signal to p53 is dependent on their 
protein kinase activity (Canman et al., 1998) (Banin et al., 1998) (Tibbetts et 
al., 1999). As opposed to specific DNA lesions signaling directly to ATM or 
ATR, the current model is that a DNA damage-induced nuclear chromatin 
change, induced by ionizing radiation, activates ATM kinase activity 
(Bakkenist and Kastan, 2003). In contrast, processes that generate persistent 
single-stranded DNA, such as stalled DNA replication forks or nucleotide 
excision repair (e.g. to repair ultraviolet radiation-damaged DNA) may be 
the general signal to either recruit ATR or to activate ATR kinase activity 
via the ATR interacting protein ATRIP (Wang et al., 2003) (Unsal-Kacmaz 
and Sancar, 2004). In an interesting twist, DNA damage-induced disruption 
of nucleoli, rather than DNA damage per se, has been proposed to generate 
the signal for p53 protein stabilization (Rubbi and Milner, 2003a). The 
mechanism(s) by which DNA damage is detected by ATM and ATR, and 
then transmitted to p53 has received considerable attention.  

P53 PHOSPHORYLATION AND PROTEIN 
ACCUMULATION 

How does DNA damage cause p53 protein accumulation? DNA damage-
induced accumulation of p53 is a rapid response that does not rely on 
changes in p53 mRNA expression. A process that has received little 
attention is the ionizing and ultraviolet radiation-induced increase in the rate 
of p53 mRNA translation (Fu and Benchimol, 1997) (Mazan-Mamczarz et 
al., 2003) (McLure, Takagi, and Kastan, unpublished observations). Much 
more effort has been directed at the rapid DNA damage-induced stabilization 
of the normally short-lived (~10 min) p53 protein (Maltzman and Czyzyk, 
1984) (Kastan et al., 1991) (Tishler et al., 1993) (Maki and Howley, 1997). 
Clearly, it is important to unravel mechanisms by which DNA damage-
induced increases in p53 translation or stabilization are achieved.  

Most current hypotheses for p53 stabilization revolve around the p53 
negative regulator hdm2 (the human homolog of murine mdm2). Hdm2 is 
critical for targeting p53 for degradation (Haupt et al., 1997) (Honda et al., 
1997) (Kubbutat et al., 1997) (Midgley and Lane, 1997). Hdm2 is an E3 
ubiquitin ligase that monoubiquitinates p53 (Ito et al., 2001), and upon 
subsequent polyubiquitination by a p300-dependent mechanism, p53 is 
targeted to the proteasome and degraded (Grossman et al., 2003). Although 
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another regulator of p53 stability has been recently identified, Pirh2 (Cao et 
al., 2003), attention has focused on the role of the previously identified 
hdm2, which directly binds to an amino terminal domain of p53 (Momand et 
al., 1992) (Wu et al., 1993) (Oliner et al., 1993) (Kussie et al., 1996). 
Anything that disrupts the p53-hdm2 interaction is a candidate mechanism 
for DNA damage-induced p53 protein stabilization.  

The first mechanism suggested for p53 stabilization involved the DNA-
dependent protein kinase DNA-PK, which had been found to phosphorylate 
a p53 peptide on Ser15 (Lees-Miller et al., 1992). As DNA-PK is activated 
by double-stranded DNA ends, or by single to double-stranded transitions in 
DNA (Morozov et al., 1994), and ionizing radiation induces double-strand 
DNA breaks, it was assumed that ionizing radiation would induce DNA-PK 
to phosphorylate p53 in vivo. Indeed, ionizing radiation was shown to cause 
p53 Ser15 phosphorylation in vivo (Siliciano et al., 1997) (Shieh et al., 
1997), and the Ser15 phosphorylation correlated with p53 protein induction. 
Because Ser15 phosphorylation weakly inhibited hdm2 binding, 
phosphorylation of p53 by DNA-PK on Ser15 was proposed to cause p53 
stabilization (Shieh et al., 1997). However, although DNA-PK 
phosphorylates pre-existing p53 on Ser15 (Woo et al., 2002), DNA-PK is 
dispensable for DNA damage-induced p53 protein induction  (Jimenez et al., 
1999).  

Another protein kinase that is related to DNA-PK by virtue of belonging 
to the PI3-kinase family is ATM (Savitsky et al., 1995). There was a 
correlation between ATM kinase activity being stimulated by ionizing 
radiation, ATM phosphorylating a p53 peptide on Ser15 (Canman et al., 
1998) (Banin et al., 1998), and ATM being required for p53 protein 
accumulation following ionizing radiation (Kastan et al., 1992). Similarly, 
ATR is required for p53 Ser15 phosphorylation and for protein accumulation 
following ultraviolet irradiation (Tibbetts et al., 1999). However, germline 
mutation of the murine equivalent of Ser15 to alanine did not significantly 
impair DNA damage induction of p53 protein, finally burying the hypothesis 
that p53 protein stabilization occurred via phosphorylation of p53 on Ser15 
(Chao et al., 2000) (Sluss et al., 2004). Nonetheless, the fact remains that 
ATM, ATR, and DNA-PK can all phosphorylate p53 on Ser15, suggesting a 
functional role for this modification. 

There is evidence that Ser15 phosphorylation can enhance p53 
transcriptional activity (Dumaz and Meek, 1999) (Turenne et al., 2001). This 
may be due to p53 phosphorylated on Ser15 binding better to p300, which 
enhances transcription by acetylating p53 to in turn enhance p53 DNA 
binding activity (Sakaguchi et al., 1998).  

The next mechanism thought to be responsible for DNA damage-induced 
p53 protein stabilization was Ser20 phosphorylation, but with Chk1/Chk2 as 
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the relevant p53 kinases. Ionizing radiation causes ATM-dependent 
activation of Chk2 kinase (Ahn et al., 2000) (Matsuoka et al., 2000) 
(Melchionna et al., 2000), and ultraviolet radiation causes ATR-dependent 
activation of Chk1 kinase (Guo et al., 2000) (Liu et al., 2000) (Zhao and 
Piwnica-Worms, 2001). Ionizing or ultraviolet radiation induce p53 Ser20 
phosphorylation in vivo, and the Ser20 phosphorylation correlates with p53 
protein induction (Shieh et al., 1999) (Chehab et al., 1999) (Hirao et al., 
2000). Because Ser20 phosphorylation could inhibit hdm2 binding, 
phosphorylation of p53 by Chk1 or Chk2 on Ser20 was proposed to cause 
p53 stabilization (Chehab et al., 1999) (Shieh et al., 1999) (Unger et al., 
1999). However, germline mutation of the murine equivalent of Ser20 to 
alanine did not significantly impair DNA damage induction of p53 protein, 
finally burying the hypothesis that p53 protein stabilization occurred via 
phosphorylation of p53 on Ser20 (Wu et al., 2002).  

There is currently no clear function for Ser20 phosphorylation, but like 
Ser15 phosphorylation there may be a role in binding p300 (Dornan and 
Hupp, 2001). Ironically, if phosphorylation of any p53 residue in the hdm2 
binding domain inhibits hdm2 binding, and thereby p53 degradation, it is 
Thr18, phosphorylation of which dramatically inhibits hdm2 binding in vitro 
(Sakaguchi et al., 2000). Although Thr18 phosphorylation is induced by 
DNA damage, the responsible in vivo kinase is not known. Interestingly, 
prior phosphorylation of Ser15 makes p53 Thr18 a substrate for 
phosphorylation by casein kinase I in vitro (Dumaz et al., 1999). Detailed 
analysis of the contributions of phosphorylation of one or more of Ser15, 
Thr18, and Ser20 to p53 protein induction or function is lacking because of 
the technical problems inherent with analyzing such interdependent effects. 

Another reported target site of p53 itself is Ser45, which is 
phosphorylated in an ATM-dependent manner by homeodomain-interacting 
kinase-2 (D'Orazi et al., 2002) (Hofmann et al., 2002). Whether this ATM-
dependent kinase that phosphorylates p53 is required for DNA damage-
induced p53 stabilization via Ser45 phosphorylation in vivo remains to be 
determined.  

An alternate mechanism by which the p53 protein level can be regulated 
is DNA damage-induced phosphorylation of hdm2 protein by ATM (Maya 
et al., 2001). Hdm2 that is phosphorylated on Ser395 loses its ability to bind 
p53, thereby stabilizing p53 independently from any signal to p53 itself. This 
could explain the observations that DNA damage-induced phosphorylations 
of p53 residues are not required for p53 protein stabilization. 

Clearly, dephosphorylation should also occur on p53 residues that are 
phosphorylated, and ATM-dependent dephosphorylation of p53 on Ser376 
creates a 14-3-3 binding site (Waterman et al., 1998). Based on the effect of 
14-3-3 binding on other proteins, it might be predicted that 14-3-3 binding 
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would sequester p53 in the cytoplasm, perhaps affecting p53 protein 
stability. However, 14-3-3 binding was proposed to activate nuclear p53 
DNA binding activity (Waterman et al., 1998). Indeed, how 
phosphorylation/ dephosphorylation, and acetylation/ deacetylation, of any 
of the characterized p53 modification sites, contributes to the acute p53 
response to DNA damage or to p53 tumor suppressor activity in vivo 
remains an open question. 

P53 DNA BINDING ACTIVITY 

A long-standing question is whether DNA damage signaling is required 
to activate p53 sequence-specific DNA binding. Although not commonly 
acknowledged, there are actually two models for how DNA damage 
functionally regulates p53. The first, often assumed, is that DNA damage 
signals directly to p53 to increase p53 sequence-specific DNA binding 
activity. This was initially demonstrated to occur by modifying the carboxy-
terminal 30 amino acid regulatory domain of p53 by deletion, 
phosphorylation by casein kinase II, or protein binding (hsp70 or PAb421), 
all of which activate p53 sequence-specific DNA binding (Hupp et al., 1992) 
(Hupp et al., 1995). Activation of DNA binding is also conferred via 
modification of the carboxy terminal 30 amino acids by phosphorylation by 
protein kinase C (Takenaka et al., 1995), dephosphorylation of Ser376 and 
binding to 14-3-3 (Waterman et al., 1998), acetylation by p300/CBP (Gu and 
Roeder, 1997), binding to Ref-1 (Jayaraman et al., 1997), binding to c-abl 
(Nie et al., 2000), sumolation (Gostissa et al., 1999) (Rodriguez et al., 1999), 
binding to S100β (Lin.J. et al., 2001), or binding to short segments of single-
stranded DNA (Jayaraman and Prives, 1995) (Okorokov et al., 1997). 
Although murine cells can alternatively splice p53 mRNA to produce a 
transcript lacking the carboxy terminal 30 amino acid regulatory domain, 
there is no comparable splice variant in human cells (Arai et al., 1986) (Will 
et al., 1995). A carboxy terminal phosphorylation event that is induced by 
ultraviolet but not ionizing radiation is Ser392 phosphorylation (Kapoor and 
Lozano, 1998) (Lu et al., 1998). Although this is not required for p53 protein 
accumulation, it does affect p53 sequence-specific DNA binding activity in 
vitro, although indirectly by regulating the affinity of p53 for non-specific 
DNA (Nichols and Matthews, 2002). Because Ser392 phosphorylation is not 
induced by ionizing radiation, this is either a function unique to ultraviolet 
radiation or there is a compensatory event induced by ionizing radiation. 

A potential indirect signaling intermediate is the base excision repair 
endonuclease, Ref1, which can reduce and activate p53 DNA binding 
activity in vitro (Jayaraman et al., 1997). When damaged DNA is repaired by 
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nucleotide excision repair, an ~29 base oligonucleotide is excised and 
released that can bind to the carboxy terminal regulatory domain of p53. 
This activates p53 sequence-specific DNA binding activity in vitro, and in 
vivo manipulation of the Ref1 protein level correlates with changes in 
transcriptional activation of some p53 targets (Jayaraman et al., 1997).  

In vitro activation of p53 specific DNA binding can also occur in a 
manner dependent on DNA-PK plus an unidentified DNA damage-activated 
factor (Woo et al., 1998). However, no DNA damage signaling modification 
has been demonstrated to alter p53 tumor suppressor activity or DNA 
binding activity in vivo. In contrast, p53 present in nuclear extracts binds 
DNA even if accumulation was induced by inhibiting p53 degradation, in the 
absence of a DNA damaging signal. In vivo, DNA damage activates p53 
DNA binding activity by virtue of an increased p53 protein level, but the 
actual specific DNA binding activity is not enhanced by DNA damage. This 
is shown by p53 binding similarly, after accounting for differences in total 
p53 protein, to some genomic binding sites in vivo in the absence of a DNA 
damage signal (Espinosa and Emerson, 2001) (Kaeser and Iggo, 2002). This 
apparent discrepancy between in vitro and in vivo results actually reflects 
regulation of p53 DNA binding activity by the conformation of the DNA. 
Even in vitro, p53 binding induces a severe bend and distortions in the DNA 
helix (Balagurumoorthy et al., 1995). Computer modeling predicted that pre-
bent DNA, such as occurs on histones, would greatly increase the free 
energy available for p53 binding (Durell et al., 1998). This explains why in 
vivo p53 does not require activation of specific DNA binding in order to bind 
to some high-affinity binding sites.  

Although p53 protein increases, and thus p53 DNA binding activity, it 
remains uncertain whether the specific DNA binding activity of p53 is 
regulated during a DNA damage response. It need not necessarily be 
regulated because the DNA damage-induced stabilization of p53 protein is 
sufficient to enhance binding to at least some genomic target sites that have a 
favorable chromatin conformation. Modifications of p53, such as 
phosphorylation, might affect DNA binding specificity directly, or indirectly 
by differentially recruiting other p53 binding molecules.  

SIGNALING TO P53 VIA INTERACTING MOLECULES 

This suggests a second model for regulating p53 activity, which is 
regulation of factors that cooperate with p53 to affect p53 DNA binding 
activity. Such a factor need not bind to p53 to affect p53 activity, but could 
be regulated by a DNA damage signal. For example, DNA damage-induced 
alteration of the chromatin structure around a p53 DNA binding site could 
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affect the DNA torsion and bending, thereby regulating p53 affinity for the 
site.  

As p53 is not only imported but also exported from the nucleus (Middeler 
et al., 1997), DNA damage could potentially affect either of these processes. 
As mentioned above, the p53-hdm2 interaction is inhibited by DNA damage-
induced phosphorylation of hdm2 protein by ATM (Maya et al., 2001). This 
would inhibit the various negative regulatory effects of hdm2 on p53 as 
described above, and would additionally inhibit hdm2-dependent nuclear 
export of p53 (Tao and Levine, 1999). Interestingly, intra-molecular p53 
interaction was also proposed to regulate nuclear export (Stommel et al., 
1999). In that model, p53 dimers would be competent for export, whereas 
p53 tetramers would mask the nuclear export signal. This could potentially 
be regulated by a DNA damage signal at multiple levels, since p53 
cotranslationally forms dimers, which subsequently associate post-
translationally to form tetramers (Nicholls et al., 2002). It should be noted 
that although p53 was previously proposed to bind DNA as a dimer (Hupp et 
al., 1992), this was predicated upon the carboxy-terminal negative regulatory 
domain having been incorrectly identified as the tetramerization domain 
(Sturzbecher et al., 1992). In fact, p53 binds DNA as a tetramer, both when 
present in nuclear extract from DNA damaged cells (McLure and Lee, 1998) 
or when produced in vitro (Halazonetis and Kandil, 1993) (Cho et al., 1994) 
(Waterman et al., 1995) (Wang et al., 1995) (Balagurumoorthy et al., 1995). 

The DNA binding activity of p53 can also potentially be affected by 
changes in extrinsic factors, including ASPP1/2, the full-length version of 
53BP2 (Samuels-Lev et al., 2001) and the p53 family members p63/p73 
(Flores et al., 2002). ASPP1/2 binds to p53 and enhances the affinity of p53 
for the genomic binding site in pro-apoptotic promoters (Samuels-Lev et al., 
2001). It is not clear how this is mechanistically achieved because ASPP1/2 
binds to the DNA binding surface of p53, which appears to be incompatible 
with simultaneous DNA binding (Gorina and Pavletich, 1996). It is also 
unclear how p63/p73 enhance p53 binding to pro-apoptotic promoters, as 
p63/p73 do not heteroligomerize with p53 (Davison et al., 1999). 

Another indirect regulator of p53 activity that can be activated by DNA 
damage is c-jun, which binds to the hdm2 promoter to coactivate 
transcription with p53 (Ries et al., 2000) (Phelps et al., 2003). Thus, DNA 
damage could signal in an ATM-dependent manner to the c-jun N-terminal 
kinase, JNK (Lee et al., 1998), or to the c-jun DNA binding activator and 
DNA repair endonuclease Ref1 (Xanthoudakis et al., 1992). Either of these 
could activate c-jun, which in turn can indirectly regulate p53 stability via 
hdm2 induction.   

Another potential target for regulating p53 stability is p300. The region 
of p53 that binds to hdm2 also binds to p300, making it difficult to 
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conclusively attribute p53 regulation to effects on hdm2 versus p300. The 
situation is further complicated by p300 binding to p53 via two different 
domains, which are differentially affected by phosphorylation of p53 on 
Ser15 and Ser20 (Dornan and Hupp, 2001). Additionally, hdm2 inhibits 
p300-mediated p53 acetylation, and acetylation of lysine residues in the 
carboxy terminus of p53 by p300 competes with ubiquitination of the same 
residues by hdm2, and p53 must be deacetylated in order to be degraded (Ito 
et al., 2001) (Ito et al., 2002). To top it off, p300 not only acetylates p53 to 
potentially regulate p53 DNA binding activity, but p300 targets p53 for 
poly-ubiquitination and degradation (Grossman et al., 2003). Clearly, effects 
of specific DNA damage signaling to p53, hdm2, and potentially p300, are 
very difficult to untangle. Nonetheless, this may be the most important 
regulatory network for DNA damage signaling to p53.  

PHYSIOLOGIC EFFECTS  

DNA damage signals to p53 to stabilize p53 protein, to induce post-
translational modifications to p53, and possibly to regulate other factors that 
determine p53 activity. One activity of p53 is DNA binding, but the major 
question is what physiologic activities of p53 are activated by DNA damage 
signals? An important activity of p53 is preventing the occurance of, or 
replicative survival of cells that sustain, genetic abnormalities that may be 
tumorigenic, such as gene amplification (Livingstone et al., 1992) and 
rereplication or endoreduplication (Khan and Wahl, 1998) (Stewart et al., 
1999a) (Vaziri et al., 2003). Regulation of these processes by p53 may be 
mediated indirectly by DNA damage-induced, p53-dependent cell cycle 
checkpoints. For example, DNA damage induces p53 to bind to a DNA 
binding site in the p21 promoter (El-Deiry et al., 1993), which induces p21-
dependent G1/S arrest (Dulic et al., 1994).  

An alternate DNA damage-induced cell fate that can be determined by 
p53 is apoptosis. Although it seems teleologically sound, there is no 
evidence to support the oft-stated hypothesis that cell cycle checkpoints 
afford a cell time to repair damaged DNA, but if damage cannot be repaired 
then p53 induces apoptosis.  

For example, most ionizing radiation-induced single- and double-strand 
breaks are repaired in a timeframe of seconds to minutes. However, DNA 
damage-activated p53 does not induce p21 protein until several hours after 
ionizing radiation, at which time a p53-dependent G1/S arrest is initiated and 
persists for a timeframe of days (Kastan and Kuerbitz, 1993) (Dulic et al., 
1994). In fact, in primary fibroblasts in tissue culture, a high dose of ionizing 
radiation induces permanent cell cycle arrest, or senescence (Di Leonardo et 
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al., 1994). In contrast, relatively low doses of ionizing radiation induce 
apoptosis in primary murine thymocytes (Lowe et al., 1993) (Clarke et al., 
1993). Thus, the p53 physiologic response to DNA damage is not 
determined by the amount of DNA damage. Neither do differential post-
translational modifications of p53 cause the difference between arrest versus 
apoptosis. In fact, p53 itself does not appear to be the determinant of cell 
fate.  

Instead, the intracellular environment that p53 feeds into is responsible 
for determining the response to DNA damage-induced p53 transcriptional 
and transcription-independent activities. For example, in one cell type 
growth factors can block ionizing radiation-induced apoptosis (Canman et 
al., 1995), and lethally irradiated mice can be rescued by inhibiting apoptosis 
downstream of p53 (Pestina et al., 2001). Another pervasive misconception 
has been that DNA damage-induced apoptosis occurs in a p53-dependent 
manner. In cell lines in tissue culture, the reverse is true. That is, isogenic 
cell lines that lack wild type p53 undergo greater DNA damage-induced 
apoptosis compared to cells that retain wild type p53 (Gupta et al., 1997) 
(Stewart et al., 1999b) (Han.Z. et al., 2002) (Magrini et al., 2002) (Galmarini 
et al., 2003) (Lee et al., 2003). This counterintuitive effect is due to p53-
dependent activation of p21, and presumably the lack of p53-dependent 
apoptosis reflects prior selection against this process during tumorigenesis. 

In contrast, cells in some organs in vivo, such as thymus, spleen, bone 
marrow, and small intestine, undergo ionizing radiation-induced cell death 
that is entirely dependent upon p53 (Lowe et al., 1993) (Clarke et al., 1993) 
(Komarov et al., 1999) (Fei et al., 2002). These are precisely the tissues that 
present dose-limiting toxicity for genotoxic cancer therapies in humans. 
Therefore, inhibition, rather than activation, of p53 might be expected to 
enhance the therapeutic index of genotoxic cancer therapeutics. 

CONCLUSIONS 

The clinical importance of p53 and the complexity of all aspects of the 
p53 DNA damage response have stimulated an overwhelming number of 
publications on the subject. From the initial discovery that DNA damage 
signals to p53, to the many identified covalently modified residues and the 
various proteins that interact with p53, there have been many hypotheses for 
how DNA damage signals to p53 and how such signaling regulates p53 
activity. There have also been well-founded challenges to virtually every 
concept in the p53 field. We have been poignantly reminded that the 
simplest interpretation of experiments, while scientifically sound, may be 
incorrect. Moreover, apparently sound teleologic arguments have not borne 
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fruit, highlighting our limited understanding of the complex cellular DNA 
damage response. How does DNA damage signaling stabilize p53 protein, 
which post-translational modifications are required for which p53 activities, 
and ultimately, what constitutes p53 tumor suppressor activity, how does 
DNA damage affect such activity, and how can we exploit such knowledge 
to improve cancer therapy? We can undoubtedly look forward to new 
approaches to sort out these old questions of how DNA damage signals to 
and regulates p53 function.  

REFERENCES 

Ahn,J.-Y., Schwarz,J.K., Piwnica-Worms,H., and Canman,C.E. (2000). Threonine 68 
phosphorylation by ATM is required for efficient activation of Chk2 in response to 
ionizing radiation. Cancer Research 60, 5934-5936. 

Arai,N., Nomura,D., Yokota,K., Wolf,D., Brill,E., Shohat,O., and Rotter,V. (1986). 
Immunologically distinct p53 molecules generated by alternative splicing. Mol Cell Biol 6, 
3232-3239. 

Bakalkin,G., Yakovleva,T., Selivanova,G., Magnusson,K.P., Szekely,L., Kiseleva,E., 
Klein,G., Terenius,L., and Wiman,K.G. (1994). p53 binds single-stranded DNA ends and 
catalyzes DNA renaturation and strand transfer. Proc Natl Acad Sci USA 91, 413-417. 

Bakkenist,C.J. and Kastan,M.B. (2003). DNA damage activates ATM through intermolecular 
autophosphorylation and dimer dissociation. Nature 421, 499-506. 

Balagurumoorthy,P., Sakamoto,H., Lewis,M.S., Zambrano,N., Clore,G.M., 
Gronenborn,A.M., Appella,E., and Harrington,R.E. (1995). Four p53 DNA-binding 
domain peptides bind natural p53-response elements and bend the DNA. Proc Natl Acad 
Sci USA 92, 8591-8595. 

Banin,S., Moyal,L., Shieh,S.-Y., Taya,Y., Anderson,C.W., Chessa,L., Smorodinsky,N.I., 
Prives,C., Reiss,Y., Shiloh,Y., and Ziv,Y. (1998). Enhanced phosphorylation of p53 by 
ATM in response to DNA damage. Science 281, 1674-1677. 

Canman,C.E., Gilmer,T., Coutts,S., and Kastan,M.B. (1995). Growth factor modulation of 
p53-mediated growth arrest vs. apoptosis. Genes Dev. 9, 600-611. 

Canman,C.E., Lim,D.-S., Cimprich,K.A., Taya,Y., Tamai,K., Sakaguchi,K., Appella,E., 
Kastan,M.B., and Siliciano,J.D. (1998). Activation of the ATM kinase by ionizing 
radiation and phosphorylation of p53. Science 281, 1677-1679. 

Canman,C.E., Wolff,A.C., Chen,C., Fornace,A.J., and  Kastan,M.B. (1994). The p53-
dependent G1 Cell Cycle Checkpoint Pathway and Ataxia-Telangiectasia. Cancer Res 54, 
5054-5058. 

Cao,L., Li,W., Kim,S., Brodie,S.G., and Deng,C.X. (2003). Senescence, aging, and malignant 
transformation mediated by p53 in mice lacking the Brca1 full-length isoform. Genes Dev. 
17, 201-213. 

Chao,C., Saito,S., Anderson,C.W., Appella,E., and Xu,Y. (2000). Phosphorylation of murine 
p53 at Ser-18 regulates the p53 responses to DNA damage. Proc Natl Acad Sci USA 97, 
11936-11941. 

Chehab,N.H., Malikzay,A., Stavridi,E.S., and Halazonetis,T.D. (1999). Phosphorylation of 
Ser-20 mediates stabilization of human p53 in response to DNA damage. Proc Natl Acad 
Sci USA 96, 13777-13782. 



3. 20 Years of DNA Damage Signaling to p53 65
 
Cho,Y., Gorina,S., Jeffery,P.D., and Pavletich,N.P. (1994). Crystal structure of a p53 tumor 

suppressor-DNA complex: Understanding tumorigenic mutations. Science 265, 346-355. 
Clarke,A.R., Purdie,C.A., Harrison,D.J., Morris,R.G., Bird,C.C., Hooper,M.L., and 

Wyllie,A.H. (1993). Thymocyte apoptosis induced by p53-dependent and independent 
pathways. Nature 362, 849-852. 

D'Orazi,G., Cecchinelli,B., Bruno,T., Manni,I., Higashimoto,Y., Saito,S., Gostissa,M., 
Coen,S., Marchetti,A., Del Sal,G., Piaggio,G., Fanciulli,M., Appella,E., and Soddu,S. 
(2002). Homeodomain-interacting protein kinase-2 phosphorylates p53 at Ser 46 and 
mediates apoptosis. Nat Cell Biol 4, 11-9. 

Davison,T.S., Vagner,C., Kaghad,M., Ayed,A., Caput,D., and Arrowsmith,C.H. (1999). p73 
and p63 are homotetramers capable of weak heterotypic interactions with each other but 
not with p53. J. Biol. Chem. 274, 18709-18714. 

Deleo,A.B., Jay,G., Appells,E., Dubois,G.C., Law,L.W., and Old,L.J. (1979). Detection of a 
transformation-related antigen in chemically induced sarcomas and other transfromed cells 
of the mouse. Proc Natl Acad Sci USA 76, 2420-2424. 

Di Leonardo,A., Linke,S.P., Clarkin,K., and Wahl,G.M. (1994). DNA damage triggers a 
prolonged p53-dependent G1 arrest and long-term induction of Cip1 in normal human 
fibroblasts. Genes Dev. 8, 2540-2551. 

Dornan,D. and Hupp,T.R. (2001). Inhibition of p53-dependent transcription by BOX-I 
phospho-peptide mimetics that bind to p300. EMBO Rep 2, 139-144. 

Dulic,V., Kaufmann,W.K., Wilson,S.J., Tlsty,T.D., Lees,E., Harper,W., Elledge,S.J., and 
Reed,S.I. (1994). p53-dependent inhibition of cyclin-dependent kinase activities in human 
fibroblasts during radiation-induced G1 arrest. Cell 76, 1013-1023. 

Dumaz,N. and Meek,D.W. (1999). Serine 15 phosphorylation stimulates p53 transactivation 
but does not directly influence interaction with HDM2. EMBO J 18, 7002-7010. 

Dumaz,N., Milne,D.M., and Meek,D.W. (1999). Protein kinase CK1 is a p53-threonine 18 
kinase which requires prior phosphorylation of serine 15. FEBS Letters 463, 312-316. 

Durell,S.R., Appella,E., Nagaich,A.K., Harrington,R.E., Jernigan,R.L., and Zhurkin,V.B. 
(1998). DNA bending induced by tetrameric binding of the tumor-suppressive p53 protein: 
steric constraints on conformation. In Macromolecules, proc. structure, motion, 
interactions and expression of biological of the tenth conversation, R.H.Sarma and 
M.H.Sarma, eds. (Albany, NY: Adenine Press), pp. 277-295. 

El-Deiry,W.S., Kern,S.E., Pietenpol,J.A., Kinzler,K.W., and Vogelstein,B. (1992). Definition 
of a consensus binding site for p53. Nature  356, 215-221. 

El-Deiry,W.S., Tokino,T., Velculescu,V.E., Levy,D.B., Parsons,R., Trent,J.M., Lin,D., 
Mercer,W.E., Kinzler,K.W., and Vogelstein,B. (1993). WAF1, a potential mediator of p53 
tumor suppression. Cell 75, 817-825. 

Espinosa,J.M. and Emerson,B.M. (2001). Transcriptional regulation by p53 through intrinsic 
DNA/chromatin binding and site-directed cofactor recruitment. Mol Cell 8, 57-69. 

Fei,P., Bernhard,E.J., and El-Deiry,W.S. (2002). Tissue-specific induction of p53 targets in 
vivo. Cancer Res. 62, 7316-7327. 

Flores,E.R., Tsai,K.Y., Crowley,D., Sengupta,S., Yang,a., McKeon,F., and Jacks,T. (2002). 
p63 and p73 are required for p53-dependent apoptosis in response to DNA damage. Nature 
416, 560-564. 

Friedberg,E.C. (2003). DNA damage and repair. Nature 421, 436-440. 
Fu,L. and Benchimol,S. (1997). Participation of the human p53 3'UTR in translational 

repression and activation following y-irradiation. EMBO J 16, 4117-4125. 
Funk,W.D., Pak,D.T., Karas,R.H., Wright,W.E., and Shay,J.W. (1992). A transcriptionally 

active DNA-binding site for human p53 protein complexes. Mol Cell Biol 12, 2866-2871. 



66 Chapter 3
 
Galmarini,C.M., Voorzanger,N., Falette,N., Jordheim,L., Cros,E., Puisieux,A., and 

Dumontet,C. (2003). Influence of p53 and p21(WAF1) expression on sensitivity of cancer 
cells to cladribine. Biochem Pharmacol 65, 121-129. 

Giaccia,A.J. and Kastan,M.B. (1998). The complexity of p53 modulation: emerging patterns 
from divergent signals. Genes Dev. 12, 2973-2983. 

Gorina,S. and Pavletich,N.P. (1996). Structure of the p53 tumor suppressor bound to the 
ankyrin and SH3 domains of 53BP2. Science 274, 1001-1005. 

Gostissa,M., Hengstermann,A., Fogal,V., Sandy,P., Schwarz,S.E., Scheffner,M., and Del 
Sal,G. (1999). Activation of p53 by conjugation to the ubiquitin-like protein SUMO-1. 
EMBO J 18, 6462-6471. 

Grossman,S.R., Deato,M.E., Brignone,C., Chan,H.M., Kung,A.L., Tagami,H., Nakatani,Y., 
and Livingston,D.M. (2003). Polyubiquitination of p53 by a ubiquitin ligase activity of 
p300. Science 300, 342-344. 

Gu,W. and Roeder,R.G. (1997). Activation of p53 sequence-specific DNA binding by 
acetylation of the p53 C-terminal domain. Cell 90, 595-606. 

Guo,Z., Kumagai,A., Wang,S.X., and Dunphy,W.G. (2000). Requirement for Atr in 
phosphorylation of Chk1 and cell cycle regulation in response to DNA replication blocks 
and UV-damaged DNA in Xenopus egg extracts. Genes Dev. 14, 2745-2756. 

Gupta,M., Fan,S., Zhan,Q., Kohn,K.W., O'Connor,P.M., and Pommier,Y. (1997). Inactivation 
of p53 increases the cytotoxicity of camptothecin in human colon HCT116 and breast 
MCF-7 cancer cells. Clinical Cancer Research 3, 1653-1660. 

Halazonetis,T.D. and Kandil,A.N. (1993). Conformational shifts propagate from the 
oligomerization domain of p53 to its tetrameric DNA binding domain and restore DNA 
binding to select p53 mutants. EMBO J 12, 5057-5064. 

Han.Z., Wei,W., Dunaway,S., Darnowski,J.W., Calabresi,P., Sedivy,J., Hendrickson,E.A., 
Balan,K.V., Pantazis,P., and Wyche,J.H. (2002). Role of p21 in apoptosis and senescence 
of human colon cancer cells treated with camptothecin. J. Biol. Chem. 277, 17154-17160. 

Hartwell,L.H. and Weinert,T.A. (1989). Checkpoints: Controls that ensure the order of cell 
cycle enents. Science 246, 629-634. 

Haupt,Y., Maya,R., Kazaz,A., and Oren,M. (1997). Mdm2 promotes the rapid degradation of 
p53. Nature 387, 296-299. 

Hirao,A., Kong,Y.-Y.,  Matsuoka,S., Wakeham,A., Ruland,J., Yoshida,H., Liu,D., 
Elledge,S.J., and Mak,T.W. (2000). DNA damage-induced activation of p53 by the 
checkpoint kinase Chk2. Science 287, 1824-1827. 

Hofmann,T.G., Moller,A., Sirma,H., Zentgraf,H., Taya,Y., Droge,W., Will,H., and 
Schmitz,M.L. (2002). Regulation of p53 activity by its interaction with homeodomain-
interacting protein kinase-2. Nat Cell Biol 4, 1-10. 

Honda,R., Tanaka,H., and Yasuda,H. (1997). Oncoprotein MDM2 is a ubiquitin ligase E3 for 
tumor suppressor p53. FEBS Letters 420, 25-27. 

Hupp,T.R., Meek,D.W.,  Midgley,C.A., and Lane,D.P. (1992). Regulation of the specific 
DNA binding function of p53. Cell 71, 875-886. 

Hupp,T.R., Sparks,A., and Lane,D.P. (1995). Small peptides activate the latent sequence-
specific DNA binding function of p53. Cell 83, 237-245. 

Ito,A., Kawaguchi,Y.,  Lai,C.H., Kovacs,J.J., Higashimoto,Y., Appella,E., and Yao,T.P. 
(2002). MDM2-HDAC1-mediated deacetylation of p53 is required for its degradation. 
EMBO J 21, 6236-6245. 

Ito,A., Lai,C.H., Zhao,X., Saito,S., Hamilton,M.H., Appella,E., and Yao,T.P. (2001). 
p300/CBP-mediated p53 acetylation is commonly induced by p53-activating agents and 
inhibited by MDM2. EMBO J 20, 1331-1340. 



3. 20 Years of DNA Damage Signaling to p53 67
 
Jayaraman,L., Murthy,K.G.K., Zhu,C., Curran,T., Xanthoudakis,S., and Prives,C. (1997). 

Identification of redox-repair protein Ref-1 as a potent activator of p53. Genes Dev. 11, 
558-570. 

Jayaraman,L. and Prives,C. (1995). Activation of p53 sequence-specific DNA binding by 
short single strands of DNA requires the p53 C-terminus. Cell 81, 1021-1029. 

Jimenez,G.S., Bryntesson,F., Torres-Arzayus,M.I., Priestley,A., Beeche,M., Saito,S., 
Sakaguchi,K., Appella,E., Jeggo,P.A., Tacciolo,G.E., Wahl,G.M., and Hubank,M. (1999). 
DNA-dependent protein kinase is not required for the p53-dependent response to DNA 
damage. Nature 400, 81-83. 

Kaeser,M.D. and Iggo,R.D. (2002). Chromatin immunoprecipitation analysis fails to support 
the latency model for regulation of p53 DNA binding activity in vivo. Proc Natl Acad Sci 
USA 99, 95-100. 

Kapoor,M. and Lozano,G. (1998). Functional activation of p53 via phosphorylation following 
DNA damage by UV but not y radiation. Pro Natl Acad Sci USA 95, 2834-2837. 

Kastan,M.B. and Kuerbitz,S.J. (1993). Control of G1 arrest after DNA damage. Environ. 
Health Persp. 101 (suppl 5), 55-58. 

Kastan,M.B., Onyekwere,O., Sidransky,D., Vogelstein,B., and Craig,R.W. (1991). 
Participation of p53 protein in the cellular response to DNA damage. Cancer Res 51, 
6304-6311. 

Kastan,M.B., Zhan,Q.,  El-Deiry,W.S., Carrier,F., Jacks,T., Walsh,W.V., Plunkett,B.S., 
Vogelstein,B., and Fornace,A.J., Jr. (1992). A mammalian cell cycle checkpoint pathway 
utilizing p53 and GADD45 is defective in ataxia-telangiectasia. Cell 71, 587-597. 

Kern,S.E., Kinzler,K.W., Bruskin,A., Jarosz,D., Friedman,P., Prives,C., and Vogelstein,B. 
(1991). Identification of p53 as a sequence-specific DNA-binding protein. Science 252, 
1708-1711. 

Khan,S.H. and Wahl,G.M. (1998). p53 and pRb prevent rereplication in response to 
microtubule inhibitors by mediating a reversible G1  arrest. Cancer Res 58, 396-401. 

Khanna,K.K. and Lavin,M.F. (1993). Ionizing Radiation and UV induction of p53 protein by 
different pathways in ataxia-telangiectasia cells. Oncogene 8, 3307-3312. 

Komarov,P.G., Komarova,E.A., Kondratov,R.V., Christov-Tselkov,K. , Coon,J.S., 
Chernov,M.V., and Gudkov,A.V. (1999). A chemical inhibitor of p53 that protects mice 
from the side effects of cancer therapy. Science 285, 1733-1737. 

Kubbutat,M.H., Jones,S.N., and Vousden,K.H. (1997). Regulation of p53 stability by Mdm2. 
Nature 387, 299-303. 

Kussie,P.H., Gorina,S., Marechal,V., Elenbaas,B., Moreau,J., Levine,A.J., and Pavletich,N.P. 
(1996). Structure of the MDM2 oncoprotein bound to the p53 tumor suppressor 
transactivation domain. Science 274, 948-953. 

Lane,D.P. and Crawford,L.V. (1979). T antigen is bound to host protein in SV40 transformed 
cells. Nature 278, 261-263. 

Lee,E.J., Gerhold,M.,  Palmer,M.W., and Christen,R.D. (2003). p53 protein regulates the 
effects of amifostine on apoptosis, cell cycle progression, and cytoprotection. Br. J. Cancer 
88, 754-759. 

Lee,S., Elenbaas,B., Levine,A., and Griffith,J. (1995). p53 and its 14kDa C-terminal domain 
recognize primary DNA damage in the form of insertion/deletion mismatches. Cell 81, 
1013-1020. 

Lee,S.J., Dimtchev,A., Lavin,M., Dritschilo,A., and Jung,M. (1998). A novel ionizing 
radiation-induced signaling pathway that activates the transcription factor NF-kB. 
Oncogene 17, 1821-1826. 



68 Chapter 3
 
Lees-Miller,S.P., Sakaguchi,K., Ullrich,S.J., Appella,E., and Anderson,C.W. (1992). Human 

DNA-activated protein kinase phosphorylates serines 15 and 37 in the amino-terminal 
transactivation domain of human p53. Mol Cell Biol 12, 5041-5049. 

Lin.J., Blake,M., Tang,C., Zimmer,D., Rustandi,R.R., Weber,D.J., and Carrier,F. (2001). 
Inhibition of p53 transcriptional activity by the S100B calcium-binding protein. J. Biol. 
Chem. 276, 35037-35041. 

Linzer,D.I. and Levine,A.J. (1979). Characterization of a 54K dalton cellular SV40 tumor 
antigen present in SV40-transformed cells and uninfected embryonal carcinoma cells. Cell 
17, 43-52. 

Liu,Q., Guntuku,S., Cui,X.-S., Matsuoka,S., Cortez,D., Tamai,K., Luo,G., Carattini-Rivera,S., 
DeMayo,F., Bradley,A., Donehower,L.A., and Elledge,S.J. (2000). Chk1 is an essential 
kinase that is regulated by Atr and required for the G2 /M DNA damage checkpoint. Genes 
Dev 14, 1448-1459. 

Livingstone,L.R., White,A., Sprouse,J., Livanos,E., Jacks,T., and Tlsty,T.D. (1992). Altered 
cell cycle arrest and gene amplification potential accompany loss of wild-type p53. Cell 
70, 923-935. 

Lowe,S.W., Schmitt,S.W., Smith,S.W., Osborne,B.A., and Jacks,T. (1993). p53 is required 
for radiation-induced apoptosis in mouse thymocytes. Nature 362, 847-849. 

Lu,H., Taya,Y., Ikeda,M., and Levine,A.J. (1998). Ultraviolet radiation, but not gamma 
radiation or etoposide-induced DNA damage, results in the phosphorylation of the murine 
p53 protein at serine-389. Proc Natl Acad Sci USA 95, 6399-6402. 

Magrini,R., Bhonde,M.R., Hanski,M.L., Notter,M., Scherubl,H., Boland,C.R., Zeitz,M., and 
Hanski,C. (2002). Cellular effects of CPT-11 on colon carcinoma cells: dependence on 
p53 and hMLH1 status. Int J Cancer 101, 23-31. 

Maki,C.G. and Howley,P.M. (1997). Ubiquitination of p53 and p21 is differentially affected 
by ionizing and UV radiation. Mol Cell Biol 17, 355-363. 

Maltzman,W. and Czyzyk,L. (1984). UV irradiation stimulates levels of p53 cellular tumor 
antigen in nontransformed mouse cells. Mol Cell Biol 4(9), 1689-1694. 

Matsuoka,S., Rotman,G., Ogawa,A., Shiloh,Y., Tamai,K., and Elledge,S.J. (2000). Ataxia 
telangiectasia-mutated phosphorylates Chk2 in vivo and in vitro. Proc Natl Acad Sci USA 
97, 10389-10394. 

Maya,R., Balass,M., Kim,S.-T., Shkedy,D., Leal,J.-F.M., Shifman,O., Moas,M., 
Buschmann,T., Ronai,Z., Shiloh,Y., Kastan,M.B., Katzir,E., and Oren,M. (2001). ATM-
dependent phosphorylation of Mdm2 on serine 395: role in p53 activation by DNA 
damage. Genes Dev. 15, 1067-1077. 

Mazan-Mamczarz,K., Galban,S., Lopez de Silanes,I., Martindale,J.L., Atasoy,U., Keene,J.D., 
and Gorospe,M. (2003). RNA-binding protein HuR enhances p53 translation in response 
to ultraviolet light irradiation. Proc Natl Acad Sci USA 100, 8354-8359. 

McLure,K.G. and Lee,P.W.K. (1998). How p53 binds DNA as a tetramer. EMBO J 17, 3342-
3350. 

Melchionna,R., Chen,X.-B., Blasina,A., and McGowan,C.H. (2000). Threonine 68 is required 
for radiation-induced phosphorylation and activation of Cds1. Nature Cell Biol 2, 762-765. 

Middeler,G., Zerf,K.,  Jenovai,S., Thulig,A., Tschodrichrotter,M., Kubitscheck,U., and  
Peters,R. (1997). The tumor suppressor p53 is subject to both nuclear import and export, 
and both are fast, energy-dependent and lectin-inhibited. Oncogene 14, 1407-1417. 

Midgley,C.A. and Lane,D.P. (1997). p53 protein stability in tumour cells is not determined by 
mutation but is dependent on Mdm2 binding. Oncogene 15, 1179-1189. 

Mihara,M., Erster,S.,  Zaika,A., Petrenko,O., Chittenden,T., Pancoska,P., and Moll,U.M. 
(2003). p53 has a direct apoptogenic role at the mitochondria. Mol Cell 11, 577-590. 



3. 20 Years of DNA Damage Signaling to p53 69
 
Momand,J., Zambetti,G.P., Olson,D.C., George,D.L., and Levine,A.J. (1992). The mdm-2 

oncogene product forms a complex with the p53 protein and inhibits p53-mediated 
transactivation. Cell 69, 1237-1245. 

Morozov,V.E., Falzon,M., Anderson,C.W., and Kuff,E.L. (1994). DNA-dependent protein 
kinase is activated by nicks and larger single-stranded gaps. J. Biol. Chem. 269, 16684-
16688. 

Nicholls,C.D., McLure,K.G., Shields,M.A., and Lee,P.W. (2002). Biogenesis of p53 involves 
cotranslational dimerization of monomers and posttranslational dimerization of dimers. 
Implications on the dominant negative effect. J. Biol. Chem. 277, 12937-12945. 

Nichols,N.M. and Matthews,K.S. (2002). Human p53 phosphorylation mimic, S392E, 
increases nonspecific DNA affinity and thermal stability. Biochemistry 41, 170-178. 

Nie,Y., Li,H.-H., Bula,C.M., and Liu,X. (2000). Stimulation of p53 DNA binding by c-Abl 
requires the p53 C terminus and tetramerization. Mol Cell Biol 20, 741-748. 

Offer,H., Wolkowicz,R., Matas,D., Blumenstein,S., Livneh,A., and Rotter,V. (1999).  Direct 
involvement of p53 in the base excision repair pathway of the DNA repair machinery. 
FEBS Letters 450, 197-204. 

Okorokov,A.L., Ponchel,F., and Milner,J. (1997). Induced N- and C-terminal cleavage of 
p53:  a core fragment of p53, generated by interaction with damaged DNA, promotes 
cleavage of the N-terminus of full-length p53, whereas ssDNA induces C-terminal 
cleavage of p53. EMBO J  16, 6008-6017. 

Oliner,J.D., Pietenpol,J.A., Thiagalingam,S., Gyuris,J., Kinzler,K.W., and Vogelstein,B. 
(1993). Oncoprotein mdm2 conceals the activation domain of tumor suppressor p53. 
Nature 362, 857-860. 

Pestina,T.I., Cleveland,J.L., Yang,C., Zambetti,G.P., and Jackson,C.W. (2001). Mpl ligand 
prevents lethal myelosuppression by inhibiting p53-dependent apoptosis. Blood 98, 2084-
2090. 

Phelps,M., Darley,M.,  Primrose,J.N., and Blaydes,J.P. (2003). p53-independent activation of 
the hdm2-P2 promoter through multiple transcription factor response elements results in 
elevated hdm2 expression in estrogen receptor alpha-positive breast cancer cells. Cancer 
Res. 63, 2616-2623. 

Reed,M., Woelker,B., Wang,P., Wang,Y., Anderson,M.E., and Tegrmeyer,P. (1995). The C-
terminal domain of p53 recognizes DNA damaged by ionizing radiation. Proc Natl Acad 
Sci USA 92, 9455-9459. 

Ries,S., Biederer,C.,  Woods,D., Shifman,O., Shirasawa,S., Sasazuki,T., McMahon,M., 
Oren,M., and McCormick,F. (2000). Opposing effects of Ras on p53: transcriptional 
activation of mdm2 and induction of p19ARF. Cell 103, 321-330. 

Rodriguez, M. S., Desterro, J. M. P., Lain, S., Midgley, C. A., Lane, D. P., and Hay, R. T. 
(1999) SUMO-1 modification activates the transcriptional response of p53. EMBO J 18, 
6455-6461.  

Rouse,J. and Jackson,S.P. (2002). Interfaces between the detection, signaling, and repair of 
DNA damage. Science 297, 547-551. 

Rubbi,C.P. and Milner,J. (2003a). Disruption of the nucleolus mediates stabilization of p53 in 
response to DNA damage and other stresses. EMBO J 22, 6068-6077. 

Rubbi,C.P. and Milner,J. (2003b). p53 is a chromatin accessibility factor for nucleotide 
excision repair of DNA damage. EMBO J 22, 975-986. 

Sakaguchi,K., Herrera,J.E., Saito,S., Miki,T., Bustin,M., Vassilev,A., Anderson,C.W., and 
Appella,E. (1998). DNA damage activates p53 through a phosphorylation-acetylation 
cascade. Genes Dev 12, 2831-2841. 

Sakaguchi,K., Saito,S., Higashimoto,Y., Roy,S., Anderson,C.W., and Appella,E. (2000). 
Damage-mediated phosphorylation of human p53 threonine 18 through a cascade 



70 Chapter 3
 

mediated by a casein 1-like kinase.  Effect on Mdm2 binding. J Biol Chem 275, 9278-
9283. 

Samuels-Lev,Y., O'Connor,D.J., Bergamaschi,D., Trigiante,G., Hsieh,J.-K., Zhong,S.,  
Campargue,I., Naumovski,L., Crook,T., and Lu,X. (2001). ASPP proteins specifically 
stimulate the apoptotic function of p53. Mol Cell 8, 781-794. 

Savitsky,K., Bar-Shira,A., Gilad,S., Rotman,G., Ziv,Y., Vanagaite,L., Tagle,D.A., Smith,S., 
Uziel,T., Sfez,S., Ashkenazi,M., Pecker,I., Frydman,M., Harnik,R., Patanjali,S.R., 
Simmons,A., Clines,G.A., Sartiel,A., Gatti,R.A., Chessa,L. , Sanal,O., Lavin,M.F., 
Jaspers,N.G.J., Taylor,A.M.R., Arlett,C.F., Miki,T., Weissman,S.M., Lovett,M., 
Collins,F.S., and Shiloh,Y. (1995). A single ataxia telangiectasia gene with a product 
similar to PI-3 kinase. Science 268, 1749-1753. 

Shieh,S.-Y., Ikeda,M., Taya,Y., and Prives,C. (1997). DNA damage-induced phosphorylation 
of p53 alleviates inhibition by MDM2. Cell 91, 325-334. 

Shieh,S.-Y., Taya,Y., and Prives,C. (1999). DNA damage-inducible phosphorylation of p53 at 
N-terminal sites including a novel site, Ser20, requires tetramerization. EMBO J 18, 1815-
1823. 

Siliciano,J.D., Canman,C.E., Taya,Y., Sakaguchi,K.,  Appella,E., and Kastan,M.B. (1997). 
DNA damage induces phosphorylation of the amino terminus of p53 . Genes Dev 11, 
3471-3481. 

Sluss,H.K., Armata,H., Gallant,J., and Jones,S.N. (2004). Phosphorylation of serine 18 
regulates distinct p53 functions in mice. Mol Cell Biol 24, 976-984. 

Stewart,Z.A., Leach,D.L., and Pietenpol,J. (1999a). p21 Waf1/Cip1 Inhibition of cyclin E/Cdk2 
activity prevents endoreduplication after mitotic spindle disruption. Mol Cell Biol 19, 205-
215. 

Stewart,Z.A., Mays,D., and Pietenpol,J.A. (1999b). Defective G 1-S cell cycle checkpoint 
function sensitizes cells to microtubule inhibitor-induced apoptosis. Cancer Research 59, 
3831-3837. 

Stommel,J.M., Marchenko,N.D., Jimenez,G.S., Moll,U.M., Hope,T.J., and Wahl,G.M. 
(1999). A leucine-rich nuclear export signal in the p53 tetramerization domain: regulation 
of subcellular localization and p53 activity by NES masking. EMBO J 18, 1660-1672. 

Sturzbecher,H.W., Brain,R., Addison,C., Rudge,K., Remm,M., Grimaldi,M., Keenan,E., and 
Jenkins,J.R. (1992). A C-terminal alpha-helix plus basic region motif is the major 
structural determinant of p53 tetramerization. Oncogene 7, 1513-1523. 

Szak,S.T., Mays,D., and Pietenpol,J.A. (2001). Kinetics of p53 binding to promoter sites in 
vivo. Mol Cell Biol 21, 3375-3386. 

Takenaka,I., Morin,F., Seizinger,B.R., and Kley,N. (1995). Regulation of the sequence-
specific DNA binding function of p53 by protein kinase C and protein phosphatases. J. 
Biol. Chem. 270, 5405-5411. 

Tao,W. and Levine,A.J. (1999). Nucleocytoplasmic shuttling of oncoprotein Hdm2 is 
required for Hdm2-mediated degradation of p53. Proc Natl Acad Sci USA 96, 3077-3080. 

Tibbetts,R.S., Brumbaugh,K.M., Williams,J.M., Sarkaria,J.N., Cliby,W.A., Shieh,S.Y., 
Taya,Y., Prives,C., and Abraham,R.T. (1999). A role for ATR in the DNA damage-
induced phosphorylation of p53. Genes Dev. 13, 152-157. 

Tishler,R.B., Calderwood,S.K., Coleman,C.N., and Price,B.D. (1993). Increases in sequence 
specific DNA binding by p53 following treatment with chemotherapeutic and DNA 
damaging agents. Cancer Res 53, 2212-2216. 

Turenne,G.A., Paul,P., Laflair,L., and Price,B.D. (2001). Activation of p53 transcriptional 
activity requires ATM's kinase domain and multiple N-terminal serine residues of p53. 
Oncogene 20, 5100-5110. 



3. 20 Years of DNA Damage Signaling to p53 71
 
Unger,T., Juven-Gershon,T., Moallem,E., Berger,M.,  Sionov,R.V., Lozano,G., Oren,M., and 

Haupt,Y. (1999). Critical role for Ser20 of human p53 in the negative regulation of p53 by 
Mdm2 . EMBO J. 18, 1805-1814. 

Unsal-Kacmaz,K. and Sancar,A. (2004). Quaternary structure of ATR and effects of ATRIP 
and replication protein A on its DNA binding and kinase activities. Mol Cell Biol 24, 
1292-1300. 

Vafa,O., Wade,M., Kern,S., Beeche,M., Pandita,T.K., Hampton,G.M., and Wahl,G.M. 
(2002). c-Myc can induce DNA damage, increase reactive oxygen species, and mitigate 
p53 function: a mechanism for oncogene-induced genetic instability. Mol Cell 9, 1031-
1044. 

Vaziri,C., Saxena,S.,  Jeon,Y., Lee,C., Murata,K., Machida,Y., Wagle,N., Hwang,D.S., and 
Dutta,A. (2003). A p53-dependent checkpoint pathway prevents rereplication. Mol Cell 
11, 997-1008. 

Wang,X., Zou,L., Zheng,H., Wei,Q., Elledge,S.J., and Li,L. (2003). Genomic instability and 
endoreduplication triggered by RAD17 deletion. Genes Dev. 17, 965-970. 

Wang,Y., Schwedes,J.F., Parks,D., Mann,K., and Tegtmeyer,P. (1995). Interaction of p53 
with its consensus DNA-binding site. Mol Cell Biol 15, 2157-2165. 

Waterman,J.L., Shenk,J.L., and Halazonetis,T.D. (1995). The dihedral symmetry of the p53 
tetramerization domain mandates a conformational switch upon DNA binding. EMBO J 
14, 512-519. 

Waterman,M.J., Stavridi,E.S., Waterman,J.L.F., and Halazonetis,T.D. (1998). ATM-
dependent activation of p53 involves dephosphorylation and association with 14-3-3 
proteins. Nature Genetics 19, 175. 

Weinert,T.A. and Hartwell,L.H. (1988). The RAD9 gene controls the cell cycle response to 
DNA damage in saccharomyces cerevisiae. Science 241, 317-322. 

Will,K., Warnecke,G.,  Bergmann,S., and Deppert,W. (1995). Species- and tissue-specific 
expression of the C-terminal alternatively spliced form of the tumor suppressor p53. 
Nucleic Acids Res 23, 4023-4028. 

Woo,R.A., Jack,M.T., Xu,Y., Burma,S., Chen,D.J., and Lee,P.W. (2002). DNA damage-
induced apoptosis requires the DNA-dependent protein kinase, and is mediated by the 
latent population of p53. EMBO J 21, 3000-3008. 

Woo,R.A., McLure,K.G., Lees-Miller,S.P., Rancourt,D.E., and Lee,P.W.K. (1998). DNA-
dependent protein kinase acts upstream of p53 in response to DNA damage. Nature 394, 
700-705. 

Wu,X., Bayle,H., Olson,D., and Levine,A.J. (1993). The p53-mdm-2 autoregulatory feedback 
loop. Genes Dev. 7, 1126-1132. 

Wu,Z., Earle,J., Saito,S., Anderson,C.W., Appella,E., and Xu,Y. (2002). Mutation of mouse 
p53 Ser23 and the response to DNA damage. Mol Cell Biol. 22, 2441-2449. 

Xanthoudakis,S., Miao,G., Wang,F., Pan,Y.-C.E., and Curran,T. (1992). Redox activation of 
Fos-Jun DNA binding activity is mediated by a DNA repair enzyme. EMBO J. 11, 3323-
3335. 

Zhao,H. and Piwnica-Worms,H. (2001). ATR-mediated checkpoint pathways regulate 
phosphorylation and activation of human Chk1. Mol Cell Biol 21, 4129-4139. 

Zhou,J., Ahn,J., Wilson,S.H., and Prives,C. (2001). A role for p53 in base excision repair. 
EMBO J  20, 914-923. 

 



 

Chapter 4 

GATEKEEPERS OF THE GUARDIAN: P53 
REGULATION BY POST-TRANSLATIONAL 
MODIFICATION, MDM2 AND MDMX 
 

Geoffrey M. Wahl, Jayne M. Stommel, Kurt Krummel and Mark Wade 
The Salk Institute for Biological Studies, La Jolla, CA, USA 

INTRODUCTION 

Happy 25th Anniversary p53! Since this is such a special occasion, I 
(GW) thought of explaining how fate brought p53 and me together. 

It was a snowy day in Utah when Arnie Levine came to the University of 
Utah in 1976 to present a lecture on genetic approaches to differentiation of 
teratocarcinoma cells. My graduate work with Mario Capecchi (starting at 
Harvard and continuing at the University of Utah) led me to appreciate the 
potential power of genetics in cancer research. I therefore arranged to visit 
Arnie’s lab to learn more about his research program. We discussed many 
topics, but not about how the large transforming protein (T antigen) of SV40 
(SV40TAg) interacted with a putative ~54kDα cellular protein (Linzer and 
Levine, 1979). 

I next went to Stanford to visit George Stark, whose lab had isolated 
mutant cancer cell lines resistant to PALA, an inhibitor of de novo uridine 
synthesis. Unlike most mutants described to that time, PALA resistance 
developed incrementally, and was associated with progressive increases in 
the levels of CAD, the enzyme targeted by the drug. Molecular cloning was 
just starting at Stanford, and I could see a clear route to solving the genetic 
mechanism(s) of this unusual form of drug resistance in cancer cells. I joined 
George’s group in January 1977, and soon met a sabbatical visitor named 
Lionel Crawford. Lionel told me about work his post-doc, David Lane, was 
doing with SV40, and how SV40TAγ associated with an ~54kDα protein, 
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presumably of cellular origin (Lane and Crawford, 1979). I thought this was 
an interesting curiosity, but I didn’t see the links to cellular transformation at 
that time. I certainly couldn’t imagine at that early date how SV40TAγ 
interactions with cellular proteins might relate to understanding the 
mechanisms of PALA resistance. 

My studies in George’s lab with a graduate student, Richard Padgett, 
showed that gene amplification was the sole mechanism accounting for 
PALA resistance in the cell lines we investigated (Wahl et al., 1979). When I 
left Stanford, I recall having a discussion with George in which I asked him 
whether normal cells treated with the same drug also acquired PALA 
resistance. He answered that they had just done one experiment to address 
this question, and he told me something that would affect my research 
program for the next decade: he said that normal cells appeared to stop 
dividing, while cancer cells died when treated with equivalent PALA 
concentrations. My interpretation of his comment was that normal cells have 
controls that prevent them from cycling in response to this drug, while 
cancer cells may have lost such controls. Thus, my objective for the future 
was to explore the validity of this hypothesis, and to try to elucidate genes 
involved in the control circuitry. 

Fast-forward a decade. Work from my lab and others showed that DNA 
breakage initiates gene amplification, and that breakage is induced when 
cells enter and proceed through S-phase under nucleotide-limiting conditions 
(Morgan et al., 1986; Windle et al., 1991). I therefore started to look for 
genes that prevent cells from entering S-phase under conditions that induce 
chromosome breakage. An exciting candidate emerged after I read some 
papers from Mike Tainsky’s group in which in vitro passage of cells derived 
from Li-Fraumeni patients led to chromosome abnormalities similar to those 
in cells undergoing gene amplification (compare Bischoff et al., 1990; 
Morgan et al., 1986; Windle et al., 1991). As Li-Fraumeni patients have 
germ line p53 mutations, we began to investigate whether there was a link 
between p53 loss and gene amplification. More specifically, we predicted 
that normal cells treated with PALA would arrest prior to S-phase, while 
p53-deficient cells would enter S-phase, undergo chromosome breakage, and 
generate rare survivors with amplification of the CAD gene (which gives rise 
to PALA-resistance by enabling over-expression of the CAD protein (Yin et 
al., 1992). In retrospect, the seminal work of Michael Kastan and colleagues 
linking p53 to a G1 damage checkpoint (Kastan et al., 1991) makes this a 
logical expectation.  

It was a memorable day when a post-doc in my lab, Yuxin Yin, excitedly 
showed me the results that corroborated our hypothesis linking loss of p53 to 
failed cell cycle control and gain of amplification competence (Yin et al., 
1992). Interestingly, in contrast to the extensive death PALA induced in 
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cancer cell lines, we noticed that a significant fraction of a normal cell 
culture treated with PALA re-entered the cell cycle when the drug was 
removed. We later showed this was due to the ability of ribonucleoside 
depletion to cause cells in G1 to activate p53, which prevents them from 
entering S-phase and undergoing breakage (Linke et al., 1996). These studies 
demonstrated p53 could serve as a “Guardian of the Genome” (term 
attributed to David Lane; Lane, 1992) by its ability to halt cell cycle 
progression in response to conditions that could induce genetic instability, 
such as DNA damage or ribonucleoside depletion; conversely, our work also 
demonstrated that loss of p53 enabled tumor cells to proliferate under DNA 
damaging conditions to generate genetically unstable variants (Yin et al., 
1992). Similar conclusions were reached by work performed independently 
in the labs of Thea Tlsty and George Stark (Livingstone et al., 1992; Perry et 
al., 1992). 

Twenty-five years later, more than 30,000 articles have been published 
on the small cellular ~54kDa protein bound by SV40T-antigen and the 
increasing number of proteins that regulate it. It is clear that this protein, 
now referred to as p53, is a tumor suppressor gene (Malkin et al., 1990; 
Srivastava et al., 1990) that is inactivated by mutation in about half of all 
human cancers (Hollstein et al., 1991). A substantial fraction of the 
remaining cancers have functionally compromised p53 due to alterations in 
its regulators such as MDM2 and the related protein MDMX (e.g., Momand 
et al., 1998; Riemenschneider et al., 1999). Below, we will refer to the 
mouse and human homologs (Migliorini et al., 2002a) as MDM2 and 
MDMX for simplicity. 

MECHANISMS OF P53 MEDIATED TUMOR 
SUPPRESSION 

Why is p53 so frequently inactivated in cancer? The answer likely relates 
to the ability of p53 to eliminate cells that encounter conditions that could 
induce genetic instability or promote unscheduled cell division. We now 
know that p53 is activated by small amounts of various types of DNA 
damage (e.g., see Huang et al., 1996; Kastan et al., 1991; Wahl and Carr, 
2001), short or abnormally structured telomeres (Chin et al., 1999; Karlseder 
et al., 1999), metabolic and other consequences of high level oncogene 
signaling (Denko et al., 1994; Felsher and Bishop, 1999; Mai et al., 1996; 
Sherr, 2001; Vafa et al., 2002), microtubule dysfunction (Di Leonardo et al., 
1997; Khan and Wahl, 1998; Lanni and Jacks, 1998; Minn et al., 1996), loss 
of nucleolar integrity (Rubbi and Milner, 2003), hypoxia (Alarcon et al., 
1999) and perturbation of the endoplasmic reticulum (ER) (Qu et al., 2004). 
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The list has grown continuously over the years, so it wouldn’t be surprising 
if more p53 activating conditions were identified in the future. 

The mammalian p53 pathway generates responses as varied as reversible 
cell cycle arrest and apoptosis based on the nature of the activating signal 
and cell type. Since p53 output can kill cells, stringent regulatory 
mechanisms must have evolved to prevent its errant activation, as well as to 
allow it to rapidly initiate a response when appropriate. We will review 
studies that are starting to provide insight into how the p53 regulatory circuit 
evolved to control genetic stability, the cell cycle, and apoptosis to limit 
tumor formation. We will analyze in vitro and in vivo data that raise 
questions about the contributions of highly conserved phosphorylation sites 
to p53 control, and how mouse models are indicating that these sites may 
only be important in specific tissues. Finally, we will discuss recent studies 
describing an important new contribution to p53 control: the requirement for 
DNA damage to induce the degradation of MDM2 to activate p53.  

p53 suppresses tumor formation largely by transcriptional regulation of a 
diverse set of target genes, but the importance of transcription-independent 
mechanisms is still being investigated (see below). p53 binds degenerate 
consensus sequences consisting of two inverted repeats in each half-site (el-
Deiry et al., 1992; Funk et al., 1992). It binds most efficiently to its response 
elements as a tetramer, but the binding efficiencies and kinetics are likely 
affected by factors such as the precise sequence of the response elements, the 
type of other regulatory elements in the control region of the target gene, and 
chromatin context (Espinosa et al., 2003; Friedman et al., 1993; Inga et al., 
2002; McLure and Lee, 1998; Szak et al., 2001). Most p53 mutations in 
human cancers affect the structure of its large DNA binding domain, or the 
residues used to contact the DNA backbone (see Cho et al., 1994; Gorina 
and Pavletich, 1996). These data imply that effective tumor suppression 
requires that p53 contact its response elements in chromatin. 

Control of cell cycle arrest 

Many mechanisms have been suggested to account for p53-mediated 
tumor suppression, but its abilities to induce cell cycle arrest or apoptosis 
and as a consequence to prevent unscheduled proliferation and to limit 
genetic instability appear paramount. Each of these functions can be largely 
accounted for by transcriptional activation of appropriate target genes. For 
example, p53’s ability to induce a G1 arrest in response to DNA damage 
mainly depends on induction of the cyclin-cdk inhibitor p21/waf1/cip1/sdi1 
(el-Deiry et al., 1993; Noda et al., 1994). One piece of evidence supporting 
this conclusion is that p21 deletion in mice and in human cell lines almost 
entirely prevents DNA damage from inducing a G1 arrest (Deng et al., 1995; 
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Waldman et al., 1995). Consistent with the data in mammals, the p53 
ortholog in Drosophila is activated by DNA damage, but it does not induce 
the p21-like gene Dacapo, and consequently does not induce a cell cycle 
arrest (Ollmann et al., 2000). p53 also participates in G2 arrest through 
induction of 14-3-3 sigma and GADD 45 (for examples, see (Hermeking et 
al., 1997; Jin et al., 2000; Yang et al., 2000). GADD45 function is required 
for efficient G2 arrest induced by base-alteration mutagens but not ionizing 
radiation (Hollander et al., 1999), while p21 helps to sustain G2 arrest 
triggered by DNA damage (Bunz et al., 1998). 

Control of apoptosis 

The mechanisms by which p53 regulates apoptosis continue to be 
debated. A strong case can be made for transcription-dependent mechanisms 
as p53 regulates many pro-apoptotic genes including BAX, PUMA, PERP, 
NOXA, AIP1, FAS1/APO1, and IGF-BP3 in mammals and, hid, sickle, 
EIGER and reaper in Drosophila (see Wahl and Carr for mammalian 
references; representative fly references are Brodsky et al., 2000; Lee et al., 
2003; Peters et al., 2002). Target gene activation by fly p53 is required for 
DNA damage-induced apoptosis since combined deletion of hid, sickle and 
reaper abrogates the apoptotic response in flies with wild type p53 (Brodsky 
et al., 2004). It is likely that apoptosis regulation in mammals is more 
complex, with different genes or gene sets being determined by the cell type 
and activating stimulus. For example, BAX appears to be a key gene for 
inducing apoptosis by p53 in an oncogene (Eµ-Myc) model of 
lymphomagenesis (Eischen et al., 2001), whereas BAX loss only partially 
reduces DNA damage-induced apoptosis in E1A expressing MEFs 
(McCurrach et al., 1997). PUMA has recently emerged as a critical p53 pro-
apoptotic BH3-only target gene in several tissues since PUMA knockout 
mice are completely deficient in damage-induced apoptosis in the CNS and 
thymus (Jeffers et al., 2003; Villunger et al., 2003). The tissue and gene-
specific requirements complicates the problem of defining the transcriptional 
targets and transcriptional-dependence of p53-activated apoptotic programs. 

On the other hand, it has long been debated whether the sole mechanism 
by which p53 induces apoptosis involves transcriptional regulation (Caelles 
et al., 1994; Chipuk et al., 2004; Mihara et al., 2003; Moll and Zaika, 2001). 
Recent papers suggest that p53 can interact with apoptotic regulators in the 
cytoplasm to induce an apoptotic program without gene activation, but the 
specific interactions do not seem consistent in different studies (Chipuk et 
al., 2004; Mihara et al., 2003). For example, one study showed that p53 may 
interact with anti-apoptotic proteins such as BCL2 to liberate BAX and BAK 
(Mihara et al., 2003), while another reported that direct interaction between 
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p53 and BAX enabled BAX to associate with mitochondria to induce 
cytochrome C-release (Chipuk et al., 2004). The latter study also showed 
that mouse embryo fibroblasts encoding a transcriptionally inactive and 
nuclear restricted endogenous p53QS allele (Jimenez et al., 2000) could be 
made to undergo apoptosis by using wheat germ agglutinin to accumulate 
p53QS in the cytoplasm (Chipuk et al., 2004). However, the use of wheat 
germ agglutinin to force cytoplasmic accumulation could sensitize the cells 
to apoptotic signals since it blocks nuclear import of proteins, and nuclear 
export of proteins and RNA (Middeler et al., 1997; Watanabe et al., 1999; 
Yoneda et al., 1987). The resulting macromolecular mislocalization might 
enable cytoplasmic p53 to tip the balance towards apoptosis. For example, 
treatment of cells with the nuclear export inhibitor leptomycin B (LMB) 
creates a stress that activates p53 and can induce apoptosis (Smart et al., 
1999). The biological significance of a cytoplasmic component for p53- 
induced apoptosis is also uncertain as the cytoplasmic abundance of p53 is 
highest in unstressed, exponential cells and p53 is almost exclusively nuclear 
when cells are exposed to apoptotic stresses (see Shirangi et al., 2002; 
Stommel and Wahl, 2004 for recent analyses). Quantifying the contributions 
of transcriptional and non-transcriptional mechanisms for p53-induced 
apoptosis will require analysis of p53 mutants that are transcriptionally 
inactive and cytoplasmically sequestered that are expressed at normal levels. 

Control of genetic stability 

p53 has been reported to limit genetic instability in two broad ways. First, 
p53 can prevent cells with irreparable lesions from proliferating by inducing 
a permanent arrest resembling senescence or apoptosis (see Wahl et al., 
1997) for a review). Second, depending on the type of damage induced, the 
cell cycle phase in which p53 is activated, and the cell type, p53 increases 
repair efficiency by inducing cell cycle delays, activating repair genes, or 
participating directly in some forms of repair. For example, p53-induced 
expression of the cyclin-dependent kinase inhibitor p21 can modulate the 
G2/M interval in response to ionizing radiation (Bunz et al., 1998). This may 
limit instability by allowing additional time for the cell to repair double 
strand breaks. Conversely, p21 deficiency increases the chance that cells 
with unrepaired chromosomes will enter G1 to generate descendants with 
chromosome anomalies (Bunz et al., 1998; Wouters et al., 1997). Consistent 
with this, irradiated cells deficient in p53 or p21 progressed more rapidly 
through G2/M-phase. This resulted in increased chromosome anomalies, cell 
death, and sensitization to radiation (Bunz et al., 1998; Wouters et al., 1997). 
The G2 delay may increase double strand break repair due to the availability 
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of the sister chromatid as a template for homologous recombination and 
error-free repair.  

Repair of double strand breaks by homologous recombination is not 
likely in G1 as the sister chromatid is not present (see Wahl and Carr, 2001) 
for review). Therefore, double strand breaks are repaired in G1 by an error-
prone process such as non-homologous end joining (Lees-Miller and Meek, 
2003). p53 limits the probability of cells with unrepaired DNA in G1 from 
generating mutant offspring by inducing a permanent arrest or apoptosis to 
remove such cells from the proliferating pool (Wahl and Carr, 2001). The 
importance of p53 for policing the repair process is vividly illustrated in 
analyses of cells deficient in enzymes that participate in non-homologous 
end joining or the histone γH2AX that either protects broken ends or 
organizes the chromatin to optimize repair efficiency. Cells deficient in these 
proteins are hyper-sensitive to breakage, which can lead to lethality in mice 
with wild type p53 (Bassing and Alt, 2004; Bassing et al., 2003; Gao et al., 
2000). Loss of p53 rescues the lethality, but makes the animals tumor prone 
due to an increased rate of accumulation of chromosome abnormalities such 
as oncogene amplification that can drive tumor progression (Bassing et al., 
2003; Gao et al., 2000). 

p53 has also been reported to modulate the DNA repair process by 
transcription-dependent and transcription-independent mechanisms. For 
example, p53 modulates the repair efficiency of base DNA damage induced 
by UV and ionizing radiation through induction of genes such as DDB2 
(p48) (Fitch et al., 2003; Hwang et al., 1999), GADD45a (Smith et al., 2000) 
and XPC (Amundson et al., 2002). The proteins encoded by these genes 
participate in the global genomic repair subpathway of nucleotide excision 
repair. p53 may also participate directly in base excision repair to correct 
damage induced by alkylating agents such as MMS (Offer et al., 1999; Seo 
et al., 2002; Zhou et al., 2001b). In this case, interactions between p53, 
apurinic endonuclease, and DNA polymerase beta appear to be important 
(Zhou et al., 2001b). p53 has been proposed to be able to facilitate repair 
through a putative strand annealing function and an intrinsic 3’-5’ 
exonucleolytic activity in the DNA binding domain (Janus et al., 1999). The 
relative importance of p53-mediated transcriptional and non-transcriptional 
mechanisms to DNA repair and the control of genomic stability remain to be 
determined. 

REGULATING P53 

p53 must be tightly regulated as it has the potential to either kill a cell or 
to prevent it from dividing again. It is likely that most of this control is 
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through post-translational regulation that activates or suppresses p53 as a 
transcription factor. Strong evidence that p53 mediated tumor suppression 
requires a functional transactivation domain was obtained using homologous 
recombination to generate cell lines or mice encoding a transcriptionally 
inert p53 protein (p5325Q26S=p53QS) (Chao et al., 2000b; Jimenez et al., 
2000). This p53 mutant binds to its consensus sequences in EMSA (ibid.) 
and ChIP assays (M. Tang and G. Wahl, unpublished), but fails to induce or 
repress known target genes as the two amino acid changes it contains 
prevents interaction with the basal (Lu and Levine, 1995) transcription 
machinery (Thut et al., 1995; Xiao et al., 1994) . It does not elicit apoptosis 
or cell cycle arrest in vitro or in vivo (Chao et al., 2000b; Jimenez et al., 
2000; M. Nister, M. Tang, M. Beeche, T. van Dyke, G..M. Wahl, manuscript 
in preparation). Importantly, mice with this mutation exhibit the same tumor 
spectrum and latency as animals completely lacking p53 protein (M. Nister, 
M. Tang, M. Beeche, T. van Dyke, G. M. Wahl, manuscript in preparation). 
These data, along with others summarized above, indicate that nuclear, 
presumably transcription-dependent, functions of p53 are critical for it to 
suppress tumor formation. Therefore, the remainder of this chapter will 
focus on the factors and mechanisms that regulate the nuclear functions of 
p53. 

A small digression concerning MDM2 is necessary to enable a discussion 
of p53 control mechanisms (see below for more thorough discussion of 
MDM2). p53 levels are kept low mainly through the combined actions of 
two related RING finger proteins, MDM2 and MDMX (MDM4), that can 
associate as homo- or heterodimers through their RING domains (Ashcroft 
and Vousden, 1999; Gu et al., 2002; Haupt et al., 1997; Kubbutat et al., 
1997; Michael and Oren, 2003; Migliorini et al., 2002a; Sharp et al., 1999; 
Tanimura et al., 1999). MDM2 was first identified as the 90kDa protein 
encoded by a gene amplified on mouse “double minute (DM) chromosomes” 
and has since been observed to be amplified in a subset of human tumors 
expressing wild type p53 (Oliner et al., 1992). Overexpression of MDM2 
can prevent p53 induced cell cycle arrest and apoptosis (Chen et al., 1994; 
Oliner et al., 1993). Similarly, MDMX is the likely target gene in the 1q32 
amplicon detected in a subset of gliomas with wild type p53 
(Riemenschneider et al., 1999). Thus, MDM2 and MDMX appear to be 
oncogenes in human cancers. Both genes are also essential since deletion of 
either leads to early embryonic lethality in mice (Jones et al., 1995; 
Migliorini et al., 2002c; Montes de Oca Luna et al., 1995; Parant et al., 
2001). Importantly, deleting p53 eliminates the lethality of MDM2 or 
MDMX deficiency (ibid.). These data establish p53 as the key downstream 
target of MDM2 and MDMX, and MDM2 and MDMX as essential negative 
regulators of p53.  
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MDM2 is a ring finger E3 ubiquitin ligase that mediates the 
ubiquitination and degradation of p53 (Fang et al., 2000; Fuchs et al., 1998; 
Haupt et al., 1997; Honda et al., 1997; Honda and Yasuda, 2000; Kubbutat et 
al., 1997; Lai et al., 2001). MDM2 mediated ubiquitination mainly occurs on 
C-terminal lysines, and transfection analyses show that p53 mutants in which 
all these lysines were changed to arginine are stable, active and nuclear 
(Nakamura et al., 2000; Rodriguez et al., 2000). Other studies show that p53 
mutations that prevent MDM2 association also generate stable, nuclear p53 
(Jimenez et al., 2000; Lin et al., 1994). These studies establish links between 
MDM2 interactions with p53, p53 protein abundance, and p53 subcellular 
localization.  

Subcellular localization  

p53 is a very unstable protein that is typically nuclear and present at very 
low levels. p53 appears to shuttle between nucleus and cytoplasm during the 
cell cycle (David-Pfeuty et al., 1996; Moll et al., 1996; Ostermeyer et al., 
1996; Shaulsky et al., 1991); its nuclear entry and exit are mediated by 
specific import and export machinery as it exceeds the 40-50kDa limit for 
passive nuclear shuttling (Gorlich and Kutay, 1999). p53 contains nuclear 
localization and nuclear export signals, and its subcellular localization 
reflects a balance between the rates of import and export (Henderson and 
Eleftheriou, 2000; Shaulsky et al., 1990; Stommel et al., 1999; Zhang and 
Xiong, 2001). Given the importance of nuclear functions of p53 in tumor 
suppression, it is not surprising that some tumors have evolved mechanisms 
to accumulate p53 in the cytoplasm to inactivate it (e.g., see Moll et al., 
1995; Moll et al., 1992; Sun et al., 1992).  

p53 has two reported nuclear export signals (NES), a C-terminal one 
within the tetramerization domain (Stommel et al., 1999), and a second that 
overlaps the N-terminal transactivation domain (Zhang and Xiong, 2001). 
Because treatment of cells with leptomycin B (LMB), which inhibits the 
nuclear export receptor CRM1 (Kudo et al., 1998; Wolff et al., 1997), results 
in p53 nuclear localization, either or both are potential CRM1 targets 
(Stommel et al., 1999).  

The C-terminal NES has the potential to link p53 structure with 
subcellular localization and nuclear functions. The crystal structure of the 
tetramerization domain indicates that the NES it contains should be 
concealed in the tetramer, but exposed in monomers or dimers. The 
importance of the C-terminal NES for controlling p53 subcellular 
localization is indicated by the p53 nuclear restriction caused by C-terminal 
NES mutations (Stommel et al., 1999). Thus, the positioning of an NES in 
the tetramerization domain allows for factors that affect p53 tetramerization 
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and dissociation to be linked to subcellular localization and binding of p53 to 
its response elements. As an example, some studies indicate that 
phosphorylation of serine 392 (human p53) in the C-terminus might stabilize 
p53 tetramers, while phosphorylation of serines 315 and 392 might 
destabilize tetramers (Sakaguchi et al., 1997; see Jimenez et al., 1999; Liang 
and Clarke, 2001 for reviews). Other studies have been interpreted to 
indicate that MDM2-mediated ubiquitination of p53 may expose the p53 C-
terminal NES to enable p53 export to the cytoplasm (Boyd et al., 2000; 
Geyer et al., 2000; Lohrum et al., 2001).  

The N-terminal NES has also been proposed to induce p53 nuclear 
export. This NES is proposed to be active in unstressed cells, but is 
inactivated by DNA damage to allow for rapid nuclear accumulation (Zhang 
and Xiong, 2001). However, this putative NES lies within the transactivation 
domain, and overlaps the sequences known to bind MDM2 (see Michael and 
Oren, 2003) for a recent MDM2 review and references). While DNA 
damage induced N-terminal phosphorylations were proposed to inactivate 
the N-terminal NES (Zhang and Xiong, 2001), these modifications occur in 
regions that could affect MDM2-p53 association (e.g., see Dumaz et al., 
2001; Shieh et al., 1999; Siliciano et al., 1997; Unger et al., 1999a). DNA 
damage also induces modifications on MDM2 (Maya et al., 2001) that can 
reduce MDM2 stability (Stommel and Wahl, 2004), which also impedes 
MDM2-p53 interaction. Furthermore, mutations in the proposed N-terminal 
NES designed to limit interaction with the export receptor were made in 
residues that prevent association with MDM2 (Kussie et al., 1996; Lin et al., 
1994). Consequently, these mutations stabilize p53, leading to its 
tetramerization, and constitutive nuclear localization (Jimenez et al., 2000; 
Stommel et al., 1999). Thus, the data used to support the existence of an N-
terminal NES can also be explained by the fact that each treatment or 
condition antagonizes MDM2 binding, leading to increased p53 abundance, 
tetramerization and masking of the C-terminal NES. Alternatively, 
conditions that reduce MDM2-p53 association should also reduce p53 C-
terminal ubiquitination, which could also reduce p53 nuclear export by 
preventing unmasking of the C-terminal NES (see above). 

As mentioned above, a number of cancer cell lines have cytoplasmic p53. 
Several mechanisms could account for this. First, these cells could have 
mutations that lead to an excess of p53 nuclear export over import. In 
support of this idea, treatment of neuroblastoma cells exhibiting cytoplasmic 
p53 with either p53 C-terminal peptides that bind the C-terminal NES or 
with the export inhibitor LMB (Ostermeyer et al., 1996; Smart et al., 1999; 
Stommel et al., 1999) leads to nuclear accumulation of p53. Another 
mechanism for cytoplasmic accumulation of p53 involves association with a 
cytoplasmic anchor protein. One candidate for such a molecule is Parc (p53-
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associated parkin-like cytoplasmic protein; Nikolaev et al., 2003). This large 
protein is overproduced in neuroblastomas with cytoplasmic p53, and 
reducing Parc in these cells by siRNA induced p53 nuclear localization, 
apoptosis and sensitization to chemotherapy (Nikolaev et al., 2003). 
Interestingly, the same neuroblastoma cells in which elevated Parc was 
proposed to bind to p53 and sequester it in the cytoplasm were shown 
previously to exhibit hyperactive p53 export (Ostermeyer et al., 1996; Smart 
et al., 1999; Stommel et al., 1999). The basis for these different results 
remains to be determined.  It is also uncertain how much of a role Parc plays 
in controlling subcellular localization of p53 in normal, unstressed cells as 
they contain very low levels of p53 that is predominantly nuclear.  

MDM2 and MDMX as inhibitors of p53 transactivation 

MDM2 inhibits p53 function in at least two ways, though it apparently 
needs MDMX to do so with optimal efficiency (Gu et al., 2002; Migliorini et 
al., 2002a). First, similar N-terminal regions of MDM2 and MDMX interact 
with hydrophobic side chains of an amphipathic alpha-helix in the p53 N-
terminal transactivation domain (Bottger et al., 1999; Chen et al., 1993; 
Kussie et al., 1996). Consequently, MDM2 and MDMX, by binding to the 
transactivation domain, could inhibit transactivation by preventing the basal 
transcription machinery from binding and/or by preventing p53 acetylation 
by histone acetyl transferases such as p300 and CBP (Gu et al., 1997; Lu and 
Levine, 1995; Momand et al., 1992; Oliner et al., 1993; Shvarts et al., 1996; 
Thut et al., 1995; Xiao et al., 1994). MDM2 may also inhibit p53 
transactivation by recruiting co-repressors such as CtBP2 or by titrating 
basic transcription factors (Mirnezami et al., 2003; Thut et al., 1997). 

Regulating p53 stability by MDM2 and MDMX 

The second mechanism by which MDM2 inhibits p53 is by acting as a 
co-factor for p53 degradation. p53 was initially shown to be targeted for 
degradation by the oncogenic papilloma virus E6 protein, which binds to p53 
and recruits a cellular ubiquitin ligase (E6-AP) to mediate p53 ubiquitination 
(Scheffner et al., 1993). Support for a completely host-encoded mechanism 
for p53 proteasomal turnover was indicated by the substantial increase in 
ubiquitinated p53 caused by the proteasome inhibitor MG132 in cells that 
were not virally infected (Maki et al., 1996).  

The MDM2 ubiquitin ligase that mediates p53 degradation (see above) 
also mediates its own poly-ubiquitination (Lai et al., 2001).  However, there 
is debate about whether MDM2 mediates the mono- (Lai et al., 2001), or 
poly-ubiquitination of p53 (Li et al., 2003). A recent report showing that low 
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levels of MDM2 mediate p53 mono-ubiquitination, while higher levels 
induce poly-ubiquitination (Li et al., 2003) raises the possibility that MDM2 
level regulates a ubiquitination switch. The question of which type of 
ubiquitination occurs could be important since mono-ubiquitination can 
mediate changes in subcellular distribution but not degradation, while chains 
containing at least four ubiquitins are required for proteasomal degradation 
(Thrower et al., 2000; see Hicke, 2001 for a review). Indeed, p53 mono-
ubiquitination was reported to lead to nuclear export of p53, while poly-
ubiquitination led to p53 degradation (Li et al., 2003). Either consequence of 
MDM2-mediated ubiquitination would diminish p53’s capacity to regulate 
gene expression.  

The notion that MDM2 could induce mono-ubiquitination for p53 export 
or polyubiquitination for degradation raises the question of whether p53 
must be exported to be degraded in the cytoplasm (Boyd et al., 2000; 
Freedman and Levine, 1998; Geyer et al., 2000; Inoue et al., 2001; O'Keefe 
et al., 2003; Roth et al., 1998; Tao and Levine, 1999). The model 
summarized above predicts that in unstressed cells, MDM2 should be at low 
levels, leading to p53 mono-ubiquitination, nuclear export, and cytoplasmic 
accumulation. However, in unstressed cells, p53 is present at low abundance 
but is predominantly nuclear (e.g., see Stommel and Wahl, 2004). It is also 
important to consider that p53 half-life is about 30 minutes in unstressed 
cells (e.g., see Oren et al., 1981; Stommel and Wahl, 2004), while its export 
to the cytoplasm takes hours as the C-terminal p53 NES is very weak 
(Henderson and Eleftheriou, 2000; Stommel et al., 1999). The slow export 
rate and short half-life are incompatible with models requiring that p53 
export is required for its degradation in the cytoplasm. As proteasome 
inhibitors lead to p53 accumulation in the nucleus and the cytoplasm, it 
appears to be unstable in both locations (see Stommel and Wahl, 2004 for a 
recent example). Consistent with this interpretation, nuclear and cytoplasmic 
p53 can be ubiquitinated and degraded, implying that proteasomes in both 
compartments accept it as a substrate (Geyer et al., 2000; Joseph et al., 2003; 
Lohrum et al., 2001; Shirangi et al., 2002; Stommel and Wahl, 2004; 
Xirodimas et al., 2001; Yu et al., 2000). However, the slow export kinetics 
of p53, and its co-localization with MDM2 in the nucleus, suggest the 
nucleus as a preferred site for p53 turnover.  

The precise mechanisms by which MDM2 leads to p53 degradation 
remain to be defined. p53 polyubiquitination might be achieved by MDM2 
alone in cells expressing high levels of MDM2, such as in cancers with 
MDM2 amplification or overexpression. This begs the question of how poly-
ubiquitination is achieved in normal cells with unstable p53 and low levels 
of MDM2 if MDM2 only induces mono-ubiquitination under such 
conditions (Fang et al., 2000; Li et al., 2003). One solution is that MDM2 
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could associate with another ubiquitin ligase, an “E4”, that adds poly-
ubiquitin chains to the lysines previously mono-ubiquitinated by MDM2. 
This interaction is likely to involve the MDM2 RING domain, since 
replacing it with the RING domain of another protein, Praja1, enables 
MDM2 to poly-ubiquitinate itself but prevents p53 ubiquitination (Fang et 
al., 2000). However, this situation may be more complex as the MDM2 
RING domain has also been implicated in other processes such as ATP 
binding and acetylation that may also affect MDM2 function (Poyurovsky et 
al., 2003; Wang et al., 2004). The central region of MDM2 containing an 
acidic domain is also needed for p53 degradation (Argentini et al., 2001; 
Kawai et al., 2003b; Meulmeester et al., 2003). Interestingly, hHR23A a 
human homologue of a yeast DNA repair protein, binds to the 26S 
proteasome and to the acidic domain of MDM2 (Hiyama et al., 1999; Zhu et 
al., 2001a; Brignone et al., 2004).  

One potential candidate for a p53 E4 polyubiquitin ligase is the histone 
acetyl transferase p300 (Grossman et al., 2003). At first glance, this seems to 
be a surprising finding, since p300 binds to the same N-terminal region of 
p53 as MDM2, it acetylates the same C-terminal lysines that MDM2 mono-
ubiquitinates, and it has been reported to be a p53 co-activator (Barlev et al., 
2001; Gu and Roeder, 1997). However, consistent with a role for p300 in 
p53 degradation, MDM2, p300 and p53 form ternary complexes, and MDM2 
mutants that cannot bind p300 can mediate p53 ubiquitination but not 
degradation (Grossman et al., 1998; Kobet et al., 2000; Zhu et al., 2001b). It 
is also possible that p300 serves as a bridge to either the proteasome, to other 
ligases that mediate polyubiquitination, or to proteins that associate with the 
proteasome, such as hHR23A (Zhu et al., 2001a).  

The precise mechanisms by which MDM2 and MDMX collaborate to 
regulate p53 are important to define, as both proteins are clearly required for 
optimal inactivation of p53. MDM2 mediates the ubiquitination and 
degradation of MDMX (Kawai et al., 2003a; Pan and Chen, 2003; Tanimura 
et al., 1999). On the other hand, MDMX cannot induce MDM2 degradation 
as it is not an E3 ubiquitin ligase (Stad et al., 2001). Several studies 
employing transfection and overexpression indicated that MDMX can inhibit 
p53 degradation (Jackson and Berberich, 2000; Sharp et al., 1999; Stad et al., 
2001). This is contrary to genetic analyses in mice and more recent siRNA 
studies showing that MDMX depletion activates and stabilizes p53 (Kawai 
et al., 2003a; Migliorini et al., 2002b; Parant et al., 2001). These disparate 
observations now seem to be resolved by a study that changed the ratio of 
MDMX relative to MDM2 and then determined the effects on p53 
degradation. These studies showed that MDMX can stabilize MDM2, and at 
an appropriate ratio, increases significantly the ability of MDM2 to degrade 
p53 (Gu et al., 2002). These data explain how both MDMX and MDM2 
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assist each other to maximize p53 inhibition, and how deletion of either 
elicits embryonic lethality. If MDM2 is deleted, MDMX may bind but 
cannot degrade p53, and MDMX is apparently not present at a high enough 
concentration to effectively inhibit p53 activated death or arrest programs. If 
MDMX is deleted, MDM2 may either be too unstable to inactivate p53, or it 
may be less efficient at mediating p53 ubiquitination. As MDM2 and 
MDMX interact with each other, an implication of these studies is that a 
heterodimer of MDMX and MDM2 may be the most potent p53 inhibitor. 
An extension of these data is that conditions that interfere with MDMX 
binding to MDM2, that reduce the levels of either protein, or that affect 
MDM2 E3 ubiquitin ligase function could have profound effects on p53 
regulation. 

The impact of other ubiquitin ligases, de-ubiquitinating 
enzymes, and ARF on p53 and MDM2 stability and function 

Pirh2 and COP1 

Recent evidence suggests the existence of other ubiquitin ligases and de-
ubiquitinating enzymes capable of modulating p53 and MDM2 levels and 
activities. Pirh2 is a RING domain protein that binds to the p53 DNA 
binding domain, and appears to induce p53 ubiquitination and degradation 
(Leng et al., 2003). Like MDM2, the Pirh2 gene is induced by p53. Pirh2 
functions independently of MDM2, and is expressed in many tissues. 

The human homolog of the Arabadopsis gene COP1 (constitutively 
photomorphogenic 1) has recently been identified as a p53 interacting RING 
finger protein able to ubiquitinate p53 (Dornan et al., 2004). Like Pirh2, it 
appears to be a p53-inducible gene, and when overexpressed, can reduce 
p53-dependent cell cycle arrest or apoptosis in cancer cell lines. Reducing 
COP1 levels by siRNA increases p53 levels, and sensitizes cells to damage 
induced activation of p53. COP1 overexpression reduced p53 levels in a co-
transfection experiment using p53-/mdm2-null MEFs, suggesting that COP1 
functions independently of MDM2.  

The physiologic significance of both COP1 and Pirh2 remains to be 
determined in light of the early embryonic lethality caused by MDM2 
deletion. The failure of either COP1 or Pirh2 to rescue MDM2 deficiency is 
puzzling since cells lacking MDM2 should have activated p53 to induce high 
levels of these other putative p53 E3 ubiquitin ligases. It will be important to 
determine whether COP1 and Pirh2 regulate p53 in specific tissues, perhaps 
where MDM2/MDMX are limiting (Mendrysa et al., 2003). 
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HAUSP 

Nearly 100 de-ubiquitinating proteins (DUBs) have been identified in the 
human genome (see Lima, 2003 for a review). A DUB that targets p53, 
MDM2 or MDMX, should affect p53 pathway regulation, but it is not easy 
to predict the effects. For example, a DUB directed against p53 should 
stabilize it, while one directed against MDM2 might have complex 
consequences depending on the ability of the de-ubiqutinated and 
presumably stabilized MDM2 to interact with and ubiquitinate p53. Work 
over the past several years has shown that there is at least one DUB, HAUSP 
(herpes associated ubiquitin-specific protease, also known as USP7), that 
targets p53 and MDM2, and that the consequences for p53 activation are 
indeed complex (Li et al., 2002; Lim et al., 2004; Wood, 2002).  

HAUSP was identified as a p53-interacting protein (Li et al., 2002). It 
was initially proposed that HAUSP stabilized and activated p53 by removing 
ubiquitins from the p53 C-terminus. Importantly, although HAUSP may 
have many substrates, its overexpression only causes growth arrest in cells 
expressing wild type p53, implying a p53-dependence to its growth 
inhibitory effects (Li et al., 2002).  

Recent studies challenge the notion that HAUSP directly activates p53 
via p53 de-ubiquitination. Two groups, one using siRNA (Li et al., 2004) 
and the other using homologous recombination in a tumor cell line to knock 
out HAUSP function (Cummings et al., 2004), showed that complete 
elimination of HAUSP caused p53 stabilization and growth arrest. This is 
contrary to expectation if the key HAUSP target is p53, as HAUSP 
elimination should leave p53 ubiquitinated, leading to its destabilization. 
However, the observed p53 activation by HAUSP knockdown can be 
explained if HAUSP’s main target is MDM2. In this case, eliminating 
HAUSP should increase MDM2 ubiquitination, leading to its rapid 
degradation, and consequent activation of p53. In support of this, eliminating 
HAUSP caused accelerated MDM2 degradation and p53 stabilization (Li et 
al., 2004). Importantly, partial reduction of HAUSP produced the opposite 
result, in that p53 was partly destabilized (Li et al., 2004). It remains to be 
determined whether HAUSP activity or abundance can be regulated by 
growth conditions or stress and whether this affects MDM2 activity and p53 
regulation in vivo. 

ARF  

Factors that affect the ability of MDM2 to ubiquitinate p53, or to control 
access of MDM2 to p53, should also contribute to p53 regulation. ARF, an 
alternative reading frame product of the INK4A locus (Kamijo et al., 1997; 
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Sherr, 2001), binds to MDM2, p53, or both (Kamijo et al., 1998). Several 
mechanisms have been proposed for ARF-mediated regulation of p53. ARF 
levels increase significantly in response to high level persistent signaling by 
Myc or oncogenically mutated Ras, or as MEFs and human fibroblasts 
become senescent (Dimri et al., 2000; Kamijo et al., 1997; Sherr, 2001). 
ARF is a nucleolar protein, and when induced to high levels in cells 
expressing oncogenes or nearing senescence, co-localizes with MDM2 in 
nucleoli (Weber et al., 1999). These observations led to the proposal that 
ARF may sequester MDM2 in the nucleolus, leading to MDM2 depletion 
from the nucleoplasm, and consequent activation of p53 (Weber et al., 
1999). However, other studies show that ARF can activate p53 in the 
nucleoplasm (Llanos et al., 2001). This may be explained by the ability of 
ARF to bind to and inhibit the E3 ubiquitin ligase function of MDM2 
(Honda and Yasuda, 1999), or by increasing the MDM2-mediated 
degradation of MDMX (Pan and Chen, 2003). In the latter case, decreasing 
MDMX levels should in turn destabilize MDM2, depleting the cell of both 
p53 negative regulators (Gu et al., 2002). 

ARF contributes to efficient p53-dependent induction of apoptosis or cell 
cycle arrest in response to a subset of the signals that activate p53 in a subset 
of tissues. Interestingly, one tumor in an ARF null animal contained mutated 
or inactivated p53, implying that both genes can collaborate in tumor 
progression and that p53 and ARF deficiencies are not functionally 
equivalent. For example, ARF contributes significantly to p53 activation 
induced by over-expressed Myc in B-cells, in p53-dependent senescence in 
MEFs growing in vitro, and in damage-induced responses of MEFs but not 
of other cell types such as intestinal epithelial cells (e.g., see Eischen et al., 
1999; Kamijo et al., 1999b; Khan et al., 2000; Zindy et al., 1998). Also, 
ARF-null mice exhibit a different tumor spectrum and develop tumors with 
different latencies than p53 null mice (Kamijo et al., 1999a). Importantly, 
ARF does not appear to play a role in p53 dependent-apoptosis or tumor 
suppression in the mouse choroid plexus in which tumor progression is 
initiated by inactivating the retinoblastoma (Rb) tumor suppressor (Tolbert et 
al., 2002). This is noteworthy since Rb inactivation increases E2F1 activity 
in this system, and E2F1 has been shown to activate ARF in several in vitro 
systems (Bates et al., 1998; Dimri et al., 2000). Furthermore, in human 
fibroblasts, recent data show that decreasing ARF expression by siRNA 
enhances growth but does little to stimulate transformation induced by 
oncogenic ras, and that oncogenic ras still activates p53 when little if any 
ARF is present (Voorhoeve and Agami, 2004). Together, these data imply 
that ARF is an important, albeit species, cell and developmental stage 
specific modulator of p53 function, and that backup systems exist for 
activating p53 in tissues that do not express ARF.  
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P53 ACTIVATION BY POST-TRANSLATIONAL 
MODIFICATION 

The current model 

The data summarized above show that p53 function can be regulated by 
inhibitors including MDM2 and MDMX, by proteins that modulate the 
functions of MDM2/MDMX (e.g., ARF, HAUSP, etc.), and by proteins with 
both activating and inactivating capacities such as p300. However, p53 and 
MDM2 are also subject to rapid post-translational phosphorylation on highly 
conserved serine and threonine residues by numerous protein kinases, and 
the functional impacts of these modifications are still uncertain (for detailed 
reviews and references, see (Appella and Anderson, 2001; Hay and Meek, 
2000; Meek, 2002; Meek and Knippschild, 2003; Stewart and Pietenpol, 
2001; Wahl and Carr, 2001). The clearest example for an essential role for 
phosphorylation in p53 activation comes from studies in Drosophila. DNA 
damage activates MNK, the Drosophila homolog of mammalian Chk2, to 
phosphorylate serine 4 in the p53 N-terminus (Brodsky et al., 2004; Peters et 
al., 2002). Mutation of MNK (Chk2), or of p53 serine 4 to alanine, prevented 
ionizing radiation from activating p53 or eliciting an apoptotic response 
(Brodsky et al., 2004; Peters et al., 2002). Importantly, p53 activation in flies 
occurred with a phosphorylation associated mobility shift, but was not 
accompanied by an increase in p53 abundance. These data indicate that 
phosphorylation does not activate fly p53 by changing its stability. This 
observation is consistent with the absence of a recognizable fly ortholog of 
MDM2. These data also provide compelling evidence that in Drosophila, an 
off-on switch for p53 activation is created by N-terminal phosphorylation by 
MNK (Chk2). However, the situation is not nearly so clear in mammalian 
cells. 

Many studies in mammalian cells demonstrate that phosphorylation of 
multiple N-terminal serines in p53 is induced by DNA damage, as occurs for 
serine 4 in Drosophila. But in mammals, these phosphorylations seem to 
have more subtle effects on p53 function than was observed in flies. The first 
kinase identified for this role is one mutated in patients with ataxia 
telangiectasia (ATM), a disease associated with cancer predisposition, 
radiation sensitivity, chromosome abnormalities, and a failure to efficiently 
activate p53 in response to ionizing radiation (Banin et al., 1998; Canman et 
al., 1998; Kastan et al., 1992; Siliciano et al., 1997). The ATM kinase 
phosphorylates serine 15 in the p53 N-terminus, which is adjacent to the 
MDM2-binding domain (Shieh et al., 1997). An ATM-Rad3 related kinase 
(ATR) has also been reported to target serine 15 (Tibbetts et al., 1999). 
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While serine 15 phosphorylation was initially proposed to prevent or reduce 
association of p53 with MDM2 (Shieh et al., 1997), other studies showed 
that serine 15 phosphorylation does not markedly affect MDM2 binding 
(Dumaz and Meek, 1999; Kane et al., 2000; Schon et al., 2002). Rather, 
serine 15 phosphorylation may enhance binding of the CBP co-activator 
(Dumaz and Meek, 1999; Lambert et al., 1998). Studies using 
phosphorylated peptides, in vitro binding, and transfection of relevant 
mutants suggested that phosphorylation of serine 20, probably in 
combination with threonine 18 and an N-terminal proline-rich region, 
mediate structural changes resulting in reduced affinity for MDM2 (Craig et 
al., 1999; Dumaz et al., 2001; Jabbur et al., 2002; Sakaguchi et al., 1998; 
Sakaguchi et al., 2000; Schon et al., 2002). However, other analyses of p53 
mutants with one or more of the phosphorylation sites mutated have 
generated inconsistent results. For example, mutation of serine 20 alone, or 
in combination with five other N-terminal serines including serine 15 
produced only a 50% reduction in the ability to induce apoptosis after 
transfection into H1299 cells (Unger et al., 1999a; Unger et al., 1999b). Two 
other studies showed that, in contrast to the work summarized above, 
mutation of N-terminal serine or threonine phosphorylation sites as well as 
others in the C-terminus, alone or in combination, had little effect on p53 
stability or activation in cell culture models (Ashcroft et al., 1999; Blattner et 
al., 1999). As the magnitude of the effects of p53 substitution mutations 
depends on the amount of transfected p53 relative to MDM2 expressed in 
the cells (Dumaz et al., 2001), the relevance of such analyses to control at 
normal physiologic levels remains uncertain.  

A model has emerged emphasizing the importance of N-terminal 
phosphorylation in p53 activation (Sakaguchi et al., 1998). Phosphorylation 
of serines 15 and 20, and threonine 18 is proposed to induce a 
conformational change that prevents MDM2 from interacting with p53. This 
results in increased binding of p300/CBP, and presumably, the basal 
transcription machinery. As p300/CBP and the basal transcription machinery 
bind p53 in a region that partially overlaps that bound by MDM2, co-
activator recruitment would compete for MDM2 binding (De Guzman et al., 
2000; Lu and Levine, 1995; Thut et al., 1995; Xiao et al., 1994). Preventing 
MDM2 binding would increase p53 transcriptional output by increasing p53 
abundance. p300/CBP binding to p53 should also lead to acetylation of p53 
C-terminal lysines; this could stabilize p53 by preventing MDM2-mediated 
ubiquitination of the same residues (Gu and Roeder, 1997; Nakamura et al., 
2000; Rodriguez et al., 2000). p53 C-terminal acetylation has also been 
proposed to increase its ability to associate with chromatin, and to enable 
recruitment of another histone acetyl transferase, PCAF, that induces histone 
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acetylation beyond that induced by p300/CBP (Barlev et al., 2001; Gu and 
Roeder, 1997; Liu et al., 1999). 

While the model nicely integrates p53 N-terminal structure with the 
potential impact of phosphorylation on MDM2, p300/CBP and basal 
machinery binding, it has not been validated by analyses of the behavior of 
p53 phosphorylation site mutants. This could be explained in many ways, 
including the inability of the methods used to achieve physiologic levels of 
p53 or to generate the proper stoichiometric relationships between p53, 
MDM2 and MDMX. Therefore, a more rigorous test of the model is to use 
animal models, as described below.  

Reconsidering p53 N-terminal phosphorylation 

One prediction of the phoshporylation-acetylation cascade model for p53 
activation is that binding of p300/CBP to the N-terminal transactivation 
domain is required for p53 to bind to chromatin. This prediction was tested 
using a mouse mutant in which residues leucine 25 and tryptophan 26 were 
changed to glutamine 25 and serine 26 (i.e., p53QS). These residues are in the 
amphipathic alpha-helix that binds MDM2, p300/CBP, and the basal 
transcription machinery. The indicated substitutions prevent p53 acetylation 
and transcriptional function (Chao et al., 2000b; Jimenez et al., 2000). 
However, p53QSstill binds as well as wild type p53 to p53 response elements 
in electrophoretic mobility shift experiments in vitro and to chromatin in 
MEFs (Chao et al., 2000b; Jimenez et al., 2000; M. Tang and G. Wahl, 
unpublished observations). This indicates that p300/CBP mediated p53 or 
chromatin acetylation is not required for p53 to bind the response elements 
of its target genes in vivo. These data are consistent with studies showing 
that stresses including leptomycin B treatment can activate p53 without 
inducing detectable C-terminal acetylation (Smart et al., 1999; Stommel and 
Wahl, 2004). Another implication is that C-terminal acetylation is not 
required for p53-mediated transcriptional regulation. 

The regulatory importance of p53 N-terminal phosphorylation is being 
studied by making mutations of the conserved serine residues suggested by 
transfection experiments to be key contributors to p53 activation and 
stability. Mouse serines 18 and 23 (equivalent to human serines 15 and 20) 
have individually been mutated to alanine (S18A or S23A, respectively). 
The effects of the S18A mutation are important to determine as the 
phosphorylation-acetylation model predicts that C-terminal acetylation is 
dependent on prior phosphorylation of serine 18. Importantly, threonine 21 
was not phosphorylated after DNA damage in the S18A mutant, which is 
consistent with the phosphorylation cascade initiating at serine 18.  
However, the in vivo data generated thus far do not point to an essential role 
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for serine 18 phosphorylation in p53 activation in a majority of mouse 
tissues. p53 S18A in mouse embryonic stem cells, differentiated ES cells, or 
MEFs was present at nearly normal levels in unstressed cells, and was 
induced almost as well as wild type p53 in response to UV or ionizing 
radiation (Chao et al., 2003; Chao et al., 2000a; Sluss et al., 2004). While C-
terminal acetylation was unaffected in differentiated ES cells, it appeared to 
be significantly reduced in MEFs (Chao et al., 2003; Chao et al., 2000a). 
S18A p53 exhibited equivalent binding to p53 response elements in 
chromatin using ChIP analysis, but some p53 target genes may be expressed 
at reduced levels (Chao et al., 2003). S18A MEFs arrested like wild type 
cells after ionizing radiation, but apoptosis in the thymus and spleen was 
reduced by 50% (Chao et al., 2003; Sluss et al., 2004). By contrast, S18A 
retinal cells exhibited only 20% of the wild type apoptotic response at 2Gy, 
but at 14 Gy appeared to undergo apoptosis at nearly wild type level (Borges 
et al., 2004). Of note, S18A was as effective at tumor suppression as wild 
type p53 (Sluss et al., 2004). Together, these in vivo analyses indicate that 
serine 18 phosporylation in mice is not essential for p53 activation in all 
tissues, and that inability to phosphorylate this residue does not compromise 
tumor suppression. Therefore, the phosphorylation-acetylation cascade may 
not be essential for p53 activation in mice. Alternatively, it may be important 
for p53 activation in only certain tissues, or there may be additional 
mechanisms that contribute to p53 control that are independent of serine 18 
and threonine 21 phosphorylation.  

S23A mice have also been generated, and exhibited nearly wild type 
patterns of p53 activation and induction of apoptosis in ES cells or in 
thymocytes derived by RAG reconstitution (Wu et al., 2002). Therefore, 
S23A mutation did not compromise p53 stabilization or function in the 
tissues analyzed. This is not the result expected if phosphorylation at this 
position is required to reduce MDM2 binding after DNA damage (Craig et 
al., 1999; Shieh et al., 1999; Unger et al., 1999a). However, the only study 
performed thus far did not generate mice in which every cell contained the 
S23A mutation. Consequently, firm conclusions regarding the impact of 
S23A mutation on p53 function and tumor suppression will await analysis of 
mice expressing the mutation constitutionally so that tissue specific effects 
can be evaluated.   

The observations made thus far in mouse models indicate that 
phosphorylation of serines 18 and 23 and threonine 21 is not essential for 
p53 activation.  They also suggest that p53 can be activated by mechanisms 
that are independent of N-terminal phosphorylation.  This interpretation is 
consistent with studies showing that merely disrupting p53-MDM2 
interaction is sufficient to activate p53. For example, diffusible peptides that 
prevent MDM2 from binding to p53 induce cell cycle arrest or apoptosis 
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without N-terminal phosphorylation (Bottger et al., 1997; Bottger et al., 
1996; Garcia-Echeverria et al., 2000). In addition, a recent study described 
cis-imidazoline compounds (Nutlins) that mimic the p53 N-terminal alpha 
helical region that binds MDM2. Nanomolar concentrations of Nutlins 
activate p53 to induce either cell cycle arrest or apoptosis without 
measurable N-terminal modifications (Vassilev et al., 2004). The Nutlin 
effect is specific for MDM2 binding, as only Nutlin enantiomers that 
matched the p53 side chain conformation in the MDM2 binding site were 
active. These compounds effectively block MDM2-p53 interaction 
(Stommel and Wahl, 2004; Vassilev et al., 2004). These data demonstrate 
that preventing MDM2 from associating with p53 enables full p53 activation 
without stress-induced modifications.  

Regulated MDM2 degradation is important for p53 
activation 

As a consequence of MDM2 being a p53 target gene, MDM2 transcripts 
and protein accumulate after p53 is activated (Barak et al., 1993; Michael 
and Oren, 2003; Perry et al., 1993; Wu et al., 1993). The activation of 
MDM2 by p53 establishes an auto-regulatory negative feedback loop to 
allow for finer tuning of the p53 response, and to reduce the chance of errant 
p53 activation (Lev Bar-Or et al., 2000; Wu et al., 1993). However, the 
activation of MDM2 by p53 also creates a problem in that p53 needs to be 
kept in an active form to initiate and maintain a stress response at the same 
time as MDM2 levels are increasing. N-terminal p53 phosphorylations were 
supposed to allow for this by blocking MDM2-p53 interactions, but as 
discussed above, such modifications do not appear to be sufficient. 
Conversely, as the damage response wanes, mechanisms to turn off p53 will 
need to be restored, and it is currently unclear what these might entail. 
Below, we discuss data showing that another important response to DNA 
damage involves the accelerated degradation of MDM2. MDM2 
destabilization is required for p53 activation to occur as MDM2 levels rise 
during a damage response. This process is triggered by damage-activated 
kinases, and requires the MDM2 RING domain (Stommel and Wahl, 2004). 
We therefore refer to this step in p53 activation as damage-activated MDM2 
auto-degradation. 

Efficient p53 activation requires the activity of damage-activated kinases 
such as ATM (Banin et al., 1998; Canman et al., 1998; Kastan et al., 1992; 
Siliciano et al., 1997). It has largely been assumed that p53 is the critical 
target for these modifications, but the nearly full activation of p53 N-
terminal phosphorylation mutants suggests that this interpretation is 
incorrect. Rather, the data are more consistent with at least one additional 



94 Chapter 4
 
substrate that is targeted by these kinases being involved in p53 activation. 
Importantly, MDM2 is phosphorylated by ATM with kinetics that are 
compatible with p53 activation (Khosravi et al., 1999; Maya et al., 2001). 
MDM2 phosphorylation was initially proposed to impede MDM2’s ability to 
promote p53 export to the cytoplasm for degradation. However, as discussed 
above, p53 can be degraded efficiently in the nucleus, suggesting that 
MDM2 phosphorylation is required for a different step needed for p53 
activation.  

Our recent observations reveal that a critical step in p53 activation by 
DNA damage involves accelerated degradation of MDM2 (Stommel and 
Wahl, 2004). We first noticed that DNA damage decreased the stability of 
transfected MDM2, and confirmed this in normal human fibroblasts. We 
then observed a tight temporal correlation between the timing of accelerated 
MDM2 degradation and p53 activation. Within minutes after induction of 
DNA damage, ATM was activated, and p53 became phosphorylated on 
serine 15; but early after damage induction, serine 15 phosphorylated p53 
was unstable, and was transcriptionally inactive. The instability of p53, 
along with its transcriptional inactivity, are consistent with p53 being able to 
interact with MDM2 at this time. Co-immune precipitation studies 
confirmed this idea, but we could only detect serine 15 phosphorylated p53 
associated with MDM2 when we used proteasome inhibitors (for reasons 
discussed below). In contrast to the behavior of p53 soon after damage, 
between 1-2 hrs after damage induction, p53 became stabilized and p53 
target genes were activated. Importantly, MDM2 was relatively stable at 
early times, and was significantly destabilized at 1-2hrs after damage 
induction, which correlates nicely with p53 becoming stable and active. 
Later, as the damage response waned, p53 became unstable, transcriptionally 
inactive, and this correlated with re-stabilization of MDM2 (Stommel and 
Wahl, 2004). 

We next asked whether MDM2 degradation is required for p53 
activation. We reasoned that if accelerated MDM2 degradation is required 
for p53 activation, then preventing its degradation with proteasome 
inhibitors should prevent p53 from being activated. On the contrary, if 
phosphorylation of p53 and/or MDM2 could prevent their association, then 
proteasome inhibitors should not prevent p53 activation. Consistent with the 
model invoking MDM2 degradation in p53 activation, we observed that 
proteasome inhibitors prevented p53 mediated activation of p21 and MDM2. 
Importantly, under the conditions used, proteasome inhibitors did not 
prevent p53 from being phosphorylated on serine 15. One explanation of 
these results is that stabilizing MDM2 allows it to interact with p53 
following DNA damage, resulting in p53 inactivation. This interpretation is 
consistent with the co-immune precipitation of serine 15 phosphorylated p53 
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with MDM2 in the presence of proteasome inhibitors. Importantly, adding 
an active Nutlin to prevent MDM2-p53 association prior to proteasome 
inhibition restored the ability of DNA damage to activate p53. This control 
shows that proteasome inhibitors do not block p53 activation by a non-
specific mechanism. Rather, it is the MDM2 stabilization produced by the 
proteasome inhibitors, and the ability of the stabilized MDM2 to interact 
with serine 15 phosphorylated p53, that prevents p53 activation. These data 
imply that MDM2 destabilization during DNA damage contributes 
significantly to the inability of MDM2 to block p53 activation during a 
damage response. 

Accelerated MDM2 degradation following DNA damage requires 
phosphorylation by damage activated kinases and is dependent on a 
functional MDM2 RING domain. Studies with ATM deficient cells, and 
phosphorylation site mutants of MDM2 suggest that more than one kinase, 
or more than one kinase target site in MDM2, may be involved in MDM2 
destabilization (Stommel and Wahl, 2004). On the other hand, mutation of 
cysteine 464 in the MDM2 RING domain stabilized MDM2 and made it 
resistant to damage induced degradation. The mechanism by which damage-
kinase mediated phosphorylation destabilizes MDM2 remains to be defined. 
One potential mechanism is that damage induced phosphorylation(s) enable 
recruitment of the E2 ubiquitin transferase via the RING domain. As 
MDMX prevents MDM2 auto-ubiquitination, and MDMX and MDM2 
associate via their RING domains, it is also possible that destabilization 
results from phosphorylation induced dissociation of MDMX from MDM2. 
Interestingly, Yuan and colleagues recently found that DNA damage 
destabilized both MDM2 and MDMX (Kawai et al., 2003a). Therefore, it is 
also possible that DNA damage could enhance MDM2 mediated 
ubiquitination of MDMX, which would accelerate both MDMX and MDM2 
degradation. 

Small changes in MDM2 abundance can affect p53 activation 

The summary above makes it reasonable to expect that other factors that 
affect the abundance, stability, functionality or interaction of MDM2 and 
MDMX could set the threshold for p53 activation. Mitogenic levels of 
signaling from Raf and activation of NF-kB increase MDM2 levels 
sufficiently to make it more difficult to activate p53 by DNA damage (Ries 
et al., 2000; Tergaonkar et al., 2002). Similarly, activated AKT induces 
phosphorylation of MDM2 on at least two sites (S166, 186) resulting in 
nuclear accumulation (Gottlieb et al., 2002; Mayo and Donner, 2001; 
Ogawara et al., 2002; Zhou et al., 2001a). While this has been reported to 
result from increased nuclear localization of MDM2 (Mayo and Donner, 
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2001), MDM2 is typically a predominantly nuclear protein, so the observed 
nuclear accumulation may instead result from increased stabilization of 
otherwise unstable nuclear MDM2. Stabilizing MDM2 should enable it to 
interact with and inhibit p53 more effectively. 

Just as small increases in MDM2 levels can blunt p53 activation, small 
decreases in MDM2 levels make it easier to activate p53. For example, 
decreasing MDM2 levels by an average of 50% led to decreased body 
weight and reduced the size of multiple organs in p53+ but not p53- animals 
(Mendrysa et al., 2003). Decreasing MDM2 levels by at least 50% led to 
significantly increased sensitivity to ionizing radiation (Mendrysa et al., 
2003). In another study, MDM2+/- mice exhibited greater resistance to Eu-
Myc induced lymphomagenesis and to have greatly increased life spans due 
to drastic reduction of peripheral B cells by p53 (Alt et al., 2003). Peripheral 
and primary B cells from Eµ-Myc-MDM2+/- or MDM2+/- mice were far 
more sensitive to spontaneous apoptosis than those of wild type littermates, 
and loss of p53 rescued this sensitivity. Similarly, knockdown of MDM2 in 
zebra fish induced apoptosis, and arrested development at a very early stage 
(Langheinrich et al., 2002). These data provide compelling examples of how 
modest alterations in MDM2 abundance or stability produce profound 
effects on “spontaneous”, as well as oncogene and damage induced 
activation of p53.  

A REVISED MODEL FOR P53 ACTIVATION 

We propose the following revised model to account for p53 activation by 
DNA damage (see Figure 1). We envision two coordinated processes being 
involved. First, N-terminal phosphorylations in p53 may be important for it 
to cooperate with individual or preassembled components of the 
transcriptional regulatory machinery to send signals to RNA polymerase to 
convert it from an inactive to an active state.  Although p53 N-terminal 
phosphorylations were initially proposed to disrupt p53-MDM2 interactions, 
the data emerging from studies of mouse mutations, the inconsistencies in 
transfection analyses, and our immune-precipitation analyses, do not 
strongly support this idea.  Also, in Drosophila, while N-terminal 
phosphorylation is critical for activation, flies appear to lack an MDM2 
homolog.  



4. Gatekeepers of the Guardian: p53 Regulation 97
 

 

Figure 1. Revised model for p53 activation.  The figure summarizes data discussed in the 
text concerning the time course of events occurring during p53 activation.  A.  Unstressed 
cells.  We suggest that in unstressed cells, p53 tetramers are inactive, but able to bind their 
response elements in chromatin.  As MDM2 and MDMX are both required to inactivate p53, 
we show them heterodimerized via their respective RING domains and bound to the N-
terminal p53 transactivation domain.  The MDM2-MDMX heterodimer may engage an E2 to 
enable poly-ubiquitination of MDM2 and MDMX and the mono-ubiquitination of p53.  
According to current information, p53 degradation would require poly-ubiquitination, which 
would imply the activity of at least one other protein (or protein complex).  In the unstressed 
state, RNA polymerase is bound in an inactive state to the promoter, indicated by the 
phosphorylation of serine 5 in its C-terminal tail.  B.  Early after DNA damage. Soon after 
DNA damage, ATM and other DNA damage-activated kinases phosphorylate both p53 and 
MDM2.  However, at the early time, even though p53 is phosphorylated on serine 15 (and 
presumably other sites), MDM2 (and MDMX) are still bound, and all are unstable.  p53 is 
inactive at this early time after damage induction.  C.  Peak DNA damage response.  The 
peak of the DNA damage response correlates with the stabilization of p53 and increased p53 
abundance (due to its increased stability). p53 is stabilized because of the accelerated auto-
degradation of MDM2, and the accelerated MDM2-mediated degradation of MDMX, and 
perhaps reduced affinity for the MDM2-MDMX complex due to p53 N-terminal 
phosphorylation at residues ser15, thr18 and ser20.  We propose that the accelerated 
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degradation of MDM2/MDMX, along with p53 N-terminal phosphorylation, allows sufficient 
time for p53 to interact with the transcriptional co-activators that are required to convert RNA 
polymerase into its active form, which is phosphorylated at serine 2 in its C-terminal domain. 
Due to increased transcription of the MDM2 target gene, MDM2 increases in abundance, 
though the newly synthesized protein is modified by ongoing damage kinase activity, 
rendering it very unstable and incapable of inactivating p53.  D.  Late in the DNA damage 
response.  If the DNA damage is successfully repaired, ATM (and, we presume, other 
damage kinases) become inactivated.  The MDM2 mRNA that accumulated due to p53-
mediated activation is translated into a more stable form of MDM2 that can hetero-dimerize 
with MDMX, leading to effective inactivation of p53 and attenuation of the DNA damage 
response.  At this time, p53, MDM2, and MDMX once again appear to exhibit similar short 
half-lives.  We did not indicate specific timing of these events, as they may be affected by cell 
type, genetic background, and mitogenic and survival signaling. 

The second step involves the ability of DNA damage to convert MDM2 
into a more active E3 to accelerate the degradation of itself and MDMX. It is 
possible that accelerated degradation of MDM2 is sufficient since MDMX 
alone cannot efficiently inhibit p53-mediated biological responses.  
However, recent data indicate that MDMX degradation should further 
destabilize MDM2, which could contribute to reinforcing the activation 
process. A tempting speculation is that the MDM2 accumulation that results 
from p53 mediated transactivation of the MDM2 gene actually creates a 
feed-forward loop for p53 activation.   This positive regulation could result 
when the MDM2:MDMX ratio becomes sufficient for MDM2 to induce 
MDMX degradation, which would in turn destabilize MDM2, resulting in 
more p53 activation.  We infer that accelerated MDM2 degradation is a 
critical step for p53 activation as inhibiting it prevents p53 activation, even 
when the p53 contains damage-associated modifications.  

It is possible that p53, MDM2 and p300 exist in chromatin-bound 
complexes since all of these are (mainly) nuclear proteins, MDM2 binds to 
p53 best when p53 is tetrameric, and tetrameric p53 binds best to chromatin 
(Hainaut et al., 1994; Marston et al., 1995; McLure and Lee, 1998). 
Elimination of MDM2 from such complexes may enable rapid activation of 
p53 in response to stresses. This view is consistent with recent kinetic and 
ChIP analyses of p53 target gene activation showing that p53 and the basal 
transcription machinery are poised to function (Espinosa et al., 2003). 
Activating signals then induce phosphorylation of the C-terminal tail of the 
poised RNA polymerase to enable it to translocate along the DNA (Espinosa 
et al., 2003).  

It is noteworthy that, like p53, other short-lived transcription factors 
including Myc, Hif1a, etc., have transactivation domains that overlap with 
the residues that mediate their destruction (Muratani and Tansey, 2003; 
Salghetti et al., 2000). Perhaps this organization evolved to allow for 
competition between the factors required for transcription factor activation 
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with those needed for removal of the transcription factor from chromatin. 
We speculate that such an organization may have evolved to enable rapid 
proteolysis of chromatin bound transcription factors to prevent their errant 
activation; on the other hand, regulated degradation of an inhibitory E3 
ubiquitin ligase enables its rapid removal from the complex to expedite 
transcriptional activation in response to the appropriate signal. 

Advances in bioinformatics, molecular biology, biochemistry, and 
genetics are providing the bases for a detailed understanding of the circuitry 
that regulates p53 and tunes its output. This will provide a model for other 
pathways that process numerous signals to generate diverse responses. We 
are hopeful that advances in structural biology and chemistry will propel 
efforts to identify additional drugs capable of activating mutant p53 or wild 
type p53 in MDM2/MDMX over-expressing cells to enable selective 
activation of the p53 pathway. This class of targeted therapeutics should add 
significantly to the existing armamentarium to increase the success of cancer 
treatment in a broad range of neoplasms. This would be a great present to all 
who are still around to celebrate the 50th Anniversary of the discovery of 
p53! 
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INTRODUCTION 

In response to abnormal proliferative signals and many forms of cellular 
stress including DNA damage and ribonucleotide depletion, p53 induces 
cells to undergo a transient arrest in G1 that is believed to allow time for 
repair of damaged DNA before the initiation of S phase. Failure to arrest in 
G1 can lead to chromosome aberrations and genomic instability. Activated 
p53 can also eliminate cells from the proliferative population through 
mechanisms that involve prolonged arrest in G1 (as seen during telomere-
initiated replicative senescence and stress/DNA damage-induced premature 
senescence) and apoptosis (Levine, 1997; Oren, 2003; Vogelstein et al., 
2000). The elimination of damaged, stressed or abnormally proliferating 
cells by p53 is considered to be the principal means by which p53 mediates 
tumour suppression (Symonds et al., 1994; Schmitt et al., 2002).  
Inappropriate or prolonged activation of p53 in normal tissues, however, can 
lead to tissue damage and has been associated with multiple sclerosis (Wosik 
et al., 2003), neurodegenerative disorders and exacerbation of ischemic 
damage from stroke or cardiac arrest (Mattson et al., 2001; Komarova and 
Gudkov, 2001).  Accordingly, the regulation of p53 function is important for 
the maintenance of tissue homeostasis. 
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p53-mediated apoptosis is dependent on the Apaf-1/caspase-9 pathway 
(Soengas et al., 1999) and involves mitochondrial cytochrome c release 
(Schuler et al., 2000).  How p53 elicits the release of cytochrome c to 
promote caspase activation remains elusive.  p53-mediated apoptosis 
involves transcriptional regulation of target genes (Chao et al., 2000; 
Jimenez et al., 2000) as well as transcription-independent functions of p53, 
possibly reflecting distinct mechanisms of p53 action in different cell types 
(Oren, 2003; Vousden, 2000; Benchimol, 2001).  A number of p53-regulated 
genes have been identified and some of these promote apoptosis when 
overexpressed.  A subset has been shown, additionally, to attenuate 
apoptosis when disrupted through antisense RNA, siRNA or gene deletion 
methods including: Bax (Miyashita and Reed, 1995), Noxa (Oda E. et al., 
2000; Shibue et al., 2003; Villunger et al., 2003), Puma (Villunger et al., 
2003; Nakano and Vousden, 2001; Yu et al., 2001, 2003; Jeffers et al., 
2003), PERP (Ihrie et al., 2003), p53AIP1 (Oda K. et al., 2000), Pidd/Lrdd 
(Lin et al., 2000), p53DINP1 (Okamura et al., 2001), PAC1 (Yin et al., 
2003), UNC5H2 (Tanikawa et al., 2003), and TSAP6 (Passer et al., 2003).  
Bax, Noxa, Puma and p53AIP1 proteins are localized at the mitochondria 
and each has been shown to associate with Bcl-2.  So far, however, no single 
molecule can be considered to be the principal mediator of p53-dependent 
apoptosis. 

It remains unclear why certain cells undergo apoptosis in response to p53 
activation while other cells undergo p53-dependent cell cycle arrest.  
Differences in the cellular response to p53 activation have been attributed to 
extracellular survival factors and to intrinsic factors that might reflect 
differences in DNA repair, p53 expression and activation, intracellular 
death/survival pathways, oncogene activation, or selective transactivation/ 
repression of p53-target genes in different cell types.  For example, normal 
fibroblasts undergo p53-dependent G1 arrest in response to DNA damage 
whereas hyperproliferative fibroblasts such as those expressing ectopic E1A, 
c-myc or E2F-1 undergo p53-dependent apoptosis (Levine, 1997); cells 
expressing ectopic Bcl-2 or Bcl-XL are protected from p53-dependent 
apoptosis (Chiou et al., 1994; Schott et al., 1995; Wang et al., 1993) and 
constitutively active PI3K and PKB delay the onset of p53-mediated 
apoptosis (Lin et al., 2002; Sabbatini and McCormick., 1999).  Promoter 
selectivity by p53 may also contribute to cellular outcome (Oren, 2003).  
This could reflect differences in the affinity of various promoters for p53, 
such that some are responsive only to high levels of p53 or to certain 
modified forms of p53 (Resnick-Silverman et al., 1998).  Beside covalent 
modification of p53, promoter selectivity leading to cell cycle arrest or 
apoptosis can be regulated by the interaction of p53 with other proteins 
including ASPP, JMY, WT1, BRCA1, p63 and p73 (Oren, 2003; Flores et 
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al., 2002; Vousden and Lu, 2002).  Here we describe how anti-apoptotic Bcl-
2 family members and the MAPK and PI3K/PKB signalling pathways 
regulate the cellular response to p53 activation.   

ANTI-APOPTOTIC BCL-2 FAMILY MEMBERS 

The cellular decision to undergo apoptosis is governed by the integration 
of death and survival signals.  The mitochondrial death pathway is triggered 
by a variety of stress-induced signals, including genotoxic agents, metabolic 
inhibitors and inadequate growth factor stimulation. These signals act 
initially on proapoptotic members of the BH3-only subset of the Bcl-2 
family of proteins (e.g. Bid, Bim, Bmf, Bik, Noxa, Puma), which associate 
with anti-apoptotic Bcl-2 family members (e.g. Bcl-2, Bcl-XL, Mcl-1) 
residing in the outer mitochondrial membrane and neutralize their ability to 
maintain membrane integrity.  This, combined with the oligomerization of 
other pro-apoptotic family members (e.g. Bax and Bak), results in 
mitochondrial damage and release of mitochondrial proteins including 
cytochrome c and other apoptogenic factors that lead to caspase activation 
and apoptosis (Cory and Adams, 2002) .  The ratio of anti- to pro-apoptotic 
Bcl-2 family members is thought to determine the susceptibility of a cell to 
undergo apoptosis.   Survival and death signals influence the concentration 
and activity of anti- and pro-apoptotic Bcl-2 family members, tipping the 
balance in favour of cell survival or cell death.  Overexpression of Bcl-2 and 
other anti-apoptotic family members in cancer attests to the importance of 
this family of oncoproteins in suppressing apoptosis and prolonging 
malignant cell survival (Cory et al., 2003).  The expression of anti-apoptotic 
Bcl-2 proteins correlates with the survival of numerous hematopoietic cell 
lines in the presence of their lineage-specific cytokines (Lotem and Sachs, 
1999).    

Cytokine suppression of p53 apoptosis by up-regulation of 
anti-apoptotic Bcl-2 proteins 

Cytokines have a well-documented role in apoptosis suppression, 
illustrated by the requirement of colony stimulating factors (G-CSF, M-CSF 
and GM-CSF), interleukin-3 (IL-3) and erythropoietin (EPO) to maintain the 
viability of hematopoietic cells in culture (Lotem et al., 1991; Williams et 
al., 1990; Koury and Bondurant, 1990).  In addition to apoptosis induced by 
growth factor withdrawal, hematopoietic cells undergo apoptosis upon 
exposure to γ-irradiation, treatment with chemotherapeutic agents as well as 
forced expression of wild-type p53 (Yonish-Rouash et al., 1991; Canman et 
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al., 1995; Abrahamson et al., 1995; Quelle et al., 1998; Lin and Benchimol, 
1995). In some cases, apoptosis that is dependent upon p53 can be 
suppressed when cells are cultured in the presence of their lineage-specific 
cytokines.  Cells that are rescued from apoptosis remain in a viable, growth 
arrested state.  The common ability of certain cytokines to suppress p53-
induced apoptosis is striking and may reflect a mechanism by which tumours 
that retain wild-type p53 gain resistance to apoptosis-inducing anti-cancer 
agents (Lotem and Sachs, 1999).    

EPO and IL-3 bind to type I cytokine receptors, causing receptor 
dimerization.  Lacking intrinsic kinase activity, type I cytokine receptors 
recruit members of the Janus kinase (JAK) tyrosine kinase family to mediate 
phosphorylation of tyrosine residues located within the intracellular portion 
of the receptor dimer (Wojchowski et al., 1999).  An immediate downstream 
target of JAK2 after EPO activation is Signal Transducer and Activator of 
Transcription 5 (STAT5) and it has been proposed that STAT5-dependent 
transcriptional up-regulation of Bcl-XL mediates survival downstream of 
EPO (Socolovsky et al., 1999, 2001). In contrast, EPO has been shown to 
up-regulate Bcl-2 and Bcl-XL transcripts in cells expressing EPO-R mutants 
incapable of activating STAT5 (Quelle et al., 1998). Using an 
erythroleukemia cell line expressing a temperature sensitive p53 mutant 
(p53ts) that can be induced to undergo p53 dependent apoptosis at 32oC, we 
have shown that EPO promotes survival and suppresses p53-dependent 
apoptosis through a mechanism that is dependent on JAK2 but independent 
of STAT5.  Moreover, we observed that EPO stimulation resulted in an 
increase in Bcl-XL expression that was regulated primarily through a 
posttranscriptional mechanism involving Bcl-XL protein modification (Lin et 
al., 2002). Although the mechanism regulating Bcl-XL expression in 
response to EPO is controversial (Socolovsky et al., 1999; Teglund et al., 
1998), the importance of Bcl-XL as a mediator of EPO-dependent erythroid 
survival is well established by animal studies. Bcl-XL deficient mice have 
severe hematopoietic defects resulting from massive cell death of erythroid 
progenitors and JAK2 deficient mice die in utero from a block in definitive 
eythropoiesis, a maturation program during embryogenesis when red blood 
cell production switches from the yolk sac to the fetal liver (Motoyama et al., 
1995; Parganas et al., 1998).  The phenotype of JAK2 deficient mice bears a 
striking resemblance to that of EPO and EPO-R deficient mice (Wu et al., 
1995).  Ectopic Bcl-XL expression alone has been shown to substitute for 
EPO during differentiation of primary mouse erythroblasts in culture.   
Hence, the primary role of EPO during erythropoiesis appears to be 
apoptosis protection through the up regulation of Bcl-XL protein expression, 
and terminal erythroid differentiation of the surviving cells is thought to 
depend on an intrinsic default differentiation program (Dolznig et al., 2002).   
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How do cytokines rescue cells from p53-dependent apoptosis and 
regulate Bcl-XL and/or Bcl-2 expression?  The dependency of this survival 
signal upon JAK2 is established, however, the signalling components that 
connect JAK2 activation and the activation of anti-apoptotic Bcl-2 proteins 
is not fully understood (Lin et al., 2002; Quelle et al., 1998).  Pro-survival 
cytokines activate STAT5, MAPK and PI3K signalling pathways, and the 
relative importance of these pathways in providing protection against p53-
induced apoptosis, is an area of intense investigation.  We have observed 
that EPO-suppression of p53-dependent apoptosis is independent of PI3K 
(Lin et al., 2002) and the three MAPK pathways (unpublished data).  These 
experiments also revealed that chemical inhibition of PI3K markedly 
increased p53-dependent apoptosis suggesting that intrinsic levels of 
activated PI3K/PKB, commonly present in transformed cells, limit the 
ability of p53 to induce cell death (Lin et al., 2002).  This could be 
problematic for gene therapy approaches that attempt to reconstitute p53 
expression in p53 null tumours with the expectation of inducing apoptosis.  
The observation that survival pathways impinge on p53-dependent cell death 
is widespread across many cell types.  The following sections discuss 
mechanisms by which the MAPK and PI3K/PKB pathways interact with p53 
and regulate the cellular response to p53 activation. 

MAPK PATHWAYS 

Ras/RAF/MEK/ERK 

The Ras/Raf/MEK/ERK mitogenic activated protein kinase signalling 
pathway (Ras/ERK) has a well-documented role in suppressing apoptosis 
downstream of survival-promoting growth factors in cell types ranging from 
cultured murine fibroblasts and rat neurons to the developing Drosophila eye 
and nervous system (Bergmann et al., 1998, 2002; Xia et al., 1995; Gardner 
and Johnson, 1996; Parrizas et al., 1997; Kurada and White, 1998)  .  Upon 
growth factor binding, Receptor Tyrosine Kinases (RTKs) dimerize and 
activate Ras through the interaction of adaptor proteins that recognize 
phosphorylated tyrosines residues within the cytoplasmic domain and recruit 
GDP-bound Ras to the membrane.  SOS, a guanine nucleotide exchange 
factor, then catalyzes the exchange of GDP for GTP, generating activated 
GTP-bound Ras, which in turn activates downstream kinases in the 
signalling cascade (Figure 1). The Ras/ERK signalling pathway promotes 
survival through transcriptional and post-transcriptional processes. 
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Figure 1. Activation of the Ras/MAPK and PI3K signalling pathways by growth factor (GF) 
binding to growth factor receptor tyrosine kinases (RTK) and pro-survival cytokine (Cyt) 
binding to cytokine receptors (Cyt-R).  

ERK1/2 activate pp90 ribosomal S6 kinase (pp90rsk) which in turn 
phosphorylates and inactivates the pro-apoptotic Bcl-2 family member BAD 
on Serine residue 112 (Shimamura et al., 2000; Bonni et al., 1999).  
Phosphorylated BAD is bound by 14-3-3 proteins and sequestered in the 
cytoplasm, rendering it incapable of inhibiting the action of anti-apoptotic 
Bcl-2 family members at the mitochondrial membrane (Zha et al., 1996).  In 
neurons, BDNGF-mediated survival is dependent on Ras/ERK-mediated 
phosphorylation and activation of the CREB transcription factor (Bonni et 
al., 1999).  In hematopoietic cells treated with GM-CSF and thrombopoietin, 
cell survival involves pp90rsk-mediated phosphorylation of CREB on Ser 
133 (Kwon et al., 2000; Zauli et al., 1998).  Transcriptional targets of CREBl 
that may play a direct role in apoptosis suppression downstream of the 
Ras/ERK pathway include the anti-apoptotic genes bcl-2, and bag-l (Riccio 
et al., 1999; Wilson et al., 1996; Perkins et al., 2003). pp90rsk activation 
requires phosphorylation by both ERK and phospho-inositide-dependent 
kinase 1 (PDK1), activated by phospholipid second messengers generated by 
PI3K (Richards et al., 1999; Jensen et al., 1999).  Thus, Ras/ERK signalling 
represents one of two pathways that contribute to cell survival through 
pp90rsk .   
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Ras/ERK signalling and p53 

A number of studies have investigated the connection between the 
Ras/ERK signalling pathway and p53 activation (Figure 2).  A complex and 
incomplete picture has emerged in which the Ras/ERK pathway converges 
upon p53 and has opposing effects on p53 function.  The outcome of these 
opposing effects is likely determined by cell type or growth conditions (Ries 
et al., 2000).  Some studies place p53 and Ras/ERK signalling components 
within the same linear pathway with p53 acting upstream or downstream of 
Ras/ERK.  Other studies propose that Ras/ERK signalling operates in a 
parallel pathway to facilitate/oppose p53 functions.     
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Figure 2. Apoptotic and Survival pathways induced downstream of the Ras/MAPK signalling 
pathway. * Denotes proteins regulated by multiple signaling pathways. 

Over the past decade, a number of groups have shown that primary 
human cells exposed to DNA damage or oncogenic stimulation undergo a 
prolonged p53-dependent and Rb-dependent arrest in G1, and exhibit a 
senescence-like state that is commonly referred to as “premature 
senescence” (Di Leonardo et al., 1994; Serrano et al., 1997; Wright and 
Shay, 2002). Ras-induced growth arrest is dependent upon Raf-1 and MEK1 
kinases, and is associated with an increase in ERK kinase activity (Serrano et 
al., 1997; Lin et al., 1998; Zhu et al., 1998).  Oncogenic Ras, as well as 
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constitutive activation of the Ras/ERK signalling cascade is associated with 
increased expression of p53, p16INK4a and p19ARF  (Ries et al., 2000; 
Serrano et al., 1997; Agarwal et al., 2001). Ras/ERK signalling is essential 
for activation of cyclin D transcription, resulting in the generation of cyclin 
D/cdk4 activity that leads to Rb phosphorylation and E2F1 activation.  E2F1 
induces p19ARF expression, likely through direct transcriptional activation 
via E2F sites in the ARF promoter. p19ARF binds to Mdm2 and blocks its 
interaction with p53 resulting in p53 stabilization (Pomerantz et al., 1998; 
Kamijo et al., 1998).  Mdm2 acts as a negative regulator of p53 through a 
direct interaction that targets p53 for ubiquitin-mediated degradation. 
Activation of the Ras/ERK pathway also results in elevated levels of Mdm2 
(Ries et al., 2000).  Thus, p53 protein levels are determined by a balance 
between these opposing effects of the Ras/ERK pathway.   

ERK activation was also shown to increase the level of p53 mRNA and 
this effect could be blocked by treatment with the MEK inhibitor U0126 
(Agarwal et al., 2001).  Two studies reported that ERK could phosphorylate 
p53 on Ser15, a modification that disrupts the MDM2-p53 interaction 
resulting in p53 protein accumulation (Persons et al., 2000; Wang et al., 
2001). Two recent studies indicate that p53 can activate the Ras/ERK 
pathway. Using a p53-inducible cell model, Ryan et al. (Ryan et al., 2000) 
reported that p53 expression resulted in NF-kB activation involving the 
Ras/ERK pathway and activation of pp90rsk.  NF-kB activation and 
apoptosis in response to inducible p53 expression were blocked by treatment 
with a MEK1 inhibitor (Ryan et al., 2000).  This study provides a rare 
instance in which NF-kB is associated with pro-apoptotic activity rather than 
survival.  Aaronson and colleagues have identified HB-EGF (heparin-
binding EGF-like growth factor) as the product of a p53-responsive gene.  
HB-EGF is secreted and through its interaction with the EGF receptor is 
capable of activating the Ras/ERK pathway.  p53-induced HB-EGF protects 
cells from death in response to oxidative stress and DNA damage through 
ERK activation and might facilitate cell cycle rentry after DNA repair is 
complete (Fang et al., 2001; Lee et al., 2000).   

It is pertinent to consider potential differences between oncogenic mutant 
Ras and normal Ras proteins in initiating the Ras/ERK signalling cascade 
and how this might impact on cell survival or cell death.  Physiological 
activation of this pathway by normal Ras proteins might produce a transient 
and less intense signal compared with oncogenic mutant Ras proteins that 
produce an intense and prolonged signal (Sewing et al., 1997; Woods et al., 
1997).  The cellular response to these two types of signals may be 
profoundly different; the former leading to proliferation and survival and the 
latter leading to p53 activation, and cell cycle arrest or apoptosis in an effort 
to suppress neoplasia and eliminate oncogene-expressing cells.  Sustained 
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ERK activation in response to oncogenic Ras may lead to inappropriate 
accumulation of phosphorylated substrates and activation of transcription 
factors that would otherwise not occur in response to a transient signal from 
normal Ras (Marshall, 1995).   

MEKK1/MKK(4 and 7)/JNK 

Of the three known JNK family members, JNK1 and 2 are ubiquitously 
expressed whereas JNK 3 is expressed primarily in the brain, heart and testis 
(Gupta et al., 1996; Ip et al., 1998).  Each is able to activate the c-jun 
transcription factor by phosphorylating Ser residues 63 and 73, located 
within the N-terminal transactivation domain (Hibi et al., 1993; Pulverer et 
al., 1991; Adler et al., 1992).  As with ERK, JNKs are activated by 
sequential phosphorylation of protein kinases involved in an archetypical 
MAPK cascade.  Based on their initial identification as stress-activated 
kinases, early research focused on the role of JNKs in apoptosis.  Indeed, 
when activated by stress stimuli such as UV irradiation and growth factor 
withdrawal JNK has an apoptotic role (Xia et al., 1995; Tournier et al., 
2000); emerging evidence, however, suggests that JNK additionally 
functions to promote cell survival. 

In neurons, JNK1/2 play a critical role in stress-induced apoptosis in 
response to nerve-growth factor (NGF) withdrawal.  PC12 neuronal cells 
deprived of NGF undergo rapid cell death, blocked by the expression of a 
dominant-interfering JNK mutant.  Conversely, PC12 cells expressing 
constitutively activated MEKK1, the upstream kinase activator of JNK, 
undergo apoptosis (Xia et al., 1995).  Overexpression of c-jun in cultured 
sympathetic neurons induces apoptosis, and expression of a dominant-
interfering c-jun mutant protects against apoptosis due to NGF-withdrawal, 
implicating it as one of the downstream targets of JNK in this type of 
neuronal cell death (Ham et al., 1995). In PC12 cells, death from NGF 
withdrawal is associated with an increase in Fas ligand and cognate death 
receptor activation (Le-Niculescu et al., 1999).   

Mice deficient for either JNK1 or 2 show no obvious phenotype, with the 
exception of immunodeficiency due to a defect in T-cell function (Constant 
et al., 2000; Sabapathy et al., 1999a).  In response to UV irradiation, only 
Jnk1-/- single knockout MEFs display impaired apoptosis compared to their 
wild-type or Jnk2-/- counterparts, yet still undergo some cell death (Tournier 
et al., 2000).  The lack of resistance to UV stress in the single knockout 
studies is believed to result from the ability of JNK1 and 2 to function in a 
compensatory manner, supported by the fact that JNK1/2 double knockout 
(Jnk1/2-/-) MEFs are completely resistant to death from UV irradiation.  
Jnk1/2-/- mice are embryonic lethal and show exencephaly of the hindbrain 
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at E9.25 due to a reduction in hindbrain apoptosis. Also evident is an 
increase in apoptosis in the forebrain and hindbrain post neural tube closure 
at approximately E10.5 (Sabapathy et al., 1999b; Kuan et al., 1999). This 
points to a role for JNK1/2 in both apoptosis and survival at different times 
during fetal mouse brain development. Evidence from tumour cell models 
suggests that JNK acts as a potent survival factor.  Several transformed cell 
lines express constitutive activated JNK, and expression of a c-jun S63/73A 
mutant, lacking JNK phosphorylation sites, suppresses the transforming 
ability of several oncogenes (Ip et al., 1998; Behrens et al., 2000). In 
addition, JNK suppresses apoptosis via inhibitory phosphorylation of the 
proapoptotic Bcl-2 family protein BAD on Thr201 (Yu et al., 2004).   

JNK signalling and p53 

In response to stress stimuli, p53 undergoes a complex series of post-
translation modifications including phosphorylation and acetylation that lead 
to protein stabilization, accumulation and transcriptional activation (Prives 
and Hall, 1999). JNK along with other kinases can phosphorylate and 
activate p53 (Milne et al., 1995; Hu et al., 1997; Fuchs et al., 1998b; She et 
al., 2002), however, the role of p53 in JNK-induced apoptosis/survival and 
the specific phosphorylation events that mediate these responses have yet to 
be determined.  In addition, JNK can bind p53 and target it for ubiquitin-
mediated proteosomal degradation (Fuchs et al., 1998a).  These opposing 
effects of JNK on p53 depend in part on cell type, the stimulus used to 
activate JNK signalling, and cellular growth conditions.   

In addition to p53 and c-jun, JNK also activates JunB and ATF-2 by 
phosphorylation (Davis 2000; Lin, 2003) and targets these transcriptions 
factors for ubiquitin-mediated degradation, but only when they are in their 
unphosphorylated state (Fuchs et al., 1996, 1997; Musti et al., 1997). In non-
stressed, proliferating cells an estimated 30 % of p53 is found in complex 
with JNK.  Binding is associated with p53 ubiquitination and decreased p53 
protein levels suggesting that JNK and/or associated factors target p53 for 
ubiquitin-mediated proteosomal degradation (Fuchs et al., 1998a), (Figure 
3). In cells exposed to UV-irradiation (a known activator of JNK), or 
expressing constitutively activated MEKK1, p53 is phosphorylated, no 
longer ubiquitinated, accumulates and becomes transcriptionally active 
(Fuchs et al., 1998b).  The current view is that in unstressed cells, JNK binds 
p53 and other targets to promote ubiquitin-dependent degradation.  In 
response to certain cellular stresses, in particular UV-irradiation, activated 
JNK phosphorylates bound targets resulting in their dissociation from JNK 
and associated factors that mediate degradation (Fuchs et al., 1996, 1997, 
1998b; Musti et al., 1997).  Thus, in UV-irradiated cells, JNK switches from 
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an ubiquitin-targeting enzyme to a pro-apoptotic kinase that phosphorylates 
p53 and protects it from degradation.  This model is consistent with other 
observations including our own that suggest that basal JNK activity in 
proliferating cells under non-stressed conditions plays a critical role in cell 
survival (see below).   
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Figure 3. Mechanisms of cell survival and proliferation mediated by JNK under stressed and 
non-stressed conditions. 

JNK-mediated degradation of p53 occurs independently of Mdm2.  This 
is supported by the observation that mutant p53, unable to bind Mdm2, is 
still degraded by JNK and mutant p53 unable to bind JNK is degraded by 
Mdm2.  In synchronously growing cells JNK/p53 complexes are observed as 
cells enter G1, whereas Mdm2/p53 complexes are observed as cells enter the 
G2/M phase of the cell cycle (Fuchs et al., 1998a).  These studies suggest 
that p53 stability is affected by JNK independently of Mdm2 in a cell cycle-
dependent manner.  One intriguing possibility suggested by these findings is 
that JNK may normally be involved in regulating the level of latent p53 
protein in unstressed cells whereas Mdm2, which is induced by stress in a 
p53-dependent manner, may serve to down-regulate activated p53 and to 
terminate the p53-dependent stress response.  

JNK activation results in the induction of c-jun following UV-irradiation.  
c-jun has been shown to inhibit the association of p53 with p21 promoter 
DNA in UV-irradiated cells thereby suppressing p53-mediated activation of 
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p21WAF1 expression (Shaulian et al., 2000).  As a result, c-jun has been 
implicated in promoting cell cycle re-entry following p53-dependent G1 
arrest, presumably once damaged DNA has been repaired.  In the absence of 
c-jun, UV-activated p53 results in a prolonged growth arrest that is 
associated with protection from apoptosis. In cells that express c-jun 
constitutively, p21WAF1 induction is blocked and the predominant cellular 
response to activated p53 is apoptosis (Shaulian et al., 2000). Potapova et al. 
(2000) reported that inhibition of JNK in p53-null cells caused growth 
suppression due to apoptosis. In p53 intact cells, JNK inhibition resulted in 
p53-dependent increase in p21WAF1 expression and survival of growth 
arrested cells (Potapova et al., 2000).  This agrees with the model in which 
basal JNK in nonstressed cells suppresses p53 by targeting it for ubiquitin-
mediated degradation. Therefore, in nonstressed cells JNK promotes p53 
degradation, whereas in stressed cells JNK activates p53 and c-jun by 
phosphorylation and c-jun attenuates p53-dependent activation of p21WAF1 
mRNA expression (Figure 3).  We have observed that basal levels of JNK 
protect cells from p53-dependent cell death. Murine erythroleukemia cells 
expressing a p53ts allele show enhanced p53-dependent apoptosis upon 
treatment with the chemical inhibitor SP600125 or following expression of a 
dominant interfering JNK mutant.  Neither treatment alone induces apoptosis 
of parental cells or p53ts-expressing cells grown at the non-permissive 
temperature (unpublished observations).   

MKK(3 and 6)/p38  

The p38 MAPKs exists in 4 isoforms, α, β, γ and δ, with the α and β 
isoforms having the widest range of mammalian tissue expression (Martin-
Blanco, 2000).  Like JNK, initial identification of p38 as a kinase activated 
by cellular stress and inflammatory cytokines linked it with an apoptotic 
cellular response. p38 is now also implicated in cell proliferation and 
survival (Kyriakis and Avruch, 2001). p38 has been shown to play a role in 
apoptosis in response to stress due to growth factor withdrawal.  PC12 
neuronal cells undergo apoptosis upon NGF withdrawal and this can be 
blocked with a p38 chemical inhibitor (PD169316) or with a dominant-
interfering p38 mutant kinase.  Rat-1 cells showed a similar p38-dependent 
apoptotic response upon serum-depletion, and in both cell lines, factor 
withdrawal was associated with an increase in p38 kinase activity (Xia et al., 
1995; Kummer et al., 1997).  Notably, dominant-interfering kinases of both 
p38 and JNK were able to block apoptosis induced by NGF withdrawal, 
suggesting that they may act in concert in mediating this type of neuronal 
cell death (Xia et al., 1995).  Treatment of normal human diploid fibroblasts 
with the non-steroidal anti-inflammatory drug Sodium Salicylate (NSAID) 
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activates p38 and leads to apoptosis that can be blocked with the p38 
chemical inhibitor, SB203580. p38 activation might represent a mechanism 
by which NSAIDs exert their anti-neoplastic effect (Schwenger et al., 1997).  
Excitatory amino acids such as glutamate induce p38-dependent apoptosis of 
rat cerebellar granule neurons (Kawasaki, et al., 1997).   Jnk3-/- mice are 
resistant to apoptosis induced in hippocampal neurons with kainite, an acid 
agonist of glutamate, suggesting that JNK3 also plays a role in excitatory-
induced neuron apoptosis (Yang et al., 1997). 

In hematopoietic cells, treatment with EPO and IL-3 have been shown to 
activate p38 MAPK activity and promote survival and differentiation 
(Nagata et al., 1997, 1998).  Blocking expression of either JNK1/2 or p38 
with antisense oligonucleotides inhibited erythroid differentiation (Nagata, et 
al., 1998).  The phenotype of p38 deficient mice further illustrates that p38 
has a critical role in EPO-mediated survival, at least during embryogenesis 
when red blood cell production switches from the yolk sac to the fetal liver 
(Klingmuller, 1997).  Viable p38-/- mice are severely anemic due to a defect 
in definitive erythropoiesis, however, this failure of erythropoiesis is 
attributed to diminished EPO gene expression, placing EPO downstream of 
p38 in this process (Tamura et al., 2000).  We have observed that EPO-
mediated rescue of p53-dependent apoptosis in erythroid cells occurs 
independently of p38 (unpublished data).  Intriguingly, the p53ts erythroid 
cell line used in these investigations has basal p38 kinase activity that 
effectively limits p53-dependent death (unpublished observations).  This 
suggests that, like JNK, basal p38 plays a role in cell survival.   

p38 signalling and p53 

In response to UV-irradiation, p38 MAPK phosphorylates p53 on Ser 
residues 33, 46 and 389 (Huang et al., 1999; Keller et al., 1999, Bulavin et 
al., 1999; Takekawa et al., 2000).  Although the physiological relevance of 
p53 Ser389 phosphorylation is controversial, p38-mediated phosphorylation 
of p53 on Ser33 and 46 is important for transcriptional activation and for the 
ability of p53 to induce arrest and/or apoptosis in response to UV (Bulavin et 
al., 1999).  Takekawa et al. (2000) identified Wip1/PPM1D as a 
serine/threonine protein phosphatase that dephosphorylates and inactivates 
p38 thereby attenuating the cellular response to UV-irradiation.  
Overexpression of Wip1/PPM1D reduced p38-dependent p53 
phosphorylation at Ser 33 and 46.  Wip1/PPM1D, was originally identified 
as a p53 regulated gene (Fiscella et al., 1997). Moreover, Wip1/PPM1D 
expression was shown to be dependent upon p38, as treatment with 
SB203580 prevented its induction with UV. p38, p53 and Wip1/PPM1D, 
therefore, function in a negative regulatory loop in response to UV-



128 Chapter 5
 
irradiation (Figure 4);  p38, activated in response to UV, phosphorylates p53 
on Ser33 and 46, and activated p53 induces transcription of Wip1/PPM1D 
which terminates the UV-response by dephosphorylating p38 (Takekawa et 
al., 2000).  The proposed function of this loop is to downregulate the p38-
p53 response to UV-irradiation, allowing cells to re-enter the cell cycle once 
genetic lesions are repaired.  In the event of irreparable DNA damage, 
sustained p38 MAPK activity overcomes the action of Wip1/PPM1D and 
p53-dependent apoptosis ensues.  According to this model, Wip1/PPM1D 
acts as a key regulator of the p53 decision to induce cellular arrest or 
apoptosis in response to UV-irradiation.   
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Figure 4. UV-irradiation induces p53-dependent Wip1 expression which functions in a 
negative regulatory loop to suppress p38 activity. 

Nitric oxide (NO)-induced death of cultured chondrocytes has also been 
linked to p38 and p53 (Kim et al., 2002a).  In this model, p38 activates p53 
by at least two mechanisms:  p38 activation of NF-kB which regulates p53 
transcription, and direct p38 phosphorylation of p53 on Ser15, which 
disrupts the p53-Mdm2 interaction and leads to p53 stabilization (Kim et al., 
2002b).  Chemotherapeutic agents, such as cisplatin and doxorubicin, induce 
p38-dependent phosphorylation of p53 on Ser 33, illustrating a putative 
mechanism utilized by these agents to induce apoptosis during cancer 
therapy (Sanchez-Prieto et al, 2000). Overall, p38 regulation of p53 occurs 
through multiple mechanisms that are stimulus-dependent. 

PI3K/PKB 

A major pathway of cell survival upon activation of RTKs and cytokine 
receptors is through the activation of PI3K/PKB.  Phospho-tyrosine residues 
within the cytoplasmic domains of these receptors are recognized by the p85 
regulatory subunit of PI3K, which recruits the p110 catalytic subunit to the 
plasma membrane where it catalyzes the addition of a phosphate group to the 
D3 position of membrane-bound phosphatidylinositol-4,5-bisphosphate, 
generating phosphatidylinositol-3,4,5-triphosphate (PIP3) (Klingmuller, 
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1997; Cantley, 2002).  PI3K-generated PIP3 acts as a second messenger to 
activate a number of downstream pathways involved in cell growth, 
migration and survival (Cantley, 2002).  Key to the survival response is the 
recognition of PIP3 by PKB/Akt and PDK1 through their lipid binding 
Pleckstrin Homology (PH) domains (Scheid and Woodgett, 2003).  Once 
localized to the membrane, PDK1 phosphorylates PKB within its catalytic 
domain activation loop (Thr308) to allow substrate binding (Alessi et al., 
1996).  To become fully active, PKB also requires phosphorylation within a 
hydrophobic carboxy-proximal region (Ser473), thought to occur through 
auto-phosphorylation or phosphorylation by an as yet unidentified kinase 
(Scheid and Woodgett, 2001).  Disruption of PDK1 by gene targeting or 
anti-sense inhibition renders cells unresponsive to PKB activation in 
response to growth factor stimulation, evidence that PDK1 is the major 
kinase responsible for PKB phosphorylation and activation (Flynn et al., 
2000; Williams et al., 2000).   

In addition to being activated by a number of growth factors to prevent 
apoptosis of factor dependent cells, PKB activation is known to protect cells 
from apoptosis in response to a number of death-inducing stimuli, such as 
UV irradiation, treatment with sorbitol, cyclohexamide and TNF-α 
(Sabattini and McCormick, 1999; Kulik et al., 1997; Ulrich et al., 1998; 
Ahmed et al., 1997; Stambolic et al., 1998).  Activated PKB phosphorylates 
a number of downstream targets involved in cell survival such as glycogen 
synthase kinase (GSK), Forkhead transcription factors FKHR1 and AFX, 
pro-apoptotic BAD and IkB kinase; in all cases, phosphorylation inhibits the 
function of these proteins (Datta et al., 1997; del Peso et al., 1997; Liang et 
al., 2003; Brunet et al., 1999; Ozes et al., 1999; Romashkova et al., 1999).  
Src-homology 2 (SH2)-containing phosphatase (SHIP) and Phosphatase and 
tensin homologue deleted from chromosome ten (PTEN), serve as negative 
regulators of PI3K/PKB signalling through their ability to dephosphorylate 
PIP3 to phosphatidylinosotol-3,4-bisphosphate and phosphatidylinositol-4,5-
biphosphate, respectively (Maehama and Dixon, 1999; Liu et al., 1999; 
Aman et al., 1998).   

PI3K/PKB signalling and p53 

The expression of PKB alone has been demonstrated to overcome p53-
dependent apoptosis, an effect associated with a decrease in p53 DNA-
binding and transcriptional activation of pro-apoptotic targets like Bax 
(Sabbatini and McCormick, 1999; Yamaguchi et al., 2001).  These 
observations lead to the idea that some opposing regulation between p53 and 
PKB exists (Oren et al., 2002).  One link between these two pathways 
involves Mdm2.  PKB, whether activated by IL-3, IGF-1 or an oncogenic 
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RTK, binds and phosphorylates Mdm2 at two serine residues (Ser166 and 
Ser186). PKB-mediated phosphorylation of Mdm2 results in its translocation 
to the nucleus where it binds p53 and targets it for ubiquitin-mediated 
proteosomal degradation (Zhou et al., 2001; Mayo and Donner, 2001; 
Gottlieb et al., 2002).  Earlier work suggested that the binding of nuclear 
Mdm2 to p53 is facilitated by p300, which participates in the formation of a 
ternary complex that stabilizes the Mdm2-p53 interaction (Grossman et al., 
1998).  This leads to a decrease in p53 protein and transcriptional activity 
and is consistent with the view that the E3-ligase activity and nuclear import 
and export signals of Mdm2, encompassing Ser166 and 186, are important 
for Mdm2-dependent p53 degradation (Zhou  et al., 2001; Mayo and 
Donner, 2001; Woods and Vousden, 2001).  p19ARF also binds Mdm2 and 
inhibits its ability to promote p53 degradation (Pomerantz et al., 1998; 
Kamijo et al., 1998).  Zhou et al.  (2001) have proposed that in the presence 
of survival factors, PKB-dependent phosphorylation of Mdm2 leads to 
ternary complex formation with p300 and p53 in the nucleus and p53 
degradation; unphosphorylated Mdm2 (e.g.  in the absence of activated of 
PKB) is bound by p19ARF and is incapable of targeting p53 for degradation 
(Figure 5).   
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Figure 5. Opposing regulation of PI3K/PKB and p53. 

The finding that PTEN is a transcriptional target of p53 adds an 
intriguing link between the p53 apoptotic program and PKB survival 
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pathway. There are 2 half sites within the PTEN promoter identical to the 
p53 consensus binding site, with the exception that the PTEN spacer region 
does not conform to the typical spacer region being 14 bp as opposed to 10-
13 bp.  Nevertheless, p53 binds this region in a sequence-specific manner to 
activate PTEN transcription; both promoter binding and transcriptional 
activation are inhibited by mutation within the p53-consensus binding site of 
PTEN (Stambolic et al., 2001).  PTEN-/- cells are impaired in their apoptotic 
response to death-inducing stimuli such as UV-irradiation and TNF-
α treatment.  In addition, PTEN-/- MEFs are resistant to apoptosis induced 
by forced expression of p53 (Stambolic et al., 1998).  These observations 
suggest that p53-dependent regulation of PTEN expression is important for 
p53 induced cell death (Stambolic et al., 1998, 2001).  This is consistent with 
our own observations that chemical inhibition of PI3K markedly potentiates 
p53-dependent apoptosis in cells with a constitutively activated PI3K/PKB 
pathway (Lin et al., 2002).  Thus, in order to effect maximal killing, p53 
must not only induce effectors of apoptosis such as Bax, Noxa, Puma and 
PIDD (Benchimol, 2001), it must also down-regulate intrinsic survival 
pathways such as PI3K/PKB.  Restoring PTEN function in tumour cells that 
lack PTEN or that overexpress Mdm2 restores their sensitivity to apoptosis-
inducing chemotherapeutic agents such as etoposide and doxorubicin, 
respectively, further supporting a role for PKB in suppressing p53-dependent 
apoptosis (Zhou et al., 2003; Mayo et al., 2002). The opposing effects of p53 
and PKB on death and survival are depicted in the model shown in Figure 5. 
In cells primed to undergo apoptosis (e.g. from growth-factor deprivation), 
p53 signals prevail and PKB activation is decreased either through caspase-
mediated degradation of PKB protein (Gottlieb et al., 2002), or through 
PTEN-mediated dephosphorylation of PIP3 (Stambolic et al., 1998, 2001).  
Under conditions that favour survival, PKB phosphorylates and activates 
Mdm2 leading to p53 degradation.  PKB has many other targets that promote 
survival independently of any direct effect upon p53.   

SUMMARY 

Death and life decisions within a cell are regulated through a complex 
and integrated network that we are still trying to understand. Protooncogenes 
like c-myc and tumour suppressor genes like p53 encode proteins that can 
promote survival under certain conditions and death under other conditions. 
How these decisions are determined remains elusive and under 
investigations in numerous laboratories. In a similar vein, the three arms of 
the MAPK pathway, once thought to regulate proliferation/survival (ERK) 
or apoptosis (JNK, p38) are now known to act in a far more complex fashion 
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promoting death or survival in a context-dependent manner. We have 
focussed on intrinsic and extrinsic factors that govern death/survival 
pathways (Bcl-2 family, MAPK pathways, and PI3K/PKB pathway) that 
ultimately converge on p53 either directly or indirectly to determine the final 
cellular outcome.   . 
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INTRODUCTION 

The p53 gene, first described in 1979, was the first tumor suppressor 
gene to be identified (Lane and Crawford, 1979; Linzer and Levine, 1979).  
It was originally identified as an oncogene- a cell cycle accelerator, but 
subsequent studies ten years after its discovery confirmed it to be a tumor 
suppressor gene that is highly mutated in a wide variety of tumors (Baker et 
al., 1990; Finlay et al., 1989).  In about half of the tumors, p53 is inactivated 
directly as a result of mutations in the p53 gene. In many others, it is 
inactivated indirectly through binding to viral proteins, or as a result of 
alterations in the genes whose products interact with p53 or transmit 
information to or from p53. The tumor suppressor protein p53 acts as a 
major node in a complex signaling pathway that evolved to sense a broad 
range of cellular stresses such as DNA damage, oncogene activation, 
nucleotide depletion, and hypoxia (Figure 1). In the absence of cellular 
stress, the p53 protein is expressed at low steady-state levels and exerts little, 
if any, effect on cell fate. However, in response to various types of stress, 
p53 becomes activated and this is reflected in elevated protein levels as well 
as augmented biochemical functions.  As a consequence of p53 activation, 
cells can undergo marked phenotype changes, ranging from cell cycle arrest, 
senescence, or apoptosis (Bourdon et al., 2003; Dumont et al., 2003; El-
Deiry, 2003; Oren, 2003) (Figure 1).  The practical implication of these facts 
is that when a cell undergoes alteration that predisposes it to become 
cancerous, p53 is activated to trigger a response that either takes care of the 
damage (by augmented DNA repair) or eliminates the affected cells from the 
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replicative pool through induction of apoptosis, thereby preventing its 
expansion into a large population of malignant progeny (Figure 1). The 
protective p53 response is how p53 signals tumor suppression, and explains 
why its inactivation is so frequently selected for in almost all types of human 
cancer (Velculescu and El-Deiry, 1996; Vogelstein and Kinzler, 1992; 
Vogelstein et al., 2000). 

Figure 1. The p53 pathways and p53-mediated tumor suppression. p53 mediates the responses 
to various stress signals such as DNA damage, oncogenes activation, or hypoxia. In general, 
these signals induce p53 by stabilizing p53 protein, which leads to an increase in cellular p53 
levels. Several cellular responses to p53 activation have been described, and the choice of 
responses depends on factors such as cell type, cellular environment or oncogenic alterations. 
The effect of p53 activation is to inhibit cell growth through cell cycle arrest (senescence) or 
induction of apoptosis, thereby suppressing tumor formation. 

The mechanism(s) by which p53 accomplishes its biological functions 
are still not completely understood. However, in the last decade, it has 
become clear that p53 is a transcription factor with potential to bind to 
several hundred different promoter elements in the genome, broadly altering 
the patterns of specific gene expression. The regions of p53 responsible for 
binding to specific DNA sequences which in turn activate transcription have 
been defined. Virtually all naturally occurring mutations in the p53 gene 
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reduce or eliminate the ability of the encoded p53 protein to activate 
transcription, supporting the idea that this activity is critical to p53’s role as 
a tumor suppressor. Several dozen critical genes that are regulated by p53 
have been identified. In this review, we will focus on the functions of p53 
and its downstream target genes including the mechanisms of p53-mediated 
cell cycle arrest and apoptosis. 

P53 FUNCTION 

p53 is a sequence-specific DNA-binding transcription factor that binds 
DNA as a tetramer and activates or represses transcription from a large and 
increasing number of target genes (El-Deiry, 1998). Many of the genes 
induced by p53 can be divided into categories that reflect the responses to 
p53, such as cell cycle arrest genes, DNA repair genes, and apoptosis-
inducing genes (El-Deiry, 2003; Sax and El-Deiry, 2003) (Figure 1). The 
coordinated expression of these genes, depending on cell type, environment, 
and stimulus may determine the outcome in response to cellular stress. 
Although it is generally believed that p53 effects are exerted through its 
activation of transcription, it is becoming evident that p53 is also capable of 
repressing transcription (Ho and Benchimol, 2003). Other activities of p53 
independent of transcription have been described, including the ability of 
p53 to re-localize death receptors from the Golgi to the cell surface (Bennett 
et al., 1998) and a possible direct role in the mitochondria, where p53 
specifically interacts with Bcl-2 family members (Chipuk et al., 2004; 
Mihara et al., 2003).  

p53 is an efficient inhibitor of cell growth and causes cell cycle arrest and 
apoptosis (Figure 1). Regulation of p53 activity is therefore critical to allow 
both normal cell growth and tumor suppression. The basal activity of p53 
remains low in normal or un-stressed cells due to its rapid turnover. Multiple 
mechanisms exist to regulate p53 activity, underscoring the importance of 
restraining p53 activity in un-stressed conditions. Regulation of p53 
expression by transcriptional factors such as NFκB (Webster and Perkins, 
1999) or HOXA5 (Raman et al., 2000) and the mechanisms that control p53 
translation (Fu et al., 1996) likely contribute to the overall activity of p53.  
However, the principal mechanisms that govern p53 activity appear to be 
exerted at the protein level. These include regulation of p53 protein stability, 
post-translational modification, protein-protein interaction, and sub-cellular 
localization. One of the key components regulating p53 is MDM2, a protein 
that functions as an E3 ubiquitin ligase for p53, mediating ubiquitination of 
p53 and allowing it to be recognized and degraded by the proteasome 
(Kubbutat et al., 1997). MDM2 is a p53 transcriptional target gene and 
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establishes a feedback loop in which p53 drives expression of its negative 
regulator (Wu et al., 1993). More recent reports showed that the p53-induced 
ubiquitin ligase Pirh2 (Leng et al., 2003) and COP1 (Dornan et al., 2004), 
like Mdm2, also participate in an autoregulatory feedback loop that controls 
p53 function. Yin Yang1 was identified as a negative regulator of p53 and 
induce Hdm2-mediated polyubiquitination (Sui et al., 2004). Other post-
translational modifications of p53 including phosphorylation, acetylation, 
sumoylation and MDM2-mediated NEDD8 conjugation of p53, affect p53 
stability and function (Brooks and Gu, 2003; Grossman et al., 2003; Leng et 
al., 2003; Vousden and Lu, 2002; Woods and Vousden, 2001; Xirodimas et 
al., 2004). These mechanisms keep a strong check on p53 in normal 
circumstances, but allow rapid activation of p53 response to cellular stress 
that might be caused by, or contribute to, oncogenic progression. MDM2 has 
been shown to monoubiquitinate p53 and to direct it out of the nucleus 
whereas other E3 ligase like p300 polyubiquitinate p53 (Grossman et al., 
2003; Li et al., 2003). 

P53 AND CELL CYCLE ARREST 

Transient alterations in cell cycle progression after exposure to various 
different DNA damaging agents have been observed in many cell types 
(Hartwell and Weinert, 1989; Weinert and Hartwell, 1990). These alterations 
presumably permit optimal repair of damage before the cell reinitiates 
replicative DNA synthesis (G1 arrest) and/or begins mitosis (G2 arrest) 
(Figure 2). Failure to repair DNA damage prior to replicative synthesis or 
mitosis could result in propagation of mutagenic lesions and could contribute 
to the progressive accumulation of genomic changes necessary for neoplastic 
transformation to occur. The first evidence that p53 controls cell cycle 
progression came from the work from Kastan and co-workers who identified 
three participants (AT gene(s), p53, and GADD45) in a signal transduction 
pathway that controls cell cycle arrest following DNA damage; 
abnormalities in this pathway probably contribute to tumor development 
(Kastan et al., 1992). Later on, p53 was shown to be required for DNA-
damage-induced G1 arrest primarily through transactivation of the best 
characterized p53 downstream target p21, a cyclin-dependent kinase 
inhibitor (El-Deiry et al., 1993; Harper et al., 1993). The elevated p21 binds 
and inactivates cyclin E/Cdk2 or cyclinD/Cdk4 complexes resulting in pRB 
hypophosphorylation and cell cycle arrest (Harper et al., 1993; Stewart and 
Pietenpol, 2001). RB is a negative regulator of the transcription factor E2F, 
which is required for expression of S-phase-specific genes.  
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Figure 2. Participation of p53 in cell cycle regulation. ATM and ATR are required for 
checkpoint-dependent phsophorylation of multiple checkpoint components such as p53, ChK1 
and ChK2. Checkpoint activation results in phosphorylation and activation of ChK1 and 
ChK2. ChK1 or ChK2 phosphorylate p53 in response to UV or irradiation, leading to p53 
stabilization. The p53 protein induces transcription of p21Waf1, resulting in cell-cycle-arrest 
in G1. p53 also contributes to G2 arrest by inducing the transcription of GADD45, p21 and 
14-3-3 and by repressing the transcription of Cyclin B. ChK1 and ChK2 phosphorylate 
Cdc25, resulting in 14-3-3-dependent checkpoint activation. 

That RB acts downstream of p53 is suggested by experiments showing 
that loss of RB function can bypass p53-induced G1 arrest (Slebos et al., 
1994). Studies on p21 knockout mice showed that p21-/- embryonic 
fibroblasts are significantly deficient in their ability to arrest in G1 in 
response to DNA damage and nucleotide pool perturbation (Deng et al., 
1995). p21-/- cells also exhibit a significant growth alteration in vitro, 
achieving a saturation density as high as that observed in p53-/- cells. These 
results establish the role of p21 in the G1 checkpoint. However, other 
aspects of p53 function, such as thymocyte apoptosis and the mitotic spindle 



146 Chapter 6
 
checkpoint, appear normal, suggesting that p21 is not the only p53 target 
gene required for p53-mediated tumor suppression (Deng et al., 1995). 
Kastan et al. observed that ataxia-telangiectasia cells failed to induce p53 in 
response to ionizing irradiation and that a mammalian cell cycle checkpoint 
pathway utilizing p53 and GADD45 is defective in ataxia-telangiectasia, 
suggesting that the ATM protein acts upstream of p53 (Kastan et al., 1992). 
Consistent with this, activity of the CDK inhibitor p21 was not detected in 
X-irradiated ataxia-telangiectasia cells, while it was detected in wild-type 
controls (Dulic et al., 1994). However, Lu and Lane observed induction of 
p53 protein in a large number of X-irradiated ataxia-telangiectasia cells, 
although with delayed kinetics (Lu and Lane, 1993). Thus, ATM is not 
required for p53 induction, although it can influence the timing of this 
process. In addition to its role in G1 arrest, wild-type p53 positively 
modulates the exit from the gamma-ray-induced G2 checkpoint (Guillouf et 
al., 1995; Taylor and Stark, 2001). The biochemical pathways involved in 
the DNA damage-induced G2 arrest are thought to involve signaling 
cascades that converge to inhibit the activation of Cdc2 (Herzinger et al., 
1995; Nurse, 1990; Taylor and Stark, 2001) (Figure 2). Cdc2 is inhibited 
simultaneously by three transcriptional targets of p53, GADD45 (Zhan et al., 
1998), p21 and 14-3-3 (Hermeking et al., 1997). Binding of Cdc2 to Cyclin 
B 1 is required for its activity, and repression of the Cyclin B1 gene by p53 
also contributes to blocking entry into mitosis. p53 also represses Cdc2 gene, 
to help ensure that cells do not escape from the initial block (Taylor and 
Stark, 2001). DNA damage also activates p53-independent pathways that 
inhibit Cdc2 activity. In response to genotoxic stress, members of the PI-3K 
family become activated and initiate signal transduction pathways that 
regulate DNA repair and cell cycle progression. Several members of the PI-
3K family can directly phosphorylate p53, including DNA-PK, ATM, ATR 
(Canman and Lim, 1998; Canman et al., 1998; Matsuoka et al., 1998). ATM-
dependent signaling induced by DNA damage also results in activation of 
the ChK1 and ChK2 kinases (Caspari, 2000). ChK1 and ChK2 can 
phosphorylate Cdc25C, which in turn generates a consensus binding site for 
14-3-3 proteins. Binding of 14-3-3 proteins to Cdc25C results in the nuclear 
export of Cdc25C, sequestration of the phosphatase in the cytoplasm, and 
thus inhibition of Cdc2 activity (Lopez-Girona et al., 1999). CAK is 
composed of Cdk7, Cyclin H and Mat 1, and activates Cdc2 by 
phosphorylation. Purified wild-type p53 binds and inhibits CAK in vitro but 
the tumor-derived R175H mutant of p53 apparently does not (Schneider et 
al., 1998). Exposure of p21-/- MEFs to UV-radiation inhibits endogenous 
CAK activity, an effect not observed with p53-/- MEFs (Schneider et al., 
1998). These results suggest that inhibition of CAK by p53 may contribute 
to G2 arrest. p21 also participates in the G2 checkpoint and several 
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mechanisms have been postulated for how p21 inhibits Cdc2 activity to 
cause G2 arrest (Taylor and Stark, 2001). First, p21 inhibits CDK activity by 
binding directly to CDK/Cyclin complexes (Boulaire et al., 2000). A second 
mechanism for inhibiting Cdc2 is suggested by experiments in Xenopus 
showing that active Cdk2 is involved in generating active Cdc2. p21, by 
inhibiting Cdk2, causes loss of Cdc2 activity (Guadagno and Newport, 
1996). Thirdly, binding of p21 to Cdk2 can block access to CAK, and a 
similar effect may underlie the inhibition of Cdc2 by p21 (Hitomi et al., 
1998). A fourth mechanism depends on the binding between p21 and 
proliferating-cell nuclear antigen (PCNA), the principal replicative DNA 
polymerase accessory subunit, required for DNA synthesis and DNA repair 
(Waga et al., 1994). Since PCNA is required for DNA synthesis processivity, 
p21 might inactivate it, causing DNA damage during S phase and thus 
leading to inhibition of Cdc2 and G2 arrest by p53-independent mechanisms.  

P53 AND APOPTOSIS 

One of the most extensively studied areas in the p53 field is its ability to 
induce apoptosis. The landmark finding that p53 can control apoptosis came 
from the work by Oren and colleagues, and they found that re-introduction 
of p53 into p53-deficient myeloid leukemia cells can induce apoptosis in a 
manner that could be countered by a pro-survival cytokine (Yonish-Rouach 
et al., 1991). Earlier studies by Scott Lowe and colleagues, using thymocytes 
from p53 knockout mice (Donehower et al., 1992) showed that p53 is 
required for radiation-induced apoptosis in the thymus but is not necessary 
for all forms of apoptosis (Lowe et al., 1993b). The Van Dyke laboratory 
demonstrated that p53-dependent apoptosis contributes to suppressing tumor 
growth and progression in vivo (Symonds et al., 1994). In addition to its role 
in suppressing tumorigenesis, p53-dependent apoptosis contributes to 
chemotherapy-induced cell death and inactivation of p53 can produce 
treatment-resistant tumors, therefore suggesting that p53 status may be a 
determinant for tumor response to therapy (Lowe et al., 1994; Lowe et al., 
1993a). p53 induces expression of a wide array of death effectors, and the 
p53-inducible genes that might contribute to the induction of apoptosis 
through multiple pathways have been described (El-Deiry, 2003; Sax and El-
Deiry, 2003). The p53-inducible pro-apoptotic genes are involved in several 
death pathways, such as the death receptor pathway, the mitochondrial 
pathway, and the recently identified endoplasmic reticulum (ER) pathway 
(Bourdon et al., 2002) (Figure 3).  
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Figure 3. Multiple apoptotic pathways activated by p53. In response to cellular stresses such 
as DNA damage, oncogene activation or hypoxia, p53 transcriptionally represses (e.g. 
survivin or Bcl2) or transactivates its down-stream targets to induce apoptosis through (1) 
mitochondrial pathway (Bax, Bak, NUMA, NOXA); (2) death receptor pathway (Fas, 
KILLER/DR5, Bid); (3) endoplasmic recticulum pathway (Scotin). These pathways cross-
communicate with each other and converge to a common downstream pathway that 
subsequently leads to cell death. Downstream of the mitochondria, caspase 6 and APAF1 can 
also be transactivated by p53, thus modulating the sensitivity of the cells to undergo 
apoptosis. p53 can translocate to mitochondria, where it directly interacts with Bcl-2 family 
members and leads to cell death in a p53-transcription-independent manner. 

DNA damage can induce transcriptional up-regulation of some death 
receptors such as FAS, KILLER/DR5 (Takimoto and El-Deiry, 2000; Wu et 
al., 1997) and the recently described p53RDL1 (Tanikawa et al., 2003), 
through p53-dependent as well as p53-independent mechanisms (El-Deiry, 
2001). This up-regulation increases the cellular sensitivity to death-receptor 
ligands. In Type I cells, death-receptor engagement of the cell-extrinsic 
pathway suffices for commitment to apoptotic death. In Type II cells, 
commitment to apoptosis requires amplification of the death receptor 
signaling by the cell-intrinsic pathway (Wang and El-Deiry, 2003a; Wang 
and El-Deiry, 2003b). Death receptors can activate the cell intrinsic pathway 
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by caspase-8 mediated cleavage of the apical-proapoptotic Bcl-2 family 
member Bid (Li et al., 1998; Luo et al., 1998). Bid interacts with the 
proapoptotic Bcl-2 family members, which cause the release of 
mitochondrial cytochrome c and Smac/DIABLO, activating caspase-9 and –
3. Tumor-necrosis-factor-related apoptosis inducing ligand (TRAIL) which 
is a member of the TNF family and has been shown to induce apoptosis in a 
wide variety of tumor cells but not most normal cells, appears to be a 
promising agent for cancer therapy. TRAIL induces apoptosis through 
engagement of its receptors, KILLER/DR5 and DR4. Recently, the pro-
apoptotic Bcl-2 family member Bax was found to be required for TRAIL-
induced apoptosis in human colon carcinomas and pretreatment of Bax-/- 
human colon cancer cells to chemotherapeutic agents restored the TRAIL 
sensitivity (Burns and El-Deiry, 2001; LeBlanc et al., 2002; Wang and El-
Deiry, 2003a). p53 was found to be involved in this process and p53-
dependent up-regulation of KILLER/DR5 mainly contributes to the 
restoration of TRAIL sensitivity to human colon cancer cells with the 
mitochondrial apoptotic defect (Wang and El-Deiry, 2003a). In addition to 
its role in TRAIL-induced apoptosis, KILLER/DR5 was also found to be 
highly induced in vivo in response to γ-irradiation in a tissue-specific 
manner suggesting a potential function of this p53 target gene in apoptosis in 
vivo (Burns et al., 2001; Fei et al., 2002). Silencing of KILLER/DR5 in vivo 
significantly promotes tumor progression, thereby providing evidence that 
KILLER/DR5 might be a tumor suppressor (Wang and El-Deiry, 2004). 
Most chemotherapeutics and irradiation trigger tumor-cell apoptosis through 
the cell-intrinsic pathway, as an indirect consequence of causing cellular 
damage. Engagement of this pathway usually requires p53 function. TRAIL 
treatment in combination with chemo- or radiotherapy can enhance TRAIL 
sensitivity or reverse TRAIL resistance by p53-dependent up-regulation of 
its downstream targets such as KILLER/DR5 (Wang and El-Deiry, 2003a). 

The mechanistic link between p53-mediated transactivation and 
apoptosis came from its ability to regulate the transcription of proapoptotic 
Bcl2 family members. These include the multidomain Bcl-2 family member 
Bax (Miyashita et al., 1994b) as well as BH3 only proteins such as Bid (Sax 
et al., 2002), Puma (Nakano and Vousden, 2001), and Noxa (Oda et al., 
2000a). p53 binds to the consensus p53 response elements in the promoters 
of these genes and induces their transcription. Gene knockout studies 
demonstrated that the Bcl-2 family members act downstream of p53 during 
apoptosis. Bax-deficient MEFs are resistant to oncogene-induced apoptosis, 
leading to increased transformation in vitro and tumorigenesis in vivo 
(McCurrach et al., 1997; Yin et al., 1997). PUMA was recently identified as 
an essential mediator of p53-dependent and in-dependent apoptosis in vivo 
and knockout of PUMA recapitulates some of the apoptotic deficiency 
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observed in p53 knockout mice (Jeffers et al., 2003; Villunger et al., 2003; 
Yu and Zhang, 2003).  

In addition to the transactivation function, p53 also has transrepression 
capabilities that may contribute to apoptosis. The first antiapoptotic protein 
whose expression was reported to be transcriptionally blocked by p53 is Bcl-
2 (Miyashita et al., 1994a). Subsequently, p53 was found to repress the 
promoter of Bcl-xl and survivin (Hoffman et al., 2002; Sugars et al., 2001). 
p53 thus appears to be a highly sophisticated executioner, simultaneously 
upregulating death-promoting genes and turning off protective genes. 

p53 also transcriptionally up-regulates a number of cytoplasmic proteins 
including the death domain containing protein PIDD, the PIG genes (Polyak 
et al., 1997) involved in the generation of reactive oxygen species, as well as 
Bid which serves as a link between death receptor signaling and 
mitochondrial cytochrome c release (Sax et al., 2002). p53 also 
transactivates several components downstream of mitochondria in the 
apoptotic machinery. One of these components is APAF-1 (Kannan et al., 
2001; Moroni et al., 2001), which binds to cytochrome c and form 
apoptosome initiating the cleavage of caspase 9. In addition, p53 can 
transactivate caspases such as caspase 6 or caspase 10 leading to enhanced 
chemosensitivity of some types of cells (MacLachlan and El-Deiry, 2002; 
Rikhof et al., 2003) (Figure 3).  

Previous work suggests that the promelocytic leukemia gene (PML) can 
act up-stream of p53 to enhance transcription of p53 targets by recruiting 
p53 to nuclear bodies (NBs) (Bischof et al., 2002). PML binds and recruits 
the negative p53 regulator Mdm2 into NBs, therefore protecting p53 from 
Mdm2-mediated degradation (Kurki et al., 2003; Louria-Hayon et al., 2003; 
Wei et al., 2003). Collectively, these studies suggest that PML can act as an 
up-stream regulator of p53. However, a recent study showed that PML is 
itself a p53 target gene that also acts downstream of p53 to participate in 
additional p53-mediated programs, including cell cycle arrest and apoptosis 
(de Stanchina et al., 2004). 

The ER is the main intracellular storage compartment for Ca2+, which is 
an important secondary messenger that is required for numerous cellular 
functions. Apoptosis occurs upon the perturbation of cellular Ca2+ 
homeostasis, such as cytosolic Ca2+ overload, ER Ca2+ depletion, and 
mitochondrial Ca2+ increase (Boehning et al., 2003) (Figure 3). The close 
physical contact of mitochondria and the ER results in a higher exposure to 
Ca2+ of mitochondria than the rest of the cytosol, when Ca2+ is released from 
the ER. Bcl-2 family proteins have been previously implicated in controlling 
apoptosis by affecting cellular Ca2+ homeostasis (Bassik et al., 2004; 
Scorrano et al., 2003; Zong et al., 2003). One of the p53 targets, Scotin, is 
localized to the ER and nuclear membrane. Inhibition of endogenous Scotin 
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expression increases resistance to p53-dependent apoptosis induced by DNA 
damage, suggesting that Scotin plays a role in p53-dependent apoptosis 
(Bourdon et al., 2002). 

p53 can also induce apoptosis through short-circuiting cell survival 
pathways. The direct evidence came from the observation that p53 regulates 
PTEN, a negative regulator of the PI3K pathway. p53 transactivates the 
promoter of PTEN and therefore increases PTEN expression. PTEN serves 
to prevent the activation of Akt, thereby facilitating apoptosis (Stambolic et 
al., 2001). p53 also represses the expression of the catalytic subunit of PI3K 
(Singh et al., 2002). Since PI3K is a critical upstream activator of Akt, this 
inhibitory effect of p53 will also lead to Akt inactivation, which may 
cooperate with the induction of PTEN and the degradation of Akt to achieve 
effective p53-mediated attenuation of Akt function. Activated p53 can also 
cause a rapid decrease steady-state level of Akt, through a mechanism 
involving caspase-mediated Akt degradation (Gottlieb et al., 2002). Akt can 
phosphorylate MDM2 to promote its negative regulatory effect towards p53 
(Zhou et al., 2001). 

p53 functions indisputably in the nucleus to regulate transcription of 
genes involved in processes including cell cycle arrest and apoptosis. 
Tumor-derived mutant p53 proteins exhibit defects in the ability to bind 
DNA and therefore to affect gene expression, arguing for an important role 
for the DNA binding and transcriptional functions in the tumor suppressor 
activity of p53. It has been shown previously that in certain cell types, p53 
can induce apoptosis independent of its effect on transcription (Chipuk et al., 
2003; Haupt et al., 1995). Ectopic expression of p53 mutants including p531-

102 lacking the DNA binding domain, p53Q22/S23 mutated in the transactivation 
and Mdm2 interaction regions or p53 ∆NLS without a nuclear localization 
signal could still induce apoptosis. Moreover, the transcription-independent 
p53-mediated apoptosis can be inhibited by overexpressing of the anti-
apoptotic Bcl2 family member, Bcl-XL, thus demonstrating the crucial role 
of the Bcl-2 family of proteins in the regulation of this process (Chipuk et 
al., 2003). Mihara et al. provided mechanistic insight by showing that p53 
localizes to mitochondria and directly interacts with the anti-apoptotic 
proteins Bcl2 and Bcl-XL, and subsequently induces the release of 
cytochrome c. The binding region for Bcl2 and Bcl-XL on p53 is localized 
to the core region involved in sequence-specific DNA binding, the same 
region that harbors the vast majority of “hot spot” mutations found in human 
cancers (Mihara et al., 2003). Dumont et al. reported that a common p53 
polymorphic variant R72 increases nuclear export, mitochondrial 
localization, and apoptosis (Dumont et al., 2003). It was recently reported by 
Doug Green’s laboratory that when p53 accumulates in the cytosol, it can 
release both proapoptotic multidomain proteins as well as BH3-only proteins 
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that were sequestered by Bcl-XL and function analogously to the BH3-only 
subset of proapoptotic Bcl-2 proteins to activate Bax and trigger apoptosis 
(Chipuk et al., 2004). Leu et al. showed that p53 interacts with the 
proapoptotic mitochondrial protein Bak and the interaction of p53 with Bak 
causes oligomerization of Bak and the release of cytochrome c from the 
mitochondria. They also showed that the formation of the p53-Bak complex 
coincides with loss of an interaction between Bak and the anti-apoptotic Bcl-
2 family member Mcl1 (Leu et al., 2004). Taken together, these groups have 
made a number of observations that provide insights into the transcription-
independent functions of p53 in promoting apoptosis (Figure 4). 

Figure 4. Nuclear and cytoplasmic roles of p53 in apoptosis. p53 induces apoptosis in a 
transcription-dependent and –independent manner. Stress signals stabilize nuclear p53 
protein, which in turn transactivates or transcriptionally represses p53 targets, subsequently 
leading to cell death. Cytoplasmic p53 can translocate to mitochondria, where it interacts 
directly with Bax or Bak and causes the oligomerization of these two proapoptotic Bcl-2 
family members, or liberates proapoptotic BH3-only proteins bound to Bcl-XL/Bcl2 at the 
mitochondria. The released BH-3 proteins can then activate Bax and cause cytochrome c 
release resulting in apoptosis. The interaction of p53 with Bak coincides with loss of an 
interaction between Bak and anti-apoptotic Bcl-2 family member Mcl1.  
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LIFE AND DEATH DECISIONS MADE BY P53 

When cells respond adequately to a p53-activating signal, the biological 
outcomes may vary greatly. In particular, normal cells seem to be more 
refractory to the effects of p53 than their tumor-derived counterparts. 
Moreover, rapidly proliferating cells appear to be more sensitive to p53 
activation than resting or slowly proliferating cells. One of the major 
questions and areas of intense investigation, in part owing to its paramount 
relevance to the successful application of cancer therapy, is how a cell makes 
decision to either undergo apoptosis versus induction of a viable growth 
arrest or senescence upon p53 activation (El-Deiry, 2003; Vousden and Lu, 
2002; Vousden and Woude, 2000).  Much of the choice is not in the hand of 
p53 itself, but rather is determined by cooperating or ameliorating 
intracellular and extracellular signals, which dictate whether p53 activation 
will spare the cell or lead to its apoptotic demise (Figure 5). 

Figure 5. Modulation of the choice of the responses to p53. There are several factors that 
might contribute to the life and death decisions of normal or tumor cells in response to stress 
stimuli. Activation of p53 in normal cells usually leads to selective activation of cell-cycle-
arrest target genes such as p21Waf1, GADD45, or 14-3-3, resulting in inhibition of cell 
proliferation. In tumor cells, the tissue-specific p53-interacting and p53-modulating factors 
target p53 towards specific subsets of promoters. These factors can bind p53 (directly or 
indirectly) as shown for ASPP and JMY or as shown for p63 and p73, and enhance p53 DNA 
binding affinity to the promoters of proapoptotic genes. Phosphorylation alters p53 
conformation to either enhance the interaction with the apoptotic cofactors or allow binding to 
the promoters of apoptotic target genes.  
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The initial suggestion that p53 can independently regulate cell-cycle-
arrest and apoptosis came from observations of tumor-derived p53 point 
mutants, which retain the ability to activate G1 arrest but fail to suppress the 
transformation of cells by oncogenes, such as the human Papillomavirus 
(HPV) E7 protein (Crook et al., 1994; Rowan et al., 1996). It became clear 
later that suppression of transformation in these assays was a reflection of 
the ability of p53 to induce apoptosis, and that the tumor-derived mutants 
being studied show a selective loss of apoptotic function that correlates with 
a selective defect in the ability to activate expression of some of the 
apoptotic p53 target genes (Friedlander et al., 1996; Ludwig et al., 1996). 
This may be due to a variable affinity of p53 for the binding sites in the 
different promoters it regulates. p53 mutants with slight conformation 
modification still bind to high affinity binding sites in the promoter region of 
cell-cycle-arrest genes, but are incapable of interacting with low binding 
affinity sites in the promoters of apoptotic target genes. The degree to which 
p53 accumulates in a given cells can also directly influence the outcome of 
arrest versus death (Blagosklonny and El-Deiry, 1996; Blagosklonny and El-
Deiry, 1998; Wu and El-Deiry, 1996). Cells expressing low levels of p53 
generally arrest in G1, while those that express high levels undergo 
apoptosis. 

The induction of p53 in primary fibroblasts is usually associated with cell 
cycle arrest or senescence (Di Leonardo et al., 1994; Kuerbitz et al., 1992), 
whereas the activation of p53 in hematopoietic cells generally results in 
apoptosis (Clarke et al., 1993; Lowe et al., 1993b). Thus there has been long 
standing evidence that cell type is likely to influence whether a cell is more 
likely to arrest or die. In case of cells of different origins such as 
hematopoietic versus epithelial cells, one could invoke tissue specific factors 
or modifications in p53 that might affect its ability to cause cell cycle arrest 
or apoptosis. No such tissue-specific factors have been identified yet, 
although recent studies have provided some clues that p53-dependent gene 
activation profiles may contribute to making the decisions whether a cell 
might undergo apoptosis or cell cycle arrest (Fei et al., 2002) and the 
outcome is predetermined by the spectrum of p53-responsive genes that are 
available for modulation: different cell lineages might keep different sets of 
p53-responsive genes in active chromatin, thereby predetermining a specific 
pattern of transactivation and transrepression that dictates the final outcome. 
So, cells expressing more apoptotic genes would be more likely to undergo 
apoptosis than growth arrest.   

In addition, several studies have implicated that covalent modification on 
p53 may play a critical role in its target gene preference. Phosphorylation is 
the most widely studied type of p53 modification (Lohrum and Scheidtmann, 
1996) and a more recent striking example involves phosphorylation of serine 
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46, which is specifically required for the efficient transactivation of the 
proapoptotic p53AIP1 gene (Oda et al., 2000b). The covalent modification 
on p53 may lead to conformation change, which subsequently might alter 
directly its DNA-binding specificity. 

Besides covalent modification of p53 itself, p53 binding proteins appear 
to be implicated in modulating the selection of target genes. In order to 
function efficiently as an activator of gene expression, p53 forms complexes 
with other transcriptional regulators, including acetyltransferases such as 
p300/CBP. These interactions allow for the acetylation of histones that 
surround the p53-binding sites, opening up the surrounding chromatin and 
allow access of the basal transcriptional machinery (Espinosa and Emerson, 
2001). JMY, a transcriptional cofactor, cooperates with p300 to enhance the 
ability of p53 to selectively activate the expression of genes such as Bax, but 
without a significant effect on the activation of other genes such as p21 
(Shikama et al., 1999). Although the purified recombinant p53 protein binds 
directly to DNA in a sequence-specific manner, it does so within the cell in 
complex with other proteins. ASPP1 and ASPP2 have recently been 
identified and appear to stimulate the expression of endogenous Bax in cells 
containing wild-type p53. This response correlates well with the ability of 
ASPP proteins to enhance the selectively p53 binding to the Bax promoter in 
vivo and to stimulate the promoters of the proapoptotic responsive genes 
(Bax and PIG13), but not other targets such as p21 (Samuels-Lev et al., 
2001). As discussed above, proapoptotic p53 target genes usually have low-
affinity binding sites, and ASPP proteins may stimulate p53 DNA binding 
activity sufficiently to trigger the expression of this subset of genes. 
Conversely, inhibition of ASPP expression was shown to selectively block 
the apoptotic response to p53 (Bergamaschi et al., 2003).  

An un-expected insight into the p53 promoter selectivity was provided by 
experiments that induction of cell death by p53 requires the presence of at 
least one of the other p53 family members, p63 or p73 (Flores et al., 2002). 
These experiments revealed that both p63 and p73 enable activation of 
proapoptotic genes such as Bax and PERP by p53. Apparently, p63 or p73 
are constitutively associated with these genes within the chromatin, and are 
required for the recruitment of p53 to those sites once p53 is induced in 
response to appropriate stress. However, recent studies have challenged the 
importance of p63 or p73 in p53-dependent apoptosis or tumor suppression 
(Senoo et al., 2004). Recently another tumor suppressor protein, BRCA1 
was found to selectively direct p53 to transactivate target genes involved in 
cell cycle arrest and DNA repair, but not apoptosis (MacLachlan et al., 
2002). 

The choice between cell death and survival is also dependent on the 
activity of survival signals that can be mediated by soluble ligand binding to 
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cell-surface receptors, or direct interactions with neighboring cells. Rescue 
of p53-induced apoptosis by survival factors has been associated with the 
activation of the Akt kinase (Sabbatini and McCormick, 1999). The 
inhibition of p53 by Akt is counteracted by the ability of p53 to induce the 
expression of PTEN (Stambolic et al., 2001). The induction of PTEN has 
been shown to be essential for p53-mediated apoptosis in mouse cells, 
underscoring the importance of survival signaling in determining the final 
outcome of the p53 responses. 

CONCLUSIONS AND PERSPECTIVES 

p53 is a key component of pathways regulating cellular responses to 
stress and controls numerous downstream targets that can result in variable 
cellular phenotypic outcomes, including apoptosis, transient growth arrest, 
sustained growth arrest or senescence. This network is tightly regulated and 
complex with multiple feedback loops, posttranslational modifications, 
protein-protein interactions, and tissue specificity. It is becoming apparent 
that upstream signals may drive cell fate responses. As these signals are 
relayed, p53 levels and post-translational modifications are changed to 
accommodate the setting, and different subsets of p53 effectors are 
transcribed to yield the appropriate responses. These responses maintain 
genomic integrity and stability, and are essential to protect against 
tumorigenesis. As the cell cycle arrest and apoptosis activities of p53 can be 
independently regulated, a more subtle variation on the theme of reactivating 
p53 for cancer therapy becomes how specifically to activate the death-
inducing functions of p53 particularly in tumor cells. The increasing number 
of p53 cofactors that are required for p53 to induce apoptosis is providing 
some attractive targets for the development of therapies to restore the 
apoptotic functions of p53. The main challenge in future therapeutic 
development is to develop global approaches to analyze the complexity of 
the interactions between p53 and other cellular factors and extend the picture 
of the role of p53 to consider not only single pathways but also entire 
networks of interactions.  
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P53 TRANSCRIPTION FUNCTION AND APOPTOTIC 
TARGET GENES  

The basis for p53’s striking apoptotic and tumor suppressive potency lies 
in its pleiotropism that includes transcription-dependent and –independent 
functions. p53 kills cells predominantly via the mitochondrial death pathway 
rather than the death receptor pathway (Schuler et al. 2001). p53 can mediate 
apoptosis by transcriptional activation of pro-apoptotic genes like the BH3- 
only proteins Noxa and Puma, Bax, p53 AIP1, Apaf-1, DRAL and PERP, 
and by transcriptional repression of Bcl2 and IAPs. For Noxa, Puma and 
PIDD, downregulation decreases - but does not abolish – the extent of death 
after stress. Of note, induction of these target gene products show variable 
kinetics, with some being delayed in their response (over 24 h), e.g. Bax and 
p53AIP1 (Attardi et al. 2000; Nakano et al. 2001). Analysis of p53-regulated 
global gene expression shows that the type, strength and kinetics of the 
target gene profiles depends on p53 levels, stress type and cell type (Zhao et 
al. 2000). This indicates that only individual genes will be chosen from the 
complex spectrum of potentially inducible genes to mediate a specific p53 
response in a given physiological situation. 

Often, these genes were found in screens that compared a particular 
tumor cell line lacking p53 with its counterpart overexpressing ectopic p53, 
and some form of subtractive methodology (e.g. subtractive hybridization, 
differential display) was used. This was the case, e.g. for Bax, PIDD and the 
PIG group. PERP and Noxa were also found using a subtractive approach 
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but relied on endogenous p53 by comparing p53+/+ MEFs with their p53-/- 
counterparts. 

The candidacy of these genes for being p53 apoptosis genes is based on 
the following criteria: (i) demonstrating p53-dependency of their induction 
(usually accompanied by the identification of a putative p53-binding site in 
their 5' UTR-regulatory region), and (ii) demonstrating that ectopic 
overexpression of the candidate gene is sufficient to induce apoptosis in p53-
deficient tissue culture cells. In some cases (e.g. Noxa and PIDD), 
downregulation of the endogenous gene by antisense methods decreases (but 
never abolishes) cell death rate after stress. 

However, most known p53 target genes are induced to similar levels 
during p53-mediated G1 arrest and apoptosis (Nakano et al. 2001). This 
strongly suggests that they function more generally in transducing p53 stress 
signals, but that they are not the decisive death determinant in the cell's 
decision fork whether to arrest or to undergo cell death. This situation holds 
true for the p53 target genes Bax, IGF-BP3, Killer/DR5, the PIGs, PIDD, 
and Noxa. Each of these genes is similarly induced in doxorubicin-stressed 
p53+/+ MEFs, which only arrest, and in doxorubicin-stressed E1A p53+/+ 
MEFs, which only apoptose (Nakano et al. 2001). Notable exceptions in 
apoptosis specificity is PERP and possibly, p53AIP1. PERP, a member of 
the tetraspan transmembrane protein family PMP22/gas3, was cloned after 
subtracting against G1 arrest-associated p53-induced messages. PERP is 
specifically induced during p53-mediated apoptosis in E1A-harboring MEF 
cells but not during G1 arrest (Nakano et al. 2001) Also, stress-mediated 
serine 46 phosphorylation on p53 is specifically associated with induction of 
p53AIP1 but not with induction of p21Waf1, Noxa and PIG3, suggesting 
that p53AIP1 might be an apoptosis gene induced by this particular 
modification of p53 (Komarova et al. 1997) The induction of candidate 
apoptosis genes exhibit variable kinetics with some being rather slow in their 
inductive response (24 h or longer), e.g. PIG3 and p53AIP1. While many of 
the above-mentioned candidates are widely expressed, DRAL is an example 
of a tissuerestricted response gene which is exclusively expressed in 
cardiomyocytes (Lowe et al. 1993).  

The apoptotic response to DNA damage in the mouse has been well 
characterized. It has been clearly established that p53 activity is the prime 
determinant of radiation and drug sensitivity in vivo. In radiosensitive organs 
such as thymus, spleen and small intestine, activation of caspase 3 and 
subsequent apoptosis after γIR and DNA-damaging drugs is largely or 
completely p53-dependent (Clarke et al. 1993; Fei et al. 2002; Komarova et 
al. 1997; Lowe et al. 1993; MacCallum et al. 2001). In contrast, 
radioresistant organs such as liver, kidney, lung and skeletal muscle do not 
activate caspase 3 and apoptosis after 5-10 Gy γIR (Clarke et al. 1993; Fei et 
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al. 2002; Komarova et al. 1997; Lowe et al. 1993). However, the mechanism 
of how p53 kills cells in vivo is clearly pleiotropic and tissue-specific. The 
pattern of p53-induced apoptotic target gene expression is highly selective 
and complex. For example, the key effectors of apoptosis in colon and the 
red pulp of spleen is Bid, while in thymus and the white pulp of spleen it is 
PUMA (Fei et al. 2002; Sax JK et al. 2002). Bid and PUMA have been 
shown to trigger the mitochondrial apoptotic pathway. They cause 
permeabilization of the outer membrane and release of activators of caspases 
and nucleases such as Cytochrome C, SMAC/Diablo, Omi/HtrA2, AIF and 
Endonuclease G. 

An important question in γIR-induced cell death is the relative 
contribution made by individual apoptogenic p53 target gene products. 
Although about a dozen different p53 target genes have been characterized 
that can mediate apoptosis when forcibly overexpressed, it remains unclear 
whether any single transcriptional target is critical. Genes whose products 
act directly at the mitochondria like the BH3-only proteins PUMA, Noxa 
and Bid or the BH123 protein Bax stand out. However, with knock-out mice 
for PUMA, Noxa and Bax now available, it became clear that none of them 
has the power to phenocopy p53-/- mice (Jeffers et al. 2003; Nakano et al. 
2001; Shibue et al. 2003; Villunger et al. 2003). Instead, each gene only 
captures an aspect of the pleiotropic p53 action at best. Moreover, each of 
them exhibits considerable tissue-specificity in their action. Surprisingly, 
thymocytes from Bax -/- knock-out mice and Noxa -/- knock-out mice, as 
well as thymocytes from Bax-/-, Noxa -/- double knock-out mice are capable 
of undergoing apoptosis after DNA damage as efficiently as wild type 
thymocytes (Shibue et al. 2003; Villunger et al. 2003), clearly indicating that 
in thymocytes Bax and Noxa are fully dispensible for DNA damage-induced 
death. Bax-deficient mice only develop benign B- and T-cell hyperplasias 
but no tumors (Nakano et al. 2001). On the other hand, Noxa does make an 
important contribution in gut stem cells. Noxa-/- mice are tumor-free when 
unchallenged, but show resistance to X-ray induced gastrointestinal death 
due to impaired apoptosis of the epithelial cells in the crypts of the small 
intestine (Shibue et al. 2003). Moreover, Noxa-/- mouse embryo fibroblasts 
exhibit partial resistance to E1A-induced apoptosis in response to DNA 
damage by adriamycin (Shibue et al. 2003)) or etoposide (Villunger et al. 
2003), which is further enhanced by Bax deficiency (Shibue et al. 2003). 
Thus, Noxa contributes to p53-mediated death in fibroblasts and crypt 
intestinal cells, but plays no role in thymocytes.  

PUMA-/- thymocytes fail to phenocopy p53-/- thymocytes and PUMA 
knock-out mice remain completely tumor-free, including the predominant 
Tcell lymphomas that are so typical of p53 knock-out mice (Jeffers et al. 
2003; Villunger et al. 2003). Yet, PUMA is an important mediator of p53-
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induced normal thymocyte death after challenge (Fei et al. 2002; Jeffers et 
al. 2003; Villunger et al. 2003)(our unpublished work). Ex vivo cultured 
PUMA -/- thymocytes exhibit a partial protection from γ-irradiation after 
1.25 - 2.5 Gy, showing impaired apoptosis (Jeffers et al. 2003; Villunger et 
al. 2003). Of note and important for this discussion though, protection 
became apparent only after prolonged observation at 16-72 hrs, while little 
difference between wild type and PUMA-/- thymocytes existed within the 
first 8 hours after damage. However, as widely reported in the literature and 
reproduced in our own hands, γIR-induced thymocyte death in doses up to 
10 Gy in vivo and in vitro is characterized by its surprising speed. In fact, 
thymocyte apoptosis in general is one of the fastest among mammalian cells, 
resulting in > 70% killing at 8-10 hrs (our unpublished work) (Clarke et al. 
1993; Lowe et al. 1993). For example, we detect massive thymocyte death in 
the animal within the first 5 hrs after 5 Gy, in agreement with in vitro 
findings by Clarke et al who report 45% cultured thymocyte death at 8 hrs 
after 2.5 Gy and Lowe et al (Lowe et al. 1993) who report 60 % death at 10 
hrs after 5 Gy and 90% death at 20 h after only 1 Gy. Intriguingly, PUMA 
deficiency also provides a much stronger protective effect against non-p53- 
mediated thymocyte death such as the PKC inhibitor staurosporine and most 
strikingly, the phorbol ester PMA, consistent with previous data (Villunger 
et al. 2003). Taken together, this data supports the notion that PUMA plays a 
significant role in later phases of thymocyte death. Furthermore, PUMA 
might be more critical for p53-independent than for p53-dependent 
thymocyte death. Nevertheless, with regard to transcriptional mechanisms of 
p53-mediated death in the thymus, PUMA clearly is the single most 
important target among all known p53 targets. Indeed, we find that in 
thymus in vivo, PUMA protein is the earliest product that is first induced at 
2 hrs, while Noxa is only weakly and transiently induced at 4 hrs. This is in 
reasonable agreement with cultured thymocytes, where PUMA and Noxa 
mRNA transcripts are detected at 5 hrs and 6 hrs after γ-IR, respectively 
(Villunger et al. 2003).On the other hand, Bax protein appears only at 8 hrs, 
while Bid, Killer/DR5 and p53DinP1 fail to be induced altogether. 

TRANSCRIPTION-INDEPENDENT PATHWAYS OF P53 
APOPTOSIS  

Evidence for transcription-independent pathways for p53- mediated 
apoptosis has been accumulating for years. In some cell types, p53-
dependent apoptosis occurs in the absence of any gene transcription or 
protein synthesis (Mihara et al. 2003b; Sansome et al. 2001; Zou et al. 1999). 
Furthermore, inhibitors of protein phosphatases induce p53-dependent 
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apoptosis in the absence of transcriptional activation (Flores et al. 2002). 
Moreover, the transcriptionally inactive p53 mutants del(1-214) and 
p53gln22; ser23, which fail to specifically bind to DNA or act as 
transcription factor of Waf1 and other target genes, act as potent inducers of 
apoptosis in several cell systems (Oren 2003; Sax et al. 2002). Interestingly, 
p53 protein from cell-free postnuclear extracts (which contain 
mitochondria), made from transformed fibroblasts that undergo p53-
dependent apoptosis after γIR, directly mediates the activation of effector 
caspases. Immunodepletion of p53 protein from these extracts blocks this 
activity, suggesting direct protein-protein signaling from p53 to the 
Casp9/Casp3 activation cascade. This pathway requires caspase 8 (Okamura 
et al. 2001). Also, in cell-free cytoplasts, activation of cytosolic p53 can 
induce mitochondrial Cytochrome C release (Schuler et al. 2001). Together, 
these data indicate the co-existence of a transcription-independent pathway 
of p53-mediated apoptosis. However, the underlying mechanism of action 
remained unknown. 

MITOCHONDRIA, PROTEIN TRANSLOCATION AND 
APOPTOSIS  

Mitochondria are central integrators and transducers for pro-apoptotic 
signals, forming the nexus between the non-specific inducer phase and the 
final execution phase of apoptosis. This is particularly but not exclusively 
the case with those inducers of cell death that activate apoptosis from within 
the nucleus, independently of death receptor pathways on the cell surface. 
Such inducers include cell damage from γIR, anticancer drugs, hypoxia and 
growth factor withdrawal. A major reason for the central role of 
mitochondria is that these organelles store a host of critical apoptotic 
activators and effectors of cell death in their intermembranous space. These 
include Cytochrome C (activator of procaspase 9) (Liu et al. 1999); Smac 
Diablo inhibitor of cytosolic IAPs; Htra2 (inhibitor of cytosolic IAPs); 
apoptosis inducing factor AIF (a flavoprotein which induces chromatin 
condensation); endonuclease G (which degrades DNA) and fractions of 
cellular procaspases 2, 3 and 9. Permeabilization of the outer mitochondrial 
membrane (OMM), which is associated with mitochondrial dysfunction and 
collapse of the inner membrane gradient ∆πM, causes the release of these 
pro-apoptogenic factors. This release constitutes the point of no return and 
triggers the execution phase of cell suicide because it directly activates the 
latent apoptotic machinery. 

OMM permeabilization is regulated by the opposing actions of pro-and 
anti-apoptotic Bcl2 proteins, although the exact mechanism of how the Bcl2 
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family controls OMM permeability is unclear. The anti-apoptotic members, 
typified by Bcl2 and BclXL, constitutively reside at the OMM and mediate a 
critical pro-survival function by stabilizing the OMM and preventing the 
release of death factors. Overexpressed Bcl2 and BclXL suppress p53-
dependent and -independent cell death. The pro-apoptotic members consist 
of the BH3-only class which regulate the protective Bcl2/XL proteins and 
the multidomain BH123 class. The type II BH3-only proteins Noxa, Puma, 
Bik, Bim and Bad couple death signals to mitochondria and in healthy cells 
are sequestered to cytosolic sites other than the OMM. Upon sensing death 
stimuli, BH3-only proteins undergo posttranslational modifications and 
mitochondrial translocation (Huang et al. 2000). Translocated BH3-only 
proteins then bind to Bcl2/XL via their BH3 domain, thereby inactivating 
their protective function (Cheng et al. 2001). In resting cells, BH123 proteins 
exist as inactive monomers in the cytosol (Bax) or at mitochondria (Bak) 
(Wolter et al. 1997) and can be induced to homo-oligomerize and insert into 
the OMM by tBid after death stimuli, leading to Cytochrome C release 
(Eskes et al. 2000; Wei et al. 2000). BH3-only proteins are upstream of 
BH123 proteins since Bax/Bak double-null cells are resistant to Bim and 
Bad-induced apoptosis (Zong et al. 2001). 

One striking feature of apoptosis signaling is protein translocation of 
signalling and effector molecules between three major cellular 
compartments. This includes translocation to and from mitochondria, the 
cytoplasm and the nucleus. Of particular interest are a growing list of 
proapoptotic proteins that undergo translocation to mitochondria, where they 
exert their pro-apoptotic functions by inducing organellar dysfunction. The 
classic pro-apoptotic bcl family members Bax (Chen et al. 1996; Haupt et al. 
1995), Bad, Bim (Regula et al. 2001) and truncated tBid (Chao et al. 2000; 
Kokontis et al. 2001) do this by increasing mitochondrial permeability 
which, among others, leads to the release of Cytochrome C. For example, 
inactive cytosolic Bid undergoes N-terminal cleavage by caspase 8 to tBid, 
leading to a newly exposed glycine residue which now becomes the target of 
posttranslational N-myristoylation (Chao et al. 2000; Jimenez et al. 2000). 
This modification promotes its mitochondrial targeting and pro-apoptotic 
effect. Moreover, ionizing IR induces translocation of the stress kinase 
SAPK/JNK to mitochondria which in turn causes phosphorylation and 
inactivation of anti-apoptotic Bcl-xL (Matas et al. 2001). Similarly, phorbol 
esters induce translocation of protein kinase C delta to mitochondria, altering 
a yet unknown substrate (Baptiste N. et al. 2002; Chao et al. 2000). The 
evolving theme here is that these mitochondrially translocating proteins 
belong to unrelated biochemical classes of molecules, most of which were 
previously not associated with mitochondrial functions. Most unexpectedly, 
this diversity is now even extending to transcription factors. 
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P53 AND MITOCHONDRIA  

We searched for a basis of transcription-independent p53-mediated cell 
death. The key observation was the finding that in response to a death 
stimulus such as γΙΡ, DNA damaging drugs or hypoxia, a fraction of the 
stabilized p53 rapidly translocates to mitochondria in primary, immortal and 
transformed cultured cells (Marchenko et al, 2000; Sansome et al, 2001; 
Mihara et al, 2003). To study the functional consequences of this 
phenomenon, we forcibly targeted exogenous p53 to mitochondria in p53-
null cancer cells, and showed that mitochondrial p53 was sufficient to launch 
apoptosis and suppress colony formation in a transcription-independent 
fashion, (Mihara et al, 2003). Moreover, in response to death stimuli, 
endogenous mitochondrial p53 forms inhibitory complexes with endogenous 
anti-apoptotic BclXL and Bcl2 proteins. Purified wild type p53 protein 
induces oligomerization of Bak, permeabilization of the outer mitochondrial 
membrane and strongly promotes Cytochrome C release in vitro. Using 
computational and genetic approaches, we determined that the p53 DNA 
binding domain is involved in the p53-BclXL complex formation. 
Conversely, tumor-derived transactivation-deficient missense mutants 
concomitantly lose or compromise their ability to interact with BclXL and to 
promote cytochrome C release. Thus, tumor-derived p53 mutations may 
represent "double hits", eliminating the transcriptional as well as the direct 
mitochondrial functions of p53 (Mihara et al, 2003). Based on these tissue 
culture studies, we proposed that mitochondrial translocation of p53 triggers 
a rapid proapoptotic response that "jump-starts" and amplifies the slower 
transcriptionbased response, which requires a certain ramping time typically 
in the range of 4-8 hrs after p53 induction. The description that follows will 
detail these findings further. 

A fraction of stress-induced endogenous p53 protein rapidly translocates 
to mitochondria in response to death stimuli in wtp53 harboring human and 
mouse malignant and non-malignant cell lines and primary cells (Mihara et 
al, 2003). Based on the average ratio between the total mitochondrial and 
nuclear volume, we estimate that the concentration of induced mitochondrial 
p53 is roughly equimolar to induced nuclear p53. This result was obtained 
using all methods available for determining subcellular localization 
including carefully controlled subcellular fractionation p53 translocation 
strictly occurs at the onset of p53-dependent apoptosis but not during p53-
independent apoptosis triggered e. g. by the death receptor pathway via 
TNF-α nor does it occur during p53-mediated cell cycle arrest. The 
translocation of p53 to mitochondria is rapid (within 1 h after cell damage) 
and precedes changes in mitochondrial membrane potential, Cytochrome C 
release and procaspase-3 activation. Mitochondrial localization of 
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endogenous p53 can be visualized by in situ immunofluorescence of whole 
cells after 5-6 h of hypoxic stress. Immuno-flow cytometry analysis of 
isolated mitochondria show that a significant amount of mitochondrial p53 
localizes to the membranous compartment (Mihara et al, 2003). This result 
was confirmed by direct localization of p53 via immuno-electronmicroscopy 
of stressed mitochondria while untreated mitochondria failed to give a 
signal. Further suborganellar localization of p53 by limited trypsin digestion 
suggests that a significant amount of mitochondrial p53 is located at the 
surface of the organelle while a small subfraction appears to be 
intraorganellar trypsin-resistant. Mitochondrial association of p53 and its 
significant surface localization can be reproduced in vitro in an organellar 
pull-down assay with purified baculoviral p53 added to isolated 
mitochondria. Control recombinant PCNA protein fails to associate. 
Coimmunoprecipitation from stressed whole cells or mitochondria shows 
that mitochondrial p53 is found in an in vivo complex with the 
mitochondrial import motor mt hsp70. This p53 subpopulation possibly 
corresponds to the trypsin-resistant subfraction (Mihara et al, 2003). A 
similar in vivo complex between mt hsp 70 (also called mot- 2) and p53 was 
independently observed in NIH 3T3 cells. Interestingly, forced 
overexpression of ectopic mot-2 abolished the transcriptional ability of p53 
in reporter assays and nuclear translocation suggesting that p53 can be 
completely siphoned off into mitochondria (Wadhwa et al, 1998). 

Similar results were seen in clean ectopic systems in the absence of 
additional DNA damage. In p53-deficient EB cells which harbor a stable 
inducible wild-type p53 transgene mitochondrial p53 accumulation occurs 
concomitantly with nuclear p53 accumulation and precedes the onset of 
apoptosis after sole induction of ectopic p53 (Mihara et al, 2003). Recently 
we confirmed the participation of the direct mitochondrial p53 pathway in 
the apoptotic response in vivo (Erster et al, 2004). We find that in mice 
subjected to γIR or intravenous etoposide, radiosensitive target organs also 
undergo mitochondrial p53 translocation that can trigger a rapid first wave of 
caspase 3 activation and cell death, followed by a slower transcription-
dependent p53 death wave. This is the first evidence that mitochondrial p53 
indeed contributes to the physiological apoptotic response in the animal. 
This direct mitochondrial p53 death program jump-starts and amplifies the 
slower transcription-based p53 response and might be one of the 
distinguishing features between radiosensitive and radioresistant organs. It 
also suggests that the mitochondrial pathway may participate in tumor 
suppression in vivo. 

An independent confirmation of mitochondrial p53 translocation during 
the apoptotic response was reported by M. Murphy’s group (Dumont et al, 
2003). The codon 72 polymorphic variants of human p53 -Arg72p53 and 
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Pro73p53 - have markedly different apoptotic potential. This paper links a 
polymorphism of wt p53 - which epidemiologically is associated with 
differential tumor susceptibility in several tumor types - to differential 
killing ability of the two variants. Critically, this functional difference was 
tightly and exclusively linked to the ability to translocate to mitochondria 
upon stress, while no difference was found in the variants' transactivation 
and transrepression ability or in their protein-protein interactions. This work 
confirms the translocation phenomenon and assigns further medical impact 
to its biology. 

Importantly nuclear bypass experiments demonstrate that mitochondrial 
p53 localization is sufficient for launching p53-dependent apoptosis from the 
level of mitochondria. Deliberate targeting of ectopic p53 to mitochondria 
via fusions with either mitochondrial import leader peptide (designated 
Lp53) or the transmembrane domain of Bcl2 bypasses the nucleus and is 
sufficient to induce apoptosis and long-term colony suppression in 
variousp53-deficient tumor cell lines (Saos-2, H1299 and HeLa) (Mihara et 
al 2003 and unpublished observation). Targeting a control transcription 
factor - cRel - in the same way causes only a background rate of death. 
Mitochondrially targeted wtp53 lacks transactivation activity, as shown in 
sensitive reporter assays, compared to empty vector and nuclear wtp53. 
Interestingly, a mitochondrially targeted but truncated p53 protein  which 
misses the entire C-terminus  has a higher apoptotic activity than Lwtp53, 
indicating that the C-terminus containing the tetramerization domain is 
dispensable for mitochondrial action This is in contrast to the nuclear action 
of p53 which requires the C-terminus for tetramerization in order to 
optimally function as a transcription factor. 

Mitochondrial regulators of apoptosis influence the induction of 
mitochondrial p53 accumulation. Overexpression of anti-apoptotic Bcl-2 or 
Bcl-xL abrogates stress-signal-mediated mitochondrial p53 accumulation 
and apoptosis, but does not abrogate total cellular p53 accumulation nor the 
ability to undergo stress-induced cell cycle arrest. Since this supports a 
functional link with protective Bcl members, we looked for and found 
physical complexes with p53. Endogenous p53/BclXL and p53/Bcl-2 
complexes can be co-immunoprecipitated in both directions from 
mitochondria of stressed cells. The same complexes can also be precipitated 
with targeted and nuclear p53 in transfections and in vitro in GST-pull down 
assays. Of note, p53-BclXL/2 complexes are specific since p53-Bax 
complexes were not detectable despite many attempts (Mihara et al 2003). 
Next, we used protein modeling to determine the structural basis for the p53-
BclXL complex and to predict interaction sites. Using the known 
crystallographic structures of the p53 DNA binding domain and BclXL, the 
model predicts that the contact surfaces involve the p53 DNA-binding 
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domain, interacting with the alpha1/BH4 and the alpha2/BH3 domain of 
BclXL (Mihara et al 2003) (Figure 1). The structure of this complex was 
recently experimentally confirmed with NMR spectroscopy by S. Fesik’s 
group (Petros et al, 2004). Of note, the interaction surface on p53 with 
BclXL indeed was determined to involve the same region as p53 uses to 
contact DNA. The Kd was estimated to be greater than 1 uM. Interaction of 
p53 with BclXL was blocked by the binding of a 25-residue peptide derived 
from Bad, which has a very high affinity (0.6 nM) to BclXL. On the other 
hand, it is predicted that Bak- and Bax-derived peptides, which bind much 
weaker to BclXL (480 nM and 13, 000 nM), may not be able to block p53 
from binding to BclXL. This suggests a possible regulatory level of p53 
binding by select but not all BH3 proteins (Petros et al, 2004). 

This complex also implies that the p53 DNA binding domain is a dual  
function domain, mediating both the transactivation function and the 
mitochondrial apoptotic function. If that is so, do tumor-derived p53 
mutations concomitantly loose the ability to interact with BclXL? To address 
this question, we looked at 4 randomly chosen breast cancer lines. They 
represent the classic structural and contact mutation hotspots H175 and 
H273, as well as Lys280 and Phe194. Of note, proportional to their 
abnormally stabilized p53, all 4 lines constitutively harbor mutant p53 at the 
mitochondria, in sharp contrast to wtp53 cells, whose mitochondrial p53 
translocation depends on induction by a death stimulus. However, 
quantitative co-immunoprecipitation from comparable amounts of 
mitochondrial p53 showed that 3 of the 4 lines reproducibly showed no 
endogenous p53-BclXL complex, regardless of whether cells were subjected 
to prior DNA damage or not. The fourth line had greatly reduced complex, 
in stark contrast to Camptothecin-treated wild type cells. The BclXL levels 
of mutant and wild type cells were comparable. This data is very compelling 
and argues for an in vivo role of mitochondrial p53 in human tumors. 
Tumorigenic mutations that are selected during tumor formation might 
represent ‘double-hit’ mutations by abrogating both apoptotic activities of 
p53 (Mihara et al, 2003). 

Purified p53 protein, when added in vitro to unstressed mitochondria 
freshly isolated from mouse liver, is sufficient to trigger the rapid release of 
Cytochrome C. In contrast, a C-terminal p53 fragment or bovine serum 
albumin yielded only minimal background levels of release. Moreover, this 
is a fast process. Within 5 minutes after adding p53, 69% of the total Cyto C 
release has already occurred and release is complete within 30 min (Mihara 
et al, 2003). What is the mechanism by which p53 triggers Cytochrome C 
release? There is a direct link between p53/BclXL complex formation and 
Cytochrome C release, since pellets of mitochondria post Cytochrome C 
release contain p53/BclXL complexes. Furthermore, since p53 is a direct 
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inducer of Cytochrome C release and mitochondrial dysfunction, p53 might 
also indirectly activate the ultimate effectors for Cytochrome C release –Bak 
and Bax proteins – by inducing their conformational change and 
intramembraneous oligomerization. Indeed, using a chemial cross-linker, 
purified wtp53, when added to freshly isolated nascent mitochondria, readily 
induced cross-linked multimers of endogenous Bak (mouse liver 
mitochondria are poor in Bax). This p53 behaviour is similar to the 
prototypical BH3-only protein tBID that translocates to mitochondria upon a 
death stimulus to induce Bak oligomerization. Moreover, since 
overexpression of BclXL and Bcl2 completely block p53-dependent 
apoptosis in vivo, it predicts that excess BclXL also prevents p53-induced 
Cytochrome C release in vitro. To address this, we performed BclXL 
competition experiments. Indeed, the effectiveness of p53 in inducing 
Cytochrome C release is inhibited in a dose-dependent fashion by increasing 
amounts of excess GST-BclXL, indicating that the two proteins are in a 
rheostat-like relationship (Mihara et al, 2003). 

Functional parallels between p53 and other pro-apoptotic proteins appear 
to be emerging (Figure 2). p53, Noxa, Puma, Bim, and Bad all rapidly 
translocate to mitochondria upon a death stimulus, bind and inhibit the 
protective BclXL and Bcl2 proteins and induce OMM permeabilization, 
leading to Cytochrome C release and caspase activation. For both p53 and 
the BH3 proteins, complex formation with BclXL/2 is critical for 
apoptogenicity, since interference with binding blocks their mitochondrial 
killing activity (our data; Cheng et al.,2001; Oda et al.,2000; Nakano et 
al.,2001; Yu et al.,2001). Other pro-apoptotic proteins such as Siva-1 and 
p53AIP1, which like p53 lack a BH3-domain, also bind and inactivate 
BclXL (Xue et al., 2002; Matsuda et al., 2002). While BH3-only proteins 
bind BclXL/2 through their BH3 domain, SIVA-1 binds through a unique 
amphipathic helix (Xue et al.,2002) and p53 binds through its central core 
effector domain (our data). Our finding of the ability of excess BclXL to 
block p53-mediated Cytochrome C release in vitro parallels that seen with 
Bax and tBid (Jurgensmeier et al., 1998; Desagher et al., 1999). Also, Puma 
and Siva-1 mediated apoptosis is suppressed by excess BclXL (Nakano et 
al., 2001; Xue et al., 2002).  

The most persuasive evidence for the physiologic importance of the 
mitochondrial p53 pathway, however, would come from the behavior of 
mutant p53 proteins. Is there a direct functional link between the failure of 
p53 mutants to form BclXL complexes and a failure to release Cytochrome 
C in vitro? Indeed, in contrast to wtp53 that readily induces release, 
tumorderived mutant p53 proteins are defective in permeabilizing the outer 
membrane. The hotspot mutant R175H has completely lost the ability to 
release Cytochrome C, while the hotspot mutant R273H is severely 
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suppressed in this activity. Six additional tumor-derived mutant proteins also 
have lost the ability to release Cytochrome C (Erster & Moll, unpublished).  

Thus, this direct link supports the hypothesis that tumors select against 
both the nuclear and mitochondrial apoptotic function of p53. Moreover, it 
shows that the interaction with BclXL is required for p53-mediated 
Cytochrome C release (Mihara et al, 2003). Together, this demonstrates that 
p53 itself is able to directly permeabilize the OMM and trigger the release of 
pro-apoptotic activators. It does so by engaging in inhibitory complexes with 
protective Bcl2/XL, thereby indirectly activating pro-apoptotic BH123 
proteins like Bak (Mihara et al, 2003a). 

 
  

 
Figure 1. Structure/function analysis of the p53-BclXL complex. Predicted model of the 
complex (Mihara et al, 2003). The p53 DNA binding domain contacts BclXL. The protruding 
blue region of human p53 spanning residues 239-248, flanked by regions 135-141(red) and 
173-187 (magenta), interact with a groove formed by the a1/BH4 and part of the a2/BH3 
domains of human BclXL. In its essential elements, the structure of this complex was recently 
experimentally confirmed with NMR spectroscopy (Petros et al. 2004). 
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Figure 2. Functional parallels between p53 and other pro-apoptotic proteins. p53, Noxa, 
Puma, Bim, and Bad all rapidly translocate to mitochondria upon a death stimulus, bind and 
inhibit the protective BclXL and Bcl2 proteins and induce OMM permeabilization, leading to 
Cytochrome C release and caspase activation. For both p53 and the BH3 proteins, complex 
formation with BclXL/2 is critical for apoptogenicity, since interference with binding blocks 
their mitochondrial killing activity. 

Figure 3. p53 exerts a rapid and direct pro-apoptogenic role at the mitochondria, thereby 
jump-starting and amplifying the transcription-based apoptotic action of p53. 
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Based on these results, we propose a model in which p53 can contribute 
to cell death by rapid direct signaling at the mitochondria. This pathway 
likely acts in synergy with the transcription-dependent mode of p53, thereby 
amplifying the apoptotic potency and speed of p53. Moreover, based on its 
implication in a broad spectrum of cell types and death signals, this enhancer 
pathway has the potential for being generic, accompanying the action of 
most or all p53-induced apoptotic genes (Fig. 3). Important questions for the 
future are: which are the protein(s) that mitochondrial p53 is talking to and 
what secondary apoptotic regulators are being activated as a result of this. 

P53 AND BEYOND  

Does mitochondrial accumulation of p53 represent a precedent for other 
transcription factors implicated in apoptosis? The answer is yes. The nuclear 
orphan steroid receptor TR3 (also called Nur77), a member of the 
steroid/thyroid receptor superfamily is a bona fide transcription factor with a 
zinc finger DNA-binding domain flanked by transactivation domains and a 
binding domain for an as yet unknown ligand. TR3 is induced and acts as a 
transcription factor in response to epidermal growth factor and all-
transretinoic acid. On the other hand, TR3 mediates apoptosis in diverent 
cell types in vivo, e.g. in neurons, autoreactive developing T cells and 
human cancer cells (Villunger et al. 2003) and references within). TR3 is 
upregulated by apoptotic stimuli like seizures, neuronal ischemia and 
ligation of the T cell receptor. Unexpectedly, when TR3 works as an 
apoptotic factor, its transcriptional activation function is turned off 
(Villunger et al. 2003). Instead, in response to a wide variety of apoptotic 
stimuli, TR3 relocates from the nucleus to the surface of mitochondria, 
where it triggers membrane permeability, Cytochrome C release and 
apoptotic cell death. The TR3 DNA-binding domain, required for 
transcriptional activity, is not required for mitochondrial targeting. As is true 
for mitochondrial p53, mitochondrial TR3 is also sufficient to cause cell 
death. Moreover, as for mitochondrial p53, its action is blocked by bcl-2 
(Villunger et al. 2003). Recently, the mechanism of TR3-mediated 
mitochondrial action was elucidated, and again it follows the p53 lead. TR3 
binds to Bcl2 and this binding induces a Bcl-2 conformational change that 
exposes its BH3 domain, resulting in conversion of Bcl-2 from a protector to 
a killer (Lin et al. 2004). Thus, there are now two nuclear transcription 
factors that, by virtue of their subcellular relocalization, are capable of 
mediating lethal signaling directly through mitochondria. For one thing, 
these two examples add another level of complexity to the regulation of 
apoptosis. However, their greater significance might lie in the fact that it 
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forces us to rethink our neat biochemical classification scheme of one 
protein - one mode of action. p53 stands as a prototype of a molecule that 
draws its power from fulfilling pleiotropic functions by biochemical 
flexibility. As a jack of more than one trade, it is both a transcription factor 
and a membrane permeability regulator. 
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INTRODUCTION 

The early discoveries elucidating p53 function were based on cell culture 
experiments. Most of our fundamental knowledge of the role of p53 in cell 
signaling, stress response, cell cycle control, and apoptosis are a result of 
these in vitro studies (Giaccia and Kastan, 1998; Ko and Prives, 1996; 
Levine, 1997; Vogelstein et al., 2000). However, a greater depth of 
understanding was facilitated by the advent first of transgenic mouse 
methodologies and then by embryonic stem (ES) cell-based genetic 
manipulations. The sequencing of the mouse genome (www.ensembl.org and 
www.myscience.appliedbiosystems.com) has greatly simplified and 
accelerated the generation of null alleles. Methods have been developed to 
generate single nucleotide substitutions in the germline of mice, and 
importantly, to generate somatic mutations in genes to study somatic 
inactivation as occurs in most human cancers. The availability of whole 
genome analysis at the RNA expression level (arrays) and at the genomic 
level (array CGH) provides another level of analysis that is sure to provide 
insights into the molecular changes that lead to the initiation, progression, 
and maintenance of the tumor phenotype.   
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The ability to add, alter, and subtract p53 genes in the context of a whole 
mammalian organism has significantly complemented and enriched our 
knowledge of the biological functions of p53 in tumor suppression, 
development, and aging. For example, many p53 point mutations associated 
with human tumors contribute to transformation of fibroblasts in culture, 
illustrating the oncogenic potential of these types of mutations (Eliyahu et 
al., 1984; Finlay et al., 1989; Hinds et al., 1989). Such in vitro 
transformation assays tend to be binary in nature.  A particular mutant either 
transforms or it does not.  However, when p53 mutations are introduced into 
the germline of mice, tumor phenotypes can vary significantly with each 
mutation, revealing new subtleties in an organismal context, such as an 
altered tumor spectrum, altered tumor pathology, more rapid tumor 
incidence, or increased metastatic potential. Thus, the mouse, since it mimics 
the development of human cancers, has become the in vivo system of choice 
to study the process of tumorigenesis. In this review, we will describe some 
of the major genetically engineered mice that have alterations in p53 copy 
number or structure, and discuss some of the important insights that have 
been obtained from these mice. This review is not intended to be 
encyclopedic, but illustrative in nature, with emphases placed on several 
models that have been particularly informative in adding to or changing the 
p53 paradigm. 

TRANSGENIC MICE WITH MUTANT P53 
TRANSGENES 

The first genetically engineered p53 mutant mice were reported by the 
Bernstein laboratory in 1989 (Lavigueur et al., 1989).  Two lines of mutant 
transgenic mice bearing multiple genomic copies of p53 under the control of 
its own promoter were generated. The p53 transgenes, which encoded the 
p53 point mutants p53Pro193 or p53Val135, were expressed in many 
tissues, including the lung, spleen, lymph nodes, and thymus. Moreover, the 
levels of the transgene-derived p53 protein was as high as 50-fold that of 
endogenous wild type p53 in some tissues (Lavigueur et al., 1989). Despite 
the massive overexpression of mutant p53, these transgenic mice developed 
tumors at a relatively modest incidence of about 20-30% by 18 months of 
age.  Multiple tumor types were reported, though lung adenocarcinomas, 
osteosarcomas, and lymphomas were particularly frequent. This was the first 
direct evidence that point mutants of p53 are sufficient to induce tumor 
development in vivo. The tumorigenic effect was hypothesized to be due to 
the mutant p53 acting in a dominant-negative manner to inhibit the 
endogenous wild-type p53 protein. Subsequent support for this hypothesis 
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was provided by the observation that the p53Val135 transgene accelerated 
tumors only in the presence of endogenous wild type p53, but not in a 
homozygous null p53 background (Harvey et al., 1995b).  The lack of a pro-
tumorigenic effect for this mutant in the absence of wild type p53 does rule 
out an oncogenic gain-of-function effect as has been suggested for some p53 
point mutants from in vitro transformation assays (Cadwell and Zambetti, 
2001; Dittmer et al., 1993).  

Since the description of these first p53 transgenic models, a series of 
other mutant p53 transgenic lines have been reported.  Generally, while the 
majority of these models show augmented tumorigenesis, the degree of 
tumor promotion can be quite variable and is sometimes dependent on the 
presence of another oncogenic stimulus.  Unlike the Bernstein transgenic 
mice, in which the p53 transgene was expressed globally, subsequent 
transgenic mice have confined mutant p53 expression to specific tissues by 
utilization of tissue-specific promoters.  For example, Li et al. (1997) 
described a transgenic line expressing a codon 172 arg-to-his p53 mutation 
driven by a mammary gland-specific whey acidic protein (WAP) promoter.  
This codon was identical to the human codon 175 arg-to-his mutation often 
associated with human breast carcinomas (Soussi and Beroud, 2003).   
Despite relatively high levels of in vitro transformation capability, the p53-
R172H transgenic mice did not develop spontaneous mammary tumors.  
However, when this transgenic line was crossed into the mammary tumor-
susceptible MMTV-ErbB2 transgenic line, mammary tumor latency was 
decreased significantly in the bitransgenic offspring, indicating cooperativity 
between the two transgenes (Li et al., 1997). Other p53 mutant transgenic 
mouse strains have included one carrying a p53-∆236 codon deletion 
transgene driven by an astrocyte-specific promoter and a p53-codon R273H 
mutant transgene driven by a lung-specific promoter (Duan et al., 2002; 
Klein et al., 2000).  While the p53-∆236 transgene accelerated carcinogen-
induced brain tumor formation, the R273H p53 transgene developed 
spontaneous lung tumors at a 23% incidence by 15 months of age.  A p53 
mutant transgenic model for liver cancer was developed by the Sell 
laboratory (Ghebranious et al., 1995; Ghebranious and Sell, 1998).  This 
mouse line contained a p53 transgene encoding a codon 246 arg-to-ser 
mutation driven by a liver-specific promoter. This p53 mutation (codon 249 
arg-to-ser in humans) is particularly frequent in human hepatocellular 
carcinomas associated with exposure to the co-carcinogen Aflatoxin B1 
(Shen and Ong, 1996).  A 14% incidence of liver carcinomas was observed 
in transgenic males after treatment with aflatoxin B1, whereas untreated 
transgenic males and treated nontransgenic males did not develop liver 
carcinomas (Ghebranious et al., 1995; Ghebranious and Sell, 1998).  When 
these p53 transgenic mice were heterozygous for wild type endogenous p53 
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(p53+/–) or bitransgenic with a hepatitis B surface antigen gene, liver 
carcinoma incidence was further increased (Ghebranious and Sell, 1998).  
Thus, these studies nicely illustrated the cooperativity of known human 
hepatocellular carcinogens (aflatoxin B1, mutant p53, and hepatitis B surface 
antigen expression) in a p53 altered mouse model.   

As outlined above, mutant p53 does not always promote rapid tumors 
independent of co-carcinogens. This relatively weak induction of tumors 
despite often very high expression levels of mutant p53 protein indicates that 
inhibition of wild type p53 by mutant forms of p53 may be relatively 
inefficient in vivo. This contrasts with a number of in vitro transformation 
and transcription assays that suggest that mutant forms of p53 efficiently 
inhibit wild type p53 activity. The variability of the tumorigenic responses in 
the various mutant p53 transgenic lines are likely due to the complex 
interactions of many factors, including the nature of the p53 mutation and its 
dominant-negative effects, the expression level of the transgene, the 
sensitivity of a particular organ to mutant p53, and the genetic background of 
the transgenic animal. As discussed in the next section, mutant transgenes 
rarely display the tumor-inducing ability that the loss-of-function knockout 
mutations of p53 confer. 

P53 KNOCKOUT MICE 

The development of embryonic stem cell gene targeting methodologies 
for mice provided an ideal way to directly test tumor suppressor function in 
the context of an intact mammalian organism. At best, the p53 mutant 
transgenics could only indirectly show the tumor suppressor function of p53 
in vivo. The novel gene targeting techniques allowed the deletion and 
inactivation of resident genes in the mouse germline. Because tumor 
suppressors are recessive in function, their deletion and inactivation through 
gene targeting can more directly mimic the genetics of human cancer 
predisposition syndromes in which a tumor suppressor gene is mutationally 
inactivated. The discovery in 1990 that the Li-Fraumeni inherited cancer 
syndrome in humans was often due to a germline p53 mutation provided 
further impetus to model the syndrome in mice (Malkin et al., 1990; 
Srivastava et al., 1990). Affected members of Li-Fraumeni families carry a 
defective p53 allele and have a 50% incidence of cancer by the age of 30.  
Cancer types in these patients vary widely, but frequent tumors include brain 
tumors, breast tumors, osteosarcomas, soft tissue sarcomas and leukemias 
(Malkin et al., 1990). An important question was whether mice with p53 
germline mutations would mimic the human Li-Fraumeni syndrome. 
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The first reported tumor suppressor knockout was the p53 knockout 
mouse (Donehower et al., 1992).  Four groups generated mice with 
inactivating germline mutations in the endogenous p53 allele, leading to an 
unequivocal demonstration of the fundamental role of p53 as a tumor 
suppressor. Homologous recombination was used to disrupt the p53 gene by 
replacing intron 4 and exon 5 (Donehower et al., 1992), exons 2-6 (Jacks et 
al., 1994; Purdie et al., 1994), or exon 2 (Tsukada et al., 1993) with a 
selectable marker cassette.  Surprisingly, given the known role of p53 in cell 
cycle regulation in cell culture models, p53-null mice were found to be 
viable. A small fraction of female null embryos display exencephaly, a 
condition resulting from a failure of neural tube closure (Armstrong et al., 
1995; Sah et al., 1995). As expected, the p53-null mice displayed early onset 
tumors, within 2-9 months after birth. Median time to tumor was about 18 
weeks (Donehower, 1996; Donehower et al., 1992). The p53–/– mice in two 
of these studies were on a mixed C57BL/6 and 129/Sv genetic background, 
and developed primarily lymphomas and sarcomas of various types 
(Donehower et al., 1992; Jacks et al., 1994). The lymphomas in the null mice 
were generally CD4/CD8 double positive T-cell lymphomas. The sarcomas 
that were observed included hemangiosarcomas, osteosarcomas, 
fibrosarcomas, rhabdomyosarcomas, and anaplastic sarcomas (Donehower et 
al., 1992; Jacks et al., 1994).  

The heterozygous p53+/– mice are also susceptible to spontaneous tumors, 
but these develop later and with a different tumor spectrum than observed in 
the p53-null mice (Donehower, 1996; Harvey et al., 1993a; Jacks et al., 
1994; Purdie et al., 1994). The heterozygous mice display tumors beginning 
at nine months of age and by 18 months, half of them have succumbed to a 
variety of tumors (Donehower, 1996; Harvey et al., 1993a). The most 
frequently observed tumor type is osteosarcoma, observed at particularly 
high frequency in females. Soft tissue sarcomas, such as hemangiosarcomas, 
fibrosarcomas, and rhabdomyosarcomas are also relatively frequently 
observed.  Lymphomas occur in about a third of the p53+/– mice, but these 
tend to be B-cell in origin and are found more often in non-thymic lymphoid 
organs, such as the spleen and mesenteric lymph nodes.  The reduced 
incidence of thymic lymphomas is hypothesized to be due to the limited 
developmental window during which loss of heterozygosity (LOH) of the 
remaining wild-type p53 allele can occur, because the number of thymocytes 
decreases substantially during thymic involution within several weeks after 
birth (Attardi and Jacks, 1999). Finally, carcinomas are observed in the 
p53+/– mice, but at considerably lower frequency than the lymphomas and 
sarcomas. 

Since one of the goals in developing the p53-deficient mouse is to model 
Li-Fraumeni syndrome, an important question is whether the knockout mice 
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indeed mimic the human syndrome.  Fortunately, in some respects the mouse 
model could be considered accurate. For example, the p53+/– mice (the better 
model, since the human patients are p53 heterozygotes) have a 50% tumor 
incidence at mid life span (18 months), roughly equivalent to the 50% 
incidence in humans by age 30 (Donehower, 1996; Malkin et al., 1990).  
Moreover, the tumor spectra have some similarities.  Both mice and humans 
have a high incidence of osteosarcomas, soft tissue sarcomas and 
leukemias/lymphomas. However, Li-Fraumeni patients also exhibit 
relatively high levels of brain tumors and breast tumors, neoplasms not 
observed in the mixed C57BL/6-129/Sv strain of p53 heterozygotes.  
However, this absence of mammary cancers in the mice can be circumvented 
through alteration of the strain background (see below). Thus, the p53+/– 

mice might be considered at least a partial success as a model for their 
human Li-Fraumeni syndrome counterparts. 

The fate of the remaining wild type p53 allele in the p53+/– tumors is of 
particular interest.  According to Knudson’s two hit hypothesis for tumor 
suppressors, tumor suppressor genes are recessive, and loss of function of 
both alleles is a prerequisite for tumor formation (Knudson, 1986).  
Surprisingly, only about half of the various tumors in heterozygous mice 
display LOH at the p53 locus, suggesting that complete loss of p53 is 
important for tumor development in many, but not all cases (Venkatachalam 
et al., 1998). In those tumors that apparently retained wild type p53, 
numerous functional assays for wild type p53 activity were performed 
(Venkatachalam et al., 1998). The p53 in these tumors exhibits normal 
activation of p53 target genes and a radiation-induced apoptotic response, 
while such responses are not observed in p53+/– tumors with LOH. These 
assays confirm that p53 in these non-LOH p53+/– tumors is both structurally 
and functionally intact.  These results indicate that while loss of the 
remaining wild type p53 allele is certainly a tumor promoting event in the 
p53+/– mice, it is not necessarily a prerequisite for tumor formation.  Thus, a 
50% reduced dosage of p53 may be sufficient to promote tumorigenesis, at 
least in the mouse.   This idea is consistent with a number of cell-based 
assays showing that p53 heterozygous cells have cell cycle, apoptotic, and 
DNA damage response phenotypes intermediate between wild-type and p53-
null cells (Venkatachalam et al., 2001). Whether this p53 haploinsufficiency 
for tumor suppression holds true for humans is unclear, since in sporadically 
arising tumors with p53 mutations, both p53 alleles are usually observed to 
be mutated or lost (Baker et al., 1990; Hollstein et al., 1991). However, it has 
been reported that roughly half of the tumors arising in Li-Fraumeni patients 
exhibit retention of the wild type p53 allele (Varley et al., 1997). It could be 
argued that many of these Li-Fraumeni patients have point mutations in p53 
and produce a protein with dominant-negative activity on wild type p53, but 
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in fact patients with germline p53 frameshift mutations, unlikely to express 
dominant-negative p53 proteins, may also exhibit no LOH in their tumors 
(Varley et al., 1997). Recent studies on many tumor suppressor genes 
indicate that there may be numerous other exceptions to the two-hit model 
(Paige, 2003).   

Further genetic analyses of the p53-deficient tumors have provided some 
additional insights into the in vivo role of p53 in cancer prevention.  For 
example, it has long been known that absence of p53 in cultured cells leads 
to increases in karyotypic instability (Bischoff et al., 1990; Harvey et al., 
1993b). Recently, it has been shown that p53 mutations in human tumors 
also correlate with genomic instability (Overholtzer et al., 2003).  
Examination of p53+/– and p53–/– tumors by comparative genomic 
hybridization revealed that tumors without p53 (p53–/– tumors) or tumors that 
had lost p53 (p53+/– with LOH) had five-fold more copy number gains and 
losses than did tumors retaining p53 (p53+/– without LOH) (Venkatachalam 
et al., 1998). Moreover, the chromosomal copy number changes are both 
random and non-random.  The non-random changes indicate the likelihood 
of other genetic alterations that collaborate with p53-deficiency to promote 
tumorigenesis.   

The multiple anti-proliferative functions of p53 have often raised the 
question as to which of these functions plays the critical role in preventing 
tumor formation. Ever since p53 was discovered in cell culture assays to 
exhibit both cell cycle arrest and apoptosis-inducing capabilities, there has 
been conflicting evidence over which role takes precedence in an in vivo 
cancer preventative context. Early evidence using knockout/transgenic 
mouse models supported apoptosis induction as being critically important, 
particularly in models where retinoblastoma (Rb) gene function was 
inhibited or c-myc levels were augmented (Schmitt et al., 2002; Symonds et 
al., 1994). In these models, the presence of p53 in tumors often correlated 
with high levels of apoptosis and slowed tumor growth, while the absence of 
p53 was associated with low levels of apoptosis and high rates of tumor 
growth.  However, some mouse models suggested the possibility that in 
other in vivo contexts the cell cycle inhibitory role of p53 was dominant in 
suppressing tumors (Hundley et al., 1997; Jones et al., 1997). For example, 
comparison of p53+/+, p53+/–, and p53–/– tumors for apoptotic cell levels 
found few differences among the different p53 genotypes, but did see a 
pronounced inverse correlation between p53 dosage and cell cycle 
progression, tumor growth rates, and genomic instability (Tyner et al., 1999). 
Crosses of p53-deficient mice to other tumor-susceptible transgenic models 
also showed a p53-dependent inhibition of tumor growth predominantly 
through cell cycle regulation (Hundley et al., 1997; Jones et al., 1997). 
Perhaps the most direct experiment to address this issue was through the 
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generation of a p53 mutant mouse that was deficient for p53-induced 
apoptosis, but retained cell cycle arrest capacity (described below). The 
likely conclusion to these conflicting studies, however, is that p53 
contributes to tumor suppression through both its apoptotic and cell cycle 
regulatory functions, and the degree to which each role contributes may 
depend on the affected cell types and the oncogenic signaling pathways that 
are dysregulated. 

BACKGROUND MATTERS   

As discussed above, analysis of transgenic models that overexpress 
mutant p53 and mice with deletion of the p53 gene indicate a crucial role of 
p53 as a tumor suppressor in many cell types. The tumor spectrum of p53+/– 

mice in a mixed C57BL/6 and 129/Sv background resembles, but is not 
identical to that of Li-Fraumeni syndrome patients. The most important 
tumor types missing are the breast and brain tumors that are common in 
humans inheriting a defective p53 gene.  One possibility is that the kind of 
p53 mutation inherited is important to transformation of a specific cell type. 
The mutation in mice described above represents absence of p53, while 
approximately 80% of patients with Li-Fraumeni syndrome inherit a 
missense mutation in p53.  Since numerous in vitro data indicate that 
missense mutations have a gain-of-function and dominant-negative 
phenotype, disease progression in vivo with absence of p53 may not be the 
same as that of mutant p53. Another possibility is simply that mice are not 
humans. The tumor spectrum of the p53-null allele was examined in a mixed 
C57BL/6 and 129/Sv cohort because of the nature of the methodology. 
Mutations or deletions are generated in 129/Sv embryonic stem (ES) cells, 
injected into C57BL/6 host blastocysts, and usually maintained by mating 
with C57BL/6 mice because these mice are docile, breed efficiently, and are 
very well characterized.  

To examine potential in vivo effects of p53 loss in a different strain, the 
p53-null allele was backcrossed to the 129/Sv strain of mice. In a pure 
129/Sv background, mice heterozygous for the p53-null allele succumb to 
tumors faster than in a mixed C57BL/6 and 129/Sv strain. Importantly, the 
incidence of germ cell tumors was magnified and occurred in about half of 
the 129/Sv p53-null mice. This kind of cancer is rarely seen in p53-null mice 
in the C57BL/6-129/Sv mixed background (Donehower et al., 1995). 
Importantly, these data suggest that strain differences exist and that these 
differences contribute to the tumor phenotype. In order to identify the 
different chromosomal regions and eventually the specific genes that 
contribute to germ cell tumor development, genomic differences between 
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strains can be exploited. Mice are generated using different mating schemes 
such that chromosomes from the two strains are mixed and matched and 
correlated with the onset of germ cell tumors. Using such a scheme, Muller 
et al. (2000) mapped one of the loci that contributes to the onset of germ cell 
tumors in the 129/Sv strain to chromosome 13 with a significant LOD score 
of 7.82. Thus, the mouse models facilitate the identification and cloning of 
genes that modify the tumor phenotype. 

The p53-null allele was also introduced into another strain of mice, 
Balb/c. Approximately 20% of Balb/c mice normally succumb to breast 
cancer with a latency of 16-17 months (Heston and Vlahakis, 1971). In this 
background, 55% of the Balb/c mice heterozygous for p53 develop breast 
tumors compared to about 1% in the mixed C57BL/6-129/Sv strain 
(Kuperwasser et al., 2000). Latency is also drastically decreased to 8-14 
months in Balb/c p53+/– mice. These data suggest a modifier for breast 
cancer exists in the susceptible Balb/c strain. Such modifiers are more likely 
to be identified in the mouse and can then be examined for their contribution 
to human cancers. 

Numerous other strains of mice have tendencies toward tumors at low 
frequencies and late in life (jax.org). Augmenting the tumor phenotype by 
deletion of p53 makes them amenable models for cloning some of the genes 
that contribute to cancers. The CE/J inbred strain of mice for example, is 
susceptible to ovarian and breast carcinomas, adrenocortical carcinomas, and 
sarcomas. Approximately, 33% of virgin females die of ovarian tumors, and 
adrenocortical carcinomas occur in gonadectomized mice (Heston, 1963; 
Murphy, 1966). All tumors, however, develop with long latency and low 
penetrance. To increase the incidence and speed the onset of tumors, CE/J 
mice were mated with p53-null 129/SvJ mice. In the F2 generation 
containing a mix of CE/J and 129/Sv backgrounds, the combination with p53 
heterozygosity or homozygosity, resulted in embryonic lethality of half the 
p53 heterozygote mice and half the p53-null mice.  These data suggest that a 
recessive modifier of p53 is present in CE/J mice. Linkage analysis 
identified a genetic locus on chromosome 11 (Evans et al., 2004). These 
mice also show differences in tumor spectrum (Evans, unpublished data). 
These data suggest that modifiers increase the likelihood of specific 
developmental defects or diseases in inbred strains of mice. The use of 
different mouse strains that differ in their susceptibility to specific kinds of 
cancers will aid in the identification of genes that modify the disease 
(Dragani, 2003; Mao and Balmain, 2003). The variations seen in inbred 
strains of mice may account for the heterogeneity seen in humans with Li-
Fraumeni syndrome. 
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ONCOGENIC COOPERATIVITY OF P53 

Even in the total absence of p53, isolated cancers arise with some 
latency, indicating the need for other cooperating oncogenic lesions to 
produce a tumor. To assess potential tumorigenic cooperativity, a large 
number of crosses between p53 knockout mice and other tumor-susceptible 
strains have been performed. Such tumor-susceptible strains include 
transgenic mice overexpressing oncogenes in specific tissues or knockout 
mice lacking tumor suppressor genes. By revealing genetic interactions 
between p53 and other proteins involved in tumorigenesis, such crosses can 
help to define the pathways governing proliferation.  Furthermore, these 
models can provide a powerful approach to generate more accurate mimics 
for human carcinogenesis. Finally, as briefly indicated above, these crosses 
can reveal those p53 functions that are critical for tumor suppression in 
particular in vivo contexts.   

Due to space constraints, it would be impossible to detail the many 
crosses that have been performed between p53-deficient mice and other 
tumor-susceptible lines, so the reader is referred to more comprehensive 
reviews on this subject (Attardi and Jacks, 1999; Donehower, 1996; Lozano 
and Liu, 1998). In assessing the results of these cooperativity experiments, a 
few common themes emerge.  First, in the great majority of crosses between 
p53-deficient mice and either tumor-prone tumor suppressor knockout mice 
or transgenic oncogene-containing mice, the tumor latency is invariably 
decreased in comparison to both parental lines. The basis for this 
acceleration is likely due to true cooperativity, i.e. a non-overlapping 
contribution by dysregulation of two differing growth or death signaling 
pathways in the nascent cancer cell.  Another component contributing to the 
acceleration of tumors in these crosses could be pathway independent.  We 
have hypothesized that p53 deficiency and the consequent defects in cell 
cycle control and apoptosis could create a cellular environment more 
conducive to the initiation and fixation of oncogenic mutations and the 
emergence of tumorigenic clones (Venkatachalam et al., 2001). This 
hypothesis is consistent with the observation that 88% of genotoxic 
carcinogens reduce tumor latency in p53+/– mice, while non-genotoxic 
carcinogens rarely produce a reduction in tumor latency (Storer et al., 2001).  
We theorize that the oncogenic lesions induced by the genotoxic carcinogen 
are more likely to be preserved and not eliminated in the p53+/– cell, resulting 
in a higher rate of oncogenic conversion. Thus, in the p53-deficient crosses, 
random oncogenic lesions that cooperate with either p53 deficiency or the 
second genetically altered allele are likely to occur at an increased rate and 
may contribute to the accelerated tumorigenesis.   
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Another surprisingly frequent occurrence in these p53 crosses is the 
appearance of novel tumor types.  For example, while Rb heterozygous mice 
are susceptible to pituitary and thyroid tumors, on a p53–/– background, they 
now develop novel tumor types, including pinealoblastomas and pancreatic 
islet cell carcinomas (Harvey et al., 1995a; Williams et al., 1994). Similarly, 
Nf1+/–; p53+/– compound mice develop malignant peripheral nerve sheath 
tumors and astrocytomas, neither of which is observed in the singly 
heterozygous parents (Cichowski et al., 1999; Reilly et al., 2000). Breeding 
some of these tumor suppressor knockout strains to p53-deficient mice may 
also be helpful in mimicking a predisposition to the tumor type associated 
with the corresponding human familial cancer syndrome. This is illustrated 
by mice lacking the Brca2 gene, which were generated in part to model 
human breast cancer-susceptible families with BRCA2 germline mutations. 
The Brca2+/- mice are not predisposed to breast cancer until bred onto a 
p53-deficient background (Jonkers et al., 2001).  Since p53 is inactivated in 
Brca2-associated human breast cancers as well, these compound mutants 
provide good models for inherited human breast cancers.  Additional crosses 
in the future will assist in generating better mouse models of human cancer. 

An example of such a cross may be the telomerase-deficient, p53-
deficient compound mice (Artandi et al., 2000). p53-deficient mice develop 
relatively few carcinomas, tumors of epithelial origin.  Yet carcinomas are 
the most common tumor type observed in humans. One possible explanation 
for this difference is that the telomeres of inbred mice are very long (>50 
kb). Humans have considerably shorter telomeres, which become 
progressively shorter with age and the number of cell divisions completed in 
the absence of telomerase, the enzyme that maintains telomere length.  When 
telomerase-deficient mice are crossed for 4-6 generations, their telomeres 
become short enough to activate the p53 damage response, leading to 
increased p53 activity, apoptosis, and chromosomal instability, accompanied 
by premature aging phenotypes (Artandi et al., 2000).  When these mice are 
crossed into a p53+/– background, the resultant reduction in p53 dosage leads 
to an increase in survival of the chromosomally unstable cells, but these 
animals now display a much increased incidence of carcinomas of the 
mammary gland, colon and skin (Artandi et al., 2000).  Thus, the telomerase-
deficient, p53 heterozygous mice have been useful for providing a more 
humanized cancer model and for potentially illustrating the importance of 
telomeres in the genesis of epithelial cancers.  
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SOMATIC INACTIVATION OF P53 

The generation of mice with a deletion of one p53 allele mimics the 
inheritance of p53 loss-of-function mutations in Li-Fraumeni syndrome.  
However, these mice do not represent the majority of human cancers that 
arise from somatic inactivation of p53. To develop a mouse in which p53 
can be deleted almost at will, Dr. Berns’ group developed an allele of p53 
flanked by loxP sites in introns 1 and 10 (Jonkers et al., 2001). Expression of 
the Cre recombinase allows recombination at the loxP sites and deletion of 
DNA sequences in between, thus generating a p53-null allele. The 
expression of Cre then regulates deletion of p53.  This p53 conditional allele 
has been used to study loss of Brca2 and p53 in the genesis of mammary 
tumors in mice using the K14cre transgene. Brca2 and p53 deletion 
cooperated in the genesis of mammary tumors and skin tumors, but not for 
example in salivary gland tumors and tumors in other cell types expressing 
Cre. This experiment highlights the tissue specific nature of tumorigenesis 
caused by deletions in Brca2. Numerous transgenic mice expressing Cre in 
different cell types and at different times in development have been 
generated and can be used to delete p53 in specific tissues. Deletion of p53 
in specific cell types also offsets the problem of multiple tumors in p53 
heterozygous mice. Additionally, mice with a tamoxifen inducible Cre gene 
allow transient expression of Cre by addition of tamoxifen providing 
temporal control of gene expression (Hayashi and McMahon, 2002). The Flp 
recombinase is yet another recombinase that has more recently been 
developed for use in mice (Possemato et al., 2002). The concept is identical 
to that of Cre, but involves a different DNA sequence and a different 
recombinase protein. These developments will allow us to delete different 
tumor suppressors at different times to monitor the effects of timing and the 
order of events on the tumorigenic process. 

MICE WITH P53 MISSENSE MUTATIONS 

While the development of the p53-null mice has tremendously expanded 
our knowledge of the role of p53 in tumorigenesis, the most common type of 
alteration seen in human cancers and in Li-Fraumeni syndrome is a missense 
mutation in p53. In vitro overexpression systems suggest that p53 missense 
mutants would be more detrimental than absence of p53. Gain-of-function 
mutations are those missense mutations in which mutant p53 has additional 
functions not seen in wild-type p53 (Sigal and Rotter, 2000). For example, 
the p53R175H mutant was overexpressed in a nontransformed cell line 
lacking p53. In a test for tumorigenicity, the cell lines expressing the 
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p53R175H mutant yielded tumors in nude mice, while the parental cell lines 
did not (Dittmer et al., 1993).  The dominant-negative hypothesis is strongly 
supported by the observations that many mutant p53 proteins have an 
increased half-life (Slingerland et al., 1993) and that they oligomerize with 
wild type p53, inhibiting its function (Jeffrey et al., 1995; Milner and 
Medcalf, 1991; Sturzbecher et al., 1992). The in vivo relevance of missense 
mutations remains, largely unexplored. Several missense mutations in p53 
have been generated and studied in embryonic stem (ES) cells (previously 
reviewed by Parant and Lozano, 2003). This part of the review will focus on 
mice established from ES cells with missense mutations in p53.  

The first mouse to be described with a missense mutation in p53 encoded 
an arg-to-his substitution at amino acid172 which corresponds to the arg-to-
his mutation at amino acid 175 in human p53 (Liu et al., 2000). The 
p53R175H mutation alters the conformation of the p53 protein and is a 
common hot spot mutation present in 6% human cancers and in patients with 
Li-Fraumeni syndrome (Cho et al., 1994; Frebourg et al., 1995; Hussain and 
Harris, 1998). This mouse, however, expresses low levels of the mutant p53 
protein due to the additional mutation at a splice junction. Mice 
heterozygous for this hypomorphic allele differed from p53+/– mice in tumor 
spectrum, with a significant increase in the number of carcinomas and a 
slight decrease in the number of lymphomas. Moreover, 69% of the 
osteosarcomas and 40% of the carcinomas that developed in p53R172H∆g 
heterozygous mice metastasized, a rare occurrence in p53 heterozygous 
mice, providing the first in vivo evidence that a p53 missense mutation has a 
gain-of-function phenotype. An LOH study of tumors indicated that only 1 
of 11 had lost the wild type p53 allele. These data highlight clear differences 
between a p53 missense mutation and a p53-null allele in tumorigenesis in 
vivo and suggest that the p53R172H∆g mutant represents a gain-of-function 
allele. Mice containing a p53R172H allele without secondary mutations have 
been developed, but the results have not yet been published. 

As mentioned above, the ability of p53 to induce apoptosis is important 
in prevention of tumorigenesis. p53, however, also has less well studied 
roles in cell cycle arrest and senescence. Another human tumor specific 
mutation at amino acid 175, an arg-to-pro substitution results in a p53 
protein that still binds and activates the p21 promoter, but not the bax or 
IGF-BP3 promoters, for example.  In various cell lines tested, p53R175P can 
induce cell cycle arrest, but not apoptosis (Ludwig et al., 1996; Rowan et al., 
1996). Thus, this important mutant separates the cell cycle arrest and 
apoptotic functions of p53. To distinguish the importance of apoptosis versus 
cell cycle arrest in the development of tumors, a mouse was generated 
containing this point mutation (Liu et al., 2004). 
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Mice inheriting the equivalent mutation in mice, an arg-to-pro 
substitution at amino acid 172, and mouse embryo fibroblasts (MEFs) 
homozygous for the alteration were characterized in detail. The initial 
experiments were aimed at determining whether these p53515C/515C mice 
lacked the ability to induce apoptosis yet retained cell cycle arrest function.  
Apoptosis was measured using MEFs sensitized to induce apoptosis with 
E1A and treated with adriamycin or deprived of serum. p53-dependent 
apoptosis was also measured in vivo in thymocytes and in embryonic brains 
after IR. In all assays, in all cell types examined, the p53-R172P protein was 
unable to induce apoptosis reminiscent of cells lacking p53.  With regards to 
cell cycle arrest, cells homozygous for p53515C retained a partial cell cycle 
arrest function in response to IR, and initiated expression of p21, albeit at 
lower levels that wild type p53 cells.  Thus, in vivo, the p53-R172P protein 
retained a partial p53 cell cycle arrest function, but was devoid of apoptotic 
activity and allowed testing of the hypothesis that the cell cycle arrest 
function was critical for tumor development in vivo. 

Mice homozygous for the p53515C mutation were monitored for tumor 
development. When compared to p53–/– mice, p53515C/515C mice show delayed 
onset of tumorigenesis. At 6 months of age whereby approximately 90% of 
the p53-null mice have developed tumors, only 10% of the p53515C/515C mice 
have died. If apoptosis was the only critical function of p53 involved in 
tumor suppression, no difference in survival should have been noted. The 
delay in tumorigenesis in p53515C/515C mice is strong evidence that p53-
dependent apoptosis is not the sole determinant of p53 tumor suppression. 
The majority of tumors that developed in these mice are lymphomas and 
sarcomas. Approximately 38% of the mice had highly disseminated 
lymphoma, only two of which were T cell lymphomas. Most lymphomas 
stained positive for both CD4 and B cell markers suggesting that they arose 
from an early progenitor or histiocytic cell. In contrast, 75% of p53-null 
mice develop thymic lymphomas (Donehower et al., 1992; Jacks et al., 
1994). 43% of p53515C homozygous mice had different types of high-grade 
sarcomas including osteosarcomas, angiosarcomas, and 
rhabdomyosarcomas. Atypical hyperplasia in the spleen was commonly 
observed in 43% of p53515C/515C mice. Thus, the tumor spectrum of mice that 
retain a cell cycle arrest function is different from those with deletion of p53. 

To begin to get at the function of the p53-R172P protein that delayed 
tumorigenesis, tumor samples were analyzed for ploidy.  Amazingly, tumors 
from p53515C homozygous mice were diploid in sharp contrast to tumors 
derived from p53–/– mice, which are aneuploid. This phenotype was also 
visible in MEFs. Whereas p53-null MEFs become aneuploid within a few 
passages in culture, cells homozygous for the p53515C allele remain diploid. 
This observation led to the intriguing possibility that the cell cycle arrest 
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function of p53 is responsible for maintaining a normal genome. Further 
experiments will be initiated to prove or disprove this hypothesis. However, 
the ability of p53 to arrest the cell cycle can no longer be ignored as a 
mechanism of tumor suppression. 

p53 PHOSPHORYLATION MUTANTS 

Phosphorylation plays a key role in regulating p53 activity. p53 is 
phosphorylated at multiple sites by numerous kinases in response to DNA 
damage (Appella and Anderson, 2001). The functional consequences of 
phosphorylation vary.  Phosphorylation at the amino terminus activates p53 
by dislodging its inhibitor, MDM2 (Shieh et al., 1997; Unger et al., 1999). 
Phosphorylation and dephosphorylation of different amino acids at the 
carboxyl terminus activate the intrinsic DNA binding activity of p53 (Hupp 
et al., 1992; Waterman et al., 1998). The role of phosphorylation is further 
complicated by the finding that the phosphorylation status varies as a 
function of the stimulus.  For example, treatment of cells with UV but not IR 
causes phosphorylation of p53 serine 392 (Kapoor and Lozano, 1998; Lu et 
al., 1998) and phosphorylation of serine 20 is absent in UV treated cells 
(Shieh et al., 1999). Additional experiments mutating every serine and 
threonine yielded a p53 protein that could not be phosphorylated, yet 
retained transcriptional activity in transient transfection assays (Ashcroft et 
al., 1999), suggesting that mechanisms other than phosphorylation can also 
activate p53.  In vivo analysis of different phosphorylation mutants is likely 
to provide insight into the importance of p53 phosphorylation. 

To date, several ES cell lines have been characterized with specific 
mutations of phosphorylated amino acids, but only one has been used to 
generate mice.  Jones and colleagues have generated mice containing a ser-
to-ala mutation at murine p53 amino serine 18 that corresponds to serine 15 
in human p53 (Sluss et al., 2004). Phosphorylation at this amino acid 
upregulates p53 activity by interfering with Mdm2 binding and degradation 
of p53. Thus, a mutation at p53 serine 18 should result in decreased p53 
activity due to the inability of Mdm2 to be dislodged by phosphorylation. In 
response to IR, thymocytes homozygous for p53ala18 showed a decreased 
apoptotic response. In all other assays, however, cells homozygous for 
p53ala18 looked identical to wild type cells. p53ala18 homozygous  mice 
also did not exhibit a tumor phenotype at 40 weeks of age. The data from 
this experiment is contrary to expectations, but emphasizes the complex 
nature of phosphorylation in p53 regulation and perhaps indicates a role for 
other phosphorylation or regulatory events in regulating p53 activity. 
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A MOUSE MODEL WITH A HUMAN/MOUSE CHIMERIC 
p53 GENE 

One other fascinating allele has been generated in mice. The human p53 
knock-in (hupki) allele replaces exons 4-9 of the mouse with human p53 
sequences (Luo et al., 2001b). The region encompassing exons 4-9 (amino 
acids 33-331 in human p53) encodes the DNA binding domain where most 
p53 mutations occur and contains 4 of the 5 highly conserved domains. The 
hupki protein seems identical to the mouse wild type p53 protein in several 
assays. The p53 and p53hupki alleles show no difference in RNA expression 
levels, induction of p53 targets p21 and bax in response to IR, DNA binding 
activity, and p53-dependent apoptosis in thymocytes. Importantly, no 
spontaneous tumor formation was observed in p53hupki homozygous mice 
as might have been expected if the human/mouse chimeric protein 
malfunctioned.  Thus, the p53hupki homozygous mice appear biologically 
equivalent to p53 wild type mice and provide a unique tool for studying 
spontaneous or chemical induced tumorigenesis. For example, aflatoxin 
exposure causes a common mutation at codon 249 altering AGG to AGT (an 
arg to ser mutation) in human p53. Since the murine sequence differs at this 
nucleotide, aflatoxin exposure does not alter this amino acid in the mouse.  A 
related approach was tested by UV irradiation of the skin of the p53hupki 
mice.  DNA from the irradiated cells exhibited p53 mutations at the same 
hotspot sites identified in human skin cancers (Luo et al., 2001a). 
Additionally, the p53hupki mouse will allow modeling of the proline 
polymorphism at human p53 amino acid 72. 

MOUSE MODELS OF ELEVATED P53 EXPRESSION 
AND ACTIVITY 

Much work has been done generating mice that lack p53 or contain 
various mutant forms of the protein.  In the past, many have attempted to 
generate a mouse with elevated levels of p53 (Allemand et al., 1999; Choi 
and Donehower, 1999; Godley et al., 1996; Nakamura et al., 1995). These 
attempts, for the most part, have been of mixed success, hampered by 
difficulties obtaining the appropriate transcriptional regulation of the 
transgene.  Most of the attempts have resulted in faulty differentiation or 
lethality due to overly high levels of p53.  

Recently the production of a p53 mutant mouse with elevated p53 
activity that did not result in lethality was reported (Tyner et al., 2002).  The 
p53+/m mouse contains one wild type p53 allele and one mutant allele. The 
p53 mutant allele consists of exons 7 to 11 with a point mutant at position 
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245.  A promoter region, now known to belong to the Vamp2 gene, upstream 
of the mutant p53 allele drives expression of a short mRNA, which is 
translated into a 150 amino acid C-terminal p53 protein.  The m allele 
mRNA (Tyner et al., 2002) and protein (unpublished results) have been 
detected in differing amounts in many tissues of the mouse. It was 
demonstrated that wild type p53 in the presence of the m protein is more 
abundant, has increased stability and increased transactivation activity.  
Thus, the p53+/m mouse model is one of constitutively hyperactivated p53. 

Consistent with the expectation of elevated p53 activity, p53+/m mice are 
tumor resistant.  These mice were monitored over their lifespan and none of 
the 35 mice developed overt, life-threatening tumors, while 2 of 35 
developed localized tumor lesions (Tyner et al., 2002).  In comparison, 48% 
of their wild type counterparts developed a range of tumor lesions, 
predominantly lymphomas.  However, it seemed that the mutant mouse was 
not trouble free. The p53+/m mouse, when aged, died earlier than the wild 
type; in fact, the median lifespan of a p53+/m mouse is 96 weeks versus 118 
weeks for a wild type mouse. Close characterization revealed the mutant 
mouse to have several phenotypes consistent with premature aging.  These 
included reduced body weight, reduced size and cellularity of various 
organs, osteopenia and associated kyphosis of the spine, and reduced 
regenerative ability following tissue ablation. It should be noted that there 
were a few aging traits the p53+/m mouse did not possess, including 
atherosclerosis, joint diseases, cataracts, hair graying, alopecia, autoimmune 
diseases, liver or kidney pathologies, brain atrophy or amyloid plaques and 
atrophy of intestinal villi.  Thus the p53+/m mouse model is one of tumor 
resistance and “partial” accelerated aging characteristics.  It is unclear what 
the cause of death was for these mice, since they were not shown to display 
any obvious lethal pathologies; their death is most consistent with the human 
frailty syndrome of organ functional decline. 

How the m protein increases wild type p53 activity and stability is not 
known.  It is possible that upon binding to p53, the m protein alters p53 
latent conformation rendering it more active. Another unknown is how 
elevated p53 contributes to the aging process. p53 is a transcriptional 
regulator of many genes which have an ultimate effect on cellular fate 
decisions including: cell cycle arrest, both transient and terminal 
(senescence), and apoptosis.  Obviously these cellular outcomes if 
augmented could have a drastic effect on tissue homeostasis and ultimately 
lifespan. In addition, the p53+/m mouse phenotypes of reduced organ 
cellularity and tissue regenerative ability are consistent with a potential stem 
cell aberration.  It is possible that elevated p53 has a negative effect on tissue 
stem cells resulting in a reduced functionality. These processes and many 
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more are being studied carefully in an attempt to elucidate p53’s role in 
orchestrating the aging process. 

Garcia-Cao and co-workers (Garcia-Cao et al., 2002) recently reported 
the production of yet another mouse with elevated p53 levels, named the 
super-p53 mouse (Garcia-Cao et al., 2002).  The group bypassed traditional 
problems associated with making a p53 transgenic by utilizing bacterial 
artificial chromosomes (BACS) to introduce p53 into the genome.  They 
isolated 2 genomic sequences containing p53 from a mouse BAC library, 
containing each one (p53-tg) and two (p53-tgb) copies of p53, and made two 
transgenic mice. The transgenes were shown to be functional; when the p53-
tg mice (one copy of p53) were crossed to p53-null mice, the offspring had 
p53 responses (transactivation ability, apoptosis, and tumorigenesis) similar 
to the p53+/– mouse. Their work concentrated on the “super-p53” mouse, 
which contains wild type genomic p53 and a single copy of the p53-tg BAC.  
The mouse was demonstrated to be developmentally normal (fertile with no 
obvious nor histological phenotypes), but possessed elevated p53 responses 
to cellular stress.  Consistent with elevated active p53, the mice were shown 
to be tumor resistant when exposed to two different carcinogenic agents.  In 
light of the p53+/m mouse, Garcia-Cao et al (2002) analyzed the super-p53 
mouse for evidence of accelerated aging.  The super-p53 mice have a similar 
life span to wild type mice and do not exhibit any phenotypes consistent with 
aging.  Tumorigenesis was not the main cause of death in the animals since 
only 16% of old super-53 mice died of tumors, versus 47% of wild type 
mice.  It seemed the most obvious lethal pathology was renal dysfunction 
caused by glomerulonephritis, also a common cause of death in wild type 
mice. 

Discrepancies clearly exist between these two described models of p53 
over expression.  Both models strongly support the role of p53 as a tumor 
suppressor and demonstrate increased tumor resistance with elevated p53.  
However, the p53+/m mouse prematurely ages resulting in decreased 
longevity, while the super-p53 mouse has a normal lifespan.   It has been 
proposed the reason for this difference is again due to p53 regulation 
(Donehower, 2002; Klatt and Serrano, 2003).  It is hypothesized that the 
p53+/m mouse has constitutively higher levels of p53 whereas the super-p53 
mouse has normal regulation of p53 and levels are only increased following 
cellular stress.  It is possible that the more constitutively active p53 in the 
p53+/m model is responsible for the aging phenotype seen.   

Another possible interpretation is provided by a recent report from Maier 
et al. (2004) A transgenic mouse containing a truncated transgene of 44 kDa 
missing an amino terminal p53 segment was shown to result in reduced 
growth and shortened life span accompanied by some premature aging 
phenotypes such as osteoporosis. However, in this case, the phenotypes were 
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ascribed to hyperactivation effects of the transgene product on the IGF 
signaling pathway.  This IGF signaling in turn produced more activated ERK 
signaling, which ultimately increased activation of the p21 cyclin dependent 
kinase inhibitor.  The growth retardation and aging phenotypes were thus 
attributed to growth inhibitory effects mediated by p21 through p53 
upregulation of IGF-1 signaling. However, whether other p53 activated 
pathways were also involved in the observed phenotypes was unclear.   
When the p44 transgene product could interact with wild type p53 and when 
it was crossed into a p53-null background, there was no significant effect on 
growth rates in the absence of p53, indicating the interaction of p44 with 
wild type p53 is likely to be critical for the p44 effects. Thus, it now appears 
that two different lines of mice with truncated forms of p53 can affect 
longevity and aging-associated phenotypes, implicating wild type p53 as a 
regulator of the aging process.    

SUMMARY 

This review was intended to illustrate some of the insights gained from 
the various genetic manipulations of the p53 gene in the germline of the 
mouse.  It should be clear from the models presented that alteration of p53 
structure and/or expression levels can have amazingly diverse effects on 
cancer, development, and aging in the mouse. Many of the phenotypes 
observed in the p53 mutant mice could not have been predicted from cell 
culture studies or even analysis of p53 mutations in human tumors.  Thus, 
p53 mutant mouse models have provided a rich resource for further 
understanding of p53 functions in an organismal context. Future refinements 
of genetic engineering techniques in the mouse should lead to even more 
insights and perhaps even more surprises.     
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P53, P63, AND P73: INTERNECINE RELATIONS?
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INTRODUCTION 

The discoveries of p63 and p73 as genes related to the vaunted tumor 
suppressor p53 launched questions that remain largely unanswered, and fuel 
controversy and debate.  Do these homologs behave like p53?  Do they also 
act in tumor suppression?  What were their origins – spin-offs of an ancestral 
p53 gene, or, in fact, predecessors of this famed ‘guardian of the genome’?   
In vivo studies clearly reveal distinct physiological roles for p53, p63, and 
p73.  But do these belie cooperative or antagonistic interactions within the 
p53 gene family? 

Answers to these questions will be key to understanding the biological 
activities of the p53 family, the mechanisms by which each member directs 
unique physiological programs, as well as the extent of their functional 
interactions.  Beyond any significance they may have in cancer biology, the 
p53 homologs are also distinguishing themselves as pivotal mediators of 
stem cell maintenance, homeostasis, and development.  We discuss the 
various and often contrasting views in studies to date, as they underscore the 
complexity and challenges presented by this intriguing gene family. 
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STARTING AT THE BEGINNING:  ORIGINS OF THE P53 
FAMILY 

It had been known prior to the discoveries of p73 and p63 that genes 
distantly related to p53 were present in mollusks (Barker et al., 1997; van 
Beneden et al., 1997), suggesting that p53 functions arose in invertebrates.  
This notion was both supported yet challenged by the cloning of p73 
(Kaghad et al., 1997) and p63 (Yang et al., 1998; Osada et al., 1998; 
Augustin et al., 1998; Senoo et al., 1998) – which demonstrated that these 
homologs were actually much more related to the mollusk p53-like gene 
than was mammalian p53 itself.  Yet upon the sequencing of the Drosophila 
melanogaster and C. elegans genomes, a single p53-like gene was identified 
in each species and purported to be, in fact, the ancestral p53 (Brodsky et al., 
2000; Ollmann et al., 2000; Derry et al., 2001; Schumacher et al., 2001).  
Further experiments in each of these organisms supported p53-like 
functions, including apoptosis and chromosome maintenance.  In particular, 
Drosophila p53 (Dmp53) was generally linked to apoptosis in response to 
DNA damage in a process that could involve its ability to transactivate 
Reaper (Brodsky et al., 2000; Ollmann et al., 2000).  In more genetically 
defined experiments, C. elegans p53 (Cep53 or CEP-1) was shown to be 
important for apoptosis of germ cells following DNA damage, and separate 
experiments tied Cep53 to meiotic chromosome segregation (Derry et al., 
2001; Schumacher et al., 2001).  Curiously, somatic cells did not appear 
dependent on Cep53 for DNA damage-induced apoptosis, suggesting the 
possibility that this early p53 activity served to protect genome fidelity rather 
than to marshal against tumor growth.  More recent work has shown that 
Dmp53 is a central feature of the response to DNA damage through the 
simultaneous activation of genes involved in apoptosis, such as Hid, Reaper, 
and Sickle, as well as DNA repair genes including Ku70 and Ku80 (Peters et 
al., 2002; Jassim et al., 2003; Sogame et al., 2003; Brodsky et al., 2004).  
The sum of these data argues strongly that at least some of the basic 
functions we attribute to mammalian p53 evolved in invertebrates and was 
executed by a p53-like protein.   

What may be incorrect about this picture is the identity, or designation, of 
these orthologs as p53 per se.  Certainly BLAST searches reveal both 
Dmp53 and Cep53 to be more closely related to p63 than to p73 or p53.  But 
an even stronger argument for the priority of p63 in the evolution of this 
gene family comes from the analysis of p53-like genes in metazoan 
evolution.  As noted, the only p53-like protein reported in mollusks is highly 
homologous with mammalian p63 (Barker et al., 1997; van Beneden et al., 
1997; Yang et al., 1998).  This observation is significant because phylogenic 
assemblies of metazoan evolution indicate a bifurcation, occurring some 400 
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million years ago, of protostomes (including mollusks, insects, and 
nematodes) and deuterostomes (represented by hemi-chordates and 
chordates) (Gerhart and Kirschner, 1997; Aguinaldo et al., 1997).   The 
presence of p63, and not p73 or p53, on both divergent paths therefore 
highlights its identity as the primitive ancestor of the ensuing gene family 
(Yang et al., 2002; Figure 1).  

Arguments about the phylogeny of the p53 family may be more than 
academic.  The capacity of Drosophila and C. elegans as powerful model 
systems from which to deduce gene function in higher organisms is less than 
clear:  do the data from flies and worms tell us more about p53, or do they 
reflect the functions of its true ancestor, p63? 

Chordata
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Echiura
Mollusca

Arthropoda (Dmp53, Cep1)

Hemichordata
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Figure 1. Evolution of the p53 Family of Genes (A) A plausible scenario for the evolution of 
the p53 family members based on comparisons of p53-like sequences derived from 
invertebrates and vertebrates. A major divergence of metazoan phylogeny giving rise to 
protostomes, including mollusks, and to deuterostomes, including vertebrates, is shown.  A 
schematic of the solitary p53-like gene in mollusks is depicted, encoding a product with 
strong homology to the human TA-p63alpha protein. Similarly, the single p53-like molecule 
in flies and nematode worms is also more similar to p63 than to p73 or p53, suggesting the 
likely ancestral gene was similar to TAp63alpha. TA, transactivation domain, DBD, DNA 
binding domain, SAM, sterile alpha motif, a protein-protein interaction domain. (B) 
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Schematic depicting the ancestral member of the p53 family having a transactivation domain 
(TA), a DNA-binding domain (DBD), and a C-terminal domain (C-term). The arrows indicate 
the most likely sequence of events leading to the p53 family seen in vertebrates.  First, there 
appears to be the gain of a separate promoter that gives rise to ∆N isoforms of the original 
gene, as well as splicing strategies that yield C-terminal variations. During the genome 
quadruplication (Holland, 2003) events that led up to vertebrate evolution, the p73 gene is 
thought to arise from a duplication of the p63 gene, and the mammalian p53 is shown to arise 
from a duplication of the p73 gene. The functions listed for each gene is a partial list and 
mostly derived from analyses of mouse gene knockout models. 

TYPECASTING THE HOMOLOGS: DYING TO BE P53? 

In light of their striking sequence and structural similarities to p53, the 
homologs were widely anticipated to share p53’s role in growth control, cell 
death, and even tumor suppression.  Indeed, p73 is localized to a region on 
chromosome 1p36 commonly lost in human cancers, a trademark of tumor 
suppressor genes.  p63 and p73 also passed a bevy of litmus tests for p53 
function: they can bind to and transactivate canonical p53 targets (Jost et al., 
1997; Kaghad et al., 1997; Yang et al., 1998; Chen et al., 2003) induce 
apoptosis when overexpressed in cells (Jost et al., 1997; Osada et al., 1998; 
Yang et al., 1998), and appear to respond to DNA damage in some instances 
(Agami et al., 1999; Gong et al., 1999; Yuan et al., 1999; Flores et al., 2002). 

Yet there were hints early on that p63 and p73 would not fit so easily into 
the p53 tumor suppressor mold.  For one, mutations in p63 or p73 are 
exceedingly rare in human cancers (Kaghad et al., 1997; Osada et al., 1998), 
though epigenetic modulation of these genes and links between expression 
and disease prognosis have been reported (Hibi et al., 2000; Davis and 
Dowdy, 2001; Lindstrom and Wiman, 2002; Puig et al., 2003; Koga et al., 
2003).   These clinical findings were verified by mouse knockout (KO) 
studies which revealed no predisposition for tumors in p73-deficient mice 
(Yang et al., 2000).  The neonatal lethality in p63 KO mice precluded an 
analysis of tumor susceptibility (Yang et al., 1999; Mills et al., 1999), but no 
evidence of a link between p63 deficiency and tumorigenesis has been 
established in vivo.  Indeed, mutations in p63 have been found in human 
patients, but these are associated with severe developmental syndromes 
without a corresponding increase in cancer rates (Celli et al., 1999; Duijf et 
al., 2002; van Bokhoven and McKeon, 2002).   

A closer examination of p63 and p73 provides a likely explanation for 
their deviation from p53 paradigms:  unlike the p53 gene, which encodes a 
single, major transcript, the p63 and p73 genes share a more complex 
structure (Figure 2). Two separate promoters drive the expression of 
fundamentally different classes of p63/p73 proteins. The distal promoter 
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gives rise to p63/p73 proteins containing an acidic, N-terminal 
transactivation (TAp63/p73) domain analogous to that found in p53. A 
second, internal promoter generates products lacking this N-terminus 
(∆Np63/p73), but having the same DNA-binding and oligomerization 
sequences. Notably, these ∆N isoforms are capable of acting as dominant 
negatives toward their TA counterparts, and even toward p53 itself (Yang et 
al., 1998; Yang et al., 2000, Grob et al., 2001). The physiological 
significance of these findings is suggested by the apparent need to down-
regulate ∆N isoforms of p63 or p73 in some p53-dependent processes of cell 
death (Liefer et al., 2000; Pozniak et al., 2000).  Alternative splicing events 
at the C-terminus offer even more variety to p63 and p73’s form and 
functionality (Figure 2). For instance, p63/p73 alpha isoforms contain a 
sterile-alpha-motif (SAM) that may be important for protein-protein 
interactions.  A stretch of 70 amino acids at the end of TAp63/p73 has also 
been shown to bind the transactivation domain in a mechanism of 
intramolecular inhibition (Serber et al., 2002). 
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Figure 2. Structure of the p53 Homologs.  Schematic depicts the genomic organization of the 
p63 and p73 genes, located on human chromsome 3q27 and 1p36.3, respectively.  Complex 
alternative splicing and the use of two distinct promoters (TA, ∆N) result in a wide array of 
transcripts. The main functional domains essential for p53’s tumor suppressor and growth 
control activities - an N-terminal transactivation (TA) region, a core DNA-binding domain, 
and a C-terminal oligomerization (oligo) domain - are conserved in p63 and p73.  Additional 
domains, including a sterile alpha motif (SAM) and a transactivation inhibitory domain (TID) 
at the extreme C-terminus, may serve as regulatory elements not found in p53. 



214 Chapter 9
 

Despite obvious differences between p53 and its homologs, and the 
nuances posed by the multitude of gene products, functional studies on p63 
and p73 have displayed a decidedly p53-centric theme. The two major 
activities of p53 – growth arrest and induction of apoptosis – can each be 
executed by p63 and p73 in experimental settings. Several groups have thus 
championed the notion that p73 – and, to an extent, p63 – play fundamental 
roles in regulating proliferation and cell death. p73 is reportedly an essential 
component of E2F-mediated apoptosis, both in response to DNA damage as 
well as in activated T cells (Lissy et al., 2000; Irwin et al., 2000; Alexander 
et al., 2003; Pediconi et al., 2003).  Studies in E1A-transformed fibroblasts 
go on to demonstrate a requirement for p63 and p73 in the apoptosis 
functions of p53 itself (Flores et al., 2002).  Finally, it has been reported that 
inactivation of p73 contributes to chemoresistance in human cancer cells 
(Irwin et al., 2003), leading some to suggest p73’s importance in clinical 
outcome and response to therapy (Bergamaschi et al., 2003; Gasco and 
Crook, 2003).  

While tantalizing, the above results are tempered by several lines of 
evidence against the notion that p63 and p73 serve predominantly p53-like 
roles in apoptosis and tumor suppression. For one, most of these experiments 
fail to address or explain the activity of ∆Np63/p73 proteins, which are often 
expressed at much higher levels than their TA counterparts under basal 
conditions.  In fact, numerous studies point to the over-expression of wild 
type p63 or p73 in tumor cells (Kaghad et al., 1997; Yang et al., 1998; Hibi 
et al., 2000), thereby challenging the notion that these homologs have anti-
tumor properties.  Indeed, it may be telling that p63 and p73 do not appear to 
be targets for mutagenesis or inactivation in human cancers (Ikawa et al., 
1999; Melino et al., 2002; Bernard et al., 2003).   Arguably the most 
convincing proof that p53 is a tumor suppressor comes from its high rates of 
mutation and functional alteration in tumors.  If p63 or p73 plays such an 
essential role in cell death, one might expect the clinical data to reflect 
selective pressure against these genes in cancer.  And, as noted above, mouse 
models of p73 deficiency do not reveal an increased susceptibility to 
spontaneous tumorigenesis (Yang et al., 2000).  Recent work from our 
laboratory has also found no evidence for p63 or p73 in p53-dependent or 
independent apoptosis in genetically defined (with respect to p53/p63/p73 
status) T cells (M. Senoo and F.M., unpublished observations).  Together, 
these data argue against a general requirement for p63 and p73 in 
mechanisms of cell death, and caution against the prevailing belief that the 
p53 homologs play pivotal roles in tumor suppression.  
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P63 IN EPITHELIAL PROGENITORS – THE 
CONTROVERSY CONTINUES 

If p63 and p73 ultimately disappoint as tumor suppressors, they have 
nevertheless emerged as critical regulators of several fundamental 
physiological processes. Of the two, p63 is perhaps more accessible with 
regard to efforts toward understanding its biological function.  Our first clues 
came with the observation that anti-p63 monoclonal antibodies detected 
abundant expression in the progenitor cells of many glandular and squamous 
epithelial tissues, including skin, breast, prostate, and urothelia.  In all these 
epithelial tissues, p63 decreased dramatically with cellular differentiation.  
To further probe p63 function, we and others engineered mice with a 
targeted disruption of the p63 locus (Yang et al., 1999; Mills et al., 1999).  
Strikingly, p63-deficient mice were born without limbs, epidermis, breast, 
prostate, urothelia, and all other tissues which normally harbored p63 in their 
progenitor cells.  While the overall phenotype and cause of death of these 
mice were stipulated by the two groups, the mechanism underlying the loss 
of epithelial tissues was the subject of considerable debate (Figure 3).  Mills 
et al. argued that p63 was actually a “commitment” factor required for the 
conversion of an undifferentiated ectoderm to, for example, an epidermal 
lineage (Mills et al., 1999; Koster et al., 2004).  The basis for this argument 
was their failure to observe either a stratified epidermis or epidermal 
differentiation markers on the surface of the embryos.  In contrast, we 
observed clear evidence of stratification and differentiation markers, 
although most of this differentiated epidermis appeared to be in the process 
of lifting from the surface of the embryo (Yang et al., 1999).  We therefore 
argued that neither commitment nor differentiation was affected by the loss 
of p63.  Instead, the catastrophic loss of stratifying epidermis, coupled with 
the high expression of p63 in progenitor cells, led us to conclude that the 
defect was in ‘proliferation potential’-- these tissues simply ran out of stem, 
or reserve, cells needed to maintain such regenerative epithelia.  At the time, 
this seemed a fairly novel proposition -- corresponding factors essential for 
the proliferative potential of embryonic, hematopoietic, or neural stem cells 
had yet to be determined.  Additional lines of evidence can be put forth to 
support a role for p63 in proliferative potential rather than commitment, 
differentiation, or proliferation per se.  For one, DeLuca and colleagues used 
the epithelial stem cell cloning techniques of Howard Green (Barrandon and 
Green, 1985) to show that cells with the highest proliferative potential have 
the highest expression of p63 (Pelligrini et al., 2001).  In addition, we have 
examined the thymic epithelium in p63-deficient mice, and have shown that 
the defects in thymus development are attributed to the loss of proliferative 
potential. In these animals, thymic epithelial commitment and differentiation 
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-- as judged by their ability to support T cell development and proliferation – 
appear unaffected (M. Senoo and F.M., unpublished). 

Figure 3. Function in Epithelial Stem Cells Deduced from Mouse Mutants.  Epithelial tissues 
including epidermis, breast, and prostate are depicted arising from a committed stem cell that 
in turn is derived from an uncommitted ectodermal (or endodermal) cell.  Mills et al. (1999) 
argued that the loss of p63 prevents commitment and therefore differentiation of ectoderm to 
stem cells.  Yang et al. (1999) argued that differentiation of epidermis was unimpeded in the 
p63-null mouse, and therefore that neither differentiation nor commitment was affected.  
Instead, the latter view would propose that p63 is required to maintain the proliferative 
potential of epithelial stem cells. 

If p63 is required to maintain the proliferative potential of the progenitor 
cells of the various epithelial tissues, how does it do it?  Whereas one simple 
explanation would be that p63 transactivates a number of “stem cell genes” 
that maintain the cell in some immature state, virtually all of the p63 
expressed in these cells is of the “∆N” form, and therefore largely lacking 
any obvious means of driving gene expression.  An alternative is that ∆Np63 
is acting to repress genes that would otherwise be engaged in programs of 
differentiation or senescence.  This hypothesis is somewhat appealing 
because it brings p63 into analogy with Bmi-1, a gene recently shown to be 
essential for maintaining hematopoietic and neural stem cells (Lessard and 
Sauvageau, 2003; Park et al., 2003; Molofsky et al., 2003).  More detailed 
experiments have now narrowed its function to proliferative potential of 
blood cells and subsets of neurons.  Bmi-1 is also of tremendous interest 
because it is homologous to proteins in the polycomb complex known to 
repress Hox gene expression during development and other genes in adults.  
Given that p63 and Bmi-1 are the only known adult stem cell factors 
required for proliferative potential, and both appear to act as repressors, an 
attractive possibility is that they function in analogous pathways to maintain 
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stem cells. One of the target genes for Bmi-1 repression is the INK4A locus 
implicated in pathways of cellular senescence (Jacobs et al., 1999; Jacobs 
and van Lohuizen, 2002).  Presumably, suppressing pathways of senescence 
is one of many required to maintain a cellular state where immortality, 
without loss of proliferation control, is achieved. It remains to be seen 
whether p63 achieves stem cell control by similar mechanisms, perhaps even 
via direct interactions with polycomb complexes or other chromatin 
remodeling factors.  

SENSE AND SENSIBILITY: THE MANY FUNCTIONS OF 
P73  

p73’s biological activities are probably the most enigmatic of the p53 
family members because they appear so distributed (Kaghad et al., 1997; 
Yang et al., 2000).  Indeed, p73 seems to be recruited for everything from 
pheromone transduction to inflammation control to the development of key 
portions of the brain required for memory acquisition.  Again, the mouse 
knockout phenotype has been instrumental to uncovering the remarkably 
diverse roles assumed by p73 (Yang et al., 2000).  Unlike the p63-null 
mouse, which dies at birth, p73-deficient mice are viable and appear similar 
to littermates at birth.  Within the next few days, however, they assume a 
runted appearance, show inflammation in their nasal passages, and develop 
gastrointestinal hemorrhages leading to high rates of mortality.  Survivors 
gain weight but show varying degrees of hydrocephalus, likely due to an 
inappropriate secretion and/or absorption of cerebrospinal fluid (CSF).  In 
adulthood, additional defects become apparent as p73-deficient mice show 
limited interactions with other mice and fail to respond to social and mating 
cues.  Further analysis linked these behavioral defects to the absence of 
pheromone receptors in neurosensory cells of the vomeronasal organ.  
Together, these aspects of the knockout phenotype pointed to an essential 
role for p73 in various pathways of sensory and homeostatic control.  Such 
activities are somewhat analogous to the DNA damage-sensing abilities of 
p53, and may reflect a conserved biological function in members of this gene 
family.   

p73-deficient mice also display an unusual defect in the hippocampus, 
thought to be the center of learning and memory in higher mammals.  
Marked by a ‘wavy’ formation of pyramidal neurons in the CA2 region and 
a highly distorted dentate gyrus, this hippocampal dysgenesis is 
accompanied by the absence of Cajal-Retizus (CR) cells, a distinct 
population of bipolar “pioneer” neurons that occupy the marginal zone of the 
cortex and the molecular zone of the hippocampus (Sarnat and Flores-Sarnat, 



218 Chapter 9
 
2002). Importantly, the CR neurons are known to secrete reelin, a key 
regulator of neuronal migration, and have thus been linked to catastrophic 
cortical lamination defects in the Reeler mouse (Frotscher, 1998). p73-
deficient mice, however, do not exhibit any defects in cortical lamination 
such as those seen in reeler mutants.  This finding challenged previously 
held notions on the cortical lamination function of the Cajal-Retzius cells, 
and instead focused efforts on understanding how these pioneer neurons 
affect the organization of the hippocampus (Yang et al., 2000; Meyer at al., 
2002).   

The apparent requirement for p73 in the maintenance of CR neurons 
suggests a pro-survival function for this p53 homolog.  In a separate study of 
the peripheral nervous system, Kaplan and colleagues reported the loss of 
nearly fifty percent of the sympathetic neurons in the p73-null mouse 
(Pozniak et al., 2000). They attributed this loss to the requirement of 
dominant-negative forms of p73 to offset the actions of p53 that would lead 
to apoptosis.  We are far from a mechanistic understanding of p73 function 
in Cajal-Retzius neurons, other than knowing that the loss of p53 does not 
rescue the hippocampal dysgenesis in p53/p73 double mutant mice (A.Y. & 
F.M., unpublished observations).  

It is also unclear if common themes for p73 function can be derived from 
the litany of p73-dependent physiological systems affected in the knockout 
mouse.  Part of the problem in making functional links between these 
seemingly diverse systems is that some might use p73 as a transcriptional 
activator and others as transcriptional repressors in the form of ∆Np73. As 
with p63, it will be important to determine p73’s isoform specificity and 
function in the signaling pathways of pheromone detection, inflammation, 
CSF dynamics, and neuronal survival.   

CONCLUSIONS 

The p53 family has undergone a remarkable series of structural and 
functional metamorphoses in its progression from protector of germ cells in 
invertebrates to regulators of tumor suppression, epithelial stem cells, 
homeostasis, and neurogenesis in vertebrates.  The accumulated complexity 
of the p53 homologs is at once daunting and provocative.  The various 
debates and contradictions seem unavoidable given the functional dichotomy 
inherent to the TA and ∆N isoforms of the p63 and p73 genes.  In the area of 
cancer biology, battle lines are still being drawn with respect to the roles of 
these genes in tumor suppression versus tumor promotion, both of which are 
conceivable in light of the pro- and anti-p53 properties of the TA and ∆N 
isoforms.  The mouse knockout models have offered intriguing insights into 
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the individual functions of the p53 family members, but have left us with no 
clear impression of overlapping or synergistic functional interactions within 
the family.  Given the high conservation of their DNA binding domains, the 
lack of phenotypic similarities in the p53, p63, and p73 knockout mice is 
surprising.  An outstanding question is how these transcription factors 
distinguish among their physiological targets, particularly in cells where two 
or more family members are co-expressed.  Obviously the levels of control 
of genetic programs are more subtle and intricate than imagined at present, 
as are the extent and consequence of interactions among the p53 family 
members. The challenge facing the field is to understand how these 
intriguing molecules work -- alone or together -- to effect intricate, subtle, 
and mysterious processes in the cell.  
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INTRODUCTION 

Approximately half of human tumors bear p53 mutations (Hollestein et 
al., 1997). The most prevalent type consists of missense mutations that are 
frequently accompanied by loss of the remaining wild-type p53 (wt-p53) 
allele (Hainaut et al., 1997; Levine, 1997). The major site of the p53 
mutations is the highly conserved DNA binding core domain (Hussain et al., 
1998; Prives et al., 1999). Thus, mutant p53 (mt-p53) proteins are unable to 
specifically bind DNA and to activate specific wt-p53 target genes. Unlike 
wt-p53, whose half-life is short, mutant p53 proteins are quite stable and 
abundantly present in cancer cells. One certain outcome of p53 mutations is 
the loss of wild type activities such as growth arrest, apoptosis, and 
differentiation (Michalovitz et al., 1990; Yonish-Rouach et al., 1991; Soddu 
et al.,1996; Almog et al.,1997). However, at variance with other tumor 
suppressor genes, cells with p53 mutations maintain expression of the full-
length protein. This may suggest that, at least certain mutant forms of p53 
can gain additional functions through which actively contribute to cancer 
progression (Prives et al., 1999; Sigal et al., 2000; Strano et al., 2001; 
Bullock et al., 2001). Such evidence is provided by several in vitro and in 
vivo studies (Haley et al., 1990; Dittmer et al., 1993; Gualberto et al., 1998; 
Frazier et al., 1998; Li et al., 1998; Blandino et al., 1999; Aas et al., 1996; 
Irwin et al., 2003; Strano et al., 2003) 
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Most genes are members of a family. It is generally believed that a gene 
family derives from an ancestral gene by duplication and divergence. The 
tumor suppressor p53 was a striking exception to this established rule. The 
recent discovery of two new p53 family members, p73 and p63, has solved 
such exception (Kaghad et al., 1997; Jost, et al., 1997; Osada et al., 1998; 
Trink et al., 1998; Mills et al., 1999; Levrero et al., 2000). At the sequence 
level, p63 and p73 are more similar to each other than each is to p53, 
suggesting the possibility that the ancestral gene is a gene resembling 
p63/p73, while p53 is phylogenetically younger (Kaelin, 1999; Yang et al., 
2000; Strano et al., 2001). The complexity of the family has also been 
enriched by the alternatively spliced forms of p63 and p73, which give rise 
to a complex network of proteins involved in the control of cell proliferation, 
apoptosis, and development (De Laurenzi et al., 1998; Levrero et al., 2000). 

In this chapter we will mainly discuss the existence and the functional 
implications of protein complexes involving mt-p53, p73 and p63 in cancer 
cells. 

PROTEIN-PROTEIN INTERACTIONS BETWEEN P53 
FAMILY MEMBERS IN CANCER CELLS 

Cells containing mt-p53 proteins have turned out to be a context in which 
protein complexes involving the diverse members of the p53 family exist 
(Fig. 1). Unlike wt-p53/p73 and wt-p53/p63 protein complexes, whose 
existence in living cells has not been found despite extensive efforts, mt-
p53/p73 and/or mt-p53/p63 complexes have been evidenced in different 
tumor cell lines (Di Como et al., 1999; Marin et al., 2000; Strano et al., 
2000; Gaiddon et al., 2001; Strano et al., 2002; Irwin et al., 2003) (Figure 1).  

According to the type of structural alteration, mt-p53 proteins can be 
divided in two main classes: DNA-contact defective and conformational 
mutants (Cho et al., 1994; Bullock et al., 2001). DNA contact defective 
mutants include p53 proteins whose missense mutations impact on the 
region of that binds DNA, while conformational mutants are marked by 
mutations that reside in the L2 and L3 loops. Do diverse p53 mutant proteins 
bind differently to p73 and p63? A first glance reply has come from 
published results raised by different labs (Di Como et al., 1999; Marin et al., 
2000; Strano et al., 2000; Gaiddon et al., 2001; Strano et al., 2002; Irwin et 
al., 2003; Strano et al., 2003). They have shown that both types of mt-p53 
proteins can engage in a physical interaction with the long, short, and 
truncated forms of p73 and p63 (Figure 1). 
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Figure 1. p53 family members protein complexes. (A) Protein-protein interaction between 
mutant p53 and p73. p53 polymorphism in squamous cancer cells is a determinant of the 
association with p73; (B) Protein complex involving mutant p53 and p63; (C) Triple complex 
between mutant p53, p73, and p63; (D) Protein-protein interaction between wt-p53, p73 or 
p63; ? Protein complexes that have not been found in vivo. 

Experiments aimed to measure potential differences in the binding 
affinity to p73 and p63 of diverse mt-p53s are still missing. It was reported 
that the mutant p53Gly281 binds weakly to p73 and does not bind to p63 
(Strano et al., 2000; Marin et al., 2000; Strano et al., 2002). This mt-p53 
protein was shown to exert gain of function activity in vitro and in vivo 
(Dittmer et al., 1994). Furthermore, mt-p53Gly281, whose critical residues 
(22,23) were mutated, lost gain of function activity either as increased 
tumorigenicity in nude mice or as the ability to transactivate target genes, 
suggesting that the transactivation domain plays an important role in the 
oncogenic activity of this type of p53 mutant (Lin et al., 1995; Gualberto et 
al. 1998; Frazier et al., 1998) Altogether these finding might allow the 
definition of two classes of gain of function p53 mutants. The first one may 
account for mutants (p53His175 and p53His273) whose gain of function 
activity relies on protein-protein interactions with p63 and p73, while the 
second one includes p53 mutants (p53Gly281) that exert such activity 
independently from the physical association with the p53 family members.  
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Recent evidence showed that association between human tumor-derived 
mt-p53 and p73 is governed by a common polymorphism at codon 72 of p53 
that encodes Arg or Pro. The 72R forms of p53Ala143 and p53His175 
mutants bind to p73 and impairs p73-mediated gene target transcriptional 
activation more efficiently than the equivalent 72P mutants (Marin et al., 
2000; Marin et al., 2003, Bergamaschi et al., 2003) (Figure 1).  

What domains of mt-p53, p73 and p63 are directly involved in the 
protein-protein interaction? Co-precipitation assays have revealed that the 
protein-protein interaction surface involves the core domain of mtp53 and 
the specific DNA-binding domain of p73 and p63, respectively (Strano et al., 
2000; Gaiddon et al.,2001; Strano et al., 2002). The minimal sequence of 
each domain involved in the interaction still needs to be identified. A recent 
report has shown that change in the conformation of the DNA binding 
domain of p53 is a key element for the binding to and interference with p73 
(Bensaad et al., 2003). Interestingly, the core domains of mt-p53 proteins 
have been regarded as “dead” domains since they cannot bind and activate 
p53 target genes. However, these core domains acquire a protein-protein 
interaction capacity that might contribute to gain of function activities of mt-
p53 by sequestering and inactivating proteins required for anti-tumor 
functions. Indeed, colony suppression assays have shown that the core 
domain of mutant is as efficient as full-length mutant p53 in inhibiting 
growth suppression activity of both p63 and p73 (Strano et al., 2002; 
Bensaad et al., 2003): A rather speculative hypothesis might suggest that 
pressure for the selection of p53 mutations in the core domain is partially 
related to its ability to gain new protein-protein interaction properties. The 
latter could play a central role in the gain of function activity of mutant p53. 

FUNCTIONAL IMPLICATIONS OF THE PRESENCE OF 
MT-P53/P73 AND MT-P53/P63 PROTEIN COMPLEXES IN 
CANCER CELLS. 

Despite the developmental phenotypes of p73 and p63 deficient mice, 
several in vitro and in vivo studies have clearly shown the involvement of the 
p53 family members in apoptosis (Yang et al., 1999; Mills et al., 1999; Yang 
et al., 2000). The TA isoforms of p73 and p63 can transactivate p53 target 
genes and induce apoptosis, whereas the DN isoforms are dominant 
inhibitors of p53-responsive gene expression (Yang et al., 2000) (Figure 2). 
Thus, p73 and p63 can have both pro-apoptotic and anti-apoptotic effects. It 
was originally shown that p73 is not induced by DNA damage (Kaghad et al, 
1997; Jost et al., 1997). Subsequently, it was reported that cisplatin and 
ionizing radiation could regulate protein levels of p73 through tyrosine 
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phosphorylation (Agami et al., 1999; Gong et al., 1999; Yuan et al., 1999). 
This modification of p73 in response to DNA damage is quite peculiar and 
has never been found for p53. This would imply that cells exposed to DNA 
damage recruit a p73-dependent pathway distinct from that activated by p53. 
Thus, specific protein-protein interactions, as well as activation or repression 
of specific target genes different from those recruited by wt-p53 could be 
hallmarks for p73-dependent pathways in response to DNA damage (Strano 
et al., 2001; Fontemaggi et al., 2002). For instance, the transcriptional co-
activator Yes-associated protein (YAP) depicts two levels of specificity in 
the binding to p53 family members. It binds to long but not to short forms of 
p73 and p63 and does not bind to p53 at all (Strano et al., 2001). The binding 
of YAP to p73 or p63 results in a strong transcriptional co-activation (Strano 
et al., 2001; Basu et al., 2003, S.S. and G.B., unpublished observations). It 
has been shown that most of p73 post-translational modifications occur 
through its physical interaction with the active c-Abl kinase and promote the 
apoptotic activity of p73 (Agami et al., 1999; Gong et al., 1999; Yuan et al., 
1999) (Fig ure 2). Furthermore, p73 can also be acetylated by p300 upon 
treatment with cisplatin and doxorubicin (Costanzo et al., 2002) (Figure2). 
Acetylation of p73 in response to DNA damage was found to be a 
determinant in the activation of pro-apoptotic target genes (Costanzo et al., 
2002). Two reports have recently shown that TAp73 is induced by a wide 
variety of chemotherapeutic agents including camptothectin, etoposide, 
taxol, cisplatin, and doxorubicin (Irwin et al., 2003; Bergamaschi et al., 
2003). Of note, blocking TAp73 function either by overexpressing specific 
dominant negative proteins or using specific RNA interfering 
oligonucleotides leads to enhanced chemoresistance (Irwin et al., 2003; 
Bergamaschi et al., 2003). Altogether these data demonstrate that 
chemosensitivity of cancer cells can also be ascribed to p73 function. There 
is no evidence whether p73 posttranslational modifications in response to 
DNA can positively or negatively impinge on p73 binding to mt-p53. 

Is p73-mediated apoptosis impaired in cancer cells bearing mt-p53? 
Unlike p73 inactivation that results in increased chemoresistance, 
downregulation of mt-p53 enhances chemosensitivity of cancer cells (Irwin 
et al., 2003). Interestingly, patients whose head and neck cancers express mt-
p53 with the 72R polymorphism have a worse response to therapy than those 
expressing the 72P. Thus, expression of mt-p53 with 72R, that efficiently 
inhibit p73, is associated with a particular poor outcome to therapy 
(Bergamaschi et al., 2003). These very intriguing findings establish a strong 
link between polymorphism in p53 and response to therapy of patients 
affected by specific tumors, but they still leave unsolved the question 
whether the protein-protein interaction between mutant p53 and p73 or p63 
plays a role in the chemoresistance of tumor cells (Strano et al., 2003). 
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Indeed, mt-p53/p73 complexes have been found in either untreated or 
camptothecin treated tumor cells (Irwin et al., 2003). It was recently shown 
that both p73 and p63 are necessary for the efficient wt-p53-mediated 
apoptosis. Furthermore, wt-p53, p73, and p63 can be concomitantly recruited 
on the regulatory regions of p53-apoptotic target genes (Flores et al., 2002). 
By using stable transfected lung cancer cell lines, whose expression of 
p53His175 mutant was tightly regulated, we found that the recruitment in 
vivo of both p73 and p63 to their target genes is impaired by the concomitant 
expression of mt-p53 (Strano et al., 2002) (Figure 2). Similar experiments 
need to be done either in response to DNA damage or upon inactivation of 
mt-p53 by specific RNA interference. The first set of experiments might 
show that after the exposure of mt-p53 cells to DNA damaging agents the 
recruitment of both p73 and p63 to their target genes remains similar to that 
of the untreated cells. Conversely, interference of mt-p53 might allow p73 
and p63 to recruit a larger repertoire of target genes respect to cells with 
intact mt-p53 and consequently promote efficient apoptosis in response to 
anticancer treatments. 

Figure 2. Cross-talk between p73 and mutant p53 proteins in response to DNA damage. (A) 
In response to some DNA damaging agents p73 is stabilized, phosphorylated, and acetylated. 
The net biological output of these posttranslational modifications is the increased pro-
apoptotic activity of p73 that occurs mainly through the activation of specific target genes. (B) 
Mutant p53 proteins binding to and sequestering p73 impair its recruitment to specific target 
gene promoters. This might reduce the rate of p73-mediated apoptosis. 
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PERSPECTIVES 

Basic research in cancer is required not only to identify and dissect 
molecular mechanisms but also to design new therapeutic approaches. 
Despite the rapid progress in the biochemical and functional characterization 
of the mt-p53/p73 and mt-p53/p63 interactions, direct evidence that 
disruption of such interactions rescues gain of function activity of mt-p53 by 
making both p73 and p63 available to promote anti-tumor effects is still 
missing. The design of small peptides aimed to disassemble the mt-p53/p73 
and mt-p53/p63 protein complexes could potentially address this unsolved 
issue. Future work will tell us if these peptides can be reasonably used to 
treat tumors bearing mutant p53. 
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Chapter 11 

P53: GATEKEEPER, CARETAKER OR BOTH? 
 

Carlos P. Rubbi and Jo Milner 
YCR p53 Laboratory, Biology Department, University of York, UK 

P53 AS A TUMOUR SUPPRESSOR 

Soon after the discovery of the p53 protein in 1979, the p53 gene was 
found to be mutated in about half of all human cancers. However, mainly 
due to the fact that the normally low levels of the p53 protein can be elevated 
in many cancers, it took some time to realise that p53 was in fact a tumour 
suppressor gene (Finlay et al., 1989; Levine et al., 1991). This concept was 
further consolidated by the discovery that the familial cancer predisposition 
known as Li-Fraumeni syndrome1 is linked to germ-line mutation of the p53 
gene (for a review see Varley et al., 1997), and by the clear tumour 
propensity shown by p53 knock-out mice (for a review see Venkatachalam 
and Donehower, 1998). 

A mechanism for the tumour suppressor activity of p53 soon started to 
emerge: under conditions of DNA damage or oncogene activation p53 will 
drive cells into cell cycle arrest and/or apoptosis thus acting as a 'gatekeeper 
of cell growth' (Levine, 1997). However, since DNA damage (cause of 
mutation) and oncogene activation (consequence of mutation) can both be 
present in the majority of oncogenic processes, the capacity of p53 to react 
to both stresses confounds its mode and place of action as a tumour 
suppressor. 

 
1 The classic human Li-Fraumeni syndrome is defined by a proband aged under 45 years with 

a sarcoma having a first-degree relative aged under 45 years with any cancer and an 
additional first- or second-degree relative aged under 45 years in the same lineage with 
any cancer or a sarcoma at any age (taken from Varley et al., 1997). 
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In an elegant set of experiments Symonds et al. (1994) managed to 
bypass the need for a source of genomic instability in oncogenic 
development by creating mice carrying a transgenic fragment of the large T 
antigen of the SV40 virus. These mice develop choroid plexus tumours 
through the inactivation of proteins of the Rb family. Importantly, the T 
antigen fragment used inhibits Rb function while not interfering with p53 
function (Symonds et al., 1994). In this system, loss of Rb function leads to 
de-repression of E2F (the oncogenic event) resulting in oncogene activation 
and entry into S-phase, which should cause p53-mediated apoptosis and 
elimination of the potential tumour cells (for a detailed description of the 
pathway see for example Sherr and Weber, 2000 - see Figure 1). 

 

Figure 1. p53 stabilisation A central player in p53 stabilisation in response to oncogenic 
events is an increase in the p19ARF protein. Several oncogenic events can cascade to increase 
p19ARF expression. Immediate to it is the overexpression of myc. This, in turn may be 
caused by loss of repression of the transcription factor E2F. And this E2F de-repression may 
be caused by inactivation (e.g. adenovirus E1A protein), phosphorylation (e.g. by cyclin-
dependent kinases) or loss expression (e.g. retinoblastoma) of the Rb protein. p19ARF 
inhibits mdm2-mediated degradation of p53 probably by sequestering mdm2 in the nucleolus 
(for reviews see Sherr and Weber, 2000; Vousden and Lu 2002). While the p19ARF pathway 
does not appear to mediate p53 stabilisation in response to genotoxic stresses (Stott et al., 
1998), most genotoxic/cytotoxic stresses will disrupt nucleolar function which, in turn 
appears to lead to p53 stabilisation (Rubbi and Milner, 2003c). 
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By crossing these transgenic mice into a p53-/- background Symonds et 
al. observed that loss of p53 caused rapid tumour progression and that p53-
dependent apoptosis was required to suppress this tumour development. 
Importantly, the increased tumour progression showed by p53+/- mice was 
associated to loss of the remaining wild-type p53 allele (Loss of 
Heterozygosity - LOH). Hence, p53 as a suppressor of oncogenic 
development appeared completely to agree with Knudson's 'two-hit' 
hypothesis for tumour development in that a germline loss of a tumour 
suppressor allele has to be followed by a somatic loss of the second wild-
type allele (Knudson, 1993). 

THE LOSS-OF-HETEROZYGOSITY PROBLEM 

However, in the "real life" situation where the oncogenic insult is likely 
to derive from a mutation, p53 LOH is unusually low in tumours developed 
in cancer-prone Li-Fraumeni individuals (around 57% - see Varley et al., 
1997). This low LOH is mirrored in p53 heterozygous mice: Venkatachalam 
et al. (1998) reported 50% wild-type allele retention in tumours in p53+/- 
mice under 18 months of age and 85% retention in older mice, and 
concluded that loss of both p53 alleles is no prerequisite for tumour 
formation. In both humans and mice the functional status of the wild-type 
p53 alleles retained in tumours has been analysed and while in some cases a 
reduction in some biological activities has been reported, the expected p53 
functions are still present in heterozygous individuals. Camplejohn et al. 
(1995) reported that peripheral blood lymphocytes of Li-Fraumeni donors 
retained the capacity to arrest in G1 in response to ionising radiation (IR), 
while apoptosis induction was reduced but still present. Williams et al. 
(1997), on the other hand, observed that Li-Fraumeni fibroblasts had similar 
transient G1 arrest compared with normal fibroblasts with a reduced 
permanent G1 arrest. Parallel experiments showed no arrest in p53-/- mice. 
Varley et al. (1998) compared cells from normal and carrier individuals of a 
Li-Fraumeni-like family harbouring a p53 splice donor mutation (for a 
definition of Li-Fraumeni-like syndrome see Varley et al., 1997), and 
reported no differences in IR-induced apoptosis and a small but statistically 
significant reduction in cell cycle arrest (from ~97% to ~83%). Interestingly, 
they found a significant increase in radiation-induced chromosome damage. 
Similarly, Venkatachalam et al. (1998) carried out exhaustive functional 
studies on the status of the remaining wild-type p53 allele in tumours from 
p53+/- mice. They found no reduction in radiation-induced apoptosis, lower 
but significant p21 induction, normal PCNA downregulation and normal in 
vitro binding of p53 to its response elements (EMSA). Importantly, they 
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found no mdm2 amplification that might cause inhibition of p53 function. 
These observations indicate that the occurrence of dominant-negative p53 
mutations, while possible, are not the norm. Thus, the high dominance of the 
cell cycle arrest and apoptotic functions of p53 indicates that if they are the 
sole basis for its tumour suppressor capacity, then the remaining wild-type 
allele should be inactivated with a high frequency, as predicted by the 'two-
hit' model and observed for other tumour suppressor genes (Knudson, 1993). 

IS P53 AN EXCEPTION TO THE 'TWO-HIT' MODEL?  

Is this low LOH paradox telling us something about the way p53 
suppresses tumours? While the results of Symonds et al. (1994) discussed 
above point to a clear correlation between p53 LOH and tumour 
development under direct oncogene activation (hence implying that p53 is a 
dominant tumour suppressor), a 'full' oncogenic process suggests that p53 is 
haploinsufficient for tumour suppression. Thus, haploinsufficiency appears 
to be revealed in conditions where somatic mutations are required for driving 
tumour progression. In fact, p53+/- mice are highly sensitive to genotoxic 
carcinogens while maintaining a normal sensitivity to non-genotoxic 
carcinogens (French et al. 2001b; Storer et al., 2001; Venkatachalam, et al., 
2001). Furthermore, Venkatachalam, et al. (2001) showed that p53 LOH can 
be tissue- and carcinogen-dependent, since the clastogenic agent benzene 
induces a high proportion of thymic lymphomas with high LOH. 
Interestingly, while p53+/- mice show a tumour spectrum similar to that of 
p53+/+ mice, p53-/- mice develop mainly lymphomas (Venkatachalam and 
Donehower, 1998; Venkatachalam, et al., 2001 and see below), suggesting 
that p53 loss and p53 haploinsufficiency may cause tumour permissiveness 
through different mechanisms. 

GATEKEEPERS, CARETAKERS AND PATHWAYS FOR 
TUMOUR DEVELOPMENT 

Although definitions do not introduce new information, they can be 
helpful in organising and clarifying the existing one. Thus, we shall recall 
here the classification of tumour suppressor genes as gatekeepers and 
caretakers according to the definitions used by Macleod (2000). For a 
tumour suppressor gene to be classified as a gatekeeper first its loss of 
function has to be rate-limiting for a particular step in multi-stage 
tumorigenesis; second, it must act directly to prevent tumour growth; and 
third, its restoration into a tumour cell must suppress neoplasia. On the other 
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hand, a caretaker tumour suppressor gene acts by limiting genomic 
instability through effective DNA repair, and restoration of its function into 
a developing tumour will not limit tumour growth if a gatekeeper mutation 
has already occurred (Macleod, 2000). 

In the present article we discuss the dual capacity of p53 as a gatekeeper 
and a caretaker and argue that it is simultaneously a dominant gatekeeper 
and a haploinsufficient caretaker. This classification is not a trivial language 
game: it sheds light into the aetiology of p53-related tumours and, whilst it 
may not tell us anything new about p53, by organising what we know about 
p53, it helps us understand the relative weight that a particular p53 function 
may have in an oncogenic process. 

It should be noted that a dual caretaker/gatekeeper character of p53 has 
been previously pointed out, for instance by Macleod herself (Macleod, 
2000), but it is important to bear in mind that in the majority of cases this 
'caretaker' function of p53 has been invoked in relation to its capacity to 
induce apoptosis and/or cell cycle arrest in response to DNA damage. In 
fact, this capacity has led to its appellative 'guardian of the genome' (Lane, 
1992). However, as we shall discuss later, the proapoptotic capacity of p53 
in response to DNA damage is not fundamentally different from its response 
to oncogenic stress (see Figure 1) and it also consists of the elimination of 
genetically damaged cells rather than the prevention or the correction of the 
damage (at the risk of introducing a further definition, it may be regarded as 
a 'pseudo-caretaker' function). In this article we shall reserve the term 
caretaker for those functions of p53 directly related to either the 
enhancement or the modulation of DNA repair. Moreover, as discussed 
above, while it may display some gene dosage effect, the capacity of wtp53 
to induce apoptosis in response to DNA damage is essentially present in 
heterozygous cells and thus has to be regarded as dominant. The role of p53 
in DNA repair, we shall argue, is likely to be haploinsufficient. 

In the description of the mutator phenotype Loeb (1991) argues that the 
mutation frequencies in normal cells, even in the presence of environmental 
carcinogens, can hardly account for the cancer frequencies observed in 
humans and proposes that cancer progression must involve genetic 
alterations that increase the mutation rate in the developing neoplasm. 
However, as Loeb also points out, mutation rate analysis indicates that if a 
growth advantage is introduced by an early mutation, the ensuing clonal 
expansion increases the probability of subsequent mutations, even without a 
significant increase in the overall frequency of mutation (Loeb, 1991). We 
are thus presented with two extreme models of tumour development: a 
mutation-driven process where a tumour-committed cell lineage has an 
increased mutation frequency with no significant increase in growth rate 
until the accumulated mutations cause the malignant transformation of a 
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clone, and a selection-driven process where a tumour-committed clone does 
not have a significantly higher mutation rate compared with normal tissue, 
but due to its increased growth rate has an increased mutation probability 
(Temin, 1988, see scheme in Figure 2). 

 

Figure 2. Models of oncogenic development.Normal cells grow at normal rate and mutate at 
normal frequency until either terminally differentiated or eliminated by tissue renewal. 
Mutation-driven process: cells grow at normal rate with higher mutation frequency, until 
malignant transformation. Selection-driven process: clones grow at an accelerated rate with 
normal mutation frequency, until malignant transformation. Grey shading indicates 
accumulation of mutations. 

In their discussion of colon carcinogenesis Kinzler and Vogelstein (1996) 
introduced the analogous concepts of diseases of tumour initiation 
(exemplified by Familial Adenomatous Polyposis - FAP - with a germline 
deficiency in the adenomatous polyposis coli - APC - gatekeeper) and 
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diseases of tumour progression (such as the Hereditary Nonpolyposis 
Colorectal Carcinoma - HNPCC - driven by a deficiency in mismatch repair 
- MMR). As also noted by Kinzler and Vogelstein (1996) the progression of 
a tumour initiation disease may require the introduction of mutations in a 
particular order. Selection-driven and mutation-driven processes are extreme 
models and in real situations both mechanisms will co-exist to varying 
degrees, as a selection-driven only process would not exist without an 
underlying increase in mutation rate (Cahill et al., 1999). While it is unlikely 
that a tumour suppressor will strictly fit only one of them, this classification 
is useful to exemplify the different roles of gatekeeper and caretaker tumour 
suppressors and the expected consequences of their failure. Caretakers, by 
limiting the mutation rate, will suppress a mutation-driven process, while 
gatekeepers by controlling the entrance into cell division will suppress a 
selection-driven process. 

In general, defects in gatekeeper genes are associated with a particular 
cancer type which can display high penetrance in affected families (see for 
example Venkatachalam and Donehower, 1998). Since growth control 
networks can be specific to cell lineages it is reasonable to expect a high 
correlation between gatekeeper germline defect and tumour type. Thus, a 
specific defect may be coupled to a specific tumour type as, for example the 
APC gene mentioned above and adenomatous polyposis coli. Interestingly, 
this is not necessarily valid across species: the retinoblastoma (Rb) gene for 
example, which derives its name from the high penetrance tumour that it 
causes in humans, in mice is found to develop almost exclusively pituitary 
tumours (Venkatachalam and Donehower, 1998). The association between 
tumour suppressor genes and high penetrance tumours thus agrees with a 
selection-driven oncogenic process. However, p53 heterozygosity, both in 
Li-Fraumeni patients and in p53+/- mice, causes a broad range of tumors. In 
fact, while p53+/- mice have a decrease in tumour latency under carcinogen 
treatment, the spectrum of tumours is similar to that of normal, wild-type 
p53 mice. In contrast, p53-/- mice are strikingly different in that they develop 
primarily lymphomas. This suggests that the tumour promotion mechanisms 
in the p53 heterozygous and nullizygous cases are fundamentally different2. 

P53 AND GENOMIC STABILITY 

Fibroblasts derived from Li-Fraumeni patients display an unusual 
capacity for immortalisation in vitro, in stark contrast with normal human 

 
2 In his 1993 update of the 'two-hit' hypothesis Knudson (1993) also points out that Li-

Fraumeni syndrome patients do not display high incidence of cancers such as colon 
carcinoma and small-cell lung carcinoma where p53 mutations are common. 
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fibroblasts, and even with fibroblasts from other cancer-prone syndromes, 
which are rarely immortalised (see for example Bischoff et al., 1990, and 
references therein). This growth characteristic was studied in detail by 
Bischoff et al. (1990), who reported that it is accompanied by random 
chromosome loss and various chromosomal anomalies, noticeable even at 
early passages. The in vitro immortalised cells, however, do not necessarily 
become tumorigenic as demonstrated by injection into nude mice (Bischoff 
et al., 1990). It thus became apparent that chromosomal instability and in 
vitro immortalisation were distinctive features of Li-Fraumeni-derived 
fibroblasts which suggested that genomic instability might drive the cancer 
propensity of Li-Fraumeni syndrome. 

With the realisation that Li-Fraumeni syndrome is linked to a germline 
mutation of the p53 gene several groups in the early 1990's decided to test 
the newly emerging tumour suppressor for any involvement on genomic 
stability. Yin et al. (1992) demonstrated that Li-Fraumeni fibroblasts, with 
chromosomal instability at low passage number, would show loss or 
mutation of the remaining wild-type p53 allele at post-crisis passages and 
that this LOH always accompanied immortalisation. This p53 LOH also 
resulted in loss of the cell cycle arrest response to PALA3 treatment (which 
causes depletion of the nucleotide triphosphate pool and, as we now know, 
p53-dependent cell cycle arrest - Linke et al., 1996), which could be restored 
by re-introduction of wtp53 (Yin et al., 1992). Similar behaviour was 
observed in mouse cells by Livingstone et al. (1992). With passage number, 
p53+/- (and also p53-/-) mouse embryonic fibroblasts displayed a high 
spontaneous conversion to aneuploidy in vitro which was not observed in 
wild-type p53 homozygous cells (Livingstone et al., 1992). These 
observations suggest that while a reduction in p53 gene dosage compromises 
genomic stability, loss of p53 is required for loss of proliferation control 
(and in this genotype the instability will persist). This dual capacity of p53 is 
a likely explanation for the similar and wide spectrum of tumours induced by 
carcinogens in p53+/+ and p53+/- mice, as opposed to the predominance of 
thymic lymphomas observed in p53-/- mice (see above). 

Interestingly, Lalle et al. (1995) reported that the chromosomal instability 
found in Li-Fraumeni fibroblasts was not present in immortalised 
lymphocytes from the same syndrome, suggesting some degree of tissue-
dependence in the p53-associated genomic instability phenotype. This 
behaviour is suggestive of mutation-driven oncogenesis in p53 
heterozygosity, but selection-driven oncogenesis in p53 nullizygosity. But 
because the chromosomal instability caused by p53 haploinsufficiency can 
be expected occasionally to cause the loss of the remaining wild-type allele 
(Yin et al., 1992), the relative contributions to an oncogenic development of 

 
3 N-phosphonoacetyl-L-aspartate. 
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increased genomic instability versus loss of proliferation control (and loss of 
apoptotic capacity) are difficult to assign. 

P53 AND NUCLEOTIDE EXCISION REPAIR 

Despite the above considerations, when dealing with the mechanism of 
tumour suppression by p53 in conditions of DNA damage the majority of the 
bibliography refers to the capacity of p53 to induce cell cycle arrest or 
apoptosis. As we have seen above, these 'pseudo-caretaker' DNA damage 
responses, while important, fail to account for the low p53 LOH observed in 
tumours developed in p53 heterozygous individuals. Another tumour 
suppressive DNA damage response of p53 has to be invoked that (i) is gene 
dose dependent, (ii) is different form induction of apoptosis and/or cell cycle 
arrest, and (iii) can affect genomic stability. The answer may lay in the large 
body of evidence indicating that p53 directly participates in DNA repair. 

In the mid 1990's several groups reported evidence for the involvement 
of p53 in nucleotide excision repair (NER - Wang et al. 1995; Smith et al. 
1995; Ford and Hanawalt, 1995). This mode of repair is responsible for the 
removal of bulky adducts and UV photoproducts from DNA (usually called 
'NER lesions'), and comprises two pathways: transcription-coupled repair 
(TCR) responsible for the removal of lesions from the transcribed strand of 
active genes, and global genomic repair (GGR) which removes lesions from 
the rest of the chromatin (Friedberg et al., 1995). Removal of DNA adducts 
from the global chromatin is crucial for cancer protection, as demonstrated 
by the cancer propensity of individuals inheriting the autosomal recessive 
disorder Xeroderma pigmentosum, which suffer from different kinds of 
impairments of NER (Friedberg, 2001). In particular, the cancer propensity 
of Xeroderma pigmentosum complementation group C individuals, where a 
mutated XPC gene confers specific impairment of GGR, indicates that this 
pathway is especially important in carcinogenesis. This cancer-prone 
phenotype associated to the loss of GGR has now been demonstrated in XPC 
mice (Friedberg et al., 2000). 

Detailed studies by Ford and Hanawalt (1995, 1997) demonstrated that 
the role of p53 in NER consists in the enhancement of GGR of UV 
photoproducts. Later studies confirmed and extended this observation to 
chemically induced DNA adducts (Lloyd and Hanawalt 2000; Lloyd and 
Hanawalt 2002; Wani et al. 2002a). Two crucial features of the participation 
of p53 in GGR then emerged. First, the expression of p21 (a downstream 
effector of p53-mediated cell cycle arrest - see Sherr and Weber, 2000) has 
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no effect on NER of either UV photoproducts or BPDE4 adducts (BPDE is a 
carcinogenic polycyclic aromatic hydrocarbon associated with cigarette 
smoking - Adimoolam et al. 2001, Wani et al., 2002a,b) indicating that p53-
mediated cell cycle arrest (which arguably might enhance genomic stability 
by allowing time for DNA repair before entering S-phase) has no role in 
GGR. Second, studies of NER efficiency in Li-Fraumeni cells indicate that 
p53 is haploinsufficient for GGR (Ford and Hanawalt, 1997; Abrahams et 
al., 1998). In fact, many of the genotoxic carcinogens against which p53 is 
haploinsufficient produce NER lesions (French et al. 2001a, and see van 
Oostrom et al., 1999 for BPDE). In order for p53 fully to fit the role of 
caretaker its direct participation in DNA repair has to be demonstrated. As a 
transcription factor which can also be involved in regulatory protein-protein 
interactions (Levine, 1997) it is often difficult to discriminate p53 functions 
exerted by direct action from indirect functions mediated by its downstream 
transactivation products (Vousden and Lu, 2002). In fact, Hwang et al. 
(1999) reported that p53 controls the expression of the DDB2 gene which 
encodes the p48 component of the DNA damage sensor DDB. This offers a 
potential explanation for the effect of p53 in GGR, since DDB is required for 
global detection of UV photoproducts (Tang et al., 2000). While this indirect 
mode of action of p53 on GGR appears plausible, its significance outside the 
specific cell system used in these studies is yet to be demonstrated, since a 
survey of the gene expression database (GEO - 
http://www.ncbi.nlm.nih.gov/geo/) indicates that in general DDB2 
expression does not correlate with p53 status (see also Yoon et al., 2002) and 
furthermore, Tang et al. (2000) also demonstrated strong DDB activity in 
HeLa cell extracts5. 

We have recently shown that p53 can participate directly in GGR, 
independently of whether it transactivates repair genes or not (Rubbi and 
Milner, 2003a). In our model, p53 acts as a chromatin relaxation factor 
providing the chromatin accessibility necessary for the detection of global 
DNA lesions. It has long been known that the NER machinery has to 
overcome the hindrance caused by chromatin for the detection of certain 
DNA lesions such as chemical adducts and some UV-induced photolesions 
(Smerdon and Thoma, 1998; Friedberg, 2001; Green and Almouzni, 2002). 
Not all NER lesions are equally hindered by chromatin conformation: UV-
induced pyrimidine (6-4) pyrimidon photoproducts (6-4PPs), which produce 
a significant DNA distortion and can only be accommodated in the inter-
nucleosome linker, are more accessible (and hence more rapidly repaired) 
than cis-syn cyclobutane pyrimidine dimers (CPDs - Thoma, 1999). 

 
4 benzo[a]pyrene 7,8-diol-9,10-epoxide. 
5 In HeLa cells endogenous p53 is degraded through the action of the E6 ubiquitinase from 

human papilloma virus. 
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Crucially, Ford and Hanawalt (1997) demonstrated that p53 is required for 
GGR removal of CPDs, with no significant effect on GGR of 6-4PPs. This 
characteristic of p53, together with its capacity to promote chromatin 
relaxation by recruitment of histone acetyltransferases (HAT) to chromatin 
(for example p300, as demonstrated by Espinosa and Emerson, 2001) was 
the basis for our chromatin accessibility factor model (Rubbi and Milner, 
2003a,b). We showed that p53 senses bulky DNA lesions through the 
blockage of RNA polymerase II transcription that they cause (in agreement 
with the localisation of p53 in active transcription sites - Rubbi and Milner, 
2000) and triggers global histone acetylation and chromatin relaxation 
through mobilisation of HATs (Rubbi and Milner, 2003a). Hence, DNA 
lesions whose accessibility is assured by the transcription machinery induce, 
through p53, global chromatin relaxation that grants accessibility to lesions 
in the rest of the genome. Interestingly, the need for transcription-associated 
lesion detection for efficient global removal had been previously suggested 
by van Oosterwijk et al. (1996) who observed that lesions which are capable 
of stalling RNA polymerase II are also very efficiently recognised and 
removed by GGR, even when TCR may not necessarily make an important 
contribution to their removal. 

An important aspect of our model is that p53-mediated global chromatin 
relaxation operates efficiently at levels of UV DNA damage too low to cause 
p53 protein stabilisation (e.g. 4J/m2) and thus to induce p53-mediated cell-
cycle arrest or apoptosis (Yamaizumi and Sugano, 1994; Ljungman and 
Zhang, 1996; Rubbi and Milner, 2003a,c). This is consistent with the fact 
that GGR removes a large fraction of lesions before significant p53 
stabilisation (and transactivation of downstream genes - see for example 
Ford and Hanawalt, 1997). In fact, maximal p53-mediated chromatin 
relaxation is observed within 1h after irradiation (Rubbi and Milner, 2003a). 
Thus, the chromatin relaxation function of p53 can be effected at normal 
(resting) levels of p53 well before any stabilisation occurs. Since p53 is 
normally expressed at low levels and has a very short half life (20min - 
Levine, 1997), gene dosage is likely to have a significant effect on any p53 
function that operates in the absence of stabilisation (see for example Ross et 
al., 1994; Cook et al., 1998; and note that increases in p53 protein levels are 
generally caused by reduced degradation, rather that increased synthesis - 
Levine, 1997). 

On the other hand, it has now become clear that p53 stabilisation is a 
general requirement for the induction of transactivation-dependent cell cycle 
arrest or apoptosis (Ljungman, 2000; Jaks et al.; 2001; Vousden and Lu, 
2002; Kaeser and Iggo, 2002). It is reasonable to assume that the 
involvement of p53 protein stabilisation (which is achieved by inhibition of 
degradation) in the expression of these transactivation-dependent functions 
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makes them largely independent from gene dosage: this independence would 
account for their dominant phenotype discussed above. Thus, the finding that 
a stabilisation-independent function of p53 (chromatin accessibility for 
GGR) correlates with a haploinsufficient behaviour (increased genomic 
instability in heterozygous under genotoxic carcinogens, particularly those 
inducing NER lesions - see above) is one possible explanation as to why p53 
can show characteristics of both a haploinsufficient caretaker and a dominant 
gatekeeper. 

P53 AND REPAIR OF DOUBLE STRAND BREAKS 

In 1997 the groups of Lopez and Powell independently reported that 
inactivation of p53 or expression of mutant p53 increased the rate of 
spontaneous homologous recombination (Bertrand et al., 1997; Mekeel et al., 
1997). This is highly significant because homologous recombination (HR) is 
one of the major pathways for the repair of DNA double strand breaks 
(DSB). The alternative pathway is direct non-homologous end-joining 
(NHEJ) (for a review see Karran 2000; Jackson, 2001). In HR a DNA strand 
is resected from the DSB and the free single strand, through the action of the 
Rad51 protein, searches for a region of homology in undamaged DNA and 
through subsequent DNA synthesis, ligation and resolution of crossovers the 
sequence integrity is restored to the original damaged DNA (Karran 2000; 
Jackson, 2001). However, the accuracy of this homology-driven process can 
be lost when direct repeats are used as a source of homology. Mammalian 
cells repair DSB mainly through NHEJ, in contrast to Saccharomyces 
cerevisiae where HR predominates (Karran, 2000). 

The search for an involvement of p53 in HR was inspired by previous 
reports that p53 can interact with Rad51 (Bertrand et al. 1997; Mekeel et al., 
1997), but so far this interaction has not been demonstrated to suppress HR 
in vivo in favour of NHEJ, and the molecular partners of p53 in this 
mechanism are not yet defined. Moreover, the studies of Tang et al. (1999) 
on rejoining of double strand breaks in linearised plasmid substrates suggest 
that p53 can promote NHEJ of cohesive but not blunt ends. A possible lead 
into the molecular mechanism of HR suppression, however, comes from the 
recent report by Sengupta et al. (2003) that p53 recruits the Bloom syndrome 
helicase (BLM) to Rad51 foci induced by stalled replication forks. This 
recruitment, which appears to be necessary for an interaction between p53 
and Rad51, correlates with a reduction in the rate of sister chromatid 
exchanges. 

Intriguingly, the characterisation of the suppressive effect of p53 on HR 
produced a picture similar to that observed for NER. Hence, it was shown to 
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be independent of cell cycle arrest in G1 and of transactivation (Saintigny et 
al., 1999; Dudenhoffer et al., 1999; Willers et al., 2000; Lu et al., 2003). 
Dissociation from G1 arrest is crucial to the demonstration of a direct action 
of p53 in HR suppression, since HR operates preferably in S-phase (where 
homologous sequences are readily available and are used by HR for rescuing 
stalled replication forks - see Helleday, 2003). 

As in NER, p53 heterozygosity affects suppression of HR. Saintigny and 
Lopez (2002) demonstrated that HR (induced by inhibition of replication) 
was stimulated by the introduction of mutant p53 in a p53 wild-type 
background. Lu et al. (2003) reported a higher HR frequency in embryo 
fibroblasts from p53+/- mice compared with p53+/+ mice (but in both cases 
lower than in cells from p53-/- mice). If an interaction between p53 and 
Rad51 mediates suppression of HR, it is conceivable that gene dosage, by 
limiting the basal levels of p53, might affect this suppression. However, 
careful studies by Kumari et al. on HR induced by replication inhibition 
suggest that rather than reducing Rad51-dependent HR, p53 limits the onset 
of recombinogenic lesions (Kumari et al., 2004). 

Willers et al. (2001) have shown that p53 fails to suppress HR when the 
recombination substrate is located in an extrachromosomal plasmid, even for 
a Rad51-dependent process (gene conversion). These observations suggest 
that the chromatin environment plays a role in p53 modulation of DSB 
repair. Indeed, there is evidence that chromatin condensation arises in 
response to DSB and that it may suppress resolution of the DNA breaks by 
HR in favour of NHEJ. Strand breaks in human centromeric heterochromatin 
appear to be resolved almost exclusively by NHEJ (Rief and Lobrich, 2002) 
and Tsukamoto et al. (1997) showed that chromatin silencing by Sir proteins 
promotes DSB resolution by NHEJ. Critchlow and Jackson (1998, see also 
Jackson, 1997, 2001) have pointed out several ways in which 
heterochromatin formation may facilitate NHEJ: it may prevent the 
transcription and replication machineries as well as nucleases from accessing 
the damaged chromatin; it may hinder strand invasion for HR; and it may 
reduce chromosomal flexibility and help juxtapose the two broken DNA 
ends facilitating ligation and effectively preventing the DSB from turning 
into a full chromosomal break. With regard to the latter effect, the 
experiments of Tumbar et al. (1999) provide a striking example of the 
changes in spatial distribution of DNA that chromatin 
condensation/relaxation can cause. They showed that a 90-Mbp tract of 
repeated LacI-binding sites, normally visualised as a single spot under 
fluorescence microscopy (LacI-GFP labelling), after transcriptional 
activation would appear as an extended 25 - 40µm ribbon (Tumbar et al., 
1999). Thus, following on our work on p53-dependent chromatin relaxation 
in response to UV irradiation, we have now tested whether the introduction 
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of DSB can cause p53-mediated chromatin modifications. We found that 
within 1h of bleomycin treatment human fibroblasts undergo a transient 
chromatin condensation which is dependent on p53 and is marked by 
deacetylation at Lys9 of histone H3 (Rubbi and Milner, manuscript in 
preparation). The mechanism responsible for this deacetylation appears to be 
p53 dependent mobilisation of PML from the nuclear bodies into the 
nucleoplasm (already described by us and others - Carbone et al. 2002; Seker 
et al. 2003), which in turn causes spread of histone deacetylase 1 (HDAC1) 
from PML bodies to the nucleoplasm (Rubbi and Milner, manuscript in 
preparation). 

Whether through interaction with proteins of the recombination repair 
machinery, or through chromatin condensation, or both, it is evident that p53 
can directly modulate the activity of HR. This modulation appears to be 
transactivation-independent and gene dosage-dependent, indicating that loss 
of p53, even heterozygous, adds a level of genomic instability in response to 
DSB and replication blockage. 

P53 AND BASE-EXCISION REPAIR 

In recent years evidence has accumulated that indicates that p53 also has 
a role in base excision repair (BER - Offer et al. 1999; Offer et al., 2001a; 
Offer et al., 2001b; Zhou et al., 2001). BER removes bases that have been 
chemically modified by alkylation, oxidation, etc. In general a glycosylase 
removes the modified base leaving an abasic (apurinic or apyrimidinic - AP) 
deoxyribose. These AP sites are removed by the sequential action of an AP 
endonuclease (APE) followed by a DNA deoxyribophosphodiesterase and 
then the gap is filled by a DNA polymerase and a ligase (Friedberg et al., 
1995). 

p53 has been shown to promote BER activity in vitro in a transactivation-
independent manner (Offer et al., 1999, 2001a). A possible mechanism for 
this action has been suggested by Zhou et al. (2001) who showed that p53 
stimulation of BER correlates with its capacity to bind both APE and DNA 
polymerase β and stabilises the interaction between DNA polymerase β and 
abasic DNA. Thus, p53 appears to be directly involved in this important 
DNA repair pathway as well. However, it is not clear if heterozygosity will 
affect the participation of p53 in BER. 
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P53 IN EMBRYOGENESIS 

There remains one more p53 paradox, and this is evident in two ways. 
First, p53-null mice develop normally, but, if p53 induces cell cycle arrest or 
apoptosis in response to endogenous DNA damage surely there should be 
developmental problems associated to loss of p53 (Choi and Donehower, 
1999). Second, p53 is highly conserved in vertebrates, but if its main 
function is tumour suppression and if the onset of cancer is generally post-
reproductive maturity, how could it be evolutionarily selected? (Hall and 
Lane, 1997; Sansom and Clarke, 2000). The simple answer is: p53 does have 
a role in development, although the phenotype of its failure has a 
surprisingly low penetrance. This evidence has been aptly reviewed (see Hall 
and Lane, 1997; Choi and Donehower, 1999; Sansom and Clarke, 2000) and 
here we shall highlight the most important conclusions. 

Some heterozygous crosses in mice show a frequency of nullizygous 
lower (~20%) than the Mendelian ratio with a lower number of females. In 
particular, a fraction of female p53-null embryos show excencephaly (a 
defect in neural tube closure) which is increased when embryos are subjected 
to IR. Choi and Donehower (1999) propose that p53 is a teratological 
suppressor: p53 heterozygous and nullizygous mice have a larger embryo 
lethality by treatment with BPDE, and show developmental anomalies after 
IR, again pointing to a role of p53 in DNA repair. In fact, the appellative 
'guardian of the babies' has been applied to p53 (Hall and Lane, 1997; Choi 
and Donehower, 1999). Thus, the same pattern of enhancement of DNA 
repair and induction of apoptosis by p53 that is observed during tumour 
development, is also likely to operate during embryo development, again, 
protecting against DNA damage and eliminating excessively damaged cells.  

CONCLUSIONS 

As discussed throughout this article, a large body of evidence indicates 
that p53 has independent roles in several DNA repair pathways. Its 
participation in DNA repair appears to be sensitive to gene dosage and to 
have a direct impact in oncogenesis. Thus, p53 failure contributes to a 
mutator phenotype and makes p53 a caretaker gene. In a tumour 
development process, however, mutation will lead to an oncogenic event 
which will trigger the capacity of p53 to induce cell cycle arrest and/or 
apoptosis through its stabilisation, that is to say, its gatekeeper function will 
be brought into play. Hence in a typical oncogenic development both p53 
functions are likely to be intertwined. In humans, however, an oncogenic 
process is followed by an anti-cancer therapy and this most commonly 
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involves the introduction of a high level of DNA damage, expected to induce 
apoptosis even in the presence of mutant p53 (Weinstein et al., 1997). Thus, 
the roles of p53 in DNA repair and, as a consequence, the increased 
mutagenicity associated with p53 failure have to be taken into account in the 
presence of this 'iatrogenic' DNA damage. The ideal situation of triggering 
gatekeeper activation without fuelling the mutator phenotype could be 
achieved through therapies that promote tumour cell death without resorting 
to DNA damage. 

We have recently showed that nucleolar function appears to be crucial for 
the maintenance of low levels of p53 and that impairment of this function 
abrogates the capacity of mdm2 to promote p53 degradation leading to its 
stabilisation (Rubbi and Milner, 2003c and see Figure 1). Others have also 
indicated that the link between p53 stabilisation and loss of nucleolar 
function can be mediated by small p53-binding molecules released from the 
nucleolus under stress (Colombo et al. 2002; Lohrum et al., 2003). Thus, the 
nucleolus appears to be a sensor of cellular stress that can integrate a variety 
of stresses, including DNA damage, into a p53 response. With hundreds of 
proteins already identified in the nucleolar proteome (Andersen et al., 2002; 
Scherl et al., 2002) there is great potential for the identification of targets for 
non-DNA damaging anti-cancer therapies. 
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Chapter 12 

ANALYSIS OF P53 GENE ALTERATIONS IN 
CANCER: A CRITICAL VIEW 
 

Thierry Soussi 
Laboratoire de Génotoxicologie des tumeurs, EA 3493 Service de Pneumologie, Hôpital
Tenon, Paris, France 

He threw himself into the water and swam out in search of the 
swans, who caught sight of him and hurried towards him, their 
feathers ruffled. “Kill me” cried the poor animal, hanging his 
head towards the surface of the water, awaiting death. But 
what did he see in the transparent water? He saw his own 
image beneath him, no longer that of an ugly, dirty grey 
duckling, but that of a majestic swan. There’s no harm in being 
born in a farmyard when you hatch from a swan’s egg. 

 
        Hans Christian Andersen, The Ugly Duckling 

INTRODUCTION 

“Guardian of the genome” (Lane, 1992), “Death star” (Vousden, 2000), 
“Good and bad cop” (Sharpless and DePinho, 2002), “An acrobat in 
tumorigenesis” (Moll and Schramm, 1998), are just a few of the names that 
have been attributed to the p53 gene over recent years. However, the 
cameras (and funding) were certainly not present at the time of the discovery 
of p53 in 1979 (Crawford, 1983). It was only when the first alterations of the 
p53 gene in human cancers were discovered 10 years later, in 1989, that p53 
started to become really popular, with the title of “molecule of the year” 
attributed by Science, in 1993 (Harris, 1993). This title was certainly 
justified, as the observation that more than one half of human cancers 
expressed a mutant p53 raised extensive clinical possibilities both for 
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diagnosis and treatment. As always, during the rapid growth phase of a new 
field of investigation, great hopes were raised and the pharmaceutical 
industry became actively involved. Although, from a scientific point of view, 
research has clearly shown the importance of p53 signalling pathways in the 
surveillance of the cell after a genotoxic stress (Vogelstein et al., 2000), 
clinical applications are nevertheless limited at the present time. This 
situation is not specific to p53, as technology transfer to clinical applications 
is always a difficult process. The contingencies required to validate a new 
marker are identical to those used to validate a new therapeutic molecule 
(see below). The field of diagnosis is also currently undergoing a major 
revolution with the development of high throughput technologies, such as 
DNA biochips, proteomic analyses or TMA (tissue microarray). Most of 
these technologies cannot be applied in routine clinical practice and 
therefore remain confined to the field of “gene discovery”. On the other 
hand, their discoveries can have applications in routine clinical practice by 
means of technologies such as high throughput quantitative PCR, detection 
of mutations on DNA biochips or any other support allowing exhaustive 
analysis of a large number of samples. In the case of p53, a biochip could be 
developed allowing the simultaneous definition of the mutational profile of 
the gene, while also verifying the expression status of the genes involved in 
upstream or downstream signalling pathways. 

In this article, I will review the analysis of p53 gene alterations in human 
cancers. The first part will discuss the specific properties of the p53 gene 
which make it an atypical tumour suppressor gene. The second part will 
evaluate the situations in which the diagnosis of p53 mutations can be useful 
and the third part will present a critical analysis of the various technological 
aspects of p53 analysis in human cancers. 

THE P53 GENE: A TUMOUR SUPPRESSOR GENE OR 
AN ONCOGENE? A CARETAKER OR A GATEKEEPER? 

The history of p53 is a chaotic voyage from the world of oncogenes to 
the world of tumour suppressor genes, while retaining a certain degree of 
individuality (Lane and Benchimol, 1990). Apart from artefactual problems 
related to involuntary cloning of mutant p53, this ambiguity is also due to 
our propensity to over-categorize in order to satisfy our Cartesian and 
oversimplistic view of science .  

The idea that some p53 mutations can actively participate in cellular 
transformation was already postulated in 1990 and several arguments are in 
favour of such a model (Eliyahu et al., 1990; Lane and Benchimol, 1990). 
First of all, the mode of “inactivation” of wild-type p53. Unlike most other 
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tumour suppressor genes that are inactivated by frameshift or nonsense 
mutations leading to disappearance or aberrant synthesis of the gene product, 
almost 90% of p53 gene mutations are missense mutations leading to the 
synthesis of a stable protein, lacking its specific DNA binding function and 
accumulating in the nucleus of tumour cells (Soussi and Béroud, 2001). This 
particular selection for accumulation of p53 mutations in tumour cells can 
have two consequences: i) a dominant negative role by hetero-
oligomerization with wild-type p53 expressed by the second allele, or ii) a 
specific gain of function of mutant p53. Many studies have tried to 
distinguish between these two hypotheses, with no clear-cut conclusions 
(Michalovitz et al., 1991; Milner, 1995). This task is further complicated by 
the fact that not all p53 mutations appear to be equivalent and present a 
marked heterogeneity of structure or loss of function. Transfection of various 
p53 mutations into cells devoid of endogenous p53 leads to an increase in 
their carcinogenicity, which varies according to the type of mutation 
(Dittmer et al., 1993; Halevy et al., 1990). This research into the oncogenic 
potential of certain p53 mutations is not purely theoretical, but has obvious 
clinical implications, as it could explain the marked disparity of the results of 
studies trying to demonstrate a relationship between the presence of a p53 
gene mutation and various clinical parameters, such as survival or response 
to treatment. In breast cancer patients, the response to adriamycin is very 
strongly correlated with the presence of a mutation specifically localized in 
the loop domains L2 or L3 of the p53 protein (Aas et al., 1996). In vitro, the 
expression of p53 mutations in position 175 (R175H) specifically induces 
resistance of cells to etoposides compared to other p53 mutations (Blandino 
et al., 1999). 

The two homologous genes of p53, p63 and p73, discovered 6 years ago, 
express many isoforms due to alternating use of transcription promoters and 
alternative splicing (Yang et al., 2002). Long isoforms (TA-p73 or TA-p63) 
are able to transactivate the same target genes as p53 and induce apoptosis, 
while short forms (DN-P63 or Dnp73) have an opposite activity via 
dominant negative mechanisms. p63 and p73 are able to cooperate with p53 
to induce apoptosis, suggesting the existence of a complex network of 
interactions between the products of these three genes (Melino et al., 2002). 
Although wt p53 does not interact with p73 or p63, some mutant p53 bind 
strongly to the two p53 homologs via their DNA binding domains. This 
interaction leads to the inactivation of p73 and p63 function (DiComo et al., 
1999; Gaiddon et al., 2001; Marin et al., 2000) (Strano et al., 2000). Recent 
studies by T. Crook and B. Kaelin show that the activity of resistance to 
anticancer agents involves inactivation of the apoptotic function of p73 
protein by a subset of mutant p53 that have sustained a change of 
conformation (Bergamaschi et al., 2003) (Irwin et al., 2003).  
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Figure 1. p53 and cancer: in the classical situation (left), the first hit leads to inactivation of 
p53 without affecting the activity of the second allele. However, this loss of function may 
have certain consequences for the cell. The second hit leads to complete loss of function of 
p53. In the case of a dominant negative mutant (middle), an estimated 1/16 of the tetramers 
theoretically have 4 wild-type monomers if the two proteins are expressed in identical 
quantities and tetramerization is not affected by the mutation. If the dominant negative effect 
of a single monomer is sufficient to inactivate p53, then the remaining activity will be 6.25%. 
In the case of partial penetrance of the dominant negative effect, the activity gradient will be 
between 6% and 50%. Loss of the second allele may not be mandatory, depending on the 
remaining activity. In the case of a mutant with a gain of function (right), the situation is more 
complex with an important combinatorial effect. Loss of the second allele may also be 
unnecessary in this case. This particular situation of the p53 gene results from: i) its particular 
mode of inactivation by missense mutations and ii) its tetrameric structure. 

It is therefore likely that although the wild-type p53 gene is effectively a 
tumour suppressor gene, some p53 mutants can be considered to be 
oncogenes. The distinction between oncogene and tumour suppressor gene, 
although simple and able to account for the mechanisms of activation or 
inactivation of these various genes, is probably imperfect and does not allow 
characterization of all genes involved in the processes of carcinogenesis.  

The genes involved can also be classified as a function of the various 
roles that they play in malignant transformation of a cell when they are 
altered. Three types of genes are distinguished at the present time(Kinzler 
and Vogelstein, 1997; Kinzler and Vogelstein, 1998). Gatekeeper genes 
regulate cellular homeostasis and the cell cycle by controlling the entry of 
the cell in the various phases of the cell cycle (Rb, VHL or APC). Caretaker 
genes participate in maintenance of the integrity of the genome and allow the 
cell to transmit an identical genome during successive cell divisions; they act 
as caretakers of the genome (MLH1, MSH2, or gene XP). Finally, 
landscaper genes maintain the integrity and equilibrium of the various 
cellular components of a tissue (PTEN, Smad4). Once again, the situation is 
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more ambiguous for the p53 gene, which can be classified as both a 
gatekeeper and a caretaker gene. Its apoptotic and antiproliferative activity 
make it an important gatekeeper and re-introduction of a wild-type p53 gene 
into a tumour cell effectively restores the cell cycle control properties. On 
the other hand, its possible activity in the control of chromosomal stability 
would classify p53 as a caretaker gene, whose phenotype cannot be 
corrected by functional supplementation. p53 probably has a very 
heterogeneous role in tumour processes as a function of the tissue 
considered, the chronology of the p53 alteration (early or late), the p53 
function targeted (cell cycle or apoptosis) and finally the nature of the other 
alterations already present in the cell. 

WHY ANALYSE P53 GENE ALTERATIONS IN 
CANCERS? 

Before discussing the various approaches to the analysis of p53 gene 
status in human tumours, it is useful to ask the question of the practical value 
of this analysis. At the dawn of an age devoted to “high throughput” and 
“global analyses”, one wonders whether a diagnosis based on a single gene 
analysis, either p53 or another gene, has any future in clinical practice. 
Furthermore, as I will discuss below, the p53 protein belongs to a complex 
signalling network with a high tissue specificity. This has several important 
consequences in terms of diagnosis: i) the p53 pathway can be inactivated in 
many ways; ii) the behaviour of p53 mutants can be very heterogeneous 
according to the organ and the p53 gene status therefore probably does not 
always reflect the activity of the p53 signalling pathway 

Multiple pathways of inactivation of the p53 gene 

Inactivation of the p53 gene is essentially due to small mutations 
(missense and nonsense mutations or insertions/deletions of several 
nucleotides), which lead to either expression of a mutant protein (90% of 
cases) or absence of protein (10% of cases)(see the special issue of Human 
Mutation devoted to p53 published in January 2002 for more information). 
No inactivation of p53 gene expression by hypermethylation of transcription 
promoters has been demonstrated at the present time, which supports the 
hypothesis of a function for p53 mutants. In many cases, these mutations are 
associated with loss of the wild-type allele of the p53 gene located on the 
short arm of chromosome 17, which is why the p53 gene is said to behave 
like a classical tumour suppressor gene with a mutation on one allele and 
loss of heterozygosity (LOH) of the second allele. This is in line with the 
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good concordance observed between cancers with a high frequency of p53 
gene mutations and the frequency of LOH of the short arm of chromosome 
17. However, another tumour suppressor gene, located adjacent to p53, 
could also be the target of these deletions (Makos Walles et al., 1995). In 
fact, many studies on murine models show that the haplo-insufficiency of 
p53 is sufficient to lead to an abnormal cell phenotype (Venkatachalam et 
al., 2001). Almost 50% of tumours in these mice still express the wild-type 
allele. It is therefore perfectly possible that inactivation of the remaining 
wild-type allele is not systematically necessary. As indicated above, the 
dominant negative activity of some mutants may not always require LOH of 
p53.  

Although the presence of a p53 gene mutation is generally unambiguous, 
other situations are much more equivocal (Table 1). The mdm2 protein 
regulates the stability of the p53 protein by ubiquitination and transport 
towards the proteasome (Iwakuma and Lozano, 2003; Moll and Petrenko, 
2003). Abnormal accumulation of the mdm2 protein is observed in many 
tumours, especially sarcomas (Onel and Cordon-Cardo, 2004). This 
accumulation can be due to amplification of the mdm2 gene, enhanced 
transcription of the gene or enhanced translation of its messenger RNA 
(Michael and Oren, 2002). Although these tumours would be expected to no 
longer express p53, the opposite situation is generally observed, with a large 
number of tumours overexpressing both p53 and mdm2. The reasons for this 
apparent paradox have not been elucidated. No formal exclusion between 
p53 gene mutation and mdm2 accumulation has been clearly demonstrated, 
suggesting that this situation could be due to an oncogenic activity of mdm2 
independent of p53. 

The situation is somewhat clearer for cervical cancer. The E6 viral 
protein expressed by HPV specifically binds to the p53 protein and induces 
its degradation (Scheffner et al., 1990). This observation explains the rarity 
of p53 mutations in cervical cancers (Crook et al., 1992). p53 inactivation by 
a viral protein has not been formally demonstrated in other human cancers 
associated with viral infection, such as HCC (associated with HBV) or 
Burkitt lymphoma (associated with EBV). In inflammatory breast cancers or 
neuroblastomas, molecular and immunohistochemical analyses demonstrate 
accumulation of wild-type p53 in the cytoplasm of tumour cells, leading to 
functional inactivation of p53 (Moll et al., 1995; Moll et al., 1996; Moll et 
al., 1992).  
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Nikolaev et al. recently isolated a new protein, parc, which sequesters 
p53 in the cytoplasm of cells in the absence of any lesions (Nikolaev et al., 
2003). Abnormal accumulation of this protein is observed in neuroblastoma 
cells and could therefore account for functional inactivation of p53 in this 
cancer. 

p53 mutations are very rare in malignant melanoma, a highly 
chemoresistant tumour, but are much more frequent in other skin cancers, 
such as BCC and SCC (Brash and Ponten, 1998). This situation could be due 
to an alteration of apoptotic pathways upstream and downstream to p53 
signals. Alteration of upstream signals corresponds to inactivation of the 
CDKN2 locus, which expresses the p14ARF protein, an activator of p53 in 
response to an oncogenic stress and the cyclin kinase inhibitor p16. The 
interaction of p14ARF with mdm2 blocks MDM2 shuttling between the 
nucleus and cytoplasm via the nucleolus (Iwakuma and Lozano, 2003; 
Vousden and Woude, 2000). Sequestration of MDM2 in the nucleolus thus 
results in activation of p53. Germline alterations (point mutations) and 
somatic alterations (point mutations and hypermethylation of the promoter) 
of this gene are frequent in malignant melanoma and impair the induction of 
p53 after an oncogenic stress (Chin et al., 1998). Alteration of downstream 
signals corresponds to a marked reduction of expression of the pro-apoptotic 
apaf1 gene, the absence of which is correlated with resistance to 
chemotherapeutic agents (Soengas et al., 1999). Decreased apaf1 expression 
is due to hypermethylation of its promoter. 

The role of the hchk2 gene, a kinase activated by ATM following 
irradiation, is more ambiguous. Many studies have shown that hchk2 is 
necessary for phosphorylation and stabilization of p53 after genotoxic 
lesions (Chehab et al., 2000; Shieh et al., 2000). These studies also found a 
strong supprt with the description of hchk2 germline mutations in families 
with Li-Fraumeni syndrome (LFS) not presenting any p53 mutations (Bell et 
al., 1999). However, these results probably need to be interpreted differently, 
as more recent studies have shown that, in human cells devoid of hchk2, p53 
stabilization and induction of its target genes and arrest of the cell cycle after 
irradiation are perfectly normal (Ahn et al., 2003; Jallepalli et al., 2003). 

Many mechanisms are therefore involved in the inactivation of signalling 
pathways regulated by p53, but the clinical consequences of each of these 
mechanisms needs to be more clearly elucidated. 

Molecular epidemiology 

The greatest contribution to the study of p53 mutations has been provided 
by molecular epidemiology and its applications (Harris, 1991; Soussi, 1996). 
We will not discuss these epidemiological studies in more detail, as they 
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have been the subject of many detailed reviews and are discussed in another 
chapter of this book. The most important findings of molecular 
epidemiology are summarized in table 2. 

These studies demonstrate a link between exposure to various types of 
carcinogens and the development of specific cancers. The most striking 
example is that of tandem mutations, specifically induced by ultraviolet 
radiation, which are only observed in skin cancers. The relationships 
between G->T transversion and lung cancer in smokers or mutation of codon 
249 observed in aflatoxin B1-induced liver cancers are also very 
demonstrative. From a cognitive point of view, these findings are important 
in that they confirm that a large number of mutations are exogenous and 
therefore avoidable. On the other hand, these studies will not have any 
impact in terms of public health as they will not be followed by any political 
or administrative decisions to modify exposure situations. The only finding 
that could possibly have a major application concerns the mutation of codon 
249 in liver cancer in individuals exposed to aflatoxin B1, a 
hepatocarcinogenic molecule expressed by a fungus, which frequently 
contaminates certain agricultural products harvested in tropical or 
subtropical regions. Contamination of food by this fungus and exposure to 
aflatoxin B1 are documented facts in several developing countries (Wild et 
al., 1993). The singularity of the unique mutation is due to the binding 
specificity of substances derived from aflatoxin B1 on codon 249 of the p53 
gene (Puisieux et al., 1991). This specificity has allowed the development of 
extremely sensitive screening methods for this mutation (1 mutant copy per 
105 wild-type copies) (Aguilar et al., 1993). By using these approaches, 
Aguilar et al. demonstrated that the mutation occurs very early and can be 
demonstrated in the liver of asymptomatic healthy subjects derived from 
regions exposed to aflatoxin B1 (Aguilar et al., 1994). No mutation was 
detected in subjects derived from non-exposed regions. This test has 
subsequently been successfully applied to the detection of p53 mutations in 
serum DNA from individuals living in high-risk regions (Kirk et al., 2000). 
This type of analysis should allow very early detection of individuals at high 
risk of developing hepatocellular carcinoma. However, it can only be 
effective when it is associated with an infrastructure able to follow these 
individuals and propose early intervention. 
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p53 mutations: a new clinical marker? 

This is certainly one of the most chaotic subjects in the field of p53. This 
confusion is due to a number of explanations: diversity of methodologies and 
strategies used to analyse p53 status, marked heterogeneity in study 
populations, a very heterogeneous behaviour of mutant p53 and especially 
our current ignorance concerning all branches of p53 signalling pathways. 
Research has focussed on the prognostic value of p53 and also on the 
response to therapy, as it has now been clearly demonstrated that a large 
number of molecules used in cancer chemotherapy induce p53-dependent 
apoptosis. 

It is essential to avoid confusion about the terms prognostic and 
predictive. A prognostic marker can be defined as any factor that, at the time 
of diagnosis, can provide information on the clinical outcome of the patient, 
such as survival or disease-free survival. The most powerful prognostic 
factors are tumour size, clinical spread (stage) and histological grade. 
Among the molecular markers that have been tested during the past decade, 
N-MYC amplification in neuroblastoma remains the best prognostic marker. 
A predictive factor is defined as any marker that gives information regarding 
the response to a specific treatment. Prototype predictive markers are the 
oestrogen and progesterone receptors that mediate the response to the 
hormone therapy tamoxifen. With a few exceptions, none of the potentially 
useful prognostic or predictive markers have led to any consistent results in 
independent clinical studies. Factors that influence these studies include 
inadequate patient recruitment (sample size, diagnostic entry criteria, 
heterogeneous treatment) and methodological problems (quality of starting 
tissue, assay variability). This unsatisfactory situation has led several authors 
to propose a hierarchy of prognostic and predictive studies, analogous to the 
hierarchical study design in drug trials (Sullivan Pepe et al., 2001). Such an 
approach allows logical exploration and step-by-step validation of potential 
markers. Phase I studies are early exploratory studies of the association 
between a prognostic marker and important disease characteristics. They 
should also lead to the definition of a standardized assay. Phase II studies 
should define the clinical utility of the marker by identifying the optimal cut-
off value between high-risk and low-risk patients. Both of these retrospective 
phases should be performed in carefully controlled (preferably case-
controlled) cohorts of well-defined patients. Phase III studies are large, 
prospective, confirmatory studies in which the marker is evaluated and 
compared with other well-defined factors. The TP53 status in human cancer 
could be considered at the end of Phase I (Bray et al., 1998). Several meta-
analyses have indicated that, despite disagreement in the literature, p53 
status could have prognostic significance in non-small-cell lung cancer 
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(Mitsudomi et al., 2000; Steels et al., 2001) or in breast cancer (Pharoah et 
al., 1999), so the time is ripe to begin Phase II studies to unravel the true 
potential of using p53 status for clinical decision-making. This topic will be 
extensively developed by Borensen et al. in another chapter of this book. 

p53 germline mutations 

The discovery of germline mutations in families with LFS was a major 
argument leading to the classification of p53 as a tumour suppressor gene 
(Malkin et al., 1990; Srivastava et al., 1990). LFS, with autosomal dominant 
transmission, is a rare disease of young subjects who present a predisposition 
to various tumours (Li et al., 1988). The classical and historical definition is 
based on familial criteria, essentially the observation of a sarcoma in an 
affected subject before the age of 45 years with a first-degree relative who 
developed any type of cancer before the age of 45 years or with a second-
degree relative with a cancer or sarcoma before the age of 45 years. It is 
difficult to estimate the incidence of this rare syndrome due to its poorly 
defined diagnostic criteria. The most characteristic tumours are 
osteosarcomas, soft tissue sarcomas, breast cancers in young subjects, 
leukaemias/lymphomas, brain tumours and adrenal cortical carcinomas. 
However, any type of tumours can be observed. There are an estimated 400 
families with LFS in the world at the present time. A germline mutation of 
the p53 gene is detected in about 70% of LFS families and in certain families 
or cases suggestive of the syndrome, without strictly satisfying all of the 
criteria (LFL) (Varley, 2003). A germline mutation of the hCHK2 gene has 
also been described in rare families (Bell et al., 1999). A subject with a 
deleterious mutation of the TP53 gene has a 15% risk of developing a cancer 
at the age of 15 years, with a risk of 80% for 50-year-old women and 40% 
for 50-year-old men; the significant difference between the sexes can be 
almost completely explained by breast cancer. These patients also present a 
high risk of second cancers, especially radio-induced cancers. 

p53 germline mutations have also been demonstrated in almost 50% of 
children with adrenal cortical carcinoma with no family history of cancer 
(Varley et al., 1999b; Wagner et al., 1994). This cancer of the adrenal cortex 
accounts for 0.2% of all childhood tumours with an international incidence 
of 0.5/million, and occurs more frequently in girls than in boys (ratio of 
1.5:1). The incidence is higher in patients with isolated hemihypertrophy, 
Wiedemann-Beckwith syndrome, congenital adrenal hyperplasia and LFS. 
The biological causes of this specific association are unknown. 

No international consensus has yet been reached concerning the 
management of LFS families, which remains subject to local guidelines. 
These patients have a high risk of developing various types of other primary 
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malignant tumours, which, because of their very broad spectrum, raise 
difficult screening problems. There are no data, at the present time, to 
suggest that a particular constitutional mutation is associated with a specific 
tumour type, but our knowledge of the biology of p53 suggests that DNA 
lesions induced by treatment of a first cancer in these patients with a 
constitutional p53 mutation can induce the emergence of cells with an 
abnormal genotype and therefore the appearance of other tumours.  

No consensus has been reached to define the methodological approach to 
screening of the p53 gene status in affected families. The most advanced 
studies have been conducted by J. Varley’s team, which clearly showed that 
only an approach involving exhaustive DNA (exons and introns) and RNA 
analysis can provide rigorous results (Varley et al., 1999a). The use of the 
FASAY test can also be considered (see below). 

Contribution of p53 gene mutation analysis to basic research 
into the p53 protein. 

This contribution is rarely mentioned, but, in the case of p53, basic 
research provided an unexpected wealth of data. Historically, the first 
description of p53 mutations was published in 1989 (Nigro et al., 1989; 
Takahashi et al., 1989), while the transactivation and the specific DNA 
binding activity of p53 was only discovered several years later (Bargonetti et 
al., 1993; Fields and Jang, 1990; Pavletich et al., 1993; Raycroft et al., 
1990). Analysis of the mutations detected in human cancers not only allowed 
definition of the functionally important regions of the protein, but their 
heterogeneity also allowed us to more precisely dissect the various functions 
of p53. The establishment of databases combining all of this information 
provided valuable tools for this research. I would like to cite 3 examples, 
which appear to be particularly representative of this type of study. 

Proline 175 (H175P) mutation 

Despite the fact that the H175P mutation is situated on a mutation hot 
spot (codon 175), it is very rarely detected in human cancers (4 times) in 
contrast with its little sister (H175R), reported 650 times (Soussi and 
Béroud, 2003). The H175P mutation has a normal cell cycle arrest and gene 
p21 induction behaviour (Ory et al., 1994), but is deficient for apoptotic 
activity and does not transactivate bax or PIG3 genes (Friedlander et al., 
1996; Rowan et al., 1996). The reasons for this heterogeneity are unknown at 
the present time, but could be related to a difference of interaction with 
various co-activating molecules. A strain of transgenic mice specifically 
expressing this mutation was recently produced (Liu et al., 2004). These 
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mice have a very low predisposition to develop tumours compared to mice 
not expressing p53. However, these tumours do not present the chromosomal 
instability revealed in p53 -/- mice. These results derived from purely basic 
research, but based on a clinical observation, suggest that the apoptotic 
activity cannot be the primary activity targeted by p53 gene alterations 
(Attardi and DePinho, 2004). This represents a major challenge in relation to 
current models, which define apoptosis as being the fundamental activity of 
p53. Only the future will clarify the real role of p53. 

Histidine 337 (R337H) mutation 

The R337H mutation was found as a germline mutation specifically 
associated with paediatric adrenal cortical carcinoma in southern Brazil in 
several independent families that were not predisposed to other tumours 
(Latronico et al., 2001). In every transactivation assay, this mutant showed a 
wt behaviour. Precise chemical analysis revealed that this R337H mutant is 
highly sensitive to pH in the physiological range leading to folding changes 
depending on the protonated state of the protein (DiGiammarino et al., 
2002). The observation that the syndrome associated with this mutation has 
been predominantly found in Brazil suggests that it could be linked to other 
modifier genes that could influence folding of p53 or cell pH. This type of 
observation emphasizes an important aspect of the p53 protein, its in vitro 
and in vivo flexibility and the influence of this flexibility on its properties. 
This type of observation must be considered in the light of the fact that 
almost 100 p53 mutants have a temperature-sensitive behaviour, i.e. active at 
30°C and inactive at 37°C (Shiraishi et al., 2004). 

Construction of a p53 mutation library 

Many studies have emphasized the quantitative and qualitative 
heterogeneity of p53 mutations (Forrester et al., 1995; Ory et al., 1994; 
Resnick and Inga, 2003). In order to obtain a global view of this 
heterogeneity, Kato et al. constructed a library of 2,500 p53 mutations (Kato 
et al., 2003). Their transcriptional activity was tested on 8 transcription 
promoters characteristic of the various activities of p53 (cell cycle arrest, 
repair or apoptosis). Apart from the technical feat achieved by these authors, 
this study provides us with a wealth of valuable data to understand the 
individual activity of each p53 mutation, which can be classified according 
to the decreasing order of their remaining activity. It remains to be seen 
whether this classification has any correlation with clinical and laboratory 
parameters, such as response to therapy. 
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These three examples clearly illustrate this ping pong game, which can 
and must exist between basic research and clinical observations. 

p53 gene mutations and therapy 

Several chapters of this book are devoted to new therapeutic approaches 
applied to p53 and will not be discussed here. When these approaches are 
used in clinical trials, the patients’ p53 status must be precisely defined in 
order to measure the efficacy of the new treatment. 

Detection of p53 polymorphism in codon 72 

Discovered in 1986, this intragenic polymorphism leads to the expression 
of two different p53 proteins, with Arginine or Proline in codon 72 in a 
region rich in proline residues (Harris et al., 1986). This region could be 
involved in the apoptotic activity of p53 (Walker and Levine, 1996). The 
distribution of this polymorphism in the general population is heterogeneous 
with a frequency of the Pro/Pro haplotype of 16% in Scandinavian 
populations and 63% in Nigerian populations (Beckman et al., 1994). The 
reason for this North/South gradient is unknown at the present time. Many 
studies have investigated whether one of the haplotypes could be associated 
with a higher susceptibility to develop cancers. The results of these studies 
are very contradictory and have not demonstrated any highly significant 
findings. In 1998, Storey et al. showed that p53Arg was very sensitive to the 
degradation activity induced by papillomavirus protein E6, while p53Pro was 
more resistant. This observation, that has not been contested, was associated 
with an epidemiological study on cervical cancer, which showed an over-
representation of women presenting the p53Arg allele (Makni et al., 2000; 
Storey et al., 1998; Thomas et al., 1999b). Unfortunately, this second part of 
the study was strongly contested by many other studies (Helland et al., 1998; 
Hildesheim et al., 1998). Nevertheless, these two wild-type p53, p53Arg and 
p53Pro, do not have exactly the same properties (table 3). 

Some p53 mutants interact with p73 protein and inactivate its apoptotic 
function. Recently, T. Crook’s team showed that this activity is specific to 
the p53Arg mutant (Bergamaschi et al., 2003). Analysis of a homogeneous 
population of patients with head and neck cancer demonstrates that the 
majority of patients expressing a mutant p53 associated with this 
polymorphism have a poor response to chemotherapy and a shorter survival. 
If this result is confirmed by other studies, it is therefore possible that 
analysis of this polymorphism could have a clinical value, but, as discussed 
below, this analysis is difficult to perform. 
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Table 3. Comparison of the biological activities of the two polymorphic p53. 
 p53Arg72 p53Pro72 Reference 
Sensitivity to HPV protein E6 Sensitive Resistant (Thomas et al., 

1999b) 
Induction of apoptosis High* Moderate (Dumont et al., 2003) 
Interaction with p73 (in the case of 
mutant p53) 

High Low (Marin et al., 2000) 

Association with response to treatment Poor* Better  (Bergamaschi et al., 
2003) 

Interaction with transcriptional 
machinery 

Low High (Thomas et al., 
1999b) 

Transactivation Moderate Higher (Thomas et al., 
1999b) 

DNA binding identical identical (Thomas et al., 
1999b) 

* In each case, the concept of high/low or poor/better is relative and only concerns the 
comparison between the two forms of p53. 

HOW TO ANALYSE P53 GENE ALTERATIONS IN 
CANCERS 

Molecular analysis 

Direct sequencing of the p53 gene after PCR amplification remains the 
“Gold Standard” of molecular analysis. For the p53 gene, this approach is 
facilitated by the fact that the 10 coding exons are smaller than 350 bp and 
can therefore be easily amplified individually. Mutations involving partial or 
total gene deletions are relatively rare. 

Unfortunately, although considerable progress has been made in the field 
of DNA sequencing in terms of throughput, its sensitivity still remains 
limited. The major problem of molecular analysis of tumour specimens is the 
presence of normal cells (lymphocytes, stromal cells) that contaminate the 
tumour samples. According to the type of tumour or the type of sample, the 
rate of contamination can range from several percent (surgical tumour 
sample) to 50% (biopsies) or even more than 95% (urine, stools or bronchial 
lavage). It is generally accepted that direct sequencing requires at least 20% 
of mutant alleles, but this can vary considerably according to the quality of 
the sample. This qualitative aspect is generally underestimated. The quantity 
and quality of DNA obtained varies considerably according to the origin of 
the sample (frozen tumour, formalin- or paraffin-embedded tissues). This 
variability can lead to the generation of PCR artefacts, which can be falsely 
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interpreted as mutations. In the case of heavily contaminated samples, 
microdissection can be performed in order to enrich the tumour cell content, 
but this complicates the manipulations and cannot be performed routinely at 
the present time. The application of molecular technologies to routine 
analysis in hospital is a very important aspect. Many extremely sensitive 
molecular analysis methodologies have been developed, but their clinical 
application is generally limited because of the complex installation, their low 
throughput, the use of radioactivity or the need for highly qualified 
personnel. 

Up until now, molecular analyses have been performed on exons 5-8 of 
the p53 gene, as the majority of mutations are located in these regions. It is 
generally established that 90% of mutational events are missense mutations 
leading to the synthesis of an abnormal protein that is not degraded and 
which accumulates in the nucleus of tumour cells. The remaining 10% of 
mutational events are nonsense mutations or small deletions that do not lead 
to accumulation of p53. This type of mutation excludes the possibility of 
using molecular methodologies such as PTT (Protein truncature test) based 
on expression of truncated proteins. More recently, molecular studies have 
been extended to the other exons, as exons 4, 9 and 10 have been found to 
contain a considerable number of mutations (about 15%) (Soussi and 
Béroud, 2001). Analysis of molecular events also shows a high proportion of 
nonsense mutations in these exons. Analysis of the latest version of the p53 
gene mutation database shows that about 20% to 25% of mutations do not 
lead to the synthesis of a p53 protein. These mutations also present a marked 
variability as a function of the type of cancer: they are more frequent in lung 
cancers and breast cancers than in colon cancers (Soussi and Béroud, 2001). 
About 280 of the 393 codons of the p53 gene can be affected by a mutation. 
Furthermore, as each codon comprises 3 bases, which can each be altered 
generating a different amino acid, there is a very large number of theoretical 
combinations. 1,300 different variants have been identified in the p53 
mutation database, which comprises more than 15,000 mutations derived 
from as many tumours (Béroud et al., 2000). 

Many prescreening methodologies have been used to increase the 
sensitivity of detection of mutations and to concentrate the sequencing 
exclusively on the mutant exon. Unfortunately, many of these methods, 
possibly with the exception of DHPLC (denaturing high-performance liquid 
chromatography), remain confined to specialized laboratories and the 
sensitivity of detection of some of them is incompatible with the needs of 
clinical diagnosis. However, they present the advantage of being able to 
detect mutations in samples heavily contaminated by normal DNA. 

An important point, rarely discussed, concerns the initial genetic material 
that can be used for molecular analysis. DNA is obviously a material of 
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choice, as it is robust and easy to handle, but many studies use RNA and its 
derived product cDNA for the detection of mutations. This is particularly the 
case when studying haematopoietic tumours, which are easier to manipulate 
than solid tumours. In the case of p53, there are several advantages to using 
RNA as starting material: i) the coding region is small (1,200 bp), allowing 
analysis of the entire gene; ii) several comparative studies of DNA versus 
RNA have demonstrated a higher sensitivity of detection of mutations with 
RNA (Forslund et al., 2002; Williams et al., 1998); iii) the use of RNA can 
detect the presence of splicing variants not identified on DNA. This last 
point is important, as the frequency of these splicing mutants of p53 has 
probably been underestimated. The most striking case is that of the mutation 
at codon 125 (ACG->ACA) described by many authors as a polymorphic 
variant. RNA analysis of this mutation, located at the 3’ extremity of exon 4, 
shows that the splicing of the p53 gene is totally aberrant (Warneford et al., 
1992). 

No major progress in Sanger’s sequencing technique has been made over 
recent years. The only new robust approach that has been developed is 
pyrosequencing, which does not require electrophoretic separation (Ronaghi, 
2001). This approach has been successfully evaluated for the analysis of the 
p53 gene. However, it has a number of disadvantages at the present time, 
particularly the unreliable detection of frameshift mutations and the fact that 
it can only be applied to DNA fragments smaller than 100 bp. 

On the other hand, considerable progress has been made in 
electrophoretic separation methods with the development of multiplexing 
and automation. Capillary electrophoresis (CE) now allows simultaneous 
separation of 96 reactions and this number will probably be increased over 
the next few years. Miniaturization of this approach and the development of 
new separation matrices and new solid phases have also led to the 
development of microchannel electrophoresis. The analysis of p53 gene 
mutations has often been used as a paradigm to evaluate the efficacy of these 
new approaches (table ). We will not describe all of these methods in this 
review, but it should be noted that they can improve the sensitivity of 
conventional methods. The combined use of SSCP and HA techniques 
associated with solid-phase electrophoresis ensures a very high sensitivity 
(close to 100%) (Kourkine et al., 2002). 
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Multiplexing approaches have also been improved with the development 
of DNA biochips. They can use various approaches such as mismatch 
detection, primer extension or hybridization. Many studies have compared 
the sensitivities of these biochip approaches to those of more conventional 
methods and have generally shown a good concordance between the various 
methods (Ahrendt et al., 1999; Schaefer et al., 2002; Wen et al., 2000; 
Wikman et al., 2000). The only problem concerns deletions greater than 1 bp 
that are not analysed by these approaches, which can raise a problem in 
certain cancers such as ovarian or head and neck cancers, presenting a high 
rate of frameshift mutations. 

The LDR technique was recently linked to a biochip binding approach. 
This combination allows high sensitivity and high throughput. Analysis of 
bronchial biopsies identified p53 gene mutations not detected by 
conventional approaches (Favis et al., 2003; Fouquet et al., 2004). 

FASAY functional assay 

Originally described for the detection of germline mutations in patients 
with LFS, this methodology has been improved and its current sensitivity 
allows it to be used for the detection of mutations in tumour samples 
(Flaman et al., 1995; Ishioka et al., 1993). The initial material used for 
FASAY (Functional Assay in Yeast) is cDNA obtained from tumour RNA. 
PCR amplification of this cDNA, using primers corresponding to codons 52 
to 364 (68% of exons 4 to 10), followed by introduction of the PCR product 
into an indicator yeast, where it recombines with an expression vector, can 
be used to define the transactivating activity of the protein expressed. Red 
yeast colonies express mutant p53, while white colonies express wild-type 
p53 (Fronza et al., 2000). The amplified region corresponds to 95 % of the 
mutations identified to date, which makes FASAY a very good approach for 
exhaustive analysis of p53 gene mutations. All alterations leading to absence 
of RNA expression will obviously not be detected, but this is a relatively 
rare situation for p53. The only criticism that can be formulated in relation to 
this methodology is that it provides no information about the type of 
mutation, so that sequencing must always be performed subsequently. As 
sequencing is performed on DNA extracted from red colonies (mutant p53), 
problems of sensitivity are eliminated. This methodology can also be used to 
demonstrate splicing alterations. Waridel et al. have modified the FASAY 
technique to increase its sensitivity and robustness (Waridel et al., 1997). 
Recently, we used this approach to detect p53 gene mutations in biopsies 
containing only 5% of tumour cells (Fouquet et al., 2004). These mutations 
could not be detected by direct sequencing. In addition to this high level of 
sensitivity, the FASAY technique also presents the advantage of being 
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simple and robust. FASAY avoids selecting active variants (see below for 
problems related to this biological activity). It also has the advantage of 
being the only method able to rigorously demonstrate codon 72 
polymorphism linked to the mutant allele (see beginning of the chapter for 
the significance of this polymorphism) (Tada et al., 2001). The cloning and 
sequencing of cDNA in the indicator yeast provide a non-fragmented 
molecule corresponding to the initial RNA expressed by the p53 gene. Direct 
sequencing of individual exons would not allow this type of analysis. 
Contamination of the sample by normal cells and the possibility of loss of 
heterozygosity prevents any interpretation. At the present time, FASAY 
remains the only approach suitable for the demonstration of associations 
between p53 gene mutations and codon 72 polymorphism (Tada et al., 
2001). 

The first generation FASAY test was based on the transcriptional activity 
of p53 on the RGC response element exclusively recognized by wild-type 
p53. This test is generally performed at 30°C, the growth temperature of the 
yeast. The observation that some p53 mutations are temperature-sensitive 
(active at 30°C, but inactive at 37°C), has led to the addition of a phase of 
yeast culture at 37°C to verify the presence of such mutants (Shiraishi et al., 
2004). Various authors have also shown that, depending on the response 
element used (RGC, bax, WAF or PIG3), p53 mutants may have a 
heterogeneous behaviour (Campomenosi et al., 2001; Flaman et al., 1998). 
Some mutants that have only lost their apoptotic activity are inactive in 
relation to the PIG3 or bax elements, but continue to transactivate the WAF 
or mdm2 genes. On the other hand, the demonstration of pink colonies on 
the FASAY test shows that not all mutations have the same penetrance. New 
indicator yeasts allowing more accurate evaluation of p53 activity have been 
developed. It remains to be seen whether the use of these yeasts can help to 
increase the sensitivity of this test. 

Immunohistochemical analysis 

As the p53 protein is the end-product of gene expression, it therefore 
appears logical to try to directly visualize protein expression by 
immunohistochemical analysis linked with morphological analysis allowing 
qualitative evaluation of the cells presenting these defects (Dowell et al., 
1994). p53 is a paradigm for this type of study, as most point mutations lead 
to the synthesis of a stable but “inactive” protein in the nucleus of tumour 
cells. Although this phenomenon was identified more than 10 years ago, no 
truly satisfactory explanation for this phenomenon has yet been proposed. 
Several non-exclusive possibilities have been proposed: i) absence of 
induction of mdm2 which can no longer regulate p53; ii) conformational 
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change and decreased sensitivity to degradation; iii) stability or over-
translation of messenger RNA. It is interesting to note that normal cells from 
LFS patients do not overexpress p53, in contrast with the tumours observed 
in these same patients and in the absence of LOH. It is therefore possible that 
the tumour context is also important for stabilization of the p53 protein. This 
remains an unexplored field of investigation, which would certainly provide 
useful information. 

Immunohistochemical studies concerning p53, as for other markers, 
suffer from a lack of standardization, leading to very heterogeneous results. 
The sources of heterogeneity are multiple: i) the various antibodies used; ii) 
methodological aspects (amplification, epitope unmasking); iii) the initial 
material (paraffin block, frozen tumour) and storage conditions; iv) the 
positive cut-off value, which can vary from 1% to 20% according to the 
authors; and v) individual variability of interpretation of the results 
(McShane et al., 2000; Schmitz-Drager et al., 2000).  

Nonsense or frameshift mutations do not lead to accumulation of p53 
protein. This is certainly due to instability of truncated proteins, which are 
generally not detectable despite the use of monoclonal antibodies which 
recognize an epitope situated in the amino-terminal domain of p53. 

The correlation between missense mutations and nuclear accumulation 
appears to be 80% with variations from one type of cancer to another (Casey 
et al., 1996). The accumulation of wild-type p53 is more complicated to 
understand and its clinical and biological significance is unknown. One of 
the important parameters not revealed by immunohistochemical analysis is 
the variability of behaviour of p53 mutants (Hashimoto et al., 1999; van 
Oijen and Slootweg, 2000). Some monoclonal antibodies are described as 
being specific for p53 mutants (Pab240, HO15.4). However, they must be 
used cautiously, as: i) not all p53 mutants are recognized by these antibodies; 
and ii) denaturation of p53 during binding or epitope unmasking procedures 
leads to recognition of all forms of p53 (Legros et al., 1994b).  

It is beyond the scope of this chapter to present an exhaustive review of 
the literature concerning immunohistochemical analysis of p53 and its 
clinical applications. The reader can refer to reviews already published on 
the subject or other chapters of this book (Hall and Lane, 1994; Save et al., 
1998). 

Like molecular methodologies, immunohistochemistry has also taken a 
great leap forward with the development of tissue microarrays (TMA), 
which allow simultaneous analysis of several hundred tumours with a single 
antibody (Kallioniemi et al., 2001). These TMA can also be used for in situ 
hybridization or FISH analyses. However, this approach cannot be used for 
routine diagnostic analyses, but it is very useful for immunohistochemical 
studies which can analyse several dozen different antibodies on sections 
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derived from the same TMA block. It would therefore be very easy to 
analyse combinations of antibodies and to evaluate their clinical significance 
in terms of prognosis or prediction of response to treatment. It is also 
possible to analyse the relationships between various antibodies and to study 
tumours in terms of “pathways” with multiple antibodies in order to 
determine the clinical significance and independence of each antibody (Hoos 
et al., 2001; Simon and Sauter, 2003). Analysis of 288 Hodgkin’s 
lymphomas for the expression of 28 proteins involved in regulation of the 
cell cycle demonstrated that expression of genes involved in apoptosis is 
strongly correlated with poor prognosis (Garcia et al., 2003). Analysis of 852 
small breast cancers (T1N0M0) showed that p53 expression is not correlated 
with survival, in contrast with c-erb2 overexpression (Joensuu et al., 2003). 

Serological analysis of p53 gene alterations 

In 1979, DeLeo et al. showed that the humoral response of mice to some 
methylcholanthrene-induced tumour cells such as MethA was directed 
against the p53 protein (De Leo et al., 1979). It was subsequently found that 
animals bearing several types of tumours elicited an immune response 
specific for p53 (Kress et al., 1979; Melero et al., 1979; Rotter et al., 1980). 
In 1982, Crawford et al. first described antibodies directed against human 
p53 protein in the serum of 9% of breast cancer patients (Crawford et al., 
1982). No significant clinical correlation was reported, and at that time, no 
information was available concerning p53 gene mutations. Caron de 
Fromentel et al. later found that these antibodies were present in serum of 
children with a wide variety of cancers. The average frequency was 12%, but 
a frequency of 20% is observed in Burkitt lymphoma (Caron de Fromentel et 
al., 1987). 

Since 1992, a new series of studies has shown that p53-Abs can be found 
in the serum of patients with various types of cancer, whereas the prevalence 
of these antibodies in the normal population remains very low. To date, the 
majority of published studies suggest that most patients with p53 antibodies 
have a p53 mutation leading to p53 accumulation. It is also clear that not all 
patients with a p53 alteration develop p53 antibodies. Comparison of the 
frequency of p53 alterations in the literature indicates that 30% to 40% of 
patients with an alteration of the p53 gene develop p53 antibodies (Lubin et 
al., 1995a). 

It was initially believed that these antibodies were directed against the 
central region of the p53 protein, which is the target for the various 
mutations. Surprisingly, a careful study of the epitope recognized by these 
p53-Abs indicates that they bind both wild-type and mutant p53 (Labrecque 
and Matlashewski, 1995; Lubin et al., 1993; Schlichtholz et al., 1992; 
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Schlichtholz et al., 1994). Using either truncated p53 or synthetic peptides, it 
has been demonstrated that the epitopes recognized by the p53-Abs are 
mainly located in the amino and carboxy terminal regions of the protein, 
regions not corresponding to the p53 mutation hot spots (Lubin et al., 1993; 
Schlichtholz et al., 1992). These immunodominant epitopes have also been 
detected in the serum of mice and rabbits hyperimmunized with wild-type 
p53 (Legros et al., 1994a). Taken together, i) the presence of 
immunodominant epitopes outside the hot spot region of p53 mutations, ii) 
the correlation between p53 accumulation (and p53 gene mutation) in 
tumour cells and p53 antibody responses, iii) the similarity of humoral 
responses in patients independent of the cancer type and iv) the similarity of 
antigenic site profiles in patients and hyperimmunized animals, all suggest 
that p53 accumulation is a major component of the humoral response in 
patients with cancer. This accumulation could lead to a self-immunization 
process culminating in the appearance of p53 antibodies. As stated above, 
the level of p53 proteins in a normal organism is very low, suggesting very 
weak (if any) tolerance to endogenous p53 (Soussi, 2000).  

Numerous studies have tried to determine the clinical value of p53-Abs 
(Bourhis et al., 1996; Cabelguenne et al., 2000; Lenner et al., 1999; Peyrat et 
al., 1995; Werner et al., 1997). As for p53 mutations and p53 
immunohistochemical analysis, these studies have reported contradictory 
results and have been recently reviewed (Soussi, 2000). There is a trend 
towards an association between p53-Abs and poorly differentiated tumours, 
a feature already observed with p53 mutations.  

As p53 accumulation is the main trigger of this humoral response, it was 
interesting to examine the behaviour of these p53-Abs during therapy to see 
whether there is a relationship between tumour disappearance and a decrease 
in p53-Abs. Several studies have addressed this question in various types of 
cancer (Angelopoulou and Diamandis, 1997; Angelopoulou et al., 1994; 
Hammel et al., 1999; Saffroy et al., 1999; Zalcman et al., 1998). Zalcman et 
al. showed that there is a good correlation between the specific time-course 
of p53-Abs titres and the response to therapy in patients with lung cancer 
(Zalcman et al., 1998). A similar situation was described in colorectal and 
ovarian cancer. In several patients, the disappearance of p53-Abs was very 
rapid, nearly as rapid as the half-life of human IgG (Lubin et al., 1995a). In 
breast cancer, it is possible to detect the reappearance of p53-Abs two years 
after initial therapy. This increase in p53-Abs was detected 3 months before 
the detection of a relapse. In these tumour types, p53-Abs could therefore be 
a useful tool to determine response to therapy and to monitor certain early 
relapses before they are clinically detectable.  

p53 accumulation is the major component in the appearance of these p53-
Abs. It is therefore reasonable to assume that p53-Abs could be used as an 
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early indicator of p53 mutations in tumours in which such alterations occur 
early during tumour progression. A good model to test this hypothesis is that 
of lung cancer and heavy smokers. It is well established that p53 
accumulation is an early event in lung cancer and that this cancer is strongly 
associated with tobacco smoking. In 1994, p53-Abs were found in a heavy 
smoker in whom no lung cancer could be detected. Two years later, lung 
cancer was detected in this patient prior to any clinical manifestations of the 
disease (Lubin et al., 1995b; Schlichtholz et al., 1994). The patient showed 
good response to therapy in parallel with complete disappearance of p53-
Abs (Lubin et al., 1995b). To our knowledge, this is the only prospective 
study addressing the importance of p53-Abs in individuals at high risk for 
cancer and using p53-Ab assays for clinical management of the patient. 
Since this publication, several studies have demonstrated the presence of 
p53-Abs in the serum of high-risk individuals (Trivers et al., 1995; Trivers et 
al., 1996).  

A similar situation is observed in subjects with premalignant oral lesions 
(leukoplakia) due to tobacco or betel nut chewing. Such individuals are at 
high risk of developing oral cancer (5-10%). A high frequency of p53-Abs 
has been found in patients with premalignant and malignant lesions, 
suggesting that these antibodies could be used for early detection of cancer 
(Ralhan et al., 1998). Unfortunately, no follow-up has been performed on 
these patients. Due to the high frequency of this type of cancer in countries 
such as India or Pakistan, this type of diagnosis could be particularly useful. 
The recent discovery that p53-Abs can be found in saliva indicates that a 
simple screening method could be organized to verify the value of these 
antibodies (Tavassoli et al., 1998). 

The majority of the literature clearly demonstrates the specificity of this 
serological analysis, as such antibodies are very rare in the normal 
population. The specificity of this assay can be estimated to be 95%. This 
high specificity is supported by the fact that p53 specifically accumulates in 
the nucleus of tumour cells after gene mutation. One of the disadvantages of 
this assay is its lack of sensitivity, as only 20% to 40% of patients with p53 
mutations develop p53-Abs. This lack of sensitivity totally precludes the use 
of the assay to evaluate p53 alterations in human tumour. Nevertheless, if we 
estimate that there are 8 million patients with various types of cancer 
throughout the world, and 50% of them have a mutation in their p53 gene, 
then we can deduce that about 1 million of these patients would have p53-
Abs.  

There are several situations in which p53-Abs could be clinically useful. 
The first situation is that of serum monitoring during therapy. Only 
prospective studies on various types of cancer in which relapses occur 
several months or years after treatment would be able to validate this assay. 
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The use of standardized assays which have been validated for quantitative 
analysis would be useful for such studies.  

The second situation concerns p53-Abs in high-risk individuals. One of 
the challenges of the next decade is the early detection of tumours using 
highly sensitive assays with gene probes specific for tumour genetic 
alterations. These approaches are still under development and remain costly. 
I believe that there is still room for serological assays of p53 antibody 
tumour markers. In developing countries, there is an increased burden of 
tumours due to carcinogen exposure as a result of increasing cigarette 
consumption, higher pollution caused by political laxity, uncontrolled 
industrial development and the absence of regulations concerning waste 
elimination. There may be a high incidence of p53 mutations in cancers 
related to this type of exposure and the use of an inexpensive assay for the 
detection of p53-Abs could be of public health benefit in these countries. 

CONCLUSIONS 

Fifteen years after the first description of mutations of the p53 gene, the 
clinical situation of p53 is still uncertain. The multiplicity of mutations and 
their properties makes the situation complex in terms of the clinical, 
biological and diagnostic significance. Unless the p53 status can provide 
new data, independent of the information provided by the other markers used 
at the present time, implementation of routine p53 diagnostic screening 
would be useless. On the other hand, as indicated throughout this chapter, 
the main problems related to the study of p53 are: i) heterogeneity of 
functions of mutant p53 and ii) a far from perfect correlation between p53 
mutations and inactivation of the p53 signalling pathway. It is likely that, in 
the near future, global analysis of this signalling pathway could be evaluated 
more exhaustively by a mutational approach associated with an expression 
profile. 
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PATTERNS OF TP53 MUTATIONS IN HUMAN 
CANCER: INTERPLAY BETWEEN 
MUTAGENESIS, DNA REPAIR AND SELECTION
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INTRODUCTION 

Somatic mutations are the cornerstone of cancer (Hanahan et al. 2000). 
The development of cancer involves the contributions of many heritable 
genetic events as well as of a large number of epigenetic changes, but what 
makes the turning point between untransformed and transformed cell 
irreversible is the acquisition of targeted, somatic mutations, conferring to 
cells a selective advantage for clonal proliferation. These mutations can 
occur in many different genes, but only a handful of them are frequently 
mutated in a wide variety of human cancers. They include genes of the RAS 
family (mainly KRAS), BRAF1, APC, β−Catenin, p16/INK4a, PTEN and 
TP53. After over 20 years of research on mutation detection in cancers, 
TP53 remains the world champion of somatic mutations, with over 70% of 
all the mutations described so far in human cancers (Hainaut et al. 2000). 
The database of TP53 mutations maintained at IARC 
(http://www.iarc.fr/p53) contains close to 20,000 mutations identified in 
primary human cancers, cell lines and pre-cancerous lesions (Olivier et al. 
2002). The overall spectrum of these mutations has several unique features. 
As for many tumor suppressor genes, mutations are scattered along large 
parts of the coding sequence, and also occur at splice junctions, in agreement 
with the notion that their primary consequence is to disrupt p53 protein 
function. In contrast to most other suppressors, however, the vast majority of 
TP53 mutations are missense rather than nonsense or frameshift mutations. 
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This predominance of missense mutations is only matched by oncogenes 
such as KRAS. In the latter case, missense mutations fall at a small number 
of codons (12, 13, 59 and 61), encoding residues involved in GTP binding, 
thus resulting in gain-of-signaling function. Thus, the overall profile of TP53 
mutations carries similarities with those of oncogenes as well as of other 
tumor suppressor genes, reflecting in its alterations the functional 
ambivalence of the protein.  

In 1991, Monica Hollstein and colleagues published the first compilation 
of mutation and popularized the concept that mutations could occur at many 
different positions, with a few “hotspots” that were common irrespective of 
cancer site or histology (Hollstein et al. 1991). By 1994, Curtis Harris and 
his collaborators had correctly pinpointed most of the tumor specific TP53 
mutation patterns, based on a dataset of less than 2500 mutations, and it 
became evident that carcinogens leave fingerprints in the human genome 
(Greenblatt et al. 1994). These observations contributed to establish the 
principle that TP53 mutation patterns could be read as “reporters” of 
carcinogenic exposures. However, in recent years, it has emerged that, 
mutagenesis alone could not fully explain the distribution of mutations along 
the coding sequence of TP53, and that other mechanisms, in particular 
preferential repair or biological selection of mutants with special properties, 
may operate as an additional filter to eliminate some of the expected 
mutations. This chapter reviews and discusses the case of “mutagenesis 
versus selection” in shaping TP53 mutation patterns in human cancers. 

INTERPRETING MUTATION PATTERNS 

What is a mutation pattern? 

There is a wide diversity in the types of mutations that arise in the human 
genome and, in many instances, they provide clues on the mechanisms for 
their generation. The Human Gene Mutation Database (HGMD, 
http://www.uwcm.ac.uk/uwcm/mg/hgmd0.html) compiles mutations 
reported in the coding regions of human genes causing genetic diseases 
(Antonarakis et al. 2002; Stenson et al. 2003). In this database, single base-
pair substitutions account for about 50% of all reported mutations. Other 
common changes include deletions, insertions, duplications, inversions, and 
alterations of unstable repeated sequences. Among single base-pair 
substitutions, there are major differences in frequency according to the type 
of nucleotide change. This observation has led to the concept of “mutation 
pattern” or “mutation spectrum”, both terms being used to identify a 
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particular distribution of types of mutations within a selected set of mutation 
data. However, the notion of “mutation pattern” is somewhat ambiguous and 
often corresponds to different concepts from one publication to another.  

Basically, six elements may come into consideration in defining a 
mutation pattern: type of mutation, nucleotide change, sequence context, 
strand distribution, occurrence of the mutation at a position of known 
structure or function  (e.g. mutations in exons, introns, at mRNA splice 
junctions or other structures involved in mRNA processing, within promoter 
regions, etc..), and consequence of the mutation on the gene structure and its 
coding potential (e.g. silent, missense, nonsense, mutations affecting exon 
processing or expression levels) (Antonarakis et al. 2002). A “mutation 
pattern” occurs when there is a significant difference in any combination of 
these elements, between a set of “test” mutations (e.g. mutations identified in 
a particular type of cancer) and a set of “reference” mutations. In many 
instances in studies on TP53, the reference set is represented by mutations 
found in all cancers, minus the ones with the same criteria as in the “test” 
set. This type of analysis is prone to many methodological biases depending 
on selection criteria for both “test” and “reference” sets. Ideally, such 
comparisons should be performed in a strict, case-control study design (e.g. 
comparing mutations between patients with the same cancers, matched for 
individual parameters, and exposed or not to a particular risk factor). This is 
however not the case in most published studies. The TP53 mutation database 
maintained at IARC has been developed to provide a repository for all 
published TP53 mutation data, with extensive annotations that allows the 
selection by users of the best possible reference datasets. However, the TP53 
mutation database does not provide a population-based reference and is open 
to many biases since it compiles data from studies that differ in size, 
methods, design, case selection criteria and annotations (reviewed in 
(Hernandez-Boussard et al. 1999)). 

The formation of a mutation pattern in cancer can be seen as the result of 
a complex process of elimination of candidate lesions through a succession 
of filters (Table 1). The first filter is determined by carcinogen metabolism 
and by the chemistry of DNA damage. Mutagens can damage DNA in a 
specific way, generating promutagenic lesions that, to some extend, reflect 
the chemistry of DNA damage (Essigmann et al. 1993). Moreover, base 
position, accessibility and sequence context are the main factors that 
influence the type and form of DNA damage, forming a second filter 
(Antonarakis et al. 2002). The third filter consists into DNA repair, a 
complex set of processes that removes the large majority of lesions, but does 
so in a selective manner so that all types of lesions are not eliminated with 
the same efficiency (Hanawalt et al. 2003).  
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Table 1. Formation of a mutation pattern through a succession of “filters”: the example of 
Benzo(a)pyrene from tobacco smoke 
Exposure Tobacco smoke contains over 60 substances classified as carcinogenic to 

human by IARC,  including 1 to 40 ng Benzo[a]Pyrene (B[a]P)/cigarette  
 

 Filter Example Type of lesion 
 

Filter 1 Chemistry of 
DNA damage 

B[a]P is metabolized by 
CYP450 to generate B[a]P-7,8-
diol-9,10-epoxide (BPDE) that 
binds on N2 position of 
guanine 
 

BPDE-N2-dG adduct 

Filter 2 Base position 
and sequence 
context 

Adduct preferentially form at G 
adjacent to methylated 
cytosines at mCpG sites 
 

Major adducts at codons 
156, 157, 245, 248, 273 

Filter 3 DNA repair  Transcription-coupled repair 
preferentially removes lesions 
on the transcribed DNA strand 
(TS) 

Strand bias with 
persistence of adducts on 
G on the NTS 
 

Filter 4 DNA replication Lesion bypass of an adducted 
template by Pol eta 
misincorporates A instead of C; 
replication results in 
substitition of G to T opposite 
to misincoporated A 
 

Formation of G to T 
transversions 

Filter 5 Protein filter Only mutations that inactivate 
p53 protein contribute  to the 
clonal expansion of cancer cells 
and are detectable in cancer 
lesions 

Selection of mutations at 
codons 157, 245, 248, 
273; counter-selection of 
mutation at codon 156, 
which is silent. 

 
Mutation 
pattern in 
cancer 

 
Excess of G to T transversions on the Non-transcribed strand at specific codons 
in lung cancers of smokers 
 

 
In particular, transcription-coupled excision repair preferentially 

eliminates polymerase-blocking lesions occurring on the transcribed DNA 
strand and is responsible for DNA strand bias in mutation distribution 
(Vrieling et al. 1998). A fourth filter is represented by DNA replication. 
Although a very accurate system, DNA replication is also error-prone and 
critically dependent on polymerase fidelity (Kunkel 2004). Finally, once 
DNA alterations have been selected through these various filters, they 
become targets for biological selection through the so-called “protein filter” 
that confines the detectable mutations to genetic alterations that produce a 
functionally altered gene product (Dogliotti et al. 1998; Hollstein et al. 
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1999). However, detection of a mutation in a clone of cancer cells does not 
necessarily imply that mutation is causal for cancer growth. In many cases, 
mutations can arise as by-products of the transformation process or may 
occur before the initiation of clonal expansion. Thus, a number of mutations 
may be hitch-hikers, rather than drivers, in the process of clonal expansion. 
This is particularly true for the mutations that occur at rare codon positions 
(“coldspots”) in the IARC TP53 mutation database. 

Mechanisms of “carcinogen fingerprints” 

The primary DNA structure is constantly under attack by metabolites 
resulting from cellular processes as well as from exogenous DNA-damaging 
agents. These metabolites can induce covalent and non-covalent anomalies 
in DNA structures, the most common ones being various forms of base 
damage, single- or double DNA-strand nicks and gaps, intrastrand or 
interstrand as well as protein-DNA crosslinks (Wogan et al. 2004). All these 
forms of damage elicit specific DNA repair reactions. However, some of 
these reactions can also be triggered by the formation of DNA forks, 
Holliday structures and other non-paired DNA structures during replication 
and recombination. The main forms of base damage are oxidized, reduced, 
fragmented bases as well as covalent adducts formed of small chemical 
groups (such as alkyl adducts formed by alkylating agents) or large 
compounds (the so-called “bulky adducts” induced by metabolites of 
polycyclic aromatic hydrocarbons, arylamines or mycotoxins). Imperfect 
repair of these various types of lesions has the potential to induce 
irreversible changes in the primary DNA structure. A “carcinogen 
fingerprint” arises when the frequent occurrence of a specific type of 
mutation can be taken as evidence of DNA attack by a specific type of 
carcinogen. Table 2 lists a series of chemicals that induce defined types of 
promutagenic DNA lesions, and describes the major types of mutations that 
result from these lesions in experimental systems.   

When confronted to carcinogen exposures, human cells develop 
responses similar to those for any other foreign compound or drug.  Many 
carcinogens are lipophilic compounds that readily cross plasma membranes 
to accumulate in the cytoplasm and the nucleus. To counterbalance their 
immediate toxic effects, cytochrome P (CYP) 450 enzymes initiate a cascade 
of metabolic detoxification reactions by catalyzing the addition of an oxygen 
to the carcinogen, increasing its solubility in water and converting it to a 
more readily excretable form (Guengerich 2000). This process is amplified 
by conjugation enzymes such as Glutathione-S-Transferases, which convert 
the oxygenated carcinogen to a form that is highly soluble in water. These 
detoxification reactions are highly efficient and provide a first line of 
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metabolic protection against the immediate, toxic injury inflicted by these 
chemicals (Burchell et al. 1997). However, during this process, cytochrome 
P450 enzymes modify the carcinogens to form reactive compounds that 
often contain an electrophilic (electron-deficient) center. Such metabolites 
can attack DNA bases on specific N positions (depending upon their 
chemical structure and the target base), resulting in the formation of stable 
DNA adducts (Guengerich 2003). This process is known as metabolic 
activation (Miller 1994). The genes involved in metabolic detoxification and 
activation reactions are multiple, redundant and polymorphic. Therefore, the 
balance between metabolic activation and detoxification varies among 
populations and individuals, and is one of the determinants of genetic 
susceptibility to cancer.  

Table 2. Frequent Mutations Induced by Some Exogenous and Endogenous DNA-Damaging 
Agents. 

Site of 
premutagenic lesion 

Mutagen Main Mutations Possible TP53 
fingerprint in 

    
N7-G  AFB1 GC > TA 
N2-G  BPDE GC > TA Lung cancers, smokers 
O6-G  N-Methyl-N- GC > AT Oral, oesophageal 

cancers? 
O6-G  NNK GC > AT Lung cancers ? 
C8-G  1-Nitrosopyrene GC > AT, GC > TA ? 
C8-G  4-Aminobiphenyl GC > TA Bladder cancer 
C8-G  2-AAF GC > TA Bladder cancers? 
C8-G  PhIP GC > TA ? 
8-oxo-G  Oxidative agents GC > TA Many cancers incl lung 
1,N2-G Malondialdehyde GC > TA, GC > AT ? 
N6-A  Stryene oxide AT > CG ? 
N6-A  Benzo[c]phenantrene 

diol epoxide 
AT > TA, AT > GC Lung, oesophageal 

cancers? 
N6-A  BPDE AT > GC Lung cancers  
3,N4-C  Vinyl chloride GC > AT Angiosarcoma of the 

liver 
5-OH-C, 5-OH-U, 
uridine glycol 

Oxidative agents GC > AT ? 

N3-U  Propylene oxide GC > AT ? 
Pyrimidine dimers UV CC > TT tandem,  

GC > AT 
Non-melanoma skin 
cancers 

Apurinic  Depurinating agents GC > TA, AT > TA ? 

 
The second line of defense mechanisms against DNA damage by 

carcinogens consists in the elaborate DNA repair systems that cells have 
evolved to eliminate DNA adducts from the genome (Hanawalt et al. 2003; 
Hoeijmakers 2001). For example, the nucleotide excision repair (NER) 

Hepatocellular carcinoma 

nitrosourea 
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pathway eliminates intra- and interstrand DNA crosslinks, as well as bulky 
DNA adducts. In contrast, bases damaged by the attachment of small 
chemical groups (oxidized or methylated bases) or bases fragmented by 
ionizing radiation or chemical oxidation are repaired through the base-
excision repair (BER) pathway. A specialized, direct repair system acts 
through the enzyme O6-methylguanine DNA methyltransferase, which 
repairs the common, miscoding methylated base O6-methylguanine. These 
repair processes are complex and involve steps of damage removal (e.g. by 
DNA glycosylases in BER) followed by base incorporation reactions 
mediated by several polymerases. Furthermore, some DNA lesions that 
induce mutations are not repaired at the same rate on the transcribed (TS) 
and non-transcribed (NTS) DNA strand. For example, DNA repair 
experiments analyzing bulky adducts in TP53 have shown that the non-
transcribed strand is repaired more slowly than the transcribed strand, and 
that repair at major damage hotspots may be slower than at other positions 
(Denissenko et al. 1998b; Tornaletti et al. 1994). These findings support the 
proposal that initial DNA adduct levels, sequence-dependent adduct 
formation and DNA strand as well as position bias in repair contribute to the 
mutational spectrum. 

In the best cases, effective damage removal results in the rapid 
elimination of DNA adducts. Incomplete or imperfect removal of damage 
may lead to the persistence of lesions. This phenomenon has multiple 
implications for cell proliferation and survival. In particular, presence of 
unrepaired DNA damage may trigger p53 protein stabilization and activation 
of a set of responses that permanently delete damaged cells from the pool of 
proliferative cells, either by permanent cell-cycle arrest, terminal 
differentiation or senescence, or by induction of apoptosis (Pluquet et al. 
2001). If unrepaired damage persists during the steps of DNA reconstruction 
or during replication, it may cause replicative DNA polymerases to stop at 
the site of a lesion. This mechanism induces a third layer of protective 
responses against the formation of permanent damage into DNA. 
Polymerase stop may induce arrest of DNA replication, and cell death 
(again, through a set of pathways involving p53) (Bregman et al. 2000). 
Alternatively, the polymerases may bypass the altered base, with the 
possibility of base misincorporation. To that effect, cells have evolved 
specialized DNA polymerases that are able to bypass various types of DNA 
damage (Kunkel 2004; Livneh 2001). Mutations may arise when DNA 
adducts are bypassed incorrectly by a DNA polymerase.  
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The weight of spontaneous mutagenesis 

There is no doubt that many mutations arise spontaneously in all 
organisms, and there are well-charted mechanisms by which they occur in 
mammalian cells. However, it is difficult to estimate which mutation arises 
spontaneously in humans in vivo, and how their frequencies vary according 
to gene function, cell type or differentiation state. Current knowledge is 
based on analysis of point mutations in human lymphocytes at the HPRT 
locus or in other genes that allow for phenotypic selection (Antonarakis et al. 
2002; Dogliotti et al. 1998), as well as computational analysis of large series 
of genes to estimate and compare spontaneous mutation rates in mammalian 
genomes (Cooper et al. 2004; Kumar et al. 2002).  

Based on estimates of the rate at which neutral mutations accumulate in 
the coding regions of the genome among mammalian lineages, the average 
mammalian genome mutation rate is in the range of 2.2 10-9 per base pair per 
year (Kumar et al. 2002). This rate appears to be largely similar among 
different genes. However, the rate of formation of mutations at different base 
pairs is extremely variable. Spontaneous mutations show a strong bias 
towards transitions (purine to purine or pyrimidine to pyrimidine) as 
compared to transversions. This bias is due to the hypermutability of the 
CpG dinucleotides, which can mutate at a rate 10 times higher than other 
nucleotides according to a mechanism that is fundamentally different from 
those affecting other base motifs (Holliday et al. 1993; Jones et al. 1992). 
Briefly, a notable proportion of cytosines at CpG dinucleotides are 
methylated at position 5’ in the genome of normal cells. The 
5’methylcytosine (5mC) is significantly less stable than cytosine, and 
undergoes spontaneous deamination into thymine at a rate 5 times higher 
than the unmethylated base. This purely endogenous mutagenic process can 
be enhanced by oxygen and nitrogen radicals (Hussain et al. 2003). Thus, it 
is conceivable that the rate of formation of transitions at CpG dinucleotides 
can be influenced by at least four major factors: the existence of gene- or 
population-specific DNA methylation patterns, genetic or epigenetic 
variations in methyltransferase activities, exposure to enhancers such as 
Nitric Oxide (NO) and efficiency of repair mechanisms (Hussain et al. 2003; 
Schmutte et al. 1996).  

In the HGMD database, G:C to A:T transitions at CpG account for 23.8% 
of all mutations. In TP53, CpG mutations represent, overall, 25% of all 
reported mutations, with variations from about 15% in lung cancers of 
smokers to close to 50% in adenocarcinomas of the gastro-digestive tract 
(Olivier et al. 2004). Studies by Pfeifer and collaborators have shown that 
there are no significant differences from one human tissue to another in the 
pattern of methylated cytosines at TP53 mutation hotspots (Tornaletti et al. 
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1995).  On the other hand, in colon cancer, a significant correlation is 
observed between levels of expression of the NO-generating enzyme NO-
Synthase 2 (NOS2) and occurrence of CpG mutations (Ambs et al. 1999). 
This observation provides a paradigm for interpreting the high prevalence of 
CpG mutations in cancers such as gastric cancer (in relation with 
inflammation resulting from chronic infection by H. pylori) and 
adenocarcinoma of the esophagus (which often arise from an inflammatory, 
metaplastic lesion, the Barrett’s mucosa) (Hussain et al. 2003; Olivier et al. 
2004). 

Another powerful possible mechanism of spontaneous mutagenesis is 
described as the slipped-mispairing model (Antonarakis et al. 2002). 
According to this model, nucleotide misincorporation may result from 
transient misalignment of the primer to the template due to the looping out of 
a base (or a short stretch of bases) from the template. This phenomenon may 
preferentially occur within runs of consecutive identical bases or in regions 
containing repetitive DNA sequences. The net result is misincorporation of a 
new base identical to either one of the bases flanking the mutation site. In a 
study of the data compiled in the IARC database, Greenblatt et al. (1996) 
have shown that almost all these deletions or insertions arise within one or 
more of the following sequence environment: monotonic base runs, adjacent 
or non-adjacent repeats of short tandem sequences, palindromes, and runs of 
purines or pyrimidines. Moreover, increased length of monotic runs 
correlates with increased frequency of insertion/deletion events. Thus, the 
polymerase slippage/misalignment model explains the vast majority of the 
deletions and insertions that occur in TP53 (Greenblatt et al. 1996).   

The p53 protein filter 

It is an intrinsic characteristic of any mutational reporter assay that 
detectable mutations are confined to those defects that produce a 
functionally altered gene product. In fact, a large proportion of the mutations 
that may occur in any gene are functionally silent. The way this “protein 
filter” selects among mutations depends not only upon the position of the 
mutation in the coding sequence but also upon its type. Due to the nature of 
the genetic code, transitions more often result into synonymous changes than 
transversions. Moreover, when both types of mutations generate a change 
into the protein sequence, the amino-acid changes resulting from 
transversions are generally more severe than those resulting from transitions 
(Rosenberg et al. 2003). In cancers, TP53 mutations are distributed in all 
coding exons, with a strong predominance in exons 5 to 8, encoding the 
DNA-binding domain of the protein. After initial reports that mutations 
cluster in the central portion of the coding sequence, many studies were 
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limited to exons 5 to 8, resulting in an over-representation of these mutations 
in databases. Nonetheless, when taking into account only studies that have 
screened the entire coding sequence, 80% (2212/2779) of the mutations are 
located within exons 5-8 (Olivier et al. 2002). This observation clearly 
identifies sequence-specific DNA binding as the main activity targeted by 
mutations in cancer. Using a yeast-based functional assay to score mutations 
according to the ability of p53 to activate the transcription of a reporter gene, 
Flaman et al. (1994) have determined the number of sites where mutations 
could be detected following random mutagenesis in a 1182 base pairs  
segment encompassing exons 5-8. They found inactivating mutations at 542 
sites (46% of all sites) in the open reading frame, remarkably close to the 
actual number of sites identified as containing mutations in human tumors 
(573) (Flaman et al. 1994).  

In the DNA-binding domain, missense mutations have been reported at 
all residues, but with striking variations in prevalence. Thanks to the 
elucidation of the crystal structure of the core domain of p53 in complex 
with DNA, there is a good understanding of the structural basis of many of 
these mutations (Cho et al. 1994). About 30% of them fall at 6 hotspot 
codons (175, 245, 248, 249, 273, 282). Most of the mutations at these 
positions are transitions occurring at CpG dinucleotides, with the notable 
exception of codon 249 (discussed below). However, several of these codons 
are also frequent targets for transversions occurring at guanines adjacent to 
methylated cystosines (e.g. codons 248 and 273). This observation indicates 
that frequent mutations at these codons are not only due to a highly mutable 
sequence context but also to a particularly strong biological selection. Five 
of the 6 hotspots codons correspond to arginine residues (175, 248, 249, 273 
282) involved in protein-DNA interactions, either by direct contact with 
DNA (residues 248 and 273) or by stabilization of the DNA-binding surface 
(residues 175, 249 and 282). On the basis of the position and structural role 
of these residues, it is easy to understand how their substitution may disrupt 
DNA binding. However, how each particular substitution alters the protein 
structure is still difficult to predict. There are several common substitutions 
at codon 248 and 273, resulting from either transitions or transversions, and 
there is experimental evidence that the corresponding mutant proteins may 
differ in their biological properties (Kato et al. 2003; Ory et al. 1994).  On 
the other hand, the most common substitution in cancer, arginine to histidine 
at codon 175, is particularly difficult to predict on a purely structural basis. 
This substitution is relatively conservative in terms of size, shape, charge 
and ability to donate hydrogen bonds. However, the resulting protein has 
totally lost DNA-binding capacity and is generally considered as a 
particularly strong p53 mutant. In structural terms, the arginine to histidine 
substitution would appear less drastic than arginine to proline, that 
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introduces a torsion of the protein backbone. Yet the latter substitution is 
rarely found in cancer, and the resulting protein conserves partial DNA-
binding activities in biological assays (Kato et al. 2003). Structural studies 
have suggested that the most significant effect of the histidine substitution 
may be to prevent the correct binding of zinc to a cysteine encoded by codon 
176, thus disrupting protein folding (Martin et al. 2002).  

In contrast with these hotspots, most other codons are rarely mutated. 
Among the most rarely mutated codons (less than 5 reports in the database), 
codon 123 (ATC, encoding threonine) is well conserved in evolution. 
Experimental substitution of threonine 123 to alanine has been shown to 
activate, rather than suppress, DNA-binding activity.  It is thus possible that 
mutations at specific residues are counterselected because they do not favor 
cancer progression. Alternatively, rare mutations may represent unselected 
events similar to silent mutations, which represent up to 4.4% of the 
mutations in the database (Strauss 1997).  

Despite the fact that there is a strong structural rationale for mutations in 
the DNA-binding domain, it is intriguing that major functional domains and 
regulatory sites located in the N-terminus and C-terminus of the protein are 
apparently rarely mutated in cancer. For example, only 1% of the reported 
mutations falls within the transactivation domain (TA), which also contains 
the binding site for Mdm2, the main regulator of p53 stability. The C-
terminus, which participates in the regulation of DNA-binding activity, 
contains only 0.3% of all reported mutations. Moreover, mutations at 
regulatory sites, such as Ser 15 and 37 (phosphorylation by ATM/ATR 
and/or Chk2), Phe 19, Leu 22, Trp 23 and Leu 26 (interactions with Mdm2 
and transcription machinery), Ser 315 (phosphorylation by cyclin-dependent 
kinases), Ser 376 and 378 (interactions with 14-3-3 sigma), Lys 370, 372, 
373, 381 and 382 (sites of acetylation) and Ser 392 (phosphorylation by 
CKII), are so rare that they may be regarded as purely accidental (Olivier et 
al. 2004). This observation suggests that mutation of any of these residues is 
not sufficient in itself to significantly inactivate p53. In the case of residues 
of the TA domain, studies have shown that mutation of at least two of the 
residues was required to inactivate p53 transcriptional activity (Lin et al. 
1994). 

In most cancer cells, TP53 mutations are present on only one allele, the 
other being either wild-type or lost. This observation has led to the 
assumption that some mutants may behave in a dominant-negative fashion. 
Expreimentally, various mutants can dominantly inhibit wild-type p53 when 
co-expressed in yeast or mammalian cells (Inga et al. 1997). On the other 
hand, a few mutants show gain-of-function properties that are dependent 
upon the nature of the mutation as well as on the cellular context (Dittmer et 
al. 1993).  Recent studies have identified that some forms of mutant p53 may 
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interact with the products of TP63 and TP73, two genes that show strong 
homology with TP53 and play complex, overlapping roles in apoptosis, 
differenciation and morphogenesis (Strano et al. 2000; Strano et al. 2002). 
The capacity of mutant p53 to complex with p73 appears to be influenced by 
a common polymorphism at codon 72 in TP53 (Bergamaschi et al. 2003). 
However, since cancer tissues often contain a non-negligible proportion of 
normal cells containing two wild-type alleles, most studies have not been 
able to discriminate whether cancer cells carrying the mutation retain or not 
a wild-type allele.  

Recently, the use of sensitive techniques for mutation detection combined 
with tissue microdissection has allowed direct approaches for revealing the 
presence of occasional mutants within a large population of wild-type p53 
sequences. In particular, cell patches containing mutant TP53 identical to 
cancer cells have been found in histologically normal skin and in the 
epithelium of the aerodigestive tract (Jonason et al. 1996; Mandard et al. 
2000; Ren et al. 1996a; Ren et al. 1996b; Ren et al. 1997; Waridel et al. 
1997). This observation is compatible with the theory of “field 
carcinogenesis”, that predicts that large fields of cells within an exposed 
tissue may undergo genetic changes, but that only a few of them acquire the 
specific combination or sequence of mutations leading to clonal expansion 
and cancer. Thus, acquisition of a TP53 mutation, even at a hotspot codon, 
may not be sufficient to drive cancer progression, and only a small 
proportion of cells that have acquired a mutation actually progress into 
malignancy.  

CARCINOGEN FINGERPRINTS IN TP53 

A number of studies have identified potential carcinogen fingerprints in 
TP53 in lung, liver, skin, bladder, oral, oesophageal cancers and in 
angiosarcoma of the liver (reviewed in (Hainaut et al. 2000; Harris 1996)). 
In this paragraph we discuss the three best characterized cases, illustrating 
the interplay between mutagenesis, repair and selection in the occurrence of 
mutation patterns (Figure 1). 
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Figure 1. Textbook examples of mutagen fingerprints in TP53. The sources, mutagens, 
adducts and typical TP53 mutations are shown for three major cancer/risk factor associations. 
Top: solar UV and skin cancer (left : UV solar radiations, picture from Soho satellite); Midlle: 
aflatoxin and hepatocellular carcinoma (left: maize contaminated with moulds of Aspergillus 
sp.); Bottom: cigarette smoking and lung cancer (left: Laureen Bacall in “to have or to have 
not”). Right: TP53 mutation prevalence in cancers associated with the specific risk factor as 
compared with cancers, not associated with this risk factor. 

UV radiation and carcinomas in sun-exposed tissues  

There is strong experimental and epidemiological evidence linking UV 
radiation to the development of skin cancers (Holmquist et al. 1997; 
Montesano et al. 1997). TP53 mutations are common in skin cancers that 
arise from transformed keratinocytes (squamous and basal cell carcinomas) 
but are very rare in melanoma (less than 5%), in which the p53 protein is 
suspected to be inactivated by other mechanisms. The TP53 mutation 
spectrum in non-melanoma skin cancers (NMSC) shows a high frequency of 
C to T transitions (56 % of all mutations), including tandem CC to TT 
transitions (6% of all mutations), a type of mutation never found in tumors 
not related to sunlight. The positions of TP53 mutations in skin cancer also 
show striking differences with other types of cancers, with hotspots at 
codons 177-179 and at codon 278 (Inga et al. 1998; Ziegler et al. 1994).  



306 Chapter 13
 

In terms of sequence context, many of the C to T transitions in skin 
cancers occur within a pyrimidine-cytosine-guanine trinucleotide sequence 
containing 5-methylcytosine as the central nucleotide (5’-PymCG-3’). This 
observation is consistent with the role of a common UV photoproduct, 
cyclobutane pyrimidine dimer, as the main promutagenic lesion. In a mouse 
transgene methylated at most CpG sequences, experimental irradiation with 
simulated sunlight generates a high frequency of dipyrimidine structures 
containing 5-methylcytosine (32% of all mutation) (Lee et al. 2003). There is 
evidence that absorption of near-UV by 5-methylcytosine is 5 to 10-fold 
higher than by cytosine. Methylation of cytosines at the 5-position also 
influences deamination and the resulting mutagenesis events. This particular 
mutagenic pathway may become prevalent under conditions of inefficient 
DNA repair and slow proliferation of cells in the human epidermis (Lee et 
al. 2003). Human DNA polymerase eta modulates susceptibility to skin 
cancer by promoting DNA synthesis past sunlight-induced cyclobutane 
pyrimidine dimers that escape nucleotide excision repair (NER). Errors 
made by Pol eta during dimer bypass could contribute to mutagenesis and to 
skin carcinogenesis in normal subjects and, particularly, in individuals with 
Xeroderma pigmentosum (XP) who are defective for NER and accumulate 
cyclobutane pyrimidine dimers in the skin. In skin tumors from XP patients, 
CC to TT transitions represent almost 50% of all TP53 mutations (Dumaz et 
al. 1993). Moreover, repair does not occur with the same accuracy at all base 
positions in the TP53 sequence. There is evidence that the preferential 
accumulation of mutations at codons 177, 196 and 278 in skin cancers is due 
to the slower repair of UV-induced lesions at these positions (Tornaletti et al. 
1993; Tornaletti et al. 1994).  

The clonality of TP53 mutations in sunlight-induced skin cancers 
demonstrates that TP53 mutations have an important causal role in the early 
steps of skin carcinogenesis. However, mutations at dipyrimidines identical 
to those found in skin cancers can be detected in normal skin cells of sun-
exposed individuals, without affecting their morphology, and apparently, 
their proliferation and differentiation patterns (Jonason et al. 1996; Ren et al. 
1996a; Ren et al. 1997). Mutation of TP53 alone is thus not sufficient for 
initiation of skin carcinogenesis. It should be noted that although CC to TT 
transitions are never observed in internal organs, they can occur in other 
squamous tissues than skin under conditions of intense exposure to sunlight.  
For example, a very high prevalence of CC to TT transitions (over 50%) has 
been reported in a cohort of patients with squamous cell carcinoma of the 
conjunctiva from Uganda (Ateenyi-Agaba et al. 2004a). Current 
epidemiology data suggest a multiplicative model for the interaction between 
two main risk factors, exposure to solar light and infection by HIV, 
suggesting that deregulation of immune response may contribute to the 
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development or progression of cancer of the conjunctiva. In these cancers, 
TP53 mutations are frequently associated with the presence of Human 
Papilloma Viruses of the EV (Epidermodysplasia verruciformis) type 
(Ateenyi-Agaba et al. 2004b). Unlike their mucosal counterparts, that are 
aetiologically involved in cervical cancer by inactivating the p53 protein, the 
EV types of HPV may cooperate with TP53 mutations to induce 
transformation of cells that have acquired mutations as a result of intense 
exposure to sunlight.  

Hepatitis infections, aflatoxin and hepatocellular carcinoma 
(HCC) 

The incidence rates of hepatocellular carcinoma (HCC) show large 
geographic variations, globally reflecting the prevalence of two main 
aetiologic factors, hepatitis B (HBV) and/or C (HCV) virus infection and 
exposure to high levels of aflatoxin in the diet (Chen et al. 1997). The 
highest incidence rates are observed in regions where most of the population 
is exposed to both factors, such as in parts of eastern Asia and in sub-
Saharan Africa (Parkin et al. 2001). These high incidences are consistent 
with the fact that HBV chronicity and exposure to aflatoxin have a 
multiplicative effect of risk for HCC (Ross et al. 1992). The contributions of 
viral factors to the pathogenesis of HCC are multi-factorial and depend on 
virus genotype, on the presence of viral variants with enhanced tumorigenic 
properties, and on co-infections by different viruses (Kao et al. 2002).   

HCC pathogenesis involves accumulation of genetic alterations in genes 
such as p16/INK4a (deletions, hypermethylation; in up to 50% of the cases), 
β-Catenin (mostly mutations in exon 3, 10-20%) cyclins A and D 
(overexpression, 20-30%), and M6P/IGF2R (mutations, 18-33%) (Ozturk 
1999). Depending on aetiology and geographic area, mutations in TP53 
show striking differences in prevalence and pattern. In Europe and the US, 
where alcohol is a major risk factor in addition to viral infections, mutations 
occur in about 25% of HCC and show as much diversity in their type and 
codon position as in most other epithelial cancers. However, in high 
incidence areas such as Mozambique, Senegal, The Gambia (Africa) and 
Qidong county (China), TP53 is mutated in over 50% of the cases and the 
vast majority of these mutations are a single missense, hotspot mutation at 
codon 249, AGG to AGT, resulting in the substitution of arginine into serine 
(249ser). This mutation is uncommon in regions where aflatoxin is not 
present at significant levels in the diet. In areas of intermediate exposure to 
aflatoxin, as for example in Thailand, the prevalence of the 249ser mutation is 
intermediate between high- and low-incidence areas. Thus, there is a dose-
dependent relationship between exposure to aflatoxin, incidence of HCC and 
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prevalence of 249ser mutation (Montesano et al. 1997). Mutations at codon 
249 are detectable at a low prevalence in a number of other cancers, 
including lung cancers. However, in most cases, the mutation is a 
transversion affecting the second base of the codon, AGG to ATG, 
generating the substitution of the arginine into methionine (Olivier et al. 
2002).  

Aflatoxins are toxic and carcinogenic metabolites produced by several 
varieties of molds, mainly Aspergillus flavus and Aspergillus parasiticum. 
These molds contaminate a wide range of traditional agricultural products in 
countries with hot, humid climates, including maize, peanuts and 
cottonseeds. The toxins are present at significant levels in crops at the time 
of harvest but their concentration further increases under poor conditions of 
long-term food storage, in particular during the rain season. Thus, in these 
regions, most inhabitants of rural areas are highly exposed to aflatoxins, with 
seasonal variations reflecting the consumption of stored versus fresh 
foodstuff. Population-based surveys have demonstrated the presence of 
serum aflatoxin-albumin adducts in over 95% of the normal population in 
The Gambia, West Africa (Wild et al. 1990). Exposure starts in the perinatal 
period, through in utero transfer and breast-feeding, and continues 
throughout life, mainly from consumption of peanuts. Time patterns of 
aflatoxin-albumin adduct levels correlate with the seasonal availability of 
peanuts. Exposure to aflatoxins is, in principle, largely preventable but so far 
effective measures have been difficult to implement on a large scale in poor, 
rural countries (Wild et al. 2000). 

There is strong experimental evidence that aflatoxins are potent 
hepatocarcinogens in rodents. In humans, there are good ecological 
correlations between the risk of HCC and the presence of biomarkers of 
aflatoxin exposure in serum or in urine (Turner et al. 2002). The most 
significant carcinogenic aflatoxin is B1 (AFB1), which is the most abundant 
in the diet. AFB1 is metabolized in the liver by several CYP450 enzymes 
(mainly 1A2 and 3A4) to a reactive AFB1-8,9-exo-epoxide (Mace et al. 
1997). This metabolite generates a primary DNA adduct (8-9, dihydro-8-
(N7-guanyl)-9-hydroxyaflatoxin; AFB1-N7-Gua), naturally converted to two 
secondary lesions, an apurinic (AP) site and a stable, AFB1-
formamidopyrimidine (AFB1-FAPY) adduct (Smela et al. 2001). The latter 
is considered as the most mutagenic lesion (Smela et al. 2002). Adducts do 
not form equally at all guanines in TP53 and, experimentally, promutagenic 
lesions have been demonstrated at several positions throughout the coding 
sequence of the DNA-binding domain (Puisieux et al. 1991). The sequence 
context of codon 249 (AGGCC) represents a site of intermediate affinity for 
the formation of AFB1-induced lesions. Other codons in TP53, including 
some codons that are “hotspots” in many cancers (codon 245, 248 and 273), 
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have a similar or even greater affinity for AFB1 than codon 249 (Denissenko 
et al. 1998a). Thus, the selectivity for 249ser in HCC cannot be solely 
explained by the preferential formation of adducts at this position and other 
factors must play a role to select this particular mutation as the major 
carcinogenic one in liver cells exposed to aflatoxins.  

There is evidence that imperfect DNA repair may increase the risk of 
mutagenesis and carcinogenesis induced by AFB1. Higher levels of AFB1-
DNA adducts have been detected in the placenta of healthy women from 
Tawain carrying the Gln399 allele of XRCC1, an enzyme involved in base 
excision repair, causing slower repair and persistence of DNA adducts (Lunn 
et al. 1999). Slow excision repair due to the interference of the HBx antigen 
of HBV with the host’s repair system has been proposed as a critical factor 
(Jia et al. 1999). However, a faster adduct removal rate by the DNA-repair 
system was observed at codon 249 than at other codons (Denissenko et al. 
1998a). Together, these results suggests that deficient DNA repair does not 
explain the high prevalence of 249ser in HCC, and that biological selection 
may play a role to facilitate the clonal expansion of cells carrying 249ser 
during the development of HCC.  

The functional basis for biological selection of 249ser in liver cells 
remains unknown. Transfection studies have generated only limited evidence 
for a specific, pro-oncogenic effect of 249ser in liver cancer cells (Ponchel et 
al. 1994). It should be noted that liver differs from many other tissues in its 
mechanisms of response to genotoxic stress. The liver cell has special 
functions in accumulating many endogenous and exogenous reactive 
compounds and is equipped with an extremely efficient detoxification 
machinery. Recent studies suggest that the role of TP53 in controlling life-
and-death responses after DNA damage may be less important in the liver 
than in many other tissues, and that TP63 or TP73 may also be involved in 
the normal response to genotoxic stress (Petitjean et al. 2005). Thus, it is 
possible that accumulation of 249ser corresponds to the selection of a mutant 
with highly unusual biochemical properties. NMR studies have shown that 
249ser has a residual capacity to fold into the wild-type p53 conformation 
(Friedler et al. 2004), suggesting that it may partially retain some of the 
suppressive functions of p53. It is possible that the specific, biological 
advantage conferred by this mutant may correspond to the capacity to 
maintain chronically infected liver cells walking on the tight rope between 
life and death, thus enhancing their chances to acquire genetic alterations 
leading to cancer.   
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Tobacco smoke and lung cancer 

Cigarette smoking causes over 1 million deaths per year worldwide and 
is involved in over 30% of all cancer deaths in developed countries (Parkin 
et al. 2001).  The historical prospective study on British doctors, in which 
Doll and collaborators followed up a cohort of about 35000 subjects for 50 
years, showed that among the men born around 1920, prolonged cigarette 
smoking from early adult life tripled the age-specific mortality rates, with 
lung cancer as the main cause of mortality by cancer (Doll et al., 2004). The 
mainstream smoke emerging from the mouthpiece of a cigarette is an aerosol 
containing about 1010 particles/mL and 4800 compounds, including nitrogen 
oxides, isoprene, butadiene, benzene, styrene, formaldehyde, acetaldehyde, 
acrolein, furan, polycyclic aromatic hydrocarbons (PAH), N-nitrosamines, 
aromatic amines, and metals (Pfeifer et al. 2002).  

All major histological types of lung cancers accumulate genetic 
alterations including allelic losses (LOH) at multiple loci on chromosome 
9p, mutations in oncogenes such as KRAS and tumor suppressor genes such 
as TP53 and p16/INK4a, epigenetic gene silencing through promoter 
hypermethylation (p16/INK4a, APC, RASSF1) and aberrant expression of 
genes involved in the control of cell proliferation (RB1) or apoptosis (Bcl2) 
(for review see (Gazdar et al. 2004)). Although many of these genetic 
changes occur independently of histological type, their frequency and timing 
of occurrence with respect to cancer progression are different in small cell 
lung carcinomas (SCLC), that originate from epithelial cells with neuro-
endocrine features, and non-small cell lung carcinomas (NSCLC), that 
originate from bronchial or alveolar epithelial cells. Furthermore, a number 
of genetic and epigenetic differences have been identified between squamous 
cell carcinoma (SCC), that arises from bronchial epithelial cells through a 
squamous metaplasia/dysplasia process, and adenocarcinoma (ADC), that 
derives from alveolar or bronchiolar epithelial cells. However, irrespective 
of histological type, all forms of lung cancers are strongly associated with 
tobacco smoke. 

TP53 mutations occur at high prevalence in all types of invasive lung 
cancer lesions of smokers (50-80%). Since the early nineties, it is recognized 
that lung cancers of smokers had a higher proportion of transversions, 
particularly G:C to T:A in TP53 than most other cancer types not directly 
related to tobacco smoking. However, the majority of the mutations 
described to date have been reported in smokers and the data on mutations in 
non-smokers are still limited in size and heterogeneous with respect to 
assessment of past or indirect exposure to tobacco smoke. Overall, analysis 
of the IARC database shows an excess of G:C to T:A transversions in 
smokers  (30%) versus non-smokers (13%) (Hainaut et al. 2001; Pfeifer et 
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al. 2002). There are, however, important differences between the two 
categories: most smokers in the database are men with squamous cell 
carcinomas, whereas many non-smokers are women with adenocarcinomas. 
This difference is likely to reflect different habits of tobacco use rather than 
intrinsic differences between genders in susceptibility to carcinogenesis by 
tobacco smoke. In a recent study, we have analysed 131 tumors of subjects 
with precise assessment of current, past and indirect exposures to tobacco 
(Le Calvez  et al., submitted). The prevalence of TP53 mutation in these 
cancers showed a clear, linear dose-response relationship with tobacco 
consumption, cancers of heavy smokers having over 10 times higher risk of 
containing a mutation than cancers of never-smokers. Whereas the 
prevalence of G:C to T:A transversions in smokers was the same as in the 
IARC database (29%), a much lower prevalence was found in never-smokers 
(4% versus 13% in the database). Former smokers showed an intermediate 
prevalence of these transversions. Thus, the difference between smokers and 
non-smokers is stronger than inferred from the database, most probably due 
to the misclassification of former-smokers into non-smokers in the database. 
Two other mutation types also showed a difference in relation with tobacco 
use: A:T to G:C transitions, which were more prevalent in ever- than in 
never-smokers, and G:C to A:T transitions, which were more prevalent in 
never- and former-smokers than in current-smokers. Both G to T and A to G 
mutations showed a bias towards occurence on the NTS, as predicted from 
experimental data that show preferential DNA repair of Benzo(a)pyrene diol 
epoxide (BPDE) adducts in the transcribed DNA strand of TP53 
(Denissenko et al. 1998b). Thus, the above observation supports the 
hypothesis that these mutations are caused by the formation of bulky 
carcinogen adducts. 

There is a remarkable concordance between the distribution of mutations 
in lung cancers of smokers and the experimental spectrum of DNA-adducts 
induced in TP53 by PAH metabolites. Using primary bronchial cells exposed 
in vitro to PAH diol-epoxides, Pfeifer and collaborators found preferential 
adduct formation at guanines located in codons 156, 157, 158, 245, 248 and 
273 (Denissenko et al. 1996). These guanines are adjacent to frequently 
methylated cytosines within methylated CpG dinucleotides. The same 
dinucleotides, when present within CpG-methylated mutational reporter 
genes, is the preferential target of G to T transversions in cells exposed to 
benzo[a]pyrene-7,8-diol-9,10-epoxide, the model PAH compound (Yoon et 
al. 2001). The mutation may arise when DNA polymerase eta bypasses a 
template containing a (+)- trans-anti- benzo[a]pyrene-N2-dG adduct (BPDE-
N2-dG), and predominantly incorporates an adenine (Zhang et al. 2002). 
These experimental “adduction hotspots” correspond almost perfectly to the 
positions of G:C to T:A transversions in lung cancers of smokers, except for 
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codon 156. In this codon, the G:C to T:A transversion results in a silent 
substitution that leaves p53 protein function unaltered and is therefore not 
picked up by biological selection. It is interesting to note that codons 248 
and 273 are common mutational hotspots for G:C to A:T transitions in 
cancers not related to tobacco smoke such as breast, colon and brain cancers 
(Hainaut and Pfeifer 2001).  

Predisposing genetic factors ranging from moderate to low penetrance 
genetic polymorphisms influence inter-individual differences and may 
contribute to the TP53 mutation pattern in lung cancer (Vineis et al. 1995). It 
is likely that, in heavy smokers, the exposure to tobacco mutagens is so high 
that it overcomes any modulatory effect of genetic susceptibility in 
carcinogen metabolism or in DNA repair efficiency. Nevertheless, genetic 
susceptibility is likely to play an important role in shaping the TP53 
mutation pattern, in particular in subjects with low, short-term, or indirect 
exposure to tobacco smoke. Data incriminating PAH as main TP53 
mutagens in lung cancers are further strengthened by recent studies on 
never-smokers residents of Xuan Wei County, China, exposed to high levels 
of PAH throughout life from the smoky coal they burn for cooking and 
heating, who show a high rate of lung cancers (He et al. 1991). Over 70% of 
the mutations found in these cancers are G:C to T:A transversions, often 
occurring at similar positions as those occurring in lung cancers of smokers 
(DeMarini et al. 2001). 

CONCLUSION  

Over the past 15 years, studies on TP53 mutation patterns have 
contributed to create a conceptual bridge between chemical carcinogenesis, 
epidemiology and molecular epidemiology. The concept is now firmly 
established that TP53 mutation patterns can help to identify causes of cancer. 
However, the three examples discussed in this chapter show that there is no 
single, unique way to detect and interpret mutation patterns. In these 
examples, TP53 mutation data merely confirm conclusions firmly rooted 
into prior epidemiological and carcinogenic evidence. We should expect that 
the task of interpreting mutation patterns will become more difficult in 
cancers for which there are less clear epidemiological clues for identifying 
potential risk factors. 

The availability of rapid, reproducible and sensitive methods for TP53 
mutation detection should facilitate large-scale studies with the appropriate 
design and statistical power to identify meaningful patterns. So far, many 
studies have been based on retrospective, consecutive clinical series with 
only limited information of sufficient quality on risk factors and exposures. 
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An ideal type of design for future studies is case-case comparisons, as 
exemplified by the recent study by Dai et al. (2004) on the inverse 
correlation between TP53 mutations and infection by HPV16 in oral cancers 
(Dai et al. 2004). The question of a causal role of HPV16 in squamous oral 
cancers has been raised in many studies, but none of them had sufficient 
power to provide a convincing answer, in particular because other important 
risk factors such as tobacco and alcohol consumption are strong confounders 
in the interpretation of mutation patterns. By designing a study on a limited 
number of perfectly matched oral cancers cases differing only by the 
presence of HPV16, Dai et al. (2004) have been able to demonstrate an 
inverse relationship comparable to the one that has been well established in 
cervical cancer. This type of study design may be applicable to many other 
tumor types and risk factors. 

One of the main conclusions from studies on TP53 mutation patterns is 
that, in many cases, it may be possible to search for low levels of mutant 
DNA at specific positions to assess the risk of exposure in healthy 
individuals. For example, in heavy smokers, transversions at codon 157 has 
been found in non-pathological tissues using high-sensitivity methods 
(Hussain et al., 2001). In the close future, these methods may become 
applicable in the context of early cancer detection in high risk-population, 
thus helping to set up targeted prevention strategies. Beyond clinical 
applications for treatment, this may prove, in the future, the main 
contribution of TP53 research to decreasing the burden of death by cancer 
worldwide. 
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INTRODUCTION 

 
Finding reliable molecular markers for early diagnosis, prognosis and 

prediction of response to treatment is a major challenge for cancer 
management. A marker of prognosis provides information on the risk of 
relapse and death independently of treatment, whereas a predicitve marker 
provides information on the potential benefit of a specific treatment  
(Lonning, 2003). An early diagnostic marker helps to identify lesions at high 
risk of malignant transformation. Clinical stage, tumor size and 
morphological grade are the most reliable factors of prognosis. Among 
numerous molecular markers that have been tested most recently, only a few 
are used in clinical practice. In breast cancer for example, estrogen and 
progesterone receptors are used routinely as predictive markers for tumor 
response to anti-hormone therapy. However, about 30% of patients with 
positive receptor status (expected to benefit from anti-hormone treatment) 
will face a therapeutic failure, showing the limitations of these markers. 

The tumor suppressor gene TP53 plays a key role in many cellular 
pathways controlling cell proliferation, cell survival and genomic integrity 
(see other Chapters). It acts in response to various forms of cellular stresses 
to mediate antiproliferative processes. Disrupting its function promotes 
checkpoints defects, genomic instability and inappropriate survival, leading 
to the uncontrolled proliferation of damaged cells. The proliferative 

321 
P. Hainaut and K.G. Wiman (eds.), 25 Years of  p53 Research, 321-338. 
© 2007 Springer. 



322 Chapter 14
 
advantage given by its inactivation and the fact that it is ubiquituously 
expressed explain why it is frequently found mutated in almost every type of 
cancers  (Hainaut and Hollstein, 2000). In addition to its tumor suppressor 
function, TP53 also contributes to the anti-neoplastic effects of radio- and 
chemotherapeutic agents. It has been shown, in various experimental in vitro 
systems as well as in mouse models, that cell cycle arrest or apoptosis 
induced by radiotherapy and various chemotherapeutic drugs depend on an 
intact TP53 pathway  (Lowe et al., 1994; O'Connor et al., 1997). These 
results raise the hypothesis that TP53 could be a key player in defining 
tumor-sensitivity to a broad range of anti-cancer treatments in cancer 
patients. Moreover, the presence of a TP53 mutation could be one of the 
underlying causes of drug resistance, which is the major cause of treatment 
failure and cancer death. 

TP53 may thus be a potential marker for malignant transformation, tumor 
aggressiveness and treatment outcome in a broad range of cancers. Many 
studies have investigated, in various clinical settings, the predictive value of 
TP53 mutation status for tumor response to treatment and patient outcome. 
Despite these efforts, no consensus has been reached and TP53 mutation 
analysis is not yet used in clinical practice. In this chapter we review the pro 
and con of the use of TP53 as a biomarker and propose which area of 
oncology could benefit from its use. We will also discuss study design and 
methodology issues for the development of a biomarker such as TP53 and its 
implementation in clinical settings. 

TP53 MUTATION STATUS AND CLINICAL OUTCOME 

Although more than 500 studies have investigated the value of TP53 
status as a prognostic and/or predictive marker in various types of cancer, 
results have often been contradictory. Several reasons can explain this 
apparent confusion, from differences in study design, heterogeneity in the 
cohorts to methodology used to assess TP53 status. Studies that have used 
gene sequencing to assess TP53 status, have used different pre-screening 
methods (none, SSCP, DGGE, CDGE, TTGE, TGGE or IHC), that have 
different sensitivity. Moreover, a number of studies have only analyzed the 
central part of the protein. Although this region contains 80% of the 
mutations, this restricted analysis can lead to the mis-classification of 10 to 
20% of the cases. However, the main reason certainly resides in the fact that 
the majority of studies (about 400/500) have used immuno-histochemistry 
(IHC) to assess TP53 status. Earlier observations have shown that the 
majority of TP53 mutations are missense mutations that accumulate in 
cancer cells and thus can be detected by IHC. However, it is now admitted 
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that IHC is not suitable as a screening method for mutations since not all 
types of mutations are detected. Sequencing of the complete coding 
sequence of TP53 shows that 10 to 25% of the mutations are truncating 
mutations (nonsense, frameshift or splice site mutations) that are not 
detected by IHC since they do not lead to a stable protein. Moreover, some 
cases of IHC positive cells do not carry a mutation but may result from the 
accumulation of the wild-type protein in response cellular stress signals. 
Finally, IHC studies have used different antibodies, different labeling 
procedures and different cut-off value for positive cases. Hence, the use of 
IHC leads to an unacceptable number of mis-classified cases and to a greater 
inter-study variability.  

When only studies that have used gene sequencing to assess TP53 
mutation status are taken into account, TP53 appears to be of prognostic 
value in a variety of cancers. A comprehensive list of such studies is 
provided on the IARC TP53 database web site (http://www.iarc.fr/p53/). 
This information is summarized in Table 1, where the number of studies 
reporting association or lack of association between the presence of a 
mutation and either poor or good prognosis (patient survival and/or tumor 
response to treatment) is indicated. This summary table shows that 
association with poor prognosis has repeatedly been reported for breast, 
bladder, head and neck and hematological cancers. Results for colorectal, 
lung and esophageal cancers are more heterogeneous, but a majority of 
studies found an association with poor prognosis. For ovarian cancer, results 
remain contradictory. In brain tumors, the majority of studies show a lack of 
association with prognosis and two studies report an association with good 
prognosis. Overall, 65/93 studies found that TP53 is a statistically significant 
factor of poor prognosis in various cancers. It should be noted that the 
majority of studies (20/27) reporting no association between TP53 status and 
survival have been done on cohorts of less than 100 patients, which give 
insufficient statistical power to detect moderate differences in survival. 
Response to adjuvant chemotherapy or radiotherapy is a major determinant 
of patient outcome. Among 19 studies that have specifically investigated the 
association between tumor response to treatment and TP53 mutation status, 
14 have found that the presence of a mutation was associated with a poor 
response to various chemotherapy or radiotherapy regimens in breast, head 
and neck, hematological, colorectal, ovarian, esophageal cancers and soft 
tissue sarcomas. These observations are in agreement with experimental data 
showing a key role for TP53 in the anti-proliferative response induced by 
various chemotherapeutic agents. Interestingly, one study on ovarian cancer 
patients showed that TP53 status was predictive of response to treatment in 
patients treated with cyclophosphamide and cisplatin but not in patients 
treated with a paclitaxel/cisplatin regimen (Smith-Sorensen et al., 1998). 
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Table 1. TP53 mutation and cancer prognosis 
 *Studies reporting that the presence of TP53 mutation is: 

TUMOR SITE Significantly associated 
with bad prognosis 

Significantly 
associated with good 

prognosis 

No significant 
association 

BLADDER 3 - - 
BRAIN 1 2 5 
BREAST 17 - 3 
COLORECTUM 11 - 5 
ESOPHAGUS 3 1 1 
HEAD&NECK 7 - - 
HEMATOL. 6 - - 
LIVER 1 - - 
LUNG 8 - 4 
LYMPH NODES 1 - - 
OVARY 3 1 4 
PANCREAS 1 1 - 
PROSTATE - - 1 
RENAL PELVIS 1 - - 
SINUSES 1 - - 
SOFT TISSUES 1 - - 
Total 65 5 23 
*The number of studies is indicated. Data from the IARC TP53 Database (R9, July 2004), 

which includes only published studies where TP53 mutation has been analyzed by gene 
sequencing. Only studies with cohorts of more than 30 patients have been included in this 
table. The prognostic parameters investigated are patient survival and/or tumor response to 
treatment.  
 
In a study on 63 advanced breast cancer patients treated with doxorubicin 

in a neo-adjuvant setting, a strong correlation between lack of response and 
presence of TP53 mutation was observed. The same was seen for 35 breast 
cancer patients treated with FUMI (5 fluorouracil and Mitomycin C) in a 
neo-adjuvant setting  (Geisler et al., 2003). These observations are in 
agreement with the fact that DNA-damaging agents have been shown to 
induce p53-dependent apoptosis whereas paclitaxel (a microtubule 
stabilizing agent) effects are expected to be independent of p53 function. In 
2000, Berns et al reported that patients with TP53 mutation showed the 
lowest response to tamoxifen on a series of 243 breast cancer patients. This 
effect was observed in ER positive patients only, suggesting that ER-
dependent response to anti-hormone therapy may also depend on an intact 
TP53 pathway  (Berns et al., 2000).  



14. Prognostic and Predictive Value of TP53 Mutations 325
 

It is not clear from the available studies whether the prognostic value of 
TP53 for the overall survival of patient depends on the administration of 
adjuvant treatment, or if it has also a value for patients receiving only 
surgery. In one study of colorectal tumors where patients treated with 
surgery alone were included, the presence of mutations in specific regions 
was correlated with a shorter survival  (Borresen-Dale et al., 1998). In 
another study on colorectal cancer, the survival of patients treated with 
surgery only was compared with patients receiving adjuvant chemotherapy 
in addition to surgery. It showed that survival was strongly correlated with 
the presence of TP53 mutations in the entire cohort. However, when only 
patients undergoing a radical resection were considered, TP53 mutation 
status was no longer of prognostic significance  (Tortola et al., 1999). In 
esophageal cancer, TP53 alterations (TP53 mutation plus positive 
immunostaining) but not TP53 mutation alone, was found to be significantly 
associated with shorter overall and disease-free survival in 91 patients 
treated by surgery only  (Casson et al., 2003). Although these results remain 
to be confirmed and extended, they suggest that TP53 mutation has a weak 
prognostic value, if any, in patients treated with surgery only. The capacity 
of TP53 to mediate tumor response to chemotherapeutic drugs may thus be 
the main mechanism explaining its prognostic value. 

TP53 MUTATION TYPE AND CLINICAL OUTCOME 

There is now much in vitro experimental evidence showing that different 
types of TP53 mutations have different functional consequences. Unlike 
other tumor suppressor genes that are inactivated by insertions or deletions 
leading to an absence of protein expression, most TP53 mutations are 
missense mutations that lead to the over-expression of a mutant protein. 
More than 1800 different missense mutations have been reported in human 
cancer and functional assays have shown that mutant proteins show a great 
variability in their functional activities (see TP53 Function Database, 
http://www.iarc.fr/P53). WT p53 function relies mainly on the capacity to 
transactivate target genes through binding to specific response elements. 
Loss of function (LOF) is the main consequences of missense mutations, 
however some mutants also exert dominant-negative effects (DNE) or show 
gain of function (GOF) properties. DNE corresponds to the capacity of the 
mutant protein to complex with the product of the remaining wild-type allele 
to inactivate its function. DNE results in the total abrogation of p53 protein 
function, even if there is still a wild-type protein expressed in the cell  
(Milner et al., 1991). GOF corresponds to the acquisition of novel properties 
by mutant p53 that do not depend upon the presence of wild-type p53  
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(Cadwell and Zambetti, 2001). All hotspot mutations known so far lead to a 
loss of specific trans-activation capacity, but the degree of LOF vary 
between mutants. Missense mutations outside the central DNA-binding 
domain more often retain transcriptional activity on a variety of promoters 
than mutations within the DNA-binding domain  (Kato et al., 2003; Resnick 
and Inga, 2003). In addition to various degree of LOF, some mutant proteins 
exert various degrees of DNE (see TP53 Function Database, 
http://www.iarc.fr/P53). It has been proposed more than 10 years ago that 
mutant p53 may exert pro-oncogenic effects, and that mutation was turning 
p53 into some kind of oncogene  (Lane and Benchimol, 1990; Oren, 1992). 
There is now good evidence that mutant p53 can promote cancer through a 
GOF mechanism, such as promotion of gene amplification, or resistance to 
drug-induced apoptosis (reviewed in  (Sigal and Rotter, 2000)). Several 
mutants have been shown to transactivate or potentiate the transactivation of 
genes such as MDR1,  (Dittmer et al., 1993), EGFR, c-MYC, PCNA, IGF-II 
or VEGF (see TP53 Function Database, http://www.iarc.fr/P53). These 
genes are not transactivated by the wild-type p53 protein and do not 
necessary possess a p53 binding-site. Mutant p53 proteins can also interact 
with a network of proteins that differ from wt p53. For example, some 
mutant p53 can form stable complexes with the products of other members 
of the TP53 gene family, p63 and p73, blocking their transactivation 
capacity (see other chapters).  

These observations suggest that different mutations may have different 
biological consequences in vivo and have led several investigators to explore 
whether tumor progression and tumor response to therapy may depend on 
the nature and localization of TP53 mutations. In 1995, a study on colorectal 
cancer and another on breast cancer, have found that mutations affecting 
regions involved in zinc binding were of worse prognosis than others in term 
of survival  (Borresen et al., 1995; Goh et al., 1995). Table 2 gives a 
summary of all studies that have found an association between the presence 
of specific TP53 mutations and poor prognosis. It shows that, in various 
cancers, mutations affecting residues involved in zinc binding and DNA 
contacts (L2 and L3 loops in the DNA-binding domain) are associated with a 
worse prognosis than others. In breast cancer for example, it has been shown 
that mutations disrupting the zinc binding domain were associated with 
primary resistance to doxorubicin and were predicitive of an early relapse  
(Aas et al., 1996; Geisler et al., 2001). Similar findings were observed in 
another small cohort of advanced breast cancer patients treated with FUMI 
(5-fluorouracil and mitomycin-C)  (Geisler et al., 2003). These mutations 
have also been found to be associated with a poor response to tamoxifen in a 
cohort of breast cancer patients  (Berns et al., 2000), and with a shorter 
survival in lung and head and neck cancers (see Table 2). Functional 
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assessments of the most common missense mutations falling within the L2-
L3 loops show loss of transactivation activity towards most p53-target genes, 
resulting in defects in p53-dependent responses such as cell-cycle arrest or 
apoptosis  (Aurelio et al., 2000; Ory et al., 1994). These properties fit well 
with the observations in cancer patients and are in agreement with a major 
role for TP53 in the anti-proliferative response induced by radio- and chemo-
therapeutic agents.  

Table 2. Specific TP53 mutations associated with poor prognosis in cancer. 
Tumor site Country Mutation 

frequency 
Region 

associated with 
poor prognosis 

References 

BREAST Australia 178/1037 
(17%) 

Exon 4  (Powell et al., 
2000) 

BREAST Austria 42/205 (20%) L2/L3 loops  (Kucera et al., 
1999) 

BREAST Brazil 33/242 (14%) DNA/Zn binding  (Nagai et al., 
2003) 

BREAST Denmark 74/315 (23%) DNA/Zn binding  (Alsner et al., 
2000) 

BREAST Japan 30/76 (40%) DNA contact  (Takahashi et 
al., 2000) 

BREAST Norway ?/119 (?%) L2/L3 loops  (Borresen et 
al., 1995) 

BREAST Norway 26/90 (29%) L2/L3 loops  (Aas et al., 
1996; Geisler 
et al., 2001) 

BREAST Norway 18/35 (51%) L2/L3 loops  (Geisler et al., 
2003) 

BREAST Sweden 69/315 (22%) Conserved regions 
II and V 

 (Bergh et al., 
1995) 

BREAST Sweden 21/123 (17%) Zn binding  (Gentile et al., 
1999) 

BREAST The 
Netherlands 

53/177 (30%) DNA contact  (Berns et al., 
1998) 

COLON USA 665/1464 
(45%) 

Codon 245  (Samowitz et 
al., 2002) 

COLORECTUM Norway 102/222 (46%) L3 loop  (Borresen-
Dale et al., 
1998) 

COLORECTUM Singapore 109/192 (57%) Non-conserved 
regions, 

codon 175 

 (Goh et al., 
1995) 

COLORECTUM Sweden 99/189 (52%) Non-conserved 
regions 

 (Kressner et 
al., 1999) 

ESOPHAGUS Japan 78/138 (56%) L2/L3 loops  (Kihara et al., 
2000) 

HEAD AND France 40/105 (38%) DNA contact (Temam et 
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Tumor site Country Mutation 
frequency 

Region 
associated with 
poor prognosis 

References 

NECK al., 2000) 
HEAD AND 
NECK 

Germany 39/86 (45%) DNA contact  (Erber et al., 
1998) 

HEAD AND 
NECK 

Italy 40/70 (57%) Missense 
mutations on 
codon72 Arg 

allele 

 (Bergamaschi 
et al., 2003) 

HEAD AND 
NECK 

Japan 51/121 (42%) Conserved regions 
and DNA/Zn 

binding 
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mutations 

 (Tomizawa et 
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DNA contact 
mutants 

 (Ahrendt et 
al., 2003) 

OVARY Germany/ 
USA 

99/178 (57%) Conserved 
domains 

 (Reles et al., 
2001) 

OVARY Norway  Missense on 
Arg ?? 

(Wang et al., 
2004) 

OVARY USA 125/267 (47%) Null mutations  (Rose et al., 
2003) 

SOFT TISSUE Germany 15/145 (10%) Non-frameshift 
mutations 

 (Taubert et 
al., 1996) 

Data from the IARC TP53 Database (R9, July 2004). 
 
A question that remains to be fully elucidated is how the GOF activities 

observed for certain mutant proteins specifically affect tumor response to 
treatment, tumor aggressiveness and patient outcome. Among the various 
GOF described for mutant p53 proteins, the capacity to interact with the 
TP53 family members, p63 and p73, provides interesting clues. There are 
now several examples showing that TAp73 is induced by various 
chemotherapeutic drugs, and that this activation results in the selective 
activation of apoptosis-related target genes (reviewed in  (Gasco and Crook, 
2003)). Cell assays have shown that some tumor-derived p53 mutant are able 
to bind to and inhibit TAp73 transactivation function  (Di Como et al., 1999; 
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Monti et al., 2003; Strano et al., 2000). Such mutant p53 proteins are thus 
expected to confer a drug-resistant phenotype to tumors, due to the 
combined loss of p53 anti-proliferative activities and inhibition of p73 pro-
apoptotic function. This hypothesis is substanciated by a recent study on 
advanced head and neck cancer, which showed that the efficiency with 
which p53 mutants inhibit TAp73-dependent apoptosis was related to 
efficacy of cisplatin-based chemo-radio-therapy  (Bergamaschi et al., 2003).  

A TP53 polymorphism at codon 72, encoding an Arg or a Pro, has been 
shown to affect some TP53 activities in vitro. The Arg72 variant is more 
susceptible to degradation by HPV E6 protein  (Storey et al., 1998) and is 
more potent in inducing apoptosis  (Dumont et al., 2003). Inhibition of 
TAp73 by some p53 mutants is enhanced if they expressed the arginine 
rather than the proline allele  (Marin et al., 2000). In the study on advanced 
head and neck cancer by Bergamaschi et al, tumors carrying a p53 mutant 
capable of TAp73 inhibition and expressing the arginine allele had lower 
response rates than those expressing the same mutant with a proline allele  
(Bergamaschi et al., 2003). These results suggest that the two polymorphic 
variants of p53 are functionally distinct and that TP53 codon72 
polymorphism may influence individual responsiveness to cancer therapy.  

TP53 MUTATION FOR EARLY DETECTION AND 
FOLLOW-UP 

Although TP53 mutations are found in almost any types of cancers, the 
timing of occurrence of the mutation during cancer progression is extremely 
variable from one cancer to another. In the classical model of stepwise 
progression of colorectal cancers, Fearon and Vogelstein have identified that 
TP53 mutation and loss of alleles preferentially occur at the transition 
between late adenoma and carcinoma in situ, that is, at a relatively late stage 
in the histopathological development of these lesions  (Fearon and 
Vogelstein, 1990). Similar findings have been reported in many common 
cancers, including breast and prostate cancers, although TP53 mutations 
have been seen in atypical hyperplasia and DSCIS of the breast  
(Chitemerere et al., 1996). 

 In contrast, TP53 mutation has been reported to occur at an early stage in 
many types of cancer that are directly caused by exogenous carcinogens. It is 
the case for lung cancers of smokers, non-melanoma skin cancers after 
exposure to UV irradiation, head and neck squamous cell carcinoma and 
esophageal cancers. In these cancers, TP53 mutations are often detectable in 
hyperplastic and dysplastic lesions, as well as in non-involved, apparently 
normal tissues surrounding the tumor  (Hussain et al., 2001; Mandard et al., 
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2000). Moreover, the position of TP53 mutation in the temporal sequence of 
events leading to cancer is not always constant for similar types of cancer. 
For example, in hepatocellular carcinoma (HCC), TP53 mutations are late 
events in most cancers occurring in the Western population, but are very 
early events in most cases from West Africa and South-east Asia  
(Montesano et al., 1997). In these regions, HCC occurs as a consequence of 
exposure to aflatoxins (hepatocarcinogen contaminant of diet) and HBV. In 
this context, TP53 mutations are detectable in cirrhotic liver before the onset 
of cancer  (Livni et al., 1995). Another example is colon cancer. Apart from 
the well-characterised “late” involvement of TP53 in polypoid carcinomas, 
there is evidence that TP53 mutation can occur at an early stage in serrated 
carcinoma  (Hawkins et al., 2000). TP53 mutations have also been found in 
non-tumorous colonic tissue from inflamed regions in patients with 
ulcerative colitis (UC)  (Hussain et al., 2000). In this case, they may result 
from an endogenous carcinogenic stress (reactive oxygen species and 
nitrogen species produced by the inflammatory micro-environment due to 
UC). It should be emphasized that the timing of occurrence of TP53 
mutations is not well established for a majority of cancers. The terms “early” 
or “late” event are based on the frequency of mutations observed at different 
tumor stages. It can’t be excluded that a late event may correspond to a 
mutation acquired at an early stage in a tumor detected at an advanced 
pathological stage, the mutation providing a growth advantage and leading to 
the rapid development of the tumor. Therefore, screening for TP53 
mutations in dysplastic and early lesions may help identify those lesions that 
are at a high risk for rapid malignant evolution.  

TP53 mutations have been detected in circulating free DNA in the 
plasma of cancer patients, in feces of patients with colorectal cancer, in the 
saliva of oral cancer patients, in urine of bladder cancer patients, in sputum 
of lung cancer patients and in other body fluids. In many instances, these 
mutations were identical to the ones found in the primary tumour tissue of 
the patient, thus clearly establishing their tumoral origin. TP53 mutation 
screening in these surrogate materials may thus be of potential use in the 
early detection of malignant lesions in individual at risk for these cancers, 
and may also be used to detect early relapse during post-treatment follow-up 
of patients with defined mutations in the primary lesion. In a recent study, 
we have analysed TP53 and KRAS mutations in free DNA extracted from the 
plasma of healthy subjects who later developed lung, bladder, larynx, 
pharynx, oral cancers or leukemias. TP53 mutations were detected in 9/374 
(2.4%) and KRAS mutations in 11/1025 (1.0%) subjects. Six TP53 positive 
(OR: 3.3; 95% CI: 0.8-13.4) and 3 KRAS-positive (OR: 1.0; 95% CI: 0.3-
3.4) subjects developed cancer. Thus, TP53 mutations in plasma of healthy 
subjects may be associated with subsequent occurrence of some types of 
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cancers. However, further work is needed to evaluate the reliability and 
sensitivity of these approaches. 

Circulating p53 auto-antibodies have been found in 1 to 50% of cancer 
patients with solid tumors (see  (Soussi, 2000) for review) (Caron et al., 
1987; Crawford et al., 1982). They are directed against the N- and C-
terminal domains of the protein although the mutations are mainly located in 
the DNA-binding domain. It has been shown that they are due to a self-
immunization process linked to the strong immunogenicity of the p53 
mutant protein and that they correlate with the presence of missense 
mutations and the accumulation of p53 mutant protein in the tumor. They 
have been associated with high-grade tumors and poor survival in several 
cancers such as breast, colon, stomach and head and neck. In rare instances, 
these antibodies have been found in blood samples collected months to years 
before cancer diagnosis. Monitoring these antibodies could thus serve as 
early detection markers as well as markers of relapse. However, large inter-
individual differences are observed suggesting that the capacity to elicit this 
humoral response is dependent on the biological and genetic background of 
the patients. Further studies are thus required to assess the significance of 
these antibodies in term of specificity and sensitivity for their use in clinical 
practice. 

PERSPECTIVES: BRINGING P53 INTO CLINICAL 
PRACTICE 

The examples discussed above show that TP53 is a potential useful 
biomarker for early detection and follow-up of cancer, prediction of patient 
outcome and response to treatment in several types of cancer. However, its 
use in clinical practice still requires validation studies to precisely define in 
which conditions it presents a real advantage over currently available 
markers. In many studies, the presence of a TP53 mutation has been found to 
be associated with classical clinico-pathological predictors of poor survival, 
ie large tumor size, positive node status, high histological grade, and low 
hormone receptor contents. It was also found to be associated with markers 
of increased cell proliferation such as high mitotic frequency and high 
expression of Ki-67, which are also of prognostic value. Although, in 
multivariate analysis, TP53 mutation was often found to be an independent 
factor of prognosis in various cancer types (http://www.iarc.fr/p53/), the 
clinical parameters included in the multivariate models vary between studies, 
rendering results difficult to compare. Further studies should be carried out 
to specifically address this issue. These studies should be conducted on a 
large scale and designed with the same standards as drug trials, with well-
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characterized cancer cases and well-documented treatment regimens and 
clinical information.  

One of the difficulties of conducting large validation studies is the 
absence of validated, high-throughput screening technology. So far, mutation 
analysis still relies on the sequencing of portions of the TP53 gene to 
determine the exact nature and position of the mutation. Tumor DNA always 
contains a proportion of wild-type material due to the presence of wild-type 
alleles in cancer cells, or of non-cancer cells in the original tissue specimens. 
Therefore, DNA sequencing needs to be highly sensitive in order to detect 
mutant DNA against a background of wild-type material. Such sensitivity is 
not always achieved by standard, automated direct sequencing methods. 
Thus, TP53 mutation analysis remains an expensive and labor-intensive 
work. The most common techniques used for TP53 mutation analysis 
include PCR-based assays like single strand conformational polymorphism 
(SSCP), denaturing gradient gel electrophoresis (DGGE) and its variations, 
and DNA sequencing. Another method based on yeast functional assays was 
developed to detect TP53 mutations  (Ishioka et al., 1995; Moshinsky and 
Wogan, 1997; Scharer and Iggo, 1992a; Scharer and Iggo, 1992b). In this 
assay, the loss of DNA binding and transcriptional-transactivation function 
in mutant p53 is detected by the colony color of yeast. A very elegant and 
reliable assay, SOMA (short oligonucleotide mass assay), has also been 
developed that involves PCR and mass spectrometry  (Laken et al., 1998). 
This assay is very reliable and enables simultaneous analysis of both strands 
of the gene. However, it can only detect one specific mutation at a time, 
which is not suitable for screening the entire TP53 gene. More recently, 
microarray-based methods have been described. The microarray developed 
by Affymetrix (Santa Clara, CA) is based on direct hybridization of TP53 
DNA fragments on immobilized oligonucleotides. This array shows good 
specificity but its sensitivity is still limited and its application in large-scale 
studies needs to be further evaluated  (Ahrendt et al., 1999; Wikman et al., 
2000a; Wikman et al., 2000b). Another, commercial array is currently 
developed by Asper technologies (Tartu, Estonia), based on APEX (Arrayed 
Primer Extension). APEX uses solid-phase primer extension to incorporate 
fluorescent terminators into fixed oligos, thus requiring less oligos than 
methods based on specific hybridization. This method is extremely specific 
and sensitive and is currently being evaluated for scaling-up  (Tonisson et 
al., 2002). These new array technologies should allow the scaling-up of 
TP53 mutation screening in a close future. 

The diversity of the type and functional consequences of TP53 mutations 
is another issue that needs to be taken into account when analyzing the 
predictive value of TP53 mutations. This is a difficult point since a clear 
knowledge of the biological impact of each specific mutation is still lacking 
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for the majority of reported mutations. The impact of TP53 polymorphisms 
(in particular R/P at codon 72) on the activity of mutant proteins need also to 
be further explored. It is of note that available studies have used various way 
of classifying mutation, none of which fully reflecting the biological reality. 
For example, mutations have often been grouped according to their codon 
position, despite experimental evidence showing that different amino-acid 
substitutions at a given codon have different functional impact  (Ryan and 
Vousden, 1998). Gene expression profiling is another area that should help 
decifering the functional impact of p53 mutants. A recent study on breast 
cancer has identified subclasses of breast tumors based on gene expression 
profiles  (Sorlie et al., 2001). These tumor subcalsses had different prognosis 
and had different frequency of TP53 mutation. Studies on a larger scale are 
needed to determine if specific types of mutants are associated with specific 
gene expression profiles. 

Future studies should address all these issues to determine to which 
extent the identification of a TP53 mutation may help clinicians in the 
diagnosis of cancer and in the selection of the appropriate therapeutic 
approach. The availibility of public databases that integrate mutation data 
with clinical and pathological annotations as well as with functional 
annotations on mutant proteins will be necessary to estimate the clinical 
impact of specific TP53 mutations. In the early nineties, the rapid 
accumulation of data on the occurrence of TP53 mutations raised high 
expectations for clinical exploitation. However, over 10 years later, these 
expectations are still waiting to materialize into clinical practice. Recent 
findings show us that, in this area as in many others, the clinical reality is 
more complex than initially suspected and that interpretation of TP53 
mutations cannot be restricted to a “yes/no” answer. However, with the 
accumulation of knowledge on the specific properties of mutant proteins, we 
are closing down to the stage when mutation analysis will become standard 
practice in molecular pathology. 
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P53 LINKS TUMOR DEVELOPMENT TO 
CANCER THERAPY 
 

Michael T. Hemann and Scott W. Lowe 
Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, USA 

INTRODUCTION 

Anti-cancer therapy operates on the assumption that the genetic pathways 
disrupted during tumorigenesis are distinct from those that mediate drug 
sensitivity.  The main objective of this therapy is to present tumor cells with 
obstacles unrelated to the process of cellular transformation or to exploit 
vulnerabilities created by tumor development, such as uncontrolled DNA 
synthesis, checkpoint abnormalities, or an addiction to an oncogenic signal.  
Cytotoxic therapies, for example, rely on the introduction of DNA damage 
or the inhibition of chromosome segregation.  These lesions, when 
introduced at high levels, elicit a DNA damage response presumably distinct 
from any encountered during the early stages of tumor development.  

The frequent failure of these established therapies suggests that, in fact, 
the genetics of tumor suppression are inextricably linked to the genetics of 
treatment response. The single greatest culprit responsible for this 
phenomenon is the tumor suppressor p53.  In this chapter, we will highlight 
results from our lab and others that contrast the distinct functions of p53 in 
preventing cellular transformation and tumorigenesis verses those important 
for therapeutic response.  In doing so, we hope to emphasize the importance 
of tumor genetics on tumor therapy and provide a framework for 
understanding the unique role of p53 loss on tumor biology. 
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P53 AND TUMORIGENESIS 

Tumor suppressors act to maintain tissue homeostasis, that is, to control 
the number and behavior of cells in a particular tissue within an organism 
(Hussain and Harris, 1998).  To do so, they typically regulate processes that 
prevent aberrant proliferation (Vogelstein et al., 2000; Vousden and Lu, 
2002).  p53, the most extensively studied tumor suppressor, acts in response 
to diverse forms of cellular stress to mediate a variety of anti-proliferative 
processes.  Hence, p53 is activated by DNA damage, hypoxia, or aberrant 
oncogene expression to promote cell-cycle checkpoints, DNA repair, cellular 
senescence, and apoptosis (Figure 1). As a consequence, disruption of p53 
function promotes checkpoint defects, cellular immortalization, genomic 
instability, and inappropriate survival, allowing the continued proliferation 
and evolution of damaged cells.  Any one or combination of these defects 
may contribute to the selective advantage p53 mutant cells have during 
tumor initiation or progression. 

One of the most extensively studied areas in p53 research concerns its 
ability to induce apoptosis. The first hint that p53 could control apoptosis 
came from studies by Oren and co-workers who reintroduced p53 into a p53-
deficient myeloid leukemia cell line (Yonish-Rouach et al., 1991). Here, p53 
induced apoptosis in a manner that could be countered by a pro-survival 
cytokine. Subsequently, evidence that endogenous p53 could control 
apoptosis was obtained from studies using thymocytes from p53 knockout 
mice, which revealed that p53 was required for DNA damage-induced 
apoptosis, but not cell death induced by several other stimuli (Clarke et al., 
1993; Lowe et al., 1993a). 

The mechanism by which DNA damage activates p53 to promote 
apoptosis involves kinases such as ATM and perhaps the chk kinases (Iliakis 
et al., 2003).  These kinases appear to act by phosphorylating p53 leading to 
its dissociation from its negative regulator Mdm2 (Prives, 1998). Although 
upstream signaling to p53 following DNA damage is often thought to be 
well understood, studies involving cells and mice where ATM and chk2 
have been disrupted suggest a more complicated story.  For example, ATM-
deficient mice do not show the same spectrum of tumors as mice lacking 
p53, and ATM deficiency synergizes with p53 loss in promoting lymphoma 
development (Barlow et al., 1996; Donehower et al., 1992; Xu et al., 1998).  
Also, chk2, which is important for DNA damage induced apoptosis in 
murine thymocytes, is dispensable for apoptosis in some tumors and cell 
lines (Ahn et al., 2003; Jallepalli et al., 2003).  Thus, DNA damage signaling 
to p53 likely represents a nonlinear pathway that varies significantly with 
species and cell type. 
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Figure 1. The p53 tumor suppressor network. 

p53 is also an essential mediator of cell death in response to aberrant 
oncogene expression.  Early work with the adenoviral oncogene E1A, as 
well as c-myc, showed that over-expression of either of these oncogenes 
significantly sensitized cells to apoptosis (Debbas and White, 1993; 
Hermeking and Eick, 1994; Lowe and Ruley, 1993; Rao et al., 1992).  This 
apoptosis correlated with a significant increase in cellular p53, and, in fact, 
oncogene-induced cell death is substantially reduced in p53 deficient cells.  
Importantly, loss of p53-dependent apoptosis in response to oncogenes 
dramatically increases the susceptibility of cells to oncogenic transformation, 
such that primary p53-deficient fibroblasts are extremely susceptible to 
transformation by E1A and myc.  Presumably, oncogenic signaling is 
coupled to an antiproliferative response as part of a tumor suppressive 
mechanism that eliminates aberrantly proliferating cells.  Indeed, studies by 
Van Dyke, and later others, indicate that disruption of p53-dependent 
apoptosis correlates with tumor progression in oncogene-expressing 
transgenic mice (Symonds et al., 1994).  

Oncogenic activation of p53 involves the tumor suppressor ARF (de 
Stanchina et al., 1998; Zindy et al., 1998).  In fact, destabilization of p53 
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mediated by ARF loss can recapitulate the effects of p53 loss on oncogene-
induced apoptosis in at least some settings.  Interestingly, while ARF-/- 
murine embryonic fibroblasts (MEFs) are resistant to oncogene-induced cell 
death, ARF loss does not completely phenocopy p53 loss.  For example, 
unlike p53-/- MEFs, ARF-/- MEFs are genomically stable and sensitive to 
DNA damage-induced cell death (Kamijo et al., 1997; Stott et al., 1998).  
Presumably, ARF acts in parallel with DNA damaging signal to activate p53 
– indeed, ARF is not induced by DNA damage nor is it required for a DNA 
damage response.   

Additionally, ARF may not always be essential for oncogene signaling to 
p53.  First, ARF loss does not always mimic p53 loss in repressing apoptosis 
or promoting tumorigenesis in response to an oncogenic insult (Tolbert et al., 
2002; Tsai et al., 2002). Second, some studies suggest that suggest that 
oncogenes like myc and E2F can induce DNA damage, which is required for 
their pro-apoptotic effects (Rogoff et al., 2002; Vafa et al., 2002).  However, 
these latter results have been performed largely in cell culture and, to date, 
there is little evidence that oncogenes cooperate with loss of DNA damage 
response genes during the course of tumorigenesis.  In fact, ATM loss has no 
effect on oncogene induced tumor suppression in a choroids plexus 
carcinoma model (Liao et al., 1999).  Therefore, p53 is activated through 
parallel signaling pathways, the relative importance of which may depend on 
other factors.   

As indicated above, the importance of oncogene-induced apoptosis as a 
mechanism of tumor suppression has been evaluated in a number of murine 
tumorigenesis models.  In our lab, these studies have focused on a mouse 
model of B cell lymphomagenesis, the Eµ-myc transgenic mouse (Adams et 
al., 1985).  This mouse over-expresses c-myc under the control of an 
immunoglobulin enhancer, a molecular lesion similar to that seen in human 
Burkitt’s lymphoma.  Due to the constitutive high expression of c-myc, B 
cells from these mice show elevated levels of both proliferation and 
apoptosis.  B cell lymphomagenesis occurs after a 3-6 month latency in these 
mice and is frequently accompanied by mutations in either p53 or ARF 
(Eischen et al., 1999).  Consistent with this result, crosses between Eµ-myc 
mice and germline p53 and ARF knock-out mice result in progeny with a 
vastly accelerated rate of B cell lymphomagenesis (Eischen et al., 1999; 
Schmitt et al., 1999).    

The ability of ARF loss to accelerate Eµ-myc lymphomagenesis 
suggested that some p53 effector functions, including mitotic and DNA 
damage checkpoint responses, are not integral components of tumor 
suppression in B cells.  This idea is further supported by experiments 
showing that over-expression of the anti-apoptotic protein bcl2 promotes 
lymphomagenesis as aggressively as p53 or ARF deficiency (Schmitt et al., 
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2002a).  Thus, the disruption of a single p53 effector function –apoptosis – 
was sufficient to facilitate myc-induced lymphomagenesis.  This result was 
further supported by the in vivo suppression of known p53 target genes in 
hematopoietic stem cells (HSCs) derived from Eµ-myc transgenic mice.  
Surprisingly, the elimination of PUMA, a pro-apoptotic BH3-only protein 
and p53 target, recapitulates many of the effects of p53 loss on the 
development of Eµ-myc lymphomagenesis (Hemann et al, 2004).  Hence, in 
this setting, loss of a single pro-apoptotic effector can phenocopy the effects 
of p53 mutations in tumor suppression. 

p53 mutations are often associated with gross chromosomal instability 
and, in principle, this instability could fuel the evolution of malignant 
tumors.  However, despite the fact that loss of ARF or overexpression of 
Bcl2 accelerates myc-induced lymphomagenesis to a similar degree as p53 
loss, only p53-/- lymphomas show significant aneuploidy (Schmitt et al., 
2002a).  These results imply that, in this context, aneuploidy is a 
consequence of p53 deficiency rather than an essential mediator of tumor 
development. Studies examining p53 hypomorphic states are also consistent 
with this view(Hemann et al., 2003).  Specifically, using stable RNAi 
technology and gene transfer into Eµ-myc hematopoietic cells, we have 
shown that short hairpin RNAs targeting p53 can suppress p53 to varying 
degrees.  Interestingly, at levels of p53 suppression sufficient to compromise 
oncogene-induced apoptosis, the resulting tumors do not display the gross 
aneuploidy seen in p53-deficient cells.  Nevertheless, stable suppression of 
p53 produces aggressive lymphomas that resembled those produced by 
complete p53 deficiency.  Again, gross genomic instability appears 
dispensable for B cell lymphomagenesis.  This conclusion is not limited to 
myc-induced lymphomas, since p53 can contribute to the progression of 
epithelial cancers without producing gross genomic instability (Lu et al., 
2001).  

The specific p53 effector functions required to suppress B cell 
lymphomagenesis are not, however, shared by all malignancies.  Germline 
knock-in mice expressing a tumor-derived p53 mutant identified a distinct 
set of p53 effector functions essential for T cell tumor suppression (Liu et 
al., 2004).  In this case, the point mutation renders p53 defective for 
oncogene-induced apoptosis but still capable of mediating p53-dependent 
cell cycle arrest.  Knock-in mice expressing this p53 allele developed B cell 
lymphomas and histiocytic sarcomas, but not the T cell lymphomas 
commonly seen in p53 deficient mice.  Thus, the ability of p53 to induce cell 
cycle arrest, perhaps in addition to p53-dependant apoptosis, limits T cell 
lymphomagenesis in vivo.  

Together, these observations highlight three important aspects of p53 
biology in early tumor development.  First, the p53 effector functions 
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involved in tumor suppression are highly context-dependent.  While 
mediating oncogene-induced apoptosis is the single critical role of p53 in B 
cell tumor suppression, p53-mediated cell cycle arrest or the maintenance of 
genomic stability is required to suppress other malignancies.  Moreover, the 
essential tumor suppressive functions of p53 may vary with distinct 
oncogenic insults. For example, whereas c-Myc activates p53 to promote 
apoptosis, oncogenic Ras can activate p53 to induce a senescence-like arrest 
(Serrano et al., 1997).  Hence, during ras-initiated tumorigenesis, disruption 
of senescence may provide the immediate advantage to cells acquiring p53 
mutations whereas apoptotic defects may be byproducts of p53 loss.   

Second, a myriad of genetic lesions can substitute for p53 loss during the 
initial stages of tumorigenesis.  In B cell lymphomagenesis, ARF loss, 
PUMA suppression, mdm2 over-expression and bcl2 all phenocopy the 
effect of p53 loss (Schmitt, 1999; Eischen, 1999; Schmitt, 2002; Fridman, 
2003; Hemann et al, 2004).  One might imagine that in T cell 
lymphomagenesis the combined effects of an apoptotic defect and the loss of 
a cell cycle inhibitor, like p21, could recapitulate the effects of p53 loss.  In 
other words, there are many different ways to significantly attenuate p53 
function early in tumor development without directly mutating p53. It is 
tempting to speculate that, early in tumorigenesis, retention of some p53 
functions may even be beneficial tumor development.  If oncogene-induced 
apoptosis is the single hurdle a pre-neoplastic B cell needs to overcome, then 
the maintenance of genomic stability and the retention of cell cycle 
checkpoints may, in fact, benefit tumor proliferation.  In fact, situations in 
which p53 exerts a pro-neoplastic effect have been documented.  For 
example, p53 loss reduces the incidence of chemically-induced skin 
papillomas in mice (Kemp et al., 1993).   

Finally, while disruption of apoptosis may be sufficient to promote tumor 
initiation, checkpoint defects and genomic instability may be important for 
subsequent tumor development.  In the Eµ-myc model, although Bcl2 and 
shPUMA tumors appear at the same time or earlier than p53 deficient 
lymphomas, they progress to a lethal stage more slowly (Hemann et al, 
2004). Furthermore, despite the similar effect of ARF loss and Bcl2 
overexpression on myc-induced lymphomagenesis, these tumors show 
remarkably different responses to therapy.   Therefore, while some p53 
functions are not selected against early in tumorigenesis, they may provide 
added capabilities later on that allow the tumor to progress to a lethal stage 
(see below).  
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P53 AND THERAPY 

Chemotherapy remains the primary treatment for systemic malignancies. 
However, some tumors are inherently insensitive to chemotherapeutic agents 
and others acquire resistance upon relapse. Most conventional agents 
damage cellular components, often DNA, and for years it was assumed that 
this damage was directly responsible for their anti-tumor effect (Johnstone et 
al., 2002). Consequently, drug resistance was thought to arise primarily from 
changes that prevented the drug-target interaction, including over-expression 
of drug efflux pumps (e.g. P-glycoprotein) or intracellular detoxifiers (e.g. 
glutathione) (Johnstone et al., 2000; Volm, 1998). It is now clear that drug-
induced damage is not invariably lethal, but can instead initiate a series of 
post-damage responses including apoptosis, cell-cycle checkpoints, mitotic 
catastrophe, and cellular senescence (Johnstone et al., 2002; Schwartz and 
Rotter, 1998). Importantly, cells may interpret a drug-induced insult in the 
same way that a physiological insult, such as hypoxia or growth factor 
deprivation, is interpreted.  

Given the significance that p53 plays in the response to physiological 
insults, considerable work has been done to investigate the role p53 
inactivation in therapeutic response.  In fact, mutations in p53 or in the p53 
pathway can produce multi-drug resistance in vitro and in vivo, and 
reintroduction of wild type p53 into p53-null tumor cells can re-establish 
chemosensitivity (Wallace-Brodeur and Lowe, 1999). However, p53 status is 
not a universal predictor of treatment response, in part because not all drugs 
absolutely require p53 for their apoptotic function (Herr and Debatin, 2001) 
and, in some settings, p53 loss can enhance drug-induced cell death (Bunz et 
al., 1999).  Still, loss of p53 function correlates with multidrug resistance in 
many tumor types (Wallace-Brodeur and Lowe, 1999). 

Further support for the essential role of p53 in mediating therapeutic 
responses came from early studies on the p53 null mouse.  While thymocytes 
from wild-type mice undergo cell cycle arrest and apoptosis in response to 
gamma irradiation, p53-/- thymocytes show very little response to DNA 
damage (Lowe et al., 1993b).  This complete resistance to DNA damage is 
not seen in cells deficient for modifiers of p53 function, like ARF or p21-
deficient fibroblasts (Kamijo et al., 1997; Komarova et al., 2000).  Thus, the 
specific absence of p53, and not single components or effector arms of the 
p53 pathway, most effectively disable some anti-tumor therapies. 

The importance of these unique properties of p53 is again illustrated by 
chemotherapy studies in the Eµ-myc mouse.  As indicated above, while ARF 
and p53 loss produce pathologically indistinguishable B cell lymphomas, 
tumors arising in these genetic backgrounds show very significant 
differences in response to therapy (Schmitt et al., 2002b). Eµ-myc ARF-/- 
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lymphomas undergo massive apoptosis in response to the established 
cytotoxic drugs adriamycin and cyclophosphamide.  Mice bearing Eµ-myc 
ARF-/- lymphomas achieve long-lasting remissions and are frequently cured 
following therapy.   Conversely, Eµ-myc p53-/- tumors are resistant to 
chemotherapy-induced apoptosis, and the mice bearing these tumors rapidly 
progress to end-stage disease following treatment.  Presumably this reflects 
the ability of ARF loss to disable p53 function during tumorigenesis but not 
following a DNA damage response (see above).  

Treatment of Eµ-myc bcl2 tumors reveals an additional component of the 
p53-mediated chemotherapeutic response (Schmitt et al., 2002b).  The strong 
apoptotic block conferred by bcl2 over-expression prevents bcl2 expressing 
lymphoma cells from undergoing apoptosis in response to 
cyclophosphamide.  However, these tumors still show a dramatically 
different response to treatment than the Eµ-myc p53-/- lymphomas.  
Specifically, the Eµ-myc bcl2 tumors undergo a stable therapy-induced cell 
cycle arrest.  This arrest shows many of the hallmarks of cellular senescence, 
including p16 up-regulation and senescence-associated β-galactosidase 
staining.  Due to tumor stasis, mice bearing Eµ-myc bcl2 tumors show 
significantly extended post-treatment survival relative to mice bearing Eµ-
myc p53-/- lymphomas.  These results suggest that p53 nullizygosity confers 
upon tumor cells the unique ability to bypass both DNA damage-induced 
apoptosis as well as DNA damage-induced senescence.  

This work suggests that p53 provides a link between cancer genetics and 
cancer therapy (Johnstone et al., 2002). For example, p53-dependent 
apoptosis provides a brake against tumor development and contributes to the 
action of anticancer agents; hence, disruption of apoptosis during tumor 
development can simultaneously select for drug resistant cells (Schmitt and 
Lowe, 1999). Presumably, these interrelationships provide one explanation 
for intrinsic drug resistance – i.e. resistance with no preceding drug 
exposure.  While the abrogation of certain p53 effector functions is not 
required during tumor evolution, p53 loss can give rise to acquired 
capabilities that become relevant only under therapy.  

Work on tumor development and treatment response in the Eµ-myc 
lymphoma model has also yielded the following explanation for the unique 
role of p53 in tumor biology: the p53 effector functions impaired early in 
tumorigenesis are context-dependent, varying with cell type and oncogenic 
insult, and can be phenocopied by loss of specific modifiers of p53 function.  
However, the p53 effector functions lost as a consequence of tumor 
evolution or anti-tumor therapy are context-independent and involve the 
primary mutation or deletion of p53.  In other words, many genetic 
alterations can substitute for p53 loss early in tumorigenesis, but p53 
mutation is inevitably selected for in most advanced or chemo-resistant 
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malignancies. This paradigm predicts that many tumors without p53 
mutations at early diagnosis may acquire these mutations by the time they 
prove fatal. 

The relative abundance of p53 mutations, versus specific pathway 
alterations, in end-stage and chemo-resistant cancer may result from the 
surprising extent to which hypomorphic states of p53 can effectively carry 
out certain p53 effector functions.  For example, while ARF loss and mdm2 
expression can significantly decrease cellular levels of p53, the remaining 
p53 is capable of maintaining genomic stability and an essentially normal 
response to DNA damage (Fridman et al., 2003; Schmitt et al., 2002b).  
Similarly, p53 tumor-derived point mutants defective for most p53 functions 
also maintain genomic stability and a normal DNA damage response 
(Lozano and Liu, 1998).  Finally, cells with p53 levels that are reduced by 
>95% by stable RNAi still respond to DNA damage-inducing 
chemotherapeutic agents and maintain a normal karyotype {Hemann, 2003 
#302; and J.T. Zilfou, unpublished results}.  Thus, inhibiting the ability of 
p53 to mediate cell cycle arrest in response to genetic instability may 
necessitate the mutation or deletion of p53.   

P53 AND THE TREATMENT OF HUMAN CANCERS 

While much of this chapter has focused on the role of p53 in murine 
tumorigenesis and therapy, it is clear that striking similarities exist between 
the relative importance of p53 in human and mouse malignancies.  p53 is 
mutated in the majority of human end-stage malignancies and correlates with 
poor prognosis in both solid tumors and lymphoid malignancies (Greenblatt 
et al., 1994; Nigro et al., 1989; Soussi and Beroud, 2001).  Additionally, as is 
the case is with the Eµ-myc mouse, p53 alterations are associated with drug 
resistance in human cancers (Ferreira et al., 1999; Vogelstein et al., 2000).  
This unique importance of p53 in human malignancies has prompted 
significant effort into developing therapies that specifically target tumor cells 
with mutant p53.  These therapies include: 1) the direct viral delivery of p53 
into tumor cells (Horowitz, 1999), 2) the infection of tumor cells with an 
adenovirus specifically engineered to kill p53-deficient cells (Heise et al., 
1997), and 3) the use of small molecules that re-establish wild-type p53 
function to mutant p53 proteins (Bullock and Fersht, 2001). 

While these strategies certainly hold promise, the successful treatment of 
p53-mutated tumors may involve understanding and targeting the specific 
tumor-suppressive functions of p53 that are relevant in specific tumor 
contexts.  For example, if apoptosis is the essential p53 effector function 
abrogated during a tumor’s development, then specifically targeting 
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inhibitors of apoptosis downstream of p53 may recapitulate the effects of 
p53 reintroduction.  Further understanding of which p53 function(s) are key 
to the evolution of different tumor types may ultimately identify activities 
required for tumor maintenance and suggest additional targets for therapeutic 
intervention.   
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NOVEL P53-BASED THERAPIES: STRATEGIES 
AND FUTURE PROSPECTS   
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INTRODUCTION 

Introducing functional p53 into tumours using adenoviral vectors is 
leading to success in clinical trials (Edelman et al., 2003; 
http;//www.introgen.com/infotp.html; http;//www.sibiono.com) and p53 
gene therapy gained regulatory approval in China in 2003 where it has been 
on sale since January 2004. Renewed optimism around the use of p53 gene 
therapy and increased understanding of p53 function suggest that many more 
potent and selective variants of p53 may be developed. Reactivating mutant 
p53 or exploiting specific properties of tumour cells carrying mutations in 
p53 is a greater challenge. As described elsewhere in this book, tackling this 
problem has led to a variety of very exciting discoveries. Here we have 
focused on the current approaches to activate p53 in those cancers that retain 
wild type p53.  

Whereas more than 50% of solid tumours occurring in adults bear p53 
mutations, the rate of p53 mutations is significantly lower in haematological 
malignant diseases, childhood cancer and malignancies associated with viral 
infections (Krug et al., 2002; Toren et a., 1996; Mantovani and Banks, 
2001). This may be the key to the much better prognosis of children with 
cancer. However, the genotoxic effects of many current therapies is 
especially important to bear in mind when considering the treatment of 
young patients (Wallace et al., 2001; Schwartz, 1999). Hence, searching for 
novel non-genotoxic activators of the p53 response is thought to be essential 
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in improving the treatment of those cancers in which p53 function is not 
abolished by mutation. 

p53’s Tumour Suppressor Function 

The tumour suppressor activity of wild type p53 is thought to be mainly 
due to its ability to act as a transcription factor and induce the expression of 
large number of proteins (Vousden and Lu, 2002; Bourdon et al., 2002). 
Some of these proteins are involved in causing the inhibition of cell 
proliferation by promoting cell cycle arrest at different checkpoints and 
others can cause the induction of cell death by apoptosis. The discovery of 
p53 alterations that modulate its effects on different promoters and the 
definition of cofactors that specifically promote p53-induced apoptosis 
suggest that the cell-cycle arrest and apoptotic activities of p53 can be 
separated. These findings are thoroughly discussed in an insightful review by 
Vousden and Lu (2002). 

While most functions of p53 involve its activity as a transcription factor, 
there is growing evidence on its transcription-independent activities. p53-
dependent and bax-dependent apoptosis can be triggered in the absence of  
macromolecular synthesis and even in the absence of a nucleus (Chipuk et 
al., 2003). Reported data suggest that cytoplasmic p53 functions analogously 
to a subset of pro-apoptotic Bcl-2 proteins that permeabilise mitochondria 
and switch-on the apoptotic process (Chipuk et al., 2004). This implies that 
the induction of the pro-apoptotic transcription-independent function of p53 
could also be exploited in therapy. The p53 protein has also been proposed 
to play a transcription independent role in the promotion and regulation of 
DNA repair and again modulating this function could be exploited 
therapeutically (Kumari et al., 2004). 

Inhibition of p53’s Function in Tumours Expressing Wild 
Type p53 

In many of the tumours that encode wild type p53, its levels and activity 
are thought to be hampered by virtue of alterations in other cellular factors or 
the expression of viral oncogenes. Clear examples include the 
overexpression of the Mdm2 protein (Freedman et al., 1999), defects in the 
expression of the p14ARF tumour suppressor (Sherr, 2001), mutations in 
kinases such as ATM or Chk2 (Dasika et al., 1999; Bartek et al., 2001), 
chromosome translocations involving the PML or the nucleophosmin 
proteins (Salomoni and Pandolfi, 2002; Colombo et al., 2002) and the 
expression of alternative spliced forms of p53 (J.C. Bourdon, unpublished 
data). Additionally, infection with malignant viruses leads to effective 
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downregulation of p53 levels and activity (zur Hausen, 1999a; 1999b; Lain 
and Lane, 2003). In HPV-positive cervical cancers, the activity of p53 is 
rarely abolished by mutation. Instead  p53 levels are effectively decreased by 
the action of the oncoviral protein E6 and the cellular E3 ubiquitin ligase 
E6AP (reviewed in Mantovani and Banks, 2001). HPV infects the basal cells 
of the epithelia and HPV DNA has been found in 90% of cervical cancer and 
50% of vulvar cancer (Jastreboff and Cymet, 2001). Cervical cancer is the 
second most common cause of cancer-related death in women world-wide, 
in some developing countries accounting for the highest cancer mortality 
(Stern et al., 2001). 

Regulation of p53 degradation  

If p53's primary function is to stop cell proliferation leading to a cell 
cycle halt or to induce cell death by apoptosis, its levels and activity must be 
tightly regulated. The mechanisms that control p53 gene transcription remain 
largely unknown and many reports have indicated that p53 levels are mainly 
regulated at the post-transcriptional level. However, recent work suggests 
p53 promoter activation by oestrogen (Qin et al., 2002) as well as by p53 
itself and NFkB (Benoit et al., 2000) and the existence of a promoter element 
that is involved in basal p53 gene expression and the stress response (Noda 
et al., 2000). The level of p53 gene transcription must be very  important in 
setting the threshold of the p53 response as mice that have only a single copy 
of the gene show a cell autonomous haplo-insufficiency in their apoptotic 
response (Lowe et al., 1993; Clarke et al., 1993).  

In normal non-stressed cells without mutations in the p53 gene p53 has a 
very short half life. Until recently, this was thought to be due to the 
following autoregulatory feedback loop mechanism in which the Mdm2 
protein plays a key role. Wild type p53 acts as a transcriptional activator of 
the Mdm2 gene (Barak et al., 1993). In turn, Mdm2, which itself has a very 
short half-life due its autoubiquitination activity, has the ability to interact 
with p53 and to function as an E3 ubiquitin ligase that promotes the 
conjugation of p53 to polyubiquitin (Honda et al., 1997). This conjugation to 
ubiquitin serves as a tag that effectively targets p53 for degradation by the 
proteasome (Haupt et al., 1997; Kubbutat et al., 1997). In this way, in normal 
non-stressed cells, p53 levels would be maintained at a very low level and 
cells could be allowed to proliferate. Contributing to its 'anti-p53' function, 
Mdm2 is also thought to impair the transcriptional activity of p53 by 
masking the transactivation domain of this tumour suppressor (Chen et al., 
1996). More recently, alternative E3 ubiquitin ligases for p53 have been 
identified. These include Pirh2 and COP1, both of which, like Mdm2, are 
transcriptional targets (Leng et al 2003; Dornan et al 2004). As with p53 the 
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level of Mdm2 transcription plays a critical role in setting the sensitivity of 
the p53 pathway and the recent description of a common polymorphism in 
the human Mdm2 promoter that appears to affect tumour susceptibilty in 
man has brought this into sharp focus (Bond et al., 2004). 

Supporting Mdm2's crucial role in the regulation of p53 activity, Mdm2 
knockout mice are rescued from embryonic lethality by deletion of p53 
(Montes de Oca Luna et al.,1995). A similar requirement has also been 
observed when MdmX (Mdm4) mice were developed, suggesting the 
importance of the MdmX protein in regulating the levels and activity of p53 
(Parant et al., 2001; Badciong and Haas, 2002).  

Tumour cells that encode mutant p53 show high levels of stable p53, 
although these forms are still susceptible to degradation by Mdm2 (Midgley 
et al., 1997). According to the current dogma, the explanation for this 
observation is that p53 mutation abolishes its ability to act as a 
transcriptional factor on the Mdm2 gene. Hence, the levels of Mdm2 in cells 
carrying mutations in p53 are not sufficient to degrade p53 efficiently. This 
is why the detection of high levels of p53 in tumours can be used as an 
indicator for the existence of mutations in the p53 gene. 

The following observations have challenged the role of p53-dependent 
Mdm2 transcription in the maintenance of low p53 levels in normal tissues. 
On the one hand, p53 status does not regulate the levels of expression of 
Mdm2 mRNA in non-stressed cells (Mendrysa et al., 2000). Second, and 
contrary to expectations, mice expressing mutant p53 alone have low levels 
of p53 in normal tissues (Olive et al., 2004; G. Lozano, unpublished data).  

p53 activation of Mdm2 mRNA does occur but only when cells are 
subjected to stress (Mendrysa et al., 2000). Hence, under stress conditions, 
wild type p53 would promote its own degradation by increasing Mdm2 gene 
transcription, whereas mutant p53 would not be able to do so and would 
accumulate. Possibly reflecting a stress situation, p53 levels are high in 
tumours appearing in mice expressing mutant p53 only and in cultured 
MEFs derived from these mice (Olive et al., 2004; Lang et al., 2004).  

Taken together, these observations imply that the basal (p53-
independent) expression of the Mdm2 gene, despite the intrinsic instability of 
Mdm2, is sufficient to reduce p53 levels effectively in non-stressed cells. 

p53 Can Be Activated Without Causing DNA Damage 

The elucidation of the mechanisms by which p53 is activated when cells 
are subjected to stress has been an area of intense research, with special 
emphasis on the analysis of the phosphoryation and acetylation status of p53 
and Mdm2 (Ljungman, 2000; Lakin and Jackson, 1999; Maya et al., 2001; 
Goldberg et al., 2002, Blattner et al., 2002; Zhou and Hung, 2002; Vousden 
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and Lu, 2002; Prives and Manley, 2001). Other modifications of p53 and 
Mdm2 that may affect p53 stability and activity include SUMO conjugation, 
neddylation and methylation (Rodriguez et al., 1999; Xirodimas et al., 2004; 
Chuikov et al., 2004). 

It is well known that p53's levels and transcriptional activity increase in 
cells that are irradiated or treated with DNA damaging agents. Telomere 
erosion during the ageing process and defects in the DNA structure due to 
mistakes during the processes of DNA replication and recombination are 
thought to trigger the p53 response by mechanisms that are likely to be 
similar to the response to DNA damaging agents (Vaziri and Benchimol, 
1996). 

p53 activity can also be increased by a variety of general stresses that do 
not, or at least not directly, involve DNA damage. These include hypoxia, 
serum starvation, heat, cold, pH, ribonucleotide depletion, glycerol and 
inhibition of nuclear export (reviewed in Ohnishi and Ohnishi 2001; Pluquet 
and Hinaut, 2001; Lain et al., 1999; Linke et al., 1996). Pioneering clinical 
trials support the value of some of these observations (Martin et al., 2001; 
Ohnishi and Ohnishi, 2001). Oncogenic signals and certain viral 
oncoproteins can also increase the levels of p53 (Sherr, 2001). This 
activation, at least in some situations, is mediated by an increase in the levels 
of expression of the ARF tumour suppressor, an antagonist of the Mdm2 
function (see below). 

WAYS TO IMPROVE PRESENT TREATMENTS 

Since Mdm2 is an important inhibitor of p53 function in cells, a likely 
way to increase p53 levels in a non-genotoxic way is by impairing its effects 
on p53. In the last years, a lot of effort has been put in dissecting the 
p53/Mdm2 pathway. This work has given rise to a variety of ideas on how to 
reduce Mdm2 activity. In some cases, the aim is to specifically impair 
Mdm2’s function on p53. Others involve the manipulation of general cellular 
processes. Activation of p53’s transcriptional function is achieved in several 
cases. In others, p53 levels are increased but p53-dependent transcriptional 
activity is not detected. Some of these approaches are highly developed and 
specific small molecules are available.  

Several of these ideas may also be applicable in the future to inhibit the 
function of other p53-targetting E3 ubiquitin ligases such as Pirh2 (Leng et 
al., 2004) or COP1 (Dornan et al., 2004) and also to the effect of the HPV 
infection on p53 levels. 
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Inhibiting the Interaction Between p53 and Mdm2 

The p53-Mdm2 interaction sites map to the N-terminal of transactivation 
domain of p53 and to the N-terminal domain of Mdm2 (Picksley et al., 1994; 
Chen et al., 1993; Kussie et al., 1996). Targetting the physical interaction 
between p53 and Mdm2 has long been considered as the most direct strategy 
to activate p53. This has led to the identification of antibodies and peptides 
that validate this approach. Microinjection of the 3G5 antibody that 
specifically recognises the p53 binding site in Mdm2, increases p53 levels 
and transcriptional activity (Bottger et al., 1997). Introduction of peptides 
that interact with Mdm2 and prevent its association with p53 (Bottger et al., 
1997; Chene et al., 2000, 2002; Garcia-Echevarria et al., 2001) or the 
expression of such peptides in a scaffold protein, also leads to an increase in 
p53 levels and activity (Bottger et al., 1997). 

Computer-aided design has led to the the synthesis of a non-peptidic 
polycyclic molecule with affinity for Mdm2 and p53-activating effect (Zhao 
et al., 2002). Screening of microbial extracts identified chlorofusin 
(Fusiparum sp.) as an inhibitor of the p53-Mdm2 interaction that binds to the 
N-terminus of Mdm2 (Duncan et al., 2001, 2003). A detailed 
characterisation of the specificity of these compounds and their effects on 
the p53 pathway and tumour cell growth is still required. 

The most potent and specific inhibitors of the p53-Mdm2 interaction 
published so far are the nutlins (Vassilev et al., 2004). These cis-imidazoline 
derivatives bind to the N-terminal hydrophobic pocket in Mdm2 and 
displace p53 with IC50 values in the sub-micromolar range. These 
compounds are cell permeable, impair the interaction between p53 and 
Mdm2 in vivo, induce the stabilisation of p53 and activate its transcriptional 
function at micromolar concentrations. In tumour cells, activation of p53 by 
nutlins is followed by cell cycle inhibition and apoptosis. Importantly, the 
effect of this familiy of compounds does not involve the induction of the 
DNA-damage response as assessed by monitoring p53 Serine 15 
phosphorylation. Nutlins have a poor effect on cells lacking functional p53 
and cause a reversible cell cycle inhibitory function in normal human 
fibroblasts. Oral administration of nutlins also achieves 90% inhibition of 
tumour growth in mouse xenograft models of p53 wild-type human tumours 
without noticeable toxicity in mice. Clinical studies are now in progress.  

Screening of a small chemical library for inducers of p53-dependent 
death has recently led to the identification of a small molecule named RITA 
(reactivation of p53 and induction of tumor cell apoptosis) (Issaeva et al., 
2004). This molecule does not bind to Mdm2, but instead binds to the amino 
terminus of p53 preventing p53-Mdm2 interaction in vitro and in vivo, and 
affecting p53 interaction with several negative regulators. RITA induces p53 
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accumulation in tumour cells, expression of p53 target genes, massive 
apoptosis in tumour cells lines expressing wild-type p53 and shows p53-
dependent antitumor effect in vivo. Suggesting that RITA has limited effects 
in at least some normal tissues, this molecule only suppresses the growth of 
human normal fibroblasts and lymphoblasts upon oncogene expression.  

Decreasing Mdm2 Synthesis 

Synthesis of Mdm2 can be specifically decreased by antisense 
oligonucleotides (Chen et al., 1998) or small interefering RNAs (Saville et 
al., 2004). This can lead to an increase in the levels and transcriptional 
activity of p53 (Saville et al., 2004).  Furthermore, intraperitoneal 
administration of anti-Mdm2 antisense oligonucleotides results in a 
reduction in xenograft tumour size and to a synergistic enhancement in the 
sensitivity of these tumours to conventional chemotherapeutic drugs (Wang 
et al., 1999; Tortora et al., 2000).  

Inhibition of Transcription 

RNA synthesis inhibitors blocking the phosphorylation of the carboxyl 
terminal domain (CTD) of RNA polymerase II, such as DRB, lead to 
increased p53 levels and paradoxically, also raise the transcription of p53-
dependent genes (reviewed in  Ljungman and Lane, 2004). Importantly, the 
p53 accumulated by this type of transcription inhibition is not 
phosphorylated at Serine 15, suggesting that the accumulation of p53 by 
DRB is not due to the activation of the DNA damage response pathway by 
DRB (Ljungman et al., 2001). Another way to explain the increase in p53 
levels by DRB is that inhibition of transcription severely affects the levels of 
proteins that, like Mdm2, are very unstable. In fact, DRB treatment leads to a 
rapid reduction in Mdm2 levels. However, against this hypothesis, 
overexpression of Mdm2 is not sufficient to overcome the effect of 
transcription inhibition on p53 (O’Hagan and Ljungman, 2004). Other 
mechanisms such as the negative effect of mRNA synthesis inhibition on the 
export of proteins from the nucleus may cause the accumulation of p53 by 
DRB (Ljungman and Lane, 2004).   

Instead, inhibitors of the  elongation step in mRNA synthesis do lead to 
the accumulation of p53 phosphorylated at Serine 15, suggesting that 
inhibition of the elongation step in RNA polymerase II-dependent 
transcription may activate the transcription coupled repair response (TCR) 
that leads to p53 phosphorylation and activation (Ljungman and Lane, 
2004). 
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Specific inhibitors of eukaryotic RNA polymerases I and III are not 
available. Suggesting that RNA polymerase I activity could signal to p53, 
the injection of an antibody agaist the RNA polymerase I specific factor 
UBF, increases p53 (Rubbi et al., 2003). Whether this leads to a reduction in 
RNA polymerase I activity and to an increase in the transcriptional activity 
of p53 has not yet be established. Nevertheless, these experiments are 
interesting due to the large number of small molecule activators of p53 that 
have a dramatic effect on the structure of the nucleolus (Rubbi et al., 2003). 
Disrupting nucleolar stucture has been shown to potentiate the effect of 
regulators of the p53/Mdm2 pathway such as the ribosomal protein L11 
(Lohrum et al., 2003). 

Inhibiting Ubiquitination of p53 by Mdm2  

Mdm2’s RING finger domain catalyses the conjugation of ubiquitin to 
p53 and to Mdm2 itself. This activity is necessary for the degradation of p53 
as well as for the maintenance of low levels of Mdm2 (Fang et al., 2000). 
The observation that the accumulation of ubiquitinated forms of p53 and of 
Mdm2 autoubiquitination are separable is of remarkable importance (Fang et 
al., 2000; Xirodimas et al 2001a). If p53 and Mdm2 are ubiquitinated by 
distinct mechanisms, it may be possible to specifically inhibit the in the 
degradation of p53 complexes without the drawback of accumulating Mdm2 
simultaneously. As mentioned before, binding of Mdm2 to p53 is sufficient 
to impair p53-dependent transcription (Chen et al., 1996). 

Three chemically distinct types of compounds specifically inhibit p53 
ubiquitination by Mdm2 without affecting Mdm2's ubiquitination in vitro 
(Lai et al., 2002). These studies show that these compounds have a reversible 
effect, do not compete with preconjugated-ubiquitin or p53 for Mdm2 
binding and suggest a common binding site on Mdm2 for all of these 
inhibitors. Whether any these compounds can promote p53 stabilisation and 
activation in vivo remains to be investigated. 

Ubiquitination of proteins occurs through the sequential actions of three 
enzymes. Initially ubiquitin is activated by the ubiquitin-activating enzyme 
(E1). Ubiquitin is then transferred from the E1 to a ubiquitin-conjugating 
enzyme (E2). A ubiquitin ligase (E3) then facilitates transfer of ubiquitin 
from an E2 to the substrate. Various E2s have been tested for their role in 
promoting Mdm2-mediated ubiquitination of p53 (Saville et al., 2004). Of 
the E2s tested only UbcH5A, -B, and -C and E2-25K support Mdm2-
mediated ubiquitination of p53 in vitro. The same E2s also support Mdm2 
auto-ubiquitination. According to these results, UbcH5B/C are likely to be 
physiological E2s for Mdm2 and contribute to the maintenance of low levels 
of p53 and Mdm2 in unstressed cells. Knockdown of UbcH5B/C with 
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specific siRNAs causes accumulation of Mdm2 and p53 in unstressed cells 
and inhibits p53 ubiquitination and degradation. However, despite up-
regulating the level of nuclear p53, UbcH5B/C knockdown is not sufficient 
to increase in p53-dependent transcription activity. As suggested by the 
authors (Saville et al., 2004), one explanation for the lack of p53 activation 
upon UbcH5B/C knockdown is that the concomitant accumulation of Mdm2 
would block p53’s transcription activating domain.  

UbcH5B/C knockdown may not be sufficient to activate p53 efficiently, 
but its stabilising effect on p53 levels could contribute to the effect of stress 
on p53 function. UbcH5B/C knockdown was tested in combination with two 
therapeutic drugs doxorubicin and actinomycin D (Saville et al., 2004). 
UbcH5B/C knockdown does not sensitize p53 to activation by these two 
agents. However, it is interesting to note that the levels of UbcH5B/C are 
already reduced by doxorubicin and actinomycin D in cells, and this is likely 
to mask the effect of an additional decrease in UbcH5B/C levels by siRNA. 

Destabilising Mdm2 

E3 ubiquitin ligases catalyse the conjugation of ubiquitin to specific 
protein substrates promoting their degradation by the proteasome. An 
interesting and frequent property of these enzymes is that like Mdm2, they 
are able to ubiquitinate themselves and are therefore, highly unstable 
proteins. Studying the factors that positively or negatively affect Mdm2’s 
stability rather than its synthesis is more likely to lead to novel small 
molecules that have a desired effect on tumours expressing wild type p53.  

In response to DNA damage, p53/Mdm2 levels oscillate (Lev Bar-Or et 
al., 2000; Lahav et al., 2004). A delay in the accumulation of Mdm2 is 
necessary, albeit not sufficient, to explain this type of behaviour. There is 
clear evidence showing that Mdm2 stability is significantly decreased in 
response to DNA damage in p53 positive cells (Stommel et al., 2004). 
Furthermore, a decrease in Mdm2’s stability in response to DNA damage 
coincides with and is necessary for the detection of an increase in p53 levels 
and transcriptional activity (Stommel et al., 2004).  

HAUSP is a deubiquitinating enzyme first reported to bind and 
deubiquitinate p53 (Li et al., 2002). However, HAUSP expression also has a 
stabilising effect on Mdm2 and can lead to increased Mdm2 levels in the 
presence and absence of p53 (Li et al., 2004). Therefore, potentiating the 
effect of HAUSP, even if it reduces the ubiquitination of p53, does not lead 
to the activation of p53 (R. Berkson, unpublished data). 

A remarkable finding is that p53 levels are clearly increased in HAUSP-
knockout cells (Cummins et al., 2004). This suggests that that inhibiting the 
activity of HAUSP, unlike its activation or overexpression, could lead 
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decrease the stability of Mdm2 and therefore have a positive effect on p53 
levels and activity. 

As previously discussed, only under stress situations, p53 regulates its 
own levels by increasing the synthesis (transcription) of its E3 ubiquitin 
ligase Mdm2 (Mendrysa et al., 2000) and p53’s transcriptional activity is not 
required to maintain low p53 levels in normal tissues (Oliver et al., 2004). 
This implies that basal expression of Mdm2 is sufficient to destabilise p53 
effectively in non-stress conditions. However, given the intrinsic instability 
of Mdm2, this is difficult to assume. The effect of a substrate on the fate of 
its E3 ubiquitin ligase is poorly understood. In the presence of their 
substrate, E3 ubiquitin ligases could be degraded or spared. Only if the 
ligase is spared from degradation, that is if it is stabilised by the binding of 
the substrate, one molecule of E3 ligase could be utilised to ubiquitinate and 
degrade a larger number of substrate units. In this situation, the E3 ubiquitin 
ligase would act in a highly efficient way. The fact that transcriptionally 
inactive p53 can stabilise its E3 ubiquitin ligase Mdm2 (Peng et al., 2001), 
may be key to explain the effectiveness of basal levels of Mdm2 expression. 
According to this model, p53 would promote its self-destruction by sparing 
Mdm2 from degradation. Modulating this transcriptionally independent 
effect of p53 over Mdm2 could provide new approaches for therapeutic 
intervention. 

Inhibiting the Activity of the Proteasome  

Proteasome inhibitors very effectively increase p53 levels and 
encouraging results are being obtained in clinical trials with the proteasome 
inhibitor PS-341 (Adams, 2002). However, whether proteasome inhibitors 
are effective at inducing p53-dependent transcription has not been fully 
established. In our hands, accumulation of p53 by proteasome inhibitors 
does not lead to p53-dependent transcription. Aside from the possible effects 
of this type of approach on multiple cellular processes, including general 
protein expression, proteasome inhibitors lead to the accumulation of high 
levels of Mdm2. Whether accumulation of p53 by proteasome inhibition can 
result in the activation of the transcription-independent apoptotic function of 
p53 (Chipuk et al., 2003) is not yet established. Our results indicate that 
these agents do not cause cell death in a p53-dependent way (Lain et al., 
1999a; R. Berkson, unpublished data). 

Accumulating p53 in the nucleus 

It is generally accepted that p53 shuttles between the nucleus and the 
cytoplasm (reviewed in Lain et al., 1999b). An attractive approach to 
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enhance p53 function is to induce its accumulation in the nucleus, where it 
can act as a transcriptional activator. The nuclear export inhibitor leptomycin 
B (LMB) is a specific inhibitor of the crm1 exportin, a nuclear factor that 
mediates the export from the nucleus of proteins that contain an HIV Rev-
type of nuclear export signal (NES). LMB is an extremely potent activator of 
p53-dependent transcription even at sub-nanomolar concentrations (Lain et 
al., 1999a; Menendez et al., 2003), is very effective at increasing p53 levels 
in the nucleus (Freedman et al., 1998; Lain et al., 1999a) and protects p53 
from Mdm2-mediated ubiquitination and degradation (Lain et al., 1999a; 
Xirodimas et al. 2001b). Subsequent work suggested that Mdm2 and p53 
have one and two nuclear export signals, respectively (reviewed in Lain ad 
Lane 2003). Nevertheless, there is, as yet, no report of an interaction 
between any of these proteins and crm1. Therefore, it is still possible that at 
least part of the effect of LMB on p53 may be indirect. 

Whatever the exact mechanism(s) leading to not only the accumulation, 
but more importantly, to the activation of the p53 transcriptional activity by 
LMB, our experience screening diverse compound libraries has led us to 
conclude that LMB is one of the most potent known activators of p53. LMB 
can increase p53 activity at nanomolar concentrations, which are below the 
concentrations required for nutlins (Menendez et al., 2003; Vassilev et al., 
2004). 

The effects of LMB have been tested on normal cells in monolayer 
culture (human primary dermal fibroblasts) and on a range of tumour cells. 
LMB induces the transcriptional activity of p53 in primary dermal 
fibroblasts, but has a relatively mild and reversible growth inhibitory effect 
on these cells even at micromolar concentrations (Smart et al., 1999). 
Instead, even at nanomolar concentrations, LMB is very potent at promoting 
the death of cells derived from neuroblastomas (Smart et al., 1999), one of 
the most frequent solid tumours occurring in children. IC50 values for LMB 
on other tumour cells in culture are also in the nanomolar range. In 
neuroblasoma cells, which usually express wild type p53, p53-levels and 
activity were increased and LMB’s toxicity was to some extent dependent on 
the transcriptional activation of p53 (Smart et al., 1999). LMB is also able to 
raise p53 levels and induce its transcriptional activity and growth inhibitory 
functions in HPV-positive cells derived from cervix cancers. As shown in 
our lab (Hietanen et al., 2000), LMB increases p53 levels and activity, 
reduces the levels of HPV E6/E7 mRNA and significantly potentiates the 
apoptotic effect of low concentrations of actinomycin D in cells derived 
from cervical cancers. Furthermore, by introducing the dominant negative 
form of p53 in these cells, the killing effect of LMB on its own and the drug 
combination (LMB+Actinomycin D) at nanomolar concentrations was 
shown to be substantially p53-dependent. This study has two implications. 
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First it shows that HPV cells are highly sensitive to the activation of p53, 
and second, it suggests that it is possible to activate p53 in these cells in a 
non-genotoxic way.  

As could be expected, inhibition of crm1-mediated nuclear export affects 
a variety of proteins involved in different cellular processes. Here we 
mention some of the observations on the effect of crm1-mediated export 
inhibition on proteins regulating cell proliferation and survival. Aside from 
p53, these include tumour suppressors such as INI1 (integrase interactor1) 
(Craig et al., 2002) and BRCA1 (Rodriguez and Henderson, 2000). Another 
well established tumour suppressor, APC (adenomatous polyposis coli), 
requires its nuclear export sequence for its ability to induce the degradation 
of β-catenin (Rosin-Arbesfeld et al., 2000). Nevertheless, an APC mutant 
deficient for nuclear export can sequester β-catenin and this is sufficient to 
inhibit its transcriptional activity (Neufeld et al., 2000). Concerted 
distribution of cyclins is necessary for normal cell cycle progression. In the 
case of cyclin B1, which is sensitive to LMB  (Hagting et al., 1998), 
overexpression of a mutant that preferentially accumulates in the nucleus is 
sufficient to trigger apoptosis (Porter et al., 2003).  In contrast, the activity of 
the NFκB survival- associated transcription factor, is negatively regulated by 
LMB. In particular, LMB promotes the accumulation in the nucleus of the 
NFκB inhibitor Iκβ where it is protected from proteasome-dependent 
degradation (Rodriguez et al., 1999). A marked decrease in c-myc 
expression in tumour cells is also observed (F. Murray-Zmijewsky, 
unpublished results). 

It has been known for years that the pharmacokinetic behaviour of LMB 
is difficult to study. This together with the secondary effects observed when 
the drug was injected intravenously in a phase I trial stopped tests in humans 
almost a decade ago (Newlands et al., 1996). We consider that the promising 
properties of LMB in cell culture systems described over the last years 
should lead to the revision of the therapeutic application of LMB or more 
suitable derivatives in specific tumour types. 

Inhibiting Mdm2 Phosphorylation 

There is evidence suggesting that Mdm2 function can be impaired by 
small molecule kinase inhibitors. PKB-mediated phosphorylation of Mdm2 
on Serines 166 and 188 correlates with inhibition of Mdm2 auto-
ubiquitination and stabilisation (Feng et al., 2004). Moreover, mouse 
embryonic fibroblasts lacking PKBα displayed reduced Mdm2 protein levels 
with a concomitant increase of p53 and p21(Cip1), resulting in strongly 
elevated apoptosis after UV irradiation. Whether the stabilisation of Mdm2 
by PKB phosphorylation is related to alterations in the subcellular 
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localisation of Mdm2 (Mayo and Donner, 2001) needs to be investigated 
further. From a therapeutic point of view, it is interesting to note that the 
small molecule PI-3 kinase inhibitor LY294002 leads to the accumlation of 
p53, and at least in some cell types to the degradation of Mdm2 (Feng et al., 
2004).  

Mimicking p14ARF Activity 

The ARF tumour suppressor (p14ARF in human, p19ARF in mouse) 
encoded by the INK4α/ARF locus (Quelle et al., 1995) is a small protein 
that inhibits degradation of the p53 tumour suppressor mediated by Mdm2 
(Zhang et al., 1998; Pomerantz et al., 1998). Several non-exclusive models 
have been proposed to explain this effect of p14ARF. These involve 
inhibition of p53 export from the nucleus (Zhang and Xiong, 1999, Tao and 
Levine, 1999), sequestration of Mdm2 by ARF in the nucleolar compartment 
(Weber et al., 1999) and direct inhibition of the ubiquitin E3 ligase activity 
of Mdm2 on p53 (Honda and Yasuda, 1999; Midgley at al., 2000; Xirodimas 
et al., 2001a). The effect of ARF on cell proliferation is very likely to be 
primarily dependent on its ability to activate p53 (Carnero et al., 2000). This 
does not imply that ARF does not have effects on other proteins and 
pathways (Sugimoto et al., 2003), but it is clear that the consequences of 
these on cell proliferation in the absence of p53, are weaker (Carnero et al., 
2000; Weber et al., 2000).  

One of the most intriguing properties of ARF is that its sequence is very 
poorly conserved between species and only the exon-1β encoded region, 
which is essential for most of ARF’s functions (Weber et al., 1999; Midgley 
et al., 2000; Lohrum et al., 2000; Xirodimas et al., 2001a; Weber et al., 
2000; Sugimoto et al., 2003), is expressed in chicken (Kim et al., 2003). 
Even in this region, only six residues are strictly conserved between species. 
Also, the nucleolar localisation sequences in ARF (RXRR or RRXR), 
although present in all known ARF sequences, are positioned in different 
regions of the molecule. p14ARF is also characterised by a high tendency to 
form high molecular weight complexes, a property that is enhanced in the 
presence of Mdm2 (Bothner et al., 2001) and oxidative conditions 
(Menendez et al., 2003). Another property of this small protein is that its 
levels of expression are very low in normal tissues (Zindy et al., 2003). 
Interestingly, the p19ARF promoter is not active in most normal tissues, but 
is activated in tumours (Zindy et al., 2003). High levels of the protein are 
only found in early passage mouse fibroblasts and in the nucleolar 
compartment of cultured p53-negative tumour cells (Weber, 1999; Stott et 
al., 1998). Altogether, these three properties of ARF (poor sequence 
conservation, tendency to aggregate and low levels) contribute to the 
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difficulties in the evaluation of the physiological relevance of the multiple 
functions suggested for ARF. 

Mimicking the function of p14ARF has been proposed as a means to 
activate p53 function and to develop non-genotoxic therapies. Small peptides 
corresponding to the amino terminus of p14ARF can promote p53 
stabilisation (Midgley et al., 2000; Lohrum et al., 2000). One consideration 
in this type of approach is that, aside from increasing and activating p53, 
ectopic ARF also increases the levels of Mdm2 in a p53-independent way 
(Xirodimas et al., 2001a). A consequence of this is that the effect of p14ARF 
on p53 may be limited. In fact, high levels of p14ARF are less effective than 
low levels of p14ARF at increasing p53-dependent transcription (our 
unpublished data).  

Whether an increase in Mdm2 levels by ARF is biologically relevant, that 
is whether p14ARF limits its own positive effect on p53 at physiological 
levels and whether this occurs not only as consequence of the enhancement 
of p53’s transcriptional activity on the Mdm2 promoter but also through the 
ability of ARF to stabilise Mdm2 are interesting questions in basic research 
that are not yet answered. Nevertheless, it is clear that from a therapeutic 
point of view, the effect of ARF on Mdm2 levels has to be considered in 
approaches based on agents that mimic the ARF function. Impairing th 
stabilising effect of p14ARF on Mdm2 levels, without impairing its ability to 
stabilise p53, if possible, would potentiate its ability to activate p53.  

Modulating p53/Mdm2 Acetylation 

CBP/p300-mediated acetyl-transferase activity catalyses p53 acetylation 
and activates p53 in response to stress (reviewed in Gu et al., 2004). This 
p53 modification is impaired by Mdm2 (Ito et al., 2001). Interestingly, 
Mdm2’s RING finger domain is also a target for acetylation in vitro and in 
vivo and acetylation of Mdm2 reduces its ability to degrade p53 (Wang et 
al., 2004). Two additional factors modulate p53’s acetylation status: 
PID/MTA2, a p53-interacting protein that induces p53 deacetylation by 
recruiting the histone deacetylase HDAC1 complex (Luo et al., 2000) and 
Sir2alpha/SIRT1, a NAD-dependent histone deacetylase that impairs p53 
transcriptional activity (Luo et al., 2001; Vaziri et al., 2001).  

Histone deacetylase (HDAC) inhibitors are currently evaluated in clinical 
trials for the treatment of cancer. These small molecules cause growth arrest 
at the G1 and/or G2/M phases, and induce differentiation and/or apoptosis in 
a wide variety of tumour cells. Suberoylanilide hydroxamic acid (SAHA) is 
a novel small molecule histone deacetylase inhibitor with high potency in 
inducing differentiation and apoptosis in tumour cells (Vrana et al.,1999; 
Huang et al., 2000). The role played by p53 in HDAC inhibitor-induced cell 
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death is still controversial. For example, conditional expression of wild-type 
p53 does not influence SAHA actions, but markedly potentiates the 
apoptotic effects of another HDAC inhibitor, HMBA (Huang et al., 2000). 
The growth arrest at G1 phase by HDAC inhibitors is thought to be highly 
dependent on the upregulation of p21/WAF1, but it is clear that this 
upregulation occurs in a p53-independent way (Vrana et al.,1999; Huang et 
al., 2000). Gadd45 causes cell cycle arrest at the G2/M phase transition and 
participates in genotoxic stress-induced apoptosis. Gadd45 is also induced 
by a typical HDAC inhibitor, trichostatin A (TSA), but also in a p53-
independent manner (Hirose et al., 2003). Nevertheless, it is posible that 
induction of cell death caused by HDAC inhibitors occurs via the induction 
of p53-dependent proapoptotic genes like PIG3 and NOXA (Terui et al., 
2003).  

HDAC are induced by hypoxia and promote angiogenesis through 
inhibition of hypoxia-responsive tumor suppressor genes (Kim et al., 2001). 
Accordingly, the HDAC inhibitor trichostatin (TSA) blocks angiogenesis in 
vitro and in vivo. In these systems, TSA upregulates p53 and von Hippel-
Lindau expression and downregulates hypoxia-inducible factor-1alpha and 
vascular endothelial growth factor.  

Discovering Novel Small Molecules and Pathways Activating 
p53 

Screening small molecule libraries for novel activators of p53 using cell-
based assays can be used to discover lead compounds with potential 
therapeutic application as well as to acquire information about novel 
pathways regulating p53 levels and function (Berkson et al., in press). One 
critical point in this type of approach is to establish as unequivocally as 
possible that the activity of a given compound is not mediated by the effects 
of the molecule or its metabolic derivatives on the integrity of the genome. 
Aiding this analysis, there are now a variety of simple assays that assess the 
possible genotoxic effect of compounds. These include the analysis of the 
phosphorylation status of p53, phosphorylation of histone H2AX, RAD51 
clustering, comet assays, inhibition by caffeine and effects on chromosome 
composition and centrosome number. It could be envisaged that chances of 
finding small molecules that affect p53 or p53-modulating proteins directly 
using cell based screens are small and that molecules with a mechanism of 
action like the one proposed for  RITA are the exception. However, even 
though a small molecule activator of p53 does not specifically activate this 
tumour suppressor pathway, that is even if p53 activation is just a 
contributing factor, there are a series of tests available to find whether a 
given compound has the desired effects on tumours cells and normal cells.  



368 Chapter 16
 

The main challenge when screening small molecules in cell based assays 
is defining the target(s) of the drug. In some cases medicinal chemistry 
expertise may help to circumvent this problem. As an example of this, we 
have identified a small molecule that activates p53 in a non-genotoxic way 
and has more severe effects on tumour cell lines than on normal fibroblasts 
(Berkson et al., in press). The comparison of the structure of this compound 
with that of other better characterised molecules, has led to the identification 
of a family of molecules that includes several natural compounds. When 
these were tested, they all were found to activate p53 activity (Berkson et al., 
in press and unpublished data). One of these compounds is sangivamycin, a 
natural product with relatively well defined  mechanisms of action. siRNA 
libraries and genetic screens, aside from being invaluable tools in the 
discovery of new factors modulating p53 (Berns et al., 2004; Hannon et al., 
1999) may also help to define the molecular pathways affected by novel 
p53-activating drugs or conferring resistance to them. 

CONCLUDING REMARKS 

The discovery of non-genotoxic p53 activators may provide substitutes 
for the drugs used in the clinic or at least provide agents that can effectively 
sensitise tumour cells to the effects of current therapies. However, this type 
of approach inevitably raises the issue of specificity. That is, is it possible to 
effectively kill tumour by inducing the p53 response without inducing 
intolerable levels of cell death or ageing in normal tissues? Are the p53-
induced ageing-like effects irreversible? Additionally, if p53 elicits a 
cytostatic response in a given tumour, will this protect malignant cells from 
the killing effect of therapeutic agents? These questions are very difficult to 
answer in a general way and will possibly depend on the characteristics of 
each type of cancer. The results from the clinical trials currently carried out 
with the nutlins, which do not cause severe damage to normal tissues in 
animal models (Vassilev et al., 2004), will unequivocally test the 
applicability of approaches described here in systemic cancer chemotherapy.  
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The tumor suppressor p53 is a transcription factor that is at the center of a 
network of interactions that affect the cell cycle and apoptosis (Vogelstein et 
al. 2000; Ryan et al. 2001).  The protein is induced by a variety of stresses 
that include oncogene activation and DNA damage caused by chemotherapy 
and radiotherapy. On induction, it activates a variety of genes whose 
products lead to G1 and G2 cell cycle arrest and apoptosis (Vogelstein et al. 
2000; Ryan et al. 2001).  It is such an effective tumor suppressor that it is 
inactivated in virtually all cancers; in about 50% of cancers p53 is directly 
inactivated by mutation and in the remainder its activity is lost by 
perturbations of its associated pathways and interactions (Hainaut and 
Hollstein 2000). Reactivating mutant p53 is an important target in the 
development of novel therapies for cancer (Lane and Lain 2002; Lane and 
Hupp 2003). To understand how p53 is inactivated, it is necessary to 
understand its structure and how it responds to mutation.  Such knowledge 
will provide a basis for the rational design of novel therapeutics that may 
reverse the effects of mutation.  In this chapter, we survey the structure of 
the protein, the effects of mutation and how they may be reversed. 

THE DOMAIN STRUCTURE OF HUMAN P53 

Human p53 is a 393-residue protein, which is active as a homotetramer.  
Each chain has a complex domain structure that is organized into several 
functional and structural entities (Figure 1A) (Vousden and Lu 2002; 
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Courtois et al. 2004): The N-terminal part of the protein comprises the 
transactivation domain (residues 1-63). It contains regions forming protein-
protein interactions with regulatory proteins such as MDM2 (residues 19-26 
of p53), which triggers ubiquitination and ultimately degradation of the 
protein in the proteasome (Momand et al. 2000; Michael and Oren 2002; 
Michael and Oren 2003), and p300/CBP, which is responsible for acetylation 
of residues in the C-terminal part of p53 (Grossman 2001). This domain is 
followed by a proline-rich region (residues 64-92), which binds SH3 
domains and was suggested to have a regulatory role (Walker and Levine 
1996; Muller-Tiemann et al. 1998). The central (core) domain is responsible 
for specific DNA-binding (residues 94-292) and is the most important 
independent domain of p53 (Cho et al. 1994). The C-terminal part of the 
protein includes a tetramerization domain (residues 326-355) (Clore et al. 
1994) and the negative autoregulatory domain at the extreme C-terminus 
(363-393), which contains acetylation and phosphorylation sites and 
regulates the DNA-binding activity of p53 (Prives and Manley 2001). 
Further elements comprise a highly conserved leucine-rich nuclear export 
signal within the tetramerization domain (residues 340-350) (Stommel et al. 
1999) and a nuclear localization signal, which is located between the core 
domain and tetramerization domain (residues 302-322) (Shaulsky et al. 
1990). Most cancer-associated mutations map to the DNA-binding core 
domain (Hainaut and Hollstein 2000), and six hot-spot mutation sites stand 
out as most frequently associated with human cancer (Arg175, Gly245, 
Arg248, Arg249, Arg273 and Arg282). 

The crystal structures have been solved of both the DNA-binding (Cho et 
al. 1994) and the tetramerization domains (Jeffrey et al. 1995). NMR studies 
have revealed a very similar structure and tetrameric assembly of the 
tetramerization domain in solution (Clore et al. 1994; Clore et al. 1995). The 
tetramer exhibits D2-symmetry and can be best described as a dimer of 
dimers (Figure 1B/C). Other domains such as the N-terminal transactivation 
domain are thought to be mainly unstructured in the free protein but at least 
partially structured when interacting with regulatory proteins. 
Crystallographic studies have shown that a 15-residue transactivation 
domain peptide of p53 binds to a hydrophobic cleft of the N-terminal 
domain of MDM2 as an amphipathic α-helix (Kussie et al. 1996). A similar 
result was found for a peptide derived from the C-terminal negative 
regulatory domain of p53 (residues 367–388). NMR spectroscopy revealed 
that this peptide, which has no regular structure in its native form, becomes 
helical upon binding to S100B (Rustandi et al. 2000). How the various 
domains of p53 are assembled in the full-length tetramer is, however, still 
not known.  
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Figure 1. Structure of human p53. (A) Schematic view of the domain structure of human p53: 
The 393-residue protein contains an N-terminal transactivation domain, a proline-rich region, 
a DNA-binding (core) domain, a tetramerization domain (Tet-domain) and a C-terminal 
autoregulatory domain (see text for further details). (B) Structure of the DNA-binding (core) 
domain in complex with consensus DNA (PDB code 1TSR, molecule B). A β-sandwich 
provides the basic scaffold for a loop-sheet-helix motif and two large loops (L2 and L3) 
tethered by a zinc ion, which interact with the major and minor groove of the DNA, 
respectively. The zinc ion is shown as a gray sphere. Selected residues are shown as ball-and-
stick models. Among these are the six hot-spot sites Arg175, Gly245, Arg248, Arg249, 
Arg273 and Arg282, which are most frequently mutated in human cancer (colored in orange). 
(C) Ribbon plot of the tetramerization (Tet-domain) domain structure (PDB code 1C26). 
Individual subunits within the tetramer are shown in different colors. Two monomers 
consisting of a β-strand and an α-helix are connected via an antiparallel β-sheet and an 
antiparallel helix-helix interface to form a dimer (eg. the red and green chain). Two of these 
dimers are assembled into a tetramer via a parallel helix-helix interface. The figures were 
generated using MOLSCRIPT (Kraulis 1991) and RASTER3D (Merritt and Bacon 1997). 
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THE CRYSTAL STRUCTURE OF THE DNA-BINDING 
DOMAIN 

The crystal structure of the human p53 core domain has been solved at 
2.2 Å resolution in complex with a consensus DNA sequence (Cho et al. 
1994). Two of the three molecules in the asymmetric unit of the crystal bind 
to the same face of the DNA duplex, forming a head-to-tail dimer with weak 
protein-protein interactions between the two molecules, whereas the third 
molecule makes no significant contact with the DNA. Overall the structures 
of the three molecules are very similar, which suggests that DNA binding 
induces only minor structural changes within the core domain. Additional 
confirmation comes from the structure of p53 core domain from mouse, 
which has been solved in the absence of DNA (Zhao et al. 2001). The core 
domain structure consists of two anti-parallel β-sheets of four and five 
twisted strands, forming a β-sandwich with a “Greek key” topology (Figure 
1B). This compact, barrel-like structure provides the basic scaffold for two 
large loops, L2 (residues 163-195) and L3 (residues 236-251), and a loop-
sheet-helix motif at the same end of the β-sandwich. The conformation of 
the two large loops L2 and L3 is stabilized by a zinc ion, which is 
tetrahedrally coordinated by three cysteines and a histidine (Cys176, His179, 
Cys238 and Cys242). The loop-sheet-helix motif and the two large loops 
form an extended surface, rich in basic amino acids, which binds DNA. In 
the complex with consensus DNA, these structural elements make an 
extensive number of contacts with the major groove and minor groove of the 
DNA. Parts of the helix and the L1 loop of the loop-sheet-helix motif bind to 
the major groove. This involves specific interactions of Lys120 and Arg280 
with bases of the pentameric consensus sequence. Arg248 from loop L3 
protrudes into the adjacent minor groove where its positively charged 
guanidinium group is in close contact with the negatively charged DNA 
backbone. Interestingly, parts of this DNA-binding surface were found to 
overlap with the binding sites for the 53BP1 and 53BP2 proteins. 53BP1 
functions as a DNA damage checkpoint protein (DiTullio et al. 2002), 
whereas 53BP2 forms the C-terminal half of a larger protein (ASPP2), which 
specifically enhances p53 induced apoptosis (Samuels-Lev et al. 2001). 
Crystal structures of complexes with the p53 core domain reveal that in both 
cases the contacting residues are concentrated on the L3 loop (Gorina and 
Pavletich 1996; Derbyshire et al. 2002; Joo et al. 2002). 

The crystal structure of the core domain provided a framework for 
understanding how the common cancer-associated mutations inactivate p53. 
It rationalized observations that these mutations can be subdivided into two 
classes. The first class of mutants are “contact mutants” e.g. the cancer hot-
spot mutations R248Q and R273H. These mutations directly affect DNA-
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binding, because an essential DNA-contacting residue is lost. In contrast, the 
second class of mutants, the “structural mutants“, are thought to cause 
structural perturbations within the core domain and thus indirectly affect 
DNA binding. The hot-spot mutations R175H, G245S, R249S and R282W 
belong to this second group.  

THE CONSEQUENCES AND EFFECTS OF P53 
MUTATIONS AT THE MOLECULAR LEVEL 

Several experimental techniques are used to study the effect of mutation 
on p53. The effects on the thermodynamic stability of the protein are 
analyzed using fluorescence spectroscopy and calorimetry, while the 
structural effects can be studied mainly by NMR and X-ray crystallography. 
NMR is especially suitable to studying the dynamic behavior of p53 mutants 
(Bullock et al. 1997; Wong et al. 1999; Bullock et al. 2000; Bullock and 
Fersht 2001).  

Effect of mutations on stability 

First we must define what is meant by stability as “stability” is often used 
in a confusing way in the p53-related literature. An increase in the cellular 
level of p53 is often qualitatively referred to as “stabilization of p53”, 
regardless of whether the protein is denatured or not.  This “stability” is 
often just a consequence of whether or not the p53 protein is degraded via 
MDM2, and so inactive, unstable, mutants of p53 accumulate because the 
mdm2 gene is not activated by p53. But, the correct quantitative definition of 
p53 stabilization refers to its thermodynamic properties: stabilization of p53 
means an increase in the thermodynamic stability of the protein, derived 
from its folding-unfolding equilibrium (i.e. in the ∆G for the denaturation of 
a mutant compared with that of wild type). Here, when we refer to p53 
stabilization, it is always the thermodynamic stabilization of the protein. 

The core domain of p53 protein has a low intrinsic stability and its 
melting temperature, 42-44°C, is only slightly above body temperature 
(Figure 2) (Bullock et al. 1997; Bullock et al. 2000). The full-length protein 
melts at a similar temperature. Its low stability may be a consequence of the 
need to regulate the level of p53 by degradation by the proteasome.  But, the 
consequence of the intrinsic low stability is that destabilizing mutations in 
the protein have a detrimental effect on the protein function, and slightly 
destabilized proteins melt at below body temperature (Figure 2) (Bullock et 
al. 1997; Bullock et al. 2000).  
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Figure 2. The denaturation curves of wild-type and mutant core domains of p53. Urea 
denaturation of wild-type and mutant p53 core domain at pH = 7.2 as monitored by 
normalized fluorescence emission at 356 nm. Data taken from ref.(Bullock et al. 1997). 

 
The mutations can be divided into three classes (Figure 3): (I) DNA 

contact mutations, which have little or no effect on protein stability, but 
impair function due to the loss of key residues that mediate specific DNA 
binding.  (II) Mutations that cause local distortion of the structure, and are 
moderately destabilizing (by <2 kcal/mol compared to the wild-type 
protein). Most of the non-contact mutations in the DNA-binding interface 
fall into this category, e.g. the loop L3 mutations G245S and R249S.  (III) 
Mutations that result in global unfolding of the protein, and are highly 
destabilizing (by >3 kcal / mol compared to the wild type). All the β-
sandwich mutants fall into this category. The destabilizing mutations 
inactivate p53 by lowering the melting temperature of its core domain to 
below body temperature, making it denature under physiological conditions 
(Bullock and Fersht 2001).  
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Figure 3. The different classes of mutations in p53, grouped according to stability (x-axis) 
and DNA binding properties. Mutant phenotypes correlate with the site of mutation as shown 
by a plot of stability (estimated at 37 °C) against DNA-binding affinity at 20 °C (a 
temperature at which all mutants are folded). A free energy of unfolding in water, ∆G, of 0 
kcal/mol (shown by a dashed line) corresponds to 50% denatured protein. Data taken from 
ref. (Bullock and Fersht 2001). 

STRUCTURAL EFFECTS OF DESTABILIZING 
MUTATIONS IN P53 CORE DOMAIN 

HSQC NMR spectroscopy gives information about the structural changes 
that occur in the p53 core domain upon mutation. The chemical shift changes 
between the wild type and the mutant protein for each residue are taken as an 
indication for a structural change around that residue upon mutation, though 
the magnitude of the changes is not defined (Wong et al. 1999; Friedler et al. 
2004). Different hot-spot mutants show different structural changes. 
Mutations in loop L3 (G245S, R248Q and R249S), situated in the DNA-
contact region, result in structural changes in the loop L3 and L2 regions, 
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which affect the whole DNA-binding interface but not the β-sandwich. The 
contact mutation R273H results mainly in changes around the mutation site. 
The β-sandwich mutation V143A (see Figure 1B) results in chemical shift 
changes across all of the β-sandwich and the DNA-binding surface (Wong et 
al. 1999; Friedler et al. 2004). 

REVERSING THE STRUCTURAL EFFECTS OF P53 
MUTATIONS WITH SMALL MOLECULES 

Many mutations in p53 lead to its misfolding and aggregating. This is an 
important example of a more general phenomenon, where misfolding of 
proteins leads to disease.  Many other human diseases, such as amyloidoses, 
cystic fibrosis and lysosomal storage diseases are caused by protein 
misfolding, which occurs mainly due to mutations that disrupt the three-
dimensional structure of the protein (Dobson 1999; Fan et al. 1999; Morello 
et al. 2000; Bullock and Fersht 2001; Fan 2003). A novel therapeutic 
strategy for such diseases is to develop small molecules that will assist in 
refolding of the proteins, which will result in their reactivation. Such 
molecules are termed “chemical chaperones” (Morello et al. 2000; Fan 
2003).  

Refolding of p53 mutants to their correct native structure should lead to 
their reactivation (Bullock and Fersht 2001). Destabilized p53 mutants 
undergo a folding – unfolding equilibrium, which involves numerous states 
ranging from native and native-like structures, through distorted structures, 
to globally unfolded states (Bullock et al. 1997; Bullock et al. 2000; Bullock 
and Fersht 2001).  A small molecule chemical chaperone that binds the 
native, but not the denatured state, would result in a shift of the equilibrium 
towards the native state leading to thermodynamic stabilization and to 
restoration of activity (Bullock and Fersht 2001; Friedler et al. 2002) (Figure 
4A). Once a chemical chaperone is bound preferentially to the native state, 
the equilibrium is shifted towards this state.   

Kinetic instability of p53 core domain mutants 

The thermodynamically unstable p53 core domain mutants are also 
kinetically unstable, and denature within minutes at 37 oC (Friedler et al. 
2003). The half-life (t1/2) of unfolding of wild-type p53 core domain is 9 
min. The hot-spot mutant G245S, which is moderately destabilized, has t1/2 = 
4.6 min. The highly destabilized mutant I195T has a t1/2 of less than one 
minute. After unfolding, the denatured proteins aggregate, the rate increasing 
with higher concentration of protein (Friedler et al. 2003).  
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The kinetic instability and rapid unfolding rates of oncogenic p53 
mutants define the suitable rescue strategy for these mutants. In principle, 
the binding of a genuine ligand of p53, e.g. DNA or a p53-binding protein 
will also shift the conformational equilibrium in favor of a wild-type-like 
structure. However, because of their short half-lives at body temperature, 
many p53 mutants denature very rapidly after biosynthesis and never get the 
chance to bind their natural ligand. This kinetic instability may thus be the 
underlying reason for their inactivation. p53-stabilizing chemical chaperones 
have to act immediately after biosynthesis, before the protein unfolds, and 
keep it folded until it enters the nucleus and binds its sequence-specific 
target DNA or other natural ligands, which then take over (Figure 4B) 
(Friedler et al. 2003). 

 

Figure 4. Mechanism of action of FL-CDB3, a chemical chaperone that refolds destabilized 
p53 core domain: (A) Chaperone strategy for rescue of p53: A schematic model of the 
proposed mechanism of action for FL-CDB3. See text for details. Taken from ref. (Friedler et 
al. 2002). (B) A model for action of p53 stabilizing drugs. Newly synthesized mutant p53 is 
released from the ribosome (circle) in its unfolded form. Then, two pathways are possible: (1) 
In presence of a stabilizing drug such as FL-CDB3 (small square) the protein refolds to its 
native conformation (large square), is transported into the nucleus as a complex with the drug, 
and then binds its natural ligand, e.g. its target DNA. (2) In the absence of the drug, the 
unfolded protein aggregates and can not be transported into the nucleus and bind DNA. Taken 
from ref. (Friedler et al. 2003). 

SEARCH FOR SMALL MOLECULE CHEMICAL 
CHAPERONES THAT STABILIZE P53 CORE DOMAIN  

Potential p53-stabilizing small molecule drugs may be found by random 
screening or by rational design. Various p53-activating compounds have 
been discovered using cell-based assay screening (Selivanova et al. 1997; 
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Selivanova et al. 1998; Selivanova et al. 1999; Bykov et al. 2002; Bykov et 
al. 2003; Peng et al. 2003). Biophysical studies show that these do not bind 
p53 core domain and so function by different mechanisms (Friedler et al. 
2002; Rippin et al. 2002; Issaeva et al. 2003; Wang et al. 2003). The 
compound CP-31398 (Foster et al. 1999), found from random screening of 
the Pfizer drug library for compounds that stabilize p53, also does not bind 
to the core domain in vitro (Rippin et al. 2002), but functions in vivo by 
inhibiting ubiquitination of p53 and hence its degradative pathway (Wang et 
al. 2003).  

The surface of p53 lacks well-defined clefts for binding small molecules.  
Rational design of p53-stabilizing compounds has focused so far on peptides 
that mimic natural proteins that bind p53 core domain (Friedler et al. 2002). 
These are excellent candidates to serve as chemical chaperones for p53, 
because they have already been optimized by nature to bind the native state 
of the p53 core domain. Further, being larger and more flexible than the 
typical small-molecule drugs, peptides could target the DNA-binding 
interface of p53 more efficiently even in the absence of a well-defined 
binding pocket.  

CDB3: A CHEMICAL CHAPERONE THAT BINDS AND 
STABILIZES MUTANT P53 IN VITRO AND IN VIVO 

The structure of the complex between p53 core and the p53 binding 
protein 2 (53BP2 or ASPP, Figure 5A) (Gorina and Pavletich 1996) was the 
first starting point in designing small binding peptides. Initial screening for 
binding used HSQC NMR and surface plasmon resonance (BIAcore) to 
identify a 9 amino acid residue peptide, CDB3 (Core Domain Binding 
peptide number 3), which binds to p53 core domain. CDB3 is derived from 
the p53-binding loop of the protein 53BP2 (residues 490-498) and its 
sequence is REDEDEIEW (Friedler et al. 2002).  

NMR HSQC chemical shift analysis shows that CDB3 binds p53 in loop 
L1, helix H2 and strand S8, which are at the edge of the DNA binding site, 
partly overlapping it (Figure 5C) (Friedler et al. 2002). The fluorescein-
labelled peptide (FL-CDB3) binds wild-type p53 core domain with a 
dissociation constant of 600 nM, measured by fluorescence anisotropy. It 
stabilizes mutant p53 core domain against chemical and thermal 
denaturation, (Friedler et al. 2002), and restores DNA binding of the highly 
destabilized mutant I195T back to wild-type level (Friedler et al. 2002). 
CDB3 also slows down the unfolding rate of p53 core domain (Friedler et al. 
2003).  FL-CDB3 is 50 times more active than the non-labeled CDB3, and 
was used as a lead compound for in vivo studies. In vivo, FL-CDB3 acts as a 



17. Wild-Type p53 and Mutant p53 387
 
chemical chaperone and rescues the tumor suppressing function of 
oncogenic mutants of p53 in living cells (Issaeva et al. 2003) (for details see 
Selivanova et al., this book).  

THE HOT-SPOT MUTANT R249S: A CASE STUDY OF 
RESTORING THE NATIVE CONFORMATION IN A 
STRUCTURAL P53 MUTANT BY FL-CDB3 

The mutation R249S is one of the most common cancer-associated p53 
mutations (“hot-spots”). As it is highly frequent in hepatocellular carcinoma, 
its rescue is an important therapeutic target (Aguilar et al. 1993). The 
structural effects of the R249S mutation were analyzed by a combination of 
HSQC and relaxation NMR techniques. R249S has a native structure that 
resembles that of wild type, and it does not adopt a denatured “mutant 
conformation” (Wong et al. 1999; Friedler et al. 2004). The structural effects 
of the mutation are an increased flexibility of the β−sandwich and a local 
distortion throughout the DNA-binding interface (Figure 5B). The R249S 
mutation results in an ensemble of native and native-like conformations in a 
dynamic equilibrium (Friedler et al. 2004).  

As FL-CDB3 was designed to rescue mutants of p53 by binding 
specifically to their native structure, and since R249S undergoes a dynamic 
equilibrium, R249S is a natural target for rescue by chemical chaperones 
such as FL-CDB3. NMR studies show that FL-CDB3 changes the chemical 
shifts of R249S back towards the wild-type values and thus reverses the 
structural effects of mutation (Friedler et al. 2004). FL-CDB3 binds to both 
p53 core wild type and R249S at the same site, which includes loop L1, 
helix H2 and strand S8. However, there is an additional set of chemical shift 
changes upon FL-CDB3 binding to R249S: at the site distorted by the 
mutation, which is remote from the peptide binding site and situated at the 
other side of the DNA-binding interface (Figure 5D), including the loop L2 
and helix H1 region and the loop between strand S6 and strand S7 (Friedler 
et al. 2004). The chemical shift values for these residues are shifted back 
towards wild type values, indicating a shift of the conformational 
equilibrium of the R249S mutant towards the wild type conformation 
(Figure 5E/F) (Friedler et al. 2004).  



388 Chapter 17
 

 

Figure 5. Reversing the structural effects of mutation in p53 core domain by FL-CDB3: (A) 
design of FL-CDB3. The crystal structure of the p53 core domain (blue)-53BP2 (red) 
complex (coordinates taken from (Gorina and Pavletich 1996)) is shown with the three p53-
binding loops in 53BP2 highlighted. CDB3 (residues 490-498) is shown in purple. (B) 
Structural effects of the R249S mutation on p53 core domain - chemical shift analysis: 
Residues in R249S, which change their chemical shift compared to the wild type (0.125 ppm 
< ∆∂ for 15N, 0.025 ppm < ∆∂ for 1H), are color-coded red. Residues that retain their 
chemical shift or those that could not be assigned are color-coded yellow. The mutation site is 
color-coded blue. (C) Chemical shift changes (∆∂) in wild-type p53 core domain upon 
binding to FL-CDB3. The FL-CDB3 binding site consists mainly of loop L1 and helix H2. 
Deviations above 5 times the standard deviation (∆∂ > 0.25ppm for 15N and ∆∂ > 0.05 ppm 
for 1H) were considered significant (color-coded green). ∆∂ differences between 2.5 times 
and 5 times the standard deviation (0.125 < ∆∂ < 0.25 ppm for 15N, 0.025 < ∆∂ < 0.05 ppm 
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for 1H) were considered as medium (color-coded purple), and ∆∂ differences below 2.5 times 
the standard deviation (∆∂ < 0.125 ppm for 15N and ∆∂ < 0.025 ppm for 1H) were considered 
insignificant (color-coded yellow). See (Friedler et al. 2004) for residue numbers. (D) 
Chemical shift changes (∆∂) in R249S upon binding to FL-CDB3. The peptide-binding site is 
the same as for wild type (shown in panel C) but additional chemical shift changes are 
observed at the other end of the protein. Color code is the same as in panel C. In addition, 
residues that disappeared in the mutant spectrum compared to the peptide-free wild type are 
color-coded blue and the mutation sites are color-coded red. (E) Residues in loop L2 and helix 
H1 of R249S whose chemical shifts are shifted towards wild type upon binding of FL-CDB3. 
The color code is: Green: FL-CDB3 binding residues. Red: residues in above region of R249S 
whose chemical shifts are reversed towards wild type conformation upon FL-CDB3 binding. 
Blue: mutation site. For clarity, the p53 core domain is viewed from the opposite side 
compared to panels C and D. (F) same as (E) for the loop between strands 6 and 7 and from a 
different orientation. Panels B-F are taken from (Friedler et al. 2004). The picture was 
generated using swissPDB viewer (Guex and Peitsch 1997). 

DESIGN OF A SUPERSTABLE P53 CORE DOMAIN 
MUTANT 

Not only is the inherently low thermodynamic stability of the wild-type 
p53 protein the Achilles’ heel of human p53, but it also makes the protein 
difficult to study by biophysical and structural methods.  As we have seen 
above, even weakly destabilizing mutations can trigger the unfolding and 
hence the loss of activity of human p53 core domain at physiological 
temperature. Conversely, it should be possible to stabilize both wild-type 
and mutant proteins by single amino acid substitutions that contribute to the 
overall stability of the structural scaffold without compromising its DNA-
binding activity and hence its function in vivo. Such stabilized p53 variants 
could be better suited for many experimental purposes and could 
furthermore show possible ways to reactivate tumorigenic p53 mutants. 

By adopting a semi-rational approach on the basis of the molecular 
evolution of p53, a superstable mutant of the human p53 core domain was 
designed (Nikolova et al. 1998). A comparison of sequences of p53 
homologues from more than 20 species revealed many naturally occurring 
mutations. A number of the identified mutations were introduced into human 
p53 core domain and the effect on the thermodynamic stability of the protein 
was measured. Such a strategy should minimize the selection of mutations 
that impair activity. In addition, the N239Y substitution was included, which 
is not naturally occurring, but had been reported to restore activity in some 
of the common cancer mutants (Brachmann et al. 1998) (see below). The 
most stable substitutions were finally combined in a quadruple mutant. Four 
point mutations, M133L, V203A, N239Y and N268D, stabilize the core 
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domain by 2.65 kcal/mol without impairing binding to gadd45 promoter 
DNA (Nikolova et al. 1998). The effects of the point mutations, which are 
located in different regions of the core domain, are nearly additive. The main 
contribution to stability increase comes from the N239Y and N268D 
substitutions, which are of particular interest, because they are both known 
to act as second-site suppressors for various cancer-associated mutations 
(Brachmann et al. 1998). Interestingly, these mutations were also found in a 
study on the in vitro evolution of thermostable p53 variants (Matsumura and 
Ellington 1999).  

CRYSTAL STRUCTURE OF THE SUPERSTABLE P53 
CORE DOMAIN MUTANT 

In order to understand the molecular basis for its increased stability, the 
high-resolution crystal structure (1.9 Å) of this mutant in the absence of 
DNA has been solved (Joerger et al. 2004). This structure reveals that the 
four point mutations cause only local structural changes, whereas the overall 
structure of the β-sandwich and the DNA-binding surface is conserved 
(Figure 6A). As is to be expected, the largest deviations from the wild-type 
structure can be found in the loop regions. This is either due to an induced fit 
movement upon DNA binding (loop L1) or is a direct consequence of a 
different crystallographic environment of the molecules in both structures 
and thus reflects the inherent flexibility of some of these regions (S7/S8 
region).  

As shown by urea-induced unfolding studies, the mutations M133L and 
V203A make the smallest contribution to the stability increase in the 
quadruple mutant (Nikolova et al. 1998). The crystal structure reveals that 
this is achieved by only small structural changes, mainly by local re-packing 
of the side chains around the mutations sites in the loop-sheet-helix motif 
and the S5/S6 turn, respectively. The structure provides an explanation for 
the large effect of the N239Y and N268D mutations on stability increase. 
The N239Y substitution is located in the L2 loop, which forms part of the 
DNA-binding surface. On the basis of the DNA-bound structure of wild 
type, Asn239 makes no direct contact with DNA. Tyr239 in the quadruple 
mutant is partly solvent exposed. The mutation induces minor changes in 
neighboring side chains such as Leu137 to accommodate the tyrosyl moiety 
(Figure 6B). Tyr239 is within a 5 Å distance of the zinc ligands Cys238, 
Cys242 and His179 and thus directly connects with zinc binding. Tyr239 
seems to stabilize loop L3 as reflected by the reduced crystallographic 
thermal factors in the structure of the quadruple mutant in this region.  
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The N268D mutation alters the hydrogen-bonding network (Figure 6C). 
In wild type, the side chain amide of Asn268 on β-strand S10 forms a 
hydrogen bond with the backbone oxygen of Phe109 on β-strand S1. In the 
quadruple mutant, the side chain of Asp268 has flipped relative to the 
position of the asparagine in wild type. It uses both of its carboxylate 
oxygens to form two new hydrogen bonds with backbone nitrogen atoms of 
Ser269 on the same strand and Leu111 on strand S10. This links the two 
sheets of the β-sandwich in an energetically much more favorable way than 
is achieved in the wild type. Although the N239Y and N268D substitutions 
act on different regions of the core domain and do this in a very different 
way, their contribution to the thermodynamic stability of the protein is 
similar. Overall they seem to reduce the structural plasticity of the protein. 
This is evident from both the reduced relative temperature factors in certain 
regions of the quadruple mutant crystal structure and from NMR studies on 
the dynamic properties of the protein in solution (Ang H. C., Freund S.M.V. 
and Fersht A.R. unpublished results). 

The structure of the quadruple mutant not only provides us with insights 
into the molecular basis for stabilizing mutations in p53, but also shows the 
potential practical use of this mutant for experimental purposes. So far many 
biophysical studies on p53 have been hampered by the low thermodynamic 
stability of the destabilized mutants and even the wild type itself. The 
superstable quadruple mutant provides a more rigid and stable structural 
framework, while maintaining the overall structural characteristics of the 
wild-type protein. We are currently studying the structural effects of the 
cancer hot-spot mutations in the context of the quadruple mutant. The 
proteins do indeed show higher stability and longer lifetimes than their 
respective counterparts in the wild-type context, which makes them more 
amenable to NMR and crystallographic studies.  



392 Chapter 17
 

 

Figure 6. The crystal structure of the superstable p53 core domain quadruple mutant 
M133L/V203A/N239Y/N268D. (A) Stereo view of the Cα-trace of the p53 core domain 
quadruple mutant (PDB code 1UOL, chain A; black) superimposed on DNA-free wild type 
(PDB code 1TSR, chain A; blue) and DNA-bound wild type (PDB code 1TSR, chain B; 
orange). The zinc ion is shown as a large gray sphere. The mutation sites in the quadruple 
mutant are marked by small colored spheres, indicating the spatial separation of the four 
mutation sites. The color coding is as follows: blue, M133L; green, V203A; red, N239Y; 
magenta, N268D. (B) Stereo view of the region around the N239Y mutation site. The 
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structure of p53 core domain quadruple mutant M133L/V203A/N239Y/N268D (chain A; 
yellow) is superimposed on the wild-type structure (chain A; transparent light gray). The zinc 
ion is shown as a gray sphere. The large semi-transparent red spheres indicate the location of 
the two cancer hot-spot sites Gly245 and Arg249. (C) Stereo view of the region around the 
N268D mutation site. The structure of p53 core domain quadruple mutant 
M133L/V203A/N239Y/N268D (chain A; yellow) is superimposed on the wild-type structure 
(chain A; transparent light gray). The figures which were generated using MOLSCRIPT 
(Kraulis 1991) and RASTER3D (Merritt and Bacon 1997) are taken from (Joerger et al. 
2004).       

REVERSING THE STRUCTURAL EFFECTS OF 
TUMORIGENIC MUTATIONS BY SECOND-SITE 
SUPPRESSOR MUTATIONS 

The deleterious effect of many common cancer mutations can be reversed 
by intragenic suppressor mutations. Using a yeast selection system in 
combination with mammalian reporter gene and apoptosis assays, 
Brachmann et al.  (Brachmann et al. 1998) have identified several second-
site suppressor mutations for the cancer hot-spot mutations G245S and 
R249S as well as V143A, the classical example of a temperature sensitive 
cancer mutant (Zhang et al. 1994). Most of these suppressor mutations are 
not specific for only one single cancer mutation but restore activity in a 
whole subset of different mutants albeit at different levels. The suppressor 
mutations N239Y and S240N, which are not found in any sequence of the 
known p53 homologues, show a very similar rescue profile. They both 
suppress the cancer hot-spot mutant G245S and to a lesser extent restore 
activity in V143A. At low temperatures N239Y was found to suppress even 
R175H. N268D, another of these second-site suppressor mutations, is 
naturally occurring in p53 of various rodents and was found to restore 
activity in V143A. Remarkably, H168R, which in conjunction with T123A 
is reported to rescue the cancer hot-spot mutant R249S, causes cancer when 
on its own. A more recent study reported that 16 of 30 of the most frequently 
occurring cancer mutants can be rescued by changes in residues 235, 239 
and 240 either alone or in combination (Baroni et al. 2004). 

Insights into the mechanism of rescue 

The effect of the above mutants on the stability and DNA-binding 
activity of p53 core domain was studied to further elucidate how they rescue 
tumorigenic p53 mutants (Nikolova et al. 2000). Double mutant cycles show 
that N268D and N239Y act as “global stability” suppressors by increasing 
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the stability of the cancer mutants G245S and V143A. The free energy 
changes are additive. In contrast, the suppressor mutation H168R seems to 
be rather specific for the R249S mutation: despite destabilizing wild type, 
H168R has virtually no effect on the stability of R249S, but restores its 
binding affinity for the gadd45 promoter. NMR studies show that H168R 
reverses some of the structural changes induced by R249S (Nikolova et al. 
2000).  

In the wild-type and the quadruple mutant structures, the guanidinium 
group of Arg249 forms a salt bridge with the carboxylate group of Glu171 in 
the L2 loop and hydrogen bonds with the backbone oxygens of Gly245 and 
Met246 in the L3 loop (Figure 2B). This stabilizes the conformation of the 
L2/L3 region allowing for specific DNA binding. Loss of these interactions 
in mutant R249S results in destabilization of the protein concomitant with a 
conformation of the L2/L3 region which is no longer compatible with 
effective DNA binding. The H168R mutation has a similar effect on the p53 
core domain. Owing to its close proximity, Arg168 presumably directly 
disrupts the salt bridge between Glu171 and Arg249 and thus compromises 
the structural integrity of the DNA binding surface. In the structural context 
of the R249S mutant, however, Arg168 seems to be able to mimic the role of 
Arg249 in the wild type and at least partly restores an active, wild-type like 
conformation in the L2/L3 region. 

The crystal structure of the superstable quadruple mutant provides further 
insight into how the two second-site suppressor mutants N239Y and N268D 
rescue some of the common structurally destabilized cancer mutants. Tyr239 
stabilizes the conformation of the L2/L3 loop region, in particular the L3 
region harboring the DNA contact residue Arg248 (Figure 2B). This 
stabilizing effect seems to compensate for the structural perturbation caused 
by the G245S mutation resulting in a rescue of this cancer mutant. The 
rescue of V143A by N268D can also be readily explained. NMR studies 
indicate that the V143A mutation results in changes in almost all the 
residues of the β-sandwich (Wong et al. 1999). In wild type and the 
superstable quadruple mutant (Figure 6C), the side chain of Val143, which is 
located on β-strand S3, points towards the hydrophobic core of the β-
sandwich, where it is completely buried (Cho et al. 1994; Joerger et al. 
2004). Val143 lies at the very heart of a cluster of hydrophobic residues 
contributed by different regions of the protein. Apparently, the truncation of 
the methyl groups in mutant V143A is detrimental to the packing of these 
hydrophobic core residues. The mechanism of rescue by an N268D 
substitution can be pinpointed to the formation of new hydrogen bonds. The 
energy loss of more than 3 kcal/mol arising from the creation of a 
hydrophobic cavity in mutant V143A can be partly compensated for by 
Asp268, which bridges the two sheets of the β-sandwich via hydrogen bonds 
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in an energetically more favorable way than could be achieved by the 
asparagine in wild type. Apart from an effect on the overall stability of the 
protein, a local effect may be crucial in rescuing V143A, too. Leu111, which 
via its backbone nitrogen acts as a hydrogen bond donor for Asp268, makes 
direct contact with one of the methyl groups of Val143 (Figure 6B). The 
hydrogen bond with Asp268 significantly reduces the flexibility of residues 
Leu111 and Phe113 in the immediate vicinity of Val143 as reflected by the 
B-factors in the crystal structure. This may directly counteract the loss of 
interactions by the V143A mutation by providing a more rigid structural 
framework around the mutation site.  

An even more detailed and concise picture of possible ways to rescue 
mutant p53 will most likely emerge from additional crystal structures of 
cancer mutants in combination with their respective second-site suppressors 
or in the context of the superstable quadruple mutant. 

CONCLUDING REMARKS  

Over the past 25 years, studies carried out using molecular biology in 
combination with protein engineering experiments and structural studies by 
both NMR and protein crystallography have resulted in a wealth of 
information about the structure and function of human p53. We now have a 
much clearer picture of how human p53 is inactivated by cancer mutations. 
In particular the effects of the cancer hot-spot mutations in the DNA-binding 
core domain of human p53 are well understood. They either remove 
essential DNA contacts or destabilize the protein both locally and globally. 
This provides us with the foundations for tackling the ultimate goal – finding 
a cure for cancer. It may still be a long way to go until we can hold an 
effective drug in our hands, but the initial results from second-site 
suppressor mutations and screenings for generic molecules that stabilize the 
native state of human p53 provide us with a promising starting point. 
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Chapter 18 

MUTANT P53 REACTIVATION AS A NOVEL 
STRATEGY FOR CANCER THERAPY 
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Tumor Biology Center (MTC), Karolinska Institute Stockholm, Sweden 

THE TARGET: ABUNDANTLY EXPRESSED POINT 
MUTANT P53  

Inactivation of the p53 tumor suppressor by point mutation occurs in a 
large fraction of human tumors, including almost all tumor types (see p53 
Mutation database at http://www.iarc.fr/p53). A majority of p53 mutations 
are missense mutations that give rise to the expression of mutant p53 
proteins with one amino acid substitution. This pattern of mutation stands in 
sharp contrast to those of most other tumor suppressor genes, e.g. the Rb and 
p16 genes, which are frequently inactivated by homozygous deletion, 
smaller deletions or promoter methylation that either results in complete lack 
of expression of the protein, or expression of a truncated unstable protein. 
This suggests that p53 mutation not only serves to inactivate p53 but that 
expression of mutant p53 itself may provide a selective advantage to tumor 
cells and promote tumor growth. First, point mutant p53 proteins may act in 
a dominant negative manner, i.e. inhibit the activity of a wild type allele 
present in the same cell through hetero-oligomerization that forces wild type 
p53 to adopt a mutant conformation (Milner and Medcalf 1991). In addition, 
mutant p53 proteins may have acquired novel activites that could support the 
growth of tumors. These so called gain-of-function (GOF) activities of 
mutant p53 could involve promiscuous DNA binding and illegitimate 
activation of target genes, such as the c-Myc oncogene, the multidrug 
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resistance gene (MDR1), VEGF, and the dUTPase gene ((Frazier et al. 1998; 
Pugacheva et al. 2002; Tsang et al. 2003); www.iarc.fr/p53), whose 
activation could contribute to tumor development. Moreover, mutant p53 
could enhance cell cycle progression and/or cell survival through novel 
interactions with cellular protein partners, as examplified by the binding of 
mutant p53 to p73 and other p53 family members (Di Como et al. 1999; 
Marin and Kaelin 2000; Strano et al. 2002; Monti et al. 2003; Strano and 
Blandino 2003). Importantly, interaction of mutant p53 with p73 prevents 
p73-induced apoptosis in response to DNA damage. The proposed mutant 
p53 gain-of-function activities need to be studied further in order to assess 
their contribution to tumor development at various stages.  

Mutant p53 is not only retained by tumor cells but usually also expressed 
at high levels. The reasons for this become evident upon a closer look at 
normal regulation of p53 expression. Since p53 is a potent inhibitor of cell 
growth and inducer of cell death, its activity must be tightly controlled to 
ensure normal cell proliferation and survival. This is achieved through 
several mechanisms, including regulation of p53 protein stability and 
activity, and regulation at the level of transcription, translation and 
subcellular localization. Rapid p53 induction in response to stress conditions 
occurs mainly via post-translational mechanisms, leading to the stabilization 
and activation of the p53 protein (reviewed in (Ryan et al. 2001)). The 
MDM2 protein, which can both inhibit p53's transcriptional activity and 
target p53 for degradation, is a key p53 regulator. MDM2 functions as an E3 
ubiquitin ligase, the final component of the enzyme cascade that results in 
the conjugation of ubiquitin to proteins, targeting them for degradation by 
the proteasome. MDM2 ubiquitinates both p53 and itself, contributing to the 
rapid turnover of both proteins (reviewed in (Ryan et al. 2001)). Since 
MDM2 is a transcriptional target of p53 itself, it forms an autoregulatory 
feedback loop with p53: increased p53 activity leads to increased expression 
of its own negative regulator. Several additional p53 autoregulatory loops 
exist. The expression of p14ARF, a potent negative regulator of MDM2, is 
repressed by p53 (Sherr 2000). On the other hand, p53 activates the 
expression of a positive regulator of MDM2, cyclin G1 (Okamoto et al. 
2002). Furthermore, p53 induces expression of the Wip1 gene which 
encodes a phosphatase that inhibits the p53-activating p38 MAP kinase by 
dephosphorylation (Takekawa et al. 2000), and expression of two novel E3 
ubiquitin ligases, Pirh2 and COP1, which mediate p53 degradation (Leng et 
al. 2003; Dornan et al. 2004). Thus, several pathways that downregulate p53 
protein expression are dependent on p53 transcriptional activity. Due to the 
inability of mutant p53 to activate transcription of these genes, pathways 
responsible for p53 degradation are disrupted in tumor cells expressing 
mutant p53.  
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Furthermore, mutant p53 may be posttranslationally modified in tumors  
((Minamoto et al. 2001; Melnikova et al. 2003); reviewed by Bode and Dong 
(Bode and Dong 2004). This is because stress signalling in tumor cells 
activates various p53-modifying enzymes. DNA damage induces N-terminal 
p53 phosphorylation at several residues. The ATM/ATR, DNA-PK and PI-3 
kinases phosphorylate Ser-15, Chk1/Chk2 phosphorylate Ser-20, and p38 
MAP kinase and homeodomain-interacting protein kinase-2 (HIPK2) 
phosphorylate Ser-46. N-terminal p53 phosphorylation  (reviewed in (Xu 
2003))  augments the interaction with the p300/CBP acetyltransferases, 
establishing a phosphorylation/ acetylation cascade that results in enhanced 
p53 activity. The acetyltransferases p300/CBP and pCAF bind within the 
amino terminus of p53 and mediate acetylation of the lysines in the carboxy 
terminus, facilitating the function of p53 as transcriptional activator (Gu and 
Roeder 1997). Phosphorylation at Ser-15 and Ser-46 facilitates p53 
transactivation function, binding to p300/CBP, and induction of apoptosis 
(Lambert et al. 1998; Bulavin et al. 1999), but does not directly influence the 
interaction with HDM2 (Dumaz and Meek 1999). Constitutive activation of 
DNA damage checkpoints in at least some tumors suggest that activated 
DNA damage signalling pathways can induce  posttranslational 
modifications of mutant p53 in tumors (DiTullio et al. 2002).  

Oncogenic stress may also promote posttranslational modification of 
mutant p53 in tumor cells. p14ARF, which  blocks p53-MDM2 interaction 
by direct binding  to MDM2, is induced by oncogene activation (Sherr 
2000). Interestingly, p14ARF can prevent the inhibition of p53 acetylation 
by MDM2, illustrating another role for p14ARF in p53 activation (Ito et al. 
2001). Thus, enhanced expression of p14ARF observed in mutant p53-
carrying tumor cells (Lindstrom et al. 2000), might contribute to 
posttranslational modifications of mutant p53. Moreover, both Myc and 
E2F1 induce p53 phosporylation that stabilizes p53 in the absence of ARF 
(Lindstrom and Wiman 2003). E2F1 has been shown to promote p53 
phosphorylation via the ATM signalling pathway (Powers et al. 2004). In 
addition, oncogenic Ras induces p53 N-terminal phosphorylation by 
p38MAPK at Ser-33 and Ser-46 via inhibition of the Wip1(PPM1D) 
phosphatase (Bulavin et al. 2002).   

In conclusion, loss of p53 transcriptional activity in mutant p53-
expressing tumor cells relaxes the tight control of p53 protein levels, while 
DNA damage and oncogenic signalling trigger posttranslational 
modifications of p53. One can therefore envisage abundant and activated 
mutant p53 as a “loaded gun” (Selivanova 2001). However, the gun’s trigger 
is locked by a mutation, preventing activation of the cellular suicide 
program.  
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CLINICAL PROBLEM POSED BY MUTANT P53-
CARRYING TUMORS 

Since p53 has a critical role in the cellular response to DNA damage, and 
since radiotherapy and most commonly used chemotherapeutic drugs 
directly or indirectly induce DNA damage, the p53 status of a tumor is 
expected to have an impact on therapy response and clinical outcome. The 
role of p53 status for the therapeutic response can be studied at different 
levels: cultured human tumor cells, animal tumor models (mouse), and 
cancer patients. Screening of a large set of cell lines with defined p53 status 
revealed that most clinically used chemotherapeutic agents were more 
efficient in tumor cells carrying wild type p53. However, certain drugs 
including colchicine derivatives and microtubule inhibitors (taxanes) were 
more active in a mutant p53 context or regardless of p53 status (Weinstein et 
al. 1997). In addition, wild type p53-dependent and independent activation 
of the cell cycle regulator p21 can induce cell cycle arrest that may increase 
cell survival in some genetic backgrounds in response to chemotherapeutic 
agents and gamma irradiation (Bunz et al. 1998).  

Studies in mouse tumor models have shown that disruption of the p53 
pathway increases resistance to DNA-damaging chemotherapeutic agents 
and gamma irradiation. In Emµ-myc transgenic lymphomas, p53-induced 
apoptosis is critical for tumor suppression after DNA damage (Schmitt 
2003). Emµ-myc lymphomas derived from crosses with p53 null or INK4a 
null mice showed increased resistance to alkylating agents 
(cyclophosphamide) and radiation therapy compared to Emµ-myc 
lymphomas from mice with intact p53 and INK4a loci (Schmitt et al. 1999). 
Notably, induction of p53 or p16-dependent senescence was associated with 
better response of Emµ–Myc lymphomas to cyclophosphamide in vivo 
(Schmitt et al. 2002a; Schmitt et al. 2002b) and a senescence response in 
human breast cancer cells following exposure to doxorubicin (Elmore et al. 
2002). Thus, apoptosis and senescence may both contribute to the p53-
dependent responses to chemotherapeutic drugs.   

The clinical relevance of p53 status has been addressed in numerous 
studies. The evidence is perhaps most persuasive in breast cancer. Several 
studies have demonstrated that mutant p53 status is associated with poor 
prognosis (http://www.iarc.fr/p53; see also for example (Bergh et al. 1995; 
Borresen et al. 1995).  Patients with mutant p53-carrying tumors showed 
poor responses to treatment with anthracyclines (Geisler et al. 2001; Rahko 
et al. 2003). Wild type p53 status was associated with sensitivity to low dose 
doxorubicin treatment (Geisler et al. 2001). Moreover, the type of p53 
mutation has clinical impact. Mutations that give rise to amino acid 
substitutions in the L2/L3 loop of the p53 core domain appear to predict a 
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particularly poor clinical outcome in various tumor types (Soussi and Beroud 
2001; Geisler et al. 2003). Nonetheless, some studies have indicated that p53 
status has no value as predictive marker (Wang et al. 2004) or that mutant 
p53 is in fact a better predictor for complete therapeutic response (Bertheau 
et al. 2002). It is clear, therefore, that p53 status can have different predictive 
value even within the same tumor type depending on the choice of regimen, 
and presumably a range of other factors as well. For instance, amplification 
of the c-myc oncogene in wild type p53-carrying tumors was associated with 
improved survival in a phase III 5-fluorouracil clinical trial (Seoane et al. 
2002). To a certain extent, the conflicting data on the relevance of p53 status 
for clinical outcome are probably due to inaccurate methods for assessing 
p53 status. DNA sequencing of the entire coding region is the method of 
choice.  

MUTANT P53 REACTIVATION: AN EFFICIENT AND 
SELECTIVE STRATEGY FOR CANCER THERAPY  

p53 is a critical regulator of cell growth and survival which responds to a 
wide range of stress signals. Oncogenic stress, including activation of Ras, 
Myc, ß-catenin, cdk4 or cyclins D/E, or inactivation of tumor suppressors 
p16, Rb, or APC, triggers p53 activation and p53-dependent cell death. 
Therefore, p53 inactivation either by mutation of the p53 gene iself or 
alterations of other critical regulators of the p53 pathway, e.g. MDM2 or 
p14ARF, is probably a necessary requirement for evading apoptosis during 
tumor development. The p53 pathway is thus a prime target for therapeutic 
intervention in tumors, and a number of possible strategies to rehabilitate or 
exploit this pathway have been designed, including p53 gene therapy and 
other approaches (reviewed in (Bykov and Wiman 2003; Lane and Hupp 
2003)).   

As pointed out above, p53 mutations in tumors are unique among tumor 
suppressor gene mutations in that the great majority of them are missense 
mutations that result in single amino acid substitutions in the protein. A 
myriad of different amino acid substitutions in the p53 core domain produce 
a common effect – the  partial unfolding of the core domain (reviewed in 
(Bullock and Fersht 2001)) which disrupts its DNA binding activity and thus 
leads to inactivation of p53 as a tumor suppressor. This shared feature of 
mutant p53 proteins suggests the possibility of designing novel p53-specific 
drugs that can stabilize the folding of many mutant forms of p53 and thus 
rescue their function.  

Therapies aimed at restoring the function of mutant p53 in tumors will re-
establish the broken link between oncogene-induced pro-apoptotic signalling 
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and the cell death machinery and thus trigger massive apoptosis in 
presensitized tumor cells (Figure 1). Moreover, for reasons that are not 
entirely understood, expression of exogenous p53 protein in non-malignant 
cells caused no detrimental effects in vitro and in vivo (Bossi et al. 2000). As 
discussed above, mutant p53 is frequently overexpressed and 
posttranslationally modified in tumor cells. These factors combined should 
render tumor cells highly sensitive to mutant p53 reactivation, providing a 
basis for efficient and selective therapy without any need for specific tumor 
targeting.  

Mutant p53-
reactivating drug

Normal cell
Tight control of
wild type p53

Tumor cell with mutant p53
Constitutive  p53-activating signals

No effect

Cell death by 
apoptosis

Tumor cell-specific mutant p53-dependent apoptosis

Mutant p53-
reactivating drug

Normal cell
Tight control of
wild type p53

Tumor cell with mutant p53
Constitutive  p53-activating signals

No effect

Cell death by 
apoptosis

Tumor cell-specific mutant p53-dependent apoptosis

 

Figure 1. Strategy for elimination of tumor cells by mutant p53 reactivation. Compounds that 
target mutant p53 and restore wild type p53 function will selectively induce apoptosis in 
tumor cells, due to high levels of post-translationally modified mutant p53 and sensitization of 
tumor cells to apoptosis as result of oncogene activation and aberrant cell growth control. In 
contrast, such compounds will not significantly affect normal cells that express minute levels 
of wild type p53 and do not carry genetic alterations that disrupt cell cycle regulation.  

REACTIVATION OF MUTANT P53 BY MANIPULATING 
WITH THE C-TERMINUS 

Ample experimental evidence suggests that the p53 carboxy-terminal 
domain can influence the DNA binding of the core domain. Different 
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modifications at the C-terminus, including phosphorylation and acetylation, 
activate the specific binding of p53 in vitro and in cells (reviewed in 
(Selivanova et al. 1998)).  Furthermore, the folding of the core is affected by 
the C-terminus. For instance, the binding of the bacterial heat shock protein 
DnaK or the monoclonal antibody PAb421 to the C-terminal basic region, 
and to a lesser extent its deletion, renders the core domain resistant to a 
thermal denaturation as assessed by the retention of PAb1620 epitope upon 
heating to 37°C (Hansen et al. 1996). Short synthetic peptides derived from 
the p53 C-terminus were shown to activate p53’s latent DNA binding (Hupp 
et al. 1995; Selivanova et al. 1997). Remarkably, the DNA binding and 
transactivation function of several mutant p53 proteins, including the hot 
spot mutants His-273, Cys-273, Gln-248, Trp-282 and Ser-245, could be 
rescued by such manipulations with p53’s C-terminus ((Halazonetis et al. 
1993; Hupp et al. 1993; Niewolik et al. 1995; Selivanova et al. 1997); 
reviewed in (Selivanova et al. 1998)). Also, the transcriptional 
transactivation function of one of the most common mutant, His-273, was 
restored in living cells by microinjection of the PAb421 antibody or a 
PAb421-derived Fv fragment in tumor cells (Abarzua et al. 1995; Caron de 
Fromentel et al. 1999).  

Using a set of 48 overlapping p53-derived 22-mer peptides, we found 
that one particular peptide, designated peptide 46 and representing residues 
361-382 of human p53, not only increased DNA binding by wild p53 in a gel 
shift assay but also restored the transcriptional transactivation function to 
several hot spot p53 mutants in reporter assays.  Overlapping peptides 
containing more N-terminal or C-terminal sequences, e.g. peptides 45 and 
47, were inactive. Moreover, introduction of peptide 46 into human tumor 
cells as a fusion peptide with a membrane-penetrating peptide derived from 
the Drosophila Antennapedia protein resulted in massive apoptosis in a 
mutant p53-dependent manner (Selivanova et al. 1997). Thus, reactivation of 
endogenous mutant p53 can trigger apoptosis in human cells carrying mutant 
p53. Subsequent studies by others showed that the same peptide could rescue 
mutant p53 and trigger apoptosis in a range of human tumor cells (Kim et al. 
1999). Our observation that C-terminal peptide could restore the DNA 
binding activity to isolated core domain proteins indicated that it interacts 
directly with the p53 domain in which tumor-derived mutations are clustered 
(Selivanova et al. 1999). We and others hypothesized that the C-terminal 
peptide reactivates mutant p53 through the stabilization of the core domain 
folding and/or establishment of novel DNA contacts (Abarzua et al. 1996; 
Selivanova et al. 1997; Selivanova et al. 1999). These findings provided a 
proof-of-principle of mutant p53 rescue by a small molecule added in trans 
and raised hopes for the development of anticancer drugs for treatment of 
mutant p53-carrying tumors.  
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The hypothesis that direct reactivation of endogenous p53 protein in 
tumor cells will be therapeutically beneficial has recently been addressed in 
vivo. Treatment of preclinical terminal peritoneal carcinomatosis and 
peritoneal lymphoma models with a D-isomer C-terminal p53 peptide fused 
to a carrier HIV-tat peptide resulted in significant increases in lifespan 
(greater than 6-fold) and the generation of disease-free animals (Snyder et al. 
2004). Interestingly, the p53-derived C-terminal peptide activated p53 in 
cancer cells but not in normal cells.  Thus, specific activation of endogenous 
p53 activity by a macromolecular agent is therapeutically effective in 
preclinical models of terminal human malignancy. 

RATIONAL DESIGN OF A MUTANT P53-
REACTIVATING PEPTIDE 

Since mutant p53 protein folding is destabilized, a promising strategy to 
reactivate mutant p53 is to identify small molecules capable of stabilizing 
the proper fold of the protein and/or raising its melting temperature. In 
principle, p53-stabilizing small molecules may be produced by rational 
design or identified by random screening of chemical libraries. The first 
rational design of a molecule capable of stabilizing the folding of the p53 
core domain was undertaken by Fersht and colleagues. The idea behind this 
approach is that a ligand which binds to the properly folded p53 core domain 
will shift the equilibrium between native and unfolded core domain 
conformation towards the active wild type fold. A short peptide derived from 
the p53-interacting protein ASPP (previously referred to as 53BP2) 
(Samuels-Lev et al. 2001) served as a basis for the design of such a ligand. 
ASPP binds to the core domain of p53 (Gorina and Pavletich 1996), 
augments p53-dependent transactivation and promotes p53-dependent 
apoptosis (Samuels-Lev et al. 2001). CDB3, a nine-residue peptide, was 
designed on the basis of structural information about of the p53-
ASPP/53BP2 complex. NMR provided solid evidence that CDB3 and its 
derivative FL-CDB3 with attached fluorescein bind to the core domain and 
stabilize the folding of mutant p53 core domain proteins (Friedler et al. 
2002). NMR analysis revealed that CDB3 binds to a site in p53 that partly 
overlaps with its positively charged DNA binding site. However, in vitro 
studies showed that CDB3 can restore the sequence-specific DNA binding to 
mutant p53 proteins, including the Thr-195 mutant which is highly 
destabilized. It is possible that CDB3 acts as a ”chaperone” that binds to 
mutant p53 during biosynthesis before rapid unfolding of the protein; the 
peptide could subsequently be replaced by the tighter-binding cognate DNA.  
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The major challenge in designing a target-specific drug from experiments 
in vitro is to achieve binding to the same target in cells in a context of 
multiple cellular proteins. Notably, FL-CDB3 can enter tumor cells and bind 
p53 in the cells. A dramatic induction of the native PAb1620 conformation 
was observed upon FL-CDB3 treatment of cells expressing p53 mutants His-
273 and His-175, along with a decrease in the fraction of the unfolded 
PAb240 form (Issaeva et al. 2003). A simultaneous restoration of the 
transcriptional function of two hot spot p53 mutants, His-273 and His-175, 
was observed, as demonstrated by induction of the endogenous p53 targets 
p21 and MDM2 and a p53-dependent lacZ reporter. The transcriptional 
activity of wild type p53 was also stimulated by FL-CDB3 (Issaeva et al. 
2003). Interestingly, FL-CDB3 caused accumulation of both wild type and 
mutant p53 in cells. The biological response induced by FL-CDB3, although 
moderate, was p53-dependent as shown by using isogenic cell lines that 
differ only in p53 status. Thus, FL-CDB3, the first rationally designed p53-
reactivating molecule, can serve as a lead for the further development of 
anti-cancer drugs aimed at rescue of p53 tumor suppressor function. 

SCREENING FOR SMALL MOLECULES THAT 
REACTIVATE MUTANT P53 

A different strategy to identify small molecules that can reactivate mutant 
p53 is random screening of chemical libraries. Such screening can be 
performed either using a test tube assay aimed at the identification of 
compounds that restore native conformation and/or DNA binding activity to 
mutant p53 proteins, or using cellular assays based on induction of a specific 
cellular response, e.g. apoptosis, in the presence of mutant p53 but not in its 
absence. Both types of screens have been carried out and have allowed the 
identification of molecules with mutant p53-modulating properties (Bykov et 
al. 2003; Bykov and Wiman 2003) (Figure 2). 
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Figure 2. Structures of mutant p53-targeting compounds. Several low molecular weight 
compounds target mutant p53 and induce mutant p53-dependent cell death. The molecular 
structures for CP-31398 (Foster et al. 1999), WR-1065 (Tacka et al. 2002), ellipticine (Shi et 
al. 1998), PRIMA-1 and PRIMA-1MET (Bykov et al. 2002b; Bykov et al., 2005) are shown.  

Rastinejad and colleagues screened a chemical library for compounds 
that could stabilize the native fold of the purified wild type p53 core domain 
protein after heat denaturation (Foster et al. 1999). One hit, CP-31398, 
stabilized mutant p53 core domains (Ala-173 and His-273) in vitro and 
restored both native conformation and transcriptional transactivation activity 
to Ala-173 mutant p53 in living cells. Treatment of mutant p53-expressing 
tumor cells with CP-31398 induced the p53 target gene p21. Furthermore, 
intraperitoneal administration of CP-31398 inhibited growth of human tumor 
cells carrying mutant p53 (at position 249 or 241) in nude mice without any 
apparent toxicity.  

Subsequent studies have confirmed that CP-31398 treatment induces the 
p53 target genes p21, MDM2, Bax and KILLER/DR5 (Luu et al. 2002; 
Takimoto et al. 2002). However, the effect of CP-31398 appears to be cell 
line-dependent, since the induction of p53 target genes was not observed in 
several tumor cell lines expressing endogenous mutant p53. Induction of cell 
death by CP-31398 was shown to involve a caspase-dependent pathway in 
several cell lines expressing wild type or mutant p53, but caspase-
independent pathways were also invoked in glioma cell lines (Wischhusen et 
al. 2003). It was proposed that CP-31398 can induce rapid p53-dependent 
cell death but also p53-independent cell death upon prolonged exposure. As 
CP-31398 may be unstable in vivo, rapid degradation of the compound 
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might reduce its nonspecic toxic effects on tissues in vivo (Rippin et al. 
2002).   

The mechanism behind CP-31398-mediated mutant p53 refolding is still 
unclear. Structural studies did not reveal any binding of CP-31398 to the p53 
core domain (Rippin et al. 2002). Experimental evidence indicates that CP-
31398 can promote the correct folding of newly synthesized p53 only (Foster 
et al. 1999). This could account for the lack of a detectable direct interaction 
in the NMR studies. Interestingly, CP-31398 stabilizes wild type p53 (Luu et 
al. 2002; Takimoto et al. 2002). This involves inhibition of wild type p53 
ubiquitination but the compound does not affect p53 phosphorylation or the 
interaction between p53 and MDM2 (Wang et al. 2003).  

CP-31398 is an interesting molecule with activity on both mutant and 
wild-type p53 proteins in various protein and cellular assays, and anti-tumor 
activity in mice. However, it needs further optimization to reduce cellular 
toxicity and increase specificity for the p53 pathway. Ultimately, the 
anticancer efficacy of CP-31398 or a derivative thereof should be tested in 
clinical trials. 

The aminothiol WR1065, an active metabolite of amifostine, is used 
clinically to attenuate side effects of chemotherapy and radiotherapy. 
Amifostine is an antimutagen that protects normal cells from irradiation-
induced DNA damage but has no protective effect on cancer cells. Maurici 
and Hainaut and their colleagues found that amifostine partially rescued 
several mutant forms of p53 for transcriptional transactivation in a yeast-
based transcription assay (Maurici et al. 2001). The same group also showed 
that treatment with WR1065 at micromolar concentrations could restore 
wild-type conformation to the Met-272 mutant p53 in an oesophageal 
carcinoma cell line, enhance its DNA binding, and induce expression of 
certain p53 target genes followed by G1 cell cycle arrest (North et al. 2002). 
Further studies revealed that the accumulation of wild type p53 triggered by 
WR1065 in MCF-7 cells occurs via activation of the JNK (c-Jun N-terminal 
kinase) pathway, resulting in p53 phosphorylation at Thr-81 and inhibition 
of proteasome-mediated degradation of p53 (Pluquet et al. 2003a). Another 
study demonstrated that WR1065 can reduce thiol groups in p53 and 
enhance p53’s redox-dependent DNA binding (Pluquet et al. 2003b). The 
ability of WR1065 to reactivate other mutant forms of p53 should be 
addressed in future studies. 

In order to identify low molecular compounds that would preferentially 
kill human tumor cells expressing mutant p53, we performed a cell-based 
screening of a chemical library from the National Cancer Institute 
(http://dtp.nci.nih.gov), using a subline of p53 null Saos-2 osteosarcoma 
cells carrying exogenous Tet-regulated p53 His-273 mutant p53 (Bykov et 
al. 2002b). A screening assay based on the biological response of two 
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isogenic tumor cell lines which differ only in p53 status has several 
advantages. First, it circumvents the problem of differential uptake and 
metabolism of compounds by different tumor cell lines. Moreover, 
compounds with nonspecific cellular toxicity and compounds that cannot 
enter the cells will not score. Finally, it allows identification of compounds 
which can rescue p53 function in cells irrespective of the molecular 
mechanism. Since no a priori assumptions about the mechanism are made, 
this approach may lead to the identification of compounds with previously 
unknown mechanisms.  

We identified PRIMA-1, a molecule that induced significant apoptosis in 
Saos-2-His273 cells expressing mutant p53 but not in the same cells in the 
absence of mutant p53 expression (Bykov et al. 2002b). PRIMA-1 (for p53 
Reactivation and Induction of Massive Apoptosis) is a quinuclidine with a 
molecular weight of 185. PRIMA-1MET, a methylated version of PRIMA-1, 
has even higher potency (Figure 2). PRIMA-1 induced apoptosis in a mutant 
p53-dependent manner as shown using a panel of cell lines expressing 
different Tet-regulated p53 mutants. Furthermore, PRIMA-1 stimulated 
DNA binding of a wide range of mutant p53 proteins in gel shift assays. 
Interestingly, the Phe-176 mutant p53 which lacks Cys-176 that holds a Zn 
atom critical for the structural integrity of the DNA binding domain (Cho et 
al. 1994) was refractory to reactivation by PRIMA-1. In accordance with this 
finding, KRC/Y renal cell carcinoma cells were relatively resistant to 
PRIMA-1.   

We observed that PRIMA-1 was more efficient in rescuing p53 
conformation and DNA binding in cellular extracts than in preparations of 
recombinant p53. This might be due to the higher extent of unfolding of p53 
produced in bacteria. In addition, it is possible that specific post-translational 
modifications such as phosphorylation and acetylation that are present in 
mutant p53 derived from human tumor cells but not in bacterially produced 
p53 are required for mutant p53 reactivation by PRIMA-1. It is also 
conceivable that PRIMA-1 acts through cellular proteins such as Hsp70/90 
that could regulate folding of p53.  

Since PRIMA-1 induces mutant p53-dependent apoptosis and stimulates 
DNA binding of mutant p53, we tested if it would affect expression of p53 
target genes in a mutant p53-dependent manner. Indeed, PRIMA-1 treatment 
triggered induction of the p53 target genes p21, MDM-2, and PUMA in 
mutant p53-carrying human tumor cells, but not in human tumor cells 
carrying wild-type p53. To confirm that PRIMA-1 exerts its antitumor effect 
through restoration of p53’s transcriptional transactivation activity, we 
treated human ovarian carcinoma cells (SKOV) expressing a transcription-
defective p53 double mutant with a single amino acid substitution in the core 
domain (His-175) and two amino acid substitutions in the N-terminal 
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transactivation domain (Leu-22/Trp-23) with PRIMA-1. These cells were 
relatively resistant to PRIMA-1, whereas the same cells expressing His-175 
mutant p53 with an intact N-terminal transactivation domain were sensitive. 
This demonstrates that p53’s transactivation function is important for 
PRIMA-1-mediated tumor cell killing. 

Our in vivo studies of PRIMA-1 in SCID mice revealed a statistically 
significant inhibition of the growth of human xenografts carrying mutant 
p53. No apparent toxic effects of PRIMA-1 treatment were observed. As a 
continuation of these in vivo studies, it will be important to examine the 
effect of PRIMA-1 on spontaneously arising tumours in mutant p53 
transgenic or knock-in mice.   

To confirm that PRIMA-1 can suppress tumor growth in a mutant p53-
dependent fashion, we undertook an analysis of the available information in 
the National Cancer Institute database (http://dtp.nci.nih.gov). This database 
contains information about the effects of a large number of compounds, 
including many known anti-cancer drugs, on a panel of 60 human tumor cell 
lines. We found that the growth-inhibiting effect of PRIMA-1 correlated to 
mutant p53 levels but not to the levels of wild type p53 or cell proliferation 
rates (Bykov et al. 2002a). In contrast, cisplatin, 5-fluorouracil, methotrexate 
and doxorubicin showed preferential killing or growth suppression of wild 
type p53-carrying tumor cell lines. This pattern of growth suppression 
distinguishes PRIMA-1 from currently used anticancer drugs, and supports 
the notion that PRIMA-1 acts through fundamentally different mechanisms.  

More recently, PRIMA-1 was shown to induce p53-dependent apoptosis 
in the absence of transcription or de novo protein synthesis, and even in the 
absence of a nucleus (Chipuk et al. 2003). This suggests that PRIMA-1 may 
induce apoptosis in several ways, both via p53-dependent transcription and 
by augmenting the interaction of p53 with Bcl-2 protein family members in 
cytoplasm. Cooperation between the different apoptotic pathways induced 
by PRIMA-1 might be highly beneficial for its anti-tumor activity.   

It is currently unkown whether PRIMA-1 targets mutant p53 directly or 
via another protein. If PRIMA-1 does bind mutant p53, identification of the 
site of interaction should greatly facilitate further improvement of PRIMA-1 
as a mutant p53-reactivating drug, as well as the design of novel molecular 
scaffolds with higher potency and specificity. Identification of an indirect 
mechanism for mutant p53 reactivation acting through a specific cellular 
target would also aid further drug development. Meanwhile, screening for 
more potent and mutant p53-specific PRIMA analogs will be required in 
order to identify a candidate drug for clinical trials in cancer patients. 

In addition to the molecules described above, certain other classes of 
compounds have been shown to preferentially kill mutant p53-carrying 
tumor cells. Geldanamycin was identified as a compound capable of 
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inducing mutant p53-dependent cell death via binding to the cellular 
chaperone Hsp90 that unfolds mutant p53 (Blagosklonny et al. 1996; 
Neckers 2002). Another screen for mutant p53-dependent growth inhibition 
lead to the discovery of the ellipticines (Shi et al. 1998). Subsequent studies 
have shown that ellipticine can restore wild type conformation and DNA 
binding to mutant p53 and transactivation of the p53 target genes p21 and 
MDM2 (Peng et al. 2003). Interestingly, rapamycin, an inhibitor TOR 
kinase, has been shown to relieve TOR-mediated suppression of ASK1 
(apoptosis-signal-regulating kinase) in the absence of functional p53, leading 
to activation of a c-JUN signalling cascade and subsequent apoptosis 
(reviewed in (Bjornsti and Houghton 2004)). Thus, compounds that induce 
mutant p53-dependent growth inhibition and/or apoptosis may act at 
different levels. Some of them may induce mutant p53 refolding, possibly 
through direct binding, whereas other molecules can reactivate mutant p53 
or exploit the absence of wild type p53 through interactions with other 
cellular targets.   

SYNERGY WITH CURRENTLY USED 
CHEMOTHERAPEUTIC DRUGS 

Many anticancer drugs used in the clinic today, e.g. cisplatin or 5-
fluorouracil, activate wild type p53-mediated apoptotic pathways (O'Connor 
et al. 1997; Bunz et al. 1999; Lai et al. 2000; Lane 2004). As a result, 
treatment of wild type p53-carrying tumors is generally more successful than 
treatment of those that lack wild type p53 (see above and 
http://www.iarc.fr/p53).  

The frequent acquisition of resistance to chemotherapy via p53 
inactivation emphasizes the need to identify novel compounds that target 
tumor cells deficient in wild type p53-dependent apoptosis or drugs that 
restore tumor suppressor function to mutant p53. Among the drugs used 
clinically today, only paclitaxel and its analogs preferentially target cells 
with impaired p53 function (O'Connor et al. 1997; Weinstein et al. 1997). 
Strategies aimed at mutant p53 reactivation may therefore provide improved 
treatment for tumors that are resistant to current anticancer drugs.  

Nevertheless, the fundamental problem of acquired resistance will 
undoubtedly apply to mutant p53-reactivating strategies as well. In this case, 
resistance might arise through selection for cells with impaired mutant p53 
expression due to deletion or promoter methylation. Therefore, mutant p53 
reactivation could be combined with other therapeutic regimens to minimize 
the emergence of resistant variants. Since wild type p53-carrying tumors 
tend to show better response to many chemotherapeutic drugs, particularly 
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those that damage DNA, mutant p53 rescue may increase the sensitivity of 
mutant p53-carrying tumor cells to such drugs. Combined treatment with 
CP-31398 and cisplatin, doxorubicin (adriamycin), or VP-16 resulted in an 
additive effect in cultured tumor cells (Takimoto et al. 2002). However, 
treatment with PRIMA-1 and chemotherapeutic drugs like cisplatin resulted 
in a synergistic apoptosis-inducing effect in cultured cells and in tumor 
xenografts in SCID mice (Bykov et al. 2005). Interestingly, the combination 
of CP-31398 and PRIMA-1 inhibited growth of mutant p53-expressing cells 
in a synergistic manner (Bykov et al. 2005). The exact mechanism 
responsible for the observed synergy has not been elucidated. As mentioned 
above, the growth inhibitory effect of PRIMA-1 is dependent on mutant p53 
protein levels (Bykov et al. 2002a). It is possible that DNA damage induced 
by chemotherapeutic drugs will further increase p53 phosphorylation and 
thus enhance levels of mutant p53 protein, which should make the tumor 
cells more responsive to PRIMA-1. If so, any agent that causes a further 
enhancement of the levels of mutant p53 in tumor cells could potentially 
show synergy with PRIMA-1.   

FUTURE PERSPECTIVES  

Mutant p53 reactivation is clearly an attractive strategy for cancer 
therapy. Significant progress has been made since the first proof-of-principle 
study of mutant p53 reactivation by a short synthetic peptide (Selivanova et 
al. 1997). Elucidation of the molecular mechanism of mutant p53 refolding 
by different classes of small molecules will hopefully pave the way for the 
development of more specific, less toxic and more potent p53-reactivators. 
Global analyses of gene and protein expression patterns induced by p53 
reactivating molecules should provide a better understanding of their 
molecular mechanisms of action. Furthermore, the ability of these molecules 
to modulate p53 levels, conformation and biological activity may make them 
important new tools for studying the properties of wild type and mutant p53 
proteins and pathways for p53 regulation in cells. 
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NOVEL APPROACHES TO P53-BASED 
THERAPY: ONYX-015 
 

Frank McCormick 
UCSF Comprehensive Cancer Center and Cancer Research Institute, 240 Sutter St, San
Francisco, USA 

INTRODUCTION 

Cancer is caused by gain of function of proteins involved in proliferation 
and survival, and loss of function of proteins that regulate these processes 
(Hanahan and Weinberg, 2000). Strategies for treating cancer generally 
involve development of small molecules that block hyperactive enzymes, or 
take advantage of abnormal expression of protein targets on the surface of 
cancer cells. Developing therapies based on loss of function of tumor 
suppressors presents novel challenges.  Loss of the protein phosphates PTEN 
and loss of the G1/S checkpoint protein pRB occurs frequently in cancer, 
and offers a number of potential drug targets. Loss of PTEN leads to hyper-
activation of downstream enzymes such as AKT and mTOR (McCormick, 
2004) whereas loss of pRB leads to hyper-activation of the transcription 
factor E2F, and increased expression of numerous potential targets, some of 
which have already been exploited for cancer therapy (dihydrofolate 
reductase and thymidylate synthase, for example, are the targets of 
methotrexate and 5-fluorouracil, respectively). Loss of p53, on the other 
hand, does not appear to offer any direct targets for intervention: in contrast 
to PTEN and pRB, p53 is a positive regulatory protein, whose targets are 
obviously lost rather than hyper-activated in cancer cells.  

The challenge of cancer therapy based on p53 has been addressed in 
several ways. Most directly, vectors have been designed in which p53 is 
delivered to cancer cells by gene therapy. This approach, using a non-
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replicating adenovirus vectors, is currently under Phase III clinical 
investigation in the US (Swisher and Roth, 2002) and has already been 
approved in China. It has the merit that delivery of p53 may have effects that 
are selective for cancer cells: for example, normal cells often growth arrest 
when p53 is expressed, cancer cells often undergo apoptosis. Furthermore, 
normal cells express Mdm2, and maintain p53 at low levels through active 
degradation. In principle, normal cells should be capable of degrading 
additional p53 that is introduced ectopically. In contrast, cancer cells 
expressing mutant p53 often have low levels of Mdm2, since Mdm2 is a 
transcriptional target of p53, and high levels of the Mdm2 inhibitor p14ARF 
(Bates et al., 1998).  Introduction of ectopic p53 into such tumor cells may 
therefore generate a p53 response that is more sustained because of lower 
Mdm2 activity and more effective because responses are pro-apoptotic rather 
than cytostatic. The limitation of this approach is generally assumed to be 
the sunstantial technical hurdle of transducing every cell in a tumor with 
p53.  However, a bystander effect following p53 transduction has been noted 
(Nishizaki et al., 1999) and an inflammatory response provoked by high 
levels of viral proteins may also contribute to killing effects in non-infected 
cells (McCormick, 2001).  On the other hand, gene therapy is currently 
restricted to local treatment, since systemic delivery is inefficient and 
induces neutralizing antibodies. Cancer gene therapy still requires 
technological development before it can be considered a candidate for 
mainstream cancer treatment. 

Other approaches to cancer therapy based on the p53 pathway include 
development of drugs blocking Mdm2-p53 interaction or preventing Mdm2-
mediated p53 breakdown (Vassilev et al., 2004).  These approaches are 
obviously limited to cancer cells that retain wild type p53 but depend on 
hyperactive Mdm2 to keep p53 at a tolerably low level.  Such approaches 
have not yet entered clinical evaluation but are of considerable interest.  
Mdm2 is an enzyme that functions as an E3 ligase for p53: as such it offers 
potential as a drug target that may be more amenable to medicinal chemistry 
than sites of interaction between with Mdm2. 

We have pursued a different approach: we have developed a virus whose 
replication and cell killing depends on loss of p53, at least in theory.  This 
virus is the adenovirus mutant dl1520, or ONYX-015 (Bischoff et al., 1996). 

DNA TUMOR VIRUSES, RB AND P53 

The history of p53 research is embedded in the field of DNA tumor virus 
biology. p53, of course, was first described as a protein that co-
immunoprecipitates with antisera against SV40 T-antigens.  At this time, the 
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relationship between tumor antigens was dissected using 2D tryptic 
fingerprint analysis of proteins, and in vitro systems for translating viral 
mRNAs. The cellular origin of p53 was revealed by 2D tryptic fingerprint 
mapping of p53-like proteins from rat, hamster and mouse cells, each of 
which had a distinct map.  Presence of p53 in immunoprecipitates was either 
due to immunologic cross-reactivity, or physical association. This was 
resolved using polyclonal or monoclonal antibodies against T-antigen, or 
against p53 itself.  The latter antiserum enabled us to identify p53 in normal 
cells in the absence of SV40 for the first time (McCormick and Harlow, 
1980; Milner and McCormick, 1980). 

Parallel efforts to identify tumor antigens of polyomavirus were 
complicated by the presence of a middle-T antigen that had no counterpart in 
SV40, though its molecular weight made it appear suspiciously like p53.  
When p53 was proven to be a host protein that associates with SV40 T-
antigen, and polyomavirus middle T was proven to be a splice variant from 
the early region of the viral genome, the hunt was on for polyomavirus 
proteins that interacted with p53.  However, this search failed:: we now 
believe that this polyomavirus inactivates p53 through in indirect mechanism 
that disrupts the p14ARF-p53 pathway (Lomax and Fried, 2001). This 
mechanism appears to involve binding of polyomavirus small-t antigen to 
pp2A, an event that may somehow affects Mdm2/p53 interaction. However, 
association of adenovirus E1B 55K with p53 followed the early successes 
with SV40 T-antigen (Kao et al., 1990).  Likewise, Howley and coworkers 
showed that HPV targets degradation of p53 through the cellular E6-
associated protein (Scheffner et al., 1990). 25 years after the first 
identification of p53, we can now conclude that most, if not all, small DNA 
viruses expend significant genetic capital on mechanisms for blocking p53 
function during infection. 

These results represented a early inroads into the close relationship 
between viral proteins and key cellular pathways. Discovery of interactions 
between E1a and RB from Drs Harlow, Livingston and others represented 
another breakthrough in this direction. The concept that viral proteins 
inactivate critical cellular regulatory proteins emerged through a consensus 
of these pioneering discoveries. In support of this concept, it was frequently 
observed that mutant forms of viral proteins that fail to bind p53 or RB were 
defective in virus replication and transformation assays, suggesting that 
these viral-cell interactions are essential. However, formal proof was 
lacking: The possibility remained that viral proteins target unknown cellular 
proteins that are critical for replication, and that interactions with p53 and 
RB coincided with these critical interactions. Consideration of a method of 
testing the hypothesis formally led to the concept of ONYX-015 and 
equivalent viruses that are selective for RB-deficient cells; the prediction to 
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be tested was that virus defective in proteins targeting p53 or RB should 
replicate at wild type levels in cells that lack p53 or RB. If so, it would be 
possible to conclude that p53 or RB are indeed the crucial targets of these 
viral proteins.  Furthermore, it was already known that such mutants were 
defective in normal cells, and so the concept that viruses could be competent 
for replication in tumor cells but defective in normal cells was established 
(Bischoff et al., 1996).   

To test this hypothesis, we obtained mutant adenoviruses in which E1a or 
E1B had been mutated or deleted, and tested their ability to grow in cancer 
cells lacking p53 or RB.  We chose adenoviruses because they are relatively 
easy to grown in human cells in culture and a wealth of mutants defective in 
E1a or E1B-55K proteins had been well characterized. 

ADENOVIRUS E1B 55K AND E4 ORF 6 

E1B 55K binds directly to p53 at a site that overlaps with the site of 
Mdm2 binding (Yew et al., 19900).  (Figure 1). As a result, p53 is stabilized 
through binding, and its transcriptional activity is repressed. However, 
during lytic infection of human cells with type 3 and 5 group C 
adenoviruses, a second viral protein, E4orf6 enters the complex and targets 
p53 for destruction (Dobner et al., 1996). Cellular proteins that associate 
with E1B 55K  have been implicated in the degradation process. p53 is thus 
cleared from normal cells during replication (Harada et al., 2002; Querido et 
al., 2001). Targeted destruction of p53 during infection is obviously 
consistent with the hypothesis that p53 has the capacity to block virus 
replication, as discussed above. Such a block could be mediated by p53-
dependent induction of p21, a protein that inhibits cdk2 activity and blocks 
entry into S-phase, or by induction of apoptosis through induction of Bax, or 
other p53-dependent mediators of apoptosis. We are currently attempting to 
determine which of these p53 functions, if any, is responsible for attenuation 
of adenovirus infection. Indeed, deletion of E1B strongly attenuates 
replication of adenoviruses in normal cells, and high levels of p53 
accumulate, but direct proof that these events are causally related has not yet 
been obtained.  A technical hurdle relates to the difficulty of working with 
low-passage human cells in culture and inefficient methods of manipulating 
these cells.  It is now well established that the process of growing cells in 
tissue culture leads to induction of p53, through the stress of growing cells 
on plastic and at non-physiological oxygen tension.  Established cell lines, 
such as NIH 3T3 cells, are generally those in which the p53 pathway is 
defective, either through loss of p53 itself or loss of the upstream regulator 
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p14ARF. For these reasons, we cannot depend on established cell lines to 
measure the role of p53 in replication. 

Figure 1. Viral proteins that interact with the RB and p53 pathways. 

ONYX-015 and p53 

Replication of ONYX-015, dl1520, fails to express E1B 55K, through a 
deletion and mutation in the E1B 55K gene. ONYX-015 replication in 
primary human epithelial cells is severely attenuated.  Nuclear p53 is 
induced to super-physiological levels.  However, in many tumor cells, 
ONYX-015 replicates at near wild-type levels (Heise et al., 1997; Harada 
and Berck, 1999). In other tumor cells attenuate replication of ONYX-015 
severely. One of these cell lines, the human osteosarcoma cell U20S, is 
particular interest.  This cell expresses wild-type p53 whose activity can  be 
measured and indeed activated by DNA damaging reagents.  This correlation 
led us to conclude that attenuation of ONYX-015 replication was mediated 
by p53. This assumption was later shown to be incorrect: elimination of p53 
did not rescue ONYX-015 replication as predicted.  

Other investigators, and workers at ONYX, noted a lack of correlation 
between ONYX-015 replication and p53 status, suggesting that the premise 
underlying ONYX-015 was incorrect (Rothmann et al., 1998). However, 
these experiments were flawed by the fact the p53 can be inactivated by a 
number of mechanisms in addition to genomic mutation.  The most common 
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of these is loss of the upstream regulator p14ARF (McCormick, 2000; Ries 
et al., 2000).  Other mechanisms include Mdm2 amplification and expression 
of HPV E6 proteins.  Lack of correlation of ONYX-015 replication with p53 
mutations does not, therefore, detract from the original concept of ONYX-
015.   

Confusion regarding the status of p53 in tumor cells was exaggerated by 
the fact that wild type p53 can be activated in p14ARF-deficient tumor cells, 
suggesting that p53 regulatory pathways are intact in such tumors.  However, 
the pathway that is triggered during adenovirus infection is distinct from that 
triggered by DNA damage.  Loss of p14ARF disrupts induction of p53 
during infection (see Figure 1). Ectopic expression of p14ARF in cancer 
cells that retain wild type p53 leads to massive p53 induction and attenuation 
of ONYX-015 replication.  

When ONYX-015 replication is examined in p53-null cells, the 
importance of other unrelated functions of E1B 55K become apparent. In 
such cells, ONYX-015 replicates with a wide range of efficiencies (Harada 
and Berck, 1999).  Replication is therefore dependent on the degree to which 
tumor cells provide other functions of E1B 55K. These functions include a 
role in efficient export of viral mRNAs (Babiss et al., 1985) and efficient 
shut-off of host protein synthesis. We are currently investigating the 
mechanisms by which E1B 55K regulates these functions and the ways in 
which permissive tumor cells provide these functions and allow efficient 
replication of ONYX-015. 

Clinical effects of ONYX-015 

Development of ONYX-015 and related concepts requires a number of 
important advances:  

1. With respect to ONYX-015, it is clear that replication of this virus 
depends on factors unrelated to p53: the degree to which cancer cells 
provide additional E1B 55K functions varies, and the molecular 
basis of this needs to be fully understood so that improvements can 
be made.  Currently, we are investigating the basis of variable 
replication of ONYX-015 in tumor cells and the mechanisms of 
restriction in normal and non-permissive cells. 

2. The role of the adenovirus serotype C receptor, CAR, needs to be 
better understood in vivo.  In cells in culture, variable expression of 
CAR accounts, tom some degree, for variable infectivity of cancer 
cells.  In some cases, pharmacologic intervention can up-regulate 
CAR and increase infectivity: whether these observations translate 
into clinical improvements remains to be seen (Anders et al., 2003). 
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3. For systemic administration, it will be necessary to reduce or avoid 
production of neutralizing antibodies. This could be achieved, in 
principle, through inhibition of B-cell expansion with agents such as 
Rituxan (Reid, unpublished), or be other means. 

4. Investment is necessary to facilitate large-scale production and 
purification of virus for commercial purposes, at costs that are 
acceptable. 

These advances may be achieved through a combination of academic 
research and biotechnology, and each indeed appears feasible.  However, 
investment in this approach to cancer therapy depends entirely on clinical 
evidence that the approach is viable and effective, and this must be the next 
chapter in the development of this platform. 

Future prospects 

ONYX-015 entered Phase I clinical trials in 1996.  Increasing doses of virus 
were injected directly in tumors of the head and neck.  The purpose of this 
study was to evaluate safety, and to establish proof of principle through 
biopsy of injected material. Indeed it was discovered that ONYX-015 
replicates in tumors in vivo, and replication appeared to be selective for 
tumor tissue.  Further, evidence of clinical activity was observed, and a 
Phase II trial was initiated.  Results were published in 2000, and responses 
considered encouraging enough to warrant further studies and a pivotal 
Phase III study was opened (Khuri et al., 2000).  Unfortunately, this study 
was not pursued due to commercial and financial issues unrelated to this 
discussion.  Phase II studies with ONYX-015 include treatment of the pre-
malignant disease oral leukoplakia (Rudin et al., 2003) and  intrahepatic 
artery infusion for metastatic colorectal cancer (Reid et al., 2002).  Results of 
these studies suggest clinical activity and an excellent safety profile.  A 
number of anecdotal responses have been reported, some dramatic, but 
controlled studies are necessary to determine the potential benefit of these 
protocols objectively. 

CONCLUSION 

At the current time, the promising approach to p53-therapy in the near 
future appears to be the straightforward approach of delivering p53 to tumor 
cells by direct injection.  A Phase III study using the Introgen vector is 
underway.  Development of ONYX-015 is on hold, due to lack of 
investment in development and commercialization. The complexity of its 
mechanism of selectivity has diminished enthusiasm for this agent, and the 
lack of controlled clinical studies has led to uncertainty regarding its clinical 
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potential. Meanwhile, small molecule approaches to blocking Mdm2 activity 
or restoring biological activity to certain mutant forms of p53 are under 
investigation, but are probably years from clinical testing. Opportunities 
abound for new creative approaches to treating cancer based on loss of p53: 
while therapies based on RB and PTEN are already undergoing clinical 
evaluation (CDK4 inhibitors, mTOR inhibitors, for example)  we expect that 
25 years of p53 research will eventually lead to clinical success, despite the 
more daunting challenges posed by loss of this crucial tumor suppressor.. 
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Chapter 20 

P53 AS SEEN BY AN OUTSIDER 
 

George Klein 
Microbiology and Tumor Biology Center, Karolinska Institute, Stockholm 

Has the p53-field made a major impact on cancer research? Indeed it has. 
From its earliest beginnings, cancer research has been looking for “the” 
fundamental change in cancer cells, the ultimate common denominator. The 
idea that such a change must exist, was, if not abandoned, substantially 
mollified by the increasing realization, from the late 1950s, that cancer 
development is a multistep process, based on the individual reassortment of 
several unit characteristics (Foulds, 1958) or, as we now say, phenotypic 
traits.  

p53 was named the “molecule of the year” a decade ago, nevertheless, 
due to the fact that it was the most commonly mutated gene in the  largest 
variety of human tumors. Subsequently, it has been realized that the p53 
pathway is inactivated at one point or another in most and perhaps all human 
tumors. Together with the equally frequent inactivation of the Rb pathway, 
the idea of a common – or, rather, a small number of common – key changes 
in cancer returned, although at a higher level of sophistication. 

Historically, Rb and p53 were the first tumor suppressor genes that have 
been identified. They were followed by many others.  We do not know what 
the total number might be. The many repeatedly occurring LOHs in the 
major human solid tumors that have not been accounted for, and the 
existence of gene clusters with tumor suppressing activity within three 
regions of human 3p, measuring 2.42, 1.23 and 7.8 Mb in size, has prompted 
us to suggest that the number of genes capable of suppressing or at least 
antagonizing tumor growth may be much larger than usually thought (Imreh 
et al., 2003). 

This possibility and the added realization that both Rb and p53 are 
individual components of extensive regulatory networks with many 
participating molecules, it is appropriate to ask whether their early discovery 
may have biased the subsequent development of the field. Both genes have 
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been discovered through indirect and quite tortuous routes, led by accidental 
findings and experimental convenience. Has there been undue focus on these 
two genes? Is it possible that many others could have turned out to be 
equally, if not more important? 

How can you approach such a question? The DNA tumor viruses have 
given us some clues. None of the oncogenic papova- , adeno- or 
herpesviruses have evolved to cause tumors. Lethal viruses are at selective 
disadvantage, compared to their low or non-pathogenetic relatives. They are 
only tumorigenic under experimental conditions: in vitro, in non-natural 
hosts or, sometimes, in special categories of natural hosts. They have, 
nevertheless, evolved the ability to encode specific proteins that can bind 
and degrade or otherwise inactivate Rb and p53. Since several of the viruses 
are unrelated and have different strategies, this is a true example of 
convergent evolution. The viral proteins responsible for these effects are also 
responsible for the transforming action of each virus. In most cases, the 
natural host of the virus responds with effective immunological responses 
that can keep the transformed cells under effective control. Tumor 
development occurs then only as an accident of immunosuppression or 
cytogenetic changes. 

WHAT IS THE FUNCTIONAL MEANING OF RB AND P53 
INACTIVATION IN THE CONTEXT OF THE VIRAL 
STRATEGIES? 

One common denominator is the need to expand the virus carrying cell 
population. In addition, the integrating viruses, such as SV40 and adeno, 
must induce an S-phase in their target cells, in order to open the chromatin 
before they can integrate their proviral DNA within the cellular genome.  
Episomal viruses like HPV may to also have put or to keep their target cells 
in the cycle, in order to establish the correct episomal-chromosomal balance. 
However this may be, the fact remains that unrelated viruses have evolved 
the capacity to inactivate the Rb and p53 proteins, rather than other members 
of the corresponding pathways. Is the dominating position of these two key 
proteins the reason for their multifunctionality? 

The cellular gene Bmi1 has an at least superficially similar ability to 
inactivate both pathways (Lund and Lohuizen, 2004). It does not act on the 
two target proteins directly, however, but through a common regulator gene, 
INK4a. One of several protein products of its multiply spliced mRNA, p16, 
is an upstream regulator of the Rb pathway. Another of its products, p14 
ARF, a totally different protein, generated by frameshift and differential 
splicing, is one of the main regulators of the p53 pathway. The evolution of a 
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double code that can be read in two different frames is a remarkable and 
perhaps unique feature for a cellular gene although it is well documented for 
the spatially much more confined viral genes. The independent but 
coordinatable functions of p14ARF and p16, known as key regulators of the 
cell cycle and of apoptosis, respectively, and their derivative roles as key 
components of the two most important tumor suppressor pathways, is even 
more remarkable. Apparently, the partly double-coded DNA sequence of a 
single gene has endowed it with functions that are usually thought in relation 
to more complex signaling pathways or master switch mechanisms. Bmi1 
appears as a central controlling element for several functions of the complex 
INK4a/ARF gene. 

Coordinated or at least parallel dysregulation of the Rb and p53 pathways 
is not only a convergent feature of DNA tumor virus strategies but is also an 
important characteristic of spontaneous tumor development and progression. 
The impairment of both pathways by genetic and/or epigenetic mechanisms 
has emerged as a common marker of most and perhaps all cancer cells. It is 
now a central feature of cancer cell biology, and one of the few 
generalizations that can be made. It makes sense. Dysregulation of the Rb 
dependent normal control of the cell cycle and the crippling of one of the 
most important apoptotic mechanisms by the impairment of two independent 
but intercommunicating pathways is an efficient way to favor the evolution 
of the cancer cell phenotype. Still, it has to be noted that the inactivation of 
both pathways in e.g. Bmi1 transgenic mice does not lead to a general tumor 
phenotype. They mainly develop B and T cell lymphomas. Explanations are 
being sought in developmental and tissue specific differences in the function 
of the key proteins.  

Returning the main topic of this book, it may be asked why most if not all 
cancer cells have to inactivate the p53 pathway? This may be required not 
only because p53 controls the main apoptotic routes, but also, and very 
particularly, because it can be triggered by illegitimately activated 
oncogenes, such as ras, myc, E1A and E2F, via the p14/ARF regulator. 

The resistance of the cancer cell to apoptosis is never complete. Even 
though every cancer cell becomes relatively resistant during tumor 
development, its responsiveness to irradiation and genotoxic chemicals 
reflects residual apoptotic sensitivity. The therapeutic effects of these 
treatments are not due to a direct action on DNA (which would require much 
higher doses), but to the apoptotic reaction that can be elicited even by minor 
DNA damage. Since there are several known p53 independent apoptotic 
pathways, this is no surprise in itself, but it does raise questions about the 
hierarchy of the different apoptotic pathways. How high can a cancer cell 
climb on the ladder of apoptotic resistance? The progressive ”sculpting” of 
the malignant phenotype by sequential mutations and/or epigenetic 
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inactivation of more and more apoptotic pathways can contribute to 
therapeutic resistance, but it is not clear how far this may proceed and what 
may be seen as the last citadel of sensitivity. 

In view of its virtually universal inactivation in tumors, the p53 pathway 
is probably at the bottom of this “sculpting”, perhaps because it is eminently 
efficient in nipping clones, driven to expansion by illegitimately activated 
oncogenes, in the bud. It may be added that the early impairment of p53 
effector functions during tumorigenesis are context dependent, since they 
vary with cell type and oncogenic insult. They can be phenocopied by the 
loss of specific modifiers of p53 function. The p53 effector functions lost as 
a consequence of tumor evolution or antitumor therapy are context 
independent and involve primary mutation or deletion of p53.  

Possible clues to the context dependence of the p53 impairment are 
approached by several articles in this volume. Hemann and  Lowe point out 
that the disruption of apoptosis is particularly important for tumor initiation, 
whereas subsequent tumor development is mostly influenced by the 
disruption of cell cycle checkpoints and genome instability. The effects of 
ARF and p53  inactivation are not identical, as shown by the therapeutic 
response of the lymphomas that develop in different knockout mice. Emu-
myc ARF-/- lymphomas respond to certain drugs with massive apoptosis, 
followed by long lasting remission or cure. In contrast, Emu-myc p53-/- 
lymphomas are resistant to chemotherapeutically induced apoptosis and 
progress rapidly to end stage disease. This is  consistent with the view that 
while ARF loss disables a crucial function of p53 in relation to the 
tumorigenic process, it is not equally effective in abolishing the DNA 
damage response. 

The context dependence of p53 impairment is also reflected by the tissue 
predilections of the oncogenic effect. Oncogene induced, p53 dependent 
apoptosis is apparently critical in preventing the development of B-cell 
derived tumors, whereas the roles of the p53 pathway in arresting the cell 
cycle and the maintenance of genomic stability are important for suppressing 
malignancies originating in other tissues. Moreover, the efficiency of 
oncogene induced apoptosis varies between different illegitimately activated 
oncogenes. Loss or silencing of other proapoptotic  genes such as  PUMA, or 
ARF, overexpression of the p53 antagonist MDM2 or of the antiapoptotic 
bcl-2 gene may all mimic the effects of p53 loss in given cellular contexts.  

The interaction between activated oncogenes, impaired suppressor genes 
and the genetic background is a large but relatively unexplored field. As 
shown in the articles of  Hemann, Lowe, and Donehower and Lozano and 
colleagues, INK 4a -/-, p53-/-, and INK4a/ARF double knockout mice differ 
with regard to tumor frequency, and, importantly, the curability of the 
tumors by chemotherapy. The latter is relatable to the frequency of 



20. p53 as Seen by an Outsider 435
 
spontaneous apoptosis. The analysis of these differences may have 
implications for therapeutically oriented translational research. 

The article of Donehower and of Lozano et al. is also relevant in another 
context. They point out that p53 mutants that are oncogenic in transgenics 
induce a different spectrum of tumors for each mutation. Even tumors 
induced by different mutants in the same tissue differ with regard to their 
frequency, latency period, pathology, and metastatic potential. Relevant 
variables include the expression level of the transgene, the sensitivity of the 
given tissue to the dominant negative effect of the mutant and the genetic 
background of the transgenic hosts.  

In what way can variations in the genetic background influence the 
probability of cancer development? Much has been learned about this 
question in the premolecular era, particularly during the first three decades 
after mid-century when mouse cancer genetics were intensely pursued. 
Mouse mammary carcinoma was one of the favorite objects of study. 
Analysis of spontaneous tumor incidence in hybrids between low and high 
mammary cancer strains and their intercross and breakcross hybrids by 
Bittner, Heston, Andervont, Mühlbock and others (reviewed in Heston, 
1963) has revealed the existence of at least three functionally different genes 
or groups of genes that affect the probability of breast cancer development. 
One group influences the ability of the mouse mammary tumor virus 
(MMTV), a contributory factor, to replicate. The second creates a hormonal 
environment that is conducive to mammary tumor development not only in 
breeder females but also in virgins. The third group is most interesting and 
potentially relevant in a broader context. Its experimental detection was 
based on the fact that hybrids between two inbred strains of mice accept 
grafts from both parental strains. High and low cancer strains were crossed 
and the normal mammary glands of the first generation hybrid females were 
removed surgically. Subsequently, normal glands from both parental strains 
were successfully implanted into the hybrid mice and monitored for cancer 
development. The incidence was approximately ten times higher in the 
implants derived from the high, compared to the low cancer parent. Since the 
glands of both parental strains were now in the same host, exposed to the 
same virus and hormone levels, it became obvious that selective inbreeding 
of the mice for high or low tumor incidence has also fixed genes that 
influence the probability of tumor development at the level of the target 
tissue. Similar evidence was obtained in thymic lymhomas by Kaplan, lung 
adenomas by Kirschbaum, and adrenal tumors by Huseby and Bittner. This 
interesting area has not been analyzed further and responsible genes have not 
been identified. Still, the convergent genetic evidence from four different 
tumor systems clearly shows that modifier genes can influence the 
probability of tumor development in a tissue or cell type specific fashion.  
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Here a new question arises, however. Can we be sure that we are dealing 
with modifier genes? No longer. Epigenetic modifications of chromatin 
structure have emerged as a powerful source of developmental and also 
cancer related variation. The recent work of Feinberg and his group has 
shown that differences in the stringency of parental imprinting may be 
associated with different risk levels for colon carcinoma (Cui et al., 2003). 
More specifically, the loss of epigenetic silencing of the IGF2 gene, a feature 
of many human cancers, was also found in normal PBLs in about 10% of the 
normal human population, and was then associated with a 3,5-5 fold increase 
of colorectal adenoma risk. Experiments in a mouse model have confirmed 
that the loss of imprinting leads to an expanded stem cell compartment and is 
a modifier of neoplastic risk. Feinberg et. al. suggested that the increased 
number of adenomas was due to increased tumor initiation, rather than 
increased tumor progression. Earlier work on mice has shown the existence 
of genetic differences in the activity of enzymes involved in DNA 
methylation. 

The most common changes that affect the p53 pathway in human tumors, 
such as mutation or deletion of p53 or ARF, or upregulation of MDM2, act 
at the genetic, i.e. the DNA level, although epigenetic inactivation of ARF 
may occur occasionally. In contrast, p16, the other main product of INK4a 
gene and an important regulator of the Rb pathway as already discussed, is 
usually inactivated by DNA methylation (Baylin et al., 1998). The reasons 
for these gene and also tissue related differences in the mode of genetic vs 
epigenetic inactivation of the same tumor suppressor gene are not 
understood.  

Further development of the p53 and related fields will provide increased 
understanding of the genetic and epigenetic (including tissue specific) 
factors that modify the risk of tumor development. This will have to be 
related to the surveillance mechanisms of the normal organism against tumor 
development. With the exception of the protection against the growth of 
virus transformed cells the known mechanisms are largely non-
immunological. They can act at the following levels (summarized in Klein, 
2004): 

a. Genetic surveillance (largely DNA repair) 
b. Epigenetic surveillance (based on differences in imprinting 

stringency) 
c. Intracellular surveillance (mainly apoptosis) 
d. Intercellular surveillance (social interactions between cells)  

The role of p53 and associated pathways is firmly established for a) and c). 
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POSSIBLE CLINICAL APPLICATIONS 

Since all cancer cells are relatively apoptosis resistant, and since most 
therapeutic agents act by inducing apoptosis, partial or full reestablishment 
of apoptotic sensitivity is an obvious goal. But is it attainable?  

In view of the fact that the p53 pathway is out of order in perhaps all 
cancer cells, attempts to rehabilitate it appear important. The modest but 
unequivocal success achieved by the large scale empirical testing of small 
molecules is encouraging. If the problem of targeting an entire tumor can be 
solved, and substantial effects can be achieved, treatment resistance will 
undoubtedly arise, as has been the case with all other forms of therapy. The 
versatility provided by the dynamics of tumor cell population is 
extraordinary. Would I not be prevented by the horror of antropomorphisms, 
I would call it ingenious. 

The problem is not new. Resistance to initially effective treatment is a 
problem with chemotherapy, hormone therapy, and, most recently, 
molecularly targeted therapy (Glivec, Herceptin). So far, it could be best 
circumvented in chemotherapy, where unrelated drugs with different action 
mechanisms could be combined. 

The idea behind combination therapy is seductively simple. If the 
frequency of cells resistant to drug A is 10-6 and resistant cells to drug B also 
occur with the same probability, the frequency of doubly resistant cells is 10-

12, beyond the realm of what is usually possible. 
What can the use of additional, independently acting drugs aim at in the 

present case? It can not be limited to further fortification of the p53 pathway 
in addition to the primary drug, since this is unpredictable and potentially 
counterproductive. Rather, it might involve the targeting of additional, p53-
independent apoptotic pathways. The multitude of these pathways and the 
fact that not all of them are impaired in established tumor cells, may provide 
potential Achilles heels. 

The rehabilitation of the p53 pathway, even if only partial, and of other 
apoptotic pathways, may also increase the sensitivity of the tumor cells to 
cytotoxic drugs, as indicated by the knockout mouse experiments already 
discussed. 

Tumor evolution is a combinatorial game. Tumor therapy will have to be 
combinatorial as well, making use of residual or rehabilitated apoptotic 
pathways and correspondingly influential cytotoxic drugs, hormones and anti 
hormones, growth factors and antigrowth factors, combined in a judicious 
way. The powerful high-throughput techniques for the massive analysis of 
gene expression should be helpful to work towards the orbit jump in data 
collection and analysis that will be required. 
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