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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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Insert table 1  



Table 1. Multiple pathways of inactivation of p53. 
Inactivation p53 gene status p53 protein status Type of cancer Possible method of analysis* 

p53 gene mutation Mutant Stable, nuclear 50% of all cancers Molecular 
Immunohistochemical 

Functional 
mdm2 amplification Wild-type Stable, nuclear Sarcoma Molecular 

Immunohistochemical 
Nuclear exclusion 
(overexpression of the Parc protein) 

Wild-type Cytoplasmic Neuroblastoma 
Inflammatory breast 

cancer 

Immunohistochemical** 

chk2 gene mutation Wild-type Not induced? LFS (rare)  
Alteration of p14ARF Wild-type*** Nuclear 20% of cancers, 

melanomas 
 

Alteration of Apaf1 Wild-type Nuclear Melanomas  
HPV 16 or 18 infection Wild-type Degraded Cervical cancer  
* for p53 status only. For the other genes, the methodology depends on the modes of inactivation (see text for more details); 
** the mechanisms leading to accumulation of parc are unknown at the present time; 
*** the relationship between p14ARF mutation and absence of p53 mutation is not 100% 
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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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Insert table 2 



 
Table 2. Relationship between p53 gene mutations and exposure to carcinogens. Only the most striking observations are summarized in this table. For more 
details, the reader can refer to the recent review by Vähäkangas et al. (Vahakangas, 2003) 

Type of cancer Particularity of mutations p53* Genotoxic agent incriminated Comments References 
Lung cancer High frequency of G->T 

transversions** 
Hot spot on codons 157 and 158 

Benzo(a)pyrene (cigarette 
smoke) 

Benzo(a)pyrene has a particular 
affinity for codons 157 and 158 

(Denissenko et al., 
1996; Toyooka et al., 
2003) 

Hepatocellular 
carcinoma 

Specific G->T transversions in 
codon 249 

Aflatoxin B1 Aflatoxin B1 binds specifically to 
codon 249 

(Puisieux et al., 1991; 
Staib et al., 2003) 

Skin cancer (BCC 
and SCC) 

Very high frequency of mutations 
on pyrimidine dimers 
High frequency of tandem 
mutations 
 

Ultraviolet radiation Photo-induced mutations (Brash et al., 1991; 
Tornaletti et al., 1993) 

Hepatic 
angiosarcoma 

High frequency of A:T -> T:A 
transversions 

Vinyl chloride  (Hollstein et al., 1994) 

Wilson’s disease, 
haemochromatosis 

Specific G->T transversions in 
codon 249 

In these diseases related to iron 
or copper overload, 
overproduction of free radicals 
leads to high oxidative stress 

Exposure of cells to a carcinogen 
derived from lipid peroxidation 
leads to alterations on codon 249 
of the p53 gene. 

(Hussain et al., 2000; 
Marrogi et al., 2001) 

* compared to p53 mutations observed in the absence of exposure to the agent incriminated.  
** this high frequency of transversion is also observed in cancers of the oesophagus and head and neck cancers associated with drinking and smoking. 
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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. 

3-5-2 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. 

3-7 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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Insert table 4  



Table 4. Comparison of techniques to identify p53 mutation. Adapted from Kirk et al. with the kind persmission of the author (Kirk et al., 2002).  
 Advantages Current Limitations References 

Direct sequencing 1) Detects any mutation up to 600 bp /reaction. 
2) As rapid as SSCP and DGGE but more 

accurate. 
3) High throughput with capillary 

electrophoresis 

1) Electrophoresis of some specific DNA sequences 
can be difficult, leading to compression 

2) Cannot be applied to tissues with less than 20% of 
tumour tissue (low level mutations) 

many 

Pyrosequencing 1) No problem of template compression during 
electrophoresis 

2) High throughput  
3) Identify the mutation 

1) Does not detect low level mutations. 
2) Can only be applied to short DNA fragments (< 

100 bp) 
3) Poor detection of deletions and insertions 

(Garcia et al., 2000) 

SSCP 1) Detects low level mutations. 
2) Rapid, does not require extra enzymatic steps

1) Misses 30% of possible mutations. 
2) Sequencing is necessary to identify the mutation  
3) Does not locate the position of polymorphisms. 
4) Can miss mutations adjacent to common 

polymorphisms. 

many 

DGGE, CDGE, 
DHPLC 

1) Detects low level mutations. 
2) Rapid, does not require extra enzymatic 

steps. 

1) Large-scale screen missed 13% of mutations.  
2) Sequencing is necessary to identify the mutation 
3) Requires GC clamp; limited to small fragments. 
4) Some regions can be refractory to analysis 

(Breton et al., 2003; 
Cottu et al., 1996; Smith-
Sørensen et al., 1993) 

SSCP-HA 1) High throughput 
2) Detects low level mutations 
3) High sensitivity (close to 100%) 

1) Sequencing is necessary to identify the mutation 
2) New technique 

(Kourkine et al., 2002) 

Primer extension 1) Identify the mutation 
2) High throughput when combined with a 

hybridization array 

1) Some sequences can be refractory to primer 
extension 

2) Cannot detect mononucleotide repeat insertions 
and deletions 

(Shumaker et al., 2001; 
Tonisson et al., 2002) 

ddF, REF 
 

1) Detects virtually all possible mutations. 
 

1) Does not detect low level mutations. 
2) Sequencing is necessary to identify the mutation 

(Feng et al., 1999; 
Kovach et al., 1996) 

 
Cleavase 
 

1) Heteroduplex not required. 1) High background. 
2) Sequencing is necessary to identify the mutation 
3) Requires optimization for each mutation. 
 

(O. Connell et al., 1999) 



 Advantages Current Limitations References 
T4 endoVII, MutY, 
CEL I 

1) Identifies approximate position of most 
mutations. 

2) Identifies missense, frameshift and nonsense 
mutations. 

1) Difficult to detect low level mutations. 
2) High background for T4 endoVII and MutY. 
3) Sequencing is necessary to identify the mutation 
 

(Chakrabarti et al., 2000; 
Zhang et al., 2002) 

Thermostable 
Endonuclease V - 

1) Identifies the approximate position of the 
mutation. 

2) Identifies missense, frameshift and nonsense 
mutations, up to 1,750 bp/reaction. 

3) Detects low level mutations; 1 in 20. 
4) In combination with sequencing, most rapid 

screen to directly identify mutation. 

1) Does not detect transition mutations in GGCG or 
RCGC sequences. 

2) New technique 

(Huang et al., 2002) 

LDR 1) Identifies the mutation 
2) Detects point mutations, small insertions and 

deletions 
3) High multiplexing capabilities 
4) Detects low level mutations; 1 in 20 
5) High throughput when combined with a 

capture array 

1) Each mutation requires a specific pair of primers 
2) New technique 

(Favis et al., 2003; 
Fouquet et al., 2004) 

Padlock probes, 
rolling circle 
amplification 

1) No PCR amplification required 
2) Compatible with in situ applications 

1) Requires very long probes 
2) Limited multiplexing capabilities 

(Thomas et al., 1999a) 

Hybridization array 1) Scans for mutations in thousands of 
positions. 

2) Detects some small insertions/deletions 
3) High throughput 

1) Does not detect low level mutations. 
2) Some arrays miss frameshift mutations 

(Ahrendt et al., 1999; 
Okamoto et al., 2000; 
Wen et al., 2000) 

(MALDI-TOF MS) 1) Identifies the mutation 
2) High throughput 

1) Each mutation requires a specific primer 
2) New technique 

(Kim et al., 2003) 

This table provides information for the detection of small mutations (missense, nonsense and frameshift mutations). These technologies obviously do not detect large deletions or 
gene rearrangements. Reference are only given for the diagnosis of p53 mutations. The respective advantages and limitations can be different for other genes. Technologies such as 
PTT (protein truncation test), devoted exclusively to the detection of frameshift mutations, are not included in this table. 
CDGE: Constant Denaturing Gel Electrophoresis; ddf: dideoxy Fingerprinting; DGGE: Denaturing Gradient Gel Electrophoresis; DHPLC: Denaturing High Pressure Liquid 
Chropatography; LDR: Ligase Detection Reaction; MALDI-TOF MS: Matrix-assisted laser resorption/ ionization time-of-flight mass spectrometry; REF: Restriction 
Endonuclease Fingerprinting; SSCP: Single Stranded Conformation Polymophism. SSCA-HA: SSCP Heteroduplex Analysis. 



12. Analisys of p53 Gene Aalterations in Cancer: a Critical View 279
 

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 



12. Analisys of p53 Gene Aalterations in Cancer: a Critical View 281
 
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. 

REFERENCES 

Aas, T., Borresen, A. L., Geisler, S., Smithsorensen, B., Johnsen, H., Varhaug, J. E., Akslen, 
L. A., and Lonning, P. E. (1996). Specific p53 mutations are associated with de novo 
resistance to doxorubicin in breast cancer patients. Nature Med 2, 811-814. 

Aguilar, F., Harris, C. C., Sun, T., Hollstein, M., and Cerutti, P. (1994). Geographic variation 
of p53 mutational profile in nonmalignant human liver. Science 264, 1317-1319. 

Aguilar, F., Hussain, S. P., and Cerutti, P. (1993). Aflatoxin-B(1) induces the transversion of 
G->T in codon 249 of the p53 tumor suppressor gene in human hepatocytes. Proc Natl 
Acad Sci USA 90, 8586-8590. 



286 Chapter 12
 
Ahn, J., Urist, M., and Prives, C. (2003). Questioning the role of checkpoint kinase 2 in the 

p53 DNA damage response. J Biol Chem 278, 20480-20489. 
Ahrendt, S. A., Halachmi, S., Chow, J. T., Wu, L., Halachmi, N., Yang, S. C., Wehage, S., 

Jen, J., and Sidransky, D. (1999). Rapid p53 sequence analysis in primary lung cancer 
using an oligonucleotide probe array. Proc Natl Acad Sci U S A 96, 7382-7387. 

Angelopoulou, K., and Diamandis, E. P. (1997). Detection of the TP53 tumour suppressor 
gene product and p53 auto-antibodies in the ascites of women with ovarian cancer. Eur J 
Cancer 33, 115-121. 

Angelopoulou, K., Diamandis, E. P., Sutherland, D. J. A., Kellen, J. A., and Bunting, P. S. 
(1994). Prevalence of serum antibodies against the p53 tumor suppressor gene protein in 
various cancers. Int J Cancer 58, 480-487. 

Attardi, L. D., and DePinho, R. A. (2004). Conquering the complexity of p53. Nat Genet 36, 
7-8. 

Bargonetti, J., Manfredi, J. J., Chen, X. B., Marshak, D. R., and Prives, C. (1993). A 
proteolytic fragment from the central region of p53 has marked Sequence-Specific DNA-
Binding activity when generated from Wild-Type but not from oncogenic mutant p53-
Protein. Gene Develop 7, 2565-2574. 

Beckman, G., Birgander, R., Sjalander, A., Saha, N., Holmberg, P. A., Kivela, A., and 
Beckman, L. (1994). Is p53 polymorphism maintained by natural selection? Hum Hered 
44, 266-270. 

Bell, D. W., Varley, J. M., Szydlo, T. E., Kang, D. H., Wahrer, D. C., Shannon, K. E., 
Lubratovich, M., Verselis, S. J., Isselbacher, K. J., Fraumeni, J. F., et al. (1999). 
Heterozygous germ line hCHK2 mutations in Li-Fraumeni syndrome. Science 286, 2528-
2531. 

Bergamaschi, D., Gasco, M., Hiller, L., Sullivan, A., Syed, N., Trigiante, G., Yulug, I., 
Merlano, M., Numico, G., Comino, A., et al. (2003). p53 polymorphism influences 
response in cancer chemotherapy via modulation of p73-dependent apoptosis. Cancer Cell 
3, 387-402. 

Béroud, C., Collod-Béroud, G., Boileau, C., Soussi, T., and Junien, C. (2000). UMD 
(Universal Mutation Database): A generic software to build and analyze locus-specific 
databases. Hum Mutat 15, 86-94. 

Blandino, G., Levine, A. J., and Oren, M. (1999). Mutant p53 gain of function: differential 
effects of different p53 mutants on resistance of cultured cells to chemotherapy. Oncogene 
18, 477-485. 

Bourhis, J., Lubin, R., Roche, B., Koscielny, S., Bosq, J., Dubois, I., Talbot, M., Marandas, 
P., Schwaab, G., Wibault, P., et al. (1996). Analysis of p53 serum antibodies in patients 
with head and neck squamous cell carcinoma. J Nat Cancer Inst 88, 1228-1233. 

Brash, D. E., and Ponten, J. (1998). Skin precancer. Cancer Surv 32, 69-113. 
Brash, D. E., Rudolph, J. A., Simon, J. A., Lin, A., Mckenna, G. J., Baden, H. P., Halperin, A. 

J., and Ponten, J. (1991). A Role for sunlight in skin cancer - UV-induced p53 mutations in 
squamous cell carcinoma. Proc Natl Acad Sci USA 88, 10124-10128. 

Bray, S. E., Schorl, C., and Hall, P. A. (1998). The challenge of p53: Linking biochemistry, 
biology, and patient management. Stem Cells 16, 248-260. 

Breton, J., Sichel, F., Abbas, A., Marnay, J., Arsene, D., and Lechevrel, M. (2003). 
Simultaneous use of DGGE and DHPLC to screen TP53 mutations in cancers of the 
esophagus and cardia from a European high incidence area (Lower Normandy, France). 
Mutagenesis 18, 299-306. 

Cabelguenne, A., Blons, H., de Waziers, I., Carnot, F., Houllier, A. M., Soussi, T., Brasnu, 
D., Beaune, P., Laccourreye, O., and Laurent-Puig, P. (2000). p53 alterations predict 



12. Analisys of p53 Gene Aalterations in Cancer: a Critical View 287
 

tumor response to neoadjuvant chemotherapy in head and neck squamous cell carcinoma: 
a prospective series. J Clin Oncol 18, 1465-1473. 

Campomenosi, P., Monti, P., Aprile, A., Abbondandolo, A., Frebourg, T., Gold, B., Crook, 
T., Inga, A., Resnick, M. A., Iggo, R., and Fronza, G. (2001). p53 mutants can often 
transactivate promoters containing a p21 but not Bax or PIG3 responsive elements. 
Oncogene 20, 3573-3579. 

Caron de Fromentel, C., May-Levin, F., Mouriesse, H., Lemerle, J., Chandrasekaran, K., and 
May, P. (1987). Presence of circulating antibodies against cellular protein p53 in a notable 
proportion of children with B-cell lymphoma. Int J Cancer 39, 185-189. 

Casey, G., Lopez, M. E., Ramos, J. C., Plummer, S. J., Arboleda, M. J., Shaughnessy, M., 
Karlan, B., and Slamon, D. J. (1996). DNA sequence analysis of exons 2 through 11 and 
immunohistochemical staining are required to detect all known p53 alterations in human 
malignancies. Oncogene 13, 1971-1981. 

Chakrabarti, S., Price, B. D., Tetradis, S., Fox, E. A., Zhang, Y., Maulik, G., and 
Makrigiorgos, G. M. (2000). Highly selective isolation of unknown mutations in diverse 
DNA fragments: toward new multiplex screening in cancer. Cancer Res 60, 3732-3737. 

Chehab, N. H., Malikzay, A., Appel, M., and Halazonetis, T. D. (2000). Chk2/hCds1 
functions as a DNA damage checkpoint in G(1) by stabilizing p53. Genes Dev 14, 278-
288. 

Chin, L., Merlino, G., and DePinho, R. A. (1998). Malignant melanoma: modern black plague 
and genetic black box. Genes Dev 12, 3467-3481. 

Cottu, P. H., Muzeau, F., Estreicher, A., Flejou, J. F., Iggo, R., Thomas, G., and Hamelin, R. 
(1996). Inverse correlation between RER(+) status and p53 mutation in colorectal cancer 
cell lines. Oncogene 13, 2727-2730. 

Crawford, L. (1983). The 53,000-dalton cellular protein and its role in transformation. Int Rev 
Exp Path 25, 1-50. 

Crawford, L. V., Pim, D. C., and Bulbrook, R. D. (1982). Detection of antibodies against the 
cellular protein p53 in sera from patients with breast cancer. Int J Cancer 30, 403-408. 

Crook, T., Wrede, D., Tidy, J. A., Mason, W. P., Evans, D. J., and Vousden, K. H. (1992). 
Clonal p53 mutation in primary cervical cancer - association with human-papillomavirus-
negative tumours. Lancet 339, 1070-1073. 

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

Denissenko, M. F., Pao, A., Tang, M. S., and Pfeifer, G. P. (1996). Preferential formation of 
benzo[a]pyrene adducts at lung cancer mutational hotspots in P53. Science 274, 430-432. 

DiComo, C. J., Gaiddon, C., and Prives, C. (1999). p73 function is inhibited by tumor-derived 
p53 mutants in mammalian cells. Mol Cell Biol 19, 1438-1449. 

DiGiammarino, E. L., Lee, A. S., Cadwell, C., Zhang, W., Bothner, B., Ribeiro, R. C., 
Zambetti, G., and Kriwacki, R. W. (2002). A novel mechanism of tumorigenesis involving 
pH-dependent destabilization of a mutant p53 tetramer. Nat Struct Biol 9, 12-16. 

Dittmer, D., Pati, S., Zambetti, G., Chu, S., Teresky, A. K., Moore, M., Finlay, C., and 
Levine, A. J. (1993). Gain of function mutations in p53. Nature genetics 4, 42-46. 

Dowell, S. P., Wilson, P. O. G., Derias, N. W., Lane, D. P., and Hall, P. A. (1994). Clinical 
utility of the immunocytochemical detection of p53 protein in cytological specimens. 
Cancer Res 54, 2914-2918. 

Dumont, P., Leu, J. I., Della Pietra, A. C., 3rd, George, D. L., and Murphy, M. (2003). The 
codon 72 polymorphic variants of p53 have markedly different apoptotic potential. Nat 
Genet 33, 357-365. 

 



288 Chapter 12
 
Eliyahu, D., Michalovitz, D., Eliyahu, S., Pinhasikimhi, O., and Oren, M. (1990). p53 - 

Oncogene or anti-oncogene. Oncogenes in Cancer Diagnosis 39, 125-134. 
Favis, R., Huang, J., Gerry, N. P., Culliford, A., Paty, P., Soussi, T., and Barany, F. (2003). 

Harmonized microarray mutation scanning analysis of p53 mutation in Undissected 
Colorectal Tumors. Hum Mutat in press. 

Feng, J., Buzin, C. H., Tang, S. H., Scaringe, W. A., and Sommer, S. S. (1999). Highly 
sensitive mutation screening by REF with low concentrations of urea: A blinded analysis 
of a 2-kb region of the p53 gene reveals two common haplotypes. Hum Mutat 14, 175-
180. 

Fields, S., and Jang, S. K. (1990). Presence of a potent transcription activating sequence in the 
p53 protein. Science 249, 1046-1049. 

Flaman, J. M., Frebourg, T., Moreau, V., Charbonnier, F., Martin, C., Chappuis, P., Sappino, 
A. P., Limacher, J. M., Bron, L., Benhattar, J., et al. (1995). A simple p53 functional assay 
for screening cell lines, blood, and tumors. Proc Natl Acad Sci USA 92, 3963-3967. 

Flaman, J. M., Robert, V., Lenglet, S., Moreau, V., Iggo, R., and Frebourg, T. (1998). 
Identification of human p53 mutations with differential effects on the bax and p21 
promoters using functional assays in yeast. Oncogene 16, 1369-1372. 

Forrester, K., Lupold, S. E., Ott, V. L., Chay, C. H., Band, V., Wang, X. W., and Harris, C. C. 
(1995). Effects of p53 mutants on wild-type p53-mediated transactivation are cell type 
dependent. Oncogene 10, 2103-2111. 

Forslund, A., Kressner, U., Lonnroth, C., Andersson, M., Lindmark, G., and Lundholm, K. 
(2002). P53 mutations in colorectal cancer assessed in both genomic DNA and cDNA as 
compared to the presence of p53 LOH. Int J Oncol 21, 409-415. 

Fouquet, C., Antoine, M., Tisserand, P., Favis, R., Wislez, M., Como, F., Rabbe, N., Carette, 
M. F., Milleron, B., Barany, F., et al. (2004). Rapid and sensitive p53 alteration analysis in 
biopsies from lung cancer patients using a functional assay and a universal oligonucleotide 
array: a prospective study. Clin Cancer Res in press. 

Friedlander, P., Haupt, Y., Prives, C., and Oren, M. (1996). A mutant p53 that discriminates 
between p53-responsive genes cannot induce apoptosis. Mol Cell Biol 16, 4961-4971. 

Fronza, G., Inga, A., Monti, P., Scott, G., Campomenosi, P., Menichini, P., Ottaggio, L., 
Viaggi, S., Burns, P. A., Gold, B., and Abbondandolo, A. (2000). The yeast p53 functional 
assay: a new tool for molecular epidemiology. Hopes and facts. Mutat Res 462, 293-301. 

Gaiddon, C., Lokshin, M., Ahn, J., Zhang, T., and Prives, C. (2001). A Subset of Tumor-
Derived Mutant Forms of p53 Down-Regulate p63 and p73 through a Direct Interaction 
with the p53 Core Domain. Mol Cell Biol 21, 1874-1887. 

 
Garcia, C. A., Ahmadian, A., Gharizadeh, B., Lundeberg, J., Ronaghi, M., and Nyren, P. 

(2000). Mutation detection by pyrosequencing: sequencing of exons 5-8 of the p53 tumor 
suppressor gene. Gene 253, 249-257. 

Garcia, J. F., Camacho, F. I., Morente, M., Fraga, M., Montalban, C., Alvaro, T., Bellas, C., 
Castano, A., Diez, A., Flores, T., et al. (2003). Hodgkin and Reed-Sternberg cells harbor 
alterations in the major tumor suppressor pathways and cell-cycle checkpoints: analyses 
using tissue microarrays. Blood 101, 681-689. 

Halevy, O., Michalovitz, D., and Oren, M. (1990). Different tumor-derived p53 mutants 
exhibit distinct biological activities. Science 250, 113-116. 

Hall, P. A., and Lane, D. P. (1994). P53 in tumour pathology - can we trust 
immunohistochemistry - revisited. J Pathol 172, 1-4. 

Hammel, P., LeroyViard, K., Chaumette, M. T., Villaudy, J., Falzone, M. C., Rouillard, D., 
Hamelin, R., Boissier, B., and Remvikos, Y. (1999). Correlations between p53-protein 



12. Analisys of p53 Gene Aalterations in Cancer: a Critical View 289
 

accumulation, serum antibodies and gene mutation in colorectal cancer. Int J Cancer 81, 
712-718. 

Harris, C. C. (1991). Chemical and physical carcinogenesis: Advances and perspectives for 
the 1990s. Cancer Res 51, 5023s-5044s. 

Harris, C. C. (1993). p53 - at the crossroads of molecular carcinogenesis and risk assessment. 
Science 262, 1980-1981. 

Harris, N., Brill, E., Shohat, O., Prokocimer, M., Wolf, D., Arai, N., and Rotter, V. (1986). 
Molecular basis for heterogeneity of the human p53 protein. Mol Cell Biol 6, 4650-4656. 

Hashimoto, T., Tokuchi, Y., Hayashi, M., Kobayashi, Y., Nishida, K., Hayashi, S., Ishikawa, 
Y., Tsuchiya, S., Nakagawa, K., Hayashi, J., and Tsuchiya, E. (1999). p53 null mutations 
undetected by immunohistochemical staining predict a poor outcome with early-stage non-
small cell lung carcinomas. Cancer Res 59, 5572-5577. 

Helland, A., Langerod, A., Johnsen, H., Olsen, A. O., Skovlund, E., and BorresenDale, A. L. 
(1998). p53 polymorphism and risk of cervical cancer. Nature 396, 530-531. 

Hildesheim, A., Schiffman, M., Brinton, L. A., Fraumeni, J. F., Herrero, R., Bratti, M. C., 
Schwartz, P., Mortel, R., Barnes, W., Greenberg, M., et al. (1998). p53 polymorphism and 
risk of cervical cancer. Nature 396, 531-532. 

Hollstein, M., Marion, M. J., Lehman, T., Welsh, J., Harris, C. C., Martelplanche, G., Kusters, 
I., and Montesano, R. (1994). p53 mutations at A:T base pairs in angiosarcomas of vinyl 
Chloride-Exposed factory workers. Carcinogenesis 15, 1-3. 

Hoos, A., Urist, M. J., Stojadinovic, A., Mastorides, S., Dudas, M. E., Leung, D. H., Kuo, D., 
Brennan, M. F., Lewis, J. J., and Cordon-Cardo, C. (2001). Validation of tissue 
microarrays for immunohistochemical profiling of cancer specimens using the example of 
human fibroblastic tumors. Am J Pathol 158, 1245-1251. 

Huang, J., Kirk, B., Favis, R., Soussi, T., Paty, P., Cao, W., and Barany, F. (2002). An 
endonuclease/ligase based mutation scanning method especially suited for analysis of 
neoplastic tissue. Oncogene 21, 1909-1921. 

Hussain, S. P., Raja, K., Amstad, P. A., Sawyer, M., Trudel, L. J., Wogan, G. N., Hofseth, L. 
J., Shields, P. G., Billiar, T. R., Trautwein, C., et al. (2000). Increased p53 mutation load 
in nontumorous human liver of wilson disease and hemochromatosis: oxyradical overload 
diseases [In Process Citation]. Proc Natl Acad Sci U S A 97, 12770-12775. 

Irwin, M. S., Kondo, K., Marin, M. C., Cheng, L. S., Hahn, W. C., and Kaelin Jr, W. J. 
(2003). Chemosensitivity linked to p73 function. Cancer cell in press. 

Ishioka, C., Frebourg, T., Yan, Y., Vidal, M., Friend, S. H., Schmidt, S., and Iggo, R. (1993). 
Screening patients for heterozygotous p53 mutations using a functional assay in yeast. 
Nature Genetics 5, 124-129. 

Iwakuma, T., and Lozano, G. (2003). MDM2, an introduction. Mol Cancer Res 1, 993-1000. 
Jallepalli, P. V., Lengauer, C., Vogelstein, B., and Bunz, F. (2003). The Chk2 tumor 

suppressor is not required for p53 responses in human cancer cells. J Biol Chem 278, 
20475-20479. 

Joensuu, H., Isola, J., Lundin, M., Salminen, T., Holli, K., Kataja, V., Pylkkanen, L., 
Turpeenniemi-Hujanen, T., von Smitten, K., and Lundin, J. (2003). Amplification of 
erbB2 and erbB2 expression are superior to estrogen receptor status as risk factors for 
distant recurrence in pT1N0M0 breast cancer: a nationwide population-based study. Clin 
Cancer Res 9, 923-930. 

Kallioniemi, O. P., Wagner, U., Kononen, J., and Sauter, G. (2001). Tissue microarray 
technology for high-throughput molecular profiling of cancer. Hum Mol Genet 10, 657-
662. 

Kato, S., Han, S. Y., Liu, W., Otsuka, K., Shibata, H., Kanamaru, R., and Ishioka, C. (2003). 
Understanding the function-structure and function-mutation relationships of p53 tumor 



290 Chapter 12
 

suppressor protein by high-resolution missense mutation analysis. Proc Natl Acad Sci U S 
A 100, 8424-8429. 

Kim, S., Ruparel, H. D., Gilliam, T. C., and Ju, J. (2003). Digital genotyping using molecular 
affinity and mass spectrometry. Nat Rev Genet 4, 1001-1008. 

Kinzler, K. W., and Vogelstein, B. (1997). Cancer-susceptibility genes - Gatekeepers and 
caretakers. Nature 386, 761. 

Kinzler, K. W., and Vogelstein, B. (1998). Landscaping the cancer terrain. Science 280, 1036-
1037. 

Kirk, B. W., Feinsod, M., Favis, R., Kliman, R. M., and Barany, F. (2002). Single nucleotide 
polymorphism seeking long term association with complex disease. Nucleic Acids Res 30, 
3295-3311. 

Kirk, G. D., Camus-Randon, A. M., Mendy, M., Goedert, J. J., Merle, P., Trepo, C., Brechot, 
C., Hainaut, P., and Montesano, R. (2000). Ser-249 p53 mutations in plasma DNA of 
patients with hepatocellular carcinoma from The Gambia. J Natl Cancer Inst 92, 148-153. 

Kourkine, I. V., Hestekin, C. N., Buchholz, B. A., and Barron, A. E. (2002). High-throughput, 
high-sensitivity genetic mutation detection by tandem single-strand conformation 
polymorphism/heteroduplex analysis capillary array electrophoresis. Anal Chem 74, 2565-
2572. 

Kovach, J. S., Hartmann, A., Blaszyk, H., Cunningham, J., Schaid, D., and Sommer, S. S. 
(1996). Mutation detection by highly sensitive methods indicates that p53 gene mutations 
in breast cancer can have important prognostic value. Proc Natl Acad Sci USA 93, 1093-
1096. 

Kress, M., May, E., Cassingena, R., and May, P. (1979). Simian Virus 40-transformed cells 
express new species of proteins precipitable by anti-simian virus 40 serum. J Virol 31, 
472-483. 

Labrecque, S., and Matlashewski, G. J. (1995). Viability of wild type p53-containing and p53-
deficient tumor cells following anticancer treatment: the use of human papillomavirus e6 
to target p53. Oncogene 11, 387-392. 

Lane, D. (1992). p53, guardian of the genome. Nature 358, 15-16. 
Lane, D. P., and Benchimol, S. (1990). p53: oncogene or anti-oncogene? Genes and 

Development 4, 1-8. 
Latronico, A. C., Pinto, E. M., Domenice, S., Fragoso, M. C., Martin, R. M., Zerbini, M. C., 

Lucon, A. M., and Mendonca, B. B. (2001). An inherited mutation outside the highly 
conserved DNA-binding domain of the p53 tumor suppressor protein in children and 
adults with sporadic adrenocortical tumors. J Clin Endocrinol Metab 86, 4970-4973. 

Legros, Y., Lafon, C., and Soussi, T. (1994a). Linear antigenic sites defined by the B-cell 
response to human p53 are localized predominantly in the amino and carboxy-termini of 
the protein. Oncogene 9, 2071-2076. 

Legros, Y., Meyer, A., Ory, K., and Soussi, T. (1994b). Mutations in p53 produce a common 
conformational effect that can be detected with a panel of monoclonal antibodies directed 
toward the central part of the p53 protein. Oncogene 9, 3689-3694. 

Lenner, P., Wiklund, F., Emdin, S. O., Arnerlov, C., Eklund, C., Hallmans, G., Zentgraf, H., 
and Dillner, J. (1999). Serum antibodies against p53 in relation to cancer risk and 
prognosis in breast cancer: a population-based epidemiological study. Brit J Cancer 79, 
927-932. 

Li, F. P., Fraumeni Jr., J. F., Mulvihill, J. J., Blatner, W. A., Dreyfus, M. G., Tucker, M. A., 
and Miller, R. W. (1988). A cancer family syndrome in twenty-four  kindreds. Cancer Res 
48, 5358-5362. 



12. Analisys of p53 Gene Aalterations in Cancer: a Critical View 291
 
Liu, G., Parant, J. M., Lang, G., Chau, P., Chavez-Reyes, A., El-Naggar, A. K., Multani, A., 

Chang, S., and Lozano, G. (2004). Chromosome stability, in the absence of apoptosis, is 
critical for suppression of tumorigenesis in Trp53 mutant mice. Nat Genet 36, 63-68. 

Lubin, R., Schlichtholz, B., Bengoufa, D., Zalcman, G., Tredaniel, J., Hirsch, A., Caron de 
Fromentel, C., Preudhomme, C., Fenaux, P., Fournier, G., et al. (1993). Analysis of p53 
antibodies in patients with various cancers define B-Cell epitopes of human p53 - 
distribution on primary structure and exposure on protein surface. Cancer Res 53, 5872-
5876. 

Lubin, R., Schlichtholz, B., Teillaud, J. L., Garay, E., Bussel, A., Wild, C., and Soussi, T. 
(1995a). p53 antibodies in patients with various types of cancer: assay, identification and 
characterization. Clinical Cancer Res 1, 1463-1469. 

Lubin, R., Zalcman, G., Bouchet, L., Trédaniel, J., Legros, Y., Cazals, D., Hirsh, A., and 
Soussi, T. (1995b). Serum p53 antibodies as early markers of lung cancer. Nature Med 1, 
701-702. 

Makni, H., Franco, E. L., Kaiano, J., Villa, L. L., Labrecque, S., Dudley, R., Storey, A., and 
Matlashewski, G. (2000). P53 polymorphism in codon 72 and risk of human 
papillomavirus-induced cervical cancer: effect of inter-laboratory variation. Int J Cancer 
87, 528-533. 

Makos Walles, M., Biel, M. A., El-Deiry, W. S., Nelkin, B. D., Issa, J. P., Cavenee, W. K., 
Kuerbitz, S. J., and Baylin, S. B. (1995). p53 activates expression of HIC-1, a new 
candidate tumor suppressor gene on 17p13.3. Nature Med 1, 570-577. 

Malkin, D., Li, F. P., Strong, L. C., Fraumeni, J. F., Nelson, C. E., Kim, D. H., Kassel, J., 
Gryka, M. A., Bischoff, F. Z., Tainsky, M. A., and Friend, S. H. (1990). Germ line p53 
mutations in a familial syndrome of breast cancer, sarcomas, and other neoplasms. Science 
250, 1233-1238. 

Marin, M. C., Jost, C. A., Brooks, L. A., Irwin, M. S., O'Nions, J., Tidy, J. A., James, N., 
McGregor, J. M., Harwood, C. A., Yulug, I. G., et al. (2000). A common polymorphism 
acts as an intragenic modifier of mutant p53 behaviour. Nat Genet 25, 47-54. 

Marrogi, A. J., Khan, M. A., van Gijssel, H. E., Welsh, J. A., Rahim, H., Demetris, A. J., 
Kowdley, K. V., Hussain, S. P., Nair, J., Bartsch, H., et al. (2001). Oxidative stress and 
p53 mutations in the carcinogenesis of iron overload-associated hepatocellular carcinoma. 
J Natl Cancer Inst 93, 1652-1655. 

McShane, L. M., Aamodt, R., Cordon-Cardo, C., Cote, R., Faraggi, D., Fradet, Y., Grossman, 
H. B., Peng, A., Taube, S. E., and Waldman, F. M. (2000). Reproducibility of p53 
immunohistochemistry in bladder tumors. National Cancer Institute, Bladder Tumor 
Marker Network [In Process Citation]. Clin Cancer Res 6, 1854-1864. 

Melero, J. A., Stitt, D. T., Mangel, W. F., and Carroll, R. B. (1979). Identification of new 
polypeptide species (48-55K) immunoprecipitable by antiserum to purified large T antigen 
and present in simian virus 40-infected and transformed cells. J Virol 93, 466-480. 

Melino, G., De Laurenzi, V., and Vousden, K. H. (2002). p73: Friend or foe in tumorigenesis. 
Nat Rev Cancer 2, 605-615. 

Michael, D., and Oren, M. (2002). The p53 and Mdm2 families in cancer. Curr Opin Genet 
Dev 12, 53-59. 

Michalovitz, D., Halevy, O., and Oren, M. (1991). p53 mutations - gains or losses. J Cell 
Biochem 45, 22-29. 

Milner, J. (1995). Flexibility: the key to p53 function? Trends Biochem Sci 20, 49-51. 
Mitsudomi, T., Hamajima, N., Ogawa, M., and Takahashi, T. (2000). Prognostic significance 

of p53 alterations in patients with non-small cell lung cancer: a meta-analysis [In Process 
Citation]. Clin Cancer Res 6, 4055-4063. 



292 Chapter 12
 
Moll, U. M., Laquaglia, M., Benard, J., and Riou, G. (1995). Wild-type p53 protein undergoes 

cytoplasmic sequestration in undifferentiated neuroblastomas but not in differentiated 
tumors. Proc Natl Acad Sci USA 92, 4407-4411. 

Moll, U. M., Ostermeyer, A. G., Haladay, R., Winkfield, B., Frazier, M., and Zambetti, G. 
(1996). Cytoplasmic sequestration of wild-type p53 protein impairs the G1 checkpoint 
after DNA damage. Mol Cell Biol 16, 1126-1137. 

Moll, U. M., and Petrenko, O. (2003). The MDM2-p53 interaction. Mol Cancer Res 1, 1001-
1008. 

Moll, U. M., Riou, G., and Levine, A. J. (1992). Two distinct mechanisms alter p53 in breast 
cancer - mutation and nuclear exclusion. Proc Natl Acad Sci USA 89, 7262-7266. 

Moll, U. M., and Schramm, L. M. (1998). p53 - An acrobat in tumorigenesis. Crit Rev Oral 
Biol Med 9, 23-37. 

Nigro, J. M., Baker, S. J., Preisinger, A. C., Jessup, J. M., Hostetter, R., Cleary, K., Bigner, S. 
H., Davidson, N., Baylin, S., Devilee, P., et al. (1989). Mutations in the p53 gene occur in 
diverse human tumour types. Nature 342, 705-708. 

Nikolaev, A. Y., Li, M., Puskas, N., Qin, J., and Gu, W. (2003). Parc: a cytoplasmic anchor 
for p53. Cell 112, 29-40. 

O. Connell, C. D., Atha, D. H., Oldenburg, M. C., Tian, J. X., Siebert, M., Handrow, R., 
Grooms, K., Heisler, L., and deArruda, M. (1999). Detection of p53 gene mutation: 
Analysis by single-strand conformation polymorphism and Cleavase fragment length 
polymorphism. Electrophoresis 20, 1211-1223. 

Okamoto, T., Suzuki, T., and Yamamoto, N. (2000). Microarray fabrication with covalent 
attachment of DNA using bubble jet technology. Nat Biotechnol 18, 438-441. 

Onel, K., and Cordon-Cardo, C. (2004). MDM2 and prognosis. Mol Cancer Res 2, 1-8. 
Ory, K., Legros, Y., Auguin, C., and Soussi, T. (1994). Analysis of the most representative 

tumour-derived p53 mutants reveals that changes in protein conformation are not 
correlated with loss of transactivation or inhibition of cell proliferation. EMBO J 13, 3496-
3504. 

Pavletich, N. P., Chambers, K. A., and Pabo, C. O. (1993). The DNA-Binding domain of p53 
contains the 4 conserved regions and the major mutation hot spots. Gene Develop 7, 2556-
2564. 

Peyrat, J. P., Bonneterre, J., Lubin, R., Vanlemmens, L., Fournier, J., and Soussi, T. (1995). 
Prognostic significance of circulating p53 antibodies in patients undergoing surgery for 
locoregional breast cancer. Lancet 345, 621-622. 

Pharoah, P. D. P., Day, N. E., and Caldas, C. (1999). Somatic mutations in the p53 gene and 
prognosis in breast cancer: a meta-analysis. Brit J Cancer 80, 1968-1973. 

Puisieux, A., Lim, S., Groopman, J., and Ozturk, M. (1991). Selective targeting of p53 gene 
mutational hotspots in human cancers by etiologically defined carcinogens. Cancer Res 51, 
6185-6189. 

Ralhan, R., Nath, N., Agarwal, S., Mathur, M., Wasylyk, B., and Shukla, N. K. (1998). 
Circulating p53 antibodies as early markers of oral cancer: correlation with p53 alterations 
[In Process Citation]. Clin Cancer Res 4, 2147-2152. 

Raycroft, L., Wu, H., and Lozano, G. (1990). Transcriptional activation by wild-type but not 
transforming mutants of the p53 anti-oncogene. Science 249, 1049-1051. 

Resnick, M. A., and Inga, A. (2003). Functional mutants of the sequence-specific 
transcription factor p53 and implications for master genes of diversity. Proc Natl Acad Sci 
U S A 100, 9934-9939. 

Ronaghi, M. (2001). Pyrosequencing sheds light on DNA sequencing. Genome Res 11, 3-11. 
Rotter, V., Witte, O. N., Coffman, R., and Baltimore, D. (1980). Abelson murine leukemia 

virus-induced tumors elicit antibodies against a host cell protein, p50. J Virol 36, 547-555. 



12. Analisys of p53 Gene Aalterations in Cancer: a Critical View 293
 
Rowan, S., Ludwig, R. L., Haupt, Y., Bates, S., Lu, X., Oren, M., and Vousden, K. H. (1996). 

Specific loss of apoptotic but not cell-cycle arrest function in a human tumor derived p53 
mutant. EMBO J 15, 827-838. 

Saffroy, R., Lelong, J. C., Azoulay, D., Salvucci, M., Reynes, M., Bismuth, H., Debuire, B., 
and Lemoine, A. (1999). Clinical significance of circulating anti-p53 antibodies in 
European patients with hepatocellular carcinoma. Brit J Cancer 79, 604-610. 

Save, V., Nylander, K., and Hall, P. A. (1998). Why is p53 protein stabilized in neoplasia? 
Some answers but many more question! J Pathol 184, 348-350. 

Schaefer, K. L., Wai, D., Poremba, C., Diallo, R., Boecker, W., and Dockhorn-Dworniczak, 
B. (2002). Analysis of TP53 germline mutations in pediatric tumor patients using DNA 
microarray-based sequencing technology. Med Pediatr Oncol 38, 247-253. 

Scheffner, M., Werness, B. A., Huibregtse, J. M., Levine, A. J., and Howley, P. M. (1990). 
The E6 oncoprotein encoded by human papillomavirus type-16 and type-18 promotes the 
degradation of p53. Cell 63, 1129-1136. 

Schlichtholz, B., Legros, Y., Gillet, D., Gaillard, C., Marty, M., Lane, D., Calvo, F., and 
Soussi, T. (1992). The immune response to p53 in breast cancer patients is directed against 
immunodominant epitopes unrelated to the mutational hot spot. Cancer Res 52, 6380-
6384. 

Schlichtholz, B., Tredaniel, J., Lubin, R., Zalcman, G., Hirsch, A., and Soussi, T. (1994). 
Analyses of p53 antibodies in sera of patients with lung carcinoma define 
immunodominant regions in the p53 protein. Br J Cancer 69, 809-816. 

Schmitz-Drager, B. J., Goebell, P. J., Ebert, T., and Fradet, Y. (2000). p53 
immunohistochemistry as a prognostic marker in bladder cancer. playground for urology 
scientists? [In Process Citation]. Eur Urol 38, 691-700. 

Sharpless, N. E., and DePinho, R. A. (2002). p53: good cop/bad cop. Cell 110, 9-12. 
Shieh, S. Y., Ahn, J., Tamai, K., Taya, Y., and Prives, C. (2000). The human homologs of 

checkpoint kinases Chk1 and Cds1 (Chk2) phosphorylate p53 at multiple DNA damage-
inducible sites [published erratum appears in Genes Dev 2000 Mar 15;14(6):750]. Genes 
Dev 14, 289-300. 

Shiraishi, K., Kato, S., Han, S. Y., Liu, W., Otsuka, K., Sakayori, M., Ishida, T., Takeda, M., 
Kanamaru, R., Ohuchi, N., and Ishioka, C. (2004). Isolation of temperature-sensitive p53 
mutations from a comprehensive missense mutation library. J Biol Chem 279, 348-355. 

Shumaker, J. M., Tollet, J. J., Filbin, K. J., Montague-Smith, M. P., and Pirrung, M. C. 
(2001). APEX disease gene resequencing: mutations in exon 7 of the p53 tumor 
suppressor gene. Bioorg Med Chem 9, 2269-2278. 

Simon, R., and Sauter, G. (2003). Tissue microarray (TMA) applications: implications for 
molecular medicine. Expert Rev Mol Med 2003, 1-12. 

Smith-Sørensen, B., Gebhardt, M. C., Kloen, P., McIntyre, J., Aguilar, F., Cerutti, P., and 
Børresen, A.-L. (1993). Screening for TP53 mutations in osteosarcomas using constant 
denaturant gel electrophoresis (CDGE). Human Mutation 2, 274-285. 

Soengas, M. S., Alarcon, R. M., Yoshida, H., Giaccia, A. J., Hakem, R., Mak, T. W., and 
Lowe, S. W. (1999). Apaf-1 and caspase-9 in p53-dependent apoptosis and tumor 
inhibition. Science 284, 156-159. 

Soussi, T. (1996). The p53 tumour suppressor gene: a model for molecular epidemiology of 
human cancer. Mol Med Today 2, 32-37. 

Soussi, T. (2000). p53 Antibodies in the sera of patients with various types of cancer: a 
review. Cancer Res 60, 1777-1788. 

Soussi, T., and Béroud, C. (2001). Assessing TP53 status in human tumours to evaluate 
clinical outcome. Nat Rev Cancer 1, 233-240. 



294 Chapter 12
 
Soussi, T., and Béroud, C. (2003). Significance of TP53 mutations in human cancer: A critical 

analysis of mutations at CpG dinucleotides. Hum Mutat 21, 192-200. 
Srivastava, S., Zou, Z. Q., Pirollo, K., Blattner, W., and Chang, E. H. (1990). Germ-line 

transmission of a mutated p53 gene in a cancer-prone family with li-fraumeni syndrome. 
Nature 348, 747-749. 

Staib, F., Hussain, S. P., Hofseth, L. J., Wang, X. W., and Harris, C. C. (2003). TP53 and 
liver carcinogenesis. Hum Mutat 21, 201-216. 

Steels, E., Paesmans, M., Berghmans, T., Branle, F., Lemaitre, F., Mascaux, C., Meert, A. P., 
Vallot, F., Lafitte, J. J., and Sculier, J. P. (2001). Role of p53 as a prognostic factor for 
survival in lung cancer: a systematic review of the literature with a meta-analysis. Eur 
Respir J 18, 705-719. 

Storey, A., Thomas, M., Kalita, A., Harwood, C., Gardiol, D., Mantovani, F., Breuer, J., 
Leigh, I. M., Matlashewski, G., and Banks, L. (1998). Role of a p53 polymorphism in the 
development of human papillomavirus-associated cancer. Nature 393, 229-234. 

Strano, S., Munarriz, E., Rossi, M., Cristofanelli, B., Shaul, Y., Castagnoli, L., Levine, A. J., 
Sacchi, A., Cesareni, G., Oren, M., and Blandino, G. (2000). Physical and functional 
interaction between p53 mutants and different isoforms of p73. J Biol Chem 275, 29503-
29512. 

Sullivan Pepe, M., Etzioni, R., Feng, Z., Potter, J. D., Thompson, M. L., Thornquist, M., 
Winget, M., and Yasui, Y. (2001). Phases of biomarker development for early detection of 
cancer. J Natl Cancer Inst 93, 1054-1061. 

Tada, M., Furuuchi, K., Kaneda, M., Matsumoto, J., Takahashi, M., Hirai, A., Mitsumoto, Y., 
Iggo, R. D., and Moriuchi, T. (2001). Inactivate the remaining p53 allele or the alternate 
p73? Preferential selection of the Arg72 polymorphism in cancers with recessive p53 
mutants but not transdominant mutants. Carcinogenesis 22, 515-517. 

Takahashi, T., Nau, M. M., Chiba, I., Birrer, M. J., Rosenberg, R. K., Vinocour, M., Levitt, 
M., Pass, H., Gazdar, A. F., and Minna, J. D. (1989). p53 - a frequent target for genetic 
abnormalities in lung cancer. Science 246, 491-494. 

Tavassoli, M., Brunel, N., Maher, R., Johnson, N. W., and Soussi, T. (1998). p53 antibodies 
in the saliva of patients with squamous cell carcinoma of the oral cavity. Int J Cancer 78, 
390-391. 

Thomas, D. C., Nardone, G. A., and Randall, S. K. (1999a). Amplification of padlock probes 
for DNA diagnostics by cascade rolling circle amplification or the polymerase chain 
reaction. Arch Pathol Lab Med 123, 1170-1176. 

Thomas, M., Kalita, A., Labrecque, S., Pim, D., Banks, L., and Matlashewski, G. (1999b). 
Two polymorphic variants of wild-type p53 differ biochemically and biologically. Mol 
Cell Biol 19, 1092-1100. 

Tonisson, N., Zernant, J., Kurg, A., Pavel, H., Slavin, G., Roomere, H., Meiel, A., Hainaut, 
P., and Metspalu, A. (2002). Evaluating the arrayed primer extension resequencing assay 
of TP53 tumor suppressor gene. Proc Natl Acad Sci U S A 99, 5503-5508. 

Tornaletti, S., Rozek, D., and Pfeifer, G. P. (1993). The distribution of UV photoproducts 
along the human p53 gene and its relation to mutations in skin cancer. Oncogene 8, 2051-
2057. 

Toyooka, S., Tsuda, T., and Gazdar, A. F. (2003). The TP53 gene, tobacco exposure, and lung 
cancer. Hum Mutat 21, 229-239. 

Trivers, G. E., Cawley, H. L., Debenedetti, V. M. G., Hollstein, M., Marion, M. J., Bennett, 
W. P., Hoover, M. L., Prives, C. C., Tamburro, C. C., and Harris, C. C. (1995). Anti-p53 
antibodies in sera of workers occupationally exposed to vinyl chloride. J Nat Cancer Inst 
87, 1400-1407. 



12. Analisys of p53 Gene Aalterations in Cancer: a Critical View 295
 
Trivers, G. E., De Benedetti, V. M. G., Cawley, H. L., Caron, G., Harrington, A. M., Bennet, 

W. P., Jett, J. R., Colby, T. V., Tazelaar, H., Pairolero, P., et al. (1996). Anti-p53 
antibodies in sera from patients with chronic obstructive pulmonary disease can predate a 
diagnosis of cancer. Clin Cancer Res 2, 1767-1775. 

Vahakangas, K. (2003). TP53 mutations in workers exposed to occupational carcinogens. 
Hum Mutat 21, 240-251. 

van Oijen, M. G., and Slootweg, P. J. (2000). Gain-of-function mutations in the tumor 
suppressor gene p53 [In Process Citation]. Clin Cancer Res 6, 2138-2145. 

Varley, J. M. (2003). Germline TP53 mutations and Li-Fraumeni syndrome. Hum Mutat 21, 
313-320. 

Varley, J. M., Attwooll, C., White, G., McGown, G., Thorncroft, M., Kelsey, A. M., 
Gereaves, M., Boyle, J., and Birch, J. M. (1999a). Characterization of germline TP53 
splicing mutations and their genetic and functional analysis. Oncogene 20, 2647-2654. 

Varley, J. M., McGown, G., Thorncroft, M., James, L. A., Margison, G. P., Forster, G., 
Evans, D. G. R., Harris, M., Kelsey, A. M., and Birch, J. M. (1999b). Are there low-
penetrance TP53 alleles? Evidence from childhood adrenocortical tumors. Amer J Hum 
Genet 65, 995-1006. 

Venkatachalam, S., Tyner, S. D., Pickering, C. R., Boley, S., Recio, L., French, J. E., and 
Donehower, L. A. (2001). Is p53 haploinsufficient for tumor suppression? Implications for 
the p53+/- mouse model in carcinogenicity testing. Toxicol Pathol 29 Suppl, 147-154. 

Vogelstein, B., Lane, D., and Levine, A. J. (2000). Surfing the p53 network. Nature 408, 307-
310. 

Vousden, K. H. (2000). p53. Death star [In Process Citation]. Cell 103, 691-694. 
Vousden, K. H., and Woude, G. F. (2000). The ins and outs of p53 [In Process Citation]. Nat 

Cell Biol 2, E178-180. 
Wagner, J., Portwine, C., Rabin, K., Leclerc, J. M., Narod, S. A., and Malkin, D. (1994). High 

frequency of germline p53 mutations in childhood adrenocortical cancer. J Nat Cancer Inst 
86, 1707-1710. 

Walker, K. K., and Levine, A. J. (1996). Identification of a novel p53 functional domain that 
is necessary for efficient growth suppression. Proc Natl Acad Sci USA 93, 15335-15340. 

Waridel, F., Estreicher, A., Bron, L., Flaman, J. M., Fontolliet, C., Monnier, P., Frebourg, T., 
and Iggo, R. (1997). Field cancerisation and polyclonal p53 mutation in the upper 
aerodigestive tract. Oncogene 14, 163-169. 

Warneford, S. G., Witton, L. J., Townsend, M. L., Rowe, P. B., Reddel, R. R., Dalla-Pozza, 
L., and Symonds, G. (1992). Germ-line splicing mutation of the p53 gene in a cancer-
prone family. Cell Growth Differ 3, 839-846. 

Wen, W. H., Bernstein, L., Lescallett, J., Beazer-Barclay, Y., Sullivan-Halley, J., White, M., 
and Press, M. F. (2000). Comparison of TP53 mutations identified by oligonucleotide 
microarray and conventional DNA sequence analysis. Cancer Res 60, 2716-2722. 

Werner, J. A., Gottschlich, S., Folz, B. J., Goeroegh, T., Lippert, B. M., Maass, J. D., and 
Rudert, H. (1997). p53 serum antibodies as prognostic indicator in head and neck cancer. 
Cancer Immunol Immunother 44, 112-116. 

Wikman, F. P., Lu, M. L., Thykjaer, T., Olesen, S. H., Andersen, L. D., Cordon-Cardo, C., 
and Orntoft, T. F. (2000). Evaluation of the performance of a p53 sequencing microarray 
chip using 140 previously sequenced bladder tumor samples [In Process Citation]. Clin 
Chem 46, 1555-1561. 

Wild, C. P., Jansen, L. A., Cova, L., and Montesano, R. (1993). Molecular dosimetry of 
aflatoxin exposure: contribution to understanding the multifactorial etiopathogenesis of 
primary hepatocellular carcinoma with particular reference to hepatitis B virus. Environ 
Health Perspect 99, 115-122. 



296 Chapter 12
 
Williams, C., Norberg, T., Ahmadian, A., Ponten, F., Bergh, J., Inganas, M., Lundeberg, J., 

and Uhlen, M. (1998). Assessment of sequence-based p53 gene analysis in human breast 
cancer: messenger RNA in comparison with genomic DNA targets. Clin Chem 44, 455-
462. 

Yang, A., Kaghad, M., Caput, D., and McKeon, F. (2002). On the shoulders of giants: p63, 
p73 and the rise of p53. Trends Genet 18, 90-95. 

Zalcman, G., Schlichtholz, B., Trédaniel, J., Urban, T., Lubin, R., Dubois, I., Milleron, B., 
Hirsh, A., and Soussi, T. (1998). Monitoring of p53 auto antibodies in lung cancer during 
therapy: relationship to response to treatment. Clin Cancer Res 4, 1359-1366. 

Zhang, Y., Kaur, M., Price, B. D., Tetradis, S., and Makrigiorgos, G. M. (2002). An 
amplification and ligation-based method to scan for unknown mutations in DNA. Hum 
Mutat 20, 139-147. 

 
 

 
 




