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 The p53 tumour suppressor protein is one of the most studied regulatory proteins in 

human cancer. This is firstly because it has been recognised since the late eighties, that the 

TP53 gene is often mutated and the presence of these mutations is associated with cancer 

susceptibility and secondly that it carries out a multiplicity of biological functions that are 

regulated by complex and interlinked pathways. The p53 plays a role in all the functions 

implicated in the “Hallmarks of Cancer” a concept developed in 2000, and recently updated in 

2011 (Hanahan and Weinberg 2000, Hanahan and Weinberg 2011), to understand the 

molecular mechanisms of carcinogenesis such as proliferation, cell death, growth, senescence, 

genomic and genetic stability. This multi-action capacity is perhaps the main explanation for 

the “success” of TP53 as cancer gene. 

 Given the multiplicity of its effects and functions, it is of no surprise that the TP53 

gene is highly polymorphic, with significant differences in the frequency of different 

polymorphic alleles across populations. The TP53 gene can be expressed as multiple 

ribonucleic acid (RNA) transcripts, generated by using alternative splicing and alternative 

promoters, leading to a large diversity at the protein level. The impact of this diversity on 

individual and population cancer risk however is still poorly understood. 

 In the nineties, technological developments allowed the tri-dimensional structures of 

proteins to be determined and opened up the possibility of correlating deoxyribonucleic acid 

(DNA) and RNA sequences to their formation and their role in transcription/translation 

regulation. More recently, tri-dimensional structures formed in G-rich sequence in both at the 

DNA or RNA level called G-quadruplexes (G4) were observed. These structures are involved 

in different cellular processes such as gene transcription (Bochman et al 2012), genomic 

stability (Paeschke et al 2013, Ribeyre et al 2009), DNA replication (Cayrou et al 2012, 

Paeschke et al 2011), messenger RNA (mRNA) splicing (Millevoi et al 2012) and mRNA 

stability (Millevoi et al 2012). 

 In this Thesis, I have examined the impact of the complexity of the TP53 gene and in 

particular its polymorphic variability on cancer susceptibility in the context of both population 

and familial settings. I have focused on polymorphisms occurring in G4 structures formed in 

the p53 pre-mRNA. My results have shown that some polymorphisms located in or close to 

G4 structures have an impact on the age of cancer onset in subjects carrying a germline TP53 

mutation, as well as on the cancer susceptibility in the general population. Given the 

possibility that G4s in TP53 may affect mRNA splicing, stability and p53 isoform expression, 

these results suggest a possible relation between the genetic diversity of the TP53 gene and 

the complexity of p53 regulatory pathways. 
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Part I. The tumour suppressive protein p53 

A. From oncogene to tumour suppressor: A short history of p53 

In the past thirty years, p53 has emerged as one of the most important molecular 

factors in human cancer. The term the “p53” protein is used to identify an essentially nuclear 

phospho-protein with an apparent molecular weight of 53 kDa. The gene encoding p53 is 

called TP53, whereas its mouse homolog is known as Trp53. To date, mutations in TP53 are 

the most common genetic event in human cancer (p53.iarc.fr). Many of these mutations are 

missense and are identified by their codon number, preceded by the amino-acid (aa) encoded 

by the wild-type (WT) codon and followed by the aa encoded by the mutant codon (for 

example: mutation R175H: substitution of an arginine (R) by a histidine (H) at codon 175). 

These abbreviations will be widely used throughout this Thesis manuscript. 

In the mid 1950’s, small DNA tumour viruses such as Simian Vacuolating virus 40 

(SV40) and polyoma virus were discovered and were shown to carry the necessary genes, 

termed viral oncogenes, to lead to a tumorigenic phenotype in infected cells (Eddy et al 1962). 

Over the following twenty years the question of how these virally encoded proteins can 

initiate this process and lead to the immortalisation of cells in culture was extensively studied. 

In 1979, several groups reported an interaction between the SV40 large T-antigen, one of the 

two main proteins expressed by the SV40 tumour virus, and a 53 kilodalton (kDa) protein, 

p53. Lane and Crawford and May and collaborators demonstrated that the SV40 large T-

antigen co-precipitated with a 53 kDa protein in cells and that these cells contained an 

equivalent amount of both, suggesting that they two proteins were in a stoichiometric 

complex in the cell extracts (Lane and Crawford 1979, May et al 1979). Linzer and Levine 

used antisera from animals carrying SV40 induced tumours to detect both p53 and the viral T-

antigen (Linzer and Levine 1979). They also showed that these antibodies immuno-

precipitated the p53 protein from transformed cells not infected by SV40, establishing that the 

p53 protein was a cellular protein and suggesting a possible transforming or oncogenic 

potential. DeLeo et al reported that animals infected with spontaneously transformed or 

tumorigenic cells produced antibodies to the p53 protein (Figure 1) (DeLeo et al 1979). 

Taken together these studies suggested that p53 was necessary for the transforming or 

oncogenic action of the SV40 tumour virus and that p53 is an oncogene. 
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 The next phase of p53 research was to determine the identity of the gene encoding p53, 

and to characterise its functions (Figure 1). This took about 15 years, during which the status 

of p53 switched from an “oncogene” to a “tumour suppressor gene”. The first Complementary 

DNA (cDNA) and genomic sequences of TP53 was isolated from immortalized cells. 

Sequences variations were reported depending on whether tumour or normal cells or tissues 

were the source of the DNA, leading to confusion as to which of these sequences represented 

the WT allele. These differences were deciphered by the seminal studies of several groups. 

Firstly Levine’s laboratory showed that the WT p53 protein alone could not transform cells 

(Reich et al 1983). Moreover, they observed that a mutant p53 protein was often found in 

cancer cells and could inhibit the transforming activity of oncogenes (Finlay et al 1989, 

Harvey and Levine 1991, Hinds et al 1989). Secondly the group of Vogelstein reported that 

TP53 mutations and loss of alleles were common events in human colon carcinomas (Baker et 

al 1989, Nigro et al 1989). In the early eighties, it was also shown that p53 was induced in 

response to DNA damage (Maltzman and Czyzyk 1984) and induced cell death by apoptosis 

(Yonish-Rouach et al 1991).  These properties suggested that p53 was behaving as tumour 

suppressor protein, in a manner similar akin to the retinoblastoma gene product that had been 

recently identified (Geiser and Stanbridge 1989). The discovery that germline TP53 mutations 

were the genetic defect associated with the Li-Fraumeni syndrome (LFS), characterised by a 

predisposition to multiple and early onset-cancers (Malkin et al 1990, Srivastava et al 1990), 

led to the recognition of TP53 as the “ultimate tumour suppressor gene” (Oren 1992).  

 In 1992, David Lane described p53 functions as those of “the guardian of the genome” 

(Lane 1992), based on the role of p53 in protecting cells against carcinogenesis DNA damage 

and abnormal proliferation. Many studies were undertaken to understand the impact of TP53 

mutations in cancers and the molecular mechanisms of p53 effects. The first important role of 

the p53 protein discovered was its implication in apoptotic death (Yonish-Rouach et al 1991). 

Next, p53 was described as a transcription factor with a sequence response element that 

allowed the targeting of a panel of genes (el-Deiry et al 1992, Funk et al 1992). The auto-

regulatory loop of p53 stability via Mdm (Mouse Double Minute) 2 (Barak et al 1993), the 

crystallographic structure of the p53 core domain bound to DNA (Cho et al 1994) and the 

notion that TP53 mutations could be understood as “molecular fingerprints” of carcinogens 

(Hollstein et al 1991), all contributed to the better understanding of the relationships between 

DNA damage and cell proliferation and establishing the critical role of p53 in cancer.   

 In 1994, the discovery of the role of p53 in the response to cytotoxic therapeutic 

treatments suggested that its manipulation could be used to therapeutic benefit (Figure 1). For 
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example, it was shown that the drug PRIMA-1 can restore the suppressive functions of a 

mutant p53 protein (Bykov et al 2002) and that Nutlin-3 is an antagonist of the interaction 

between p53 and Mdm2 causing the release of p53 from this complex and by thus controlling 

its degradation and inducing p53 accumulation in a DNA-damage independent way (Vassilev 

et al 2004). Although promising, these drugs still have to find their application in cancer 

treatment. At about the same time, many studies showed that sequence variations in TP53 

(mutations or polymorphisms) could be used as biomarkers for cancer development, treatment 

response, prognosis and survival (Petitjean et al 2007, Whibley et al 2009).  Databases such as 

the IARC TP53 database (p53.iarc.fr) and the p53 Web Site (p53.free.fr) were created to 

compile and categorise these variations. Since the mid-nineties, studies on the p53 regulatory 

network have allowed a better understanding of p53 functions aided by the discovery of p73 

and p63, two proteins encoded by TP53-related genes, which are implicated in development, 

morphogenesis and stress responses (Lane and Levine 2010). In addition, molecular 

epidemiological studies have more recently led to a new concept: human p53 isoforms, which 

can also act a large diversity at the protein level as regulators of p53 expression and function 

(Bourdon et al 2005, Courtois et al 2002, Marcel et al 2011).  
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Figure 1: p53 history, from its discovery to clinical applications. Important steps from discovery of p53 in 

1979 to clinical applications in 2010. Green boxes: important p53 discoveries; Blue: important steps in p53 

methods; Red: current developments from TP53 mutation studies in cancer therapy using p53 targeting drugs 

and TP53 mutation profiles as a prognostic biomarker. Adapted from (Hainaut and Wiman 2009) and Thesis of 

Virginie Marcel, University Lyon I, 2009. 
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B. The TP53 gene 

I. Chromosome 17p13.1 organisation 

 The human TP53 gene is located on chromosome 17 on the short arm at locus 17p13.1 

(Isobe et al 1986, McBride et al 1986). The TP53 locus is unique on this chromosome arm in 

having a telomere to centromere orientation, whereas flanking genes are in the reverse 

orientation. The gene spans about 20 kilobases (kb) and is composed of 11 exons, with a 

small non-coding first exon and a large conserved intron of about 10 kb (Figure 2). The gene 

lacks a conventional TATA box but contains several sequences with promoter activity, which 

may regulate p53 expression. The proximal promoter (P1) is located upstream of exon 1 

(Lamb and Crawford 1986) and produces the full spliced p53 (FSp53) mRNA and p53I2 

mRNA by alternative splicing. The second promoter (P1’) is located within the long intron 1 

and directs the synthesis of a 1.1 kb mRNA derived from sequences from intron 1 (Hint1p53 

transcript). This transcript contains several short open-reading frames but the putative proteins 

have not been identified so far. Its role and function are unknown (Reisman et al 1988, 

Reisman et al 1996). Hint1p53 is expressed in a number of human cells and is induced during 

the terminal differentiation of myeloid leukaemia cells. The third promoter (P2) is located 

between the end of exon 2 and the beginning of exon 5 and gives rise the p53I4 mRNA that 

lacks sequences from exon 2 to 5 (Bourdon et al 2005). The organisation of the TP53 gene is 

highly conserved through evolution (Soussi et al 1987).  

 

Figure 2: Schematic representation of the organisation of the human TP53 gene. (A) The TP53 gene 

structure (Coloured boxes: coding exons; grey boxes: non-coding exons,    : alternative promoters; ∧: splicing 

sites) and the localisation of the WRAP53 gene, which overlaps exon 1 and intron 1 of the TP53 gene. The 

WRAP53 gene is orientated on the opposite direction to TP53 (B) p53 mRNA variants. The proximal promoter 

P1, located upstream from exon 1, regulates the transcription of FSp53, which encodes both p53 at ATG1 and 

Δ40p53 at ATG 40 and p52I2 mRNA, which retains the intron 2 containing stop codons by alternative splicing 

and encodes the Δ40p53. The second promoter P2, located between intron 1 and the exon 4, produces one 

transcript, the p53I4 mRNA. This mRNA can translate two different products, the Δ133p53 (from ATG 133) and 

the Δ160p53 (from ATG 160). Adapted from (Bourdon et al 2005, Marcel et al 2011). 

↵ 
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 The TP53 gene contains 85 polymorphisms described in the IARC TP53 Database 

(p53.iarc.fr) and is considered as a highly polymorphic gene. It has been demonstrated that 

some polymorphisms such as rs1042522 located in exon 4 at codon 72 (guanine (G) > 

cytosine (C); R > proline (P)) can modulate p53 functions (Siddique et al 2005, Whibley et al 

2009) or cancer susceptibility (Whibley et al 2009). Some of these polymorphisms and their 

functions are described later in the Introduction, Section E, Part III of the Thesis manuscript. 

 On this part of chromosome 17p13.1, another gene, WRAP53, also called telomerase 

Cajal body protein-1 (TCAB1) has also been described (Mahmoudi et al 2009). This gene is 

oriented in the opposite direction from TP53 and is located immediately upstream of TP53, 

with an overlap between exon 1 and part of intron 1 of TP53 and exon 1α of WRAP53. The 

transcription level of TP53 is 100-fold higher than that of WRAP53. It was demonstrated that 

WRAP53 RNA could regulate TP53 RNA translation via an interaction between the sense 

strand region of WRAP53 and TP53 RNA. This interaction induces Wrap53 and sensitizes 

cells to p53-dependent apoptosis upon DNA damage (Farnebo 2009, Mahmoudi et al 2009). 

The interaction between Wrap53 and p53 is also required to maintain a normal level of p53 in 

cells (Farnebo 2009). Thus, Wrap53 is a new regulator of p53 at the post-transcriptional level.  

II. Role and functions of each p53 domain 

 The p53 protein functions as a tetramer to bind specifically to DNA and acts as a 

transcription factor for target genes regulated through p53-binding DNA response elements 

(RE) (Figure 3). The p53 protein is divided into 5 distinct structural and functional domains: 

(1) the N-terminal domain located between aas 1 and 72, (2) the proline domain between aas 

73 and 94, (3) the DNA binding domain into aas 102 and 292, (4) the oligomerisation domain 

at aas 326-355 and (5) the C-terminal basic domain between aas 363 and 393. 
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Figure 3: Schematic representation of the structural organisation of p53. The p53 protein has a classical 

conformation with 4 important domains (“Structure” line) with particular functions (“Functions” line). The tri-

dimensional conformations for the DBD and the OD, only, are known (“Tri-dimensional structure” line). The 

conserved regions, the Nuclear Export Signal (NES) and the Nuclear Localization Signal (NLS) are also 

represented. The 3 loops (L1 to L3), the hydrophobic region (H) and the tertiary structure of the DBD are shown. 

TAD: Trans-activation Domain; PXXP; Proline Domain; DBD: DNA Binding Domain; OD: Oligomerisation 

Domain; CBD: C-terminal Basic Domain. Adapted from (May and May 1999). 

1. N-terminal trans-activation domain (TAD, amino acids 1-72) 

Structure 

 The trans-activation domain (TAD) of p53 is located in the N-terminal part of the 

protein. This region contains a transcriptional activation motif ϕ-x-x-ϕ-ϕ (ϕ = hydrophobic aa 

and x = any other aa), which is found in many proteins regulating transcription. This region 

contains a few hydrophobic aas (found at positions 7-9, 16, 17, 26, 58-60), which disfavour 

the formation of a hydrophobic secondary structure and confer a natively unfolded form to the 

domain (Dawson et al 2003, Lee et al 2000). This unfolded structure plays an essential role in 

the regulation of the p53 network by enabling interactions with other proteins. The domain 

can be divided into two sub-domains: TADI consisting of aas 1-42, which carries the main 

transcriptional activity, and TADII consisting of aas 43 to 72, which carries a second motif 

acting essentially as a regulator of TADI. TADI contains an amphipathic α-helix and a 

nascent turn in the TADII (Lee et al 2000). Through these structural differences, TADI and 
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TADII should have distinct activities and also a common activity, which needs both domains. 

The TADI sub-domain contains a nuclear export signal (NES) between aas 13 and 26 (Zhang 

and Xiong 2001b). 

Functions 

 Aas 13-26 of TADI represent one of the most conserved regions in the p53 protein 

through evolution (Soussi et al 1990). The main function of TADI is the interaction with 

others components of the transcription machinery such as the TATA box binding protein 

(TBP) and TBP-associated factors components of transcription factor TFIIB (Lu and Levine 

1995, Thut et al 1995). It can also interact with viral proteins such as E1B from adenoviruses, 

which inhibit p53 trans-activation activity (Yew and Berk 1992).  

 To increase p53 trans-activation activity, cofactors and histone acetyl-transferases 

(HATs) interact directly with the TADI and TADII (Riley et al 2008). Recently, Attardi and 

collaborators showed that the TADI and TADII sub-domains, and both TAD domains 

together interact with different cofactors and HATs (Figure 4A) (Bieging and Attardi 2012, 

Brady et al 2011, Jiang et al 2011). These authors produced transgenic mice with mutations at 

leucine (L) at codon 25 into glutamine (Q) (L25Q) and at tryptophan (W) at codon 26 into 

serine (S) (W26S), resulting in inhibition of TADI function or at Phenylalalnine (F) at codon 

53 into Q (F53Q) and F54S, inhibiting TADII’s role or L25Q, W26S, F53Q and F54S, 

inactivating both TAD domains (Figure 4B) and analysed the differences in p53 protein 

interactions and in expression of p53-regulated genes. They observed that TADI is involved 

in the activation of p53 target genes important for the response to acute DNA damage, cell-

cycle arrest or apoptosis, but is not capable of tumour suppression in mice. The TADII sub-

domain, in contrast to TADI, has no autonomous effects on p53 trans-activation capability or 

biological activity. However, collectively, the two TADs are essential for p53’s tumour 

suppressor activity. Overall, these results suggest that p53’s TAD mediates tumour suppressor 

activities via TADI-dependent trans-activation of p53- target gene and TADII contributes to 

tumour suppression by regulating TADI activities via unknown mechanisms. Moreover, each 

TAD appears to interact with specific cofactors. For example, TADI interacts with TBP, 

whereas TADII interacts with TFIID and with replication protein A (RPA) (Bochkareva et al 

2005, Brady et al 2011). Together, both TADs interact with HATs p300 and CRE Binding 

protein (CBP) (Ferreon et al 2009, Teufel et al 2007).  
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Figure 4: p53 trans-activation domains functions. (A) Models for p53 activity depending on the type of stress. 

For the acute DNA damage response, only the TADI sub-domain is implicated and the p53 response mechanism 

is described on the left panel. After oncogenic activation responses, both TAD sub-domains are implicated in the 

p53 response and the target genes implicated are described in the right panel. (B) Summary of TAD functions in 

transgenic mutated mice. TAD: Trans-activation domain; WT p53: entire TAD (TADI + TADII); TADI p53-

null: mutation on aas 25 and 26; TADII p53-null: mutation aas 53 and 56; TAD p53-null: mutation on aas 25, 26, 

53 and 56; 
*
 Minimal trans-activation of most, but not all, p53 target genes. Adapted from (Brady et al 2011). 
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Role in p53 regulation 

 The TAD is the most important domain for the regulation of p53 activity involving 

three pathways. The first is the p53-Mdm2-autoregulatory feedback loop (Barak et al 1993), 

the second is the post-translational modification of the serines and threonines present in p53 

TAD and the third is the formation of a complex between the TAp53 and Δ40p53 isoforms 

(Hafsi et al 2013). 

 In 1992, p53 was found to trans-activate MDM2, which encodes the Mdm2 protein, a 

E3 ubiquitin ligase targeting p53 for ubiquitination and proteasome-dependent degradation 

(Barak et al 1993, Honda et al 1997, Kubbutat and Vousden 1998, Momand et al 1992, Oliner 

et al 1993, Wu et al 1993). Mdm2 binds to a motif at aas 18-23 (TFS acid aspartic (D) LW 

motif) located in the TADI sub-domain (Picksley et al 1994). This p53-Mdm2 interaction 

results in the inhibition of the p53 transcriptional activity by masking the p53 TADI sub-

domain. It also promotes the ubiquitination of p53 and induces its ubiquitin-dependent 

proteosomal degradation (Haupt et al 1997, Honda et al 1997). This regulation constitutively 

maintains p53 at a low cellular level under normal conditions.  

 The p53 TAD contains several post-translational modification sites that are 

phosphorylated by a number of activated kinases and are critical for protein-protein 

interactions that either modulate the stability and subcellular localization of p53 or affect its 

function as a transcription factor. These regulatory sites and their upstream kinases are 

presented in Section I, Part C of this Thesis manuscript. 

2. Proline-rich domain (PXXP, amino acids 73-94) 

Structure 

 The p53 proline-rich domain (PXXP) is located between the N-terminal and the DNA 

binding domain at aas 73-94 (Walker and Levine 1996). The human p53 protein contains 5 

repeats of the PXXP motif. This domain contains a frequent exonic polymorphism at codon 

72, rs1042522, which consists of a substitution of a guanine (G) to a cytosine (C) 

corresponding to the substitution of arginine to a proline (Matlashewski et al 1987). In the 

presence of the arginine variant, the proline-rich domain loses one of its PXXP domains.  

Functions 

 PXXP corresponds to the Scr homology 3-binding protein (SH3) motif suggesting that 

it may be involved in the physical interaction with elements of signal transduction pathways 

that contain SH3 domains, including for example inhibitor member of the acid-soluble spore 
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protein (ASPP) family (iASSP) (Bergamaschi et al 2006) and c-Abelson murine leukemia 

viral oncogene (Abl), a kinase activated by Ataxia-Telangiectasia Mutated (ATM) (Khanna et 

al 1998). The deletion of the proline-rich domain does not compromise transcriptional activity 

or DNA binding activity (Sakamuro et al 1997, Walker and Levine 1996). In addition, in 

some experimental systems, it was shown that the proline-rich domain was implicated in p53-

mediated apoptosis (Sakamuro et al 1997), in suppressing tumour cell growth (Walker and 

Levine 1996) in the degradation of p53 by the E6 protein of oncogenic human Papilloma 

Viruses (Li and Coffino 1996). This region of the gene encoding the proline-rich domain is 

rarely mutated in human cancer.  

Role in p53 regulation  

 To date, few studies have been performed to elucidate the activity of the p53 proline-

rich domain in regulating p53 tumour suppressor activity. The mutant T81A p53 failed to 

induce p53-mediated cell cycle arrest and apoptosis in response to ultra-violet (UV) damage, 

suggesting that the phosphorylation of threonine 81 by c-Jun N-terminal kinases (JNK) 2 is 

important for these responses (Buschmann et al 2001). Furthermore, Berger and collaborators 

observed that deletion of the proline-rich domain increased the sensitivity of p53 to inhibition 

and degradation by Mdm2, suggesting that the proline rich domain is important for the fine-

tuning of p53-Mdm2 interactions (Berger et al 2001). Indeed, they observed, using mutants of 

the proline-rich domain, that this regulation was mediated by phosphorylation of proline 82 

(Berger et al 2005). Phospho-proline 82 is important for p53-Checkpoint Kinase 2 (Chk2) 

interaction, which allows the phosphorylation of p53 at S20. When S20 is phosphorylated, the 

interaction p53-Mdm2 is inhibited, preventing p53 degradation via Mdm2 ubiquitination 

(Craig et al 1999).  

3. DNA binding domain (DBD, amino acids 102-292) 

Structure 

 The DNA binding domain (DBD) is located between aas 102 and 292. It is also called 

the “core” domain and is resistant to proteolysis by enzymes such as thermolysin or 

proteolytic digestion (Bargonetti et al 1993, Pavletich et al 1993). This domain contains four 

of the five evolutionary conserved sub-domains of p53: domain II (aas 117-142), domain III 

(aas 171-181), domain IV (aas 234-258) and domain V (aas 270-286) (Soussi et al 1990). In 

1994, Cho and collaborators have determined the crystal structure of the p53 DBD in complex 

with a DNA target gene (Cho et al 1994). This structure presents a hydrophobic domain 
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composed by two sheets of β-strands, and a set of loops and α-helices that contains the aas, 

which form a direct contact with p53 RE DNA. The binding surface of p53 is made of two 

parts: L2 and L3 loops (two conserved region through evolution) and a short α-helix that bind 

within the minor groove of p53 RE DNA, with R248 as main DNA interacting aa. L2 and L3 

are bridged by a zinc atom, which is linked to cysteine (C) 176, H179 on L2 and C238 and 

C242 on L3. L1, together with the short S2-S2’ β hairpin (aa 124-141) and a large α-helix, 

forms a motif that occupies the major groove of DNA, with direct aas contacting DNA 

(including R273, C277, R282 and Lysine (K) 120).  

Functions 

 The majority of the mutations found in the human TP53 gene are located in the DNA 

binding domain of p53 (Petitjean et al 2007). A survey of studies using whole genome 

sequencing suggests that at least 70% of all cancer-related mutations are located in this 

domain (COSMIC database, http://cancer.sanger.ac.uk/wgs/gene/overview?ln=TP53). This 

high frequency of mutations is probably due to the alteration of the sequence-specificity of the 

p53 DNA binding activity by the presence of mutations in the DBD, which can modulate the 

direct contact with DNA or change the conformation of the DNA-binding structure and thus 

confer some selective advantage to the “mutated” protein. Indeed, the DBD can bind its target 

genes only by using a specific RE that allows the recognition of p53 target genes. It is 

constituted of a repeat of an inverted palindromic 10 base pairs (bp) element matching the 

consensus 5’-RRRCWW glycine (G) YYY (n=0-13) RRRCWWGYY-3’ (R is a purine, W a 

adenine or thymine base and Y a pyrimidine base) (el-Deiry et al 1992, Funk et al 1992). This 

sequence orientation increases the specificity of the binding (Funk et al 1992) and reflects the 

fact that p53 activity depends of the formation of a tetramer consisting of two dimers 

(Kitayner et al 2006, McLure and Lee 1998) with each p53 monomer in one of the dimers 

interacting with one half of the 10 bp site (RRRCW). Using reporter assays, Funk and 

collaborators showed that this palindromic sequence is necessary for p53 DNA binding 

activity (Funk et al 1992). This sequence is found in between 300 and 1600 potential binding 

sites in the human genome (Cawley et al 2004, Hoh et al 2002). To date, over 125 protein-

coding genes and noncoding RNAs have been shown to be the direct transcriptional target of 

p53, all of which contain the p53 RE to which p53 binds activating their transcription 

(Poyurovsky et al 2010, Riley et al 2008). Interestingly, the p53 RE does not perfectly match 

the consensus sequence in the majority of these cases. The p53 protein thus may have 

different affinities for some p53 REs, which could explain the large number of p53 target 
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genes. Another activity of the p53 DBD is the trans-repression of some genes, but the 

mechanisms involved are less well understood (Oren 2003). For example, the B-cell 

lymphoma (BCL)-2 promoter contains a p53 RE, which overlaps with the binding site of 

another more potent activator (Budhram-Mahadeo et al 1999). When p53 binds to the BCL-2 

promoter, the target mRNA level is decreased. 

Role in p53 regulation 

 The p53 DBD is the domain with the least post-translational modification sites known. 

For instance, no phosphorylation sites have been identified (Riley et al 2008). Recently, some 

studies have shown that the acetylation of lysine K120 and K164 in this region could increase 

the trans-activation of p53 up-regulated modulator of apoptosis (PUMA), which influences 

p53-apoptosis (Sykes et al 2006, Tang et al 2006, Tang et al 2008). The ability to bind DNA 

is dependent on the DBD’s interaction with a Zinc (Zn)
2+

 ion via aas in two clusters around 

C176-H179 and C238-C242 (Hainaut and Milner 1993). The oxidation of these two particular 

clusters decreases the ability of the protein to bind to p53 RE and trans-activate target genes 

in vivo (Parks et al 1997). The first cluster contains the aas that interact with a Zn ion and the 

second is close to the aas implicated in the contact of p53 with its consensus sequence. 

 Two important ways to influence p53 DNA binding domain activity are well described. 

The first is the presence of a mutation in the DBD (Olivier et al 2002) and especially ones 

affecting the bases implicated in the Zn
2+

 ion interaction with the DBD (Kern et al 1991, Kim 

et al 1997). The second is the structure of the C-terminal basic domain as described later in 

the text (Hamard et al 2012). 

4. Oligomerisation domain (OD, amino acids 326-355) 

Structure 

 The oligomerisation domain (OD) is located between aas 326-355 and is also called 

the tetramerisation domain (Chene 2001). The structure of this domain has been determined 

by both X-ray crystallography and nuclear magnetic resonance (NMR) (Clore et al 1994, 

Jeffrey et al 1995) and is essential for the formation of the tetramer of p53 proteins that 

consists of a dimer of dimers (Kraiss et al 1988, Lee et al 1994, Mateu et al 1999). In each 

monomer this region takes up the following conformation: a β-strand (aas 326-333) and an α 

helix (aas 335-355) linked by a single aa – a G at aa 334. To form a dimer, two monomers of 

p53 interact by their β-strands to form an antiparallel β-sheet, which allows the association 

two dimers into a tetramer though their helices. The interface between the helices involved 
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hydrophobic contact between methionine (M) 340, L344, alanine (A) 347, L348 and L350 

and Hydrogen-bond donation between R337 and D352. Mutations at these aas prevent the 

formation of tetramers (Chene et al 1997, Mateu and Fersht 1998, Waterman et al 1995). 

 A region containing two important domains for p53 localisation is located between the 

p53 DBD and the OD. The first, the dominant nuclear localisation signal (NLS)-I also which 

is upstream of the OD at aas 315 to 325 and a weaker NLS also located upstream of the OD, 

in a flexible linker region at aas 305-322 (Shaulsky et al 1990b). The second domain also 

contains the NES (Zhang and Xiong 2001b), which is located at the end of the OD, at aas 

339-352. 

Functions 

 The p53 OD plays several roles in p53’s DNA binding activity, p53-protein 

interactions and cellular localisation. First, the formation of p53 oligomers by the OD 

increases p53 DNA binding activity. Indeed, it has been shown that p53 monomers can 

interact with p53’s REs in a cooperative manner and trans-activate p53 target genes but with a 

10-100 fold lower affinity than a p53 tetramer (Balagurumoorthy et al 1995). Secondly, the 

p53 OD is important for p53’s interaction with others proteins. For example, the OD plays an 

indirect role in p53-Mdm2 interaction (Lomax et al 1998), or with p53-TBP interactions (Liu 

et al 1993).  

Role in p53 regulation 

 Post-transcriptional modifications can modulate the dynamics of p53 oligomerisation. 

For example, the phosphorylation of S392 can increase the association constant for 

oligomerisation by 10-fold in vitro (Waterman et al 1996). This domain can interact with 

proteins such as REGγ, a proteasome activator, which can regulate the cellular distribution of 

p53 by increasing the mono-ubiquitination of p53 and its subsequent nuclear export and 

degradation (Liu et al 2010b). These authors also observed that REGγ inhibits p53 

tetramerisation and this might enhance p53 cytoplasmic relocalisation, which decreases the 

amount of active p53 in the nucleus. Zhao and collaborators established mouse lines with or 

without the NLS-I (Zhao et al 1999). They observed that both trp53-null cells and NLS-I-null 

cells were deficient for p53-dependent apoptosis after exposure to γ-ionizing radiation or 

hydrogen peroxide treatment. These results suggest that NLS-I is necessary for p53-mediated 

apoptosis. 
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5. C-terminal basic domain (CTD, amino acids 363-393) 

Structure 

 The C-terminal basic domain of p53 (CTD) is located between aas 363-393. Its main 

characteristic is its natively unfolded form, which confers the capacity to interact with DNA 

in a sequence nonspecific fashion (Foord et al 1991, Wang et al 1993). It can interact with 

different DNA structures including insertion/deletion mismatches (Lee et al 1995), γ-

irradiated DNA (Miyashita and Reed 1995) or supercoiled DNA (Mazur et al 1999). This 

domain contains two minor NLS (aas 369-375: NLSII and 379-384: NLSIII) (Dang and Lee 

1989, Shaulsky et al 1990b), multiple ubiquitination sites (Michael and Oren 2003), one 

major site of sumoylation (K386) (Gostissa et al 1999, Rodriguez et al 1999) and several 

stress-inducible modification sites for phosphorylation, acetylation or glycosylation (Appella 

and Anderson 2001).  

Functions 

 Early research investigating the functions of this domain was focused on its ability to 

regulate the sequence-specific DNA binding of p53 (Ahn and Prives 2001). Deletion of the 

last 30 aas of p53 and the use of the monoclonal C-terminal antibody polyclonal antibody 

(PAb) 421, a basic peptide which inhibits C-terminal function, resulted in an increase in p53 

sequence-specific DNA binding suggesting that the CTD is important for inhibiting the high-

affinity p53 DNA binding activity (Hupp et al 1992, Hupp et al 1995). These observations 

lead to the allosteric hypothesis namely that the C-terminal domain could control the 

conversion of p53 from a latent to an active form by its interaction with cellular factors 

resulting in enhanced sequence-specific DNA binding and the transcriptional activity of p53 

(Hupp et al 1992, Hupp et al 1995). The p53 latent form was shown to arise from the 

interaction between the aas 80 and 93 (in the PXXP domain) with its C-terminal domain 

(Muller-Tiemann et al 1998). More recent studies led to the re-evaluation of this model. 

Anderson and collaborators found that the nonspecific DNA commonly used in standard in 

vitro DNA-binding assays (for example: Electrophoretic mobility Shift assays (EMSA)) was 

acting as an inhibitor of p53 DNA binding (Anderson et al 1997). In addition, Ayed and 

colleagues observed that there was no difference in the NMR structures of the latent and 

active forms (Ayed et al 2001). Recently, a new role for CTD was identified in DNA binding 

and trans-activation (Kim et al 2012). The acetylation of K320 and K382 is required for the 

regulation of the balance between p53 binding to random sequences of DNA or to specific 

binding p53 RE sequences. In addition, the acetylation of these two K is also required for the 
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positive regulation of p53 transcription. Thus, the role of the CTD of p53 is essentially 

repressive but the manner in which this domain causes inhibition of p53 functions remains 

unclear. 

Role in p53 regulation  

 The CTD of p53 is needed for most p53 biological activities and plays an important 

role in p53 DNA binding and transcriptional activity (Hamard et al 2012). Hamard and 

collaborators suggested that the strong interaction of p53 with its targets depends on (1) the 

sequence of individual p53 RE and their association with p53, (2) post-translational 

modifications affecting the p53 protein, and more specifically the CTD, (3) p53 protein 

binding partners and (4) the epigenetic landscape of p53 target genes, regulating the access of 

p53 to relevant gene regulatory sequences (Hamard et al 2012). 

 The CTD contains several post-translational modification sites. Lysine aas K370, 

K372, K373, K381 and K382 can be each acetylated by p300/CREB-binding protein (CBP) 

(Knights et al 2006). The CTD seems to have a regulatory role on p53 functions by modifying 

the interaction on the p53 DBD with its target genes or the stability of the p53 tetramer. For 

example, the CTD is essential for pro-apoptotic p53 target genes such as PUMA, Bcl-2-

associated X protein (BAX) and cell cycle arrest p53 target genes such as cyclin-dependent 

kinase inhibitor 1 (p21
WAF1

) (Hamard et al 2012). For Mdm2’s interaction with p53’s CTD, it 

was observed that both the CTD and TADI were involved and that Mdm2 binding to these 

domains was not mutually exclusively presupposing that different surfaces of the Mdm2 

protein were involved (Poyurovsky et al 2010). The CTD could also interact with the 

signalling protein 14-3-3σ to stabilise p53 as a tetramer (Schumacher et al 2010).  

Liang and collaborators have reported that K305 and K306 were essential for p53 

nuclear import (Liang et al 1998, Liang and Clarke 1999a, Liang and Clarke 1999b). Using a 

mutagenesis approach, they observed that mutated K305A or K306A p53 proteins were 

deficient for nuclear import of p53. Other punctual mutations between these lysines and NLS-

I did not have the same effect. However, deletion of two or more aas abolished p53 nuclear 

import, suggesting that a part of the basic domain is essential for NLS-I function. 



Part I  The tumour suppressive p53 protein 

 

 23 

C. Regulation of p53 

 The p53 expression and activity are regulated by several pathways (Figure 5). The 

first is the modulation of the level of expression in the cell via its interaction with Mdm2 or 

other proteins interaction such as Mdm4. The second is the regulation of p53’s accumulation 

in the nucleus to promote the transcription of its target genes and the last level is by 

modulating the level of post-translational modifications (phosphorylation, acetylation), which 

influences p53’s activities. Transcriptional regulation of the p53 promoter does not appear to 

have a critical role in the induction of p53 in response to many different signals. 
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Figure 5: Regulation of p53 stability. (A) Sequestration of p53 in the cytoplasm by different mechanisms: 

PARC-1 or Mot-1 protein-protein interaction, sequestration by actin or vimentin, microtubules or sequestration 

in the mitochondria. (B) Regulation of p53 level. Mdm2 and Mdm4 form a complex, which allows p53 

ubiquitination. HAUSP could regulate the formation of this complex by de-ubiquitinating p53 (C). Regulation of 

p53 activity. p53 could be phosphorylated, the absence of Mdm4 decrease p53 degradation mediated by Mdm2, 

ARF could form a complex with Mdm2 or Mdm2 could poly-ubiquitinate itself and induce its degradation. 

Adapted from (Haupt et al 1997, Kubbutat et al 1997); Thesis of Virginie Marcel, University Lyon I, 2009. 

I. p53 stability 

1. The p53/Mdm2 regulatory feedback loop 

Mdm2: the main regulator of p53 stability 

 Mdm2 is a member of the really interesting new gene (RING)-finger-family protein 

and and an E3 ligase. p53 is one of its substrates and this modification mediates p53’s 

targeted degradation by the proteasome (Figure 5) (Jackson and Berberich 2000). Mdm2 can 

interact with the TADI of p53. Toledo and Wahls have showed that this interaction is 
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disrupted by phosphorylation of the N-terminal domain of p53 at S9, S15, S20 and S46 and 

that one or more of these phosphorylation events appeared sufficient to disrupt Mdm2 binding 

(Toledo and Wahl 2006). However, using mice models with an S to R mutation at S15 or S20, 

no effect on Mdm2 binding p53 function was noted (Chao et al 2006, Toledo and Wahl 2006). 

No role of S46 alone was observed on p53 stability either. Thus, threonine (T) 18 

phosphorylation seems to be the essential post-translational modification for p53/Mdm2 

complex formation (Sakaguchi et al 2000, Schon et al 2002). After p53/Mdm2 complex 

formation, Mdm2 poly-ubiquitinates p53 in the CTD, providing a signal for p53’s export to 

the cytoplasm and degradation by the 26S proteasome (Kubbutat et al 1999).  

 After DNA damage, S15 of p53 is phosphorylated, which facilitates the subsequent 

phosphorylation of S20, S46 and T18 resulting in the disruption of Mdm2 binding to p53 and 

of the degradation of p53 (Figure 5C). The stabilised p53 acts as a transcription factor for its 

target genes, including Mdm2 resulting in increased Mdm2 levels. This transcriptional 

regulation by p53 defines a negative regulatory feedback loop between p53/Mdm2 and is 

important for the cell to be able to restore p53 to its basal level (Figure 5B) (Chehab et al 

1999, Hirao et al 2000, Stommel and Wahl 2004). The mechanisms, by which p53 escapes 

Mdm2 binding, depends on the type of stress but seems to be critical in most cell types. In the 

mouse, depletion of Mdm2 was found to be lethal at early embryonic stages whereas the 

double depletion of both Mdm2 and trp53
 
rescued a normal development (Jones et al 1995, 

Montes de Oca Luna et al 1995). This observation suggests an important role of Mdm2 in the 

control of p53 levels and activity during development. Indeed the early lethality observed in 

Mdm2 depleted-mice may be explained by uncontrolled levels of p53 activity, inducing 

growth arrest and apoptosis. Moreover, over-expression of Mmd2 works as an antagonist that 

blocks p53-mediated cell cycle arrest and apoptosis (Kruse and Gu 2009, Vousden and Prives 

2009). These results show the importance of Mdm2-mediated p53 regulation. To date, several 

mechanisms modulating Mdm2/p53 interaction have been described (Figure 5C). For 

example, the p14
alternate reading frame

 
(ARF)

 protein (the alternative product of the p16 locus) can 

sequester Mdm2 by binding to its central domain, preventing it from targeting p53 (Llanos et 

al 2001, Sherr 2006, Weber et al 1999); In addition, Mdm2 is able to self-ubiquitinate and to 

regulate its own degradation (Chang et al 1998, Linares et al 2003, Stommel and Wahl 2004, 

Stommel and Wahl 2005) and Mdm2 could also interact with ribosomal proteins (RLP), such 

as RLP5 and RLP23, which leads to the collapse of p53/Mdm2 complexes. 

 Mdm2 can also decrease p53 activity by indirect mechanisms. First, Mdm2 can poly-

ubiquitinate the RPL26 and induce its degradation by the proteasome (Figure 5C) (Ofir-
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Rosenfeld et al 2008). It is known that RPL26 binds p53 mRNA, stabilising the transcript and 

increasing its translation. Thus, the down-regulation of RLP26 by Mdm2 results in a lower 

level of p53 protein. Secondly, Chromatin Immuno-Precipitation assays (CHIP) have shown 

that Mdm2 can be found on the promoters of p53 target genes, such as p21
WAF1

 (Arva et al 

2005, Tang et al 2008). After DNA damage, p53 is activated and Mdm2 seems to be released 

from such promoters. Mdm2 could thus negatively regulate some p53 target genes. In 

addition, Mdm2 interacts with histone modifying enzymes such as histone deacetylase 

(HDAC) 1 and kinase associated phosphatase (KAP) 1 that regulate the deacetylation of 

histones at the promoters of target genes and thus could modulate the activation of such 

promoters (Ito et al 2002, Wang et al 2005).  

Mdm4: Regulator of the p53/Mdm2 regulator feedback loop 

 Mdm4 (also called MdmX) is a RING-finger homologue of Mdm2 and also has an E3 

ligase activity. It presents an almost identical p53 binding domain as Mdm2 in its N-terminal 

region and a RING domain in its C-terminal end (Wang and Jiang 2012). It was first 

identified as a p53-binding domain partner in 1996 (Shvarts et al 1996). Genetic studies 

showed that Mdm4 is as essential as Mdm2 for the degradation and the negative regulation of 

p53. Indeed, Mdm4 depletion in mice is lethal at an embryonic stage due to the over-

expression of p53 (Finch et al 2002, Parant et al 2001). Furthermore, embryonic lethality is 

also observed in mice carrying mutations in the Mdm4 RING domain due to an accumulation 

of p53 and an over-expression of p53 target genes such as p21
WAF1

, BAX and MDM2 (Huang 

et al 2011). Interestingly, when the level of p53 is reduced to a basal level, mice do not show 

embryonic lethality (Pant et al 2011). These results led to the suggestion that (1) the Mdm4 

RING domain interacts with the Mdm2 RING domain and promotes Mdm2-mediated p53 

poly-ubiquitination and degradation (Gu et al 2002, Kawai et al 2007, Okamoto et al 2009); 

(2) the level of basal p53 is important for Mdm2/Mdm4 degradation. Recently, in vitro, two 

main roles were described for the heterodimer of Mdm4/Mdm2: in the presence of p53, 

Mdm4 is an activator of the E3 ligase activity of Mdm2. In the absence of p53, Mdm4 

protects Mdm2 against its self-ubiquitination (Wang et al 2011).  

 After DNA damage, activation of p53 requires the un-coupling of the 

Mdm2/Mdm4/p53 complex. Studies show that the kinases ATM/ATM and rad3-related 

protein (ATR) and Abelson murine leukemia viral oncogene (c-Abl) promotes the 

translocation of Mdm4 from the nucleus into the cytoplasm via the 14-3-3σ protein (Chen et 

al 2005, Jin et al 2006, LeBron et al 2006, Li et al 2002a, Okamoto et al 2005, Wang et al 
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2007, Waning et al 2011). The localisation of Mdm4 to the cytoplasm increases its 

degradation by the proteasome in an Mdm2-dependent manner (Chen et al 2005, Jin et al 

2006, Okamoto et al 2005). This degradation appears to be the key for the inactivation of the 

Mdm2/Mdm4 E3 ligase activity during the p53 DNA damage response. 

2. Others regulators of p53 stability 

 Other p53 stability regulators have been described in the literature such as the JNK 

kinase protein, other p53 E3 ligases, the de-ubiquitinating protein Herpes associated 

ubiquitin-specific protease (HAUSP) ubiquitin-specific protein and the p300/ CREB binding 

protein (CBP) co-activator proteins.  

JNK 

 JNK appears to have a dual role on p53 stability, either increasing or decreasing p53 

stability depending on cellular conditions. Under basal conditions, JNK binds p53 and acts as 

E3 ligase to target it for ubiquitination by the proteasome (Fuchs et al 1998b). After stress, 

JNK phosphorylates p53 on T81, inducing a cascade of modifications by acetylation to 

increase p53 activity (Fuchs et al 1998a, Prives and Hall 1999). As for Mdm2, the 

phosphorylation of the TAD mediated by JNK decreases p53 degradation and increases its 

stability. 

Others p53 E3 ligases 

 Pirh2 is a RING domain protein, which is able to modulate p53 stability (Leng et al 

2003). Like Pirh2, the human homolog of constituvely photomorphogenic 1 (COP1) has also 

been described as a p53 interacting RING finger protein (Dornan et al 2004a, Dornan et al 

2004b). These two proteins act through a similar mechanism to Mdm2, ubiquitinating and 

degrading p53 through the proteasome. Interestingly, both are encoded by p53-inducible 

genes. These results suggest that Pirh2 and COP1 also participate in a p53 negative feedback 

loop, as for Mdm2. The functional impact of these proteins is similar to Mdm2: over-

expression of Pirh2 reduces p53-dependent cell cycle arrest and apoptosis in cancer cell lines 

(Leng et al 2003), whereas silencing of COP1 by RNA interference increases p53 levels and 

p53 activation after DNA damage (Dornan et al 2004b); Pirh2 interacts with p53 tetramers 

though the p53 DBD and/or OD (Leng et al 2003, Sheng et al 2008).  

 The redundancy of these proteins and the negative regulatory feedback loop could be 

explained by (1) their expression at different times, for example, after DNA damage, Mdm2 is 

expressed and not Pirh2 (Duan et al 2006); (2) their synergism: loss of COP1 and Mdm2 



Introduction  The TP53 gene and its modifiers 

 

 28 

expression increases 8-fold p53’s half-life compared to the loss of Mdm2 alone (Dornan et al 

2004b).  

HAUSP 

 The HAUSP, also known as Ubiquitin-specific processing protease (USP) 7 modulates 

p53 activity regulation by interacting with both p53 and Mdm2 (Li et al 2002b, Lim et al 2004, 

Wood 2002). HAUSP directly interacts with p53, de-ubiquitinating it and activating p53 (Li 

et al 2002b). Studies showed that loss of HAUSP expression increases p53 stabilisation and 

cell cycle arrest (Cummins et al 2004, Li et al 2004).  

p300/CBP: E4 ubiquitin ligases 

 CBP and p300 are transcription co-activators involved in p53 acetylation, which can 

also acts as E3/E4 ubiquitin ligases by mediating p53 degradation (Shi et al 2009a). Analysis 

of p300 or CBP-deficient cells revealed that both were required for endogenous p53 

ubiquitination and the degradation of p53 in unstressed cells. Unexpectedly, p300/CBP 

ubiquitin ligase activities were absent in nuclear extracts and exclusively cytoplasmic. 

Consistent with the cytoplasmic localization of its E3/E4 activity, CBP deficiency specifically 

stabilized cytoplasmic, but not nuclear p53. This cytoplasmic localisation is associated with 

contrary functions of p300/CBP: cytoplasmic p300/CBP ubiquitinates and destabilizes p53, 

while nuclear p300/CBP activates p53 by acetylation. 

p14
ARF 

 The p14
ARF

 protein is the product of the alternative reading frame of the p16 locus 

(Kamijo et al 1997, Sherr 2001). It is able to bind p53, Mdm2 or both when present in a 

complex (Kamijo et al 1998). Through Mdm2 binding, p14
ARF

 inhibits Mdm2 activity (Honda 

and Yasuda 1999) and increases Mdm2-mediated degradation of Mdm4 (Pan and Chen 2003). 

The p14
ARF

 protein is localised in the nucleolus, which co-localises with Mdm2 (Weber et al 

1999). These results suggest that p14
ARF

 could sequester Mdm2 in the nucleoplasm and 

indirectly activate p53. Since p14
ARF

 is a transcriptional target of E2F transcription factors 

during the S (synthesis) phase of the cell cycle, its expression is increased in cells, which 

results in the activation of p53 as a safeguard mechanism to control cell growth (Lomazzi et al 

2002). 
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II. Subcellular localisation 

 p53 is a transcriptional factor and exert its main activity in the nucleus. Export of p53 

into the cytoplasm inactivates this function. During cell cycle and after genotoxic stress, p53 

appears to shuttle between the nucleus and the cytoplasm (David-Pfeuty et al 1996, Moll et al 

1996, Ostermeyer et al 1996, Shaulsky et al 1991a, Shaulsky et al 1991b). NLS and NES 

sequences are essential for the balance between the rates of import and export of p53 through 

the cell (Henderson and Eleftheriou 2000, Shaulsky et al 1990a, Shaulsky et al 1990b).  

 p53 contains two NES, one in the oligomerisation domain (aas 339-352) and the 

second in the N-terminal domain (aas 11-27) (Stommel et al 1999, Zhang and Xiong 2001a, 

Zhang and Xiong 2001b). Under basal condition, the NES are exposed when p53 presents its 

inactive tri-dimensional structure and p53 is exported into the cytoplasm through the export 

nuclear receptor CRM1 (Kudo et al 1998, Santiago et al 2013). In the cytoplasm, p53 is 

degraded by the proteasome in a Mdm2-dependent manner (O'Keefe et al 2003). Post-

translational modifications such as phosphorylation of S15 and S392, which allows the 

tetramerisation of p53, interfere with nuclear export (Sakaguchi et al 1997, Zhang and Xiong 

2001b). When p53 tetramers are formed, the NES in the C-terminal is not accessible and the 

p53 tetramers accumulate in the nucleus (Lohrum et al 2001, Stommel et al 1999).  

 The activity of the NLS is also under post-translational control. As explained in the 

Introduction, Section B, Part 5, p53 contains several NLS (NLS I: aas 315-325; NLS II: aas 

369-375 and NLS III: aas 379-384), the strongest NLS is the NLS I (Shaulsky et al 1990b). 

This NLS includes a phosphorylation site for cyclin-dependent kinase (Cdk) 2/Cyclin A at 

S315 and an acetylation site for p300/CBP at K320 (Iyer et al 2004). 

 p53 crosses the nucleus membrane by fixation to importin α (Kim et al 2000, Liang 

and Clarke 1999a). Truncation of importin α results in the sequestration of p53 in the 

cytoplasm. Some additional proteins are implicated in p53 importation into the nucleus such 

as S100B and Spot-1, which bind to the NLS I motif (Elkind et al 1995, Scotto et al 1999) or 

Bcl-2, which blocks its re-localisation (Beham et al 1997). 

 Several proteins can also interact with p53 in the cytoplasm and enable its 

sequestration including PARC-1 and Mot-2 (Nikolaev et al 2003, Wadhwa et al 1998) or it 

migration into the cytoplasm, such as actin, vimentin or microtubules (Giannakakou et al 

2002, Katsumoto et al 1995, Klotzsche et al 1998).  
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 A fraction of p53 is also found in the mitochondria (Marchenko et al 2000). The 

mitochondrial p53 can induce the mitochondrial intrinsic apoptotic pathway, which will be 

developed later in this Thesis (Introduction, Section D, part II-1). 

 Nuclear import/export and proteasome dependent degradation of p53 are closely 

related mechanisms. Controversial results have been published on p53 re-localisation into the 

cytoplasm and its degradation by Mdm2. Some studies showed a degradation of p53 in the 

cytoplasm only (Freedman and Levine 1998, Roth et al 1998), while others reported that p53 

was degraded in the nucleus (Lohrum et al 2001, Stommel and Wahl 2004). Recent studies 

suggest that the re-localisation of p53 mediated by Mdm2 depends on its ubiquitination status. 

When Mdm2 levels are low, p53 is only mono-ubiquitinated and is exported to the cytoplasm; 

while at high level of Mdm2 or in presence of p300 and Mdm2, p53 is poly-ubiquitinated and 

degraded in the nucleus (Grossman et al 2003, Li et al 2003, Tao and Levine 1999).  

III. Epigenetic silencing of TP53 promoter 

 In 1997, Schroeder and collaborators reported a correlation between hyper-

methylation of the TP53 promoter and the decrease of its transcription (Schroeder and Mass 

1997). In vitro studies, using reporter gene constructs, demonstrated that TP53 promoter 

methylation induces a 90% reduction of p53 mRNA expression (Pogribny et al 2000). Since, 

no reports have been published on naturally occurring DNA methylation of the TP53 

promoter. A number of publications have reported that DNA hyper-methylation of the TP53 

promoter was associated with low levels of mRNA expression in primary hepatocellular 

carcinoma (Pogribny and James 2002), acute lymphoblastic leukaemia (Agirre et al 2003), 

chronic lymphocytic leukaemia, breast cancer without TP53 mutation (Pharoah et al 1999) or 

glioma (Amatya et al 2005). Based on these results, DNA methylation could be a mechanism 

used to inactive p53 expression but the role of methylation remains to be fully established. 

However, it should be noted that there are little data on the levels of DNA methylation of the 

TP53 promoter and its variation in non-cancer cells. 

IV. Post-transcriptional modifications 

1. miRNA 

 MicroRNAs (miRNAs) are non-coding RNAs of about 22 nucleotides that bind a 

complementary sequence in the target mRNA and can influence its post-translational 

regulation, usually by impairing translation or inducing target degradation. About 1,870 

human miRNA sequences are currently listed in the miRBase compiled at the University of 
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Manchester (http://www.mirbase.org/). They are distributed on all chromosomes and miRNA 

sequences represent about 3-5% of all predicted genes in the human genome. Given the 

capacity of the same miRNA to target different mRNAs, it is considered that over 50% of all 

protein coding genes in the genome are regulated by miRNA. Several miRNAs could regulate 

p53 activity by direct modulation of p53 mRNA and indirect targeting of mRNA encoding 

p53 regulators. In addition, p53 controls the expression of a network of miRNA with essential 

functions in cell proliferation, differentiation and survival, such as miR-34, miR-145 or 

members of the miR-200 family (Figure 6) (Hermeking 2012).  

 

 (Figure 6: p53 regulation by miRNAs. Certain microRNAs (miR) mediate p53 down-regulation via 

interaction with the 3’UTR. Others can inhibit the Mdm2-p53 interaction directly or indirectly, such as miR-122. 

They could also inhibit SIRT1 and YY1 regulation of p53 mRNA in the C-terminal part of the mRNA. TAD: 

Transcriptional Domain; PXXP: Proline Domain; DBD: DNA Binding Domain; OD: Oligomerisation Domain; 

CDB: C-terminal Basic Domain. Adapted from (Hermeking 2012). 

miRNA-mediated direct p53 inhibition 

 Several publications have shown that p53 expression is regulated by the interaction 

between miRNAs and the 3’untranslated region (UTR) of p53 pre-mRNA (Figure 6). These 

miRNA include miR-125b (Le et al 2009), which contains a complementary sequence to the 

3’UTR of p53 mRNA. Targeting of p53 mRNA by miR-125b results in decreased p53-

mediated apoptosis. Recently, other miRNAs of the miR-125 family were shown to interact 

with components of the p53 effector network such as PUMA (Le et al 2011). Furthermore, 

elevated expression of miR-125b is associated with an increase of tumour size, invasion, poor 

prognosis and decreased survival in colorectal cancer (Nishida et al 2011). Taken together, 

these results suggest that miR-125b an important negative regulator of p53 and of its 

biological effects. .  

 Other miRNAs interacting with the 3’UTR of p53 mRNA include miR-504, miR-33, 

miR-1285 and miR-30d (Herrera-Merchan et al 2010, Hu et al 2010a, Kumar et al 2011, Tian 

et al 2010). These miRNAs appear to decrease p53 expression and thus to reduce p53’s 
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biological effects such as apoptosis, cell cycle arrest or senescence. Amplification of the gene 

encoding miR-30d is found in about 30% of solid tumours and is associated with poor clinical 

survival in ovarian cancer (Li et al 2012a).  

Indirect p53 inhibition by miRNAs 

 Some studies also observed that miRNAs could down-regulate upstream negative 

regulators of p53 (Figure 6). The most studied miRNAs are the miR-34 family. miR-34a can 

down-regulate the NAD-dependent deacetylase SIRT1, a regulator of metabolic stress 

responses acting as a tumour suppressor. This down-regulation increases p53 activity and p53 

the expression of p53 target genes such as p21
WAF1

 and PUMA, which subsequently increases 

apoptosis (Yamakuchi et al 2008). miR-34a expression is regulated by the p53 protein, 

creating a positive regulatory loop between p53, miR-34a and SIRT1. miR-200a or miR-449 

can increase SIRT1 expression and thus influence this p53 negative loop (Bou Kheir et al 

2011, Eades et al 2011). p53 is implicated in a similar feedback loop involving miR-34, since 

this miRNA can inhibit YY1, a transcriptional suppressor protein, which itself inhibits p53 

(Chen et al 2011). 

 Mdm2 is regulated by several miRNAs, which could thus indirectly modulate p53 

expression and activity. miR-122 can down-regulate Cyclin G1, which inhibits the 

recruitment of Mdm2 by p53, resulting in an increase of p53 levels and activity (Fornari et al 

2009). Mdm2 expression can be also modulated by miR-192, miR-194, miR-215 and miR-

605, which are all induced by p53 (Braun et al 2008, Pichiorri et al 2010, Xiao et al 2011). 

These interactions suggest a positive feedback loop involving these miRNA, Mdm2 and p53. 

Of note, miR-192 appears to be down-regulated in colorectal cancer (Braun et al 2008). 

 These results show that a complex network of miRNAs can directly or indirectly 

regulate p53 mRNA levels with the indirect routes creating feedback loops and redundancies 

and highlight the complexity of p53 regulation. 

2. WRAP53 

 The WRAP53 gene is located upstream of TP53, in the opposite orientation and its 

coding sequence overlaps with the TP53 promoter, non-coding exon 1 and the proximal part 

of intron 1 (Figure 2A) (Mahmoudi et al 2009), Initially identified as a natural antisense 

transcript that up-regulates p53 expression (Yuan et al 2011). Down-regulation of the 

WRAP53 gene results in a significant decrease in p53 mRNA and in suppression of p53 

induction in response DNA damage. This effect has been attributed to the capacity of 

WRAP53 mRNA to hybridize with and stabilize p53 mRNA. To analyse the interaction 
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between WRAP53 transcripts and p53, Mahmoudi and collaborators developed a siRNA 

against WRAP53 (Mahmoudi et al 2009). They observed, in the absence of WRAP53, a 

decrease of p53 mRNA level. They also observed a RNA duplex interaction in a head-head 

manner, which allows the p53’s transcription. However, knockdown or over-expression of 

p53 did not influence WRAP53 expression. These results suggest that WRAP53 is a positive 

regulator of p53 transcription. In addition, WRAP53 is also known as telomerase Cajal body 

protein-1 (TCAB1), encoding a protein that interacts with components of active telomerase 

dyskerin, telomerase reverse transcriptase (TERT) and telomerase RNA component (TERC) 

and with small Cajal body RNAs, which are involved in splicing regulation (Mahmoudi et al 

2010). Depletion of TCAB1 by RNA interference prevents TERC from associating with Cajal 

bodies, disrupts telomerase-telomere association and prevents telomere elongation. Mutations 

in TCAB1 have been associated with Dyskeratosis Congenita (Venteicher and Artandi 2009).  

3. G-quadruplexes in 3’UTR 

 G-quadruplexes (G4s) consist of four-stranded structures occurring in guanine-rich 

sequences with regulatory effects in DNA or RNA. These structures are widespread in the 

genome and have been shown to have important regulatory effects on gene transcription 

(Bochman et al 2012), mRNA splicing (Gomez et al 2004) and mRNA stability (Millevoi et al 

2012). G4 structures are presented and discussed in detail in the Introduction, Part III of this 

Thesis. Decorsière and collaborators observed that after DNA damage generated by UV, the 

cleavage of p53 pre-mRNA and the addition of the poly(A) tail is deregulated (Decorsiere et 

al 2011). They showed that this cleavage of the pre-mRNA is regulated by a G4 structure 

located downstream of the cleavage site. Heterogenenous nuclear ribonucleoproteins (hnRNP) 

H and F can bind this G4 and stabilize it, enabling p53 expression and p53-induced apoptosis. 

V. Post-translational modifications 

 Under basal conditions, p53 has a short half-life (5 to 30 min) and is maintained at low 

levels in cells (Jenkins et al 2012). However, under stress condition, p53 is stabilized, 

activated and accumulates in the nucleus. Stabilisation and activation of p53 are mediated and 

accompanied by post-translational modifications such as phosphorylation, acetylation, 

methylation, ubiquitination, neddylation, sumoylation, poly ADP-ribosylation and O-

glycosylation. Each type of post-translation modification is clustered in distinct regions of the 

protein. There are multiple cross talks and redundancies between these post-translational 

modifications. The precise pattern of modifications may depend upon the particular pathway 



Introduction  The TP53 gene and its modifiers 

 

 34 

of p53 induction such as different forms of stress, the amplitude of inducing signals and of 

cell responses, and the particular cell and tissue context. 

1. Phosphorylation 

 Phosphorylation is located essentially in the TAD and C-terminal basic domains 

(Jenkins et al 2012). Overall, phosphorylation of the TAD is critical for p53 stabilisation and 

activation (Ohki et al 2007) whereas phosphorylation in the CBD regulates p53 

oligomerisation (Figure 7). 

 

Figure 7: Post-translational modification of p53. Known modifying enzymes (black arrow) are shown above 

the modifications. Circle: Phosphorylation (yellow); Acetylation (purple); Methylation (orange); Sumoylmation 

(blue); Neddylation (green). Adapted from (Appella and Anderson 2001, Jenkins et al 2012)) 

N-terminal trans-activation domain  

 The p53 TAD phosphorylation network is complex, with some phosphorylations 

increasing p53 activity while others may decrease it. Recently, Jenkins and collaborators 

observed that phosphorylation sites in TADI were more important than those in TADII for 

activating the p53 protein (Jenkins et al 2012). The role of some phosphorylation sites is 

summarized in Table 1.  

 After DNA damage generating DNA double strand breaks (DSB), one of the first 

events is the auto-phosphorylation of the ATM kinase and the subsequent phosphorylation of 

S15 of p53 (Canman et al 1998). This phosphorylation results in the binding to p300/CBP and 

enables p53 to increase p53-dependent transcription (Dumaz and Meek 1999, Lambert et al 

1998). The phosphorylation of S15 also enables the phosphorylation of S20 mediated by 

Chk1, which increases p53 stabilisation (Shieh et al 2000). These phospho-S are implicated in 

the p53-dependent G1 cell cycle arrest and apoptosis induction (Table 1) (Jenkins et al 2012). 

S4 is also phosphorylated by Chk2 after DNA damage and is associated with an increase in 

p53-dependent apoptosis (Shieh et al 2000). In addition, the phosphorylation of S46 by the 
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kinases HIPK2 (D'Orazi et al 2002), AMPK (Okoshi et al 2008) or p38 (Perfettini et al 2005) 

has been described as an early step for promoting p53-dependent apoptosis. 

 In contrast, p53 phosphorylations can also inhibit p53-protein interactions. The 

presence of the phosphorylated form of T18, carried out by Chk1, reduced by 5- to 25- fold 

the binding affinity of the TADI-Mdm2 complex (Ferreon et al 2009, Teufel et al 2009). 

Phosphorylation at T55 also mediates p53 nuclear export (Cai and Liu 2008). 

 Under conditions of non-genotoxic stress, p53 can also be phosphorylated, for instance 

the phosphorylation of S15 during hypoxia to stabilize and activate p53 (Koumenis et al 

2001) or phosphorylation of S15 via Erk1/2 under conditions of microtubule disorganisation 

(Sablina et al 2001, Stewart et al 2001). The role of p53 phosphorylation during these stresses 

is still not well understood. 

 

Table 1: Summary of phenotypic observation for Knock-in mutated mice  carrying mutants at 

different important phosphorylation site of p53 (Adapted from (Jenkins et al 2012)). 

Genotype 

(Mouse) 

Correspondence 

(human) 
p53 stability p53 activity 

p53
-/-

 p53
-/-

 NA None 

p53
S18A/S18A

 p53
S15A/S15A

 Normal Reduced apoptosis and G1 arrest 

p53
S23A/S23A

 p53
S20A/S20A

 Modest effect Reduced apoptosis 

p53
S18A,S23A/S18A/S23A

 p53
S15A,S20A/S15A,S20A

 Normal No apoptosis, impaired G1 arrest 

p53
L25Q,W26S/L25Q,W26S 

p53
L25Q,W26S/L25Q,W26S

 Increased No apoptosis, no G1 arrest 

p53
T21D,S23D/- 

p53
T18D,S20D/- 

 Increased in basal, no increase after stress  

p53
F53Q,F54S/F53Q,F54S

 p53
F53Q,F54S/F53Q,F54S

 Normal Normal 

p53
S46A/S46A 

* p53
S46A/S46A

 Slight reduction Reduced apoptosis 

 

NA: not applicable 

*: in human p53 transgenic background 

C-terminal basic domain 

 S315 and S392 were the first p53 phosphorylated sites identified in the C-terminal 

basic domain (Appella and Anderson 2000). After exposure of UV radiation, phosphorylation 

on S315 mediated by Chk2, has only alittle effect on p53 dimer formation but in combination 

with phosphorylation at S392, Waterman and collaborators observed an increase in the 

oligomerisation induced by S392, influencing p53 function (Waterman et al 1995). 

Phosphorylation at S392 results in the stabilisation of active p53 in its tetrameric state via an 

intermolecular mechanism: one segment of the C-terminal basic domain bind to the DBD of 

another subunit in the tetramer (Retzlaff et al 2013). 

2. Ubiquitination 

 As discussed above in detail, ubiquitination of p53 is mediated by two major E3 

ligases, Mdm2 and Mdm4. p53 is poly-ubiquitinated in the presence of high levels of Mdm2 
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and mono-ubiquitinated when Mdm2 is at low levels of Mdm2 (Dai and Gu 2010). Mdm4 

specifically contributes to poly-ubiquitination. When p53 is poly-ubiquitinated, it is degraded 

by the proteasome while mono-ubiquitination of p53 enables the export of p53 into the 

cytoplasm and induces apoptosis or autophagy (Becker et al 2007, Tasdemir et al 2008a).   

 p53 can also be modified by the addition of two other ubiquitin-like proteins, Small 

ubiquitin-like Modifer (SUMO) and Neural precursor cell Expressed Developmentally Down-

regulated protein 8 (NEDD8) (Dai and Gu 2010). These proteins are well conserved during 

evolution and could interact directly with some p53 lysines. SUMO and NEDD8 present the 

same three-dimensional structure as ubiquitin (Carter and Vousden 2008). The only identified 

site in p53 that can be sumoylated is K386 by a reaction carried out by the E3 SUMO ligase 

Protein Inhibitor of Activated Stat (PIAS) (Stehmeier and Muller 2009). The sumoylation of 

this aa appears to activate a p53 transcriptional program (Melchior and Hengst 2002) and to 

induce premature senescence (Stehmeier and Muller 2009). Neddylation of p53 is mediated 

by Mdm2 at lysines, K370, K372 and K373, which are also targeted by ubiquitination 

(Xirodimas et al 2004). Fbxo11, a F-box protein family that constitutes one of the four 

subunits of ubiquitin protein ligase complex SKP1-cullin-F-box (SCFs), can neddylate p53 at 

amino acids K320 and K321 (Abida et al 2007). The neddylation of p53 inhibits p53 

transcriptional activity (Abida et al 2007, Xirodimas et al 2004). Recently NEDD8 Ultimate 

Buster 1 (NUB1), a non-covalent acting protein of NEDD8, was demonstrated to decrease 

p53 neddylation and increase ubiquitination (Liu and Xirodimas 2010). 

3. Acetylation 

 Acetylation of p53 was shown to be correlated with stabilisation, activation in 

response to cellular stress and stimulation of sequence-specific DNA-binding (Brooks and Gu 

2011). p300/CBP can acetylate different lysines at positions 164, 305, 370, 372, 373, 381 and 

382 (Kruse and Gu 2008). These aas could also be ubiquitinated by Mdm2. K120 could also 

be acetylated TIP60/MOF, two acetyl transferases (Sykes et al 2006, Tang et al 2006). This 

acetylation of K120 could be activated by oncogene activation (Mellert et al 2007). Mutation 

of this aa induces activates cell cycle arrest but impairs p53-induced apoptosis (Tang et al 

2006). 

4. Other post-translational modifications 

 Methylation of lysines in the C-terminal basic domain also regulates p53 activity. For 

example, mono-methylation at K370 causes the inhibition of p53 activity (Huang et al 2006), 

di-methylation at K370 increases p53 activity by promoting interaction with its co-activator 
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53BP1 (Huang et al 2006) and methylated K372 increases transcription of p21
WAF1

 (Chuikov 

et al 2004). Mutation of K373 to Q or acetylation of K373 promotes apoptosis by favouring 

interaction with lower-affinity binding sites like BAX and p53AIP1 promoters (Knights et al 

2006, Roy and Tenniswood 2007). The mono-methylated K382 impacts on the trans-

activation of some p53 target genes such as p21
WAF1

and PUMA, which are inhibited, whereas 

p53 RE’s with weak affinity for p53 are unaffected (Shi et al 2007). Moreover, p53 modified 

at K382 induces cell cycle arrest but not apoptosis (Roy et al 2005). 

 p53 could be also modified by O-glycosylation in the DBD domain (Shaw et al 1996),  

ADP-ribosylation mediated by Poly-ADP Ribose Polymerase (PARP) at K135 (Wesierska-

Gadek et al 1996). The biological significance of these modifications remains unclear. 

VI. Regulation of p53 activity by its isoforms 

 The p53 protein must be in a tetrameric form to bind DNA with high affinity. On the 

other hand, TP53 encodes at least 12 different protein isoforms with different N- and C-

terminal domains, which are differentially regulated by Mdm2. Hetero-oligomerisation 

between full-length p53 and specific isoforms may therefore regulate p53 stability and 

activity.  A recent study has shown that p53 and Δ40p53, when co-transfected in p53-null 

cells, could form hetero-oligomers (Hafsi et al 2013). Δ40p53 lacks the TADI, which 

mediates the standard transcription activation capacity of p53. When expressed in excess as 

compared to full-length p53, Δ40p53 operates as a negative regulator. However, when 

expressed at low levels, Δ40p53 may be incorporated in oligomers containing mostly full-

length p53, increasing their stability and DNA binding activity by facilitating their escape 

from Mdm2-dependent degradation (Hafsi et al 2013). In addition, the Δ40p53 can fixe the 

promoter of some cell cycle p53 target genes such as p21
WAF1

 and altered the p53 

transactivation activity (Takahashi et al 2013). These results suggest that the Δ40p53 isoform 

may exert complex effects on p53 activity, depending upon its level of expression.  
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D. p53 functions 

 There has been debate on whether the p53 protein can exert significant biological 

activities when expressed at baseline, normal levels. Indeed, for a long time, it has been 

considered that p53 did not play any significant biological role unless activated in response to 

a wide range of physical, chemical or biological stresses. One of the common denominators of 

these stresses is the presence of diverse forms of DNA damage.  In response to such types of 

stress, p53 is activated as a high-affinity, sequence specific DNA binding protein and 

accumulates in the nucleus. This activation is mediated by its dissociation from Mdm2 by 

post-translational modifications such as phosphorylation at several S or T in the N-terminus 

(including S15). The p53 protein is implicated in many cellular functions such as cell cycle 

arrest, apoptosis, DNA repair or senescence. The selection of which among the multiple 

effector pathways regulated by p53 is activated depends at least in part on its post-

translational modifications, themselves reflecting the activation of signalling cascades in 

response to different forms of stress. 

I. Cell cycle arrest by controlling checkpoints 

 p53 is implicated in cell cycle arrest by controlling the induction of the G1/S and 

G2/mitosis (M) cell cycle checkpoints. Arrest at these checkpoints may be permanent and 

lead cells to enter senescence. Alternatively, transient arrest may allow the cell time to repair 

DNA lesions before resuming proliferation. 

1. G1/S transition 

 The G1/S cell cycle checkpoint is important to prevent cells damaged in G1 from 

entering the replication phase. This checkpoint is regulated in two different ways. The first is 

mediated by Cdc25A degradation and the second by p53 activation and the subsequent 

transcriptional activation of p21
WAF1

. In this section, only the latter mechanism by p53 will be 

developed (Figure 8).  

 p53 plays a prominent role in the G1/S checkpoint (Kastan et al 1992, Lin et al 1992). 

After exposure to ionizing radiation (IR) or reactive oxygen species (ROS) formation, ATM 

and ATR kinases are activated and phosphorylate p53 at S15 (Kastan et al 1992, Siliciano et 

al 1997). ATM/ATR can also phosphorylate and activate Chk2, which phosphorylates p53 at 

S20. These phosphorylations of p53 lead to the disruption of its interaction with Mdm2 and 



Part I  The tumour suppressive p53 protein 

 

 39 

consequently the amount of p53 protein in the cell increases. Once activated and accumulated, 

p53 up-regulates the transcription of p21
WAF1

 (el-Deiry et al 1993, el-Deiry et al 1994, Kastan 

and Bartek 2004). p21
WAF1

 then binds and inhibits the complex Cyclin E/Cdk2 or Cyclin 

D/Cdk4 (Harper et al 1993, Stewart and Pietenpol 2001) which are critical for the sequential 

phosphorylation of the retinoblastoma protein (pRB) at the G1/S transition. Inhibition of pRB 

phosphorylation, in turn, prevents the release of E2F transcription factors, which directly 

mediates the expression of many genes essential for progression into S phase. The pRB/E2F 

protein complex is the main target of the G1/S checkpoint effectors (Sherr 1994). Mouse 

embryonic fibroblasts lacking p21
WAF1

 are deficient in their ability to arrest in G1 in response 

to DNA damage and nucleotide pool perturbation (Deng et al 1995). The reversibility of the 

p53-induced G1 arrest appears to be cell-type specific (Agarwal et al 1995, Di Leonardo et al 

1994).  

 In response to an excessive proliferative signalling, such as oncogene activation, the 

expression of p14
ARF

, an alternative reading frame product of the p16 gene, is increased 

(Lomazzi et al 2002). p14
ARF 

sequesters Mdm2 and prevents its binding with p53, thus 

allowing the stabilisation of p53 and favouring cell cycle arrest through the activation of 

p21
WAF1

 and other downstream events.   

 Finally, p53 can regulate the G1/S transition by modulating miR expression. Indeed, 

p53 can trans-activate the promoter of the genes of the miR-34 family (He et al 2007) and 

miR-34 can inhibit Cdk2, Cdk4 and Cyclin E2 activity (Hermeking 2012). Another example 

is the down-regulation of Cdk4 by miR-145 that is a direct target of p53 (Hermeking 2012). 

In addition, miR-15a and miR-16-1 target Cyclin E and contribute to the p53-induced cell 

cycle arrest at the G1/S transition (Ofir et al 2011). 
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Figure 8: Role of p53 in the G1/S transition checkpoint. The p53 protein can be phosphorylated and activated 

by two different manners: after oncogene activation via p14
ARF

 or ATM/ATR and Chk2 activation in response to 

ionising radiation of reactive oxygen species. p53 can thus transactivate genes implicated in G1/S transition such 

as p21
WAF

 or miRNA (miR-34, miR-145, miR-15a and miR-16-1) which inhibit Cyclin D/Cdk4 or 

CyclinE/Cdk2 complex and indirectly pRB activation, a major controlling component of the G1/S transition.  

2. G2/M transition 

 G2/M progression is driven by the maturation-promoting factor, a complex of Cyclin 

B1/Cdk1. The blocking of the activity of this complex leads to the G2 arrest and is induced by 

multiple signalling pathways, involving the kinases ATM, ATR and their downstream 

substrates Chk1 and Chk2 (Nyberg et al 2002) and p38 MAPK (Figure 9). In addition to the 

G1/S arrest, p53 has been shown to participate in the G2/M checkpoint through multiple 

functions, acting mainly in the maintenance and the recovery of this cell cycle arrest. p53 

regulates the transition from  G2 to M by activating the Cdk inhibitor p21, Growth arrest and 

DNA damage 45 (GADD45) and 14-3-3σ (Agarwal et al 1995, Guillouf et al 1995, Stewart et 

al 1995) but also through transcriptional repression of mitotic regulators, including Cyclin B1 

(Innocente et al 1999), Cdc25B and PLK1 (Medema and Macurek 2012). 
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 Over-expression of the GADD45 protein has been associated with the G2/M arrest in 

p53
+/+

 cells but not in p53
-/-

 cells, suggesting a link between p53 and GADD45 in cell cycle 

arrest. After UV exposure, p53 trans-activates the GADD45 promoter, which inhibits Cyclin 

B1/Cdk1 complex formation (Zhan et al 1999). The kinase 14-3-3σ is also induced by p53 

and can bind Cdc25b, the phosphatase that controls the de-phosphorylation of tyrosine 15 of 

Cdk1, located at the active site of the main Cdk controlling G2/M progression. Cdk1 is 

phosphorylated on tyrosine (Y) 15 during G2 and de-phosphorylation by Cdc25b is the 

activation signal for entry into mitosis (Hermeking et al 1997, Waterman et al 1998). Binding 

of 14-3-3σ leads to the sequestration of Cdc25C in the cytoplasm and inhibition of its 

phosphatase activity (Lopez-Girona et al 2001, Peng et al 1997) and thus its inability to 

activate the cyclin B1/Cdk1 complex (Peng et al 1997).   

 In addition, it has been shown that the Reprimo protein induces cell cycle arrest by 

inhibiting Cdk1 activity and nuclear translocation of the Cdk1/Cyclin B1 complex in a p53-

dependent manner (Ohki et al 2000). It has also been observed that the repression of the 

topoisomerase (Topo) II gene by p53 also helps to block entry into mitosis and strengthens 

the G2 arrest (Wang et al 1997). 

 Phosphorylation of Cdk1 by the Cyclin-Activating Kinase (CAK) is one event in the 

multistep process required for activating CAK. Schneider and collaborators have shown that 

the activity of CAK is negatively regulated by p53 (Schneider et al 1998). 
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Figure 9: Role of p53 in G2/M transition checkpoint. The p53 protein can be phosphorylated and activated by 

ATM/ATR and Chk1 activation in response to UV. The phosphorylated p53 can trans-activate genes implicated 

in the G2/M transition such as p21
WAF

, GADD45 or 14-3-3σ, which inhibit Cyclin B1/Cdk1 and G2/M transition. 

p53 can also inhibit some protein such as Reprimo, Topo II (Topoisomerase II) or CAK (Cyclin-Activating 

complex): Cdk7, Cyclin H and Mat-1, which activate Cyclin B1/Cdk1 and G2/M transition. 

II. Apopotosis 

 Since the observation of Oren and colleagues that the re-introduction of p53 into p53-

deficient myeloid leukaemia cells can induce apoptosis in a manner that could be countered 

by a pro-survival cytokine (Yonish-Rouach et al 1991), p53 has been shown to be involved in 

several death pathways such as the mitochondrial pathway, the death receptor pathway and 

the reactive oxygen species pathway (Figure 10).  
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Figure 10: Role of p53 in apoptosis. The p53 protein interacts with different pathways of apoptosis induction, 

two of which are illustrated here: the mitochondrial intrinsic apoptotic pathway (A) and the death receptor 

mediated extrinsic pathway (B). 

3. Mitochondrial intrinsic apoptotic pathway 

 After stress, p53 binds to the p53 RE in the promoters of pro-apoptotic members of the 

BAX (Miyashita et al 1994), BH3-interacting domain death agonist (BID) (Sax et al 2002), 

PUMA (Nakano and Vousden 2001) and NOXA (Oda et al 2000) (Figure 10A). These 

proteins sequester Bcl-2 and/or Bcl-XL (Yu et al 2001), which are implicated in the control of 

the mitochondrial membrane permeability. Bcl-2 and Blc-XL are down-regulated by p53 by 

blocking their transcription (Miyashita et al 1994, Sugars et al 2001). Upon apoptotic stimuli, 

p53 is induced and inhibits Bcl-2 and /or Bcl-XL, Bax translocates from the cytosol to the 

mitochondrial outer membrane and deregulates the mitochondrial outer membrane 

permeability in order to induce the release of cytochrome C and of reactive oxygen species. 

The released cytochrome C then interacts with Apoptotic protease-activating factor-1 (Apaf1) 

(Cecconi et al 1998, Moroni et al 2001). Apaf1 could also be directly up-regulated by p53 and 

it is a key component of apoptosis through its role in caspase 9 activation, initiating the 

downstream signalling cascade for apoptosis induction through the sequential activation of 

caspases 3, 6 and 7. The other Bcl-2 pro-apoptotic members such as Puma or Noxa interact 

with Bcl-2 to release Bax and to promote changes in mitochondrial outer membrane 

permeability inducing the release of cytochrome C. In addition, a fraction of the cellular p53 
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translocates into the mitochondria and interacts directly with Bcl-2/Bcl-XL, resulting in the 

displacement of Bax and the cytochrome C release (Mihara et al 2003). In addition, p53 can 

also up-regulate miR-34, which inhibits Bcl-2 and cytochrome C release via Bax (Bommer et 

al 2007). miR-15a and miR-16-1 were shown to induce apoptosis in leukemia cell lines by the 

down-regulation of Bcl-2 (Cimmino et al 2005). 

 In addition, p53 can induce PIDD protein expression, implicated in apoptosis 

induction via caspase 2 activation (Lin et al 2000, Tinel and Tschopp 2004). 

4. Death-receptor mediated extrinsic pathway 

 DNA damage can induce transcriptional up-regulation of some death receptors such as 

FAS, KILLER/DR5 and DR4 (Takimoto and El-Deiry 2000, Wu et al 1999) through p53-

dependent as well as p53-independent mechanisms (El-Deiry 2001) (Figure 10B). When p53 

is activated in response to an apoptotic stimulus, the Fas Ligand is fixed to Fas. Fas is thus 

activated and in turn can activate the caspase 8 pathway mediated by the cleavage of the pro-

apoptotic Bcl-2 family member Bid resulting in cell death (Bennett et al 1998, Michalak et al 

2005, Owen-Schaub et al 1995). Indeed, Bid interacts with some pro-apoptotic Bcl-2 family 

proteins such as Bax to induce the release of cytochrome C and then the activation of caspase 

9. In addition, the caspase 8 pathway can be activated by another mechanism using the 

tumour-necrosis-factor-related apoptosis inducing ligand (TRAIL), which induces apoptosis 

through engagement of its receptors, KILLER/DR5 and DR4 (Sheikh et al 1998). 

5. Reactive oxygen species pathway 

 The roles of p53 in regulating levels cellular ROS have been well documented (Hafsi 

and Hainaut 2011). p53 is associated with ROS generation through the transcription of p53-

induced genes (PIGS) that encode redox-dependent enzymes (Johnson et al 1996, Polyak et al 

1997). The transcriptional induction of these pro-oxidant genes (Macip et al 2003) results in 

oxidative stress, followed by ROS release and subsequently apoptosis. These effects 

synergize with those of genes controlling mitochondrial permeability (see above) in 

enhancing the leakage of ROS generated by the respiratory chain. In contrast, p53 may also 

contribute to redox homeostasis by regulating the expression of ROS-detoxifying factors such 

as manganese superoxide dismutase (MnSOD) (Dhar et al 2006) thus influencing the ROS 

balance within cells.  
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III. Other p53 functions 

1. DNA repair 

 There is accumulating evidence that p53 plays both a direct and an indirect role in 

DNA repair. For instance, (1) p53 possesses a 3’-5’ exonuclease activity; (2) p53 can bind 

DNA breaks; (3) p53 can interact with the XPB and XPD proteins, involved in Nucleotide 

Excision Repair (NER) (Wang et al 1996); (4) p53 regulates several factors involved in Base-

Excision Repair (BER), including the genes expression of certain glycosylases genes (hOGG1, 

TDG) (Abedin et al 2013, da Costa et al 2012). It also forms complexes with AP-

endonuclease 1 (Ape1/Ref-1), a dual redox/repair enzyme, which is the key endonuclease in 

BER. The latter interaction appears to have a dual effect, with p53 regulating BER but also 

APE1/Ref-1 regulating p53, promoting the association of p53 dimers into tetramers and the 

destacking of higher oligomeric forms into the required tetramer forms which leads to an 

enhancement of p53 DNA binding activity (Offer et al 2001a, Offer et al 2001b, Zurer et al 

2004). In addition, p53 contributes to DNA repair by modulating cell cycle arrest as well as 

the expression of factors that can impact on the accessibility of the repair machinery, such as 

GADD45 to DNA (Carrier et al 1999). GADD45
-/-

 mice are deficient for NER reparation, 

suggesting a critical role of this factor in DNA repair (Hollander et al 1993, Smith et al 2000). 

Finally, p53 up-regulates p53-inducible ribonucleotide reductase gene (p53R2), which plays a 

role in supplying deoxyribonucleotides (dNTPs) for DNA repair. In response to DNA damage, 

p53R2 is induced in a p53-dependent manner (Tanaka et al 2000). 

 Recently, using constructs expressing mutant forms of p53 with the S37A or S46A 

mutations, Serrano and collaborators showed that their phosphorylation is important for 

homologous recombination (HR) repair (Serrano et al 2013). Indeed, p53 is sequestered by 

unphosphorylated RPA to maintain a low basal level of p53. After a stress, ATM and ATR 

induce phosphorylation on S15 of p53 and its DNA repair functions.  

2. Senescence 

 Senescence or biological aging is a tumour suppression mechanism induced by a 

reduction in telomere length or in response to several forms of stress such as DNA damage or, 

oncogene activation. Telomere erosion, in particular, induces cells to enter replicative 

senescence in a p53-dependent manner, thus providing a safeguard system that prevents DNA 

replication when telomere length is too short to protect chromosomal integrity. Senescence is 

accompanied and caused by an accumulation of molecular and structural changes that disrupts 
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metabolism resulting in the arrest of the cell cycle and cell death when DNA repair is not 

possible (Sahin and DePinho 2012).  

 p53 is associated with different types of senescence. First, p53 plays a role in 

replicative senescence. After DNA damage, different kinases such as ATM or ATR are 

activated and induce the phosphorylation of Chk1, Chk2 and p53 and their activation (Herbig 

et al 2004). In TERC-deficient mice, lacking the RNA component of telomerase, p53 over-

expression is associated with the activation of senescence and reduction of tumour formation 

(Chin et al 1999). TERC
-/-

 mice show a dwarf phenotype as well as phenotypes associated to 

premature loss of tissue regeneration, including the skin. Abrogation of p53 in this genetic 

background rescues both the small size phenotype and the functionality of epidermal stem 

cells (ESC) of telomerase-deficient mice with dysfunctional telomeres, accompanied by a 

down-regulation of senescence markers and an increased cell proliferation. Together, these 

findings indicate the existence of a p53-dependent senescence response acting on 

stem/progenitor cells with dysfunctional telomeres that is actively limiting their contribution 

to tissue regeneration (Flores and Blasco 2009). 

 Secondly, p53 is important in oncogene-induced senescence. In response to Ras 

oncogene activation, senescence-like G1 arrest is promoted in cells with WT p53 (Serrano et 

al 1997). Furthermore, Ras regulates p53 through the Mitogen-activated protein kinases 

(MAPK) pathways involving Raf-1, MEKs (MEK1/2) and MAPKs (Extracellular-signal-

regulated-kinases: ERK1/2) (Campbell et al 2007, Lin et al 1998). Ras can also regulate p53 

through the activation of DNA damage response via the ATM or ATR pathways (Bartkova et 

al 2006).  

 Thirdly, p53 is induced in genotoxic stress-induced senescence. After treatment with 

chemotherapeutic drugs including doxorubicin, cells enter by senescence and are eventually 

eliminated in a p53-dependent manner (Wang et al 1998) with an accumulation of p21
WAF1

 

protein, which enables a transitory senescence or a p16 over-expression, which enables a non-

transitory senescence (Alcorta et al 1996). Other p53 target genes implicated in senescence, 

such as micro-RNA form miR-34 family, have been also described (He et al 2007).  

3. Autophagy 

 Autophagy serves as a cell survival mechanism via its suppressive role on necrotic cell 

death. The anti-necrosis function of autophagy has important biological functions in cancer 

and p53 plays a role in the control of mediators of autophagy (Feng et al 2005, Ghavami et al 

2011).  



Part I  The tumour suppressive p53 protein 

 

 47 

 Nuclear p53 can activate several p53 target genes implicated in autophagy, such as 

damage-regulated autophagy modulator (DRAM), which encodes a lysosomal protein that 

induces autophagy (Crighton et al 2006). Indeed, in response to DNA damage, p53 directly 

interacts with DRAM and induces autophagy (Crighton et al 2006, Ghavami et al 2011) or 

mammalian Target of Rapamycin (mTOR), which is implicated in survival and proliferation 

(Feng et al 2005). DRAM could also be implicated in apoptosis (Crighton et al 2006). These 

observations suggest that p53 play a role in the regulation of cell death by controlling both 

autophagy and apoptosis. In addition, Sestrin2, a protein implicated in the regulation of cell 

growth and survival, positively regulates autophagy in a p53-dependent manner (Maiuri et al 

2009).  

 In contrast to nuclear p53, cytoplasmic p53 inhibits autophagy. This inhibition is cell 

cycle-dependent and occurs mostly in G1, less, in S phase but not in the G2/M phase of cell 

cycle (Tasdemir et al 2008b).  

4. Angiogenesis 

 Angiogenesis is the physiological process by which new blood vessel capillaries are 

formed. It occurs during normal tissue development but can also occur in adulthood only 

under certain conditions. For instance, uncontrolled angiogenesis is important in tumour 

development for delivering both oxygen and nutrients (Folkman et al 1963). It has been 

demonstrated that p53 plays an important role in the inhibition of angiogenesis by three 

different pathways (1) inhibition of hypoxia-sensing systems, (2) down-regulation of pro-

angiogenesis genes, (3) up-regulation of anti-angiogenesis pathways. 

 The central regulatory component that responds to oxygen deprivation (hypoxia) is the 

transcription factor hypoxia inducible factor (HIF) that up-regulates the production of new 

blood vessels (Pugh and Ratcliffe 2003). It is composed of two subunits, HIF-1α and HIF-1β 

and can trans-activate several genes implicated in the response to oxygen deprivation such as 

vascular endothelial growth factor (VEGF), an essential factor for developmental and tumour 

angiogenesis (Carmeliet et al 1998, Forsythe et al 1996). HIF-1α activity can be inhibited by 

p53 binding to HIF-1α and allowing the degradation of HIF-1α after p53 activation and 

accumulation (Ravi et al 2000). The inhibition of HIF-1α by p53 promotes the inhibition of 

the formation of blood vessel in a hypoxic tumour and does not require p53 transcriptional 

activity. In addition, miR-107, a p53 target miRNA, targets the HIF-β subunit, which controls 

hypoxic programming in colon cancer cells (Yamakuchi et al 2010). 
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 Angiogenesis is regulated by a tight network of pro-angiogenic and anti-angiogenic 

factors, and p53 can influence both aspects of these regulations. For example, p53 can repress 

pro-angiogenesis factors such as VEGF (Pal et al 2001), basic fibroblast growth factor (bFGF) 

(Ueba et al 1994), bFGF-binding protein (bFGF-BP) (Sherif et al 2001) or Cyclooxygenase-2 

(COX-2), a key player in inflammation (Subbaramaiah et al 1999). p53 inhibits VEGF 

transcription by inhibiting the Specific protein 1 (SP1) transcription factor which activates 

VEGF transcription (Pal et al 2001). p53 is also in competition with TBP (TATA binding 

protein) for COX-2 promoter binding (Subbaramaiah et al 1999). Finally, it is known that p53 

can activate some anti-angiogenesis factors such as Thrombospondin-1 (TSP-1) (Dameron et 

al 1994), brain-specific angiogenesis inhibitor 1 (BAI1) (Nishimori et al 1997) or ephrin 

receptors A2 (EPHA2) and ephrin-A1 (Brantley et al 2002, Dohn et al 2001) 

5. Metabolism 

 Control of cellular metabolism is an important key of normal cell behaviour and the 

deregulation of metabolism could play a role in disease development. p53 is emerging as an 

important regulator of cell bioenergetics by controlling the pathways by which cells mobilize 

energy production systems, glucose metabolism, mitochondrial respiration, glutaminolysis 

and fatty acid oxidation. 

 Glucose metabolism, (glycolysis) is a major source of energy for many cells, including 

in particular proliferating cells, through the generation of Adenosine Triphosphatase (ATP) in 

the absence of oxygen consumption. p53 can negatively regulate glycolysis by controlling the 

transcription of Hexokinase II, involved in the first step of glycolysis (Mathupala et al 2006) 

and phospho-glycerate mutase M isoform, important in the 8
th

 step of glycolysis (Ruiz-

Lozano et al 1999). In addition, p53 also up-regulates Glucose 6-Phosphate dehydrogenase, 

the key enzyme redirecting glucose metabolites into the phosphate pentose pathway, a critical 

pathway for the biosynthesis of reducing equivalents and nucleotides required for 

proliferation. .  

 Under aerobic conditions, the pyruvate produced by glycolysis can be fed into the 

mitochondrial tricarboxylic acid cycle (TCA) for high-yield ATP production via oxidative 

phosphorylation. The p53 protein influences the TCA cycle for energy generation 

(Stambolsky et al 2006). For example, p53 regulates the use of aas such as glutamine as a 

source of carbons for the TCA cycle. This pathway has been shown to be important in cancer 

cells through the activation of one isoform of the glutaminase (GLS1/KGA), which converts 

glutamine to glutamate (Wang et al 2010).  
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 Finally, p53 contributes to promote oxidative phosphorylation in the mitochondria by 

regulating AIP1 and SCO2, two genes involved in the assembly of complex I and complex IV 

of the respiratory chain, respectively (Kaeser and Iggo 2002, Matoba et al 2006). Thus, on 

balance, p53 acts as a suppressor of glycolysis and a promoter of oxidative phosphorylation 

(Kulawiec et al 2009, Lebedeva et al 2009). Loss of p53 function in cancer therefore 

contributes to the metabolic adaptation of cancer cells to high glycolysis rates even in the 

presence of oxygen, a phenomenon called “aerobic glycolysis”, also widely known as the 

“Warburg effect” (Warburg 1956).  

6.  Migration and invasion 

 Invasion and metastasis are interrelated processes that characterize the malignant state 

of cancer. p53 can prevent different steps of the metastasis cascade such as the Epithelial-

mesenchymal transition (EMT), cellular contraction and propulsion. EMT is a physiological 

process involved in development and in wound healing, by which epithelial cells can 

transiently adopt a phenotype of mesenchymal cells, become mobile and contribute to modify 

the architecture of the stroma to support novel epithelium-mesenchyme interactions. This 

process has been shown to be critical for the development of the invasion front of epithelial 

tumors and for creating metastatic niches in distant organ location (Thiery et al 2003). p53 has 

been implicated in the early stage of metastasis and contributes to the migration of stem cells 

to distant sites. Studies, using 3D matrices, showed that the loss of p53 increases cell mobility 

in epithelial cancer cell lines (Xia and Land 2007) and neurons (Qin et al 2009). These results 

suggest an important role of p53 in migration. p53 can inhibit EMT by different ways such as 

enhancing Mdm2-mediated degradation of Slug to enhance E-cadherin expression (Wang et 

al 2009). An important target for p53 in regulating EMT is miR-200c, a member of a family 

of miRNAs acting as orchestrators of EMT through their capacity to inhibit EMT-activators 

such as ZEB factors, thereby inducing a reverse process to EMT, the Mesenchymal to 

Epithelial Transition (MET). MiR-200 family members not only counteract EMT but also 

suppress stem cells factors, such as Bmi1 (Chang et al 2011). Another important connection 

between p53, EMT and metastasis involves the Twist1 protein, a regulator of embryogenesis. 

Twist1 has been shown to induce EMT and is over-expressed in a large fraction of human 

cancers (Ansieau et al 2008). A common cancer-derived mutant p53 protein, p.R175H, up-

regulates Twist1 expression in several cancer cell lines, suggesting that increased Twist1 

might occur in cancer cells as the consequence of gain-of-function mutations in TP53 

(Kogan-Sakin et al 2011).  
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 p53 can also contribute to limit cell motility by trans-activate RhoE, which inhibits 

RhoA activity, a protein implicated in cellular contraction (Gadea et al 2007). Focal Adhesion 

Kinase (FAK), a protein implicated for cellular tension essential in migration, is also a target 

gene of p53 (Golubovskaya et al 2008). Additionally, p53 can increase miR-143 expression, 

which negatively regulates invadopodia that can trigger the degradation of ECM components 

and basal membranes to allow cells to access the stroma (Quintavalle et al 2010).  

7. Regulation of miRNAs machinery 

 miRNAs are produced from either their own genes or from introns of other genes and 

can be produced by a specific miRNA pathway. p53 can regulate miRNAs expression in two 

different ways: by regulating miRNA pathways or miRNA expression directly.  

 The p53 protein can directly interact with the DEAD-box RNA helicase p68 and 

enhances its interaction with the DROSHA complex, composed of DROSHA, DGCR8 and 

p68, with initiates miRNA processing (Suzuki et al 2009). p53 can promote the formation of 

pri-miRNAs (primary transcript miRNAs), a precursor of pre-miRNAs to increase the level of 

mature miRNA such as miR-16-1, miR-143 and miR-145. In addition, p53 can influence the 

selection of miRNA targets by inducing RNA binding proteins such as RBM68, which 

compete with miRNAs for binding to 3’UTRs of mRNA (Leveille et al 2011). RBM68 gene is 

often epigenetically silenced in breast cancers, which can explain miRNA functions for 

tumour suppression by p53. 

 p53 regulates gene expression by targeting its specific response element sequence. 

Recently, it was observed that p53 can also regulate miRNA expression. Similar to the 

transcription of its target genes, induction of some miRNA requires an intact p53-binding site 

such as miR-34 (Bommer et al 2007), miR-15/16 (Fabbri et al 2011), miR-107 (Bohlig et al 

2011). 

IV. The p53 biological repertoire: orchestrating multiple biological 

functions 

 The results summarized above demonstrate the multiple functions of p53, which is 

capable of regulating multiple coordinated, and even sometimes competing, biological 

responses. The p53 protein has a very large repertoire of targets, being able to bind to more 

than 1500 genes promoters implicated in several cellular functions such as cell cycle arrest, 

apoptosis, DNA repair, metabolism or senescence (Wei et al 2006). In addition, p53 also 

influences many processes by direct binding to proteins. For a long time it has been 
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considered that p53 could choose between cell cycle arrest and apoptosis, the first response 

occurring at low levels of DNA damage (protecting cell survival after repair) and the second 

occurring at high levels of DNA damage (eliminating cells damaged beyond repair). It is now 

evident that the p53 functions are larger than these basic responses. Factors that may affect 

the way p53 selects among these many biological effects include cell type and proliferation 

context, type and intensity of signals inducing p53 activity (leading to a specific panel of post-

translational modifications) and presence or absence of a number of p53 partners. These 

factors define an extended biological context that determines when, how, and to which effect 

p53 may mediate a set of events that concur to a coordinated growth suppressor response.  

 At the molecular level, such differential responses may depend on conformational 

changes of the p53 DBD that impact on the binding affinity to specific p53 REs in target 

genes. Different factors can modulate the DBD conformation: (1) patterns of post-translation 

modifications, for example, acetylation of K120 which favours the trans-activation of pro-

apoptotic genes (Sykes et al 2006); (2) protein interactions, for example, ASSP binding to p53 

DBD, which increases the fixation of p53 to apoptotic target promoters (Qian et al 2002); (3) 

redox regulation of the conformation of the DNA-binding domain, three aas also involved in 

the binding of zinc and modulates the tri-dimensional structure of the DBD (Hafsi and 

Hainaut 2011). Other factors such as p53 complex degradation machineries, or co-expression 

of p53 isoforms, add further layers of complexity to these mechanisms.  

 Depending on p53 activation, p53 REs show significant sequence variations 

depending on the corresponding genes and their biological functions. For example, p53 REs 

are more conserved in cell cycle arrest target genes than in apoptotic target genes (Horvath et 

al 2007). The p53 REs of cell cycle genes generally present less than 2 mismatches compared 

to the optimal consensus sequence, whereas apoptotic genes contain more than 3 mismatches 

(Qian et al 2002). Diversity also occurs through variation in the number of juxtaposed 

elements. For example, the BAX gene contains 3 juxtaposed elements and is a low-affinity 

target as compared to p21
WAF1

 contents, which contains only one repeat (Thornborrow and 

Manfredi 1999).  

 A biological example of the subtle variations in how p53 selects it biological 

repertoire was described by Wilson and collaborators (Wilson et al 1998). These authors 

analysed the activation of p53 in the intestine of mice after whole body irradiation. They 

observed that the highest accumulation was observed in cells at the bottom of the crypts, 

which corresponds to the localisation of the progenitor cells. This accumulation was 

correlated with a predominant apoptotic response. However, in differentiated cells along the 
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intestinal villosities, p53 accumulated at lower levels, associated with an activation of 

p21
WAF1

 and cell cycle arrest. Finally, terminally differentiated cells at the top of p53 failed to 

show any significant accumulation of p53. This example shows that p53 induction and 

accumulation responses may vary even within a same cell type and tissue, depending of the 

place of the cells in the differentiation sequence. Overall, these coordinated responses 

concurred to maintain genetic integrity while at the same time protecting the integrity of the 

organ.  

 In recent years, it has emerged that p53 may exert at least part of its suppressor 

function in a wider biological context than the acute response to various forms of DNA 

damaging or oncogenic stress. These studies have analysed the physiological role of p53 in 

coordinating cell cycle arrest, senescence, mitochondrial metabolism and apoptosis in 

response to the reduction of telomere length. Sahin and collaborators have showed that mice 

with constitutively dysfunctional telomeres accumulated relatively low levels of persistent 

DNA damage in a variety of organs including hematopoietic stem cells, heart and liver (Sahin 

et al 2011). This DNA damage resulted in p53 activation. In such conditions, p53 induced the 

repression of peroxisome proliferator-activated receptor γ co-activators (PGC)-1α and PGC-

1β,. These two factors are the master regulators of mitochondrial physiology and metabolism. 

p53 induced impaired mitochondrial biogenesis and function, decreased gluconeogenesis, 

cardiomyopathy and increased production of ROS. These conditions resulted in replicative 

senescence and in the depletion of pools of stem/progenitor cells responsible for tissue 

renewal. Ablation of TP53 substantially restored PGC expression and the functionality of the 

subsequent redox and energy metabolic network, resituating mitochondrial respiration, 

cardiac function and gluconeogenesis in liver cells. These observations demonstrate that p53 

couples telomere attrition and subsequent DNA damage with metabolic effects, senescence 

and aging.  
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E. Genetic alterations of TP53 in cancers 

 The expression of the TP53 gene (OMIM #191117) and the functions of the p53 

protein can be modulated by different factors such as the presence of mutations (somatic or 

germinal) and/or the presence of certain polymorphisms. The presence of both TP53 

mutations and/or polymorphisms can also influence an individual’s cancer susceptibility. 

Indeed, the TP53 gene is mutated in around 50% of cancers but this proportion depends on 

the type of cancer. However the correlation between the “genotype” (TP53 mutation) and its 

use as a prognostic biomarker or with the “phenotype” of the tumour remains controversial 

for many cancer types. To identify genetic factors that might impact on this correlation 

between “genotype” and “phenotype”, many labs are examining the roles of TP53 

polymorphisms. 

I. Somatic mutations in TP53 gene  

1. Epidemiological data 

 Somatic TP53 gene mutations are found in almost every types of cancer at various 

frequencies (Figure 11) (IARC TP53 database, p53.iarc.fr). The cancers in which TP53 

mutations are most frequently found are colorectal (43.28%) and head and neck (42.51%). 

Some cancers have an intermediary frequency of TP53 mutations such as those of the urinary 

tract (26.25 %), nervous system (25.95%) or a lower frequency of TP53 mutations (bones 

cancers: 14.43%).  
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Figure 11: TP53 mutation distribution depending on cancer types. 

 The vast majority of the mutations described in TP53 are small mutations including 

missense mutations (substitution of an aa by another one); nonsense mutations (formation of a 

premature stop codon which forms a truncated p53 protein); silent mutations (substitution of a 

nucleotide by another without any subsequent change in the aa due to the redundancy of the 

genetic code); insertion or deletion of a small number of nucleotides resulting in a shift in the 

reading frame (Petitjean et al 2007). In contrast to other tumour suppressor genes that are 

mainly altered by truncating mutations, the most frequently found mutation type in the TP53 

gene is missense mutations (around 75%) (Figure 12A) ((Hussain and Harris 1998, Petitjean 

et al 2007); p53.iarc.fr). Other alterations include frame shift insertion (9.01%), nonsense 

mutations (8.14%), silent mutations (3.67%) or large deletions (0.12%) (Petitjean et al 2007). 

These results suggest that a selection pressure favours the production of an altered p53 protein 

compared to the loss of the WT protein.  
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Figure 12: The distribution of TP53 somatic mutation types distribution (A) Percentage of different types of 

mutations; (B) Percentage of the base pairs involved; (C) Codon distribution of TP53 mutations. (n=28,581) 

(From www.p53-iarc.fr) 

 

 The base pairs most frequently mutated are G:C>A:T (44,22%): at CpG sites (24.76%) 

or at other sites (19.46%) but a large spectrum of mutations is observed in cancers (Figure 

12B). The TP53 mutations are mostly located in the DNA binding domain, exons 5 to 8 

(around 80%), and one-third of all reported mutations are found in 6 specific codons called 

“hot spots” (R175H, G245S, R248Q/W, R249S, R273H/C, R282W) (Figure 12C) (Hsu et al 

2001, Petitjean et al 2007). Two categories of missense mutations are described: 

conformational mutants, which modulate the tri-dimensional structure of the p53 DBD (for 



Introduction  The TP53 gene and its modifiers 

 

 56 

example: R175H, Y220C, G254S, R249S, R282W or aas located in L2 loop and helix), and 

contact mutants, which influence the interaction with DNA and the tri-dimensional structure 

(for example: R248Q/W, R273H/C or aas located in the L3 loop). In addition, TP53 is 

sensitive to loss of heterozygosity (LOH), i.e. the loss of one of the two TP53 alleles in 

cancers. This was first observed in colorectal carcinomas, which were found to carry a 

deletion of the WT allele and to maintain the second mutant allele (Baker et al 1989). This 

finding suggested that the development of a p53-dependent cancer needed two steps: (1) the 

occurrence of a mutation, which alters the suppressive function of p53 on the first allele, (2) 

the loss of the WT p53 allele expression on the second allele. Soon after though another study 

showed that the presence of a TP53 mutation alone was enough to result in the development 

of cancer and this hypothesis became obsolete (Nigro et al 1989). A subsequent study showed 

that half of p53
+/-

 mice, which express a WT p53 protein, develop spontaneous tumours later 

than p53
-/-

 mice (Venkatachalam et al 2001). These results suggest that the diminution of p53 

protein levels due to a haplo-insufficiency is sufficient to increase the risk of cancer 

development.  

2. Association between cancer and specific TP53 mutation 

 In several cancers types, mutation patterns bear the hallmarks of chemical damages 

induced by particular mutagens or by environmental factors leading to the concept of a TP53 

“fingerprint” (Olivier et al 2010). These fingerprints are defined by a higher frequency of a 

specific type of base change, strand orientation or localisation of a particular base substitution. 

In some cancers, the factors, which influence the cancer susceptibility and the frequency of 

TP53 mutation, are well understood.  

 In hepatocellular carcinomas, the TP53 R249S mutation is observed in more than 50% 

of cases and has not been found in others cancers (Montesano et al 1997). Epidemiological 

studies have shown that the frequency of this mutation is associated with the presence of the 

Aflatoxin B1, a mycotoxin produced by Aspergillus (Gouas et al 2009). This mycotoxin can 

form DNA adducts and induce TP53 mutation formation. These DNA adducts cause the G to 

thymine (T) transversion at the third base of codon 249 (AGG to AGT; R to S). 

 In lung cancers, the proportion of G to T transversions is dependent on tobacco 

exposure. In smokers, 30% of the TP53 mutations are G to T transversions contrary to the 

mutation profile seen in non-smokers where only 13% are G to T transversions (Hainaut and 

Pfeifer 2001). These mutations are mostly found at codons 157, 158, 248 and 273 (Pfeifer et 

al 2002). These mutation hotspots are associated with adduct positions formed by 
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benzo(a)pyrene exposure, one of the principal chemical components of tobacco (Denissenko 

et al 1996). 

 In non-melanoma skin cancers, the exposure to sunlight and more precisely, UV 

radiation, increases the presence of tandem CC to TT transitions at codons 177-179 and 278 

(Inga et al 1998, Ziegler et al 1994). In skin tumours developed by Xeroderma pigmentosum 

patients, almost 50% of all TP53 mutations are CC to TT transitions (Daya-Grosjean et al 

1995). There is evidence that the preferential accumulation of mutations at these hot spot 

codons is due to the slower repair of UV-induced lesions at these positions (Tornaletti et al 

1993, Tornaletti et al 1994). 

3. Biological properties of p53 mutant proteins 

 To evaluate the properties of the somatic p53 mutant proteins, analyses were 

performed on their transactivation activity, capacity to induce cell cycle arrest of apoptosis, 

dominant-negative effect, sensitivity to temperature and gain of function (Brosh and Rotter 

2009, Ory et al 1994, Petitjean et al 2007, Weisz et al 2007). Experimental assays in human 

cells and in yeasts have shown that all p53 mutants were not equivalent and that the variations 

of their properties separated them into different groups: (1) loss of transactivation function, 

(2) dominant-negative and (3) gain of function (Figure 13) (Kato et al 2003, Petitjean et al 

2007). 
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Figure 13: Oncogenic effects of p53 mutants. DN: Dominant-negative effects; LOF: Loss of function or 

transactivation; GOF: Gain of function (Adapted from (Brosh and Rotter 2009, Guimaraes and Hainaut 2002) 

and Thesis of Doriane Gouas, University Lyon 1, 2011) 

Loss of trans-activation  

 The main activity of the p53 protein is to regulate gene expression through specific 

DNA-binding RE located in p53 target genes. For most cancers, the main characteristic is the 

loss of p53 trans-activation function and the subsequent loss of the p53 target genes’ 

expression (Raycroft et al 1990). In fact, the vast majority of mutations found in cancers are 

essentially located in the p53 DNA binding domain where the substitution of one nucleotide is 

associated with the loss of the DNA binding activity (Flaman et al 1994). These non-

functional mutants are considerate as “loss of function” mutants or “loss of trans-activation” 

mutants. 

 A study using a comprehensive site-directed mutagenesis and a yeast-based functional 

assay has allowed the transcriptional activity of 2,314 p53 mutants representing all possible 

amino acid substitutions caused by a point mutation throughout the protein on 8 reporter 
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genes to be evaluated (Kato et al 2003). This study has shown that only 36% of analysed p53 

mutants exhibit complete loss of function and others mutants exhibit a wide diversity of loss 

of function. Some mutants retain an activity on some p53 REs and show a complete loss of 

their activity on others, while some mutants retain a partial activity on most REs. Based on 

the IARC TP53 database (p53.iarc.fr), these complete “loss of function” mutants represent 

over 80% of the p53 mutants found in human cancers. Taken together, these results suggest 

that p53 mutants with loss of function are more selected in cancer development. However, the 

frequency of the “loss of function” mutants is not the same in all sporadic cancers (Petitjean et 

al 2007). 

Dominant-negative effects 

 p53 transcriptional activity relies on the formation of tetramers. Since most mutant 

proteins retain an intact oligomerisation domain mutants may interfere with WT p53 by 

forming hetero-oligomers less competent for specific DNA binding. The capacity of the 

mutant proteins to interfere with the WT protein has been studied in yeast and human cell 

assays. The formation of hetero-oligomers induces (1) the stabilisation of the WT p53 protein 

by these “dominant-negative” proteins (Shaulian et al 1992); (2) the conversion of the WT 

p53 tri-dimensional conformation into a mutant tri-dimensional conformation (Milner et al 

1991); and (3) the abolition of the DNA binding activity of the WT p53 protein and its 

transcriptional activity (Farmer et al 1992, Kern et al 1992, Shaulian et al 1992). 

 Data have been produced on more than 200 mutants and have shown that “dominant-

negative” effects may be promoter-, cell type- and mutant type-dependent (Petitjean et al 

2007). For example, the R248W mutant decreases the transcriptional activity of the WT p53 

while the H179Q mutant completely abolishes it (Unger et al 1993). It seems that the 

“dominant-negative” effect is more important when the mutant has only a low DNA binding 

activity (Chene 1998). However, an analysis in the IARC TP53 database confirmed the 

correlation between “dominant-negative” effects and frequency of the occurrence in cancer 

(Petitjean et al 2007). The “dominant-negative” mutations are three times more frequent in 

breast cancer compared to the non-“dominant-negative” mutations, and twice less frequent in 

osteosarcomas. “Dominant-negative” effects may thus play a significant role in the selection 

of mutations due to the fact that they do not need the loss of the second allele to completely 

abolish the p53 suppressive activity compared to the “loss of function” mutants.  
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Gain of function  

 Over 20 years ago, the concept that mutant p53 proteins gain tumour-promoting 

functions was first proposed by showing that they have oncogene effects in the absence of the 

WT p53 protein. Many oncogenic functions of mutant p53 have been characterised in mice or 

cellular models such as the ability to promote tumour development, invasion, migration, 

angiogenesis survival and proliferation. These properties are referred to as “gain of function”. 

These “gain of function” mutations are mostly located in the DNA-binding domain (hotspots: 

R175, G245, R248, R249, R273 and R282) suggesting that changes in transcriptional target 

genes could be the key to the activity of these mutants. Indeed, these mutants activate new 

genes normally unaffected or repressed by the WT p53 protein, or interfere with other 

transcription factors (Bossi et al 2006, Muller and Vousden 2013). Studies have observed that 

“gain of function” mutants are able to regulate the transcription of genes implicated in cell 

cycle progression such as Cyclin A, Cyclin B1 or Cdk1 (Di Agostino et al 2006) and repress 

the transcription of genes implicated in apoptosis such as Fas (Zalcenstein et al 2003). Several 

molecular mechanisms by which p53 mutant may act as by “gain of function” have been 

proposed: through the interaction of mutant p53 directly using a mutant p53 binding element, 

or the interaction of mutant p53 with others proteins or co-factors (for example: R175H/ 

nuclear transcription factor Y (NF-Y) complex recruits p300 and fixes NF-Y REs (Di 

Agostino et al 2006); DNA topoisomerase 2-binding protein 1 recruits mutant p53 and p300 

to target promoters (Liu et al 2011); inactivation of p53 target proteins by their sequestration 

to inactivate their transcriptional activity (Marin et al 2000, Strano et al 2000); interaction of 

mutant p53 with proteins to change their function (for example: mutant p53 interacts with 

Meiotic recombination (MRE) 11, a DNA nuclease required for DNA repair, to prevent the 

formation of the MRE11-RAD50-NSB1 complex leading to impaired HR (Liu et al 2010a, 

Song et al 2007).  

 The frequency of the “gain of function” mutation in cancers could be higher compared 

to that of the “loss of function” or “dominant-negative” mutants because these mutations have 

two roles: inactivation of a tumour suppressor and activation of an oncogene. However, the 

difference in the frequency between “dominant-negative” mutants and “gain of function” is 

still not clear (Petitjean et al 2007). Most of the “gain of function” mutants also show 

“dominant-negative” characteristics, so, it is difficult to separate both effects in tumours.  
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II. Germline mutations and Li-Fraumeni syndrome  

1. Characteristics of the Li-Fraumeni syndrome 

Definitions 

 The LFS was identified in 1969 by two American physicians, Frederick Li and Joseph 

Fraumeni (Li and Fraumeni 1969). This syndrome is characterised by a high incidence of 

cancers at an early age of onset (Table 2) (Li 1995). It is a clinically and genetically rare 

autosomal dominant syndrome with a complex profile. 
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Table 2: Clinical criteria for classic Li-Fraumeni syndrome (LFS) and LFS-like (LFL) criteria, and 

Chompret criteria. 

Classic LFS criteria (Li et al 1988) 

 Proband diagnosed with a sarcoma before age 45; AND 

 A frist-degree relative with cancer diagnosed before age 45; AND 

 Another first- or second-degree relative on the same side of the family with cancer 

diagnosed before age 45 or a sarcoma at any age 

Birch criteria  (Birch et al 1994) 

 Proband with any childhood cancer or sarcoma, brain tumour, or adrenocortical 

carcinoma diagnosed before age 45; AND 

 First- or second-degree relative with a typical LFS cancer (sarcoma, breast cancer, 

leukaemia, or adrenocortical carcinoma) diagnosed at any age; AND 

 A first- or second-degree relative on the same side of the family with any cancer 

diagnosed under age 60 

Eeles criteria (Eeles 1995) 

 Two first- or second-degree relatives with LFS-related malignancies (sarcoma, breast 

cancer, brain tumour, leukaemia, adrenocortical tumour, melanoma, prostate cancer, 

pancreatic cancer) at any age 

Chompret criteria (Chompret et al 2001) 

 Proband diagnosed by a LFS tumour spectrum (sarcoma, breast cancer, brain tumour, 

adrenocortical carcinoma) before the age of 36; AND 

 A first- or second-degree relatives with related malignancies (sarcoma, breast cancer 

(other than breast cancer if the proband is affected by breast cancer), brain tumour, 

leukaemia, adrenocortical tumour, melanoma, prostate cancer, pancreatic cancer) 

before age 46  

Chompret criteria for TP53 germline mutation screening (Tinat et al 2009) 

 Proband diagnosed with a tumour belonging to the LFS tumour spectrum (sarcoma, 

brain tumour, premenopausal breast cancer, adrenocortical carcinoma, leukaemia, 

lung bronchoalveolar cancer) before age 46, and at least one first- or second-degree 

relative affected with a LFS tumour (other than breast cancer if the proband is 

affected by breast cancer) before age 56, or a relative with multiple primary tumours 

at any age; OR 

 A proband with multiple primary tumours (except multiple breast tumours), two of 

which belong to the LFS tumour spectrum and the first of which occurred before age 

46, regardless of family history; OR 

 A proband with adrenocortical carcinoma or choroid plexus tumour, regardless of 

family history 

 

 The clinical heterogeneity of the syndrome causes problems of classification. The 

specificity of the tumour spectrum and the number of cancers that develop in these patients 

has resulted in the evolution of the LFS criteria. The definitions of these modified criteria 
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(Chompret, Birch, Eeles 1 or Eeles 2) have increased the number of diagnosed patients and 

have defined the Li-Fraumeni like syndrome (LFL) (Table 2) (Birch et al 1994, Chompret et 

al 2001, Eeles 1995, Tinat et al 2009). The Chompret criteria have been re-evaluated and up-

dated (Bougeard et al 2008, Tinat et al 2009). Note that the approach behind these modified 

Chompret criteria is not to develop an exhaustive clinical definition of the syndrome but to 

propose a set of operational clinical criteria to identify probands to be referred for TP53 

mutation testing. 

Tumour spectrum 

  The most frequent tumours in individuals with LFS are pre-menopausal breast cancers, 

soft tissue sarcomas (STS), brain cancers, adrenal cortical carcinomas (ADR) and 

osteosarcomas. These tumours are essential components of the classic definition of LFS (Li et 

al 1988, Malkin et al 1990). Several studies have observed that leukaemia are not the most 

frequent cancer type in LFS patients compared to the general population, so it is considered as 

a non-specific tumour in terms of the characteristic LFS tumour spectrum (Birch et al 2001, 

Gonzalez et al 2009, Nichols et al 2001, Ruijs et al 2010). 

 Other tumours types are also diagnosed in LFS families such as lung cancer, 

lymphomas, colorectal, skin, stomach, ovarian cancers ((Ruijs et al 2010) ;p53-iarc.fr). These 

tumours are generally diagnosed at an earlier age than the average age of onset in the general 

population (Gonzalez et al 2009, Palmero et al 2010, Ruijs et al 2010). 

Mutation spectrum 

 Analyses of segregation have demonstrated that the LFS families’ segregation pattern 

is explained by a hereditary cancer predisposition due to dominant autosomal model (Blattner 

et al 1979, Lynch et al 1978, Strong et al 1989). To date, the only genetic abnormality 

associated with LFS IS germline mutations of TP53 (Malkin et al 1990, Srivastava et al 1990). 

Such mutations are found in 56-73% of LFS patients using the strict definition for LFS 

(Bougeard et al 2008, Gonzalez et al 2009, Ruijs et al 2010). In contrast, only 20 to 40% of 

the LFL families carry a TP53 germinal mutation (Tabori and Malkin 2008). Recent studies 

on large cohorts of patients have observed that the TP53 mutation are found in 20 to 36% in 

families when the Chompret criteria are applied and 21% in families with the new definition 

of the Chompret criteria (Bougeard et al 2008, Gonzalez et al 2009, Ruijs et al 2010). A study 

in the USA has found that 95% of patients with a TP53 germline mutation correspond to the 

strict LFS criteria or the Chompret definition (Gonzalez et al 2009).  
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 As in sporadic cancers, more than 80% of the TP53 mutations found in LFS patients 

are missense or non-sense and are preferentially G>C or A>T transversions (p53.iarc.fr). 

Some TP53 germline mutations have not been reported as somatic mutations. For instance, 

the R337H mutation found essentially in Brazil is not a common mutation in sporadic cancer 

cases (Ribeiro et al 2001). The impact of the R337H mutation in LFS/LFL and in p53 

functions will be described later, in the Introduction, Part I, section 5. In contrast, some 

mutations commonly found in sporadic cancer have never been identified in the germline of 

LFS patients. This is the case, for example, for the R249S mutation associated with 

hepatocellular carcinoma in a context of exposure to aflatoxin.  

2. Penetrance and prevalence 

 LFS is a highly penetrant syndrome. Carriers of a germline TP53 mutation have, on 

average, a 50% chance of developing a cancer before the age of 40 years compared with 1% 

of the general population, and 90% of TP53 mutation carriers are diagnosed with cancer by 

the age of 60 (Birch et al 1998, Strong et al 1992). In a retrospective study of 200 TP53 

germline mutation carriers, 15% developed a second cancer, 4% a third and 2 developed a 

fourth cancer, with the highest risk of additional cancers in survivors of those who had had 

childhood malignancies (Hisada et al 1998).  

 The prevalence of the TP53 mutation carriers was defined for different cancer of the 

LFS tumour spectrum using sequencing of exon 4 to 8 only. For example, TP53 germline 

mutations are found in between 50 and 80% of ADR in children (cohorts of 6, 14 and 21 

patients respectively) (Gonzalez et al 2009, Varley et al 1998, Wagner et al 1994) and 3.9% 

of ADR developed during adulthood (cohort of 103 patients) (Herrmann et al 2012). There is 

no obvious association between specific mutation and clinical cancer patterns, in contrast to 

observations for specific somatic mutations such as R249S in liver cancer.  

3. Genetic anticipation in LFS families 

 Genetic anticipation is characterised by a decreasing age at onset and/or increasing 

severity of symptoms in successive generations within a pedigree (Tabori and Malkin 2008, 

Trkova et al 2002). This phenomenon has been observed in LFS families. The mechanism of 

genetic anticipation in LFS is still under debate. Trkova and collaborators have observed a 

shorter telomere length in TP53 mutation carriers compared to the general population (34% 

decrease in children and 19% decrease in adults) (Trkova et al 2007). Tabori and co-workers 

have also observed that an earlier age at diagnosis is associated with a shorter telomere length 

and that TP53 mutation carriers who developed cancer have shorter telomeres than non-TP53 
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mutation carriers and TP53 mutation carriers without cancer (Tabori et al 2007). Another 

mechanism that may contribute to anticipation is DNA copy number variations (CNVs). The 

accumulation of rare CNVs in patients carrying a p53 mutated DBD may contribute to 

reported anticipation and the severity of the syndrome (Silva et al 2012). A recent study has 

observed that 4 rare CNVs, which play a role in chromatin remodelling, are present in 4 

patients without deleterious TP53 mutations and which develop brain cancer (Aury-Landas et 

al 2013). They have analysed the function role of one of these CNVs, a duplication in SIRT3, 

and suggest that this CNV could play a role in tumour development. This study suggests a 

deleterious role of constitutive alterations in chromatin remodelling genes in the genetic 

predisposition of cancer and in particular in brain tumours.  

4. Diagnosis and treatment 

 The detection of tumours in LFS patients is difficult due to the large tumour spectrum 

associated with the syndrome and the many localisations of these tumours, especially for soft 

tissue sarcomas. To date, no method allows predicting the cancer type and the age of onset. 

The analysis of different parameters such as types of mutations, modifier factors or genetic 

instability, could be used to stratify cancer risks and propose an individual screening strategy 

(Tabori and Malkin 2008).  

 In TP53 mutation carriers, cancers are generally treated by the standard-of-care 

therapies used for each tumours type. However, these patients present an abnormal radio-

sensitivity increasing the risk of the development of a second tumour in the irradiated zones 

(Chompret et al 2000, Limacher et al 2001, Salmon et al 2007) and as such radiotherapy 

should be avoided (Kleinerman 2009). For example, a bilateral mastectomy is proposed to 

women who developed breast cancer to avoid radiotherapy (Heymann et al 2010). In addition, 

some TP53 missense mutations are associated with the induction of chemotherapy or 

radiotherapy resistant tumours (Camplejohn et al 1995, Delia et al 1997, Pepper et al 2003). 

Thus one of the main objectives for treatment of these individuals has been to develop new 

drugs to target directly p53 or the p53 pathway. However, after 30 years of research, only 15 

molecules have been developed for use in clinical research (Stegh 2012). Five categories of 

drugs have been developed: (1) genetic therapy using adenovirus to introduce a WT TP53 in 

p53-null cells; (2) Mdm2 inhibition using anti-sense oligonucleotides; (3) Mdm2 inhibition 

using small molecules; (4) vaccination and (5) small molecules targeting mutant p53 variant 

to restore WT conformation and its trans-activation activity.  
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5. A special case: Li-Fraumeni syndrome in Brazil and the R337H 

mutation 

In 2001, Ribeiro and collaborators observed the R337H mutation in 35 of 36 ADR 

Brazilian patients (Ribeiro et al 2001). This mutation is located in the oligomerisation domain 

of p53 and is found essentially in Southern Brazil with a high frequency: between 93 and 95% 

of ADR Brazilian patients carry the R337H mutation, 63 to 69% of choroid plexus 

carcinomas, 7.3% of osteosarcomas; 5.4% of breast cancer and 0.5% of breast cancer before 

the age of 40 (Custodio et al 2011, Custodio et al 2013, Giacomazzi et al 2013, Gomes et al 

2012, Seidinger et al 2011). The tumour spectrum of the LFS/LFL in Brazilian families 

associated with the R337H mutation is a large spectrum with different types of cancer 

compared to the “classical” LFS/LFL tumour spectrum: breast cancer (30.4% of R337H 

carriers develop a breast cancer); STS (10.7%); Brain cancer (10.7%) and ADR (8.9%) 

(Achatz et al 2007). However, it was noted that there was not always an association between 

the presence of the R337H mutation and the occurrence of ADR (Sandrini et al 2005). 

Recently, Giacomazzi and co-workers have identified a R337H homozygotes carrier 

(Giacomazzi et al 2013). This mutation is found at a frequency 10-20 times higher than other 

TP53 mutation in Southern Brazil (Palmero et al 2008) with a frequency of 0.3% in the 

Brazilian general population and has also been reported in Germany (Figure 14) (Achatz et al 

2009, Herrmann et al 2012, Palmero et al 2008, Pinto et al 2004). Indeed, the low penetrance 

of this mutation may have contributed to the maintenance of this mutation in a large 

population (Garritano et al 2010, Palmero et al 2008). It is considered as a founder mutation 

and its distribution in Brazil appears to follow a road axis historically used as the main route 

by merchants of Portuguese origin in the XVIII and XIX century (Garritano et al 2010). 

Another hypothesis for its maintenance in Brazilian population has been proposed. Silva and 

collaborators have observed a different magnitude of rare CNV accumulation in the R337H 

patients compared to patients carrying others TP53 mutations (Silva et al 2012). 
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Figure 14: Codon distribution of TP53 mutation in LFS. (A) In LFS patients described around the world 

except in Brazil. (B) In Brazilian LFS patients. Adapted from the IARC TP53 database (p53.iarc.fr). 

The impact of the R337H mutation on p53 suppressive function is due to its 

localisation in the oligomerisation domain of the protein in an aa important for the formation 

of the p53 dimer (Galea et al 2005). The mutant oligomerisation domain adopts a native-like 

structure, which is less stable than the corresponding WT domain (DiGiammarino et al 2002). 

The difference of stability of the variant protein is due to a high sensitivity to the cellular pH 

due to the presence of the histidine aa. The pH-dependent p53 dysfunction has been suggested 

to be the molecular basis for ADR in Brazilian children (DiGiammarino et al 2002). In 

addition, the presence of this mutation is associated with increased levels of oxidative 

damages irrespectively of the individual’s previous cancer history while no oxidative damage 

was observed in subjects in a reference group (Macedo et al 2012). This observation suggests 

that the presence of oxidative damage in R337H patients is related to the carcinogenic process 

and is not a consequence of malignancy. 
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III. Polymorphisms in TP53 

 In the TP53 gene, 85 polymorphisms have been described, including single nucleotide 

polymorphisms (SNPs) and deletions/insertions of several base pairs and are documented in 

the IARC TP53 database (Figure 15) (p53.iarc.fr; (Petitjean et al 2007)). Many of these 

polymorphisms show variations in frequency depending on geographic and population factors 

(Garritano et al 2010, Whibley et al 2009). More than 90% of the TP53 polymorphisms are 

located in non-coding sequences and it has long been presumed that they may have little 

impact on cancer susceptibility. So far, studies on TP53 polymorphisms in relation with 

cancer risk have shown inconsistent results across studies (Garritano et al 2010, Stacey et al 

2011, Whibley et al 2009). Moreover, at the functional level, few of the polymorphisms have 

been related to altered biological and/or biochemical functions of the p53 protein. 

 

Figure 15: The most frequent polymorphisms found in the TP53 gene and in its 3'flanking region. The 

nucleotide variation and the rs number are indicated on a schematic representation of the TP53 gene. Adapted 

from p53-iarc.fr and Thesis of Virginie Marcel, University Lyon I, 2009. 

1. Polymorphisms located in TP53 non-coding sequences 

rs1642785 (TP53 PIN2) 

 Rs1642785, also called TP53 PIN2, is located in the intron 2 and is the substitution of 

a G into a C (Figure 15). Based on the NCBI dbSNP database (www.ncbi.nlm.nih.gov/SNP/), 

the C allele frequency varies depending on the population: in Caucasians the frequency of the 

C allele is around 22% while in the African population the frequency is 55% (Garritano et al 

2010, Marcel et al 2009).  

 Five studies have been performed on the association between the rs1642785 genotype 

and cancer susceptibility. Two studies have shown no association; no association was found 

between the risk of cervical cancers and carriage of the rs1642785 polymorphism in Brazilian 

patients (Fernandes et al 2008) and on the age at first cancer diagnosis in a Brazilian LFS/LFL 

cohort (Marcel et al 2009). Jha and collaborators have observed that the G allele frequency is 

higher in gliomas than the C allele frequency (0.55 and 0.36 respectively) in Indian patients 

but this association was not associated with an increase of cancer risk (Jha et al 2011). The 
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two last studies have shown that rs1642785 is associated with an increased risk of cancer: 

associations were reported between the G allele and ovarian cancer in the Danish population 

(Hogdall et al 2003) and osteosarcomas in Caucasians with a 6.7 fold increase of cancer risk 

for patients carrying a C allele (Savage et al 2007). The association of rs1642785 and cancer 

susceptibility could confound by its linkage equilibrium with the rs1042522, a polymorphism 

located in the coding sequence of TP53 gene, which will be detailed later (Garritano et al 

2010). 

rs17878362 (TP53 PIN3) 

 The most studied intronic variation in TP53 is a 16-base pair insertion/duplication in 

intron 3 called rs17878362 or TP53 PIN3, consisting of one copy (A1 allele) or two copies 

(A2 allele) of the sequence ACCTGGAGGGCTGGGG (Figure 15) (Lazar et al 1993). The 

minor allele frequency (MAF) in the Caucasian population is around 10% while it is around 

27% in the African population and 2% in Asians (Garritano et al 2010, Marcel et al 2009). 

 Several case-control studies have reported an increased risk of various cancer types 

associated with the rs17878362 A2 allele. For example, rs17878362 is associated with an 

increase of breast cancer (Costa et al 2008, Wang-Gohrke et al 2002) or colorectal cancers 

(Gemignani et al 2004, Perfumo et al 2006). A recent meta-analysis identified a significant 

increase in overall cancer risk of 1.14 (95% Confidence Interval (CI): 1.02-1.27) in A2A2 

carriers (Hu et al 2010b). However, this conclusion was questioned due to apparent 

discrepancies between data selected for meta-analysis and the original publications (Lu et al 

2011). In addition, the A2 allele is associated with a worse prognosis for individuals with lung 

cancers (Boldrini et al 2008) and is correlated with poor histological grade in breast cancers 

(Powell et al 2002).  

 The A2 allele of rs17878362 is associated with an increase of cancer susceptibility 

after X-rays exposure, suggesting a role of this polymorphism in p53 function (Hung et al 

2006). At the mechanistic level, there is some evidences that rs17878362 has an impact on the 

p53 mRNA level: the A2 allele expresses less p53 mRNA compared to A1 allele, in a dose-

dependent manner (cancer risk associated with the A2A2 genotype compared to the A1A1 is 

higher than the cancer risk associated with the A1A2 genotype compared to the A1A1 

genotype) (Gemignani et al 2004). However, the precise mechanisms underlying an increased 

cancer risk associated with the rs17878362 A2 allele are not clearly understood.  



Introduction  The TP53 gene and its modifiers 

 

 70 

Polymorphisms located in the 3’ flanking region of the TP53 gene 

 In the 3’ flanking region, 15 polymorphisms are described in the NCBI dbSNP 

database such as rs17880560, which is an insertion/deletion of 6 bp (A1: one copy of the 6 bp 

(CACGGC); A2: two copies of these 6 bp) or rs1614984, a C to T transition (Figure 15). The 

most studied polymorphism in the 3’flanking region is rs78378222. This polymorphism 

consists of a transversion of an A to a C and occurs in the sole poly-adenylation signal of 

TP53 (AATAAA>AATACA). 

 Five studies have recently been performed addressing the association between 

rs78378222 and cancer risk. Guan and collaborators have observed that rs78378222 is not 

associated with an increase of melanoma or lung cancer susceptibility (Guan et al 2013). 

Several studies have observed an increase of cancer risk with the C allele of rs78378222: in 

basal cell carcinoma, prostate cancer, glioma and colorectal adenoma (Stacey et al 2011); in 

glioma (Egan et al 2012, Enciso-Mora et al 2013); oesophageal squamous cell carcinoma 

(Zhou et al 2012) or squamous cell carcinoma of head and neck (Guan et al 2013). To 

understand the role of the C variant of rs78378222 cancer susceptibility, Stacey and co-

workers have extracted pre-mRNA from blood and adipose tissue and observed that 

heterozygotes expressed less p53 pre-mRNA compared to the AA homozygotes (Stacey et al 

2011). In heterozygotes, 73% of the mRNAs contain the WT A allele and 27% of the C 

variant. Taken together, these results suggest that the C variant impairs proper termination 

and poly-adenylation of the p53 pre-mRNAs. Recently, Li and collaborators have shown, 

using gene expression cassettes carrying the human TP53 cDNA with the 3’flanking region, 

that the CC genotype presented a decrease of both p53 mRNA and protein compared to the 

AA genotype (Li et al 2013). In addition, they have also observed a decrease of cellular 

apoptosis with the CC gene expression cassette. These results support the hypothesis of 

different biological effect with different genotypes of rs17880560, with possible impact on 

cancer susceptibility.  

2. Polymorphisms located in TP53 coding regions 

Synonymous polymorphisms 

 Of the 19 polymorphisms described in the TP53 coding sequence, 8 are synonymous, 

i.e. the substitution of a nucleotide giving rise to no alteration in the encoded amino acid due 

to the redundancy of the genetic code (Whibley et al 2009). These polymorphisms thus do not 

have any direct effects on the p53 protein, but can have an impact of p53 mRNA expression 

by modulating (1) alternative splicing of pre-mRNA, (2) mRNA stability due to the 
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modification of the DNA binding sequence of some miRNAs and (3) Mdm2 specific binding 

of p53 mRNA. Indeed, the Mdm2 protein, which regulates p53 protein degradation, has been 

implicated in the translation of p53 mRNA (Candeias et al 2008). At codon 36, the G to 

thymine (T) transition (CCG to CCT) reduces p53-dependent apoptosis by decreasing the 

binding of Mdm2 with p53 mRNA, consequently reducing p53 levels. 

Non synonymous polymorphisms: rs1042522 (TP53 PEX4) 

 Probably the most studied TP53 polymorphism is a SNP in exon 4 encoding an R or a 

P at aa 72 (rs1042522) also called TP53 PEX4, G>C) (Figure 15) (Matlashewski et al 1987).  

The minor allele corresponds to the P form of the protein and its frequency in Caucasians is 

0.21, 0.45 in Asians and 0.67 in Africans (Garritano et al 2010, Marcel et al 2009). A latitude 

gradient of the allele frequency was observed depending of the distance with the equator 

(Niger: 0.63), which decreases in the Arctic Circle (Sweden: 0.17) (Beckman et al 1994, 

Sjalander et al 1996). This distribution indicates the loss of the pressure of selection on the P 

allele in the Northern immigrate population. It has been suggested that these variations might 

be attributable to a role of this polymorphism in the p53 suppressive to UV damages by solar 

exposure. A recent study has proposed another explanation, linking the R variant of 

rs1042522 to low winter temperature and to increased fertility through up-regulation of 

Leukemia Inbibitory Factor (LIF), a key regulator of embryo implantation (Feng et al 2011, 

Jeong et al 2010, Kang et al 2009, Paskulin et al 2012). 

 Rs1042522 is located in the p53 proline domain and there is in vitro evidence that the 

R and P p53 protein variants differ in their biological activities. First, the role of this 

polymorphism in apoptosis was analyzed using p53-null cell lines transfected with constructs 

that encode either the R or P variant. The different studies have observed an increase of the 

expression of pro-apoptotic target genes and mitochondrial apoptosis genes, such as NOXA, 

PUMA or PIG-3 suggesting that R is a greater inducer of apoptosis (Cattelani et al 2012, 

Jeong et al 2010, Zhu et al 2010) with an higher amount of mitochondria DNA damage upon 

rotenone stress (Altilia et al 2012). These results were confirmed in a mouse model that 

showed an increase of apoptosis in R mice but no difference in acute responses to UV 

radiation (Zhu et al 2010). In addition, the association between the R allele and better 

induction of apoptosis, compared to the P allele, has been confirmed by several observations: 

(1) a higher proportion of R protein than P protein, tends to relocate in the mitochondria 

(Dumont et al 2003) and (2) the iASPP protein, which inhibits p53-dependent apoptosis, fixes 

preferentially the P protein and reduces its role in apoptosis (Bergamaschi et al 2006). An in 
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vitro analysis has shown that the P variant protein enhanced senescence by promoting 

p21
WAF1

 expression (Cattelani et al 2012). After a stress, cells expressing the P variant protein 

stop in the G1 phase of cell cycle arrest while apoptosis in favored in cells with the R variant 

protein (Sullivan et al 2004). The R variant protein is associated with a high frequency of 

aberrant cells and chromatid breaks in cells after stress, also suggesting a better cell cycle 

arrest in P cell lines (Litviakov et al 2010).  

 However, results from systematic studies and meta-analyses have failed to identify a 

consistent association with breast, gastric or lung cancer risk (Matakidou et al 2003, Zhou et 

al 2007). The results from individual case-controls studies showed, in general, no association 

between rs1042522 and cancer risk, however meta-analyses, which increase the number of 

individuals and thus the statistical power, showed that P variant is associated with an 

increased cancer risk. For example, the 5 meta-analyses on breast cancer and rs1042522 

found an increase of cancer susceptibility associated with the heterozygous carriage of the 

rs1042522 variant allele. But some studies have shown no difference in cancer risk between 

individuals carrying the RR corresponding genotype compared to individuals with PP 

corresponding genotype and other studies an increase of cancer risk associated with the 

heterozygotes (Dai et al 2009, Li et al 2009, Matakidou et al 2003, Wang et al 2013a). These 

results suggest that the role of rs1042522 in cancer risk seems to be dependent of cancer type 

and maybe population type. 

 In the Li-Fraumeni syndrome, the results concerning the influence of the rs1042522 

polymorphism in cancer susceptibility and age of onset are controversial. A first study has 

shown that the patients with a germinal TP53 mutation with the R variant develop cancer 12 

years before patients with the P variant (Bougeard et al 2006). These results suggest that this 

SNP can modulate the suppressive functions of p53, which are attenuated by the presence of 

the mutation. This is supported by the fact that mutant R proteins present a better interaction 

with the p73 protein compared to the mutant P proteins, which induces a better inhibition of 

p73, implicated in apoptosis induction after stress (Marin et al 2000). A more recent study did 

not observed a role of the rs1042522 polymorphism on the age of onset in TP53 mutant cells 

(Marcel et al 2009).  

3. Polymorphisms in the p53 pathway 

Mdm2 SNP309 polymorphism (rs2279744) 

 Mdm2 is overexpressed in around 10% of cancers and no mutations were found in the 

Mdm2 gene in different cancers (Jones et al 1998). However, the Mdm2 promoter contains a 
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polymorphism, rs2279744, also called SNP309, which is a single substitution of a T to a G 

(Bond et al 2004). The T allele frequency was reported to be 0.58 and G 0.42. The 

polymorphism is located in a RE of the SP-1 transcription factor, which has a higher affinity 

for the G allele compared to the T allele. In addition, the oestrogen receptor also binds the 

Mdm2 promoter in the region of the SNP309 (Hu et al 2009). It was found that the oestrogen 

receptor can induce Mdm2 transcription and preferentially in cells with the SNP309 GG 

genotype. This increase of Mdm2 mRNA level might lead to a higher risk of hormone-related 

cancers.  

 Several studies have shown an earlier age of cancer onset or an increase of cancer 

susceptibility to breast cancer in premenopausal women with the Mdm2 SNP309G variant 

(Bond et al 2004, Bond et al 2006, Lum et al 2008). However, the role of this polymorphism 

in the increase of cancer risk is still controversial. An analysis on more than 8,000 

cases/controls with breast, lung and colorectal cancers has shown that the SNP309 G variant 

is not associated with an increase of cancer risk but on the age of cancer onset (Wilkening et 

al 2007). The G variant was found to be associated with lung cancer risk in some studies 

(Lind et al 2006) but not in others (Hu et al 2006), however, a recent meta-analysis has shown 

that the SNP309G variant allele is associated with a significant 1.14 fold increase of lung 

cancer risk (He et al 2012). Two meta-analyses on gastric cancers have also observed an 

increase of cancer risk associated with the SNP309G variant allele(Ma et al 2013, Tian et al 

2013). 

 In LFS/LFL patients, several studies have shown that the SNP309G variant is 

associated with a decrease of age of cancer onset in TP53 mutation carriers without any 

difference in non-TP53 mutation carriers (Bond et al 2004, Bougeard et al 2006, Ruijs et al 

2007). However, three studies have contradicted these results because they have not observed 

any significant statistical difference on age of cancer onset between the different genotypes of 

SNP309 in TP53 mutation carriers (Marcel et al 2009, Pinto et al 2009, Renaux-Petel et al 

2013). A recent study has observed that the haplotype of MDM2 SNP285G, a modulator of 

SP1 binding to Mdm2 promoter and an antagonist of the SNP309G variant, and SNP309G is 

the higher risk haplotype (5 years earlier onset of cancer) in TP53 mutation carriers (Renaux-

Petel et al 2013). This result suggests that the SNP309G variant could be deleterious when it 

is not associated with the SNP285C variant.  
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Polymorphic p53 binding sites 

 Polymorphisms have been described in the promoters of p53 target genes in p53 REs 

and can modulate the p53’s transactivation activity. Using an in silico analysis, Bandele and 

co-workers have identified 6,538 polymorphisms in the NCBI dbSNP database that were 

located in putative p53 REs and were predicted to alter p53 DNA interactions (Bandele et al 

2011). They also identified 33 polymorphic sequences in experimentally validated p53 

binding sites. They confirmed the influence of 32 polymorphisms using a ChIP-seq analysis 

after Doxorubicin exposure. These SNPs alter gene expression and cellular responses and 

increase disease susceptibility with cell type specificity. They have found that the C and G 

residues in the p53 RE are the most conserved and important nucleotides for the p53 DNA 

binding activity.  
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Part II. p53 isoforms 

 This part of the manuscript is more detailed in a review entitled “Biological functions 

of p53 isoforms through evolution: lessons from animal and cellular models” published in 

Cell Death and Differentiation (Cell Death Differ. 2011 Dec;18(12):1815-24). 

 

Generation of Human p53 isoforms by Diverse Regulatory Mechanisms 

The TP53 gene is expressed as several protein isoforms with variations in the N- and 

C- terminal domains (Figure 16). TP53 can encode four isoforms with different truncations in 

the N-terminal domain: the TAp53 (without deletion of aas), the Δ40p53 (deleted of the first 

39 aas, called ΔNp53 or Δ40p53 in the literature), the Δ133p53 (deletion of the first 132 aas) 

and the Δ160p53 (deleted of the first 159 aas). The production of these N-terminal isoforms is 

based on different transcriptional and translational mechanisms. The TP53 gene can also 

encode also three isoforms with different splicing of the C-terminal domain with partial 

retention of intron 9 and addition of new aas: the α forms (without deletion of aas), the β 

forms (addition of 10 new aas) and the γ forms (addition of 15 new aas). The controls of the 

alternative splicing of intron 9 in still unknown. The TAp53α isoform corresponds to the 

canonical p53 protein. 
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Figure 16: Schematic representation of human p53 isoforms. (A) Human TP53 gene structure. The TP53 

gene, which consists in 11 exons (coloured boxes: coding exons; grey boxes: non-coding exons), is expressed as 

several p53 isoforms through the usage of alternative promoters (), splicing sites (^) or translational initiation 

sites (|). The proximal promoter P1, located upstream exon 1, regulates the transcription of two transcripts: the 

fully-spliced p53 mRNA (FSp53: all exons correctly spliced), which encodes both p53 (from ATG1) and the 

Δ40p53 isoforms (from ATG40); and the p53I2 (or p53EII) mRNA, retaining the entire intron 2 by alternative 

splicing, that generates Δ40p53 isoform from ATG40, due to the presence of stop codons in the reading frame 

issued from ATG1. The internal P2 promoter described as encompassing region from intron 1 to exon 5, 

produces p53I4 mRNA, initiated in intron 4 and encoding the N-terminal Δ133p53 (from ATG133) and Δ160p53 

forms (from ATG160). Three different C-terminal p53 forms have been described due to alternative splicing of 

intron 9: the α forms resulting from the excision of the entire intron 9; the β and γ forms produced by retention 

of two small parts of intron 9. Some cis- and trans-regulators driving p53 isoforms expression have been 

described (purple boxes). (B) Human p53 protein isoforms. The classical p53 protein contains a trans-activation 

domain (TAD, dark blue), a proline-rich domain (PXXP, light blue), a DNA-binding domain (DBD, red) and an 

oligomerisation domain (OD, dark green) that encompass a nuclear localisation domain (NLS, light green) and 

five regions conserved through evolution (I to V in grey boxes). Compared to p53, Δ40p53 forms lack the first 

trans-activation domain, while Δ133p53 and Δ160p53 isoforms lack the entire trans-activation domain and parts 

of the DNA-binding domain. In C-terminal, the α peptide corresponds to the oligomerisation domain that is 

replace by new aas, the β and γ peptides (brown). Theoretical molecular weight of p53 protein isoforms are 

indicated on the right as well as their different names used in the literature.  
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Biological Functions of human p53 Isoforms 

Compared to p53, its isoforms conserve the DNA binding activity but the N-terminal 

isoforms have lost the transcriptional and conserved the oligomerisation activity and the C-

terminal isoforms have lost the oligomerisation and conserved the transcriptional activity. The 

N-truncated forms act as inhibitors of p53 transcriptional and suppressive activity. For 

example, the Δ133p53 can play a role in cell cycle arrest and apoptosis by modulating the 

gene expression of some p53 target genes such as p21
WAF1

, MDM2 or BCL-2. Studies on p53β 

have shown that this isoform enhances the p53 transcriptional activity on p21
WAF1

 promoter. 

Animal Models: clues to the Physiological Significance of Isoforms 

 The formation of isoforms from the TP53 gene is conserved though evolution from 

Drosophila melanogaster to mouse. The p53 isoforms are analysed in some animal models to 

understand their functions in cells. In animal models, the p53 isoforms expressions and 

activity seem to be well conserved throughout evolution. For example, in Drosophila 

melanogaster, the DΔNp53 isoform, equivalent to the human Δ133p53, controls apoptosis or 

in Danio renio, the ZΔ133p53 isoform (ie human Δ133p53) can modulate the transcription of 

some p53 target genes in cell cycle arrest such as Cyclin G1 or p21
WAF1 

or in apoptosis such as 

BAX or REPIMO. 

p53 isoforms and Human Cancers  

 The first analyses on the impact of p53 isoforms on cancers risk have shown that some 

polymorphisms located between exon 3 to intron 4 can modulate the basal activity of the 

internal TP53 promoter. These results suggest that these polymorphisms may influence the 

basal level of Δ133p53 and may modulate the cancer risk. In addition, some studies have 

shown the presence of mutations that affect the production of isoforms. An over-expression of 

p53 isoforms can also modulate the cancer risk such as p53β mRNA over-expression is 

associated with poorly differentiated ovarian cancers. 
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Review

Biological functions of p53 isoforms through
evolution: lessons from animal and cellular models

V Marcel1, M-L Dichtel-Danjoy2, C Sagne3,4,5, H Hafsi3, D Ma2, S Ortiz-Cuaran3, M Olivier3, J Hall4,5, B Mollereau2, P Hainaut3

and J-C Bourdon*,1

The TP53 tumour-suppressor gene is expressed as several protein isoforms generated by different mechanisms, including

use of alternative promoters, splicing sites and translational initiation sites, that are conserved through evolution and within the

TP53 homologues, TP63 and TP73. Although first described in the eighties, the importance of p53 isoforms in regulating

the suppressive functions of p53 has only become evident in the last 10 years, by analogy with observations that p63 and p73

isoforms appeared indispensable to fully understand the biological functions of TP63 and TP73. This review summarizes recent

advances in the field of ‘p53 isoforms’, including new data on p63 and p73 isoforms. Details of the alternative mechanisms that

produce p53 isoforms and cis- and trans-regulators identified are provided. The main focus is on their biological functions

(apoptosis, cell cycle, aging and so on) in cellular and animal models, including mouse, zebrafish and Drosophila. Finally, the

deregulation of p53 isoform expression in human cancers is reviewed. Based on these latest results, several developments are

expected in the future: the identification of drugs modulating p53 isoform expression; the generation of animal models and the

evaluation of the use of p53 isoform as biomarkers in human cancers.

Cell Death and Differentiation (2011) 18, 1815–1824; doi:10.1038/cdd.2011.120; published online 23 September 2011

Thirty years of research have shown that the p53 tumour-

suppressor protein, encoded by TP53 gene (OMIM 191170),

integrates endogenous and exogenous signals to modulate

cell fate to stress and cellular environments.1 In addition, it

has emerged that p53 is more than just a ‘stress response’

factor as it regulates embryo implementation.2 The ability of

p53 to integrate signals implies the existence of multiple and

subtle levels of regulation. Over the years, transcriptional,

translational and post-translational regulatory mechanisms

have been uncovered.3,4 This biochemical diversity echoes

the genetic diversity of the TP53 locus, which contains

multiple genetic polymorphisms defining over 100 distinct

TP53 haplotypes.5 Recently, an additional layer of regulatory

mechanism has emerged through identification of p53 iso-

forms, which are physiological proteins expressed in normal

cells from the TP53 gene owing to the use of alternative

promoters, splicing sites and/or translational initiation sites.6,7

The p53 isoforms were first identified in early studies

investigating p53 expression patterns. In 1984, Matlashewski

et al. cloned an N-terminal variant of the human p53 mRNA,

whereas in 1985, Rotter and co-workers detected an

alternatively spliced C-terminal variant of mouse p53, latter

isolated in human cells.8–10 However, the ‘p53 isoform’ field

has only really emerged in the past 10 years, when it became

clear that TP53 retained the elaborate patterns of isoform

expression that characterizes its homologues, TP63 and

TP73. The rapid accumulation of descriptive, functional

and clinical data on p53 isoforms has led to the emergence

of a research community, which held its First International

Meeting at the International Agency for Research on Cancer

in Lyon, France, in September 2010.11 This review provides a

brief survey of the ‘p53 isoforms’ field at a time when it is

emerging at the forefront of p53 research.

TP63 and TP73: the Isoform Paradigm

The two p53-related proteins, p63 and p73, share strong

structural, biochemical and biological homologies.12,13 In

particular, they bind specifically to DNA onto conserved p53

response elements (p53REs) by using their DNA-binding

domain. In the late nineties, the cloning of TP63 and TP73

revealed an elaborate pattern of mRNA expression resulting

in several protein isoforms.14,15 Several N-terminal forms,

produced by the use of alternative promoters and/or alter-

native splicing (i.e., TA forms, which contains the transactiva-

tion domain (TAD), versus DN forms, produced from an
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internal promoter resulting in the presence of a different TAD),

were found combined with several C-terminal forms gener-

ated by alternative splicing (five for p63: a to e; seven for p73:

a to Z).13 Far from being of minor component, the DNp63 and

DNp73 forms are the major forms expressed in certain cell

types.14,16 In mice, knockout of the entire TP63 or TP73 loci

(targeting all isoforms) revealed the roles of p63 and p73

in epithelial differentiation and neuronal development,

respectively,15,17 whereas no impact was observed in stem

cell commitment.18 However, with the generation of isoform-

specific knockout mice, a subtle interplay between the

N-terminal isoforms has recently emerged, with the dynamic

expression of N-terminal p63 or p73 isoforms appearing

critical for maintaining the normal sequence of cell develop-

ment (from stem to committed progenitors and then differ-

entiated cells).19,20 Building on this idea, Aberdam and

co-workers analysed the impact of DNp63 and TAp63

isoforms in cellular commitment. In murine embryonic stem

cells, DNp63, but not TAp63, is highly expressed during

epidermal commitment and is critical for the expression of the

cytokeratins K14 and K5, two markers of keratinocyte

proliferation, indicating that only DNp63 is required for the

commitment of ectodermal into epidermal cells.21,22Mills et al.

observed that DNp63a overexpression in mouse embryonic

fibroblasts (MEFs) resulted in the bypass of Ras-mediated

senescence and enhanced carcinoma development in mice,

suggesting that DNp63a inhibits senescence and therefore

acts as an oncogene.23 By contrast, overexpression of TAp63

forms in p53!/! MEFs increased senescence and reduced

tumour development in vivo, consistent with a p53-indepen-

dent effect.24 Studying mice deficient for specific p73 protein

isoforms, Mak, Melino and co-workers revealed that, like p63,

the different p73 isoforms had dual cellular roles. In particular,

TAp73!/! mice are spontaneously tumour-prone whereas

DNp73!/! cells show impaired tumour formation in nude

mice.25,26 In addition to these cancer-related effects, knock-

out of either TAp73 or DNp73 isoforms resulted in isoform-

specific defects in neurogenesis or neurodegeneration,

respectively. Overall, these studies show that each N-terminal

p63/p73 form has specific roles in regulating distinct cell

differentiation pathways. Moreover, they demonstrate that

the DN forms, by preventing senescence and maintaining

progenitor cell status, may act as oncogenes, whereas TA

forms, through their capacity to switch cells into a post-mitotic

state, may act as tumour suppressors.

Generation of Human p53 Isoforms by Diverse

Regulatory Mechanisms

Like TP63 and TP73, the human TP53 gene encodes several

p53 protein isoforms through conserved mechanisms.6,7 The

main and most abundant p53 isoform is the canonical p53

protein, also termed TAp53a, as it contains an entire TAD and

the longest C-terminal domain (Figure 1). In addition to the TA

forms, three DN forms have been identified that differ by their

translation initiation site. This is used to designate them as

D40p53, D133p53 and D160p53. The four N-terminal p53

forms can be combined with three different C-terminal

domains (a, b, g). Recently, some cis- and trans-regulators

have been identified as specific modulators of p53 isoform

expression (Figure 1).

D40p53 expression: one form, several mechanisms.

Compared with p53, the human N-terminal D40p53 forms

lack the first 39 amino acids corresponding to the main TAD

(Figure 1c). Matlashewski et al.27 identified a p53 mRNA

species retaining the entire intron-2 (p53I2), indicating that

an alternative splicing event leading to the retention of the

TP53 intron-2 can occur (Figure 1b). They later observed that

stop codons in intron-2 of the p53I2 mRNA prevent p53

expression from the first AUG.28 However, p53I2-transfected

cells were found to express a 45-kDa protein, undetectable

using antibodies recognizing the p53-TAD epitopes (DO1 or

DO7), that corresponds to D40p53 initiated at a second

AUG at codon-40, encompassed within a strong Kozak

consensus.29 Alternative splicing of intron-2 can be regulated

through G-quadruplex structures located in intron-3 of the

p53 pre-mRNA.30 Using reporter assays and RNA–G-

quadruplex ligands, it appears that G-quadruplex structures

promote the correct splice-out of intron-2, leading to the fully

spliced p53 (FSp53) mRNA encoding the full-length p53

protein; G-quadruplex disruption however favours the

retention of intron-2 and thus p53I2 mRNA expression.

This observation is the first clue that the TP53 sequence

itself can modulate its own isoforms’ expression through

regulation of alternative splicing.

In addition to alternative splicing, D40p53 forms can be

encoded from the FSp53 mRNA through an internal initiation

of translation at codon-40.29 Two internal ribosomal entry

sequences (IRES) have been identified that regulate the

translation of either p53 or D40p53 (Figure 1b).31,32 However,

the relative contribution, in vivo, of each of thesemechanisms,

which are producing D40p53, remains to be fully established.

Production of D133p53 and D160p53 forms from the

internal P2 promoter. As for TP63 and TP73, TP53

contains an internal promoter that controls the expression

of two N-terminal forms (Figure 1a).33 In addition to the

proximal P1 promoter regulating p53 and D40p53 exp-

ression, an internal P2 promoter located between intron-1

and exon-5 regulates the transcription of p53 mRNAs

initiated in intron-4 (p53I4) (Figure 1b).33 This internal P2

promoter is different from the P* promoter in TP53 intron-1

identified by Reisman et al.34,35 that regulates the expression

of an unrelated p53 transcript encoded by TP53 intron-1.

Site-directed mutagenesis and siRNA methods revealed that

translation of p53I4 mRNAs can be initiated at two distinct

codons, AUG133 and AUG160, leading to the expression of

the D133p53 and D160p53 proteins, respectively, that lack

the TAD and part of the DNA-binding domain (Figure 1c).36

Surprisingly, D160p53 forms are expressed in K562 cells,

which are considered as ‘p53-null’ cells. The TP53 mutation

in K562 cells results in a premature stop codon between

AUG133 and AUG160, thus preventing the expression of the

TA, D40 and D133 forms without compromising the D160p53

reading frame. Thus, it should be kept in mind that some cells

or tumours considered as ‘p53-null’ because of the presence

of frameshift or nonsense mutations, may retain the capacity

to express one or several p53 isoforms.29,36
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Experimental studies showed a p53-dependent regulation

of D133p53 expression.37,38 The internal P2 promoter

contains p53REs located at the junction of exon-4/intron-4.

Promoter deletion, site-directed mutagenesis and chromatin

IP experiments demonstrate that the direct binding of p53

onto the p53REs results in an increased expression of both

D133p53 mRNAs and the D133p53a protein. Some

experimental evidence suggests that protein expression of

Figure 1 A schematic representation of human p53 isoforms. (a) The human TP53 gene structure. The TP53 gene, which consists of 11 exons (coloured boxes, coding
exons; grey boxes, non-coding exons), expresses several p53 isoforms owing to usage of alternative promoters (!), splicing sites (^) or translational initiation sites (|).
(b) Human p53 mRNA variants. The proximal promoter P1, located upstream from exon-1, regulates the transcription of two transcripts: the fully spliced p53 mRNA (FSp53),
which encodes both p53 (from ATG1) and D40p53 forms (from ATG40), and the p53I2 mRNA, retaining the entire intron-2 by alternative splicing, which generates D40p53
forms from ATG40, owing to the presence of stop codons (*) in the reading frame starting from ATG1. The internal P2 promoter, described as encompassing the region from
intron-1 to exon-5, produces p53I4 mRNA, initiated in intron-4 and encoding the N-terminal D133p53 (from ATG133) and D160p53 forms (from ATG160). Three different
C-terminal p53 forms have been described owing to alternative splicing of intron-9: the a-forms resulting from the excision of the entire intron-9, and the b- and g-forms
produced by retention of two small parts of intron-9. Some cis- and trans-regulators driving p53 isoform expression have been described (purple boxes). Endogenous
expression of most of the p53 mRNA variants in human cells has been reported (references shown in parentheses). Grey box, non-coding sequence; NR, not yet reported.
(c) Human p53 protein isoforms. The canonical p53 protein contains a TAD (blue), a proline-rich domain (PXXP, purple), a DNA-binding domain (DBD, orange) and an OD
(green) that encompasses a nuclear localization domain (NLS, green) and five regions conserved through evolution (I–V in grey boxes). Compared with p53, the D40p53
forms lack the first TAD, whereas theD133p53 andD160p53 isoforms lack the entire TAD and parts of the DBD. At the C-terminal, the a-peptide corresponds to the OD that is
replace by new residues, the b- and g-peptides (brown). On the right is indicated the theoretical molecular weight, the detection at endogenous levels (reference in brackets) as
well as the different names of the isoforms used in the literature. The color reproduction of this figure is available at the Cell Death and Differentiation journal online
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D133p53a can be induced through p53-independent mechan-

isms. In particular, the accumulation of the D133p53a protein

was observed in response to the knockdown of p68, a DEAD

Box helicase involved in multiple transcriptional regulatory

processes, andmore recently in response to the expression of

some p63 or p73 isoforms.39

The C-terminal spliced p53 forms, b and c. The alternative

splicing of intron-9 of human TP53 produces three different

C-terminal p53 forms (a, b and g) (Figure 1a).8,33 Complete

excision of intron-9 results in the expression of the a-forms

corresponding to the classical p53 C-terminal domain

(oligomerization domain, OD) (Figures 1b and c). On the

other hand, partial retention of intron-9 generates the b- or

g-forms, in which the OD is replaced by 10 or 15 new amino

acids, respectively. However, the mechanisms that control

the alternative splicing of intron-9 are unknown.

The classical p53 C-terminal domain contains the main

post-translational modification sites regulating p53 stability,

such as the lysines residues ubiquitinated by Mdm2, an E3-

ubiquitin ligase regulating p53 stability and activity.3 Their

absence in b- and g-forms led to the investigation as to

whether the stability of the p53b and p53g proteins is regulated

by theMdm2–ubiquitin–proteasome pathway. To date, results

remain controversial. For instance, whereas constitutively

overexpressed FLAG-tagged p53b or p53g do not appear to

interact with Mdm2 or to be degraded in a proteasome-

dependent manner,40 Bourdon and co-workers observed that

the endogenous p53b protein can be degraded by the

proteasome in an Mdm2-dependent manner.

Biological Functions of Human p53 Isoforms

Based on early studies detailed below, the N-terminal

isoforms lacking the TAD (i.e., D40p53, D133p53 and

D160p53) were expected to only act as dominant-negative

regulators of p53 activity. For instance, ectopic D40p53a

expression downregulated the p53-induced transactivation

on reporter genes and counteracted p53-dependent

growth suppression in colony formation assays.28,29 In

addition, in human diploid fibroblast WI38 cells, expression

of endogenous D40p53a increased during the G1/S transition,

in parallel with decreased expression of p21.29 Furthermore,

as D40p53a lacks the Mdm2-binding site, it escapes Mdm2-

mediated degradation and does not accumulate in response

to DNA damage, its expression persisting at low but stable

amounts in many cell types.29,41 These data support the

notion that D40p53a inhibits basal p53 activities during cell-

cycle progression. However, whether D40p53a can exert p53-

independent effects is still unknown. Hainaut and co-workers

observed that D40p53a contains an intact DNA-binding

domain able to bind to p53REs in vitro. Thus, D40p53a may

also exert intrinsic regulatory effects by competingwith p53 for

p53RE binding and thereby modulating their accessibility for

other transcription factors, regulating the cell fate outcome

depending upon cell type and cell context. In addition,

D40p53a lacks the first TAD, which has been shown to be

dispensable for p53 transcriptional activity, and retains

the second TAD, which can regulate gene expression.42,43

Therefore, with our current knowledge, one should be

cautious in considering D40p53 as a simple dominant-

negative inhibitor of p53.

Compared with D40p53a, the available data have clearly

revealed that D133p53 controls p53 activity. In reporter

assays, D133p53a can also behave as a dominant-negative

inhibitor of p53.13,33 D133p53a does not bind to consensus

p53REs in vitro, consistent with its partial lack of the DNA-

binding domain, and thus can also behave as a dominant

mutant p53 protein.38 Experimental studies suggested that,

instead of being a strict dominant inhibitor, D133p53a is

instead a fine modulator of p53’s suppressive activity as

its expression determines cell fate in response to stress. The

knockdown of D133p53a expression promotes p53-mediated

apoptosis and G1 cell-cycle arrest in response to doxorubicin

treatment, without altering the p53-dependent G2 cell-cycle

arrest.37 These effects may be due to the ability of D133p53a

to modulate gene expression in a promoter-dependent

manner, as observed for p21WAF1, Mdm2 and Bcl-2.37

Interestingly, D133p53 silencing has also been associated

with replicative, but not oncogene-induced, senescence in

normal human fibroblasts through transcriptional regulation of

p53-target genes, including p21WAF1 and mir-34a.44 Overall,

these results are consistent with an oncogenic capacity

of D133p53.

The biological functions of the C-terminal p53 isoforms (i.e.,

p53b and p53g) remain poorly described and controversial.

Bourdon et al.33 showed that, in the absence of stress,

endogenous p53b bound to the Bax and p21WAF1 promoters,

but only weakly to that of Mdm2. Moreover, in luciferase

reporter assays in the absence of stress, the co-expression of

p53b and p53 enhanced the p53 transcriptional activity on the

p21WAF1 promoter but not on the Bax promoter, suggesting a

promoter-dependent effect. These observations are consis-

tent with the demonstration that p53b cooperates with p53 to

accelerate senescence in human fibroblasts.44 By contrast,

experimental studies failed to observe binding of FLAG-

tagged p53b or p53g onto p53RE consensus and to show a

role of FLAG-tagged p53b or p53g in p53-dependent

apoptosis or senescence in cells constitutively overexpres-

sing FLAG-tagged p53b or p53g, and selected to grow in

presence of neomycin.40 Thus, there is still debate on whether

p53b or p53g exert their activities in an autonomousmanner or

through an interaction with p53. Furthermore, there is no

evidence of distinct biological activities for p53b or p53g.

Overall, current experimental data on the biological roles of

p53 isoforms are fragmented. Given that p53 isoforms differ

from each other in the three functional domains (TAD, DNA-

binding and OD), their potential to modulate p53-dependent

responses is expected to be diverse and cell type-dependent.

Further insight into which of these functions are of physiolo-

gical or pathological relevance may come from animal model

studies.

Animal Models: clues to the Physiological Significance

of Isoforms

The simplest animal model to study p53 isoforms,

Drosophila melanogaster. The diversification of the p53

gene family into three members occurred in vertebrates.
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Thus, invertebrates such as Drosophila contain a single p53-

related gene, which encodes three protein isoforms

(Figure 2): Dp53, corresponding to the human full-length

p53; DDNp53, a general counterpart of the human N-terminal

p53 forms as it is encoded by an mRNA transcribed from

an internal promoter (i.e., human D133) and contains a

Figure 2 p53 isoforms in animal models. (a) Structural organization of p53 isoforms through evolution. Like humans, mouse, Drosophila and zebrafish express a full-length
p53 protein, which conserves a TAD (blue), a DNA-binding domain (DBD, orange) and an OD (green). Only the mouse Mp53 protein presents a proline-rich domain (PXXP,
purple) and a nuclear localization signal (NLS, green). In addition, all these animals express some p53 isoforms that have the same structural organization as the human p53
isoforms owing to the use of alternative promoters and splicing sites. M, mouse protein; D, Drosophila protein; Z, zebrafish protein; N-terminal p53 isoform identification, D
forms; N-terminal p53 isoform denomination, codon number, when initiated ATG occurs in the coding sequence, or N, when initiation occurs in a non-coding sequence; C-
terminal p53 isoform identification, AS (alternative splicing, green boxes); grey box, different residues compared with the full-length p53 protein. (b) Localization of translation
initiation sites in animal p53 sequences. Red, ATG1 generating the full-length p53 protein; green, the methionine used to produce the homologues to the human D40p53
forms; blue, the methionine used to produce the homologues to the human D133p53 forms; orange, the methionine used to produce the homologues to the human D160p53
forms. The color reproduction of this figure is available at the Cell Death and Differentiation journal online
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truncated TAD followed by a complete DBD and OD (i.e.,

human D40); and Dp53DC, encoded by a short transcript

leading to a putative isoform bearing only the TAD.33,45–47

The Drosophila p53 gene is activated by irradiation and

exerts broad suppressive effects recapitulating those of the

p53-family members, including regulation of apoptosis,

aging, autophagy, differentiation and growth.48 Historically,

DDNp53 was the first form identified and previously termed

Dp53; hence most of the functional studies to date have

focused on the role of this particular isoform (Table 1).

Studies on the morphogenesis of imaginal discs have

highlighted the role of DDNp53 isoforms in the control of cell

death.45,47,49,50 In this system, DDNp53 controls apoptosis

through the Reaper–Hid–Grim (RHG) cascade. Indeed,

irradiated imaginal discs from flies with a mutant Dp53

gene show reduced apoptosis but normal cell-cycle arrest,

suggesting a specific regulatory role of theDp53 gene product

in apoptosis.45,49 So far, the main isoform implicated in

apoptosis appears to be DDNp53, which directly regulates

reaper (rpr) expression.45 However, DDNp53 also exerts

effects through other pathways. In particular, DDNp53 may

activate either apoptotic or non-apoptotic responses in photo-

receptor cells depending on the cell differentiation status.50–52

Moreover, DDNp53 appears to inhibit cellular differentiation in

the retina independently of its apoptotic function.50

The Dp53 gene product also exerts important roles in

controlling lifespan in a sex- and stage-dependent manner.

When overexpressed in adult flies (Table 1), DDNp53 limited

lifespan in females and extended it in males. By contrast,

when overexpressed during development, DDNp53 exerted a

similar dose-dependent effect on longevity in both sexes.53

Conversely, inactivation of the Dp53 locus increased lifespan

in females but had only minor effects in males. Similar

phenotypes were observed in Drosophila expressing

dominant-negative Dp53 mutant transgenes or overexpres-

sing DDNp53, suggesting that DDNp53 interferes with

Dp53 activity.54 The role of Drosophila p53 has also been

investigated in detail in other cellular functions such as

DNA repair or compensatory proliferation.48,55,56 However,

the specific roles of each Drosophila p53 isoform, Dp53 and

DDNp53, have not been studied in sufficient detail to under-

stand the exact contributions of each isoform to development,

stress responses or longevity.

Danio rerio, the historical model to study p53

isoforms. The zebrafish p53 protein, Zp53, recapitulates

the suppressive and pro-apoptotic functions of human p53

upon genotoxic stress.57 So far, only N-terminal Zp53

isoforms have been identified (Figure 2): Zp53, corres-

ponding to the human p53 protein;58 ZDNp53, produced

through an alternative splicing of intron-2 and thus similar to

the human D40p53 forms;59 and ZD113p53, produced by an

internal promoter located within the zebrafish Zp53 gene that

is regulated by Zp53 itself, and thus equivalent to the

human D133p53 isoform.37,38,60 In contrast to the human

D40p53, AUG1 of ZDNp53 is located within the partial

intronic sequence retained by alternative splicing.59 Thus in

ZDNp53, the 38 N-terminal residues containing the TAD are

replaced by 33 residues derived from the intron-2 sequence.

There is evidence that the ZDNp53 transcript accumulates

in response to g-ray irradiation.59 In addition, ectopic expres-

sion of ZDNp53 resulted in a strong developmental phenotype

with hypoplasia and malformation of the head, eyes

and somites (Table 1). This phenotype is dependent upon

the presence of Zp53, the two isoforms forming a protein

complex through their ODs. Overexpression of an OD-mutant

ZDNp53 or wild-type ZDNp53 in a mutant Zp53 background is

phenotypically ineffective. These observations suggest that

ZDNp53 exerts its effects by modulating the activity of Zp53

during zebrafish development.

ZD113p53 was discovered in a different context (Table 1).

Cheng and co-workers found that in zebrafish embryos, loss

of the Def gene (Digestive organ Expansion Factor) led to

defects in the morphogenesis of digestive organs. In a

genome-wide screen, they identified a shorter form of Zp53

whose expression was upregulated in def!/! embryos.60

Upregulation of ZD113p53 correlated with increased expres-

sion of p53-target genes involved in cell-cycle progression

such as cyclin-G1 and p21WAF1, whereas pro-apoptotic genes

such as Bax and Reprimo were not activated. Furthermore,

ZD113p53 was found to selectively upregulate theBcl-2L anti-

apoptotic gene.61 This pattern of effects is consistent with the

notion that ZD113p53, like D133p53, operates as a modulator

of p53 in selectively activating defined target genes.

Mouse, the next generation of animal models. Six p53

isoforms have been described in mice, resulting from

combination of three N-terminal p53 isoforms with two

different C-terminal isoforms (Figure 2). In addition to the

full-length mouse Mp53, Rotter and co-workers identified an

alternative p53 mRNA retaining part of intron-10 that

encodes a shorter isoform with new residues in place of

Table 1 Available p53 animal models

Species Name Modulation of p53 isoforms Ref.

Drosophila Overexpression of DDNp53 in cells 45
Overexpression of transgenic DDNp53 under the control of
tissue-specific promoters

47,49–53

Overexpression of transgenic dominant-negative mutant DDNp53 53,54
Inactivation of Dp53 locus 49,53

Zebrafish Tg(D113p53:gfp) Overexpression of transgenic ZD113p53-GFP morpholino (D113p53-MO) 61
Overexpression of ectopic ZDNp53 59

Mouse MD41p53/MD41p53 wt/MD41p53 Overexpression of transgenic MD41p53 65

MD122p53/MD122p53 wt/MD122p53 Overexpression of transgenic MD122p53 68
m/m wt/m ‘m’¼deletion of exon 1–6 69
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the usual OD (Mp53AS), homologous to the human

p53b.10,62 Later, Mowat et al.63 isolated MD41p53, the

mouse counterpart of human D40p53 forms. In addition,

Khoury et al. isolated a shorter N-terminal form produced by

an internal promoter within the mouse p53 gene, MD157p53,

equivalent to the human D160p53 form. Khoury et al. also

showed that MD41p53 and MD157p53 can be expressed as

a C-terminal AS variant. As for the human p53 isoforms,

Rotter and co-workers reported that Mp53AS modulates

Mp53-mediated apoptosis and Mp53 transcriptional activity

in luciferase reporter assays.64

In 2004, Maier et al.65 described a transgenic mouse

overexpressing MD41p53 (Table 1). When expressed in a

p53-null background, this isoform did not induce any particular

phenotype. However, when expressed in a p53-competent

background, an increased dosage of MD41p53 led to reduced

size, accelerated aging and a shorter lifespan associated

with hypo-insulinemia and glucose insufficiency.65–67 These

effects were attributed to the hyper-activation of the insulin-

like growth factor (IGF)-signalling axis by MD41p53, setting in

motion a cascade that clamps unimpeded growth through

p21.65 Furthermore, these MD41p53-overexpressing mice

show cognitive decline and synaptic impairment early in life,

also attributable to the hyper-activation of the IGF-1-signalling

pathway.67 These observations are consistent with studies

performed in vitro and in the zebrafish model, indicating that

D40p53 isoforms may regulate growth suppression through

modulation of p53 activity.

A premature aging phenotype was also reported in a non-

physiological knock-in p53 mouse model expressing a

‘MD122p53’ form, truncated for the first 122 residues

(Table 1).68 Although MD122p53 has no physiological

equivalent in mouse, it can be considered as an ‘intermediate’

between the MD41p53 and MD157p53 isoforms, as it lacks

the TAD and part of the DNA-binding domain. During

adulthood, transgenic p53D122p53/D122p53 mice showed pre-

mature aging symptoms, such as balding and arthritis, similar

to that observed in the p53þ /m mice (deletion exon 1–6).68,69

In addition, earlier tumour onset and shortened lifespan were

observed in p53þ /D122p53 mice as compared with p53þ /"

mice. Overall, these results support the hypothesis that

mouse N-terminal p53 forms may operate as dominant

oncogenes to promote cell proliferation and inflammation.

The studies summarized above highlight common themes

in the ‘p53 isoform’ field. First, overall patterns of isoform

expression are well-conserved throughout evolution. Second,

N-terminal isoforms have a major role as regulators of

physiological processes related to development, aging, life-

span and, possibly, carcinogenesis. In this respect, two key

mechanisms are emerging. The D40p53 form exerts regula-

tory effects on signalling cascades controlled by p53, perhaps

through direct interaction between the two isoforms. Con-

versely, isoforms corresponding to D133p53a modulate cell

response by regulating gene expression in a p53-dependent

and -independent manner. It should, however, be remem-

bered that our current view of isoform activities remains

fragmentary and that further studies are needed to better

understand their roles and underlying mechanisms.

p53 Isoforms and Human Cancers

Genetic polymorphisms: effects on p53 isoform

expression. The TP53 gene is highly polymorphic, with

over 80% of known single-nucleotide polymorphisms (SNPs)

located within introns or non-coding 50 and 30 sequences.70

Hainaut and co-workers showed that G-quadruplex

structures, formed in intron-3 and regulating intron-2

splicing (and thus D40 form expression), overlap a common

polymorphism, TP53 PIN3, which consists of a 16-bp

duplication (A1, non-duplicated allele; A2, duplicated

allele).30,71 This polymorphism may therefore modulate the

structure and/or the stability of the G-quadruplexes, and

affect D40p53 expression (Table 2). Consistent with a

functional effect, TP53 PIN3 has recently been identified as

a strong genetic modifier of germline TP53 mutations.

Indeed, carriers bearing A1A1 genotypes developed their

first cancer on average 20 years earlier than carriers with an

A1A2 genotype.72 This effect was detected in a Brazilian

cohort, in which the p.R337H mutation of partial penetrance

is very common owing to a widespread founder effect.5 It

remains to be demonstrated whether a similar effect is

observed in carriers of other TP53 mutation types.

Landi and co-workers have identified 11 different

haplotypes defined by eight SNPs in a region from exon-3 to

intron-4, overlapping part of the internal P2 promoter

regulating D133p53 and D160p53 expression.73 Using these

different haplotypes as promoters to drive luciferase expres-

sion, they found significant differences in basal promoter

activity that were confirmed by analysing endogenous

Table 2 Role of p53 isoforms in human cancers

Cancer Isoform Observation Ref.

Breast cancer D133p53a Overexpression 33
p53b Loss of expression 33,78
p53g Loss of expression

Prognosis of mutp53/p53g as good as wtp53
33,79

Acute myeloid leukaemia p53b/g Increased expression in response to chemotherapy 78

Ovarian cancer p53b Serous and poorly differentiated tumours/worse recurrence-free
and overall survival

77

D40p53 Improved recurrence-free survival 74

Li–Fraumeni syndrome D40p53 G-quadruplex structure overlapping TP53 PIN3/early age at first cancer
diagnosis in patients carrying A1A1 compared with patients carrying A1A2

72
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D133p53 expression in samples of normal colonic mucosa.

Furthermore, in silico and in vitro DNA binding analyses

suggested that an SNP in intron-4 (rs179287; C4T) affects

proteins binding within the P2 promoter.73 These results

suggest that genetic polymorphisms may modulate basal

D133p53 expression. Whether these effects influence cancer

risk remains to be demonstrated.

Mutations affecting the production of isoforms. Given

the role of N-terminal p53 forms as inhibitors of p53

transactivation, it can be expected that overexpression of

certain isoforms may represent an alternative to a mutation in

TP53 for inactivating p53 in cancers, as observed in some

small clinical studies.33,74,75 Analysis of the IARC TP53

database identified 1019 somatic cancer mutations that are

predicted to disrupt the p53 coding sequence in the

N-terminal region while leaving intact the sequence

encoding at least D160p53. This represents 3.65% of all

somatic mutations reported to date (version R15; www-

p53.iarc.fr).70 Therefore, rare and/or silent mutations in TP53

may differentially affect the expression of p53 isoforms, as

observed recently for mutations present in the IRES

regulating the relative expression of p53 and D40p53 forms

encoded by the full-length FSp53 mRNA.76 With respect to

C-terminal isoforms, Hofstetter et al.77 have used an yeast-

base functional assay and RT-PCR to show that mutations at

splice sites of TP53 intron-9 can lead to aberrant expression

of p53b mRNA in primary cultures of ovarian cancer cells.

By contrast, somatic mutations at splice sites of introns 6 and

9 were found to generate spliced mutant p53 mRNAs

(p53z, p53d and p53e), distinct from the physiological

isoforms. However, the role of such mutant isoforms

in carcinogenesis is not known.

Isoform expression and cancer outcomes. There is

emerging evidence that p53 isoform expression is

deregulated in human cancers (Table 2). In a study of 245

primary ovarian cancers, Hofstetter et al.
77 observed that

expression of p53b was associated with serous and poorly

differentiated cancers, and, when expressed together with

the functional p53 protein, it was correlated with poor

recurrence-free and overall survival. By contrast, tumours

expressing functional p53 and D40p53 showed improved

recurrence-free survival of patients compared with tumours

expressing no D40p53. Studies of patients with acute

myeloid leukemia have shown that elevated expression of

p53b and/or p53g in blood cells was correlated with improved

responses to chemotherapy,78 which may predict decreased

chemoresistance and improved overall survival. An effect of

isoform expression has also been observed on breast cancer

prognosis. In a cohort of 127 breast cancer patients,

Thompson and co-workers reported that patients whose

tumours expressed both mutant p53 and p53g mRNAs had a

prognosis as good as patients whose tumours expressed a

wild-type p53, suggesting that the expression of p53g

may abrogate the poor prognosis commonly associated

with TP53 mutations.79

Conclusion

The field of ‘p53 isoforms’ is still in its infancy, but the

increasing number of genetic, biochemical and clinical studies

have clearly established that p53 isoforms are fundamental

and important components of the p53 pathway. Data obtained

from animal and cellular models indicate that p53 isoforms

regulate the cell fate in response to developmental defects

and cell damages by differentially regulating gene expres-

sion, both in a p53-dependent and -independent manner.

Furthermore, the current data suggest that p53 isoforms have

roles in all biological activities regulated by p53 (Figure 3).

Therefore, one can reasonably expect that the characteriza-

tion of the biochemical and biological activities of p53 isoforms

will impact on the fields of cancer, embryo development

and aging.

Future experiments will be needed to gain further insight

into how p53 isoforms modulate the different biological

Figure 3 p53 isoforms in the p53 network. p53 integrates the different stress signals to adapt cell fate to the intensity and the nature of stress by regulating several
biological functions to maintain genomic and cellular integrity. In addition, p53 controls physiological functions under basal conditions. Recent data suggest that p53 isoforms
modulate p53-mediated cell fate outcome and may thus be key components of the p53-mediated decision not only in response to stress but also under basal conditions. It has
also been reported that p53 isoforms have p53-independent activities and directly regulate cell-cycle arrest and apoptosis. In addition, genetic alterations, such as TP53 SNPs
and TP53 mutations, affect the expression of p53 isoforms, which may result in tumorigenesis
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activities. However, based on our current understanding of the

p63, p73 and p53 isoforms, we have come to realize that the

p53 pathway should no longer be considered as regulated by

only the p53 protein, but by a set of p63, p73 and p53 isoforms

that interplay with each other in regulating physiological

functions. Further progress on this front will require

the development of robust and standardized tools for the

identification and quantification of p53, p63 and p73 protein

isoform expression in experimental systems as well as in

human tissues.
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Part III. G‐quadruplex structures 

A. Formation of G-quadruplex structures 

 In 1910, the first formation of G-rich structure was reported by Bang. This author 

observed the formation of a gel with a high concentration of G in aqueous solution, 

suggesting that G-rich sequences in DNA are able to form higher-order structures. In 1962, 

Gellert and collaborators observed using X-rays that G could form a tetrameric structure 

(Gellert et al 1962). In these tetramers, four G molecules form a square planar arrangement in 

which each guanine is bound to the second adjacent G by a Hoogsteen bond (G1:N-OH-

O:G2) (Figure 17) (Simonsson 2001). This arrangement is called a G-quartet. The 

superposition of at least three G-quartets forms a G4 structure. The G4 is stabilized by the 

presence of monovalent cations that occupy the central cavities between the G-quartets 

(Williamson et al 1989). The nucleotides present in the sequence, which are not implicated in 

G-quartet formation, make up participate in the loop. Usually, the loops are small (1-7 

nucleotides) and the smaller are the loops, the more stable will be the G4, which is also 

influenced by the number of guanines implicated in the G4 (3-5 G) (Huppert 2010). Recently, 

it was observed that G4 appears to be polymorphic in their form depending of the manner in 

which the structure was allowed to form (Figure 17) (Phan et al 2006, Ying et al 2003). 

 The discovery in 1989 that G4s are formed in eukaryotic telomeres re-awakened 

interest in these structures and it is now well accepted that G4s are formed in many regions of 

the genome and are implicated in different biological functions (Sundquist and Klug 1989).  
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Figure 17: Schematic representation of G4 formation and structures in DNA or RNA. (A) Representation 

of interactions in G-quartet and in G4 structure formation. This quartet is represented as a square. M
+
 denotes a 

monovalent cation. (B) Schematic diagrams of intramolecular (left) or intermolecular (right) G4 structures. The 

arrowheads indicate the direction of the nucleic acid strands. The intermolecular structures shown have two 

(upper) or four (lower strandsTMPyP4 and 360A are two drugs that modulate G4 structures and the presence of 

Na+ destabilizes G4 and K+ stabilized the structures.  (Adapted from (Bochman et al 2012)). 

B. G-quadruplexes chromosomal localisation 

 The localisation of G4 structures, in DNA or RNA, can be predicted using 

computational analyses. These identified regions are called Putative Quadruplex Sequences 

(PQS) (Huppert and Balasubramanian 2005, Huppert 2008a). Different algorithms have been 

developed based on the number of nucleotides implicated in the structure (30 ≤ n ≤ 45) and on 

a repeat sequence with at least four runs of G-quartets, in which each G-tract contains at least 

two guanines. The reference sequence is GxXy1GxXy2GxXy3Gx, where X denotes the numbers 

of guanine implicated in G-quartet (x ≥ 2) and y1, y2 and y3 the number of nucleotides 

implicated in the loop (1 ≤ y1, y2, y3 ≤ 7). 
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 To date, a total on around 379,000 PQS was described as potentially being able to 

form a G4 structure in the human genome (Huppert and Balasubramanian 2005). This number 

is a third less than would be expected by chance and would suggest an evolutionary pressure 

against G4 formation (Huppert 2008b). The genomic localisation of G4 structures is 

preferentially in non-coding regions, with a higher density in telomeres (Huppert et al 2008). 

The number of PQS is 6.4 times higher in promoter region as compared to the average 

throughout the whole genome, 8.6 times higher in the nuclease hypersensitive cluster and 230 

times higher in regions that are both promoters and nuclease hypersensitive clusters (Huppert 

and Balasubramanian 2007). G4 structures are also formed in 5’UTR and 3’UTR regions 

(Huppert et al 2008). Furthermore, G4 structures are preferentially found in the coding strand, 

suggesting that G4 may play a role in post-transcriptional mechanisms (Rankin et al 2005).  

C. Biological functions of G-quadruplexes 

 As described above, G4 structures can be found in telomeres and in different parts of a 

gene: 5’UTR, promoter or 3’UTR. This observation suggests that G4s could have different 

biological functions depending of their localisation, and that they may exert effects through 

their presence in DNA as well as in RNA. 

I. Regulation in telomeres 

 Telomeres are G-rich repeat sequences (TTAGGG) located in the end of the 

chromosomes. Telomere DNA contains double-stranded tandem repeats of this sequence 

followed by a terminal 3’ G-rich single-stranded overhang. Due to the enriched G content, the 

single-stranded telomere sequence can form G4s (Sundquist and Klug 1989). In humans, 

telomeres exist in a slow equilibrium between the stable G4 structure formed by double-

stranded DNA and the unfolded, single-stranded form (Bochman et al 2012). Telomeric G4 

structures could be present in polymorphic forms: parallel or antiparallel conformation 

(Figure 17B). The mechanisms of formation of G4 in telomeres are still unclear. The RecQ 

helicase WNR, causing the Werner syndrome characterised by premature aging and increased 

risk of cancer, and the RecQ helicase BLM, implicated in Bloom’s syndrome associated with 

higher cancer predisposition, act on telomere structures and can unwind G4 structure in vitro 

(Paeschke et al 2010). Changes in G4 conformation induce a modification of telomerase 

activity. Antiparallel G4 structures can block telomerase activity, whereas parallel G4s enable 
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the extension by telomerase (Oganesian and Bryan 2007, Zahler et al 1991). In conclusion, 

telomeric G4 structures are implicated in different biological functions such as telomere 

protection and inhibition of telomerase-dependent telomere extension (Lipps and Rhodes 

2009). 

II. Role of G-quadruplexes in 5’UTR and promoter region 

 Whole genome studies showed that 47% of promoters contain sequence that could 

form at least one G4 (Huppert and Balasubramanian 2007, Huppert et al 2008). In silico 

analyses showed that oncogene promoters are richer in G4 structure (69%) compared to 

tumour suppressor genes (31%), whereas they are under-represented in housekeeping genes. 

This observation suggests that G4 structures play a role in promoter activity and in gene 

expression regulation. In humans, G4 structures have been described in a number of genes 

including HIFAα, BCL-2, c-MYC (Dai et al 2006, De Armond et al 2005, Simonsson et al 

1998). 

 To time, the most studied G4 structure is the one located in the c-MYC promoter 

region (Huppert 2010). Luciferase assays showed that mutations in the G-rich sequence 

induce a disruption of the G4 and an increase in promoter activity (Siddiqui-Jain et al 2002). 

Treatment of cells with 5, 10, 15, 20-tetra-(N-methyl-4-pyridyl)porphyrin chloride (TMPyP4), 

a drug which stabilises G4 structures formed in DNA or RNA, induces a decrease of  the 

transcriptional activity of the gene by inhibiting the fixation of the complex of transcriptional 

proteins. The roles of G4s in other promoter regions are still unclear but may be similar to that 

seen for c-Myc. In addition, supercoiling in or near the promoter region has both positive and 

negative effects on transcription (Kouzine et al 2008). Similar to stress-induced supercoiling, 

G4 structures could be formed after stress during transcription (Sun and Hurley 2009). Thus, 

on the one hand, G4s could inhibit transcription if present in the template DNA strand by 

blocking the transcription machinery (Bochman et al 2012), however on the other hand, G4s 

could enhance transcription if present in the non-template DNA strand by maintaining the 

template strand in a single-stranded conformation. Furthermore, transcription could be 

affected by the preferential binding of proteins to G4 structures, for example transcriptional 

enhancers versus repressors. 
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III. Role of G-quadruplexes in mRNA production and stability 

1. Role in 3’UTR and poly-adenylation  

 G4 structures are over-represented in the 3’end of genes and play a role in mRNA 

poly-adenylation processing (Huppert et al 2008). mRNA 3’end formation or poly-

adenylation is a nuclear process, which results in the cleavage of primary transcripts and the 

acquisition of a poly(A) tail. The poly(A) tail of mature mRNA is essential for its stability, 

translocation to the cytoplasm and translation. A G-rich region is frequently associated with 

the poly-adenylation signal (Hu et al 2005) and some of these regions were predicted to fold 

into G4 structures (Zarudnaya et al 2003). The hnRNP H/F (heterogenous nuclear 

ribonucleoproteins H/F) can recognise sequences associated with the poly(A) signal and 

influence splicing and poly-adenylation by increasing the formation and the stability of G4 

structures (Bagga et al 1995, Dalziel et al 2007).  

 Recently, it was described that the pre-mRNA of TP53 presents G4 structures in its 3’ 

flanking region, upstream the poly-adenylation site (Decorsiere et al 2011). This structure 

influences the maturation of p53 mRNA by modulating the cleavage of the poly-adenylation 

site.  The formation of this secondary structure is regulated by hnRNP H/F after UV damage. 

2. Role in splicing of pre-mRNA 

 The majority of genes are estimated to undergo alternative splicing (Xiao and Lee 

2010). The presence of cis-regulatory elements nearby splice sites, such as miRNAs fixation 

sites or G4 structures can influence spliceosome assembly.  

 To date, few G4 structures located near splicing sites, in intron or exon regions, have 

been described. First, a G4 located in intron 5 of the hTERT gene is proposed to control the 

splicing efficiency of hTERT by acting as an intronic splicing silencer (Gomez et al 2004). 

Secondly, a G4 is located in exon 2 of Bcl-X pre-mRNA, a Bcl-2 family member critical for 

cell survival and apoptosis. This mRNA generates two antagonistic isoforms, Bcl-XL and 

Bcl-xS (Hai et al 2008). The presence of the G4 decreases the expression of the Bcl-XL and 

increases that of the Bcl-xS isoform. Thirdly, two independent G4s located in exon 15 of 

Fragile mental retardation 1 (FMR1), were described as exonic splicing enhancers 

controlling FMR1 pre-mRNA alternative splicing (Didiot et al 2008). In addition, several 

proteins of the AFF (AF4/FMR2) gene family are involved in alternative splicing regulation 

through an interaction with G4s (Melko and Bardoni 2010). 
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IV. Other roles of G-quadruplexes 

 Additional roles of G4 structures are emerging, such as regulation of the epigenome 

and regulation of replication or meiosis (Bochman et al 2012).  

 A study has shed light on the role of REV1, a DNA repair protein implicated in 

translesion bypass, in maintaining the patterns and the accurate propagation of histone marks 

during chromosomal replication. This study showed that, in avian DT40 cells, REV1 was 

required to maintain repressive chromatin histone marks in the vicinity of regions forming G4. 

In cells lacking REV1, the inclusion of a G4 into a silent locus led to its depression caused by 

loss of chromatin histone repressive marks. These observations suggest that G4 structures 

play a critical role in maintaining repressive epigenetic patterns (Sarkies et al 2010). Another 

publication confirmed these results and observed, by microarray-based gene expression 

analysis, that the lack of REV1 in DT40 cells causes genome-wide deregulation of G4-

dependent transcription (Sarkies et al 2012).  

 Concerning the role of G4s at the site of the origin replication, a genome-wide analysis 

of replication origins indicated that most origins overlap with G4 structures (Besnard et al 

2012). The authors proposed that G4 motifs might promote the binding of protein complexes 

to replication origins and influence their activation.  

 Indirect evidence also suggests that G4 structures are implicated in meiosis. A 

computational analysis showed, in yeast, an overlap between G4 motifs and preferred meiotic 

DBS sites (Capra et al 2010). It was also shown that Spo11, the enzyme that generates the 

DSBs, does not cleave within G4 structures (Pan et al 2011). However, the MRX complex 

composed by Mre11, Rad50 and Xrs, which act during meiotic DSB formation, has a high 

affinity for G4 structure in vitro (Ghosal and Muniyappa 2005, Ghosal and Muniyappa 2007). 

These results suggest that G4s may thus participate to the recruitment of MRX to generate 

DSB formation in the vicinity of G4 regions. 

D.  G-quadruplexes ligands: biological effects 

 In cancer, telomerase is over-expressed in 85-90% of the cases (Kim et al 1994). The 

role of G4 structures in telomeres and their influence in telomerase activity has led to major 

research efforts towards the development of drugs targeting G4 in telomeres. Different types 

and generations of ligands have been developed (Table 3). Cells treated with G4 ligand show 

different biological responses depending of cell phenotype, ligand type and concentration 
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used such as reduction of telomeres size, cell cycle arrest, senescence and/or apoptosis (De 

Cian et al 2008b). 

Table 3: Example of G4 ligands and their pathway. 

Name Structure Pathway Ref 

TMPyP4 

 

Inducing DNA 

damage response 
(Shi et al 2001) 

Bisquinolinium 

360A  

Telomere aberrations 

after NHEJ or HR 
(Pennarun et al 2005) 

12459 

 

Telomere shortening, 

senescence-like 

growth arrest and 

apoptosis 

(Gomez et al 2003a) 

TAC 

 

Cell cycle arrest and 

increasing hTERT 

expression 

(Merle et al 2011) 

Telomestatin 

 

Cell cycle arrest (Kim et al 2002) 

 

I. Biological responses induced by G-quadruplexes ligands 

 In vivo, myeloma cells treated for 7 days with 10 µM of the TMPyP4 ligand present a 

reduction in telomerase activity of more than 90% (Shammas et al 2003). After 10 days, cells 

stop to proliferate and after 4 weeks of treatment, the size of telomeres is reduced by 40% 

compared to non-treated cells. These results suggest that TMPyP4 plays an anti-proliferative 

function, attributable the reduction of telomeres length due to the telomerase activity 

inhibition. These results are however confounded by the fact that TMPyP4, one of the first 

identified synthetic ligands of G4, has broad effects and binds multiple nucleic acid secondary 

structures other than G4. Using a more specific G4 ligand, 12459, Gomez and collaborators 

N

NN

N

NN
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did not observe a significant reduction of proliferation in the A549 lung cancer cell line over-

expressing hTERT (Gomez et al 2003a). Another study has shown that glioma cell lines 

treated during 10 days with a synthetic G4 ligand showed an large increase in telomeric 

instability, with degradation of telomeric strands rich in guanines (decrease of 27% in 10 

days) and aberrant fusions between telomeres (anaphase bridges), associated with cell cycle 

arrest (Pennarun et al 2005). Thus, G4 ligands exert direct effects on telomeres, inducing 

telomere instability and influencing the decrease of telomere size due to inhibition of 

telomerase activity. 

II. Pathways induced by G-quadruplexes ligands 

 In A549 lung cancer cell lines, low doses of 12459 induce cell cycle arrest only after a 

very long latency (53 days of treatment) (Riou et al 2002). At this stage, cells show a 

senescent phenotype with an increase of senescence markers such as β-galactosidase activity. 

In contrasr, a shorter treatment at a higher drug dose induced massive apoptosis: after 5-12 

days of 12459 treatment, surviving cells presented an increase in the expression of Bcl-2, a 

pro-apoptotic protein (Douarre et al 2005). Apoptosis thus occurred after short-term 

treatments with concentrations >4 µM and a senescence-like delayed growth arrest after long-

term treatments with concentrations <1 µM (Gomez et al 2003b, Riou et al 2002). In addition, 

after 15 days of a high dose of TMPyP4, over 70% of the cells expressed a high quantity of 

Annexin V, a marker of apoptosis (Shammas et al 2003).  

 The decrease of telomere size and their dysfunction induced by G4 ligands lead to the 

activation of DNA damage signalling. Different activation pathways are implicated depending 

of the type of ligand and the concentration used. In senescence condition, the 12459 ligand 

induces a DNA damage pathway via the phosphorylation of Chk1 and p53 S15 (De Cian et al 

2008a). In apoptotic conditions, this ligand activates the mitochondrial apoptotic pathway 

with the phosphorylation of p53 S392. Finally, treatment with another G4 ligand, telomestatin, 

is associated with increase of ATM and Chk2 phosphorylation with the activation of cell 

cycle checkpoint proteins p21
WAF1

 and p27 (Tauchi et al 2003). Some resistance to 12459-

induced senescence have been described. Resistant 12459-induced senescence cells expressed 

a high amount of hTERT (Gomez et al 2004). However, inhibition of hTERT did not restore 

senescence in these cells. Another G4 ligand, 360A, can induce telomere aberrations 

occurring during or after replication using non-homogous end joining (NHEJ) and HR 

(Gauthier et al 2012, Pennarun et al 2008). Rad51-dependent HR contributes to specific 

chromatid-type aberrations such as telomere losses and doublets and DNA-PKcs-dependent 
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NHEJ induces sister telomere fusions associated with alteration in metaphase-anaphase 

transition and anaphase bridges (Gauthier et al 2012).  

 To conclude, G4 ligands induce significant pharmacological responses, which 

sometimes are counteracted by the development of resistance. Currently, the main question is 

whether it is possible to develop ligands that preferentially induce apoptosis or senescence. 

Recently, a new G4 ligand, TAC, was developed (Merle et al 2011). This ligand does not 

induce a reduction of telomere size. It induces cell cycle arrest in human glioma cell lines and 

increases hTERT expression. Interestingly, this ligand, associated with a radiation treatment, 

increases radiation-induced killing compared to only X-ray irradiated cells by increasing 

DNA DSBs induced by radiation. This observation could lead to new approaches for 

sensitizing tumour cells to radiation therapy.  
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 Data from genomic databases such as dbSNP suggests that polymorphisms occur in 

the human genome at an average rate of 1 per 1,910 bases (www.ncbi.nlm.nih.gov/SNP/; 

(Sachidanandam et al 2001)). In TP53, 85 polymorphisms have been validated in the 

approximately 20 kb of the TP53 gene and its 3’flanking region, suggesting a rate of one 

polymorphism per 235 bases, about 8 times higher than in the human genome (p53.iarc.fr; 

(Petitjean et al 2007)). Thus, TP53 appears to be highly polymorphic. This may appear 

counter-intuitive based on the many biological and cellular processes that the p53 protein has 

been implicated in but may allow a means of expressing alternative RNA transcripts and/or 

protein isoforms that could provide a means of controlling p53 functions or a selective 

advantage under some stress or environmental conditions or in certain genetic backgrounds. 

However, only a few of these polymorphisms have been systematically studied and their 

possible functional impact is still unclear.  

 To date, in genome-wide association studies, genetic variations in TP53 have not been 

identified as cancer risk factors. The absence of such a strong association does not preclude 

the possibility that associations may exist in some contexts. One of these contexts is subjects 

and families that carry a germline TP53 mutation predisposing to cancer. Several studies 

(summarized in Introduction, Part I, section II) have provided evidence that age at first cancer 

onset in TP53 mutation carriers may vary according to the polymorphic status of TP53 alleles 

(Bond et al 2004, Bougeard et al 2006, Marcel et al 2009). However, the biological basis of 

these effects is not known. 

 Outside the familial cancer setting, a large number of small-scale studies have 

addressed the possible effect of specific TP53 polymorphism on the risk of developing 

cancers. Meta-analyses of these results have been published for two common SNPs, 

rs1042522 (Dai et al 2009, Li et al 2009, Matakidou et al 2003, Wang et al 2013b, Zhou et al 

2013) and rs17878362 (He et al 2011b, Hu et al 2010b, Hu et al 2010c, Wu et al 2013). These 

meta-analyses have shown that rare alleles of these polymorphisms are associated with a 

marginally increased risk of cancer. 

 In this Thesis, I have focused on one particular polymorphism, rs17878362. This 

polymorphism consists of a repeat of a 16 bp G-rich sequence located in TP53 intron 3. The 

interest in this SNP is motivated by several observations: 

(1) It is one of the most common polymorphism in TP53, at least in Caucasian 

(MAF=0.10 in HapMap) and it shows significant differences in its distribution in 

relation with populations/ethnicity (Garritano et al 2010, Marcel et al 2009); 
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(2) Previous studies by Janet Hall and colleagues had shown that, in lymphoblastoid cell 

lines, this polymorphism is associated with a small but reproducible change in the 

overall level of p53 mRNA (Gemignani et al 2004), and thus could impact of the p53 

suppressor activity; 

(3) It is located in a structurally complex region of the TP53 gene, made of small exons 

(exons 2 and 3) interspaced by very small introns and composed of G-rich strand that 

can form a G4s structural motif. Intron 3 is 93 bp long and the 16 bp polymorphism 

thus covers about one-sixth of its total length.  

 

The objectives of this Thesis were:  

1) To analyse the association between rs17878362 and risk of cancer by performing a 

meta-analysis of case-control studies on cancer (Article 1: “A meta-analysis of 

cancer risk associated with the TP53 intron 3 duplication polymorphism 

(rs17878362): geographic and tumor-specific effects” published in Cell Death and 

Disease; 14:4:e492. doi: 10.1038/cddis.2013.24);  

2) To examine the impact of rs17878362 on the age at cancer onset in germline TP53 

mutation carriers using a cohort of 402 Brazilian members (Article 2: Age at 

cancer onset in germline TP53 mutation carriers: association with polymorphisms 

in predicted G4 structures” submitted in Carcinogenesis); 

To determine whether the G-rich region of intron 3 can form detectable G4 structure and to 

investigate how this structure may affect the alternative splicing of p53 mRNA to generate 

transcripts encoding p53 protein isoforms (Article 3: G-quadruplex structures in TP53 intron 

3: role in alternative splicing and in production of p53 mRNA isoforms” published in 

Carcinogenesis (32(3):271-8); Article 4: Impact of G-quadruplex structures and the 

polymorphisms rs17878362 and rs1642785 on the expression of TP53 transcripts (included in 

draft form)) .   
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Part I. A meta‐analysis of cancer  risk associated 

with rs17878362 

 This section summarizes the data presented in the annexed manuscript “A meta-

analysis of cancer risk associated with the TP53 intron 3 duplication polymorphism 

(rs17878362): geographic and tumor-specific effects” published in Cell Death and Disease 

(14:4:e492. doi: 10.1038/cddis.2013.24). Figure and Table numbers correspond to those 

from the publication. 

 

Background 

 In TP53, 85 polymorphisms are described and many present geographic and 

population frequency variations (Garritano et al 2010). However, their association with cancer 

risk is inconsistent, with important variations according to study design, population or type of 

cancer. The most studied polymorphism is an exonic polymorphism located in the exon 4 at 

codon 72, rs1042522 (G>C, R>P) (Matlashewski et al 1987). In vitro, the two variants R and 

P present differences in their biological functions (Suspitsin et al 2003), but the role of this 

polymorphism in susceptibility to cancer risk is still controversial.  

 The most common intronic polymorphism in TP53 is a deletion/insertion of 16 bp in 

intron 3 (rs17878362). The common allele A1 carries one copy of the 16bp motif, whereas the 

rare allele A2 carries a tandem repeat (two copies) of the 16 bp sequence (Lazar et al 1993). 

Several individual studies have suggested an association between rs17878362 and the risk of 

breast, ovarian and lung cancers. However, negative studies have also been reported and it 

was unclear whether these apparent associations could be affected by publication biases. A 

meta-analysis had identified a small but significant increase of cancer risk associated with the 

A2A2 carriers (odd ratio (OR)=1.14; 95% CI=[1.02-1.27]) (Hu et al 2010b) and another one 

had observed the same result in breast cancer (OR=1.70, 95% CI=[1.20-2.37]) (Hu et al 

2010c). However, this conclusion was controversial due to differences between the selected 

data and the original data (Lu et al 2011).  

 To understand the influence of the A2 allele of rs17878362 on cancer susceptibility, 

we performed a detailed meta-analysis on a total of 25 publications regrouping 10,786 cancer 

cases and 11,377 controls. First we analysed the overall risk associated with the A2 allele. 
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Secondly, we performed sub-group analyses to determine the risk associated with A2 allele 

with in relation with ethnicity, geographical origin of the patients or the cancer type 

considered. Data for rs1042522 and rs1625895 (intron 6, G>A) polymorphisms that were 

reported in the same publications were also analysed. 

Results 

 First, we have observed that in each control population the rs17878362 allele 

distribution is in Hardy-Weinberg equilibrium (Table 1). Among the 25 publications, 9 

studies have observed a significant increase of cancer risk associated with the A2A2 variant 

compared to the A1A1 variant and 16 have not reported any association between either 

variant and cancer susceptibility. Overall, our meta-analysis showed that the rs17878362 

A2A2 genotype was associated with a statistically significant increase in the overall risk of 

cancer risk compared to the A1A1 genotype (OR=1.45, 95%CI=[1.22-1.74]) (Table 2). This 

association was confirmed using a cumulative inclusion over time analysis. There was no 

significant association for A1A2 genotype as compared to A1A1. These effects were not 

accountable to a publication bias. 

 Secondly, we have analysed the variation of rs17878362 cancer susceptibility in 

relation with population and geographical diversity (Figure 18A of this Thesis). The overall 

group of cases and controls was sub-divided into 4 sub-groups of at least 1,000 cases and 

1,000 controls (Table 2). In the United States, no association was observed in a series of 

4,125 cases and 4,716 controls. In Northern Europe and in India, the A2A2 genotype was 

associated with an increased risk of cancer (OR=1.70; 95%CI=[1.26-2.31] and OR=1.63, 

95%CI=[1.10-2.42] respectively) but no effect was seen for the A1A2 genotype compared to 

A1A1 genotype. In Mediterranean countries, both the A1A2 and the A2A2 genotypes were 

associated with a significant increase of the risk compared to the A1A1 genotype (OR=1.25, 

95%CI=[1.03-1.51] and OR=2.54, 95%CI=[1.53-4.54], respectively), suggesting an allelic A2 

dose-dependent cancer susceptibility in this population. 

 Thirdly, we have exanimated the role of the rs17878362 in cancer risk depending upon 

cancer site/type (Figure 18B of this Thesis). From the data set, three pathology groups could 

be distinguished, each accounting for at least 1,000 cases and 1,000 controls. No association 

was observed between lung cancer and rs17878362 genotypes, despite a total of 4,054 cases 

and 4,045 controls (Table 3). An increase of breast cancer risk was observed with the A1A2 

genotype (OR=1.18, 95%CI=[1.02-1.37] but not with the A2A2 genotype, compared to the 

A1A1 genotype. For colorectal cancer, the A2A2 genotype was associated with an increase of 



Article 1  Meta‐analysis of rs17878362 

 

 105 

risk compared to the A1A1 genotype (OR=1.67, 95%CI=[1.02-2.74]) but not to the A1A2 

genotype. 

 Fourthly, we have performed a meta-analysis for the rs1042522 and the rs1625895 

polymorphisms based on data reported in the set of papers being considered. This gave us 

data sets containing a total of 8,517 cases and 9,311 controls for rs1042522 and 5,011 cases 

and 5,100 controls for rs1625895. We found that heterozygote genotypes of rs1042522 or 

rs1625895 were associated with an increase of cancer risk (rs10425222, RP versus RR 

OR=1.16, 95%CI=[1.05-1.18] and rs1625895 GA versus GG OR=1.19, 95%CI=[1.02-1.40]). 
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Figure 18: Schematic representation for the meta-analysis results for the TP53 rs17878362 polymorphism 

(A) by geographical origin and (B) by cancer type. In bold: statistical significant results. 

Conclusions 

 The A2A2 rs17878362 genotype is associated with a small but significant increase of 

cancer susceptibility, with variations in the magnitude and strength of the effect depending 

upon ethnicity, geographical area and type of cancer. Overall, rs17878362 seems to be a 

better marker of cancer susceptibility than rs1042522 (for rs17878362, OR=1.45, 

95%CI=[1.22-1.74] and for rs1042522, OR=1.16, 95%CI=[1.05-1.18]). 

Mediterranean countries (6 studies) 

Total 1 213  1 373 

A1A1 806 994 

A1A2 357 348 1.25 [1.03-1.51] 

A2A2 50 31 2.54 [1.53-4.24] 

Northern Europe (5 studies) 

Total 4 125  4 716 

A1A1 2 944 3 428 

A1A2 1 063 1 205 1.05 [0.95-1.17] 

A2A2 118 83 1.70 [1.26-2.31] 

United States (5 studies) 

Total 3 963 3 731 

A1A1 2 947 2 801 

A1A2 938 849 1.09 [0.87-1.38] 

A2A2 78 81 1.02 [0.73-1.43] 

India (6 studies) 

Total 1 066  1 133 

A1A1 699 750 

A1A2 304 345 0.94 [0.79-1.13] 

A2A2 63 38 1.63 [1.10-2.42] 

Lung cancer (3 studies) 

Total 4 101 4 052 

A1A1 2 970 3 027 

A1A2 1 027 951 1.22 [0.96-1.54] 

A2A2 104 74 1.46 [0.71-3.00] 

Colorectal cancer (5 studies) 

Total 1 637 1 874 

A1A1 1 143 1 348 

A1A2 453 496 1.15 [0.87-1.50] 

A2A2 41 30 1.67 [1.02-2.74] 

Breast cancer (6 studies) 

Total 2 028 1 748 

A1A1 1 307 1 212 

A1A2 642 483 1.18 [1.02-1.37] 

A2A2 79 53 1.41 [0.97-2.06] 

A"

B"
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A meta-analysis of cancer risk associated with the
TP53 intron 3 duplication polymorphism (rs17878362):
geographic and tumor-specific effects

C Sagne1,2,3, V Marcel1,2,4, A Amadou3, P Hainaut3,5, M Olivier3 and J Hall*,1,2

We have performed a meta-analysis of cancer risk associated with the rs17878362 polymorphism of the TP53 suppressor gene

(PIN3, (polymorphism in intron 3), 16 bp sequence insertion/duplication in intron 3), using a compilation of a total of 25 published

studies with 10 786 cases and 11 760 controls. Homozygote carriers of the duplicated allele (A2A2) had a significantly increased

cancer risk compared with A1A1 carriers (aggregated odds ratio (OR)¼ 1.45, 95% confidence interval (CI)¼ 1.22–1.74). However,

there was no significant effect for the A1A2 heterozygotes (A1A2 versus A1A1 aggregated OR¼ 1.08, 95% CI¼ 0.99–1.18). No

significant heterogeneity or publication bias was detected in the data set analysed. When comparing populations groups,

increased cancer risk was associated with A2A2 carriage in Indian, Mediterranean and Northern Europe populations but not in

the Caucasian population of the United States. Analysis by cancer site showed an increased risk for A2A2 carriers for breast and

colorectal, but not for lung cancers. These results support that the A2A2 genotype of rs17878362 is associated with increased

cancer risk, with population and tumour-specific effects.

Cell Death and Disease (2013) 4, e492; doi:10.1038/cddis.2013.24; published online 14 February 2013
Subject Category: Cancer

The TP53 gene (OMIM 191170), encoding the p53 protein, is

frequently inactivated in sporadic human tumours, disabling

a wide range of anti-proliferative responses regulating cell

cycle progression, apoptosis, autophagy, differentiation,

senescence, DNA repair and oxidative metabolism.1–4

The activity of p53 is regulated by multiple transcriptional,

post-transcriptional, translational and post-translational

mechanisms in response to a wide range of physical and

biological stresses, endowing this protein with a pivotal

role in preventing DNA replication and cell division in

conditions that threaten genetic integrity.1,5–7 Among these

mechanisms, the expression of p53 as multiple protein

isoforms with different N- and/or C-terminal domains has

recently emerged as a form of regulation that may participate

in the diversity of the repertoire of biological effects mediated

by p53 (reviewed in Marcel et al8).

Close to 100 genetic polymorphisms have been identified

in TP53 (listed at http://p53.iarc.fr),9 many of which show

geographic and population frequency variations. However,

their effects on cancer risk appear to be inconsistent

across studies.10,11 The most studied polymorphism is a

single-nucleotide polymorphism (SNP) in exon 4 encoding

an arginine (R) or a proline (P) at codon 72 (rs1042522,

G4C, R4P at codon 72, PEX4 (polymorphism in exon 4 )).12

There is in vitro evidence that the rs1042522R72 and P72 p53

protein variants differ by their biological activities.13,14 How-

ever, results from systematic studies andmeta-analyses have

failed to identify a consistent association with cancer risk.15–19

The most common intronic variation in TP53 is a 16-base

pair (bp)11 insertion/duplication in intron 3 (rs17878362,

consisting of one copy (A1 allele) or two copies (A2 allele) of

the sequence ACCTGGAGGGCTGGGG, PIN3 (polymorph-

ism in intron 3 (rs17878362))).20 Several case–control studies

have reported an increased risk of various cancer types

associated with the rs17878362 A2 allele in Caucasians, with

the most consistent association reported for breast,21,22 and

colorectal cancers.23,24 A recent meta-analysis identified a

small but significant increase in overall cancer risk of 14%

(95% confidence interval (CI)¼ 1.02–1.27) in homozygote

carriers of the A2 allele.25 However, this conclusion was

questioned because of apparent discrepancies between data

selected for meta-analysis and the original publications.26

At the mechanistic level, there is some evidence that

rs17878362 may have an impact on the levels23 and

alternative splicing of the TP53mRNA, and thus on the ratios

of p53 protein isoforms.8 However, the precise mechanisms

underlying an increased cancer risk associated with the

rs17878362 A2 allele are not clearly understood.
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To assess whether the rs17878362 polymorphism may

represent a potentially important and relevant genetic

marker contributing to cancer susceptibility, we have per-

formed an independent, two-stage meta-analysis on a total

of 10 786 cancer cases and 11 377 controls from 25 published

case–control studies. First, we have analysed the overall

cancer risk associated with the A2 allele and second we

have performed sub-group analyses to examine this associa-

tion in different populations and for specific cancer types.

Data for the rs1042522 and rs1625895 (rs1625895, intron 6,

G4A, PIN6 (polymorphism in intron 6)) variant alleles in

relation to cancer risk was also compiled and analysed from

the same publication set to assess their potential confounding

effect.

Results

Characteristics of selected publications. A total of 25

publications out of the 299 identified met the necessary

inclusion criteria for the meta-analysis that required the

reporting of odds ratio (OR) data and information on the

frequency of each allele, which has been verified to be in

Hardy–Weinberg equilibrium in each control population

(Table 1 and Supplementary Table 1). Two studies24,27 used

the same control populations and they were included only

once to avoid over-representation. Overall, nine individual

studies reported a significant increase in cancer risk

associated with the rs17878362 A2 allele compared with

the A1 allele, 16 showed no statistical association between

either allele and cancer susceptibility and no study reported

an association between the A2 allele and decreased cancer

risk (Table 1).

The A2A2 genotype of rs17878362 polymorphism

increases cancer risk. On the basis of the results of the

heterogeneity testing, a random model was used for the

meta-analysis to assess the overall cancer risk in A2 allele

carriers (A1A2 or A2A2) (Table 2).28 The rs17878362 minor

allele frequency (MAF) was inferior to 0.17 in control subjects

in the different sub-groups and allele ratios were compatible

with Hardy–Weinberg equilibrium (data not presented). No

significant association with cancer risk was found in the

heterozygous A1A2 carriers compared with the homozygous

A1A1 carriers (A1A2 versus A1A1 aggregated OR¼ 1.08,

95% CI¼ 0.99–1.18), however, a significantly increased risk

was found for the A2A2 carriers (A2A2 versus A1A1

aggregated OR¼ 1.45, 95% CI¼ 1.22–1.74). Leave-one-

out analyses showed that the aggregated OR for the A1A2

versus A1A1 genotypes varied between 1.06 and 1.10 (95%

CI between 0.97 and 1.20) and for the A2A2 versus A1A1

genotypes between 1.37 and 1.55 (95% CI between 1.15 and

1.91) (Supplementary Table 2). The Egger’s bias coefficient

was determined to assess a possible bias introduced by any

single study. The ORs for Egger’s bias coefficient were 0.07,

(95% CI¼ 1.32–1.46) for the A1A2 genotype, and 0.79 (95%

CI¼ 0.62–2.19) for the A2A2 genotype, suggesting no

significant publication bias.

To assess the possibility that the overall result might

be biased by initial publications reporting a large effect, a

cumulative inclusion over time analysis was conducted.

For the A1A2 genotype, the first set of studies (four reports

published before 2006) had the highest ORs for the

association between the A1A2 genotype and cancer risk

(Supplementary Table 3). Lower values were reported in

the following 2 years, after which the overall result remained

stable (aggregated OR 1.08 for 2010 and 2011). For the

A2A2 allele, the time trend for the aggregated OR showed

little variation, with ORs between 1.37 and 1.45 being

reported since 2007, in support of the robustness of this

association.

rs17878362-related cancer risk is dependent on

ethnicity and geographical origin. To investigate whether

rs17878362 related cancer susceptibility varies between

populations and geographical regions, the data from the 25

studies were divided into four geographical sub-groups

(India, Northern Europe, North America and the Mediterra-

nean area) each containing at least 1000 cases and 1000

controls from a minimum of five independent case–control

studies (Table 2, see Table 1 and Supplementary Table 1 for

population details). Differences in genotype distribution were

noted with that of the Indian controls being statistically

different from the three other control sub-groups (India

versus Mediterranean countries: w
2

P-value 0.01, India

versus Northern Europe or United States: w
2

P-values

o0.01). The genotype distribution found in the United States’

controls (reported as a Caucasian population in the original

publications) was also different from that of the Northern

Europe controls (w2 P-value 0.01). No difference in genotype

distribution was observed between controls from the Medi-

terranean and from Northern Europe or United States

(Mediterranean countries versus Northern Europe: w
2

P-value 0.49, Mediterranean countries versus United States:

w
2
P-value 0.14).

In this geographical sub-group analysis, the homozygous

A2A2 genotype was associated with an increased cancer risk

in Indian (A2A2 versus A1A1 aggregated OR¼ 1.63, 95%

CI¼ 1.10–2.42) and Northern Europe populations (A2A2

versus A1A1 aggregated OR¼ 1.70, 95% CI¼ 1.26–2.31)

compared with the homozygous A1A1 genotype. For the

Mediterranean population, both the A1A2 and A2A2 geno-

types were associated with increased cancer susceptibility in

an A2 allelic dose-dependent manner (A1A2 versus A1A1

aggregated OR¼ 1.25, 95% CI¼ 1.03–1.51; A2A2 versus

A1A1 aggregated OR¼ 2.54, 95% CI¼ 1.53–4.24, P-trend

o0.01). In contrast, in the United States’ sub-group (3,963

cases and 3,731 controls), no increased cancer susceptibility

was associated with carriage of the rs17878362 A2

allele (A1A2 versus A1A1 aggregated OR¼ 1.09, 95%

CI¼ 0.87–1.38; A2A2 versus A1A1 aggregated OR¼ 1.02,

95% CI¼ 0.73–1.43).

rs17878362-related cancer risk is dependent on cancer

type. The risk of developing cancer was assessed for

three cancer types: lung, colon and breast, with over 1600

cases and controls included in the analysis (Table 3).

For colorectal cancer, homozygous A2A2 carriage was

associated with increased susceptibility compared with

homozygous A1A1 carriage (A2A2 versus A1A1 aggregated
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OR¼ 1.67, 95% CI¼ 1.02–2.74) (Table 3). A slight but

significant increased breast cancer risk was observed in the

heterozygous A1A2 carriers compared with the A1A1

carriers (A1A2 versus A1A1 aggregated OR¼ 1.18, 95%

CI¼ 1.02–1.37). However, no altered breast cancer risk was

seen in the A2A2 carriers (A2A2 versus A1A1 aggregated

OR¼ 1.41, 95% CI¼ 0.97–2.06), although a significant trend

towards increased cancer risk was noted as the number of

A2 alleles carried was increased (P-trend o0.01). No

increased risk of lung cancer was observed for any genotype

despite the inclusion of 4101 cases and 4052 controls in the

analysis (A2A2 versus A1A1 aggregated OR¼ 1.46, 95%

CI¼ 0.71–3.00).

Association of rs1042522 and rs1625895 genotypes with

cancer susceptibility. Among the 25 selected publications,

several have analysed cancer risk associated with the

rs1042522 and rs1625895 variant alleles (Table 1). For

rs1625895, the 10 studies reporting rs1625895-related ORs

showed rs1625895 allele ratios compatible with Hardy–

Weinberg equilibrium, allowing the pooling of 5011 cancer

cases and 5100 controls. For the rs1042522 polymorphism,

8517 cases and 9311 controls were pooled from 17 studies

(Supplementary Table 4), while 5 other studies were

excluded as the allele ratios for rs1042522 in controls were

not compatible with Hardy–Weinberg equilibrium (Table 1).

When compared with the respective common homozygous

carriers, a small but significant association with cancer

risk was observed for heterozygous carriers of the variant

allele (rs1042522 R72/P72 versus R72/R72 aggregated

OR¼ 1.16, 95% CI¼ 1.05–1.18; rs1625895 GA versus GG

aggregated OR¼ 1.19, 95% CI¼ 1.02–1.40) (Supplementary

Table 4). However, no increased risk was observed in

association with the homozygous carriages of the variant

alleles at either position.

Discussion

A large number of studies have addressed the association of

common TP53 polymorphisms with cancer risk (reviewed in

Whibley et al.
10). Overall, the reported effects are of small

amplitude and many studies have reported contradictory

results that may result from many causes: small numbers of

cases and controls and thus limited statistical power, the

selection of specific tumour types, differences between

populations and the lack of reliability in SNP genotyping, in

particular in earlier studies. Of the TP53 intronic polymorph-

isms rs17878362 is the most studied. In this meta-analysis,

based on 10 786 cases and 11 377 controls we detected an

aggregated OR of 1.45 (95% CI¼ 1.22–1.74) for increased

cancer risk in homozygous carriers of the rare rs17878362 A2

genotype as compared with homozygous carriers of the

common A1 genotype. However, no risk was observed when

A2A1 carriers were compared with the A1A1 carriers,

suggesting that the increased risk associated with

rs17878362 follows a recessive model. This result is in

Table 1 Characteristics of the 25 case–control studies selected for TP53 rs17878362 (PIN3) polymorphism meta-analysis

Study numbers and study Cancer
type

Cases Controls Population Minor allele frequency in
controls (MAF)

Hardy–Weinberg equilibrium
P-value for controls

rs17878362
(A2)

rs1042522
(P72)

rs1625895
(A)

rs17878362
(A2)

rs1042522
(P72)

rs1625895
(A)

1 Jha et al.
40 a Glial tissue 84 76 India 0.18 0.55 NA 0.23 0.01b NA

2 Umar et al.41 a Oesophagus 255 255 India 0.19 NA NA 0.33 NA NA
3 Alawadi et al.42 a Breast 229 133 NC 0.31 0.44 NA 0.58 0.01b NA
4 Mittal et al.43 a Prostate 177 265 India 0.15 0.24 0.21 0.12 0.28 0.11
5 Malik et al.

27 c Oesophagus 135 d195 India 0.21 NA NA 0.08 NA NA
6 Malik et al.

27 c Gastric 108 d195 India 0.21 NA NA 0.08 NA NA
7 Naccarati et al.44 a Pancreas 240 743 Northern Europe 0.16 0.29 NA 0.10 0.40 NA
8 Polakova et al.

45 a Colon 612 613 Northern Europe 0.14 0.27 NA 0.15 0.52 NA
9 Ashton et al.

30 a Endometrial 190 291 NC 0.14 0.24 0.11 0.81 0.97 0.12
10 de Feo et al.

46 a Gastric 114 295 Mediterranean 0.16 0.25 0.20 0.35 0.13 0.15
11 Hrstka et al.

47 a Breast 117 108 Northern Europe 0.14 0.45 0.13 0.46 0.00b 0.78
12 Gaudet et al.48 a Breast 578 390 United States 0.16 0.74 0.85 0.85 0.08 0.93
13 Costa et al.

21 c Breast 191 216 Mediterranean 0.17 0.17 NA 0.29 0.29 NA
14 Ye et al.

49 a Bladder 636 618 United States 0.15 0.22 0.15 0.29 0.00b 0.13
15 de Vecchi et al.50 a Breast 350 352 Mediterranean 0.15 0.23 NA 0.62 0.23 NA
16 Chen et al.

51 a Head and
neck

821 818 United States 0.14 0.27 0.12 0.75 0.07 0.67

17 Tan et al.
52 a Colon 467 563 Northern Europe 0.17 0.22 NA 0.23 0.98 NA

18 Wang et al.
53 a Lung 1412 1363 United States 0.13 0.26 0.12 0.45 0.54 0.14

19 Hung et al.
54 c Lung 2126 2140 Northern Europe 0.13 0.27 NA 0.50 0.74 NA

20 Perfumo et al.
24 a Colon 60 188e Mediterranean 0.15 0.20 NA 0.21 0.81 NA

21 Perfumo et al.
24 c Colon 124 188e Mediterranean 0.15 0.20 NA 0.21 0.81 NA

22 Mitra et al.
55 a Oral cancer 307 342 India 0.19 0.48 NA 0.56 0.20 NA

23 Gemignani et al.23 c Colon 374 322 Mediterranean 0.12 0.21 NA 0.60 0.09 NA
24 Wang-Gohrke et al.

22 c Breast 563 549 Northern Europe 0.16 0.26 0.15 0.92 0.49 0.60
25 Wu et al.

56 c Lung 516 542 United States 0.10 0.20 0.12 0.05 0.01b 0.18

Abbreviations: NA, not available; NC, not classified
ano significant increase in cancer risk associated with rs17878362 (TP53 PIN3)
b
P-valueo0.05 indicates a Hardy–Weinberg disequilibrium: study exclusion

cSignificant increase in cancer risk associated with rs17878362 (TP53 PIN3)
dSame control population
eSame control population
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agreement with the recent meta-analysis of Hu and colla-

borators, despite the fact that the two studies differed in the

selection and analysis of data to be included as we used

original ORs reported in each publication, which was not the

case in the study of Hu et al.25,26 When sub-grouping data

according to tumour site, different associations were seen for

breast, colon and lung cancer, which were the only three

tumour sites for which over 1600 cases and controls was

available with the data drawn from at least three different

reports. These differences suggest that the contribution of

Table 2 Meta-analysis results for the selected case–control studies focused on the TP53 rs17878362 polymorphism

Genotypes Cases, n (%) Controls, n (%) Heterogeneity, P-value OR (95% CI) P-trenda

Overall (25 studies, MAF¼0.15)
Total 10 786 (100.0) 11 377 (100.0)
A1A1 7 639 (70.8) 8 254 (72.5) 1.00 — o0.01
A1A2 2 823 (26.2) 2 871 (25.2) 0.03b 1.08 (0.99–1.18)
A2A2 324 (3.0) 252 (2.3) 0.06b 1.45 (1.22–1.74)

Geographical origin of studies India (study numbers: 1, 2, 4, 5, 6, 22: MAF¼ 0.19)
Total 1 066 (100.0) 1 133 (100.0)
A1A1 699 (65.6) 750 (66.2) 1.00 – 0.19
A1A2 304 (28.5) 345 (30.5) 0.54c 0.94 (0.79–1.13)
A2A2 63 (5.9) 38 (3.3) 0.07c 1.63 (1.10–2.42)

Mediterranean countries (study numbers: 10, 13, 15, 20, 21, 23: MAF¼ 0.15)
Total 1 213 (100.0) 1 373 (100.0)
A1A1 806 (66.4) 994 (72.4) 1.00 — o0.01
A1A2 357 (29.4) 348 (25.4) 0.475c 1.25 (1.03–1.51)
A2A2 50 (4.2) 31 (2.2) 0.701c 2.54 (1.53–4.24)

Northern Europe (study numbers: 7, 8, 11, 17, 19, 24; MAF¼ 0.15)
Total 4 125 (100.0) 4 716 (100.0)
A1A1 2 944 (71.4) 3 428 (72.7) 1.00 — 0.03
A1A2 1 063 (25.8) 1 205 (25.5) 0.247c 1.05 (0.95–1.17)
A2A2 118 (2.8) 83 (1.8) 0.795c 1.70 (1.26–2.31)

United States (study numbers: 12, 14, 16, 18, 25; MAF¼0.14)
Total 3 963 (100.0) 3 731 (100.0)
A1A1 2 947 (74.3) 2 801 (75.0) 1.00 — 0.65
A1A2 938 (23.7) 849 (22.8) 0.003b 1.09 (0.87–1.38)
A2A2 78 (2.0) 81 (2.2) 0.344c 1.02 (0.73–1.43)

Abbreviations: CI, confidence interval; MAF, minor allele frequency; OR, odds ratio
aFisher’s exact test
bHeterogeneity P-value r0.05: performed random model for meta-analysis
cHeterogeneity P-value 40.05: performed fixed model for meta-analysis

Table 3 Meta-analysis results for the TP53 rs17878362 polymorphism by cancer type

Genotypes Cases, n (%) Controls, n (%) Heterogeneity P-value OR (95% CI) P-trenda

Breast (Study numbers: 3, 11, 12, 13, 15, 25; MAF¼ 0.17)
Total 2 028 (100.0) 1 748 (100.0)
A1A1 1 307 (64.5) 1 212 (69.3) 1.00 — o0.01
A1A2 642 (31.7) 483 (27.6) 0.57b 1.18 (1.02–1.37)
A2A2 79 (3.9) 53 (3.0) 0.08b 1.41 (0.97–2.06)

Colon (study numbers: 8, 17, 20, 21, 23; MAF¼ 0.15)
Total 1 637 (100.0) 1 686 (100.0)
A1A1 1 143 (69.8) 1 214 (72.0) 1.00 — 0.08
A1A2 453 (27.7) 444 (26.3) 0.04* 1.15 (0.87–1.50)
A2A2 41 (2.5) 28 (1.7) 0.33b 1.67 (1.02–2.74)

Lung (study numbers: 18, 19, 25; MAF¼0.13)
Total 4 054 (100.0) 4 045 (100)
A1A1 2 977 (73.4) 3 076 (76.0) 1.00 — o0.01
A1A2 979 (24.2) 898 (22.2) 0.02* 1.22 (0.96–1.54)
A2A2 98 (2.4) 71 (1.8) 0.03* 1.46 (0.71–3.00)

Abbreviations: CI, confidence interval; MAF, minor allele frequency; OR, odds ratio
*Heterogeneity P-value r0.05: performed random model for meta-analysis
aFisher’s exact test
bHeterogeneity P-value 40.05: performed fixed model for meta-analysis
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rs17878362 to susceptibility might be different from one

tumour type to the other. In the case of breast cancer, the

increased risk was associated only with the heterozygosity

status. Tumour type heterogeneity, in term of pathology and

molecular profiles including the frequency of TP53mutations,

may explain these results although this clearly needs further

evaluation.29,30 The lack of significant effect in lung cancer

might reflect the overwhelming effect of tobacco smoke as a

causative risk factor, masking the much smaller contribution

of genetic susceptibility factors such as rs17878362.

Few studies have investigated the impact of rs17878362 on

cancer susceptibility with respect to the geographical origin of

the cohorts. Here, the observed difference across countries

could be due to a different distribution in rs17878362

polymorphism between different ethnic groups. Indeed,

Sjalander et al.
31 reported a difference in rs17878362

distribution across latitudes, between Swedish, Asian and

Mongolian populations, which is independent of rs1042522

distribution. However, in the present meta-analysis, although

some differences in the rs17878362 A2 allele frequency were

seen between the different geographical regions, no

heterogeneity was observed in the overall data set

independently of any geographical consideration. Thus, the

difference in rs17878362 A2 allele-related cancer suscept-

ibility in the different countries suggests that additional factors,

such as environmental factors, lifestyle and other genetic

modifiers, maymodulate cancer susceptibility associated with

this allele.

Several studies have shown that the rs17878362 poly-

morphism is in linkage disequilibrium with other common

TP53 SNPs, including rs1042522.31,32 In a previous study, we

have haplotyped rs17878362 and rs1042522 in a group of

mostly Caucasian subjects from Brazil and reported that 71%

of the tested population carried the haplotype combining

rs17878362 A1 and rs1042522 R72, whereas the haplotype

rs17878362 A2/rs1042522 R72 was detected in only 1.5% of

the population.33 In contrast, the A1/P72 and A2/P72

haplotypes were almost equally represented (15 and 12.5%

of the population, respectively). This observation suggests

that the rs17878362 A2 allele most frequently occurs on a

haplotype that also contains rs1042522 P72,33 raising the

possibility that the susceptibility associated with rs17878362

might be driven, or confounded, by other common TP53

SNPs. To evaluate this possibility, we have used the data

compiled from the same set of publications to assessed

cancer risk associated with rs1042522 and rs1625895

variants in the same data set. The aggregated ORs for the

overall analysis showed that the heterozygote carriers of

either variant allele had an increased cancer risk, consistent

with several previous meta-analyses.14,25,34 However, the

effects observed for rs1042522 and rs1625895 were clearly

smaller than for rs17878362 and were observed only in

heterozygote carriers of rs1042522 or rs1625895, whereas

the effect of rs17878362 appears to follow a recessive model.

This would suggest that if rs1042522 and rs1625895

contribute to susceptibility, this effect could occur indepen-

dently of their association with rs17878362. These results

should be interpreted with caution, as no corrections for

multiple testing have been performed. Indeed, it is not

possible to calculate the number of tests carried in the original

papers in order to correct for multiple comparisons. Moreover,

it has to be recognized that this analysis was not designed to

specifically assess the cancer risk of these two alleles. The

linkage disequilibrium between rs17878362 (tagged by

rs2909430, which is in linkage disequilibrium with

rs17878362, r240.9), rs1042522 and rs1625895 also shows

ethnic differences as is reflected in the haplotype frequencies

calculated based on published data9 for three different

HapMap populations (Supplementary Table 5). The most

frequently found haplotype in the Caucasian and Asian

HapMap populations was found to be rs17878362 A1/

rs1042522 R72/rs1625895 G (78.13% of the Caucasian and

53.70% of the Asian population), while this only represented

31.67% of the haplotypes seen in the African population. The

rs17878362 A1/rs1042522 P72/rs1625895 G haplotype was

more frequent in the Asian (43.83%) and African (38.33%)

populations than the Caucasian population (11.46%), while

the rs17878362 A2/rs1042522 P72/rs1625895 A haplotype

was seen in only 1.85% of Asian population compared with

9.37 and 26.11% of the Caucasian and African populations,

respectively. Clearly further studies analysing TP53 haplo-

types are needed to clarify the specific contribution of each of

these common SNPs to cancer susceptibility.

The mechanistic basis of this altered risk associated with

the carriage of the rs17878362 A2 allele is still poorly

understood. Some evidence links rs17878362 status to

differential expression of different p53 isoforms. In lympho-

blastoid cell lines established from breast cancer patients the

A1A1 genotype was associated with higher constitutive levels

of TP53 mRNA than for the A1A2 and A2A2 alleles.28

Recently, we have shown that TP53 intron 3 is involved in

the splicing regulation of the TP53 intron 2, influencing the

generation of the fully spliced p53 (FSp53) and the intron-2-

retaining p53 (p53I2) mRNA transcripts.7 These transcripts

generate the canonical p53 protein and the N-truncated

D40p53 isoform, respectively, the latter being a regulator of

p53 activity.8 Using in silico algorithms, biophysical measure-

ments and in vitro assays we have shown that the

RNA sequences present in TP53 intron 3 pre-RNA can

form G-quadruplex structures, whose stability alters the

balance of FSp53/p53I2 mRNA species through the modula-

tion of intron 2 splicing.7 On the basis of the same in silico

algorithms, it appears that the rs17878362 duplication may

alter the topology of the G4 structures in intron 3 that may

impact on the FSp53/p53I2 balance. As the D40p53 isoform

encoded by the p53I2 mRNA can inhibit p53 transcriptional

activity and growth suppressive activity in vitro and appears to

represent the main form of p53 expressed in mouse

embryonic stem cells.2,35–37 It is possible that the presence

of the rs17878362 A2 variant allele could impact on p53

regulatory activity through the modulation of TP53

mRNA transcript patterns, subsequent isoform expression

and maintenance of stem cell-like phenotype. Recent

evidence suggesting that mRNA encoding D40p53 and

D133p53 isoforms are over-expressed in some forms of

ovarian carcinoma is in support of the hypothesis that

changes in expression of these isoforms may contribute to

carcinogenesis.38 The mechanism by which the rs17878362

polymorphism modulates cancer risk needs to be fully

addressed in appropriate functional genetics studies.
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Materials and methods
Literature search and selection criteria. Publications relative to the
association between the rs17878362 polymorphism and cancer risk examined in
case–control studies were identified using two databases: Pubmed Central (NCBI,
NIH) (http://www.nml.ncbi.gov/pubmed) and Web of Science (Thomson Reuters)
(http://apps.webofknowledge.com). The publication search was carried out from
June 1993, when rs17878362 was first described20 to December 2011. Several
individual search terms, as well as combinations, were used: ‘TP53 ’, ‘p53’,
‘intron3’, ‘rs17878362’, ‘polymorphism’, ‘intron’, ‘PIN3’ and ‘16bp-Del’, as in several
publications the major A1 allele is referred to as a deletion of the 16 bp sequence.
The publications were reviewed to identify those that met the following inclusion
criteria: (i) that the publication reported a formal case–control study analysing
cancer susceptibility associated with rs17878362, (ii) results were given as an OR
and (iii) the publication was in English.

Statistical analysis. The methodological approach described by Thakkins-
tian and collaborators was used to carry out our analyses on the association of the
rs17878362 polymorphism with cancer risk variant allele with cancer risk and also
those on rs1042522 and rs1625895 when data were available in the same panel
of selected studies.28 First, data from both controls and cases were extracted from
the selected studies for the TP53 polymorphisms of interest, including the number
of subjects, ORs11 and the corresponding 95% CIs (Table 1 and Supplementary
Table 1). Second, the Hardy–Weinberg equilibrium was tested by w2 goodness of
fit in each study. Third, heterogeneity was determined using the Q-test and was
considered as present when Q-test P-value was o0.05. According to the Q-test
P-value, the association between a polymorphism and cancer risk was
investigating using either the fixed- or the random-effects models, according to
the method of DerSimonian and Laird.39 Using the same methodology, sub-group
analyses were performed by geographic location of the population and cancer
type. Sensitivity analyses were conducted to assess the impact of any single study
(leave-one-out analysis, cumulative inclusion over time analysis). Publication bias
was tested using the Egger test. Statistical analyses were performed using the
commercial STATA software (version 11.1, StataCorp LP, College Station, Texas,
USA).
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Supplementary Table 1. Additional characteristics of the selected case-control studies for rs17878362 (TP53 PIN3) polymorphism. 

 

Population Study numbers and Study
× 

Country 
Genotyping 

method 

Mean age of 

cases (SD) 

Mean age of 

controls (SD) 
Adjusted method Ref. 

Indian 

1 Jha et al., 2011 India Sequencing nd
* 

nd
*
 Gender, age, BMI

+
, smoking status (1) 

2 Umar et al., 2011 India Gel retardation    57.3 (11.9)     55.8 (9.4) Gender, age  (2) 

4 Mittal et al., 2011 India Gel retardation    64.4 (5.6)     64.4 (7.1) Gender, age (3) 

5 Malik et al., 2011 India Gel retardation    60.4 (8.4)     58.0 (12.7) nd
*
 (4) 

6 Malik et al., 2011 India Gel retardation    55.9 (9.7)     58.0 (12.7) nd
*
 (4) 

22 Mitra et al., 2005 India Gel retardation    55.0 (12.0)     50.4 (11.5) nd
*
 (5) 

Mediterranean 

10 de Feo et al., 2009 Italy Gel retardation    66.7 (11.7)     63.5 (13.1) Age, alcohol consumption, family 

history of cancer, fruit, vegetable 

intake, addition of salt to meals  

(6) 

13 Costa et al., 2008 Portugal Gel retardation    53.4 (nd
*
)     53.1 (nd

*
) Age (7) 

15 de Vecchi et al., 2008 Italy Gel retardation nd
*
 nd

*
 nd

*
 (8) 

20 Perfumo et al., 2006 Italy Gel retardation    60.1 (nd
*
)     66.7 (nd

*
) nd

*
 (9) 

21 Perfumo et al., 2006 Italy Gel retardation    68.4 (nd
*
)     66.7 (nd

*
) nd

*
 (9) 

23 Gemignani et al., 2004 Spain Gel retardation nd
*
 nd

*
 nd

*
 (10) 

Northern Europe 

7 Naccarati et al., 2010 Czech Republic Gel retardation    62.2 (10.4)     60.5 (10.7) Gender, Age, BMI
+
, smoking status (11)  

8 Polakova et al., 2009 Czech Republic Gel retardation nd
*
 nd

*
 Age, sex (12) 

11 Hrstka et al., 2009 Czech Republic Gel retardation    59.7 (nd
*
)     58.86 (nd

*
) nd

*
 (13) 

17 Tan et al., 2007 Germany Gel retardation    68.2 (nd
*
)     66.9 (nd

*
) nd

*
 (14) 

19 Hung et al., 2006 Central Europe Gel retardation nd
*
 nd

*
 nd

*
 (15) 

24 Wang-Gohrke et al., 2002 Germany Gel retardation nd
*
 nd

*
 nd

*
 (16)   

United States 

12 Gaudet et al., 2008 USA Gel retardation nd
*
 nd

*
 Age (17) 

14 Ye et al., 2008 USA Taqman nd
*
 nd

*
 nd

*
 (18) 

16 Chen et al., 2007 USA Gel retardation nd
*
 nd

*
 Age, sex, smoking status, alcohol 

consumption 

(19) 

18 Wang et al., 2007 USA Gel retardation    61.7 (11.1)     61.4 (9.4) nd
*
 (20) 

25 Wu et al., 2002 USA Gel retardation    61.4 (9.7)     60.6 (9.8) Age, sex, smoking (21)  

Not classified 

3 Alawadi et al., 2011 Kuwait-Syria Gel retardation    48.7 (nd
*
)     54.7 (nd

*
) nd

*
 (22) 

9 Ashton et al., 2009 Australia Gel retardation nd
*
 nd

*
 Age, BMI

+
, HBP

§
, diabetes, HRT

#
, 

personal history of cancer, smoking 

status, alcohol consumption 

(23) 

 
×:!Number!corresponds!to!Table!1,!

*
nd: not described, 

+
BMI: Body Mass Index, 

§
HBP: High Blood Pressure, 

# 
HRT: Hormone replacement therapy 
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Supplementary Table 2. Meta-analysis results after removing all studies one by one for A1A2 and A2A2 genotypes of TP53 rs17878362. The name of the study 

corresponds to the removed study. 

    

 

 A1A2 vs A1A1 genotypes A2A2 vs A1A1 genotypes 

Study Numbers and Study* 
Heterogenity  

P value 
OR 95% CI 

Heterogenity  

P value 
OR 95% CI 

1 Jha et al., 2011 0.03 1.08 [0.99-1.19] 0.05 1.47 [1.16-1.86] 

2 Umar et al., 2011 0.02 1.08 [0.98-1.18] 0.05 1.45 [1.15-1.85] 

3 Alawadi et al., 2011 0.03 1.07 [0.98-1.17] 0.15 1.52 [1.27-1.82] 

4 Mittal et al., 2011 0.03 1.09 [0.99-1.19] 0.05 1.49 [1.18-1.88] 

5 Malik et al., 2011 0.02 1.07 [0.98-1.18] 0.06 1.41 [1.18-1.70] 

6 Malik et al., 2011 0.02 1.08 [0.98-1.18] 0.08 1.40 [1.17-1.68] 

7 Naccarati et al., 2010 0.02 1.08 [0.99-1.19] 0.04 1.47 [1.16-1.87] 

8 Polakova et al., 2009 0.02 1.08 [0.98-1.18] 0.05 1.46 [1.15-1.86] 

9 Ashton et al., 2009 0.03 1.09 [0.99-1.19] 0.05 1.49 [1.17-1.89] 

10 de Feo et al., 2009 0.02 1.08 [0.99-1.18] 0.04 1.47 [1.16-1.87] 

11 Hrstka et al., 2009 0.02 1.07 [0.98-1.18] 0.04 1.48 [1.17-1.88] 

12 Gaudet et al., 2008 0.02 1.09 [0.99-1.19] 0.05 1.50 [1.18-1.91] 

13 Costa et al., 2008 0.02 1.08 [0.98-1.18] 0.08 1.42 [1.19-1.70] 

14 Ye et al., 2008 0.11 1.10 [1.01-1.19] 0.10 1.51 [1.26-1.82] 

15 de Vecchi et al., 2008 0.02 1.07 [0.98-1.18] 0.06 1.42 [1.19-1.71] 

16 Chen et al., 2007 0.02 1.07 [0.98-1.18] 0.04 1.49 [1.16-1.89] 

17 Tan et al., 2007 0.05 1.09 [1.00-1.20] 0.06 1.48 [1.23-1.77] 

18 Wang et al., 2007 0.02 1.07 [0.97-1.18] 0.12 1.55 [1.28-1.86] 

19 Hung et al., 2006 0.02 1.08 [0.98-1.19] 0.07 1.37 [1.12-1.66] 

20 Perfumo et al., 2006 0.04 1.07 [0.98-1.17] 0.08 1.43 [1.20-1.71] 

21 Perfumo et al., 2006 0.02 1.08 [0.99-1.18] 0.05 1.44 [1.20-1.73] 

22 Mitra et al., 2005 0.04 1.09 [1.00-1.19] 0.14 1.53 [1.27-1.83] 

23 Gemignani et al., 2004 0.05 1.06 [0.99-1.13] 0.04 1.47 [1.16-1.87] 

24 Wang-Gohrke et al., 2002 0.03 1.07 [0.97-1.17] 0.05 1.47 [1.15-1.87] 

25 Wu et al., 2002 0.12 1.06 [0.99-1.13] 0.05 1.43 [1.20-1.72] 

* For study number, number of cases and controls excluded and details of publications see Table I 
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Supplementary Table 3. The evolution of the meta-analysis results for rs17878362 depending on date of publication of study. 

 

Genotype Study 
Heterogenity  

P value 
OR 95% CI 

A1A2 

2005 (4 studies) 0.01 1.30 [0.94-1.78] 

2006 (7 studies) 0.01 1.23 [0.99-1.52] 

2007 (10 studies) 0.01 1.15 [1.00 1.33] 

2008 (14 studies) 0.01 1.09 [0.96-1.23] 

2009 (18 studies) 0.01 1.08 [0.97-1.20] 

2010 (19 studies) 0.01 1.08 [0.97-1.19] 

2011 (25 studies) 0.03 1.08 [0.99-1.18] 

A2A2 

2005 (4 studies) 0.13 1.27 [0.82-1.96] 

2006 (7 studies) 0.10 1.67 [1.23-2.27] 

2007 (10 studies) 0.06 1.37 [1.07 1.76] 

2008 (14 studies) 0.03 1.41 [1.03-1.94] 

2009 (18 studies) 0.10 1.40 [1.14-1.71] 

2010 (19 studies) 0.13 1.40 [1.15-1.71] 

2011 (25 studies) 0.06 1.45 [1.22-1.74] 
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Supplementary Table 4. Meta-analysis results for rs1042522 (TP53 PEX4) and rs1625895 (TP53 PIN6) polymorphisms in the selected case-control studies following 

Hardy-Weinberg equilibrium. 

 

 Genotypes Cases 

n (%) 

Controls 

n (%) 

Heterogenity  

P value 

OR [95% CI] P trend
# 

OVERALL  

rs1042522 (Study numbers: 1, 3, 4, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25; 

MAF = 0.29) 

 Total 8 517 (100.0) 9 311 (100.0)     

 R72/R72 4 227 (49.6) 4 833 (51.9)  1.00 - 

<0.01  R72/P72 3 340 (39.3) 3 586 (38.5) <0.01
*
 1.16 [1.05-1.18] 

 P72/P72 950 (11.1) 892 (9.6) 0.02
+
 1.06 [0.91-1.24] 

rs1625895 (Study numbers: 4, 9, 10, 11, 12, 14, 16, 18, 24, 25;  MAF = 0.19) 

 Total 5 011 (100.0) 5 100 (100.0)     

 GG 3 180 (63.5) 3 522 (69.1)  1.00 -  

 GA 1 312 (26.2) 1 192 (23.4) 0.01
*
 1.19 [1.02-1.40] <0.01 

 AA    519 (10.3)    386 (7.5) 0.46
*
 1.19 [0.89-1.60]  
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Supplementary Table 5: Haplotype distributions for rs17878362*, rs1042522 and rs1625895 in 261 DNA 

samples from three HapMap populations (African: Nigeria (90 individuals); Asian: China (81 individuals) 

and Caucasian: Northern or Western European (90 individuals)) based on published data (24). 

 

Polymorphisms African 

(%) 

Asian 

(%) 

Caucasian 

(%) rs17878362* rs1042522 rs1625895 

A1 R72 G 31.67 53.70 78.13 

A1 P72 G 38.33 43.83 11.46 

A1 R72 A - - 0.52 

A1 P72 A 3.89 0.62 0.52 

A2 R72 G - - - 

A2 P72 G - - - 

A2 R72 A - - - 

A2 P72 A 26.11 1.85 9.37% 

 

*tagged by rs2909430 
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Part II. Effects of age at cancer onset in germline 

TP53 mutation carriers 

This section summarizes the data presented in the annexed manuscript “Age at cancer onset 

in germline TP53 mutation carriers: association with polymorphism in predicted G-

quadruple structures” in revision to Carcinogenesis. Figure and Table numbers correspond 

to those from the publication located after this abstract. 

 

Background 

 The LFS syndrome is associated with a large and heterogeneous spectrum of early age 

of onset cancers. To date, the only genetic criteria associated with this syndrome is TP53 

germline mutations but the impact on the penetrance of the TP53 germline mutations are still 

unclear. This result suggests that several other inheritable traits may predispose is this 

complex pattern of diseases. Two polymorphisms, one in TP53 and the second in MDM2, a 

regulator of p53, have been shown to be associated with the severity of LFS/LFL in TP53 

mutation carriers. These SNPs are TP53 rs1042522 (G>C, A>P at codon 72) and MDM2 

rs2279744 (T>G, SNP309) (Bond et al 2004, Matlashewski et al 1987). However, results 

remain controversial because of the limited size of the studies and of the multiple possible 

biases, for example, caused by comparisons among families (Bond et al 2004, Bougeard et al 

2006, Marcel et al 2009, Renaux-Petel et al 2013). In a previous study, Marcel and 

collaborators have used a cohort of LFS/LFL subjects from Brazil to evaluate the effect of 

rs17878362 on age at cancer onset (Marcel et al 2009). They showed that the A1A2 

rs17878362 genotype was associated with a statistically significant increase in the age of first 

cancer diagnosis in this Brazilian cohort (age difference between A1A1 and A1A2 carriers: 

19 years, P value = 0.01).  

 The Brazilian cohort analysed in this study has added value for the discovery of 

possible modifier effects. First, in TP53 R337H carriers, cancer patterns and age at onset are 

even more diverse than in carriers of other mutations, providing a larger range of phenotypes 

to compare. Second, assuming that the mutation has only mild effects, it is reasonable to 

hypothesize that modifiers may have stronger effects than in subjects with highly penetrant 
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mutations. Third, since TP53 R337H carriers all share the same mutant allele, it is possible to 

circumscribe the effects of possible TP53 modifier polymorphisms to the remaining WT allele.  

 In this study, we have reasoned that polymorphisms in regions containing G4 motifs 

would have a role as modifiers. We have therefore identified putative or predicted G4 

domains in TP53, mapped polymorphisms within or around these domains, and used the 

context of the Brazilian LFS/LFL cohorts to analyse the associations between each of these 

selected polymorphisms and the age at first cancer onset. 

Results 

 First, we have evaluated the presence of G4 structures in the TP53 gene using in silico 

programs. This analysis has shown that 5 putative G4 regions were located in the TP53 gene: 

in the beginning of intron 1, in the end of intron 1, in intron 3, in intron 6 and in the 

3’flanking region (Figure 1). Using the IARC TP53 database and the NCBI dbSNP database, 

we have identified 85 polymorphisms located within or near these regions. 

 Secondly, we have assessed the frequency of these polymorphisms in a cohort of 402 

Brazilian LFS/LFL patients with or without a germline TP53 mutation and in a series of 487 

Brazilian population controls. We detected only 11 of the 85 polymorphisms in our cohort 

and only 7 of these 11 polymorphisms had a minor allele frequency (MAF) higher than 0.04 

(rs12944939 (G>A, intron 1), rs1642785 (G>C, intron 2), rs17878362, rs10425222, 

rs1625895 (G>A, intron 6), rs17880560 (6 bp duplication in 3’flanking region, A1: one copy; 

A2: two copies), rs1614984 (C>T, 3’flanking region) (Supplementary Table 3).  

 Thirdly, focusing on these 7 polymorphisms, we have analysed the impact on age of 

first cancer diagnosis in LFS/LFL subjects. To perform statistical analyses, we have used a 

specific model adjusted on the size of the family to calculate the P value and thus correct for 

possible biases due to familial factors. The 402 LFS/LFL subjects represent a total of 145 

families, with heterogeneous distribution among families. In these 145 families, 35 had 

subjects with TP53 germline mutation. Two groups were considered. The “MUT” group 

included subjects who carry a germline TP53 mutation, whereas the WT2 group included 

subjects from families with no germline TP53 mutation. None of the 7 SNPs showed any 

statistically significant association with age at first cancer diagnosis in the WT2 group (Table 

1, Supplementary Table 6 and Figure 2). In the MUT group, only the rare alleles of 

rs17878362, located in the described G4 in intron 3, and of rs17880560, located close to the 

described G4 in the 3’flanking region, were associated with a delay in the age at first cancer, 

although the effect was of borderline significance (Figure 19A and B of this Thesis).  
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Figure 19: Kaplan-Meir disease-free probability estimates in LFS/LFL family members with or without 

TP53 mutations. Kaplan-Meir probabilities are shown for (A) rs17878362, (B) rs17880560 and (C) on the 

haplotype of the WT allele. In each panel, the left panel corresponds to subjects of the MUT (TP53 mutation 

carriers in LFS/LFL family members) and the right panel to subjects of the WT2 group (families with no 

mutation detected). The tables under the graphs show disease-free probability estimates at different ages (10, 30, 

50 and 65 years) according to genotype. Only probabilities up to 65 years are shown. 
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 To analyse in detail the impact of the rs17878362 and rs17880560 polymorphisms on 

age at first diagnosis, we performed haplotype studies associating these 2 polymorphisms 

(Figure 19C of this Thesis). We have observed that the WT2 patients did not show any 

difference in age of cancer onset (Table 2 and Figure 3). In contrast, in the MUT, group, 

A1A1 (A1 for rs17878362 and A1 for rs17880560) carriers developed cancer on average 25 

years before of at least one A2 allele (A1 for rs17878362 and A2 for rs17880560) and (A2-

A1: A2 for rs17878362 and A1 for rs17880560). In addition, before the age of 35, only 

patients carrying the A1-A1 haplotype developed cancer, suggesting that this haplotype 

identifies a group of subjects who are at high risk for early/childhood cancer (Figure 20). 
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Figure 20: Effect of different wild type haplotypes in TP53 mutation carriers: a model. TP53 alleles are 

represented as rods. (A) Mutant allele occurring on a haplotype carrying A1 variants of both rs17878362 and 

rs17880560 (A1A1). (B) Different types of wild type haplotypes. The wild type haplotype defined by A1A1 is 

considered as a “weak” haplotype (associated with early cancer, indicative low capacity to compensate the loss 

of p53 function of the mutant allele). The wild type haplotypes defined by A1A2 or A2A1 are considered as 

“strong haplotype” (associated with later cancer onset, thus providing at least partial compensation for the loss of 

function of the mutant allele). Of note, our data do not predict the effect of wild type A2A2 haplotypes, or the 

effects of these haplotypes when the mutation occurs on another haplotype than A1A1.  

Conclusion 

 The A2 alleles of the rs17878362 and the rs17880560 polymorphisms located near or 

within G4 structures, appear to be protective in patients against an early age at cancer onset. 

Their combination within defined haplotypes is more effective for protecting against the 

development of cancer at a young age than any of these polymorphisms alone. These results 

suggest that genetic heterogeneity affecting the folding and position of G4 may impact on 

TP53 suppressor functions.  
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ABSTRACT 

Germline TP53 mutations predispose to multiple cancers defining Fraumeni/Li-

Fraumeni-Like Syndrome (LFS/LFL), a disease with large individual disparities. G-

quadruplexes (G4) are secondary structural motifs occurring in guanine tracks, with 

regulatory effects on both DNA and RNA.  We analyzed 85 polymorphisms within or 

near five predicted G4s in TP53 in search of modifiers of penetrance of LFS/LFL in 

Brazilian cancer families with (n=34) or without (n=110) TP53 mutations. Statistical 

analyses stratified on family structure showed that cancer tended to occur 12.5 to 18.0 

years later in mutation carriers who also carried the variant alleles of two 

polymorphisms within predicted G4-forming regions, rs17878362 (TP53 PIN3, 16bp 

duplication in intron 3; p=0.082) and rs17880560 (6bp duplication in 3’flanking 

region; p =0.067). Haplotype analysis showed that this inverse association was driven 

by the polymorphic status of the remaining wild type haplotype in mutation carriers. 

In carriers with wild type haplotype containing at least one variant allele of 

rs17878362 or rs17880560, cancer occurred about 15 years later than in carriers with 

other wild type haplotypes (p=0.019). No effect on age of cancer onset was observed 

in subjects without TP53 mutation. The G4 in intron 3 has been shown to regulate 

alternative p53 mRNA splicing, while the biological role of predicted G4s in the 

3’flanking region remain to be elucidated. G4-polymorphisms in haplotypes of the 

wild type TP53 allele have an impact on LFS/LFL penetrance in germline TP53 

mutation carriers. 

 

 

 

Page 5 of 41 Carcinogenesis

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



Results  p53 polymorphisms and cancer susceptibility 

 

 132 

F
o
r P

eer R
eview

5 

 

Introduction 

Germline mutations in the TP53 tumor suppressor gene (17p13.1, OMIM #191170) 

predispose to a range of early-onset cancers that define the Li-Fraumeni Syndrome (1,2). The 

LFS tumor pattern is dominated by childhood adrenal cortical carcinoma, choroid plexus 

carcinoma, medulloblastoma and rhabdomyosarcoma, followed by soft-tissue sarcoma, 

osteosarcoma, pre-menopausal breast cancer and brain tumors in adolescents and young 

adults. Several definitions of “Li-Fraumeni-like” (LFL) syndrome have been proposed in 

families showing only partial LFS traits (3-5). Patients from families with LFS/LFL traits 

often carry germline TP53 mutations. Currently, no other recurrent germline alteration has 

been associated with this disease pattern. Depending upon clinical definition, TP53 mutations 

are identified in 20 to 70% of the cases (6-9). In current practice, probands with suspected 

LFS/LFL are referred for TP53 mutation testing based on a set of individual and familial 

criteria known as the “modified Chompret criteria” (10). Mutations are detected in about 21-

29% of probands matching these criteria (9,11). In TP53 mutation carriers, the penetrance of 

the disease is about 50% by age 30-35 and reaches 90% over lifetime. In addition, TP53 

mutation carriers show a tendency to develop a wide range of cancers at an earlier age than in 

the general population, although there are large individual and familial variations in the age at 

diagnosis. Thus, it is extremely difficult to develop a protocol for prediction and surveillance 

of the disease. The current practice is to enroll subjects who tested positive for TP53 

mutations in complex surveillance programs (12) (NCCN guidelines version 2.2013). 

The variable individual cancer patterns suggest that other genetic or epigenetic traits may act 

as modifiers. Studies by Bond et al. (13) observed that a single nucleotide polymorphism 

(SNP) in MDM2, encoding a protein that regulates p53 protein stability, was associated with a 

reduction of 9 years in the age at diagnosis of first cancer. This effect was detected in several 

independent cohorts of LFS/LFL families (14-17). This SNP (rs2279744, SNP309) has been 
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shown to alter the sequence-specific DNA binding of the transcription factor Sp1 to the 

MDM2 promoter, thus accounting for differences in levels of Mdm2 protein expression (13). 

There is evidence that the effect of rs2279744 might be modulated by another SNP in the 

MDM2 promoter (rs117039649, SNP285) (18). Borderline effects on age at diagnosis in TP53 

mutation carriers have also been reported for a common non-synonymous SNP in exon 4 of 

TP53, R72P (rs1042522, TP53 PEX4) (15). In a previous analysis on a cohort of TP53 

mutation carriers from Brazil, we have shown that a 16 bp duplication polymorphism in 

intron 3 (rs17878362, TP53 PIN3) was associated with a large difference in the age of cancer 

diagnosis, with carriers of two alleles without the duplication (A1 allele) developing their first 

cancer on average 20 years earlier than heterozygote carriers (A1/A2) (15). However, this 

Brazilian cohort included a large proportion of subjects from apparently unrelated families 

who carried the same germline TP53 mutation, R337H, which is common in South-Eastern 

Brazil due to a widespread founder effect detected in 0.3% of the general population (19). So 

far, the effect of rs17878362 has not been replicated in an independent LFS/LFL cohort. 

Thus, it is possible that the effect of the A1 allele of rs17878362 may be due, at least in part, 

to specific effects on the penetrance of R337H or to other genetic factors in this particular 

Brazilian background. 

G-quadruplexes (G4s) consist of four-stranded structures occurring in guanine-rich sequences. 

Potential G4-forming structures are widespread in the genome and have been shown to have 

important regulatory effects on gene transcription (20), genomic stability (21-23) and DNA 

replication (24), mRNA splicing (25) and mRNA stability (25). Experimentally, drugs that 

modulate the stability of G4 exert significant effects on the expression (26) and splicing of 

specific sets of genes (27). Two G4 have been experimentally demonstrated in p53 pre-

mRNA. A complex G4 structure is located in intron 3 in which the rs17878362 16bp 

duplication is located, and regulates the splicing of p53 pre-mRNA into either a fully spliced 
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form generating the canonical p53 tumor suppressor protein, or p53I2, a variant mRNA that 

retains intron 2 (28). This variant mRNA encodes a p53 isoform protein that lacks the 39 N-

terminal residues (29) and exerts regulatory effects on p53 suppressor activity (28,30-32). 

Another G4 has been identified downstream of the cleavage/polyadenylation site of the p53 

pre-mRNA. This G4 contributes to p53 pre-mRNA 3’end processing in response to DNA 

damage (33). 

In this study, we have hypothesized that polymorphisms affecting G4 structures may exert 

modifier effects on age at cancer onset in LFS/LFL subjects. We have identified candidate G4 

domains throughout the entire TP53 locus and analyzed the association between SNPs located 

within or in the close vicinity to these putative and demonstrated G4s and age at first cancer 

diagnosis in a series of 402 subjects from Brazilian families with LFS/LFL traits.  

 

MATERIALS AND METHODS 

LFS/LFL families 

LFS/LFL Brazilian subjects were recruited from families attending the Cancer Risk 

Evaluation clinics in the Department of Oncogenetics of A.C. Camargo Cancer Center (São 

Paulo, Brazil) and Hospital de Clinicas, Universidade Federal do Rio Grande do Sul (Porto 

Alegre) (Ethics statement number 0568/07). A total of 402 subjects from 145 families were 

included in the study (Supplementary Table 1). Families matched at least one LFS/LFL 

criteria (classic LFS, Birch, Chompret, Eeles criteria), and their familial history was 

documented over several generations using the Progeny software (Progeny software Inc, 

Wolfville, Nova Scotia, Canada). Of these families, 15 (10.3%) matched classic LFS criteria 

while 66 (45.5%) matched Birch or Chompret criteria. Other families matched more relaxed 

criteria known as Eeles (8). All families were sequenced for TP53 germline mutations 
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throughout the coding sequence (exons 2 to 11 including splice junctions). Mutations were 

found in 35 families (24.1%), including 19 families with the “Brazilian founder” R337H 

mutation and 16 families with previously reported DNA-binding domain mutations (34) 

(http://p53.iarc.fr/TP53GermlineMutations.aspx). The institutional ethics committees of 

participating institutions approved the study and all patients provided informed consent. 

Controls 

Four groups of control subjects were selected. Group 1 consisted of 487 cancer-asymptomatic 

subjects from the general population of Southeast Brazil (age 40- 69 years) (34). Groups 2 to 

4 consisted of individuals included as reference samples in the HapMap project. Group 2 

(Caucasians) included 30 trios (two parents and a child) of Northern or Western European 

ancestry, Group 3 (Asians) 90 East Asian subjects, 45 of whom were from the Tokyo and 

Beijing areas, respectively and Group 4 (Africans) consisted of 30 trios (2 parents, 1 child) 

from the Yoruba people in Nigeria (35). 

Prediction of G-Quadruplex motifs and selection of polymorphisms  

The TP53 sequence NC_000017.10 (ENSG00000141510) containing the entire TP53 gene 

sequence plus 2000 bp upstream and downstream of the first and last exons, respectively, was 

used for in silico prediction of G-rich regions likely to form G4 structures using the prediction 

software Quadfinder (http://bioinformatics.ca/links_directory/tool/10280/quadfinder) and the 

web-based QGRS Mapper (http://bioinformatics.ramapo.edu/QGRS/index.php) with the 

following default parameters: G stretch = 3-5; loop size = 1-7; maximum length = 45 (36,37).  

A total of 5 G4 regions were independently identified by the two softwares.  Polymorphisms 

located in these regions or within 100 bp upstream or downstream of these regions were 

selected in dbSNP (http://www.ncbi.nlm.nih.gov/snp/). To this set, were added the well-

defined TP53 SNPs rs1642785 (G/C, intron 2) and rs1042522 (G/C, exon 4). Overall, a total 

of 87 SNPs were selected (Supplementary Table 2 and Figure 1).  
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Analysis of mutations and polymorphisms  

DNA was extracted from peripheral white blood cells obtained by venipuncture with the 

Qiagen DNA Extraction kit according to manufacturer instructions (QIAamp DNA blood 

Maxi kit, Qiagen, Hilden, Germany). Purified DNA from HapMap subjects were obtained 

from the Coriell Institute Biorepository as described earlier (35). TP53 mutations in coding 

sequence (exon 2 to 11 including flanking intronic regions containing splice sites) were 

sequenced according to the protocols of the International Agency for Research on Cancer 

(http://p53.iarc.fr/Download/TP53_DirectSequencing_IARC.pdf). Genotyping TP53 

polymorphisms was performed by direct sequencing using primers and polymerase chain 

reaction (PCR) conditions described in Supplementary Table 2. Genotyping for MDM2 

rs2279744 was performed using a 5’exonuclease SNP genotyping assay (Proligo, St Louis, 

Missouri, USA) (probes FAM 5’-cccgcgccgcagc-3’ and Hex 5’-cccgcgccgaagc; primers 5’-

ttcagggtaaaggtcacggg-3’ and 5’-tcaacctgcccactgaacc-3’) or by restriction fragment length 

polymorphism (RFLP) after PCR with primers and condition as described in Supplementary 

Table 2. RFLP was performed using 5 µL of PCR product, digested with 1 unit of MspAI I 

restriction enzyme (New England Biolabs, Ipswich, UK) during 4 h at 37°C. The results were 

analyzed on 3% agarose electrophoresis gel. The T allele of rs2279744 generated two RFLP 

fragments (53 and 158 bp), whereas the G allele generated three fragments (46, 53 and 112 

bp). Comparison between 5’exonuclease assay and RFLP showed complete concordance 

between the two methods.  

Haplotype reconstruction 

Haplotypes of Brazilian subjects were reconstructed using pooled sequence variant data of 

individuals from LFS/LFL families and from the Brazilian control group (Group 1). Rare 

variants (MAF < 0.04) were excluded from the analysis. Haplotypes were constructed based 

on 5 SNP (rs1642785, rs17878362, rs1042522, rs17880560 and rs1614984) and on TP53 
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germline mutation status, using R software haplo.stats package 

(http://mayoresearch.mayo.edu/mayo/research/schaid_lab/software.cfm) 

Statistical analysis 

Hardy Weinberg equilibrium was assessed for each study group using a web-based calculator 

(http://www.tufts.edu/~mcourt01/Documents/Court%20lab%20-%20HW%20calculator.xls). 

Statistical analyses were performed using R software (weights package; http://cran.r-

project.org/web/packages/weights/weights.pdf) and running a hierarchical model that takes 

into account family size to compensate for family bias caused by multiple subjects belonging 

to the same large pedigree. Briefly, analyses were adjusted for the number of subjects in the 

family who were tested for TP53 mutation and for polymorphisms, thus taking into account 

possible bias due to specific characteristics of large families in the dataset. Comparisons 

between average ages at first cancer diagnostic were performed by t-test weighted by family 

size, or by taking into account family sizes either for the whole cohort (“All”) or for a 

particular sub-group analyzed (e.g. only families with defined wild type or mutant TP53 

status; “Group”). Unadjusted Kaplan-Meier disease-free probability estimates were calculated 

using tools available at http://vassarstats.net/. A “disease” event was assigned as the age at 

first cancer diagnosis (subsequent diagnoses in the same subjects were not taken into 

account). Subjects older than 65 years were censored. For each year of age, subjects with no 

diagnosis were censored at their date of last follow-up.  

 

RESULTS 

Distribution of G4s and polymorphisms in TP53. 

The presence of at least three consecutive guanines along a DNA or RNA strand is (as a first 

approximation) the classical minimal requirement for intramolecular G4 formation. Longer 
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DNA/RNA sequences containing multiples of four G-tracts can, in principle, accommodate 

higher-order structures defined by multiple G4 blocks, with wide topological and structural 

variations. The human genome has been predicted to contain up to 376,000 G4s (38). Using in 

silico prediction programs, we have identified 5 predicted G4s in a region of 29.79 Kb 

encompassing the entire TP53 sequence (Figure 1A). The sequences and positions of these 

predicted G4s are given in Figures 1B, 1C and Supplementary Figure 1. They are located 

in the proximal and distal part of intron 1, in intron 3, intron 6 and the 3’flanking region, 

respectively. (Figure 1B and C). Of these predicted G4s, the one located in intron 3 (28) and 

another one (among several predicted domains) in the 3’flank (33), have been previously 

identified by structural and molecular techniques. A total of 85 polymorphisms reported in 

dbSNP were located within or near the 5 predicted G4s and their distributions were analyzed 

in LFS/LFL subjects, Brazilian controls (Group 1) and in the HapMap series (Groups 2-4).  

Only 11 of the polymorphisms showed allelic variation in these series. Four had a minor allele 

frequency (MAF) less than 4% including rs78378222 that has been associated with basal cell 

carcinoma (Prostate cancer, glioma and colorectal adenoma) in an Iceland population (39). 

The allele distributions of others polymorphisms (polymorphisms A, B, C, E, F and G) and of 

rs1042522 (TP53 PEX4, codon R72P) in LFS/LFL families and in the 4 control groups are 

given in Supplementary Table 3. The distribution of these polymorphisms was in Hardy-

Weinberg equilibrium (HWE) except for SNP D and E in Group 2 (HapMap Caucasian, 

p=0.04 for both SNPs), SNP G in Group 1 (p<0.01) and SNP A and D in LFS/LFL group 

(p<0.01 for both SNPs). When compared to Group 1, the deviation from HWE for SNP D 

(rs1042522) in LFS/LFL appeared to be due to low numbers of carriers of the C/C (72P/72P) 

allele combination, whereas numbers of G/G homozygotes and G/C heterozygotes were 

comparable in both groups. The distribution of polymorphisms was different among the three 

HapMap series (p<0.01, t-test). The Brazilian LFS/LFL and the controls of Group 1 
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(Brazilian population) had a SNP profile similar to HapMap Caucasians (p=0.47, Mann-

Whitney t test).  

Association between polymorphisms in and/or near G4s and age at first diagnosis in 

LFS/LFL 

The summary characteristics of subjects included in the LFS/LFL group are given in 

Supplementary Table 1. Among the 145 families, 35 had a germline TP53 mutation (MUT 

group), 19 of which were carriers of the “Brazilian founder” R337H mutation. The main types 

of cancer diagnosed in carriers of R337H and in carriers of other mutations, and their mean 

age at diagnosis, are summarized in Supplementary Table 4. Overall, R337H carriers 

developed a range of cancer types which is typical of the LFS spectrum, however with a non-

significant tendency for diagnosis at a later age than carriers of other TP53 mutations. Within 

families with germline TP53 mutations, subjects who were not found to carry the familial 

mutation were identified as the WT1 (Wild type 1) group. Among the 110 families without 

mutations, 157 cases of cancer were diagnosed among 122 subjects. Subjects from these 

families without a TP53 mutation, either with or without cancer, were identified as the WT2 

(Wild type 2) group. Types of cancer and ages at diagnosis in this group were compatible 

with LFS/LFL definitions (Supplementary table 4). 

We next analyzed the age at diagnosis of a first cancer in relation to the carriage of the TP53 

SNPs A-G and of rs2279744 in the following subgroups: the MUT group (including subjects 

with any TP53 germline mutation) and the WT2 group. Mean age at first diagnosis (± 

standard deviation) was calculated in different subgroups using an adjusted model weighted 

for family size to take into account a possible familial bias. P-values (t-test) were adjusted on 

family size either for the whole LFS/LFL cohort (“All”) or for the sub-group of patients 

considered (“Group”). Effects on age at diagnosis were observed only with polymorphism C 

(rs17878362, 16bp insertion/duplication in intron 3) and polymorphism F (rs17880560, 6bp 
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insertion/duplication in 3’ flanking region), (Table 1; data for other SNPs in Supplementary 

Table 5). For each of the two polymorphisms, alleles were identified as A1 (non-duplicated) 

and A2 (duplicated), defining three genotypes, A1/A1, A1/A2 and A2/A2 at each 

polymorphism. No significant difference was found for the age at first cancer diagnosis within 

the WT2 group in relation with the status of these polymorphisms  (for instance the age at 

first diagnosis ranged between 32.67±18.60 years in subjects with rs17880560 A2/A2 allele 

status and 39.56±16.43 in subjects with rs17880560 A1/A1 allele status). In contrast, in the 

MUT group, there was a tendency for a difference of over 12.5 years between subjects with 

either A1/A1 or A1/A2 genotypes, the A1/A2 mutation carriers having their first diagnosis 

later than the A1/A1 mutation carriers. The difference in age at diagnosis in relation with 

genotype was significant in a model adjusted for family size in the whole LFS/LFL cohort 

(“All”; p=0.044 for rs17878362, p=0.02 for rs17880560) but was at best borderline significant 

in a model adjusted for the size of families in only the MUT group (“Group”; p=0.081 for 

rs17878362, p=0.068 for rs17880560). Mean ages at diagnosis in relation to the rs1042522 

status, given as comparison in Table 1, did not show any significant difference in either WT2 

or MUT groups in any of the family weighted models. Results for the MDM2 rs2279744 show 

a non-significant tendency for later age at diagnosis in carriers of G/G as compared to T/T 

genotype, but no effect in T/G heterozygotes (Supplementary Table 6).  

We repeated these analyses after separating the MUT group in two sub-groups, one with 

R337H carriers and the second with carriers of other germline TP53 mutations 

(Supplementary Table 7). Compatible with Supplementary Table 2, patients with R337H 

had their first diagnosis on average 10-12 years later than patients with other TP53 mutations. 

Nevertheless, an effect on age of cancer onset was seen in both mutation groups. In R337H, 

the difference in age at diagnosis was, on average, of 15.21 years between rs17878362 A1/A1 

and A1/A2 carriers, and of 11.14 years between rs17880560 A1/A1 and A1/A2 carriers. In 
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carriers of other mutations, these differences were of 9.64 years and 18.73 years, respectively. 

However, due to small numbers in each of the groups and lack of power, these differences 

were not statistically significant. 

The effects of rs17878362, rs17880560 and rs1042522 genotypes on Kaplan-Meier disease-

free probability estimates are shown in Figure 2. No effects of any of the SNPs were detected 

on accrual of cancer until 65 years of age in the WT2 group. In contrast, in the MUT group, 

the presence of one A2 allele of rs17878362 or of one A2 allele of rs17880560 was associated 

with a reduced childhood and adolescent cancer risk. Taking as the reference the estimated 

risk of cancer at age 25 years in A1/A2 carriers, the relative risk for cancer before or at 25 

years is 4.0 (95% CI: [2.40-6.40]) in rs17878362 A1/A1 carriers and 3.17 (95% CI: [1.83-

5.17]) in A1/A1 rs17880560 carriers. Again, no effect was seen for the rs1042522 genotypes. 

These observations suggest that variant alleles of both rs17878362 and the rs17880560 

polymorphisms are associated with a substantial protection against early life cancer in carriers 

of germline TP53 mutations.  

Disease-free probability estimates relation with haplotypes defined by rs17878362 and 

rs17880560 

Linkage disequilibrium studies show that rs17878362 and rs17880560 are in strong linkage 

disequilibrium in all groups analyzed (p=0.024). To determine whether the two alleles may 

exert effects either alone or in combination, we have reconstructed TP53 haplotypes in 

subjects of the MUT and WT2 groups using data for the 5 of the polymorphisms genotyped in 

this study, plus, in the MUT group, the germline TP53 mutation (Supplementary Table 7). 

We next used the genotypes at rs17878362 and rs17880560 to define 8 haplotypes (with and 

without a TP53 mutation). Of these haplotypes, all were represented in the WT2 or MUT 

series, namely A1-A1 (carrying non-duplicated forms of rs17878362 and rs17880560), A1-

A2 (non-duplicated for rs17878362, duplicated for rs17880560), A2-A1 (duplicated for 
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rs17878362 and non-duplicated rs17880560) and A2-A2 (duplicated for both rs17878362 and 

rs17880560). The “Brazilian founder” R337H mutation was exclusively carried by the A1-A1 

haplotype. Of the 16 families with other TP53 germline mutations, 12 carried the mutation on 

the same, A1-A1 haplotype. Given the predominance of this haplotype as the carrier of the 

germline mutation, we reasoned that the modifier effect of TP53 polymorphisms might be due 

to variations in the haplotype of the remaining wild type allele, which shows much larger 

genetic diversity than the mutant haplotype. Figure 3 shows Kaplan-Meier disease-free 

probability estimates in MUT and WT2 groups, given one “fixed” A1-A1 TP53 haplotype 

(carrying a germline mutation in subjects of the MUT group and a wild type TP53 in subjects 

of the WT2 group) and considering the effect of the other TP53 allele. This analysis showed 

that, in patients where the haplotype carrying the germline mutation was A1-A1, the presence 

of either A1-A2 or A2-A1 on the remaining wild type allele was associated with a delay in the 

age at first cancer diagnosis (Table 2 and Figure 3). A significant difference was observed in 

mean age at first diagnosis in the MUT group in relation to the haplotype status of the wild 

type allele after weighting for family size (“Group”: p=0.019; “All”: p=0.035) (Table 2). 

Importantly, none of the individuals with a wild type A1-A2 haplotype, and only one with a 

wild type A2-A1 haplotype, had developed cancer by age 25 years among carriers of a 

germline mutation, whereas 25% (95% CI: 15-38) of subjects with a wild type A1-A1 

haplotype had developed a cancer by that age. Thus, the presence of a wild type allele 

carrying a duplication of either rs17878362 or rs17880560 appears to exert a strong protective 

effect towards early cancer occurrence in this cohort of patients with germline TP53 mutation.  

 

DISCUSSION 

LFS/LFL is a heterogeneous familial predisposition syndrome with risk of multiple cancers 

and about 90% penetrance over lifetime in carriers of a germline TP53 mutation. However, 
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there are considerable inter-individual and familial variations in cancer patterns and age at 

disease onset, raising the hypothesis that a number of other genetic, epigenetic or lifestyle 

factors may affect the course of the disease. Guanine-rich tracts involved in G4 motifs may 

represent important targets for genetic polymorphisms with significant functional effects. The 

enrichment of G4 in key chromosomal regions has suggested a functional role for these motifs 

in genomic regulation. Data collected from human SNP databases indicated that guanine 

triplets involved in G4 are more conserved and less polymorphic than their neutral 

counterparts (40). However, a recent analysis of SNPs occurring within predicted G4 motifs 

in the promoter of 48 genes has demonstrated a strong correlation between G4 SNPs and 

expression of the corresponding gene at the individual level (41). These observations support 

the hypothesis that G4 SNPs may play significant roles in the mechanisms of variations in 

gene expression among individuals. In this study, we have systematically searched the 

sequence of the TP53 locus for areas that may form G4s and we have analyzed 

polymorphisms in these areas in search of genetic variations that may modulate disease onset 

in TP53 mutation carriers and therefore account for at least part of individual and familial 

variations in LFS/LFL. 

Among 5 regions predicted to form G4s in TP53, our results identify two polymorphisms, 

rs17878362 and rs17880560, with a frequency of above 4% that appeared to modulate the age 

at first cancer onset in TP53 mutation carriers, but not in subjects with LFS/LFL traits that do 

not carry a mutation in TP53. rs17878362 occurs within a previously demonstrated G4 

located in intron 3 (28,33) and rs17880560 overlaps with a predicted G4 in the 3’flanking 

region of p53 pre-mRNA, the exact structure of which has not yet been studied at the 

molecular level. Interestingly, the 3’flanking region contains a succession of several G4s. Of 

these one has been experimentally demonstrated [33] but is distinct from the predicted G4 

structure overlapping with rs17880560.  
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Both the rs17878362 and rs17880560 polymorphisms consist of duplications introducing 

additional runs of guanines, which may change the composition, position, structure or 

stability of the G4s. For both G4 regions, effects were seen in association with the duplication 

A2 alleles. Compared to the non-duplicated A1 alleles, the presence of one A2 allele of either 

rs17878362 or rs17880560 retarded by 12.5 to 18.0 years the age at first cancer diagnosis in 

TP53 mutation carriers. As a comparison, we used a large group of subjects from families 

with cancer patterns corresponding to LFS/LFL traits but in whom no familial TP53 mutation 

had been identified. Neither of the two polymorphisms had a detectable impact on age at first 

cancer diagnosis or on cancer-free survival in subjects without mutation. To assess the 

statistical significance of the effects observed in mutation carriers, we performed a t-test on 

average age at diagnosis, using a model weighted for family structure and number of 

members in each family, in order to rule out bias due to family-specific traits that may 

influence the clinical presentation of LFS/LFL. Although this approach decreases statistical 

power, it allows clarifying effects that are solely due to the presence of particular allele 

combinations. Using this method, we detected that each of the polymorphisms had a 

borderline significant effect on age at first cancer diagnosis (p=0.082 for rs17878362; 

p=0.067 for rs17880560). However, the magnitude of the effect was large (12.5 to 18.0 years) 

and separated subjects with cancer diagnosis in childhood or adolescence from subjects with 

diagnosis in adulthood. Taking as reference the risk of developing cancer before the age 25 

years in carriers of one A2 allele of either polymorphism, the relative risk of early cancer in 

mutation carriers was 4.0 (95% CI: 2.40-6.40) for rs17878362 A1/A1 and 3.17 (95% CI: 

1.83-5.17) for rs17880560 A1/A1. By comparison, the common non-synonymous SNP at 

codon 72 (rs1042522, TP53 PEX4, R72P) had no effect on age at first cancer diagnosis in this 

cohort.  
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Given that rs17878362 and rs17880560 are in linkage disequilibrium, we reconstructed TP53 

haplotypes to estimate the joint effects of these polymorphisms. We made the assumption that 

the effects of these polymorphisms were associated with the haplotype of the wild type allele, 

rather than the mutant allele. This assumption is based on the observation that, in our series of 

Brazilian families with TP53 mutation, the mutation is almost systematically located on a 

haplotype carrying the A1 alleles of both rs17878362 and rs17880560. Thus, the effect of 

alleles carrying A2 haplotypes, if any, is associated with the properties of the residual wild 

type allele and with its capacity to compensate the functional defect caused by the mutant 

allele. Using this framework, we found that presence of haplotypes defined by either A1 

rs17878362 - A2 rs17880560 or A2 rs17878362 - A1 rs17880560 had a significant effect on 

delaying the age at first cancer diagnosis. Among 91 documented subjects carrying a germline 

mutation, only one of 29 having one of these two haplotypes developed cancer before 25 

years of age (3.4%), whereas 15 of 57 having the wild type A1-A1 haplotype developed 

cancer by this age (26.3%). We therefore conclude that, when the mutation is present on A1-

A1 haplotype (the most common haplotype in all populations, in particular Caucasians and 

Asians), the presence of one A2 variant of either rs17878362 or rs17880560 on the residual 

wild type allele is protective against the risk of cancer in childhood and adolescence. This 

effect is compatible with a simple model in which, in the presence of a mutant allele with 

partial or total loss of function, TP53 suppressor activity is contributed by the residual wild 

type allele (Figure 4). Thus, wild type haplotypes carrying one A2 allele of either rs17878362 

or rs17880560 would define “strong” TP53 haplotypes, contributing wild type TP53 activity 

sufficient to suppress cancer until at least early adulthood, whereas A1-A1 wild type 

haplotypes would be “weak’ TP53 haplotypes, unable to compensate the loss of function of 

the mutant haplotype and thus being permissive for early cancer onset.  
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The present study differs from previous ones on modifier polymorphisms in TP53 by several 

characteristics. First, we have used a weighted model to take into account family size and 

control for possible bias cause by specific familial traits. Second, we have used as reference a 

group of LFS/LFL families with no mutation (WT2) rather than a heterogeneous group of 

“wild type” subjects pooling the members of TP53 families who have not inherited the 

mutation (and therefore should be considered as low-risk for cancer) and members of families 

with no mutations (some of them likely to be at high-risk due to germline mutation in yet 

unidentified gene(s) other than TP53). Third, our series is constituted of LFS/LFL families 

recruited in Brazil, whereas previous studies were based on Western European or North 

American cohorts (9,13,14). A common mutant haplotype, R337H, is present in 0.3% of the 

population of South-Eastern Brazil and represents over half of the germline TP53 mutations 

in Brazilian families with LFS/LFL traits (19,35). This mutation is carried by the same 

haplotype in all families and is considered to result from a widespread founder effect. Since 

its initial identification in the germline of children with adrenal cortical carcinoma (42), there 

has been debate as whether R337H should be considered as predisposing to LFS/LFL or only 

to specific tumor types. Our results on LFS/LFL families have shown that carriers of R337H 

are prone to develop a spectrum of cancers that covers the whole LFS/LFL spectrum, 

although the average age at first diagnosis for adolescent and adult cancers tend to be up to 10 

years later than in carriers of classic, DNA-binding domain TP53 mutations commonly 

associated with LFS (19). In the present study, we can rule out that the modifier effects of 

rs17878362 and rs17880560 polymorphisms are restricted to this “Brazilian founder” allele 

because we observe effects of similar type and amplitude in Brazilian carriers of “classic” 

TP53 mutations, who have cancer patterns and age at onset identical to Caucasian TP53 

mutation carriers from North America or Western Europe (data not shown).  
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The molecular mechanisms responsible for the association of A2 alleles of rs17878362 or 

rs17880560 with late age at first cancer onset are a matter of conjecture. The G4s containing 

rs17878362 (intron 3) has been shown to exert a regulatory effect on alternative splicing of 

intron 2 and on the generation of p53I2, a p53 mRNA that encodes the p53 protein isoform 

∆40p53. In animal models, homologs of ∆40p53 down-regulate stem cells and promote aging 

(in mice) and induce abnormal development (in Zebrafish) exclusively when co-expressed 

together with full-length, wild type p53 (43,44). The precise structure and biological effect of 

the predicted polymorphic G4 in the 3’flanking region remain to be demonstrated.  

To conclude, this study has identified polymorphisms associated with G4 structures, which 

modify the penetrance of germline TP53 mutation in LFS/LFL. They have a general effect on 

the mean age at first cancer diagnosis but, more importantly, they distinguish patients who are 

at high risk of developing childhood/adolescent cancers from those who develop mainly, if 

not exclusively, cancers during adulthood. These findings require evaluation and replication 

in independent LFS/LFL cohorts but may provide an important marker for developing 

personalized strategies for surveillance of cancer risk in carriers of germline TP53 mutations. 

 

SUPPLEMENTARY MATERIAL: Supplementary Figure 1 and Supplementary Tables 1, 

Supplementary Table 2, Supplementary Table 3, Supplementary Table 4, Supplementary 

Table 5, Supplementary Table 6 and Supplementary Table 7 can be found at 

http://carcin.oxfordjournals.org/ 
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TABLE AND FIGURES LEGENDS 

 
Fig. 1: Predicted localization of G4 and associated polymorphisms in TP53. (A) 

Schematic representation of G4 localization and polymorphisms at the TP53 locus. G1 to G5: 

position of predicted G4 motifs. A to G: position of polymorphisms within or near these G4. 

S1: sequence 1 encompassing G3; S2: Sequence 2 encompassing G5. (B) Sequence of S1 

region, from intron 2 to intron 3 (small letters), encompassing exon 3 (capital letters). Two G-

tracts domains forming putative G4 are shown in bold. The position of polymorphisms B in 

intron 2 (G/C, rs1642785) and C in intron 3 (16 bp duplication, rs17878362) are underlined 
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(C) Sequence of S2 region encompassing the 3’flanking region of TP53 after cleavage site. 

Bold letters: G-tracts forming putative G4. The position of polymorphisms F (6 bp 

duplication, rs17880560) and G (C/T, rs1614984) are underlined. 

 

Fig. 2: Genotype dependent Kaplan-Meier disease-free probability estimates in 

LFL/LFS family members with or without TP53 mutations. Kaplan-Meir probability is 

shown for rs17878362 (A), rs17880560 (B) and rs1042522 (C). In each panel, the left panel 

corresponds to subjects of the MUT group (TP53 mutation carriers) and the right panel to 

subjects of the WT2 group (families with no mutation detected). The tables under the graphs 

show disease-free probability estimates at different ages (10, 30, 50 and 65 years) according 

to genotype.  

 

Fig. 3: Kaplan-Meier disease-free probability estimates based on the haplotype of the 

wild-type allele. Kaplan-Meir probabilities in MUT (TP53 mutation carriers in LFL/LFS 

family members) (A) and WT2 groups (LFL/LFS families with no mutation detected) (B) are 

shown. In the MUT group, the TP53 mutation is present on a haplotype defined as A1A1 

(non-duplicated variant for both polymorphisms rs17878362-rs17880560), and the remaining 

wild type haplotype is shown. In the WT2 group, in which subjects carry two wild type 

alleles, one of the alleles has been “fixed” as the A1A1 haplotype and the effect of the other 

haplotype is shown. Tables under the graphs show disease-free probability estimates at 

different ages (10, 30, 50 and 65 years) according to haplotypes (A1A1: non-duplicated for 

both polymorphisms; A1A2: non-duplicated for rs17878362 and duplicated for rs17880560; 

A2A1: duplicated for rs17878362 and non-duplicated for rs17880560).  
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Fig. 4:  Effect of different wild type haplotypes in TP53 mutation carriers: a model. 

TP53 alleles are represented as rods. Left, mutant allele occurring on a haplotype carrying A1 

variants of both rs17878362 and rs17880560 (A1A1). Right, different types of wild type 

haplotypes. The wild type haplotype defined by A1A1 is considered as a “weak” haplotype 

(associated with early cancer, indicative low capacity to compensate the loss of p53 function 

of the mutant allele). The wild type haplotypes defined by A1A2 or A2A1 are considered as 

“strong haplotype” (associated with later cancer onset, thus providing at least partial 

compensation for the loss of function of the mutant allele). Of note, our data do not predict 

the effect of wild type A2A2 haplotypes, or the effects of these haplotypes when the mutation 

occurs on another haplotype than A1A1.  

 

Supplementary Fig. 1: Schematic representation of the localization of putative G4 and 

associated SNPs in TP53. Sequences of the regions containing G4-1 in the proximal part of 

intron 1 (A), G4-2 in the distal part of intron 1 (B) and G4-4 in intron 6 are shown (C). G-

tracts domains forming putative G4 are shown in bold. The position of polymorphisms is 

underlined. 
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Table 1: Mean age at 1
st
 cancer diagnosis depending on TP53 polymorphism genotypes and TP53 

mutation family.  

 

   WT2 MUT 

   n Mean SD n Mean  SD 

rs17878362 

A1/A1  90 37.91 17.06 40 30.65 19.84 

A1/A2  29 39.14 15.22 11 43.36 19.00 

A2/A2  2 35.50 12.02 1 9.00 - 

 Group 0.959   0.081   

P value All 0.747   0.044   

 Without 0.918   0.088   

rs17880560 

A1/A1  59 39.56 16.43 40 32.58 21.36 

A1/A2  43 38.19 16.35 8 45.88 11.68 

A2/A2  12 32.67 18.60 1 14.00 - 

 Group 0.410   0.068   

P value All 0.442   0.020   

 Without 0.426   0.152   

rs1042522 

G/G*  68 37.96 18.09 35 33.29 21.11 

G/C*  46 37.76 14.87 16 35.63 19.89 

C/C*  7 42.86 9.63 2 19.50 14.85 

 Group 0.569   0.440  

P value All 0.609   0.545  

 Without 0.742   0.582  

WT2: WT subjects in WT families 

MUT: Mutant subjects in mutant families 

SD: Standard deviation 

Group: P value calculated with weight in the analyzed group. In bold, significative P value 

All: P value calculated with weight in the all cohort. In bold, significative P value 

Without: P value without weight. In bold, significative P value 

*: G corresponds to the Arginine and C to the Proline variants 
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Table 2: Mean age at 1
st
 cancer diagnosis depending on TP53 haplotypes and TP53 mutation family status. 

One allele, corresponding to the frequent allele (rs17878362-A1 and rs17880560-A1), is fixed and the haplotype 

frequencies correspond to the second allele.  

 

rs17878362 rs17880560 
WT2 MUT 

n Mean SD n Mean SD 

A1 A1 42 39.36 17.36 35 29.31 20.15 

A1 A2 35 37.11 15.89 6 46.47 15.05 

A2 A1 18 37.17 15.05 7 41.71 22.69 

A2 A2 3 45.33 10.69 1 50.00    - 

 Group 0.864   0.019   

P value All 0.869   0.035   

 Without 0.800   0.138   

WT2: WT subjects in WT families 

MUT: Mutant subjects in mutant families 

SD: Standard deviation 

Group: P value calculated with weight in the analyzed group. In bold, significative P value 

All: P value calculated with weight in the all cohort. In bold, significative P value 

Without: P value without weight. In bold, significative P value 
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Supplementary Table 1: Overall description of the cohort  
 

FAMILIY DESCRIPTION (n=145) 

    n (%) 

LFS Criteria*   

 Classic 15 (10.34) 

 Chompret 63 (43.45) 

 Birch 3 (2.07) 

 Eeles   64 (44.14) 

Mutation status   

 WT 110 (75.86) 

 R337H 19 (13.10) 

 Others mutations 16 (11.03) 

SUBJECT DESCRIPTION (n=402) 

   n (%) 

Sex   

 Male 141 (36.15) 

 Female 249 (63.84) 

Mean age and cancer   

 Mean age (year) 46  

 Cancer 196 (48.76) 

 Mean age first diagnosis of cancer (year) 37  

Mutation Status   

 WT in WT family (WT2) 157 (39.05) 

 WT in MUT family (WT1) 147 (36.57) 

 R337H 70 (17.41) 

 Others mutations 28 (6.97) 

 

*: see definitions of criteria at http://p53.iarc.fr/Download/LFSdefs.pdf 
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Supplementary Table 2: Primers and PCR conditions used for TP53 mutation screening, TP53 and Mdm2 genotyping. PCR programme A corresponds to 94°C 2 min – 

50x (94°C 30 sec – Tm 45sec – 72°C 45 sec) – 72°C 10 min; B to 94°C 2 min – 20x (94°C 30sec – Tm1 decreased of 0.5°C each 3 cycles 45sec – 72°C 1 min) – 30x (94°C 30 

sec – Tm2 45 sec – 72°C 1 min) – 72°C 10 min; and C to 95°C 15 min – 50x (94°C 30 sec – Tm 30 sec – 72°C 30 sec) – 72°C 10 min. In bold italics are the polymorphisms, 

which showed allelic variation in the study with a MAF greater than 4% and in bold these presenting a MAF less than 4%.. 

 

Gene Regions Primer sequences (5’-3’) PCR programme Polymorphisms 

  Forward Reverse   

TP53 

Intron1 start tcccatgtgctcaagactgg agcaccgggtggatgtgca A (Tm 62°C) rs17884410 

rs34686922 

rs17886250 

rs55680224 

rs145410568 

rs17883908 

rs55651612 

Intron1 end gggagtggttgttaagagatg tgcaccctattcccaactcc A (Tm 62°C) rs1794285 

rs183764174 

rs113868252  

rs12944960 

rs1642784 

rs12944939 

(=rs17880892) 

rs191229483 

rs4380105 

rs147856400 

rs9894227 

rs34576726 (=rs151112663=rs71856623=rs138734480 

=rs148946608=rs71919373) 

rs138932666 

Exons 2 to 4 tctcatgctggatccccact atacggccaggcattgaagt A (Tm 61°C) rs143458271 

rs201382018 

rs1800369 

rs184743157 

rs68134313 (=rs68134314=rs68134315) 

rs2307495 (=rs34067591=rs34967591) 

rs1642785 = TP53 PIN2  

(=rs17880422) 

rs2307496 (=rs25584095=rs34275090) 

rs201753350 

rs200053580 
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rs139100308 

rs138066738 

rs1502000764 

rs66510636 

rs17878362 = TP53 PIN3 

rs146534833 

rs67651209 (=rs67651211=rs67651210) 

rs138445402 

rs66479507 

rs67112752(=rs67112760=rs67112763=rs67112764 

=rs67112756=rs67112755=rs67112758=rs67112761 

=rs67112757=rs67112762=rs67112759=rs67112754=rs67112753) 

rs17883323 (=rs35134940) 

rs200989844 

rs202217267 

rs35117667 

rs11575998 

rs121912661 

rs1800370(=rs11540653=rs4134783=rs17883643=rs4987029) 

rs1800371(=rs4134782=rs17883642=rs4987028) 

rs201741778 

rs144386518 

rs142216275 

rs66702588 

(=rs66702590=rs66702598=rs66702591=rs66702593=rs66702599

=rs66702596=rs66702600=rs66702595=rs66702601=rs66702592 

=rs66702597=rs66702602=rs66702594=rs66702589) 

rs1042522 = TP53 PEX4 

(=rs17844988=rs17882155=rs4134781=rs2229076 

=rs60388830=rs17857747=rs3174747) 

rs56275308 

rs201717599 

rs55754907 

rs66998338 

rs11540654 

rs121912658 

rs55863639 

rs67736424 

rs68140816 
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rs67336196 

Exons 5 to 6 tgttcacttgtgccctgact ttaacccctcctcccagaga B (Tm1 63°C; Tm2 60°C)  

Intron 6 ctggtttgcaactggggtct ccttggcctcccaaagtgc B (Tm1 65°C; Tm2 62°C) rs200372146 

rs35163653 

rs34949160 

rs17884607 

rs1625895 

(=rs17883831) 

rs35177338 (=rs59257978) 

rs8069054 (=rs17884987) 

Exon7 aggcgcactggcctcatctt tgtgcagggtggcaagtggc C (Tm 60°C) - 

Exons 8 to 9 ttgggagtagatggagcct agtgttagactggaaacttt B (Tm1 63°C; Tm2 60°C) - 

Exon 10 caattgtaacttgaaccatc ggatgagaatggaatcctat B (Tm1 63°C; Tm2 60°C) - 

Exon 11 agaccctctcactcatgtga tgacgcacacctattgcaag B (Tm1 63°C; Tm2 60°C) - 

3’UTR and 

3’Flank  

acattctgcaagcacatctgc ccgtaatccttggtgagagg A (Tm 62°C) rs139306032 

rs78378222 

rs17883782 

rs17884947 

rs1794294 

rs55939109 

rs147976274 

rs117562731 

rs199986063 

rs187433842 

rs1794295 

rs151186587 

rs17880560 

(=rs140608273= rs72526905= rs79948390= rs66470553) 

rs1614325 

rs1614984 

(=rs36206383=rs17881740) 

3’ Flank cctctcaccaaggattacgg tcattcagctacctggcatg A (Tm 62°C) - 

Mdm2  gagggctttgatgttcctga gctactagaagttgatggc A (Tm 63°C) rs2279744 

Page 36 of 41Carcinogenesis

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50



A
rticle

 2
 
rs1

7
8
7
8
3
6
2
 in
 L
F
S
 p
a
tie
n
ts 

 

 
1

6
5
 

For Peer Review

Supplementary Table 3: Distribution of genotypes and HWE for 7 TP53 polymorphisms in LFS/LFL and in 4 control groups. The 4 control groups correspond to 3 

HapMap groups (Caucasian, Asian and African) and to the Brazilian Control group.  

 

   HapMap       

Symbol rs number Genotypes African Asian Caucasian Brazilian controls LFS/LFL (45) 

   n MAF p HWE n MAF p HWE n MAF p HWE n MAF p HWE n MAF p HWE 

A rs12944939 G/G 62 0.16 0.86 42 0.32 0.39 76 0.07 0.02 256 0.08 0.54 230 0.04 <0.01 

  G/A 24   35   9   44   13   

  A/A 2   11   2   1   4   

B rs1642785 G/G 18 0.55 0.64 18 0.55 0.58 57 0.22 0.02 218 0.28 0.69 204 0.26 0.07 

  G/C 39   39   23   170   161   

  C/C 26   27   8   30   19   

C rs17878362 A1/A1 50 0.27 0.21 87 0.02 0.87 71 0.10 0.32 300 0.16 0.51 255 0.18 0.04 

  A1/A2 31   3   17   107   123   

  A2/A2 9   0   0   12   6   

D rs1042522 G/G* 39 0.33 0.71 19 0.55 0.66 57 0.21 0.04 208 0.30 0.51 210 0.26 0.12 

  G/C* 41   42   22   169   16   

  C/C* 9   28   7   40   20   

E rs1625895 G/G 45 0.30 0.31 85 0.02 0.87 75 0.08 0.04 247 0.12 0.52 101 0.13 0.83 

  G/A 33   3   14   66   31   

  A/A 10   0   0   6   2   

F rs17880560 A1/A1 38 0.34 0.67 80 0.06 0.58 47 0.27 0.72 167 0.29 0.19 234 0.22 0.26 

  A1/A2 41   10   33   151   119   

  A2/A2 9   0   7   24   21   

G rs1614984 C/C 36 0.35 0.74 38 0.37 0.25 30 0.42 0.85 132 0.28 <0.01 194 0.29 0.17 

  C/T 41   37   42   66   143   

  T/T 10   15   16   31   37   

MAF: Minor allele frequency for Caucasian population 

p HWE: P value of the Hardy-Weinberg equilibrium chi-square. In bold, significative P value 

*: G corresponds to the Arginine and C to the Proline variants 
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Supplementary Table 4: Comparison between cancer pattern in LFS/LFL cohort and the IARC TP53 

database for germline mutation. 

 

Cancer type IARC Database* Brazilian LFS/LFL cohort 

R337H Others mutations WT2 

       n       %   n       %        n         %      n          % 

Breast 306 46.65 13 54.17 6 42.86 38 46.34 

STS 153 23.32 5 20.83 5 35.71 33 40.24 

Brain 131 19.97 2 8.33 1 7.14 8 9.76 

ADR 66 10.06 4 16.67 2 14.29 3 3.66 

 

* Version R16 
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Supplementary Table 5: Mean age at 1
st
 cancer onset according to genotypes in groups and TP53 mutations.  

 

   WT WT1 R337H Other 

   n Mean SD       n Mean SD       n Mean SD       n Mean SD 

rs17878362 

A1/A1  100 38.61 16.90 10 44.90 14.59 26 33.50 20.15 14 25.36 18.79 

A1/A2  34 41.18 15.89 5 47.75 21.06 7 48.71 13.89 4 34.00 25.18 

A2/A2  3 38.67 10.12 1 45.00 - 0 - - 1 9.00 - 

 Group 0.888   0.575   0.175   0.518   

P value All 0.656   0.109   0.185   0.462   

 Without 0.894   0.957   0.071   0.523   

rs17880560 

A1/A1  68 40.51 16.80 9 47.50 19.02 28 35.11 20.61 12 26.67 22.81 

A1/A2  46 38.24 15.93 3 39.00 9.85 4 46.25 14.52 4 45.50 10.34 

A2/A2  14 34.14 18.04 2 43.00 15.56 0 - - 1 14.00 - 

 Group 0.385   0.870   0.291   0.137   

P value All 0.455   0.916   0.138   0.059   

 Without 0.401   0.762   0.308   0.244   

rs1042522 

G/G*  76 38.45 17.78 8 42.63 15.17 23 33.96 20.23 12 32.00 23.56 

G/C*  53 39.15 15.47 7 49.83 17.21 10 43.10 18.25 6 23.17 17.01 

C/C*  8 43.13 8.95 1 45.00 - 0 - - 2 19.50 14.85 

 Group 0.670  0.147   0.707   0.668 

 0.809 

 0.603 

  

P value All 0.569  0.036   0.493    

 Without 0.747  0.714   0.229    

WT1: WT in mutant families 

Other: TP53 mutant carriers with a mutation different to R337H 

SD: Standard deviation 

Group: P value calculated with weight in the analyzed group 

All: P value calculated with weight in the entire cohort 

Without: P value without weight 

*: G corresponds to the Arginine and C to the Proline variants 
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Supplementary Table 6: Mean age at 1
st
 cancer onset according to genotypes in groups and TP53 

mutations. 

 

   WT2 Mut 

        n Mean SD      n Mean SD 

rs12944939 

G/G  99 37.79 16.76 39 32.10 21.19 

G/A  7 40.57 15.55 1 46.00 - 

A/A  0 - - 0 - - 

 Group 0.675   0.458   

P value All 0.511   0.684   

 Without 0.671   0.521   

rs162785 

G/G  68 37.63 17.73 33 31.21 20.78 

G/C  46 38.24 15.50 16 38.56 19.80 

C/C  7 42.86 9.63 2 19.50 14.85 

 Group 0.627   0.354   

P value All 0.591   0.703   

 Without 0.730   0.321   

rs1625895 

G/G  72 38.06 16.91 22 26.95 20.24 

G/A  22 41.41 15.61 7 41.86 20.68 

A/A  0 - - 1 9.00 - 

 Group 0.410   0.159   

P value All 0.236   0.200   

 Without 0.410   0.159   

rs1614984 

C/C  48 41.00 17.01 34 31.76 21.58 

C/T  52 50.20 17.37 11 43.09 18.21 

T/T  14 43.00 15.56 4 32.50 13.87 

 Group 0.795   0.578   

P value All 0.839   0.303   

 Without 0.799   0.265   

Mdm2 rs2279744 

T/T  51 40.35 16.62 25 37.36 18.94 

T/G  50 33.96 16.80 25 27.04 20.52 

G/G  18 45.11 11.45 3 54.67 11.93 

 Group 0.090   0.020    

P value All 0.177   0.030    

 Without 0.034   0.024    

SD: Standard deviation 

Group: P value calculated with weight in the analyzed group 

All: P value calculated with weight in the entire cohort 

Without: P value without weight 
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Supplementary Table 7: Haplotype reconstruction based on 5 SNPs according to TP53 mutation status.  
 

  WT2 MUT 

Mutation Haplotype
$
*     n % group % All % without       n % group % All % without 

WT 

G-A1-G-A1-C 148 47.72 47.72 47.44 48 24.61 23.54 25.81 
G-A1-G-A2-T 75 22.79 22.79 24.04 14 8.52 7.74 7.53 

C-A2-C-A1-T 40 12.81 12.81 12.82 14 7.28 6.66 7.53 
C-A1-C-A1-T 15 4.73 4.73 4.81 5 3.69 4.19 2.69 
C-A1-C-A2-T 11 3.89 3.89 3.53 2 0.53 0.74 1.08 
C-A1-C-A1-C 7 2.91 2.91 2.24 4 2.19 2.70 2.15 
C-A2-C-A2-T 3 1.38 1.38 0.96 0 - - - 
C-A1-G-A2-T 2 0.18 0.18 0.64 1 0.05 0.02 0.54 
G-A1-C-A1-C 2 0.61 0.61 0.64 1 1.43 2.14 0.54 
G-A2-G-A1-C 2 0.31 0.31 0.64 1 0.05 0.02 0.54 

C-A1-C-A2-C 1 0.23 0.23 0.32 5 3.69 4.19 2.69 
C-A2-G-A1-T 1 0.46 0.46 0.32 0 - - - 
C-A2-C-A1-T 1 0.46 0.46 0.32 1 0.18 0.07 0.54 
C-A2-C-A2-C 0 - - - 1 1.43 2.14 0.54 

G-A1-G-A1-T 1 0.46 0.46 0.32 1 0.05 0.02 0.54 
G-A1-C-A1-T 1 0.46 0.46 0.32 0 - - - 
G-A1-C-A2-T 1 0.46 0.46 0.32 0 - - - 
G-A2-C-A2-T 1 0.15 0.15 0.32 0 - - - 

MUT 

G-A1-G-A1-C 0 - - - 86 43.57 45.68 46.24 

C-A2-C-A2-C 0 - - - 4 2.86 1.61 2.15 
C-A1-C-A2-T 0 - - - 1 1.43 2.14 0.54 
G-A1-G-A1-T 0 - - - 1 1.43 0.27 0.54 
C-A2-G-A1-C 0 - - - 1 0.71 0.31 0.54 

% group: Percentage calculated in each group weight 

% All: Percentage calculated in the entire cohort 
% without: Percentage calculated without weight 
$: rs162785, rs17878362, rs1042522, rs17880560 and rs1614984 
*: G corresponds to the Arginine and C to the Proline variants 
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Part III. Role  of  G4s  in  intron  3  on  p53  mRNA 

splicing and p53 protein isoform expression  

 This section summarizes the data presented in two annexed manuscripts. One is 

published in Carcinogenesis (G-quadruplex structures in TP53 intron 3: role in alternative 

splicing and in production of p53 mRNA isoforms), 32(3):271-8. The other is presented as a 

draft manuscript (Impact of G-quadruplex structures and the polymorphisms rs17878362 and 

rs1642785 on the expression of TP53 transcripts). Figure and Table numbers correspond to 

those from the publications. 

 

Background 

 TP53 gene expression is complex with different transcripts that encode up to 12 

protein isoforms with different N- and/or C-terminal domain (Marcel et al 2011). The mRNA 

from the proximal promoter generates two different N-terminal isoforms: the FSp53 mRNA, 

which encodes the TAp53 or the canonical p53 protein and the Δ40p53 protein lacking the 

first 39 aas by an internal translation and the p53I2 mRNA, which encodes the Δ40p53 

protein. The internal promoter located between intron 1 and exon 5 can also produce another 

p53 mRNA, the p53I4, which generates the formation of two N-terminal protein isoforms: the 

Δ133p53 and the Δ160p53 isoforms.   

 Several years ago, tri-dimensional RNA structures formed by G4 were identified as 

new regulators of mRNA splicing. G4 structures are formed in G-rich sequences of DNA or 

RNA by stacks of “plates” of four guanines linked by Hoogsteen hydrogen bonds 

(Manuscript 1, Figure 1) (Gomez et al 2004). At the RNA level, G4s may play many 

different functions such as modifying the structures and the functions of the non-coding 

mRNA (Henn et al 2008), modulating the translation of the mRNA when they are located in 

the 5’ un-translated region of this mRNA (Kumari et al 2007) or modifying the splicing and 

the expressions pattern of some genes like hTERT (Gomez et al 2004) and Bcl-X (Hai et al 

2008). 
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 Intron 3 of the TP53 gene contains G-tracts organised in a pattern similar to the G4 

structure. Given the very small size of successive introns and exons in that area of the gene, 

the G-rich tract is located at around 100 bp from the acceptor-splicing site of intron 2, within 

the canonical distance for the binding of splicing regulatory machinery. Given that alternative 

splicing of intron 2 leads to a transcript that encodes the Δ40p53 isoforms, we hypothesised 

that the formation of G4 in intron 3 may modulate the alternative splicing of intron 2 and the 

formation of the p53I2 mRNA. 

Results 

 The use of the prediction softwares Quadfinder and QGRS Mapper identified that the 

G-rich tract of intron 3 could form several stable G4 structure. First, we demonstrated the 

physical existence of these structures in intron 3 using Reverse Transcriptase elongation assay 

(Manuscript 1, Figure 3) and by monitoring the biophysical characteristics of mRNA 

oligonucleotides encompassing the G-rich region using UV melting and UV thermal 

difference spectra (Manuscript 1, Figure 2). These biochemical and biophysical studies 

provided direct evidence for G4 structures forming in intron 3 of p53 pre-mRNA, involving in 

particular two repeats of six guanines. 

 Secondly, we studied the impact of this structure in the alternative splicing of intron 2 

by two different approaches: a biochemical method based on the use of a reporter assay 

mimicking the alternative splicing of intron 2 in which we have mutated the guanines 

implicated in the G4 structures to disrupt their formation; and a biological approach involving 

the treatment of lymphoblastoid cell lines with 360A, a drug which modulates G4 structures 

formed in RNA (Manuscript 1, Figure 5A). Results have shown that G4 structures in intron 

3 are implicated in the regulation of the exclusion of intron 2 (Manuscript 1, Figures 4, 5B 

and Figure 21 of this Thesis). The stabilisation of the G4 structures in the intron 3 using 

A360 increased the exclusion of intron 2 and the formation of the FSp53 mRNA.  
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Figure 21: GFP-reporter splicing assay to analyze the role of G4s in alternative splicing of intron 2. (A) 

Schematic representation of constructs used in the GFP-based reporter system. A fragment from exon 2 to exon 

4, excluding both ATG 1 and 40, was cloned into the GFP-Pos plasmid (serving as positive control) to construct 

the GFP-E2E4 reporter. With this reporter, GFP fluorescence is generated only after correct excision of intron 2, 

since the latter contains stop codons that preclude protein synthesis from ATG1 (stars). Arrow: CMV promoter 

and Kozak sequence. (B) Mutations disrupting G4s in GFP-E2E4 reporter. Guanines involved in G4s were 

mutated (green letters). The synthetic RNA Oligo4 was designed to verify by spectroscopic methods that 

mutation of these guanines prevented the formation of G4s. (C) mRNA expression analysis of GFP-E2E4, Δ and 

ΔΔ mutants. Constructs were transfected in H1299 cells and their expression was analyzed by semi-quantitative 

RT-PCR and agarose gel electrophoresis. As compared to GFP-E2E4, a decrease in fully spliced mRNA (FS-

GFP) and an increase of intron 2 retaining mRNA (I2-GFP) were observed. Actin: loading control; neomycin: 

control of transfection efficiency. (D) Analysis of GFP fluorescence of transfected H1299 by flow cytometry. 

Compared to GFP-Pos GFP-E2E4. *: p < 0.05; t-student test based on duplicate of five independent experiments.  

 

 In a continuation of this study (Manuscript 2), we have determined whether G4s 

could form in the context of intron 3 sequences carrying the rs17878362 duplication (A2 

allele). This was demonstrated using using UV melting, Reverse transcription elongation 

assay and UV thermal difference spectra (Manuscript 2, Figures 1 and 2). Studies 

comparing the levels of p53 mRNA expression between lymphoblastoid cell lines 

homozygous for the A1 or A2 alleles suggested that there was an allele-specific difference in 

the level of expression of p53I2, which was statistically lower the two rs17878362 A2 than in 

the two rs17878362 A1 homozygous lymphoblastoid cell lines (Manuscript 2, Figure 3). 

After treatment with the RNA binding ligand 360A (Figure 22 of this Thesis) or IR, the 
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FSp53 mRNA levels were increased and p53I2 levels decreased in the A1A1 cell lines, 

suggesting that under these conditions full splicing is favoured Such a trend was not observed 

in the A2A2 cells. In addition, carriage of the intron 2 rs164278 (G > C) C allele, which is in 

strong linkage disequilibrium with the A2 allele, was associated with a lower p53I2 transcript 

stability. This reduced stability may contribute to the differential expression of p53I2 mRNA 

levels observed in the A1 and A2 polymorphic sequence context. 
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Figure 22: Effect of the G4 ligand 360A on expression of p53 transcript for A1A1 and A2A2 for 

rs17878362 lymphoblastoïd cell lines. Quantitative reverse transcription-PCR analysis of mRNA isolated from 

lymphoblastoïd cells using Sybr-Green. Cells were treated for 48h with 500 nM of 360A and levels of (A) 

FSp53 and (B) p53I2 were measured. 
*
 P < 0.05 ; Student’s t-test based on triplicate of at least five independent 

experiments.  
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Conclusion 

 G4 structures are present in intron 3 of the TP53 pre-mRNA and modulate the 

regulation of the alternative splicing of intron 2 by increasing the exclusion of intron 2 and the 

expression of FSp53 mRNA. These results are supported by results comparing levels of p53 

mRNA in lymphoblastoid cells with A1A1 or A2A2 genotypes. It remains to be demonstrated 

how the alteration of the balance between FSp53 and p53I2 mRNAs may impact on p53 

functions. One possibility is that changes in p53 splicing may modulate the relative levels of 

expression of TAp53 and of the Δ40p53 protein isoforms.  
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The tumor suppressor gene TP53, encoding p53, is expressed as
several transcripts. The fully spliced p53 (FSp53) transcript enco-
des the canonical p53 protein. The alternatively spliced p53I2 tran-
script retains intron 2 and encodes D40p53 (or DNp53), an isoform
lacking first 39 N-terminal residues corresponding to the main
transactivation domain. We demonstrate the formation of G-quad-
ruplex structures (G4) in a GC-rich region of intron 3 that modu-
lates the splicing of intron 2. First, we show the formation of G4 in
synthetic RNAs encompassing intron 3 sequences by ultraviolet
melting, thermal difference spectra and circular dichroism spec-
troscopy. These observations are confirmed by detection of G4-in-
duced reverse transcriptase elongation stops in synthetic RNA of
intron 3. In this region, p53 pre-messenger RNA (mRNA) contains
a succession of short exons (exons 2 and 3) and introns (introns 2
and 4) covering a total of 333 bp. Site-directed mutagenesis of G-
tracts putatively involved in G4 formation decreased by #30% the
excision of intron 2 in a green fluorescent protein-reporter splicing
assay. Moreover, treatment of lymphoblastoid cells with 360A,
a synthetic ligand that binds to single-strand G4 structures, in-
creases the formation of FSp53 mRNA and decreases p53I2 mRNA
expression. These results indicate that G4 structures in intron 3
regulate the splicing of intron 2, leading to differential expression
of transcripts encoding distinct p53 isoforms.

Introduction

The tumor suppressor p53 protein controls antiproliferative responses
to various forms of stress (1). Its function is impaired in .50% of
human cancer, mainly by mutation (2). TP53 gene expression is
complex, with different transcripts encoding isoforms carrying dis-
tinct N- and C-termini (3,4). To date, 10 isoforms have been identified
resulting from the usage of alternative promoters, splice sites and/or
translational initiation sites (5). Several of these isoforms differ in
their N-terminal region. The N-terminus of p53 contains the main
transactivation domain (residues 1–42, transactivation domain I) as
well as the binding site of Hdm2, which targets p53 for proteasome
degradation and regulates p53 stability (1). Transcription of p53 mes-

senger RNA (mRNA) from the proximal promoter generates two
proteins with distinct N-terminal domain. The first corresponds to
the canonical p53 protein, assembled from the fully spliced p53
(FSp53) mRNA that retains 11 exons. This protein induces p53-me-
diated growth suppression in response to stress. The second isoform,
D40p53 (or DNp53), is assembled from an alternatively spliced
mRNA retaining intron 2 (p53I2) and lacks the first 39 residues,
corresponding to transactivation domain I, as well as Hdm2-binding
site (3,6). The use of an internal promoter located in a region between
intron 1 and exon 5 generates a third N-terminal isoform, D133p53,
which lacks the first 132 residues (5).
When expressed in excess to p53, D40p53 inhibits transcriptional

activity and interferes in the control of cell cycle progression and apo-
ptosis by exerting a negative effect on the expression of p53-target genes
(3,6,7). However, the biological circumstances and the molecular
mechanisms regulating D40p53 expression are still poorly known. Re-
tention of intron 2 in p53I2 mRNA introduces several stop codons in the
reading frame of AUG 1, thus preventing the synthesis of a full-length
p53 protein. However, p53I2 mRNA can be translated using AUG 40 as
initiation site, generating a protein isoform which differs from the
canonical p53 by the lack of the first 39 residues. Expression of
p53I2 transcript has been reported in cell lines, such as MCF-7, in
normal lymphocytes and in primary melanoma isolates (7,8). However,
the mechanism that regulates the splicing of p53 pre-mRNA into FSp53
or p53I2 is not understood. D40p53 protein isoform can also be pro-
duced by internal ribosomal entry site-regulated internal initiation of
translation using FSp53 mRNA (9,10).
In recent years, it has been proposed that tridimensional RNA struc-

tures such as G-quadruplexes may play important roles in regulating
splicing (11). These structures result of the propensity of G-rich se-
quences to fold into four-stranded cation-dependent structures (12).
They are formed by the interaction of four guanines organized in a
cyclic Hoogsteen hydrogen bonding arrangement termed a G-quartet
and by the stacking of several G-quartets (Figure 1A). It is estimated
that over 376 000 sequences in the human genome have the potential to
adopt G-quadruplex structures, most of them located in non-coding
regions (13,14). At the RNA level, G-quadruplexesmay play a number
of roles. In non-coding RNAs, they can affect their structures and func-
tions (15,16). In 5#-untranslated region of mRNAs, G-quadruplexes
have been shown to modulate translation (17,18). When present in
introns, G-quadruplexes can affect the splicing and expression patterns
of genes such as hTERT (human telomerase reverse transcriptase), Bcl-
xL or FMRP (Fragile X mental retardation protein) (11,19,20).
The sequence of intron 3 in TP53 contains tracts of G bases orga-

nized in a pattern similar to the one of regions forming G-quadruplex
structures. Since exon 3 in TP53 is extremely short (22 bp), we rea-
soned that motifs located in intron 3 might have an effect on the
regulation of the splicing of intron 2. In this study, we provide an
evidence for the formation of G-quadruplex in TP53 intron 3 and that
these G-quadruplex structures may affect the splicing of intron 2,
modulating the synthesis of either FSp53 (intron 2 spliced out) or
p53I2 (intron 2 retained) mRNAs, which encode different p53 protein
isoforms.

Materials and methods

Synthetic RNA oligomers and compounds

RNA oligomers derived from intron 3 of p53 RNA and containing several G-
tracts (Figure 1B and C, Table I) were synthesized from IBA (Göttingen,
Germany) at 0.2 lmol scale and resuspended in 20–40 ll of bidistilled water
(ddH2O). Concentrations of oligomers were determined by ultraviolet (UV)
absorbance. The compound 360A [(2,6-N,N#-methyl-quinolinio-3-yl)-
pyridine dicarboxamide] was stored in dimethyl sulfoxide and further diluted
in ddH2O for treating lymphoblastoid cell line for 48 h (21).

Abbreviations: CD, circular dichroism; FSp53, fully spliced p53; GFP, green
fluorescent protein; mRNA, messenger RNA; PCR, polymerase chain reaction;
RT, reverse transcriptase; TDS, thermal difference spectra; UV, ultraviolet.

! The Author 2010. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com 271
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UV melting

The thermal stability of oligonucleotides was characterized in heating/cooling
experiments by recording UV absorbance at 295 nm as a function of temper-
ature using an Uvikon XL UV/Vis spectrophotometer (22). UV-melting experi-
ments were conducted as described previously in 10 mM lithium cacodylate
buffer, pH 7.2 containing either 100 mM LiCl, 100 mM NaCl or KCl at
concentrations of 2 or 10 mM (23). Oligomers were tested at 3 lM strand
concentration. The heating and cooling rates were 0.2!C/min. Experiments
were performed in 1 cm path length quartz cuvettes.

UV thermal difference spectra

Thermal difference spectra (TDS) were obtained by difference between the
absorbance spectra from unfolded (at high temperature, .90!C) and folded
oligonucleotides (at low temperature, !3!C). TDS provide specific signatures
demonstrating G-quadruplex formation (24). Spectra were recorded between
220 and 330 nm at pH 7.0 in 100 mM NaCl in an Uvikon XL UV/Vis spec-
trophotometer using quartz cuvettes with an optical path length of 1 cm. RNA
strand concentration was 3 M.

Circular dichroism spectroscopy

Circular dichroism (CD) spectra were recorded between 200 and 330 nm on
a JASCO-810 spectropolarimeter as described previously (25). Spectra were
recorded after heating/cooling experiment and at low temperature (.4!C).
Oligomers were tested at 3 M strand concentration.

Fluorescence resonance energy transfer melting assay

The F21T oligonucleotide, mimicking human telomeric motifs and double-
labeled with FAM and TAMRA at either end, was synthesized by Eurogentec

(Seraing, Belgium) (Table I). Briefly, in the presence of 360A, this oligonu-
cleotide folds into a stable G-quadruplex, thus allowing fluorescence transfer
to occur. The melting of the F21T probe was recorded by measuring fluores-
cence emission as a function of temperature. Different unlabeled oligomers
were used as competitors, including the G-quadruplex-forming Oligos 1, 2 and
3, the non-G-quadruplex forming Oligo4 and two negative control oligonu-
cleotides which do not contain G-tracts (Table I) (26,27).

Reverse transcriptase elongation assay

Intron 3 RNA was synthesized by in vitro transcription with T7 RNA poly-
merase (Promega, Madison, WI) of a linearized pBSK plasmids containing
intron 3. One microgram of pBSK, denatured in 0.2 N NaOH and 0.2 mM
ethylenediaminetetraacetic acid (37!C 30 min), was sequenced using Sequenase
T7 (Amersham, Pittsburgh, PA). Primer extensions were performed on 8 lmol
of intron 3 RNA and 104 c.p.m. of 32P-labeled BSK-R primer. Denaturation
(95!C 1 min) and annealing (24!C 10 min) were completed in specific buffer
(100 mM NaCl or KCl, 25 mM Tris–HCl pH 8.3, 10 mM MgCl2 and 0.2 mM
deoxynucleoside triphosphates) before extension (37!C, 30 min) using 30 U of
AMV reverse transcriptase (RT) (Promega). Products were analyzed on 10%
polyacrylamide–8 M urea gels following by autoradiography.

Green fluorescent protein-based reporter system

A PvuI restriction site was introduced into the pEGFP-N3 plasmid immedi-
ately after the first ATG of green fluorescent protein (GFP) to produce the GFP-
Pos plasmid. A negative control plasmid was produced by Klenow fragment
digestion at PvuI site. A fragment from exon 2 to exon 4 of TP53 gene,
excluding ATG 1 and 40, was cloned into the PvuI restriction site of GFP-
Pos plasmid. Mutant GFP-D and GFP-DD plasmids were produced by
QuickChange" site-directed Mutagenesis Kit (Stratagene, Santa Clara, CA)
(supplementary Table I available at Carcinogenesis Online). In six-well plates,
5 " 105 of H1299 p53-null cells were transfected with 0.2 lg/ml of these
plasmids using Fugene (Roche, Basel, Switzerland), RNA expression was
analyzed by reverse transcription–polymerase chain reaction (PCR) (supple-
mentary Table IIis available at Carcinogenesis Online), whereas GFP protein
fluorescence was analyzed by flow cytometry.

Real-time PCR analysis

A lymphoblastoid cell line (BC9) expressing wild-type p53 and derived from
breast cancer patient was used (28). Total RNA was extracted using Trizol
Reagent (InvitrogenTM, Carlsbad, CA). The level of each N-terminal variant
p53 mRNAwas analyzed using QuantiTectTM Syber"Green PCRKit (Qiagen,
Hamburg, Germany) and specific primers (supplementary Table I available at
Carcinogenesis Online and Figure 5B) and normalized to that of glycerAlde-
hyde 3-phosphate dehydrogenase. The DCt was calculated as an average of
three measurements by plate for two quantitative reverse transcription–PCR of
at least two independent experiments.

Fig. 1. Schematic representation of G-quadruplex and G-rich sequences in intron 3 of TP53. (A) Formation of G-quadruplex structure based on G-quartet
element. Middle panel: tridimensional representation of a G-quadruplex; right panel: bidimensional representation of a G-quartet, stabilized by cations. (B) Partial
sequence of TP53 pre-mRNA from end of exon 3 to start of exon 4. Exonic sequences (blue), intronic sequences (black) and G-repeats (red and orange, three and
two guanines, respectively) are shown. (C) Location and sequence of synthetic RNA oligomers 1, 2 and 3.

Table I. List of the oligomers used in this study

Oligomer name Sequence (5#–3#)
Oligo1 AGGGUUGGGCUGGGACCUGGAGGGC
Oligo2 AGGGUUGGGCUGGGACCUGGAGGG-

CUGGGGGGGCUGGGGGGC
Oligo3 AGGGCUGGGGGGGCUGGGGGGC
Oligo4 AGGGCUCACCACCCUCACCACC
RF16a AAAAAAAAUUUUUUUU
RK50a CGUAACGUUACG
G4-RNA 22 nts AGGGUUAGGGUUAGGGUUAGGG
G4-RNA 46 nts AGGGUUAGGGUUAGGGUUAGGGUUAGG-

GUUAGGGUUAGGGUUAGGGG

aSelf complementary RNA duplexes.

V.Marcel et al.
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Statistical analyses

Analysis of variance and Student’s t-tests were performed using online tools
(http://faculty.vassar.edu/lowry/VassarStats.html).

Results

G-quadruplex structures in intron 3 of p53 mRNA

TP53 intron 3 (93 bp) is rich in G bases (41%). To analyze whether
this TP53 region may contain motifs capable of formingG-quadruplex,
the prediction software Quadfinder server and the web-based server
QGRSMapper were used (29,30). Using default parameters to predict
G-quadruplex motifs over the whole gene sequence, four candidate
regions were identified: two regions in intron 1, one in intron 3 and
another in intron 6 (data for intron 3 in supplementary Figure 1A and
Bis available at Carcinogenesis Online; data for other introns not
shown). The predicted G-quadruplex-forming motif in intron 3 was
located 60 bp downstream of the splice acceptor site of intron 2
(supplementary Figure 1A and Bis available at Carcinogenesis On-
line). This motif is predicted to carry up to 5 G-tracts sequences
capable of forming G-quadruplex structures (supplementary Figure
1A and Bis available at Carcinogenesis Online).
To demonstrate the formation of G-quadruplex structures in TP53

intron 3, we synthesized three RNA oligomers derived from the G-
rich region of intron 3 (Figure 1C, Table I) and we analyzed their
thermal stability under different ionic conditions by UV melting
(Figure 2A). For each of the three oligomers, the highest melting
temperatures (Tm) were observed in Kþ (10 mM) buffer (Oligo1:

57!C; Oligo2: 66.5!C and Oligo3: 75!C). Tm was dependent on the
nature of the cation, with Tm (Liþ 100 mM) , Tm (Naþ 100 mM)
, Tm (Kþ 10 mM). This dependence is typical of the effect of these
cations on the stability of G-quadruplexes. The Tm values of Oligo2
and 3 in Kþ 10 mM (66.5!C and 75!C, respectively) were higher than
for Oligo1 (57!C), suggesting that G-quadruplexes in Oligo2 and 3
were more stable than in Oligo1. Oligo2 and 3 differ from Oligo1 by
the presence of two tracts of six guanines in their 3# domain (Figure 1C),
suggesting that these G-repeats are important for stable G-quadruplex
formation.
To further demonstrate the presence of G4, we used two different

biophysical methods. First, we analyzed the profiles of the three oligo-
mers using UV TDS (Figure 2B) and CD spectroscopy (Figure 2C).
A TDS is obtained by recording the UV absorbance spectra of the
unfolded and folded states at temperatures above and below the melt-
ing temperature (Tm). The TDS profiles of the three oligomers showed
a positive peak at 273 nm and a negative peak at 295 nm (Figure 2B).
These two peaks are typical ‘signatures’ of G-quadruplex structures
as determined by the analysis of different types of G-quadruplexes
(24). The variations in TDS profiles are independent of oligomer
concentrations but reflect differences in sequence and in stability of
G4. In particular, the low amplitude of the peaks observed with Oligo3
may be due to the fact that in this Oligo3, G-quadruplex structures are
stable and only undergo partial unfolding within the temperature in-
terval. CD spectroscopy also displayed changes in ellipticity, a char-
acteristic ofG-quadruplex structures, including a negative peak at 240
nm and a positive peak at 260 nm (Figure 2C). Overall, these results

Fig. 2. Detection of G-quadruplex structures in synthetic RNA by spectroscopic methods. (A) UV melting experiments. Histograms (upper panel) and values
(lower panel) of melting temperatures (Tm) ± 1!C at 295 nm for Oligo1–3 in different ionic conditions. (B) TDS of Oligos 1–3. Blue: Oligo1; green: Oligo2; Red:
Oligo3. Presence of a positive peak at 273 nm and a negative peak at 295 nm are characteristic signatures of G-quadruplexes (24). (C) CD spectra of Oligo1–3 at
4!C in 10 mM KCl. Blue: Oligo1; green: Oligo2; red: Oligo3.

G-quadruplex and p53 splicing
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using synthetic RNA confirm in silico predictions and provide
evidence that G-quadruplex structures can be formed in intron 3 of
p53 RNA, involving in particular two G-repeats of six guanines.

Detection of G-quadruplexes by RT elongation assay

Next, we used the RT elongation assay to further identify the position
of guanines involved in G-quadruplexes (Figure 3). This method
takes advantage of the differential cation-dependent stability of
G-quadruplexes to identify structures that interfere with RT elonga-
tion (31). Kþ stabilizes G-quadruplexes, leading to a Kþ-dependent
block of complementary DNA synthesis at positions where guanines
are involved in a G-quartet. In contrast, in the presence of Naþ,
G-quadruplex stability is reduced, allowing complementary DNA
synthesis to proceed without elongation block. A full-length RT prod-
uct corresponding to the entire intron 3 RNAwas detected in presence
of Naþ (lane 5, ‘5#-intron 3’ arrow in Figure 3). However, in the
presence of Kþ, stops of RT elongation were observed (lane 6) at
positions corresponding to guanines on sequencing analysis, matching
those predicted to form the 3# end of the G-quadruplexes. Thus, the
detection of several RT-stops is compatible with in silico prediction and
with spectrometric analyses indicating a critical role of two tracts of six
guanines in the formation of several quadruplex conformers in intron 3.

Role of G-quadruplex in excision of intron 2 using an in vitro splicing
assay

Because alternative splicing of TP53 involves either retention (p53I2)
or skipping (FSp53) of intron 2, we examined whether G-quadruplex

in intron 3 were involved in the regulation of this splicing. To analyze
the direct effect of G-quadruplexes on the splicing of intron 2, we
constructed a minigene reporter based on GFP, in which a TP53 frag-
ment from exons 2 to 4 was cloned between the ATG and the GFP
coding sequence (GFP-E2E4, Figure 4A). With this construct, correct
splicing of intron 2 (FS–GFP) produces an mRNA that supports GFP
synthesis, whereas retention of intron 2 (I2-GFP) introduces stop
codons preventing GFP expression. Two mutant versions of the re-
porter were constructed, in which either one (GFP-E2E4D) or both
(GFP-E2E4DD) two tracts of six guanines predicted to be involved
in G-quadruplexes were substituted by site-directed mutagenesis
(Figure 4B). To verify that the mutations introduced in GFP-
E2E4DD abolished G-quadruplex formation, we synthesized an
RNA oligomer, Oligo4, containing the same mutations (Figure 4B
and Table I). When compared with Oligo2 and 3, Oligo4 did not show
the typical patterns ofG-quadruplexes detected by UV-melting curves,
TDS and CD spectra (supplementary Figure 1A and Bis available at
Carcinogenesis Online).
The p53-null cell line H1299 were transfected with the various GFP

constructs. All constructs displayed equal transfection efficiency, as
determined by reverse transcription–PCR analysis of expression of
the neomycin gene carried by the plasmids (Figure 4C). When com-
pared with cells expressing the wild-type GFP-E2E4 construct, cells
transfected with GFP-E2E4D and -E2E4DD showed an increase in I2-
GFP mRNA expression (retaining intron 2) and a decrease of FS–GFP
mRNA expression (correct splice-out of intron 2). GFP fluorescence
measurements showed that the wild-type GFP-E2E4 construct gener-
ated as much fluorescence as the positive GFP control (GFP-pos)
(Figure 4). Mutation of guanines resulted in a progressive decrease
in fluorescence that depended upon the number of guanines mutated.
A significant reduction of fluorescence of "25% was observed when
comparing GFP-E2E4DD with GFP-E2E4 (P , 0.05). Taken to-
gether, these observations support the hypothesis that G-quadruplexes
in intron 3 modulate the rate at which intron 2 is spliced-out. With
wild-type intron 3 sequences presumably capable of forming stable
G-quadruplexes, splicing of intron 2 appears to be more efficient than
when G-quadruplex formation is crippled by mutations.

Effects of G-quadruplexes on p53 splicing in lymphoblastoid cells

To determine whether G-quadruplexes may modulate the splicing of
p53 in intact cells, we analyzed the effect of a specific ligand of
G-quadruplex structures, 360A, on the expression of FSp53 and
p53I2 transcripts in lymphoblastoid cells using real-time PCR
(Figure 5). The ligand 360A has high affinity and stabilizing effects
for G-quadruplex structures in single-stranded nucleic acids (21). To
demonstrate that 360A could bind to G-quadruplexes in intron 3 of
p53 RNA, we used an fluorescence resonance energy transfer melting
assay (Figure 4A) (27). A DNA oligonucleotide mimicking human
telomeric motifs (F21T) was labeled with FAM at the 5# end and
TAMRA at the 3# end (26,27). Addition of 360A induced a concen-
tration-dependent stabilization of the G-quadruplex, resulting in an
increased melting temperature (DTm), at which fluorescence emission
ceases due to unfolding of the G-quadruplex that suppresses fluores-
cence transfer. Excess amounts of unlabeled DNA or RNAwere used
as competitors to determine their capacity to displace 360A from its
fluorescent target, thereby reducing its melting temperature. Figure
5A shows that Oligo1, 2 and 3 were capable of acting as competitors,
in contrast with mutant Oligo4 and with negative control sequences
RF16 and RK50. These results indicate that RNA quadruplexes
formed in TP53 intron 3 could bind 360A, further extending the
sequence repertoire of G4 structures bound by this ligand.
We next treated human lymphoblastoid cell line with 50 nM 360A

for 48 h and analyzed its effects on p53 mRNA expression (Figure 5B
and C). Although 360A did not exert significant toxicity at the con-
centrations used (supplementary Figure 3 available at Carcinogenesis
Online), it induced opposite, dose-dependent effects on levels of the
two p53 transcripts, FSp53 and p53I2 (Figure 5C). Treatment
by 360A resulted in a significant 3-fold increase in FSp53 mRNA.

Fig. 3. RT elongation assay identifying RT-stops at guanines involved in
G-quadruplexes. G-quadruplexes were mapped by reverse transcription of
intron 3 sequences with a radiolabeled oligonucleotide in the presence of
either Naþ (destabilizing G4) or Kþ (stabilizing G4) and products were
separated by denaturing gel electrophoresis (lanes 5–6). Lanes 1–4: dideoxy
sequencing of the sequence used for reverse transcription. RT-stops (lanes
5–6) occurred at guanines residues as shown by comparison with the
sequencing lanes. Black arrowhead: 5#-intron 3 end; open arrowhead:
3#-intron 3 end; Box on the right: short exposure of the area delimited by dotted
lines, identifying the presence of strong stops at defined guanines in lane 6.
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In contrast, p53I2 levels were significantly decreased by!40%. These
results support the notion that G-quadruplexes are involved in the
regulation of intron 2 splicing in intact cells.

Discussion

TP53 is expressed as several isoforms produced by different mecha-
nisms, including alternative splicing (4,7). Differential splicing of
intron 2 leads to the generation of FSp53 and p53I2 mRNAs that
respectively encode the tumor suppressor p53 and the D40p53 iso-
form, which lacks the transactivation domain and acts as a negative
regulator of p53 activity (7,32). Therefore, mechanisms that control
the alternative splicing of intron 2 may have an effect on p53 activity
by modifying the relative expression levels of p53 and of its D40p53
isoform. In this study, we show that a region of intron 3 forming
G-quadruplex structures in p53 pre-mRNA is involved in the alterna-
tive splicing of TP53 intron 2. First, we used synthetic RNAs contain-
ing sequences of intron 3 and we show that these RNA can form
G-quadruplexes using different spectrometric methods (UV melting,
TDS and CD spectroscopy). Next, the presence of G-quadruplexes is
further demonstrated by RT elongation assays. In these assays, dem-
onstration of aG-quadruplex relies on the fact that these structures are
very dependent upon the presence of specific cations, being stabilized
in the presence of Kþ and destabilized in the presence of Naþ. Fur-
thermore, to demonstrate the involvement of these G-quadruplex
structures in the splicing of intron 2, we have constructed a GFP

reporter system in which fluorescence emission is dependent upon
the correct excision of intron 2 sequences. Using this system, we show
that mutation of guanines involved in G-quadruplexes significantly
decreases the splicing-out of intron 2, however, without abolishing it.
Finally, to demonstrate that G-quadruplexes in intron 3 can impact on
p53 splicing in intact cells, we used a novel pharmacological ligand
that stabilizes G-quadruplexes, 360A, in lymphoblastoid cells and we
show that treatment with this ligand induces significant changes in the
expression patterns of FSp53 (encoding p53) and p53I2 (encoding
D40p53) mRNAs. Specifically, 360A increased the levels of FSp53
mRNA and decreased the ones of p53I2 mRNA, consistent with
studies using the GFP reporter system showing that presence of stable
G-quadruplexes is important for efficient splicing-out of intron 2.
The notion that G-quadruplex structures can modulate the alterna-

tive splicing of several genes is not new: it has been demonstrated in
the case of b-tropomyosin, hTERT or Bcl-xL transcripts (11,19,33).
Compared with these examples, p53 G-quadruplexes show two im-
portant features. First, they are located in another intron (intron 3)
than the one affected by alternative splicing (intron 2). This particular
topography is due to the fact that introns and exons in this region are
extremely short and some of the regulatory signals for the splicing of
this intron may actually be located in intron 3. The splice acceptor of
intron 2 is located just 60 bp upstream of the sequence forming
G-quadruplexes. Second, the effects we demonstrate here are only
partial. They do not induce a complete shift from one splicing pattern
to the other, but rather modify the equilibrium between the two

Fig. 4. GFP reporter splicing assay to analyze the role ofG-quadruplexes in alternative splicing of intron 2. (A) Schematic representation of constructs used in the
GFP-based reporter system. A fragment from exon 2 to exon 4, excluding both ATG 1 and 40, was cloned into the GFP-Pos plasmid (serving as positive control) to
construct the GFP-E2E4 reporter. With this reporter, GFP fluorescence is generated only after correct excision of intron 2 since the latter contains stop codons that
preclude protein synthesis from ATG1 (asterisks). Arrow: CMV promoter and Kozak sequence. (B) Mutations disrupting G-quadruplexes in GFP-E2E4 reporter.
Guanines involved in G-quadruplexes were mutated (green letters). The synthetic RNAOligo4 was designed to verify by spectroscopic methods that mutation of
these guanines prevented the formation of G-quadruplexes (see supplementary Figure 1, available at Carcinogenesis Online). (C) mRNA expression analysis of
GFP-E2E4, D and DD mutants. Constructs were transfected in H1299 cells and their expression was analyzed by semiquantitative reverse transcription–PCR and
agarose gel electrophoresis. As compared with GFP-E2E4, a decrease in fully spliced mRNA (FS–GFP) and an increase of intron 2 retaining mRNA (I2-GFP) were
observed. Actin: loading control; neomycin: control of transfection efficiency. (D) Analysis of GFP fluorescence of transfected H1299 by flow cytometry.
Compared with GFP-Pos GFP-E2E4, D and DD mutants exhibited a decrease of GFP fluorescence, indicating an increase of intron 2 retention. #P , 0.05;
Student’s t-test based on duplicate of five independent experiments.
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spliced products in a subtle manner. Using the GFP reporter system,
the shift in splicing patterns observed after mutagenesis of candidate
guanines is !25% (P , 0.05). In lymphoblastoid cells treated with
360A, we detect significant changes in the levels of both transcripts
(P, 0.001), with a 3-fold increase for FSp53 and a 40% decrease for
p53I2. These observations may be due, at least in part, to the fact that
G-quadruplexes in intron 3 are polymorphic and may exist as different
conformers. It is therefore possible that our site-directed mutagenesis
experiments do not completely remove all G-quadruplex structures
along the sequence of intron 3 but merely displace them or modify
their organization. Furthermore studies will be necessary to uncover
the full extent of the effect of G-quadruplexes on the splicing of
intron 2.
The biological consequences of the regulatory effects identified

here remain to be determined. Changes in transcript levels are ex-
pected to result into changes in the expression of both p53 protein
isoforms when G-quadruplexes are stabilized, leading to increased

p53 expression and decreased D40p53 expression. Indeed, we
observed that 360A treatment resulted in a slight increased of p53
protein expression but we did not detect any significant impact on
D40p53 protein levels or on the expression of the p53-target gene
p21WAF1 (supplementary Figure 4 available at Carcinogenesis
Online). This suggests that 360A ligand modulates p53 splicing but
that this effect does without significant activation of p53. Although
p53 has a short half-life due to rapid recognition and proteasome-
dependent degradation by Hdm2, D40p53 escapes this regulation
and is much more stable (3,6). Furthermore, the biological effect of
D40p53 remains controversial. Biochemical evidence shows that
D40p53 interacts with p53 protein to form hetero-tetramers and that
excess amounts of D40p53 downregulate the transactivation capacity
of p53. When cotransfected together with wild-type p53 in p53-null
cells, D40p53 prevents growth suppression by p53 and enhances clo-
nogenicity (3,5,11,34). However, there is no evidence from in vivo
studies that D40p53 operates as a suppressor of p53 function. In mice

Fig. 5. Effect of the G-quadruplex ligand 360A on expression of p53 transcripts. (A) fluorescence resonance energy transfer assay demonstrating the capacity of
360A to bind intron 3 G-quadruplexes. The DTm values for an oligonucleotide forming a canonicalG-quadruplex (derived from hTERT sequence) were calculated
in the presence or in the absence of competing oligonucleotides Oligo1–4 or control double-stranded RNAs (RF16 and RK50). (B) Structure of alternative p53
transcripts and positions of primers for quantitative reverse transcription–PCR. The FSp53 mRNA includes exons 1 to 11 and produces p53. The p53I2 mRNA
retains intron 2 (I2) but correctly splices out all other introns. Asterisks: stop codons in intron 2; arrows: primers used for real-time PCR. (C) Quantitative reverse
transcription–PCR analysis of mRNA isolated from BC9 lymphoblastoid cells using Sybr Green. Cells were treated for 48 h with 50 nM of 360A and levels of
FSp53 and p53I2 were measured. """P , 0.001; Student’s t-test based on duplicate of five independent experiments.
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with wild-type p53, increased dosage of D40p53 by expression of
a transgene leads to accelerate aging and short lifespan. These mice
display cognitive decline and synaptic impairment early in life,
attributed to hyperactivation of insulin-like growth factor 1 receptor
signaling and altered metabolism of the microtubule-binding protein
tau (35,36). In human cells, D40p53 has been implicated in G2

cell cycle arrest in response to endoplasmic reticulum stress (37).
Although the molecular mechanisms of these effects are not under-
stood, both mouse and human models suggest that small variations of
D40p53 are sufficient to modify p53 biological function.
Another important consideration with respect to the potential im-

pact of G-quadruplex in intron 3 is that they include guanine residues
that are part of a common polymorphism, TP53 PIN3, consisting
of a 16 bp duplication (rs17878362; A1: non-duplicated allele; A2:
duplicated allele) (38,39). Several epidemiological case–control stud-
ies have identified that the carriers of the A2 allele had a significantly
increased risk of several common cancers, including breast, colorec-
tal, lung and ovarian cancers (28,40–42). Recently, we have reported
that TP53 PIN3 is a genetic modifier of germ line TP53 mutation in
the Li-Fraumeni Syndrome, the A1 allele being associated with earlier
age at first cancer diagnosis (43). Interestingly, Gemigniani et al. (28)
described that p53 mRNA levels were lower in lymphoblastoid cell
lines with A2 than with A1 alleles, suggesting that this polymorphism
may affect the levels of p53 transcripts. In silico models predicts that
TP53 PIN3 may alter the topology ofG-quadruplexes in intron 3 (data
not shown). However, the extent of these modifications and their
consequences on p53 splicing remains to be investigated.
In conclusion, our results demonstrate that G-quadruplexes are

present in intron 3 of TP53 gene and provide support in favor of a role
of these structures in the regulation of the alternative splicing of intron
2, thus modulating the patterns of expression of transcripts encoding
either p53 or its N-terminally truncated isoform, D40p53.

Supplementary material

Supplementary Tables I and II and Figures 1–4 can be found at
http://carcin.oxfordjournals.org/
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were analysed by western blot. The 360A RNA-specific G-quadruplex ligand resulted in a slight 

increased of p53 protein expression but had no effect on Δ40p53 and p21 expression, suggesting a 

correlation between p53 mRNA and protein expression in response to 360A ligand that is not associated 

with an increased of p53 transcriptional activity. DO7: monoclonal p53 antibody, hybridazing the 

transactivation domain I presents in p53 but absent in  Δ40p53; CM1: polyclonal p53 antibody, which 

detects both p53 and Δ40p53 isoforms; p21: monoclonal antibody specific of p21, a p53-target gene; 

Ku80: loading control. (B) Analysis of p21 expression, a p53-target gene in response to 360A ligand 

treatment. BC9 lymphoblastoid cells were treated for 48 hours by 50 nM of 360A ligand and RNA 

expression was analysed by quantitative RT-PCR using Sybr Green. p21 mRNA expression level was not 

affected by 360A treatment (P-value = 0.496, t-student test), suggesting that 360A ligand had no effect on 

the activation of p53 protein.  
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Supplementary Table I. Primers used for RT and RT-PCR analysis. 

 
mRNA Forward primers (5’ to 3’) Reverse primers (5’ to 3’) 

FSp53 E2/E3 cctatggaaactacttcctg  

p53I2 I2 atgggactgactttctgctct  
E4/E5 aggggactacgtgcaagt 

Gapdh GapdhF tctcatggttcacacccatgacgaacatg  GapdhR aagaagatgcggctgactgtcgagccacat  

Actin ActinF atcgtggggcgccccaggcacca  ActinR ctccttaatgtcacgcacgattt  

Neomycin NeoF agacaatcggctgctctgat NeoR caatagcagccagtcccttc 

p21  
commercial set from Applied 
Biosystem (Rn00594010_m1*)   

   E4/GFP gctcaccgatcgtgcttggga  

   BSK-R cccgggctgcaggaattc  

 

Supplementary Table II. Primers used for site-directed mutagenesis.  

 
Forward primers (5’ to 3’) Reverse primers (5’ to 3’) 

PvuI cgccaccatgcgatcggtgagcaagg PvuI ccttgctcaccgatcgcatggtggcg 

PvuI/E2 gccgatcggaggagccgca E4/PvuI cgcgatcgtgcttgggacgg 

GFP-Δ cctggagggctgggggggctcaccacctgaggacctgg GFP-Δ ccaggtcctcaggtggtgagcccccccagccctccagg 

GFP-ΔΔ cctggagggctcaccaccctcaccacctgaggacctggtcct GFP-ΔΔ gaggaccaggtcctcaggtggtgagggtgagccctcagg 
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Abstract 

G-quadruplex (G4) structures are functionally active tri-dimensional structures formed in DNA and 

RNA guanine rich regions. We previously reported that G4 structures in intron 3 of the TP53 pre-RNA 

modulate TP53 intron 2 splicing and the balance between FSp53 (fully spliced p53 transcript) and 

p53I2 (transcript retaining intron 2). The nucleotides involved overlap the polymorphism rs17878362 

(A1 wild-type allele, A2: 16 bp insertion). Using biophysical and biochemical approaches, we showed 

that both alleles form G4 structures that are shifted by 16 bp in relation to the intron 2 splice acceptor 

site in the A2 allele. Whilst FSp53 transcript levels were similar in rs17878362 A1A1 and A2A2 

lymphoblastoid cell lines (LCLs), p53I2 levels was substantially lower and showed allele specific 

differences with the lowest levels seen in rs17878362 A2A2 LCLs. Treatment of the LCLs with 360A, a 

G-quadruplex binding ligand, or ionizing radiation increased the FSp53 transcript levels and 

decreased p53I2 levels in A1A1 cells suggesting that under these conditions full splicing is favored. 

Such trends were not observed in A2A2 cells. In addition, carriage of the intron 2 rs164278 (G > C) C 

allele which is in strong linkage disequilibrium with the A2 allele, was associated with a lower p53I2 

transcript stability that may contribute to the lower levels of p53I2 transcript seen in the rs17878362 A2 

sequence context. These results highlight the impact of TP53 sequence variation on the formation of 

G-quadruplex structures, mRNA splicing and stability, and thus on the differential transcript expression 

of the TP53 gene.  
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Introduction  

G-quadruplexes (G4) are DNA or RNA tri-dimensional structures formed in guanine rich regions that 

have the propensity to fold into four-stranded, monovalent cation-dependent structures [1]. Such 

structures involve the interaction of four guanines in a cyclic Hoogsteen hydrogen bonding 

arrangement. Using bioinformatic and biochemical approaches G4 structures have been located 

throughout the genome and their role in gene expression and in genome maintenance revealed.  

Indeed, these DNA and RNA structures have been involved in the maintenance of genomic stability [2-

4], DNA replication [5], gene transcription [6], mRNA splicing [7-8], mRNA synthesis [8-9] and 

translation [10]. Two G4s have been experimentally demonstrated in the p53 pre-mRNA: one located 

in intron 3 [7] and another downstream of the cleavage/polyadenylation site [9]. We have previously 

demonstrated that the G4 structures formed in TP53 intron 3 regulate the alternative splicing of intron 

2 thus altering the balance between expression of the FSp53 and p53I2 transcripts [7].  The FSp53 

transcript encodes the full length 53 kDa protein TAp53, corresponding to the canonical p53 protein, 

and the Δ40p53 protein from an internal initiation of translation [11-12]. The second p53I2 transcript 

also encodes the Δ40p53 protein isoform [13-14]. The Δ40p53 protein lacks the first 39 residues 

corresponding to the transactivation domain 1 including the Hdm2-binding site and has been shown to 

modulate p53 transcriptional activities and p53-mediated growth suppression [11-12, 14-15].  

The sequence environment in proximity to the G4 in intron 3 is highly polymorphic. Indeed it overlaps 

the common TP53 polymorphism rs17878362 also located in intron 3 (TP53 PIN3; A1 no-insertion of 

16bp, A2: insertion of 16 bp acctggagggctgggg) [16]. The rs17878362 variant allele is found with an 

allele frequency of between 0.10 – 0.17 in Caucasian populations with higher frequencies (0.15 – 

0.21) being found in Indian populations [17]. A recent meta-analysis based on more than 10,000 cases 

and controls showed that carriage of the rs17878362 A2 allele is significantly associated with an 

increased cancer risk [17]. In addition, we have reported that rs17878362 is a modifier of the 

penetrance of germline TP53 mutations in the Li-Fraumeni Syndrome [18]. In silico algorithms 

predicted that the allelic status of the rs17878362 polymorphism that contains several guanine-tracts 

may alter the topology of the G4 structures formed in intron 3. However, the functional impact of this 

polymorphism on the formation of G4 structures and on the regulation of the expression of the FSp53 

and p53I2 TP53 transcripts remains to be fully established. 
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Making use of biophysical and biochemical approaches, we show that the presence of the TP53 

rs17878362 A2 allele did not affect the formation of the G-quadruplex structure per se but modified its 

relative position in respect to the TP53 intron/exon boundaries. Using in vivo assays we provide 

evidence that whilst the FSp53 transcript shows no allele specific variation in expression, carriage of 

the rs17878362 A2 allele substantially lowers the levels of the p53I2 transcript. In contrast G4 

stabilisation using ligands or treatment of cells by ionising radiation (IR) results in increased FSp53 

and decreased p53I2 transcript levels only in the presence of the rs17878362 A1 allele. In addition we 

show that the allelic status of rs1642785 (TP53 PIN2, G > C) located in intron 2 impacts on the 

stability of the p53I2 transcript suggesting that levels of the FSp53 and p53I2 mRNA levels are 

strongly dependent upon the TP53 genetic context.  

 

Materiel and Methods 

Synthetic RNA oligomers and compounds  

RNA oligomers derived from the TP53 intron 3 sequence (from A1 allele, 42N: 

AGGGUUGGGCUGGGGACCUGGAGGGCUGGGGGGCUGGGGGGC, and from A2 allele, 58D: 

AGGGUUGGGCUGGGGACCUGGAGGGCUGGGGACCUGGAGGGCUGGGGGGCUGGGGGGC) 

were synthesized by IBA (Göttingen, Germany), resuspended in double distilled water (ddH2O) and 

concentrations were determined by ultraviolet (UV) absorbance. The compound 360A [(2,6-N,N’-

methyl-quinolinio-3-yl)-pyridine dicarboxamide] was stored at 2mM in dimethyl sulfoxide and further 

diluted at 100µM in ddH20 for treating lymphoblastoid cell lines.  Actinomycin D (Sigma, Saint-Louis, 

Missouri) was stored at 1mg/ml in dimethyl sulfoxide and used at this concentration to block 

transcription.  

!

Biophysical methods 

G4 formation and stability was assessed using the 42N (3 µM) and 58D (2µM) oligomers in 2.5mM K
+
. 

Thermal difference spectrum (TDS) was measured for the two oligonucleotides at temperatures of 

90°C (± 2°C) and 4°C (± 2°C°). Spectra were recorded between 220 and 335 nm in an Uvikon XL 

UV/Vis spectrophotometer [19] as described previously [7]. Circular dichroism (CD) spectra was 

recorded using a JASCO-810 spectropolarimeter as described previously [7, 20] after heating at 90°C 

for 5 minutes following by cooling to 20°C at 1°C/min rate. UV-melting experiments and analysis were 



Articles 4   Rs17878362 and intron 2 splicing 

 

 193 

! 5!

conducted as described previously [7] to characterize the thermal stability of RNA quadruplexes which 

could be formed by both oligonucleotides. Quadruplex denaturation/renaturation was followed by 

recording absorbance at 295 nm using the same Uvikon XL UV/Vis spectrophotometer.  

 

Reverse transcriptase (RT) elongation assay  

The sequence corresponding to the TP53 intron 3 rs17878362 A2 allele was introduced into the pBSK 

plasmid and then used for performing primer extension as described previously [7]. In brief, 1 µg of 

pBSK containing either the rs17878362 A1- or A2 containing sequence was denatured in 0.2 N NaOH 

and 0.2 mM ethylenediaminetetraacetic acid (37°C – 30 min) and sequenced using Sequenase T7 

(Amersham). Primer extension and sequencing products were analyzed on 10% polyacrylamide-8 M 

urea gels revealed by autoradiography.  

!

Cell culture 

Lymphoblastoid cell lines (LCLs) established from peripheral blood samples from breast cancer (BC) 

patients [21], were grown in Roswell Park Memorial Institute medium 1640 containing Glutamax 

(Invitrogen
TM

, Life Technologies, Carlsbad, CA) and supplemented with 10% heat-inactivated fetal 

bovine serum (Gibco®, Life Technologies) and 1% penicillin/streptomycin. The H1299 cell line, 

derived from a human lung carcinoma, containing a homozygous partial deletion of the TP53 gene 

and lacking expression of all p53 protein isoforms, was cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) containing Glutamax (Invitrogen
TM

) and supplemented with 10% fetal bovine serum 

and 1% penicillin/streptomycin. All cell lines were grown at 37°C in a humidified 5% CO2 atmosphere. 

 

TP53 genotype determinations  

 After extraction of genomic DNA from the LCLs using DNeasy Mini kit (Qiagen, Courtaboeuf, France), 

the region surrounding the rs1642785 and rs17878362 polymorphisms was amplified using the 

GoTaq® Hot Start Polymerase kit (Promega, Fitchburg, Wisconsin) and primers at a final 

concentration of 0.5µM (Forward 5’  TCTCATGCTGGATCCCCACT 3’, Reverse 5’ 

ATACGGCCAGGCATTGAAGT 3’ from TP53 IARC database). The touchdown PCR conditions were 

94°C for 2 mins; then 18 cycles of (94°C-30s; 63°C-45s, -0.5°C/3cycles; 72°C-1min) followed by 33 

additional cycles of (94°C-30s, 60°C-45s, 72°C-1min) and a final step of 10 min hold at 72°C on a 
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Veriti 96-well fast thermal cycler (Applied Biosystems®, Life Technologies). PCR products (5µl) were 

purified using ExoSap (USB) (2µl) following the manufacturer’s recommendations and sequenced 

using 150nM Forward primer, BigDye V1.1 on an Applied Biosystems® Genetic Analyser 3130. 

!

Drug treatment and radiation 

The day before treatment or radiation, LCLs were diluted to 0.5x10
6
 cell/ml. Cells were treated for 48 

hrs with the G4 binding ligand 360A at a final concentration of 500nM or for 2 to 8 hrs with actinomycin 

D at a final concentration of 1µg/ml. After each treatment cells were harvested and nuclear RNA 

extracted. 

Cells were irradiated using a 4.5 MeV linear electron accelerator facility built by EuroMeV (Buc, 

France) operated in a chopped mode as previously described [22]. Real-time measurement of the 

electron pulse was made through detection of the current generated by electrons trapped in a graphite 

collimator located close to the electron beam output, and the dose at cells calibrated with the aid of 

chemical dosimeters. The direction of the electron beam was vertical. The culture flasks were placed 

in a horizontal position at 540 mm from the electron beam output, in such a way that the thickness of 

the liquid layer (3 mm) was constant to ensure electronic equilibrium. Cells received a single sub-

microsecond pulse with a beam current adjusted to provide the required dose (2.06 ± 0.07 or 0.103 ± 

0.013 Gy over the 150 flasks irradiated during these experiments). Cells were harvested 48 hrs after 

radiation and nuclear RNA extracted. 

 

Green fluorescent protein based splicing reporter system  

A TP53 minigene was used in splicing reporter assays as previously reported [7]. Briefly, the 

sequences from the end of exon 2 to the beginning of exon 4 of TP53, excluding ATG 1 and 40, and 

carrying either an intron 3 with the rs17878362 A1 allele (pEGFP-E2E4-A1) or an intron 3 sequence 

corresponding to the rs17878362 A2 allele (pEGFP-E2E4-A2) were introduced between the first ATG 

and the coding sequence of GFP protein. The day before transfection, p53-null H1299 cells (0.5x10
5
 

cells) were plated in 6-well format. Transient transfection of 50ng of plasmids was performed using 

Lipofectamine
TM

 2000 (Invitrogen
TM

) according to the manufacturer’s instructions. Cells were 

harvested 48 hrs after transfection and total RNA extracted.  
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Total and Nuclear RNA extraction 

Total RNA extraction from H1299 transfected cells was performed using the RNeasy Mini kit (Qiagen, 

Courtaboeuf, France). Nuclear RNA was extracted from LCLs (at least 4.10
7
 cells/treatment). Briefly, 

the cell pellet was resuspended twice in 3 volumes of buffer A (10mM Hepes pH7.9, 1.5mM MgCl2, 

10mM KCl, 0.1% Nonidet P-40, 1mM DTT) for 15 min on ice and then centrifuged at 13000rpm for 

15min at 4°C. The pellet was resuspended in 2 volumes of buffer B (20mM Hepes pH7.9, 400mM 

NaCl, 1.5mM MgCl2, 0.2mM EDTA, 0.5mM DTT) and then centrifuged at 13000rpm for 15 min at 4°C 

followed by a final step of supernatant clean-up to remove salt using the RNeasy Mini kit (Qiagen). 

Total and nuclear RNA were quantified by spectrophotometry (NanoDrop2000, Thermo Fisher 

Scientific Inc., Waltham, MA). 

!

Real-time PCR analysis 

The levels of nuclear FSp53 and p53I2 transcripts were quantified by reverse transcription (High 

capacity cDNA reverse transcription, Invitrogen) of 2µg of nuclear RNA followed by quantitative PCR 

(Fast SYBR® Green master mix, Applied Biosystems®) and using specific primers for each transcript 

(supplementary Table 1) on a StepOnePlus
TM

 Real-time PCR system (Applied Biosystems®) 

according to the manufacturer’s instructions. Transcript levels were normalized to that of TBP (TATA 

box binding protein). The ΔCt was calculated as an average of the quantitative reverse transcription–

PCR of at least four independent experiments. Similar RT-qPCR method was performed to quantify 

the level of FS-GFP and I2-GFP transcripts as described above except that 1µg of total RNA was 

used and expression normalized to that of neomycin (supplementary Table 1). The ΔCt was calculated 

with an average of three measurements per plate for at least four experiments. 

!

Results 

Formation of G4 structures by the A2-intron 3 TP53 sequence  

In a previous study, we reported that the TP53 intron 3 carrying the non-duplicated version of the 

rs17878362 A1 allele could form G4 structures that overlap this polymorphic sequence [7]. In this 

present study we have now investigated whether the duplication of this 16 bp sequence (rs17878362 

A2 allele) can affect the formation of G4 structures. Using the online prediction tools Quadfinder and 
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GQRS Mapper with default parameters [23-24], several putative, overlapping G4 structures were 

identified in the rs17878362 A2 allele sequence (Supplementary Table 2).  

To demonstrate the formation of G4 structures in the rs17878362 A2 containing intron 3, biophysical 

analyses were performed using two synthetic RNA oligomers derived from this region: a 52-Mer 

sequence containing the rs17878362 A2 allele 16bp duplication and a 42-mer (derived from the 

rs17878362 A1 allele and corresponding to oligomer 2 of [7]). First, spectrum profiles of the two intron 

3-derived RNA oligomers were determined by TDS and CD. Using these two techniques the G4 

signatures were superimposable in the 58D and 42N oligomers (Figure 1A and 1B). Thermal stability 

was analysed under K
+
 conditions by UV melting (Figure 1C). The Tm under these conditions for the 

42N oligomer was 52° and for the 58D 52.6° suggesting that the additional bases present in the A2 

allele do not have a major impact on the stability of the G4-quadruplex formed. These Tms were 

obtained at low ionic strength (2.5mM K
+
 only), illustrating how stable those RNA quadruplexes can be 

under near-physiological conditions.  

Since no differences in terms of formation and stability were observed using these approaches 

between the G4 structures of the rs17878362 A1- and A2-intron 3 containing oligomers, we next 

identified the position of the last guanines involved in the G4 structures formed in the corresponding 

sequences using a primer extension assay (Figure 2A). This method takes advantage of the 

differential cation-dependent stability of G4 structures, which stops the reverse transcriptase 

elongation. While KCl stabilizes G4 structures and promotes reverse transcription (RT) pauses, NaCl 

reduces the formation of G4 structures and allows complete RT. Using an in vitro transcribed A1- and 

A2-intron 3 RNAs as templates, a band corresponding to the full-length RT product was observed in 

the presence of NaCl that was shifted by 16bp in the rs17878362 A2 compared to the A1 sequence 

context. In contrast, several RT pauses were identified in the presence of KCl, confirming that G-

quadruplex structures are formed within rs17878362 A1- and A2-intron 3 RNAs. Guanines resulting in 

RT pauses using the A2-intron 3 corresponded to those following the 16 bp duplicated motif of 

rs17878362 and were identical to the ones shown to induce RT pauses in the A1-intron 3 RNA (Figure 

2B). Taken together these results suggest that although the G4 structures formed in the rs17878362 

A1- and A2-intron 3 oligomers exhibit similar biochemical properties, those found in the A2-intron 3 

compared to the A1-intron 3 sequence context are shifted by 16 bp away from the splice acceptor site 
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of intron 2. Thus the sequence context of the polymorphic rs17878362 region differentially affects the 

location of the G4 structures formed in TP53 intron 3.  

!

Impact of rs17878362 polymorphism on endogenous TP53 transcript expression 

In order to investigate the impact of the rs17878362 polymorphism on TP53 transcript expression we 

used two approaches. First we took advantage of an in vitro splicing assay previously developed [7] 

that makes use of a mini-gene containing the TP53 sequence from the end of exon 2 to the beginning 

of exon 4 upstream of a GFP coding sequence. This allows the splicing of TP53 intron 2 and thus the 

expression of the two transcripts of interest to be monitored: FS-GFP resulting from the splicing of 

intron 2 and I2-GFP resulting from the retention of the entire intron 2. Two polymorphic versions of this 

mini-gene have been developed that contain either the rs17878362 A1- or the A2-intron 3 sequence of 

TP53. In p53-null transfected H1299 cells the FS-GFP transcript was expressed in similar levels using 

both the A1 and A2 mini-genes whilst the I2-GFP transcript was expressed at significantly lower levels 

and showed rs17878362 allele specific differences with transfected cells carrying the rs17878362 A2 

mini-gene having a 3-fold lower the level of the I2-GFP transcript than those carrying the rs17878362 

A1 mini-gene (Figure 3A).   

In order to assess the impact of the rs17878362 polymorphism on the endogenous transcript 

expression levels under basal conditions in vivo, we next quantified FSp53 and p53I2 transcripts in 

two LCLs homozygous for the rs17878362 A1 allele and two LCLs homozygous for the rs17878362 

A2 allele using real-time PCR (Figure 3B). Whilst some variation in both transcript levels was noted 

between the different independent experiments carried out, the mean level of the FSp53 transcript did 

not show any allele-dependent variation in agreement with the results from the in vitro assays. In 

contrast the expression levels of the  mRNA were significantly lower (up to 100-fold lower) than that of 

the FSp53 mRNA in the four LCLs and allele specific differences were also noted with the rs17878362 

A2A2 LCLs having a 10-fold lower level of p53I2 compared to the rs17878362 A1A1 LCLs.  These 

data suggest that TP53 transcript expression is differentially affected by the rs17878362 

polymorphism status or by a genetic background associated with the TP53 rs17878362 polymorphism.  

!

Impact of the G4 binding ligand 360A on transcript levels  
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We next investigated whether the G4 binding ligand 360A which has been shown to stabilise the G4 

structures located in intron 3 [7] could impact on the levels of the two TP53 transcripts. LCLs were 

used to investigate this as the p53I2 transcript levels were higher than those detectable in the in vitro 

assay. Three LCLs were treated with the ligand 360A (500 nM) for 48 hrs and the transcript levels of 

FSp53 and p53I2 were then quantified by real-time PCR (Figure 4). In the LCL carrying the 

homozygous rs17878362 A1 allele (BC56), 360A treatment led to a significant increase of FSp53 RNA 

levels and decrease of p53I2 RNA levels compared to that seen in untreated cells (Figure 4A and 4B, 

left panel). These data were in accordance with our previous observations for another cell line 

homozygous for this rs17878362 allele (BC9 cells) after 360A treatment [7], suggesting that the G4 

structures formed in the TP53 rs17878362 A1 allele can be further stabilized by the 360A ligand 

favoring the splicing of intron 2 and thus a reduction in p53I2 transcript levels. However in the BC156 

and BC48 LCLs homozygous for the rs17878362 A2 allele no major effects on the level of either 

transcript could be detected after treatment with 360A. Thus whether the G4 structures in this 

sequence context can be further stabilized remains an open question. 

!

Expression of TP53 transcripts after exposure to IR  

In order to assess whether the allele specific expression of TP53 transcripts could be affected by DNA 

damage, we next exposed the four LCLs to IR using a linear electron accelerator and measured by 

real-time PCR the effect on FSp53 and p53I2 transcript levels 48 hrs after treatment. In the 

homozygous LCLs carrying the rs17878362 A1 alleles (BC9 and BC56), treatment with 2Gy resulted 

in a significant increase of FSp53 mRNA levels associated with a significant decrease of p53I2 

transcript level in BC9, with the same trend being observed for these transcripts in BC56 (Figure 5A 

and B). After exposure to a low radiation dose (0.1Gy) a trend towards an increase in the levels of 

FSp53 were observed in both LCLs while the level of p53I2 transcript was unchanged at this time 

point after treatment, suggesting that even after exposure to such low levels of IR FSp53 levels can be 

modulated (Fig 6C and D). These radiation-induced changes in transcript levels paralleled that seen 

after the treatment with the G4 binding ligand 360A, in support of our working hypothesis that the 

stabilization of the G4 structures in intron 3 is associated with the splicing of intron 2 resulting in 

increased FSp53 levels. In the LCLs homozygous for the rs17878362 A2 allele (BC156 and BC48), 

radiation exposure, as for treatment with the G4 binding ligand, resulted in no consistent changes in 
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the profile of transcript levels of FSP53 or p53I2 (with the exception of subtle, but significant 

fluctuations in BC156 and BC48 after some individual exposure doses).   

 

Impact of the rs1642785 polymorphism on the stability of the p53I2 transcript  

Our biophysical, in vitro and in vivo experimental results support our hypothesis that the sequence 

surrounding the rs17878362 polymorphism could impact on the splicing of intron 2 and in particular in 

the context of the A1 allele. However the lack of any detectable stabilization of the G4 structure after 

treatment with 360A or IR and a concomitant reduction in the level of the p53I2 transcript level in LCLs 

carrying the rs17878362 A2 allele could be interpreted as evidence for a role of other genetic 

alterations in the statistically lower levels of the p53I2 transcript seen in this sequence context. Indeed 

compared to the FSp53 transcript, the entire intron 2 sequence is maintained in the p53I2 transcript 

and thus any variant alleles that are located within this sequence would also be present uniquely in 

this transcript. One polymorphism located in intron 2 that is in linkage disequilibrium with rs17878362 

is rs1642785 (G>C). Indeed in both the mini-gene in vitro assays and the LCLs models presented 

above carriage of the rs17878362 A1 allele was associated with the rs1642785 G allele and the 

rs17878362 A2 allele with the rs1642785 C allele. Thus we cannot exclude that the decrease in p53I2 

mRNA levels observed in the presence of the rs17878362 A2 allele could be due to an impact of the 

rs1642785 C allele on either splicing of intron 2 or the transcript’s stability. In order to examine this 

latter possibility we determined the p53I2 mRNA half-life after treatment of the LCLs with actinomycin 

D. Under these experimental conditions, the half-life of the p53I2 transcript in the two LCLs containing 

the rs1642785 C and rs17878362 A2 alleles was approx. 2hrs whilst the half-life of the p53I2 transcript 

in the two LCLs carrying the rs1642785 G and rs17878362 A1 alleles exceeded 8 hrs (Figure 6). 

Under the same experimental conditions the half-life of the FSp53 transcripts was between 4 and 8 

hrs depending on the cell line (data not shown).  These results suggested that the allele status of the 

rs1642785 polymorphism could be a contributory factor to the low levels of the p53I2 transcript seen in 

the context of the rs17878362 A2 allele.   

 

Discussion 

The TP53 gene expresses several protein isoforms encoded by different transcripts whose expression 

is finely regulated at the transcriptional and post-transcriptional levels. In particular the FSp53 and 
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p53I2 transcripts are generated by alternative splicing of the TP53 pre-RNA and encode two related 

protein isoforms, the canonical TAp53 protein and the N-truncated Δ40p53 isoform, which modulate 

p53-mediated growth suppression (reviewed in [25]). We previously reported that the sequence 

surrounding the most frequently found TP53 rs17878362 A1 allele, can form G4 structures and that 

treatment of the BC9 LCL homozygous for the rs17878362 A1 allele with the G4 binding ligand 360A 

(50nM) for 48 hrs significantly increased the levels of FSp53 transcript while significantly reducing 

those of the p53I2 transcript. These results suggested that G4 structures in intron 3 regulate the 

splicing of intron 2 and thus the balance between the FSp53 and p53I2 transcripts [7]. In this present 

study, we have confirmed and extended these observations in a second, non-related LCL (BC56). A 

similar inverse expression pattern of changes in FSp53 and p53I2 mRNA levels in these two 

homozygous rs17878362 A1 LCLs in response to high doses of IR and modulation of FSp53 levels 

after low IR doses were also observed suggesting that the balance between the FSp53 and p53I2 

transcripts is regulated in response to DNA damage. !

Next we investigated the potential of synthetic RNA oligomers containing the rs17878362 A2 allele to 

form G4 structures using different biophysical methods (UV melting, TDS and CD spectroscopy). 

These approaches and in vitro RT elongation assays provided evidence that in this sequence context 

G4 structures were formed with a shift in location in respect to the splice acceptor site of intron 2. 

Using a GFP-reporter system containing the rs178783 A2 sequence transfected into TP53 null cells 

and LCLs carrying the rs17878362 A2 allele we quantitated the levels of the FSP53 and p53I2 

transcript levels in vivo. Under these experimental conditions FSp53 transcript levels were similar to 

those observed in cells transfected with the rs178783 A1 containing plasmids or LCLS carrying the 

rs17878362 A1 allele. In contrast the basal level of the p53I2 transcript was significantly lower than 

that associated with the rs17878362 A1 allele in both model systems suggesting that presence of the 

16 additional bps and the resulting shift in G4 position in intron 3 could favour the splicing of intron 2. It 

has to be noted however that despite these differences in the basal levels of the p53I2 transcripts 

seen between the rs17878362 A1 and A2 LCLs no changes in the level of the p53I2 transcript could 

be detected after treatment either with the G4 binding ligand or after exposure to IR in the rs17878362 

A2 LCLs. This lack of effect of the G4 binding ligand could be interpreted to suggest that the G4 

structures formed in the rs17878362A2 sequence context are intrinsically more stable than those 

found in the rs17878362 A1 context. However the biophysical approaches using the oligomers 
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corresponding to the two intron 3 sequence did not reveal any differences in G4 stability nor was 

indicated using the RT-elongation assay.  It should also be noted that the absolute level of expression 

of the p53I2 transcript in the LCLs is lower in the A2 sequence context than after treatment of the 

rs17878362 A1 cells with 360A and approached the detection limit of the quantitative PCR system 

which is clearly a technical limitation of the cell model system used. It will clearly be interesting to 

identify alternative cell model systems where the basal levels of the p53I2 are higher to explore the 

stability of the rs17878362 A2-derived G4 and to examine whether it can be further modulated by a 

ligand in vivo or following DNA damage. These results could also be interpreted as evidence for a role 

for other factors either influencing the splicing of intron 2 or the stability of the p53I2 transcript in this 

sequence context. One candidate would be genetic factors and in particular polymorphisms located in 

intron 2 such as rs1642785 (G>C) that would be present uniquely in this transcript. The finding of 

rs1642785 allele specific differences in the half-life of the p53I2 transcript supports the possibility that 

this SNP may contribute to transcript stability although the molecular basis remains to be established.  

G4 structures are known to be structural binding motifs for RNA-binding proteins, including hnRNP 

proteins, involved in alternative splicing (reviewed in [8]) and it has been shown that the position of 

hnRNP protein binding is determinant for the inclusion of alternative exons [26]. There is also 

accumulating evidence for sequence context dependent splicing and it has been reported that the 

intronic guanine tract density and length correlate with hnRNPH/F enhancer function [27-28] and that 

the presence of polymorphisms near splicing sites can influence splicing [29]. Clearly the topology of 

the region implicated in the splicing of intron 2 and the sequence duplicated in the A2 allele in intron 3 

will modify certain of these criteria. Indeed the introns and exons in this region are extremely short and 

some of the regulatory signals for splicing of this intron may actually be located in intron 3. The splice 

acceptor of intron 2 is located just 60 bp upstream of the sequence forming the G4 in the rs17878362 

A1 sequence context.  Our findings that exposure to ionizing radiation also results in a decrease in the 

p53I2 transcript levels in the context of the rs17878362 A1 sequence would suggest that the presence 

of G4 structure could impact on radiation responses. Indeed the treatment of human glioblastoma cells 

or bacteria with G4 ligands radiosensitizes cells to X-ray and γ-irradiation exposure, respectively [30-

31]. In addition, a recent study reported that stabilization of a G4 structure by hnRNPH/F protein 

binding in response to UV-B exposure increases p53 mRNA processing thus increasing p53 activity 

[9].  
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Overall, our data showed that FSp53 and p53I2 mRNA levels is strongly dependent upon TP53 

genetic context that modulate different transcriptional and post-transcriptional processes regulating 

p53 isoform expression. Such observations are not restricted to the FSp53 and p53I2 transcripts and 

the protein isoforms that they encode, other polymorphisms have been involved in the differential 

expression of p53 isoforms by modulating transcriptional and translational process (reviewed in [25]). 

We recently showed that rs17878362 and rs1042522 (P>R) polymorphisms modulate promoter 

activity of the internal TP53 P2 promoter regulating expression of D133p53 mRNA [32]. In particular, 

the rs17878362 A1-P72 and rs17878362 A2-R72 alleles exhibit a lower promoter activity than 

rs17878362 A1-R72 and rs17878362 A2-P72 allele. The impact of TP53 polymorphisms on internal 

promoter activity has been extended to 12 polymorphisms in a systematic study also supporting that 

TP53 polymorphisms differentially affect D133p53 mRNA expression [33]. In addition, genetic 

variations in the 5’UTR of FSp53 mRNA have been shown to affect the cap-independent translation of 

both p53 and D40p53 protein isoforms [34-35]. Expression of p53 isoforms is thus under genetic 

control resulting in a differential pattern of p53 isoforms found throughout the general population that 

may directly participate in the increased cancer susceptibility associated with non-coding or 

synonymous TP53 polymorphisms. 

Our data support growing evidence that non-coding genetic variations modulate expression of p53 

isoforms by affecting different transcriptional, post-transcriptional and translational mechanisms. 

Genetic alterations can modify both nucleotide sequences and structures within p53 RNA that are cis-

regulators of p53 expression. Since p53 isoforms have been shown to modulate p53 transcriptional 

activity and thus the p53-mediated growth suppression, we may expect that in the general population, 

expression pattern of p53 isoforms is different in an individual-dependent manner. Thus, non-coding 

polymorphisms by modulating isoforms expression may be as important as coding polymorphism in 

regulating p53 activity (reviewed in [36]).  
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 FIGURES LEGENDS 

Fig 1: TDS, CD and UV melting experiments. (A) Thermal difference Spectra. TDS result from the 

difference between the absorbance spectrums recorded at 90° ± 2°C and at 4° ± 2°C (in K
+
). They 

were recorded between 220 and 335 nm. (B) Circular dichroism spectra. CD spectra were recorded at 

20°C (in K
+
) on a JASCO-810 spectropolarimeter using 1 cm path length quartz cuvettes. The 

oligonucleotides were annealed by eating at 90°C for 5 min, followed by cooling to 20°C at 1°C/min 

rate. (C) UV melting profiles. Absorbance at 295 nm is plotted as a function of temperature for both 

sequences in K
+
. 

 

Fig 2:!RT-elongation assay to identify G4s localization in rs17878362-A1 and -A2 containing 

sequences. (A) G4s were mapped by reverse transcription of intron 3 sequences in the presence of a 

radiolabelled oligonucleotide and either K
+
 (stabilizing G4) or Na

+
 (destabilising G4) and products were 

separated by denaturing gels electrophoresis. Lanes 1 – 4 and 9 – 12: dideoxy sequencing of the 

sequence used for reverse transcription. RT-stops (lanes 5 – 8) occurred at guanine residues as 

shown by comparison with the sequencing lanes. Black arrowhead: 3’-intron 3 end. Open arrow head: 

5’-intron 3 end; Brackets show position of rs17878362 sequence. (B) Shorter exposure of area 

corresponding to the aera delimited by dotted lines identifying the presence of RT-stops.  (C) 

rs17878362-A1 and -A2 sequences single and double underline: PIN3 polymorphic sequence. 

 

 
Fig 3: Variation in TP53 transcript levels depending on the rs17878362 allele status. (A) FS-GFP 

(left panel) and I2-GFP (right panel) transcript levels in p53-null transfected HT1299 cells were 

monitored by quantitative RT-PCR with neomycin expression used as the reference. The bar 

represents the mean value ± SEM from at least 4 independent experiments. **P<0.01: Student’s 

paired t-test. (B) FSp53 (left panel) and p53I2 (right panel) transcript levels in LCLs carrying the 

rs17878362 A1 or A2 allele measured using quantitative RT-PCR with TBP expression used as a 

reference. Each point of scatter plot indicates an independent experiment and for each cell line mean 

value ± SEM are represented by bars. ***P<0.001: Student’s t-test 
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Fig 4: Effect of G4 ligand on TP53 transcript levels depending on the status of rs17878362. 

Forty-eight hours after treatment with 500nM of 360A, the relative FSp53 (A) and relative p53I2 

transcript levels were measured (B). Each bar of the histograms indicates mean value ± SEM of at 

least four experiments performed in each LCL carrying either the rs17878362 A1 or A2 allele. 

*P<0.05: Student’s paired t-test 

Fig 5: TP53 transcript levels after DNA damage induced by IR. FSp53 (A) (C) and p53I2 (B)(D) 

transcript levels normalized to TBP 48 hrs hours after exposure of LCLs to 2 Gy (A and B) or 0.1 Gy 

(C and D) of IR.  The bars of the histograms indicate mean value ± SEM of at least four experiments 

performed in three LCLs carrying either the rs17878362 A1 or A2 allele. *P<0.05, **P<0.01: Student’s 

paired t-test.  

Fig 6: Effect of rs1642785 on p53I2 mRNA stability. The p53I2 transcripts were quantified by real-

time PCR up to 8 hrs after treatment of LCLs with actinomycin D and normalized to TBP. Each curve 

represents relative p53I2 mRNA level in LCLs carrying (A) the rs17878362 A1 and rs1642785 G 

alleles or (B) the rs17878362 A2 and rs1642785 C alleles. Values are means ± SEM of at least three 

experiments. The half-life represented the time required to obtain the half of the initial quantity of p53I2 

transcript. 
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Supplementary Table 1 

 

Transcripts Primers Sequences (5’-3’) Ref 

FSp53 
Forward TGGAAACTACTTCCTGAAAACAACG 

New design 
Reverse GGGAGTACGTGCAAGTCACAGA 

p53I2 
Forward TGACACGCTTCCCTGGAT 

New design 
Reverse TCGCTTCCCACAGGTCTC 

TBP 

Forward CACGAACCACGGCACTGATT Marcel et al., 

2011 

 

Reverse TTTTCTTGCTGCCAGTCTGGAC 

FS-GFP 

Forward TGGAAACTACTTCCTGAAAACAACG New design 

Reverse GCTCACCGATCGTGCTTGGGAA Marcel et al. 

2011 

I2-GFP 
Forward CAGTCAGATCCTAGCGTCGAG 

New desgin 
Reverse AGCAGAAAGTCAGTCCCATGA 

Neomycin 
Forward AGACAATCGGCTGCTCTGAT Marcel et al., 

2011 Reverse CAATAGCAGCCAGTCCCTTC 
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Supplementary Table 2 

 

 

 Prediction of TP53 A2-intron 3 

Algorithm Consensus Reference Start Length Sequence Score 

Quadfinder GxNy1GxNy2GxNy3Gx 

(3 ≤ x ≤ 5) 

(1 ≤ y ≤ 7) 

Scaria et 

al., 2006 

11 

16 

29 

24 

GGGTTGGGCTGGGACCTGGAGGGCTGGGG 

GGGCTGGGACCTGGAGGGCTGGGG 

 

21 29 GGGACCTGGAGGGCTGGGGACCTGGAGGG  

31 28 GGGCTGGGGACCTGGAGGGCTGGGGGGG  

36 31 GGGGACCTGGAGGGCTGGGGGGGCTGGGGGG  

37 30 GGGACCTGGAGGGCTGGGGGGGCTGGGGGG  

47 20 GGGCTGGGGGGGCTGGGGGG  

GQRS 

Mapper 

GxNy1GxNy2GxNy3Gx 

(x ≥ 3) 

(1 ≤ y ≤ 7) 

(length ≤ 35) 

(score ≥ 48 ) 

Kikin et 

al., 2006 

11 29 GGGTTGGGCTGGGACCTGGAGGGCTGGGG 48 

16 24 GGGCTGGGACCTGGAGGGCTGGGG 47 

21 29 GGGACCTGGAGGGCTGGGGACCTGGAGGG 48 

31 28 GGGCTGGGGACCTGGAGGGCTGGGGGGG 48 

37 30 GGGACCTGGAGGGCTGGGGGGGCTGGGGGG 50 

47 20 GGGCTGGGGGGGCTGGGGGG 48 

Bold sequence: 1
st
 single repeat of the 16 bp duplication 

Bold underlined sequence: 2
nd

 repeat of the 16 bp duplication 
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 The human genome contains more than one million sequence variants that are 

considered as SNPs/polymorphisms, consisting of DNA sequence variations affecting single 

nucleotides. It is common to include in this definition sequence variations that affect a small 

number of consecutive base pairs (small insertions, deletions, inversions, tandem 

substitutions…). SNPs/polymorphisms are heritable as Mendelian traits and represent one of 

the main genetic bases for the diversity within a species and are thus important targets for 

evolution.  

 The human TP53 gene is highly polymorphic. Some of these polymorphisms may 

represent variations without functional relevance that occur as markers of genetic distance 

between human population groups. However, it is likely that several other polymorphisms 

may have a functional impact and contribute to individual and population differences in the 

intrinsic level of p53 activity. Such “functional polymorphisms” would be expected to have 

an effect on both genetic susceptibility and on cancer development. To date, most studies on 

TP53 polymorphisms have focused on the small sub-group of polymorphisms that occur in 

exons and lead to an aa substitution. Indeed, the biological effects of such non-silent 

polymorphisms are relatively easy to understand, since they may have a very direct impact on 

protein function. The typical example is rs1042522, a G to C variation at codon 72, specifying 

either R or P at the corresponding position in the human p53 protein. This polymorphism has 

been the focus of close to 750 publications indexed in PubMed. Its success as a genetic 

marker is due to its frequency in human populations (the minor allele, C (encoding P) is 

present at a frequency of 0.2 to 0.5, depending upon the population) and to the demonstration 

of functional differences between the R and P p53 proteins in vitro and in experimental 

animals (Whibley et al 2009). Several studies have shown that the 72P variant has a higher 

capacity than 72R in trans-activating p21
WAF1

 and in inducing growth arrest (Pim and Banks 

2004, Salvioli et al 2005). In addition, the 72R variant has an increased capacity to relocate to 

the mitochondria in tumour cell lines (Dumont et al 2003). Furthermore, the 72R variant is 

associated with a higher expression of the embryonic implantation factor LIF and lower rate 

of in vitro fertilization failure (Feng et al 2011, Kang et al 2009). An association has also been 

reported between low winter temperature and the 72R variant in a cohort of 4,029 individuals 

across Eastern Asia, suggesting selection by adaptation to cold climates (Shi et al 2009b). 

Compared to this polymorphism, those in introns have been little studied, despite the fact that 

some of them are also as common in various human populations. Recent advances in the 

understanding of the role of introns, as well as knowledge on the nature of regulatory motifs 

affecting RNA transcription, processing and stability in non-coding DNA sequences, is 
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currently leading the scientific community to re-assess the possible impact of these so far 

neglected polymorphisms. 

 The main topic of my Thesis was to understand the biological and pathological impact 

of rs17878362. This polymorphism consists of a duplication of 16 bp in a G-rich region of 

TP53 intron 3. It is located in a portion of the TP53 gene, which has a complex structure and 

is highly polymorphic, made of a rapid succession of small exons and introns, and subject to 

the alternative splicing of intron 2. Within this region, 3 of the most frequent polymorphisms 

in TP53 can be found over a distance of 412 bp: rs1642785 in intron 2 (G<C), rs17878362 in 

intron 3 and rs1042522 in exon 4. These 3 polymorphisms are in partial or near-complete 

linkage disequilibrium, defining a particular “box” within the TP53 gene, which may affect 

the regulation of its expression and function (Figure 23) (Garritano et al 2010, Marcel et al 

2009). 

 

Figure 23: Schematic representation of the three most frequent polymorphisms between the intron 2 and 

the exon 4 of the TP53 gene. (A) The localisation of rs1642785, rs17878362 and rs1042522 within TP53, their 

minor allele frequency and (B) the distribution of their haplotypes from (Marcel et al 2009). 
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 To address the possible impact of rs17878362, we first performed a meta-analysis of a 

large dataset of case-controls studies, which analysed the association between rs17878362 and 

cancer susceptibility. Next, we analysed the effect of this polymorphism in the context of the 

high cancer risk of subjects carrying a germline TP53 mutation. Finally, we have integrated 

structural and functional studies in vitro and in cell lines models to demonstrate that 

rs17878362 has a specific effect on p53 gene expression and regulation by modulating the 

alternative splicing of intron 2. 
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Part I. Association  between  rs17878362  and 

cancer susceptibility 

A. Meta-analysis of rs17878362 in relation with risk of sporadic 

cancer 

 Meta-analysis provides a methodology to statistically assess the strength of an 

association across a series of studies having a similar overall design. One of its main 

advantages is to take into consideration various sources of bias (such as biases due to small 

sample size, to publication trends) while taking into account each specific study in the overall 

assessment. This approach differs from pooled analyses, a method, which consists in 

assembling a single association study by pooling together the data from different studies. For 

Article 1, we have taken into consideration all studies (1) published in English before January 

2012, (2) developed using a strict case-control design, (3) in which rs17878362 has been 

typed using a reliable methodology (DNA sequencing, allele-specific TaqMan assays, 

differential gel electrophoresis migration assays), (4) providing their results in the form of an 

odds ratio with 95% confidence interval (Figure 24). Our meta-analysis regrouped 25 such 

studies, comprising 10,786 cancer cases and 11,377 controls. This is the third meta-analysis 

of the association between rs17878362 and cancer risk. Previous meta-analyses were 

published in 2010 ((Hu et al 2010c); 1,823 cases and 2,111 controls focusing on breast cancer, 

(Hu et al 2010b); 9,801 cases and 10,391 controls) and in 2011 ((He et al 2011a, He et al 

2011b); 3,332 cases and 3,400 controls, focusing on breast cancer).  However, the 2010 meta-

analysis has been the focus of controversy, since some of the data used in this analysis were 

not in line with those published in the original studies (Lu et al 2011).  
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Figure 24: Decision tree applied to select publications using PubMed and Web of Science databases. Using 

the predefined terms (“TP53”, “p53”, “intron 3”, “16bp-Del”, “PIN3”, “polymorphism”, “rs17878362” and 

“intron”), several publications were found in both PubMed and Web of Science databases. To identify the 

publications suitable for our meta-analysis, exclusion criteria were applied and are presented on the right panel. 

Twenty-four studies focused on TP53 PIN3 polymorphism were included, some of them also presenting data on 

TP53 PEX4 and PIN6 polymorphisms. Main characteristics of the selected publications are presented at the 

bottom panel. n: number of publications, cases and controls. 

 This controversy led us to perform a rigorous meta-analysis to quantify the association 

between rs17878362 and cancer susceptibility and to assess this association in different 

population according to their geographical origin and in different types of cancer. 

 Our results confirm previous meta-analyses identifying a small but statistically 

significant association between the A2 allele of rs17878362 and the risk of cancer. Depending 

upon the cancer pathology considered, the OR in homozygote carriers of the A2 allele varied 
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between 1.41 and 1.67, suggesting an overall increase in risk of about 50%. Differences were 

noted between breast, colorectal and lung cancer, which may be due to the heterogeneous 

nature of these broad cancer types (for example, breast cancer is known to contain several 

sub-types; lung cancer consists of different histo-pathological types, which also differ in their 

association with smoking) (Figure 25). Furthermore, differences were detected between 

populations. The strongest association was seen for European Mediterranean countries (A2A2 

genotype: OR= 2.52, 95% CI=[1.53-4.24]) whereas no significant association was observed in 

studies on populations from the US. The reason for such large difference between two 

populations of essentially Caucasian origin is not known. It may be due to a joint effect of 

rs17878362 with lifestyle and environment, which may differ among populations and regions. 

Other genetic modifiers may also play a role, although there is no clear clue on which 

modifier might significantly differ among these populations of similar origin. Of note, our 

study did not include Asian populations. Indeed, in this group, the A2 allele of rs17878362 is 

rare (MAF=2%) and there is not enough structured data to evaluate the impact of this 

polymorphism in Asian populations (Marcel et al 2009).  

 Whereas the meta-analysis clearly identifies an increased cancer risk in relation with 

A2A2 genotype, the strength of the association for individuals with a heterozygous carrier 

status is not statistically significant (except in Mediterranean countries). When comparing 

different cancer types, however, there is a small, non-significant increase of the risk in A1A2 

carriers, which is compatible with a dosage effect for the impact of the A2 allele for an 

increased risk of cancer. Further studies on cohorts with better-defined risk factor profiles will 

be needed to identify and quantify the precise risk associated with A1A2 genotype. 

 As mentioned above, rs17878362 is in partial LD with rs1042522 (as well as with 

rs1642785). Using the same case-control studies as for rs17878362, we have meta-analysed 

the risk of cancer in relation to the rs1042522 genotypes (Figure 25). Our analysis detected a 

significant increase of risk of 16% in heterozygote carriers (G/C). A similar effect was seen 

with another intronic polymorphism, rs1625895 (G>A; located in intron 6). These two 

polymorphisms belong to the same TP53 haplotype block as rs17878362 (Garritano et al 

2010). It remains to be determined up to which point their effects (which are weaker than the 

one of rs17878362) can be attributed to the LD with rs17878362. Current published data on 

individual polymorphisms do not allow the reconstitution of haplotypes on groups of cases 

and controls large enough to address this question. 
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Figure 25: Effect of the rs17878362, rs1042522 and rs1625895 polymorphisms on cancer susceptibility 

depending on geographic origin and cancer type: a model. The size of the arrow corresponds to the statistical 

significant association between cancer susceptibility and rs17878362. 

 Overall, the effect we have detected in this meta-analysis predicts that the A2 

genotype is associated with a slightly increased risk of cancer. This would suggest that A2 

defines a “weak” TP53 allele, with less capability to suppress tumorigenesis than alleles 

carrying the A1 genotype. Another hypothesis, however, can be formulated: subjects with A2 

alleles might be more susceptible to somatic inactivation of TP53 by mutation or loss of 

heterozygosity, thus leading to an increased risk of cancer in particular in A2A2 carriers. 

There is currently no data on the association between the possible selective occurrence of 

TP53 mutations on defined haplotypes and cancer risk. In a recent study, Ortiz-Cuaran and 

collaborators have shown that polymorphisms in intron 1, but not rs17878362, were 

associated with TP53 mutations at codon 249 in hepatocellular carcinoma (Ortiz-Cuaran et al 

2013). In another study, Mechanic and co-workers analysed 14 polymorphisms in lung cancer 

patients from the greater Baltimore area and have observed an association between the TP53 

polymorphisms rs1042522, rs9895829 (A>G, intron 4), rs1625895 and rs12951053 (T>G, 

intron 7) and risk of somatic mutation (Mechanic et al 2007). It remains to be determined 

whether TP53 alleles carrying the A2 genotype of rs17878362 are more frequently mutated in 

sporadic cancers than alleles carrying the A1 genotype. 
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B. Analysis of rs17878362 in relation with risk of familial 

cancer 

 The LFS and its variant form LFL are rare autosomal syndromes associated with a 

specific spectrum of early onset cancer. Currently, the only known genetic basis is carriage of 

a germline mutation in TP53. These mutations are found in 20-30% of the subjects referred 

for genetic testing based on clinical criteria suggestive of LFS/LFL (modified Chompret 

criteria) (Tinat et al 2009). The molecular basis of the syndrome in subjects who do not carry 

a germline TP53 mutation is not known. Moreover, there is debate as whether all TP53 

mutations are equally penetrant and have the same impact on cancer risk. It is likely that other 

genetic/epigenetic traits could modify the penetrance of TP53 mutations to this disease such 

as TP53 polymorphisms (such as rs1042522) or Mdm2 polymorphisms (such as rs2279744). 

We have addressed the possible impact of rs17878362 on the phenotype of LFS in TP53 

mutation carriers from Brazil, a country where LFS/LFL appears to be more frequent than in 

other parts of the world, an observation attributable to the high prevalence of a founder TP53 

mutation (R337H) in the population of south Brazil (Article 2).  

 In this study, we have tested our working hypothesis that at least one of the 85 

polymorphisms located within or around the 5 regions containing G4 structures of the TP53 

gene may play a role as a genetic modifier of the penetrance of the pattern of cancer incidence 

in the LFS family members. Therefore, we genotyped these polymorphisms in the LFS 

subjects and we analysed the association between the carriage of the different alleles with age 

of cancer onset. For the statistical analysis, we have developed a hierarchic model taking into 

account the number of tested subjects in each family. We adjusted each sample to the size of 

its family to suppress the bias induced by large pedigrees.  

 In LFS/LFL patients, we found that only 11 of the 85 polymorphisms showed allelic 

variation in these series. Four had a minor allele frequency (MAF) less than 4% including 

rs78378222 that has been associated with basal cell carcinoma (Prostate cancer, glioma and 

colorectal adenoma) in an Iceland population . Focusing on these 7 polymorphisms, we 

analysed their association with the age of first cancer diagnosis. None of these 7 

polymorphisms was associated with an increase of cancer risk in the WT2 group. In contrast, 

in the MUT group, the minor alleles of rs17878362, located in the G4 in the intron 3, and of 

rs17880560, located in proximity to the G4 in the 3’flanking region, showed a borderline 

significant tendency for association with a later age at first cancer diagnosis.  
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  To complement this, we reconstituted haplotypes based on the rs17878362 and 

rs17880560 polymorphism. We did not observe any association of these haplotypes and 

cancer risk in the WT2 group. In contrast, in the MUT group, A1-A1 (A1 for rs17878362 and 

A1 for rs17880560) individuals developed cancer on average 25 years earlier than patients 

with haplotypes carrying at least one A2 allele (A1-A2: A1 for rs17878362 and A2 for 

rs17880560) and (A2-A1: A2 for rs17878362 and A1 for rs17880560). In addition, only A1-

A1 carriers developed cancer before the age of 35 years. 

 Our results indicate that the A2 alleles of the rs17878362 and rs17880560 

polymorphisms appear to be protective against early cancer onset. Their combination is more 

effective for protecting against early cancer onset than any of these polymorphisms alone. 

These results suggest that polymorphisms located within or around G4 structures could 

modulate on TP53 suppressor functions. These results suggest that TP53 haplotypes carrying 

at least one A2 allele of rs17878362 or rs17880560 can exert their suppressor activity even in 

the face of a mutant A1-A1 haplotype, thus enabling a protection against cancer onset until 

adult age. These WT haplotypes would therefore qualify as “strong” haplotypes, in contrast to 

WT A1-A1 haplotypes, which would be less competent to prevent cancer onset, leading to 

higher risk of childhood cancer (Figure 26). These observations, if validated, would be of 

interest to stratify patients into groups at risk for “early” versus “late” diagnosis, each with 

adapted surveillance programs. Such an approach may be of great interest for the surveillance 

of cancer risk in Brazilian carriers of R337H, since many of these subjects may have a low 

risk of early cancer and may therefore not need to undergo the intense surveillance programs 

proposed to carriers of “classical” TP53 mutations (Villani et al 2011). 
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Figure 26: Effect of different WT haplotypes in TP53 mutation carriers: a model. TP53 alleles are 

represented as rods. Left, mutant allele occurring on a haplotype carrying A1 variants of both rs17878362 and 

rs17880560 (A1A1). Right, different types of WT haplotypes. The WT haplotype defined by A1A1 is considered 

as a “weak” haplotype (associated with early cancer, indicative low capacity to compensate the loss of p53 

function of the mutant allele). The WT haplotypes defined by A1A2 or A2A1 are considered as “strong 

haplotype” (associated with later cancer onset, thus providing at least partial compensation for the loss of 

function of the mutant allele). Of note, our data do not predict the effect of WT A2A2 haplotypes, or the effects 

of these haplotypes when the mutation occurs on another haplotype than A1A1. (Sagne et al., Submitted)  

 

 The fact that our series of patients included a large proportion of carriers of the 

“Brazilian founder mutation” R337H, can be seen as both a constraint and an advantage. It is 

a constraint since it has to be considered that the effect we have observed might be specific 

for this particular mutant. It also represents an advantage, since it led us to consider the effects 

of polymorphisms on the remaining WT allele. Indeed, in R337H carriers, all subjects have 

exactly the same, mutant haplotype and genetic diversity in TP53 is due to different 

polymorphisms occurring on the WT allele. This allele-specific aspect has not been taken into 

account in studies on TP53 polymorphism in other LFS/LFL cohorts, in which TP53 

polymorphisms were analysed independently of their occurrence on either the WT or the 

mutant haplotype. Another consideration is that it is known that R337H carriers have a lower 

risk of developing early cancer (before age 30) than carriers of “classical”, DNA-binding 

domain TP53 mutations. Therefore, the age range of disease development in these patients is 

particularly large, providing a wider “window” for detecting subtle effects of genetic 

variations. Thus, it will be important to replicate these studies in other, independent LFS/LFL 

series. 
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C. Effects of rs17878362 in sporadic or inherited contexts: an 

apparent paradox 

 Our conclusions on the role of rs17878362 in sporadic cancers (Meta-analysis: Article 

1) and in the context of inherited cancers (LFS cohort: Article 2) are resulting into an 

apparent paradox. Whereas, in sporadic cancer, carriers of two A2 alleles appear to have an 

increased risk of cancer, in inherited cancers, we have identified this allele as “protective” and 

appear to be associated with the development of cancer at a latter age. It therefore seems that 

the definition of “weak” and “strong” p53 tumour suppressor alleles is not the same, 

depending upon whether the context is sporadic or inherited. There is, however, a plausible 

hypothesis to resolve this apparent paradox (Figure 26). 

 

 

Figure 27: Model of the association of the TP53 rs17878362 polymorphism in sporadic and germline TP53 

mutation context. 

 In the context of sporadic cancer, it can be proposed that subjects with A2 alleles of 

rs17878362 may indeed carry a form of p53 that exerts potent effects as a tumour suppressor. 

This effect would identify TP53 in these subjects as a strong limiting factor for the occurrence 

and development of cancer. Consequently, in these tumours TP53 would be an important, if 

not an obligate, target for genetic alterations (mutations or loss of alleles). The notion that 

TP53 mutations may preferentially appear on specific alleles has been described in some 
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studies. In liver cancers, Ortiz-Cuaran and collaborators have identified an association 

between the presence of the mutation at codon 249 in TP53 and specific genotypes of 4 

polymorphisms located in TP53 intron 1 (Ortiz-Cuaran et al 2013). In sporadic lung cancers, 

Mechanic and co-workers have shown that mutations were more frequent on alleles of TP53 

carrying a number of defined polymorphisms (Mechanic et al 2007). However, no study to 

date has investigated whether different alleles of rs17878362 may be mutated at different 

rates in sporadic cancers. The hypothesis that haplotypes carrying the A2 allele of rs17878362 

may be more “mutable” than alleles carrying the A1 allele may contribute to explain why 

subjects with A2 alleles may be at higher risk of sporadic cancer. 

 According to this hypothesis, subjects with inherited mutations on A2 alleles would be 

expected to have a more severe phenotype than subjects with inherited mutations on A1 

alleles. Our dataset of LFS/LFL families is too limited to investigate this question. We could 

only address it in carriers of other mutations than R337H (which is present on the A1 allele of 

rs17878362). In families with other mutations, we observed that all but one (15 out of 16) had 

the germline mutation on the A1 allele of rs17878362. The only subject who carried a TP53 

mutation on an A2 allele also carried a WT A2 allele, and this patient is the only case in our 

series with early cancer (<25 years) and carrying at least one A2 allele. None of the patients 

carried a mutant A2 allele and a WT A1 allele. Although we cannot conclude from a single 

case, we note that, according to our hypothesis, this patient would carry the mutation on a 

“strong allele” while retaining a “strong” WT allele, a situation in which the intrinsic effects 

of the two alleles may cancel each other, leading to a phenotype similar to carriers of 

mutations in an A1A1 background. Further studies in other LFS/LFL series are needed to 

analyse cancer onset according to the polymorphic status of haplotypes carrying the mutation, 

and to determine if different TP53 haplotype are mutated at the same rate in the germline of 

TP53 families. In addition, this hypothesis can serve as a basis for experimental strategies 

aimed at measuring the activity of selected TP53 haplotypes, for example using a panel of 

lymphoblastoid cell lines derived from subjects with defined TP53 genotypes. An interesting 

experimental model for such studies has been recently described by Zerdoumi and 

collaborators (Zerdoumi et al 2013). These authors have developed a functional assay of p53 

pathway induction after DNA damage in Epstein-Barr virus immortalized lymphocytes, 

followed by the comparison of gene-expression profiling. In WT cells, they identified 173 

genes with an increase of more than two-fold. On these 173 genes, 46 were known as p53 

target genes. In LFS cells with “canonical” missense mutations, numbers and levels of 

induced genes were strongly reduced as compared with controls and LFS cells with null-p53 
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mutations. Thus, this model seems to be appropriate to score germline missense TP53 

mutations with a dominant negative effect. It would be of great interest to compare the 

variations in the expression of the 173 gene signatures in lymphoblastoid cell lines with TP53 

mutations in different rs17878362 backgrounds. 
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Part II. Towards  a  functional  hypothesis  for 

genetic determinants of p53 regulation 

 G4s are important structural motifs in the regulation of gene expression. Their 

presence in the pre-mRNA of several genes regulates its stability, splicing and processing. 

The two polymorphisms identified here as associated with age at cancer onset in LFS/LFL 

have been associated with differences in p53 mRNA levels. Regarding rs17878362, 

Gemignani and collaborators have detected that lymphoblastoid cells from subjects 

homozygous for the A2 allele expressed significantly less total p53 mRNA than subjects 

homozygous for the A1 genotype (Gemignani et al 2004). Regarding rs17880560, this 

polymorphism is located in the 3’flanking region that has recently been shown to contain G4 

sequences regulating pre-mRNA cleavage at the poly-adenylation site (Decorsiere et al 2011). 

Although rs17880560 is not precisely located within the main G4 structure identified as 

responsible for this effect, it affects another putative G4 located closed to this demonstrated 

G4. Given the possibility that the G4s located over a stretch of bases may be in equilibrium 

with each other, it is possible that a polymorphism modifying one G4 within a defined region 

may have a domino effect on the structure of other G4s.  

 Although located in an intron, rs17878362 is located in an important region for the 

regulation of the TP53 gene expression. This region contains the internal promoter P2, 

responsible for the transcription of the Δ1133p53 and Δ160p53 isoforms and the intron 2, 

which is alternative spliced, modulating the expression of the Δ40p53 isoform (Marcel et al 

2011). The pre-mRNA from the proximal promoter generates two different N-terminal 

isoforms: FSp53 mRNA, which encode TAp53 (the canonical p53 protein, 393 aas), and 

p53I2 mRNA, retaining intron 2, which encodes Δ40p53, an isoform of 354 aas produced due 

to initiation of transcription at AUG40. Retention of intron 2 introduces several stop codons 

downstream of codon 1 located in exon 2, making AUG40 the first available initiation codon 

for p53 protein translation from the p53I2 mRNA. Of note, a similar Δ40p53 protein can also 

be expressed by internal initiation of translation at codon 40 using FSp53. It is currently not 

possible to distinguish between the Δ40p53 proteins based on whether they have been 

translated from p53I2 or from internal initiation in FSp53 mRNA.  
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 Examination of the sequence of intron 3 led Eric Van Dick, then a staff scientist at 

IARC, to speculate that this region might have a structure compatible with formation of a G4. 

This observation led our interest in identifying this structure and elucidating its possible 

impact on the regulation of p53 expression. Article 3 reports that G4 structures are formed in 

intron 3 of the TP53 pre mRNA and enable the regulation of alternative splicing of the intron 

2 by increasing the exclusion of intron 2 and the expression of FSp53 mRNA. In Article 4, 

we further show that the G4 structures formed in intron 3 can exist in presence of either 

rs17878362 variants A1 or A2. Both rs17878362 variants influence the alternative splicing of 

the intron 2 with the A2 allele being associated with lower levels of the p53I2 mRNA. In 

addition, the balance between FSp53 and p53I2 mRNA is influenced by an additional 

polymorphism located in intron 2, which is in partial LD with rs17878362. This 

polymorphism (rs1642785, G>C) is almost systematically present as the C allele on 

haplotypes that carry the A2 allele of rs17878362 (Figure 23B). Presence of this 

polymorphism has an effect on the stability of the alternatively spliced mRNA, which appears 

to have a shorter half-life and is thus present at lower levels than in cells with G alleles of 

rs1642785 combined with A1 alleles of rs17878362. These results suggest that rs17878362, in 

combination with rs1642785, influences the formation of mRNA encoding N-terminal 

isoforms by modulating the alternative splicing of the intron 2 at the pre-mRNA level. This 

synergistic effect of two polymorphisms in different introns may contribute their linkage 

disequilibrium. 

 This complex interplay between polymorphisms, G4 and p53 isoform expression 

provides support to a simple model in which p53 suppressor function is modulated by the 

level of Δ40p53 protein, acting as a “buffer” to neutralize p53 protein activity. Figure 28 

illustrates this concept in the context of the two most common haplotype combinations of 

rs17878362 and rs1642785.  With the G-A1 haplotype (representing 70% of all haplotypes in 

Caucasians), both FSp53 and p53I2 are produced. Assuming that both mRNA are equally 

translated, two distinct p53 proteins, TAp53 and Δ40p53, should be co-expressed in cells. 

Given that Δ40p53 is deprived of the N-terminal TAD and can inhibit the capacity of TAp53 

to trans-activate target genes, this p53 protein combination may correspond to a “weak” p53 

suppressor status, where TAp53 transcriptional activity is partially inhibited by the Δ40p53. 

With the C-A2 haplotype (representing 12.5% of all haplotypes, the second most common 

combination), TAp53 is expected to be expressed in the presence of a very low quantity of 

Δ40p53. This protein combination may correspond to a “strong” p53 suppressor status, since 
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in this situation TAp53 activity may escape the negative control exerted by Δ40p53. Other 

haplotypes combining rs17878362 and rs1642785 may provide for a whole spectrum of 

effects between these two extremes. It remains to be determined whether (1) TAp53 and 

Δ40p53 are actually expressed at a level predicted by the levels of their respective mRNA; (2) 

whether levels of Δ40p53 modulate the p53-dependent transcriptome in a manner compatible 

with a reduction of tumour suppression by p53. 

 

Figure 28: Model of the influence of the combination of the rs1642785 and rs17878362 polymorphisms on 

N-terminal p53 isoforms expression and p53 activity. 

  

 It is acknowledged that the model presented above and in Figure 28 is extremely 

speculative, it raises a number of interesting questions. The first is to determine the nature of 

the biological effects responsible for “weak” and “strong” suppressor status. It is important to 

consider that Δ40p53, which lacks the Mdm2 binding domain, is not inducible by genotoxic 

stress in the same way as TAp53. Therefore, it is much more likely to exert its negative effect 

on p53 function in basal conditions, rather than in conditions were TAp53 is selectively 

accumulated and activated in response to DNA damage. It follows that the effect of Δ40p53 

might be critical for a number of basal p53 functions rather than for the p53-dependent 
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response to acute DNA damage. Interestingly, a recent study in mice carrying mutants of p53 

at acetylation sites has shed a new light on the hypothesis that tumour suppression may be 

associated with the basal regulation by p53 of a number of genes involved in the control of 

energy metabolism, rather than with acute induction of cell-cycle arrest or apoptosis (Li et al 

2012b). Thus, in future studies, it will be important to examine the basal (non-DNA damage 

activated) pattern of p53-mediated gene expression in order to identify possible differences in 

genes involved in the control of energy metabolism.  
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 The aim of this work was to characterise the role of the TP53 polymorphisms 

especially the rs17878362 in the regulation of the TP53 isoforms expression. The hypothesis 

was that common TP53 polymorphisms located within introns could have an impact of 

differential expression of p53 protein isoforms, which could modulate p53 activity. Indeed, 

results accumulated over the past 10 years have shown that patterns of expression of p53 

mRNA and protein were complex, with multiple different mRNA variants and protein 

isoforms that could influence each other and therefore impact on overall p53 responses.  

  First, the rs17878362 polymorphism appears to exert different effects on cancer 

susceptibility depending on whether cancer occurs in a sporadic or familial context. In 

sporadic cancer, carriage of the A2A2 genotype is associated with an increased risk of cancer 

compared to the A1A1 genotype, whereas, in inherited cancers, the A2 allele appears to have 

a “protective” effect, characterized by a later age at first cancer onset in carriers of a germline 

TP53 mutation. Of note, in our study, the effect of rs17878362 was due to its presence on the 

WT allele, since most of the subjects tested had a mutation in an allele carrying the A1 variant. 

Considering a simple model that assumes that the activity of the mutant allele is lost and that 

any residual p53 activity in mutation carriers would be driven by the remaining WT allele, 

these observations suggest that specific TP53 haplotypes could differ by their capacity to 

increase the tumour suppression ability. In other terms, haplo-insufficiency in mutation 

carriers would be dependent upon the haplotype structure, and the biological activity, of the 

remaining WT allele. This led us to suggest that at least two broad categories of TP53 

haplotypes may exist, “strong” and “weak”. It remains unclear how this simple model may 

account for the fact that the A2 allele of rs17878362 appears to be associated with a higher 

risk of cancer in a sporadic cancer context. A possible explanation could be that different 

haplotypes of TP53 may not be targeted by somatic mutations at the same rate. Haplotypes 

that specify a “strong” suppressor effect may become more targeted by mutations than 

haplotypes specifying “weak” suppressor effects, the activity of which may be bypassed by 

alterations in pathways regulating p53 in the absence of TP53 mutation. Subjects with A2 

alleles may be more “sensitive” to acquire a somatic mutation in TP53, and therefore to 

develop sporadic cancers. There is limited evidence that somatic mutation may not be located 

at the same rate on different TP53 haplotypes, but there is no data to support that different 

haplotypes of rs17878362 are mutated in human cancers. Further studies are needed to 

examine the associations between rs17878362 haplotypes and TP53 somatic mutations.  

 In terms of mechanisms, our work contributes to a growing set of experimental data 

linking polymorphic G4 structures in TP53 with regulation of p53 mRNA stability and 
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processing. Rs17878362 is located in a G-rich region that is demonstrated to form G4s, and 

that regulates the alternative splicing of p53 mRNA, possibly leading to the differential 

expression of p53 isoforms. In fact, such effects on p53 mRNA may impact on p53 function 

just by affecting the levels of mRNA affecting FSp53. In addition to this effect, the 

production of isoforms capable of interfering with p53 functions may represent a potent 

mechanism to control and modulate p53 suppressor response, both in response to baseline 

signals or in response to acute DNA damage.  

 Secondly, our results show that this polymorphism alone is not the only variations 

supporting the distinction between “weak” and “strong” alleles. Indeed, it should be 

considered that these two categories only represent the extreme of a continuous spectrum of 

TP53 haplotype defined by several polymorphisms, which may contribute to phenotypic 

diversity in a coordinated manner. The mechanisms modulated by common polymorphisms in 

the 412 bp region located between intron 2 and exon 4 are multiple and cover different levels 

of regulation in a temporal sequence of events. The first polymorphism to exert its effect is 

rs17878362. This polymorphism affects the processing of p53 pre-mRNA by modulating the 

selective retention of intron 2 in the final mRNA. Second, rs1642785 may exert an effect at 

mRNA level by differentially affecting the stability of p53I2 mRNA. Third, another level of 

differential activity between the products of different TP53 alleles may be controlled by 

rs1042522, which specifies either R or P at codon 72 and modulates the activity of the p53 

protein. Further functional studies are essential to understand these interactions, therefore 

shedding new light on the biological mechanisms accounting for the fact that these three 

polymorphisms have apparently co-evolved in different human populations and lineages. 

 Finally, it remains to be validated whether the polymorphisms identified in LFS may 

be of interest as biomarkers to predict individual risk of developing early versus late cancers 

in mutation carriers. This question is critical in the context of the high population frequency 

of the germline mutation R337H in Brazil. Up to several thousand of subjects may be carriers 

and it will be impossible to provide them with comprehensive clinical surveillance using 

standard protocols currently proposed for high penetrance forms of LFS. A reliable marker to 

“prioritize” for early intensive surveillance, those individuals who have the highest risk to 

develop childhood cancer, would be extremely useful. Further clinical evaluation will be 

needed to determine whether screening for rs17878362 genotypes may help to address this 

important public health concern.  
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ORIGINAL ARTICLE

p53 regulates the transcription of its D133p53 isoform through specific
response elements contained within the TP53 P2 internal promoter

V Marcel, V Vijayakumar, L Fernández-Cuesta, H Hafsi, C Sagne, A Hautefeuille, M Olivier
and P Hainaut

Molecular Carcinogenesis Group, International Agency for Research on Cancer, Lyon, Cedex, France

The tumor suppressor p53 protein is activated by genotoxic
stress and regulates genes involved in senescence, apoptosis
and cell-cycle arrest. Nine p53 isoforms have been
described that may modulate suppressive functions of the
canonical p53 protein. Among them, D133p53 lacks the 132
proximal residues and has been shown to modulate p53-
induced apoptosis and cell-cycle arrest. D133p53 is
expressed from a specific mRNA, p53I4, driven by an
alternative promoter P2 located between intron 1 and exon
5 of TP53 gene. Here, we report that the P2 promoter is
regulated in a p53-dependent manner. D133p53 expression
is increased in response to DNA damage by doxorubicin in
p53 wild-type cell lines, but not in p53-mutated cells.
Chromatin immunoprecipitation and luciferase assays using
P2 promoter deletion constructs indicate that p53 binds
functional response elements located within the P2
promoter. We also show that D133p53 does not bind
specifically to p53 consensus DNA sequence in vitro, but
competes with wild-type p53 in specific DNA-binding
assays. Finally, we report that D133p53 counteracts p53-
dependent growth suppression in clonogenic assays. These
observations indicate that D133p53 is a novel target of p53
that may participate in a negative feedback loop controlling
p53 function.
Oncogene (2010) 29, 2691–2700; doi:10.1038/onc.2010.26;
published online 1 March 2010

Keywords: p53; D133p53 isoform; promoter; transcrip-
tional regulation; genotoxic stress

Introduction

The tumor suppressor TP53 gene is one of the most
frequently altered genes in human cancers (Petitjean
et al., 2007). The expression of its product, the p53
protein, is tightly controlled through protein interaction
with the E3-ubiquitin ligase Hdm2 that induces p53
proteasome-dependent degradation (Haupt et al., 1997;

Kubbutat et al., 1997). Under stress, p53 is post-
translationally modified, escapes to Hdm2-mediated
degradation, accumulates in the nucleus and regulates
the transcription of several target genes involved in
growth suppressive responses including cell-cycle arrest,
senescence and apoptosis. Among cell-cycle arrest genes,
p21WAF1/CIP1 encodes a cyclin-dependent kinase inhibiting
cyclin:CDK complexes at both G1/S and G2/M
(el-Deiry et al., 1993; Waldman et al., 1995). p53-
dependent apoptosis is mediated through several distinct
pathways involving genes, such as BAX or PUMA, that
induce mitochondrial apoptosis through caspase activa-
tion (Miyashita and Reed, 1995; Villunger et al., 2003).
A complex and critical question is to understand the
molecular mechanisms by which p53 induces different
types of suppressive responses, depending on the nature
and intensity of the stress as well as on the cell and tissue
characteristics (Vousden, 2006).

TP53 has been shown to produce nine isoforms
(Bourdon et al., 2005). These isoforms combine three
different N-terminal transactivation domains (TADs)
(the full-length N-terminus present in p53, D40 and
D133) with three different C-terminal oligomerization
domains (a, b and g, generated by alternative splicing)
(Marcel and Hainaut, 2009). The D40p53 and D133p53
isoforms lack, respectively, 39 residues, which carry the
main TAD, or 132 residues, corresponding to the TAD,
the proline-rich region and the proximal part of the
DNA-binding domain (Figure 1a) (Courtois et al., 2002;
Bourdon et al., 2005). D40p53 isoform binds p53
response elements (p53REs), but has no intrinsic
transactivation capacity, resulting in the inhibition of
p53 transcriptional and growth suppressive functions
(Courtois et al., 2002; Ghosh et al., 2004). Recent
studies have shown that D133p53 can also inhibit both
p53 transcriptional activity in reporter assays and p53-
dependent apoptosis (Bourdon et al., 2005; Murray-
Zmijewski et al., 2006). Thus, p53 isoforms may regulate
some aspects of p53 functions. The expression of
both p53 and D40p53 is controlled by the P1 promoter
located upstream of exon 1 (Figure 1a) (Tuck and
Crawford, 1989; Ghosh et al., 2004). A second
promoter, P2, has been identified within TP53 gene, in
a region that spans the distal part of intron 1 to the
proximal part of exon 5, covering about 1.5 kb
(Bourdon et al., 2005). The resulting transcript, p53I4,
carries the 3’ end of intron 4 followed by all exons from
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5 to 11 and supports D133p53 synthesis. However, the
regulation of the P2 promoter is still unknown.

TP53 belongs to a family that contains two other
members, TP63 and TP73, with strong functional and
structural similarities (Kaghad et al., 1997; Yang et al.,
1998). These two genes contain an internal promoter,

which regulates the production of N-truncated isoforms
(Kaghad et al., 1997; Ishimoto et al., 2002). The p53
protein has been shown to bind the internal promoter of
TP63 and TP73 and to act either as a negative or
positive transcription factor (Grob et al., 2001; Harmes
et al., 2003). These observations led us to investigate

Figure 1 Correlation between p53 and D133p53 expression. (a) The TP53 gene contains two promoters. The proximal P1 promoter
regulates the expression of the p53 protein, which contains a transactivation domain (TAD), a DNA-binding domain (DBD), an
oligomerization domain (OD) and a basic domain (BD). Fragment from intron 1 to exon 5 (box) contains the alternative P2 promoter
that regulates the expression of the truncated D133p53 isoform. (b) Increased amounts of pcDNA3-p53 vector, expressing p53 cDNA,
were transfected in A549 cells. p53 protein was detected by western blot 48 h post-transfection using DO-7 antibody (black arrowhead)
and D133p53 using DO-12 antibody in the same extracts (white arrowhead) (left panel). p53I4 mRNA levels were quantified by real-
time PCR using a forward primer hybridizing within intron 4 (left panel). Increased expression of p53 was correlated with an increased
expression of D133p53 at both protein and mRNA levels. Ku80: loading control; *Po0.05; **Po0.01. (c) siRNA-targeting p53I4
mRNA, which encodes D133p53 isoform, was introduced in A549 cells. The expression of p53I4 mRNA (left panel) and expression of
p53 and D133p53 proteins (right panel) were analyzed, respectively, by real-time PCR or western blot. siRNA treatment reduces the
expression levels of both p53I4 mRNA and D133p53 protein, whereas it not affects p53 expression levels. (d) In A549 cells, p53
expression was specifically knocked-down using a siRNA directed at exon 4 and D133p53 expression was analyzed at protein (left
panel) and mRNA (right panel) levels. Decrease of p53 expression was correlated with a decreased expression of D133p53 at mRNA,
but not at protein levels. Ku80: loading control. The DO-7 western blot was exposed for 1min in (a) and for 10min in (b).
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whether the TP53 internal P2 promoter may share
similar functional characteristics. We show that the P2
promoter of TP53 contains several p53REs, which can
drive the expression of a reporter gene in a p53-
dependent manner. Furthermore, we show that p53
binds P2 promoter in intact cells and regulates the
expression of D133p53 in response to DNA damage.
Finally, we provide evidence that D133p53 counteracts
growth suppression by p53 in a clonogenic
assay, suggesting a function of D133p53 in p53-
regulatory loop.

Results

D133p53 expression correlates with p53 protein levels
To determine the function of p53 in D133p53 expression,
we first overexpressed p53 in p53-expressing A549 cell
lines using pcDNA3-p53 vector that contains p53 cDNA
(Figure 1b). The p53 protein levels were verified using
DO-7 antibody, which recognizes an epitope (18–23)
present in the N-terminal domain of p53, but absent in
D133p53 (Figure 1b, left panel). To detect D133p53
protein, we used DO-12 antibody, which recognizes a
part of the DNA-binding domain common to both
proteins (260–264), but allows to distinguish them on
the basis of their different electrophoretic motilities
(Supplementary Figure 1a). To verify that the 34 kDa
band corresponds to D133p53, we used a siRNA that
specifically targets p53I4 mRNA, encoding D133p53
protein. As shown in Figure 1c and in Supplementary
Figure 1b, this siRNA significantly reduced both p53I4
mRNA levels and the intensity of the 34 kDa band,
while not affecting the levels of the canonical p53
protein. After p53 overexpression, an increase in
D133p53 protein was observed that correlated with
increased amounts of transfected pcDNA3-p53 vector
and of expressed p53 protein (Figure1b; Supplementary
Figure 1a). A similar increase in p53I4 mRNA was also
detected in these conditions with a significant twofold
increase in the presence of 1.5 mg/ml of pcDNA3-p53-
transfected vector (Figure 1b, right panel). Comparable
effects were observed in another cell line expressing
detectable basal levels of wild-type p53, MN1 (data not
shown). These observations show that overexpression of
p53 induces an increase in D133p53 isoform at both
mRNA and protein levels.

To further show that p53 regulates p53I4 mRNA
levels, we silenced p53 expression in A549 cells.
A siRNA-targeting exon 4 of TP53 gene was used to
selectively eliminate full-length, but not p53I4 tran-
script. At protein level, p53 silencing did not result in
a detectable variation of D133p53 despite reducing
p53 protein levels by >70% (Figure 1c, left panel).
In contrast, at mRNA level, a significant decrease of
40% in p53I4 was observed (Figure 1c, right panel).
These data show that removal of p53 in A459 cells
decreases basal levels of p53I4 mRNA, but not of
D133p53 protein. This suggests that p53 silencing affects
D133p53 transcription, but that within the time course

of this experiment, the effect of this decrease is not
detectable at the protein level, maybe because of its
relatively long half-life.

D133p53 expression is modulated in a p53-dependent
manner in response to stress
To investigate the possible regulation of D133p53 by p53
in response to stress, we assessed p53I4 mRNA
expression in response to DNA damage induced by
doxorubicin in A459 cells (Figure 2a). Protein accumu-
lation of p53 and Hdm2, a p53-target gene, was verified
by western blot in response to two different doses of
doxorubicin at 8 h of treatment. We observed a dose-
dependent increase in D133p53 protein expression
correlated with a concordant increase in p53I4 mRNA,
reaching a significant threefold increase at the highest
dose. However, this dose-dependent increase of D133p53
is limited in cells transfected with a siRNA-targeting
p53I4 mRNA (Supplementary Figure 1c). These ob-
servations indicate that D133p53 is induced by p53 in
response to DNA damage.

To assess the impact of p53 on D133p53 expression at
basal levels, we next used the MN1 breast cancer cell line
grown in estrogen-free conditions (Figure 2b). This
condition has been shown to reduce basal levels of p53
in estrogen-dependent breast cancer cell lines (Hurd
et al., 1997). At protein level, estrogen deprivation
resulted in a marked decrease in p53 and Hdm2
expression after long deprivation times. These variations
were paralleled with matched variations in D133p53
expression, at both protein and mRNA levels. Using
real-time PCR, the decrease after 12 days of deprivation
(20% decrease) was statistically significant. Together,
these observations indicate that treatments regulating
basal levels of p53 protein, either positively or nega-
tively, exert matched effects on D133p53 mRNA and
protein levels.

D133p53 isoform interferes with p53 DNA-binding
and growth suppression
It has been shown that D133p53 isoform can form
hetero-oligomers with p53 protein and can inhibit p53-
dependent transcription in luciferase assays (Murray-
Zmijewski et al., 2006; Chen et al., 2009). To investigate
whether D133p53 isoform may modulate p53 DNA-
binding activity, we performed electro-mobility-shift
assays (EMSA) using a 32P-labeled p53RE consensus
oligonucleotide (Figure 3a). Western blot confirmed the
presence of the two proteins at expected levels (Supple-
mentary Figure 2a). In the presence of p53 alone, a shift
was observed, which was both super-shifted and
stabilized by the addition of the monoclonal PAb421
antibody, as described earlier (Figure 3a) (Verhaegh
et al., 1997). In the presence of D133p53, no shift was
observed, whereas in the presence of the two proteins,
D133p53 seems to significantly decrease the super-shift
generated by the formation of DNA:p53:PAb421
complex (Figure 3a; Supplementary Figure 2b). These
observations indicate that D133p53 does not bind
p53RE DNA on its own, which is consistent with the
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notion that it lacks L1 loop of the DBD (residues 117–
142) (Bourdon et al., 2005). Furthermore, it reduces p53
DNA-binding activity, maybe by forming hetero-oligo-
mers unable to bind p53RE DNA. To verify this
hypothesis, EMSA were conducted using DO-7 anti-
body in addition to PAb421 (Supplementary Figure 2b).
Indeed, hetero-oligomers containing D133p53, which
lacks DO-7 epitope, would undergo an incomplete shift
in the presence of DO-7 antibody. No such shift was
detected, suggesting that p53:D133p53 complexes are
unable to bind specifically to p53RE DNA. The above
results suggest that D133p53 isoform may inhibit p53
transcriptional capacity by inhibiting its DNA-binding
activity.

To determine whether such an effect may inhibit p53
suppressive function, a colony formation assay was
performed using p53-null H1299 cells transfected with
vectors expressing p53, D133p53 or both (Figure 3b).
After 14 days of selection, cells transfected with
empty vector were spread over the surface of the well.
Conversely, expression of p53 drastically reduced
colony formation, in agreement with its growth sup-
pressive activity. When compared with empty vector,
cells transfected with D133p53 tended to form less
colonies; however, D133p53 did not exert a suppressive
effect similar to the one of p53. When co-transfected
at equal amounts, D133p53 at least partially prevented
the suppressive effect of p53. These observations
suggested that D133p53 may counteract p53 suppressive
function.

p53 transactivates the internal P2 promoter of TP53 gene
D133p53 expression at mRNA levels was correlated with
the expression levels of p53 protein, suggesting that p53
transactivates the internal P2 promoter. To test this
hypothesis, we generated a luciferase reporter driven by
the P2 promoter sequence identified by Bourdon et al.
(2005), consisting in a 1.5 kb fragment from intron 1 to
exon 5 of TP53 gene. This luciferase reporter was co-
transfected in p53-null H1299 cells with various
amounts of pcDNA3-p53 expression vector (Figure 4a,
right panel). The expression of exogenous p53 protein
and of its target gene Hdm2 was verified by western blot
(Figure 4a, left panel). The basal transcriptional activity
of the P2 promoter in the absence of p53 was fivefold
higher than the one of the Basic promoterless luciferase
vector. In the presence of pcDNA3-p53 vector at
concentrations above 0.25 mg/ml, luciferase activity was
significantly increased by about sixfold over the basal
transcriptional activity of the P2 promoter. The
luciferase activity was concordant with p53 expression
levels (Figure 4a, left panel) and showed a dose-
dependent increase with amounts of transfected
pcDNA3-p53 vectors between 25 and 500 ng/ml (Sup-
plementary Figure 3a). These results indicate that the P2
promoter activity is regulated by p53.

It has been reported that D40p53 isoform lacks part
of the TAD and has no transcriptional activity toward
reporter system carrying p53REs (Courtois et al., 2002;
Ghosh et al., 2004). Different amounts of D40p53
were transfected in the presence of the luciferase

Figure 2 p53-dependent modulation of D133p53 expression. (a) A549 cells were treated during 8 h with the DNA-damaging
drug doxorubicin. The induction of p53, D133p53 and Hdm2 was determined by western blot (left panel) and the expression
of p53I4 mRNA was analyzed using real-time PCR (right panel). Ku80: loading control; **Po0.01. (b) Wild-type p53-expressing
MN1 cells were cultured for up to 12 days in estrogen-free medium (EF). p53, Hdm2 and D133p53 proteins as well as p53I4 mRNA
were analyzed as in (a). Modulation of p53 by estrogen deprivation correlated with D133p53 protein and p53I4 mRNA variations.
NM: normal medium.
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reporter to investigate whether p53 TAD is required to
modulate the P2 promoter activity (Supplementary
Figure 3b). Compared with the significant increase in
luciferase activity with pcDNA3-p53 vector, D40p53
alone has only minimal, non-significant effects on
luciferase activity. These data suggest that p53 tran-
scriptional activity is required to transactivate the P2
promoter.

p53REs are located within the P2 promoter
The p53 protein binds to response elements defined
as repeats of a palindromic consensus sequence (50-
RRRCWWGYYY-30) (el-Deiry et al., 1992). We used
MatInspector software to identify putative p53RE by
analyzing the fragment from intron 1 to exon 5 of TP53
that corresponds to the P2 promoter (Cartharius
et al., 2005). This DNA fragment contains four putative
p53REs (Figure 4b; Supplementary Figure 4a). The
first p53RE, termed as RE-1, is located in the 50 end of
intron 3. RE-2 is contained within exon 4, whereas the
RE-3 and -4 are located 9 bp apart in intron 4 just
upstream of the initiation start site of transcription.
None of these REs shows a perfect match with the p53

consensus, the degree of matching varying from 60%
(RE-3) to 85% (RE-2) (Supplementary Figure 4b).

To evaluate the contribution of these p53REs, we
generated four deletion mutants of the promoter into
the luciferase reporter (Figure 4b). In the absence of
p53, these reporters showed differences in their basal
transcriptional activity, suggesting that they may con-
tain different regulatory elements in addition to p53
(Supplementary Figure 5a). These differences in basal
activities have been normalized to evaluate the
activation induced by p53. As shown in Figure 4b, p53
clearly stimulated the activity of the three P2 luciferase
constructs (9–10-fold over Basic): P2 (containing RE-1
to RE-4); P2D1 (RE-1 to RE-4) and P2D2 (RE-2 to
RE-4). However, it had only minor effects on P2D3
(RE-3/4) and P2D4 (no RE) (less than twofold over
Basic). These results suggest that, among the four
putative REs, RE-2 may have the major effect.

To investigate the function of RE-2 in greater details, we
introduced mutations at critical bases of RE-2 by successive
rounds of site-directed mutagenesis (Figure 4c). The
resulting reporter constructs, termed as P2 Mut1 and
Mut2, carry, respectively, 2 or 4 introduced mismatches
with the consensus sequences. In the presence of the

Figure 3 Effects of D133p53 on p53 biochemical and biological properties. (a) Electro-mobility-shift assays (EMSA) measuring
DNA-binding activity. p53-null H1299 cells were co-transfected with a constant amount of pcDNA3-p53 vector (0.5mg/ml) in the
presence of increasing amounts of pcDNA3-D133p53 vector (0.25–1mg/ml). Nuclear extracts were incubated with a 32P-labeled p53RE
oligonucleotide, with or without PAb421, which stabilizes and super-shifts p53:DNA complexes. DNA:p53 shifts and
DNA:p53:PAb421 super-shift are indicated by arrowheads. *: non-specific band. (b) Colony formation assays were performed using
p53-null H1299 cells transfected with 0.5 mg/ml of wild-type pcDNA3-p53 vector and/or !D133p53 vector during 14 days under
0.5mg/ml of neomycin selection. As compared with wild-type p53, D133p53 did not suppress cell growth (60% of colonies compared
with empty conditions) and partially reverted the suppression induced by wild-type p53 (10% in presence of p53 compared with 40% in
presence of both p53 and D133p53).
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pcDNA3-empty vector, the three P2 plasmids exhibited the
same luciferase activity, indicating no abolition of their
basal transcriptional activities (Supplementary Figure 5b).
In the presence of pcDNA3-p53 vector, the promoter
activities of P2Mut1 andMut2 were reduced by about 40%
as compared with wild-type P2 (Figure 4c). These observa-
tions suggest that RE-2 located in exon 4 participate in the
p53-dependent regulation of P2 promoter, but does not
account on its own for the full activation of P2 by p53.

p53 binds the internal promoter P2 of TP53 gene
We used chromatin immunoprecipitation (ChIP) to
analyze the binding of p53 on different segments of
the P2 promoter in A549 cells in basal conditions. The
DO-7 antibody was used to immunoprecipitate p53 and
non-immunized IgG were used as negative control
(Figure 5). After ChIP, five PCR products were
analyzed (Figure 5a). As controls, we used primers
designed to amplify the p21WAF1/CIP1 promoter (positive

Figure 4 P2 promoter activity is regulated by p53. (a) In p53-null H1299 cells, luciferase assays (right panel) were performed using a
luciferase reporter under the control of the 1.5 kb segment of TP53 from intron 1 to exon 5, in the presence of increasing amounts of
pcDNA3-p53, the expression of which was verified by western blot (left panel). Increase in luciferase activity was concordant with p53
protein levels. Basic: promoterless luciferase reporter; P2: luciferase reporter driven by TP53 segment; Ku80: loading control;
*Po0.05; **Po0.01. (b) MatInspector software (Cartharius et al., 2005) was used to predict four putative p53-binding sites (RE-1
to -4) in the promoter P2. Luciferase reporter deletion constructs were engineered as pictured and tested in the presence of p53. Mean
fold induction was calculated as the ratio between luciferase activity of each construct in the presence of pcDNA3-empty or -p53
vector. p53 induced at least a fivefold increase of luciferase activity using P2, D1 or D2. In contrast, no induction was observed using D3
and D4. (c) Luciferase assays (right panel) were performed in cells co-transfected with pcDNA3-p53 vector and with either one of two
plasmids carrying mutations in RE-2 (P2 Mut1 and P2 Mut2; left panel). Mutations in p53RE induced a 40% decrease of luciferase
activity. p53RE: consensus sequence of p53RE; star: mismatch between p53RE and RE-2 in the promoter P2.
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control) and exon 8 of TP53 gene (negative control).
ChIP with IgG did not generate any amplification. In
contrast, ChIP with DO-7 antibody generated an
amplification signal for p21WAF1/CIP1 promoter, but not
for TP53 exon 8. With P2 promoter fragments, no
amplification was observed with primers targeting a
DNA fragment containing RE-1 (Figure 5a). In
contrast, amplifications were observed for fragments
encompassing RE-2 and RE-3/4. These observations
suggest that p53 physically binds several p53REs located
between exon 4 and intron 4, but not in intron 3.

Mutant p53 does not induce D133p53 expression
To further assess the specificity of the wild-type p53
effect on the P2 promoter, we analyzed its regulation in
response to DNA damage by doxorubicin in several cell
lines expressing p53 with different functional status
(Figure 6a). In wild-type p53 cells, doxorubicin treat-
ment induced both p53 and D133p53 expression as
expected. In contrast, in three cell lines expressing a non-
functional p53 protein, treatment with doxorubicin had
either no or only minimal effects on the expression of
p53 and D133p53.

These observations were extended by analyzing the
effects of several common ‘hotspot’ TP53 mutants on
the expression of the P2 luciferase reporter (Figure 6b).
In contrast to wild-type p53, none of these mutants
succeeded in activating the reporter. These observations

support the notion that only wild-type p53 with
functional capacities transactivates the P2 promoter
leading to D133p53 expression.

Discussion

Recently, it has been shown that TP53 gene is
expressed as several isoforms (Bourdon et al., 2005).
Among them, only D133p53 is regulated by an
alternative promoter, P2, located within TP53 (Bourdon
et al., 2005). Its overexpression has been observed in
squamous cell carcinoma of the head and neck as well as
in breast cancers, suggesting a function of D133p53
in tumorigenesis (Bourdon et al., 2005; Boldrup et al.,
2007). However, the biological regulation and function
of D133p53 are still unknown. Here, we have analyzed
the P2 promoter and we show that its activity is
regulated by p53. First, modulation of wild-type p53
expression induces D133p53 expression at both mRNA
and protein levels. Second, the P2 promoter contains
p53REs, which are involved in p53 responsiveness.
Third, D133p53 prevents the binding of wild-type p53 to
DNA segment containing its consensus sequence and
inhibits p53 suppressive activity in a clonogenic assay.
These data suggest that D133p53 may contribute to an
auto-regulatory process by which p53 controls its own
suppressor function.

At the time of D133p53 identification, several
evidences supported the presence of an internal promo-
ter involved in the production of D133p53 (Bourdon
et al., 2005). A transcript, p53I4, initiated within intron
4, but exhibiting the same splicing pattern as full-length
p53 mRNA downstream of exon 5, was observed in
several human cell lines, in Drosophilia and Zebrafish
(Bourdon et al., 2005; Chen et al., 2005). In addition, a
1.5 kb segment of TP53 spanning from intron 1
(þ 10810) to exon 5 (þ 12396) conferred a sixfold
induction to a luciferase reporter (Bourdon et al., 2005).
In this study, we confirm that the same TP53 sequence
possesses a promoter activity (fivefold induction of
reporter) and we show that this segment confers
responsiveness toward wild-type, but not mutant p53.
Furthermore, using MatInspector software, we identi-
fied four putative p53REs upstream of the transcription
initiation site. These p53RE have a degree of degenera-
tion, which is in the same range as p53REs of many
common p53-target genes (Menendez et al., 2007).
Using luciferase and ChIP experiments, we show that
transcriptional activation by p53 is dependent on two
contiguous regions containing p53REs: one in the 3’-end
of exon 4 that correlates with the main p53 responsive-
ness and one in intron 4. These observations correlate
with the one of Chen et al. (2009), who recently reported
that the internal P2 promoter of TP53 Zebrafish was
induced by p53 through two close p53REs located in
intron 4, just upstream the initiation site of transcrip-
tion. These authors suggest that the two response
elements operate in a cooperative manner. These data
suggest that human D133p53 isoform and its zebrafish

Figure 5 Binding of p53 on P2 promoter. (a) Chromatin
immunoprecipitation assay (ChIP) for p53 protein onto P2
promoter in wild-type p53-expressing A549 cells in basal condi-
tions. Purified DNA immunoprecipitated by p53 was analyzed by
PCR using specific primers to amplify regions located in p21WAF1/

CIP1 promoter (positive control), in exon 8 of TP53 gene (negative
control) and in three parts of promoter P2 containing the putative
p53REs RE-1, RE-2 and RE-3/4). Input: ChIP positive control;
IgG: ChIP negative control; DO-7: immunoprecipitation using
DO-7 antibody. (b) In A549 cells, p53 was immunoprecipitated
using DO-7 antibody and immunodetected using CM1. A band of
low intensity was detected in DO-7 immunoprecipitated sample.
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homolog are regulated by a conserved mechanism
involving p53 protein.

In addition to in vitro data, we reported p53-
dependent regulation of D133p53 isoform in cancer cell
lines expressing wild-type, but not mutant p53. To
detect D133p53, we have used the monoclonal antibody
DO-12 that recognize a p53 epitope (260–264). This
antibody has been described as the most appropriate to
detect D133p53 among a panel of seven common p53
antibodies. Using siRNA-targeting p53I4 mRNA to
specifically knock-down D133p53, we verified that the
34 kDa band indeed corresponds to D133p53 protein
(Supplementary Figure 1b) (Bourdon, 2007). In re-
sponse to DNA damage induced by doxorubicin, an
increase in D133p53 expression followed the accumula-
tion of p53 by about 8 h, a time-course compatible with
that of products of other p53-regulated genes such as
Hdm2, BAX or p21WAF1/CIP1 (Figure 2a and data not
shown). In Zebrafish, a similar lag of 6 h has been
observed between induction of p53 and D113p53 on
ribosomal stress (Danilova et al., 2008). The p53-
dependent regulation of D133p53 expression in response
to stress was also reported in response to g-rays
exposure (Chen et al., 2009). Although several reports
have described induction of D133p53 expression in
response to stress, no data on basal activity of P2
promoter have been reported. Here, using siRNA and
estrogen deprivation that both results in a reduction of

basal p53 expression, we observed a decrease in D133p53
expression at mRNA levels. These observations suggest
that p53 has an important function in the maintenance
of D133p53 expression at basal levels. Although p53
siRNA did not have a detectable effect on D133p53
protein expression after 48 h, this may be explained by
the fact that D133p53 lacking the Hdm2-binding domain
may escape Hdm2-mediated degradation, being thus
more stable than p53 (Haupt et al., 1997; Kubbutat
et al., 1997).

In contrast to p53, D133p53 lacks the first 30 residues
of the DNA-binding domain encoding the L1 loop and
part of the loop-sheet-helix motif that form the structure
binding to the major groove of DNA in p53RE (Cho
et al., 1994). As expected, we observed that this protein
is unable to bind DNA containing the p53 consensus
sequence using the same in vitro conditions than for p53.
However, D133p53 could decrease the binding capacity
of p53 on p53RE. As it has been described that p53 and
D133p53 can form hetero-tetramers (Chen et al., 2009),
our data suggest that D133p53 tetramers lack sequence-
specific DNA-binding capacity. The inhibition of p53-
binding capacities by D133p53 is in agreement with the
inhibitory effect of D133p53 on both p53 transcriptional
activity and p53-dependent apoptosis (Bourdon et al.,
2005; Murray-Zmijewski et al., 2006). Here, we provide
support for long-term anti-suppressive effects of
D133p53 by showing that co-expression of D133p53

Figure 6 Effect of mutant p53 on D133p53 expression. (a) Breast cancer cells carrying different TP53mutation status were treated for
8 h with doxorubicin at 0.4mM. Protein extracts were analyzed by western blot to determine the expression of p53 (DO-7) and of
D133p53 (DO-12). p53 mutant cells overexpress an inactive p53 protein. Ku80: loading control. (b) Luciferase assays were performed in
the presence of different mutant p53 as indicated. As compared with wild-type p53, mutant p53 had no effect on P2 promoter activity.
Wt: wild-type p53; *Po0.05.
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and p53 could partially restore the proliferation capacity
of H1299 cells in a clonogenic assay. However, despite
the accumulation of evidences suggesting that D133p53
may counteract p53 suppressive function, there is still
limited information available on the physiological
function of D133p53. One of the problems is that
D133p53 seems to be expressed at low levels as
compared with p53, in particular after DNA damage.
Recent results in Zebrafish shed a light on a possible
mechanism of action (Chen et al., 2009). They observed
that the Zebrafish homologous of D133p53 could
antagonize p53-induced apoptosis through activating
Bcl-2L (homologous of the human Bcl-xL), and that
knockdown of D113p53 enhanced p53-mediated apop-
tosis under stress conditions. These results are consistent
with the ones reported here and indicate that small
changes of D133p53 may contribute to a novel feedback
pathway that modulates the p53 response.

In this study, we observed that the internal P2
promoter involved in D133p53 expression is regulated
by p53. This feature is a familial trait also observed in
the other TP53 gene family members, TP63 and TP73,
which express N-truncated proteins that are regulated
by internal promoters responsive to wild-type p53 (Grob
et al., 2001; Harmes et al., 2003). These N-truncated
proteins participate in auto-regulatory feedback loops
that regulate p53 suppressive functions. This model
seems to be relevant for D133p53 isoform as well. Thus,
D133p53 is another player involved in these auto-
regulatory feedback loops, which may selectively inter-
fere with p53 capacity to transactivate target genes.
It remains to be determined in which cell type and stress
type context this regulation may have a major function.

Materials and methods

Cell culture
Two human cell lines expressing wild-type TP53 were
employed: lung A459 and breast ZR75.1 cells. Human p53-
null H1299 cells were used for luciferase assays and EMSA.
Two human breast cell lines expressing mutant TP53, BT474
(E285K) and T47D (L194F) were used. Two isogenic breast
cell lines derived from MCF-7 were employed, MN1 (stably
transfected with an empty vector) and MDD2 (expressing a
mini-peptide exerting negative effect on the endogenous wild-
type p53) (Bacus et al., 1996). Cells were treated for 8 h with
doxorubicin (0.2 or 0.4 mM). Breast MN1 cells were treated
with medium deprived of both Red phenol and estradiol.

Vectors
Exogenous p53 isoforms (p53, D40p53 and D133p53) were
produced using pcDNA3 vectors containing human cDNA of
each isoforms (Courtois et al., 2002). Five mutant pcDNA3-
p53 were used (R175H, Y220C, G245S, R248W and R273H).
The pcDNA3-empty vector was used as a negative control.
Several luciferase reporter vectors were developed using pGL3-
Basic, a promoterless luciferase plasmid (Promega, Fitchburg,
WI, USA). The pGL3-P2 (or P2) vector contains the human
P2 promoter (from intron 1 to exon 5) upstream of Luciferase
gene. Four deleted and two mutant vectors were constructed
using P2 vector (Supplementary Table 1). The pGL3-Basic was

used as negative control to standardize experiments and
phRL-null plasmid as control of transfection efficiency to
normalized experiments.

Transfection
The pcDNA3 expression vectors (1.5 mg/ml completed with
pcDNA3 empty) were transfected using 9ml of Fugene (Roche,
Indianapolis, IN, USA) in A549 and H1299, harvested
48 h latter for overexpression and 24 h latter for EMSA assays.
Silencing of p53 mRNA was performed in A549 cells seeded in
antibiotic-free medium and directly transfected with 20 nM of
either scramble or p53-targeted siRNAs (Eurogentec, Liege,
Belgium) (Supplementary Table 1) using 12 ml of Hyperfect
(Qiagen, Huntsville, AL, USA). Cells were transfected twice at
24 h interval and harvested after 48 h of treatment. For
luciferase assays using Fugene (Roche), 500 ng/ml of pGL3
plasmids were transfected with 10 ng/ml of phRL-null and
with 1mg/ml of pcDNA3 expression vectors. Cells were
harvested 48 h post-transfection and luciferase activity was
analyzed using Dual Luciferase Reporter Assay System
(Promega).

Real-time quantitative RT–PCR
Total RNA was extracted using Nucleospin RNA II kit
(Machery-Nalgene, Duren, Germany) and reverse transcrip-
tion was performed using random primers (Promega) and
SuperScript II (Invitrogen, Carlsbad, CA, USA). RNA
expression was analyzed by real-time quantitative RT–PCR
using Brilliant SYBR Green Master Mix (Qiagen) and 0.4 mM
of primers (Supplementary Table 1). The p53I4 mRNA
expression level is normalized to that of Gapdh (lung cells)
or of 28S (breast cells). The control of the experiment is used as
the reference. All samples were analyzed in triplicates and two
Q-PCRs were performed for each experiment.

Western blot
Proteins were extracted using RIPA-like buffer (50mM

Tris–HCl pH7.4, 250mM NaCl, 0.1% SDS, 0.5% NP-40, 2mM

DTT, 1mg/ml protease inhibitors) and were analyzed on a 10%
SDS–polyacrylamide gel using several antibodies: DO-7 (mono-
clonal anti-p53 antibody specific of TAD; Dako, Cambridge-
shire, UK); DO-12 (monoclonal anti-p53 antibody specific of
DBD), which has been described as the most appropriate to
detect D133p53 among a panel of seven common p53 anti-
bodies (Bourdon, 2007); CM1 (polyclonal anti-p53 antibody;
Novocastra, Newcastle, UK); Hdm2 (Abcam) and Ku80 (used
as a loading control; Abcam). Detection was performed with
the ECL kit (Amersham, Cambridge, MA, USA) by auto-
radiography.

Chromatin immunoprecipitation assay
In 100mm plates, 3! 106 A549 cells were seeded. The
following day, 1% formaldhehyde was added onto cells for
10min at room temperature to cross-link proteins to DNA.
Sonication was performed (twice: 10! (5 s on: 5 s off) at 21%
amplitude) (Vibra cell 75041) and immunoprecipitation was
carried out using 4mg of DO-7 antibody (anti-p53) and protein
G-agarose beads (Invitrogen). DNA:p53 complexes were
dissociated by reverse cross-linking using NaCl 200mM and
DNA was extracted by phenol/chloroform. Immunoprecipi-
tated DNA was amplified by PCR (Supplementary Table 1).

Electro-mobility-shift assay
Nuclear cellular proteins of H1299-transfected cells were
extracted and incubated with mixture containing 32P-radio-
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llabeling oligonucleotide with p53RE consensus as described
earlier (Supplementary Table 1) (Verhaegh et al., 1997). Two
antibodies were used to shift DNA:p53 complex: the mono-
clonal PAb421 antibody recognizing p53 DBD and known to
stabilize DNA:p53 complex; and the monoclonal DO-7
antibody specific of p53 protein.

Statistical analysis
Anova and Student’s t-tests were performed using on-line tools
(http://faculty.vassar.edu/lowry/VassarStats.html). In the histo-
grams, black bars indicate the control used for statistics and
P-values were indicated by (*) when Po0.05 and (**) when
Po0.01.
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Supplementary tables 

Supplementary Table 1. List of oligonucleotids used for this study. 

Assay Name Sequence 

real time PCR 

Gapdh-F 5’-tctcatggttcacacccatgacgaacatg-3’ 

Gapdh-R 5’-aagaagatgcggctgactgtcgagccacat-3’ 

28S-F 5’-cgatccatcatccgcaatg-3’ 

28S-R 5’-agccaagctcagcgcaac-3’ 

p53I4-F (intron 4) 5’-ttcaactctgtctccttcct-3’ 

p53I4-R (exons 5/6) 5’-gctgctcagatagcgatggtctggc-3’ 

EMSA p53CON 5’-ggacatgcccgggcatgtcc-3’  

ChIP 

p21-F 5’-cattgttcccagcacttcctctc-3’ 

p21-R 5’-agaaagccaatcagaccacag–3’ 

Exon8-F 5’-ttccttactgcctcttgctt-3’ 

Exon8-R 5’-aggcataactgcacccttgg-3’ 

RE1-F 5’-aggcataactgcacccttgg-3’ 

RE1-R 5’-ggggactgtagatgggtgaa-3’ 

RE2-F 5’-tggaactttgggattcctct-3’ 

RE2-R 5’-aacctaccagggcagctacg-3’ 

RE3/4-F 5’-ggcttttatccatcccatca-3’ 

RE3/4-R 5’-ccttggcctctttgagagtg-3’ 

siRNA 
p53 

Δ133p53 

5’-caaugguucacugaagacc-3’ 

5’-uguucacuugugcccugacuuucaa-3’ 

Plasmid 

production 

P2(intron1)-F 5’-gcgagctcacattggaagaga-3’  

P2(exon5)-R 5’-gcaagcttggcaaaacatcttgt-3’  

P2Mut1-F 5’-gggacaccaaagtctgtgacttgcacggtcagttgccctgagg-3’ 

P2Mut1-R 5’-cctcagggcaactgaccgtgcaagtcacagacaatttggtgtc-3’ 

P2Mut2-F 5’-gggacaccaaagtctgtgaattccacggtcagttgccctgagg-3’ 

P2Mut2-R 5’-cctcagggcaactgaccgtggaattcacagacaatttggtgtc-3’ 

       

       

  

 



 

 308 

ABSTRACT 

The TP53 gene is a highly polymorphic gene with 85 polymorphisms described. Some  of these have 

been associated with an increase of cancer susceptibility, for example rs10425222 that can modulate certain 

p53 activities. However for others such as rs17878362, the most studied intronic polymorphism, the 

association with cancer risk is more controversial.  

To investigate the influence of rs17878362 on cancer susceptibility, we analysed its role in sporadic 

and familial contexts. The results are paradoxical with an increase of sporadic cancer associated with the 

rs17878362 A2A2 genotype whereas the rs17878362 A2 allele is associated with a “protective” effect in 

the context of Li-Fraumeni patients carrying a TP53 germline mutation on an A1 haplotype. These 

observations suggest that specific TP53 haplotypes could modulate p53’s tumour suppression capacities. A 

possible hypothesis to explain this could be that somatic mutations are carried on different haplotypes of 

TP53 present at different allele frequencies in the population.   

In addition, TP53 is expressed as several protein isoforms, such as Δ40p53, which inhibits p53’s 

suppressive activity. Δ40p53 can be produced from an alternative spliced transcript that retains intron 2. 

We have shown that G-quadruplexes, tri-dimensional structures formed in G-rich sequences, are formed in 

intron 3 and regulate the retention of intron 2 and the formation of the p53I2 transcript. We also observed 

that rs1642785 (located in intron 2) could regulate p53I2’s stability. These results suggest that the TP53 

polymorphisms located in a 412 bp region located between exon 2 and exon 4 regulate the expression of 

p53 isoforms in a temporal sequence of events by modulating the pre-mRNA formation (rs17878362), 

mRNA stability (rs1642785) and protein functions (rs1042522). 

p53 isoforms’ expression is thus finely regulated by mechanisms involving TP53 polymorphisms, 

which are also associated with altered  cancer susceptibility. 

______________________________________________________________________________________ 

KEY WORDS 

Tumour suppressor protein, p53, isoforms, polymophism, rs17878362, alternative splicing, G-quadruplex 

structure, Li-Fraumeni syndrome, meta-analysis 

______________________________________________________________________________________ 

RESUME 

Le gène TP53 est extrêmement polymorphique avec 85 polymorphismes décrits. Certains de ces 

polymorphismes sont associés à une augmentation du risque de cancer, par exemple rs10425222 peut 

moduler les fonctions de p53. Cependant, pour d’autres, comme le rs17878362 qui est le polymorphisme 

intronique le plus étudié, leur association avec une augmentation du riques au cancer est controversée. 

Pour analyser l’association entre le polymorphisme rs17878362 et la susceptibilité au cancer, nous 

avons analysé son rôle dans des contextes de cancers sporadiques et familiaux. Les résultats obtenus pour 

le polymorphisme rs17878362 sont paradoxaux avec une augmentation des cancers sporadiques associée 

avec le génotype A2A2 alors que l’allèle A2 est associé avec un effet « protectif » chez les patients atteints 

du  syndrome de Li-Fraumeni porteurs d’une mutation germinale de TP53 situé sur l’haplotype A1. Ces 

observations suggèrent que des haplotypes spécifiques de TP53 pourraient moduler les capacités 

suppressives de p53. Une hypothèse possible est que les différents haplotypes de TP53 présenteraienrt des 

mutations somatiques à des fréquences différentes dans la population. 

De plus, le gène TP53 exprime différentes isoformes, comme le Δ40p53, inhibant l’activité 

suppressive de p53. Le Δ40p53 peut être produite par le maintien de l’intron 2 par épissage alternatif. Nous 

avons montré que les G-quadruplexes, des structures tridimensionnelles formées dans des régions riches en 

G, sont formés dans l’intron 3 et régulent la rétention de l’intron 2 et la formation du transcrit p53I2. Nous 

avons aussi observé que le polymorphisme rs1652785 (localisé dans l’intron 2) semble réguler la stabilité 

du p53I2. Ces résultats suggèrent que les polymorphismes de TP53 localisés dans une région de 412 pb 

située entre l’exon 2 et l’exon 4 régulent l’expression des isoformes de p53 dans une séquence temporelle 

d’évènements en modulant la formation des pré-ARNm (rs17878362), la stabilité des ARNm (rs1642785) 

et les fonctions protéiques (rs10425222). 

L’expression des isoformes de p53 est donc finement régulée par des mécanismes impliquant les 

polymorphismes de TP53 qui sont aussi associés avec une altération dans la susceptibilité au cancer. 

______________________________________________________________________________________ 

MOTS-CLES 

Protéine suppresseur de tumeur, p53, isoformes, polymorphismes, rs17878362, épissage alternatif, structure 

de type G-quadruplexe, syndrome de Li-Fraumeni, méta-analyse  
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