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Abstract 

In this study DNA was extracted from 52 paraffin embedded, formalin fixed biopsies from 42 

laryngeal squamous ce11 carcinomas. Exons 2- 1 1 of the p53 gene were individually amplified 

and sequenced. Standard IHC was perforrned using the monoclonal antibodies DO7 and EAI to 

detect p53 and p21 proteins respectively. 22 mutations were observed in tumours fiom 20 

patients (48%). 5 of these mutations (23%) were outside exons 5-8. Discordance between p53 

genotype and protein levels was observed. Similarly, there was no association between p53 

status (genotype or IHC) and either p21 protein expresssion or local recurrence following 

radiation therapy. These results show that p53 mutations are common in laryngeal carcinomas 

and that a large proportion occurs outside traditionally examined regions. The lack of correlation 

with outcome suggests p53 mutations and protein expression are not associated with tumour 

response to radiation therapy in laryngeal squamous ce11 carcinoma. 
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Chapter 1 - p53 Turnour Supressor Gene: 

Background Information and Literature Review 



1.1 The p53 Tumour Suppressor Gene 

p53 was first identified in 1979 (Lane and Crawford, 1979; Linzer and Levine, 1979) and 

classified as a proto-oncogene based on its abiiity to transform cells (Eliyahu et al., 1984; 

Jenkins et al., 1984; Parada et al., 1984). Subsequent studies found that the cDNA isolates used 

in these studies carried mutations, and that wildtype p53 was capable of suppressing 

transformation when cotransfected with the ras oncogene (Hinds et al., 1989; Finlay et al., 1989; 

Eliyahu et al., 1989). The role of p53 as a tumour suppressor gene was established by its ability 

to inhibit cellular transformation in transfection studies (Hinds et al., 1989; Eliyahu et al., 1989) 

and subsequently by its frequent alteration in cancers (Hollstein et al., 1991; Nigro et al., 1989). 

p53 is now recognized as a potent tumour suppressor gene important in ce11 cycle arrest and 

apoptosis (Cox, 1997). 

The p53 tumour suppressor gene plays a critical role in the normal regulation of cellular 

growth and proliferation (Prokocimer and Rotter, 1994). The gene encodes a nuclear 

phosphoprotein that acts as a sequence-specific transcription factor (Pietenpol et al., 1994) and is 

involved in ce11 cycle regulation and cellular responses to DNA damage (Haffner and Oren, 

1995). In normal cells, p53 protein levels are low but rapidly increase following DNA damage 

resulting in either ce11 cycle arrest (Kastan et ai., 1991; Li et al., 1995; Linke et ai., 1997) or 

apoptosis (Shaw et al., 1992; Kawasaki et al., 1996; Fuchs et al., 1997). It is thought that p53- 

dependent G1 arrest delays ce11 cycle progression to allow for DNA repair before proceeding to 

S phase (Kastan et al., 1991). Altematively, cells with DNA damage are elirninated from the 

viable population by apoptosis (Kastan et ai., 1991). Induction of a permanent GUS arrest 

mediated by p53 may dso be important for the elirnination of cells with extensive DNA damage 

(Linke et al., 1997). 



p53-dependent cellular responses to DNA damage are mediated by both direct repression 

of several genes and by tramactivation of downstream genes. Gene repression likely occurs 

through interactions with components of the basal transcription machinery such as the TATA- 

binding protein (Seto et al., 1992; Mack et al., 1993). Transactivation of downstream genes 

occurs through binding of p53 to consensus binding sites (Wang et al., 1993; Pietenpol et al., 

1994; Chin et ai., 1997). Several genes have been identified that possess p53 consensus binding 

domains and are upregulated by p53, including GADD45, a gene whose product interacts with 

and inhibits the replication and repair factor PCNA, and rndin-2, a negative feedback regulator of 

p53 (Chin et al., 1997). 

The best characterized downstream effector of p53 function is the cyclin-dependent 

kinase inhibitor, p2 1 waf l l c i p  1 , which was originally described independently by three groups (el- 

Deiry et al., 1993; Harper et al., 1993; Xiong et al., 1993). El-Deiry et. al. (1993) cloned a gene, 

thcy termed WAFL, which was strongly induced by excess wild-type p53 and could reproduce 

the growth-inhibitory effect of wild-type p53. Harper et. al. (1993) cloned a gene, they termed 

CIPI, whose protein product was capable of binding to and inhibiting G1 cyclin-dependent 

kinases (CDK's), Xiong et. al. (1993) aiso identified the protein product of the p21 gene, which 

complexed with cyclin-dependent kinases. Direct cornparison of the amino acid sequences of 

each protein revealed that they were al1 identical. The discovery of p21 provided an attractive 

mode1 for the mechanism of p53 mediated GUS arrest. Specifically, following DNA damage 

the accumulation of p53 protein transactivates p21 w hich inhibits the cyclin-dependent 

kinases necessary for ce11 cycle progression (el-Deiry et al., 1994). This hypothesis has now 

been confirmed in a nurnber of in vitro studies (Wddman et al., 1995; Gorospe et al., 1996). 

~2 1 W"lciP' may also promote Gl/S arrest by interacting with PCNA and inhibiting its ability to 

activate DNA polymerase 6 (Li et al., 1995; Luo et al., 1995). Some studies have also shown 



p2 1 transactivation may protect cells from apoptosis by promoting ce11 senescence or 

differentiation (Polyak et al., 1996; Gorospe et al., 1997). 

By contrast, the mechanism for induction of p53-dependent apoptosis is unclear, although 

evidence suggests it is not completely dependent on DNA damage. For example, p53 may 

mediate apoptosis in response to withdrawal of hematopoetic growth factors (Lotem and Sachs, 

1993; Gottlieb et al., 1994). Fuchs et. al. (1997) suggested a requirement for Fas/Apo-1- 

independent activation of caspase 3. a cysteine protease intimately involved in other foms of 

apoptosis induction. Studies by Polyak et. al. (1997) suggest that p53-dependent apoptosis may 

involve the transcriptional induction of a number of genes including oxido-reductases. However, 

at least in certain ceIl types, the apoptotic activity of p53 does not appear to nquire sequence 

specific transactivation since its induction is not blocked by transcriptional and translational 

inhibitors (Caelles et al., 1994). 

It has been demonstrated that these processes may be ce11 type specific, such that some 

cells undergo ce11 cycle arrest in response to p53 activation while other cells undergo apoptosis 

(PoIyak et al., 1996). Although evidence suggests p2 1 waf l/cipl may protect cells from p53- 

dependent apoptosis, the factors that influence p53 mediated Gl arrest venus apoptosis have yet 

to be elucidated (Polyak et al., 1996). 



1.2 - p53 Gene and Protein Structure 

The human p53 gene is located on chromosome 17p13 (Isobe et al., 1986). The gene is 

highly conserved between species, supponing a central and critical role in the ce11 (Soussi et al., 

1990). It spans 20 kb of DNA and comprises I l  exons. Only exons 2-1 1 code for protein 

sequences; the first exon is non-coding but may play a role in translational regulation. p53 

protein binds to stable stem-loop structures in the 5' untranslated region of the rnRNA encoded 

by exon 1 and this interaction inhibits translation in vitro (Mosner et al., 1995). Exons 2,4, 5 ,  7 

and 8 contain sequences that code for highly conserved regions of the protein (see figure 1.1) 

These conserved regions (1-V) are localized between residues 13 and 19, 1 17 and 142, 17 1 and 

18 1, 236 and 258, and 270 and 288, and are presumed to contain amino acids necessary for p53 

function (Mosner et al., 1995). 

The p53 protein can be subdivided into several functional domains including the 

transactivation domain, the DNA-binding domain, the oligomerization and the nuclear 

localization domain (see figure 1.2). The transactivation domain constitutes the N-terminal 

portion of the protein and is important for both p53 replation and p53-dependent transactivation 

of other genes. An acidic region between amino acids 20-42 may be responsible for the 

transactivation capabilities of p53. Fusion of this region to the DNA-binding domain of Ga14 is 

capable of transactivating reporter genes containing Ga14 binding sequences (Fields and Jang, 

1990; O'Rourke et al., 1990). Interestingly, this is the same region that binds mdm-2, a potent 

inhibitor of p53 activity (Kussie et al., 1996; Momand et al., 1992). Binding of mdm-2 protein to 

this region prevents interaction of the transactivation domain with other genes (Momand et al., 

1992) and targets p53 for degradation (Kubbutat et al.. 1997; Haupt et al., 1997; Kubbutat et al., 

1998). 



p53 gene 
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p53 protein V 

Figure 1.1 - Humm p53 Gene and Protein Structure. Representations of the p53 gene and protein structures. A)  p53 
gene structure. The intrordexon structure of the p53 gene is shown using blocks to represent the approximate size and 
location of each exon along the chromosome. B)p53 mRNA showing which exons code for each codon. C) p53 protein 
structure showing the location of each functional domain. 



Figure 1.2 - p53 Humaa Protein and Domain Structure. a) p53 amino acid sequence. 
Amino acids are listed using their single letter designations. The tmnsactivation domain, poly- 
pro1 ine domain, DNA- binding domain, and oligomerization domain are highlighted in purple, 
yellow, orange, and blue respectively (Prokocher and Rotter, 1994). Amino aciàs which act 
as nuclear localization signals are typed in red (Shaulsky et. al., 1990). b) Ribbon sketch of 
the p53 DNA-binding domain bound to DNA as a tetramer. The four DNA-binding domains 
are colored separately while the DNA is colored in blue (Cho et. al., 1994). c) Ribbon sketch 
of the p53 oligomerization domain. Oligomerization domains fkom each tetnimeric unit are 
coloured separately (Jefiey et. al., 1995). 

1 SPLPSQAM DDLMLSPDDI 

5 1 EQWFTEDPGP DEAPRMPEAA PPVAPAPAAP TPAAPAPAFS WPLSSSVPSQ 

10 i KTYQGSYGFR LGFLHSQTAK SVTCTYSPAL NKMFCQLAKT CPVQL\KVDST 

15 i PPPGTRVRAM AlYKQSQHMT EVVRRCHME RCSDSWLAP PQHLJRVEGN 

20 1 LRVEYLDDRN ï'FRHSVVVPY EPPEVOSDCT TMYNYMCNS SCMGGMNRRP 

25 1 ILTIITLEDS SGNLLGRNSF EVRVCACPGR DRRTEEENLR KKGEPHHELP 

301 PGSTKRALPN NTSSSPQP 

35 1 GSRMSSHLK SKKGQSTSRH KKLMFKTEGP DSD 



Also within the N-terminal portion of the p53 protein, between amino acids 60-92, is a 

proline-rich region. Only recently identified, this region is characterized by PXXP motifs (where 

P represents proline and X any amino acid) that may play a role in signal transduction via its 

SH3 domain binding activity (Walker and Levine, 1996). Although analysis of this region 

indicates it is necessary for apoptosis. but not for growth arrest (Sakamuro et al., 1997). the 

precise role of this region and its relevance to the range of p53 function have not been fully 

elucidated. 

The DNA-binding domain of p53 lies between amino acids 100-295. This region 

encompasses conserved regions II-V and is the major region for mutations in most human 

cancers (Pavletich et al., 1993). The central DNA-binding domain permits sequence-specific 

binding of the p53 protein to DNA (Bargonetti et al., 1993; Srinivasan et al., 1993). A high 

percentage of missense mutations in this region have been observed in most cancers (Greenblatt 

et al., 1994). These changes frequently alter the amino acid, resulting in conformational changes 

that affect the ability of the p53 protein to specifically bind DNA. The net effect of these 

changes is either inactivation (Raycroft et al., 1990; Greenblatt et al., 1994; Srinivasan et al., 

1993) or enhanced oncogenic potential (Dittmer et ai., 1993). Crystallographic studies support 

these findings indicating the highest mutation frequency at residues that either contact DNA or 

are necessary for conformationai stability of the DNA-binding domain (Cho et al., 1994). As the 

distance between the residue and the DNA increases, the frequency of mutation also decreases 

(Cho et al., 1994). 

Localized between arnino acids 319-360, in the C-temiinal portion of the protein, is an 

oligomerization domain that mediates the formation of p53 tetramers (Snirzbecher et al., 1992; 

Jefiey et al., 1995; Wang et al., 1993). Although tetramenzation is not essential for DNA 

binding in vitro (Pavletich et al., 1993), it is Likely crucial for DNA-binding in vivo (Cho et al., 



1994; Pietenpol et ai., 1994; Stenger et al., 1994). Consistent with this concept, p53-binding 

sites contain four pentamer sequence motifs (el-Deiry et al., 1992; Funk et al., 1992), suggesting 

that each p53 molecule interacts with a single motif (Cho et al., 1994). 

Overlapping the oligomerization domain are three nuclear localization signals that 

mediate transport of the p53 protein into the nucleus following synthesis (Shaulsky et al., 1990). 

While translocation of the p53 protein into the nucleus is necessary for DNA interaction, 

mutations within this region do not alter the ability of p53 to transactivate genes (Slingerland et 

al., 1993; Wang et al., 1993). 

Also within the C-terminal portion of the protein are sequences responsible for the 

maintenance of the latent, non-DNA binding form of the p53 tetramer (Hansen et al., 1996; Hupp 

et al., 1995; Hupp and Lane, 1994; Marston et al., 1998). In an allosteric mode1 of p53 tetramer 

activation, the C-terminal portion of the protein interacts with the DNA-binding dornain thus 

inactivating DNA-binding activity. When covalent modification, noncovalent modification, or 

deletion disrupts this tail-core interaction, the core domain is able to adopt the active form (Hupp 

et al., 1995). Allosteric activation of latent p53 tetramers can be achieved in vitro by a number 

of mechanisms including deletion of the terminal 24 arnino acids, targeting the p53 C-temiinus 

with the antibody pAb42 1 (Marston et al., 1998), or C-terminal phosphorylation (Hansen et al., 

1996). Similar activation of latent p53 has also been observed in teratocarcinornas treated with 

retinoic acid (Lutzker and Levine, 1996). 



1.3 - p53 Loss of Tumour Suppressor Funetion 

Early observations in both hereditary and non-hereditary retinoblastoma, suggested ihat 

the development of these tumours depends on two "hits" or mutations and that these two "hits" 

inactivated the two copies of the gene (Knudson, Jr., 1978; Comings, 1973). Since then 

numerous tumour suppressor genes have been identified, including the one inactivated in 

retinoblastoma. In accordance with the two hit hypothesis, inactivation of both copies of these 

genes can promote tumourigenesis. Embryonal tumours, such as retinoblastoma, require a 

minimal number of events, perhaps only two that are rate limiting. For sarcomas and 

carcinomas, Nmours develop through a stepwise accumulation of genetic events that lead to a 

progressive loss of growth regdation. These events may include activation of proto-oncogenes, 

or inactivation of tumour suppressor genes (Nowell, 1976: Knudson, 1997). p53 is a tumour 

suppressor gene that is frequently mutated in cancers. and like the retinoblastoma gene (Rbl), 

rnay require two "hits" to promote tumourigenesis (Knudson, 1997). This view is controversial 

however, since it has also been suggested that mutations of one p53 allele may abrogate function 

of the wildtype allele through heterotetramer protein formations. 

Alterations of p53 function in tumours and ceIl lines occur by several molecular 

mechanisms. p53 cm be aitered at the protein level by translational downregulation, or by 

binding to other proteins, which may decrease p53 protein stability or inactivate p53 function. It 

cm also be aitered at the gene level. Frequently mutation of one allele is accompanied by loss of 

the other (usually through mitotic recombination). Macroscopic deletions dong chromosome 17 

may affect large portions or complete copies of p53 aileles. Loss of heterozygosity (LOH) at the 

p53 gene locus has been documented in primas, tumours from several cancers including 

colorectal carcinoma (Cawkwell et al., 1994; Fearon and Vogelstein, 1990), non-small cell lung 



carcinoma (Shipman et al., 1996) and carcinomas ansing in the head and neck (Adamson et al., 

1994; Califano et al., 1996). 

Altered p53 function may also occur by binding to viral and cellular proteins (Prokocimer 

and Rotter, 1994). Since the discovery of pS3 as a protein which CO-precipitates with SV40 large 

T antigen (Lane and Crawford, 1979; Linzer and Levine, 1979), studies have indicated that p53 

foms protein interactions with a number of virai proteins including adenovinis Elb protein 

(Sarnow et al., 1982) and the Epstein-Barr viral protein, EBNA-5 (Szekely et ai., 1993). These 

proteins form stable complexes with p53 thus preventing wildtype function (Prokocimer and 

Rotter. 1994). Other viral proteins, such as the human papilloma virus E6 protein, can target 

p53 for premature degradation by recruiting a cellular protein, E6AP (Beer-Romero et al., 1997). 

Cellular proteins can also bind to and inactivate p53 protein function. Mdm-2 can block 

wildtype p53 function by binding to the transactivation domain (Kussie et al., 1996), as well as 

promoting ubiquitin-dependent degradation (Kubbutat et al., 1997; Haupt et al., 1997). Although 

this interaction is necessary for normal down regulation of p53 following activation, dm-2 gene 

amplification or overexpression can disrupt p53 function in tumoun (Momand et al., 1992). 

Alterations of other cellular proteins may further contribute to aberrant accumulation of p53 

protein, but in an inactive form. These include molecules involved in the activation of latent p53 

protein (Hupp et al., 1995; Hansen et al., 1996; Hupp and Lane, 1994), or its ubiquitin-dependent 

degradation (Maki et al., 1996). The net effect of these viral and cellular protein interactions on 

p53, are changes to or loss of wildtype p53 protein function. 

By far, the most common method of altering p53 function in vivo occurs at the gene 

rather than the protein level. Mutations in the p53 gene have been reported in many cancers 

(Greenblatt et al., 1994). While the majority of these mutations are found in exons 5-8, which 

encode the DNA-binding domain, studies have shown that 10-25% of the gene alterations occurs 



outside this region (Hartmann et al., 1995; Gleenblatt et al., 1994). Mutations within the DNA- 

binding domain are most frequently missense mutations that result in non-conservative amino 

acid substitutions. Since the activity of this region is highly conformation dependent, missense 

mutations may either inhibit or alter its DNA binding specificity (Cho et al., 1994). Gene 

alterations outside this region are more commonly insertions, deletions, nonsense mutation or 

splice site changes (Hartmann et al., 1995). These result in gross changes to the p53 protein and 

usually result in protein truncation. Since the N-terminal and C-terminal portions of the protein 

are only loosely folded. it is unclear what effect, if any, point mutations have in these regions 

(Pavletich et al., 1993),. 



1.4 - p53 Mutation and Protein Overexpression in Tumour Developrnent 

Alteration of the p53 tumour suppressor gene is the single, most comrnonly reported 

genetic abnormality in human cancers (Nigro et al., 1989; Greenblatt et al., 1994). The 

prevalence of p53 mutations varies from 040% in most pnmary cancers, to over 80% in more 

advanced foms (Greenblatt et al., 1994). In vitro, p53 mutation impairs the ability of cells to 

respond to DNA damage by blocking p53-dependent GlIS arrest and p53-dependent apoptosis 

(Polyak et al., 1996). The inability of cells to arrest growth and division or to induce apoptosis 

in response to genetic insult promotes progressive genomic instability (Griffiths et al., 1997). It 

has been suggested that mutations in vivo promote tumourigenesis by a similar mechanism 

thereby decoupling cells frorn the normal restrictions imposed on cellular proliferation in the 

presence of DNA damage (Vogelstein and Kinzler, 1992). Mutations which result in a gain of 

oncogenic potential further promote carcinogenesis b y enhancing the transcription of genes 

which promote proliferûtion (Dittmer et al., 1993; Lanyi et al., 1998). 

p53 mutation is a common event in tumour development, however, the spectrum of p53 

mutations varies between cancers depending on the tissue and the type of carcinogen involved 

(Hartmann et al., 1995; Greenblatt et al., 1994). For example, polycyclic aromatic hydrocarbons 

in cigarette smoke fonn adducts with DNA that result in characteristic guanine to thymidine 

transversions ( p t ) .  Consequently, g>t mutations in p53 are common in cigarette smoke- 

associated cancers such as lung cancer and carcinomas arising in the head and neck (Greenblatt 

et al., 1994; Denissenko et al., 1996; Hollstein et al., 1998). 

The timing of p53 mutations in tumour development also varies. In general, the 

frequency of p53 mutations increases when comparing normal versus neoplastic versus invasive 

cancer tissues (Fearon and Vogelstein, 1990; Sidransky and Hollstein, 1996). However, the 

mutational event may occur early or late in tumour development. A mode1 of carcinogenesis 



proposed by Fearon and Vogelstein (1990) to explain the molecular development of colorectal 

cancer suggested that tumourigenesis occurs through a multistep process. The stepwise 

accumulation of genetic alterations occurs as the tissues progress from normal to neoplastic and 

finally invasive and metastatic tumours. In this model the detection of p53 mutations is most 

frequent during the transition from late adenornas (pre-invasive) to carcinomas (invasive) 

(Fearon and Vogelstein, 1990). The temporal sequence of genetic alteration is not always 

consistent between tissues. Sirnilar to colorectal carcinomas, p53 alterations are rnost frequent in 

the later stages of chronic myelogenous leukemia (Feinstein et al., 1991), prostate (Hall et al., 

1995), and ovaiian (Mazars et al., 1991; Buttitta et al., 1997) tumour development. Conversely, 

they are among the first detectable genetic alterations in brin (von et al., 1992), esophageal 

(Bennett et al., 1992) and breast cancer (Davidoff et al., 199 1). 

The differences between p53 mutation spectra and mutation frequency observed in 

different cancers may reflect the differing routes to tumour development in different tissues. The 

loss of p53 tumour suppressor activity in such a wide range of cancers underscores the 

fundamental importance of wildtype p53 activity in suppressing aberrant growth and tumour 

development in normal tissues. 



1.5 - pS3 as a Prognostic Marker 

Although p53 is altered in a wide range of cancers (Hollstein et al., 1991), the clinical 

significance of these alterations remains unclear. Studies in a number of cancers have suggested 

that p53 alterations are associated with more aggressive tumours and thus poorer clinical 

outcome. in malignant childhood gliomas p53 mutation and protein overexpression have been 

associated with a significantly shorter progression free survival (PFS) and shorter overall 

survival (OS) (Pollack et al., 1997). In childhood gliornas the median PFS for patients with p53 

protein overexpression was only 5.5 months compared with 25 months for those with low levels 

of p53 protein expression. Likewise the median OS for the same group of patients was only 14 

months compared to greater than 4 years for those without p53 overexpression. Similar 

observations were made in a study of 33 ovarian cancers, where patients with tumours containing 

p53 mutations had a significantly shorter PFS than patients with p53-negative tumours (Buttitta 

et al., 1997). While these studies suggest that p53 status may be usehl as a prognostic tool in 

certain tumours, the prognostic value of p53 alterations remains controversial in other cancers. 

In a study of 90 breast cancer patients the presence of p53 gene mutation was found to be an 

independent prognostic rnarker of early relapse and death (Kovach et al., 1996). Conversely, 

Sansson et. al. (1995) found that breast cancer patients with tumours containing p53 mutations 

had significantly improved relapse-free surviva19 breast cancer-corrected survival, and overall 

survival when treated by primary surgery and post-operative radiotherapy. These contradictory 

findings suggest further clinical studies of NmoUrS in different sites are necessary to assess 

whether the detection of p53 alterations can provide usehl prognostic information. 



1.6 - pS3 as a Predictive Marker of Treatment Response 

In vitro wildtype pS3 mediates cellular response to DNA darnage, therefore it has been 

hypothesized that p53 inay be responsible for the cellular response to anti-cancer therapies such 

as chemo- and radiotherapy (Vogelstein and Kinzler, 1992). Following exposure of ce11 lines 

with wildtype p53 to non-lethal doses of DNA-darnaging agents, pS3 protein levels increase 

drarnatically resulting in G1 arrest or apoptosis (Kastan et al., 199 1; Linke et al., 1997; Lowe et 

al., 1993). By contrat, cell lines lacking functional p53 fail to induce p53 protein levels and do 

not show growth inhibition in response to genotoxic stress (Kastan et al., 1991; Linke et al., 

1997; Lowe et al., 1993). In a study by O'Conner et al. (1997), the association between p53 

status and response to both radiation and anticancer agents was analysed by measuring the 

growth inhibitory potency of 123 anticancer agents on 60 cell lines. They found that cell lines 

lacking functional p53 were deficient in y-ray induction of p53 target genes, p21 w;ifl/cipl 
1 

GADD45, and mdm-2, and the ability to arrest in G1 following y-irradiation. Similar decreases 

in growth inhibition were observed when cell lines lacking wildtype p53 were treated with 

anticancer agents, including DNA-cross linking agents, antirnetabolites, and topoisomerase 1 and 

II inhibitors, but not anti-mitotic agents (O'Connor et al., 1997). 

Although experiments with ceIl lines demonstrate that p53 mutations alter the cellular 

response to these fonns of cancer treatments, a number of factors suggest that these experimental 

results may not translate into in vivo effects. The frequency of p53 mutation is significantly 

higher in ce11 lines than in primary tumours from the sarne tissue, suggesting that these mutations 

are artificially selected for in the irnmortalization process (Bodner et al., 1992). Furthemore, 

while p53 mutation affects the cellular response to DNA damage, some mutant ceIl lines are 

more resistant and some are more sensitive to radiation and chemotherapeutic agents, than cell 

lines with wildtype p53 (Jung et al., 1992). This suggests that other genetic pathways or 



biological factors modulate the response to anti-cancer treatment, and that the molecular conted 

of the p53 alteration may be as important as the alteration itself. 

The hypothesis that p53 mediates cellular response to DNA damage in vivo is supported 

by observations that cancers with low frequencies of p53 mutation often respond better to 

radiation or chernotherapy than cancers with a high frequency of p53 mutation. For exarnple, 

tumours with a low frequency of p53 alteration, such as testicular cancers and childhood acute 

lymphoblastic leukemia, are highly sensitive to DNA damaging agents (Hall et al., 1995; 

Jonveaux and Berger, 1991; Chresta and Hickman, 1996; Siddik et al., 1998; Lutzker and 

Levine, 1996). Conversely, NmOurS that frequently harbour p53 mutations, such as ovarian and 

breast carcinoma, are often more resistant to radiation and chemotherapy and are associated with 

a higher rate of recurrence following treatment (Lowe et al., 1994; Jansson et al., 1995; 

Prendergast et al., 1996; Buttitta et al., 1997). 

A number of clinicd studies have examined the relationship between p53 status and the 

response to anti-cancer therapy. For example, Prendergast et al. (1996) demonstrated that 

despite the low prevalence of p53 alterations in pre-treatment stage DI, node-positive prostate 

cancers, p53 mutations and protein expression were significant predictors of local treatment 

failure following radiation therapy. Similarly, Ribeiro et al. (1998) showed that p53 mutations 

were predictive of shorter overall and disease-free survival in patients with esophageal cancer 

treated using radiation andlor chemotherapy. However, the association between p53 alterations 

and treatment response in other cancers is less clear. Bergh et al. (1995) showed that of breast 

cancer patients receiving adjuvant radio- or chemotherapy, lymph node-positive patients with 

p53 mutations had a significantly shorter survival compared with those without p53 mutations. 

By contrat, no differences were observed between node-negative patients with and without p53 

mutations. Bergh et al. (1995) also showed mutations in the conserved regions II and V were 



associated with worse prognosis compared with conserved regions III and IV. These findings 

suggest that the value of p53 mutations and protein overexpression as a predictive marker of 

local control following either chemo- or radiation therapy is dependent on the tissue, the type of 

mutation and the location of the mutation. 

1.7- Methoddogical Complications in p53 ClinicaI Studies 

Variability between studies with respect to the prognostic value of p53 mutations and 

protein expression in human cancer may reflect, in part, methodological differences in assessing 

p53 mutational status. The most commonly employed method for analyzing p53 status is by 

immunohistochemistry (MC). This technique is based on the concept that wildtype p53 protein 

is undetectable due to its relative short half-life, but that mutant p53 protein is stabilized and 

therefore detectable by MC . Since not al1 anti-p53 aniibodies recognize the same epitope, direct 

cornparison of protein levels in differing studies, is frequently problernatic (Home et al., 1996). 

Moreover, data obtained by comparisons of protein and gene stanis indicate a high percentage of 

p53 mutations may be missed using this technique (Calzolari et al., 1997; Casey et al., 1996; 

Sjogren et al., 1996). Inability of anti-p53 antibodies to detect p53 protein rnay occur if the 

mutation causes protein structural changes that prevent antibody binding, if the mutation results 

in loss of the epitope, or if the mutation fails to stabilize the protein. The role of antigen retrieval 

methods in p53 protein detection further complicates this issue. Differing antigen retrieval 

methods expose different p53 epitopes, therefore some anti-p53 antibodies are more effective in 

staining than others (Dowell and Ogden, 1996). 



Analysis of cDNA and genornic DNA provides a more direct approach to determine p53 

mutational status. Single strand conformation polyrnorphism (SSCP) is a rapid and simple 

screening method that involves amplifying complete copies or portions of the p53 gene by PCR 

and then size separating denatured, amplified fragments by electrophoresis through a 

nondenaturing polyacrylamide gel. Mutations alter the secondary structure of these single 

strand, amplified products thereby affecting their rnobility through the gel and leading to altered 

band patterns. Unfortunately, due to variability in non-denaturing gels and differences in gel 

electrophoresis parameters, up to 30% of mutations may be missed using this technique 

(Gumerlock et al., 1997). The most accurate method for the detection of gene alterations is 

direct sequencing, however this technique is expensive, labour intensive, and technically 

difficult. Many sequencing studies have examined only exons 5-8 (encoding the DNA-binding 

domain) of the p53 gene and thus introduced a bias into the mutation spectra reported in the 

literature. This bias was established early when it was reported that a large proportion of p53 

mutations occur in this region (Hollstein et al., 1991; Nigro et al., 1989). However, recent 

studies have shown that mutations outside exons 5-8 are frequent and that significant prognostic 

information can be gained by sequencing al1 coding regions (Bergh et al., 1995). Despite these 

findings, relatively few studies have examined the complete p53 coding sequence in human 

tumours (Casey et al., 1996; Jansson et al., 1995; Bergh et al., 1995; Nishida et al., 1993; 

Hartmann et al., 1995). 



1.8 - p21Wpfl/dp1 

~2 1 "a"'cip1 is a cyclin-dependent kinase inhibitor that plays a critical role in Gl/S ce11 

cycle arrest (Xiong et ai., 1993; Harper et ai., 1993). The cyclin-dependent kinases cdk 4 and 

cdk 6 phosphorylate and inactivate the retinoblastoma protein (pRb) which in tum releases the 

transcription factor, E2-F, from pRbl E2-F complexes, making it available to upregulate genes 

involved in DNA replication (Sherr, 1996). Transactivation of p2 1 W""P1 , by either p53- 

dependent or independent pathways, therefore prevents progression from the G1 phase of the ce11 

cycle to the S phase by inhibiting cyclin-dependent kinase activity and promoting pRb function 

(Sherr, 1996). p21 waf 1 Icip 1 may also induce G Ils ce11 cycle amst by binding with PCNA in a 

quatemary complex and inhibiting its ability to activate DNA polymerase 6 (Luo et al., 1995; Li 

et al., 1994). 

As a response element of p53, p21 expression may also be important for mediating 

cellular response to DNA darnage by inducing GlIS arrest and by protecting cells from apoptosis 

(Gorospe et al.. 1997; Polyak et al., 1996). The mechanism for apoptosis inhibition by p2 1 is not 

understood, although it is thought to involve its interaction with Jun kinase (Gorospe et al., 

1997). Recent evidence also supports the role of p21 in ce11 senescence but the link between 

senescence and apoptosis remains unclear (Petrocelli et al., 1996). 

Although a fundamentally important protein for the regulation of the ce11 cycle and the 

response to DNA damaging agents, mutations of the p21 gene are rare in cancers. Shiohara et. 

al. (1994) exarnined 35 1 primary Nmours from 14 different malignancies and in 36 human ce11 

lines, for alterations of the p21 gene by PCR amplification and SSCP, and found no mutations. 

Sirnilarly, Li et. al. (1995) failed to detect p21 mutations in 45 colorectal cancers. Thus, it has 

been suggested that p21 mutations may be fatal to the ce11 (Hirama and KwfTler, 1995). At the 

protein level, a recent imrnunohistochemical study has s h o w  p21 wdilcipl overexpression in 



approximately 40% of colorectal carcinomas (Slebos et al., 1996). In bladder cancer, p21 

overexpression was detected in 64% of patients, and was associated with a decreased overdl 

survival (Stein et al., 1998). Aberrant p2 1 wn"''pl protein accumulation has also been reported in 

head and neck cancers although its expression appears to be independent of p53 mutational status 

(Yook and Kim, 1998; van Oijen et al., 1998; Erber et al., 1997; Nadal et al.. 1997). Nadal et al. 

(1997), and van Oijen et al. (1998) further suggested that p2 lwfl'dpl expression is associated 

with differentiation in head and neck carcinomas although other studies have failed to show 

correlations between p21 protein status and clinico-pathological parameters (Yook and Kim, 

1 998). 

1.9 - Head and Neck Squarnous Ce11 Carcinoma 

Cancer of the head and neck encompasses epithelial cancers originating from the mucosa 

lining the oral cavity, pharynx, paranasal sinuses and larynx (see figure 1.3). Over 90% of al1 

head and neck cancers are squamous ce11 carcinomas (SCC) (Vokes et al., 1993). Tumours of 

the upper aerodigestive tract occur predominantly in males 50 to 70 years of age although an 

increasing number of head and neck squamous ce11 carcinoma in females has been observed in 

recent years (National Cancer Institue of Canada, 1994). This trend may reflect changes in the 

demographics of tobacco use. Head and neck squamous ce11 carcinoma (HNSCC) accounts for 

approximately 6% of cancer in men and 2% of cancer in women. In Ontario there were 886 new 

cases of cancer of the oral cavity, tongue and oropharynx in 1993 accounting for 3.3% of al1 new 

malignancies (National Cancer Institue of Canada, 1994). Worldwide there are approximately 

500,000 new cancers of the head and neck annually (Shaha and Strong, 1995). 



Figure 1.3 - Saggital section of the upper aerodigestive tract (Shaha and Strong, 1995) 



The most important risk factors for HNSCC are cigarette smoking and alcohol 

consumption (Deleyiannis et ai., 1996; Liloglou et al., 1997). Many of the components of 

cigarette smoke are suspected carcinogens and have been implicated in the etiology of upper 

aerodigestive epithelial malignancies. 

The overall 5-year survival rate for patients with HNSCC is 454 .  Despite advances in 

both the detection and treatment of HNSCC the 5 year survival rate has rernained unchanged for 

several decades (Vokes et al., 1993). The current management of HNSCC relies on surgery and 

radiation therapy. either alone or in combination. The treatment modality selected is influenced 

by a number of factors including site, size, depth of invasion and the need for reconstructive 

surgery (Shaha and Strong, 1995). Cure rates Vary and depend on the stage of tumour, age, and 

sex of the patient (Faye-Lund and Abdelnoor, 1996). When radiation is used as the primary 

treatment, high cure rates can be achieved for small, localized tumours. For large, bulky tumours 

the cure rates can be as low as 20-30% (Sweeney et al., 1994). 

Clinical observations suggest that both age and sex of a patient may predict response to 

radiotherapy. While relapses are less common in women than men, local control is more 

diffcult in older than in younger patients (Faye-Lund and Abdelnoor, 1996). Tumour size (T), 

the presence or absence of nodal involvernent (N)? and the presence or absence of metastatic 

tumours (M) are also significant factors (see Table 1. I and 1.2). Together these factors define 

the TMN stage of the tumour (see Table 1. 3). 



Table 1.1 - Tumour Sue (T) Staging of Laryngeal Tumours. Characteristics of T stages fiom 

TLT4 are described for supraglottic, glottic, and subglottic tumours (Shaha and Strong, 1995). 

1 J 1 postcncoid area, medial wall of piriform sinus. or pre-epiglottk tissues 

Supraglottis 

Tumour invades adjacent structures, eg, cartilage or sofi tissues of 
neck 

T 1 

T2 

T1) 

Tumeur limited to one subsite of supraglonis with normal vocal cord 
mo bility 
Tumour invades more than one subsite of supraglottis or glottis with 
normal vocal cord mobility 
Tumour limited to larynx with vocal cord fixation and/or invades 

Glottis Tl 

Tla 
Tl b 

T2 

T3 

T3 

Turnour limited to vocal cord(s)(may involve anterior or postenor 
commissures) with normal mobiliv 
Turnour limited to one vocal cord 
Tumour involves both vocal cords 
Tumour extends to supraglottis and/or subglottis, andor impaired 
vocal cord mobility 
Turnour Iimited to the larynx with vocal cord fixation 
Turnour invades through thyroid cartilage ancilor extends to other 
tissues beyond the larynx, ep. orophapxu. soft tissues of neck 

Subplottis ) Tl 
1 T2 
T3 

T4 

Tumour limited to subplottis 
Tumour extends to vocal cord(s) with normal or irnpaired mobility 
Turnour limited to larynx with vocal cord fixation 
Tumour invades through cncoid or thyroid cartilage and/or extends to 
other tissues beyond the larynx. ep. oropharynu. sofi tissues of neck 



Table 1.2 - Nodal Involvement (N) Staging of Head and Neck Tumours. Characteristics of 

N stages fiom NI-N3 are described for al1 head and neck tumours including tumeurs arising in 

the oral cavity, nasopharynx, oropharynx, hypopharyw and l a .  (Shaha and Strong, 1995). 

1 Metastasis in bilateral or contralateral lymph nodes, none >6 cm in greatest 
dimension 

N3 1 Metastasis in a lymph node >6 cm in aeatest dimension 

Table 1.3 - T I N  Staging of Head nad Neck Tumoun (Shaha and Strong, 1995) 

Stage O 
Staoe 1 
Stage II 
Staee III 

t- 

I 

Stage IV 
T4 

Any T 

MO 
M O  
MO 
MO 
MO 
MO 

Tin situ 
Tl 
T2 
T3 

T3 1 NI 
T4 NO 

Any T 
1 Any T 

NO 
NO 
NO 
NO 

MO 
MO 

r 

N1 
N2 

Tl 1 X l  
T2 Nl 

MO 
MO 

N3 M O  
Any K 1 h4 1 



In general patients with advanced tumour stage have a worse prognosis than patients with early 

stages of disease. This relationship, however, is not absolute as some patients with early stage, 

localized disease experience local recurrence following radiation therapy (Vokes et al., 1993). In 

this context, prediction of radiation resistance is important since recurrent tumours are frequently 

more aggressive clinically and more resistant to chemo- and radiotherapy than the primary 

tumour. 

The efficacy of radiation as a cancer treatment depends on the generation of oxygen free 

radicals, which cause DNA damage and ultimately lead to ce11 death. Genes involved in the 

response to DNA damage and its repair, may therefore be important in the response to radiation 

therapy. Moreover, mutations in these genes may contribute to radioresistance. These factors, 

coupled with the need to identify patients who will fail radiation therapy, reinforces the 

importance of the search for genetic markers of radioresistance that may guide the choice of 

therapy for patients in whom both surgery and radiation are viable options. 

1.10 - p53 in HNSCC Tumour Development 

p53 mutations and protein overexpression are common in HNSCC and have been 

detected in 20-70% of Nmours (Boyle et al., 1993; Ahomadegbe et al., 1995). A number of 

methods have been used to assess p53 status in HNSCC, including both immunohistochemical 

and molecular techniques. The most cornmon technique, IHC, has been used to detect abnormal 

p53 staining in both presancerous and cancerous tissues. For example, Shin et. al. (1994) 

examined HNSCC and the adjacent normal , hyperplastic or dysplastic epithelium. They found 

that 2 1% of the samples overexpressed p53 in nomal epithelium adjacent to the tumour and that 



the number of samples with p53 overexpression in adjacent hyperplastic and dy splastic 

epithelium increased to 29% and 45% respectively (Shin et al., 1994). Similady, Kushner et. al. 

(1997) found that in oral epithelial dysplasia the number of cells that overexpress p53 increased 

from moderate to severe dysplasia. It has therefore been suggested that p53 protein 

overexpression frequently occurs in pre-cancerous lesions and that the frequency of p53 

overexpression increases as tumour stage progresses (Shin et al., 1994; Kushner et al., 1997). 

However, while IHC can provide important information about aberrant p53 protein accumulation 

in tumour development, discrepancies between p53 IHC and genotyping suggest it can not 

reliably predict the prevalence of p53 mutations (Nylander et al., 1995; Calzolari et al., 1997). 

Few studies have examined the prevalence of p53 genetic alterations in HNSCC 

(Nylander et al., 1995; Liloglou et al., 1997; Mineta et al., 1997; Ahomadegbe et al., 1995; Koch 

et al., 1996) and even fewer have examined their prevalence in precancerous lesions. Boyle et 

aL(1993) sequenced the conserved pS3 gene regions (exons 5-8) in 102 head and neck lesions 

and identified mutations in 7 of 37 lesions of severe dysplasia and carcinoma in situ and in 28 of 

65 carcinomas. These findings suggested that p53 mutation often precedes tumour invasion and 

further supported a role for p53 mutation in HNSCC twnour development. A genetic 

progression mode1 for head and neck cancer has been proposed based on the premise that 

chromosomal deletions at putative tumour suppressor loci can be detected in tumoun by 

measuring loss of heterozygosity at nearby hyperpolymorphic microsatellite loci (Califano et. 

al., 1996). It was concluded that loss a p53 allele occun moa fiequentîy during the transition 

from benign squamous hyperplasia to dysplasia. It was also suggested that the accumulation of 

mutations affecting both tumour suppressor genes and protooncogenes is more criticai to tumour 

development than the timing of individual genetic changes (Califano et al., 1996). However, this 

study was cross-sectionai ratha than longitudinal and the applicability of the results to individual 



lesions is problematic. Moreover, since not al1 dysplasias progress to higher grades or to 

carcinomas (Mincer et al., 1972)- it is unclear whether these cross-sectional studies can be 

readily applied to the study of HNSCC tumour progression. 

In sumrnary, p53 mutation and protein overexpression is common in both HNSCC and 

preîancerous lesions. These alteration, therefore, are likely important in the development of a 

large proportion of head and neck tumours but are not a prerequisite for tumour development. 

Although the likelihood of detecting p53 mutations or protein overexpression increases as the 

stage of the tumour advances, the relevance of these changes in a clinical setting are unclear. 

1.11 - The Association Between pS3 Mutations and Protein Overexprasion and Response 

to Radiation Therapy in ENSCC 

Although there is both in vivo and in vitro evidence from tumours at other sites that p53 

can modulate amour response to radiation therapy, it is unclear what role, if any, it plays in 

HNSCC. Several groups have studied the association between p53 status and response to 

radiation therapy, but the results have been conflicting. Wilson et. al. (1995) exarnined 99 

patients with HNSCC, uniformly treated with accelerated radiotherapy, and found that p53 

protein accumulation was not related to the biological characteristics of the tumour or to clinical 

outcorne. Tan and Ogden (1997) found that p53 overexpression was not predictive of response 

to radiotherapy in 90 laryngeal carcinomas. By contra@ Shin et. al. (1996) reported that the 

expression of p53 protein in primary head and neck carcinomas was a significant predictor of 

shorter progression free swival  following radiation therapy . These studies al1 relied on MC to 



assess p53 protein levels. Only two groups have examined the associations between outcome 

following radiation therapy and p53 genotype. Koch et. al. (1996) examined exons 5-9 of the 

p53 gene and found that p53 mutations were significantly associated with an increased risk of 

locoregional failure in patients with head and neck carcinomas. Similarl y, Overgaard et al. 

(1998) showed that p53 mutations are a strong predictor for poor locoregional control and 

disease-free survival in patients with HNSCC treated with pnmary radiotherapy. The difference 

between Koch et al. (1 996) and Overgaard et al.'s (1998) findings and others may reflect tme 

demographic and tumour site differences, or differing methods to assess p53 at the gene level. 

Furthermore, non-standardized treatment regimes, including differences in radiotherapy 

protocols, coupled with inconsistent patient follow-up, have confounded the analysis of p53 

mutation with respect to the response of HNSCC to cancer therapy. To date, studies that have 

examined both protein expression and mutational status of the entire coding region of the p53 

gene and its association with treatment outcome have not been undertaken in HNSCC. 



Chapter 2 - Rationale, Hypothesis and Aim 



2.1 - Rationale 

The development of cancer is a progressive process resulting from several gemetic 

changes affecting tumour suppressor genes and oncogenes. Some of these changes are more 

common in certain tumours than others suggesting site specificity and etiological association. 

Mutation of the p53 tumour suppressor gene is the single, most commonly reported alteration in 

al1 cancers and is associated in some with a worse prognosis than turnours without this change. 

Based on the importance of p53 in the normal regulation of ce11 cycle progression and of cellular 

responses io DNA damaging agents, poor prognosis in tumours with p53 mutations may reflect 

ei ther more aggressi ve disease or turnours less 1 i kel y to respond to an ticancer treatment. 

In HNSCC, p53 mutation is common, although the frequency of this event has not been 

well characterized. This is partly due to pooling of tumours from different anatomic sites and 

incomplete p53 analysis. For exarnple, the most common method used for p53 analysis in 

HNSCC has been immunohistochemistry, however evidence in other cancers suggest this 

technique may not accurately identify al1 mutations. The use of immunohistochemistry to detect 

p53 mutation is based on the premise that mutant p53 protein is stable whereas the half life of the 

wildtype p53 protein is too short to permit detection. It is unclear how many HNSCC harbour 

p53 mutations that cannot be detected using standard MC, or how many carcinomas overexpress 

p53 protein despite wildtype sequence. The few studies that have examined p53 in HNSCC at 

the gene level have limited their analyses to sequences encoding the central core domain (exons 

5-8). Despite evidence in other cancers that 10-258 of p53 mutations occur outside this region, 

the cornpiete p53 coding sequence has not been analyzed in HNSCC. 

The association between p53 mutations and tumour response to anticancer therapy has 

not been clearly established in HNSCC. While some studies report no relationship, others repon 



an association between p53 mutation and reduced local control following radiation therapy. 

Analysis of p53 status and tumour response to radiation therapy has been further complicated by 

methodological problems previously discussed. 

The analysis of al1 p53 coding exons in patients with HNSCC treated by radiation therapy 

may offer new infonnation about the p53 mutation rate in this disease. Moreover, cornparisons 

of cornplete p53 coding sequences to p53 protein expression in HNSCC and to treatment 

outcome may offer new infonnation about the relationship between p53 gene and protein status 

and the relationship between p53 mutation and response to radiation therapy. 

2.2 - Hypothesis 

The work reported here is based on the hypothesis that, in laryngeal squamous cell 

carcinomas, mutations occur in the entire coding region of the p53 gene, and that a significant 

proportion of alterations may be missed by anaiysis of only those regions encoding the DNA- 

binding domain (exons 5-8) or by relying on IHC staining of p53 protein. We also hypothesize 

that p53 alteration, at both the gene and protein levels, is associated with poorer local control in 

patients treated with primary radiation therapy than patients with wildtype p53. 



2.3 - Objectives 

The primary objective of this study was to: 

1) determine the prevdence and pattern of p53 genetic alterations in laryngeal squamous ce11 

carcinoma by direct sequencing of exons 2- 1 1. 

The secondary objectives were to: 

2) detennine the relationship between p53 gene mutations and protein levels in laryngeal 

squamous ce11 carcinoma 

3) determine the relationship between p53 status and local control in a series of patients with 

laryngeal carcinoma treated by primary radiotherapy 



Chapter 3 - Materials and Methods 



3.1 - Case Selection 

Pre-treatment, formalin fixed, paraffin embedded tissue biopsies (FFPE) were obtained 

from 42 patients with a diagnosis of squamous cell carcinoma of the larynx. All patients had 

been referred to the multidisciplinary head and neck site group at the Toronto-Sunnybrook 

Regional Cancer Centre between June 1984 and December 1990 and were managed with a 

policy of primary radiotherapy reserving surgery for salvage. Multiple specimens were obtained 

from 6 patients providing a total of 52 tumour samples for analysis. Clinical follow-up for at 

least 3 years post radiation therapy was available on 35 patients and only this subgroup was used 

for the portion of this study examining the relationship between p53 status and radiation therapy. 

All patients were treated to a dose of 4600 cGy in 23 fractions over 4.5 weeks to the 

larynx and regional nodes. Sites of gross residual disease less than or equal to 3 cm in maximum 

diameter were boosted with an additional 2000 cGy in 10 fractions over two weeks while those 

greater than 3 cm were boosted with an additional 2400 cGy in 12 fractions over 2.5 weeks. 

Following completion of radiation therapy, patients were assessed clinically at monthly intervals. 

Complete responders were followed every three months for the fint two years, every six months 

for the next three years and annually thereafter. 



3.2 - DNA Extraction 

One to three S pm tissue sections were cut from paraffin blocks and placed on glas 

slides. The number of sections used in each extraction was dependent on the amount of tissue 

available. For tissue sections approximately 10 mm2 in size, only one section was used. For 

tissue sections less than approxirnately 2.5 mm2, three sections were used. 

Sections for DNA extraction were heated to 65'C, to melt the paraffin and then, using a 

scalpel. the tissue w u  removed from the slide and placed in an 1.5 mi Eppendorf tube. Tissue 

from consecutive sections of the same tumour block were combined into a single tube with 120 

pl lysis buffer (50 rnM KCl, 2.5 rnM MgC12,0.45% Tween-20 detergent, and 10 m M  Tris HCL, 

pH 8.0). To avoid cross contamination the scalpel was carefully cleaned with distilled water 

before handling subsequent samples. Ten pl of a 20 pg/pl solution of proteinase K (Sigma Corp, 

St. Louis,USA), was added to each extraction, then incubated at 55OC ovemight. The next day 

five pl of 20 pg/p1 proteinase K was added to the buffer and the digestion mixtures were 

incubated at 55OC for an additional 6 hours. Following incubation the samples were heated at 

l OO°C for 20-30 minutes to inactivate the pmteinase K. Samples were then centrifuged at 13000 

rpm for 15 minutes and DNA was collected in the supernatant. Al1 DNA extracts were stored at 

4OC until further use. 



3 3  - PCR Amplifcation 

Exons 2-1 1 of the p53 gene were individually amplified by polymerase chah reaction 

(PCR) using a p53 Mutational Analysis Kit obtained fiom Visible Genetics Inc. (Toronto, 

Canada). This kit was originaily developed for use with genomic DNA extracted from fiesh or 

fiozen tissue. It was then optimized, as part of this body of work and in collaboration with 

Visible Genetics Inc., for use with DNA extracted fiom paraffin embedded, fonnalin-fixed 

material (see section 3.5 for optimization protocols). Al1 the primen used for amplification were 

intronic primers located approximately 40-100 basepairs (bp) fiom the introdexon boundary to 

generate PCR products 24 1 to 390 base pairs in length (see Table 3.1). 

Table 3.1 - PCR Product Lengths for Individual Exons 

EîNp 
E3Np 
E4Np 

2 
3 
4 

284 
244 
382 



The reaction mixtures for amplification of exons 4-1 1 contained 250 ph4 dNTPs, 10 mM 

Tris HCl, pH 8.0,50 mM KCI, 1.5 mM MgCl?, 5% dimethyl sulfoxide (DMSO), 0.4 @id of each 

primer (5' and 3'). 3 pl genomic DNA (or 100 ng control DNA) and 1.25 Units of AmplitaqTM 

Taq Polymerase (Roche Inc.. Branchburg, New Jersey. USA) in a 25 pl volume. For 

amplification of exons 2 and 3. a N P  mixture was used in which 25% of the dGTP nucleotides 

were replaced with the nucleotide analog deaza-dGTP. To funher improve enzyme efficiency, 

DMSO was also removed from these reactions. 

Each PCR reaction was denatured for 5 minutes at 94OC on a thermocycler (MJ Research, 

Waterdown, Massachusetts, USA). Reactions were arnplified through 35 cycles including a 30 

second denaturation at 94'C, a 30 second annealing at 60°C and a minute elongation step at 

7Z0C. A temperature ramping speed of 1°C per second was prograrnmed between each change in 

temperature to permit gradua1 heating or cooling of the sarnple. The 35 amplification cycles 

were followed by a 5 minute elongation step at 72OC. 

PCR products were visualized by loading 2 pl of DNA and 1 pl formamide dye on a 1% 

agarose gel containing 20 pg ethidium bromide. DNA was electrophoresed through the gel for 

10 minutes at 120 volts and bands were subsequently visudized on an ultraviolet light box. 



3.4 - Cycle Sequencing 

Al1 PCR products were sequenced using the p53 Mutational Analysis Kit obtained from 

Visible Genetics Inc. (Toronto, Canada). Sequencing pnmen from this kit were dl nested and 

labeled with a Cy5.5 fluorescent dye (see Figure 3.1). The volume of PCR product used in each 

sequencing reaction varied from 2-8 pi, and depended on the intensity of the band seen on the 

agarose gel. Unpurified PCR products were added to 22 p1 reaction cocktails containing l x  

Sequencing Buffer (Visible Genetics hc., Toronto, Canada), 5% DMSO, 0.4 pM sequencing 

primer and 3.3U ThennosequenaseTH (Amersham). For exon 5 sequencing reactions, the DMSO 

was replaced with 5mM dithiothreitol (DIT). 5 pl reaction cocktail was then aliquotted into four 

separate tubes with 3 pl 69, dC, dG, or dT deaza dideoxy-terminator mixes (Visible Genetics 

Inc., Toronto, Canada). Sequencing reactions were amplified using the same cycle parameters as 

the PCR reaction, but with annealing temperatures ranging between 55OC and 63OC, depending 

on the exon being sequenced (see Table 3.2). 



Table 3.2 - Seqaence Primer Annealing Temperatures 

Following amplification, 6 pl formamide dye was added to ench reaction to terminate the 

process. Scquences were then andyzed using the Open Grne SystemTM (Visible Genetics Inc., 

Toronto, Canada). A 6% aclylamide gel was cast in an ultra-thin, disposable, glass cassette and 

polymerized for 3 minutes using ultra violet light. The polpmerized gel was placed in a Micro 

Gene BlasterTM automatic DNA sequencer dong with Ix Tris Boric Acid (TBE). 2 pl of esch 

reaction was Ioaded in the gel and the amplified products were size seperated by electrophoresis 

for 35 minutes at 5J°C using 1200 volts and 20 m W  power. AI C? G and T lanes were aligned 

using Gene ObjectsTM software and compared to wildtype sequences. Differences were 

confirmed by sequencing in the opposite direction and then r e c ~ ~ m e d  by fbrther re- 

amplification and direct sequencing steps. 



3.5 - PCR Optiaization 

The p53 Mutation Analysis Kit was originally designed for use with DNA extracted fiom 

fresh or frozen tissue. It was therefore necessary to reoptimize the amplification of several p53 

exons for DNA extracted from FFPE tissue sections. Formalin fixation cross-Iinks DNA to other 

cellular molecules and rnust be "tom" from the ce11 in the extraction process resulting in shearing 

and low DNA concentrations of marginal quality (Neubauer et al.. 1992). Further complications 

arise since a purification step is not used in the extraction process. DNA extracts may therefore 

contain inhibitors which interfere with amplification (Neubauer et al., 1992). 

3.5.1 - Primer Optimization 

While amplification of exons 6-1 1 gave sufficient product for sequence analysis using kit 

primers, exons 2-5 were more problematic. Kit primers for these exons were originally designed 

to generate PCR products that exceeded 400 bp, an amplicon length that is frequently difficult to 

achieve with DNA from paraffin material. The first step in optimizing the amplification of these 

exons, was to shorten the PCR products. The new prirners were chosen based on their ability to 

pnerate shorter products without moving the primer into the exonic sequence. For exons 4 and 

5, this meant moving primers closer to the exodintron boundary. For exon 2 and 3, large 

stretches of guanine or cytosine bases in introns 1.2 and 3 made moving primers more difficult. 

Originally arnplified as a single, 507 base pair fragment using the kit, new primers were choosen 

that would allow individual amplification of each exon. For exon 2 the 3' primer was moved to 

intron 2, and for exon 3 the 5' primer was moved to exon 2. 



Having obtained new primer sets which could efficient1 y and reproduci bl y amplify 

control DNA from fresh or frozen sources, prirners were then optimized for use with DNA from 

FFPE material. Multiple DNA samples were used in each set of optirnization experirnents since 

results were often dependent on the quality of DNA and frequently varied from sample to 

sample. Control DNA, supplied by Visible Genetics Inc., was also used with each reaction to 

ensure that the changes made did not ablate amplification completely. New reaction conditions 

were only adopted when it improved the amplification and sequence from the majority of 

samples tested. 

3.5.2 - Temperature Optimization 

Annealing temperature optimization experiments were performed to determine the 

optimal annealing conditions for use with each primer. The optimal annealing temperature, in 

turn, depends on the pH and magnesium concentration. For these experiments, therefore, al1 

other variables remained constant while the anneaiing temperature was varied between JO0 and 

64'C. The optimal annealing temperature was chosen as the temperature which generated the 

strongest, single band on an agarose gel, or in the case of sequencing prirners, as the temperature 

that generated the strongest sequence with the least background artifact ("noise"). 



3.5.3 - Additives and Nucleotide Analogs 

In instances where premature termination, or high levels of background noise, were 

observed in the sequence, a variety of additives and nucleotide analogs were added to both the 

PCR and sequencing reactions to improve the sequence quality. The guanine-analog, deaza 

dGTP, helps stabilize G-C nch sequences by preventing the formation of stable secondary 

structures and reducing sequence compressions (Rapley, 1996). Initially the analog was added to 

each PCR reaction either as 25% or 50% of the total dGTP concentration. Since no benefit was 

observed by raising the deaza-dGTP concentration to 50% of the total dGTP nucleotides, 

subsequent reactions with this analog were done with 25% deaza-dGTP. 

In addition to nucleotide analogs, a number of additives were aiso tested. DTT is 

frequently added to reaction mixtures to mrintain activity of those enzymes that require reduced 

thiol groups for activity (Ausubel, 1997). It was added to the sequencing cocktail of exon 5 for 

the same purpose. Although strong PCR products were generated with this exon using the new 

primers. without DTT the sequences were weak and could not be analyzed. The final additive 

that was tested in optimization expenments was ammonium sulphate, which helps stabilize both 

the DNA and enzyme by providing positive charges (Ausubel, 1997). It was added to both 

sequencing and PCR reactions for a number of exons, but did not improve data quaiity. In 

addition to additives, experiments were aiso done in which DMSO was removed from the PCR 

and sequencing reactions. DMSO is a denanirant which helps stabilize sequences nch in guanine 

and cytosine bases (Rapley, 1996), however it may also partially inhibit enzyme efficiency. In 

general, in reactions where additives or analogs were added to the general protocol, DMSO was 

removed. 



3.6 - Immunohistochemistry 

Immunohistochemical staining was performed by the Department of Laboratory 

Medicine at Sunnybrook and Women's College Health Sciences Center. Briefly, five pm serial 

sections were cut and mounted on glass slides coated with 2% aminopropyltrioxysilane (Sigma 

Corp, USA) in acetone. Sections were dewaxed in xylene and rehydrated in graded ethanols. 

Endogenous peroxidase activity was blocked by immersion in 0.3% methanolic peroxide for 15 

min. Immunoreactivity of the target antigens was enhanced using pressurized heat antigen 

retneval (pressure cooking)(Norton et al., 1994). The sections were placed in a pressure cooker 

containing 0.01 M sodium citrate buffer (pH 6.0), heated to 130°C for 2 min, and then cooled. 

p53 protein expression was determined by incubating the tissue sections with the monoclonal 

an tibody DO7 (Novocastra, Newcastle, U.K.) diluted 1 500 in 1 xTBS. This antibody recognizes 

both wild type and mutant foms of the p53 protein. For analysis of p21 protein expression 

tissue sections were incubated with EA 1 monoclonal antibody (Oncogene Sciences, Cambridge 

MA) diluted 1 :200 in TBS. AI1 incubations were camed out overnight at 4OC. The sections 

were then incubated with a biotinylated secondary anti-mouse antibody diluted 1:200 in TBS for 

60 min, followed by the application of preformed avidin-biotin complex (Dakopatts, Denmark) 

for 60 min. The bound complexes were visualized by the application of a 0.05% solution of 

3,3'-diarninobenzidine (DAB; Sigma Corp.. U.S.A.). pH 7.6, containing 0.3% hydrogen peroxide 

as a substrate. Following incubation, the sections were washed and then lightly counterstained 

with haemotox ylin, deh ydrated, and coverslipped. 



3.7 - Quantification 

Scoring of p53 and p21 was performed by counting the number of cells showing nuclear 

staining as a proportion of the total tumour ce11 population and expressed categorically based on 

a four part scale where O = 0-1095 cells showing nuclear staining, l +  = 10-2495, 2+ = 25-49%, 

and 3+ = 150%. For p53, tumours showing greater than 101 positive cells were considered to 

overexpress the protein. 



Chapter 4 - Results 



Fifty-two himour specimens from 42 patients were examined in this study, however 

complete clinicai data was only available for 37 patients (summarized in Table 4.1) Two of 

these patients did not receive primary radiation therapy, and were excluded from cornparisons 

between p53 status and local control following radiation treatment. Within the subset of 37 

patients. 24 had glottic tumours, 13 had supraglottic tumours, and none of the patients had 

subglottic tumours. The cohort had a median age of 63 years at the time of diagnosis, with a 

range of 45-76 years of age and included 30 males and 7 fernales. All stages of disease (O-IV) 

were represented in this group comprising 2 patients with stage 0, 17 patients with stage 1 

disease, 6 with stage II, 6 patients with stage III, and 6 with stage N disease. Six of these 

patients had nodal involvement and none presented with metastatic disease. 

Exons 2-1 1 of the p53 gene were arnplified individually from each sample. The 

efficiency of PCR amplification varied between samples and exons, although DNA sequencing 

was often possible from even the weakest bands (see figure 4.1 - 4. 6). p53 mutations were 

identified in biopsies of larynged carcinoma from 20 of 42 patients (48%). These results are 

summarized in table 4.2. Alterations were observed throughout the coding sequences between 

codons 85 and 342. Many of these were clustered within the conserved domains II - V (see 

Figure 4.7). Most of these alterations were point mutations which resulted in amino acid 

substitutions. One silent point mutation, and four insertions/ deletions were also observed, but 

there were no nonsense or splice site changes. Of the 21 genetic changes observed, four (19%) 

were outside the traditionally exarnined regions between exons 5-8. Differences in the 

mutational pattern inside and outside this region were also observed (see Table 4.3). Within 

exons 5-8 the majority of changes observed were point mutations resulting in amino acid 

substitutions (76%). Outside the same region, the majority of changes were insertions or 

deletions (60%) resulting in protein tmncation. 



There was sufficient tumour tissue for immunohistochemistry to be performed on 49 of 

52 sarnples (see Table 4.4). Within this series, the percentage of tumour tissue in each section 

ranged from IO-95%. There were 14 well differentiated, 27 moderately differentiated and 7 

poorly differentiated tumours. Overall, p53 staining was observed in 3 1 tumour samples (638) 

(see Figure 4.8 and 4.9). Staining was nuclear in al1 these samples, including the positive control 

and was homogenous in some samples but scattered in others. 

Cornparison of p53 MC and genotyping nsults showed there was weak association 

between protein expression and mutational status ( X  = 3, p = 0.08)(see Table 4.5). Four of 

nineteen samples (211) with mutations did not show p53 protein expression. Furthemore, 

15/30 samples (508) without detectable p53 mutations, overexpressed p53 protein. The positive 

predictive value of MC as a p53 mutation detection tool was 50%. while the negative predictive 

value was 79%. Moreover the sensitivity of MC was 79% while the specificity was 50%. 

Nuclear staining for p21 protein was present, in varying proportions, in al1 tumours (see 

Figures 4.10 . The percentage of turnour cells that stained positive ranged from 5-75%. There 

was no correlation between the levels of p21 protein expression, p53 protein expression, p53 

gene status, or cell differentiation. 

Clinical data and follow-up was available for 35 patients treated by primary radiotherapy. 

Of these thirty-five patients, eight developed local recurrences, comprising six males and two 

fernales. Local recurrence in these patients was unrelated to the site or stage of the primary 

tumour and included 4 patients with glottic tumours and 4 with supaglottic tumours. By stage 

there were 3 stage 1, 3 stage II and 2 stage IV tumours who relapsed. p53 gene alterations andor 

protein accumulations were distributed evenly between those patients who responded to radiation 

and those who had local recumences (see Table 4.6). There was also no correlation between p53 



statu and other clinicopathological parameters including stage (see figure 4.1 1) .  Furthemore, 

there was no correlation between p2 1 levels and loco-regionai recurrence. 



Table 4.1- Summary of Chical Information for a Subset of 35 Patients with Complete 

Ciinical Foliow-up Afkr Radiation Therapy 
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Figure 4.1 - 1 % Agarose Gels of p53 Exons 4-9 PCR Products Frum Multiple DNA 
Samples. Agarose gels showing differencrs in amount of amplification ktwern samplrs 
and exons. Each gel represents amplification from a single enon and includes PCR 
products from multiple laryngeal tumour samplçs. Mass Ladders are labelled as ML. 
ncgative controls as N and positive controls as P. Bands in the mass ladder. from largest to 
smallest , are 2000 basepairs (100 ng), 1200 basepairs (60 ngl. 800 basepain (40 ng). 400 
basepairs (20 ng). 200 basepairs (10 ng) and LOO basepairs (5  ng). a) exon 4 PCR products. 
b) exon 5 PCR products. c) exon 6 PCR products. d) eron 7 PCR products. e) exon 8 
PCR products fi exon 9 PCR products. 

51 





Figun 4.3 - S.qwnce Traces ot a p53 Deletion in Ewon 4. a) exon 4 sequence trace from a 
wildtype control sample. b) and c) exon 4 sequence traces from patient number 12 (sample 43) 
showing a 16 basepair deletion of codons 85-90 (indicated by the arrow) resulting in a frameshift 
change and premature protein tnincation. 



Figun 4.4 - Sequence Trace of a pS3 Insertion in Exon 4. a) exon 4 sequence trace from a wildtype 
control sample. b) sequence trace from patient number 37 (sample 84) showing a 4 basepair insertion 
(CACC) (indicated by the arrows) in a background of wildtype sequence. This insertion occurs between 
codons 86 and 87 and results in a frameshift change and prernature protien truncation. The following base 
codes have been used to represent heterozygous bases: R-A or G, Y=C or T, K=G or 1, M=A or C, S= G 
or C, and W=A or T. 



Figun 4.5 - Wquence Trace ot a p53 bletion in Exon 6. a) exon 6 sequence trace from a 
wildtype control sample. b) sequence trace from patient number 27 (sample 71) showing a 2 
basepair deletion (indicated by the arrows) in a background of wildtype sequence. This deletlon 
occurs at codon 189 and results in a frameshift change and premature protein truncation. The 
followlng base codes have been used to represent heterozygous bases: R=A or G, Y=C or T, 
K=G or T, M=A or C, S= G or C, and W=A or T. 



Rgun 4.6 - Seqwnœ Trace of a p53 Point Mutation in Exon 6. a) exon 6 sequence trace from a 
wild type control sample. b) and c) exon 6 sequence traces from patient number 19 (sample 59) 
showing a g>c transversion at codon 274 resulting in an valine to leucine amino acid 
substitutlon.(indicated by the arrow). f he base code S is used to indicate a heterozygous mixture of G 
and C bases. 

l 



Table 4.2 p53 Genetic Alterations Identifîed in 52 Tumoun from 42 Patients by PCR 

Ampiiicatioi and Direct Sequencing 
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II Silent point mutation 

UGA 

Figure 4.7 - Summary of p53 mutations in cohort of 42 patients with laryogeal carcinoma. This graph shows the 
respective locations of each mutaticm along the p53 coding sequence. The p53 protein is represented under this graph 
as the blue bar to show the protein regions affécted by each mutation. 



Table 4.3 List of Mutations by Exon and Amino Acid Change From a Cohort of 42 

Pa tien ts 
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ure 4.8 - p53 Protein Immunohistochemistry Showing High Levels of p53 Protein 

!rexpression (>50% of Tumour Cells Overexpress pS3 Protein). a) p53 staining of the 

tive control, a colorectal carcinoma known to overexpress p53 protein. khgnification = 

. b) p53 protein staining in a tumour section from patient number 1. Mamification = 40x. 



Figure 4.9 - p53 Protein Immunohistochemistry in Tumours With and Without Deteetable 

Protein Overexpression. a) Lack of p53 staining in a tumour section from patient 7. 

Magnification = 40a. b) p53 protein staining in a tumour section from patient number I l  

showing approxirnately 30% of the tumour cells stained. Mapification = 10x. 



Table 4.4 - Siimmary of p53 gene status, p53 and p21 protein expression in a cohort of 42 



Table 4.5 - Cornparison of pS3 protein and gene sta tw 

x = 3, p=0.08 

Positive Preâictive Value = 50% 

Negative Predictive Value = 79% 





Table 4.6 - Summary of clhical information, p53 and p2l status in cohort of 35 patients 

treated by primary raàiation therapy*. 

33 glottk TlNOMO 1 none wt POS + 
r 

23 glotîk TlNOMO I nonc wt - 
15 glottk TINOMO 1 nom wt POS + 
6 glo#is TlNOMO 1 none wt "cg +I+ 
22 gloîîis TlNOMO 1 none wt mg + 

for p53: pos = > 10% tumour cells stained; neg = < 10% tumour celis stahed 
for p2 1 : + 1 0-25% tumour cells stained; ++ = 2540% tumour ceils stained; +tt + >50% 

tumour ceils stained 
*: al1 patients had k e n  foliowed for at least 5 years pst radiation therapy 
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Figure 4.11 - Kaplain-Meir Analysis of Time to Local Recurrence Based on pS3 Status. a) 

Kaplain-Meir analysis of time to local recurrence based on the presence or absence of p53 gene 

mutations. b) KaplahMeir analysis of time to local recurrence based on the presence of p53 

alteration (p53 mutation or MC+) versus those with wildtype p53 and no expression of p53 

protein. 



Chapter 5 - Discussion 



p53 alterations are the single, most commonly reported genetic abnormality in al1 

cancers, including those arising from the head and neck (Hollstein et al., 199 1). This analysis of 

laryngeal tumours identified p53 genetic changes iri 48% of patients. This is sirnilar to other 

studies that have found p53 gene mutations in 30-7046 of head and neck carcinomas (Nylander et 

al., 1995; Liloglou et al., 1997; Mineta et al., 1997; Ahomadegbe et al., 1995; Koch et al., 1996). 

For example, Nylander et. al. (1995) exarnined exons 4-9 by PCR-SSCP and direct sequencing, 

and detected mutations in 13 of 33 tumours (39%). Similady, Mineta et. al. (1997) examined 

exons 5-8 and found mutations in 11 of 39 carcinomas (28%). However, since these studies 

limited their analysis to sequences encoding the central core domain, the frequency of mutations 

may have been underestimated. There is only one study, by Ahomadegbe et. al., (1995) that 

observed a higher frequency of mutations than in our series of tumours. They analyzed exons 4- 

9 and detected genetic changes in 54 of 78 tumours (69%). The high frequency of mutation in 

this study may reflect the high proportion of tumours with advanced stage of disease (stages III 

and N). As the extent of disease progresses, the likelihood of acquiring p53 mutation likewise 

increases (Fearon and Vogelstein, 1990). Therefore, in a cohort of primarily advanced 

carcinomas, one would expect to find a higher percentage of turnoun with p53 alterations than in 

a cohort with primarily early stage tumours. Interestingly, despite the high percentage of early 

stage tumours (Stage 0-n) in our series, the prevdence of mutation was still higher than other 

series. 

In addition to tumour stage, the reported prevalence of p53 mutation in HNSCC may also 

be influenced by the site of the carcinomas. Studies of HNSCC typically include carcinomas 

from different sites throughout the head and neck region, yet the frequency of p53 alteration is 



likely to vary amoung different head and neck sites (Awwad et al., 1996; Lavieille et al., 1996). 

The number of tumours that contain p53 alterations in a mixed group of head and neck 

carcinomas, will therefore, depend on the number of nirnours from each site. Our study is the 

first to examine p53 mutational status in the complete coding sequence of a single anatomic site 

within the head and neck, the larynx. These results show that p53 mutations are common in 

laryngeal squarnous ceil carcinoma and suggest that ioss of p53 tumour suppressor hinction may 

promote laryngeai tumour development. 

Initial studies of the p53 gene reported that most mutations are clustered within the 

conserved regions encoding the DNA binding domain (exons 5-8)(Hollstein et al., 199 1 ; Nigro et 

al., 1989). This bias of examining only the gene sequences encoding the DNA binding domain 

has persisted and only recently have studies begun to explore mutations outside this region. This 

study is the first to examine the entire coding region of the p53 gene in biopsy specimens of 

carcinomas from the head and neck and showed that 23% of al1 p53 mutations occured outside 

exons 5-8. This is similar to recent studies in breast (Casey et al., 1996; Bergh et ai., 1995; 

Hartmann et al., 1995; Sjogren et al., 1996), hepatocellular (Nishida et al., 1993), ovarian and 

non-small cell lung carcinomas (Casey et al., 1996) showing 10-25% of p53 mutations occuring 

outside traditionally examined "hot spoty' regions. For example, p53 mutations occurred outside 

exons 5-8 in approximately 19% of breast. 18% of ovarian and 17% of lung tumours (Casey et 

al., 1996). In hepatocellular carcinomas approximately 24% of p53 genetic changes occur 

outside the sarne region (Nishida et al., 1993). The work presented here showed that mutations 

outside the "hot spot regions" are also common in laryngeai tumours and that a significant 

proportion of mutations may be rnissed by examining only exons 5-8. 



In the analysis of exons 2- 1 1, mutations were observed throughout the coding sequence, 

between codons 36 and 342. No changes were observed in exons 2,3 or 11, however mutations 

in these exons are relatively infrequent and have only been reported in a small number of clinical 

studies (Bergh et al.. 1995; Sjogren et al., 1996). A review of fifty papers, which had analyzed 

p53 exons 2-1 1 in either tumours or ce11 lines, found that of 560 repotted mutations, 87% were in 

exons 5-8 and most of the others were in exons 4 (8%) and 10 (4%) (Greenblatt, et al., 1994). 

The low frequency of mutations observed outside these regions suggests that these changes may 

not give cells a selective growth advantage. Exons 2, 3 and 11  al1 encode for regions of the 

protein involved in the downregulation of p53. In particular, exons 2 and 3 encode the N- 

terminal portion of the protein important for mdm-2 binding (Momand et al., 1992; Kussie et al., 

1996; Shieh et al.. 1997), while exon 1 1 encodes the C-terminal portion of the protein important 

for maintenance of the latent protein state (Hupp and Lane, 1994; Hupp et al., 1995; Selivanova 

et al., 1997). In vitro analysis have shown that specific point mutations or insertions/deletions 

affecting the C-terminus activate p53 DNA binding activity (Marston et al., 1998). A 

relationship between mutations affecting the N-terminus and enhanced p53 activity are more 

difficult to demonstrate since the mdm-2 binding domain aiso overlaps the transactivating 

domain (Momand et al., 1992). Mutations which impair mdm-2 binding may also abrogate 

transactivation. Altematively, mutations in the conserved region between amino acid 13 and 19 

may be lethal since no mutations have yet been identified in this region (Greenblatt et al., 1994) . 

Studies of tumours at other sites have shown that the pattern of alterations inside and 

outside exons 5-8 differed. Hartmann et. al. examined the promoter region and exons 1 - 1 1 of the 

p53 gene in 194 primary breast cancers and found 18 of 82 mutations outside exons 5-8 

(Hartmann et al., 1995). Within exons 5-8, the gene alterations were mainly missense changes 



but outside this region there were oniy insertionsldeletions, nonsense. and splice site changes. 

Our results for laryngeal carcinoma are sirnilar in that most of the genetic alterations outside 

exons 5-8 were frameshift insertions or deletsons that result in protein truncations. Within exons 

5-8 rnost of the changes were point mutations resulting in amino acid substitutions. 

Despite differences in the pattern of mutation, it is unclear whether mutations inside or 

outside the DNA binding domain translate into phenotypic differences. Further analysis is 

required to assess what effect, if any, individual mutations have on p53 function. It has been 

suggested however, that the pattern differences support the existence of functional or 

conformational differences between the central and peripheral coding regions of the p53 gene. 

This is further supported by proteolytic digestion assays and by protein crystallography studies 

(Bargonetti et al., 1993; Pavletich et al., 1993; Cho et al., 1994; Ieffrey et al., 1995). Proteolytic 

digestion expenments have shown that the central core domain is very resistant to digestion and 

forms an independent, folded, compact, structurai domain (Pavletich et al., 1993). 

Crystallography studies have further characterized this domain and have identified a complex P- 

sandwich, which supports helices and loops involved in DNA-binding (Cho et al., 1994). 

Because DNA-binding is conformation-dependent, single point mutations in this region can 

disrupt fùnction by altering protein structure. In Our study most of the mutations in this region 

resulted in amino acid substitutions and were clustered in the conserved regions coding arnino 

acids near or ai the protein-DNA interface (Cho et al., 1994). These may alter protein structure 

by interferhg with molecular interactions between amino acid side chains, or by introducing side 

chains that are either too large or too small to permit DNA-binding (Lehninger et al., 1993). 

Their location at the protein-DNA interface further suggests that these mutations affect p53 



DNA-binding although this cm not be proven without additional investigation (see Chapter 7 - 

Future Research). 

Outside exons 5-8 few point mutations were found suggesting that these regions may 

tolerate single arnino acid substitutions better. in contrast to the central core domain, the N- 

terminal portion of the protein is highly sensitive to proteolytic digestion suggesting it is more 

loosely folded (Pavletich et al., 1993). The C-terminus is also susceptible to proteolytic 

digestion, although to a lesser extent than the N-terminus (Pavletich et al., 1993). The cleavage 

pattern in this region suggests the presence of a second, smaller structural element (Pavletich et 

al., 1993). This structural element has since been identified as a single a-helix and P-strand 

between arnino acids 326 and 354 and is responsible for protein tetrarnerization (Jeffrey et al., 

1995). With the exception of this tetrarnerization domain, no other structural domains have been 

identified in the periphenl portions of the p53 protein. Therefore, while missense changes in the 

central domain may disrupt DNA-binding, missense mutations outside this region may not 

significantly alter protein structure or function. By contrat, insertions/ deletions, nonsense and 

splice site changes have a more dramatic effect on protein composition and structure. 

Interestingly, a single point mutation was observed in our study outside exons 5-8. It is unclear 

what effect, if any, this change has on protein structure or function. It may, however, affect 

tetramerization since it occurs within the a-helix of the smaller structural domain discussed 

above. This alteration, at codon 342, results in an amino acid substitution from a positiveiy 

charged residue (arginine) to a polar residue (glutamine) and may disrupt a-helix stability by 

interfering with intermolecular ionic bonds. 

Similar to a number of other studies, we found discordance between p53 gene status and 

protein overexpression. Historically, the use of MC to detect p53 mutations was based on the 



prernise that, while the half life of wildtype p53 protein is too short to permit detection. the half 

life of mutant protein is not. A positive predictive value of 50% was observed in this body of 

work indicating that half of the positively stained tumours harboured p53 mutations. Conversely 

a negative predictive value of 79% was observed indicating 79% of p53 immuno-negative 

tumours do not harbour mutations. 

Of the tumours for which IHC was perfonned, 4 of 19 sarnples (218) with p53 genetic 

alterations did not show protein ovetexpression. Three of the four tumours with p53 mutations 

that failed to express protein harboured frameshift insertions or deletions that drastically altered 

amino acid composition resulting in protein tmncations. Such p53 genetic alterations may 

generate immuno-negative results, possibly due to loss of the antibody epitope (Bodner et al., 

1992; CalzoIari et al., 1997; Sjogren et al., 1996; Coggi et al., 1997). The DO7 eptiope is located 

between arnino acids 20-25 of the p53 protein (Home et al., 1996). Since al1 the insertions/ 

deletions in our study occurred between amino acids 85-322. the DO7 epitope was still present in 

the truncated proteins from these three samples. Loss of the antibody epitope can not, therefore, 

explain negative results in these cases. However. conformational changes as a result of the 

insertions/ deletions may interfere with antibody binding to its epitope. Moreover, tmncation of 

the C-terminus may not sufficiently stabilize p53 protein to allow detection by 

immunohistochernis try (Sjogren et ai., 1996). The fourth immunonegative sample had a point 

mutation in exon 5 resulting in a cysteine (polar) to phenytalanine (aromatic) amino acid 

substitution. Based on this, it is expected that this tumour should overexpress p53 protein (Casey 

et al., 1996). The lack of staining in this sample may again represent an inability of the antibody 

to react with its epitope due to protein conformation changes. or an inability of the mutation to 

stabilize the protein. Altematively, Casey et. al. (1996) proposed that the wild-type gene may 



influence protein destabilization in mutant cells and predicted that ablation of the wildtype copy 

is necessary for stabilization of the mutant copy. While ailelic loss was not exarnined in the 

current snidy, LOH and/or cloning experiments would be usehil for assessing whether the wild 

type allele was lost in tumour cells with a mutant p53 allele. 

By contrat, 15/30 tumours (50%) without detectable p n e  alterations overexpressed p53 

protein. These discrepancies between p53 gene status and protein staining is well recognized 

and a number of explmations have been suggested. Cells which have stained positive rnay carry 

p53 mutations that, due to a low copy numbers, are below the threshold of detection. This is of 

particular importance in samples with a high normal to tumour tissue ratio. Although p53 

mutaiions can be detected in a background of up to approximately 90% wildtype DNA, in these 

samples the number of cells canying p53 mutations rnay comprise only a small portion of the 

total ce11 population. Tissue samples rnay be enriched for tumour cells by microdissection prior 

to DNA extraction, however, the laser capture microdissector used in this process was not 

available when this study was undertaken. 

In tumour cells without detectable mutations, p53 protein rnay also be stabilized by 

binding to cellular or viral proteins, such as mdm-2, or large T antigen (Prokocirner and Rotter, 

1994). Altematively, accumulation of p53 protein rnay occur as a result of altered upstrearn 

regdatory genes, or by alterations in the downstream ubiquitin-dependent degradation pathways 

(Calzolari et al., 1997). Conversely, alterations within the ubiquitin-dependent degradation 

pathway rnay directly enhance p53 protein stability by limiting its degradation. 

The functionai significance of overexpressed wildtype p53 protein in the development of 

laryn geal carcinomas is not known since imrnunohistochernistry cannot differentiate functionall y 

active from inactive protein (Hall and Lane, 1994). Finally, technical issues related to the use of 



routinely processed biopsy matenal and antigen retcieval methods may also account for a 

proportion of cases showing overexpressed protein detected by immunohistochemistry in the 

absence of p53 gene mutations (Dowell and Ogden, 1996). 

Discrepancies between p53 MC and genotyping suggests MC is not a reliable technique 

for mutation detection when used done. However, its ability to detect p53 protein expression in 

the absence of detectable mutations suggests that it may be useful in combination with 

sequencing to detect aberrant expression of wildtype p53. Although in a proportion of cases 

detection of p53 protein expression in tumoun without p53 mutation rnay represent technical 

difficulties, overexpression of wildtype protein may also represent biological aberrations in p53 

protein expression of degradation (discussed above). The significance of these protein 

accumulations, however, is unclear and requires further investigation. 

Since p53 is a frequent target for mutagenesis in tumour development, downstream 

effectors of p53 function rnay also be altered in laryngeal carcinomas. p21 wafllcipl plays an 

important role as a p53 response element following DNA darnage (Waldman et al., 1995; 

Gorospe et al., 1996). Although p21 mutations in cancer are rare (Shiohara et al., 1994), a 

number of studies have shown p21 protein overexpression in Nmour cells (Stein et al., 1998; 

Marchetti et al., 1996; Jung et al., 1995). Aberrant p21 W P ~ ~ I C ~ ~ I  protein accumulation has also 

been reported in head and neck cancers although its expression appears to be independent of p53 

mutational status (Kubbutat and Vousden, 1998; Sakamuro et al., 1997; Srinivasan et al., 1993; 

Srinivasan and Maxwell, 1996). Erber et. al. (1997) found p21 overexpression in 67% of head 

and neck carcinomas and van Oijen et. al. (1998) observed overexpression in 67% of head and 

neck squamous ce11 carcinomas and 60% of oral dysplasias adjacent to tumours. In this study we 

observed p21 overexpression (>IO% of the tumour cells stained positive) in the majonty of 



laryngeal carcinomas examined (82%). Similar to other studies, we found no correlation 

between p21 protein overexpression and p53 status at either the gene or protein level. Yook and 

Kim (1998), for example, observed p21 expression in oral carcinomas with both wild type and 

mutant p53. Nadal et. al. (1997) made sirnilar observations in laryngeal carcinomas by 

comparing p2 1 mRNA and protein levels to p53 gene status. They also showed, by analysis of 

allelic loss, that p2 1 cm be expressed even in the absence of wildtype p53. The independence of 

p2 1 expression and p53 status in our study and others, suggests p2 1 may be induced in head and 

neck lesions by a pathway unrelated to p53 (Cox, 1997). Analysis of p21 expression in other 

cancers including pancreatic cancer (DiGiuseppe et al., 1995) and non-small cell lung carcinoma 

(Marchetti et al ., 1996). provides support for sirnilar p53-dependent and independent pathways in 

these tissues. It has been shown in vilro, that p21 expression can be induced independent of p53 

by a number of factors including transforming growth factor+ (TGF-p)(Datto et al., 1995), 

vitamin D (Liu et al., 1996), Myo D (Halevy et ai., 1995), nerve growth factor (Billon et al., 

1996), platelet-derived growth factor, fibroblast growth factor, and epidermal growth factor 

(Michieli et al., 1994). The discovery of p53 homologs, p73 (a and P) and pS 1 (A and B)/ p40/ 

p53CPI also provide alternative mechanisms for p21 induction (Kaghad et al., 1997; Trink et al., 

1998; Osada et al., 1998; Kaelin, 1998). Although not activated in response to DNA damage, 

both p5 1 and p73 can transactivate p21 in vitro (Kaghad et al., 1997; Osada et al., 1998). More 

research is required to elucidate which of these p53-independent pathways of p21 induction 

operate in laryngeal tissues. In addition, Our data does not exclude a component of p53- 

dependent expression of p2 1 as well. 

In addition to its role as a p53 response element, p21 rnay also be important in cell 

differentiation and senescence (Marchetti et al., 1996; el-Deiry et al., 1995; Doglioni et al., 1996; 



Noda et ai., 1994). For example, in normal tissues increases in p21 protein levels are associated 

with a differentiated phenotype. In tumours, therefore, it rnight be expected that high p21 protein 

levels would be associated with better differentiated lesions. In this study we found p21 levels to 

be independent of turnour histologicai grade. Two other recent studies of head and neck 

carcinomas have reported conflicting findings regarding p21 and tumour differentiation, with 

one supponing this association (Nadal et al., 1997) and another finding no relationship (Erber et 

al., 1997). Our data shows that p21 is frequently expressed in laryngeal carcinomas, although the 

clinical relevance of these findings are unclear. Inconsistencies between data in this study and 

others suggests more research is necessary to determine the role p21 expression in head and neck 

tumour differentiation and prognosis. 

Despite evidence in other cancers that p53 dterations at either the gene or protein level 

are predictive of treatment failure following radiation therapy, its predictive value in HNSCC has 

not yet been clearly established. In this study, no correlation was observed between recurrence 

following radiation therapy and pre-treatment p53 status. Similar findings have been reported in 

a study of p53 protein expression in 90 laryngeal carcinomas showing no correlation with tumour 

recurrence or with survivai following radiation therapy (Tan and Ogden, 1997). Similarly 

Awwad et.al. (1996) analyzed 79 head and neck carcinomas treated with radiation, and found no 

association between p53 protein expression and overall or disease-free survival. The results of 

these two studies and that contained in this body of work, differ from two recent studies showing 

a strong correlation between the presence of p53 and response to radiation therapy. Koch et. al. 

(1996) found that the risk of loco-regional recunence following radiotherapy was significantly 

greater for patients with tumours having mutant p53. Simüarly, Overgaard et. al. (1998) found 

that p53 protein overexpression was a strong marker for the prediction of locoregional control 



and disease-free survivai in patients treated with primary radiotherapy for head and neck cancer. 

The discrepancies between these reports rnay, in part, reflect methodological differences in p53 

assessment and differences in tumour sarnples. Most studies have relied on MC to assess p53 

status in HNSCC but only a small number of studies have exarnined p53 at the gene level and 

these have been limited to analysis of exons 5-9. Our study has shown that analysis of the 

complete coding sequence and immunohistochemistry are required to detect al1 p53 alterations. 

The number of tumours with p53 mutations may, therefore, be underestimated in other studies 

when only one methodology is used. Discrepancies are further compounded by differences in 

radiation treatment protocols or by the tissues examined. For example, some centen use 

different fractionation regirnes and this may affect tumour response. True tumour site 

differences may include differences in p53 mutational rate, tissue specific responses to 

irradiation or the presence of redundant response pathways. The lack of correlation in the current 

study may also reflect the small number of patients with recurrences. Of the thirty-five patients 

for which follow-up data was available, only eight local recurrence events were observed. 

Expansion of this study to include more patients with recurrences may, therefore, provide better 

assessment of the reiationship between p53 status and local control following radiation therapy. 

Likewise we found no relationship between p21 levels in laryngeal carcinomas and any 

clinicai or prognostic parameter associated with the disease. Our results differ from those of 

Erber et. al. (1997) who found that overexpression of p21 protein was associated with increased 

disease recurrence, shorter disease-free survival and shorter overall survival. A lack of 

association in our study may again reflect the smaller number of treatment failures in this series 

and the unclear role of p2 1 in tumour proliferation, differentiation and senescence. 



Chapter 6 - Conclusion 



In conclusion, this study found a high prevaience of p53 alterations in a cohort of 

laryngeal carcinomas. at both the gene and protein levels, suggesting that the loss of p53 

wildtype function is common in laryngeal carcinomas. Moreover, p53 mutations frequently 

occur outside the central core domain and may be missed by exarnining only exons 5-8. The 

pattern of mutation inside and outside these regions differed such that the majority of mutations 

inside exons 5-8 were point mutations resulting in amino acid substitutions. Outside this region, 

the majority of changes were insertions or deletions. These differences suggest structural and 

functional differences between the central and peripheral portions of the protein, although it is 

unclear whether these translate into phenotypic differences. 

We observed discordance between p53 mutational status and protein expression detected 

by immunohistochemistry using the DO7 antibody. The overexpression of p53 protein in cells 

without detectable mutations, and failure to detect p53 protein in some of the cells with 

mutations, suggests that both full length sequencing and IHC are required to detect p53 

alterations. 

We also showed p21 protein is frequently expressed in laryngeal tumours. No correlation 

was found between p21 protein expression and p53 status suggesting that p21 may be induced 

by both p53-dependent and independent pathways in laryngeal carcinomas. 

Finally, the relationship between p53 mutational status and protein expression was 

compared to local control following radiation therapy, but no association was observed. The 

lack of correlation, however, may reflect the small sample size and few number of treatment 

failures. More studies are therefore required to better assess whether p53 status is related to local 

control in laryngeai carcinomas. 



Chapter 7 - Future Research 



Observations made in this study have generated several new questions which warrant further 

research. These questions and suggested methods for anaiyzing them are listed below. 

1. 1s there an association between p53 mutations and tumour response to radiation therapy in T 1 

laryngeal squamous ceIl carcinoma? 

Cure rates for laryngeai squamous ce11 carcinoma treated with primary radiation therapy 

Vary but cm range as high as 90% for early stage (TI) tumours. Despite this, some patients with 

earl y stage tumours may have local recurrences following radiation therap y. S ince these 

recurrences are often more aggressive and difficult to treat than the primary tumour, more 

reliable markers of tumour resistance to radiation therapy are necessary. The importance of 

identifying markers of radiation resistance in this group of patients is therefore evident. 

Preliminary finding from this study have suggested no association between p53 mutations 

in the primary tumour and local control following radiation therapy. However, the small number 

of patients who developed recurrences has made this relationship difficult to assess. Studies by 

Koch et. al. (1996) support a relationship between p53 mutations, and local control and similar 

findings have been reported recently in abstract fonn by Overgaard et. aL(1998). These studies, 

although contradictory to our own findings, suggests p53 mutations may be usefui as prognostic 

biomarkers in HNSCC, and supports a need for hirther research. A snidy of TI laryngeal 

carcinomas should include sufficient number of patients who failed to respond to therapy and 

those who did not so that the relationship between p53 mutation and local control can be better 

assessed. Complete mutational analysis of p53 exons 2-1 1 and IHC are also required in these 

samples for more accurate assessment of p53 staius. 



2. What is the prevalence of p53 mutations throughout the p53 coding region in carcinomas at 

sites in the head and neck? 

Although this study has shown p53 mutations are cornmon in laryngeal carcinomas, it is 

unclear how frequently they occur in carcinomas from other sites within the head and neck. 

Since gene expression and tumour etiology are often tissue specific, the genes targeted for 

mutagenesis during tumour development may also vary between sites. It is therefore difficult to 

extrapolate findings from this study to turnoun arising at other sites in the head and neck. 

Reports by Awwad et. al. (1996) and Lavieille et. al. (1996) have shown that the number of 

turnours which overexpress p53 protein varies between head and neck sites. This supports the 

hypothesis that these tumoun are heterogenous and that the frequency of p53 mutations may aiso 

Vary in head and neck tissues. Although several studies examining p53 protein expression in 

HNSCC have included tumours from single anatomic sites (Tan and Ogden, 1997; De et al., 

1997; Kushner et al., 1997), studies examining p53 mutations have pooled tumours from 

throughout the head and neck region. Difficulty assessing the prevalence of p53 mutations at 

these sites has been Further compounded by incornpiete mutational analysis. A bias towards 

examining only those regions of the p53 gene that encode the DNA-binding domain (exons 5-8) 

was established eariy on (Hollstein et al., 1991; Nigro et al., 1989) and has persisted despite 

evidence that 10-254 of p53 mutations occur outside this region (Hartmann et al., 1995; Bergh 

et al., 1995). The current study has clearly shown that mutations outside the DNA-binding 

domain are comrnon in laryngeal squarnous ce11 carcinoma and suggests that complete p53 



mutational analysis may be wmanted in other head and neck carcinomas to assess the 

prevalence of mutations at these sites. 

3. 1s there a relationship between p53 mutation and response to radiation therapy at other sites 

within the head and neck? 

Although the current study examineci the relationship between p53 mutations and tumour 

response to radiation therapy in laryngeal carcinomas, there is a growing need to identify 

markers of radioresistance in tumours at others sites in the head and neck as well. Although 

evidence in other cancers suggests p53 mutations are associated with a wone outcome following 

radiation therapy than tumours with wildtype p53, the relationship between p53 mutations and 

tumour response to anticancer therapy has not been clearly established in head and neck tissues. 

This partially reflects difficulties assessing the prevalence of p53 mutations in these tissues, 

including pooling of tumours and incomplete p53 mutational analysis, and emphasizes the need 

for full length p53 gene sequencing in carcinomas from the head and neck region. A study of 

nasophary ngeal or h ypopharyngeai carcinomas, simi lar to the current study, would provide 

valuable information about the frequency of p53 mutations in these tissues. This information 

could then be compared to clinical data to assess whether mutations are associated with tumour 

response to therapy. 



4. What are the functional consequences of pS3 mutations? 

The high frequency of p53 mutation in cancer suggests these mutations provide cells with 

a selective growth advantage, however, for the majority of mutations identified to date, an 

association between the specific genetic change and abrogation of p53 Nmour suppressor 

function has not been established (Greenblatt et al.. 1994). The effect of specific mutations on 

p53 DNA binding and transactivation of downstream genes can be assessed in vitro by functional 

yeast complementation assays. In these experiments the mutant p53 gene is cloned in an 

expression vector and CO-transfected into yeast cells with a reporter gene containing p53 

responsive elements. The ability of the mutant p53 to bind to the responsive element and 

transactivate genes can then be assessed by measunng expression of the reporter gene. 

Measurement of phenotypic changes in p53 mutant cells is more difficult since the function of 

p53 in vivo has not been clearly established. Assays which measure G 1 arrest or apoptosis in 

cells with mutant p53 can be done, but require the generation of ce11 lines, therfore limiting the 

utility of such experiments as predictors of in vivo affects. However, the development of gene 

therapies involving introduction of wildtype p53 to head and neck tumours, may allow for 

studies examining p53 function in vivo. This information can then be used to better design 

studies relating to phenotypic effects of specific p53 mutations. 



5. Are alterations to other components of the p53 pathway ( ie. p14ARF, bcl-2, GADD45) 

common in HNSCC. and if so. can they provide prognostic information? 

There are a number of upstream (ie. p14"F, ATM, phospholipase-C) and downstream 

(ie. bcl-2, bax, GADD45, thrombospondin) components of the p53-pathway, which are 

necessary for the nomai regulation of the ce11 cycle and DNA-damage repair. Many of these 

still have not k e n  identified. While basic research continues to identify components of this 

pathway and how they are regulated and interact with each other, translational research continues 

to investigate which of these are commonly altered in human tumours and whether these 

alterations can translate into important clinical information or even new therapies. The method 

of analysis of these genes and their gene products varies since the mechanism of alteration in 

cancer Vary but should include PCR amplification and sequencing, IHC, northem blot analysis of 

mRNA expression, flourescence in-situ hybridization (to examine translocations), or allelic lossf 

duplication analysis. 



References 



Reference List 

Adamson, R., Jones, A.S., and Field, J.K. (1994). Loss of heterozygosity studies on chromosome 
17 in head and neck cancer using microsatell ite marken. Oncogene 9,2077-2082. 

Ahomadegbe, J.C., Barrois, M., Fogel, S., Le, B.M., Douc-Rasy, S., Duvillard, P., Armand, J.P., 
and Riou, G. ( 1  995). High incidence of p53 alterations (mutation, deletion, 
overexpression) in head and neck primary tumors and metastases; absence of correlation 
with clinical outcorne. Frequent protein overexpression in normal epithelium and in early 
non-invasive lesions. Oncogene 10, 12 1 7- 1 227. 

Ausubel, F.M. (1997). Current Protocols in Molecular Biology (USA: John Wiley and Sons 
Inc.). 

Awwad, S., Jaros, E., Somes, J., and Lunec, J. (1996). P53 overexpression in head and neck 
carcinoma and radiotherapy results [see comments]. Int.J.Radiat.Oncol.Biol.Phys. 34, 
323-332. 

Bargonetti, J., Manfredi, J.J., Chen, X., Marshak, D.R., and Prives, C. (1953). A proteolytic 
fragment from the central region of p53 has marked sequence-specific DNA-binding 
activity when generated from wild-type but not from oncogenic mutant p53 protein. 
Genes Dev. 7,2565-2574. 

Beer-Romero, P., Glas, S., and Rolfe, M. (1997). Antisense targeting of E6AP elevates p53 in 
HPV-infected cells but not in normal cells. Oncogene 14, 595-602. 

Bennett, W.P., Hollstein, M.C., Metcalf, R.A., Welsh, J.A., He, A., Zhu, S.M., Kusters, I., 
Resau, J.H., Tnimp, B.F., and Lane, D.P. (1992). p53 mutation and protein accumulation 
during multistüge human esophageal carcinogenesis. Cancer Res. 52,6092-6097. 

Bergh, J., Norberg, T.. Sjogren, S., Lindgren, A., and Holmberg, L. (1995). Complete sequencing 
of the p53 gene provides prognostic information in breast cancer patients, particularly in 
relation to adjuvant systemic therapy and radiotherapy. Nat.Med. 1, 1029- 1034. 

Billon, N., van, G.L., and Rudkin, B.B. (1996). The CDK inhibitor p2 1 WAFl/Cip 1 is induced 
through a p300-dependent mechanism during NGF-mediated neuronal differentiation of 
PC 12 cells. Oncogene 13,2047-2054. 

Bodner, SM., Minna, J.D., Jensen, S.M., D'Amico, D., Carbone, D., Mitsudomi, T., Fedorko, J., 
Buchhagen, DL., Nau, M.M., and Gazdar, A.F. (1992). Expression of mutant p53 
proteins in lung cancer correlates with the class of p53 gene mutation. Oncogene 7,743- 
749. 

Boyle, J.O., Hakim, J., Koch, W., van, d.R., Hruban, R.H., Roa, R.A., Correo, R., Eby, Y.J., 
Ruppert, J.M., and Sidransky, D. (1993). The incidence of p53 mutations increases with 
progression of head and neck cancer. Cancer Res. 53,4477-4480. 



Buttitta, F., Marchetti, A., Gadducci, A., Pellegrini, S., Morganti, M., Cmicelli, V., Cosio, S., 
Gagetti, O., Genazzani, A.R., and Bevilacqua, 0. (1997). p53 alterations are predictive of 
chemoresistance and aggressiveness in ovarian carcinomas: a molecular and 
immunohistochemical snidy. Br.J.Cancer 75,230-235. 

Caelles, C., Helmberg, A., and Karin, M. (1994). p53-dependent apoptosis in the absence of 
transcriptionai activation of p53-target genes [see comments]. Nature 370,220-223. 

Califano, J., van, d.R., Westra, W., Nawroz, H., Clayrnan, G., Piantadosi, S., Corio, R., Lee, D., 
Greenberg, B., Koch, W ., and Sidransky , D. ( 1996). Genetic progression mode1 for head 
and neck cancer: implications for field cancerization. Cancer Res. 56,2488-2492. 

Calzolari, A., Chiarelli, I., Bianchi, S., Messenni, L., Gallo, O., PorFirio, B., and Mattiuz, P.L. 
(1997). Immunohistochemical vs molecular biology methods. Complementary techniques 
for effective screening of p53 alterations in head and neck cancer. Am.J.Clin.Pathol. 
107,7-11. 

Casey, G., Lopez, M.E., Rarnos, J-C., Plummer, S.J., Arboleda, M.J., Shaughnessy, M., Karlan, 
B., and Slamon, D.J. ( 1996). DNA sequence analysis of exons 2 through 1 1 and 
immunohistochemical staining are required to detect al1 known p53 alterations in human 
malignancies. Oncogene 13, 197 1- 198 1. 

Cawkwell, L., Lewis, F.A., and Quirke, P. ( 1994). Frequency of allele lnss of DCC, p53, RBI, 
WTl, NFI, NM23 and APClMCC in colorectal cancer assayed by fluorescent multiplex 
polymerase chain reaction. Br.J.Cancer 70,8 13-8 18. 

Chin, P.L., Momand, J., and Pfeifer, G.P. ( 1997). in vivo evidence for binding of p53 to 
consensus bindiiig sites in the p21 and GADD45 genes in response to ionizing radiation. 
Oncogene 15,87-99. 

Cho, Y.. Gorina, S., Jeffrey, P.D., and Pavletich, N.P. (1994). Crystal structure of a p53 tumor 
suppressor-DNA cornplex: undentanding tumorigenic mutations [see comments]. 
Science 265,346-355. 

Chresta, C.M. and Hickrnan, I.A. (1996). Oddball p53 in testicular tumors. Nat.Med. 2,745- 
746. 

Coggi, G., Bosari, S., Roncaili, M., Graziani, D., Bossi, P., Vide, G., Buffa, R., Ferrero, S., 
Piazza, M., Blandamura, S., Segalin, A., Bonavina, L., and Peracchia, A. (1997). p53 
protein accumulation and p53 gene mutation in esophageal carcinoma. A molecular and 
immunohistochemical study with clinicopathologic correlations. Cancer 79,425-432. 

Comings, D.E. (1973). A general theory of carcinogenesis. Proc.Natl.Acad.Sci.U.S.A. 70,3324- 
3328. 

Cox, L.S. (1997). Multiple pathways control ce11 growth and transformation: overlapping and 
independent activi ties of p53 and p2 1 Cip l/WAFl/Sdi 1. JPathol. 183, 1 34- 140. 



Datto, M.B., Li, Y., Panus, J.F., Howe. D.J., Xiong, Y., and Wang, X.F. (1995). Transforming 
growtb factor beta induces the cyclin-dependent kinase inhibitor p2 1 through a p53- 
independent mechanism. Proc.Nat1.Acad.Sci.U.S.A. 92,5545-5549. 

Davidoff, A.M., Kems, B.J., Iglehart, J.D., and Marks, J.R. (1 99 1). Maintenance of p53 
alterations throughout breast cancer progression. Cancer Res. SI, 2605-26 10. 

De. A.V., Loyola, A.M., Pinto, J.D., Borra, R.C., and De, A.N. ( 1997). p53 in biopsies of oral 
squamous ceIl carcinoma. A comparative study with a malignancy grading system. Oral 
Oncol. 33, 5-9. 

Deleyiannis, F.W., Thomas, D.B., Vaughan, T.L., and Davis, S. (1996). Alcoholism: 
independent predictor of survival in patients with head and neck cancer. J.Natl.Cancer 
Inst. 88,542449. 

Denissenko, M.F., Pao, A., Tang, M., and Pfeifer, G.P. (1996). Preferential formation of 
benzo[a]pyrene adducts at lung cancer mutational hotspots in p53. Science 274,430-432. 

DiGiuseppe, J.A., Redston, M.S., Yeo, C.J., Kem, S.E., and Hruban, R.H. (1995). p53- 
independent expression of the cyclin-dependent kinase inhibitor p2 1 in pancreatic 
carcinoma. Am.J.Patho1. 147, 884-888. 

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

Doglioni, C., Pelosio, P., Launno, L., Macri, E., Meggiolaro, E., Favretti, F., and Barbareschi, 
M. ( 1996). p2 I /WAF 1 ICIP 1 expression in normal mucosa and in adenornas and 
adenocarcinornas of the colon: its relationship with differentiation. J.Patho1. 179,248- 
253. 

Dowell, S.P. and Ogden, G.R. (1 996). The use of antigen retrieval for immunohistochemicaJ 
detection of p53 overexpression in malignant and benign oral mucosa: a cautionary note. 
J.Oral PathoLMed. 25, 60-64. 

el-Deiry, W.S., Harper, J.W., O'Connor, P.M.. Velculescu, V.E., Canman, C.E., Jackrnan, J., 
Pietenpol, LA., Burrell, M., Hill, DE, and Wang, Y. (1994). WAFIiCIPl is induced in 
p53-mediated G1 arrest and apoptosis. Cancer Res. 54, 1 169-1 174. 

el-Deiry, W.S ., Kem, S.E., Pietenpol, I.A., Kinzler, K.W., and Vogelstein, B. (1 992). Definition 
of a consensus binding site for p53. NatGenet. 1,45-49. 

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

el-Deiry, W.S., Tokino, T.. Waldman, T., Oliner, J.D., Velculescu, V.E., Burrell, M., Hill, D.E., 
Hedy, E., Rees, J.L., and Hamilton, S.R. (1995). Topological control of p2 1 WAFIICIPI 
expression in normal and neoplastic tissues. Cancer Res. 55,29 10-29 19. 



Eliyahu, D., Michalovitz, D., Eliyahu, S., Pinhasi-Kimhi, O., and Oren, M. (1989). Wild-type 
p53 can inhibit oncogene-mediated focus formation. Proc.Nat1.Acad.Sci.U.S.A. 86, 
8763-8767. 

Eliyahu, D., Raz, A., Gruss, P., Givol, D., and Oren, M. ( 1  984). Participation of p53 cellular 
tumour antigen in transformation of normal embryonic cells. Nature 3 12,646-649. 

Erber, R., Klein, W., Andl, T., Enders, C., Born, A.I., Conradt, C., Bartek, J., and Bosch, F.X. 
( 1997). Aberrant p2 1 (CIP 1 /WAF 1 ) protein accumulation in head-and-neck cancer. 
int.J.Cancer 74,383-389. 

Faye-Lund, H. and Abdelnoor, M. (1996). Prognostic factors of survival in a cohort of head and 
neck cancer patients in Oslo. Eur.J.Cancer B.Ord Oncol. 32B, 83-90. 

Fearon, E.R. and Vogelstein, B. (1990). A genetic mode1 for colorectal tumorigenesis. Cell 61, 
759-767. 

Feinstein, E., Cimino, G., Gale, R.P., Alimena, G., Berthier, R., Kishi, K., Goldman, J., Zaccaria, 
A., Berrebi, A., and Canaani, E. (1991). p53 in chronic myelogenous leukemia in acute 
phase. Proc.Nat1.Acad.Sci.U.S.A. 88,6293-6297. 

Fields, S. and Jang, S.K. (1990). Presence of a potent transcription activating sequence in the p53 
protein. Science 249, 1046- lM9. 

Finlay, C.A., Hinds, P.W., and Levine, A.J. (1989). The p53 proto-oncogene cm act as a 
suppressor of transformation. Ce11 57, 1083- 1093. 

Fuchs, E.J., McKenna, KA.,  and Bedi, A. ( 1997). p53-dependent DNA darnage-induced 
apoptosis requires Fas/APO- 1- independent activation of CPP32beta. Cancer Res. 57, 
2550-2554. 

Funk, W.D., Pak, D.T., Karas, R.H., Wright, W.E., and Shay, J.W. (1992). A transcriptionally 
active DNA-binding site for human p53 protein complexes. Mol.Cel1 Biol. 12,2866- 
287 1. 

Gorospe, M., Cirielli, C., Wang, X., Seth, P., Capogrossi, M C ,  and Holbrook, N.J. (1997). 
p2 l(Waf llCip 1) protects against p53-mediated apoptosis of human melanoma cells. 
Oncogene 14,929-935. 

Gorospe, M., Shack, S., Guyton, K.Z., Samid, D., and Holbrook, N.J. ( 1996). Up-regdation and 
functional role of p2 l Waf I/Cip 1 during growth arrest of human breast carcinoma MCF-7 
cells by phenylacetate. Cell GrowhDiffer. 7, 1609-16 15. 

Gottlieb, E., Haffner, R., von, R.T., Wagner, E.F., and Oren, M. (1994). Down-regulation of 
wild-type p53 activity interferes with apoptosis of IL-3-dependent hematopoietic cells 
following IL-3 withdrawal. EMBO J. 13, 1368- 1374. 



Greenblatt. M.S., Bennett, W.P., Hollstein, M., and Harris, C.C. (1994). Mutations in the p53 
tumor suppressor gene: clues to cancer etiology and molecular pathogenesis. Cancer Res. 
54,4855-4878. 

Griffiths, S.D., Clarke, A.R., Healy, L.E., Ross, G., Ford, A.M., Hooper, M.L., Wyllie, A.H., and 
Greaves, M. ( 1997). Absence of p53 permits propagation of mutant cells following 
genotoxic damage. Oncogene 14,523-53 1. 

Gumerlock, P.H., Chi, S.G., Shi, X.B., Voeller, H.J., Jacobson, J.W., Gelmann, E.P., and deVere 
White RW (1997). p53 abnormalities in primary prostate cancer: single-strand 
conformation polymorphism analysis of complementary DNA in cornparison with 
genomic DNA. The Cooperative Prostate Network. 3.Natl.Cancer Inst. 89,66-7 1. 

Haffner, R. and Oren, M. (1995). Biochemical properties and biological effects of p53. 
Curr.Opin.Genet.Dev. 5,84-90. 

Halevy, O., Novitch, B.G., Spicer, D.B., Skapek, S.X., Rhee, J., Hannon, G.J., Beach, D., and 
Lassar, A.B. (1995). Correlation of terminal ce11 cycle arrest of skeletal muscle with 
induction of p2 1 by MyoD [see comments]. Science 267, 10 18- 102 1. 

Hall, M.C., Navone, N.M., Troncoso, P., Pollack, A., Zagars, G.K., von, E.A., Conti, C.J., and 
Chung, L.W. (1995). Frequency and characterization of p53 mutations in clinically 
localized prostate cancer. Urology. 45,4704'75. 

Hall, P.A. and Lane, D.P. (1994). p53 in tumour pathology: can we trust 
immunohistochemistry?--Revisited! [editorial] [see comments] . J.Pathol. 1 72, 1 -4. 

Hansen, S ., Midgley, C.A., Lüne, D.P., Freeman, B.C., Morimoto, R.I., and Hupp, T.R. ( 1996). 
Modification of two distinct COOH-terminal domains is required for murine p53 
activation by bacterid Hsp70. J.Biol.Chem. 271,30922-30928. 

Harper, J.W., Adami, G.R., Wei, N., Keyomarsi, K., and Elledge, S.J. (1993). The p2 1 Cdk- 
interacting protein Cipl is a potent inhibitor of G1 cyclin- dependent kinases. Ce11 75, 
805-5 16. 

Hartmann, A., Blaszyk, H., McGovern, R.M., Schroeder, J.J., Cunningham, J., De, V.E., 
Kovach, J.S., and Sommer, S.S. (1995). p53 gene mutations inside and outside of exons 
5-8: the patterns differ in breast and other cancers. Oncogene 10,681688. 

Haupt, Y ., Maya, R., Kazaz. A., and Oren, M. (1 997). Mdm2 promotes the rapid degradation of 
p53. Nature 387,296-299. 

Hinds, P., Finlay, C., and Levine, A.I. (1989). Mutation is required to activate the p53 gene for 
cooperation with the ras oncogene and transformation. J.Virol. 63,739-746. 

Hirama, T. and Koeffler, H.P. (1995). Role of the cyclin-dependent kinase inhibitors in the 
development of cancer. Blood 86 ,841-854. 



Hollstein, M., Moeckel, G., Hergenhahn, M., Spiegelhalder, B., Keil, M., Werle-Schneider, G., 
Bartsch, H., and Brickmann, J. (1998). On the origins of tumor mutations in cancer 
genes: insights from the p53 gene. Mutat-Res. 405. 145- 154. 

Hollstein, M., Sidransky, D., Vogelstein, B., and Harris. C.C. (1991). p53 mutations in human 
cancers. Science 253,4943. 

Home, G.M., Anderson, J.J., Tiniakos, D.G., McIntosh, G.G., Thomas, M.D.. Angus, B., Henry, 
J.A., Lennard, T.W., and Home, C.H. (1996). p53 protein as a prognostic indicator in 
breast carcinoma: a cornparison of four antibodies for immunohistochemistry. 
Br.J.Cancer 73,29-35. 

Hupp, T.R. and Lane, D.P. (1994). Allosteric activation of latent p53 tetramers. Curr.Biol. 4, 
865-875. 

Hupp, T.R., Sparks, A., and Lane, D.P. (1995). Small peptides activate the latent sequence- 
specific DNA binding function of p53. Cell83.237-245. 

Isobe, M., Emanuel, B.S., Givol. D., Oren, M., and Croce, C.M. (1986). Localization of gene for 
hurnan p53 tumour antigen to band 17p 1 3. Nature 320,84-85. 

Jansson, T., Inganas, M., Sjogren, S., Norberg, T.. Lindgren, A., Holmberg, L., and Bergh, J. 
(1995). p53 Status predicts survival in breast cancer patients treated with or without 
postoperative radiotherapy: a novel hypothesis based on clinical findings. J.Clin.Onco1. 
13,2745-275 1. 

Jeffrey, P.D., Gorina, S., and Pavletich, N.P. (1995). Crystal structure of the tetramerization 
domain of the p53 tumor suppressor at 1.7 angstroms. Science 267, 1498-1502. 

lenkins, J.R., Rudge, K., and Currie, G.A. (1984). Cellular immortdization by a cDNA clone 
encoding the transformation- associated phosphoprotein p53. Nature 312,65 1-654. 

Jonveaux, P. and Berger. R. (1991). Infrequent mutations in the P53 gene in primary human T- 
cell acute lyrnphoblastic leukernia. Leukernia 5,839-840. 

Jung, J.M., Bniner, J.M., Ruan, S., Langford, L.A., Kyritsis, A.P., Kobayashi, T., Levin, V.A., 
and Zhang, W. ( 1995). Increased levels of p2 1 WAFlICip 1 in human brain tumors. 
Oncogene 11,202 1 -S028. 

Jung, M., Notario, V., and Dntschilo, A. (1992). Mutations in the p53 gene in radiation-sensitive 
and -resistant human squamous carcinoma cells. Cancer Res. 52,6390-6393. 

Kaelin, W.G. (1998). Another p53 Doppelganger? Science 281,57-58. 

Kaghad, M., Bonnet. H., Yang, A., Creancier, L., Biscan, J.C., Valent, A., Minty, A., Chalon, P., 
Lelias, J.M., Dumont, X., Ferrara, P., McKeon, F., and Caput, D. (1997). Monoallelicaily 
expressed gene related to p53 at lp36, a region frequentiy deleted in neuroblastoma and 
other human cancers. Cell90,SW-819. 



Kastan. M.B., Onyekwere, O., Sidransky, D., Vogelstein, B., and Craig, R.W. ( 199 1 ). 
Participation of p53 protein in the cellular response to DNA damage. Cancer Res. 51, 
6304-63 1 1. 

Kawasaki, T., Tomita, Y., Bilim, V., Takeda, M., Takahashi, K., and Kumanishi, T. (1996). 
Abrogation of apoptosis induced by DNA-damaging agents in human bladder- cancer ce11 
lines with p2 l/WAF IKIP 1 andor p53 geiie alterations. Int-J-Cancer 68,50 1-505. 

Knudson, A.G. ( 1997). Kamofsky Memorial Lecture. Hereditary cancer: theme and variations. 
J.CIin.Onco1. 15,3280-3287. 

Knudson, A.G., Ir. ( 1978). Retinoblastoma: a prototypic hereditary neoplasm. Semin.Oncol. 5, 
57-60. 

Koch, W.M., Brennan, J.A., Zahurak, M., Goodman, S.N., Westra, W.H., Schwab, D., Yoo, 
G.H., Lee, D.J., Forastiere, A.A., and Sidransky, D. ( 1996). p53 mutation and 
locoregional treatment failure in head and neck squamous ceIl carcinoma. J.Natl.Cancer 
Inst. 88, 1580- 1586. 

Kovach, J.S., Hartmann, A., Blaszyk, H., Cunningham, J., Schaid, D., and Sommer, S.S. (1996). 
Mutation detection by highly sensitive methods indicates that p53 gene mutations in 
breast cancer cm have important prognostic value. Proc.Nat1.Acad.Sci.U.S.A. 93, 1093- 
1096. 

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

Kubbutat, M.H. and Vousden, K.H. (1998). Keeping an old fnend under control: regulation of 
p53 stability. Mol.Med.Today 4,250-256. 

Kubbutat, M.G., Ludwig, R.L., Ashcroft, M., and Vousden, K.H. (1998). Regulation of Mdm2- 
directed degradation by the C terminus of p53 [In Process Citation]. Mol.Cel1 Biol. 18, 
5690-5698. 

Kushner, J., Bradley, G., and Jordan, R.C. (1997). Patterns of p53 and Ki-67 protein expression 
in epithelid dysplasia from the floor of the mouth. J.Pathol. 183,418-423. 

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

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

Lanyi, A., Deb, D., Seymour, R.C., Ludes-Meyers, J.H., Subler, M.A., and Deb, S. (1998). 'Gain 
of function' phenotype of tumor-denved mutant p53 requires the 
ol igomerization/nonsequence-specific nucleic acid-binding domain. Oncogene 16,3 16% 
3 176. 



Lavieille, J.P., Lubin, R., Soussi, T., Reyt, E.. Brarnbilla, C., and Riva, C. (1996). Analysis of 
p53 antibody response in patients with squamous cell carcinoma of the head and neck. 
Anticancer Res. 16,2385-2388. 

Lehninger, A.L., Nelson. D.L., and Cox, M.M. (1993). Pnnciples of Biochemistry (New York, 
NY: Worth Publishers). 

Li, C.Y., Nagasawa, H.. Dahlberg, W.K., and Little, J.B. (1 995). Diminished capacity for p53 in 
mediating a radiation-induced G1 arrest in established human tumor ceIl lines. Oncogene 
11, 1885-1892. 

Li, R., Waga, S., Hannon, G.J., Beach, D., and Stillman, B. (1994). Differential effects by the 
p2 1 CDK inhibitor on PCNA-dependent DNA replication and repair. Nature 371, 534- 
537. 

Li, Y.J., Laurent-Puig, P., Salmon, R.J., Thomas, G.. and Hamelin, R. (1995). Polymorphisms 
and probable lack of mutation in the WAFl-CIPl gene in colorectal cancer. Oncogene 
10,599-60 1 . 

Liloglou, T., Scholes, A.G., Spandidos, D.A., Vaughan, E.D., Jones. A.S., and Field, J.K. (1997). 
p53 mutations in squamous ceIl carcinoma of the head and neck predominate in a 
subgroup of former and present smokers with a low frequency of genetic instability. 
Cancer Res. 57,4070-4074. 

Linke, S.P., Clarkin. K.C., and Wahl, G.M. (1997). p53 mediates permanent arrest over multiple 
ce11 cycles in response to gamma-irradiation. Cancer Res. 57, 1 17 1- 1 179. 

Linzer, D.I. and Levine, A.J. (1979). Characterization of a 54K dalton cellular SV40 tumor 
antigen present in SV40-transformed cells and uninfected embryonal carcinoma cells. 
Cell 17,4342. 

Liu, M., Lee, M.H., Cohen, M., Bommakanti, M., and Freedman, L.P. (1996). Transcriptional 
activation of the Cdk inhibitor p21 by vitamin D3 leads to the induced differentiation of 
the myelomonocytjc ceIl line U937. Genes Dev. 10, 142-153. 

Lotem, J. and Sachs, L. (1993). Hematopoietic cells from mice deficient in wild-type p53 are 
more resistant to induction of apoptosis by some agents. Blood 82, 1092-1096. 

Lowe, S.W., Bodis, S., McClatchey, A., Remington, L., Ruley, H.E., Fisher, D.E., Housman, 
D.E., and Jacks, T. (1994). p53 status and the efficacy of cancer therapy in vivo. Science 
266,807-8 1 O. 

Lowe, S.W.. Ruley, H.E., Jacks, T., and Housman, D.E. (1993). p53-dependent apoptosis 
modulates the cytotoxicity of anticancer agents. Ce11 74,957-967. 

Luo, Y., Hurwitz, J., and Massague, J. (1995). Cell-cycle inhibition by independent CDK and 
PCNA binding domains in p2 1Cip 1 .  Nature 375, 159- 16 1. 



Lutzker, S.G. and Levine, A.J. (1996). A functionally inactive p53 protein in teratocarcinoma 
cells is activated by either DNA damage or cellular differentiation. Nat.Med. 2, 804-8 10. 

Mack, D.H., Vartikar, J., Pipas, J.M., and Laimins, L.A. (1993). Specific repression of TATA- 
mediated but not initiator-rnediated transcription by wild-type p53. Nature 363, 28 1-283. 

Maki, C.G., Huibregse, J.M., and Howley, P.M. ( 1996). In vivo ubiquitination and proteasome- 
mediated degradation of p53. Cancer Res. 56,2649-2654. 

Marchetti, A., Doglioni, C., Barbareschi, M., Buttitta, F., Pellegrini, S., Bertacca, G., Chella, A., 
Merlo, G., Angeletti, C.A., Dalla, P.P., and Bevilacqua, G. (1996). p2 1 RNA and protein 
expression in non-small ce11 lung carcinomas: evidence of p53-independent expression 
and association with tumoral differentiation. Oncogene 12, 13 19-1 324. 

Marston, N.I., Ludwig, R.L., and Vousden, K.H. ( 1998). Activation of p53 DNA binding activity 
by point mutation. Oncogene 16,3 123-3 13 1. 

Mazars, R., Pujol, P., Maudelonde, T., Jeanteur, P., and Theillet, C. (1991). p53 mutations in 
ovean  cancer: a late event? Oncogene 6, 1685- 1690. 

Michieli, P., Chedid, M., Lin, D., Pierce, J.H., Mercer, W.E., and Givol, D. ( 1994). Induction of 
WAFlKIPl by a p53-independent pathway. Cancer Res. 54, 3391-3395. 

Mincer, H.H., Coleman, S.A., and Hopkins, K.P. (1972). Observations on the clinical 
characteristics of oral lesions showing histologie epithelial dysplasia. Oral Surg.Ora1 
Med.Ora1 Pathol. 33,389-399. 

Mineta, H., Borg, A., Dictor, M., Wahlberg, P., and Wennerberg, J. (1997). Correlation between 
p53 mutation and cyclin Dl amplification in had and neck squamous ce11 carcinoma. 
Oral Oncol. 33,4246. 

Momand, J., Zarnbetti, G.P., Oison, D.C., George, D., and Levine, A.J. ( 1992). The mdm-2 
oncogene product forms a complex with the p53 protein and inhibits p53-mediated 
tramactivation. Ce11 69, 1237- 1 245. 

Mosner, J., Mummenbrauer, T., Bauer, C., Sczakiel, G., Grosse, F., and Deppert, W. (1995). 
Negative feedback regulation of wild-type p53 biosynthesis. EMBO J. 14,4442-4449. 

Nadal, A., Jares, P., Cazorla, M., Fernandez, P.L., Sanjuan, X., Hernandez, L., Pinyol, M., 
Aldea, M., Mallofre, C., Muntane, J., Traserra, J., Campo, E., and Cardesa, A. (1997). 
p2 1 WAF 1Kip 1 expression is associated witb ce11 differentiation but not with p53 
mutations in squarnous ce11 carcinomas of the larynx. J.Patho1. 183, 156-163. 

National Cancer Institue of Canada (1994). Cancer Incidence, Mortality and Survival in Ontario. 
In Cancer in Ontario, 1993-1994. K. Kwiatkowska, ed. (Toronto, Ontario, Canada: The 
Ontario Cancer Treatment and Research Foundation), pp. 1- 10. 



Neubauer, A., Neubauer, B., He, M., Effert, P., Inglehart, D., Frye, R.A., and Liu, E. ( 1992). 
Analysis of gene amplification in archival tissue by differential polymerase chah 
reaction. Oncogene 7, 10 19- 1025. 

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

Nishida, N., Fukuda, Y., Kokuryu, H., Toguchida, J., Yandell, D.W., Ikenega, M., Imura, H., and 
Ishizaki, K. (1993). Role and mutationai heterogeneity of the p53 gene in hepatocellular 
carcinoma. Cancer Res. 53,368-372. 

Noda, A., Ning, Y.. Venable, S.F., Pereira-Smith, O.M., and Smith, J.R. (1994). Cloning of 
senescent cell-derived inhibitors of DNA synthesis using an expression screen. Exp.Ce11 
Res. 211,90-98. 

Norton, A.J., Jordan, S., and Yeomans, P. (1994). Brief, high-temperature heat denaturation 
(pressure cooking): a simple and effective method of antigen retrievai for routinely 
processed tissues. J.Patho1. 173,37 1-379. 

Nowell, P.C. (1976). The clona1 evolution of tumor ce11 populations. Science 194,23-28. 

Nylander, K., Nilsson. P., Mehle, C., and Roos, G. ( 1995). p53 mutations, protein expression and 
ce11 proliferation in squamous ce11 carcinomas of the head and neck. Br.J.Cancer 71, 
826-830. 

O'Connor, P.M., Jackman, J., Bae, I., Myers, T.G., Fan, S., Mutoh, M., Scudiero, D.A., Monks, 
A., Sausville, E.A., Weinstein, LN., Friend, S., Fornace, A.J.J., and Kohn, K.W. (1997). 
Characterization of the p53 tumor suppressor pathway in ce11 lines of the National Cancer 
Institute anticancer drug screen and correlations with the growth-inhibitory potency of 
123 anticancer agents. Cancer Res. 57,4285-4300. 

ORourke, R.W., Miller, C.W., Kato, G.J., Simon, K.J., Chen, D.L., Dang, C.V., and Koeffler, 
H.P. (1990). A potential transcriptional activation element in the p53 protein. Oncogene 
5, 1829- 1832. 

Osada, M., Ohba, M., Kawahara, C., Ishioka, C., Kanamani, R., Katoh, I., kawa, Y., Nimura, 
Y., Nakagawara, A., Obinata, M., and Ikawa, S. (1998). Cloning and functional analysis 
of human p5 1, which structurally and functionally resembles p53. Nat.Med. 4,839-843. 

Overgaard, J., Sorenson, S.B., Stausbol-Gron, B., Hoyer, M., and Alsner, 1. (1998). TP53 
mutation is an independent prognostic marker for poor outcome of radiotherapy in 
squarnous ce11 carcinoma of the head and neck. ASTRO meeting (Abstract) 

Parada, L.F., Land, H., Weinberg, R.A., Wolf, D., and Roner, V. (1984). Cooperation between 
gene encoding p53 tumour antigen and ras in cellular transformation. Nature 312, 649- 
651. 



Pavletich, N.P., Chambers, KA., and Pabo, C.O. (1993). The DNA-binding domain of p53 
contains the four conserved regions and the major mutation hot spots. Genes Dev. 7, 
2556-2564. 

Petrocelli, T., Poon, R., Drucker, D.J., Slingerland, LM., and Rosen, C.F. (1996). UVB radiation 
induces p2 ICip llWAF1 and mediates G 1 and S phase checkpoints. Oncogene 12, 1387- 
1396. 

Pietenpol, J.A., Tokino. T., Thiagaiingarn, S., el-Deiry, W.S., Kinzler, K.W., and Vogelstein, B. 
( 1994). Sequence-specific transcriptional activation is essential for growth suppression by 
p53. Proc.Nat1.Acad.Sci.U.S.A. 91, 1998-2002. 

Pollack, I.F., Hamilton, R.L., Finkelstein, S.D., Campbell, J.W., Martinez, A.J., Sherwin, R.N., 
Bozik, M.E., and Gollin, S.M. (1997). The relationship between TP53 mutations and 
overexpression of p53 and prognosis in maiignant gliomas of childhood. Cancer Res. 57, 
304-309. 

Polyak, K., Waldman, T., He, TC., Kinzler, K.W., and Vogelstein, B. (1996). Genetic 
determinants of p53-induced apoptosis and growth arrest. Genes Dev. 10, 1945- 1952. 

Polyak. K., Xia, Y., Zweier, J.L., Kinzler, K.W., and Vogelstein, B. (1997). A mode1 for p53- 
induced apoptosis [see comments]. Nature 389,300-305. 

Prendergast, N.J., Atkins, M.R., Schatte, E.C., Paulson, D.F., and Walther, P.J. (1996). pS3 
immunohistochemical and genetic alterations are associated at high incidence with post- 
irradiated locally persistent prostate carcinoma. J.Uro1. 155, 1685- 1692. 

Prokocimer, M. and Rotter, V. (1994). Structure and function of p53 in normal cells and their 
aberrations in cancer cells: projection on the hematologic ce11 lineages. Blood 84,2391- 
241 1. 

Rapley, R. (1996). Methods in Molecular Biology; PCR Sequencing Protocols (Totowa, NJ: 
Humana Press). 

Raycroft, L., Wu, H.Y., and Lozano, G. (1990). Transcriptional activation by wild-type but not 
transforming mutants of the p53 antisncogene. Science 249, 1049- 105 1. 

Ribeiro, U.J., Finkelstein, S.D., Safatle-Ribeiro, A.V., Landreneau, R.J., Clarke, M.R., Bakker, 
A., Swalsky, P.A., Gooding, W.E., and Posner, M.C. (1998). p53 sequence analysis 
predicts treatment response and outcome of patients with esophageal carcinoma. Cancer 
83,7-18. 

Sakarnuro, D., Sabbatini, P., White, E., and Prendergast, G.C. (1997). The polyproline region of 
p53 is required to activate apoptosis but not growth arrest. Oncogene 15,887-898. 

Sarnow, P., Ho, Y.S., Williams, J., and Levine, A.J. (1982). Adenovirus Elb-S8kd tumor antigen 
and SV40 large tumor antigen are physically associated with the same 54 kci cellular 
protein in transfomed cells. Celi 28,387-394. 



Selivanova, G., Iotsova, V., Okan, I., Fritsche, M., Strom, M., Groner, B., Grafstrom, R.C., and 
Wiman, KG. ( 1997). Restoration of the growth suppression function of mutant p53 by a 
synthetic peptide derived from the pS3 C-temiinal domain. Nat.Med. 3,632-638. 

Seto, E., Usheva, A., Zarnbetti, G.P., Momand, J., Horikoshi, N., Weinmann, R., Levine, A.J., 
and Shenk, T. (1992). Wild-type p53 binds to the TATA-binding protein and represses 
transcription. Proc.Nat1.Acad.Sci.U.S.A. 89, 12028- 12032. 

Shaha A.R. and Strong, E.W. (1995). Cancer of the Head and Neck. In Textbook of Clinical 
Oncology. G.P. Murphy, W. Lawrence, and R.E. Lenhud, eds. (USA: The American 
Cancer Society), pp. 355-377. 

Shaulsky, G., Goldfinger, N., Ben, Z., and Rotter, V. (1990). Nuclear accumulation of p53 
protein is mediated by several nuclear localization signals and plays a role in 
tumorigenesis. Mol.Cell Biol. 10,6565-6577. 

Shaw, P., Bovey, R.. Tardy, S., Sahli, R., Sordat, B., and Costa, J. (1992). Induction of apoptosis 
by wild-type p53 in a human colon tumor-derived cell line. Proc.Nat1.Acad.Sci.U.S.A. 
89,4495-4499. 

Sherr, C.J. ( 1  996). Cancer ceIl cycles. Science 274, 1672-1 677. 

Shieh, S.Y., Ikeda, M., Taya, Y., and Prives, C. (1997). DNA damage-induced phosphorylation 
of p53 alleviates inhibition by MDMZ. Cell 91,325334. 

Shin, D.M., Kim, J., Ro, J.Y., Hittelman, J., Roth, I.A., Hong, W.K., and Hittelman, W.N. 
( 1994). Activation of p53 gene expression in premalignant lesions during head and neck 
tumorigenesis. Cancer Res. 54,32 1 -326. 

Shin, D.M., Lee, J.S., Lippman, S.M., Lee, J.J., Tu, ZN., Choi, G., Heyne, K., Shin, H.J., Ro, 
J.Y., Goepfert, H., Hong, W.K., and Hittelman, W.N. (1996). p53 expressions: predicting 
recurrence and second primary Nmors in head and neck squamous ce11 carcinoma. 
J.Natl.Cancer Inst. 88,5 19-529. 

Shiohara, M., el-Deiry, W.S., Wada, M., Nakamaki, T., Takeuchi, S., Yang, R., Chen, D.L., 
Vogelstein, B., and Koeffler, H.P. (1994). Absence of WAFl mutations in a variety of 
human malignancies. Blood 84 ,378 1-3784. 

Shipman, R., Schrarnl, P., Colombi, M., Raefle, G., Dalquen, P., and Ludwig, C. (1996). 
Frequent TP53 gene alterations (mutation, allelic loss, nuclear accumulation) in primary 
non-small ce11 lung cancer. Eur.J.Cancer 32A, 335-34 1. 

Siddik, Z.H., Mims, B., Lozano, G., and Thai, G. (1998). Independent pathways of p53 induction 
by cisplatin and X-rays in a cisplatin-resistant ovarian tumor ce11 line. Cancer Res. 58, 
698-703. 

Sidransky, D. and Hollstein, M. (1996). Clinical implications of the p53 gene. Annu.Rev.Med. 
47:285-301,285-30 1. 



Sjogren, S., Inganas, M., Norberg, T., Lindgren, A., Nordgren, H., Holmberg. L., and Bergh, J. 
(1 996). The p53 gene in breast cancer: prognostic value of complementary DNA 
sequencing versus immunohistochemistry. J.Natl.Cancer Inst. 88, 173- 182. 

Slebos, R.J., Baas, I.O., Clement, M., Polak, M., Mulder, J.W.. van den Berg, F.M.. Hamilton, 
S.R., and Offerhaus, G.J. (1996). Clinicd and pathological associations with p53 tumour- 
suppressor gene mutations and expression of p2 1 Waf 1 /Cip 1 in colorectal carcinoma. 
Br.J.Cancer 74, 165- 17 1. 

Slingerland, LM., Jenkins, J.R., and Benchimol. S. (1993). The transforrning and suppressor 
functions of p53 alleles: effects of mutations that disrupt phosphorylation, 
oligomerization and nuclear translocation. EMBO J. 12, 1029- 1037. 

Soussi, T., Caron, d.F., and May, P. (1990). Structural aspects of the p53 protein in relation to 
gene evolution. Oncogene 5,945-952. 

Srinivasan, R. and Maxwell, S.A. (1996). A cellular protein activates the sequence-specific 
DNA-binding of p53 by interacting with the central conserved region. Oncogene 12, 
193-200. 

Srinivasan, R., Roth, J.A., and Maxwell, S.A. (1993). Sequence-specific interaction of a 
conformational domain of p53 with DNA. Cancer Res. 53,5361-5364. 

Stein, J.P., Ginsberg, D.A., Grossfeld, G.D.. Chattejee, S.J., Esrig, D., Dickinson, M.G., 
Groshen, S., Taylor, CR., Jones, P.A., Skinner, D.G., and Cote, R.J. (1998). Effect of 
p2 1 WAF 1 /CIP 1 expression on tumor progression in bladder cancer [see comrnen ts] . 
J.Natl.Cancer inst. 90, 1072- 1079. 

Stenger. J.E., Tegtmeyer, P., Mayr, G.A., Reed, M., Wang, Y., Wang, P., Hough, P.V., and 
Mastrangelo, I.A. ( 1994). p53 oligomerization and DNA looping are linked with 
transcriptional activation. EMBO J. 13,601 1-6020. 

Sturzbecher, H.W., Brain, R., Addison, C., Rudge, K., Remm, M., Grimaldi, M., Keenan, E., and 
Jenkins, J.R. (1992). A C-terminal alpha-helix plus basic region motif is the major 
structural determinani of p53 tetramerkation. Oncogene 7, 15 13- 1523. 

Sweeney, P.J., Haraf, D.J., Vokes, E.E., Dougherty, M., and Weichselbaum, R.R. (1994). 
Radiation therapy in head and neck cancer: indications and limitations. Sernin.Oncol.21, 
296-303. 

Szekely, L., Selivanova, G., Magnusson, KP., Klein, G., and Wiman, K.G. (1993). EBNA-5, an 
Epstein-Barr virus-encoded nuclear antigen, binds to the retinoblastoma and p53 proteins. 
Proc.Natl.Acad.Sci.U.S .A. 90,5455-5459. 

Tan, L.K. and Ogden, G.R. (1997). p53 over-expression in laryngeal carcinoma is not predictive 
of response to radiotherapy. Oral Oncol. 33, 177- 18 1. 



Trink, B., Okami, K., Wu. L., Sriuranpong, V., Jen, J., and Sidransky, D. (1998). A new human 
p53 homologue [letter]. Nat-Med. 4,747-748. 

van Oijen, O.M., Tilanus, M.G., Medema, R.H.. and Slootweg, P.J. (1998). Expression of p2 1 
(WaflKip 1) in head and neck cancer in relation to proliferation, differentiation, p53 
status and cyclin Dl expression. J.Oral PathoLMed. 27,367-375. 

Vogelstein, B. and Kinzler, K.W. (1992). p53 hinction and dysfûnction. Ce11 70,523-526. 

Vokes, E.E., Weichselbaurn, R.R., Lippman, S.M., and Hong, W.K. (1993). Head and neck 
cancer [see comments]. N.Engl.J.Med. 328, 184- 194. 

von Deimling, A., Eibl, R.H., Ohgaki, H., Louis, D.N., von, A.K., Petersen, I., Kleihues, P.. 
Chung, R.Y.. Wiestler, O.D., and Seizinger, B.R. (1992). p53 mutations are associateci 
with 17p allelic loss in grade ïï and grade III astrocytoma. Cancer Res. 52,2987-2990. 

Waldman, T., Kinzler, K.W., and Vogelstein, B. (1995). p21 is necessary for the p53-rnediated 
G 1 arrest in human cancer cells. Cancer Res. 5 5 5  1 87-5 190. 

Walker. K.K. and Levine, A.J. (1996). Identification of a novel p53 functional domain that is 
necessary for efficient growth suppression. Proc.Nat1.Acad.Sci.U.S.A. 93, 15335- 15340. 

Wang, Y.. Reed, M.. Wang, P., Stenger, LE., Mayr, G., Anderson, M.E.. Schwedes, J.F., and 
Tegtmeyer, P. ( 1993). p53 domains: identification and charactenzation of two 
autonomous DNA- binding regions. Genes Dev. 7,2575-2586. 

Wilson, GD., Richman, P.I., Dische, S., Saunders, M.I., Robinson, B., Daley, F.M., and Ross, 
D.A. (1995). pS3 status of head and neck cancer: relation to biological characteristics and 
outcome of radiotherapy. Br.J.Cancer 71, 1248- 1252. 

Xiong, Y., Hannon, G.J., Zhang, H., Casso, D., Kobayashi, R., and Beach, D. (1993). p21 is a 
universai in hibitor of cyclin kinases [see comments]. Nature 366,70 1 -'W. 

Yook, J.I. and Kim, J. ( 1998). Expression of p2 1 WAFIICIP 1 is unrelated to p53 tumour 
suppressor gene status in oral squamous ceIl carcinomas. Oral Oncol. 34, 198-203. 




