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ABSTRACT

The ability of the HPV-18 E6 gene to impair p53-mediated transcriptional activity

induced by DNA damaging agents was investigated. It is demonstrated thal E6 can

abolish DNA damage induced p53-mediated transcription and that a region from amino

acid residue 113 to 117 of HPV-18 E6 protein was necessary for E6 to direct the

degradation ofp53. The biological impow.ilce of the E6/p53 interaction was then directly

examined in HPV-16 containing cervical carcinoma derived cells by introducing the

monomeric p53 mutant which is resistant to E6 mediated degradation. The two major

observations made from this ~tudy were: i) 10ss of p53 activity plays an important role

in maintaining the malignant phenotype of these cells with respect to cell proliferation;

ü) the monomeric p53 mutant without its C-terminal regulatory region was biologically

functional with respect to impairing cell proliferation in HPV-16 containing cervical

carcinoma derived cells. Finally, it was revea1ed that the cellular MAP kinase signal

transduction pathway was more active in cells expressing the HPV-16 ES gene than in

control cells or cells expressing E6 and E7. These observations help to definethe

mechanisms by which HPV oncogenes contribute te the development and maintenance

of the neoplastic phenotype.
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ABREGE

Nous avons étudié la capacité du gène HPV-18 E6 à inhiber l'activité

transcriptionnelle médiée par p53 après induction de celui-ci par des agents

génotoxiques. Nous avons démontré que la protéine E6 peut abolir la transcription

normalement contrôlée par p53 après un dommage à J'ADN, et que la région de la

protéine HPV-18 E6 située entre les acides aminés 113 à 117 est essentielle à la

capacité de E6 de diriger la destruction de p53. Nous avons ensuite étudié J'importance

biologique de l'interaction E6/p53 chez des cellules dérivées d'un carcinome du col de

l'utérus infectées par le HPV-16, en introduisant un mutant de p53 résistant à la

dégradation dirigée par E6. Deux observations principales ont été faites: i) la perte de

l'activité p53 joue un rôle important dans le maintien du phénotype malin au point de

vue prolifération cellulaire; ü) le mutant monomérique de p53 auquel il manque la

région régulatrice C-terminale s'est avéré efficace à empêcher la prolifération

cellulaire. Finalement, nous avons observé que la voie de transduction du signal de la

MAP kinase était plus active chez les cellules exprimant le gène HPV-16 ES que chez

les cellules-contrôle ou chez les cellules exprimant E6 et E7. Ces observations

contribuent à éclaircir les mécanismes par lesquels les oncogènes du HPV facilitent le

développement et le maintien du phénotype néoplastique.
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INTRODUCTION

There have been severa! important advances in understanding the mechanisms by

which human papillomaviruses (HPVs) contribute to the development of cervical cancer.

Perhaps the most significant are the observations that E7 prolein binds to the prodUCI of

the cellular tumour suppressor retinoblastoma (RB) gene and that the E6 protein inleraclS

with the product of the cellular tumour suppressor gene p53 and promoles ilS

degradation. Because of the important roles RB and p53 play in cell cycle control

processes, a common consequence of RB binding and p53 degradation thus appears 10

be the loss of control at essential poinlS in the cell cycle. As the:. accumulation of

knowledge in defining the biological functions of p53 (in apoptosis, cel! cycle control,

and DNA repair), the E6 mediated degradation of p53 becomes particularly important

in understanding HPV associated diseases. The additional observations that the HPV ES

gene can cooperate with epidermal growth factor (EGF) receptor (EGF-R) to amplify the

signal transduction from the receptor in response to ligand provide evidence for another

important cellular molecule, in addition to RB and p53, which is targeted by HPV ES.

Taken together, these observations suggest that HPVs have modified the activity

of at least three important cellular molecules, RB, p53 and EGF-R, for overriding sorne

of the most important control mechanisms of the cells. The main aim of the work

presented in this thesis was to investigate the biologica1 functions of E6-mediated

degradation of p53 and the cellular signal transduction pathway that ES may affect

1
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CHAYTER 1: LITERATURE REVIEW

1. Human papillomavirus and pathogenicity

Human papillomaviruses (HPVs) are a group of small DNA viroses that infect

epithelial cens and induce a variety of skin lesions including warts and epithelial tumors

(zur Hausen, 1989; Howley, 1991). The most notabe is cervical cancer which is the

second most common neoplastic disease affecting women on a world wide basis second

only to breast cancer (Howley, 1988; Parkin et al., 1988; 1993).

More than 70 HPV genotypes have been distinguished based on differences in

their nucleotide sequences (de Villiers, 1994). HPV can be divided into severa! subsets

on the basis of their ability to infect specific anatomic regions of which a subset including

HPV types 6, 11, 16, 18, 31, 33 and others are associated with genital infections (de

Villiers, 1989; zur Hausen, 1991). The genital HPV types are grouped into 'low-risk'

and 'high-risk' types depending on the frequency with which they appear in cervical

cancers. The 'low-risk' HPV types such as type 6 and Il are commonly associated with

benign condylomas (zur Hausen and Schneider, 1987; zur Hausen, 1989). The 'high-risk'

HPV types such as type 16 and 18 are commonly associated with cervical cancers, and

HPV type 16 is the most prevalent genotype present in these lesions (Durst et al., 1983;

Ikenberg et al., 1983; Boshart et al., 1984; Beaudenon et al., 1986).

HPY infection bas been iritplicated in the development of more than 90 per cent

of cervical careinomas (Park et al., 1994; Bosch et al., 1995) inc1uding condy1omata,

intra-epithelial neoplasia and invasive tumours of the cervix (for review see Bucklet,

2
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1994; McLach1in, 1995).

The most commùn morphological manifestation of HPV infection in the lower

genital tract is the condy10ma acuminatum or genital wart, which usually results from

infection with HPV type 6 and Il. Lesions resulting from infection with these viral types

are regarded as 'Iow-risk' for progression to invasive carcinoma (zur Hausen and

Schneider, 1987; zur Hausen, 1989). HPV infection is also associated with intra

e:>ithelial neoplasia. The intra-epithelial neoplasm may affect the squamous and columnar

epithelium. Squamous carcinomas constitute about 80 per cent of cervical malignancies

(Buckley and Fox, 1992). Cervical squamous intra-epithelial neoplasia (CIN) is

recognized by disturbances of cellular maturation, stratification, and cytological atypia.

It is customarily divided according to its degree of cytoplasmie maturation into thrce

grades (Anderson et al., 1991). The lesions range from a weil differentiated intra

epithe1ial neoplasm, or CIN1, ta a poorly differentiated intra-epithelial neoplasm or C1N3

with C1N2 standing at intermediate position (Figure 1). HPV type 16 and 18 which carry

a 'high-risk' ofprogression to invasive carcinoma are most commonly found in C1N2 and

3 (Franquemont et al., 1989; Willett et al., 1989; Wells, 1992). The carcinornas can he

invasive and spread locally into the cervical stroma, the paracervical and parametrial

tissues, the body of the uterus, the vdgina, and Iate in the course of the disease, to the

bladder and rectum (Bucklet, 1994).

However, infection by specifie HPV types is not sufficient for cancer of the

cervix ta occur. For instance, infection with 'high risk' HPV type 16 does not

immediately nor necessarily lead ta cancer. Warts and cervical papillomas that are

3
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infected with HPV type 16 or 18 progress toward a malignant phenotype afler a latent

period as long as 50 years (zur Hausen. 1986). This long Iatency of the diseases may

reflect the characteristics of the viral life cycle and HPV-a~sociated pathogenicity.

The biological life cycle of the HPV differs from most other viral pathogens.

HPV is presumed to infect the basal or germ cel1s of the epithelium. During the early

stage of the disease development, viral genomes are maintained in the episomal state

(Lusky and Botchan, 1984). Viral early genes are transcribed in a very low level in these

basal cells (Androphy et al., 1987; Banks et al., 1987; Stoler and Broker, 1986). Late

gene expression, synthesis of capsid proteins, vegetative viral DNA synthesis, and

assembly ofvirions occur only in the terminally differentiated cells (Amtmann and Sauer,

1982). Because the virallife cycle is not lytic or destructive, this coordination of viral

DNA synthesis with host cel1 differentiation would provide a programmatic means for

the virus to transmit into the environment and infect the next host.

During this long latency the viral oncogenes (ES, E6 and E7) may induce cellular

events (see fol1owing section 2) including inactivation ofcellular tumor suppressors (RB

and p53) and chromosomal changes in vivo. These events may occur at sorne low

frequency and accumulate with time and thereby facilitate neoplastic progression.

In advanced lesions the viral genomes are often found 10 integrate into random

sites within the host cellular genome, resulting in interruption or deletion of part of the

viral genome, normally the El and E2 open reading frames (Schwartz et al., 1985;

Shirasawa et aL, 1987). The major transforming genes (E6 and E7) are selectïvely

retained and expressed in human carcinomas and carcinom4 derived cel11ines (Schwartz

4
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et al., 1985; Baker and Howley, 1987). Perhaps this integration is significant for the

development of the disease in severa! aspects. Integration can disturb genome stability

and create mutations which may contribute to the developing tumor. Integration may also

potentiate vira! transforming gene expression depending on the site of integration.

Integration has also been found to be near cellular oncogenes in sorne cervical

carcinomas (Durst et al., 1987). It has been reported that HPV contributes to the

chromosomal instability in HPV transformed cells (Hashida and Yasumoto, 1991).

Taken together, these findings suggested that infection with 'high-risk' HPVs is

associated with development of cervical neoplasms (for review see Matlashewski, 1989;

DiMaio, 1991; Mansur and Androphy, 1993; zur Hausen and de Villiers, 1994;

Tommasino and Crawford, 1995). However, malignant transformation occurs onlyafter

a long latency, suggesting that cervical cancer develops through a multistep process.

Other co-factors also contribute te the development of the disease including hormone

ievels, genotoxic agents, cellular oncogenes and accumulation ofa number of mutations

in an assortment of genes (Mat1ashewski, 1989; zur Hausen and de Villiers, 1994).

5
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2. Molecular genetics of human papillomavirus

2.1. A view ofthe Juunan papillomavirus genome

HPYs contain a single circular double stranded DNA genome of approximately

8 kb in size (Gissman et al., 1977; Orth et al., 1977). The vira! genome is divided into

three functional regions. An early region of about 4.5 kb encodes for severa! proteins

which are involved in transcription and transformation with the exception of the E4 gene.

A late region of about 2.5 kb encodes for the capsid proteins and a less than 1 kb long

control region (LCR) which contains transcriptional and replication regulatory elements.

AlI of the viral genes are located on one strand of the vira! DNA. The organization of

all papillomavirus genomes are quite similar. Figure 2 presents the genomic organization

of HPY-16 (Shah and Howley, 1990).

2.2. Funaions ofthe viral genes

A full and detailed study of the molecular biology of HPY has been covered in

severa! publications and reviews (Broker and Botehan, 1986; Matlashewski, 1989; zur

Hausen, 1989; Broker et al., 1989; Arrand 1994). HPY contains approximately 10

designated translational open reading frames (ORF) that have been cIassified as either

early (E) or late (L) ORFs or genes, based on the time when they are expressed during

a productive viral infection. The genes (m HPY-I6) that are expressed in the early stage

of the viral infection, incIuding El, E2, E4, ES, E6 and E7 genes, are necessary for the

viral replication and transformation. The late genes, LI and L2, code for the structural
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Figure 2. Genetic organization of HPV·16 (Shah and Howley, 1990). The
viral genome is divided into three regions designated as Long Control Region
(LCR), Early Region (E) and Late Region (L). The ORFs deduced from the
DNA sequence are indicated and designated El to E7, LI and L2.
Transcription of viral genes is controlled under a major promoter designated
as p97 and occurs only in a clockwise manner. AB and AL represent the early
and late polyadenylation sites.
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proteins of the virion. The biologica1 functions of these genes will be reviewed in a

subsequent section below with emphasis on the transforming genes.

2.2.1. Genes involved in ceU transformation

The HPV genes encoding transforming activity include the E7, E6 and ES genes.

Defining the biochemical and biologica1 properties of these genes has contributed to

understanding the mechanisms by which human papillomaviruses contribute to the

development of neoplasia. The biochemica1 characteristics and biologica1 functions of

their encoding proteins have been detailed in severa! recent reviews (for reviews see

Mansur and Androphy, 1993; Farthing and Vousden, 1994; Tommasino and Crawford,

1995).

2.2.1.1 E7 gene

The 'high risk' HPV DNA can transform established cell lines which are

anchorage independent and tumorigenic in nude miœ (Tsunokawa et al., 1986; Yasumo1o

et al., 1986), while they can cooperate with an activated ras oncogene 10 transform

primary rodent and human œlls (Matlashewski et al., 1987, 1988; Pirisi et al., 1987;

Phelps et al., 1988; Storey et al., 1988). Studies dissecting the functional nature ofHPV

DNA have confirmed tbat the transformating activity of the HPVs bas been localized 10

the E6 and E7 genes in both primary and established œil line models (Mat1ashewski et

al., 1987; Yutsudo, et al., 1988), with E7 appearing to he the most potent oncogene

(Kanda et al., 1988; Phelps et al., 1988; Crook et al., 1989; Ishiji et al., 1992).
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2.2.1.1.1 The biochemical charaaeristics o/the E7 protein

The E7 gene encodes for a small acidic protein of 98 amino acids (Smotkin and

Wettstein, 1986; 1987) which is a serine phosphoprotein targeted by casein kinase 11

(CKll) (Firtz1aff et al., 1989; Barbosa et al., 1990). The E7 protein is localised in the

nucleus and attached to the nuclear matrix (Greenfield et al., 1991).

It has been demonstrated that there are significant structural and functional

similarities between E7 and Adenovirus (Ad) ElA as weil as SV40 large T antigen

proteins (DeCaprio et al., 1988; Phelps et al., 1988 and 1992; Barbosa et al., 1990). On

the basis of the homology with ElA, three functional domains have been identified in the

HPV 16 E7 proteins (Dyson et al., 1992). They are the conserved regions 1 (CRI) and

2 (CR2) located in the N-terminal region, and the conserved region 3 (CR3) in the C

terminal region. CR2 is involved in binding to the product of tumor suppressor gene

product RB and the RB-related proteins (Münger et al., 1989b; Dyson et al., 1992;

Davies et al., 1993), as well as cyclin dependent kinase 2 (cdk2) and cyclin A

(fommasino et al., 1993). The consensus Leu-X-Cys-X-Giu domains for RB binding

have been located in the CR2 region of E7 from both "high risk" and "Iow risk" HPVs

(phelps et al., 1992; and reviewed by Tommasino and Crawford, 1995). However, E7

from "Iow risk" HPVs display a lower affinity for binding RB (Heck et al., 1992), which

suggests that this may part1y account for the differences in their immortalising and

transforming activities. A CKll site is located in the carboxyl-terminal region of CR2

(Firtz1aff et al., 1989). The biological significance of this phosphorylation is not clear,

although there. is sorne evidence that this event may be involved in transformation
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(Firtzlaff et al., 1991). Two Cys-X-X-Cys Zn binding motifs that are involved in

dimerization of the protein and are necessary for transformation (McIntyre et al., 1993)

have been identified in E7 CR3 (Barbosa et al., 1989).

In summary, E7 is a small acidic nuclear protein. The protein can bind to cellular

regulatory proteins and self-associate into dimers.

2.2.1.1.2 The biologicoljiuu:tions olIM E7protein

The E7 gene of HPV has been shown to encode a multifunctional nuclear

phosphoprotein possessing both transcriptional modulatory and transformation properties

similar to that of adenovirus (Ad) ElA (Barbosa et al., 1990; Firzlaff et al., 1991). E7

can trans-activate the Ad E2 promoter, and can cooperate with an activated ras oncogene

10 transform primary baby rat kidney (BRK) cel!s (phelps et al., 1988; Storey et al.,

1988). It is continually expressed both in cel! lines derived from cervical tumours

(Smotkin and Wettstein, 1986) and in immortalized cel!lines generated in vitro (Banks

and Crawford, 1988), suggesting that F:7 was required for both the development and

maintenance of the malignant phenotype.

The F:7 gene of HPV-16 was first demonstrated 10 have transcriptional activating

property using the Ad E2 early promoter (phelps et al., 1988) which is one of the group

of promoters 10 he responsive 10 the Ad ElA gene (Nevins, 1981). The activation of Ad

E2 promoter by the HPV F:7 is at the leve1 of transcriptional initiation (phelps et al.,

1988).

Recent studies have demonstrated that F:7 could mediate transeriptional
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transactivation of Ad E2 promoter through a common pathway (phelps et al.• 1991), that

is, releasing the E2F transcription factor to stimu1ate transcription from Ad E2 promoter

and from E2F regulated cellular genes (Bagchi et al., 1990). Severa! studies have

provided evidence !hat the E2F transcription factor is regu1ated by RB and pl07 as wel1

as cyc1in Alcdk2 (Bagchi et al., 1991; Schirodkar et al., 1992). The association between

E2F and these cellular proteins prevents transcriptional activation by E2F (Bagchi et al.,

1991; Chellappan et al., 1991; Chittenden et al., 1991; Hamel et al., 1992). E7 can

disrupt the association of E2F with the cellular proteins inc1uding RB (phe1ps et al.,

1991), resulting in the generation of 'free' E2F capable of binding to and regulating a

variety of cellular promoters as described below (Mudryj et al., 1990).

The transforming activity of E7 is likely to be associated with its ability to

interact with these cell cycle regulators. Studies on the E7 interactions suggested that any

or ail of the viral and cellular protein interactions are ~ikely to contribute to the

transforming and immortalising activities ofE7 (Dyson et al., 1989 and 1992; Davies et

al., 1993; Tommasino et al., 1993).

The best understood E7 interaction is !hat invo1ving the RB protein. It has been

shown that RB plays a key role in regulation of mammalian cell replication by inhibiting

cell proliferation (Buchkovich et al., 1989; DeCaprio et al., 1989). Biochemical

properties associated with RB inc1ude binding to viral transforming proteins (ElA, large

T and E7) and cellular proteins, such as E2F, which itse1f functions as transcription

-
factors (Bagchi et al., 1990; Hamel et al., 1992). There is evidence that'E2F is invo1ved

in controlling transcription of severa! genes important for entry into the cell cycle and
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progress through Gl into S phase (for review see Farnham et al., 1993).

In a normal cell, the RB protein is sequentially phosphorylated throughout the cell

cycle and this is likely to be one of the mechanisms by which RB function is controlled

(Goodrich et al., 1991). Phosphorylated forms of RB lose the ability to complex with

. E2F and the reJeased E2F could result in transcription of the genes that are required in

DNA replication. These genes may include dihydrofolate reductase (DHFR) (B!ake and

Azizkhan, 1989), thymidine kinase (Li et al., 1993), DNA polymerase alpha (N'evins,

1992), cdc2 (Dalton, 1992), and c-Myc (Heikkila et al., 1987). DHFR catalyzes the

conversion of dihydrofolate to tetrahydrofolate, which is required in DNA synthesis

process for the biosynthesis of purines and thymidylate (Lehninger, 1982). Thymidine

kinase catalyzes the phosphorylation of thymidine to thymidylate (Lehninger, 1982).

DNA polymerase alpha synthesizes the lagging strand of DNA at the replication fork.

Cdc2 is a kinase that associa~wit!t various cyclins and is required for progression

through the proliferative cell cycle {'Muller et al., 1993).

The interaction between ID and RB inhibits binding of E2F to RB (Chellappan

et al., 1992), and as such leading to the inapproprlate transcription of E2F-responsive

genes and release of the normal blocks on progress through the cell cycle. The ID

interaction appears to block the growth suppressive activity of RB and contributes to the

transformed phenotype. Although binding to RB may be necessary for transformation,

_it is not in itse1f sufficient for transformation since sorne mutations in the HPV 16 ID

gene fail to cooperate with ET-ras to immortalize primary BRK cells, but exhibit normal

Rl'\ binding (Banks et al., 1990). It bas been demonstrated that ID from a1l the genital-

16



•

•

associated HPVs are able to complex with RB in vitro (Dyson et al., 1989; Scheffner et

al., 1991; Münger et al., 1989b). However, the efficiency of the E7 from "Iow risk"

HPVs (eg., HPV-6 and HPV-ll) to complex RB is lower than from the 'high risk' HPVs

(Münger et al., 1989b; Tommasino and Crawford, 1995).

In addition to RB binding, E7 also interacts with RB-related proteins (p107 and

p130) (Davies et al., 1993) and cyclin Alcdk2 (fommasino et al., 1993). pl07 and pl30

also regulate the transcription activity of members of the E2F family involved in different

checkpoints during cell cycle. pl07 exerts its function in the G1 to S transition and in

the G2 phase (~chwarz et a., 1993; Shirodkar et al., 1992), while p130 is involved into

the transcriptional regulation during the GO and G1 transition (Cobrinik et al., 1993). E7

binds the cyclin Alcdk2 complex in a cell cycle-dependent manner and the associated

kinase activity appeared to be maximal in S and G2 phases when the cyclin Alcdk2

complex is norma11y active (fommasino et al., 1993). The physiological importance of

the E7 interaction with these cellular kinases is not yet clear. However, it has been

hypothesized that the E7 protein may divert these kinases away from their normal

substrates (fommasino and Crawford, 1995). For example, it has been shown that when

the cell is in S phase, the cyclin Alcdk2 complex can bind directly 10 the N-termïnal

domain of E2F. This interaction results in the phosphorylation of the E2F partner, DPI

(Goodrich and Lee, 1993; La Thangue, 1994), with the consequent shut off of E2F

mediated genes required for the GlIS transition (Krek et al., 1994). This may allow the

cell 10 control the timing of the DNA replication and the progression of the cell cycle 10

ensure the fide1ity of the DNA replication. It bas been specu1ated that interaeting with
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the cyclin A/cdk2 complex, E7 may prevent the inactivation of E2FIDPI complex in S

phase (fommasino and Crawford, 1995). This would Iikely result in the cell escaping the

normal cell cycle checkpoints with consequent loss of the DNA replication fidelity and

as such contributing to the virus-associated pathogenicity in the early phase of

transformation. This hypothesis is consistent with the observation that HPV 16 E7

induces chromosomal abnormalities (Hashida and Yasumoto, 1991; White et al., 1994).

Cellular growth and differentiation are regulated by an intricate network of both

positive and negative-acting diffusible factors and regulatory genes. The disruption of

these regulatory circuits is thought to constitute an important step in carcinogenic

progression. Taken together, the interaction of E7 with the cellular regulatory proteins

could result in interference with sorne of these regulatory circuits as discussed above,

thus overriding sorne of the most important cell cycle control mechanisms.

2.2.1.2 E6 gene

The oncogenic activities encoded by the HPV E6 gene includecell transformation,

transcriptional transactivation and interaction with cellular proteins.

2.2.1.2.1 Tœ biochemiœl characteristics ofthe E6 protein

The protein encoded by the E6 gene is a basic protein of about 150 arnino acids

and is localiw! to both the nuclear matrix and non-nuclear membrane fraction (Androphy

et al., 1987a). The E6 protein leve1s are extremely 10w in both HPV containing cervical

carcinoma ce1llines (Androphy et al., 1987a; Banks et al., 1987) and HPV-immortalized
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keratinocytes (Sedman et aI., 1991). AnaIysis of the amino acid sequence of E6 reveaIed

that there are two hypothetical zinc finger motifs (Cys-X-X-Cys), which are conserved

throughout aIl HPV types, aIthough E6 proteins have only moderate homology at the

amino acid level. E6 has been shown to bind zinc in vitro, however, the zinc binding

function has not been shown in vivo (Barbosa et aI., 1989). As with Ad E1B and SV40

LT (Sarnow et aI., 1982), E6 cao complex with the cellular tumour suppressor p53

protein (Werness et al., 1990). Recent!.:;, E6 has been found to bind another cellular

protein, called E6-binding protein (E6BP), a putative calcium-binding protein (Chen et

al., 1995). The ro1e ofE6 binding to E6BP in the viraI life cycle or transformation is not

known.

2.2.1.2.2 1he biologicaIjundions o/the E6 protein

Although studies dissecting the functionaI nature of the E6/F:7 region have

confirmed that the E7 gene is the principal HPV-encoded transforming gene, the E6 gene

from 'high risk' HPV types has been shown to encode a weak transforming activity. The

E6 gene is capable of immortalizing primary human epith:,.liaI cells (Band et al., 1990;

1991) and primary mouse cells in cooperation ~th EJ-ras (Storey and Banks, 1993), and

transforming Nnl3T3 cel\s (Sedman et al., 1992). The E6 gene is found to be

continuously expressed in tumour cel\ lines and required for maintenance of the

trar.sformed phenotype of cultured cells (Androphy et aI., 1987a; Banks et aI., 1987).

It bas been suggested that E6 plays a raie in HPV induced cell immortalization and

transformation as well as maintenance of the transformed phenotype (for review see
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Mansur and Androphy, 1993; Farthing and Vousden, 1994; Tommasino and Crawford,

1995).

Recent studies have suggested that E6 may function through interaction with the

cellular tumor suppressor p53 pathway, which functions as a crucial control molecule in

the process of celI division (see section 3 for review of p53). The evidence to support

this view came from the observation that p53 mutations are found in HPV-negative

cervical carcinoma celI lines, while HPV-positive cervical tumour celI lines contain

wildtype p53 (Crook et al., 1991b; Scheffner et al., 1991). It has been shown that E6 can

internct with the cellular protein p53 both in vitro and in vivo (Werness et al., 1990;

Lechner et al., 1992). This interaction is likely mediated with a cellular factor, called

E6-AP (E6 associated protein) (Huibregtse et al., 1993), and this association results in

the degradation of p53 through the ubiquitin-directed proteolysis pathway (Scheffner et

al., 1990; Crook et al., 1991c). However, E6 from 'low risk' HPV types has been

shown to interact only weakly with p53 and fails to promote its degradation in vitro

(Crook et al., 1991a). This interaction, just as for the El and RB interaction, correlates

with the oncogenicity ofthe HPV types and reflects another important difference between

'high risk' and 'low risk' HPV types.

Recent studies have indicated that the tumor suppressor p53 plays an important

role in preventing DNA damage induced genetic lesions discussed in Section 3 (for

review S1~ Cox and Lane, 1995). It is now clear that p53 can control cellular

proliferation by activating and repressing cellular. genes involved in celI cycle control.

In early neoplastic ce11s, it is postulated that the loss ofp53 will result in ce11s replicating
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following DNA damage and thus allow mutations to be fixed in subsequent replicated

cells. This may result in the acquisition of chromosomal abnormalities responsible for

the malignant transformation. Based on these data, it bas been postulated that E6

interacting with p53 is analogous to an inactivating mutation of the p53 gene.

Severa! observations suggest that HPV E6 genes also encode p53-independent

transforming activities. It has been demonstrated that HPV 16 E6 could transform

NIH3T3 cells but trans-dominant p53 mutants could not transform these cells (Sedman

et al., 1992), and that HPV 16 E6 could induce anchorage-independent growth of p53

deficient cells (Chen et al., 1995). It has been also shown that wild type p53 in severa!

HPV-positive tumour cell lines is functionally active, however, a low level of the p53

associated trans-activation and DNA binding activities have been deteeted in these cell

lines (Butz et al., 1995). Recently, another cellular target for E6 binding has been

identified and it is termed the E6-binding protein (E6BP), a putative calcium-binding

protein (Chen et al., 1995). The interaction between E6 and E6BP provides anotherJead

for investigating p53-independent E6 activities. Calcium ion and calcium-binding proteins

are involved in cell signalling and differentiation. It has been observed that E6 could alter

differentiation of keratinocytes (McCance et al., 1988), and that keratinocytes

immortalized by HPV 16 E6 and ID are resistant to calcium-induced differentiation

(Schlegel et al., 1988). Therefore, it is possible that E6 may affect terminal

differentiation of epithelial cells by interaction with E6BP to provide the necessary

environment for viral DNA replication. Moreover, Ad Elb and BcI-2 inhibit apoptosis,

and these proteins bind to a putative calcium binding protein (Boyd et al., 1994),
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suggesting that E6 may similarly prevent apoptosis ofHPV infected cells (pan and Griep,

1994).

In addition to immorta1ization and transformation, E6 can transactivate severa!

different eukaryotic promoters (Sedman et al., 1991; Desaintes et al., 1992). The

equivalent transcriptional capability has been observed for both 'high risk' and 'Iow risk'

E6, suggesting that this function may be of relevance for the viral life cycle rather than

correlate with their oncogenic potential (Crook et al., 1991c; Desaintes et al., 1992). So

far, a specific DNA element through which E6 exerts this trans-activation has not been

defined. It bas been shown that mutant E6 unable to bind p53 retained trans-activation

activity in 31'3 cells, suggesting that the trans-activation may be a p53-independent

activity (Crook et al., 1991c).

Taken together, these findings suggest that the HPV E6 gene encodes a

multifunction protein with both transactivating and transforming activity. Its ability te

inactivate the cellular tumor suppressor p53 likely plays an important role in neoplastic

transformation.

2.2.1.3 ES gene

The EPV ES gene is usuaIly lost during viral DNA integration which occurs in

the advanced carcinoma stage (Baker et al., 1987; Schwartz et al., 1985). Therefore, if

the ES gene is involved in the development of cervical tumours, it would function at the

earlystage. A significant difference between bovine papillomavirus (BPV) and EPY is

that the major transforming activity of BPY is encoded for by the ES gene (Schiller et

22



•

•

al., 1986; Sehlege1 et al., 1986), but not the E6/E7 genes whieh are the main

transforming genes in HPV (Martin et al., 1989). However, there is aeeumu1ating data

suggesting that the ES gene from HPV has weak transforming aetivity (for review see

Mansur and Androphy, 1993; Banks and Matlashewski, 1993; 1995).

2.2.1.3.1. 7he biochemical chorocterislics ofthe ES protein

The HPV ES gene eneodes a smal1 and very hydrophobie protein (83 aa) with a

mo1ecule weight of approximate1y 10kD (Bubb et al., 1988; Halbert and Gal1oway,

1988). The ES proteins are not weIl conserved among the papillomaviruses, however,

the proteins are universally very hydrophobie and specifie amino acid residues, ine1uding

prolines and eysteines are similar1y located in ES from al1 HPVs. Localisation studies

have shown that HPV-6 and 16 ES proteins are localised to the Golgi apparatus,

endoplasmie retieulum, and the nue1ear membranes of transfected cells (Conrad et al.,

1993). ES can interaet with a 16-kD protein whieh is a component of the vaeuo1ar

proton-ATPase pump comp1ex (Conrad et al., 1993) and a variety of growth faetor

receptors inc1uding EGF-R, PDGF-R, the co1ony stimulating faetor-1 receptor and

p185neo (Hwang et al., 1995). The bio1ogical activity of ES is e1ose1y associated with

its ability to interact with growth factor receptors.

2.2.1.3.2. 7he biologù:01jîD1ctions ofthe ES proldn

~
The first report on the oncogenie potential for the HPV'ES gene came from the

observation that expression of the HPV-6 ES gene could stimulate anehorage-independent
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growth of NIH3T3 cells and these cells were then capable of forming tumors in nude

mice (Chen and Mounts, 1990). The oncogenic potential of ES was also reported for

HPV-16 (Leechanachai et al., 1992; Pim et al., 1992). These studies have shown that the

HPV-16 ES gene had oncogenic activity and linked ES activity to the signal transduction

from the epidermal growth factor receptor (EGF-R) to the nuclear expression of the c-fos

and c-jun genes (Leechanachai et al., 1992; Bouvard et al., 1994a). Fos and Iun are

components of the transcription factor AP-l. Transcription of the transforming genes of

HPV-16 can also be stimulated through AP-l binding sites on the viral regulatory region

(Chan et al., 1990). As a consequence, ES may contribute to the regulations of both

cellular and viral genes.

The data by l.eechanachai et al., 1992 and Pim et al., 1992 suggested that one

of the biological functions of ES may be to amplify or cooperate with the EGF mediated

intracellular signal transduction pathway. This view was further supported by the

observation that expressing HPV 16 ES in human keratinocytes resulted in an increase

in the number of EGF-Rs at the cell surface and that there was an inhibition of receptor

degradation (Straight et al., 1993). Perhaps the demonstration that ES also had a strong

mitogenic activity in these cells was particularly important, because the natura1 target

cells for HPV are human keratinocytes. Consistent with this observation, it was

demonstrated that HPV 16 ES could cooperate with F:l to potentiate a mitogenic response

which is enhanced in the presence of the EGF in primary cells (Bouvard et al., 1994a).

The possible mechanism by which HPV ES induced mitogenic activity seems to be

associated with its ability to inhibit the down-regulation of the EGF-R. It was further
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revealed that ES could bind to a 16-kD protein, a component of the vacuolar proton

ATPase pump complex (H+-ATPase) involved in receptor protein degradation (Conrad

et al., 1993), resulting in an impairment of acidification of endosomes (Straight et al.,

1995). The acidification ofendosomes is essential for their proteolysis function, including

those involved in the degradation of the EGF-R (Maxfield, 1985; Schneider, 1987). The

H+-ATPase pump is responsible for the acidification, and ES interaction with 16-kD

component may impair this process in HPV infected human keratinocytes.

Based on above observations, a model for HPV ES induced mitogenic activity has

been suggested (Banks and Matlashewski, 1995). ES interacts with the 16-kD vacuolar

H+-ATPase and impairs its activity for degradation of growth factor receptors, resulting

in an increased number of EGF-R recycled back to the cell surface. This provides these

cells with a proliferation advantage over non-ES expres.'Ùng cells and also has a positive

effect cn the viral upstream regulatory region.

Given the connection between the ES and signal transduction from EGF-R to

nuclear expression (c-fos and c-jun), it is of interest to elucidate the possible signal

transduction pathways influenced by ES. The transcription factor AP-l is believed to be

one of the nuclear targets of seveÎàl signal transduction pathways, in particular of the

EGF-R associated Ras-MAP kinase pathway (reviewed by Hill and Treisman, 1995). A

recent study on the mitogenic activity of HPV 6 and 16 ES in cooperation with E7

provided sorne evidence for connecting ES with the Ras-MAP kinase pathway (Valle and

Banks, 1995). It bas been shown that over-expressing c-Raf, which is a signal mediator

between the Ras and MAP kinase, appeared to be capable of functionally substituting for
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ES in these co-mitogen assays (Valle and Banks, 1995).

Based on the above observations, it may he expected that any downstream second

messengers which are involved in EGF-R mediated signal transduction would he more

active in cells expressing the ES protein. This was one of the objectives of the study

presented within this thesis.

In addition to the regulation of growth factor mediated responses and cell

transformation, ES may also have other activities. There is evidence that ES may impair

the processing of antigen thus making infected cells invisible to the cellular immune

response (Cromm et. al., 1994). ES may also impair gap junction thus reducing cell-cell

communication (Oelze et al., 1995).

Taken together, these studies suggest that ES acts in a multifunctional manner.

The activities of ES contributing to the oncogenic potential include: enhancement of

growth factor mediated signal transduction, up-regulation of viral gene expression, and

impairment of antigen presentation and cell-eel1 communication. These activities may

contribute to the cell transformation and provide a significant advantage to the virus in

term of replication and survival in the host ceIl.

The above reviewed biochemica1 and biologica1 evidence aIl support the causal

role of human papillomaviruses in human malignancies, and that the ES, E6, and E7

genes contribute to HPV-associated oncogenicity. However, in addition to these

transforming genes, other genes encoded by HPV are involved in viral infection, viral

DNA replication and the life cycle. The function of these viral genes are described

below•
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2.2.2 Genes with non-tronsformillg aetivilies

2.2.2.1 El gene-viral DNA repüClllion

The El gene is the largest of the papillomavirus genes and is highly conserved.

lt is commonly interrupted when viral genomic integration occurs (Schwartz et al.,

1985), suggesting a ro1e in the maintenance of the viral genome in the episomal stage

(Lusky and Botchan, 1984). Studies using the bovine papillomavin.'s (BPV) system have

established that El is necessary for virus DNA replication.

The El gene encodes at least two replication functions: the 5' end of the El gene

encodes a modulator (E1-M) function, and the 3' end two-thirds of the El gene encodes

a replication (E1-R) function (Lusky and Botchan, 1979; 1986a). Amino acid sequence

analysis revealed that its C-terminal portion has some homology with the large T antigens

of SV40 and polyomavirus that have a direct role in replication of these viruses (Seif,

1984; Chiang et al., 1991). A BPV-1 E1-M mutant does not disrupt the viral replication,

indicating that E1-M is not abso1utely required for replication. Instead, it plays a

modulator function in a suppressive manner (Roberts and Weintraub, 1986). The BPV-1

E1-R mutant is not able to replicate, suggesting that E1-R plays an essential role in viral

DNA replication (Lusky and Botehan, 1986a; 1986b).

More recently it bas been reported that HPV-Il containing cells express a spliced

mRNA fusing the E1-M domain to b':1e C-terminal portion of E2 (Chiang et al., 1991).

The produet of this message functions as a moduIator in replication similar to BPV E1-M

(Chiang et al., 1991)•
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These studies indicate that the El gene is required for maintaining the viral

genome in the episomal stage and for viral DNA replication.

2.2.2.2 E2 gene-mullifunaion

The E2 gene is acomplex ORF, and like El, it has been studied principally in BPV.

The E2 gene encodes major regulators for viral gene expression and is also required for

DNA replication. E2 displays nove1 features in the mechanism of interaction with the

DNA and in alterative splicing which regulates their activity. The E2 protein is present

in different forms and exhibits transcriptional activation and repression depending on the

form of the E2 proteins (see below) (Lambert et al., 1987; Choe et al., 1989; Stanley

et al., 1989; Doorbar et al., 1990; Vaillancourt et al., 1990; Bouvard et al., 1994b).

E2 could stimulate transcription of viral genes through its interaction with

enhancers located within the viral LCR. Its ability to regulate viral gene expression

appears to be dependent upon the ability to bind to specific sequences in the LCR

(Hirochika et al., 1988; Hawley-Ne1son et al., 1988). E2 can function as a strong

activator of viral gene expression in cooperation with other cellular transcription factors,

such as AP-1, Oct-1 as we11 as Sp-1 (Ushikai et al., 1994). Studies on the predicted

amino acid structure of E2 from a variety ofpapillomaviruses have indicated that the E2

~~, protein consists of two conserved domains, a N-terminal220 amino acids trans-activation

dOIr.ain (Haugen et al., 1989; McBride et al., 1989), and a C-termînal 100 amino acid
~

domain where specific DNA-binding bas been mapped (McBride et al., 1988). Two E2-

binding consensus motifs have been recognized as ACCN.GGT and ACCN.GTT within
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the origins of replication of papillomaviruses, where N is any nuc1eotide (Androphy et

al., 1987b; Moskaluk and Bastia, 1988).

It bas been noted, however, that E2 can also activate promoters that do not

contain the consensus motif (Heike et al., 1989). It seems that E2 need not necessarily

bind DNA to function as trans-activator. Evidence to support this view has come from

a recent observation that an E2 mutant that lacks the C-terminal DNA-binding domain

retained a low leve1 of transactivation activity (Storey et al., 1992). This general trans

activation could extend the E2 transcriptional regulatory activity to cellular genes.

However, to date, there is no evidence that this general E2 mediated trans-activation is

of physiologie significance.

Studies have shown that a eDNA, in addition to the fulllength E2, eneoding only

the C-terrninal DNA binding domain of E2 but 1acking the putative trans-activation

domain exists in HPV type 16 immortalized keratinocytes (Stanley et al., 1989; Doorbar

et al., 1990; Nasseri et al., 1991; Sherman and Alloul, 1992). This smaller HPV 16 E2

protein is similar to the BPV-1 repressor E2 eDNA ESA E2 (Choe et al., 1989;

Vaillancourt et al., 1990). It has been demonstrated that this shorter form of E2 protein

was capable of repressing the viral promoter and enhancer by interfering with the

transcriptional activation of the fulllength E2 protein (Bouvard et. al., 1994b). It has

been suggested that in vivo, the respective amounts of the two forms of E2 are critical

for contro1ling viral gene expression. In addition 10 its ro1e in transcriptional regulation,

E2 is also required for viral DNA replication in conjunction with El 10 bind specifie

DNA sequences (Bream et al., 1993). Cor.sistent with this view is the observation that
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mutations which inactivate E2 result in integration of viral DNA into host genome

(Rabson et al., 1986).

These findings indicate that the E2 gene functions as a transcription regulator for

viral gene expression and is also necessary for viral DNA replication and maintenance

of the viral genome as an episome.

2.2.2.3 E4 gene-virus re1etJse

The E4 gene is contained entirely within the E2 gene in a different reading frame.

Its product does not seem to be a component of the virus particle or to be involved in in

vitro transformation (phelpset al., 1988; Storey et al., 1988), but accumulates in the

cytoplasm (Doorbar et al., 1989; Crum et al., 1990; Sterling et al., 1993).

It has been shown that the E4 gene is coexpressed with the late genes coding for

the capsid proteins, although the E4 gene is located in the early region of the viral

genome,(Baker and Howley, 1987; Crum et al., 1990). In spite of the plentiful

abundance of E4 within some infected cells, the function of the protein is still not c1ear.

However, it has been suggested that the E4 proteins may enhance virus release from the

productively infected cell. This view is supported by the observation that the E4 proteins

are associated with cytokeratins in human keratinocytes, resulting in the collapse of the

intermediate filament network in the cell (Doorbar et al., 1991).

2.2.2.4. Genes encoding strrIClUTtl1 proteins

The HPV particles are 52-55 nm in diameter. The viral genome is contained
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within a spherical protein ccat or 72 pentameric capsomeres (Bake;' et al.. 1991). The

capsid consists of at least two structural proteins. The LI gene codes for a major capsid

protein that has a molecular weight of approximately 55.000 daltons and represents 80%

of the total viral protein. It has been shown recently that LI proteins from a variely of

HPV types, foUowing expression in recombinant systems, will self-assemble 10 produce

virus-like particles (Hagensee et al., 1993; Rose et al., 1993; Kimbauer et al.• 1993).

However, the virus-like particles containing LI alone appear to have a higher degree of

heterogeneity when compared to those consisting of both LI and U, suggesting a role

for U in the stabilization of the capsid structure (Hagensee et al., 1993).

The U gene codes for a minor capsid protein that has a molecular weight of

approximate1y 70,000 daltons (Favre et al., 1975; Pfister et al., 1977). Studies on the

immunohistochemistry of the U gene proclucts (U) from HPV types indicated that there

was less cross-reactivity, suggesting that U contains antigenic determinants that are

relatively type-specific (Firz1aff et al., 1988). Naturally occurring antisera, at least tor

HPVs 16 and 18 infection, are frequently directed against this protein and are mostly

type-specific (Jenison et al., 1991; Komly et al., 1986). These results have opened a

view to producing high titre, type-specific peptide antisera for use as immunological

probes (Volpers et al., 1993).

In conclusion, the LI and U genes are both necessary for the virion. LI is the

major structural protein. U is aIso a structural protein and may play a role in

stabilization of the capsid structure. They are expressed in terminal differentiated

keratinocytes for viral assembiy•
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3. The pS3 tumour suppressor

p53 is one of the most significant human tumor suppressor proteins. It plays an

important role in œil cycle control, DNA repair, and apoptosis (for review see

Vogelstein and Kinzler, 1992; Lane, 1994; Cox and Lane, 1995; Liebermann et al.,

1995). There is accumulating evidence that inactivation of the p53 tumour suppressor is

a common event in the development ofhuman malignancies, occurring in more than 50%

of all tumours (Hollstein et al., 1991; Friend, 1994). The continued expression of wild

type p53 therefore appears to counteract the tumorigenic process. This rea1ization has

spurred extensive investigation into the biochemical and biological nature of this protein.

3.1. Bioc:hemiaJl charocterisrics ofp53

The gene for p53 bas been isolated from different species (for review see

Montenarh, 1992) such as human (MaUashewski et al., 1984), monkey (Riga;;ûynnd

Eckhart, 1989) and mouse (Oren and Levine, 1983). Analysis of the structurol1 and

evolutionary features of the p,3 proteins indicates that sorne regions Df the protein are

highly conserved at the amino acid level (for review see Donehower and Bradley, 1993).

These evolutionarily conserved regions fall into five widely spaced amino acid clusters

termed domains 1 to V as illustrated in figure3 (page 55A) and discussed below. p53s

from different species share sorne biochemical and biological similarities. The

biochemical characteristics of p53 include protein/protein interaction, DNA binding,

transcription regulation, and phosphorylation (for review see Montenarh, 1992;

Donehower and Bradley, 1993; Haffner and Qren, 1995)•
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The human p53 protein is a 53 kilodalton nuclear phosphoprotein. The ability of

p53 10 fonn stable complexes with vira1 oncoproteins was the basis for the discovery of

this eellular protein. It fonns specific complexes with severa! vira1 proteins including

SV40 T antigen (Lane and Crawford, 1979; Linzer and Levine, 1979), adenovirus E1b

58Kd protein (Samow et al., 1982) and HPV E6 proteins (Wemess et al., 1990). The

interaction with oncogenic HPV E6leads to the degradation ofp53 through tie ubiquitin

proteo1ysis pathway (Scheffner et al., 1990) and this process requires a third eellular

protein component termed E6-AP (Huibregtse et al., 1991, 1993).

Recently p53 has been shown to he able to complex with severa! cellular proteins

including two protein kinases, casein kinase n (CKll) (Kraiss et al., 1990) and p34ak2

(Sturtzbecher et al., 1990; Milner et al., 1990), mdm2 (Mornand et al., 1992; Oliner et

al., 1992), and TATA-binding protein (Seto et al., 1992; Horikoshi et al., 1995; Thut

et al., 1995). In addition 10 its ability 10 bind hetero10gous proteins, p53 is able to self

associate to fonn homodimers and tetramers (Schmieg and Simmons, 1988; Sturtzbecher

et al., 1992).

Besides proteinlprotein interactions, p53 exhibits sequence specific DNA binding

property. Severa! nuc1eotides specifically recognized by the p53 protein have been

reported (Bargonetti et al., 1991; Kem et al., 1991; EI-Deiry et al., 1992; Funk et al.,

1992; Foord et al., 1993). For efficient DNA binding, p53 requires two copies of the 10

bp motif5'-PuPuPuC(A/T)(T/A)GPyPyPy-3', separated by 010 13 bp (EI-Deiry et al.,

1992; Funk et al., 1992). p53 is a transcriptional regulator (for review see Vogelstein

and Kinzler, 1992; Lane, 1994; Cox and Lane, 1995). It binds specifie enhancer
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sequences and stimulates transcription of genes with this sequence. Transcriptional

activation represents an important component of the tumor suppression functions of p53

(Vogelstein and Kinzler, 1992). p53 can alse repress expression of many genes that Jack

p53 response elements by binding to TATA-binding proteins (Ginsberg et al., 1991;

SanthaJlam et al., 1991; Seto et al., 1992; Subler et al., 1992; Ragimov et al., 1993),

however, the biological consequences of repression have not yet been established.

The p53 proteit is phosphorylated on multiple sites by severa! cellular kinases

including protein kinase C (Hupp and Lane, 1994), CIŒ (Kraiss et al., 1990), p34"""

(Sturtzbecher et al., 1990). Phosphorylation is believed to modulate the function of the

protein (for review see Meek and Street; 1992; Cox and Lane, 1995).

Most biochemical properties and the domains for the interaction of p53 with viral

and cellular proteins have been mapped on different region of the polypeptide chain of

p53 as illustrated in Figure 3. The domains for binding viral and cellular proteins, such

as SV40 T antigen and mdm2 have been identified (Jenkins and Sturtzbecher, 1988; Yew

and Berk, 1992). Recently the domain from residues 160 te 347 of p53 has been

suggested te be necessary for binding HPV E6, however, it is separated from the domain

required for E6-mediated degradation (Mansur et al., 1995). p53 contains a domain from

amino acids 102 to 292 which is sufficient for sequence specific DNA binding

(Bargonetti et al., 1993; Pavletich et al., 1993). The amino-terminal 73 amino acids

domain is required for transcription activation (Shaulian et al., 1992). The C-terminal

domain is necessary for self-association of p53 inte dimers and tetramers (Sturtzbecher

et al., 1992) and is involved in allosterically regu1ating p53 DNA binding activity (Hupp

55



•

mdm-2 binding-
transactivation

sequence specifie DNA binding

SV40 large T binding

•

nuclear localization-
oligomerizat\~

N- cl Il 1 Il 1 @ S-c
1 II ID IV v

~ possible E6 binding

Figure 3. Schematic representation of the p53 protein (Adapted from Crook et al., 1994).
Closed boxes represent the evolutionarily converved regions I-V. The sites for phosphorylation
by cdc-2 and CKII, and regions of the protein important for oligomerization, nuclear
localization, DNA binding, transactivation, and for common protein/protein interaction are
indicated.
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et al., 1992; Halazonetis and Kandi1, 1993).

In summary, p53 is a nuc1ear phosphoprotein which exhibits sequence-specifie

DNA binding activity and is a transcription regu1atory factor. It can internet with severa!

cellular and viral proteins. The protein itse1f can form dimers and tetramers. Thcse

biochemicaI properties are localized to different regions of the protein.

3.2. p53-tumor suppressor

The evidence for the tumor suppressor function of wild type p53 is now

conclusive. Its tumor suppressive function is associated with its ability to regulate a

variety of cellular processes, including growth arrest, DNA repair, and apoptosis (for

review see Lane, 1992; Cox and Lane, 1995; Liebermann et al., 1995).

Il has been observed that the cell cycle can proceed normaIly in the total absence

of p53 protein, and that mice deficient for p53 deve10p normal1y, however, they are

susceptible to spontaneous tumors at an ear1y age (Donehower et al., 1992). The studies

indicate that functional p53 is not criticaI for the normal cell cycle, but demonstrate that

p53 p1ays an important ro1e in preventing neop1astic transfcrmation. It has been proposed

that in response to DNA damage, p53 could induce cell growth arrest alld DNA repair,

or apoptosis, thus providing cells with a defensive mechanism in reslxmse to DNA

damage (for review see Lane, 1992; Cox and Lane, 1995; Liebermann et al., 1995).

3.2.1. GrowIh arrest-the p53~ 10 DNA domIlge

Cancer deve10ps through a multistep process whereby accumulation of a number

56



•

•

of mutations in an assortment genes is required. A number of genotoxic agents contribute

to the genomic instability which could lead to genetic mutations, including tumor viroses,

genotoxic drugs, and radiation. Cells with DNA damage respond by undergoing cell

cycle arrest for DNA repaîT or apoptosis possibly dependent on the level and persistence

of DNA damage (Cox and Lane, 1995).

There are !ines of evidence that p53 is implicated in growth arrest in response to

DNA damage. Signiiicantly, increased p53 protein leve!s and p53-mediated transcription

ac~vating activity ha'!~ bet.n observed in human and mouse ce1ls bath in vitro and in vivo

following DNA damage (Maltzman and czyzk, 1984; Hall et al., 1993; Lu and Lane,

1993; Gu et al., 1994). Recently, a nove! p53 promoter element involved in genotoxic

stress-inducible p53 gene enression has been identified (Sun et al., 1995). Moreover,

following DNA damage, G1 arrest occurs in ce1ls with wild type p53, but not in ce1ls

with nonfunctional mutant p53 (Kastan et al., 1991; McDwrath et al., 1994). Consistent

with these observations are that transfection and over-expression ofp53 blacks ce1l cycle

progression from G1 to enter the S phase (Oiller et al., 1990; Michalovitz et al., 1990,

Lin et al., 1992). These studies demonstrate that p53 induces G1 arrest following DNA

damage.

lt bas been shown that p53 mediated transaetivation is induced by DNA damage

agents (Lu and Lane, 1993). p53 can transactivate the cyclin-kinase inhibitor, p21Clpl, also

called CIPIIWAF1, which blacks kinase activity of cyclin E-Cdk2 that acts at the GlIS

transition (Koff et al., 1992; EI-Deiry et al., 1993). k_.:ber p53-up-regulated gene,

GADD45, bas also been found to suppress ce1l growth following DNA damage (Kastan
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et al., 1992; Zhan et al., 1994). Moreover, p53 is capable of transcriptionally down

regulating growth associated genes such as proliferating œil nuclear antigen (PCNA)

(Jackson et al., 1994) and fos (Kley et al., 1992). Thus. p53 likely plays a role in the

induction of the G1 checkpoini foUowing DNA damage, and does 50 by acting as a

transcriptional regulatory factor that activates genes involved in negative growth control.

Taken together, in response to DNA damage, the p53 protein level is increased.

p53 acts as a transcription regulatory factor for both negative and positive growth control

genes, thus inducing cell cycle arrest. The significanœ is that p53-induced G1 arrest

allows ceUs with DNA damage sufficient time for DNA repair. In addition, p53 is

invo1ved in DNA repair process and apoptosis foUowing DNA damage and these will be

expanded on below,

3..2..2. Dl« repair-the p53 response 10 Dl« tlDmIlge

The long-term survival of a species may be enhanced by changes in its genetic

inheritance, but its survival in the short term demands accurate maintenance of the

integrity ofDNA sequences. DNA integrity can be achieved by the high fidelity of DNA

replication and DNA repair proœsses. Failure of the œU to recognize and repair DNA

damage frequently provides a key step in tumor progression. p53 is weU-known to

function as an activator of the Gl checkpoint which is believed to provide ceUs with time

for DNA repair foUowing DNA damage. However, there is evidence that links p53 with

the DNA repair process.

It bas been found that p53 can bind to the regions of single stranded DNA which
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are generated by DNA damage (Oherosler et aI., 1993). p53 aIso can recognize primary

DNA damage in the fonn of insertionldeletion misrr:"tches and fonn stable complexes

at the lesions (Lee et aI., 1995). Furthennore, it has been demonstrated that p53 could

associate with a nucleotide excision repair protein ERCC3 (Wang et aI., 1994). These

data suggest that p53 may directly participate in repair related processes.

p53 is a transcription factor. It has been aIso shown that p53 regu1ates the gene

GADD45 which has a growth suppressive role following DNA damage and can stimulate

nuc1eotide excision repair in vitro (Smith, et aI., 1994). Studies showed that b10ckage of

GADD45 gene expression by constitutive expression of GADD45 antisense RNA

significantly reduced cell survivaI following UV irradiation (Smith et aI., 1994). Thus

p53 may he invo1ve in the repair process by regulating the GADD45 gene.

The c1earest data have come from comparison studies hetween cells with wild type

p53, cells with wild type p53 but earrying the HPV E6 oncogene, and cells carrying a

dominant-negative mutant p53. This study showed that disruption of normaI p53 function

in human colon carcinoma cells with either HPV E6 oncoprotein or a dominant-negative

mutant p53 transgene results in reduced repair of UV-induced DNA damage (Smith et

aI., 1995).

Taken 1ogether, these studies suggest that p53 plays a positive ro1e in DNA repair

processes. It can bind 10 damaged regions in DNA and regulate genes invo1ved in the

. repair process. The significance of the binding to damaged regions may he 10 provid~

sigr.a1s for repair related molecules.
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3.2.3. Apoptosis-the p53 response to DNA dmnage

Apoptosis or the proce',s of programmed cell death is a fundamentally important

part of normal development which preserves homeostasis by controlling the rate of cell

death 10 balance cell proliferation (Raff, 1992). Apoptosis is an active and energy

dependent process, and requires specifie gene expression (Martin et al., 1988; Schwartz

et al., 1990). It was subsequently shown that the requirement of specifie gene expression

for the induction of apoptosis may reflect the need to synthesize molecules that activate

or derepress the existing cell death machinery, rather than making components required

for the basic cell death program itself (Raff et al., 1993; Jacobson et al., 1994).

However, the regulation of apoptosis remains poorly understood.

Apoptosis is initiated by a variety of stimuli including physiologie activators,

damage-related inducers, therapy-associated agents, and toxins (for review see Steller,

1995; Thompson, 1995). p53 appears to be predominantly required for mediating the

apoptotic response 10 DNA damage (Lowe et al., 1993). This view is supportee by

following observations: 1) that p53 is required for the efficient activation of apoptosis

following irradiation or treatment with chemotherapeutic compounds (for review see

Fisher, 1994; Reed, 1994); 2) that significantly higher levels ofp53 protein is observed

following DNA damage. It is however not fully understood how p53 induces apoptosis.

It was recently shown that the relative ratio of Bax and BcI-2 proteins is a major

determinant of cellular susceptibility 10 apoptosis (OlMi et al., 1993). Bax and BcI-2 are

homologous proteins that have oppositive effects on cell survival and death (for rcview

see Reed, 1994). Bax acts as an accelerator of apoptosis, while BcI-2 inhibits apoptosis
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in response to DNA damage (Sentrnan et al., 1991). Bax and BcI-2 can form

heterodimers in cells, maintaining the bal:.nce between survival and apoptosis (Oltvai et

al., 1993). p53 may feed into this decision step through activation of the bax gene

(Miyashita and Reed, 1995) and down-regulation of the bcl-2 gene (Miyashita et al.,

1994).

Therefore, taken together, a model for p53-induced apoptosis in response to DNA

damage may be the following. Increased p53 activity in response to DNA damage or

other means can reduce the resistance of cells to apoptotic stimuli through p53-l1',ediated

effects on Bax and BcI-2 gene expression. Alternatively, in response to DNA damage the

p53-induced changes in ratio of Bax and BcI-2 proteins would result in cells with

enhanced susceptibility to apoptotic death (Cox and Lane, 1995; M~yashita and Reed,

1995). However, a contradictory observation has been reported showing that

transcriptional activation ofp53-target genes is not required for p53-dependent apoptosis

(Caelles et al., 1994).

In summary, p53 plays an important role in maintaining the integrity of genome.

Il provides a DNA damage G1 checkpoint control allowing cells sufficient time for DNA

repair. p53 maydiso exert direct control of DNA repair and induce apoptosis following

DNA damage. The mechanism by which p53 acts as tumor suppressor is believed to

reside primarily in its ability to act as a transcriptional transactivator.

~ ". -
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4. MAP kinase signal transduction

4.1. MAP kinase sigTUJl transduction parhway

The mitogen-activated protein (MAP) kinase (MAPK) pathway is a conserved

eukaryotic signaling module that links the signal from œil surface into a variety of

outputs (for review see Thomas, 1992; Ruderman, 1993; Herskowitz, 1995; Hill and

Treisman, 1995; Hunter, 1995; Marshall, 1994 and 1995). lt cao be activated by

different receptors expressed at the cell surface including transmembrane domain-like

receptors, cytokine- and lymphokine-like receptors, or growth factor-like receptors

depending on the œll type (for review see Mordret, 1993). In addition to growth factors

or cytokines, stimuli for this pathway cao al50 include heat shock (Dubois and Bensaude,

1993) or mechanical (Yamazaki et al., 1993). The MAPK pathway is associated with œil

proliferation and difierentiation as weil as stress responses (Ahn et al., 1992; Han et al.,

1994; Rouse et al., 1994).

Three distin~t MAPK pathways have been identified in vertebrates 50 far. The

best-understood MAPK pathway leading to activation of MAPKs or ERKs is the

RaslRafIMEKlERK pathway as illustrated in Figure 4, where MEK refers to MAPt:eRK

kinase, and ERK refers to ~traœllular-signal regulated protein kinase and has a general

name of MAPK (for review see Hunter, 1995). The RaslRaf/MEKlERK pathway is

extensive1y used for transcytoplasmic signaIing to the nucleus, where transcription of

specific genes is induced through phosphorylation and activation of transcription factors.

Both receptors for protein-tyrosine kinases and G protein-eoupled serpentine receptors
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Figure 4. MAP kinase pathway (Aclapted from Hunter, lÇ'5~. A schematic
illustration of the RaslRaflMEKlERK. pathway and PP2A that negatively
regulates activation of the pathway is presented. Abbreviations: GRB2,
growth factor receptor-bound protein 2; SOS, son of seven less; RSK,
ribosomal S6 kinase; TF, transcription factor; PP2A, protein phosphatase 2A.
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link into this pathway (for review see Johnson and Vaillincourt, 1994).

In response to growth factor receptor binding, controllers of Ras exchang~

factors, such Gro2/Sem5, bind to phosphate groups which tyrosine kinase receptors

attach to their tails when they are active. They recruit exchange factors to interact with

Ras, and then the inactive fonn of Ras-GDP is converted to the active fonn of Ras-GTP.

Downstream of Ras, a principal target is the Raf protein kinase. Once activated, Raf

phosphorylates MAPK kinases which activate MAPKs. Activated MAPKs are

translocated into the nucleus upon activation, where they can potentially phosphorylate

a broad range of substrates which are involved in different cellular functions (for review

see Hunter, 1995).

The MAPK pathway regulates translation through ribosomal S6 kinase (rsk)

(Blenis, 1993) and protamine kinase (Reddy et al., 1993) which phosphorylates the

eukaryotic protein synthesis initiation factor eIF4-E. MAPKs regulate transcription by

phosphorylating nuclear transcription factors, such as c-Jun, c-Myc, and c-Tall (Cheng

et al., 1993; Pulverer et al., 1991 and 1993), or through regulating transcription ofgenes

encoding transcription factors (for review see Hill and Treisman, 1995). For instance,

at the c-Fos serum response element (SRE), activated ternary complex factor (TCp) and

activated SRE cooperate for maximal gene expression, and the signals from growth

factors to TCF is mediated through MAPK pathway (Treisman, 1994). Activation of the

MAPK pathway is rapidly down-regu1ated by protein phosphatases (PPs), removal of the

activating phosphates from MAPK kinases and MAPKs, and possibly Raf, by PP2A,

results in inactivation of these kinases (Anderson et al., 1990; Johnson and Vaillincourt,
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1994).

ln summary of this part, the MAPK signal pathway is composed of a cascade of

protein kinases. The pathway mediates the transcytoplasmic signaling to the nucleus,

where transcription factors are phophorylated and regulated. The pathway is also

associated with ceIl proliferation and differentiation. It is controIled in a rapid switch on

and off manner.

4.2. MAP kùulse sig1lilI trQl!.sductiorz and cell transjoT71ll1lÎOn

One of the hallmarks of the MAPK signaling pathway is its rapid transience

(Nebreda, 1994; Johnson and Vaillincourt, 1994), and inappropriate activation or

inhibition of its down-regulation can contribute to ceIl transformation. Indeed, the

components of this pathway, such as Ras and Raf, have been identified as the products

oftransforming oncogenes (Feramisco etaI., 1984; Heidecker et al., 1992). The current

hypothesis is that oncogenes such as Ras, Raf, Src and Mos transform cells by

prolonging the activated stage of MAPK kinases and of components downstteam in the

signaling pathway (Mansour et al., 1994).

The sustained activation of MAPKs can lead to a different cellular response

because nuclear accumulation of active MAPKs will result in phosphorylation of

transcription factors which alter gene expression (Dikic et aI., 1994; Traverse et aI.,

1994). It has been demonstrated that sustained MAPKs activation could result in cell

proliferation, differentiation, or transformation (Sontag et al., 1993; Dikic et aI., 1994;

Traverse et aI., 1994). Constitutive activation ofMAPK kinase can transform mammalian
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cells (Mansour et al., 1994). The rate of internalization of receptors and whether they

are down-regulated as a res:J1t of activation of the MAPK pathway may also affect the

duration of signaling. One example is a study (Chapter IV) presented in this thesis. It is

demonstrated within that E5 expression results in an increase in MAPK activity (Gu and

Matlashewski, 1995) and this may be due to ES's ability to reduce growth factor receptor

internalisation and degradation (Straight et al., 1993). It has also been shown that the

constitutive activation of the MAPK pathway by SV40 small T could induce monkey

kidney CV-l cell proliferation (Sontag et al., 1993). SV40 small T inhibits the

inactivation of MAPK kinases by PP2A (Sontag et al., 1993), thus together with the

study on HPV ES demonstrating that DNA tumour virus proteins could potentiate MAP

kinase activity, although in a different manner. The increase in MAPK activity or

sustained MAPK activation would alter cellular gene expression required for cell

proliferation enhancing DNA replication of infected cells, thus ensuring replication of the

viral genome in these cells.

Taken together, the MAPK pathways are important intracellular signaling

pathways which serve to link signals from the cell surface to cytoplasmic and nuclear

events. Inappropriate activation or the inhibition of down-regulation of this pathway can

contribute to cell transformation and may also be the target of DNA tumour viruses.
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RATIONALE FOR THE STUDY

Chapter fi:

Previons studies have suggested that the p53 tumor suppressor is the 'guardian of

the genome' and maintains the integrity of the genome through arresting cells in Gl

following DNA damage (Lane, 1992). This presumably allows cells sufficient time to

repair the damage before entering replicative DNA synthesis (Kastan et al., 1991; 1992;

Kuerbitz et al., 1992). It has been demonstrated that p53 is biologically activated as a

transcriptional transactivator following DNA damage (Lu and Lane, 1993). Furthermore,

it has been shown that the E6 proteins from the 'high-risk' HPVs can bind to and

promote the degradation of the p53 protein (Scheffner et al., 1990; Crook et al., 1991).

However, it was unclear whether E6 can abrogate induced p53-mediated transcription

following a genotoxic insult. Thus it was proposed 10 examine the effect that HPV type

18 E6 has on p53-mediated transcription activity following UV irradiation. This work

was published in the Oncogene in September 1994 (vol. 9:629cb"33).

Chapterill:

'The p53 gene is ooly rarely mutated in cervical cancer and more than 90%

cervical carcinomas contain and express HPV DNA sequences of 'high-risk' types

including types 16, 18 and others. The E6 protein from 'high-risk' HPV types can

complex with and promote p53 degradation and this is like1y 10 be the major reason why

the p53 gene is ooly rarely mutated in these neoplasias. Previous studies on the self-
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association and transactivation activity of p53 revea1ed that the p53 monomeric variants

retained transactivation activity (Tarunina and Jenkins, 1993). Furthermore, it has been

shown that a p53 monomeric mutant 338 is only poorly targeted by E6 for degradation

(Thomas et al., 1995; Kalita and Matlashewski, unpublished result). Basee! on fuis

information, 1 have investigated the biological consequences of introducing into HPV

positive cervical cancer cells a transcriptionally functional p53 monomeric mutant which

is resistant to E6 mediated degradation.

Chapter IV:

It bas been proposed that oncogenes such as ras, src, raf, and mos tr:lIlsform cens

in part by prolonging the activated stage of components within the mitogen-activated

protein (MAP) kinase signal transduction pathway (Manseur et al., 1994). This signal

transduction pathway mediates cellular responses to growth factors and differentiation

factors. The HPV oncogenes E6 and E7 encode the major transforming proteins of the

virus. The HPV type 16 ES gene bas alse been shown to have weak transforming activity

and cooperate with the epidermal growth factor receptor to amplify the signal

transduction to the nuclear expression of c-fos (Leechanachai et al., 1992, Pim et al.,

1992). Moreover, it bas been revea1ed that the MAP kinase pathway is involved in the

growth factor mediated signais for maximally expressing the c-fos (Treisman, 1994). It

was therefore a relevant question to ask wbether HPV type 16 oncogenes and in

particular ES could affect the MAP kinase signal transduction pathway. This work was

published in the Journal ofVirology in December 1995 (vol. 69, 12:8051-8056).
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Abstract

Cervical cancer is similar to other human cancers in that it develops through a

multistep process. However, infection with oncogenic human papillomaviruses (HPVs)

is believed to be essential for the initiation of this disease. Although HPV may play a

central role in the early stages of neoplasia, the accumulation of mutations in an

assortrnent of genes precedes the development of malignant cervical carcinoma. The

mechanisms by which abnorrnalities accumulate are various, but it is possible that viral

proteins are involved. In particular, the viral E6 oncoprotein has been show to interact

with the cellular tumour suppressor protein p53, which is involved in DNA damage

J:epair pathway. Hence, E6 may contribute to the genomic instability through this

interaction with p53. We have tested this hypothesis by monitoring the effects ofE6 upon

DNA damage induced p53 transcriptional activity. This study shows that HPV-18 E6

inhibits p53 transcriptional activity following genotoxic stress with UV radiation. No

effect was observed when a mutant E6 unable to direct the degradation of p53 was

included in this assay. These results suggest that continued E6 expression may contribute

to the accumulation of DNA damage associated with the progression of cervical cancer.
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Introduction

On a worldwide basis, cervical cancer is one of the leading forms of cancer in

women (parkin et al., 1988) and epidemiologic studies have demonstrated that this cancer

is associated with human papillomavirus (HPV) infection (zur Hausen, 1991; Lorincz et

al., 1992). Laboratory studies have demonstrated that the HPV types associated with

cervical cancer such as HPV-16 and HPV-18 contain oncogenes capable of

transformating a variety of normal cells into tumour cells (Matlashewski et al., 1987a;

Phelps et al., 1988; Munger et al., 1989; Storey et al., 1988). These studies have

collectively established that the main transforming genes of oncogenic HPV types are E6

and E7. Additional evidence for the involvement of the E6 and E7 genes in the

development of cervical cancer cornes from the observations that these genes are

selectively and consistently expressed in cervical tumours and cell lines derived from

these tumours (Boshart et al., 1984; Schwarz et al., 1985; Smotkin & Wettstein, 1986;

Banks et al., 1987). More recently, the ES gene from various HPV types has been shown

to be capable of stimulating anchorage independent growth ofestablished rodent cells and

thus establishing this as a third potential transforming region within the HPV genome

(Chen & Mounts, 1990; Leechanachai et al., 1992; Pim et al., 1992; Straight et al.,

1993).

The mechanism(s) in which HPV oncogenes participate in the development of

cervical cancer is not fully understood. However, major advances have come from the

demonstration that the E6 and E7 gene products interact with cellular proteins involved
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in control of cell proliferation. The ability of E7 to induce proliferation and

immorta1isation of cells appears to be directly related to the ability of E7 protein to form

complexes with cell cycle control proteins such as pRB, p107, p130, and cyclin A

(Dyson et al., 1989; 1992; Banks et al., 1990; Tommasino et al., 1993. Likewise, the

E6 protein is capable of binding to and promoting the degradation of the cellular tumour

suppressor protein p53 (Scheffner et al., 1990; Crook et al., 1991). The degradation of

the p53 protein is mediated through a cellular protein termed the E6 associated protein

(E6-Ap) and this activity is ATP depei1dent (Huibrgtes et al., 1993). However, unlike

E7, it remains to be established whether E6 modulation of p53 is important for the

oncogenic properties of the E6 gene product and whether E6 can associate with additional

cellular proteins.

Deletions or mutations in the p53 gene are the most common genetic lesion

identified 10 date in human cancer cells (reviewed by Vogelstein & Kinzler, 1992).

Recent observations have led to the conclusion that wild-type p53 is a tumour suppressor

protein. This is consistent with the observation that mice which are p53 negative as a

result of gene targeting, develop normally, but also develop spontaneous neoplasia within

6 months of age (Donehower et al., 1992). Moreover, the incidence of cancer is

markedly increased in Li-Fraumeni individuals which are heterozygous for inherited

germline mutations of p53 genes (Malkin et al., 1990). An emerging consensus is that

normal p53 maintains the integrity of the genome through arresting cells in G1 following

exposure 10 DNA damaging genotoxic agents. This presumably allows cells time 10 repair

the damage before initiating replicative DNA synthesis (Kastan et al., 1991; 1992;
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Kuerbitz et al., 1992). In contrast, cel1s expressing mutant p53 fail to exhibit GI arrest

following DNA damage. Taken together. these observations argue that p53 acts in a

damage control manner to maintain the integrity of the genome and loss of p53 activity

could result in the accumulation of genetic lesions which are the hallmark of tumour

progression.

p53 has been shown ta be capable of repressing the activity of promoters whose

expression are TATA box-dependent (Seto et al., 1992; Mack et al., 1993). The

shutdown of these genes probably contributes to the regulation of cel1 proliferation. p53

has also been shown to bind specifically to a DNA sequence motif and induce the

expression of reported genes which contain this motif linked to a basal promoter (Kem

et al., 1992). Thus, p53 can also act as a transacting transcription factor possibly

activating genes involved in growth arrest and DNA damage repair.

Chromosomal abnormalities are observed in virtually every form of cancer and

this likely contributes ta the tumour cell phenotype. There is evidence for chromosomal

instability in HPV-immortalised cells (Kaur & McDougall, 1988) and this may contribute

ta the progression of cervicallesions. Loss of wild-type p53 activity due to the action of

HPV E6 gene could contribute to chromosomal instability. In the present study, we have

begun ta explore this possibility by examining the effect that HPV-18 E6 bas on DNA

damage induced p53 transcriptional activity. We demonstrate within that UV treatment

ofcells could induce p53 mediated transcriptional transactivation and that wild-type HPV

18 E6 could impair UV induced p53 activity. In this manner we demonstrate that E6

impairs p53 function under conditions where the normal p53 pathway is active in cells
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under genotoxic stress. These data are consistent with the hypothesis that E6 may

contribute ta genomic instability and tumour progression.
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Materials and methods

Plasmids The wild-type pS3 cDNA used in this study was as previously described

(Matlashewski et al., 1987b). This cDNA was c10ned into the BarnHI site of the

pBluescript SK vector (Strategene) for the in vitro synthesis of labelled p53 protein. For

expression of p53 in cells, cDNA was c10ned into the BamHI site of pJ4 vector (Storey

et al., 1988). The HPV-18 E6 wild-type and E6-cSF mutant sequences extending from

nucleotides 70 throllgh 650 were c10ned into the HindIII and EcoRI sites of the

pBluescript SK and pJ4 vectors for expression in vitro and in cells respectively.

The mutant E6 sequence was generated using oligonucleotide-directed mutagenesis

(Amersham). For generation of single stranded template DNA for mutagenesis, E6

sequence was cloned into M13 MP.19 and single stranded phage DNA purified

Mutagenesis was performed using the Amersham system according to manufacturer's

protoeols. The E6-cSF mutant coding for HPV-18 E6 with a deletion in amino acids 113

through 117 (Figure 1) was confirmed by dideoxy DNA sequencing.

E6 directed degradation ofp53 For synthesis of E6 and p53 proteins in vitro the TNT

system (Promega) was used according to manufacturer's instructions. Reactions were

carried out in the presence of rS]-cysteine using E6 and p53 plasmids described above

as templates for transcription/translation reaction. Assays for the E6 directed degradation

ofpS3 was carried out essentially as described (Crook et al., 1991) using equal amounts

of"S-labelled E6 and p53 proteins. Labelled proteins were incubated at 4·C or 22·C for
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2 h in the TNT reaction mixture. The extent of p53 degradation following incubation was

determined by immunoprecipitation ofp53 with monoclonal antibody PAb1801 and SDS

PAGE as previously described (Matlashewski et al., 1986).

Transfections and C4T assays Transfections of cervical carcinoma derived C331 cells

(Auersperg, 1964) which contain mutant p53 and U2-QS osteosarcoma cells (ponten and

Sakesela, 1967) which contain wild-type p53 were carried out using the standard calcium

phosphate precipitation procedure (Matlashewski et al., 1987a). Cells were transfected

with 5f.1g reporter plasmid PG13-CAT (Kem et al., 1992) and varying amounts of p53

and E6 expressing plasmids as indicated in figure legends. A total of 20 f.lg of DNA was

present in each transfection. Forty-eight hours after transfection, cells were harvested in

CAT buffer (40 mM TrisHCI pH7.5, 150 mM NaCI and 1 mM EDTA) and subjected

10 three cycles of freezelthawing, followed by incubation at 65·C for 10 min. Samples

were clarified by centrifugation at 14000 r.p.m. for 5 min. and protein concentration

determined by Bio-Rad protein assay. Ail transfections containe<! 1 f.lg of a RSV-beta

galactosidase plasmid and protein concentrations used per CAT assay were normalized

against the beta-galactosidase activity measured in cell extracts from the transfected cells.

CAT assays were carried out in the presence of 5 f.l1 Acetyl CoA (33.3 mg mg"' and 5

f.l1 ["C]-ehloramphenicol (50 Ci mmol-'; ICN) in a final volume of 100 f.l1 at 37·C for

1.5 h. Following extraction with ethyl acetate, samples were analyzed by thin layer~

chromatography and autoradiography.

In sorne instances, U2-QS cells were treated with UV radiation. Media was
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removed and the cells wash with PBS prior to UV treatml;nt. Cells were treated with UV

for 0, 1,2,3, and 4s (corresponding to 0,35,70, 105, 140, 175 mJm') and fresh media

added back to the cells. Cell extracts were prepared 24 h after treatment with UV.
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Results

Previous studies have shown that HPV-16 E6 amino acid residues 7 through 9

(Mietz et al., 1992), 45 through 49 and 106 through 115 (Crook et al., 1991) are

involved in directing the degradation of p53. Since HPV-18 E6 has also been shown to

be capable of binding .md degrading p53, albeit at a lower rate than HPV-16 E6

(Scheffneretal., 1990; Wemess et al., 1990), we were interested in determining whether

a domain identified for binding p53 on HPV-16 E6 was conserved in HPV-18 E6. In

addition, such a mutant would form a valuable control for further studies. Rence a

mutant HPV-18 E6 was constructed (termed ôF) lacking residues 113-117 (Figure 1).

This region is weil conserved between the oncogenic HPV E6 proteins and partially

overlaps the sequence 106-115 previously identified as being necessary for p53 binding

on the HPV-16 E6 protein (Crook et al., 1991). We then investigated whether this

mutant E6 could promote the degradation ofp53 in vitro. Wild-type and mutant HPV-18

E6 and p53 were synthesised in vitro in reticulocyte Iysates in the presence of ["5]

cysteine. The E6 and p53 protein containing Iysates were then mixed together and

incubated at 4°C or 22°C for 2 h to determine whether the E6 protein could direct the

degradation of p53. The remaining p53 was then quantitated by immunoprecipitation

followed by SDS-PAGE and autoradiography. As shown in Figure 2, p53 was efficiently

degraded by wild-type HPV-18 E6. In contrast, mutant ôF failed to direct the

degradation of p53. Extending the degradation time to 4 h with ôF still failed to mediate

p53 degradation (data not shown). These results demonstrate that the wild-type HPV-18
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E6 protein could direct the degradation of p53 ànd that the conserved region comprising

amino acids 113-117 of HPV-18 E6 is necessary for this activity.

The wild-type and mutant HPV-18 E6 were then lested for their :>.bility to impair

p53 mediated transcription in the HPV negative human cervical carcinoma derived œil

line C33I. A plasmid (pG13-CAT) containing the p53 responsive enhancer (Kem et al.,

1992) was cotransfected with a plasmid expressing wild-type p53 (Matlashewski et al.,

1987b) either alone or together with plasmids expressing wild-type or mutant E6. As

shown in Figure 3, the PG13-CAT plasmid was transcriptionally active in those cells

cotransfected with the p53 plasmid but was not active in the transfection which contained

no p53 plasmid. This is consistent with C331 cells containing mutant p53 which does not

stimulate transactivation of the PG13-CAT plasmid (Kem et al., 1992). Cotransfection

of the wild-type HPV-18 E6 expressing plasmid impaired p53 mediated transcription in

a dose dependent manner, whereas the plasmid expressing mutant HPV-18 E6 did not

impair p53 mediated transcription (Figure 3). These data show that the wild-type but not

the mutant HPV-18 E6 could abrogate p53 mediated transcription. These results are

consistent with the data presented in Figure 2 which demonstrated that the E6-ôF mutant

could not direct the degradation of the p53 protein in vitro.

We were interested to determine whether HPV-18 E6 could likewise impair p53

mediated transcription in a cellline expressing endogenous wild-type p53. Il has been

previously established that U2-QS osteosarcoma ceUs contain wild-type p53 and arrest

following exposure to DNA damaging agents (Kastan et al., 1992). Transfection of the

PG13-eAT plasmid alone into these cells resulted in CAT activity confirming that these
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cens do contain wild-type p53 (Figure 4). Cotransfection of the HPV-18 E6 expressing

plasmid resulted in a dramatic decrease in p53 mediated transcription. In comparison, the

mutant E6 expressing plasmid did not impair p53 mediated transcription (Figure 4).

These data demonstrate that HPV-18 E6 could impair endogenous p53 transcriptional

activity.

p53 is believed to be biologically active in cens exposed to genotoxic agents

which induce DNA damage. It was a central objective of this study to determine whether

E6 could impair p53 under biologically relevant conditions. We therefore determined

whether HPV-18 E6 could impair p53 mediated transcription in cens where endogenous

p53 activity was induced with a DNA damaging agent. It has been previously established

that UV-radiation could induce high levels of endogenous p53 (Hall et al., 1993) and

therefore we determined whether UV treatment could induce p53 mediated transcription

in U2-0S cens. As demonstrated in Figure 5, p53 mediated transcription was induced

in U2-0S cens with UV-radiation in a dose dependent manner. This allowed us to

investigate whether HPV-18 E6 could impair UV induced p53 mediated transcription. As

demonstrated in Figure 5, wild-type HPV-18 E6 efficiently impairing UV induced p53

mediated transcription. In this experiment, p53 mediated transcription at 4 s time interval

was also lower in the presence of the mutant, oF, however this is not a consistent

observation and we lire investigating this further. Taken together, these data demonsttate

that HPV-18 E6 could impair p53 under biologically relevant conditions where

endogenous p53 activity was induced by genotoxic stress•
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1 MET ALA ARGlpHEIGLU~PRO THRARG~TYR LYSllELilpRO ASP!LEUI

18 IrnTHR GLu!illJAsNITHRISER LEU GLN ASfl{jjg]GLU[jillTHR!cYSlvAOTYR!cysl

36 [YSlTHR VALliEl GLU LEU THRITillJ)VAL PHEGL~LYS ASP[ill

S3 PHE~ASP SER ILE EBQIHIS ALA SERmHISLYS~SP

89 ~LYS LEU THR ASN THR GLY[ŒJjTYRASN~LEU

107 ARG~LYSIEBQIŒl]ASNœBQIALA~ LEU~LEU ASN GLU LYS

liF

12S ARGIARGI PHS HIS IASNIILE iALA GLY HIS TYR ARGW GLNlaSI HIS SERmCYS

143 ASN ARG ALA ARG GLN GLU ARG LEU GLN ARGIARGIARGIGLUttHRIGLN VAL

Figure 1. Primw structure of the HPY-! 8 E6 pIOtejn and the E6=ôf deJetion mutant

used in Ibis study, Mutant E6=ôF has amino acids 113 through 117 delcted and this

sequence is underlined. The boxed residues indicatc those amino acids conscrved

between tumour-associated HPV types. The wild-type and mutant E6 sequences were

cloned into the expression vectors pJ4 for expression in in vivo and pBluescript IIKS

for expression in in vitro•
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FIgure 2. p53 degradation directed by wild type and mutant HJ:'lV-18 E6 protein.

Labellcd p53 and E6 proteins were synthesized in an in vitro transcription/transIation

system. mixed together at 4"<: or 22"<: and the p53 immunoprecipitated with anti-p53

Mab PAb1801 followed by SDS-PAGE. Inununoprecipitation were carried out on: lane

1; p53 incubated in the absence of E6 at 22"C; lanes 2 and 3; p53 incubated with wild

type E6 at 4"<: and 22"<: respectively; lanes 4 and 5. p53 incubated with mutant E6-ôF

at 4"<: and 22"<: respective1y. Note that ooly incubation with wild type E6 at 22"<:

resultcd in degradation of p53.
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F1&Ure 3. Repression of pS3-mediated trl'nscription in C331 cells by wild type but not ----

mutant HPV-18 E6. The pS3 responsive PG13-eAT plasmid (S l'g) was transfected into

cells alonc (lane labe1led -) or together with 2 l'g of the pS3 expression plasmid (lanes

labe1led +) and 0 g, 1 l'g, S l'g or 10 l'g of the wild type E6 expressing plasmid (lanes

wtE6) or 10 l'g of the mutant E6-6F expressioo plasmid (lanes !llutE6) as indicated.

pCAT œpresents a control transfection with a plasmid containing the CAT gene under

the control of the SV40 promoter/enhancer•
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Figure 4. Repression of endogenous p53 mediated transcription in U2-oS cells by wild

type but not mutant HPV-18 E6. The p53 IeSpOnsive PG13-CAT plasmid (5 p.g) was

transfected alone (lane 0) or together with 1 p.g, 5 f.lg or la p.g of plasmid expressing

wild type E6 (lanes Iabelled wtE6) or la p.g of plasmid expressing mutant E6-8F (lane

1abelled mutE6) as indieated for each sample. Note that in the PG13-cAT plasmid alone

was transcriptionally active in these cells without the co-transfection of wild type p53

expressing p1asmid•
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YJgUl'e S. Repression of UV induced p53 mediated transcription in U2-0S cells by wild

type but not mutant HPV-18E6. The pS3 responsive PG13-eAT plasmid (2 ~g) was

transfected alone (lanes labe1Ied -) or together with a 10 ~g of plasmid expressing wild

type E6 (lanes 1abelled wt). Transfected cells were treated with UV for 0, l, 2, 3, or 4

s (represents 0, 35, 70, lOS, 140, 175 mJm' respectively) as indicated. CeUs

cotransfected with the mutant E6-6F expression plasmid (lane 1abelled mut) were treated

with UV for 4 s•
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Discussion

The induction of p53 mediated transcription with a DNA damaging agent has

allowed us to investigate whether E6 from oncogenic HPV-18 cou1d impair p53 activity

under bio10gical1y relevant conditions. The major conditions from this study was the

demonstration that HPV-18 E6 was a potent inhibitor ofp53 mediated transcription under

conditions where p53 transcriptional activity was induced. Since recent studies suggest

that p53 activity is important for maintaining the integrity of the genome, then these data

are consistent with the view that E6 may contribute to the accumulation of genetic 1esions

in tumour progression.

Previous studies have revealed that oncogenic HPV E6 could inhibit p53 mediated

transcription (Mietz et al., 1992; Hoppe-Seyler and Butz, 1993). This is however, the

first example of E6 impairing p53 mediated transcription under biologicalIy relevant

conditions where p53 activity was induced with a DNA damaging agent. In addition, we

have established that deletion of amino acid residues 113 through 117 of HPV-18 E6

abolished the ability of this mutant to direct the degrnctation of p53. This together with

previous observations on HPV-16 E6 (Crook et al., 1991) demonstrate that this

conserved region of the E6 molecule from different oncogenic HPV types is invo1ved in

directing the degradation of p53. We have not established whether this region of the

HPV-18 E6 molecule is invo1ved in binding te pS3 or degrading pS3 subsequent te

binding. However, based on the observations that this region ofHPV-16 E6 is required

for binding pS3 (Crook et al., 1991), it is likely that this region on HPV-18 E6 is also
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involved in p53 binding. It is also possible that the removal of this region from Ule E6

molecule has induced a conformational change in the protein making it unable to bind or

degrade p53.

Recent studies have demonstrated a central role for p53 in inhibiting replicative

DNA synthesis after DNA damage and in maintaining the integrity of the genome

(Kastan et al., 1991; 1992; Kuerbitz et al., 1992). The ability of p53 to induce

transcription transactivation of target genes may be central to p53 control role. For

example, ionising radiation induction of GADD45 gene expression is dependent on wild

type p53 activity (Kastan et al., 1992). Our findings that HPV-18 E6 impairs p53

transactivating activity in cens treated with a DNA damaging agent suggests that E6 can

disrupt the DNA damage control role for p53. This is also consistent with a recent report

demonstrating that inhibition of DNA synthesis and increase in p53 protein levels did not

occur in HPV-16 E6 expressing cens treated with a DNA damaging agent (Kessis et al.,

1993). Taken 1ogether, these observations suggest that the oncogenic E6 abolition of p53

activity may disrupt an important cellular response 10 DNA damage. 1.oss of this

response may cause cens 10 become susceptible 10 genetic lesions which could in tum

drive tumour progression. This is consistent with the knowledge that tumours arise

through a multistep process and that HPV infection is believed 10 serve as the initiating

event for the development of cervical cancer (reviewed by Franco, 1993)•
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CONNECTING STATEMENT TO CHAPTER ID

In Chapter II, it was first demonstrated that the HPY E6 oncoprotein inhibits

DNA damage induced pS3 transactivation activity. This study, and previous studies

indicate that Joss of pS3 activity due ta the action of the HPY E6 gene may increase the

susceptibiJity of host cens to genetic Jesions thus contribute to the progression of cervical

carcinomas. The HPY E6 gene has also been shown to be necessary for maintaining

transformed phenotype of HPY-positive cervical cancer cens. However, there is no direct

evidence to reveal the importance of the viral E6 mediated pS3 inactivation in

maintaining the transformed phenotype of cervical carcinoma derived cens. Therefore,

in the next chapter, l ~ave undertaken to examine the biological consequences of

introducing transcriptionally functional pS3 into HPY-positive cervical cancer cens•
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Abstract

The cellular p53 protein contributes to tumour suppression at least in part by

transactivating specific genes which are involved in cell cycle control and apoptosis. The

p53 gene is one of the most frequently mutated genes found in human cancers but is only

rarely mutated in cervical cancer. More than 90% of cervical carcinomas contain and

express human papillomavirus (HPV) DNA sequences of the 'high risk' types including

types 16, 18 and others. The E6 oncoprotein from 'high ris.1(' HPV types complex with

and promote p53 degradation through the ubiquitin proteolysis pathway and this is likely

to he the major reason why the p53 gene is only rarely mutated in these neoplasias. In

this study, we have investigated the biological consequences of introducing inta HPV

positive cervical cancer cells a transcriptionally functional p53 monomeric mutant which

is resistant ta E6-mediated degradation. Stable transfection ofHPV-16 positive SiHacells

with this functional p53 monomeric mutant resulted in a suppression of proliferation and

induced a more differentiated cellular morphology. These data demonstrate that E6

impairment of p53 function contributes significantly ta the transformed phenotype and

that this may represent a target for the treatment of these tumours. These data also reveal

that the C-terminal deletion mutant of p53 is functional as a tumour suppressor in

transformed cells suggesting that oligomerisation is not needed for tumour suppressor

activity. The implication of these results with respect ta the treatment of cancer in

general is discussed within•
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Introduction

The pathologies associated with HPV infections include skin warts, respiratory

papillomas, benign genitallesions, and cervical cancer (for review see Shah and Howley,

1990). Cervical cancer is similar to other human cancers in that it develops through a

multistep process and infection with high risk HPVs is believed to be essential for the

initiation and progression of this disease. The E6 and F:7 genes from high risk HPVs are

the major transforming genes within the viral genome and are selectively retained and

expressed in HPV positive cervical cancers (for review see Matlashewski, 1989; DiMaio,

1991; Mansur and Androphy, 1993; Tommasino and Crawford, 1995). The biological

activity of the E6 and F:7 oncoproteins is widely accepted as contributing significantly

to the transformed phenotype associated with cervical tumour cells.

The viral E6 and F:7 proteins fonction at least in part by binding 10 and

inactivating cellular tumour suppressor proteins, p53 (Werness et al., 1990; Crook et al.,

1991) and Rb (Dyson et al., 1989) respective1y. The interaction of E6 with p53 leads 10

the degradation ofp53 through the ubiquitin proteolysis pathway (Scheffner et al., 1990)

and this process requires a third cellular protein component termed E6-AP (Huibregtse

et al., 1991, 1993). These observations suggest a mechanism for inactivation of p53 in

HPV-positive cervical carcïnomas.

The p53 tumour suppressor gene encodes a transeriptional regulator which is a

sequence specific DNA binding protein (Kern et al., 1991; EI-deiry et al., 1992;

reviewed by Lane, 1994; Cox and Lane, 1995). p53 is believed 10 regulate various cell
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growth regulatory processes, including cell cycle progression (El-Deiry et al.• 1993:

Harper et al., 1993; Xiong et al.• 1993), DNA damage repair (Smith et al., 1994) and

apoptosis (Lowe et al., 1993; Caelles et al., 1994; Miyashita et al.• 1994). Severa!

nucleotide sequences specifically recognized by p53 protein have been identified

(Bargonetti et al.• 1991; Kem et al.• 1991; Funk et al.• 1992; Foord et al.• 1993).

p53 is composed of severa! functional domains (for review see Donehower and

Bredley. 1993; Haffner and Oren. 1995) involved in DNA binding (Bargonetti et al.•

1993; Pavletich et al.• 1993), transcriptional transactivation (Shaulian et al.• 1992).

oligomerisation (Sturtzbecher et al•• 1992). and allosteric regulation (Hupp et al•• 1995).

Recent studies on the self-association and transcription transactivation function of p53

revealed the p53 monomeric variants retained transcription transactivation activity

(Tarunina and Jenkins. 1993. Thomas et al•• 1995b). It has also been established that the

p53 monomeric mutant 338 (contains aC-terminal region truncation from amine acids

338 through 393) which retains transcriptional transactivation activity is only poorly

targeted by E6 for degradation (Thomas et al. 1995a; Kalita and Matlashewski.

unpublished data). Based on these observations, it was of interest ta determine whether

the p53 monomeric mutant 338 which was resistant ta E6 mediated degradation could

function as a tumour suppressor in HPV-16 positive cervical cancer cells. ln this study

it was observed that the p53 monomeric mutant 338 could suppress the proliferation of

the SiHa cervical cancer cellline. Moreover. the p53 monomeric mutant was able ta alter

the morphology of the SiHa cells. making them larger. less refractive and more

differeotiated with respect ta morphology. These results suggest that monomeric p53 is

118



•

•

functional and that oligomerisation is not necessary for tumour suppressor activity. These

data also reveal in a cervical cancer derived cell line that E6 mediated p53 inactivation

contributes significantly to the neoplastic phenotype.
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Materials and Methods

Plasmjds. The wild type p53 cDNA used in this study was previously cloned and

described in detail (Matlashewski et al., 1987b). The p53 monomeric mutant 338 which

is truncated from amino acids 338-393 lacks the oligomerisation domain and thus is

monomeric (farunina and Jenkins, 1993). The resulting plasmid was termed pJ4-p53.

The nonfunctional structural p53 mutant 175 bas a histidine substitution at amino acid

175 and is unable to specifically bind DNA (Crook and Vousden, 1992). The above

described p53 cDNAs were cloned into the BarnHI/EcoRI site of the pJ4 plasmid

expression vector (Storey et al., 1988) which contains the Moloney Murine Leukaemia

Virus Long Terminal Repeat (MMLV-LTR) promoter and enhancer. The resulting

plasmids were termed pJ4-wtp53, pJ4-338, pJ4-175, and pJ4 (no insert). Figure 1 is a

representation of the p53 protein, showing the evolutionarily conserved regions (solid

boxed) and regions of the protein important for oligomerisation, DNA binding, and

transactivation (Crook et al., 1994) and the p53 mutants used in this study.

Cells and Transfections. The SiHa cel\s used in this study were initially derived from a

human cervical squamous carcinoma and are epithelial-like and form poorly differentiated

epidermoid carcinoma in Nude mice (Friedl et al., 1970). These cells contain wild-type

p53 alle1es (Wrede et al., 1991; von Knebel Doeberitz et al., 1994) and express the viral

E6 and F:l genes from integrated HPV-16 specific DNA sequences (Yee et al., 1985).

Ce11s were maintained in Dulbecco Modified Eagle (OME) Medium supplemented with
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10% fetal calf serum (FCS).

The various p53 expression plasmids were stably transfected into SïHa celllines

using the standard calcium phosphate precipitation procedure (Matlashewski et al., 1987a,

Leechanachai et al., 1992) and selected with G418. Briefly, the ce1ls were cotransfected

with 10 j.lg of plasmid pJ4, pJ4-p53, pJ4-338, or pJ4-175 together with 1 j.lg of pWL

Neo plasmid and cells taking up the transfected plasmids were selected in 500 j.lg of

G418 per ml. Two weeks following the transfection, G418-resistant colonies were either

counted for the colony formation assays or pooled and expanded for further studies.

Colonies were counted in the following manner. G418-resistant colonies were fixed with

methanol for 5 min. and stained with Giemsa solution for 15 min. Cells were then rinsed

with PBS and colonies counted.

Growth curves for the various p53 transfected ce1ls were performed in the

following manner. Cells were grown in 6O-mm tissue culture dishes in DME-medium

supplemented with 10% of FCS and counted at 24-hour interva1s using a

Haemocytometer.

Morohology of varjous 053 expressjn~ SjHa ce!llines. A total of 4 x 10' pooled SïHa

ce1ls which were stably transfected with the various p53 expressing plasmids were seeded

in 6O-mm tissue culture dishes in DME-mediurn supplemented with 10% FCS and grown

for 24 hours. Cells were examined with an DLYMPUS-CK2 inverted microscope and

photographed at 200 X magnification•
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Results

Growth s\l1Wression ofHPV-positive cervical cancer cell SjHa hy a functional l'53 mutant

~ It has been previously demonstrated that p53 transcriptional activation was essential

for its growth suppressive activities (Crook et al., 1994). In HPV-positive cervical cancer

cell SïHa the endogenous p53-mediated transcriptional activation is dramaticall.~ impaired

because of the presence of E6 in these cells (Butz et al., 1995). In the light of the

functiona1 properties of a p53 monomeric mutant 338 which retains its transcriptional

transactivating activity (Tarunina and Jenkins, 1993) but is resistant to E6-mediated

degradation (Thomas et al., 1995a; Kalita and Matlashewski, unpublished data), we were

interested to determine whether this p53 mutant is capable of suppressing proliferation

in cells containing high risk HPV E6.

In this study, the human cervical squamous carcinoma derived cellline SïHa was

used. This cell line contains wildtype p53 aIleles (Wrede et al., 1991; von Knebel

Doeberitz et al., 1994) and expresses HPV type 16 oncogenic sequences (Yee et al.,

1985). SiHa cells were transfected with plasmids expressing one of the following;

wildtype p53 (pJ4-p53), the monomeric p53 mutant 338 (pJ4-338), the nonfunctiona1

structural p53 mutant 175 (pJ4-175) or control plasmid with no insert (pJ4). Each of the

above p53 cxpressing plasmids were cotransfected with the pWL-Neo plasmid and cells

taking up the transfected plasmids were selected with G418 as described in the methods

section. The resulting colonies were either pooled and expanded for further study or were

fixed and stained ta perform a colony forming assay•
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The colony forming assay demonstrates whether any of the various p53s could

suppress the growth of the recipient cells resulting in fewer colonies (Crook et ai., 1994).

The results from several colonies formation assays are summarized in Table 1. The

monomeric p53 mutant 338 demonstrated a marked suppressive activity on SiHa cell

proliferation by reducing the number of colonies when compared with the control and the

structural p53 mutant 175 transfected cells. Wildtype p53 aise resulted in a suppression

of cell proliferation when compared with control or p53 mutant 175 transfected cells.

These data demonstrate that bath the wildtype p53 and the monomeric p53 mutant 338

suppressed the proliferation of SiHa cells whereas p53 mutant 175 had no effect on cell

proliferation. Interestingly, the wildtype p53 was growth suppressive suggesting that its

overexpression from the viral LTR could overcome the ability of E6 te effective1y

mediate its degradation. These data aise suggest that the monomeric p53 mutant 338 was

biologica11y active in these cells with respect to suppressing the proliferation of SiHa

cells.

To further study the growth suppression by wildtype and monomeric p53 mutant

338, the proliferation rates of the pooled colonies of transfected Siha cells containing

various p53 expressing plasmids were examined. The pooled colonies were used in this
,

study te eliminate the variation of the expression of introduced gene between individual
~

"'-...'~

colonies. The rate of cell proliferation was determined by counting the cells at 24 br

intervals and the results from these experiments are shown in Figure 2. Monomeric p53

mutant 338 and wild type p53 transfected cells proliferated slower !han did the control

transfected or the cells transfected with the structural p53 mutant 175. These data suggest
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that the surviving colonies expressed relatively low levels of the transfected plasmid

DNA encoding wildtype p53 or monomeric p53 mutant 338 which reduced the rate of

ceil proliferation but did not result in complete cell cycle arrest or apoptosis. In

comparison, transfected cells expressing higher levels of wildtype p53 or monomeric p53

mutant 338 would not have survived and thus resulted in fewer colonies as was observed

in Table 1.

MQTPhology of 1>53 transfected SiHa cells. During the culturing of the resulting pooled

colonies derived from the transfected cells, we observed interesting morphological

differences in the different cens. The morphology of these transfected cens are shown

in Figure 3. SiHa cens transfected with control pJ4 vector demonstrate the same

morphologyas untransfected SiHacens or cens transfected with the structural p53 mutant

175, indicating that the simultaneous expression of exogenous proteins from the both

vectors (pWL-Neo and pJ4) had not induced the morphological changes of SiHa cens.

These cens are smal1er, actively dividing, and are poorly differentiated. In contrast, cens

transfected with monomeric p53 mutant 338 display a flattened morphology, an increase

in size, and a more differentiated appearance when compared with tbat of the normal

SiHacells. Ce\ls transfected with the wildtype p53 demonstrated a somewhat intermediate

morphology between that of the co!1trol cens and the cens transfected with monomeric

p53 mutant 338. These results demonstrate that monomeric p53 mutant 338 could not

ooly reduce the proliferation of SiHa cells, but also morphological\y altered them to a

more differentiated type morphology.
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Figure 1. Representation of the p53 protein, showing the evolutionarily conserved domains (solid
bOXéS), and the regions ofp53 involved in oligomerisation, DNA binding, and transactivation. The
region of the 175 mutation and the 338 truncation are also indicated with arrows.
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Table 1. Suppression of SiHa Cell Growth by Funclional pS3 Mutant 338.

Transfected plasmid* Number of colonies
Experiment number
123 4

Vector
wtp53
338
175

32
17
13
31

38
26
20
29

30
22
17
25

28
11
16
28

•

*The SiHa cells were transfected with the indicated pS3 expressing plasmids

together with pWLNeo and selected in 500~g{ml G418 for two weeks. After this lime

the ceIIs were fixed and stained (giemsa) and colonies counted.
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Figure 2. Growth curve of SiHa cells stably transfected with different p53 expressing

plasmids. Cells stably transfected with the control vector CV), the nonfunclional

structural p53 mutant 175 C-), the monomeric p53 mutant 338 CD), or the wild type p53

expressing plasmid C.) were cultured and the cell numbers were determined at the

indicated lime points.
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Figure 3. Morphology ofp53 transfected Silfucells. Cells stably transfected with control

vector (panel C) represent the nonnal morphology of SiHa cells. Panel 175 represents

cells smbly transfected with a nonfunctional structural p53 mutant 175 expressing

plasmid; Panel 338, represents cells stably transfected with the monomeric p53 mutant

338 expressing plasmid; Panel p53, represents cells stably transfected with the wildtype

p53 expressing plasmid. Phase contrast photomicrographs were obtained at a

magnification of 200 X.

---~
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Discussion

Two significant observations have been made in the present study. First, it was

revea1ed that the introduction of transcriptionally functional pS3 into HPV-16 positive

SiHa cells reduced the ability of these cells to proliferate and induced these cells to

display a more diffetentiated morphology. This demonstrates that the viIal E6 mediated

pS3 inactivation plays a major role in maintaining the transformed phenotype of cervical

carcinoma derived cells. Second, the monomeric pS3 mutant 338 was as efficient as

wildtype pS3 in suppressing the proliferation of SiHa cells. This demonstrates that pS3

in its monomeric form with its C-terminal regulatory region removed retains bio10gical

activity with respect 10 impairing cell proliferation. These observations are unique in

demonstrating the importance of the E6 mediated pS3 inactivation in cervical cancer

derived cells and also in defining the bio10gical activity of monomeric pS3 without its C

terminal regulatory region.

Initial studies have established that the E6 and F:7 oncogenes participate in the

transformation ofprimary ceUs in vitro (Matlashewski et al., 1987a, Pirisi et al., 1987,

Phe1ps et al., 1988, and reviewed by Mansur and Androphy, 1993; Tommasino and

Crawford, 1995). It bas also been established that a major cellular target of high risk

HPV E6 is the pS3 tumour suppressor protein (Scheffner et al., 1990; Crook et al.,

1991, and reviewed by Tommasino and Crawford, 1995). Finally, genetic mutations in

the pS3 gene are rare in cervical cancer cells (Park et al., 1994), and overexpression of

wildtype pS3 could restore the differentiation ofhuman squamous carcinomacells but not

HPV-expressing cell lines (Brenner et al, 1993; Woodworth et al., 1993). Takcn
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together, these observations provided compelling evidence that the E6-p53 interaction

plays a major role in the development of cervical cancer. The present study directly

exarnined the biological importance of reduced p53 activity in cancer ceI1s derived from

a HPY-16 positive cervical tumour. The results demonstrated that restoring p53 activity

to cervical cancer ceI1s impaired the proliferation of these cells and morphologically

a1tered them to a more differentiated appearance. These results have practical

implications since they suggest that targeting the E6-p53 interaction may be a viable

option for treating cervical neoplasia.

The activity of p53 most closeIy associated with its tumour suppressor function

is its ability to act as a sequence specific transeriptional transactivator (Kern et al. 1992;

E1-Deiry et al., 1992). Severa\ recent reports have shown that the C-termïnal region of

p53 contains a regulatory clement which can interaet with single stranded RNA or DNA

and that this may regulate the ability ofp53 to function as a transcriptional transactivator

(Ci;erosler et al. 1993; Ba.lcalkin et al., 1994; Jayaraman and Prives, 1995). It bas also

been established that phosphorylation of the C-termïnal regulatory domain of p53 by

either protein kinase C or casein kinase II activates sequence specific DNA binding

(Hupp and Lane, 1994; Talœnaka et al., 1995). In addition, a monoclonal antibody which

binds to the C-termïnal regu1atory element is a potent activator of sequence specifie DNA

binding (Hupp and Lane, 1994). More recently, an allosterie model bas been proposed

for the regulation ofp53 activity which suggests that posttransIational modification ofthe

C-terminal regu1atory region of p53 in vivo is a rate limiting step in the activation of

sequence specifie nNA biiiilliig by p53 (Hupp et al., .1995). Finally, it bas been
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demonstrated that the monomeric p53 deletion mutant usee! in this study (mutant 338)

which has the C-terminal regulatory element deleted retained sequenee-specific

transcriptional activator activity in vivo (Tarunina and Jenkins. 1993). Basee! on these and

other biochemical studies involving the C-terminal regulatory domain of p53. a major

unresolved question was whether p53 without its C-terminal region regulatory element

"'..as biologically functional in cells with respect to suppressing cell proliferation. The

present study addressed this issue by demonstrating that the monomeric p53 mutant 338

with the C-terminal55 amino acids removed was functional with respect to impairing cell

proliferation and inducing morphological changes consistent with a more differentiated

state in HPV-16 positive SiHa cells. Although this C-terminal deletion mutant was chosen

in this study because it is resistant to HPV E6 mediated p53 degradation (Thomas et al.,

1995a), it would be interesting to further study the biology of this p53 mutant in cancer

derived celllines which do not contain HPV to determine whether it can also suppress

proliferation in these cell types. Future studies must also examine whether the monomeric

p53 mutant 338 cao induœ apoptosis and or expression of the p21 œll cycle regulatory

gene. These studies are currently underway.

In conclusion, these results have severa! practical implications. First, these data

suggest that targeting tI1e interaction between E6 and p53 in advanced HPV containing

cervical cancer ceUs is a viable option for causing tumour regression. Second,

monomeric p53 molecules missing the C-terminal reguiatory region may be effective

tumour suppressors. Because such p53 mutants have lost the oligomerisation and

regulatory domains, they may not be înactivated by the dominant negative properties of
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naturaIly occurring mutant p53s, yet have retained sequence specifie transcriptional

transaetivation aetivity.
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CONNECTING STATEMENT TO CHAPTER IV

The work presented in Chapter II and mdemonstrated that HPY E6 impairs p53

mediated transcriptional activity induced by DNA damaging agents and that the 10ss of

p53 contributes to the neoplastic phenotype of cervical cancer derived cells.

To further define the mechanisms in which HPY contributes to neoplasm, 1 have

examined !he effect of HPY oncogenes on the MAPK pathway. This pathway has been

examined because of its involvement in mosformation and its link to growth factor

receptors which is a 1ike1y target of the ES gene from HPY. This study has been

published in the Journal of Yirology•
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Abstract

The Mitogen-Activated Protein (MAP) kinase signal transduction pathway is an

intracellular signaling cascade which mediates cellular resp<:'!:::es to growth and

differentiation factors. The MAP kinase pathway can be activated by a wide range of

stimuli dependent on the cell types and this is normally a transient response. Oncogenes

such as ras, SIC, raf and mos have been proposed to transform cells in part by prolonging

the activated stage of components within this signaling pathway. The human

papillomavirus (HPV) oncogenes E6 and E7 play an essential role in the in vitro

transformation of primary human keratinocytes and rodent cells. The HPV type 16 ES

gene has also been shown to have weak transforming activity and may enhance the

epidermal growth factor (EGF)-mediated signal transduction to the nucleus. In the present

stu.dy, we have investigated the effects of the oncogenic HPV type ES, E6 and E7 genes

on the induction of the MAP kinase signaling pathway. The ES gene induced an increase

in the MAP kinase activity both in the absence and in the presence of EGF. In

comparison, the E6 and E7 oncoproteins do not alter the MAP kinase activity or prolong

the MAP kinase activity induced with EGF. These findings suggest that ES may function,

at least in part, to enhance the cell response through the MAP kinase pathway. However,

the transforming activity of E6_and E7 are not associated with alterations in the MAP.---_.- ,

kinase pathway. These findings are consistent with ES enhancing the response to growth

factor stimulation.
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Introduction

More than 60 human papillomavirus (HPV) genotypes have been identified ofwhich

a subset including HPV types 6 (HPV-6), -11, -16 and -18, is associated with genital

infections (56). HPV-16 and -18 are commonly associated with cervical cancers, while

HPV-6 and -11 are commonly associated with benign condylomas (55,57). The

association of high-risk HPV-16 and -18 with cancers is consistent with their ability to

transform primary rodent cells (31,36,51) and human keratinocytes (17) in culture. In

most of the advanced cervical neoplasias, the HPV DNA is integrated into the host

chromosomal DNA, whereby on1y the E6 and E? genes are retained and expressed

<2,45,46,48). These observations suggest that these viral oncogenes are invo1ved in the

progression and maintenance of transformation. Significantadvances in ourunderstanding

ofE6- and E7-associated cell transformation have come from the observations that these

viral oncoproteins target cellular tumour suppressor proteins. For example, E7 binds to

and inactivates the cellular tumorsuppressor Rb (14) and related proteins such as plO?

and pl30 (13), whereas E6:<.rgets the cellular tumor suppressor p53 (54) and promotes

its degradation through the ubiqutin proteolysis pathway (43). These observations provide

an understanding of the molecular basis on which E6 and E:1 manipulate the cell towards

the transformed phenotype•

. In contrast to the E6 and E7 genes, the ES gene is often deleted from the viral

genome during viral DNA integration in the more advanced cervical neoplastic lesions

<2,46). However, in 10w grade 1esions prior to integration, among the most abundant
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rnRNA tIanscripts are those which could potentially encode ES and E4 (50). Therefore,

if ES does participate in the transformation process, this would be at an early stage when

the HPV DNA is episomal. Severa! reports have described HPV-16 ES as a potential

third oncogene which can tIansform established rodent cells to anchorage-independent

growth (25,26,37,53). The tIansforming activity of ES may be due in part to its ability

to inhibit downregulation of the epiderrnal growth factor (EGF) receptor (EGF-R).

Evidence to support this view came from the observation that expressing HPV-16 ES in

human keratinocytes resulted in an increase in the number of EGF-Rs at the cell surtace

and that there was an inhibition of receptor degradation (53). Consistent with this

observation, it was revealed that the inhibition of the downregulation of the EGF-R by

ES may he associated with the ability of ES to bind a l6-kDa protein, a component of

the vacuolar proton-ATPase pump complex (H+-ATPase) involved in receptor protein

degradation (10). Finally, it bas recently been demonstrated that HPV-16 ES expression

results in an impair:!'\ent of acidification of endosomes (52). The acidification of

endosomes is essential for their proteolysis function, including those involved in the

degradation of the EGF-~ (32,44). The H+-ATPase pump is responsible for the

acidification, and ES interaction with l6-kDa component may impair this process in

HPV-infected human keratinocytes. Moreover, HPV 16 ES bas been demonstrated to

cooperate with E7 to potentiate a mitogenic response which is enhanced in the presence

of the EGF (5). The close association of ES biological activities with growth factor

receptors would suggest that ES may contribute to the normal viral life cycle and the

early stage ofviral infection, by increasing cell responsiveness to growth factors such as
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EGF. One way to further investigate this possibility would be to examine signal

transduction mediators such as MAP-kinase which is downstream from the EGF-R and

this is the objective of the present study.

The EGF-R is present on all epithelial cells, including cervical mucosal œlls (1),

and is a transmembrane receptor protein with Iigand-activated tyrosine kiI'..ase activity (6).

Stimulation of the receptor with EGF activates a number of signal transduction pathways

including the MAP kinase pathway (4,12,29,30). The MAP kinase pathway is associated

with both cell proliferation and differentiation 0,41).

In response to growth factor receptor binding, a number of intermediates have

been identified upstream of MAP kinase, including the activation of ras GTPase activity

followed by the stimulation ofc-Rafprotein kinase, MAP kinase kinase, and MAP kinase

(21,29,30). Activated MAP kinase is translocated into t1:e nucleus upon activation, where

it can potentially phosphorylate transcription factors, such as c-Jun, c-Myc, c-Tall,

(8,20,28,38,39).

One of the hallmarks of this signaling pathway is its rapid transienœ (23,33) and

inappropriate activation or inhibition ofdownreguIation of the pathway can contribute to

œil transformation. Indeed the components in the pathway, such as Ras and Raf, have

been identifiedas the products oftransforming oncogenes (15,19). The current hypothesis

is that oncogenes such as ras, raf, src and mos transform œlls by prolonging the

activated stage of MAP kinase kinase and of components downstream in the signaling

pathway (27). It bas also been shown that the constitutive activation of the MAI' kinase

pathway by simian virIlS 40 small T couId induœ monkey kidney CV-l cell proliferation
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(49), thus demonstrating for the first time that a DNA tumour virus protein could

potentiate MAP kinase activity.

On the basis of these observations, we have examined whether any of the HPV-16

oncogene products could alter cellular MAP kinase activity. In this report, we show that

the ES gene was able to induce an increase in the MAP kinase activity. In comparison.

the E6 and E7 genes did not stimulate or prolong MAP kinase activity.
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Materials and methods

Plasmids The HPV oncogenes expressing plasmids were constructed by inserting the

open reading frames into the pJ4 vector (51), which placed the HPV oncogenes under

the transcriptional control of the Moloney murine leukaemia virus long terminal repeat

(MLV-LTR). The plasmids were designated pJ4-16ES, pJ4-16E6, pJ4-16E7, and pJ4

16M5. The plasmids, pJ4-16E.~ l'-'Id pJ4-16M5, were generated as follows. A

BamHIIEcoRI restriction sites flanked ES ORF (nts. 3849-4098) DNA fragment was

synthesised by PCR and inserted into the pJ4 vector to generate pJ4-16E5. pJ4-16M5,

a mutant in which the Kozak's sequence was introduced to increase the potential

translation level (24), was created by inserting a HindllI/EcoRI DNA fragment into pJ4

vector. which was synthesised by PCR using a pair of primers (5'

AGCAAGCITAAAATQYATCCGAATCIT and S'-ATCGGAATTCITATGTAATAAA

AA, Kozak's consensus sequence underlined). This generated a mutant ES with the two

amino acids aspartic acid and proline instead of threonine following the initiation

methionine.

Transfeetions HPV oncogene-expressing HT10SO cel1lines were developed by using the

standard calcium phosphate transfection procedure and selected with G418 (25). Briefly,

the cel1s were cotransfected with 10 ~g ofplasmid pJ4, pJ4-16E5, or pJ4-16M5, pJ4

16E6, pJ4-16E7 together with 1 ~g of pWLNeo plasmid and selected in medium

containing G418 (ISO ~g G4181m1). Two weeks after transfection, G418-resistant
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• colonies were pooled and expanded. Northern blot analysis was perfonned to verify that

transfected cells expressed the individual HPV oncogenes.

Nonhem blot analysis Northern blot analysis was carried out as previously described

(25). Briefly, total RNA was extracted with Trizol (Gibco/BRL). RNA samples (10 j!g)

were denatured for 1 hour at 5O'C in the presence of O.OIM NaHro. and lM glyoxal,

and resolved in 1.2% agarose gel. Following e1ectrophoresis, RNA was transferred to

Hybond-N membrane (Amersham, Canada), and prehybridized and hybridized at 42"C

in 50% formamide with probes nick-translated in the presence of [a-'i>]dCTP (lCN,

Canada).

•

MAP kinase activity assays HTI0S0 human fibrosarcoma cells were obtained from ATCC

and maintained in DMEM supplemented with 10% fetal calf serum. For mitogen

stimulation experiments, cells were starved with same medium containing 0.1 % fetal calf

serum for 6 hoers and then treated with either EGF, PMA, or Okadaic acid. The cell

lysates were prepared as previously described (49). Briefly, cells were washed three

times with ice-cold buffer containing 0.15 M sodium chloride and 25 mM sodium

phosphate (pH7.2) and lysed in 150 j!l of ice-cold homogenization buffer containing 20

mM Tris (pH7.S), 50 mM p-glycerophosphate, 50 mM sodium fluoride, 2 mM DTT,

100 j!M sodium orthovanadate, 5 mM benzamidine, 20 mM p-nitrophenyl phosphate, 1

mM phenylmethy1sulfonyl fluoride (pMSF), 10 j!g1mlleupeptin, and 10 j!g1ml aprotinin.

CeI11ysates were cleared by centrifugation at 100,000 x g at 4"C for 30 min. The
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supernatants were assayed for protein by Bio-Rad protein assay reagent and kinase

activity was determined immediately or the samples were frozen at -7O"C.

Two different MAP-kinase assays were performed in order to have independent

confirmation of the activities measured. The first MAP-kinase assay was adapted from

previously described methods (9,49) using Myelin Basic Protein (MBP) as the substrate.

Briefly, cell lysates (10 p.g) were assayed in a final volume of 25 p.1 containing 50 mM

HEPES (pH8.0), 10 mM manganese chloride, 1 mM OTT, 1 mM benzamidine, 100 nM

staurosporine, 50 p.M [y"P]ATP (1 p.Ci) and 0.4 mg/ml MBP (Sigma, USA) at 3O"C for

30 min. Assays were terminated with 2x SOS sample buffer and phosphorylated MBP

was analyzed by a SOS polyacrylamide gel (15% acrylamide) electrophoresis and

autoradiography.

In the second assay, the phosphorylation of MAP kinase target synthetic peptide

(UBI, USA) which bas the amino acid sequence of APRTPGGRR containing the amino

acids 95-98 (underlined) of bovine myelin basic protein (42) was measured as described

.method (9). The phosphorylation reaction was similar to that for MBP phosphorylation.

The reaction was stopped by spotting 20 p.l aliquots onto a 1.5 cm' piece of Whatman

P81 phosphocellulose paper and then the papers were dried briefly at room temperature,

washed seven times by shaking for 10 min in phosphoric acid (1%, w/v), and

radioactivity was then determirie.:l by scintillation counting•
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Results

Activation of MAP kinases in HTI0S0 cel1S. It has been shown that the MAP kinase

signaling pathway is involved in the cell growth, differentiation and transformation. It

was therefore of interest to investigate whether the biological activities of HPV

oncogenes could influence this signalling pathway. Since there is no one cell type which

can be readily transformed by each of the HPV-16 oncogenes individually, we chose to

use a cell type which was already fully transformed to provide a more uniform

background to compare MAP kinase in cells expressing the different HPV oncogenes.

HT10S0 human fibrosarcoma ceUs were transfected with HPV oncogenes, and then the

MAP kinase activity of the resulting ceUs was measured. Before transfecting these cells,

it was, however, necessary to verify whether it was possible to stimulate and measure

MAP kinase activity in these ceUs. Therefore, MAP kinase activity was determined in

these cells following stimulation with EGF, phorbol myristate acetate (PMA), and

okadaic acid (OA). MAP kinase activity is enhanced by OA because OA inhibits 2A

protein phosphatase, which in turn dephosphorylates MAP-kinase (3,lS). PMA may

stimulate serinelthreonine phosphorylation of MAP kinase kinase (16).

As shown in Figure l, MAP kinase in HT10SO cells was stimulated with EGF in

a dose-dependent manner and was maximally activated by eightfold with a concentration

of 100 ng of EGF per ml. These data are consistent with a previous study demonstrating

that HT10SO ce11s contain normal1evels ofEGF-Rs (47). Treatments with PMA or OA
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increased MAP kinase activities by five- and threefold, respectively. EGF ""as use<! in

subsequent assays because it induced the highest level of MAP-kinase activity. As alse

shown in Figure 1, two different MAP-kinase assays were performed. In Figure lA, the

phosphorylation of myelin basic protein (MBP) was determined by autoracliography. In

Figure lB, the phosphorylation of a MAP-kinase specific peptide was determined by

liquid scintillation counting. The data obtained by the two c1ifferent MAP-kinase assays

was very similar, and therefore these two assays were use<! in subsequent analysis

involving the HPV oncogene expressing cells.

Expression Qt:l:Œv j6 ES. mutant ES. E6. and E7 in HT108Q cells. The preceding data

showed that the MAP kinase activity could be determined in HTlOSO cells following

EGF stimulation. This allow us to use this cellline to examine the effects of expression

ofHPV oncogenes on EGF-activated MAP kinase signal transduction. HTlOS0 cells were

cotransfected with HPV oncogene expressing plasmids pJ4-l6E5, pJ4-l6M5, pJ4-l6E6,

pJ4-l6E7, or control plasmid pJ4 together with pWLNeo plasmid and selected in the

meclium containing G4lS. The resulting resistant colonies were pooled and expanded as

polyclonal pools. The expression of the respective HPV oncogenes was verified by

Northern (RNA) blot analysis. As shown in Figure 2, the respective HPV oncogene

transcripts were present in the resulting pooled cells. There was no visible change in the

morphology or growth characteristics of the HPV-oncogene expressing cells. Given that

these cells are already fully transformed (40), demonstrate a loss contact growth

inhibition in culture, form colonies in agar, and are tumorigenic in im:mmocompromised
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mice, it was perhaps not surprising that the expression of HPV oncogenes did not further

alter the growth characterisûcs of these cells.

MAP kinase activities in HPV oncogenes expressing HTIOSO cens. The major purpose

of this study was to determinc whether expression of HPV type 16 oncogenes, ES, E6,

and E7 could affect the EGF-activated MAP kinase signaling pathway. Therefore, the

MAP kinase activity in the absence or presence of EGF was determined :n the cells

expressing the individual HPV oncogenes. Cells were serum starved for 6 h. stimulated

with EGF (100 ng/ml) for 5 min, and then 1ysed. Lysates containing 10 ~g total protein

were assayed for MAP kinase activities with MBP and MAP kinase target synthetic

peptide as substrates. The results from both these assay conditions are presented in

Figure 3. These data demonstrate that expression of E6 or E7 in HT10S0 cells did not

affect the MAP kinase activity in these cells. In contrast, there W.ls modest yet

reproducib1e increase in MAP kinase activi!y in the ES- and mutant ES-expressing cells

as determined by both assay conditions. The mutant ES used here was altered in order

.10 potentially inerease the translation efficiency of the corresponding ES mRNA by

introducing.the Kozak consensus sequence around the initiation ATG of the ES gene.

This re'.lulted in two amino acid changes following. the initiation methionine. In vitro

transcription-translation analysis of the mutant ES compared to the wi1d-type ES showed

that the mutant ES was at 1east five times more efficiently translated in vitro (data not

shown). However, in vivo the wild-type ES- and mutant ES-expressing cells both

demonstrated a similar increase in the MAP-kinase activity, suggesting that thi~ mutation
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did not increase transla:ion efficiency in vivo. There was approximately a twoÎold

increase in MAP kiuase activity in the ES expressing ceUs which was observed bot.'l in

the presence and in tl-·: absence of EGF stimulation.

Effects of ES expression on the duration of MAP-kinase activity. The hallmark of the

EGF-activated MAP kinase signaling pathway is its transience. Previous studies have

shown tbat constitutive activation or prolongation of the activated stage of the MAP

kinase pathway could lead to ceU proliferation and transformation (11,27,49). Moreover,

HPV type 16 ES has been shown to inhibit degradation of EGF-R and cause a greater

number of EGF-Rs to be recycled back to the ceU surface after 2 h of stimulation (53),

and this may therefore lead to a prolongation of the MAP kinase pathway by ES.

On the basis of this information, we exarnined the influence of ES expression on the

durati.on of EGF-activated MAP-kinase activity. As before, control ceUs and ES-

expressing ceUs were serum starved for 6 h and then left untreated or treated with EGF

(100 fig/ml) for various times up to 3 h. Because the previous assays showed tbat the

MBP phosphorylation data and the peptide phosphorylation data yielded comparable

results, only the MBP was used as the MAM kinase substrate in this experiment. The

results of two similar such experiments are shown in Figure 4, in which the upper and

lower panels l"epresents the MAP kinase activity determined up to 2 h and 3 h

~pectively. These data show tbat the expression of ES induced an increase in the MAP-
kinase activity by up to two- to threefold (as determined by densitometry of the X-ray
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films [data not shown]) compared \\iith the control ceUs at each time point analysed.

These data also demonstrate that ES could induce a sustained increase in MAP-kinase

activity for up to at least 3 h. Therefore, although ES hild a modest effect on MAP-

kinase activity, this effect was evident over an extended period. This is more significant

than if the ES-mediated increase in MAP kinase activity was restricted only to the early

5 min interval.

MAP-kinase activity in transiently tranSfected COS-I cells. Because of the modest

increase in ES mediated MAP kinase activit'j "ùs<:rved in the RTI080 ceUs, it was

necessary 10 confirm this observation with an independent approach. Severa! previous

reports have used COS-l ceUs in transient transfection assays to characterise BPV ES

(10,34) and HPV-16 ES (22). We therefore bave used this approach to determine whether

''i,. transiently transfected HPV-16 ES expressing plasmid in COS-l ceUs would result in

a detectable increase in MAP kinase activity. As shown in Figure 5, ceUs transiently

transfected with the ES expressing plasmid demonstrated more MAP-kinase activity than

ceUs transfected with a CQ.ntrol plasmid. As with the stably transfected HTIOSO ceUs, the

increase in MAP kinase activity in the ES transfected ceUs was about twofold greater

than in the control cells, and this was both in the presence and the absence of EGF

stimulation. However, we estimated thtough the use of J3-galactosidase activity staining

in the presence of X-gal (5-bromo-4-chloro-3-indolyl-J3-D-galactopyranoside) that about
.

2010 30% of the ceUs were transfected in this manner. This argues that within the ES

plasmid transfected cells, the MAP-kinase as shown in Figure 5 is an underestimate.
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These data are consistent with the experiments carried out in the HT1080 cells and

provide further support for the argument that HPV-16 ES can enhance cellular MAP

kinase activity.
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Figure 1: ActivatiQn QfMAP-kinase in HIIOSO ce!1s. HflOS0 cel1s were treated with

0, 10, 50, 100, 200 ng/ml EGF fQr 5 minutes, Qr 1 DM OA, Qr 100 ng/ml PMA fQr 10

minutes. The kinase activities were assayed as described be1Qw. In Panel A, myelin basic

protein (MBP) was used as the substrate fQr MAP-kinase and the phosphQrylation Qf

MBP was determined by SDS-PAGE followed by autoradiography. In Panel B, a specific

MAP-Kinase target peptide was used as the substrate for MAP-kinase activity.

Phosphorylation of this peptide was measured by liquid scintillation counting. The

relative levels of radioactivity are shown as a bar graph and represent the mean ± SD

of determinations from three experiments. Note that the data obtained by the two assay

cQnditions were very similar.
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Figure 2: Northem blot analysis of ceU Mes expressjng indjyjdua! RPY oncogenes.

Ten miCI()gram of the total RNA from the individual cell lines stahly tr.msfecled with

control pI4 vector and HPV oncogenes, ES, MS (mutant ES), E6 and ET were probed

with [a"P)dCTP labelled Dick transJatM DNA fragments ftom the open reading frames

of each viral gene. The blot was reprobed with an actin probe to verify equalloading of

RNA in each lane•
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Figure 3: MAP-kinase activity in the HPV oncoeenes expressine HT10S0 cel1 Iines.

Cells expressing individual HPV oncogenes were grown for 24 hours (SO% confluence),

serum starved for 6 hours, and then treated with 100 ng/ml EGF for 5 minutes or 1eft

untreated. Panel A, the MAP-kinase activities were assayed by the MBP phosphorylation

assay. Panel B, MAP-kinase activity determined by the peptide phosphorylation assay

where the numbers represent relative MAP~kinase activities and the mean ± SD of

determinations from three experiments. The J4 represents the ceU line stahly transfected

with control pJ4 vector.
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Figure 4: puration of EGF-jnduçffl MAP-kjnase actiyjty in ES expressjng cells. Cells

expressing ES and control cells we assayed for MAP-kînase aclivity folloWÎDg treated

with lOOng/ml EOF for various limes. In the Panel A, data is shown for a two hour lime

course. In the Panel B, data is shown for a three bour time course. MAP-kînase aclivity

was determined as described in materials and methods. Two such similar assays are

shown bere to demonstrate reproducibility in this assay. The J4 represents the ceIlline

stahly transfected with control pJ4 veètor. These data demonstrate that the increa·;ed level

of MAP-kînase aclivity in the ES expressing ceIls was observed for at least three hours

folloWÎDg EOF stimulation.
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Figure 5: MAP kinase aetiyjty in COS-t celIs transiently transfected wim the ES gene.

COS cells transiently transfected with control or ES expressing plasmid were assayed for

MAP-kinase activity 48 hours after transfection. cens were either untreated or trcatcd

with 100 ng/ml EGF for 5 minutes as indicated. Each lane represents the MAP-kinase

activity determined from a separate dish of transfected cells. Duplicate dishes of

transfected cells were used in fuis assay. Note that the ES transfected cells contained

more MAP-kinase activity than the control cells.

cens were transfected with the ES expressing plasmid pMT2-HI6ESKC by the

Calcium phosphate procedure as previously described (25). MAP-kinase assays were

performed as describcd in Figure 1.
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Discussion

The stimulation of cell proliferation by growth factors is largely controlled by a

series of specific kinases including MAP-kinase. Subtle differences in the concentration,

activity, or period of activity of these regulators could have profound influences on cell

replication. Viroses such as HPV may influence growth f,',ctor responses in subtle but

specific ways to influence host cell behaviour to ensure virus replication and subsequent

propagation. In the present study, we have demonstrated that expressions of HPV type

16 ES resulted in a modest enhancement of MAP-kinase activity. In comparison,

expression of E6 or F:7 did not alter MAP kinase activity. The increase in MAP kinase

activity in the ES expressing cells was seen in both the presence and the absence of EGF

and was observed for at least 3 h following EGF stimulation. This increase in MAP

kinase activity may enhance DNA replication of infected cervical cells, thus ensuring

replication of the viral genome in these cells.

Activation of the EGF-R results in the stimulation of a number of signal

transduction pathways including the downstream activation ofMAP-kinase (4,21,29,30).

Therefore, the observation reported within that MAP-kinase is more active in the ES

expressing cells is consistent with increased EGF-R activity in these cells. These data are

in agro:ement with previous studies showing that expression of ES inhibits degradation

of EGF-R and causes EGF-R 10 be recycled back 10 cell surface (53) and that HPV type

16 ES expression could cooperate with EGF 10 induce anchorage-independent growth and
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proliferation of established and primary rodent cells (5,25,37) .

It was a1so apparent that MAP kinase activity was increased in the ES-expressing

cells in the absence of EGF stimulation. It is therefore possible that, like bovine

papillomavirus ES (34,35), HPV-16 ES can associate directly with growth factor

receptors and that this results in an increase in growth factor receptor activity. This

would he consistent with the recent observation that HPV-16 ES is capable of complexing

with a variety of growth factor receptors including the EGF-R, the platelet-derived

growth factor receptor, the colony stimulating factor-l receptor, and pl850neu (22).

Furthermore, HPV-16 ES bas transforming activity in the absence ofEGF (25,26,53),

and this may he due to in part to its association with and potential activation of growth

factor receptors, thus resulting in the increased MAP kinase activity in the absence of

growth factors. Another possibility is that ES may inhibit the degradation of cellular

growth factor receptors in addition to the EGF-R. These receptors may he able to

respond to factors within the serum, and this may a1so contribute to increased MAP

kinase activity in the absence of EGF.

The ES gene is usual1y lost during viral DNA integration in the more advanced

cancers, thus demonstrating that it is not required for disease progression to the later

advanced stages. It is poSSlble that the subtle activity whicb ES bas on the MAP-kinase

activity becomes redundant in the more advanced transformed ceUs because of the more

dominant activity provided by the major transforming genes, E6 and E7. For example,
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loss of Rb regulatory activity due to E7 may override any requirement for increased

MAP-lànase activity. Likewise, E6-mediated p53 degradation could result in uncheeked

cyclin-dependent kinase activity because of reduced p21 activity, and this could alse

override a requirement for increased MAP-kinase activity.

In summary, we have examined cellular MAP-kinase activity in HPV-16 oncogene

expressing cells. Although ES could enhance MAP-lànase activity, E6 and E7 had no

effeet on thi~ activity. These data suggest that one of the cellular targets of HPV-16 ES

may be the MAP lànase associated signal transduction pathway.
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GENERAL CONCLUSION

Discussion

Cervical cancer develops through a multistep process. The preponderance of

biochemical, biological, and epidemiological evidence aU support the causaI role of

human papillomavirus in the development of this malignancy. The observation that the

ES, E6, and ID genes are oncogenic in a variety of transformation assays and tllat the

E6 and ID genes are selectively retained and expressed in HPY-associated n:alignancies

supports the role for these proteins in bath initiation and progression of the malignancies

(Boshart et al., 1984; Smotkin and Wettstein, 1986; Banks et aI., 1987). The fact that

the majority of HPY-associated epithelia lesions are usually limited to benign lesions or

warts and those infected with 'high-risk' HPYs progress toward a malignant phenotype

after a long latency implies that viraI proteins can moduIate cellular functions. This

modulation could be direct viraI regulation, for instance, E6 and ID have transactivation

activity, or could be indirect through viraI/cellular protein interaction.

Considering the biological functions of the cellular tumor suppressors, it bas been

speculated that by targeting the tumor suppressor gene products pS3 and RB, HPY
~

modulates cellular mechanisms b facllitate viraI replication and this aIso can contribute

to malignant progression. The ES gene in comparison enhances the activity of growth

factors receptors, and these activated receptors subsequently transduce a mitogenic signal

to the nucleus that results in induction of cellular DNA synthesis. In addition, viraI
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oncogenes may act by indirxtly inducing genomic lesions that accumulate and thereby

drive malignant progression.

The main objective of the study presented within the thesis was to investigate the

biological functions of E6-mediat::ti inactivation of p53 and to explore Ûle cellular signal

transduction pathway which ES may influence.

Previous studies have shown that E6 from 'high-risk' HPVs interacts with p53 and

promote its degradation (Scheffner et al., 1990; Crook et al., 1991), and inhibits p53

mediated transCription (Mietz et al., 1992). However, it remained unclear whether E6

could impair p53 mediated transcription under biological1y relevant conditions such as

during the activation of pS3 with DNA damaging agents. In Chapter II, the ability of

HPV type 18 E6 to impair p53 mediated transcription activity in UV irradiation cells was

investigated. One of the other objectives of this study was also to examine whether

de1etion ofa region from amino acid residues 113 through 117 ofHPV type 18 E6 could

abolish the ability of the protein to promote the degradation of p53.

The princip1e conclusions were i) that HPV type 18 E6 inhibits p53 mediated

transcription activity under bio10gica1ly relevant conditions where p53 activity was

induced with UV irradiation, ü) that the region from amino acid residues 113 through

117 is necessary for the function of HPV type 18 E6 to direct the degradation of p53.

This study was the first demonstration that E6 targets p53 under conditions where p53

activity was induced. These data provided evidence for the invo1vement of E6 in the

development of cervical carcinomas by potentially destabilising the genome by

inactivating p53 under conditions where DNA damage bas occurred•
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To further evaluate the significance of E6/pS3 interaction, a functional pS3

monomeric mutant which is resistant 10 E6 mediated degradation was transfected into

HPV-16 positive cervical carcinoma derived cells, and the biological characteristics of

the resulting cells were examined. The results were presented in Chapter m. The main

observations made from Ibis study were i) that the proliferation ofHPV-16 positive SiHa

cells was inhibited and these transfected cells displayed a more differentiated phenotype,

ii) that the monomeric pS3 mutant 338 was as efficient as wild-type pS3 in suppressing

the proliferation ofSiHa cells. These findings demonstrate that the viral E6 mediated pS3

inactivation plays a role in maintaining the transformed phenotype of cervical carcinoma

derived cells, and that pS3 in its monomeric form with its C-terminal regulatory region

removed retains biological activity with respect 10 impairing cell proliferation.

Finally, the effect ofHPV type 16 oncogene ES, E6 and ID on the MAPK signal

transduction was evaluated and the results were presented in Chapter IV. This study

revealed that expression ofES, but not E6 and ID, induced an increase in MAPK activity

bath in the presence and absence of EGF. This is consistent with the previous finding

that ES can inhibit down-regulation ofEGF-R (Straight et al., 1993; 1995) and cooperate

with EGF 10 enhance the signal transduction 10 the nucleus (Leechanachai et al., 1992;

Pim et al., 1992).
.

Infection with human papillomavirus, for instance HPV type 16 or 18, and the

concomitant expression of the three viral oncogenes ES, E6 and ID in vivo does not

immediate1y nor l'ecessarily lead 10 cancer. Neverthe1ess, at least in the case of E6 and

ID, these genes do play significant mIes in the development ofcervical cancer. The fact
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that more than 90% of cervical carcinomas contain HPVs and the E6 and ID genes are

continuously expressed suggest that the E6 and E7 genes are important for HPV to

induce cervical carcinomas and modulate cellular control mechanisms.

It has been established by a variety of in vitro biochemical and in vivo biological

experiments that HPV oncoproteins modulate cellular proteins which are critical for

regulating the cell cycle. For example, ID forms complexes with cell cycle control

proteins such as RB and related proteins (Dyson et al., 1989; Tommasino et al., 1993)

and E6 interacts with the tumor suppressor p53 and promotes its degradation (Scheffner

et al., 1990; Crook et al., 1991). Recent studies showing that ES interacts with growth

factors receptors and enhance mitogenic signal transduction credit HPV with targeting

another important cellular control mechanism (Leechanachai et al., 1992; Hwang et al.,

1995, Gu and Matlashewski, 1995).

Ce11 cycle studies have shown that RB plays a key role in regulating cell

proliferation (Buchkovich et al., 1989). Rb interacts with severa! cellular proteins, such

as E2F and Myc, which themselves function as transcription factors, and these

interactions result in the impairment of cell cycle progression (Hamel et al., 1992). The

interaction of ID with RB inhibits binding ofE2F to RB thus leading to the inappropriate

transactivation of E2F-regu1ated genes which impairs the normal control of the cell cycle

(Chellappan et al., 1992). The interactions of ID with severa! other cell cycle regu1ators

bas been found, such as pl30, p107 and cyclin Alcdk2 (Davies et al., 1993; Tommasino

et al., 1993). This implies !bat interaction with ce11 cycle control molecules could be one

of the mechanisms by which ID advances ce11s to malignant transformation.
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Wild type p53 protein is most commonly described as a tumor suppressor.

Alteration or loss of p53 is associated with a wide variety of human cancers including

cervical cancer. The protein bas been postulated to act as a 'guardian of the genome'

(Lane, 1992). The transcriptional activation activity of wild-type p53 is induced following

DNA damage (Hall et al., 1993; Lu and Lane, 1993). p53 activates transcription of genes

including those which suppress the GliS transition (Kastan et al., 1992; Kuerbitz et al.,

1992), thus providing cells with a G1 arrest checkpoint following DNA damage. In this

manner, p53 proteets the integrity of the genome by not allowing cells with damaged

DNA to replicate. There is also evidence that p53 is directly involved in the DNA

damage repair (Obercosler et al., 1993; Wang et al., 1994; Lee et al., 1995) and

apoptosis (OlMi et al., 1993; Miyashita et al., 1994; Miyashita and Reed, 1995).

Therefore, blocking p53 activity promotes accumulation of cellular mutations which in

turn contribute to tumour progression (Donehower et al., 1992).

The E6 mediated degradation of p53 plays a major role in inactivation of p53

activity in cervical carcinomas. The study presented in Chapter ildemonstrates the ability

of oncogenic E6 to abolish p53 activity following DNA damage, and provides evidence

that E6 may disrupt p53-mediated cellular responses to DNA damage. This is consistent

with previous studies demonstrating that E6 causes p53 degradation and p53 protein

levels did not increase in HPV-16 E6 expressing cells treated with a DNA damaging

agent (Kessis et al., 1993). The data in Chapter il suggests that E6 may induce cells to

become susceptible to genomic lesions following DNA damage thus contributing to the

accumulation of genetic mutations and the development of neoplasia.
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Previous studies have shown that E6 and E7 are necessary to maintain the

neoplastic phenotype of cervical cancer cells (Boshart et al., 1984; Smotkin and

Wettstein, 1986; Banks et al., 1987). The biological importance of the E6-p53 interaction

was directly examined in the study presented in Chapter ill. The results demonstrated

that restoring p53 activity in HPV positive cervical carcinoma cells results in impairing

proliferation of these cancer cells and produced a more differentiated cellular

morphology. This provided evidence that E6 mediated p53 degradation contributes to

maintaining the neoplastic phenotype of HPV positive cervical earcinoma cells. The

results from this study also demonstrated that p53 in its monomeric form without its C

terminal regulatory region retains biological function with respect to impairing cell

proliferation.

The monomeric p53 mutant 338 used in the study is resistant to HPV E6 mediated

p53 degradation (Thomas et al., 1995). The endogenous p53 activity is impaired by HPV

E6 in HPV positive cervical cancer cells (Butz et al., 1995). lntroducing this unique p53

form into HPV containing cervical cancer cells allowed us to directly examine the role

of the E6/p53 interaction in inducing cancerous growth and maintaining the neoplastic

phenotype of the cells. The cells containing this monomeric p53 mutant 338 are less

actively proliferating and display a more differentiated phenotype. The results

demonstrated the importance of the E6 mediated p53 inactivation in HPV positive

cervical cancer derived cells.

An important genetic characteristic of cervical cancer is that the p53 protein

activity is lost due to E6 from high risk HPV sequences or that the p53 gene is mutated
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(Scheffner et al., 1991; Crook et al., 1992; Park et al., 1994). This 10ss of pS3 activity

may account partly for uncontrolled cell growth, disrupted differentiation, and

maintenance of the malignant phenotype of cervical cancer cells (zur Hausen, 1991). It

bas been shown that p53 transactivation activity is required for its growth suppressive

function (Crook et al., 1994; Pietenpol et al., 1994). pS3 bas also been shown to he

inv01ved in the regulation of differentiation. For examp1e, introduction of wild type pS3

leads to partial differentiation ofa pre B-ce11 (Shaulsky et al., 1991), and overexpression

of p53 induces signs of differentiation in a number of cells, inc1uding 1eukaemic K562

cells, HL-60 cells, and Friend virus-transformed erythro1eukemic cells (Feinstein et al.,

1992; Johnson et al., 1993; Soddu et al., 1994; Ehinger et al., 1995). Similarly,

overexpression of p53 induces expression of differentiation markers in normal human

keratinocytes and squamous carcinoma cells (Brenner et al., 1993; Woodworth et al.,

1993), and 1eads to reversion of the malignant phenotype of various celllines (Mercer

et al., 1990; Baker et al., 1990; Diller et al., 1990). The results presented in Chapter m

are consistent with previous studies showing that p53 plays a ro1e in growth suppression

(Crook et al., 1994; Pietenpol et al., 1994) and preventing neoplastic phenotype (Brenner

et al., 1993; Woodworth et al., 1993).

Studies on the structure and function of the p53 protein have revea1ed that p53

contains separated domains which are important for transaetivation, sequenœ-specific

DNA binding, and oligomerization (sec Chapter l, section 3). Severa! recent studies have

shown that the C-termïna1 region ofp53 contains a reguJatory clement which can interaet

with RNA and single stranded DNA, suggesting that this may reguIate the ability of pS3
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to funetion as a transcriptional transactivator (Oberosler et al. 1993; Bakalkin et al.,

1994; Jayararnan and Prives, 1995). This view was further supported by the observations

that phosphorylation of the C-tenninal regulatory domain of p53 by cellular protein

kinases or by targeting titis region with a monoclonal antibody in vitro aetivates sequence

specifie DNA binding (Hupp and Lane, 1994; Takenaka et al., 1995). More recently, an

allosterie model has been proposed for the regulation of p53 activity whieh suggests that

post-translational modification of the C-termïnal regulatory region ofp53 in vivo is a rate

limiting step in the activation of sequence specifie DNA binding by p53 (Hupp et al.,

1995). It bas also been demonstrated that the monomerie p53 mutant whieh has the C

tenninal regulatory elementdeleted retained sequenee-specifie transcriptionally aetivating

activity in vivo (Tarunina and Jenk.ins, 1993). It still remained unclear whether the

monomerie forro ofp53 without its C-termïnal region regulatory element was biologically

funetional, eg., capable of suppressing growth and inducing apoptosis.

The results presented in Chapter m argued that a monomerie forro of p53 mutant

338iacking C-terminal region was biologically funetional with respect to suppressing cell

growth. This monomerie p53 mutant was capable of inhibiting proliferation of HPV

positive cervical cancer cells and inducing a more differentiated morphology in the cells.

These results defined the growth suppression function for the monomerie p53 without its

C-tenninal regulatory region.

It would be interesting 10 further study the biology of titis p53 mutant. For

instance, can titis monomerie p53 mutant induce apoptosis? What biological function does

titis p53 mutant have in cancer cells which have mutated p53 because the monomerie p53
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mutant would not form complexes with dominant negative p53 mutants?

The HPV ES gene is not required for the maintenance of advanced neoplastic

lesions because it is usually lost during the viral DNA integration into host cellular

genome (Schwartz et al., 1985; Baker et al., 1987). Therefore, if it is involved in

transformation, this would he at an early stage of disease progression.

Recent studies have demonstrated that the ES gene is a transforming gene and can

enhance the signal transduction from growth factor receptors to the nuc1ear expression

of c-fos gene (Chen and Mounts, 1990; Leechanacl'.ai et al., 1992; Pim et al., 1992). ES

bas been shown to he capable of inhibiting growth factor receptor internalisation and

degradation (Straight et al., 1993; 1995), and directly interaeting with severa! growth

factors receptors (Hwang et al., 1995). Thus it seems 1ikely th2.t the biological activity

of ES is associated with its ability to increase growth factor r.eceptor activity.

The study presented in Chapter IV revealed that ES cguld émhance the MAPK

signal transduction pathway bath in the presence and absence of EGF. This is consistent

with previous studies showing enhanced EGF-R activity in ES expressing cells and that

over-expression of c-Raf, which is a mediator of the MAPK pathway, was capable of

functionally substituting for ES in a co-mitogen assay (Valle and Banks. 1995). It bas

been established that ES enhances c-fos expression in response to growth factor

(Leechanachai et al., 1992) and that the MAPK pathway mediates the maximal

expression of c-fos (l'reisman, 1994). These observations are also consistent with the

data presented in Chapter IV showing that ES expression resulted in an increase in

MAPK activity bath in the presence.and absence of EGF. These observations further
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strengthen the argument that ES functions at Jeast in part to enhance growth factor

mediated signal transduction in HPV infected cells.

In summary, the following observations have been made in the studies presented

within this thesis. i) HPV-18 E6 inhibits p53 mediated transcription activity following

DNA damage, suggesting that E6 could contribute to genomic instability and the

accumulation of genetic mutations. ü) the Joss of p53 activity in HPV transformed cells

is required ta maintain the transformed phenotype. ili) the monomeric p53 mutant without

its C-terminal regulatory domain is bioJogically active with respect to impairing cell

proliferation. iv) the MAPK signal pathway is more active in cells expressing HPV-16

ES than control cells or cells expressing E6 and E7. These observations contribute to our

understanding of how HPV proteins interact with key cellular control proteins and how

these interactions contribute ta the development of neopJasia•
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