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Preface 

Human papillomaviruses are the cause of benign, premalignant and malignant 
lesions of stratified epithelia. While benign warts were a recognized clinical lesion in 
Roman times, it was not until the 1970s that papillomavirus infection was associated 
with certain cytological properties of premalignant disease of the cervix. In the last 
two decades the evidence that papillomaviruses cause various epithelial cancers has 
been building, and it is now clear these viruses are the causative agent. However, 
while papillomaviruses cause benign and premalignant lesions, there are unknown 
factors that are necessary in combination with the virus for progression to malignant 
disease. 

This volume looks at the epidemiological evidence for association of HPV 
infection and disease, at the biology of viral proteins and the immune response to 
infection, all of which contribute to the pathogenesis. The effort is concentrated on 
those viruses which cause premalignant and malignant disease, as most of our 
knowledge of the interactions of the virus with host cells comes from the study of the 
oncogenic viruses. For all papillomaviruses to replicate in the stratified epithelium 
they must stimulate keratinocytes, which are programmed for terminal differenti- 
ation, to re-enter the cell cycle and progress through G1 into the S-phase of the cell 
cycle. The S-phase is necessary so that the replicative machinery of the cell will be 
available for the virus to utilize. The early proteins of HPV, E6, E7 and E5, are 
involved in the G1 to S-phase progression and their role and functions are discussed. 
Two other early proteins, E1 and E2, are involved in the replication process itself and 
possibly in the control of transcription of the early genes. New functions of another, 
rather enigmatic early protein, E4, is also discussed. The pathogenesis of papilloma- 
viruses is limited by the host's immune response and this is discussed with particular 
emphasis on the potential vaccines, which are being tested at present. The compo- 
sition of a protective immune response is unknown, but there is evidence that both a 
T- and B-cell response is required with the latter being directed against conforma- 
tional epitopes on the L1 and 2 capsid proteins. This volume will be of benefit to 
scientists, clinicians and students who want an up-to-date account of the progress in 
human papillomavirus biology. 
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Overview 

Human papillomaviruses (HPVs) are a ubiquitous group of viruses that infect the 
epithelium and are associated with a broad range of clinical manifestations. 
Numerous HPVs cause no apparent disease whereas others are involved with the 
development of benign conditions such as common hand and foot warts, rare 
disorders such as epidermodysplasia veruciformis (EV) and invasive cancers of 
various anatomic sites. The recent intense focus on HPVs is founded in the establish- 
ment of their causal relationship with invasive cervical cancer. 

Infection by HPVs most often occurs in cells of the epithelium including the 
genitalia and elsewhere. In addition to extragenital HPV infections of the skin, 
infections of the mouth, esophagus, larynx, trachea and conjunctiva have been 
reported. Table i lists the different types of HPV [39] for which genomes have been 
cloned and their more common clinical manifestations. 

The majority of HPV infections remain clinically inapparent; however microfoci 
of infection obviously contribute to their spread within populations. The specific 
modes of HPV transmission are not well understood. Infection of actively proliferat- 
ing basal epithelium through microlesions is the presumed point of viral entry. The 
number of proliferating cells exposed and the infecting dose of virus may affect the 
outcome of the HPV infection, but again, little is known in this regard. Expression of 
early viral genes occurs within the proliferative and differentiating part of the 
infected epithelium whereas the late-gene expression is limited to the outer differ- 
entiated layers. Thus the full virus life-cycle and production of virion is tightly linked 
to and requires cell differentiation. Until recently, this requirement had prevented 
for many years the successful production of infectious HPV particles under culture 
conditions. 

HPV infection of host cells can result in both permissive and persistent infections. 
Permissive infections are characterized by a complete virus life-cycle including virion 
production. Persistence of productive HPV infections appears to be common for 
durations of at least months although in some instances viral persistence may 
continue for years or decades. The extent to which long-term persistent HPV 
infections are productive has not been defined. It is, however, presumed that persist- 
ent infections of these longer durations can increase the risks for cancer outcomes. 
This risk association can be easily rationalized given the fact that like most small 
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Table 1 

HPV types with cloned genomes and common clinical manifestations 

HPV type Clinical manifestations Subfamily/ Accession # Ref. 
Genus 

HPV 1 Plantar warts E1 V01116 35 
HPV 2 Common warts A4 X55964 130) 
HPV 3 Flat and juvenile warts A2 X74462 95 
HPV 4 Palmar and plantar warts B2 X70827 72 
HPV 5 EV lesions and carcinomas B1 M17463 191 
HPV 6 Genital warts, CIN, VIN A10 X00203 40 
HPV 7 Butcher warts A8 X74463 131 
HPV 8 EV lesions and carcinomas B1 M12737 139 
HPV 9 EV lesions B1 X74464 96 
HPV 10 Flat warts A2 X74465 95 
HPV 11 Genital warts, CIN, laryngeal, A10 M14119 61 

nasal and conjunctival papillomas 
HPV 12 EV lesions B1 X74466 95 
HPV 13 Oral hyperplasia A10 X62843 138 
HPV 14 EV lesions and carcinomas B1 X74467 94 
HPV 15 EV lesions B1 X74468 94 
HPV 16 Warts, CIN, VAIN, carcinomas A9 K02718 43 

of cervix, penis, bronchus 
HPV 17 EV lesions and carcinomas B1 X74469 94 
HPV 18 Warts, CIN, VAIN, carcinomas A7 X05015 21 

of cervix and penis 
HPV 19 EV lesions B1 X74470 94 
HPV 20* EV lesions and carcinomas B1 U31778 59 
HPV 21 EV lesions B1 U31779 94 
HPV 22 EV lesions B1 U31780 94 
HPV 23 EV lesions B1 U31781 94 
HPV 24 EV lesions B 1 U31782 94 
HPV 25 EV lesions B1 U74471 59 
HPV 26 Cutaneous warts, CIN A5 X74472 133 
HPV 27 Cutaneous warts A4 X73373 132 
HPV 28 Cutaneous warts A2 U31783 54 
HPV 29 Cutaneous warts A2 U31784 50 
HPV 30 Laryngeal carcinoma, CIN A6 X74474 41 
HPV 31 CIN, carcinoma of cervix A9 J04353 106 
HPV 32 Oral hyperplasia A1 X74475 13 
HPV 33 CIN, carcinoma of cervix A9 M12732 11 
HPV 34* CIN, Bowen's disease of skin A l l  X74476 86 
HPV 35 CIN, carcinoma of cervix A9 M74117 108 
HPV 36 EV lesions, actinic keratosis B1 U31785 85 
HPV 37 Keratoacanthoma B1 U31786 150 
HPV 38 Malignant melanoma B1 U31787 150 
HPV 39 CIN, PIN, carcinoma of cervix A7 M62849 12 

continued 



Table 1 (continuation) 

HPV type Clinical manifestations Subfamily/ Accession # Ref. 
Genus 

HPV 40 CIN, PIN A8 X74478 37 

HPV 41 Cutaneous warts NA X56147 69 

HPV 42 Genital warts, CIN A1 M73236 12 

HPV 43 Genital warts, CIN A8 M27022 107 

HPV 44 Genital warts, CIN A10 U31788 107 

HPV 45 CIN and carcinoma of cervix A7 X74479 124 

HPV 47 EV lesions B1 M32305 1 

HPV 48 Squamous carcinoma of skin B2 U31789 122 

HPV 49 Cutaneous warts B1 X74480 53 

HPV 50 EV lesions B2 U31790 52 

HPV 51 CIN, carcinoma of cervix A5 M62877 126 

HPV 52 CIN, carcinoma of cervix A9 X74481 159 

HPV 53 Normal cervix, CIN A6 X74482 58 

HPV 54 Genital warts A7 U37488 51 

HPV 55 Bowenoid papulosis A10 U31791 51 

HPV 56 CIN, carcinoma of cervix A6 X74483 41 

HPV 57 CIN, cutaneous and nasal warts A4 X55965 37 

HPV 58 CIN, carcinoma of cervix A9 D90400 116 

HPV 59 CIN, VIN, carcinoma of cervix A7 X77858 142 

HPV 60 Cutaneous warts, epidermoid cyst B2 U31792 115 

HPV 61 Normal cervix, CIN, VaIN A3 U31793 117 

HPV 62 Normal cervix and CIN, VaIN A3 U12499 117 

HPV 63 Myrmecia wart E1 X70828 44 

HPV 65 Pigmented wart B2 X70829 44 

HPV 66 CIN and carcinoma of cervix A6 U31794 170 

HPV 67 CIN, VAIN, and carcinoma of cervix A9 D21208 117 

HPV 68 CIN and carcinoma of cervix A7 X67161 104 

HPV 69 CIN, VAIN, and carcinoma of cervix A5 AB027020 164 

HPV 70 Vulvar wart and CIN A7 U21941 104 

HPV 71 VaIN A15 AB040456 164 

HPV 72 CIN, oral warts A3 X94164 176 

HPV 73 CIN, oral warts and carcinoma A l l  X94165 176 

HPV 74 VaIN A10 U40822 105 
HPV 75 Cut aenous warts B 1 Y 15173 42 

HPV 76 Cutaneous warts B1 Y15174 42 

HPV 77 Cutaneous warts, carcinoma of skin A2 Y15175 42 
HPV 78 NA (cutaneous) A2 NA NA 

HPV 79 NA (genital) A8 NA NA 

HPV 80 Normal skin B1 Y15176 42 

HPV 81 NA (genital) A3 NA NA 

HPV 82 VaIN A5 AB027021 88 
HPV 83 Normal cervix A3 AF151983 26 

HPV 84 Normal cervix A3 AF293960 171 

continued 
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Table 1 (continuation) 

HPV type Clinical manifestations Subfamily/ Accession # Ref. 
Genus 

CandHPV 85 Genital wart A7 AF131950 31 
CandHPV 86 Genital, CIN A3 NA NA 
CandHPV 87 Genital, CIN A3 NA NA 

*Denotes an HPV type that has two separate types assigned to its identity but only one is listed here. HPV 
46, although assigned, is considered the same as HPV 20. Similarly, HPV 64, although assigned, is 
considered the same as HPV 34. Ref. denotes the published article describing the cloning of the HPV type 
if available. When available, accession numbers (#)  are provided for GenBank access to HPV genome or 
fragment sequence information. Cand = candidate HPV type from PCR, CIN = cervical intraepithelial 
neoplasia, EV = epidermodysplasia verruciformis, PIN = penile intraepithelial neoplasia, VaIN = 
vaginal intraepithelial neoplasia, VIN, vulvar intraepithelial neoplasia, NA = no available information or 
limited information. (Ref. [39], E.-M. de Villiers, personal communication 

DNA viruses, HPVs disrupt the host cell regulatory machinery by harnessing it to 
propagate themselves. Thus, a simplistic view of long-term HPV persistence would 
support an increased probability of a malignant event within a disrupted cell environ- 
ment. Because HPV-associated cancer outcomes are uncommon in comparison to 
the observed widespread nature of HPV infections, host and viral cofactors associ- 
ated with HPV persistence are an important area of investigation that will be 
discussed later in the context of epidemiological findings. 

It appears that HPVs along with other human pathogenic viruses such as herpes- 
viruses, adenoviruses, and polyomaviruses developed prior to the emergence of 
humans. Papillomaviruses have been found in birds, reptiles and many mammals. 
Currently over 85 distinct HPV genotypes have been identified where complete 
genomic sequence is available. Accumulating data based on subgenomic sequences 
suggests that more than one hundred additional HPV genotypes exist. This extensive 
genomic heterogeneity is truly unique among DNA viruses and data support a 
remarkable ancient history of virus adaptations rather than a rapid acquisition of 
genome modifications. Epidemiological studies have demonstrated that gene seq- 
uences from various HPVs isolated from discreet parts of the world are remarkably 
conserved. This is true for both common and rare HPV types. HPV genotypes are 
now defined as having less than 90% identity in DNA sequence to any other 
reference genome and subtypes and variants of genotypes are defined as having 
greater than 90% and 98% identity, respectively. This identity can usually be defined 
by sequence comparisons limited to the L1 open reading frame (ORF) that encodes 
the major HPV capsid protein. 

Methods for detection of HPV genomes have progressively developed over the 
past two decades. Initially cloned HPV genomes were used as probes in hybridization 
techniques such as Southern blot and dot blot hybridization. These methods for 
detecting HPV genomes yielded relatively specific results but were also insensitive. 
The advent of polymerase chain reaction (PCR) methods provided increased 
sensitivity and genotype-specific oligonucleotide probes enhanced the specificity of 



HPV type-specific identification. Currently there are numerous broad-spectrum and 
type-specific PCR-based HPV detection methods that have been applied in elaborat- 
ing the epidemiology of HPV infections. Extensive characterizations of populations 
using PCR-based HPV detection methods and more recently serologic assays have 
been primarily limited to studies of female populations and genital infections 
although these methods have facilitated a few studies of HPV infections in males and 
at extragenital sites. This review will, however, focus mainly on the epidemiology of 
genital HPV infections. 

Epidemiology of HPV infections 

Detection of genital HPV 

An important aspect of elaborating the epidemiology of genital HPV infections has 
been the evolution of HPV sampling and detection methods. Estimates of HPV 
infection are very dependent on the populations sampled, the specimen collection 
methods and devices employed [63,137], the type of sample (i.e., fresh vs. archival 
samples) and laboratory approaches used for HPV DNA detection [22,65,153]. 
Sensitivity and specificity of the laboratory methods can vary when applying the same 
overall method such as PCR. If different primers, probes and protocols are used for 
the PCR, then the estimates are likely to differ. Furthermore, even the use of the 
same primers and probes with a protocol that varies slightly can result in differences 
in estimates. Because of this, direct comparison of HPV prevalence reported in 
various studies is difficult. 

As mentioned earlier, a variety of PCR-based HPV DNA detection methods 
have been reported. These include type-specific HPV assays and broad-spectrum 
HPV typing assays such as the GP5+/6+ system [36,79], the MY09/MYI1 system 
[9,114], a modified MY09/MY11 system designated PGMY09/PGMY11 [66] and the 
SPF-10 line probe assay [92]. None of these assays that amplify HPV DNA targets 
are approved for diagnostic use in the United States (U.S.). Currently only a signal 
amplified HPV DNA test, the Hybrid Capture II (HC2) assay is approved for 
diagnostic use. Recent data suggests that HPV testing by the HC2 assay is a viable 
option in the management of some low grade abnormal Pap smears designated as 
atypical squamous cells of unknown significance (ASCUS). The HC2 test was shown 
in a large randomized clinical trial to have greater sensitivity to detect cervical 
intraepithelial neoplasia (CIN3) or above and a sensitivity that was comparable to a 
single cytologic test indicating ASCUS or above [162]. In this same clinical trial, the 
high percentage of women (82.9%, 95% confidence interval (CI) = 79.7-85.7%)who 
were positive for HPV DNA by HC2 limited the potential of this test to direct the 
management of women with abnormal Pap smears designated as low-grade 
squamous intraepithelial lesions (LSIL) [172]. 

PCR-based data has demonstrated that sampling at a single time point results in 
an underestimate of HPV DNA prevalence [121,179]. This should be considered 
along with the fact that most reported risk factor associations have been based on 



single cross sectional HPV detection measurements. HPV DNA estimates in such 
studies represent a component of persistent infections along with newly acquired 
infections. The proportions of persistent and new infections cannot be estimated 
accurately and thus risk factors associated with new HPV infections that have been 
defined in cross sectional studies are of limited value. Longitudinal cohort studies 
particularly in populations that are susceptible to HPV can ascertain incident 
infections and overcome these obvious limitations. 

Transmission of genital HPV 

PCR-based molecular epidemiological data accumulated for more than a decade has 
demonstrated that detection of HPV DNA is strongly associated with sexual be- 
havior including lifetime and recent number of sex partners. Prior to the generation 
of these molecular data, clinical evidence for sexual transmission of HPV infections 
was provided for both genital warts and for CIN. Oriel reported that 64% of partners 
of individuals with genital warts developed warts [129]. Similarly Barrasso [8] and 
Schneider [155] have reported HPV infections in male sexual partners of women 
with CIN. 

The sharing of HPV types among sex partners has also been evaluated at the 
molecular level. In the study of Schneider and coworkers [155], 87% of male partners 
shared specific HPV genotypes detected in their partner's cervical specimen. In 
studies conducted by Ho [77] and Xi [185], analysis of HPV 16 variants demonstrated 
concordance of specific variants between sex partners although distinct variants were 
found among some couples. Detection of identical variants among sex partners 
provides some evidence for sexual transmission however the probability of detecting 
any given HPV 16 variant is also a function of its prevalence in the reference 
population. In studies conducted in U.S. populations, a single phylogenetic branch of 
HPV 16 variants would be found in over 70% of HPV 16 infected individuals [181]. 
Thus the likelihood of detecting these particular HPV 16 variants in any individual 
would be extremely high. It is probably important to note that the detection of 
identical HPV variants among sex partners does not provide any evidence for who 
was initially infected. 

Regarding non-sexual transmission, there is some evidence for in utero infection 
[157,188], perinatal infection [160,169], auto- and hetero-inoculation through close 
non-sexual contact [70,127], and potentially indirect transmission via fomites [144]. 
Modes of HPV transmission among children remain controversial and the frequency 
of perinatal infections progressing to clinical lesions is unclear. Condylomata 
have been detected in the first week of life [169] and HPV DNA has been detected in 
both nasopharyngeal aspirates in newborns [157] and amniotic fluid [188]. In addi- 
tion, laryngeal papillomatosis has been reported in infants [83,161]. In children, the 
overall prevalence of anogenital HPV is generally considered to be low. Determi- 
nants of HPV transmission are really unknown although levels of HPV DNA may 
play a role [87]. A recent article by Syrjanen and Puranen [168] provides a detailed 
review of HPV infections in children and the role of maternal transmission. 



Genital HPV prevalence, incidence and global distribution 

HPV prevalence provides a measure of the percentage of persons in a population 
who have new, persistent, or recurring HPV infection at a particular point in time. 
Prevalence can vary several fold, depending on the method of HPV detection and the 
demographic and sexual behavior characteristics of the group under study. HPV is 
detected in a large number of cytologically normal individuals and in most genital 
neoplasias and cancers. PCR-based point prevalence for genital HPV infection in 
women with cytologically normal Pap smears has ranged from about 1.5% in sexually 
inexperienced women to about 45% in sexually active women (147,180). Studies that 
have conducted repeated testing over time have demonstrated prevalences exceed- 
ing 50% in young women [179]. HPV 16 has been the most common HPV type 
detected among cytologically normal women and it is also the most common HPV 
type detected in cervical cancers worldwide [151]. An extensive review detailing 
existing PCR-based data has been published by Xi and Koutsky [186]. 

HPV infection is similarly common among men however studies in male popula- 
tions are far more limited. In male sex partners of women attending an STD clinic, 
63% of penile samples were HPV positive by PCR [7]. In healthy men aged 18 to 23 
years, HPV DNA was detected by PCR in urethral specimens from 12% of 66 men 
with normal penile epithelium and in 26% of 39 men with aceto-white epithelium [84]. 
Lazcano-Ponce and coworkers [100] demonstrated that in urethral and coronal sulcus 
swab samples, HPV was not detected in men who reported not having engaged in 
sexual intercourse but was present in 43% of men who reported sexual activity. Case- 
control studies have been conducted to consider the potential role of the male factor in 
cervical cancer [18,123]. Twenty-six percent of husbands of 210 women with cervical 
cancer and 19% of husbands of 262 control women were positive for HPV DNA by 
PCR in Colombia whereas 18% of husbands of 183 women with cervical cancer and 
4% of husbands of 171 control women were positive for HPV DNA in Spain. 

HPV incidence provides a measure of newly acquired HPV infections in a 
population of persons during a specific time interval. Estimates of HPV incidence 
are generally limited to very defined study populations such as family planning 
clinics, sexually transmitted disease (STD) clinics, or university student populations. 
Ho and coworkers [76] reported a 14% annual incidence rate of subclinical HPV 
infection detected by PCR assays in college students. Woodman and coworkers [184] 
reported that in 1075 women who were cytologically normal and HPV negative at 
recruitment, the cumulative risk at 3 years of any HPV infection was 44% (95% CI 
40-48); HPV 16 was the most common type. Population-based data based on HPV 
DNA results are essentially non-existent for incident HPV infection although clinical 
observations have been used to propose population-based incidence. The use of 
clinical measures to estimate HPV incidence are likely to represent underestimates 
since direct measurement of HPV DNA would be expected to result in greater 
detection sensitivity. Based on Pap smear cytology, an estimated crude annual HPV 
incidence of about 7% was reported for a cohort of women 22 years of age in Finland 
[167]. For genital warts, an incidence of 106 per 100,000 persons was reported in a 



population-based study of genital warts conducted in the United States [32]. 
Although data are extremely limited, HPV incidence is likely to be similar among 
women and men. 

Data examining time trends for HPV infections are relatively limited and are 
confounded by the fact that awareness of HPV infections and their clinical mani- 
festations increased significantly over the past 30 years. In addition, significant 
changes in diagnostic classifications occurred over this same time period. A U.S. 
survey of physicians reported that genital wart infections increased 4.5 fold during 
the years 1966 to 1984 [14]. Consistent with this observation, the incidence of genital 
warts reported in England and Wales doubled from 1971 to 1979 [5]. Increases in 
incident HPV infection might be expected to correlate with increasing incidence 
rates for other STDs. Increases in STDs have been observed when the proportion of 
individuals in the population who were young and sexually active increased. HPV 
seroprevalence studies have suggested an increase in HPV seropositivity across 
similar time periods. A population-based sample of pregnant women in Stockholm, 
Sweden between 1969 and 1989 found a 50% increase in HPV seroprevalence from 
1969 to 1983 but stable seroprevalences during the 1980s [2]. The seroprevalence of 
herpes simplex type 2 (HSV-2) in these same samples showed similar trends [2], 
reflecting the increased rate of sexual activity in the population. 

Genomes of HPV types and their variants are stable, since identical variants have 
been found in unrelated individuals residing in different countries who have no 
known contact with each other [30]. For HPV 16, five distinct phylogenetic branches 
have been reported. These branches have been designated E (European), As 
(Asian), AA (Asian American), Af-1 (African-l), and Af-2 (African-2) [30,190]. 
Studies conducted in numerous populations support the notion that representative 
variants from all of these five major HPV 16 lineages can be detected worldwide, 
although specific prevalences differ by geography [189]. Differences in HPV type and 
variant prevalences may be explained by founder effects and/or may reflect selection 
by the host population. 

Determinants of genital HPV detection and persistence 

Epidemiological studies in diverse populations that consider sexual, behavioral and 
demographic factors have generally concluded that detection of HPV decreases with 
age [10,27,38,119] and increases with number of sex partners both lifetime and 
recent. An extensive review of risk factors associated with detection of genital HPV 
infections was published by Xi and Koutsky [186]. Other sexual behaviors such as age 
at first sexual intercourse, years since first intercourse, frequency of sexual inter- 
course, sexual intercourse during menses, and anal intercourse have not been con- 
sistently associated with HPV DNA detection. Additional risk factors for detecting 
HPV may be population dependent and some are probably markers of sexual 
behavior. Studies examining the association of smoking and HPV detection have 
generally been negative. The relationship between oral contraceptive (OC) and 
sexual activity has made it difficult to determine the relationship between HPV 



detection and OC use. Several studies have reported positive associations between 
HPV detection and OC use although the majority of studies have not confirmed 
these findings. The association between HPV infection and reproductive history such 
as age at menarche, stage of menstrual cycle, age at first pregnancy, number of 
pregnancies and current pregnancy has also been inconsistent. 

Few population-based studies have investigated the prevalence of type-specific 
infection for a broad spectrum of HPV types. Most studies have combined all genital 
HPV types detected into a single group for analytical purposes. Several studies have 
examined the determinants of high-risk and low-risk HPV types grouped separately 
[57,73,75,80,90,143,146]. Low-risk HPV types have been reported to be less associ- 
ated with sex history and age than high-risk HPV types, although differences in 
associations have been reported. More recent investigations using highly sensitive 
and type-specific HPV DNA detection have demonstrated two peaks of increasing 
HPV prevalence. Of 9175 women in Guanacaste, Costa Rica, 3024 women were 
tested for more than 40 types of HPV with a PCR-based system [73]. Among women 
with normal cytology, HPV infections peaked first in women younger than 25 years, 
and then peaked again at age 55 years or older with predominantly low-risk and 
uncharacterized HPV types. Another population-based study was conducted in 
Mexico between 1996 and 1999 [99]. The sampling was based on an age-stratified 
random sample of 1,340 women with normal cytological diagnoses and 27 HPV types 
were distinguished. A first peak of 16.7% was observed in women under 25 years. 
HPV DNA prevalence declined to 3.7% in women 35-44 years and then increased 
progressively to 23% among women 65 years and older. This second peak of HPV 
infections in postmenopausal women demonstrated a clear predominance of cancer- 
associated or high-risk HPV types. The second peak of HPV prevalence in older 
women differed between these two studies in that one study reported a pre- 
dominance of low-risk HPV types and the other reported a predominance of high- 
risk HPV types. The reason for these differences is not clear but further investigation 
are warranted to determine if the second peak of HPV prevalence in older women 
might reflect reactivation of latent HPV infections or newly acquired HPV infections 
following changes in immune and hormonal status. Certainly these data are 
intriguing given the possibilities as they relate to the natural history of cervical cancer 
outcomes. This second increase in HPV population prevalence in part overlaps the 
peak of cervical cancers in the population. 

Studies on the persistence of cervical HPV DNA have been primarily limited to 
prevalent infections and time intervals between HPV DNA measurements have 
varied between studies. In addition, determinants of persistence have not been 
extensively examined. Despite these limitations, most studies have found that genital 
HPV infection is transient. Various investigations have demonstrated associations 
between HPV persistence and older age, types of HPV associated with cervical 
cancer, infection with multiple types of HPV and use of oral contraceptives [25,48, 
75,76,103]. In one study the median duration of new HPV infections was 8 months 
(95% CI, 7 to 10 months) [76]. HPV type 16 has been shown in several studies to be 
the most persistent HPV type [25,45,103] followed by other high-risk HPV types. 
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Persistent detection of HPV 16 has demonstrated that the same dominant variant 
persists for months and sometimes years suggesting that reinfection by the same 
HPV type or of multiple variants is uncommon [185]. These data must be considered 
in the context of earlier discussions of expected risk for infection with particular HPV 
variants given population prevalences. Persistence has also been reported to increase 
with higher quantities of HPV DNA [25] although additional investigations in this 
area are needed. In a study conducted by Liaw and coworkers [101], persistence of 
concomitantly detected HPV was examined prospectively among 1124 cytologically 
normal women. Preexisting HPV 16 was generally associated with an increased risk 
for subsequent acquisition of other HPV types. HPV 16 did not affect the persistence 
of concomitant infections, regardless of type. This study suggests that prevention or 
removal of HPV 16 may be unlikely to promote the risk of infection with other HPV 
types. This has been a theoretical concern given prophylactic vaccination efforts that 
will be discussed later. 

H P V  and cancer  

Epidemiological evidence has convincingly demonstrated that infection with high- 
risk HPVs is the greatest risk factor for cervical cancer [19,78]. Furthermore, the role 
of HPV in the development of CIN has been well established [15,93,152]. The 
relative risks for the association of HPV with CIN are commonly in the range of 
20-70. This magnitude of risk is far greater than the association between smoking 
and lung cancer. Thus, HPV infection is considered a necessary but insufficient 
factor for malignant transformation. 

Invasive cervical cancer occurs in approximately 400,000 women per year world- 
wide with an estimated 200,000 deaths per year [55,135,136]. The greatest burden of 
cervical cancer is in developing countries where it is often the most common female 
malignancy. Pap smear screening has reduced the incidence of cervical cancer in 
developing countries but in the U.S. alone, it has been estimated that over 5 billion 
dollars per year are expended to achieve a 75% reduction in cervical cancer [97]. 

An international study of invasive cervical cancers collected from 22 countries 
demonstrated that essentially all cervical cancers (99.7%) contained HPV [19,177]. 
Other studies reporting a proportion of HPV negative cervical cancer cases [56,102, 
113,156] may have had specimens that were inadequate for testing, had extremely low 
copy numbers of HPV genomes or could have harbored integrated HPV forms that 
interfered with detection of targeted genomic segments. Numerous studies reporting 
HPV negative tumors have not included histological review to confirm the presence of 
tumor cells within the biopsy material and furthermore paraffin-embedded tissues 
have been used. The efficiency of amplification in paraffin-embedded tissues can be 
compromised [6,68] especially when the PCR targets are greater than a few hundred 
base pairs in length. In addition, the age of the specimen and variability in fixation 
methods can affect the amplification efficiency. The absence of HPV in a small 
proportion of cervical cancers has been reported as a poor prognostic factor for 
survival. 
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The most common HPV type detected in cervical cancers worldwide is HPV 16 
followed by HPV 18 [19]. HPV 18 is more consistently associated with adeno- 
carcinomas of the cervix and less frequently with squamous cell carcinomas. Other 
types of HPVs found commonly in cervical cancers include HPV 31, 33, 45, 52, 58 and 
a few additional types at relatively low frequency. The prevalence of less common 
HPV types has probably been underestimated since large studies using broad 
spectrum HPV testing have not been reported. 

Most studies have evaluated risk factors for squamous cell cervical cancer since it 
represents up to 90% of cases. The remainder of cases is mostly accounted for by 
adenocarcinomas and adenosquamous carcinomas. Both precursor CIN and invasive 
cervical cancers have been positively associated with number of lifetime sexual 
partners, age at first intercourse, and sexual behavior of the woman's male partners 
[24]. The increasing risk of infection with HPV as it relates to lifetime number of 
sexual partners and sexual behavior of a woman's male partner is understandable 
however, the association with age at first intercourse is somewhat less clear. It is 
possible that this association simply reflects total length of exposure to the causative 
agent, HPV. 

Numerous additional risk factors for cervical cancer have been reported. Several 
studies have convincingly identified smoking as an independent risk factor for 
invasive cervical cancer [125,183]. The potential of direct carcinogenic effects from 
nicotine metabolites that can be found in cervical mucus has been speculated. 
Furthermore, smoking has been reported to down regulate the immune system, 
which might generally affect immune surveillance of HPV infections. Many studies 
have identified positive associations between cervical cancer and long-term OC use 
[140]. Hormone regulatory elements have been identified within HPV genomes and 
oestrogen stimulation has been shown to stimulate the expression of HPV 16 E6 and 
E7 in SiHa cervical cancer cells [120]. Regarding reproductive factors, several studies 
have found associations with multiparity and/or early age at first birth [134]. The 
hormonal changes and immunodepression associated with pregnancy could favor or 
enhance the transformation process and delivery, particularly of the first child could 
alter subsequent exposure of the cervical squamocolumnar junction to infectious 
agents and other factors. Micronutrient levels or reduced dietary intake of vitamin A, 
vitamin C and other micronutrients have been associated with invasive cervical 
cancer suggesting that some aspects of a deficient diet may contribute to these cancer 
outcomes [24,98]. 

Both positive and negative associations between human leukocyte antigen 
(HLA) class I and II haplotypes have been reported for both CIN and invasive 
cervical cancer [3,4,17,46,62,128,149,178]. The particular HLA alleles and haplo- 
types reported have varied between studies. Comparisons of reported HLA 
associations are difficult for several reasons. Differences between studies in HLA 
laboratory methods and HLA loci targeted have contributed but differences in ethnic 
composition, study design and control groups have further complicated these 
comparisons. In addition, particular HPV 16 variants have been associated with risk 
for high-grade SIL (HSIL) [175,187] and cervical cancer [74]. The most consistent 
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data in this area has suggested that non-European (NE) HPV 16 variants have an 
increased risk for HSIL or invasive cancer. A study of Hildesheim and co-workers 
[74] found that detection of NE HPV 16 variants was associated with the presence of 
the HLA DRBI*ll02-DQBI*0301 (two-sided P value for Fisher's exact test = 
0.0005). Given historical information in other virus-host systems and the biological 
plausibility demonstrated by enhanced transforming abilities and differences in 
transcriptional regulation between HPV 16 variants, disease associations between 
particular HPV types or variants and specific HLA alleles or haplotypes are certain 
to be an area of focus for future investigations. 

In the context of designing future studies in populations to address these 
questions, it is important to recognize certain limitations. Although HPV genotypes 
and their variants appear as stable entities circulating among populations worldwide, 
no convincing data exist to substantiate the population dynamics of particular geno- 
types and variants over the past 20 to 50 years. For example, we do not know if the 
proportion of HPV 16 variants circulating today was similar to that circulating 20 or 
30 years ago and beyond. Therefore, when we use case-control study designs to 
evaluate HPV variant-specific risk for invasive cervical cancer, the use of current 
control populations infected with HPV more recently compared to women with 
invasive cancers who were infected with HPV 16 presumably on average 20-30 years 
previously may represent a highly significant bias. One might consider that the use of 
age-matched controls would help address this bias, however, it is not clear that older 
women with current HPV infections and no past history of HSIL or cervical cancer 
would represent the distribution of HPV variants infecting the original birth cohort 
of women. In addition, appropriate population representation within case-control 
studies needs to be achieved. Hospital or clinic-based studies suffer biases that are 
too significant when attempting to address these questions. With regard to HPV 
variant associations and HSIL including those identified recently in cohort studies, it 
is important to recognize that these associations are related to histological outcomes, 
many which are of the CIN2 category, and these observations cannot be translated 
into risks for invasive cervical cancer. It can be said that HPV or HLA risks 
associated with HSIL are morphologically defined and that infection by these HPV 
variants may be distinguished by these morphological changes. The risk for invasive 
cancer outcomes in these lesions is not absolute since many of these lesions would be 
expected to spontaneously regress. Although recent data may be accurate, we should 
take caution to further understand the areas of potential bias that can be addressed. 

Pap smear screening for cervical cancer was introduced over 40 years ago. This 
screening appears to be the main reason for the decline in the incidence of, and 
mortality from invasive cervical cancer in developed countries [154]. In some case- 
control studies, the protection against invasive cervical cancer afforded by screening 
has been reported [20,47]. The evaluation of these results should consider the biases in 
place. Confounding is realized from the fact that women who attend clinic for Pap 
smear screening are at lower risk of developing the disease [148]. This appears to exist 
even when controlling for other risk factors. Thus, the reduction in cancer risk 
associated with Pap screening history in these studies would be greater than that 
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expected in the general population and will always be related to the extent of the 
population receiving Pap smear screening coverage. HPV testing has been suggested 
as a method of screening for cervical cancer [118] but whether this will be found 
feasible and cost effective is unknown. Randomized clinical trials are currently on- 
going to evaluate HPV detection as a primary screening test for cervical cancer [81]. 

The molecular mechanisms by which HPVs can play a role in the carcinogenic 
process may be related to the physical state of the HPV DNA. This has been 
primarily studied in the case of HPV-related cervical disease. In benign cervical 
lesions, HPV genomes are often detected as extrachromosomal genomes or 
episomes [34,91]. In many cervical cancers, HPV DNA has been found as integrated 
forms although exclusively episomal forms and mixes of episomal and integrated 
forms have also been detected [34,91]. Viral integration has frequently been reported 
within the E2 open reading frame that encodes HPV transcription regulatory 
proteins [82,174]. It has been speculated that the loss of these E2 regulatory proteins 
represent a potential mechanism for deregulation of the E6 and E7 open reading 
frames. Both E6 and E7 proteins have functions that interact closely with the host 
replication and transcription regulatory machinery, namely p53 and pRB respect- 
ively. HPV negative cervical cancers have been reported to more frequently contain 
mutations in the p53 gene [33]. A direct or indirect role of integrated HPV with 
cellular oncogenes or tumor suppressor genes has been speculated. Elaboration of a 
molecular model of HPV-induced carcinogenesis is continuing to evolve and it is 
clear that this will represent a complex network of interactions between HPV and an 
array of cellular processes involved in maintenance of cellular proliferation and 
immune surveillance. 

Anogenital HPV types have also been detected in a number of additional cancers 
of the anogenital tract including the vagina, vulva, penis, anal, and perianal region 
[78]. A percentage of oropharyngeal, tonsil, larynx and tongue cancers have also been 
associated with anogenital HPV types [78]. More recently squamous cell carcinomas 
of the skin have been associated with HPV infections [16,158]. The HPV types 
identified in skin cancers are cutaneous types and these have been identified in 
individuals who are both immunocompetent and immunocompromised. No etio- 
logical relationship of these HPVs and skin cancers has been established however at 
this time. It is interesting to note that ultraviolet light-responsive elements have been 
identified in the noncoding genome segment of several of these cutaneous HPV 
types [141]. 

Immunology and HPV vaccines 

Papillomaviruses appear to have coevolved with their hosts and are well adapted to 
carry out their full life-cycle in the differentiated epithelium. The epithelium or skin 
represents a highly immune privileged site. The complexity of the mucosal immune 
system and its relationship to disease processes is currently an area of intensive 
investigation [64]. 
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Little is known about the immune response to HPV during natural infection. 
Robust immune responses have not been observed and this is probably because 
HPVs have evolved elaborate mechanisms to evade host immune recognition 
through establishment of latent or chronic infections. Levels of viral antigens are not 
high and the lack of cell lysis during the HPV life-cycle limits immune recognition. 
Virion production is restricted to the outer most layers of the keratinized epithelium 
and presumably this facilitates minimal access to routine immune surveillance. 
Humoral immune responses appear to be directed primarily at the conformational 
epitopes of the L1 capsid proteins and appear to be largely type-specific and have low 
titer [29,89]. The use of recombinant DNA technologies to produce HPV capsids in 
the form of virus-like particles (VLP) has facilitated these serologic measurements 
that were previously not possible. HPV-specific antibodies against Ll-based VLPs 
have been shown to be neutralizing in model systems [145] although whether these 
antibodies are relevant to the elimination of HPV infections is unknown. Antibodies 
against other HPV proteins have not been consistently observed. Antibodies to HPV 
16 E6 and E7 native proteins are detected in about 50% of women with late-stage 
cervical cancers but they are rarely detected in women with normal or premalignant 
cervical cytologies [165]. 

In terms of specific serological reactivities to HPV capsid proteins, both IgG and 
IgA classes of immunoglobulin have been observed. Two studies reported by Carter 
and coworkers [28,29] demonstrated that many women with incident HPV infections 
never developed serum IgG to HPV. Seroreactivity was associated with detection of 
HPV 16 DNA and increased number of sex partners. The median time to sero- 
conversion was 8.3 months in women with incident HPV 16 infection. Among women 
with incident HPV infections, 59.5%, 54.1%, and 68.8% seroconverted for HPV-16, 
18, or 6, respectively, during the follow-up. Transient HPV DNAwas associated with 
a failure to seroconvert following incident HPV infection; however, some women 
with persistent HPV DNA never seroconverted. Antibody responses to each HPV 
type were heterogeneous, but several type-specific differences were found: sero- 
conversion for HPV-16 occurred most frequently between 6 and 12 months following 
DNA detection, but seroconversion for HPV-6 coincided with DNA detection. 
Additionally, antibody responses to HPV-16 and 18 were significantly more likely to 
persist during follow-up than were antibodies to HPV-6. Seroconversion can occur 
many months after infections and the long-term persistence of HPV type-specific 
antibodies has not been studied extensively but levels have been suggested to be 
stable over time [29,109]. In addition, IgG seropositivity is strongly correlated with 
lifetime number of sexual partners [182]. The overall low sensitivity of HPV VLP- 
based serologic tests compared to HPV DNA-based assays make serologic testing for 
HPV minimally useful in assessing past infection or for diagnostic purposes. 

Serologic studies in men are few. Limited data suggest that serologic responses 
are highly gender-specific. In a study of genital wart patients [67], among asymptom- 
atic women with HPV 6, only 22% were seropositive compared with 100% of female 
patients with warts. However, only 16% of male patients with warts were sero- 
positive. When the study of male populations intensifies over the next few years, 



15 

correlations of HPV genital infections with serologic responses are sure to be 
forthcoming. 

Considerable evidence suggests that cellular immunity may be important to the 
eradication of HPV infections (for detailed reviews see [110,112,163]). Increased 
incidence of HPV-associated disease is observed in transplant patients who have 
been immunosuppressed or in those who have acquired human immunodeficiency 
virus (HIV) cell-mediated immune deficiencies. Spontaneously regressing genital 
warts and CIN are associated with both CD4+ and CD8+ infiltrates. Most studies 
have examined HPV-specific CD4+ T cell responses in peripheral blood. Little data 
exist on responses from tissue infiltrating T-cells or their correlates with peripheral 
responses. Cross sectional studies have demonstrated that women with normal 
cytologies and with cervical neoplasia generate peripheral blood T-helper (Th) cell 
responses to HPV 16 proteins, including the L1 and L2 capsid proteins as well as 
to the E2, E4, E5, E6, and E7 proteins [60,111,173]. Data have been somewhat 
conflicting and therefore no specific pattern of responses has emerged in association 
with progression or regression of cervical disease. Future prospective cohort studies 
will be needed to determine if specific immune responses can predict disease 
outcomes. 

Evidence that T-cell responses may be disrupted or altered in HPV infections and 
that HPV-harboring keratinocytes may modify local immune responses has been 
presented ([112], for a review see [23]). HPV-transformed keratinocytes have been 
shown to secrete various cytokines, which may influence local immune responses. 
Alterations in HPV positive CIN and cervical carcinoma tissues include the identifi- 
cation of abnormal HLA class I transcription, transcription of HLA class I in the 
absence of protein expression, loss of heterozygosity in the HLA chromosomal 
region and dysregulation of both HLA class I and II surface expression. In addition, 
reduction in levels of the transporter associated with class I antigen presentation 
(TAP-l) have been reported. Many genes involved in the generation of immune 
responses are clustered on the short arm of chromosome 6 and further detailed 
characterizations of this chromosome in relationship to HPV natural history and 
associated disease outcomes are warranted. 

Investigations in animal models have demonstrated that systemic immunization 
with the papillomavirus (PV) L1 major capsid protein in the form of self-assembling 
VLPs can protect against subsequent experimental challenge with the target PV type 
[166]. A vaccine that can prevent initial or subsequent active or persistent HPV 
infection could reduce the health care costs associated with abnormal Pap smear 
management and potentially the morbidity and mortality attributable to HPV- 
associated anogenital cancers. In both developing and developed countries, an 
effective prophylactic HPV vaccine represents a desirable candidate strategy for 
reducing cervical cancer incidence. Presently effective cervical cancer screening 
programs are costly and require a broad range of health care delivery. To be 
effective, these programs must conduct education programs that increase Pap smear 
screening in at-risk populations and state-of-the-art diagnostics must continually be 
implemented. In addition, programs for monitoring procedural integrity and stand- 
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ardization of diagnostic procedures must be maintained through regulatory bodies. 
These requirements would be difficult to achieve in developing countries and even if 
these requirements were achieved, effective follow-up and treatment programs are 
necessary to impact on disease outcomes. Beyond the impact that HPV vaccination 
could have on neoplastic disease, HPV-associated genital warts represent health 
problems with significant morbidity that could benefit from these prevention efforts. 

Because sexual transmission is the most common mode of genital HPV trans- 
mission, prophylactic immunization will need to target young adults prior to sexual 
activity. Because HPV 16 represents the most common HPV type found in cyto- 
logically normal women as well as in the majority of cervical cancers it represents the 
primary candidate for vaccine development. Currently, clinical trials for HPV VLP- 
based vaccines are underway for HPV types 6, 11, 16 and 18 and these studies have 
included monovalent and polyvalent formulations. The safety and immunogenicity 
of HPV VLP-based vaccines have been recently reported for three dose series of 
recombinant VLPs [49,71]. Preliminary reports suggest that these vaccines may be 
effective although additional definitive investigations and phase III studies will be 
needed to truly establish this. Multiple different virological and disease endpoints 
will be of interest. HPV PCR-based detection for HPV types included in the vaccine 
preparation along with detection of a broad-range of HPVs to assess potential cross 
protective effects of vaccination, quantitation of HPVs since simple reduction in viral 
load may be adequate to impact long-term disease outcomes and effects on 
type-specific LSIL and HSIL outcomes will certainly be considered. If effective HPV 
vaccines are identified for developed countries, the question will remain as to 
whether these vaccines or some modification of them can be provided for safe, 
inexpensive and stable use in developing countries. 

Summary 

Over the past 15 years we have watched the unfolding of an enormous volume of 
information regarding HPV infections. Elaboration of the incredible genetic 
diversity of these viruses has been important to the development of laboratory tools 
for epidemiological investigations and will facilitate the future direction of studies 
targeting specific molecular mechanisms of disease. Through the use of these 
laboratory tools, HPV has been determined to be a necessary but not sufficient 
etiologic agent in the development of cervical cancer and other cancers of the 
anogenital tract. The duration of incident genital HPV infections has been partially 
established and this information demonstrates that most detectable HPV infections 
are transient. Recent observations of a second peak of cervical HPV prevalence in 
older women suggests the possibility that at least in some women, HPV infections 
may lay dormant at undetectable levels and subsequently become reactivated. The 
potential that older women may experience a reactivation of latent HPV infections, 
which may be accompanied by disease, requires further investigation. Current dogma 
concerning the long-term natural history of HPV infections awaits clarification by 
future studies. Furthermore, these future investigations remain important to 
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appropriately characterize molecular processes within the host cell that are critical to 
the study of specific host immune responses to these infections. 

Research-grade PCR-based HPV tests continue to be important to ongoing and 
future epidemiological investigations that will better define HPV incidence at 
various anatomic sites. Of particular interest will be the elaboration of HPV infec- 
tions at extragenital sites. In this regard, the potential contribution of HPVs to skin 
cancer outcomes is likely to become an intensive area of study. The use of HPV 
assays such as HC2 in large randomized clinical trials has established HPV testing as 
a viable option in the management of ASCUS Pap smears. Further clinical applica- 
tions of various types of HPV testing, including applications to routine screening, 
remain an area of intensive research. In this regard, studies that examine quantities 
or levels of HPV genomes and specific HPV messages are currently underway. 
Probably the most exciting clinically relevant development of the past decade has 
been the implementation of clinical trials for HPV prophylactic vaccines. To date 
these trials have targeted cervical HPV infections. If prophylactic HPV vaccines can 
prevent incident HPV infection and CIN, maintenance of long-term vaccine 
immunity will need to be evaluated and establishment of any potential impact on the 
incidence of HPV-associated invasive cancers will be determined in one or two 
decades following widespread implementation. 

Many individuals and research groups have participated in contributing to under- 
standing the epidemiology of HPV infections. As with the past two decades, future 
investigations concerning HPV infections will remain an area rich in discovery for all. 
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Introduction 

Human papillomaviruses (HPVs) infect epithelial or mucosal tissue at specific 
anatomical locations. Over 100 HPVs have been identified to date, of which approxi- 
mately 30 types infect the genital tract [53]. Genital types are divided into two 
categories based on their potential for malignant transformation. Infection by low- 
risk viruses, such as HPV-6, and 11, can lead to genital warts, while high-risk types 
(HPV-16, 18, 31, 33, and 45, among others) can induce oncogenesis in infected tissue 
of the anogenital tract [68]. 

HPVs are members of a small group of viruses that link their life-cycle to the 
differentiation status of the host cell. Although the mode of entry has not been 
definitively characterized, it is likely to occur through microwounds of the epithelium 
and to utilize a heparin-like molecule on basal cells for the initial binding event [60]. 
Following entry, viral DNA is established as episomes in basal cells at approximately 
50-100 copies per cell. Early viral gene expression occurs at low levels at this stage, 
and viral DNA replication is synchronized to the host chromosomes. As infected cells 
migrate through the suprabasal strata, they differentiate and the viral DNA conti- 
nues to replicate. Late gene expression occurs upon terminal differentiation, and 
progeny virions are produced in suprabasal cells [10,78]. 

The use of organotypic raft culture and other methods for differentiation has 
facilitated analysis of transcription and DNA synthesis throughout the HPV life- 
cycle [73], while growth of submerged monolayer cultures is a model for growth in the 
basal layers of the epithelium. To induce differentiation in organotypic culture, cells 
are first placed on a collagen plug containing fibroblast feeders, and the plug is 
transferred onto a wire grid that is maintained on an air-liquid interface. In this 
system, HPV-infected cells derived from biopsy specimens exhibit histological 
changes similar to those observed in vivo in lesions and can be used to induce virion 
production [72]. Raft cultures have also been used to successfully reproduce the 
complete HPV-16, 18, and 31 life-cycle from transfected DNA templates [39-41,74]. 
An alternative method involves suspension in semi-solid media, which has recently 
been reported to induce rapid differentiation. Markers of differentiation, such as 
transglutaminase and involucrin, are observed within 24 hours of incubation in 
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methylcellulose. This system can induce genome amplification and activation of the 
late promoter, which are dependent on epithelial differentiation [91]. 

HPVs consist of circular double-stranded DNA of approximately 8 kb in length. 
Transcription, which occurs from a single strand, is largely controlled by elements 
within a non-coding region that consists of binding sites for a number of cellular and 
viral transcription factors [53]. This 1 kb region is alternatively referred to as the 
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non-coding region, the long control region, and the upstream regulatory region 
(URR). We will refer to it as the URR throughout the chapter. 

Papillomaviruses encode at least eight viral gene products that follow a temporal 
pattern of expression (Fig. 1). Early gene products are expressed at the initial stages 
of infection in the basal stratum and include El, E2, E6, and E7 [63,94]. These 
proteins are involved in viral replication, copy number maintenance, and disruption 
of the cell cycle. E1 is an ATP-dependent helicase that binds to the viral origin of 
replication, an A/T-rich sequence within the URR [3,25,36,55,59,69]. The protein 
has low binding affinity for the origin; however, a complex of E1 and E2 functions to 
load E1 to the origin [12,19-21,26,28,30,40,46]. In addition to its function in replica- 
tion, E2 is a transcription factor that binds as a homodimer to the palindromic 
sequence ACCN6GGT [5,15,26,37,38,67,92]. The URR of genital papillomaviruses 
contains four binding sites for E2: binding site 1 is located at the 5' end of the URR, 
two binding sites flank the E1 binding site at the origin of replication, and binding site 
4 is located directly upstream of the early promoter (Fig. 2). E2 has differential 
binding affinity to each site, and it has been suggested that such differential affinity is 
the basis for regulation of viral gene expression [102]. The biology of E6 and E7 is 
discussed in other chapters. Late gene expression occurs upon epithelial differenti- 
ation and is accompanied by amplification of the viral genome. 

General  organizat ion  of  the U R R  and early promoter  

All HPVs contain an early promoter that is active at the initial stages of infection and 
is dependent on enhancer sequences present at the URR (Fig. 2). In transient 
transfection assays, this enhancer exhibits a preference for activation in epithelial 
cells. The early promoter is referred to as p97 in HPV-16 and 31 [56,88], p105 in 
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HPV-18 [93], and p62 in HPV-11 [96]. The early promoter in all genital types 
contains a TATA box approximately 30 nucleotides upstream of the transcript 
initiation site. Two binding sites (BS3 and BS4) for the viral protein E2 are located 
directly upstream of the TATA box, and a binding site for Spl is located 5' of E2 BS 3. 
These three elements are important for early promoter activation and will be 
discussed in detail in subsequent sections. A second early promoter exists within the 
E6 open reading frame of low-risk viruses HPV-6 and 11, and its TATA box maps to 
nucleotide 243 in HPV-6b and nucleotide 229 in HPV-11 [96]. Transcripts initiating 
from this low-risk promoter encode E7 as the first ORF. This contrasts with early 
transcripts from the high-risk viruses, where E6 or a spliced variant form of E6, called 
E6*, precedes E7. In addition, p229 and p243 appear to be regulated by the URR 
independently from the upstream promoter and may provide a mechanism for 
high-level expression of E7. 

The URR of all HPVs consists of the origin of viral replication and a number of 
binding sites for viral and cellular transcription factors. Many of the binding sites 
correspond to proteins that are ubiquitously expressed, and it has therefore been 
suggested that the epithelial tropism of HPVs may be due to combinatorial binding 
of ubiquitous factors at the URR. Alternatively, factors expressed exclusively in 
epithelial tissue may be responsible. The HPV URR can be divided into three 
regions: the 5' distal region, a central enhancer, and a promoter-proximal region. 
The 5' region of the URR has not been assigned a significant function, although it 
contains the late transcript polyadenylation site and several motifs that appear to be 
important for RNA stability. In addition, a recent study suggests that the 5' URR may 
have a negative effect on viral DNA replication [54]. The central enhancer consists of 
a core element that is indispensable for early gene expression, and auxiliary binding 
sites that synergize activation from the core enhancer. Finally, the promoter- 
proximal region contains the origin of viral replication, two binding sites for E2, a Spl 
site, and the TATA box for the early promoter. 

Transcription factors that control early gene expression 

The URR of HPVs shows remarkable functional conservation, as many transcription 
factor binding sites are present at similar locations (Fig. 2). Promoter activity is likely 
to be mediated by complex protein-protein interactions, as well as by competition for 
binding. Interestingly, the importance of each factor appears to vary among different 
HPV types. This variation may be due to enhancer function among different cell 
lines, or to the methods used to study expression. The importance of Spl as an 
activator of the early promoter, however, is consistent among all types studied. Spl 
binding sites are found directly upstream of E2 binding site number 3 in the promoter 
proximal region of all genital HPV types. Binding of Spl to this site is believed to 
recruit the preinitiation complex to assemble at the early promoter. Mutation of this 
site has been shown to strongly decrease early promoter activity across cell types in 
transient assays. Additionally, Apt and colleagues observed that different members 
of the Sp family of transcription factors bind to URR sequences in HPV-16 and exert 
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distinct effects [7]. Increased levels of Spl, a transcriptional activator, were 
associated with tissues where the HPV 16 enhancer showed strong activity, while 
decreased U R R  activity was observed in cells where Sp3, a repressor, was highly 
expressed. It has been suggested that Sp3 competes with Sp1 for binding to the 
conserved site upstream of the early promoter. Changes in the ratio of Spl to Sp3 in 
various epithelial tissues therefore may act to moderate URR activity. 

Another important activator of the early promoter is the activating protein-1 
(AP-1). AP-1 complexes function in cell proliferation, differentiation, and survival, 
and consist of homo- or heterodimers of the Jun, Fos, or other families. The UR R  of 
genital HPVs contains several binding sites for AP-1, although their contribution to 
promoter activity varies. Mutation of the distal AP-1 binding site at nucleotide 7645 
in HPV-31 resulted in a 90% decrease of reporter activity, while mutation of the 
proximal binding site at nt 7683 had a less severe effect [66]. In addition, AP-1 
binding to the proximal binding site also appeared to interact with Oct-1 at an 
adjacent site. While mutation of both AP-1 and Oct-1 sites resulted in a modest 
increase in reporter activity, a single mutation at the Oct-1 site dramatically increas- 
ed expression [66]. This data suggests a repressive role for Oct-1. AP-1 also appears 
to interact with other factors at both the 5' and 3' flank of the HPV-18 UR R  [17]. In 
addition, the composition of AP1 dimers changes as epithelial cells differentiate, 
which may modulate HPV gene expression in suprabasal cells. 

All genital HPVs contain at least four non-palindromic binding sites for nuclear 
factor-1 (NF-1) dispersed throughout the URR, and some reports suggest that NF-1 
may play an important role in early promoter activity [45]. The NF-1 family consists 
of many members with a common N-terminal dimerization domain and a variable 
transactivation domain that results from differential splicing. The many isoforms of 
NF-1 exhibit a tissue-type specificity that may be in part due to dimerization to 
different family members. Mutation of various NF-1 sites in HPV-16 and 11 led to a 
marked decrease in enhancer activity [22,23,31], though another group has not seen 
these effects in HPV-18 [17]. Interestingly, all genital HPVs contain a conserved 
NF-1 site within two nucleotides of a binding site for Oct-l, and Oct-1 binding at this 
site appears to synergize with NF-1 activation. Reporter assays indicate that increas- 
ing the spacing between the NF-1 and Oct-1 sites in HPV-16 abolished the synergistic 
effect in a manner similar to the effect of mutations to either the Oct-1 or NF-1 site 
[79]. This study suggests a role for the Oct-1/NF-1 complex in UR R  enhancer activity 
of high-risk viruses. Interestingly, no effect was observed upon mutation of the two 
NF-1 sites flanking the Oct-1 binding site in HPV-11 [113]. This may be due to 
differences in promoter regulation among low and high-risk viruses. 

The octamer binding Oct-1 transcription factor seems to exert a repressive role 
on the early promoter in the absence of interaction with other factors. Although one 
report suggests that a mutation in HPV-18 had no effect on enhancer activity [17], at 
least three other studies in HPV-16, 18, and 31 report increased promoter activity 
upon ablation of the Oct-1 binding site. Mutation of an Oct-1 site around nt 7665 in 
HPV-16, independently of other sites, increased enhancer activity [95]. In the case of 
HPV-31, mutation of an Oct-1 site adjacent to an AP-1 site also led to an increase in 
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reporter activity [66]. Furthermore, overexpression of Oct-1 in co-transfectants with 
HPV-16 and 18 enhancer constructs led to decreased promoter activity [51,76]. A 
repressive effect was not observed in HPV-11 constructs, again suggesting differ- 
ences in early promoter regulation between low and high-risk viruses [114]. 

All genital HPVs contain at least one binding site for the CAAT enhancer 
binding protein 13 (C/EPBI3). The C/EBP family of transcription factors consists of 
several members that are generated by translation from different AUG codons. 
C/EBP proteins bind as homodimers or heterodimers with other family members or 
with other factors. The C/EBP proteins have been suggested to have an important 
role in modulation of terminal differentiation, with a well-characterized function in 
hepato- and adipogenesis. One study found that treatment of CaSki cells with IL-6, 
an inducer of C/EBPI3 expression, repressed HPV-16 early gene expression [65]. 
Similarly, overexpression of C/EBPI3 inhibited HPV-11 genome maintenance [111]. 
Finally, the effects of depleting C/EBPI3 in HFKs were studied by use of oligo- 
nucleotides with closed ends shaped like dumbbells. Co-transfection of C/EBP[3 
dumbbells and HPV-11 genomes increased both copy number and E6/E7 transcripts 
with respect of HPV-11 transfectants alone [111]. 

Another important regulator of HPV expression is ying yang-1 (YY1). YY1 may 
activate or inhibit transcriptional activity depending on the context of the promoter. 
A YY1 binding site is present downstream of the C/EBPI3 site in HPV-18. Previous 
observations suggested that YY1 binding to this downstream site was necessary for 
transcriptional activity of the early promoter. However, YY1 became a transcrip- 
tional repressor in the absence of upstream sequences, suggesting a complex inter- 
action between YY1 and other transcription factors binding to the URR [8,9]. YY1 
has additionally been shown to repress E6 and E7 expression in HPV-16. Although 
the exact mechanism of YY1 repression has not been elucidated, it may act by 
inhibiting AP-1 transactivation [81]. An AP-1 binding site overlaps five YY1 sites in 
the enhancer of HPV-16, and mutation of the YY1 sites led to a four to six-fold 
increase in p97 promoter activation. YY1 was found to interact with CREB binding 
protein (CBP), a co-activator for AP-1, and may target CBP to mediate its repressive 
effects. Similar arrangements of YY1 and AP-1 sites at equivalent locations are 
present in HPV-18, 31, and 35, suggesting a conserved mechanism for modulation of 
AP-1 function. YY1 also plays a negative role in the regulation of E1 promoter in 
HPV-6 (p680) [1]. p680 is active only upon differentiation and is homologous to the 
late promoter in high-risk viruses. Mutation of the YY1 site in the E1 promoter led to 
an increase in reporter activity in undifferentiated keratinocytes, indicating that YY1 
repressed p680 activity in monolayer cells. YY1 was recently shown to interact with 
proteins that have histone deacetylase activity, which provides a direct link to its 
function as a repressor. 

An additional interaction between YY1 and E2 has been reported to occur 
proximally to the origin of replication in HPV-18 [70]. Addition of YY1 repressed 
E1/E2-mediated replication of HPV-18 in a cell-free system. DNA binding by YY1 
was not necessary for this negative effect, since neither competitor YY1 binding sites 
nor antibodies to the DNA binding domain of YY1 were able to alleviate repression. 
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While YY1 binds to co-repressor complexes containing histone deacetylases, de- 
acetylase activity seems minimally important in a cell-free system where DNA is 
generally free of histones. Therefore, interference with E2 function may likely be the 
mechanism of action. 

Additional factors have been reported to be essential for HPV gene expression. 
The differentiation-dependent CCAAT Displacement Protein (CDP) has been 
shown to negatively regulate the E6 promoter in HPV-6 through a binding motif at 
the 5' end of the URR of HPV-6 and a HPV-6 variant called HPV-6w50 [2,84]. The 
variant HPV-6b, in contrast, contains a 94 nt deletion that spans the CDP silencer. 
Introduction of the silencer element from HPV-6w50 into the HPV-6b UR R  was 
sufficient to induce repression [84]. CDP also appears to bind to sequences spanning 
the origin of replication in HPV-16, 31, 33, 18, 45, and 11 and to repress replication 
and transcription from the E6 promoter [80]. While CDP functions as a transcrip- 
tional repressor in undifferentiated cells, it is inactive in cells that have undergone 
differentiation. Thus, CDP has the potential to link viral replication and transcrip- 
tion to the life-cycle of the infected cell. The repressor function of CDP may stem 
from recruitment of histone deacetylase 1 and chromatin remodeling factors such 
that the template DNA is less accessible to the transcriptional machinery [77]. An 
additional factor, designated the papillomavirus enhancer factor (PVF), binds to the 
U R R  of HPV-16 [23]. Mutation of the PVF binding site led to a 45% decrease in 
enhancer activity. The binding site for PVF consists of an octamer-like sequence and 
is highly conserved among high-risk HPVs but is absent in low-risk viruses. The 
identity of this factor has not been conclusively determined, but it is alternatively 
referred to as TEF-1 and 2 in HPV-16 [7,58,79], or F5 in HPV-31 [66]. Finally, 
another motif that appears to be a conserved regulator of HPV gene expression is a 
glucocorticoid responsive element in the URR of HPV-18, 16, and 11 [17,18,75,113]. 
The element has been reported to be responsive to dexamethasone and to function as 
an enhancer. Whether it actually plays an important role in the HPV life-cycle has yet 
to be determined. 

A recent report by Bouallaga and colleagues has provided a three-dimensional 
perspective on transcription factor assembly at the UR R  by describing the assembly 
of a JunB/Fra-2/HMG-I(Y) enhanceosome complex on the HPV-18 enhancer in 
HeLa cells [14]. Enhanceosomes consist of nucleoprotein complexes that exhibit 
stereospecific assembly in order to create an activating surface for co-activators and 
the transcriptional machinery [71]. The specific three-dimensional arrangement of 
ubiquitous factors is the basis of activation of a specific promoter, thereby allowing 
precise control over expression of different genes. The core enhancer of HPV-18 
consists of a 109 bp fragment of the URR that includes an AP-1 site. The study found 
that internal deletions or insertions to the enhancer affected transcriptional activa- 
tion, which was reflected by activity of a downstream reporter. Half-turn internal 
deletions to the core enhancer abolished reporter activity, while full-turn deletions, 
which preserved the stereo-alignment of the binding sites, did not. A rapidly 
migrating AP-1 complex, composed of JunB and Fra-2, bound at the enhancer at low 
concentrations of nuclear extract. At higher protein concentrations, a slowly 
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migrating complex formed at the expense of the AP-1 complex and showed coopera- 
tivity over a narrow range of concentrations. The slow AP-1 complex contained 
HMG-I(Y), an architectural protein that aids in DNA bending. The core enhancer of 
HPV-18 exhibited similar features to the well studied interferon 13 and T-cell 
receptor-alpha enhanceosomes: stereospecific activity, a higher-order DNA-protein 
structure, and presence of an architectural protein that cooperatively binds to AP-1. 
Enhanceosome assembly on HPV-18 therefore provides an integrated view of the 
nucleoprotein complex that mediates activation of the early HPV promoter. 

Transcription factors that may impart tissue specificity 

An important question in HPV biology is what determines the epithelial tropism of 
the virus. Numerous studies have demonstrated that the HPV enhancer activates 
expression preferentially in epithelial cells. A potential explanation for this is that 
epithelial-specific factors activate enhancer function. One potential candidate is a 
POU domain protein designated the epidermal octamer-binding factor 1 (Epoc-1), 
which is present exclusively in differentiated epithelium [112]. Epoc-1 binds to the 
promoter-proximal region of the URR of HPV-18 and activates the early promoter. 
In addition, exogenous expression of Epoc-1 in non-epithelial cells where the 
HPV-18 URR is inactive can restore early promoter activation. Epoc-1 binding sites 
partially overlap AP-1 sites, and thus Epoc-1 binding has also been suggested to 
regulate AP1 binding. AP-1 is an additional example of a transcription factor with 
tissue-specific expression, since the tissue distribution ofjun, los, and other members 
of the family varies. In undifferentiated cells, the major AP-1 complex consists of 
JunB and Fra-2. On the other hand, c-jun, JunB, c-Fos, and Fra-2 are highly 
expressed at the stratum granulosum and target a number of genes involved in 
epithelial differentiation [4]. 

Additional candidates for imparting tissue specificity in HPV are transcriptional 
enhancer factor-1 (TEF-1) and CAAT-binding transcription factor-1 (CTF-1). Four 
TEF-1 binding sites have been identified in the URR of HPV-16 [58]; in addition, 
TEF-1 requires a co-activator that is present in extremely limiting amounts. Avail- 
ability of the co-activator may therefore modulate TEF-1 activity in different cell 
types. Another epithelial factor that has been correlated with URR activity is CTF-1, 
a member of the NF-1 family of transcription factors. Specific CTF-1 band shifts in 
epithelial cells have been associated with transcriptional activity of the URR in 
HPV-16 [6]. Furthermore, overexpression of CTF-1 conferred URR-mediated 
transcriptional activation to non-epithelial cells. Identification of other cell-type 
specific factors responsible for HPV gene expression in epithelial cells will require 
additional study. 

E2 and viral gene expression 

Papillomaviruses encode a small number of factors that can directly regulate viral 
gene expression. The most extensively characterized of these is the E2 protein. The 
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E2 proteins are highly conserved among all papillomaviruses and recognize a con- 
sensus palindromic site with the sequence ACCN6GGT [11]. The carboxyl-terminus 
of E2 contains the dimerization and the DNA-binding domain. Crystallization 
studies have demonstrated that the C-termini of E2 dimers form a beta-barrel 
structure [16,49], that is similar to one in the unrelated protein EBNA-1 from 
Epstein-Barr virus. The amino-terminus of E2 encodes a transactivation domain as 
well as a domain for interaction with El. The N-terminus has recently been crystal- 
lized and shown to consist of alpha-helices that can dimerize. Such dimerization may 
facilitate DNA looping between E2 molecules bound to different DNA sequences 
[5,15,48]. A central hinge region connects the amino and carboxyl termini. The hinge 
region exhibits a high degree of sequence variability among papillomaviruses, and its 
structure remains to be defined. 

The BPV-1 E2 transactivator can bind to seventeen sites scattered throughout 
the genome [34] and functions as the major activator of BPV-1 early gene expression. 
In contrast, only four E2 binding sites are present in the UR R  of genital papilloma- 
viruses (Figure 2). Reporter assays involving the URR  of HPV-16 and 18 revealed 
that E2 activated expression at low concentration, yet repressed it when expressed at 
high levels [102,107]. A possible mechanism for this repression is through displace- 
ment of TBP and Spl when E2 binds to E2 binding sites 3 and 4 [32,107]. A recent 
study suggests that E2 from HPV-11 may also repress the early promoter by directly 
targeting several components of the transcriptional machinery [52]. In contrast, the 
E7 promoter in HPV-6a is activated by E2, particularly through binding site 1 [86]. 
This regulation may contribute to high levels of E7 expression in the low-risk viruses. 
Interestingly, the HPV E2 protein, like the BPV-1 protein, can activate expression of 
heterologous promoters consisting of multimerized E2 binding sites [103]. It there- 
fore seems that the particular arrangement of E2 binding sites with respect to nearby 
promoters leads to different modes of regulation. It is believed that E2 repression is 
part of a mechanism for control of viral copy number in undifferentiated cells. At low 
levels of protein, E2 activates E1 expression from the early promoter, while at high 
levels, E2 represses expression. This regulation contributes to the maintenance of 
constant numbers of viral template in undifferentiated cells. Upon differentiation, 
the late promoter directs E1 and E2 expression. Since the late promoter is not subject 
to regulation by E2, high-level expression of E1 and amplification of viral DNA result 
at the suprabasal layers of the epithelium. 

Recent data suggests that a short form of E2, called E8 ^ E2C, can mediate 
transcriptional repression of the early promoter of HPV-31 [104]. Alternative splic- 
ing in the E1 and E2 ORFs generates the short E8 ORF fused to the C-terminus of 
E2 (Fig. 1). The E8 ^ E2C protein can interfere with the replicative function of E2, 
perhaps by formation of heterodimers with the full-length protein. E8 ^ E2C has 
additionally been shown to play a role in early transcript repression in a novel 
manner. While full-length E2 repressed by binding to the promoter-proximal binding 
site 4, E8 ^ E2C can act at a distance through the distal E2 binding site 1 [105]. 
E8 ^ E2C-mediated repression requires E2 binding sites and also occurs with 
heterologous promoters with upstream E2 binding sites. Similar E8 ^ E2C proteins 
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have been described in HPV-11, 16, and 33 [33,89,97]. E8 ^ E2C may therefore be 
part of a negative feedback loop that downregulates early gene expression and DNA 
synthesis. 

The late promoter 

Late gene expression requires epithelial differentiation, which serves to link the viral 
and cellular life-cycle. Late genes include E1 ^ E4, a cytoplasmic protein thought to 
aid in viral egress from infected cells, and the two capsid proteins L1 and L2 [57]. The 
late promoter consists of a number of initiation sites that map to sequences within the 
E7 ORF in HPV-6, 16, and 31 [27,47,50,57,61,78,110]. There are several models for 
late promoter activation. The simplest model suggests that activation of the late 
promoter requires expression of differentiation-specific transcription factors. A 
second model proposes that late gene expression requires genome amplification for 
a gene dosage effect. Replication could also act to increase the accessibility of the 
DNA to the transcriptional machinery, or to titrate away an inhibitory factor. The 
requirement for genome amplification in activation of the late promoter is consistent 
with two previous observations. First, Frattini et al. showed that HPV-31 episomal 
templates are required for late gene expression [42]. Second, CIN612 cells that 
spontaneously amplify viral DNA in monolayer cultures express late genes in the 
absence of differentiation [85]. 

No consensus T A T A  boxes are found within the late promoter region, although 
potential initiator elements are present in HPV-31. Initiator elements generally 
overlap transcript start sites and function to recruit the transcriptional machinery. 
However, many of the start sites for late transcripts in HPVo31 lack initiator 
elements. Transcription from TATA-less and initiator-less promoters may be 
mediated by transcription factors that direct the transcriptional machinery to the 
correct site. A number of binding sites for cellular transcription factors are present in 
the vicinity of the late promoter. These include sites for Oct-l, SOX 5, and SRY, 
which bind to late promoter sequences in vitro (L. Pefia, unpublished results); 
however, it is not clear if the sites function as transcriptional cis elements that direct 
late gene expression. Initiation from promoters lacking a TATA box and an initiator 
element occurs promiscuously over hundreds of nucleotides throughout the 
promoter [90]. This has been observed for late promoter transcripts of HPV-31, 
which occur throughout 200 nucleotides within the E7 ORF. Over 30 initiation sites 
have been mapped in HPV-31, including major start sites at nucleotides 626, 642, 
680, 737, 742, and 767 [27,47,82,83]. Only a limited number of factors have been 
functionally implicated to regulate late protein expression. Among these is CDP/Cut, 
which has been shown to control the differentiation-specific E1 promoter in HPV-6 
[2]. CDP, a transcriptional repressor in undifferentiated cells, is inactive in cells that 
have undergone differentiation. CDP may thus link late gene expression to differe- 
ntiation status of the infected cell. 

Eukaryotic DNA is densely packaged into chromatin, which consists of a nucleo- 
somal complex of DNA and histones that is assembled into higher-order structures. 
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Chromatin must be modified to make DNA accessible to the transcriptional 
machinery [13]. Papillomavirus DNA assembles into nucleosomes; furthermore, 
Stiinkel and Bernard have shown that chromatin rearrangement plays a role in HPV 
early gene expression [106]. In vivo studies of CaSki cells, which carry approximately 
500 copies of integrated HPV-16, indicate that nucleosome positioning occurs over 
the viral enhancer, the origin of viral replication, and the early promoter. A nucleo- 
some was found to be located directly over the early promoter of HPV-16 and was 
shown to inhibit early gene expression. A similar arrangement was observed in vitro 
over the early promoter of HPV-18. These observations suggest that chromatin 
architecture on a viral template may be directed by the DNA sequences and may 
regulate viral gene expression. The DNAse I hypersensitivity assay is helpful in 
assessing the state of chromatin over a DNA template, since areas where chromatin 
is relaxed are more accessible to digestion by DNAse I. By means of this assay, it was 
observed that a shift in the state of chromatin occurred during the life-cycle of 
HPV-31 [27]. The DNA around the late promoter became more accessible to 
DNAseI upon differentiation. This indicates that the chromatin structure over the 
late promoter becomes transcriptionally accessible at this stage of the life-cycle. Two 
cellular processes which can mediate chromatin rearrangements, namely histone 
acetylation by histone acetyltransferases (HATs), and ATP-dependent chromatin 
remodeling could be involved in altering chromatin structure. While HATs were 
found to play a role in regulation of early gene expression, these studies indicated 
that a mechanism other than histone acetylation was responsible for chromatin 
rearrangement around the late promoter [27]. Interestingly, E1 appears to interact 
with human SNF5, a member of the SWI/SNF family of proteins [69]. The E1/SNF5 
complex may participate in modulation of viral DNA synthesis, but whether this 
complex functions in late promoter activation remains unclear. 

Post-transcriptional regulation 

Although most work on papillomavirus gene expression has focused on transcrip- 
tional regulation, a growing body of evidence suggests that post-transcriptional 
events may play an important role in viral gene expression. Eukaryotic pre-mRNAs 
are processed at the 3' end by endonucleolytic cleavage at a GU-rich element and 
subsequent addition of a poly (A) tail at the cleavage site (Fig. 3A) [24]. The distance 
between the AAUAAA motif and the GU-rich element determines the site of 
cleavage and the efficiency of polyadenylation. HPV genomes contain a functionally 
conserved polyadenylation signal for both early and late transcripts (Fig. 1A) [109]. 
The early polyadenylation site is located between the E5 and L 2 0 R F s ,  and early 
transcript polyadenylation occurs in a heterogeneous manner over a stretch of 100 
nucleotides encompassing the polyadenylation signal. Early polyadenylation motifs 
in HPV-31 were observed to be approximately 20-fold less efficient than the well 
characterized elements in SV40 [108]. Late transcripts, on the other hand, are 
processed more precisely, with 3" ends extending over only 5 nts downstream of the 
consensus hexanucleotide motif. Substituting the early signal for late sequences 
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Fig. 3. (A) Schematic representation of mRNA processing. CPSF recognizes the AAUAAA motif and 
CstF recognizes the G/U motif, which subunit 64 binds. The proteins recruit other members of the 
polyadenylation machinery, which cleaves the precursor RNAs. The polyA polymerase (PAP) then adds a 
poly(A) tail. The poly (A) binding protein II (PABII) restricts the tail to a 200 to 300 nt length. (B) Early 
transcripts in HPV-31 are polyadenylated over a 100 nt region, while late transcripts are processed over a 
span of 5 nts. (C) The immunoglobulin (Ig) heavy chain switch is associated with increased CstF-64 levels 
in undifferentiated B-cells. Immature B-cells express membrane-bound Ig, while plasma cells express a 
secreted form. At high CstF-64 concentrations, RNA processing occurs at a weak polyadenylation site that 

results in secreted Ig in activated B-cells. 

resulted in early transcript processing over a smaller range of viral sequence, indicat- 
ing that the RNA processing elements in the viral genome are responsible for the 
differences in early and late mRNA processing. 

RNA processing occurs in several steps [24]. The hexanucleotide motif is recog- 
nized by the cleavage and poly A specificity factor (CPSF), and the GU-rich element 
is recognized by the cleavage stimulation factor (CstF). CstF, in turn, increases the 
CPSF binding affinity to the AAUAAA motif. The CstF-64 subunit in the CstF 
complex binds RNA through a RNA binding domain, and CstF-64 abundance 
influences mRNA processing. The switch from membrane-bound to secreted forms 
of immunoglobulin is a well studied example of how protein abundance influences 
polyadenylation (Fig. 3C) [35]. Resting B-cells have low levels of CstF-64 and 
primarily express the membrane-bound form of IgM, which is polyadenylated at a 
strong site downstream of a weak one. Upon cell activation, CstF-64 levels increase, 
allowing the cleavage factor to recognize the weak polyadenylation site in the heavy 
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chain gene. This results in an Ig that lacks a transmembrane domain and is secreted. 
Terhune et al. found that levels of CstF-64 decreased upon epithelial differentiation 
and this change may influence the choice of polyadenylation sites in HPVs [109]. 

Several sequences within the L2 and L 1 0 R F s  and the 3' untranslated region 
(3"UTR) have been shown to influence viral mRNA stability. The first 800 nt in the 
L 2 0 R F  in HPV-31 contain a sequence that inhibited usage of the late poly- 
adenylation site [108], and a similar regulatory element in HPV-16 decreased the 
half-life of viral transcripts [99]. Experiments using cycloheximide revealed that 
protein synthesis was necessary for inhibition in HPV-16, suggesting that a cellular 
factor was involved in mRNA degradation. A second instability element is present at 
the 3" end of the L 1 0 R F  and extends into the 3'UTR of HPV-16 [29, 62, 64]. Similar 
to its counterpart in L2, this L1 element was found to be capable of decreasing the 
half-life of mRNA transcripts. HPV-1 and BPV-1 also contain an inhibitory element 
in the late gene 3'UTR, downstream of the L1 stop codon [44, 98]. Two motifs are 
important for this function in HPV-I: a 5' sequence that contains two AUUUA 
motifs, and a 3' sequence with three U U U U U  motifs [98]. The inhibitory region also 
includes four splice donor-like sequences and is recognized by several proteins, 
including several that recognize intronic sequences. The late 3' UTR in BPV-1 also 
contains an instability element that reduces the levels of cytoplasmic L1 mRNA 
without affecting the half-life of the transcripts [43,44]. Interestingly, the inhibitory 
region contains a sequence that is homologous to a splice donor site. Mutations to 
this pseudo-splice site were found to abolish inhibitory activity and stimulated 
polyadenylation at the late site, perhaps by impairing the definition of an exon [44]. 
These examples offer compelling evidence that splicing and polyadenylation influ- 
ence gene expression throughout the PV life-cycle. 

In contrast to the majority of eukaryotic messages, HPV proteins are expressed 
from polycistronic messages. Figure 1B depicts many of the HPV-31 mRNAs that 
have been characterized to date. In polycistronic messages, translation of down- 
stream cistrons occurs through several mechanisms, including ribosomal shunting 
and leaky scanning. In ribosomal shunting, ribosomes bind to the 5' end of the 
message, travel a short distance, and then translocate to a downstream site without 
reading the intervening sequence. Shunting has been proposed to function in E1 
translation from a polyscistronic message that encodes E6 and E7 upstream of the E1 
sequence in HPV-18 [87]. This sequence includes several minicistrons and may form 
a secondary mRNA structure that is necessary for shunting. In contrast, Stacey et al. 
observed that E7 translation in HPV-16 likely occurred from leaky scanning of 
polycistronic messages [100,101]. Support for this stems from the observation that 
translation of E7 was found not to require splicing events of the upstream E 6 0 R F ,  
and that E7 synthesis occurred from a mutant transcript in which the E 6 0 R F  
overlapped ET. It appears that ribosomes recognize the E6 AUG, yet ignore this start 
site as well as a number of AUGs in the E 6 0 R F  to utilize the start codon for ET. 
Interestingly, E7 is not translated at a significant level from polycistronic E6-E7 
transcripts in HPV-11 [100]. This low-risk virus expresses transcripts from a pro- 
moter at nt 229, where E7 is the first ORF on the message. 
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Conclusion 

Papillomavirus gene expression has been intensely studied for the past two decades. 
The epitheliotropism of the virus and its synchronicity with the life-cycle of the 
infected cell pose two intriguing questions: what is the mechanism for establishing 
tissue preference, and how does the virus use host transcription factors to regulate its 
life-cycle. New insights into this process have come from studies involving the 
assembly of nucleoprotein complexes to regulate enhancer function. Additional 
insights come from studies of post-transcriptional mechanisms, including splicing, 
polyadenylation, and translation. Post-transcriptional mechanisms, in particular, 
provide a complex framework for the control of viral gene expression. A thorough 
understanding of HPV gene expression will, in the future, require an integrated view 
of transcription, RNA processing, and translation. 
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Introduction 

Human papillomaviruses (HPV) are a family of double-stranded circular DNA 
viruses with a genomic size of around 8 kilobases. HPV are highly species-specific 
and infect only stratified squamous epithelial cells or mucosal membranes [117]. As 
with many other aspects of HPV molecular biology, the DNA replication of bovine 
papillomavirus type 1 (BPV) has been the most studied and has become the 
paradigm for HPV DNA replication. DNA replication studies with various HPVs 
have shown that although the BPV paradigm is often accurate, differences do exist 
between the viral DNA replication of BPV and some HPVs. 

Viruses infect at the basal layer of epidermal tissue and the virus undergoes three 
stages of replication. Within the basal and first supra-basal epidermal layers, the viral 
DNA is propagated until there are 50-100 copies per cell. During the second stage, 
the maintenance stage, viral DNA replication is replicated in synchrony with the host 
cell cycle, only occurring during S phase of the host cell cycle [32]. During both of 
these stages the HPV DNA is maintained as episomal plasmids in the nuclei of 
infected cells. The third and final stage is the vegetative stage of viral replication. The 
vegetative stage only occurs in terminally differentiated tissues, and includes both an 
increase in the number of viral genome copies, as well as the expression of late genes 
and assembly of new virus [13]. The requirement for cellular differentiation for the 
complete virus life-cycle has greatly hampered study of papillomavirus DNA 
replication [14,91]. 

Model systems 

Our current knowledge of the molecular mechanisms of papillomavirus (PV) DNA 
replication comes primarily from model systems. One critical advancement was the 
development of a transient transfection system for the study of PV DNA replication. 
In this system cultured cells are transfected with two plasmids: one is the expression 
plasmid, which is used to express PV proteins required for DNA replication; and the 
other is the test plasmid, which is used to test for cis-acting DNA elements required 
for DNA replication. Using this system both the PV proteins and sequences required 
to drive episomal PV DNA replication were identified [104-106]. The origin of PV 
DNA replication is located within the upstream regulatory region (URR) or long 
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Fig. 1. The structure of the HPV-11 genome. The solid circle represents the 7933 base pair dsDNA 
genome. Nucleotide positions within the genome are indicated by the numbers inside the solid circle. The 
encoded proteins (ORFs) are indicated by the thick solid lines in the outer circles. The URR/LCR is in the 
open region between ORFs L1 and E6. The location of the origin is indicated within the Early gene 

proximal side of the URR/LCR. 

control region (LCR) within the major non-coding region of the HPV genome (Fig. 
1). Only two virally encoded proteins, E1 and E2, are required for the replication of 
PV episomal DNA. All other factors required for PV DNA replication are obtained 
from the host cell. 

Eukaryotic cell extracts supplemented with the appropriate PV E1 and E2 
proteins can be used to reconstitute replication of DNA episomes containing both 
bovine and human PV origin sequence in a cell-free in vitro system [44,108]. This 
system has been compared to the well-studied simian virus 40 (SV40) DNA replica- 
tion in vitro system. All the host factors required for SV40 DNA replication are also 
required for PV DNA replication [44,49,63,65,69,108]; however, they are not suffi- 
cient [63]. Additional cellular factors are required for PV DNA replication. In 
further support of this, it was found that extracts from some types of human cells that 
support SV40 DNA replication efficiently, are deficient for PV DNA replication 
[50]. 

Another model system is the organotypic or raft culture system [68]. As with the 
transient transfection system above, plasmids are introduced into the cells to be 
cultured. However, in this system the plasmids used are the entire viral genomic 
DNA. These cells are then grown on a collagen raft at the media-air interface. This 
system more closely mimics the natural viral life-cycle, as these cells grown at a 
liquid-air interface are induced to undergo differentiation. This system has also been 
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Fig. 2. Organization of the HPV origin. The solid line represents the dsDNA of the HPV-11 origin region 
from nucleotide 7500 to nucleotide 100 (as noted by the designated numbers above the line). The El,  E2, 
and Spl binding site positions are indicated by the striped oval, gray rectangles, and solid circle as 
indicated. The E2 binding sites within this region are numbered in bold. The T A T A  box indicates the 
TATA element for the major E6 promoter (start site indicated by the arrow), and the Constitutive 

Element is indicated by the rounded rectangle. The A/T rich regions are indicated by asterisks. 

used to study the cis-acting DNA elements and viral trans-acting factors required for 
HPV origin DNA replication [67,92,93]. The limitation with this system is that many 
aspects of PV biology are required for propagation of viral DNA. Hence, if a studied 
factor is involved in several functional processes (for example, E2 is involved in both 
viral transcription and DNA replication regulation), elucidation of its role in PV 
DNA replication may be difficult. 

HPV Replication origins 

As noted above, the origin of PV DNA replication is located within the untranslated 
upstream regulatory region (URR) or long control region (LCR) and overlaps the 
major E6 promoter (Fig. 2). The cis-element composition of HPV DNA replication 
origins is relatively simple. The core origin is located within a 200 base pair (bp) 
sequence containing one E1 protein binding sequence (E1BS), three important E2 
protein binding sequences (E2BS) (sites 2, 3 and 4) and surrounding sequences. 

E1 protein binding sequence (E1BS) 

The E1BS was first identified in BPV as an 18 base-pair imperfect palindromic 
sequence [41]. This AT-rich sequence is highly conserved among PVs (Fig. 3) [14]. 
Based on studies of the interaction between BPV E1 and its E1BS, it was suggested 
that there are four E1 protein binding sites within the 18 bp E1BS (Fig. 3) [9,26]. A 
similar structure has also been found in the simian virus 40 (SV40) origin of DNA 
replication. Binding Site II, the essential central element of the SV40 core origin, 
consists of four binding sites for the SV40 large T antigen (Tag) [6]. 

While an E1BS is essential for function for both the BPV and HPV type i origins 
[36,89,105,110], it is dispensable for origin activity in both transient replication assays 
and cell-free DNA replication for many HPV isotypes [21,54,77,95]. However, even 
when not essential, the presence of an E1BS can stimulate origin activity dramatically 
[77]. 
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CONSENSUS: 
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CTTATAGTTAATAACAAT 
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ATAATAGTAAACTATAAT 
ATTATAGTT~AACAAT 

L 4 

Fig. 3. Homology of PV E1BSs. The sequences of the indicated E1BSs are displayed over the E1BS 
consensus sequence. Bases which do not adhere to the consensus are grayed. The arrows indicate the 

putative individual E1 binding sites, with the arrowhead indicating the relative orientation [26]. 

E2 protein binding sequences (E2BS) 

For many HPV isotypes, the only cis-element required for replication function in 
transient transfection assays is the E2BS (ACCGNaCGGT) (HPV-1 is the only 
exception, see Ref. [38]). A single copy of either a natural or synthetic E2BS is both 
required and sufficient for HPV origin function in these assays [54,77,95]. The 
genomes of most HPV isotypes contain four copies of the E2BS within the URR 
(Fig. 2). The contribution of each E2BS to origin activity is based on its relative 
proximity to the E1BS and the affinity of the E2 protein for that specific site [77]. 
Origin activity also increases with the number of E2BSs. The three most proximal 
E2BSs (#2 to #4) plus the E1BS provides full origin activity in transient transfection, 
in vitro cell-free, and raft culture DNA replication assays [14,91]. 

Auxi~arysequences 

Other than the E1BS and E2BSs, several cis-elements in the proximal region have 
also been examined for their possible contribution to the overall efficiency of origin 
function. These sequences are: the A/T-rich sequences surrounding the E1BS and 
E2BSs, a purine-rich sequence, and several transcription factor binding sites (Spl, 
GT-1, AP-1, and a TATA motif) [12,20,22,38,54,77]. The results indicated that these 
sequences make little or no contribution to HPV origin activity. 

In summary, the cis-elements important for HPV DNA replication origin 
function consist of an E1BS and the three surrounding E2BSs (Fig. 2). 

Replication machinery 

E1 and E2 are the only two virally encoded proteins required for PV DNA replica- 
tion. All the other factors directly involved in PV DNA replication are provided by 
the host cell. 
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E1 protein 

The E1 proteins of PVs all show a very high degree of conservation. They also have a 
limited degree of homology to the large T antigens (Tag) of SV40 and other 
polyomaviruses [15]. PV E1 proteins have both ATPase and DNA helicase activities 
that are essential for both initiation and elongation of viral DNA replication [14,91]. 
E1 interacts with the viral E2 protein, as well as several host factors. Many of these 
interactions have either been shown to or are suspected to be essential for PV DNA 
replication. E1 is a nuclear phosphoprotein that has low affinity for both single 
stranded DNA (ssDNA) and double-stranded DNA (dsDNA). The carboxy-term- 
inal 2/3 of E1 contains most of the functional domains of E1 (Fig. 4) and contains the 
regions of homology between the various E1 proteins and SV40 Tag. Like SV40 Tag, 
PV E1 proteins bind to their respective origins, form hexameric ATPase/helicases, 
and are considered to be the proteins that initiate viral DNA replication. 

(i) ATPase/helicase: The ATPase and helicase domain is located within the 
C-terminal region of E1 [59,107] and shows a high degree of sequence homology to 
the superfamily 3 helicases (Fig. 4, Boxes A-D) [15]. MacPherson et al. [57] suggest- 
ed that Box A is not required for the ATPase and helicase activities of HPV-16 El; 
however, point mutants in Box A of HPV-11 E1 show substantially reduced ATPase 
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Fig. 4. Structure of the PV E1 protein. The structure of a consensus E1 protein is depicted at the top of the 
figure. Sites of phosphorylation on E1 by the indicated kinases are depicted by the circled P's. The site of 
sumoylation is similarly indicated. Hydrophilic regions 1 and 3 (HR1 and HR3) near the N-terminus are 
labeled as gray boxes. The dark boxes labeled A through D are the regions of highest homology between 
the E1 proteins, that show homology with SV40 T-antigen. These four domains also contain the major 
ATPase/helicase consensus sequence motifs. The regions mapped to be responsible for nuclear 
localization (NI_~), dsDNA binding, ssDNA binding, El-E1 interaction, ATPase/helicase function, DNA 
polymerase alpha binding, E2 binding, Cyclin E binding, and Ubc9 binding are indicated. *Based on the 
sequence alignment, the core DNA binding domain of BPV-1 E1 (amino acids 142-300) is located 

between amino acids 200-350 of HPV El. 
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activity [•02]. Mutations in Box B (which contains the Walker A and Walker B 
motifs, both of which are essential for ATP hydrolysis) also decrease E1 ATPase 
activity [57,75]. PV E1 ATPase activities have been shown to have K m values within 
the physiological ATP concentration range [107], and are comparable to the ATPase 
activity of SV40 Tag. Like Tag, E1 forms a hexameric helicase that translocates in the 
3' to 5' direction on the strand to which it remains bound [31,85,87,109]. 

(ii) DNA binding: While SV40 Tag and BPV E1 both show relatively high 
sequence specificity and affinity for dsDNA binding [27,91], most HPV E1 proteins 
bind dsDNA with low sequence-specificity and low affinity [14,21,51]. This may 
explain why the E1BS is not essential for origin activity for many HPVs. However, in 
the presence of an E2BS and E2 protein, the non-specific DNA binding activity of E1 
is suppressed [5,44,108] and its sequence-specific DNA affinity is increased [4,7,14, 
80,86,91]. 

The DNA binding properties of BPV E1 have been studied extensively. BPV E1 
forms stable monomers (only in the presence of E2), dimers, trimers, tetramers, 
hexamers and double hexamers on DNA [8,10,26,31,84,85]. Binding of dsDNA by 
BPV E1 is ATP-independent [31,40,83], and a polypeptide of the BPV E1 protein 
spanning amino acid residues 142-300 (equivalent to amino acid residues 200-350 of 
HPV El)  carries the same sequence-specific DNA binding activity as the full length 
protein [8,35,46,82]. This domain is defined as the core DNA binding domain 
(DBD). The crystal structure of the BPV E1 DBD has been solved [26] and com- 
bined with biochemical studies shows that BPV E1 has a bipartite DBD with two 
clusters of hydrophilic amino acids (HR1 and HR3) [26,35]. These two regions are 
conserved among all PV E1 proteins [35]. 

While there is clear conservation of the DBD between BPV E1 and the HPV E1 
proteins, the corresponding HPV E1 domain (amino acid residues 200-350) is 
unable to bind dsDNA. It appears that additional C-terminal sequences containing 
the conserved Boxes A-D, that carry ssDNA binding, ATP binding, ATPase, DNA 
helicase activity, and the E1 oligomerization domain, are required for dsDNA 
binding of the HPV E1 proteins [1,59,94,102,103,107]. For instance, a small deletion 
at the end of the C-terminus of HPV-11 E1 abolishes the DNA binding activity [94]. 
Furthermore, studies with HPV-11 E1 show that mutation of a highly conserved 
amino acid within Box A affects the dsDNA binding of El, the El-E1 interaction, 
and ATPase activities, leading to loss of the ability of E1 to support viral DNA 
replication [1,102,103,107]. Mutations in Box B also reduced the ATP and DNA 
binding ability of E1 [102]. Consistent with the mutational studies, formation of 
stable HPV E1-DNA complexes at physiological temperature require the presence 
of ATP [51,52,102[. While BPV E1 binds to DNA in various multimeric forms, HPV 
E1 is only found to bind as a hexamer. (In the presence of heat shock protein 40 
(Hsp40) it is assembled into double hexamers [52]). 

Based on both the BPV and HPV results, we hypothesize that when E1 first 
associates with the E1BS, it binds as dimers. This step does not require ATP. While 
this E1 dimer-DNA complex is relatively stable for BPV, it appears to be unstable for 
HPV. In the presence of ATP, more E1 proteins are recruited to the origin and 
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assembled into E1 hexamers or double hexamers. Based on current models of 
hexameric DNA helicases, we propose that these E1 hexamers are formed such that 
they encircle one strand of the dsDNA helix, causing localized melting of the dsDNA 
in the process. These ssDNA-bound E1 hexamers appear to be stable. This model is 
consistent with the data showing that the BPV E1 DBD can bind dsDNA stably in the 
absence of ATP, while binding of dsDNA by HPV E1 requires ATP, and the 
ATPase/DNA helicase, and E1 oligomerization domains of HPV El. 

(iii) El -E2  interaction: The interaction between E1 and E2 is required for HPV 
DNA replication [14,91], and is a possible target for therapeutic intervention. How- 
ever, investigations to identify the domain of E1 that interacts with E2 have produced 
inconsistent results. The most recent studies on HPV E1 all indicate that the 
E2-interacting domain is within the C-terminal region of E1 (Fig. 4) [1,37,57,64,94, 
103,111,115]. Although this domain also carries other functions, these functions can 
be separated from E2 binding. Several point mutations in Box A or B that affect the 
ATPase and DNA binding activities of El, still bind E2 efficiently [1,102,103,107]. 
Interestingly, binding and hydrolysis of ATP by E1 reduces the affinity between E1 
and E2 [80,107]. During the initiation of HPV DNA replication, the binding of E2 to 
the E2BS, and the E l -E2  interaction, act to bring the initiator protein, El, to the 
origin [34,81]. After the assembly of the dihexameric E1 helicase on the origin, E1 
and E2 dissociate from each other, allowing the helicase to progress from the origin 
sequence. Presumably either binding of ATP by El, or interactions with host cell 
factors, help contribute to the El -E2 dissociation. 

(iv) Post-translational modifications: Both SV40 Tag and E1 are phosphoproteins. 
Phosphorylation of Tag on the threonine at amino acid residue 124, near the nuclear 
localization signal (NLS), by the p34 cdc2 kinase is essential for SV40 DNA replication 
(for review, see Ref. [72]). HPV E1 has a bipartite NLS located between amino acids 
80 and 130 and contain several conserved basic amino acid clusters [47]. Within this 
domain, different Els  contain two or three serines each followed by a proline. These 
serine-proline sequences are minimal Cyclin/CDK consensus sequences, (S/T)P. It 
has been shown that Cyclin E/CDK can phosphorylate these sites on HPV-11 E1 in 
vitro [56] and mutation of these to alanines reduces the DNA replication activity of 
HPV-11 E1 [50,56]. E1 carries a minimal Cyclin-binding motif (RXL) at a conserved 
basic cluster region near the N-terminus (Fig. 4), and has been shown to interact with 
Cyclin E [19,50,56]. A serine followed by several acidic amino acids within the 
N-terminal region of E1 can be phosphorylated by casein kinase II (CKII) in vitro 
[61,62]. This serine is conserved among all PV El proteins and mutation to an 
alanine in BPV E1 has little effect on most E1 activities, but fails to support BPV 
origin-dependent replication in the transient transfection assay [61,62]. 

E1 was also found to be sumoylated in cells, apparently due to its interaction with 
the ubiquitin-conjugating E2 enzyme, Ubc9, shown through a yeast two-hybrid study 
[73,74,112,113]. Sumoylation sites on BPV E1 were mapped to lysine 514, which is 
conserved among many HPV Els. An E1 mutant, lysine 514 to alanine (K514A), was 
shown to not undergo nuclear translocation; and was therefore not able to support 
PV DNA replication in transient transfected cells [73,74]. 
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(v) Interactions with host proteins: In addition to the cellular proteins that interact 
with E1 to modify it, E1 also directly interacts with several other host proteins. As 
noted above, interaction with Hsp40 enhances the formation of E1 double hexamers 
on origin containing DNA [52]. Like SV40 Tag, E1 has been shown to interact with 
the cellular replication protein complexes, DNA polymerase alpha-primase (pol- 
prim) and replication protein A (RPA). The 180 and 68 kDa subunits of polprim 
have both been shown to interact with both Tag and E1 [1,16,17,23-25,59,69,88]. The 
polprim interacting domain on E1 partially overlaps with the E2 binding domain and 
binding of E2 and polprim to E1 are mutually exclusive events [1,17,59]. RPA is the 
predominant eukaryotic single-stranded DNA binding protein and SV40 Tag and E1 
both interact with RPA through its major 70 kDa ssDNA binding subunit [39]. All 
these interactions appear to be important for initiation and elongation of viral DNA 
replication. 

E1 has been used in the yeast two hybrid system to search for other E1 interacting 
proteins. In addition to the Ubc9 protein (see above) this assay also identified the 
human SWI/SNF chromatin remodeling family protein, hSNF5, as a putative E1 
interacting protein [45]. Whether this interaction is involved in PV DNA replication 
remains unknown. E1 has also been shown to interact with histone H1 [96] and this 
may be related to the interaction with hSNF5. 

E2 protein family 

The full-length E2 protein plays an important role in both viral DNA replication and 
transcription modulation (for a review, see Ref. [90]). The E2 protein has three 
major domains: the N-terminal transcriptional transactivation domain, the non- 
structured hinge region, and the C-terminal dimerization/DNA binding domain. In 
vivo, alternative splicing of the E2 open reading frame produces two shorter proteins 
that carry the hinge region and the dimerization/DNA binding domain (Fig. 5). Both 
shorter proteins are transcription inhibitors and are unable to support PV DNA 
replication in place of full length E2 [12,51]. 

E2 proteins are sequence-specific DNA binding proteins. For HPVs, the E2BSs 
have a consensus sequence of ACCGN4CGGT, where the four central nucleotides 
are A/T-rich [79,99]. E2 binds to the E2BS as a dimer; and the two molecules interact 
through their dimerization/DNA binding domains. Based on structural studies of the 
N-terminal domain of E2, it has been proposed that the two dimeric molecules can 
also interact through alpha helices 2 and 3 in the N-terminus [2]. Although it has 
been shown that E2 also shows high affinity for the sequence ACACNsGGT [66], 
physiological significance of this interaction has not been shown. 

The major function of E2 in HPV DNA replication is to bring E1 to the origin 
through protein-protein and protein-DNA interactions. Since the E2BS is the only 
essential c/s-element for HPV DNA replication, the E2 protein must be considered 
the primary origin recognition protein for HPV (HPV-1 is the only known exception, 
since for HPV-1 DNA replication, E1 has been shown to be the only required viral 
protein [36]). In transiently transfected cells, the hinge region of E2 attaches to the 
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Fig. 5. Structure of the PV E2 protein family. The structure of a consensus E2 protein and the two shorter 
forms of E2 are depicted at the top of the figure. The three domains are indicated by the division of E2 into 
three sections. The N terminal 200 amino acid residues contain the transactivation and E1 binding regions. 
The N terminal domain also contains the E2-E2 interaction domain, at the far N-terminus. The nuclear 
matrix binding domain is within the central (hinge) region (amino acids 200 to 284, gray rectangle). The 
DNA binding domain is within the C-terminal domain (amino acids 284 to 364). In BPV, a secondary 

El-E2 interaction has been noted between their respective DNA binding domains. 

nuclear matrix [115], which are sites for host cell DNA replication. E2 is also capable 
of generating a nucleosome-free area at the PV origin and this is of particular 
importance as histone binding across the origin would otherwise inhibit replication 
activity [48]. 

The initial domain of E2 responsible for targeting E1 to the origin is the 
N-terminal transcriptional transactivation domain of E2. However, the transcrip- 
tional transactivation and E1 binding functions are separable. E2 point mutants at a 
highly conserved glutamine (amino acid residue 39 of BPV E2) lose their ability to 
interact with E1 and support PV DNA replication, but have no effect on the 
transactivation function of E2 [18,28,43,78]. Addition of a synthetic polypeptide of 
the same sequence as amino acid residues 33 to 45 of HPV-16 E2 is reported to block 
the El-E2 interaction and HPV DNA replication [43]. 

The replication-related functions of the three domains of E2 clearly describe the 
roles of E2 in the initiation of PV DNA replication. The C-terminal DNA binding 
domain of E2 binds to the viral DNA, and the adjacent hinge region may act to target 
the viral DNA to sites of active DNA replication at the nuclear matrix [97,114]. The 
N-terminal domain of E2 can target the essential E1 initiator/helicase to the viral 
origin, and simultaneously to sites of active DNA replication [114]. Once viral DNA 
replication is initiated and the E1 helicase translocates away from the origin 
sequences, E2 ceases to be required [33,53,55,80]. 

E2 protein levels were found to be regulated throughout the cell cycle [110]. One 
of the mechanisms of regulation is through proteasome-mediated ubiquitination- 
targeted degradation. For BPV E2, phosphorylation of serine 301 in the hinge region 
is required for subsequent ubiquitination [70]. However, serine 301 is not conserved 
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among the HPV E2 proteins and in fact HPV-18 E2 was found to be ubiquitinated at 
unknown amino acids in the N-terminus [3]. The hinge region was not required for 
this modification 

Host factors 

The in vitro cell free PV DNA replication assay has been used to identify the cellular 
proteins required for PV DNA replication. The host cell DNA replication factors 
required and sufficient for efficient SV40 DNA replication are: DNA polymerase 
alpha-primase and DNA polymerase delta, RPA, replication factor C, proliferating 
cell nuclear antigen (PCNA), topoisomerases I and II, RNase H, flap endonuclease 
(FEN-l) and DNA ligase I. Most of these factors have been shown to be required for 
BPV DNA replication in vitro [49,63,65,69], and it is presumed that RNase H, FEN-1 
and DNA ligase I are required as well. We have shown that HPV DNA replication 
requires the same host proteins as BPV DNA replication (Shu-Ru Kuo, J.-S.L., and 
T.M., unpublished results). However, unlike with SV40, these factors are not 
sufficient to support appreciable levels of DNA synthesis [63]; and additional host 
factors are required for efficient PV DNA replication. These as yet unidentified 
factors are required in addition to those factors described above, and to Cyclin E, 
hSNF5, Hsp70 and Hsp40, which act to assist E1 and E2 in forming an active 
replication complex at the PV origin. The identity of these additional factors, and 
their role in PV DNA replication is still under investigation. 

HPV DNA replication in terminally differentiated cells 

HPV infection is highly species- and tissue-specific. Vegetative viral DNA replica- 
tion can only be seen in terminally differentiated cells. However, with overexpressed 
E1 and E2, replication of HPV origin-containing plasmids can be studied in cycling 
human or animal cells. This indicates that the functional interactions between El, E2 
and the cellular replication proteins are neither cell type-specific nor differenti- 
ation-dependent. However, expression of E1 and E2 is regulated by differentiation 
(see Chapter 3). It has been shown that both E1 and E2 expression levels parallel 
viral DNA copy number across differentiated layers of cells in raft cultures [67]. 
Therefore, the differentiation dependence of HPV DNA replication appears to be 
due to transcriptional regulation of E1 and E2. 

The viral E6 and E7 gene products also play critical roles for PV DNA replication 
in differentiated cells. Terminally differentiated cells are generally growth arrested 
(in GO). In GO cells, the host cell DNA replication machinery is down regulated, and 
therefore not available for viral DNA replication. In order to promote DNA replica- 
tion in these upper epidermal layers, the E6 and E7 proteins are required to drive the 
host cells into a pseudo-S phase (see Chapters 4 and 5). E6 binds to and inactivates 
p53, which prevents cellular checkpoint mechanisms from responding to un- 
scheduled DNA replication [42,58,98,101,116]. Binding of E7 to Rb family proteins 
releases and activates the transcriptional transactivator E2F, which then up- 
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regulates the expression of many proteins required for cell proliferation, including 
cellular DNA replication proteins [11,29,76,100]. In addition, E7 may also play other 
roles in regulating the proliferation-associated cellular proteins. E7 has been shown 
to interact with the cellular cyclin E-cdk2 complex [60,118]. Whether this interaction 
has an effect on the phosphorylation of E1 by cyclin E-cdk2 is unknown. Obviously 
several viral proteins are required for various aspects of how viral DNA replication 
and protein expression are regulated in concert with the differentiation program of 
the host cells. The roles of the E6 and E7 proteins are the most direct examples of 
how the function of these other viral proteins, which may not be directly involved in 
the DNA replication machinery, can nonetheless play critical roles for PV DNA 
replication. 

It is possible that HPV DNA replication in highly differentiated cells may occur 
differently than what has been seen in undifferentiated cell types. One recent study 
used the transient transfection PV DNA replication assay where the transfected cells 
were treated with agents to induce partially differentiated phenotypes. After partial 
differentiation, further PV DNA replication did not appear to be initiating specific- 
ally within the HPV origin region [30]. This could indicate that replication in these 
cells is no longer initiated from the origin, but randomly in the viral genome. An 
alternative hypothesis proposed by the authors of the study, is the intriguing possib- 
ility that as infected cells begin to differentiate, the mechanism of PV DNA replica- 
tion switches to act through a modified rolling circle mechanism. This model would 
necessitate that PVs have a way of resolving long dsDNA PV genome concatamers 
into single dsDNA PV genome circles ready for viral packaging. Since host cells 
contain all the enzymatic machinery necessary for homologous recombination, it will 
be interesting to see whether PVs have evolved a way to recruit the cellular DNA 
recombination machinery to sites of PV DNA replication. 

Therapeutic targets 

A specific therapeutic agent for the treatment of HPV infection is not currently 
available. Traditional antiviral therapeutic targets are viral enzymes or virus-specific 
replication or transcription mechanisms. Since HPVs rely so heavily on cellular 
enzymes for these functions, few good therapeutic targets exist. The major HPV 
enzyme is El. E1 ATPase and helicase assays have long been used to screen for 
antiviral drugs, and E1 is still a good potential therapeutic target [71]. Understanding 
the El-E2 interaction and the interaction of these viral DNA replication proteins 
with host cell replication factors may provide further avenues for the design of 
therapeutic agents against HPV. The E2 peptide that inhibits the El-E2 interaction 
and HPV DNA replication [43] demonstrates the viability of this approach. 

Acknowledgements 

This work was supported by grants GM56406 and AI01686 (to T.M.) from the 
National Institutes of Health. 



64 

References 

1. Amin AA, Titolo S, Pelletier A, Fink D, Cordingley MG, Archambault J. Identification 
of domains of the HPVll  E1 protein required for DNA replication in vitro. Virology 
2000; 272(1): 137-150. 

2. Antson AA, Burns JE, Moroz OV, Scott D J, Sanders CM, Bronstein IB, Dodson GG, 
Wilson KS, Maitland NJ. Structure of the intact transactivation domain of the human 
papillomavirus E2 protein. Nature 2000; 403(6771): 805-809. 

3. Bellanger S, Demeret C, Goyat S, Thierry F. Stability of the human papillomavirus type 
18 E2 protein is regulated by a proteasome degradation pathway through its amino- 
terminal transactivation domain. J Virol 2001; 75(16): 7244-7251. 

4. Berg M, Stenlund A. Functional interactions between papillomavirus E1 and E2 
proteins. J Virol 1997; 71(5): 3853-3863. 

5. Bonne-Andrea C, Tillier F, McShan GD, Wilson VG, Clertant P. Bovine papillomavirus 
type 1 DNA replication: the transcriptional activator E2 acts in vitro as a specificity factor. 
J Virol 1997; 71(9): 6805-6815. 

6. Bullock PA. The initiation of simian virus 40 DNA replication in vitro. Crit Rev Biochem 
Molec Biol 1997; 32(6): 503-568. 

7. Chao SF, Rocque WJ, Daniel S, Czyzyk LE, Phelps WC, Alexander KA. Subunit 
affinities and stoichiometries of the human papillomavirus type 11 EI:E2:DNA complex. 
Biochemistry 1999; 38(14): 4586--4594. 

8. Chen G, Stenlund A. Characterization of the DNA-binding domain of the bovine 
papillomavirus replication initiator El. J Virol 1998; 72(4): 2567-2576. 

9. Chen G, Stenlund A. The E1 initiator recognizes multiple overlapping sites in the 
papillomavirus origin of DNA replication. J Virol 2001; 75(1): 292-302. 

10. Chen G, Stenlund A. Two patches of amino acids on the E2 DNA binding domain define 
the surface for interaction with El. J Viro12000; 74(3): 1506-1512. 

11. Cheng S, Schmidt-Grimminger DC, Murant T, Broker TR, Chow LT. Differentiation- 
dependent up-regulation of the human papillomavirus E7 gene reactivates cellular DNA 
replication in suprabasal differentiated keratinocytes. Genes & Devel 1995; 9(19): 
2335-2349. 

12. Chiang CM, Dong G, Broker TR, Chow LT. Control of human papillomavirus type 11 
origin of replication by the E2 family of transcription regulatory proteins. J Virol 1992; 
66(9): 5224-5231. 

13. Chow LT, Broker TR. In vitro experimental systems for HPV: epithelial raft cultures for 
investigations of viral reproduction and pathogenesis and for genetic analyses of viral 
proteins and regulatory sequences. Clinics Dermatol 1997; 15(2): 217-227. 

14. Chow LT, Broker TR. Papillomavirus DNA replication. Intervirology 1994; 37(3--4): 
150-158. 

15. Clertant P, Seif I. A common function for polyoma virus large-T and papillomavirus E1 
proteins? Nature 1984. 311(5983): 276-279. 

16. Collins KL, Russo AA, Tseng BY, Kelly TJ. The role of the 70 kDa subunit of human 
DNA polymerase alpha in DNA replication. EMBO J 1993; 12(12): 4555--4566. 

17. Conger KL, Liu JS, Kuo SR, Chow LT, Wang TS. Human papillomavirus DNA replica- 
tion. Interactions between the viral E1 protein and two subunits of human dna 
polymerase alpha/primase. J Biol Chem 1999; 274(5): 2696-2705. 



65 

18. Cooper CS, Upmeyer SN, Winokur PL. Identification of single amino acids in the human 
papillomavirus 11 E2 protein critical for the transactivation or replication functions. 
Virology 1998; 241(2): 312-322. 

19. Cueille N, Nougarede R, Mechali F, Philippe M, Bonne-Andrea C. Functional inter- 
action between the bovine papillomavirus virus type 1 replicative helicase E1 and cyclin 
E-Cdk2. J Virol 1998; 72(9): 7255-7262. 

20. Demeret C, Yaniv M, Thierry F. The E2 transcriptional repressor can compensate for 
Spl activation of the human papillomavirus type 18 early promoter. J Virol 1994; 68(11): 
7075-7082. 

21. Dixon EP, Pahel GL, Rocque WJ, Barnes JA, Lobe DC, Hanlon MH, Alexander KA, 
Chao SF, Lindley K, Phelps WC. The E1 helicase of human papillomavirus type 11 binds 
to the origin of replication with low sequence specificity. Virology 2000; 270(2): 345-357. 

22. Dong G, Broker TR, Chow LT. Human papillomavirus type 11 E2 proteins repress the 
homologous E6 promoter by interfering with the binding of host transcription factors to 
adjacent elements. J Virol 1994; 68(2): 1115-1127. 

23. Dornreiter I, Copeland WC, Wang TS. Initiation of simian virus 40 DNA replication 
requires the interaction of a specific domain of human DNA polymerase alpha with large 
T antigen. Molec Cell Biol 1993; 13(2): 80%820. 

24. Dornreiter I, Erdile LF, Gilbert IU, von Winkler D, Kelly TJ, Fanning E. Interaction of 
DNA polymerase alpha-primase with cellular replication protein A and SV40 T antigen. 
EMBO J 1992; 11(2): 769-776. 

25. Dornreiter I, Hoss A, Arthur AK, Fanning E. SV40 T antigen binds directly to the large 
subunit of purified DNA polymerase alpha. EMBO J 1990; 9(10): 3329-3336. 

26. Enemark EJ, Chert G, Vaughn DE, Stenlund A, Joshua-Tor L. Crystal structure of the 
DNA binding domain of the replication initiation protein E1 from papillomavirus. Molec 
Cell 2000; 6(1): 149-158. 

27. Fanning E, Knippers R. Structure and function of simian virus 40 large tumor antigen. 
Annu Rev Biochem 1992; 61: 55-85. 

28. Ferguson MK, Botchan MR. Genetic analysis of the activation domain of bovine 
papillomavirus protein E2: its role in transcription and replication. J Virol 1996; 70(7): 
4193-4199. 

29. Flores ER, Allen-Hoffmann BL, Lee D, Lambert PF. The human papillomavirus type 16 
E7 oncogene is required for the productive stage of the viral life cycle. J Virol 2000; 
74(14): 6622-6631. 

30. Flores ER, Lambert PF. Evidence for a switch in the mode of human papillomavirus type 
16 DNA replication during the viral life cycle. J Virol 1997; 71(10): 7167-7179. 

31. Fouts ET, Yu X, Egelman EH, Botchan MR. Biochemical and electron microscopic 
image analysis of the hexameric E1 helicase. J Biol Chem 1999; 274(7): 4447-4458. 

32. Gilbert DM, Cohen SN. Bovine papilloma virus plasmids replicate randomly in mouse 
fibroblasts throughout S phase of the cell cycle. Cell 1987. 50(1): 59-68. 

33. Gillette TG, Borowiec JA. Distinct roles of two binding sites for the bovine papilloma- 
virus (BPV) E2 transactivator on BPV DNA replication. J Viro11998; 72(7): 5735-5744. 

34. Gillitzer E, Chen G, Stenlund A. Separate domains in E1 and E2 proteins serve archi- 
tectural and productive roles for cooperative DNA binding. EMBO J 2000; 19(12): 
3069-3079. 

35. Gonzalez A, Bazaldua-Hernandez C, West M, Woytek K, Wilson VG. Identification of a 



66 

short, hydrophilic amino acid sequence critical for origin recognition by the bovine 
papillomavirus E1 protein. J Virol 2000; 74(1): 245-253. 

36. Gopalakrishnan V, Khan SA. E1 protein of human papillomavirus type la is sufficient 
for initiation of viral DNA replication. Proc Nat Acad Sci USA 1994; 91(20): 9597-9901. 

37. Gopalakrishnan V, Sheahan L, Khan SA. DNA replication specificity and functional E2 
interaction of the E1 proteins of human papillomavirus types la and 18 are determined 
by their carboxyl-terminal halves. Virology 1999; 256(2): 330-333. 

38. Gopalakrishnan V, Walker S, Khan SA. Stimulation of human papillomavirus type la 
DNA replication by a multimerized AT-rich palindromic sequence. Virology 1995; 
214(1): 301-330. 

39. Han Y, Loo YM, Militello KT, Melendy T. Interactions of the papovavirus DNA 
replication initiator proteins, bovine papillomavirus type 1 E1 and simian virus 40 large T 
antigen, with human replication protein A. J Virol 1999; 73(6): 4899-4907. 

40. Holt SE, Schuller G, Wilson VG. DNA binding specificity of the bovine papillomavirus 
E1 protein is determined by sequences contained within an 18-base-pair inverted repeat 
element at the origin of replication. J Virol 1994; 68(2): 1094-1102. 

41. Holt SE, Wilson VG. Mutational analysis of the 18-base-pair inverted repeat element at 
the bovine papillomavirus origin of replication: identification of critical sequences for E1 
binding and in vivo replication. J Virol 1995; 69(10): 6525-6532. 

42. Jian Y, Schmidt-Grimminger DC, Chien WM, Wu X, Broker TR, Chow LT. Post- 
transcriptional induction of p21cipl protein by human papillomavirus E7 inhibits 
unscheduled DNA synthesis reactivated in differentiated keratinocytes. Oncogene 1998; 
17(16): 2027-2038. 

43. Kasukawa H, Howley PM, Benson JD. A fifteen-amino-acid peptide inhibits human 
papillomavirus E1E2 interaction and human papillomavirus DNA replication in vitro. J 
Virol 1998; 72(10): 8166-8173. 

44. Kuo SR, Liu JS, Broker TR, Chow LT. Cell-free replication of the human papillomavirus 
DNA with homologous viral E1 and E2 proteins and human cell extracts. J Biol Chem 
1994; 269(39): 24058-24065. 

45. Lee D, Sohn H, Kalpana GV, Choe J. Interaction of E1 and hSNF5 proteins stimulates 
replication of human papillomavirus DNA. Nature 1999; 399(6735): 487-491. 

46. Leng X, Ludes-Meyers JH, Wilson VG. Isolation of an amino-terminal region of bovine 
papillomavirus type 1 E1 protein that retains origin binding and E2 interaction capacity. J 
Virol 1997; 71(1): 848-852. 

47. Lentz MR, Pak D, Mohr I, Botchan MR. The E1 replication protein of bovine papiUoma- 
virus type 1 contains an extended nuclear localization signal that includes a p34cdc2 
phosphorylation site. J Virol 1993. 67(3): 1414-1423. 

48. Li R, Botchan MR. Acidic transcription factors alleviate nucleosome-mediated repres- 
sion of DNA replication of bovine papillomavirus type 1. Proc Nat Acad Sc USA 1994; 
91(15): 7051-7055. 

49. Li R, Botchan MR. The acidic transcriptional activation domains of VP16 and p53 bind 
the cellular replication protein A and stimulate in vitro BPV-1 DNA replication. Cell 
1993; 73(6): 1207-1221. 

50. Lin BY, Ma T, Liu JS, Kuo SR, Jin G, Broker TR, Harper JW, Chow LT. HeLa cells are 
phenotypically limiting in cyclin E/CDK2 for efficient human papillomavirus DNA 
replication. J Biol Chem 2000; 275(9): 6167-6174. 



67 

51. Liu JS, Kuo SR, Broker TR, Chow LT. The functions of human papiUomavirus type 11 
El, E2, E2C proteins in cell-free DNA replication. J Biol Chem 1995; 270(45): 
27283-27291. 

52. Liu JS, Kuo SR, Makhov AM, Cyr DM, Griffith JD, Broker TR, Chow LT. Human 
Hsp70 and Hsp40 chaperone proteins facilitate human papillomavirus-ll E1 protein 
binding to the origin and stimulate cell-free DNA replication. J Biol Chem 1998; 273(46): 
30704-30712. 

53. Liu Z, Ghai J, Ostrow RS, Faras AJ. The expression levels of the human papillomavirus 
type 16 E7 correlate with its transforming potential. Virology 1995; 207(1): 260-270. 

54. Lu JZ, Sun YN, Rose RC, Bonnez W, McCance DJ. Two E2 binding sites (E2BS) alone 
or one E2BS plus an A/T-rich region are minimal requirements for the replication of the 
human papillomavirus type 11 origin. J Virol 1993; 67(12): 7131-7139. 

55. Lusky M, Hurwitz J, Seo YS. The bovine papillomavirus E2 protein modulates the 
assembly of but is not stably maintained in a replication-competent multimeric 
El-replication origin complex. Proc Nat Acad Sci USA 1994; 91(19): 8895-8899. 

56. Ma T, Zou N, Lin BY, Chow LT, Harper JW. Interaction between cyclin-dependent 
kinases and human papillomavirus replication--initiation protein E1 is required for 
efficient viral replication. Proc Nat Acad Sci USA 1999; 96(2): 382-387. 

57. MacPherson P, Thorner L, Parker LM, Botchan M. The bovine papilloma virus E1 
protein has ATPase activity essential to viral DNA replication and efficient trans- 
formation in cells. Virology 1994; 204(1): 403408. 

58. Mantovani F, Banks L. The interaction between p53 and papillomaviruses. Semin 
Cancer Biol 1999; 9(6): 387-395. 

59. Masterson P J, Stanley MA, Lewis AP, Romanos MA. A C-terminal helicase domain of 
the human papillomavirus E1 protein binds E2 and the DNA polymerase alpha-primase 
p68 subunit. J Virol 1998; 72(9): 7407-7419. 

60. Mclntyre MC, Ruesch MN, Laimins LA. Human papillomavirus E7 oncoproteins bind a 
single form of cyclin E in a complex with cdk2 and p107. Virology 1996; 215(1): 73-82. 

61. McShan GD, Wilson VG. Casein kinase II phosphorylates bovine papillomavirus type 1 
E1 in vitro at a conserved motif. J Gen Virol 1997; 78(Pt 1): 171-177. 

62. McShan GD, Wilson VG. Contribution of bovine papillomavirus type 1 E1 protein 
residue 48 to replication function. J Gen Virol 2000; 81(Pt 8): 1995-2004. 

63. Melendy T, Sedman J, Stenlund A. Cellular factors required for papillomavirus DNA 
replication. J Virol 1995; 69(12): 7857-7867. 

64. Muller F, Sapp M. Domains of the E1 protein of human papillomavirus type 33 involved 
in binding to the E2 protein. Virology 1996; 219(1): 247-256. 

65. Muller F, Seo YS, Hurwitz J. Replication of bovine papillomavirus type 1 origin- 
containing DNA in crude extracts and with purified proteins. J Biol Chem 1994; 269(25): 
17086-17094. 

66. Newhouse CD, Silverstein SJ. Orientation of a novel DNA binding site affects human 
papillomavirus-rnediated transcription and replication. J Virol 2001; 75(4): 1722-1735. 

67. Ozbun MA, Meyers C. Human papillomavirus type 31b E1 and E2 transcript expression 
correlates with vegetative viral genome amplification. Virology 1998; 248(2): 218-230. 

68. Parenteau NL, Nolte CM, Bilbo P, Rosenberg M, Wilkins LM, Johnson WE, Watson S, 
Mason VS, Bell E. Epidermis generated in vitro: practical considerations and applica- 
tions. J Cell Biochem 1991; 45(3): 245-251. 



68 

69. Park P, Copeland W, Yang L, Wang T, Botchan MR, Mohr IJ. The cellular DNA 
polymerase alpha-primase is required for papillomavirus DNA replication and 
associates with the viral E1 helicase. Proc Nat Acad Sci USA 1994; 91(18): 8700-8704. 

70. Penrose KJ, McBride AA. Proteasome-mediated degradation of the papillomavirus 
E2-TA protein is regulated by phosphorylation and can modulate viral genome copy 
number. J Virol 2000; 74(13): 6031-6038. 

71. Phelps WC, Barnes JA, Lobe DC. Molecular targets for human papillomaviruses: 
prospects for antiviral therapy. Antiviral Chem Chemother 1998; 9(5): 359-377. 

72. Prives C. The replication functions of SV40 T antigen are regulated by phosphorylation. 
[Review]. Cell 1990. 61(5): 735-738. 

73. Rangasamy D, Wilson VG. Bovine papillomavirus E1 protein is sumoylated by the host 
cell Ubc9 protein. J Biol Chem 2000; 275(39): 30487-30495. 

74. Rangasamy D, Woytek K, Khan SA, Wilson VG. SUMO-1 modification of bovine 
papillomavirus E1 protein is required for intranuclear accumulation. J Biol Chem 2000; 
275(48): 37999-38004. 

75. Rocque WJ, Porter D J, Barnes JA, Dixon EP, Lobe DC, Su JL, Willard DH, Gaillard R, 
Condreay JP, Clay WC, Hoffman CR, Overton LK, Pahel G, Kost TA, Phelps WC. 
Replication-associated activities of purified human papillomavirus type 11 E1 helicase. 
Prot Express Purific 2000; 18(2): 148-159. 

76. Ruesch MN, Laimins LA. Initiation of DNA synthesis by human papillomavirus E7 
oncoproteins is resistant to p21-mediated inhibition of cyclin E-cdk2 activity. J Virol 
1997; 71(7): 5570-5578. 

77. Russell J, Botchan MR. cis-Acting components of human papillomavirus (HPV) DNA 
replication: linker substitution analysis of the HPV type 11 origin. J Virol 1995; 69(2): 
651-660. 

78. Sakai H, Yasugi T, Benson JD, Dowhanick J J, Howley PM. Targeted mutagenesis of the 
human papillomavirus type 16 E2 transactivation domain reveals separable trans- 
criptional activation and DNA replication functions. J Virol 1996; 70(3): 1602-1611. 

79. Sanders CM, Maitland NJ. Kinetic and equilibrium binding studies of the human 
papillomavirus type-16 transcription regulatory protein E2 interacting with core 
enhancer elements. Nucl Acids Res 1994; 22(23): 4890--4897. 

80. Sanders CM, Stenlund A. Recruitment and loading of the E1 initiator protein: an 
ATP-dependent process catalysed by a transcription factor. EMBO J 1998; 17(23): 
7044-7055. 

81. Sanders CM, Stenlund A. Transcription factor-dependent loading of the E1 initiator 
reveals modular assembly of the papillomavirus origin melting complex. J Biol Chem 
2000; 275(5): 3522-3534. 

82. Sarafi TR, McBride AA. Domains of the BPV-1 E1 replication protein required for 
origin-specific DNA binding and interaction with the E2 transactivator. Virology 1995; 
211(2): 385-396. 

83. Sedman J, Stenlund A. Co-operative interaction between the initiator E1 and the 
transcriptional activator E2 is required for replicator specific DNA replication of bovine 
papillomavirus in vivo and in vitro. EMBO J 1995; 14(24): 6218-6228. 

84. Sedman J, Stenlund A. The initiator protein E1 binds to the bovine papillomavirus origin 
of replication as a trimeric ring-like structure. EMBO J 1996; 15(18): 5085-5092. 

85. Sedman J, Stenlund A. The papillomavirus E1 protein forms a DNA-dependent hexa- 



69 

meric complex with ATPase and DNA helicase activities. J Viro11998; 72(8): 6893-45897. 
86. Sedman T, Sedman J, Stenlund A. Binding of the E1 and E2 proteins to the origin of 

replication of bovine papillomavirus. J Virol 1997; 71(4): 2887-2896. 
87. Seo YS, Muller F, Lusky M, Hurwitz J. Bovine papilloma virus (BPV)-encoded E1 

protein contains multiple activities required for BPV DNA replication. Proc Nat Acad 
Sci USA 1993; 90(2): 702-706. 

88. Smale ST, Tjian R. Inhibition of simian virus 40 DNA replication by specific modification 
of T-antigen with oxidized ATP. J Biol Chem 1986. 261(31): 14369-14372. 

89. Spalholz BA, McBride AA, Sarafi T, Quintero J. Binding of bovine papillomavirus E1 to 
the origin is not sufficient for DNA replication. Virology 1993; 193(1): 201-212. 

90. Steger G Ham J, Yaniv M. E2 proteins: modulators of papillomavirus transcription and 
replication. Meth Enzymol 1996; 274(2): 173-185. 

91. Stenlund A. Papillomavirus DNA replication. Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, 1996. 

92. Stubenrauch F, Colbert AM, Laimins LA. Transactivation by the E2 protein of onco- 
genic human papillomavirus type 31 is not essential for early and late viral functions. J 
Virol 1998.72(10): 8115-81123. 

93. Stubenrauch F, Lim HB, Laimins LA. Differential requirements for conserved E2 
binding sites in the life cycle of oncogenic human papillomavirus type 31. 1998. J Virol 
72(2): 1071-1077. 

94. Sun Y, Han H, McCance DJ. Active domains of human papillomavirus type 11 E1 
protein for origin replication. J Gen Virol 1998; 79(Pt 7): 1651-1658. 

95. Sverdrup F, Khan SA. Two E2 binding sites alone are sufficient to function as the 
minimal origin of replication of human papillomavirus type 18 DNA. J Viro169(2): 1995; 
1319-1323. 

96. Swindle CS, Engler JA. Association of the human papillomavirus type 11 E1 protein with 
histone H1. J Virol 1998; 72(3): 1994-2001. 

97. Swindle CS, Zou N, Van Tine BA, Shaw GM, Engler JA, Chow LT. Human papilloma- 
virus DNA replication compartments in a transient DNA replication system. J Virol 
1999; 73(2): 1001-1009. 

98. Syrjanen SM, Syrjanen KJ. New concepts on the role of human papillomavirus in cell 
cycle regulation. Ann Med 1999; 31(3): 175-187. 

99. Thain A, Webster K, Emery D, Clarke AR, Gaston K. DNA binding and bending by the 
human papillomavirus type 16 E2 protein. Recognition of an extended binding site. J Biol 
Chem 1997; 272(13): 8236-8242. 

100. Thomas JT, Hubert WG, Ruesch MN, Laimins LA. Human papillomavirus type 31 
oncoproteins E6 and E7 are required for the maintenance of episomes during the viral 
life cycle in normal human keratinocytes. Proc Nat Acad Sci USA 1999; 96(15): 
8449-8454. 

101. Thomas M, Pim D, Banks L. The role of the E6-p53 interaction in the molecular 
pathogenesis of HPV. Oncogene 1999; 18(53): 7690-7700. 

102. Titolo S, Pelletier A, Pulichino AM, Brault K, Wardrop E, White PW, Cordingley MG, 
Archambault J. Identification of domains of the human papillomavirus type 11 E1 
helicase involved in oligomerization and binding to the viral origin. J Virol 2000; 74(16): 
7349-7361. 

103. Titolo S, Pelletier A, Sauve F, Brault K, Wardrop E, White PW, Amin A, Cordingley 



70 

MG, Archambault J. Role of the ATP-binding domain of the human papillomavirus type 
11 E1 helicase in E2-dependent binding to the origin. J Virol 1999; 73(7): 5282-5293. 

104. Ustav E, Ustav M, Szymanski P, Stenlund A. The bovine papillomavirus origin of 
replication requires a binding site for the E2 transcriptional activator. Proc Nat Acad Sci 
USA 1993; 90(3): 898-902. 

105. Ustav M, Stenlund A. Transient replication of BPV-1 requires two viral polypeptides 
encoded by the E1 and E2 open reading frames. EMBO J 1991; 10(2): 449-457. 

106. Ustav M, Ustav E, Szymanski P, Stenlund A. Identification of the origin of replication of 
bovine papillomavirus and characterization of the viral origin recognition factor El. 
EMBO J 1991; 10(13): 4321-4329. 

107. White PW, Pelletier A, Brault K, Titolo S, Welchner E, Thauvette L, Fazekas M, 
Cordingley MG, Archambault J. Characterization of recombinant HPV6 and 11 E1 
helicases: effect of ATP on the interaction of E1 with E2 and mapping of a minimal 
helicase domain. J Biol Chem 2001; 276(25): 22426-22438. 

108. Yang L, Li R, Mohr I J, Clark R, Botchan MR. Activation of BPV-1 replication in vitro by 
the transcription factor E2. Nature 1991; 353(6345): 628--632. 

109. Yang L, Mohr I, Fouts E, Lim DA, Nohaile M, Botchan M. The E1 protein of bovine 
papilloma virus 1 is an ATP-dependent DNA helicase. Proc Nat Acad Sci USA 1993; 
90(11): 5086-5090. 

110. Yang L, Mohr I, Li R, Nottoli T, Sun S, Botchan M. Transcription factor E2 regulates 
BPV-1 DNA replication in vitro by direct protein-protein interaction. Cold Spring 
Harbor Symp on Quantit Biol 1991; 56: 335-346. 

111. Yasugi T, Benson JD, Sakai H, Vidal M, Howley PM. Mapping and characterization of 
the interaction domains of human papillomavirus type 16 E1 and E2 proteins. J Virol 
1997; 71(2): 891-899. 

112. Yasugi T, Howley PM. Identification of the structural and functional human homolog of 
the yeast ubiquitin conjugating enzyme UBC9. Nucl Acids Res 1996; 24(11): 2005-2010. 

113. Yasugi T, Vidal M, Sakai H, Howley PM, Benson JD. Two classes of human papilloma- 
virus type 16 E1 mutants suggest pleiotropic conformational constraints affecting E1 
multimerization, E2 interaction, and interaction with cellular proteins. J Virol 1997; 
71(8): 5942-595t. 

114. Zou N, Lin BY, Duan F, Lee KY, Jin G, Guan R, Yao G, Lefkowitz EJ, Broker TR, 
Chow LT. The hinge of the human papiltomavirus type 11 E2 protein contains major 
determinants for nuclear localization and nuclear matrix association. J Viro12000; 74(8): 
3761-3770. 

115. Zou N, Liu JS, Kuo SR, Broker TR, Chow LT. The carboxyl-terminal region of the 
human papiUomavirus type 16 E1 protein determines E2 protein specificity during DNA 
replication. J Virol 1998; 72(4): 3436-3441. 

116. zur Hausen H. Immortalization of human cells and their malignant conversion by high 
risk human papillomavirus genotypes. Semin Cancer Biol 1999. 9(6): 405--411. 

117. zur Hausen H. Papillomaviruses in human cancers. Proc Assoc Am Phys 1999; 111(6): 
581-587. 

118. Zwerschke W, Jansen-Durr P. Cell transformation by the E7 oncoprotein of human 
papillomavirus type 16: interactions with nuclear and cytoplasmic target proteins. Adv 
Cancer Res 2000; 78: 1-29. 



Human Papillomaviruses 
D.J. McCance (editor) 
© 2002 Elsevier Science B.V. All rights reserved 

71 

Human papillomavirus E6 protein interactions 

Miranda Thomas*, David Pim and Lawrence Banks 
International Centre for Genetic Engineering and Biotechnology, Padriciano 99, 34012 Trieste, Italy 

Introduction 

The evidence linking infection with Human Papillomaviruses (HPVs) to the 
development of a number of different human malignancies is now compelling. These 
include anogenital cancers, head and neck cancers and squamous cell carcinomas in 
renal transplant recipients (see Ref. [221] for review). However, the most numeric- 
ally important malignant disease caused by HPV is carcinoma of the uterine cervix 
[220,222]. Therefore, most of the following discussion will focus on aspects of the role 
of HPV in the development of this tumour. 

HPVs encode three oncoproteins, E5, E6 and E7 (see Ref. [149] for review). 
However, during the progression to malignancy HPV DNA sequences frequently 
become integrated into the host genome, and this results in large deletions of the 
viral genome [11,160]. As a result, the E5 gene is frequently lost, suggesting that its 
role in the malignant process is most likely during the early stages of cell immortalisa- 
tion. In contrast, the E6 and E7 genes are invariably retained and expressed. Indeed, 
cell lines isolated from cervical cancers continue to express E6 and E7 many years 
after the initial immortalising events, indicating the continued importance of these 
proteins for maintenance of the transformed phenotype [4,15,161,168]. This hypo- 
thesis has now been widely confirmed by a number of studies which have shown that 
blocking E6 and E7 expression, by various means, results in these tumour-derived 
cell lines rapidly entering senescence and/or apoptosis. This has been achieved using 
either blocking peptides [28,136], antisense RNA [77,174,199,200] or ribozymes [2]. 
In all cases, inhibition of the expression of either, or both, of the two viral onco- 
proteins results in a cessation of transformed cell growth. This indicates a clear 
potential direction for effective chemotherapeutic intervention, and hence provides 
the impetus for understanding the mode of action of the viral oncoproteins. 

Over 100 different HPV types have now been described, but only a small subset of 
these are associated with the development of human malignancies. One of the main 
challenges for many years has been to understand why only a small group of HPV 
types are associated with tumour development, whereas the vast majority of HPV 
types only induce benign proliferative lesions. Therefore during the following 
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discussion we will attempt to highlight those aspects of E6 function which we believe 
are largely responsible for the differences in pathology observed between different 
HPV types. 

HPV E6 and cell transformation. 

Although the continued presence of E6 and E7 within cervical tumour-derived cell 
lines suggested a potential role for these viral proteins in the transformation process, 
the first direct evidence that they possessed intrinsic transforming activity came from 
studies in NIH3T3 cells [194,215]. In these studies it was found that the predominant 
transforming activity was encoded by the E7 gene [88,201], and that E6 was only 
weakly transforming in established rodent ceils [20,162]. However, E6 from HPV-16 
and HPV-18 can cooperate with an activated ras oncogene to transform primary 
rodent cells [118,146,178]. Interestingly, these studies provided the first evidence of 
clear biological differences in the modes of action of the viral oncoproteins derived 
from and high- and low-risk virus types. In these assays, high-risk HPV E6 and E7 
proteins showed strong transforming activity, whereas the viral oncoproteins from 
low-risk HPVs were either non transforming or only weakly so [118,143,146,178,179]. 

Since PVs are species-specific, the most relevant transformation systems for 
assessing HPV oncoprotein function are those using human cells. It was shown that 
late-passage mammary epithelial cells could be immortalised by HPV E6 [13,203], 
but since the low-risk HPV E6 proteins are also active in this assay [14] it is not clear 
what transformation-relevant activities of E6 are being assayed in this system. The 
most meaningful in vitro assays of HPV transformation are obviously those using the 
target cells of the virus in vivo: primary human keratinocytes. A number of studies 
have shown that E6 and E7 from high-risk HPV types can cooperate to immortalise 
human foreskin, oral or cervical keratinocytes [45,91,159,163]. It is also clear that, as 
with primary rodent cells, the low-risk HPV E6 and E7 genes are inactive in such 
assays [142,211]. It should be emphasised that these immortalised keratinocytes are 
not fully transformed by E6 and E7, and cannot form tumours in nude mice. Only 
after extended passage of the cells in culture, or upon transfection of activated 
oncogenes, do the cells become tumorigenic [38,46,83], thereby reflecting the multi- 
step nature of cancer development in vivo. 

Recently, additional insights into the activities of the two major HPV oncogenes 
were provided by an elegant series of studies in transgenic mice where E6 and E7 
were expressed off the keratin 14 promoter. This promoter is activated in basal 
epithelium, and thus results in the E6 and E7 proteins being expressed in physiologic- 
ally relevant tissue [5,74,170]. Interestingly, these mice were found to develop 
epithelial neoplasias at a high frequency. However dissection of the individual roles 
of E6 and E7 in these transgenic mice proved to be most revealing. When E6 and E7 
were expressed individually, each protein gave rise to skin tumours: when E7 was 
expressed alone turnouts were induced with high frequency, they were, however, 
mainly benign differentiated tumours. In contrast, mice expressing only E6 in this 
system produced significantly fewer tumours, which were much more aggressive and 



73 

prone to progression into metastatic cancer [171]. Further studies using chemical 
carcinogens indicate clearly that, while E7 is a promoter of immortalisation, E6 
promotes progression into full malignancy [171]. Since it is the malignant aspect of 
cervical cancer that makes it fatal, it would seem that E6 might be the better target 
for chemotherapeutic intervention. Therefore in the following discussion we intend 
to review those activities of E6 that, in our view, are those that could be key inducers 
of transformation as well as contributing to the tendency of HPV-induced tumours to 
metastasise: these should represent the most effective targets for chemotherapeutic 
intervention. 

Interaction of E6 with its cellular targets 

The papillomavirus E6 proteins are approximately 150 amino acid polypeptides, 
having an apparent molecular weight of 18 kDa. They are characterised by the strict 
conservation of four metal binding Cys-x-x-Cys motifs, which permit the formation of 
two zinc fingers [17,31,68]. Mutants of E6 whose zinc fingers are disrupted are 
defective in almost all assays tried [89,165], indicating that this structural feature of 
E6 is vital for its correct action. It is also clear that high- and low-risk E6 proteins 
have much in common. Figure 1 shows a representation of the E6 sequence, high- 
lighting regions that are high-risk E6-specific, and those regions that are conserved 
amongst many different HPV E6 types. It is clear that the central portion of the 
molecule is highly conserved. Interestingly, however, the extreme amino- and 
carboxy-terminal portions of the protein are more divergent and, in particular, the 
E6 proteins of high-risk, mucosal-specific HPV types have an extended C-terminus 
containing a PDZ-binding motif, the implications of which will be discussed below. 

Many different cellular targets of the high risk E6 proteins have now been 
described and it is impossible to effectively catalogue all of them, since many are the 
subjects of further investigation and their roles in the transformation process remain 

HPV E6 
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Fig. 1. Comparison of the HPV E6 amino acid sequences of high- and low-risk virus types. Regions in black 
show high-risk specific sequences. The remainder of the molecule shows a high degree of conservation 

across many different HPV types. 
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Fig. 2. A schematic diagram of the HPV- 18 E6 protein and regions involved in interactions with some of its 
known cellular targets. Highlighted in boxes are those proteins also known to be targets of other viral 

transforming proteins, suggesting common pathways of viral transformation. 

unknown. However, the analysis of potential common pathways of viral trans- 
formation can be useful, since many different human and animal viruses are now 
implicated in promoting cell transformation [see Ref. [221] for review]. When one 
analyses the cellular targets of other known viral oncoproteins, then a more limited 
subset of E6-interacting partners emerges. These are shown schematically in Fig. 2, 
together with their apparent sites of interaction on the HPV-18 E6 protein. 
Therefore we will largely focus our attention on this group of cellular targets that 
have currently known roles in regulating the processes that are required for the cell 
transformation induced by diverse viral families. 

E6 and p53 

The most famous, and most studied, target of high-risk HPV E6 is the tumour 
suppressor, p53 (see Ref. [187] for review). This protein was originally identified 
through its interaction with another viral oncoprotein, the SV40 large tumour 
antigen (TAg) [107,116], which binds to the p53 DNA binding domain, thus blocking 
p53's transactivation of target genes [154]. It was found to be similarly targeted by 
Adenovirus (Ad) E1B-55k protein [155], which binds the transactivation domain of 
p53 [115]. In addition, the Hepatitis B virus X protein prevents p53 transactivation by 
sequestering it in the cytoplasm [49]. These interactions result in the accumulation of 
p53 in stable and inactive complexes. When such complexes were sought in HPV- 
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containing cells, little or no p53 protein was detected, despite there being plenty of 
p53 mRNA present [124,158]. It became clear from studies performed in vitro that 
E6 from HPV-16 and HPV-18 was able to bind to p53 and to induce its degradation 
via the ubiquitin pathway [157,205]. This activity of E6 explains why the levels of p53 
in HPV-transformed cell lines are often so low [13]. It also explains the observations 
that p53 is wild type in such cell lines, and in HPV positive cervical tumours, while it is 
mutated in over 50% of all other tumours [37,158]. 

Interestingly, in addition to its ability to block p53 transactivation, Ad E1B-55k 
can associate with the Ad E4orf6 gene product to bring about p53 degradation 
[151,173], thereby highlighting an unexpected conservation of function between 
Adenoviruses and HPVs. E6 has also been shown in several studies to be able directly 
to inhibit p53 transactivation by inhibiting its DNA binding activity [109,146,186]. 
This is a function of E6 that is separate from its ability to degrade p53 and, 
intriguingly, low-risk E6 proteins have also been shown to be able to complex 
efficiently with p53 without targeting it for degradation [113]. Taken together, these 
data suggest that both high- and low-risk HPVs, as well as Adenoviruses, may 
actually require the presence of p53 at certain stages of the viral life-cycle. Since p53 
has also been found in association with the replication complexes of a number of 
other viruses, including herpes simplex virus [208,217] and cytomegalovirus [55,132], 
it is possible that p53 is required in viral DNA replication. It has a 3'-5' exonuclease 
function, which could be used in a proofreading capacity [79] since Polymerase ~, 
which is used in HPV replication [32,106,123], lacks this. Fuller support for this 
possibility comes from a recent report that has shown p53 to enhance the replicative 
fidelity of the HIV-1 reverse transcriptase [12]. In this context it is also interesting to 
note that in the case of HPVs, E2, the origin binding protein, has also been shown to 
interact with p53 [122]. 

The tumour suppressive activities of p53 are well documented (and well 
reviewed: see Oncogene Reviews issue no 18(53), 1999), and it is easy to see that the 
loss of p53 would result in an increased risk of transformation and malignant 
progression [42,93]. In addition, E6 has been shown to induce numerous chromo- 
somal abnormalities [153,206] similar to those seen in cells lacking p53, suggesting 
that E6 inactivation of p53 may indeed contribute to genomic instability. One of the 
main activities of p53 is the induction of growth arrest and/or apoptosis [48,119,212] 
which of course are also non-permissive for viral replication. Papillomaviruses have 
very small genomes and do not express most of the proteins required for their 
replication; they are therefore dependent upon the replication machinery of the cell. 
However, their life-cycle requires that they replicate only in cells of the differenti- 
ating epithelium, which have exited the cell cycle and ceased DNA replication. The 
viral E7 protein acts in a number of ways to re-start the cell cycle; through release of 
E2F by its interaction with pRb; through blocking the inhibitory activities of p21 and 
p27; and by activating cyclin A and cyclin E promoters (see Chapter 5 and Refs. 
[133,149] for reviews). Reactivation of DNA replication by E7 in a differentiating cell 
activates p53 to initiate apoptosis, however, the ability of E6 to degrade p53 circum- 
vents this potential problem for the virus. 
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It is interesting that E6 proteins of the low-risk HPV types either do not induce 
the degradation of p53, or do so at much lower efficiency than the high-risk E6 
proteins [180]. The reason for this is probably the position of viral replication within 
the differentiating epithelium. The low-risk viruses initiate their replicative cycle 
perhaps more efficiently, but certainly lower in the stratified epithelium, than the 
high-risk viruses [43]. At this position the keratinocytes are probably still expressing 
some of the proteins required for viral DNA replication. In contrast the high-risk 
viruses do not initiate replication until later in the differentiation of the epithelium, 
when the cells have already switched off the expression of DNA replication proteins. 
Thus the high-risk virus E7 proteins have to exert stronger effects upon the cells to 
induce DNA replication [16,156]. This then causes, from the cells' points of view, 
inappropriate DNA replication; p53 is activated and E6 is then required to ablate this 
response. 

For a long time it was widely assumed that the E6-p53 interaction was central to 
the ability of E6 to bring about cell transformation. However there is growing 
evidence that many other targets of E6 play a vital role in E6 induced transformation 
and malignancy [117,134,140,146]. Certainly, blocking the ability of E6 to target p53 
for degradation is likely to have a negative impact on the growth of HPV transformed 
cells [21], although it is not clear how globally relevant this will be. Thus, in many cells 
derived from cervical tumours, the blocking of E6-induced degradation of p53 is not, 
alone, sufficient to induce high levels of p53 expression, indicating a lack of signalling 
to p53 in some cervical tumour-derived cell lines [120]. In addition, there are 
numerous reports of quite high levels of wild type p53 in cervical lesions at different 
stages of disease progression [33,114], suggesting that E6 is not degrading all p53 all 
of the time. This further questions the impact of an anti-E6--p53 therapeutic in terms 
of a natural viral infection. 

Bak 

Apoptosis, or programmed cell death, is a process that is hard-wired in the cell. It is 
necessary for the correct development and homeostasis of multicellular organisms 
[87,181], as well as being a defence against infection and neoplasia [192]. There are a 
number of different apoptosis-modulating pathways and the Bcl2 family proteins are 
critical death regulators immediately upstream of the mitochondria [1]. These 
proteins have been found in all multicellular eukaryotes tested and there are known 
to be at least 16 members in human cells [152,216]. This family of proteins have, 
variously, pro- or anti-apoptotic effects, and they can modulate these by forming 
hetero- or homo-dimers [67], which then form larger complexes. Monomeric inactive 
Bak resides in the mitochondrial membrane [209]; upon activation Bak forms active 
homo-dimers and higher order complexes [65,76,204] which then accelerate the 
opening of the voltage dependent anion channel (VDAC). This allows the rapid 
release of cytochrome C into the cytosol, which in turn leads to activation of the 
caspase cascade [166]. 



77 

It has been shown that the Ad E1B-19k protein can in fact act as an anti-apoptotic 
member of the Bcl2 family (see Refs. [78,207] for review). Since there is often 
conservation of function between the DNA tumour virus proteins, it is perhaps not 
surprising that HPV E6 proteins target the pro-apoptotic Bak for degradation, in vivo 
[184,185]. Mutants of Bak that cannot be bound by E6 are resistant to degradation 
and, since they also have a considerably extended half-life even in the absence of 
HPV E6, it seems likely that E6 is enhancing the normal turnover of Bak in the cell. 
Interestingly, the equally pro-apoptotic Bax is not a target for degradation, although 
it has been mistakenly stated to be so. There are two possible reasons for this; the Bax 
gene is induced by p53 [129] and thus would not be likely to be a problem in 
E6-expressing cells. In addition, analyses of the tissue distribution of the two proteins 
have shown that Bak, but not Bax, is expressed at high levels in the upper epithelial 
layers, the site of HPV replication [101,102]. Interestingly more recent analyses have 
shown that the E6 proteins of cutaneous HPV can also target Bak for degradation 
[86], and that Bak levels do not rise in HPV-containing epithelium upon UVB 
irradiation. Thus Bak is a target of high and low-risk, mucosal and cutaneous, HPV 
types, indicating that this is a highly conserved function of the HPV E6 proteins. 

Whether Bak represents a good target for anti-viral therapy remains to be seen. It 
might be the case for infections with cutaneous HPV types where many squamous 
cell carcinomas, unlike cervical carcinomas, have less than one copy of integrated 
HPV DNA sequence per cell [7,164]. Since this also implies that only fragments of 
HPV genome may be present, it indicates a very complex, and as yet insufficiently 
understood, pattern of events in the induction of these tumours. In cervical tumours 
the issue is not clear either, since Bak expression would normally be in the upper 
layers of the epithelium, at a stage of differentiation which is not reached during 
HPV-induced immortalisation and transformation. Therefore it seems more likely 
that Bak would represent a very good target for intervention at the stage of viral 
replication in normal infection, but is probably not so relevant in the later stages of 
the malignant disease. 

Effects of E6 activity upon transcriptionminteraction with p300/CBP 

The control of transcription from eukaryotic genes involves the assembly of multi- 
protein complexes, as well as RNA polymerase II. Transcriptional co-activators act 
as mediators between factors specific to a certain promoter and the general 
transcription machinery. The CBP/p300 family act in this way, and also have intrinsic 
histone acetylase activity, which is required for chromatin re-modelling [22,64]. They 
are thus extremely important in the control and correct functioning of the 
transcriptional machinery and it is perhaps not surprising that they are targeted by a 
number of tumour virus proteins (see Fig. 2). It has been shown that CBP/p300 
targeting by SV40 TAg [47] and by Ad E1A protein [167,176] contributes to their 
transforming activities. Thus the reports that HPV-16 E6 and BPV-1 E6 proteins 
also interact with CBP/p300, and reduce its transcriptional activity [141,218,219] 
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were extremely interesting, although there was little biological evidence to connect 
these observations with any effect upon transformation. However, it has recently 
been shown that both HPV-16 E6 and HPV-11 E6 can complement a mutant of Ad 
E1A, defective in p300 binding, in the transformation of primary epithelial cells [23]. 
Moreover this interaction appears to be independent of p53. Since the HPV-11, 
HPV-16 and BPV-1 E6 proteins have all been shown to interact with p300/CBP, it 
seems likely that this is an activity related to viral replication, perhaps altering 
promoter specificity to preferentially transcribe viral genes. This latter possibility 
seems particularly intriguing since the viral major transcriptional regulator, E2 has 
also recently been reported to function via interaction with p300 [110,121]. This 
raises the interesting possibility that E6 may interact with p300/CBP in order to 
down-regulate E2 transcriptional activity by a feedback mechanism. 

Targets bound by E6 through helical domains 

HPV E6 targets several cellular proteins for ubiquitin-mediated degradation by 
conjugating them with cellular ubiquitin ligases, the most well-known being E6-AP 
[81,82]. E6-AP is the prototype HECT domain protein and it is also known as 
UBE3A; mutations in this gene are responsible for Angelman syndrome, a serious 
developmental disease [96,125]. E6-AP was originally identified through its involve- 
ment in the E6-induced degradation of p53 [80,81]. In HPV-infected cells the 
complex between E6 and E6-AP forms an E3 ligase which recognises and ubiquitin- 
ates p53 [82]. In uninfected cells, p53 levels are normally also controlled through 
proteasome mediated degradation, using the ubiquitin-protein ligase MDM2 [75]. 
E6-AP is not thought to be involved in p53 degradation in the absence of E6, since 
blocking E6-AP activity with anti-sense oligonucleotides [21] or dominant-negative 
mutants [183] only results in increased p53 levels in HPV positive cells. In contrast, it 
appears that E6-AP does recognise Bak and c-Myc, and that E6 simply enhances the 
normal pathway by which these proteins' levels are controlled [69384]. Interestingly 
E6 binding to E6-AP can also induce the self-ubiquitination of E6-AP itself [90], 
perhaps another example of feedback control. 

HPV E6 binds to E6-AP through a linear helical motif on E6-AP, with a hydro- 
phobic patch along one side that is essential for E6 binding [18,30,50]. This binding 
motif has been found on a number of other E6 binding partners, including 
E6BP/ERC55, MCM7 and paxillin [29,104,193], indicating that it is a common 
method by which E6 can interact with a number of cellular partners. However, the 
role of these binding partners in the oncogenic potential of HPV E6 is not yet clear. 

The E6BP/ERC55 is a calcium-binding protein located in the endoplasmic 
reticulum and binding of E6 to this cellular protein is thought to explain the 
insensitivity to calcium-induced differentiation exhibited by E6-expressing cells 
[29,165]. Paxillin is involved in signal transduction between the actin cytoskeleton 
and focal adhesions and E6 binding results in the disruption of the actin cytoskeleton, 
though the mechanism by which this occurs is not entirely clear [193]. Although 
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E6BP/ERC55 and paxiUin proteins have been reported to be bound by E6 proteins 
from high-risk (but not low-risk) HPVs, and from wild-type (but not transformation- 
defective) BPVs, neither protein is degraded in the presence of E6. Indeed, the 
binding of BPV E6 to paxillin competes with its binding to E6-AP [197]. Thus it 
seems likely that these interactions may be more relevant to BPV, which expresses 
considerably more E6 than the HPVs. 

A similar region of E6 would also appear to be required for binding to MCM7. 
During the G1 phase of the cell cycle a complex, known as the licensing complex, 
binds to the cellular origins of DNA replication. Initiation of any origin cannot occur 
in the absence of the complex, but DNA replication also displaces it. Thus, replica- 
tion from each cellular origin can only be initiated once in any cell cycle (see Ref. 
[190], for review). The MCM7 protein is one of a family of proteins involved in 
forming the licensing complex [191] and it was identified in a yeast two-hybrid screen 
as being a target for both high and low-risk HPV E6 proteins [104]. Although the 
consequences of the E6/MCM7 interaction are not yet clear, it seems probable that it 
contributes substantially to the greatly increased rate of viral DNA replication seen 
in infected cells as they begin to differentiate. Since the E6 protein from low-risk 
viruses also target MCM7, this is obviously not primarily responsible for any 
oncogenic effects, but it is possible that it contributes to the chromosomal instability 
seen in E6-expressing cells [53,206] which, in the context of high-risk E6-induced p53 
degradation, could result in a secondary oncogenic effect. 

The helical motifs involved in all of these interactions with E6 fall into the large 
family of LXXLL binding motifs, which are widely used in nuclear protein inter- 
actions [18,73,126]. They are also similar to those involved in p53 interactions with 
TAFII31 and MDM2 [195], and thus chemotherapeutic attempts to interfere with 
these reactions could have widespread toxic effects. 

lVlyc 

The c-Myc protein has also been shown to be a target for E6 enhanced degradation 
[69]. c-Myc is a cellular oncogene with an established association with oncogenesis 
[27]. However, as with E7, its overexpression gives rise to apoptosis [6,51] and, in 
keratinocytes, differentiation requires the down-regulation of c-Myc expression 
[57,144]. Since viral replication requires keratinocyte differentiation, the degrada- 
tion of c-Myc appears to be logical. However, caution is required since E6 expression 
has been reported to upregulate c-Myc expression, by a post-transcriptional mechan- 
ism, in epithelial cells [202]. 

Interestingly, c-Myc's transcriptional activation of target promoters is mediated 
by hetero-dimerisation with the Max protein [3,103] and when Max instead hetero- 
dimerises with Mad, the same promoters are repressed [8,9]. This is reminiscent of 
the hetero-dimerisation control system used by the Bcl2 family in apoptosis, 
described above, and it indicates how E6 activity, by slightly altering the balance of 
key equilibria might have quite fundamental effects upon the fate of the host cell. 
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Effects of E6 on telomerase activity 

Telomeres are repetitive nucleotide sequences found on the ends of mammalian 
chromosomes. They form complexes with DNA binding proteins, and these protect 
the chromosome ends, preventing end-to-end associations and fusions between 
chromosomes that might cause chromosome breakage during segregation [26,34]. 
Telomeres are normally eroded with each round of replication, and at a certain 
length may contribute to the onset of senescence [72]. Telomerase, which extends 
telomeres, is normally activated only in embryonal cells and adult germ cells [66,138]. 
However it has been shown that telomerase is activated in cells expressing HPV-16 
E6 [98], although no increase in telomere stability was observed [177]. Paradoxically, 
telomere elongation, but no telomerase activity, was detected in E7-expressing cells 
[177]. Studies on cells immortalised by E6 and E7 only detected telomerase activa- 
tion post-crisis [35,53], suggesting that it is a late activity during cellular trans- 
formation and that other epigenetic events might be required. More recently, it has 
been reported that the presence of E6 induces the expression of the telomerase 
reverse transcriptase gene, hTERT [61,139,198]. However, the precise mechanism 
for this is, as yet, unclear, although it has been reported that prolonged E6 expression 
results in the loss of a portion of chromosome 6 thought to encode an hTERT 
repressor [175]. It has also been reported that the hTERT gene is responsive to 
activation by c-Myc, amongst other factors [139], and also that E6 induction of 
hTERT may involve E6-AP, but not activation of c-Myc [61]. As discussed above, 
E6/E6-AP has been reported to degrade c-Myc protein [69], but the c-Myc gene has 
also been found to be activated by HPV integration in some cervical cancers [36,108]. 
From the data currently available, it appears that E6 activation of hTERT is most 
likely a late-stage marker of transformation and may involve a number of other 
factors, although a recent study suggests that E6 may be able to directly activate the 
hTERT promoter in transient transfection experiments [139]. However hTERT 
activation by E6 per se would not appear to be relevant during viral replication, and it 
most likely represents a readout of another, as yet unidentified, function of E6. 
Chemotherapeutic intervention directed at this activity of E6 could risk being too 
little, far too late. 

Targets of E6 containing PDZ domains 

As can seen from Figs. 2 and 3, the extreme carboxy terminal four amino acids of E6 
(XTQV) are absolutely specific to high-risk, mucosal HPV E6s. These four amino 
acids comprise a consensus PDZ-binding domain, and, of all the protein interactions 
of E6, this is the most strictly high-risk specific. All the other activities of E6 can be 
detected, to a lesser or greater extent, amongst both high and low-risk HPV E6 
proteins. 

PDZ domains are stretches of 80--90 amino acids [52,150] that are bound with 
high affinity by the sequence T/SXV [172], which is usually found at the extreme 
carboxy terminal of their interacting proteins. The membrane-associated guanylate 
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Fig. 3. Alignment of the carboxy terminal amino acids of high-risk E6 proteins, with low-risk HPV E6 
proteins for comparison. Note the complete absence of PDZ-binding motif in low-risk E6. In addition, 
also note that HPV types 18, 45, 31 and 35 have a perfect PDZ binding consensus sequence, whereas HPV 

types 16 and 33 do not. 

kinase homologues (MAGUKs) are large proteins with multiple protein-protein 
interaction domains, including PDZ domains, which are thought to mediate the 
formation of multiple-protein complexes. MAGUKs are located on the cell mem- 
brane, often at regions of cell-cell contact, including tight junctions [84,92,128], 
adherens junctions [54,137] and in the apical junctions of C. elegans [99,127]. Because 
of their location, it is thought that they may be involved in both inter-cell and 
intra-cell signalling, particularly since some also have nuclear localisation signals 
[41]. As well as high-risk E6, PDZ-binding motifs have been found in a number of 
other viral oncogenes, including the HTLV-1 Tax protein and the Ad9 E4-ORF1 
gene product [97,111]. 

The Ad9 E4-ORF1 protein had been shown to interact with the human homo- 
logue of the Drosophila discs large protein, Dig [10], and to sequester it in the 
membranous fraction of the cell [111]. Dig is a putative tumour suppressor, since its 
deletion in Drosophila results in aberrant cytoskeletal organisation and in disruption 
of polarity in columnar epithelium [63]. Its role in maintaining cell polarity has been 
separated, by mutational analysis, from its role in controlling cellular proliferation 
[210]. In complex with the adenomatous polyposis coli (APC) protein, human Dig 
represses the G1 to S transition [85], and its overexpression results in downregulation 
of 13-catenin, and hence cell growth, via an APC-independent pathway [71]. HTLV-1 
Tax protein has also been shown to bind Dig and to counteract these activities [182]. 
Unlike the Tax and E4-ORF1 proteins, E6 is expressed at very low levels and cannot 
sequester Dlg, however it can target Dig for ubiquitin-mediated degradation [59]. 
Dig possesses three PDZ domains and, interestingly, the ability of E6 to target Dig 
for degradation requires PDZ domain 2, which is the same PDZ domain recognised 
by APC [60]. This raises the intriguing possibility that E6, by degrading Dig, may in 
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fact be interfering with the normal functioning of the APC pathway which, along with 
p53, is one of the commonest pathways to be perturbed during the development of 
colon cancer [95,131]. 

More recently, it has been shown that the high-risk HPV E6s also induce the 
degradation of other MAGUK proteins, hScrib, which is the human homologue of 
Drosophila Scribble and is required for basolateral receptor localisation in epithelial 
cells [24,94] is targeted for degradation by E6 plus E6-AP [135]. Studies in Droso- 
phila have shown that Scribble and Dig can complement each other [25] and, since 
they are both targeted by HPV E6 proteins, this implies that E6 is perturbing a 
complex pattern of events regulating cell polarity and attachment in epithelial cells. 
Indeed, cells expressing E6 were shown to form weaker cell contacts and grow in a 
more disorganised fashion, whereas cells expressing E6 mutants defective for PDZ 
protein interactions retained normal aspects of cell polarity [135]. 

MUPP1 is another PDZ containing protein that has been recognised as a target 
of Ad9 E4ORF1 and HPV E6 [112]. MUPP1 is a multiple _PDZ-containing protein 
[196]--it has 13 PDZ domains--and is thought to be involved in the selective 
targeting and assembly of signalling complexes [19]. In polarised epithelial cells it is 
localised exclusively at tight junctions, interacting with the Claudin-1 and JAM-1 
(junctional adhesion molecule) proteins at adjacent PDZ domains--PDZ10 and 
PDZ9, respectively--and is also thought to be involved in cell polarity signalling [70]. 

The MAGI family of proteins is the most recently identified group of PDZ 
domain-containing targets for Ad9 E4ORF1 and HPV E6 [62,148,188]. These are 
MAGUKs with Inverted domain structure, having their guanylate kinase homology 
domains at the amino terminal end of the polypeptide. In addition MAGI-I, 
MAGI-2 and MAGI-3 each have two WW domains and at least five PDZ domains 
[41,213,214[ giving them the potential to interact with a large number of other 
proteins, including 13-catenin [40], mNET-1 [39] and PTEN [213,214]. As with Dig 
and MUPP1, MAGI-1 is aberrantly sequestered in the cytoplasm by Ad9 E4-ORF1, 
and is targeted by high-risk HPV E6 proteins for ubiquitin-mediated degradation 
[62]. MAGI-2 and MAGI-3 are also targets for E6 induced degradation [189] and it is 
possible that they too are targets for Ad9 E4ORF1. 

Comparison of the E6 induced degradation of target proteins has shown that the 
MAGI proteins are even more susceptible to degradation than p53, and certainly 
more so than Dig or MUPP1 [112,148,188]. Apart from obvious differences in 
kinetics of degradation, there is other evidence to suggest that E6 does not degrade 
these proteins through identical pathways, invoking the possible involvement of 
other, as yet unidentified, ubiquitin ligases. This argument is supported by studies 
using chimaeric E6 molecules, where a short region of the carboxy terminus of 
HPV-18 E6 was fused in frame to the carboxy terminus of HPV-11 E6. This con- 
ferred PDZ protein-binding activity on the low-risk E6 protein, and allowed it to 
target Dig for degradation [148]. In contrast, in the same assay, MAGI-1 was 
completely resistant to the chimaeric E6 protein. However, since HPV-11 E6 only 
binds weakly, if at all, to E6AP [81] this suggests that the ability of the chimaeric 
protein to degrade Dig is indeed E6AP independent. 
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It has also been shown that HPV-18 E6 binds to Dig and to MAGI-1 more 
efficiently than HPV-16 E6, and induces their degradation with concomitantly 
greater efficiency [148,188]. This is caused by a single amino acid difference in the 
PDZ-binding motif at the carboxy terminus of E6, where HPV-18 E6 has a perfect 
motif, and that of HPV-16 E6 is sub-optimal (see Fig. 3 for a comparison of high-risk 
E6 PDZ binding domains). This contrasts with the case of p53, where HPV-16 E6 is 
the more efficient [80,158], however it correlates very well with studies indicating 
that HPV-18-containing cervical tumours are more prone than HPV-16-containing 
tumours to recurrence and to metastasis (reviewed in Ref. [56]). This is the first 
finding that correlates a clinical phenotype with a defined biochemical activity of an 
HPV protein, and indicates that the E6-induced control of MAGUK levels within the 
cell could be fundamental in the progression to malignancy. 

An important feature of the E6-PDZ domain interaction is that it is highly 
defined. Many of E6's other protein interactions involve large regions of the E6 
protein (see Fig. 2) and make molecular modelling and the rational design of 
inhibitors extremely difficult. In contrast the E6-PDZ interaction is mediated by a 
four amino acid motif, which can be disabled for binding either by point mutations 
[59,62], or by simple phosphorylation of the threonine residue within the motif by 
protein kinase A [105]. Given these observations, and the fact that the structures of a 
number of PDZ domains have been solved [44,100,130], the design of molecules that 
could interfere with these interactions seems highly feasible. 

At present it is still not clear which of the above interactions will ultimately 
emerge as being important for E6's ability to contribute to malignant transformation. 
Certainly, mutations within E6's PDZ-binding domain, in the context of the whole 
virus, result in weaker immortalising activity in keratinocytes than wild type E6 
proteins (C. Meyers, personal communication). However, based on the normal 
function of these E6-MAGUK targets, one would most likely expect a more pro- 
found readout in assays that assess the contribution of E6 to malignant progression. 
We await further developments in this area with great interest. 

Specificity--the right protein at the right time 

Since the PDZ domain-containing proteins appear to impinge upon such a large 
number of important pathways, it seems probable that blocking the interactions 
between PDZ domains and PDZ-binding motifs might have extremely toxic effects. 
However, it is clear that there are additional layers of specificity controlling the 
E6/PDZ interaction. Analysis of 34 PDZ domains from six proteins, including a 
non-E6 target protein, has shown that only five domains can be bound by HPV E6 
[60,112,188,189]. This indicates the importance of peripheral amino acid sequences, 
both in the PDZ domain and its ligand. Specific binding to PDZ domains has also 
been shown with [3-catenin, which binds to PDZ5 of MAGI-1 [40], with the tumour 
suppressor PTEN, which binds to PDZ2 of MAGI-2 and MAGI-3 [213, 214], and 
with mNET1 which binds to PDZ1 of MAGI-1 [39]. This indicates that very specific 
blocking of E6's PDZ binding might be possible, without affecting other PDZ 
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Opposite: Fig. 4. Cellular pathways perturbed by HPV E6 proteins during cell transformation. 

domain interactions. Indeed, it has been shown that exogenously expressed MAGI-3 
PDZ1 domain can block the in vitro and in vivo E6-induced degradation of Dig, 
MAGI-2 and MAGI-3, thereby confirming proof-of-principle for this approach 
[189]. 

It is also becoming clearer that there are other factors that can determine the 
specificity of E6 interactions. We discussed earlier the possibility that a certain 
amount of p53 is required during the replication of viral DNA; obviously if that is the 
case there must be a mechanism for preventing certain E6 interactions. A potential 
means of doing this is via the E6* proteins; these are translated from alternatively 
spliced transcripts of the high-risk E6 gene [169]. They can bind to E6-AP or 
hetero-dimerise with E6, blocking their interaction [145,147] and thus preventing 
their inducing, or enhancing, the degradation of E6/E6-AP target proteins, of which 
p53 is the only one known to be resistant to E6-AP in the absence of E6. 

Another important method of altering protein activity is by post-translational 
modifications such as phosphorylation, acetylation glycosylation, sumoylation and 
ubiquitination. Indeed as we have already seen, PKA phosphorylation of E6 has a 
profound effect upon its interaction with Dig [105] and, most likely, with the other 
PDZ-containing targets. This implies that when E6 is phosphorylated by PKA it will 
not recognise its PDZ domain-containing substrates but will be available to carry out 
other activities, including p53 degradation [105]. In addition, recent studies have also 
shown that E6 is a substrate for phosphorylation by PKN [58]. At present this 
phosphorylation site on E6 is not known. However we await with great interest the 
elucidation of the consequences of the phosphorylation, with respect to the ability of 
E6 to recognise its target proteins. 

Conclusions 

When HPVs were first isolated and sequenced no one would have been able to 
predict the profound ways in which the HPV E6 proteins are capable of redirecting 
the cell's regulatory machinery in order to meet the requirements of viral replication. 
As can be seen from Fig. 4, the complexity of these interactions continues to develop, 
not only with the identification of new protein partners of E6, but also with the 
discovery of new cellular pathways and the elucidation of interconnections between 
apparently unconnected aspects of cellular homeostasis. Work with DNA tumour 
virus oncoproteins over the years has provided a wealth of information on central 
pathways regulating cell division. HPV E6 offers the exciting prospect of being able 
to utilise this information in the treatment of a major human cancer. 

Acknowledgements 

We are grateful to Craig Meyers, Oliviero Carugo and Ernesto Guccione for useful 



86 

discussions. The authors gratefully acknowledge research support provided by the 
Associazione Italian per la Ricerca sul Cancro. 

References 

1. Adams JM, Cory S. The Bcl-2 protein family: arbiters of cell survival. Science 1998; 281: 
1322-1326. 

2. Alvarez-Salas LM, Cullinan AE, Siwkowski A, Hampel A, DiPaolo JA. Inhibition of 
HPV-16 E6/E7 immortalisation of normal keratinocytes by hairpin ribozymes. Proc Natl 
Acad Sci USA 1998; 95: 1189-1194. 

3. Amati B, Dalton S, Brooks M, Littlewood T, Evan G, Land H. Transcriptional activation 
by the human c-Myc oncoprotein in yeast requires interaction with Max. Nature 1992; 
359: 423--426. 

4. Androphy EJ, Hubbert NL, Schiller JT, Lowy DR. Identification of the HPV-16 E6 
protein from transformed mouse cells and human cervical carcinoma cell lines. EMBO J 
1987; 6: 989-992. 

5. Arbeit JM, MOnger K, Howley P, Hanahan D. Progressive squamous epithelial neoplasia 
in K-14 human papillomavirus type-16 transgenic mice. J Virol 1994; 68: 4358--4368. 

6. Askew D, Ashmun R, Simmons B, Cleveland J. Constitutive c-Myc expression in an 
IL-3-dependent myeloid cell line suppresses cell cycle arrest and accelerates apoptosis. 
Oncogene 1991.6: 1915-1922. 

7. Astori G, Lavergne D, Benton C, Hockrnayr B, Egawa K, Garbe C, de Villiers EM. 
Human papillomaviruses are commonly found in normal skin of immunocompetent 
hosts. J Invest Dermatol 1998; 110: 752-755. 

8. Ayer DE, Kretzner L, Eisenmann RN. Mad: a heterodimeric partner for Max that 
antagonises Myc transcriptional activity. Cell 1993; 72: 211-222. 

9. Ayer DE, Lawrence QA, Eisenmann RN. Mad-Max transcriptional repression is 
mediated by ternary complex formation with mammalian homologs of yeast repressor, 
Sin3. Cell 1995; 80: 767-776. 

10. Azim AC, Knoll JH, Marfatia SM, Peel DJ, Bryant PJ, Chishti AH. DLGI: a chromo- 
some location of the closest human homologue of the Drosophila discs large tumour 
suppressor gene. Genomics 1995; 30: 613-616. 

11. Baker CC, Phelps WC, Lindgren V, Braun MJ, Gonda MA, Howley PM. Structural and 
transcriptional analysis of human papillomavirus type 16 sequences in cervical carcinoma 
cell lines. J Virol 1987; 61: 962-971. 

12. Bakhanashvili M. p53 enhances the replicative fidelity of DNA synthesis by human 
immunodeficiency virus type 1 reverse transcriptase. Oncogene 2001; 20: 7635-7644. 

13. Band V, DeCaprio JA, Delmolino L, Kulesa V, Sager R. Loss of p53 protein in human 
papillomavirus type 16-immortalised human mammary epithelial cells. J Virol 1991; 65: 
6671-6676. 

14. Band V, Dalai S, Delmolino L, Androphy E. Enhanced degradation of p53 protein in 
HPV-6 and BPV-1 E6-immortalised human mammary epithelial cells. EMBO J 1993; 12: 
1847-1852. 

15. Banks L, Spence P, Androphy E, Hubbert N, Matlashewski G, Murray A, Crawford L. 
Identification of human papillomavirus type 18 E6 polypeptide in cells derived from 
human cervical carcinomas. J Gen Virol 1987; 68: 1351-1359. 



87 

16. Banks L, Edmonds C, Vousden KH. Ability of the HPV-16 E7 protein to bind RB and 
induce DNA synthesis is not sufficient for efficient transforming activity in NIH3T3 cells. 
Oncogene 1990; 5: 1383-1389. 

17. Barbosa M, Lowy D, Schiller J. Papillomavirus polypeptides E6 and E7 are zinc binding 
proteins. J Virol 1989; 63:1404-1407 

18. Be X, Hong Y, Wei J, Androphy EJ, Chert JJ, Baleja JD. Solution structure determin- 
ation and mutational analysis of the papillomavirus E6 interacting peptide of E6AP. 
Biochemistry 2001; 40: 1293-1299. 

19. Becamel C, Figge A, Poliak S, Dumuis A, Peles E. Bockaert J, Lubbert H, Ullmer C. 
Interaction of serotonin 5-hydroxytryptamine type 2C receptors with PDZ10 of the 
multi-PDZ domain protein, MUPP1. J Biol Chem 2000; 276: 12974-12982. 

20. Bedell MA, Jones KH, Grossman SR, Laimins LA. Identification of human papilloma- 
virus type 18 transforming genes in immortalised and primary cells. J Virol 1989; 63: 
124%1255. 

21. Beer-Romero P, Glass S, Rolfe M. Antisense targeting of E6AP elevates p53 in HPV- 
infected cells but not in normal cells. Oncogene 1997; 14: 595-602. 

22. Berger SL. Gene activation by histone and factor acetyltransferases. Curr Opin Cell Biol 
1999; 11: 336-341. 

23. Bernat A, Massimi P, Banks L. Complementation of a p300/CBP defective binding 
mutant of Adenovirus Ela  by the HPV E6 proteins. J Gen Virol 2002; 83: 82%833. 

24. Bilder D, Perrimon N. Localisation of apical epithelial determinants by the basolateral 
PDZ protein Scribble. Nature 2000; 403: 676-680. 

25. Bilder D, Li M, Perrimon N. Cooperative regulation of cell polarity and growth by 
Drosophila tumor suppressors. Science 2000; 289: 113-116. 

26. Blackburn EH. Telomeres. Trends Biochem Sci 1991; 16: 378-381. 
27. Bouchard C, Staller P, Eilers M. Control of cell proliferation by myc. Trends Cell Biol 

1998; 8: 202-206. 
28. Butz K, Denk C, Ullmann A, Scheffner M, Hoppe-Seyler F. Induction of apoptosis in 

human papillomavirus-positive cancer cells by peptide aptamers targeting the viral E6 
oncoprotein. Proc Natl Acad Sci USA 2000; 97: 6693~5697. 

29. Chen J J, Reid C, Band V, Androphy E. Interaction of papillomavirus E6 oncoproteins 
with a putative calcium binding protein. Science 1995; 269: 529-531. 

30. Chen J J, Hong Y, Rustumzadeh E, Baleja JD, Androphy EJ. Identification of an alpha 
helical motif sufficient for association with papillomavirus E6. J Biol Chem 1998; 273: 
13537-13544. 

31. Cole ST, Danos O. Nucleotide sequence and comparative analysis of the human papillo- 
mavirus type 18 genome. Phylogeny of papillomaviruses and repeated structure of the E6 
and E7 gene products. J Mol Biol 1987; 193: 599-608. 

32. Conger KL, Lin JS, Kuo SR, Chow LT, Wang TS. Human papillomavirus DNA replica- 
tion. Interactions between the viral E1 protein and two subunits of human DNA poly- 
merase alpha/primase. J Biol Chem 1999; 274: 2696-2705. 

33. Cooper K, Herrington CS, Evans MF, Gatter KC, McGee JO. p53 antigen in cervical 
condylomata, intraepithelial neoplasia, and carcinoma: relationship to HPV infection 
and integration. J Pathol 1993; 171: 27-34. 

34. Coquelle A, Pipiras E, Toledo F, Buttin G, Debatisse M. Expression of fragile sites 
triggers intrachromosomal mammalian gene amplification and sets boundaries to early 



88 

amplicons. Cell 1997; 89: 215-225. 
35. Coursen JD, Bennet WP, Gollahon L, Shay JW, Harris CC. Genomic instability and 

telomerase activity in human bronchial epithelial cells during immortalisation by human 
papillomavirus-16 E6 and E7. Exp. Cell Res 1997; 235: 245-253. 

36. Couturier J, Sastre-Garau X, Schneider-Manoury S, Labib A, Orth G. Integration of 
papillomavirus DNA near myc genes in genital carcinomas and its consequence for 
proto-oncogene expression. J Virol 1991; 65: 4534-4538. 

37. Crook T, Wrede D, Vousden K. p53 point mutation in HPV negative human cervical 
carcinoma cell lines. Oncogene 1991; 6: 873-875. 

38. DiPaolo J, Woodworth C, Popescu MC, Notario V, Doniger J. Induction of human 
cervical squamous cell carcinoma by sequential transfection with human papillomavirus 
16 DNA and viral Harvey ras. Oncogene 1989; 4: 395-399. 

39. Dobrosotskaya IY. Identification of mNET1 as a candidate ligand for the first PDZ 
domain of MAGI-1. Biochem Biophys Res Commun 2001; 283: 969-975. 

40. Dobrosotskaya IY, James GL. MA.GI-1 interacts with beta-catenin and is associated with 
cell-cell adhesion structures. Biochem Biophys Res Commun 2000; 270: 903-909. 

41. Dobrosotskaya I, Guy RK, James GL. MAGI-l, a membrane-associated guanylate 
kinase with a unique arrangement of protein-protein interaction domains. J Biol Chem 
1997; 272: 31589-31597. 

42. Donehower LA, Harvey M, Slagle BL, McArthur M J, Montgomery Jr CA, Butel JS, 
Bradley A. Mice deficient for p53 are developmentally normal but susceptible to sponta- 
neous tumours. Nature 1992; 356: 215-221. 

43. Doorbar J, Foo C, Coleman N, Medcalf L, Hartley O, Prospero T, Napthine S, Sterling J, 
Winter G, Griffin H. Characterisation of events during the late stages of HPV16 
infection in vivo using high affinity synthetic Fabs to E4. Virology 1997; 238: 40-52. 

44. Doyle D, Lee A., Lewis J, Kim E, Sheng M, MacKinnon R. Crystal structures of a 
complexed and peptide-free membrane protein-binding domain: molecular basis of 
peptide recognition by PDZ. Cell 1996; 85: 1067-1076. 

45. D(irst M, Dzarlieva-Petrusevka R, Boukamp P, Fusenig N, Gissmann L. Molecular and 
cytogenetic analysis of immortalised human primary keratinocytes obtained after trans- 
fection with human papillomavirus type 16 DNA. Oncogene 1987; 1: 251-256. 

46. DiJrst M, Gallahan D, Gilbert J, Rhim JS. Glucocorticoid enhanced neoplastic trans- 
formation of human keratinocytes by human papillomavirus type 16 and an activated ras 
oncogene. Virology 1989; 173: 767-771. 

47. Eckner R, Ludlow JW, Lill NL, Oldread E, Arany Z, Modjtahedi N, DeCaprio JA, 
Livingston DM, Morgan JA. Association of p300 and CBP with simian virus 40 large T 
antigen. Mol Cell Biol 1996; 16: 3454-3464. 

48. E1 Deiry W, Tokino T, Velculescu V, Levy D, Parsons R, Trent J, Lin D, Mercer W, 
Kinzler K, Vogelstein B. WAF-1, a potential mediator of p53 tumor suppression. Cell 
1993; 75: 817-825. 

49. Elmore LW, Hancock AR, Chang SF, Wang XW, Chang S, Callahan CP, Geller DA, 
Will H, Harris CC. Hepatitis B virus X protein and p53 tumor suppressor interactions in 
the modulation of apoptosis. Proc Natl A_cad Sci USA 1997; 94: 14707-14712. 

50. Elston R, Napthine S, Doorbar J. The identification of a conserved binding motif within 
human papillomavirus binding peptides. J Gen Virol 1998; 79: 371-374. 

51. Evan G, Wyllie A, Gilbert C, Littlewood T, Land H, Brooks M, Waters C, Penn L, 



89 

Hancock D. Induction of apoptosis in fibroblasts by c-myc protein. Cell 1992; 69:119-128 
52. Fanning AS, Anderson JM. PDZ domains: fundamental building blocks in the organisa- 

tion of protein complexes at the plasma membrane. J Clin Invest 1999; 103: 767-772. 
53. Filatov L, Golubovskaya V, Hurt J, Byrd L, Phillips J, Kaufman W. Chromosomal 

instability, is correlated with telomerase erosion and inactivation of G2 checkpoint 
function in human fibroblasts expressing human papillomavirus type 16 E6 oncoprotein. 
Oncogene 1998; 16: 1825-1838. 

54. Firestein BL, Rongo C. DLG-1 is a MAGUK similar to SAP97 and is required for 
adherens junction formation. Mol Biol Cell 2001; 12: 3465-3475. 

55. Fortunato EA, Spector DH. p53 and RPA are sequestered in viral replication centers in 
the nuclei of cells infected with human cytomegalovirus. J Virol 1998; 72: 2033-2039. 

56. Franco EL. Prognostic value of human papillomavirus in the survival of cervical cancer 
patients: an overview of the evidence. Cancer Epidemiol Biomarkers Prev 1992; 1: 
499-504. 

57. Freytag S, Dang C, Lee W. Definition of the activities and properties of c-Myc required 
to inhibit cell differentiation. Cell Growth Differ 1990; 1: 339-343. 

58. Gao Q, Kumar A, Srinivasan S, Singh L, Mukai H, Ono Y, Wazer DE, Band V. PKN 
binds and phosphorylates human papillomavirus E6 oncoprotein. J Biol Chem 2000; 275: 
14824-14830. 

59. Gardiol D, Kiihne C, Glaunsinger B, Lee SS, Javier R, Banks L. Oncogenic human 
papillomavirus E6 proteins target the discs large tumour suppressor for proteasome- 
mediated degradation. Oncogene 1999; 18: 5487-5496. 

60. Gardiol D, Galizzi S, Banks L. Mutational analysis of the Discs Large tumour suppressor 
identifies domains responsible for HPV-18 E6 mediated degradation. J Gen Viro12002; 
83: 283-289. 

61. Gewin L, Galloway DA. E-box dependent activation of telomerase by human papilloma- 
virus type 16 E6 does not require induction of c-Myc. J Virol 2001; 75: 7198-7201. 

62. Glaunsinger B, Lee SS, Thomas M, Banks L, Javier R. Interactions of the PDZ-protein 
MAGI-1 with adenovirus E4-ORF1 and high-risk papillornavirus E6 oncoproteins. 
Oncogene 2000; 19: 1093-1098. 

63. Goode S, Perrimon N. Inhibition of patterned cell shape change and cell invasion by discs 
large during Drosophila oogenesis. Genes Dev 1997; 11: 2532-2544. 

64. Goodman RH, Smolik S. CBP/p300 in cell growth, transformation and development. 
Genes Dev 2000; 14: 1553-1577. 

65. Goping I, Gross A, Lavoie J, Nguyen M, Jemmerson R, Roth K, Korsmeyer S, Shore G. 
Regulated targeting of Bax to mitochondria. J. Cell Biol. 1998; 143: 207-215. 

66. Greider CW, Blackburn EH. Identification of a specific telomere terminal transferase 
activity in Tetrahymena extracts. Cell 1985; 43: 405-413. 

67. Gross A, McDonnell JM, Korsmeyer SJ. BCL-2 family members and the mitochondria in 
apoptosis. Genes Dev 1999; 13: 1899-1911. 

68. Grossman SR, Laimins LA. E6 protein of human papillomavirus type 18 binds zinc. J 
Virol 1989; 65: 1247-1255. 

69. Gross-Mesilaty S, Reinstein E, Bercovich B, Tobias K, Schwartz A, Kahana C, 
Ciechanover A. Basal and human papillomavirus E6 oncoprotein-induced degradation 
of Myc proteins by the ubiquitin pathway. Proc Natl Acad Sci USA 1998; 95: 8058-8063. 

70. Hamazaki Y, Itoh M, Sasaki H, Furuse M, Tsukita S. Multi PDZ-containing protein 1 



90 

(MUPP1) is concentrated at tight junctions through its possible interaction with 
claudin-1 and junctional adhesion molecule (JAM). J Biol Chem 2001; 277: 455-461. 

71. Hanada N, Makino K, Koga H, Morisaki T, Kuwahara H, Masuko N, Tabira Y, Hiraoka 
T, Kitamura N, Kikuchi A, Saya H. NE-dlg, a mammalian homolog of Drosophila dig 
tumor suppressor, induces growth suppression and impairment of cell adhesion: possible 
involvement of down-regulation of beta-catenin by NE-dlg expression. Int J Cancer 2000; 
86: 480--488. 

72. Harley C, Futcher A, Greider CW. Telomeres shorten during ageing of human fibro- 
blasts. Nature 1990; 345: 458-460. 

73. Heery DM, Kalkhoven E, Hoarse S, Parker MG. A signature motif in transcriptional 
co-activators mediates binding to nuclear receptors. Nature 1997; 387: 733-736. 

74. Herber R, Liem A, Pitot H, Lambert PF. Squamous epithelial hyperplasia and carcinoma 
in mice transgenic for the human papillomavirus type 16 E7 oncogene. J Virol 1996; 70: 
1873-1881. 

75. Honda R, Tanaka H, Yasuda H. Oncoprotein MDM2 is a ubiquitin ligase E3 for tumor 
suppressor p53. FEBS Lett 1997; 420: 25-27. 

76. Hsu Y, Wolter K, Youle R. Cytosol-to-membrane redistribution of Bax and Bcl-XL 
during apoptosis. Proc Natl Acad Sci USA 1997; 94: 3668-3672. 

77. Hu G, Liu W, Hanania EG, Fu S, Wang T, Deisseroth A. Suppression of tumorigenesis 
by transcription units expressing the antisense E6 and E7 messenger RNA (mRNA) for 
the transforming proteins of the human papillomavirus and the sense mRNA for the 
retinoblastoma gene in cervical carcinoma cells. Cancer Gene Ther 1995; 2: 19-32. 

78. Huang DC, Cory S, Strasser A. Bcl-2, BcI-XL and adenovirus protein E1B19kD are 
functionally equivalent in their ability to inhibit cell death. Oncogene 1997; 14: 405-414. 

79. Huang P. Excision of mismatched nucleotides from DNA: a potential mechanism for 
enhancing DNA replication fidelity by the wild type p53 protein. Oncogene 1998; 17: 
261-270. 

80. Huibregtse J, Scheffner M, Howley P. A cellular protein mediates association of p53 with 
the E6 oncoprotein of human papiUomavirus types 16 or 18. EMBO J 1991; 10: 
4129-4135. 

81. Huibregtse J, Scheffner M, Howley P. Cloning and expression of the cDNA for E6-AP, a 
protein that mediates the interaction of the human papillomavirus E6 oncoprotein with 
p53. Mol Cell Biol 1993; 13: 775-784. 

82. Huibregtse J, Scheffner M, Howley P. Localisation of the E6-AP regions that direct 
human papillomavirus E6 binding, association with p53, and ubiquitination of associated 
proteins. Mol Cell Biol 1993; 13: 4918-4927. 

83. Hurlin P J, Kaur P, Smith PP, Peres-Reyes N, Blanton R, McDougall JK. Progression of 
human papillomavirus type 18-immortalised human keratinocytes to a malignant pheno- 
type. Proc Natl Acad Sci USA 1991; 88: 570-574. 

84. Ide N, Hata Y, Nishioka H, Hirao K, Yao I, Deguchi M, Mizoguchi A, Nishimori H, 
Tokino T, Nakamura Y, Takai Y. Localization of membrane-associated guanylate kinase 
(MAGI)-l/BAI-associated protein (BAP)I at tight junctions of epithelial cells. Onco- 
gene 1999; 18: 7810-7815. 

85. Ishidate T, Matsumine A, Toyoshima K, Akiyama T. The APC/-hDLG complex nega- 
tively regulates cell cycle progression from the G0/G1 to S phase. Oncogene 2000; 19: 
365-372. 



91 

86. Jackson S, Harwood C, Thomas M, Banks L, Storey A. Role of Bak in UV-induced 
apoptosis in skin cancer and abrogation by HPV E6 proteins. Genes Dev 2000; 14: 
3065-3073. 

87. Jacobson MD, Weil M, Raft MC. Programmed cell death in animal development. Cell 
1997; 88: 347-354. 

88. Kanda T, Furuno A, Yoshiike K. Human papillomavirus type 16 open reading frame E7 
encodes a transforming gene for rat 3Y1 cells. J Virol 1988; 62: 610-613. 

89. Kanda T, Watanabe S, Zanma S, Sato H, Furuno A, Yoshiike K. Human papillomavirus 
type 16 E6 proteins with glycine substituted for cysteine in metal binding motifs. Virology 
1991; 185: 536-543. 

90. Kao WH, Beaudenon SL, Talis AL, Huibregtse JM, Howley PM. Human papillomavirus 
type 16 E6 induces self-ubiquitination of the E6-AP ubiquitin-protein ligase. J Virol 
2000; 74: 6408-6417. 

91. Kaur P, McDougall JK. Characterisation of primary human keratinocytes transformed 
by human papillomavirus type 18. J Virol 1988; 62: 1917-1924. 

92. Kawabe H, Nakanishi H, Asada M, Fukuhara A, Morimoto K, Takeuchi M, Takai Y. Pilt: 
a novel peripheral membrane protein at tight junctions in epithelial cells. J Biol Chem 
2001; 276: 48350-48355. 

93. Kemp CJ, Donehower LA, Bradley A, Balmain A. Reduction of p53 gene dosage does 
not increase initiation or promotion, but enhances malignant progression of chemically 
induced skin tumours. Cell 1993; 74: 813-822. 

94. Kim SK. Polarized signaling: basolateral receptor localization in epithelial cells by the 
PDZ-containing proteins. Curr Opin Cell Biol 1997; 9: 853-859. 

95. Kinzler KW, Vogelstein B. Lessons from hereditary colorectal cancer. Cell 1996; 87: 
159-170. 

96. Kishino T, Lalande M, Wagstaff J. UBE3A/E6-AP mutations cause Angelman 
syndrome. Nat Genet 1997; 15: 70-73. 

97. Kiyono T, Hiraiwa A, Ishii S, Takahashi T, lshibashi M. Binding of high-risk human 
papillomavirus E6 oncoproteins to a human homologue of the Drosophila discs large 
tumour suppressor protein. Proc Natl Acad Sci USA 1997; 94: 11612-11616. 

98. Klingelhutz AJ, Foster SA, McDougall JK. Telomerase activation by the E6 gene 
product of human papillomavirus type 16. Nature 1996; 380: 79-82. 

99. K6ppen M, Simske JS, Sims PA, Firestein BL, Hall DH, Radice AD, Rongo C, Hardin 
JD. Cooperative regulation of AJM-1 controls junctional integrity in Caenorhabditis 
elegans epithelia. Nature Cell Biol 2001; 3: 983-991. 

100. Kozlov G, Gehring K, Ekiel I. Solution structure of the PDZ2 domain from human 
phosphatase hPTP1E and its interactions with C-terminal peptides from the Fas 
receptor. Biochemistry 2000; 39: 2572-2580. 

101. Krajewski S, Krajewska M, Shabaik A, Miyashita T, Wang HG, Reed JC. Immuno- 
histochemical determination of in vivo distribution of Bax, a dominant inhibitor of Bcl-2. 
Am J Path 1994; 145: 1323-1336. 

102. Krajewski S, Krajewska M, Reed JC. Immunohistochemical analysis of in vivo patterns of 
Bak expression, a pro-apoptotic member of the Bcl-2 protein family. Cancer Res 1996; 
56: 2849-2855. 



92 

103. Kretzner L, Blackwood EM, Eisenmann RN. Myc and Max proteins possess distinct 
transcriptional activities. Nature 1992; 359: 426--429. 

104. Ktihne C, Banks L. E3-ubiquitin ligase/E6-AP links multicopy maintenance protein 7 to 
the ubiquitination pathway by a novel motif, the L2G box. J Biol Chem 1998; 273: 
34302-34309. 

105. Ktihne C, Gardiol D, Guarnaccia C, Amenitsch H, Banks L. Differential regulation of 
human papillomavirus E6 by protein kinase A: conditional degradation of human discs 
large protein by oncogenic E6. Oncogene 2000; 19: 5884-5891. 

106. Kuo SR, Liu JS, Broker TR, Chow LT. Cell-free replication of the human papillomavirus 
DNA with homologous viral E1 and E2 proteins and human cell extracts. J Biol Chem 
1994; 269: 24058--24065. 

107. Lane DP, Crawford LV. T antigen is bound to a host protein in SV40 transformed cells. 
Nature 1979; 278: 261-263. 

108. Lazo PA, DiPaolo JA, Popescu NC. Amplification of the integrated viral transforming 
genes of human papillomavirus 18 and its 5'-flanking cellular sequence located near the 
myc proto-oncogene in HeLa cells. Cancer Res 1989; 49: 4305-4310. 

109. Lechner M, Laimins L. Inhibition of p53 DNA binding by human papillomavirus E6 
proteins. J Virol 1994; 68: 4262-4275. 

110. Lee D, Lee B, Kim J, Kim DW, Choe J. cAMP response element-binding protein binds to 
human papillomavirus E2 protein and activates E2-dependent transcription. J Biol 
Chem 2000; 275: 7045-7051. 

111. Lee S, Weiss R, Javier R. Binding of human virus oncoproteins to hDIg/SAP97, a 
mammalian homologue of the Drosophila discs large tumour suppressor protein. Proc 
Natl Acad Sci USA 1997; 94: 6670-6675. 

112. Lee S, Glaunsinger B, Mantovani F, Banks L, Javier R. The multi-PDZ domain protein 
MUPP1 is a cellular target for both human adenovirus E4-ORF1 and high-risk 
papillomavirus type 18 E6 oncoproteins. J Virol 2000; 74: 9680-9693. 

113. Li X, Coffino P. High risk human papillomavirus E6 protein has two distinct binding sites 
within p53, of which only one determines degradation. J Virol 1996; 70: 4509-4516. 

114. Lie AK, Skarsvag S, Skomedal H, Haugen OA, Holm R. Expression of p53, MDM2, and 
p21 proteins in high grade cervical intraepithelial neoplasia and relationship to human 
papillomavirus infection. Int J Gynecol Pathol 1999; 18: 5-11. 

115. Lin J, Chen J, Elenbaas B, Levine AJ. Several hydrophobic amino acids in the p53 amino 
terminal domain are required for transcriptional activation, binding to mdm-2 and the 
adenovirus 5 E1B 55-kD protein. Genes Dev 1994; 8: 1235-1246. 

116. Linzer DI, Levine AJ. Characterisation of a 54 kdalton cellular SV40 tumour antigen 
present in SV40-transformed cells and uninfected embryonal carcinoma cells. Cell 1979; 
17: 43-52. 

117. Liu Y, Chen JJ, Gao Q, Dalai S, Hong Y, Mansur CP, Band V, Androphy EJ. Multiple 
functions of human papillomavirus type 16 E6 contribute to the immortalisation of 
human mammary epithelial cells. J Virol 1999; 73: 7297-7307. 

118. Liu Z, Ghai J, Ostrow RS, McGlennen RC, Faras AJ. The E6 gene of human papilloma- 
virus type 16 is sufficient for transformation of baby rat kidney cells in cotransfection with 
activated Ha-ras. Virology 1994; 201: 388-396. 



93 

119. Lowe SW, Jacks T, Houseman DE, Ruley HE. Abrogation of oncogene associated 
apoptosis allows transformation of p53-deficient cells. Proc Natl Acad Sci USA 1994; 91: 
2026-2030. 

120. Mantovani F, Banks L. Inhibition of E6 induced degradation of p53 is not sufficient for 
stabilisation of p53 protein in cervical tumour derived cell lines. Oncogene 1999; 18: 
3309-3315. 

121. Marcello A, Massimi P, Banks L, Giacca M. Adeno-associated virus type 2 rep protein 
inhibits human papillomavirus type 16 E2 recruitment of the transcriptional co-activator 
p300. J Virol 2000; 74: 9090-9098. 

122. Massimi P, Pim D, Bertoli C, Bouvard V, Banks L. Interaction between the HPV-16 E2 
transcriptional activator and p53. Oncogene 1999; 18: 7748-7754. 

123. Masterson P J, Stanley MA, Lewis AP, Romanos MA. A C-terminal helicase domain of 
the human papillomavirus E1 protein binds E2 and the DNA polymerase alpha-primase 
p68 subunit. J Virol 1998; 72: 7407-7419. 

124. Matlashewski G, Banks L, Pim D, Crawford L. Analysis of human p53 proteins and 
mRNA levels in normal and transformed cells. Eur J Biochem 1986; 154: 665-672. 

125. Matsuura T, Sutcliffe J, Fang P, Galjaard R, Jiang Y, Benton C, Rommens J, Beaudet A. 
De novo truncating mutations in E6-AP ubiquitin-protein ligase (UBE3A) in Angelman 
syndrome. Nat Genet 1997; 15: 74-77. 

126. Mclnerney EM, Rose DW, Flynn SE, Westin S, Mullen TM, Krones A, Inostroza J, 
Torchia J, Nolte RT, Assa-Munt N, Milburn MV, Glass CK, Rosenfeld MG. Determin- 
ants of coactivator LXXLL motif specificity in nuclear receptor transcriptional activa- 
tion. Genes Dev 1998; 12: 3357-3368. 

127. McMahon L, Legonis R, Vonesch JL, Labouesse M. Assembly of C elegans apical 
junctions involves positioning and compaction by LEET-413 and protein aggregation by 
the MAGUK protein DLG-1. J Cell Sci 2001; 114: 2265-2277. 

128. Mino A, Ohtsuka T, Inoue E, Takai Y. Membrane-associated guanylate kinase with 
inverted orientation (MAGI)-l/brain angiogenesis inhibitor-1 associated protein 
(BAP1) as a scaffolding molecule for Rap small G protein GDP/GTP exchange protein 
at tight junctions. Genes Cells 2000; 5: 1009-1016. 

129. Miyashita T, Reed JC. Tumor suppressor p53 is a direct transcriptional activator of the 
human bax gene. Cell 1995; 80: 293-299. 

130. Morais Cabral JH, Petosa C, Sutcliffe M J, Raza S, Byron O, Poy F, Marfatia SM, Chishti 
AH, Liddington RC. Crystal structure of a PDZ domain. Nature 1996; 382: 649-652. 

131. Morin PJ, Vogelstein B, Kinzler KW. Apoptosis and APC in colorectal tumorigenesis. 
Proc Natl Acad Sci USA 1996; 93: 7950-7954. 

132. Muganda P, Mendoza O, Hernandez J, Qian Q. Human cytomegalovirus elevates levels 
of the cellular protein p53 in infected cells. J Virol 1994; 68: 8028-8034. 

133. Miinger K, Basile JR, Duensing S, Eichten A, Gonzalez SL, Grace M, Zacny VL. 
Biological activities and molecular targets of the human papillomavirus E7 oncoprotein. 
Oncogene 2001; 20: 7888-7898. 

134. Nakagawa S, Watanabe S, Yoshikawa H, Taketani Y, Yoshiike K, Kanda T. Mutational 
analysis of human papillomavirus type 16 E6 protein: transforming function for human 
cells and degradation of p53 in vitro. Virology 1995; 212: 535-542. 



94 

135. Nakagawa S, Huibregtse J. Human scribble (Vartul) is targeted for ubiquitin-mediated 
degradation by the high-risk papillomavirus E6 proteins and the E6-AP ubiquitin- 
protein ligase. Mol Cell Bio12000; 20: 8244-8253. 

136. Nauenburg S, Zwerschke W, Jansen-D0rr P. Induction of apoptosis in cervical carci- 
noma cells by peptide aptamers that bind to the HPV-16 E7 protein. FASEB J 2001; 15: 
592-594. 

137. Nishimura W, Iizuka T, Hirabayashi S, Tanaka N, Hata Y. Localisation of BAI-associ- 
ated proteinl/membrane associated guanylate kinase-1 at adherens junctions in normal 
rat kidney cells: polarised targeting mediated by the carboxy-terminal PDZ domains. J 
Cell Physio12000; 185: 358-365. 

138. Noble JR, Rogan EM, Neumann AA, Maclean K, Bryan TM, Reddel RR. Association of 
extended in vivo proliferative potential with loss of pl6INK4 expression. Oncogene 1996; 
13: 1259-1268. 

139. Oh ST, Kyo S, Laimins LA. Telomerase activation by human papillomavirus type 16 E6 
protein: induction of human telomerase reverse transcriptase expression through Myc 
and GC-rich Spl binding sites. J Viro12001; 75: 5559-5566. 

140. Pan H, Griep AE. Temporally distinct patterns of p53-dependent and p-53-independent 
apoptosis during mouse lens development. Genes Dev 1995; 9: 2157-2169. 

141. Patel D, Huang SM, Baglia LA, McCance DJ. The E6 protein of human papillomavirus 
type 16 binds to and inhibits co-activation by CBP and p300. EMBO J 1999; 18: 
5061-5072. 

142. Pecoraro G, Morgan D, Defendi V. Differential effects of human papillomavirus type 6, 
16 and 18 DNAs on immortalisation and transformation of human cervical epithelial 
cells. Proc Natl Acad Sci USA 1989; 86: 563-567. 

143. Phelps WC, Yee CL, MOnger K, Howley PM. The human papillomavirus type 16 E7 gene 
encodes transactivation and transformation functions similar to those of adenovirus Ela. 
Cell 1988; 53: 539-547. 

144. Pietenpol JA, Holt JT, Stein RW, Moses HL. Transforming growth factor 1 beta 
suppression of c-myc gene transcription: role in inhibition of keratinocyte proliferation. 
Proc Natl Acad Sci USA 1990; 87: 3758-3762. 

145. Pim D, Banks L. HPV-18 E6*I protein modulates the E6-directed degradation of p53 by 
binding to full length HPV-18 E6. Oncogene 1999; 18: 7403-7408. 

146. Pim D, Storey A, Thomas M, Massimi P, Banks L. Mutational analysis of HPV-18 E6 
identifies domains required for p53 degradation in vitro, abolition of p53 transactivation 
in vivo and immortalisation of primary BMK cells. Oncogene 1994; 9: 1869-1876. 

147. Pim D, Massimi P, Banks L. Alternatively spliced HPV-18 E6* protein inhibits 
E6-mediated degradation of p53 and suppresses transformed cell growth. Oncogene 
1997; 15: 257-264. 

148. Pim D, Thomas M, Javier R, Gardiol D, Banks L. HPV E6 targeted degradation of the 
discs large protein: evidence for the involvement of a novel ubiquitin-ligase. Oncogene 
2000; 19: 719-725. 

149. Pim D, Thomas M, Banks L. The function of the human papillomavirus oncogenes. In: 
RJA Grand (Ed), Viruses, Cell Transformation and Cancer. Elsevier, Amsterdam, 2001, 
pp. 145-192. 



95 

150. Ponting C, Phillips C. DHR domains in syntrophins, neural NO synthases and other 
intracellular proteins. Trends Biochem Sci 1995; 20: 102-103. 

151. Querido E, Morrison MR, Chu-Phan-Dang H, Thirlwell SW, Boivin D, Branton PE, 
Morrison MR. Identification of three functions of Ad E4ORF6 protein that mediate p53 
degradation by the E4ORF6-E1B55k complex. J Virol 2001; 75: 699-709. 

152. Reed J. Bcl-2 family proteins. Oncogene 1998; 17: 3225-3236. 
153. Reznikoff CA, Belair C, Savliev E, Zhai Y, Pfeifer K, Yeager T, Thompson KJ, DeVries 

S, Bindley C, Newton MA. et al. Long term stability and minimal genotypic and pheno- 
typic alterations in HPV16 E7-, but not E6-, immortalised human uroepithelial cells. 
Genes Dev 1994; 8: 2227-2240. 

154. Ruppert JM, Stillman B. Analysis of a protein-binding domain of p53. Mol Cell Biol 
1993; 13: 3811-3820. 

155. Sarnow P, Ho YS, Williams J, Levine AJ. Adenovirus Elb-58kd tumor antigen and SV40 
large tumor antigen are physically associated with the same 54kd cellular protein in 
transformed cells. Cell 1982. 28: 387-394. 

156. Sato H, Furuno A, Yoshiike K. Expression of human papillomavirus type 16 E7 gene 
induces DNA synthesis of rat 3Y1 cells. Virology 1989; 168: 195-199. 

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

158. Scheffner M, Miinger K, Byrne JC, Howley PM. The state of the p53 and retinoblastoma 
genes in human cervical carcinoma cell lines. Proc Natl Acad Sci USA 1991; 88: 
5523-5527. 

159. Schlegel R, Phelps WC, Zhang YL, Barbosa M. Quantitative keratinocyte assay detects 
two biological activities of human papillomavirus DNA and identifies viral types associ- 
ated with cervical carcinoma. EMBO J 1988; 7: 3181-3187. 

160. Schneider-Manoury S, Croissant O, Orth G. Integration of human papillomavirus type 
16 DNA sequences: a possible early event in the progression of genital tumours. J Virol 
1987; 61: 3295-3298. 

161. Schwarz E, Freese U, Gissmann L, Mayer W, Roggenbuck B, Stremlau A, zur Hausen H. 
Structure and transcription of human papillomavirus sequences in cervical carcinoma 
cells. Nature 1985; 314: 111-114. 

162. Sedman SA, Barbosa MS, Vass WC, Hubbert NL, Haas JA, Lowy DR, Schiller JT. The 
full length, E6 protein of human papillomavirus type 16 has transforming and trans- 
activating activities and cooperates with E7 to immortalise keratinocytes in culture. J 
Virol 1991; 65: 4860--4866. 

163. Sexton CJ, Proby CM, Banks L, Stables JN, Powell K, Navsaria H, Leigh IM. Charac- 
terisation of factors involved in human papillomavirus type 16-mediated immortalisation 
of oral keratinocytes. J Gen Virol 1993; 74: 755-761. 

164. Shamanin V, zur Hausen H, Lavergne D, Proby CM, Leigh IM, Neumann C, Harem H, 
Goos M, Haustein UF, Jung EG et al. Human papillomavirus infections in non- 
melanoma skin cancers from renal transplant recipients and non-immunosuppressed 
patients. J Natl Cancer Inst 1996; 88: 802-811. 

165. Sherman L, Schlegel R, Serum- and calcium-induced differentiation of human keratino- 



96 

cytes is inhibited by the E6 oncoprotein of human papillomavirus type 16. J Virol 1996; 
70: 3269-3279. 

166. Shimizu S, Narita M, Tsujimoto Y. Bcl-2 family proteins regulate the release of apopto- 
genic cytochrome C by the mitochondrial channel VDAC. Nature 1999; 399: 483-487. 

167. Smith DH, Ziff E. The amino terminal region of adenovirus serotype 5 Ela protein 
performs two separate functions when expressed in primary baby rat kidney cells. Mol 
Cell Biol 1988; 8: 3882-3890. 

168. Smotkin D, Wettstein F. Transcription of human papillomavirus type 16 early genes in a 
cervical cancer and a cancer-derived cell line, and identification of the E7 protein. Proc 
Natl Acad Sci USA 1986; 83: 4680-4684. 

169. Smotkin D, Prokoph H, Wettstein FO. Oncogenic and non-oncogenic human genital 
papillomaviruses generate E7 mRNA by different mechanisms. J Virol 1989; 63: 
1441-1447. 

170. Song S, Pitot HC, Lambert PF. The human papillomavirus type 16 E6 gene alone is 
sufficient to induce carcinomas in transgenic animals. J Virol 1999; 73: 5887-5893. 

171. Song S, Liem A, Miller JA, Lambert PF. Human papillomavirus type 16 E6 and E7 
contribute differently to carcinogenesis. Virology 2000; 267: 141-150. 

172. Songyang Z, Fanning AS, Fu C, Xu J, Marfatia SM, Chisti AH, Crompton A, Chan AC, 
Anderson JM, Cantley LC. Recognition of unique carboxyl-terminal motifs by distinct 
PDZ domains. Science 1997; 275: 73-77. 

173. Steegenga WT, Riteco N, Jochemsen AG, Fallaux FJ, Bos JL. The large E1B protein 
together with the E4orf6 protein target p53 for active degradation in adenovirus infected 
ceils. Oncogene 1998; 16: 349-357. 

174. Steele C, Sacks PG, Adler-Storthz K, Shillitoe EJ. Effect on cancer cells of plasmids that 
express antisense RNA of human papillomavirus 18. Cancer Res 1992; 52: 4706-4711. 

175. Steenbergen RD, Kramer D, Meijer CJ, Walboomers JM, Trott DA, Cuthbert AP, 
Newbold RF, Overkamp WJ, Zdzienicka MZ, Snijders PJ. Telomerase suppression by 
chromosome 6 in a human papillomavirus type 16-immortalised keratinocyte cell line 
and in a cervical cancer cell line. J Natl Cancer Inst 2001; 93: 865-872. 

176. Stein RW, Corrigan M, Yaciuk P, Whelan J, Moran E. Analysis of E1A-mediated growth 
regulation functions: binding of the 300-kilodalton cellular product correlates with E1A 
enhancer repression function and DNA synthesis inducing activity. J Virol 1990; 64: 
4421--4427. 

177. St6ppler H, Hartmann DP, Sherman L. Schlegel, R. The human papillomavirus type 16 
E6 and E7 oncoproteins dissociate cellular telomerase activity from the maintenance of 
telomere length. J Biol Chem 1997; 272: 13332-13337. 

178. Storey A, Banks L. Human papillomavirus type 16 E6 gene cooperates with EJ-ras to 
immortalise primary mouse cells. Oncogene 1993; 8: 919-924. 

179. Storey A, Pim D, Murray A, Osborn K, Banks L, Crawford L. Comparison of the in vitro 
transforming activities of human papillomavirus types. EMBO J 1988; 7: 1815-1820. 

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

181. Strasser A, Harris AW, Corcoran LM, Cory S. Bcl-2 expression promotes B- but not 



97 

T-lymphoid development in SCID mice. Nature 1994; 368: 457-460. 
182. Suzuki T, Ohsugi Y, Uchida-Toita M, Akiyama T, Yoshida M. Tax oncoprotein of 

HTLV-1 binds to the human homologue of Drosophila discs large tumor suppressor 
protein, hDLG, and perturbs its function in cell growth control. Oncogene 1999; 18: 
5967-5972. 

183. Talis AL, Huibregtse JM, Howley PM. The role of E6AP in the regulation of p53 protein 
levels in human papillomavirus (HPV)-positive and HPV-negative cells. J Biol Chem 
1998; 273: 6439-6445. 

184. Thomas M, Banks L. Inhibition of Bak-induced apoptosis by HPV-18 E6. Oncogene 
1998; 17:2943-2954 

185. Thomas M, Banks L. Human papillomavirus (HPV) E6 interactions with Bak are 
conserved amongst E6 proteins from high and low risk HPV types. J Gen Virol 1999; 80: 
1513-1517. 

186. Thomas M, Massimi P, Jenkins J, Banks L. HPV-18 E6 mediated inhibition of p53 DNA 
binding activity is independent of E6 induced degradation. Oncogene 1995; 10:261-268. 

187. Thomas M, Pim D, Banks L. Role of the E6-p53 interaction in the molecular patho- 
genesis of HPV. Oncogene 1999; 18: 7690-7700. 

188. Thomas M, Glaunsinger B, Pim D, Javier R, Banks L. HPV E6 and MAGUK protein 
interactions: determination of the molecular basis for specific protein recognition and 
degradation. Oncogene 2001; 20: 5431-5439. 

189. Thomas M, Laura R, Hepner K, Guccione E, Sawyers C, Lasky L, Banks L. Oncogenic 
human papillomavirus E6 proteins target the MAGI-2 and MAGI-3 proteins for 
degradation. Oncogene 2002; in press. 

190. Thommes P, Blow JJ. The DNA replication licensing system. Cancer Surv 1997; 29: 
75-90. 

191. Thommes P, Kubota Y, Takisawa H, Blow JJ. The RLM-M component of the replication 
licensing system forms complexes containing all six MCM/P1 polypeptides. EMBO J 
1997; 16: 3312-3319. 

192. Thompson C. Apoptosis in the pathogenesis and treatment of disease. Science 1995; 267: 
1456-1462. 

193. Tong X, Howley PM. The bovine papillomavirus E6 oncoprotein interacts with paxillin 
and disrupts the actin cytoskeleton. Proc Natl Acad Sci USA 1997; 94: 4412-4417. 

194. Tsunokawa Y, Takebe N, Kasamatsu T, Terada M, Sugimura T. Transforming activity of 
human papillomavirus type 16 DNA sequence in a cervical cancer. Proc Natl Acad Sci 
USA 1986; 83: 2200-2203. 

195. Uesugi M, Verdine GL. The alpha helical FXXPhiPhi motif in p53: Tar interaction and 
discrimination by MDM2. Proc Natl Acad Sci USA 1999; 96: 14801-14806. 

196. Ullmer C, Schmuck K, Figge A, Lubbert H. Cloning and characterisation of MUPP1, a 
novel PDZ domain protein. FEBS Lett 1998; 424: 63-68. 

197. Vande Pol S, Brown MC, Turner CE. Association of Bovine Papillomavirus type 1 E6 
oncoprotein with the focal adhesion protein paxillin through a conserved protein inter- 
action motif. Oncogene 1998; 16: 43-52. 

198. Veldman T, Horikawa I, Barrett JC, Schlegel R. Transcriptional activation of the 
telomerase hTERT gene by human papillomavirus type 16 E6 oncoprotein. J Viro12001; 



98 

75: 4459--4466. 
199. Venturini F, Braspenning J, Homann M, Gissmann L, Sczakiel G. Kinetic selection of 

HPV-16 E6/E7-directed antisense nucleic acids: antiproliferative effects on HPV-16 
transformed cells. Nucleic Acids Res 1999; 27: 1585-1592. 

200. von Knebel D6beritz, M, Rittmuller C, zur Hausen H, Diirst M. Inhibition of tumori- 
genicity of cervical cancer cells in nude mice by HPV E6-E7 antisense RNA. Int J Cancer 
1992; 51: 831-834. 

201. Vousden KH, Doniger J, DiPaolo JA, Lowy DR. The E7 open reading frame of human 
papillomavirus type 16 encodes a transforming gene. Oncogene Res 1988; 3: 167-175. 

202. Wang J, Xie LY, Allen S, Beach D, Hannon GJ. Myc activates telomerase. Genes Dev 
1998; 12: 1769-1774. 

203. Wazer DE, Liu XL, Chu Q, Gao Q, Band V. Immortalisation of distinct human 
mammary epithelial cell types by human papillomavirus 16 E6 or E7. Proc Natl Acad Sci 
USA 1995; 92: 3687-3691. 

204. Wei MC, Lindsten T, Moothka VK, Weiler S, Gross A, Ashiya M, Thompson C, 
Korsmeyer SJ. tBID, a membrane-targeted death ligand, oligomerises BAK to release 
cytochrome c. Genes Dev 2000; 14: 2060-2071. 

205. Werness B, Levine A, Howley P. Association of human papillomavirus types 16 and 18 
E6 proteins with p53. Science 1990; 248: 76-79. 

206. White AE, Livanos EM, Tlsty TD. Differential disruption of genomic integrity and cell 
cycle regulation in normal human fibroblasts by the HPV oncoproteins. Genes Dev 1994; 
8: 666-677. 

207. White, E. Regulation of the cell cycle and apoptosis by the oncogenes of adenovirus. 
Oncogene 2001; 20: 7836-7846. 

208. Wilcock D, Lane DP. Localisation of p53, retinoblastoma and host replication protein at 
sites of viral replication in herpes-infected cells. Nature 1991; 349: 429--431. 

209. Wolter KG, Hsu YT, Smith CL, Nechushtan A, Xi XG, Youle RJ. Movement of Bax 
from the cytosol to mitochondria during apoptosis. J Cell Biol 1997; 139: 1281-1292. 

210. Woods DF, Wu JW, Bryant PJ. Localisation of proteins to the apico-lateral junctions of 
Drosophila epithelia. Dev Genet 1996; 20: 111-118. 

211. Woodworth CD, Doniger J, DiPaolo JA. Immortalisation of human foreskin keratino- 
cytes by various human papilloma virus DNAs corresponds to their association with 
cervical carcinoma. J Virol 1989; 63:159-164 

212. Wu X, Levine AJ. p53 and E2F-1 cooperate to mediate apoptosis. Proc Natl Acad Sci 
USA 1994; 91: 3602-3606. 

213. Wu X, Hepner K, Castelino-Prabhu S, Do D, Kaye M, Yuan X-J, Wood J, Ross C, 
Sawyers CL, Whang YE. Evidence for regulation of the PTEN tumor suppressor by a 
membrane-localized multi-PDZ domain containing protein, MAGI-2. Proc Natl Acad 
Sci USA 2000; 97: 4233-4238. 

214. Wu Y, Dowbenko D, Spencer S, Laura R, Lee J, Gu Q, Laskey L. Interaction of the 
tumor suppressor PTEN/MMAC with a PDZ domain of MAGI-3, a novel membrane 
associated guanylate kinase. J Biol Chem 2000; 275: 21477-21485. 

215. Yasumoto S, Burkhardt AL, Doniger J, DiPaolo JA. Human papilloma virus type 16 
DNA-induced malignant transformation of NIH3T3 cells. J Virol 1986; 57: 572-577. 



99 

216. Zamzami N, Brenner C, Marzo I, Susin SA, Kroemer G. Subcellular and submito- 
chondrial mode of action of Bcl2-1ike oncoproteins. Oncogene 1998; 16:2265-2282 

217. Zhong L, Hayward GS. Assembly of complete, functionally active herpes simplex virus 
DNA replication compartments and recruitment of associated viral and cellular proteins 
in transient cotransfection assays. J. Virol 1997; 71: 3146-3160. 

218. Zimmermann H, Degenkolbe R, Bernard HU, O'Connor MJ. The human papilloma- 
virus type 16 E6 oncoprotein can downregulate p53 activity by targeting the trans- 
criptional coactivator CBP/p300. J Virol 1999; 73:6209-6219 

219. Zimmermann H, Koh CH, Degenkolbe R, O'Connor MJ, Muller A, Steger G, Chen J J, 
Lui Y, Androphy E J, Bernard HU. Interaction with CBP/p300 enables the bovine 
papillomavirus type 1 E6 oncoprotein to downregulate CBP/p300-mediated trans- 
activation by p53. J Gen Virol 2000; 81: 2617-2623. 

220. zur Hausen H. Human papillomaviruses in the pathogenesis of anogenital cancer. 
Virology 1991; 184, 9-13. 

221. zur Hausen H. Oncogenic DNA viruses. Oncogene 2001; 20: 7820-7823. 
222. zur Hausen H, Schneider A. The role of papillomaviruses in human anogenital cancers. 

In: N Salzman and P Howley (Eds), The Papovaviridae, Vol. 2, Plenum Press, New York. 
1987, pp. 245-263. 



Human Papillomaviruses 
D.J. McCance (editor) 
© 2002 Elsevier Science B.V. All rights reserved 

101 

The Biology of  E7 

Dennis J. McCance 
Department of Microbiology & Immunology and the Cancer Center, University of Rochester, 601 Elmwood 
Avenue, Rochester, New York 14642, USA 

Introduction 

Papillomaviruses replicate in stratified epithelium and the major amplification step 
takes place in the upper part of the epithelium. This is the region of the epithelium 
where there is terminal differentiation and as such would not be conducive to viral 
DNA replication since components of the cellular replicative machinery would be 
low. In concert with other early region proteins like E6 and E5, the role of E7 is to 
stimulate cells which are programmed to differentiate, to re-enter the cell cycle and 
progress through to S-phase resulting in an adequate supply of the cell's replicative 
machinery for viral DNA replication. One of the consequences of this stimulation is 
that certain HPV types can immortalize primary cells in culture. As has been 
mentioned previously, high-risk HPVs can immortalize cultures of primary cells 
including the natural target cell of HPV, the keratinocyte. Inhibiting the activity of 
E6 or E7 by anti-sense, peptides or ribozymes will abrogate the immortalization 
phenotype of primary cultures, indicating that these proteins are necessary for the 
continuance of the immortalized state. 

E7 is the major immortalizing protein of the high-risk types such as HPV-16 and 
18, and can by itself immortalize primary human keratinocytes, although the process 
is much more efficient in the presence of E6. However, HPV-6, which produces 
benign lesions, must also stimulate cells into S-phase to replicate successfully, yet in 
culture the E7 protein from HPV-6 or even the full length genome is unable to 
immortalize keratinocytes and both fail to display other characteristics of oncogenic 
HPVs. One "black hole" of papilloma virology is how does HPV-6 achieve the same 
goals as HPV-16 of stimulating cells into S-phase, yet shows none of the tissue culture 
characteristics of the high-risk types. 

HPV-16 E7 message is transcribed early in infection, producing low levels of 
protein which has been shown to interact with a number of cellular proteins, although 
the biological consequences of such interactions are not always clear. In this chapter I 
will initially discuss the interaction of E7 with various cellular proteins and then 
discuss the known biological consequences. Also I will concentrate on the activities 
of HPV-16 E7, which is typical of the high risk viruses, but where appropriate 
compare the functions of E7 from low risk HPV types, such as HPV-6. 
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Interaction of E7 with cellular proteins 

Interaction of E7 with Rb 

The major activity of E7 is its ability to modulate the transcription of various target 
genes in infected cells. The first cellular protein described to bind to E7 was 
retinoblastoma protein (Rb), a large cellular protein, which is involved in controlling 
the transcription of number of cellular genes, particularly those responsible for G1 to 
S-phase progression during the cell cycle [23,56]. There are three family members, 
Rb, p107 and p130, all of which can be bound by E7 [16,22]. For convenience E7 has 
been divided into three domains (Fig. 1), and the Rb binding domain is contained 
within the second region between amino acids 20-40 [7]. This region contains the 
typical LXCXE motif found in many proteins which bind Rb. Also contained in this 
region is a casein kinase consensus sequence [7], which can be phosphorylated in 
vitro, and although the biological activity of this phosphorylation has not been clearly 
defined, there are changes in the extent of phosphorylation of E7 during the cell cycle 
[51]. The N-terminal domain from amino acids 1-20 has not been extensively 
investigated and, at the time of writing, no cellular protein has been shown to bind to 
this region. However, deletion and point mutations within this region abrogate most 
of the biological properties of the protein, indicating an important function for this 
region [14,66], although all these mutants still bind the Rb family. Whether 
function(s) of the N-terminal domain depend(s) on binding a cellular protein, or is 
important for the structural integrity of E7, is at present unclear. Finally, there is the 
zinc finger domain in the C-terminal region and the structural integrity of this region 
is required for most, if not all, of the biological activity of E7 [3,15,25,32,37,54,66]. 

E7 Protein 

Recruits 
HDAC 

Mi213 
AP-1 

1 20 38 98 

LXCXE dp CXXC CXXC 

casein kinase (CKII) 
domain 30-35aa 

Fig. 1. Diagram of the three domains, CR1, CR2 and CR3 of HPV-16 E7 indicating the regions, which 
bind to cellular proteins. The CR1 domain is important for E7 function, although at present no cellular 

protein binds to this domain. 
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c-Jun EIA 
(612-657) 

Fig. 2. Schematic of the retinoblastoma (Rb) protein and the region binding the various viral proteins, 
HPV-16 E7, SV40 large T (LT) and adenovirus Ela. 

E7 binds to the B-pocket domain of Rb [34] through the LXCXE motif (Fig. 2). A 
mutation, C706P in the B-pocket inhibits binding of E7 and other viral proteins to 
Rb. Structural studies have shown that the bulky phenol group contained in the 
Phenylalanine disrupts the architecture of the pocket preventing binding of viral 
proteins [45]. As a tumor suppressor Rb inhibits the activity of a number of trans- 
cription factors, which are important for the transcription of proteins involved in G1 
to S-phase progression and DNA synthesis. Normally Rb is phosphorylated late in 
G1, resulting in the abrogation of the repressive function and the activation of 
transcription factors such as the E2F family [21,46,47]. The binding of E7 to Rb 
appears to have the same effect on Rb as phosphorylation, as the repressive activity 
of Rb is abrogated [22, 34]. E7 from low-risk types such as HPV-6 can also bind to Rb 
although the level of binding is approximately 10 to 20% of that seen with the 
high-risk types [27]. It is unclear whether this level of binding has any biological 
relevance, however, experiments in tissue culture cells have shown that HPV-6 E7, 
unlike HPV-16 E7, does not activate E2F. The variance in binding efficiency can be 
accounted for by a single difference in the sequences next to their respective LXCXE 
motifs: HPV-6 E7 contains a glycine at amino acid 20, while HPV-16 E7 possesses an 
aspartic acid at the equivalent position [31,71]. Although the CR2 domain of HPV-16 
E7 mediates high affinity binding to Rb, this region alone is unable to displace E2F 
from Rb and there appears to be a requirement for the CR3 domain. More recent 
studies have demonstrated that the CR3 region of E7 can also bind to Rb [65] and 
interacts with a region between 803 aa and 841 aa of Rb. Furthermore, in vitro and in 
vivo experiments indicate that CR3 is necessary for the derepression of Rb, leading 
to transcriptional activation. These results suggest that both the CR2 and CR3 
domains are required for high affinity binding to Rb and the subsequent disruption of 
Rb-E2F complexes. While it would appear that the binding of Rb by E7 from 
high-risk types and the reduced binding of low risk types may account for the ability 
of HPV-16 to produce malignant disease, it should be pointed out that HPV-1, a 
virus infecting cutaneous surfaces, binds to Rb as well as HPV-16 E7, but this virus 
only produces benign disease and cannot immortalize primary cells [72]. These 
results indicate that other functions of E7 may be important for the phenotypes 
produced by high-risk viruses. 
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The mechanism by which Rb represses transcription has not been defined until 
recently. However, it has now been shown that the repressive activity is accomplished 
with the help of other cellular proteins, which are bound in a complex with Rb on the 
appropriate promoters. Two of these proteins are enzymes involved in chromatin 
remodeling. One is a family of at least 15 proteins called histone deacetylases 
(HDAC), which remove the acetyl group from the tails of histones resulting in 
condensed chromatin and inhibition of transcription [12,48]. The other family is a 
group called methyltransferases or methylases, which methylate histone tails also 
resulting in the repression of transcription. One family member, SUV39H1, has 
recently been shown to bind in the B-pocket of Rb [61]. It appears that deacetylation 
and methylation may be sequential events in the inhibition of transcription 
coordinated by Rb and it appears that Rb affects the status of chromatin as a means 
of inhibiting transcription. 

Interaction of E7 with histone deacetylase activity 

Chromatin remodeling, through various chemical alterations of histone proteins 
such as, acetylation, deacetylation, methylation and phosphorylation, is emerging as 
an important mechanism for the regulation of gene transcription. Actively 
transcribed genes show a high level of histone acetylation while repressed genes do 
not and are usually deacetylated and/or methylated [36]. Acetylation and deacetyla- 
tion take place on histone tails at defined sites on lysines. Rb associates with a histone 
deacetylase (HDAC) activity and the complex represses transcription from Rb 
responsive promoters, such as E2F dependent genes. There are at least 15 HDAC 
proteins [49] divided into three classes and Rb has been shown to bind to at least two, 
HDAC-1 and 2. It appears that Rb does not bind directly to HDAC, but through an 
intermediary called the Rb-binding protein (RBP1 [44]), although the complex is 
formed through the B-pocket of Rb [12]. Since these Rb/HDAC containing com- 
plexes repress Rb dependent promoters, they play an important role in cell cycle 
regulation and are consequentially a target for viral oncogenes. 

E7 has been shown to associate with deacetylase activity in the absence of Rb, 
although it does not directly bind HDAC proteins, but rather binds another protein 
called Mi2-beta, which binds to HDACs [13]. Mi2-beta is part of a large transcrip- 
tional repressive complex called NURD (Nucleosome Remodeling histone Deacetyl- 
atase complex [82]). Mutations in the CR3 domain (zinc finger), which do not affect 
Rb binding, or the integrity of the zinc finger structure, abrogate binding to Mi2-beta 
and thus to HDAC [13]. Therefore, using different domains, E7 binds to both Rb and 
Mi2-beta, which are members of independent chromatin remodeling complexes and 
the biological significance will be discussed later. 

Interaction with AP-1 factors 

Further attempts to identify Rb independent functions of E7 have led to the 
discovery that E7 can interact with members of the AP-1 family of transcription 
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factors, including c-Jun, JunB, JunD and c-Fos [3]. AP-I transcription factors appear 
to mediate early mitogenic effects and are further implicated in keratinocyte and 
myeloid cell differentiation [2,24]. Specific mutational analysis and binding data to 
c-Jun indicate that the E7 zinc finger motif, but not the Rb binding domain, is 
involved in this interaction. Moreover, E7 binds to 224-249 aa of c-Jun and can 
trans-activate transcription from a Jun responsive promoter. The E7/c-Jun inter- 
action was further demonstrated to be important in the ability of E7 to transform rat 
embryo fibroblasts (REF) in the presence of an activated r a s .  

It has also been observed that c-Jun binds to Rb, resulting in a Rb-dependent 
regulation of promoters containing AP-1 sites [59,62]. The interaction between Rb 
and c-Jun is mediated via the leucine zipper of c-Jun and the B pocket and c-terminus 
of Rb. c-Jun does not bind in the shallow groove of the Rb B-pocket, which binds E7, 
since the mutation C706F, which abrogates binding of E7 and other viral proteins, 
does not inhibit the binding of c-Jun [45]. c-Jun binds in a highly conserved domain 
which acts as an interface between the A and B-pockets of Rb [45] (Fig. 2). This area 
is also thought to be the binding site of the E2F family of transcription factors. Rb can 
recruit c-Jun to an AP-1 consensus site and activate transcription from c-Jun 
responsive promoters. Interestingly, it was demonstrated that the presence of E7 
inhibited Rb activation of c-Jun transcription, and that this effect was mediated 
through the LXCXE motif of E7, suggesting that transcriptional down-regulation by 
E7 in this case is Rb dependent. However, since E7 and c-Jun bind to different 
regions of the B-pocket this inhibition cannot simply be due to steric hindrance. A 
similar situation is true for E7 and E2F in that the abrogation of E2F repression by 
Rb is more complex than just competition for the binding site on Rb. It was also 
shown that hypophosphorylated Rb is complexed to c-Jun in terminally differ- 
entiated keratinocytes but not in cycling cells. Finally, in terminally differentiated 
keratinocytes, the presence of E7 seems to cause a significant reduction in c-Jun 
levels. 

The data discussed above suggest an intricate mode of action whereby HPV E7 
can modulate both the process of cell cycle progression as well as cell differentiation, 
through interactions with AP-1 factors and Rb. On the one hand, by binding to c-Jun 
independently of Rb, E7 may potentiate the activation of genes involved in early cell 
cycle progression and thus promote S phase entry. On the other hand, by associating 
with both Rb and c-Jun, E7 may de-regulate keratinocyte differentiation via dis- 
ruption of Rb/c-Jun complexes. As such, the differential targeting of AP-1 factors 
and Rb provides a potential mechanism used by E7 to uncouple differentiation from 
cell cycle progression. 

Interaction with TBP and TAFs 

The interactions described so far implicate the association of E7 with proteins that 
regulate the transcription of specific genes; namely those involved in cell cycling and 
differentiation. E7 however has been found to associate with members of the basal 
transcriptional machinery. E7 can bind to the TATA-binding protein (TBP [67]) and 
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to TBP-associated factor-110 (TAF-110 [52]). Binding to TBP seems to require three 
domains of E7: the Rb binding domain, the CKII domain and the CR3 region [67]. 
The importance of these interactions is unclear, but they suggest that E7 may 
mediate its effects on gene transcription by targeting the more general transcription 
machinery. 

Effects of  E7 on cell growth 

E7 has been demonstrated to alter growth phenotypes in a variety of cell types, the 
most biologically relevant of which is primary human foreskin keratinocytes (HFK). 
Immortalization of HFK correlates with oncogenicity of HPVs, with high-risk HPVs 
(e.g. HPV-16, 18, 31) able to efficiently induce immortalization and low-risk HPVs 
(e.g. HPV-6, 11) incapable of significantly extending HFK lifespan [8,35,53,68]. 
Expression of E7 from oncogenic HPV types is sufficient to immortalize HFK, 
though the immortalizing activity of E7 is more efficient in the context of E6 
expression or the entire HPV genome [30]. Indeed, in the context of the full length 
genome, the presence of E7 is essential for HFK immortalization, as a premature 
stop codon mutation of the E7 open reading frame completely abrogates immortali- 
zation by full-length HPV16 genomes [37]. The CR1 and CR3 regions of E7 appear 
critical for its immortalizing activity, as mutations in these domains diminish the 
efficiency of E7-induced immortalization (Fig. 3) [37,77]. The immortalization 
ability of a selection of E7 mutants is shown in Table 1. Interestingly, Rb binding is 
not necessary for immortalization of HFK in the context of the whole genome as a 
mutation in amino acid 24 (C24G] in the LXCXE motif of HPV-16, which abrogates 
Rb binding, resulted in immortalization [37]. This suggests that interaction with Rb 
may be dispensable for immortalization in cell culture. However, it is not clear if Rb 
binding is required in the epithelium for viral DNA replication and production of 
premalignant lesions, although work with the cottontail rabbit papillomavirus 
(CRPV) showed that the full length genome, with the equivalent mutation in E7, was 

-B 

E7 Protein 

Rb binding/E2F activation ++++ +++ 

AP1 binding +++ +++ 

H D A C  association +++ 

lYansformation +++ ++++ ++ 
(rodent cells) 
Immortalization ++++ + +++ 

Fig. 3. Shows the biological functions of E7 and the domains, which are important for each function. 
+ + + +Means the region is absolutely required; +means the region is not required. 
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Table  1 

I m m o r t a l i z a t i o n  of h u m a n  p r ima ry  ke ra t inocy tes  by HPV-16  E7 and  m u t a n t s  a 

E7  Bind ing  Rb  B ind ing  H D A C  D e g r a d a t i o n  of I m m o r t a l i z a t i o n  Immor t a l i z a t i on  

activity Rb  by E7 a lone  in co -opera t ion  

wi th  E6  

Wi ld  type + + + +  + + + +  + + + +  + + b  + + + + h  
H 2 P  + + + +  + + + +  _c,d 

C24G - + + + + -a - + + 

L 6 7 R  + + + +  - N T  ~ - + + + +  

$71C + + + +  + + + +  NT ~ + +  + + + +  

R 7 7 G  + + + +  + + + +  N T  ~ + +  + + + +  

L L 8 2 / 8 3 R R  + + + + - N T  ~ - + + + + 

aThe n u m b e r  ind ica tes  the  amino  acid mu ta t ed .  
b+ + + + I m m o r t a l i z a t i o n  in al l  cases;  + + i m m o r t a l i z a t i o n  in approx.  50% of cases. 
cUnable  to  immor ta l i ze .  
OTaken f rom Hel t ,  2001 [23]. 
eNot tes ted .  

able to produce wart lesions in domestic rabbits [17], although no information on 
whether these lesion progressed to malignancy was presented. It should be 
remembered that CRPV when injected into the skin of domestic rabbits results in 
warts with a high rate of progression to malignant squamous cell carcinomas. These 
results suggest that the binding of Rb may be dispensable for the production of 
premalignant disease, but leaves open the question whether binding is necessary for 
malignant conversion. 

E7 can also induce cellular transformation in several assays. HPV-16 E7 can 
induce anchorage-independent growth in NIH3T3 and, in cooperation with an 
activated ras, induce focus formation in rat embryo fibroblasts (REF), baby rat 
kidney cells, and various rodent fibroblast cell lines [55]. Similar to HFK and REF 
immortalization, E7 transformation of rodent cells correlates with oncogenic 
potential of HPVs, and chimeric molecules (utilizing domains of E7 from oncogenic 
HPV-16 and benign HPV-6 in fusion constructs) indicate that the CR1 and CR2 
regions of HPV-16 E7 are essential for this phenotype [57,77]. Mutational analysis 
has corroborated the importance of the CR1 and CR2 domains and shown that Rb 
binding is required [5,14,15,31,66]. In addition, mutation of the zinc-finger (CR3) 
reduces the transformation potential of E7; however, since the CR3 mutations 
disrupted the zinc finger structure in these studies, it is not clear whether these 
mutations disrupt CR3-specific activities necessary for transformation or simply alter 
the structure of E7 [15,25,54]. Therefore, it appears that overlapping but also 
separate domains of E7 are essential for rodent cell transformation and HFK 
immortalization and it is unclear which of these biological functions are important 
for malignant conversion by HPV-16. 

In addition, to its immortalizing and transforming activities, E7 from HPV-16 but 
not from HPV-6, also abrogates several growth arrest signals including exposure to 
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transforming growth factor-[3, DNA damage, serum deprivation, anchorage- 
independent suspension, and suprabasal differentiation [5,18,73]. Although the 
precise mechanisms by which these signals lead to arrest are not completely defined, 
E7 has been shown to interact with several cellular factors which control transcrip- 
tion and cell cycle regulation and in the next two section, these interactions will be 
discussed. 

Effects of E7 on cellular transcription 

It is becoming increasingly clear that E7 mediates many of its effect on cell growth via 
the modulation of gene transcription and the cell phenotypes discussed in the last 
section are probably accounted for by regulation of transcription. E7 has been found 
to interact with several proteins believed to affect the transcription of genes involved 
in cell cycle progression and/or cellular differentiation. The significance of these 
interactions is discussed below. 

As mentioned above, the most well characterized property of E7 is its ability to 
bind to the retinoblastoma tumor suppressor protein (Rb [23,56]). The fact that E7 
shares this property with other viral oncoproteins, such as the adenovirus E1A and 
simian virus 40 large T antigen, suggests that tumor viruses possess evolutionary 
conserved attributes, and underscores the importance of Rb binding in the natural 
history of virus infection. The retinoblastoma protein family members play a central 
role in the regulation of the eukaryotic cell cycle. Specifically, in its hypophos- 
phorylated state, Rb can bind to transcription factors such as the E2F family 
members, and repress the transcription of particular genes. As cells progress from 
GO through G1 and into S phase, Rb family members become progressively hyper- 
phosphorylated by G1 cyclin-cyclin dependent kinases, such as cyclin D1/cdk4/6 and 
cyclin E/cdk2. Phosphorylation results in the release of the transcription factor E2F, 
which in turn activates genes involved in DNA synthesis and cell cycle progression 
[21]. Since E7 is able to bind to hypophosphorylated Rb, it is believed that E7 can 
prematurely induce cells into S phase by disrupting Rb-E2F complexes [34,65,80]. 
Interaction with Rb is primarily mediated through amino acid sequences contained 
in the conserved amino terminal or CR2 region of E7, although the CR3 domain is 
required for derepression of promoters. The CR2 region of E7 binds to Rb and its 
family members, p107 and p130, through the sequence motif LXCXE [7,16,22]. The 
LXCXE motif of E7 has been shown to specifically bind to one Rb pocket region 
(B-pocket), between amino acids 649 and 772 [34]. Moreover, the LXCXE amino 
acid sequence is found within other viral oncoproteins such as E1A and SV40 LTAg, 
as well as many cellular Rb binding proteins including cyclin D1, cyclin D2, cyclin D3, 
BRG1 (a human homolog of SWI/SNF proteins in yeast), and histone deacetylases-1 
and 2 [12,19,20,48]. The high level of conservation of this motif among viral and 
cellular proteins suggests that viral oncoproteins such as E7 may compete with 
cellular proteins for binding to Rb. 

Recent developments in the Rb and E2F literature highlight the complexity and 
importance of different Rb family members. For example, p130/E2F4 complexes are 
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the most predominant and are present in quiescent or differentiated cells, while 
p107/E2F1-3 and Rb/E2F1-3 can be found in cells entering G1 and S phase [21]. 
Moreover, p107 and p130 are required for the regulation of different subsets of 
genes. Considering the ability of E7 to interact with all known Rb family members 
and the latter's involvement in both differentiation and cell proliferation, it is 
tempting to suggest a paradigm whereby E7 can uncouple the process of differenti- 
ation from cell cycle progression by modulating the transcription of different subsets 
of genes. This in turn would establish an environment that is more conducive to viral 
replication. 

How do the Rb family members repress transcription and how does E7 relieve 
that repression? Since Rb binds to the transcriptionally active domain of E2F, it was 
thought that Rb might repress transcription by inhibiting the ability of E2F to 
interact with the basal transcription machinery of the cell. Recently, however, Rb has 
been shown to interact with histone deacetylases [12,48] and a methylase (SUV39H1 
[61]), enzymes that remodel chromatin and so affect transcription. Actively trans- 
cribed regions of DNA show a high level of histone acetylation and low methylation 
while repressed genes exhibit the opposite profile. In fact there is evidence accumu- 
lating which suggests there is a histone code, which determines the structure of 
chromatin and therefore whether a gene is transcribed or not [36]. Recent work has 
shown an interesting Rb-dependent sequence of events in this histone code hypo- 
thesis. This work has shown that for repression of transcription, lysine 9 on the tail of 
histone 3 is deacetylated and then methylation takes place on the same amino acid 
[61]. There is evidence that Rb/methylase complex cannot methylate histone 3 on 
lysine 9 when the lysine is already acetylated. Therefore, to repress an active pro- 
moter Rb/]-IDAC may deacetylate lysine 9 on the histone 3 tail and once deacetyla- 
ted, Rb may then recruit the methylase to methylate lysine 9. Methylation of lysine 9 
then specifically binds the Heterochromatin Protein (HP-1) protein, which is known 
to be involved in the condensation of sections of DNA (Fig. 4) [6]. Recent research 
suggests that histone methylases may also be involved in controlling DNA methyla- 
tion, another negative signal for promoter regulation [78]. Therefore, there is a 

DNA methylation? 

Heterochromatin 
formation 

Fig. 4. Schematic of the deacetylase and methylase activities recruited to a promoter by Rb showing the 
potential sequential modifications on a promoter. Refs. [6,61]. 
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sequence of events, mediated by Rb, which leads to chromatin condensation and 
repression of promoters. We know that E7 interacts with Rb and a complex con- 
taining HDAC activity through binding to Mi2-beta and the latter interaction is 
through the CR3 (zinc finger) domain [13]. We also know that expression of E7 will 
relieve the repression of Rb and this is probably achieved by competing for Rb 
binding with the HDAC complex as both bind in the same region of the B-pocket. 
However, since E7 can bind to Rb-independent repressive complexes through 
Mi2-beta interactions, E7 may also activate promoters other than those that are 
repressed by Rb. While the significance of these results remain unclear, the targeting 
of histone deacetylases provides yet another method by which E7 can de-repress 
gene transcription, and may explain the essential nature of the CR3 domain in 
activating E2F-regulated genes as well as immortalizing keratinocytes. 

Effects of E7 on cyclin-CDKs 

As previously discussed, viral genome amplification occurs in the differentiating 
epithelium, and, as such, HPV must force the cell to provide DNA replication 
components and activities in the absence of growth signals. The G1/S eyclins and 
cyclin-dependent kinases (cyclin D-cdk4, cyclin E-cdk2, and cyclin A-cdk2) are 
essential regulators of progression from the first gap phase through DNA synthesis 
[75,76]. In a proliferating cell, mitogenic stimulation signals the synthesis and 
assembly of cyclin D-cdk4 which contributes to inactivation of Rb via phosphoryla- 
tion, leads to expression of cyclin E, and sequesters inhibitors of cdk2 (Cip/Kip 
inhibitors). Subsequently, cyclin E-cdk2 continues to inactivate Rb and phosphoryl- 
ates other substrates essential for initiation of DNA replication and S phase entry. 
During S phase, cyclin A-cdk2 is assembled and remains active through the second 
gap phase. As integral components of the G1/S and S/G2 transitions, cyclin-cdks are 
logical targets of HPV. The effect of E7 on each of these cyclin-cdks is discussed 
below. 

Cyclin E-cdk2 is essential for initiation of DNA synthesis and activates cell cycle 
progression even in the absence of cyclin D-cdk4 [28,43,63], underlining this complex 
as a potential target by which E7 propels cell cycle re-entry. Interestingly, several 
groups have demonstrated E7-mediated increases in cyclin E-cdk2 activity in 
asynchronous HFK [26,39,69,70]. In addition, E7-expressing cells maintain cyclin 
E-cdk2 activity in the presence of growth arrest signals such as epithelial differ- 
entiation, serum deprivation, and anchorage-independent growth [69,73]. This 
phenotype is abrogated by mutation of the CR1 region of E7, which is vital for 
cellular immortalization and transformation (see above). The mechanism by which 
E7 affects cyclin E-cdk2 activity in vivo has not been dearly defined, though several 
models have been proposed. The presence of E7 dysregulates cyclin E expression at 
the transcriptional (via relief of E2F-dependent repression) and post-transcriptional 
levels, suggesting that E7 may, in part, affect cyclin E-cdk2 activity via increased 
synthesis of cyclin E [11,50,81]. However, the contribution of elevated cyclin E 
expression is, alone, unlikely to be sufficient to increase cyclin E-cdk2 activity, 
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because E7-expressing cells also exhibit dramatically elevated total and cdk2- 
associated levels of p21 c~p, a potent inhibitor of cdk2 [26,39]. High exogenous or 
endogenous cyclin E expression has been shown to be unable to maintain cyclin 
E-cdk2 activity in the presence of high levels of the Cip/Kip family of cdk inhibitors 
(p21 cIP and p27 yaP, [1,74]). 

E7 has been detected in complex with pl07-cyclin E-cdk2, suggesting that E7 may 
affect cyclin E-cdk2 through physical interaction [54]. Indeed, recent evidence also 
suggests that E7 interacts with p21 c~P and p27 gap in vitro and in vivo; and in vitro 
experiments have shown that E7 can bind to and derepress the kinase activity of 
p21CIe-cyclin E-cdk2 complexes [26,39]. However, it is not clear whether active 
E7-p21CIP-cyclin E-cdk2 complexes exist in vivo. Other reports refute the interaction 
between E7 and p21 c~o [33,70] Our own research would concur with the latter 
findings and shows that E7 upregulates the level of p21 cIP, but that the cellular 
localization is altered in the presence of E7 with p21 c~P found in the cytoplasm rather 
than the nucleus [79]. This is achieved by increase in Akt (protein kinase B) activity in 
the presence of E7 where Akt has been shown to phosphorylate p21 cIP in the nuclear 
localization domain of the protein, causing accumulation in the cytoplasm [83]. An 
E7 mutant unable to bind Rb is defective in regulating Akt kinase activity, although 
the significance of this is unclear. Therefore, E7 indirectly down-regulates the ability 
of p21 c~P to abrogate the cyclinE/cdk2 activity by altering the cellular localization so 
that it is confined to the cytoplasm and is in the wrong cellular compartment to effect 
cyclinE/cdk2 kinase activity. 

Another mechanism by which E7 may activate cyclinE/cdk2 is through cdc25A. 
This protein is a phosphatase, which removes an inhibitory phosphate group from 
amino acid 15 on cdk2 [38], allowing it then to be activated by a cdk2-associated 
kinase (CAK) on a threonine residue at amino acid 160 [58]. E7 has been shown to 
up-regulate cdc25A at the transcriptional level by relieving Rb and HDAC 
repression [41,60] and that this regulation is independent of cell cycle progression 
[60]. This indicates that E7 is having a direct effect of the cdc25A promoter and it is 
not an indirect effect due to G1 to S-phase progression. Therefore E7 may regulate 
cyclinE/cdk2 activity through transcriptional up-regulation of: (1) cdc25A which will 
in turn activate cyclin E/cdk2 complexes; and (2) Akt activity which will cause the 
cytoplasmic localization of p21 cIP and so prevent it from abrogating the activity of the 
cyclinE/cdk2 kinase complexes. 

The effects of E7 on cyclin A-cdk2 (which regulates the progression of S phase) 
are similar to those observed for cyclin E-cdk2. Cyclin A-cdk2 activity is elevated in 
asynchronous HFK expressing E7 [50]. Deregulated expression of cyclin A may 
contribute to this phenotype, as the presence of E7 leads to constitutive expression of 
cyclin A throughout the cell cycle [50]. In concordance, E7-expressing fibroblasts 
synthesize cyclin A in the presence of growth arrest signals such as anchorage- 
independent suspension and serum starvation [73,81]. E7 has also been demon- 
strated to bind cyclin A-cdk2 in a complex involving E2F and p107 [4, 64]. The effect 
of E7 on the activities of the cyclin A-cdk2-E2F-pl07 complex has not been 
elucidated. However, it is noteworthy that cyclin A-cdk2 inhibits the DNA-binding 
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activity of E2F complexes as cells undergo DNA replication, and the expression of 
mutant E2F proteins lacking the cdk-binding site generates stable DNA-binding E2F 
complexes and arrests cells in S phase [42]. Because HPV requires the cellular DNA 
replication machinery for its own DNA synthesis, prolonging the time during which 
the terminally differentiating host cell is competent to synthesize DNA would benefit 
the replicative requirements of the virus. In concert, the effects of E7 on 
dysregulation of cyclin E-cdk2 (which regulates initiation of S phase) and cyclin 
A-cdk2 (which regulates the progression of S phase) may contribute to extending the 
duration of "replicative competence" in the host cell. 

Effects of E7 on Rb stability 

From the previous sections it is obvious that E7 targets Rb, and abrogates the ability 
of Rb to repression gene expression by remodeling chromatin so transcriptional 
activity is induced. However, a number of groups have observed that the expression 
of HPV-16, but not HPV-6 E7 causes a significant reduction in Rb protein levels in 
cells [9,29,32,40]. Degradation of Rb is proteasome mediated [9] and while the ability 
of E7 to bind to Rb is required, it is not sufficient for degradation as mutations in the 
CR1 domain bind Rb, but do not cause degradation [10,32,40]. In addition, there is 
also a region in the CR-2 domain, 3-prime to the Rb binding site on E7 that appears 
to be important for degradation [29]. While binding to Rb is necessary for the ability 
of E7 to induce Rb degradation and another site may be necessary for the actual 
process of degradation, there are other domains of E7 required for the abrogation of 
Rb function. For instance, the C-terminal domain of E7 is required for the ability of 
E7 to overcome cell cycle arrest and to immortalize human keratinocytes [13,37]. 
Therefore degradation of Rb, while seemingly necessary for E7 biology, is by itself 
not sufficient for the full array of E7 functions. This is further evidence that there are 
important biological properties of E7, which are Rb-independent. These functions 
may include the ability of E7 to bind to complexes containing histone deacetylase 
activity independent of Rb, or other interactions, which have yet to be uncovered. All 
of the published experiments on Rb degradation have been carried out with E7 
alone. However, in the presence of E6, the degradation of Rb is reduced (Baglia and 
McCance, unpublished data), and since both proteins are present in the natural 
infection, the significance of Rb degradation is unclear. 

Summary 

Papillomaviruses, which produce either benign or malignant lesions have to replicate 
in cells that are programmed to terminally differentiate. Therefore, both groups of 
viruses have to stimulate cells into S-phase for successful replication. HPV-16 E7 
stimulates G1 to S-phase progression by a series of interactions, which hinge on the 
ability of the protein to modulate cellular transcription, usually of genes that are 
essential for successful passage through G1 and into S-phase, such as cdc25A and 
cyclin E/cdk2. In addition, E7 can regulate the activity of kinase inhibitors such as 
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p21 cIP, so that they are shunted to the cytoplasm and away from the site of action of 
cyclin kinases in the nucleus. The mechanism involves the activity of the Akt family of 
kinases, but how this is regulated by E7 is unclear, although it may involve genes 
modulated by Rb, While the interaction with Rb is important, there are Rb- 
independent interactions, which are also important for E7 biology and it will be 
interesting in the coming years to determine the nature of these proteins and their 
function. 

While progress has been made in delineating the pathways used by malignant 
viruses to stimulate the cell cycle, the big unknown is how HPV-6 and other benign 
viruses achieve the same feat. So far, nearly all the biology observed with HPV-16 E7 
is not observed with HPV-6 E7, and so it is difficult to see how these latter viruses 
could stimulate G1 to S-phase by the same pathways. The next few years will I hope 
see some advances in understanding the biology of the low risk types. 
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Introduction 

Papillomavirus (PV) genome amplification, capsid expression and assembly of 
progeny are late virus events triggered in ceils that have left the basal cell layer and 
begun to migrate up into the differentiating layers. This productive phase of the 
life-cycle is accompanied by expression of the E4 gene product, an early protein by 
virtue of the position of the gene in the virus genome (the E4 open-reading frame 
(ORF) overlaps in its entirety with the E20RF) ,  but regarded as an intermediate or 
late protein by the pattern of expression in warts and tumours. The E4 gene product 
was identified in the late 1980s, and shown neither to have cellular transforming 
properties nor an intimate role in the establishment of virus episomes. Neither did it 
form part of the virus capsid. Understandably therefore, those viral proteins involved 
in these aspects of papillomavirus biology received much more attention than E4, 
and the function of E4 in the virus life-cycle has remained an enigma. Furthermore, 
the technical difficulties associated with reproduction of the normal pattern of 
epithelial terminal differentiation in cultured epithelial cells have seriously 
hampered efforts to elucidate E4's role. Nevertheless, E4 represents an interesting 
challenge to the virologist and a number of functions have been proposed. These 
include: inhibition of terminal differentiation to preserve cellular integrity and 
enhance virus synthesis [73]; involvement in vegetative viral DNA replication [6,45], 
perhaps by interfering with the viral or cellular mechanisms that inhibit virus replica- 
tion in basal cells [6]; control of virus maturation [21,61], and mediation of virus 
release from the epithelial squames by disruption of the cytoskeleton [24]. In more 
recent years, identification of cellular factors and pathways that are targeted by E4 
has shed more light on how E4 interacts with the host cell. These studies show that 
there are differences in E4 activities between individual virus types and this may 
reflect differences in the biology of the viruses. Therefore, although E4 might 
perform a common role in the virus's productive life-cycle, this could be achieved 
through different, but perhaps overlapping, mechanisms. Another important 
outcome of these studies has been the assignment of particular biological and 
biophysical properties to specific regions of the E4 protein. The emerging picture 
shows that, despite their sequence diversity, the regions of E4 that mediate these 
activities correspond to specific sequence motifs and regions of homology between 
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E4 proteins. It is also suggested that E4 could perform multiple functions during the 
virus life-cycle, partly through generation of a series of multiple E4 species that arise 
by protein modification as the infected cell moves up through the differentiating 
lesion. This chapter will concentrate on a discussion of the recent advances in E4 
research and the conclusions about E4 function that have been drawn from these 
studies, but first it will be important to describe our current knowledge of E4 
expression in vivo. 

E4 expression and cellular distribution in naturally-occurring warts 

The E4 protein is in fact a spliced product E1 ^ E4 formed between the first five 
amino acids of E1 and the E40RF.  A number of viral polycistronic messenger RNA 
transcripts contain the E1 ^ E 4 0 R F .  The most abundant class (El ^ E4, E5) has 
been described for cutaneous and mucosal HPV types and is derived from a 
differentiation-inducible promoter in the E 7 0 R F  [15,38,42,56,62,82]. The other 
E1 ^ E40RF-containing messages have the potential to also express the major and 
minor capsid proteins, L1 and L2 [8,15,62,82] (and see Chapter 3). Throughout this 
chapter the E1 ^ E4 protein will be referred to as E4. There is a striking correlation 
between the appearance of E4 protein in differentiating cells of the suprabasal layers 
and the onset of vegetative PV DNA replication [2,6,26,58,61,81]. In human 
papiUomavirus type 16 (HPV16)-positive tumours this occurs in the mid-spinous 
layers whilst in cutaneous warts, for example those produced by HPV1 and HPV63 
infection, these two events occur much deeper in the differentiating epithelia and are 
observed as early as the parabasal layers [6,26]. E4 is also present in superficial cells 
that express the structural proteins L1 and L2 [6,7,17,21,22,26]. In some PV-induced 
tumours E4 expression precedes initiation of capsid expression, for example, in 
HPV63 infections E4 protein expression is triggered in cells of the parabasal layers, 
but L1 protein is not detected until the cells have reached the granular layer [26]. In 
others, for example HPVll ,  it parallels capsid expression [7]. Thus, while cells that 
are positive for E4 are not necessarily positive for capsid proteins the converse is not 
true. Interestingly, in HPV1 warts L1 protein is detected in the lower spinous cells 
along with E4, while L2 protein is restricted to highly differentiating cells [29]. This 
divergent expression of the capsid proteins is supported by the distribution of viral 
transcripts [29]. Although there appear to be differences in the level of control of late 
gene expression between individual PV types, overall, E4 expression in vivo is linked 
to the productive phase of the virus life-cycle, and this is supported by in vitro studies 
[45,75]. For example, keratinocytes containing episomal copies of HPV31 DNA, 
when induced to differentiate by culturing in methylcellulose switched to amplifica- 
tion of the viral genome and induction of E4 protein in a coordinated manner [75]. 
This study also demonstrated that while early markers of differentiation such as 
involucrin and transglutaminase were compatible with E4 expression, expression of 
the differentiation-specific keratins, and the granular layer specific protein filaggrin, 
was not necessary [75]. In fact, several reports have shown that induction of E4 
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expression is not necessarily dependent on the infected cell undergoing terminal 
differentiation. Growth-arrest of mouse C127 cells transformed with bovine PV type 
1 (BPV1) was sufficient to induce a switch between early stage BPV1 genome 
replication to late stage amplification and the majority of these cells expressed E4 
[45]. In canine oral (CO) PV-induced lesions, E4 expression and viral genome 
amplification occur in the same cells of the non-differentiating basal epithelial layers 
[58]. These studies indicate that induction of E4 expression and replication of viral 
DNA are interdependent processes, but are not always triggered by epithelial 
terminal differentiation. It is important to note that the level of virus yield correlates 
with the level of E4 expression [6,21,22]. This is most aptly illustrated by HPV2, as 
warts induced by this virus are extremely variable in virus production, but high E4 
content correlates with production of large amounts of virus and vice versa [22]. 
Taken together, the studies of E4 expression in warts and tumours suggests that E4 
might be necessary for efficient generation of progeny virus, perhaps acting at several 
stages of the productive programme. 

The E4 gene products have a primarily cytoplasmic location, but have been 
observed in the nuclei of lesions caused by both cutaneous and mucosal virus types 
(Table 1). Intracellular distribution of E4 does differ between viruses, and it is 
apparent that the variation is related, to some extent, to the epithelial tropism of the 
virus. In cutaneous benign lesions, E4 assembles into inclusion bodies whose ultra- 
structural appearance and size is quite variable between the different cutaneous 
viruses [16,22]. For example, in HPV1 warts they appear in lower suprabasal layers as 
numerous irregularly shaped, homogenously electron dense bodies, but coalesce into 
larger structures in cells of the upper layers. In contrast, the HPV4 E4 protein is 
associated with a single inclusion with a fine fibrillar structure that progressively fills 
the cytoplasm and distorts the nucleus, forming the typical "signet ring" cell. On the 
other hand, distribution of mucosa-specific E4 proteins is much more variable 
between members of this group (Table 1). In pre-malignant tumours, HPV16 E4 
associates with cytoplasmic filamentous networks, most likely the keratin inter- 
mediate filaments (IFs) [26,79, and our unpublished data], and in superficial cells is 
detected in a small inclusion-like body adjacent to the nucleus [26]. However, in 
another study HPV16 E4 was shown to be exclusively nuclear in superficial cells, 
localising to 25-35 nm spherical structures [61]. In organotypic raft cultures of an 
HPV31b-positive keratinocyte line, CIN-612, E4 forms a punctate pattern through- 
out the cytoplasm of suprabasal cells [66], and in differentiating cells of an HPV11- 
infected human foreskin implant it accumulates at the cell boundary [7]. Whilst some 
of the observed differences in E4 distribution between HPVs may reflect the use of 
different tissue fixation methodologies and specificity of antibodies used, it would 
seem that E4 localization is influenced by its epithelial site of expression. Thus, 
differences in the biology of cutaneous vs. mucosa epithelia and/or differences in the 
biology of individual virus types, i.e. benign vs. oncogenic may reflect variation in E4 
subcellular localization. To put this another way, E4 might perform a common role in 
the virus life-cycle, but the mechanism of action of this viral protein may be different 
between virus types, and this could be related to their tropism and/or pathogenicity. 
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Table 1 

Properties of PV E4 proteins expressed in PV-infected tissues and cultured epithelial cells 

Virus type Polypeptides Intracellular Modifications IF-associated Refs. 
expressed in localization in vivo protein 
vivo a 

HPV1 10/llK, 16/17K, Multiple Phosphorylation Yes, but E4-IF 4, 6, 16, 
21/23K, 32/34K cytoplasmic/nuclear on serine and networks do not 21, 37, 
and higher inclusions and diffuse threonine residues, collapse 68, 71 
molecular cytoplasmic Phosphorylated 
weight species distribution by PKA in vitro. 

Binds divalent 
metal ion zinc. 

HPV2 16.5/18K, 33K Multiple cytoplasmic ND Yes, and induces 5, 22 
and minor (nuclear?) inclusions collapse of keratin 
species of networks 
22K/25K 

HPV4 20/21K, 40K Single, large ND ND 22 
and minor cytoplasmic inclusion 
species of 
15.5K/16.5K 

HPV6/ll 10/llK ND. Cytoplasmic, at Phosphorylation Likely, filamentous 7, 12, 
cell periphery in on serine and E4 networks are 87 
HPVll-infected threonine residues, formed in monolayer 
human foreskin Phosphorylated epithelial cells 

by PKA and 
MAPK in vitro 

HPV16 ND. In epi- Cytoplasmic ND 
thelial cells one filamentous, also 
study identified single juxtanuclear 
a 10K protein, inclusion in superficial 
Another, poly- cells. Nuclear 
peptides of structures (25-35 nm) 
llK, 13K, 26K, 
36K 

HPV31 11K, 18K, 22K, ND, but in organo- ND 
33K, 44K. In typic raft cultures of 
monolayer HPV31b cell line, 
cultures, 8K CIN 612-9E-cyto- 
and l lK  plasmic punctate 

staining 

BPV1 16K, 21K, 30K, ND; but cytoplasmic 
42K perinuclear in BPV1 

transformed C127 
mouse cells 

Yes, and induces 24, 26, 
collapse of keratin 61, 69, 
networks 70, 79 

Yes, and induces 
collapse of keratin 
networks 

66 

ND ND 45 
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Virus type Polypeptides IntraceUular Modifications IF-associated Refs. 
expressed in localization in vivo protein 
vivo a 

BPV4 ND Cytoplasmic ND Filamentous E4 2 
structures are 
formed in monolayer 
epithelial cells 

COPV ND Cytoplasmic inclusions ND ND 58 
plus a diffuse distri- 
bution. Nuclear, at 
periphery of nucleoli 

aWhere known the size of the full-length E4 polypeptide is underlined. IF, keratin intermediate filaments; 
ND, not determined; HPV, human papillomavirus; BPV, bovine papillomavirus; COPV, canine oral 
papillomavirus. 

Structure of E4 proteins 

The E4 gene is particularly varied in length and amino acid composition between 
virus types. However, there is an apparent retention of sequence characteristics such 
as stretches of proline residues and charged amino acids, and the predominance of 
serine and threonine between some virus types. For details of alignments of E4 gene 
and protein sequences, the reader should refer to the review by Doorbar and Myers 
[28]. Although the overall homology between E4 proteins is not great, there is 
appreciable conservation of primary sequence at the N and C termini, with the 
central domain of the protein showing maximum diversity [25,68,70,92]. C-terminal 
homology is found between those viruses that have a similar site of infection, i.e. skin 
or anogenital epithelium, and thus the role of this region in E4 function may be 
linked to the tropism (and/or pathogenicity) of the virus [68, 70]. In contrast, a cluster 
of leucines (LLXLL) near to the N-terminus is found in viruses that infect cutaneous 
or mucosal epithelia [25,68], although this motif is not ubiquitous to all E4s. The 
extreme N-terminus corresponds to the small exon derived from the N-terminus of 
the E 1 0 R F ,  and this is also moderately conserved between different viruses. 
Perhaps not surprisingly, the emerging profiles of activity associated with E4 are 
being mapped to sequences corresponding to the conserved regions and motifs 
largely localized to the N and C-terminal domains of the molecule (Fig. 1). It has 
been suggested that perhaps the more diverse central region of E4 acts as a hinge or 
flexible linker separating the "functional" N and C-terminal domains [70]. The E4 
ORF overlaps the region of the E2 predicted to form a flexible linker between the 
transactivating and DNA binding domains, itself variable in sequence content and 
length. Sequence analysis of this region in a group of HPV16 intratypic variants 
showed that far more amino acid variation was apparent in the E2 hinge than in the 
E 4 0 R F ,  and furthermore, non-conservative changes in E4 occurred outside those 
regions suggested to be important in E4 biology [30]. This study indicates that there 
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Fig. 1. Schematic representation of the structure of E4 is shown with the suggested sites of post- 
translational modifications and regions important in the identified E4 activities. HPV type and amino 
acids involved is given in brackets. Shaded arrows indicate the position of protease cleavage sites within 
HPV1 E4. The position of a putative cleavage site at the C-terminus (cys uS) of HPV1 E4 was based on the 
reactivity of peptide-specific antibodies. Open arrows show the position of histidine amino acids in HPV1 
E4 that bind the divalent metal ion, zinc. Assembled from data given in Refs. [4,11,12,19,23,68,70-72,74]. 

may be a selective pressure to maintain specific E4 sequences and supports the 
notion that the N and C terminal sequences are important in E4 structure and 
function [68,70]. 

No clues to E4 function can be determined from homologies with cellular 
components or other viral proteins. Only the HPV1 E4 protein has been found to 
have significant homology to a cellular factor--this is with the domain of human 
skeletal actin that is involved in self-interactions and interactions with myosin [68]. 

Posttranslational E4 modification 

The E4 protein is modified through a series of posttranslational events including 
N-terminal protein cleavage, phosphorylation, and self-multimerization (Table 1). 
Much of the detail regarding the nature of these modifications has come from the 
study of the HPV1 E4 protein, largely as a result of its abundance in warts (E4 
constitutes up to 30% of total wart protein [6,21]). In HPV1 warts at least eight 
prominent species of E4 are detected as protein doublets of 10/llK, 16/17K, 21/23K 
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and 32/34K [6,21]. This family of polypeptides is further expanded by phosphoryla- 
tion at multiple serines and threonine residues throughout the E4 molecule [6,37]. 
The 17K polypeptide represents the full-length E1 ^ E4 molecule of 125 amino acids, 
and the 34K species the dimeric form of 17K. The smaller species are derived from 
the full-length molecule through limited proteolytic cleavage. Conversion to 16K 
requires the removal of the extreme N-terminal 15 amino acids to tyrosine 16 [25,68]. 
Further proteolysis generates the 10 and l l K  proteins [25], with alanine 59 as the 
N-terminal residue [68], and these species may have also lost extreme C-terminal 
residues [25] (Fig. 1). The minor species of 21K is a heterodimer of the 10 and I lK 
species and 23K is most probably formed by cleavage of the oligomeric forms [25,27]. 
The cleavage sites in the E4 molecule are not part of known protease recognition 
sites and a protease that cleaves these proteins has not been identified. It is unlikely 
that E4 proteolysis is carried out by a protease specific only to terminally- 
differentiating keratinocytes, because HPV1 E4 expressed in insect Sf9 cells is 
cleaved into similar-sized products found in vivo [71]. An intriguing possibility is that 
the E4 primary sequence encodes a protease activity and thus cleaves itself. Chemical 
cross-linking studies of E4 purified from warts or a baculovirus expression system 
demonstrated that E4 also assembles into larger complexes representing trimers 
and/or tetramers and higher orders of complexity [4,27]. These complexes are not 
dependent on disulphide linkages for their formation and yet are remarkably stable, 
persisting even in high concentrations (6 M) of urea [3,4,71]. Phosphorylation may 
promote the formation of HPV1 E4 oligomers [37] and E4-bound zinc ions may 
influence their stability [3,71]. At this stage of understanding HPV1 E4 structure and 
function it is not known if the smaller oligomers represent distinct functional forms 
of E4 or if they are intermediates in the assembly of the E4 inclusion bodies. 
Sequences in the C-terminal half of the HPV1 protein mediate self-multimerization 
[27] and genetic analysis identified a stretch of amino acids between residues 95 and 
115 as essential for oligomerization [4]. Hydrophobic residues within this region are 
of particular importance [4]. Interestingly, they dominate one face of an amphipathic 
helix that this region is predicted to adopt, suggesting that E4:E4 associations might 
be mediated through interactions between hydrophobic faces of o~-helical structures 
[4]. Whatever the precise nature of HPV1 E4 self-interactions, it is probable that 
other cutaneous E4s that share homology with HPV1 E4's C-terminal region have a 
similar mode of self-association [4,68]. 

Less is known about modification of E4 proteins of other virus types, although 
they too exist as multiple forms in naturally-occurring tumours and in tissue culture 
expression systems (Table 1) suggesting that they may also be modified by proteolysis 
and self-multimerization. The HPVll  E4 protein has been shown to self-associate 
[11] and exists as a phosphoprotein in vivo [12] (Table 1). Interestingly, it appears 
that the same region of the E4 molecule implicated in HPV1 multimerization, the 
C-terminus, is also important for self-association between E4's of anogenital types. 
Mutational analysis of the HPV11 and HPV16 proteins identified a stretch of amino 
acids at the C-terminus that was necessary for oligomerization [11,70] (Fig. 1), and 
this region is homologous between E4 proteins of other anogenital virus types [70]. 
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Modification of the E4 proteins varies as the infected keratinocyte moves up 
through the differentiating layers of the wart. In HPV1 warts, the E4 protein is 
progressively cleaved and phosphorylated during terminal differentiation [6,25,37]. 
Thus, the full-length E4 molecule is present in the deepest wart layers where viral 
DNA replication is occurring whilst the more processed E4 polypeptides accumulate 
in cells where progeny virions are being assembled. A similar picture of regulated 
modification of E4 probably occurs in HPV16-induced lesions [26]. 

Interestingly, protein sequences that mediate biological activities and subcellular 
localization correspond to those regions that are modified through posttranslational 
mechanisms, i.e. self-multimerization, phosphorylation and proteolysis (Fig. 1). 
Taken together with the observation that modification of the E4 protein is influenced 
by epithelial differentiation, it is probable that E4 function is modified by post- 
translational events during the virus life-cycle [25,37,68]. 

E4 and the keratin cytoskeleton 

The finding that HPV16 E4 associated with the keratin IFs and induced their 
disruption was an interesting development in E4 research, as it identified a host cell 
structure targeted by E4 [24]. Subsequent studies showed that other E4 proteins 
(Table 1), including those of cutaneous virus types, were also IF-associated proteins 
(IF-APs) [5,66,69]. Mutational analyses indicated that the leucine-rich cluster 
(LLXLL) located towards the N-terminus of many E4 proteins, including those 
identified as IF-APs, was required for E4's association with the keratin cytoskeleton, 
as mutants that had this motif deleted or mutated failed to align with the cytoskeleton 
[68]. It should be noted that not all E4 proteins contain a similar motif, e.g. HPV 
types 5 and 8, and whether these proteins associate with the keratin IFs remains to be 
seen. However, whilst the leucine motif represents an important structural motif in 
the E4-keratin IF association very little else is known about the mechanism of E4's 
interaction with the cytoskeleton, least of all the identity of E4-binding partners. A 
study of E4 isolated from HPV1 warts does not show the keratin proteins themselves 
as major E4 interacting factors [27], and neither did HPV1 E4 interact with pre- 
formed IFs in vitro [27], indicating that association with the IFs is likely to involve 
accessory proteins. One such candidate, filaggrin, a crosslinker of keratin fibres, 
binds to HPVI E4, but only following incubation of the wart extracts at 4°C [27]. 
Another potential candidate, a cellular protein of unknown identity, interacts with 
HPV16 E4 in a yeast two-hybrid screen and antibodies specific for the cellular factor 
produced a cytoplasmic filamentous staining pattern in epithelial cells [23]. 

Based on current knowledge of E4 modification in vivo, the limited proteolysis of 
the N-terminus of E4 would remove the critical leucine motif [68] (Fig. 1), indicating 
that the interaction with the keratin cytoskeleton is probably specific for the full- 
length molecule only [68,70]. Thus, as expression of full-length protein is restricted to 
the lower suprabasal layers of warts, and processed species appear in upper layers, 
the E4-keratin cytoskeleton association may only be important for E4 function 
associated with early stages of the viral productive cycle [68]. 
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An intriguing aspect of E4's function as an IF-AP is its induced reorganization of 
the keratin networks from a fine fibrous meshwork that runs throughout the cyto- 
plasm into a juxtanuclear fibrous inclusion body [5,24,66,69] (Table 1). Whilst an 
N-terminal leucine-rich sequence is necessary for alignment between E4 and the 
IFs [68], sequences at the C-terminus are essential for induction of IF disruption. 
Fine mutational mapping of HPV16 E4 identified seven amino acids corresponding 
to the C-terminal tail that were involved in mediating the collapse of the cyto- 
skeleton [70]. In fact, single substitutions of hydrophobic residues within this short 
stretch of amino acids was sufficient to abrogate E4's disruptive function despite 
alignment of the mutant protein along keratin fibres [70]. This region of HPVI6 E4 
is moderately conserved between E4 proteins of virus types that have a similar 
specificity for mucosal epithelia, and has also been implicated in self-multimeriza- 
tion of both HPV 11 and HPV16 proteins [11,70]. This suggests that an oligomeric 
form of E4 might mediate collapse of the keratin cytoskeleton. Not all E4 IF-APs 
however, induce collapse of the keratin cytoskeleton (Table 1). The HPV1 
E4-keratin networks remain intact [69], and even when this protein has formed "in 
vivo-like" inclusions the networks are only partially disorganised [74]. Induction of 
IF collapse is not strictly type-specific function, as the E4 protein of the cutaneous 
HPV2 virus induces IF reorganization in a manner similar to the HPV16 protein 
[5]. Presumably, the fact that HPV2 E4 has greater homology with E4 proteins of 
anogenital types, including conservation of C-terminal sequences, accounts for 
HPV2 E4's behaviour [70]. The importance of these C-terminal sequences in 
mediating IF collapse is reinforced by the fact that HPV1 E4 does not have this 
homology and does not mediate IF collapse. Therefore, the observation that an 
HPV1 E4 mutant containing a deletion of a C-terminal motif (DL[D/E]X[Y/F]], 
conserved between cutaneous types, induces keratin IF collapse in a manner 
remarkably similar to HPV16 E4 is intriguing [68]. An explanation of this 
phenomenon could be that loss of this region may induce conformational changes 
in the HPV1 molecule and/or modify interactions with cellular factors such that the 
mutant protein is able to function as a disrupter of the IF networks. If so, then it is 
tempting to speculate that perhaps the function of this region of E4 might be 
modified in vivo by posttranslational events. 

It has been postulated that E4 acts to disturb the architecture of the keratin 
cytoskeleton in HPV productively-infected cells in order to render the cell's integrity 
unstable and prone to lysis, thereby aiding the release of the newly produced virions 
[24]. This is an attractive hypothesis in light of advances in understanding keratin 
function in epithelia--through the study of the many different forms of epi- 
dermolysis bullosa and epidermolytic hyperkeratosis (see the reviews of McLean and 
Lane, 1995 [55] and Fuchs, 1997 [36], and references therein). Clinical features of 
these skin diseases are typified by mechanical stress-induced skin blistering due to 
cytolysis of the keratinocytes, and electron microscopical examination of these cells 
shows clumps or aggregates of keratins. Studies have shown that individuals affected 
by these skin diseases carry mutations within their keratin genes. The mutant keratin 
proteins are ineffective in forming a cytoskeleton that is able to withstand physical 
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trauma and consequently they breakdown. The E4-associated keratin aggregates 
formed in epithelial cells [24,66,69] are reminiscent of the keratin clumps observed 
in the epidermal cells of these skin disorders. However, whether E4 disrupts keratin 
IFs in the differentiating cells of the wart or tumour in vivo is not clear. In 
cutaneous warts, E4-associated inclusion bodies may be aggregates of E4 and 
keratin filaments; they are often closely associated with keratins bundles [16,74] 
and, in some lesions, the inclusions themselves have a filamentous appearance [16]. 
However, the true nature of the inclusions formed in vivo is not known and, as 
mentioned above, their formation in cultured expression systems is not associated 
with a dramatic rearrangement of IF networks [69,74]. It has been shown that 
inclusions formed in epithelial cells by an HPV1 E4 molecule lacking extreme 
N-terminal sequences (corresponding to the E1 derived sequences) are 
filamentous, and the filaments appear contiguous with keratin-like fibres [74]. 
Furthermore, juxtanuclear E4 filamentous structures were identified in parabasal 
cells of an HPVl-infected xenograft of human skin [69]. This observation is 
consistent with the notion that the E4-IF interaction is transient and may occur 
only in the initial stages of the productive phase of the virus. E4 proteins of 
mucosa-specific virus types, in general, have not been shown to localize to cyto- 
plasmic inclusions. However, HPV16 E4 is associated with filaments, thought to be 
keratin IFs, in suprabasal keratinocytes [26,79]. These E4-1abelled filaments are 
aggregated into bundles at the periphery of cells in the upper epithelial layers of 
tumours (our unpublished data). It would seem therefore, that although there are 
differences between E4's subcellular localization in vivo and in cultured monolayer 
cells, there is a close affinity between E4 (at least for some HPV types) and 
cytoskeletal structures in differentiating keratinocytes. However, it is not possible, 
at this stage of our understanding of E4 biology, to confirm or reject the hypothesis 
that E4 induces rearrangement of the keratin cytoskeleton in vivo. It is important to 
note that cultured monolayer epithelial cell systems do not recapitulate the pheno- 
type of differentiating keratinocytes [35J--the natural site of E4 expression. For 
instance, different keratin subsets are expressed, and simple glandular keratins (8 
and 18) are primarily expressed in cultured epithelial cells. These appear to be 
more sensitive to E4-induced collapse than other types of keratin networks [69]. In 
addition, host cell factors that are targeted by E4 may have variable intracellular 
locations between monolayer and differentiating keratinocytes. 

The mode of E4 expression in experimental cell culture systems, as well as cell 
type, can influence both its subcellular localization and its effect on the keratin 
cytoskeleton. For instance, HPV1 E4 localizes to IFs when introduced into cells 
using recombinant SV40 [68,69] or vaccinia [27] viruses, but assembles into in-vivo- 
like inclusions following transient transfection using expression plasmids [73,74], 
possibly reflecting different levels of E4 protein production between the different 
systems. Furthermore, HPV31b E4 readily induces IF collapse when transiently 
expressed in SV40-immortalised cells, whilst no alignment with IFs was apparent 
when this protein was spontaneously induced in monolayer cultures of CIN-612 cells 
that contain the HPV31b genome [66]. 
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A clearer understanding of the mechanism of E4's induced disruption of the 
keratins is necessary to appreciate whether this activity is an anomaly of E4 over- 
expression in epithelial cells grown in tissue culture or whether this is an important 
function for E4 in the virus life-cycle. Several reports show that other viruses encode 
proteins that disrupt IFs in epithelial cells. For example, the adenovirus L3 protease 
induces keratin network collapse by cleaving the keratin proteins [14], and the 
human immunodeficiency virus Vif protein induces aggregation of vimentin IFs [41]. 
But, as is the case for HPV, it is not clear why, or if, these viruses need to reorganize 
the IF cytoskeleton in the host cell. The IF cytoskeleton is a dynamic structure, and 
partial disruption of the networks is a normal physiological process that occurs 
during mitosis and in response to stress. Molecular chaperones are emerging as an 
important class of cellular proteins that facilitate formation of the IF cytoskeleton, 
and also act as protectors of these structures (reviewed by Liang and MacRae, 1997). 
It is therefore not inconceivable that E4 could disrupt IFs through interfering with 
the action of IF-specific chaperones. 

Although maintaining a cell's structural integrity is a major function of the 
keratin IFs, they have been shown to modulate cell proliferation [64], interact with 
regulators of signal transduction pathways [32] and proteasomes involved in 
ubiquitin-mediated protein degradation [63]. Thus, E4 might interfere with these 
putative additional functions of the cytoskeleton. The keratin networks may act as a 
cytoplasmic anchor of E4, as loss of the leucine-rich motif causes the HPV1 and 
HPV16 proteins to accumulate in the nucleus [68,70]. HPV1 E4 structures, that 
could represent an early stage of inclusion assembly, have been observed to form 
along the length of the IF fibres [68,69]. This may indicate that the IF regulates 
formation of E4 oligomers-keratins have been shown to inhibit the formation of high 
molecular weight HPV1 E4 complexes in vitro [27]. Alternatively, but not mutually 
exclusive to this idea, the cytoskeleton could act as a scaffold to which E4 can attach 
host cell proteins, allowing their function to be modified or abrogated, perhaps by 
altering posttranslational modification of the protein or preventing them trans- 
locating to appropriate subcellular compartments. The later point is supported by a 
recent report of cyclin B/cdc2 co-localization to HPV16 E4/keratin networks in 
epithelial cells [19, permission to cite this reference given by the authors, and 
discussed later in the chapter]. Cyclin B/cdc2 is an important regulator of progression 
of the cell cycle into mitosis and perhaps E4 could interfere with the function of this 
complex by preventing its nuclear localization [19]. 

The physiological function of E4's association with keratin cytoskeletal elements 
remains to be determined. It would be surprising, in light of current data, if these 
cellular structures are not important in E4 function. 

E4 and epithelial keratinization 

Perturbation of normal epithelial differentiation characteristics is apparent in 
E4-positive cells, including a decrease or even loss of detectable differentiation- 
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specific keratins, and structural proteins that are constituents of the cell envelope 
such as filaggrin, involucrin and loricrin [6,9,26,74,86]. This prompted the suggestion 
that E4 may interfere with aspects of the normal process of keratinization, altering 
the phenotype of the infected keratinocyte to one that supports virus replication [6] 
and virion maturation [21]. The keratinization process is necessary for the formation 
of a tough and durable epidermis (see the reviews of Watt, 1989 [88] and Fuchs, 1990 
[35] for more details). The end result of this process is the formation of the cornified 
cell envelope (CCE), an insoluble, highly resistant structure, beneath the plasma 
membrane of the corneocyte. It consists of various cross-linked precursor proteins, 
including loricrin and involucrin. The filaggrin crosslinked keratin macrofibrils fill 
the CCE's to finally form enucleated squame [67,77,78]. A recent study has shown 
that the cornified squames isolated from HPV11-infected lesions are morphologic- 
ally abnormal and more fragile compared to those from uninfected tissue [9], and can 
be used to infect a xenograft system with a high level of efficiency [10]. The HPVll  
E4 protein was found in these aberrant cornified cells, and was associated with 
fragments of the CCE [9]. By crosslinking to constituents of these structures, E4 
could disrupt their normal assembly [78] rendering them fragile and able to release 
progeny virions easily [9]. Disrupting the keratin fibres would also result in a more 
fragile cell, as discussed above, and it is possible that E4 acts at several points in the 
keratinization process, possibly mediated by different forms of E4 that arise through 
posttranslational modification. 

Terminal differentiation of epidermal keratinocytes as cells move from the 
granular layers to the cornifying layers involves drastic morphological changes, 
regarded as a specialised form of cell death [39, 85]. Such a cellular environment, 
with significant protease and endonuclease activity, would not be conducive to virion 
synthesis, and it has been suggested that E4 interacts with these so-called death 
proteins, to inhibit or delay the onset of terminal differentiation [73]. Alternatively, 
or in addition, E4 could target proteins that have a role in initiating this event. 
Several studies suggest that filaggrin, and fragments of its precursor, profilaggrin, 
may have a role in facilitating the apoptotic process in keratinocytes [18,43,48]. Of 
interest then is the finding that HPV1 E4, when purified from warts co-elutes with 
filaggrin [27], and by interacting with filaggrin, E4 could prevent the infected cells 
becoming anucleated, and retention of the nuclei (parakeratosis) is a feature of 
HPV warts [73]. However, as mentioned previously the physiological significance 
of this association is uncertain [27], and furthermore the fact that filaggrin is not 
detectable in E4-positive cells of warts is inconsistent with an E4:filaggrin 
association [27,74]. 

It has been reported that the E6 oncoprotein can interfere with the normal 
differentiation programme [54,76,83], and specifically may inactivate the onset of 
programmed cell death [1]. Although these studies indicate that E6 can interfere 
with the differentiation programme they do not rule out a role for E4 in aspects of the 
alterations in keratinization observed in warts. E6 expression did not prevent up- 
regulation of differentiation specific marker proteins [1], and it is these proteins that 
are down-regulated in E4-positive cells in warts and tumours. 
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E4 and viral genome amplification 

In an early study of E4 expression in HPV1 warts it was noted that there was a striking 
correlation between initiation of E4 protein expression and the onset of viral DNA 
amplification in suprabasal epithelial cells [6]. It was suggested that this could 
indicate a role for E4 in HPV genome amplification, perhaps interfering with viral or 
cellular mechanisms that inhibit genome amplification in the basal cells [6]. More 
recent studies have shown that a close relationship between the onset of these two 
viral events is common to other PV infections, including cutaneous warts induced by 
HPV types other than HPV1 [26], mucosal tumours induced by HPV16 [26], and 
some animal papillomavirus lesions [2,58]. Furthermore, several experimental PV 
genome replication systems have also shown that viral DNA amplification and E4 
expression occur in the same cells [45,75], reinforcing the link between E4 protein 
and virus amplification. It has been reported that disruption of the major splice 
acceptor in the E4 ORF of the HPV31 genome abrogated the stable maintenance of 
episomal genomes in primary keratinocytes [47]. The virus needs to maintain its 
genome as an extrachromosomal plasmid in order to replicate and activate late gene 
expression [34]. Although, it was concluded that loss of episomal maintenance was 
most likely due to qualitative and/or quantitative effects on viral transcription [47], 
the possibility that loss of expression of a bona fide E4 molecule could also have 
contributed to the phenotype of these mutant genomes was not entirely disproven. 

Of course, the idea that E4 plays a direct role in the replication process is not 
particularly attractive because PV DNA can be replicated efficiently in transient 
replication systems without the need of E4 protein, and neither is E4 necessary for 
establishment of BPV1 genomes in mouse cells [57]. However, there is evidence that 
these viruses switch to a different mode of DNA replication when amplifying their 
genomes in differentiating cells [31]. Therefore, the possibility that E4 could function 
directly in the replication process in naturally-occurring infections should not be 
overlooked at this stage of our understanding of E4 biology. In fact, nuclear forms of 
the protein are found in epithelial cells actively undergoing viral DNA amplification 
in vivo [6,21,58,61]. It is conceivable that the function of nuclear E4 could be to direct 
cellular (or viral) factors necessary for genome replication to sites of virus DNA 
synthesis. It is therefore of interest that the cellular replication factor, minichromo- 
some maintenance protein 7 (Mcm7) interacts with HPV1 E4 through C-terminal 
residues (Fig. 1) in a yeast two-hybrid assay [3] and in cultured keratinocytes [72]. 
Mcm7 is part of a six-member MCM complex of proteins that is a component of 
pre-replication complexes (pre-RCs). These complexes assemble at cellular DNA 
origins in a regulated manner and "licenses" the origins for initiation of replication 
(replication licensing of chromosomal origins is reviewed by Lei and Tye, 2001 [50]). 
Whether pre-RC components are involved in replication of the PV genome is not 
known, but they are thought to be necessary for licensing and initiation of replication 
at oriP of Epstein-Barr virus (EBV), and there is evidence to suggest that the EBV 
protein EBNA1 might be responsible for recruiting these factors to the functional 
replicator [13]. The interaction between E4 and Mcm7 could be linked to E4's 
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inhibitory activity on cellular DNA replication, and this is discussed later in this 
section. Interestingly, Mcm7 is degraded by HPV18 E6 via ubiquitination [49]; this 
lends support to the possibility that this cellular replication protein has some role in 
the PV life-cycle. 

An indirect role for E4 in PV genome amplification by interacting with the 
keratinocyte cell and modifying its metabolism to one that supports PV replication, is 
possible. In an early study by Burnett and colleagues [45], it was noted that when E4 
expression and viral DNA amplification were induced in BPV-1 transformed mouse 
C127 cells, E4 was most often expressed in cells in which E2 had accumulated into 
dense nuclear aggregates. In E4-negative cells however, E2 was localized to multiple 
small nuclear foci [45]. More recent studies have shown that BPV1 E2 accumulates 
into nuclear structures known as promyelocytic leukaemia (PML) oncogenic 
domains (PODs) (also known as NDIO bodies) through the action of L2 [20]. 
Furthermore, HPVll  E1 and E2 proteins, plus a replicating HPVll  origin- 
containing plasmid have been shown to be closely associated with these structures in 
epithelial cells [84]. It is conceivable therefore that the E2-stained nuclear foci 
observed in BPV1 transformed C127 cells were in fact E2-positive PODs. While the 
precise roles of PODs remain somewhat cryptic, there is evidence to suggest that they 
exert antiviral effects that must be overcome early in virus infection to establish 
productive replication (reviewed by Maul, 2000 [53]). A growing number of reports 
indicate that RNA and DNA viruses perhaps utilise PODs as sites for virus 
replication and the viruses encode proteins that can disrupt and reorganize these 
structures [44,52]. It has been suggested that PVs may also replicate (and assembly 
progeny) at, or in close proximity to these nuclear domains [20,59,84]. Thus, the 
interesting question is whether E4 functions to facilitate PV replication (and/or virus 
assembly) at PODs by restructuring these nuclear domains? The observation that 
E2-positive nuclear foci (PODs?) are reorganized in E4-positive C127 ceils is 
consistent with this putative role of E4 [45]. Furthermore, localization of the POD- 
associated protein PML is altered in E4-positive cells of HPVl-induced warts and 
accumulates at the site of nuclear E4 inclusions (our unpublished data). 

PVs are strictly dependent on host cell replication factors for replication of their 
genomes. In normal terminal differentiating epithelia these cellular factors are not 
present in the suprabasal keratinocytes--the site at which PV genome amplification 
occurs. Therefore, early virus proteins E6 and E7 interact with host cell cycle 
regulators in order to stimulate these cells to re-enter an S phase-like state and 
activate the cell's replication machinery (the reader should refer to Chapters 2, 4 and 
5 for more details). Two recent reports show that E4 proteins may also interfere with 
normal cell cycle progression and the effect may facilitate a cellular environment 
conducive to virus replication. In the first report, HPV1 E4 was shown to significantly 
inhibit the G1 to S phase progression of synchronised fibroblasts that had been 
released from density dependent growth arrest in GO [72]. Inhibition was dependent 
on a full-length E4 molecule as a deletion mutant protein that had lost the extreme 
N-terminal sequences (resembling the processed 16K species) proved to be less 
effective at preventing S phase transition. Addition of purified HPV1 E4 proteins 
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into an in vitro mammalian cellular DNA replication system [80] demonstrated that 
the full-length E4 molecule (17K), but not the 16K species, specifically inhibits 
initiation of cellular DNA replication by nearly 90% [72]. Although the precise 
mechanistic details of E4's inhibitory activity are not yet known the interaction 
between HPV1 E4 and the pre-RC factor Mcm7 suggests that by physically inter- 
acting with pre-RC components, E4 could interfere with assembly or activation of the 
pre-RC and thereby inhibit cellular DNA replication [72]. The normal controls of 
DNA replication, including the "once-per-cell-cycle" licensing of DNA replication, 
are most likely disrupted in HPV-infected surprabasal keratinocytes, leading to 
unscheduled replication of the host genome [34,46,90]; this would deplete host cell 
factors essential for viral DNA synthesis. HPV1 E4, by inhibiting cellular DNA 
synthesis in these cells, would prevent depletion of host cell replication proteins and 
allow them to be recruited to sites of viral DNA synthesis. Such an hypothesis is not 
without precedent, for the immediate early 2 protein of the human cytomegalovirus 
induces cells to enter an S phase-like state with expression of cellular replication 
factors, but prohibits competitive cellular DNA synthesis [89]. In further support of 
the hypothesis, in v&o expression of the full-length inhibitory (17K) E4 molecule is 
restricted to cells amplifying the viral genome (our unpublished data). The extreme 
N-terminus that is required for effective inhibition is also necessary for association 
with keratin IF [68] (Fig. 1), but whether these activities are connected is not known 
at the present time. 

The second report demonstrated that HPV16 E4 induces the fission yeast, 
Sacchromycespombe, to arrest in the G2 phase of the cell cycle [19]. A G2 arrest was 
also observed following expression of the HPV16 protein in G1 synchronised human 
keratinocytes, a function that maps to a proline-rich region near to the N-terminus of 
the molecule (Fig. 1). The precise mechanistic details of the E4-induced arrest are 
not known, but as mentioned earlier in this chapter, the cell cycle proteins cyclin B 
and p34 cDc2, required for entry and progression through mitosis, are localized with 
HPV16 E4 to IFs [19]. Thus, failure of cells to progress through into mitosis might be 
due to E4-induced cytoplasmic retention of this cyclin complex [19]. This action of E4 
could inhibit suprabasal keratinocytes committed to virus replication from moving 
through the cell cycle and entering mitosis. 

These two recent studies represent interesting developments in understanding 
E4 functions and their outcome will no doubt provide an insight into the role this 
protein plays in the productive life-cycle. It is intriguing that the E4 protein of 
another anogenital virus type, HPVll ,  also induced a G2 arrest, but the cutaneous 
HPV1 E4 failed to do so [19]. Also, it is not known if other E4s, besides HPV1 E4, 
inhibit initiation of cellular DNA replication [72]. It could be that these are type- 
specific E4 functions that reflect differences in the site of virus genome amplification 
in the lesion. In cutaneous warts, E4 protein induction and viral DNA amplification 
occurs in cells immediately above the proliferating basal layers--the parabasal cells. 
These cells have only just started to differentiate. In contrast, in lesions induced by 
mucosa-specific viruses these events occur much higher in the differentiating 
layers--the cells of the upper spinous layers and granular layers [6,26]. 
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E4 and capsid expression, and virion assembly 

In natural PV infections, virion assembly occurs in E4-positive cells, and thus E4 
could be necessary for aspects of this late viral process. Interestingly, expression of 
E4 and L1 is linked as the major capsid protein L1 is translated from a bicistronic 
doubly spliced message, that also contains the E l ^ E 4  gene, E I ^ E 4 ^ L 1 .  
Although it is not clear why the major capsid protein is translated in a coordinated 
manner with E4, cell-free translation studies show that H P V l l  E4 expression is 
greater from the doubly spliced transcript than a E1 ^ E4 construct [8]. Also, the 
E1 ^ E4 ORF it is translated preferentially to that coding for L1 [8]. Late PV gene 
expression in the differentiating keratinocyte is primarily regulated at the post- 
transcriptional level, involving mRNA splicing, message stability and degradation 
and RNA transport, and involves host cellular factors. For further details of 
the regulation and control of late PV gene expression the reader should refer to 
Chapter 3. It is possible that E4 influences expression of the PV late genes at a 
posttranscriptional level as it has recently been demonstrated that HPV16 E4 
interacts with a novel putative DEAD box RNA helicase, referred to as E4-DBP 
[23]. DEAD box proteins are involved in a number of cellular processes including 
mRNA splicing, ribosomal assembly, initiation of translation and RNA transport. 
Although the precise function of E4-DBP was not established in this study it was 
shown to share homology with bacterial and yeast proteins (SrmB, DeaD, and 
RhlB) that are involved in the regulation of mRNA degradation and stability, and 
ribosome biogenesis [23]. Furthermore, E4-DBP binds to RNA including the 
major late transcript of HPV16, has ATPase activity that is partially inhibited by 
HPV16 E4, and it is expressed in E4-containing cells in vivo [23]. Other viruses 
can target similar cellular proteins, for instance, Hepatitis C virus core protein 
interacts with the DEAD box protein DDX3 in mammalian cells [60]. Thus, 
targeting members of this family of proteins may represent a general mechanism 
by which viruses can modulate expression of host and/or viral genes. It is 
important to note however that the E4 proteins of HPV1, nor the more closely 
related HPV6, did not interact with E4-DBP [23], suggesting that this is not a 
common activity amongst PV types, unless they interact with different members 
of the family of DEAD box proteins. 

A direct link between E4 and the process of genome encapsidation and assembly 
of the virus coat is not obvious. In vitro studies of capsid assembly do not show a 
requirement for E4 in the assembly of the capsid proteins L1 and L2 into virus-like 
particles [91] however, whether this is also true in vivo is not known. Studies in rodent 
fibroblasts that maintain episomal copies of the BPV1 genome have shown that L2 
and E2 are linked to encapsidation of the genome [20,59]. The sub-nuclear domains 
known as PODs may act as sites of virion assembly [20,59], as well as virus replication 
[84], as previously mentioned, and as suggested earlier, if E4 has a role in 
reorganization of these domains then this may influence assembly of the newly 
synthesized progeny. 
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Concluding remarks 

E4 biological activities can be broadly divided into two groups. The first group 
comprises interactions between E4 and epithelial cell specific structures, such as 
keratin IFs and the CCE. E4 interactions and activities involving cellular 
mechanisms that are central to normal cell growth, such as chromosomal replication, 
mitosis, control of mRNA processing and protein translation, form the second group. 
This profile of E4 biological functions strongly supports the notion of a central role 
for E4 in modifying the host keratinocyte to a phenotype that enables the virus to 
maximise its own replication, facilitate production of progeny and promote their 
effective transmission. However, between individual PVs, this common role of E4 is 
most likely executed using non-identical, but overlapping, mechanisms and this 
probably reflects differences in the biology of these viruses. This notion is supported 
by the findings that some of E4's activities are virus type-specific. For example, the 
interaction with a putative RNA helicase (HPV16 E4-specific). Others, such as 
association with the keratin cytoskeleton, does not appear to be restricted to E4s of a 
particular PV sub-group, although how they interact with these cellular structures 
may not be identical between virus types. This variation in E4 function between virus 
types is not unexpected. All PVs have to successfully replicate their genome, express 
late genes and assemble progeny in the differentiating keratinocyte. To achieve this 
they uncouple cell cycle progression from differentiation. The E6 and E7 proteins 
play a central role in this activity, but just as these viral proteins of different PV 
groups have evolved to disrupt different cellular pathways to achieve a similar goal, 
E4 too has probably evolved to function by targeting different cellular processes. 

The emerging profile of E4 activities reveals an interesting relationship between 
E4 structure and function. To date, the N-terminal domain in particular is essential 
for a wide range of E4 activities, including interaction with the keratin cytoskeleton 
and inhibition of chromosomal replication (Fig. 1). This region is significantly 
modified during the life-cycle of the virus, and it would be predicted that this would 
disrupt E4 functions that are mediated by this domain. Posttranslational 
modification of E4 appears to occur in a regulated manner in the PV-induced lesion 
related to stages of the virus life-cycle and epithelial differentiation. E4 therefore 
probably performs its role through a series of modified polypeptides that encode 
different biological activities. If this is true then it is important that we establish 
whether the processed E4 polypeptides encode different biological activities. 
Technologies such as laser capture microscopy, used in conjunction with proteomics, 
will help to characterize the relationship between E4 function and protein 
modification in vivo. As well, elucidation of the three-dimensional structure of the E4 
proteins will enable us to establish the molecular basis for their mode of action. 

Our knowledge of E4 biological activities has been compiled from studies 
primarily using epithelial cell culture systems in which E4 is expressed in isolation of 
other PV proteins, and perhaps just as significant, in undifferentiated cells. Whilst 
these have been enormously informative, the natural functions of E4 might be 
partially (or completely) obscured, in these systems. Therefore, it is important that 
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use is now made of epithelial cells containing episomal copies of PV genomes, which 
respond to in vitro differentiation signals, as well as some of the animal models of PV 
infection, to explore E4 function in the context of a productive infection. The 
importance of these systems is highlighted by a recent study that reports that 
cottontail rabbit papillomas produced by a mutant cottontail rabbit PV genome 
containing a knockout of the E4 gene did not show evidence of viral genome 
amplification or expression of capsid proteins ([65], cited with permission from the 
authors). These findings strongly support the supposition that E4 functions are 
necessary for the productive phase of the PV life-cycle. 

Inasmuch as E4 has not attracted much attention, because it has no apparent role 
in oncogenicity, the fact that its expression is not retained in cancers could be linked 
to its effects on cell growth. Inhibition of both chromosomal replication and mitotic 
division would be considered refractory to malignant progression. In the future, the 
development of mimetic compounds based on E4's mode of action to inhibit cellular 
DNA synthesis could be used in the treatment of hyperproliferative diseases such as 
cancer. 
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Introduction 

Studies of the mechanisms used by viruses to transform cells have generated much 
information on cell growth, gene expression, cell differentiation and cancer 
progression. DNA tumour viruses encode proteins that induce proliferation of the 
host cells, and often their transformation, either by neutralizing cellular tumor 
suppressor proteins such as p53 and pl05Rb, or by activating cellular growth stimu- 
latory pathways. The papillomavirus (PV) E5 protein belongs to the class of viral 
proteins which induce unscheduled cell proliferation. It is a protein with unusual 
characteristics displaying pleiotropic functions, the understanding of which is 
necessary for a full knowledge of papillomavirus biology and the interactions 
between virus and the host cell. 

In this chapter we will analyse the biochemical and biological functions of E5 and 
will highlight differences and similarities between E5 proteins from bovine 
papillomaviruses (BPVs) and human papillomaviruses (HPVs). 

The E 5 0 R F  

The E5 open reading frame (ORF) commonly overlaps the E 2 0 R F  in the early 
region of the PV genome. However, in the subgroup B epitheliotropic BPVs the E5 
ORF (previous named E8) is located 5' to the E7 ORF and replaces the E6 ORF [54]. 
Sequence analysis suggested that the unusual location of the E5 ORF in these BPVs 
may have been caused by intra- or inter-genomic recombination, leading to trans- 
location of the E5 ORF and loss of the E6 ORF [54]. Interestingly, the cottontail 
rabbit papillomavirus genome has two E5-1ike ORFs, one at the "classical" 3" end, 
and one at the "non-canonical" 5' end of the early region [47], suggesting either gene 
duplication or translocation without loss of the E6 ORF. 

Despite the presence of the E5 ORF in the genome of BPVs and genital HPVs, 
the E5 ORF is absent in the genome of other PVs, indicating that the protein is not 
essential for either the life cycle of, or cell transformation by, these viruses. 

*Corresponding author. 
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The E5 protein 

The E5 proteins range in size from approximately 40 amino acids in BPVs (42 for 
BPV-4 and 44 for BPV-1) to approximately 80 amino acids in HPVs (a noticeable 
exception is the E5 protein of HPV-83 which is only 47 amino acids long [14]). 
Despite few sequence similarities among E5 proteins from different PVs, E5 proteins 
are believed to have a common structure as they are all hydrophobic with a hydro- 
philic C-terminus domain. E5 is postulated to assume an a-helical configuration with 
one trans-membrane span for BPV E5 (Fig. 1) [104] and three for HPV E5 [15,111]. 
Immunoelectron and immunofluorescence microscopy studies have shown that, in 
agreement with their hydrophobicity and postulated structure, E5 proteins are 
localised in the endomembrane compartments (Golgi apparatus and endoplasmic 
reticulum) and occasionally, when overexpressed in cell cultures, in the plasma 
membrane [16,79]. Computational and NMR analyses of BPV-1 E5 have demon- 
strated that E5 is a type II transmembrane protein which forms dimers as paired 
left-handed 0~-helices with the carboxyl termini facing the lumen [104]. A genetic 
approach utilising a heterologous dimerization domain to force E5 monomers to 
adopt various orientations relative to one another within the dimer [67] confirmed 
the orientation described above as this is the only one that displays significant 
transforming activity (see below). 

The E5 protein of BPV-1 migrates as an approximately 7 kDa monomer in 
reducing conditions and as a dimer of 14 kDa in neutral condition [16,95]. No 

Fig. 1. Secondary structure of the BPV-1 and BPV-4 E5 proteins [54,94]. Residues in green are crucial for 
the functioning of the proteins. In BPV-I E5 glutamine 17 mediates binding to both PDGF-R and 16kDa 
ductin/subunit c, and aspartate 33 to PDGF-R [33]; in BPV-4 E5 mutations of the similar residue 
asparagine 17 affect the ability of the protein to transform cells [76], as do mutations of threonine 32 (M.S. 

Campo and G.H. Ashrafi, unpublished observations). 



145 

evidence for post-translational modification of E5 protein, e.g. phosphorylation, has 
been reported [39]. The hydrophilic carboxyl-terminus includes two cysteine 
residues, C37 and C39, that stabilize the formation of homodimer structures via 
disulfide bonds, hence the presence of 14 kDa structures. Mutations of either 
cysteine reduce dimerization while double mutations abolish dimerization altogether 
[43]. HPV E5 migrates as a monomeric form of approximately 10 kDa (HPV-16) or 
approximately 12 kDa (HPV-6). There is one report of HPV E5 dimers observed in 
reducing gels of proteins from HPV-16 positive cervical scrapes, indicating a dimeri- 
zation mechanism other than disulfide bonding [56]. However, in vitro expressed 
HPV-16 E5, either wild-type or epitope-tagged, has been found only as a monomeric 
band [26,53]. 

Biological characteristics of E5 

In naturally infected tissues, E5 is expressed at low levels in the undifferentiated 
basal cells of the lower third of the epithelium [3,17,18]. However, BPV-1 E5 has 
been observed in higher amounts in the differentiated keratinocytes of skin warts, 
where it shows a granular staining pattern associated with the sites of viral capsid 
synthesis [17]. Similarly, HPV-16 E5 has been detected occasionally throughout the 
whole epithelium in high-grade cervical intraepithelial neoplasia and in invasive 
cancers still maintaining episomal HPV genomes [18,51,52]. Notably, E5 expression 
appears to correlated with that of type I growth factor receptors, i.e. epidermal 
growth factor receptor (EGF-R) [18], in apparent agreement with the functions of 
E5 as established in vitro (see below). 

While the PV oncoproteins E6 and E7 are present throughout the course of the 
disease and their functions are necessary for the maintenance of a transformed state, 
expression of E5 takes place early in infection, and is often, but not always, 
extinguished in frank cancers. In human genital lesions, the expression of E5 is 
extinguished as the lesion progresses to malignancy, due to the frequent occurrence 
of the integration of the viral genome into the host chromosome at the E2/E5 ORF; 
in the lesions induced by BPV the mechanisms that silence the expression of E5 from 
an intact episomal genome are not known. 

In partial agreement with what is observed in naturally occurring lesions, the E5 
protein of HPV-31 was found present throughout the virus life cycle in organotypic 
raft cultures, with the highest level coincidental with the production of virus capsid 
[68]. 

Although E5 functions have not been established unequivocally in vivo, the 
summation of the results described above suggests that the presence of E5 in the 
basal layers contribute to the sustained proliferative state of the undifferentiated 
keratinocytes, while expression in differentiated keratinocytes would play a role in 
virus maturation, such as the amplification of viral DNA and/or anti-apoptotic action 
during vegetative replication (see later). However, further studies are needed to 
clarify this issue. 
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In vitro cell transformation 

Despite the lack of amino acid sequence conservation among the various E5 
proteins, several functional similarities have been observed in studies of cell trans- 
formation in vitro, where E5's role is becoming more defined. 

For the past 20 years, BPV-1 has been a useful model for studying PV-induced 
cell transformation because of its capacity to induce transformation of murine 
fibroblasts in cell culture. By this assay E5 was recognised as the major transforming 
protein of BPV-1. BPV-1 E5 induces morphologic and tumorigenic transformation 
of rodent and human fibroblasts [94,95]. It increases focus formation in NIH 3T3 
cells when co-expressed with receptor protein tyrosine kinases (PTK receptors) [66] 
and promotes DNA synthesis in quiescent fibroblasts [96]. BPV-4 E5 cooperates 
with activated ras in transforming primary bovine fibroblasts where it induces 
anchorage independence [55,79], and also transforms NIH 3T3 fibroblasts without 
the need for other oncogenes [75]. 

The E5 proteins encoded by HPVs display weak transforming activity. Experi- 
ments with HPV-6 provided the first evidence that a HPV E5 protein had trans- 
forming activity in mammalian cells, as expression of HPV-6 E5 in established 
murine fibroblasts lead to anchorage independent growth [23]. Later it was shown 
that HPV-16 E5 also induces anchorage independence, more efficient growth in low 
serum and tumorigenic transformation of murine keratinocytes and fibroblasts 
[62,63,86]. In addition, the acute expression of HPV-16 E5 stimulates cellular DNA 
synthesis in primary human keratinocytes, and in cooperation with E7, induces 
proliferation of primary rodent cells [12,102,113,117]. The transforming activity of 
E5 from HPV-59 and rhesus papillomavirus has been demonstrated in various cell 
types and assays [38,88]. 

Mutational analyses of E5 have shown that the protein tolerates many changes 
without losing transforming activity. This, in conjunction with the small size of E5, 
indicates that E5 exerts its effects through interaction with, or modulation of, cellular 
proteins rather than enzymatic activity [49,50,59]. The decreased transforming 
activity of some of the E5 mutants might thus be due to failure of E5 to interact 
properly with cellular targets and, as a consequence, to transform cells. 

The remainder of this chapter will focus on the cellular targets of E5 and on the 
role of these interactions in the transformation process. 

E5 and growth factor receptors 

BPV-1 E5 and PDGF ~ receptor 

Early biochemical studies revealed the BPV-1 E5 cooperates with several PTK 
growth factor receptors in transforming NIH 3T3 cells [50,66]. The platelet-derived 
growth factor [~-receptor (PDGF-R) is constitutively activated in E5 transformed 
cells: BPV-1 E5 binds to the PDGF-R and induces receptor dimerization, trans- 
phosphorylation and elevated receptor tyrosine kinase activity [61,71,84,85]. In E5 
transformed cells there is a constitutive association between the receptor and phos- 
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pholipase C~/, phospho-inositol 3-kinase (PI3-K) and ras GTPase activating protein, 
SH2 domain-containing cellular proteins that play essential roles in the response to 
PDGF [24,34,41,61,72,83,84]. Indeed, in E5-transformed cells, a signal transduction 
complex consisting of the E5 protein, activated PDGF-R and associated signalling 
molecules can be detected and physically separated from inactive PDGF-R, 
indicating a true E5-mediated activation [60]. 

Gene transfer experiments in cell lines lacking endogenous PTK receptors 
demonstrated that only PDGF 13 receptor cooperates with E5 and that its activation 
is required for cell transformation by E5 [34,41,72]. Furthermore, E5 can activate 
PDGF-R mutants lacking the extracellular ligand binding domain, indicating that 
E5-induced activation of the receptor is ligand-independent [34]. Inhibition of the 
PDGF-R tyrosine kinase activity leads to the reversal of the E5 transformed pheno- 
type [58,59]. There is, therefore, a large body of evidence pointing to the critical role 
of E5-induced PDGF-R activation in cell transformation. 

BPV-1 E5 and the PDGF [~ receptor form stable complexes, in which the two 
proteins are in opposite orientation and E5 interacts with the transmembrane and 
juxtamembrane domains of the PDGF-R [25,34,42,81-83,100]. E5 binding induces 
receptor dimerization which brings the kinase domains of the two monomers into 
proximity thus starting trans-phosphorylation of the receptor [61]. 

On the basis of extensive mutational analysis, it has been proposed that BPV 
E5/PDGF-R complex formation requires at least two specific interactions: an 
electrostatic bond between a juxtamembrane lysine (position 499 in mouse) in the 
PDGF [~ receptor and aspartic acid 33 of the BPV-1 E5 protein, and a hydrogen bond 
between a transmembrane threonine (position 513 in mouse) in the receptor and 
glutamine 17 of E5 [49,50,57-59]. Mutations of E5 glutamine 17 and aspartic acid 33 
abolish cell transformation [70,99] highlighting the importance of these residues and 
their interaction with the PDGF-R in the transformation process. 

In the E5 dimer, the two aspartic acid residues face away from the dimer interface 
and are thus able to form salt bridges with the lysines on the PDGF [3 receptor 
molecules, while the two glutamines are able to form hydrogen bonds not only with 
the PDGF-R but also across the E5 dimer interface. Each PDGF-R molecule 
interacts with the glutamine of one E5 monomer and the aspartic acid of the other 
[57,58,67,104]. Each E5 monomer has an independent PDGF-R binding site which is 
accessible only after E5 dimerization [2]. For an excellent explanatory diagram of the 
E5-PDGF-R interaction, see Fig. 7.2 of DiMaio and Mattoon [33]. 

The outcome of the interaction between BPV-1 E5 and PDGF-R is very similar 
to that brought about by PDGF. However, PDGF causes receptor dimerization and 
activation through binding of extracellular domains, whereas E5 binds to the trans- 
membrane and juxtamembrane regions. Moreover, E5 can activate the intracellular 
precursor of the PDGF-R [34,61]. In agreement, a mutant of the PDGF-R, which 
fails to traffic to the cell membrane, still cooperates with E5 in inducing cell trans- 
formation [100]. It is tempting to speculate that E5 activation of the PDGF-R in 
different cellular compartments could lead to the recruitment of distinct signal 
pathways with different effects on the cells. 
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Despite the importance of PDGF-R binding in E5-induced cell transformation, 
certain E5 mutants transform cells without binding to or activating the PDGF-R. In 
particular, the elevated levels of PI3-K in cells transfected with these E5 mutants 
indicate that under certain conditions E5 can utilise additional signaling pathways 
such as c-src for activating PI3-K and mediating cell transformation [99,105,105b]. 
Conversely there are mutant E5 proteins that complex with the PDGF-R and cause 
receptor tyrosine phosphorylation, but are incapable of cell transformation [67,71]. 

HPV- 16 E5 and E G F  receptor 

Several lines of evidence suggest that the co-operation between the HPV-16 E5 
protein and the receptor tyrosine kinase signalling pathway plays an important role in 
cell transformation. However, unlike BPV-1 E5, it is the epidermal growth factor 
receptor (EGF-R) which is involved in HPV E5 transformation. This major 
difference may reflect the different tissue tropism of the two viruses: HPVs infect 
exclusively epithelial cells, rich in EGF-R and with no PDGF-R; BPV-1 infects 
fibroblasts and mesenchymal cells that express high levels of PDGF-R. 

HPV-16 E5 or HPV-6 E5a protein induces anchorage independent growth of 
NIH 3T3 cells [62,86,103]. Cells lacking endogenous EGF-R can be transformed by 
E5 only when the E5 gene is co-expressed with the EGF-R gene, and colony 
formation is enhanced by treatment with EGF but not PDGF [86]. E5-transformed 
cells are more sensitive to growth factor treatment. Several reports indicate that cells 
transfected with the HPV-16 E5 gene exhibit a more pronounced response to growth 
factor or phorbol ester treatment, as assessed by the level of transcription of early 
response genes such as c-fos and c-jun [12,28,62,86]. Also EGF treatment potentiates 
the mitogenic effect of the HPV-16 E5 protein on keratinocytes in cooperation with 
the HPV E7 protein. Cells expressing HPV-16 E5 display sustained activation of the 
signal cascade operating downstream of EGF-R activation: the ras/mitogen-activat- 
ed protein (MAP) kinase cascade is increased both in response to, and even in the 
absence of, EGF, and activation of protein kinase C following phorbol ester treat- 
ment is enhanced [28,38,46]. Although there are indications that E5 can interact with 
the EGF pathway without the presence of ligand, the HPV-16 E5 protein primarily 
affects the function of the EGF-R in the presence of ligand. In monolayer cultures of 
human keratinocytes transfected by the HPV-16 E5 gene, there are elevated levels of 
cell surface EGF-R, a result of both reduced ligand-induced degradation of the 
receptor in endosomes and increased recycling of the EGF-R to the cell surface 
[102,103]. This is accompanied by increased ligand-induced tyrosine phosphoryla- 
tion of the receptor [28,103]. Similar effects on EGF-R expression and activation are 
produced by E5 also in stratified raft cultures of human keratinoc3~tes [108]. 

From the results described above, it would appear that the primary effect of the 
HPV E5 protein may be not to activate the receptor directly, but rather to sensitize 
cells so that they are more responsive to EGF. However interactions with the EGF-R 
do not appear to account for all the effects of the HPV-16 E5 protein on cellular 
signal transduction pathways, as it was demonstrated that E5 causes a growth 
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factor-independent increase in tyrosine phosphorylation of phospholipase C-7-1 
[29]. 

HP V-16 E5 and endothelin-1 receptor 

Human keratinocytes express endothelin A receptors (ETAR) and produce 
endothelin-1 (ET-1), which stimulates a growth response in these cells [9]. The effect 
of this autocrine loop on keratinocyte growth is increased in HPV-immortalized 
keratinocytes [116]. In primary keratinocytes transient expression of HPV-16 E5 
induces increased DNA synthesis and serum-free proliferation in response to 
endothelin-l. These effects seem not to be linked to an increase in the number or the 
recycling of endothelin receptor [117]. The ETAR is a G protein-coupled receptor 
and thus very different from tyrosine kinase receptors. E5 therefore is capable of 
interacting with, and enhancing the signaling of, different classes of growth factor 
receptors. 

Despite recent advances in the study of HPV-16 E5, the biochemical basis of E5 
modulation of various growth factor signaling pathways and consequent cell trans- 
formation requires further investigation. 

E5 and 16kDa ductin/subunit c. 

The E5 proteins of both BPVs and HPVs bind a 16kDa cellular protein [26,36,40,44]. 
The 16kDa protein is a multifunctional protein with four transmembrane domains 
(Fig. 2) [37]: as "ductin", it is a component of the connexon, the channel that allows 
intercellular communication through gap junctions responsible for homeostasis; as 
"subunit c", it is a component of the V0 sector of the vacuolar H+-ATPase 
(V-ATPase) which in mammalian cells and in yeast is responsible for the acidifi- 
cation of the endomembrane compartments. 

Association between 16kDa and E5 appears to be mediated largely by trans- 
membrane interactions [4,42,43]. Mutational analysis has shown that a conserved 
glutamic acid residue within the fourth transmembrane domain of the 16kDa, known 
to be essential for V-ATPase activity, is critical for binding to glutamine 17 within the 
hydrophobic domain of BPV-1 E5. Noticeably, mutants of the yeast 16kDa in the 143 
glutamic acid residue transform NIH 3T3 cells in a way similar to E5, confirming a 
role for 16kDa in papillomavirus transformation [4]. As already pointed out, residue 
17 is crucial for binding to PDGF-R and for cell transformation; glutamine 17 thus 
appears to play a major role in the function of BPV-I E5. Likewise, mutation of the 
similar asparagine residue 17 in BPV-4 E5 affects the transforming ability of the 
protein [76]. 

Gap junction intercellular communication (GJIC) contributes to the integration 
of individual cells into organised tissues and helps maintain homeostatic control. In 
cells expressing either BPV or HPV E5, GJIC is inhibited [36,78] and this inhibition 
has been ascribed to the interaction between E5 and 16kDa [36]. GJIC alteration in 
HPV-16 E5-expressing cells is also associated with dephosphorylation of connexin 
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16kDa c . . . . . . .  

Fig. 2. Secondary structure of bovine 16kDa ductin/subunit c [40]. The glutamate 139 (residue 143 of yeast 
16kDa) which mediates binding to E5 [4] is in green. The fourth transmembrane domain binds integrins 

[97]. 

43, another component of gap junction [78], and connexin 43 is down-regulated in 
HPV-16 E5-expressing differentiating keratinocytes, indicating a complex involve- 
ment of E5 in cell-cell communication [109]. It is likely that the down-regulation of 
GJIC by E5 makes transformed cells refractory to growth inhibitory signals origina- 
ting from neighbouring cells. In support of this hypothesis, closure of cell--cell 
communication takes place during tumour progression [48]. 

The V-ATPase complex is responsible for pumping H ÷ ions against a gradient in 
various cellular compartments, including the Golgi apparatus, endosomes, lyso- 
somes, and clathrin-coated vesicles. Acidification of endosomes and Golgi apparatus 
is impaired in cells expressing HPV or BPV E5, and it has been proposed that E5 
directly inhibits V-ATPase activity through its binding to 16kDa subunit c 
[13,92,102]. Endomembrane alkalinization may be responsible for the inhibition of 
EGF-R degradation, thereby allowing sustained signaling and increased receptor 
recycling to the plasma membrane [103,120], while the unbalancing of Golgi pH 
would affect the trafficking of many important growth regulatory proteins en route to 
their final destination in the cell (Fig. 3). 

In primary transformed cells expressing BPV-4 E5, the Golgi apparatus is swollen 
and fragmented [7]. This disturbance of Golgi apparatus architecture is due to the 
elevated pH as a similar disruption is observed in control cells treated with iono- 
phores known to inhibit V-ATPase activity and to alkalinise the Golgi apparatus (MS 
Campo and GH Ashrafi, unpublished observations). 
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E5 mechanisms of action 

\ 

\ 

/ 
/ 

EGF ~r E5 ~ / ~  Endothelin receptor 

I I  EGF Receptor MHC class I ~ Endothelin 

~ PDGF Receptor O G°lgi apparatus " G Pr°teins 

Membrane Endosome 
compartment • Phosphorylated residue 

Fig. 3. Diagrammatic representation of the composite mechanisms of action of E5 from different 
papillomaviruses. E5 interacts with, and activates growth factor receptors [33], and prevents transport of 
MHC I to the cell membrane [8]. Interaction of E5 with 16kDa ductin/subunit c blocks gap junctions [36], 
inhibits acidification of endomembrane compartments [92,102] and impairs endocytic traffic [106]. Open 
arrowheads indicate direction of intracellular traffic and full arrowheads indicate signaling pathways. 

Broken arrowshafts indicate uncertain pathways. 

Changes in Golgi activity, due to the imbalance of pH, would have profound 
consequences for normal cell functions explaining the pleiotropic action of E5. 
Membrane receptors and adhesion molecule are glycosylated and transported to 
plasma membrane via the Golgi apparatus [10,90]; small GTPase are post- 
translationally modified in the Golgi where they are temporary or permanent 
residents [5,24,35,73], and aberrant glycosylation of glycoproteins by Golgi enzymes 
often accompanies malignant transformation [32]. Thus the ability of E5 to perturb 
the pH of intracellular organelles may influence the activity of many proteins and 
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contribute to transformation. E5/16kDa subunit c interaction may be responsible 
also for the reduced motility of mouse fibroblasts expressing E5 [107], since a similar 
effect is elicited by the V-ATPase inhibitor bafilomycin A. Furthermore E5/16kDa 
interaction, possibly affecting the movements of integrins from ER through GA to 
the cell membrane [97], would explain morphological changes observed in E5-trans- 
formed cells such as destabilisation of focal adhesions, prominent membrane ruffles 
and pseudopodes ([8] and M.S. Campo et al., unpublished observations). 

Despite the important role of E5-16kDa interaction in cell transformation, 
mutational analysis of E5 proteins has shown that binding to 16kDa is not sufficient 
for the induction of transformation. Thus non transforming mutants of E5 can bind 
16kDa without enhancing EGF-R signaling or altering V-ATPase function and 
cellular transformation can be dissociated from GJIC down-regulation [1,7,22,89]. 
Moreover, there are contradictory reports on the disruption of the multi-subunit 
V-ATPase complex and cell growth inhibition in Saccharomyces cerevisiae following 
complex formation between 16kDa subunit c and E5 [6,13], and it has been reported 
that endocytic traffic rather than endosome acidification is impaired in HPV-16 E5 
transformed cells [106]. 

E5 and other cellular targets and functions 

E5 and proteins promoting cell proliferation 

Members of the c-jun and c-fos families constitute the AP-1 transcription factor, 
either as jun-jun homodimers or as jun-fos heterodimers. AP-1 is one of the end 
players in many signal transduction pathways and improper activation and/or 
over-expression of c-jun/c-fos leads to cell transformation [114]. Expression of c-jun, 
junB, and c-fos is increased in E5 transformed cells [12,20,21]. This effect is likely to 
be mediated by a potentiation of the signalling pathway downstream from growth 
factor receptors as E5-expressing cells treated with EGF have higher levels of c-fos 
and c-jun RNA. However, increase in c-fos and c-jun expression is also observed in 
the absence of growth factors, although to a more limited extent, indicating a 
ligand-independent activation of this pathway by E5 [ 12,19]. 

Interestingly, AP-1 binding sites are present in the transcriptional regulatory 
region (LCR) of papillomavirus, suggesting that E5, by activating AP-1, increases the 
transcriptional activity of the viral LCR and therefore expression of itself, E6 and E7, 
in addition to expression of cellular genes. Indeed the HPV-16 LCR is more active in 
E5 expressing mouse fibroblasts than in control cells [12]. 

Cyclins and their associated kinases (cdks) regulate the cell cycle and their 
improper expression/activation induces unscheduled cell proliferation [69,91]. 
BPV-4 E5 induces increased transcription of the cyclin A gene and elevated express- 
ion of cyclin A, accompanied by higher cyclin A-cdk kinase activity [75]. Sustained 
activation of cyclin A-cdk complex is likely to be responsible for the continued 
growth of BPV-4 E5 transformed cells in low serum and in suspension [75,76]. 
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E5 and proteins suppressing cell proliferation 

The activity of cyclins and cdks is controlled by negative regulators, such as p21 c~m 
and p27 Kxm [91]. HPV E5 proteins repress the transcriptional activity of the p21 c~m 
gene promoter [110] and promoter repression appears to correlate with cell trans- 
formation. As expression of c-jun leads to a reduction of p21 cIl'l RNA and protein in 
keratinocytes, the inhibition of p21 cwl expression by E5 is likely due to the observed 
increase in c-jun. 

An effect of BPV-4 E5 transformation is the paradoxically increased levels of 
p27 ram [75]. Potentially active p27 mP~ is sequestered by an expanded pool of 
cyclinDl-cdk4 complexes [77] and thus prevented from inhibiting downstream 
cyclin-cdks and arresting cells in G1. It has been proposed that BPV-4 E5 induces a 
coordinated increase of p27 rJP1 and eyclin Dl-cdk4, which, together with increased 
cyclin A-cdk activity, allows continued cell proliferation [77]. Similar findings have 
been reported for cells expressing c-myc, in which cyclin D-cdk complexes sequester 
over-expressed p27 rdel, so preventing cell cycle arrest [11,80]. 

HPV-16 E5 and apoptosis 

Many viruses have evolved mechanisms that either block or trigger apoptosis [74]. By 
blocking apoptosis, viruses prevent premature death of the host cell in order to 
maximize virus progeny from a lytic infection and facilitate persistent infection. On 
the other hand virus-induced apoptosis might serve to spread virus progeny while 
evading host inflammatory responses. Viral proteins are able to block apoptosis by 
interacting with p53, or through p53-independent pathways. 

HPV-16 E5 has been implicated in protecting cells from apoptosis, induced 
either by UV-B irradiation [121] or by paclitaxel (A. Venuti, unpublished data). 
UV-B irradiation induces at least four different stress activated pathways including 
PI3K, ERK1/2MAPK, p38 and JNK signalling. PI3K and ERK1/2MAPK are both 
downstream from the EGF-R pathway, and EGF-R, PI3K and ERK1/2MAPK are all 
activated in E5-transformed cells (see above), as is Akt, a downstream effector of 
PI3K [121]. Inhibition of PI3K or ERK1/2MAPK pathways restores UV-B induced 
apoptosis, confirming the involvement of these pathways in E5-mediated protection 
from apoptosis. Contrary to HPV-16 E6, which inhibits apoptosis by p53 inactivation 
[93,119], E5 prevents apoptosis independently from p53. 

Thus E5 may co-operate with E6 in abrogating apoptosis induced by E7 [101] and 
E2 [31,118] therefore contributing to the promotion of unbalanced cell proliferation 
and oncogenesis. 

Metabolic activity 

Phospholipase A activates arachidonic acid metabolism upon growth factor receptor 
stimulation, thus leading to cyclooxygenase-1 and 2 catalyzed eicosanoid (prosta- 
glandins) biosynthesis. A permanent overactivation of arachidonic acid metabolism 
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appears to be a driving force of tumor development in both experimental animals and 
man [65]. In monkey and human cell lines expressing BPV-1 E5, phospholipase A 
activity and arachidonic acid metabolism are increased, and these changes correlate 
with the transforming ability of E5 [112]. Interestingly, a transformation-defective E5 
mutant, also defective for activation of PDGF-R, is still able to activate arachidonic 
acid metabolism, suggesting an additional role for E5 protein independent of 
PDGF-R activation. 

E5 and MHC class I 

Major Histocompatibility Complex class I (MHC I) is responsible for the presenta- 
tion of antigenic peptides to effector T-cells and therefore plays a critical role in 
immune surveillance, l]2-microglobulin and chaperones, such as TAP, associate with 
MHC I heavy chain in the endoplasmic reticulum where peptides are loaded onto the 
MHC I heavy chain in a pH-dependent process [45,87]. The complex is transported 
from the endoplasmic reticulum through the Golgi apparatus, where dissociation of 
MHC I from chaperons takes place [115], to the plasma membrane for recognition by 
T-cells [27]. 

Given the fact that E5 interferes with the functions of the Golgi apparatus and 
endosomes [92,102], it was predicted that not only endocytic cellular traffic [106] but 
also exocytic transport would be disrupted in E5-expressing ceils, including transport 
of the MHC I complex. Indeed, BPV E5 proteins induce down-regulation of MHC I 
[8]. Down-regulation of MHC I takes place at different levels, including reduced 
transcription of the MHC I heavy chain gene, lower levels of the MHC I heavy chain 
protein and impeded transport of the MHC I complex to the cell surface [8]. Lack of 
surface MHC I is observed also in cells expressing HPV E5 proteins [73b]. It is not yet 
known how E5 achieves down-regulation of MHC I. Recent results show that in 
E5-transformed cells, but not in control cells, MHC I heavy chain is sequestered in 
the Golgi apparatus, and that addition of E5 to control cells also leads to the 
sequestration of MHC I heavy chain in the Golgi, proof that E5 is the cause of MHC I 
retention in the Golgi cisternae (M.S. Campo et al., unpublished observations). 

Concluding remarks 

There is substantial (and growing) evidence that E5 from different PV is involved in 
cell transformation. Expression of this small hydrophobic protein induces an 
impressive number of different biological and biochemical effects (Table 1) (Fig. 3), 
but, given that these results have been obtained not only with different PV E5 
proteins, but also in different cell types, it is not possible at the moment to say 
whether E5 achieves all these effects by interfering with one signal transduction 
pathway or by intersecting with several. The prevention of acidification of the 
endomembrane compartment would suggest that malfunction of this compartment is 
the source of many aspects of cell transformation by E5. 
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Table 1 

The functions of the E5 proteins from BPV-1 and 4, and HPV-16 and 6 
serum; AI, anchorage independence; CI, contact inhibition. 

'11. See text for references. LS, low 

E5 BPV-1 BPV-4 HPV-16 HPV-6/ll 

Growth in ~ yes 
AI growth yes 
CI abrogation yes 
GJIC down-regulation yes 
GA distortion yes (in bovine 

cells) 
EGF-R activation yes (no ligand 

required) 
PDGF-R activation yes (no ligand 

required) 
Endothelin-R activation not known 
16k interaction yes 
Cyclin A-cdk2 activation not known 
MAP-K activation not known 
JNK activation not known 
PI3K activation yes 
Src activation yes 
GA and endosomes alkalinization yes 
Down-regulation of surface MHC I yes 
Prevention of apoptosis not known 

yes 
yes 
yes 
yes 
yes (in bovine 
cells) 
not known 

not known 

not known not known 
yes yes 
not known yes 
yes not known 
no not known 

yes (ligand not known 
required) 
no not known 

not known yes not known 
yes yes yes 
yes not known not known 
not known yes yes 
not known yes yes 
not known yes not known 
not known not known not known 
yes yes not known 
yes yes yes 
not known yes not known 

Although mutational analyses of E5 have pinpointed amino acid residues and 
domains critical for transformation and for interaction with or activation of cellular 
proteins [2,57,58,76,81], the many functions of E5 have been genetically dissociated: 
binding to 16kDa pore protein or PDGF-R from cell transformation and EGF-R 
activation; activation of MAP kinases from EGF-R activation; activation of PDGF-R 
from activation of PI3K and c-Src; alteration of arachidonic acid pathway from 
PDGF-R activation, and down-regulation of GJIC from full cell transformation 
[1,7,30,89, 98,99,105[. However, other studies have found a very good concordance 
between cell transformation by BPV-1 E5 and PDGFR activation [58,60]. 

Notwithstanding the intellectual difficulties posed by E5, a coherent picture of 
how E5 may transform cells in vitro can be drawn from the wealth of experimental 
results described above: the interaction of E5 with 16kDa ductin/subunit c causes cell 
transformation by a "pincer movement": inhibition of endomembrane acidification 
and activation of growth factor receptors lead to inappropriate signalling and 
unscheduled cell proliferation, while down-regulation of GJIC leads to loss of 
homeostatic control between neighbouring cells and allows the transformed cell to 
proliferate (Fig. 3). 

The in vivo functions of E5 are even less understood than the mechanisms 
underpinning in vitro cell transformation. Nevertheless, on the basis of the 
expression pattern of E5 and its localisation in the lesions, it is possible to speculate 
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how E5 could contribute to a successful infection by papillomavirus. Following PV 
infection of basal keratinocytes, E5-induced loss of surface MHC I expression in the 
infected basal cells (Fig. 3) would prevent presentation of viral antigens to effector 
T-cells and thus, in addition to other mechanisms of immune avoidance, such as lack 
of inflammation, would contribute to evasion of immune surveillance. Expression of 
E5 in the basal layers of the epithelium would lead to sustained cell proliferation to 
favour virus-infected cells, but extinction of its expression in the more superficial 
layers would permit cell differentiation and virion production. If E5 expression 
should proceed beyond early lesional stages, keratinocyte differentiation and 
immunological removal of infected cells would not take place and the lesion would be 
at greater risk for neoplastic progression. 

Since a lesion results from, and its fate is determined by, the interplay among all 
viral proteins and between viral and cellular proteins, the early stages of the virus life 
cycle and of transformation are aspects of PV biology that cannot be elucidated by 
the sole analysis of E6 and E7, and it is comforting that new investigation on E5 are 
producing novel results [8,121]. Furthermore E5 may be a target for therapeutic 
intervention in papiUomavirus disease. A recent report shows that immunisation of 
mice with HPV-16 E5 expressed by a recombinant adenovirus reduced the growth of 
tumors induced by E5-expressing syngeneic cells [64]. 

The model of E5 functions described above remains to be validated but provides 
a framework for future investigations. These will undoubtedly expand our knowledge 
and understanding not only of the working mechanisms of E5 but also of the basic 
biology of the virus. 
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Introduction 

Uterine cervical carcinoma is the second most common malignancy among women 
worldwide, and is the most common female cancer in developing regions [53]. 
Infection with certain mucosatropic human papillomaviruses (HPVs) is now known 
to be a necessary prerequisite for development of this disease [22]. Anogenital HPV 
infection in susceptible populations is characterized by high rates of acquisition and 
spontaneous clearance [74], suggesting that most infected individuals can mount an 
effective response to infection. However, the mechanisms underlying such responses 
remain to be characterized. Encouraging progress has been made toward the 
development of preventive vaccines, and efforts are underway to design improved 
methods for treatment of established disease. This chapter examines recent develop- 
ments in HPV immunologic research, and discusses issues relevant to the design and 
implementation of effective strategies for mass immunization against HPV- 
associated disease. 

Background 

The development of sensitive molecular methods in the mid-1970s led to the recog- 
nition that "human wart virus" actually comprised a diverse group of related viruses 
with variable tissue tropisms and disease associations [52,107]. Serologic studies 
conducted prior to that time are difficult to interpret, as the antigens used often 
consisted of virions pooled after recovery from lesions that occurred at multiple 
anatomic sites. Nevertheless, information from such studies may be useful. For 
example, it was reported that individuals with cutaneous warts often produce virion- 
specific antibodies, and that spontaneous regression is observed less frequently in 
patients that lack such responses, or in patients with IgM antibodies alone [126,143]. 
Also reported was the observation that patients with chronic or multiple warts are 
less likely to have IgG against whole virions [92], as are patients whose warts are 
devoid of virions [126]. 
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Following recognition of papillomavirus genetic diversity, investigators began to 
use virions recovered from defined tissue sources for immunologic studies, and thus 
generated potentially more useful information. Using native virions of HPV type 1 
(HPV-1), for example, it was shown that virion-specific IgG antibodies could be 
detected at high frequency in non-selected populations [109,130], and that such 
antibodies were immunoreactive primarily with non-linear (i.e., conformational) 
epitopes of the viral capsid [130]. Variations in capsid antigenicity were observed in 
studies that utilized virions recovered from different anatomic sites. Viac et al. [139] 
reported that antibodies reactive with plantar wart virions are detected more 
commonly in sera from patients with plantar warts than in sera from patients with 
either common, fiat, anogenital, or laryngeal warts. Similarly, using immunoelectron 
microscopy Anisimowi et al. showed that HPV-1 and HPV-2 virions are antigenically 
distinct [8]. These observations suggested that virions recovered from different 
anatomic sites possessed unique antigenic properties, and thus might be useful 
antigens for immunologic studies. 

For many years the study of immune responses to anogenital HPV infection was 
made difficult because of a general inability to obtain native virions, either by 
propagation in vitro or by recovery from infected tissues. With the development in 
1985 of a human xenograft immunodeficient mouse system for propagation of 
anogenital HPV type 11 (HPV-11) [76,77], researchers gained a useful means of 
producing native virions for serology [14,15,17,37] and for vaccine-related studies 
[18,35,36]. A limitation of this system, i.e., the ability to propagate virions of only a 
relative few anogenital types, was later circumvented to some extent by the produc- 
tion of non-infectious empty capsids, or virus-like particles (VLPs), through 
recombinant expression of the papillomavirus L1 major capsid protein [58,68,117, 
142,152]. VLPs closely approximate the immunologic properties of native virions 
[34,70,114-116,119,137], and thus represent an excellent alternative source of 
antigen for serologic investigations of anogenital HPV disease. 

Humoral responses in anogenital HPV infection 

Since their description roughly a decade ago, VLPs have become indispensable tools 
for investigating immune responses in natural infection, for HPV epidemiologic 
studies, and for vaccine development [67,122]. VLPs form spontaneously following 
recombinant expression of the papillomavirus L1 major capsid protein in insect (Sf9 
cells), or yeast cells [58,68,117], and can incorporate the L2 minor capsid protein 
when these proteins are co-expressed in the same system [71]. VLPs closely approxi- 
mate the antigenicity of native anogenital virions, and thus are good antigens for 
serologic purposes. In a comparison of HPV-11 virions and VLPs, for example, 
excellent correlation of sample seroreactivities (r = 0.87) was obtained when sera 
from patients with anogenital warts were tested by ELISA against these antigens 
[15,1191. 

The first study of capsid seroresponses in anogenital HPV disease utilized 
HPV-11 virions propagated in the xenograft system. In that study capsid 
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seropositivity was found to correlate with disease; however, responses were not 
detected in all infected individuals [14]. Results from subsequent studies of 
virion/VLP seropositivity have been consistent with this observation [15,17,29,70, 
119]. For example, in an HPV-16 VLP enzyme-linked immunosorbent assay 
(ELISA) [71] HPV-16 capsid antibodies were detected in sera from a majority of 
women infected with HPV-16 [70]. Using a vaccinia virus system, Carter et al. 
reported detection of HPV-1 capsid antibodies in 36% of sera from unselected 
individuals [29]. In a more recent study of seroresponses to incident infection, Carter 
et al. reported slight variations in seroconversion rates against three anogenital HPV 
types; however, all rates fell eventually within a relatively narrow range (i.e, 54 to 
69% seropositivity within 18 months of infection) [30]. Also in that study certain 
differences were noted in seroconversion patterns among the types examined (i.e., 
types 6, 16 and 18). Specifically, HPV-6 seroconversion usually coincided with 
detection of HPV-6 DNA, whereas seroconversion to HPV-16 or HPV-18 was more 
often delayed by approximately 6 to 12 months following DNA detection. 
Genotype-specific differences were also noted with respect to persistence of sero- 
positivity, with responses in most (i.e., two-thirds) individuals with incident HPV-6 
infection becoming undetectable at follow-up, while in most individuals (i.e., 75%) 
with HPV-16 or 18 incident infection, seropositive status tended to persist through 
follow-up [30]. 

Presence of capsid-specific serum antibodies prior to exposure has been 
correlated with immunity from infectious challenge [133]; however, a role for capsid 
antibodies in natural infection has not been defined. An association between capsid 
seropositivity and persistence of viral DNA has been reported [30,31,44,149], but 
there is little evidence of a correlation between the presence or absence of such 
responses and stage of disease [1,42]. Oncogenic HPV capsid seropositivity can be 
detected, for example, in invasive disease [145]. There is evidence to suggest that 
systemic, but not local, capsid-specific immunoglobulin A (IgA) responses may 
correlate with disease resolution [20], suggesting the possibility that VLP-based 
assays may be useful for monitoring disease activity. 

Seroresponses to other viral proteins have been examined in the context of 
specific diseases. In a study of individuals with varying stages of cervical intra- 
epithelial neoplasia (i.e., CIN grades I, II or III, or invasive disease), sera were 
evaluated in an ELISA for E2 serum IgA antibody responses [113]. Results indicated 
that elevated E2 serum IgA could be detected in mild or intermediate disease (i.e., 
CIN I-II) relative to normal controls, with lower levels in cervical cancer patients, 
suggesting the possible existence of an inverse relationship between E2 serum IgA 
levels and disease progression [113]. Serum antibodies against E6 and E7 proteins of 
HPV types 16 and 18 have been associated with cervical cancer [13,141]. Elevated 
levels of E6 and E7 antibodies have also been found in cervical lavage specimens 
recovered from women with invasive disease versus healthy controls [136]. The 
significance of these observations is unclear at present; however, given the context, 
such responses may be reflective of an inappropriate and/or ineffective immune 
response to infection. 
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Mucosal antibodies are thought to play an important role in immune defense 
against sexually transmitted pathogens, including HPV [86]. Mucosal immuno- 
globulin A (IgA) antibody responses have been detected at low frequency in HPV 
natural infection [57,82,112] and with greater consistency in experimental animals 
following mucosal administration of VLPs [11,47,50,55,103]. Wang et al. found, for 
example, that cervical IgA antibody responses are frequently made by women with 
cervical intraepithelial neoplasia, and are particularly evident in association with 
low-grade lesions (i.e., CIN I) [146]. In a recent study of college-aged women 
examined at four-month intervals over a 3--4 year period, cervical IgA responses were 
detected in a minority (11%) of women, and were not associated with HPV- 16 DNA 
detection [57]. However, in that study detection of secretory IgA was associated with 
prior detection (i.e., within the previous 4-8 months) of squamous intraepithelial 
lesions [57]. In an evaluation of HPV-16 capsid antibody responses in saliva, Marais 
et al. reported detection of VLP-specific IgA in most (44/81; 54.3%) women with 
cervical HPV disease (i.e., 75 women with CIN, and 6 women with squamous cell 
carcinoma of the cervix) [82]. Interestingly, VLP-specific IgA antibodies were 
detected more frequently in saliva than in serum (54% vs 34%), whereas VLP- 
specific IgG was detected more frequently in serum rather than in saliva (68% vs 
34%) [82]. Although the significance of this observation remains to be established, 
the results suggest the potential utility of evaluating oral secretions by ELISA as a 
convenient non-invasive screening method. 

Cellular immune responses 

Observations made in clinical settings have indicated that cellular immune mechan- 
isms are key elements of effective responses to anogenital HPV infection [123]. For 
example, an increased incidence of anogenital HPV disease has been observed in 
patients with primary or secondary cellular immunodeficiencies [59,128,129]. 
Despite significant effort, no consistent patterns have emerged concerning T helper 
(Th) and/or cytotoxic T lymphocyte (CTL) specificities that may be associated with 
efficient clearance of infection. Earlier studies, conducted with whole virions, 
recombinant vaccinia viruses, or synthetic peptides, examined potentially operative 
mechanisms. For instance, delayed-type hypersensitivity (DTH) responses to HPV 
antigen preparations have been detected in patients with warts, compared with 
control subjects [66,140]. Synthetic peptides were used successfully to identify T-cell 
lymphoproliferative epitopes in HPV-16 E6 and L1 [132], and in HPV-1 E4 [131]. 
Cellular responses to HPV-16 and BPV proteins have been studied in mice in 
vaccinia virus systems, and immunizations with vaccinia virus recombinants express- 
ing HPV-16 L1 [153], E6 [87], or E7 [32,87] proteins were found to promote tumor 
regression, presumably through induction of cytotoxic T lymphocyte (CTL) resp- 
onses. Similar responses were observed in the bovine system using vaccinia virus 
vectors [88] or bacterially-expressed fusion proteins [26,63]. Interestingly, Campo et 
al. [26] reported that cattle immunized with BPV L2 or E7 bacterial fusion proteins 
either before or after experimental challenge, were equally able to resolve infection 
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more quickly than non-vaccinated animals [26]. While such results suggest the 
potential of immunization therapy to hasten disease resolution, the mechanisms 
involved are not yet known. 

In patients with anogenital warts, resolution appears to involve an active cellular 
response. Regressing lesions have been found, for example, to contain greater 
numbers of T lymphocytes and macrophages than non-regressing lesions [38]. In 
addition, CD4+ lymphocytes seem to predominate in regressing lesions, and to 
exhibit signs of lymphocyte activation [38], implying that immune mechanisms 
characteristic of a delayed type hypersensitivity reaction to foreign antigen may be 
important for viral clearance [38]. 

In a study of CTL reactivity against selected peptides from the HPV-16 E4, E6, 
E7 and L1 open reading frames, higher rates of reactivity to E6 were found in 
sexually active women without disease versus women with CIN [99]. Similarly, CTL 
responses against HPV-16 E6 or E7 were more common in HPV-16-positive women 
without disease than in HPV-16-positive women with CIN [100] and such responses 
typically involved CD4+ and CD8+ T lymphocytes [101]. More recent evidence 
suggests that lack of E6-specific CTL responses may contribute to the establishment 
of persistent disease [102]. Consistent with this possibility, E7-specific CD4+ activity 
appears to decrease with resolution, and to increase in the context of persistent 
infection and CIN III [43]. Potentially operative T helper and CTL epitopes have 
also been identified in the viral E2 protein [19,40,75,81], however, the role of E2-, E6- 
and/or E7-specific Th and/or CTL in natural disease and immunity remain to be 
clarified. 

Cytokine responses 

Recognition that specific cytokine response patterns are elicited following antigen 
stimulation [93] has generated greater understanding of ways in which pathogens are 
able to interfere with mechanisms of immune-mediated clearance [90,110]. Not 
unexpectedly, Thl cytokine response patterns have been detected in resolving ano- 
genital HPV lesions [124], whereas patterns more consistent with a Th2 response 
have been observed in persistent disease [6,108]. The suggestion that it may be 
possible to switch an inappropriate response to one that is potentially more effective 
[98] provides encouragement for further investigation of this interesting and 
potentially critical component of natural immunity, and supports the evaluation 
of cytokine/adjuvant-based immunotherapies potentially capable of altering estab- 
lished patterns of response. 

A role for Thl vs Th2 responses in cervical HPV infection has not yet been 
established; however, there is evidence that Thl responses may be important for viral 
clearance. For example, in a longitudinal study, cytokine expression in cervical 
mucosa was examined in HPV-positive patients that ultimately cleared infection 
[124]. In that study each of the individuals examined (N = 7) demonstrated a Thl 
cytokine expression pattern (i.e., presence of IFN-? and absence of IL-4) prior to 
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clearance. By contrast, cytokine expression patterns were variable in normal, healthy 
HPV-negative, control women [124]. 

The possible association of Th2 response patterns with persistence of disease has 
also been examined [6]. Cytokine expression patterns (i.e., IL-2 and IFN-y (Thl), 
versus IL-4 and IL-6 (Th2)) were evaluated by immunohistochemistry of cervical 
biopsy specimens collected from healthy individuals and from individuals with severe 
cervical disease. Results indicated significantly lower densities of IL-2+ cells in 
biopsies from women with severe disease versus normal individuals, whereas 
densities of IL4+ cells were found to be elevated in tissues from women with cervical 
disease compared with histologically normal tissues. Elevated densities of Th2-1ike 
cells in biopsies from women with disease were associated with HLA-DR (i.e., Major 
Histocompatibility Complex Class II) expression by keratinocytes, and with lower 
densities of intraepithelial Langerhans' cells, suggesting the establishment of a Th2 
profile of cytokine responses in persistent infection [6]. 

HPV Immunoprophylaxis 

Parenteral vaccines 

Current strategies for HPV immunoprophylaxis rely on the concept of antibody- 
mediated neutralization of viral infectivity. This possibility was suggested long ago by 
Segre et al., who demonstrated the ability of convalescent serum to protect against 
infectious challenge [125]. More recently, virions recovered from HPV-11-infected 
human xenografts [76,77] were used to generate polyclonal antisera that were found 
to efficiently neutralize HPV-11 viral infectivity [18,35]. This neutralizing effect was 
correlated with highly immunogenic non-linear epitopes of the virion [36], and was 
reproduced by using polyclonal antisera generated against HPV-11 VLPs [34,119]. 
Other investigators produced VLPs of Bovine Papillomavirus type 1 (BPV-1), which 
were used to generate polyclonal antibodies that efficiently blocked BPV-I virion- 
mediated focus formation in a mouse fibroblast assay [48,68]. With production of 
VLPs of multiple anogenital HPV genotypes [116,119], it was found that HPV-11 
capsid neutralizing domains were antigenically distinct from qualitatively similar 
capsid epitopes of other prevalent anogenital HPV genotypes (i.e., types 16 and 18), 
suggesting that such epitopes varied essentially with genotype [116] (Fig. 1). This 
observation was confirmed by Roden et al., who extended the number of genotypes 
examined, and also demonstrated low-level capsid antigenic cross-reactivity between 
certain closely related genotypes [115]. Consistent with these observations, others 
demonstrated efficient neutralization of HPV-16 virions with antibodies raised 
against VLPs of HPV-16 and, to a lesser extent, with antibodies raised against VLPs 
of closely related HPV-31 [16,148]. Taken together, these observations support the 
concept of antibody-mediated virus neutralization, and demonstrate the ability of 
VLPs to induce such responses. They also support the use of multivalent VLP 
vaccine formulations for the induction of protective immunity against multiple 
anogenital HPV genotypes [51,121]. 
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Fig. 1. Capsid antigenic variation among anogenital HPV types 11, 16 and 18. Rabbit polyclonal antisera 
were raised against HPV-11 virions, HPV-11 L1 VLPs, HPV-16 VLPs or HPV-18 VLPs, and evaluated in 
an enzyme-linked immunosorbent assay (ELISA) against VLPs of HPV-11 (black bar), HPV-16 (striped 
bar) or HPV-18 (gray bar). HPV-11 virion and HPV-11 VLP polyclonal antisera were characterized 
previously and found to efficiently neutralize infectious HPV-11 virions [18,119] (Figure adapted from 

Ref. [1161). 

Studies performed in experimental animals have also provided rationale for the 
evaluation of VLPs as a vaccine in human subjects. For example, VLP immunizations 
in rabbits, dogs and cattle have been shown to confer protection from challenge with 
homologous virus [24,69,133]. Such protection was correlated with non-linear geno- 
type-restricted capsid epitopes, and immunity from challenge could be conferred to 
naive animals via transfer of post-immune serum obtained from VLP-immunized 
animals, thus supporting the view that protection may be mediated by antibodies 
[133]. 

Blinded, randomized, placebo-controlled, dose escalation studies of VLPs have 
been performed in humans, and results have indicated that VLPs are safe, well 
tolerated, and induce high-titer serum neutralizing antibody responses [49,60]. In a 
phase I study of HPV-16 VLPs performed in healthy adults, VLP vaccine was 
administered by parenteral (intramuscular) injection in two dose levels (i.e., 10/~g or 
50/zg), with or without adjuvant (i.e., alum or MF59) [60]. Investigators reported that 
VLPs were safe and well-tolerated, and induced serum neutralizing antibody 
responses in all recipients that received the higher antigen dose level, without 
adjuvant. Modest increases in titer were also observed in high-dose recipients of 
VLPs co-administered with MF59. VLP ELISA titers and neutralization titers 
closely correlated, thus supporting the use of VLP ELISA titer as a surrogate for 
neutralization titer [60]. 
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Similarly, HPV-1 l VLPs formulated in aluminum hydroxide were administered 
by intramuscular injection in healthy adults [49]. In that study, VLPs were 
administered in four dose levels (i.e., 3/zg, 9/xg, 30/xg and 100/xg), and high serum 
neutralizing titers were obtained at each dose level tested. Results obtained with an 
intermediate dose level (i.e., 30/~g) were consistent with results reported by Harro et 
al., which were obtained with a comparable antigen dose level (i.e., 50/xg) [60]. 
HPV-11 VLP immunization was also associated with lymphoproliferative responses 
against homologous and heterologous VLP antigens (i.e., VLPs of HPV types 11, 6 
and 16), suggesting the possibility that T cell epitopes may be conserved among these 
anogenital HPV genotypes [49]. 

These encouraging results support further evaluation of VLPs for efficacy in 
preventing HPV-associated disease. Such studies are in progress. 

Alternative vaccination strategies 

There is great interest in the development of non-invasive and less costly methods of 
vaccination. Most ( -80%) cervical cancer is known to occur in less developed 
regions [53,96], where use of parenterally administered vaccines generally is 
impractical. Moreover, protection from oncogenic HPVs and other sexually 
transmitted pathogens is likely to depend to some extent on immunity acting at 
genital mucosal surfaces [97]. Mucosal vaccines generally are less expensive to 
produce, and often can be delivered by unskilled personnel without costly 
equipment. Importantly, mucosal immunization generally is superior to parenteral 
vaccination for the induction of mucosal immune responses [86], and mucosal 
vaccination at a convenient site (e.g., nasal or gastrointestinal mucosa) can elicit a 
response at one or more distal sites, such as genital or rectal mucosa [89,97]. 
Adjuvants are usually required, however, to boost mucosal immunogenicity and to 
prevent the induction of tolerance [86]. 

Cholera toxin (CT), Escherichia coli heat-labile enterotoxin (LT), and their 
mutant derivatives are promising mucosal adjuvants for co-administered protein 
antigens [28]. For obvious reasons, CT or LT holotoxins are unlikely to be approved 
for use in humans. However, LT mutants have been described in which adjuvanticity 
has been dissociated from toxicity. For example, LT mutant R192G (LT(R192G)) 
was constructed by site-directed mutagenesis to introduce a single amino acid subst- 
itution in the active (A) subunit [45]. This mutation rendered the toxin insensitive to 
trypsin activation and thus greatly diminished toxicity without altering adjuvanticity 
of the native molecule. LT(R192G) has been evaluated in several studies and found 
to be an effective mucosal adjuvant [27,33,56]. 

Synthetic oligodeoxynucleotides containing unmethylated CpG dinucleotide 
motifs (CpG DNA) represent another class of mucosal adjuvant [78,91] that has 
demonstrated potent immunostimulatory properties [78,85,144]. CpG oligos have 
been shown to activate innate immune mechanisms by interacting with mammalian 
toll-like receptor 9 (TLR9), which may have evolved for the purpose of responding to 
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the presence of bacterial DNA (which contains CpG dinucleotides in unmethylated 
form) [61]. 

Oral or intranasal vaccination routes are attractive, particularly for use in 
resource-poor settings, as such vaccines generally are non-invasive and safe, and can 
be distributed by relatively unskilled personnel without the need for costly injection 
equipment. As an example, efforts to eradicate poliovirus have been facilitated 
greatly by the availability of an oral poliovirus vaccine [46]. 

lntranasal immunization 

Serum and mucosal immune responses can be elicited by VLP intranasal 
administration [11,47]. Vaginal IgA antibody responses were detected, for example, 
following intranasal immunization of mice with HPV-16 VLPs co-administered with 
cholera toxin (CT) [11,47]. Three intranasal immunizations with 5 /~g of VLPs 
administered at weekly intervals induced high durable titers of HPV-16 VLP IgA and 
IgG in saliva and genital secretions. Co-administration of VLPs with CT was found to 
enhance the VLP-specific antibody response ten-fold in serum and to a lesser extent 
in saliva and genital secretions. However, VLPs were found to be only poorly 
immunogenic when administered by an oral route with or without CT [11]. Dupuy et 
al. [47] also reported induction of HPV-16 VLP serum IgG and vaginal IgA anti- 
bodies following intranasal administration of VLPs with CT, and in that study VLPs 
administered intranasally without CT were found to be only poorly immunogenic 
[47]. HPV-6 VLPs have also been evaluated with regard to intranasal immuno- 
genicity [55]. HPV-6 VLPs are also immunogenic, and co-administration of a 
genetically modified E. coli heat-labile enterotoxin (i.e., LTR72) was associated with 
greater induction of mucosal VLP IgA antibody responses [55]. Phase I studies are in 
progress to evaluate the safety, tolerability and immunogenicity of VLPs as an 
intranasal immunogen (D. Nardelli-Haefliger, personal communication). 

Oral immunization 

VLPs of anogenital HPV types are immunogenic in mice when administered orally 
with or without adjuvant, and induce systemic and mucosal virus-neutralizing anti- 
body responses [50,118]. Intestinal antigens are thought to enter gut-associated 
lymphoid tissue (GALT) via M cells located in the Peyer's Patch (PP) epithelium 
[105]. Several pathogens have been shown to utilize M cells as a portal of entry 
[7,25,62,65,127,150]; it is thought that induction of systemic responses after oral 
delivery may rely on cellular binding activity [41], and particularly may be related to 
the ability of certain types of antigen to bind glycolipids or glycoproteins on intestinal 
mucosa [41]. Papillomavirus VLPs are able to bind to a variety of cell types [94], and 
this ability may be relevant to VLP activation of immune responses in gut mucosal 
tissues [50]. As with live viral or bacterial pathogens, VLPs may be delivered directly 
to professional antigen presenting cells by M ceils underlying the PP epithelium. 
VLPs of other viral pathogens (e.g., Rotavirus, Norwalk Virus) have also demon- 
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strated an ability to elicit mucosal responses in mice following oral administration 
[10,106]. 

Oral immunization generally is less efficient than parenteral vaccination in the 
induction of protective immune responses. For example, oral administration of 
HPV-11 VLPs without adjuvant was found to elicit relatively low titers of antigen- 
specific antibodies in serum that nevertheless demonstrated potent neutralizing 
activity [118]. Subsequently, if was found that co-administration of VLPs with a 
potent mucosal adjuvant (e.g., LT(R192G) or CpG DNA) can boost VLP oral 
immunogenicity to potentially useful levels [50]. In that study, VLPs of HPV-16 or 
HPV-18 were co-administered orally with or without E. coli LT(R192G) or CpG 
DNA. Adjuvant use was associated with the induction of high titer anti-VLP 
responses in serum and genital mucosal secretions. Use of LT(R192G) was also 
associated with the induction of Thl/Th2 antibody isotypes (i.e., IgG1 and IgG2a), 
whereas animals immunized with CpG DNA had a more Thl-like response [50]. 

Edible vaccines 

Expression of antigens in transgenic plants is an attractive alternative to the use of 
traditional methods of vaccine production and delivery. Vaccines grown locally are 
economically attractive, and could facilitate the implementation of mass immuniza- 
tion programs. 

Mammalian genes generally do not express well in plants as codon usage differs 
significantly between mammalian and plant systems. In addition, mammalian genes 
often contain regulatory sequences that can inhibit gene expression (e.g., RNA 
inhibitory sequences). The effects of altered codon usage [80,151] and RNA inhibit- 
ory elements [39] in the regulation of papillomavirus late gene expression have been 
described recently. 

Hepatitis B Virus surface antigen (HbsAg) [73] and E. coli heat-labile entero- 
toxin B (LT-B) [84] have been expressed in potato, and immunogenicity has been 
established in mice. Norwalk Virus capsid has also been expressed in potato and 
found to be immunogenic in mice [83]. This material has also been found to be safe, 
well-tolerated and immunogenic in humans [134]. Papillomavirus L1 sequences have 
been synthesized for optimization of expression in plant-based systems [80] [147]. 
HPV capsids can assemble in potato, and transgenic potato expressing HPV-11 L1 
has been found to be immunogenic in mice [147]. These encouraging results support 
the concept of edible vaccines for HPV immunoprophylaxis. 

Immunization therapy 

Prophylactic vaccination may well prove to be efficacious in preventing anogenital 
HPV infection; nevertheless, the incidence of anogenital HPV disease may remain 
high for some extended period of time due to difficulties inherent in the imple- 
mentation of strategies for mass immunization, particularly in resource-poor 
regions. Thus, the need for better methods of treatment of established disease is 
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Table 1 

Human autogenous vaccine studies (adapted from Abcarian and Sharon [3] 

Author(s) Cured/Total Success rate (%) 

Biberstein (1944) [12] 

Powell et al. (1970) [111] 

Nel and Fourie (1973) [104] 

Ablin and Curtis (1974) [5] 
Abcarian and Sharon (1982) [3] 

48/56 86 

23/24 96 

8/10 80 
1/1 100 

190/200 95 

likely to continue in the foreseeable future. The concept of "immunization therapy" 
as a therapeutic modality for established disease was first described by Biberstein, 
who demonstrated a therapeutic effect by vaccinating infected individuals with 
homogenates prepared from their own lesions (i.e., autogenous vaccination) [12]. 
Autogenous vaccination continued in use for therapy of recalcitrant/recurrent 
disease for approximately the next 50 years [2--4,111], but was abandoned when 
suspicions arose concerning HPV oncogenic potential. Nevertheless, numerous 
reports in the literature pre-dating the 1980s verify the successful application of this 
therapeutic modality (Table 1), and thus encourage greater efforts to elucidate 
mechanisms of viral clearance. Although results from such studies suggest that 
autogenous vaccine therapy may be efficacious, this technique is rarely used due to 
the need for relatively large amounts of infected tissue, which must be obtained from 
the patient's own lesions. Furthermore, vaccine preparation on an individual basis is 
relatively impractical. 

An interesting finding from studies of autogenous vaccination suggests the possi- 
bility that antigenic type-specificity of virions may play a role in wart resolution. For 
example, in a study of autogenous vaccination in anal wart patients, Abcarian and 
Sharon noted that 45 of the 190 total respondents to this treatment modality also had 
warts at other anatomic sites. Of these, 40 experienced complete resolution of other 
mucosal warts. However, no effect was observed on cutaneous warts, when present 
[3], suggesting the possibility that responses to autogenous vaccination may be 
restricted by genotype. 

Alternative strategies for immunotherapy 

VLPs have been shown to enter the Major Histocompatibility Complex Class I 
(MHC Class I) antigen processing pathway in a phenomenon known as "cross- 
presentation" [9]. Thus, they can deliver foreign peptides into the class I pathway for 
induction of cytotoxic T lymphocyte (CTL) responses. Muller et al. have shown, for 
example, that regions of HPV-16 E7 can be fused with c-terminally truncated L1 to 
form chimeric VLPs (CVLPs), which can be used to elicit E7-specific CTL responses 
[64,95,120]. E7 is an attractive target for immunotherapy because it continues to be 
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expressed in malignant disease, and thus can function as a tumor antigen. In 
immunization studies, L1/E7 CVLPs were found to activate CTLs in vitro, to inhibit 
the growth of E7-expressing tumors in mice, and to induce HLA-restricted T cells in 
humans following vaccination in vitro [64,95,120]. 

An alternative CVLP has been described in which nonfused L1 is co-expressed 
with a fusion protein consisting of the L2 minor capsid protein fused with an antigen 
of interest. Thus, L1/L2-E7 CVLPs have been generated and evaluated for the ability 
to elicit E7-specific responses [54]. Mice immunized with HPV-16 L1/L2-E7 CVLPs 
were protected from challenge with a tumor cell line expressing E7. This effect was 
observed in MHC class II knockout mice, but not in ~i2-microglobulin or perforin 
knockout mice, suggesting that this immunotherapeutic strategy was successful for 
the induction of E7-specific MHC Class 1-restricted CTL [54]. TA-HPV (therapeutic 
antigen-human papillomavirus) is a vaccinia virus-based immunogen for potential 
treatment of cervical epithelial malignancy, and is potentially capable of eliciting 
cytotoxic T lymphocyte (CTL) responses against the E6 and E7 proteins of HPV 
types 16 and 18. It has been shown to be immunogenic in mice, and to induce HPV-16 
E7-specific CTL [23]. It has also been evaluated in patients with late-stage cervical 
cancer [21]. In that study, three of eight patients that received immunization with 
TA-HPV developed HPV-specific antibody responses, and one of three evaluable 
patients demonstrated evidence of HPV-specific CTL activity [21]. Evaluations of 
this immunogen in a prime/boost strategy involving recombinant L2/E7 fusion 
proteins have been initiated [72]. 

E6 and E7 proteins are also attractive targets for immunotherapy of anogenital 
warts. A novel approach to immunotherapy of genital warts (TA-GW, therapeutic 
antigen-genital warts), consisting of an HPV-6 L2-E7 fusion protein, has been 
evaluated in humans and found to be safe, well tolerated and immunogenic, to 
induce antigen-specific serum IgG responses [79,135]. In that study, antigen-specific 
lymphoproliferative responses were also detected, suggesting the utility of this 
approach for generating E7-specific cellular responses. 

A vaccine comprising the HPV16 L2, E6 and E7 as a single fusion protein 
(TA-CIN, therapeutic antigen-cervical intraepithelial neoplasia), has been evaluated 
in mice and found to elicit antigen-specific CTL, T-helper cells and antibodies [138]. 
Responses were also found to prevent the outgrowth of an HPV-16 tumor cell line. 

The ability of HPV-16 E7-specific CTL to inhibit the outgrowth of tumor cell 
lines expressing this protein in mice [54,120] supports the potential feasibility of 
using this strategy to induce and/or enhance cellular immune responses in individuals 
with persistent disease. However, evidence of disease persistence in individuals with 
detectable E7-specific CTL responses suggests the possibility that alternative CTL 
specificities may be required for eradication of established disease [102]. 

Conclusions 

Recognition of the essential role played by certain human papillomaviruses in the 
pathogenesis of cervical cancer and other epithelial malignancies has stimulated 
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efforts to develop vaccines capable of preventing such diseases. I f  this becomes 
possible, new strategies will be needed to facilitate mass immunizations. Also 
remaining is an urgent need for additional information concerning the nature of 
effective immune responses to infection, to guide the development of improved 
therapies for established disease. 
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Summary What we need to learn 

D e n n i s  J. M c C a n c e  
Department of Microbiology & Immunology and the Cancer Center, University of Rochester, 601 Elmwood 
Avenue, Rochester, New York 14642, USA 

Human papillomaviruses cause a variety of important epithelial lesions, which at the 
most severe end of the spectrum lead to life threatening malignant disease. A 
number of large epidemiological studies over the last decade leave no doubt that the 
viruses are the causative agent of the various pre-malignant and malignant diseases 
[1]. However, while infection with certain HPV viruses is essential for premalignant 
disease, other cellular changes are required for subsequent malignant disease. We 
know very little of these cellular events and how they determine the fate of the 
infected cell. Unlike rodent cells, human cells require a number of cellular changes 
before they exhibit a transformed phenotype. In the case of an experimental model 
using primary human fibroblasts, kidney or breast epithelial cells, it was shown [2,3] 
that successful transformation in culture and tumorigenicity in animals required the 
early region of SV40, both small and large T, plus an oncogenic ras (H-ras)  and the 
catalytic subunit of the human telomerase gene (hTERT). Therefore, a number of 
events have to come together for transformation of human cells. The E6 and E7 
genes of oncogenic HPV types have combined functions, which are similar, but not 
identical, to that of SV40 large T. The E6 and E7 proteins from oncogenic viruses 
efficiently immortalize primary human keratinocytes, which is probably an important 
function for eventual malignant disease, although these cells are not transformed 
and are not tumorigenic [4,5]. However, the various functions of each of these viral 
proteins required for immortalization are not clear. Surprisingly perhaps, the 
binding of E7 to Rb does not appear to be required for immortalization, although it 
may be necessary for disease in vivo. The fact that mutated ras is an important player 
in transformation of human fibroblasts, kidney and breast epithelial cells and that E7 
can cooperate with activated ras to transform rodent cells, suggests that the 
modulation of the Ras/Raf pathway in keratinocytes may be one of the cellular 
pathways that need to be corrupted for malignant disease to progress. Therefore, we 
need to know the functions of E6 and E7 that are required along with the 
combination of cellular changes, to produce a malignant phenotype. In addition, 
some functions of E4 and E5 [6-8] are consistent with a role in stimulating cell 
proliferation and their role in HPV pathogenesis needs to be delineated. 

An important aspect of HPV biology is that some viral types cause benign disease, 
while others are associated with malignant disease. However, from the point of view 
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of the virus, they all have to achieve the same goal. All papillomaviruses have to 
stimulate a differentiating keratinocyte into S-phase so that there are sufficient 
supplies of the replicative machinery for viral DNA replication. Therefore, one 
would have thought that common pathways would be used by both groups of viruses. 
However, almost all of the biological properties exhibited by the high-risk viruses in 
tissue culture are not found with low-risk types. For instance, HPV 16 can immortal- 
ize human keratinocytes, inhibit terminal differentiation of keratinocytes, transform 
primary rodent fibroblasts in combination with an activated ras, and bypass cell cycle 
arrest signals induced by DNA damage, serum deprivation, TGF-[~, and over 
expression of c-Raf. HPV-6 does not exhibit any of these properties. So there is little 
biological read out from the benign viruses, leading to the obvious question of how 
they stimulate G1 to S-phase progression and subsequently replicate. 

One interesting biological similarity between the high and the low risk viruses is 
that both groups of viruses can maintain episomal viral DNA replication in cycling 
human keratinocytes [6,9]. Long-term replication of the low risk types is curtailed 
because these viruses cannot immortalize keratinocytes and so the cells senesce. 
However, during differentiation of the keratinocytes viral DNA amplification was 
observed for both the high and low types. Therefore, these in vitro assays recapitulate 
the situation in the epithelium and the benign viruses were able to amplify their 
genomes in arrested cells. Using proteomics, it may be possible to determine the 
proteins that are regulated by HPV genes during replication in keratinocytes by the 
two types of virus to determine common modes of action. This may bode well for 
antiviral research since the E1 and E2 of the high and low risk types can be 
substituted for each other in replication assays. 

While anti-viral research has not been that productive, other ways of tackling the 
disease by preventing the infection by vaccination have been gaining prominence in 
the last few years [10]. At present it is unclear what constitutes an effective immune 
response against HPV, although in regressing warts a lymphocytic infiltrate is 
observed and cytotoxic T-cells are thought to play a role. An important finding in 
animal studies was the fact that protective antibody responses are directed against 
conformational epitopes on the viral capsid and that the L1 protein when expressed 
in yeast or insect cells can fold in a manner similar to the viral capsid and be 
recognized by naturally acquired antibodies. Therefore, antibodies may be important 
in protection against infection. These L1 capsids are called viral like particles (VLPs) 
and Phase I trials have been carried out in an initial attempt to use VLPs as vaccine 
against HPV infection or disease. Since antibody responses appear to be type specific 
it will be necessary to vaccine with multiple types. However, some evidence suggests 
that T-cell responses may be more cross-reactive. These findings are preliminary and 
Phase III trials are now in progress in large numbers of individuals to determine if the 
vaccines protect against infection and disease. There is a strategic difference between 
infection and disease, since protection against the latter does not necessarily mean 
protection against infection. Future trials aimed at determining protection against 
disease will take a number of years (five at least) and many volunteers to determine 
how protective the vaccine will be. 
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The activities of HPV proteins, especially E6 and E7, have helped us to under- 
stand more about the cell and the pathways involved in cell cycle progression and 
protein degradation. Future research will no doubt increase this knowledge and 
possibly identify new targets for either anti-virals or anti-cancer agents or both. 
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