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Role of papillomaviruses

F Chang

Introduction
Papillomaviruses are a heterogeneous group of
DNA viruses which occur predominantly in
squamous epithelium, causing hyperplastic,
papillomatous, and verrucous squamous epi-
thelial lesions in man and in a wide range of
animals. Human papillomavirus (HPV) infec-
tion has been reported in several body sites,
such as anogenital tract, urethra, skin, larynx,
tracheobronchial mucosa, nasal cavity and
paranasal sinus, mouth, and oesophagus.'3

Strong evidence over the past few years has
implicated an aetiological role for HPV infec-
tion in the development of intraepithelial neo-
plasia and squamous cell carcinoma, particu-
larly in the lower genital tract and in the larynx,
and epidermodysplasia verruciformis. 13 This
evidence has come from different sources, such
as animal experiments, epidemiological
surveys, clinical observations and molecular
biological studies. The purpose of this paper is
to summarise briefly this evidence.
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General properties of papillomaviruses
TAXONOMY

Papillomaviruses are small, double-stranded
DNA viruses. Because of superficial simi-
larities in electron microscopical appearance
and biological properties, they were originally
classified as members of the papovavirus
family, along with mouse polyomavirus, simian
vacuolating virus 40 (SV40), and the human
BK and JC viruses.' Recent molecular and
genetic studies, however, have shown that this
taxonomic association is incorrect. Compared
with the SV40 polyomavirus group, papillo-
maviruses (genus A) have large DNA genomes
(7 9 kilobase pairs v 5 2) and a large virion
capsid diameter (55 nm v 44 nm). Most im-
portantly, the genomes of the two groups of
viruses have virtually no similarity in DNA
sequences, their genetic organisation of open
reading frames (ORFs), and in their patterns of
RNA synthesis and processing.78 Further-
more, unlike the other papovaviruses, none of
the papillomaviruses has ever been propagated
in tissue culture.8 These viruses should,
therefore, be considered a distinct and unique
family.

CLASSIFICATION

Papillomaviruses are classified according to
host, range, and relatedness of nucleic acids.
Serology plays no part in the taxonomy of these
viruses because many types replicate so poorly
that there is not enough antigen for immunisa-
tion or detection.69 10

Each virus is named first according to its
natural host, such as cottontail rabbit (Shope)
papillomavirus (CRPV or Shope virus), bovine
papillomavirus (BPV), deer papillomavirus
(DPV), human papillomavirus (HPV), etc. The
papillomaviruses isolated from the same
species are subclassified into types according to
nucleotide sequence homology. Any new
isolate which exhibits less than 50°0 homology
(by solution hybridisation) with existing mem-
bers is designated as a new type and numbered
in order of discovery. If the homology is higher
than 50° , they are regarded as subtypes. If the
homology is close to 100%, with only a few
nucleotide differences, they are regarded as
variants of the same viral type.6910 HPVs
comprise the largest group; so far 60 types have
been identified" and this number is likely to
increase.

VIRION STRUCTURE
Papillomavirus particles. whether isolated
from infected rabbits, cattle, deer or man, are
quite similar in overall appearance. The virions
consist of a central core of DNA, enclosed
within an outer capsid of viral protein. The
viral capsid is composed of 72 subunits (cap-
someres), which are arranged in a symmetrical
icosahedral pattern that gives the individual
virion an almost spherical shape on electron
microscopical examination.6 10 The mature par-
ticles do not have an outer membrane envelope.
This fact may account for the low antigenicity
of papillomavirus infections.

Biochemical analysis of the viral capsid has
shown two different families of structural
protein: a major protein (molecular weight,
54000 daltons) and a minor protein (molecular
weight, 76000 daltons).'2 Denatured major cap-
sid proteins of all animals and human
papillomaviruses are highly crossreactive and
serve as genus specific antigens.'2 In contrast,
the minor capsid proteins seem to be highly
type specific and might one day provide a
suitable target for immunocytochemical typing
ofHPV infections.'0

DNA ORGANISATION
All papillomaviruses have a closed circular,
double-stranded DNA genome with a
nucleotide length of about 7 9 kilobase pairs
and a molecular weight of about 5-2 x 106 dal-
tons.'0o '15 The viral DNA is combined with
histones (derived from the cellular pool of the
natural host) and condensed into
nucleosomes. 16 All of the viral genetic informa-
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tion is located on one of the paired DNA
genomes. When the nuclear proteins are strip-
ped away, the viral DNA assumes a super-
coiled shape (form I). Cleavage of only one
DNA strand by restriction endonucleases
results in a relaxed circle (form II), while
cleavage of both strands at a single site
produces a linear molecule (form III). These
forms of viral DNA are detectable at electro-
phoresis because of their different mobility in
electrophoretic gels.78
The papillomavirus genomes are function-

ally divided into two long domains, each con-
taining a series of ORFs that code for viral
proteins."718 The E (early) region represents
about 4500 of the viral genome and contains
eight ORFs that code for the proteins
associated with genome replication and con-
trol. The L (late) region comprises about 40%
large ORFs coding for the structural proteins
of the virus capsid. Between the 5' end of the
early region and the 3' end of the late region
there is a DNA segment representing 15°/p of
the viral genome, with no coding capacity
containing some of the viral regulatory
elements. This region is known by different
names, such as long control region (LCR), non-
coding region (NCR), or upstream regulatory
region (URR).8 19
The biological function of most ORFs has

already been identified (table). The best
characterised virus is BPV 1, and it has been
used as a reference for other papillomaviruses.20
During the past few years it has been retog-
nised that E6-E7 ORFs code for the major
transforming proteins. Many tumour biopsy
specimens analysed and all HPV positive cell
lines studied to date show transcripts of the E6-
E7 ORFs.2122 Furthermore, the same ORFs
are required for transformation of rodent cells
and for the "immortalisation" of human
keratinocytes.23 24

Role of papillomaviruses in squamous
cell carcinogenesis
A vast amount of circumstantial evidence has
been provided over the past few years, impli-
cating an aetiological role for papillomavirus
infections in the development of intraepithelial
neoplasia and squamous cell carcinoma.

ANIMAL MODELS
The cottontail rabbit papillomavirus (CRPV),
or Shope virus, represents a very well defined
experimental system for carcinogenesis in-
duced by papillomavirus.25 This virus causes

Papillomavirus genefunctions

Gene Function Virus

El Viral DNA replication functions (BPV 1)
E2 Transcriptional regulatory functions; DNA binding protein (BPV 1 and HPV 16)
E3 Not yet assigned
E4 Cytoplasmic protein that may have a role in viral maturation (HPV 1)
E5 Cellular transformation, plasmid copy number control (BPV 1)
E6 Cellular transformation, plasmid copy number control (BPV 1)
E7 Transcriptional transactivator and cellular immortalisation (HPV 16)
E8 Possible role in viral DNA replication (BPV 1)
Li Major capsid protein (BPV 1)
L2 Minor capsid protein (BPV 1)

cutaneous papillomas in its natural host, the
cottontail rabbit. Experimental infection in
these animals, even with the purifiedDNA, can
induce cutaneous warts with high copies of
viral particles.26 Whether or not they are
naturally or experimentally induced, the
cottontail rabbit papillomas show malignant
conversion in about 25% ofthe animals. CRPV
can also experimentally induce cutaneous
squamous cell papillomas in domestic rabbits.
The malignant transformation of these
tumours is about three times higher than in the
natural host.27 The repeated application of
methycholanthrene or tar to papillomas in-
duced by CRPV results in malignant transfor-
mation more frequently and earlier.2829
Another animal model for induced carcino-

genesis is the bovine alimentary tract papilloma
carcinoma sequence in the highland areas of
Scotland."33 In cattle bovine papillomavirus
type 4 (BPV 4) causes papillomas ofthe alimen-
tary canal,32 which can undergo malignant
transformation in animals feeding on bracken
fern. These animals are immunosuppressed
and are often also affected by adenocarcinomas
of the lower bowel and by carcinomas and
haemangiosarcomas of the bladder. In the
Scottish Western Highlands the annual in-
cidence of bovine alimentary carcinomas has
been estimated at 2-5 %. Necropsy studies
show that 96% of the animals with cancer also
have benign papillomas in the alimentary tract,
and 40% of them have more than 15 papil-
lomas.30 In some instances the progression
from papilloma to carcinoma has been histo-
logically identified.303' Ingestion of bracken
fern has proved a critical factor in the malig-
nant conversion of the papillomas. It is known
that the bracken fern contains carcinogenic
agents, such as quercetin, and immunosup-
pressants, such as azathioprine.3334 Persistent,
widespread papillomatosis and cancers of
bovine alimentary tracts have been experimen-
tally reproduced with BPV 4 infection in
animals, either kept on a diet of bracken or
immunosuppressed with azathioprine. BPV 4
DNA was found in the papillomas of the
alimentary canal, either naturally or ex-
perimentally induced. Like naturally occurring
cancers, however, no viral DNA or viral
antigens were detected in the experimental
alimentary cancers, indicating that the viral
genomes are not required for the maintenance
of the malignant state.3' 33

HPV infections of the upper digestive and
respiratory tracts in man have also been establi-
shed from morphological studies showing
lesions suggestive of HPV, immunohisto-
chemical studies showing HPV antigens, and
nucleic acid hybridisation studies disclosing
the presence ofHPVDNA sequences in benign
and malignant lesions.3"39 These data suggest
that HPV might also have a role in the
squamous cell carcinogenesis of the upper
digestive tract in man.

CELL TRANSFORMATION IN VITRO
Some papillomaviruses can transform cells in
vitro.' One of the best characterised transfor-
mation assay is that for BPV 1.41 This virus can
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morphologically transform mouse cells, such
as C127 or HIH 3T3. The morphologically
altered cells display many of the characteristics
of transformation, including increased satura-
tion density, serum-independent growth,
anchorage-independent growth, and tumori-
genicity in nude mice.42 This system has served
as a model for the study of the molecular
biology and gene functions of papilloma-
viruses.
Some HPVs, such as HPV 1, 5, 16 and 18, are

also capable oftransforming rat (3Y 1) or mouse
cells (C127 and HIH 3T3).435 E6-E7 seem to
be the principal transforming genes in
HPV.2324 The expression of these ORFs is
consistently observed in transformed in vitro
cells, in cell lines derived from cervical carcin-

21 22
omas, and in cervical carcinomas.
To find a host cell close to those of the

natural host, human keratinocytes derived
from neonatal foreskin have recently been used
as the target of transfection experiments with
HPV 16.464 These experiments confirmed the
observations made in murine fibroblasts that
HPV 16 can induce immortalisation of the
keratinocytes. These cells acquire an unlimited
life span, express virus specific proteins, and
quickly become aneuploid. The immortalised
cells, however, are not tumorigenic in nude
mice, indicating that other cellular events are
obviously necessary for the attainment of a
fully transformed phenotype. 4

HPV IN BENIGN AND MALIGNANT HUMAN
SQUAMOUS CELL TUMOURS
Human papillomaviruses cause warts in the
skin and condylomas/papillomas in many body
sites of the mucosal membrane. It is now well
known that such lesions are frequently (50-
80%) associated with cervical intraepithelial
neoplasia (CIN), carcinoma in situ (CIS), and
frankly invasive squamous cell carcinomas,
even on light microscopy.4"53 Histologically
documented clinical progression has been
reported for genital HPV infections in prospec-
tive follow up studies.516 Viral structural
protein expression has been shown by im-
munohistochemical techniques in a high per-
centage of precancerous lesions.3 Nucleic acid
hybridisation assays show that specimens from
precancerous and cancerous lesions of the
cervix, vulva, penis, and the perianal region
regularly indicate the presence of HPV DNA:
up to 80% of all cervical dysplasias (CIN) and
88% of all squamous cell carcinomas of the
cervix contain HPV DNA sequences.357 In
addition to the demonstration ofHPV DNA in
primary cervical tumours, HPV DNA has also
been found in metastatic lymph node lesions in
patients with cervical cancer showing HPV.5859
Cell lines derived from cervical cancers HeLa,
CaSki, and SiHa cells) have likewise been
shown to contain and express HPV DNA.'

EPIDEMIOLOGY OF HPV INFECTIONS IN THE
GENITAL TRACT
Cervical cancer has long been regarded as a
sexually transmitted disease.6' Epidemiological

surveys have shown that the increased develop-
ment of cervical carcinoma is associated with (i)
early age at first coitus; (ii) multiple sexual
partners; (iii) poor sexual hygiene; (iv) poverty;
(v) use of tobacco; (vi) use of oral contracep-
tives; (vii) ,B carotene deficiency; (viii) im-
munosuppression; (ix) geographical carcino-
genic factors; and (x) genetic background.3 62 63
Some of these data clearly indicate the role of
an infectious, venereally transmitted agent or
agents in cervical carcinogenesis. This hypoth-
esis is further supported by the epidemiological
data which report the association between HPV
and carcinoma of the penis and carcinoma of
the cervix.64

Studies investigating the likelihood of a
sexually transmitted agent being responsible
for the development of cervical cancer have
been conducted for many years. Herpes sim-
plex virus (HSV) was previously suspected as
this infectious oncogenic agent. Two decades
of research, however, have failed to provide
evidence that convincingly relates HSV to
cervical cancer. Recently HPV has become the
agent most intensely studied and considered in
the aetiology ofcervical carcinoma and possibly
other human cancers.'3 52 The epidemiological
data corroborate the association: firstly, HPV
infection in the uterine cervix is a sexually
transmitted disease found in sexually active
women;3 19 secondly, women with cervical HPV
infections had the same risk factors as women
with CIN or invasive cervical carcinoma.3 64

NATURAL HISTORY OF CERVICAL HPV LESIONS
The natural history of classic CIN has been
well characterised in a series of carefully con-
ducted follow up studies.65 CIN lesions may
persist for a varying period of time, undergo
regression, or develop into more severe forms
of CIN into CIS, and eventually into an
invasive carcinoma.6566 Extensive follow up
studies on the natural history of HPV infec-
tions have increasingly been carried out. The
follow up data available so far suggest that their
natural history is similar to that of classic CIN
lesions52 545667 The only substantial difference
between these two entities is that HPV infec-
tions occur in women more than 10 years
younger than those presenting with classic
CIN. This suggests that HPV infections
accelerate the development of CIN in affected
women.3 Recently, Syrjanen et al reported one
documented case of HPV 16 and 18 infections
in the cervix, which progressed from CIN I to
invasive squamous carcinoma in less than three
years.55

HPV TYPES AND THEIR PHYSICAL STATES
IN GENITAL LESIONS

Shortly after the recognition of heterogen-
eous HPV types, it became clear that certain
HPV types were more closely associated with
specific lesions than others."76 At present 22
distinct HPV genotypes have been shown in
infections of anogenital tract-for example,
HPV 6, 11, 16, 18,31,33, 34, 35,39,40,42,43,
44, 45, 50, and 51-59." HPV 6, 11, and 42 are
regularly found in genital warts (condyloma
acuminata); HPV 16, 18, 33, and several others
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are most frequently found in cervical dysplasias
(CIN), CIS, and invasive carcinomas." 7'
HPV 16 seems to be by far the most prevalent
genotype, being found in more than 50% of
these lesions. HPVs in the anogenital tract have
been classified as low risk types (HPV 6, 11,
42), high risk types being HPV 16, 18, 31, 33.
Of the 60 recognised HPV types, most were

isolated from cutaneous warts of patients with
epidermodysplasia verruciformis.'l It is known
that skin lesions associated with HPV 5, 8, and
perhaps HPV 14 tend to become malignant.8"2
Other human cancers have also been variably
associated with specific HPVs: HPV 2, 6, 7, 1 1,
13, 16, 18, 30, 32 have been shown in squamous
cell tumours of the upper respiratory tract, in
which HPV 1 1, 16, 18, and 30 have been found
in frankly invasive carcinomas.3739

Studies suggest that the physical states of
viral DNA in benign and malignant lesions are
different. Viral DNA is always present in
episomal form and in multiple copies in benign
lesions. In carcinomas, however, the viral
DNA is almost always integrated in the host
genomes.708' Cell lines from human cervical
carcinomas also contain integrated viral DNA,
either HPV 16 or HPV 18.6' Although no
specific integration sites have yet been shown
in the host cell DNA, the opening of the viral
circular molecule shows a remarkable
specificity during the process of integration. It
usually occurs within the 3' end ofthe El or the
5' end of the E2 ORFs, resulting in the
disruption of the genome from the E2 to L2, or

L1 ORF, in such a way that the E2 transac-
tivator gene is no longer functional.'8 22 8"6 The
importance of this integration pattern is not yet
well understood, but integration of viral DNA
in premalignant lesions suggests that it has an

initiating role and results in the loss of viral
self-regulation, with the transforming gene
coming under the control of cellular genes.86

IMMUNOLOGICAL DEFENCE MECHANISMS OF

THE HOST
Data on both animal experiments and in man
clearly indicate that immunological responses

have a role in the course of papillomavirus
infections and are thought to be responsible for
spontaneous regression of warts in experimen-
tal animals and human beings.8788

It is well documented that skin warts in
immunocompetent subjects frequently regress

spontaneously, whereas immunosuppression
either inherited (epidermodysplasia verruci-
formis) or acquired (AIDS, transplant
recipients) leads to the increase in the incidence
and persistence of skin and genital
papillomavirus infections.89 Experimental
studies show that both humoral and cell
mediated mechanisms are involved in the per-
sistence and regression of squamous tumours
induced by papilloma viruses.87 " Recent
studies on BPV 4 infections in the bovine
alimentary tract suggest that immunosuppres-
sion is a very important factor in associated
carcinogenesis.3l3
Although the association ofpapillomaviruses

with malignant tumours has become more and
more clear, HPV infection alone is unlikely to

induce a carcinoma in an immunocompetent
host. Synergistic effects between HPV in-
fections and other initiating events seem to be
necessary.

Synergistic actions between
papillomaviruses and other carcinogenic
factors
The natural lesions induced by papilloma-
viruses are usually benign, but a wealth of
experimental information points to a role for
specific types ofpapillomavirus infection in the
development of cancer. The malignant conver-

sion ofbenign lesions caused by papillomavirus
requires the synergistic action of physical or

chemical carcinogens, or viruses with initiator-
like properties. These can be summarised as

follows:

METHYLCHOLANTHRENE OR TAR IN DOMESTIC

RABBITS
Cutaneous tumours induced by CRPV occur as

a spontaneous enzootic disease of wild cotton-

tail rabbits in certain parts of the USA." CRPV
can also experimentally induce cutaneous

squamous cell papillomas in domestic rabbits.
Infection with CRPV leads to the development
of typical squamous cell papillomas which
persist in more than 9000 of the animals and
show malignant transformation in 7500 of the
tumours within an average lag time of nine
months.27 The synergistic actions between
CRPV and other carcinogens were firstly
studied in 1944 by Rous and Friedewald.'8
According to their observations, repeated
application of methylcholanthrene or tar to the
CRPV papillomas caused these tumours to
undergo malignant transformation more

rapidly and at multiple sites. Repeated tarring
in itself rarely led to carcinomas, but sub-
sequent intravenous inoculation with CRPV
produced squamous cell carcinomas in a high
percentage of animals. These results clearly
indicate that chemical carcinogens and CRPV
have a synergisitic role in squamous cell
carcinogenesis in rabbits.

PAPILLOMAS OF THE ALIMENTARY TRACT IN
CATTLE EATING BRACKEN FERN
To analyse the interactions between BPV 4 and
bracken fern, an experiment was designed by
Jarrett (1987)" and Campo (1987)" to
reproduce the natural conditions that led to
florid papillomatosis, immunosuppression,
and cancer in animals eating bracken. Calves,
taken at birth from their mothers without
papillomaviruses, were divided into groups and
treated with BPV-4, bracken, azathioprine or

quercetin, either alone or in combination.
Azathioprine is an immunosuppressant and
quercetin is one of the flavonoids present in
bracken that is thought to be carcinogenic.34

All the animals treated with a bracken diet or
azathioprine were immunosuppressed. Those
injected in the palate with BPV-4 developed
papillomas at the site of injection, but in the
immunocompromised animals the papillomas
spread throughout the palate and the mouth
and persisted throughout the life span of
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immunocompetent animals. This is precisely
what happens in the field; animals eating
bracken are afffected by persistent, widespread
oral papillomatosis. One of the animals treated
with BPV 4 and bracken fern developed carcin-
omas of the upper alimentary tract and aden-
omas and adenocarcinomas of the lower bowel.
The presence ofBPV 4 DNA was shown in the
induced papillomas, but no viral DNA was
found in the cancers of the digestive tract.33
These results suggest that (a) BPV 4 initiates
one of the early events in cell transformation,
and that its genetic information is not required
for malignant progression; (b) immunosup-
pression permits the spread and the persistence
of papillomas; and (c) bracken would supply
other carcinogens, leading to full cell transfor-
mation and progression.

IRRADIATION TREATMENT
Malignant conversion of squamous papilloma
of the larynx has been reported, although it is
uncommon.' 359 A review of the case reports
show that malignant neoplasms are more likely
to occur in cases of severe papillomatosis of
long duration with lesions spread throughout
the respiratory tract. Malignant conversion,
therefore, seems to be more common in cases of
disease of juvenile onset, but it has also been
reported in cases ofadult onset disease.91-94 The
malignant transformation has been associated
with irradiation, and the risk of this treatment
have been generally accepted.95 Majoros et al
reported that 1400 ofcases receiving irradiation
exhibited malignant transformation. Radio-
therapeutic management of these lesions is
therefore no longer appropriate. Some authors
now report malignant changes, even in the
absence of irradiation.9"98 There may be an
association between smoking and conversion to
squamous carcinoma,99 although there are
reports of malignant degeneration in subjects
who do not smoke.98 In laryngeal papil-
lomatosis, therefore, physical as well as
chemical factors influence the transition of
papillomas to a malignant state.

EPIDERMODYSPLASIA VERRUCIFORMIS (EV) AND
SUNLIGHT
EV is a rare, lifelong disease characterised by
disseminated skin warts, which resemble flat
warts in children, or appear as reddish plaques
or pityriasis versicolor-like lesions.8' 82 100 The
disease usually arises in young patients with
congenital defects of cell mediated immunity.
In about one third of the patients with EV
multiple bowenoid or squamous cell carcin-
omas develop later in life.81 82 101 These lesions
are associated with a variety of papillomavirus
types. So far, more than 20 different types of
HPV have been isolated from lesions of such
patients: HPV 5, 8 and rarely 14 are frequently
found in the malignant lesions." 102
Malignant growth preferentially arises from

pityriasis-like warts mainly at sites exposed to
sun.'0 103 Ultraviolet light, therefore, seems to
represent a cofactor which might act synergis-
tically with the papillomavirus infections.' It
has been suggested that up to 30% of Caucasian
patients with EV may develop malignant skin

lesions;"'0 103 in Africans the disease shows a
more benign course and cancer does not
occur,'04 suggesting that pigmented skin offers
a protective function.

SYNERGISTIC MECHANISMS IN ANOGENITAL
CARCINOGENESIS
Substantial evidence also emphasises the role
of smoking in the aetiology of cancer of the
cervix. Most studies indicate a moderately
increased risk in heavy smokers.'09'07 Major
constituents of tobacco inhalants, such as
nicotine and cotinine, seem to be concentrated
in the vaginal fluid.'08 These chemical factors
and mutagenic metabolites may act synergis-
tically with HPV infections, leading to the
development of anogenital cancer.78 It has also
been suggested recently that herpes simplex
virus might represent a cofactor in the develop-
ment of this malignancy.'" The association of
HSV with cervical cancer has been discussed
for many years. Experimental data suggest that
HSV may act as an initiator and HPV as a
promotor in cervical carcinogenesis.7879 Some
support for the hypothesis was provided by
recent observations that these two viral infec-
tions may coexist in the genital tract in some
100, of patients.3 52110
DNA amplification may have a role in the

tumour initiation process induced by chemical
and physical carcinogens."111'"3 Like carcino-
gens, DNA damaging viruses, such as the
herpes group viruses, vaccinia virus, and
adenovirus, can induce amplification of viral
DNA sequences in a number of cell lines
containing SV40, polyoma virus, lymphotropic
papovavirus, and hepatitis B virus.'4115 Recent
experiments have shown that treatment
with N-methyl-N'-nitro-N-nitrosoquanine
(MNNG), ultraviolet irradiation, or infection
with HSV induce amplification of integrated as
well as episomal sequences of BPV DNA in
transformed mouse cells."6 The induction of
amplification of papillomavirus DNA by
initiating agents may lead to an increase in the
target cell pool of cells carrying HPV and
therefore may increase the risk of malignant
transformation. It possibly represents one of
the mechanisms by which the synergism be-
tween papillomavirus infections and initiators
in carcinogenesis occurs.

Papillomavirus and host cell interactions
Although the association of papillomaviruses
with malignant tumours has become more and
more evident, the precise role of these viruses
in the development of malignant tumours has
not yet been clarified. The major difficulty in
elucidating the role of papillomaviruses in
oncogenesis has been the lack ofan appropriate
in vitro culture system which would permit the
growth of the virus and allow its transforming
properties to be analysed."7 The advances in
molecular biology and the application of
molecular biological techniques have resulted
in an impressive increase in our knowledge of
the mechanisms of viral pathogenesis and the
nature of the virus-host cell interactions.

Interactions between viruses and cells can
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generally be divided into three main groups,"8
permissive, non-permissive transformable, and
non-permissive non-transformable, depending
on the particular virus and cell involved.
Permissive infection results in the synthesis of
episomal viral DNA, RNA, and proteins and
the assembly and release of viral particles. As
different cell types are permissive for different
viruses, this leads to an apparent tropism of the
virus for particular cell types."8 The produc-
tive functions of papillomaviruses, including
vegetative viral DNA synthesis and the expres-
sion of late viral genes that encode capsid
proteins for virion assembly, are closely
associated with the programme of differentia-
tion of the squamous epithelial cells, so that
they have a specific tropism for squamous
epithelium.6"" It is only the differentiating
cells of the stratum spinosum and stratum
granulosum that permit productive viral
replication (permissive infection). This prob-
ably represents the major difficulty in estab-
lishing an in vitro cell culture system for1the
propagation of these viruses.
Non-permissive non-transformable interaction
describes cells which are not only non-permis-
sive but can also never be transformed by a
particular virus. This type of interaction may
represent the most common type-that is, a
given virus cannot infect or transform most of
the cell types in one organism."8
Infection of non-permissive cells can result in
cellular transformation. This transformation
occurs as a rare event and often seems to result
from the integration of viral DNA into the host
genomes. The integration of viral DNA may
induce the loss of viral and cellular functions
and subsequently alter the phenotype of the
cells. Non-permissive cells are often very
similar to permissive cells, but possibly lack
particular functions or the intracellular micro-
environment required by the virus."8 It is
generally believed that the cells of the basal
layer are the target for papillomavirus infec-
tion. The viruses may get direct access to basal
cells exposed in a wound or abrasion. Because
the appropriate environment is required for the
maturation of papillomaviruses, the basal cells
are the non-permissive cells for papillomavirus
maturation. During transit from the basal layer
to the surface the keratinocyte undergoes a
series of complex changes. These changes
provide the appropriate intracellular micro-
environment for productive viral replication
(permissive cells).' Morphological changes
caused by papillomavirus infection are believed
to occur through an abnormal metabolism and
proliferation of the infected cells, and are likely
to be associated with the expression of certain
viral gene products.'20
The mechanism by which papillomaviruses

induce oncogenesis is not known. Studies have
shown that (a) specific types of HPV (par-
ticularly HPV 16 and 18) are associated with
malignant tumours78 79 117 121; (b) the physical
states of papillomavirus DNA in precancerous
(episomal) and cancerous (integration) lesions
are different7083; (c) in productively infected
tissues (a wart)mRNA is transcribed from both
E and L regions, whereas only E region is

transcribed in non-productive infection ofhost
cells'; (d) the E6-E7 ORFs are specially trans-
cribed in cervical carcinomas and derived cell
lines2' 22; and (e) the same regions are required
in vitro for transformation of rodent cells and
for the immortalisation of human keratin-
ocytes.2' 24
During the past few years, evidence has been

accumulating which points not only to a direct
role for E6-E7 gene expression in the mainten-
ance of malignant phenotypes, but also to the
intracellular regulation ofHPV transcription in
normal cells which fails to function in cells
derived from malignant tumours.'22 23 These
data support the theory that failure of host cell
control of persisting viral genes promotes the
development of cancer in man.7779 124 A model
for this interaction has recently been proposed
by zur Hausen.79124 In his view the develop-
ment of malignancy requires at least three
steps: (i) uptake and persistence of viral DNA;
(ii) inactivation of the first copy of the specific
host gene coding cellular interfering factors;
and (iii) subsequent inactivation of its allelic
counterpart. Integration of viral DNA into
certain sites of the host cell genomes may
represent a fourth event. Cellular interfering
factors in normal proliferating cells regulate the
transcription of viral E gene. Inactivation of
cellular interfering factor genes probably
caused by other carcinogenic agents (synergis-
tic effects), leads to the activation of certain
viral E genes and transcription of viral transfor-
ming factors; the latter may induce the malig-
nant transformation of the infected cells. This
hypothesis offers an explanation for the basic
properties of viral oncogenesis in man, such as
the long interval between primary infection
and appearance oftumour; the small number of
infected subjects in whom cancer develops; the
synergistic effects between virus and other
cofactors, as well as the monoclonality of the
tumours. 77-79 124

Conclusion
During the past few years, numerous studies
have shown that specific types of
papillomaviruses may have an important role in
development of squamous cell carcinoma, es-
pecially in the anogenital tract, in epider-
modysplasia verruciformis, and in the larynx.
Current data suggest that squamous cell car-
cinogenesis seems to have a multifactorial
aetiology, and that papillomavirus infections
are required but not wholly responsible. The
malignant conversion of benign lesions in-
duced by papillomavirus requires the synergis-
tic actions of physical, chemical, or other virus
infections. Many details of the molecular
mechanisms, however, still remain to be clari-
fied. The major difficulty in elucidating the
role of papillomaviruses in oncogenesis has
been the lack of an appropriate in vitro culture
system. Improvement of in vitro assay should
aid the study ofthe biology ofpapillomaviruses
and their interaction with squamous cell dif-
ferentiation and transformation.
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