
It is well known that the life cycle of a cell is con-
trolled by its own genes and is strictly regulated. The
majority of cells in an organism, as well as cells cultured
in vitro, have a limited life span and their death is pro-
grammed in advance. A malignant cell differs from a
normal one mainly by its independence from this control.
Instead of passing to apoptosis, this cell continues in
uncontrolled growth leading to the formation of a tumor.
Thus the malignant cell is switched over from one genet-
ic program (apoptosis) to a principally different one that
leads to immortalization. Clear evidence for the partici-
pation of several cell genes in this process, especially
oncogenes, tumor suppressor genes, and genes regulating
the cell cycle, has been provided. However, the molecular
mechanisms of the �oncogenic� program induction in the
cell remain unknown for the majority of tumors.

The tumors induced by viruses partly resolve this
problem since they allow identification with a relatively
high probability a viral gene stimulating the process of
uncontrolled cell proliferation and following this signal
pathway in the cell.

Therefore, the role of viruses in carcinogenesis
seems to be one of the most interesting problems not

only for oncology, but also for biology in general. The
role of viruses in the origin of tumors has been estab-
lished for various tumors of mammals and birds. They
are able to induce cell transformation in vitro and
tumors in vivo. The genes whose products directly con-
trol the transformed phenotype (oncogenes) of the
infected cells or the genes whose products induce the
synthesis of other genes involved in the control of cell
proliferation have been identified within the viruses of
this group. Both viral types represent very good models
for the analysis of the changes in the biological behavior
of the cells as a result of the interaction between various
gene types.

Although, as mentioned above, viruses with onco-
genic potential have been found in many animals and
birds, humans have been an exception for a rather long
period of time, since numerous attempts to isolate a virus
from various human tumors have failed. The situation
changed in the beginning of 1980s when a few DNA- and
RNA-containing viruses thought to be related to the for-
mation of tumors according to several criteria were iso-
lated [1]. Today several viruses that are responsible for
the development of approximately 15% of all human

REVIEW

0006-2979/00/6501-0068$25.00 ©2000 ÌÀÈÊ �Íàóêà/Interperiodica�

Biochemistry (Moscow), Vol. 65, No. 1, 2000, pp. 68-77. Translated from Biokhimiya, Vol. 65, No. 1, 2000, pp. 79-91.
Original Russian Text Copyright © 2000 by Kisseljov.

Virus-Associated Human Tumors: 
Cervical Carcinomas and Papilloma Viruses

F. L. Kisseljov

Institute of Carcinogenesis, Blokhin Russian Cancer Research Center, Kashirskoe Shosse 24, Moscow, 115478 Russia; 
fax: (7-095) 323-5733; E-mail: f.kis@cityline.ru

Received September 17, 1999

Abstract�The latest experimental data on the role of viruses in the origin of human tumors are discussed. This group of
viruses consists of T-cell leukemia virus type 1 (HTLV 1), herpes viruses (HHV 8 and Epstein�Barr virus), hepatitis B virus,
and human papilloma viruses. The most typical feature of this group of viruses is a very long latent period from the initial
infection to the development of the disease that varies between 10 and 40 years. The mechanism of malignant cell conver-
sion is specific for each viral type but is mainly associated with a disruption of functions of cellular genes participating in
the control of cell division and proliferation. It can be a direct inactivation of tumor suppressor genes by their interaction
with viral gene products (papilloma viruses), or a trans-activation of cellular genes modulating cell proliferation by viral
gene products (hepatitis B virus and HTLV 1). Viruses play an initiative role and additional genetic changes in the genome
of infected cells are necessary for complete expression of the oncogenic potential of the viral genes. Only these cells will
give rise to a monoclonal cell population with uncontrolled proliferation. New approaches for the creation of vaccines
against cancers associated with hepatitis B virus and papilloma viruses (hepatocellular carcinomas and cervical tumors,
respectively) are in progress. These vaccines have been found to be effective in prevention of the disease in the experimen-
tal models and are now beginning to be used for human vaccination.

Key words: tumors, cervical cancer, transformation, mechanisms, papilloma viruses, transforming genes, oncogenes, tumor
suppressor genes



VIRUS-ASSOCIATED HUMAN TUMORS 69

BIOCHEMISTRY  (Moscow)  Vol.  65  No. 1    2000

tumors have been characterized. These viruses can be
divided into two groups. The first group of viruses with
direct action consists of papilloma viruses; these are asso-
ciated with cervical cancer and contain transforming
genes. Two other types of DNA-containing viruses are
hepatitis B, associated with hepatocellular carcinoma,
and two herpes viruses, Epstein�Barr virus, associated
with nasopharyngeal carcinoma tumors and Burkitt lym-
phomas, and herpes virus type 8, related to the Kaposi
sarcoma. The hepatitis B virus is attributed to the group
of viruses with indirect action, since its genome does not
contain any oncogene and its oncogenic potential is real-
ized through the activation of cellular genes participating
in cell proliferation. The structure of both herpes viruses
is extremely complicated and all experimental data about
the oncogenic potential of distinct regions of their
genome seem to be preliminary.

One RNA-containing retrovirus, human T-cell
leukemia virus (HTLV 1), was also found to be associat-
ed with a relatively rare type of leukemia (adult T-cell
leukemia, ATL). This virus has no oncogene as well, but
one of its genes encodes for several proteins that are
capable of activating various factors, including
cytokines stimulating cell proliferation.

A very long latent period (5-30 years and more)
seems to be a common and typical feature of all virus-
associated human tumors. This fact confirms the pro-
posal that even in tumors of viral origin several addi-
tional genetics events are necessary for the complete
manifestation of the oncogenic potential. These second-
ary genetic events are only beginning to be studied and
their mechanisms are poorly understood.

Since antiviral vaccines may be effective in the pre-
vention of virus-associated diseases, these vaccines are
thought to be effective for the prevention of some virus-
associated human tumors.

Thus, the above-mentioned data provide evidence
that human oncovirology is a rapidly developing branch
of oncology that can give an important practical effect.

It seems practically impossible to discuss all experi-
mental data in the field in one review. Thus, we decided
to focus on one model that provides the most impressive
results concerning the mechanisms of virus-induced
tumor development by viral genes and the creation of
anti-viral vaccines as well. This model is cervical cancer
and the human papilloma viruses detected in these
tumors. About 400,000 women develop this disease each
year worldwide. This cancer is one of the most frequent
after breast cancer [1].

STRUCTURE OF THE GENOME 
OF PAPILLOMA VIRUSES 

A suggestion made in the early 1970s [2] that human
papilloma viruses (HPV) could play a causative role in

cervical cancer resulted in the rapid expansion of this
branch of virology and oncology. On one hand, it led to
the appearance of strong evidence of a causal role of
HPV in this type of cancer, that was finally confirmed in
the Press Release of the World Health Organization
(WHO) of July 3, 1996. On the other hand, it favored
rapid progress in the investigation not only of this group
of viruses, but of the mechanisms of malignant cellular
transformation induced by viruses as well.

In this review we are not going to present all data
about the role of HPV in cervical cancer (the frequency
of viral DNA detection in tumors, its expression, form
of persistence, epidemiological data, see [3]), but we
would like to focus on the viral genes playing the key
role in the malignant cell transformation.

Today more than 100 HPV types have been identi-
fied [3]. These viruses are characterized by the absence of
an adequate cellular model for their reproduction.
Therefore, almost all HPV types were identified by the
isolation of viral DNA from the infected cells followed
by its cloning and sequencing. Almost all HPVs can be
divided into two large groups, those that are associated
with the skin or those with the mucosa. The most typical
signs of skin infection are benign papillomas, and pre-
cancer lesions and cancer of the cervix for mucosal
epithelia [4].

All papilloma viruses have similar structure. They
contain DNA of 8000 base pairs, which constitutes of
nine open reading frames, two of them (L1 and L2)
encoding for the structural viral proteins. Other seven
frames are attributed to so-called �early� viral genes and
control viral reproduction and the manifestation of the
pathogenic potential [5].

Among all isolated HPV only a relatively small
number is associated with various malignant tumors.
Within �skin� HPV types these are viruses detected in
epidermodysplasia verruciformis. The squamous cell
carcinomas are formed from papillomas after sun irradi-
ation during this disease [6]. HPV type 5 is most frequent
and other HPV types (8, 14, 17, 20) are occasionally
detected in malignant lesions [7]. Since there are no cel-
lular models of this disease, the mechanisms of viral gene
function remains obscure.

The most important data about the role of HPV in
human carcinogenesis were obtained on the HPV types
isolated from mucosa, mainly from cervical tumors. The
pioneering investigation of the group of Dr. H. zur
Hausen [8-11] in the middle of the 1980s provided strong
evidence that two HPV types (16 and 18) were detected
in cervical cancer, while HPV types 6 and 11 were detect-
ed in the majority of benign tumors. Subsequent screen-
ing of tumors permitted the detection of some other
HPV types in cervical tumors and other malignant
lesions of the anogenital region of women and men (31,
33, 35, 39, 45, 51, 52, 56, 58, 59, 70), whereas the num-
ber of new HPV types isolated from benign papillomas
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of this region and from oral papillomas was significant-
ly lower (types 3, 32, 72, 73) [12].

Sensitive methods allowed the isolation of HPV
DNA from more than 90% of cervical tumors. This is a
strong argument supporting the hypothesis that the
presence of viral genetic material is an essential factor
for the malignant transformation.

The data presented above allowed all HPV isolated
from benign and malignant neoplasias to be divided into
two classes: so-called HPV of �low� and �high� risk.
Analysis of these HPV classes did not reveal any princi-
pal structural differences in the viral genome: HPV of
both classes contain two structural genes (L1 and L2)
and seven functional genes (E1-E7). In addition an
upstream regulatory region (URR) was detected in all
HPV. The URR is localized directly upstream of the
genes E6 and E7. A significant number of sites able to
interact with positive and negative transcriptional fac-
tors was identified within the URR (see below). This
interaction seems to play a great role since the HPV
infection in squamous and mucosal epithelium is persist-
ent and causes accelerated cell proliferation. To develop
an effective infection the virus has to penetrate into
basal cells, since only these cells are capable of repro-
duction in epithelium. These cells give rise to all other
cells of upper levels, which loose the ability to divide
during differentiation and exfoliate from the surface.
Replication of viral DNA, expression of late genes, and
viral maturation are closely related to the cellular differ-
entiation and take place only in the upper epithelial lev-
els.

The transcription of different HPV genes mainly
depends on the cellular transcription factors on the early
stages of the infection after the migration of viral DNA
to the nucleus. On the latter stages viral factors also par-
ticipate in the regulation of the expression of early and
late viral functions.

HPV infection of the cervix is characterized by viral
sequences detected not only in malignant tumors (carci-
nomas), but in pre-cancer lesions (so-called intraepithe-
lial dysplasia, CIN) of different levels as well. This may
indicate that the virus initiates the disease, and the cellu-
lar genetic factors play a crucial role in the further
malignant progression.

The viral genome can persist in episomal and inte-
grated forms in the infected cells [13]. The early data
indicated that the episomal form prevailed on the early
stages of the process (CIN), while in carcinomas viral
DNA was integrated into the cellular genome [14].
However, new data seem to be contradictory. Probably
viral DNA is integrated into the genome in the majority
of tumorigenic cell lines obtained from cervical carcino-
mas, whereas the detection of both types of viral DNA
persistence is possible in tumors (which typically have a
heterogeneous cell population) [15]. The role of the inte-
gration in the maintenance of malignant cell status is

poorly understood since there is insufficient information
about the RNA types transcribed from integrated and
episomal viral genomes.

REGULATION 
OF THE VIRAL GENE TRANSCRIPTION

The results presented above clearly demonstrate
that the maintenance of transformed phenotype is con-
trolled by the functional activity of viral genes. The E6
and E7 genes are considered to be the major transform-
ing genes of the human papilloma viruses. The expres-
sion of these genes is modulated by the URR. The length
of the URR varies between 800 and 1000 base pairs for
different HPV types. This region can be divided into
three parts�the 5'-region, central segment, and 3'-
region which is located directly upstream from the E6
and E7 genes. The E1, E2, and E5 genes are located
downstream from the E6 and E7 genes, the E2 gene
overlapping the E4 gene. Presumably the E5 gene is also
a transforming gene. The signaling terminal sequence
for poly(A) is located at the 3'-end of the early region.
RNA transcription starts from a promoter in the 3'-
region of the URR, directly upstream from the E6 gene.
This promoter is referred to as P97 for HPV 16 and P105
for HPV 18. The promoter consists of a TATA-box and
a transcription initiation site that are regulated by dif-
ferent enhancers mapped in the central and 3'-regions of
the URR. They bind cellular transcription factors. The
3'-region of the URR also contains two binding sites for
viral transcription factor E2, cellular factors Sp1 and
YY1, and replication origins with binding sites for E1
viral protein.

The central segment of the URR contains a con-
stitutive enhancer that is most active in epithelial cells
and is dependent only on cellular transcription factors
[16-19]. Sites for various cellular factors including AP-
1, NF1, Oct1, TEF1, TEF2, YY1, and for steroid hor-
mones are identified within this region. All these fac-
tors are ubiquitous and can function in different cell
types. The 5'-region of the URR contains signals for
termination and polyadenylation of late viral tran-
scripts [18].

The factor E2 is the only factor of viral origin
among numerous transcription factors capable of inter-
acting with the URR, but its activity is important for the
function of the HPV transforming genes.

HPV URR contains four E2-binding sites. Data
concerning the effect of E2 on the transcription of E6
and E7 genes are contradictory. On one hand, the prod-
ucts of the E2 gene may function as repressors for HPV
type 18 promoters [20], and mutations in the E2 gene
increase the level of cell immortalization by genes E6
and E7 [21]. On the other hand, some data indicate that
E2 proteins of HPV 16 and HPV 18 activate the URR
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promoter [22]. Probably, these differences are caused by
synthesis of differently spliced mRNA from this gene
leading to the formation of truncated forms of E2 pro-
teins. E2 protein without the N-terminal transactivating
domain may interfere with the activating potential of a
full-length E2 protein [22]. Thus, the regulation of E6
and E7 gene activity by a product of the E2 viral gene is
rather complex, since this protein has two opposite func-
tions, as an activator and as a repressor.

Among numerous cellular factors able to interact
with the URR, we will mention only those which were
found to be essential for the manifestation of E6 and E7
gene functions. First of all is AP-1 transcription factor.
This dimeric protein complex consists of one copy of
each member of jun and fos gene family products. HPV
16 and HPV 18 URR contain three and two AP-1-bind-
ing sites, respectively. The AP-1-binding site regulates
the URR transcriptional activity by selection of the spe-
cific transcripts needed for control of differentiation
[23]. Another important regulator of URR, the tran-
scriptional factor YY1, functions as an activator and a
repressor of transcription depending on viral type, cell
type, and the activity of other transcription factors,
especially of AP-1 [24, 25]. Another group of sites is able
to bind C/EBP (CCAAT-enhancer binding protein) [26].
The factors of this type may associate not only with cor-
responding region of DNA in the URR, but bind other
cellular factors as well. The major function of this gene
group is to regulate cell differentiation and to activate
genes of various cytokines. SP1 transcription factor can
interact with an element of GC-boxes and its site is
located directly downstream of the TATA-box. This fac-
tor is essential for the viral genome transcription [27].

Among the transcription factors of the nuclear
receptors group, two classes (steroid hormone receptors
and thyroid-retinoid receptors) have their receptors
within the URR. Glucocorticoid and progesterone
receptors belong to the group of steroid hormones
receptors [28-30]. The site responsible for glucocorticoid
binding (GRE) is localized in the 3'-region between the
AP-1- and Sp1-binding sites. Both receptor types acti-
vate transcription. A transcription factor specific for
keratinocytes, KRF1, can bind to AP-1 for transcrip-
tional activation [31].

The URR also has several binding sites for proteins
containing a so-called �POU-domain� that bind a
canonical octamer sequence ATGCAAAT (in this case
the proteins are referred to as Oct). One of these proteins
(Oct1) represses the URR of HPV 18 [32], another one
(Epoc1) has an opposite effect [33]. Factors from the
NF1 family have several binding sites in the region of a
constitutive repressor [34]. These sites have a relatively
low affinity and are probably necessary for transcrip-
tional specificity in epithelial cells. Transcription factors
TEF1 and TEF2 have four sites within the HPV 16
enhancer and are thought to activate P97 promoter [35].

Thus, the short review on the factors regulating the
transcription of HPV transforming genes presented
above provides evidence that the transcriptional control
is complicated and is regulated by numerous transcrip-
tion factors having positive and negative effects. They
not only bind the viral URR, but interact with each
other as well.

TRANSFORMING GENES 
OF PAPILLOMA VIRUSES

E6 gene. The data mentioned above indicate that
the viral genome persists in an integrated form in the
majority of malignant tumors. The gap in the viral
genome necessary for integration into the cellular
genome is located within the E1-E2 frame. This provides
evidence for the existence of intact E6 and E7 genes in
the transformed cells. The expression of these genes is
controlled by the URR. Three types of evidence indicate
an important role of these genes in maintaining of trans-
formed cell phenotype: 1) the E6 and E7 genes possess
transforming potential in vitro; 2) cells transfected with
these genes can induce tumors in hairless mice; 3) inhibi-
tion of E6/E7 gene expression leads to the reversion of
transformed phenotype.

Data concerning the transforming potential of these
genes are presented below. The E6 and E7 genes are
transcribed from P97 (HPV 16) and P105 (HPV 18) pro-
moters in a form of polycistronic mRNA [36]. Five dif-
ferent mRNA types containing the E6 frame have been
identified, but only one of them is a full-length copy.
The four other RNA types are truncated as a result of
differential splicing within the E6 frame or between the
E6 frame and the E1 and E2 frames. The sequences of
the latter frames were detected in these spliced RNA.
RNA containing a truncated variant of E6 (referred to
as E6*) and a complete E7 gene are the most abundant
[37, 38]. The role of these RNAs is not yet understood.

The E6 gene product is a protein containing 150
amino acids that does not have any enzymatic activity.
E6 proteins are localized in the nucleus, cytoplasm, and
membrane fraction [39]. These proteins are relatively
highly conservative, and the E6 proteins of HPV from
the low-risk group have 80-90% homology; approxi-
mately the same level of homology is observed within
the high-risk HPV group proteins. Homology of 50-60%
was found between E6 of these two groups. E6 proteins
of all HPV are characterized by the presence of four
zinc-finger motifs [40] typical for DNA-binding pro-
teins; however, all attempts to detect this binding have
been unsuccessful.

The study of the biological activity of the HPV E6
gene has demonstrated that it can immortalize human
epithelial cells alone and together with the E7 gene as
well [41]. In the absence of the E7 gene, the E6 gene was
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able to interfere with keratinocyte differentiation
induced by serum and Ca2+ [42]. In addition, the E6 gene
can immortalize human breast epithelium [43] and
rodent fibroblasts in cooperation with activated ras
oncogene [44] and also to initiate tumors in transgenic
mice together with the E7 gene [45]. In contrast to E6 of
high-risk HPV, E6 of low-risk HPV cannot immortalize
or transform the same cells [46].

The p53 gene product is one of the most important
targets of E6. It is well known that p53 [47] is a tran-
scription modulator and specifically interacts with
DNA, thus transactivating such important genes as
p21WAF1, whose product is an inhibitor of cyclin-depend-
ent kinases [48], and bax, playing a role in apoptosis [49].
The p53 gene is activated during treatment of cells with
DNA-damaging agents and hypoxia [50, 51]. A mutated
variant of the p53 gene, often isolated from many
tumors, is restricted in all these functions, and its local-
ization is limited to the cytoplasm [52].

It was demonstrated earlier that the p53 gene pro-
tein could coprecipitate with SV40 large T antigen and
the product of adenovirus early E1a gene from cells
infected by these viruses [53, 54]. This fact suggested a
role of p53 in the manifestation of oncogenic potential
of these viruses. It was found that E6 protein of high-
risk HPV (but not of low-risk HPV) also could interact
with p53 in in vitro systems [55]. However, the biological
significance of viral genes interaction with p53 seems to
be different in these two systems, since, in the first two
cases, the complexes stimulate the stabilization of p53
protein, while in the system with the E6 HPV 16 gene the
half-life of p53 decreases. This is explained by p53 pro-
tein degradation by the ubiquitin system [56]; this is the
major factor in degradation for cytosolic and nuclear
proteins in eukaryotic cells [57]. The association of E6 in
a complex with one of the components of this system,
ubiquitin�protein ligase with molecular mass of 105 kD,
referred to as E6-AP, is necessary for p53 degradation
by E6 [58].

In addition to the ability to stimulate p53 degrada-
tion, E6 protein inhibits several functions of wild-type
p53, including transcriptional activation and repression,
i.e., it competes for the functions playing the major role
in the suppression of malignant growth by p53. It was
also shown that E6 increased the level of mutagenesis
and genomic instability [59]. Since in the majority of cer-
vical carcinomas (in contrast to many other human
tumors) mutations of the p53 gene were not detected
[60], presumably the expression of high-risk HPV E6
protein has the same effect on the p53 as the somatic
mutations, i.e., the loss of p53-regulated transcription
and inhibition of a normal cellular response to DNA
damage.

The p53 protein has several other effects that can
participate in the process of transformation and are
independent of p53. These are activation of heterolo-

gous promoters [61], decrease of apoptosis [62], telom-
erase activation (an enzymatic protein complex main-
taining the length of chromosomal telomeres) [63], inter-
action with a Ca2+-binding protein E6BP identical to
ERC 55 protein [64], association with a poorly studied
protein-kinase and its substrate [65], and transactivation
of α-prothymosin and c-myc [66]. The functional signif-
icance of these interactions remains unknown.

E7 gene. The product of the E7 gene is a relatively
small phosphoprotein consisting of 98 amino acids. The
N-terminal domain of this protein (amino acids 1-38)
mainly consists of hydrophilic amino acids, while the C-
terminal domain (amino acids 39-98) is more hydropho-
bic. Although this protein has a calculated molecular
mass of 11 kD, HPV 16 E7 protein migrates in poly-
acrylamide gel electrophoresis as a molecule with molec-
ular mass of 18-20 kD [67]. E7 is structurally and func-
tionally related to the proteins of other DNA-containing
viruses, such as the large T antigen of SV40 and E1A
early protein of adenovirus. E7 protein can be divided
into three main domains�a conservative region 1
(CR1), a conservative region 2 (CR2), and a conserva-
tive region 3 (CR3). All three domains are essential for
the manifestation of the biological activity of E7 [68].

The CR1 region consists of a short highly conserva-
tive amino acid sequence (6-15) bearing homology with
the same motif in the CR1 of adenoviral E1A. However,
the CR1 regions of these viruses are functionally differ-
ent: CR1 of E1A can interact with �pocket� proteins,
such as p300, and with pRb with less efficiency, while
CR1 of E7 does not interact with p300 [69]. Deletions
and point mutations in CR1 of HPV 16 E7 lead to a sub-
stantial decrease of transforming potential of this gene
[70]. The CR2 region of HPV 16 E7 contains a LXCXE
domain (amino acids 22-26) responsible for binding of
�pocket� proteins (p105 protein of the pRb suppressor
gene and related proteins p107 and p130). Any muta-
tions in this region abolish the interaction with pRb and
repress the transforming activity of E7 [71]. Low-risk
HPV have one common feature: in the CR2-domain the
aspartic acid residue in position 21 of HPV 16 E7 is
replaced by glycine in HPV 6 and HPV 11 E7. This sub-
stitution seems to provide a higher affinity to pRb for E7
of high-risk HPV, as well as the ability to cooperate with
activated ras oncogene during the transformation of pri-
mary rodent cells [72]. Besides the main binding site for
pRb in CR2, CR3 probably has another binding site
participating in the association with pRb [73].

The C-terminal region of the CR2 domain contains
a site for casein-kinase II (CK II) (serine residues in
positions 31 and 32). These two serine residues are phos-
phorylated in vitro by CK II. The biological significance
of this phosphorylation remains poorly understood, but
perhaps this site can play a role in transformation. The
substitution of these serines by neutral alanine residues
decreases the ability of E7 to cotransform primary cells
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together with ras, while the substitution by a negatively
charged residue of aspartic acid induces the wild-type
phenotype [74]. In addition, phosphorylation of these
two serine residues sharply increases the association of
HPV 16 E7 protein with the TATA-box-binding protein
TBP [75].

The CR3 domain of HPV 16 E7 has a very poor
homology with the CR3 domain of adenoviral E1A pro-
tein; however, both domains contain CXXC-sequences
participating in Zn2+ binding [76]. E7 CR3 sequences
differ greatly from that of proteins containing zinc fin-
gers. E7 binding to Zn leads to dimerization of E7. This
dimerization is probably important for the transforming
activity of E7 [77].

The early data concerning E7 localization were con-
tradictory. This could be explained by the fact that this
protein is masked in cells and not all its epitopes are
accessible for antibodies. All data point to E7 localiza-
tion in several cellular fractions, mainly in the nucleus
and nucleoli [78, 79].

The ability of high-risk HPV E7 for immortaliza-
tion and transformation depends on the used cell type.
The E7 of HPV 16 and HPV 18 can induce the focuses
of transformation and growth in semi-solid media in
various stable cell lines of rodent fibroblasts, for exam-
ple in NIH3T3 and Y31 [80, 81]. A lower efficiency of
transformation was observed for low-risk HPV E7: the
cells did not grow in soft agar, but were found to be
tumorigenic for hairless mice [82].

The E7 proteins of HPV 16 and HPV 18 alone are
able to induce immortalization of primary rodent cells
[83], and its cotransfection with activated ras can induce
transformation of these cells [84]. The E7 gene alone
induces immortalization in the human keratinocyte sys-
tem. Its efficiency significantly increases by cotransfec-
tion with the high-risk HPV E6 gene. In certain cases
this cotransfection may lead to transformation [85]. In
addition, the E7 gene can induce immortalization of sev-
eral other cell types, including breast and ovarian epithe-
lial cells [86, 87]. The E6 and E7 genes of low-risk HPV
were not able to immortalize primary keratinocytes [88].

The major function of the high-risk HPV E7 gene is
to deregulate the cell cycle machinery mainly by induc-
tion of a G0�S phase transition. This is accomplished by
activation of several cellular genes by E7 and by direct
E7 interaction with proteins regulating the cell cycle.

Two major steps can be pointed out in the cell cycle:
the genome replication and the following cell doubling.
These two events are separated by two phases: G1 before
DNA replication and G2 before mitosis. The appropri-
ate transition of the cycle is controlled by cyclin-depend-
ent protein kinases (CDK). In normal cells the transition
from G0 phase is initiated by growth factors and their
receptors specific for a given cell type. At this stage the
growth factors activate the expression of D-type cyclins
and associated kinases (CDK 4 and CDK 6) inducing

the transition of the cells to the G1 phase. These events
are accompanied by the activation of E and A cyclins
and of the E2F-1 transcription factor. The proteins of
retinoblastoma gene family (�pocket� proteins pRb,
p107, p130) block the cell cycle progression by inter-
action with cellular transcription factors of the E2F
and DP families. �Pocket� proteins are inactivated by
phosphorylation in many sites by CDK, leading to the
formation of transcriptionally active heterodimers
E2F/DP. Certain CDK inhibitors, i.e., p15INK 4B,
p16INK Y, p21WAF 1, and p27KIP 1, delay cells in G1 phase
by restriction of pRb and related protein phosphoryla-
tion [89].

The E7 gene of HPV 16 ensures the cell transition
from G1 to S phase of the cell cycle and increases the
proliferative activity of primary keratinocytes and
human breast epithelial cells. The E7 gene can overcome
the control of the cell cycle progression at the G1/S stage,
suggesting that E7 is able to neutralize or to overcome
the blocking effect of physiological CDK inhibitors such
as p21WAF and p27KIP 1 that are induced by p53 and
serum elimination [90].

The HPV 16 E7 gene can interact with a protein of
the pRb105 suppressor gene leading to an increase in
pRb inactivation [91]. It is accompanied by the induc-
tion of activity of cellular transcription factor family
consisting of multiple E2F/DP-heterodimers. E7 and
E2F-1 bind different sites of pRb [92]. p107, a protein
related to pRb, also binds CR2 of E7 [93]. Two different
E2F�p107 complexes exist at different stages of the cell
cycle, but E7 specifically inactivates the complex specif-
ic for the G1 phase [94].

Among the genes activated by the liberation of
E2F, an E2 gene of type 5 adenovirus and the genes cod-
ing for b-myb, cyclins A and E were identified [95-97].

In addition to pRb and related proteins associated
with cell cycle regulation, some other proteins (regula-
tors of transcription) were found to be E7 targets. An
AP-1 family of transcription factors is among these pro-
teins. The transactivation of AP-1-directed genes takes
place as a result of the interaction of AP-1 with E7 [98].
Also, E7 of HPV 16 can interact with the TATA-box-
binding protein and with a TBP-associated factor,
TAF110 [99].

The possibility of physical interaction of HPV 16
E7 with cyclin A and CDK2 through the CR2 domain
[100] as well as with cyclin E in complex with CDK2 and
p107 was confirmed [101]. Perhaps the interaction of E7
with cyclins is mediated by p107 that, as cited above, can
be associated with cyclins A and E [102]. A CDK
inhibitor, p27KIP 1, binds E7 through the C-terminal
domain. This leads to the functional inactivation of
p27KIP 1 [103].

One of the specific features of the HPV 16 E7 gene
is its ability for proliferation as well as for apoptosis.
The latter phenomenon is clearly expressed in normal
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human fibroblasts in the absence of E6 gene activity
[104]. The pRb-binding domain of E7 is responsible for
this activity. Typically the apoptosis induced by E7
develops in mouse cells with deleted p53 gene. Thus, the
apoptosis induced by E7 may pass through p53-depend-
ent and p53-independent pathways [53].

Functional cooperation between E6 and E7 oncopro-
teins. The data presented above point to the oncogenic
potential of E6 and E7 per se, but this capability signifi-
cantly increases by their joint expression [41, 85]. This
data provides evidence that the viral genes can function-
ally cooperate in the process of cell transformation. The
ability of E6 to disturb the control of reproduction reg-
ulation by inhibition of E7-directed apoptosis seems to
be the most interesting aspect of this problem. This sug-
gestion was experimentally confirmed on the transgenic
mouse model [105], and on uroepithelial human cells
[106]. Thus, the functional cooperation between E6 and
E7 of high-risk HPV in the transformation process may
be partially associated with E6-induced apoptosis inhi-
bition, accompanied by elimination of cells with dis-
rupted system of growth signals including E7-directed
ones.

The functions of E6 and E7 are also tightly con-
nected on the level of cell cycle deregulation and cell
division. According to this scheme, pRb is a common
target for both viral proteins as a result of physical inter-
action with E7 and the alteration of its phosphorylation
level by E6. According to this scenario E6 inhibits
p21WAF activation (an inhibitor of cyclin-dependent
kinases), mediated by p53 [48]. p21WAF induction by p53
controls non-phosphorylated pRb status essential for
pRb function as a controlling factor in G1 phase of the
cell cycle [107]. Inhibition of p21WAF induction (mediat-
ed by p53) by p53 may lead to the disturbance of pRb
controlling functions and thus cooperate in pRb inacti-
vation after binding to E7.

Thus, the mechanism of the manifestation of papil-
loma viruses transforming potential seems to be more or
less understandable. The virus has two transforming
genes. Their expression in the infected cells is controlled
by cellular factors. The products of these genes disturb
in various ways the functions of genes playing the key
roles in the cell cycle and proliferation.

This mechanism explains the processes taking place
in the cells in vitro, but many open questions still exist in
the case of tumor progression in an organism. Why is a
long latent period is required in this case? Are there any
specific peculiarities in DNA isolated from tumors in
comparison to DNA from cells transformed in vitro? We
have no clear answers to these questions. However,
some recent data indicate that the accumulation of addi-
tional mutation (secondary genetic changes) takes place
in the cell in addition to primary genetic changes
induced by the presence of the viral genome. The sum of
these changes may lead to the selection of a cell clone

and to the appearance of a monoclonal cell population,
the division of which cannot be restricted by any of the
negative factors. Analysis of microsatellite sequences on
the separate chromosomes (the loss of heterozygosity�
LOH and the instability of these repeating sequences)
provides the additional information about changes in
the chromosomes in cervical tumors containing the
papilloma virus genome.

SECONDARY GENETIC CHANGES 
IN CERVICAL TUMORS

The analysis of DNA from cervical tumors for the
presence of LOH by microsatellite sequence amplifica-
tion provided evidence of genomic instability in malig-
nant cells. We should emphasize that the detection of
LOH probably indicates the presence of a putative sup-
pressor gene in this region.

LOH was detected in more then 20% of tumors on
chromosomes 1, 3, 4, 5, 6, 11, 18, and 20 providing evi-
dence that secondary genetic changes may take place on
many chromosomes [108]. The maximal LOH frequency
was observed on chromosomes 6p, 3p, and 18 (43, 39,
and 35%, respectively) [109]. Subsequent studies
revealed the LOH also on chromosomes 4p, 6q, 15q,
18q, and Xq [110]. Four independent regions were found
on chromosome 3, three of them mapped on its short
arm, where one of the possible suppressor genes, the
FHIT gene, is also mapped [111]. Allelic losses were also
found on the long arm of this chromosome, suggesting
the existence of other suppressor genes [112]. In cervical
cancer LOH on chromosome 3 was detected in a region
where the β-catenin gene is mapped [113]. β-Catenin is
the key component of cellular contacts. Perhaps the high
frequency of LOH on chromosome 3 correlates with dis-
ease progression [114].

One independent region of possible suppressor
genes localization was revealed on each arm of chromo-
some 4 [115]. One such locus was detected on the
pretelomeric region of the short arm of chromosome 5
[116].

A significant genetic instability was found on chro-
mosome 6 [108, 109, 117-119]. The maximal LOH fre-
quency was observed within a region of the short arm,
where the gene of the main complex of histocompatibil-
ity (HLA) was mapped. The presence of LOH on the
long arm suggests the presence of supposing suppressor
genes also on this chromosome.

According to different data, the LOH frequency
varies between 16 and 88% for the short arm and
between 22 and 92% for the long arm of chromosome 11
[114, 120-122], i.e., putative suppressor genes can be
localized on this chromosome too.

However, we should emphasize that the LOH fre-
quency on chromosome 13, where one of the main sup-
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pressor genes, pRb, is mapped and on chromosome 17,
where p53, another suppressor gene is mapped is rela-
tively low and does not exceed 25% [108, 109].

The detected abnormalities in the chromosome
structure are specific for cervical tumors and only few of
them may be sometimes present in the tumors with other
localizations. However these abnormalities are not pres-
ent in all cervical tumors, suggesting that in every tumor
the secondary genetic changes can take place in different
regions of the cell genome. Also, we cannot be absolute-
ly sure that the LOH is strictly related to the presence of
a hypothetical suppressor gene within this locus. In real-
ity the detected abnormalities concern relatively short
regions of the cell genome in the majority of cases. The
complete characterization of the regions with deleted
sequences seemingly will be hard to realized in the near
future.

All of the data presented above could only point to
the instability of the tumor cell genome. A significant
number of mutations may take place on different chro-
mosomes and only the accumulation of some of them
leads to the formation of a cell clone that is completely
independent of cell proliferation control.

VACCINATION AGAINST PAPILLOMA VIRUSES
AS AN EFFECTIVE TOOL IN IMMUNOPREVENTION

OF CERVICAL CANCER

In addition to a significant contribution to the
understanding of the molecular mechanisms of transfor-
mation from normal cells to a malignant one, cervical
cancer has been found to be a neoplastic disease that
probably could be prevented by immunoprophylactic
means in the near future. This progress is related to the
fact that the papilloma viruses are the initiative factors
for cervical tumors.

Significant progress in this direction was observed
during several recent years. This has led to the creation
of vaccines that are on clinical trials today. The indicat-
ed data are summarized in the corresponding informa-
tion from WHO [123].

An actual approach is based on the utilization of
so-called �virus-like particles� (VLP) as vaccines. These
particles are formed in pro- and eukaryotic cell-free sys-
tems expressing a gene encoding the major protein of a
viral particle, L1. Self-assembling of this protein fol-
lowed by the formation of a VLP takes place in these
systems. The morphology of the VLP resembles that of
an intact virion. Immunization with these preparations
induce the production of a high titer of types-specific
neutralizing antibodies. It was found that these vaccines
prepared for cattle and rabbits effectively prevented cor-
responding disease after experimental viral infection.
These vaccines were inactive in the cases of disseminat-
ed infection, and consequently they had no therapeutic

effect. Actually, corresponding VLP-vaccines have also
been created against human papilloma viruses and
WHO has started a vast program of clinical trials and
use of these preparations in practice.

Evidently the efficiency of these vaccines could be
correctly assessed after 10-20 years, but according to
some indirect data we will be able to judge about the
benefit of vaccination against HPV already after 5-8
years.

Thus, the data presented above allow several con-
clusions having general biological significance to be
drawn.

1. About 15% of human tumors are caused by viruses.
2. Papilloma viruses are considered as causal agents

for cervical cancer.
3. These viruses have specific genes playing a key

role in the transformation of normal into malignant cells.
4. The activity of these genes is controlled by viral

and cellular factors.
5. Viral transforming genes inactivate the functions

of genes playing the key role in cell cycle control and
proliferation.

6. Additional mutations are necessary for the for-
mation of a monoclonal cell population and the selec-
tion of a clone with uncontrolled proliferation.

7. Vaccines against HPV could be effective in the
prevention of cervical tumors.

REFERENCES

1. Weiss, R. (1999) Viruses and Human Cancer (Arrand, J.,
and Harper, D., eds.) BiosSci. Publ., London, pp. 1-17.

2. Zur Hausen, H. (1976) Cancer Res., 36, 530-538.
3. De Villiers, E. M. (1994) Current Topics in Microbiol.

Immunol., Vol. 86 (Zur Hausen, H., ed.) Springer-Verlag,
Berlin-Heidelberg, pp. 1-12.

4. IARC Monographs on the Evaluation of Carcinogenic
Risks to Humans (1995) Vol. 64, IARC Publications,
Lyon, pp. 35-283.

5. Zur Hausen, H. (1996) Biochim. Biophys. Acta, 1288, F75-
F78.

6. Yablonska, S., Dabrowski, I., and Yakubowicz, K. (1972)
Cancer Res., 32, 583-589.

7. Orth, G., Yablonska, S., and Yarsabek-Chorzelska, M.
(1979) Cancer Res., 39, 1074-1082.

8. Gissmann, L., and zur Hausen, H. (1980) Int. J. Cancer,
25, 605-609.

9. Gissmann, L., Diehl, V., Schultz-Coulon, H., and zur
Hausen, H. (1982) J. Virol., 44, 393-400.

10. Durst, M., Gissmann, L., Ikenberg, H., and zur Hausen,
H. (1983) Proc. Natl. Acad. Sci. USA, 80, 3812-3815.

11. Boshart, M., Gissmann, L., Ikenberg, H., Kleiheinz, A.,
Scheulen, W., and zur Hausen, H. (1984) EMBO J., 3,
1151-1157.

12. Zur Hausen, H. (1996) J. Cancer Res. Clin. Oncol., 122, 3-13. 
13. Durst, M., Kleinheinz, A., Hotz, M., and Gissman, L.

(1985) J. Gen. Virol., 66, 1515-1522.
14. Chook, P., and Han, S. (1987) Virology, 161, 259-261.



76 KISSELJOV

BIOCHEMISTRY  (Moscow)  Vol.  65  No. 1    2000

15. Samoylova, E., Shaihaev, G., Petrov, S., Kisseljova, N.,
and Kisseljov, F. (1995) Int. J. Cancer, 61, 1-5.

16. Gloss, B., Bernhard, H., Seedorf, K., and Klock, R. (1987)
EMBO J., 6, 3735-3743.

17. Cripe, T., Alderboru, A., Anderson, R., Pakkinen, S.,
Bergman, T., Haugen, T., Petterson, V., and Turek, L.
(1995) The New Biologist, 199, 450-463.

18. Garsia-Garanca, A., Thierry, F., and Yaniv, M. (1988) J.
Virol., 62, 4321-4330.

19. Gius, D., Grossman, S., and Bedol, M. (1988) J. Virol., 62,
665-672.

20. Bernard, B., Bailly, C., Lenoir, M., Darmon, M., Thierry,
F., and Yaniv, M. (1989) J. Virol., 63, 4317-4324.

21. Romanczuk, H., and Howley, P. (1992) Proc. Natl. Acad.
Sci. USA, 89, 3159-3163.

22. Bouvard, V., Storey, A., Pim, D., and Banks, L. (1994)
EMBO J., 13, 5451-5459.

23. Offord, E., and Beard, P. (1990) J. Virol., 64, 4792-4798.
24. Bauknecht, T., Ange, P., Royer, H.-D., and zur Hausen,

H. (1992) EMBO J., 11, 4607-4617.
25. May, M., Dong, X.-P., Beyer-Finkler, E., Stubenrauch,

F., Fuchs, G., and Pfister, H. (1994) EMBO J., 13, 1460-
1466.

26. Hoppe-Seyler, F., and Butz, K. (1992) Nucleic Acids Res.,
20, 6701-6706.

27. Butz, K., and Hoppe-Seyler, F. (1993) J. Virol., 67, 6467-
6486.

28. Chan, E., Klock, G., and Bernard, H.-U. (1989) J. Virol.,
63, 3261-3269.

29. Mittal, R., Pater, A., and Pater, M. (1993) J. Virol., 67,
5665-5659.

30. Medina-Martinez, O., Morales-Peza, N., and Yaniv, M.
(1996) J. Virol., 217, 392-396.

31. Mack, D., and Laimins, L. (1991) Proc. Natl. Acad. Sci.
USA, 88, 9102-9106.

32. Hoppe-Seyler, F., Butz, K., and zur Hausen, H. (1991) J.
Virol., 65, 5613-5618. 

33. Yakawa, K., Butz, K., and Yasui, T. (1996) J. Virol., 70,
10-16.

34. Chong, T., Apt, D., and Gloss, B. (1991) J. Virol., 65,
5933-5943.

35. Ishiji, T., Lace, M., Purkkinen, S., Anderson, R., Haugen,
T., Cripe, T., Xiao, J., Davidson, I., Chambon, P., and
Turek, L. (1992) EMBO J., 11, 2271-2281.

36. Smotkin, D., and Wettstein, F. (1986) Proc. Natl. Acad.
Sci. USA, 86, 4680-4684.

37. Schwarz, E., Freese, U., Gissmann, L., Mayer, W.,
Roggenbuck, B., Strenlau, A., and zur Hausen, H. (1985)
Nature, 314, 111-114.

38. Smotkin, D., Prokoph, H., and Wettstein, F. (1989) J.
Virol., 63, 1441-1447.

39. Grossman, S., Mora, R., and Laimins, L. (1989) J. Virol.,
63, 366-374.

40. Grossman, S., and Laimins, L. (1989) Oncogene, 4, 1089-
1093.

41. Hawley-Nelson, P., Vousden, K., Hubbert, N., Lowy, D.,
and Shiller, J. (1989) EMBO J., 8, 3905-3910.

42. Stoppler, M., Ching, K., and Stoppler, U. (1989) J. Virol.,
70, 6987-6993.

43. Band, V., De Caprio, J., Delmolino, L., Kalesa, V., and
Sager, R. (1991) J. Virol., 65, 6671-6676.

44. Storey, A., and Banks, L. (1993) Oncogene, 8, 819-824. 

45. Lambert, P., Pan, H., Pilot, H., Liem, M., and Griep, A.
(1993) Proc. Natl. Acad. Sci. USA, 90, 5583-5587.

46. Halbert, C., Demers, G., and Galloway, D. (1992) J.
Virol., 66, 2125-2134.

47. Haffner, R., and Oren, M. (1995) Curr. Opin. Genet. Dev.,
5, 84-90.

48. El-Deiry, W., Tokino, T., Velculesen, V., Levy, D.,
Parsons, R., Lin, D., Mercer, W., Kinzler, K., and
Vogelstein, B. (1993) Cell, 75, 817- 825.

49. Migashit, T., and Reed, J. (1995) Cell, 80, 293-299.
50. Kastan, M., Zhan, Q., El-Deiry, W., Carrier, F., Jacks, T.,

Walsch, W., Plankett, B., Vogelstein, B., and Formance,
A. (1992) Cell, 71, 587-597.

51. Fritsche, M., Haessler, C., and Brandner, E. (1993)
Oncogene, 8, 307-318.

52. Moll, U., Rion, G., and Levine, A. (1995) Proc. Natl.
Acad. Sci. USA, 89, 7262-7266.

53. Lane, D., and Crawford, L. (1979) Nature, 278, 261-263.
54. Sarnow, P., Ho, Y., Williams, J., and Levine, A. (1982)

Cell, 28, 387-394.
55. Habbert, N., Sedman, S., and Schiller, J. (1992) J. Virol.,

66, 6237-6241.
56. Scheffner, M., Werness, B., Huibregste, J., Levine, A., and

Howley, P. (1990) Cell, 63, 1129-1136.
57. Ciechanover, A. (1994) Cell, 79, 13-21.
58. Scheffner, M., Huibregste, J., Vierstra, R., and Howley, P.

(1993) Cell, 75, 455-505.
59. White, A., Livanos, E., and Tlsty, T. (1994) Genes Dev., 8,

666-677.
60. Helland, A., Holm, R., Kristensen, G., Kaern, G.,

Karlson, E., and Trope, C. (1993) J. Pathol., 171, 105-114.
61. Desaintes, C., Hallez, S., Van Alphen, N., and Burney, A.

(1992) J. Virol., 66, 325-333.
62. Pan, H., and Griep, A. (1995) Genes Dev., 9, 2157-2169.
63. Klingelhutz, A., Foster, S., and Mc Dougall, J. (1996)

Nature, 380, 529-531.
64. Chen, J., Reid, C., Band, V., and Androphy, E. (1995)

Science, 269, 529-531.
65. Keen, N., Elston, R., and Crawford, L. (1994) Oncogene,

9, 1493-1499.
66. Kinoshita, T., Shirasawa, H., Shino, Y., Moria, H.,

Desbarats, L., Eiler, M., and Simiz, B. (1997) Virology,
232, 53-61.

67. Armstrong, D., and Roman, A. (1993) Biochem. Biophys.
Res. Commun., 192, 1380-1387.

68. Vousden, K., and Yat, P. (1989) Oncogene, 4, 153-158.
69. Phelps, W., Munger, K., Yee, C., Barnes, J., and Howley,

P. (1992) J. Virol., 66, 2418-2427.
70. Watanabe, S., Kanda, T., Sato, H., Furuno, A., and

Yoshike, K. (1990) J. Virol., 64, 207-214.
71. Dyson, N., Howley, P., Munger, K., and Harlow, E.

(1989) Science, 243, 934-937.
72. Heck, D., Yee, C., Howley, P., and Munger, K. (1992)

Proc. Natl. Acad. Sci. USA, 89, 4442-4446.
73. Patrick, D., Oliff, A., and Heimbrook, D. (1994) J. Biol.

Chem., 269, 6842-6850.
74. Firzlaff, J., Luscher, B., and Eisenmann, B. (1991) Proc.

Natl. Acad. Sci. USA, 88, 5187-5191.
75. Massimi, P., Pim, D., Storey, A., and Banks, L. (1996)

Oncogene, 12, 2325-2330.
76. Barbosa, M., Lowy, D., and Schiller, Y. (1989) J. Virol.,

63, 1404-1407.



VIRUS-ASSOCIATED HUMAN TUMORS 77

BIOCHEMISTRY  (Moscow)  Vol.  65  No. 1    2000

77. Mc Intyre, M., Frattini, M., Grossman, S., and Laimins,
L. (1993) J. Virol., 67, 3432-3450.

78. Kanda, T., Zanma, S., Watanabe, S. Fukuma, A., and
Yoshiike, K. (1991) Virology, 182, 723-731.

79. Zatsepina, O., Braspenning, Y., Robberson, D.,
Hajibagheri, H., Blight, K., Ely, S., Hibma, M.,
Spitkovsky, D., and Tomassino, M. (1997) Oncogene, 14,
1137-1145.

80. Bedell, M., Jones, K., Grossman, S., and Laimins, L.
(1989) J. Virol., 63, 1247-1259.

81. Kanda, T., Watanabe, S., and Yoshiiki, K. (1988)
Virology, 165, 321-325.

82. Barbosa, M., Vass, W., Lowy, D., and Schiller, J. (1991)
J. Virol., 65, 292-298. 

83. Yutsudo, M., Okamoto, J., and Hakura, A. (1988)
Virology, 166, 594-597.

84. Matlashewski, G., Schneider, J., Banas, L., Jones, N.,
Murray, A., and Crawford, L. (1987) EMBO J., 6, 1741-
1746.

85. Munger, K., Phelps, W., Babb, V., Howley, P., and
Schlegel, R. (1989) J. Virol., 63, 4417-4421.

86. Wazer, D., Liu, X., Chu, Q., Gao, Q., and Band, V.
(1995) Proc. Natl. Acad. Sci. USA, 92, 3687-3691.

87. Tsao, S., Mok, S., and Fey, E. (1995) Exp. Cell. Res., 218,
499-507.

88. Halbert, C., Demers, G., and Galloway, D. (1992) J.
Virol., 66, 2125-2134.

89. Sherr, C. (1996) Science, 274, 1672-1677.
90. Zerfass-Thome, K., Zwerschke, W., Mannhardt, B.,

Tindl, R., Bot, J., and Jansen-Durr, P. (1996) Oncogene,
13, 2323-2330.

91. Boyer, S., Wazer, D., and Band, V. (1996) Cancer Res.,
56, 4620-4624.

92. Wu, E., Clemens, K., Heck, D., and Munger, K. (1993) J.
Virol., 67, 2402-2407.

93. Dyson, N., Guida, P., Munger, K., and Harlow, E. (1992)
J. Virol., 66, 6893-6902.

94. Zerfass, K., Levy, L., Cremonesi, C., Ciccoloni, F.,
Jansen-Durr, P., Crawford, L., Rolston, R., and
Tomassino, M. (1995) J. Gen. Virol., 76, 1815-1820.

95. Phelps, W., Bagchi, S., Barnes, J., Kraus, V., Munger, C.,
Howley, P., and Newins, G. (1991) J. Virol., 65, 6922-
6930.

96. Lam, E., Morris, J., Davies, R., Crook, T., Watson, R.,
and Vousden, K. (1994) EMBO J., 13, 871-878.

97. Schulze, A., Zerfass, K., Spitkovsky, D., Berges, J.,
Middendorf, S., Jansen-Durr, P., and Henglein, B. (1995)
Proc. Natl. Acad. Sci. USA, 92, 11264-11268.

98. Antinore, M., Birrer, M., Patel, D., Nader, L., and
McChance, D. (1996) EMBO J., 70, 332-340.

99. Mazzarelli, J., Atkins, G., Geisberg, Y., and Ricciardi, R.
(1995) Oncogene, 11, 1859-1864.

100. Tomassino, M., Adamczewski, J., Carlotti, F., Barth, C.,
Mareetti, R., Contorni, M., Cavalielli, F., Hunt, T., and
Crawford, L. (1993) Oncogene, 8, 195-202.

101. McIntyre, M., Ruesch, M., and Laimins, L. (1996)
Virology, 215, 73-83.

102. Shirodkar, S., Even, M., and De Caprio, J. (1992) Cell,
62, 157-166.

103. Zerfass-Thome, K., Zwerschke, W., Mannhardt, B.,
Tindl, R., Botz, J., and Jansen-Durr, P. (1996) Oncogene,
13, 2323-2330.

104. White, A., Livanos, E., and Tlsty, T. (1994) Genes Dev.,
8, 667-677.

105. Pan, H., and Griep, A. (1995) Genes Dev., 9, 2157-2169.
106. Putenveettil, J., Frederickson, S., and Reznikoff, C.

(1996) Oncogene, 13, 1123-1131.
107. Weinberg, R. (1995) Cell, 81, 323-330.
108. Mitra, A., Rao, P., and Pratap, M. (1994) Cancer Genet.

Cytogenet., 76, 56-58.
109. Mullokandov, M., Khodilov, N., Atkin, N., Burk, R.,

Johnson, A., and Kinger, H. (1996) Cancer Res., 56, 197-205.
110. Kersemakers, A., Hermans, J., Fleuren, G., and van der

Vijver, H. (1998) Brit. J. Cancer, 69, 181-186.
111. Greenspan, D., Connoly, D., Rong, W., Lei, S.,

Vogelstein, T., Kim, Y., Mok, J., Munoz, N., Bosch, F.,
Keerti, S., and Cho, K. (1997) Cancer Res., 57, 4692-
4698.

112. Larson, A., Kern, S., Curtiss, S., Gordon, R., Cavenee,
W., and Humpton, G. (1997) Cancer Res., 57, 4082-4090.

113. Ku, W., Liu, I., Yen, M., Chang, C., Yue, C., Ma, Y.,
Chang, S., Ne, H., Wu, C., and Chen, C. (1997) Int. J.
Cancer, 72, 270-276.

114. Kohno, T., Takayma, H., Hamaguchi, M., Takano, T.,
Yamaguchi, N., Tsuda, H., Hirihashi, S., Vissing, H.,
Shimisuu, M., Oshimura, M., and Yokota, K. (1993)
Oncogene, 8, 1825-1832.

115. Hampton, G., Larson, A., Baergen, R., Sommers, R.,
Kern, S., and Cavenee, W. (1996) Proc. Natl. Acad. Sci.
USA, 92, 6701-6709.

116. Mitra, A., Murty, V., Singh, V., Li, R., Pratap, M.,
Sodhani, P., Luthra, U., and Chaganti, R. (1995) J. Natl.
Cancer Inst., 87, 742-745.

117. Kissseljov, F., Semjonova, L., Samoylova, E.,
Mazurenko, N., Komissarova, E., Zourbitskaya, E.,
Gritzko, T., Lozachenko, V., Netchuskin, M., Petrov, S.,
Smirnov, A., and Alonso, A. (1996) Int. J. Cancer, 69,
484-487.

118. Rader, J., Kamarasova, T., Huettner, P., Li, L., Li, Y.,
and Gerhard, D. (1996) Oncogene, 13, 2737-2741.

119. Mazurenko, N., Attaleb, M., Gritzko, T., Semjonova, L.,
Pavlova, L., Sakharova, J., and Kisseljov, F. (1999)
Oncol. Rep., 6, 859-863.

120. Hampton, G., Penny, L., Baergen, R., Larson, A.,
Brewer, C., Liao, S., Busby-Earle, R., Williams, A., Steel,
C., Bird, C., Stanbridge, E., and Evans, G. (1994) Proc.
Natl. Acad. Sci. USA, 91, 6953-6957.

121. Srivatsan, E., Misra, B., Venugopolan, M., and
Wylczynski, S. (1991) Am. J. Hum. Genet., 49, 868-877.

122. Bethwaite, P., Koreth, J., Herrington, C., and McGee, L.
(1995) Br. J. Cancer, 71, 814-818.

123. The Current Status of Development of Prophylactic
Vaccines Against Human Papilloma Virus Infection (1999)
WHO Press, Geneva, pp. 1-18.


