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Immortalization of human cells and their malignant
conversion by high risk human papillomavirus genotypes

Harald zur Hausen

Papillomaviruses cause certain common human cancers,
most notably carcinoma of the cervix. The viral oncoproteins
E6 and E7 are essential components in malignant conver-
sion, although, in spite of being necessary, they are not
sufficient for the development of the malignant phenotype.
High risk HPV oncogenes fulfill dual functions in genome-
harboring cells: their derived oncoproteins stimulate cell
growth by pleiotropic effects. At the same time they act as
progression factors by inducing mutations in host cell DNA
and aneuploidy. The mechanism underlying the process
towards malignant conversion, usually covering a long
latency period between primary infection and cancer emer-
gence, is presently not fully understood. It emerges, however,
that cancer development depends on the interruption of at
least two signalling cascades (labeled as CIF I and CIF II)
that interfere with the function of viral oncoproteins (CIF I)
and with the transcription of viral oncogenes (CIF II).
Further modifications of host cell genes most likely mediate
the escape from immune surveillance mechanisms of the host
and the development of metastases.
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Introduction

Specific types of human pathogenic papillomavirus
(HPV) genotypes are the causative agents of anogeni-
tal cancers, most notably of cancer of the cervix, but
probably also of approximately 20% of oral cancers.'
The HPV types 16 and 18 have been most intensively
characterized and shown to possess immortalizing
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and transforming activity for a wide variety of human
cell types.? HPV 16 is by far the most prevalent HPV
types in HPV-linked human cancers.

The induction of continuous growth of human
cells kept in tissue culture (‘émmortalization’) is one of
the consistent features of a subgroup of papillo-
maviruses that has been linked to human cancers.
Initially discovered after transfection of whole HPV
16 or 18 genomes into human keratinocytes,””® it has
subsequently been demonstrated to depend entirely
on two early viral genes E6 and E7%7 which appear to
be uniformly expressed in HPV-positive human can-
cer cells.?

The molecular events underlying HPV-induced im-
mortalization and subsequent malignant conversion
have only recently been carefully analyzed and are
understood only to a limited degree. This review tries
to summarize our present understanding of those
changes and to provide a provisional and still specu-
lative scheme of molecular modifications accompany-
ing those events.

Specific viral oncogenes are necessary but not
sufficient for cell immortalization, for malignant
conversion and for the maintenance of the
malignant state

Three viral oncogenes have been identified in high
risk HPVs: the E5 gene which is obviously not neces-
sary for immortalization of human cells and for the
maintenance of the immortalized or malignant
phenotype of HPV infected cells. E5 expression does
not lead to immortalization of human cells, in addi-
tion, the gene is frequently deleted in cervical carci-
noma lines.” E5 may be required for early events in
natural HPV infections.

The E6 and E7 oncogenes, in contrast, mediate
immortalization of a wide variety of human cells
either individually or more effectively jointly.> Subs-
tantial evidence has been accumulated demonstrat-
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ing the requirement for viral oncogene expression in
order to maintain the immortalized state in high risk
HPV-DNA carrying cells.! Yet, it became clear in
recent years that viral oncogene expression is not
sufficient for cell immortalization: somatic cell hy-
bridization of individual clones of immortalized hu-
man keratinocytes frequently results in senescence of
the cell hybrids in spite of continued viral oncogene
message expression,’ similar to observations made in
somatic cell hybrids with SV40-immortalized cells
where senescent cells continue to express SV40 T
antigen.'™!" In both systems at least four complemen-
tation groups have been identified, pointing to the
existence of several cellular genes, probably engaged
within the same cellular signalling cascade, that regu-
late cellular senescence of normal human ker-
atinocytes, whose interruption (in addition to viral
oncoprotein expression) results in an immortalized
phenotype.

Analogous observations have been made in HPV
malignantly transformed cells or in cells derived from
cervical carcinoma cell lines. The need for E6 and E7
oncogene expression for the maintenance of the
malignant phenotype has been demonstrated in a
number of different approaches: in a specific cervical
carcinoma cell line (SW 756) addition of dexametha-
sone efficiently blocks HPV 18 E6/E7 gene expres-
sion."” Under these conditions the cells loose their
malignant phenotype and cease to grow. Reintroduc-
tion of the same genes under the control of a dex-
amethasone-inducible promoter restores their carci-
nogenicity. E6 /E7 anti-sense constructs are also able
to selectively inhibit growth of carcinoma cells ex-
pressing these genes.”””'® In addition, anti-sense
oligonucleotides and specific ribozymes interfere with
the growth of HPV-positive cervical cancer cells.'”

Somatic cell hybridization with different cervical
carcinoma cells or with in vitro malignantly trans-
formed Kkeratinocyte lines again reveal that viral
oncogene expression is not sufficient for the mainte-
nance of the malignant phenotype: such hybrids ei-
ther succumb to senescence or complement each
other to an immortalized phenotype or remain ma-
lignant when tested in immunocompromised ani-
mals.”” This again indicates the recessive trait of the
malignant phenotype, since in the case of comple-
mentation towards an immortalized state E6/E7 ex-
pression continues. Obviously a different signalling
cascade, regulated by several genes, suppressing the
tumorigenicty of immortalized cells has been inter-
rupted in the course of malignant progression.”!

Thus, although the E6 and E7 oncogenes are re-

quired for HPV-mediated cell immortalization and
for the malignant phenotype of cervical carcinoma
cells, their mere expression is clearly not sufficient to
immortalize and transform cells. Host cell genes in-
terfering with their function or expression have to be
modified in the course of transition to a different
growth pattern.?!*?

E6 and E7 proteins are mutagenic and may act
as progression factors

The functions of E6 and E7 oncoproteins have been
reviewed repeatedly®™** and will not be discussed
here in detail. These genes are able to immortalize
various human cell types independently, albeit at
much lower efficiency in comparison to their joint
function. They have been found to interact with a
large number of host cell proteins,24 of particular
interest is the interaction of E6 with the multifunctio-
nal host cell protein p53. The interaction of E6 with
p53 is mediated by the ubiquitinase E6-AP and results
in substantially enhanced degradation of p53. One of
the functions of pb3, the checkpoint control of
G1/S-phase transition and its blockade after DNA
damage of the respective cell, is circumvented by the
E6-mediated p53 degradation. This seems to be one
reason for the accumulation of mutagenic events in
E6 expressing host cells and possibly also for the
subsequent development of an aneuploid karyotype.
It seems, however, that E6 is not the sole factor in
inducing chromosomal instability, since similar
observations, although at lower efficiency, have also
been made in E7 immortalized cells. The mechanism
is here even less understood.

Mutagenic activity and the development of aneu-
ploidy are common consequences of high risk HPV
infection.”*® Expression of both viral oncogenes,
jointly as well as individually, results also in increased
uptake of foreign DNA.

Binding to p53 and its functional inactivation are
not required for immortalization of high risk HPV-in-
fected cells. E6 protein binding to pb3, however, is
not a requirement for cell immortalization.”® Yet, the
need for modifications within cellular genes for ef-
fective immortalization and in addition for malignant
conversion still points to an important role of p53
degradation as progression factor by eliminating an
important control for DNA repair and apoptosis.

Similar to E6, E7 is able to induce mutations in
host cell DNA,**? enhance the mutagenicity of
chemical carcinogens® and the integration of foreign
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DNA.* The mechanism of these interactions is
presently poorly understood. The induction of muta-
tions and chromosomal rearrangements, however,
should contribute to the modification of those cellu-
lar genes that control HPV expression in infected
human keratinocytes.

The individual and joint mutagenicity of E6 and E7
oncoproteins points to their dual role in carcinogen-
esis: besides acting as oncogenic factors by stimulat-
ing host cell proliferation (see below), they are able
to modify host cell genes, among others those which
are engaged in their own control. Therefore, they
can also be considered as progression factors.

E6 and E7 oncoproteins interact and inactivate
cyclin-dependent kinase inhibitors as early events
in immortalization

In view of the continued transcription of viral onco-
genes in immortalized cells succumbing to senes-
cence after somatic cell hybridization,” interruption
of one or more signalling cascades interfering with
functions of viral oncoproteins emerges as the most
likely reason for cell immortalization. This has been
tentatively labeled as the cellular interfering factor (CIF)
cascade 1,"*"** preventing in its active state, conver-
sion of high risk HPV-infected cells to immortaliza-
tion. Immortalization can be considered as a high
risk state for malignant transition, since single hit
events, like introduction of an activated ras gene,so_32
the viral fos gene® or even overexpression of the
cellular fos gene®® result in malignant conversion of
immortalized cells.

There exist some hints that cyclin-dependent ki-
nase inhibitors may play a major role in restricting
the functions of viral oncoproteins. A first set of
studies indicated that uroepithelial cells immortalized
by HPV16 E6* or HPV16-immortalized foreskin ker-
atinocytes (Whitaker and zur Hausen, unpublished
data) are commonly devoid of p16™** expression.
The respective gene was either switched off due to
methylation, or became mutated or deleted. These
data suggest that immortalization by E6 requires the
inactivation of p16"™** which seems to represent an
antagonist of E6 functions. Interestingly this pre-
sumptive inhibitory function is bypassed by E7, since
E6 and E7 expressing cells or cells immortalized
exclusively by E7 over-express pl6™**. The latter
induces cell cycle arrest by inhibiting the phosphory-
lation of pRB by the cyclin-dependent kinases CDK4
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and CDK6.” The interaction between E7 and pRB
circumvents this blockade.

The functional regulation of E7 is even less clearly
understood. E7 protein expression in keratinocytes
can abrogate the p21“*-mediated inhibition of
CDK2%"% and also block the cyclin-dependent kinase
inhibitor p27"".% It is possible, though presently
not proven, that this is a concentration-dependent
effect and that a low level of E7 expression could
lead to a functional impairment of this oncoprotein
by high concentrations of p21°'*! and p27"*! pro-
teins. In this respect it will be particularly interesting
to analyze the level of E7 protein in somatic cell
hybrids succumbing to senescence and to determine
at the same time the functional activity of p21“'""! and
p27¥"! proteins.

E6 and E7 gene expression is controlled by an
intercellular signalling cascade, triggered at least
in part by TNFa and interrupted during
malignant conversion

During the past decade a number of cytokines have
been identified capable of down-regulating high risk
HPV oncogene transcription.?* This suggested that
besides functional impairment of viral oncoproteins,
additional control mechanisms may regulate the
oncogene activity. A striking observation resulted
from the analysis of HPV transcription of immortal-
ized cells after transplantation of these cells into
nude mice.***" Immortalized cells, in contrast to
HPV-containing malignant cells, revealed a dramatic
reduction in transcriptional activity, when compared
to the same cells, kept in tissue culture. To some
extent this seemed to correlate to the usually very low
transcriptional activity of HPV16 E6/E7 genes in
basal cell layers of low grade cervical squamous in-
traepithelial lesions (SIL) in marked contrast to high
grade lesions containing the same virus type.*** This
suggested the existence of an intercellular regulatory
pathway, initiated by surrounding cell compartments,
blocking HPV transcription and thereby suppressing
potentially invasive growth of HPV-immortalized cells.

The existence of a second cellular interfering factor
cascade (CIF II) has been documented subsequently by
in wvitro studies: addition of human or murine
macrophages to HPV-immortalized human ker-
atinocytes effectively blocked HPV transcription se-
lectively in immortalized but not in malignantly
transformed cells. This effect is most likely mediated
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by tumor necrosis factor (INF) a excretion, since
TNFe addition results in the same effect.”*** These
studies also revealed that TNFa treatment results in a
modification of dimer composition of the transcrip-
tion factor AP-1, one of the main regulatory factors in
high risk HPV transcription. Whereas immortalized
cells preferentially contain cjun/cjun homodimers,
after TNF-treatment the AP-1 composition shifts se-
lectively in immortalized cells to cjun/Fra-1 het-
erodimers. This parallels the downregulation of HPV
transcription, suggesting a relationship of both events.
Introduction of cfos overexpressing plasmids into
immortalized cells modifies the AP-1 composition to
cjun/cfos heterodimers and results in malignant
conversion of these cells.**

It is likely that protein phosphatase 2A (PP24A) is
somehow engaged in this signalling cascade, since
the upregulation of a regulatory component (PR553)
of this complex enzyme or the blockade of its cat-
alytic subunit result in the upregulation of persisting
HPV oncogene transcription and increased trans-
formability of the respective cells.*” A certainly over-
simplified scheme of the tentative CIF II cascade is
shown in Figure 1.
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thus, seems to require the interruption of a second
signalling pathway which intercellularly (most likely
via macrophages and other cytokine excreting cells)
interferes with HPV transcriptional events. In addi-
tion, however, other molecular events should con-
tribute to the escape of these potential tumor cells
from immune surveillance mechanisms and to the
development of tumor metastases.

Is TNFa-mediated interferon 3 responsiveness
the key factor in preventing immortalized cells
from malignant conversion?

The assumption of a critical role of cellular regula-
tory events in HPV oncogene transcription in the
prevention of malignant conversion has been repeat-
edly challenged: human keratinocytes immortalized
by high risk HPV oncogenes under the control of
foreign promoters, such as B-actin, should not be
subject to this type of control and may thus convert
directly to a malignant phenotype. This is, however,
not the case.® Although mice transgenic for B-actin-
regulated HPV 16 E6 and E7 genes develop anaplas-
tic neuroepithelial tumors and chorion plexus carci-
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Figure 1. Tentative scheme of a macrophage-mediated intercellular control of high risk human
papillomavirus transcription. The gray arrows outside the circle indicate suggested risk points for
cellular gene modifications in the course of transition from an immortalized towards a malignant
phenotype. The gray arrows inside the circle mark as yet undefined speculative interactions

within these signalling pathways.
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Figure 2. Tentative scheme of papillomavirus-induced pathogenesis resulting in cervical cancer.

nomas,*® keratinocytes immortalized by similar con-
structs fail to reveal malignant growth. TNFa treat-
ment of HPVI8 containing non-malignant HeLa fi-
broblast hybrids, containing also HPV16 DNA under
the control of a B-actin promoter does not lead to a
suppression of HPV16 oncogene expression (Hanke,
Rosl and zur Hausen, unpublished data). Yet, these
cells still remain non-malignant when inoculated into
nude mice.

These observations raise the possibility that addi-
tional intercellular events, not directly affecting HPV
transcription, may suppress malignant growth of these
cells. One possible factor may be the specific induc-
tion of members of the interferon family. Ronco et
al'” demonstrated that HPV16 E6 binds and functio-
nally inhibits the interferon regulatory factor 3 (IRF-
3). IRF-3 is a potent transactivator of interferons and
binds to the regulatory elements of the B-interferon
promoter. The E7 protein abrogates signalling medi-
ated by interferon o and seems to prevent the trans-
location of p48, the DNA-binding component of the
interferon-stimulated gene factor 3, to the nucleus
upon interferon « stimulation. Interferon-B is able
to induce apoptotic cell death in HPVI16-
immortalized kelratinocytes.48 Another interferon, in-
terferon 7, has been shown to efficiently suppress
HPV E6/E7 oncoprotein expression.” These and
other observations could suggest an important role of
interferons in the suppression of invasive growth of
HPV-immortalized keratinocytes.
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In a recent study we could demonstrate that TNFa
treatment of HPV-immortalized cells, but not of ma-
lignant cells, resulted in the effective induction of
interferon B (Bachmann, Zawatzky, Rosl and zur
Hausen, unpublished data). This occurs as well in
cells containing HPV oncogenes under control of the
B-actin promoter. It is, therefore, possible that the
upregulation of B interferon, even in cells express-
ing viral oncoproteins controlled by foreign pro-
moters, prevents a level of viral oncoprotein expres-
sion necessary for mediating invasive growth.

The emerging picture of high risk HPV-mediated
pathogenesis is schematically outlined in Figure 2.

References
1. zur Hausen H (1996) Papillomavirus infections—a major
cause of human cancers. Biochem Biophys Acta Rev Cancer
1288:F55-F78
McDougall JK (1994) Immortalization and transformation of
human cells by human papillomavirus. Curr Top Microbiol
Immunol 186:101-119
Durst M, Dzarlieva-Petrusevska RT, Boukamp P, Fusenig NE,
Gissmann L (1987) Molecular and cytogenetic analysis of
immortalized human primary keratinocytes obtained after
transfection with human papillomavirus type 16 DNA. Onco-
gene 1:251-256
Pirisi L, Yasumoto S, Fellery M, Doninger JK, DiPaolo JA
(1987) Transformation of human fibroblasts and ker-
atinocytes with human papillomavirus type 16 DNA. ] Virol
61:1061-1066
Kaur P, McDougall JK (1988) Characterization of primary
human keratinocytes transformed by human papillomavirus
type 18. J Virol 62:1917-1924



H. Z. Hausen

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Miinger K, Phelps WC, Bubb V, Howley PM, Schlegel R.
(1989) The E6 and E7 genes of human papillomavirus type 16
are necessary and sufficient for transformation of primary
human keratinocytes. ] Virol 63:4417-4423

Hawley-Nelson P, Vousden KH, Hubbert NL, Lowy DR,
Schiller JT (1989) HPV 16 E6 and E7 proteins cooperate to
immortalize human foreskin keratinocytes. EMBO ] 8:
3905-3910

Schwarz E, Freese UK, Gissmann L, Mayer W, Roggenbuck B,
zur Hausen H (1985) Structure and transcription of human
papillomavirus type 18 and 16 sequences in cervical carci-
noma cells. Nature 314:111-114

Chen T-M, Pecoraro G, Defendi V (1993) Genetic analysis of
in vitro progression of human papillomavirus-transfected hu-
man cervical cells. Cancer Res 53:1167-1171

Pereira-Smith OM, Smith JR (1981) Expression of SV40 T
antigen in finite lifespan hybrids of normal and SV40-trans-
formed fibroblasts. Somatic Cell Genet 7:411-421
Pereira-Smith OM, Smith JR (1988) Genetic analysis if inde-
finite division in human cells: identification of four comple-
mentation groups. Proc Natl Acad Sci USA 85:6042-6046
von Knebel Doeberitz M, Rittmuller C, Aengeneyndt F, Jan-
sen-Durr P, Spitkovsky D (1994) Reversible repression of
papillomavirus oncogene expression in cervical carcinoma
cells: consequences for the phenotype and E6-p53 and E7-pRB
interactions. J Virol 68:2811-2821

von Knebel Doeberitz M, Rittmuller C, zur Hausen H, Durst
M (1995) Inhibition of tumorigenicity of cervical cancer cells
in nude mice by HPV E6-E7 antisense RNA. Int J Cancer
51:831-834

Watanabe S, Kanda T, Yoshiike K (1993) Growth dependence
of human papillomavirus 16 DNA-positive cervical cancer cell
lines and human papillomavirus 16-transformed human and
rat cells on the viral oncoproteins. Jpn ] Cancer Res
84:1043-1049

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

Venturini F, Braspenning |, Homann M, Gissmann L, Sczakiel
G (1999) Kinetic selection of HPV 16 E6/E7-directed anti-
sense nucleic acids: anti-proliferative effects on HPV 16-trans-
formed cells. Nucleic Acid Res 27:1585-1592

Storey A, Oates D, Banks L, Crawford L, Crook T (1991)
Anti-sense phosphorothioate oligonucleotides have both spe-
cific and non-specific effects on cells containing human papil-
lomavirus type 16. Nucleic Acids Res 19:4109-4114

Ting TM, Tang RC (1995) In vitro and in vivo inhibition of
human papillomavirus type 16 E6 and E7 genes. Cancer Res
55:4599—-4605

Chen Z, Kamath P, Zhang S, Weil MM, Shillitoe EJ (1995)
Effectiveness of three ribozymes for cleavage of an RNA
transcript from human papillomavirus type 18. Cancer Gene
Ther 2:263-271

Seagon S, Durst M (1994) Genetic analysis of an in vitro
model system for human papillomavirus type 16-associated
tumorigenesis. Cancer Res 54:5593-5598

zur Hausen H (1986) Intracellular surveillance of persisting
viral infections: human genital cancer resulting from failing
cellular control of papillomavirus gene expression. Lancet
2:489-491

zur Hausen H (1989) Papillomaviruses in anogenital cancer: a
model to understand the role of viruses in human cancers.
Cancer Res 49:4677-4681

Huibregtse JM, Scheffner M (1994) Mechanisms of tumor
suppressor protein inactivation by the human papillomavirus
E6 and E7 oncoproteins. Semin Virol 5:357-367

410

24.

25.

26.

27.

28.

29.

31.

32.

33.

34.

36.

37.

40.

zur Hausen H (1999) Papillomaviruses causing cancer: the
evasion from host cell control marks early events in carcino-
genesis. ] Nat Cancer Inst (submitted)

White AE, Livanos EM, Tlisty TD (1994) Differential disrup-
tion of genomic integrity and cell cycle regulation in normal
human fibroblasts by the HPV oncoproteins. Genes Dev
8:666—677

Liu X, Han S, Baluda MA, Park NH (1997) HPV oncogenes
E6 and E7 are mutagenic in normal human keratinocytes.
Oncogene 14:2347-2353

Kessis TD, Conolly DC, Hedrick L, Cho KR (1996) Expression
of HPV 16 E6 or E7 increases integration of foreign DNA.
Oncogene 13:427-431

Kiyono T, Foster SA, Koop JI, McDougall JK, Galloway DA,
Klingelhutz AJ (1998) Both Rb/pl6INK4a inactivation and
telomerase activity are required to immortalize human ep-
ithelial cells. Nature 396:84—88

Hashida T, Yasumoto S (1991) Induction of chromosomal
abnormalities in mouse and human epidermal keratinocytes
by the human papillomavirus type 16 E7 oncogene. ] Gen
Virol 72:1569-1577

Matlashewski G, Schneider J, Banks L, Jones N, Murray A,
Crawford L (1987) Human papillomavirus type 16 DNA
cooperates with activated ras in transforming primary cells.
EMBO J 6:1741-1746

Crook T, Storey A, Almond N, Osburn K, Crawford L (1988)
Human papillomavirus type 16 cooperates with activated ras
and fos oncogenes in the hormone-dependent transforma-
tion of primary mouse cells. Proc Natl Acad Sci USA 85:
8820—-8824

Durst M, Gallahan D, Jay G, Rhim JS (1989) Glucocorticoid-
enhanced neoplastic transformation of human keratinocytes
by human papillomavirus type 16 and an activated ras onco-
gene. Virology 173:767-771

Pei XF, Meck JM, Greenbalgh D, Schlegel R (1993) Cotrans-
fection of HPV-18 and v-fos DNA induces tumorigenicity of
primary human keratinocytes. Virology 196:855—860

Soto U, Das BC, Lengert M, Finzer F, zur Hausen H, Rosl F
(1999) Conversion of HPV 18 positive non-tumorigenic
HeLa-fibroblast hybrids to invasive growth involves loss of
TNF-a mediated repression of viral transcription and modi-
fication of the AP-1 transcription complex. Oncogene 18:
3187-3198

Reznikoft CA, Yeager TR, Belair CD, Salevieva E, Puthenveet-
til JA, Stadler WM (1996) Elevated p16 at senescence and loss
of p16 at immortalization in human papillomavirus 16 E6, but
not in E7, transformed human uroepithelial cells. Cancer Res
56:2886-2890

Scott FJ], Bates S, James MC, McConnell BB, Starborg M,
Brookes S, Palmero I, Ryan K, Hara E, Vousden KH, Peters G
(1998) The alternative product from the human CDK2A
locus, pl4(ARF), participates in a regulatory feedback loop
with pb3 and MDM2. EMBO ] 17:5001-14

Funk JO, Waga S, Harry JB, Espling E, Stillman B, Galloway
DA (1997) Inhibition of CDK activity and PCNA-dependent
DNA replication by p21 is blocked by interaction with the
HPV 16 E7 protein. Genes Dev 11:2090-2100

Jones DL, Alani RM, Miinger K (1997) The human papillo-
mavirus E7 oncoprotein can uncouple cellular differentiation
and proliferation in human keratinocytes by abrogating
p21Cipl-mediated inhibition of cdk2. Genes Dev 11:
2101-2111

Zerfass-Thome K, Zwerschke W, Mannhardt B, Tindle R, Botz
JW, Jansen-Durr P (1996) Inactivation of the cdk inhibitor
p27KIP1 by the human papillomavirus type 16 E7 oncopro-
tein. Oncogene 13:2323-2330

Bosch FX, Schwarz E, Boukamp P, Fusenig NE, Bartsch D,
zur Hausen H (1990) Suppression in vivo of human papillo-



Immonrtalization of human cells and their malignant conversion by high risk human papillomavirus genotypes

41.

42.

44.

45.

mavirus type 18 E6-E7 gene expression in nontumorigenic
HeLa-fibroblast hybrid cells. J Virol 64:4743—4754

Durst M, Bosch FX, Glitz D, Schneider A, zur Hausen H
(1991a) Inverse relationship between human papillomavirus
(HPV) type 16 early gene expression and cell differentiation
in nude mouse epithelial cysts and tumors induced by HPV
positive human cell lines. J Virol 65:796-804

Durst M, Bosch F, Glitz D, Schneider A, zur Hausen H
(1991b) Inverse relationship between HPV 16 early gene
expression and cell differentiation in nude mice epithelial
cysts and tumors induced by HPV positive human cell lines. J
Virol 65:796—-804

Stoler MH, Rhodes CR, Whitbeck A, Wolinske SM, Chow LT,
Broker TR (1992) Human papillomavirus type 16 and 18
gene expression in cervical neoplasias. Hum Pathol
23:117-128

Rosl F, Das BC, Lengert M, Geletneky K, zur Hausen H
(1997) Antioxidant-induced changes in AP-1 composition re-
sult in a selective suppression of human papillomavirus tran-
scription. J Virol 71:362-370

Smits PHM, Smits HL, Minnaar R, Hemmings BA, Mayer-

411

46.

47.

48.

49.

Jaekel RE, Schuurman R, van der Noordaa ], ter Schegget ]
(1992) The trans-activation of the HPV 16 long control region
in human cells with a deletion in the short arm of chromo-
some 11 is mediated by the 55kDa regulatory subunit of
protein phosphatase 2A. EMBO ] 11:4601-4606

Arbeit JM, Munger K, Howley PM, Hanahan D (1993) Neu-
roepithelial carcinomas in mice transgenic with human papil-
lomavirus type 16 E6/E7 ORFs. Am ] Pathol 142:1187-1197
Ronco LV, Karpova AY, Vidal M, Howley PM (1998) Human
papillomavirus 16 E6 oncoprotein binds to interferon regula-
tory factor-3 and inhibits its transcriptional activity. Genes
Dev 12:2061-2072

De Marco F, Manni V, Guaricci N, Muller A, Marcante ML
(1999) Induction of apoptotic cell death by IFNbeta on HPV-
16 transformed human Kkeratinocytes. Antiviral Res
42:109-120

Johnson JA, Hochkeppel HK, Gangemi JD (1999) IFN-tau
exhibits potent suppression of human papillomavirus E6/E7

oncoproteinexpression. ] Interferon Cytokine Res 19:
1107-1116



	Introduction
	Specific viral oncogenes are necessary but not sufficient for cell immortalization, for malignant conversion and for the maintenance of the malignant state
	E6 and E7 proteins are mutagenic and may act as progression factors
	E6 and E7 oncoproteins interact and inactivate
	E6 and E7 gene expression is controlled by an
	Is TNFalpha-mediated interferon b responsiveness
	Fig. 1.
	Fig. 2.

	References

