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I.INTRODUCTION

Genetic information in metazoan cells is stored in condensed chromatin, which
protects the DNA from damage. However, when this information needs to be
accessed, the secured DNA is decondensed as the double helix itself is opened.
It is during DNA replication that DNA is the most vulnerable and therefore
genomic duplication is highly orchestrated; it is carefully planned during the G1
phase, precisely executed in the S-phase, and all the mistakes are eliminated in
the S- and G2 phases before mitosis. The whole process is closely guarded by
cellular control factors that intervene immediately at the slightest deviation
from the plan.

Papillomaviruses are endogenous parasites that do not require the same kind
of fidelity as metazoan cells and can afford some inaccuracy while replicating
their small circular double stranded DNA (dsDNA) genome. They have evolved
systems either to overrun the cellular defenses and to replicate their genome
multiple times per cell cycle or to mimic cellular DNA replication by re-
plicating approximately once per cell cycle. In either case, the genomic integrity
of the host cell is not jeopardized during the normal viral life cycle. However,
the human papillomavirus (HPV) is occasionally integrated into the host
genome. The mechanism of viral integration is currently unknown, but the work
presented here will demonstrate that the inability to precisely replicate its DNA
once per cell cycle makes the HPV act like a Trojan horse while inside the host
genome. If not correctly regulated, it will not only end the viral life cycle, but it
can also cause the death of the host by causing chromosomal instability, which
may lead to cancer.



2. LITERATURE REVIEW

2.1 General introduction to Papillomaviruses

Papillomaviruses (PV) are a group of nonenveloped, epitheliotropic, species-
specific DNA viruses that infect humans and variety of animals. Based on tissue
tropism, more than 100 different types of human papillomaviruses (HPV) are
divided into subgroups of mucosal or cutaneous papillomaviruses. HPV
infection is usually asymptomatic or results in benign epithelial lesions called
papillomas, also known as warts on the skin and condylomas on the genitalia.
Nevertheless, PVs are also considered to be the strongest known human
carcinogen worldwide. The infection with HPV16 or —18 has a stronger
association with cervical cancer than tobacco smoking has with lung cancer
(Burd, 2003; Ozlu and Bulbul, 2005).

The current literature review concerning papillomaviruses is mainly based
on the most studied human papillomaviruses, HPV16 and —18, and on the
bovine papillomavirus type 1 (BPV1), which has been a prototype of PV
replication studies. From these studies, a general pattern of viral features has
been summarized that, with slight modifications, can be applied to all PVs. The
specific features of certain papillomaviruses are pointed out where appropriate.

2.1.1 Papillomavirus genome organization

To date, over 100 different human papillomavirus (HPV) types have been
identified (de Villiers et al., 2004). These include complete viral genomes,
whose L1 open reading frame (ORF) is at least 10% dissimilar when compared
to any other HPV type (definition adopted by Papillomavirus Nomenclature
Committee in 1995). These different types of HPVs are thought to have arisen
through a series of small mutations scattered throughout the genome, rather than
by recombination between genomes (Chan et al., 1995).

PV genomes are circular dsDNA about 8 kb in size. Despite the number of
PV types, all PV genomes have a highly conserved organization that encodes
ORFs from one strand of the viral genome. ORFs that are located in the early
region of the genome (E) encode non-structural proteins, while the 2 ORFs in
the late region (L) are responsible for the synthesis of structural proteins (Fig.
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Figure 1. Schematic presentation of the HPV18 genome. Open arrows represent the
viral ORFs and the non-coding upstream regulatory region (URR) is shown as an open
box.

El is a highly conserved PV protein that functions as the origin recognition
factor and the ATP-dependent hexameric viral helicase (Sedman and Stenlund,
1998; Stenlund, 2003; Ustav and Stenlund, 1991; Wilson et al., 2002; Yang et
al., 1991; Yang et al., 1993).

Full-length E2 protein acts primarily as the viral transcription factor and
another origin recognition factor (Bonne-Andrea et al., 1997; Sedman and
Stenlund, 1995; Ustav et al., 1993; Ustav and Stenlund, 1991; Yang et al.,
1991). While BPV1 E2 is a strong transcription activator, HPV16 and —18 E2
have been shown to be only moderate activators and are known more as
transcription repressors of viral oncogenes E6 and E7 at higher concentrations
(Demeret et al., 1994; McBride et al., 1991; Romanczuk et al., 1990; Steger and
Corbach, 1997; Tan et al.,, 1994). Also, splice variants of E2 lacking the
transactivation domain are expressed that function as repressors of replication
and transcription (Lim et al., 1998; Zobel et al., 2003) (Kurg et al., manuscript
submitted for publication).

The expression of E4 is linked to differentiation of the epithelial host cell,
and its abundant expression in the upper layers of the epithelium is
characteristic of late genes (Palefsky et al., 1991). The biological function of the
protein is largely unknown, but different HPV E4 proteins have been shown to
disrupt cyokeratins and to block the cell cycle in G2/M (Doorbar et al., 1991;
Nakahara et al., 2002; Wang et al., 2004). Therefore, E4 is believed to play a
role in the release of maturated PV virions.

ES5 is the major oncoprotein of BPV1, but in HPVs, its oncogenic ability is
not as obvious (DiMaio and Mattoon, 2001). However, it has been
demonstrated that HPV16 E5 can induce epithelial tumors in mice through
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interaction with the epidermal growth factor receptor (Genther Williams et al.,
2005).

E6 is the major oncoprotein of HPVs. Anogenital (mucosal) E6 has a well
known ability to prevent cell cycle blockage and apoptosis through the
inhibition of p53 (Scheffner et al., 1990). Cutaneous HPV E6 is known to
function through the degradation of Bak (Jackson et al., 2000).

E7 is another PV oncoprotein and has been shown to inhibit retinoblastoma
protein family members, which are necessary to drive the host cell cycle into S-
phase (Boyer et al., 1996).

L1 is the major capsid protein and is one of the most conserved papilloma-
virus proteins (de Villiers et al., 2004). Together with the minor capsid protein,
L2, it is expressed in the upper layers of differentiated epithelium.

Between the late and early regions of the PV genome, there is also an
approximately 1 kb non-coding region called the upstream regulatory region
(URR)' that contains the origin of replication (ori), early promoters, and binding
sites for several cellular transcription factors.

2.1.2 Papillomavirus life cycle

Papillomaviruses infect undifferentiated proliferating cells in the basal layer of
the epithelium and the progress of their subsequent life cycle within the host
depends heavily on the differentiation of the infected cells. Therefore, it has
been a challenge to propagate PVs in vitro. A significant portion of the
knowledge about the early steps in the PV replication cycle is based on BPV1,
thanks to its unique ability to infect the monolayer C127 cell-line of mouse
fibroblasts. Additionally, in vitro models have been developed to recapitulate
the epithelial differentiation, such as the “raft” culture system in which the
stratified squamous epithelial cells are placed at an air-water interface (Meyers
et al.,, 1997), or placing a suspension of HPV-containing epithelial cells in
semisolid medium (Ruesch et al., 1998).

HPV infection is believed to occur through small wounds in the epithelium.
It has been suggested that integrin receptors (Oldak et al., 2006) and heparin
sulphate are used by PVs for attachment to the cell (Giroglou et al., 2001),
leading to the internalization of bound virus through the endocytosis of clathrin
coated vesicles (Day et al., 2003; Giroglou et al., 2001). The infection,
uncoating, and the entry of HPV DNA into the nucleus of the basal epithelial
cells are followed by activation of the early promoter in the upstream regulatory
region, resulting in the expression of proteins E1, E2, E6, and E7. El and E2
direct the host cell replication factors to the viral origin of replication, which
leads to the initial quick rise of the viral genome copy number per cell (Chiang
et al., 1992; Ustav and Stenlund, 1991). This process can be simply modeled in
cell culture by transient transfection of E1 and E2 expression vectors together

' also known as long control region (LCR)
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with the reporter plasmid carrying the sequences of the viral replication origin
(Ustav et al., 1993; Ustav et al., 1991). In epithelial tissue, however, the process
is more complicated. When basal epithelial cells divide, some of the daughter
cells migrate upward, exit the cell cycle, and undergo terminal differentiation,
while the other cells remain in the basal layer as stem cells (Fuchs, 2008).
Therefore, at least in differentiating cells, E6 and E7 oncoproteins are also
necessary to drive the cell cycle into S-phase and to adjust the intracellular
milieu in a way that it is suitable for HPV genome amplification (Garner-
Hamrick et al., 2004; Howley, 2001; Thomas et al., 1999). In undifferentiated
basal cell layers, it is possible that the pattern of viral gene expression during
the latent infection is restricted to E1 and E2, and that the E6 and E7 genes are
not required. The expression of E6 and E7 can be kept low due to the tight
control by E2 (Romanczuk et al., 1990; Steger and Corbach, 1997).

After the initial amplification, the HPV genome is established as a stable
multicopy extrachromosomal plasmid at roughly 50 to 100 copies per cell.
Although little is known about the replication mechanisms of PV replicons
during viral stable extrachromosomal maintenance, it is generally accepted that
the replication initiation process during stable maintenance of PV genomes is
guided by a relaxed random-choice control mechanism that results, statistically,
once per cell cycle replication of the viral DNA (Piirsoo et al., 1996; Ravnan et
al., 1992). It has been also suggested that HPV16 DNA could strictly replicate
once per cell cycle (Hoffmann et al., 2006) and that the BPV1 EIl protein is
dispensable as soon as stable extrachromosomal maintenance of the viral
genome has been established (Kim and Lambert, 2002). However, additional
evidence is required to confirm these findings. The strict once per cell cycle
replication mode during PV stable maintenance would be expected if the
cellular complexes are used for DNA replication initiation, as in the case of
Epstein-Barr Virus (EBV) (Chaudhuri et al., 2001; Dhar et al., 2001).
Furthermore, 2D analyses of the replication intermediates of BPV1, HPV11,
and HPV16 in cells that stably maintain the viral genome have mapped the
origin of replication to the same part of the URR that is used in E1-E2-
dependent initiation of DNA replication (Auborn et al., 1994; Flores and
Lambert, 1997; Schvartzman et al., 1990; Yang and Botchan, 1990).

It is believed that during stable extrachromosomal maintenance, the
replicated PV episomes are distributed evenly into daughter cells. It is not yet
clear how this is achieved by HPVs, but in the case of BPV1, it is accomplished
through the E2 protein and its binding sites within the URR region known as
minichromosome maintenance element (MME) (Piirsoo et al., 1996). MME is
responsible for the E2-mediated attachment of full-length BPV1 genomes, as
well as URR reporter plasmids, to host cell chromosomes. This process is
thought to ensure the partitioning of viral extrachromosomal DNA molecules
during host cell mitosis (Ilves et al., 1999; Lehman and Botchan, 1998;
Skiadopoulos and McBride, 1998; You et al., 2004).

Current models suggest that when infected cells reach the suprabasal level
of differentiated epithelium, the transcription of PV early genes is switched
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from the E2-regulated early promoter to the E2-independent late promoter
located within the E7 ORF. This switch results in high levels of E1 and E2 (and
probably E4 and ES5), leading to the increase in viral copy number of up to
thousands per cell (Grassmann et al., 1996; Klumpp and Laimins, 1999). The
molecular mechanisms of the activation of the late differentiation-dependent
promoter are not well understood. It is possible that the promoter is
constitutively active and PV protein expression is regulated by alternative
splicing patterns in epithelial cells at different stages of differentiation.
Alternative splicing could also explain the upregulation of HPV18 protein
expression in differentiated keratinocytes, since there is no late promoter found
inside the HPV18 E7 ORF. There are two papers suggesting that BPVI,
HPV16, and HPV31 might switch from bi-directional DNA replication to the
rolling circle mode of replication at this stage of their life cycle (Dasgupta et al.,
1992; Flores and Lambert, 1997). First, Flores and Lambert based their
conclusions on their ability to detect only Y-shaped DNA replication
intermediates of the HPV16 and HPV31 genomes in differentiated cells.
However, the study remains inconclusive, since in case of the rolling circles,
very characteristic patterns should appear in two dimensional gels as
demonstrated in the T4 in vitro replication system (Belanger et al., 1996). One
of these patterns, the ds-eyebrow, has never been detected when PV replicons
have been analyzed. In another study, Dasgupta et al. performed an electron-
microscopic analysis of the low molecular weight DNA from the mouse cells
harboring high levels of the BPV-1 genome. While the structures of the
observed molecules were consistent with rolling circles, the BPV1 specificity
was not proven, nor were negative control samples without BPV1 genome
presented. Therefore, it may have been possible that the observed DNA
molecules represented the replicating mtDNA. Further studies are needed to
reveal the viral replication mode in this phase of the PV replication cycle.

Regardless of the exact mechanism of viral replication, the final vegetative
PV amplification is accompanied by the expression of L1 and L2 structural
proteins and virion assembly in the upper layers of infected tissue. Since
papillomaviruses are non-lytic, they are not released until the infected cells are
shed from the epithelial surface. The HPV replication cycle takes at least 3
weeks, as this is the time required for the keratinocyte to undergo complete
differentiation.

2.2 Initiation of DNA replication in the nucleus
of cells infected with papillomaviruses

In general, the initiation of HPV DNA replication resembles the initiation of
cellular bi-directional semi-conservative DNA replication (Fig. 2). However,
there are some important differences outlined below that allow the PV DNA to
replicate more than once per cell cycle.
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2.2.1 Initiation of genomic DNA replication in mammalian cells

Genomic DNA is replicated exactly once per cell cycle in eukaryotic cells. The
prevention of DNA re-replication is guaranteed by the temporal separation of
two critical events: the assembly of the pre-replication complex (licensing of
replication) and the actual initiation step of DNA synthesis (Blow and Dutta,
2005; Machida et al., 2005). Pre-replication complex (pre-RC) formation is
restricted to G1 phase, while DNA synthesis is activated in S-phase (Fig. 2A).
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Figure 2. Initiation of cellular DNA replication (A) and viral DNA re-replication (B) in
the nucleus of a cell infected with a papillomavirus (IV, Fig. 1). Only the components of
the pre-replication complex (pre-RC) are presented. Please see text for details.

The replication of an eukaryotic chromosome starts from multiple origins that
are determined during late S- to early G1l-phase of the cell cycle by the six-
protein origin recognition complex (ORC) (DePamphilis, 2005). In late G1-
phase, some of the ORCs are chosen as platforms for pre-replication complex
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(pre-RC) formation, which involves the loading of an inactive form of the
MCM2-7 helicase complex (MCM2-7) by cdc6 and Cdtl (Cook et al., 2004;
Mailand and Diffley, 2005; Rialland et al., 2002; Yan et al., 1998). In S-phase,
DNA replication is activated by the coordinated action of at least 22 additional
proteins, including Cdks/cyclins and Cdc7/Dbf4 kinase (Blow and Dutta, 2005;
Mendez and Stillman, 2003). Phosphorylation by Cdc7/Dbf4 and Cdks activates
the MCM2-7 complex and allows it to recruit several other proteins such as
Cdc45 and the GINS complex, which are necessary for loading DNA
polymerases and for the start of DNA elongation (Jiang et al., 1999a; Labib and
Gambus, 2007; Masai et al., 2006). At the same time, the pre-RCs themselves
are disassembled and the reassociation of MCM proteins with origins is not
permitted as cdc6 and Cdtl are inactivated. Cdc6 is phosphorylated by Cdks,
which results in its nuclear export (Jiang et al., 1999b; Petersen et al., 1999).
Cdtl is either phosphorylated and degradated or stabilized by geminin in an
inactive form until the next G1-phase, when geminin is degradated in an APC-
dependent manner (Fujita, 2006; McGarry and Kirschner, 1998; Melixetian and
Helin, 2004). Second-round pre-RC formation in humans is also inhibited by
the phosphorylation and subsequent degradation of Orcl during S-phase by
ubiquitin-dependent proteolysis (Mendez et al., 2002; Tatsumi et al., 2003).
However, the geminin-Cdtl interaction seems to be a primary factor in
preventing DNA re-replication in humans (Blow and Dutta, 2005; Hook et al.,
2007).

2.2.2 Initiation of papillomavirus DNA replication

Most of the data regarding the initiation of PV DNA replication were obtained
from studies of BPV1. However, this knowledge can be safely extrapolated to
the majority of PVs, as the E1-E2-ori interactions are highly conserved in all
PVs (Berg and Stenlund, 1997; Chiang et al., 1992).

The viral origin of replication is located within the URR of the genome and
contains the binding sites for the E1 and E2 proteins, as well as an AT-rich area
(Remm et al.,, 1992; Ustav et al.,, 1991). Replication of the PV genome is
initiated via the viral pre-RC that involves the cooperative binding of E1 and E2
to the viral origin (Fig. 2B) (Chiang et al., 1992; Russell and Botchan, 1995;
Stenlund, 2003; Sverdrup and Khan, 1994; Ustav et al.,, 1993; Ustav and
Stenlund, 1991). The E1 protein acts as a DNA-dependent ATPase and a DNA
helicase responsible for the initial melting of the ori, as well as subsequent
unwinding of the double helix during replication fork progression (Sedman and
Stenlund, 1998; Yang et al., 1993). Phosphorylation by the cyclinE/Cdk2 and
cyclinA/Cdk2 complexes has been shown to be important for E1 nuclear
localization (Deng et al., 2004; Hsu et al., 2007). E2 has an auxiliary role during
the initiation of DNA replication, acting as a specificity factor for E1. It has
been demonstrated in vitro that E1 can initiate DNA replication from a non-
specific DNA sequence in the absence of E2 protein (Bonne-Andrea et al.,

15



1997; Sedman and Stenlund, 1995). The binding of E1 to E2 is followed by the
hexamerization of E1 and the release of E2, as well as the recruitment of host
cell replication proteins at the origin (Melendy et al., 1995). It has been
demonstrated that various combinations of E1 and E2 proteins from different
PVs can initiate DNA replication from the several different PV origins (Chiang
etal., 1992).

Unlike the replication of cellular DNA mediated by the ORC and MCM2-7
complexes, the E1 and E2-dependent DNA replication does not follow the
once-per-cell cycle initiation mode (Piirsoo et al., 1996; Ravnan et al., 1992).
This is mainly because the unscheduled formation of viral pre-RC, orchestrated
by viral E1 and E2 proteins, can take place simultaneously in S-phase with the
initiation of viral DNA replication (Fig. 2B).

2.2.3 Prevention of DNA re-replication and its damage repair by
checkpoint pathways

In the event that genomic DNA re-replication is initiated (Karakaidos et al.,
2004; Tatsumi et al., 2006), the ataxia telangiectasia mutated (ATM) kinase as
well as the ATM and Rad3-related (ATR) kinase checkpoint pathways are
activated to prevent the induction of genomic rearrangements (Lavin, 2007; Lin
and Dutta, 2007; Liu et al., 2007; Paulsen and Cimprich, 2007).

In mammalian cells, the ATR-mediated S-phase checkpoint is activated
first, at the onset of DNA re-replication after the accumulation of ssDNA and
before the appearance of double strand breaks (DSBs). This inhibits re-
replication so that significant re-replication is prevented (Liu et al., 2007; Vaziri
et al., 2003). The ATR could inhibit DNA re-replication directly by
phosphorylation of the MCM complex (Cortez et al., 2004) or indirectly
through the p53 and pRB pathways (Liu et al., 2007; Vaziri et al., 2003). It has
been demonstrated that the ATR checkpoint is activated in response to the
structural problems that occur during DNA re-replication (such as ssDNA)
rather than recognizing the re-licensing itself. It is believed that the reloaded
MCM proteins are not properly coordinated with other replication proteins,
which leads to the functional uncoupling of MCM helicase and DNA
polymerases. This results in the accumulation of RPA-coated ssDNA.

If the primarily mission of the ATR pathway is to prevent DNA re-
replication, then the ATM pathway is activated when this prevention fails and
DSBs are produced. DSBs can be generated in several ways during DNA re-
replication including head-to-tail fork collision, the collapse of stalled re-
replication forks, or if new re-replication forks encounter Okazaki fragments at
the existing forks. DSBs in eukaryotic cells are repaired by homologous
recombination (HR) and non-homologous end-joining (NHEJ). The balance
between NHEJ and HR shifts during the cell cycle, in which HR is upregulated
during the S- and G2 phases of the cell cycle when sister chromatids are
available. In addition, it has been demonstrated that DSBs caused by replication
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blockage are repaired by HR, whereas “accidental” DSBs in packed chromoso-
mes are frequently repaired by NHEJ (Shrivastav et al., 2008; Sonoda et al.,
2006; Weterings and Chen, 2008).

Papillomaviruses can induce the re-replication of their genome in infected
cells despite cellular control mechanisms that have evolved to stop cellular
DNA re-replication. Most likely, the virus can escape cellular control
mechanisms because of the differences in the assembly of viral and cellular pre-
RCs and because of the different features of E1 compared to MCM2-7.

2.3 Human papillomaviruses and cervical cancer

Anogenital (mucosal) HPVs are extremely common. They are considered to be
the most common sexually transmitted disease worldwide, with 70% of sexually
active adults becoming infected with anogenital HPV at some point during their
lifetime. It has been estimated that around 291 million women with normal
cervical cytology worldwide are carriers of HPV DNA (de Sanjose et al., 2007).

According to the propensity for malignant progression of the HPV infected
cells, anogenital HPVs are designated as “high-risk* or “low-risk* viruses (de
Villiers et al., 2004; Munger et al., 2004; zur Hausen, 2002). “Low-risk” HPVss
(LR-HPV), like HPV6 and HPVI1I1, are considered to be rather normal
microflora of the human epithelia since they are generally limited to low-grade
lesions or genital warts that rarely progress to malignancy. “High risk” HPV
(HR-HPV) infections, however, are associated with more than 99% of cervical
neoplasias and invasive cervical carcinomas worldwide (Walboomers et al.,
1999). HR-HPVs, such as HPV16 and HPV18, have been shown to be the
predominant cause of these diseases, as well as head and neck squamous cell
carcinomas (Gillison et al., 2000; Paz et al., 1997). Although the progression to
malignancy is relatively rare, anogenital HPVs are one of the most important
infectious agents in cancer causation, responsible for 5% of the world cancer
burden. Of these, 87% are cervical cancer, 10% are other anogenital cancers,
and 3% are oropharyngeal cancers (Parkin, 2006).

Subsequently, the association of “high risk” HPVs with cervical cancer is
reviewed.

2.3.1 Physical state of human papillomaviruses in cervical neoplasia

Tumor progression in HR-HPV-associated neoplasia is classified as a low-grade
squamous intraepithelial lesion (LSIL), a high-grade squamous intraepithelial
lesion (HSIL), or an invasive squamous cell carcinoma (SCC). The physical
state of HPV in these different states of neoplastic tissues has been evaluated in
several studies over the past few decades. However, only the recent
development of quantitative real-time PCR protocols has provided us with the
reliable sensitivity needed to understand the physical state of HPV in these
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tissues (Andersson et al., 2005; Arias-Pulido et al., 2006; Kulmala et al., 2006;
Peitsaro et al., 2002b; Yoshida et al., 2008). In general, it has been found that,
although the viral load in tissue samples decreases from LSIL to SCC, the
frequency of HPV integration increases according to the degree of transfor-
mation. This indicates that HPV integration has an impact on the neoplastic
progression of the infected cell. These studies have also demonstrated that HPV
integration often results in a situation where the mixed (episomal/integrated)
pattern is the most prevalent physical state of HPVs already in PAP smears with
normal morphology and in LSIL. In addition, other studies have observed the
presence of episomal and integrated HPV within the same cells in clinical
samples using in situ hybridization (Cooper et al., 1991; Kristiansen et al.,
1994). Experiments using the HPV16 positive W12 cell line demonstrated the
co-existence of episomal and integrated HPV16 DNA in the same cells in early
passages, while the later passages revealed the loss of the HPV plasmids (Pett et
al., 2006). A similar result was obtained with a cell line carrying HPV33
(Peitsaro et al., 2002a).

HPV integration studies in cervical tumors have revealed that HPV
integrates randomly throughout the genome. However, there is a high
correlation between the fragile sites (FS) and HPV integration sites and, up to
60% of the time, fragile sites are the location of HPV integration (Ferber et al.,
2003; Thorland et al., 2003; Wentzensen et al., 2002; Wentzensen et al., 2004;
Yu et al., 2005). FSs are predetermined chromosomal breakage regions that are
prone to recombination. These sites have been seen in metaphase chromosomes
mostly after replicative stresses, such as partial inhibition of DNA replication
by aphidicolin. Therefore, it might be possible that DSBs generated during the
replication of host chromosomes are required for HPV integration to take place.
There are at least 104 FSs, of which 24 are rare and 80 are common. Among the
common FSs, FRA8C within the c-MYC locus at 8q24 is the most frequent
location for HPV18 integration. This integration is often accompanied by
amplification of the viral sequences and the flanking cellular sequences, which
results in the overexpression of MYC (Ferber et al., 2003; Herrick et al., 2005;
Lazo et al., 1989; Macville et al., 1999; Peter et al., 2006a).

2.3.2 Virus-cell interactions leading to the
HPV-associated malignant transformation

The integration of HR-HPV DNA into the host cell chromosome is believed to
be a key event in the malignant progression of the host cell. Usually only a part
of the HPV genome is integrated in cervical carcinomas without any preferred
break points inside the integrated HPV sequence. However, the E1 and E2
ORFs are consistently disrupted, while the E6 and E7 ORFs, as well as the
URR, are present (Baker et al., 1987; Dall et al., 2008; Kalantari et al., 2001;
Luft et al., 2001; Peter et al., 2006a; Ziegert et al., 2003; Wagatsuma et al.,
1990). Therefore, it has been suggested that when HPV DNA integration
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occurs, the repression function of E2 is switched off, allowing for an increase in
the expression of viral oncoproteins E6 and E7 (Corden et al., 1999; Kalantari et
al., 2001; Peter et al., 2006b). In turn, E6 and E7 give cells a selective growth
advantage primarily due to the disruption of the function of p53 and the
retinoblastoma tumor suppressor protein family members (Boyer et al., 1996;
Dyson et al., 1989; Jeon et al., 1995; Romanczuk and Howley, 1992; Scheffner
et al., 1990). The high-risk E6 proteins are also capable of activating the
catalytic hTERT subunit of the telomerase, leading to an increase in telomeric
length in infected cells (Klingelhutz et al., 1996; Veldman et al., 2003). HR-
HPV E7 can further hinder cell cycle inhibition by increasing the levels of
cyclins A and E, as well as by modulating the functions of cyclin-dependent
kinase inhibitor p27“"', cyclin A/cdk2 complex, transcription factor E2F1, and
cyclin E/cdk2 (Hwang et al., 2002; Mclntyre et al., 1996; Ruesch and Laimins,
1998; Zerfass-Thome et al., 1996; Tommasino et al., 1993). The upregulation of
HR-HPV oncogene expression is also associated with genomic instability in the
HPYV infected cells. HPV-16 E7 can produce abnormal centrosome numbers
(Duensing and Munger, 2002; Duensing and Munger, 2004; Pett et al., 2004)
and HPV-16 E6 can induce abrogation of the G2/M checkpoint (Thomas and
Laimins, 1998; Thompson et al., 1997), as well as reduce the efficiency of
single-stranded DNA break repair (Iftner et al., 2002).

LR-HPV E6 and E7 proteins have been shown to have lower oncogenic
potential (Crook et al., 1991; Heck et al., 1992). Their role in HPV11 episomal
maintenance has been shown (Oh et al., 2004) to result in an extended life span,
but not the immortalization, of normal keratinocytes in monolayer cultures
(Thomas et al., 2001). The inability of integrated “low risk” E6 and E7 to
provide a growth advantage in infected cells probably explains why cells
harboring integrated LR-HPV are not found in vivo, although human foreskin
keratinocytes transfected with wild-type HPV-11 genome have been found to
contain integrated forms of the viral genome (Oh et al., 2004).

The mechanisms of carcinogenesis of cutaneous HPV types are largely
unknown and are probably different from anogenital types. The integration of
cutaneous PV DNA is rarely observed, although E6 still seems to be the
dominant viral oncogene, and its main anti-apoptotic function is the degradation
of Bak (Jackson et al., 2000). This probably leads to delays in the repair of UV-
induced DNA damages, resulting in the continuous proliferation of keratino-
cytes and the onset of epithelial skin cancer.
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3. RESULTS AND DISCUSSION

Papillomaviruses do not follow the strict once per cell cycle replication mode at

any stage in their life cycle (Piirsoo et al., 1996; Ravnan et al., 1992). This

means that PVs must have evolved mechanisms to avoid cellular control
pathways that would otherwise hinder the cellular DNA re-replication

(Karakaidos et al., 2004; Liu et al., 2007; Tatsumi et al., 2006; Vaziri et al.,

2003). This characteristic might become important if “high-risk” HPV DNA

carrying the origin of viral DNA replication randomly integrates into the host

cell genome. Although ORFs of the two viral replication proteins are disrupted
during the integration, there is a short period of time, after the initial HPV
integration and before the loss of the HPV episomes, when functional E1 and

E2 proteins are still present in these cells (Peitsaro et al., 2002a; Pett et al.,

2006). Therefore, it is plausible that E1 and E2 proteins expressed from the

HPYV plasmid can induce multiple unscheduled initiation events at the integrated

HPV origin and thereby endanger the genomic stability of the host and drive

malignant transformation.

To clarify the possibilities mentioned above, the work herein was divided
into the following aims:

* To use p53 and BPV1 to demonstrate that, in general, the DNA replication
mechanisms utilized by papillomaviruses are able to escape from the
cellular control mechanisms that have been shown to prevent DNA re-
replication;

= To explore the functionality of the HR-HPV replication origin when it is
covalently linked to human chromosomes;

» To study the consequences of DNA re-replication initiated from the
integrated HPV origin;

= To elucidate the mechanisms by which the DNA re-replication of integrated
HPV can cause the genomic instability.

3.1 Two separate replication modes of the BPV|1 origin
of replication have different sensitivities to p53 (I)

It has been shown that the replication of transiently transfected reporter
plasmids carrying the papillomavirus origin of replication are efficiently
suppressed by p53 in several cell lines (Lepik et al., 1998). Despite this
observation and the fact that BPV1 E6 is unable to induce the degradation of
p53 protein, BPV1 can establish itself in p53-expressing cells. Therefore, it is
possible that BPV1 might escape the inhibitory effect of p53 at some stage
during the establishment of its stable maintenance.

To address this question we decided to use the CHOBgl40 cell line, which
has previously been used as a model system to study BPV1 DNA replication
during its stable maintenance period (Piirsoo et al., 1996). This cell line

20



supports constitutive BPV1 E1 and E2 protein expression and stably maintains
the BPV1 URR reporter plasmid pNeoBgl40. By transfecting this cell line with
another BPV1 URR plasmid, pNeoBgl40HIII, we were able to detect its
replication in cells that already maintained a similar plasmid at constant copy
number.

By co-transfecting the CHOBgl40 cell line with pNeoBgl40HIII and
different p53 expression vectors, we first demonstrated that p53 functions as a
suppressor of transient BPV1 amplification while having no effect on the
growth of transfected cells (I, Fig. 1). Neither the cell cycle profile, nor the
BrdU labeling profile, revealed any significant changes in the growth or
viability of the cells that could interfere with the replication analysis of the
BPV1 URR reporter plasmids in our experiments (I, Fig. 2). Using the same
experimental conditions as in the control experiments, we demonstrated that
p53 deletion mutants, which worked as repressors of BPV1 amplifying
replication, had no inhibitory effect on the copy number of the reporter plasmid
that was stably maintained in the CHOBgl40 cell line (I, Fig. 3). Although El
expression was slightly decreased in response to p53 over-expression, we
showed, by parallel analysis, that it was not the reason for the p53 related
sensitivity of BPV1 transient amplification (I, Fig. 4). These data also
demonstrated that both the transient amplification and the stable maintenance
replication of the BPV1 URR reporter plasmid can take place simultaneously in
the same cells. Transient amplification of the BPV1 reporter did not interfere
with the simultaneous stable replication of a similar plasmid, as the copy
number of the stably replicating reporter remained unchanged.

Therefore, we can conclude that the initial transient amplification and the
subsequent stable replication of the BPV1 URR reporter plasmid are mecha-
nistically different processes, well reflected by their different sensitivities to
p53. This temporal, spatial, or mechanistic difference is related to the more
tightly regulated replication initiation mechanism. Unfortunately, we can only
speculate as to what are the exact differences. The most plausible explanation is
that the different sensitivity to pS3 could appear as an indirect consequence of
the altered sub-nuclear localization. It has been demonstrated that long-term
stable maintenance of the BPV1 replicon is dependent on its non-covalent
attachment to host chromatin, and this process has been linked to efficient
partitioning and nuclear retention of the viral genomes during mitosis (Ilves et
al., 1999; Lehman and Botchan, 1998; Skiadopoulos and McBride, 1998). We
can speculate that the association with chromatin could allow for the access of
replication control mechanisms to the BPV1 DNA replication, which are
commonly operating during host cell genome replication. It might cause
changes in the replication mechanism of the viral DNA that are differentially
recognized and affected by p53.

The initial viral amplification is required for successful extrachromosomal
establishment of the BPV1 genome after infection. However, we can assume
that the uncontrolled over-replication is not favorable for the virus in the long
run, as it could induce the cellular responses leading to cell-cycle block or
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apoptosis. Therefore, the virus-cell interactions could have evolved to avoid the
negative interference of cellular control factors. In this case, p53 might be used
to suppress replication of the viral genome molecules that, for some reason, re-
initiate uncontrolled amplification during stable extrachromosomal maintenance
stage.

3.2 Genomic instability of the host cell induced
by the human papillomavirus replication machinery

(11, 1)

In latently infected cells, HPV genomes have to persist as episomal multicopy
circular nuclear plasmids in order to support the viral life cycle. In neoplastic
cervical tissues, however, integration of HR-HPV DNA has been reported. The
trigger for HPV integration is unknown, but it has been demonstrated that it
leads to the rapid loss of HPV plasmids through an intermediate step, in which
the episomal and integrated HPV coexist in the same cells (Alazawi et al., 2002;
Andersson et al., 2005; Arias-Pulido et al., 2006; Cooper et al., 1991;
Kristiansen et al., 1994; Kulmala et al., 2006; Peitsaro et al., 2002a; Peitsaro et
al., 2002b; Pett and Coleman, 2007; Pett et al., 2006). This raises the intriguing
possibility that the E1 and E2 proteins expressed from the HPV plasmids could
induce unscheduled replication from the integrated viral origin within the host
chromosomal DNA.

By using HelLa and SiHa cells as model systems, we demonstrated that
DNA replication could indeed be initiated from the integrated HPV origin when
HPV E1 and E2 proteins are expressed (II, Fig. 1-5). We showed that high
concentrations of HR-HPV E1 can produce a heterogeneous mixture of DNA
fragments, which is referred to as the “onion skin”-type of replication mode. At
the same time, the elevated E1 levels did not cause unspecific initiation of DNA
replication, and the origin-specific replication initiation occurred at any El
concentration (II, Fig. 2). Our data demonstrated that the DNA replication
initiated from the HPV origin could extend into the flanking cellular sequences
on either side to a distance of at least 12.6 kb from the HPV origin, under the
experimental conditions used (II, Fig. 4). Since the transfection efficiency was
approximately 40%, the level of amplification in the cell, as well as the replicon
size is likely to be greater than the estimated values. Interestingly, we observed
that even if the amplification of the integrated HPV16 origin was highly
dependent on El concentration, the dependence of the replication of distal
sequences on El concentration decreased as the distance from the replication
origin increased. Therefore, the elongation of replication forks at considerable
distances from the initiation site is determined presumably more by proper
configuration of the template and the ability of the replication complex to
function on it, and less by the level of E1. Subsequently, we evaluated the
ability of HPV18 plasmid to prepare the integrated HPV18 origin for
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unscheduled replication in HeLa cells at native E1 and E2 proteins levels. By
extracting the transfected cells from the total population, we reproducibly
succeeded in detecting replication of episomal HPV18 plasmid at a level of 8
copies per cell, together with simultaneous two fold amplification of the
integrated HPV 18 sequences (I, Fig. 5).

Next, we explored the possibility that the El-driven virus-host DNA
replication could become responsible for the genomic instability in HPV-
infected cells. SiHa cells were co-transfected with HPV16 El1 and E2
expression plasmids and the stability of the integrated HPV16 locus was
determined by restriction analyses of the subclones of transfected cells. The
results demonstrated that the co-expression of E1 and E2 in SiHa cells resulted
in a novel HPV16-specific restriction pattern in some of the transfected cells (I,
Fig. 6), representing either an internal rearrangement or reintegration at a novel
site. Subcloning of SiHa cells transfected with the HPV18 genome confirmed
these results under physiological conditions (III, Fig. 8). More precise analysis
suggested that in situ duplication of the HPV16 genome together with 3’
cellular DNA had taken place in one of the subclones, in which DNA
replication from integrated HPV had been initiated (II, Fig. 6). FISH analysis of
metaphase cells revealed de novo cross-chromosomal translocation of the
integrated HPV16 with the entire g-arm of chromosome 13 in another subclone
(III, Fig. 7). As a result, there was a third 13q arm in the genome of the
subclone. In control cells, which only expressed HPV16 E1, no changes were
detected within the integrated HPV 16 locus (11, Fig. 6).

Current study suggests that during the intermediate step of HPV integration,
when both episomal and integrated HPV DNA are present in the same cells, the
expression of E1 and E2 from the HPV plasmid could induce the amplification
of integrated HR-HPV and flanking cellular DNA sequences. These amplified
loci could serve as targets for repair/recombination machinery, resulting in
genomic rearrangements, which were also observed in this study. The exact
outcome of the rearrangements is difficult to predict, but it is reasonable to
assume that modifications of the genome could affect any number of
oncogenes, leading to the transformation of cells into cancer cells. The genomic
changes may contribute to the transformation directly or indirectly by
increasing the expression of viral oncogenes E6 and E7, as well as affecting the
regulation of host genes nearby. Recently, it has been published that cellular
regions at the MYC locus, encompassing HPV sequences, are amplified in
several cell lines derived from tumors (Herrick et al., 2005). It was concluded
that the amplification had already taken place in the primary tumors and the
integration of viral DNA must have occurred prior to MYC gene amplification.
Mapping the integration sites showed that the integrated HPV DNA sequences
were located at the center of the amplicon (Peter et al., 2006a). In addition,
cytogenetic characterization revealed the dispersion and co-amplification of c-
MYC and HPV18 DNA in HeLa cells (Macville et al., 1999). These data
suggest that MYC amplification occurred after (and was most likely triggered
by) the viral insertion at a single integration site.
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There is evidence from previous studies demonstrating the presence of
different papillomavirus subtypes in the same tissue in clinical samples,
suggesting that the frequency of co-infection may be quite high (Kulmala et al.,
2006). Therefore, we can speculate that cells containing integrated HPV could
also be targets for de novo infection of papillomaviruses, resulting in an
intracellular mixture of episomal and integrated HPV. This could then lead to
the amplification of integrated HPV DNA together with flanking cellular
sequences. We can call this a “hit-and-run” mechanism since “low-risk” or
“high-risk” HPV plasmids themselves could be lost quickly after the infection,
but the damage done through chromosome-associated HR-HPV amplification
remains. This is especially remarkable since LR-HPVs are considered to be
harmless due to the lower oncogenic potential of their E6 and E7 proteins
(Crook et al., 1991; Heck et al., 1992; Oh et al., 2004). However, we have
demonstrated their ability to initiate DNA replication from the integrated HR-
HPV origin (II, Fig 3).

In addition to the amplification of regulatory sequences or genes driving the
cell cycle, there is also the possibility of deletion of genomic sequences. The
SiHa cell line itself can be seen as an example of this, since the 5’ and 3’
cellular-viral junction sites of HPV16 integration (el Awady et al., 1987) are
~300 kb apart within the intact chromosome 13 according to the 36th assembly
of the human genome (NCBI, released in November 2005). This deletion could
have been due to the integration of HPV16.

Based on the data presented, it can be concluded that papillomavirus
replication machinery could be active in changing cell genomic make-up, and it
sets the stage for the induction of genomic instability that could contribute
considerably to the oncogenic transformation of HPV-infected cells.

3.3 Mechanisms of Genomic Instability in Cells Infected
with High Risk Human Papillomaviruses (11, 1V)

Subsequently, we clarified the mechanisms by which DNA re-replication of
integrated HPV caused internal rearrangements and inter-chromosomal
translocations at the HPV integration locus. First, we demonstrated that linear
fragments, branched and open circular molecules, as well as covalently closed
circular plasmids of heterogeneous size were produced as a result of the “onion
skin”-type of replication mode of integrated HPV (IlI, Fig. 1). Since the HPV
origin-containing plasmids, which arise from integrated HPV, are the potential
templates for E1 and E2-driven replication, we can speculate that this might be
a mechanism for gene amplification. Viral oncogenes E6 and E7 could be
primarily amplified because they are located next to the viral origin and their
expression is regulated by promoters located in the URR.

We continued by developing a single cell-based immunofluorescence assay
to analyze the cellular response to integrated HPV replication (III, Fig. 2 and
Fig. 3). We demonstrated that the DSBs are generated by re-replication of the
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HPYV locus and recognized by the initiating factors of NHEJ and HR (III, Fig.
4). Our data suggest that, although HR is the primary DNA repair mechanism in
the S-phase, the slow HR pathway could become saturated by the generation of
abundant DSBs during the replication of integrated HPV, and the rest of the
DSBs are repaired by NHEJ. The NHEJ machinery plays a significant role in
maintaining genome stability and suppressing tumorigenesis (Ferguson et al.,
2000; Karanjawala et al., 1999; Sharpless et al., 2001), but it is also responsible
for the vast majority of tumorigenic chromosomal translocations. Even the
“correct” re-joining of broken ends by NHEJ often results in mutations at
junction sites (Zhang and Rowley, 2006). Therefore, NHEJ might contribute to
the development of genetic instability found in HPV-associated cancer. NHEJ
might even be responsible for generating the tandem repeats of the integrated
HPV and neighboring cellular sequences commonly found in HPV-associated
cancers. The HPV E6 and E7 oncoproteins can decrease the fidelity of DSB
repair further by interacting with and disrupting the functions of the p53 and
pRB pathways (Boyer et al., 1996; Scheffner et al., 1990; Shin et al., 2006).

The re-replication of the cellular DNA is prevented in cells containing the
intact ATR pathway. Despite this, HPV E1- and E2-driven pre-RC assembly,
DNA unwinding by E1, and the expression of E6 and E7 oncogenes gives HPV
the ability to replicate its 8 kb DNA genome multiple times in a single cell cycle
during normal viral infection. Current study demonstrated that although ATR-
interacting protein (ATRIP) was located at the sites of integrated HPV
replication (III, Fig. 5), HPV re-replication was not prevented even when the
HPV origin was covalently linked with the host cell chromosome. As a result,
we observed the clear localization of ATM and its main downstream effector
kinase, Chk2, into the replication sites of the integrated HPV (III, Fig. 5). In
addition, clear phosphorylation of Chk2 kinase was detected in the cell
population where the replication of integrated HPV took place (III, Fig. 6). The
ATM pathway is thought to be involved when the prevention of DNA re-
replication fails and DSBs are produced. There are several possible explanations
as to why the ATR pathway does not work properly if DNA re-replication is
initiated from the integrated HPV origin. First, it is possible that the weak
localization of ATRIP and Chkl1 (S317) into the sites of integrated HPV DNA
was not caused by the uncoupling of the viral helicase and cellular polymerases
at the properly extending replication fork; rather, it was caused by the
availability of the RPA-coated ssDNA at the sites of fork collision and
dissociation (III, Fig. 9). However, even if the ATR and ATRIP proteins
recognize the sites of integrated HPV replication, the potential to inhibit HPV
replication might still be limited as there are only a few targets available for
ATR, compared with the complex initiation mechanisms of cellular DNA
replication. Phosphorylation of E1 has been extensively studied and the ability
of the ATR to phosphorylate HPV EI protein has not been determined (Lentz et
al., 2006). In addition, the ATR indirect signaling pathways through p53 and
pRB might be cut off by HPV E6 and E7 oncoproteins in cells harboring the
“high risk” HPV.
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Supported by the observation that Cdtl is overexpressed in human cancer
cells lacking the biological functions of p53 or pRB proteins, it has been
suggested that DNA re-replication can lead to chromosomal instability and
malignant transformation (Karakaidos et al., 2004; Liu et al., 2007; Tatsumi et
al., 2006; Vaziri et al., 2003). However, except for the formation of short linear
dsDNA molecules (Davidson et al., 2006), there is no evidence from previous
studies of cellular DNA replication to support this hypothesis. Although,
chromosomal excision and the formation of heterogeneous pools of circular
molecules, as well as reintegration have been detected when DNA re-replication
occurs in cells with integrated polyomavirus in the presence of large T antigen
(Botchan et al., 1979; Bullock et al., 1984; Hanahan et al., 1980; Syu and Fluck,
1997). The current study demonstrates for the first time by metaphase FISH
analysis that DNA re-replication can lead to chromosomal instability (III, Fig.
7). Although we mostly used high levels of E1 expression in our experiments,
we have also demonstrated that the presence of the HPV episomal genome
could induce rearrangements in the genomic content of SiHa cells (III, Fig. 8).
Furthermore, in W12 cells, Dall et al. recently demonstrated that local
rearrangements occur frequently and shortly after natural HPV16 integration,
during the phase when episomal and integrated viral genomes are present in the
same cell (Dall et al., 2008). Similar translocations of the viral-host DNA have
also been detected in several cell lines derived from invasive genital carcinomas
with native expression levels of the viral proteins (Brink et al., 2002; Couturier
et al., 1991; Peter et al., 2006a). These observations indicate that regardless of
the expression level, E1 and E2-driven DNA replication lacks the mechanism to
restrict it to once per cell cycle and, therefore, results in re-replication and
chromosomal instability (IV, Fig. 2).
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4. CONCLUSIONS

The transient amplifying replication of a BPV1 URR reporter plasmid can
take place in cells that already maintain stable extrachromosomal copies of
similar reporter plasmids. At the same time, the copy number of the stably
maintained plasmid is not affected. The stable maintenance replication of
the BPV1 URR reporter plasmid, unlike its transient amplifying replication,
is not sensitive to p53 expression in the same cells. These data suggest that
the initial amplifying and subsequent long-term stable maintenance
replication of BPV1 may use two separable mechanisms. It also indicates
that PV DNA replication has the potential to avoid the negative effect of
cellular control mechanisms, which might be important for the successful
establishment of the stable extrachromosomal maintenance.

The integrated HR-HPV origin is effectively mobilized for replication by
the HPV El and E2 proteins produced from the respective expression
vectors, and more importantly, from episomal HPV genomes transiently
replicating in the same cells. Current study demonstrates that E1 and E2-
dependent initiation of DNA replication from the integrated HPV origin
follows the “onion skin”-type replication mode, leading to the generation of
a heterogeneous population of replication intermediates, including
supercoiled plasmids containing the integrated HPV and flanking cellular
sequences. These data provide experimental proof for the hypothesis that
similar amplification of the integrated HR-HPV sequences could occur in
HPV-infected cells in LSIL and HSIL if episomal HPV genomes producing
viral replication proteins are present.

We show by immunofluorescence analysis that the replication of integrated
HPV takes place in the DNA repair/recombination centers, which
incorporate viral and cellular replication proteins, the MRE complex,
Ku70/80, ATM, ATRIP, and Chk2. Activation of the ATM-Chk2 pathway
was also confirmed by the IP-Western blot analyses. These data show the
active processing of replication intermediates by cellular DNA
repair/recombination machinery, by which the most of the irregularities are
fixed. But in some cases, DNA rearrangements within the HPV integration
site are generated. Clonal analysis of the cells in which replication from the
integrated HPV origin was induced demonstrated the duplication of the
HPV-containing and flanking cellular sequences, as well as de novo cross-
chromosomal translocation. These data suggest that the papillomavirus
replication machinery and the cellular DNA repair complexes might be
responsible for inducing the genomic changes that contribute to the
formation of the HPV-associated cancer cells.
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SUMMARY IN ESTONIAN

Papilloomiviiruse DNA replikatsioon pohjustab
peremeesrakus geneetilist ebastabiilsust

Normaalselt kulgeva viiruse elutsiikli korral piisib inimese papilloomiviiruse
(HPV) genoom latentselt nakatunud rakkudes episomaalse multikoopialise
plasmiidina. Samas on aga avastatud, et enamuses emakakaelavihi rakkudes on
osa viiruse DNAst, mis sisaldab viiruse replikatsiooni alguspunkti ning E6 ja E7
avatud lugemisraame, integreerunud peremeesraku genoomi. Lisaks on tOes-
tatud, et HPV integratsiooni kdigus ldbitakse etapp, kus plasmiidne ja integree-
runud HPV DNA eksisteerivad iihtedes rakkudes. Seega on vdimalik, et véhi-
tekkeni viinud geneetilised iimberkorraldused on vdhemalt osaliselt saanud
alguse integreeritud HPV DNA re-replikatsioonist, mis algatati plasmiidselt
HPV-It ekspresseeritud viiruse replikatsioonivalkude vahendusel.

Kéesolevas t00s ndidati esmalt veise papilloomiviiruse tiitip 1 (BPV1) ja
pS3 valgu nditel, et papilloomiviirustel on potentsiaali varjata oma genoomi re-
replikatsiooni toimumist rakuliste kontrollmehhanismide eest. Jérgnevalt
demonstreeriti, et HPV valgud E1 ja E2 on voimelised algatama DNA replikat-
siooni ka integreeritud HPV-It ning, et see viib madalmolekulaarsete DNA
molekulide, muulhulgas ekstrakromosomaalsete plasmiidide, tekkeni. Lisaks
selgus, et integreerunud HPV-It alguse saanud DNA replikatsioon ulatub ka
iimbritsevate rakuliste jarjestusteni ning, et see viib teatud iimberkorraldusteni
raku genoomis. Antud td60s tuvastati nii HPV integratsioonilookuse duplikat-
sioon kui ka kromosoomide vaheline translokatsioon. Immunofluorestsents-
analiiiisi ja immunosadestamise tulemused niitasid, et integreeritud HPV repli-
katsiooni poolt tekitatud DNA katkete likvideerimiseks aktiveeritakse rakulised
DNA reparatsiooni faktorid.

Kokkuvéttes voOib jéareldada, et integreeritud papilloomiviiruse DNA
replikatsioon ning sellele vastuseks peremeesraku poolt kédivitatud DNA repa-
ratsioon voivad viia geneetilise ebastabiilsuseni ja vihkkasvaja tekkeni.
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