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Abstract

In HPV–related cancers, the ‘‘high-risk’’ human papillomaviruses (HPVs) are frequently found integrated into the cellular
genome. The integrated subgenomic HPV fragments express viral oncoproteins and carry an origin of DNA replication that
is capable of initiating bidirectional DNA re-replication in the presence of HPV replication proteins E1 and E2, which
ultimately leads to rearrangements within the locus of the integrated viral DNA. The current study indicates that the E1- and
E2-dependent DNA replication from the integrated HPV origin follows the ‘‘onion skin’’–type replication mode and
generates a heterogeneous population of replication intermediates. These include linear, branched, open circular, and
supercoiled plasmids, as identified by two-dimensional neutral-neutral gel-electrophoresis. We used immunofluorescence
analysis to show that the DNA repair/recombination centers are assembled at the sites of the integrated HPV replication.
These centers recruit viral and cellular replication proteins, the MRE complex, Ku70/80, ATM, Chk2, and, to some extent,
ATRIP and Chk1 (S317). In addition, the synthesis of histone cH2AX, which is a hallmark of DNA double strand breaks, is
induced, and Chk2 is activated by phosphorylation in the HPV–replicating cells. These changes suggest that the integrated
HPV replication intermediates are processed by the activated cellular DNA repair/recombination machinery, which results in
cross-chromosomal translocations as detected by metaphase FISH. We also confirmed that the replicating HPV episomes
that expressed the physiological levels of viral replication proteins could induce genomic instability in the cells with
integrated HPV. We conclude that the HPV replication origin within the host chromosome is one of the key factors that
triggers the development of HPV–associated cancers. It could be used as a starting point for the ‘‘onion skin’’–type of DNA
replication whenever the HPV plasmid exists in the same cell, which endangers the host genomic integrity during the initial
integration and after the de novo infection.
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Introduction

Papillomaviruses are small dsDNA viruses that infect the basal

cells of differentiating epithelium in variety of animals, including

humans [1]. Initial infection is followed by the transient nuclear

amplification of the HPV circular genomes via the viral pre-

replication complex (pre-RC), which is assembled by the E1 and

E2 proteins during the S-phase of the cell cycle [2–5]. E1 acts as

the replication origin recognition factor and DNA helicase [6,7].

In cooperation with E2, it licenses the papillomavirus origin within

the upstream regulatory region (URR) and initiates DNA

replication by loading the host cell replication complexes at the

origin [8–12]. Unlike cellular DNA replication, the E1- and E2-

dependent HPV DNA replication does not follow the once-per-cell

cycle initiation mode [13,14].

During their normal life cycle, HPVs must maintain their

genomes as multicopy nuclear plasmids. However, it is generally

known that the DNA of ‘‘high risk’’ human papillomaviruses (HR-

HPV), most commonly HPV16 and HPV18, are frequently

integrated into the host cell chromosome in non-invasive

squamous intraepithelial lesions (SIL) and squamous cell carcino-

mas (SCC) [15–23]. The integration of HR-HPV DNA is

considered to be an accidental but crucial step in the development

of invasive cervical cancers that drives the clonal selection of the

HPV transformed cells due to the increased expression levels of

viral oncoproteins E6 and E7 [24]. Characterization of the early

events during the integration of HPV16 before the clonal selection

has been studied thoroughly in the W12 model [23,25,26].

Limiting dilution cloning of the cells shows that viral genome

integrants arise in the presence of the HPV16 episomes and exist

under a non-competitive environment, while the expression of

integrated E6 and E7 are transcriptionally repressed by the

episome derived E2 protein [25]. Integration can occur at any

time during episome maintenance, which results in the eventual

loss of the HPV plasmids through the transient phase when the

episomal and integrated HPV DNA coexist in the same cells

[23,25]. By the time that the episome is lost and the expression of

integrated E6 and E7 oncoproteins are derepressed, transformed

cells that carry the integrated HPVs have acquired a growth

advantage for clonal selection [27–29].

We recently reported that the HR-HPV E1 and E2 proteins

that were expressed from expression vectors effectively initiate
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DNA replication from the integrated HPV origin in HeLa and

SiHa cell lines. This results in the amplification of the integrated

HPV origin and flanking sequences, as well as the induction of

local rearrangements, such as duplications of the cellular genome

[30]. We concluded that the DNA re-replication initiated from the

integrated HPV origin can lead to the development of chromo-

somal abnormalities, which could drive the malignant progression

and serve as a major trigger for the formation of HPV-related

cancers. Recently published data obtained with W12 cells

confirmed our findings under physiological conditions by showing

that the integration of HPV16 in these cells is accompanied by

frequent and local DNA rearrangements within the integration

locus [25]. This provides evidence that episome-derived E1 and

E2 proteins may actively interfere with the integration process at

physiological level and modify the integration locus during the S-

phase of the cell cycle by multiple initiations of DNA replication,

which generates the replication intermediates that are targets for

the DNA repair machinery. Earlier studies have shown that

genomic instability of the HPV infected cells is also increased by

the up-regulation of the expression of the viral oncogenes [31–36].

The activities of HR-HPV oncoproteins are instrumental in the

later phases of integrated HPV transformation during the clonal

selection of the cells in their progression to cancer. During the

early events of integration, however, the episome derived E2

protein effectively represses the transcription of E6 and E7

proteins [27–29,37].

In the current study, we further characterize the molecular

mechanisms of the early events during the integration of HR-HPV

and the involvement of the cellular DNA repair recombination

machinery in this process. We demonstrate that the E1- and E2-

dependent initiation of the integrated HPV replication follows the

‘‘onion skin’’-type replication mode, which leads to the formation

of different by-products, including supercoiled plasmids. We

demonstrate that these processes take place in the DNA repair/

recombination centers, which incorporate viral and cellular

replication proteins, the MRE complex, Ku70/80, ATM, Chk2,

ATRIP and Chk1 (phosphorylated at S317). All these proteins are

visualized in the repair/recombination centers in the S-phase cells

by indirect immunofluorescence assays. In addition, activation of

the ATM-Chk2 pathway is confirmed by IP-western blot analyses.

This suggests that the replication of integrated HPV activates the

DNA damage checkpoints, which results in repair of the damage

by homologous recombination (HR) and non-homologous end-

joining (NHEJ). However, not all of the damaged sites are repaired

properly in the surviving cells, as the replication of the integrated

HPV can result in a variety of rearrangements, including cross-

chromosomal translocations. In order to emphasize the role of the

replication of the integrated HPV origin in the induction of

genomic rearrangements, we also show that transfected HPV

circular genomes are not only replicating in HeLa and SiHa cells

but also mobilize the integrated HPV origin for DNA replication,

which leads to the rearrangements within the integration locus.

Based upon this, we hypothesize that the infection of immortalized

cells of SIL with homologous and heterologous HPVs might lead

to the replication of the integrated HPV origin followed by

rearrangements within the integrated locus, which is reminiscent

of the ‘‘hit-and-run’’ mechanism.

Results

Analysis of the integrated HPV replication intermediates
We have previously demonstrated that HPV replication

proteins E1 and E2, which are expressed from the heterologous

expression vectors, can induce over-amplification of the integrated

HPV origin, which leads to the chromosomal instability of the

HPV positive cancer cells [30]. In the initial studies, we used

regular one-dimensional agarose gels for the separation and

detection of the integrated HPV replication products, followed by

hybridization of the Southern blots with sequence-specific probes.

In the current study, we opted to use two-dimensional agarose gels

to further characterize the different molecular species generated at

the integrated HPV locus as a result of the replication or the action

of the cellular repair-recombination machinery. First, we enriched

the samples for the replication intermediates of the integrated

HPV by using the Hirt extraction method [38]. A considerable

part of the replicated HPV DNA appears in the low molecular

weight (LMW) fraction of the Hirt extracts (Figure 1A and 1B,

lanes 8), while there is essentially no signal for unreplicated HPV

(Figure 1A and 1B, lanes 5–7). In this experiment, HeLa cells (1A)

and SiHa cells (1B) were transfected either with carrier DNA (lanes

1 and 5), HPV18 E1 expression vector alone (lanes 2 and 6),

HPV18 E2 expression vector alone (lanes 3 and 7), or with HPV18

E1 and E2 expression vectors together (lanes 4 and 8). Low

molecular weight (LMW) and high molecular weight (HMW)

DNA fractions were separated on one-dimensional agarose gel and

analyzed by Southern blot with HPV18 (1A) or HPV16 (1B)

URR-specific probes. Quantification showed that over 50% of the

replication signal of integrated HPV (Figure 1A and 1B, compare

lanes 4 and 8) can be found in the Hirt LMW extract compared to

5% of the unreplicated DNA of the integrated virus (Figure 1A

and 1B, compare lanes 1–3 with 5–7).

In order to identify the topology of the replication intermediates

and replication products, the Hirt LMW DNA from the E1/E2-

transfected HeLa cells was further fractionated by conventional

CsCl density gradient centrifugation in the presence of ethidium

bromide. This procedure separates the supercoiled and non-

supercoiled DNA molecules based upon the differences in buoyant

density. Both fractions were separately subjected to two-dimen-

sional neutral-neutral gel-electrophoresis, and the HPV18 repli-

cation products were examined by hybridization of the Southern

blots with an HPV18 genome probe. In the first dimension of 2D

gels, using low voltage and low agarose concentration, the DNA

Author Summary

High-risk human papillomavirus infection can cause
several types of cancers. During the normal virus life cycle,
these viruses maintain their genomes as multicopy nuclear
plasmids in infected cells. However, in cancer cells, the viral
plasmids are lost, which leaves one of the HPV genomes to
be integrated into the genome of the host cell. We suggest
that the viral integration and the coexistence of episomal
and integrated HPV genomes in the same cell play key
roles in early events that lead to the formation of HPV–
dependent cancer cells. We show that HPV replication
proteins expressed at the physiological level from the viral
extrachromosomal genome are capable of replicating
episomal and integrated HPV simultaneously. Unsched-
uled replication of the integrated HPV induces a variety of
changes in the host genome, such as excision, repair,
recombination, and amplification, which also involve the
flanking cellular DNA. As a result, genomic modifications
occur, which could have a role in reprogramming the HPV–
infected cells that leads to the development of cancer. We
believe that the mechanism described in this study may
reflect the underlying processes that take place in the
genome of the HPV–infected cells and may also play a role
in the formation of other types of cancers.

Replication of Integrated HPV

PLoS Pathogens | www.plospathogens.org 2 April 2009 | Volume 5 | Issue 4 | e1000397



molecules are separated exclusively based upon molecular weight.

In the second dimension, the molecules are separated based upon

their topology due to increased voltage, higher agarose concen-

tration, the presence of EtBr, and the low temperature. As a result,

the supercoiled (sc), open circular (oc), and branched molecules

have an altered mobility when compared with the linear molecules

with the same mass, which appear as distinct arcs on 2D gels. The

theoretical scheme for this type of analysis of the replication

products is presented in Figure 1C. Analysis of the fraction

containing non-supercoiled DNA molecules from the CsCl

gradient (Figure 1D) shows three arcs of the replicated molecules,

which were arcs of the linear fragments, branched molecules, and

open circular plasmids of different sizes. Linear DNA fragments

and branched molecules can be generated by displacement

synthesis, replication fork collisions, and by mechanical shearing

of the DNA during cell lysis, even if the lysates are handled gently.

The appearance of the arc of open circular molecules (Figure 1D)

suggests that active processing of the replication products is

ongoing in these cells and that this leads to the excision of the HPV

DNA from the cellular genome. A fraction of the supercoiled DNA

(scDNA) molecules from the CsCl gradient was analyzed in a

similar manner on the 2D gel (Figure 1E). No linear HPV

fragments in this fraction were detected, but the arc of the

covalently closed circular plasmids of heterogeneous size is clearly

visible. The local shift in the migration of the arc of the supercoiled

molecules (black arrowhead, Figure 1E) is caused by the large

quantity of mtDNA that serves as an additional internal control for

the arc of circular molecules [39]. Since the arc of scDNA

continues beyond that shift further into the higher molecular

weight region, we can conclude that covalently closed circular

molecules larger than 16 kb are generated as a result of the

replication of the integrated HPV. Several stronger signals can be

detected on the arc of supercoiled plasmids, which indicates either

that certain excised HPV molecules are replicating more efficiently

than the others, or that specific replication products are

accumulating as a result of the stalling of replication forks.

Therefore, we conclude that excision and active processing of the

replicated HPV sequences are ongoing in the cells where E1- and

Figure 1. DNA replication initiated from the integrated HPV origin generates various low-molecular-weight DNA products. High-
molecular-weight (HMW) DNA and low-molecular-weight (LMW) DNA were fractionated and purified by Hirt lysis 24 hrs post-transfection from HeLa
cells (A) and from SiHa cells (B) that were both transfected as follows: mock-transfection (lanes 1 and 5); 5 mg of HPV18 E1 expression plasmid (lanes 2
and 6); 2 mg of E2 expression plasmid (lanes 3 and 7); 5 mg of HPV18 E1 and 2 mg of E2 expression plasmids (lanes 4 and 8). A 3 mg portion of HMW
DNA and three times the respective amount of LMW DNA were digested with HindIII (A) or Acc65I/BshTI (B) and separated on a one-dimensional gel.
The integrated HPV URR-specific signals were detected by Southern blot analysis. (C) Schematic presentation of the migration of dsDNA linear,
supercoiled, and open circle molecules on 2D neutral-neutral gels. (D, E) 5 mg of HPV18 E1 and 2 mg of E2 expression plasmids were transfected into
HeLa cells and LMW DNA was purified by Hirt lysis 48 hrs post-transfection. Extracted DNA was digested with DpnI and fractionated by the CsCl-
ethidium bromide density gradient. The fraction of linear fragments (lin) and open circular molecules (oc) (D) and the fraction of supercoiled circular
plasmids (sc) (E) were separated on a 2D gel, transferred to a nylon filter, and probed with the HPV18 genomic fragment (from nt 3917 to1575).
Numbers shown on the axes represent the markers of linear (lin) and supercoiled circular (sc) DNA forms. Black arrowhead indicates the shift that was
caused by mtDNA. (F) Schematic presentation of HPV16 integration locus within chromosome 13 in SiHa cells, where the cleavage sites of Acc65I,
Eco91I, BshTI, and BcuI as well as their distances from HPV origin are presented. (G) Schematic presentation of the migration of replication forks and
replication puffs on 2D neutral-neutral gels. (H,I) SiHa cells were co-transfected with 5 mg of HPV18 E1 and 2 mg of E2 expression plasmids. LMW DNA
was extracted 24 hrs post-transfection and digested with Acc65I-BshTI (H) and Eco91I-BcuI (I). Respective HPV16 genome fragments were used as
probes on 2D Southern blots. (J) SiHa cells were co-transfected with 1 mg of HPV18 E1 and 2 mg of E2 expression plasmids. Extracted LMW DNA was
digested with Eco91I-BcuI and analyzed by 2D Southern blots.
doi:10.1371/journal.ppat.1000397.g001
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E2-dependent replication of the integrated HPV takes place. A

heterogeneous set of the supercoiled and relaxed plasmid circles

that was detected in such cells could comprise actively replicating

molecules, since they do contain the HPV18 replication origin.

The detection of the open circles and supercoiled molecules also

suggests that the cellular repair and recombination machinery is

actively involved in this process.

The bidirectional nature of DNA replication that is initiated from

the integrated HPV origin has been previously shown by us and was

referred to as the ‘‘onion skin’’-type of replication mode [30]. To

confirm this, we analyzed the replication intermediates of the

integrated HPV16 in SiHa cells carrying a single integration site of

HPV16 on chromosome 13 (Figure 1F). SiHa cells were co-

transfected with HPV16 E1 and E2 expression vectors and the

LMW DNA was extracted 24 h post-transfection by Hirt lysis. DNA

samples were digested with Acc65I-BshTI or Eco91I-BcuI,

separated by neutral-neutral 2D gel-electrophoresis, blotted, and

hybridized with the corresponding HPV16 genome fragment

(Figure 1H, 1I, and 1J, respectively). The scheme in Figure 1G

demonstrates the idealized autoradiographic pattern of typical

replication intermediates of the bidirectional DNA replication,

which include the arc of replication forks and the arc of bubbles/

puffs. The specific pattern depends on the location of the origin

within the restriction fragment. In the blot of Acc65I/BshTI

digested DNA (Figure 1H), the hallmarks of the bidirectional

replication can be clearly detected. The full-size arc of the

replication forks from 1 N to 2 N size of the cleaved fragment

indicates that the HPV16 origin is actively used for initiation of

DNA synthesis. In addition, the arc of linear DNA fragments along

with the larger structures, which presumably represent various

branched onion skin-type replication intermediates, can be

detected. The symmetrical cleavage of replication products with

Eco91I/BcuI (Figure 1I and 1J) confirms that the initiation of

replication takes place at the HPV16 replication origin, because the

tip of the arc representing the replication forks could be identified in

addition to the linear fragments, branched DNA structures, and

bubbles. Interestingly, the detected bubble arc was more upright

than is typically seen in case of cellular eukaryotic origins [40],

although we have previously proven that replication starts from the

HPV origin and extends bidirectionally [30]. The only explanation

for the discrepancy is that the new replication forks from the

integrated HPV origin start before the previous ones have been

extended outside of the restriction fragment, and, as a result, DNA

fragments with multiple bubbles (DNA puffs) are generated. Clear,

upright arcs that could represent the replication puffs were even

detected at lower E1 levels (Figure 1J). Therefore, we conclude that

the true ‘‘onion skin’’ type molecules were detected as replication

bubbles/puffs. A similar upright arc of bubbles has been previously

shown in the case of BPV-1 DNA replication, which also follows the

‘‘onion skin’’-type replication mode [41].

DNA replication of the integrated HPV takes place at
specific nuclear foci

DNA replication of eukaryotic cells occurs within defined sites

throughout the nucleus, as identified by co-localization of

replication factors and nascent bromodeoxyuridine (BrdU) labeled

DNA into distinct foci [42–44]. It has also been demonstrated that

papillomaviruses, which are similar to many other DNA viruses,

replicate their genome at specific nuclear extrachromosomal foci in

infected cells [45]. To identify the replication sites of integrated

HPV, we transfected SiHa cells with HPV16 E1 and E2 expression

vectors and HeLa cells with HPV18 E1 and E2 expression vectors.

Twenty hours post-transfection, the cells were labeled with BrdU for

2 hours, followed by double immunostaining for BrdU and HA-

tagged HPV E1 protein. The results show that BrdU was

incorporated throughout the nucleus in the cells without the E1

protein. However, in cells that were positive for E1 and E2, the

BrdU signal was mostly co-localized within the E1 foci (Figure 2A).

In such cases, we always identified 2 foci in the SiHa cells and 3 foci

in the HeLa cells, although they were heterogeneous in size and

there was a tendency for satellite foci later in the time course

(Figure 2A). These foci likely represent the integrated HPV sites that

are capable of active replication in these cell lines. The SiHa cells

contain two chromosome 13’s that carry the single HPV16

integration site [46–48], which suggests that both copies of the

HPV16 are active for replication. In HeLa cells, at least five HPV18

integration sites have been mapped. Three of them are located on

normal chromosomes 8 at 8q24 and two on derivative chromo-

somes, which have been shown to contain material from 8q24 [49].

We conclude that there are three replication competent loci of the

HPV18 in HeLa cells. BrdU incorporation within the E1 foci

indicates that the replication of the integrated HPV origin can be

visualized by E1 immunofluorescence analysis and that such

compartmentalization of E1 to these foci occurs only during S-

phase of the cell cycle. To confirm that the visualized foci represent

the HPV replication centers, the immunostaining for E1 was

combined with FISH analysis for the integrated HPV-specific DNA

(Figure 2B). The amplified DNA of HPV16 (in SiHa cells) and

HPV18 (in HeLa cells) are detected at the same foci as the E1

protein (Figure 2B). These data again suggest that the E1 foci are

bona fide amplification sites of the integrated HPV.

To further elaborate on the potential functionality of these

detected foci, we performed co-immunostaining for E1 and E2,

PCNA, the RPA p70 subunit or the polymerase/a-primase (pola)

in HeLa cells that were transfected with the HPV18 E1 and E2

expression vectors (Figure 3). We detected the same pattern of co-

localization of E1 and the other replication proteins as earlier,

which once more demonstrates that these foci are active DNA

replication initiation centers of the integrated HPV. This is

supported by the fact that the E2 protein is not required for the

unwinding or the helicase activity of E1 during DNA replication

elongation and, likewise, the fact that pola is not required for DNA

repair processes. The percentage of the E1/E2 positive cells with

the characteristic pattern of viral DNA replication was estimated

to be 5% to 10%, which represents a fairly large fraction of cells in

S-phase within the transfected cell population. In the case of the

HPV18 replication proteins, we also detected some satellite foci in

addition to the main ones in both HeLa cells (Figure 3) and SiHa

cells (data not shown). The relative amount of the cells with

satellite foci increased over time from 26% at 12 h post-

transfection to 74% at 48 h, as evaluated by two independent

experiments in the HeLa cells. Co-localization of HPV18 E2,

PCNA, the RPA p70 subunit, and pola with HPV E1 indicates

that these additional foci may represent the extrachromosomal

fraction of the replicating, HPV origin containing, plasmids, which

originated from the integrated HPV locus due to its over-

amplification. These molecules were clearly detected by the two-

dimensional gel-electrophoresis analyses (Figure 1E).

Promyelocytic leukemia (PML) nuclear bodies are nuclear

structures that serve the role of storage site for numerous proteins

that are associated with almost every nuclear function, including

transcription, DNA repair, viral defense, stress, cell cycle

regulation, proteolysis, and apoptosis [50]. It has been suggested

that the replication of the HPV genomes might take place in the

PML bodies as well [45]. To investigate the location of the

integrated HPV replication in relation to the PML bodies, we

performed co-immunofluorescence analyses for the HPV18 E1

and Daxx proteins (Figure 3). The Daxx protein has been shown

Replication of Integrated HPV
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to be localized to PML oncogenic domains [51]. The analysis

shows that there is no co-localization between the Daxx and

HPV18 E1 foci, which suggests, first, that replication of the

integrated HPV does not take place in PML bodies and, second,

that the E1 foci are not the artificial accumulation centers for the

replication proteins due to the overexpression of E1 and E2.

Double immunostaining was also performed on mock-trans-

fected cells and on cells transfected with E1 expression plasmids

alone. However, we failed to detect any such foci in these SiHa or

HeLa cells. Taken together, these results demonstrate that the

replication of integrated HPV takes place at specific foci in the cell

nucleus, which can be visualized by indirect immunofluorescence

analysis or by FISH.

Replication centers of the integrated HPV recruit Mre11-
Nbs1-Rad50 complex and Ku70/80 heterodimer

Our data show that the replication of integrated HPV gives rise

to the linear, branched, ‘‘onion skin’’-type replication intermedi-

ates, as well as open circular and supercoiled circular DNA

molecules (Figure 1) in the nuclear replication centers (Figure 2

and Figure 3). Clearly, the generation of such irregularities in the

cellular genome should trigger the cellular responses to repair it.

We assume that DNA double-strand brakes (DSBs) are generated

at some stage of the HPV ‘‘onion skin’’ type of replication. There

are two major mechanisms for the repair of DNA DSBs, which are

homologous recombination repair (HR) and non-homologous end

joining (NHEJ) [52–54]. Primary sensors that detect DNA DSBs

are the Mre11-Nbs1-Rad50 (MRN) complex, in the case of HR,

and the Ku70/80 heterodimer, in the case of NHEJ. To

investigate the potential linkage of cellular DNA repair mecha-

nisms to the integrated HPV DNA replication, we assessed the

localization of the MRN complex and Ku70/80 heterodimer in

relation to the E1 protein in HeLa cells that were transfected with

the HPV18 E1 and E2 expression vectors. Indirect immunostain-

ing demonstrates that all components of the MRN complex as well

as the Ku70/80 heterodimer are co-localized within the foci of the

Figure 2. DNA replication of the integrated HPV takes place at specific nuclear foci. HeLa and SiHa cells were co-transfected with 5 mg of
HPV18 E1 and 2 mg of E2 expression plasmids. Cells were analyzed 20 hrs post-transfection. (A) Co-immunostaining of E1 (Alexa Fluor 568, first
column) and BrdU (FITC, second column). Cells were pulse-labeled with BrdU for 2 hrs prior to IF analysis. In the third column, the localizations of E1
and BrdU in the same cells are presented as a merged image. (B) Combined immunofluorescence and FISH analysis to detect the integrated HPV DNA
(Alexa Fluor 488, first column) and the HPV E1 protein (Alexa Fluor 568, second column) in SiHa and HeLa cells. Localizations of the E1 and the
integrated HPV DNA are also presented in the third column as a merged image. DNA was counterstained with DAPI (fourth column).
doi:10.1371/journal.ppat.1000397.g002

Replication of Integrated HPV
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E1 protein, which represents the integrated HPV amplification

sites (Figure 4). These data suggest that the cell senses the

irregularities in the genome that are generated by the viral

replication proteins and attempts to resolve the over-amplification

of the HPV region by the recruitment of the MRN complexes and

the Ku70/80 heterodimers. We conclude that both pathways of

DNA repair/recombination are activated at the site of the

integrated HPV DNA replication. We believe that most of the

irregularities are fixed, but, in some cases, these repairs can lead to

rearrangements that involve genomic sequences [30], which lays

the ground for genomic instability.

Repair of the amplified HPV18 integration locus is
coordinated by the ATM and ATR signaling pathways

Eukaryotic cells respond to DNA damage with a rapid activation

of signaling cascades that are initiated by the ataxia telangiectasia

mutated (ATM) kinase and the ATM and Rad3-related (ATR)

kinase. Response to the DSBs, which can be caused by ionizing

radiation or radiomimetic drugs, occurs primarily through the

ATM-Chk2 signaling pathway. In response to replication fork

stalling and other forms of DNA damage that are caused by

ultraviolet light, cells activate replication checkpoints, where the

central players are the ATR kinase, ATRIP (ATR-interacting

Figure 3. Cellular replication factors colocalize with the HPV 18 E1 in HeLa cells. Cells were transfected and analyzed as described
previously. Co-immunostaining of HPV18 E1 (Alexa Fluor 568, second column) together with the following proteins are shown: HPV18 E2, PCNA, RPA,
polymerase a/primase, and Daxx (Alexa Fluor 488, first column). Merged images are presented in the third column and DAPI stained nuclei in the
fourth column.
doi:10.1371/journal.ppat.1000397.g003

Replication of Integrated HPV
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protein), and their downstream effector kinase, Chk1. To identify

which pathways are activated and recruited to the foci due to the

replication of integrated HPV18, we performed co-immunostaining

analyses for the HPV18 E1 protein along with ATM, Chk2, ATRIP,

or Chk1 proteins in HeLa cells that were transfected with the

HPV18 E1 and E2 expression vectors (Figure 5). The results show

clear co-localization of ATM and Chk2 at the HPV replication foci,

which indicates that a response to DSBs is generated during the

HPV replication process. ATRIP also localizes within the HPV

replication foci, which demonstrates the presence of RPA-coated

ssDNA. In the case of the Chk1 protein, there was only poor co-

localization of the Chk1 and E1 proteins when an antibody against

phosphorylated Chk1 (S317) was used (Figure 5). There was no co-

localization with the E1 protein when the primary antibody against

the unphosphorylated form of Chk1 was used (data not shown).

Activation of the ATM-Chk2 DNA damage-signaling
pathway is induced as a result of the integrated HPV
replication

The data presented above clearly indicate that the DNA

double-strand break repair machinery is recruited to the

replication foci of integrated HPV. We further studied the

activation status of the DNA DSB repair systems. HeLa cells

were transfected with the HPV18 E1 and E2 expression vectors

(Figure 6A–6C, lane 1), the HPV18 E1 expression vector

(Figure 6A–6C, lane 2), the HPV18 E2 expression vector

(Figure 6A–6C, lane 3), or carrier DNA (Figure 6A–6C, lane 4).

Untransfected HeLa cells (Figure 6A–6C, lane 5) and HeLa cells

that were treated for 1 hour with etoposide (Figure 6A–6C, lane 6)

were used as controls. The transfected cells were first analyzed for

E1 and E2 expression (Figure 6A, panels a and b, respectively)

24 hrs post-transfection using normalized western blot analysis.

DNA double-strand break repair originating from diverse causes

in eukaryotic cells are accompanied by the upregulation of

phosphorylated cH2AX protein (at serine 139) at the sites of DSBs

in chromosomal DNA. This phosphorylated form of cH2AX is

rapidly formed in cells that are treated with ionizing radiation (IR)

and also during V(D)J and class-switch recombination and

apoptosis. Since cH2AX appears within minutes after IR, the

production of the phosphorylated form of cH2AX is considered to

be a sensitive and selective signal for the existence of DNA double-

strand breaks. Indeed, treatment of the HeLa cells with etoposide,

Figure 4. Replication centers of the integrated HPV recruit Mre11-Nbs1-Rad50 complex and Ku70/80 heterodimer. HeLa cells were
transfected and analyzed as described previously. Co-immunostaining of HPV18 E1 (Alexa Fluor 568, second column) and the following proteins are
presented: Mre11, Nbs1, Rad50, and Ku70/80 proteins (Alexa Fluor 488, first column). The localizations of the E1 and the respective DNA repair
proteins are also shown in the third column as a merged image and DAPI stained nuclei are presented in the fourth column.
doi:10.1371/journal.ppat.1000397.g004
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which generates DNA DSBs, considerably elevates the formation

of the phosphorylated form of the cH2AX in these cells (Figure 6A,

panel c, lane 6). In addition, we detected a considerable increase of

the phosphorylated form of cH2AX when the E1 and E2 proteins

were co-transfected into HeLa cells (Figure 6A, panel c, lane 1).

This indicates that the cellular response to the DNA DSBs that are

generated by the replication of the integrated HPV DNA is clearly

activated. We further analyzed the activation status of Chk2 at the

same time point by using IP-western blot analysis with

phosphorylation specific antibodies (Figure 6B). HeLa cells, which

were transfected in a manner similar to the procedure that was

used in Figure 6A, were lysed and subjected to immunoprecip-

itation with the anti-Chk2 antibody. The immunoprecipitated

protein samples were further analyzed with phosphorylation-

specific antibodies targeted against the Chk2 phosphopeptides that

contain Thr68 or Ser19. These sites are part of a cluster of S/TQ

phosphorylation sites that are recognized by PIKKs (PI3 kinase-

like kinases) such as ATM and ATR [55]. It is known that all S/

TQ sites in the N terminus of Chk2 are individually sufficient to

activate the protein [56]. As expected, strong phosphorylation of

Chk2 at Thr68 and Ser19 were detected in the case of etoposide–

treated cells (Figure 6B, lane 6). In addition, a modest activation of

Chk2 can be observed in the cells that were transfected with E1

expression vector alone (Figure 6B, lane 2). However, this effect

was considerably enhanced when E1 and E2-dependent replica-

tion was initiated in HeLa cells (Figure 6B, lane 1). Interestingly,

Ser19 is phosphorylated exclusively in response to DSBs in an

ATM- and Nbs1-dependent but ATR-independent manner [57].

We conclude that E1 protein expression can, to some extent,

activate the Chk2 kinase, which is further activated by the

replication of the integrated HPV. Similar IP-western blot analysis

of Chk1 activation in these cells showed a very weak elevation of

the phosphorylation at Ser317 in the E1-transfected cells, which

was not enhanced by the replication of integrated HPV and, by no

means, was comparable to the effect of the etoposide-treatment of

the cells (Figure 6C, compare lanes 1 and 2 to lane 6). We can only

speculate why Chk1 and Chk2 are slightly activated in response

the E1 expression. It could be either direct interactions with the

components of the DNA repair pathways or an unspecific binding

and unwinding of the cellular DNA.

Finally, we examined the phosphorylation status of Chk2 kinase

at Ser19 in HeLa cells, which simultaneously contain the

Figure 5. Repair of the amplified HPV18 integration locus is coordinated by the ATM and ATR signaling pathways. HeLa cells were
transfected and analyzed as described previously. Co-immunostaining of HPV18 E1 (Alexa Fluor 568, second column) and the following proteins are
shown at the figure: ATM, Chk2, ATRIP, and Chk1 (S317) (Alexa Fluor 488, first column). Merged images are shown in the third column and DAPI
stained nuclei in the fourth column.
doi:10.1371/journal.ppat.1000397.g005
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integrated and episomal HPV18 genomes and express the E1 and

E2 proteins at physiological levels. HeLa cells were co-transfected

with the circular HPV18 genome and the pBabePuro plasmid,

untransfected cells were removed with puromycin treatment, and

Chk2 phosphorylation was analyzed at a 72 h time point by IP/

western blot with the Ser19 phosphorylation-specific antibody

(Figure 6D, lane 1). Mock-transfection with the carrier plasmid

(Figure 6D, lane 2) as well as untransfected HeLa cells (Figure 6D,

lane 3) were used to determine the background level of

phosphorylation. Etoposide-treated HeLa cells were used as a

positive control (Figure 6D, lane 4). Despite the slightly higher

levels of phosphorylated Chk2 in the mock-transfected cells, the

increased activation of Chk2 is clearly observed in HeLa cells that

were transfected with the HPV18 genome. This can be caused

either by the replication of the HPV plasmid or by the integrated

HPV origin, and this refers to the active processing of DSBs, which

might lead to host chromosomal instability.

Re-replication of the integrated HPV can induce the
instability of chromosome structure as detected by
metaphase FISH analysis

Cervical carcinogenesis is associated with the acquisition of

structural and numerical chromosomal abnormalities after the

integration of HPV into the host cell genome [26,34]. One

potential reason is believed to be the increased levels of the HPV

E6 and E7 proteins, which is caused by the disruption of E2

transcriptional repressor expression [23,31]. However, there is also

an alternative mechanism that might cause the chromosomal

rearrangements, which involves the over-amplification of the

integrated HPV combined with the cellular attempt to fix the

resulting DSBs by HR and NHEJ. We previously demonstrated,

by restriction analysis, that the local region of the integrated HPV

DNA changes dramatically upon in situ re-replication of the

integrated HPV [30]. In this previous work, SiHa cells were

transfected with the HPV16 E1 and E2 expression plasmids, the

resulting transfected cells were single cell subcloned, and changes

in the HPV16 restriction pattern, which could represent either an

internal rearrangement or a reintegration at a novel site, were

examined. The subclones with altered restriction pattern was

further investigated in the current study by metaphase FISH in

order to detect possible chromosome alterations that are associated

with the replication of the integrated HPV. We used the tyramide-

enhanced FISH method for the detection of HPV16 sequence in

combination with a subtelomeric probe specific for chromosome

13 (CytoCell). The results demonstrate that there are two

chromosome 13’s within the SiHa cells and that both carry the

HPV sequence (Figure 7A, one nucleus in interphase, and two

metaphase chromosome spreads are presented). The HPV16

DNA was labeled with Alexa Fluor 488 and was visible as green

dots, while the chromosome 13 subtelomeric regions were labeled

with Texas Red and were visible as red dots. More importantly,

the de novo cross-chromosomal translocation of the HPV16 genome

along with the entire q-arm of chromosome 13 could be detected

in one of the subclones, where the DNA replication of integrated

HPV had been initiated (Figure 7B, one nucleus in interphase and

two metaphase chromosome spreads are presented). As a result,

there is third 13q arm in the haploid genome of this subclone.

Immunofluorescence analyses of the subclone showed three

replication foci as compared to the two foci that we exclusively

detected in SiHa cells (data not shown). Over one hundred

metaphase spreads of SiHa cells were analyzed and no type of

heterogenity in our cell population was detected with regard to the

HPV integration site.

Figure 6. Activation of the ATM-Chk2 signaling pathway. (A–C)
HeLa cells were transfected as follows: 5 mg of HPV18 E1 and 2 mg of
HPV18 E2 expression plasmids (lane 1); 5 mg of HPV18 E1 expression
plasmid (lane 2); 2 mg of E2 expression plasmid (lane 3); and a mock-
transfection (lane 4). In every transfection, the amount of plasmid was
adjusted to 10 mg with a carrier plasmid (pauxoMCF). Non-transfected
HeLa cells are presented in lane 5 and HeLa cells that were treated 1 h
with etoposide (50 mM) prior to the analysis in lane 6. Western blot
analyses were performed at a 24 hrs time point to detect HPV18 E1 (A,
panel a), HPV18 E2 (A, panel b), gamma histone H2AX (phosphorylated at
S139) (A, panel c), and b-actin (A, panel d). Western blot analyses of Chk2
phosphorylated at Thr68 and Ser19 were performed after the immuno-
precipitation with the anti-Chk2 antibody (B, panels a, b, c). Chk1
phosphorylated at Ser317 was detected from extracts that were
immunoprecipitated with the anti-Chk1 antibody (C, panels a, b). (D)
HeLa cells were transfected either with 2 mg of circular HPV18 genome,
2 mg of pBabePuro and 6 mg of carrier plasmid (lane 1), or with 2 mg of
pBabePuro and 8 mg of carrier plasmid (lane 2). Untransfected cells were
removed with puromycin treatment (2 mg/ml) 24–48 h posttransfection.
Western blot analyses with anti-Chk2 (panel a) and anti-Chk2-Ser19
(panel b) antibodies were performed after the immunoprecipitation with
the anti-Chk2 antibody at a 72 h time point. Untreated HeLa cells are
shown in lane 3 and etoposide-treated HeLa cells in lane 4.
doi:10.1371/journal.ppat.1000397.g006
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Analysis of the extrachromosomal replication of the HPV
genome in HPV positive cancer cell lines; induction of the
genomic instability in SiHa cells harboring the integrated
HPV16

The data presented here and previously by us [30] raise an

important question about the stability of the integrated HPV loci

in the presence of viral replication proteins at physiologically

relevant expression levels. Recent findings from the W12 cell line

indicate 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 [25].

Similar translocations of the viral-host DNA have also been

detected in several cell lines that were derived from invasive genital

carcinomas [33,58,59]. We decided to address this question by

applying the protocols used in human keratinocytes [60,61] to the

HPV-positive cancer cell lines— HeLa and SiHa. The HPV16

and HPV18 genomes were excised from the vector backbone,

purified and re-circularized at low concentrations. The circular

viral genomes were then transfected into HeLa and SiHa cells

along with the linearized plasmid that carries the selection marker

for G418.

At first, the efficiency of the transient replication of the viral

genomes was evaluated in these cell lines. The low-molecular-

weight DNA was extracted 24 h and 48 h posttransfection and

used in Southern blot analysis with HPV16- or HPV18-specific

probes. A clear DpnI-resistant replication signal from the HPV16

and -18 plasmids was detected in both cell lines (HPV16 in HeLa:

Figure 8A, lanes 1–2; HPV18 in HeLa: Figure 8B, lanes 1–2;

HPV16 in SiHa: Figure 8C, lanes 3–4; HPV18 in SiHa: Figure 8D,

lanes 3–4). This demonstrated that circular HPV genomes are

capable of transient replication in cells that carry the integrated

HPV subgenomic fragments. With that knowledge, we subse-

quently studied the stability of the integrated HPV locus in the

Figure 7. Re-replication of the integrated HPV induces the instability of chromosome structure. SiHa cells were transfected with 10 mg of
HPV18 E1 and 5 mg of E2 expression plasmids. Single cell subcloning was performed 72 h after transfection [30]. SiHa cells and the subclones with
novel restriction patterns were analyzed by FISH. (A) FISH analysis of the interphase nuclei (left panel) and metaphase chromosome spreads (the
middle and the right panels) of SiHa cells. (B) Interphase FISH (left panel) and metaphase FISH (the middle and the right panels) analyses of the
subclone with cross-chromosomal translocation. The integrated HPV16 is visible as green (Alexa Fluor 488), and the subtelomeric region of the
chromosome 13 is visible as red (Texas Red). The translocation of 13q is indicated with the white arrowhead.
doi:10.1371/journal.ppat.1000397.g007
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presence of the replicating HPV episome. The HPV16- and

HPV18-transfected SiHa cells were grown under the G418

selection to eliminate any untransfected cells. The total DNA

was extracted five weeks post-transfection, and the HPV16-specific

restriction patterns were analyzed by Southern blotting. Com-

pared to the restriction pattern in untreated SiHa cells (Figure 8E,

lanes 1–3), the results revealed a few unique, but faint bands in the

HPV16-transfected cells (Figure 8E, lanes 4–6) and an unchanged

restriction pattern in the HPV18-transfected cells (Figure 8E, lanes

13–15). These observations could be explained either by the low

abundance of the cells that had altered host genomic content or by

the presence of the episomal HPV16 plasmid in the HPV16-

transfected cells with an intact host genome. To clarify this issue,

the transfected cells were further subcloned. Six of the HPV16-

and six of the HPV18-transfected subclones were analyzed as

before by Southern blotting with HPV16-specific probe. Two

HPV16-transfected subclones with unique restriction fragments

were identified, and they represent either integration of the

transfected HPV16 plasmid into the host genome or the excision

and re-integration of the initially integrated HPV16 (Figure 8E,

lanes 7–12). More importantly, unique HPV16-specific fragments

were also identified in one of the HPV18-transfected subclones

(Figure 8E, lane 16–18). In this case, it could only indicate the re-

arranged loci of the integrated HPV16 due to the presence of an

episomal HPV18. Parallel Southern blot analysis with an HPV18-

specific probe revealed that, similarly to HPV16, the HPV18

Figure 8. The HPV genome induces genomic instability in cells harboring the integrated HPV. Southern blot analyses of the HeLa (A, B)
and SiHa cells (C, D) co-transfected with 1 mg of HPV16 genome and 1 mg of linearized pEGFPN-1 (A, C) or with 1 mg of HPV18 genome and 1 mg of
linearized pEGFPN-1 (B, D). Low-molecular-weight DNA was extracted 24 h and 48 h after transfection and digested with restriction enzymes, as
indicated in the figure. HPV plasmids were detected with a 32P-labeled HPV16 or HPV18 genome probe, respectively. (E, F) The restriction analyses of
untreated SiHa cells (E, lanes 1–3), HPV16-transfected SiHa cells five weeks post-transfection (E, lanes 4–6), HPV18-transfected SiHa cells five weeks
post-transfection (E, lanes 13–15; F, lanes 1–3), as well as the subclones of the HPV16-transfected SiHa cells (E, lanes 7–12) and HPV18-transfected
SiHa cells (E, lanes 16–18; F, lanes 4–6). Digested total DNA was analyzed by Southern blotting, where the HPV16 (E) or HPV18 (F) genomes were used
as probes. Restriction enzymes are indicated in the figure.
doi:10.1371/journal.ppat.1000397.g008
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plasmid itself had most likely tandemly integrated into the host

genome (Figure 8F). This has been confirmed with 2D gels (data

not shown).

In conclusion, these data suggest that the presence of the HPV

plasmid in cells that have an integrated HPV origin can change

the host genomic content.

Discussion

Once per cell cycle DNA replication in eukaryotic cells is

accomplished by temporal separation of the assembly of pre-

replication complex (pre-RC) and the actual initiation of DNA

synthesis [62,63]. However, the formation of HPV pre-RC that is

orchestrated by the viral E1 and E2 proteins can occur

simultaneously with the viral DNA synthesis, which allows the

HPV origin to be licensed for multiple initiations of DNA

replication during a single cell cycle [5]. These multiple initiations

can effectively complete the DNA replication of the small HPV

plasmid at physiological conditions and guarantee its extrachro-

mosomal amplification and maintenance. At the same time, HR-

HPV DNA can integrate into the host genome at any time during

its episomal maintenance [25], which generates the combination

of two HPV origin entities in the same cell – integrated and

episomal. Our recent work showed that the integrated HR-HPV

origins are effectively mobilized for replication by E1 and E2,

which can lead to the generation of irregularity in the genomic

DNA [30]. Based upon our previous demonstrations, these

genomic irregularities are partially resolved in the clonally derived

cells, where we found the rearranged tandem repeats of the HPV-

host DNA junctions [30]. It should be emphasized that similar

rearrangements at the loci of integrated HPV are described in

W12 cells during the integration of episomal HPV16 [25] and in

SiHa cell lines that are transfected with the HPV16 and HPV18

genomes (Figure 8). These data indicate that the mobilization of

an integrated HPV origin for DNA replication and the subsequent

actions of the cellular DNA repair/recombination machinery

occur during episomal HPV replication at a physiological level of

the replication proteins.

Current analysis of the replication intermediates in SiHa cells

show that integrated HPV follows the ‘‘onion skin’’-type of DNA

replication mode. In addition to linear and branched DNA

molecules, heterogeneous populations of supercoiled and open

circular plasmids were formed. These HPV-origin containing

plasmids are most likely the templates for the E1 and E2-driven

DNA replication and might be, therefore, one of the mechanisms

for gene amplification. Similar chromosomal excision and

formation of a heterogeneous pool of circular molecules has also

been detected earlier in case of the DNA re-replication of

integrated SV40 in the presence of large T antigen [64–66].

The structures of DNA breaks that are generated by HPV DNA

re-replication should not differ from other types of double strand

breaks (DSB), and they should be recognized in eukaryotic cells by

either non-homologous end-joining (NHEJ) or homologous

recombination (HR). We demonstrated by indirect immunofluo-

rescence that the initiation factors of both NHEJ and HR are

localized at the integrated HPV replication centers, which suggests

that DSBs are generated by the re-replication of the HPV locus. It

is possible that HR, which is the primary DNA repair mechanism

in the S-phase, might get saturated by the abundant generation of

DSBs during the integrated HPV replication, which would lead to

some of the DSBs being repaired by NHEJ. Although the NHEJ

machinery plays a significant role in maintaining genome stability

and suppressing tumorigenesis [67–69], 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 the junctions [70]. Therefore, NHEJ may

primarily contribute to the development of genetic instability that

is found in HPV-associated cancers.

Forced assembly of the cellular pre-RC in the S-phase leads to

the re-replication of the cellular DNA and the activation of various

checkpoint pathways [71–73]. In mammalian cells, the ATR-

mediated S-phase checkpoint is immediately activated after

accumulation of the RPA-coated ssDNA and before the

appearance of DSBs to prevent further DNA re-replication

[71,74]. However, our data indicate that ATR is unable to

prevent the DNA re-replication from the integrated HPV origin.

This allows us to speculate that ATR pathway does not recognize

the DNA re-replication that is initiated from the integrated HPV

origin, which might be an intrinsic property of the PV replication

machinery necessary for the amplification of the viral genome

during the initial or late phases of the viral life. The weak

localization of ATRIP and Chk1 (S317) to the sites of integrated

HPV replication as well as the poor phosphorylation of Chk1 is

not sufficient to block the replication. It is possible that the

activation of ATR is caused instead by the availability of the RPA-

coated ssDNA at the sites of fork collisions and dissociation

(Figure 9). However, if the ATR and ATRIP proteins recognize

the sites of integrated HPV replication, the possibilities to inhibit

the viral pre-RC might still be limited, since there are only few

targets in the viral replication complex that are available for ATR,

when compared with the complex initiation mechanisms of the

cellular DNA replication. Phosphorylation of the HPV E1 has

been extensively studied, but the ability of the ATR to

phosphorylate HPV E1 protein has not been demonstrated [75].

Additionally, the indirect signaling pathways of ATR through p53

and pRB could be down regulated by the HPV E6 and E7

oncoproteins. It has been also shown that the replication of BPV1

URR reporter plasmid can overcome the inhibitory effect of p53

[76]. If the prevention of DNA re-replication by ATR fails, the

accumulation of DSBs can activate the ATM pathway, as we have

concluded from our data. We observed clear localization of ATM

and Chk2 to the replication sites of the integrated HPV as well as

the clear phosphorylation of Chk2 kinase in the cell population

where the replication of the integrated HPV occurred. This

indicates that the ATM-Chk2 pathway plays the major role in

resolving the DNA damage that is caused by the replication of

integrated HPV.

Supported by the observation that Cdt1 is overexpressed in

human cancer cells, it has been suggested that DNA re-replication

can lead to the chromosomal instability and malignant transfor-

mation [71,74,77,78]. The current study provides, for the first

time, the experimental proof by metaphase FISH that DNA re-

replication can indeed lead to chromosomal instability (Figure 7).

Although we used high expression levels of the E1 in this

experiment, similar translocations of the co-localized viral-host

DNA have been detected in cell lines that were derived from

invasive genital carcinomas with native expression levels of the

viral proteins [33,58,59]. In addition, a recent study indicated that

local DNA rearrangements occur frequently and shortly after one

of the several HPV16 plasmids integrates into W12 cells [25].

The simultaneous presence of episomal and integrated HPV

DNA has been documented in HPV-infected cells, and our data

indicate that this dangerous combination can lead to the genomic

instability that is driven by the replication of the integrated HPV

origin. Such a situation can happen during the primary infection,

when one of the hundreds of HPV plasmids accidentally integrates

into the host cell genome. Loss of the episomes ultimately

generates the cells that carry only the integrated HPV DNA. Such
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cells can exist in the tissue for a long time and are prone towards

the clonal progression to cancer. It is interesting to speculate

whether or not these cells can be de novo infected by homologous or

heterologous papillomaviruses. Taking into consideration that

HPV infections are frequent and wide spread, such a de novo HPV

infection could generate a similar situation with the dual status of

the HPV genome. Our data allow us to speculate that, in either

case, the unscheduled DNA re-replication at the HPV integration

locus could be induced, which would provide grounds for the

development of genomic instability leading to rearrangements and

the formation of the cancer cell. The cellular repair/recombina-

tion system is actively involved in this process and is actually the

enzymatic machinery that is responsible for introducing the

changes into the cellular genome (Figure 9).

Figure 9. Mechanism of the genomic instability of the cells harboring the replication origin of integrated HPV. If HPV plasmid is
present in the cells harboring integrated HPV, the DNA re-replication from the integrated HPV origin is initiated, and ATM and ATR signaling
pathways respond, respectively, to the produced DSBs and ssDNA. In most cases, the cells will either become apoptotic or the damage sites will be
properly repaired by homologous recombination and non-homologous end-joining. In addition, duplications within the HPV locus have previously
been detected. In the current study, the excision and generation of extrachromosomal copies of the HPV locus and cross-chromosomal translocations
were also detected. All these mutations require DSBs that could be generated, such as through head-to-tail fork collision or by encounter of the re-
replication fork with the Okazaki fragments of the previous fork. Supported by our observations, we speculate that the cellular defense against the
integrated HPV re-replication is primary coordinated by ATM. ATR pathways do not interfere with a properly working E1-driven replication fork but,
rather, are responsible for the repair of the damage that is caused by fork collision and dissociation that reveals the RPA coated ssDNA without the
generation of DSBs. DNA replication/repair factors that are shown to be within the HPV replication centers in the current work, are colored in the
figure.
doi:10.1371/journal.ppat.1000397.g009
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Materials and Methods

Plasmids
Circular HPV16 and HPV18 genomes were prepared as

described previously [60,61]. Briefly, HPV16 and HPV18

genomes were excised from the pUC or pBR vectors, respectively,

purified from the agarose gel, re-ligated, and concentrated prior to

the transfections. Plasmids pMHE1-16 and -18 and pQMNE2-16

and -18, which were used for the expression of HPV E1 and E2

proteins, respectively, were made as described previously [30].

The pauxoMCF plasmid (FitBiotech, Finland), which does not

encode any gene product in animal cells and has no significant

homology with the expression plasmids, was used in the

transfections as carrier DNA.

Antibodies
The following antibodies were used in the immunofluorescence

assays. The antibodies against BrdU (ab7384), PCNA (ab18197),

Mre11 (ab214), Rad50 (ab89), Ku70/80 (ab3108), ATM

(ab32420), ATRIP (ab19351), Chk2 (ab47433), Chk1 (ab47488)

and phospho-Chk1 (S317; ab38518) were purchased from Abcam.

The Daxx (sc7152) antibody was purchased from Santa Cruz

Biotechnology. The Nbs1 antibody (NB100-143) was purchased

from Novus Biologicals. The mouse monoclonal HA antibody

(H9658), which was used for the detection of HA-tagged HPV E1,

was purchased from Sigma-Aldrich. The polymerase a and RPA

antibodies were provided by Heinz-Peter Nashauer. A rabbit

polyclonal HA antibody was raised against the HA epitope, and a

HPV18 E2 antibody (2E7.1) was raised against a bacterially

expressed HPV18 E2 protein. Secondary antibodies that were

conjugated with Alexa Fluor 488 or Alexa Fluor 568 were

purchased from Invitrogen. Immunoprecipitations were per-

formed with mouse monoclonal antibodies that recognize human

Chk1 (c9358) and human Chk2 (c9233) (Sigma-Aldrich). Western

blotting was performed with rabbit monoclonal antibodies to Chk1

(2345), phospho-Chk1S317 (2344), Chk2 (2662), phospho-

Chk2Thr68 (2661), and phospho-Chk2Ser19 (2666) (Cell Signal-

ing Technology). Mouse monoclonal antibodies against phospho-

cH2AX-S139 (Abcam, ab18311), b-Actin (Sigma-Aldrich, A2228)

and HPV18 E2 (2E7.1) were also used. The HPV18 E1 with an

HA epitope was detected by a rat monoclonal antibody (3F10) that

was conjugated with peroxidase (Roche, 12013819001). Second-

ary antibodies conjugated with peroxidase were purchased from

LabAs Ltd (Estonia).

Cell lines and transfection
HeLa and SiHa cells were grown in Iscove’s Modified

Dulbecco’s Medium (IMDM) that was supplemented with 10%

fetal calf serum (FCS). Electroporation experiments were carried

out as described earlier [2], using the Bio-Rad Gene Pulser II

apparatus supplied with a capacitance extender (Bio-Rad

Laboratories). Capacitance was set to 975 mF and voltage to

220 V in all experiments.

1D and 2D replication analysis
Low molecular weight DNA was extracted by alkaline lysis [2]

and total DNA was extracted from cells as described previously

[79]. High-molecular-weight DNA and Low-molecular-weight

DNA were fractionated and purified by Hirt lysis [38]. Extracted

DNA was digested with the appropriate enzymes, as indicated in

Figure 1 and Figure 8. In addition, DpnI was always used to

fragmentize the input plasmids. For 1D replication analysis,

digested DNA was resolved on a 0.5–0.8% agarose gel in 16Tris-

acetate-EDTA buffer. For 2D replication analysis, the first

dimension was run on a 0.4% agarose gel in 0.56 Tris-borate-

EDTA at 0.4 V/cm for 45 h, and the second dimension was run

in 1% agarose gel on a 0.56Tris-borate-EDTA at 5.5 V/cm for

5 h at 4uC. Ethidium bromide at a concentration of 0.3 mg/ml

was added into the gel and buffer of the second dimension. The

separated DNA fragments were transferred onto a membrane and

hybridized with the appropriate 32P-labeled probes that are

specified in the legends of Figure 1 and Figure 8. In order to isolate

the supercoiled circular molecules from the replication products,

conventional CsCl density gradient centrifugation of the Hirt

LMW extract was performed according to the usual procedure

using vertical rotor VTI80 in a Beckman Coulter OptimaTM L-90

K ultracentrifuge at 50,000 rpm at 20uC for 24 h [80].

Immunofluorescence analysis
Cells were washed twice with phosphate-buffered saline (PBS),

permeabilized with 0.5% Triton X-100 in CSK buffer (10 mM

Hepes-KOH, pH 7.4; 300 mM sucrose; 100 mM NaCl; 3 mM

KCl) for 2 min on ice, and fixed with 4% paraformaldehyde.

Fixed cells were treated with 0.5% Triton X-100 in PBS, followed

by 3 PBS washes for 5 min each at RT. After blocking with 3%

bovine serum albumin (BSA) in PBS at RT for 30 min, the cells

were incubated with primary antibodies in antibody-binding

solution (3% BSA in PBS) at RT for 30 min. Cells were then

washed with 3 times with PBS for 5 min each at RT and

incubated with secondary antibodies in binding solution at RT for

30 min. Cells were washed as before, placed under coverslips with

mounting medium that contained 0.1 mM 4,6-diamidino-2-

phenylindole (DAPI), and examined with the FV1000-IX81

confocal microscope from Olympus. For BrdU labeling, the cells

were pulse-labeled for 2 h with 10 mM BrdU 18 h posttransfec-

tion. Cells were then paraformaldehyde-fixed and immunostained

for E1 (Alexa Fluor 568) as described, followed by paraformalde-

hyde-fixation, acid denaturation of the DNA, and staining with

anti-BrdU antibody conjugated with FITC (Abcam) in antibody

binding solution (3% BSA, 0.5% Triton X-100, PBS). When FISH

analysis followed IF, the cells were fixed with ice-cold methanol.

Mouse monoclonal or rabbit polyclonal HA antibody was used,

depending on the origin of the antibody to the cellular factor that

was being studied in the co-localization assay.

In situ fluorescence hybridization
To perform FISH analysis on metaphase cells, the cells were

exposed to colchicine that was added to a final concentration of

1 mg/ml for 3 h to enrich the mitotic fraction. Colchicine -treated

cells were incubated in a 1:1 mixture of 0.55% KCl and 0.95%

sodium citrate at 37uC for 10 min. The mitotic cells were then

harvested by a ‘‘shake-off’’ and incubated an additional 10 min at

37uC in the same buffer, followed by another incubation in a

0.55% KCl solution for 10 min at 37uC. Mitotic cells were fixed in

ice-cold methanol-glacial acetic acid (3:1). Spread-out chromo-

somes were prepared by dropping the cell suspension onto wet

slides, followed by quick drying on a hot metal plate. The cells

labeled by immunofluorescence were treated with ice-cold

methanol-glacial acetic acid (3:1) for 10 min, 4% paraformalde-

hyde for 10 min and a 70%, 80%, 100% ethanol series for 2 min

each. Fixed cells were treated in both cases with RNAse A

(100 mg/ml, 1 h, 37uC) and pepsin (50 mg/ml, 4 min, 37uC).

FISH hybridization probes were generated by nick translation,

using biotin-16-dUTP as a label and HPV16 genome as a

template. The final size of the probe fragments was adjusted to 200

to 500 bp by DNase I digestion. Chromosome and cell

preparations were denatured at 75uC in 70% formamide for

3 min, immediately dehydrated in a series of ethanol washes (70%,
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80%, and 100%), and air dried. The hybridization mixture (10 ml

per slide) was composed of 50% formamide in 26 SSC, 10%

dextran sulphate, 100 ng of a denaturated probe DNA, 3 ml of

denaturated subtelomeric probe for chromosome 13 (Cytocell

Technologies) and 5 mg of denaturated herring sperm carrier

DNA. Hybridization was performed overnight at 37uC in a moist

chamber. The following FISH procedures were performed

according to the manufacturer’s protocol (Invitrogen Corporation,

TSATM Kit #22). Chromosomes were counterstained with DAPI

and mounted in PBS with 50% glycerol. The slides were analyzed

with Olympus IX81 fluorescence microscope equipped with the

appropriate filter set. The chromosomes from at least 20 cells at

metaphase were analyzed on each slide.

Immunoprecipitation and western blotting
Cells on a 10 cm plate were washed twice with 16 PBS and

harvested in 0.5 ml ice-cold lysis buffer (in 50 mM Tris, pH 7.5,

150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100,

10 mM sodium fluoride, 1 mM b-glycerophosphate, 1 mM

Na3VO4, 1 mM PMSF, 1 mM DTT, and 16 complete EDTA-

free protease inhibitor mix (Roche)). Samples were sonicated on

ice three times for 5 seconds each and centrifuged for 10 min at

14,0006g, at 4uC. Two micrograms of primary antibody were

added to the supernatant, which was followed by incubation with

gentle rocking overnight at 4uC. Subsequently, 5 ml of protein G

agarose beads were added to the sample and incubated for an

additional 3 hours at 4uC. The beads were washed three times

with 1 ml of 16 cell lysis buffer and re-suspended in 16 SDS

sample buffer. The volumes of the samples were normalized

according to the initial protein concentration in the crude lysates.

The samples were heated at 100uC for 5 min and loaded onto an

SDS-PAGE gel. Thirty micrograms of total protein or 15 ml of IP

samples were separated by electrophoresis on 10–15% polyacryl-

amide–SDS gels and transferred to Immobilon-P membrane

(Millipore, USA), with the proteins of interest detected with

antibodies described above.

Acknowledgments

We thank Dr. Ivar Ilves and Kadrin Wilfong for their comments on the

manuscript, Regina Pipitš and Anne Kalling for helpful technical

assistance, Alina Sumerina for her assistance in the optimization of FISH,

Jelizaveta Geimanen for her assistance in the 2D studies, and Mihkel Allik

for 2E7.1 Ab.

Author Contributions

Conceived and designed the experiments: MK EU MU. Performed the

experiments: MK HIP TL. Analyzed the data: MK HIP TL EU MU.

Wrote the paper: MK EU MU.

References

1. Howley PM, Lowy DR (2001) Papillomaviruses and Their Replication.
Knipe DM aH, PM, eds. Philadelphia: Lippincott Williams & Wilkins. pp

2197–2230.

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

449–457.

3. Chiang CM, Ustav M, Stenlund A, Ho TF, Broker TR, et al. (1992) Viral E1

and E2 proteins support replication of homologous and heterologous
papillomaviral origins. Proc Natl Acad Sci U S A 89: 5799–5803.

4. Sverdrup F, Khan SA (1994) Replication of human papillomavirus (HPV) DNAs

supported by the HPV type 18 E1 and E2 proteins. J Virol 68: 505–509.

5. Kadaja M, Silla T, Ustav E, Ustav M (2009) Papillomavirus DNA replication -

from initiation to genomic instability. Virology 384: 360–368.

6. Yang L, Mohr I, Fouts E, Lim DA, Nohaile M, et al. (1993) The E1 protein of
bovine papilloma virus 1 is an ATP-dependent DNA helicase. Proc Natl Acad

Sci U S A 90: 5086–5090.

7. Sedman J, Stenlund A (1998) The papillomavirus E1 protein forms a DNA-

dependent hexameric complex with ATPase and DNA helicase activities. J Virol
72: 6893–6897.

8. Ustav M, Ustav E, Szymanski P, Stenlund A (1991) Identification of the origin of

replication of bovine papillomavirus and characterization of the viral origin

recognition factor E1. Embo J 10: 4321–4329.

9. Ustav E, Ustav M, Szymanski P, Stenlund A (1993) The bovine papillomavirus
origin of replication requires a binding site for the E2 transcriptional activator.

Proc Natl Acad Sci U S A 90: 898–902.

10. Remm M, Brain R, Jenkins JR (1992) The E2 binding sites determine the

efficiency of replication for the origin of human papillomavirus type 18. Nucleic
Acids Res 20: 6015–6021.

11. Russell J, Botchan MR (1995) cis-Acting components of human papillomavirus

(HPV) DNA replication: linker substitution analysis of the HPV type 11 origin.
J Virol 69: 651–660.

12. Stenlund A (2003) Initiation of DNA replication: lessons from viral initiator
proteins. Nat Rev Mol Cell Biol 4: 777–785.

13. Ravnan JB, Gilbert DM, Ten Hagen KG, Cohen SN (1992) Random-choice

replication of extrachromosomal bovine papillomavirus (BPV) molecules in
heterogeneous, clonally derived BPV-infected cell lines. J Virol 66: 6946–6952.

14. Piirsoo M, Ustav E, Mandel T, Stenlund A, Ustav M (1996) Cis and trans
requirements for stable episomal maintenance of the BPV-1 replicator. Embo J

15: 1–11.

15. Cooper K, Herrington CS, Stickland JE, Evans MF, McGee JO (1991) Episomal
and integrated human papillomavirus in cervical neoplasia shown by non-

isotopic in situ hybridisation. J Clin Pathol 44: 990–996.

16. Kristiansen E, Jenkins A, Holm R (1994) Coexistence of episomal and integrated

HPV16 DNA in squamous cell carcinoma of the cervix. J Clin Pathol 47:
253–256.

17. Alazawi W, Pett M, Arch B, Scott L, Freeman T, et al. (2002) Changes in

cervical keratinocyte gene expression associated with integration of human

papillomavirus 16. Cancer Res 62: 6959–6965.

18. Peitsaro P, Hietanen S, Johansson B, Lakkala T, Syrjanen S (2002) Single copy

heterozygote integration of HPV 33 in chromosomal band 5p14 is found in an

epithelial cell clone with selective growth advantage. Carcinogenesis 23:

1057–1064.

19. Peitsaro P, Johansson B, Syrjanen S (2002) Integrated human papillomavirus

type 16 is frequently found in cervical cancer precursors as demonstrated by a

novel quantitative real-time PCR technique. J Clin Microbiol 40: 886–891.

20. Andersson S, Safari H, Mints M, Lewensohn-Fuchs I, Gyllensten U, et al. (2005)

Type distribution, viral load and integration status of high-risk human

papillomaviruses in pre-stages of cervical cancer (CIN). Br J Cancer 92:

2195–2200.

21. Arias-Pulido H, Peyton CL, Joste NE, Vargas H, Wheeler CM (2006) Human

papillomavirus type 16 integration in cervical carcinoma in situ and in invasive

cervical cancer. J Clin Microbiol 44: 1755–1762.

22. Kulmala SM, Syrjanen SM, Gyllensten UB, Shabalova IP, Petrovichev N, et al.

(2006) Early integration of high copy HPV16 detectable in women with normal

and low grade cervical cytology and histology. J Clin Pathol 59: 513–517.

23. Pett MR, Herdman MT, Palmer RD, Yeo GS, Shivji MK, et al. (2006) Selection

of cervical keratinocytes containing integrated HPV16 associates with episome

loss and an endogenous antiviral response. Proc Natl Acad Sci U S A 103:

3822–3827.

24. Pett M, Coleman N (2007) Integration of high-risk human papillomavirus: a key

event in cervical carcinogenesis? J Pathol 212: 356–367.

25. Dall KL, Scarpini CG, Roberts I, Winder DM, Stanley MA, et al. (2008)

Characterization of naturally occurring HPV16 integration sites isolated from

cervical keratinocytes under noncompetitive conditions. Cancer Res 68:

8249–8259.

26. Pett MR, Alazawi WO, Roberts I, Dowen S, Smith DI, et al. (2004) Acquisition

of high-level chromosomal instability is associated with integration of human

papillomavirus type 16 in cervical keratinocytes. Cancer Res 64: 1359–1368.

27. Jeon S, Allen-Hoffmann BL, Lambert PF (1995) Integration of human

papillomavirus type 16 into the human genome correlates with a selective

growth advantage of cells. J Virol 69: 2989–2997.

28. Romanczuk H, Howley PM (1992) Disruption of either the E1 or the E2

regulatory gene of human papillomavirus type 16 increases viral immortalization

capacity. Proc Natl Acad Sci U S A 89: 3159–3163.

29. Romanczuk H, Thierry F, Howley PM (1990) Mutational analysis of cis

elements involved in E2 modulation of human papillomavirus type 16 P97 and

type 18 P105 promoters. J Virol 64: 2849–2859.

30. Kadaja M, Sumerina A, Verst T, Ojarand M, Ustav E, et al. (2007) Genomic

instability of the host cell induced by the human papillomavirus replication

machinery. Embo J 26: 2180–2191.

31. Corden SA, Sant-Cassia LJ, Easton AJ, Morris AG (1999) The integration of

HPV-18 DNA in cervical carcinoma. Mol Pathol 52: 275–282.

32. Kalantari M, Blennow E, Hagmar B, Johansson B (2001) Physical state of

HPV16 and chromosomal mapping of the integrated form in cervical

carcinomas. Diagn Mol Pathol 10: 46–54.

Replication of Integrated HPV

PLoS Pathogens | www.plospathogens.org 15 April 2009 | Volume 5 | Issue 4 | e1000397



33. Peter M, Rosty C, Couturier J, Radvanyi F, Teshima H, et al. (2006) MYC

activation associated with the integration of HPV DNA at the MYC locus in
genital tumors. Oncogene 25: 5985–5993.

34. Duensing S, Munger K (2004) Mechanisms of genomic instability in human

cancer: insights from studies with human papillomavirus oncoproteins.
Int J Cancer 109: 157–162.

35. Duensing S, Munger K (2002) The human papillomavirus type 16 E6 and E7
oncoproteins independently induce numerical and structural chromosome

instability. Cancer Res 62: 7075–7082.

36. Duensing S, Munger K (2003) Human papillomavirus type 16 E7 oncoprotein
can induce abnormal centrosome duplication through a mechanism indepen-

dent of inactivation of retinoblastoma protein family members. J Virol 77:
12331–12335.

37. Bechtold V, Beard P, Raj K (2003) Human papillomavirus type 16 E2 protein
has no effect on transcription from episomal viral DNA. J Virol 77: 2021–2028.

38. Hirt B (1967) Selective extraction of polyoma DNA from infected mouse cell

cultures. J Mol Biol 26: 365–369.
39. Cohen S, Yacobi K, Segal D (2003) Extrachromosomal circular DNA of

tandemly repeated genomic sequences in Drosophila. Genome Res 13:
1133–1145.

40. Dijkwel PA, Hamlin JL (1999) Physical and genetic mapping of mammalian

replication origins. Methods 18: 418–431.
41. Mannik A, Runkorg K, Jaanson N, Ustav M, Ustav E (2002) Induction of the

bovine papillomavirus origin ‘‘onion skin’’-type DNA replication at high E1
protein concentrations in vivo. J Virol 76: 5835–5845.

42. Meister P, Taddei A, Ponti A, Baldacci G, Gasser SM (2007) Replication foci
dynamics: replication patterns are modulated by S-phase checkpoint kinases in

fission yeast. Embo J 26: 1315–1326.

43. Philimonenko AA, Hodny Z, Jackson DA, Hozak P (2006) The microarchi-
tecture of DNA replication domains. Histochem Cell Biol 125: 103–117.

44. Leonhardt H, Rahn HP, Weinzierl P, Sporbert A, Cremer T, et al. (2000)
Dynamics of DNA replication factories in living cells. J Cell Biol 149: 271–280.

45. Swindle CS, Zou N, Van Tine BA, Shaw GM, Engler JA, et al. (1999) Human

papillomavirus DNA replication compartments in a transient DNA replication
system. J Virol 73: 1001–1009.

46. el Awady MK, Kaplan JB, O’Brien SJ, Burk RD (1987) Molecular analysis of
integrated human papillomavirus 16 sequences in the cervical cancer cell line

SiHa. Virology 159: 389–398.
47. Meissner JD (1999) Nucleotide sequences and further characterization of human

papillomavirus DNA present in the CaSki, SiHa and HeLa cervical carcinoma

cell lines. J Gen Virol 80(Pt 7): 1725–1733.
48. Szuhai K, Bezrookove V, Wiegant J, Vrolijk J, Dirks RW, et al. (2000)

Simultaneous molecular karyotyping and mapping of viral DNA integration sites
by 25-color COBRA-FISH. Genes Chromosomes Cancer 28: 92–97.

49. Macville M, Schrock E, Padilla-Nash H, Keck C, Ghadimi BM, et al. (1999)

Comprehensive and definitive molecular cytogenetic characterization of HeLa
cells by spectral karyotyping. Cancer Res 59: 141–150.

50. Bernardi R, Pandolfi PP (2007) Structure, dynamics and functions of
promyelocytic leukaemia nuclear bodies. Nat Rev Mol Cell Biol 8: 1006–1016.

51. Shih HM, Chang CC, Kuo HY, Lin DY (2007) Daxx mediates SUMO-
dependent transcriptional control and subnuclear compartmentalization.

Biochem Soc Trans 35: 1397–1400.

52. Weterings E, Chen DJ (2008) The endless tale of non-homologous end-joining.
Cell Res 18: 114–124.

53. Shrivastav M, De Haro LP, Nickoloff JA (2008) Regulation of DNA double-
strand break repair pathway choice. Cell Res 18: 134–147.

54. Sonoda E, Hochegger H, Saberi A, Taniguchi Y, Takeda S (2006) Differential

usage of non-homologous end-joining and homologous recombination in double
strand break repair. DNA Repair (Amst) 5: 1021–1029.

55. Matsuoka S, Rotman G, Ogawa A, Shiloh Y, Tamai K, et al. (2000) Ataxia
telangiectasia-mutated phosphorylates Chk2 in vivo and in vitro. Proc Natl Acad

Sci U S A 97: 10389–10394.

56. Xu X, Tsvetkov LM, Stern DF (2002) Chk2 activation and phosphorylation-
dependent oligomerization. Mol Cell Biol 22: 4419–4432.

57. Buscemi G, Carlessi L, Zannini L, Lisanti S, Fontanella E, et al. (2006) DNA
damage-induced cell cycle regulation and function of novel Chk2 phosphor-

esidues. Mol Cell Biol 26: 7832–7845.

58. Couturier J, Sastre-Garau X, Schneider-Maunoury S, Labib A, Orth G (1991)

Integration of papillomavirus DNA near myc genes in genital carcinomas and its
consequences for proto-oncogene expression. J Virol 65: 4534–4538.

59. Brink AA, Wiegant JC, Szuhai K, Tanke HJ, Kenter GG, et al. (2002)

Simultaneous mapping of human papillomavirus integration sites and molecular
karyotyping in short-term cultures of cervical carcinomas by using 49-color

combined binary ratio labeling fluorescence in situ hybridization. Cancer Genet
Cytogenet 134: 145–150.

60. Frattini MG, Lim HB, Laimins LA (1996) In vitro synthesis of oncogenic human

papillomaviruses requires episomal genomes for differentiation-dependent late
expression. Proc Natl Acad Sci U S A 93: 3062–3067.

61. Holmgren SC, Patterson NA, Ozbun MA, Lambert PF (2005) The minor capsid
protein L2 contributes to two steps in the human papillomavirus type 31 life

cycle. J Virol 79: 3938–3948.
62. Blow JJ, Dutta A (2005) Preventing re-replication of chromosomal DNA. Nat

Rev Mol Cell Biol 6: 476–486.

63. Machida YJ, Hamlin JL, Dutta A (2005) Right place, right time, and only once:
replication initiation in metazoans. Cell 123: 13–24.

64. Botchan M, Topp W, Sambrook J (1979) Studies on simian virus 40 excision
from cellular chromosomes. Cold Spring Harb Symp Quant Biol 43 Pt 2:

709–719.

65. Hanahan D, Lane D, Lipsich L, Wigler M, Botchan M (1980) Characteristics of
an SV40-plasmid recombinant and its movement into and out of the genome of

a murine cell. Cell 21: 127–139.
66. Bullock P, Forrester W, Botchan M (1984) DNA sequence studies of simian virus

40 chromosomal excision and integration in rat cells. J Mol Biol 174: 55–84.
67. Ferguson DO, Sekiguchi JM, Chang S, Frank KM, Gao Y, et al. (2000) The

nonhomologous end-joining pathway of DNA repair is required for genomic

stability and the suppression of translocations. Proc Natl Acad Sci U S A 97:
6630–6633.

68. Karanjawala ZE, Grawunder U, Hsieh CL, Lieber MR (1999) The
nonhomologous DNA end joining pathway is important for chromosome

stability in primary fibroblasts. Curr Biol 9: 1501–1504.

69. Sharpless NE, Ferguson DO, O’Hagan RC, Castrillon DH, Lee C, et al. (2001)
Impaired nonhomologous end-joining provokes soft tissue sarcomas harboring

chromosomal translocations, amplifications, and deletions. Mol Cell 8:
1187–1196.

70. Zhang Y, Rowley JD (2006) Chromatin structural elements and chromosomal
translocations in leukemia. DNA Repair (Amst) 5: 1282–1297.

71. Vaziri C, Saxena S, Jeon Y, Lee C, Murata K, et al. (2003) A p53-dependent

checkpoint pathway prevents rereplication. Mol Cell 11: 997–1008.
72. Mihaylov IS, Kondo T, Jones L, Ryzhikov S, Tanaka J, et al. (2002) Control of

DNA replication and chromosome ploidy by geminin and cyclin A. Mol Cell
Biol 22: 1868–1880.

73. Zhu W, Chen Y, Dutta A (2004) Rereplication by depletion of geminin is seen

regardless of p53 status and activates a G2/M checkpoint. Mol Cell Biol 24:
7140–7150.

74. Liu E, Lee AY, Chiba T, Olson E, Sun P, et al. (2007) The ATR-mediated S
phase checkpoint prevents rereplication in mammalian cells when licensing

control is disrupted. J Cell Biol 179: 643–657.
75. Lentz MR, Stevens SM Jr, Raynes J, Elkhoury N (2006) A phosphorylation map

of the bovine papillomavirus E1 helicase. Virol J 3: 13.

76. Ilves I, Kadaja M, Ustav M (2003) Two separate replication modes of the bovine
papillomavirus BPV1 origin of replication that have different sensitivity to p53.

Virus Res 96: 75–84.
77. Karakaidos P, Taraviras S, Vassiliou LV, Zacharatos P, Kastrinakis NG, et al.

(2004) Overexpression of the replication licensing regulators hCdt1 and hCdc6

characterizes a subset of non-small-cell lung carcinomas: synergistic effect with
mutant p53 on tumor growth and chromosomal instability–evidence of E2F-1

transcriptional control over hCdt1. Am J Pathol 165: 1351–1365.
78. Tatsumi Y, Sugimoto N, Yugawa T, Narisawa-Saito M, Kiyono T, et al. (2006)

Deregulation of Cdt1 induces chromosomal damage without rereplication and

leads to chromosomal instability. J Cell Sci 119: 3128–3140.
79. Ausubel FM, RB, Kingston RE, Moore DD, Seidman JG, Struhl K (1998)

Current Protocols in Molecular Biology. New York: John Wiley & Sons, Inc.
80. Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a laboratory

manual, 2nd ed. New York, N.Y.: Cold Spring Harbor Laboratory Press.

Replication of Integrated HPV

PLoS Pathogens | www.plospathogens.org 16 April 2009 | Volume 5 | Issue 4 | e1000397


