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. Determining the mechanism of HPV18 replication is paramount for identifying possible drug

. targets against HPV infection. We used two-dimensional and three-dimensional gel electrophoresis

. techniques to identify replication intermediates arising during the initial amplification of

. HPV18 episomal genomes. We determined that the first rounds of HPV18 replication proceed

. via bidirectional theta structures; however, a notable accumulation of almost fully replicated

" HPV18 genomes indicates difficulties with the completion of theta replication. We also observed
intermediates that were created by a second replication mechanism during the initial amplification of
HPV18 genomes. The second replication mechanism does not utilize specific initiation or termination
sequences and proceeds via a unidirectional replication fork. We suggest a significant role for the

. second replication mechanism during the initial replication of the HPV18 genome and propose that

. the second replication mechanism is recombination-dependent replication.

Human papillomaviruses (HPVs) are small dsDNA viruses with approximately 8-kbp circular genomes.
These important pathogens infect the keratinocytes of stratified cutaneous or mucosal epithelia, caus-
* ing mainly benign hyperplastic lesions. To date, 170 different types of HPVs have been identified'. The
. mucosal viruses can be divided into high- and low-risk types. Lesions caused by high-risk HPV types,
. including types 16, 18, 31 and 45, have the potential for malignant progression, whereas low-risk HPV
. types do not display such a propensity>. HPV infections are mainly associated with cervical cancer®;
: however, the virus has also been implicated in the development of other anogenital® and head and neck
cancers®.

HPV genomes replicate in the host cell as nuclear multicopy extrachromosomal episomes. The HPV
genomes undergo three separate phases of replication. The first phase begins shortly after infection and
results in a rapid increase in viral genome copy number’. Initial papillomavirus replication is triggered
and modulated by the viral replication factors E1 and E23-1%, which direct the cellular replication machin-
ery to the replication origin situated in the non-coding region of the viral genome'*'>. The initial ampli-
fication phase is followed by a stable maintenance of the viral episomes. It is unknown which replication

: mechanism is behind the transient amplification phase; however, the stable maintenance replication of
. papillomavirus genomes proceeds via bidirectional theta structures'®!”. The last stage of the papilloma-
© virus replication cycle is characterized by a vegetative amplification of the viral genomes’. Both bidirec-
. tional theta replication'® and rolling-circle replication'® have been suggested as the mechanisms for the
* late amplification phase of viral genomes.

In the present study, we used the U20S-based model system®? to study replication intermediates (RIs)
. that arise during the initial amplification of the wild-type HPV18 (HPV18wt) and HPV18E8 ™ mutant
. genomes. Eliminating the expression of the E8/E2 protein, which is a repressor of transcription and
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replication, enhances the replication capability of several HPV types**-*’. The HPVI8E8™ mutant has
been previously described?*? and displays up to a hundred-fold more efficient replication than the
wild-type genome?; however, the intermediates that arise during the replication of the HPV18wt and
E8~ genomes are identical, making the E8~ mutant genome a useful tool for the analysis of Rls. The
HPV18 RIs were analyzed via two-dimensional neutral/neutral (2D N/N), two-dimensional neutral/alka-
line (2D N/A) and three-dimensional neutral/neutral/alkaline (3D N/N/A) agarose gel electrophoresis
(AGE) followed by Southern blotting. We also analyzed Rls that arose during the initial amplification of
HPV18E8~ mutant genomes in HaCaT cells and found them to be similar to the Rls that arose during
the initial amplification of HPV18 genomes in the U20S cell line.

Our results demonstrate that the initial amplification replication of HPV18 genomes proceeds via
bidirectional theta structures. Bidirectional theta replication is initiated at the origin of replication, which
is situated in the non-coding region of the HPV genome!?, and results in the accumulation of almost fully
replicated, late theta intermediates. HPV18 replication also results in intermediates that are not charac-
teristic of bidirectional theta replication. These additional Rls are most compatible with a unidirectional
mode of replication that does not have a specific initiation or termination site. We propose that the
second mechanism involved in the amplification of HPV18 genomes may be recombination-dependent
replication.

Results

2D N/N AGE analysis of uncut Rls created during the initial replication of episomal HPV18
genomes in U20S cells. HPV18wt genomes, produced as covalently closed circular minicircles®,
were transfected into U20S cells by electroporation. Low molecular weight (LMW) DNA was extracted
at 2, 3, 6 and 9 days post-transfection, purified*, and digested with Dpnl to remove input HPV genomes.
The undigested, replicated HPV18wt genomes were analyzed using 2D N/N AGE (Fig. la). Circular
molecules can take either open circular (oc) or covalently closed circular (ccc) topological forms. The
migration patterns for oc and ccc molecules were determined by treating HPV18 LMW DNA samples
with the nicking enzyme Nb.Mval2691 (Fig. 1b), which converts ccc HPV genomes into oc molecules,
thus enabling identification of these two topological forms (compare Fig. 1a to 1b). A scheme depicting
the theoretical mobility of different circular forms of extrachromosomal HPV18 during 2D N/N AGE is
also presented in Fig. 1b*'. Two days post-transfection, the HPV18wt genomes synthesized in U20S cells
were mainly in the form of oc and ccc monomers (Fig. 1a, 2 days, marked by white and black arrow-
heads, respectively). The fragments of Dpnl-digested unreplicated HPV18 genomes appeared on the arc
of linear DNA below the 1lin, 1ccc and 1oc molecules (Fig. 1a, 2 and 3 days, DpnlI). The oligomeric forms
of HPV18 genomes appeared over time (Fig. 1a, 3-9 days). We have previously demonstrated the increas-
ing prevalence of oligomeric HPV genomes in HPV-transfected U20S cells in time'** and characterized
these oligomers as episomal head-to-tail concatemeric molecules, which likely arise from monomeric
HPV genomes through replication-dependent homologous recombination®. HPV oligomeric episomes
have also been detected in clinical samples obtained from HPV-associated cervical lesions**-*¢ and HPV-
immortalized human keratinocytes®. The present results (Fig. 1a) indicate the accumulation of mon-
omeric and oligomeric episomal HPV18 genomes in U20S cells, even after a 9-day cultivation period.

To identify RIs and replication products that arise during the first phase of HPV18 replication, we
took advantage of the increased replication capability provided by the elimination of E8/E2 protein
expression from the viral genome. Uncut LMW DNA extracted from HPV18E8~-transfected U20S cells
3 days post-transfection was analyzed via 2D N/N AGE (Fig. 1c). The expected migration patterns of
the monomeric and oligomeric circular plasmids and theta and rolling-circle RIs are shown on the
scheme depicted in Fig. 1d >, Signals that are similar to theta RIs are clearly visible during the analysis
(Fig. 1c, marked by bold arrows). One of these signals emanates from the l1ccc molecule (Fig. 1c, black
arrow). The origin of the second signal (Fig. 1c, white arrow), however, is less clear and could represent
RIs arising from either the loc or 2ccc molecule. In addition to the signals that possess clear similarities
with intermediates of theta replication, there is also a signal that displays characteristics common to Rls
(increasing molecular weight coupled with changes in topological complexity) but differs from the theta
RIs (Fig. 1c, marked by a thin arrow). This diffuse signal is visible between the 1ccc and 2ccc molecules
and is as of yet unidentified in origin.

The rolling-circle RIs (also referred to as sigma RIs) result in the so-called eyebrow-shaped signal
during 2D N/N AGE (Fig. 1d, oRIs)*"*. No such signal was observed during the 2D N/N AGE analysis
of the uncut HPV18 genomes (Fig. 1c).

The 2D N/N AGE of uncut HPV18E8~ RIs indicates that during the initial E1 and E2-dependent
phase of viral replication, signals resembling uncut theta Rls can be detected. In addition to theta RIs, a
signal representing as of yet unidentified RIs was also detected. Notably, all RIs originated from extra-
chromosomal HPV18 genomes, and there was no indication of the involvement of rolling-circle repli-
cation in HPV replication.

Two different populations of molecules arise during the initial amplification of the HPV18wt
genome. Circular molecules undergoing bidirectional theta replication contain two replication forks
that initiate at the origin of replication and then progress in opposite directions. If these circular repli-
cating molecules are digested with a restriction enzyme, the position of the restriction site relative to the
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Figure 1. 2D N/N AGE analysis of uncut HPV18wt episomes. oc, open circular molecules; ccc, covalently
closed circular molecules; lin, linear molecules; Dpnl, the fragments of Dpnl-digested unreplicated genomes.
Black arrowheads mark the HPV18 genomes in ccc form, and white arrowheads mark the HPV18 genomes
in oc form. The numbers before the abbreviations denote the number of monomeric genome copies within
the molecule. The direction of the gel electrophoresis in the first (1D) and second (2D) dimension is
indicated in the top left (a-c) or right (d) corner throughout the panel. (a) 2D N/N AGE analysis of Dpnl-
treated, uncut HPV18wt episomes extracted from U20S cells 2 to 9 days post-transfection. (b) 2D N/N
AGE analysis of the nicking enzyme Nb.Mval269I-treated HPV18wt episomes extracted from U20S cells 5
days post-transfection and a schematic depiction of the expected migration patterns of circular molecules
following 2D N/N AGE?*"*. The direction for the increase of molecular weight and structural complexity is
indicated along the top and right edges of the scheme. (c) 2D N/N AGE analysis of uncut Rls arising during
the initial amplification replication of HPV18E8" episomes. Bold arrows, putative theta RlIs; thin arrow,
diffuse putative RIs. (d) A schematic depiction of the expected migration patterns of bidirectional theta
(BRIs) and rolling-circle Rls (oRIs)*"*. The direction for the increase of molecular weight and structural
complexity is indicated along the top and right edges of the scheme.

position of the origin of replication determines the structure of the resulting digested RIs. In principle,
circular molecules replicating via theta structures can be converted into three different types of Rls:
converging fork intermediates (also known as the double Y or dY intermediates), replication bubble
intermediates and simple Y Rls (Fig. 2b). Because of the considerably different shapes of all three types
of RIs, each creates a unique migration pattern that can be detected via 2D N/N AGE (Fig. 2b)¥.
HPV18wt LMW DNA samples extracted 2, 3 or 5 days post-transfection were digested with BglI,
which cleaves the HPV18 genome near the origin of replication (ori) situated in the non-coding region
of the viral genome (Fig. 2¢)'. If the initial HPV genomic amplification occurred via bidirectional theta
replication, the 2D N/N analysis of HPV18 RIs should reveal the presence of the signal characteristic of
dY intermediates (Fig. 2b). Two days post-transfection, such a signal was clearly detectable (Fig. 2a, 2
days, marked by a black arrow). We also observed a notable accumulation of molecules with branched
shape and large molecular mass (Fig. 2a, 2 days, marked with a black arrowhead). Because these large
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Figure 2. Analysis of linearized Rls arising from the HPV18wt genome. (a) 2D N/N AGE of BglI-
digested HPV 18wt episomes extracted from U20S cells 2, 3 or 5 days post-transfection. 1n, monomeric
(8-kbp) linear molecules; 2n, dimeric (16-kbp) linear molecules. Black arrowhead, putative almost fully
replicated, late theta Rls; black arrow, dY Rls arising via bidirectional theta replication; white arrows, non-
theta molecules. The direction of the gel electrophoresis in the first (1D) and second (2D) dimension is
indicated in the top left corner of the panel. (b) A schematic overview of possible RIs created following
the digestion of circular molecules undergoing bidirectional theta replication and their migration patterns
during 2D N/N AGE?. The approximate position of the origin of bidirectional theta replication is marked
as ori'®. (c) The position of the BglI restriction site in the HPV18wt genome with regard to the origin of
bidirectional theta replication (or).

and branched molecules migrate at the end of the signal representing the dY intermediates, they may
represent nearly fully replicated, late theta Rls.

Three days post-transfection, an additional signal appeared with similar prominence to the dY inter-
mediates (Fig. 2a, 3 days, marked by a white arrow); five days post-transfection, signals representing mol-
ecules with remarkable structural variability and molecular mass similar to that of dimeric HPV genomes
(16kbp) appeared (Fig. 2a, 5 days, marked by two white arrows). These novel signals represent molecules
that could not arise during the bidirectional theta replication of monomeric HPV genomes. The analysis
of uncut HPV18E8~ genomes indicated that bidirectional theta replication might also be initiated from
dimeric HPV genomes (Fig. 1c, marked with a white arrow). Following BglI digestion, the bidirectional
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theta replication of dimeric HPV genomes with only one active origin of replication would have resulted
in simple Y RIs (in principle similar to Fig. 2b, simple Y intermediates); however, the migration pattern
of these novel molecules did not resemble the migration pattern of simple Y molecules (compare Fig. 2a
to 2b). It must be noted that the migration pattern of these novel molecules with regard to the migration
pattern of theta Rls did not change upon altering the conditions used for 2D N/N AGE (Supplementary
Fig. 1S). We therefore propose that these signals mark the presence of molecules that are not connected
to bidirectional theta replication.

Our data indicate that two different groups of molecules arise during the initial amplification of
the HPV18wt genome. Intermediates arising via bidirectional theta replication are initially prevalent in
the U20S cells, indicating a significant role for theta replication in the early amplification of the HPV
genome. The accumulation of large, branched RIs may indicate difficulties with the completion of bidi-
rectional theta replication and the separation of created daughter molecules. Over time, however, a novel
set of molecules becomes as prevalent as theta RIs. The analysis of linearized RlIs also suggests that the
signal resembling uncut bidirectional theta replication intermediates observed in Fig. 1c (marked with a
white arrow) does not originate from dimeric HPV genomes. However, these results do not rule out the
possibility that HPV dimers could be used for the initiation of bidirectional theta replication at a lower
efficiency compared with the monomeric genomes.

HPV18 initial amplification results in Rls created via two distinct replication mechanisms. To
further analyze the molecules that are present during the initial amplification of HPV genomes, LMW
DNA extracted from HPV18E8 -transfected U20S cells 3 days post-transfection was linearized with
either Bgll, Bpul102I, Xma]JI or PsyI and analyzed via 2D N/N AGE (Fig. 3a). The restriction enzymes
were selected based on the positions of their cleavage site relative to the position of the origin of repli-
cation (ori) situated in the non-coding area of the HPV18 genome" (Fig. 3¢). The HPV18E8~ mutant
genome was selected for this and all following analyses because of its increased replication capability.
Similar RIs were present during the replication of the HPV18wt and E8~ genome (compare Fig. 2a with
Fig. 3a, Bgll). However, because of the rapid replication of the HPV18E8~ genome, the frequencies
of bidirectional theta replication intermediates and novel molecules were approximately equal 3 days
post-transfection, as opposed to 5 days post-transfection for the replication of the HPV18wt genome
(compare Fig. 2a to 3a, BglI).

As expected, we were able to identify the Rls arising via bidirectional theta replication (Fig. 3a). In the
case of digestion with Bgll and Bpu1102I, theta RIs appeared in the form of dY intermediates; in the case
of digestion with Psyl and Xma]I, theta replication resulted in replication bubble intermediates (Fig. 3a,
marked with black arrows). With both Psyl and XmaJI digestion, the signals representing the replication
bubble intermediates became diffuse and tilted upward as the molecular weight of the bubble RIs neared
16kbp, twice the size of the monomeric viral genome. These signals likely indicate the conversion of
replication bubble intermediates into asymmetric dY intermediates because both digestions resulted in
linear HPV18 genomes containing origins of replication in noncentral positions (Fig. 3c).

In the case of BglI digestion, there was a clear accumulation of molecules with large molecular masses
and branched shapes; however, in the cases of Bpul102I, Psyl and XmaJI digestions, the migration pat-
terns of large and branched molecules were notably different from that of the BglI digestion (Fig. 3a,
marked by black arrowheads). With Psyl and Xma]JI digestions, the late theta RIs were expected to contain
severely asymmetric dY molecules (as opposed to symmetric dY molecules generated via Bgll digestion),
explaining the different migration patterns. However, this does not apply to the Bpull02I digestion,
indicating that several populations of large and branched molecules of different origin migrated together
to form the accumulated signal.

In addition to the Rls that arose through bidirectional theta replication, there was a strong presence
of novel molecules, which retained the same migration pattern in all four restriction enzyme digestions
(Fig. 3a, marked with white arrows). To analyze whether these novel molecules might represent mole-
cules undergoing replication, XmaJI- and Bpul102I digested HPVI8E8~ LMW DNA was analyzed via
3D N/N/A AGE (Fig. 3b). 3D N/N/A AGE involves soaking a 2D N/N gel in alkali to denature DNA, fol-
lowed by running a third dimension AGE to separate nascent and parental strands. The LMW DNA used
in the 3D N/N/A AGE was extracted from HPV18E8 -transfected U20S cells 5 days post-transfection,
when the novel molecules were more prevalent than theta RIs. The migration patterns of parental and
nascent strands originating from different Rls and parental strands originating from non-replicating
molecules (represented by hemicatenanes) during 3D N/N/A analyses are depicted in Fig. 3d *..

Following denaturation, the novel molecules separated into parental (Fig. 3b, P) and nascent (Fig. 3b,
N) strands, demonstrating that these molecules are intermediates of replication. The origin of the nas-
cent strands was confirmed by running the third dimension AGE in two different directions (data not
shown). The nascent strands of the novel Rls traced a single arc containing molecules with continuously
increasing length, eventually reaching the full length of the parental strands.

These results indicate that two different groups of RIs arise during the initial amplification of the
HPV18 genome. One group of Rls arises via bidirectional theta replication initiated at the origin of
replication situated in the non-coding region of the HPV18 genome. The second group of Rls displayed
the same migration pattern during 2D N/N AGE, irrespective of the position of the cleavage site of the
restriction enzyme used to digest the viral genome, suggesting that these secondary Rls are created via

SCIENTIFIC REPORTS | 5:15952 | DOI: 10.1038/srep15952 5



www.nature.com/scientificreports/

HPV18ES
I Bpu1102

Theta intermediates
Bgll/Bpu11021 XmaJl/Psyl
>—< e —
—— —_—
T
— —=

2D N/N

i Neutral 1st
Simple Y dimension

Alkaline 3rd
dimension

Bubble Neutral 1st
imension

Neutral 2nd
dimension

Neutral 2nd
dimension

B a;
{ m

T,
| 1 Alkaline 3rd
2n 1n 2n 1n dimension

dYy Neutral 1st

b 3D dimension,
= XmalJl Bpu1102I
- N
P

ya e
\;/g

—.’

Alkaline 3rd

dimension

Neutral 2nd
dimension

Non-replicating Neutral 1st
. dimension
(hemicatenanes)

3D N/N/A

Neutral 2nd
dimension

_—>
Alkaline 3rd
dimension

N - nascent strands
P - parental strands

Figure 3. Analysis of HPV18E8™ RIs linearized with four different restriction enzymes. 1n,
monomeric (8-kbp) linear molecules; 2n, dimeric (16-kbp) linear molecules. (a) 2D N/N AGE analysis
of episomal HPV18E8™ Rls extracted from U20S cells 3 days post-transfection and linearized with BglI,
Bpul102l, Xma]Jl, and Psyl. Black arrowheads, putative almost fully replicated, late theta RIs; black
arrows, theta RIs; white arrows, non-theta molecules. The direction of the gel electrophoresis in the first
(1D) and second (2D) dimension is indicated in the top left corner of the panel. (b) 3D N/N/A AGE
analysis of XmaJI- and Bpul102I-digested HPV18E8~ episomes extracted from U20S cells 5 days post-
transfection. P, parental strands; N, nascent strands. The direction of the gel electrophoresis in the third
dimension (3D) is indicated in the top left corner. (¢) The position of the Bgll, Bpul102I, Xma]JI and
Psyl enzyme recognition sites in the HPV18 genome (ori marks the approximate position of the origin
of bidirectional theta replication'®) and a scheme depicting bidirectional theta Rls digested with Bgll/
Bpul102I and Xma]JI/Psyl. (d) Migration patterns of nascent and parental strands originating from
different types of RIs and parental strands of non-replicating molecules (represented by hemicatenanes)
during 3D N/N/A AGE analysis**!.
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Figure 4. Analysis of nascent strands arising during the initial amplification of HPV18E8~ episomes
via 2D N/A AGE analysis. Black arrowheads, putative late theta RIs; white arrowheads, irregularity in the
migration pattern of the intermediates of the second replication mechanism; black arrows, theta Rls; white
arrows, intermediates of the second replication mechanism. The direction of the gel electrophoresis in the
first (1D) and second (2D) dimension of the N/N and N/A AGE is indicated in the top left corner of panels
(b,c). The migration pattern of linear DNA ladder fragments during the second dimension of the N/A AGE
is indicated on the right of the N/A figures. (a) A schematic depiction of the migration patterns formed by
nascent strands originating from different types of RIs during 2D N/A AGE*. (b) Comparative 2D N/N and
N/A AGE analysis of BglI-digested HPV18E8~ episomes extracted from U20S cells 3 days post-transfection.
(c) Comparative 2D N/N and N/A AGE analysis of XmaJI-digested HPV18E8~ episomes extracted from
U20S cells 3 days post-transfection. (d) A scheme depicting bidirectional theta RIs digested with BglI and
Xma]l.

a mechanism that lacks specific origin sequences and can initiate replication in various regions of the
HPV genome. Collectively, these results indicate essential differences between the two sets of Rls arising
during the initial amplification of HPV18 genomes in U20S cells, demonstrating the involvement of two
separate replication mechanisms in the replication of the HPV18 genome.

Nascent strands arising via the second replication mechanism are characteristic of unidirec-
tional replication. For a detailed analysis of the nascent strands arising during the initial amplifica-
tion of the HPV18 genome, HPV18E8~ LMW DNA was linearized with BglI (Fig. 4b) or Xma]JI (Fig. 4c)
and analyzed comparatively via 2D N/N and N/A AGE. The first dimension of the 2D N/A AGE was run
under neutral conditions; prior to running the second dimension, however, the gel was soaked in alkali
to separate the parental and nascent strands. The migration patterns of the nascent strands originating
from different types of RIs during 2D N/A AGE are depicted in Fig. 4a*2. Bgll- and Xma]JI-digested Rls
created during bidirectional theta replication are depicted in Fig. 4d. Because the first dimensions of the
N/N and N/A AGE were performed under identical conditions, the results were aligned based on the
migration progressions during the first dimension (Fig. 4b,c).

After digestion with Bgll, theta replication resulted in dY intermediates (Fig. 4b, N/N, marked by a
black arrow). The dY intermediates contain nascent strands that are expected to form a characteristic
disrupted arc during 2D N/A analysis (Fig. 4a), which can be clearly detected in Fig. 4b N/A (marked
by a black arrow). In the case of Xma]JI digestion, bidirectional theta replication resulted in replication
bubble intermediates (Fig. 4c, N/N, marked by a black arrow). Nascent strands originating from repli-
cation bubble intermediates form a straight diagonal line during 2D N/A analysis (Fig. 4a), also present
during the analysis of XmaJI-digested HPV18E8~ genomes (Fig. 4c, N/A, marked by a black arrow). The
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alignments clearly indicate that the large and branched RIs that accumulate during HPV18 replication
(Fig. 4b,c, N/N, marked by black arrowheads) separate into nascent strands that are typical of Rls arising
via bidirectional theta replication, confirming that these intermediates contain almost fully replicated,
late theta RIs. This analysis does not elucidate the nature of additional molecules migrating together with
the late theta intermediates.

The nascent strands arising from the intermediates of the second HPV replication mechanism
(Fig. 4b,c, N/A, marked by a white arrow) formed a signal that was initially similar to the arc of nas-
cent strands originating from the replication bubble intermediates (Fig. 4a). During the analysis of the
XmaJI-digested HPV18E8~ genomes, the signals representing nascent strands originating from bidi-
rectional theta and the second replication mechanism partially converge, which is a strong indication
of shared characteristics (Fig. 4c, N/A, marked by black and white arrows). As secondary replication
progresses, the elongating nascent strands acquired a migration pattern that shared characteristics with
the migration pattern of simple Y or severely asymmetric dY molecules, eventually reaching the size
of the parental strands (compare Fig. 4b,c, N/A with Fig. 4a). The conversion of the migration pattern
of the nascent strands originating from the intermediates of the second replication mechanism (from
resembling the nascent strands arising from replication bubble intermediates to resembling the nas-
cent strands arising from simple Y/asymmetric dY Rls) combined with the nascent strands achieving
the same length as parental strands is only possible when the secondary RIs contain a unidirectional
replication fork. It is important to distinguish that although the secondary RIs contain nascent strands
migrating similarly to nascent strands originating from the replication bubble and simple Y/asymmetric
dY RIs, the intermediates of the second replication mechanism displayed a complex shape during 2D
N/N AGE analysis that was not characteristic of the abovementioned Rls, suggesting the presence of
additional structural elements. The arc of secondary RIs also displayed a curious bend toward the signal
representing non-replicated molecules as the length of the nascent strands neared maximum size (Fig. 4b
and ¢, N/A, marked by a white arrowhead), which is not characteristic of simple Y or asymmetric dY Rls
(Fig. 4a). During the N/N analysis, secondary RIs migrating as 16-kbp molecules (Fig. 4b,c, N/N, marked
by double white arrows) formed a tilted peak, with intermediates that had shapes more similar to linear
molecules migrating closer to the non-replicated molecules during the first dimension of the analysis,
and the extremely branched molecules displaying a more retarded migration pattern. The bend in the
signal representing nascent strands synthesized via the second replication is therefore likely caused by
structural differences influencing the migration pattern of the secondary Rls during the first dimension
of the 2D AGE.

2D N/A AGE analysis confirmed that two groups of Rls arise during the initial amplification of the
HPV18 genome, as nascent strands arising via bidirectional theta replication and the second replication
mechanism were clearly distinguishable. This analysis also demonstrated that the intermediates of the
second replication mechanism contain a unidirectional replication fork.

Analysis of subgenomic HPV18E8~ fragments confirms the involvement of a unidirec-
tional replication mechanism without specific origin sequences in the initial amplification
of the HPV18 genome. To confirm the results obtained during the analysis of nascent strands, a
series of restriction analyses were performed with HPV18E8~ DNA extracted from U20S cells 3 days
post-transfection (Fig. 5). Different combinations of linearizing enzymes (Cfr10I, Bpul102I, Psyl, Xma]I)
were used to cleave the HPV18 genome into approximately 2-kbp and 6-kbp fragments, which were
subsequently analyzed via 2D N/N AGE. Four distinct probes (the ORI, TERM, E1 and L1 probes) were
used to selectively analyze the RIs arising from the fragments.

The larger, approximately 6-kbp fragments that contained either the origin of replication (Fig. 5b,
Xma]JI-Psyl ORI fragment) or the area where the progression of replication forks arising via theta rep-
lication was expected to terminate (Fig. 5a, Cfr10I-Bpul102I TERM fragment) in a central position
resulted in the expected theta Rls (the dY intermediates for the Cfr10I-Bpul102I fragment and the bub-
ble intermediates for the XmaJI-Psyl fragment, marked with black arrows). The large and branched RIs
were present during the analysis of all 6-kbp fragments (Fig. 5, marked by black and white arrowheads).
Reducing the size of the analyzed fragment improved the migration of these molecules to the extent that
two different populations could be clearly distinguished. The first population (Fig. 5, marked by black
arrowheads) had the characteristics of dY intermediates; the second population (Fig. 5, marked by white
arrowheads), however, had a migration pattern traditionally associated with X-shaped molecules®. The
appearance of the large and branched RlIs during the analysis of the XmaJI-Psyl ORI fragment (Fig. 5b)
could indicate that the replication forks arising via theta replication may converge anywhere from the
end of the E1 ORF to the middle of the L2 ORE. Alternatively, the large and branched intermediates
that were present in both the 6-kbp and 2-kbp fragments not containing the E4-E5 region of the HPV
genome (Fig. 5a Cfr10I-Bpul102I and Fig. 5b Xma]JI-Psyl ORI fragments) may have arisen via presently
unknown mechanisms not associated with bidirectional theta replication.

Most notably, all of the 6-kbp fragments contained the intermediates of the second replication mech-
anism (Fig. 5, marked with white arrows). The signals representing these intermediates were similar in
their appearances regardless of the analyzed fragment and retained all of the characteristics that were
evident during the analysis of the linearized HPV genomes (Fig. 3a, marked with white arrows). These

SCIENTIFIC REPORTS | 5:15952 | DOI: 10.1038/srep15952 8



www.nature.com/scientificreports/

HPV18ES
a iﬂ, Cfr101-Bpu1102 b lﬂ, XmaJl-Psyl
[m)] o

O NG
Bpu1102I >

[\
N 2
» )
2
Psyl

TERM probe ORI probe TERM probe ORI probe
C 1 Cfr101-XmaJl d Bpu1102I-Psyl
oi o)
; O O % O O
cfriol Bpu1102I 3
~ 2
% L1
Q L1 E1 - Q
g %4
> Psyl
XmadJl
)
E1 probe L1 probe E1 probe L1 probe

Figure 5. 2D N/N AGE analysis of Rls arising from subgenomic fragments of HPV18E8~ episomes
extracted from U20S cells 3 days post-transfection. The positions of the recognition sites of used
restriction endonucleases Cfr10I, Bpul102I, Psyl and Xma]JI are marked in both schemes. The HPV18
genomic areas specific for the ORI and TERM hybridization probes used for the analysis of Cfr10I-Bpul102I
and Xma]JI-Psyl fragments (a,b) are marked in the upper scheme; the areas specific for the E1 and L1 probes
used for the analysis of Cfr10I-XmaJI and Bpul102I-Psyl fragments (c,d) are marked in the lower scheme.
A simplified version of the schemes is in the upper right corner of each figure, with the analyzed fragment
marked in bold. Black arrowheads, putative late theta RIs; white arrowheads, X-shaped molecules; black
arrows, theta RIs; white arrows, intermediates of the second replication mechanism. The direction of the gel
electrophoresis in the first (1D) and second (2D) dimension is indicated in the top left corners of the panels.
(a) 2D N/N AGE of the Cfr10I-Bpull02I fragments. (b) 2D N/N AGE of the Xma]JI-PsyI fragments. (c) 2D
N/N AGE of the Cfr10I-Xma]I fragments. (d) 2D N/N AGE of the Bpul102I-PsyI fragments.

results again suggest that the secondary replication mechanism does not utilize a specific initiation
sequence.

The Rls that were present during the analysis of the small, approximately 2-kbp HPV18E8~ genomic
fragments also displayed striking similarities (Fig. 5). The fragments that contained either the origin
of replication (Fig. 5a, Cfr10I-Bpul102I ORI fragment) or the area where theta replication forks are
expected to converge (Fig. 5b, XmaJI-Psyl TERM fragment) in a central position resulted in the expected
theta RIs (the bubble intermediates for the Cfr10I-Bpull02I fragment and the dY intermediates for
the XmaJI-Psyl fragment, marked with a black arrow and a black arrowhead, respectively). The lack of
accumulation of dY molecules in the XmaJI-Psyl TERM fragment (Fig. 5b, compare with Fig. 3a Bgll)
indicates that the replication forks arising via bidirectional theta replication may converge over a wide
area of the viral genome, and the termination of the progression of the replication forks is most likely
not connected to any specific viral sequence.

Notably, no 2-kbp fragment contained molecules that resembled the secondary RIs that were present
during the analysis of the 6-kbp fragment, but all contained the simple Y intermediates (Fig. 5, marked
with white arrows). The simple Y intermediates must therefore also include molecules that arise via the
second replication mechanism, supporting the data obtained during the 2D N/A AGE analyses suggest-
ing that the second replication mechanism is unidirectional. The presence of simple Y intermediates
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Figure 6. In gelo restriction analysis of HPV18E8~ episomes. The direction of the gel electrophoresis in
the first (1D) and second (2D) dimension is indicated in the top left corner of panels a and b. Black or red
arrow, replication forks arising via bidirectional theta replication; white arrows, replication forks travelling in
the opposite direction of theta replication forks. (a) In gelo restriction analysis of the XmaJI-BglI fragment
of the HPV18E8~ genomes extracted from U20S cells 3 days post-transfection. Xbal was used for in gelo
digestion, and the Xma]JI-BglI fragment was selectively hybridized with an L1-specific probe. The control
sample was analyzed under identical 2D N/N AGE and hybridization conditions but without the in gelo
digestion step. (b) In gelo restriction analysis of the BglI-Psy fragment of the HPV18E8~ genomes extracted
from U20S cells 3 days post-transfection. The fragment was digested with Bpul102I in gelo and selectively
hybridized with a probe specific for the E1 region of the HPV18 genome. The control sample was analyzed
under identical 2D N/N AGE and hybridization conditions but without the in gelo digestion step. (c) A
schematic representation of theta Rls arising from the HPV18E8~ XmaJI-BglI and BglI-Psyl fragments and
their expected migration pattern during 2D N/N AGE following in gelo digestion with the Xbal or Bpul102I
enzymes*. (d) A schematic depiction of the HPV18 genome. The recognition sites of the restriction
enzymes Bgll, Psyl and XmaJl are marked in regular font; the recognition sites of the endonucleases used
for in gelo digestion (Xbal and Bpul102I) within the analyzed fragments are marked in italics. The HPV18
genomic areas specific for the E1 and L1 hybridization probes and the directions of the replication forks
created by bidirectional theta replication are also depicted. (e) A schematic depiction of the bidirectional
theta replication of a HPV18 dimeric genome with only one active origin of replication. The Bpul102-Psyl
fragment generated following in gelo digestion and detected with the E1 probe is marked with red, and the
Xbal-BglI fragment arising via in gelo digestion and detected with the L1 probe is marked with grey.

in all analyzed 2-kbp fragments also confirms that the second HPV replication mechanism is without
specific origin and termination sequences.

The second replication mechanism can initiate unidirectional replication forks in both direc-
tions. To determine the polarity of replication forks initiated by the second replication mechanism,
HPV18E8~ LMW DNA samples extracted 3 days post-transfection from U20S cells were digested with
either Bgll and Xma]l (Fig. 6a) or BglI and Psyl (Fig. 6b) and analyzed via in gelo digestion. Control
samples that were not submitted to in gelo digestion were included in the 2D N/N AGE analysis of both
fragments (Fig. 6a,b).
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HPV18E8

Figure 7. Analysis of RIs arising during the initial amplification replication of HPV18E8~ episomes

in HaCaT cells. LMW DNA was extracted from HaCaT cells 5 days post-transfection, digested with BglI
and analyzed via 2D N/N AGE. Black arrowhead, putative late theta Rls; black arrow, theta Rls; white
arrows, intermediates of the second replication mechanism. 1n, monomeric (8-kbp) linear molecules; 2n,
dimeric (16-kbp) linear molecules. The direction of the gel electrophoresis in the first (1D) and second (2D)
dimension is indicated in the top left corner.

As HPV18E8~ genomes undergo bidirectional theta replication initiated from the origin of replication
situated in the non-coding region of the viral genome, both fragments are expected to contain replication
forks moving away from the BglI restriction site and toward the Psyl and Xma]I restriction sites. The
directions of replication forks arising via bidirectional theta replication are marked in Fig. 6d, the migra-
tion patterns of these replication forks following in gelo digestion are depicted in Fig. 6¢ **. Replication
forks arising via bidirectional theta replication can be observed in both Xma]JI-Bgll and BglI-Psyl frag-
ments (Fig. 6a,b, marked with black and red arrows). In addition to replication forks arising from theta
replication, however, replication forks moving in the opposite direction can also be observed in both
fragments (Fig. 6a,b, marked with white arrows). Bidirectional theta replication of dimeric HPV18 mol-
ecules with only one active origin of replication would result in replication forks appearing to move in
opposite directions, but actually originating from the same initiation event (Fig. 6e). During the bidi-
rectional theta replication of dimeric molecules, the ratio of the replication forks travelling through the
XmaJI-Bgll and BglI-Psyl fragments in opposite directions is equal. However, this does not apply to the
results obtained during the analysis of the BglI-Psyl fragment (Fig. 6b). Additionally, the analysis of the
linearized HPV genomes did not indicate the presence of theta RIs arising from such dimeric genomes
(Figs 2a, 3a). It is therefore likely that the analyzed replication forks represent intermediates of the second
replication mechanism, indicating that the second replication mechanism is capable of initiating unidi-
rectional replication forks in both directions.

Initial amplification of the HPV18 genome in HaCaT cells proceeds via two replication mech-
anisms. To exclude the possibility that the second replication mechanism was specific to the initial
amplification of the HPV18 genome in U20S cells, Bgll-digested LMW DNA samples extracted from
HaCaT cells 5 days post-transfection were analyzed via 2D N/N AGE (Fig. 7). The HPV-negative HaCaT
cell line was established from spontaneously immortalized human keratinocytes and has retained full
epidermal differentiation capacity®*. HaCaT cells are capable of supporting HPV18 genomic replication,
although at a significantly lower efficiency than U20S cells (Fig. 7). Crucially, the dY molecules repre-
senting the intermediates of bidirectional theta replication (Fig. 7, marked with a black arrow) and the
intermediates of the second replication mechanism (Fig. 7, marked with white arrows) are present. The
accumulation of large and branched molecules can also be noted in HaCaT cells (Fig. 7, marked with a
black arrowhead). These results demonstrate that the bidirectional theta replication and the secondary
replication mechanism are not limited to the initial amplification replication of the HPV18 genome in
the U20S cell line alone.
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Discussion

Determining the mechanism behind HPV genomic replication is an essential prerequisite for under-
standing the viral life cycle and for developing efficient and specific drugs against HPV infection. The
viral and cellular factors required for the initiation of the first amplification phase of papillomavirus rep-
lication have been extensively studied®'; however, to date, no one has been able to study the Rls arising
during the initial phase of HPV replication or the mechanism behind HPV replication. The development
of the U20S cell line-based assay'® has enabled the study of the early events in genomic HPV replication.
Using the U20S assay system, we determined that the initial amplification replication of circular extra-
chromosomal HPV18 genomes proceeds via bidirectional theta structures initiated from the previously
described origin of replication situated in the non-coding region of the viral genome (Figs la, 2a, 3a,
4). We also noted a considerable accumulation of large and branched molecules containing almost fully
replicated, late intermediates of bidirectional theta replication (Figs 2a, 3a, 4), indicating that the virus
may have difficulties with completing theta replication. The accumulation of late replication intermedi-
ates has previously been noted in the polyomavirus SV40%47. SV40 replication forks are arrested when
bidirectional replication is approximately 91% completed, likely to prepare for the separation of daughter
molecules*”*, The accumulation of late replication intermediates was proposed to indicate that the sepa-
ration of daughter molecules is a slow, rate-limiting process*. These accumulated molecules appear to be
associated with molecules that display characteristics common to recombination intermediates (Fig. 5).
Intermediates characteristic of bidirectional replication via theta structures were also present during the
initial amplification replication of the HPV18 genome in HaCaT cells (Fig. 7).

We also observed the presence of Rls that were not created via bidirectional theta replication during
the first amplification phase of HPV18 replication (Figs 2a, 3, 4, 5, 6, 7). A clear temporal difference was
observed in the appearance of these secondary Rls relative to the presence of theta RIs (Fig. 2a), indicat-
ing that bidirectional theta replication is responsible for the initial multiplication of the viral genomes,
and the onset of the second replication mechanism occurs later. It is important to note that the two
mechanisms appear to function together without resulting in the creation of aberrant Rls, indicating that
the switch between the two mechanisms is regulated.

The second replication mechanism does not appear to have any specific initiation sequence (Figs 3a,
5) and results in RIs with exceeding structural complexity (Figs 2a, 3a, 5). The analysis of the nas-
cent strands arising from the secondary RIs via 2D N/A AGE and the subgenomic HPV18 fragments
via 2D N/N AGE demonstrated that the second replication mechanism is unidirectional (Figs 4, 5). In
gelo digestion analysis indicated that secondary replication can be initiated in both directions (Fig. 6).
Intermediates of the second replication mechanism also arise during the initial replication of HPV18
genomes in the HaCaT cell line (Fig. 7). The migration pattern of the intermediates of the second rep-
lication mechanism during the 2D N/N AGE of uncut HPV18 RlIs is unclear. Because the analysis of
uncut circular molecules did not resolve structural differences as well as the analysis of linearized Rls,
the secondary RIs may migrate in a pattern indistinguishable from the migration pattern of theta Rls.
We consider it likely that the secondary RIs migrate as the signal appearing to emanate either from the
loc or 2ccc HPV genomes (Fig. 1c, white arrow). Alternatively, the uncut secondary RIs may migrate as
the diffuse RIs (Fig. 1c, thin arrow).

Notably, the molecular mass of the secondary replication DNA synthesis intermediates always
starts from approximately 1.2-1.4n and never emanates from the signal representing linearized 1n
non-replicating molecules. We may be unable to detect the initiation structures of secondary replication
because they are extremely labile and prone to dissociation, or because the initiation intermediates of a
certain molecular weight exist in various conformations, thus resulting in a signal too diffuse to detect.
Alternatively, the initiation structures of the second replication mechanism may be larger and with more
complex structures than linear 1n molecules.

Analysis of the stable maintenance replication of HPV genomes in cell lines derive