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ABSTRACT Human papillomavirus (HPV) genomes are replicated and maintained as
extrachromosomal plasmids during persistent infection. The viral E2 proteins are
thought to promote stable maintenance replication by tethering the viral DNA to
host chromatin. However, this has been very difficult to prove genetically, as the E2
protein is involved in transcriptional regulation and initiation of replication, as well
as its assumed role in genome maintenance. This makes mutational analysis of viral
trans factors and cis elements in the background of the viral genome problematic
and difficult to interpret. To circumvent this problem, we have developed a comple-
mentation assay in which the complete wild-type HPV18 genome is transfected into
primary human keratinocytes along with subgenomic or mutated replicons that con-
tain the minimal replication origin. The wild-type genome provides the E1 and E2
proteins in trans, allowing us to determine additional cis elements that are required
for long-term replication and partitioning of the replicon. We found that, in addition
to the core replication origin (and the three E2 binding sites located therein), addi-
tional sequences from the transcriptional enhancer portion of the URR (upstream
regulatory region) are required in cis for long-term genome replication.

IMPORTANCE Human papillomaviruses infect cutaneous and mucosal epithelial
cells of the host, and this results in very-long-lived, persistent infection. The viral ge-
nomes are small, circular, double-stranded DNA molecules that replicate extrachro-
mosomally in concert with cellular DNA. This replication strategy requires that the
virus has a robust mechanism to partition and retain the viral genomes in dividing
cells. This has been difficult to study, because viral transcription, replication, and par-
titioning are regulated by the same viral proteins and involve overlapping elements
in the viral genome. We developed a complementation assay that allows us to sepa-
rate these functions and define the elements required for long-term replication and
stable maintenance replication of the HPV genome. This has important implications,
as disruption of viral maintenance replication can eliminate viral genomes from in-
fected cells, thus curing persistent HPV infection.
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Papillomaviruses are the causative agent of virtually all cervical cancers, and a viral
etiology has been demonstrated for many other human cancers (1). The family

Papillomaviridae is made up of over 300 genetically distinct papillomaviruses (NIAID
PaVE database; [https://pave.niaid.nih.gov]) (2, 3) that are taxonomically classified into
distinct genera named according to the Greek alphabet (4, 5). The papillomavirus life
cycle is closely linked to the differentiation process of infected cells. After establishing
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a persistent infection in the basal layer of the epidermis, the viral double-stranded
circular genome is maintained as a low-copy-number, replicating plasmid in the
stratum basale (6). Remarkably, viral infections often persist for months and even years
(7). This implies that the papillomavirus extrachromosomal genome has to undergo
stable maintenance replication in the actively dividing cells within the basal layer.

Persistent, extrachromosomally replicating viruses require replicator elements to
replicate and maintain the viral genome. The replicator consists of cis elements that are
required to initiate viral DNA synthesis (ori, or origin) as well as cis elements which
efficiently distribute the newly replicated genomes to daughter cells (partitioning
elements) (8). Gammaherpesviruses, such as Epstein-Barr virus, contain bipartite repli-
cator sequences known as OriPs. Replication is initiated at the DS (dyad symmetry)
element within oriP, whereas the adjacent FR (family of repeats) element serves to
partition the viral genomes. The FR element contains binding sites for the viral EBNA1
protein (9), and EBNA1 binds to FR and tethers the viral DNA to host mitotic chromo-
somes to maintain and partition the genomes (10). A similar bipartite replicator
sequence has been defined for bovine papillomavirus 1 (BPV1) (11). In the case of BPV1,
the viral E2 protein cooperatively binds with the viral E1 helicase to conserved E1 and
E2 binding sites in the origin of replication (12, 13). The minimal origin of replication is
sufficient to support the transient replication of viral DNA, but long-term stable
maintenance replication of the genomes requires an additional cis element known as
the minichromosome maintenance element (MME) (11). For BPV1, the MME consists of
at least six E2 binding sites (E2BS), in addition to those in the replication origin (11).

As with other viruses, the ability to interact with mitotic chromosomes is required for
stable maintenance of the BPV1 genome (14, 15). One chromosomal target is the
bromodomain-containing protein Brd4, which interacts with E2 to form a physical
tether between the viral genome and host chromosomes. This physical link ensures
efficient segregation of the viral genome to the daughter cells (16–18). While the BPV1
“replicator” is fairly well understood, recent research suggests that these insights
cannot be directly translated from BPV1 (of the Deltapapillomaviridae genus) to mem-
bers of the Alphapapillomaviridae (alpha-PVs). The alpha-PV E2 proteins interact with
Brd4 to regulate viral transcription, but the role for Brd4 as a molecular tether is less
obvious (19–21). In addition, the BPV1 genome contains 17 E2BS, 6 of which are
required to form the MME (11), but most Alphapapillomavirus genomes contain only 3
or 4 canonical E2BS (22), hinting toward different requirements for the alpha-PV
replicator sequence. Indeed, targeted mutagenesis of human papillomavirus 31 (HPV31,
an alpha-PV type) indicated that only three of the four E2BS are required for stable
maintenance replication (23). However, analysis of these data is complicated because
the viral E2 protein is an essential regulator of both viral replication and transcription.
Furthermore, a recent study showed that mitotic partitioning of HPV18 genomes (in the
absence of replication) may only require two canonical E2BS (24).

To be able to define the replicator sequence, viral replication must be uncoupled
from transcriptional control of the virus. It is impossible to achieve this in the back-
ground of the viral genome, where the E2 protein supports replication but also
regulates transcription of the E1 and E2 genes. To circumvent this problem, we
developed an in vivo complementation assay. In this assay, primary human keratino-
cytes are cotransfected with wild-type (wt) HPV18 genomes and HPV18 subgenomic
replicons. The wild-type genome expresses viral proteins at physiologically relevant
levels, thus enabling genetic manipulation of the cotransfected replicons. This effec-
tively uncouples replication and transcription. Using this assay, we provide evidence
that the viral URR is both necessary and sufficient for long-term HPV18 stable mainte-
nance replication. Furthermore, we mapped the minimal HPV18 replicator and found it
consists of three E2BS in the replication origin, along with a portion of the upstream
regulatory region (URR) that overlaps with the viral transcriptional enhancer.

(Parts of this work [Figures 1 and 2] were adapted from the thesis of Sandra
Chapman [https://etda.libraries.psu.edu/files/final_submissions/5555].)
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RESULTS
The viral URR is required for long-term maintenance of an oncogenic HPV. A

complementation assay was developed to identify the cis elements required for stable
maintenance replication of the HPV18 genome. In this assay, primary human foreskin
keratinocytes (HFKs) are transfected with the wild-type HPV18 genome and a test
replicon plasmid. Under these conditions, the HPV18 genome provides physiological
levels of expression of the viral replication proteins in trans and allows us to assay stable
maintenance replication of the cotransfected replicon, effectively unlinking replication
and transcription. In addition, expression of the E6 and E7 oncogenes from the
wild-type HPV18 genome provides the transfected primary cells with a selective growth
advantage over nontransfected cells.

Although we expected that the replicon would require the HPV minimal origin of
replication, and perhaps additional E2 binding sites, we initially generated three
different subgenomic replicons that contained deletions of large regions of the HPV18
genome (Fig. 1A) (see Materials and Methods for details). The ΔURR replicon contains
a deletion spanning the entire URR (including the minimal replication origin). The ΔLR
replicon contains a deletion disrupting both late proteins L1 and L2. Finally, a large
fragment encoding the early genes was deleted from the ΔER replicon. The ΔURR, ΔLR,
and ΔER replicons were transfected into primary HFKs in the presence or absence of a
full-length wild-type HPV18 genome to complement the replicons. At different time
points posttransfection, low-molecular-weight DNA was extracted from the cells. The
extracted DNA was digested with DpnI to remove bacterial input DNA and with EcoRI
to linearize the genomes. Since the subgenomic replicons are smaller, they were readily
distinguished from the full-length complementing HPV18 genome by Southern blot-
ting (Fig. 1B). In the absence of complementation, the ΔER replicon, which lacks part of
the early region encoding the replication proteins, was unable to replicate. However,
trans factors provided by the complementing wild-type genome allowed the ΔER
replicon to replicate and be stably maintained for at least 24 days. Therefore, the region
deleted in the ΔER replicon is not required in cis for long-term replication as long as the
replication proteins are provided in trans. On the other hand, the ΔLR replicon did not
require complementation with the full-length HPV18 genome to be maintained long
term. Therefore, the late region does not contain cis elements that contribute to
efficient long-term maintenance. Finally, as expected, the ΔURR replicon lacking the
entire URR (and minimal replication origin) was unable to replicate regardless of
whether the full-length wild-type genome was present. Similar results were obtained

FIG 1 A complementation assay demonstrated that the URR is required for long-term genome maintenance. (A) Diagram of deletions made in
the background of the HPV18 genome. The ΔER replicon (deleted region highlighted in green) lacks part of the E7 and E1 open reading frames.
The 3= end (L1) of the entire URR and part of the E6 gene are deleted from ΔURR (blue). A large region of the L1 and L2 genes is deleted from
ΔLR. (B) Different subgenomic replicons (or pUC18 as a control) were cotransfected with the HPV18 genome into primary HFKs. Low-molecular-
weight DNA was extracted at different time points, digested with DpnI and a linearizing enzyme, and then analyzed by Southern blotting. Colored
arrowheads indicate the positions of the HPV18 genome (black), ΔER (green), and ΔLR (red). A representative blot is shown. Each replicon was
tested in similar assays at least three times.
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using an HPV31 complementation system, illustrating the general use of the comple-
mentation system (data not shown).

Role of the E2 binding sites in replication can be assessed via the complemen-
tation assay. The HPV18 URR contains only four canonical E2BS, and while previous
studies have tried to elucidate their precise role in replication of the full HPV genome,
this has sometimes been difficult to interpret because of the requirement for the sites
to support replication as well as to regulate transcription of the viral replication
proteins (23, 25). The ΔER replicon generated in this study is a convenient background
to study the role of the E2BS in genome maintenance, because it can be stably
replicated long term, it is dependent on the full-length HPV18 genome to provide the
replication proteins in trans, and it is distinguishable because of the size difference.
Therefore, E2BS were mutated in the ΔER replicon as described previously with minimal
nucleotide substitutions (26) that are sufficient to abrogate E2 binding but less likely to
alter the function of neighboring elements (Fig. 2A). Replicons with individual and
combined E2BS mutations were cotransfected into HFKs with the full-length HPV18
genome, and low-molecular-weight DNA was isolated and analyzed. As shown in

FIG 2 E2BS4 is not required for long-term genome maintenance. (A) Diagram of the positions and sequences of E2 binding sites in the HPV18
URR. Shown is the position of the core origin of replication, the constitutive enhancer, E1 and E2 binding sites, and the TATA box and position
of the P105 early promoter. Nucleotide substitutions generated in each binding site are shown in red and labeled mt1 to -4, corresponding to
E2BS1 to -4. Previous studies have shown that these mutations abrogate E2 binding (26). (B) ΔER replicons containing the E2BS mutated alone
or in combination (e.g., ΔER 1/2 has mutations in E2BS1 and -2 [mt1 and mt2, as shown in panel A]) were cotransfected with the HPV18 genome
into primary HFKs. pUC18 was used to balance the amount of transfected DNA. Low-molecular-weight DNA was extracted at the times shown,
digested with DpnI and a linearizing enzyme, and then analyzed by Southern blotting. Two exposures of a representative blot are shown (n �
2, with different collection times). (C) Low-molecular-weight DNA from a subset of the transfected cells shown in panel B was harvested from cells
at 18 days posttransfection and digested with an enzyme that either linearized (C) or did not cut (N) the HPV18 genome (and derived replicons).
DNA was analyzed using Southern blotting. The different forms of extrachromosomal DNA are indicated (black roman numerals indicate the
wild-type genome; subgenomic replicons are represented by green numerals). I, supercoiled; II, nicked circle; III, linear. n � 2, with different
collection times.
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Fig. 2B, only replicons containing a mutated distal E2BS (E2BS4) supported short-term
replication (4 days posttransfection). This finding is in agreement with findings of
previous studies that showed that all three E2BS proximal to the E1 binding site are
required for efficient transient replication (27, 28), and so we could not further evaluate
the role of these sites in stable maintenance replication. However, the replicon con-
taining a mutated E2BS4 was efficiently maintained for 24 days (Fig. 2B); therefore, we
concluded that stable maintenance replication does not require E2BS4. Southern
blotting of nonlinearized DNA confirmed that both the wild-type and E2BS4 mutated
subgenomic replicons were maintained extrachromosomally (Fig. 2C).

Generation of a minimal replicon. The data presented above indicate that the URR
is required for stable maintenance replication. To test whether it is also sufficient for
maintenance, we developed a minimal plasmid into which we could insert cis elements
and test for their ability to replicate in the presence of the complete HPV18 genome.
To avoid excess prokaryotic sequences and to maximize the stable maintenance
replication potential of the test replicons, we used a plasmid backbone that contained
minimal bacterial sequence and was mostly devoid of CpG dinucleotides, pCpG-neo
(Fig. 3A). We previously showed that the NeoR expression cassette derived from this
plasmid can be inserted into the late region of the HPV18 genome (replacing the ΔLR
deletion described above) to generate a “marker genome” (29). These marker genomes
are able to persistently and stably replicate in keratinocytes, demonstrating that the
vector components are not detrimental to viral DNA replication and persistence (29).

The HPV18 URR (HPV18 nucleotides [nt] 7112 to 174) was cloned into pCpG-neo,
and initial studies showed that the cotransfected HPV18 genome could support tran-
sient replication and stable extrachromosomal maintenance replication of this plasmid
in keratinocytes. Therefore, a series of plasmids containing deletions in the URR (but
maintaining the HPV18 replication origin) were generated (Fig. 3B). In the URR replicon
series, 5= truncations were generated beginning at nucleotide positions 7452 (with and
without a mutation in E2BS4), 7469, 7752, and 7817. The smallest insert (nt 7817 to 174)

FIG 3 Map of the pCpGneo plasmid and URR-derived inserts. (A) Diagram of pCpGneo plasmid. The prokaryotic elements (CER, R6Kori, and I-EC2K) are shown
in orange, and eukaryotic elements [simian virus 40 (SV40) enhancer/promoter and beta-globin poly(A)] are shown in blue. The neomycin resistance gene is
shown in green. The URR is shown in black, with E2 binding sites indicated as green bars. The position of the DpnI and BstXI restriction sites used in Southern
blotting are indicated. (B) Diagram of inserts derived from the HPV18 URR. Plasmids were named according to the first nucleotide (numbering according to the
HPV18 reference genome on PaVE). All inserts end at viral position 174. The lollipop indicates the position of the L1 stop codon, while the arrow indicates the
major early viral promoter (p105). Green boxes represent wild-type E2BS; red boxes are mutated E2BS. The E1 binding site is shown in purple. The replication
origin (ori) is indicated. The blue bar represents a fragment of L2 (HPV18 bases 5867 to 6231) that was used as stuffer DNA.
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contains the replication origin, consisting of an E1 binding site and three E2 binding
sites. To ensure that results were not biased by topological constraints due to the small
size of the plasmid, a fragment of L2 (HPV18 bases 5154 to 4790) was used as stuffer
DNA and was inserted upstream of nucleotide 7817. This resulted in an insert equiv-
alent in size to the replicons truncated at nt 7452. We showed above (Fig. 1) that this
region of L2 is not required for HPV18 stable maintenance replication. Finally, three
deletions (del1, -2, and -3) were generated in the enhancer region between E2BS3 and
-4. To further explore the requirement for E2BS4, the mutation shown in Fig. 2A was
also generated in the 7452 and del1, -2, and -3 replicons.

Early experiments showed that the minimal pCpG plasmids had a tendency to
multimerize in the GT115 Escherichia coli host, and so a ColE1 CER element (cer
resolution of multimer site) (30) was inserted into the plasmids, as shown in Fig. 3A. The
CER element only partially reduced the propensity for multimerization, and so super-
coiled, monomeric plasmids were gel purified for subsequent experiments.

The pCG-neo URR series of replicons can replicate transiently in keratinocytes.
To ensure that the series of pCpGneo URR replicons could replicate transiently, they
were cotransfected into primary keratinocytes with the wild-type HPV18 genome, and
cellular DNA was harvested at 48 to 72 h. Cellular DNA was prepared and digested with
BstXI (cleaves the plasmids into two fragments), or with BstXI and DpnI to eliminate
unreplicated input plasmid DNA. As shown in Fig. 4A, and as expected, the empty
pCpGneo vector was unable to replicate transiently. However, all URR replicons had
replicated by 48 h after transfection. By this time point, there was already a difference
in the levels of replication of the minimal origin-containing plasmids (URR 7752, 7817,
and 7817L2) from those containing upstream fragments (URR 7452, 7469, and 7452
del1, -2, and -3), indicating that the upstream fragments could promote replication. This
was not due to plasmid size, since URR 7817 and 7817L2 replicated at equivalent levels,
and it was not due to the presence of E2BS4, since there was no discernible difference
in replicons with a mutation in this site (Fig. 4B).

A quantitative colony formation assay showed that the viral replication origin
and the viral enhancer are required for efficient stable maintenance replication.
An advantage of the pCpGneo series of replicon plasmids is that they provide cells with
antibiotic resistance. Cells cotransfected with the wild-type HPV18 genome and the
pCpGneo URR (7112) plasmid gave rise to robust colonies after selection in G418. We
showed previously that the formation of robust, expanding colonies reflects stable
maintenance replication of recombinant HPV18 marker genomes (29). Therefore, pri-
mary keratinocytes were cotransfected with the wild-type HPV18 genome and the
series of pCpGneo replicons shown in Fig. 3B, and G418 selective pressure was
maintained for the duration of the experiment. The results of the colony formation
assay are shown in Fig. 5A, and Southern blotting results showing the extrachromo-
somal status of the replicons are shown in Fig. 5B.

In the replicon plasmid series, the first three replicons (7452, 7452 mt, and 7469)
gave rise to at least as many G418-resistant colonies as the full-length URR (7112) and
contained similar or greater levels of extrachromosomally replicating DNA (Fig. 5A and
B). Robust replication of 7452 mt confirmed that E2BS4 was not required for mainte-
nance of the HPV18 URR-derived plasmids. The shorter URR-derived replicons (7752 and
7817) showed a drastic reduction in the number and size of G418-resistant colonies,
which was not much more than that obtained with the pCpGneo empty vector. There
were not enough viable cells to conduct Southern blotting. The URR 7817L2 replicon
was also unable to give rise to G418-resistant colonies. Therefore, the inability of the
origin-containing replicons 7752 and 7817 to form colonies was not due to their
minimal size, and it seems likely that URR sequences between nucleotides 7469 and
7752 are required for stable maintenance replication that is robust enough to generate
colonies.

The viral transcriptional enhancer contains cis elements involved in stable
plasmid maintenance replication and colony formation. The central region of the
URR between nucleotides 7469 and 7817 (flanked by E2BS3 and -4) has been previously
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shown to contain the major transcriptional enhancer (31). The viral enhancer consists
of three distinct regions: two relatively divergent regions (regions 1 and 3) flanking a
relatively conserved core region (region 2). To identify plasmid maintenance elements
within this region, the three deletions described above were generated in the URR
7452 wt and URR 7452 mt backgrounds. Replicon plasmids URR del1, del2, and del3
have nucleotides 7470 to 7567, 7568 to 7642, and 7643 to 7750 deleted, respectively,
corresponding to the three regions of the enhancer. As shown in Fig. 5A, when
cotransfected with the wild-type HPV18 genome, these plasmids were initially able to
efficiently give rise to colonies. However, when the colonies shown in Fig. 5A were
analyzed by Southern blotting, there was a substantial decrease in extrachromosomal
genome copy number of the URR del 2 wt/mt and URR del 3 wt/mt plasmids compared
to the URR 7452 wt and URR 7452 mt parental backgrounds. We concluded that these

FIG 4 Transient replication of the pCGneo-URR plasmids. (A) Gel-purified monomeric supercoils of the
pCpGΔneoURR replicons were cotransfected together with the wild-type HPV18 genome into primary
keratinocytes, and total cellular DNA was harvested after 48 h. DNA was digested with either BstXI, or
BstX1 and DpnI (to cut unreplicated input DNA), followed by analysis by Southern blotting with a
pCpGneo vector probe. One hundred picograms of BstXI-digested vector was run as a marker. DpnI-
resistant DNA is indicated by the asterisk in the lower panel. A representative image of two independent
experiments is shown. (B) Quantitation of transient-replication levels. DpnI-resistant DNA (indicated by
the asterisk in panel A) was quantified by phosphorimaging analysis in two independent experiments.
Average replication levels are shown relative to that of the pCpGΔneoURR 7112 replicon. Error bars are
the standard errors of the means. A one-way analysis of variance test among 7452 and the 7452 deletions
(del1, del2, and del3) showed that any observed differences were not significant (ns), as did paired t tests
between 7452 and each individual 7452 deletion (del1, del2, and del3). � � 0.05.
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FIG 5 Quantitative colony formation assay results, showing that the viral replication origin and the viral enhancer are required for efficient long-term
maintenance. (A) Cells were cotransfected with the HPV18 genome and the series of replicons shown in Fig. 3 and then selected with G418 at 400 �g/ml for
2 days and then 200 �g/ml until visible colonies formed (8 to 9 days posttransfection). Colonies were stained with methylene blue and imaged. The plasmid
URR fragment nomenclature is as shown in Fig. 3. (B) Cell DNA was prepared from pooled colonies from a duplicate set of plates and was analyzed using
Southern blotting. The samples on the left gel were cleaved with NdeI, which does not cut the pCpG neo URR plasmids; for the right gel, they were cleaved

(Continued on next page)
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plasmids can replicate and partition enough to give rise to G418-resistant colonies, but
the reduced copy number could signify an inability to efficiently and stably maintain
and sustain these colonies in the long term.

By plating fewer cells in the colony-forming assay, the colonies were able to expand
to a much larger size over a longer period of time (15 days). Under these conditions,
differences in the colony-forming abilities of URR del1, del2, and del3 became apparent.
As shown in Fig. 5C, the colonies that formed with the URR del2 replicon appeared to
be transient and did not continue to expand with time. Therefore, the enhancer portion
of the URR is required in addition to the replication origin for optimal stable mainte-
nance replication. Southern blotting of DNA derived from the colonies at this later time
point showed that URR del3 replicons can be maintained long term but with a great
drop in copy number. However, URR del2 replicons were not maintained.

Replicons containing the minimal replication origin and upstream enhancer
sequences replicate as stable extrachromosomal elements for multiple passes.
One consideration is that the formation of colonies in the assay shown in Fig. 5 could
be subject to transcriptional enhancement of the neomycin gene, though this should
only occur if the replicon is already able to replicate and be maintained for the long
term. To alleviate this concern, the complementation assay was carried out without
selection.

In parallel experiments, primary keratinocytes were cotransfected with the pCpGneo
URR replicons and the wild-type HPV18 genome. Cells were passed, without G418
selection, for five passages, and cellular DNA was collected at each pass. Southern
blotting was carried out to determine the copy number and extrachromosomal status
of the replicons at each pass. As shown in Fig. 6, and as expected from the 48-h analysis
results (Fig. 5), there was very little discernible replication of the minimal origin-
containing plasmids (URR 7752, 7817, and 7817L2) after long-term cell division. How-
ever, the longer replicons URR 7112, 7452, and 7469 replicated stably and were
maintained at a constant copy number for the five passes analyzed. There was no
difference in the stability or copy number of the 7452 replicons containing a wild-type
or mutated E2BS4, confirming that this site was not required for long-term, stable
maintenance replication.

In the transient-replication experiments, there were no differences in levels of the
7452 series of replicons with deletions in the central URR. However, in the longer-term
experiments, it became apparent that replicons with del2 and del3 were impaired in
stable maintenance replication. The del3 replicons had decreased copy numbers
compared to the wild-type and del1 7452 replicons; however, they were maintained at
lower copy number for five passes (the longest time point analyzed). The del2 replicons
also had a lower copy number at pass one and pass two, but the extrachromosomal
genomes were quickly lost and were not detectable after three passes. E2BS4 did not
affect the replication or stability of del2 and del3 7452 replicons. Therefore, the URR
between 7568 and 7642 is essential for partitioning, and the region between 7643 and
7750 enhances replicon copy number.

Quantitation of long-term maintenance of pCpG URR replicons in keratino-
cytes. To accurately measure the replication and stability of the pCpGneo URR repli-
cons, a quantitative PCR (qPCR) assay was developed to measure the copy number of
the replicon and cotransfected HPV18 genome at each pass. The DNA samples shown
in Fig. 6 were digested with EcoRI (to linearize the genomes and replicons) and DpnI to
ensure that any observed signal was due to replicated DNA and not input DNA. qPCR
primers were designed to span DpnI sites in both the viral genome and replicon. As

FIG 5 Legend (Continued)
with BstXI. See Fig. 3A for the positions of restriction enzyme sites. The exact experiment shown is representative of two independent experiments. Multiple
other replicates (with subsets of plasmids and/or different timings) gave comparable results. (C) Cells were transfected and selected as described for panel A
until large colonies were apparent (15 days posttransfection). Colonies were stained and imaged (A) or pooled prior to DNA extraction (D). (D) Cellular DNA
was prepared from those colonies that survived selection, and equal amounts were analyzed by Southern blotting. DNA was cut with a restriction enzyme that
did not cleave the replicons. The position of supercoiled monomers is indicated.
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shown in Fig. 7, the HPV18 genome levels were very consistent across each sample and
increased with each pass. This increase was due to the selective effect of the HPV18
oncogenes on transfected cells compared to untransfected cells. The level of each
replicon closely mirrored that observed by Southern blotting. The replicons containing
only the replication origin were present at very low copy number, only slightly above
the background of the empty vector. The amount of the longer replicons was about
10-fold less than that of the wild-type genome, but they were stably replicated and

FIG 6 Replicons containing the minimal replication origin and upstream enhancer sequences replicate extrachromosomally in keratinocytes for multiple passes.
Gel-purified monomeric supercoils of the pCpGΔneo URR replicons were cotransfected together with the wild-type HPV 18 genome into primary keratinocytes
and cultured for five passages. Each pass corresponded to approximately 4 population doublings, though this is an underestimate because of the low plating
efficiency of primary keratinocytes. Total cellular DNA was extracted at each pass and analyzed by Southern blotting with a pCpGneo vector probe. The panel
on the left contain samples digested with BstXI, which cleaves the replicon into two fragments. The samples in the panel on the right were digested with NdeI,
which does not cut the replicons, allowing visualization of extrachromosomal supercoiled DNA. A representative image of two independent transfection
experiments is shown, though subsets of the replicons were also analyzed in multiple other experiments with similar findings.
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maintained and also increased with cell passage. As observed by Southern analysis,
del2 and del3 7452 replicons were maintained at a greatly decreased copy number.
However, del 2 mt and del 3 wt and mt replicons were stably maintained at these low
levels. The copy number of the del 2 wt replicon was the least stable, as it decreased
at every pass. This confirmed that the URR between 7568 and 7642 is essential for
efficient partitioning, while the region between 7643 and 7750 enhances replicon copy
number.

DISCUSSION

The complementation assay developed in this study enabled the direct analysis of
the role of the E2BS and other cis elements in genome maintenance by efficiently
uncoupling replication and transcription. The HPV18 genome complemented the
replication and maintenance of replicons in primary keratinocytes. The viral genomes
provided the E1 and E2 replication proteins in trans, and expression of the E6 and E7
oncogenes provided the primary cells with a selectable growth advantage. Initially we
tested the ability of large, subgenomic fragments of HPV18 to replicate long term when
complemented by the HPV18 complete genome. A replicon lacking a substantial part
of the L1 and L2 open reading frames was maintained very efficiently, even without
complementation. This led to the development of HPV18-derived marker genomes that
encoded selectable markers (neomycin resistance, zeocin resistance, and green fluo-
rescent protein) inserted into the late region (29). Not surprisingly, replicons with the
URR deleted were unable to replicate, even when complemented. However, replicons
with the ER fragment deleted could replicate long term, but this required the comple-
menting viral genome. Therefore, the ΔER replicon provided a good genetic back-
ground in which to study the role of the E2 binding sites.

FIG 7 Quantitation of long-term maintenance of the pCpG URR replicons in keratinocytes. The cellular DNA samples shown in Fig. 6 were
digested with EcoRI and DpnI and analyzed using qPCR with primers specific for the for HPV18 genome, the pCpGneo URR replicons, and �-actin.
The bar graph at the top shows the amounts of HPV18 DNA measured by qPCR in 15 ng of cellular DNA at each of five passes posttransfection,
and the bar graph on the bottom shows the amounts of the pCpG-neoURR replicons in the same samples. Each sample was normalized to the
amount of actin in each sample. The graphs show the mean values in two identical, independent transfection experiments, and the error bars
represent standard deviations. Similar results were found in multiple, similar (though not identical) replicates.
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The importance of individual E2 binding sites during stable viral maintenance
replication has been studied previously. However, by binding to E2BS, the viral E2
protein regulates replication and transcription, and therefore outcomes based on
mutational disruptions of the viral E2BS in the background of the whole viral genome
are hard to interpret. To circumvent this, Lace and colleagues introduced mutations
into the E1 and E2 open reading frames of separate HPV16 genomes (32). When
cotransfected, both mutated genomes complemented each other, thus allowing for
viral transcription and replication. By using this assay, those authors found that
short-term HPV16 replication required three promoter-proximal E2BS (32). However,
since the expression of either of the essential replication proteins was lost over time in
replication-deficient genomes, this system could not be used in long-term maintenance
replication studies. A recent study by Ustav and colleagues indicated that partitioning
of viral genomes (in the absence of replication) requires only two E2BS. However, since
the test plasmids did not replicate, those authors were unable to test very-long-term
maintenance (24). In our assay, we found that in the background of the ΔER replicon,
the three origin-proximal E2BS were required for transient replication, but E2BS4 was
not required for either transient or stable maintenance replication (Fig. 2).

To investigate the importance of distinct regions within the URR, we cloned frag-
ments of the URR into a minimal bacterial plasmid. This plasmid was based on vectors
designed for gene therapy. In addition to containing very minimal bacterial sequence,
the plasmid is largely devoid of CpG dinucleotides. It also encodes aminoglycoside
3=-phosphotransferase, which confers resistance to kanamycin in E. coli and to G418 in
mammalian cells. This plasmid backbone was selected to minimize cellular innate
immune responses (30, 33), thereby maximizing the ability of the plasmids to replicate
long term in primary cells. Replicon maintenance was assayed by quantifying replicon
DNA at various times posttransfection or the ability of the replicon to support colony
formation in the presence of antibiotic selection. Using these assays, we showed that
stable maintenance does not require the 5=-URR (upstream of E2BS4). This is similar to
a previous observation made for the background of the HPV31 genome (25). Further-
more, confirming the observation made in the background of ΔER, E2BS4 was not
needed for stable maintenance replication and in fact seemed to reduce plasmid
maintenance.

Our mapping studies suggest a key role for the region of the viral URR known as the
tissue-specific enhancer. Specifically, the core region (fragment 2) of this viral enhancer
plays a significant role in optimal replicon maintenance. The region of the enhancer
closest to the origin was also important for the replicon copy number; when this region
was deleted, the resulting replicon was maintained at very low copy number. Figure 8
shows a map of the HPV18 URR and the location of binding sites for cellular transcrip-
tion factors. However, further mutational analysis was unable to identify specific parts
of the enhancer as essential (unpublished data). This inability to find a specific se-
quence is reminiscent of the frustrating quest to identify mammalian replication origins

FIG 8 Map of the HPV18 URR. The diagram shows the three main regions of the HPV18 URR. The viral E1 and E2
sites are indicated on top (green and purple boxes). Binding sites for cellular factors that have been mapped to URR
are indicated below by colored boxes (41, 42). The position of the del1, -2, and -3 deletions and the 7752 and 7817
5= endpoints are shown.
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(34). Current thinking is that epigenetic, as well as genetic, parameters influence the
replication of autonomous replicons. These parameters include nuclear localization,
chromatin structure and modifications, topology, nucleosome positioning, and tran-
scriptional activity of adjacent DNA (34). The elements that we have mapped to the
core enhancer region of HPV18 could all influence replication through these processes.

Our data show that optimal viral genome maintenance replication requires the HPV
replication origin (including three E2BS) and a region that overlaps the viral enhancer.
The observation that three E2BS are sufficient for short-term replication is in agreement
with previous data showing that the three promoter-proximal E2BS represent the origin
of replication (27, 28, 35). Studies of BPV1 replication led to the model that the E2
protein tethers the viral genome to host chromosomes through multiple E2BS (�6),
somewhat analogous to what occurs in the gammaherpesviruses (11, 14, 15). However,
the studies presented here suggest that E2 can promote replication and partitioning of
HPV18 replicons containing just the three E2 binding sites in the replication origin
along with cis elements in the URR. These cis elements likely promote and stabilize DNA
synthesis and plasmid partitioning through the epigenetic mechanisms described
above. Although we did not directly test the role of the E2 protein in our complemen-
tation assay, Ustav and colleagues showed that E2 can partition replicons containing
only two optimally spaced E2BS (24). Two E2 protein dimers must bind cooperatively
to E2BS1 and -2 to facilitate partitioning (24). Taken together, we propose that the
region containing the three E2BS surrounding the replication origin constitutes the
core replicator (initiation and partitioning element), but this replicator requires addi-
tional cis elements from the URR to promote and stabilize these functions. The
origin-bound E2 protein likely cooperates with, and promotes the function of, factors
associated with the upstream cis element by promoting optimal nucleosomal position-
ing and formation of active chromatin (36) and by localizing the viral replicon to active
regions of the nucleus (37, 38).

MATERIALS AND METHODS
Plasmids. HPV18-based subgenomic replicons were generated by deleting large fragments from the

full-length genome, as illustrated in Fig. 1. Specifically, fragments were deleted from HPV18 (cloned into
the EcoRI site of pBR322) between restriction sites (18ΔURR replicon, NcoI [nt 6233] and BlpI [nt 823];
18ΔER replicon, Blp1 [nt 824] and AleI [nt 1945]; 18ΔLR replicon, KpnI to KpnI [nt 4795 to 6273]). Specific
mutations in E2BS were introduced into the full-length HPV18 genome by using the QuikChange XL
site-directed mutagenesis kit (Stratagene). All mutations were sequence verified. Before transfection,
wild-type HPV18 genomes and derived replicons were cleaved from the pBR322 prokaryotic backbone
with EcoRI and recircularized by overnight incubation with T4 DNA ligase with 5 �g/ml DNA (39). In Fig. 4,
5A and B, 6, and 7, an HPV18 minicircle genome recircularized in bacteria was used, as described
elsewhere (31). This minicircle genome was a generous gift from Mart Ustav.

Fragments of the HPV18 URR were cloned into a minimal plasmid, pCGΔneo, using standard
procedures. An expression cassette derived from this modified CpG-free plasmid (pCpG-Neo) was
described recently (22). These R6K� origin of replication-containing plasmids were propagated in E. coli
GT115 bacteria (InvivoGen). Because of the propensity of these plasmids to multimerize in bacteria (data
not shown), a ColE1 CER element (30) was inserted, as shown in Fig. 3. This was only partially successful
in preventing multimer formation, and so monomeric supercoiled forms of CpG-Neo-derived plasmids
were purified from agarose gels prior to transfection.

Cell culture. Primary human keratinocytes were isolated from neonatal foreskins, as described
previously (40) and with NIH Institutional Review Board approval. Cells were expanded in Rheinwald-
Green F medium (3:1 Ham’s F-12/high-glucose Dulbecco’s modified Eagle’s medium [DMEM], 5% fetal
bovine serum [FBS], 0.4 �g/ml hydrocortisone, 8.4 ng/ml cholera toxin, 10 ng/ml epidermal growth
factor, 24 �g/ml adenine, 6 �g/ml insulin) on a layer of lethally irradiated J2-3T3 murine fibroblasts. For
experiments using G418 selection, HFKs were cultured on G418-resistant J2-3T3 murine fibroblasts.

Transfection. Electroporation was performed using the Amaxa electroporation system (Lonza)
according to the manufacturer’s instructions. Briefly, 1 � 106 cells were mixed with 2 �g DNA and
electroporated using the T-007 program defined by the manufacturer as optimal for enhanced keratin-
ocyte survival. A total of 1.4 � 106 electroporated cells were plated on irradiated feeders for short-term
replication, 0.4 � 106 cells were plated for long-term replication, and 0.1 � 106 were plated for colony
formation experiments. The latter group of cells was plated on irradiated G418-resistant J2-3T3 cells,
selected in 400 �g/ml G418 for 2 days, and then in 200 �g/ml G418 until colonies were fixed and stained
with methylene blue (8 to 9 days).

DNA extraction. Whole-cell DNA extraction was carried out using the Qiagen blood and tissue kit
according to the manufacturer’s instructions. Low-molecular-weight DNA was extracted using a modified
Hirt extraction method (11).
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Southern blotting. Low-molecular-weight or total cellular DNA was digested with either a restriction
enzyme to cleave the viral DNA and derived replicons (BstXI; 2 cuts) or a noncutter (HindIII or NdeI) to
linearize cellular DNA. For transient DNA replication analysis, samples were also digested with DpnI to
remove unreplicated viral DNA. After digestion, samples were separated on Tris-acetate-EDTA (TAE)–
agarose gels. DNA was visualized with 10 �g/ml ethidium bromide and transferred to Nytran SPC
membranes with a TurboBlotter downward transfer system (Whatman). Membranes were UV cross-
linked, dried, incubated with prehybridization blocking buffer, and then incubated overnight with 25 ng
[32P]dCTP-labeled HPV18 DNA or pCpG vector in hybridization buffer (3� SSC [1� SSC is 0.15 M NaCl plus
0.015 M sodium citrate], 2% SDS, 5� Denhardt’s solution, 0.2 mg/ml sonicated salmon sperm DNA).
Radiolabeled probe was generated from twice-gel-purified linear HPV18 DNA or pCpG vector DNA by
using a Random Prime DNA labeling kit (Roche). Hybridized DNA was visualized using a Typhoon scanner
(GE Bioscience).

Quantitative PCR for copy number determinations. Total cellular DNA was digested as described
above. After digestion, 15 ng was analyzed by qPCR using 300 nM primers and SYBR green master mix
(Roche). The reaction conditions consisted of a 15-min 95°C activation cycle, 40 cycles of 10 s at 95°C for
denaturation and 30 s at 60°C for annealing, and elongation. Copy number was calculated by comparing
data for the unknown samples to standard curves of linearized HPV18 or CpG vector DNA. �-Actin DNA
copy number was used as a normalization control. HPV18 or CpG vector primers spanned DpnI sites. The
primer sequences used were as follows: HPV18 sense (5=-CACAATACTATGGCGCGCTTT-3=) and antisense
(5=-CCGTGCACAGATCAGGTAGCT-3=), CpG vector sense (5=-GGCAGTTTTTCGGGTGGTT-3=) and antisense
(5=-CACCGCTAAAACGCGTTCA-3=), and �-actin sense (5=-TCGTCCACCGCAAATGC-3=) and antisense (5=-C
GCAAGTTAGGTTTTGTCAAGAAA-3=).
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