
Regulation of Human Papillomavirus 18 Genome Replication,
Establishment, and Persistence by Sequences in the Viral
Upstream Regulatory Region

Tami L. Coursey,a Koenraad Van Doorslaer,a* Alison A. McBridea

aDNA Tumor Virus Section, Laboratory of Viral Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, Maryland, USA

ABSTRACT During persistent human papillomavirus infection, the viral genome rep-
licates as an extrachromosomal plasmid that is efficiently partitioned to daughter
cells during cell division. We have previously shown that an element which overlaps
the human papillomavirus 18 (HPV18) transcriptional enhancer promotes stable DNA
replication of replicons containing the viral replication origin. Here, we perform com-
prehensive analyses to elucidate the function of this maintenance element. We con-
clude that no unique element or binding site in this region is absolutely required for
persistent replication and partitioning and instead propose that the overall chroma-
tin architecture of this region is important to promote efficient use of the replication
origin. These results have important implications for the genome partitioning mecha-
nism of papillomaviruses.

IMPORTANCE Persistent infection with oncogenic human papillomaviruses (HPVs) is re-
sponsible for ;5% of human cancers. The viral DNA replicates as an extrachromosomal
plasmid and is partitioned to daughter cells in dividing keratinocytes. Using a comple-
mentation assay that allows us to separate viral transcription and replication, we pro-
vide insight into viral sequences that are required for long-term replication and persist-
ence in keratinocytes. Understanding how viral genomes replicate persistently for such
long periods of time will guide the development of antiviral therapies.
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High-risk, oncogenic human papillomaviruses (HPVs) represent a global health bur-
den; they are the etiological agents of several cancers, causing ;5% of all human

cancers (1). The oncogenic potential of these high-risk HPVs is tied to their life cycle in
keratinocytes. HPV infects proliferative, basal layer keratinocytes that support viral ge-
nome replication (2). Extrachromosomal HPV genomes (minichromosomes) replicate at a
low level in these dividing cells and are thought to be partitioned into daughter cells by
tethering to host mitotic chromosomes (3). The high-risk E6/E7 oncogenes interfere with
many cellular processes to produce an environment conducive for persistent viral infec-
tion. However, long-term abrogation of cell cycle checkpoints during persistent infection
can promote oncogenesis (4). Thus, defining the mechanism behind HPV genome main-
tenance could provide insight into therapeutics to treat persistent HPV infection.

Viral genome replication and partitioning of papillomaviruses requires the E1 and E2
replication proteins, the origin of replication, and additional sequences from the upstream
regulatory region (URR) that promote long-term genome replication and partitioning
(5–7). The origin of replication contains an E1 binding site, flanked by E2 binding sites
(E2BSs), and cooperative binding of the E1 helicase and E2 proteins to these sites drives
initiation of viral DNA synthesis but is insufficient for long-term maintenance of the viral
minichromosomes. In bovine papillomavirus 1 (BPV1), genome maintenance requires both
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the origin and a region from the URR that overlaps the enhancer and was designated the
minichromosome maintenance element (MME) (7). In BPV1, the MME encompasses
approximately six E2 binding sites upstream from the origin (for a total of eight E2BSs) (7).
However, the URRs of Alphapapillomavirus HPVs contain only four E2BSs, and we have
shown previously that the E2BS most distal from the origin is not required for genome
maintenance (8). Instead, we showed that for HPV18, a core element from the enhancer
region of the URR (nucleotides [nt 7568 to 7641), in addition to the origin of replication,
was required for genome maintenance in proliferating keratinocytes (8), and we desig-
nated this the MMEE, minichromosome maintenance enhancer element (3). Additionally,
Ustav and colleagues have shown that only two E2BSs are required for persistence of
HPV18 DNA in the absence of DNA replication (9). Therefore, the partitioning requirements
for the oncogenic HPVs are still unclear.

In this study, we further explored the requirement and function of the core
enhancer region (MMEE) in HPV18 replicon maintenance. We use two stringent assays
that measure the ability of replicons to replicate, establish as extrachromosomal plas-
mids, and persist in primary keratinocytes. In the first, the replicon is cotransfected into
primary keratinocytes with the HPV18 genome, and the cells are passed five times in
the absence of any selection. The HPV18 genome expresses the E1 and E2 replication
proteins, while the E6 and E7 proteins additionally provide a selective growth advant-
age to the transfected cells. Only replicons that can replicate and partition successfully
are retained alongside the HPV18 genome over multiple cell passes. Viral DNA is meas-
ured by quantitative PCR (qPCR) and Southern blot analysis; these assays provide a pre-
cise measure of replicon stability and copy number over time. In the second assay, the
cotransfected cells are grown under G418 selection, and those cells in which the repli-
con replicates, and persists, grow to form a drug-resistant colony. This provides a quan-
titative measurement of the efficiency by which the replicon can establish in a cell,
while the growth and size of the colony is a readout of persistence and partitioning.
This assay does not give much information about replicon copy number, but replicons
that persist at very low copy number do give rise to stable G418-resistant colonies.
Lastly, the pCGneo replicon can replicate and express the drug resistance marker in
both prokaryotic and eukaryotic cells; thus, it can be isolated from keratinocytes and
transformed into bacteria for further evaluation.

In this study, we use these assays to further evaluate and identify sequences from the
HPV18 core enhancer that are critical for persistent replication of HPV18-derived replicons.
We conclude that there is no single element within this region that is absolutely essential
for persistence but, rather, that these sequences collectively promote persistent replication
by facilitating the formation of a beneficial chromatin structure around the origin.

RESULTS
Delineation of sequence elements in the HPV18 upstream regulatory region.

To explore the elements in the HPV18 URR that support and modulate maintenance
replication, we used the complementation assay that we previously developed in
which primary human foreskin keratinocytes (HFKs) are coelectroporated with the
HPV18 genome and a replicon containing both the origin of replication and elements
from the URR required to promote long-term replication (8). The pCGneo replicon is a
CpG-free plasmid with minimal bacterial elements and a neomycin resistance cassette
that is expressed in both bacterial and eukaryotic cells (Fig. 1A). Replicon maintenance
over long-term cell division can be assessed in the presence and absence of G418
selection. In our previous study, we showed that part of the core enhancer from the
central URR was required for maintenance of the replicon in addition to the replication
origin (Fig. 1B) (8). This 74-bp region (nt 7568 to 7641), designated region 2 or the
MMEE, was indispensable for long-term replicon maintenance, while the flanking
regions 1 and 3 were not required. Region 2 contains binding sites for nuclear factor-1
(NF-1), yin-yang 1 (YY1), and activator protein 1 (AP1) (10, 11), which are essential for
regulation of the P105 early promoter (12, 13).
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To further investigate sequences in the URR involved in replicon maintenance, we
aligned the HPV18 central URR sequences with those from eight other Alphapapillomavirus
7 HPV species. This alignment showed high sequence identity in the 39 half of region 2 and
region 3 and also in an additional 71-bp region between region 3 and E2BS3 in the origin
(region 4, nt 7751 to 7821) (Fig. 1C). We had previously shown that region 4 alone, in com-
bination with the minimal origin, is unable to support replicon maintenance (8), but it
remained unclear whether it contributed to replicon maintenance. Notably, region 4 con-
tains a binding site for AP1, which is necessary to promote transcription from the HPV18
early P105 promoter (13).

Region 4 of the HPV18 URR, adjacent to the minimal replication origin, is not
required for replicon maintenance. To explore the requirement of region 4 in repli-
con maintenance, a series of pCGneo nt 7452-174 Central URR1ori replicons were gen-
erated with partial (nt 7751 to 7764 or 7772 to 7821) or full (nt 7750 to 7821) deletions
of region 4 (Fig. 2A). Keratinocytes were coelectroporated with the replicons and the
HPV18 genome and selected with G418 until colonies formed. Keratinocytes trans-
fected with all replicons formed robust neomycin-resistant colonies, comparable to the
pCGneo 7452-174 (central URR1ori) replicon. Therefore, region 4 is unnecessary for
HPV18 replicon establishment and maintenance (Fig. 2B).

To ensure that the replicons were maintained extrachromosomally during long-
term cell division, and to measure replicon copy number, the cotransfected keratino-
cytes were cultured without selection for five passes (;15 to 18 population doublings).
Total DNA extracted from each pass was analyzed by Southern blotting for replicon
maintenance (Fig. 2C). Deletion of any part of region 4 did not impact extrachromoso-
mal maintenance of the replicon, although replicons with the full deletion (nt 7752 to
7821) had slightly reduced copy number.

HPV18 genome and replicon copy numbers were also measured by quantitative
PCR (qPCR) (Fig. 2D) in the DNA samples from long-term passage. The HPV18 copy
number was relatively consistent in all cotransfections and increased per pass. This
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increase is due to immortalization of the primary keratinocytes by HPV18, which gives
a selective growth advantage to transfected cells. Concomitantly, the copy number of
the HPV18 replicons also increased per pass except in the case of the full-length region
4 deletion. However, the levels of this replicon were stable from passes three to five.
Thus, although region 4 is unnecessary for replicon maintenance, it may play a role in
bolstering the copy number and/or partitioning efficiency for maintenance during
long-term cell division.

HPV18 URR region 2 is necessary, but not sufficient, to support maintenance of
replicons containing the minimal replication origin. The data described above sup-
port previous findings that region 2 is the only URR element necessary for replicon main-
tenance (8). Nevertheless, other URR elements may contribute to replicon maintenance
by regulating copy number and/or partitioning efficiency. To determine whether region
2 is sufficient for replicon maintenance, region 2 was inserted upstream from the mini-
mal origin either with or without region 4 (replicons Reg2141ori and Reg21ori, respec-
tively) (Fig. 3A). As shown in Fig. 2, region 4 was neither sufficient, nor required, to sup-
port maintenance of replicons containing the minimal replication origin. Keratinocytes
were cotransfected with HPV18 DNA, and the pCGneo replicons and grown under G418
selection. The Reg2141ori replicon was maintained and supported robust, expanding
neomycin-resistant keratinocyte colonies. In contrast, keratinocytes cotransfected with
Reg21ori replicons formed only abortive/collapsing colonies (Fig. 3B), indicating that
while the replicon could replicate initially, and express the neomycin resistance gene, it
was not stably partitioned into daughter cells.

To confirm this defect in replication, and to determine whether manipulation of the
HPV18 enhancer element might affect expression of the neomycin resistance gene, trans-
fected keratinocytes were also cultured for five passes in the absence of G418 selection,
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and extrachromosomal maintenance of the replicon was assessed by Southern blot analy-
sis (Fig. 3C). In support of the colony formation results (Fig. 3B), only replicons containing
the central URR and Reg2141ori were maintained extrachromosomally for five passages.
qPCR measurements of both HPV18 and replicon copy number supported the Southern
blot analysis (Fig. 3D). However, while the Reg2141ori replicon was maintained extrac-
hromosomally, its overall copy number did not increase with passaging, and over time the
monomer form was reduced, with a concomitant increase in multimeric forms (Fig. 3C).
Thus, additional elements from the central URR (e.g., Reg1 or 3) may contribute to more
robust maintenance by increasing replicon copy number and/or partitioning efficiency.
Moreover, because our results in Fig. 2 demonstrated that sequences in region 4 were
unnecessary for replicon maintenance, the defect in maintenance of the Reg21ori repli-
con could indicate that the nucleotide spacing between region 2 and the origin of replicon
is critical. The close spacing of the origin and enhancer regions could cause steric hin-
derance of binding of cellular and/or viral factors to these regions.

Enhancer elements cannot substitute for region 2 in replicon maintenance. In
SV40, transcriptional enhancer elements augment the efficiency of viral DNA replication
(14, 15). Region 2 is located in the core of the HPV18 enhancer and contains multiple
binding sites for factors important for transcriptional regulation (16). Therefore, the role
of region 2 in replicon maintenance could be to recruit cellular transcription factors and/
or alter the chromatin structure of the viral minichromosome. To determine whether
enhancer activity per se supports replicon maintenance, three different enhancers were
inserted upstream from Reg41ori (Fig. 4A). These enhancer elements were introduced
upstream of region 4 to reduce possible steric hindrance between the enhancers and
the origin region. Two of these elements are cellular enhancers that drive ubiquitous
expression of the human aldolase A gene (hAldA) or keratinocyte-specific expression of
the keratin 5 (K5) gene (17–19). The K5 enhancer was cloned in forward or reverse orien-
tations (designated K5enh-F or -R) in the replicon to control for any unknown orientation-
specific impacts on enhancer activity. The third enhancer, from the human cytomegalo-
virus (HCMV), promotes strong and ubiquitous activity. These enhancers exhibit activity
in diverse cell types and contain transcription factor binding sites that are also present in
the HPV18 central URR (e.g., AP1) (17, 19, 20).

To confirm the enhancer activity in keratinocytes, each element was also cloned
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upstream from a minimal promoter in a luciferase reporter (Fig. 4B). The HPV18 central
URR enhanced luciferase expression ;41-fold compared to the minimal promoter. In
comparison, regions 2 and 4, while sufficient for replicon maintenance (Fig. 3),
enhanced luciferase expression only ;17-fold. The hAldA enhancer had activity com-
parable to that of the HPV18 central URR (;33-fold), while the K5 enhancers enhanced
luciferase expression 0.5- to 18.4-fold, depending on orientation. In comparison, the
SV40 enhancer (in a positive-control plasmid) and HCMV enhancer activity enhanced
luciferase expression 119- and 129-fold, respectively. Despite their range of enhancer
activity, the pCGneo enhancer replicons failed to give rise to robust neomycin-resistant
colonies when cotransfected into keratinocytes with the HPV18 genome. (Fig. 4C).
Therefore, enhancer strength does not correlate with the ability to support colony for-
mation (at least in the absence of replicon maintenance).

Southern blot analysis of DNA isolated from keratinocytes transfected with the test rep-
licons (and HPV18) and passaged in the absence of G418 selection, showed that, despite
the range of enhancer activities, none of the test replicons were maintained extrachromo-
somally during long-term cell division (Fig. 4D). Measurement of the cotransfected HPV18
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genome and replicon DNA copy numbers confirmed that while the HPV18 genome is
maintained at similar copy numbers among samples, the test replicons are not (Fig. 4E).
Therefore, strong enhancer activity cannot substitute for the replicon maintenance func-
tion of region 2 or the central URR; thus, the mechanism of replicon maintenance is not
exclusively due to the enhancer activity of the HPV18 central URR elements.

HPV16 and HPV31 central URR regions minimally support HPV18 replicon
maintenance. The results described above suggested that there was no simple corre-
lation between enhancer activity and the ability to support replicon maintenance.
Instead, the enhancer region of HPV18 must support replicon maintenance by a more
complex mechanism. To determine whether the homologous enhancers from other
HPVs could support persistent, extrachromosomal maintenance, we substituted the
E2BS4 and central URR regions (upstream of E2BS3) from Alphapapillomavirus 9 spe-
cies HPV16 (nt 7451 to 7857) and HPV31 (nt 7477 to 7867) into the equivalent position
in the HPV18 URR in pCGneo (HPV18 nt 7458 to 7821) (Fig. 5A). Extrachromosomal
maintenance was assessed by cotransfecting the hybrid replicons into keratinocytes
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(A) Diagram of enhancer replicons. (B) DNA collected from five passages of cotransfected cells were
analyzed by Southern blotting as described in Fig. 2C. The monomeric, supercoiled form (s/c) of the
replicon is indicated. (C) HPV18 genome (left) and replicon (right) copy numbers were measured by
qPCR. (D) DNA was collected from keratinocytes cotransfected with HPV18 and the indicated test
replicon 48 h after transfection. DNA samples were digested with BstXI or BstXI and DpnI and
visualized by Southern blotting as described in Fig. 2C. DpnI digestion products are indicated by an
asterisk. (E) Keratinocytes were transfected with luciferase reporter plasmids containing the cis
elements indicated as well as a positive control (SV40 enhancer) and a negative control (empty
luciferase vector containing a minimal promoter). Cell lysates were collected 48 h after transfection,
and luciferase activity was measured and normalized to the total protein concentrations for each cell
lysate and the negative-control plasmid. Reporter activity for each enhancer is shown relative to the
HPV18 full-length enhancer. The luciferase assays shown were conducted at the same time as those
reported in Fig. 4C, and the activity of the positive control and HPV18 enhancer luciferase results are
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with the HPV18 genome, passing the cells five times, and analyzing DNA extracted
from each pass by Southern blotting (Fig. 5B). Both the HPV16/18 and HPV31/18 hybrid
replicons replicated at low levels for the first two passes, and only the HPV31 replicon
was maintained over long-term cell division. However, the copy number of the HPV31/
18 replicon was strikingly low compared to that of the HPV18 replicon and could only
be observed at later passages after extended exposure of the blots. qPCR measure-
ment of the HPV18 genome and HPV18 replicon copy numbers showed that the
HPV18 genome copy number was relatively consistent across all cotransfections. In
contrast, the HPV16 and HPV31 hybrid replicons were severely reduced compared to
that of HPV18; the copy number of the HPV31 hybrid replicon was barely detected
above nonmaintained replicon controls (Fig. 5C).

The low HPV16 and HPV31 test replicon copy numbers observed even at pass one
suggested deficiencies in short-term replication. This was assessed by extracting DNA
from cells at 48 h posttransfection. As seen in Fig. 5D, transient replication of HPV16
and HPV31 hybrid replicons was reduced compared to that of the HPV18 central
URR1ori replicon control.

Some studies have shown that the HPV18 URR has stronger enhancer activity than
that of HPV16 and HPV31 (21, 22), while others show differences in enhancer activity in
different cell types (23). Although we find that enhancer activity did not correlate with
replicon maintenance, we wanted to ensure that low enhancer activity was not responsi-
ble for the low replicon maintenance of the HPV16 and 31 hybrid replicons. Therefore,
we tested the relative enhancer activities in our primary keratinocytes by cloning the
central URR regions from HPV16 (nt 7463 to 7857) and HPV31 (nt 7489 to 7867) into the
luciferase vector with the minimal promoter. As shown in Fig. 5E, the HPV18 central URR
enhanced luciferase activity about 41-fold, while HPV16 and HPV31 enhanced it 82-fold
and 100-fold, respectively. Therefore, enhancer activity strength could not explain the
failure of the HPV16 and HPV31 hybrid replicons to be maintained robustly.

Replicons that are maintained at very low copy number, or are less efficient at parti-
tioning, may be difficult to detect by Southern blotting and qPCR analysis. Therefore,
the colony-forming assay was used to select for this type of replicon (Fig. 5F). Under
G418 selection, the HPV31 hybrid replicon supported robust neomycin-resistant colo-
nies, indicating that it was most likely maintained as an extrachromosomal plasmid
(too many colonies were observed to be due to integration, which is an infrequent
event). Conversely, cells cotransfected with the HPV16 hybrid replicon formed aborted,
collapsing colonies, indicating that the replicon was not maintained long-term.
Together, these results indicate that the HPV31 central URR, like HPV18, contains the
minimum cis elements needed for replicon maintenance but that other cis elements
may be necessary to bolster initial replication and/or increased partitioning efficiency.

Our finding that the HPV18 replicon was established and maintained much more
robustly than those of HPV16 or HPV31 is highly consistent with a study from Lace et
al. (24). Lace and colleagues showed that HPV18 could form keratinocyte colonies con-
taining replicating HPV18 genomes much more efficiently than HPV16 or HPV31. They
also showed that initial viral transcription and replication were equivalent among the
different viruses and that the increased ability of HPV18 to form keratinocyte colonies
did not depend on the tissue source of the keratinocytes (24). Here, we confirm and
extend this observation by showing that this increased efficiency of HPV18 genome
establishment and maintenance maps to the central URR region.

Transcription from defined promoter elements in the HPV18 replicon is
unnecessary for replicon maintenance. The HPV18 major early P105 promoter over-
laps the replication origin and, by binding to E2BS, the viral E2 protein represses P105
transcription by competing with cellular TATA binding protein (TBP) for binding to the
adjacent P105 TATA box (25). Other studies have shown that matrix associated region
(MAR) based plasmids are only maintained extrachromosomally if they are transcription-
ally active (26, 27). The HPV18 replicons also contain an SV40 enhancer-promoter
element that drives expression of the neomycin resistance gene. To determine whether
either of these elements are important for replicon maintenance, mutations were
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introduced to hinder transcriptional initiation from the HPV18 P105 promoter (TATA box
mutation) and/or the SV40 promoter (;400-bp deletion of the SV40 enhancer-promoter
element; SV40enh-proD) (Fig. 6A). Shown in Fig. 6B, mutation of the HPV18 P105 TATA
box in the replicon did not affect neomycin-resistant colony formation of transfected ke-
ratinocytes. In contrast, keratinocytes cotransfected with either of the SV40enh-proD rep-
licons formed only abortive colonies, because expression of the neomycin resistance
gene is dependent on the SV40 enhancer-promoter element.

To evaluate extrachromosomal maintenance of these replicons in the absence of
G418 selection, DNA was collected from five passages of cotransfected keratinocytes
and assessed by Southern blot analysis. As shown in Fig. 6C, all three replicons were
maintained over five cell passes. It was noted, however, that both SV40enh-proD repli-
cons formed higher-molecular-weight multimers as observed with the Reg2141ori
replicons (Fig. 3C). As proposed for the Reg2141ori replicons, the ;400-bp deletion
of the SV40 element may have negatively affected the topology or nucleosome spac-
ing of the small circular DNA plasmid, or duplication of elements could result in more
efficient replication or maintenance. Notably, RNA polymerase II recruits topoisomer-
ase I to relieve transcriptional-mediated torsional stress, and this could also promote
replication (and perhaps resolution) of small circular molecules (28).

The copy number of the replicons and HPV18 genome was also assessed by qPCR
(Fig. 6D). The HPV18 genome copy number increased per pass and was comparable
across all cotransfections. Similarly, the overall amount of all replicons increased per
pass and was comparable to the pCGneo central URR1ori-positive control. Therefore,
while the SV40 enhancer-promoter is important for expression of the neomycin resist-
ance gene in the colony-forming assay, neither this element nor the TATA box of the
HPV18 P105 promoter was required for replicon maintenance.
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The 39 half of region 2 modulates the replication efficiency/copy number of
HPV18 replicons. To further define the function of region 2 in replicon maintenance, a
library of 13 linker scanning mutations spanning HPV18 nucleotides 7564 to 7641 was
generated in the pCGneo central URR1ori replicon, which lacks the CER element
(ColE1 cer resolution of multimer site), a ColE1 bacterial element introduced to reduce
replicon multimer formation (Fig. 7A). Each linker replaced 6 bp of region 2 with a BglII
linker (AGATCT). Keratinocytes were cotransfected with the HPV18 genome and each
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of the 13 BglII replicons and were assayed in the colony formation assay with G418
selection (Fig. 7B). All replicons gave rise to large numbers of neomycin-resistant colo-
nies, indicating that no single linker mutation abrogated replicon maintenance.
However, the centrally located Bgl linker replicon, Bgl 7, reproducibly resulted in fewer,
less robust colonies, suggesting that this region might be important for establishment
of the replicons. However, an analysis of three replicate experiments showed that the
number of colonies containing Bgl linker Bgl 7 is not statistically significantly different
from that of the control (central URR1ori) or the other linker replicons.

To confirm the extrachromosomal state of the Bgl linker replicons, DNA was extracted
from keratinocytes passed five times after transfection without selection and analyzed
by Southern blotting. As shown in Fig. 7C, while all Bgl linker replicons were maintained
extrachromosomally, replicons Bgl 8 through 11 were maintained at a reduced copy
number. Measurement of the HPV18 genome and replicon copy number by qPCR con-
firmed that that the copy number was greatly reduced in Bgl 8 through 11 replicons and
did not increase with passage (Fig. 7D). Notably, the 39 half of region 2 is one of the
most conserved regions among the central enhancer region of Alphapapillomavirus 7
HPVs (Fig. 1C).

Together, these results suggest that the 39 half of region 2 contains elements that
promote replicon establishment (Bgl 7 linker; nt 7600 to 7605) and long-term replication,
copy number, or partitioning efficiency (Bgl 8 to 11 linkers; nt 7606 to 7629). No specific
sequence in region 2 seems essential for maintenance replication, but together, sequen-
ces from the 39 half of this region promote efficient establishment and long-term main-
tenance replication of the HPV18 replicons.

No specific sequence in region 2 is absolutely required for plasmid maintenance.
To further analyze the requirement of specific sequences within region 2, we used an
“in vivo exonuclease assay.” Each of the 13 Bgl linker replicons, in addition to controls
devoid of a BglII restriction site (CER containing empty vector and wild-type HPV18
central URR1ori replicon), were digested with BglII and individually cotransfected with
the HPV18 genome into primary keratinocytes. Within the cell, the ends of the linear-
ized replicon DNA are susceptible to cellular exonuclease activity before they are
ligated by endogenous cellular enzymes. After transfection, the cells were passed four
times without selection, and low-molecular-weight DNA was isolated at the fourth
pass. The recovered DNA was transformed into Escherichia coli, where the I-EC2K pro-
moter drives expression of the neomycin resistance gene, which confers kanamycin re-
sistance. Individual colonies were isolated, and replicon plasmid DNA was extracted
and sequenced. Replicons from a total of 864 bacterial colonies (approximately 66 col-
onies per bacterial transformation) were sequenced to determine the extent of any ex-
onuclease-induced deletions occurring at each BglII site. In theory, region 2 sequences
that did not sustain any deletion were likely to be important for replicon maintenance
in dividing cells. The recovered replicons contained 105 mutations (98 deletions and 7
insertions), and representative examples of these are shown in the sequence alignment
in Fig. 8A. Notably, however, no single sequence within region 2 was protected from
deletion in the recovered replicons. To determine whether deletions occurred more
frequently in any part of the region 2 element, the deletion frequency was calculated
for each region 2 nucleotide in the 98 recovered replicons that contained deletions
(heatmap, Fig. 8A). Nucleotides in the first half of region 2 (overlapping Bgl linkers 1 to
7) were deleted in ;20 to 63% of the recovered replicons with deletions. In contrast,
nucleotide deletions in the second half of region 2 (overlapping Bgl linkers 8 to 13)
only occurred in 1 to 14% of the recovered replicons. Thus, as shown for the Bgl linker
replicons in Fig. 7, although no specific sequence element within region 2 was abso-
lutely necessary for replicon maintenance, fewer deletions are tolerated in the second
half of region 2 spanning Bgl linker 8 to 13.

To confirm that replicons isolated from the in vivo exonuclease assay could still rep-
licate, five recovered replicons, collectively containing deletions across the HPV18 tran-
scriptional enhancer (D1 to D5, mapped as red bars in Fig. 8A), were tested for
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FIG 8 No single sequence in region 2 is absolutely required for replicon maintenance, but this region modulates replicon copy number and/or partitioning
efficiency. (A) Diagram of the HPV18 central URR and ori in addition to the location of important viral (E1, E2) and cellular transcription factor binding sites.
The locations of Bgl linker scanning mutations introduced into HPV18 region 2 are indicated by individually numbered white boxes (Bgl 1 to 13). A
representative sequence alignment of deletions present in Bgl linker replicons recovered from passaged cells is shown. Deletions are highlighted by gray
dashes, while nucleotides are individually colored as indicated. Individual deletions present in select replicons recovered from the Bgl chewback assay are
mapped by red bars (labeled D1 through D5) above the sequence alignment. The frequency with which a region 2 nucleotide was deleted in the
recovered replicons is indicated by a heatmap ranging from a maximum 63% (red) to 1% (blue) of the clones showing a deletion at a nucleotide site. (B)
Keratinocyte colonies arising from continuous G418 selection were stained with methylene blue approximately 14 days posttransfection. (C) DNA collected

(Continued on next page)
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extrachromosomal maintenance in HFKs. Keratinocytes cotransfected with any of the
Bgl D replicons formed neomycin-resistant colonies, supporting results from the chew-
back analysis (Fig. 8A), though they were not as robust or as numerous as the central
URR1ori control replicon (Fig. 8B). In particular, although there were numerous colo-
nies resulting from transfection of the D2 replicon, they were smaller in size, and many
appeared abortive compared to those resulting from transfection of the control
replicon.

To ensure that the recovered Bgl D replicons were maintained extrachromosomally,
they were cotransfected into keratinocytes with the HPV18 genome, and cells were cul-
tured for five passages without selection. DNA extracted from each pass was analyzed
by Southern blot analysis. Although all Bgl D replicons were extrachromosomally main-
tained, the replicon copy number was severely reduced in keratinocytes transfected
with Bgl D 2 to 5 and did not increase with passes like the central URR1ori replicon
(Fig. 8C). Measurement of the HPV18 genome and replicon copy number by qPCR
demonstrated that the HPV18 genome copy number was relatively uniform in all sam-
ples, while the replicon copy number was greatly reduced in samples cotransfected
with Bgl D 2 to 5 (Fig. 8D). The reduced replicon copy number of Bgl D 2 to 5 replicons
is similar to that observed with Bgl linker replicons 8 to 11 (Fig. 7), which overlap in the
same region. Also of note is that the monomeric form of the D2 replicon decreased
with passage until most of the replicon was present as a multimer, indicating further
instability of this replicon. Together, these results imply that DNA elements within nu-
cleotide 7606 to 7629 of region 2 are important for robust replicon maintenance but
that no specific elements within region 2 are absolutely necessary for maintenance
replication.

HPV18 ori proximal and distal AP1 binding sites promote both short-term and
long-term replication. Little is known about the impact of specific transcription fac-
tors on HPV18 extrachromosomal genome maintenance. However, members of the
AP1 family of transcription factors bind to the HPV18 central URR at conserved sites in
regions 2 (overlapping Bgl 8 and 9) and region 4, and this binding is critical for HPV18
gene expression (13). To test the impact of AP1 on extrachromosomal maintenance,
mutations previously shown to disrupt AP1 binding with minimal sequence change
(13) were introduced into these sites in the central URR1ori replicon (Fig. 9A).

The impact of the AP1 binding site mutations on replicon extrachromosomal mainte-
nance was assessed by cotransfecting keratinocytes with HPV18 and replicon DNA, pass-
ing the cells five times, and analyzing DNA extracted at each pass by Southern blotting.
Each mutation severely hampered the levels of replication, but the DNA was maintained
extrachromosomally at low levels for all five passes. When both sites were mutated (AP1
dblmut), the replicon DNA could not be detected after the first pass (Fig. 9B). The copy
number of the HPV18 genome and replicon were measured by qPCR (Fig. 9C), and this
confirmed that while the HPV18 genome copy number was relatively consistent across
all transfections, the replicon copy number was largely diminished in cotransfections
with Reg2 or 4 AP1 mutations and barely detectable in AP1 dblmut cotransfections. These
results suggest that at least one central URR AP1 binding site is necessary for replicon
maintenance but that AP1 binding at either site is sufficient for replicon replication.

The drastic drop in copy number suggested that the AP1 mutations might affect ini-
tiation of replication rather than replicon partitioning. Therefore, transient replication
of the replicons was assessed 48 h after coelectroporation of the replicons and HPV18
genome. Mutation of AP1 binding sites in either region 2 or 4 greatly reduced short-
term replication of the replicons, with this effect being further compounded in the AP1
dblmut replicon (Fig. 9D). This result implied that AP1 binding to the URR regulates ini-
tiation of HPV18 replication. To explore this further, the replicons were cotransfected

FIG 8 Legend (Continued)
from five passages of transfected cells were analyzed by Southern blotting as described in Fig. 2C. The monomeric, supercoiled form (s/c) of the replicon is
indicated. (D) HPV18 genome (left) and replicon (right) copy numbers were measured by qPCR. Error bars represent the standard deviation. The data
shown is representative (panels B and C) or an average (panel D) of two biological replicates.
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with E1 and E2 expression plasmids (using liposome-mediated transfection). As shown
in Fig. 9E, in this case, all AP1mut replicons replicated at levels comparable to those of
the central URR1ori control, as did the ori replicon. An explanation of these contrast-
ing results is that high levels of E1 and E2 induce a DNA damage response (29, 30);
under these circumstances, viral DNA is transiently amplified but will not become
established, as the cells will not survive. Thus, all replicons can amplify transiently to
equivalent levels in the presence of high levels of E1 and E2 proteins; however, only
replicons complemented with the HPV18 genome can replicate long term. This is most
likely due to functions of the E6 and E7 proteins (31). Therefore, the AP1mut replicons
show reduced copy number in long-term replication.
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FIG 9 Mutation of AP1 binding sites impacts replicon replication. (A) Diagram of AP1 mutations present in
replicons. (B) DNA collected from five passages of cotransfected cells were analyzed by Southern blotting as
described in Fig. 2C. (C) HPV18 genome (left) and replicon (right) copy numbers were measured by qPCR. (D)
DNA was collected from keratinocytes cotransfected with HPV18 and the indicated test replicon 48h after
transfection and analyzed by Southern blotting as described in Fig. 5D. (E) Keratinocytes were cotransfected with
the indicated replicons and either empty pMEP vector control plasmids or pMEP E1 and E2 expression plasmids.
E1 and E2 expression was induced with CdSO4 24h posttransfection for 5 h. Low-molecular-weight DNA was
extracted 48h posttransfection and analyzed by Southern blotting as described in Fig. 5D with an additional
restriction digest that specifically digests replicating DNA (MboI). MboI-sensitive and DpnI-resistant bands are
indicated by green and red asterisks, respectively. DpnI-resistant DNA was quantified by phosphorimaging
analysis of three independent experiments. Values shown in the graph are relative to the control central URR1ori
replicon. (F) Keratinocyte colonies arising from continuous G418 selection were stained with methylene blue
approximately 14days posttransfection. Error bars represent the standard deviation. The data shown are
representative (panels B and E) or an average (panel C) of two biological replicates. The data shown for transient
replication are representative of one (panel D) of three (panel E) bioreplicates.
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To further analyze the replication and maintenance of the AP1mut replicons, kerati-
nocytes were cotransfected with the HPV18 genome and replicon DNA and selected
with G418 until neomycin-resistant colonies formed. The individual Reg2 and Reg4
AP1mut replicons supported robust neomycin-resistant colonies that were comparable
to those of the wild-type control (Fig. 9F); however, keratinocytes cotransfected with
the double AP1 site-mutated AP1 dblmut replicons failed to form colonies. Therefore, at
least one AP1 binding site is necessary for establishment and maintenance of HPV18
replicons. However, due to the replication defects noted for AP1 dblmut (Fig. 9D), it is
not clear whether loss of this replicon over long-term cell division is due to inhibited
partitioning or dilution of the extrachromosomal replicon DNA over time.

DISCUSSION

We have previously shown that nucleotides 7568 to 7641 (region 2) from the central
URR are essential in cis to the replication origin for maintenance of HPV18-derived repli-
cons. In the current study, we have further analyzed how these sequences might pro-
mote persistence of the replicons in dividing cells. We find that no single unique element
or binding site is both necessary and sufficient for genome persistence, but several
regions appear to be important for replicon copy number, establishment, stability, and
the ability to persist as a monomer, as opposed to multimeric species. In agreement with
our experimental findings, the most conserved part of region 2 is nucleotides 7606 to
7641, which overlaps the Bgl 8-13 linker mutations, seems to be most important for
maintenance replication. For the most part, mutations in this region greatly reduce repli-
con copy number but individually do not eliminate long-term persistence of the repli-
con. Nucleotides 7604 to 7642 are 100% conserved among all 123 HPV18 variants
sequenced to date (data not shown).

One transcription factor binding site that does seem to play an important, but indi-
rect, role on replication of the replicon is AP1. There is an AP1 binding site in the center
of region 2 (overlapping the Bgl 8 and 9 linkers) and another in region 4, and both sites
are well conserved among all Alphapapillomavirus 7 HPVs. Both of these sites are impor-
tant for viral transcription, and AP1 has been proposed to be the “principal activator” of
the HPV enhancers (16). Notably, AP1 is a pioneer factor that can bind to and open
repressed chromatin as well as activate transcription from HPV18 chromatin templates in
vitro (32). Wu et al. have shown that AP1 is uniquely able to activate HPV transcription
from repressed chromatin templates in vitro (32). In our study, mutation of either AP1
site drastically reduced the copy number of the replicon, and we predict that these bind-
ing sites are structural opening/positioning elements that have long-range effects on ad-
jacent sequences. Notably, AP1 enhances replication of SV40 and polyomavirus by inter-
acting with TAg and enhancing unwinding of the origin (33). Furthermore, AP1 (Jun-B/
Fra-2) binds to the site in region 2 of the HPV18 URR and cooperates, in specific helical
phasing, with architectural protein HMG-I(Y) to form an enhancesome (34).

Many of the mutations generated in the URR (e.g., Bgl 8-13 mutations) have dra-
matic effects on replicon copy number, but not on persistence. This copy number
decrease was also observed previously when region 3 (nt 7642 to 7749) was deleted.
Because we were unable to identify a specific element or binding site important for
replicon maintenance, we propose that HPV18 central URR elements, or the MMEE, is
instead necessary for creating an open chromatin structure and controlling nucleo-
some positioning through the URR and into the origin. Nucleosome positions have
been mapped in HPV16 and HPV18 (32, 35); in both viruses a nucleosome is positioned
in the enhancer region (the 59 half of region 2) and another over the origin of replica-
tion (there is an about 90-bp difference in the position on HPV16 versus HPV18).
Nucleotide substitutions or deletions in these regions could have long-range effects on
adjacent sequences by disrupting this nucleosome positioning, resulting in chromatin-
mediated repression.

Of note, nucleotides 7604 to 7642 contain an E-box (CAGGTG) that can be bound by
MYC/MAX dimers (36) and is conserved among all Alphapapillomavirus 7 HPVs. c-Myc is
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a universal amplifier of transcription (37) and promotes DNA replication (38). While there
is no direct evidence that c-Myc binds to this motif in extrachromosomal HPV18, it has
been shown that c-Myc binds to the integrated HPV18 URR in HeLa cells (39). Johannsen
and Lambert analyzed all available ChIP-seq data from HeLa cells and mapped binding
of each factor to the integrated HPV18 genome (39). These data can be visualized using
JBrowser on the Papillomavirus Episteme (PaVE) website (https://pave.niaid.nih.gov/).
Fig. 10 shows data extracted from the PaVE website that demonstrate that c-Myc is
enriched at region 2 of the HPV18 URR along with the AP1 family members c-fos and
JunD. We speculate that c-Myc binding to this E box motif could be an additional way in
which this region could promote robust replication and maintenance.

Homologous MMEE regions from the HPV16 and HPV31 URR regions could only
partially complement replication of an HPV18 origin-containing replicon. While it
might be expected that these enhancer regions should have similar transcription factor
binding sites, when considered in the context of the precise spacing of binding sites
and nucleosomes, this observation is not unexpected. The overall organization of the

FIG 10 Cellular transcription factors bind to region 2 of the integrated HPV18 URR in HeLa cells. Chromatin immunoprecipitation sequencing (ChIP-seq)
signal density profiles (shown in purple) for select cellular proteins binding to integrated copies of HPV18 genome in HeLa cells were analyzed using
JBrowse on the PaVE website (https://pave.niaid.nih.gov/). A partial map of the HPV18 viral genome overlapping with the ChIP-seq data is shown above
with viral open reading frames in red. Region 2 of the HPV18 URR is highlighted in cyan.
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HPV replication origin and upstream enhancer elements has been conserved among
Alphapapillomaviruses, but the precise location of transcription factor binding sites
and position of nucleosomes has not (35). There are cell-type-specific differences in the
transcriptional activity of different HPV URRs (23), and this could reflect subtle differen-
ces in tissue tropism between different groups of HPVs (40). There are also large differ-
ences in the ability of different HPVs to replicate and establish their genomes as extrac-
hromosomal plasmids in keratinocytes (24). HPV18 genomes replicate and establish
more efficiently than those of HPV16 and HPV31, although it is not understood why
(41). Our study suggests that these differences could be due to differences in the viral
MMEE elements, rather than expression or function of the viral gene products.

In our studies, some replicons persist, but the monomeric form diminishes per cell
pass, and multimeric forms become enriched, indicating that the monomeric form is
not optimal. This could be due to restraints on topology, steric hinderance between
binding factors when two elements are juxtaposed, or suboptimal nucleosome posi-
tioning. Cellular transcription factors can promote loop formation between the HPV
URR and other regions of the genome (42), and the E2 protein both bends DNA at the
binding motif (43) and forms loops in the viral DNA by interacting with other bound E2
proteins (44). Taken together, these long-distance interactions could greatly modulate
the efficiency of DNA synthesis and partitioning of replicons.

It is generally accepted that HPV genome partitioning is mediated by the E2 protein,
which tethers the viral DNA to host chromosomes to mediate viral genome retention and
partitioning (3). However, the paucity of E2BSs in the Alphapapillomavirus HPVs, and the
finding that only those E2BSs in the replication origin are important for these processes (8,
9), initiated a search for cellular factors that could mediate or strengthen tethering to host
chromosomes by binding to motifs in the MMEE. Based on the findings of this current
study, however, we propose that the role of the MMEE is to strengthen protein-protein
interactions at the replication origin by maintaining an active and open chromatin environ-
ment. The cellular bromodomain-containing protein 4 (Brd4) binds to the E2 protein and
regulates papillomavirus transcription (45, 46) as mediated by the E2BS in the replication or-
igin (32). Brd4 colocalizes with the E2 protein from many papillomaviruses on mitotic chro-
mosomes (47–49). However, the interaction of Brd4 with Alphapapillomavirus E2 proteins is
weak and difficult to observe on mitotic chromosomes (50), and mutation of key E2 resi-
dues necessary for Brd4 interaction does not inhibit maintenance of HPV31 genomes,
though HPV16 genome replication is defective (51, 52). Nevertheless, the low-affinity inter-
action of Alphapapillomavirus E2 proteins and Brd4 observed in vitro, or when expressed in
the absence of viral DNA, could be stabilized by the interactions described here. Notably,
Delcuratolo and colleagues have shown that Brd4, in complex with the SfPV1 (cotton tail
rabbit papillomavirus) E2 protein activates expression of the AP1 family member c-Fos (53).
In turn, c-Fos promotes viral transcription and, we predict based on the results of our study,
augments viral replication. Additionally, we have previously shown that Brd4-E2 complexes
associate with active regions of host chromatin (54). Hence, elements in the HPV MMEE ele-
ment that promote active chromatin configurations could further enhance these interac-
tions with host chromosomes.

In summary, we have used highly robust, but sensitive, complementation assays to
determine the requirements for HPV18 derived replicon maintenance. These assays
can both detect very low-copy-number replicons (colony formation assay) and monitor
the presence of monomeric, supercoiled molecules over many keratinocyte population
doublings (Southern blot analysis). We conclude that the main function of the previ-
ously defined MMEE element is to enhance and promote an active chromatin configu-
ration that is conducive to long-term replication and partitioning.

MATERIALS ANDMETHODS
Alignment of Alphapapillomavirus 7 central URR sequences. URR sequences from the nine

reported Alphapapillomavirus 7 species were retrieved from the PaVE website (https://pave.niaid.nih.gov)
(55) and aligned in Geneious Prime using the multiple-sequence Geneious global alignment algorithm
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with free end gaps (65% similarity cost matrix [5, 24]). The mean pairwise identity scores shown were cal-
culated using a sliding window size of 1.

Plasmids. HPV18 replicons were generated in the pCGneo plasmid described previously (8).
Elements were inserted between the CER element (ColE1 cer resolution of multimer site) and the HPV18
ori or Reg4 element using standard cloning procedures. Despite having a CER element to prevent the
formation of multimers in bacteria, some replicons had the tendency to multimerize. Therefore, mono-
meric supercoiled plasmids were always gel purified before transfection. The pMEP4-HPV18 E2 and
pMEP9-HPV18 E1 plasmids were described previously (56).

A series of 13 BglII linker mutations were introduced between HPV18 nucleotides 7564 and 7641 in
the pCpG-URR 7452-174 replicon using PCR. This replaced every six nucleotides with the sequence
AGATCT. Bgl D replicons were rescued from cells transfected with the BglII linker plasmids, as described
in Results. These contained the following deletions in pCpG-URR 7452-174: D1 = nt 7455 to 7602, D2 = nt
7555 to 7608, D3 = nt 7606 to 7613, D4 = nt 7613 to 7638, D5= nt 7633 to 7749).

Enhancer regions were cloned upstream from the HPV18 origin in pCGneo 7752-174. The K5
enhancer was amplified from cellular DNA and contains sequences from chr12 52522417 to 52522989.
The 279-bp human AldA enhancer was PCR amplified from the pDRIVE5-GFP-10 plasmid (InvivoGen).
The HCMV enhancer was PCR amplified from the pDrive5 GFP-1 promoter test (InvivoGen). The E2BS4
and enhancer regions from HPV16 (nt 7451 to 7857) and HPV31 (nt 7477 to 7867) were amplified by PCR
and cloned into pCpG-URR 7817-174 at the indicated Ncol site in Fig. 2A. The resulting plasmids are
named hAldA1Reg41ori, HCMV1Reg41ori, K51Reg41ori, HPV16 Central URR118ori, and HPV31 cen-
tral URR118ori.

All enhancer elements were amplified by PCR and inserted into the XhoI and HindIII sites of the
Promega pGL4.23 vector. This vector expresses luciferase from a minimal promoter consisting of a TATA
element and a transcriptional start site. The resulting plasmids are named pGL4.23 HCMV, pGL4.23
hAldA, pGL4.23 K5-F, pGL4.23 K5-R, pGL4.23-HPV16 central URR, pGL4.23-HPV31 central URR, pGL4.23-
HPV18 Reg4, pGL4.23-HPV18 Reg214, and pGL4.23-HPV18 central URR1ori. The pGL4.13 vector that
expresses luciferase from the SV40 enhancer/promoter was used as a positive control.

In the indicated replicons, the HPV18 P105 TATA box was mutated using site-directed mutagenesis
at HPV18 nt 76 to 79, converting TATATAAAA to TATATttAt. The SV40 enhancer-promoter element was
deleted from select HPV18 replicons using SbfI and HindIII restriction digest and blunt-ended ligation.

Lastly, previously characterized HPV18 central URR AP1 binding site mutations (12) were introduced
using PCR amplification and standard restriction digest cloning. These minimal mutations abrogate AP1
binding without affecting adjacent factors.

All oligonucleotide sequences are listed in Table 1.

TABLE 1 Oligomers used

Target Strand Sequence Purpose Plasmid type
HPV18 Sense

Antisense
59-GCCAGACGTCGGCTGCTA-39
59-CACCGAGAAGTGGGTTGACA-39

qPCR NA

Replicon_neo Sense
Antisense

59-ATGCCTGCCTTCCCAACA-39
59-CTCCCAGCCTGCCACAGT-39

qPCR NA

RPPH1 Sense
Antisense

59-CGGAGGGAAGCTCATCAGTG-39
59-TGGCCCTAGTCTCAGACCTT-39

qPCR NA

hAldolase A Sense
Antisense

59-AAAACCATGGTCTAGAATTCCTGCAGG-39
59-AAAACCATGGAGTCGACGGACTGGGCTAC-39

Cloning Replicon

Keratin 5 Sense
Antisense

59-ACTGTCATGAGGGCCCTGCACTGTCTTCTG-39
59-ACGTTCATGACCCGGGTACAGACCTCACTG-39

Cloning Replicon

HCMV Sense
Antisense

59-AAAACCATGGTCTAGAATTCCTGCAGG-39
59-AAAACCATGGCAAAACAAACTCCCATTGAC-39

Cloning Replicon

HPV16
Central URR

Sense
Antisense

59-AAAACCATGGCAACCGAAATCGGTTGCATGCTTTTTGG-39
59-AAAACCATGGTTGCACACACCCATGTGCAG-39

Cloning Replicon

HPV31
Central URR

Sense
Antisense

59-AAAACCATGGCAACCGAAATCGGTTGCATTGTTTAAAC-39
59-GGCGCCATGGGTAATACCTATATGCAATTAATTATATGAGT-39

Cloning Luciferase

hAldolase A Sense
Antisense

59-AACCCTCGAGAGGCGAAACTCAGCTTCCTTC-39
59-TTTTAAGCTTCGACGGACTGGGCTACGGGC-39

Cloning Luciferase

Keratin 5-F Sense
Antisense

59-AAAACTCGAGAGGGCCCTGCACTGTCTTCTG-39
59-TTGGAAGCTTCCCGGGTACAGACCTCACTG-39

Cloning Luciferase

Keratin 5-R Sense
Antisense

59-AAAACTCGAGCCCGGGTACAGACCTCACTG-39
59-TACCAAGCTTAGGGCCCTGCACTGTCTTCT-39

Cloning Luciferase

HCMV Sense
Antisense

59-AAAACTCGAGCGTTACATAACTTACGGTAAATG-39
59-TTTTAAGCTTCAAAACAAACTCCCATTGAC-39

Cloning Luciferase

HPV16 enh Sense
Antisense

59-AAAACTCGAGATGCATGCTTTTTGGCACAAAATG-39
59-TTGTAAGCTTTTGCACACACCCATGTGCAG-39

Cloning Luciferase

HPV31 enh Sense
Antisense

59-AAGGCTCGAGTGCATTGTTTAAACATGCTAG-39
59-GGGGAAGCTTGTAATACCTATATGCAA-39

Cloning Luciferase
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Cell culture. Primary human keratinocytes were cocultured 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], 0.4mg/ml
hydrocortisone, 8.4ng/ml cholera toxin, 10ng/ml epidermal growth factor, 24mg/ml adenine, 6mg/ml insu-
lin) with lethally irradiated J2-3T3 murine fibroblasts. HFKs were maintained in 10mM Y-27632 until ;24h
posttransfection. 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) accord-
ing to the manufacturer’s instructions. Briefly, 1� 106 cells were mixed with 2mg of DNA (1mg of HPV18 ge-
nome and 1mg of the HPV18 replicon) and electroporated using the T-007 program (optimal for enhanced
keratinocyte survival). From combined duplicate electroporations, a total of ;1.5� 106 electroporated cells
were plated on irradiated feeders for transient replication experiments, 0.4� 106 cells were plated for long-
term replication experiments, and 0.1� 105 were plated for colony formation experiments. The latter group
of cells was plated on irradiated G418-resistant J2-3T3 cells, selected in 400mg/ml G418 for 4days and then
in 200mg/ml G418 until colonies appeared. The cells were fixed and stained with methylene blue (14 to
18days posttransfection).

E1 and E2 transient replicon replication. Six-well plates containing ;2.5� 105 cells per well were
transfected using Lipofectamine 3000 per the manufacturer’s instructions. Cell were cotransfected with
a tested replicon and empty control plasmid pMEP4 and pMEP9 or pMEP9-E1 and pMEP4-E2 eukaryotic
expression plasmids at a molar ratio of ;4.5 to 4.9. E1 and E2 expression was induced ;24 h posttrans-
fection with 3 mM of CdSO4 for 5 h. Cell pellets were collected 48 h posttransfection, and low-molecular-
weight DNA was extracted for Southern blot analysis.

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 modi-
fied Hirt extraction method (5).

Southern blotting. Total cellular DNA was digested with either a restriction enzyme to cleave the vi-
ral DNA and derived replicons (BstXI; 2 to 3 cuts depending on the replicon) or a noncutter (BglII or
NdeI) to linearize only cellular DNA. For transient DNA replication analysis, samples were also digested
with DpnI to identify DpnI-resistant replicated DNA or MboI to specifically digest replicating DNA. After
digestion, samples were separated on Tris-acetate-EDTA (TAE)-agarose gels. DNA was visualized with
10mg/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, 0.2mg/ml sonicated salmon sperm DNA). Radiolabeled probe was generated by
purifying a digested (NcoI; 1 cut) pCpG vector DNA using High Pure PCR product purification kit (Roche)
followed by radiolabeling the probe using a Random Prime DNA labeling kit (Roche). Hybridized DNA
was visualized and quantified using a Typhoon scanner (GE Bioscience). Select membranes were
stripped and reprobed with an HPV18 DNA probe to confirm extrachromosomal replication of the
HPV18 genome.

Quantitative PCR for copy number assessment. A total of 15 ng of whole-cell DNA 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 comparison to standard curves of linearized HPV18 or
pCGneo vector DNA. The RPPH1 DNA copy number was used as a normalization control. The primer
sequences used are listed in Table 1.

Luciferase assay. Twelve-well plates containing ;0.13� 106 cells/well were transfected using
Lipofectamine 3000 per the manufacturer’s instructions. Cell lysates were collected 24 h posttransfection
using passive lysis buffer (Promega). Samples from three technical replicate transfections were measured
in duplicate using a Zylux FB12 luminometer and the dual-luciferase reporter assay system (Promega).
Luciferase activity measurements were normalized to total protein concentrations detected in cell
lysates. Protein concentrations were determined using BCA assay (Pierce). Background levels of lucifer-
ase activity present in the negative control (empty luciferase plasmid with a minimal promoter) were
deducted from the normalized measurements. The luciferase activity measurements shown are relative
to the full-length HPV18 enhancer.

In vivo exonuclease assay. Bgl linker clones 1 to 13 and control plasmids (pCGneo vector and
pCGneo-7452-174) were digested with BglII and the ends were dephosphorylated with Antarctic phos-
phatase. HFKs were electroporated with 1mg HPV18 DNA and 1mg digested pCGneo replicon, and cells
were cultured for four passes in the absence of G418 selection. Low-molecular-weight DNA was isolated
from the fourth pass of transfected cells using a modified Hirt procedure (5) and transformed into E. coli
GT115 (InvivoGen) with kanamycin selection. The plasmids recovered from approximately 66 bacterial
colonies from each Bgl linker transformation were sequenced. Sequences were aligned with DNASTAR
Lasergene SeqMan Pro.

For the heatmap, the nucleotide deletion frequency for region 2 was calculated by dividing the total
number of times a nucleotide was deleted by the total number of replicons containing a deletion (98).
Conditional formatting in Excel was used to generate a heatmap that ranged between a maximum
(63%) and minimum (1%) frequency. Maximum and minimum values (for Fig. 8A) are marked in red and
blue, respectively.

Ethics statement. Primary human keratinocytes were isolated from anonymized neonatal foreskins
provided to the Dermatology Branch at NIH from local hospitals. The NIH Institutional Review Board
(IRB) approved this process and issued an NIH Institutional Review Board waiver.

Regulation of HPV18 Genome Replication Journal of Virology

October 2021 Volume 95 Issue 19 e00686-21 jvi.asm.org 19

https://jvi.asm.org


ACKNOWLEDGMENTS
We thank all members of the McBride laboratory for helpful discussions.
This work was funded by the Intramural Research Program of the NIAID, NIH (ZIA

AI001073 to Alison McBride). The funders had no role in study design, data collection
and interpretation, or the decision to submit the work for publication.

REFERENCES
1. Plummer M, de Martel C, Vignat J, Ferlay J, Bray F, Franceschi S. 2016.

Global burden of cancers attributable to infections in 2012: a synthetic
analysis. Lancet Glob Health 4:e609-16. https://doi.org/10.1016/S2214
-109X(16)30143-7.

2. Doorbar J, Quint W, Banks L, Bravo IG, Stoler M, Broker TR, Stanley MA.
2012. The biology and life-cycle of human papillomaviruses. Vaccine 30
(Suppl 5):F55–F70. https://doi.org/10.1016/j.vaccine.2012.06.083.

3. Coursey TL, McBride AA. 2019. Hitchhiking of viral genomes on cellular
chromosomes. Annu Rev Virol 6:275–296. https://doi.org/10.1146/annurev
-virology-092818-015716.

4. Wu SC, Canarte V, Beeravolu H, Grace M, Sharma S, Munger K. 2020. Find-
ing how human papillomaviruses alter the biochemistry and identity of
infected epithelial cells, p 53–65. In Jenkins D, Bosch FX (ed), Human pap-
illomavirus. Academic Press, San Diego, CA. https://doi.org/10.1016/b978
-0-12-814457-2.00004-0:53-65.

5. Ustav M, Stenlund A. 1991. Transient replication of BPV-1 requires two vi-
ral polypeptides encoded by the E1 and E2 open reading frames. EMBO J
10:449–457. https://doi.org/10.1002/j.1460-2075.1991.tb07967.x.

6. Ustav M, Ustav E, Szymanski P, Stenlund A. 1991. Identification of the ori-
gin of replication of bovine papillomavirus and characterization of the vi-
ral origin recognition factor E1. EMBO J 10:4321–4329. https://doi.org/10
.1002/j.1460-2075.1991.tb05010.x.

7. Piirsoo M, Ustav E, Mandel T, Stenlund A, Ustav M. 1996. Cis and trans
requirements for stable episomal maintenance of the BPV-1 replicator.
EMBO J 15:1–11. https://doi.org/10.1002/j.1460-2075.1996.tb00328.x.

8. Van Doorslaer K, Chen D, Chapman S, Khan J, McBride AA. 2017. Persist-
ence of an oncogenic papillomavirus genome requires cis elements from
the viral transcriptional enhancer. mBio 8:e01758-17. https://doi.org/10
.1128/mBio.01758-17.

9. Ustav M Jr., Castaneda FR, Reinson T, Mannik A, Ustav M. 2015. Human
papillomavirus type 18 cis-elements crucial for segregation and latency.
PLoS One 10:e0135770. https://doi.org/10.1371/journal.pone.0135770.

10. O’Connor M, Chan SY, Bernard HU. 1995. Transcription factor binding
sites in the long control region of the genital HPVs, p III-21–III-40. In
Myers G, Bernard H, Baker C, Halpern A, Delius H, Icenogel J (ed), Human
papillomaviruses 1995. Los Alamos National Laboratory, Los Alamos, NM.

11. Bauknecht T, See RH, Shi Y. 1996. A novel C/EBP beta-YY1 complex con-
trols the cell-type-specific activity of the human papillomavirus type 18
upstream regulatory region. J Virol 70:7695–7705. https://doi.org/10
.1128/JVI.70.11.7695-7705.1996.

12. Demeret C, Le Moal M, Yaniv M, Thierry F. 1995. Control of HPV 18 DNA
replication by cellular and viral transcription factors. Nucleic Acids Res
23:4777–4784. https://doi.org/10.1093/nar/23.23.4777.

13. Thierry F, Spyrou G, Yaniv M, Howley P. 1992. Two AP1 sites binding JunB
are essential for human papillomavirus type 18 transcription in keratino-
cytes. J Virol 66:3740–3748. https://doi.org/10.1128/JVI.66.6.3740-3748
.1992.

14. Bergsma DJ, Olive DM, Hartzell SW, Subramanian KN. 1982. Territorial lim-
its and functional anatomy of the simian virus 40 replication origin. Proc
Natl Acad Sci U S A 79:381–385. https://doi.org/10.1073/pnas.79.2.381.

15. Chandrasekharappa SC, Subramanian KN. 1987. Effects of position and
orientation of the 72-base-pair-repeat transcriptional enhancer on repli-
cation from the simian virus 40 core origin. J Virol 61:2973–2980. https://
doi.org/10.1128/JVI.61.10.2973-2980.1987.

16. Bernard HU. 2013. Regulatory elements in the viral genome. Virology
445:197–204. https://doi.org/10.1016/j.virol.2013.04.035.

17. Concordet JP, Maire P, Kahn A, Daegelen D. 1991. A ubiquitous enhancer
shared by two promoters in the human aldolase A gene. Nucleic Acids
Res 19:4173–4180. https://doi.org/10.1093/nar/19.15.4173.

18. Concordet JP, Salminen M, Demignon J, Moch C, Maire P, Kahn A,
Daegelen D. 1993. An opportunistic promoter sharing regulatory sequen-
ces with either a muscle-specific or a ubiquitous promoter in the human

aldolase A gene. Mol Cell Biol 13:9–17. https://doi.org/10.1128/mcb.13.1
.9-17.1993.

19. Kaufman CK, Sinha S, Bolotin D, Fan J, Fuchs E. 2002. Dissection of a com-
plex enhancer element: maintenance of keratinocyte specificity but loss
of differentiation specificity. Mol Cell Biol 22:4293–4308. https://doi.org/
10.1128/MCB.22.12.4293-4308.2002.

20. Isomura H, Stinski MF, Kudoh A, Nakayama S, Murata T, Sato Y, Iwahori S,
Tsurumi T. 2008. A cis element between the TATA Box and the transcrip-
tion start site of the major immediate-early promoter of human cytomeg-
alovirus determines efficiency of viral replication. J Virol 82:849–858.
https://doi.org/10.1128/JVI.01593-07.

21. Villa LL, Schlegel R. 1991. Differences in transformation activity between HPV-
18 and HPV-16 map to the viral LCR-E6-E7 region. Virology 181:374–377.
https://doi.org/10.1016/0042-6822(91)90507-8.

22. Romanczuk H, Villa LL, Schlegel R, Howley PM. 1991. The viral transcrip-
tional regulatory region upstream of the E6 and E7 genes is a major deter-
minant of the differential immortalization activities of human papilloma-
virus types 16 and 18. J Virol 65:2739–2744. https://doi.org/10.1128/JVI
.65.5.2739-2744.1991.

23. Ottinger M, Smith JA, Schweiger MR, Robbins D, Powell ML, You J,
Howley PM. 2009. Cell-type specific transcriptional activities among dif-
ferent papillomavirus long control regions and their regulation by E2. Vi-
rology 395:161–171. https://doi.org/10.1016/j.virol.2009.09.027.

24. Lace MJ, Anson JR, Klingelhutz AJ, Lee JH, Bossler AD, Haugen TH, Turek
LP. 2009. Human papillomavirus (HPV) type 18 induces extended growth
in primary human cervical, tonsillar, or foreskin keratinocytes more effec-
tively than other high-risk mucosal HPVs. J Virol 83:11784–11794. https://
doi.org/10.1128/JVI.01370-09.

25. Demeret C, Desaintes C, Yaniv M, Thierry F. 1997. Different mechanisms
contribute to the E2-mediated transcriptional repression of human papil-
lomavirus type 18 viral oncogenes. J Virol 71:9343–9349. https://doi.org/
10.1128/JVI.71.12.9343-9349.1997.

26. Jenke AC, Stehle IM, Herrmann F, Eisenberger T, Baiker A, Bode J, Fackelmayer
FO, Lipps HJ. 2004. Nuclear scaffold/matrix attached region modules linked to
a transcription unit are sufficient for replication and maintenance of a mam-
malian episome. Proc Natl Acad Sci U S A 101:11322–11327. https://doi.org/10
.1073/pnas.0401355101.

27. Stehle IM, Scinteie MF, Baiker A, Jenke ACW, Lipps HJ. 2003. Exploiting a
minimal system to study the epigenetic control of DNA replication: the
interplay between transcription and replication. Chromosome Res
11:413–421. https://doi.org/10.1023/A:1024962308071.

28. Baranello L, Wojtowicz D, Cui K, Devaiah BN, Chung HJ, Chan-Salis KY,
Guha R, Wilson K, Zhang X, Zhang H, Piotrowski J, Thomas CJ, Singer DS,
Pugh BF, Pommier Y, Przytycka TM, Kouzine F, Lewis BA, Zhao K, Levens
D. 2016. RNA polymerase II regulates topoisomerase 1 activity to favor ef-
ficient transcription. Cell 165:357–371. https://doi.org/10.1016/j.cell.2016
.02.036.

29. Sakakibara N, Mitra R, McBride AA. 2011. The papillomavirus E1 helicase
activates a cellular DNA damage response in viral replication foci. J Virol
85:8981–8995. https://doi.org/10.1128/JVI.00541-11.

30. Fradet-Turcotte A, Bergeron-Labrecque F, Moody CA, Lehoux M, Laimins
LA, Archambault J. 2011. Nuclear accumulation of the papillomavirus E1
helicase blocks S-phase progression and triggers an ATM-dependent
DNA damage response. J Virol 85:8996–9012. https://doi.org/10.1128/JVI
.00542-11.

31. Lorenz LD, Rivera Cardona J, Lambert PF. 2013. Inactivation of p53 res-
cues the maintenance of high risk HPV DNA genomes deficient in expres-
sion of E6. PLoS Pathog 9:e1003717. https://doi.org/10.1371/journal.ppat
.1003717.

32. Wu SY, Lee AY, Hou SY, Kemper JK, Erdjument-Bromage H, Tempst P,
Chiang CM. 2006. Brd4 links chromatin targeting to HPV transcriptional
silencing. Genes Dev 20:2383–2396. https://doi.org/10.1101/gad.1448206.

Coursey et al. Journal of Virology

October 2021 Volume 95 Issue 19 e00686-21 jvi.asm.org 20

https://doi.org/10.1016/S2214-109X(16)30143-7
https://doi.org/10.1016/S2214-109X(16)30143-7
https://doi.org/10.1016/j.vaccine.2012.06.083
https://doi.org/10.1146/annurev-virology-092818-015716
https://doi.org/10.1146/annurev-virology-092818-015716
https://doi.org/10.1016/b978-0-12-814457-2.00004-0:53-65
https://doi.org/10.1016/b978-0-12-814457-2.00004-0:53-65
https://doi.org/10.1002/j.1460-2075.1991.tb07967.x
https://doi.org/10.1002/j.1460-2075.1991.tb05010.x
https://doi.org/10.1002/j.1460-2075.1991.tb05010.x
https://doi.org/10.1002/j.1460-2075.1996.tb00328.x
https://doi.org/10.1128/mBio.01758-17
https://doi.org/10.1128/mBio.01758-17
https://doi.org/10.1371/journal.pone.0135770
https://doi.org/10.1128/JVI.70.11.7695-7705.1996
https://doi.org/10.1128/JVI.70.11.7695-7705.1996
https://doi.org/10.1093/nar/23.23.4777
https://doi.org/10.1128/JVI.66.6.3740-3748.1992
https://doi.org/10.1128/JVI.66.6.3740-3748.1992
https://doi.org/10.1073/pnas.79.2.381
https://doi.org/10.1128/JVI.61.10.2973-2980.1987
https://doi.org/10.1128/JVI.61.10.2973-2980.1987
https://doi.org/10.1016/j.virol.2013.04.035
https://doi.org/10.1093/nar/19.15.4173
https://doi.org/10.1128/mcb.13.1.9-17.1993
https://doi.org/10.1128/mcb.13.1.9-17.1993
https://doi.org/10.1128/MCB.22.12.4293-4308.2002
https://doi.org/10.1128/MCB.22.12.4293-4308.2002
https://doi.org/10.1128/JVI.01593-07
https://doi.org/10.1016/0042-6822(91)90507-8
https://doi.org/10.1128/JVI.65.5.2739-2744.1991
https://doi.org/10.1128/JVI.65.5.2739-2744.1991
https://doi.org/10.1016/j.virol.2009.09.027
https://doi.org/10.1128/JVI.01370-09
https://doi.org/10.1128/JVI.01370-09
https://doi.org/10.1128/JVI.71.12.9343-9349.1997
https://doi.org/10.1128/JVI.71.12.9343-9349.1997
https://doi.org/10.1073/pnas.0401355101
https://doi.org/10.1073/pnas.0401355101
https://doi.org/10.1023/A:1024962308071
https://doi.org/10.1016/j.cell.2016.02.036
https://doi.org/10.1016/j.cell.2016.02.036
https://doi.org/10.1128/JVI.00541-11
https://doi.org/10.1128/JVI.00542-11
https://doi.org/10.1128/JVI.00542-11
https://doi.org/10.1371/journal.ppat.1003717
https://doi.org/10.1371/journal.ppat.1003717
https://doi.org/10.1101/gad.1448206
https://jvi.asm.org


33. Guo W, Tang WJ, Bu X, Bermudez V, Martin M, Folk WR. 1996. AP1 enhan-
ces polyomavirus DNA replication by promoting T-antigen-mediated
unwinding of DNA. J Virol 70:4914–4918. https://doi.org/10.1128/JVI.70.8
.4914-4918.1996.

34. Bouallaga I, Massicard S, Yaniv M, Thierry F. 2000. An enhanceosome con-
taining the Jun B/Fra-2 heterodimer and the HMG-I(Y) architectural pro-
tein controls HPV 18 transcription. EMBO Rep 1:422–427. https://doi.org/
10.1093/embo-reports/kvd091.

35. Stunkel W, Bernard HU. 1999. The chromatin structure of the long control
region of human papillomavirus type 16 represses viral oncoprotein
expression. J Virol 73:1918–1930. https://doi.org/10.1128/JVI.73.3.1918
-1930.1999.

36. Allevato M, Bolotin E, Grossman M, Mane-Padros D, Sladek FM, Martinez
E. 2017. Sequence-specific DNA binding by MYC/MAX to low-affinity non-
E-box motifs. PLoS One 12:e0180147. https://doi.org/10.1371/journal
.pone.0180147.

37. Nie Z, Hu G, Wei G, Cui K, Yamane A, Resch W, Wang R, Green DR,
Tessarollo L, Casellas R, Zhao K, Levens D. 2012. c-Myc is a universal ampli-
fier of expressed genes in lymphocytes and embryonic stem cells. Cell
151:68–79. https://doi.org/10.1016/j.cell.2012.08.033.

38. Dominguez-Sola D, Ying CY, Grandori C, Ruggiero L, Chen B, Li M,
Galloway DA, Gu W, Gautier J, Dalla-Favera R. 2007. Non-transcriptional
control of DNA replication by c-Myc. Nature 448:445–451. https://doi.org/
10.1038/nature05953.

39. Johannsen E, Lambert PF. 2013. Epigenetics of human papillomaviruses.
Virology 445:205–212. https://doi.org/10.1016/j.virol.2013.07.016.

40. Egawa N, Egawa K, Griffin H, Doorbar J. 2015. Human papillomaviruses; epi-
thelial tropisms, and the development of neoplasia. Viruses 7:3863–3890.
https://doi.org/10.3390/v7072802.

41. Lace MJ, Turek LP, Anson JR, Haugen TH. 2014. Analyzing the human pap-
illomavirus (HPV) life cycle in primary keratinocytes with a quantitative
colony-forming assay. Curr Protoc Microbiol 33:14b.2.1–14b.2.13. https://
doi.org/10.1002/9780471729259.mc14b02s33.

42. Pentland I, Campos-Leon K, Cotic M, Davies KJ, Wood CD, Groves IJ,
Burley M, Coleman N, Stockton JD, Noyvert B, Beggs AD, West MJ,
Roberts S, Parish JL. 2018. Disruption of CTCF-YY1-dependent looping of
the human papillomavirus genome activates differentiation-induced viral
oncogene transcription. PLoS Biol 16:e2005752. https://doi.org/10.1371/
journal.pbio.2005752.

43. Bedrosian CL, Bastia D. 1990. The DNA-binding domain of HPV-16 E2 pro-
tein interaction with the viral enhancer: protein-induced DNA bending
and role of the nonconserved core sequence in binding site affinity. Virol-
ogy 174:557–575. https://doi.org/10.1016/0042-6822(90)90109-5.

44. Sim J, Ozgur S, Lin BY, Yu JH, Broker TR, Chow LT, Griffith J. 2008. Remod-
eling of the human papillomavirus type 11 replication origin into discrete

nucleoprotein particles and looped structures by the E2 protein. J Mol
Biol 375:1165–1177. https://doi.org/10.1016/j.jmb.2007.11.004.

45. McPhillips MG, Oliveira JG, Spindler JE, Mitra R, McBride AA. 2006. Brd4 is
required for e2-mediated transcriptional activation but not genome parti-
tioning of all papillomaviruses. J Virol 80:9530–9543. https://doi.org/10
.1128/JVI.01105-06.

46. Schweiger MR, You J, Howley PM. 2006. Bromodomain protein 4 mediates
the papillomavirus E2 transcriptional activation function. J Virol
80:4276–4285. https://doi.org/10.1128/JVI.80.9.4276-4285.2006.

47. McPhillips MG, Ozato K, McBride AA. 2005. Interaction of bovine papillo-
mavirus E2 protein with Brd4 stabilizes its association with chromatin. J
Virol 79:8920–8932. https://doi.org/10.1128/JVI.79.14.8920-8932.2005.

48. You J, Croyle JL, Nishimura A, Ozato K, Howley PM. 2004. Interaction of
the bovine papillomavirus E2 protein with Brd4 tethers the viral DNA to
host mitotic chromosomes. Cell 117:349–360. https://doi.org/10.1016/
s0092-8674(04)00402-7.

49. Ilves I, Maemets K, Silla T, Janikson K, Ustav M. 2006. Brd4 is involved in
multiple processes of the bovine papillomavirus type 1 life cycle. J Virol
80:3660–3665. https://doi.org/10.1128/JVI.80.7.3660-3665.2006.

50. Oliveira JG, Colf LA, McBride AA. 2006. Variations in the association of
papillomavirus E2 proteins with mitotic chromosomes. Proc Natl Acad Sci
U S A 103:1047–1052. https://doi.org/10.1073/pnas.0507624103.

51. Gauson EJ, Wang X, Dornan ES, Herzyk P, Bristol M, Morgan IM. 2016. Fail-
ure to interact with Brd4 alters the ability of HPV16 E2 to regulate host ge-
nome expression and cellular movement. Virus Res 211:1–8. https://doi
.org/10.1016/j.virusres.2015.09.008.

52. Stubenrauch F, Lim HB, Laimins LA. 1998. Differential requirements for
conserved E2 binding sites in the life cycle of oncogenic human papillo-
mavirus type 31. J Virol 72:1071–1077. https://doi.org/10.1128/JVI.72.2
.1071-1077.1998.

53. Delcuratolo M, Fertey J, Schneider M, Schuetz J, Leiprecht N, Hudjetz B,
Brodbeck S, Corall S, Dreer M, Schwab RM, Grimm M, Wu SY, Stubenrauch
F, Chiang CM, Iftner T. 2016. Papillomavirus-associated tumor formation
critically depends on c-Fos expression induced by viral protein E2 and
bromodomain protein Brd4. PLoS Pathog 12:e1005366. https://doi.org/10
.1371/journal.ppat.1005366.

54. Jang MK, Kwon D, McBride AA. 2009. Papillomavirus E2 proteins and the
host BRD4 protein associate with transcriptionally active cellular chroma-
tin. J Virol 83:2592–2600. https://doi.org/10.1128/JVI.02275-08.

55. Van Doorslaer K, Li Z, Xirasagar S, Maes P, Kaminsky D, Liou D, Sun Q, Kaur
R, Huyen Y, McBride AA. 2017. The papillomavirus episteme: a major
update to the papillomavirus sequence database. Nucleic Acids Res 45:
D499–D506. https://doi.org/10.1093/nar/gkw879.

56. McKinney CC, Kim MJ, Chen D, McBride AA. 2016. Brd4 activates early viral
transcription upon human papillomavirus 18 infection of primary kerati-
nocytes. mBio 7:e01644-16. https://doi.org/10.1128/mBio.01644-16.

Regulation of HPV18 Genome Replication Journal of Virology

October 2021 Volume 95 Issue 19 e00686-21 jvi.asm.org 21

https://doi.org/10.1128/JVI.70.8.4914-4918.1996
https://doi.org/10.1128/JVI.70.8.4914-4918.1996
https://doi.org/10.1093/embo-reports/kvd091
https://doi.org/10.1093/embo-reports/kvd091
https://doi.org/10.1128/JVI.73.3.1918-1930.1999
https://doi.org/10.1128/JVI.73.3.1918-1930.1999
https://doi.org/10.1371/journal.pone.0180147
https://doi.org/10.1371/journal.pone.0180147
https://doi.org/10.1016/j.cell.2012.08.033
https://doi.org/10.1038/nature05953
https://doi.org/10.1038/nature05953
https://doi.org/10.1016/j.virol.2013.07.016
https://doi.org/10.3390/v7072802
https://doi.org/10.1002/9780471729259.mc14b02s33
https://doi.org/10.1002/9780471729259.mc14b02s33
https://doi.org/10.1371/journal.pbio.2005752
https://doi.org/10.1371/journal.pbio.2005752
https://doi.org/10.1016/0042-6822(90)90109-5
https://doi.org/10.1016/j.jmb.2007.11.004
https://doi.org/10.1128/JVI.01105-06
https://doi.org/10.1128/JVI.01105-06
https://doi.org/10.1128/JVI.80.9.4276-4285.2006
https://doi.org/10.1128/JVI.79.14.8920-8932.2005
https://doi.org/10.1016/s0092-8674(04)00402-7
https://doi.org/10.1016/s0092-8674(04)00402-7
https://doi.org/10.1128/JVI.80.7.3660-3665.2006
https://doi.org/10.1073/pnas.0507624103
https://doi.org/10.1016/j.virusres.2015.09.008
https://doi.org/10.1016/j.virusres.2015.09.008
https://doi.org/10.1128/JVI.72.2.1071-1077.1998
https://doi.org/10.1128/JVI.72.2.1071-1077.1998
https://doi.org/10.1371/journal.ppat.1005366
https://doi.org/10.1371/journal.ppat.1005366
https://doi.org/10.1128/JVI.02275-08
https://doi.org/10.1093/nar/gkw879
https://doi.org/10.1128/mBio.01644-16
https://jvi.asm.org

	RESULTS
	Delineation of sequence elements in the HPV18 upstream regulatory region.
	Region 4 of the HPV18 URR, adjacent to the minimal replication origin, is not required for replicon maintenance.
	HPV18 URR region 2 is necessary, but not sufficient, to support maintenance of replicons containing the minimal replication origin.
	Enhancer elements cannot substitute for region 2 in replicon maintenance.
	HPV16 and HPV31 central URR regions minimally support HPV18 replicon maintenance.
	Transcription from defined promoter elements in the HPV18 replicon is unnecessary for replicon maintenance.
	The 3′ half of region 2 modulates the replication efficiency/copy number of HPV18 replicons.
	No specific sequence in region 2 is absolutely required for plasmid maintenance.
	HPV18 ori proximal and distal AP1 binding sites promote both short-term and long-term replication.

	DISCUSSION
	MATERIALS AND METHODS
	Alignment of Alphapapillomavirus 7 central URR sequences.
	Plasmids.
	Cell culture.
	Transfection.
	E1 and E2 transient replicon replication.
	DNA extraction.
	Southern blotting.
	Quantitative PCR for copy number assessment.
	Luciferase assay.
	In vivo exonuclease assay.
	Ethics statement.

	ACKNOWLEDGMENTS
	REFERENCES

