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ABSTRACT Human papillomavirus (HPV) E2 proteins are integral for the transcrip-
tion of viral genes and the replication and maintenance of viral genomes in host
cells. E2 recruits the viral DNA helicase E1 to the origin. A lysine (K111), highly con-
served among almost all papillomavirus (PV) E2 proteins, is a target for P300 (EP300)
acetylation and is critical for viral DNA replication (E. J. Quinlan, S. P. Culleton, S. Y.
Wu, C. M. Chiang, et al., J Virol 87:1497–1507, 2013, https://doi.org/10.1128/JVI.02771
-12; Y. Thomas and E. J. Androphy, J Virol 92:e01912-17, 2018, https://doi.org/10.1128/
JVI.01912-17). Since the viral genome exists as a covalently closed circle of double-
stranded DNA, topoisomerase 1 (Topo1) is thought to be required for progression of
the replication forks. Due to the specific effect of K111 mutations on DNA unwinding
(Y. Thomas and E. J. Androphy, J Virol 92:e01912-17, 2018, https://doi.org/10.1128/JVI
.01912-17), we demonstrate that the E2 protein targets Topo1 to the viral origin, and
this depends on acetylation of K111. The effect was corroborated by functional repli-
cation assays, in which higher levels of P300, but not its homolog CBP, caused
enhanced replication with wild-type E2 but not the acetylation-defective K111 arginine
mutant. These data reveal a novel role for lysine acetylation during viral DNA replication
by regulating topoisomerase recruitment to the replication origin.

IMPORTANCE Human papillomaviruses affect an estimated 75% of the sexually ac-
tive adult population in the United States, with 5.5 million new cases emerging ev-
ery year. More than 200 HPV genotypes have been identified; a subset of them are
linked to the development of cancers from these epithelial infections. Specific antivi-
ral medical treatments for infected individuals are not available. This project exam-
ines the mechanisms that control viral genome replication and may allow the devel-
opment of novel therapeutics.
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Human papillomaviruses (HPVs) are a large family of double-stranded DNA viruses
that are best known for their roles in cancers of the mucosal and cutaneous

epithelia. The circular, 8-kb genome is comprised of a long control region (LCR) (1) and
eight open reading frames (ORFs) (2–4) that encode two late structural proteins and
eight multifunctional early proteins and splice variants. The E2 protein has integral roles
in transcriptional regulation of viral genes and in viral replication. The papillomavirus
(PV) replication origin contains E1 binding sites that are flanked by high-affinity E2
binding sites. Past in vitro studies have shown that E1 can initiate limited amounts of
replication in the absence of E2 (5–7); however, E2 is essential for viral replication in vivo
(8). Upon recruitment to the origin by E2, E1 assembles into double hexamers upon
release from E2, and its helicase initiates strand separation. E1 is a DNA binding ATPase
(9), and the structure of its helicase domain is similar to that of the SV40 large T protein
(9–11). In eukaryotic cells, this helicase activity resides in the MCM complex. For
eukaryotic cell studies, the E2 and E1 genes can be cotransfected with a minimal origin
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consisting of E2 and E1 binding sites flanked by a poly(A) tract that acts as a replication
origin in transient assays.

We recently reported an intriguing acetylation site in bovine and HPV31 PV E2 at
lysine 111 (K111), which is conserved in 99% of PVs. In both of these E2 proteins, the
K111R arginine (R) mutant was defective for induction of E1-dependent viral ori
replication. In contrast, the acetylation mimic glutamine at mutant 111 (Q111) was fully
active. Importantly, both E2 mutant proteins coimmunoprecipitated with relevant
factors, including E1, Brd4, TopBP1, and GPS2. While E2 K111R recruited E1 to the origin,
replication protein A (RPA) was not detected, indicating the inability to form stable
single-stranded DNA at the replication forks where detectable levels of RPA were
deposited (12). To uncover the mechanism by which this acetylation regulates viral
replication, we focused on topoisomerase 1 (Topo1), which is necessary for resolving
the torsional stress resulting from unwinding double-stranded DNA as it is duplicated
by polymerases (13).

RESULTS
Acetylation of K111 is necessary for Topo1 recruitment. Chromatin immunopre-

cipitation (ChIP) assays were conducted under replication conditions to evaluate the
presence of Topo1 at the replication origin. C33A cells were cotransfected with plas-
mids for the HPV31 replication reporter origin plasmid PFLORI31 along with E1, E2, or
both viral genes together. The cells were processed 48 h posttransfection and analyzed
by ChIP with FLAG antibodies using PCR primers flanking the origin. Occupation of the
ori by wild-type (WT) E2 did not differ when E1 was cotransfected (Fig. 1A). The E2
K111R and K111Q mutants were detected at levels equivalent to those of the WT in the
E1 cotransfected cells (replication conditions), demonstrating that these E2 mutant
proteins are expressed and competent for accessing the ori. We then tested for the
presence of Topo1 at the origin (Fig. 1B). K111Q expression resulted in levels of Topo1
severalfold higher than those of wild-type E2, while Topo1 was not detected in samples
containing E2 K111R. These results support our hypothesis that the acetylation status
of E2 K111 regulates the participation of Topo1 in an early stage of viral DNA
replication. A second observation was that Topo1 was not present at the replication
origin with expression of E1 alone. Topo1 has been previously reported to bind to both
PVs E1 and E2 using bacterial protein expression and Southwestern blotting (14, 15).
These reports suggested that the loading of Topo1 was facilitated by E1, and a
replication model was proposed where E1 interacts directly with Topo1 after E2
dissociation (16). However, there have been no in-cell experiments to corroborate these
protein-protein interactions or the localization of Topo1 to an active PV ori. To further
investigate our observations, we performed a ChIP assay to determine if E2 in the
absence of E1 is responsible for Topo1 recruitment in G1/S-phase synchronized cells
(Fig. 1C). The amount of Topo1 present on the ori plasmid in this nonreplicating system
was at baseline with E2 K111R and increased by 4.5-fold with wild-type E2. Interestingly,
in the presence of the acetylation mimic K111Q, we observed a 6-fold increase in Topo1
at the origin, even in the absence of the amplification effect that we observed when
cotransfected with the E1 DNA helicase.

We used the HPV31-positive CIN612 cell line derived from human cervical dysplasia
to determine whether localization of Topo1 is specific to the origin or if it is associated
with other regions of the PV genome during initiation of DNA replication. CIN612 cells
were synchronized in G1/S using a double thymidine block, and the cells were har-
vested and processed for ChIP assays for the endogenously expressed E1, E2, RPA, and
Topo1 proteins. We compared the localization of these replication-linked proteins at
the LCR and at the E4 gene. In the context of the whole HPV31 genome, all were
detected at the LCR; however, none of these proteins were found at the E4 gene (Fig.
1D). This implies that Topo1 concentrates at the LCR during replication.

Topo1 recruitment correlates with acetylation at K111 by P300. We previously
reported P300-mediated acetylation at K111 in bovine PV (BPV1) E2 in vitro (17).
Through mutagenesis studies, we have identified several effects that result from the
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K111 acetylation; however, we have not directly addressed the involvement of P300.
The functional assays were conducted in C33A cells, which have very low P300 levels
that simulate the conditions in keratinocytes in the lower levels of the epithelium (18).
To determine if P300 is the lysine acetyltransferase (KAT) specifically involved in K111
acetylation and consequently Topo1 recruitment, we performed ChIP assays after cells
were cotransfected with plasmids expressing HPV31 E2 WT or either of the mutants, the
PFLORI31 plasmid containing the replication origin, and P300. Topo1 ChIP assays
comparing an environment with low P300 levels to an environment with P300 over-
expressed demonstrated a 3-fold higher recruitment of Topo1 to the replication origin
in the presence of wild-type E2 but caused no significant changes in samples trans-
fected with the arginine or glutamine mutants (Fig. 2A). These results confirm that P300
acetylation at K111 increases Topo1 recruitment to the origin. However, considering
that acetyltransferases can exhibit a level of redundancy that may allow these to be
interchangeable, this result alone does not prove that P300 is the only acetyltransferase
capable of inducing this E2 activity. We therefore performed an identical experiment
with an overexpression of the CREB-binding protein (CBP) (Fig. 2B). Unlike with P300,
there was no increase in the presence of Topo1 at the origin. K111R also exhibited no
change under high CBP concentrations, but the acetylation mimic K111Q recruited
slightly diminished levels of Topo1. These data corroborate that acetylation of K111 is
P300 specific.

HPV replication is dependent on acetylation at K111 by P300. Previous exper-
iments suggested the regulatory role of E2 on PV replication by mutating lysine 111 to

FIG 1 E2 K111R failed to recruit Topo1 to the replication origin. C33A cells were transfected with FLAG-E1, FLAG-E2, and HPV31 Ori. ChIP assays were conducted
for E2 and E1 with anti-FLAG antibodies, and endogenous Topo1 with anti-Topo1 antibodies using primers at the HPV31 LCR. Values were normalized to inputs.
(A) Equivalent amounts of E2 proteins were detected at the origin. (B) WT and K111Q show significantly higher Topo1 recruitment compared to that of the
control transfected with only E1. (C) E2 recruitment of Topo1 in the absence of E1 shows K111R is not significantly different from the control samples, and K111Q
is increased compared to the wild type. (D) ChIP for replication initiation factors at the LCR and E4 ORF in synchronized CIN612 cells relative to IgG antibody
control. *, p � 0.05; **, p � 0.005; ***, p � 0.0001 by one-way analysis of variance (ANOVA).
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arginine, glutamine, and alanine (12). After confirming that Topo1 recruitment is P300
specific (Fig. 2), we investigated whether this observation is responsible for the phe-
notypes of the K111 mutants. We conducted luciferase replication assays where levels
of P300 and CBP were manipulated. E2 along with the E1 helicase and the PV
origin-containing luciferase reporter construct (PFLORI31) were cotransfected into
C33A cells at basal or overexpressed levels of the histone acetyltransferases (HATs).
Although P300 and CBP are often regarded as swappable, mounting evidence indicates
that these acetyltransferases have unique functions (17, 19). We questioned whether
elevated P300 levels that attracted Topo1 to the origin could govern viral genome
replication or whether CBP could act similarly despite an inability to stimulate E2-
mediated Topo1 recruitment. This was an important comparison since CBP levels do
not vary between proliferating and differentiating keratinocytes (18). Luciferase results
were normalized to internal renilla controls and compared to control samples that were
not transfected with E1 (Fig. 3). We observed no significant variations in luciferase levels
in the groups without E1 transfected. In the presence of E1, overexpressing P300
caused an �6-fold increase in DNA replication in the presence of E2 WT, while samples
with CBP overexpression showed no increase (Fig. 3B). Notably, P300 did not increase

FIG 2 Acetylation of K111 by P300 recruits Topo1 to the viral origin. C33A cells were transfected with HPV31
E2 and PFLORI31. This experiment was conducted under endogenous KAT levels and with overexpression
of P300 (A) or CBP (B). ChIP for endogenous Topo1 at the HPV31 LCR with anti-Topo1 antibody and LCR3
primers. *, p � 0.05; **, p � 0.005 by one way ANOVA.

Thomas and Androphy Journal of Virology

April 2019 Volume 93 Issue 7 e02224-18 jvi.asm.org 4

https://jvi.asm.org


luciferase in parallel experiments with E2 K111R or K111Q. These results demonstrate
a difference in function between the two KATs that is linked to acetylation of a single
lysine in the transactivation domain and its critical role in the recruitment of Topo1.

Keratinocytes do not maintain HPV31 K111 mutant genomes. The HPV31 E2 K111
mutants were transferred to the viral genome in an attempt to test their ability to
support replication in keratinocytes. The HPV31 genomes and pBABE-puro were
cotransfected into spontaneously immortalized keratinocyte (NIKS) cells using the
X-tremeGENE HP transfection system, and cells were selected with puromycin. Follow-
ing selection, the NIKS cells transfected with wild-type genomes produced many
colonies and maintained episomal HPV31 genomes (Fig. 4A) by both PCR analysis (Fig.
4B) and Southern blotting (Fig. 4C). The puromycin-resistant cells containing the K111Q
mutant genome proliferated noticeably slower than untransfected NIKS cells or the
wild-type transfected cells, and after 10 days, the genomes were undetectable. The K111R
cells were slow to develop colonies, and Southern blot analysis showed the presence
of episomes as well as integrated genomes (Fig. 4C). With continued passage, these
cells proliferated with a doubling time of less than 24 h, and the HPV31 episomes could
no longer be detected (Fig. 4C).

FIG 3 PV replication is dependent on K111 acetylation by P300. C33A cells were cotransfected with HPV31
E2 K111 mutants, pFLORI31, and pRRL with overexpression of P300 (A) and CBP (B). The luminescence was
normalized to renilla luciferase. Each of the samples was compared to their respective control without E1
to cancel out any background transcriptional effects. *, p � 0.05; **, p � 0.005 by paired t test.
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DISCUSSION

The role of topoisomerase 1 in relieving torsional stress due to DNA unwinding is of
particular importance for a small, closed, circular DNA like the PV episome. In such a
system, the initial unwinding at the origin could create sufficient supercoiling to stall
replication forks and require Topo1 at initiation. Another proposed role of Topo1 in
mammalian replication is to aid in the unfolding of packaged chromosomes with
subsequent origin recognition (20). The link between topoisomerase 1 and viral repli-
cation has been established for simian virus 40 (SV40). During SV40 replication, an
initiation complex comprised of Topo1, replication protein A (RPA), and SV40 T-antigen
assembles on the replication origin (21). Since increased levels of Topo1 protein did not
increase SV40 DNA synthesis, it is thought that the role of Topo1 is linked to its
chromatin-unfolding activity (22). Topo1 has been reported to directly interact with E1
and E2, both of which were proposed to stimulate its enzymatic activity (14, 23, 24). In
addition, E2 and Topo1 were shown to independently enhance E1 binding at the origin
(14). However, these reports used in vitro interaction designs and bacterially expressed
proteins. HPV genomes resemble and associate with chromatin (25), which suggests
that histone displacement might be a second function for Topo1 during PV replication.

We previously reported that the K111 E2 mutations did not alter E2 DNA binding or
E1 recruitment to the replication origin. However, the K111R mutant was unable to
induce origin unwinding and RPA accumulation (12). We suspected the requirement for
Topo1 during replication because of the relevant functions and made two key discov-
eries. First, we found that E2 rather than E1 is responsible for recruiting Topo1 to the
viral origin in live cells (Fig. 1C); intriguingly, less Topo1 was present at the origin when
E1 was also introduced (Fig. 1B). These observations suggest sequential E2-mediated
recruitment of Topo1, which does not remain on the origin at high levels when E1 is
subsequently delivered by E2. This may occur concomitant with displacement of E2

FIG 4 K111R does not maintain episomes in keratinocytes. Keratinocytes were transfected with HPV31
genomes and selected with puromycin. (A) Cells were maintained for 4 weeks post selection and proliferated
at different rates with the E2 mutant genomes. (B) Episomal DNA was isolated, and the presence of HPV31
genomes was detected by PCR. (C) Episomal and genomic DNA isolates were visualized by Southern blotting;
(D) differences in the maintenance of genomes and viability of cells were recorded.
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from its complex with E1 as the latter assembles into double hexamers (26, 27).
Formally, we cannot exclude a contribution of E1 in the context of its complex with E2;
however, these data clearly demonstrate that E1 is not necessary or sufficient for Topo1
localization at the viral ori.

The second novel discovery derived from these experiments was that K111R failed
to support while K111Q enhanced Topo1 recruitment in both a replicating (with E1)
and nonreplicating (no E1) system (Fig. 1). These data imply that E2 acetylation at K111
is integral for the mobilization of Topo1 during PV replication. We show that K111R
abrogates replication by restricting Topo1 recruitment to the viral origin, which effec-
tively prevents DNA unwinding.

We endeavored to establish stable cell lines with the K111 mutants in the HPV31
genome. Our expectation was that the K111R mutant genome would not maintain
episomes and would integrate into host chromosomes. The K111R genome behaved as
expected, and HPV31 was present in genomic extracts and not in Hirt extracted
samples (Fig. 4C). Interestingly, the K111Q genome arrested proliferation of the telo-
merase immortalized NIKS cells. We suspect that this acetylation mimic mutant caused
overreplication of the viral genome that may have induced a DNA damage response.
Further studies are planned to characterize the molecular phenotypes of the E2 K111R
and K111Q genomes in primary human keratinocytes.

We reported that the lysine acetylation proteins p300, CBP, and pCAF have nonre-
dundant activities necessary for full E2 transcriptional activity; however, we have not
discerned the E2 lysines modified by these enzymes, as proteomic analyses indicated
several acetylated residues (17). P300 is undetectable in basal epithelium and becomes
elevated in upper strata. Furthermore, reduced levels stimulate proliferation while
increased levels induce keratinocyte differentiation, thereby suggesting that P300
specifically coordinates epithelial cell growth and differentiation (18, 28). We propose
that acetylation of E2 by P300 at K111 is involved in the switch between the mainte-
nance and amplification modes of viral replication. Both the recruitment of Topo1 and
viral replication were regulated by P300 in a K111-dependent manner. While CBP is
similar to P300, it did not show the same pattern of protein levels between proliferating
and differentiating keratinocytes. Moreover, CBP did not increase Topo1 at the viral
origin or stimulate transient replication. This study infers that the molecular switch from
maintenance replication to vegetative amplification hinges on P300-specific acetylation
of a highly conserved lysine residue in the papillomavirus E2 protein, which coordinates
recruitment of topoisomerase 1 to the viral origin.

MATERIALS AND METHODS
Cell culture, plasmids, and reagents. C33A (D. Lowy) and J23T3 (H. Green) were maintained in

Dulbecco’s modified Eagle medium (DMEM; Life Technologies) supplemented with 10% fetal bovine
serum (FBS) (Atlas Biologicals) and 100 U/ml penicillin-streptomycin (Life Technologies). Spontaneously
immortalized keratinocyte (NIKS) cell lines were cocultured in F medium (29) with mitomycin C-treated
J23T3 cells. C33A and NIKS cells were transfected with Lipofectamine 2000 at a ratio of 1:2 DNA to
transfection reagent. CIN612 cells were cultured on J23T3 feeder cells in E medium to �70% confluence.
The cells were treated with 2 mM thymidine in E medium overnight. The cells were then washed with
phosphate-buffered saline (PBS) and cultured in E medium for 6 h. Thymidine was added again overnight
at 2 mM. The cells were then washed with PBS and harvested. HPV31 E2 mutant plasmids were
constructed by site-directed mutagenesis (QuikChange II; Agilent) and verified by sequencing of the
entire E2 gene (12). HA-tagged HPV31 E2 was obtained from P. Howley (30), codon-optimized FLAG
HPV31 E2 was supplied by A. McBride (31), and the HPV31 E1, pCI-RLuc, and PFLORI31 constructs were
obtained from J. Archambault (32). Codon-optimized HA-31 E1 was cloned into the NheI and ApaI sites
of pCDNA3.

Antibodies. The antibodies used include mouse anti-FLAG M2 (Sigma-Aldrich) and mouse anti-HA
(HA7; Sigma-Aldrich), anti-Topo1 (Cell Signaling), and glutathione- and M2-conjugated beads (Sigma-
Aldrich).

Chromatin immunoprecipitation. C33A cells were transfected with plasmids (1:1:1) expressing
HPV31 E1, E2, and the HPV31 origin of replication (PFLORI31). Cells were harvested 48 h posttransfection
and cross-linked in 1% paraformaldehyde for 10 min at room temperature. The cross-linking was stopped
by adding 0.125 M glycine, and the cells were rinsed with cold PBS then collected by scraping. These
samples were processed using the ChIP-It enzymatic shearing kit (Active Motif) using the anti-Topo1
antibody (Cell Signaling). The DNAs from the immunoprecipitations and their inputs were analyzed by
quantitative PCR using the LCR4 primer pair designed against the HPV31 LCR (33).
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Luciferase replication assay. C33A cells were seeded at a density of 2.5 � 104 cells/well 24 h prior
to transfection into 96-well clear bottom plates (Corning). A luciferase-based replication assay was
performed as previously reported (32). Ten nanograms each of HPV31 E1 and E2 and 2.5-ng pFLORI31/
pFLORIBPV-1 constructs were cotransfected into C33A cells in a 96-well plate, 0.5 ng of the pCI-RLuc
construct was transfected per well to normalize for transcriptional activation of the firefly luciferase gene,
and the total DNA quantity was adjusted to 100 ng with pCI. Cells were incubated in the transfection
medium overnight, and then the medium was replaced with normal growth medium (DMEM). Cells were
lysed in Dual-Glo luciferase reagent (Promega) 72 h posttransfection, and both firefly and renilla
luciferase activities were determined using the PHERAStar FS (BMG Labtech). Firefly luciferase activity was
normalized to renilla luciferase activity and the E2 control for each sample.
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