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Abstract

The human papillomavirus (HPV) vaccines effectively protect against new infections of up to four HPV subtypes.
However, these vaccines are not protective against many other clinically relevant HPV subtypes and are ineffective
at treating established HPV infections. There is therefore a significant need for antiviral treatments for persistent HPV
infections. A promising anti-HPV drug target is the interaction between the HPV E2 protein and cellular
bromodomain-containing protein 4 (Brd4) since this protein complex mediates several processes important for the
viral life cycle including viral genome maintenance, replication, and transcription. Using bimolecular fluorescence
complementation (BiFC) technology, we demonstrate the E2 and Brd4 interaction on both interphase chromatin and
mitotic chromosomes throughout mitosis. The E2-Brd4 BiFC was significantly diminished by mutating the Brd4
binding sites in E2 or by a dominant negative inhibitor of the E2-Brd4 interaction, demonstrating the potential of BiFC
for identifying inhibitors of this important virus-host interaction. Importantly, when Brd4 was released from chromatin
using the bromodomain inhibitor JQ1(+), the E2-Brd4 interacting complex relocated into foci that no longer associate
with mitotic chromosomes, pointing to JQ1(+) as a promising antiviral inhibitor of HPV genome maintenance during
HPV persistent infection.
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Introduction

Human papillomavirus (HPV) is one of the most common
sexually transmitted pathogens in the world. Over 150 HPV
subtypes exist, with low-risk subtypes causing anogenital
warts, while high-risk subtypes are associated with cervical and
anal cancers as well as head and neck cancers [1]. Cervical
cancer is one of the leading causes of cancer-related death in
women, killing roughly 288,00 women every year with HPV
subtypes 16 and 18 responsible for over 70% of cervical
cancer cases [2–4].

The papillomavirus (PV) life cycle is intimately linked to the
differentiation program of the infected keratinocyte. Infection
begins in the basal epithelial cells where viral genomes are
maintained as extra-chromosomal circular genomes called
episomes that replicate along with the cellular DNA [5].
Subsequent differentiation of the infected epithelial cell triggers

PV genome amplification, expression of viral capsid proteins,
and assembly of infectious virions [5].

There are now two commercially available prophylactic HPV
virus-like particle vaccines. These vaccines protect against
HPV types 16 and 18 (Cervarix) and HPV types 6, 11, 16, and
18 (Gardasil). Both vaccines are highly effective against HPV
16/18, and Gardasil has shown greater than 98% efficacy
against HPV 6/11-associated genital warts [6–8]. Although
these vaccines will likely reduce the incidence of HPV-
associated diseases in the long-term, they do not protect
against the other high-risk HPV types and are ineffective at
treating established infections [9,10]. Alternative approaches
are therefore needed for curing ongoing HPV infections. This is
particularly important because high-risk HPVs need to
persistently infect host cells for years or even decades in order
to accumulate substantial cytogenetic changes for developing
invasive tumors.
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Despite their potential benefits, there are currently no virus-
specific antiviral therapies for HPV infection. Since the E1
helicase protein is the only enzyme encoded by
papillomaviruses, it is a promising target for drug design. Small
molecule inhibitors against E1 ATPase activity were identified
but were unfortunately found to be inactive in cellular assays
[11,12]. The highly conserved papillomavirus E2 protein
interacts with E1 and is required for viral genome replication,
making this protein another promising candidate for drug
targeting. Indeed, White et al. identified small molecule
inhibitors of the E2-E1 interaction for HPV 6 and 11,
demonstrating the feasibility of developing small molecule
inhibitors for virus-mediated protein-protein interactions [13].

The PV E2 protein contains an N-terminal transactivation
domain connected by a flexible hinge to the C-terminal DNA
binding domain [14]. Besides initiating PV genome replication
via recruiting E1 to the viral origin, E2 also regulates viral gene
transcription, which is largely mediated by the interaction
between the N-terminal transactivation domain and cellular
proteins [15]. E2 transactivates the PV early promoter by
recruiting transcription regulatory factors including CBP, p/CAF,
BRCA1, Brm, and bromodomain-containing protein 4 (Brd4)
[16–21]. Conversely, E2 can also repress viral transcription by
blocking transcription factor binding to the early promoter and
recruiting chromatin modifying factors [22–25]. PVs establish
persistent latent infection in basal epithelial cells where the
virus stably maintains a low copy number of viral genomes. E2
also functions in viral genome maintenance during persistent
infection by tethering PV genomes to mitotic chromosomes to
ensure their faithful partitioning into daughter cells during cell
divisions [26–30].

An important E2 interacting partner is Brd4 [31]. Brd4 is a
BET family member that binds acetylated histones with two
conserved bromodomains and remains associated with
chromosomes during mitosis [32]. The C-terminal domain
(CTD) of Brd4 has been shown to interact with the E2
transactivation domain of most PVs including the HPV
subtypes [20]. Brd4 and bovine papillomavirus 1 (BPV1) E2
interact on mitotic chromosomes to mediate BPV1 viral
genome maintenance [31,33–35]. Additional evidence
suggests that Brd4 is necessary for HPV16 and HPV31
episome tethering to mitotic chromosomes [36]. However,
whether these HPV E2s also bind Brd4 on mitotic
chromosomes have not been clearly demonstrated. Brd4 is
also an important cofactor for E2 transcription activation
[20,21,25,37]. A luciferase-based protein complementation
assay has been described to show that Brd4 binding can
increase the E2 protein stability [38]. In addition, a recent report
from our laboratory revealed that Brd4 is an essential
component of the HPV genome replication complex [39].

Since E2 in complex with Brd4 controls multiple important
HPV functions, it has been proposed that antiviral inhibitors
targeting this interaction would likely abrogate the HPV life
cycle, resulting in clearance of the infection [11]. Indeed it has
already been demonstrated that blocking the E2-Brd4
interaction with either Brd4 binding-deficient E2 mutants or
expression of the Brd4 CTD impairs viral transcription
activation and HPV genome replication [20,21,39].

Furthermore, abrogation of the E2-Brd4 interaction also
abolishes tethering of both HPV16 and HPV31 viral episomes
to mitotic chromosomes, which could eventually result in
clearance of the viral genomes as cells divide [36].

Screening for inhibitors of protein-protein interactions
requires a robust and efficient assay. In this study, we
demonstrate the usefulness of bimolecular fluorescence
complementation (BiFC) as an effective tool for identifying
inhibitors of protein-protein interactions. We focused on the E2-
Brd4 interaction since it is a promising target for HPV antiviral
therapy. With BiFC technology, we visualized physiological
levels of E2 and Brd4 interacting in live cells at all cell cycle
stages. Specificity of this interaction was confirmed using E2
mutants that abolish Brd4 binding. We also demonstrate the
tethering of HPV16 E2 to mitotic chromosomes through Brd4.
Furthermore, the utility of BiFC for drug screening is
demonstrated using Brd4 CTD as an E2-Brd4 inhibitor, which
effectively abolishes the E2-Brd4 BiFC signal. Finally, we show
that the bromodomain inhibitor, JQ1(+), releases E2-Brd4 BiFC
from mitotic chromosomes, identifying this drug as a potential
agent to interrupt and clear HPV persistent infection.

Materials and Methods

Recombinant plasmid construction
The plasmid encoding the Xpress-tagged CTD (pcDNA4C-

NLS-CTD) has been described previously [31,40]. The cloning
strategy for BiFC constructs has been described previously
[41]. To construct Brd4 or E2 fusions with VN (encoding Venus
N for Venus aa1-155) or VC (encoding Venus C for Venus
aa156-238), a short linker sequence (GGSGG) was introduced
in the C-terminal end of VN/VC fragments by PCR, and the
amplified DNA fragments were cloned into the pOZN vector at
the XhoI site. Brd4, E2TA, E2TR or 16E2 DNA fragments
excised from their pOZN constructs using XhoI and NotI
digestion were ligated into pOZN-VN-short linker and pOZN-
VC-short linker to generate in-frame fusions of these molecules
with either Venus N or Venus C. The pOZN-VN constructs
used in BiFC experiments as the negative control have been
described previously [41]. The R37A/I73A 16E2 mutant was
generated by site-directed mutagenesis of the pOZN-VC-16E2
construct using the QuikChange Site-Directed Mutagenesis Kit
(Stratagene). The pcDNA4C-NLS-LacI plasmid was generated
by cloning a nuclear localization sequence (NLS) into the
pcDNA4C vector using a BamHI site and the PCR-amplified
LacI cDNA fragment into the pcDNA4C vector using BamHI
and EcoRI sites. The pEFHPV-16W12E plasmid was a gift
from Paul Lambert [42]. All plasmid constructs were verified by
DNA sequencing.

Cell culture and transfection
C33A cells were purchased from ATCC and maintained as

monolayers in high glucose Dulbecco’s modified Eagle’s
medium (DMEM, GIBCO) containing 10% fetal bovine serum
(FBS, Hyclone). FuGENE 6 (Roche) and Lipofectamine 2000
(Invitrogen) transfection reagents were used for transient
transfection, following the manufacturer’s instructions.

Analysis of HPVE2 and Brd4 Interaction using BiFC
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Immunofluorescent staining
Cells cultured on cover slips were fixed with 3%

paraformaldehyde in PBS for 20 min. Immunofluorescent
staining was performed as previously described [40,43]. The
following primary antibodies were used: anti-Xpress
(Invitrogen), anti-HA (Santa Cruz), and anti-FLAG (Sigma).
Secondary antibodies used were: Alexa Fluor 594 goat anti-
rabbit IgG (Invitrogen), Alexa Fluor 594 goat anti-mouse IgG
(Invitrogen) and Alexa Fluor 350 goat anti-mouse IgG
(Invitrogen). The Brd4 inhibitor, JQ1(+), and its enantiomer,
JQ1(-), were dissolved in dimethyl sulfoxide (DMSO) as 1000X
stocks as previously described [44].

Microscopy and image analysis
All immunofluorescence images were collected using an

inverted fluorescence microscope (Olympus, IX81) equipped
with an UPlanSApo 40×/0.95 NA lens (Olympus), an
UPlanSApo 100×/1.4 oil immersion lens (Olympus) and a high-
resolution charge-coupled device camera (QImaging,
FAST1394) at room temperature. Photos were taken using
either a 40× or 100× lens with immersion oil type-F (Olympus).
Image data were analyzed and presented using SlideBook 5.0
software (Intelligent Imaging Innovations, Inc.). The scale bars
were added using ImageJ software.

For Figure S1, immunofluorescent images were analyzed
using ImageJ software. The “Adjust Threshold” function of the
ImageJ software was used to identify DAPI-stained nuclei. The
average BiFC signal intensity divided by nucleus area was
measured using the “Analyze Particles” function of the
software. The BiFC signal intensity of 50 cells transfected with
vector and 50 cells transfected with HPV16 genome was
measured and divided by the nucleus area to get the values
plotted in Figure S1. This experiment was repeated 2 times
with similar results.

Western blot analysis
For all Western blots, C33A cells were collected at 48 h post-

transfection and washed once with PBS. The cell pellets were
lysed in buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM
EDTA, 0.1 mM EGTA, and 1 mM dithiothreitol (DTT),
supplemented with protease inhibitors (Roche)). The cells were
incubated on ice for 10 min, and NP-40 was added to a final
concentration of 0.6%. After vortexing and centrifugation at
5,000 rpm for 5 min, the nuclear pellet was resuspended in ice-
cold buffer B (20 mM HEPES, pH 7.9, 0.4 M NaCl, 0.1 mM
EDTA, 0.1 mM EGTA, and 1 mM DTT, supplemented with
protease inhibitors) and incubated on ice for 15 min with
vortexing. The nuclear proteins were isolated by centrifugation
at 14,000 rpm for 5 min. The samples were then resolved on
an SDS-PAGE gel, transferred onto PVDF membrane, and
immunoblotted with specific antibodies as indicated in the
figure legends. Antibodies employed in the Western blot
analysis include: anti-Brd4C (recognizing Brd4 aa1313-1362),
anti-Xpress (Invitrogen), anti-Actin (Chemicon), and anti-HA-
HRP (Roche). Western blots were developed using ECL
solution (PerkinElmer) and images were captured using a Fuji
imaging system.

Results

Demonstration of the E2 and Brd4 interaction using
BiFC

In this study we employed BiFC technology to examine the
E2-Brd4 interaction in live cells. BiFC involves fusing two
proteins individually to complementary fragments of a
fluorescent reporter protein and expressing them together in
live cells. Interaction of these proteins brings the reporter
protein fragments within close proximity, allowing the
fluorescent protein to reform its native three-dimensional
structure and emit fluorescent signal [45]. Using this method,
protein interactions can be identified and located within the cell
through visualization of the intensity and distribution of
fluorescence in these cells. BiFC technology has been
previously used to examine Brd4 intermolecular interactions as
well as Brd4’s interaction with other proteins such as p53
[41,46].

Brd4 was fused to the N-terminal portion (VN) of the
enhanced yellow fluorescent protein variant, Venus, while
either HPV16 E2 or BPV1 E2TA was fused to the C-terminal
portion of Venus (VC). Both of these constructs contain FLAG
and hemagglutinin (HA) epitope tags to allow monitoring of the
proteins in cells. In live C33A cells co-transfected with VN-Brd4
and either VC-E2TA or VC-16E2, we could detect punctate
nuclear speckles of green BiFC signal, demonstrating a real-
time interaction of Brd4 with BPV1 E2TA or HPV16 E2. These
BiFC signals were reproducibly seen in fixed cells, so
immunofluorescent staining was performed to allow high-
resolution imaging. To confirm that the BiFC signal was specific
for the E2-Brd4 interaction, the empty VN construct was co-
transfected with either VC-E2TA or VC-16E2 into cells to
determine if these pairs produce BiFC signal. As seen in Figure
1, while all the transfected constructs were expressed (as
detected by anti-FLAG immuno-staining and immuno-blotting),
only those cells co-expressing VN-Brd4 and a VC-tagged E2
protein generated BiFC signal. It is important to note that, in
this experiment and all of the experiments described below,
anti-FLAG immuno-staining was used to detect signals of both
VN and VC proteins co-expressed in the cells whereas
expression level of the individual proteins was determined
using immuno-blotting. Although immuno-blotting shows low
expression levels of VN-Brd4 and VC-tagged E2s, robust BiFC
can be detected in cells co-expressing these proteins (Figure
1). On the other hand, even cells with a very strong FLAG
signal of VN and a VC-E2 did not show BiFC signal (Figure
1A). In addition, co-expressing VN-Brd4 and VC proteins also
did not generate BiFC signal ([41] and data not shown). These
observations established that the BiFC was generated through
specific interaction between E2 and Brd4.

We further tested the specificity of E2-Brd4 BiFC by
examining E2 mutants defective in Brd4 binding. It has been
previously shown that BPV1 E2TR does not bind Brd4 and that
the HPV16 E2 R37A/I73A mutant protein binds Brd4 with much
lower efficiency than its wild-type counterpart [20,31]. These E2
mutants were compared with their wild-type counterparts for
interaction with Brd4 using BiFC (Figure 2). C33A cells were
co-transfected with VN-Brd4 and one of the VC-E2s (E2TA,
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Figure 1.  The BiFC signal is specifically generated through the E2-Brd4 interaction.  (A) C33A cells were co-transfected with
pairs of Venus N constructs (VN or VN-Brd4) and Venus C constructs (VC-E2TA or VC-16E2) as indicated on the right panel. Forty-
eight hours post-transfection, the cells were fixed and stained with anti-FLAG antibody (red) and DAPI. Bar, 10 μm. (B) C33A cells
were transfected as described in (A) and protein lysates were immunoblotted using ant-HA or anti-Actin antibodies. Arrows mark the
VC-E2s or VN constructs expressed in cells.
doi: 10.1371/journal.pone.0077994.g001
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16E2, E2TR, or 16E2 R37A/I73A). Expression level of the E2
constructs was shown by Western blot to be comparable
except E2TR, which consistently had lower expression than the
other E2s (Figure 2C). The VC-16E2 R37A/I73A therefore
provided a better negative control for the wild E2s in BiFC.
Notably, the VN-Brd4 fusion protein was expressed at a level
much lower than endogenous Brd4 (Figure 2D), suggesting
that it is not likely to induce an over-expression artifact. Co-
expression of the wild-type E2s with Brd4 generated a strong
BiFC signal in nuclear speckles (Figure 2A). In contrast, the E2
mutants only showed very dim BiFC nuclear foci (Figure 2A).
The cells were also immuno-stained with anti-FLAG antibody to
visualize co-expression of both FLAG-tagged Venus fusion
proteins. The percentage of FLAG-positive cells with BiFC
signal was also quantified (Figure 2B). While virtually all E2TA-
or 16E2-transfected cells had robust BiFC signal, E2TR- or
16E2 R37A/I73A-transfected cells were either negative for
BiFC signal or had very dim BiFC nuclear speckles (Figure 2A,
bottom panel), which were counted as positive BiFC in the
quantification. It is of note that the dim BiFC signal of 16E2
R37A/I73A-Brd4 or E2TR-Brd4 could only be detected in cells
showing very high expression of Venus fusion proteins (as
indicated by the strong FLAG signal). The large quantities of
Brd4 and E2 mutant Venus fusion proteins present together in
cells could contribute to the relatively high background BiFC,
which was also observed in previous studies [47,48]. This
study demonstrates that breaking the E2-Brd4 interaction by
mutagenesis could greatly reduce the E2-Brd4 BiFC signal,
confirming that the BiFC signal was specifically generated
through the E2-Brd4 interaction.

BiFC analysis of the HPV16 E2-Brd4 interaction during
the cell cycle

Through immunofluorescence analyses, E2 proteins from
various papillomavirus types have been shown to interact with
Brd4 during interphase and mitosis [20]. However, this is less
clear for the HPV16 E2-Brd4 interaction. In this study, we
examined the interaction of HPV16 E2 with Brd4 during
interphase and mitosis using the BiFC technique. C33A cells
were co-transfected with VN-Brd4 and VC-16E2. In both live
and fixed cells, we could detect 16E2-Brd4 BiFC fluorescence
and FLAG staining in small dots on interphase chromatin as
well as mitotic chromosomes from all phases of mitosis (Figure
3 and data not shown). Colocalization of 16E2 on mitotic
chromosomes was Brd4-dependent because when VC-16E2
was co-expressed with an empty VN vector, no BiFC or FLAG
signal was detected on mitotic chromosomes (Figure 3B). This
experiment demonstrates that BiFC is a useful tool to study the
E2-Brd4 interaction in live cells throughout the cell cycle. In
addition, this study shows that HPV16 E2 and Brd4 interact on
mitotic chromosomes throughout all stages of mitosis and
suggests a potential role for Brd4 in the high-risk HPV E2-
mediated episome tethering and maintenance in host cells.

Disruption of the E2-Brd4 BiFC signal with the Brd4
CTD

Brd4 binds PV E2 proteins through the CTD and we have
previously demonstrated that the Brd4 CTD can competitively

inhibit the E2-Brd4 interaction [31]. We wondered whether the
Brd4 CTD could abrogate the E2-Brd4 BiFC signal. Therefore,
C33A cells were co-transfected with VN-Brd4 plasmid, one of
the VC-E2 constructs, and a plasmid expressing either Xpress-
tagged Brd4 CTD or LacI, which is an irrelevant molecule that
serves as a negative control (Figure 4). Both of these
constructs contain nuclear localization signals to localize the
proteins in the nucleus. Expression of each construct in this
experiment was confirmed by Western blotting (Figure 4D). By
examining the BiFC fluorescence of these samples in live cells,
it was obvious that CTD transfection reduced the percentage of
BiFC-positive cells as compared to LacI transfection (data not
shown), even though the CTD was expressed at a much lower
level than LacI (Figure 4D). To further confirm this result, we
stained these cells with anti-HA antibody to detect the HA-
tagged Venus fusion proteins, and with anti-Xpress antibody to
detect Xpress-CTD or Xpress-LacI. As seen in Figures 4A and
4B, Xpress-LacI had no effect on the ability of VC-E2TA or
VC-16E2 to interact with VN-Brd4 and to produce the BiFC
signal. However, in Xpress-CTD-expressing cells, the E2-Brd4
BiFC fluorescence was markedly reduced. Quantification of the
percentage of Xpress- and HA-positive cells with BiFC signal
revealed a significant reduction in BiFC-positive cells when
Xpress-CTD was expressed as compared to Xpress-LacI
(Figure 4C). Even the cells with very dim BiFC signal were
counted as positive; therefore the data in Figure 4C reflects a
conservative quantification of the CTD effect. Nevertheless,
this study showed that co-expression of a dominant negative
inhibitor of the E2-Brd4 interaction could significantly reduce
the BiFC signal, further confirming that the BiFC signal is
generated through the specific E2-Brd4 interaction. This
experiment also established BiFC as a useful method for
studying the E2-Brd4 interaction in live cells and provided a
proof of principle example for identifying inhibitors that could
disrupt this interaction.

E2 is known to bind E2 binding sites on the viral genome as
a dimer [49] and it has previously been shown that dimerized
E2 interacts more efficiently with Brd4 [50]. We therefore
predicted that the presence of HPV genome would promote E2
dimerization and enhance binding to Brd4. To test this
hypothesis, we examined the HPV16 E2 and Brd4 BiFC signal
in the presence of the HPV genome. The denaturing conditions
of the immuno-FISH protocol dramatically quench BiFC
fluorescence, precluding the use of FISH to visualize E2/Brd4
BiFC colocalization with HPV genomes. Therefore, we co-
transfected C33A cells with VN-Brd4, VC-16E2, and either the
HPV16 genome or an empty vector at a 1:2 ratio (BiFC
constructs:HPV16 genome/vector) to increase the probability
that cells with BiFC signal also contain HPV16 genomes or the
control vector. Interestingly, cells co-transfected with HPV16
genome had a more than two-fold increase in E2-Brd4 BiFC
signal intensity compared to vector co-transfected cells (Figure
S1). These results suggest that E2 binding to the HPV genome
enhances the E2-Brd4 interaction, likely because of efficient E2
dimerization. However, it is also possible that low-level
expression of viral proteins from the HPV genome might
somehow increase the E2-Brd4 interaction. Further
experiments are needed to better understand this result.

Analysis of HPVE2 and Brd4 Interaction using BiFC
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Figure 2.  The E2-Brd4 BiFC signal is inhibited by mutating the Brd4 binding sites in E2.  (A) C33A cells were co-transfected
with VN-Brd4 and Venus C BiFC constructs (VC-E2TA, VC-E2TR, VC-16E2, or VC-16E2 R37A/I73A (16E2M)) as indicated on the
right panel. Forty-eight hours post-transfection, the cells were fixed and stained with anti-FLAG antibody (red) and DAPI. Bar,10 μm.
(B) For each transfection in (A), the percentage of cells showing BiFC signal was quantified from approximately 200 positively
transfected cells. Average and standard deviation were calculated from three independent experiments. (C) C33A cells were either
untreated or transfected as described in (A) and protein lysates were immunoblotted using anti-HA or anti-Actin antibodies. Arrows
mark the VC-E2 constructs expressed in cells. (D) Protein lysates from untreated C33A cells or cells transfected with VN-Brd4 and
VC-16E2 were immunoblotted using anti-Brd4 or anti-Actin antibodies.
doi: 10.1371/journal.pone.0077994.g002
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Figure 3.  HPV16 E2 and Brd4 interact on chromatin in interphase and mitotic cells.  (A) C33A cells were co-transfected with
VN-Brd4 and VC-16E2 BiFC constructs. Forty-eight hours post-transfection, cells were fixed and stained with anti-FLAG antibody
(red) and DAPI. Merge 1 is a merge of the BIFC and DAPI panels and Merge 2 is a merge of BIFC, FLAG and DAPI panels. (B)
C33A cells were co-transfected with Venus N and VC-16E2 BiFC constructs. Forty-eight hours post-transfection, the cells were
stained with anti-FLAG antibody (red) and DAPI. Bar, 5 μm.
doi: 10.1371/journal.pone.0077994.g003
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Figure 4.  Brd4 CTD effectively disrupts the E2-Brd4 interaction measured by BiFC.  (A, B) C33A cells were co-transfected
with VN-Brd4, VC-E2TA or VC-16E2, and either Xpress-LacI or Xpress-Brd4 CTD constructs as indicated on the right panel. Forty-
eight hours post-transfection, the cells were fixed and stained with anti-HA antibody (red) and anti-Xpress antibody (blue). (C) For
each transfection in (A) and (B), the percentage of cells showing BiFC signal was quantified from approximately 100 Xpress- and
HA-positive cells. Average and standard deviation were calculated from three independent experiments. Bar, 5 μm. (D) C33A cells
were transfected as described in (A) and (B). Protein lysates were immunoblotted using anti-HA, anti-Xpress, or anti-Actin
antibodies. Arrows mark the VC-E2s, Xpress-LacI, or Xpress-CTD constructs expressed in cells.
doi: 10.1371/journal.pone.0077994.g004

Analysis of HPVE2 and Brd4 Interaction using BiFC

PLOS ONE | www.plosone.org 8 October 2013 | Volume 8 | Issue 10 | e77994



E2-Brd4 BiFC is released from mitotic chromosomes
after JQ1(+) treatment

The chemical compound JQ1(+) binds to and inhibits Brd4
bromodomain binding to acetylated histones, leading to
effective release of Brd4 from chromatin [44]. Since Brd4 is
thought to tether E2 to mitotic chromosomes for viral genome
maintenance, we tested if releasing Brd4 from chromosomes
by JQ1(+) disrupts the association of the E2-Brd4 complex with
mitotic chromosomes. We therefore used the BiFC system to
test the effect of JQ1(+) on the E2-Brd4 interaction with
interphase chromatin and mitotic chromosomes. C33A cells
were co-transfected with VN-Brd4 and VC-16E2 constructs
and, 24 hours later, treated with 500 nM JQ1(+) or the inactive
enantiomer JQ1(-) for various amounts of time. Chromatin
immunoprecipitation analysis confirmed that 500 nM JQ1(+)
could efficiently dissociate Brd4 from chromatin while 500 nM
JQ1(-) had no detectable effect (data not shown). After only 30
minutes of JQ1(+) treatment, E2-Brd4 BiFC was no longer
bound to chromatin in small speckles but formed punctate foci,
which grew larger as the incubation time with JQ1(+) increased
(Figure 5A and data not shown). In contrast, cells treated with
JQ1(-) showed normal E2-Brd4 BiFC speckles on chromatin
throughout the analysis (Figure 5A). Figure 5A shows the BiFC
patterns in the large majority of cells treated under different
conditions.

To rule out the possibility that these punctate foci were non-
specific aggregates of the BiFC proteins, we co-transfected the
empty VC construct with VN-Brd4 into cells to determine if
these pairs produce large BiFC foci after JQ1(+) treatment. As
in Figure 1, no BiFC signal was detected in these cells. In
contrast to the enrichment of FLAG immuno-staining signal in
large foci in JQ1(+) treated E2/Brd4-expressing cells (Figure
5A), the VN-Brd4 FLAG immunofluorescent signal was not
localized into foci (data not shown). This result suggests that
the large foci we detected with JQ1(+) in cells co-transfected
with VN-Brd4 and VC-16E2 constructs are specific for the E2/
Brd4 BiFC pair and are not likely to be non-specific protein
aggregates.

To further analyze the specificity of these foci, we tested
whether the E2-Brd4 BiFC in punctate foci would return to
normal speckles on chromatin when JQ1(+) was washed away.
Cells transfected with the E2/Brd4 BiFC constructs were
cultured with JQ1(+) for 24 hours and then thoroughly washed
and cultured for up to three more hours without JQ1(+).
Remarkably, the E2-Brd4 BiFC began returning to its usual
speckled pattern on chromatin only five minutes after removing
JQ1(+) and, in most cells, was completely restored to its
normal cellular localization pattern after one hour (Figure 5A
and data not shown). Similar results were also observed with
VN-Brd4 and VC-E2TA (data not shown). This additional
evidence suggests that these foci are not likely to be non-
specific protein aggregates but rather large, reversible E2-Brd4
complexes formed when Brd4 is released from chromatin.

We next analyzed the effect of JQ1(+) on the 16E2-Brd4
association with mitotic chromosomes. C33A cells were
transfected with the 16E2/Brd4 BiFC constructs and, 48 hours
later, treated with 500 nM JQ1(+) or JQ1(-) for one hour. This
short JQ1 treatment was intended to minimize its effects on the

cell cycle and BiFC protein levels. Similar to the observation
made without drug treatment (Figure 3), cells treated with
JQ1(-) showed the 16E2-Brd4 BiFC signal and FLAG staining
in small speckles associated with chromosomes in 36 out of 51
(70.6%) transfected mitotic cells (Figure 5B). Conversely, the
16E2-Brd4 BiFC in mitotic cells treated with JQ1(+) was in
large foci clearly dissociated from chromosomes and only 6 out
of 50 (16.0%) transfected mitotic cells had E2-Brd4 BiFC that
appeared on chromosomes (Figure 5B). These foci were likely
already dissociated from the chromosomes while their signals
superimposed on the chromosomes under the microscope
(Figure 5B, white arrow). Since it was impossible to determine
for sure, we counted these cells as having E2-Brd4 BiFC still
associated with chromatin, making the above quantification a
conservative estimate. Notably, in JQ1(+) treated cells, a much
smaller number of E2-Brd4 BiFC foci was detected compared
to the JQ1(-) treated cells, indicating that, when excluded from
chromosomes during mitosis, the interaction between these
two proteins may become less stable. It is important to note
that FLAG staining signal was also excluded from mitotic
chromosomes in JQ1(+) treated cells (Figure 5B), suggesting
that 16E2 binding to mitotic chromosomes is dependent on
Brd4’s association with chromatin. Similar JQ1(+) effect on the
E2TA-Brd4 association with mitotic chromosomes was
observed (data not shown). These results reveal the potential
of JQ1(+) as a possible antiviral tool for disruption of HPV
episome maintenance during persistent infection and suggest
an important role of Brd4 for tethering HPV16 E2 to mitotic
chromosomes.

Discussion

The HPV vaccines are invaluable as preventative treatment
against HPV infection and in the long term will likely reduce the
worldwide prevalence of infection by the HPV subtypes 6, 11,
16, and 18. However, there is still a great need for antiviral
drugs to treat current HPV infections of a variety of other HPV
subtypes. The E2-Brd4 interaction is an attractive drug target
because this complex mediates multiple functions in the HPV
life cycle, including viral transcription, genome replication, and
episome maintenance. Indeed, it has been previously shown
that abolishing HPV16 E2’s association with Brd4 using E2
mutants or Brd4 CTD impairs viral replication, inhibits gene
transcription, and releases HPV genomes from mitotic
chromosomes, suggesting that breaking this interaction could
disrupt multiple stages of the HPV life cycle [20,21,36,39,51].

In this study, we used BiFC technology to visualize the E2-
Brd4 interaction in both live and fixed cells. We detected strong
BiFC nuclear signal in the majority of cells co-expressing VN-
Brd4 and either VC-16E2 or VC-E2TA. These nuclear speckles
resemble the punctate immunofluorescence colocalization
pattern seen previously for E2 and Brd4 [31]. The E2-Brd4
BiFC signal was significantly abolished by mutating the Brd4
binding sites in E2 or by a dominant negative inhibitor of the
E2-Brd4 interaction, suggesting that this signal is generated
through the specific interaction between E2 and Brd4.
Additionally, the 16E2-Brd4 interaction was detected on both
interphase chromatin and mitotic chromosomes in all phases of
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Figure 5.  Releasing Brd4 from chromatin by JQ1(+) abolishes the E2-Brd4 interaction on mitotic chromosomes.  (A) C33A
cells were co-transfected with VN-Brd4 and VC-16E2 and treated with 500 nM JQ1(-) or JQ1(+) at 24h post transfection. Forty-eight
hours post-transfection, cells were either fixed immediately (before wash) or washed several times and cultured for the times
indicated on the right panel. All cells were fixed and stained with anti-FLAG antibody (red) and DAPI. (B) C33A cells were co-
transfected with VN-Brd4 and VC-16E2. Forty-eight hours post-transfection, cells were treated with 500 nM JQ1(-) or JQ1(+) for 1h.
The cells were then fixed and stained with anti-FLAG antibody (red) and DAPI. Merge 1 is a merge of the BIFC and DAPI panels
and Merge 2 is a merge of BIFC, FLAG and DAPI panels. Bar, 5 μm. The white arrow marks a BiFC focus superimposed on a
mitotic chromosome.
doi: 10.1371/journal.pone.0077994.g005
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mitosis. This study demonstrates that the BiFC technique is a
useful tool to study the E2-Brd4 interaction in live cells
throughout the cell cycle, establishing its potential for
examining this virus and host protein interaction during the
differentiation-dependent viral life cycle. This technique could
also be used for studying when, during the HPV life cycle, E2
binds Brd4 for tethering and then E1 for replication.

Brd4 normally associates with acetylated histones with a
rapid “on and off” dynamic, and E2 binding Brd4 has been
shown to stabilize Brd4’s chromatin association [32,34]. In
addition, Brd4 is likely a mitotic chromosome tether for HPV
episome maintenance because inhibiting the E2-Brd4
interaction results in episome dissociation from chromosomes
[36]. However, whether HPV16 associates with mitotic
chromosomes through Brd4 has not been clearly resolved.
Therefore the association of the 16E2-Brd4 complex with
mitotic chromosomes during all stages of mitosis observed in
this study represents a novel finding for the HPV16 E2. This
result indicates that HPV16 E2, like BPV E2TA, may also
associate with Brd4 for tethering viral genomes to mitotic
chromosomes to ensure faithful partitioning of the viral
genomes to daughter cells during mitosis.

We also used the BiFC system to determine if small
molecule JQ1(+)-mediated dissociation of Brd4 from chromatin
affects 16E2-Brd4 binding to mitotic chromosomes.
Interestingly, when released from chromatin by JQ1(+), the E2-
Brd4 BiFC formed multiple, punctate nuclear spheres, which
grew larger with increased JQ1(+) incubation time. These large
foci were not detected in cells treated with JQ1(-) nor in cells
co-transfected with VN-Brd4 and the empty VC plasmid,
indicating that they were specifically formed by the E2-Brd4
BiFC proteins when Brd4 was released from histones. This foci
formation process was reversible as the E2-Brd4 BiFC foci
rapidly returned to chromatin-associated speckles in most cells
when JQ1(+) was removed. Furthermore, Brd4 dissociation
from chromatin dramatically reduced the number of mitotic cells
with chromosome-associated E2-Brd4 BiFC, pointing to the
possibility that JQ1(+) can be used as a potential drug to
disrupt HPV episome maintenance and to clear HPV persistent
infections.

In a recent study from our laboratory, we found that Brd4 is
recruited to HPV replication foci and is essential for viral
replication [39]. We further demonstrated that Brd4 dissociation
from chromatin by JQ1(+) stimulates HPV genome replication
and postulated that Brd4 released from chromatin might be
recruited to the HPV replication complex to support viral
replication. In line with this model, the current study shows that
E2-Brd4 BiFC signal localizes to nuclear foci when cells were
treated with JQ1(+). Since HPV genome amplification is
normally restricted to terminally differentiated cells to evade
host immune surveillance, the JQ1(+)-induced impromptu viral
genome amplification in the infected basal cells could trigger
activation of the immune response. From these findings, we

hypothesize that JQ1(+)’s combined effects on abolishing viral
episome maintenance and stimulating premature viral genome
amplification in latently infected cells could result in activation
of the immune response and clearance of viral genomes before
infected cells could develop into cancer. Obviously, to test this
hypothesis, further studies are needed to investigate the overall
impact of JQ1(+) on the HPV life cycle.

In summary, this study used the BiFC technique to
recapitulate the PV E2 interaction with the host receptor Brd4
in live cells throughout all stages of the host cell cycle. The E2-
Brd4 BiFC assay established in live cells provides a useful
platform for screening small molecule inhibitors of this
important virus-host interaction as anti-HPV drugs. This study
also demonstrates general implication for using BiFC as an
effective tool for identifying inhibitors of important protein-
protein interactions. This will hopefully facilitate the screening
of antiviral drugs, as well as inhibitors of key interactions for
various cancers and other diseases. The JQ1(+)-mediated
dissociation of Brd4 from chromatin also provides support for
using this small molecule to disrupt HPV episome maintenance
and to treat HPV persistent infection.

Supporting Information

Figure S1.  The E2-Brd4 BiFC signal is enhanced by the
presence of HPV16 genome. (A) C33A cells were co-
transfected with VN-Brd4, VC-16E2, and either pUC19 or
pEFHPV-16W12E at a 1:2 ratio. Forty-eight hours post-
transfection, cells were fixed and stained with anti-FLAG
antibody (red) and DAPI. Bar, 5 μm. In the vector control, the
BiFC signal is dimmer than in previous figures because there is
much less E2/Brd4 BiFC DNA transfected. (B) Scatter plot of
the average BiFC signal intensity divided by nucleus area in
cells transfected as in (A). Data were collected from 50 vector
transfected cells and 50 HPV16 genome transfected cells using
ImageJ. This experiment was repeated twice with similar
results. Bars indicate the mean of all cells examined.
(TIF)
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