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Recruitment of Brd4 to the Human Papillomavirus Type 16 DNA
Replication Complex Is Essential for Replication of Viral DNA
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Replication of the human papillomavirus (HPV) DNA genome relies on viral factors E1 and E2 and the cellular replication ma-
chinery. Bromodomain-containing protein 4 (Brd4) interacts with viral E2 protein to mediate papillomavirus (PV) genome
maintenance and viral transcription. However, the functional role of Brd4 in the HPV life cycle remains to be clearly defined. In
this study, we provide the first look into the E2-Brd4 interaction in the presence of other important viral factors, such as the
HPV16 E1 protein and the viral genome. We show that Brd4 is recruited to actively replicating HPV16 origin foci together with
HPV16 E1, E2, and a number of the cellular replication factors: replication protein A70 (RPA70), replication factor C1 (RFC1),
and DNA polymerase §. Mutagenesis disrupting the E2-Brd4 interaction abolishes the formation of the HPV16 replication com-
plex and impairs HPV16 DNA replication in cells. Brd4 was further demonstrated to be necessary for HPV16 viral DNA replica-
tion using a cell-free replication system in which depletion of Brd4 by small interfering RNA (siRNA) silencing leads to impaired
HPV16 viral DNA replication and recombinant Brd4 protein is able to rescue viral DNA replication. In addition, releasing en-
dogenous Brd4 from cellular chromatin by using the bromodomain inhibitor JQ1(+) enhances HPV16 DNA replication, dem-
onstrating that the role of Brd4 in HPV DNA replication could be uncoupled from its function in chromatin-associated tran-
scriptional regulation and cell cycle control. Our study reveals a new role for Brd4 in HPV genome replication, providing novel

insights into understanding the life cycle of this oncogenic DNA virus.

uman papillomaviruses (HPVs) are small, double-stranded

DNA viruses that replicate in differentiating cutaneous and
mucosal epithelia (1). They are one of the most prevalent sexually
transmitted pathogens in the world. High-risk HPVs are known
etiological agents of cervical, anogenital, and head and neck can-
cers (2), with HPV16 being responsible for over 50% of cervical
cancer cases worldwide (3-5).

HPVs specifically infect basal epithelial cells. HPV genome rep-
lication occurs during two different stages of the viral life cycle. In
the infected basal epithelial cells, the viral genomes replicate an
average of once per cell cycle during S phase, in synchrony with the
host DNA replication (6). This allows the viral genome to be
maintained as stable episomes at 50 to 100 copies per cell. This
stage of DNA replication ensures a persistent infection in the basal
layer of the epidermis. Terminal differentiation of infected cells
triggers vegetative viral DNA replication, producing viral ge-
nomes, which can then be assembled into virions and be released
from the surface of differentiated epithelium (7).

Replication of the HPV genome is carried out by viral E1 and
E2 proteins in combination with various components of the cel-
lular DNA replication machinery (7). E2 binds to several consen-
sus E2 binding sites near the HPV origin of replication (Ori) and
recruits E1 to the viral Ori (8, 9). The cooperative binding of E1
and E2 proteins to the viral Ori forms an E1/E2/Ori complex, in
which E1 builds a hexameric ring around the viral DNA and func-
tions as the helicase to unwind the HPV Ori for initiation of viral
DNA replication (10). For successful completion of the viral DNA
replication, many components of the cellular replication machin-
ery are recruited by E1 and E2 to the viral origin of replication. For
example, E1 has been shown to recruit the cellular DNA polymer-
ase alpha/primase subunits to the viral replication origin (11-13).
El interaction with the chaperone protein hsp40 and the single-
stranded DNA-binding protein replication protein A (RPA) has

April 2013 Volume 87 Number 7

Journal of Virology p. 3871-3884

also been shown to enhance E1 binding to the Ori and to facilitate
processing of the replication fork, respectively (14, 15). Further-
more, interaction of E1 and hSNF5 proteins has been shown to
stimulate HPV DNA replication (16).

Bromodomain-containing protein 4 (Brd4) is a critical host
interacting partner for the PV E2 protein (17). Brd4 binds to both
interphase chromatin and mitotic chromosomes through its dou-
ble bromodomains, which specifically recognize acetylated his-
tones. It interacts with the N terminus of E2 proteins from most
PVs through its C-terminal domain (CTD) (18). During cell divi-
sion, the interaction between Brd4 and bovine papillomavirus
type 1 (BPV1) E2 tethers the E2/viral genome complexes to host
mitotic chromosomes to ensure faithful partitioning of replicated
viral episomes to the nuclei of both daughter cells (17). This func-
tion contributes to BPV1 episome maintenance during latent in-
fection (17). The E2-Brd4 interaction also plays an important role
in E2-mediated viral oncogene transcription (18-20).

In host cells, Brd4 functions in cellular transcription by recruit-
ing P-TEFb (21, 22). Dysfunction of Brd4 has been linked to sev-
eral cancers, including acute myeloid leukemia and breast cancer
(23, 24). Other reports have shown that Brd4 interacts with the
DNA damage response protein, ATADS, and replication factor C
(RFC), suggesting that Brd4 plays a role in cellular DNA replica-
tion and DNA damage repair (25-27). In accordance with Brd4’s
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role in DNA replication, a recent study from our laboratory dis-
covered that Brd4 functions in Merkel cell polyomavirus (MCV)
genome replication through interaction with MCV large T antigen
(28). HPV and MCV share similar properties in many aspects of
the viral life cycles. For example, the viral genomes of both HPV
and MCV are maintained as circular double-stranded DNA epi-
somes during latent infection. These viral genomes replicate
poorly in monolayer cell cultures, and both types of virions are
commonly shed from healthy human skin surfaces. In addition,
MCYV large T antigen and the HPV E1/E2 viral replication proteins
are functionally conserved in binding the viral replication origin
and interacting with Brd4. Together, these observations suggest
that Brd4 may also be important for HPV DNA replication. In
addition, Ilves et al. demonstrated that abrogation of the E2-Brd4
interaction reduces BPV1 genome replication in some cell lines
(29), although the underlying mechanism was not fully investi-
gated. These observations prompted us to investigate the role of
Brd4 in HPV replication.

In this study, we show that Brd4 is recruited to actively repli-
cating HPV type 16 (HPV16) Ori foci together with HPV16 El,
E2, and a number of the cellular replication factors, including
RPA70, RFC1, and DNA polymerase 8. The Brd4 function in
HPV16 DNA replication was further demonstrated by a number
of different approaches, including E2 mutagenesis, Brd4 silencing,
rescue of HPV16 replication in a cell-free replication system with
recombinant Brd4 protein, and a chemical compound that pro-
motes release of Brd4 from chromatin. Our study reveals a new
role of Brd4 in HPV DNA replication that is distinct from its
chromatin-associated transcriptional regulation function, pro-
viding novel insights into understanding the life cycle of this on-
cogenic DNA virus.

MATERIALS AND METHODS

Cell culture, cell lines, and transfection. Cells of the human papilloma-
virus-negative cervical cancer cell line C33A were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen) with 10% fetal bovine
serum (HyClone) and 1% penicillin—streptomycin (Invitrogen). Esche-
richia coli strain BL21 Rosetta-gami was cultured in 2X YT medium (1.6%
tryptone, 1% yeast extract, 0.5% NaCl).

For immunofluorescence (IF) staining, immunofluorescence-fluores-
cence in situ hybridization (immuno-FISH) analysis, and Southern blot-
ting, C33A cells were transfected with Fugene 6 (Promega) following the
manufacturer’s protocol. For the in vitro replication assay and immuno-
precipitation (IP) experiments, cells were transfected using the calcium
phosphate method at 30 to 40% confluence in 15-cm dishes. Briefly, 25 pg
DNA was mixed with 163 wl 2 M CaCl, in a 1.3-ml final volume. The
DNA-CaCl, mixture was slowly dropped into 1.3 ml 2X HBS (55 mM
HEPES, 0.4 M NaCl, 1.5 mM Na,HPO, [pH 7.0]) while vortexing. Then,
DNA mixture was overlaid onto culture medium. Small interfering RNA
(siRNA) transfection was performed using DharmaFECT II siRNA trans-
fection reagent (Thermo Scientific Dharmacon) following the manufac-
turer’s protocol. In some cases, siRNA transfection was performed using
the calcium phosphate method as described above.

For bromodeoxyuridine (BrdU) labeling, C33A cells were transfected
with Fugene HD (Promega) following the manufacturer’s protocol. At 42
h posttransfection (p.t.), the cells were treated with 10 uM BrdU for 20
min, washed 2 times with medium, and cultured for an additional hour
before being fixed with acetone.

Reagents. Antibodies used for IF, immuno-FISH, and immunoblot-
ting are listed as follows: anti-human B-actin (Chemicon), anti-hemag-
glutinin-horseradish peroxidase (anti-HA-HRP) (Roche), anti-Xpress
(Invitrogen), anti-Flag M2 (Sigma), anti-RFC1 (H-300) (Santa Cruz),
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anti-RPA70 (Cell Signaling), anti-BrdU (Invitrogen), anti-HPV16 E2
(Millipore), anti-glyceraldehyde-3-phosphate dehydrogenase (anti-
GAPDH) (United States Biological), and anti-DNA polymerase 8 (Santa
Cruz). The polyclonal rabbit anti-Brd4 antibodies and mouse anti-HA
were made in the laboratory. The Brd4-specific inhibitor, JQ1(+), and its
isomer compound, JQI(—), were dissolved in dimethyl sulfoxide
(DMSO) as 1,000 X stocks as previously described (30). BrdU (Sigma) was
dissolved in DMSO to 10 mM. siGENOME siRNAs targeting human
BRD4 and control nontargeting siRNA 1 were purchased from Thermo
Scientific Dharmacon.

Recombinant plasmid construction. Plasmid pUC19-HPV16 con-
taining the HPV16 genome inserted into the BamHI site of pUC19 is a
generous gift from Paul F. Lambert. CMV4-Flag-16E2 has been described
previously (17). HA-16E1 was kindly provided by Mart Ustav. The cDNA
for full-length human Brd4 was amplified by PCR and subcloned into
pcDNA4/HisMax C vector (pcDNA4C; Invitrogen) using BamHI and
Notl digestion to generate pcDNA4C-hBrd4, in which human Brd4 was
fused with an Xpress tag on the N terminus. Brd4 coding sequence was
also inserted into BamHI/Xhol sites of pGEX-6P-1 (GE Healthcare) to
obtain pGEX-6P-1-hBrd4 bearing a glutathione S-transferase (GST)-
tagged hBrd4. pOZN-16E2, containing recoded HPV16 E2 fused with
Flag and HA tags on its N terminus, has been described previously (31).
HPV16 E2 was also amplified by PCR and inserted into BamHI/Xhol sites
of pEGFPC1 (Clontech) to obtain green fluorescent protein (GFP)-16E2.
HPV16 E2 mutant plasmids, GFP-16E2 E39A, GFP-16E2 R37A 173A,
GFP-16E2 R304K, cytomegalovirus 4 (CMV4)-Flag-16E2 E39A, CMV4-
Flag-16E2 R37A 173A, CMV4-Flag-16E2 R37A, and CMV4-Flag-16E2
173A, were constructed using the QuikChange site-directed mutagenesis
kit (Agilent Technologies) following the manufacturer’s protocol. To ob-
tain HPVOri, the HPV16 replication Ori (nucleotides [nt] 7855 to 96 in
the HPV16 genome) was amplified using primers 5'-GCGGATCCCAAA
CCGTTTTGGGTT-3" and 5'-GCGGATCCCTCTTTTGGTGCATAAAA
TG-3" and inserted into the BamHI site of pcDNA4/HisMax C vector. The
HA-16E1 open reading frame, including its upstream promoter and
downstream polyadenylation signals, was cut by EcoRI/Xhol and inserted
into the EcoRI/Xhol sites of HPVOri and pcDNA4/HisMax C to obtain
HPVOri/El and HA-16E1, respectively. To generate a construct for ex-
pression of Brd4 in insect cells, two IgG binding sites and one tobacco etch
virus (TEV) protease cutting site were fused to full-length hBrd4 to obtain
IIT-hBrd4, which was amplified by PCR and inserted into KpnlI/Xbal site
of pFastBacl (Invitrogen). pFast-IIT-hBrd4 was used as the donor plas-
mid to construct recombinant baculovirus Ac-IIT-hBrd4 using the Bac-
to-Bac baculovirus expression system (Invitrogen). The HPV16 genome
was isolated from pUC19-HPV 16 by BamHI digestion, and religation was
performed under a very diluted condition (3 to 4 wg/ml). Unligated DNA
was removed using Plasmid-Safety ATP-dependent DNase (Epicentre)
following the manufacturer’s protocol. All constructs were verified by
enzyme digestion, PCR, and DNA sequencing.

Protein expression and purification. Full-length recombinant Brd4
(rBrd4) was expressed in E. coli. GST-Brd4 was induced using 0.8 mM
isopropyl-B-p-1-thiogalactopyranoside (IPTG) in E. coli overnight at
18°C. Cells were then lysed by sonication in buffer containing 50 mM Tris,
0.1 mM EDTA, 2 mM dithiothreitol (DTT), and 0.2 mM phenylmethyl-
sulfonyl fluoride (PMSF) (pH 7.6). GST-Brd4 was purified using gluta-
thione agarose (Sigma) according to the manufacturer’s protocol and
washed 5 times with 50 mM Tris, 0.1 mM EDTA, 2 mM DTT, and 0.2 mM
PMSF (pH 7.6) supplemented with 0.1% Tween 20. Brd4 was released
from beads by PreScission protease digestion overnight at 4°C following
the manufacturer’s protocol. Released rBrd4 was passed through SP Sep-
harose (GE Lifescience) and washed with wash buffer WA150 and
WA200, which includes 50 mM Tris, 0.1 mM EDTA, and 0.5 mM DTT,
supplemented with 150 mM or 200 mM NaCl and protease inhibitors (pH
8.0). Purified rBrd4 was eluted with wash buffer containing 600 mM
NaCl, dialyzed in 50 mM Tris, 0.1 mM EDTA, 0.5 mM DTT, 150 mM
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NaCl, and 0.1 mM PMSF (pH 7.5), and then concentrated on a Microcon
column (Millipore).

To express rBrd4 in insect cells, either Ac-1IT-hBrd4 or wild-type bac-
ulovirus was used to infect Sf9 cells. Cells were lysed in IPP400 (20 mM
HEPES, 0.4 M NaCl, 1 mM EDTA supplemented with protease inhibitors)
by passing through a 20-gauge needle 15 times. Supernatant was isolated
by centrifugation at 14,000 rpm for 30 min at 4°C, and the salt concentra-
tion was adjusted to 0.15 M. Recombinant IIT-Brd4 was purified using
IgG-Sepharose 6 Fast Flow (GE Healthcare) following the manufacturer’s
protocol. The protein-bound Sepharose was washed with IPP150 (20 mM
HEPES, 0.15 M NaCl, 1 mM EDTA, 0.1% Nonidet P-40 supplemented
with protease inhibitors) four times and IPP400 supplemented with 0.1%
Nonidet P-40 twice. rBrd4 was released from the Sepharose using TEV
protease (Sigma) following the manufacturer’s protocol. Expressed pro-
teins were analyzed using sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), Coomassie brilliant blue staining, and/or im-
munoblotting.

Immunoblotting. Cells were harvested at 48 h p.t. Cytoplasm was
removed with a mixture containing 10 mM HEPES, 10 mM KCl, 0.1 mM
EDTA, 0.1 mM EGTA, 0.2 mM PMSF, and 1 mM DTT, supplemented
with protease inhibitors (pH 7.9). Nuclei were pelleted at 5,000 rpm for 5
min at 4°C. Nuclear proteins were extracted in a mixture containing10
mM HEPES, 200 mM NaCl, 3 mM MgCl,, 0.2 mM PMSF, and 0.1 mM
DTT, supplemented with protease inhibitors (pH 7.9), and DNA was
shredded by passing through a 22-gauge needle 10 times. Proteins were
separated by SDS-PAGE, transferred to an Immobilon-P membrane
(Millipore), and blotted with specific antibodies to detect proteins of in-
terest (ECL enhanced chemiluminescence detection).

IF staining and immuno-FISH. IF analysis was performed using a
protocol described previously (32). Briefly, cells were fixed with 3% para-
formaldehyde (PFA) in phosphate-buffered saline (PBS) for 20 min at 48
to 64 h p.t.,, incubated in blocking/permeabilization buffer (3% bovine
serum albumin [BSA] and 0.5% Triton X-100 in PBS), and then incu-
bated with primary antibodies for 1 h at room temperature. After incuba-
tion, cells were washed 3 times using blocking/permeabilization buffer
and incubated with fluorescently labeled secondary antibodies for another
1 h. Cells were counterstained with 4’,6'-diamidino-2-phenylindole
(DAPI) if necessary.

For immuno-FISH, cells were fixed with 1% PFA for 10 min at room
temperature and washed with cold PBS twice on ice. Proteins were stained
following the IF protocol described above, and RNA was digested with 25
pg/ml RNase A in PBS for 1 h at 37°C. Cells were fixed with 4% PFA for 10
min at room temperature, washed with cold PBS twice, 2X SSC (300 mM
NaCl plus 30 mM trisodium citrate [pH 7.0]) twice, and finally once each
with 70%, 80%, and 100% ethanol. Probes were labeled with biotin-dUTP
(AppliChem) using a nick translation assay and incubated with cells for 5
min at 95°C. Cells were then incubated in a moist chamber at 37°C over-
night. In situ hybridization signal was developed using the Trypticase soy
agar (TSA)-biotin system (PerkinElmer) following the manufacturer’s
protocol.

IP. C33A cells were pelleted at 48 h posttransfection and resuspended
in buffer A (10 mM HEPES [pH 7.9], 10 mM KCI, 0.1 mM EDTA, 0.1 mM
EGTA, 1 mM dithiothreitol [DTT] supplemented with protease inhibi-
tors [Roche Applied Science]). The resuspended cells were incubated on
ice for 10 min, and Nonidet P-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 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, supple-
mented with protease inhibitors). To extract nuclear proteins, nuclei were
passed through a 21-gauge needle 10 times and extracted at 4°C for 1 h.
Nuclear proteins were isolated by centrifugation at 14,000 rpm for 15 min
and diluted in buffer A. For Brd4 immunoprecipitation (IP), nuclear pro-
teins were precleared with 3 g normal rabbit (NR) IgG and 10 pl protein
A-Sepharose 4 Fast Flow beads (GE Healthcare) at 4°C for 1 h. Precleared
lysates were then divided equally and immunoprecipitated with 1.8 ug of
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either NRIgG antibody or Brd4 N-terminal antibody (Brd4NA) and 10 pl
protein A beads (preblocked with 1% bovine serum albumin [BSA] in PBS
at 4°C for 2 h) at 4°C for 7 h. The beads were then washed 3 times with 60
mM KCl base buffer (20 mM Tris [pH 8.0], 10% glycerol, 5 mM MgCl,, 60
mM KCl, and protease inhibitors [Roche Applied Science]) and eluted
with SDS sample buffer. Input and IP samples were resolved on an SDS-
PAGE gel and immunoblotted as described above. For Flag-tagged M2 IP,
10 pl of anti-Flag M2 affinity gel beads (Sigma) was used.

Southern blot analysis and in vitro replication assay. For Southern
blot analysis, episomal DNA was isolated by the Hirt extraction method.
Less than 1 million cells were resuspended in 250 pl buffer I (50 mM Tris
and 10 mM EDTA, supplemented with 50 pg/ml RNase A [pH 7.5]) and
frozen at —80°C for more than 20 min. Cells were mixed with 250 wl 1.2%
SDS and incubated for 5 min at room temperature. After incubation in
350 wl buffer I1I (3 M CsCl, 1 M KAc, 0.67 M HAc) for 10 min at room
temperature, the samples were centrifuged at 16,000 X g for 10 min.
Supernatant was loaded onto a Miniprep column (Qiagen) and washed
twice with a mixture containing 10 mM Tris, 50 wM EDTA, 80 mM KAc,
and 60% ethanol (pH 7.5). DNA was eluted with water or elution buffer
(Qiagen). To linearize DNA and remove transfected DNA, 600 to 800 ng
DNA from Hirt extraction was digested with Xhol/Dpnl for 2 h at 37°C.
To detect transfected DNA, episomal DNA was extracted at 6 h p.t. and
digested with Xhol. Probes targeting the HPV16 E1 gene were labeled with
[@->2P]dCTP (3,000 Ci/mmol) using Prime-It II random primer labeling
kit (Agilent Technologies) following the manufacturer’s instructions. The
hybridization was performed at 65°C overnight.

For the in vitro replication assay, C33A cells were transfected with
siRNA targeting Brd4 (siBrd4) or nontarget siRNA. At 36 h p.t., cells were
retransfected with HA-16E1 and pOZN-16E2 plasmids. After 48 h, cells
were swollen in a mixture containing 20 mM HEPES, 5 mM KCl, 1.5 mM
MgCl,, 1 mM DTT, and 1 mM PMSF (pH 8.0) and lysed with a Dounce
homogenizer on ice. Supernatant was frozen at —80°C for the in vitro
replication assay. The reaction mixture contained 40 mM creatine phos-
phate (pH 7.7; di-Tris salt), 7 mM MgCl,, 100 pg/ml creatine kinase, 0.5
mM DTT, 3.3 pM [a-**P]dCTP (3,000 Ci/mmol), 200 ng religated
HPV16 genome, and 150 to 200 g cellular extracts, supplemented with 4
mM ATP, 200 uM (each) CTP, UTP, and GTP, and 80 wM (each) dATP,
dTTP, and dGTP in a 50-pl volume. Mixtures were incubated for 2 h at
37°C. DNA was extracted with phenol, precipitated with ethanol, and
linearized with BamHI. Purified recombinant Brd4 was added to the Brd4
rescue reaction mixture. The band intensities of radiographs were ana-
lyzed using a PhosphorImager (Typhoon 9400; GE Healthcare).

Flow cytometry analysis and image analysis. To perform flow cytom-
etry, cells were harvested by trypsinization, resuspended and fixed with
70% ethanol and stained with 25 pg/ml propidium iodide. RNA was
digested with 100 g/ml RNase A. Flow cytometry results were analyzed
using FlowJo software.

IF and immuno-FISH results were observed under an Olympus IX81
inverted fluorescence microscope and analyzed using Slidebook 5.0 soft-
ware. The percentage of cells showing different foci or a different localiza-
tion pattern was quantified from approximately 50 to 200 positively trans-
fected cells. Means and standard deviations (SD) were calculated from at
least three independent experiments. Images were cropped using Image].
Relative intensities were analyzed using Image] software.

RESULTS

Brd4 colocalizes with E2 in large nuclear foci only in the pres-
ence of HPV16 genomes. Most of the previous studies have ex-
amined the E2 and Brd4 interaction in the absence of other viral
components, such as the HPV genome and viral proteins. In this
study, we set out to investigate the interaction of Brd4 and HPV16
E2 in cells carrying the HPV16 genome and E1 protein. Interest-
ingly, when C33A cells are transfected with HA-16E1, GFP-16E2,
and the HPV16 genome, Brd4 is found colocalized in large, punc-
tate dots with E2 (Fig. 1). In contrast, in the absence of the HPV16
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With
HPV16 Genome

Without
HPV16 Genome

FIG 1 Brd4 and HPV16 E2 colocalize in punctate nuclear foci only in the presence of HPV16 genome. C33A cells were cotransfected with pUC19-HPV16,
GFP-16E2, and HA-16E1. The pUC19-HPV 16 plasmid was replaced by pUC19 in the “without-genome” transfection control. At 48-h p.t., cells were fixed and
stained using anti-Brd4 antibody and counterstained with DAPI. This experiment was repeated at least 3 times. Bars, 5 pm.

genome, exogenously expressed GFP-16E2 is diffuse, as reported
previously (33, 34), while Brd4 staining gives a characteristic
speckled pattern in the nucleus (Fig. 1). This suggests that the
HPV16 genome can enrich the interaction/colocalization of Brd4
and HPV16 E2 into subnuclear domains and/or promote the re-
cruitment of the HPV16 E2/Brd4 complex to the HPV16 replica-
tion centers. This result, together with the observation that Brd4
similarly colocalizes with MCV viral replication foci shown in our
recent study (28), prompted us to further investigate the potential
function of the E2-Brd4 interaction in HPV16 replication.

HPV16 E1, E2, and Brd4 are recruited to the viral Ori repli-
cation foci. The HPV16 genome contains the viral upstream reg-
ulatory region (URR), which includes transcription regulatory el-
ements and the viral DNA replication origin. HPV E2 initiates
viral gene transcription by recruiting many transcription factors,
including Brd4, to the URR (21, 22, 35-39). The data shown in Fig.
1 suggest that Brd4 may be recruited by E2 to the viral URR to
contribute to E2 viral transcription and/or replication function.
Additionally, Brd4 may simply be enriched at the HPV16 genome
through the binding of acetylated histones on HPV minichromo-
somes (40). To set up a system that would allow us to specifically
examine the function of Brd4 in HPV16 replication instead of
viral transcription and minichromosome association, we con-
structed an artificial episome that contains the 145-bp minimum
HPV replication Ori (Fig. 2A), which we termed “HPVOri.” This
episome excludes most of the URR transcription regulatory ele-
ments, such as the binding sites for C/EBP, NF1, OCT-1, and the
TATA box of the viral early promoter, retaining only three E2
binding sites (E2BS), one E1 binding site (E1BS), a GT-1 binding
site, and an SP1 binding site (Fig. 2A). According to mutagenesis
studies performed in HPV11 URR, neither GT1 site nor SP1 site
deletion dramatically affects viral early promoter activities (41),
suggesting that these sites may not contribute significantly to the
early promoter transcription. Therefore, this plasmid with the
minimum HPV16 Ori allows us to specifically examine the re-
cruitment of Brd4 and its impact on HPV16 replication.

Using the HPVOri plasmid, we observed a similar phenome-
non to that seen in Fig. 1 with E2 and Brd4 colocalized in large foci
only in the cells cotransfected with HPVOri, E1, and E2 constructs
(data not shown). To visualize cells transfected with the HPV16
Ori construct and to also study the focus formation in the pres-
ence of HPV16 E1 protein, we inserted an HA-16E1 expression
cassette, which includes HA-tagged 16E1 under the control of a
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CMV promoter, in HPVOri to generate the HPVOri/El plasmid
(Fig. 2A). With this plasmid, HPV16 Ori-positive cells can be
identified as those stained positive for HA-16E1.

During the HPV life cycle, E2 binds to its binding sites in
HPV16 Ori. Its interaction with E1 enhances E1 binding to the
viral Ori and recruits cellular replication factors to the viral DNA
replication complex (42—-45). To monitor the localization pattern
of Brd4, E1, and E2 in cells carrying HPV16 Ori, cells transfected
with GFP-16E2 and HPVOri/E1 were stained by IF in three colors
to show Brd4 in red, El in blue, and E2 displaying GFP in green
fluorescence. In these cells, we detected a clear colocalization pat-
tern of Brd4, E2, and E1 assembled into large fociin 55.1% * 3.4%
of E1 and E2 double-positive cells (Fig. 2B; n = 3). (n represents
the number of times the experiment was repeated.) The formation
of Brd4-E1-E2 foci requires the HPV16 Ori because in cells trans-
fected with GFP-16E2 and HA-16E1, which does not carry the
HPV16 Ori, both El staining and E2 staining are diffuse in the
nucleus of most cells and in only 19.8% = 1.5% of El and E2
double-positive cells do the viral proteins colocalize as tiny dots
(Fig. 2B; n = 3). This phenomenon was also reported in a previous
study (33). Interestingly, in these cells, Brd4 staining is markedly
altered from its normal punctate pattern to a more diffuse pattern
that only partially colocalizes with the tiny E1/E2 dots (Fig. 2B). In
cells transfected with GFP-16E2 and HPVOri that does not carry
the E1 expression cassette, E2 staining is diffuse, despite the pres-
ence of HPVOri, while Brd4 maintains its usual speckled pattern
(Fig. 2B). This result is surprising because we expected E2 to bind
the E2BSs within the Ori plasmid and to recruit Brd4. However,
Brd4 was recruited to the large foci only when E1, E2, and HPV16
Ori were all present (Fig. 2B). This observation suggests that E1
plays an important role in building these foci and recruiting Brd4.
Together, these results indicate that recruitment of Brd4 into the
large nuclear foci is dependent on the formation of the intact
E1/E2/Ori replication complex. We also performed a time course
experiment to look at the kinetics of viral replication focus forma-
tion over time (Fig. 2C). Smaller Brd4, E1, and E2 replication foci
were observed at earlier times posttransfection. The size of the
replication foci as detected by E1 staining continued to increase
after 12 h posttransfection and reached a plateau at 36 h posttrans-
fection. The Brd4/E2/E1 complex was further investigated by Brd4
immunoprecipitation using cells transfected with CMV-Flag-
16E2 and either empty vector or HA-16E1. Consistent with pre-
vious findings, Brd4 is able to pull down E2 (Fig. 2D). Interest-
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FIG 2 Brd4 and HPV16 E2 colocalization in nuclear foci is dependent on both HPV E1 and viral origin. (A) Schematic diagrams of the artificial HPVOri/El
episome. E1BS, E1 binding site; E2BS, E2 binding site; P97, TATA box of viral early promoter; GT-1, transcription factor GT-1; Sp1, specificity protein 1. (B) Brd4
and HPV16 E2 colocalize in foci with E1-Ori. C33A cells were cotransfected with GFP-16E2 and either HPVOri/E1, HA-16E1, or HPVOri. At 60 h p.t., cells were
fixed and costained using anti-Brd4 (red) and anti-HA (blue) antibodies. Bars, 5 pum. This experiment was repeated more than 3 times. (C) Quantification of the
size of E1 foci at different time points posttransfection. C33A cells were cotransfected with GFP-16E2 and HPVOri/E1 and costained as in panel B at 12, 18, 24,
36, and 48 h p.t. The area of E1 foci was quantified from about 30 cells at each time point using Image]. The red dashed line represents the mean area of E1 foci
at 48 h p.t. Foci with an area larger than this mean value are considered big foci. The mean area of these big foci (numbers in black) and the percentage of big foci
in total foci (numbers in red) were calculated for each time point and are shown at the top of each column. (D) Brd4, 16E2, and 16E1 coimmunoprecipitate as
a complex. C33A cells were cotransfected with CMV4-Flag-16E2 and either empty vector (V) or HA-16E1 (E1). At 48 h p.t., nuclear proteins were harvested and
immunoprecipitated with the indicated antibodies. The precipitates were immunoblotted with specific antibodies as indicated. This experiment was repeated 3

times.

ingly, E1 was also pulled down with E2 and Brd4, providing
biochemical evidence that these proteins assemble into a func-
tional complex.

Brd4 colocalizes with the HPV16 DNA replication complex.
Previous studies showed that the E1 and E2 proteins coexpressed
in cells localize to defined nuclear foci and induce a cellular DNA
damage response (33, 46). To rule out the possibility that the E1,
E2, and Brd4 foci observed in this study are sites of host chromo-
somal DNA replication and to demonstrate that these foci contain
the HPV Ori, immuno-FISH was performed. C33A cells cotrans-
fected with E2 and HPVOri/El were examined by IF to detect the
viral proteins and by FISH to detect the HPV16 Ori. FISH using
HPV16 Ori-specific probes detected large foci of HPV16 Ori sim-
ilar to those detected by IF, as shown in Fig. 2B, while no signal was
detectable when nonspecific probes targeting the MCV genome
were used (Fig. 3A and B). In addition, both E1 and E2 colocalized
with the HPV16 Ori in large nuclear foci in nearly all cells carrying
viral replication foci (Fig. 3A and B). Brd4 was also detected in
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these foci containing the HPV16 Ori (data not shown). These
results further demonstrate that the large nuclear foci containing
E1, E2, and Brd4 are centered on the HPV16 Ori.

Since the HPV'16 foci we observed contain the viral replication
proteins E1 and E2 and the HPV16 Ori, we next determined if
these foci are centers of viral replication. To test this, C33A cells
cotransfected with GFP-16E2 and various vectors carrying 16E1
and/or Ori were pulse-labeled with BrdU to detect its incorpora-
tion into newly synthesized DNA. As shown in Fig. 3C, in cells
transfected with GFP-16E2 and HPV16 Ori, GFP-16E2 and BrdU
staining was diffuse in the nucleus and Brd4 was in its normal
nuclear speckled pattern. Cells transfected with HPVOri/E1l and
the empty GFP vector, pEGFPC1, also displayed a background
BrdU staining and the normal speckled Brd4 pattern, while most
of the GFP was removed by the acetone fixation used in the BrdU
staining (Fig. 3C). The diffuse BrdU staining in these cells cotrans-
fected with HPV16 Ori and either E1 or E2 alone indicates that
they do not have active HPV16 Ori replication (Fig. 3C). Since
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FIG 3 Brd4 colocalizes with HPV16 E1 and E2 proteins in foci harboring actively replicating HPV episomes. (A and B) HPV16 E1 and E2 colocalize with actively
replicating HPV episome. C33A cells were cotransfected with HPVOri/E1 and CMV4-Flag-16E2. At 48 h p.t., biotin-labeled probes targeting HPVOri/E1
(Specific Probe) were used to detect the replicating DNA while probes targeting Merkel cell polyomavirus genome (Non-Specific Probe) were used as a

nonspecific control. HPV16 E1 (A) and E2 (B) were stained using anti-HA and

anti-Flag antibody, respectively. The cells were also counterstained with DAPI.

Bars, 5 pm. (C) Brd4 colocalizes with E2 in HPV replicating foci. C33A cells were cotransfected with GFP-16E2 or pEGFPCI and either HPVOri/E1, HA-16E1,
or HPVOri. At 42 h p.t,, the cells were labeled with BrdU for 20 min and grown for an additional hour prior to acetone fixation. Cells were immunostained for
Brd4 (blue) and BrdU (red). Bars, 5 um. Experiments were repeated at least 3 times.

these cells also have an unaltered Brd4 localization pattern, the
result suggests that both E1 and E2 are needed to support viral
replication and Brd4 recruitment. In accordance with this notion,
cells cotransfected with GFP-16E2 and HPVOri/E1 displayed clear
colocalization of GFP-16E2 and BrdU in large HPV16 Ori foci in
82% = 8.8% of transfected cells (Fig. 3C; n = 3). Interestingly,
Brd4 and E1 were also clearly present in the BrdU-labeled foci
with E2 in these cells (Fig. 3C) (data not shown). It is clear that
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formation of these large foci was dependent on HPV16 Ori, as in
cells transfected with GFP-16E2 and HA-16E1, which does not
carry HPV16 Ori, 54% = 11.1% of cells had only small nuclear
dots with GFP-16E2, Brd4, and BrdU colocalized, while the rest
had diffuse GFP-16E2 staining in the nucleus (Fig. 3C; n = 3).
This result is consistent with previous reports showing that E1 and
E2 can form small foci that colocalize with BrdU and cellular rep-
lication factors on host chromatin (33, 34). The small foci formed
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in the absence of HPV16 Ori are likely sites of E1- and E2-medi-
ated nonspecific unwinding/replication on the cellular genome.
Our results demonstrate that Brd4 and the HPV replication pro-
teins are present together at the HPV Ori in active viral replication
compartments and suggest that Brd4 may be involved in HPV
replication.

HPV genome replication requires the cellular replication ma-
chinery, and it has previously been shown that host replication
factors are recruited to HPV replication compartments (33, 34).
To further demonstrate that the large Brd4-E2-E1 foci are viral
replication centers, we next determined if host replication pro-
teins are recruited to these foci. For this, C33A cells cotransfected
with Flag-16E2 or GFP-16E2 and various vectors carrying 16E1
and/or Ori were immunostained for the RPA component, RPA70,
replication factor C1 (RFC1), or DNA polymerase 8. As shown in
Fig. 4, cells transfected with both E2 and HPVOri/E1 showed large
E2-positive nuclear foci, which colocalized with all three replica-
tion proteins tested. RPA70 was observed colocalized with large
foci in 67% * 7.8% of cells, while RFC1 and DNA polymerase &
colocalized with large foci in 51% * 5.8% and 57.5% = 2.7% of
transfected cells, respectively. In the absence of HPV16 Ori, E2
and E1 formed small foci that only partially colocalized with
RPA70 and RFC1 in 61% = 0.8% and 32% = 4.9% of transfected
cells, respectively (Fig. 4A and B; n = 3). DNA polymerase 8 did
not localize to the small foci and was diffuse in the nucleus without
HPV Ori (Fig. 4C; n = 3). Without E1, E2 cotransfected with the
HPV16 Ori construct did not form nuclear foci, and all three
replication factors remained diffuse (Fig. 4). These results further
support that the large foci formed in cells transfected with both E2
and HPVOTri/E1 are sites of HPV DNA replication. The fact that
Brd4 colocalizes with these replication factors in the HPV16 Ori
foci provide further support for its role in HPV16 replication.

Brd4 is important for transient HPV16 replication in cells.
Since Brd4 is clearly recruited to the HPV replication Ori foci that
are actively replicating, we further investigated the role of the
Brd4-E2 interaction in HPV16 DNA replication using the HPV16
E2 R37A I73A mutant, which is unable to interact with Brd4. As
observed before, in cells transfected with wild-type E2 and
HPVOri/El, large foci were found in 56.9% = 5.1% of E2-positive
cells (Fig. 5A; n = 3). Conversely, when the E2-Brd4 interaction
was abolished with E2 R37A 173 A mutations, large foci or tiny dots
were found in only <<10% of cells and most cells had diffuse stain-
ing of E2, E1, and Brd4 (Fig. 5A; n = 3) (data not shown). In the
few cells with E1/E2 foci, Brd4 staining was more diffuse and only
partially colocalized with the foci. Because large HPV replication
foci cannot be efficiently formed in the E2 R37A 173A cells, this set
of results suggested that the E2-Brd4 interaction is essential for
recruitment of Brd4 and formation of the HPV16 Ori replication
foci. We also studied the E2 E39A mutant, which does not interact
with E1 and, therefore, does not support HPV replication. As pre-
dicted, cells transfected with both the E2 E39A mutant and
HPVOTri/El no longer support the large HPV replication focus
formation as in the wild-type cells. This result confirms that the E1
and E2 interaction is important for the formation of HPV repli-
cation foci. Interestingly, this E2 E39A mutant did not completely
eliminate E1/E2 colocalization since, in 26.3% = 3.5% of the
transfected cells, E1, E2, and Brd4 were observed to colocalize in
tiny dots (Fig. 5A; n = 3). However, these foci are much smaller
than those observed in wild-type E2 transfected cells. It is possible
that while the E2 E39A mutant failed to recruit E1 to form the large
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FIG 4 Host replication factors are recruited to the HPV16 E1/E2 foci ina HPV
origin-dependent manner. (A and B) RPA70 and RFCI are recruited to
HPV16 Ori replication foci. C33A cells were cotransfected with Flag-16E2
expression vector and either HPVOri/El, HA-16E1, or HPVOri. At 48 h p.t.,
the cells were fixed and immunostained for E2 (anti-Flag [a-Flag]; green) and
RPA70 (red) (A) or RFC1 (red) (B). The cells were also counterstained with
DAPI. (C) DNA polymerase 8 is a component of the HPV16 replication com-
plex. C33A cells were cotransfected with GFP-16E2 and either HPVOri/El,
HA-16E1, or HPVOri. At 64 h p.t., cells were fixed and costained with anti-
DNA polymerase 8 (red) and anti-HA (blue) antibodies. Bars, 5 pm. Experi-
ments were repeated at least 3 times.

HPV Ori replication complexes, E1 can still bind to the HPV Ori
in an E2-independent manner as previously described (47) to
form the small foci. Brd4 is recruited in these small foci presum-
ably through binding to the E2 E39A mutant. We also examined
the E2 R302K and R304K mutants, which do not interact with
viral DNA but retain Brd4 binding (48), for their ability to form
replication foci. Similar to the E39A mutant, in cells transfected
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FIG 5 The Brd4-E2 interaction is important for HPV16 replication. (A) Assembly of Brd4 into the HPV16 replication complex requires intact E1-E2 and
E2-Brd4 interactions and E2-DNA binding. C33A cells were cotransfected with HPVOri/E1 and either GFP-16E2, GFP-16E2 E39A, GFP-16E2 R37A 173A, or
GFP-16E2 R304K. At 48 h p.t., cells were fixed and costained with anti-Brd4 (red) and anti-HA (blue) antibodies. (B) The E2-Brd4 interaction is required for
HPV16 DNA replication in vivo. C33A cells were cotransfected with HPVOri/E1 and either CMV4-Flag-16E2 (E2wt), CMV4-Flag-16E2 E39A, CMV4-Flag-16E2
R37A 173A, CMV4-Flag-16E2 R37A, CMV4-Flag-16E2 173A, or CMV4 (Vector). To detect transfected DNA, episomal DNA was extracted and subjected to
Southern blotting without Dpnl treatment at 6 h p.t. At 48 h p.t., episomal DNA was extracted and transfected DNA was removed by Dpnl treatment. Newly
synthesized DNA was analyzed by Southern blotting. The intensity of each replicated DNA band was quantified by Image] and normalized to E2wt. (C) Western
blot analysis of the HPV16 E1 and E2 proteins transfected in panel B. Cells were transfected as in panel B. At 48 h p.t., 25 g total protein was analyzed by Western
blotting using anti-16E2, anti-HA, and antiactin antibodies. Experiments were repeated at least 3 times. (D) HPV16 E2 R37A 173A interacts with 16E1 similarly
to wild-type (WT) 16E2. C33A cells were cotransfected with HA-16E1 and either CMV4 (Vector), the CMV4-Flag-16E2 wild type, or CMV4-Flag-16E2 R37A
173A. Cell lysates were immunoprecipitated with Flag-tagged M2 antibody. The precipitates were immunoblotted with specific antibodies as indicated.

with HPVOri/E1 and either E2 R302K or R304K, ~35% had tiny
dots, while the rest had diffuse staining of E2, E1, and Brd4
(Fig. 5A) (data not shown). Large replication foci were not found
with these DNA binding-deficient mutants. From these results, it
seems that the E2-Brd4 interaction, E2-E1 interaction, and E2-
DNA binding are all necessary for the formation of large HPV
replication foci, suggesting that these interactions are important
for viral replication.

To further analyze the impact of the E2-Brd4 and E1-E2 inter-
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actions on HPV16 Ori DNA replication, we performed an in vivo
replication assay comparing various E2 mutants with wild-type
E2. C33A cells were transfected with HPVOri/E1 and the E2 con-
structs indicated in Fig. 5B. Episomal DNA was collected at 6 and
48 h p.t. for Southern blot analysis. The 6-h-p.t. DNA samples,
which served as transfection controls, showed that transfection
efficiencies were similar, and an equal amount of the initial viral
DNA template was loaded for each lane (Fig. 5B). Western blot
analysis showed that E1 and the various E2 constructs were also
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expressed in cells at comparable levels (Fig. 5C). For analysis of
newly synthesized HPV16 Ori, the 48-h-p.t. DNA samples were
digested with Xhol to linearize the plasmid and with Dpnl to
remove input plasmid. As shown in Fig. 5B, cells transfected with
wild-type E2 supported efficient replication of HPVOri. This
HPVOri replication was dependent on E2, as cells transfected with
empty vector did not replicate the HPV16 Ori plasmid. As ex-
pected, the E2 E39A mutant with the abrogated E1-E2 interaction
was nearly completely impaired in HPV16 Ori replication. This
was not likely due to a change in the viral protein expression be-
cause E1 protein detected by Western blotting was not lower when
the replication-defective E2 E39A mutant was used as opposed to
the wild-type E2 (Fig. 5C). More importantly, the E2 R37A 173A
double mutations, which disrupt the E2-Brd4 interaction, also
dramatically reduced HPV16 Ori replication (Fig. 5B; P < 0.05,
n = 3). Co-IP analysis showed that the E2 R37A 173A double
mutant interacts with 16E1 similarly to wild-type 16E2 (Fig. 5D),
suggesting that its reduced DNA replication activity is not caused
by a defect in E1 binding. Notably, the E2 R37A and 173A single
mutants could replicate HPV16 Ori slightly better than the R37A
173A double mutant. The partial inhibition of the HPV16 replica-
tion by these two single mutants, especially the R37A mutant, has
been reported in a previous study using detailed structure-func-
tion analysis to separate the transcriptional activation and repli-
cation activities of HPV16 E2 (49). This previous study by Sakai et
al. showed that E2 I73A only slightly inhibited HPV16 replication
(49). Using the same condition as in Sakai et al. by cotransfecting
cells with three separate plasmids for E1, E2, and Ori, respectively,
we also observed a similar result to their study (data not shown).
The more significant inhibition of the viral replication by the E2
I73A mutant observed in our study suggests that carrying the Ori
and E1 on the same plasmid, HPVOri/E1, provides a more sensi-
tive way to detect replication efficiency in transient replication. In
both cases, the single mutants could support a little more HPVOri
replication than the E2 R37A [73A mutant, probably because each
of them still retains some interactions with Brd4. Together, these
results suggest that the E2-Brd4 interaction is necessary for
HPV16 Ori replication.

Brd4 is important for HPV DNA replication in vitro. Brd4
plays an important role in regulating host gene transcription and
cellular growth (50). Brd4 knockdown could therefore induce cell
cycle arrest, which would indirectly inhibit HPV DNA replication.
This prevented us from using Brd4 silencing as a fair approach to
test the functional role of Brd4 in HPV DNA replication in cells.
To overcome this problem, we set up a cell-free replication system
as an alternative strategy. In the in vitro replication assay, protein
lysates to be used as a source of replication factors were isolated
from cells transfected with both HPV16 El and E2 proteins and
either nontargeting control siRNA or Brd4-specific siRNA
(Fig. 6). These lysates were mixed with the HPV16 genome tem-
plate and in vitro replication components to set up the reaction
(see details in Materials and Methods). As shown in Fig. 6A, lysates
from cells expressing both E1 and E2 boosted HPV16 viral DNA
synthesis by more than 9-fold compared to the cell lysates without
El and E2 (compare “CO” lanes to the “No E1/E2” lane), even
though a low level of E1/E2-independent viral DNA synthesis was
detected in the no-E1/E2 lysate. Compared with reactions using
control siRNA-transfected C33A cells, Brd4 knockdown cell ly-
sates showed a more than 4-fold reduction in HPV16 DNA repli-
cation in vitro (Fig. 6A; P < 0.001, n = 3). This is not likely due to
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a change in the viral protein expression because E1 and E2 expres-
sion was not affected by Brd4 knockdown (Fig. 6D). This result
suggests that Brd4 may directly contribute to HPV16 DNA repli-
cation.

To demonstrate that this reduction of HPV16 DNA replication
in Brd4 knockdown cell lysates was not due to cell cycle arrest
caused by Brd4 knockdown, rBrd4 expressed and purified from E.
coli was added to replication reaction mixtures to restore Brd4
levels (Fig. 6A). Compared to the control, addition of recombi-
nant Brd4 increased the HPV16 genome replication by ~2.5-fold
(Fig. 6A, compare rBrd4 lanes with control lanes; P < 0.001, n =
3). The recombinant Brd4 also rescued in vitro HPV16 genome
replication in Brd4 knockdown cell lysates in a dose-dependent
manner, causing up to 276% increased replication of HPV16 DNA
(Fig. 6B, compare 2-pg lanes to “KD” lanes; P < 0.001, n = 3).
Notably, the recombinant Brd4 purified from E. coli contains both
full-length Brd4 as well as shorter Brd4 fragments, which were
likely caused by proteolytic cleavage (Fig. 6C). These shorter frag-
ments may function as dominant-negative inhibitors to block the
E2-Brd4 interaction, thus reducing the activity of full-length Brd4
in the rescue reactions. In fact, the shorter fragments of Brd4 have
been shown to inhibit Brd4’s activity in MCV DNA replication
(28).

In addition to the Brd4 purified from E. coli, rBrd4 purified
from insect cells also restored HPV16 replication in Brd4 knock-
down lysates (Fig. 6E, G, and H). In contrast, rBrd4 did not in-
crease HPV16 replication when cellular Brd4 was not depleted
(Fig. 6G). This result provides additional support for the role of
Brd4 in HPV16 replication. Since E1 protein of HPV1a is suffi-
cient to initiate viral DNA replication (51) and the Brd4 CTD,
which can block the E2-Brd4 interaction, does not significantly
inhibit HPV16 replication in C33A cells (19, 29), we investigated if
the Brd4 activity in HPV16 replication is solely dependent on its
interaction with E2. In the in vitro replication assays using cellular
extracts containing 16E1 but not 16E2, HPV16 replication could
be detected in the control siRNA-treated samples and was also
inhibited upon Brd4 knockdown (Fig. 6F and I). rBrd4 could par-
tially restore the 16El-mediated HPV16 replication (Fig. 6l).
However, rBrd4 was able to more efficiently stimulate the viral
replication in the reaction mixtures containing both E1 and E2
(compare the quantification data in Fig. 6H and I), suggesting that
the E2-Brd4 interaction is important for the viral DNA replication
in vitro. In addition, neither Brd4 knockdown nor recombinant
Brd4 significantly affects in vitro DNA replication mediated by
simian virus 40 (SV40) large T antigen (data not shown), which
only interacts weakly with Brd4 (28). Together, the results shown
in Fig. 6 demonstrate that Brd4 stimulates HPV16 DNA replica-
tion in the cell extract and is directly associated with HPV16 DNA
replication.

Release of endogenous Brd4 from chromatin stimulates
HPV16 DNA replication. Most of Brd4’s cellular functions are
associated with its chromatin localization through a dynamic “on
and off” interaction with acetylated histones (52). Since Brd4 can
relocate from cellular chromatin to the HPV16 Ori replication
complex (Fig. 1 to 3 and 5), we postulated that releasing Brd4 from
chromatin may facilitate HPV16 DNA replication. The newly de-
veloped chemical compound JQ1(+) provides an excellent tool to
test this possibility because it can prevent the binding of Brd4 to
tetra-acetylated histone H4 peptides (30). We decided to test
whether release of Brd4 from chromatin using JQ1(+) affects
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FIG 6 Brd4 directly stimulates HPV 16 replication iz vitro. (A) Brd4 knockdown inhibits viral DNA synthesis in vitro, and this inhibition can be rescued by rBrd4.
C33A cells were transfected with either an siRNA targeting Brd4 (KD) or nontargeting control siRNA (CO). At 36 h p.t., cells were transfected with pOZN-16E2
and HA-16E1. Cell extracts were prepared at 82 h p.t. for the in vitro replication assay using religated HPV16 genomes as the template. Cells transfected with the
nontargeting siRNA but not the E1/E2 constructs were used as a negative control (no E1/E2). In the “rBrd4” reaction, 2 ug rBrd4 expressed and purified from
E. coliwas added to the replication assays with Brd4 knockdown extract to restore HPV16 replication. In the “Control” condition, an equal amount of nonspecific
proteins isolated from the vector control E. coli were used. All reactions were performed in triplicate. The intensity of each replicated DNA band was quantified
by ImageJ and normalized to the no-E1/E2 control. (B) Dose-dependent rBrd4 rescue of HPV16 in vitro replication. Cellular extracts and rBrd4 were prepared
as in panel A. Increasing amounts of rBrd4 were added to the replication assays using Brd4 knockdown extracts. All reactions were performed in triplicate. The
intensity of each replicated DNA band was quantified by ImageJ and normalized to one of the control replicates. (C) Western blotting of purified rBrd4. One
microgram of rBrd4 purified from E. coli and an equal amount of nonspecific proteins isolated from the vector control cells were analyzed using anti-Brd4
immunoblotting. (D) Western blot analysis of the HPV16 E1, E2, and Brd4 proteins in cellular extracts used for in vitro replication. Cellular extracts used in
panels A and B were analyzed by Western blotting using anti-Brd4, anti-16E2, anti-HA, and antiactin antibodies. Experiments were repeated at least 3 times. (E)
Coomassie brilliant blue staining of rBrd4 purified from insect cells. Two micrograms of rBrd4 purified from Sf9 cells or an equal amount of nonspecific proteins
isolated from wild-type baculovirus-infected Sf9 cells was analyzed using Coomassie brilliant blue staining. (F) Western blot analysis of the HPV16 E1 and Brd4
proteins in cellular extracts used in panel I. (G) Extra recombinant Brd4 does not further increase in vitro HPV16 replication when Brd4 is not depleted. Cellular
extracts were prepared and in vitro replication was performed as in panel A. In the “rBrd4” reactions, 2 pg rBrd4 expressed and purified from Sf9 insect cells as
shown in panel E was added. In the “Control” conditions, an equal amount of nonspecific proteins isolated from the wild-type baculovirus-infected Sf9 cells was
used. All reactions were performed in triplicate. (H). Dose-dependent rescue of HPV16 in vitro replication using rBrd4 purified from insect cells. Cellular extracts
were prepared and in vitro replication was performed as in panel B. rBrd4 purified from insect cells was used at 0.5, 1 and 2 p.g. (I) rBrd4 partially restores HPV16
in vitro replication using cell lysates that express only the E1 protein. Cellular extracts were prepared as in panel A, except that, at 36 h p.t., cells were transfected
with only HA-16EI1. Cells transfected with the nontargeting siRNA cells but not the E1 construct were used as a negative control (no E1). HPV16 in vitro
replication was performed as in panel B. Increasing amounts of rBrd4 purified from insect cells were added to the replication assays using Brd4 knockdown
extracts. All reactions were performed in triplicate. The intensity of each replicated DNA band was quantified by Image] and normalized to one of the control
replicates.
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FIG 7 Releasing Brd4 from chromatin by JQ1(+) increases HPV16 replication. (A) IF analysis of JQ1(+)-induced Brd4 release from host chromatin. C33A cells
were treated with JQ1(+), JQ1(—), or DMSO at the indicated concentrations for 24 h. Cells were then fixed and immunostained with anti-Brd4 antibody and
counterstained with DAPI. Bars, 5 pm. (B) JQ1(+) treatment stimulates HPV16 replication. C33A cells transfected with HPVOri/E1 and CMV4-Flag-16E2 were
split equally into 6 dishes. Cells were treated with 100, 200, 300 nM JQ1(+), 300 nM JQ1(—), or an equal volume of DMSO. At 48 h p.t., episomal DNA was
extracted and the transfected DNA was removed by Dpnl treatment. Dpnl- and XholI-digested DNA (600 ng) was used to analyze the replication product, and
2.5ng Xhol-treated DNA was used as loading control. Treated DNA was subjected to Southern blotting. Cellular extracts were analyzed by Western blotting using
anti-16E2, anti-HA, and antiactin antibodies. NTC, nontransfection control. (C) Quantification of the size of BrdU foci at different time points posttransfection.
C33A cells were transfected as in panel B and treated with either DMSO or 300 nM JQ1(+). Cells were labeled using BrdU as in Fig. 3C and costained with
anti-HA El and anti-BrdU antibodies at 12, 18, 24, 36, and 48 h p.t. The area of BrdU foci was quantified for about 30 cells from each sample using Image]J. The
red dashed line represents the mean area of BrdU foci in the DMSO-treated sample at 48 h p.t. Foci with an area larger than the mean value are considered big
foci. The mean area of these big foci (numbers in black) and the percentage of big foci in total foci (numbers in red) were calculated for each time point and are
shown at the top of each column. (D) JQ1(+) treatment does not affect the cell cycle of C33A cells. C33A cells were treated as described in panel A. Flow cytometry
analysis was performed to evaluate the impact of JQ1(+) treatments on the cell cycle. Experiments were repeated at least 3 times. The values for the cells treated
with 300 nM JQI1(+), JQ1(—), or DMSO are the same as those shown in reference 28.

HPV16 Ori DNA replication. Brd4 binds acetylated chromatin
and is normally observed in a nuclear speckled pattern in C33A
cells. Treatment of C33A cells with 300 nM JQ1(+) could effi-
ciently alter Brd4 localization from punctate foci on chromatin to
a dimmer and more diffuse pattern throughout the nucleus, indi-
cating the release of endogenous Brd4 from chromatin (Fig. 7A).
Lower concentrations of JQ1(+) only slightly released Brd4 from
chromatin, while the inactive stereoisomer JQ1(—) or DMSO ve-
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hicle control did not noticeably affect Brd4 staining in C33A cells.
To determine if JQI(+) could affect HPV16 DNA replication,
HPVOTri/El and E2 cotransfected cells were split into five dishes
and each was treated with 100, 200, and 300 nM JQ1(+), 300 nM
JQ1(—), or an equal volume of DMSO. The extracted episomal
DNA samples were digested with both DpnI and Xhol and used in
Southern blotting to analyze the HPV16 Ori replication product,
whereas the samples without Dpnl digestion were used as a load-
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ing control. As shown in Fig. 7B, 300 nM JQI1(+) treatment,
which efficiently releases Brd4 from chromatin, increased HPV16
Ori replication, while the other drug concentrations had little ef-
fect. Treatment with 300 nM JQ1(+) did not affect E2 expression
but slightly increased E1 expression, likely due to stimulation of
HPVOri/E1 DNA replication in these cells (Fig. 7B). JQ1(+) also
stimulated HPV replication in cells carrying Ori and E1 encoded
by two separate plasmids, HPVOri and HA-16E1, cotransfected
with CMV4-Flag-16E2 (data not shown), further supporting a
direct role of JQ1(+) in stimulating the viral DNA replication.
Using flow cytometry analysis, we confirmed that 300 nM JQI1(+)
treatment does not cause cell cycle arrest (Fig. 7C; n = 3), suggest-
ing that the induced HPV16 Ori DNA replication was not caused
by a cell cycle effect associated with JQ1(+) treatment. We also
examined how JQ1(+) affects the kinetics of HPV16 replication
focus formation by monitoring BrdU incorporation over time.
Compared to DMSO-treated cells, JQ1(+) treatment leads to in-
creased BrdU focus size during the early time points and the per-
centage of large BrdU replication foci throughout the experiment
(Fig. 7D). These results suggest that the release of Brd4 from cel-
lular chromatin stimulates HPV16 DNA replication, likely by re-
locating Brd4 to the HPV16 Ori replication complex. The data
also demonstrate that the role of Brd4 in HPV DNA replication
could be uncoupled from its cell cycle and transcriptional regula-
tion function.

DISCUSSION

Brd4 functions as an episomal tether to allow hitchhiking of BPV
1 E2/episomes on mitotic chromosomes through mitosis (17).
Inhibition of the Brd4 interaction with HPV E2s has been shown
to displace the HPV16 or 31 genome from mitotic chromosomes
(53), suggesting that Brd4 may play a similar role to support HPV
episome maintenance. Brd4 also contributes to PV viral transcrip-
tion regulation (18-20). A previous study has suggested a possible
role of Brd4 in BPV1 genome replication (29). However, the func-
tional role of Brd4 in the HPV viral life cycle remains to be clearly
defined.

In this study, we show that Brd4 is recruited to the actively
replicating HPV16 Ori along with HPV16 E1, E2, and a number of
the cellular replication factors—RPA70, RFC1, and DNA poly-
merase 8. Mutagenesis disrupting either the E2-Brd4 interaction
or the E1-E2 interaction abolished the formation of HPV16 rep-
lication complex and impaired HPV16 Ori DNA replication in
cells. Brd4 was further demonstrated to be necessary for HPV16
viral DNA replication, since protein lysates from Brd4 knockdown
cells were defective in a cell-free HPV16 DNA replication reaction
and recombinant Brd4 protein was able to restore viral replica-
tion. Additionally, releasing endogenous Brd4 from chromatin
using a chemical compound, JQ1(+), enhances HPV16 Ori DNA
replication without affecting host cell cycle. This result shows that
the role of Brd4 in HPV DNA replication could be uncoupled
from its function in transcriptional regulation and cell cycle con-
trol. Our studies demonstrate a novel function of Brd4 in HPV
replication, providing new insight into understanding the differ-
entiation-dependent HPV life cycle.

In our study, Brd4 was first observed to form large foci with
HPV16 E2 and the viral genome in cells cotransfected with E1
plasmid. Since Brd4 has been implicated in HPV transcription
(18-20), to specifically examine Brd4’s role in HPV 16 replication,
we constructed an artificial episome that contains the 145-bp min-
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imum HPV16 replication Ori, excluding most of the URR tran-
scription regulatory elements. This plasmid allowed us to specifi-
cally examine the recruitment of Brd4 and its impact on HPV16
replication in cells. Using this system, we discovered that E1, E2,
and HPV16 Ori are all required for the formation of HPV16 Ori
replication foci; omission of any one of the viral components
could abolish the replication complex formation (Fig. 2 and 3).
Immuno-FISH and BrdU incorporation further demonstrated
that these foci contain actively replicating HPV16 Ori DNA. In
addition, Brd4 was recruited to the large HPV16 Ori foci only
when E1, E2, and HPV16 Ori were all present (Fig. 2B). These
results indicate that the recruitment of Brd4 into the large HPV16
replication foci is dependent on the formation of the intact E1/E2/
Ori complex. The conclusion was further supported by a mu-
tagenesis study showing that the E1-E2 and E2-Brd4 interactions
are critical for the HPV16 replication complex formation and
Brd4 recruitment (Fig. 5). More importantly, these functional in-
teractions are also critical for successful replication of viral DNA
in cells (Fig. 5B).

Brd4’s role in the cell cycle regulation complicates the analysis
of its function in HPV replication using siRNA-mediated silenc-
ing in cells (54). We therefore reconstituted a cell-free replication
system to directly assess the impact of Brd4 on HPV16 replication
and control for the Brd4 knockdown effect on the cell cycle. We
observed that Brd4 knockdown reduces viral replication, and
more importantly, addition of recombinant Brd4 restores HPV
replication in a dose-dependent manner (Fig. 6). This study pro-
vides direct evidence to support Brd4’s function in HPV16 repli-
cation.

Brd4 dynamically associates with acetylated histone, and it is
known to bind to cellular chromatin with a rapid “on and off”
mode (52). The chromatin-bound Brd4 could be readily released
upon signal-triggered histone deacetylation (55). Using the chem-
ical compound JQI(+) to dissociate Brd4 from chromatin leads
to a stimulation of HPV16 Ori replication, suggesting that releas-
ing Brd4 from chromatin may make it more accessible to be in-
corporated into the E1/E2/Ori replication complex. Together with
previous studies, our data support a model in which chromatin-
bound Brd4 tethers the E2 and viral episome complex to support
the PV episome maintenance and viral transcription, whereas
Brd4 released from chromatin may be recruited to the viral repli-
cation complex to support HPV viral replication.

A number of Brd4 features support its role in HPV replication.
Brd4 has been shown to interact with the RFC complex (26). This
interaction may promote the recruitment of cellular replication
factories to the viral replication complex. This notion is supported
by the observation that Brd4 colocalizes with replication factors
RPA70, RFC1, and DNA polymerase 8 in the actively replicating
HPV16 Ori foci (Fig. 4). The HPV16 genome contains four E2
binding sites. It is possible that multiple E2 molecules binding to
these sites can recruit an array of Brd4 molecules and cellular
replication factors to form large multiprotein complexes on the
HPV16 genome to support viral replication. In addition, recent
reports show that HPV E1 and E2 recruit DNA damage response
proteins to viral replication centers to support viral genome am-
plification in differentiated cells (46, 56). Sakakibara et al. ob-
served that the E2 R37A 173A mutant was defective in recruiting
DNA damage response proteins to host chromatin foci (33).
These studies suggest that another possible role of Brd4 could be
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to recruit DNA damage response proteins to the HPV16 Ori com-
plex to support viral replication.

Wild-type E2 supports the formation of the E1/E2/Brd4/Ori
replication complex (Fig. 5), whereas large HPV replication foci
cannot be efficiently formed in the E2 R37A 173A cells. This set of
results suggested that the E2-Brd4 interaction is essential for re-
cruitment of Brd4 and formation of the large HPV Ori replication
foci. However, as described above, in a small portion of the cells,
the E2 R37A I73A mutant defective in Brd4 binding can still form
large nuclear foci with E1 and Brd4 (Fig. 5A) (data not shown).
This observation suggests that the E2-Brd4 interaction is only par-
tially required for Brd4 recruitment and that some other factor(s)
may also be involved. As shown previously, E1 and E2 proteins
coexpressed in cells localize to defined host chromatin foci (33,
34). It is possible that Brd4 may be recruited to these chromatin
foci through the binding of acetylated histones, which is indepen-
dent of E2 binding. We also observed an E2-independent interac-
tion between E1 and Brd4 (data not shown), which could facilitate
Brd4 recruitment to these foci when the E2-Brd4 interaction is
abolished.

In summary, this study provides a first look into the E2-Brd4
interaction in the presence of other important viral factors, such as
El and HPV16 Ori. This system better resembles HPV natural
infection and allows us to observe an important function of Brd4
in HPV DNA replication, which was not detectable in the absence
of E1 and Ori. This study provides new insights into the E2-Brd4
interaction in the HPV viral life cycle. These findings show that E1,
E2, and Brd4 form a complex to support HPV viral DNA replica-
tion, identifying all components of this complex as possible targets
to block viral replication. The interesting results obtained from
the JQ1(+) study suggest that this chemical compound could be a
valuable tool to eliminate HPV infection as it can release Brd4
from chromatin and abrogate the viral episome maintenance in
latently infected cells. More importantly, since HPV genome am-
plification occurs exclusively in terminally differentiated cells to
avoid detection by host immune surveillance, an impromptu viral
genome amplification induced by JQ1(+) in the infected basal
cells could trigger activation of the immune response to clear the
viral latent infection before cancer development. This small mol-
ecule therefore offers a promising lead for development of antivi-
ral inhibitors to treat HPV latent infection.
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