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ABSTRACT The papillomavirus (PV) E2 protein coordinates viral transcription and
genome replication. Following a strategy to identify amino acids in E2 that are post-
translationally modified, we reported that tyrosine kinase fibroblast growth factor re-
ceptor 3 (FGFR3) complexes with and phosphorylates E2, which inhibits viral DNA
replication. Here, we present several lines of evidence indicating that tyrosine (Y)
138 of HPV-31 E2 is a substrate of FGFR3. The active form of FGFR3 bound to and
phosphorylated the region of amino acids (aa) 107 to 175 in HPV-31 E2. The E2 phe-
nylalanine (F) mutant Y138F displayed reduced FGFR3-induced phosphotyrosine. A
constitutive kinase-active FGFR3 inhibited wild-type (WT) E2-induced E1-dependent
DNA replication, while the 138F mutant retained activity. The tyrosine to glutamic
acid (E) mutant Y138E, which can mimic phosphotyrosine, failed to induce transient
DNA replication, although it maintained the ability to bind and localize the viral
DNA helicase E1 to the viral origin. The bromodomain-containing protein 4 (Brd4)
binds to E2 and is necessary for initiation of viral DNA synthesis. Interestingly, the
Y138E protein coimmunoprecipitated with full-length Brd4 but was defective for as-
sociation with its C-terminal domain (CTD). These results imply that the activity of
the FGFR3 kinase in the infected epithelial cell restricts the HPV replication program
through phosphorylation of E2 at Y138, which interferes with E2 binding to the Brd4
CTD, and that this interaction is required for initiation of viral DNA synthesis.

IMPORTANCE Human papillomaviruses (HPVs) are highly infectious pathogens that
commonly infect the oropharynx and uterine cervix. The idea that posttranslational
modifications of viral proteins coordinates viral genome replication is less explored.
We recently discovered that fibroblast growth factor receptor 3 (FGFR3) phosphoryl-
ates the viral E2 protein. The current study demonstrates that FGFR3 phosphorylates
E2 at tyrosine 138, which inhibits association with the C-terminal peptide of Brd4.
This study illustrates a novel regulatory mechanism of virus-host interaction and pro-
vides insight into the role of Brd4 in viral replication.
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Human papillomaviruses (HPVs) are double-stranded DNA viruses that cause dis-
eases ranging from benign genital warts to malignant tumors of cervical, oral, and

anal epithelia. The circular genome of approximately 8 kb encodes six early (E) proteins
and two late (L) proteins (1). HPVs rely on host replication proteins for viral DNA
synthesis. During the initial phase of replication, which occurs during the infection of
epithelial basal cells, the E1 and E2 proteins are expressed and establish and maintain
a low copy number of viral episomes (2). During epithelial differentiation in HPV-
positive cells, upper-level keratinocytes are induced to reenter the synthesis (S) phase,
during which the viral genome copy number increases, a process termed amplification
(3). The �400-amino acid (aa) HPV E2 proteins are known to exercise many functions
during the viral life cycle, including regulation of viral transcription and genome
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replication and partitioning (4). The E2 protein encompasses two domains separated by
a flexible serine- and arginine-rich hinge region, the N-terminal transcription activation
domain (TAD), which binds to cellular proteins, and the C terminus, which mediates
DNA binding and dimerization (DBD) (5, 6). Several posttranslational modifications
(PTM) of E2, such as phosphorylation, acetylation, and sumoylation, have been de-
scribed (7–11). The regulatory effects of these PTMs during the course of viral replica-
tion are not well understood.

The first tyrosine (Y) phosphorylation was identified at position 102 in the TAD of the
bovine papillomavirus (BPV) E2 protein (7). By comparing wild-type (WT) E2 to phos-
phodeficient and phosphomimetic mutants, we demonstrated that this phosphoryla-
tion restricted E1-dependent replication, as well as transcriptional activation. Setting
out to identify the kinase responsible for this PTM, we screened a number of cellular
receptors, as well as nonreceptor tyrosine kinases, for coimmunoprecipitation (co-ip)
with E2 irrespective of the residue they phosphorylate. This led to the identification of
fibroblast growth receptor 3 (FGFR3) as a candidate E2 interaction partner. However,
our results indicated that BPV-1 Y102 was unlikely to be the target of the FGFR3 kinase,
since Y102F-mediated transient replication was still susceptible to FGFR3 inactivation
(12). These findings inferred that another Y residue(s) in PV E2 was phosphorylated by
FGFR3. FGFR3 is activated by extracellular fibroblast growth factor (FGF) and results in
downstream signaling, leading to mitogenesis, accompanied by signal transducer and
activator of transcription (STAT) and phosphatidylinositol 3-kinase activation (13).
FGFR3 signaling is also implicated in differentiation and apoptosis (14). FGFR3 is
overexpressed in cervical, oral, and oropharyngeal squamous cell carcinomas and is
abundant in skin (15–17).

To locate the tyrosine residue that is phosphorylated by FGFR3, we employed
site-directed mutagenesis approaches at multiple conserved tyrosine residues of HPV
E2 to generate the nonphosphorylatable phenylalanine (F), as well as potential phos-
phomimetic glutamic acid (E) mutants, and analyzed these for effects on E1-dependent
DNA replication. Our experiments indicate that constitutively active FGFR3 phospho-
rylates HPV-31 E2 at Y138. Moreover, the phosphomimetic E2 Y138E is defective for
induction of DNA replication, and this may be attributable to its inability to bind the
C-terminal domain (CTD) of Brd4, a global chromatin regulator, transcription cofactor,
and regulator of viral replication (18).

RESULTS
FGFR3 phosphorylates HPV-31 E2 at Y138. Previous experiments implied that

FGFR3 phosphorylation of the PV E2 protein suppressed viral DNA replication (12). This
initially led us to test the conserved tyrosine residues within the TAD of E2 as the
substrates for phosphorylation in this assay. The tyrosine at position 138 in HPV-31 is
conserved in many PV E2 proteins, including BPV-1, HPV-16, and HPV-18. We mutated
HPV-31 E2 Y138 to the nonphosphorylatable residue phenylalanine (Y138F) or the
phosphomimetic mutant glutamate (Y138E). Transient cotransfections of HPV-31 E1
and E2 together with an HPV ori-luciferase plasmid replicon (19) into C33A cells
demonstrated that the activities of E2 Y138F and the WT were equal (Fig. 1A). Luciferase
expression remained at baseline upon cotransfection of E1 and HPV-31 E2 Y138E, even
at ten times the amount of transfected Y138E plasmid. If FGFR3 kinase-phosphorylated
E2 at Y138 caused this inhibition, then the nonphosphorylatable residue phenylalanine
mutant E2 Y138F should not show decreased transient replication. As shown in Fig. 1B,
E1-dependent ori replication with E2 Y138F was not susceptible to constitutively active
FGFR3 K650E (13). In contrast, another E2 interaction partner, FGFR2, reduced transient
replication with Y138F (Fig. 1C) (20). We previously reported that coexpression of the
constitutively kinase-active FGFR3 K650E suppresses HPV-31 E1- and E2-mediated
transient replication, so the Y138E result was consistent with this phenotype (12). These
observations suggested that Y138 is the target of FGFR3.

To further explore this possibility, HEK293TT cells were transfected with FLAG-
HPV-31 E2 expression plasmids for WT, Y138F, and Y138E along with FLAG-FGFR3
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K650E constructs. FGFR3 K650E coimmunoprecipitated with both WT and Y138 mutants
(Fig. 2A). The phosphotyrosine signal was reduced in HPV-31 E2 Y138F (by 25%; Fig. 2B),
suggesting that this residue is phosphorylated by FGFR3. Y138E had 50% reduced
phosphotyrosine signal (Fig. 2B). We also observed decreased tyrosine phosphorylation
on FGFR3, suggesting that Y138E may inhibit FGFR3 autophosphorylation.

Next, we created a series of progressive N-terminal deletions of HPV-31 E2 fragments
to identify the region of binding and phosphorylation by FGFR3 (Fig. 3A). The kinase-
active form of FGFR3 bound the WT E2 in the region of aa 107 to 372 but did not bind
aa 176 to 372 or the DBD aa 205 to 372 (Fig. 3B). These data coincide with the functional
assays that suggested Y138 as the residue targeted by FGFR3. Immunoblots with
phosphotyrosine antibody detected increased WT and aa 107 to 372 reactive proteins
with coexpressed constitutively active FGFR3 (Fig. 3C). We also created an HPV-31 E2
truncated protein that expresses amino acids 1 to 106 and 176 to 372 to confirm that
FGFR3 did not bind to these regions (Fig. 3D) and did not phosphorylate this truncated
E2 protein (Fig. 3E). Nonetheless, tyrosine phosphorylation was not completely abol-
ished, suggesting that FGFR3 phosphorylates HPV-31 E2 at Y138 and perhaps addi-
tional or alternative tyrosine residues within aa 107 to 175 of E2.

We next assessed the properties of E2 Y138 that might explain the inability to
support E1-dependent PV DNA replication. We first tested nuclear localization. CV-1
cells were transfected with FLAG-HPV-31 E2 WT, Y138F, and Y138E constructs in the
presence of HPV-31 E1 and the HPV-31 ori (Fig. 4). The HPV-31 E2 Y138 mutants were
all localized to the nucleus; however, Y138E was not detected in discrete nuclear

FIG 1 E2- and E1-dependent transient DNA replication. C33A cells were transfected with HPV-31 E1 and HPV-31 Y138 mutants, along with pFLORI31 and pRL
constructs. After 72 h, cells were lysed, and firefly and Renilla luciferase levels were measured using Dual-Glo luciferase reagent. Firefly luciferase levels were
normalized to Renilla luciferase levels. Values are expressed as means � SEM (n � 8). (A) P � 0.0001 by 1-way analysis of variance (ANOVA); #, P � 0.045 by
two-tailed t test; *, P � 0.0001 by two-tailed t test. (B) Coexpression of constitutive kinase-active FGFR3 K650E. FGFR3 K650E suppressed WT (fold change � 1)
but not Y138F replication (fold change � 1). Values are expressed as means � SEM (n � 8). *, P � 0.01 by two-tailed t test comparing FGFR3 K650E to controls.
(C) Coexpression of FGFR2 in 0.5% fetal bovine serum (FBS). Values are expressed as means � SEM (n � 8). * P � 0.001 by two-tailed t test compared to pCI
control groups.

FIG 2 (A) HEK293TT cells were transfected with FLAG-FGFR3 K650E and FLAG-HPV-31 E2 mutants. Cells were lysed, and FLAG-FGFR3 K650E immunoprecipitated
(IP) with FGFR3 antibodies. Complexes were blotted with FLAG antibodies. (B) HEK293TT cells were transfected with FLAG-FGFR3 K650E and FLAG-HPV-31 E2
mutants. Cells were lysed, and HPV-31 E2 immunoprecipitated with FLAG gel. Complexes were blotted with PY-1000 and FLAG antibodies. Densitometry from
three independent experiments is shown. Phosphotyrosine E2 levels were normalized to total E2 levels.
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“replication” foci, in contrast to WT and Y138F E2 proteins. This led us to consider that
the Y138 phospho-E2 protein might not be able to localize to the HPV-31 ori. E2 WT and
Y138 mutants were transfected into HeLa cells, and chromatin immunoprecipitations
(ChIP) demonstrated that the Y138F and Y138E mutants were present at the E2
palindromes present in the integrated HPV-18 genomes (Fig. 5A). We also performed E1
ChIPs and found that E2 WT, Y138F, and Y138E localized E1 to the viral origin (Fig. 5B).
The expression of E2 represses the transcription of the HPV-18 E6 oncogene in HeLa
cells, which have several hundred tandem copies of genomes integrated into cellular
DNA at chromosomes 8 and 9 and abnormal chromosomes 5 and 22 (21). HeLa cells
were transfected with HPV-31 E2 Y138 mutants, and HPV-18 E6 transcripts were
measured by quantitative PCR (qPCR). As seen in Fig. 5C, Y138F and Y138E repressed
transcription from the integrated viral genomes. Because chromatin accessibility and
DNA binding activity remained intact, this implied that Y138E may be interfering with
either viral or cellular replication/transcription partners. We therefore performed a
series of co-ip experiments with E1, as well as with other E2 binding partners. HEK293TT
cells were transfected with HPV-31 E2 Y138 mutants and HPV-31 E1 constructs. Muta-
tion of tyrosine Y138 did not affect the ability to bind the viral helicase HPV-31 E1 (Fig.
6A). However, Y138E bound E1 at a lower efficiency (50%) and Y138F bound E1 at a
higher efficiency (120%) than that of the WT. We previously reported that BPV-1 E2
Y138H bound to BPV-1 E1 but had reduced binding to GPS2 (AMF-1), which decreased
the replication and transcriptional abilities of BPV-1 (22). To test GPS2 binding,
HEK293TT cells were transfected with HPV-31 E2 Y138 mutants and GPS2 constructs.
HPV-31 Y138F and HPV-31 Y138E were both able to coimmunoprecipitate GPS2
(Fig. 6B).

HPV-31 E2 Y138E does not bind the C-terminal domain of Brd4. The E2 binding
partner Brd4 has been previously shown to regulate several phases of the viral life cycle

FIG 3 (A) Illustration of E2 truncations and deletions. HEK293TT cells were transfected with FLAG-FGFR3 K650E and these FLAG-HPV-31 E2 constructs. (B) After
48 h, cells expressing aa 107 to 372 and aa 176 to 372 were treated with 20 �M MG132 for 6 h. Cells were lysed, and FLAG-FGFR3 K650E immunoprecipitated
with FGFR3 antibodies. Complexes were blotted with FLAG antibodies. (C) FLAG-HPV-31 E2 and FLAG-FGFR3 K650E immunoprecipitated with FLAG antibodies.
Complexes were blotted with PY-1000 and FLAG antibodies (D) FLAG-FGFR3 K650E was immunoprecipitated with FGFR3 antibodies. Complexes were blotted
with FLAG antibodies. (E) FLAG-HPV-31 E2 and FLAG-FGFR3 K650E immunoprecipitated with FLAG antibodies. Complexes were blotted with PY-1000 and FLAG
antibodies.
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through binding of its C-terminal domain (CTD; aa 1222 to 1362) to the E2 transacti-
vation domain (18, 23–28). The E2 DNA binding domain has also been reported to bind
a basic residue-enriched interaction domain (BID) within amino acids 524 to 579 of Brd4
and to bind to the phosphorylation-dependent interaction domain (PDID) formed by
amino acids 287 to 530 (18). The PDID region contains N-terminal CK2 phosphorylation
sites (NPS) that mediate Brd4 binding to high-risk E2 proteins (18). Full-length Brd4
protein effectively coimmunoprecipitated with both HPV-31 E2 Y138F and Y138E (Fig.
7A). As expected, the Brd4-BID fragment bound Y138F and Y138E in co-ip experiments
(Fig. 7D). However, while Y138F was able to bind to the CTD, Y138E did not (Fig. 7B and
C). Previous studies observed that expression of the CTD increased the stability of HPV
E2 proteins (26, 29). In the presence of the Brd4 CTD, we consistently observed
decreased Y138E protein levels compared to those of WT and Y138F E2 proteins.

FIG 4 E2 Y138 mutants are nuclear, but Y138E do not form replication foci. CV-1 cells were transfected with FLAG-HPV-31 E2 Y138
mutants, HA-HPV-31 E1, and HPV-31 ori. Immunofluorescence staining was carried out with FLAG (red) and E1 (green) antibodies at 100�;
4=,6-diamidino-2-phenylindole (DAPI; blue) was used to stain the nuclei.

FIG 5 (A) HeLa cells were transfected with FLAG-WT and E2 Y138 mutants. After 48 h, ChIP assays were performed using the ChIP-IT express chromatin
immunoprecipitation kit (Active Motif) with FLAG antibodies. HPV-18 LCR DNA was amplified using RT-PCR, and values were normalized to those of input DNA.
Control � no FLAG E2 DNA; WT � 1. Values are expressed as means � SEM. *, P � 0.05 by two-tailed t test compared to control. (B) HeLa cells were transfected
with FLAG-HPV-31 E1 and FLAG-WT or Y138 E2 mutants. After 48 h, the ChIP assays were performed with rat anti-E1 antibodies. HPV-18 LCR DNA was amplified
using RT-PCR, and values were normalized to those of input DNA. No E1 � 1. Values are expressed as means � SEM. *, P � 0.05 by two-tailed t test compared
to no E1 group. No statistically significant difference was found between WT and Y138 mutant groups. E1 only (n � 6), no E1 (n � 12), E1� WT (n � 11),
E1 � Y138F (n � 12), and E1 � Y138E (n � 12). (C) HeLa cells were transfected with WT and Y138 E2 mutants. After 48 h, RNA was isolated and cDNA was
synthesized. Real-time PCR was used to measure HPV-18 E6 cDNA and normalized to actin cDNA.
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These experiments implied that the interaction of E2 with the CTD was necessary for
induction of viral replication. The Brd4-CTD is known to interact with P-TEFb (30).
P-TEFb is a transcriptional complex composed of CDK9 and cyclin T1 that stimulates
RNA polymerase (pol) II processivity (31). As E2 and CDK9 are known to compete for
Brd4-CTD binding (32), we hypothesized that since Y138E is unable to bind the
Brd4-CTD, more CDK9 might remain in complex with Brd4-CTD in comparison to WT or
Y138F. To test this, HEK293TT cells were transfected with E2 and the Y138 mutants
along with the Brd4-CTD. The Brd4-CTD pulldown showed association with WT and
Y138F proteins but not with Y138E (Fig. 8A). CDK9 association with the CTD was
quantified and normalized to CTD immunoprecipitation levels, since E2-CTD binding
increases the stability of these proteins (26, 29). Consistent with our hypothesis, CDK9
binding to the Brd4-CTD increased about 2-fold following Y138E overexpression and
compared to that of WT E2 (Fig. 8B).

HPV E2 protein can act as a transcriptional activator or repressor, which is in part
dependent on the context of the positions of E2 binding sites relative to the transcrip-
tional initiation sites of the promoter. We therefore questioned whether loss of CTD
association affected the transcriptional properties of E2 Y138E. Displacement of P-TEFb
from the CTD is required for the processivity of RNA pol II during transcription (33). To
test the transcriptional activity of the Y138 mutants, C33A cells were transfected with
a reporter construct that contains four canonical E2 binding sites upstream of the
luciferase gene (pGL2-E2BS-Luc) with various concentrations of the Y138 mutants. Both
Y138F and Y138E activated transcription severalfold but not quite to levels comparable
with those of WT E2 (Fig. 9). This implies that association with Brd4, but not the CTD
itself, is necessary for partial E2 transcriptional activity.

Since we observed that the Brd4-CTD bound more CDK9 in the presence of Y138E
and that E2 Y138E is defective for induction of E1-dependent DNA replication, we
wondered whether CDK9 release from Brd4 CTD prevents origin firing. In this model, E2
would bind the CTD and release P-TEFb, allowing the CDK9 kinase to not only activate
RNA polymerase but inhibit DNA polymerase, thereby preventing collision of the
transcription and DNA replication complexes (34). We therefore questioned whether a
CDK9 inhibitor might restore the replication function of E2 Y138E. FIT-039 binds to the
ATP-binding pocket of CDK9 and inhibits the kinase activity of P-TEFb (35). FIT-039 was
reported to repress HPV replication and transcription in human neonatal foreskin
keratinocytes (HFK) raft cultures maintaining HPV-18 genomes (36). C33A cells were

FIG 6 Y138E binds HPV-31 E1 and GPS-2. (A) HEK293TT cells were transfected with HA-HPV-31 E1 and FLAG-HPV-31 E2 Y138 mutants. FLAG pulldown was
completed with M2 gel and immunoblotted with 16E1 and FLAG antibodies. Densitometry for four independent experiments is shown. E1 levels were
normalized to E2 levels. (B) HEK293TT cells were transfected with HA-GPS2 and FLAG-HPV-31 E2 Y138 mutants. FLAG pulldown was completed with M2 gel
and immunoblotted with GPS-2, HPV-16 E1, and FLAG antibodies.
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treated with 5 �M or 10 �M FIT-039 for 48 h, and transcriptional activity of HPV-31 E2
was measured using the four-E2-binding-site luciferase reporter. As expected, 5 and
10 �M FIT-039 inhibited HPV-31 transcriptional activity without any notable cell toxic-
ity, confirming that the CDK9 inhibitor was active at these concentrations (Fig. 10A).
C33A cells were transfected with HPV-31 E1, and the E2 Y138 mutants and transient

FIG 7 Y138E does not bind to the Brd4 C-terminal domain (CTD). (A) HEK293TT cells were transfected with FLAG-Brd4 full-length and FLAG-HPV-31 E2 Y138
mutants. Brd4 pulldown with Brd4 antibodies and immunoblotted with Brd4 and FLAG antibodies. (B) HEK293TT cells were transfected with glutathione
S-transferase (GST)-CTD and FLAG-HPV-31 E2 Y138 mutants. FLAG pulldown with M2 gel and immunoblotted with GST and FLAG antibodies. (C) HEK293TT cells
were transfected with GST-CTD and FLAG-HPV-31 E2 Y138 mutants. GST pulldown with glutathione Sepharose beads and immunoblotted with GST and FLAG
antibodies. (D) HEK293TT cells were transfected with GST-BID and FLAG-HPV-31 E2 Y138 mutants. GST pulldown with glutathione Sepharose beads and
immunoblotted with GST and FLAG antibodies.

FIG 8 The Brd4 CTD increased binding to CDK9 in the presence of Y138E. (A) HEK293TT cells were transfected with
GST-CTD and FLAG-HPV-31 E2 Y138 mutants. GST pull down with glutathione Sepharose beads and immuno-
blotted with GST, FLAG, and CDK9 antibodies. (B) Western blot images were quantified for CDK9 and Brd4 CTD
expression. Values are expressed as means � SEM, n � 3. CDK9 expression was normalized to Brd4 CTD expression
for coimmunoprecipitation, WT � 1.
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replication was measured in the presence of 5 �M FIT-039 (Fig. 10B). E1-dependent
replication was not rescued with expression of E2 Y138E in the presence of FIT-039,
even at higher concentrations of Y138E, suggesting that CDK9/P-TEFb is not a repressor
of HPV replication.

DISCUSSION

The papillomavirus E2 protein is posttranslationally modified by the host cell to
coordinate viral replication and transcription with the epithelial growth and differen-
tiation program. We previously reported that phosphorylation of Y102 impaired viral
replication and transcription in bovine papillomavirus (BBPV) E2 (7). Our subsequent

FIG 9 Y138E has impaired transcriptional activity. C33A cells were transfected with WT (10 and 100 ng),
Y138F (10, 100, and 200 ng), or Y138E (10, 100, and 400 ng) and the pGL2-E2BS-Luc reporter plasmid.
After 48 h, cells were lysed and firefly luciferase levels measured using Dual-Glo luciferase reagent. Values
are expressed as means � SEM (n � 8). *, P � 0.01 by two-tailed t test when compared to the no-E2
group. #, P � 0.01 by two-tailed t test compared to E2 WT.

FIG 10 FIT-039 impairs HPV-31 transcription but does not rescue Y138E replication. (A) C33A cells were transfected with control plasmid or HPV-31
E2 and the pGL2-E2BS-Luc reporter plasmid. After 6 h, 5 or 10 �M FIT-039 was added to the cells. After 42 h, cells were lysed and firefly luciferase
levels were measured. Values are expressed as fold change compared to no E2. Values are expressed as means � SEM (n � 8). P � 0.0001 by 1-way
ANOVA. *, P � 0.0001 by two-tailed t test compared to dimethyl sulfoxide (DMSO). (B) C33A cells were transfected with HPV-31 E1 and HPV-31
Y138 mutants, along with pFLORI31 and pRL constructs. After 6 h, 5 �M FIT-039 was added, and after an additional 42 h, cells were harvested
and firefly and Renilla luciferase levels measured. Firefly luciferase levels were normalized to Renilla luciferase levels. Values are expressed as
means � SEM (n � 8).
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publication revealed that FGFR3 induced phosphorylation of E2 and inhibited viral DNA
replication; however, this outcome also occurred with Y102F, inferring that this tyrosine
is not the target of this kinase (12). We therefore sought to identify the tyrosine
residue(s) that is responsible for the inhibitory effects of FGFR3. The phosphodefective
E2 mutant Y138F complexed with and showed decreased levels of tyrosine phosphor-
ylation with kinase-activated FGFR3 and was not susceptible to its inhibitory effects on
E1-dependent transient DNA replication. E2 Y138F coimmunoprecipitated with E1 and
was observed to form nuclear foci.

In contrast, the phosphomimetic Y138E was defective in transient DNA replication
assays. While the previously described BPV-1 Y102E mutant was impaired, HPV-31 E2
Y138E coimmunoprecipitated with the E1 DNA helicase about half as efficiently as the
WT; however, recruitment of E1 to the viral ori, as observed by ChIP assays, was not
impaired. Overexpression of E2 in HeLa cells represses transcription through occupancy
of E2 binding sites within the p97 promoter of integrated HPV genomes. Y138E
repressed E6 transcription in HeLa cells and, together with the ChIP data, confirmed
that the Y138E mutant protein accesses chromatin and binds to its cognate DNA site.
GPS2/AMF1 exerts its transcriptional control on E2 through recruitment of the p300
acetyltransferase (37). It has been previously shown that amino acids 134 to 216 of the
BPV1 E2 TAD bind to GPS2. While BPV-1 E2 Y138H was impaired in GPS2 binding and
transcriptional activation, the phenylalanine mutant was not, and the HPV-31 Y138F
and Y138E mutants bound GPS2 to a similar extent as that of the WT (22). Therefore,
the inability of E2 Y138E to stimulate DNA replication is not due to defective E1, GPS2,
or DNA interactions.

Brd4 was reported to regulate HPV DNA replication, and can both activate and
repress viral transcription (27). Brd4 colocalizes with E2 to tether the viral genome to
chromosomes during mitotic segregation (24), which also involves the ChlR1 and
TopBP1 proteins (38–40). Because of these multiple activities, the precise role of the
Brd4-E2 interaction in the viral replicative program remains uncertain. Brd4 and TopBP1
colocalize with E1 and E2 in nuclear foci where viral genome replication occurs (39, 41).
Immunofluorescence studies reveal that Brd4 dissociates from these foci after initiation
(42). There are conflicting replication data using HPV-16 and HPV-31 E2 mutants that do
not bind Brd4; however, these mutants have not been fully characterized and could be
partially defective for Brd4 association or other interacting partners. During viral
amplification, Brd4 is not detectable in these foci and may not be necessary for E1- and
E2-dependent replication (42). Therefore, one prevailing concept is that the interaction
between E2 and Brd4 is only required to initiate DNA replication (39, 42). Our experi-
ments support the hypothesis that E2 interaction with the CTD is necessary for DNA
replication and is regulated by Y138 phosphorylation.

Brd4 functions as a chromatin adaptor through its two bromodomains that bind
preferentially to acetylated histones (43). The bromodomains also interact with the
RFC-140 subunit of replication factor C and with signal-induced proliferation-associated
protein 1 (SPA1) (44). The extra terminal (ET) domain interacts with NSD3, JMJD6, and
GLTSCR1 to impart the transcriptional activation function (45). The CTD interacts with
the cyclin T1 and CDK9 subunits of the P-TEFb complex, and this activated P-TEFb
phosphorylates RNA pol II-CTD to pause-release transcription (33). Recently, Brd4 was
found to interact with CDC6 in the DNA prereplication complex (46) and with treslin, a
DNA replication initiation regulator (47). The DBD of high- and low-risk HPV E2 proteins
bind the BID domain of Brd4, while the PDID domain of Brd4 associates only with the
DBD of high-risk E2 (18). The interactions between high-risk E2 proteins and Brd4 BID
are mediated by CK2 phosphorylation (26). In contrast, the TADs of HPV E2 proteins
bind to the Brd4 CTD with variable efficiencies (48). In our coimmunoprecipitation
experiments, full-length Brd4 and the BID region of Brd4 bound WT HPV-31 E2 and the
Y138F and Y138E mutant proteins. This was expected, as mutational changes were not
made to the DBD of E2. The Y138E mutant displayed a reduced association with the
CTD, suggesting that phosphorylation at Y138 would abrogate Brd4 CTD interaction
with the TAD. These results imply that E2 complex formation with Brd4 is needed for
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transient viral replication. In the available cocrystal structure, a 20-amino acid Brd4
C-terminal peptide forms a helix that binds across the three �-helices on the outer
surface of the BPV E2 TAD, while E1 binds to the inner surface of E2 (49, 50). E2 Y138
is present in a �-strand adjacent to the �3 helix. A detailed structure of an extended
Brd4 peptide in complex with E2 that depicts all the contacts between these proteins
is necessary to fully understand their interaction.

Our findings are consistent with previous observations for Y138. In an earlier study
that analyzed HPV-16 E2 TAD mutants, Y138 was replaced by alanine and was found to
be moderately impaired for transcriptional activation (40% to 80% of WT), DNA
replication (10% to 40% of WT), and E1 binding (40% to 80% of WT), and exhibited
reduced Brd4-CTD association (51, 52). BPV Y138F bound E1, and although it could
stimulate transcription and transient replication, it was not as active as the WT (22).

It was previously reported that papillomavirus E2 transcription functions require
Brd4 binding to the TAD (52, 53). The presence of Brd4 at a promoter and its
recruitment of P-TEFb is required for transcriptional elongation by RNA polymerase II.
Several viral proteins regulate P-TEFb (31, 54). Recently, it was reported that the CDK9
inhibitor FIT-39 repressed HPV early promoter activity, resulting in reduction of E6 and
E7 transcripts (36). From our experiments, we presume that both WT E2 and Y138F can
compete with CDK9 for Brd4-CTD binding more favorably than Y138E, and we subse-
quently tested Y138E and Y138F for transcriptional activation. Interestingly, Y138E,
although not completely defective, was significantly impaired and required higher
levels of protein expression to reach transcriptional activity comparable to that of the
WT. Unexpectedly, Y138F was also impaired, consistent with the notion that the
replication and transcriptional activities of phosphorylated E2 are independent. Im-
paired transcriptional activity of Y138E may be explained by its inability to bind the CTD
and release CDK9 to stimulate RNA polymerase processivity. Nonetheless, Y138E acti-
vated transcription, with high protein expression but not transient replication. Chemical
inhibition of CDK9 kinase activity did not restore the replication function of Y138E;
hence, it is unlikely that CDK9 is involved in phospho-E2-mediated restriction of the
HPV replicative process.

There is recent evidence of a liquid-phase separation within the nucleus that
contains transcriptional regulators and replication factors in high-concentration clusters
using low-complexity disorder regions (LCDRs) in these proteins (55). Brd4 was reported
to be present in such subnuclear foci (56). Interactions between tyrosine residues in
LCDRs promote phase separation (57). We speculate that the HPV E2 protein may be
present in these dynamic condensates and that the charge changes subsequent to
tyrosine phosphorylation decrease its hydrophobicity and release E2 from such do-
mains. The inability of Y138E to form nuclear foci may be attributable to impaired phase
separation. This could explain a regulatory mechanism used by the virus to prevent
overreplication.

MATERIALS AND METHODS
Plasmids and antibodies. The following plasmids were used: pCDNA3-HA-HPV-31 E1 (HA, hemag-

glutinin), codon-optimized triple-FLAG-HPV-31 E1 (19), pSG5-HA-HPV-31 E2 (58), codon-optimized
pCDNA3-FLAG-HPV-31 E2, pCDNA-FGFR3 K650E (D. Donoghue, UC San Diego), and pCDNA3-HA-AMF-1
(37). pcDNA3-F:hBrd4 FL, pCN-GST:hBrd4 CTD (amino acids 1224 to 1362), and pCN-GST:hBrd4 BID
(amino acids 524 to 579) were previously described (48). FGFR2 and FLAG-FGFR3 K650E plasmids were
provided by L. Thompson (UC Irvine). Reporter constructs pFLORI31 (ori firefly luciferase [FLuc]) and pRL
(Renilla luciferase [RLuc]) were previously described (19). The following antibodies were used: rabbit-PY-
1000 (Cell Signaling), rat anti-HPV-16 E1 (12), mouse anti-FLAG M2, mouse anti-�-actin (Sigma), rabbit
anti-AMF-1 (37), rabbit anti-FGFR3 (Sigma), SD12 (rabbit anti-glutathione S-transferase [GST]), rabbit
anti-CDK9 (Cell Signaling), and rabbit anti-BRD4 (Cell Signaling). Tyr-to-Phe (Y138F) and Tyr-to-Glu
(Y138E) mutations were made in pSG5-HA-HPV-31 E2 and the pDCDNA3-FLAG-HPV-31 E2 constructs
using the Quick-Change XL Lightning kit (Agilent Technologies). FLAG-HPV-31 E2 fragments (aa 107 to
372, aa 176 to 372, and aa 205 to 372) were amplified by PCR from codon-optimized HPV-31 E2,
described above, with a FLAG tag and inserted into pCDNA3 with BamH1 and HindIII. For FLAG-HPV-31
E2 fragments 1 to 106 and 176 to 372, amino acids 1 to 106 were cloned into pCDNA3 using the BamH1
and HindIII restriction sites. The 176-to-372 fragment was cloned into this construct using the EcoR1 and
ApaI restriction sites.
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Cell culture. HEK293TT (from J. Schiller and C. Buck), C33A (from D. Lowy), HeLa, and CV-1 were
cultured in Dulbecco’s Modified Eagle Medium (Life Technologies) with 10% fetal bovine serum (Peak
Serum) and penicillin-streptomycin (100 U/ml; Life Technologies). All cells were grown at 37̊°C and 5%
CO2. FIT-039 was purchased from Aobious and diluted to 10 mM stock dimethyl sulfoxide (DMSO).

Coimmunoprecipitations and immunoblotting. Cells were transfected with polyethylenimine (PEI;
2 mg/ml) at a ratio of 2 mg/�l PEI to 1 �g DNA. After 48 h, cells were lysed in 50 mM HEPES (pH 7.4),
300 mM NaCl, 1 mM Na3VO4, 0.5% NP-40, 1 mM dithiothreitol (DTT), and 1� protease inhibitor cocktail.
M2 affinity gel (Sigma) or Glutathione Sepharose High Performance (GE Healthcare) was added to the
lysates and rotated overnight at 4°C. Beads were washed three times with lysis buffer and once with
high-salt buffer (50 mM HEPES [pH 7.4], 500 mM NaCl, 1 mM Na3VO4, 0.5% NP-40, 1 mM DTT, and 1�
protease inhibitor cocktail). Proteins were removed from beads with 2� SDS lysis buffer, separated by 4
to 12% SDS-PAGE, transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore), and de-
tected by Western blotting using indicated primary antibodies.

Transient DNA replication assays. C33A cells were seeded into a 96-well plate, and each well was
transfected with 100 ng pCDNA3-FGFR3 K650E, 0.5 ng pRL (Rluc), 2.5 ng pFLORI31, 10 ng codon-
optimized triple FLAG-HPV-31-E1 (19), and 10 ng pSG5-HA-HPV-31 E2 or 1 ng pCDNA3-HPV-31 E2 using
lipofectamine 2000. After 72 h, cells were lysed and luciferase activity was measured using Dual Glo
(Promega). Firefly luciferase levels were normalized to Renilla luciferase levels.

Chromatin immunoprecipitation. ChIP assays were performed using a ChIP-IT Express chromatin
immunoprecipitation kit (Active Motif). Real-time PCR was performed using SsoFast EvaGreen mastermix
(Bio-Rad). Primers for the HPV-18 long control region (LCR) were forward (F), 5=-GGGACCGAAAACGGTG
TAT-3=, and reverse (R), 5=-TTCCGTGCACAGTACAGGTA-3=. Results were analyzed using Bio-Rad CFX
manager software.

Immunofluorescence. CV-1 cells were transfected onto coverslips with 1 �g pCDNA3-FLAG-HPV-31
E2 constructs using lipofectamine (Life Technologies). After 24 h, coverslips were washed twice in
phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde for 15 min, and washed three times in
PBS. Coverslips were placed in 10% goat serum in PBS-Triton X (PBS-T; 0.25%) for 30 min, followed by M2
antibody in PBS-T overnight; they were then washed three times with PBS, incubated in a 1:5,000 dilution
of Alexa Fluor goat anti-mouse 594 (Invitrogen) for 1 h, washed three times in PBS, and mounted onto
slides with Vectashield mounting medium with 4=,6-diamidino-2-phenylindole (DAPI). Cells were ana-
lyzed with a Nikon microscope.

HeLa transcriptional repression assay. HeLa cells were grown to 50% confluence and transfected
with 10 �g FLAG-HPV 31 E2 (WT or mutants) with lipofectamine 2000. At 48 h posttransfection, cells were
lysed in TRIzol, and RNA was isolated. RNA (1 �g) was used for cDNA synthesis using a SuperScript III
first-strand synthesis system (Thermo Fisher Scientific). cDNA was analyzed by quantitative PCR for HPV18
E6 and actin using previously published primers (59).

Statistical analysis. One-way analysis of variance (ANOVA) and two-tailed t tests were used for
analysis. Means are expressed � standard error of the mean (SEM). P values are indicated in figure
legends. All experiments were performed at least 3 independent times.
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