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BRDA4S Interacts with Viral E2 Protein To Limit Human
Papillomavirus Late Transcription
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ABSTRACT The E2 protein encoded by human papillomaviruses (HPV) is a
sequence-specific DNA-binding protein that recruits viral and cellular proteins.
Bromodomain-containing protein 4 (BRD4) is a highly conserved interactor for E2
proteins that has been linked to E2’s functions as transcription modulator, activator
of viral replication, and segregation factor for viral genomes. In addition to BRD4, a
short form of BRD4 (BRDA4S) is expressed from the BRD4 gene, which lacks the C-ter-
minal domain of BRD4. E2 proteins interact with the C-terminal motif (CTM) of BRD4,
but a recent study suggested that the phospho-dependent interaction domain
(PDID) and the basic interaction domain (BID) in BRD4 also bind to E2. These
domains are also present in BRD4S. We now find that HPV31 E2 interacts with the
isolated PDID domain in living cells and also with BRD4S, which is present in detect-
able amounts in HPV-positive cell lines and is recruited into HPV31 E1- and E2-
induced replication foci. Overexpression and knockdown experiments surprisingly
indicate that BRD4S inhibits activities of E2. In line with that, the specific knockdown
of BRD4S in the HPV31-positive CIN612-9E cell line induces mainly late viral tran-
scripts. This occurs only in undifferentiated but not differentiated cells in which the
productive viral replication cycle is induced. These data suggest that the BRD4S-E2
interaction is important to prevent HPV late gene expression in undifferentiated ke-
ratinocytes, which may contribute to immune evasion and HPV persistence.

IMPORTANCE Human papillomaviruses (HPV) have coevolved with their host by using
cellular factors like bromodomain-containing protein 4 (BRD4) to control viral proc-
esses, such as genome maintenance, gene expression, and replication. Here, we
show that, in addition to the C-terminal motif in BRD4, the phospho-dependent
interaction domain in BRD4 interacts with E2 proteins, which enable the recruitment
of BRD4S, the short isoform of BRD4, to E2. Knockdown and overexpression of
BRD4S reveal that BRD4S is a negative regulator of E2 activities. Importantly, the
knockdown of BRD4S induces mainly L1 transcripts in undifferentiated CIN612-9E
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with high affinity to the viral origin of replication. E1 acts as the replicative helicase
and also recruits host replication proteins to replicate the viral genome. Aside from
recruiting E1, E2 modulates viral and cellular transcription. E2 can repress the major vi-
ral early promoter but has also transcription-activating activities. Furthermore, E2 acts
as a segregation factor for viral genomes during cell division (5, 6). E2's activities are
mediated by protein-protein interactions and its sequence-specific recognition of DNA.
Among the many host cell proteins reported to bind to E2 proteins, bromodomain-
containing protein 4 (BRD4) stands out, as this interaction is highly conserved among
all papillomaviruses tested so far (7, 8). Furthermore, the BRD4-E2 interaction has been
implicated to contribute to E2’s replication, transcription modulation, and segregation
activities in a virus-type-dependent manner (8). BRD4 belongs to the bromodomain
and extraterminal domain (BET) protein family and acts as a coactivator of transcrip-
tion. The two conserved bromodomains preferentially bind to multiacetylated peptides
in histones 3 and 4 as well as transcription factors (7). The ET domain modulates tran-
scriptional activation and chromatin remodeling by interacting with JMJD6, NSD3,
CHD4, and BRG1 (9). The C-terminal motif (CTM) domain binds to the heterodimeric P-
TEFB kinase, which enables it to bypass the paused state of RNA polymerase Il and pro-
motes transcriptional elongation (9). In addition, BRD4 is involved in DNA damage
repair pathways. BRD4 contributes to the activation of the nonhomologous end-join-
ing recombination pathway (10, 11) and has been implicated in the activation of a
DNA damage checkpoint (12, 13). The BRD4 gene encodes two additional gene prod-
ucts, which are generated by alternative RNA splicing, as follows: BRD4 short (BRD4S)
and BRD4 isoform B. BRD4 isoform B has been shown to insulate chromatin from DNA
damage signaling (12). BRD4S acts as a corepressor for HIV-1 transcription and thus
controls latency (14). Furthermore, the ratio between BRD4 and BRD4S contributes to
the antileukemic effects of SPRK1 inhibition (15).

The interaction between E2 and BRD4 is mainly mediated by the CTM domain of
BRD4, which is present in BRD4 but not in BRD4S or isoform B (16) (Fig. 1). However, a
recent biochemical study indicated that E2 proteins are able to bind two additional
domains in BRD4. While the basic residue-enriched interaction domain (BID) (amino
acids [aa] 524 to 579) was identified as a universal E2 binding site, the phosphoryla-
tion-dependent interaction domain (PDID) (aa 287 to 530) only interacted with E2 pro-
teins from HR-HPV16 and 18 in a phosphorylation-dependent manner (17). Thus,
recruitment of BRD4S, which contains PDID and BID, by HR-E2 proteins might also be
possible.

So far, the contribution of BRD4 to the papillomavirus (PV) life cycle has been inves-
tigated without taking the role of BRD4S into account. In this study, we demonstrate
that PDID and BRDA4S interact with HPV31 E2 and that BRD4S inhibits E2-dependent
activities. Consistent with this, BRD4S is recruited into HPV31 E1/E2-induced replication
foci. Furthermore, knockdown of BRD4S by either small interfering RNA (siRNA) or
CRISPR/Cas9 specifically induced late viral transcripts in undifferentiated but not in dif-
ferentiated CIN612-9E cells that maintain replicating HPV31 genomes. In summary, our
data suggest that the BRD4S-E2 interaction is important to limit late gene expression
in undifferentiated cells, which might contribute to immune evasion by high-risk HPV
and subsequently to virus persistence.

RESULTS

BRD4S interacts with HR-HPV E2. A previous study reported the following two
additional interaction sites in BRD4 for E2 proteins: BID (aa 524 to 579) was bound by
all E2 proteins tested, whereas phospho-PDID (aa 287 to 530) interacted only with HR-
HPV 16 and 18 E2 proteins (Fig. 1A) (7, 17). Since BID and PDID are present in BRD4S,
E2 proteins may also interact with BRD4S with unknown functional consequences. We
first used an in vivo protein-protein interaction assay based on the flow cytometric
detection of Forster resonance energy transfer (FRET)-positive cells in which FRET sig-
nals are generated when blue fluorescent protein (BFP) fusion proteins are in close
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FIG 1 Interaction of BRD4 and HPV31 E2 in a flow cytometry-based FRET assay. (A) Schematic depiction of BRD4 (aa 1 to
1362) and BRD4S (aa 1 to 722) and their functional domains as follows: BD1 (bromodomain 1), PDID (phosphorylation-
dependent interaction domain), BD2 (bromodomain 2), NPS (N-terminal cluster of phosphorylation sites), BID (basic
residue-enriched interaction domain), ET (extra terminal domain), and CTM (C-terminal motif). BRD4S contains the unique
residues GPA at positions 720 to 722 compared to BRD4. Additionally, the schematic depiction of HPV31 E2 protein (aa 1
to 372) showing the transactivation domain (TAD), hinge region, and DNA-binding/dimerization domain (DBD). (B) Gating
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proximity (<10 nm) to super yellow fluorescent protein (SYFP) fusion proteins (18). The
gating strategy is based on negative (untransfected cells, unfused BFP and SYFP) and
positive (a BFP-SYFP fusion protein) controls and demonstrates that the close proximity
of fluorophores in the BFP-SYFP fusion protein leads to the generation of a FRET signal
resulting in 99.3% FRET-positive cells, whereas the negative control results in less than
0.5% FRET-positive cells (Fig. 1B and C). To validate the system for E2, BFP was fused to
the N terminus of HPV31 E2 (BFP-31 E2) and tested in cotransfection experiments in
C33A cells with SYFP fused to the C terminus of BRD4 (SYFP-BRD4) (Fig. 1B and C). As
controls, an E2 mutant (E2 173L), previously shown to reduce the interaction with the
C-terminal motif (CTM) of BRD4, and a BRD4 protein, in which the CTM was deleted
(BRD4 dCTM), were used (19). Cotransfection of BRD4 and HPV31 E2 resulted in 70.7%
FRET-positive cells, whereas the signal decreased to 3.4 and 0.5% when coexpressing
BRD4 with HPV31 E2 173L or BRD4 dCTM with E2 (Fig. 1C), although expression of
HPV31 E2 I73L and BRD4 dCTM was observed (Fig. 1D). This suggested that this assay
can be used to quantitatively determine E2-BRD4 interactions in living cells. As pointed
out above, BRD4 dCTM, despite the presence of the PDID and BID domains, did not
result in a FRET signal with E2. Since FRET signals can only be generated when the fluo-
rophores are in close proximity, it was possible that the two fluorophores in the con-
text of full-length proteins are too far apart to generate a FRET signal. Therefore, we
tested smaller fragments of BRD4 harboring the following described interaction
domains: SYFP-BRD4 PDID (aa 287 to 530), SYFP-BRD4 BID (aa 524 to 579), and SYFP-
BRD4 CTM (aa 1224 to 1362) (Fig. 1E). This revealed that the isolated PDID and CTM
domains resulted in similar numbers of FRET-positive cell of 42.4% and 49.5%, respec-
tively, whereas BID did not generate a signal (0.2%). HPV16 E2 also generated a FRET
signal with PDID and CTM but not with BID (Fig. 1E), indicating that the interaction
between PDID and E2 is conserved. To test which domain in HPV31 E2 is involved in
the PDID interaction, the transactivation domain (TAD)-hinge, the hinge alone, or the
hinge-DNA-binding domain (DBD) were tested. Expression of the BFP-E2 domain con-
structs was determined by Western blot analysis (Fig. 1F). Furthermore, to ensure nu-
clear localization, BFP-E2 domain constructs were expressed with an additional nuclear
localization signal (Fig. 1F). This revealed that only the TAD-hinge, but not the hinge
alone or the hinge-DBD, interacted with PDID, and the same pattern of binding was, as
expected, observed for the CTM (Fig. 1G). To delineate domains in PDID involved in

FIG 1 Legend (Continued)

strategy for fluorescence-activated cell sorter (FACS)-FRET analysis and BFP-31 E2 domain expression and nuclear
localization. (A) One experiment is shown representatively for C33A cells, which were not transfected (mock) or
transfected with expression vectors for SYFP, BFP, SYFP-BFP fusion, or BRD4-SYFP and BFP-HPV31 E2. Living cells were
analyzed 48 h after transfection for FRET-positive signals using MACSQuant VYB (Miltenyi Biotec). Living cells were gated
for double positive cells by excitation with the 405-nm laser to measure BFP emission with the 450/50-nm band-pass
filter and by excitation with the 488-nm laser to measure SYFP emission by 525/50-nm band-pass filter (lane 1). The next
gate ensures that SYFP-expressing cells, which emit a YFP signal (488/525) and a FRET signal measured by 525/50-nm
filter that resulted in excitation with the 405-nm laser, are excluded to avoid false-positive cell count (lane 2). The last
gate includes cells that emit a BFP signal (405/450) and a FRET signal, which was generated by the energy transfer of the
BFP (excited by 405-nm laser) to SYFP measured by 525/50-nm filter. (C) C33A cells were transfected with expression
vectors for SYFP, BFP, SYFP-BFP fusion, or combinations of BRD4-SYFP or BRD4dCTM-SYFP and BFP-HPV31 E2 or BFP-
HPV31 E2 173L. Living cells were analyzed 48 h after transfection for FRET-positive signals using MACSQuant VYB
(Miltenyi Biotec). Mean values of FRET-positive cells (%) from at least three independent experiments are shown. Error
bars indicate the standard error of the mean (SEM). Statistical significance was determined by one-way analysis of
variance (ANOVA) and Dunnett's multiple-comparison test (compared to BRD4-SYFP + BFP-31 E2). **, P<0.01; ***,
P <0.001. (D) Immunoblot of transfected C33A cells using antibodies specific for SYFP to detect BRD4 fusions or BFP to
detect HPV31 E2 fusion proteins. HSP90 was used as a loading control. (E) C33A cells were transfected with combinations
of BFP-HPV16 E2 or HPV31 E2 and SYFP-BRD4-PDID, SYFP-BRD4-BID, or SYFP-BRD4-CTM expression vectors, and FRET-
positive cells were determined as described above. Mean values of FRET-positive cells (%) from at least three
independent experiments are shown. Error bars indicate the SEM. (F) C33A cells were transfected with 500 ng of BFP-31
E2 TAD-hinge, BFP-31 E2 hinge, BFP-31 E2 hinge-DBD vectors. Whole-cell lysates were analyzed by immunoblot using an
antibody specific for BFP. HSP90 was used as loading control. C33A cells transfected with 50 ng of expression vectors for
BFP-31 E2 TAD-hinge, BFP-31 E2 hinge, and BFP-31 E2 hinge-DBD were analyzed by immunofluorescence with an
antibody specific for BFP. DAPI was used to visualize DNA. (G) C33A cells were transfected with a total of 1ug of
expression vectors for SYFP-BRD4-PDID, -BID, -CTM, and BFP-HPV31 E2 TAD-hinge, BFP-HPV31 E2 hinge, and BFP-HPV31
E2 hinge-DBD. Mean values of FRET-positive cells (%) from three independent experiments are shown, and error bars
indicate SEM.
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FIG 2 Several domains in PDID are required for interaction with E2. (A) C33A cells were cotransfected with SYFP-BRD4
PDID, -PDIDd287-348, -PDIDdBD2, -PDIDd462-482, -PDIDANPS, or -PDIDd505-530 and BFP-HPV31 E2 expression
vectors. Mean values of FRET-positive cells (%) are derived from three independent experiments, and error bars
indicate the SEM. (B) BFP-BRD4-PDID, -BID, -CTM were tested in different combinations with SYFP-BRD4-PDID, -BID,
-CTM in C33A cells. Additionally, the interactions of BFP-BRD4-PDID with SYFP-BRD4-PDID, -PDIDdBD2, -PDIDANPS, and
-PDIDd505 were analyzed. Mean values of FRET-positive cells (%) are derived from three independent experiments,
and error bars indicate the SEM. Statistical significance was determined by one-way ANOVA and Dunnett’s multiple-
comparison test (compared to SYFP-BRD4-PDID + BFP-HPV31 E2 [A] or SYFP-BRD4-PDID + BFP-BRD4-PDID [B]); ns,
P>0.05; **, P<0.01; ****, P <0.0001. (C) Immunoblot analyses of C33A cells transfected with expression vectors for
SYFP-BRD4-PDID, -BID, -CTM, -PDIDdBD2, -PDIDANPS, or -PDID d505-530. Untransfected cells served as a negative
control (C33A). HSP90 was used as loading control.

binding to E2, a panel of deletion mutants was tested (Fig. 2A). A complete loss of sig-
nal was observed when residues 505 to 530 were removed, and also deletion of N-ter-
minal cluster of phosphorylation sites (NPS) significantly reduced the signal (Fig. 2A).
The loss of FRET signal was specific since these constructs were expressed at similar
levels as the complete PDID (Fig. 2C). Bromodomain 1 (BD1)/bromodomain 2 (BD2)
and residues 505 to 530 have previously been implicated in mediating dimerization of
BRD proteins (20, 21). In line with this, the coexpression of SYFP-BRD4 PDID and BFP-
BRD4 PDID resulted in 31% FRET-positive cells but not the coexpression of CTM, BID,
CTM and PDID, BID and PDID, or BID and CTM (Fig. 2B). However, this mainly depended
on BD2 and not on NPS or residues 505 to 530 (Fig. 2B), which suggests that BRD4 pro-
teins can dimerize via BD2 but that this is not important for binding to E2. Since PDID
is part of BRD4S (Fig. 1A), we tested if BRD4S binds to E2 by coimmunoprecipitation.
Flag-BRD4, -BRD4S, or -BRD4 dCTM were cotransfected with hemagglutinin (HA)-
HPV31 E2, which revealed that not only BRD4 but also BRD4S interacts with E2 (Fig.
3A). Furthermore, a small amount of BRD4 dCTM could be immunoprecipitated, sug-
gesting that the PDID in BRD4 is sufficient to mediate an interaction (Fig. 3A).
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FIG 3 BRD4S interacts with HPV31 E2 and is expressed in different keratinocyte cell lines. (A) C33A
cells were transfected with 10 ug of expression vectors for HA-tagged HPV31 E2 and Flag-tagged
BRD4, BRD4S, or BRD4dCTM proteins. Whole-cell lysates were directly analyzed (input) or precipitated
with magnetic anti-Flag beads. Lysates were analyzed using a-HA and a-Flag antibodies. (B)
Immunoblot analysis of endogenous BRD4S expression in whole-cell extracts of normal human
keratinocytes (NHK), C33A, and CIN612-9E cells. To detect BRD4S, a-BRD4 (N-terminal) and for BRD4
detection, a-BRD4 (C-terminal) antibodies were used. Alpha-tubulin was used as a loading control.

Immunoblot analyses revealed that both BRD4 and BRD4S are present in normal
human keratinocytes, C33A, and HPV31-positive CIN612-9E cells (Fig. 3B), suggesting
that the interaction between E2 and BRD4S might be relevant for the HPV life cycle.

BRD4S is recruited into E1/E2 replication foci. To further elucidate the role of
BRD4S in HPV replication, colocalization studies using indirect immunofluorescence
were conducted (Fig. 4). C33A cells were transfected with vectors encoding epitope-
tagged HPV31 E1, E2, BRD4, or BRD4S. HPV31 E1 and E2 alone were diffusely distrib-
uted in the nucleus, whereas BRD4 and BRD4S were located in nuclear foci (Fig. 4A)
consistent with other studies (22, 23). Consistent with previous reports, coexpression
of E1 and E2 proteins lead to formation of foci, which increase in size when a plasmid
harboring the HPV31 upstream regulatory region (URR), which includes the viral origin
of replication, is present (Fig. 4B) (23, 24). Coexpression of E2 and BRD4 led to a more
structured staining pattern of E2 and to colocalization (Pearson correlation coefficient
[PCC]=0.68) (Fig. 4C and E). Coexpression of E1, E2, and BRD4 resulted in foci in which
a similar degree of colocalization of E2 and BRD4 was observed (PCC=0.69) (Fig. 4C
and E). The addition of the URR reduced colocalization significantly in the absence of
E1 (PCC=0.46) but not significantly when E1 was present (PCC=0.54) (Fig. 4C and E).
Coexpression of BRD4S and E2 revealed a more diffuse expression pattern for E2 with
partial BRD4S colocalization (PCC=0.47) (Fig. 4D and E). The addition of E1 alone
(PCC=0.69), the URR alone (PCC=0.86), or E1 and URR together (PCC= 0.72) signifi-
cantly enhanced colocalization of BRD4S and E2 (Fig. 4D and E). Taken together, these
data strongly indicate that not only BRD4 but also BRD4S is recruited into E1/E2 repli-
cation foci, supporting the idea that BRD4S regulates the HPV life cycle.
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FIG 4 BRD4S colocalizes with E1/E2 replication foci. (A) C33A cells were transfected with expression
vectors for HPV31 E1 (500 ng; pCMV neo 31 E1 - 3xFlag), HPV31 E2 (50 ng; pSX31 E2-HA), BRD4 (700 ng;
pcDNA3-flag BRD4), or BRD4S (500 ng; pcDNA3-flag BRD4S) and analyzed by immunofluorescence with
anti-HA or anti-Flag antibodies. DAPI was used to stain DNA. (B) C33A cells were transfected with
expression vectors for HPV31 E1 (flag) and E2 (HA) and with or without 500 ng pGL31URR-Luc (31 URR)
and stained with anti-HA, anti-Flag, and DAPI. (C, D) C33A cells were transfected with combinations of
expression vectors for HPV31 E1 (untagged), HPV31 E2 (HA), BRD4 (flag), BRD4S (flag), or URR 31 (pGL31
URR) and stained with anti-HA, anti-Flag, and DAPL. (E) Quantification of the levels of colocalization
between E2 and BRD4 or BRD4S. Data are expressed as the Pearson correlation coefficient between E2
and BRDA4(S) signals. Statistical significance was determined by one-way ANOVA with Dunnett’s multiple-
comparison test (ns, not significant; ***, P < 0.001; ****, P < 0.0001).

BRD4S modulates HPV31 E2 activities. To address the functional role of BRDA4S,
cotransfection assays were carried out with an E2-dependent reporter plasmid.
Cotransfection of increasing amounts of BRD4S with E2 strongly reduced activation of
the reporter plasmid by E2 in a concentration-dependent manner (Fig. 5A). This sur-
prisingly indicated that BRD4S limits transcriptional activation by E2. Immunoblots
revealed that the expression of BRD4S increased E2 protein levels, demonstrating that
the loss of transactivation by E2 in the presence of BRD4S is specific and not due to
reduced E2 protein levels (Fig. 5B). Cotransfection of BRD4S also decreased the E1/E2-
dependent activation of the pGL31 URR-luc plasmid in an E1/E2-dependent replication
reporter assay (25) (Fig. 5¢), indicating that BRD4S also inhibits replicating templates.
To further validate these findings, endogenous BRD4S was depleted by small interfer-
ing BRDA4S (siBRD4S), which targets the 3" untranslated region (3’-UTR) in the exon spe-
cific for BRD4S (see Fig. 8A), and consistent with this, only BRD4S but not BRD4 RNA
and protein levels were greatly diminished (Fig. 6A and B). siBRD4S increased activa-
tion of the reporter plasmid by E2 from 26-fold in the presence of a control siRNA to
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78-fold, providing evidence that endogenous BRD4S inhibits E2 (Fig. 6C). Cotransfection of
siBRD4S and the BRDA4S expression plasmid, which does not harbor the siRNA target
sequence in the 3'-UTR of BRDA4S, resulted in a reduced activation by E2 (Fig. 6C), confirm-
ing that the phenotype is due to the specific knockdown of BRD4S.

Knockdown of BRD4S induces HPV late gene transcription in undifferentiated
CIN612-9E cells. To further validate this, CIN612-9E cells, which maintain replicating HPV31
genomes, were transfected with siBRD4S. Comparable to C33A cells, siBRD4S greatly
reduced BRD4S transcript and protein levels but did not reduce BRD4 transcript and only
weakly reduced BRD4 protein levels (Fig. 7A). The amounts of different spliced viral RNAs
were analyzed by quantitative PCR (qPCR) and revealed a 2-fold increase of E6* and E1AE4
transcripts and a significant 33-fold increase in E4AL1 transcripts, whereas ESAE2 transcripts
were unchanged (Fig. 7B). Interestingly, siBRD4S did not reduce viral copy numbers, suggest-
ing that BRDA4S acts mainly at the level of transcription (Fig. 7C). CIN612-9E cells induced to
differentiate by suspension in methylcellulose expressed higher levels of E1AE4 and E4AL1
transcripts than undifferentiated cells, consistent with previous reports (26, 27). Both BRD4
and BRD4S protein levels were reduced by differentiation, and siBRD4S further reduced
BRDA4S levels (Fig. 7A). siBRD4S did not further increase viral late gene expression compared
to siControl in differentiated cells, which could be due to the differentiation-dependent
decrease of BRD4S (Fig. 7D). This indicates that BRD4S mainly limits viral late transcription
in undifferentiated cells. To validate these results by an alternative method, we used
CRISPR/Cas9 technology to knock down BRDA4S using published genomic RNAs (gRNAs)
targeting the splice acceptor of the exon unique for BRD4S (Fig. 8A) (15). It turned out that
a knockdown of BRD4S was only evident in CIN612-9E cells briefly after drug selection but
could not be stably maintained, indicating a counter selection against the loss of BRD4S
(Fig. 8B and C). Therefore, experiments were carried out immediately after drug selection
using four independently generated knockdown cell lines. This revealed a 2.3-fold induc-
tion of E4ALT transcript levels with gRNA A and a significant 2.6-fold induction with gRNA
B (Fig. 8D). This correlated with the ability of gRNA B to reduce BRD4S levels more effi-
ciently than gRNA A (Fig. 8B and C). Taken together, these data strongly suggest that
BRDA4S restricts mainly E4ALT transcripts in undifferentiated CIN612-9E cells.

DISCUSSION

The interaction between PV E2 proteins and BRD4 is highly conserved and contrib-
utes to the transcription modulation, replication, and segregation activities of E2 in a
virus-type-dependent manner (7, 8). A previous study reported that HR-HPV E2 inter-
acts in addition to the CTM domain also with BID and PDID in BRD4 (17). The BRD4
gene locus generates, by alternative splicing, at least two different BRD4 proteins,
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FIG 5 BRDA4S inhibits E2 transactivation. (A) C33A cells were transfected with 0.5 ng pCMV-Gluc, 50 ng pC18-
Sp1-Luc (structure shown above the graph), 10ng of BFP-31 E2, and 25, 50, or 100ng of SYFP-BRD4S or
empty SYFP and BFP vectors. Values were calculated as the ratio of firefly to Gaussia luciferase and are
shown relative to the activity of the reporter in the presence of BFP and SYFP expression vectors. Mean
values are derived from at least three independent experiments, and error bars indicate the SEM. Statistical
significance was determined by one-way ANOVA and Dunnett’s multiple-comparison test (compared to
activity of reporter with HPV31 E2); ns, P> 0.05; *, P<<0.05. (B) Immunoblot of untransfected C33A cells or
which were transfected with 100ng of BFP-31 E2 and 250, 500, or 1,000ng of SYFP-BRD4S or/and empty
SYFP and BFP vectors using antibodies specific for SYFP to detect SYFP and BRD4S expression or BFP to
detect BFP and HPV31 E2. HSP90 was used as a loading control. (C) C33A cells were transfected with 0.5ng
pCMV-Gluc, 50 ng pGL31 URR-luc (structure shown above the graph), 100ng HPV31 E1, 10ng of BFP-31 E2,
and 25, 50, or 100 ng of SYFP-BRD4S or empty pSG5, SYFP, or BFP vectors. Values were calculated as the
ratio of firefly to Gaussia luciferase and are shown relative to the activity of the reporter in the presence of
pSG5-, BFP-, and SYFP expression vectors. Mean values are derived from at least three independent
experiments, and error bars indicate the SEM. Statistical significance was determined by one-way ANOVA
and Dunnett's multiple-comparison test (compared to activity of reporter with HPV31 E2 and HPV31 E1); *,
P<0.05; **, P<0.01.
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FIG 6 siRNA-mediated knockdown of BRD4S enhances E2-dependent reporter activity. (A) C33A cells
were transfected with siRNA (90 pmol) against BRD4S, and 72 h after transfection, total RNA was
analyzed for BRD4 and BRD4S expression using glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
as a reference gene. Results are presented relative to siRNA control (=1) and represent the mean of
three independent experiments. Error bars indicate the SEM. (B) Expression of BRD4S in C33A cells
transfected with control siRNA (siCon) or siBRD4S was analyzed by immunoblot 72 h after
transfection using a-BRD4 (N-ter) for BRD4S detection and «a-BRD4 (C-ter) for BRD4 detection. HSP90
was used as reference. The graphs represent the quantification of signals for BRD4, BRD4S, and
HSP90 from three independent experiments, and the error bars indicate the SEM. Statistical
significance was determined by paired t test (ns, not significant; *, P<<0.05). (C) C33A cells were
transfected with control siRNA (Con) or siBRD4S (15 pmol). One day later, cells were transfected with
0.5ng pCMV-Gluc, 50ng of pC18-Sp1-Luc, 10ng of BFP-31 E2, and either 100ng of Flag-tagged
BRD4S or 100ng of empty vector (pcDNA3.1). Mean values represent ratios of firefly luciferase to
Gaussia luciferase activity relative to the E2-induced reporter activity from at least three independent
experiments, and error bars indicate the SEM. Statistical significance was determined by one-way
ANOVA and Dunnett’s multiple-comparison test; ****, P < 0.0001.

BRD4 and BRD4S. As BID and PDID are also part of BRD4S, we investigated whether E2
binds to BRD4S and addressed its functional consequences. Using an in vivo protein-
protein interaction assay based on the generation of FRET signals, we confirmed that
PDID interacts with HPV31 and HPV16 E2 in vivo. Using domain mapping, we observed
that deletion of NPS or aa 505 to 530 from PDID reduced the interaction with E2 in
vivo. BD1, BD2, and aa 505 to 530 have been implicated in the dimerization of BRD4
and BRD2 proteins (20, 21). In our hands, only the deletion of BD2, but not of NPS or aa
505 to 530, significantly reduced the FRET signal of PDID with itself. This suggests that
BRD4 proteins can dimerize in vivo, but this does not significantly contribute to the
interaction with E2. Our data indicate that the interaction between PDID and E2 is
mediated mainly by the E2 TAD-hinge domains in vivo and not as reported previously
by the E2 DBD when using purified proteins (17). The hinge on its own did not give
rise to a FRET signal, making it likely that the TAD domain interacts with PDID.
However, attempts to test a BFP-E2 TAD construct failed due to a very low level of
expression (our unpublished observation). The study by Wu et al. (17) revealed that
phosphorylation of NPS modulates binding to E2. It is also known that E2 proteins can
be post-transcriptionally modified which influences their activities (28-33). Thus, the
discrepancies concerning the domains in E2 and BRD4 involved in binding between
our data and the study by Wu et al. (17) may be due to different posttranslational
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FIG 7 siRNA knockdown of BRD4S increases HPV31 late gene expression. (A) CIN612-9E cells were transfected
with 90 pmol of control siRNA or siBRD4S, and 72 h after transfection, whole-cell lysates from undifferentiated
or differentiated cells were analyzed by immunoblot analysis using a-BRD4 (N-ter) for BRD4S detection and
a-BRD4 (C-ter) for BRD4 detection. HSP90 was used as reference. (B) Total RNA of CIN612-9E cells transfected
with 90 pmol of control siRNA or siBRD4S was analyzed for BRD4, BRD4S, and the HPV31 transcripts E4AL1,
E1AE4, EBAE2, and E6*. As reference, gene GAPDH was used. Mean values are derived from three independent
experiments and are presented relative to siRNA control (=1). (C) CIN612-9E cells transfected with 90 pmol of
control siRNA or siBRD4S were differentiated the next day in 1.5% methylcellulose solution for 48 h. Total RNA
was analyzed for BRD4, BRD4S, and the HPV31 transcripts E4ALT, E1AE4, EBAE2, and E6*. As reference, gene
GAPDH was used. Mean values are derived from three independent experiments and are presented relative to
undifferentiated siRNA control (siCon). Error bars indicate the SEM. Statistical significance was determined with
a two-way ANOVA and Sidak’s multiple-comparison test; ****, P < 0.0001.

modification of both proteins in the different experimental systems. Nevertheless, the
data are consistent with an interaction between BRD4S and E2 in vivo and in vitro.

We now provide evidence that not only BRD4 but also BRD4S is present in detecta-
ble amounts in normal human keratinocytes (NHK), C33A, and CIN612-9E cells, which
have been used for many years to explore the life cycle and replication functions of
HR-HPV. Our findings indicate that the interaction between E2 and BRD4 is more com-
plex than anticipated, as E2 does not only bind to BRD4 but also to BRD4S. We also
observe that BRD4S is recruited into E1/E2 replication foci, underpinning the idea that
BRDA4S acts directly on the viral genome. BRD4 is required for the transcriptional
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FIG 8 CRISPR/Cas9-mediated knockdown of BRDA4S increases expression of the HPV31 E4AL1
transcript in undifferentiated cells. (A) Schematic depiction of BRD4S genomic structure (intron and
exon 12) with gRNA sequences gBRD4SA and gBRD4SB, which disrupt the splice acceptor site (black).
Additionally, the target site of siBRD4S is shown. (B) Immunoblot analysis of CIN612-9E whole-cell
extracts, stably infected with pLentiCrispr v2 (empty vector), pLentiCrispr BRD4S-ex12-SA_A (A), or
pLentiCrispr BRD4S-ex12-SA_B (B). p1 shows BRDA4S expression in cells harvested directly after
puromycin selection, and p2 shows the same cells after they were passaged once. To detect BRD4
and BRD4S, an a-BRD4 (N-terminal) antibody was used. HSP90 was used as reference. (C) Relative
BRD4S expression from CIN612-9E cells infected with lentiviral pLentiCrispr v2 vector system analyzed
by gPCR. p1 summarizes four independent experiments. p2 represents the mean of two independent
experiments. GAPDH was used as a reference gene. Results are presented relative to the empty
pLentiCrispr v2 vector (=1). (D) Total RNA of the four independent experiments from (p1) were
analyzed for the expression of BRD4, BRD4S, and the HPV31 transcripts E4AL1, E1AE4, EBAE2, and E6*
using GAPDH as a reference gene. Results are presented relative to the empty pLentiCrispr v2 vector
(=1). Error bars indicate the SEM. Statistical significance was determined with a two-way ANOVA and
Dunnett’s multiple-comparison test; *, P < 0.05.
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activation of promoters and the repression of HR-HPV E6/E7 promoters by E2 as well as
the E1/E2-dependent replication of HPV16 (7, 8). Our data show that BRDA4S attenuates
the transcriptional activation by E2 from nonreplicating and replicating reporter plas-
mids. These data suggest that BRD4S, in contrast to BRD4, is mainly an inhibitor of E2.
Thus, it is likely that the ratio between BRD4 and BRD4S is crucial for HR-HPV E2 activ-
ities. How does BRDA4S inhibit E2 activities? One possibility is that BRD4S is a weaker
coactivator of transcription than BRD4 due to the lack of a CTM domain. In line with
this, E2 still activated the reporter plasmid even at the highest amounts of coexpressed
BRDA4S (Fig. 5). Conversely, it has been reported that BRD4S targets repressive chroma-
tin remodeling complexes to the HIV promoter (14). Thus, it is possible that BRD4S also
recruits such complexes to E2, which could then limit transcription from E2-dependent
promoters. In line with BRD4S being both an activator and an inhibitor of transcription,
the specific knockdown of BRD4S by RNA interference (RNAi) in MDA-MB-231 cells up-
regulated 1,308 genes and downregulated 710 genes (34).

Knockdown of BRD4S revealed an increase of both spliced E6* and E1AE4 tran-
scripts in undifferentiated CIN612-9E cells, which maintain replicating HPV31 genomes,
providing further evidence that BRD4S negatively regulates HR-HPV gene expression.
Interestingly, spliced E4AL1 transcripts were greatly induced, suggesting that BRD4S
mainly acts as an inhibitor of late gene expression in undifferentiated cells. E2 has al-
ready been implicated in activating L1 gene expression in differentiated cells via its
interaction with the CTM of BRD4 (35, 36). This has been correlated with the transcrip-
tional control of cellular splicing factors serine/arginine-rich splicing factor (SRSF) 1, 2,
and 3 by E2 in a BRD4-CTM-dependent manner (36). While we have not observed an
upregulation of SRSF 1, 2, or 3 upon BRD4S knockdown in undifferentiated CIN612-9E
cells (our unpublished observation), it remains possible that BRD4S and E2 not only
directly control transcription of viral genes but also of cellular genes involved in HPV
late mRNA splicing. It is also possible that BRD4S directly regulates splicing of late HPV
transcripts since BRD4 has been implicated in regulating alternative splicing via an
interaction with the splicing machinery (37). BRD4S inhibits HIV-1 transcription by facil-
itating a repressive nucleosome structure, which promotes HIV-1 latency (14). This
could also be applicable to the HPV life cycle, as the suppression of late transcripts
indicates an immune escape mechanism, which could allow the establishment of la-
tency in basal cells of the epithelium. Thus, it is possible that the balance of BRD4 and
BRD4S determines a precondition of persistence, which is a necessary requirement for
cancer development.

MATERIALS AND METHODS

Recombinant plasmids. Expression vectors pSYFP2-C1, pSYFP2-N1, and pmTagBFP-C1 used to gen-
erate different BFP- and yellow fluorescent protein (YFP)-labeled fusion proteins and the BFP-SYFP fusion
protein have been previously described (38). The pmTagBFP-C1-HPV31 E2 expression plasmid was gen-
erated by inserting codon-optimized HPV31 E2 into the Kpn2l and 3’-Smal restriction sites of
pmTagBFP-C1. The 173L mutation was introduced into pmTagBFP-C1-HPV-31 E2 by site-directed muta-
genesis. To obtain BFP-16 E2, HPV16 E2 was inserted into Kpn2l and 3'-BamHI restriction sites of
pmTagBFP-C1. The 31E2-TAD-hinge (HPV31 nucleotide [nt] 2693 to 3298), 31E2-hinge (HPV31 nt 3299 to
3571), and 31E2-hinge-DBD (HPV31 nt 3572 to 3811) were synthesized by Thermo Fisher, including an
N-terminal simian virus 40 (SV40) nuclear localization signal, and cloned into a pmTagBFP-C1 vector re-
stricted with EcoRI and BamHI. Plasmids pcDNA3.1 f:BRD4 and pcDNA3.1 BRD4dCTM [formerly known as
pcDNA3.1 f:BRD4(1-1223); kindly provided by C. M. Chiang] have been previously described (39). PCR-
amplified BRD4 and BRD4dCTM containing 5'-Xhol and 3’-BamHI restriction sites were cloned into the
PSYFP2-N1 vector digested with the respective enzymes. To generate the pcDNA3.1 f:BRD4S and SYFP-
BRD4S expression vectors, BRD4 was amplified from pcDNA3.1 f:BRD4, adding 5'-Xhol and 3’-BamHI
sites, and the C-terminal residues unique for BRD4S and then inserted into Xhol/BamHI digested
pSYFP2-C1 and a modified pcDNA3.1 vector. BRD4 PDID and CTM domains have been previously
described (17, 40). For cloning into the Xhol/BamHlI-restricted pSYFP2-C1 vector, PDID and CTM domains
were synthesized by Thermo Fisher Scientific, including an N-terminal SV40 nuclear localization signal
and respective restriction sites. SYFP-BRD4 PDIDd287-348, BRD4 PDIDdBD2, BRD4 PDIDd462-482, BRD4
PDIDANPS, and BRD4 PDIDd505-530 were generated identically. gRNA sequences for the knockdown of
BRD4S, BRD4S-ex12-SA_A (gBRD4SA), and BRD4S-ex12-SA_B (gBRD4SB) described previously (15) were
cloned into pLentiCRISPR v2 using BsmBlI restriction sites. Plasmids pMD2.G and psPAX2 coding for lenti-
viral packaging elements were obtained from Addgene. The luciferase reporter plasmid pC18-Sp1-Luc
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has been previously described (26, 41). For luciferase-based reporter assays, the control plasmid pCMV-
GLuc, coding for luciferase gene from Gaussia princeps, was used (NEB). The expression plasmids for
HPV31 E1 (pCMV neo HPV31 E1-3xFlag, pCMV HPV31 E1), E2 (pSX HPV31 E2-HA), and the HPV31 URR re-
porter plasmid (pGL HPV31 URR-luc) have been previously described (26, 42-45).

Cell culture. C33A and HEK293T cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) (Life Technologies) supplemented with 10% fetal bovine serum (FBS). CIN-612 9E cells were
maintained in E-medium supplemented with 5% FBS in the presence of mitomycin C-treated NIH 3T3 J2
cells (44, 46, 47). To induce differentiation, CIN612-9E cells were suspended in E-medium/1.5% (wt/vol)
methylcellulose 24 h after siRNA transfection (26). Differentiated cells were harvested 48 h later.

Flow cytometry-based FRET analysis. To analyze protein-protein interactions in vivo via flow cytome-
try-based FRET analysis, 1.5 x 10° C33A cells were seeded into the wells of a 12-well plate. The next day, BFP
and SYFP expression plasmids were transfected using FUGENE HD (Promega) according to manufacturer’s
instructions. The amounts of BFP and SYFP expression plasmids were optimized for each plasmid combina-
tion to achieve similar expression levels of both proteins as judged by flow cytometry analyses. Two days af-
ter transfection, cells were washed with cold phosphate-buffered saline (PBS) and harvested by using 0.05%
trypsin-EDTA (Life Technologies). The cells were collected by centrifugation (20 s, 18,000 x g), and the cell
pellet resuspended in 400 ul PBS/1% vol/vol FBS. Flow cytometry-FRET measurements were performed with
the MACSQuant VYB (Miltenyi Biotec) using 405-nm, 488-nm, and 561-nm lasers. In order to ensure the spec-
ificity of FRET signals, untransfected C33A cells or C33A cells transfected with expression plasmids for SYFP
or BFP alone, BFP and SYFP together, or for a BFP-SYFP fusion protein were used to apply the previously
described gating strategy (Fig. 1) (18, 38). First, cells were selected that express both SYFP and BFP (Fig. 1,
lane 1). Then, a gate was set to exclude cells that exert a false-positive signal in the FRET channel due to YFP
only being excited at 405 nm (Fig. 1, lane 2). Finally, the FRET signal is plotted versus BFP, and the last gate is
adjusted to the cells that are coexpressing BFP and SYFP (Fig. 1, lane 3; BFP+SYFP) (18, 38). The data were
evaluated with the help of MACSQuant software (Miltenyi Biotec).

Coimmunoprecipitation assays. For coimmunoprecipitation analysis, 3 x 10® C33A cells were
seeded into a 100-mm plate and transfected with 10 wg DNA the next day. Cells were lysed 48 h later in
lysis buffer 50 mM Tris-HCl, pH 8.0; 0.5% (vol/vol) IGEPAL 630; 150 mM NaCl; 1 mM dithiothreitol [DTT],
1x cOmplete EDTA-free protease inhibitor cocktail (Sigma); 1x PhosSTOP EASYpack phosphatase inhibi-
tor cocktail (Sigma). For immunoprecipitation (IP), magnetic anti-FLAG beads (Miltenyi Biotec) were
used. Purification of protein-bead complexes was performed with the help of «MACS columns and
wMACS separator (Miltenyi Biotec). The beads were washed with IP washing buffer (50 mM Tris-HCI (pH
8.0); 0.5% IGEPAL 630; 0 to 400 mM NacCl). Bound proteins were eluted in elution buffer (Miltenyi Biotec)
heated to 95°C. The proteins were analyzed by immunoblotting.

siRNA transfection for qPCR, immunoblot analyses, and luciferase-based reporter assays.
CIN612-9E (2 x 10°) or C33A (1.5 x 10°) cells were transfected with 90 pmol control siRNA (siAllStar;
Qiagen) or siBRD4S (UCCCAGCAAGCUAUAGCUUAA; Dharmacon) using Lipofectamine RNAiMax reagent
(Thermo Fisher) according to the manufacturer’s instructions. Analyses of transcript or protein levels
were carried out 72 h after transfection. For luciferase-based reporter assays, 7 x 10* C33A cells were
seeded into 24-well dishes and transfected first with siRNA (15 pmol) and 24 h later with the respective
plasmid vectors using FUGENE HD (Promega) according to the manufacturer’s instructions. Luciferase
assays were carried out 48 h after DNA transfection.

CRISPR-mediated knockdown of BRD4S. To achieve knockdown of BRD4S, recombinant pLentiCRISPR
v2 plasmid containing gRNAs against BRD4S (pLentiCRISPR BRD4S-ex12-SA_A [gBRD4SA] and pLentiCRISPR
BRD4S-ex12-SA_B [gBRD4SB] [15]) were packaged together with pMD2.G (Addgene) and psPAX2 (Addgene)
in HEK293T cells, which were seeded in 60 mm with 2.5 x 10° cells followed by DNA transfection using
FUGENE HD (Promega). The next day, medium was changed and 48 h after transfection, CIN612-9E cells, culti-
vated in 60-mm dishes, were infected with the supernatant of HEK293T cells and 5 ..g/ml Polybrene. The next
day, infected CIN612-9E cells were transferred to 100-mm dishes, and approximately 6 h later, cells were
selected with 1 wg/ml puromycin.

Quantitative PCR. For quantitative analysis of gene expression levels, RNA was isolated from cells
using the RNeasy minikit (Qiagen), and then 1 ug of isolated RNA was transcribed using the QuantiTect
reverse transcription kit (Qiagen). qPCR assays were carried out in a LightCycler 480 (Roche) using SYBR
green | master mix (Roche), 25 ng of cDNA, and 0.3 M primer pairs (Table 1) for cellular and viral genes
as previously described (48).

Immunoblot analysis. To validate the expression of BFP or SYFP fusion proteins, 3 x 10° C33A cells
were seeded in 6-well dishes and transfected with 0.5 to 1 g DNA and FUGENE HD (Promega). Cells
were harvested 48 h posttransfection and lysed in 35 ul 4x RotiLoad 1 (Carl Roth) by incubating the
samples for 5min at 95°C. Protein were separated in 6% to 12% SDS-PAGE and transferred to nitrocellu-
lose membrane (Amersham Protran; GE Healthcare) at 90 V for 90 min in 10 mM N-cyclohexyl-3-amino-
propanesulfonic acid (CAPS), 10% (vol/vol) methanol, pH 10.3. Membranes were blocked for 1 h in PBS/
3% bovine serum albumin (BSA). The following primary antibodies were used: DYKDDDDK Tag rabbit
polyclonal antibody (Cell Signaling; number 2368S; 1:1,000), HA-Tag mouse MAb (Cell Signaling; 6E2;
number 2376S; 1:1,000), BRD4 rabbit MAb (N-terminal; Thermo Fisher Scientific; 14H4L4; number
702448; 1:350), BRD4 rabbit Ab (C-terminal; Cell Signaling; E2A7X; number 13440S; 1:1,000), anti-YFP JL-
8 mouse MADb (TaKaRa; number 632381; 1:1,000), anti-RFP rabbit pAb (Evrogen; number 233; 1:1,000),
HSP90 mouse Ab (Santa Cruz; sc-69703; 1:2,000). Bound antibodies were detected with IRDye 680RD
goat anti-mouse IgG (number 926-68070), IRDye 680RD goat anti-rabbit IgG (number 926-68071), IRDye
800CW goat anti-mouse IgG (number 926-32210), or IRDye 800CW goat anti-rabbit IgG (number 926-
32211) at a 1:15,000 dilution. Antibodies were diluted in PBS/0.1% Tween 20/3% BSA, and washing steps
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TABLE 1 gPCR primers

Journal of Virology

Primer name

Sequence (source)

BRD4 2184 F

BRD4 2380 R

BRD4S 2371R

HPV31 804 F (E1AE4)
HPV31 3373 R (E1AE4)
HPV31 1242 F (E8AE2)
HPV31 3461 R (E8AE2)
HPV31 3528 F (E4ALT)
HPV31 5651 R (E4AL1)
HPV31 E6* F
HPV31508R - E6*
GAPDH F

GAPDH R

5'-CGACTTTGAGACCCTGAAGC-3' (15)
5'-TCGGAGCCATCTCTGTTTC-3' (15)
5'-GGCAGGACCTGTTTCGGA-3’
5'-TGTTAATGGGCTCATTTGGAA-3' (49)
5'-GGTTTTGGAATTCGATGTGG-3' (49)
5'-ACTTCCAGACAGCGGGTATG-3' (49)
5'-GGTGGGTGTTTCTGTGCTCT-3' (49)
5'-CATGCACAAACCAAACAAGG-3' (49)
5'-GCACTGCCTGCGTGATAATA-3' (49)
5'-AATTGTGTCTACTGCAAAGGTGTA-3' (49)
5'-CCAACATGCTATGCAACGTC-3' (49)
5'-TGCACCACCAACTGCTTAGC-3'
5'-GGCATGGACTGTGGTCATGAG-3’

were performed with PBS/0.1% Tween 20. Fluorescent signals were recorded with a Li-Cor Odyssey Fc
(Licor).
Luciferase-based reporter assays. A total of 7 x 10* C33A cells per well were seeded in a 24-well
plate. The next day, cells were transfected with firefly luciferase reporter, Gaussia luciferase reporter, and
expression plasmids using FUGENE HD (Promega) as indicated in the figure legends. Luciferase-based
assays were carried out 48 h after DNA transfection (43).
Immunofluorescence analysis. C33A cells (1 x 10°) were seeded on a glass cover slip in a 6-well
plate. The next day, cells were transfected with combinations of the pGL 31 URR-luc reporter and expres-
sion vectors for HPV 31 E1, E2, BRD4, or BRD4S expression plasmids. Two days after transfection, cells
were washed twice with PBS, incubated with methanol-acetone (1:1) for 2 min at room temperature
(RT), and then washed again with PBS. Cells were then incubated with the following primary antibodies
diluted in PBS/3% BSA for 1h at RT in a humidified chamber: HA-Tag rabbit MAb (Cell Signaling; C29F4;
number 3724S; 1:16,000); DYKDDDDK Tag mouse MAb (Cell Signaling; 9A3; number 8146S; 1:1,000).
Primary antibodies were detected with rabbit Alexa Fluor 488 (Thermo Fisher; A-11034), and mouse
Alexa Fluor 555 (Thermo Fisher A-31570) diluted 1:2,000 in PBS/3% BSA for 1 h at RT. Cover slips were
mounted and counterstained with RotiMount FluorCare 4',6-diamidino-2-phenylindole (DAPI) (Carl
Roth). Stained cells were analyzed with a Zeiss Axio Observer microscope and the appropriate filter sets
in combination with a Zeiss Apotome as described previously (49). Colocalization of E2 with BRD4 or
BRDA4S was analyzed in images of cell nuclei that were randomly taken, and then the Pearson correlation
coefficient was determined using ZEN 2 pro software (Zeiss).
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