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Abstract

Brd4 is an epigenetic reader protein and a member of the BET (bromodomain and extra terminal
domain) family of proteins with two bromodomains that recognize acetylated lysine residues.
Brd4 specifically binds to acetylated transcription factor NF-xB p65 and coactivates transcription.
Polyomavirus JC (JCV) is regulated by a noncoding control region (NCCR) containing promoter/
enhancer elements for viral gene expression including a binding site for NF-xB, which responds to
proinflammatory cytokines such as TNF-a, the DNA damage response, calcium signaling and
acetylation of the NF-xB p65 subunit on lysine residues K218 and K221. Earlier studies indicated
that NF-xB is involved in the reactivation of persistent/latent JCV in glial cells to cause
progressive multifocal leukoencephalopathy (PML), a severe demyelinating disease of the brain
caused by replication of JCV in glial cells. To investigate the mechanism of action of NF-xB
acetylation on JCV transcription, we examined Brd4 and found that JCV early transcription was
stimulated by Brd4 via the JCV NF-xB site and that p65 K218 and K221 were involved.
Treatment with the Brd4 inhibitor JQ1(+) or mutation of either K218 or K221 to glutamine
(K218R or K221) inhibited this stimulation and decreased the proportion of p65 in the nucleus.
We conclude that Brd4 is involved in the regulation of the activation status of JCV in glial cells.
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INTRODUCTION

Progressive multifocal leukoencephalopathy (PML) is a debilitating and often fatal
demyelinating disease of the central nervous system (CNS) caused by the neurotropic
polyomavirus JC (JCV), which replicates in glial cells causing cytolytic death of
oligodendrocytes giving rise to expanding mutifocal lesions of myelin loss (Berger 2011).
PML is a rare disease that occurs almost always in the context of immune system
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impairment, especially HIV-1/AIDS where it remains a complication despite the
introduction of combination antiretroviral therapy (Tavazzi et al. 2012). No effective
therapies for PML are available (Tavazzi et al. 2012; Clifford 2015). More recently,
therapeutic immunomodulatory monoclonal antibodies used to treat autoimmune disorders
such as natalizumab, rituximab and efalizumab have become recognized as another
predisposing condition for PML (Berger 2010; Chahin and Berger 2015). Infection by JCV
is very common throughout populations worldwide since most people acquire antibodies to
the virus at an early age (White and Khalili 2011). However, the incidence of PML is very
low suggesting that virus is restrained but then persists asymptomatically. Occasionally and
in conditions of severe immune impairment, JCV undergoes reactivation in the glia of the
brain to give PML (Jelcic et al. 2015; Wollebo et al 2015a). Defining the molecular
mechanisms whereby this occurs is of paramount importance in understanding the JCV life
cycle and the pathogenesis of PML.

Like other polyomaviruses, JCV is a small, non-enveloped, double-stranded DNA virus with
a circular ~5 Kbp genome comprised of three regions, two protein-coding regions and a
noncoding control region (NCCR) that lies between them (Padgett et al. 1971; DeCaprio et
al. 2013). The early coding region contains large T-antigen (T-Ag) and small t-antigen (t-
Ag), while the late coding region encodes the capsid proteins VP1, VP2 and VP3 and a
regulatory protein know as agnoprotein (Padgett et al. 1971; DeCaprio et al. 2013). The
NCCR contains the promoter/enhancer elements for expression of the early and late genes
and the origin of viral DNA replication. Binding sites for a number of transcription factors
are found within the NCCR and these regulate early and late transcription (White et al.
2009). In particular, we have reported an NF-xB site that activates JCV early and late
transcription in response to NF-xB p65 expression (Romagnoli et al. 2009) or stimulation of
the NF-xB pathway by proinflammatory cytokines such a TNF-a. (Wollebo et al. 2011). We
have proposed that proinflammatory cytokines such as those that occur in HIV-1/AIDS
reactivate JCV leading to PML (White and Khalili 2011). In support of this, we found that
TNF-a and its receptor TNFR1 are upregulated in clinical samples from HIV/PML and
immunohistochemistry of PML brain tissue shows redistribution of NF-xB to the nucleus
(Wollebo et al. 2016).

The JCV NF-xB site is also a nexus for the regulation of JCV by other pathways including
DNA damage response signaling (White et al. 2014) and calcium signaling (Wollebo et al.
2012). Recently, we discovered that acetylation of NF-xB p65 regulates JCV. Thus, histone
deacetylation inhibitors (HDACI) such as trichostatin A (TSA) strongly stimulated JCV
transcription and mutations at the NF-xB site or SiRNA to NF-xB p65 abrogated this effect
(Wollebo et al. 2013). Furthermore, ectopic p65 expression, TNF-a stimulation or TSA
treatment each elicited an identical gel shift with a probe containing the JCV NF-xB site
sequence and this was supershifted by antibody to p65 in all cases (Wollebo et al. 2013).
Site-directed mutagenesis analysis of the known lysine acetylation sites of NF-xB p65
(K218, K221 and K310) implicated K218 and K221 in transactivation of JCV transcription
and showed that acetylation at these sites regulates NF-xB p65 activity toward JCV at the
level of p65 binding to the JCV NCCR and transcriptional transactivation (Wollebo et al.
2015b).
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To further understand the mechanism of NF-xB action on JCV transcription, we have
examined the epigenetic reader protein Brd4, which is a member of the BET (bromodomain
and extra terminal domain) family of proteins and contains two bromodomains that
recognize acetylated lysine residues (Wu and Chiang 2007). Brd4 was first cloned from the
mouse and designated MCAP or mitotic chromosome-associated protein (Dey et al. 2000).
The human homolog has also been identified and the protein has been redesignated Brd4
(French et al. 2001). Brd4 specifically binds to acetylated NF-xB p65 and coactivates
transcription in a number of ways (Huang et al. 2009). Brd4 serves as a scaffolding protein
and is involved in physically linking chromatin remodeling proteins and transcriptional
regulatory proteins (Devaiah and Singer 2013) including P-TEFb (Jang et al. 2005; Yang et
al. 2005; Schroder et al. 2012; Diament and Dikstein 2013) and the SWI/SNF chromatin
remodeling complex (Shi et al. 2013). Brd4 phosphorylates the carboxy-terminal domain of
RNA polymerase 1l and this is abrogated by a small molecule inhibitor that prevents Brd4
binding to chromatin (Devaiah et al. 2012). Additionally, Brd4 may have upstream
inhibitory effects on the NF-xB signaling pathway by interaction with IxB kinase (Ceribelli
et al. 2014).

In this study, we examined the role of Brd4 in the regulation of JCV and found that Brd4
activates JCV early transcription and that this is blocked by mutations in the JCV NF-xB
site or treatment with the small molecule Brd4 inhibitor JQ1(+). Furthermore wild-type NF-
kB p65 was co-stimulatory with Brd4 but not when either p65 lysine 218 or 221 were
mutated to arginine, which cannot be acetylated. JCV replication was increased by Brd4
expression and decreased by Brd4 inhibitor treatment. Thus Brd4 has a role in regulating
JCV transcriptional status and replication via epigenetic changes in NF-xB.

METHODS

Cell culture and plasmids

Antibodies

Culture of the human TC620 oligodendroglioma cell line and SVG-A, a cell line originally
derived from human glial cells transformed by origin-defective SV40 that expresses SV40 T-
Ag was performed as we have previously described (Wollebo et al. 2011, 2015c). The
reporter construct JCVE-LUC contains the JCV early promoter from the Mad-1 strain linked
to the luciferase gene in the early orientation (Wollebo et al. 2011). Mutant versions of the
JCV early promoter, m1 and m2, which contain mutations at two adjacent sites within the
NF-xB binding site, have been described previously (Romagnoli et al. 2009). The expression
plasmid pCMV-p65wt was previously described (Romagnoli et al. 2009) and expression
plasmids for the p65 acetylation site Lys to Arg mutants (p65K218R, p65K221R and
p65K310R) and Lys to GIn mutants (p65K218Q, p65K221Q and p65K310Q) have also been
described (Wollebo et al. 2015b). Expression plasmid for Brd4 (pcDNA6B-Brd4) was made
by cloning the coding region for human Brd4 (Addgene) into the BamHI/Hindl1lI site of
pcDNAGB.

The following antibodies were used for Western blot: Mouse monoclonal anti-p65 (Santa
Cruz Biotechnology Inc., Santa Cruz, CA), anti-a-tubulin clone B512 (Sigma-Aldrich. St.
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Louis, MO) and anti-Lamin A/C (Cell Signaling, Danvers, MA). Purified mouse monoclonal
anti-Grb2 (#610111) antibody was purchased from BD Biosciences, San Jose CA. Rabbit
polyclonal antibody to Brd4 (sc-48772) was from Santa Cruz. Rabbit polyclonal antibodies
against JCV agnoprotein and VP1 were previously described (Darbinyan et al. 2007).

Western blots

Western blot assays were performed as previously described (White et al. 2006). Briefly, 50
ug of protein was resolved by SDS-PAGE, transferred to nitrocellulose, and immunaoblotted
with primary antibody (1/1000 dilution) and secondary antibody (1/10000 dilution). Bound
antibody was detected with the LI-COR system. Blots were incubated with IRDye® 680RD
Goat Anti-Mouse Li-COR dyes and visualized with an Odyssey® CLx Imaging System (LI-
COR, Inc., Lincoln, NE) using LI-COR Odyssey software. Band intensities were quantified
using the Quantity One software (Bio-Rad, Hercules CA) and intensities normalized to
loading control as previously described (Bellizzi et al. 2015).

Transient transfection and reporter assays

Co-transfection of reporter plasmids and expression plasmids were performed using
Lipofectamine 2000 (Life Technologies Inc., Carlsbad CA) as we have previously described
(Romagnoli et al. 2009; Wollebo et al. 2011). Briefly, TC620 cells were transfected with
reporter constructs alone or in combination with expression plasmid(s) for 48 h prior to
harvesting. The total amount of transfected DNA was normalized with empty vector DNA.
For cytokine stimulation of transfected cells, TNF-a. was used at a concentration of 10 ng/ml
as described (Wollebo et al. 2011). Assay for luciferase was performed as previously
described (Romagnoli et al. 2009; Wollebo et al. 2011).

Treatment with the Brd4 small molecule inhibitor JQ1(+)

MTT Assay

JQ1(+) ((S)-tert-butyl 2-(4-(4-chlorophenyl)-2,3,9-trimethyl-6H-thieno[3,2-f]
[1,2,4]triazolo[4,3-a][1,4]diazepin-6-yl)acetate) is a potent inhibitor of the BET family of
bromodomain proteins including BRD4 and is related to benzodiazepines (Filippakopoulos
et al. 2010). It was used at a concentration of 2.5-10 uM and added to cells 24 hours prior to
harvesting for luciferase or cell fractionation experiments. Parallel cultures treated with the
same concentration of the inactive isomer JQ1(-) were used as negative controls.

To assess cell viability after treatment, the MTT assay was performed with the Vybrant®
MTT Cell Proliferation Assay Kit using a standard microplate absorbance reader according
to the Manufacturer's protocol (Vybrant, Life Technologies, Inc).

Assay of JCV infection

Infection experiments were performed with SVG-A cells. Cells were transfected with Brd4
expression plasmid or treated with JQ1 and infected with Mad-1 JCV at an MOI of 1 as we
have previously described (Radhakrishnan et al. 2003, 2004), harvested and analyzed after 7
days together with uninfected control cultures. Expression of the viral proteins VP1 and
agnoprotein was measured in whole cell protein extracts by Western blot. In parallel, the
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growth medium of the cells was also collected to measure viral load by Q-PCR
(Radhakrishnan et al. 2004).

Cell fractionation

TC620 cells were treated for 24 hours with 0, 2.5, 5 or 10 pg JQ1(+) or JQ1(-)(BD
Biosciences) harvested for cell fractions using the NE-PER nuclear and cytoplasmic
extraction kit according to the Manufacturer’s instructions (Thermo Scientific Pierce,
Rockford IL; Cat. # PI-78835).

Immunocytochemistry (ICC)

ICC was performed as we have recently described (White et al. 2014). TC620 cells were
transfected with expression plasmids for p65 (wild-type or mutant) and Brd4, serum-starved
overnight with 0.5% BSA and then either untreated or treated with 10 ng/ml TNF-a. for 20
min. Cells were fixed in 4% paraformaldehyde in PBS for 10 min, washed, permeabilized
for 5 min with 0.1% TritonX-100, blocked with 5% normal goat serum for 30 min and
incubated for 3 h at 37°C with mouse anti-NF-xB p65 and rabbit anti-Brd4 at a 1:100
dilution in PBS. Cells were then washed, incubated for 2 h with secondary FITC-conjugated
goat anti-rabbit and rhodamine-conjugated anti-mouse secondary antibodies at a 1:200
dilution, washed, mounted with DAPI-containing mounting medium (VECTASHIELD,
Vector Laboratories Inc. Burlingame, CA) and viewed by fluorescence microscopy.

RESULTS

Expression of Brd4 stimulates the transcriptional activity of the JCV early promoter and
this is mediated by the NF-xB binding site

Our earlier studies have shown that in vivo acetylation of NF-xB p65 at lysines 218 and 221
is involved in the epigenetic regulation of JCV (Wollebo et al. 2015b). Brd4 is an epigenetic
reader protein, which specifically binds to acetylated NF-xB p65 and coactivates
transcription in a number of ways (Huang et al. 2009) and thus we investigated a role for
Brd4 in the regulation of JCV by NF-xB p65. Co-transfection of Brd4 expression plasmid
with luciferase reporter plasmid for the JCV early promoter into TC620 oligodendroglial
cells showed a 3-fold stimulation of transcription (Fig. 1A). These data indicate a role for
Brd4 in the regulation of JCV transcription. Expression of Brd4 was verified by Western blot
(Fig. 1B).

To determine the site of action of Brd4 on the JCV early promoter, we employed mutants
(m1 and m2) that contain base substitutions in the NF-xB binding site (Romagnoli et al.
2009). As shown in Fig. 1C, the stimulation of JCV early transcription is drastically reduced
in the m1 and m2 mutants compared to wild-type in experiments where wild-type or mutant
luciferase plasmids are transfected into TC620 cells with expression plasmid for Brd4.
Expression of Brd4 was verified by Western blot (Fig. 1D). Thus, the stimulatory effect of
Brd4 on JCV transcription is mediated through the NF-xB site and this is consistent with our
hypothesis that Brd4 is exerting its effect through binding to NF-xB p65.
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Brd4 inhibitor JQ1(+) causes a decline in the level of nuclear NF-xB p65

In the next series of experiments, we looked at the effect of JQ1(+), which is a
thienotriazolodiazepine and a cell-permeable small molecule inhibitor of the BET family of
bromodomain proteins including BRD4. JQ1(+) binds competitively to acetyl-lysine
recognition motifs (bromodomains) and thereby provides highly potent and specific
inhibition of Brd4 (Filippakopoulos et al. 2010). Since Brd4 specifically binds to acetylated
NF-xB p65 in the nucleus (Huang et al. 2009), we investigated the effect of JQ1(+) on the
level of nuclear NF-xB p65. TC620 cells were treated with various concentrations of JQ1(+)
and harvested for isolation of nuclear and cytoplasmic fractions as described in Methods. As
show in Figure 2, analysis of the fractions by Western blot revealed that there was a 70%
decrease in nuclear NF-xB p65 after treatment with 10 uM JQ1(+)(A) compared to the
biologically inactive isomer JQ1(-)(B). The nuclear and cytoplasmic p65 bands were
quantified by densitometry and are shown a histogram of the percentage of p65 present in
the nucleus, which decreases with JQ(+)(C). Thus Brd4 is involved in the nuclear
localization of NF-xB p65. It is possible that interaction of Brd4 with p65 facilitates p65
binding to chromatin thus favoring p65 nuclear localization. Alternatively, it is known that
IxB Kkinase activity is inhibited by small molecules targeting BET proteins and this might
favor p65 retention in the cytoplasm bound to IxB (Ceribelli et al. 2014). Furthermore,
depletion of Brd4 or treatment of cells with JQ1 has been shown to induce the ubiquitination
and degradation of the active nuclear form of p65 (Zou et al. 2014).

The Brd4 inhibitor JQ1(+) reduces JCV early promoter activity

TC620 cells were transfected with luciferase reporter plasmid for the JCV early promoter,
treated with the Brd4 inhibitor JQ1(+) or its inactive isomer JQ(-), harvested and luciferase
activity determined (Fig. 3A). Treatment with 10 uM JQ1(+) reduced JCV early promoter
activity by about one third whereas JQ(-) was without significant effect. The expression of
Brd4 was analyzed by Western blot (Fig. 3B) and viability by MTT assay (Fig. 3C). These
data further implicate Brd4 in the regulation of JCV transcription.

Combined effects of Brd4 and NF-xB p65 acetylation site mutants on JCV early promoter
activity and TNF-a-mediated subcellular redistribution

While expression of wild-type NF-xB p65 stimulated JCV early transcription 4-fold (Fig.
4A, lane 2) and Brd4 stimulated 3-fold (Fig. 4A, lane 3), together they stimulated the
promoter 5.3-fold (Fig. 4A, lane 4). Previously, we had constructed a series of p65
acetylation site mutants where individual lysines (K) were mutated to arginine (R), which
cannot be acetylated or glutamine (Q), which possesses a negative charge like acetyllysine
(Wollebo et al. 2015b). Brd4 failed to costimulate with the K218R and K221R mutants (Fig.
4A, lanes 5-8) while K310R was only slightly reduced (Fig. 4A, lanes 9 and 10) indicating
the importance of K218 and K221 in transcriptional co-activation and Brd4 binding. This
was not the case for the K to Q mutants (Fig. 4A, lanes 11-16), which were still co-
stimulated by Brd4 suggesting that Brd4 could bind to the negatively charged Q residues in
K218Q and K221Q and co-activate JCV transcription. Expression of p65 and Brd4 in this
experiment was confirmed by Western blot (Fig. 4B).
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Immunocytochemistry showed that TNF-a treatment of TC620 cells transfected with wild-
type p65 and Brd4 resulted in the expected cytoplasm to nucleus relocation of p65 (Fig. 5A).
Similarly in the case of K310R (Fig. 5B) and K310Q (Fig. 5C), a comparable redistribution
occurred but not for K218R (Fig. 5D) and K221R (data not shown), again pointing to the
importance of K218 and K221 acetylation.

To assess the effect of Brd4 on JCV infection, we transfected SVGA cells with Brd4
expression plasmid or treated with JQ1 and infected with JCV. Viral infection was monitored
by Western blot for viral proteins, VP1 and agnoprotein (Fig. 6A) and by Q-PCR for viral
DNA in the culture supernatants (Fig. 6B). Expression of Brd4 enhanced viral infection
while JQ1 was inhibitory. These data indicate that Brd4 has a crucial role in the JCV
replicative life cycle.

DISCUSSION

The transcription factor NF-xB is pivotal in the regulation of JCV activation and may
mediate the reactivation of virus in response to extracellular proinflammatory cytokines,
such as TNF-a, which turn on signaling pathways that lie upstream of NF-xB (Wollebo et
al. 2011). Due to its many interactions with other proteins, this JCV NF-xB site also
constitutes a nexus for JCV regulation by other signaling pathways including the DNA
damage response (White et al. 2014) and calcium-activated signaling (Wollebo et al. 2012),
which are mediated by direct interaction of NF-xB p65 with the proteins Rad51 and NFAT4
respectively. The pathological relevance of these proteins is indicated by the observations
that Rad51 is barely detectable in normal brain but is robustly induced in HIVV/PML brain
sections (Darbinyan et al. 2007) and that NFAT4 preferentially localizes to the nuclei of
oligodendrocytes and bizarre astrocytes in HIVV/PML relative to what is observed in non-
PML brain sections (Wollebo et al. 2016). A further level of complexity is added to this by
the finding that NF-xB p65 is subject to epigenetic regulation of its stimulatory effect on
JCV activity by acetylation. Thus, experiments demonstrated that histone deacetylation
inhibitors (HDACI) such as trichostatin A (TSA) and sodium butyrate strongly activate JCV
transcription via the NF-xB site in the JCV NCCR as revealed by analysis of JCV promoter
mutants (Wollebo et al. 2013). We were further able to pinpoint this effect by site-directed
mutagenesis analysis of lysine acetylation sites within NF-xB p65 and implicated K218R
and K221R of p65 in transactivation of JCV transcription (Wollebo et al. 2015b). Gel shift
studies revealed the importance of K218R and K221R in p65 binding to the JCV NF-xB site
and activation of JCV transcription (Wollebo et al. 2015b). We have suggested that these
multiple pathways of NF-xB regulation of JCV in glial cells may confer a switch-like
response to the NF-xB signaling module whereby a threshold level of converging input
signals triggers the switch between silent JCV and JCV reactivation (White et al. 2014) as
suggested by the experimental evidence and mathematical modeling of NF-xB signaling by
Shinohara et al. (2014).

The biological effects of acetylated lysine residues are mediated by epigenetic reader
proteins, which recognize them through binding to their acetyl-lysine binding domains,
known as bromodomains (Zeng and Zhou 2002). The ability of acetylated NF-xB to activate
transcription is mediated by Brd4, a member of the BET family of proteins, which contains
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two bromodomains that recognize acetylated lysine residues (Dey et al. 2000). Brd4
specifically binds to acetylated NF-xB p65 and is involved in the co-activation of
transcription through several mechanisms including forming a scaffold that physically links
chromatin remodeling proteins, e.g., SWI/SNF, activation of transcription factors such as P-
TEFb (Devaiah and Singer 2013; Diament and Dikstein 2013; Huang et al. 2009; Jang et al.
2005; Schroder et al. 2012; Shi et al. 2013; Yang et al. 2005) and phosphorylation of the
carboxy-terminal domain of the RNA polymerase Il through an atypical protein kinase
possessed by Brd4, which is abrogated by a small molecule Brd4 inhibitor that prevents
Brd4 binding to chromatin (Devaiah et al. 2012). Our data indicate that Brd4 is a
transcriptional coactivator for NF-xB p65 at the JCV promoter since expression of Brd4
stimulated JCV transcription (Fig. 1A). The site of Brd4 stimulation was confirmed to be the
JCV NF-xB site by mapping with JCV promoter mutants (Fig. 1C).

JQ1 is a potent and specific inhibitor of the BET family of proteins and a useful reagent to
investigate the role of Brd4 (Filippakopoulos et al. 2010). In this study, we examined the
effects of JQ1 on p65 levels in the nucleus and cytoplasm (Fig. 2), JCV transcription (Fig. 3)
and JCV replication (Fig. 6). Brd4 specifically binds to acetylated NF-xB p65 in the nucleus
(Huang et al. 2009) and the Brd4 inhibitor JQ1 (+) causes a substantial decrease in nuclear
NF-xB p65 as shown in Figure 2. This may be because the interaction of Brd4 with p65
promotes p65 binding to chromatin and hence p65 nuclear localization. Alternatively, since
JQ1(+) is known to inhibit upstream IxB kinase activity, this would favor the retention of
p65 in the cytoplasm bound to unphosphorylated 1«B (Ceribelli et al. 2014). It should also
be noted that treatment of cells with JQ1 has been shown to induce the ubiquitination and
degradation of nuclear p65 (Zou et al. 2014). The effects of JQ1(+) to inhibit transcription of
a JCV early reporter construct (Fig. 3) and JCV replication in SVGA cells (Fig. 6) provide
strong evidence for a role for Brd4 in JCV transcriptional activation and the advancement of
the viral life cycle.

With regard to JCV DNA replication, it is clear that Brd4 has a positive effect since the
inhibition of Brd4 by JQ1(+) results in decreased late protein expression and virion
production during JCV infection of SVGA cells (Fig. 6). Interestingly, Maruyama et al
reported that Brd4 interacts with replication factor C (RFC), inhibits RFC-dependent cellular
DNA elongation reactions in vitro and retards cell cycle progression from Gy to S
(Maruyama et al. 2002). In the case of JCV, replication of viral DNA is critically dependent
on JCV T-Ag. In this case, Brd4 likely increases viral replication through its enhancing
effects on NF-xB-stimulated transcription of the JCV early promoter and hence increased
expression of T-Ag. Similarly in an earlier study, we found that NFAT4 inhibition decreases
NF-xB-stimulated early transcription and also JCV replication (Wollebo et al. 2012). For
other viruses, Wang et al. (2013) reported that Brd4 was required for human papillomavirus
type 16 DNA replication and Brd4 is also involved in the replication of HIV-1 (Liu et al.
2014; Mbonye and Karn 2014) and Merkel cell polyomavirus (Wang et al. 2012) as
described below.

Previously, our data with the panel of NF-xB p65 acetylation site lysine mutants had
indicated that the lysine residues at positions 218 and 221 are involved in transactivation of
JCV early promoter transcription and the effect of histone deacetylation inhibition (Wollebo
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et al. 2015b). The present data indicate that mutation of either of these two residues to
arginine, which cannot be acetylated, abrogates the ability of p65 to mediate Brd4
stimulation of JCV early transcription (Fig. 4) and TNF-a stimulation of p65 translocation
(Fig. 5). Thus lysines 218 and 221 are implicated in the mediation of acetylation of p65 in
the context of JCV stimulation. This suggests that Brd4 is involved in the regulation of JCV
latency/persistency and reactivation.

Brd4 has also been implicated in the reactivation of latent HIV-1 (Liu et al. 2014; Mbonye
and Karn 2014). P-TEFb was first identified as a specific host cofactor required for HIV-1
transcription (Marshall and Price 1995). HIV-1 transcription utilizes a complex scheme to
recruit P-TEFb and other transcriptional cofactors to the long terminal repeat (LTR) region.
These include a P-TEFb/Brd4 complex where the interaction of Brd4 with acetylated
histones recruits P-TEFb to the LTR chromatin (Wu and Chiang 2007). This interaction
promotes basal HIV-1 transcription but inhibits Tat transactivation because Brd4 competes
with Tat for binding to P-TEFb (Yang et al. 2005). Thus, in several systems, JQ1(+) can
displace Brd4 from HIV-1 LTR chromatin and antagonize Brd4 inhibition of Tat
transactivation resulting in HIV reactivation of latent HIV-1 (Li et al. 2013). Brd4 also has a
role in the life cycle of Merkel cell polyomavirus (MCV), interacts with MCV large T-
antigen (T-Ag) and plays a critical role in MCV DNA replication (Wang et al. 2012). Brd4
colocalizes with the MCV T-Ag in the viral replication origin complex in the nucleus and
recruits replication factor C (RFC) to sites of viral DNA replication (Wang et al. 2012). For
papillomavirus, Brd4 functions at several points in the viral life cycle through its ability to
interact with the E2 protein, which is a multifunctional protein involved in papillomavirus
transcription, maintenance and partitioning of extrachromosomal viral genomes and
initiation of viral DNA replication (McBride and Jang 2013). Other viruses, e.g.
herpesviruses, also exploit the cellular functions of Brd4 for their own purposes and these
have been reviewed by Weidner-Glunde et al. (2010).

For cellular genes, Brd4 is involved in regulation of the promoter/enhancers of many genes,
notably those that are involved in the inflammatory response and are inducible by NF-xB
(Belkina et al. 2013; Brown et al. 2014; Xu and Vakoc 2014) and Brd4 binding is also a
feature of so-called super-enhancers found at key cell identity genes (Amaral and Bannister
2014; Brown et al. 2014; Pott and Lieb 2015; Pelish et al. 2015). Thus Brd4 is a key
regulatory protein responsible for the transcriptional response to the acetylation of
transcription factors including NF-xB.

In conclusion, Brd4 is a cellular adaptor protein that functions to convey the effects of
transcription factors such as NF-xB to downstream effects on transcription. Or data indicate
that Brd4 is a key mediator of the effect of NF-xB acetylation on lysines 218 and 221 on
JCV transcription. This may offer new insights on possible therapeutic interventions to
counter the reactivation of JCV in the glial cells of the brain that leads to PML.
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Figure 1. Effect of Brd4 on JCV early transcription and effect of mutationsin the NF-xB binding
Site

A. TC620 cells were transfected with luciferase reporter plasmid for the JCV early promoter
with or without expression plasmid for Brd4. After 48 h, cells were harvested and assayed
for luciferase activity as described in Methods. Activities were normalized to control without
expression plasmid. The bar represents one standard deviation. B. Western blot for Brd4
expression in the experiment in Panel A. Grb2 was the loading control. C. TC620 cells were
transfected with luciferase reporter plasmid for the JCV early promoter (wild-type, m1 or
m2) with or without expression plasmid for Brd4. After 48 h, cells were harvested and
assayed for luciferase activity as described in Methods. Activities were normalized to

control without expression plasmid. The bar represents one standard deviation. Where no
error bar is seen, it is too small to be visible. D. Western blot for Brd4 expression in the
experiment in Panel C. A nonspecific band (NS) on the same gel was the loading control.
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Figure 2. Effect of Brd4 inhibitor JQ1 on NF-xB subcellular distribution
TC620 cells were treated with or without (A) the active form of JQ1 (JQ1(+)) or (B) its

inactive isomer (JQ1(-)) at concentrations of 2.5, 5 and 10 pM and cytoplasmic and nuclear
fractions prepared as described in Methods. The distribution of NF-xB p65 in these fractions
was measured by Western blot. Purity of fractions and equal loading was assessed by
Western blot to the cytoplasmic protein a-Tubulin and the nuclear proteins Lamins A/C. The
nuclear and cytoplasmic p65 bands were quantified by densitometry and are shown a
histogram of the percentage of p65 present in the nucleus (C).
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Figure 3. Effect of Brd4 inhibitor JQ1 on JCV early transcription
A. TC620 cells were transfected with luciferase reporter plasmid for the JCV early promoter

together with vector plasmid or expression plasmid for Brd4 and treated with or without the
active form of JQ1 (JQL1(+)) or its inactive isomer (JQ1(-)) at concentrations of 5 and 10uM.
After 48 h, cells were harvested and assayed for luciferase activity as described in Methods.
Activities were normalized to control without expression plasmid. The bar represents one
standard deviation. B. Western blot for Brd4 expression in the experiment in Panel A. Grb2
was the loading control. C. To determine the effect of JQ1(+) and JQ1(-) on cell viability,
cells were incubated with JQ1(+) at 5, 10 or 15uM for 24h (lanes 2, 4 and 6 respectively) or
JQ1(-) at 5, 10 or 15uM for 24h (lanes 8, 10 and 12 respectively). An equal volume of
DMSO was added to the odd numbered lanes corresponding to the amount for each
following even numbered lane. Viabilty was measured by MTT assay.
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Figure 4. Effect of Brd4 and NF-xB p65 acetylation site mutantson JCV early transcription
A. TC620 cells were transfected with vector or Brd4 expression plasmid with and without

expression plasmid for NF-xB p65, wild-type or mutants K218R, K221R, K310R, K218Q,
K221Q or K310Q. After 48 h, cells were harvested and assayed for luciferase activity as
described in Methods. Activities were normalized to control without expression plasmid.
The bar represents one standard deviation. B. The lysates from Panel A were analyzed by
Western blot for expression of Brd4 and p65. The loading control was a-tubulin (a-Tub).
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Figure 5. Effect of Brd4 and NF-xB p65 acetylation site mutants on redistribution of p65in
responseto TNF-a stimulation

TC620 cells were transfected with expression plasmid for Brd4 together with expression
plasmid for NF-xB p65 either wild-type (A), K301R (B), K301Q (C) or K218R (D).
Double-labeling immunofluorescence was performed for p65 (rhodamine), Brd4 (FITC) and
nuclei (DAPI), except Panel D where FITC was used for p65 and rhodamine for Brd4 as
described in Methods.
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Figure 6. Effect of Brd4 and Brd4 inhibitor JQ1 on JCV early replication
A. SVG-A cells were transfected with Brd4 or treated with JQ1 and assayed for JCV

infection (MOI = 1, 7 days post-infection). Viral infection was assessed by Western blot for
VP1 and agnoprotein with a-tubulin as a loading control. Brd4 levels were also monitored
by Western blot. B. Viral loads in the culture supernatants from the experiment in Panel A
were quantified using Q-PCR and are shown as copy number/well.
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