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The Kaposi’s sarcoma-associated herpesvirus (KSHV) latency-associated nuclear antigen 1 (LANA-1) is
required for the replication of episomal viral genomes. Regions in its N-terminal and C-terminal domains
mediate the interaction with host cell chromatin. Several cellular nuclear proteins, e.g., BRD2/RING3, histones
H2A and H2B, MeCP2, DEK, and HP1a, have been suggested to mediate this interaction. In this work, we
identify the double-bromodomain proteins BRD4 and BRD3/ORFX as additional LANA-1 interaction partners.
The carboxy-terminal region of the short variant of BRD4 (BRD4°) containing the highly conserved extrater-
minal domain directly interacts with an element in the LANA-1 carboxy-terminal domain. We show that
ectopically expressed BRD4® and BRD2/RING3 delay progression into the S phase of the cell cycle in epithelial
and B-cell lines and increase cyclin E promoter activity. LANA-1 partly releases epithelial and B cells from a
BRD45- and BRD2/RING3-induced G, cell cycle arrest and also promotes S-phase entry in the presence of
BRD45 and BRD2/RING3. This is accompanied by a reduction in BRD45-mediated cyclin E promoter activity.
Our data are in keeping with the notion that the direct interaction of KSHYV LANA-1 with BRD4 and other BRD
proteins could play a role in the G,/S phase-promoting functions of KSHV LANA-1. Further, our data support
a model in which the LANA-1 C terminus contributes to a functional attachment to acetylated histones H3 and
H4 via BRD4 and BRD2, in addition to the recently demonstrated direct interaction (A. J. Barbera, J. V.
Chodaparambil, B. Kelley-Clarke, V. Joukov, J. C. Walter, K. Luger, and K. M. Kaye, Science 311:856-861,
2006) of the LANA-1 N terminus with histones H2A and H2B.

Worldwide, Kaposi’s sarcoma (KS) is today the most com-
mon malignancy in the AIDS setting. Kaposi’s sarcoma-asso-
ciated herpesvirus (KSHV) (6) is the major etiologic agent for
KS (52). Further, KSHYV is etiologically linked to two lympho-
proliferative diseases: primary effusion lymphoma (PEL) and
the plasmablastic variant of multicentric Castleman’s disease
(5, 47). Similar to other herpesviruses, one characteristic bio-
logical feature of KSHV is a latent state of infection, with the
expression of only a small subset of viral genes (35, 48, 57).
KSHYV can infect and establish latency in a variety of cells in
vitro, including cells of epithelial, endothelial, and mesenchy-
mal origin (4). One of the KSHV latent gene products is the
latency-associated nuclear antigen 1 (LANA-1) encoded by
KSHYV open reading frame (ORF) 73 (27, 29, 39). LANA-1 is
a nuclear protein expressed in the tumor cells of KS, PEL, and
multicentric Castleman’s disease and is ubiquitously expressed
in the vast majority, if not all, of the infected cells (12, 17, 18,
28, 39). In the nuclei of KSHV-infected PEL and KS tumor
cells, LANA-1 is located to subnuclear bodies (27, 39).
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The protein sequence of LANA-1 can be divided into three
domains: a proline- and serine-rich N-terminal region, a cen-
tral region that is variable in length between different viral
isolates and composed of several acidic repeat elements, and a
C-terminal domain containing a proline-rich region and a re-
gion rich in charged and hydrophobic amino acids (aa) (41),
which shares sequence similarity with homologous ORF 73
proteins of other rhadinoviruses (21), with the highest degree
of similarity in the region of the LANA-1 amino acids 1128 to
1143 (our own analyses).

LANA-1 attaches to interphase chromatin as well as to
mitotic chromosomes (36). Both the N-terminal and the
C-terminal domains of LANA-1 localize to the nucleus
when expressed separately. However, only the C-terminal
domain accumulates as subnuclear speckles characteristic of
the intact protein (42). The N-terminal 15 amino acids of
LANA-1 as well as the C-terminal region encompassing aa
1128 to 1143 mediate the interaction with chromatin and are
required for LANA-1 functions, such as the replication of a
latent episome and activation of heterologous promoters
(31, 36, 44, 50, 51, 54). The N-terminal domain of LANA-1
directly binds to histones H2A and H2B (3), while several
chromatin-associated proteins, including BRD2/RING3 (37,
51), DEK (30), and HP1 (31), have been suggested to me-
diate the attachment of the LANA-1 C-terminal domain to
chromatin.

Recent work shows that a number of LANA-1-associated
proteins, such as the chromatin binding protein, the double-
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bromodomain-containing protein BRD2/RING3, and the ori-
gin recognition complex 2 protein, bind to the latent origin of
KSHYV, which is enriched in hyperacetylated histones H3 and
Ha4, relative to other regions of the latent KSHV genome (49).
BRD2/RING3, an interaction partner of the LANA-1 C-ter-
minal domain (37, 51), is a member of the BET/fsh (bromo-
domain and extraterminal domain/female sterile homeotic)
protein family. Bromodomains are conserved sequence ele-
ments identified in several protein families and constitute
chromatin targeting modules that mediate attachment to
acetylated histones (22, 25, 53). Mammalian BET proteins may
be involved in certain aspects of oncogenesis: for example,
BRD2/RING3 showed elevated kinase activity in leukemic
lymphoblasts of the B lineage and BRD2 transgenic mice with
B-cell-specific expression of the transgene develop B-cell lym-
phomas (9, 20). BRD4, another mammalian BET protein, ap-
pears to play a role in cell cycle regulation and was found to be
chromosomally translocated in certain carcinomas (11, 14,
15, 32).

Due to the high degree of sequence similarity of BET/fsh
family members, especially in their ET domains, which we have
previously identified in BRD2/RING3 to constitute one site of
LANA-1 interaction, we wondered whether KSHV LANA-1
would interact with other members of the BET/fsh protein
family (37, 51). Besides BRD2/RING3, we focused on BRD4,
as mouse BRD4/mitotic chromosome-associated protein
(MCAP), the longer one of two alternatively spliced BRD4
variants, is associated with interphase and mitotic chromo-
somes via acetylated histones H3 and H4 (10, 11). Therefore,
BRD#4 could potentially provide an interaction partner to me-
diate the chromosome association and other functions of
LANA-1. While the longer BRD4 variant MCAP of mice has
been studied in some detail, no functional studies have so far
been reported on the short BRD4 variant, also termed HUNK,
which we refer to as BRD4® throughout this study.

We show the expression of full-length BRD4® transcripts in
a variety of KSHV-negative and KSHV-positive cells. Further,
KSHV LANA-1 interacted in vivo with endogenous BRD4
proteins, as shown by coimmunoprecipitation studies using the
KSHV-infected PEL cell line BCBL-1. Purified BRD4% and
LANA-1 interacted directly in vitro. A sequence element in the
LANA-1 C terminus (aa 1133 to 1143) was indispensable for
the interaction with BRD4S. The highly conserved ET domain
in BRD4 was sufficient for LANA-1 binding. The ectopic ex-
pression of BRD2/RING3 and BRD4® in epithelial and B-cell
lines prevented entry into the S phase of the cell cycle, and the
coexpression of LANA-1 was able to release cells from this cell
cycle arrest. In line with this, LANA-1 inhibited BRD4%-me-
diated activation of the cyclin E promoter. Since BRD4 has
previously been shown to directly interact with acetylated his-
tones H3 and H4 via the BRD4 bromodomains, our data
support a model in which the LANA-1 C terminus contributes
to a functional nucleosome attachment via the direct interac-
tion of LANA-1 with BRD4 in addition to the attachment of
the LANA-1 N terminus to histones H2A and H2B (3).
LANA-1 therefore appears to rely on diverse interaction part-
ners to assure its association with chromatin, a prerequisite for
the vast majority of known LANA-1 functions.
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MATERIALS AND METHODS

Cell culture methods, transient transfections, and electroporation. The two
epithelial cell lines HEK 293T (human embryonic kidney) and HeLa were cul-
tured in Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 10%
heat-inactivated fetal calf serum, 50 IU/ml penicillin, 50 pwg/ml streptomycin, and
200 pg/ml L-glutamine at 37°C with 5% CO,. For transfections, 293T and HeLa
cells were grown to subconfluence in six-well plates and transfected with
FuGENE 6 transfection reagent (FuGENE-to-DNA ratio of 3 ul:1 pg; Roche)
according to the manufacturer’s instructions. Total amounts of transfected DNA
were adjusted by using the respective empty vector DNA or salmon sperm DNA
(Sigma). The KSHV- and EBV-negative Burkitt’s lymphoma cell line BJAB and
the KSHV-positive primary effusion lymphoma cell line BCBL-1 (40) were main-
tained in RPMI 1640 with 10 and 20% bovine growth serum, respectively, plus 50
TU/ml penicillin and 50 wg/ml streptomycin. A total of 8 X 10® BJAB or BCBL-1
cells were resuspended in 400 pl medium without antibiotics. After 10 min of
incubation at room temperature, 15 pg of endotoxin-free DNA, as indicated in the
figure legends, was added to the cells. Cells were electroporated in 0.4-cm cuvettes
using a Gene Pulser Xcell (Bio-Rad, Hercules, CA) with 220 V and 950 wF. After
electroporation, cells were cultured in 25 ml of medium plus bovine growth serum
for 40 h before the bromodeoxyuridine (BrdU) incorporation was performed, fol-
lowed by cell cycle analysis (see “Flow cytometry-based cell cycle analyses”).

Cloning of the short transcript variant of BRD4, BRD45. Nested reverse
transcriptase PCR (RT-PCR) was performed on RNA of different human cell
lines, including KSHV-positive PEL B-cell lines Jsc-1, BCP-1, and CroAP-5. The
KSHV-negative, EBV-positive B-cell line Raji, HeLa cells, and peripheral blood
lymphocytes were included. Total RNA was prepared with the RNeasy mini kit
(QIAGEN) according to the manufacturer’s instructions. The RT reaction was
performed with the Expand reverse transcriptase kit (Roche), using the BRD45-
specific primer BRD4% R NEST (5-GGAATCTGGAACTGAAGACC-3') an-
nealing downstream of the stop codon in exon 11. A total of 1 to 1.5 ug of total
RNA and 10 picomoles of specific reverse primer were denatured at 65°C and
cooled on ice. The RT reaction was carried out at 42°C for 1 h following the
manufacturer’s instructions. Subsequently, we performed the first-round PCR on
the generated cDNA molecules using primer pairs BRD4% F NEST (5'-CCTG
GTGAAGAATGTGATGG-3') and BRD4® R NEST and the second-round
PCR with the primers BRD4® FOR B (5'-AGAGGATCCTCTGCGGAGAGC
GGC-3') and BRD4® REV X (5'-AGACTCGAGTTAGGCAGGACCTGTTT
C-3"). The obtained 2,169-bp coding fragment was cloned into the expression
vector pcDNA3 9E10 using the endonucleases BamHI/Xhol. The generated
construct was named BRD4S pcDNA3 9E10, coding for an amino-terminally myc
epitope-tagged full-length BRD4S protein. The construct used for further exper-
iments originated from Raji cell cDNA and was completely sequenced and found
to be identical to the already deposited sequence entry NM_014299.

DNA constructs. The KSHV LANA-1 expression constructs in pcDNA3.1
encoding full-length LANA-1 or carboxy-terminally truncated versions of
LANA-1 as well as the glutathione S-transferase (GST)-LANAC construct for
the expression of amino acids 951 to 1162 of KSHV LANA-1 in bacteria were
described previously (50, 51). The construct GST-RING3 B in pGEX-1, which
expresses the C-terminal domain of RING3 (aa 601 to 801), including the ET
domain (aa 640 to 703), was also previously described (37). GST-BRD4S in
pGEX-1 expresses the C-terminal domain of BRD4® (aa 607 to 722), including
the ET domain (aa 608 to 671) amino-terminally fused to GST, and was gener-
ated by RT-PCR on HeLa cell RNA using primers BRD4% F (5'-GAGGGAT
CCGTGCAAGCCTATGTCCTAT-3') and BRD4® R (5'-GAGGAATTCTTA
GGCAGGACCTGTTCC-3"). GST-ORFX in pGEX-1 expresses the C-terminal
domain of BRD3/ORFX (aa 569 to 726), including the ET domain (aa 569 to
633) fused to the C terminus of GST, and was generated by RT-PCR using a
leukocyte cDNA library as a template using the primers ORFX F (5'-GAGGG
ATCCGGGCCTGCCCATGAGCTAC-3") and ORFX R (5'-GAGGAATTCT
CATTCTGAGTCACTGCT-3'). The full-length (aa 2 to 801) construct BRD2/
RING3 in EGFPC1 codes for full-length RING3 fused with its N terminus to
enhanced green fluorescent protein (EGFP) and was generated by PCR from the
full-length (aa 2 to 801) template BRD2/RING3 in pcDNA3 9E10 (37) with
primers RING3 GFPC1 FOR (5'-ACTAGATCTCTGCAAAACGTGACTCCC
CAC-3") and RING3 GFPC1 REV (5'-AGACCCGGGATTAGCCTGAGTCT
GAATCACTG-3'), followed by Bglll/Smal insertion into EGFPC1 (Clontech).
The vector BRD2/RINGS3, aa 640 to 801 in EGFPCI, codes for RING3, initiat-
ing at the ET domain (aa 640 to 703) fused to the C terminus of EGFP, and was
generated by PCR using the full-length (aa 2 to 801) template BRD2/RING3 in
pcDNA3 9E10 (37) with primers RING3 NETF (5'-AGAAGATCTAGGCCC
ATGAGTTACGATG-3") and GS23 (5'-CTCGAATCCTTAGCCTGAGTCTG
AATCACT-3"). The PCR product was inserted into EGFPCI1 using BglIl/
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EcoRI. The construct BRD3/ORFX, aa 569 to 726 in EGFPCI, codes for the
BRD3/ORFX carboxy-terminal fragment beginning at the ET domain (aa 569 to
633) fused to the C terminus of EGFP and was generated by PCR on the
template GST-ORFX (see above) with primers ORFX NETF (5'-AGAAGAT
CTGGCCTGCCCATGAGC-3") and ORFX R and subsequent insertion of the
PCR product into EGFPC1 using BglII/EcoRI. A BRD4® full-length (aa 2 to
722) construct in EGFPCI, coding for full-length BRD4® fused with its N ter-
minus to EGFP, was generated by PCR using the full-length (aa 2 to 722)
template BRD4S in pcDNA3 9E10 (see above) with primers BRD4% GFPC1
FOR (5'-ACTAGATCTTCTGCGGAGAGCGGCCCTG-3’) and BRD4%
GFPC1 REV (5'-AGACCCGGGTTAGGCAGGACCTGTTTCGG-3"), fol-
lowed by BgllI/Smal insertion of the PCR product into EGFPCL1. Further, the
vector BRD4® aa608-722 in EGFPCI, coding for EGFP C-terminally fused to
the BRD4® carboxy-terminal domain starting at the ET domain (aa 608 to 671),
was cloned by PCR using primers BRD4% NET F (5'-TAGAGATCTAAGCCT
ATGTCCTATGAGG-3') and BRD4® R (5'-GAGGAATTCTTAGGCAGGAC
CTGTTCC-3') with the full-length (aa 2 to 722) template BRD4% in pcDNA3
9E10 (see above), followed by Bglll/Sall insertion of the PCR product into
EGFPC1. The cyclin E reporter construct used in this study contains the 2.2-kb
upstream region of the human cyclin E coding sequence and was generated in
Robert Weinberg’s laboratory (19). All constructs generated by PCR were com-
pletely sequenced.

SF9 insect cell culture, baculoviruses, and the generation of a BRD4° aad44-
722 baculovirus. Spodoptera frugiperda (SF9) insect cells were maintained at
room temperature in Grace’s insect medium supplemented with 10% fetal calf
serum, 50 IU/ml penicillin, and 50 wg/ml streptomycin in spinner flasks. For
routine production of recombinant proteins, SF9 cells in logarithmic growth
phase were infected at a cell density of 1.5 X 10° cells ml ™! with 1 to 10 infectious
units per cell, cultured at 27°C, and harvested 72 h postinfection. The recombi-
nant baculovirus for the expression of the carboxy-terminal domain of KSHV
LANA-1 (aa 951 to 1162) has been previously described (37). We generated a
recombinant baculovirus for the expression of an amino-terminally Flag-tagged
and carboxy-terminally hexahistidine-tagged fragment of BRD4S, initiating at aa
444 (downstream of the second bromodomain) and ending at the natural C
terminus (aa 722) of BRD4S (aa444-722) using the BaculoDirect kit (Invitrogen).
PCR was performed on the full-length BRD4% ¢cDNA in pcDNA3.1 and primers
BRD4%2a444BACF (5'-AGAGGATCCACCATGGACTACAAGGACGACG
ACGACAAGCGCAAGCTCCAGGATG-3' [nucleotides introducing the Flag
epitope are underlined]) and BRD4® BAC R (5'-AGACTCGAGGCAGGACC
TGTTTCGG-3"). The fragment was introduced into vector pPENTR1A (Invitro-
gen), followed by in vitro recombination with BaculoDirect C-Term linear DNA
(Invitrogen) and the transfection of SF9 cells, following the protocol recom-
mended by the manufacturer. The hexahistidine tag is coupled to amino acids
444 to 722 of BRD4® by a 37-amino-acid-long linker element.

Expression and purification of GST and GST-fusion proteins. GST alone or
the GST-fusion protein GST-RING3 B, GST-BRD4%, or GST-ORFX was ex-
pressed in Escherichia coli strain M15. E. coli was grown at 30°C in LB medium
supplemented with 100 pg/ml of ampicillin, induced at an optical density at 600
nm (ODgq) of 0.2 to 0.3 with 1 mM IPTG (isopropyl-p-p-thiogalactopyrano-
side), and harvested 6 h after induction by centrifugation. The pellet was resus-
pended in 1,000 pl phosphate-buffered saline (PBS) plus protease inhibitors (1
mM phenylmethylsulfonyl fluoride, 50 uM leupeptin, 100 U/ml aprotinin, 200
M benzamidine, and 1 pM pepstatin A) per 10 ml of culture and an ODy, of
2.5. After sonication on ice (3 times for 20 s with 20-s breaks), Triton X-100 was
added to a final concentration of 1% and cells were kept on ice for 10 min and
centrifuged for 15 min at 13,000 X g at 4°C. For GST pull-down experiments, the
supernatant was adsorbed onto 20 to 50 pl of glutathione-Sepharose beads for
1 h at 4°C and then beads were washed twice in PBS and twice in 1% NP-40 lysis
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40,
protease inhibitors). A total of 10 pl of beads with bound GST proteins were
then used for each sample in the GST pull-down experiments.

For the purification of GST-LANAC, the system was scaled up starting with
400 ml of bacterial culture with slight changes to the protocol. Cells were induced
at an ODy of 0.7 with 0.4 mM IPTG and grown for 4 h at 30°C. Pellets were
lysed on ice in 8 ml GST lysis buffer (PBS, 1% Triton X-100, 10 mM dithiothre-
itol, 1 mM phenylmethylsulfonyl fluoride), sonicated, and centrifuged at 4°C for
20 min at 13,000 X g. The supernatants were incubated with 700 pl glutathione
beads for 1.5 h at room temperature. Following centrifugation at 500 X g for 5
min, the beads were washed four times with 5 ml GST lysis buffer and twice with
5 ml of TBS (20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA). Subse-
quently, bound GST or GST-LANAC was eluted off the beads in five subsequent
elution steps, each of them with a volume of 300 wl GST elution buffer (50 mM
Tris-HCI, pH 8.0, 0.1% Triton X-100, 10 mM glutathione). Elution fractions

J. VIROL.

were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Coomassie staining for purity of the protein. Protein concen-
trations were determined by Coomassie staining with a bovine serum albumin
standard and by Bradford assay. The specificity of the protein was controlled by
anti-GST immunoblotting.

Purification of recombinant BRD4% aad444-722 from SF9 insect cells. The
amino-terminally Flag-epitope-tagged and carboxy-terminally hexahistidine-
tagged BRD4S aad44-722 protein was purified using Ni>* affinity chromatogra-
phy. A total of 4 X 10® SF9 insect cells in the logarithmic phase of a suspension
culture was infected with the BRD4S aa444-722 baculovirus at a high multiplicity
of infection of 10. Ninety-six hours after infection, cells were pelleted, lysed on
ice in 40-ml hypotonic lysis buffer (50 mM Tris-HCI, pH 8.0, 1% NP-40, protease
inhibitors), and sonicated (six times for 20 s with 20-s breaks). After centrifuga-
tion at 13,000 X g for 20 min at 4°C, supernatants were incubated with 2 ml
prewashed Ni-nitrilotriacetic acid for 3 h at 4°C. Beads with bound proteins were
then washed as a batch at 4°C twice for 30 min with 30 ml wash buffer I (50 mM
Tris-HCI, pH 8.0, 500 mM NaCl), followed by three washes for 20 min with 20
ml wash buffer IT (wash buffer I plus 20 mM imidazole). Subsequently, the beads
were resuspended in 10 ml wash buffer II, transferred to a column, and eluted
with an imidazole gradient. A total of 1 ml of each imidazole concentration of
elution buffers (50 mM Tris, pH 8.0, 100 mM NaCl, and 50 to 300 mM imidazole
in 50 mM increments) was applied to the column. Five-hundred-microliter frac-
tions were collected. BRD4% aa444-722 was eluted efficiently at an imidazole
concentration of 150 mM. Protein concentrations were determined by Coomas-
sie staining with a bovine serum albumin standard and by Bradford assay. The
specificity of the eluted protein was controlled by anti-Flag and anti-His immu-
noblotting.

GST pull-down assay with SF9 cell lysates or purified proteins. GST, GST-
RING3 B, GST-BRD4%, or GST-ORFX was bound to Sepharose beads as
described above. A total of 3.5 X 107 SF9 insect cells infected with a LANAC
baculovirus (see above) or noninfected control SF9 cells were washed once in
PBS, subsequently lysed in 1 ml of 1% NP-40 lysis buffer (see above) on ice for
10 min, and subsequently cleared by centrifugation (13,000 X g for 1 min).
Supernatants of infected as well as uninfected cells were kept as input controls.
Eight microliters of supernatant was diluted in 300 wl GST binding buffer (“lysis
buffer” with only 0.1% NP-40) and incubated with GST proteins immobilized to
Sepharose beads for 1 h at 4°C. Subsequently, the beads were washed seven times
in lysis buffer, boiled in 20 pl of SDS electrophoresis sample buffer, and analyzed
by SDS-PAGE and immunoblotting for bound LANA protein. The GST pull-
down assay with purified GST or GST-LANAC and purified BRD4®S aad44-722
as a binding partner was performed as follows. Equal amounts of GST or
GST-LANAC were bound to 10 pl glutathione-Sepharose beads for 1 h at room
temperature to saturate the GST binding capacity. Beads were washed three
times with GST binding buffer to remove unbound protein. Subsequently, puri-
fied BRD4® aa444-722 was incubated in a 1:2.5 dilution series (3 pg, 1.2 pg, 480
ng, 190 ng, and 75 ng) in a volume of 300 pl GST binding buffer with the beads
for 1 h at room temperature. Beads were washed seven times in GST binding
buffer. Samples were analyzed for bound protein by SDS-PAGE and anti-Flag or
anti-His immunoblotting. Equal loading was controlled by anti-GST immuno-
blotting of the stripped membranes.

Direct interaction of purified BRD45 aad444-722 with GST-LANAC as deter-
mined by ELISA. An enzyme-linked immunosorbent assay (ELISA) was estab-
lished in a 96-well format using Immulon 4 HBX microtiter plates to quantify the
direct interaction of purified BRD4% aa444-722 with purified GST-LANAC.
Purified GST or GST-LANAC proteins were diluted in coating buffer (150 mM
NaHCOs) to a final concentration of 10 ng ml~" and incubated overnight at 4°C.
All incubation steps were carried out in a final volume of 100 pl per well of a
96-well plate. The next day, plates were washed five times with PBS-T (PBS-0.1%
[vol/vol] Tween 20) and blocked with 250 pl blocking buffer (PBS-T-5% [wt/vol]
fat-free milk powder) for 90 min at 37°C. Following three washes with PBS-T,
purified BRD4® aa444-722 was incubated with GST or GST-LANAC in a 1:3
dilution series in binding buffer (50 mM Tris-HCI, pH 7.8, 150 mM NaCl, 0.5 mM
EDTA, 0.1% [vol/vol] Nonidet P-40), starting with a concentration of 160 ng
ml~! for 90 min at 37°C. Subsequently, plates were washed five times with
PBS-T. To detect bound amino-terminally Flag epitope-tagged BRD4° aa444-
722 protein, an alkaline phosphatase-conjugated mouse monoclonal anti-Flag
M2 antibody (Sigma) was diluted in blocking buffer to a final concentration of 2
wg ml~!. Wells were incubated with the antibody dilution for 30 min at 37°C.
After five washes with PBS-T, 100 pl per well of substrate solution (p-nitrophe-
nylphosphate [1 mg ml~!], diethanolamine [1 M], 0.02% [wt/vol] NaNs, 0.01%
[wt/vol] MgCl,, pH 9.8) was incubated for 30 min at 37°C in the dark. The
reaction was stopped by adding 50 pl 3 N NaOH. The absorption was measured
at a wavelength of 405 nm against the reference wavelength of 450 nm.
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Coimmunoprecipitation, immunoblotting, and antibodies. Coimmunoprecipi-
tation with an anti-green fluorescent protein (GFP) monoclonal antibody (BD
Biosciences) was performed as previously described (51). Briefly, lysates of
EGFP and LANA-1 or EGFP-BRD4% and LANA-1 coexpressing cells were
incubated with anti-GFP-coupled Sepharose A beads. After washing steps, SDS-
PAGE, and immunoblotting with the GFP-specific antibody (1:4,000; BD) to
detect immunoprecipitated EGFP and EGFP-BRD45 or KS patient serum (1:
300) to detect KSHV LANA-1 was performed. The Flag- and His-tagged BRD4%
aa444-722 protein produced in insect cells was detected with either a monoclonal
mouse anti-Flag antibody (M2, 1:2,000; Sigma) or an anti-tetra-His monoclonal
antibody (1:2,000; QIAGEN). GST and GST-fusion proteins were detected with
a “homemade” polyclonal anti-GST rabbit antibody (1:5,000) or by Coomassie
staining. Endogenous BRD4 proteins were detected with an affinity-purified
rabbit anti-BRD4 antibody (directed against the BRD4 N terminus and kindly
provided by Peter Howley’s laboratory) in a 1:2,000 dilution. Cellular B-actin was
detected with a monoclonal anti-actin antibody (used 1:200,000; Chemicon).

The coimmunoprecipitation of endogenous LANA-1 with endogenous BRD4
proteins was performed with KSHV-positive BCBL-1 cells and KSHV-negative
BJAB cells as a negative control. A total of 15 pg of the affinity-purified rabbit
anti-BRD4 antibody or 15 pg of normal rabbit immunoglobulin G (IgG) (Up-
state) was immobilized on 50 pl of protein A agarose beads. Per immunopre-
cipitation (IP) reaction, 2 X 107 BJAB or BCBL-1 cells were lysed in 1 ml TBS-T
(20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and
protease inhibitors [Roche Complete]) and centrifuged at 16,000 X g for 1 min
and supernatants were incubated with the beads overnight, rolling at 4°C. The
next day, beads were washed nine times with 1 ml TBS-T, samples were boiled
in loading buffer, and 4 to 12% Bis-Tris PAGE was performed, followed by the
transfer of proteins to a polyvinylidene difluoride membrane. The immunode-
tection of proteins was performed as previously described (51) with antibodies as
indicated in the figure legends.

Luciferase-based reporter assays. HEK 293T or HeLa cells were plated at a
density of 4 X 10° or 8 X 10* cells per well of a six-well plate, respectively. Twenty
hours postseeding, cells were transiently cotransfected with 50 ng of the cyclin E
reporter plasmid or the empty reporter plasmid pGL2 basic (Promega) and
different amounts of LANA-1 expression constructs or BRD protein expression
constructs as described in the figure legends. Forty hours posttransfection, cells
were washed with PBS and lysed in reporter lysis buffer (Promega). Luciferase
activities were measured in cleared lysates according to the manufacturer’s
instructions (Promega). Luciferase activity is either given as raw luciferase ac-
tivity or calculated as a severalfold induction compared to that for mock (empty
expression vector)-transfected controls as indicated in the figure legends. Stan-
dard deviations were depicted as error bars. Experiments were performed in
duplicate or triplicate and repeated independently at least three times.

Flow cytometry-based cell cycle analyses. A total of 4 X 10° 293T cells were
seeded per well of a six-well plate. Briefly, 24 h later, 293T cells were cotrans-
fected with 1 pg of the plasmid EGFPC1, EGFPC1-BRD4%, or EGFPC1-BRD2/
RINGS3, together with 1 pg KSHV LANA-1 expression plasmid (GSLANA) or
its empty vector pcDNA3. The total amount of transfected DNA was kept
constant at 2 pg per well. Forty hours posttransfection, BrdU was added to the
medium of the growing population of cells for 1 h to a final concentration of 10
M. Subsequently, cells were trypsinized, washed in PBS, and washed twice with
PBS plus 1% bovine serum albumin (BSA) (wt/vol). Cells were fixed with 4%
paraformaldehyde, pH 7.4, for 15 min and permeabilized with 0.1% Triton X-100
in PBS plus 1% BSA at room temperature for 10 min. After a wash in PBS, cells
were resuspended in 1 ml of PBS plus RNase A (20 wg/ml, DNAse free) and
incubated at 37°C for 30 min. Cells were then subjected to acidic DNA dena-
turation with 1 ml 2 N HCl plus 0.5% Triton X-100 for 30 min at room temper-
ature, followed by a neutralization step with 1 ml of 0.1 M Na,B,0-, pH 8.5.
Subsequently, cells were labeled with a primary mouse monoclonal anti-BrdU
antibody (final concentration, 500 ng/ml) (BD Biosciences) in 450 .l of PBS plus
0.5% Tween 20 (vol/vol) plus 1% BSA (wt/vol) for 30 min at room temperature,
followed by incubation with a secondary Cy5-conjugated affinity-purified goat
anti-mouse IgG (H+L) antibody (final concentration, 15 pg/ml) (Jackson Im-
muno Research/Dianova) in 100 ul of PBS plus 0.5% Tween 20 (vol/vol) plus 1%
BSA (wt/vol) for 30 min at room temperature. After two washing steps with PBS
plus 1% BSA, cells were resuspended in PBS containing 100 pg/ml propidium
iodide to stain DNA. Flow cytometric cell cycle analysis with a total number of
10° events per sample was performed on a BD FACSCalibur. Raw data were
recorded and analyzed using the software Windows Multiple Document Inter-
face for Flow Cytometry 2.8 (WinMDI2.8) available at http:/facs.scripps.edu
/software.html. Briefly, a first region was defined to gate for EGFP-positive cells,
followed by a second gate to exclude cell clusters. For cell cycle analysis, the
BrdU content of a cell was quantified in relation to its DNA content.
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For cell cycle analyses in BJAB or BCBL-1 cells, 8 X 10° cells were electro-
porated in duplicate with 15 pg plasmid DNA as described above. Forty hours
postelectroporation, cells were BrdU pulsed for 1.5 h and fixed and cell cycle
analysis was performed as with 293T cells. A total of 2 X 10° events per sample
were analyzed.

RESULTS

BRD45 transcripts were identified in KSHV-positive and
KSHV-negative cells. Having shown previously that KSHV
LANA-1 interacts with BRD2/RING (37), we wondered
whether other BRD family members (13) (Fig. 1A) might also
interact with LANA-1. The human BRD4 gene is located on
chromosome 19 and codes for two predicted alternatively
spliced transcripts (Fig. 1B). The shorter transcript, BRD4S,
codes for a 2,169-bp (722 aa) ORF encompassing 11 exons.
The longer transcript, BRD4Y, codes for a 4,089-bp (1,362 aa)
ORF encompassing 19 exons. In mice, this long BRD4 variant
is also referred to as MCAP. Most functional studies relating
to BRD4 have so far been concentrated on the long variant
and mainly on the mouse protein MCAP (10, 11). To investi-
gate the expression of BRD4% in human cell lines, we per-
formed nested RT-PCR on RNA from KSHV-positive B-cell
lines Jsc-1, BCP-1, and CroAP-5 as well as the KSHV-negative,
EBV-positive B-cell line Raji, HeLa cells, and peripheral
blood lymphocytes. We obtained specific PCR products of the
expected molecular size (2,169 bp) from cDNA of all investi-
gated cell lines (not shown), indicating wide expression of
BRD4%. The PCR product derived from Raji cells was cloned
downstream of a c-myc tag (BRD4° pcDNA3 9E10) and used
for later functional studies.

The BRD4 short and long protein variants (BRD4% and
BRD4") are expressed in KSHV-positive PEL cells. Since
BRD proteins are known to be differentially expressed (43), we
wondered whether both BRD4 protein forms would be ex-
pressed in KSHV-positive and -negative B cells, a prerequisite
for relevant interaction with KSHV or one of its gene products
in those cells. Both forms of BRD4, BRD4% and BRD4Y, are
readily detectable in cell lysates of the KSHV-negative Bur-
kitt’s lymphoma cell line BJAB and the PEL cell line BCBL-1.
BRD4® migrates at an apparent molecular mass of ~110 kDa,
and BRD4" migrates at an apparent molecular mass of ~220
kDa. The relative expression level of endogenous BRD4, par-
ticularly of the short variant, was moderately higher in BCBL-1
cells compared to that in BJAB cells (Fig. 1C).

KSHV LANA-1 of BCBL-1 cells forms complexes with en-
dogenous BRD4 proteins. We have recently shown that the
C-terminal domain of LANA-1 interacts with a region in
BRD2/RINGS3 that contains the ET domain (37, 51). The ET
domain is a conserved sequence element that is characteristic
for all members of the BRD family (13) (Fig. 1A). Due to the
high degree of amino acid conservation of the ET domain, we
wondered whether other BRD family members (Fig. 1A)
might also interact with LANA-1. Coimmunoprecipitation
studies, in which we immunoprecipitated endogenous BRD4
from BCBL-1 and BJAB cells with a BRD4-specific antibody
but not with control IgG (Fig. 1D, upper panel), revealed the
existence of a complex in BCBL-1 cells containing LANA-1
and BRD4 (Fig. 1D, lower panel, right lane). Although the
normal rabbit IgG control immunoprecipitated many unspe-
cific bands, no LANA-1 was detectable in this control (Fig.
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FIG. 1. KSHV LANA-1 forms complexes with endogenous BRD4
proteins in the PEL cell line BCBL-1 as shown by coimmunoprecipi-
tation. (A) Schematic diagram of human BET/fsh proteins. Amino
acid positions of the highly conserved, ~64 aa long, ET domains of
RINGS3 (aa 640 to 703), BRD4 (aa 608 to 671), ORFX (aa 569 to 633),
and BRDT (aa 509 to 571). BR1, bromodomain 1; BR2, bromodomain
2. (B) Schematic depiction of the BRD4% and BRD4" exon-intron

J. VIROL.

1D), demonstrating the LANA-1 interaction to be specific for
BRDA4. Since the overall structure of the smaller BRD4® pro-
tein is more similar to that of BRD2/RING3 and due to the
high degree of conservation of the ET domain, we hypothe-
sized that the protein interaction between LANA-1 and BRD4,
and possibly other BRD family members, might take place via
the BRD proteins’ ET domains (Fig. 1A). Therefore, and
because the short variant of BRD4 was uncharacterized until
now, we decided to focus our studies on BRD4S. The trans-
fection of different cell lines with our newly generated BRD4%
pcDNA3 9E10 construct resulted in the expression of a myc
epitope-tagged protein with an apparent molecular mass of
110 kDa by SDS-PAGE (not shown), consistent with the mo-
lecular mass of the endogenous BRD4® protein (Fig. 1C, upper
panel). In HeLa cells and 293 cells, transfected BRD4® showed
an intranuclear localization (data not shown).

Notably, BRD4® protein was detectable with a BRD4 mono-
clonal antibody raised against the C terminus of BRD4® as well
as with a BRD2/RINGS3 polyclonal antibody raised against the
C terminus of RING3 (33, 37), indicating antigenic cross-re-
activity of the polyclonal RING3 antiserum used in previous
studies (33, 37) with BRD4.

KSHV LANA-1 interacted with BRD4° and BRD3/ORFX
proteins via the carboxy-terminal part of BRD proteins, in-
cluding the ET domain. To investigate the interaction of
LANA-1 with BRD4 and possibly other members of the BRD
family in detail, we employed ectopic expression strategies. We
expressed the C-terminal regions of BRD2/RING3, BRD45,
and BRD3/ORFX, including their respective ET domains, as
GST-fusion proteins in bacteria (Fig. 2B) to perform in vitro
GST-fusion protein binding assays (Fig. 2C). GST-RING3 B
(aa 601 to 801), GST-BRD4® (aa 607 to 722), and GST-ORFX
(aa 569 to 726) fusion proteins or GST alone (schematically
depicted in Fig. 2A) was bound to glutathione-Sepharose
beads to pull down the C-terminal domain of LANA-1 ex-
pressed in SF9 insect cells. We observed binding of the C-
terminal domain of LANA-1 to GST-RING3 B, GST-BRD45,
and GST-ORFX, but not to GST (Fig. 2C).

To confirm and extend this observation with proteins ex-
pressed in mammalian cells, we cotransfected epithelial HEK
293T cells with a full-length LANA-1 expression plasmid
(GSLANA) and one of five different EGFP-tagged BET pro-

structure. BRD4 is localized on human chromosome 19 (19p13.1).
BRD4S is composed of 11 exons and gives rise to a 2,169-bp ORF,
while BRD4" is composed of 19 exons with an alternative exon (11")
and gives rise to a 4,089-bp ORF. (C) Immunoblots (IB) showing the
expression of endogenous BRD4 short and long variant proteins in the
KSHV-negative Burkitt’s lymphoma cell line BJAB and the PEL cell
line BCBL-1. «, anti. (D) Detection of BRD4/LANA complexes in
BCBL-1 cells by coimmunoprecipitation (co-IP) using a polyclonal
anti-BRD4 antibody to precipitate endogenous BRD4% and BRD4"
proteins from BJAB cells (negative control) or BCBL-1 lysates. Nor-
mal IgG served as a negative control. Four to 12% Bis-Tris PAGE and
immunoblotting (IB) were performed. The upper panel shows a rabbit
anti-BRD4 immunoblot. The lower panel shows a blot of KS patient
serum to detect LANA in BCBL-1 cells. One-tenth of the lysates used
for the co-IP was loaded as input control. With longer exposures, the
long and the short forms of BRD4 become visible in the input lanes
(compare with panel C, top panel). «, anti.
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FIG. 2. KSHV LANA-1 interacts with the C termini of BRD4® and
BRD3/ORFX in vitro in GST pull-down assays. (A) Schematic repre-
sentation of the GST-BET fusion proteins used in panels B and C.
GST-RING3 B (aa 601 to 801), GST-BRD4® (aa 607 to 722), and
GST-ORFX (aa 569 to 726) all contain the carboxy-terminal region of
the respective BET protein. (B) Expression levels of GST fusion pro-
teins used in panel C and as schematically depicted in panel A deter-
mined by anti-GST immunoblotting (IB). «, anti. (C) GST pull-down
experiment showing the interaction of the KSHV LANA-1 carboxy-
terminal domain expressed in SF9 insect cells (arrow) with GST fusion
proteins GST-RING3 B (middle panel, lane A), GST-BRD4% (middle
panel, lane B), and GST-ORFX (middle panel, lane C) but not with
GST alone (middle panel, lane D). The interaction of LANA-1 C with
GST-RING3 B (37) served as positive control. One-tenth of the lysates
used for the interaction assay were used as input control (left panel).
+, presence of.

tein fusion constructs, full-length BRD2/RING3 and BRD45,
deletion construct BRD2/RING3 (aa 640 to 801), BRD4® (aa
608 to 722), or BRD3/ORFX (aa 569 to 726), all encompassing
the C-terminal regions of the respective protein, including the
ET domains (Fig. 3A). As a control, HEK 293T cells were
cotransfected with GSLANA and EGFPC1. EGFP-fusion pro-
teins or EGFP alone was immunoprecipitated with an anti-
GFP antibody. Subsequent SDS-PAGE and immunoblotting
with an anti-GFP antibody revealed efficient immunoprecipi-
tation of all EGFP-fusion proteins and EGFP alone (Fig. 3B,
lower panel). BRD2/RING3 and BRD4® full-length constructs
had apparent molecular masses of ~120 kDa as expected.
BRD2/RING3 aa 640 to 801, BRD4% aa 608 to 722, and
BRD3/ORFX aa 569 to 726 had apparent masses of 50 kDa, 38
kDa, and 51 kDa, respectively. BRD2/RING3 aa 640 to 801,
BRD45 aa 608 to 722, and BRD3/ORFX aa 569 to 726 showed
additional smaller bands that were also efficiently immunopre-
cipitated with the anti-GFP antibody (Fig. 3B, lower panel).
The molecular nature of these lower-molecular-mass bands is
not known.

As shown in Fig. 3B (upper panel), KSHV LANA-1 was
efficiently coimmunoprecipitated with full-length BRD4% and
full-length BRD2/RING3. Further, LANA-1 coimmunopre-
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cipitated with BRD2/RING3 aa 640 to 801, BRD4S aa 608 to
722, and BRD3/ORFX aa 569 to 726 but not with the EGFP
protein alone (Fig. 3B, upper panel). Reproducibly, the
LANA-1-specific signal was strongest in the coimmunoprecipi-
tations with full-length BRD4® and moderately weaker with
full-length BRD2/RING3 and BRD4°® aa608-722 proteins.
Relatively weak LANA-1 signals were detectable with BRD2/
RING3 aa 640 to 801 and BRD3/ORFX aa 569 to 726 (Fig.
3B). Further, LANA-1 signals were reproducibly stronger
when coimmunoprecipitated with full-length BRD4% than
when coimmunoprecipitated with BRD4% aa 608 to 722.
Similarly, LANA-1 coimmunoprecipitated more efficiently
with full-length BRD2/RING3 than with BRD2/RING3 aa
640 to 801. These differences in the efficiency of coimmu-
noprecipitation when comparing full-length proteins with
constructs starting at the ET domain suggest the presence of
a second LANA-1 binding site upstream of the ET domain
of BRD2 and BRD4, as we have previously reported for
BRD2/RING3 (37).

The highly conserved C-terminal domain of LANA-1 was in-
dispensable for the binding to BRD4, resembling the interaction
pattern of LANA-1 with BRD2/RING3. To identify regions in
LANA-1 that are required for the in vivo interaction in trans-
fected cells with BRD4S, EGFP-tagged BRD4% or EGFP was
transiently coexpressed with full-length LANA-1 or the carboxy-
terminally truncated KSHV LANA-1 mutant LANA A1161-1162
(L-1160), LANA A1144-1162 (L-1143), LANA A1140-1162
(L-1139), LANA A1134-1162 (L-1133), LANA A1129-1162 (L-
1128), LANA A1108-1162 (L-1107), LANA A1056-1162 (L-
1055), or LANA A1007-1162 (L-1006) (Fig. 3C and D). We
used an anti-GFP antibody to immunoprecipitate EGFP-
tagged BRD4® or EGFP from 293T lysates. As expected, full-
length LANA-1 (aa 2 to 1162) coimmunoprecipitated with
BRD4® (Fig. 3C, upper panel, second lane from right) but not
the EGFP control (Fig. 3C, lower panel). Further, LANA
mutants L-1160 (not shown), and L-1143 coimmunoprecipi-
tated with BRD4 but not EGFP (Fig. 3C). L-1139 showed
residual binding to BRD4® (Fig. 3C). No shorter LANA-1
constructs, namely L-1133 (Fig. 3C), L-1128, L-1107, L-1055,
and L-1006 (not shown), coimmunoprecipitated with BRD45,
Interestingly, this loss of LANA-1 BRD4 interaction when
deleting LANA-1 from the carboxy-terminal end by 29 amino
acids or more almost exactly resembles the binding pattern of
KSHV LANA-1 with BRD2/RING3 (51). These data clearly
demonstrate that deleting the C-terminal 29 amino acids of
KSHV LANA-1 (LANA mutant L-1133) results in a complete
loss of BRD2/RING3 binding (51) as well as in a complete loss
of BRD4® binding (present study) in transfected cells. Notably,
the same LANA-1 mutants that are no longer capable of bind-
ing to BRD2/RING3 or BRD4S cannot act as transcriptional
activators, as assayed by the use of the human cyclin E pro-
moter in luciferase-based reporter assays (51). Further, LANA
A1129-1162 (L-1128) or shorter mutants no longer interact
with chromatin (50).

Purified BRD4S aa444-722 and purified GST-LANAC inter-
act directly. So far, our findings show the carboxy-terminal
region of BRD4® as well as the KSHV LANA-1 carboxy-ter-
minal region to be involved in the interaction between the two
proteins but do not exclude an indirect interaction of BRD4
and LANA-1 via one or more cellular proteins. To address this
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FIG. 3. KSHV LANA-1 coimmunoprecipitates with BRD4® and BRD3/ORFX in cotransfected cells. (A) Schematic diagram of the EGFP fusion
proteins of full-length BRD2/RING3 and BRD4® and the C-terminal regions of BRD2/RING3, BRD4%, and BRD3/ORFX used in this experiment.
(B) Coimmunoprecipitation experiments demonstrating the interaction of full-length LANA-1 with different EGFP-BRD fusion proteins. 293T cells were
cotransfected with a full-length LANA-1 expression construct and one of the EGFP-tagged BRD expression constructs as depicted in panel A.
Immunoprecipitation was performed using an anti (o)-GFP monoclonal antibody. After extensive washing, SDS-PAGE and immunoblotting (IB) were
performed by probing the lower part of the membrane with an anti-GFP antibody (lower panel) to monitor the precipitation of EGFP-fusion proteins
BRD2/RINGS3 (*, “R3”) and BRD4® (%, “45”) or the carboxy-terminal domains of BRD2/RING3 (s, “R3-C”), BRD4® (s, “45-C”), or BRD3/ORFX
(%, “OX-C”) or EGFPC1 (s, “E”). The carboxy-terminal domains of the BRD proteins were consistently detected as two distinct bands (double and
triple asterisks). The upper part of the membrane was probed with human KS patient serum to detect coimmunoprecipitated LANA-1 (upper panel).
One-tenth of the lysate used for the IP is shown next to each IP lane as input (In). Bands corresponding to the immunoglobulin heavy chains are visible
in all IP lanes around 50 kDa. +, presence of; —, absence of. (C) Coimmunoprecipitation experiments investigating the binding of LANA-1 full-length
and carboxy-terminally truncated LANA-1 mutants L-1143, 1-1139, and L-1133 to EGFP-tagged BRD4" (“45”) full-length protein (upper panel) or
EGFP alone (lower panel). +, presence of; —, absence of. IB, immunoblot; In, input; «, anti. (D) Schematic representation of C-terminally truncated
LANA-1 mutants as used in panel C and a summary of their binding properties to BRD4® (this study) and BRD2/RING3 (") (51). *, Binding data for

L-1107 and L-1006 are not shown. The carboxy-terminal five amino acids of the respective LANA-1 construct are depicted.
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FIG. 4. Purified BRD4®% aa444-722 and purified KSHV LANA-1 C-terminal domain directly interact in a GST pull-down assay and in an
ELISA. (A, upper panel) Schematic depiction of the full-length BRD4® with its two bromodomains (BR1 and BR2) and the ET domain in
comparison with the recombinant BRD4% fragment (amino acids 444 to 722) with an N-terminal Flag tag and a C-terminal six-histidine tag
expressed in SF9 cells using a recombinant baculovirus. (Lower panel) Schematic representation of full-length KSHV LANA-1 and GST-LANAC
protein representing the C-terminal domain of LANA-1 with amino acids 951 to 1162 N-terminally fused to GST. (B) Coomassie-stained
SDS-PAGE gels depicting selected elution fractions of glutathione-Sepharose G affinity-purified recombinant GST-LANAC (left panel, right two
lanes) expressed in E. coli or the Ni** affinity-purified recombinant BRD4® aa444-722 protein expressed in SF9 insect cells (right panel). The shown
elution fractions of GST-LANAC and BRD4® aa444-722 were pooled, protein concentrations were determined, and these proteins and purified
GST protein alone (not shown) were used for the GST pull-down (C) and ELISA (D) experiments. %, empty lanes. (C) Semiquantitative GST
pull-down experiment with purified proteins from panel B and as depicted in panel A. Identical amounts of purified GST or GST-LANAC proteins
were immobilized on glutathione 4B beads for 2 h at 4°C, washed, and incubated for 1 h at room temperature with increasing amounts of purified
BRD4% aa444-722 protein as indicated in the figure. After extensive washing, SDS-PAGE and immunoblotting (IB) with an anti («)-His antibody
were performed. One-tenth of the input amounts were loaded as input control. Lanes were assembled from two gels (left and right). The figure
shows one representative of three independent experiments. (D) ELISA with a fixed concentration of purified GST or GST-LANAC coated onto
ELISA plates as described in Material and Methods. After washing steps, coated proteins were incubated with increasing concentrations of purified
BRD4S aa444-722 protein. Unbound protein was washed off, and bound BRD4S aa444-722 was detected by using an anti-Flag monoclonal antibody
and a secondary alkaline phosphatase-conjugated antibody. The figure shows one representative experiment out of four.

question, we purified both proteins and subsequently investi-
gated their interaction. The carboxy-terminal LANA-1 frag-
ment (aa 951 to 1162) was expressed as a GST fusion protein
(GST-LANAC) in bacteria and affinity purified via the inter-
action of GST with glutathione G-Sepharose beads. The car-
boxy-terminal fragment of BRD4% (aa 444 to 722) was ex-
pressed in insect cells with the help of a newly generated
recombinant baculovirus and affinity purified via the hexahisti-
dine tag with a Ni** affinity column. The proteins used for this
direct interaction study are schematically depicted in Fig. 4A. As
shown on the Coomassie-stained gels in Fig. 4B, the ~46-kDa
GST-LANAC protein and the ~53-kDa BRD4% aad44-722
protein were obtained at high purity. These purified proteins
and purified GST protein alone were now used for a semiquan-
titative GST pull-down assay (Fig. 4C). We immobilized con-

stant amounts of either GST or GST-LANAC and incubated
them with increasing amounts of BRD4% aa444-722. BRD4%
aa444-722 bound to GST-LANAC but not to the GST control.
We performed the assay with small bead volumes, which led to
a saturation of the system using high amounts of BRD4 (3 pg
and 1.2 pg). Reducing the amount of BRD4 resulted in a
dose-dependent decrease of the amount of BRD4 which
bound to LANA-1 (Fig. 4C). We further established an
ELISA-based binding assay using the same purified pro-
teins. Constant amounts of GST or GST-LANAC were im-
mobilized in 96-well plates and incubated with defined
amounts of BRD4% aa444-722. As depicted in Fig. 4D,
BRD45 aad44-722 specifically interacted with GST-LANAC
in a dose-dependent manner but not with GST alone. These
results show the interaction of the KSHV LANA-1 C ter-
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minus with the carboxy-terminal part of BRD4% (aa 444 to
722) to be direct.

BRD2/RING3 and BRD4® induce cell cycle arrest in HeLa
cells. After establishing the direct interaction between KSHV
LANA-1 and BRD4, in addition to the previously described
interaction of KSHV LANA-1 with BRD2/RING3 (37, 51), we
sought to address the possible functional implications of these
interactions.

The longer BRD4 splice variant MCAP identified in mice
codes for a protein of 1,401 aa, which is chromatin associated
during mitosis and, when ectopically expressed, delays the cell
cycle in the transition from G, to S phase (32). Further, cells
injected with a BRD4/MCAP-specific antibody showed a
higher proportion of cells in G,/M, pointing to a role for
BRD4/MCAP in G,/M transition and/or mitosis (11). The long
human BRD4 variant BRD4" is identical to the short variant
BRD4® in the amino-terminal part, including both bromodo-
mains and the ET domain (Fig. 1A), but in addition has a
carboxy-terminal tail (about 640 amino acids long) of unknown
physiological function. The second bromodomain of the mu-
rine BRD4/MCAP and its direct upstream region have been
shown to be critical for the BRD4/MCAP-induced cell cycle
block (32). For BRD2/RING3, there is evidence of an impact
on the expression of E2F-dependent promoters (9) and some
evidence suggests BRD2/RING3 to be involved in the recruit-
ment of E2F to the cyclin A promoter, thereby possibly pro-
moting the cell cycle in fibroblasts under certain conditions but
delaying it under other conditions (46). However, BRD4® has
so far not been investigated.

We tested a possible role of the human BRD4% and BRD2/
RING3 proteins in cell cycle regulation using BrdU (an arti-
ficial thymidine analog) incorporation assays. In an initial ex-
periment, we found that transiently transfected HeLa cells
were effectively prevented from entering the S phase of the cell
cycle by the overexpression of EGFP-tagged BRD4® and
BRD2/RING3 but not by BRD4® aa 608 to 722, BRD2/RING3
aa 640 to 801, or EGFP alone (data not shown).

BRD4° and BRD2/RINGS3 increase the proportion of cells in
G, phase in epithelial 293T cells and decrease the S-phase
population. To characterize the impact of BRD4% and BRD2/
RING3 on the cell cycle in more detail, we established a
fluorescence-activated cell sorter-based cell cycle assay that
enabled us to determine the proportion of cells in each phase
of the cell cycle. We transfected 293T cells with an EGFP
expression vector or with expression vectors for EGFP-RING3
or EGFP-BRD4® and analyzed the cell cycle distribution of the
transgene-expressing cells. Forty hours posttransfection, cells
transfected with the EGFP plasmid were identified at a pro-
portion of ~40% in G,/G, phase, ~28% in early S phase,
~19% in late S phase, and ~13% in G,/M phase (Fig. 5A).
Nontransfected, EGFP-negative cells showed cell cycle distri-
butions similar to those of EGFP-positive cells (not shown),
implying that the EGFP plasmid does not affect the cell cycle
distribution of 293T cells. In cells transfected with EGFP-
BRD2/RING3 and EGFP-BRD4%, the proportion of EGFP-
expressing cells was much lower than that in EGFP-transfected
cells (Fig. 5B and C). While ~42% of the cells in the EGFP-
transfected sample were EGFP positive, only ~8% of cells
transfected with EGFP-BRD4% were EGFP-BRD4® positive
and ~1% of cells transfected with EGFP-RING3 were EGFP-
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RING3 positive. Assuming that the transfection efficiency was
similar with the three different plasmids, these data suggest
that the expression of BRD4% or BRD2/RING3 can efficiently
slow down or arrest the proliferation of the transfected cell.
Thereby, the proportion of EGFP-BRD4® or EGFP-RING3-
positive cells would decline over time after transfection in
relation to the population of untransfected cells that continue
to proliferate. Supporting this notion, when we analyzed cells
at earlier time points (20 h after transfection), we observed
~42% of positive cells in the EGFP sample, ~25% of positive
cells in the EGFP-BRD4° sample, and ~15% of positive cells
in the EGFP-RING3 sample (not shown).

We next looked at the cell cycle distribution of the trans-
fected cells (Fig. 5B, C, and D). Around 40% of EGFP-ex-
pressing cells were in G,/G,, phase, whereas ~50 and ~58% of
cells were found to be in G,/G, phase in the EGFP-BRD4%
and EGFP-RING3-positive cells, respectively. Accordingly,
~47% of EGFP-positive cells were in S phase, in contrast to a
significantly smaller proportion, ~31 and ~34%, respectively,
of EGFP-BRD4% and EGFP-RING3-positive cells. In addi-
tion, a larger proportion, ~18%, of BRD4%-positive cells were
in G, relative to ~13% in the EGFP control. In contrast,
BRD2/RING3 expression did not increase the fraction of cells
in G, (~9%).

These data indicate that transient expression of BRD4® and
BRD2/RINGS3 in a rapidly proliferating cell population causes
a G,/G, arrest under the conditions of our assay, with RING3
being more efficient than BRD45. In line with the G,/G,, arrest,
a smaller proportion of cells were in S phase in BRD4%- and
BRD2/RING3-expressing cells compared to that for EGFP-
expressing cells.

BRD4° and BRD2/RINGS3 increase the proportion of cells in
G, phase in the B-cell line BJAB and decrease the S-phase
population. When we performed the cell cycle assay in BJAB
cells with a 1.5-h BrdU pulse, observations similar to those with
293T cells were made. In the EGFP control population, 27% of
cells were in G,/G,, phase, while 59% were in S phase (see Fig.
8A). The expression of BRD4% and RING3 increased the
G,/G,, population from 27 to 36 and 40%, respectively, while
the fraction of cells in S phase decreased from 59 to 39% in
BRD43-positive cells and to 37% in RING3-positive cells (see
Fig. 8C and E). Notably, BRD4® and RING3 expression re-
sulted in more cells in G,/M in BJAB cells, while in 293T cells,
only BRD4® increased this fraction (see Fig. 8C and E and
compare with Fig. 5B). In BJAB cells, the electroporation of
BRD4% and RING3 resulted in lower numbers of transgene-
expressing cells compared to that in EGFP control cells, most
likely reflecting a growth disadvantage of the cells overexpress-
ing either BRD4® or RING3, as described above for 293T cells
(Fig. 5 and see Fig. 8). Therefore, as in 293T cells, BRD4® or
RING3 overexpression results in a delay in G,/S transition in
BJAB cells.

BRD2/RING3 and BRD4S transactivate the human cyclin E
promoter. Cyclin E is a critical player at the G,/S transition of
the eukaryotic cell cycle with particularly high promoter activ-
ity and an increase of cyclin E transcription in late G, and early
S phase (19). BRD2/RING3 has been suggested to transacti-
vate cell cycle promoters, including the cyclin E promoter, in
an E2F-dependent manner (9). Since our cell cycle data show
that BRD4% and BRD2/RINGS3 delay the transition from G, to
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FIG. 5. BRD4® and BRD2/RING3 induce G,/G, cell cycle arrest and increase the activity of the cyclin E promoter in 293T cells. (A to D) Cell
cycle analysis of EGFP (“E”), EGFP-BRD4® (“45”), or EGFP-RING3 (“R3”) expressing cells using flow cytometry. Briefly, 293T cells in six-well
plates were transfected with 1 pg of the respective expression plasmid and 1 g of pcDNA3. Forty hours posttransfection, cells were BrdU pulsed
for 1 h by adding BrdU to a final concentration of 10 wM. Subsequently, cells were paraformaldehyde fixed, permeabilized, and labeled with a
primary BrdU-specific antibody and a secondary Cy5S-conjugated antibody. Finally, cells were resuspended in PBS containing propidium iodide (PI)
and flow cytometric analysis was performed. A total of 10° cells were measured in each sample by using a BD FACSCalibur. Data were analyzed
using the software Windows Multiple Document Interface for Flow Cytometry 2.8 (WinMDI2.8). Four independently performed experiments
showed similar results. pos, positive; neg, negative. (A) Example of gating procedure and cell cycle analysis for 293T cells transfected with
EGFPCI. (A, left panel) Dot plot depicting 2,000 out of a total of 10° analyzed EGFP-transfected cells with the EGFP signal on the x axis
(logarithmic scale) and the DNA content of the cells on the y axis (linear scale). With the gate R1, EGFP-positive cells with a DNA content =2n
(diploid) and =4n (tetraploid) were included in subsequent analyses. (Middle panel) Dot plot. With the gate R2, exclusive analysis of single cells
was assured. (Right panel) Cells within gates R1 and R2 were analyzed for BrdU positivity (y axis, log scale) in relation to their DNA content (x
axis, linear scale) depicted as density plot. Quadrants were defined as shown and differentiate cells in the depicted cell cycle states. The percentage
of cells in each individual cell cycle state is listed in each quadrant. (B) Table summarizing the analysis as outlined in panel A for EGFP-,
EGFP-BRD4%-, or EGFP-RING3-expressing cells. (C) Histogram with the DNA content on the x axis and the number of cells on the y axis for
EGFP-, EGFP-BRD4%-, or EGFP-RING3-expressing cells. (D) Same data as depicted in panel C, normalized to the total number of EGFP-
positive cells. (E) Luciferase-based reporter assay. 293T cells in six-well plates were cotransfected with 50 ng of a human cyclin E promoter pGL2
basic reporter plasmid, together with 1 pg of the respective expression construct as depicted in Fig. 3A. Forty-eight hours posttransfection, cells
were lysed and lysates were assayed for luciferase activity. Activities are depicted as relative activities relative to the empty vector EGFPCI control.
One representative of four independent experiments performed in duplicate is shown. Standard deviations (error bars) are depicted. No activation
was observed with pGL2 basic as control reporter vector (data not shown).

S phase, we were interested in studying whether BRD2/RING3
and BRD45 expression would have an effect on cyclin E pro-
moter activity. We performed luciferase-based reporter assays
in 293T and HeLa cells with transient expression of the EGFP-
tagged BET protein constructs (Fig. 3A) used in the BrdU
incorporation assays in HelLa, 293T, and BJAB cells (Fig. 5
and see Fig. 8; data not shown). The EGFP-tagged BRD4S
full-length protein strongly activated the cyclin E promoter in
293T and HeLa cells (Fig. SE and data not shown) approx-
imately 20-fold, similar to the myc-tagged BRD4® protein
(Fig. 6A1). Highly reproducibly, the BRD2/RING3 protein
also activated the cyclin E promoter around fivefold (Fig. SE
and data not shown). The activation of the cyclin E promoter
by BRD2/RING3 was in line with a previously reported four-
to fivefold activation of the cyclin E promoter by BRD2/
RING3 (9). In contrast, BRD4% aa 608 to 722 and BRD2/
RING3 aa 640 to 801 did not activate the cyclin E reporter

construct significantly (Fig. 5E and data not shown). Protein
expression levels were controlled by SDS-PAGE and immuno-
blotting and revealed comparable levels of expression for
BRD4%, BRD2/RING3, BRD4® aa 608 to 722, and BRD2/
RING3 aa 640 to 801 (not shown). A series of BRD4% and
BRD2/RING3 expression constructs tagged with an N-termi-
nal myc epitope instead of EGFP behaved identically with
regard to the transactivation of the human cyclin E promoter
in both tested cell lines HeLa and HEK 293T (Fig. 6A, panel
1, and data not shown), while neither BRD2 nor BRD4® with
a carboxy-terminal EGFP tag was functional in these assays
(not shown).

Coexpression of KSHV LANA-1 reduced the ability of
BRD45 to induce cyclin E promoter activity. We reported
earlier that KSHV LANA-1 induces cyclin E promoter activity,
whereas carboxy-terminal LANA-1 mutants shorter than
L-1133 do not (51). We wondered whether LANA-1 and
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FIG. 6. KSHV LANA-1 decreases BRD4%-induced cyclin E promoter activity. Luciferase based reporter assay in HEK 293T cells. (A) HEK
293T cells in six-well plates were transfected with 50 ng of reporter plasmid (human cyclin E promoter) and 500 ng of expression plasmid for the
myc-tagged BRD4® full-length protein (1) or different amounts of KSHV LANA-1 full-length (2), LANA A1108-1162 (L-1107) (3) or LANA
A1007-1162 (L-1006) (4) expression constructs and lysed at confluence 48 h later. The total amount of DNA per transfection was adjusted to 1.05
wg using salmon sperm DNA. For details see Material and Methods. Absolute luciferase activities are shown with standard deviations (error bars).
Additionally, mean relative activities are given as numbers on top of each column. (B) HEK 293T cells were cotransfected with 50 ng of reporter
plasmid (human cyclin E promoter) and constant amounts of 500 ng of either empty vector pcDNA3 (mock) or BRD4® full-length expression
plasmid in pcDNA3, together with increasing amounts (50 ng, 200 ng, and 500 ng) of pcDNA3 (1), full-length KSHV LANA-1 (2), LANA
A1108-1162 (L-1107) (3), or LANA A1007-1162 (L-1006) (4) expression constructs, and lysed at confluence 48 h later. Mean luciferase activities
in the absence of BRD4® expression were set at 1 for each amount (50 ng, 200 ng, or 500 ng) of the ORF 73 constructs or pcDNA3 (left three
bars in panels 1, 2, 3, and 4). The relative activities in the presence of BRD4S are shown in the three right bars in panels 1, 2, 3, and 4. Mean relative
luciferase activities are depicted and given as numbers on top of each column. Standard deviations (error bars) are shown. +, presence of; —,

absence of.

BRD4® would influence each other with regard to their abili-
ties to activate the cyclin E promoter. We cotransfected HEK
293T cells with the cyclin E reporter construct, together with
one of the expression constructs for BRD4%, KSHV LANA-1,
L-1107, or L-1006. BRD4® activated the human cyclin E pro-
moter 20-fold, as expected (Fig. 6A, panel 1, compare with
5E). The full-length LANA-1 protein activated the cyclin E
promoter dose dependently up to fourfold, whereas the
LANA-1 mutants L-1107 and L-1006 did not activate the cyclin
E promoter, as expected (Fig. 6A). However, when coexpress-
ing BRD4%, together with different amounts of KSHV
LANA-1, L-1107, or L-1006, we found that LANA-1 reduced
the BRD4%-induced cyclin E activation in a dose-dependent
manner (Fig. 6B, panel 2), whereas the LANA-1 mutants
L-1107 and L-1006, which are defective with respect to several
LANA-1 functions, including the interaction with BRD2/

RING3 (50, 51) and BRD4® (Fig. 3C and D), did not show this
inhibition (Fig. 6B, panels 3 and 4). The observed phenotype
was not due to lower BRD4® expression levels in the presence
of LANA as controlled by Western blotting (Fig. 3B, lower
panel, compare lanes 12 and 14, and data not shown).

KSHV LANA-1 partially compensated a BRD2/RING3- or
BRD4%-induced G, cell cycle arrest in 293T and BJAB cells.
Physiologically, cyclin E promoter activity increases at the G,/S
transition (19). The activation of the cyclin E promoter by
BRD4% and BRD2/RINGS3 could therefore be linked to their
abilities to prevent entry into the S phase (Fig. 5 and see Fig.
§8; data not shown), rather than to a direct effect on the cyclin
E promoter. We hypothesized that KSHV LANA-1, which has
previously been shown to promote S-phase entry in cell cycle-
arrested cells (1, 16) and to provide a growth advantage to
HeLa or Ratl cells stably expressing LANA-1 (45), might have
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FIG. 7. KSHV LANA-1 releases 293T cells from the BRD45- or
the BRD2/RING3-induced G, cell cycle arrest. Flow cytometric cell
cycle analysis was performed as described in the legend for Fig. 5 and
Material and Methods. Cells were cotransfected with equal amounts (1
pg each) of EGFPC1 and pcDNA3 (A), EGFPC1 and a LANA-1
expression construct in pcDNA3 (LANA-pcDNA3) (B), EGFPCI1-
BRD4% and pcDNA3 (C), EGFPC1-BRD4% and LANA-pcDNA3 (D),
EGFPC1-RING3 and pcDNA3 (E), or EGFPC1-RING3 and LANA-
pcDNA3 (F). Briefly, 40 h posttransfection, 293T cells were pulsed
with 10 uM BrdU for 1 h before fixing and labeling the cells. The upper
part depicts density blots comparing EGFP-signal-positive cells from
samples A, B, C, D, E, and F. DNA content measured as propidium
iodide signal is depicted on the x axis. The y axis represents the BrdU
signal. A total of 10° cells was analyzed per sample, and the cell cycle
data are given in the table. The density blots are generated based on
2,000 analyzed cells of the initial population. The assay was repeated
independently three times with similar results. pos, positive.

released cells from the BRD4%-induced cell cycle arrest at G,/S
and that, subsequently, cyclin E promoter activity would be
decreased.

To test this hypothesis, we studied the cell cycle distributions
of 293T cells as well as those of BJAB cells transiently express-
ing KSHV LANA-1 with or without BRD4® and BRD2/
RING3 (Fig. 7 and 8). To define a possible effect of LANA-1
expression alone, 293T cells were cotransfected and BJAB
cells electroporated with an EGFP expression plasmid, to-
gether with a LANA-1 construct or the empty vector
(pcDNA3) (Fig. 7A and B and 8A and B). The cell cycle
analysis was performed as for Fig. 5. The expression of KSHV
LANA-1 increased the proportion of EGFP-transfected cells
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FIG. 8. KSHV LANA-1 releases BJAB cells from the BRD45- or
the BRD2/RING3-induced G; cell cycle arrest. BIAB cells were elec-
troporated with 7.5 pg plus 7.5 pg of the plasmids as indicated in the
legend to Fig. 7 (samples A, B, C, D, E, and F). Flow cytometric cell
cycle analysis was performed as described in the legend for Fig. 5 and
Material and Methods. Briefly, 40 h postelectroporation, BJAB cells
were pulsed with 10 uM BrdU for 1.5 h before fixing and labeling. A
total of 2 X 10° cells was analyzed per sample, and the cell cycle data
are given. The numbers represent means =+ standard deviations of two
independent experiments.

in S phase moderately in 293T cells (49.15 versus 46.94% in the
control population) or BJAB cells (64.65 versus 59.40%). The
proportion of EGFP-positive cells in the total population was
not increased by LANA-1 (41.66% [15.05%] in the control
cells versus 39.55% [12.58%] in the LANA-1-transfected 293T
[BJAB] cells). Therefore, the proliferation of LANA-1 tran-
siently expressing cells was not increased relative to the non-
transfected cells of the same sample during the short time
interval (40 h) of our assay. Notably, in our experimental set-
ting, the cells are nonsynchronized and proliferate rapidly,
making it easier to detect a growth-delaying effect as observed
with BRD4S and BRD2/RING3 (Fig. 5 and 8A, C, and E) than
a growth-promoting effect. LANA-1 did not significantly affect
the relative expression levels of EGFP, EGFP-BRD45, or
EGFP-BRD2/RING3 at the single-cell level as assessed by
flow cytometry (not shown) or the bulk population as regularly
controlled by Western blotting (Fig. 3B, lower panel, compare
lanes 12 and 14; data not shown).

Comparing EGFP-BRD4% and LANA-1 cotransfected cells
(Fig. 7D) with cells transfected with EGFP-BRD45 and empty
vector (Fig. 7C), we observed fewer 293T cells in G,/G, in the
presence of LANA-1 (~43 versus ~50%) and more cells in S
phase in the presence of LANA-1 (~40 versus ~31%). This
finding indicates that LANA-1 shifted a proportion of EGFP-
BRD45-expressing cells from the G,/G, to the S phase of the
cell cycle. Likewise, LANA-1 coexpression with BRD2/RING3
increased the proportion of cells in S phase (~41% with
LANA-1 compared to ~34% with RING3 alone) while reduc-
ing the proportion of cells in G,/G, phase (~52% with
LANA-1 compared to ~57% with RING3 alone). In addition,
the proportion of cells expressing EGFP-RING3 was almost
tripled in EGFP-RING3 and LANA-1 cotransfected cells (Fig.
7F) relative to that in cells transfected with EGFP-RING3 and
a control plasmid (2.91 versus 0.99%). Similarly, LANA-1 in-
creased the S-phase proportion of BJAB cells expressing
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EGFP-BRD4® or EGFP-RING3 from 39.28 to 45.86% and
36.79 to 47.42%, respectively (Fig. 8).

These observations show that LANA-1 can promote S-phase
entry, even in the presence of overexpressed BRD2/RING3 or
BRD45, which in the absence of LANA-1 significantly delays
S-phase entry. Our data are therefore in keeping with the
notion that LANA-1 releases cells from a BRD2/RING3- or
BRD4%-induced cell cycle arrest in epithelial 293T cells as well
as in BJAB cells.

Overexpression of BRD4% in BCBL-1 cells still induced a G,
cell cycle arrest. We wondered whether the overexpression of
BRD4® would also induce a G, cell cycle arrest in BCBL-1
PEL cells or whether endogenous LANA-1 in these cells could
compensate the G, effect of BRD4%. EGFP-BRD4® overex-
pression increased the G,/G,, population in BCBL-1 cells from
11.92 to 20.75% in the control, while reducing the S-phase
population from 23.6 to 12.03% (data not shown), resembling
the relative changes in BJAB cells in the absence of LANA-1
(Fig. 8). Therefore, BRD4® is also able to impose a significant
G,/G,, arrest in the presence of endogenous LANA-1 in
BCBL-1, at least under the conditions of our experiment.

DISCUSSION

BET proteins are a class of highly conserved bromodomain-
containing proteins involved in fundamental cellular processes,
such as meiosis, embryonic development, cell cycle regulation,
and transcription (7, 13, 23, 24, 55). Via its bromodomains,
BRD2/RING3 interacts with acetylated histone H4 and BRD4
interacts with acetylated histones H3 and H4, thereby provid-
ing a docking station for other proteins to attach to chromatin
(10, 26, 34, 56). We have previously shown KSHV LANA-1 to
interact with the human BET family member BRD2/RING3
and suggested a role for BRD2/RING3 in LANA-1 functions
(37, 51). Here we investigate the potential of LANA-1 to bind
to other human BET family members, since the ET domain of
BRD2/RING3, which we have identified to constitute one
binding site for LANA-1 (37), is characteristic of and highly
conserved within BET proteins (Fig. 1) (13).

We found endogenous BRD4 protein to form complexes
with KSHV LANA-1 in the KSHV-positive PEL cell line
BCBL-1 (Fig. 1D). Using GST pull-down and coimmunopre-
cipitation approaches, we firstly confirmed the LANA-1 inter-
action with BRD4 and secondly established LANA-1 to also
bind to BRD3/ORFX. Together with the previously shown
interaction of LANA-1 with BRD2/RING3 (37, 51), we estab-
lished the interaction of LANA-1 with three different BET
family members, namely BRD2/RING3, BRD3/ORFX, and
BRDA4.

Fragments of BRD3/ORFX and BRD4 encompassing their
ET domains are sufficient for LANA-1 binding (Fig. 2, 3, and
4). The interaction between LANA-1 and a region of BRD4
encompassing the ET domain is direct (i.e., does not require
any additional cellular proteins), as shown by GST pull-down
assays and a newly established ELISA with purified recombi-
nant proteins (Fig. 4). The stronger binding of LANA-1 to
full-length BRD2/RING3 and BRD4% relative to BRD2/
RING3 and BRD4® truncation constructs lacking the region
upstream of the ET domain (Fig. 3) suggests the presence of
an additional binding site (or sites) upstream of the ET do-
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main. Such a second LANA-1 binding site in BRD2/RING3
has previously been demonstrated by our group (37). We also
show the C-terminal domain of LANA-1 to be indispensable
for the interaction with BRD4, since C-terminally truncated
versions of LANA-1 no longer coimmunoprecipitate with
BRD4 when truncated beyond LANA-1 amino acid residue
1139 (Fig. 3). The loss of BRD4 binding to C-terminal
LANA-1 deletion mutants truncated beyond aa 1139 mirrors
the interaction pattern of LANA-1 with BRD2/RING3 (51). A
LANA-1 mutant, L.-1133, which does not interact with BRD2/
RING3 (51) or with BRD4 (Fig. 3), loses the major known
LANA-1 functions, i.e., the ability to bind to the LANA-bind-
ing sites within the terminal repeat of KSHV and support the
replication of KSHV terminal repeat-containing plasmids, the
activity to act as a transcriptional regulator, and the ability to
dimerize (51). The loss of these functions of L-1133 coincides
with the loss of chromatin or nuclear matrix association (50).
Taken together, these observations suggest that the interaction
with members of the BRD/fsh family, such as BRD4, BRD2,
and BRD3, could contribute to the attachment of the C-ter-
minal domain of LANA-1 to chromatin and to the function of
LANA-1 in latent episomal replication and transcriptional ac-
tivation. In addition, another nuclear chromatin binding pro-
tein, DEK-1, also binds to the LANA-1 C-terminal domain and
could contribute to functions of LANA-1 (30). To date, we
cannot definitively link the chromatin association of the
LANA-1 C terminus to one specific LANA-1 binding partner,
since LANA-1 mutants described so far lose multiple interac-
tions and functions (16, 50, 51). Given the wide expression of
BRD2 and BRD4 in many cell lineages (not shown) it is con-
ceivable that there is substantial redundancy in cellular pro-
teins that contributes to the attachment of the C-terminal
domain of LANA-1 to nuclear chromatin.

In addition to this C-terminal domain, the N-terminal do-
main of LANA-1 is also crucial for a fully functional LANA-1
protein. Amino acids 5 to 22 mediate the binding to histones
H2A and H2B and thereby the attachment to mitotic chromo-
somes; they are also required for the LANA-1-mediated rep-
lication of a viral episome and transcriptional regulator func-
tions (2, 3, 36, 42, 54). Our data, together with the work of
several other groups, strongly support a model in which
LANA-1 is only fully functional when attached to chromatin
via both the N-terminal and the C-terminal domains (2, 3, 36,
50, 51, 54).

However, the presently available experimental data are also
compatible with different and/or additional roles of individual
BRD proteins in LANA-1-mediated functions. Using CHIP
assays, BRD2/RING3 has been shown to be associated with
the terminal repeat region of the KSHV genome, to which
LANA-1 binds (49), and we have previously shown a relocal-
ization of BRD2/RING3 to KSHV genome- and LANA-1-
containing nuclear speckles in PEL cell lines (33). The cross-
reactivity with BRD4® of our polyclonal antibody raised
against BRD2/RING3 (not shown) which was used in previous
studies (33, 37) could suggest that, in addition to BRD2/
RINGS3, shown by the results of Stedman et al. (49) to be
present on viral genomes, BRD4% or BRD4" could be re-
cruited to viral episomes via their interaction with LANA-1.
We therefore investigated whether LANA-1 could modify the
functions of interacting BET proteins.
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Several studies link members of the BET protein family to
cell cycle regulation or the activation of E2F-dependent pro-
moters (11, 32, 46). KSHV LANA-1 has been demonstrated to
positively regulate cell cycle-dependent promoters and to pro-
mote the G,/S transition of cells either arrested by serum
starvation or by the overexpression of pl6INK4a (1, 16, 38).
We therefore hypothesized that the direct interaction of
KSHV LANA-1 with BET proteins might play a role in cell
cycle regulation. The ectopic expression of BRD4% and BRD2/
RING3 in 293T, BJAB, or HeLa cells severely impaired the
progression of cells through the cell cycle (Fig. 5 and 8 and
data not shown). We found BRD4® to increase the proportion
of cells in G, and in G, (Fig. 5 and 8). The long variant of
BRD4 in mice, MCAP, has previously been shown to delay
G,/S transition when overexpressed (32). Further, depleting
cells of BRD4/MCAP using a microinjected BRD4 antibody
results in an impaired G,/M transition (11). Our data show, for
the first time, that BRD4S negatively regulates G,/S and G,/M
checkpoint transitions in epithelial 293T and BJAB B cells
when overexpressed (Fig. 5 and 8) and that BRD2/RING3
delays G,/S transition (Fig. 5 and 8). Notably, around 80% of
293T cells ectopically expressing BRD2/RING3 were found in
either G, or early S phase (Fig. 5), in keeping with a recent
report from another group on the effect of high BRD2/RING3
levels on the G,/S checkpoint (46). In addition, both BRD2/
RING3 and BRD4® activate the cyclin E promoter (Fig. 5 and
data not shown), an observation previously reported for
BRD2/RING3 (9) but not for BRD4. This might be linked to
the ability of BRD2/RINGS3 to form complexes with transcrip-
tional activators and repressors (8) or to the G,/S block in-
duced by both BRD2/RING3 and BRD4® by increasing the
number of cells at the stage of the cell cycle when cyclin E
activity is strongest, namely the transition from G, to S phase.

When exploring the effect of LANA-1 on these BRD2/
RING3- and BRD4%-mediated cell cycle effects, we noticed
that LANA-1, although itself an activator of the cyclin E pro-
moter (Fig. 6A, panel 2) (51), inhibits the BRD4%-induced
activation of cyclin E transcription (Fig. 6B, panel 2). LANA-1
mutants that are defective in their abilities to interact with
BRD2/RING3 (51) or BRD4® (Fig. 4) do not show this inhi-
bition. We hypothesized that this effect could be explained by
LANA-1 releasing cells from a BRD4%-induced G, arrest. We
found that LANA-1 could indeed in part compensate the
BRD45- and BRD2/RING3-induced G,/S block in both tested
cell lines, 293T and BJAB (Fig. 7 and 8). Whether this requires
the physical association of LANA-1 with BRD4® and/or
BRD2/RING3, which we have demonstrated in this and earlier
reports (37, 51), is not yet resolved and will require the gen-
eration of LANA-1 mutants that are defective only in their
abilities to interact with BET proteins. Interestingly, the over-
expression of BRD4® in BCBL-1 cells also resulted in a higher
proportion of cells in Gy/G, at the cost of the S-phase popu-
lation (data not shown). Therefore, endogenous LANA-1 in
BCBL-1 cells could not neutralize the G,/S cell cycle effect of
overexpressed BRD4%, Whether this is due to the relative
expression levels of LANA-1 and BRD4® in our specific ex-
perimental setting or whether other viral factors present in
BCBL-1 cells are involved needs further investigation.

At present it is also conceivable that previously reported
mechanisms of LANA-1-induced G,/S progression, such as the
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ability of LANA-1 to interact with GSK-3B (16) and the reti-
noblastoma protein (38), are involved in the ability of LANA-1
to overcome the BRD45%-and BRD2/RING3-induced G,/S ar-
rest. The fact that LANA-1 can promote S-phase entry in
different experimental settings in a variety of different cell
types, €.g., in serum-starved cells (16) or in cells arrested by the
expression of pl6INK4a (1) or, as shown here, in cells of
epithelial or B-cell origin arrested by the expression of BRD2/
RING3 or BRD4%, underlines the potency of LANA-1 to pro-
mote S-phase entry, a property that is presumably linked to the
role of LANA-1 in the replication of episomal latent viral
DNA in concert with the host cell cycle.
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