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Successful viral replication is dependent on a conducive cellular environment; thus, viruses must be sensitive
to the state of their host cells. We examined the idea that an interplay between viral and cellular regulatory
factors determines the switch from Kaposi’s sarcoma-associated herpesvirus (KSHYV) latency to lytic replica-
tion. The immediate-early gene product K-Rta is the first viral protein expressed and an essential factor in
reactivation; accordingly, this viral protein is in a key position to serve as a viral sensor of cellular physiology.
Our approach aimed to define a host transcription factor, i.e., host sensor, which modulates K-Rta activity on
viral promoters. To this end, we developed a panel of reporter plasmids containing all 83 putative viral
promoters for a comprehensive survey of the response to both K-Rta and cellular transcription factors.
Interestingly, members of the NF-kB family were shown to be strong negative regulators of K-Rta transacti-
vation for all but two viral promoters (Ori-RNA and K12). Recruitment of K-Rta to the ORF57 and K-bZIP
promoters, but not the K12 promoter, was significantly impaired when NF-kB expression was induced. Many
K-Rta-responsive promoters modulated by NF-kB contain the sequence of the RBP-Jk binding site, a major
coactivator which anchors K-Rta to target promoters via consensus motifs which overlap with that of NF-kB.
Gel shift assays demonstrated that NF-kB inhibits the binding of RBP-Jk and forms a complex with RBP-Jk.
Our results support a model in which a balance between K-Rta/RBP-Jk and NF-kB activities determines
KSHYV reactivation. An important feature of this model is that the interplay between RBP-Jk and NF-kB on

viral promoters controls viral gene expression mediated by K-Rta.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also des-
ignated human herpesvirus 8, has been linked to Kaposi’s sar-
coma (KS) (8) as well as primary effusion lymphoma (or body
cavity B-cell lymphoma [BCBLY]), and a subset of multicentric
Castleman’s disease (54). Although infrequent in the United
States, Europe, and Asia, this virus shows a significant preva-
lence in the Mediterranean area and is common in several
countries in sub-Saharan Africa (9). KS has emerged as the
major malignancy in human immunodeficiency virus-infected
AIDS patients coinfected with KSHV (48). Similar to other
oncogenic herpesviruses, malignant transformation requires
that KSHV enter into a latent state, in which all but a few viral
genes involved in latency and/or transformation are silenced.
Viral replication, which recruits target cells and creates a
unique paracrine environment, is a critical prelude to disease
development (11). Importantly, KSHV also encodes genes that
govern cellular transformation, evasion of apoptosis, aberrant
angiogenesis, and an inflammatory tumor microenvironment
(3, 16). These genes are important for enabling the virus to
establish chronic infection by various mechanisms, such as
evasion of host immune responses.

* Corresponding author. Mailing address: UC Davis Cancer Cen-
ter, Research III Room 2400B, 4645 2nd Avenue, Sacramento, CA
95817. Phone: (916) 734-7842. Fax: (916) 734-2589. E-mail:
yizumiya@ucdavis.edu.

¥ Published ahead of print on 25 February 2009.
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Epidemiological and clinical data support the concept that
chronic inflammation potentiates or promotes tumor develop-
ment, growth, and progression. Proinflammatory gene prod-
ucts involved in these oncogenic processes include tumor ne-
crosis factor alpha (TNF-a), interleukin-6 (IL-6), IL-8, and
vascular endothelial growth factor. Expression of these immu-
nomodulatory proteins is mainly regulated by members of the
NF-«B family of transcription factors that function as either
dimers or heterodimers (21). The classical transactivating form
of NF-kB is composed of RelA (p65)/p50 heterodimers.
NF-kB dimers and heterodimers are kept sequestered in the
cytoplasm by interaction with one of several inhibitors, which
are designated IkB proteins (21). Upon cell stimulation, IkB is
phosphorylated and degraded in a proteosome-dependent
manner, and the active dimer or heterodimer NF-kB is re-
leased and translocates to the nucleus (21). Because IkB ex-
pression is regulated by NF-kB, new I«kB protein is synthesized
and accumulates to serve as negative feedback for the NF-xB
signal. Several KSHV gene products activate the NF-kB path-
way; these include the viral G protein-coupled receptor, K15
protein, viral FLICE/caspase 8 inhibitory protein (v-FLIP),
and K1 protein (16, 52, 55, 59). Importantly, activation of
NF-kB is required for direct and paracrine mechanisms of viral
neoplasia as well as cell transformation by this virus (16, 43).
Ironically, recent studies showed that NF-kB repressed lytic
viral replication (1, 15). These findings, however, implicated a
model that inflammation caused by KSHV infection may be a
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TABLE 1. Primers used for cloning

Primer

Sequence (5'—3")*

RBP-JK CPOL, Fcoooooeeeeeeeeeeesseeseeeeeesssssoeeeesesssseeeessssesoseesssssnreeee

RBP-Jk Cpol, R .

NF-KBL CPOL, Fooooooooooeeeeeeseooeeessessoeseeesssssseeeesessesseeeessssosesessesssnooeeee
NF-KB1 433 CPOL, Rovvvvvvooosooeeoeeesssssssoseesssssossessssssssssssessssssssosessssssnssseen

NF-«kB2 Cpol, F.........
NF-kB2 473 Cpol, R.
RelA Cpol, F ..
RelA Cpol, R..
RelB Cpol, F...
RelB Cpol, R..
c-Rel Cpol, F ..
c-Rel Cpol, R..

TkBot CPOL, Fuooiiiiii s
TKBa CPOL, Rttt

.................. 2aaCGGTCCGATGGGGGGCTGCAGGAAATTTGGTGA

.aaaCGGACCGTTAGGATACCACTGTGGCTGTAG

.................. aaaCGGTCCGATGGCAGAAGATGATCCATATTTG
.................. 2aaCGGACCGTTACATGGTTCCATGCTTCATCCCAG

.2aaCGGTCCGATGGAGAGTTGCTACAACCCAGGT
.aaaCGGACCGTTACAGCGCGCGCGCGTCCGCGGTGA
.2aaCGGTCCGATGGACGATCTGTTTCCCCTCAT
.aaaCGGACCGTTAGGAGCTGATCTGACTCAAA
.2aaCGGTCCGATGCCGAGTCGCCGCGCTGCCAG
.aaaCGGACCGCTACGTGGCTTCAGGCCCTGGA
.2aaCGGTCCGATGGCCTCCGGTGCGTATAACCCGTA
.aaaCGGACCGTTATACTTGAAAAAATTCATATGGAA

.................. 2aaCGGTCCGATGTTCCAGGCGGCCGAGCG
.................. 2aaCGGACCGTCATAACGTCAGACGCTGGCCTC

“ Underlined nucleotides represent restriction enzyme (Cpol) sites used for cloning the PCR products; lowercase letters indicate nucleotides added to enhance

recognition by the restriction enzyme. F, forward; R, reverse.

key to maintaining the latent viral state by inhibiting viral
reactivation. This model was further supported by the recent
observation that the latent protein v-FLIP suppressed viral
reactivation through activation of NF-kB (63).

Accumulating evidence suggests that K-Rta (open reading
frame 50 [ORF50]) is a key KSHV transcription factor that
plays an essential role in the initiation of viral replication (42,
46, 56, 62). K-Rta is a strong transactivator and thereby influ-
ences expression of many viral genes as well as several cellular
genes (5, 11). Overexpression of K-Rta activates a transcrip-
tion cascade of KSHV genes that leads to lytic replication of
virus (14, 41, 46, 56). In addition, this cascade is also induced
by various chemicals or physiological stimuli, all of which are
believed to function through the main trigger of viral lytic
replication, K-Rta (6, 10, 40). The broad promoter specificity
of this viral regulatory protein comes from its ability both to
bind DNA directly (7) and to associate with cellular transcrip-
tion factors that bind DNA such as C/EBPa (22) and RBP-Jk
(36).

RBP-Jk is a DNA binding protein that has the capacity to
regulate NF-«kB and participate in the control of cytokines and
NF-«kB proteins (23, 28, 47). Structural analysis shows that
RBP-Jk contains a Rel homology domain which is shared by
members of the NF-«kB family (30). In the presence of Notch,
RBP-Jk behaves as a bifunctional transcription factor by
switching from repressor to activator (24, 61). Repression by
RBP-Jk has been described for several cellular genes, includ-
ing Hesl, IL-6, and NF-«kB2 (29, 47, 51), and this repression is
mediated, at least in part, by interaction with nuclear corepres-
sors SMRT and N-CoR (29). Mechanistic similarities are ob-
served between Notch and K-Rta, both of which activate the
Notch pathway by converting RBP-Jk from the repressive form
to the active form. Accordingly, the Notch intracellular domain
has the potential to activate K-Rta target genes (4). In some
cases, the Notch intracellular domain triggers the KSHV lIytic
replication cycle (34).

Our previous work identified K-Rta binding sites on the
KSHV genome during reactivation and revealed the transac-
tivation potency of K-Rta for many viral promoters in tran-
sient-transfection assays (1la). Based on a KSHV genome-
wide analysis, we showed that K-Rta was preferentially

recruited to two promoters, K12 and Ori-RNA, during reacti-
vation. Interestingly, viral promoters, which are highly respon-
sive to K-Rta in the transient-transfection reporter assay (e.g.,
the ORF57 and K-bZIP promoters), were not the major bind-
ing targets of K-Rta. Accordingly, the aim of the current study
was to search for cellular cofactors that regulate K-Rta trans-
activation by studying transcription factor binding sites on
KSHYV promoters regulated by K-Rta. The focus was on the
key cellular transcription factor NF-kB. Results of these stud-
ies support a model in which a balance between K-Rta and
NF-kB activities regulates viral reactivation through the inter-
play between NF-kB and RBP-Jk on viral promoters.

MATERIALS AND METHODS

Cell culture. Human embryonic kidney epithelial 293 cells were grown in
monolayer culture in Dulbecco’s modified Eagle medium supplemented with
10% fetal bovine serum (FBS) in the presence of 5% CO,. The TREx-RelA-
IRES-K-Rta and TREx-IkBa-IRES-K-Rta BCBL-1 cell lines were cultured in
RPMI 1640 supplemented with 15% FBS, 100 p.g/ml of blasticidin (Invitrogen),
and 100 wg/ml of hygromycin (Invitrogen).

Plasmids. The plasmid encoding the full-length K-Rta gene was described
previously (26). This cloning introduced a Cpol site and a Flag tag or hemag-
glutinin (HA) tag at the N terminus of the K-Rta gene as described previously
(39). Similarly, a recombinant baculovirus transfer vector, pFAST-BAC (Invitro-
gen), was modified by inserting a Flag tag and Cpol site. Full-length forms of
RBP-Jk, RelA, RelB, c-Rel, IkBa, active NF-kB1 (p50), and active NF-xkB2
(p52) were amplified by PCR using Pfu Turbo (Stratagene). Amplified DNA
fragments were cloned into pFAST-BAC-Flag, pcDNA-Flag vector, or
pcDNA-HA vector (25, 26). Primers for cloning are listed in Table 1. Plasmid
clones were confirmed by sequence analyses. The NF-kB reporter was con-
structed by inserting three repeats of NF-«kB binding sites (5'-aggGGACTTTC
Ccaggce-3') in a position 5’ to the E1B minimal TATA box sequence. The pGL3
E1B TATA plasmid, which contains the E1B TATA box upstream of the lucif-
erase gene, was a generous gift from Dan Robinson (UC Davis Cancer Center).

Generation of dual inducible BCBL-1. DNA fragments of the internal ribo-
some entry site (IRES) sequence were amplified by PCR and cloned in front of
the K-Rta coding sequence in a pcDNAS FRT/TO vector (Invitrogen). The
coding sequence of RelA or IkBa was then cloned upstream of the IRES
sequence. The resulting transfer plasmid was denoted pcDNA/FRT/TO-RelA-
K-Rta or pcDNAS5-IkBa-K-Rta. To establish the cell lines, which inducibly
expressed RelA/IkBa and Rta (TREx-RelA-IRES-K-Rta or TREx-IkBa-IRES-
K-Rta BCBL-1 cell line), the transfer plasmid was cotransfected with pOG44
(Flp recombinase expression plasmid [Invitrogen]) into 3 X 107 total TREx-
BCBL-1 cells (46) by electroporation. At 48 hours after electroporation, the cell
cultures were selected with 200 pg of hygromycin B (Invitrogen)/ml for 3 to 4
weeks as described elsewhere (46). After generating stable clones, protein ex-
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pression was confirmed by immunoblotting. To avoid variation associated with
cell clones, 10 inducible clones were combined and used for this study.

Immunoprecipitation and immunoblot analyses. Cells were rinsed in ice-cold
phosphate-buffered saline (PBS), and 1 X 107 cells were lysed in EBC lysis buffer
(50 mM Tris-HCI [pH 7.5], 120 mM NaCl, 0.5% NP-40, 50 mM NaF, 200 .M
Na2VO4, 1 mM phenylmethylsulfonyl fluoride) supplemented with a protease
inhibitor cocktail (Roche). After centrifugation (15,000 X g for 10 min at 4°C),
20-pl volumes of protein A- and protein G-Sepharose beads (Upstate) were
added to the supernatants and preincubated overnight at 4°C. A 500-pg aliquot
of each of the cleared supernatants was reacted with respective antibodies for 3 h
at 4°C with gentle rotation. The immune complex was captured by the addition
of 20 ul of a protein A- and protein G-Sepharose bead mixture and rocked for
an additional 2 h at 4°C. Beads were washed four times with EBC buffer and
boiled for 5 min in 20 pl of 2X sodium dodecyl sulfate (SDS) sample buffer (125
mM Tris-HCI [pH 6.8], 4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.6%
bromphenol blue).

293T cells were cotransfected with 2 pg of p3HA-RBP-Jk and 2 pg of pFlag-
RelA or pFlag-empty expression plasmids, using FUGENE 6 (Roche) according
to the supplier’s recommendations. A reciprocal experiment with 2 pg of pHA-
RelA and pFlag-RBP-Jk or pFlag-empty was similarly performed. The cells were
harvested 48 h after transfection and lysed in EBC buffer. Aliquots of 500 pg of
cell lysates were immunoprecipitated with the addition of 25 pl of anti-Flag
antibody-conjugated agarose (Sigma). Beads were washed four times with EBC
buffer and then boiled for 5 min in 20 pl of 2X SDS sample buffer. Protein
samples from total cell lysates (50 pg/lane) or immunoprecipitates were sub-
jected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and then trans-
ferred as described below.

For immunoblotting, cells were rinsed in ice-cold PBS, and 1 X 107 cells were
lysed in radioimmunoprecipitation assay buffer (10 mM Tris-HCI [pH 7.5], 1.0%
NP-40, 0.1% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA) supplemented
with a protease inhibitor cocktail (Roche). After centrifugation (15,000 X g for
10 min at 4°C), protein concentration was measured by using a bicinchoninic acid
protein assay kit (Pierce), and equal amounts of total cell lysates were subjected
to a SDS-PAGE and subsequently transferred to a polyvinylidene fluoride mem-
brane (Millipore) using a semidry transfer apparatus (Bio-Rad). Final dilution of
primary antibody was 1:4,000 for anti-K-Rta immunoglobulin G (IgG), 1 pg/ml
of anti-K-bZIP IgG’ at 1:1,000 for anti-Flag antibody (Sigma), 1:500 for anti-
K8.1 antibody (Advanced Biotechnology), 1 pg/ml of anti-RelA (Cell Signaling),
and 1:1,000 for anti-RBP-Jk (Abcam).

In vitro interaction assay. Purified proteins (100 ng each) were mixed in the
binding buffer (20 mM HEPES [pH 7.9], 150 mM NaCl, 1 mM EDTA, 4 mM
MgCl,, 1 mM dithiothreitol, 0.02% NP-40, 10% glycerol supplemented with 1
mg/ml bovine serum albumin [BSA], 0.5 mM phenylmethylsulfonyl fluoride, and
1X protease inhibitor cocktails) and then incubated for 30 min at 4°C. After
10-fold dilution with the binding buffer, 3 g of anti-RelA antibody was added to
the mixture and incubated for another 1 h at 4°C to form immunocomplex. The
immunocomplex was captured with 20 pl of a protein A and protein G beads
mixture. Beads were washed four times with binding buffer and boiled for 5 min
in 2X SDS sample buffer (125 mM Tris-HCI [pH 6.8], 4% SDS, 10% 2-mercap-
toethanol, 20% glycerol, 0.6% bromphenol blue) and subjected to SDS-PAGE.

ChIP assay. TREx-RelA-IRES-K-Rta BCBL-1 cells or TREx-IkBa-IRES-K-
Rta cells (3 X 10 7/time point) were seeded in RPMI plus 15% serum, at a
density of 5 X 10 3/ml, allowed to recover for 15 h, and pulsed with 100 ng/ml
doxycycline for 4 h, after which time the medium was changed to prevent
overexpression of K-Rta. At various time points following the treatment, the
cultures were cross-linked and fixed with formaldehyde solution (0.1 M NaCl, 1
mM EDTA, 50 mM HEPES, pH 7.5, and 11% HCHO with CH,OH) for 10 min
at room temperature. A chromatin immunoprecipitation (ChIP) assay was per-
formed as described previously (25). Chromatin fragments were immunoprecipi-
tated with 5 pg of anti-K-Rta IgG or preinoculated rabbit IgG overnight at 4°C
with gentle rotation. After reverse cross-linking at 65°C overnight, the DNA
fragments were purified with a QIAquick PCR purification kit (Qiagen).

Real-time qPCR for ChIP analysis. Eluted DNA from each ChIP assay was
diluted 1:50 in double-distilled H,O and used as a template for quantitative PCR
(qPCR) with the primer sets listed in Table 2. Five microliters of template was
used per 25-pl reaction mixture, and all samples were analyzed in triplicate using
SYBR green 2x master mix (Bio-Rad) on an iCycler iQ thermal cycler (Bio-Rad).
After an initial denaturation and activation incubation of 3 min at 95°C, 45 cycles
of three-step cycling were performed with an annealing temperature of 60°C.
Melt curve analysis was performed to verify product specificity. Relative fold
induction over IgG for each immunoprecipitate and time point was determined
by applying the ACt as a power of 2, with standard deviations calibrated to
account for variances in IgG and IP-DNA signal, and then propagated logarith-
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TABLE 2. Primers used for real-time PCR

Primer name and

Sequence (5'—3")

orientation
ORF6, F GCTTCGACAAAGGAGCAATC
ORFO, R GCTCTGGCTATCCTGACCTG
ORF57, F TCTGCAATGCGTTTGTTACC
ORF57, Ruerieeieeeeeeeees CGCTACCAAATATGCCACCT
ORF59, F CTATGCCAGCGTCGAGTACA
ORF59, Ru.oooeieeieeeeeeeen GGAAGGCAGTGGAGACGTTA
K12, F GTTGCAACTCGTGTCCTGAA
KI2, R oo AGTTCATGTCCCGGATGTGT
LANA, F TGGAGATGGGAGATGTAGGC
LANA, R TCCCCCTAGATGTGACTTCG
ORFS57p, Fuooeece TTCCATTAGGGTGAGCGAAG
CCACTGGTACCACAAACGAA
..CAGTTTGGTGCAAAGTGGAG
TCGACAACGGAGGAAATACC
GTCGGTCTCCCCTCTTCTTT
CTAGGTCCACGCTCACCTAT

mically. All primer sets were assayed for all time points from at least two
independent experimental replicates. Primers used for qPCR are listed in Table 2.

Quantification of encapsidated KSHV genome. Two hundred microliters of
cell culture supernatant was treated with 12 pg of DNase I for 15 min at room
temperature to degrade unencapsidated DNA. This reaction was stopped by
addition of EDTA to 2 mM and heat inactivation at 70°C for 15 min. Viral
genomic DNA was purified from the digested supernatant using a QIAmp
MinElute virus spin kit (Qiagen) and eluted in 100 wl of AVE buffer supplied by
the manufacturer. In order to quantify viral copy number, 2 pl of the eluate was
amplified in triplicate by qPCR using an iCycler iQ thermal cycler (Bio-Rad).
The PCR mix contained primers targeting the coding region of ORF73 (K-
ORF73 Fw, 5'-CGAATACCGCTATGTACTCAGA-3"; K-ORF73 Rev, 5'-CG
CCTCATACGAACTCCAG-3'), flanking the hybridization site of a 5'—6-car-
boxyfluorescein-labeled probe with a 3’ Black Hold quencher (K-ORF73 probe,
5'—6-carboxyfluorescein-TCAGAACATCACCACCCCACAGAC-Black Hole
quencher-3' [Integrated DNA Technologies]) as well as 2X qPCR master mix
(Eurogentec). Threshold cycle number for each sample was used in comparison
to a standard curve generated using an ORF73 expression plasmid to determine
absolute copy number in the reaction mixture, from which the number of
copies/ml of the initial supernatant was inferred.

Generation of recombinant baculoviruses and protein purification. Spodopt-
era fugiperda Sf9 cells were maintained EX-CELL 420 medium (JRH Bio-
sciences), and recombinant baculoviruses were generated according to the man-
ufacturer’s protocol (Invitrogen). Recombinant baculovirus bacmid DNA was
transfected into Sf9 cells by using FuGENEG6 (Roche), and recombinant viruses
were subsequently amplified twice. Expression of recombinant proteins was
confirmed by immunoblotting with anti-Flag monoclonal antibody (Sigma). A
large-scale culture of Sf9 cells (100 ml) was infected with recombinant baculo-
virus at a multiplicity of infection of 0.1 to 1.0, and cells were harvested 48 h after
infection. Recombinant proteins were purified as described previously (25).
Purity and amount of protein was measured by SDS-PAGE and Coomassie blue
staining with BSA as a standard.

EMSA. A 50 nM concentration of 3?P-labeled oligonucleotides was used in
20-pl reaction mixtures. Probe sequences for the electrophoretic mobility shift
assay (EMSA) were as follows: ORF57 promoter probe, 5'-AATAATGTTCCC
ACGGCCCATTTTT-3'; K12 promoter probe, 5'-CCCGGGAAATGGGTGG
CTAACCCCTACATAAGCAGTTTG-3'. Labeled probes were incubated with
purified proteins in binding buffer (20 mM HEPES [pH 7.9], 60 mM KCl, 5 mM
MgCl,, 10 mM dithiothreitol, 0.2 mg/ml BSA, 100 ng dI-dC, 2% glycerol). The
final protein concentration (total volume, 20 wl) was 100 nM for RBP-Jk, 400 nM
for K-Rta, and 100 nM or 400 nM for NF-kB (RelA/p50). Samples were elec-
trophoresed at 140 V in 4% TGOE (25 mM Tris [pH 8.3], 190 mM glycine) gels.
Gels were dried and visualized by autoradiography with a PhosphorImager
(Bio-Rad).

Reporter assays in transient-transfection experiments. Reporter plasmid was
constructed by inserting a promoter region upstream of the firefly luciferase
coding region (Luc) in the pGL3-Basic vector (Promega). The KSHV promoter
library was created based on published work where available; otherwise putative
KSHYV promoter regions of approximately 500-bp DNA fragments upstream of
the AUG of the respective open reading frame were amplified by PCR using Pfu
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FIG. 1. Identification of K-Rta-responsive KSHV promoters. Individual cultures of 293 cells were cotransfected with the K-Rta expression
plasmid vector and a luciferase reporter plasmid containing 1 of each of 83 putative KSHV gene promoters. Fold activation over plasmid vector
control is shown. Thirty-four KSHV promoters were activated over 10-fold.

Turbo (Stratagene) with appropriate primers. Sequences and locations for these
primers are available upon request (11a) (Table 1). 293 cells were seeded in
12-well plates at 1 X 10 /well in 1.0 ml of Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS and incubated at 37°C with 5% CO,. For each well,
an equal amount of plasmid DNA, including the reporter and the control or
expression plasmid, was transfected using the Fugene6 reagent following the
manufacturer’s protocol (Roche). Transfected cells were treated with TNF-a
(Chemicon) at final concentration of 20 ng/ml where indicated. Cell lysates were
prepared 48 h after transfection with 1X passive lysis buffer (Promega). A
luciferase assay was performed according to the manufacturer’s protocol using a
Lumat LB 9501 luminometer (Wallac Inc., CA). At least three independent
determinations were performed at each setting.

RESULTS

Identification of a cellular cofactor of K-Rta. A functional
approach, based on transient-expression assays of test promot-
ers in reporter plasmids, was used to identify potential K-Rta
target promoters. Reporter plasmids, each containing one of
the 83 KSHV promoters, were cotransfected with the K-Rta
expression plasmid in 293 cells (Fig. 1A). Thirty-four promot-
ers were activated at least 10-fold. To implicate potential co-
factors for K-Rta, these promoter sequences were analyzed
with a weight matrix-based computer tool, Match, to search for
putative transcriptional factor binding sites. This analysis re-
vealed sites for several cellular transcription factors, including
C/EBPa, AP-1, Oct-1, HNF4, and NF-kB/Rel. DNA binding
motifs for these cellular proteins were frequently conserved in
K-Rta-responsive viral promoters compared to nonresponsive
promoters. Plasmid vectors designed to express these cellular
transcription factors were prepared to investigate a potential

coregulatory role in K-Rta-responsive promoters. In reporter
assays, NF-kB was identified as a strong negative regulator of
K-Rta (Fig. 2A). Importantly, NF-«xB repressed K-Rta activity
in over 90% of K-Rta-responsive promoters (Table 3). In par-
ticular, strong repression was observed for the early lytic gene
promoters, such as K-bZIP, ORF70/K3, ORF59, and ORF57.
Interestingly, the K12 and the Ori-RNA promoters were im-
mune from this repression (Fig. 2A). Although many of the
K-Rta-responsive promoters modulated by NF-kB contain
NF-kB consensus motifs, others do not, suggesting multiple
mechanisms involved in regulation. Alternatively, NF-kB may
have a broader binding specificity than previously recognized
(see below).

Canonical and noncanonical forms of NF-kB inhibit K-Rta-
mediated gene expression. NF-kB functions as a hetero- or
homodimer which can be produced from the five NF-kB sub-
units: NF-kB1 (p50 and its precursor p105), NF-kB2 (p52 and
its precursor p100), RelA (p65), RelB, and c-Rel. In response
to diverse cell stimuli, NF-kB is rapidly activated through ei-
ther the canonical or noncanonical pathway (50). For this
study, the form(s) of NF-kB that represses K-Rta was deter-
mined. The well-studied ORF57 promoter was used as a model
for this assay. Cultures of 293 cells were cotransfected with the
K-Rta expression plasmid and different combinations of plas-
mids expressing the five NF-kB subunits. This experiment
showed that both the canonical (RelA/p50) and noncanonical
(RelB/p52) forms repressed K-Rta efficiently (Fig. 2B). Trans-
fection of RelA alone also resulted in the repression of K-Rta,
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FIG. 2. NF-kBis a repressor of K-Rta. (A) 293 cells were cotransfected with K-Rta, K-Rta-responsive promoter, and NF-kB (RelA). Luciferase
activity of K-Rta alone was normalized to a value of 1. (B) Effects of canonical and noncanonical pathways of NF-kB on K-Rta activity. 293 cells
were cotransfected with different combinations of NF-kB proteins, K-Rta, and ORF57 promoter. (C) Enhancement of K-Rta activity by NF-xB
inhibitor. 293 cells were cotransfected with K-Rta, ORF57 promoter, and the indicated plasmid. RelA significantly inhibits K-Rta transactivation,

and IkBa enhances K-Rta activity. RLU, relative light units.

which is likely due to the high level of endogenous p50 in 293
cells as well as physical association with RBP-Jk (see below).
Importantly, similar results were also observed for K-bZIP and
ORF8 promoters (data not shown). If the NF-kB pathway
specifically represses K-Rta-mediated gene expression, a pre-
diction is that inhibition of this pathway might enhance K-Rta
activation. Accordingly, a plasmid expressing the NF-«B inhib-
itor, IkBa, was cotransfected with both the K-Rta expression
plasmid and the ORF57 promoter reporter plasmid. Indeed,
IkBa enhanced K-Rta-mediated gene expression over twofold.
In contrast to IkBa, RelA strongly inhibited K-Rta-mediated
gene expression (Fig. 2C). These results demonstrate that
NF-kB is a strong repressor of K-Rta, and importantly, most of
the K-Rta-responsive promoters are repressed by NF-«B.
NF-kB inhibits KSHV reactivation. NF-«kB inhibits K-Rta-
mediated gene expression in over 90% of K-Rta-responsive
promoters in 293 cells. This finding prompted an analysis of
whether NF-«B is a negative regulator of KSHV reactivation,
because K-Rta is the trigger of lytic replication. Previous work
by Brown et al. and Grossmann et al. showed that NF-xB
inhibitors trigger the reactivation of several herpesvirus latent
genomes, in a cell context-dependent manner (1, 15). In this
study, the BCBL-1 cell line, harboring latent KSHV, was uti-
lized to prepare derivative cell lines for dual induction of

K-Rta and either NF-kB or IkBa (Fig. 3A). This approach
obviated the complications of using chemicals (i.e., phorbol
ester or sodium butylate) to induce reactivation, because such
treatments also influence many cell signaling cascades, includ-
ing the NF-kB pathway (50, 57). For induction, cells were
treated with doxycycline for 4 hours to trigger lytic viral repli-
cation. Four hours of induction was confirmed to be sufficient
for producing lytic reactivation, as verified by measuring levels
of expression of the late viral K8.1 protein at 72 h after induc-
tion (Fig. 4A). Importantly, this approach, based on a short
induction period, also avoids accumulation of K-Rta protein,
which may produce nonspecific binding. Twelve hours after
reactivation, one of the K-Rta targets, K-bZIP, was probed
with specific antibody. Consistent with the reporter assay, the
level of K-bZIP expression was significantly impaired in RelA-
K-Rta-inducible cells compared to IkBa-K-Rta-inducible cells
(Fig. 3B). Furthermore, transcript levels of five other K-Rta
target genes were measured by qPCR (Fig. 3C). Early Iytic
genes were chosen to avoid the potential complications asso-
ciated with viral DNA replication. As before, RelA signifi-
cantly inhibited K-Rta-mediated gene expression. Consistent
with the reporter assay data, K12 gene expression was rela-
tively unaffected compared to other viral genes. Importantly,
the expression of LANA, a latent gene whose expression is
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TABLE 3. Inhibition of K-Rta-mediated gene expression by RelA”

Fold activation

Promoter

K-Rta + vector K-Rta + RelA
(% CV) (% CV)
ORF4 88.3(9.3) 2.3(21.7)
ORFo6 72.3 (17.8) 6.0 (13.2)
ORF8 66.4 (15.3) 1.4 (3.5)
ORF9 14.0 (12.6) 2.8(3.3)
K2 31.7 (14.6) 3.8 (1.8)
ORF70 301.8 (11.5) 9.0 (17.8)
K6 13.4 (8.0) 8.4 (5.4)
K7 21.0 (0.9) 4.6 (6.0)
ORF19 28.0 (8.2) 4.3 (13.9)
ORF21 38.3 (22.6) 3.2(8.9)
ORF22 33.4 (24.6) 18.3 (8.9)
ORF23 18.5 (21.2) 3.5(6.3)
ORF28 36.6 (16.8) 14.7 (2.5)
ORF31 10.5 (6.3) 7.2 (8.2)
ORF35 23.9(7.0) 3.1(6.9)
ORF38 33.9(5.6) 1.4 (21.1)
ORF42 10.7 (12.5) 2.6 (14.0)
ORF47 21.3 (6.3) 3.709.1)
K8 (K-bzip) 209.5 (8.1) 5.3(6.8)
ORF52 10.8 (4.1) 2.7(19.4)
ORF57 265.1 (8.4) 20.4 (8.9)
K9 15.2 (6.9) 6.5(7.4)
K10 12.5 (2.0) 5.0(7.5)
ORF59 288.3 (9.3) 43.0 (5.2)
ORF61 76.00 (18.5) 4.6 (7.1)
ORFo64 16.4 (22.1) 5.2(5.0)
ORF67 21.8 (12.1) 2.1(0.5)
K12 99.2 (3.4) 151.4 (6.6
ORF73Ti 65.6 (10.5) 20.7 (13.9)
K14 193.7 (16.2) 49.5 (19.4)
ORF75 15.3 (9.6) 43 (1.8)
K15 30.4 (8.4) 9.3 (4.8)
PAN 288.9 (18.4) 96.9 (4.7)
OriRNA 37.3 (4.5) 48.1 (6.7)

“ The fold activation over the vector-transfected luciferase value is shown. The
covariances (as percentages) of triplicate wells are also shown.

suppressed by K-Rta, is affected by RelA and IkBa in an
opposite way. Finally, KSHV replication was analyzed by mea-
suring viral DNA copy numbers in culture supernatant at 96 h
after reactivation. Supernatant was collected, pretreated with
DNase, and measured for encapsidated KSHV DNA mole-
cules. Overexpression of NF-kB significantly reduced levels of
virions accumulated in the culture supernatant. These results
indicate that NF-«kB is a strong, general repressor of lytic viral
replication.

NF-kB inhibits K-Rta recruitment to viral promoters. K-
Rta activates viral promoters through at least two different
mechanisms: (i) direct binding to the promoters and (ii) indi-
rect recruitment by other cellular factors such as RBP-Jk (36,
37). Previous studies showed that both the Ori-RNA and K12
promoters, which are not repressed by NF-«kB, are the major
binding targets of K-Rta, presumably through direct binding of
K-Rta to sequence targets in these promoters (Ellison and
Izumiya, unpublished). Close inspection of viral promoters
regulated by K-Rta revealed that a core binding sequence of
RBP-Jk (§'-TGGGAA-3") also partially overlapped the target
site for NF-kB (5'-GGRNNTYCC-3"). In addition, the KSHV
genome contains a large number of potential RBP-Jk binding
sites, which are not detected in the Match program. We there-

J. VIROL.

fore propose that NF-kB mediates K-Rta repression by antag-
onizing RBP-Jk binding to target promoter. This can occur via
competitive binding of the DNA target and/or formation of an
inactive complex between NF-kB and RBP-Jk. Thus, an ex-
periment was designed to determine whether K-Rta recruit-
ment to RBP-Jk target promoters, such as ORF57 and K-
bZIP, is inhibited by NF-kB expression. Cultures of dual
inducible cell lines were treated with doxycycline for 4 hours
and harvested at different time points. First, comparable
amounts of K-Rta and induction of reactivation were con-
firmed by immunoblotting (Fig. 4A). Subsequently, ChIP was
performed with highly purified anti-K-Rta antibody. The back-
ground (negative control) antibody was preimmune rabbit IgG
from the same rabbit. ChIP DNAs from independent experi-
ments were quantified by qPCR and low-cycle PCR (Fig. 4B).
The results showed that recruitment of K-Rta to both the
ORF57 and K-bZIP promoters was significantly inhibited in
RelA-K-Rta-inducible cells, particularly at the 24-h time point.
In contrast, K-Rta recruitment to the K12 promoter was rela-
tively unaffected (Fig. 4B). These results demonstrate that
NF-kB represses K-Rta through inhibition of K-Rta binding to
target promoters. In addition, ChIP analysis with RelA anti-
body was performed. RelA was recruited to the ORF57 pro-
moter in RelA-K-Rta-inducible cells but not IkB-K-Rta-induc-
ible cells (data not shown).

NF-kB inhibits binding of RBP-Jk to target DNA. The pre-
vious ChIP analysis suggested that the mechanism of K-Rta
repression may involve association between RBP-Jk and
NF-«B on the target viral promoter. To further examine this
possibility, a gel mobility shift assay (i.e., EMSA) was per-
formed with purified proteins. The RBP-Jk, RelA, NF-«kBl1
p50, and K-Rta were expressed with recombinant baculovi-
ruses and purified from infected insect cells by affinity to the
Flag tag. Bound proteins were gently eluted by competition
with 3X Flag peptide (Fig. SA). Double-stranded oligonucle-
otides representing K-Rta-responsive elements from the
ORF57 or K12 promoters were used as probes. As expected,
RBP-Jk bound the K-Rta-responsive elements of the ORF57
promoter (Fig. 5B, gel a, lane 2); the interaction was competed
with the specific sequence competitor but not with the AP-1
binding sequence (i.e., a nonspecific competitor control) (Fig.
5B, gel a, lanes 3 and 4). Importantly, the RBP-Jk band shifted
in the presence of NF-«kB; this shifted band with both proteins
was different from the one with NF-kB alone, indicating a
possible ternary complex (Fig. 5B, gel a, lanes 5 and 6). Inter-
estingly, at a lower concentration of NF-kB (equimolar with
RBP-Jk), NF-kB directly forms a complex with the target se-
quence replacing RBP-Jk (Fig. 5B, gel b, lane 5). At a higher
concentration, NF-kB and RBP-Jk form a ternary complex
with the DNA probe (Fig. 5B, gel b, lane 6). Interaction be-
tween NF-kB and RBP-Jk was confirmed by supershift with
anti-RBP-Jk antibody (Fig. 5B, gel b, lane 7). These results
indicate that NF-«B is not only able to compete with RBP-Jk
for DNA binding but also to form a complex with RBP-Jk on
target DNA. Although the band intensity was very low, the
slower-migrating band was observed when K-Rta was incu-
bated with RBP-Jk (Fig. 5B, gel a, lane 7). Importantly, incu-
bation with NF-kB completely eliminated the band corre-
sponding to the RBP-Jk/K-Rta complex, indicating that NF-«xB
is able to perturb the formation of the K-Rta/RBP-Jk-DNA
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FIG. 3. NF-«B inhibits KSHYV reactivation. (A) Schematic diagram of the dual inducible cell lines. The cassette (for dual induction of IkBa and
K-Rta or RelA and K-Rta) was transduced into TREx-BCBL-1 cells by cotransfecting with Flp recombinase expression vector. This cassette
integrates at the identical site because of the design of the recombination system. Therefore, the copy number and the transcription levels remain
the same. By adding doxycycline, K-Rta triggers reactivation, and the effects of NF-kB on KSHYV reactivation can be examined. (B) RelA inhibits
K-bZIP expression. After 12 h of induction, total cell protein was prepared and the indicated proteins were probed with specific antibodies. RelA
reduced K-bZIP expression. W.B., Western blot. (C) RelA inhibits KSHV gene expression. Total RNA was prepared at 0, 12, and 24 h after
induction. Viral gene expression was analyzed by measuring levels of transcripts by real-time qPCR. Cellular actin gene expression was used as an
internal control. All values are expressed as the fold increase over the 0-h (uninduced) time point. Triplicate wells were used for each time point,
and at least two independent experiments were conducted. (D) RelA inhibits KSHV replication. Viral DNA copy number in culture supernatant,

as a measure of virion levels, was analyzed by real-time qPCR.

complex. Binding of K-Rta alone to the ORF57 promoter was
not observed even with an eightfold excess of K-Rta to the
probe in this setting (Fig. 5B, gel a, lane 9). However, when the
amount of K-Rta was further increased to a 20-fold excess of
the probe, or when dI-dC was eliminated from the binding
reaction mixture, a band shift was detected (data not shown);
this result is likely due to nonspecific binding. In the same
setting, K-Rta alone but not RBP-Jk efficiently bound to the
K12 probe (Fig. 5G, gel b, lanes 2 and 4), and this binding was
effectively outcompeted by specific competitor bearing the tar-
get sequence (Fig. 5B, gel b, lane 5). These results provide
evidence for two distinguishable mechanisms of K-Rta binding
to the promoters. Taken together, the data support a model in
which repression of K-Rta by NF-kB is caused by its ability to
dislodge the active K-Rta/RBP-Jk complex from the target
promoter by either directly competing for DNA binding or by
the formation of an inactive NF-kB/RBP-Jk complex.

NF-kB physically associates with RBP-Jk. Analysis by
EMSA suggested a physical interaction between NF-kB and

RBP-Jk. Accordingly, the interaction between NF-kB and
RBP-Jk was further examined. Purified forms of these two
proteins were incubated in binding buffer, and the interaction
was analyzed by immunoprecipitation with specific antibody.
The results demonstrated direct association between RelA and
RBP-Jk (Fig. 6A). The interaction was further confirmed in
vivo by the detection of NF-kB and RBP-Jk complex in 293T
cells. The Flag-tagged RelA was cotransfected with HA-tagged
RBP-Jk into 293T cells. Coprecipitation of RelA and RBP-Jk
was detected by immunoprecipitation with Flag antibody fol-
lowed by Western blotting with HA antibody and vice versa
(Fig. 6B). To determine the physiological relevance of this
interaction, an NF-kB reporter plasmid was constructed, and
the effect of RBP-Jk on NF-kB-mediated gene expression was
examined. The NF-«B reporter plasmid was cotransfected with
RBP-Jk expression plasmid, and NF-kB was activated by add-
ing TNF-a to the culture medium. RBP-Jk strongly inhibited
NF-kB-mediated gene expression in a dose-dependent man-
ner. This result shows that RBP-Jk and NF-kB antagonize
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FIG. 4. NF-kB inhibits K-Rta recruitment to the promoter. (A) Confirmation of KSHV reactivation. Total cell lysates were prepared at the
indicated time points. For SDS-PAGE and immunoprobing, 20 wm of lysate per lane was used to test for the anti-K-Rta antibody, and 100 g per
lane was used for the K8.1 antibody. Comparable amounts of K-Rta expression were confirmed, and induction of KSHV lytic replication was
assessed by measuring K8.1 expression. W.B., Western blot. (B) Time course analysis of K-Rta recruitment to selected KSHV promoters during
reactivation. (a) Low-cycle PCR analysis was performed with ChIP DNA. (b) All values are expressed as fold increase over IgG control pull-down
results, assayed by real-time PCR at 4, 12, and 24 h after doxycycline treatment. Each sample was tested in triplicate, and average values are shown
in the figure. The ChIP elutions were assayed directly by real-time PCR after a 1:50 dilution. Two independent experiments were performed with

similar results.

each other, and RBP-Jk may have significant effects on
NF-kB-mediated cellular gene expression. Finally, the effect of
NF-kB on the RBP-Jk/K-Rta complex was examined by coim-
munoprecipitation. After induction of RelA-K-Rta or IkBa-
K-Rta expression in BCBL-1, endogenous RBP-Jk protein was
immunoprecipitated with specific antibody and the amount of
coprecipitated K-Rta was measured by immunoblotting. The
result demonstrated that expression of RelA reduced the
amount of K-Rta associated with RBP-Jk, suggesting NF-xB
may compete against K-Rta for binding to RBP-Jk.

DISCUSSION

KS is a multifocal angioproliferative neoplasm characterized
by inflammation, edema, neoangiogenesis, and spindle cell
proliferation. These pathological effects are associated with
NF-kB activation. Inflammation associated with KSHV infec-
tion could contribute to maintenance of the latent state by
inhibiting the activity of the viral “switch protein,” K-Rta,
which plays the central role in viral reactivation and lytic rep-
lication. It has previously been reported that NF-«kB negatively
regulates K-Rta transactivation potential (1), but the detailed
mechanism was not pursued in that study. A KSHV genome-

wide search revealed that transcription of 32 K-Rta-responsive
viral genes was repressed by NF-kB. This finding set the stage
for analysis of the mechanism by which NF-«B inhibits K-Rta-
mediated expression of viral genes. Because of this broad re-
pression involving promoters of many viral genes, we first con-
sidered a sequestration model, in which overexpression of
NF-kB removes K-Rta from its active pool or a cellular coac-
tivator(s) from K-Rta. Both K-Rta and NF-kB have been
shown to interact with coactivators, including CBP and p300
(13, 19). This model was tested by overexpression of CBP in a
transient-expression reporter assay; however, CBP did not res-
cue K-Rta transactivation (data not shown). Second, we exam-
ined the physical interaction between K-Rta and RelA by co-
transfection in 293T cells; this experiment also did not provide
sufficient evidence for this interaction. Based on these negative
results, we proposed that K-Rta inhibition by NF-«B is due to
competition for DNA binding between NF-kB and a cellular
factor(s) which K-Rta utilizes to bind to viral promoters. This
idea was supported by our earlier findings, in which two pro-
moters immune from NF-kB-mediated repression were major
targets for direct binding by K-Rta during reactivation (11a).
Interestingly, repression was also observed in viral promoters
that lack the typical NF-kB consensus motif, 5'-GGRNNTYC
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FIG. 5. Competition of promoter binding between NF-kB and RBP-Jk. (A) Purified proteins used in the gel shift assay. The RBP-Jk, RelA,
NF-kB1 (p50), and K-Rta proteins were produced in baculovirus expression systems. (B) NF-«B inhibits RBP-Jk binding to the promoter. A gel
shift assay was performed with the ORF57 promoter probe (gels a and b) or K12 promoter probe (gel ¢). The final concentration of RBP-Jk was
kept 100 nM (+). K-Rta was used at 400 nM, and NF-kB (RelA/p50 complex) was used at either a 100 nM (+) or 400 nM (++) final concentration.
A supershift experiment was conducted with anti-RBP-Jk andtibody (Ab). Specific (S) or nonspecific (NS; AP-1) competitor was used at a 100-fold

excess of the labeled probe. Short, short exposure; long, long exposure.

C-3'. However, this was partly explained by a recent observa-
tion that the majority of RelA-bound loci in the human ge-
nome do not contain the RelA binding motif (38, 44). In fact,
neither the ORF57 promoter nor the K-bZIP promoter con-
tains a consensus target sequence for NF-kB. Nonetheless, we
demonstrated NF-kB binding to the promoter sequence by
both gel shift and ChIP assay, suggesting that NF-xB may have
a previously unrecognized, broader specificity of DNA binding.

If NF-kB competes DNA binding with other cellular factors,
what is the target cellular transcriptional factor? K-Rta asso-
ciates with a large number of transcription regulators, includ-
ing RBP-Jk, C/EBPa, Oct-1, STAT3, SWI/SNF, CBP, and
TRAP/Mediator (2, 18-20, 22, 36). Close analysis revealed that
the RBP-Jk binding core sequence (5'-TGGGAA-3") was con-
served at 113 sites in the KSHV genome. This sequence is
contained in 37 of 83 KSHV promoters and in 22 of 34 K-Rta-
responsive promoters. The genome of this virus contains 20
sites that exactly match the RBP-Jk consensus site (5'-CGTG
GGAA-3'), and 11 of these sites are located in K-Rta-respon-
sive promoter regions. Furthermore, this analysis even ex-
cluded the K-bZIP promoter, which contains a similar sequence
(5'-GTGAGAA-3"); this sequence also binds RBP-Jk (60).
Considering the large number of possible RBP-Jk binding sites
on the viral genome, this cellular protein is likely a key regu-
latory factor for most of the K-Rta-mediated transactivation
events. Therefore, we examined interactions of RBP-Jk and
NF-«kB. Importantly, a coregulatory role between RBP-Jk and
NF-kB has been established for several cellular promoters that
contain overlapping DNA recognition motifs for these two
proteins (28, 35, 47). Furthermore, a functional interplay be-
tween Notch and NF-«kB signaling pathways has been estab-
lished. For example, Notch can interact with NF-kB1 p50, thus
modulating NF-kB-dependent gene expression (17, 58). Con-
versely, NF-«kB synergizes with Notch to activate Notch target
gene expression by cytoplasmic translocation of the transcrip-
tional corepressor, N-CoR (12). These findings indicate that

NF-«B influences Notch signaling (RBP-Jk protein complex)
both directly and indirectly. Our results demonstrated that
NF-«B affects K-Rta recruitment through inhibition of RBP-Jk
binding to the viral promoters. Interestingly, we also observed
physical interaction between RelA and RBP-Jk protein in vitro
and in vivo. We further demonstrated that the interaction
sequesters K-Rta from the RBP-Jk protein. Thus, there are at
least two mechanisms for inhibition of K-Rta by NF-«B: (i)
competition between RBP-Jk and NF-kB for binding the DNA
target and (ii) sequestration of K-Rta from RBP-Jk. These
mechanisms are not mutually exclusive and may depend on the
relative amount of NF-«kB expressed (Fig. 5). Our results are
also consistent with a previous study, which demonstrated that
both the Rel homology domain and DNA binding domain of
RelA are important for K-Rta inhibition (1). Although ChIP
analyses were performed with RBP-Jk antibodies to demon-
strate competition of DNA binding to KSHV promoters in
vivo, we could not detect RBP-Jk binding on KSHV promot-
ers, even at the 0-h time point in the induction period. This is
likely due to the low affinity of the antibodies to RBP-Jk, which
are unable to precipitate chromatin-associated RBP-Jk.

The viral K12 promoter is not subject to NF-kB negative
regulation, and its transcript is the most abundant transcript
expressed in latent KSHV infection; this transcript is also in-
duced during lytic replication. The K12 transcript produces as
many as three variants of the viral kaposin protein (53), as well
as a microRNA (49), which has been linked to the tumorigenic
potential of KSHV. Interestingly, one of the K12 products,
kaposin B, was shown to increase the expression of cytokines
(45); thus, it is possible that K12 may activate NF-kB by an
indirect mechanism. This suggests that the expression of K12
may initiate viral latency by providing a steady supply of NF-«kB
without feedback regulation. Our study also showed that
NF-«B activates expression of latent viral genes (i.e., LANA,
v-FLIP, and v-Cyclin) (Fig. 3C). Such activation of LANA
could reinforce the negative feedback loop which downmodu-
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FIG. 6. RBP-Jk interactions with Rel-A and functional consequences. (A) Association between RelA and RBP-Jk. Purified RelA (0.1 ng) and
RBP-Jk (0.1 pg) were mixed in binding buffer, incubated at 4°C, and immunoprecipitated with anti-RelA antibody. The immunoprecipitate was
probed with the indicated antibodies. The asterisk shows the position of the IgG heavy chain. W.B., Western blot. (B) Association between RelA
and RBP-Jk in transfected 293T cells. The indicated plasmids were cotransfected into 293T cells. Total cell lysates were immunoprecipitated with
agarose beads conjugated with anti-Flag antibody. Immunoprecipitates were probed with the indicated antibodies. Endogenous RelA was also
detected with anti-RelA rabbit IgG (right upper panel). (C) Suppression of NF-kB activation by RBP-Jk. The NF-«B reporter was cotransfected
with the RBP-Jk expression plasmid. NF-kB was activated by treating the cultures with TNF-a at 24 h posttransfection. Forty-eight hours after
transfection, cells were harvested, and levels of luciferase were determined. Fold activation over the control transfected value is shown. The amount
of plasmid used is indicated at the bottom of the panel. (D) RelA expression reduced K-Rta binding to RBP-Jk. Dual expression of IkBa and
K-Rta or RelA and K-Rta was induced in BCBL-1 by adding doxycycline. After 12 h of induction, cells were harvested and subjected to
immunoprecipitation with anti-RBP-Jk antibody. Coimmunoprecipitated K-Rta was measured by immunoblotting with anti-K-Rta antibody. Due

to similar molecular masses, the presence of rabbit IgG heavy chain obscured the detection of the immunoprecipitated RBP-Jk.

lates K-Rta expression; in addition, activation of NF-«B
through v-FLIP expression may further contribute to inhibition
of K-Rta (16, 32, 33, 55). Interestingly, expression of the Ep-
stein-Barr virus latent protein, LMP1, is also upregulated by
NF-«B activation (27), indicating a conserved mechanism of
latent gene activation for gammaherpesviruses. The most im-
portant question is why KSHV suppresses its own lytic repli-
cation. We suggest that maintaining latency might be the strat-
egy for this virus to survive in the infected host. A similar
conclusion was reached by other investigators who showed that
KSHV immediately establishes latency after initial infection
without expressing the majority of lytic genes, except a few
genes that are associated with immunomodulatory functions
(31).

In summary, we propose that the molecular switch of KSHV,
between latency and lytic replication, is rooted in the balance
between the host cell factor, NF-kB, and the viral factor, K-
Rta. In addition, we have defined the mechanism of NF-kB-
mediated repression of K-Rta and shown that this repression is
mediated through an interaction between NF-«kB and a coac-
tivator RBP-Jk. In our model, the ratio of these two transcrip-

tion regulatory proteins will determine the fate of virus in the
infected individual. Because maintaining latency is one of the
most effective strategies for herpesviruses to hide from the host
immune system, disrupting the balance of NF-kB and K-Rta
activity could be the basis for an effective antiviral therapeutic
strategy. Thus, NF-kB has emerged as a key sensor and regu-
lator of both KSHYV replication and host immune responses to
this virus.
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