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The Kaposi’s sarcoma-associated herpesvirus (KSHV) gene product virally encoded G protein-coupled
receptor (vGPCR) is a homolog of cellular GPCRs and has been proposed to play important roles in
KSHV-induced angiogenesis. The most abundant vGPCR-containing transcripts are K14/vGPCR bicistronic
RNAs that are strongly induced during lytic reactivation. Here we show that the promoter governing this
transcript is strongly responsive to activation by the viral lytic switch protein RTA. By deletion mapping and
scanning mutation analyses, we have identified three putative RTA response elements (A, B, and C) in this
promoter. However, none of these sites appear to directly bind RTA in electrophoretic mobility shift assays
(EMSA). Site C corresponds to a canonical binding site for RBP-J, a sequence-specific transcriptional
repressor that is normally the target of Notch signaling. RBP-J can bind RTA and recruit it to its cognate
recognition site; when this happens, the activation function of RTA can relieve RBP-J-mediated repression and
upregulate expression of the targeted gene. EMSA studies reveal that both sites A and C can bind to RBP-J;
sequence inspection reveals that site A is a novel functional variant of known RBP-J recognition sites. (Site B
corresponds to an as-yet-unknown host DNA-binding protein.) The importance of sites A and C in vivo is
underscored by the observation that K14/vGPCR promoter function is dramatically inhibited in cells geneti-
cally deficient in RBP-J. The regulation of K14/vGPCR transcripts by RBP-J raises the possibility that other
modulators of Notch signaling might be able to induce expression of this RNA outside the context of lytic KSHV
replication.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a gam-
maherpesvirus associated with at least three human malignan-
cies: Kaposi’s sarcoma (KS) (13, 19, 27, 31, 33, 41, 42, 56, 69),
primary effusion lymphoma (10), and multicentric Castleman’s
disease (MCD) (61). The tumorigenic and angiogenic mecha-
nisms of KSHV still remain unclear. A striking feature of
KSHV is that its genome carries many open reading frames
resembling genes for cellular cytokines, chemokines, and che-
mokine receptors and genes involved in apoptosis and cell
cycle regulation, indicating that these viral genes might play
important roles in KSHV-induced proliferation and angiogen-
esis (7, 11, 15, 40, 45, 46, 51, 52). One outstanding example is
the viral encoded G protein-coupled receptor (vGPCR), which
is related to interleukin-8 (IL-8) receptor, a CXC chemokine
receptor (11). vGPCR can signal in both ligand-dependent
(20) and -independent (2) ways and through multiple signal
transduction pathways to enhance the expression of NF-�B-
and AP-1-dependent proinflammatory cytokines (IL-6, IL-1�,
tumor necrosis factor alpha, RANTES, etc), basic fibroblast
growth factor, and vascular endothelial growth factor (VEGF)
(3, 9, 49, 53, 57). Overexpression of vGPCR in NIH 3T3 cells
(3) has been shown to induce cell transformation and angio-
genesis, and its expression in primary endothelial cells (4) can

cause cellular immortalization and spindle shape conversion.
Several transgenic mouse lines expressing vGPCR in either
hematopoietic cells (mainly T and NK cells) (70), endothelial
cells (39), or many other tissues (under simian virus 40 [SV40]
early promoter-enhancer control) (23) have been established.
These mice develop KS-like angioproliferative lesions com-
posed of spindle-shaped endothelial cells, vascular structures,
and infiltrating inflammatory cells in some models (23, 39, 70).

Extensive studies have focused on how vGPCR triggers sig-
nal transduction pathways to enhance the expression of genes
that mediate these effects. However, regulation of vGPCR
gene expression is still unclear. While a monocistronic tran-
script of vGPCR was detected in one study, its expression level
is extremely low (44). A K14/vGPCR bicistronic transcript,
however, has been identified by several groups and may be the
predominant messenger for vGPCR (16, 32, 44). This tran-
script also encodes another viral signaling molecule, K14, at its
5� end. In contrast to its cellular homolog OX2, K14 was found
to activate myeloid-lineage cells to produce inflammatory cy-
tokines; thus, it might be involved in recruiting lymphocytes for
virus dissemination and in promoting the cytokine-mediated
proliferation of KSHV-infected cells (17). This K14/vGPCR
bicistronic transcript is strongly induced during early KSHV
lytic reactivation (16, 32, 44), suggesting that it may be a target
of the viral lytic switch protein RTA (replication and transcrip-
tion activator).

Expression of RTA is necessary and sufficient to induce lytic
reactivation of KSHV (21, 37, 38, 62). RTA is an effective
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transcription activator with DNA-binding and dimerization do-
mains at the N terminus and a strong activation domain at the
C terminus (37, 54). Although RTA is able to bind with high
affinity to its own response element for activation of some
target genes, such as kaposin and the noncoding polyadenyl-
ated nuclear (PAN) RNA (12, 58, 60), the complexity of its
response elements in other target promoters suggests the ex-
istence of an additional mechanism(s) of activation (8, 12, 14,
36, 59, 60, 64). Indeed, we have previously shown that RTA can
be directed to target promoters through interaction with a
cellular transcription factor, RBP-J, that recognizes the spe-
cific sequence GTGGGAA (34). Other identified cellular
DNA-binding protein partners of RTA include STAT3 and
CCAAT/enhancer-binding protein � (24, 67). Given the large
number of RTA target genes, additional cellular protein partners
(66) or alternative DNA-binding sites for RTA might still exist.
By exploring the transcriptional regulation of K14/vGPCR by
RTA, we hope not only to understand the regulation of K14 and
vGPCR gene expression but also to advance our knowledge of
RTA activation mechanisms.

Using a transient-reporter assay, we first mapped three re-
gions in the K14/vGPCR promoter that are important for RTA
activation. By scanning mutagenesis, we then identified three
potential RTA response elements (A, B, and C) and studied
their roles in RTA activation through genetic and biochemical
analyses. Two sites (A and C) were found to be binding sites
for RBP-J, which was found to play a central role in mediating
RTA-induced activation of the promoter. The third site binds
an as-yet-unrecognized cellular DNA-binding protein that ap-
pears to play a demonstrable but subsidiary role in RTA-
dependent activation of the locus.

MATERIALS AND METHODS

Cells. 293T, CV-1, and SLK cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum. Mouse RBP-J�/� (OT11)
and wild-type (WT) (OT13) fibroblast cell lines were kindly provided by T.
Honjo and were grown in high-glucose Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum and 100 U of mouse gamma inter-
feron (Life Technologies) per ml at 32°C in 5% CO2 incubator.

Plasmids. To create the reporter construct of the K14/vGPCR promoter,
pGL3-1257, a 1.3-kb DNA fragment upstream of the ATG codon of the K14
gene (corresponding to the 1,257 nucleotides [nt] upstream of the transcription
start site) was PCR amplified from KSHV genomic DNA and cloned immedi-
ately upstream of the ATG codon of the luciferase gene in pGL3-basic at Bgl II
and NcoI sites (the NcoI site on the vector was eliminated). Further deletions
from the 5� end of pGL3-1257 were made by either restriction enzyme digestion
or PCR amplification (Fig. 1A). The large fragment recovered from SmaI-
cleaved pGL3-1257 was recircularized to create pGL3-562. Likewise, pGL3-242
was constructed after XhoI and NcoI digestion of pGL3-1257. Constructs pGL3-
222, pGL3-184, pGL3-130, and pGL3-98 were created by amplifying the corre-
sponding fragments upstream of the ATG codon of the K14 gene and cloning the
fragments into pGL3-basic by using XhoI and NcoI sites, respectively (the NcoI
site on the vector was destroyed). The sequences of the oligonucleotides used in
PCRs are available upon request. For luciferase reporter constructs containing
tandem repeats, synthesized oligonucleotides of complementary sequence were
annealed to form a 5�-end BglII overhang and a 3�-end BamHI overhang,
followed by ligation and BglII digestion and finally ligation with a BglII-digested
pGL3 promoter. The number of tandem repeats was detected by PCR amplifi-
cation followed by separation on polyacrylamide gels. To make the pGST-RTA
fusion construct, a 1.5-kb fragment encoding amino acids 1 to 530 of RTA was
amplified from pcDNA3-ORF50 and inserted into pGEX-4T-1 at EcoRI and
SalI sites. All constructs were verified by direct sequencing. pGST-RBPJ was
described before (34).

Luciferase assay. Cells were seeded onto 12-well dishes and grown to 70 to
80% confluency. DNA transfection was performed by using Fugene 6 (Roche)

according to the manufacturer’s protocol. For each transfection, 0.3 �g of a
reporter plasmid and 0 to 0.6 �g of pcDNA3-ORF50 plasmid (36) were used; 0.1
�g of pcDNA3.1-lacZ was also included in each transfection as an internal
control. The amount of total DNAs was normalized to 1 �g with vector
pcDNA3.1. Cell extracts were prepared and subjected to luciferase assay with a
luciferase assay kit (Promega) and to �-galactosidase assay with a �-galactosi-
dase assay kit (Promega). Each assay was done in duplicate in at least two
independent experiments.

Purification of GST fusion proteins. BL21 cells transformed with pGST,
pGST-RTA, or pGST-RBPJ plasmid DNA were grown to exponential phase at
37°C before induction with 0.2 mM IPTG (isopropyl-�-D-thiogalactopyranoside)
for 2 to 3 h. Cell pellets were harvested and lysed by repeated freeze-thawing and
sonication. The cleared lysate was incubated at 4°C with glutathione-Sepharose
beads (Amersham Pharmacia), which were then washed four times with NETN
buffer (20 mM Tris [pH 8] 100 mM NaCl, 1 mM EDTA, and 0.5% NP-40) and
resuspended in NETN buffer. Glutathione S-transferase (GST) proteins were
eluted from the beads by incubation with glutathione at a concentration of 1.1
g/ml overnight at 4°C, and aliquots were stored at �80°C. The purified proteins
were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) followed by Coomassie blue staining.

EMSA. Electrophoretic mobility shift assay (EMSA) was performed essentially
as described previously (34). Purified GST fusion proteins were prepared as
described above. Nuclear extracts were prepared according to the protocol of the
manufacturer (Active Motif, Carlsbad, Calif.). The 32P-labeled oligonucleotides
were incubated with either purified proteins or nuclear extracts for 30 min at
room temperature, in the presence or absence of unlabeled competitor oligonu-
cleotides, in a total volume of 20 �l of binding buffer (20 mM HEPES [pH 7.4],
50 mM KCl, 1 mM EDTA, 1 mM MgCl2, 10 mM dithiothreitol; 250 ng of dI-dC,
8.5% glycerol). Complexes were resolved on a 4% native polyacrylamide gel in
0.5� Tris-borate-EDTA. The gel was dried and exposed on autoradiographic
film.

FIG. 1. Mapping of RTA response elements in the K14/vGPCR
promoter. (A) Schematic representation of serial deletions of the pu-
tative K14/vGPCR promoter. A 1.3-kb fragment upstream of the K14
ATG codon (corresponding to nt �1257 upstream of the RNA initi-
ation site [32]) was cloned in front of a reporter gene. Serial deletions
were made on the 1.3-kb fragment from the 5� end, with the number
indicating the nucleotide position upstream of the RNA initiation site.
The mapped mRNA initiation site is shown by the arrow. (B) RTA
activation of K14/vGPCR promoters with serial deletions. Reporter
constructs with the indicated promoter deletions (0.3 �g) were used to
transfect 293T cells with either empty vector or RTA expression vector
(0.6 �g). The fold induction of each construct by RTA was plotted,
with the error bars representing standard deviations of the results from
at least two independent experiments.
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RESULTS

The K14/vGPCR promoter contains three major RTA re-
sponse elements. The K14/vGPCR bicistronic transcript is
strongly activated during tetradecanoyl phorbol acetate-in-
duced KSHV lytic replication (16, 32, 44) and therefore rep-
resents a potential direct target of RTA. We tested the ability
of RTA to activate the K14/vGPCR promoter by use of a
transient-reporter assay. The full-length construct pGL3-1257
includes about 1.3 kb of sequences upstream of the ATG
codon of the K14 gene and drives the expression of a luciferase
reporter gene (Fig. 1A). 293T cells were transfected with this
reporter in the presence or absence of an RTA expression
vector, and the fold induction of luciferase activity by RTA was
calculated. RTA activation of this construct is robust (200- to
500-fold higher than for the control with empty vector) (Fig.
1B), suggesting the presence of a strong and possibly multiple
RTA response element(s) in this 1.3-kb promoter region. To
identify the potential element(s), we made serial deletions
from the 5� end of construct pGL3-1257 (i.e., pGL3-562,
pLG3-242, pGL3-222, pGL3-184, pGL3-130, and pGL3-98)
(Fig. 1A). RTA activation of these constructs in 293T cells
revealed multiple RTA response elements (Fig. 1B). RTA
activated the constructs pGL3-1257, pGL3-562, pGL3-242,
and pGL3-222 at similar levels, varying from 350- to 500-fold.
However, RTA activated the construct pGL3-184 by 	110-
fold, a significant decrease compared to the construct pGL3-
222 (	360-fold). Further deletion to the construct pGL3-130
led to even lower RTA activation (18-fold). Moreover, RTA

activated the construct pGL3-98 by only threefold, a sixfold
difference from the construct pGL3-130. The assays were re-
peated with SLK human endothelial cells, CV1 simian kidney
cells, and mouse embryonic fibroblasts with similar results
(data not shown). Taken together, these data suggest that the
K14/vGPCR promoter contained three major RTA-responsive
elements, putatively located between positions �222 and
�184, between positions �184 and �130, and between posi-
tions �130 and �98.

To identify the exact sequences important for RTA activa-
tion, point substitution mutations were created across the re-
gion in the construct pGL3-222, pGL3-184, or pGL3-130 (Fig.
2A). The m6 mutation of the construct pGL3-222 was acti-
vated by RTA at the same level as the deletion mutant pGL3-
184 (Fig. 2B), suggesting that the sequence GTGAGA is one
of the RTA-responsive elements, which hereafter is called site
A. Scanning mutations in the construct pGL3-184 revealed two
consecutive mutants, m15 and m16, that showed a defect in
RTA activation similar to that for the construct pGL3-130
(Fig. 2C), suggesting another RTA-responsive site (site B). As
determined by sequence comparison analysis, a potential RBP-
J-binding site (TTCCCAC) exists between nucleotides �130
and �98. We have previously shown that RTA can activate
through an RBP-J-binding site via interaction with the RBP-J
protein. Indeed, mutations (�130m) introduced into the con-
struct pGL3-130 at the putative RBP-J-binding site signifi-
cantly lowered the RTA activation level to one similar to that
for the deletion mutant pGL3-98 (Fig. 2D), suggesting that this

FIG. 2. Scanning mutations reveal three major RTA response elements in the K14/vGPCR promoter. (A) Nucleotide sequences from nt �222
to �98 nt of the transcription initiation site. Sites A, B, and C, are in boldface. The position of each mutation is shown by underlining. The
predicted RBP-J-binding site is boxed. (B) Scanning mutations between nt �222 and �184 revealed site A (defined by m6), which is important
for RTA activation. Luciferase assay was performed with 293T cells as described for Fig. 1B. (C) Scanning mutations between nt �184 and �130
suggest that site B (defined by m15 and m16) is important for RTA activation. (D) The predicted RBP-J-binding site between nt �130 and �98
is the third RTA response element, site C (also defined by mutant �130m). Error bars indicate standard deviations.
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RBP-J-binding site is the third RTA-responsive element (site
C).

The identified RTA-responsive elements (sites A, B, and C)
do not form complexes with RTA. Studies from several groups
have demonstrated that RTA activates its target genes through
multiple mechanisms: direct DNA binding, protein-protein in-
teraction with other cellular DNA-binding factors, or both. For
site C (a canonical RBP-J-binding site), by analogy with our
previous work on RBP-J sites in other viral promoters (34), we
propose that RTA can be tethered to this site by interaction
with RBP-J. As for sites A and B, they could represent novel
direct RTA-binding sites or sites for interaction with additional
host proteins that can recruit RTA. We first examined the
direct RTA binding in an EMSA system using GST-RTA pro-
tein and oligonucleotides spanning site A, B, or C. The se-
quences of the oligonucleotides used in this study are shown in
Fig. 3A. The GST-RTA protein contained GST sequences at
its N terminus fused with residues 1 to 530 of RTA at its C
terminus. As determined by SDS-PAGE analysis (Fig. 3B)
after purification on a glutathione-Sepharose column, the pro-
tein migrated as an 85-kDa band, which is the predicted size
for a fusion protein of this composition. (The SDS-PAGE also

showed the presence of some proteins of 26 kDa, which rep-
resent GST fragments presumably produced by cleavage by
Escherichia coli proteases during the extraction process.) Using
this material for EMSA with a 32P-labeled oligonucleotide for
the known RTA-binding site from the PAN promoter, we
observed strong complex formation with GST-RTA (Fig. 3C,
lane 3) but not with the GST alone (lane 2). This interaction
can be competed efficiently by WT PAN RTA response ele-
ment (RRE) (lanes 4 and 5) and less efficiently by kaposin
RRE (12, 59) (lanes 6 and 7). However, we observed no com-
petition of this complex by oligonucleotides A, B, C, or BC
(lanes 8 to 10). In accord with these results, when 32P-labeled
oligonucleotide A or B was tested directly for binding to GST-
RTA, neither site was observed to form complexes by EMSA
under these conditions (Fig. 3D). As expected, oligonucleotide
C, an RBP-J-binding site, also was not shifted by RTA protein
in vitro (Fig. 3D).

We note that the RTA protein used in these in vitro DNA
binding assays lacks the Ser/Thr-rich region and the C-terminal
activation domain of WT RTA. As such, it lacks the heavy
phosphorylation that characterizes the protein produced in
mammalian cells. This raises the formal possibility that sites A

FIG. 3. Sites A, B, and C do not bind to RTA efficiently in vitro. (A) Sequences from nt �222 to �98 upstream of the transcription site, with
sites A, B, and C in boldface. Positions of all oligonucleotides (A, B, BL, C, and BC) used in this study are indicated underneath the corresponding
sequences. (B) GST and GST-RTA proteins purified from E. coli lysates. A truncated RTA (amino acids 1 to 530) was fused to the N-terminal
GST to create GST-RTA fusion protein. Both GST and GST-RTA fusion proteins were purified as described in Materials and Methods and
analyzed in an SDS-polyacrylamide gel. The sizes of the molecular mass markers are indicated at the left. (C) In gel shift assay, a 32P-labeled PAN
RRE (GATCCTTCCAAAAATGGGTGGCTAACCTGTCCAAAATATGGGAA) probe (lane 1) was incubated with either purified GST (lane
2) or GST-RTA fusion protein (lanes 3 to 11). Different competitor oligonucleotides were included in the probe-RTA incubation reaction: PAN
RRE (20- and 400-fold excesses over probe) (lanes 4 and 5, respectively), kaposin RRE (GATCCCGGGAAATGGGTGGCTAACCCCTACA
TAAGCAGTTTGA) (20- and 400-fold) (lanes 6 and 7, respectively), oligonucleotide A (400-fold) (lane 8), oligonucleotide B (400-fold) (lane 9),
oligonucleotide C (400-fold) (lane 10), or oligonucleotide BC (400-fold) (lane 11). G, GST protein; R, GST-RTA 
STAD protein. (D) RTA does
not form a stable complex with oligonucleotide A, B, or C. Oligonucleotide A (lanes 1 and 2), B (lanes 3 and 4), or C (lanes 5 and 6) was incubated
with either purified GST protein (lanes 1, 3, and 5) or GST-RTA fusion protein (lanes 2, 4 and 6) and separated on a native polyacrylamide gel.
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and B could represent authentic direct binding sites that re-
quire these modifications. While we cannot fully exclude this
possibility, we consider it unlikely, since both sites can be
shown to bind host factors in a fashion that can be nullified by
mutations that abolish RTA activation (see below).

Sites A and C contain functional RBP-J-binding sites and
mediate RTA activation in a heterogeneous promoter. To de-
termine whether any cellular factor(s) binds to site A, we
performed EMSA on oligonucleotide A with nuclear extracts
of the 293T cells. We noticed that oligonucleotide A produced
a strong and specific band of the same size as oligonucleotide
C, which represents the conventional RBP-J-binding site (data
not shown), suggesting that oligonucleotide A may contain an
RBP-J-binding site. Using the purified GST–RBP-J fusion pro-
tein in a gel shift assay (Fig. 4A), we showed that oligonucle-
otide A indeed bound directly to RBP-J. The 32P-labeled oli-
gonucleotide A (lane 1) formed a strong complex with RBP-J
protein (lane 3) but not with GST alone (lane 2). This complex
can be efficiently competed by WT (lanes 4 and 5) but not
mutant (lanes 6 and 7) RBP-J oligonucleotide. Similar results
were obtained for the control oligonucleotide C (lanes 8 to 12).

To demonstrate that sites A and C are each sufficient for
RTA activation, tandem repeats of either the WT or mutated
sequences of site A or C were cloned into an SV40 minimal
promoter driving the expression of a luciferase reporter gene.
As positive controls, PAN and kaposin RREs were cloned in
the same way. These constructs were tested by transient-re-
porter assay for RTA transactivation (Fig. 4B). As expected,
RTA efficiently activated the promoter containing either PAN
or KAP RRE at 	10- to 20-fold. RTA activated the promoters
containing WT oligonucleotide A as well, and the activation
increased with increasing number of repeats. In contrast, RTA
failed to activate those containing mutant oligonucleotide A.
Likewise, WT but not mutant oligonucleotide C repeats effi-
ciently mediated RTA activation in the SV40 minimal pro-
moter in a repeat number-dependent manner (Fig. 4B).

These data clearly supported the idea that both A and C
contain RBP-J-binding sites, which can mediate RTA activa-
tion through RTA–RBP-J protein interaction. While site C
contains a predicted RBP-J-binding site, site A (GTGAGAA)
contains a G3A change (underlined) in the conventional
RBP-J-binding site (GTGGGAA). Although RBP-J has been
reported to be able to bind to the sequence 5�-GTGGGAA
specifically (63), alternative RBP-J-binding sequences (5�-TG
GGAAA and 5�-TGGGAAAGAA) have also been reported
(18, 30). The GTGAGAA sequence of site A reported here
thus represents a novel alternative RBP-J-binding site.

Site B contains a binding site(s) for an additional cellular
factor(s). In a gel shift assay using nuclear extracts prepared
from 293T cells, the 32P-labeled oligonucleotide B formed two
specific complexes (Fig. 5A, lane 2), which can be efficiently
competed by unlabeled WT oligonucleotide B (lanes 3 and 4).
Mutant oligonucleotide 1 (mut-1), carrying the same mutation
as m15 described above, served as a much weaker competitor
than the WT oligonucleotide (compare lanes 5 and 3 and lanes
7 and 4). Mutant oligonucleotide 2 (mut-2), carrying the same
mutation as m16, failed to compete the two specific bands even
at a 200-fold molar excess (lanes 7 and 8). Thus, the interac-
tions of this factor with site B are consistent with the above
genetic analysis, in which m16 showed a more severe defect

FIG. 4. Oligonucleotide A or C can form a functional complex with
RBP-J protein. (A) Gel shift assay of oligonucleotide A or C with
purified GST-RBPJ protein. Labeled oligonucleotide A (lanes 1 to 7)
or C (lanes 8 to 12) was incubated with either GST (lane 2) or GST–
RBP-J (lanes 3 to 12) protein, in the absence of RBP-J oligonucleotide
(lanes 3 and 8) or in the presence of unlabeled WT (10- and 40-fold)
(lanes 4 and 5 and lanes 9 and 10) or mutant (10- and 40-fold) (lanes
6 and 7 and lanes 11 and 12) RBP-J oligonucleotide. G, GST protein;
RP, GST–RBP-J protein. (B) Repeats of oligonucleotide A or C me-
diate RTA activation in a heterogeneous promoter. Oligonucleotide A
or C (WT or mutant) was inserted in tandem repeats (the number of
repeats is indicated) into the SV40 minimal promoter in the pGL3
promoter to drive the expression of reporter gene luciferase. The
individual reporter construct was cotransfected into 293T cells with
either empty vector or RTA expression vector. The fold induction by
RTA was plotted, with the error bars representing standard deviations
of the results from at least two independent experiments. A, WT
oligonucleotide A; Am, mutant oligonucleotide A; C; WT oligonucle-
otide C; Cm, mutant oligonucleotide C.
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than m15 (Fig. 2C). These data strongly suggest that the site
B-interacting host factor plays a role in facilitating RTA-me-
diated transactivation in vivo. However, it does not allow de-
termination of the mechanism by which it may do so.

To further examine this issue, we asked whether site B,
which is clearly necessary for full RTA activation (Fig. 2C), can
be sufficient for such activation. To do this, we introduced
tandem repeats of WT oligonucleotide B into an SV40 mini-
mal promoter to drive the expression of luciferase. Surpris-
ingly, we failed to observe significant activation by RTA in
293T cells (Fig. 5B). Similar results were obtained with SLK
and MEF cells as well (data not shown). We next used a longer
oligonucleotide, BL, which spans a larger region around site B
(Fig. 3A). This oligonucleotide did mediate a modest activa-
tion (three- to fourfold) by RTA when oligomerized, although
it was barely active as a solitary element (Fig. 5B). Taken
together, these data suggest that whatever role site B plays in
RTA activation of the K14/vGPCR promoter depends on be-
ing in its native promoter context and is poorly reproduced
outside this context (see below).

RBP-J plays an essential role in RTA activation of the K14/
vGPCR promoters. In the experiments described above, we
identified three sites (A, B, and C) that are important for RTA
activation of the K14/vGPCR promoter and studied them in-
dividually in terms of RTA binding and activation. We next
asked how each site contributes to the overall RTA activation
of the intact K14/vGPCR promoter. To do this, we used con-
struct pGL3-222, which contains all three sites in their native
context and mediates efficient RTA activation. Single or dou-
ble mutations were introduced into the A, B, or C site in
construct pGL3-222, and their effects on RTA activation were
examined by luciferase reporter assay (Fig. 6A). This revealed
that the A and C elements are critical, since mutation of either
site caused a 70% loss of RTA activation and mutation of both
almost completely abolished RTA activation. These data
strongly suggested that RBP-J binding plays a central role in
RTA-mediated activation of the K14/vGPCR promoter. To
further validate this, we examined the ability of this promoter
to be activated in cells derived from mice in which the RBP-J
gene has been inactivated by homologous recombination. We
observed a near-total loss of RTA activation of the full-length
promoter pGL3-222 in RBP-J�/� OT11cells (7.5-fold) com-
pared to the isogenic RBP-J�/� OT13 cells (283-fold) (Fig.
6B). In contrast, RTA activation of pGL3-222(Am�Cm),
which contained mutations in both RBP-J sites, was signifi-
cantly lower in OT13 cells (13.4-fold), which was a similarly low
level as in OT11 cells (6.8-fold) (Fig. 6B). Moreover, introduc-
tion of RBP-J protein into OT11 cells by cotransfection of an
RBP-J expression vector partially restored RTA activation of
pGL3-222 (46-fold) but not that of the mutant promoter (5.3-
fold) (Fig. 6B). Correspondingly, the construct pGL3-184 (with
a deletion of site A) was activated only 25-fold by RTA in WT
cells, considerably lower than the construct pGL3-222 (280-
fold), and the construct pGL3-98 (with the deletion of both
sites A and C) had a nearly no responsiveness (2.4-fold) to
RTA (Fig. 6B), further confirming that RTA activation of the
K14/vGPCR promoter is mainly RBP-J dependent and
through sites A and C.

The role of site B in RTA activation of the K14/vGPCR
promoter is more ambiguous. Single mutation of site B in the
construct pGL3-222 had only a modest impact on activation of
the native promoter, reducing it by only 35% (Fig. 6A). When
site A was left intact and site C was removed by mutagenesis,
mutation of B had little additional effect (25% for both Cm

FIG. 5. Oligonucleotide B is bound by a cellular factor(s) but func-
tions poorly in heterologous contexts. (A) Oligonucleotide B forms
specific complexes with 293T cell nuclear extracts. Labeled oligonu-
cleotide B (lane 1) was incubated with 293T cell nuclear extracts (lanes
2 to 8) in the absence of competitor oligonucleotide (lane 2) or in the
presence of the following unlabeled competitor oligonucleotides: WT
oligonucleotide B (20- and 200-fold) (lanes 3 and 4, respectively),
mutant oligonucleotide 1 (20- and 200-fold) (lanes 5 and 6, respec-
tively), and mutant oligonucleotide 2 (20- and 200-fold) (lanes 7 and 8,
respectively). The specific shifted bands are shown by arrows. WT-B,
WT oligonucleotide B; mut-1, mutant oligonucleotide 1; mut-2, mu-
tant oligonucleotide 2. (B) Repeats of oligonucleotide B mediate RTA
activation poorly in a heterogeneous promoter. Oligonucleotide B or a
long oligonucleotide spanning site B (oligonucleotide BL) (both illus-
trated in Fig. 3A) was inserted in tandem repeats (with the number of
repeats as shown) into the SV40 minimal promoter in the pGL3
promoter, which drives the expression of luciferase. Individual re-
porter constructs were cotransfected into 293T cells with either empty
vector or RTA expression vector, and the fold induction by RTA was
calculated; the error bars represent standard deviations of the results
from at least two independent experiments.
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and Bm�Cm). By contrast, when site A was mutated and site
C was left intact, mutation of B had a considerable impact on
residual RTA activation (30 and 15% for Am and Am�Bm,
respectively). A similar result was also obtained from the de-
letion mapping analysis (Fig. 2C): mutation of site B in the
construct pGL3-198 (in which site A was deleted and site was
C intact) significantly lowered the RTA activation, from 140-
to 25-fold. Combined with the above observation that oligonu-
cleotide B did not mediate RTA activation in a heterogeneous
promoter (Fig. 5B), these data suggest an indirect role for site
B. For example, it might function to enhance RTA interactions
at site C, or it might augment the accessibility of site C to
complex formation by RBP-J–RTA complexes.

DISCUSSION

We have previously identified RBP-J as an interaction part-
ner of KSHV RTA and a critical component in mediating RTA
activation of several KSHV target genes, including those for
ORF57 and thymidine kinase (34). We have also shown that
RBP-J plays an essential role in RTA-mediated lytic reactiva-
tion of KSHV, since such reactivation is completely defective
in RBP-J�/� cells while being efficient in WT cells (35). Here
we demonstrate that RBP-J also plays a role in the activation
of genes (K14 and vGPCR) that play roles outside those
known to be required for core lytic replication functions. Both
of these are signaling molecules that play roles in modulation
of inflammatory and angiogenic pathways (17), although it has
not been excluded that they may also contribute more directly
to lytic replication.

RBP-J is a downstream target of the Notch pathway, a con-

served signal transduction pathway that is important in devel-
opment and cell fate determination (43). The intracellular
domain (ICD) of activated Notch is released from the mem-
brane through proteolytic cleavage and is translocated to the
nucleus, where it is directed to target promoters through in-
teraction with RBP-J (47, 68). RBP-J is a repressor in the
ground state; its interaction with Notch ICD relieves this re-
pression and turns on target genes. Interestingly, KSHV is not
the only virus that has parasitized this pathway. Several viral
transcription factors, e.g., EBNA2 and EBNA3 of Epstein-
Barr virus and the 13S isoform of adenovirus E1A, are known
to bind and activate target genes via RBP-J interactions (1, 22,
25, 26, 29). In all cases, the viral proteins target the same
(central repressive) domain of RBP-J that is targeted by Notch,
although KSHV RTA is capable of interactions with an addi-
tional region of RBP-J in vitro (33).

The expression of vGPCR has been prominently linked to
phenotypic changes that suggest important roles in KS patho-
genesis. Not only does the protein trigger cell-autonomous
proliferation, but it also can induce the expression of the
proangiogenic molecule VEGF (3, 4). However, both of these
activities are expected to be curtailed in the environment of
lytic replication: cell proliferation is limited by virus-induced
cytopathology, and VEGF expression is reduced by a virus-
induced shutoff of host mRNA accumulation (B. Glaunsinger
and D. Ganem, unpublished data). One way to resolve this
conundrum is to imagine that vGPCR, which is not part of the
standard latency program of KSHV, can be expressed outside
the lytic program under certain conditions. Our finding of two
functional RBP-J sites in the K14/vGPCR promoter suggests a
potential role for Notch signaling in the induction of K14/

FIG. 6. RBP-J plays a central role in RTA-mediated activation of the K14/vGPCR promoter. (A) Reporter construct pGL3-222 contains all
three major RTA response elements, A, B, and C. Single mutation of site A, B, or C is indicated by Am, Bm, and Cm, respectively; corresponding
double mutants are indicated by Am�Bm, Am�Cm, and Bm�Cm. The fold activation by RTA on each mutant was determined, normalized
against that for the WT construct pGL3-222, and plotted as percent activation. The error bars represent standard deviations of the results from
at least two independent experiments. (B) Comparison of RTA activation of the K14/vGPCR promoter constructs in OT13 (WT) and OT11
(RBP-J�/�) cells. OT13 or OT11 cells were transfected with 0.6 �g of individual K14/vGPCR reporter constructs [pGL3-222, pGL3-222(Am�Cm),
pGL3-184, pGL3-130, or pGL3-98], 0 to 0.6 �g of RTA expression vector, and 0 to 0.6 �g of RBP-J expression vector (in OT11 cells only).
pcDNA3.1-lacZ was included in each transfection as an internal control, and total DNA was normalized to 2 �g with vector pcDNA3.1. The fold
induction by RTA was plotted, with the error bars representing standard deviations of the results from at least two independent experiments.
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vGPCR gene expression in the absence of RTA induction.
That is, the activated Notch ICD molecule might also be able
to utilize the same RBP-J-binding sites to activate vGPCR
expression from latent viral genomes. Different Notch mole-
cules (mammalian cells contain four Notch molecules, Notch-1
to -4) and their ligands (Jagged-1 and -2 and Delta-1, -3, and
-4) are expressed in diverse cell types, including endothelial
cells (55, 65) and B cells (6, 48), the two host cells for KSHV
infection. Studies have suggested that Notch signals are in-
volved in endothelial cell differentiation and B-cell develop-
ment (5, 28, 48, 50). Therefore, it is possible that the Notch
molecules in these cells can be activated by local signals and
thus induce the expression of the K14/vGPCR transcript. Since
the activated Notch-1 molecule has been shown not to induce
the whole lytic cycle of KSHV (34), vGPCR would be free to
function without the constraints of host shutoff and cell injury
imposed by lytic growth. Further studies are now under way to
explore this hypothesis.
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