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Kaposi’s sarcoma-associated herpesvirus (KSHV/human herpesvirus 8 [HHV-8]) is a gamma-2-herpesvirus
responsible for Kaposi’s sarcoma as well as primary effusion lymphoma (PEL). KSHV is a lymphotropic virus
that has pirated many mammalian genes involved in inflammation, cell cycle control, and angiogenesis. Among
these is the early lytic viral G protein-coupled receptor (vGPCR), a homologue of the human interleukin-8
(IL-8) receptor. When expressed, vGPCR is constitutively active and can signal via mitogen- and stress-
activated kinases. In certain models it activates the transcriptional potential of NF-�B and activator protein
1 (AP-1) and induces vascular endothelial growth factor (VEGF) production. Despite its importance to the
pathogenesis of all KSHV-mediated disease, little is known about vGPCR activity in hematopoietic cells. To
study the signaling potential and downstream effects of vGPCR in such cells, we have developed PEL cell lines
that express vGPCR under the control of an inducible promoter. The sequences required for tetracycline-
mediated induction were cloned into a plasmid containing adeno-associated virus type 2 elements to enhance
integration efficiency. This novel plasmid permitted studies of vGPCR activity in naturally infected KSHV-
positive lymphocytes. We show that vGPCR activates ERK-2 and p38 in PEL cells. In addition, it increases the
transcription of reporter genes under the control of AP-1, NF-�B, CREB, and NFAT, a Ca2�-dependent
transcription factor important to KSHV lytic gene expression. vGPCR also increases the transcription of
KSHV open reading frames 50 and 57, thereby displaying broad potential to affect viral transcription patterns.
Finally, vGPCR signaling results in increased PEL cell elaboration of KSHV vIL-6 and VEGF, two growth
factors involved in KSHV-mediated disease pathogenesis.

Kaposi’s sarcoma-associated herpesvirus (KSHV), or human
herpesvirus 8 is a gamma-2 herpesvirus that was discovered in
1994 when fragments of its genome were detected in an AIDS-
related Kaposi’s sarcoma (KS) lesion, a multifocal tumor of
endothelial cell origin (13). Since then, KSHV has been found
invariably in KS lesions of all epidemiologic types, and infec-
tion with KSHV precedes and predicts the development of KS
in human immunodeficiency virus-infected patients (9, 76). KS
remains the most common AIDS-related malignancy. More-
over, “endemic KS” is the most prevalent cancer in several
sub-Saharan African countries, regardless of HIV coinfection.
Consistent with the lymphotropic nature of gammaherpesvi-
ruses, KSHV has also been found in lymph nodes, peripheral
blood B cells, and primary effusion lymphoma (PEL), a non-
Hodgkin’s lymphoma predominantly associated with AIDS but
occurring in non-HIV-positive individuals as well (11). KSHV
is also associated with a more aggressive behavior in another
B-cell proliferative disorder called multicentric Castleman’s
disease (MCD) and an associated plasmablastic lymphoma
(22, 70).

Although the pathogenesis of KSHV-mediated disease is
not fully understood, it is clear that KSHV has pirated many

human genes involved in inflammation, cell cycle regulation,
and angiogenesis (12, 14, 60, 74, 78). Among these is a viral
G-protein-coupled receptor (vGPCR) that is homologous to
the human interleukin-8 (IL-8) receptors CXCR1 and CXCR2
as well as to the GPCR encoded by herpesvirus saimiri
(ECRF3) (12). Although ECRF3, CXCR1, and CXCR2 are
agonist dependent, vGPCR signals constitutively, as do other
GPCRs associated with human disease (16, 71). Early work
with COS-1 cells showed that vGPCR has activity in the phos-
phoinositide-inositol triphosphate-protein kinase C (PKC)
pathway and leads to transcriptional activation of genes with
PKC-responsive promoters containing an AP-1-binding motif.
It was also shown that in these cells vGPCR activates the
stress-activated kinases JNK and p38 in a G�q-coupled man-
ner (5, 8, 10). It is now clear that in endothelial cells, vGPCR
can also couple to G�i G proteins to activate a phosphatidyl-
inositol 3�-kinase (PI3K)-Akt axis as well as the NF-�B tran-
scription factors. Such signaling potential may explain the
vGPCR-mediated survival advantage in primary endothelial
cells and the increased elaboration of various inflammatory
cytokines and adhesion molecules (17, 45, 51). Furthermore,
via hypoxia-inducible factor 1a, vGPCR mediates the secretion
of vascular endothelial growth factor (VEGF), thereby induc-
ing the proliferation of human umbilical vein endothelial cells
and blood vessel formation, both of which are crucial events in
the pathogenesis of KS (6, 12, 69). Other functional studies
show that vGPCR can transform fibroblasts and that when

* Corresponding author. Mailing address: Department of Pathology,
Weill Medical College of Cornell University, 1300 York Ave., Room
C-410, New York, NY 10021. Phone: (212) 746-8838. Fax: (212) 746-
8173. E-mail: ecesarm@med.cornell.edu.

57



expressed under the control of a CD4 (primarily T-cell) pro-
moter in transgenic mice, vGPCR causes vascular lesions with
a KS-like histology. This mouse model emphasizes the potent
paracrine effects that vGPCR can have on surrounding non-
hematopoietic cells despite its expression from very few infil-
trating lymphocytes (80). Unfortunately, little is known about
the signaling properties of vGPCR in the hematopoietic cells
relevant to KSHV-mediated disease. Given the importance of
cellular context to most signaling proteins and pathways, un-
derstanding of the contribution of vGPCR to KSHV-mediated
pathobiology requires study of such cells.

Here we present the derivation of KSHV-positive PEL cell
lines engineered to express vGPCR in a controllable manner.
A single plasmid was designed to incorporate the sequences
necessary for tight tetracycline inducibility along with the in-
verted terminal repeat (ITR) sequences from adeno-associated
virus type 2 (AAV-2) to maximize the probability of stable
integration (29, 30). During latent AAV-2 infection, the AAV
Rep protein binds DNA in or near the ITRs and mediates
site-specific integration of the AAV genome into chromosome
19 of the human genome. However, even in the absence of
Rep, the hairpin structure of the ITRs is thought to enhance
random stable integration (25, 42, 55). Taking advantage of
this property, we established inducible cell lines with one
round of transfection followed by clonal selection for tight
vGPCR inducibility. A PEL cell line was chosen as the parental
line to express vGPCR in the context of natural KSHV infec-
tion and the presence of the entire viral genome. This allowed
us to create a model for assessing vGPCR-mediated effects on
other KSHV genes. Since vGPCR is an early lytic gene, latently
infected PEL cell lines express very low levels. Therefore, using
this inducible system, we can selectively induce vGPCR expres-
sion without treating the cells with agents that induce the lytic
viral cycle. We have studied the effect of vGPCR on mitogen-
activated protein kinase (MAPK) and stress-associated protein
kinase (SAPK), transcription factor activation, and the regu-
lation of various KSHV genes, including open reading frame
(ORF) 50 and ORF 57, whose products are intimately involved
in the regulation of KSHV transcription patterns. In addition,
we show that vGPCR expression in PEL cells increases the
production of KSHV viral IL-6 (vIL-6) and vascular endothe-
lial growth factor (VEGF), two cytokines vital to the pathobi-
ology of all KSHV-mediated disease (3, 7, 44, 49).

MATERIALS AND METHODS

Plasmids and transfections. pTRUF2-Tet was constructed by initially cloning
all the tetracycline regulatory elements into the cloning vector pSL301 (Invitro-
gen). The entire cassette was then transferred from pSL-301 to pTRUF2 (82). In
brief, pTet-tTS was digested with XhoI and HindIII and the resulting 2,098-bp
tTS insert was blunted and ligated into the EcoRV site of pSL-301 to make
pSL301-tTS. Next, pTet-On was digested with XhoI and PvuII and the resulting
2,398-bp rtTA fragment was blunted and ligated into the SmaI site of pSL301-
tTS to make pSL301-tTS-rtTA. Next, a simian virus 40 (SV40) pA tail was
excised from pTRE by digestion with BamHI and PvuII; the fragment was
blunted and ligated into the StuI site of pSL301-tTS-rtTA to create pSL301-tTS-
rtTA-pA. Next, the tetracycline-responsive promoter was excised from pTRE by
digestion with XhoI and EcoRI, blunted, and ligated into the NruI site of pSL301-
tTS-rtTA-pA to create pSL301-tTS-rtTA-pA-TRE, which was then digested with
PflMI and AflII to remove the entire tetracycline-responsive cassette; the
5,886-bp fragment was blunted and ligated into the MfeI site of pTRUF2 to
create pTRUF2-Tet (12,168 bp). pTRUF2-Tet-vGPCR was made by digesting
pcDNA3.1-SacA, a plasmid derived from a genomic clone, with XbaI and EcoRI

to excise the vGPCR ORF (12). The vGPCR fragment was blunted and ligated
into the blunted single NsiI site in pTRUF2-Tet. pTet-TS, pTet-On, and pTRE
were from Clontech. Restriction enzymes were from Roche; T4 polymerase and
the Klenow fragment used for blunting were from Fermentas. Luciferase re-
porter constructs to detect transcription factor activation included pNF�B-Luc,
pAP1 (PMA)-TA-Luc, and pTA-Luc, (all from Clontech). A dual-plasmid sys-
tem using pFR-Luc and pFA2-CREB was obtained from Stratagene, as was the
control plasmid pFC2-dbd. The vIL-6 [K2P(�827)-luc] and ORF 50 (Rp�1-luc)
reporter constructs were a kind gift from Ren Sun. K2P(�827)-luc consists of
nucleotides (nt) 18712 to 17876 cloned upstream of luciferase in pGL3-basic, as
recently described (18). Rp�1-luc uses nt 71594 to 69554 cloned into pGL2-basic.
The ORF 57 luciferase reporter (p57P-luc) was a gift from Charles Wood,
University of Nebraska. It consists of nt 81556 to 82080 cloned into pGL3-basic
and has been fully described (21). Sequences were analyzed for transcription
factor-binding elements by using MatInspector V2.2 (available online at http://
transfac.gbf.de/TRANSFAC) (77).

Transfections were performed on exponentially growing cells by electropora-
tion (Bio-Rad Gene Pulser II) at settings of 270 mV and 975 �F in 0.8-cm
cuvettes (Invitrogen), using 8 � 106 cells resuspended in 0.8 ml RPMI 1640 per
cuvette. The cuvettes were prechilled on ice, and after transfection, the cells were
quickly plated in full culture medium as described below.

Cell line derivation and culture conditions. BC-3, an Epstein-Barr virus
(EBV)-negative, KSHV-positive PEL line, was derived as described above and
maintained in RPMI 1640 plus 40 mg of gentamicin (Invitrogen) per ml with
10% fetal bovine serum (Atlanta Biologicals, Norcross, Ga.) at 37°C under 5%
CO2 (6). BC-3.6 and BC-3.14 were established by electroporation of BC-3 with
10 �g of pTRUF2-Tet-vGPCR. The cells were allowed to recover for 48 h in full
culture medium, and then 1 mg of G418 (Invitrogen) per ml was added. After 2
weeks under antibiotic selection, single cells were placed on irradiated fibroblast
feeder layers (1 � 104 to 2 � 104 cells/well; 5,000 rads of cobalt 	-irradiation) in
96-well plates by limiting dilution. After 2 weeks, wells with a single green
fluorescent protein-positive colony were expanded and those with two or more
were discarded. After reaching sufficient numbers, 48 lines were each screened
for intact tetracycline inducibility-related protein expression by transfection, as
described above, with 10 �g of pTRE-Luc (Clontech). Transfectants were split
into two samples, one of which received 2 �g of doxycycline (Sigma) per ml. At
48 h, lysates were prepared and luciferase assays were performed. Lines with low
background and high luciferase induction were used for vGPCR binding assays
to assess the inducibility of vGPCR expression. Lines BC-3.6 and BC-3.14 are
used interchangeably for all experiments presented here.

Binding assay. BC-3 and its derivative cell lines, while growing in exponential
phase, were subjected to various doses of doxycycline for 48 h. Aliquots (2 � 106

cells) were then washed in cold phosphate-buffered saline and resuspended in
200 �l of binding buffer (RPMI 1640 with 10 mg of bovine serum albumin
[Sigma] per ml and 25 mM HEPES). Samples were incubated in duplicate for 2 h
with 0.1 ng of125I-GRO� (2,200 Ci/mMol) (Amersham) in a total of 400 �l of
binding buffer, after which they were centrifuged through a 0.75-ml sucrose
cushion (20% sucrose, 140 mM NaCl, 40 mM Tris [pH 7.6], 0.4% BSA) at 3,000
rpm (500 � g) for 5 min. Approximately 0.8 ml of supernatant was discarded, and
the tubes were centrifuged again. The remainder of the supernatant was carefully
removed, the tips of the tubes were cut off, and the contents were counted for
radioactivity in a 	 counter.

Luciferase assays. For single-plasmid transfection experiments, the cells were
split into two samples after transfection, plated in 24-well plates, and exposed to
doses of doxycycline and GRO�/IP-10 as shown in the figures. After 48 h, lysates
were prepared using 1� cell culture lysis reagent as specified by the manufac-
turer (Promega). Assays were performed with 10 �l of lysate and 50 �l of beetle
luciferin in a microtiter plate luminometer (Dynex Tech., Chantilly, Va.), using
a 10-s read time. The protein concentration was used for normalization and was
determined by the Bradford method with Bio-Rad DC protein assay reagent
after dilution of samples and standards 1:1 in phosphate-buffered saline.

Western blot analysis and antibodies. BC-3.6 cells were plated in full growth
medium at 5 � 105/well of a 24-well plate and subjected to various amounts of
freshly resuspended doxycycline (Sigma) for 48 h. Lysates were prepared in
standard RIPA buffer supplemented with 1 �g each of aprotinin, leupeptin, and
pepstatin per ml, 0.5 mM phenylmethylsulfonyl fluoride, and 1 mM each NaVO4

and NaF (Sigma). The protein was quantitated by the Bradford method and
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) using 10 to 12% polyacrylamide gels. Semidry transfer to a polyvinyli-
dene difluoride membrane (Millipore) was performed using transfer buffer (48
mM Tris, 39 mM glycine, 0.037% SDS, 20% methanol). Blots were probed with
primary antibody (Ab) overnight at 4°C. Horseradish peroxidase-conjugated
secondary Ab was added after washing and was detected by an enhanced chemi-
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luminescence system (ECL) (Amersham). For anti-phosphokinase blots, the
blots were stripped after detection of the phosphorylated form and reprobed
with Ab to total enzyme. The following primary Abs were used: anti-phospho-
p38, anti-phospho-ERK1/2, anti-phospho-AKT, anti-phospho-I�B�, and anti-
total-AKT (Cell Signaling Technology); anti-total ERK1/2-ct (Upstate); and
anti-total p38 and anti-total I�B� (C-21) (Santa Cruz). Polyclonal vIL-6 antibody
was derived in our laboratory by immunizing rabbits with peptide PDVT
PDVHDK, as reported by Moore et al. (46), and used at 1:1,000. Anti-
-actin
was from Sigma. Band intensity was quantified with NIH Image (http://rsb.info-
.nih.gov/nih-image/). Bands were normalized to the respective controls bands
and then reported as fold induction over the values for baseline non-vGPCR-
expressing conditions.

ELISA for VEGF. BC-3.14 cells growing exponentially were exposed to doxy-
cycline and/or GRO� for 36 h to cause the expression of vGPCR and then serum
starved overnight in RPMI 1640. Then 6 � 105 cells were plated for each sample
in triplicate in 48-well plates, again in RPMI 1640 without serum. The cells were
centrifuged, and 24 h later the supernatants were analyzed for VEGF expression
by enzyme-linked immunosorbent assay (ELISA) (Cytokine Analysis Laboratory
at the Fred Hutchinson Cancer Research Center, Seattle, WA, George B. Mc-
Donald, MD, Director).

RESULTS

Establishment of a vGPCR-expressing PEL cell line using a
novel single-plasmid construct for tetracycline-mediated gene
expression. Our aim in this study was to assess vGPCR signal-
ing pathways and downstream effects in KSHV-infected hema-
topoietic cells. Given the important role of hematopoietic cells
as a reservoir for KSHV and a potential source of influential
cytokines, a study of such cells is relevant not only to PEL but
also to all KSHV-mediated disease (51). Initially, standard
transient and stable expression transfection studies were at-
tempted, but unlike the transformative properties displayed in
other cell types, standard overexpression of vGPCR via an
unregulatable promoter appeared to be toxic in all lymphoma
cell lines tested, including PEL lines. It became clear that an
inducible gene expression system was needed. Although tetra-
cycline-inducible expression is not new, we sought to derive a
plasmid vector that required just one round of transfection and
clonal selection (29). Furthermore, since hematopoietic cells
do not tend to integrate foreign DNA as readily as many
commonly used cell lines, we utilized the ITR sequences de-
rived from AAV-2: sequences thought to promote viral DNA
integration into the host cell genome (25). Figure 1 shows a
map of the resulting plasmid pTRUF2-Tet. In addition to the
AAV-2 ITRs, the commercially available tetracycline-respon-
sive promoter TRE, along with a unique NsiI cloning site and
SV40 poly(A) tail are present. The rtTA sequence shown en-
codes the fusion protein that binds tetracycline derivatives to
become a transcriptional activator. tTS is a more recently de-
veloped transcriptional silencer that minimizes background ex-
pression from the TRE promoter in the absence of tetracy-
cline, an attribute vital to the successful regulation of a
potentially lethal gene product (Clontech) (26).

To create PEL lines that inducibly express KSHV vGPCR,
we cloned vGPCR into pTRUF2-Tet and transfected BC-3, an
EBV-negative, KSHV-positive PEL line. Clonal cell lines were
derived by limiting dilution onto irradiated fibroblast feeder
layers. The resulting lines were screened first for green fluo-
rescent protein expression and then for the expression of rtTA
and tTS by transient transfection with pTRE-Luc (Clontech).
By transfecting each line with luciferase under the control of
the tetracycline-responsive promoter pTRE, we identified lines

displaying low uninduced luciferase expression but high levels
on induction with doxycycline. The clones considered to have
promising inducibility underwent the final screening step for
vGPCR expression by binding assays with radiolabeled GRO�,
a known agonist. Figure 2A shows the results of a dose-re-
sponse binding assay using various doses of doxycycline in two
BC-3 derivative cell lines, BC-3.6 and BC-3.14. The data show
exquisite doxycycline sensitivity, with no detectable baseline
increase of vGPCR expression compared to that in the parent
BC-3 line. As an initial evaluation of functional vGPCR ex-
pression, Fig. 2B shows dose-response growth curves in vG-
PCR-expressing cells. At any given time point, the number of
viable cells is inversely proportional to vGPCR expression.
Interestingly, the smaller numbers of viable cells are not ac-
counted for by increased cell death, as determined by daily
trypan blue staining; instead, they reflect slower proliferation.
These data are in line with our initial observation in transfec-
tion studies with standard nonregulatable CMV-derived pro-
moters: namely, that vGPCR expression adversely affects cell
growth. These initial growth curves confirmed that these cell
lines express vGPCR to a level high enough to affect cell
physiology, thus making them suitable lines for further exper-
iments.

KSHV vGPCR activates mitogen- as well as stress-induced
kinases. With a functional vGPCR-expressing PEL line, we
next examined vGPCR-mediated effects on MAPK and SAPK.
Constitutive activity of the MAPK ERK-1/2 is associated with
oncogenesis in both GPCR-dependent and -independent mod-
els (20). Published studies show that in HEK 293 cells, vGPCR
did not activate ERK-1/2, but constitutive activation was later
shown in COS-7 cells (8, 69). Such variation points to the
importance of considering cellular context when interpreting

FIG. 1. Map of pTruf-Tet, a single plasmid designed to allow tet-
racycline-mediated induction of transgenes cloned into the unique NsiI
site. ITR, inverted terminal repeat from AAV-2; Pcmv, CMV-derived
promoter region; GFP, green fluorescent protein; pA, polyadenylation
site from SV40; Ptre, tetracycline-responsive promoter; tTS, transcrip-
tional silencer; rtTA, reverse tetracycline-responsive transcriptional
activator; Neor, conveys neomycin resistance.
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signaling studies. In Fig. 3A we show that vGPCR does indeed
induce ERK-2 phosphorylation and thus activation in PEL
cells. BC-3.6 cells were grown in the presence of doxycycline
for 48 h as shown, and Western blot analyses were performed
by probing first for phospho-ERK-1/2. After stripping of the
blot, total ERK-1/2 was detected to show that overall levels of
this kinase had not changed. IP-10 is an inverse agonist of
vGPCR and was included to verify that kinase activation was
specifically due to vGPCR. Interestingly, vGPCR seems to
have a preferential effect on ERK-2. It is unclear why ERK-1
is unaffected.

c-Jun amino-terminal kinase (JNK) and p38 are often dis-
cussed together as the SAPK family of serine/threonine ki-
nases. Like ERK-1/2, they are ubiquitous in nature, but they
are generally activated by physiologic stresses and inflamma-
tory cytokines instead of by growth factors. Their physiologic
role varies considerably among cell type and other coexisting
signaling cascades. p38 is known to activate the transcription
factors ATF2, CHOP, and CREB among others (57, 75). Al-
though KSHV vGPCR can activate p38 in various cell lines,
the most exciting recent finding is that p38, along with ERK, is
involved in the vGPCR-induced expression of VEGF from
endothelial cells (69). VEGF is a vital growth factor in all
KSHV-mediated disease. Figure 3B shows that in PEL cells,
vGPCR can cause the phosphorylation and activation of p38.
Depending on the available upstream isoforms of MAPK ki-
nase (MKK), JNK and p38 can be activated together or as
independent SAPK modules (58). JNK activity is often asso-
ciated with apoptosis, but in some models it plays a mitogenic
role. In human B cells for example, JNK is activated by CD40
and has an antiapoptotic effect (61). Despite using multiple
methods, we have not detected significant vGPCR-mediated
JNK activation in PEL cells (data not shown).

vGPCR activates AP-1, CREB, and NF-�B-mediated tran-

FIG. 2. Establishment of doxycycline-inducible vGPCR-expressing
PEL lymphoma cell lines. (A) Binding assay shows increased vGPCR
protein expression with increasing doses of doxycycline. Cells were
incubated with125I-GRO�, and pellets were counted in a 	 counter.
The first two lanes verify that doxycycline has no independent effect on
control BC-3 cells. (B) vGPCR expression slows the growth of PEL
cells in culture. Cells were plated at 5 � 104 cells/ml with the doxycy-
cline doses shown (in micrograms per milliliter) and counted daily by
trypan blue exclusion. (Top) BC3.14 with increasing doxycycline doses
and thereby increasing vGPCR expression. The percentage of dead
cells does not vary between vGPCR-expressing and -nonexpressing
cells. (Bottom) Control BC-3 cells incubated with 2 �g/of doxycycline
per ml shows that doxycycline has no independent effect on cell
growth. Shown is average of three independent experiments; error bars
are omitted for clarity.

FIG. 3. vGPCR signaling activates ERK-2 and p38. (A) Western
blots for total and phosphorylated (active) ERK-1/2 show increasing
enzyme activity with increasing doxycycline doses. BC-3.14 cells were
grown at 37°C for 48 h in the presence of doxycycline doses as shown.
Protein extracts (30 �g/well) were subjected to SDS-PAGE and blot-
ted first with �-phospho-ERK1/2 and then stripped and reprobed with
�-total ERK1/2. (B) Western blots for phosphorylated and total p38.
Protein extracts (40 �g) from cells stimulated as above were first
probed with �-phospho-p38 and then stripped and reprobed with �-to-
tal p38. Numbers above the bands represent the average fold induction
in band intensity relative to baseline (three independent experiments).
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scription. AP-1 is an important transcription factor involved in
cellular growth control. vGPCR can activate AP-1-mediated
transcription in HEK 293 and COS-1 cells, but it was unknown
if this is the case in PEL cells. To address this possibility, a
reporter construct with an AP-1/phorbol ester-responsive ele-
ment upstream of luciferase was utilized. BC3.14 cells in ex-
ponential growth were transfected with pAP1-(PMA)-TA-Luc
by electroporation and then exposed to increasing doses of
doxycycline to induce vGPCR expression. After 48 h, lysates
were assayed for luciferase activity. A direct relationship be-
tween vGPCR and AP-1 activity was shown (Fig. 4A). Again,
AP-1-mediated transcription was sensitive to IP-10, thereby
confirming the role of vGPCR. The very dramatic inhibitory
effect of IP-10 is partly a reflection of assay sensitivity. Unlike
experiments based on transient expression from multiple plas-
mid copies of vGPCR, our model cells transcribe vGPCR from
as few as one integrated copy. In addition, only a small pro-
portion of PEL cells are transfected with the reporter vectors.
With fewer receptors expressed than in other overexpression
systems, inhibition with IP-10 leaves very few actively signaling

receptors, the full effects of which may not be accurately de-
tected.

The CREB family of transcription factors is generally de-
fined by their ability to bind cyclic AMP (cAMP)-responsive
elements after phosphorylation by cAMP-activated protein ki-
nase A (PKA). It is now clear, however, that CREB activity can
also be regulated by MAPK and SAPK family members like
p38 (75). Furthermore, several viruses produce proteins to
attenuate the function of CREB family members, including
adenovirus, human T-cell leukemia virus (HTLV), and, KSHV
(27, 37, 39). Given the effect of vGPCR on MAPK and SAPK
members, we studied its effect on CREB by using a trans-
activation luciferase reporter system (PathDetect; Stratagene).
Transfections and luciferase assays were performed as de-
scribed above. We found that vGPCR also up-regulates CREB-
mediated transcription (Fig. 4B). Our novel finding that vG-
PCR up-regulates this important transcription factor has im-
portant implications for the ability of KSHV to regulate both
viral and cellular gene products.

FIG. 4. vGPCR activates AP-1, CREB, and NF-�B in PEL cells. BC-3.14 cells were transfected with the appropriate luciferase reporter and
plated with the doses of doxycycline shown with or without IP-10 (100 nM), an inverse agonist of vGPCR. At 48 h, lysates were assayed for
luciferase activity. (A) Dose-response curve of AP-1 activation. The inset shows the response to doxycycline of the negative control plasmid
pTA-luc for the AP-1 and NF-�B constructs. (B) CREB activation. The inset shows the negative control plasmid, pFC2-dbd. (C) NF-�B activation.
The results shown represent at least three independent transfections. Values are normalized to the no-doxycycline point. (D) vGPCR causes the
phosphorylation of I�B� and AKT. Cells were subjected to the doses of doxycycline shown for 48 h, after which lysates (40 �g) were transferred
to PVDF, probed for phosphorylated enzyme, stripped, and probed for total enzyme. Numbers above the bands represent the average fold
induction (two independent experiments) in band intensity relative to baseline. �, In panels A to C, P � 0.05 relative to the baseline uninduced
value.
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NF-�B is a vital transcription factor for B-cell maturation
and survival. Its dysregulation has been associated with onco-
genesis in several models, and its inhibition of leads to the
death of some lymphoma lines including PEL (35). vGPCR
activates NF-�B in primary endothelial cells, the monocytic
line THP-1, and Jurkat T cells (17, 51, 65). Furthermore,
vGPCR activates NF-�B via coupling to G�13 in HeLa cells
(67). Using an NF-�B-luciferase reporter, we show that NF-�B
transcriptional activity is enhanced by vGPCR expression in
PEL cells (Fig. 4C). Consistent with this response, vGPCR can
clearly cause phosphorylation of I�B�, a reaction upstream of
NF-�B nuclear translocation (Fig. 4D). Treatment with IP-10
abrogated the activation of NF-�B by the induced expression
of vGPCR.

vGPCR activation of NF-�B has been linked to its signaling
via the kinase AKT/PKB, the main effector of PI3K (17, 45).
GPCRs of both the pertussis-sensitive and -insensitive families,
G�i and G�q, respectively, have recently been shown to acti-
vate the PI3K-AKT axis (47). Figure 4D shows that vGPCR
induces the phosphorylation and thereby the activation of
AKT in PEL cells.

KSHV vGPCR activates NFAT and transcription via ORF
50 and ORF 57 promoters. In immune cells, NFAT, a Ca2�-
dependent transcription factor, can act in conjunction with
AP-1 to enhance the expression of numerous proteins involved
in the productive immune response, some of which are crucial
to the biology of KSHV-mediated disease (23, 41, 68). Fur-
thermore, in B cells, NFAT and NF�B are common down-
stream targets of PI3K and phospholipase C	 (for a review, see
reference 43). Since we knew that AP-1 and NF-�B were
activated in PEL cells by vGPCR, we studied the effect of
vGPCR on NFAT-mediated transcription (Fig. 5A). The im-
plications of increased NFAT activity on the role of vGPCR in
the transactivation of viral genes are interesting because
NFAT is absolutely required for the Ca2�-induced latent-to-
lytic program switch in KSHV in vitro (81). With the knowl-
edge of such broad activation of important transcription fac-
tors, we went on to assess the effects of vGPCR on certain
KSHV lytic genes including ORF 50 and ORF 57; the former
gene product is a homologue of EBV RTA, has broad trans-
activation potential, and is necessary and sufficient to induce
lytic replication of KSHV. ORF 57 is a lytic gene product
up-regulated by ORF 50 and is thought to have transactivation
potential of its own (21, 40). Luciferase reporter assays show
clear transcriptional activation via both the ORF 57 and ORF
50 promoters by vGPCR (Fig. 5B and C). Although constitu-
tive vGPCR signaling had minimal effect, the presence of the
agonist GRO� caused three- and fourfold induction, respec-
tively, in vGPCR-expressing cells. This requirement for an
agonist differs from the results of the transcription factor as-
says in Fig. 4 and 5A and is discussed below.

KSHV vGPCR up-regulates vIL-6 and VEGF expression
from PEL cells. vGPCR induces VEGF expression from both
fibroblasts and endothelial cells, in the latter case via p38 (8,
69). KS depends on VEGF for its highly vascular morphology,
and PEL depends on VEGF for tumor growth and acsites
production in mice (2, 3, 44, 62). Furthermore, VEGF clearly
plays a role in the clinical behavior of MCD (49). Should
vGPCR cause VEGF expression from PEL cells, it would have
potential to mediate paracrine effects on infected or uninfected

endothelial cells. Using an ELISA, we showed that vGPCR can
indeed increase VEGF expression from PEL cells (Fig. 6A).
The expression of vGPCR in the presence of the agonist
GRO� led to a 500-pg/ml increase in VEGF expression, which

FIG. 5. vGPCR activates transcription by NFAT as well as the
KSHV ORF 50 and ORF 57 promoters. BC-3.14 cells in exponential
growth were transfected with the respective luciferase reporter con-
struct and exposed to does of doxycycline and/or GRO� as shown, to
induce vGPCR expression and further increase signaling, respectively.
After 48 h, lysates were assayed for luciferase activity as described in
Materials and Methods. (A) NFAT activity. The negative control was
as in the inset of Fig. 4A. (B) ORF 50 promoter. The inset shows the
response to doxycycline of the negative control plasmid pGL2-control.
(C) ORF 57 promoter. The inset shows the response to doxycycline of
the negative control plasmid pG32-control. Results shown represent at
least three independent transfections. �, P � 0.05 relative to the base-
line uninduced value.
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represented an approximately twofold change from the base-
line serum-starved state. In murine fibroblasts, VEGF expres-
sion is enhanced by the KSHV homologue of IL-6 (vIL-6) (1).
Furthermore, vIL-6 is functional and plays an important role in

the growth of PEL and MCD (1, 32, 38). The vIL-6 promoter
contains both AP-1 and NFAT sites and is known to be up-
regulated by ORF 50 (18). We sought, therefore, to determine
if vGPCR affects vIL-6 expression. Using both a luciferase
reporter assay (K2P-luc was a kind gift from Ren Sun) and
Western blotting, we showed that vGPCR signaling positively
regulated vIL-6 expression (Fig. 6B and C). The induction of
both vIL-6 and VEGF confirms the growth and angiogenic
potential of vGPCR, particularly as regards a paracrine role in
PEL.

DISCUSSION

KSHV vGPCR is a bona fide constitutively signaling mole-
cule that can couple to both G�i and G�q G proteins, thereby
giving it broad signaling capabilities. It activates the MAPK
and SAPK cascades and enhances transcription via NF-�B and
AP-1. Important growth and angiogenic factors like VEGF are
influenced by vGPCR, and in NIH 3T3 cells, vGPCR is directly
transforming. However, little is known about the signaling cas-
cades utilized and the downstream phenotypic effects of
vGPCR in hematopoietic cells such as monocytes and B lym-
phocytes, cells that serve as reservoirs of KSHV in vivo and are
the source of important inflammatory cytokines. We sought,
therefore, to study vGPCR in such a highly biologically rele-
vant cellular context. As described above, however, our re-
peated attempts to express vGPCR constitutively in B-cell lines
failed, in that none of the many lymphoma lines used recov-
ered after transfection of vGPCR under a constitutive pro-
moter; this finding was surprising, given that vGPCR is con-
sidered a transforming viral oncogene (8). To establish a
workable model, we decided to use an inducible gene tran-
scription system to express vGPCR in PEL cells. Inducibility
offers several advantages over constitutive transient or stable
expressions (i) As in our case, gene products that are toxic to
cells or cause a slowing of cell growth can be studied more
effectively. (ii) Graded inducible expression can avoid the
“forced” protein-protein and protein-DNA interactions that
may result from enormous overexpression of an exogenous
product under a nonregulatable promoter. (iii) Transfection of
some cell types is very inefficient, results in much cell death,
and thus makes certain experiments exceedingly difficult when
transient-expression assays are used. For our experiments, we
chose to use the tetracycline-inducible system (Tet-On; Clon-
tech). The standard approach requires the establishment of a
clonal line that efficiently expresses the tetracycline-binding
protein (rtTA), followed by a second round of transfection and
clonal screening for the expression of the gene of interest that
is downstream of the tetracycline-responsive promoter
(pTRE). Given the general difficulty in establishing stable he-
matopoietic cell lines, we wanted to derive a vector that would
allow a single transfection and selection effort. Although sin-
gle-plasmid systems containing both the rtTA and transgene
under the control of pTRE have been reported (33, 64), we
added two more elements to our construct: (i) the tTS gene
product, which has been recently developed to minimize leaky
expression from the tetracycline-responsive promoter (26), and
(ii) the ITR sequences from AAV-2. AAV-2 is a promising
candidate as a gene therapy vector, given its ability to integrate
into the host cell genome. It has generally been thought that

FIG. 6. vGPCR increases the expression of KSHV vIL-6 and
VEGF. (A) BC-3.14 cells were transfected with the vIL-6–luciferase
construct, incubated with or without doxycycline and with or without
GRO� (100 nM) for 48 h, and assayed for luciferase activity. Negative
control is as in the inset in Fig. 5C. Results of three independent
transfections are shown. (B) BC-3.14 cells were plated at 5 � 105

cells/ml in the doses of doxycycline shown. The cells were lysed in
RIPA buffer after 48 h, and 40 �g of protein per lane was loaded onto
the SDS-PAGE gel. Western blot analysis was performed using anti-
vIL6 Ab, stripped, and then the blot was reprobed with anti-
-actin Ab
to control for loading. Numbers above the bands represent average
fold induction in band intensity relative to baseline (three independent
experiments). (C) BC-3.14 cells growing exponentially were preincu-
bated in full medium with or without doxycycline and with or without
GRO� (100 nM) for 36 h. They were then washed and replated in
serum free medium with or without doxycycline and with or without
GRO� for another 12 h. Then 6 � 105 cells per point were plated in
serum-free medium, and at 24 h, the supernatant was assayed for
VEGF by ELISA. Results represent three independent experiments
and are expressed as picograms per milliliter over baseline production.
Uninduced cells expressed 535 pg of VEGF per ml. vGPCR-expressing
cells stimulated with GRO� expressed 1,054 pg/ml. �, P � 0.001 rel-
ative to the baseline uninduced value.
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the ITR regions at the distal ends of the AAV-2 genome are
highly recombinogenic (although very recent data suggest that
other AAV-2 sequences are required for maximal integration
efficiency) (50, 53, 63). Our resulting plasmid, pTRUF2-Tet,
was used to successfully establish vGPCR-expressing PEL lines
that have proven to be a promising and unique model for
studying vGPCR signaling as well as the interaction between
vGPCR and other KSHV genes.

Our first goal with these inducible vGPCR-expressing lines
was to establish the effect of vGPCR on the major limbs of the
MAPK and SAPK pathways. MAPK and SAPK are ubiquitous
signaling molecules with an array of downstream effects in
response to mitogens, inflammatory cytokines, and physiologic
stresses. Dysregulation of both MAPK and SAPK has been
associated with dysregulated growth and tumorigenesis.
GPCRs are known to signal via the MAPK and SAPK path-
ways, and KSHV vGPCR is no exception. Cellular context is,
however, crucial to any signaling molecule’s choice of effectors,
their potential cross talk, and the ultimate effect on gene tran-
scription and cellular physiology. This is highlighted in a recent
study by Polson et al., where significant differences were iden-
tified by using transient transfection of vGPCR in the BJAB
and SLK cell lines, representing B and endothelial cells, re-
spectively, followed by gene expression profiling (54). Here we
have shown that, unlike for some other cell types studied,
vGPCR can activate both ERK-2 and p38 in PEL cells. This
gives vGPCR a great potential to affect a huge array of genes
involved in cell cycling, death, and cytokine secretion.

Indeed, this potential to affect gene transcription in PEL
cells was extended by our finding that even in the absence of
ligand, vGPCR has an activating effect on AP-1, NF-�B, and
CREB; all three transcription factors have been thoroughly
studied and are known to influence lymphocytic cells and ma-
lignant phenotypes. It is known that AP-1 is involved in cellular
growth control, since it was found to be stimulated by phorbol
ester tumor promoters and to be composed of c-Jun and c-Fos,
the cellular homologues of v-Fos and v-Jun. Its overall effects
are largely cell type specific, however, leading to apoptosis in
some and to increased survival in others (for a review, see
reference 66). Our studies show for the first time that vGPCR
can also activate CREB. The CREB/ATF transcription factor
family is involved in regulating various cellular genes, and CRE
sites are found in the regulatory elements of many human
viruses including members of Herpesviradae and HTLV-1 (4).
Thus, CREB activation (or mimicry in the case of HTLV-1
Tax) may provide a link between the regulation of gene ex-
pression by cellular signaling pathways and their subversion by
viral transactivating proteins (31). In some cases, this subver-
sion may serve as a primary method by which these viruses
manipulate cellular machinery toward the goal of viral repli-
cation (for a review, see reference 28). Therefore, the exact
function of vGPCR-mediated CREB activation in KSHV war-
rants further study.

NF-�B is also proving to be an important downstream ef-
fector of vGPCR. Not only does vGPCR directly activate NF-
�B-mediated transcription in endothelial cells, but also condi-
tioned medium from vGPCR-expressing endothelial cells
activates NF-�B and several of its dependent cytokines in non-
vGPCR-expressing cells (51). Until now, however, a link be-
tween the two has not been shown in a naturally KSHV-

infected hematopoietic cell. Our results confirm and extend
the importance of vGPCR-mediated NF-�B activation in that
we now know that in such cells, vGPCR has the potential to
affect cytokine production, host cell antiviral responses, and
even cell survival via NF-�B. Although the pathway from
vGPCR to NF-�B involves the PI3K/AKT axis in COS-7 cells,
it is not certain that the same holds true in hematopoietic cell
types. We have shown that vGPCR activates AKT in PEL cells,
and we know that this reaction is wortmannin sensitive, i.e.,
PI3K mediated (data not shown), but we are currently assess-
ing whether PI3K/AKT contributes substantially to vGPCR-
mediated NF-�B activation. Regardless of a direct effect on
NF-�B, however, the ability to signal via PI3K/AKT greatly
extends the signaling repertoire of vGPCR in PEL cells. AKT
has many potential downstream effectors, is associated with an
antiapoptotic function, and is necessary to vGPCR-mediated
endothelial cell survival (45, 56).

For several reasons, we also wanted to assess the effects of
vGPCR on the Ca2�-calcineurin-dependent transcription fac-
tor NFAT. First, although the major pathways activating
NFAT and AP-1 are distinct, cross talk does occur and a large
range of NFAT/AP-1 composite binding sites occur upstream
of genes in immune cells (e.g., genes for IL-2 and granulocyte-
macrophage colony-stimulating factor) (41). Second, both
NFAT and NF-�B are downstream effectors of PI3K and pro-
tein lipase C	 (PLC	) in B-cell activation (for a review, see
reference 43). Third, NFAT is required for the Ca2�-induced
KSHV lytic cycle (81). Because of its broad signaling capacity
including Ca2� mobilization and AP-1 activation (like phorbol
esters used to induce the KSHV lytic phase), we postulated
that vGPCR was a candidate molecule for affecting KSHV
transcription patterns. Our novel results showing vGPCR-me-
diated NFAT activation mean that vGPCR warrants further
investigation with regard to its transactivation potential.

Recently, Chiou et al. have elegantly investigated the trans-
activation potential of vGPCR and shown that it can up-regu-
late transcription via the KSHV T1.1/PAN lytic promoter, the
LLP latency leader promoter, and the K1 promoter (15). We
extend these results by showing that vGPCR can activate tran-
scription via both the ORF 50 and ORF 57 promoters. It is
noteworthy that unlike vGPCR-mediated activation of the var-
ious transcription factors tested, detection of transcription via
the ORF 50 and ORF 57 (and vIL-6) promoters required the
addition of GRO�, a vGPCR agonist (Fig. 5B and C and 6A).
This agonist requirement probably reflects the low copy num-
ber of vGPCR expressed. In addition, although transcription
factor luciferase reporter constructs are purposely designed for
maximum response to a specific transcription factor (often
with multiple copies of the binding element in tandem), the
viral promoters used here are much more complex and include
both positive and negative regulatory elements. Therefore, the
effect of vGPCR on ORFs 50 and 57, shown in Fig. 5B and C,
is the net result of the integration of many events caused by this
broadly signaling receptor. It is unclear whether vGPCR-me-
diated transcription from the ORF 57 promoter is direct, in-
direct (via ORF 50), or a combination of the two mechanisms.
Moreover, although the ORF 50 promoter contains NFAT-,
AP-1-, and NF-�B-binding sites (and the ORF 57 promoter
contains both AP-1 and NF-�B sites), determining which of
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these are involved vGPCR-mediated transcription requires
further deletion mutant studies.

Although transcriptional activation by vGPCR may be “non-
specific”, Chiou et al. astutely point out that an important
physiologic role for vGPCR transactivation in the lytic phase of
KSHV infection cannot be ruled out. The vGPCR gene is an
early lytic gene as defined by transcript sensitivity to the viral
DNA polymerase inhibitor foscarnet (48, 73). In a later study
with a single cell line, the vGPCR transcript was detected
temporally after ORF 59 and called a late lytic product, but no
inhibitor studies were included (52). Interestingly, a very re-
cent study by Dezube et al. argues that vGPCR is vigorously
expressed on initial infection of endothelial cells as part of an
immediate and synchronous lytic infection (19). Therefore,
although it would be difficult to postulate that, as a lytic prod-
uct, vGPCR can induce the KSHV lytic switch de novo from
latently infected cells, it is clear that vGPCR has the potential
to affect both viral and cellular gene transcription during at
least part of the lytic cycle. It is conceivable that the slower
proliferation of vGPCR-expressing cells (Fig. 2) reflects a role
for a vGPCR-mediated subversion of the cell cycle during the
lytic phase. In fact, inhibition of cellular DNA replication is a
common effect mediated by several herpesvirus proteins and is
thought to be important during lytic herpesvirus replication,
perhaps to prevent competition for nucleotide pools. This may
be induced directly or indirectly, for example by induction of
other lytic genes such as the replication-associated protein,
which was recently shown by Wu et al. to induce a G1 cell cycle
arrest (79). Furthermore, through its ability to respond both
negatively and positively to various CC- and CXC-type chemo-
kines (including KSHV-derived chemokine homologues), vG-
PCR could help dictate the KSHV response to changes in the
extracellular environment (59).

In addition to possible roles in the KSHV life cycle or host
cell cycle, it is very likely that by augmenting both vIL-6 and
VEGF expression from KSHV-infected lymphoma cells,
vGPCR has an important role with respect to angiogenesis and
cellular proliferation in a paracrine manner. Such mechanisms
fit nicely with the expression patterns of vGPCR and the re-
peated finding of small subsets of lytically infected hematopoi-
etic cells in PEL, MCD, and KS lines and tissues, including
within the KS-like lesions of transgenic vGPCR-expressing
mice (15, 24, 34, 36, 72, 80). These few lytic cells may encour-
age growth or angiogenic properties among neighboring cells,
KSHV infected or otherwise. Thus, it may be that vGPCR
exerts its most important effects via a very small subset of cells.

Having established a novel KSHV-positive hematopoietic
cell line inducible for vGPCR expression, we now have a model
suited for further study of cell-type-specific vGPCR signaling
and its effects on viral and cellular gene regulation. It will also
facilitate further study of vGPCR-mediated changes in cellular
phenotype including growth, proliferation, response to apopto-
tic stimuli, and even chemotaxis.
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