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KSHV G protein–coupled receptor inhibits lytic gene transcription in
primary-effusion lymphoma cells via p21-mediated inhibition of Cdk2
Mark Cannon, Ethel Cesarman, and Chris Boshoff

Kaposi sarcoma (KS) remains the most
common AIDS-associated malignancy
worldwide. In sub-Saharan Africa espe-
cially, this aggressive endothelial-cell tu-
mor is a cause of widespread morbidity
and mortality. Infection with Kaposi sar-
coma–associated herpesvirus (KSHV) is
now known to be an etiologic force be-
hind KS and primary-effusion lymphoma
(PEL). Over time, KSHV has pirated many
human genes whose products regulate
angiogenesis, inflammation, and the cell

cycle. One of these, the KSHV vGPCR, is
a lytic product that is a constitutively
active homolog of the IL-8 receptor. Al-
though it is considered a viral oncogene
and causes KS-like lesions in mice,
vGPCR expression results in cell-cycle
arrest of KSHV-infected PEL cells. In the
present study, we show that this arrest is
mediated by p21 in a p53-independent
manner; the resulting Cdk2 inhibition de-
creases the efficiency of chemical induc-
tion of KSHV lytic transcripts ORF 50 and

26. Importantly, Cdk2 activity is also es-
sential for replication in other human
herpesviruses. The ability of vGPCR to
delay or abort KSHV replication may ex-
plain how despite being a lytic product,
this potent signaling molecule has a vital
role in tumor formation via its induction
of various KS-associated cytokines.
(Blood. 2006;107:277-284)
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Introduction

Kaposi sarcoma (KS), an endothelial-cell tumor, is the most
common AIDS-related malignancy worldwide. It is a major cause
of morbidity and mortality, particularly in several sub-Saharan
African countries where it is the most common cancer overall. In
1994, Kaposi sarcoma–associated herpesvirus (KSHV) was discov-
ered and soon established as an etiologic agent in all forms of
KS.1-3 KSHV is a lymphotropic �2-herpesvirus that infects not only
the endothelial cells of KS but has also been detected in several
hematopoietic cell types. It is detected in a subpopulation of the
infiltrating mononuclear inflammatory cells seen in KS and also
gives rise to primary effusion lymphoma (PEL). PEL is an
AIDS-associated non-Hodgkin lymphoma that is characterized by
lymphomatous effusions of serous cavities and only occasionally
presents with a definable mass.4 Furthermore, KSHV infection has
been linked to a more aggressive phenotype in another B-cell–
proliferative disease called multicentric Castleman disease and its
associated plasmablastic lymphoma.5,6

During coevolution with its human host, KSHV has acquired
homologues of several human genes involved in angiogenesis,
inflammation, and cell-cycle regulation.7-18 One of these is the
product of ORF 74, a G protein–coupled receptor (vGPCR) that is a
constitutively active homologue of human CXCR1, CXCR2, and
of herpesvirus saimiri ECRF3. Such agonist-independent activity is
also a characteristic of the ORF 74 product of murine �herpesvirus
68. Notably, there exist several constitutively active GPCR mutants

associated with human disease.19-23 The KSHV vGPCR has muta-
tions of its cytoplasmic tail and of transmembrane helices 2 and 3
that confer its constitutive activity.24,25 Even so, vGPCR signaling
can be fine-tuned by various ligands, and this modulation may
prove essential to its pathogenic role in KSHV-mediated dis-
ease.26-31 Multiple mouse models have now shown that vGPCR
expression causes KS-like lesions, and in one study a mutant
vGPCR lacking the ligand-binding domain failed to produce
tumors.32-35 The mechanism of vGPCR-induced KS-like tumors is
not fully understood. Although vGPCR directly transforms primary
endothelial cells and fibroblasts in vitro,36,37 histology of vGPCR-
derived tumors in mice shows that relatively few vGPCR-
expressing endothelial or hematopoietic cells drive endothelial-cell
outgrowth. This observation concurs with early KS tumors in
which a relatively small subset of cells are KSHV-infected and
even fewer express lytic genes such as vGPCR.38-41 For these
reasons, many postulate that vGPCR has its primary tumorigenic
effects via paracrine pathways rather than via direct transformation.
Indeed, vGPCR expression results in the elaboration of various
cytokines that are known to be essential KS pathogenesis.25,42-50

In addition to the histologic evidence, vGPCR expression
patterns also make it difficult to argue for a directly transforming
role for vGPCR in KSHV-mediated disease. vGPCR is a lytic
KSHV gene and as such is expressed mainly in cells destined to die
secondary to viral replication.51,52 However, in addition to its
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paracrine-mediated proliferative effects, vGPCR influences the
transcription of viral genes, thereby giving it potential to affect the
viral life cycle.43,53 Furthermore, recent evidence supports the
possibility of vGPCR expression outside the context of KSHV lytic
phase; this shows potential for vGPCR to have a more prolonged
effect on host and viral gene transcription than may be assumed by
a model in which vGPCR is expressed only after the latent-lytic
switch has been activated.54 Given these data together with our own
that show vGPCR causes cell-cycle arrest in PEL cells,43 we sought
to more completely characterize this arrest and to study the effect of
vGPCR on the induction of 2 lytic transcripts, ORF 50 and ORF 26.
The ORF 50 product is necessary and sufficient for the latent-lytic
switch in KSHV,55,56 and ORF 26 is a late lytic transcript encoding
a capsid protein.57,58 Both these transcripts are detectable after
treatment of KSHV-infected PEL cells with tetradecanoyl phorbol
acetate (TPA) or butyrate. These chemicals are used to induce
production of KSHV virions from various PEL lines and have been
used extensively to study the latent-lytic switch.59-63 Using a
KSHV-infected PEL line engineered to express vGPCR under a
doxycycline-inducible promoter, we show that vGPCR signaling
results in an inhibition of S-phase entry with increased transcrip-
tion of p21cip that is p53 independent. Furthermore, kinase assays
show that this arrest is mediated by decreased activity of cyclin-
dependent kinase (Cdk) 2, but not Cdk4 or Cdk6. We also show that
vGPCR overexpression results in a drastic decrease in TPA- or
butyrate-induced ORF 50 and ORF 26 messages. Using a dominant-
negative Cdk2 construct, we conclude that it is likely the inhibition
of Cdk2 at least partially mediates vGPCR’s inhibition of chemical
induction of ORF 50 and 26 transcripts. These studies add
significantly to the knowledge of how vGPCR, despite being
characterized as a lytic transcript, can influence the KSHV lytic
cycle and the pathogenesis of KSHV-mediated disease.

Materials and methods

Study protocol was approved by University College London (UCL) Safety
Committee GM688.

Cell culture

The PEL cell lines used were maintained in RPMI 1640 plus 40 mg/L
gentamicin (Invitrogen, Carlsbad, CA) with 10% FBS (Atlanta Biologicals,
Norcross, GA) at 37°C, 5% CO2.

Cell-cycle analysis

BC3.14 cells in exponential growth were incubated for 48 hours with or
without doxycycline and then fixed with 70% ethanol overnight. Forty-
eight hours was chosen as the time point based on our previous work with
BC3.14 cells showing that vGPCR signaling and phenotypic effects are not
seen prior to 48 hours. They were then stained with propidium iodide at a
final concentration of 50 �g/mL with RNaseA 100 U/mL. When nocoda-
zole (Sigma, St Louis, MO) was used to inhibit mitosis, it was added for 17
hours to cells at a final concentration of 0.2 �g/mL. Ten thousand cells were
then analyzed using CellQuest and ModFit on a FACScalibur flow
cytometer (Becton Dickinson, Franklin Lakes, NJ). To quantify S phase,
cells were incubated in the dark at 37°C for 4 hours in the presence of 100
�M BrdU (Sigma). They were then plated using a Cytospin 2 (Shandon,
Thermo Electron Corporation, Waltham, MA) and fixed for 30 minutes with
70% ethanol. Cells were washed in PBS and incubated for 15 minutes with
2N HCL to denature genomic DNA. After several more PBS washes, 70 �L
staining solution was added (50 �L PBS with 0.5% BSA and 0.5%
Tween-20, 20 �L anti-BrdU-FITC [BD Pharmingen, Franklin Lakes, NJ]),
and cells were incubated for 1 hour in a dark humid chamber. Cells were

then washed, and mounting medium with DAPI was applied (Vector
Laboratories, Burlingame, CA). At least 100 cells were counted, and S
phase was expressed as the percentage of FITC-staining cells relative to
total number of DAPI-staining cells. Images were obtained using an
Axiovert 100 microscope, LD Acroplan 20�/0.04 numeric aperture objec-
tive, Axiocam camera, and Axiovision 3.0.6 software (all from Zeiss,
Oberkochen, Germany).

Transfections and luciferase assays

Transfections were performed on exponentially growing cells by electropo-
ration (Bio-Rad Gene Pulser II; Bio-Rad, Hercules, CA) at settings of
270 mV and 975 mF in 0.8-cm cuvettes (Invitrogen), using 8 � 106

cells/cuvette resuspended in 0.8 mL RPMI 1640. Cuvettes were prechilled
on ice, and after transfection cells were quickly plated in full culture
medium. For luciferase assays, 10 �g p53-TA-luc or pTA-luc (Clontech
BD, San Jose, CA) were transfected, and cells were then divided evenly
and plated with or without doxycycline (Calbiochem, EMD Biosciences,
Darmstadt, Germany). After 48 hours, lysates were prepared using 1 �
Cell Culture Lysis Reagent as per the manufacturer’s directions
(Promega, Madison, WI). Assays were performed using 10 �L lysate
and 50 �L beetle luciferin in a Microtiters Plate Luminometer (Dynex
Tech, Chantilly, VA), using a 10-second read time. Protein concentration
was used for normalization and was determined by the Bradford method
with Bio-Rad DC Protein Assay Reagent after diluting samples and
standards 1:1 in PBS. Because cells were divided after transfection,
transfection efficiency was inherently controlled for, and protein
equalization was deemed sufficient.

Western blotting and antibodies

BC3.14 cells were plated in full growth medium at 4 � 105/mL in a 24-well
plate and subjected to 2 �g/mL doxycycline for various time periods. Cells
were diluted to keep below 1.0 � 106/mL to minimize effects of crowding.
Cells were lysed with standard RIPA buffer with 1 mg/mL each of aprotinin,
leupeptin, and pepstatin, 0.5 mM PMSF, and 1 mM each of NaVO4 and NaF
(Sigma). Protein was quantitated by the Bradford method and loaded onto
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
using 10% to 12% gels. Semidry transfer to PVDF (Millipore, Billerica,
MA) was performed using transfer buffer, 48 mm Tris, 39 mm glycine,
0.037% SDS, and 20% methanol. Blots were probed with primary antibody
(Ab) overnight at 4°C. HRP-conjugated secondary Ab was added after
washing and detected by an enhanced chemiluminescence system (Amer-
sham, Little Chalfont, United Kingdom). Antibodies used included anti-p21
(F-5), anti-p27 (C-19), anti-p53 (FL393), anti-mdm2 (smp14), anti-cyclinA
(H-432), and anti-cyclinD2 (C-17) (Santa Cruz Biotechnology, Santa Cruz, CA).

Kinase assays

Cells were lysed in IP buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM
EDTA, 2.5 mM EGTA, 10% glycerol, 1 mM DTT, 0.1% Tween-20, 10 mM
�-glycerophosphate, 1 mM NaF, 0.1 mM sodium orthovanadate, 2 �g/mL
aprotinin, 5 �g/mL leupeptin, 0.1 mM PMSF); 800 �g protein was
precleared and then incubated overnight at 4°C with 2 �L of the appropriate
anti-Cdk antibody and 20 �L protein G plus agarose beads (Upstate
Biotechnology, Lake Placid, NY). Beads were then washed 4 times in IP
buffer and twice in 50 mM HEPES with 1 mM DTT. Kinase reactions were
carried out in 30 �L kinase buffer (50 mM HEPES, 10 mM MgCl2, 1 mM
DTT, 10 mM �-glycerophosphate) along with 10 �g substrate, GST-RbC-
pocket (aa 773-928). Cold ATP to final concentration of 50 �M with 10 �Ci
(0.37 MBq) �-32P ATP (6000 Ci/mmol [222.0 � 1012 Bq/mmol]) was
added, and the mixture was incubated at 30°C for 30 minutes. The reaction
was stopped by addition of Laemmli buffer and brief boiling. The reaction
product was loaded and run on a 10% SDS-PAGE gel, dried, and exposed
overnight. Blots were also incubated with anti-Cdk2 antibody to check for
equal loading. Antibodies used included anti-Cdk2 (M2), anti-Cdk4 (C22),
anti-Cdk6 (C21) (Santa Cruz Biotechnology).
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Quantitative RT-PCR (qRT-PCR)

Total RNA from cells was treated with DNase I (RNase-Free; Ambion,
Oxon, United Kingdom) before cDNA synthesis according to the manufac-
turer’s instructions. cDNA was generated from 1 �g total RNA by using the
SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen).
Real-time qRT-PCR was performed on an ABI PRISM 7700 sequence
detector (Applied Biosystems, Foster City, CA) by using the SYBR Green
PCR Master Mix (Applied Biosystems) in duplicate, with triplicate
nontemplate controls in a 25-�L PCR reaction. One microliter of cDNA
was used in a 25-�L PCR mixture containing 1 � SYBR Green PCR
Master Mix and 0.3 �M GAPDH primers (5�-GGA GTC AAC GGA TTT
GGT CGT A and 3�-GGC AAC AAT ATC CAC TTT ACC AGA GT), or 0.5
�M ORF 26 primers (5�-GAT TCC ACC ATT GTG CTC GAA T and
3�-CCC AGT TGC TGA GGC ACG), or 0.5 �M ORF 50 primers (5�-CAC
AAA AAT GGC GCA AGA TGA and 3�-TGG TAG AGT TGG GCC TTC
AGT T), or 0.7 �M p27 primers (5�-CGG TGG ACC ACG AAG AGT TAA
and 3�-GGC TCG CCT CTT CCA TGT C), or 0.3 �M p21 primers
(5�-ACA CCT TCC AGC TCC TGT AAC ATA CT and 3�-GAAACG GGA
ACC AGG ACA CAT), or 0.3 �M vGPCR primers (5�-GTG CCT TAC
ACG TGG AAC GTT and 3�-GGT GAC CAA TCC ATT TCC AAG A).
The comparative Ct method was used as described previously.64

Construction, production, and infection of
lentivirus-expressing Cdk2-DN

The 900-bp Cdk2-DN sequence was obtained by BamH1 digestion of
pCMV-cdk2-dn. The fragment was then ligated either in forward or reverse
direction into the BamH1 site of pHR-CSGW (kind gift of Adrian Thrasher,
Institute of Child Health, London, United Kingdom) which had been
modified to replace the eGFP sequence with a multiple cloning site. To
obtain pseudotyped lentivirus (recombinant HIV-1 with vesicular stoma-
titis virus G [VSV-G] envelope protein), which expresses the Cdk2-DN
protein, we used the gene delivery and production system developed by
Naldini et al.65

Results

KSHV vGPCR signaling results in cell-cycle arrest of PEL cells
with inhibition of transition to S phase

Although KSHV vGPCR has been shown to enhance cell prolifera-
tion in fibroblasts and endothelial cells,36,37 we have shown that it
inhibits PEL cell growth when overexpressed in the context of
KSHV infection.43 This was an unexpected finding, but it rein-
forced that cell-signaling molecules often have very cell-specific
effects. To better describe this growth inhibition, we examined the
cell-cycle profile of vGPCR-expressing PEL cells. As in our
previous work, we used BC3.14 cells which are derived from the
PEL line BC3.43 BC3.14 cells express vGPCR when exposed to
doxycycline. Cells were inoculated at identical concentrations and
then incubated as normal for 48 hours with or without doxycycline
to express the vGPCR. The microtubule inhibitor nocodazole was
added for 17 hours, and cell-cycle position was determined by
propidium iodide staining and flow cytometric analysis. Figure 1A
shows that at baseline, BC3.14 cells progress rapidly through S
phase and accumulate in G2/M in the presence of nocodazole.
However, when vGPCR is expressed, the cells arrest prior to S
phase and do not accumulate in G2/M. To accurately assess the
S-phase compartment over time, BC3.14 cells with or without
vGPCR overexpression were incubated with bromodeoxyuridine
(BrdU), plated, then stained with anti-BrdU antibody, and counted.
Figure 1B shows a vGPCR-induced exit from S phase from 50% to
less than 20%. Figure 1C graphically represents multiple such

experiments using 2 different doses of doxycycline over 5 days. As
suspected, a very low dose of doxycycline had no effect. However,
full-dose doxycycline resulted in a marked inhibition of S phase by
72 hours. Gro� is a known vGPCR agonist, and we noted that
downstream signaling effects of vGPCR are easier to detect in the
presence of Gro�.66 However, in this case, the phenotypic effect of
cell-cycle arrest was not appreciably enhanced by Gro�. This
simply attests to the strong constitutive activity of vGPCR and is
not unexpected.

vGPCR causes a p53-independent transcriptional up-regulation
of p21cip in PEL cells

Cell-cycle progression is regulated through a precise temporal
activation of Cdk’s. Two classes of Cdk inhibitors (CDIs) are
crucial to this ordered Cdk activation and include the CIP/KIP and

Figure 1. KSHV vGPCR expression results in cell-cycle arrest with decrease in
proportion of cells in S phase. (A) BC3.14 cells were exposed to 2 �g/mL
doxycycline where indicated for 48 hours to induce vGPCR expression. Cells were
then stained with propidium iodide and analyzed by FCM. The percentage of cells in
each cell phase is shown. Average of 2 independent experiments is shown. *P � .05
compared with corresponding point in “No Doxy” panel. (B) BC3.14 cells were
exposed to doxycycline where indicated for 48 hours and then fixed to glass slide
by cytocentrifugation. Cells were incubated with BrdU for 6 hours followed by
FITC-conjugated anti-BrdU. (C) BC3.14 cells were exposed to doses of doxycy-
cline as shown for up to 120 hours. BrdU staining was performed at each time
point. Cells were manually counted, and the average of 3 experiments is shown.
Error bars indicate SD.
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INK4 families.67 Using Western blotting and quantitative reverse
transcriptase–PCR (qRT-PCR), we examined the effect of vGPCR
signaling on p21cip and p27kip, CDIs known to inhibit the S-phase
cyclins, E and A. Figure 2A shows that doxycycline-induced
expression of vGPCR results in increased protein levels of both p21
and p27. Supporting the specificity of this vGPCR-mediated effect
is that Gro� results in slight enhancement of protein accumulation
when added to vGPCR-expressing cells but has no independent
effect. It is possible that accumulation of p21 and p27 merely
reflect an accumulation of cells in G0/G1. We therefore used
qRT-PCR to look for transcriptional up-regulation of these CDIs.
Figure 2B shows a clear increase in p21 message that would argue
for a causal effect on cell-cycle arrest rather than a secondary
accumulation. Changes in p27 transcript are not significant in the
absence of Gro� stimulation. Because cell-cycle arrest does not
require the addition of a vGPCR agonist (see Figure 1), we
conclude that vGPCR signaling mediates an increase in p21, but
that increases in p27 are a secondary effect of cell-cycle arrest and
not likely to be an important part of the vGPCR signaling pathway.
Furthermore, using qRT-PCR we assayed for p15, p16, p18, and
p19 but found no detectable effect of vGPCR on the INK family of
CDIs (data not shown). Of note, BC3, the parent line of BC3.14,
has been shown to express no p16, and our experiments confirmed
this for BC3.14.68

Increases in p21 can be either dependent or independent of the
tumor suppressor p53.69-72 We therefore assessed the vGPCR-
mediated effect on p53 in our PEL cell line. Figure 3A shows that,
despite prolonged incubation with doxycycline, the resultant

vGPCR expression did not result in accumulation of p53 or mdm2
as would be expected with p53 activity.73,74 Furthermore, luciferase
reporter assays using a p53-responsive promoter show some
decrease in p53 activity. The cause of this decrease is unclear but
certainly argues against a p53-mediated increase in p21.

vGPCR signaling inhibits Cdk2 but not Cdk4 or Cdk6 activity

Having identified p21 as the CDI responsible for vGPCR-mediated
cell-cycle arrest, we next investigated the level of various cyclins
and, more importantly, the activity of the relevant Cdk’s. Cdk’s are
expressed at more or less constant levels throughout the cycle but
are regulated through the synthesis and degradation of the cyc-
lins.75 The D-type cyclins are short lived and assemble with Cdk4
or Cdk6 in G1 in the presence of ongoing mitogenic stimuli.76

Cyclin E peaks at the transition from G1 to S phase followed by
cyclin A during S phase. Both these cyclins activate Cdk2.77

Although multiple approaches failed to accurately quantify cyclin
E levels in these cells, Western blotting (Figure 4A) shows that
ongoing vGPCR expression results in decreased levels of cyclin A
and cyclin D2. This decrease in levels of the G1- and S-phase
cyclins are consistent with the data in Figure 1, showing a G0/G1

arrest. However, a more definitive functional assay of the cyclin-
dependent kinases was performed.78 Using the C-terminus of
retinoblastoma (Rb) protein as a substrate, we assayed the kinase
activity of Cdk2, Cdk4, and Cdk6 (Figure 4B). Although vGPCR
had no effect on Cdk4 or Cdk6, it produced a marked reduction in
Cdk2 activity. This is in keeping with the known inhibitory effects
of p21 on Cdk2. The effect of p21 on Cdk4/6 is more complex with
some models showing inhibition but others arguing that the
cdk/cyclinD interaction with p21 is also important to sequester p21
away from the Cdk2/cyclin E complex.79

KSHV vGPCR inhibits chemically mediated lytic gene induction
via inactivation of Cdk2

Herpesviruses need to manipulate the host cell cycle to their own
replicative ends. It is known that both CMV and EBV require the
S-phase Cdk’s (eg, Cdk2) for successful replication. Furthermore,
very recent data suggests that cells in S phase produce KSHV
virions more efficiently when chemically induced.80-82 Having

Figure 2. KSHV vGPCR causes increase in p21 and p27. (A) BC3.14 cells were
exposed to 2 �g/mL doxycycline for length of time shown in hours. Western blot
shows vGPCR-dependent increases in p21 and p27 over 96 hours. Shown is 1 of 3
independent experiments. (B) Quantitative RT-PCR shows vGPCR-dependent tran-
scriptional regulation of p21 and to a lesser extent, p27. Gro� (100 nm), a vGPCR
agonist, is included to assure specificity of observed effects. Average of 2 indepen-
dent experiments each done in duplicate is shown. Error bars indicate SD.
*Significant increase over baseline, P � .05.

Figure 3. KSHV vGPCR-induced cell-cycle arrest is not mediated by p53. (A) BC3.14
cells were exposed to doxycycline for the specified length of time to induce vGPCR,
after which protein lysates (30 �g) were loaded onto 12% SDS-PAGE gels and
probed for p53 and mdm2. Shown is a representative of 3 independent Western blot
experiments. (B) BC3.14 cells were transfected with p53-TA-luc, a commercially
available p53 reporter construct. Transfected cells were then divided and incubated
with doxycycline (2 �g/mL for 48 hours), Gro� (100 nM), or without additives as
shown. Protein lysates were harvested, and equal amounts were assayed. Cells
were divided after transfection, so no further control for transfection efficiency was
performed. As expected, vGPCR expression has no effect on pTA-luc the control
plasmid (inset). Shown is the average of 3 independent experiments. Error bars
indicate SD.

Figure 4. KSHV vGPCR causes decreased levels of cyclin A, D2 complexes, and
decreased cdk2 kinase activity. (A) To express vGPCR, BC3.14 cells were
exposed to 2 �g/mL doxycycline for the time shown in hours. Protein lysates were run
on 10% SDS-PAGE gels and probed with appropriate antibodies. (B) BC3.14 cells
were incubated for 48 hours with doxycycline and then lysed in kinase buffer.
Antibodies were then used to immunoprecipitate each kinase as indicated. After
resuspension in kinase buffer, the substrate GST-pRb (C term) was added along with
[�-32P] ATP. Phosphorylated product was detected by autoradiography after separa-
tion on a 12% SDS-PAGE gel (top). Ten percent of the protein input for the IP was
used to Western blot for each kinase (bottom). A representative of 3 independent
experiments is shown.
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shown that vGPCR overexpression inhibits Cdk2, we used qRT-
PCR to quantitate the production of KSHV ORF 50 and ORF 26 in
chemically induced BC3.14 cells in the presence or absence of
vGPCR expression. The product of ORF 50 is vital to KSHV
replication, and ORF 26 is a late lytic gene that encodes a capsid
protein. Both butyrate and TPA induce PEL lines to produce new
virions, although levels of class II and III transcripts vary depend-
ing on the stimulus.61 Using standard doses of butyrate and TPA we
found that induction of both ORF 50 and ORF 26 transcripts was
markedly reduced in BC3.14 cells that were made to express
vGPCR prior to induction (Figure 5A). The effect was most
dramatic with TPA and high-dose butyrate. Because vGPCR is
itself a lytic gene and chemically inducible, we compared the levels
of vGPCR transcript achieved with doxycycline induction versus
chemical induction. We felt it important to do so because vast
overexpression of exogenous signaling proteins can force other-
wise unnatural associations and downstream effects. We found that
at 48 to 96 hours of doxycycline induction, levels of vGPCR
transcript were comparable to those induced by standard TPA and
butyrate doses at 48 hours; doses known to bring about successful
virion production (Figure 6). Although we have never seen a
phenotypic effect of doxycycline on control cell lines (ie, BC3), we
also performed control experiments on BC3 cells to ensure that
doxycycline was not having an unexpected effect on the chemical
induction of ORF 50 or ORF 26. Indeed, doxycycline had no
independent inhibitory effect on ORF 50 or ORF 26 when assayed

by qRT-PCR; curiously however, there was a trend of higher
butyrate-induced levels in the presence of doxycycline (Table 1).
The reason for this is unclear but does not detract from the data
presented in Figure 5.

As discussed, Cdk2 activity is necessary for both EBV and
CMV replication. We therefore assessed specifically whether the
vGPCR-induced inactivation of Cdk2 could be at least partially
responsible for the decrease in chemically induced transcription of
ORF 50 and 26. Using lentiviral transduction, we infected BC3.14
cells with either a Cdk2 dominant-negative (DN) construct or a
reverse Cdk2-DN sequence as a control.83 Cells were incubated
with butyrate; ORF 50 and ORF 26 transcripts were quantified by
qRT-PCR. Figure 7 shows that the Cdk2 dominant negative caused
an approximately 50% reduction in both transcripts. Of note these
data allow us to conclude that it is the vGPCR-induced inhibition of
Cdk2 that results in inhibition of ORF 50 and ORF 26 transcripts,
strongly suggesting an impairment of successful lytic replication.

Discussion

KSHV vGPCR signaling and function have been assayed in several
cell types, but few studies have been done in hematopoietic cells.
KSHV-infected hematopoietic cells are a vital source of new virion
production in all KSHV-mediated disease. Furthermore, ongoing
virion production is essential to maintain KSHV-derived tumors.
For that reason we studied vGPCR signaling, transcription factor
activation, and phenotypic effect in PEL cells (KSHV-infected
lymphoma cells of B-cell lineage). Our initial studies showed that
overexpression of vGPCR results in decreased proliferation.43

This finding was surprising because vGPCR had already been
classified as a viral oncogene that transforms fibroblasts and

Figure 5. KSHV vGPCR expression inhibits lytic gene induction by TPA and
butyrate. BC3.14 cells were treated for 48 hours with 2 �g/mL doxycycline where
indicated to express vGPCR, after which cells were also exposed to butyrate (1 mM
or 2 mM) (A) or TPA (20 ng/mL) (B) to induce KSHV lytic gene transcription. q
RT-PCR was performed for ORF 50 and ORF 26 message. Results are normalized to
untreated cells (lane 1). Shown in both panels are 2 independent experiments each
done in duplicate. Error bars indicate SD. *Significant increase over baseline,
P � .05; **Significant decrease from maximum induction, P � .05.

Figure 6. Doxycycline induction of KSHV vGPCR in BC3.14 cells results in
increases in vGPCR message similar to levels obtained with lysis-inducing
chemicals. BC3.14 cells were treated for 48 hours with TPA (20 ng/mL), butyrate
(1 mM and 2 mM), or 2 �g/mL doxycycline (48 and 96 hours). Quantitative RT-PCR
was then done using primers for KSHV vGPCR. Results were normalized to
untreated cells in lane 1. Error bars indicate SD.

Figure 7. Cdk2 activity is necessary for full chemical induction of KSHV lytic
genes. BC3 cells were infected with lentivirus expressing the Cdk2 dominant-
negative coding sequence in either forward or reverse (control) orientation; 72 hours
later, cells were treated with 1 mM butyrate for 48 hours as indicated. Quantitative
RT-PCR was performed for ORF 50 (top), and ORF 26 (bottom). Figure represents 2
independent experiments, each done in duplicate. Error bars indicate SD. *Signifi-
cant increase over baseline, P � .05; **Significant decrease from maximum induc-
tion, P � .05.

Table 1. Quantitative RT-PCR results for ORF 50 and ORF 26
in BC3 cells

Fold increase in mRNA

ORF 50 ORF 26

Butyrate 42.8 400.2

TPA 12.6 100.1

Doxycycline 1.1 0.8

Butyrate � doxycycline 85.4 812.3

TPA � doxycycline 17.4 125.1

BC3 cells were treated for 48 hours with butyrate (2 mM), TPA (20 ng/mL),
doxycycline (2 �g/mL), or combinations as shown. Results are an average of 2
independent experiments and indicate that doxycycline has no independent negative
effect on induction of ORF 50 or ORF 26.
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endothelial cells. We also noted that when overexpressed in
uninduced, latently infected cells, vGPCR modestly increases
the transcription of ORF 50 and ORF 57. Because cell-cycle
manipulation and lytic gene product expression are intimately
connected in herpesvirus replication, we sought to better
understand the mechanism of vGPCR-induced cell-cycle arrest
and its effect on lytic gene transcription in KSHV.

Using standard techniques we show that vGPCR signaling
results in a dramatic arrest in G0/G1 with subsequent exit from S
phase. It has been shown that ERK1/2 and p38 can act in concert to
cause a p53-independent, p21-mediated G1 arrest.84 Furthermore,
we have previously shown that in PEL cells, vGPCR induces both
ERK1/2 and p38 activity.43 We therefore hypothesized that p21 was
the CDI primarily responsible for vGPCR-induced arrest. Our data
here support such a signaling pathway in PEL cells. Consistent with
activation of p21, we show that the S-phase kinase Cdk2 is
markedly inhibited by vGPCR. Although cell-cycle arrest generally
coincides with herpesviral latent-lytic switch, Cdk2 activity re-
mains essential for replication.85 Using lytic gene transcription as a
surrogate for successful replication, our data strongly support a
vGPCR-driven inhibition of viral replication via down-regulation
of Cdk2. It remains possible, however, that there are additional
vGPCR-mediated events that also contribute to cell-cycle arrest or
lytic-phase inhibition. For example, it has been shown many times
that vGPCR induces NF�B activity; NF�B has in turn been shown
to inhibit KSHV-lytic activation.86

Several studies support the idea that vGPCR may be
expressed outside the context of the KSHV lytic cycle. HIV Tat
increases the expression of vGPCR, and recent work from the
Ganem laboratory (Yen-Moore et al87 and Liang and Ganem88)
showed that vGPCR may be regulated by RBP-J, a transcription
factor and target of the Notch pathway.87,88 Furthermore,
abortive lytic-cycle progression in which a subset of lytic genes
products is expressed has been shown in other herpesviruses. If
such deregulated expression of vGPCR does occur, our data
have implications for a longstanding conundrum in the vGPCR
literature: as a lytic gene, it is difficult to reconcile either a
directly transforming role, or indeed a paracrine role for vGPCR
despite the many KS-related cytokines elaborated as a result of
its signaling. Presumably a lytically activated KSHV-infected
cell that is expressing vGPCR is destined to die and therefore
not able to sustain a prolonged paracrine effect on surrounding
cells. If, however, a sustained up-regulation of vGPCR were to
occur prior to a latent-lytic switch, vGPCR may delay or even
prevent full lytic transcription and cell death. Consequently, the
proliferative and angiogenic potential of vGPCR would have
time to be biologically significant in the tumor microenviron-
ment. Furthermore, vGPCR-driven recruitment of new in-
fectible cells would ensure viral propagation, producing as a
byproduct the abnormal cellular proliferation characteristic of
KSHV-mediated tumors (Figure 8). So although it may be that a
few short-lived lytically activated cells can have an effect on the
tumor microenvironment, the potential of a vGPCR-induced
prolongation of an aberrant lytic phase exists and requires
further investigation. The potential effects of a dysregulated (ie,
nonlytically expressed) vGPCR has been described in a recent
review by Sodhi et al.89

Aside from possible dysregulated expression outside the lytic
cycle, the “normal” lytic expression of vGPCR may also play a
significant role in KSHV replication. KSHV has evolved mecha-
nisms to carefully regulate vGPCR. Its expression is restricted in
that it is transcribed within the 3� end of a bicistronic message;

furthermore, KSHV encodes vMIP II, an inverse agonist of
vGPCR.90 Precise control of vGPCR signaling suggests that the
timing and level of vGPCR signaling is crucial to KSHV propaga-
tion, and it is likely that vGPCR plays more than one role in the
course of KSHV-mediated disease. This may explain why we have
previously found that in the setting of latent infection, vGPCR
overexpression results in modest increased ORF 50 activity,43 but
in the setting of lytic induction, vGPCR downwardly modulates the
transcription of ORF 50. An interesting finding by Dezube et al91 is
that during early de novo KSHV infection of primary endothelial
cells, vGPCR transcription fluctuates in a cyclic pattern with a 48-
to 72-hour time course consistent with viral replication. vGPCR-
induced changes in viral transcription patterns or in host-cell
function (including cell cycle) may be required during initial
infection to establish successful latency or perhaps to kick start
the initial rounds of lytic replication. Whether the cyclic pattern
of vGPCR transcription is specific to endothelial cells remains
to be studied.

We have established the ability of vGPCR to mediate cell-cycle
arrest of infected B cells and provide compelling evidence that this
occurs via Cdk2 inhibition. Furthermore, we provide initial evi-
dence that this results in abnormal lytic phase induction. Indepen-
dent inhibition of Cdk2 suggests that, as with other herpesviruses,
this kinase is required for normal KSHV lytic gene induction.
Although this helps explain how a lytic gene product could have
important paracrine effects on surrounding cells, there remain
questions about the exact role of vGPCR in the establishment of
KSHV infection, maintenance of latency, and the latent to lytic
switch. Our novel findings presented here are currently being
extended to determine how vGPCR expression affects the quantity
and infectivity of new virions. Furthermore, vGPCR-mediated
effects on other KSHV lytic genes are being investigated and will
shed light on the remaining questions about this pirated chemokine
receptor and its potential as a target of rationally designed
anti-KSHV treatment.
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Figure 8. Schematic representation of vGPCR function. Extracellular and intra-
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with inhibition of viral replication and cell death. This allows more prolonged effect of
vGPCR on surrounding cells than would otherwise be possible if the lytic replication
phase were to occur unhindered.
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