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The human herpesvirus 8 (HHV-8) viral G protein-coupled receptor (vGPCR) has been implicated in
virus-associated disease pathogenesis due principally to its ability to induce the production of angiogenic
cytokines involved in this process. However, the role of the vGPCR in normal virus biology is understudied and
remains unknown. Here we provide evidence from vGPCR gene knockout and depletion experiments that
vGPCR is a positive regulator of HHV-8 productive replication and, through experimental utilization of
G�-coupling variants of vGPCR, that signaling via G�q activation and targeted mitogen-activated protein
kinase pathways is of particular relevance to this activity.

Several herpesviruses encode one or more viral G protein-
coupled receptors (vGPCRs), structurally related to chemo-
kine receptors, some of which are directly orthologous and
others of which are evolutionarily distinct (12, 17, 19). Even
where orthologous, such as ORF74-type vGPCRs in the HHV-
8-related gamma-2-herpesviruses, the vGPCRs are fairly
highly diverged structurally and have unique functional prop-
erties (19, 21, 22). The role of vGPCRs in herpesvirus repli-
cation has been investigated in other viral systems, principally
for those viruses that undergo efficient productive replication
in culture and for which in vivo studies can be undertaken. For
example, vGPCRs specified by murine gammaherpesvirus 68
ORF74 and rat cytomegalovirus (CMV) R78 have identifiable
proreplication functions both in vitro and in vivo, as revealed
by phenotypic analyses of vGPCR gene-disrupted mutant vi-
ruses (2, 11, 15). Other vGPCRs investigated, such as rat CMV
R33 and mouse CMV M33, influence virus replication and
viral pathogenesis in experimentally infected animals but are
not required for optimal virus replication in culture (3, 7). For
human herpesvirus 8 (HHV-8) vGPCR, one study using engi-
neered HHV-8 latently infected primary effusion lymphoma
(PEL) cells conditionally expressing the chemokine receptor
found that induced vGPCR expression led to cell cycle arrest
and to reduced viral lytic gene expression in tetradecanoyl
phorbol acetate (TPA)/butyrate-reactivated cultures (4).
While the former finding is fully compatible with productive
replication (8, 25), the latter seems counterintuitive; however,
it may have resulted from the particular timing and levels of
vGPCR expression prior to chemical induction or other spe-
cific features of the system and conditions used.

For our investigations of vGPCR function in lytic replica-
tion, two main approaches were taken: vGPCR gene (ORF74)
disruption in the context of the viral genome (“knockout”) and
short hairpin RNA (shRNA)-mediated vGPCR depletion in
the context of HHV-8-infected PEL and endothelial cells
(“knockdown”). Gain-of-function (vGPCR overexpression)
and complementation of endogenous vGPCR depletion also
were employed. In the knockout approach, we first generated
an ORF74-deleted HHV-8 genome, utilizing recombinase
A-mediated techniques applied to bacmid HHV-8 genome
BAC36 (1, 14, 18, 23, 26). The general strategy used is illus-
trated in Fig. 1A, showing the structure of the pST76KSR-
based transfer vector employed for introduction of Flp recom-
binase-cleavable Frt-flanked Tetr gene in place of ORF74.
Following selection of resolved cointegrants on sucrose and
isolation of tetracycline-resistant recombinants, the Tetr ex-
pression cassette was removed by transfection of a tempera-
ture-sensitive Flp recombinase-expressing plasmid, pCP20 (5),
which was subsequently selected against by growth at 43°C.
Tetracycline-sensitive colonies were then selected and
screened for appropriate recombination by restriction diges-
tion. Examples of diagnostic restriction and Southern blot
analyses for identification of ORF74-deleted recombinant and
revertant (repaired genome, control) are shown in Fig. 1B. A
similar strategy was used to generate HHV-8 bacmid genomes
in which native ORF74 was replaced with point-mutated read-
ing frames encoding G�-coupling vGPCR variants vGPCR.8
(R322W) and vGPCR.15 (M325S) (13) or containing a single
nucleotide (frameshifting) insertion after the first ATG codon.
Here, the mutated ORFs 74 were cointroduced with the Tetr

cassette into the �ORF74 genome and Tetr was subsequently
removed with Flp recombinase. Repaired counterparts of
these mutated genomes were generated by essentially the same
strategy, to replace mutated ORFs with wild-type ORF74 (in-
troduced into genomes first deleted of mutated ORFs 74).
General integrity of recombinant genomes (mutated and re-
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paired) was verified by restriction digestion (Fig. 1B). In addi-
tion, transcription from the K14/ORF74 region (10, 16) was
checked by quantitative reverse transcription-PCR (RT-
qPCR) analysis of bacmid-transfected HEK293T cells, mock
treated or treated with TPA to induce lytic cycle (Fig. 1C).

The various mutated bacmid genomes and their repaired
counterparts were transfected into HEK293T cells, and their
abilities to replicate were compared following lytic cycle induc-
tion with TPA treatment or replication and transcription acti-
vator (RTA) expression vector transfection. Replication com-
petence was assessed by qPCR determination of viral genome
copy numbers in cultures 3 days postinduction. Initial experi-
ments compared the replication competence of the �ORF74
recombinant with its repaired/wild-type counterparts; the data
showed significant decreases in both TPA- and RTA-induced
genome copy numbers of the ORF74-null genomes relative to
native and repaired (R) genomes, indicating a positive role of
vGPCR in HHV-8 productive replication (Fig. 2A). The re-
version to the wild-type phenotype for the repaired genome
confirmed lack of functionally significant coincident alteration
in the ORF74-deleted genome during its generation. Further
experiments were undertaken utilizing the point-mutated
HHV-8 genomes in analogous experiments; ORF74X is
vGPCR null due to a single-nucleotide frameshift insertion,
whereas the other ORFs 74 specified vGPCR coupling specif-
ically to G�i (R322W, vGPCR.8) or predominantly to G�q

(M325S, vGPCR.15). HHV-8.ORF74X, like HHV-8.�ORF74,
had reduced replication capacity (shown for RTA induction),
demonstrating that vGPCR deficiency, rather than ORF74 lo-
cus disruption, leads to this phenotype (Fig. 2B, bottom panel).
The HHV-8 genome encoding vGPCR.8 (G�i specific) was
impaired in virus production, whereas an HHV-8 genome
specifying vGPCR.15 (coupling preferentially with G�q) was
essentially unaffected (Fig. 2B). As vGPCR.8 and vGPCR.15
signal predominantly via phosphatidylinositol 3-kinase/NF-�B
and protein kinase C/mitogen-activated protein kinase
(MAPK) pathways, respectively, in HEK293T cells (13), our
data indicate that MAPK signaling may be of particular rele-
vance to proreplication activities of vGPCR and that NF-�B
signaling is not of primary importance.

We next investigated the effects of vGPCR depletion on
virus replication in PEL cells, naturally infected (latently) with

FIG. 1. Shuttle vector and recA approach (14, 18) for generation of mutations in HHV-8 bacmid BAC36 (26). (A) A Tetr cassette was introduced
individually or together with engineered vGPCR open reading frame (ORF) sequences into the ORF74 locus and subsequently excised for generation
in Flp recombinase-expressing bacteria to generate ORF74-deleted or -mutated HHV-8 genomes. A single nucleotide was inserted after the initiator
ATG codon of ORF74 (genome position 129374) (20) to generate frameshifted (vGPCR null) ORF74; ORFs mutated in codons 322 and 325 (genome
positions 130337 to 130339 and 130346 to 130348, respectively) and specifying signaling-altered vGPCRs R322W (m8) and M325S (m15) were made
previously (13). Generation of genomes containing these point-mutated ORFs was achieved by cointroduction of each engineered ORF74 together with
Tetr into ORF74-deleted bacmid (HHV-8.�ORF74) and subsequent Flp-mediated deletion of the Tetr cassette to arrive at the final recombinant
genomes. Each was repaired by substitution with wild-type ORF74 using analogous procedures. The various steps used to generate and select for
intermediate and final bacmid recombinants are illustrated; the reagents, strategies and experimental approaches are explained fully in published papers
(1, 14, 18, 23). (B) Examples of restriction (KpnI) and Southern analyses of bacmid recombinants, outlining the diagnostic principles used for the
identification of ORF74 deletion (HHV-8.�ORF74), introduction of point-mutated ORFs 74, and reintroduced wild-type (WT) (repaired [rep]) ORF74.
Panels i and ii show agarose gel and Southern blot analyses of the KpnI-restricted HHV-8.�ORF74 bacmid recombinant and its repaired counterpart,
and panel iii provides a comparison of the KpnI restriction patterns of the point-mutated genomes (and repaired versions) with wild-type, �ORF74, and
�ORF74rep bacmids. (C) Verification of appropriate mRNA production from the K14/ORF74 transcription unit of recombinant genomes was checked
by RT-PCR detection of K14- and ORF74-encoding transcripts. K14 transcripts from all recombinant genomes were detected in the presence of TPA,
and all bacmids, except HHV-8.�ORF74, produced vGPCR transcripts, induced by TPA. The primer pairs used for PCR were 5�-CAAGCAGGCCA
TGTGTTATG-3� and 5�-AGCACCACAGCAACAATCAC-3� for ORF74 and 5�-GATGGAGGGGCTGTTACCTGTGT-3� and 5�-CGTCTTCTGT
GCTATTTACCT-3� for K14. RT, reverse transcriptase.

FIG. 2. Effects of ORF74 knockout and substitution in reactivated
lytic replication of bacmid genomes. (A) Initial analysis of ORF74-
deleted (�) and -repaired (�R; reverted to wild type [wt]) genomes for
replication competence relative (rel.) to wild-type BAC36. HEK293T
cells were transfected with the bacmids, transformants were selected in
hygromycin, and virus lytic replication was induced either by TPA
treatment or RTA expression vector transfection. Cells were harvested
3 days postinduction, DNA was extracted, and virus DNA was quan-
tified using a primer pair directed to ORF73. (B) Analogous experi-
ments were carried out using �ORF74, point-mutated genomes con-
taining a frameshift (fs) insertion into ORF74, or altered codons
R322W (m8) and M325S (m15) and repaired (fsR, m8R, and m15R)
counterparts. Representative results from multiple experiments are
shown. Values were normalized to uninduced controls; error bars
represent divergence from the mean of duplicate values.
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HHV-8. First, two vGPCR mRNA-specific shRNAs were gen-
erated, cloned into a green fluorescent protein-positive
(GFP�) lentiviral vector, and tested for their abilities to de-
plete vGPCR protein levels in appropriately transfected
HEK293T cells (Fig. 3A). Both shRNAs were effective in
vGPCR-red fluorescent protein (RFP) depletion (as identified
by decreased RFP fluorescence in the transfected [GFP�]
cells) and were used in functional assays. Parallel cultures of
BCBL-1 cells were transduced with lentiviral vectors express-
ing each of the vGPCR-directed shRNAs or a nonsilencing
(NS) shRNA (control), and these cultures were then treated
with TPA to induce lytic reactivation. Quantitation of encap-
sidated viral genomes released into culture media during a
3-day period (before excessive PEL cell death) was done by
application of ORF73-directed qPCR to ultracentrifuge-pel-
leted and DNase I-resistant viral DNA. Significant reductions
in virus titers were detected in PEL cultures expressing each of

the vGPCR-targeted shRNAs relative to virus production from
NS shRNA-transduced cultures (Fig. 3B). Analogous testing of
the effects of vGPCR depletion on virus replication was un-
dertaken in NS or vGPCR shRNA� endothelial (TIME) cells
infected with BCBL-1-derived virus. Infection and establish-
ment of latency were confirmed by immunofluorescence stain-
ing for latency-associated nuclear antigen (LANA) in parallel
cultures (data not shown). The results of these experiments
demonstrated depletion of cumulative HHV-8 titers derived
over a 6-day period (shown previously to allow for maximum
virus production [6]) following TPA treatment in vGPCR
sh1-transduced relative to NS-shRNA-transduced cultures
(Fig. 3C). Thus, consistent with our bacmid-based experi-
ments, the data from vGPCR depletion in both PEL and
TIME cells indicated a positive role of vGPCR in virus
productive replication.

As vGPCR is produced from a bicistronic transcript, ad-

FIG. 3. Depletion of vGPCR expression in PEL and HHV-8 infected TIME cells. (A) Two shRNAs directed to vGPCR mRNA sequences
(5�-AGCGGATATGACTACTCTGGA-3�, sh1; 5�-AACGTTGGAATACTCTCTCTGAT-3�, sh2) were tested for their efficacies in HEK293T
cells transfected with lentiviral-based expression vectors (GFP�) encoding each shRNA together with vGPCR-RFP expression plasmid. Fluores-
cence micrography revealed substantially decreased vGPCR-RFP expression in vGPCR shRNA-transduced cells relative to levels in NS shRNA-
transfected cells. The panels containing sh1/2 plus vGPCR have been deliberately overexposed to demonstrate shRNA efficacy. (B) Both shRNAs,
cloned into and expressed from puromycin-selectable lentiviral vectors, were utilized to investigate the functional significance of vGPCR for
HHV-8 productive replication in TPA-treated PEL (BCBL-1) cultures. Lentivirus-infected cultures were grown in the presence of puromycin to
ensure 100% shRNA transduction prior to TPA treatment. Media were harvested 3 days postinduction for qPCR analysis of ultracentrifuge-
pelleted and DNase I-resistant encapsidated viral DNA. Virus replication was diminished in each case, relative to NS shRNA-transduced control
cultures. Data were obtained from triplicate qPCR reactions; error bars show standard deviations from mean values. (C) Analogous experiments
were undertaken in latently infected endothelial (TIME) cells, using one of the vGPCR-directed shRNAs (sh1). Similar results were obtained,
demonstrating vGPCR shRNA-specific negative effects on virus replication. The data presented are from duplicate samples and qPCRs.
(D) Testing of resistance of shRNA target site-altered vGPCR coding sequences to effects of shRNA-mediated depletion in HEK293T-based
cotransfection experiments using wild-type (wt) and engineered ORFs 74 fused to RFP coding sequences. The ORF74 sequence (AGCGGAT
ATGACTACTCTGGA) targeted by shRNA 1 was changed to AGT GGT TAC GAT TAT TCC GGA (changes in codons [triplets] are
underlined). (E) Rescue of the vGPCR mRNA depletion phenotype in TIME cells by (shRNA resistant) vGPCR complementation but not by
vOX2/CD200, encoded in HHV-8 by a bicistronic message also containing ORF74 (10, 16). Data were derived from duplicate samples and qPCRs;
error bars represent deviations from mean values.
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ditionally encoding ORF K14 (vOX2/vCD200), we wanted
to confirm that observed phenotypic effects were due to
vGPCR specifically, although expression of the vOX2 recep-
tor, CD200R, through which vOX2 functions, is known to be
restricted mainly to myeloid and T-cell subpopulations and to
be absent from endothelial cells (9, 10, 16, 24). Lentiviral-
based expression vectors for vGPCR and vOX2 were used in
complementation assays. Coding sequences for vGPCR were
engineered to be resistant to the shRNA (vGPCR sh1) by intro-
duction of codon-synonymous mutations in the shRNA target
sequence; the resulting mRNA was indeed resistant to deple-
tion by the shRNA (Fig. 3D). Empty lentivirus vector or
lentiviruses encoding vGPCR or vOX2 were used to infect
vGPCR-shRNA-transduced HHV-8� TIME cultures. Virus
titers following TPA induction of lytic replication were un-
dertaken by qPCR analysis of medium-derived encapsidated
genomes, as before. The vGPCR depletion phenotype was
rescued by vGPCR transduction, specifically, confirming the
functional relevance of vGPCR signaling in HHV-8 produc-
tive replication (Fig. 3E).

Finally, we investigated the significance of vGPCR and of
particular vGPCR-activated signaling pathways to HHV-8 pro-
ductive replication through a “gain-of-function” experimental
approach. Thus, we tested whether vGPCR overexpression
could boost normal levels of virus production in TPA-treated
HHV-8 (latently)-infected TIME cultures. Consistent with the
results obtained in the depletion and rescue experiment
(Fig. 3E), overexpression of vGPCR, but not vOX2, was able
to increase the efficiency of virus production, confirming the
functional significance of vGPCR and inactivity of vOX2 in our
assay (Fig. 4A). Experiments utilizing vGPCR.8 (R322W, G�i

specific) and vGPCR.15 (M325S, predominantly G�q coupled)
revealed that G�i coupling was insufficient to support vGPCR-
promoted HHV-8 replication in TIME cells, whereas G�q-
coupled vGPCR.15 was able to enhance TPA-induced virus
replication equivalently to wild-type vGPCR (Fig. 4B). As
G�q-mediated signal transduction is known to activate MAPK
signaling strongly via phospholipase C activation, our data
indicate that this pathway is of primary importance in promo-
tion of HHV-8 replication by vGPCR.

The data presented here identify proreplication activity of
HHV-8 vGPCR. As vGPCR is expressed during lytic replica-
tion, a positive role of the chemokine receptor in virus pro-
duction would have been expected, perhaps, at least in the
context of natural infection in vivo. The culture-based prorep-
lication activity we have observed demonstrates direct auto-
crine effects of vGPCR signaling in the support of lytic repli-
cation, and incorporation of G�-coupling variants of vGPCR
into our experiments has implicated MAPK pathway activa-
tion, mediated predominantly by G�q coupling, as of particular
significance in respect of this function. Interestingly, MAPK/
extracellular signal-regulated kinase signaling was identified as
important for MHV-68 vGPCR-mediated proreplication activ-
ity also (11), suggesting that this may be a general means by
which viral chemokine receptors can promote replication.
While further studies are necessary to elucidate the precise
mechanisms of HHV-8 vGPCR proreplication activity via
MAPK signaling, the data presented here provide the founda-
tion for these more detailed investigations. Of particular im-
portance, perhaps, is to understand whether the viral chemo-

kine receptor activates HHV-8 lytic gene expression, whether
it contributes to cell cycle state and/or prosurvival signaling via
direct effects on cellular genes and proteins, and whether vG-
PCR may contribute via indirect mechanisms, perhaps involv-
ing the induction of other signal transducers, such as cytokines.
Clearly, precise mechanisms of action may, to some extent at
least, be dependent on cell type; thus, future studies with cell
types relevant to HHV-8 replication, such as endothelial and B
cells, are warranted. These should provide useful information
about the processes required for virus production and there-
fore indicate potential therapeutic avenues directed at inhib-
iting these mechanisms. Our data provide a first-step contri-
bution to this goal, demonstrating that HHV-8 vGPCR, like
some other herpesvirus-encoded chemokine receptors (2, 11,
15), plays an important, autocrine role in support of productive
replication.

FIG. 4. Gain-of-function analysis of wild-type and G� coupling-
altered vGPCRs. (A) Effects of lentiviral vector-mediated vGPCR and
vOX2 transduction on TPA-induced virus reactivation in HHV-8-in-
fected TIME cells. Cumulative titers of encapsidated viral genomes
present in culture media were determined by qPCR applied to ultra-
centrifuge sedimentation-derived and DNase I-treated virion prepara-
tions from cultures transduced with empty lentiviral expression vector,
lenti-vGPCR, and lenti-vOX2 and then mock or TPA treated for 6
days. Average values from triplicate qPCR reactions from duplicate
cultures are expressed relative to encapsidated viral genome titers in
parallel uninduced cultures. Overexpression of vGPCR, but not vOX2,
was able to enhance virus production from TPA-treated TIME cells.
(B) An analogous experiment was performed to investigate the abili-
ties of vGPCR.8 (m8, R322W, exclusively G�i coupled) and vGPCR.15
(m15, M325S, predominantly G�q coupled), relative to wild-type
vGPCR (wt), to support enhanced virus replication following TPA-
induced lytic reactivation.
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