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Kaposi’s sarcoma-associated herpesvirus (KSHV) G protein-coupled receptor (vGPCR) protein has been
shown to induce several signaling pathways leading to the modulation of host gene expression. The hijacking
of these pathways facilitates the viral life cycle and leads to tumorigenesis. In the present work, we show that
transforming growth factor � (TGF-�)-activated kinase 1 (TAK1) is an important player in NF-�B activation
induced by vGPCR. We observed that the expression of an inactive TAK1 kinase mutant (TAK1M) reduces
vGPCR-induced NF-�B nuclear translocation and transcriptional activity. Consequently, the expression of
several NF-�B target genes normally induced by vGPCR was blocked by TAK1M expression, including
interleukin 8 (IL-8), Gro1, I�B�, COX-2, cIAP2, and Bcl2 genes. Similar results were obtained after down-
regulation of TAK1 by small interfering RNA (siRNA) technology. The expression of vGPCR recruited TAK1
to the plasma membrane, and vGPCR interacts with TAK1. vGPCR expression also induced TAK1 phosphor-
ylation and lysine 63-linked polyubiquitination, the two markers of the kinase’s activation. Finally, inhibition
of TAK1 by celastrol inhibited vGPCR-induced NF-�B activation, indicating this natural compound could be
used as a potential therapeutic drug against KSHV malignancies involving vGPCR.

Kaposi’s sarcoma-associated herpesvirus (KSHV), or human
herpesvirus 8 (HHV-8), is etiologically associated with the
pathogenesis of Kaposi’s sarcoma (KS), primary effusion lym-
phoma (PEL), and some forms of multicentric Castleman’s
disease (MCD), a polyclonal B-cell angiolymphoproliferative
disorder (11, 23). KS lesions are a multifocal angioproliferative
disease composed of infiltrating inflammatory cells and spin-
dle-shaped endothelial cells. KSHV replication can be divided
into two phases, latent and lytic. During the latent phase, a
limited number of latent genes and 11 microRNAs are tran-
scribed (7, 23, 54, 66, 84), which mediates the inhibition of
apoptosis, modulation of host anti-oncogenes, and mainte-
nance of the latent KSHV genome. In the lytic phase, a cas-
cade of immediate-early, early, and late viral genes is initiated,
resulting in viral DNA replication, assembly, and release of
progeny infectious virions. In addition, several KSHV lytic-
cycle proteins are responsible for immune evasion, inhibition
of apoptosis, host gene modulation, host protein expression
shutoff, and modulation of signal transduction (23). In KS
lesions, the majority of cells express the latent form of KSHV,
while a low percentage of cells undergo a lytic cycle.

Viral GPCR (vGPCR) possesses limited homology to hu-
man chemokine receptors, such as the interleukin 8 (IL-8)

receptor. Similar to the human chemokine receptors, vGPCR
can be stimulated by Gro1 and IP10 or inhibited by SDF1.
However, in contrast to human receptors, vGPCR is constitu-
tively active (52). vGPCR has been shown to be involved in
COS cell and endothelial cell proliferation (2, 28). Several
laboratories have intensively documented the importance of
vGPCR in cancer formation. vGPCR can transform NIH 3T3
fibroblasts in vitro, and vGPCR-expressing 3T3 cells form tu-
mors in mice (3). In addition, it has been shown that vGPCR
can immortalize human umbilical vein endothelial cells
(HUVEC) and that it has antiapoptotic properties (4, 44).
Mice expressing vGPCR in endothelial cells developed tumors
resembling KS lesions. In addition, transgenic mice overex-
pressing vGPCR under a constitutive promoter or a T cell-
specific promoter develop tumors resembling KS lesions (29,
81). The finding that T cell expression of vGPCR was able to
promote KS-like lesions highlights the importance of paracrine
signaling. Indeed, it has been shown by several laboratories
that the expression of vGPCR leads to the secretion of several
proliferative or angiogenic factors, including VEGF, VEGFR2
(KDR), Gro1, and IL-8 (4, 25, 29, 55, 63).

To understand how vGPCR could be involved in tumorigen-
esis, several laboratories characterized the different signaling
pathways activated by its expression. It has been shown that
vGPCR expression activates phosphatidylinositol 3-kinase
(PI3-K) (4), mitogen-activated protein kinase (MAPK) cas-
cades and p38 MAPK (63), and Akt/protein kinase B (8, 44), as
well as some small GTPases, like RhoA and Rac1 (41, 45, 59).
Consequently several transcription factors have been shown to
be activated by vGPCR expression, including activating protein
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1 (AP1), nuclear factor activator of T cells (NFAT), cyclic
AMP response element binding protein (CREB), hypoxia-in-
ducible factor 1 (HIF-1), and nuclear factor kappa B (NF-�B)
(9, 10, 45, 63).

Members of the NF-�B family of proteins (p65/p50) are
involved in the induction of a wide variety of genes involved in
many processes (16, 24, 72), and constitutive activity of NF-�B
has been documented in different kinds of malignancies (5, 51).
A crucial step leading to NF-�B activation is phosphorylation
of the inhibitor of the NF-�B family of proteins (I�B), which
leads to its polyubiquitination and degradation by the protea-
some. NF-�B, free from its inhibitor, translocates into the
nucleus, binds to its target DNA sequences, and activates the
transcription of its target genes. The kinases responsible for
���-� phosphorylation belong to the I�B kinase (IKK) com-
plex (33, 62, 72). The best-characterized components of this
complex are the two kinases IKK1 and IKK2, as well as the
regulatory scaffold protein NEMO (NF-�B essential modula-
tor). Blocking IKK1 and IKK2 activity is currently being tested
as an anticancer therapy (36).

Transforming growth factor � (TGF-�)-activated kinase 1
(TAK1) is a recently identified member of the MAPKKK fam-
ily (also called Map3k7). After stimulation by a wide range of
cytokines, such as TLR, IL-1, and tumor necrosis factor alpha
(TNF-�), TAK1 is activated by a ubiquitin-dependent mecha-
nism (without degradation) and phosphorylates the IKKs,
which in turn activate NF-�B (1, 14, 47, 76). Expression of a
dominant-negative kinase has demonstrated the role of TAK1
in the activation of both IKK and JNK induced by TNF-� (69).
This result was confirmed when murine embryonic fibroblasts
(MEF) deficient in TAK1 expression were shown to be defec-
tive in activating the IKK, JNK, and p38 kinases through
TNF-� or IL-1 stimulation (61). During development, TAK1
modulates cell differentiation and apoptosis in Drosophila
melanogaster and Xenopus laevis and regulates apoptosis in
adult mammalian cells in vivo (60, 68, 79, 83).

In this study, we characterize the pathway resulting in
NF-�B activation by vGPCR. We confirm that the IKK com-
plex is involved in NF-�B activation induced by vGPCR, and
we identify TAK1 as an important protein upstream of the IKK
complex. We show that vGPCR colocalizes and interacts with
TAK1, and consequently, that TAK1 is phosphorylated and
polyubiquitinated, two steps necessary for its activation. Taken
together, this study highlights the role of TAK1 in NF-�B
activation induced by vGPCR, identifying a new therapeutic
target for KSHV-associated Kaposi’s sarcoma and other ma-
lignancies involving vGPCR.

MATERIALS AND METHODS

Cells. Human embryonic kidney HEK293T cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) containing 1 mM pyruvate (Invitrogen,
Carlsbald, CA), 2 mM glutaMax (Invitrogen), 50 U/ml penicillin, 50 mg/ml
streptomycin (Invitrogen), and 10% fetal calf serum (Fetalplex; Gemini, Logan,
UT). SVEC-GFP and SVEC-vGPCR cells were a gift from S. Montaner, Uni-
versity of Maryland, Baltimore, MD (43). These cells were maintained as de-
scribed above, with the exception of 10% fetal calf serum.

Reagents. Celastrol and tubulin antibody were from Sigma-Aldrich, St.
Louis, MO. Polyclonal rabbit anti-vGPCR peptide (amino acids 4 to 16)
([Y]EDFLTIFLDDDES[SC]) antibody was a gift from Gary Hayward, Johns
Hopkins School of Medicine, Baltimore, MD (15). Ubiquitin (Ub) (P4D1),
hemagglutinin (HA), Flag, TAK1, and green fluorescent protein (GFP) (B2)

antibodies were from Santa Cruz (Santa Cruz, CA), and the p65 antibody was
from Millipore, Billerica, MA.

Plasmids. pSG5-vGPCR expression plasmids were from John Nicholas, Johns
Hopkins School of Medicine, Baltimore, MD (38). PRK5-HA-ubiquitin wild type
(WT) and mutants were from Ted Dawson (Addgene plasmids 17608, 17605, and
17606). I�BM, �TrCPM, IKK1M, IKK2M, and siTAK1 plasmids were from
Inder Verma, Salk Institute for Biological Studies, La Jolla, CA. TAK1 WT and
mutant expression plasmids were from Zhijian Chen, University of Texas South-
western Medical Center, Dallas, TX (75).

Construction and production of lentiviral gene transfer vectors. Vector plas-
mids were constructed for the production of lentiviral vectors that expressed the
desired short hairpin RNA (shRNA). All vectors were designed to be self-
inactivating (SIN) (42). The vectors expressed enhanced green fluorescent pro-
tein (EGFP) under a cytomegalovirus (CMV) promoter, and the shRNA cassette
utilized the U6 polymerase III promoter. Lentiviral vectors were produced using
a four-plasmid transfection system, as previously described (70). Briefly,
HEK293T cells were transfected with vector and packaging plasmids, the super-
natants were collected, and the lentiviral vectors were concentrated by centrif-
ugation. The lentiviral vector titers were estimated by flow cytometry for GFP-
positive cells.

Immunoblotting. Cells were harvested in RIPA lysis buffer (125 mM NaCl,
0.01 M sodium phosphate, pH 7.2, 0.1% SDS, 1% NP-40, 1% sodium deoxy-
cholate, 1 mM EDTA, and 50 mM sodium fluoride) with protease inhibitor
cocktail and phosphatase inhibitor cocktail (Sigma) or in lysis buffer (50 mM
Tris-HCl, pH 8, 170 mM NaCl, 0.5% NP-40, 50 mM NaF) with protease inhibitor
cocktail and phosphatase inhibitor cocktail (Sigma). Cellular debris was removed
by centrifugation at 13,000 � g for 5 min at 4°C, and equal amounts of protein
were resolved by SDS-10% PAGE, transferred to nitrocellulose, and subjected to
Western blotting with the indicated antibodies. To confirm equal protein loading,
blots were also probed with antibodies against human tubulin or actin. Secondary
antibodies conjugated to horseradish peroxidase (Santa Cruz) were used for
detection. Immunoreactive bands were developed by enhanced chemilumines-
cence (Lumi-Light Plus Western blotting substrate; Roche, Indianapolis, IN).

Calcium phosphate transfection. HEK293T cells were transfected by the cal-
cium phosphate method, as previously described (27). Briefly, for transfection,
per well of a 6-well plate, 3 �g of DNA was mixed in 100 �l of 0.25 M CaCl2 and
then added to an equal volume of BBS (50 mM BES [N,N-bis-(2-hydroxyethyl)-
2-aminoethanesulfonic acid], 280 mM NaCl, 1.5 mM Na2HPO4, pH 6.95)-buff-
ered solution. The DNA mixture was added to the HEK293T cells in 2 ml of
complete medium and incubated overnight at 3% CO2. The medium was then
changed, and the cells were allowed to recover for 24 h at 10% CO2.

Luciferase assays. HEK293T cells were transiently transfected with the ex-
pression plasmid, a luciferase reporter construct, and a vector expressing the
�-galactosidase (�-Gal) reporter gene controlled by a Rous sarcoma virus (RSV)
promoter (used to normalize transfection efficiency) by the calcium phosphate
method. At 36-h posttransfection, cells were harvested and lysed in lysis reporter
buffer (Promega, Madison, WI). Soluble extracts were assayed for luciferase and
�-Gal activities using Steady-Glo and Beta-Glo (Promega), respectively, follow-
ing the manufacturer’s instructions. The luciferase activity was normalized to
�-galactosidase activity as a transfection control.

RNA extraction, reverse transcription, and real-time PCR. Total RNA was
extracted by using TRIzol reagent (Invitrogen) and quantified by densitometric
analysis at 260 nm. Two micrograms of total RNA was treated with DNase for 1 h
(DNA free; Ambion) and then reverse transcribed into cDNA by using random
primers (hexamers) with a high-capacity cDNA reverse transcription kit (Ap-
plied Biosystems, Foster City, CA). For real-time (RT)-PCR, cDNA was used as
a template with gene-specific primers that were designed with Primer Express
1.5a software or previously published. The primer sequences used are shown in
Table 1. PCR was performed using an ABI Prism 7500 real-time PCR system
utilizing SYBR green PCR master mix (Applied Biosystems).

Immunofluorescence assay. For p65-GFP localization, cells were transfected
using the calcium phosphate method as described above. At 36 h posttransfec-
tion, the cells were washed 3 times with PBS, fixed in 4% paraformaldehyde
(PFA) for 15 min at room temperature, and washed again three times with PBS.
Nuclei were visualized using DAPI (4�,6-diamidino-2-phenylindole) (Molecular
Probes, Invitrogen, San Diego, CA), and the stained cells were viewed with the
appropriate filters under a fluorescence microscope with a 20� objective lens
and the Nikon MetaMorph Digital Imaging System.

Confocal microscopy. For colocalization experiments, HEK293T cells were
transfected as described previously. The cells were harvested 36 h posttransfec-
tion, washed 3 times in phosphate-buffered saline (PBS), fixed with a 1:1 acetone-
to-methanol ratio for 10 min at room temperature, washed, and blocked with
bovine serum albumin (BSA) for 30 min. The cells were stained with anti-rabbit
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vGPCR antibody and anti-mouse Flag antibody for 1 h at 37°C, followed by
staining with Alexa Fluor 488-labeled goat anti-rabbit and Alexa Fluor 594-
labeled goat anti-mouse secondary antibodies, respectively. An Olympus Fluo-
view 300 fluorescence confocal microscope was used for imaging, and analysis
was performed using Fluoview software (Olympus, Melville, NY).

RESULTS

Mutants of proteins involved in classical pathway activa-
tion inhibit NF-�B activation by vGPCR in HEK293T cells.
vGPCR has been shown to activate NF-�B signaling in differ-
ent cell lines. To confirm this in HEK293T cells, we transfected
the cells with increasing quantities of plasmid expressing
vGPCR and measured the NF-�B activity by a luciferase assay
in which luciferase is controlled by 6 consensus �B binding
sites. We observed 3-, 4.5-, and 7.8-fold NF-�B activation with
0.5, 1, and 2 �g of vGPCR expression plasmid, respectively,
compared to the transfection of an empty plasmid (Fig. 1A, a).
The transgene expression was confirmed by Western blot anal-
ysis (Fig. 1A, b).

In the classical NF-�B pathway, some NF-�B family mem-
bers, such as p65/p50 dimers, are inhibited by the I�B� protein.
During classical pathway activation, in order for NF-�B to be
active, I�B� has to be phosphorylated at serines 32 and 36,
polyubiquitinated, and degraded by the proteasome. To con-
firm that vGPCR activates NF-�B through the classical path-
way in HEK293T cells, we expressed a mutant I�B� (I�B�M)
in which the critical serines are mutated to alanine, preventing
its degradation and allowing it to act as a dominant-negative
protein. Expression of I�B�M decreased basal NF-�B activity
and totally abrogated the activation induced by vGPCR (Fig.
1B, a). Another way to block I�B� degradation is to express
�TrCP ubiquitin ligase with a deleted F box domain
(�TrCPM) (31). As shown in Fig. 1B, a, the expression of
�TrCPM did not modify the basal NF-�B activity, and in con-
trast, we observed an important reduction in vGPCR-induced
NF-�B activity. Transgene expression levels were confirmed by
Western blot analysis (Fig. 1B, b).

Since the two main I�B kinases (IKK) responsible for I�B�
phosphorylation are IKK1 and IKK2, we tested whether these
kinases are crucial in vGPCR-induced NF-�B activation in our
system. HEK293T cells were transfected with vGPCR in com-
bination with inhibitory IKK1 and IKK2 ATP binding mutants
(IKK1M and IKK2M). As shown in Fig. 1C, a, the expression
of IKK1M, as well as IKK2M, significantly decreased vGPCR-
induced NF-�B activation. Transgene expression levels were
confirmed by Western blot analysis (Fig. 1C, b). Taken to-

gether, these studies confirmed that vGPCR-dependent
NF-�B activation takes place through the classical activation of
the IKK complex, followed by the phosphorylation and degra-
dation of I�B�.

Mutant TAK1 inhibits NF-�B activation by vGPCR in
HEK293T cells. The TAK1 protein, a member of the MAPK
kinase kinase family, has been shown to regulate IKK complex
activity (47). Consequently, we decided to investigate the role
of TAK1 in vGPCR-induced NF-�B activation. We expressed
increasing quantities of a catalytically dead TAK1 mutant
(TAK1M) in which the ATP binding lysine 63 is mutated to
tryptophan. We observed that TAK1M could decrease basal
NF-�B activity (Fig. 1D, a). In addition, we observed that
vGPCR-induced NF-�B activity was also reduced in a dose-
dependent manner (Fig. 1D, a). Transgene expression levels
were confirmed by Western blot analysis (Fig. 1D, b). These
results demonstrated for the first time a role for TAK1 in
NF-�B activation induced by a G protein-coupled receptor.

Expression of TAK1M blocks NF-�B nuclear translocation.
Once the ���� protein is degraded, NF-�B translocates into
the nucleus. To confirm the role of TAK1 on NF-�B activation
induced by vGPCR, we analyzed the localization of NF-�B
(p65-GFP) using fluorescence microscopy. HEK293T cells
were transfected with a GFP-p65 fusion construct alone or in
combination with vGPCR and WT or mutant TAK1. As ex-
pected, under basal conditions, GFP-p65 was localized pre-
dominantly in the cytoplasm (Fig. 2a to c). GFP-p65 remained
in the cytoplasm when TAK1 WT and TAK1M were expressed
alone (Fig. 2d to i), whereas nuclear translocation was ob-
served with vGPCR expression (Fig. 2j to l). When WT TAK1
was expressed in association with vGPCR, the GFP-p65 fusion
protein was predominantly localized in the nuclei of the cells
(Fig. 2m to o). However, when TAK1M (functionally dead
TAK1) was expressed in association with vGPCR, the GFP-
p65 fusion protein was predominantly localized in the cyto-
plasm of the cells (Fig. 2p to r). This ability of TAK1M to
abolish GFP-p65 nuclear localization further confirmed the
role of TAK1 in vGPCR-induced NF-�B activation.

Expression of TAK1M blocks NF-�B-induced target gene
expression. The expression of vGPCR has been shown to in-
duce the transcription of multiple cellular genes, including
NF-�B-dependent targets. In addition, it has been shown that
NF-�B is necessary for vGPCR-induced tumorigenesis in en-
dothelial cells (40). Hence, we next characterized the involve-
ment of TAK1 in the expression of some of the NF-�B-depen-
dent genes. HEK293T cells were transfected with the indicated

TABLE 1. Primer sequences used in the study

Human protein
Primer

Forward Reverse

IL-8 5�-CTGGCCGTGGCTCTCTTG-3� 5�-CCTTGGCAAAACTGCACCTT-3�
Gro1 5�-AACGTGAAGTCCCCCGGA-3� 5�-CGCCCATTCTTGAGTGTGG-3�
l�B-� 5�-GCTGAAGAAGGAGCGGCTACT-3� 5�-TCGTACTCCTCGTCTTTCATGGA-3�
COX-2 5�-GAATCATTCACCAGGCAAATTG-3� 5�-TCTGTACTGCGGGTGGAACA-3�
cIAP2 5�-GACAGGAGTTCATCCGTCAAGTTC-3� 5�-CCTGGGCTGTCTGATGTGG-3�
Bcl2 5�-GAGGAGCTCTTCAGGGACGG-3� 5�-GGTGCCGGTTCAGGTACTCA-3�
GAPDH 5�-GAAGGTGAAGGTCGGAGTC-3� 5�-GAAGATGGTGATGGGATTTC-3�
Tubulin 5�-TCCAGATTGGCAATGCCTG-3� 5�-GGCCATCGGGCTGGAT-3�
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FIG. 1. The classical NF-�B pathway is induced by vGPCR. (A) (a) vGPCR induces NF-�B activation. HEK293T cells were transfected with
pcDNA or increasing quantities of vGPCR expression plasmids, 1 �g of �B-luciferase construct, and 0.5 �g of �-Gal reporter construct. The
luciferase and �-galactosidase activities were measured in triplicate using Steady-glo and Beta-glo Promega kits, respectively. (b) Western blots
(WB) using lysates from transfected cells with the indicated antibodies. (B) (a) NF-�B activation induced by vGPCR is blocked by I�B� and �TrCP
mutants. HEK293T cells were transfected with 1 �g of pcDNA or vGPCR expression plasmids in the presence or absence of 1 �g of I�B� mutant
(I�B�M) or �TrCP mutant (�TrCPM) expression plasmid, along with �B-luciferase and �-Gal reporter constructs. (b) Western blots from lysates
of transfected cells using the indicated antibodies. (C) (a) NF-�B activation induced by vGPCR is blocked by IKK1 and IKK2 mutants. HEK293T
cells were transfected with 1 �g of pcDNA or vGPCR expression plasmids in the presence or absence of 1 �g of IKK1 or IKK2 mutant expression
plasmids (IKK1M and IKK2M, respectively), along with �B-luciferase and �-Gal reporter constructs. (b) Western blots from transfected cell
lysates using the indicated antibodies. (D) (a) NF-�B activation induced by vGPCR is blocked by a TAK1 mutant. HEK293T cells were transfected
with 1 �g of pcDNA or vGPCR expression plasmids, an increasing quantity of TAK1M expression plasmid, along with �B-luciferase and �-Gal
reporter constructs. Statistics compare vGPCR conditions with the corresponding pcDNA conditions at the same quantity of TAK1M plasmid. (b)
Western blots from transfected cell lysates using the indicated antibodies. The bar graphs represent the mean and standard deviation (SD) of fold
induction (n 	 3). *, P 
 0.05; **, P 
 0.01 compared to the pcDNA control within the vGPCR group (unless stated otherwise).
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expression plasmids, and then RNA was extracted and used in
real-time RT-PCR analysis for several NF-�B target genes.
These results were normalized to GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) (Fig. 3) or tubulin (data not shown)
housekeeping genes.

It is well known that vGPCR induces the expression of IL-8
and the CXC chemokine Gro1 (25, 55), which in turn increases
KSHV vGPCR activity above its constitutively active level (52).
As shown in Fig. 3A and B, vGPCR increased the levels of
Gro1 and IL-8 mRNAs by 4- and 30-fold, respectively. As
expected, simultaneous expression of TAK1M totally abro-
gated Gro1 and IL-8 mRNA expression to basal levels. One of
the first NF-�B target genes induced is often the NF-�B in-
hibitor I�B� itself. It has also been shown that measuring the
level of I�B� gene expression provides a good indicator of
NF-�B activation (6). We observed a 7-fold increase in I�B�

mRNA levels when vGPCR was expressed that was totally
blocked by the expression of TAK1M (Fig. 3C).

Another very important NF-�B target gene is the COX-2
gene, which is induced by KSHV infection and is a key factor
in tumor-related inflammation, angiogenesis, cell survival, and
invasion (57). We observed roughly 3.5-fold induction of
COX-2 mRNA after vGPCR expression, and TAK1 appeared
to be crucial in this induction, as TAK1M expression blocked
COX-2 induction significantly (Fig. 3D). We also examined the
role of vGPCR and the involvement of TAK1 in the expression
of antiapoptotic molecules, such as cIAP2 and Bcl2, encoded
by two well-characterized NF-�B target genes. vGPCR in-
creased the expression levels of cIAP2 and Bcl2 by 4- and
2.5-fold, respectively, which was completely abolished by
TAK1M expression (Fig. 3E and F). Taken together, these
results suggested that vGPCR acts through TAK1 in the reg-

FIG. 2. Expression of TAK1 mutant inhibits NF-�B nuclear translocation. HEK293T cells were transfected with 0.5 �g of GFP-p65 expression
plasmid in combination with 1 �g of TAK1 WT or mutant and/or vGPCR expression plasmids. Thirty-six hours posttransfection, the cells were
fixed in 4% PFA. Nuclei were visualized using DAPI. The cells were viewed with the appropriate filters under a fluorescence microscope with the
Nikon MetaMorph Digital Imaging System. Magnification, �20.
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ulation of several NF-�B target genes, such as those encoding
Gro1, IL-8, ���-�, COX-2, cIAP2, and Bcl2, which are known
to be involved in inflammatory and tumorigenic activities.

Expression of siRNA against TAK1 decreased vGPCR-in-
duced NF-�B activation. To confirm the role of TAK1 in
NF-�B activation induced by vGPCR, we used small interfer-
ing RNA (siRNA) technology to knock down the level of
vGPCR. HEK293T cells were transduced with a lentiviral vec-
tor expressing a control siRNA (siC) or an siRNA against
TAK1 (siTAK1). The Western blot analysis shown in Fig. 4A
confirmed that TAK1 is efficiently reduced (75% decrease).
The indicated nonspecific band was used as a loading control.
The cells transduced with siRNA lentiviruses were transfected
with increasing quantities of vGPCR expression plasmids, and
NF-�B activity was measured by luciferase assay. We observed
a dose-dependent increase of NF-�B activity in cells expressing
siC (Fig. 4B). However, in the cells expressing siTAK1, NF-�B
activity was inhibited significantly (Fig. 4B).

We next examined the effect of siTAK1 expression on the
expression of NF-�B-dependent genes shown in Fig. 3. vGPCR
induction of Gro1, IL-8, I�B�, COX-2, cIAP2, and Bcl2
mRNAs was observed in siC-transduced cells, which were to-

tally blocked in siTAK1-transduced cells (Fig. 4C to H). This
further confirmed that TAK1 plays a critical role in vGPCR
induction of NF-�B.

TAK1 colocalizes with vGPCR. vGPCR is a seven-trans-
membrane receptor. Confocal analysis demonstrated the
plasma membrane localization of vGPCR in HEK293T cells
transfected with vGPCR plasmid (Fig. 5A, a to d). When WT
TAK1 was expressed alone, we detected the expected cytoplas-
mic localization (Fig. 5A, e to h). In contrast, when vGPCR
was coexpressed with TAK1, colocalization of vGPCR and
TAK1 in the plasma membrane was observed (Fig. 5A, i to l).
This suggested that vGPCR is able to modify the localization
of TAK1 to the plasma membrane. We also performed colo-
calization analysis between transfected vGPCR and endoge-
nous TAK1 in HEK293T cells transfected with vGPCR. No
colocalization was observed in control pcDNA-transfected
cells (Fig. 5B, a, b, and c). In contrast, we observed a clear
colocalization of transfected vGPCR with endogenous TAK1
(Fig. 5B, d, e, and f).

vGPCR interacts with TAK1. HEK293T cells were tran-
siently cotransfected with expression plasmids encoding Flag-
tagged TAK1 and vGPCR. The transgene expression levels
were determined by Western blot analysis of total lysates using
antibodies against vGPCR (Fig. 5C, bottom) or Flag epitope
(Fig. 5C, top). To determine if TAK1 and vGPCR interact,
extracts of transfected cells were then immunoprecipitated
with anti-vGPCR antibody and Western blotted with anti-Flag
epitope antibody (Fig. 5D, top) or vGPCR antibody (Fig. 5D,
bottom). vGPCR was efficiently immunoprecipitated when ex-
pressed alone or in combination with TAK1 (Fig. 5D, bottom,
lanes 2 and 3). We detected the coimmunoprecipitation of
TAK1 with vGPCR only when vGPCR and TAK1 were coex-
pressed (Fig. 5D, top, lane 3), which demonstrated the inter-
action of vGPCR with TAK1.

vGPCR induces TAK1 polyubiquitination. TAK1 kinase ac-
tivity has recently been shown to be regulated by ubiquitination
(22, 35, 65). When TAK1 was expressed alone, Western blot
analysis showed a major band of about 70 kDa (Fig. 6A, lane
1). However, when vGPCR was expressed in association with
WT TAK1, TAK1 migrated as higher-molecular-weight bands
in the Western blot analysis (Fig. 6A, lane 3). To determine
whether the higher-molecular-weight bands represented
polyubiquitinated forms of TAK1, we performed TAK1 immu-
noprecipitation using anti-Flag antibody (Flag-tagged WT
TAK1), followed by Western blot analysis using an antibody
against ubiquitin (Fig. 6B). When TAK1 was expressed in the
presence of vGPCR, we observed an intense ubiquitin signal
(Fig. 6B, compare lane 6 to lane 4), which suggested polyubiq-
uitination of TAK1 kinase.

The two main polyubiquitination reactions involve lysine 48
or lysine 63 of the ubiquitin molecule. We next determined if
vGPCR expression induced Lys 48- or Lys 63-linked polyubiq-
uitination. We transfected HEK293T cells with Flag-tagged
WT TAK1 with or without vGPCR expression plasmids in
combination with HA-tagged ubiquitin WT or mutant expres-
sion plasmids. HA-Ub48 contains all the mutated lysines ex-
cept lysine 48, whereas HA-Ub63 contains all the mutated
lysines except lysine 63. When TAK1 was expressed in associ-
ation with vGPCR plus HA-Ub WT or HA-Ub63, anti-TAK1
antibody recognized the high-molecular-weight bands in West-

FIG. 3. Expression of the TAK1 mutant reduces vGPCR-induced
NF-�B target genes. HEK293T cells were transfected with 1 �g of
vGPCR and/or 1 �g of TAK1M expression plasmids. Real-time PCR
analysis measured the level of message for the indicated genes.
(A) Gro1. (B) IL-8. (C) ���-�. (D) COX-2. (E) cIAP2. (F) Bcl2. Each
reaction was done in triplicate, and means and SD are shown. **, P 

0.01 comparing the vGPCR-plus-TAK1M condition with the vGPCR-
alone condition.
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FIG. 4. NF-�B activation induced by vGPCR is blocked by the expression of TAK1 siRNA. (A) TAK1 silencing. HEK293T cells were
transduced with a lentivector expressing a control siRNA (siC) or an siRNA against TAK1 (siTAK1). One week later, the cells were lysed in RIPA
lysis buffer, and 50 �g of protein was subjected to Western blot analysis using a TAK1 antibody. The detection of a nonspecific band (ns) was used
as a loading control. (B) NF-�B luciferase activity induced by vGPCR is reduced when TAK1 is knocked down. HEK293T cells expressing siC or
siTAK1 were transfected with pcDNA or increasing quantities of vGPCR expression plasmids, along with �B-luciferase and �-Gal reporter
constructs (as described above). Thirty-six hours later, the luciferase and �-galactosidase activities were measured in triplicate using Steady-glo and
�-glo Promega kits, respectively. The data represent the means and SD of fold induction (n 	 3); *, P 
 0.05; **, P 
 0.01, comparing siTAK1
conditions with siC conditions with identical quantities of vGPCR-expressing plasmid. (C to H) HEK293T cells expressing siC or siTAK1 were
transfected with or without 2 �g of vGPCR. Real-time PCR analysis measured the levels of message for the indicated genes. (C) IL-8. (D) Gro-1.
(E) ���-�. (F) COX-2. (G) cIAP2. (H) Bcl2. Each reaction was done in triplicate, and means and SD are shown. *, P 
 0.05; **, P 
 0.01,
comparing vGPCR conditions in the siTAK1 cells with vGPCR conditions in the siC cells.
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ern blots (Fig. 6C, top, lanes 3 and 7). These bands were not
observed when HA-Ub48 was expressed (Fig. 6C, top, lane 5).
We confirmed the expression of vGPCR in these transfections
(Fig. 6C, bottom). To confirm that these high-molecular-
weight bands were due to polyubiquitination, TAK1 was im-
munoprecipitated with anti-Flag antibody, followed by West-
ern blot analysis using an antibody against the HA epitope. As
shown in Fig. 6D, we detected polyubiquitinated forms of
TAK1 when vGPCR was expressed and in the presence of WT

HA-Ub (Fig. 6D, lanes 2 and 3) or HA-Ub63 (Fig. 6D, lanes 6
and 7). Taken together, these results indicated that the expres-
sion of vGPCR can induce Lys 63-linked TAK1 polyubiq-
uitination.

Celastrol blocks vGPCR-induced NF-�B activation in
HEK293T cells. Celastrol, a compound used in Chinese med-
icine, is extracted from the “thunder of God vine” and is well
known for its antioxidative and anti-inflammatory effects.
Celastrol has also been shown to be a potent NF-�B inhibitor

FIG. 5. vGPCR and TAK1 colocalization and interaction. (A) HEK293T cells were transfected with 1 �g of vGPCR alone (a, b, c, and d), WT
TAK1 alone (e, f, g, and h), or both expression plasmids together (i, j, k, and l). Thirty-six hours posttransfection, the cells were fixed,
permeabilized, and stained with vGPCR (a, e, and i) or Flag (TAK1) (b, f, and j) antibodies and visualized by confocal microscopy. (c, g, and k)
Merged images. (d, h, and l) Higher-magnification images of the indicated areas of images c, g, and k, respectively. The white arrows indicate the
colocalization of vGPCR with TAK1. Magnification, �40. (B) HEK293T cells were transfected with pcDNA (a, b, and c) or vGPCR (d, e, and f),
fixed, permeabilized, stained with vGPCR (a and d) and TAK1 (b and e) antibodies, and visualized with a fluorescence microscope. (c and f)
Merged images, with DAPI nuclear staining in blue. (C) HEK293T cells were transfected with 10 �g of vGPCR- and/or 10 �g of TAK1-expressing
plasmids. At 36 h posttransfection, total protein was extracted and subjected to Western blot analysis using anti-Flag (TAK1) (top) or anti-vGPCR
(bottom) antibodies. *, nonspecific bands. (D) The proteins from the same extraction were immunoprecipitated (IP) using a vGPCR antibody
followed by Western blot analysis using anti-Flag (TAK1) (top) or anti-vGPCR (bottom) antibodies.

VOL. 85, 2011 TAK1 PLAYS A ROLE IN vGPCR-INDUCED NF-�B ACTIVATION 1987



(37, 46). We next tested the effect of increasing concentrations
of celastrol on vGPCR-induced NF-�B activation in a lucifer-
ase assay. At the tested concentrations, the compound was not
cytotoxic for HEK293T cells (data not shown). HEK293T cells
were transfected with �B-luciferase reporter plasmid in the
presence or absence of vGPCR expression plasmid. At 36 h
posttransfection, the cells were treated overnight with the in-
dicated concentrations of celastrol. As shown in Fig. 7A, in-
creasing concentrations of celastrol decreased basal NF-�B
activity. In addition, celastrol significantly reduced the NF-�B
activity induced by vGPCR expression. As a control, we eval-
uated whether celastrol affects other pathways activated by
vGPCR. Celastrol did not affect vGPCR-induced cAMP re-
sponse element (CRE) luciferase activity (Fig. 7B) or NFAT
luciferase activity (Fig. 7C). This indicated that celastrol spe-
cifically inhibited vGPCR-induced NF-�B activation.

Celastrol inhibits TAK1 and NF-�B activation in endothe-
lial cells. Since KSHV infection targets endothelial cells, which
leads to the development of KS, we next decided to confirm the
vGPCR–TAK1–NF-�B link in a physiologically relevant endo-
thelial cell model. Simian virus 40 (SV40) large T-antigen-

immortalized murine endothelial cells (SVECs) are a well-
established model used to ascertain the role of vGPCR in KS
progression (43). SVECs expressing GFP or vGPCR were
treated with increasing concentrations of celastrol, and ex-
tracted proteins were subjected to Western blot analysis. We
observed an 11-fold increase in TAK1 phosphorylation on the
threonines in the activation loop of the protein (threonines 184
and 187) (Fig. 7D, top, compare lane 4 to lane 1). Autophos-
phorylation of these residues has been shown to be necessary
for TAK1 activation (53). In the presence of vGPCR expres-
sion, in addition to the main 70-kDa TAK1 band, we also
detected additional high-molecular-weight bands that could
represent polyubiquitinated forms of the protein (Fig. 7D, top
and middle, compare lane 4 to lane 1). Interestingly, when the
cells were treated with celastrol, detection of both phosphory-
lated and potentially polyubiquinated TAK1 was reduced.
These results indicated that vGPCR induced TAK1 phosphor-
ylation and polyubiquitination in endothelial cells and that
celastrol inhibits these hallmarks of TAK1 activation.

Since the optimal activation of NF-�B requires phosphory-
lation of its transactivation domain, we next investigated the

FIG. 6. vGPCR expression induces lysine 63 TAK1 polyubiquitination. (A and B) vGPCR expression induces TAK1 polyubiquitination.
HEK293T cells were transfected with 10 �g of Flag-TAK1 and/or 10 �g of vGPCR expression plasmids. (Lanes 4 to 6) Thirty-six hours
posttransfection, Western blot analysis was done using TAK1 antibody (A) or the cells were subjected to TAK1 immunoprecipitation using Flag
antibody followed by Western blot analysis using a ubiquitin antibody (P4D1 Ab) (B). (Lanes 1 to 3) Whole-cell extracts (WCE) reacted with P4D1
Ab. (C and D) TAK1 polyubiquitination on lysine 68. HEK293T cells were transfected with 10 �g of TAK1-Flag, along with 5 �g of the indicated
ubiquitin expression plasmids with or without 10 �g of vGPCR expression plasmid. At 36 h posttransfection, total protein was extracted in lysis
buffer and subjected to a Western blot experiment using Flag antibody (C, top) or vGPCR antibody (C, bottom) or subjected to Flag immuno-
precipitation (TAK1 IP) followed by Western blot analysis using an HA antibody (ubiquitin Western blotting) (D).
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FIG. 7. Celastrol inhibits NF-�B activation induced by vGPCR in SVECs. (A) Celastrol inhibits NF-�B luciferase activity induced by
vGPCR. HEK293T cells were transfected with 2 �g of pcDNA or vGPCR expression plasmids, along with �B-luciferase and �-Gal reporter
constructs (as described in Materials and Methods). Thirty-six hours posttransfection, the cells were treated overnight (16 h) with increasing
quantities of celastrol. The luciferase and �-galactosidase activities were measured in triplicate using Steady-glo and Beta-glo Promega kits,
respectively. The data represent the mean and SD of fold induction of 4 independent experiments; *, P 
 0.05; **, P 
 0.01. (B and C)
Celastrol has no effect on CRE and NFAT luciferase activities induced by vGPCR. HEK293T cells were transfected with 2 �g of pcDNA
or vGPCR expression plasmids, along with 1 �g of CRE-luciferase construct (B) or NFAT-luciferase construct (C) and 0.5 �g of �-Gal
reporter construct and analyzed as for �B-luciferase. (D) Celastrol inhibits vGPCR-induced TAK1 activation in SVECs. SVECs expressing
GFP (SVEC-GFP) or vGPCR (SVEC-vGPCR) were treated overnight (16 h) under low-serum conditions (0.5% serum) with increasing
quantities of celastrol. After treatment, the cells were lysed in RIPA buffer, and 50 �g of protein was subjected to Western blot analysis using
a phospho-TAK1 antibody, a TAK1 antibody, or a �-actin antibody (loading control). (E) SVEC-GFP and SVEC-vGPCR were treated and
analyzed as indicated in panel D. Western blotting was performed using a phospho-p65 antibody, a p65 antibody, or a �-actin antibody
(loading control). (F) Celastrol has no effect on vGPCR-induced FAK and ERK activation in SVECs. SVEC-GFP and SVEC-vGPCR were
treated as indicated in panel D. Western blot analysis was performed using phospho-FAK, total FAK, phospho-ERK, and total ERK
antibodies. (G) Model of vGPCR-induced activation of NF-�B through TAK1. Expression of vGPCR recruits TAK1 near the plasma
membrane, and TAK-1 interaction with vGPCR results in the activation of TAK1 by phosphorylation and Lys 63-linked polyubiquitination.
The downstream substrates IKK1 and IKK2 are then activated, which induces I�B� phosphorylation, Lys 48-linked polyubiquitination, and
degradation by the proteosome, thus allowing NF-�B to translocate to the nucleus, where it induces target genes, including those encoding
IL-8, Gro1, I�B�, COX-2, cIAP2, and Bcl2. Celastrol inhibits TAK1 activation, which can serve as a potential anticancer drug against KSHV
malignancies involving vGPCR.
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effect of vGPCR expression and celastrol treatment on p65
phosphorylation at serine 536. We detected a significant in-
crease in p65 phosphorylation when vGPCR was expressed
(Fig. 7E, top, compare lane 4 to lane 1). Celastrol, by blocking
TAK1 activation, was not only able to block basal p65 phos-
phorylation (Fig. 7E, top, compare lanes 2 and 3 to lane 1), but
also totally abolished p65 phosphorylation induced by vGPCR
(Fig. 7E, top, compare lanes 5 and 6 to lane 4). As a control,
we evaluated the effect of celastrol on the activation of the
tyrosine kinase FAK and the serine kinase ERK (Fig. 7F).
vGPCR was able to induce the phosphorylation of both kinases
(compare lane 4 to lane 1), and celastrol did not decrease
vGPCR-induced FAK or ERK phosphorylation (compare
lanes 5 and 6 to lane 4). Taken together, these results indicated
that vGPCR induced TAK1 phosphorylation and ubiquitina-
tion, two modifications necessary for TAK1 activation. In ad-
dition, the inhibition of TAK1 activation by celastrol was able
to block NF-�B activation.

DISCUSSION

The comprehensive study presented here investigated the
signaling pathway induced by KSHV vGPCR that leads to
NF-�B activation. We confirmed that the IKK complex is in-
volved in NF-�B activation induced by vGPCR, and we iden-
tified TAK1 as an important protein upstream of the IKK
complex. We showed for the first time that vGPCR colocalizes
and interacts with TAK1, and consequently, TAK1 is phosphor-
ylated and polyubiquitinated, two steps necessary for its acti-
vation.

Our observation that expression of mutants of I�B�, �TrCP,
IKK1, or IKK2 blocks vGPCR-induced NF-�B activity sup-
ports several previous studies and suggests the importance of
this pathway in vGPCR-induced tumorigenesis. Expression of
dominant-negative I�B� or treatment with the NF-�B inhibi-
tor BAY-11-7082 has been shown to inhibit the formation of
vGPCR-induced cell colonies in soft-agar assays (18). Pati et
al. were able to inhibit NF-�B activation induced by vGPCR
with the expression of dominant-negative IKK1 or IKK2 (49).
A full-genome microarray showed that expression of NF-�B-
regulated genes is a predominant feature of vGPCR-express-
ing cells, as well as of cells exposed to vGPCR conditional
media (40). In addition, whereas p65-expressing cells were
unable to induce tumors in vivo, inhibition of the NF-�B path-
way by the expression of mutant I�B� totally blocked vGPCR-
induced tumorigenesis in vivo. Taken together, these results
suggest that NF-�B is necessary but not sufficient for vGPCR-
induced tumorigenesis (40).

We demonstrated for the first time that vGPCR activates
NF-�B through the activation of TAK1. The expression of a
TAK1 inactive mutant blocked both the nuclear translocation
of NF-�B and its activity in a luciferase assay, which was also
confirmed using an siRNA-mediated TAK1 knockdown ap-
proach. In addition, this is the first report to demonstrate that
a KSHV protein activates TAK1. Other viruses have been
shown to activate TAK1 to induce downstream signaling path-
ways. For example, hepatitis B virus protein X (HBx) induces
the activation of NF-�B through a TRAF2/TAK1 signaling
pathway (85). Although the human T lymphotropic virus
(HTLV) oncoprotein Tax constitutively activates TAK1, the

role of TAK1 in NF-�B activation induced by Tax is not clear.
Suzuki et al. have shown that TAK1 activation is necessary for
JNK and p38 MAPK activation induced by Tax but is not
involved in NF-�B activation (67). In addition, knockdown of
TAK1 does not decrease NF-�B activation induced by Tax in
HEK293T cells (26). However, several other groups have iden-
tified TAK1 as an important molecule involved in Tax activa-
tion of NF-�B. Wu and Sun have shown that Tax physically
interacts with TAK1 and mediates the recruitment of the IKK
complex to TAK1 (78). Using TAK1-deleted mouse embryonic
fibroblasts, it has been shown that TAK1 is essential for Tax-
induced IKK activation. TAK1-associated binding protein 2
(TAB2) has been shown to be an adaptor between Tax and
TAK1 in which TAB2 binding to Tax is required for Tax-
induced TAK1 activation and to increase Tax-induced NF-�B
activity (82).

The gammaherpesvirus Epstein-Barr virus (EBV) latent
membrane protein 1 (LMP-1) has also been shown to activate
TAK1. LMP-1 mimics members of the TNF receptor family
and constitutively activates JNK and p38 MAPK, as well as the
NF-�B pathway (21, 64). In addition, the activation of the JNK
and NF-�B pathways by LMP-1 contributes to the oncogenic
effect of LMP-1. Using a catalytically dead mutant of TAK1 or
knockdown by siRNA technology, Wan et al. have shown that
TAK1 is involved in LMP-1-mediated JNK and p38 MAPK
activation (74). The role of TAK1 in JNK activation by LMP-1
has been more recently confirmed (71). The role of TAK1 in
NF-�B induction, however, is controversial in EBV biology.
Whereas Uemura et al. showed that TAK1 seems to be dis-
pensable for NF-�B activation induced by LMP-1 (71), Wu et
al. demonstrated that the CTAR2 domain of LMP-1 recruits
TRAF6 to activate TAK1, which consequently activates NF-�B
signaling (77).

Our studies characterized the mechanism by which
vGPCR activates TAK1 and NF-�B. We observed colocal-
ization and interaction between vGPCR and TAK1, and
vGPCR induced TAK1 Lys 63-linked polyubiquitination.
TAK1 activation has been shown to be dependent on a
ubiquitination process (62). TAK1 is found in a complex
with three other structural proteins, TAB1, TAB2, and
TAB3 (13). TAB2 and TAB3 contain a ubiquitin-binding
zinc finger domain that binds to the Lys 63-linked polyubiq-
uitin chain on TRAF6. This Ub-TRAF6/TAB interaction was
proposed to be responsible for TAK1 activation induced by IL-1
signaling (19, 47). However, a direct polyubiquitination of TAK1
has been identified only recently. In response to TGF-� receptor
activation, TAK1 is a direct substrate for TRAF6 and mediates
Lys 63-linked polyubiquitination of TAK1 on lysine 34 (65). This
modification was necessary for TAK1 activation and subsequent
p38 activation. TNF-� and IL-1� have also been shown to induce
Lys 63-linked TAK1 polyubiquitination (22). In this study, lysine
158 located in the kinase domain was polyubiquitinated by
TRAF2 and TRAF6. This modification was associated with IKK
complex activation and subsequent NF-�B activation, but also
with JNK/AP1 activation. TAK1 Lys 63-linked polyubiquitination
is required for NF-�B activation induced by the Helicobacter pylori
virulence factor CagA (35). The authors showed an interaction
between CagA and TAK1 and demonstrated the role of TRAF6
in CagA-induced TAK1 polyubiquitination using the expression
of a dominant-negative protein, as well as siRNA. Here, we ob-
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served a Lys 63-linked polyubiquitination of TAK1 after vGPCR
expression. However, preliminary data suggest that this ubiq-
uitination is independent of TRAF6 and TRAF2 (data not
shown). Future experiments are essential to determine the mech-
anism of TAK1 polyubiquitination induced by vGPCR. In
addition, it would be interesting to determine whether TAK1
polyubiquitination could also be induced by cellular G protein-
coupled receptors.

It has been proposed that vGPCR-expressing cells are
tumorigenic by promoting the recruitment, proliferation,
and transformation of adjacent cells through the secretion
of cytokines and growth factors, such as IL-1�, IL-2, IL-4,
IL-6, IL-8, Gro1, TNF-�, bFGF, MCP-1, MIP1 and -2,
SDF1b, VEGF-A, VEGF-C, and angiopoietin 2 (3, 17, 25,
29, 43, 45, 49, 50, 55, 63, 73). We observed that the inhibi-
tion of TAK1 by the expression of a mutant or its knock-
down by siRNA inhibited the induction of several NF-�B
target genes, including those encoding IL-8 and Gro-1. In
addition, we observed that vGPCR induced COX-2 in a
TAK1-dependent manner. vGPCR has also been shown to
be important in the activation of COX-2 in vascular endo-
thelial cells (58). A recent study highlighted the role of
COX-2 in KSHV-infected endothelial cells (57).

We also observed that vGPCR induces the antiapoptotic
genes encoding cIAP2 and Bcl-2 via TAK1. The antiapop-
totic role of NF-�B has been intensively documented (20). It
has been shown that the expression of a kinase-inactive
TAK1 mutant was able to block the NF-�B, JNK, and p38
MAPK pathways (69). Consequently, the cells were sensi-
tized to TNF-�-induced apoptosis (69). TAK1 mutants sup-
pressed the basal, as well as TNF-�-inducible, expression of
several inflammatory genes (69). Recently, TAK1 activation
of NF-�B has been shown to be required for the survival of
cells treated with TNF-related apoptosis-inducing ligand
(TRAIL) (39). Taken together, our studies demonstrate
that TAK1 is involved in NF-�B activation and in the tran-
scription of several genes involved in vGPCR-mediated tu-
morigenesis.

In an endothelial cell model, we showed that the natural
anti-inflammatory molecule celastrol is able to inhibit TAK1
and NF-�B activation induced by vGPCR (Fig. 7G). Celastrol
has been shown to inhibit the production of inflammatory
mediators and has been proposed as a potential target for the
treatment of inflammatory diseases (34, 37). In addition, the
antitumor activity of celastrol has been investigated in vivo.
More specifically, the compound has been shown to suppress
human breast tumor and prostate cancer growth in athymic
nude mice (37, 48, 80). When administered at a minimally toxic
dose, celastrol has been shown to enhance the cytotoxicity of
other anticancer drugs for oral squamous cell carcinoma and
melanoma cells (12, 30). Moreover, celastrol has been shown
to suppress endothelial cell angiogenesis both in vitro and in
vivo (48). The mechanism by which celastrol inhibits inflam-
mation and cancer has not been fully investigated. However,
Sethi et al. have shown that TAK1 activation of NF-�B is
inhibited by celastrol (56), and more recently, it has been
demonstrated that TAK1 phosphorylation induced by TNF-�
and IL-1� is reduced by celastrol (32). Our results confirm that
celastrol is an NF-�B inhibitor acting at the level, or upstream,

of TAK1. Future studies are essential to shed light on the effect
of celastrol on vGPCR-induced tumorigenesis.

In conclusion, the work presented here has described for the
first time the role of TAK1 in vGPCR-induced NF-�B activa-
tion (Fig. 7G) and demonstrated that vGPCR interacts with
TAK1 to induce its phosphorylation and polyubiquitination.
Celastrol, as a TAK1/NF-�B inhibitor, may serve as a potential
therapeutic molecule to ameliorate vGPCR/KSHV-induced
tumors.
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