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G protein-coupled receptors (GPCRs) are seven-transmembrane
proteins that transmit diverse extracellular signals across a mem-
brane. Herpesvirus genomes encode multiple GPCRs implicated in
viral pathogenesis. Kaposi sarcoma-associated herpesvirus GPCR
(kGPCR) activates proliferative pathways and, when expressed in
endothelium in mice, sufficiently induces angiogenic tumor resem-
bling human Kaposi's sarcoma. IKKg, an IxB kinase (IKK)-related
kinase, is implicated in inflammation-driven tumorigenesis. We re-
port here that IKKs is critically required for kGPCR tumorigenesis
and links kGPCR to NF-kB activation. Using kGPCR-induced tumor
models, we found that IKKe expression was drastically up-regu-
lated in Kaposi sarcoma-like lesions and that loss of IKKs abolished
tumor formation. Moreover, kGPCR interacted with and activated
IKKe. Activated IKKe promoted NF-kB subunit RelA (also known as
p65) phosphorylation, which correlated with NF-xB activation and
inflammatory cytokine expression. The robust expression of
IKKe and phosphorylated RelA was observed in human Kaposi
sarcoma. Finally, a kinase-defective mutant of IKKe effectively ab-
rogated NF-xB activation and tumorigenesis induced by kGPCR.
Collectively, our findings uncover a critical IKKe in promoting NF-
kB activation and tumorigenesis induced by a viral GPCR.

sarcomagenesis | inflammation associated

aposi sarcoma-associated herpesvirus (KSHV) is the etio-
logical agent of Kaposi sarcoma (KS), primary effusion lym-
phoma, and multicentric Castleman disease (1-4). KS is the most
common neoplasm in AIDS patients (5, 6). The KSHV genome
encodes multiple molecules that trigger cell proliferation and in-
duce tumor formation, recapitulating some key pathological fea-
tures of KSHV-associated malignancies. The viral G protein-
coupled receptor (referred to as kGPCR), when expressed in mice,
is sufficient to drive the development of angio-proliferative tumors
resembling human KS (7). Paradoxically, kGPCR is expressed in
the lytic phase of KSHV-infected cells (8) and its expression is
invariably observed in minor populations of KS tumor cells (7, 9),
supporting the postulate that lytic replicating cells and latently-
infected cells synergize to facilitate the sarcomagenesis of KS (7).
GPCRs are seven-transmembrane proteins that transmit phys-
iological stimuli across membranes via coupling to small G proteins
(10, 11). kGPCR is a functional homolog of the human interleukin
8 receptor (IL-8R) and a bona fide signaling molecule independent
of association with its cognate ligand (12). Many of the classic
proliferative signaling cascades are activated by kGPCR and are
necessary for kGPCR tumorigenesis (13). Although the critical
roles of the PI3K-AKT pathway in kGPCR tumorigenesis are
emerging (14, 15), the significance of other signaling pathways in
kGPCR oncogenesis and mechanisms of signal transduction
thereof remain poorly defined (e.g., NF-kB activation) (16). De-
spite the fact that NF-kB activation is well studied for its regulation
in diverse physiological conditions, it remains unclear how kGPCR
activates the NF-kB pathway in particular.
The canonical NF-kB pathway is regulated by phosphorylation
and subsequent proteolysis of the inhibitors of NF-xB (IkBs) (17).
Upon the degradation of IkBs, the NF-kB dimer is unleashed
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from inhibition, translocates into the nucleus, and up-regu-
lates gene expression (18, 19). The NF-kB family comprises
five members: RelA (also known as p65), RelB, c-Rel, NF«xB1
(p105, a precursor of p50), and NF-«B2 (p100, a precursor of
p52) (20). In contrast to the first three Rel proteins, NF-xB1 and
NF-kB2 are transcriptionally inactive owing to the lack of the
carboxyl terminal transactivation domain (21, 22). Thus, NF-xB
activation and downstream gene expression are highly dependent
on the three Rel proteins, among which RelA is the most abun-
dant and extensively studied NF-xB subunit. Central to funda-
mental cellular processes, NF-kB activation is a recurring theme
frequently found in a plethora of human cancers (23).

The IKK-related kinases, namely TANK-binding kinase 1
(TBK1) and IKKe (also known as IKKi), were originally discov-
ered for their key roles in activating IFN regulatory factors during
viral infection (24-26). Subsequently, IKKe was reported to func-
tion chiefly through phosphorylating and activating STATS upon
IFN engagement (27). Notably, emerging studies implicate these
IKK-related kinases in tumorigenic processes (28, 29), although
the underpinning molecular mechanisms remain largely unknown.
We report here that IKKe is up-regulated by the proinflammatory
kGPCR and necessary for the angiogenic sarcomagenesis of
kGPCR. Mechanistically, IKKe links a low-level, persistent NF-xB
activation to the transmembrane kGPCR, via phosphorylating
RelA. Our findings uncover IKKe in intimately linking two sig-
naling nodes of pleiotropic functions, transmembrane GPCR and
NF-«B transcription factors.

Results

IKKe Is Crucially Involved in kGPCR-Induced Tumorigenesis. The IKKe
kinase is highly inducible by inflammatory cytokines (26). KGPCR-
induced tumors have inflammatory characteristics (30, 31). To
probe the roles of IKKe in kGPCR tumorigenesis, we examined
kGPCR-induced tumor formation in nude mice. Remarkably, loss
of IKKe abolished tumor formation induced by kGPCR (Fig. 14),
indicating that IKKe is essential for kGPCR tumorigenesis. In the
absence of KGPCR, we observed no tumor formation in nude mice
regardless of the expression of IKKe in mouse embryonic fibro-
blasts (MEFs). Next, we examined the expression of IKKe in
KSHV-associated lesions. To do this, we first turned to the TIE2-
tva transgenic mouse model (mouse expressing avian leukosis virus
receptor TVA under the control of vascular endothelial cell-spe-
cific TIE2 promoter) that exquisitely identified kGPCR as a pri-
mary oncogene of KSHV in the endothelium. The TIE2-tva
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Fig. 1. IKKe is critically involved in kGPCR-induced tumorigenesis. (A)
Ikbke™’~ and Ikbke™'~ MEFs infected with control lentivirus (Vector) or
lentivirus expressing kGPCR were mixed with SVEC cells and injected into
nude mice s.c. Tumor weight was determined when mice were killed. (B-F)
TIE2-tva mice were injected with RCAS-kGPCR and tumors on the tail were
photographed (B). (C) H&E staining and immunohistochemical staining of
the fixed tumor sections. Numbers indicate the percentage of kGPCR+ and
IKKe+ cells. (D) Three staining patterns (indicated by red arrows) of IKKe in
tumor tissues in C. Human KS tumors were stained for latent nuclear an-
tigen LANA (E) and IKKe (F).

mouse, when infected with avian leukosis virus (ALV)-derived
retroviral vector RCAS [replication-competent avian sarcoma-
leukosis virus long terminal repeat (LTR) with a splice accep-
tor] carrying kGPCR, developed angiogenic lesions remarkably
resembling human KS lesions, providing an efficient system to
recapitulate KSHV-associated angiogenesis (7). Among 20 TIE2-
tva mice infected with ALV-derived retroviruses expressing
kGPCR, 50% (10 mice) developed KS-like lesions manifested
primarily on the skin of the tail, and occasionally on that of the
paws and facial area (Fig. 1B and Fig. S1 A and B).

H&E staining showed that the tumor lesions were composed of
densely packed, spindle-shaped cells and were extensively infil-
trated with slits of erythrocytes, replicating some key character-
istics of human Kaposi sarcoma (Fig. 1C). Consistent with
previous reports, fewer than 5% of tumor cells expressed kGPCR
(Fig. 1C), supporting the notion that kGPCR promotes endo-
thelium angiogenesis via a paracrine mechanism. When tumor
lesions were stained with anti-IKKe antibody, most tumor cells
were highly positive for IKKe, which was rarely observed in those
of control mouse tails (Fig. 1C and Fig. S1C). At a closer scrutiny,
three staining patterns of IKKe intracellular distribution were
clearly observed. Within most spindle cells, the main constitu-
ent of KS-like lesions, IKKe, was enriched within the vicinity of
the plasma membrane and a small portion was located in the
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perinuclear region (Fig. 1D). In cells reminiscent of macro-
phage/stromal cell shapes, IKKe was largely cytoplasmic and
displayed as punctae that were loosely connected to and sur-
rounding the nucleus. Interestingly, a number of cells also con-
tained punctate staining of IKKe inside the nucleus. Finally,
IKKe was restricted to the perinuclear region in a subset of cells
whose shape cannot be differentiated, largely owing to the lack
of IKKe staining in cytoplasm and/or plasma membrane (Fig.
1D). The latter two were found predominantly in the space be-
tween slits of densely packed spindle cells and likely represent
infiltrated immune cells (Fig. S1C).

To assess the involvement of IKKe in KSHV-associated ma-
lignancies, we further examined IKKe expression in human KS
tumors. In KS tumor tissue that was marked by the latent nuclear
antigen (LANA), a signature molecule of KSHV latently infec-
ted cells (Fig. 1E), IKKe was high in a significant subset of tumor
cells, displaying both cytoplasmic and nuclear staining (Fig. 1F
and Fig. S1D). Notably, all IKKe-positive cells showed nuclear
staining, and about half of them had cytoplasmic IKKe staining.
In cells in which IKKe was predominantly nuclear, the nuclei
were dark blue owing to the overlay of blue (hematoxylin) and
brown colors (IKKe). These cells may represent the infiltrated
immune cells similar to those observed in mouse KS-like lesions.
These results show that IKKe is highly expressed in tumor cells
of human KS and mouse KS-like lesions.

kGPCR Interacts with and Up-Regulates IKKs. The robust IKKe ex-
pression in human KS tumors and mouse KS-like lesions prompted
us to examine IKKe regulation by kGPCR. We first examined
whether kKGPCR physically associates with IKKe by coimmuno-
precipitation. We found that kGPCR interactions with IKKe
and TBKI1, but not IKKp, were readily detected in transfected
293T cells, and immunoprecipitated IKKe and TBK1 also interact
with KGPCR (Fig. 2 4 and B). IKKe was originally discovered as
an innate immune kinase induced by inflammatory cytokines (26).
To examine the impact of kGPCR on IKKe expression, we estab-
lished SVEC cells (a simian virus 40-transformed mouse micro-
vascular endothelial cell line) stably expressing kGPCR (Fig.
2C) and examined IKKe expression by quantitative RT-PCR
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Fig. 2. kGPCR interacts with and up-regulates IKKe. (A and B) Co-immu-
noprecipitation of 293T cells transfected with indicated plasmids. (C) Mouse
SVEC endothelial cells stably expressing kGPCR were fixed and analyzed by
immunofluorescence microscopy. (D) IKKS and IKKe were precipitated from
SVEC/Vec or SVEC/kGPCR stable cells and analyzed by in vitro kinase assay
using GST-IkBaNT. Autoradiography results were quantified with Imagel.
One of three representative experiments was shown. (E and F) Total RNA
was extracted and the relative mRNA levels of IFN-B (E) and IL-6 (F), without
and with Sendai virus (SeV) infection, were analyzed by gRT-PCR.
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(qRT-PCR). kGPCR increased IKKe mRNA levels by twofold in
stable SVEC cells, whereas that of the closely related TBK1 was
not affected (Fig. S24).

Kinases are often latent in resting cells and activated upon
stimulation (e.g., treatment with inflammatory cytokines). Be-
cause endogenous IKKe in SVEC is too low to detect by im-
munoblot, we established a SVEC stable cell line that expresses
a Flag-tagged IKKe at a low level by lentivirus transduction. In
doing so, the expression of ectopic IKKe is not influenced by
kGPCR. In vitro kinase assay showed that kGPCR activated
IKKe kinase activity by about threefold, whereas IKKf was not
significantly affected (Fig. S2 B and D). Quantitative real-time
PCR (qRT-PCR) analysis assessing proinflammatory cytokines
downstream of IKKe showed that, in response to Sendai virus
infection, kGPCR further enhanced the accumulation of IFN-f
and IL-6 mRNAs by four- and threefold, respectively (Fig. 2 E
and F). Notably, kGPCR expression did not significantly alter the
basal levels of IFN-p mRNA in SVEC cells (Fig. 2E). Taken
together, these results demonstrate that kGPCR interacts with
and activates IKKe.

IKKe Kinase Activity Is Crucial to Enable kGPCR-Induced NF-kB Activation
and Tumorigenesis. Although NF-kB activation is necessary for
kGPCR tumorigenesis (16), how kGPCR activates NF-xB re-
mains unknown. To query the roles of IKKe in kGPCR-induced
NF-kB activation, we have examined the expression of selected
genes that are NF-kB-dependent and kGPCR-induced. qRT-
PCR analysis indicated that loss of IKKe completely abolished
kGPCR-induced expression of chemokine C-X-C motif ligand 1
(Cxcl-1), chemokine C-X-C motif ligand 2 (Cxcl-2), chemokine
C-C motif ligand 5 (Ccl-5), II-6, cytochrome c oxidase subunit II
(Cox-2), and intercellular adhesion molecule 1 (Icam-1) (Fig. 34
and Fig. S34). To test whether IKKe is necessary for kGPCR-
dependent NF-kB activation, we knocked down IKKe expression
with a set of shRNAs (Fig. 3B, sequences as shown in Table S1)
and assessed NF-kB activation by reporter assay. IKKe knock-
down reduced kGPCR-dependent NF-«kB activation by ~60%
(Fig. 3C). Furthermore, exogenous WT IKKe, but not the kinase-
dead IKKeK38A, synergized with kGPCR to promote NF-xB
activation by reporter assay (Fig. S3B). The electrophoresis mo-
bility shift assay showed that IKKe deficiency abrogated the nu-
clear DNA-binding ability of NF-xB induced by kGPCR (Fig.
3D). The nuclear DNA-binding ability of NF-xB factors was lower
in Ikbke™~ (IKKe knockout) than that in Ikbke™* MEFs, sug-
gesting that IKKe is important for basal NF-xB activity as well.
Supershift experiment demonstrated that antibody against RelA
(p65), but not that against c-Rel, retarded the migration of the
NF-kB-containing complex, indicating that the nuclear NF-xB
dimer contains RelA, but not c-Rel (Fig. 3D). Finally, kGPCR
potently induced RelA nuclear translocation determined by
immunofluorescence microscopy and exogenous IKKe coop-
erated with kGPCR in doing so (Fig. S3C).

To test whether IKKe kinase activity is important for KGPCR-
induced NF-kB activation and tumorigenesis, we “reconstituted”
IKKe expression, with either WT IKKe or the kinase-dead K38A
mutant, by lentivirus infection in Ikbke™~ MEFs. qRT-PCR
analysis of the NF-kB-dependent genes (primer sequences as
shown in Table S2) indicated that WT IKKe, but not IKKeK38A,
restored NF-xB-induced gene expression in Tkbke ™'~ MEFs (Fig.
3E). Surprisingly, the “reconstituted” expression of IKKe or
IKKeK38A reduced the mRNA levels of these NF-kB-dependent
genes (Fig. S3D). Tumor formation in nude mice showed that WT
IKKe, but not IKKeK38A, restored kGPCR-induced tumorigen-
esis (Fig. 3F). We noted that the restoration of tumorigenesis by
exogenous IKKe was not complete, although exogenous IKKe
expression was higher than endogenous IKKe expression. IKKe
and IKKeK38A were expressed at similar levels (Fig. 3F). Col-
lectively, these results support the conclusion that IKKe and its
kinase activity are essential for kGPCR-induced NF-kB activation
and tumorigenesis.
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Fig. 3. Loss of IKKe impairs kGPCR-induced NF-kB activation. (A) The mRNA
levels of indicated factors were analyzed by qRT-PCR. (B and C) IKKe
knockdown by shRNA was analyzed by immunoblot (B). NF-kB fold induction
was determined by luciferase reporter assay in 293T cells (C). (D) Nuclear
extracts from corresponding cell lines were prepared for electrophoresis
mobility shift assay with an NF-kB-specific probe. Cold probe (Oligo) and
antibodies against RelA or c-Rel were added. An aliquot of nuclear extract
was analyzed by immunoblot with anti-Histone H3 antibody. P50? denotes
a possible p50 dimer. (E and F) Ikbke™~ MEFs were “reconstituted” with
lentivirus expressing WT IKKe or IKKeK38A, and infected with lentivirus
containing kGPCR. Total RNA was extracted for qRT-PCR analysis (E). MEFs
mixed with SVEC were injected s.c. into nude mice. Tumor weight was de-
termined when mice were killed (F, Bottom).

kGPCR Induces RelA Phosphorylation at Ser468 Through IKKs. RelA is
a key subunit of the transcriptionally active NF-xB dimer, and
our EMSA supershift experiment showed that RelA is the major
subunit of kGPCR-activated NF-kB (Fig. 3D). We thus in-
vestigated the roles of RelA in kGPCR-dependent NF-kB acti-
vation and tumorigenesis. To date, multiple forms of activated
RelA have been induced by various stimuli, including those
modified by phosphorylation at serine 468 (RelA S468p) and
serine 536 (RelA S536p) (32, 33). Immunoblot analysis using
phospho-specific antibodies indicated that kGPCR elevated the
level of RelA S468p in Ikbket* MEFs, whereas kGPCR had no
detectable effect on RelA S468p in Ikbke™~ MEFs (Fig. 4A4).
Interestingly, loss of IKKe slightly elevated the level of RelA
S468p, implying that IKKe reduces the steady level of RelA
S468p. kGPCR expression and loss of IKKe had no detectable
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(WCL) were analyzed by immunoblot for IKKs. KA,
kinase assay. (C—E) Tumors derived from TIE2-tva
mice (C and D) and normal tails (E) were analyzed
by H&E staining and IHC staining for RelA S468p.
Enlarged image of the boxed region in D is shown,
and arrows indicate RelA S468p-positive cells. (F and G)
KS tumors were analyzed by H&E and IHC staining
(F) for RelA S468p (G). The enlarged image of the

effect on that of RelA S536p, total RelA, or phosphorylated
IxBa, the inhibitor of NF-xB (Fig. 44 and Fig. S44). In vitro
kinase assay, using purified RelA and IKK, showed that, in the
presence of kGPCR, IKKe and IKKp were more potent to
phosphorylate RelA and that IKKe was more robust than IKKp
(Fig. 4B). Despite the same level of IKKe expression in SVEC/
Vec and SVEC/kGPCR cells, we consistently precipitated more
IKKe from cell lysate of SVEC/kGPCR than from that of SVEC/
Vec, whereas IKKp was equally precipitated. This effect of
kGPCR on IKKe requires further investigation. Nevertheless,
these results indicate that IKKe promoted RelA phosphorylation
at serine 468.

To inquire the possible roles of RelA S468p in kGPCR tu-
morigenesis, we examined RelA Ser468p in tumor lesions de-
rived from TIE2-tva mice, tissue composed primarily of spindle
cells (Fig. 4C). Immunohistochemistry staining demonstrated
that RelA S468p was grossly elevated in most cells of KS-like
tumors (Fig. 4D and Fig. S4B), but not in tissues of control
mouse tails (Fig. 4E). RelA S468p resided predominantly in the
nucleus. A minor subset of cells had nuclei light blue in color,
serving as an internal negative control for RelA S468p staining.
Within cells that are highly positive for RelA S468p, the RelA
S468p concentrated in the proximity of the perinuclear region
(Fig. 4D, Lower). We have further examined the status of RelA
S468p in human KS tumor. In the majority of human KS tumor
cells that include both spindle-shaped cells and cells of round
nuclei (Fig. 4F), RelA S468p was robustly detected (Fig. 4G and
Fig. S4C). RelA S468p was clearly visible in both the cytoplasm
and the nucleus, with more punctate staining within the nucleus
(Fig. 4G and Fig. S4C). These findings indicate that kGPCR
promotes RelA phosphorylation at serine 468 via IKKe.

Paracrine Activation of IKKs and RelA by kGPCR. KS tumors are
largely composed of KSHYV latently infected cells. The abundant
expression of IKKe and RelA S468p in KS tumors raises the
possibility that latent gene products, including viral FLICE-in-
hibitory protein (VFLIP), viral cyclin (vCyclin), LANA, and
Kaposin, activate NF-xB via IKKe. Particularly, vFLIP activates
NF-kB to enable B-cell survival (34). Thus, we expressed all four
latent genes, along with kGPCR, in 293T/IKKe cells (Fig. S54)
and examined their ability to activate IKKe by in vitro kinase
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boxed region in G is shown (Lower).

assay. Surprisingly, vFLIP and LANA had a marginal effect on
IKKe, whereas Kaposin B and, to a lesser extent, vCyclin, ac-
tivated IKKe (Fig. S5 B and C). However, when NF-kB was
examined by reporter assay, except for vFLIP, none of the three
latent proteins activated NF-xB. More importantly, unlike
kGPCR, none of the latent proteins cooperated with IKKe to
activate NF-xB (Fig. S5D). These results indicate that, although
KSHYV latent proteins may contribute to IKKe and NF-xB
activation, kKGPCR is the most potent activator.

Next, we examined the paracrine effect of kGPCR on IKKe and
NF-xB activation. We first confirmed that kGPCR increased RelA
Ser468p in human umbilical vein endothelial cells (HUVEC) (Fig.
5A). Assessing the expression of NF-kB-dependent genes by qRT-
PCR, we found that incubation with conditioned medium of
HUVEC/KGPCR for 24 h, compared with that of HUVEC/Vec
cells, up-regulated the mRNA levels of Cxcl-1 and Cxcl-2 by 5- to
25-fold, and Icam-1 and vascular cell adhesion molecule (Vcam) by
approximately threefold (Fig. 5B). This effect was more pro-
nounced when treatment was extended to 48 h (Fig. S5E). Owing
to the toxicity of lentivirus infection in HUVEC cells, we have used
human ECV-304 endothelial cells to express IKKeK38A. We ex-
amined the levels of RelA S468p in ECV cells and found that,
when treated with HUVEC/kGPCR-conditioned medium, RelA
Ser468p levels were increased (Fig. S5F). Compared with control
lentivirus, IKKeK38A expression greatly reduced RelA S468p
levels, incubated with HUVEC/kGPCR-conditioned medium
(Fig. 5C) IKKeK38A expression elevated the basal RelA S468p
levels, similar to what was observed in Ikbke™~ MEFs (Fig. 44).
Moreover treatment with amlexanox, an inhibitor specific for
IKKe and TBK1 (35), also potently reduced RelA Ser468p in ECV
cells under similar conditions (Fig. 5D). We further assessed the
expression of NF-kB-dependent genes by gqRT-PCR in HUVEC
cells treated with HUVEC/kGPCR-conditioned medium and
amlexanox. Despite the weak induction of NF-kB-dependent
gene expression, likely due to a short incubation time, amlexanox
greatly reduced the mRNA levels of Cxcl-1, Cxcl-2, and Veam in
cells treated with conditioned medium of HUVEC/Vec and those
of HUVEC/kKGPCR (Fig. 5E). Similar results were observed in
SVEC cells (Fig. S5G). Surprisingly, the mRNA levels of Icam-1
were increased by amlexanox treatment in a dose-dependent
manner. This observation suggests that, although these genes are
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Fig. 5. Paracrine activation of IKKe and NF-kB by kGPCR. (A) Whole-cell
lysates of HUVECs were analyzed for RelA S468p with indicated antibodies
by immunoblot. (B) HUVECs were stimulated with conditioned medium (CM)
of HUVEC/Vec or HUVEC/KGPCR cells for 24 h. Total RNA was extracted and
analyzed by qRT-PCR. (C and D) Human ECV endothelial cells, infected with
control (Vec) or IKKeK38A-expressing lentivirus (C), or treated with amlex-
anox (15 pM) (D), were stimulated with HUVEC/kGPCR-conditioned medium
and analyzed by immunoblot for RelA. (E) HUVECs were treated with con-
ditioned medium of HUVEC/Vec (H-Vec) or HUVEC/kGPCR (H-kGPCR), with-
out or with amlexanox, at indicated concentrations for 18 h. Total RNA was
extracted and analyzed by qRT-PCR.

regulated by NF-«xB, the regulatory mechanisms may be distinct.
Collectively, our data indicate that IKKe-mediated NF-xB acti-
vation is necessary for kGPCR-mediated paracrine stimulation.

Kinase-Dead IKKsK38A Inhibits NF-xB Activation and Tumorigenesis
Induced by kGPCR. Our results indicate that the kinase activity of
IKKe is necessary for kGPCR-induced NF-kB activation. We rea-
soned that IKKeK38A could have a dominant negative effect on
kGPCR-mediated NF-kB activation. To test this hypothesis, we first
examined the effect of IKKeK38A on kGPCR-dependent NF-xB
activation by a reporter assay. In 293T cells, IKKeK38A expression
diminished kGPCR-induced NF-kB activation in a dose-dependent
manner (Fig. 64 and Fig. S64). Taking advantage of the fluorescent
GFP-RelA fusion protein, we analyzed RelA nuclear translocation
by immunofluorescence microscopy. Whereas kGPCR potently
promoted RelA nuclear translocation, IKKeK38A sequested RelA
in the cytoplasm (Fig. 6B). Semiquantitative analysis indicated that
kGPCR expression increased RelA nuclear staining from ~15-
60%, and IKKeK38A reduced RelA nuclear staining to 30% of all
cells positive for GFP-RelA. Finally, we infected kGPCR-express-
ing MEFs with lentivirus containing IKKeK38A (Fig. S6B) and
examined kGPCR-induced gene expression. qRT-PCR analysis
showed that IKKeK38A effectively inhibited three of four NF-xB—
dependent genes to levels below or similar to that of Tkbke ™~ MEF
expressing KGPCR, including Cxcl-1, Cxcl-2, and Icam-1 (Fig. 6C).
Interestingly, the expression of Vcam resisted the inhibition by
IKKeK38A, implying the differential requirement of IKKe in
kGPCR-induced gene expression.
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To test whether IKKeK38A thwarts kGPCR tumorigenesis, we
injected nude mice with MEFs expressing kGPCR alone or
kGPCR and IKKeK38A and monitored tumor formation. Addi-
tionally, we determined whether IKKe overexpression is sufficient
to promote tumor formation (Fig. S6B). We found that exogenous
IKKeK38 expression significantly reduced the average tumor
weight of ~600 mg to~50 mg, induced by kGPCR (Fig. 6D). No-
tably, exogenous IKKe expression did not induce tumor formation
in nude mice. Together with findings from IKKe-deficient MEFs,
these results support the conclusion that IKKe is critically required
for kGPCR-dependent NF-kB activation and tumorigenesis.

Discussion

In this study we identified the IKKe kinase that relays signal trans-
duction from the transforming kGPCR to NF-kB activation.
GPCRs are the most ubiquitous signaling molecules that transduce
messages across membrane in response to diverse physiological
stimuli. Although the signaling cascades leading to NFAT activation
by GPCRs have been the subject of much research, the components
and regulation that govern GPCR-induced NF-xB activation re-
main unknown. Herpesvirus GPCRs are implicated in viral pathogen-
esis. KGPCR expression sufficiently activates NF-«xB, and NF-«xB
activation is essential for kGPCR-induced tumorigenesis (16). We
demonstrated that kGPCR triggers a series of signature events of
NF-kB activation, including IKKe kinase activation, RelA phos-
phorylation, and downstream proinflammatory cytokine expression.
Moreover, key events of NF-kB activation, for example, the drastic
up-regulation of IKKe and RelA S468p, were observed in human
KS tumor tissue and mouse KS-like lesions. Collectively, these
observations support the notion that kGPCR nourishes chronic NF-
kB activation, which imposes an inflammatory microenvironment
that, in turn, fosters tumor formation in the endothelium, an in-
timate interface between the highly dynamic immune cells and the
differentiated/quiescent fibroblasts.

NF-xB activation is critical for a plethora of fundamental bi-
ological processes ranging from development and immune
responses to carcinogenesis. Persistent or chronic NF-kB activation is
one recurrent theme found in a broad spectrum of human cancers
(36). The “acute” NF-xB activation by cytokine (such as TNFa)
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Fig. 6. 1KKeK38A inhibits kGPCR-induced NF-kB activation and tumorigen-
esis. (A) kGPCR-induced NF-«xB activation was determined by luciferase re-
porter assay in 293T cells. (B) The 293T cells transfected with plasmids
containing GFP-RelA, kGPCR, and IKKeK38A were fixed, stained, and ana-
lyzed by immunofluorescence microscopy. Representative images were
shown (Left). More than 300 cells were counted for statistical analysis
(Right). (C) Total RNA extracted from MEFs of indicated genotypes was an-
alyzed by gRT-PCR for the expression (mRNA) of selected NF-kB-dependent
genes. (D) MEFs as in C, mixed with SVEC endothelial cells were injected s.c.
into nude mice. Tumor weight was recorded when mice were killed.
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stimulation and pathogen infection is chiefly achieved through a K63-
linked ubiquitin chain-mediated activation of the IKK complex,
consisting of IKKy and IKKa and/or IKKp (17). The inducible IKKe
was originally implicated in oncogenesis of breast cancer by an
siRNA screen, via inducing NF-kB activation (28). Accumulating
studies indicate that elevated IKKe expression is consistently ob-
served in multiple forms of malignant tumors (29), such as prostate
and ovarian cancers. However, the mechanism by which NF-«B is
activated by IKKe remains largely unknown. We found that IKKe,
when activated by kGPCR, phosphorylated RelA at Ser468 and
promoted its nuclear translocation, agreeing with the findings that
RelA Ser468p up-regulates the expression of a subset of inflam-
matory genes (32). Interestingly, previous reports, including our
findings from virus-infected cells (37), showed that the Ser468
phosphorylation primes RelA for degradation (38, 39). By contrast,
kGPCR expression activates IKKe that phosphorylates and activates
RelA. These observations suggest that additional signaling events,
downstream of kGPCR, may switch RelA toward NF-kB activation.

The IKK-related IKKe was originally discovered as being in-
ducible by inflammatory cytokines (26). The involvement of IKKe
in the carcinogenesis of KS fits with the inflammatory and angio-
genic nature of KS tumors. The induction of IKKe expression
is more robust in human and mouse tumors than in kGPCR-
expressing endothelial cells, suggesting that in vivo paracrine
mechanisms of immune activation of IKKe are crucial and domi-
nant in KGPCR tumorigenesis. Given the inducible nature of IKKe,
it is a general belief that induction of IKKe kinase activity largely
stems from an up-regulation of protein expression. The molecular
mechanisms governing IKKe activation at the posttranslational
level, in analogy to IKKp activation, remain unknown. IKKe is
highly expressed in immune cells, including B and T lymphoid cells
(26). Our observation that IKKe is very abundant in tumor cells of
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mouse KS-like lesions suggests that nonimmune cells, such as en-
dothelial cells, can be primed for IKKe expression. The intracellular
distribution of IKKe is remarkably diverse in tumor cells, ranging
from being plasma membrane-associated, cytosolic punctate, and
nuclear. Similar patterns have been reported previously (28). High
levels of IKKe were also observed in human KS tumors, although
tumor cells with nuclear IKKe were predominant. Whereas vGPCR
is predominantly expressed during lytic infection, KS tumor tissues
are mainly composed of endothelial cells that are latently infected
with KSHV. Conceivably, latent gene products may alter IKKe to
influence KSHYV infection and diseases thereof in vivo. Indeed, our
results indicate that Kaposin B and, to a lesser extent, vCyclin, ac-
tivate IKKe, but not NF-kB. Conversely, vFLIP activates NF-«kB,
but not IKKe. These observations suggest that latent gene products
may function together to instigate IKKe and NF-kB activation. In
sum, our study identifies IKKe as a key molecule linking kGPCR to
NF-kB activation and tumorigenesis. The potent inhibition of the
kinase-dead IKKeK38A on kGPCR tumorigenesis suggests that
IKKe represents a potential drug target to treat human KS.

Materials and Methods

Information on reagents and experimental procedures is given in S/ Materials
and Methods. Included topics are animal experiments, immunoblotting,
gRT-PCR, immunofluorescence microscopy, EMSA, and H&E. All statistical
analyses were done with unpaired, two-tailed Student’s t test.
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