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Activation of NF-�B by the Kaposi’s Sarcoma-Associated Herpesvirus
K15 Protein Involves Recruitment of the NF-�B-Inducing Kinase, I�B
Kinases, and Phosphorylation of p65

Anika Hävemeier,a Silvia Gramolelli,a Marcel Pietrek,a Ramona Jochmann,b Michael Stürzl,b Thomas F. Schulza

Institut für Virologie, Medizinische Hochschule Hannover, Hannover, Germanya; Chirurgische Klinik, Abteilung Molekulare und Experimentelle Chirurgie, Translational
Research Center Universitätsklinikum Erlangen, Erlangen, Germanyb

ABSTRACT

Kaposi’s sarcoma herpesvirus (KSHV) (or human herpesvirus 8) is the cause of Kaposi’s sarcoma, primary effusion lymphoma
(PEL), and the plasma cell variant of multicentric Castleman’s disease (MCD). The transmembrane K15 protein, encoded by
KSHV, has been shown to activate NF-�B and the mitogen-activated protein kinases (MAPKs) c-jun-N-terminal kinase (JNK)
and extracellular signal-regulated kinase (Erk) as well as phospholipase C gamma (PLC�) and to contribute to KSHV-induced
angiogenesis. Here we investigate how the K15 protein activates the NF-�B pathway. We show that activation of NF-�B involves
the recruitment of NF-�B-inducing kinase (NIK) and IKK �/� to result in the phosphorylation of p65/RelA on Ser536. A K15
mutant devoid in NIK/IKK recruitment fails to activate NF-�B but remains proficient in the stimulation of both NFAT- and
AP1-dependent promoters, showing that the structural integrity of the mutant K15 protein has not been altered dramatically.
Direct recruitment of NIK represents a novel way for a viral protein to activate and manipulate the NF-�B pathway.

IMPORTANCE

KSHV K15 is a viral protein involved in the activation of proinflammatory and angiogenic pathways. Previous studies reported
that K15 can activate the NF-�B pathway. Here we show the molecular mechanism underlying the activation of this signaling
pathway by K15, which involves direct recruitment of the NF-�B-inducing kinase NIK to K15 as well as NIK-mediated NF-�B
p65 phosphorylation on Ser536. K15 is the first viral protein shown to activate NF-�B through direct recruitment of NIK. These
results indicate a new mechanism whereby a viral protein can manipulate the NF-�B pathway.

Kaposi’s sarcoma (KS) herpesvirus (KSHV) or human herpes-
virus 8 (HHV-8) (1), a �2-herpesvirus (rhadinovirus), causes

three human neoplastic diseases: Kaposi’s sarcoma, a tumor de-
rived from endothelial cells (2, 3), as well as two B cell tumors, i.e.,
body cavity-based lymphoma (BCBL)/primary effusion lym-
phoma (PEL) (4) and the plasma cell variant of multicentric
Castleman’s disease (5). Endothelial and spindle cells of KS tu-
mors as well as PEL cells and perifollicular B cells of multicentric
Castleman’s disease are infected with KSHV (6–10). Like other
herpesviral infections, most of the KSHV-associated infections are
latent and are associated with limited viral gene expression. Only a
small fraction of infected cells undergo spontaneous lytic replica-
tion (8, 10–12). The open reading frame (ORF) K15 of KSHV is
located between the terminal repeat region and the right end of the
long unique coding region of the genome. Several divergent alleles
of K15 have been identified, among them the predominant K15-P
type and the minor K15-M type, which share only 33% of their
amino acids (13–16) (Fig. 1A). The K15 gene is expressed in la-
tently infected endothelial cells and B cells, and expression in-
creases during the lytic cycle (13–15). It consists of eight exons,
which encode 12 transmembrane domains and a C-terminal cy-
toplasmic domain (amino acids [aa] 355 to 489 in K15-P) (13, 14,
17). This predicted structure shows some resemblance to the la-
tent membrane proteins LMP1 and LMP2 of Epstein-Barr virus
(EBV), which are essential for the ability of EBV to transform
primary B cells (14). While LMP1 combines 6 transmembrane
domains with a C-terminal cytoplasmic domain, LMP2 features
an N-terminal domain followed by 12 transmembrane domains.
The C-terminal cytoplasmic domain of both K15 alleles contain

several putative signaling motifs underlined in Fig. 1A, right panel
(listed here for K15-P): two SH2-binding sites (VFGY431ASI and
DDLY481EEV), a proline-rich SH3-binding site, and a TRAF-
binding site (A473TQPTDD). K15-P activates the mitogen-acti-
vated protein (MAP) kinases c-jun-N-terminal kinase 1 (JNK 1)
and extracellular signal-regulated kinase (Erk2), and the tran-
scription factors NF-�B and AP-1 (14, 17, 18). Moreover, K15, by
recruiting and activating PLC�1, contributes to KSHV-mediated
angiogenesis (16). The phosphorylation of Y481 in the C-terminal
cytoplasmic domain of K15-P by Src kinases (17) is required for
most of the K15-P-induced gene expression (17). Mutation of
tyrosine 481 to phenylalanine (K15-P Y481F) leads to impaired
downstream signaling by K15-P (16–18).

The NF-�B family of dimeric transcription factors consists of
five members, of which three, RelA (p65), RelB, and c-Rel, have
transactivating functions, and two, NF-�B1 (p100/p52) and NF-
�B2 (p105/p50), have DNA-binding activity (19). NF-�B mole-
cules are sequestered in the cytoplasm by inhibitory proteins, in-
cluding I�B�, I�B�, I�Bε, p100, and p105 (20). Upon stimulation
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by cytokines, mitogens, DNA-damaging agents, or microbial in-
fections (21), the inhibitory proteins become phosphorylated by
distinct I�B kinase (IKK) complexes and are consequently de-
graded in a ubiquitin/proteasome-dependent manner (22, 23).
The classical IKK complex consists of two catalytic subunits, IKK�
and IKK�, and the regulatory subunit IKK� (NEMO, IKKAP1, or
FIP-3) (21). Currently, two NF-�B pathways can be distinguished:
the canonical (or classical) and the noncanonical (or alternative)
pathway. The classical pathway plays an important role in im-
mune and inflammatory responses, cell growth, and apoptosis

(19, 24, 25) and is activated, among others, by tumor necrosis
factor alpha (TNF-�) or interleukin-1 (IL-1). Its activation in-
volves activation of the IKK complex, in particular IKK�, leading
to the phosphorylation and degradation of inhibitory I�B proteins
and resulting in the generation of free NF-�B heterodimers (most
commonly p50/RelA) and their translocation into the nucleus.
The alternative pathway is activated by the B cell-activating factor
(BAFF), CD40L, and lymphotoxin � (26–29) and is important for
the development of lymphoid organs and the maturation of B cells
(30–33). Here, the NF-�B-inducing kinase (NIK) activates IKK�
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FIG 1 K15-P induces the binding of NF-�B to target DNA sequence. (A) Left, schematic diagram of K15 and its functional domains. Right, alignment of the
protein sequence of the K15-P and M cytoplasmic domains. The conserved motifs are underlined, and the motif in K15-P (aa 359 to 364), shown to be important
in this report for the recruitment of NIK and IKKs, is shaded in gray. (B) HEK 293-T cells were cotransfected in duplicate with a vector control or increasing
amounts (200 ng, 500 ng, 1 �g) of expression constructs for K15-P wt or K15-P Y481F and an NF-�B-responsive reporter vector. Forty hours after transfection,
cells were lysed and the luciferase activity was measured. Equal expression levels of K15 were analyzed by immunoblotting. (C) Electrophoretic mobility shift
assays were carried out with 32P-end-labeled double-stranded oligonucleotides corresponding to the consensus binding site for NF-�B (wt NF-�B) or with
oligonucleotides containing a mutated NF-�B consensus binding site (mut NF-�B). Reactions were performed either without nuclear extracts (�) or with lysates
from HeLa cells transfected with a vector control, K15-P wt, K15-P Y481F, NIK, or vFLIP expression constructs. The NF-�B-oligonucleotide complex is indicated
as NF-�B-C. (D) Supershift analyses (SS) were performed with K15-P wt-transfected cells using antibodies specific for different NF-�B proteins (5 �g each), as
well as 5 �g anti-IgG as an isotype control. Competition experiments were carried out with 200-fold molar excess of unlabeled wild-type (wt NF-�B) or mutated
(mut NF-�B) oligonucleotides. All the experiments were performed three times. **, P � 0.01; ***, P � 0.001.
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by phosphorylation of Ser176 (34) followed by the processing of
p100 to p52 and liberation of p52/RelB dimers (30, 35). Induction
of the alternative pathway is independent of IKK� and IKK�,
which are, however, essential for the classical NF-�B pathway (30,
35). In addition to NF-�B activation through the liberation of
NF-�B subunits from cytoplasmic retention, these subunits are
also regulated in their transactivational potential. For example,
p65 can be phosphorylated at two independent transactivation
(TA) domains (TA1 and TA2) within its C-terminal 120 amino
acids (36, 37). TNF-�-mediated signaling involves p65 Ser529
phosphorylation (38, 39), whereas p65 Ser536 can be phosphory-
lated by multiple kinases, including IKK� and IKK�, depending
on the stimuli (40, 41). For example, in LT�-stimulated cells,
IKK� phosphorylates p65 at Ser536 in a NIK-dependent manner
(42). Deregulated activation of NF-�B plays a role in several dis-
eases (43–45), and several viral proteins are implicated in the ac-
tive induction of NF-�B signaling. Examples are the latent mem-
brane protein 1 (LMP1) of KSHV’s close relative Epstein-Barr
virus, which induces the classical and alternative NF-�B pathway
via two signaling domains, termed C-terminal-activating region 1
(CTAR1) 1 and CTAR2 (46–48). While EBV LMP1 CTAR1 is
responsible for the recruitment of TRAF1, -2, -3, and -5 with
subsequent activation of the noncanonical pathway through the
NIK-IKK�-p100 axis, CTAR2 activates the canonical NF-�B
pathway. The latter event requires the recruitment of TNIK as well
as TRAF6 activation, thereby leading to IKK kinase activation and
p65 nuclear translocation (49–51).

Among other �2 herpesviruses, both herpesvirus saimiri and
herpesvirus ateles usurp the NF-�B pathway. The former ex-
presses the saimiri transforming protein C (STPC) responsible for
the induction of NF-�B via its association with TRAF1, -2, and -3
and by activating NIK (52, 53). The latter encodes the TiO (two in
one) oncoprotein, which directly recruits TRAF6 and stabilizes
NIK, thus triggering NF-�B activation via IKK�-IKK� (54, 55).

In other virus families, the respiratory syncytial virus (RSV)
rapidly activates the alternative pathway prior to activating the
classical pathway (56, 57). Furthermore, Tax of human T cell leu-
kemia virus type 1 (HTLV-1) (58) and Tat of human immunode-
ficiency virus (HIV) are able to induce NF-�B (59). Among the
proteins expressed by KSHV, the viral FLICE-inhibitory protein
(vFLIP) and the tegument protein ORF75 (60) as well as K15 (17,
18, 61) can activate the NF-�B pathway.

Here we investigate the molecular mechanisms involved in the
activation of NF-�B by K15. We show that this involves the re-
cruitment of a NIK/IKK complex by K15 and phosphorylation of
p65 on Ser536, leading to an increased binding of the p65/p50
complex to cognate DNA sequences. Since KSHV K15 is the first
viral protein known to induce NF-�B and especially p65 Ser536
phosphorylation by directly recruiting NIK, these findings high-
light a new mechanism whereby a viral protein can manipulate the
NF-�B pathway.

MATERIALS AND METHODS
Cell cultures and transfections. HEK 293, HEK 293-T, and HeLa cells
were grown in Dulbecco’s modified Eagle medium (DMEM; Gibco) sup-
plemented with 10% fetal calf serum (FCS), 50 IU/ml penicillin, and 50
�g/ml streptomycin at 37°C in a 5% CO2 incubator. For transfection, cells
were grown to subconfluence in six-well plates and transfected with the
indicated expression constructs with FuGENE transfection reagent
(Roche) according to the manufacturer’s instructions. As indicated, cells

were stimulated with 20 ng/ml of TNF-� (PeproTech) for 5 min prior to
cell lysis. Wedelolactone (EMD Millipore) was added at a concentration of
80 �M to cells.

DNA constructs. The alanine scanning mutants of GST-K15355– 489

(where GST is glutathione S-transferase), GST-K15355–374, and K15-P wt
(wild type) were constructed using site-directed mutagenesis with the
following primers: pGEXK15-Pdelta4/359 –361/for (5=-GTTACGCAGC
GGCAAGGCGGCGCATATACACGCGGGACCAG-3=) and pGEXK15-P
delta4/359 –361/rev (5=-CTGGTCCCGCGTGTATATGCGCCGCCTTC
GCTGCGTAAC-3=) for GST-K15 RQR359 –361/AAA; pGEXK15-Pdelta4/
362–364/for (5=-CCGACAGAGAGCGGCGGCGATATACACGCGGGA
CCAGAACTTAC-3=) and pGEXK15-Pdelta4/362–364/rev (5=-GTAAGT
TCTGGTCCCGCGTGTATATCGCCGCCGCTCTCTGTC GG-3=) for
GST-K15 RRR362–364/AAA; pGEXK15-Pdelta4/365–367/for (5=-GGCGG
CGCGCAGCCGCGCGGGACCAGAACTTACACC-3=) and pGEXK15-
Pdelta4/365–367/rev (5=-GGTGTAAGTTCTGGTCCCGCGCGGCTGC
GCGCCGCC-3=) for GST-K15 IYT365–367/AAA; pGEXK15-Pdelta4
368 –370 for (5=-GGCGGCGCATATACACGGCGGCCGCGAACTTAC
ACCAC-3=) and pGEXK15-Pdelta4 368 –370 rev (5=-GTGGTGTAAGTT
CGCGGCCGCCGTGTATATGCGCCGCC-3=) for GST-K15 RDQ 368–
370/AAA; pGEXK15-Pdelta4/371–373/for (5=-CGGCGCATATACACGCG
GGACCAGGCCGCAGCCCACACAAAGGG-3=) and pGEXK15-Pdelta4/
371–373/rev (5=-CCCTTTGTGTGGGCTGCGGCCTGGTCCCGCGTGTA
TATGCGCCG-3=) for GST-K15 NLH371–373/AAA; and pGEXK15-Pdelta4/
374/for (5=-CGCGGGACCAGAACTTACACGCCACAAAGGGAATTC-3=)
and pGEXK15-Pdelta4/374/rev (5=-GAATTCCCTTTGTGGCGTGTAAGT
TCTGGTCCCGCG-3=) for GST-K15 H374/A.

The construction of other GST-K15 fusion proteins and the K15 mu-
tant K15-P Y481F have been described previously (17), as have the K15-P
wt construct clone 35 (13) and the vFLIP-expressing lentiviral vector (62).
The expression vectors for NIK (pSC3MT-NIK wt and pSC3MT-NIK
[KK429 – 430AA {dnNIK}]), which lacks the kinase activity due to a dou-
ble replacement of lysine with alanine in positions 429 and 430, as well as
IKK� were kind gifts of M. Kracht (63) and A. Kieser, respectively. The
LMP1 and IKK� constructs have been described previously (64). Reporter
vectors were obtained and have been described previously as follows: the
NF-�B reporter p3Enh�BconA-Luc (65) was provided by A. Eliopoulos,
and the AP-1 reporter pRTU14 and the control vector pRTU1 (29) and
the pNFAT-TA-Luc and pTA-Luc vector were purchased from Clontech
(18).

siRNA transfections. Small inhibitory RNAs (siRNAs) were pur-
chased from Dharmacon Research Inc. (Lafayette, CO). HEK 293 or HeLa
cells were transfected with 160 pmol siRNA using Lipofectamine 2000
(Invitrogen) at 30 to 50% confluence according to the manufacturer’s
instructions. Six hours posttransfection, the medium was replaced and
cells were transfected with the indicated expression constructs.

Luciferase-based reporter assays. To assay NF-�B, AP-1, or NFAT
activity, HEK 293 and HEK 293-T cells were transiently cotransfected in
duplicate with 50 ng of reporter plasmid and expression constructs as
indicated in the figure legends. Forty hours after transfection, cells were
washed once with phosphate-buffered saline (PBS) and lysed in 300 �l
reporter lysis buffer (Promega) per well of a six-well plate. Luciferase
activity was measured in cleared lysates with a luciferase system in accor-
dance with the manufacturer’s instructions (Promega). Each experiment
was performed at least three times in duplicate; the graphs represent a
merge of three independent experiments, the error bars indicate the stan-
dard deviations, and to assess whether there was a significant difference
between the different conditions, a Kruskal-Wallis test with Dunn’s post-
test was performed.

Immunoblotting. For the detection of K15 protein by Western blot-
ting, cleared lysates were not boiled prior to SDS-polyacrylamide gel elec-
trophoresis. As indicated, the following primary antibodies were used for
immunostaining of immunoblots: mouse anti-actin (Chemicon), rabbit
anti-K15 (17), mouse anti-IKK� (BD Biosciences), rabbit anti-IKK�,
mouse anti-IKK�, rabbit anti-NIK, rabbit anti-NF-�B p105/p50, rabbit
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anti-phospho p65 (Ser536), rabbit anti-NF-�B2 p100/p52, rabbit phos-
pho IKK�/� (Ser176/180) (Cell Signaling Technology), mouse anti-
NF-�B p65 (Santa Cruz), mouse monoclonal anti-hemagglutinin (HA)
tag (Roche), and rabbit anti-FLAG (Sigma).

Coimmunoprecipitation. Forty-eight hours after cotransfection of
HEK 293-T cells with the indicated expression constructs, cells were lysed
with 250 �l radioimmunoprecipitation assay medium (RIPA-100; 20 mM
Tris-HCl [pH 7.5], 1 mM EDTA, 100 mM NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate [DOC], 0.1% SDS) per well of a six-well plate.
Cleared lysates (200 �l) were incubated with 0.9 �g of anti-FLAG M2
antibody bound to protein G Sepharose beads, or anti-c-myc monoclonal
AB-agarose beads (Clontech), or mouse immunoglobulin (Dako) protein
G Sepharose beads at 4°C with gentle shaking overnight. Beads were
washed three times with TBST (20 mM Tris-HCl [pH 7.4], 1 mM EDTA,
100 mM NaCl, 1% Triton X-100) and analyzed by SDS-PAGE and West-
ern blotting.

In vitro translation. For in vitro translation of NIK, IKK�, and IKK�,
the TNT coupled reticulocyte lysate system (Promega) was used accord-
ing to the manufacturer’s instructions. The translation product was incu-
bated with GST fusion proteins or GST only as described below.

GST fusion protein binding assays. For GST pulldown experiments,
Escherichia coli Rosetta cultures transformed with GST expression plas-
mids or GST only were grown at 37°C in LB medium plus ampicillin and
chloramphenicol. Cultures were induced at an optical density at 600 nm
of 0.4 to 0.6 with 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) and
harvested by centrifugation 5 h after induction. Pelleted cells were resus-
pended in 500 �l PBS with protease inhibitors, sonicated for 1 min on ice,
supplemented with 1% Triton X-100, and incubated for 1 h at 4°C. After
centrifugation, the supernatant was incubated with 100 �l glutathione
Sepharose beads (Amersham Biosciences) overnight at 4°C. Beads were
washed twice with TBST plus protease inhibitors and visualized on a Coo-
massie blue-stained gel to estimate equal amounts of GST fusion proteins.
HEK 293-T cells were transfected as described above with the indicated
expression constructs or left untransfected for experiments with endoge-
nous IKK� or IKK�. Forty-eight hours after transfection, cells were
washed once with PBS and lysed with TBS-T lysis buffer (20 mM Tris HCl
[pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) with protease
inhibitors for 10 min on ice. Cleared lysates (100 �l) were incubated with
precalculated amounts of either GST fusion proteins or GST control pro-
tein overnight at 4°C. Beads were washed three times with TBST with
protease inhibitors and analyzed by SDS-PAGE and Western blotting.

EMSA. For electrophoretic mobility shift assays (EMSAs), oligonucle-
otide probes were prepared as follows: 2 �l NF-�B wild-type or mutant
consensus oligonucleotides (Santa Cruz), 3 �l of 10	 PNK buffer, 2 �l
T4-PNK (NEB), 4 �l �32P-ATP (222 TBq/mmol), and 19 �l distilled
water were mixed and incubated for 1 h at 37°C.

The labeled double-stranded (ds) oligonucleotides were purified using
the ProbeQuant G-50 Micro Columns (GE Healthcare) according to the
manufacturer’s instructions and diluted to 20,000 cpm/�l.

For EMSAs, 8 �g of nuclear extracts (nuclear/cytosol fractionation kit;
BioVision; filled up to a total volume of 2.86 �l with 0.42 M NaCl) was
added to a 12.14-�l band shift mixture containing 2 �l poly(dI-dC)
(1 mg/ml), 1.5 �l 10	 band shift buffer (100 mM Tris-HCl [pH 7.5], 100
mM dithiothreitol [DTT], 50% glycerol, 10 mM EDTA), 2 �l labeled
ds-oligonucleotide probe, and distilled water and incubated on ice for 30
min. For supershift or cold-competition reactions, the reaction mixtures
were pipetted without labeled probe and 5 �g of supershift antibody or
200	 excess of unlabeled probe was added to the band shift mixture and
incubated on ice for 1 h prior to adding the labeled probe. The native
acrylamide gel was prerun for 1 h at 160 V in 1	 TBE (890 mM Tris base,
890 mM boric acid, 20 mM EDTA, pH 8). Afterwards, the band shift
reaction mixtures were loaded onto the gel and separated for 2 h at 160 V.
The gel was dried using the gel drying frame (Roth) according to the
manufacturer’s instructions. Dried gels were analyzed by autoradiog-
raphy.

RESULTS
K15 induces the binding of NF-�B proteins to their target DNA
sequences. Using luciferase-based reporter assays, we have previ-
ously shown that both the P and M alleles of the KSHV K15 pro-
tein activate the NF-�B pathway and that this is at least partially
dependent on the phosphorylation of tyrosine 481 in the SH2-B
motif (Y481EEV) of the cytoplasmic domain of K15 (Fig. 1A and B
and reference 17). The aim of this study was to investigate how
K15 activates the NF-�B pathway. First, we checked if the binding
of NF-�B proteins to target DNA sequences is induced upon ex-
pression of K15. We therefore performed electrophoretic mobility
shift assays with radioactively labeled DNA oligonucleotides con-
taining the consensus binding site for NF-�B and nuclear extracts
of cells that had been transiently transfected with K15 expression
vectors. Nuclear lysates of K15 wt-transfected HeLa cells showed
enhanced binding of NF-�B dimers to target DNA sequences (wt
NF-�B) compared to lysates of control vector-transfected cells
(Fig. 1C). Moreover, when we used lysates of cells transfected with
the K15 Y481F mutant, we observed decreased NF-�B/DNA-bind-
ing activity compared to lysates of K15 wt-transfected cells. Exper-
iments carried out with lysates of KSHV vFLIP-transfected cells
led to the strongest shift of oligonucleotides containing the NF-�B
consensus sequence (Fig. 1C). This is in accordance with the ob-
servation that vFLIP is the strongest NF-�B inducer among all
KSHV proteins (60). Overexpression of the NF-�B-inducing ki-
nase, NIK, also increases interaction of NF-�B with DNA (Fig.
1C). To investigate which NF-�B proteins bind to DNA in re-
sponse to K15 stimulation, we performed supershift assays (Fig.
1D). We observed the strongest supershift with an antibody to
p65/RelA and a less pronounced effect with an antibody to p50. In
contrast, we saw no effect with antibodies to p52, c-Rel, and RelB
(Fig. 1D). The specificity of supershifts was confirmed by using an
isotype control antibody (IgG), and the specificity of the NF-�B/
oligonucleotide complex was confirmed by competition experi-
ments with a 200-fold molar excess of unlabeled wt NF-�B and
mutant (mut) NF-�B oligonucleotides (cold competition). In
summary, these results demonstrate that primarily the NF-�B
subunit p65/RelA is bound to cognate DNA upon K15 expression.

siRNA-mediated silencing of IKK proteins, NIK, and p65 im-
pairs K15-mediated NF-�B activation. In order to elucidate
which components of the NF-�B signaling pathway are engaged
during the activation by K15, we used small inhibitory RNAs
(siRNAs) to downregulate the expression of IKK proteins and
NIK, important upstream mediators of NF-�B activation, as well
as p65 and p100, prior to the transfection of HEK 293 cells with an
NF-�B-responsive luciferase-based reporter vector and an expres-
sion vector for the P allele of K15. As can be seen in Fig. 2A,
reduced expression of IKK�, IKK�, and IKK� led to a moderate
decrease of K15-mediated NF-�B activation of about 30%. Of
note, siRNA-mediated silencing of NF-�B p100, the precursor of
p52, did not result in a reduction of K15-mediated NF-�B activa-
tion (Fig. 2A). However, treatment of cells with siRNAs directed
against p65 and NIK (Fig. 2A and B) reduced the K15-mediated
NF-�B activation to background levels. This is in accordance with
our observation that p65 is the most prominent NF-�B protein
recruited to its target DNA upon K15 transfection (Fig. 1). In
addition, a dominant negative NIK mutant, which lacks the kinase
activity due to a double replacement of lysines with alanine resi-
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dues in positions 429 and 430, strongly reduced the K15-induced
activation of the NF-�B-responsive reporter (Fig. 2C).

K15 induces p65/RelA phosphorylation in a NIK-dependent
manner. Our results so far suggested an involvement of NIK in the
K15-mediated activation of p65/RelA (Fig. 1 and 2). NIK has pre-
viously been shown to contribute to the phosphorylation of p65
on Ser536 in response to lymphotoxin � stimulation (42). We
therefore explored if K15 expression leads to the phosphorylation
of p65/RelA and if this involves NIK. We transfected HeLa cells,
which had previously been treated with siRNAs against NIK,
IKK�, IKK�, or control siRNA, with a K15-expressing or a control
vector. As a positive control, we stimulated HeLa cells with TNF-�
for 5 min before lysis. Figure 3A shows that expression of K15
induces phosphorylation of p65 at Ser536 (compare lanes 2 and
4), which could also be seen in cells stimulated with TNF-� (lanes
5 and 6). Interestingly, siRNA-mediated downregulation of NIK
impairs K15- but not TNF-�-mediated phosphorylation of p65.
In contrast, individual downregulation of IKK� and IKK� by
siRNA had no effect on the K15-mediated phosphorylation of p65
on Ser536 (Fig. 3B). In an alternative approach to investigate
whether K15-induced p65 phosphorylation is dependent on the
combined actions of IKK� and IKK�, we used wedelolactone, a
selective and irreversible inhibitor of IKK� and IKK� enzymatic
activity (66) (Fig. 3C). K15, vFLIP, or control vector-transfected
HeLa cells were treated 16 h after transfection with 80 �M wede-
lolactone and then lysed 28 h later, while, as a positive control,
cells were treated with TNF-� 5 min prior to lysis. Wedelolactone

treatment reduced K15-, as well as vFLIP-induced p65 phosphor-
ylation on Ser536. To further confirm that NIK is responsible for
the activation of IKKs by K15 and subsequent p65 phosphoryla-
tion, we transfected HeLa cells with either NIK or control siRNA
and measured by Western blotting the level of IKK�/� phosphor-
ylation in the presence or absence of K15 (Fig. 3D). We observed
that K15 induces IKK�/� phosphorylation in a NIK-dependent
manner (compare lanes 1 and 2).

The cytoplasmic domain of K15 directly interacts with NIK.
NIK is a cytoplasmic and nuclear kinase, which is rapidly turned
over by the E3 ubiquitin ligase TRAF3. Upon activation of the
lymphotoxin � receptor, TRAF3 levels are reduced, resulting in a
stabilization of NIK (67). As we had previously observed that the
cytoplasmic domain of K15 interacts with TRAF3 (14), we ex-
plored if K15 has a direct effect on NIK. We did not observe an
increase in NIK levels in K15-transfected cells (Fig. 3 and data not
shown). However, we found that K15 and NIK interact directly.
We first carried out coimmunoprecipitation experiments with
full-length K15 and NIK. Lysates of HEK 293T cells transiently
transfected with expression constructs of a Flag-tagged K15 P al-
lele and NIK were incubated with Sepharose beads coated with
either anti-Flag or mouse IgG antibody and analyzed by immuno-
blotting after washing. Figure 4A shows the coprecipitation of
NIK with K15, demonstrating an interaction of NIK and K15-P.
Using a set of GST fusion proteins containing either the complete
K15 cytoplasmic domain or truncated versions thereof (Fig. 4B),
we were able to show, in GST pulldown assays, that NIK interacts

FIG 2 Silencing/inhibition of NIK and p65 inhibits K15-dependent NF-�B activation. (A and B) HEK 293 cells were transfected with the indicated siRNAs. Six
hours later, the medium was replaced and cells were cotransfected with the indicated expression constructs and an NF-�B-responsive reporter vector. Forty hours
after transfection, cells were lysed and the luciferase activity was measured. Shown are relative light units (RLUs) based on duplicate samples. Expression levels
of different proteins were analyzed by immunoblotting. (C) HEK 293-T cells were transiently transfected with an NF-�B-responsive reporter vector, an empty
vector, or a K15 expression vector and increasing amounts of dnNIK (500 ng and 1 �g). Forty hours after transfection, cells were lysed and luciferase activity was
measured. Shown are relative light units based on duplicate samples. Expression levels of K15-P and dnNIK proteins were analyzed by immunoblotting. The
experiment was performed three times in duplicate. **, P � 0.01; ***, P � 0.001.
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with the K15 cytoplasmic domain and, in particular, with a short
membrane-proximal region (aa 355 to 374) of K15 (Fig. 4C). We
were able to confirm the interaction of NIK with the K15 cytoplas-
mic domain using in vitro-translated NIK, indicating a direct in-
teraction between the two proteins (Fig. 4D). In addition to NIK,
its target IKK�, as well as IKK�, appears to be recruited to the
same region (aa 355 to 374), as indicated by GST pulldown assays
with lysates from transfected HEK 293-T cells (Fig. 4C, lower pan-
els). In vitro-translated IKK� also showed a strong binding to the
cytoplasmic domain of K15 in a GST pulldown assay, whereas the
binding of in vitro-translated IKK� appeared to be weak and in-
consistent (Fig. 4D, lower panels). As a next step, we sought to

map the interaction site for NIK, IKK�, and IKK� in the cytoplas-
mic domain of K15 more precisely. Using site-directed mutagen-
esis, we generated alanine scanning mutants of the shortest K15
region (aa 355 to 374) that we had found to interact with NIK,
IKK�, and IKK� in a GST pulldown assay (Fig. 4B and C). In these
alanine scanning mutants, we substituted triplets of neighboring
amino acids in the GST K15 aa 355 to 374 region. These mutated
GST-K15 fusion proteins were used in a pulldown experiment
with lysates of NIK-transfected or untransfected (for IKK� and
IKK�) HEK 293-T cells. Figure 4E (upper panel) shows that two
alanine scanning mutants, GST-K15355–374 RQR359 –361/AAA and
GST-K15355–374 RRR362–364/AAA were no longer able to interact
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with NIK, pointing to an essential role of these six amino acids for
the interaction of the two proteins. Similar results could be seen for
IKK� and IKK� (Fig. 4E, lower panels). We then introduced the two
triple alanine mutations RQR359–361/AAA and RRR362–364/AAA into

the GST construct containing the whole cytoplasmic domain of
K15 (GST K15355– 489). Figure 4F shows that replacement of amino
acids 359 to 364 with alanines in the background of the whole
cytoplasmic domain of K15 still abolishes the interaction with
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NIK. In contrast, the recruitment of IKK� and IKK� was abol-
ished only when amino acids 362 to 364 were mutated, whereas
the interaction with IKK� was preserved when amino acids 359 to
561 were replaced with alanines (Fig. 4F, lower panels). IKK�
showed reduced, but still detectable, binding to RQR359 –361/AAA.

A NIK-/IKK�-/IKK� binding-deficient K15 mutant fails to
activate NF-�B activation but retains the ability to stimulate
other K15-driven promoters. To investigate if mutant K15
RQR359 –361/AAA or K15 RRR362–364/AAA can still activate NF-�B,
we performed NF-�B reporter experiments in HEK 293-T cells.
Cells were cotransfected with an NF-�B-responsive reporter vector
and increasing amounts of a eukaryotic expression vector for full-
length K15 wt, K15 RQR359–361/AAA, or K15 RRR362–364/AAA. As a
negative control, we cotransfected increasing amounts of K15 Y481F,
a K15 mutant impaired in downstream signaling (17, 18). K15 wt
activated NF-�B up to 6-fold in comparison to vector-transfected
cells (Fig. 5A). As expected, the tyrosine mutant K15 Y481F showed
only weak NF-�B activation. Interestingly, only the K15 RRR362–364/
AAA mutant, but not the K15 RQR359–361/AAA mutant, was im-
paired in NF-�B activation in this reporter assay. Furthermore, we
performed EMSAs with nuclear extracts of cells transfected with K15
wt and K15 mutants (Fig. 5B). As already shown above (Fig. 1B), K15
wt induced a bandshift of a radioactively labeled oligonucleotide rep-
resenting the NF-�B binding site. In contrast, the two K15 mutants
were significantly compromised in their ability to induce the binding
of NF-�B proteins to cognate DNA sequences in this assay. The K15
RRR362–364/AAA mutant showed a more pronounced defect in in-
ducing the binding of NF-�B to DNA than the K15 RQR359–361/AAA
mutant, reflecting to some extent the results of the NF-�B-responsive
reporter assay (Fig. 5A).

We also wanted to explore if the NIK-, IKK�-, and/or IKK�-
binding-deficient K15 mutants are impaired in inducing the phos-
phorylation of p65 on Ser536. HeLa cells were transfected with
different K15 or vFLIP expression constructs or were treated with
TNF-� as a positive control. As can be seen in Fig. 5C, expression
of K15 wt or K15 Y481F induces the phosphorylation of p65, as
does KSHV vFLIP transfection and TNF-� stimulation. In con-
trast, both K15 triple alanine mutants (K15 RQR359 –361/AAA and
K15 RRR362–364/AAA) are impaired in Ser536 phosphorylation of
p65. To ascertain if the K15 triple alanine mutants also lead to a
reduced induction of other K15-driven signaling pathways, we
performed luciferase-based reporter assays with AP-1- and
NFAT-responsive promoters (Fig. 5D and E), which we have pre-
viously shown to be activated by the expression of K15 (14, 17, 18).
Interestingly, the NIK-binding-deficient mutants of K15 retained
the ability to activate AP-1- and NFAT-responsive promoters,
while, as expected (17, 18), the SH2-binding site mutant K15
Y481F was compromised in this regard. These data suggest that the
binding motif for NIK, IKK�, and IKK� in the cytoplasmic tail of
K15 is involved in the activation of NF-�B but not of other K15-
P-driven signaling pathways.

DISCUSSION

Previous studies showed that the K15 protein of KSHV induces
several signal transduction pathways, including the activation of
NF-�B (16–18). Induction of NF-�B via the classical or the alter-
native pathway is accompanied by the translocation of specific
NF-�B dimers from the cytoplasm to the nucleus. Activation of
the classical pathway leads in most cases to the release of p50/p65
dimers from cytoplasmic I�B-mediated retention, whereas the alter-

native pathway induces the processing of p100 and the accumulation
of p52/RelB dimers in the nucleus. However, the composition of
these dimers is flexible and cannot always be assigned to just one of
the pathways mentioned above. We found that expression of K15 wt
induces the binding of NF-�B subunits p65 and p50 to cognate target
DNA sequences (Fig. 1C and D). We also found the activation of the
NF-�B pathway by K15 to be dependent on the presence of a func-
tionally active NIK, and expression of K15 together with a dominant
negative NIK (dnNIK) led to a reduced activation of an NF-�B-re-
sponsive promoter (Fig. 2C). Suppression of NIK and p65 with
siRNAs strongly reduced the activation of NF-�B (Fig. 2A and B),
whereas reduced expression of individual components of the IKK
complex (IKK�, IKK�, and IKK�) led to only a minor effect on K15-
mediated NF-�B signaling (Fig. 2A). The K15 Y481F mutant was im-
paired in the induction of NF-�B/DNA complex formation (Fig. 1C),
which, in addition to previously reported experiments (16–18), pro-
vides further evidence for the importance of the Y481EEV motif for
K15-mediated downstream signaling.

NIK has previously been implicated in LT�R-induced phos-
phorylation of p65 at position Ser536, a process that also involves
IKK� (42). In other settings, IKK� overexpression stimulates
Ser536 phosphorylation of p65 (41). We show here that K15 ex-
pression stimulates Ser536 phosphorylation of p65 and IKK�/� in
a NIK-dependent manner (Fig. 3A to D). In contrast, silencing the
expression of IKK� or IKK� individually did not reduce the level
of K15-dependent NF-�B activation (Fig. 2A) or p65 Ser536 phos-
phorylation (Fig. 3B). However, treatment with wedelolactone, an
inhibitor of both IKK� and IKK�, reduced the levels of K15-in-
duced p65 Ser536 phosphorylation. As the suppression of IKK�
and IKK� by siRNA was not complete (Fig. 2A and 3B), this sug-
gests the possibility that K15-induced activation of NIK, and sub-
sequent phosphorylation of p65, may involve IKK� and/or IKK�,
which could be able to compensate for each other when only one
of them is suppressed by siRNA. Moreover, NIK seems to be re-
sponsible for the K15-mediated IKK�/� activation, since silencing
of NIK by siRNA (Fig. 4D) abolished IKK�/� phosphorylation.
The NF-�B-inducing kinase (NIK) has been identified as the ki-
nase responsible for phosphorylation of IKK� and the consequent
activation of alternative NF-�B signaling (34). NIK has also been
implicated in the activation of the classical NF-�B pathway by
receptors that induce both the classical and the alternative path-
ways. In contrast to receptors that activate only the classical path-
way, these receptors require the recruitment of NIK in addition to
the IKK complex to activate both NF-�B pathways (68). Although
the well-known activators of the alternative NF-�B pathway, in-
cluding CD40, LT�R, BAFF, and viral proteins (26–28, 69, 70),
utilize NIK for NF-�B activation, only a few of them directly in-
teract with NIK. The present study provides evidence for a direct
interaction between K15 and NIK. Coimmunoprecipitation ex-
periments revealed an interaction of the P allele of K15 and NIK in
vivo (Fig. 4A), and GST pulldown assays with lysates of NIK-trans-
fected cells and in vitro-translated NIK showed that this interac-
tion occurs directly (Fig. 4C and D). Using alanine scanning mu-
tagenesis, we defined six amino acids (aa 359 to 364) responsible
for NIK binding (Fig. 4E and F). Functional assays confirmed that
K15 mutants RQR359 –361/AAA and RRR362–364/AAA showed a de-
creased ability to activate NF-�B (Fig. 5A, B, and C). However,
while both mutants showed a decreased ability to induce an NF-�B
bandshift (Fig. 5B) and p65 Ser536 phosphorylation (Fig. 5C), only
mutant RRR362–364/AAA failed to activate an NF-�B promoter
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(Fig. 5A). Since this mutant retained residual activity in the NF-�B
bandshift assay (Fig. 5B), we assume that this residual activity is
sufficient to activate the NF-�B reporter vector. Alternatively, an-
other explanation could be that K15 does not need NIK binding
for NF-�B activation, as measured in the reporter assay (Fig. 5A)

and in the NF-�B bandshift assay (Fig. 5B), but that NIK binding
to K15 could be required for p65 phosphorylation and a subse-
quent modification of NF-�B dimers and, thereby, the spectrum
of NF-�B target genes that are activated by K15.

We have also shown that the targets of NIK, IKK�, and IKK�,
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FIG 5 K15 mutants deficient in binding to NIK, IKK�, and IKK� show a decreased ability to activate NF-�B and induce p65 phosphorylation but retain the
ability to activate other K15-P-driven promoters. (A) HEK 293-T cells were transiently cotransfected with reporter vectors responsive to NF-�B and increasing
amounts (200 ng, 500 ng, 1 �g) of expression constructs of either K15-P wt, K15-P Y481F, K15-P 359 –361 RQR/AAA, or K15-P362–364 RRR/AAA. Forty hours after
transfection, cells were lysed and luciferase activity was measured. Shown are relative light units based on duplicate samples. Expression levels of K15-P wt and
mutants were analyzed by immunoblotting. (B) Electrophoretic mobility shift assays were carried out with 32P-end-labeled double-stranded oligonucleotides
corresponding to the consensus binding site for NF-�B. Reactions were performed either without nuclear extracts (�) or with lysates from HeLa cells transfected
with empty vector, K15-P wt, K15-P359 –361RQR/AAA, or K15-P362–364 RRR/AAA expression constructs. The NF-�B-oligonucleotide complex is indicated as
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the vFLIP expression vector, and of p65 or phosphorylated (Ser536) p65 with commercial antibodies (see Materials and Methods). (D and E) HEK 293T cells were
transfected with an AP1 reporter plasmid (D) or an NFAT reporter plasmid (E) and increasing concentrations of the indicated K15 expression vectors. Luciferase
assays were carried out as described for panel A. The experiments were performed three times in duplicate. n.s., not significant; ***, P � 0.001.
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are directly recruited to the same region of the K15 cytoplasmic
domain (Fig. 4C to F). In contrast to what occurs with NIK, sub-
stitution of amino acids 359 to 361 of K15 did not completely
abolish the interaction with IKK� and IKK�, whereas mutation of
amino acids 362 to 364 entirely prevented the recruitment of
IKK� and IKK� to K15 (Fig. 4F). Thus, K15 appears to utilize a
mechanism of activating the NF-�B pathway that is different from
that of of KSHV vFLIP and HTLV-1 Tax, which both directly
recruit IKK�/NEMO (74–77). It is thus possible that K15 func-
tionally resembles IKK�/NEMO, working as a “regulatory plat-
form” able to recruit IKKs and modulate the NF-�B signal. While
IKK�/NEMO functions are normally regulated by ubiquitination,
K15 might work as a constitutively active NF-�B inducer. Further
investigation would be needed to address this question.

Recruitment of NF-�B pathway components has also been
shown for other viruses. The hepatitis C virus core protein sup-
presses NF-�B activation by directly recruiting IKK� (71), and the
Epstein-Barr virus LMP1 protein activates the NF-�B pathway in
a NIK-dependent manner, but the mechanism of its recruitment
is not clear (72). The Tio protein of herpesvirus saimiri activates
the alternative NF-�B pathway by stabilizing NIK (55).

While the K15 mutant RRR362–364RRR/AAA shows a pro-
nounced defect in NF-�B activation in NF-�B reporter and
NF-�B bandshift assays and is defective in phosphorylating
Ser536 of p65, it is capable of activating AP-1 and NFAT-respon-
sive promoter activity (Fig. 5D and E). This observation indicates
that the K15362–364RRR/AAA mutant likely does not suffer from a
structural defect that would affect all currently known K15 func-
tions (14, 17, 18, 44) but is selectively deficient in NF-�B activa-
tion. Thus, the region located in the most proximal region of the
cytoplasmic tail of K15 (comprising amino acids 362 to 364)
seems to selectively contribute to activation of the transcription
factor NF-�B but not of others, such as NFAT or AP-1. It thereby
differs from the YEEV SH2 binding site, which appears to be in-
volved in all K15-activated pathways reported so far (14, 16–18,
73). Interestingly, while a mutation of this SH2 binding site de-
creases K15-dependent activation of an NF-�B reporter (Fig. 1B)
and recruitment of p65/p50 to a cognate NF-�B binding site (Fig.
1C), phosphorylation of p65 at Ser536 is not affected (Fig. 5C). Since
the two K15 mutants K15359–361RQR/AAA and K15362–364RRR/
AAA fail to induce p65 Ser536 phosphorylation, this observation
suggests that two K15-dependent signals contribute to NF-�B ac-
tivation, one of which, recruitment of the NIK/IKK�/IKK� com-
plex to aa 359 to 364 of K15, leads to the phosphorylation of p65
Ser536.

Although this study focused mainly on K15-P-mediated
NF-�B signaling, previous reports (17, 18) showed that the M
allele of K15 can also activate NF-�B. Interestingly, of the two
regions found to be important for K15-P-mediated NF-�B activa-
tion, one, the YEEVL motif, is conserved in K15M, while the other
one (aa 359 to 364), shown here to be involved in the recruitment
of NIK, IKK�/�, is not (Fig. 1A). This observation is compatible
with two possible interpretations: (i) K15M does not recruit NIK
or IKK�/� and activates NF-�B in a different manner, which how-
ever still relies on the conserved YEEVL motif; (ii) other regions in
the K15M cytoplasmic tail are required for the recruitment of NIK
and/or IKK�/�. Further experiments are therefore required to
elucidate the exact mechanism by which K15M mediates NF-�B
activation.

Several KSHV proteins activate the NF-�B pathway and may

utilize the NF-�B pathway to regulate different aspects of the viral
life cycle. A KSHV mutant from which the K15 gene has been
deleted induces a slightly different cellular gene expression pattern
in infected primary endothelial cells from that brought about by a
KSHV wt virus, and some of these differentially regulated cellular
genes, such as that encoding IL-8, are known to be regulated by
NF-�B (16). It is thus possible that the recruitment of NIK by K15
described in this report contributes to the regulation of NF-�B-
dependent cellular inflammatory genes in KSHV-infected cells. A
detailed analysis of this question would require a recombinant
KSHV carrying the K15362–364RRR/AAA mutant instead of wt
K15, which we plan to construct and test in future experiments.
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