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We have previously reported that interleukin-1 (IL-1) receptor-associated kinase (IRAK1) is essential for Epstein-Barr virus
(EBV) latent infection membrane protein 1 (LMP1)-induced p65/RelA serine 536 phosphorylation and NF-�B activation but not
for I�B kinase � (IKK�) or IKK� activation (Y. J. Song, K. Y. Jen, V. Soni, E. Kieff, and E. Cahir-McFarland, Proc. Natl. Acad. Sci.
U. S. A. 103:2689 –2694, 2006, doi:10.1073/pnas.0511096103). Since the kinase activity of IRAK1 is not required for LMP1-in-
duced NF-�B activation, IRAK1 is proposed to function as a scaffold protein to recruit a p65/RelA serine 536 kinase(s) to en-
hance NF-�B-dependent transcriptional activity. We now report that Ca2�/calmodulin-dependent protein kinase II (CaMKII)
interacts with IRAK1 and is critical for LMP1-induced p65/RelA serine 536 phosphorylation and NF-�B activation. CaMKII
bound the death domain of IRAK1 and directly phosphorylated p65/RelA at serine 536 in vitro. Downregulation of CaMKII ac-
tivity or expression significantly reduced LMP1-induced p65/RelA serine 536 phosphorylation and NF-�B activation. Further-
more, LMP1-induced CaMKII activation and p65/RelA serine 536 phosphorylation were significantly reduced in IRAK1 knock-
out (KO) mouse embryonic fibroblasts (MEFs). Thus, IRAK1 may recruit and activate CaMKII, which phosphorylates p65/RelA
serine 536 to enhance the transactivation potential of NF-�B in LMP1-induced NF-�B activation pathway.

The Epstein-Barr virus (EBV) latent infection membrane pro-
tein 1 (LMP1) is an integral membrane protein essential for

EBV-infected primary B lymphocyte transformation into prolif-
erating lymphoblastoid cell lines (LCLs) (reviewed in reference 2).
LMP1 has an N-terminal cytoplasmic domain (amino acids [aa] 1
to 24), six transmembrane domains (aa 25 to 186), and a C-ter-
minal cytoplasmic signaling domain (aa 187 to 386). Using the
transmembrane domains, LMP1 self-aggregates in plasma mem-
brane lipid rafts and barges and constitutively activates NF-�B,
p38 mitogen-activated protein kinase (MAPK), and c-Jun N-ter-
minal kinase (JNK) through two C-terminal cytoplasm signaling
domains referred to as C-terminal activation region 1 (CTAR1)
and CTAR2 (3–10). Among signal transduction pathways acti-
vated by LMP1, NF-�B is critical for EBV-transformed LCL sur-
vival (11, 12).

NF-�B is a family of transcription factors, including RelA
(p65), RelB, c-Rel, p105/p50 (NF-�B1), and p100/p52 (NF-�B2),
that form homo- or heterodimers to regulate the expression of
genes involved in cell proliferation, differentiation, and apoptosis
(reviewed in references 13 and 14). The key regulator of NF-�B
activation is the I�B kinase (IKK) complex, which is composed of
the catalytic (IKK� and IKK�) and regulatory (IKK�) subunits.
NF-�B is activated by two distinct signal transduction pathways
called the canonical and noncanonical (alternative) pathways
(15). A canonical pathway for NF-�B activation involves the p65/
p50 complexes that are retained in the cytoplasm by inhibitor of
�B (I�B) proteins. Upon activation, I�B proteins are phosphory-
lated by IKK� and degraded by the ubiquitin-proteasome path-
way, allowing the nuclear translocation of the p65/p50 complexes.
A noncanonical pathway for NF-�B activation involves NF-�B-
inducing kinase (NIK)- and IKK�-mediated proteolytic process-
ing of p100 into p52 and translocation of the RelB/p52 or p65/p52
complexes into the nucleus (13, 14).

LMP1 activates both the noncanonical and the canonical
NF-�B pathways, through CTAR1 and CTAR2, respectively.

CTAR1 recruits tumor necrosis factor receptor (TNFR)-associ-
ated factor 1 (TRAF1), TRAF3, TRAF2, and TRAF5, and CTAR2
recruits TNFR-associated death domain proteins TRADD, RIP1,
and interferon regulatory factor 7 (IRF7) (5–10, 16–19). In asso-
ciation with cellular adaptor proteins, CTAR1 and CTAR2 consti-
tutively activate the noncanonical and canonical NF-�B pathways,
respectively.

Interleukin-1 (IL-1) receptor-associated kinase 1 (IRAK1) is a
serine/threonine kinase involved in Toll-like receptor (TLR)/in-
terleukin-1 receptor (TIR)-mediated NF-�B activation (20–30).
In TIR signaling pathways, IRAK1 functions as a scaffold protein
to recruit TRAF6 to MyD88 and to induce subsequent TRAF6
activation, which is critical for IKK� activation (reviewed in ref-
erences 20 and 21). However, the role of IRAK1 in TIR-mediated
NF-�B activation is debated and still unclear. In IRAK1 knockout
(KO) mice, lipopolysaccharide (LPS)-induced IKK� activation is
attenuated but still intact, although DNA binding activity of
NF-�B is inhibited (30). In addition, IRAK1 is not essential for
IL-1�-induced IKK� activation but is critical for NF-�B-depen-
dent promoter activation in IRAK1 knockdown HEK293 (I1A-
293) cells (31). In addition to the cytoplasmic function of IRAK1,
IRAK1 translocates into the nucleus and enhances transcriptional
activity of NF-�B or signal transducers and activators of transcrip-
tion 3 (STAT3) in response to IL-1� or LPS (31, 32).

IRAK1 is also critical for LMP1-induced NF-�B activation (1,
33). In I1A-293 cells, CTAR1- or CTAR2-induced NF-�B-depen-
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dent promoter activation is significantly downregulated (33). Re-
constitution of I1A-293 cells with kinase-inactive IRAK1 (K239S)
restores LMP1-induced NF-�B activation, indicating that the ki-
nase activity of IRAK1 is not required (1). Interestingly, IRAK1 is
not critical for IKK� or � activation but is essential for p65/RelA
serine 536 phosphorylation by LMP1 (1). Since the kinase activity
of IRAK1 is not required for LMP1-induced p65/RelA serine 536
phosphorylation and NF-�B activation, IRAK1 may function as a
scaffold protein to recruit and activate a p65/RelA serine 536 ki-
nase(s). Therefore, the present study was undertaken to investi-
gate a cellular p65/RelA serine 536 kinase(s) that interacts with
IRAK1 in an LMP1-induced NF-�B activation pathway.

MATERIALS AND METHODS
Cells. IRAK1 wild-type (WT) and KO mouse embryonic fibroblasts
(MEFs) were kindly provided by James Thomas (University of Texas
Southwestern Medical Center). Burkitt’s lymphoma BL41 cells and their
counterparts in which LMP1 expression can be negatively controlled by
doxycycline (Dox) were described previously (11). IRAK1 null I1A 293
cells (I1A IRAK1�/Y) were kindly provided by Xiaoxia Li (Cleveland
Clinic Foundation). Maintenance and propagation of HEK293 cells, the
EBV-transformed lymphoblastoid cell line IB4, and MEFs were previ-
ously described (19, 34).

Antibodies, reagents, transfections, and reporter gene assays. Anti-
bodies to p65/RelA, phospho-I�B�, phospho-p65/RelA at serine 536,
phospho-CaMKII at threonine 286, phospho-IKK� (serine 176)/IKK�
(serine 177), poly(ADP-ribose) polymerase (PARP), I�B�, and CaMKII
were purchased from Cell Signaling Technology (Beverly, MA). Antibod-
ies to IRAK1, IKK�, CaMKII�, hemagglutinin (HA), and Myc were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies to
FLAG and p100/p52 were purchased from Agilent Technologies (Santa
Clara, CA) and EMB Millipore (Billerica, MA), respectively. An antitubu-
lin antibody was purchased from Sigma-Aldrich (St. Louis, MO). En-
hanced chemiluminescence detection reagents (Pierce, Rockford, IL) and
secondary peroxidase-labeled anti-mouse or anti-rabbit immunoglobulin
G antibodies (Amersham Biosciences, Piscataway, NJ) were used accord-
ing to the manufacturer’s directions. To avoid the hindrance caused by
immunoprecipitating immunoglobulin heavy and light chains, TrueBlot
secondary peroxidase-labeled anti-mouse or anti-rabbit immunoglobulin
G antibodies were used (Rockland Immunochemicals, Gilbetsville, PA).
Recombinant human IL-1� was purchased from R&D Systems (Minne-
apolis, MN). CaMKII-specific inhibitor KN-93 and its inactive analogue,
KN-92, were purchased from EMB Millipore. Effectene for transient
transfection was used according to the manufacturer’s directions (Qiagen,
Valencia, CA). Luciferase assays were performed as described previously
(35).

Plasmid constructs. Plasmids pSG5-FLAG-LMP1 WT, aa 1 to 231
(CTAR1), and �187–351(CTAR2) were previously described (19). Wild-
type and kinase-dead (K239S) IRAK1 expression vectors driven by the
thymidine kinase promoter were provided by Xiaoxia Li (The Cleveland
Clinic Foundation). The construct expressing a Myc-tagged, constitu-
tively active CaMKII� (pCMV-myc-CaMKII�1–290) was kindly provided
by Ramnik Xavier (Massachusetts General Hospital). Catalytically inac-
tive CaMKII� mutants (K43M) were generated by using the QuikChange
site-directed mutagenesis kit (Agilent Technologies) with the following
primers: CaMKII� K43M, 5=-GAGTACGCAGCAATGATCATCAATAC
C-3= and 5=-GGTATTGATGATCATTGCTGCGTACTC-3=. To generate
a construct encoding HA-tagged IRAK1 WT or death domain (DD, aa 1 to
103), a cDNA fragment was amplified by PCR using an IRAK1 expression
vector driven by the thymidine kinase promoter. The following primers
were used for PCR: IRAK1 WT, 5=-CGGCTAGCGCCACCATGTACCCA
TACGATGTTCCAGATTACGCTATGGCCGGGGGGCCG-3= and 5=-
GGCTCGAGGCCGCCTCAGCTCTGAAATTCATCACTTTCTTCGGGC
CCCTG-3=; IRAK1 DD, 5=-CGGCTAGCGCCACCATGTACCCATACG

ATGTTCCAGATTACGCTATGGCCGGGGGGCCG-3= and 5=-GGCTC
GAGGCCGCCTCAGTGCCAGGCTGTGATGATGT-3=.The PCR products
were digested with NheI-XhoI (New England BioLabs, Beverly, MA) and
ligated into the pCEP4 vector (Life Technologies, Carlsbad, CA). To gen-
erate a construct encoding GST-tagged I�B� (aa 1 to 54) or p65/RelA (aa
365 to 551), a cDNA fragment was amplified by PCR using the following
primers: I�B� (1–54), 5=-GGGGGATCCATGTTCCAGGCGGC-3= and
5=-AGCCTCGAGTTAGAGGCGGATCT-3=; p65/RelA (365–551), 5=-GG
GGGATCCATGACCATGGTGTT-3= and 5=-AGCCTCGAGTTAGGAG
CTGATCT-3=. The PCR products were digested with BamHI and XhoI
(New England BioLabs) and ligated into the pGEX-4T-1 vector (GE
Healthcare, Pittsburgh, PA).

Tandem affinity purification and mass spectrometry. One billion
IB4 cells stably expressing pcDNA3-HA-FLAG-IRAK1 were lysed in buf-
fer containing 20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 0.5 mM EDTA,
1% NP-40, phosphatase inhibitor cocktail (EMB Millipore), and protease
inhibitor cocktail (Roche, Indianapolis, IN). Lysates were precleared with
protein A/G-agarose beads (Santa Cruz) and incubated at 4°C overnight
with anti-HA antibody-conjugated agarose beads (Santa Cruz). After
washing three times with lysis buffer, protein complexes were eluted with
HA peptides (Covance, Princeton, NJ). The eluates were then incubated at
4°C for 2 h with anti-FLAG antibody-conjugated agarose beads (Sigma-
Aldrich), and protein complexes were eluted with FLAG peptides (Sigma-
Aldrich) after washing three times with lysis buffer. Protein complexes
were analyzed by sodium dodecyl sulfate (SDS) polyacrylamide gel elec-
trophoresis (SDS-PAGE) using NuPAGE SDS-PAGE gels (Life Technol-
ogies). After SYPRO ruby (Life Technologies) staining, protein bands
were cut out and analyzed by nanospray liquid chromatography-mass
spectrometry at the Partners Center for Genetics and Genomics at Har-
vard Medical School as previously described (36).

siRNA transfections and qRT-PCR. Accell nontargeting control pool
small interfering RNA (siRNA) and Accell SMARTpool Human
CaMKII�-specific siRNA were used according to the manufacturer’s
directions (Thermo Scientific, Pittsburgh, PA). Total RNA was iso-
lated using the RNeasy kit and reverse transcribed into cDNA using the
QuantiTect reverse transcription kit according to the manufacturer’s
directions (Qiagen) for quantitative reverse transcription-PCR (qRT-
PCR). cDNAs were amplified and quantified in MxPro3000P QPCR Sys-
tem (Agilent Technologies) using Hot FirePol EvaGreen qPCR Mix Plus
(Solis BioDyne, Tartu, Estonia) and the following primers: CaMKII�, 5=-
ATGGCCACCACCGCCA-3= and 5=-ACTGTCATGGAGGCGCACGA-
3=; �-actin, 5=-ATCATGTTTGAGACCTTCAAC-3= and 5=-CAGGAAGG
AAGGCTGGAAGAG-3=.

Subcellular fractionation. A method to fractionate nuclear and cyto-
plasmic proteins was used as previously described (1).

Immunoprecipitation and in vitro kinase assay. Ten million cells
were lysed in buffer containing 20 mM Tris-HCl (pH 7.5), 100 mM NaCl,
0.5 mM EDTA, 1% NP-40, phosphatase inhibitor cocktail (EMB Milli-
pore), and protease inhibitor cocktail (Roche). Lysates were precleared
with protein A/G-agarose beads (Santa Cruz) and incubated at 4°C over-
night with anti-HA antibody-conjugated agarose beads (Santa Cruz). Af-
ter washing three times with lysis buffer, protein complexes were eluted
with HA (Covance) peptides and subjected to Western blot analysis with
antibody to Myc or HA. For in vitro kinase assay, precleared cell lysates
were incubated at 4°C for 2 h with either anti-IKK� antibody (for I�B�
phosphorylation assay) or anti-Myc antibody (for p65/RelA serine 536
phosphorylation assay) plus protein A/G-agarose beads (Santa Cruz). Im-
munoprecipitates were washed three times with the lysis buffer and twice
with 1� kinase buffer (Cell Signaling Technology). Kinase assays were at
30°C for 30 min in the kinase buffer containing 2 	g of glutathione S-
transferase (GST) (for a negative control), GST-I�B�1–54 (for I�B� phos-
phorylation assay), or GST-p65/RelA365–551 (for p65/RelA serine 536
phosphorylation assay) and 0.2 mM ATP. Reactions were stopped by
addition of an equal volume of 2� SDS-PAGE loading buffer (100 mM
Tris-HCl [pH 6.8], containing 4% SDS, 0.02% bromophenol blue, and
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2% 2-mercaptoethanol) and subjected to Western blot analysis with an-
tibody to phospho-I�B�, phospho-p65/RelA at serine 536, IKK�, or Myc.
The intensity of each band was measured by using the Quantitative Mo-
lecular Imaging system (GE Healthcare).

RESULTS
IRAK1 interacts with CaMKII through the death domain. To
determine an unknown p65/RelA serine 536 kinase(s) that inter-
acts with IRAK1, tandem affinity purification combined with
mass spectrometry (TAP-MS) was employed by using EBV-trans-
formed LCLs stably expressing IRAK1 fused to an HA-FLAG-tag.
The list of IRAK1-interacting proteins was narrowed down by
searching for serine/threonine protein kinases involved in NF-�B
activation, and the � and 
 isoforms of CaMKII (CaMKII� and
CaMKII
) were identified (data not shown). Indeed, CaMKII�
interacts with IRAK1 at the endogenous level in LCLs (Fig. 1A,
lane 2).

To further analyze the interaction between IRAK1 and
CaMKII� or CaMKII
, HEK293 cells were cotransfected with ex-
pression vectors for HA epitope-tagged IRAK1 WT or DD (Fig.
1B) and Myc-tagged constitutively active CaMKII�1–290 or
CaMKII
1–290. The N-terminal residues 1 to 290 of CaMKII are
highly conserved within the isoforms (37). Cell lysates were im-
munoprecipitated with anti-HA–agarose beads, and CaMKII� or
CaMKII
 binding was assessed by Western blotting (Fig. 1C and
data not shown). IRAK1 WT immunoprecipitated with CaMKII�
and, at low levels, with CaMKII
 (Fig. 1C, lane 3, and data not
shown). Since the death domain of IRAK1 is critical for interac-
tion with signaling proteins, whether IRAK1 binds to CaMKII�
and CaMKII
 through the death domain was further examined.
Interestingly, the death domain of IRAK immunoprecipitated at
high levels with CaMKII� and CaMKII
 (Fig. 1C, lane 4, and data
not shown). In addition, the interaction between IRAK1 and
CaMKII�, not CaMKII
, was slightly increased by LMP1 expres-
sion (data not shown). These data suggest that IRAK1 interacts
with CaMKII� or CaMKII
 through the death domain.

CaMKII activity is critical for LMP1-induced p65/RelA ser-
ine 536 phosphorylation. To assess the role of CaMKII in LMP1-
induced IKK activation and p65/RelA serine 536 phosphorylation,
parental BL41 cells or their LMP1-expressing counterparts were
treated with either KN93, a specific inhibitor of CaMKII, or
KN-92, an inactive KN-93 analogue, and IKK activation and p65/
RelA serine 536 phosphorylation were tested by in vitro kinase
assay and Western blot analysis (Fig. 2). In cells treated with KN-
92, LMP1 expression significantly induced CaMKII phosphoryla-
tion at threonine 286, which activates the catalytic domain of
CaMKII, approximately 3-fold (Fig. 2A, compare lane 2 with lane
1). In addition, in cells treated with KN-92, LMP1 expression in-
duced p65/RelA serine 536 phosphorylation 2-fold (Fig. 2A, com-
pare lane 2 with lane 1), while LMP1-induced p65/RelA serine 536
phosphorylation was significantly reduced by 90% in cells treated
with KN-93 (Fig. 2A, compare lane 4 with lane 2). Surprisingly,
KN-93 treatment did not affect LMP1-induced phosphorylation
of IKK� and IKK� at serines 176 and 177, respectively (Fig. 2A,
compare lane 4 with lane 2). Furthermore, KN-93 had no effect on
LMP1-induced IKK� or IKK� activation (Fig. 2B and C, compare
lane 4 with lane 2). Similar to KN-92, dimethyl sulfoxide (DMSO)
had no adverse effect on LMP1-induced IKK activation and p65/
RelA serine 536 phosphorylation (data not shown). Consistent
with the IRAK1 data, CaMKII is not required for LMP1-induced

IKK� or IKK� activation but is essential for p65/RelA serine 536
phosphorylation.

Both LMP1 CTAR1 and CTAR2 induce CaMKII activation
and p65/RelA serine 536 phosphorylation. Since LMP1 activates
CaMKII in BL41 cells, the roles of the two LMP1 C-terminal sig-
naling domains (CTAR1 and CTAR2) in CaMKII activation and

FIG 1 The death domain of IRAK1 interacts with CaMKII. (A) LCL lysates
were immunoprecipitated with either normal IgG or anti-IRAK1 antibodies
and analyzed by CaMKII� and IRAK1 Western blotting. (B) Schematic repre-
sentation of IRAK1 WT and IRAK1 DD mutant. DD, death domain; UD,
undetermined domain; KD, kinase domain; C1, C-terminal domain 1; C2,
C-terminal domain 2. (C) HEK293 cells were cotransfected with pCEP4 (lanes
1 and 2), pCEP4-HA-IRAK1 WT (lane 3), or pCEP4-HA-IRAK1 DD (lane 4)
plus pCMV-myc-CaMKII�1–290. HA-IRAK1 immunoprecipitates (IP) and
whole-cell extracts (WCE) were analyzed by HA and Myc Western blotting. *,
HA-IRAK1 WT or DD. Additional nonspecific (ns) bands were detected, pos-
sibly due to a nonspecific binding of antibodies generated by insufficient
blocking and/or washing of the membrane.
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p65/RelA serine 536 phosphorylation were assessed by using
LMP1 mutants with CTAR1 or CTAR2 deletion (Fig. 3A). Both
LMP1 CTAR1 and CTAR2 strongly induced CaMKII activation
and p65/RelA serine 536 phosphorylation in mouse embryonic
fibroblasts (MEFs) (Fig. 3B, compare lanes 2 to 4 with lane 1).
CTAR1- or CTAR2-induced CaMKII activation and p65/RelA
serine 536 phosphorylation were significantly downregulated by
KN-93 treatment without affecting the protein levels of CaMKII,
p65/RelA, or tubulin (Fig. 3B, compare lanes 6 to 8 with lanes 2 to
4). These data suggest that both CTAR1 and CTAR2 induce
CaMKII activation and p65/RelA serine 536 phosphorylation.

CaMKII phosphorylates p65/RelA at serine 536 in vitro.
Since CaMKII interacts with IRAK1 and is critical for LMP1-in-
duced p65/RelA serine 536 phosphorylation, the possibility that
CaMKII directly phosphorylates p65/RelA at serine 536 was as-
sessed by using an in vitro kinase assay. HEK293 cells were trans-
fected with either Myc-tagged constitutively active CaMKII�1–290

(WT) or its catalytically inactive counterpart (K43M), and cell
lysates were immunoprecipitated with anti-myc antibody. The ki-
nase reaction was performed on immunoprecipitated Myc-
CaMKII�1–290 WT or K43M using GST-tagged p65/RelA365–551 as
described in Materials and Methods. Phosphorylation of p65/
RelA at serine 536 was determined by using Western blot analysis
with antibody to phospho-p65/RelA serine 536 (Fig. 4). Interest-
ingly, CaMKII� WT, but not K43M mutants, phosphorylated
p65/RelA at serine 536 in vitro (Fig. 4, compare lanes 2 with lane
3). In addition to CaMKII�, CaMKII
 also phosphorylated p65/
RelA at serine 536 in vitro (data not shown). Thus, CaMKII� di-
rectly phosphorylates p65/RelA at serine 536 and may play impor-
tant roles in LMP1-induced NF-�B activation.

CaMKII is critical for LMP1-induced NF-�B activation. To
determine the role of CaMKII in LMP1-induced NF-�B activa-

tion, HEK293 cells were cotransfected with the expression vector
for LMP1 WT, CTAR1, or CTAR2 plus an NF-�B-dependent lu-
ciferase reporter and then treated with either KN-92 or KN-93. At
18 h of treatment, NF-�B-dependent luciferase activities were
measured (Fig. 5A). KN-93 treatment significantly reduced LMP1
WT-, CTAR1-, or CTAR2-induced NF-�B activation by 49%,

FIG 2 Effect of CaMKII-specific inhibitor KN93 on LMP1-induced IKK acti-
vation and p65/RelA serine 536 phosphorylation. BL41 cells and their FLAG-
tagged LMP1-expressing counterparts (BL41-F-LMP1) were treated with ei-
ther KN-93, a specific inhibitor of CaMKII (lanes 3 and 4), or KN-92, an
inactive KN-93 analogue (lanes 1 and 2), at 10 	M for 18 h. (A and B) Equal
amounts of cell extracts were subjected to Western blot analysis with antibody
to phospho-CaMKII threonine 286, phospho-p65/RelA serine 536, p65/RelA,
phospho-IKK�/�, CaMKII, LMP1, tubulin, or p100/p52. (C) Equal amounts
of cell extracts were immunoprecipitated with anti-IKK� antibody, and the in
vitro IKK� assay was performed as described in Materials and Methods. The
reaction mixtures were then subjected to Western blot analysis with antibody
to phospho-I�B�, IKK�, or I�B�. IVK, in vitro kinase assay.

FIG 3 Both LMP1 CTAR1 and CTAR2 induce CaMKII activation and p65/
RelA serine 536 phosphorylation. (A) Schematic representation of LMP1 WT,
LMP1 1–231 (CTAR1), and LMP1 �187–351 (CTAR2). TM, transmembrane
domain. (B) MEFs were transfected with pSG5 (lanes 1 and 5), pSG5-FLAG-
LMP1 WT (lanes 2 and 6), pSG5-FLAG-LMP1 1–231 (lanes 3 and 7), or pSG5-
FLAG-LMP1 �187–351 (lanes 4 and 8). After 12 h, cells were treated with
either KN-92 (lanes 1 to 4) or KN-93 (lanes 5 to 8) at 10 	M for 18 h, and equal
amounts of cell extracts were subjected to Western blot analysis with antibody
to phospho-CaMKII threonine 286, phospho-p65/RelA serine 536, p65/RelA,
CaMKII, tubulin, or FLAG. *, FLAG-LMP1 WT, CTAR1, or CTAR2. Addi-
tional nonspecific bands were detected, possibly due to a nonspecific binding
of antibodies generated by insufficient blocking and/or washing of the mem-
brane.

FIG 4 CaMKII� directly phosphorylates p65/RelA at serine 536 in vitro. HEK293
cells were transfected with pCMV (lane 1), pCMV-myc-CaMKII�1–290 (lane 2),
or pCMV-myc-CaMKII�1–290 K43M (lane 3). After 24 h, equal amounts of cell
extracts were immunoprecipitated with anti-myc antibody, and the in vitro
p65/RelA serine 536 phosphorylation assay was performed as described in
Materials and Methods. The reaction mixtures were then subjected to Western
blot analysis with antibody to phospho-p65/RelA serine 536 or Myc.
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41%, or 53%, respectively (Fig. 5A, lanes 2 to 4). Interestingly,
KN-93 reduced both CTAR-1- and CTAR-2-induced NF-�B ac-
tivation (Fig. 5A, lanes 3 and 4). CaMKII may regulate LMP1
CTAR1-induced NF-�B activation by affecting noncanonical
p65/p52 complexes. Interestingly, in the absence of CTAR1,
CTAR2 was more potent than LMP1 WT in inducing NF-�B ac-
tivation (Fig. 5A and B, compare lane 4 with lane 2). In IKK� KO
MEFs, LMP1-induced NF-�B activation is elevated (33). Thus,
the CTAR1-induced noncanonical pathway for NF-�B activation
may attenuate the CTAR2-induced canonical pathway for NF-�B
activation.

To further determine the role of the � isoform of CaMKII in
LMP1-induced NF-�B activation, HEK293 cells were pretreated
with CaMKII�-specific siRNAs and then cotransfected with the
expression vector for LMP1 WT, CTAR1, or CTAR2 plus an
NF-�B dependent luciferase reporter. At 72 h after the siRNA
treatment, NF-�B-dependent luciferase activities were measured
(Fig. 5B). The treatment of CaMKII�-specific siRNAs signifi-
cantly reduced the expression of CaMKII� by 54.27% (Fig. 5C,
lane 2) and downregulated LMP1 WT-, CTAR1-, or CTAR2-in-
duced NF-�B activation by 46%, 48%, or 54%, respectively (Fig. 5B,

compare lanes 2 to 4). Residual NF-�B activities in cells treated
with KN-93 or CaMKII�-specific siRNAs were possibly due to
insufficient knockdown of CaMKII activity or expression, respec-
tively (Fig. 5C). In addition, the IRAK1-independent (possibly
also CaMKII-independent) LMP1-induced NF-�B activation
pathway may contribute to the residual NF-�B activities (1).
Taken together, these data indicate that CaMKII is critical for both
LMP1 CTAR1- and CTAR2-induced NF-�B activation.

IRAK1 is essential for LMP1-induced CaMKII activation and
p65/RelA serine 536 phosphorylation. Since CaMKII interacts
with IRAK1 and is required for LMP1-induced NF-�B activation
and p65/RelA serine 536 phosphorylation, the role of IRAK1 in
LMP1-induced CaMKII activation was determined using IRAK1
KO MEFs. IRAK1 WT or KO MEFs were transfected with the
expression vector for LMP1 WT, CTAR1, or CTAR2, and CaMKII
activation and p65/RelA serine 536 phosphorylation were deter-
mined (Fig. 6). In IRAK1 WT MEFs, LMP1 WT, CTAR1, or
CTAR2 induced CaMKII activation and p65/RelA serine 536
phosphorylation. However, LMP1 WT, CTAR1, or CTAR2 failed
to induce CaMKII activation and p65/RelA serine 536 phosphor-
ylation in IRAK1 KO MEFs. Although LMP1-induced p65/RelA

FIG 5 CaMKII� is critical for LMP1-induced NF-�B activation. (A) HEK293 cells were cotransfected with pSG5 (bars 1), pSG5-FLAG-LMP1 WT (bars 2),
pSG5-FLAG-LMP1 1–231 (bars 3), or pSG5-FLAG-LMP1 �187–351 (bars 4) plus NF-�B-dependent firefly luciferase and control Renilla luciferase plasmids.
Cells were then treated with either KN-92 or KN-93 at 10 	M for 18 h, and luciferase activity was measured using a dual-luciferase assay system. NF-�B-
dependent luciferase activity was expressed in relative luciferase units (RLU) by normalizing firefly luciferase activity with constitutive Renilla luciferase activity.
To calculate relative luciferase activity, LMP1-induced luciferase activity in the presence of KN-92 was set at 100%. Luciferase data shown here represent three
independent experiments. (B) HEK293 cells were pretreated with either nonsilencing control siRNA or siRNA against CaMKII� and then cotransfected with
pSG5 (bars 1), pSG5-FLAG-LMP1 WT (bars 2), pSG5-FLAG-LMP1 1–231 (bars 3), or pSG5-FLAG-LMP1 �187–351 (bars 4) plus NF-�B-dependent firefly
luciferase and control Renilla luciferase plasmids. After 72 h, luciferase activity was measured as described above. (C) The mRNA levels for CaMKII� in cells
treated with nonsilencing control siRNA or siRNA against CaMKII� were analyzed by qRT-PCR analysis. Significant differences between samples were
determined by the P value of a two-sample t test (P � 0.05).
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serine 536 phosphorylation was significantly reduced in IRAK1
KO MEFs, LMP1 still induced p65/RelA serine 536 phosphoryla-
tion at low levels (Fig. 6, compare lanes 6 to 8 with lane 5). Another
p65/RelA serine 536 kinase(s) may play a minor role in LMP1-
induced p65/RelA serine 536 phosphorylation. Nonetheless, these
data clearly indicate that IRAK1 is required for LMP1-induced
CaMKII activation and p65/RelA serine 536 phosphorylation.

To further determine whether IRAK1 kinase activity is re-
quired for LMP1-induced CaMKII activation, WT, IRAK1-null
(I1A IRAK1�/Y), or I1A IRAK1�/Y 293 cells transfected with ki-
nase-dead IRAK1 expression vectors (I1A IRAK1�/Y K239S) were
transfected with the expression vector for LMP1, and LMP1-in-
duced CaMKII phosphorylation at threonine 286 was assessed by
Western blotting (Fig. 7). Consistent with IRAK1 KO MEFs,
LMP1-induced CaMKII activation was strongly reduced in I1A
IRAK1�/Y cells (Fig. 7, compare lane 2 with lane 6). By reconsti-
tuting I1A IRAK1�/Y cells with the kinase-dead IRAK1 (I1A
IRAK1�/Y K239S), both the basal and LMP1-induced CaMKII
activations were restored (Fig. 7, compare lanes 3 and 4 with lanes
5 and 6). Increased basal CaMKII activities in I1A IRAK1�/Y

K239S cells were possibly due to overexpression of IRAK1 K239S
(Fig. 7, lane 3). These data indicate that IRAK1 kinase activity is
not required for LMP1-induced CaMKII activation.

LMP1 induced p65/RelA serine 536 phosphorylation in the
cytoplasm. To further determine whether p65/RelA serine 536
phosphorylation occurs in the cytoplasm or the nucleus, subcel-
lular fractionation of parental BL41 cells or their LMP1-express-
ing counterparts was performed (Fig. 8). In LMP1-expressing
BL41 cells, p65/RelA serine 536 phosphorylation occurred in the

cytoplasm, and phosphorylated p65/RelA translocated into the
nucleus (Fig. 8). Although IRAK1 was localized in both the cyto-
plasm and the nucleus (31, 32), the nuclear localization of IRAK1
was not induced by LMP1 expression in BL41 cells (Fig. 8, com-
pare lanes 3 and 4 with lanes 1 and 2). T286-phosphorylated
CaMKII was localized only in the cytoplasm as previously re-
ported (Fig. 8, compare lanes 3 and 4 with lanes 1 and 2) (38).
Interestingly, in BL41 cells, CaMKII proteins were localized more
in the nucleus than in the cytoplasm (Fig. 8, compare lanes 3 and
4 with lanes 1 and 2). Taken together, both LMP1-induced
CaMKII activation and p65/RelA serine 536 phosphorylation oc-

FIG 6 IRAK1 is required for LMP1-induced CaMKII activation and p65/RelA
serine 536 phosphorylation. IRAK1 WT (lanes 1 to 4) or KO (lanes 5 and 6)
MEFs were transfected with pSG5 (lanes 1 and 5), pSG5-FLAG-LMP1 WT
(lanes 2 and 6), pSG5-FLAG-LMP1 1–231 (lanes 3 and 7), or pSG5-FLAG-
LMP1 �187–351 (lanes 4 and 8). After 48 h, equal amounts of cell extracts were
subjected to Western blot analysis with antibody to phospho-CaMKII threo-
nine 286, phospho-p65/RelA serine 536, p65/RelA, CaMKII, tubulin, IRAK1,
or FLAG. *, FLAG-LMP1 WT, CTAR1, or CTAR2. Additional nonspecific
bands were detected, possibly due to a nonspecific binding of antibodies gen-
erated by insufficient blocking and/or washing of the membrane.

FIG 7 IRAK1 kinase activity is not required for LMP1-induced CaMKII acti-
vation. WT cells (lanes 1 and 2), IRAK1 null cells (I1A IRAK1�/Y) (lanes 5 and
6), or I1A IRAK1�/Y 293 cells transfected with kinase-dead IRAK1 expression
vectors (I1A IRAK1�/Y K239S) (lanes 3 and 4) were transfected with the ex-
pression vector for LMP1. After 36 h, equal amounts of cell extracts were
subjected to Western blot analysis with antibody to phospho-CaMKII threo-
nine 286, CaMKII, IRAK1, LMP1, or tubulin.

FIG 8 LMP1 induces p65/RelA serine 536 phosphorylation in the cytoplasm.
Cytoplasmic (lanes 1 and 2) or nuclear (lanes 3 and 4) extracts of BL41 (lanes
1 and 3) or BL41-F-LMP1 (lanes 2 and 4) cells were subjected to Western blot
analysis with antibody to phospho-CaMKII threonine 286, phospho-p65/RelA
serine 536, p65/RelA, CaMKII, IRAK1, LMP1, PARP, or tubulin.
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cur in the cytoplasm. After phosphorylation at serine 536, p65/
RelA translocates into the nucleus to induce NF-�B-dependent
gene expression.

Both IRAK1 and CaMKII are not essential for IL-1�-induced
IKK� activation but are critical for p65/RelA serine 536 phos-
phorylation. Although IRAK1 is required for IL-1�-induced
NF-�B activation, it is dispensable for IKK� activation in IRAK1
knockdown I1A 293 cells (31). To assess the role of IRAK1 in
IL-1�-induced IKK� activation and p65/RelA serine 536 phos-
phorylation, IRAK1 WT or KO MEFs were treated with IL-1�, and
cell extracts were subjected to Western blot analyses for I�B�
and phospho-p65/RelA serine 536 (Fig. 9A). In both IRAK1 WT
and KO MEFs, IL-1� induced the degradation of I�B�, indicating
that IRAK1 is not required for IL-1�-induced IKK� activation
(Fig. 9A, compare lanes 6 to 10 with lanes 1 to 5). However, IL-
1�-induced p65/RelA serine 536 phosphorylation was signifi-
cantly impaired in IRAK1 KO MEFs (Fig. 9A, compare lanes 6 to
10 with lanes 1 to 5). To further determine whether CaMKII is
required for IL-1�-induced IKK� activation and p65/RelA serine
536 phosphorylation, IRAK1 WT MEFs were pretreated with KN-
93, and cell extracts were harvested for Western blot analysis after
IL-1� stimulation (Fig. 9B). While KN-93 treatment had no effect
on IL-1�-induced IKK� activation, p65/RelA serine 536 phos-
phorylation was significantly attenuated in KN-93-treated MEFs
(Fig. 9B, compare lanes 6 to 10 with lanes 1 to 5). Thus, both
IRAK1 and CaMKII are not essential for IL-1�-induced IKK�
activation but are critical for p65/RelA serine 536 phosphoryla-
tion.

DISCUSSION

Phosphorylation of p65/RelA plays important roles in regulating
NF-�B-dependent gene expression (reviewed in references 39, 40,
and 41). p65/RelA contains multiple phosphorylation sites within
and adjacent to the N-terminal Rel homology domain (RHD) and
the C-terminal transactivation domain (TAD) (reviewed in refer-
ences 39, 40, and 41). Among them, phosphorylation of serine 536
in the TAD of p65/RelA is critical for enhancing the transcrip-
tional activity of NF-�B by recruitment of histone acetyltrans-
ferases and/or TATA-binding protein-associated factor II31 (42–
46). In addition, p65/RelA phosphorylation at serine 536 specifies
the NF-�B transcriptional response by inducing selective target
gene expression (47).

We have previously reported that IRAK1 is essential for LMP1-
induced p65/RelA serine 536 phosphorylation and NF-�B-depen-
dent promoter activation (19, 33). Since the kinase activity of
IRAK1 is not required for LMP1-induced NF-�B activation,
IRAK1 may function as a scaffold protein to recruit p65/RelA
serine 536 kinase(s) in the LMP1-induced NF-�B activation path-
way (19). Thus, this study was initiated to determine a cellular
serine/threonine protein kinase(s) that interacts with IRAK1 and
phosphorylates p65/RelA at serine 536.

Using the TAP-MS analysis, CaMKII� and CaMKII
 were
identified as serine/threonine protein kinases that interact with
IRAK1. CaMKII consists of four isoforms, �, �, �, and 
, with
numerous alternatively spliced variants (48). The � and � iso-
forms are predominantly expressed in neural tissues, and the �
and 
 isoforms are expressed in most tissues. The CaMKII iso-
forms can homo- or hetero-oligomerize via their C-terminal do-
mains to form a holoenzyme (48). Indeed, CaMKII is involved in
various NF-�B activation pathways. Upon T-cell receptor activa-
tion, CaMKII regulates NF-�B activation by inducing CARMA1
or Bcl10 phosphorylation (49, 50). In addition, CaMKII is critical
for Toll-like receptor 3 (TLR3)-, TLR4-, or TLR9-induced NF-�B
and MAPK activation (51). Consistent with the TAP-MS data,
IRAK1 interacts with CaMKII� or CaMKII
 through the death
domain in HEK293 cells.

Interestingly, LMP1 expression activates CaMKII (Fig. 2A and
3B). Dellis et al. reported that LMP1 increases calcium influx in B
lymphocytes (52). Since KN-93, which blocks calcium-dependent
calmodulin binding to CaMKII, diminished LMP1-induced
CaMKII activation (Fig. 2A and 3B), LMP1 may activate CaMKII
by modulating calcium influx.

In IRAK1 knockdown I1A 293 cells, both CTAR1- and
CTAR2-induced NF-�B-dependent promoter activation is signif-
icantly reduced (33). In LMP1-induced NF-�B activation, IRAK1
is not required for IKK� or IKK� activation but is essential for
p65/RelA serine 536 phosphorylation (1). Consistent with these
results, both CTAR1 and CTAR2 induced p65/RelA serine 536
phosphorylation and activated CaMKII (Fig. 3B). CaMKII di-
rectly phosphorylated p65/RelA at serine 536 (Fig. 4), and its ac-
tivity was required for LMP1-induced p65/RelA serine 536 phos-
phorylation and NF-�B activation without affecting IKK� or
IKK� activity (Fig. 2, 3B, and 5). Furthermore, LMP1-induced
CaMKII activation and p65/RelA serine 536 phosphorylation
were significantly downregulated in IRAK1 KO MEFs (Fig. 6).
Consistent with p65/RelA serine 536 phosphorylation, IRAK1 ki-
nase activity is not required for LMP1-induced CaMKII activation
(Fig. 7) (1). LMP1 may induce p65/RelA serine 536 phosphoryla-

FIG 9 Both CaMKII and IRAK1 are critical for IL-1�-induced p65/RelA ser-
ine 536 phosphorylation. (A) IRAK1 WT (lanes 1 to 5) or KO (lanes 6 to 10)
MEFs were treated with IL-1�, and cell extracts were harvested at 0, 15, 30, 45,
and 60 min after IL-1� treatment. Equal amounts of cell extracts were sub-
jected to Western blot analysis with antibody to I�B�, phospho-p65/RelA
serine 536, p65/RelA, or tubulin. (B) MEFs were pretreated with either KN-92
(lanes 1 to 5) or KN-93 (lanes 6 to 10) at 10 	M for 3 h and stimulated with
IL-1�. At 0, 15, 30, 45, and 60 min after IL-1� treatment, cell extracts were
harvested and subjected to Western blot analysis with antibody to I�B�, phos-
pho-p65/RelA serine 536, p65/RelA, or tubulin.
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tion in the cytoplasm because phosphorylated p65 was detected in
the cytoplasm as well as in the nucleus (Fig. 8). Although CaMKII
is reported to shuttle between the cytoplasm and the nucleus (53–
57), more CaMKII was detected in the nucleus than in the cyto-
plasm in BL41 cells (Fig. 8).

In IRAK1 knockdown I1A-293 cells, IL-1�-induced IKK� ac-
tivation is attenuated but still intact, although NF-�B-dependent
gene expression is significantly reduced (31). Consistent with
these results, IL-1�-induced IKK� activation was not inhibited in
IRAK1 KO MEFs (Fig. 9). Interestingly, IL-1�-induced p65/RelA
serine 536 phosphorylation was significantly reduced in IRAK1
KO MEFs (Fig. 9). In addition, CaMKII inhibition significantly
inhibited IL-1�-induced p65/RelA serine 536 phosphorylation
without affecting IKK� activation (Fig. 9). Thus, IRAK1 and
CaMKII interaction may also be involved in IL-1�-induced p65/
RelA serine 536 phosphorylation and NF-�B activation.

Using p65/RelA KO MEFs stably expressing p65/RelA WT or
S536A mutant, Moreno et al. reported that p65/RelA serine 536
phosphorylation is critical for the expression of Saa3, Mmp3, and
Mmp13 genes in response to TNF-� (47). However, LMP1 had
almost no effect on the expression of Saa3, Mmp3, and Mmp13
genes in MEFs (data not shown). Thus, LMP1 may induce differ-
ent sets of genes that are dependent on p65/RelA serine 536 phos-
phorylation. Future studies are warranted to determine p65/RelA
serine 536 phosphorylation-dependent genes induced by LMP1
and the role of CaMKII in regulating the expression of these genes.

Since IRAK1 is not required for TNF-� but is required for LMP1
and IL-1�, CaMKII may be differently utilized by various signal-
ing pathways.

CaMKII is also involved in type I interferon (IFN) production
by directly binding and phosphorylating transforming growth
factor �-activated kinase 1 (TAK1) and interferon regulatory fac-
tor 3 (IRF3) (51). Since IRAK1 is involved in TLR7- or TLR9-
mediated induction of type I IFN (58), the interaction between
IRAK1 and CaMKII may play an important role(s) in type I IFN
signaling pathway.

This study suggests that, in the LMP1-induced NF-�B activa-
tion pathway, IRAK1interacts with CaMKII and mediates
CaMKII activation. Activated CaMKII phosphorylates p65/RelA
at serine 536 in the cytoplasm, and CTAR1-mediated noncanoni-
cal p65/p52 complexes or CTAR2-mediated canonical p65/p50
complexes, in turn, translocate into the nucleus to activate NF-
�B-dependent promoters (Fig. 10). How LMP1 utilizes IRAK1 to
activate CaMKII is unclear and is the subject of future studies.
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