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The Epstein-Barr virus-encoded latent infection membrane protein 1 (LMP1) is a pleiotropic protein, the
activities of which include effects on cell transformation and phenotype, growth, and survival. The ability of
LMP1 to mediate at least some of these phenomena could be attributed to the activation of the transcription
factor NF-�B. LMP1 promotes NF-�B activation through the recruitment of the adapter protein TRAF2 and
the formation of a dynamic multiprotein complex that includes the NF-�B kinase, the I�B kinases, and their
downstream targets, I�Bs and p105. In this study, we have identified the oncogenic kinase Tpl-2/Cot as a novel
component of LMP1-induced NF-�B signaling. We show that Tpl-2 is expressed in primary biopsies from
patients with nasopharyngeal carcinoma and Hodgkin’s disease, where LMP1 is also found. Inducible expres-
sion of LMP1 promotes the activation of Tpl-2, and a catalytically inactive Tpl-2 mutant suppresses LMP1-
induced NF-�B signaling. In colocalization and coimmunoprecipitation experiments, Tpl-2 and TRAF2 were
found to interact with Tpl-2 functioning downstream of TRAF2. Consistent with this observation, catalytically
inactive Tpl-2 also blocked CD40-mediated NF-�B activation, which largely depends on TRAF2. The ability of
Tpl-2 to influence LMP1-induced NF-�B occurs through modulation of both I�B� and p105 functions.
Furthermore, Tpl-2 was found to influence the expression of angiogenic mediators, such as COX-2 in LMP1-
transfected cells. These data identify Tpl-2 as a component of LMP1 signaling downstream of TRAF2 and as
a modulator of LMP1-mediated effects.

Epstein-Barr virus (EBV) is a human herpesvirus associated
with several types of malignancy, including Burkitt’s lym-
phoma, Hodgkin’s disease (HD), lymphoproliferative disor-
ders in immunocompromised individuals, undifferentiated na-
sopharyngeal carcinoma (NPC), and gastric cancer (23, 28, 50).

Among the nuclear and membrane viral proteins expressed
as a consequence of EBV infection, the latent membrane pro-
tein 1 (LMP1) is essential for EBV-mediated primary B-cell
transformation in vitro (27). In addition, LMP1 expression
induces the oncogenic transformation of established fibroblast
cell lines, such as Rat-1 and 3T3 (57), and suppresses senes-
cence in primary mouse embryonic fibroblasts (60). In epithe-
lial cells LMP1 blocks differentiation, a property which may be
important in the pathogenesis of NPC (6). The ability of this
viral protein to promote survival through the up-regulation of
antiapoptotic proteins such as A20 and members of the Bcl-2
family may also contribute to its oncogenic properties (16, 21).
Furthermore, expression of LMP1 in carcinoma cell lines in-
duces the production of the angiogenic factors interleukin-8
(IL-8), prostaglandin E2, and the up-regulation of matrix met-
alloproteinases and vascular endothelial growth factor (12, 37,
61), suggesting that in addition to its transforming potential
LMP1 may influence metastasis of EBV-associated tumors.

Consistent with this notion, LMP1 expression in MDCK cells
results in increased cell motility and invasive growth (29).

The signaling pathways that are activated by LMP1 and
control its pleiotropic activities include the small GTPase
Cdc42, the p38 mitogen-activated protein kinase (MAPK), and
the JNK/AP-1 and JAK/STAT pathways, as well as the tran-
scription factor NF-�B (for a review, see reference 14). The
constitutive engagement of NF-�B appears to be responsible
for many of the oncogenic properties of LMP1, including its
ability to growth transform Rat-1 fibroblasts (19), to promote
IL-8 production (12), and to up-regulate expression of cyclo-
oxygenase-2 (COX-2), a key enzyme in the biosynthesis of
prostaglandin E2 (37). In addition, suppression of NF-�B com-
promises the viability of EBV-transformed B-cell lines (2).

NF-�B activation requires the degradation of the inhibitory
proteins I�Bs and p105, which otherwise sequester NF-�B
subunits in an inactive form in the cytoplasm. Degradation of
I�Bs and p105 relies on their phosphorylation by the I�B
kinases IKK� and IKK� and leads to the translocation of
active p65 and p50 NF-�B subunits to the nucleus and trans-
activation of target genes (for a review, see reference 25). Two
MAPK kinase kinases (MAPKKK), MEKK1 and NIK (NF-
�B-inducing kinase), have so far been implicated in relaying
inflammatory cytokine signals, such as those induced by IL-1,
tumor necrosis factor (TNF), and CD40 ligand to the IKK-
I�B-p105 complex. NIK also plays a role in LMP1 signaling
upstream of IKKs but downstream of TRAFs, as a catalytically
inactive NIK mutant has been shown to suppress LMP1- and
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TRAF2-induced I�B� phosphorylation and NF-�B transacti-
vation (8, 9, 11, 24, 26, 48). TRAFs are believed to facilitate the
assembly of a large I�B complex through their interaction with
NIK. The mechanism of signal initiation in this multiprotein
complex is yet unclear but it may involve oligomerization and
autophosphorylation of NIK and/or other kinases that may
directly affect or function in parallel with NIK.

The serine/threonine kinase Tpl-2/Cot, for example, appears
to be a component of this complex, as it interacts with NIK and
induces its phosphorylation and activation (33). Expression of
Tpl-2 in human embryonic kidney (HEK) 293 or Jurkat T cells
results in NF-�B activation (53), and a catalytically inactive
form of this kinase suppresses CD3/CD28-mediated I�B�
phosphorylation (33) and TNF-induced proteolysis of p105 in
Jurkat cells (1). Tpl-2 is also critical for extracellular signal-
regulated kinase (ERK) activation, which depends on the co-
operative action of Tpl-2 and c-Raf1 in a multiprotein complex
with Ras to promote phosphorylation of MEK1, the upstream
kinase of ERK (10, 18, 40). Overexpression of Tpl-2 has also
been shown to phosphorylate SEK1, thereby activating the
JNK pathway (45). Activation of Tpl-2 has been implicated in
generation of T-cell lymphomas in rats (39) and induction of
morphological transformation in NIH 3T3 mouse fibroblasts
(36). Tpl-2/Cot is also overexpressed at the RNA level in a
number of human tumors, including gastric, colon, and breast
cancers (15, 38, 47), and it regulates COX-2 expression (7;
A. G. Eliopoulos et al., submitted for publication), further
supporting its role in oncogenesis.

In this study we provide evidence suggesting that Tpl-2 is a
component of the LMP1-induced NF-�B activation pathway.
We show that Tpl-2 is commonly expressed in EBV-associated
malignancies, such as NPC and HD, where LMP1 is also
found. Inducible expression of LMP1 promotes the activation
of Tpl-2, and expression of a catalytically inactive Tpl-2 mutant
suppresses LMP1- and TRAF2-induced NF-�B activation
without affecting LMP1-mediated Cdc42 signaling, which oc-
curs in a TRAF2-independent fashion. The ability of a kinase-
inactive Tpl-2 mutant to inhibit NF-�B activation and expres-
sion of COX-2 in LMP1-transfected cells identifies Tpl-2 as a
modulator of LMP1-mediated activities.

MATERIALS AND METHODS

DNA constructs. pSG5-based LMP1 (43) and LMP1 mutants �(332-386) and
pSG5LMP1AxAxA have been previously described (11). A myc-tagged LMP1
expression vector was generated by PCR amplification of LMP1 coding se-
quences and insertion in frame into pRK5-myc (31) containing the peptide
sequence MEQKLISEEDL, which is recognized by the anti-myc monoclonal
antibody (MAb) 9E10 (Oncogene Research Products, Nottingham, United King-
dom). The myc-tagged p105 (59) was kindly provided by Takashi Fujita (De-
partment of Tumor Cell Biology, The Tokyo Metropolitan Institute of Medical
Science, Tokyo, Japan). To generate myc-tagged p105�N, amino acids (aa) 459
to 969 of p105 were PCR amplified and inserted in pRK5-myc. I�B� aa 1 to 62
were PCR amplified from a cytomegalovirus (CMV)-driven wild-type I�B� (gift
from John Girdlestone, MRC Center for Immune Regulation, Birmingham,
United Kingdom) and cloned in frame into a glutathione S-transferase (GST)
vector (Pharmacia). The sequences of the primers used for these amplification
reactions are available upon request. GFP-I�B��N was kindly provided by
Martin Rowe (Cardiff, United Kingdom), and the wild-type and N-terminus-
deleted TRAF2 expression vectors (26) were kindly provided by George Mosia-
los, Ken Kaye, and Eliott Kieff (Harvard Medical School, Boston, Mass.). FLAG-
tagged TRAF2 (54) was a kind gift of Jun-Ichiro Inoue (The Institute of Medical
Sciences, The University of Tokyo, Tokyo, Japan). Tpl-2 expression constructs
have been previously described (5).

Cell culture, transfections, reporter assays, and EMSAs. HEK 293 cells were
cultured in Dulbecco’s modified Eagle’s (DME) medium supplemented with
10% fetal calf serum (FCS) and 2 mM glutamine. For transient transfections, 8
� 105 to 1 � 106 HEK 293 cells were plated out on a 25-cm2 flask and the
following day they were transfected using a standard calcium phosphate tech-
nique. NIH 3T3 cells, cultured in DME with 5% FCS supplemented with 2 mM
glutamine, were transfected using Lipofectamine (Gibco). Luciferase reporter
and �-galactosidase assays were performed as previously described (13). Fifty
nanograms each of a Rous sarcoma virus promoter-driven �-galactosidase-ex-
pressing plasmid and of 3Enh.�B-ConALuc reporter, which contains three tan-
dem repeats of the NF-�B sites from the Ig� promoter, were routinely used to
transfect 293 cells. Equal amounts of DNA were transfected in each experiment
by the addition of empty vectors where necessary. For COX-2 reporter assays,
HEK 293 cells were transfected with 0.6 �g of COX-2 promoter (�891 to
�2)-luciferase construct (55) and 0.2 �g of Renilla plasmid (Promega) in the
presence of effector plasmids and luciferase, and Renilla activities were deter-
mined 36 h posttransfection. Each experiment was performed at least three
times, unless otherwise indicated, and in each individual assay duplicate deter-
minations were performed. Electrophoretic mobility shift assays (EMSAs) for
NF-�B and Sp1 were performed as previously described (13, 58).

Immunoprecipitation and kinase assays. For I�B� kinase assays cells were
lysed in 300 to 500 �l of kinase lysis buffer (20 mM Tris [pH 7.6], 0.5% Triton
X-100, 250 mM NaCl, 3 mM EGTA, 3 mM EDTA, 2 mM sodium vanadate, 2
mM NaF, 10 �g of aprotinin/ml, 10 �g of leupeptin/ml, and 1 mM dithiothreitol
[DTT]) for 20 min on ice. Cell debris was removed by centrifugation, and protein
concentration was determined using a commercially available Bio-Rad protein
assay. Endogenous IKK� was immunoprecipitated from 300 �g of total pro-
tein extracts using 5 �l of anti-IKK� antibody (H744; Santa Cruz) for 2 to 3 h and
25 �l of protein G-Sepharose (Pharmacia) for an additional 1 h. Following
immunoprecipitation, beads were washed twice with kinase lysis buffer and twice
with assay buffer (10 mM HEPES [pH 7.4], 12.5 mM �-glycerophosphate, 5 mM
MgCl2, 1 mM MnCl2, 50 �M sodium vanadate, 2 mM NaF, 5 �M DTT, and 1 �g
of leupeptin/ml). After the last wash, the beads were drained using a fine-gauge
Hamilton syringe and resuspended in 50 �l of assay buffer containing 2 �g of
GST-I�B�(1-62) substrate and 10 �Ci of [	-32P]ATP. Kinase reactions were
carried out at 30°C for 30 min and stopped by addition of 25 �l of 3� Laemmli
buffer. Samples were then analyzed on a sodium dodecyl sulfate (SDS)–12.5%
polyacrylamide gel electrophoresis (PAGE) gel, and I�B� phosphorylation was
measured on a phosphorimager. Coomassie blue staining verified the use of
equal amounts of GST-I�B�(1-62) in these reaction mixtures. For Tpl-2 kinase
assays, 106 HEK 293 cells carrying an ecdysone-regulatable LMP1 (12) were
transfected with 0.3 �g of myc-tagged Tpl-2 by using a calcium phosphate
method. Activation of Tpl-2 was determined 24 h later in 500 �g of cell lysates
by autophosphorylation assays as previously described (5). Then, 200 �g of the
same lysates were immunoprecipitated with 9E10 anti-myc MAb, analyzed on an
SDS–10% PAGE gel, and probed with the M20 anti-Tpl-2 antibody. Coimmu-
noprecipitations were performed in 500 to 600 �g of 293 cell extracts. HEK 293
cells were transfected with 5 �g of TRAF2 in the presence of 5 �g of myc-tagged
N17Cdc42, Tpl-2, or LMP1. At 24 h posttransfection, cells were lysed in a lysis
buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 3% glycerol, 1.5 mM
EDTA, 0.5% NP-40, and protease inhibitors, and immunoprecipitations were
performed overnight using 2 �g of anti-myc 9E10 MAb. Anti-myc immunopre-
cipitates were then analyzed with SDS–10% PAGE for TRAF2 by using the C20
anti-TRAF2 polyclonal antibody or for myc expression by using the 9E10 anti-
myc epitope MAb.

Immunoblotting. For LMP1 and TRAF2 immunoblotting, 25 to 40 �g of total
cell lysates, isolated as described above, were analyzed by SDS–10% PAGE, and
LMP1 or TRAF2 expression was detected with the anti-LMP1 MAb CS.1-4 (44)
or the C20 anti-TRAF2 polyclonal antibody (Santa Cruz Biotechnology) and
enhanced chemiluminescence (Amersham). myc-p105 and myc-p105�N expres-
sion was examined by immunoblotting by using the 9E10 anti-myc MAb at a
1:500 dilution in 80 �g of total cell lysates. Exogenous Tpl-2 was detected by
using the 9E10 anti-myc MAb. Endogenous Tpl-2 expression was determined by
analyzing 100 �g of total cell lysates by SDS–10% PAGE and probing with the
anti-Tpl-2 polyclonal antibody M20 (Santa Cruz Biotechnology). According to
the manufacturer and our unpublished observations, this antibody is unable to
immunoprecipitate endogenous Tpl-2. COX-2 expression was detected in 50 �g
of total lysates by SDS–7.5% PAGE, using the C-20 anti-COX-2 polyclonal
antibody (Santa Cruz Biotechnology). The mouse MAb detecting �-actin was
purchased from Sigma.

Immunohistochemical detection of Tpl-2. Paraffin wax sections were deparaf-
finized and subjected to low-temperature antigen retrieval in 1 mM EDTA (pH
8.0), 0.1% Tween 20 on a hot plate stirrer at 65°C for 16 h. Following antigen
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retrieval, sections were washed in Tris-buffered saline (TBS; pH 7.6), and pri-
mary antibody to Tpl-2 (M20; Santa Cruz Biotechnology) was applied at a
dilution of 1/200 for 1 h at room temperature (RT). Slides were washed in TBS
(pH 7.6) containing 0.001% Tween 20. A universal streptavidin-biotin horserad-
ish peroxidase kit (Binding Site Ltd., Birmingham, United Kingdom) was then
applied to detect bound primary antibody. Briefly, this involved incubation in
secondary antibody (diluted 1:100 in TBS) for 20 min followed by a wash in
TBS–0.001% Tween 20. This was followed by incubation in tertiary reagent (also
diluted 1:100) for 20 min. Following a final wash in TBS–0.001% Tween 20,
peroxidase activity was visualized in diaminobenzidine for 5 min. Sections were
then washed in tap water, counterstained in Mayer’s hematoxylin, dehydrated,
cleared, and mounted. Negative controls consisted of consecutive test sections in
which primary antibody was replaced with nonimmune serum.

Microinjections and immunofluorescence microscopy. Serum-deprived, sub-
confluent 3T3 fibroblasts were microinjected with plasmid DNA at a concentra-
tion of 0.2 mg/ml, as previously described (41). Cytoskeletal changes were visu-
alized at 4 h after microinjection using tetramethyl rhodamine isothiocyanate
(TRITC)-conjugated phalloidin (Sigma), and LMP1 expression was determined
by costaining with CS1-4. Vector-transfected cells were visualized by fluorescein
isothiocyanate-dextran. Staining of microinjected cells for p65 NF-�B was per-
formed as previously described (51) by using an anti-p65 polyclonal antibody
from Santa Cruz Biotechnology. For colocalization immunofluorescence micros-
copy, BJAB cells were electroporated (280 V, 950 �F) with 8 �g of a FLAG-
tagged TRAF2 expression vector, and 24 h later cell smears were air dried and
fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 20 min at
RT. Following extensive washing in PBS (10 min, RT), cells were permeabilized
in 0.1% Triton X-100 in PBS for exactly 3 min and then washed again in PBS for
5 min at RT. Cells were then incubated with the primary antibodies M2 anti-
FLAG (Kodak/IBI) at 1:400 and M20 anti-Tpl-2 at 1:20 dilution in PBS supple-
mented with 10% heat-inactivated goat serum for 1 h at 37°C in a humidified
chamber. Following extensive washing in PBS, the cells were incubated for 45
min with Oregon green-labeled anti-mouse immunoglobulin G (IgG; Molecular
Probes, Leiden, The Netherlands) at 1:500 and TRITC-labeled anti-rabbit IgG
(Sigma) at 1:80 dilution in PBS supplemented with 10% heat-inactivated goat
serum. Following a 10-min wash in PBS, slides were mounted with DABCO
anti-fade reagent and green and red fluorescence was visualized on a Nikon E600
digital microscope.

RESULTS

Tpl-2 is expressed in EBV-associated malignancies and is
activated by LMP1 in epithelial cells. To establish a role for
Tpl-2 in LMP1 signaling, we first examined whether this kinase
is expressed in EBV-associated malignancies. So far, there is
no evidence at the protein level for Tpl-2 being expressed in
human malignancies. To address this issue, paraffin wax sec-
tions from a total of 31 HD tumors and 23 undifferentiated
NPC biopsies were immunostained for Tpl-2. All NPC speci-
mens examined were positive for EBERs (EBV-encoded small
nonpolyadenylated RNAs) as determined by in situ hybridiza-
tion (data not shown), whereas only 12 of the HD tumors were
EBER positive. Three EBER-positive NPCs and all 12 EBER-
positive HD samples also expressed LMP1, as determined by
immunostaining using the CS1-4 anti-LMP1 MAb.

Strong expression of Tpl-2 was identified in malignant
Hodgkin/Reed-Sternberg (HRS) cells from the majority of the
HD cases (27 of 31), and both EBV-positive and EBV-negative
samples expressed Tpl-2. In most sections, expression of Tpl-2
in HRS cells was considerably higher than in the surrounding
nonmalignant cells. The staining pattern observed in HRS cells
was cytoplasmic and granular in appearance (Fig. 1A). All
NPC specimens expressed Tpl-2 in the tumor cells irrespective
of EBV status. In the majority of cases, staining was cytoplas-
mic and granular (Fig. 1B), but in some sections diffuse cyto-
plasmic staining was observed. Taken together, these data
demonstrate that Tpl-2 is expressed in EBV-associated tumors

and could therefore serve as a potential effector of LMP1
signaling.

To determine whether LMP1 utilizes Tpl-2 as a signaling
intermediate, we first examined the ability of LMP1 expression
to promote Tpl-2 activation. For this purpose, HEK 293 cells
carrying an ecdysone-regulatable LMP1 (293EcR/LMP1 [12])
were used. Addition of the ecdysone analogue ponasterone A
in these cultures resulted in a time-dependent up-regulation of
LMP1 expression, as determined by immunoblotting analysis
using the CS1-4 MAb (Fig. 2A). LMP1 induction during this
time course was followed by increased NF-�B DNA binding
activity but did not affect endogenous expression of Tpl-2 or
�-actin (Fig. 2A).

To determine whether inducible expression of LMP1 pro-
motes the activation of Tpl-2, in the absence of an antibody
which can immunoprecipitate the endogenous kinase, 293EcR/
LMP1 cells were transfected with low amounts of a myc-tagged
Tpl-2 expression vector. Tpl-2 protein levels were monitored
by Western blot analysis of lysates from transfected cells or
untransfected cultures by using an anti-Tpl-2 polyclonal anti-
body. This analysis verified that, under these conditions, myc–
Tpl-2 is expressed at near-physiological levels (Fig. 2B). Tpl-2
activation was examined in lysates from myc–Tpl-2–transfected
cells treated with ponasterone A for 0, 3, 4.5, 6, or 7.5 h by
using in vitro kinase assays as described in Materials and Meth-
ods, and the relative increase in Tpl-2 autophosphorylation was
evaluated. These experiments showed that Tpl-2 kinase activity
was rapidly induced following addition of ponasterone A,
reached a peak at 4.5 h of treatment, and remained at elevated
levels for the rest of the time course (Fig. 2C, lanes 1 to 5). A
kinase-inactive Tpl-2[K167M] mutant remained unresponsive
to LMP1 induction (Fig. 2C, lanes 6 to 10). The increase in
Tpl-2 autophosphorylation is caused by LMP1 and not by pon-
asterone A, as addition of this ecdysone analogue in myc–Tpl-
2–transfected parental 293 EcR cultures did not result in the
induction of Tpl-2 kinase activity (Fig. 2D).

Tpl-2 modulates LMP1-induced NF-�B activation but not
Cdc42 activation. Previous studies have shown that expression
of the MAPKKK Tpl-2 in T-cell lines and 293 cells results in
NF-�B activation (33, 53). Consistent with these findings,
transfection of wild-type Tpl-2 in NIH 3T3 fibroblasts was also
found to induce NF-�B luciferase reporter activity (Fig. 3A).
Interestingly, the levels of Tpl-2-mediated NF-�B transactiva-
tion were similar to those obtained with expression of NIK
(Fig. 3A), a MAPKKK which functions downstream of TRAF2
to regulate NF-�B signaling.

To examine the contribution of Tpl-2 to LMP1-mediated
NF-�B activation, HEK 293 cells were cotransfected with 2.5
�g of pSG5-LMP1 in the presence or absence of an equivalent
amount of Tpl-2[K167M], and the amount of NF-�B bound to
a human immunodeficiency virus long terminal repeat NF-�B
probe was evaluated using EMSAs. These experiments dem-
onstrated that kinase-inactive Tpl-2 significantly suppressed
LMP1-mediated NF-�B binding activity, while binding to a
control Sp1 oligo probe remained essentially unaltered (Fig.
3B). A similar inhibitory effect of Tpl-2[K167M] was observed
when using luciferase reporter assays in transiently transfected
HEK 293 or NIH 3T3 cells (Fig. 3C).

LMP1 contains two domains in its cytoplasmic C terminus
which are critical for NF-�B activation, namely the C-terminus
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activating region 1 (CTAR1; aa 187 to 231) and CTAR2 (aa 352
to 386) (22). The effect of kinase-inactive Tpl-2 on CTAR1-
versus CTAR2-mediated NF-�B activation was evaluated by us-
ing luciferase reporter assays. HEK 293 cells were transfected
with 1 �g of pSG5-based wild-type LMP1, LMP1�(332-386),
which is deleted for CTAR2, or LMP1AxAxA, which contains a
P204 xQ206 xT208 3AxAxA mutation in the TRAF-binding do-
main of CTAR1 and functions as a CTAR2 effector (11), in the
presence or absence of increasing amounts of Tpl-2[K167M].
Analysis of reporter activity demonstrated that low amounts of
this kinase-inactive mutant inhibited NF-�B signaling from both
LMP1 domains (Fig. 3D). This phenomenon was specific for
Tpl-2, as dominant negative mutants of other kinases, such as
germinal center kinase-related protein (GCKR) (46) (Fig. 3E) or
Cdc42 (41), do not influence LMP1-induced NF-�B transactiva-

tion. The specificity of the observed effects is further substantiated
by the inability of catalytically inactive Tpl-2 to suppress NF-�B-
dependent reporter activity induced by wild-type Cdc42 (Fig. 3E),
which is mediated by an IKK-independent pathway (4).

Recent work suggests that microinjection of LMP1 into se-
rum-starved 3T3 cells leads to the reorganization of the actin
cytoskeleton via a Cdc42-dependent but NF-�B-independent
pathway (41). To determine whether Tpl-2 influences Cdc42-
mediated filopodia formation, pSG5-LMP1 was microinjected
into NIH 3T3 fibroblasts in the presence or absence of myc-
tagged Tpl-2[K167M]. Consistent with previous findings,
LMP1, but not vector control-injected cells, was found to con-
tain filopodia extensions associated with lamellipodia as well as
stress fibers (Fig. 4A and B). While these phenomena were
inhibited by coexpression of a dominant negative Cdc42 (data

FIG. 1. Tpl-2/Cot is detected in EBV-associated malignancies where LMP1 is commonly expressed. Shown is representative immunohisto-
chemical staining of sections from patients with HD (A) and undifferentiated NPC (B), illustrating cytoplasmic localization of Tpl-2/Cot. Both
sections shown were positive for LMP1.
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not shown) (41), kinase-inactive Tpl-2 had no effect (Fig. 4C).
However, this Tpl-2 mutant inhibited the nuclear translocation
of the p65 subunit of NF-�B in 3T3 cells microinjected with
LMP1 (Fig. 4D to F). We therefore conclude that Tpl-2 is a
modulator of LMP1-induced NF-�B but not Cdc42 signaling.

Tpl-2 coimmunoprecipitates with TRAF2 and regulates
TRAF2-mediated signals. To position Tpl-2 to the LMP1-me-
diated signaling cascade, we examined the effects of kinase-
inactive Tpl-2 on TRAF2-mediated NF-�B activation. Using
luciferase reporter assays, we found that catalytically inactive
Tpl-2 exerts a potent inhibitory effect on TRAF2-induced
NF-�B activity (Fig. 5A). However, transfection of N-termi-
nus-deleted TRAF2, which functions as a dominant negative
inhibitor of LMP1-mediated NF-�B signals (26), had no effect
on the ability of wild-type Tpl-2 to engage this pathway (data
not shown). These data suggest that Tpl-2 functions down-
stream of TRAF2 to regulate LMP1-mediated NF-�B activa-
tion.

To explain the effects of Tpl-2[K167M] on TRAF2-induced
signaling, we asked whether Tpl-2 is recruited to the TRAF2
signaling complex. To this end, EBV-negative BJAB lymphoma
cells were transfected with a FLAG-tagged TRAF2 expression
vector and subjected to dual immunofluorescence staining for
TRAF2 by using an anti-FLAG MAb and for endogenous Tpl-2
by using an anti-Tpl-2 polyclonal antibody. These experiments
demonstrated significant colocalization of the two proteins (Fig.
5B). The ability of TRAF2 to complex with Tpl-2 was confirmed
in coimmunoprecipitation experiments. HEK 293 cells were
transfected with TRAF2 or control vector in the presence of
myc-tagged Tpl-2. Cell lysates were immunoprecipitated with an
anti-myc tag antibody and analyzed for TRAF2 expression by
immunoblotting. TRAF2 was found to coimmunoprecipitate with
Tpl-2 in these assays (Fig. 5C). As a control, myc-tagged LMP1
but not Cdc42 also interacted with TRAF2 (Fig. 5C). We con-
clude that Tpl-2 modulates LMP1 signaling via association with
TRAF2 and regulation of its functions. In agreement with these

FIG. 2. LMP1 promotes the activation of Tpl-2. (A) Induction of LMP1 in 293EcR/LMP1 cells carrying an ecdysone-regulatable LMP1,
following addition of a 10 �M concentration of the ecdysone analogue ponasterone A (PonA; upper panel). Lysates from 293EcR/LMP1 cells
treated with PonA or from untreated cultures were analyzed for endogenous Tpl-2 levels by using the anti-Tpl-2 polyclonal antibody M20 or for
�-actin levels, as indicated. Nuclear extracts from parallel cultures were examined for NF-�B DNA binding activity by EMSA (lower panel).
(B) HEK 293EcR/LMP1 cells were transfected with 0.3 �g of myc-tagged Tpl-2 per 106 cells and 24 h later were analyzed for Tpl-2 expression by
immunoblotting, using the M20 anti-Tpl-2 polyclonal antibody (lane 2). Lysates from untransfected cultures (lane 1) were used to verify that, under
these conditions, myc–Tpl-2 is expressed at near-physiological levels. (C) LMP1 promotes the activation of Tpl-2, as measured by enhanced
autophosphorylation. HEK 293EcR/LMP1 cells were transfected with 0.3 �g of myc-tagged Tpl-2 (lanes 1 to 5) or its catalytically inactive mutant,
Tpl-2[K167M] (lanes 6 to 10), and then stimulated with ponasterone A for 0, 3, 4.5, 6, or 7.5 h. Duplicate cultures from each time point were pulled
together to minimize differences in transfection efficiencies and processed for in vitro kinase assays as described in Materials and Methods. Parallel
anti-myc immunoprecipitates were probed for Tpl-2 using the M20 anti-Tpl-2 polyclonal antibody (middle panel). Relative levels of autophos-
phorylation were measured on a phosphorimager and are shown in the lower panel. (D) Parental HEK 293EcR cells were transiently transfected
with 0.3 �g of myc-tagged Tpl-2 and then stimulated with 10 �M ponasterone A for 0, 4.5, or 7.5 h. Tpl-2 autophosphorylation was examined as
described for panel C (upper panel). Anti-myc immunoprecipitates were also probed with the anti-Tpl-2 polyclonal antibody M20 (lower panel).
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findings, kinase-inactive Tpl-2 also suppressed CD40-induced
NF-�B transactivation (Fig. 5D), which is largely mediated by
TRAF2 (43).

Tpl-2 regulates LMP1-mediated NF-�B activation by tar-
geting p105 and I�B� signaling. Tpl-2 has been implicated in
the regulation of both p105 and I�B� NF-�B-inhibitory pro-
teins, which retain the p50 and p65 NF-�B subunits to the
cytoplasm (1, 33). The mechanisms by which p105 modulates
p50 function are not fully understood but appear to be subject
to both co- and posttranslational regulation (1, 20, 32, 35), with

Tpl-2 promoting the degradation of p105 (1). To determine the
contribution of Tpl-2 to p105 function in the context of LMP1,
a CMV-driven myc-tagged p105 expression vector was trans-
fected in 293EcR/LMP1 cells in the presence or absence of
hemagglutinin (HA)-tagged Tpl-2[K167M]. Following a 9-h
treatment with the ecdysone analogue ponasterone A, a sig-
nificant up-regulation of LMP1 expression was observed which
was not affected by coexpression of Tpl-2[K167M] (Fig. 6A,
middle panel). The same lysates were also analyzed for expres-
sion of HA-Tpl-2 and myc-p105. It was found that induction of

FIG. 3. Tpl-2 modulates LMP1-induced NF-�B activation. (A) Wild-type Tpl-2 induces levels of NF-�B transactivation similar to that of NIK.
NIH 3T3 cells were transfected with a �-galactosidase-expressing plasmid and an NF-�B reporter in the presence of increasing amounts of NIK
or Tpl-2 and 36 h later were analyzed for luciferase and �-galactosidase activities. Relative NF-�B activation (ratio of luciferase versus
�-galactosidase activities; RLV) from two independent experiments is shown. Asterisks represent individual mean values of duplicate determi-
nations from these experiments. (B) Kinase-inactive Tpl-2 inhibits LMP1-induced NF-�B binding activity in 293 cells, as determined by EMSAs
(upper panel). The NF-�B complex shown contains p50-p65 heterodimers (data not shown). Nuclear extracts were also analyzed for Sp1 binding
activity as a control (lower panel). (C) Kinase-inactive Tpl-2 inhibits LMP1-induced NF-�B transactivation. NIH 3T3 or HEK 293 cells were
cotransfected with a galactosidase-expressing plasmid and an NF-�B reporter and 1 �g of pSG5-LMP1, in the presence of equivalent amounts of
Tpl-2[K167M]. Relative NF-�B activation (ratio of luciferase versus �-galactosidase activities) (
 standard deviation [SD]) from three indepen-
dent experiments is shown. (D) Kinase-inactive Tpl-2 inhibits LMP1-, CTAR1 [LMP1�(332-386)]-, and CTAR2 (LMP1AxAxA)-induced NF-�B
transactivation to similar extents. HEK 293 cells were transfected with 1 �g of pSG5-based vectors in the presence of reporter constructs and
increasing amounts of Tpl-2[K167M]. To allow comparison of the inhibitory effect of kinase-inactive Tpl-2, RLVs have been normalized to 100
for each of the wild-type, CTAR1, and CTAR2 effects. In these experiments, the mean NF-�B activation values from the above LMP1 molecules
were 60 (
5.4), 48.4 (
6.2), and 13 (
4). (E) Kinase-inactive GCKR does not affect LMP1-induced NF-�B transactivation. HEK 293 cells were
transfected with reporter constructs and 1 �g of pSG5-LMP1, in the presence or absence of increasing amounts (0.25 or 0.5 �g) of dominant
negative GCKR (GCKRdn). RLV was assessed as described for panel C. (F) Kinase-inactive Tpl-2 does not affect Cdc42-mediated NF-�B
induction. HEK 293 cells were transfected with reporter constructs and 5 �g of pcDNA3-Cdc42, in the presence or absence of increasing amounts
(0.25 or 0.5 �g) of dominant negative Tpl-2. RLV was assessed as described for panel C.
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LMP1 leads to a reduction in myc-p105 levels, and this effect is
significantly impaired in the presence of HA-tagged Tpl-
2[K167M] (Fig. 6A, upper panel).

To determine whether p105 degradation is important for
LMP1-mediated NF-�B transactivation, presumably through the
release of active p50 NF-�B to the nucleus, we generated a myc-
tagged N-terminus-deleted p105 molecule (myc-p105�N; Fig.
6B), which cannot be degraded by the proteasome (1). Reporter
assays demonstrated that low plasmid concentrations of p105�N
suppressed LMP1-mediated NF-�B transactivation in NIH 3T3
cells in the absence of an effect on LMP1 expression, as deter-
mined by immunoblot analysis of the same lysates (Fig. 6C and
D). Furthermore, expression of p105�N significantly inhibited
wild-type LMP1, CTAR1, or CTAR2, as well as TRAF2-medi-
ated NF-�B transactivation in HEK 293 cells (Fig. 6E). Parallel
experiments using equal amounts of an N-terminus-deleted I�B�,
which cannot be phosphorylated and degraded by LMP1, dem-
onstrated that this mutated I�B� conferred a more potent inhib-
itory effect than p105�N and almost completely suppressed
LMP1- and TRAF2-mediated NF-�B activation (data not
shown). Overall, these data demonstrate the involvement of Tpl-2

in LMP1- and TRAF2-induced NF-�B signaling through modu-
lation of p105 function.

To determine whether Tpl-2 also influences LMP1-medi-
ated I�B� phosphorylation, an essential step for its degrada-
tion, HEK 293 cells were transiently transfected with LMP1 in
the presence or absence of equal amounts of kinase-inactive
Tpl-2. Endogenous IKK�, which mediates phosphorylation of
Ser32 and Ser36 of I�B�, was immunoprecipitated from lysates
from these cultures and kinase activity was determined using
GST-I�B� (aa 1 to 62) as the substrate in an in vitro kinase
assay.

While LMP1 was found to induce a 2.1-fold increase in I�B�
phosphorylation, coexpression of Tpl-2[K167M] consistently in-
hibited this effect (Fig. 7, panel 4, lanes 3 and 4). Kinase-inactive
NIK (NIK[KK429-430AA]) also blocked LMP1-mediated I�B�
phosphorylation, in agreement with a previous report (48), while
transfection of wild-type NIK induced significant endogenous
IKK kinase activity (Fig. 7, panel 4). We therefore conclude that
Tpl-2 influences LMP1-induced NF-�B by targeting signaling
pathways which regulate both the inhibitory p105 and I�B� pro-
teins.

FIG. 4. Tpl-2 is not a component of LMP1-induced Cdc42 activation. Serum-starved 3T3 fibroblasts were microinjected with pSG5-LMP1 (B
and E) or control vector (A and D), in the presence or absence of myc-tagged Tpl-2[K167M] (C and F), as described in Materials and Methods.
Phalloidin staining revealed formation of filopodia extensions in LMP1-expressing cells (B), which was not affected by the presence of kinase-
inactive Tpl-2 (C). Note also the extensive formation of stress fibers in these microinjected cells. Parallel experiments using dominant negative
Cdc42 verified inhibition of these LMP1-mediated cytoskeletal changes (data not shown), in agreement with a previous report (41). Transfection
of the pSG5 vector alone had no effect on actin reorganization (A). Immunostaining for the p65 subunit of NF-�B (D, E, and F) revealed p65
translocation to the nucleus of LMP1-expressing cells (E) but predominantly cytoplasmic staining in control cells or cells coinjected with LMP1
and Tpl-2[K167M] (panels D and F, respectively).
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Tpl-2 modulates the expression of the angiogenic factor
COX-2. Recent work suggests an important role for LMP1 in
the regulation of the angiogenic factor COX-2 in epithelial
cells. LMP1-induced COX-2 up-regulation and COX-2 pro-
moter activity critically depend on NF-�B, as a constitutively
active I�B� mutant which cannot be phosphorylated and de-

graded suppressed these LMP1-mediated effects (37). We have
found that expression of Tpl-2 in HEK 293 cells promoted the
up-regulation of COX-2 to levels similar to those observed
following LMP1 expression (Fig. 8A). Transfection of a green
fluorescent protein (GFP)-encoding plasmid was used as a
negative control for COX-2 expression, and �-actin was used

FIG. 5. Tpl-2 functions downstream of TRAF2 in LMP1 signaling. (A) Kinase-inactive Tpl-2 inhibits TRAF2-mediated NF-�B activation in a
concentration-dependent manner. HEK 293 cells were transfected with 1 �g of CMV-TRAF2 and increasing amounts of Tpl-2[K167M], and RLVs
were determined as described in the legend for Fig. 3C. (B) TRAF2 colocalizes with endogenous Tpl-2. BJAB cells were transfected with
FLAG-tagged TRAF2 and double-stained for TRAF2 using the anti-FLAG MAb M2 and for Tpl-2 using the anti-Tpl-2 polyclonal antibody M20.
Green fluorescence (a and d) identifies FLAG-TRAF2 staining in two representative examples (a to c and d to f, respectively), red fluorescence
(b and e) represents Tpl-2 staining, and yellow color (c and f) corresponds to the overlay of green and red fluorescence. (C) Tpl-2 coimmuno-
precipitates with TRAF2. HEK 293 cells were transfected with 5 �g of CMV-TRAF2 in the presence of equivalent amounts of myc-tagged
N17Cdc42, Tpl-2, or LMP1. Following immunoprecipitation (IP) with an anti-myc tag MAb (9E10), precipitates were analyzed for TRAF2 (upper
panel) or myc expression (lower panel) by immunoblotting (IB). Total lysates (8%) were also analyzed to verify the migration of TRAF2 (upper
panel). Arrowheads in the lower panel show the migration of immunoprecipitated N17Cdc42, Tpl-2, and LMP1 blotted with the anti-myc tag 9E10
MAb. (D) Kinase-inactive Tpl-2 inhibits CD40-mediated NF-�B activation. HEK 293 cells were transfected with 1 �g of pcDNA3-CD40 and
increasing concentrations of Tpl-2[K167M], in the presence of a luciferase and �-galactosidase plasmid, and reporter activity was determined.
Mean values (
 SD) from three independent experiments are shown.
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as a loading control in these immunoblots. Transfection of
HEK 293 cells with LMP1 in the presence of catalytically
inactive Tpl-2[K167M] resulted in a significant inhibition of
LMP1-mediated COX-2 induction (Fig. 8B). Consistent with
the effects of Tpl-2[K167M] on LMP1-induced NF-�B activa-
tion and COX-2 protein levels, we have found that this dom-
inant negative Tpl-2 also modulates COX-2 promoter activity.
Transfection of HEK 293 cells with LMP1 leads to a sevenfold
increase in COX-2 promoter activity. Coexpression of LMP1
and myc-tagged Tpl-2[K167M] at a ratio of 1:0.04 significantly
suppressed reporter activity, which was completely abolished at
a 1:1 ratio (Fig. 8C). Taken together, these data suggest that
Tpl-2 modulates the ability of LMP1 to promote the expression
of the angiogenic factor COX-2.

DISCUSSION

The EBV-encoded LMP1 is a pleiotropic protein, the activ-
ities of which include the oncogenic transformation of rodent
fibroblast cell lines, up-regulation of antiapoptotic proteins
and cell surface markers, cytokine production, and differenti-
ation blockade in epithelial cells. LMP1 is also essential for
EBV-induced B-cell immortalization in vitro and is expressed
in a number of EBV-associated malignancies. Genetic and
biochemical evidence correlates many of these phenotypic
changes and growth-transforming properties with activation of
the transcription factor NF-�B (for a review, see reference 3).
NF-�B activation by LMP1 requires recruitment of TRAF2 to

the cytoplasmic C terminus of the protein (26). TRAF2 lacks
intrinsic kinase activity and promotes NF-�B signaling by act-
ing as a platform for the formation of a high-molecular-weight
catalytic complex containing NIK, IKKs, and the inhibitory
proteins I�Bs and p105 among other molecules.

In this study we have demonstrated that the oncogenic
MAPKKK Tpl-2 is a component of LMP1-mediated NF-�B
signaling. LMP1 promotes the activation of Tpl-2, and expres-
sion of catalytically inactive Tpl-2 dramatically inhibits LMP1-
induced NF-�B activation as measured by reporter assays and
EMSAs (Fig. 3). The extent of this inhibition is similar to the
known effects of a kinase-inactive NIK mutant on LMP1-in-
duced NF-�B induction (11, 48) and emphasizes the role of
Tpl-2 in LMP1 signaling. This is further supported by the
observation that Tpl-2 is recruited in the TRAF2 signaling
complex and affects its NF-�B-inducing properties (Fig. 5).
Our findings, coupled with the reported ability of Tpl-2 to
interact with NIK (33), raise the possibility that TRAF2 forms
a higher-order complex containing NIK, Tpl-2, and perhaps
other MAPKKKs together with IKK molecules, thus creating a
microenvironment which facilitates signal initiation and ampli-
fication. The inhibitory effect of kinase-inactive Tpl-2 on CD3/
CD28-induced NF-�B activation (33), which is TRAF2 inde-
pendent, suggests that the interaction between Tpl-2 and
TRAF2 is probably indirect and is mediated by NIK. The
aggregation of Tpl-2 molecules in this complex may result in
their autophosphorylation and increased catalytic activity to-
wards NIK (33).

FIG. 5—Continued.
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FIG. 6. LMP1-induced Tpl-2-mediated p105 degradation contributes
to NF-�B transactivation. (A) Kinase-inactive Tpl-2 inhibits LMP1-me-
diated p105 degradation. HA-tagged Tpl-2[K167M] (1 �g) and 3 �g of
myc-tagged p105 were transfected in 293EcR/LMP1 cells. Following
treatment with the ecdysone analogue ponasterone A for 9 h, cell lysates
were isolated and analyzed for LMP1, Tpl-2, or myc-p105 expression by
immunoblotting. (B) Structure of p105 and the N-terminus-deleted, non-
degradable mutant used in this study. RHD, rel-homology domain; NTS,
nuclear translocation signal; GRR, glycine-rich region. Both constructs
carry a myc tag in their N termini. (C) Transfection of p105�N in NIH
3T3 cells inhibits LMP1-induced NF-�B activation. The relative decrease
in NF-�B luciferase values (RLVs) is shown in histogram form, in which
LMP1 has been given the arbitrary value of 100. The actual increase in
NF-�B transactivation induced by LMP1 in this representative assay was
8.5-fold. (D) Identical lysates from the experiment shown in panel C were
analyzed for LMP1 expression in order to verify that the inhibitory effects
of p105�N on LMP1-induced NF-�B activation were not due to altered
LMP1 levels (upper panel). Deleted p105 expression was assessed by
immunoblot analysis using anti-myc tag 9E10 MAb (lower panel).
(E) Transfection of a low plasmid concentration (100 ng) of p105�N
significantly inhibits NF-�B transactivation induced by 1 �g of LMP1,
LMP1 CTAR1 [LMP1�(332-386)], or LMP1 CTAR2 (LMP1AxAxA) in
HEK 293 cells. The effects of this deleted p105 mutant on TRAF2-
mediated NF-�B reporter activity are also shown. Data (RLVs) are the
mean values (
 SD) from three independent experiments.
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By virtue of these interactions, Tpl-2 may control both
I�B� and p105 functions. Indeed, we have found that ki-
nase-dead Tpl-2 inhibits p105 degradation as well as IKK�
activity towards I�B� in LMP1-expressing cells. Consistent
with our results, IKKs have been recently shown to phos-
phorylate p105, in addition to their established substrate
I�B�, and TNF treatment promotes the degradation of p105
(20). The contribution of p105 to LMP1- and TRAF2-in-
duced NF-�B activation is substantiated by the effects of a
nondegradable p105 mutant (p105�N), which was found to
inhibit LMP1- and TRAF2-induced NF-�B signals (Fig. 6),
providing further evidence for the involvement of p105 in
LMP1-mediated NF-�B signaling.

A recent study suggests that NIK may not be essential for
NF-�B activation by LMP1. Thus, LMP1-induced NF-�B is not
affected in aly/aly mouse embryo fibroblasts carrying a NIK
mutation which eliminates the interaction of NIK with IKK�
but not IKK� (34). While this finding does not exclude a role
for NIK in LMP1-mediated NF-�B signaling, it suggests that
other kinases may compensate for IKK activation in this cell
type. Such a redundancy is possible and is exemplified by a
recent study on the complementary role of TRAFs in TNF
receptor signaling. Thus, although neither TRAF2 nor TRAF5
appears to be uniquely responsible for TNF-induced NF-�B
activation, which occurs normally in TRAF2 or TRAF5 knock-
out mouse embryo fibroblasts, cells lacking both proteins are
severely impaired in TNF-induced NF-�B activation (49). Fur-
thermore, NIK has been shown to be essential for CD40-
induced NF-�B activation in a cell-type-dependent manner, as

CD40 ligation stimulates NF-�B in dendritic but not B cells
isolated from aly/aly mice (17). The levels of expression of
NIK, Tpl-2, and other components of the I�B kinase complex
in different tissues may also affect their relative contributions
to NF-�B signaling. Activated Ras has been reported to neg-
atively influence Tpl-2/Cot kinase activity (18). Although Ras
mutations are rare in EBV-associated malignancies (30, 52),
we cannot exclude the possibility that the effects of Tpl-2 on
NIK phosphorylation and activation and Tpl-2 involvement in
LMP1-mediated NF-�B signaling are also under negative reg-
ulation by Ras or other kinases in a cell-type-dependent man-
ner. This may also provide a possible explanation for the ob-
servation that Tpl-2 activation is transient while NF-�B activity
is sustained in HEK 293EcR/LMP1 cells induced to express
LMP1 (Fig. 2).

As Tpl-2 was found to regulate TRAF2-mediated signaling,
we would anticipate that this oncogenic kinase should not
affect any LMP1-activated, TRAF2-independent phenomena.
LMP1 expression in fibroblasts and cell lines of epithelial and
B-cell origins promotes filopodia formation (14, 56, 57) via a
Cdc42-dependent pathway (41). This small GTPase, together
with its downstream targets Rho and Rac, is involved in various
cellular processes such as cytokinesis, adhesion, and cell po-
larity. Previous work demonstrated that LMP1-induced Cdc42
activation in 3T3 cells occurs independently of TRADD or
TRAF2 signaling (41). In line with these findings, we have
found that microinjection of kinase-inactive Tpl-2 does not
influence the ability of LMP1 to induce filopodia formation
(Fig. 4), providing further proof that the Cdc42 and NF-�B

FIG. 7. Involvement of Tpl-2 in LMP1-mediated I�B� activation. HEK 293 cells were transiently transfected with 2.5 �g of pSG5-LMP1 or
control vector in the presence or absence of equal amounts of kinase-inactive Tpl-2 (lanes 4 and 6) or NIK (lanes 5 and 7). Lysates were subjected
to immunoblot analysis for LMP1, Tpl-2, or NIK expression (upper three panels). Endogenous IKK� was immunoprecipitated using the H744
polyclonal anti-IKK� antibody (Santa Cruz Biotechnology) and analyzed for kinase activity in an in vitro kinase assay (IVK) using GST-I�B�(1-62)
as the substrate. As a positive control, lysates from wild-type NIK-transfected cells were used (lane 8). I�B� phosphorylation was measured on a
phosphorimager, and relative levels of kinase activity are shown. In three independent experiments, LMP1 induced a mean of 2.1 (
0.4)-fold
increase in I�B� activation, while kinase-inactive Tpl-2 consistently suppressed this effect by more than 85%. Background phosphorylation (B, lane
1) from mock immunoprecipitation (in the absence of IKK� antibody) is also shown. Expression of wild-type Tpl-2 has been previously shown to
induce I�B� phosphorylation in 293 cells (33).
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signaling pathways are primarily independent. This observa-
tion also raises the possibility that Tpl-2 does not affect the
metastatic potential of LMP1 related to cell motility and ad-
hesion, which are regulated by the small GTPases. However,
we have found that Tpl-2 modulates the expression of two
angiogenic factors, COX-2 (Fig. 8) and IL-8 (data not shown).
COX-2 is overexpressed in a number of tumors, including
NPCs, where Tpl-2 is also found. LMP1 expression correlates
with COX-2 expression in vivo and up-regulates COX-2 in
vitro via a pathway which critically depends on NF-�B activa-
tion (37). Consistent with this observation, we have found that
Tpl-2 expression in HEK 293 cells results in COX-2 induction
and that a kinase-inactive Tpl-2 mutant suppresses the ability
of LMP1 to induce COX-2 protein and promoter activity.
These data indicate that Tpl-2 may play a role in LMP1-
induced angiogenesis and metastasis.

Overall, our data demonstrate that Tpl-2 is a regulator of

LMP1-induced NF-�B activity downstream of TRAF2. As
Tpl-2 is known to engage the ERK and JNK pathways, in
addition to that of NF-�B, it is possible that it may also affect
other LMP1-mediated signals. This possibility is currently un-
der investigation. Taking into account the contribution of
NF-�B to oncogenesis and the role of Tpl-2 in this process (5,
42), our findings that Tpl-2 influences LMP1-induced NF-�B
activation may have important implications for our under-
standing of the transforming abilities of this viral protein.
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