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Epstein-Barr virus latent membrane protein 1 (LMP1) activation of
NF-kB is critical for Epstein-Barr virus-infected B lymphocyte sur-
vival. LMP1 activates the I1kB kinase complex and NF-«B through
two cytoplasmic signaling domains that engage tumor necrosis
factor receptor-associated factor (TRAF)1/2/3/5 or TRADD and RIP.
We now use cells lacking expression of TRAF2, TRAF5, TRAF6, IKK«,
IKKB, IKKy, TAB2, IL-1 receptor-associated kinase (IRAK)1, or IRAK4
to assess their roles in LMP1-mediated NF-«B activation. LMP1-
induced RelA nuclear translocation was similar in IKKa knockout
(KO) and WT murine embryo fibroblasts (MEFs) but substantially
deficient in IKKB KO MEFs. NF-xB-dependent promoter responses
were also substantially deficient in IKKB KO MEFs but were
hyperactive in IKKa KO MEFs. More surprisingly, NF-kB responses
were near normal in TRAF2 and TRAF5 double-KO MEFs, IKKy KO
MEFs, TAB2 KO MEFs, and IRAK4 KO MEFs but were highly deficient
in TRAF6 KO MEFs and IRAK1 KO HEK293 cells. Consistent with the
importance of TRAF6, LMP1-induced NF-xB activation in HEK293
cells was inhibited by expression of dominant-negative TAB2 and
Ubc13 alleles. These data extend a role for IKKa in IKKB regulation,
identify an unusual IKKB-dependent and IKKy-independent NF-«B
activation, and indicate that IRAK1 and TRAF6 are essential for
LMP1-induced NF-«B activation.

Primary Epstein—Barr Virus (EBV) infection of B lympho-
cytes causes their long-term proliferation through expression
of several proteins, including latent infection integral membrane
protein 1 (LMP1). LMP1 is critical for EBV-infected cell activation,
adhesion, and survival (1). EBV is causally associated with lym-
phoid and epithelial malignancies, including posttransplant lym-
phoproliferative disorders, Hodgkin’s disease, anaplastic nasopha-
ryngeal carcinoma, and gastric carcinomas; LMP1 is usually
expressed in the malignant cells (2). LMP1 can transform rodent
fibroblasts to anchorage, contact, and serum-independent growth
and to tumorigenicity in nude mice (3). LMP1 expression in human
B lymphoblasts alters cell growth, and transgenic expression in
murine B cells causes hyperplasia and lymphoma (4).
LMP1-mediated NF-«B activation is essential for EBV trans-
formed lymphoblastoid cell line survival (5). LMP1 has six
transmembrane domains that cause aggregation in the plasma
membrane and enable constitutive NF-«B activation through
two cytoplasmic C-terminal activation regions (CTARs) (6, 7).
CTARs 1 and 2 coincide with critical transformation effector
sites (TES), which were defined by reverse genetic analyses of
EBV genes required for B lymphocyte growth transformation.
CTAR1/TES1 engages tumor necrosis factor receptor-
associated factors (TRAFs) 1, 3, 2, and 5 through a consensus
PXQXT motif, whereas CTAR2/TES2 engages tumor necrosis
factor receptor (TNFR)-associated death domain proteins in-
cluding TRADD and RIP (8, 9). Thus, LMP1 behaves like a
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constitutively activated TNFR, similar in repertoire of cytoplas-
mic interacting factors to a combination of TNFRs 1 and 2 or
CDA40, a critical TNFR for B lymphocyte development.

The rate-limiting step in NF-«kB activation downstream of
TNF, IL-1, and Toll-like receptors is the phosphorylation of
IkBa by the 1B kinase (IKK) complex leading to ubiquitylation
and degradation of IkBa and nuclear translocation of NF-«B.
The IKK complex is composed of IKK« and IKK kinases bound
to a scaffolding protein, IKKy (10-13). Gene knockouts (KOs)
indicate that IKKB and IKKy are core components for almost all
nuclear translocation of RelA DNA-binding complexes, whereas
IKKe is not essential (11, 14, 15). However, NF-kB-inducing
kinase phosphorylates and activates IKKea, which is essential for
processing pl00/NF-«kB2 into p52 downstream of BAFF,
CD40L, lipopolysaccharide (LPS), and LTB; RelB-containing
NF-kB complexes then translocate to the nucleus (16-22).

The connections between TRAFs 1, 2, 3, and 5, TRADD, and
RIP and the IKK complex are partially delineated. TRAF1/2 or
TRAF3/5 heterodimeric complexes can activate NF-«B (23, 24).
TRAF?2 can associate with IKKa and IKKB (25, 26), RIP can
associate with IKKy in a TNF-stimulated manner (12, 27), and
TRADD can associate with TRAF2 (28). Whereas TRAF2 and
TRAFS are required for TNF-induced NF-«kB activation, IL-1
and LPS signaling are normal in TRAF2/5 double-KOs (T2/
5DKO) (29). In contrast, TNF signaling is normal in TRAF6 KO
cells, whereas IL-1, LPS, and CD40 signaling is defective (30).
Furthermore, downstream of IL-1 and LPS signaling, IL-1
receptor-associated kinase (IRAK)4 is essential for phosphor-
ylation and activation of IRAK1 (31), which leads to activation
of a TRAF6-dependent signal (32). Thus, distinct biochemical
pathways exist downstream of TNF and Toll/IL-1R (TIR)-
containing receptors.

The experiments reported here were initially undertaken to
investigate the roles of TRAFs 2 and 5 and IKK« and IKKp in
LMP1-mediated NF-«B activation by using murine fibroblasts
with specific gene KOs. The results were surprising, and they led
to a broader investigation.
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factor; LMP, latent membrane protein; IRAK, IL-1 receptor-associated kinase.
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Materials and Methods

Plasmids. Expression vectors for F-IkBa, GFP-RelA, TAB2-C,
and F-Ubc13 were kindly provided by D. Ballard (Southwestern
University, Dallas), D. Thanos (Al Flemming), H. Sanjo (Osaka
University), S.A., and Z. Chen (Southwestern University). The
Ubcl3 C87A mutant was constructed using the Stratagene
QuikChange PCR mutagenesis kit. pCDNA3-LMP1 WT,
pSGS5-FLMP1IWT, AA, and ID, pCDNA3-FIKKB WT(A9) and
KM(A34), pRK5-mycIKKa WT and kinase mutant (KM), and
3XkBL and pGK-B-gal have been described (8, 33, 34).

Cell Lines, Transfections, and Reporter Gene Assays. IKK«, IKK}f,
and TAB2 KO MEFs were kindly provided by M. Karin and S.A.
and were maintained in DMEM supplemented with 10% FBS
(GIBCO/BRL), 2 mM L-glutamine, and antibiotics. MEFs were
transfected with LF 2000 (Invitrogen). Luciferase reporter as-
says were normalized for transfection efficiency by cotransfect-
ing a B-galactosidase (B-gal) expression plasmid and dividing
luciferase by B-gal activity at 20-24 h posttransfection. Lucif-
erase activities in the presence of LMP1 were plotted relative to
luciferase reporter (3X«BL) in the absence of LMP1. Luciferase
assays were performed as per the manufacturer’s protocol
(Promega). B-Gal activity was measured with the Galacton-Plus
substrate system (Tropix, Bedford, MA).

Electrophoretic Mobility-Shift Assay. Briefly, 5 ug of protein from
1% Nonidet P-40 lysate was incubated with a 3?P-labeled probe
derived from the consensus NF-«B site from the HIV-1 LTR
(35). Complexes were separated and analyzed on a 5% native
PAGE followed by autoradiography. Competition with 150-fold
WT versus mutant cold probe was done to verify NF-kB-specific
complexes (data not shown).

GFP-RelA Nuclear Translocation. For GFP-RelA nuclear transloca-
tion assays, 10° MEFs were seeded in six-well plates and were
cotransfected 24 h later with 1-1.5 ug per well GFP-RelA, 0.4-0.6
pg per well (except for 0.9 ug per well for IKKa) IkBe, and 1-1.5
ng per well LMP1 or control expression plasmids; IkBa and
GFP-RelA expression was balanced so that GFP-RelA localized to
the cytoplasm in the absence of LMP1. After 18—24 h, live cells were
observed under a fluorescent microscope to determine the per-
centage of cells with GFP-RelA translocated to the nucleus.

Results

LMP1 Activation of NF-xB in MEFs Requires IKKg but Not IKKa. The
roles of IKK«a and IKKp kinases in LMP1-mediated NF-«B
activation were evaluated by comparing LMP1-induced NF-«B
activation in IKKa or IKKB KO and WT MEFs. NF-«B activa-
tion was assessed by nuclear translocation of a GFP-RelA fusion
protein and by an NF-kB-dependent promoter luciferase re-
porter assay after cotransfection with or without an LMP1
expression vector. In MEFs, GFP-RelA nuclear translocation is
a qualitative measure of RelA activity, whereas the NF-«B-
dependent promoter luciferase reporter assay is a quantitative
measure of overall NF-«B activity and has a reasonable dynamic
range conferred by the luciferase reporter. In IKKB KO MEFs,
LMP1 was markedly deficient in inducing RelA nuclear trans-
location (Fig. 14) and substantially deficient in activation of a
NF-«kB-dependent luciferase reporter (Fig. 1B). Although low-level
expression of WT IKKp alone in IKKB KO MEFs did not induce
reporter activity, cotransfection of IKK3 KO MEFs with LMP1 and
WT or KM IKKp expression plasmids confirmed that NF-«B
activation is restored by and is dependent on IKKp kinase activity
(Fig. 1 C and D and data not shown). Indeed, IKK3 KM suppressed
NF-«B reporter activity below the residual level induced by LMP1
in IKKB KO cells, consistent with dominant-negative inhibition of
alternative NF-«B activators such as IKK« (Fig. 1D).
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Fig. 1. The role of IKKa and IKKB in LMP1-mediated NF-«B activation in
MEFs. (A) WT, IKKa KO, and IKKB KO MEFs were transfected with GFP-RelA
and IkBa-encoding plasmids in the presence or absence of an LMP1 expression
plasmid. The percentage of cells with nuclear translocation of GFP-RelA
induced by LMP1 is shown. Average values = SD are shown from three
experiments, in which LMP1 expression was similar in all transfected MEFs (not
shown). (B) WT, IKKa KO, and IKKB KO MEFs were transfected with 3X«xBL and
pGK-B-gal alone or with LMP1. The mean folds of NF-«B activation by LMP1 =
SE relative to B-gal activity are shown from one representative of four inde-
pendent experiments performed in duplicate. (C) Folds of NF-«B activation by
LMP1 alone or in the presence of increasing amounts (in ng) of WT IKKB
expression vector in IKKB KO MEFs are shown from a representative transfec-
tion. (D) Folds of NF-«B activation by LMP1 alone or in the presence of
increasing amounts (in ng) of catalytically inactive IKKg (M-IKKp) in IKKB KO
MEFs are shown from a representative transfection. (E) Folds of NF-«B activa-
tion by LMP1 alone or in the presence of increasing amounts (in ng) of
catalytically inactive IKKa (M-IKKa) in IKKa KO MEFs. (F) Folds of NF-xB
activation by LMP1 alone or in the presence of increasing amounts (in ng) of
WT IKKa expression vector in IKKa KO MEFs.

Although LMP1 induced GFP-RelA nuclear translocation in
similar percentages of WT and IKKa KO MEFs (Fig. 14),
NF-«kB-dependent reporter activity was 10-fold higher in IKKa
KO MEFs than in WT MEFs (Fig. 1B). The apparent discrep-
ancy between the two assays is likely due to the relatively low
dynamic range and strict dependence of the GFP-RelA nuclear
translocation assay on IkBa levels, whereas the NF-«B-
dependent reporter records the cumulative effects not only of
RelA/p50 heterodimers but also RelB-, c-Rel-, and p52-
containing dimers. These other NF-«kB components may be
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Fig.2. IKKyisnotessential for LMP1-mediated NF-«B activation. (A) IKKyWT
and KO MEFs were transfected with GFP-RelA and IkBa-encoding plasmids in
the presence or absence of an LMP1 expression plasmid or TNF stimulation.
The percentage of cells with nuclear translocation of GFP-RelA induced by
LMP1 or TNF is shown. Average values = SD are shown from three experi-
ments. LMP1 expression was similar in WT and KO MEFs (data not shown). (B)
IKKy WT and KO MEFs were transfected with reporter plasmids alone or with
LMP1. Mean folds of NF-«B activation = SD by LMP1 are shown from four
experiments.

induced by RelA/p50 activation by LMP1. Regardless of the
underlying mechanisms, the data indicate that IKKa has an
essential role in the down-modulation of LMP1-induced NF-«B
activation in MEFs; IKKa may directly down-modulate the
height or duration of IKKp responses or may indirectly down-
modulate NF-kB activation.

Furthermore, LMP1-induced NF-kB activation in IKKa KO
MEFs reconstituted with IKKa WT or KM was surprising. IKKa
KM inhibited LMP1-induced NF-«B activation at all levels of
expression and with dose-dependent effects in IKKa KO MEFs
(Fig. 1E and data not shown), consistent with a requirement for
kinase activity for LMP1-induced IKKa/IKKp signaling. This
putative requirement dominates and precludes observation of
the role of WT IKKa in IKKB down-modulation. However,
coexpression of WT IKKa and LMP1 did not prevent hyperac-
tive NF-«B responses in IKKa KO MEFs (Fig. 1F and data not
shown). Expression of even undetectable levels of WT IKKa
with LMP1 in IKKa KO MEFs induced higher levels of NF-kB
activity than LMP1 alone, but did not induce reporter activity
without LMP1 (data not shown). This surprising result may be
due to a dominant-positive effect of newly expressed IKKa,
which together with a putative activation of NF-«B-inducing
kinase by LMP1 may cause IKKea activation of RelB het-
erodimers in IKKa KO MEFs.

LMP1-Mediated NF-«B Activation in MEFs Does Not Require IKKYy.
IKKYy is essential for TNF, IL-1, LPS, and poly(IC)-mediated
NF-«B activation and was therefore expected to be critical for
LMP1-induced NF-«B activation (36). However, when LMP1-
mediated NF-«B activation in IKKy KO MEFs was compared to
WT MEFs, GFP-RelA nuclear translocation and NF-«B-
dependent reporter activity was similar in IKKy KO and WT
MEFs (Fig. 2). In contrast, TNF induced GFP-RelA nuclear
translocation in WT but not in IKKy KO MEFs (Fig. 24). These
data indicate that IKK<y is not essential for LMP1-mediated
NF-«B activation in MEFs. However, quantitative RT-PCR
analysis of endogenous gene expression induced by LMP1 in IKK
KO MEFs indicated that both IKKpB-dependent/IKK<y-
independent and IKKB/IKKy-dependent pathways existed (59).
Thus, reporter activity does not reflect the complexity of en-
dogenous gene expression where both IKK+y-dependent and
-independent pathways contribute to the regulation of NF-«xB
target genes downstream of LMP1.
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Fig. 3. TRAF2 and TRAF5 are not essential for LMP1-mediated NF-«B acti-

vation in MEFs. (A) WT and T2/5KO MEFs were transfected with GFP-RelA and
IkBa-encoding plasmids in the presence or absence of an LMP1 expression
plasmid or TNF stimulation. The percentage of cells with nuclear translocation
of GFP-RelA induced by LMP1 or TNF is shown. Average values = SD are shown
from three experiments, except from LMP1-mediated translocation of GFP-
RelA in T2/5KO MEFs, for which five experiments were analyzed. LMP1
expression in WT and KO MEFs was similar (data not shown). (B) WT and
T2/5KO MEFs were transfected with reporter plasmids alone or with an LMP1
plasmid. The mean = SD of folds of NF-xB activation by LMP1 from four
experiments is shown.

LMP1-Mediated NF-«B Activation in MEFs Does Not Require TRAF2 and
TRAF5 but Does Require TRAF6. LMP1 CTAR1/TESI1 constitu-
tively binds a substantial fraction of the cytoplasmic TRAF1 and
TRAF3 and a smaller fraction of TRAF2 and TR AF5, whereas
LMP1 CTAR2/TES2 constitutively engages death domain-
containing proteins TRADD and RIP. Signaling from TRADD
and RIP may also involve TRAF2 and TRAFS (9, 37, 38).
Because TRAF2, -5, or -6 overexpression results in NF-«xB
activation and TRAF1 or -3 overexpression does not, TRAFs 2,
5, and 6 are implicated directly in NF-«B activation. TRAFs 2
and 5 are also implicated in TRADD signaling because TNF-
induced NF-«B activation through TRADD is substantially
deficient in TR AF2 and TR AF5 double-KO fibroblasts, whereas
IL-1 and LPS-mediated NF-«B activation in T2/5DKO MEFs
are similar to WT (29). In contrast, TRAF6 KO MEFs are
substantially impaired in IL-1 and LPS-mediated NF-«B activa-
tion but not in TNF-mediated NF-«B activation (30). Based on
these observations, LMP1 would be predicted to depend on
TRAF2 and TRAFS but not TRAF6.

Unexpectedly, LMP1 induced similar levels of GFP-RelA nuclear
translocation and NF-«B-dependent luciferase reporter activity in T2/5
DKO and WT MEFs (Fig. 3). In contrast, TNF induced GFP-RelA
nuclear translocation in WT but not in T2/5 DKO MEFs (Fig. 34).
These data indicate that TRAF2 and TRAFS are not required for
LMP1-mediated NF-«B activation in MEFs.

Notably, LMP1 was unable to induce GFP-RelA nuclear
translocation or NF-kB-dependent luciferase reporter activity in
TRAF6 KO MEFs (Fig. 4 A and B). In contrast, TNF induced
similar levels of NF-«B activation in TRAF6 KO and WT MEFs
(data not shown and ref. 30). To evaluate whether TRAF6 per
se or a developmental defect linked to TRAF6 was responsible
for the inability of TRAF6 KO MEFs to support LMP1-
mediated NF-«B activation, TRAF6 KO MEFs were comple-
mented by transient coexpression of murine TRAF6. mTR AF6
alone activated NF-kB 5-fold, and LMP1 cotransfection with
mTRAF6 resulted in 12-fold activation, similar to LMP1-
mediated NF-«B activation in WT MEFs, whereas no effect on
LMP1 expression level was observed (Fig. 4C and data not
shown). Furthermore, transfection of a mTRAF6 construct
lacking the RING finger domain was unable to reconstitute
LMP1-mediated NF-«kB reporter activity (Fig. 4C). Thus,
TRAF6 expression can rescue LMP1-mediated NF-«B activa-

PNAS | December 23,2003 | vol. 100 | no.26 | 15597

CELL BIOLOGY



z
/|
~ |

A40 B10"
330 £8]
4 26.
o -

20 (8]
o 24/
= m
S10 22l
=z =z
= 0 0

WT _ T6 KO WT _ T6 KO
LMP1 LMP1

C

154

101

NFkB ACTIVITY
2]

WT ~ WT ~ AR AR  TRAF6
: : x___- +__ LMP1
TRAF6 KO

Fig.4. TRAF6 is essential for LMP1-mediated NF-«B activation in MEFs. (A) WT
and TRAF6 KO MEFs were transfected with GFP-RelA and IkBa-encoding plasmids
inthe presence or absence of an LMP1 expression plasmid. The percentage of cells
with nuclear translocation of GFP-RelA induced by LMP1 is shown. Average
values * SD are shown from three experiments. LMP1 expression was similar in
WT and KO MEFs (data not shown). (B) WT and TRAF6 KO MEFs were transfected
with reporter plasmids alone or with an LMP1 plasmid. Mean = SE of folds of
NF-«B activation by LMP1 are shown from one representative of four experiments
performed in duplicate. (C) TRAF6 KO MEFs were transfected with reporter
plasmids, LMP1, and WT, or ARF mTRAF6 expression plasmids as indicated. Results
from one representative of four similar experiments are shown as mean folds of
NF-«B activation by LMP1 and/or TRAF6 + SE.

tion in TRAF6 KO MEFs in a RING finger-dependent manner,
and TRAF®6 is essential for LMP1-mediated NF-kB activation,
even when TRAF2 and TRAFS are at WT levels.

TAB2 and Ubc13 Dominant-Negative Mutants That Associate with
TRAF6 Inhibit LMP1-Mediated NF-«B Activation, but LMP1-Mediated
NF-kB Activation Is at WT Levels in TAB2 KO MEFs. Because TRAF6
has an essential role in IL-1, TLR, and now LMP1-mediated
NF-kB activation but not in TNFR-mediated NF-kB activation,
we evaluated the possibility that LMP1 uses other IL-1 and TLR
signaling components to activate NF-«B. Biochemical experi-
ments using purified TRAF6 previously demonstrated that the
TAB1/TAB2/TAKI1 complex and the E2 ubiquitin-conjugating
enzyme heterodimer Ubc13/UevlA in the presence of an El
ubiquitin-activating enzyme and ubiquitin were sufficient to
induce purified IKK complexes to phosphorylate IkBa (39, 40).

To investigate the role of the TAB1/TAB2/TAKI1 complex,
TAB2-C, a TAB2 dominant-negative mutant that associates with
TRAF6 and TAKI1 but does not enable TAK1 activation (41, 42),
was coexpressed with LMP1 in 293T cells. TAB2-C markedly
inhibited LMP1-mediated NF-«B activation, and the effect was
dose dependent (Fig. 54).

The physiological role of TAB2 in LMP1-mediated NF-«xB
activation was then assessed using TAB2 KO MEFs. TAB2 was
recently shown to be nonessential for IL-1, LPS, and TNF-
induced NF-«B activation (43). Thus, as expected, murine IL-1
(mIL-1) induced I«kBa degradation similarly in TAB2 KO and
WT MEFs (Fig. 5B). Most importantly, LMP1 induced similar
levels of NF-«B activation in TAB2 KO and WT MEFs (Fig. 5C).
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but is not dependent on TAB2. (A) 293T cells were transfected with reporter
plasmids alone, an LMP1 expression plasmid, or LMP1 and increasing amounts of
TAB2-C expression plasmid (1 or 2 ug). Results from one representative transfec-
tion of two experiments show the mean folds of NF-«B activation by LMP1. (B) WT
and TAB2 KO MEFs were treated with 100 ng/ml miL-1 for 15 min or left
untreated. Cell lysates were blotted for endogenous IkBa (Santa Cruz Biotech-
nology, C-21). (C) WT and TAB2 KO MEFs were transfected with reporter plasmids
alone or with an LMP1 expression plasmid. Results from one representative
transfection performed in triplicate show the mean = SE of folds of NF-«B
activation by LMP1. (D) An experiment similar to A was performed except that 1
ng of Ubc13-C87A (M-UBC13) was cotransfected with LMP1. Results from one
representative transfection of several experiments performed in duplicate show
the mean NF-«B activation by LMP1. LMP1 was expressed at similar levels in the
presence or absence of Ubc13-C87A (data not shown).

Thus, whereas TAB2-C inhibited LMP1-induced NF-«B activa-
tion, TAB2 is not critical for LMP1-mediated NF-«B activation
in MEFs, indicating a role for a TAB2-associated protein, such
as TRAF6, in LMP1 signaling.

The role of Ubcl3, the TRAF6-associated K63-linked ubiq-
uitin-conjugating enzyme, in LMP1-mediated NF-«B activation
was assessed by coexpressing catalytically inactive Ubc13-C87A
with LMP1 in 293T cells. Ubc13-C87A reduced LMP1-mediated
NF-«B activation by >50% (Fig. 5D). Somewhat surprisingly, WT
Ubcl3 cotransfection with LMP1 resulted in similar effects on
NF-«B-dependent reporter activity (data not shown). Thus, over-
expression of WT or a dominant-negative mutant Ubc13 inhibits
LMP1-mediated NF-«B activation, consistent with a squelching-
like effect on TRAF6 or another Ubcl13 interacting protein.

LMP1-Mediated NF-xB Activation Requires IRAK1 but Not IRAK4.
Because IRAK1 and IRAK4 are key TRAF6 interacting pro-
teins, which mediate NF-«B activation downstream of IL-1,
Toll-like, and TNF receptors (44), their role in LMP1-mediated
NF-«B activation was assessed. As expected, mIL-1 induced
IkBa degradation and NF-«kB gel shift activity in WT MEFs and
did not induce IkBa degradation or NF-«kB gel shift activity in
IRAK4 KO MEFs (ref. 31 and Fig. 6 A and B). Surprisingly,
LMP1 induced similar levels of NF-«kB-dependent luciferase
reporter activity in IRAK4 KO and WT MEFs (Fig. 6C). Thus,
IRAK4, an essential component of IL-1 and most TLR-
mediated NF-«B activation, is not critical for LMP1-mediated
NF-«B activation in MEFs.

Luftig et al.
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min for electrophoretic mobility-shift assay. (C) IRAK4 WT or KO MEFs were
transfected with reporter plasmids alone or a LMP1 expression plasmid.
Results from one representative transfection of two performed in duplicate
show the mean = SE of folds of NF-«B activation by LMP1. LMP1 was expressed
at similar levels in WT and KO MEFs (data not shown).

The role of IRAK1 was assessed by using I1A 293 cells (45).
As expected, IL-1 and TNF induced IkBa degradation in control
C6 293 cells (Fig. 74). Similarly, as expected, IL-1 was unable to
induce IkBa degradation in IRAKI-deficient I1A 293 cells,
whereas TNF was relatively normal in these cells (Fig. 74).
However, whereas increasing amounts of LMP1 strongly acti-
vated NF-kB-dependent reporter activity in control cells, similar
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Fig. 7. IRAK1 is critical for LMP1-mediated NF-«B activation in 293 cells. (A)
C6 or 1A cells were incubated with 100 ng/ml human TNF or human IL-1 and
harvested 30 min later for immunoblotting for IkBa and tubulin (Sigma,
C-2-1-5). (B) C6 and 11A cells were transfected with reporter plasmids alone or
with 0, 0.1, 1, or 5 ug of an LMP1 expression plasmid and harvested 24 h later
for immunoblotting and luciferase and p-gal assays. Results show NF-«B
activation by LMP1and LMP1and tubulin expression levels. (C) Reporter assays
were performed as in B except that, in addition to WT LMP1, AA and ID
mutants were transfected in identical increasing amounts into C6 and 1A
cells. Results show relative NF-«B activation by LMP1 alleles.
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increasing amounts of LMP1 induced low level NF-«B activation
in IRAKI1-deficient cells (Fig. 7B). Thus, IRAKI is critical for
LMP1-mediated NF-kB activation in 293 cells.

Because LMP1 activates an NF-«B-dependent reporter po-
tently in 293 cells, the relative dependence of CTAR1/TES1
and CTAR2/TES2 on IRAKI1 could be assessed. LMP1 AA
(PQ204206AA) is deficient in CTAR1/TES1 signaling, and
LMP1 ID (YYDs3g4-386ID) is deficient in CTAR2/TES2 signaling.
Both induced similar levels of NF-«B activation at ~30% of WT
LMP1 levels in control C6 cells (Fig. 7C). Furthermore, both
mutants were similarly reduced in NF-«B activation in IRAKI1-
deficient I1A cells (Fig. 7C). Thus, IRAKI has a critical role in
LMP1 CTARI1/TES1 and CTAR2/TES2-mediated NF-«B
activation.

Discussion

These experiments reinforce previous understandings and pro-
vide new perspectives on the mechanisms by which LMP1
activates NF-kB. As reviewed in the introduction, LMP1 has six
hydrophobic transmembrane domains that enable constitutive ag-
gregation and signaling and two C-terminal cytoplasmic domains
that mediate NF-kB activation and EBV-infected B lymphocyte
proliferation. One domain binds TRAF1 and TRAF3 at a high level
and TRAF2 and TRAF5 to a lesser extent, wherecas TRAF6
binding is not detected. The other domain engages death domain
proteins, including TRADD and RIP. Furthermore, dominant-
negative IKKa or IKKB mutant alleles inhibit LMP1-mediated
NF-«B activation consistent with a model wherein LMP1 princi-
pally activates NF-«B through IKKa and IKK.

We now find that LMP1 activation of NF-«B can be indepen-
dent of TRAF2 and TRAFS5 in MEFs and surprisingly depen-
dent on TRAF6 or IRAK1. TRAF6 can partially localize to sites
of LMP1 aggregation, and overexpression of dominant-negative
TRAF6 can inhibit LMP1 signaling in 293 cells (46). The role of
TRAFG6 is further supported by the inhibition of LMP1-mediated
NF-«B activation by dominant-negative mutant TAB2 or Ubc13
alleles, which can bind to and inhibit TR AF6.

Although TRAF6 and IRAK1 dependence are hallmarks of
TIR signaling, LMP1-mediated NF-«B activation in MEFs is
independent of TRAK4, an essential component of TIR-
associated NF-«kB activation (31). LMP1 signaling to IRAKI1 and
TRAF6 is fundamentally different from TIR signaling not only
in independence of IRAK4 but also in primarily assembling
TRAF3 and TRAF]1 at a high level as well as TRADD, RIP, and
other death domain proteins at a low level. In contrast, TIRs
initiate signals through MyD88 and other receptor-associated
adaptor proteins (47).

We envisage LMP1-associated TRAFs and death domain
protein complexes to be engaging TRAF6 and IRAKI through
TRAF6- or IRAKI1-associated proteins. Candidates include the
PKC¢-associated bridge between RIP and TR AF6, p62 (48); the
IL-1 signal-dependent TRAFG6-associated factors, TIFA (49)
and Pellino (50); the TRAF6 mediators of a TAKI1-like activa-
tion, Ubc13/Uevla (39); and the potential scaffold for TRAF3
and TRAF6, TANK (51).

Because TRAF6 and IRAKI1 have critical roles in both LMP1
and TIR signaling, activators of IKKB downstream of TRAF6
and TRAKI, such as intermediary kinase(s) or ubiquitylation
machinery, are likely to be shared by both pathways.

LMP1 differs from TIRs in that signaling from TRAF6 and
IRAKI1 to IKKB can be IKKy-independent, whereas TIR sig-
naling is IKKy-dependent (36). In this regard, LMP1 has hy-
drophobic transmembrane domains that mediate high level
constitutive aggregation and signaling, and this may uniquely
complement the IKKy scaffold deficiency, or LMP1 may directly
engage a potential IKKy surrogate such as FIP2 (12).

LMP1 is unusual in the extent of hyperactivation of a MHC
class I NF-«B site reporter in IKKa KO MEFs, particularly
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considering the critical role of IKKe in transcription through
phosphorylation of p65 and histone H3 (52-54). Hyperactivation
has also been observed in LTBR-induced MIP2, MIP1B3, and
p100 expression in mice with an IKKa*# kinase mutant allele
knocked into an IKKa KO background (18). These data are
consistent with a role for IKKa in IKKB regulation and are
supported by the finding of IKKp kinase hyperactivity in basal
as well as TNF-stimulated cells after expression of a kinase
inactive IKKa mutant (55, 56). Moreover, IKKa KO keratino-
cytes exhibit prolonged TNFa-induced IkBa kinase activity,
presumably attributed to IKKB homodimers (57). Hyperactiva-
tion could also be due in part to the absence of IKKa-induced
repressive transcriptional complexes (21).
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