








western blotting. In 3 independent comparisons, only a small
amount of TRAF3 associated with CD40 in SKW6.4 cells,
whereas much larger amounts bound CD40 in BCL lines with
low or no LMP1, although total cellular amounts of TRAF3 were
similar (Figure 2A-C).

TRAF3 also binds BAFFR and inhibits BAFFR signaling. We thus
also examined the association between TRAF3 and BAFFR in
human BCL lines that do or do not express LMP1. Figure 2D-E
indicates that less TRAF3 associated with BAFFR in SKW6.4 cells
compared with DAUDI; this difference was more pronounced
following binding of recombinant BAFF, which stimulates TRAF3
degradation.44 Thus, LMP1 expression correlates with reduced
TRAF3 association with CD40 and BAFFR, 2 membrane receptors
for which TRAF3 is a negative regulator.

LMP1 expression and proviability kinases

In normal resting B cells, most NF-kB inducing kinase (NIK) is
complexed in the cytoplasm with TRAF3. TRAF3 recruits a complex
of TRAF2 and cellular inhibitor of apoptosis (cIAP), which leads to
constitutive NIK polyubiquitination and degradation. NIK promotes
activation of the noncanonical NF-kB2 pathway, so TRAF3 restrains
this activation. TRAF3 recruitment to CD40 or BAFFR, together
with TRAF2-cIAP, leads instead to TRAF3 polyubiquitination and
proteasomal degradation, releasing NIK to activate NF-kB.45-47 In
contrast, association with LMP1 causes no TRAF3 degradation,48

possibly because TRAF2 binds LMP1 weakly compared with
CD40.12,49 However, LMP1 signaling induces NIK activation,50 so
this must use a mechanism other than promoting TRAF3
degradation. Data in Figures 2 and 3 predict that levels of LMP1
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expression sufficient to decrease cytoplasmic TRAF3 allow in-
creased cellular NIK. Figure 3A,C supports this prediction;
significantly more NIK is seen in SKW6.4 than in T5-1 BCL cells.

We recently found that TRAF32/2 primary B cells have elevated
levels of the prosurvival kinase Pim2.51 Pim2 is under consideration
as a therapeutic target in BCL and MM.52,53 Figure 3A-B shows
that high LMP1 expression is also associated with enhanced Pim2
expression.

Effect of induced LMP1 expression upon B-cell

TRAF3-CD40 association

Figures 2 and 3 provide data addressing our hypothesis in human
BCL lines, providing the advantage of models relevant to human
BCL pathogenesis. It is difficult to obtain the number of B cells
required for biochemical analyses from fresh human tumor
specimens. Cultured tumor cells, while providing a valuable
alternative, have many mutations that can impact any feature
examined, and there are thus often many differences between
different cell lines. This limited our ability to obtain correlative data
with human BCL lines. To test our hypothesis more mechanistically,
we turned to a model of inducible LMP1 expression in mouse
BCL lines,54 which provides important advantages. The only
EBV-produced protein expressed in these cells is LMP1. We have
specific matched pairs consisting of a parental cell line and
subclones that stably and inducibly express LMP1, minimizing cell
line differences, and also have subclones expressing LMP1 mutants
useful for testing cause and effect.

We first examined the relationship between LMP1 expression and
TRAF3 availability. Figure 4A-B shows that induced LMP1expres-
sion resulted in almost complete inhibition of TRAF3-CD40 binding,
although total CD40 and TRAF3 amounts were not reduced
compared with parent cells. Consistent with this finding and with
results in human BCL lines (Figure 3), the LMP1-expressing
subclone showed substantially increased NIK levels (Figure 4C).

Requirement for LMP1 TRAF binding for effects on

TRAF3-binding receptors

TRAFs 1, 2, 3, 5, and 6 share common binding sites in the LMP1 C
terminus, referred to as the C-terminal activating region (CTAR).55

The LMP1 CTAR has 3 PxQxT/S motifs that potentially bind TRAFs.
One is in CTAR1, with 2 additional motifs in intermediate and
CTAR2 regions (Figure 5A). There is direct interaction between
TRAF3 and CTAR1, as well as an indirect interaction with
CTAR2.41,56 TRAF3-CTAR1 binding is crucial for B-cell activa-
tion.56 Our hypothesis thus predicts that LMP1-mediated TRAF3
sequestration requires the TRAF-binding CTAR1 motif.

To test this prediction, we employed SUB2, an LMP1 molecule with
2 point mutations in the CTAR1 TRAF-binding motif (Figure 5A).
This mutant has an ;80% reduction in LMP1-TRAF3 binding
compared with WT LMP1.56 In B cells expressing SUB2, the
relative amount of CD40-bound TRAF3, although lower than in
LMP12 B cells, was considerably higher than the near-complete
absence of a CD40-TRAF3 association in B cells expressing WT
LMP1 (Figure 5B). Quantitative analysis in Figure 5C shows that
TRAF3-CD40 binding in cells expressing SUB2 increases approx-
imately fivefold compared with TRAF3-CD40 binding in cells
expressing WT LMP1. These data show that the ability of LMP1
to sequester TRAF3 is largely dependent on direct TRAF3 binding
to the LMP1 CTAR1.

Impact of LMP1 expression upon the B-cell IL-

6 response

IL-6 induces B-cell differentiation and survival; enhanced IL-6
production and/or responsiveness is linked to pathogenesis of
B-cell malignancies.57 EBV transformation of B cells is also
associated with increased IL-6 production,58 and LMP1 expression
can endow both primary and transformed B cells with enhanced
IL-6 production.54,59 Our recent studies revealed that TRAF3-
deficient primary mouse and human B cells have enhanced IL-6
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responsiveness, showing increased STAT3 phosphorylation.28 We
discovered that TRAF3 normally recruits the protein tyrosine
phosphatase nonreceptor 22 (PTPN22) to the IL-6R, inhibiting
STAT3 phosphorylation; in the absence of PTPN22 recruitment,
STAT3 phosphorylation is heightened.28 Because LMP1 expres-
sion in primary B cells of systemic lupus erythematosus–prone
mouse strains also enhances IL-6 production,60 we examined
whether LMP11 B cells are also more responsive to IL-6 signaling.
LMP11 CH12.LX B cells showed enhanced pSTAT3 (but normal
total STAT3) both in the basal state and following IL-6 stimula-
tion compared with parent CH12.LX cells (Figure 6). Thus,
LMP1-expressing B cells also mimic this malignancy-relevant
property of TRAF3-deficient B cells.

Nuclear CREB and B-cell LMP1

While investigating prosurvival signaling pathways enhanced in
TRAF3-deficient B cells, we found that a portion of cellular TRAF3
resides in the nucleus, where it binds the transcription factor CREB,

recruits TRAF2, and promotes TRAF2-mediated CREB ubiquitina-
tion and degradation. Drugs that target the CREB/CREB-binding
protein complex in turn decrease the abnormally enhanced survival
of TRAF3-deficient B cells. In B cells lacking TRAF3, however,
nuclear CREB is increased, supporting prolonged survival.29

To determine whether LMP1-mediated sequestration of TRAF3
also impacts regulatory functions of nuclear TRAF3, we examined
the mouse BCL line M12.4.1 and subclones that express WT
LMP1.54 Confocal fluorescence microscopy showed increased
nuclear CREB in LMP11 subclones compared with parent B cells
(Figure 7A). Complementary western blots of total cellular CREB
also showed increased total CREB protein in LMP11 B cells
(Figure 7B); there is approximately double the total CREB protein in
LMP11 B cells (Figure 7C). Together, our results indicate that the
ability of LMP1 to sequester cellular TRAF3 renders a B cell
functionally TRAF3 deficient.

Discussion

This study was designed to examine one possible mechanism by
which B cells could be rendered deficient in availability of the tumor
suppressor protein TRAF3, without requiring mutation or loss of
TRAF3 genes. This is an important distinction, because the concept
of delivering cancer treatments targeted to specific aberrant
pathways of an individual tumor has generated great excitement
in the oncology community. Most efforts to identify such tumor
features focus upon gene mutations.34,61-63 One challenge to this
approach is determining which of the many mutations typically
found are changes driving tumor growth, survival, and/or metastasis
and should be prioritized for targeted therapies.64,65 It is also
increasingly appreciated that nongenetic changes in tumors have
a significant impact on pathogenesis. In addition to epigenetic
alterations, abnormal cellular localization and expression of specific
proteins can make important contributions.66-68 The manner of
protein alteration investigated here, sequestration by a viral tumor-
associated protein, is a new mechanism to consider in examining
pathogenic changes found in malignancies.

Our findings on the relative expression of TRAF3 protein in human
BCLs (Figure 1A; Table 1) motivated us to examine the potential
mechanism of protein sequestration as a means by which on
oncogenic receptor promotes tumorigenesis. LMP1 has long been
implicated in EBV-associated BCL.69-71 LMP1 delivers survival and
activation signals via TRAFs, with TRAFs 3, 5, and 6 being the most
important for LMP1 signaling to B cells (reviewed in Stunz and
Bishop55). The requirement of LMP1 for association with TRAF3 to
activate B cells12 may be partly indirect. LMP1 is also dependent
upon TRAF5 to mediate B-cell activation,14 and TRAF5 requires
TRAF3 for recruitment to the LMP1 CTAR.18 This study reveals that
the LMP1-TRAF3 association can also impact B-cell biology by
sequestering TRAF3, thus inhibiting its negative regulatory func-
tions. The LMP1 staining shown in Figure 1, revealing the mainly
membrane localization and aggregation of LMP1, is consistent with
this hypothesis.

TRAF3 plays multiple important roles in restraining B-cell
signaling. Together, these result in markedly enhanced survival
and activation of TRAF3-deficient B cells. Germline Traf3 deletion
is lethal in mice,20 so it is unsurprising that only one case of human
single-allele germline deficiency in TRAF3, with only preliminary
characterization of the myeloid cell compartment, has been
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reported.72 However, following revelation of the dramatic phenotype
of B-Traf32/2 mice,21 multiple studies document TRAF3 mutations
or reduced copy number in human B-cell malignancies, including
MM,31-33 BCL,34,37,73-75 Waldenstrom macroglobulinemia,76 and
B-cell leukemia.74 The location of the human TRAF3 gene on
chromosome 14q32 likely enhances the probability that such
mutations (most of which are large deletions and truncations) result
from gene translocations frequently seen in B-cell tumors.74

A striking aspect of TRAF3-deficient B cells is their greatly
enhanced survival capacity in the absence of increased pro-
liferation.21 We discovered in recent years that normal functions of
B-cell TRAF3 at the plasma membrane, in the cytoplasm, and in the
nucleus all contribute to this enhanced survival when TRAF3 is
deficient. TRAF3 was initially characterized in B cells as an inhibitor
of CD40 signaling16 and later found to also inhibit BAFFR
signaling17; this role is likely due to competition with TRAFs 2 and
6 in heterocomplexes.77,78 TRAF3 restrains the size of the plasma
cell compartment (relevant to TRAF3 mutations in MM) by
associating with and inhibiting the function of IL-6R via recruitment
of PTPN22.28 It will be of future interest to determine whether and
how TRAF3 regulates additional B-cell membrane receptors. We
show here that expression of LMP1, which binds TRAF3 more avidly
than CD40,12 reduces the relative amount of cellular TRAF3
available to bind CD40 and BAFFR in both mouse and human
B cells, and this requires the TRAF-binding site of LMP1. We also
demonstrate that LMP1 expression, like B-cell genetic TRAF3
deficiency, results in enhanced IL-6R signaling.

In the cytoplasm, TRAF3 binds to the kinase NIK, recruiting the
TRAF2-cIAP complex to polyubiquitinate NIK and enhance its
proteasomal degradation.27 In this manner, TRAF3 homeostati-
cally restrains NF-kB2 activation. Consistent with this role,
constitutive activation of NF-kB2 is seen in all TRAF3-deficient
cell types examined to date, including B and T lymphocytes and
myeloid cells.21,23-25 The present report shows that LMP1
expression, like genetic TRAF3 deficiency, results in increased
cytoplasmic NIK.

It was previously concluded that this role of TRAF3 is both
necessary and sufficient to explain the elevated survival of TRAF3-
deficient B cells.79 This particular TRAF3 function is not B-cell
specific, but only TRAF3-deficient B cells show a hypersurvival
phenotype. For this reason, we sought additional prosurvival
pathways regulated by TRAF3 specifically in B cells. This search
revealed a new NIK-dependent B-cell function for TRAF3:
enhanced glucose metabolism. This metabolic reprogramming
involves enhanced expression of the glucose transporter Glut1
and the glycolytic enzyme hexokinase 2.30 Tumor cells exhibit
increased glucose metabolism downstream of various alterations,
so we could not easily test whether LMP1 expression also induces
this property in BCL line models, but it is an intriguing possibility.

Our search revealed that a major pathway altered by TRAF3
deficiency specifically in B cells is transcription mediated by
CREB.29 In addition to promoting expression of prosurvival proteins
such as Mcl-1,29 CREB can enhance Glut1 expression,80 so this
pathway may also contribute to altered glucose utilization in
TRAF3-deficient B cells. TRAF3 binds nuclear CREB, recruiting
TRAF2-cIAP to polyubiquitinate and promote CREB degrada-
tion.29 Similarly, LMP1 expression was shown here to enhance
nuclear CREB levels.

This study demonstrated that the oncogenic protein LMP1, through
its strong binding of TRAF3, reduced the availability of TRAF3 as a
regulator of other membrane receptors, as well as cytoplasmic and
nuclear proteins promoting B-cell survival. LMP1 expression can
thus render a B cell functionally TRAF3 deficient and promote its
abnormal survival. This reveals a newly appreciated mechanism by
which alterations in localization and availability of TRAF3 protein can
impact B-cell biology, in addition to the already known impact of
loss-of-function mutations in TRAF3. This may not be the only way in
which a B cell can be made functionally TRAF3 deficient. It will be
interesting to determine whether receptor-mediated degradation of
TRAF3 by elevated or chronic CD40 and BAFFR signaling also
produces functional TRAF3 deficiency. Abnormal CD4081-85 and
BAFFR78,86,87 signaling are both linked to pathogenesis of B-cell
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malignancies. Our findings indicate that many more B-cell
malignancies may have abnormal TRAF3-regulated survival path-
ways than just tumors that have genetic mutations in TRAF3, and
exploring alterations in the proteome of human tumors may also be
critical to effectively employ individualized targeted therapies.
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