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The emerging role of CD40, a tumor necrosis factor (TNF) receptor family member, in immune regulation,
disease pathogenesis, and cancer therapy necessitates the analysis of CD40 signal transduction in a wide range
of tissue types. In this study we present evidence that the CD40-interacting proteins TRAF2 and TRAF6 play
an important physiological role in CD40 signaling in nonhemopoietic cells. Using mutational analysis of the
CD40 cytoplasmic tail, we demonstrate that the specific binding of TRAF2 to CD40 is required for efficient
signaling on the NF-�B, Jun N-terminal protein kinase (JNK), and p38 axis. In fibroblasts lacking TRAF2 or
in carcinoma cells in which TRAF2 has been depleted by RNA interference, the CD40-mediated activation of
NF-�B and JNK is significantly reduced, and the activation of p38 and Akt is severely impaired. Interestingly,
whereas the TRAF6-interacting membrane-proximal domain of CD40 has a minor role in signal transduction,
studies utilizing TRAF6 knockout fibroblasts and RNA interference in epithelial cells reveal that the CD40-
induced activation of NF-�B, JNK, p38, and Akt requires the integrity of TRAF6. Furthermore, we provide
evidence that TRAF6 regulates CD40 signal transduction not only through its direct binding to CD40 but also
indirectly via its association with TRAF2. These observations provide novel insight into the mechanisms of
CD40 signaling and the multiple roles played by TRAF6 in signal transduction.

The tumor necrosis factor (TNF) receptor superfamily and
its ligands are increasingly recognized as key regulators of a
plethora of fundamental biological processes, including apo-
ptosis, immune regulation, and inflammation (reviewed in ref-
erence 41). CD40 is a member of the TNF receptor family,
which has attracted much attention because of its pivotal role
in the generation of adaptive and innate immune responses.
Thus, the interaction of CD40 expressed on B lymphocytes
with the CD40 ligand (CD40L/CD154), which is found pre-
dominantly on activated T cells, is critical in inducing B-cell
immunity by driving the formation of germinal centers and the
proliferation and differentiation of resting B lymphocytes into
immunoglobulin-producing plasma cells (reviewed in refer-
ences 47 and 57). CD40 is also expressed on other lymphoid
cell types, such as macrophages and dendritic cells where its
activation contributes to antigen presentation and the produc-
tion of cytokines that influence T-cell priming and the innate
immune response to a variety of extracellular and intracellular
pathogens (57).

These pleiotropic functions of CD40 have sparked an im-
mense interest in the mechanisms of CD40 signal transduction.
Studies in normal B lymphocytes and B-cell lines have shown
that CD40 ligation causes the activation of the Jun N-terminal
protein kinase (JNK), p38 mitogen-activated protein kinases
(MAPK), the phosphatidylinositol 3 (PI3)-kinase/Akt pathway

and the transcription factor NF-�B (3, 5, 20, 39). The cytoplas-
mic tail of CD40 lacks intrinsic catalytic activity and signals
largely through its ability to recruit TNF receptor-associated
factors (TRAFs), adapter proteins that bridge receptors of the
TNF family to downstream signaling pathways. Of the six
known mammalian TRAFs, TRAF2 and TRAF3 directly bind
to a membrane-distal CD40 cytoplasmic domain (32, 37),
whereas TRAF6 weakly interacts with a membrane-proximal
site (56) (Fig. 1A). TRAF5 has also been reported to directly
interact with the TRAF2/TRAF3 binding site of CD40 (56),
but other studies indicate that this interaction is indirect and
occurs via TRAF3 (38). Irrespective of the nature of the CD40/
TRAF5 association, studies utilizing B lymphocytes from
TRAF5�/� mice demonstrate normal JNK and NF-�B activa-
tion in response to CD40 stimulation and, therefore, exclude a
major physiological role for TRAF5 in CD40 signal transduc-
tion (43).

Although overexpression of TRAF2 or TRAF6 activates the
NF-�B and MAPK pathways (4, 44, 51), the precise role of
these adapter proteins in CD40-induced signaling is not well
defined. Mutational analysis of the human and mouse CD40
cytoplasmic tails and overexpression studies utilizing domi-
nant-negative TRAF mutants have previously yielded conflict-
ing results on the relative contribution of these TRAF mole-
cules to CD40 signal transduction (2, 34, 38, 56). These
discrepancies could be at least partly attributed to the type of
agonistic stimulation used (CD40 antibody versus soluble li-
gand or overexpression-induced CD40 oligomerization) and
the relative levels of TRAF protein expression in different cell
lines. More recently, the physiological role of TRAF2 in CD40-
mediated NF-�B activation has been addressed in murine
TRAF2�/� B cells. These studies showed that whereas TRAF2
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significantly contributes to CD40-induced NF-�B activation in
normal mouse B lymphocytes (27, 45), it plays no role in
NF-�B signaling in transformed B cells (31). Interestingly, a
severe defect in CD40-mediated NF-�B binding activity and
cytokine synthesis has been reported in TRAF6-deficient
mouse B lymphocytes (40) and dendritic cells (36), respec-
tively. The physiological contribution of TRAF2 and TRAF6
to other CD40L-induced signals, such as JNK, p38, and Akt is
currently unknown.

Although these studies have largely focused on B cells,
CD40 is also expressed in a wide range of other cell types,
including fibroblasts and neuronal, endothelial, and epithelial
cells, raising the possibility that the CD40 pathway may have a
broader contribution to human physiology and disease patho-
genesis. Indeed, the expression of CD40 on rheumatoid syno-
vial fibroblasts has been proposed to facilitate inflammation via
interaction with T lymphocytes and mast cells, which display
the CD40 ligand (8, 50). Moreover, CD40 expressed in human
lung fibroblasts transduces signals that regulate the synthesis of
the proinflammatory prostaglandin E2, and disruption of the
CD40/CD40L pathway decreases lung inflammation and fibro-
sis (1, 63). CD40 is also detected in normal human but not
mouse epithelial cells (14, 29, 42, 61), where its activation

results in suppression of proliferation and induction of differ-
entiation (17, 48). The overexpression of CD40 in various types
of carcinoma has also attracted much attention because of the
emerging potential of CD40L-based cancer therapies (re-
viewed in references 21 and 54). Indeed, CD40 ligation in
carcinoma cells has been shown to confer direct antiprolifera-
tive and proapoptotic effects in vitro and in vivo (16, 17, 24,
28–30) and to enhance their in vitro recognition and killing by
antigen-specific CD8� cytotoxic T lymphocytes (29). This
widespread expression of functional CD40 therefore necessi-
tates the analysis of CD40 signaling and of the contribution of
TRAF proteins to CD40 signal transduction in a variety of
different cell types.

In this study, we present the first evidence that TRAF2 and
TRAF6 play an important physiological role in CD40 signaling
in epithelial cells and fibroblasts. Our data disclose a mecha-
nism of CD40 signal transduction that requires not only the
direct binding of TRAF6 to CD40 but also its function down-
stream of the CD40/TRAF2 signaling complex. These obser-
vations provide novel insight into the mechanisms of CD40
signaling and the multiple roles played by TRAF6 in signal
transduction.

FIG. 1. Point mutations in the cytoplasmic tail of CD40 selectively disrupt direct associations with TRAF proteins. (A) Schematic represen-
tation of WT and mutated CD40 sequences used in this study (see text for details). (B) Direct interactions of WT and mutated CD40 sequences
with TRAF2, TRAF3, or TRAF6 were determined by GST pull-down assays using lysates isolated from HeLa cervical carcinoma cells, as described
in Materials and Methods. NS, nonspecific.
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MATERIALS AND METHODS
Constructs. Point mutations in the cytoplasmic tail of CD40 were generated

from the pCDNA3neo/CD40 expression vector (18) using a Stratagene Quick
Change site-directed mutagenesis kit according to the manufacturer’s instruc-
tions. The following primers were utilized for the site-directed mutagenesis
reactions with the desired mutations underlined: 5�-GCTCCAGTGCAGGAGG
CTTTACATGGATGCC-3� and its complementary oligonucleotide to generate
a T2543A mutation; 5�-CAAGCAGGAACCCGCGGCGATCAATTTTCCC
G-3� and its complementary oligonucleotide to generate Q234E2353AA; and
5�-GCCAACCGGTCACCGCGGAGGATGGCAAAGAG-3� and its comple-
mentary oligonucleotide to generate Q2633A. Double mutants were generated
on the backbone of single mutations.

Generation of GST-CD40 fusion proteins and GST-CD40 pull-downs. Gluta-
thione transferase (GST) fusion proteins of the cytoplasmic tail of wild-type and
mutated CD40 were generated by PCR amplification using pCDNA3/CD40 and
mutated CD40 receptors as templates and the following primers: 5�-GAATTC
AAAAAGGTGGCCAAGAAGCCAACC-3� (CD40CT-FORW; underlined se-
quence denotes an artificial EcoRI site) and 5�-TGGGTGGCGGCCGCCTCA
CT-3� (CD40CT-REV). The PCR products were digested with EcoRI/NotI and
cloned into the respective sites of pGEX-5X-1 (Pharmacia). Escherichia coli
BL21 cells (Invitrogen) were transformed with pGEX-5X-1/CD40 fusions, grown
to an optical density of 0.4, and induced with 0.1 mM isopropyl-�-D-thiogalac-
topyranoside for 4 h. Bacterial cultures were lysed by pulse sonication in buffer
A (20 mM Tris, pH 7.6, 0.5% Triton X-100, 250 mM NaCl, 3 mM EGTA, 3 mM
EDTA, 1 mM Na3VO4, 50 mM NaF, 2.5 mM sodium pyrophosphate, 1 mM
�-glycerophosphate, 1 �g/ml leupeptin, 1 �g/ml aprotinin). Soluble GST-CD40
proteins were purified by incubating overnight at 4°C with GST Sephrose 4B
beads (Amersham) and washed three times with buffer A, and the resultant
Sepharose beads/GST-CD40 complex was resuspened in a volume of buffer A to
obtain a 1:4 slurry. For GST-CD40 pull-downs, unstimulated HeLa cell cultures
were lysed with lysis buffer B (20 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton
X-100, 1 mM EDTA, 1 mM Na3VO4, 50 mM NaF, 2.5 mM sodium pyrophos-
phate, 1 mM �-glycerophosphate, 1 �g/ml leupeptin, 1 �g/ml aprotinin) and 2
mg of protein incubated with 20 �l of Sepharose/GST-CD40 beads for 2 h at 4°C.
The beads were washed three times with buffer B and boiled in the presence of
sodium dodecyl sulfate (SDS) gel loading buffer, and the proteins were resolved
by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) prior to immuno-
blotting and detection of GST-CD40/TRAF associations.

Cell culture, retrovirus infections, flow cytometry, reporter assays, and
ELISA. The cervical carcinoma cell line HeLa and the bladder carcinoma cell
line EJ were cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum. HeLa-CD40 and HeLa-CD40 mutants were generated as
previously described (16). Fibroblasts were generated from mice maintained
under pathogen-free conditions and in accordance with institutional and Uni-
versity of Birmingham guidelines. Newborn TRAF2�/� mice are smaller in size
than their wild-type equivalents, become progressively runted, and die within 2
weeks of birth (60). We therefore established fibroblasts from tongues of 1-week-
old TRAF2�/� and TRAF2�/� mice. These primary cells were then immortal-
ized by simian virus 40 large T antigen to increase the transfection efficiency and
allow the generation of stable lines transfected with human CD40 in
pcDNA3hygro vector. Selection was performed in 100 to 300 mg/ml hygromycin
(Roche); single colonies were expanded and analyzed for CD40 expression by
immunoblot. TRAF6�/� and TRAF6�/� fibroblasts were generated in a similar
manner. For the experiments involving infections with TRAF retroviruses,
TRAF2 or TRAF6 was first cloned under the control of the stem cell virus
promoter in pMSCV (where MSCV is mouse stem cell virus) vector (kindly
provided by P. N. Tsichlis, Tufts NEMC, Boston, MA). TRAF2�/� CD40 and
TRAF6�/� CD40 fibroblasts were infected with TRAF2- and TRAF6-expressing
retroviruses, respectively, by exposure to supernatant from transiently trans-
fected Phoenix 293 cells in two successive 12-h incubations in the presence of
polybrene, followed by selection with puromycin for 2 weeks and subsequent
expansion of resistant clones. Cells were treated with recombinant soluble
CD40L purchased from Caltag MedSystems (Austria) or with human or murine
interleukin-1 (IL-1) purchased from R&D Systems. Flow cytometry using the
anti-CD40 monoclonal antibody (MAb) G28.5 and reporter assays were per-
formed as previously described (19, 29).

RNA interference. For delivery of small interfering RNAs (siRNAs), 1.2 � 105

HeLa-CD40mT6 cells or 8 � 104 EJ bladder carcinoma cells were plated into
each well of a 24-well plate (Costar), and the next day siRNA duplexes were
transfected using the siIMPORTER transfection reagent (Upstate Biotechnol-
ogy). For each well transfected, 3.5 �l of siIMPORTER was gently mixed with 25
�l of Opti-MEM (Gibco). In a separate Eppendorff tube, 15 �l of Opti-MEM, 10
�l of dilution buffer, and the appropriate siRNA duplex were mixed and then

combined with siIMPORTER/Opti-MEM for 5 min. Transfection cocktails were
then added by drops to cells and supplemented with Opti-MEM to give a final
volume of 250 �l. All siRNA duplexes were added to obtain a final concentration
of 200 nM per 250 �l of transfection volume. TRAF2 was targeted by cotrans-
fecting two TRAF2 siRNA duplexes at a final concentration of 100 nM each
(AUACGAGAGCUGCCACGAAdTdT and AGAGGCCAGUCAACGACAU
dTdT and their antisense sequences), while TRAF6 was targeted with the siRNA
duplex (CUGUGCUGCAUCAAUGGCAdTdT) (64). All siRNA duplexes were
synthesized by MWG, Germany. As a control, an siRNA targeting the luciferase
gene (CUUACGCUGAGUACUUCGCAdTdT) was used (Upstate, Lake
Placid, NJ). Following a 6-h incubation with TRAF2, TRAF6, or control siRNA
duplexes, an equal volume of medium supplemented with 20% fetal calf serum
was added. Cells were then left to recover for 10 h and were replated in 24-well
dishes. The next day, the cells were subjected to a second round of transfection
with siRNAs to increase the siRNA-mediated gene suppression. Forty-eight
hours later, cultures were stimulated with CD40L before lysis.

Antibodies and immunoblotting. Phospho-specific antibodies were diluted in
5% bovine serum albumin in Tris-buffered saline containing 0.1% (vol/vol)
Tween 20 (TBS-T) while all other antibodies were diluted in 5% milk in TBS-T.
Phospho-p38 MAPK (Thr180/Tyr182), phospho-Akt (Ser473), phospho-JNK
(Thr183/Tyr185), and the corresponding antibodies which recognize “total”
forms, i.e., both phosphorylated and nonphosphorylated, were purchased from
Cell Signaling Technology and used at a dilution of 1:1,000. The I�B� (C21),
TRAF2 (C-20), TRAF3 (H122), TRAF6 (D10 and H274), JNK1 (C17), p65
(C20), and p50 (H199) antibodies were purchased from Santa-Cruz Biotechnol-
ogy, and �-actin was from Sigma. Anti-rabbit immunoglobulin G–horseradish
peroxidase (1:5,000) was purchased from Pierce, and anti-mouse immunoglob-
ulin G–horseradish peroxidase (1:1,000) was from Sigma. For immunoblotting,
15 to 30 �g of protein was separated by SDS-PAGE, transferred onto polyvi-
nylidene difluoride membrane for phospho-specific immunoblotting (0.45 �M;
Millipore) or nitrocellulose membrane (Pall Gelman Laboratory, Portsmouth,
United Kingdom) and blocked for 60 min at room temperature with 5% nonfat
milk dissolved in TBS-T. Following three washes with TBS-T, membranes were
incubated overnight at 4°C with primary antibody and for 1 h at room temper-
ature with the appropriate secondary antibody, followed by enhanced chemilu-
minescence (ECL; Amersham).

Immunoprecipitations. CD40-expressing HeLa cells were seeded at 5 � 106

cells per 10-cm plate and stimulated with 0.1 �g/ml recombinant CD40L. Fol-
lowing three washes with ice-cold phosphate-buffered saline, cells were lysed in
situ with 1 ml of lysis buffer C (20 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM
MgCl2, 0.5 mM CaCl2, 1% Brij 98, 1 mM Na3VO4, 50 mM NaF, 5 �g/ml
leupeptin, 1 �g/ml aprotinin, 1 �g/ml pepstatin A). TRAF2 was immunoprecipi-
tated by incubating 3 mg of protein with 2 �g of anti-TRAF2 C20 antibody
(Santa Cruz Biotechnology) overnight at 4°C. Complexes were then captured by
incubation with 25 �l of protein A beads for 2 h and then washed three times
with lysis buffer C using slow-spin centrifugation (4,000 rpm for 2 min) to pellet
the beads. Beads were drained with a Hamilton glass syringe and resuspended
with 40 �l of SDS gel sample buffer. The samples were boiled, and 8 �l of the
total immunoprecipitation was immunoblotted for TRAF2 using a monoclonal
antibody (Alexis Corp, Nottingham, United Kingdom), while the remaining 30 �l
was immunoblotted for TRAF6 using the MAb D-10 (Santa Cruz Biotechnol-
ogy).

Preparation of nuclear extracts and EMSAs. Cells were resuspended in 5
volumes of homogenization buffer (10 mM HEPES-KOH, pH 7.9, 1.5 mM
MgCl2, 10 mM KCl, 0.5 mM dithiothreitol [DTT]) supplemented with protease
inhibitors (0.1 mM sodium orthovanadate, 10 mM sodium glycerophosphate, 2
�g/ml leupeptin, and 2 �g/ml aprotinin) and centrifuged at 1,200 rpm for 10 min.
The pellet was resuspended in 3 volumes of ice-cold homogenization buffer
containing 0.05% NP-40, and cells were homogenized with 15 to 20 strokes of a
tight-fitting Dounce homogenizer on ice. Following centrifugation for 10 min at
1,200 rpm at 4°C, the cytoplasmic fraction was collected. The nuclei were washed
once with homogenization buffer and then resuspended in buffer containing 40
mM HEPES-KOH, pH 7.9, 0.4 M KCl, 1 mM DTT, and 10% glycerol with
protease inhibitors. NaCl was added at a final concentration of 300 mM; the
suspension was mixed and incubated on ice for 30 min and then centrifuged at
24,000 rpm for 30 min. The supernatants were removed and snap frozen. Pro-
teins were analyzed for the expression of NF-�B subunits by immunoblotting.
The electrophoretic mobility shift assays (EMSAs) using the human immunode-
ficiency virus long terminal repeat (HIV-LTR) NF-�B probe, which strongly
binds p65-containing NF-�B complexes, were performed as previously described
(20).

JNK assays. Cells were lysed with kinase lysis buffer (20 mM Tris, pH 7.6, 250
mM NaCl, 3 mM EDTA, 3 mM EGTA, 2.5% Triton X-100, 1 mM Na3VO4, 50
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mM NaF, 10 mM �-glycerophosphate, 0.5 mM sodium pyrophosphate, 5 �g/ml
leupeptin, 1 �g/ml aprotinin, 0.1% �-mercaptoethanol) and JNK1 was immuno-
precipitated by incubating 75 to 100 �g of cell lysate with 1 �g of JNK1 C-17
antibody (Santa Cruz Biotechnology) for 2 h. Complexes were then captured
with 25 �l of a 1:1 slurry of protein G beads (Amersham) and washed twice in
kinase lysis buffer and three times in assay dilution buffer (20 mM HEPES, pH
7.5, 20 mM �-glycerophosphate, 10 mM MgCl2, 1 mM DTT, 0.1 mM Na3VO4).
Kinase reactions were initiated by resuspending beads in 40 �l of assay dilution
buffer containing 1 �g of c-Jun fusion protein (Cell Signaling Technology), 5 �Ci
of [	-32P]ATP and 25 �M “cold” ATP for 30 min at 30°C. Proteins were resolved
by SDS-PAGE, and the lower part of the gel was dried and exposed to autora-
diography while the upper section was immunoblotted to determine levels of
immunoprecipitated JNK1.

RESULTS

Generation of point mutations in the cytoplasmic tail of
CD40 which disrupt TRAF binding. To address the impact of
specific CD40-TRAF interactions on CD40L-induced signal
transduction in nonhemopoietic cells, we generated a series of
mutated (m) human CD40-expression constructs, which are
illustrated in Fig. 1A. Construct CD40mT2/T3 contains a
T2543A point mutation that has been shown to abolish the
binding of both TRAF2 and TRAF3 to CD40 but does not
affect interactions with TRAF6 (34, 56). Construct CD40mT6
carries a Q234E2353AA double mutation that only disrupts
interactions with TRAF6 (56), and CD40mT2/T3/T6 carries a
triple mutation of CD40 with Q234E235T2543AAA. To deter-
mine whether these CD40 mutants lack the expected direct
associations with TRAF molecules, fusions of GST with the
cytoplasmic tails of wild-type (WT) or mutated CD40 proteins
were examined for their ability to interact with TRAFs in
HeLa cell lysates, as previously described for other cell types
(2, 34, 56). The results (Fig. 1B) confirmed that GST-CD40WT
and GST-CD40mT6 directly interact with TRAF2 and
TRAF3, whereas GST-CD40mT2/T3 does not. In contrast,
both GST-CD40WT and GST-CD40mT2/T3, but not GST-
CD40mT6, were found to bind TRAF6. GST-CD40mT2/T3/T6
did not interact with any of the TRAF molecules examined
(Fig. 1B). As an additional control, GST alone also failed to
bind TRAFs.

The T2543A point mutation abolishes both TRAF2 and
TRAF3 binding. To facilitate the analysis of the relative impact
of TRAF2 versus TRAF3 on CD40 signal transduction, we
generated a novel mutated receptor, CD40mT3/T6 (Fig. 1A).
This molecule was constructed on the basis of recent crystal-
lographic data showing that Q263 is important for the inter-
action of CD40 with TRAF3 but not TRAF2 (46). A Q2633A
mutation was therefore introduced on the backbone of
CD40mT6 which does not bind TRAF6. A fusion of GST with
the cytoplasmic tail of CD40mT3/T6 was examined for its abil-
ity to interact with endogenous TRAFs in HeLa cell lysates.
This mutated receptor was found to maintain direct interac-
tions only with TRAF2, whereas its ability to associate with
TRAF3 was significantly compromised (Fig. 1B). Indeed, in
three independent experiments the Q2633A mutation consis-
tently reduced the CD40-TRAF3 interaction by more than
90%.

The binding of TRAF2 to the cytoplasmic tail of CD40 plays
a major role in CD40 signal transduction in nonhemopoietic
cells. The WT and mutated CD40 expression vectors described
in Fig. 1A were transfected in CD40-negative HeLa cells, and
stable clones were obtained. Flow cytometric analysis was per-

formed to select clones with similar levels of CD40 expression
(Fig. 2A). These cells were stimulated with human trimeric
soluble CD40L for various time intervals, and lysates were
examined for the activation of p38 and JNK by immunoblot-
ting using either antibodies that detect the phosphorylated,
active form of these proteins or antibodies that detect p38 and
JNK irrespective of phosphorylation status. The results dem-
onstrated robust phosphorylation of p38 and JNK in CD40L-
stimulated HeLa-CD40 cells which was unaffected by the
Q234E2353AA mutation (CD40mT6) but was severely im-
paired in both CD40mT2/T3- and CD40mT2/T3/T6-expressing
HeLa clones (Fig. 2B and C). Therefore, the association of
TRAF2 and/or TRAF3, but not TRAF6, with the cytoplasmic
tail of CD40 plays a major role in CD40L-induced JNK and
p38 signaling. To determine whether the specific interaction of
CD40 with TRAF2 or TRAF3 is responsible for these activi-
ties, we analyzed the effects of CD40L on HeLa cells express-
ing a mutated CD40 (CD40mT3/T6) that interacts only with
TRAF2 but not TRAF3 or TRAF6. The results showed that
the absence of TRAF3 binding to CD40 had only a small
impact on CD40L-induced p38 and JNK signaling (Fig. 2B and
C). We conclude that the CD40-transduced JNK and p38 sig-
nals largely depend on the CD40-TRAF2 interaction.

CD40 ligation in lymphoid and epithelial cells induces the
phosphorylation and subsequent degradation of I�B�, a cyto-
plasmic NF-�B inhibitory protein, allowing the release of the
associated p65/p50 NF-�B subunits and their translocation to
the nucleus. EMSA was used to determine the DNA binding
activity of nuclear NF-�B before and 30 min after stimulation
with CD40L. The results showed that the CD40L-induced
NF-�B binding activity was partly reduced in HeLa-CD40mT6
and HeLa-CD40mT3/T6 cells, severely impaired in the
CD40mT2/T3 HeLa cells, and essentially absent in CD40mT2/
T3/T6 HeLa clones (Fig. 2D). The levels of I�B� were also
assessed in parallel cultures. These experiments showed a dra-
matic reduction in I�B� expression in CD40L-stimulated
HeLa-CD40 cells and a partial but significant reduction in
CD40mT6-expressing cells (Fig. 2D). In contrast, only limited
I�B� degradation was observed in CD40mT2/T3-transfected
HeLa cells, consistent with the low level NF-�B binding activity
seen in these cultures. Importantly, the absence of TRAF3
binding to CD40 had no significant impact on CD40L-induced
I�B� degradation (Fig. 2D). Taken together, the preceding
data suggest that the specific interaction of CD40 with TRAF2
is largely responsible for the CD40L-induced I�B�/NF-�B and
MAPK signaling in nonhemopoietic cells.

RNAi-mediated knock-down of TRAF2 expression results in
diminished CD40-induced NF-�B, JNK, and p38 activation in
epithelial cells. To examine the impact of the overall TRAF2
depletion on CD40 signal transduction, RNA interference
(RNAi) was used to knock down TRAF2 expression in EJ
bladder carcinoma cells which naturally express CD40 (17, 53).
Transfection of these cells with TRAF2 siRNA significantly
reduced the levels of TRAF2 compared to an unrelated siRNA
targeting the luciferase gene. In contrast, expression of �-actin
remained unaffected (Fig. 3A).

Parallel transfected cultures were stimulated with CD40L
for 10 min or left untreated. Lysates were then analyzed for
I�B� degradation or JNK and p38 phosphorylation by immu-
noblotting. The results showed that TRAF2 protein knock-

VOL. 25, 2005 ROLE OF TRAF6 IN CD40 SIGNAL TRANSDUCTION 9809



down significantly impairs the ability of CD40L to activate
these signaling pathways (Fig. 3B to D). To exclude the pos-
sibility that the described RNAi findings are the result of un-
intended, nonspecific effects of the siRNA treatment, control
experiments were performed. First, NF-�B, JNK, and p38 ac-
tivities were measured in TRAF2 siRNA-transfected EJ cul-
tures stimulated with IL-1, which operates in a TRAF2-inde-
pendent manner. The results of this analysis showed normal
I�B� degradation as well as JNK and p38 phosphorylation in
these cells (Fig. 3E). Second, EJ cells were transfected with
siRNA targeting an unrelated but expressed protein, namely
Akt, and lysates were assessed for I�B� degradation before
and after stimulation with CD40L. In agreement with our
previous report on HeLa/CD40 cells (10), knock-down of Akt
did not affect the CD40-mediated degradation of I�B� in EJ
cell cultures (data not shown). On the basis of the preceding
data, we conclude that TRAF2 plays an important physiolog-
ical role in CD40 signal transduction in epithelial cells.

TRAF2 deficiency results in impaired CD40 signaling in
fibroblasts. To confirm that the effects of TRAF2 on CD40
signaling described in Fig. 3 are not restricted to epithelial
cells, we examine the impact of the overall TRAF2 deficiency
on CD40 signal transduction in fibroblasts. To this end, fibro-

blast cell lines from TRAF2�/� and TRAF2�/� mice were
established as described in Materials and Methods and stably
transfected with a CD40 expression vector. Positive clones
expressing similar levels of CD40 (Fig. 4A) were then selected
for subsequent analysis. The absence of TRAF2 in the CD40-
transfected knockout fibroblast clone was verified by immuno-
blotting (Fig. 4A).

Western blots of cell lysates harvested at sequential time
points following CD40 stimulation were probed with antibod-
ies against the phosphorylated, active p38 and its total (phos-
phorylated and nonphosphorylated) equivalent. Immunoblots
were also probed for phosphorylated and total Akt, an estab-
lished component of the PI3 kinase pathway (23). Finally, JNK
activation was determined by in vitro kinase assays using GST-
c-Jun as a substrate. The results showed that CD40L efficiently
activates the JNK and p38 MAPKs and Akt in CD40-trans-
fected TRAF2�/� fibroblasts (Fig. 4B and C). However, the
CD40-mediated activation of p38 and JNK was significantly
reduced, and the phosphorylation of Akt was severely impaired
in fibroblast clones deficient of TRAF2 (Fig. 4B and C). The
observed effects were specific because the stimulation of
TRAF2�/� CD40 fibroblasts with the TRAF2-independent
stimuli IL-1 and platelet-derived growth factor (PDGF) re-

FIG. 2. The binding of TRAF2 to the cytoplasmic tail of CD40 plays a major role in CD40 signal transduction in nonhemopoietic cells.
(A) Representative flow cytometric assay showing the CD40 levels expressed in HeLa cell clones stably transfected with wild type and mutated
CD40 sequences. mfi, mean fluorescence intensity. (B and C) Activation of p38 (B) and JNK (C) following CD40 activation in WT and mutated
CD40-transfected HeLa cells. Cells were stimulated with 0.1 �g/ml recombinant soluble CD40L or left untreated, as indicated. Lysates were
immunoblotted with antibodies specific for the phosphorylated or total p38 and JNK. At least three independent experiments were performed and
gave similar results. In addition to results from the GST pull-down assays (Fig. 1B), the inability of CD40mT3/T6 to interact with TRAF3 was
confirmed by immunoprecipitation assays in lysates from CD40L-stimulated HeLa-CD40mT3/T6 cells (data not shown). (D) Induction of NF-�B
binding activity following CD40 activation in WT and mutated CD40-transfected HeLa cells. Cells were stimulated with 0.1 �g/ml CD40L or left
untreated, as indicated. Nuclear proteins were isolated and examined for binding to a 32P-labeled oligonucleotide probe containing the HIV-LTR
NF-�B binding site. Data were quantitated on a phosphorimager and expressed as the increase (n-fold) relative to unstimulated controls, which
were given the arbitrary value of 1. The mean inducible increase (
 standard deviation; n � 4 assays) in NF-�B binding was as follows: WT, 8.1

 1.6; CD40mT2/T3, 2.4 
 0.3; CD40mT6, 5.7 
 0.5; CD40mT2/T3/T6, 1.1 
 0.05; and CD40mT3/T6, 5.3 
 0.6. Supershift analysis using
antibodies against the p65 and p50 NF-�B subunits confirmed that the DNA-bound proteins represent NF-�B (data not shown). Parallel cultures
from a representative experiment were lysed and examined for I�B� or �-actin levels by immunoblotting.
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sulted in normal JNK and p38 activation (Fig. 4B) and Akt
phosphorylation (Fig. 4C), respectively. The CD40L- but not
IL-1-mediated degradation of I�B� was also found to be im-
paired in TRAF2�/� CD40 cells (Fig. 4D). EMSA was then
used to determine the DNA binding activity of nuclear NF-�B
before and 30, 60, or 180 min after stimulation with CD40L.
CD40 ligation was found to induce robust NF-�B activation in
TRAF2�/� CD40 cells, and this activity was significantly in-
hibited, but not abolished, in fibroblast clones deficient in
TRAF2 (Fig. 4E).

Reconstitution experiments were then performed to confirm
that the reduction in CD40-mediated signal transduction ob-
served in TRAF2�/� CD40 fibroblasts was indeed TRAF2
dependent. In these experiments, TRAF2�/� CD40 cells were
infected with a TRAF2-expressing retrovirus and either exam-
ined for expression of TRAF2 (Fig. 5A) or stimulated with
CD40L and examined for the activation status of NF-�B,
MAPK, and Akt (Fig. 5B to D). The results showed that
exogenous TRAF2 restored the CD40L-induced signal trans-
duction in TRAF2�/� CD40 cells.

Collectively, the preceding data, coupled with the CD40
mutagenesis experiments shown in Fig. 2, demonstrate a prom-
inent but not exclusive role for TRAF2 in CD40-mediated

induction of NF-�B and MAPK signaling in nonhemopoietic
cells.

CD40 critically depends on TRAF6 for signal transduction.
The residual NF-�B signaling in CD40L-stimulated TRAF2�/�

CD40 fibroblasts (Fig. 4E) could be attributed to the binding of
TRAF3 and/or TRAF6 to CD40. This issue was addressed by
performing NF-�B reporter assays in TRAF2�/� CD40 cells
following their transfection with low amounts of dominant-
negative TRAF3 or TRAF6 mutants. The results showed that,
whereas dominant-negative TRAF6 dramatically reduced the
residual NF-�B transcriptional activity in CD40L-stimulated
TRAF2�/� CD40 cells, dominant-negative TRAF3 had no ef-
fect (Fig. 6A). Moreover, we did not observe significant differ-
ences in the TRAF3 levels or the CD40-TRAF3 interaction
between TRAF2�/� CD40 and TRAF2�/� CD40 cells (see
Fig. S1 in the supplemental material). To confirm the impor-
tance of the direct TRAF6 binding to CD40 in this effect,
TRAF2�/� and TRAF2�/� cells were transiently transfected
with wild-type CD40, CD40mT6, or CD40mT2/T3 in the pres-
ence of an NF-�B-responsive luciferase reporter plasmid. Cells
were stimulated with CD40L, and lysates were examined for
NF-�B transcriptional activity. The results from multiple ex-
periments showed that CD40mT6 fails to transduce NF-�B

FIG. 3. RNAi-mediated knock-down of TRAF2 expression results in diminished CD40-induced NF-�B, JNK, and p38 activation in epithelial
cells. (A) EJ bladder carcinoma cells were transfected with siRNA targeting TRAF2 or the unrelated luciferase gene product. Lysates were
analyzed for TRAF2 or �-actin levels by immunoblotting. (B to D) Parallel cultures were stimulated with CD40L or left untreated. Lysates were
isolated and analyzed for the expression of I�B� (B) and of the phosphorylated and total JNK (C) and p38 (D) by immunoblotting. Data from
three independent experiments were quantitated using the Scion Image processing and analysis software and are expressed as the increase (n-fold)
relative to unstimulated controls. NS, nonspecific. (E) The RNAi-mediated knock-down of TRAF2 does not affect IL-1-induced signaling. Cells
were transfected with TRAF2 or luciferase siRNA as described in panel A and stimulated with 15 ng/ml IL-1 for 20 min prior to evaluation of the
endogenous I�B� levels and of JNK and p38 phosphorylation by immunoblotting.
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activation signals in TRAF2�/� cells (Fig. 6B). However, the
ability of a CD40 mutant that only binds TRAF6 (CD40mT2/
T3) to activate NF-�B remained unaltered by the TRAF2
deficiency. These data suggest that the direct binding of
TRAF6 rather than TRAF3 to CD40 mediates NF-�B signal-
ing in the absence of TRAF2.

The binding of TRAF6 to CD40 plays only a minor role in
CD40L-induced NF-�B activation (Fig. 2D and 6B). To ad-
dress the overall impact of TRAF6 deficiency on CD40 signal-
ing, fibroblast cell lines from TRAF6�/� and TRAF6�/� mice
were established as described in Materials and Methods. These

cells were stably transfected with a CD40 expression vector,
and positive clones expressing comparable levels of CD40 (Fig.
6C) were selected for subsequent analysis. The absence of
TRAF6 in the CD40-transfected knockout fibroblasts
(TRAF6�/� CD40) was confirmed by immunoblotting (Fig.
6C). As expected, however, these cells expressed TRAF2 (Fig.
6C).

TRAF6�/� CD40 and TRAF6�/� CD40 cell cultures were
stimulated with CD40L for various time intervals, and lysates
were examined for the activation of Akt, JNK, and p38. The
results showed that CD40 ligation efficiently engages these

FIG. 4. TRAF2 deficiency results in impaired CD40 signaling in fibroblasts. (A) Expression of TRAF2, CD40, and actin loading control in
CD40-transfected immortalized TRAF2�/� and TRAF2�/� fibroblasts, as determined by immunoblot analysis of total cell lysates. (B) Phosphor-
ylation of p38 and activation of JNK are significantly reduced in CD40L-stimulated but not IL-1-treated TRAF2�/� CD40 fibroblasts. TRAF2�/�

CD40 and TRAF2�/� CD40 fibroblasts were stimulated with CD40L for 20 or 30 min or with murine IL-1 for 20 min or left untreated. Lysates
were immunoblotted for the phosphorylated or total p38 or immunoprecipitated with an anti-JNK1 antibody. The anti-JNK1 immunoprecipitates
were examined for activity toward c-Jun as a substrate or immunoblotted with a rabbit polyclonal JNK1 antibody. Data are representative of at
least four independent experiments for the CD40L and two experiments for the IL-1 treatment. IVK, in vitro kinase assay. (C) Phosphorylation
of Akt is impaired in CD40L-stimulated but not PDGF-treated TRAF2�/� CD40 fibroblasts. TRAF2�/� CD40 and TRAF2�/� CD40 fibroblasts
were treated with 0.5 �g/ml CD40L for 20 or 30 min, with 50 ng/ml PDGF, or left untreated as indicated. Lysates were then immunoblotted for
the phosphorylated or total Akt. (D) I�B� degradation is diminished in CD40L-stimulated TRAF2�/� CD40 fibroblasts. TRAF2�/� CD40 and
TRAF2�/� CD40 fibroblasts were treated with CD40L or IL-1 or left untreated, as indicated. Lysates were examined for the expression levels of
I�B� or, as a control, �-actin. (E) NF-�B binding activity is significantly reduced in CD40L-stimulated TRAF2�/� CD40 fibroblasts. Nuclear
proteins were isolated at various time intervals following stimulation with CD40L and examined for binding to a 32P-labeled oligonucleotide probe
containing the HIV-LTR NF-�B binding site. At least four independent experiments were performed and gave similar results. Supershift analysis
using antibodies against the p65 and p50 NF-�B subunits confirmed that the DNA-bound proteins at 30 min stimulation represent NF-�B (data
not shown).
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signaling pathways in CD40-transfected TRAF6�/� fibro-
blasts. Interestingly, however, these experiments demonstrated
that the CD40L-induced activation of Akt, JNK, and p38 was
completely abolished in TRAF6�/� CD40 cells (Fig. 6D and
E). The effects of CD40 stimulation on NF-�B activation were
also evaluated in CD40-expressing TRAF6�/� and TRAF6�/�

fibroblasts by EMSA. Whereas a significant increase in the
NF-�B binding activity was noted in CD40L-stimulated
TRAF6�/�CD40 cells, TRAF6�/� CD40 cultures completely
failed to respond (Fig. 6F).

The specificity of the observed phenomena was examined by
stimulating TRAF6�/� CD40 and TRAF6�/� CD40 cells with
PDGF, a growth factor which potently activates the PI3 kinase/
Akt signaling pathway (23) or with TNF-�, a cytokine that
robustly engages the JNK, p38, and NF-�B cascades. The re-
sults showed normal Akt phosphorylation in PDGF-stimulated
TRAF6�/� CD40 cells (Fig. 6E). Likewise, no difference in the
activation of JNK, p38, and NF-�B was noted between
TRAF6�/� CD40 and TRAF6�/� CD40 cells treated with
TNF-� (Fig. 6D and F).

Reconstitution experiments were then performed to confirm
that the defective CD40-mediated signal transduction in
TRAF6�/� CD40 fibroblasts was indeed TRAF6 dependent.
In these experiments, TRAF6�/� CD40 cells were infected
with a TRAF6-expressing retrovirus or control virus and either
examined for expression of TRAF6 (Fig. 7A) or stimulated
with CD40L and examined for the activation status of NF-�B,
MAPK, and Akt (Fig. 7B). The results showed that exogenous

TRAF6 restored the CD40L-induced signal transduction in
TRAF6�/� CD40 cells. We conclude that TRAF6 is specifi-
cally required for CD40-mediated activation of the NF-�B,
JNK, p38, and Akt signaling pathways in nonhemopoietic cells.

TRAF6 regulates TRAF2-dependent CD40 signal transduc-
tion. The results shown in Fig. 6 were unexpected because the
TRAF6-interacting membrane-proximal CD40 domain has a
minor role in CD40 signaling (Fig. 2). Moreover, no direct
association of TRAF6 with CD40mT6 is detected by GST
pull-down assays (Fig. 1B) (34, 56). We therefore reasoned
that TRAF6 may regulate CD40 signal transduction not only
through its direct binding to the established CD40 Q234 E235
core motif (56) but also indirectly via its effects downstream of
the CD40/TRAF2 signaling complex, which is a key regulator
of CD40 signal transduction (Fig. 2 to 4 and 6B). In line with
this notion, previous studies have demonstrated that TRAF2
and TRAF6 directly interact in yeast two-hybrid assays and
coimmunoprecipitate when overexpressed (6). To test if this
association occurs in the context of CD40 signaling, immuno-
precipitation experiments were first carried out in lysates from
human embryonic kidney (HEK) 293 cells transfected with
FLAG-tagged TRAF6, in the presence or absence of a
CD40mT6-expression vector. Endogenous TRAF2 was immu-
noprecipitated and then immunoblotted with FLAG MAb
(Fig. 8Aii). In other experiments FLAG-tagged TRAF6 was
immunoprecipitated with anti-FLAG and then immunoblotted
with a TRAF2 polyclonal antibody (Fig. 8Aiii). The results of
these analyses showed that, whereas TRAF2 weakly associates

FIG. 5. Expression of TRAF2 restores the CD40 signaling deficiency in TRAF2�/� CD40 fibroblasts. Cells were infected with TRAF2 or
control (CNTR) retrovirus (rv) in two successive 12-h incubations, as described in Materials and Methods. At 36 h postinfection, cells were
reseeded and selected for puromycin resistance during a 2-week period. Antibiotic-resistant clones were expanded and either examined for TRAF2
expression (A), stimulated with CD40L for 0 or 30 min and analyzed for NF-�B binding activity (B), or stimulated with CD40L for 0 or 20 min
and examined for the activation status of JNK or p38 MAPK (C) or Akt (D). IVK, in vitro kinase assay.
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with overexpressed TRAF6, this interaction is significantly
augmented in the presence of CD40mT6, the mutated CD40
that does not directly bind TRAF6 (Fig. 8A). Similar results
were obtained when cells were transfected with the deletion

mutant CD40�216–239 (a deletion of residues 216 to 239) (16)
which lacks the TRAF6 binding domain of CD40 (Fig. 8B).

In the experiments described above, CD40mT6 was tran-
siently overexpressed, a process known to result in signal acti-

FIG. 6. CD40 critically depends on TRAF6 for signal transduction. (A) A dominant-negative (DN), N terminus-deleted TRAF6 but not
TRAF3 mutant suppresses CD40-mediated NF-�B transcriptional activity in the absence of TRAF2. Approximately 3 � 105 TRAF2�/� CD40
fibroblasts were transiently transfected with an NF-�B-responsive luciferase reporter and a �-galactosidase plasmid in the presence or absence of
increasing amounts (0, 50, or 100 ng) of dominant-negative TRAFs. Thirty-six hours later, cells were stimulated with 0.5 �g/ml CD40L for 8 h or
left untreated, and the luciferase and �-galactosidase activities were measured. The relative luciferase values (RLV) represent the increase (n-fold)
in the ratio of the luciferase and �-galactosidase measurements relative to untreated controls, which were given the arbitrary value of 1. Data
represent mean values 
 standard deviations from three independent experiments. (B) The binding of TRAF6 to CD40 mediates NF-�B signaling
in TRAF2-deficient cells. TRAF2�/� CD40 or TRAF2�/� CD40 fibroblasts were transiently transfected with an NF-�B-responsive luciferase
reporter and a �-galactosidase plasmid in the presence of WT CD40, CD40mT6, or CD40mT2/T3. Cells were then stimulated with CD40L and
analyzed for reporter activity as described in panel A. Data represent mean values 
 standard deviations from three independent experiments.
(C) Immunoblot showing the expression of TRAF6, TRAF2, and CD40 in immortalized CD40-transfected TRAF6�/� and TRAF6�/� fibroblasts
used in this study. (D) Phosphorylation of p38 and activation of JNK are impaired in CD40L-stimulated (i) but not TNF-treated (ii) TRAF6�/�

CD40 fibroblasts. TRAF6�/� CD40 and TRAF6�/� CD40 fibroblasts were stimulated with CD40L for 20 or 30 min or left untreated. Lysates were
immunoblotted for the phosphorylated or total p38 or immunoprecipitated with an anti-JNK1 antibody. The immunoprecipitates were examined
for activity toward c-Jun as a substrate or were immunoblotted with a rabbit polyclonal JNK1 antibody. As a control, treatment with 25 ng/ml TNF
induced similar levels of p38 and JNK activation in of TRAF6�/� CD40 and TRAF6�/� CD40 fibroblasts. Data are representative of at least three
independent experiments. IVK, in vitro kinase assay. (E) Phosphorylation of Akt is impaired in CD40L-stimulated but not PDGF-treated
TRAF6�/� CD40 fibroblasts. TRAF6�/� CD40 and TRAF6�/� CD40 fibroblasts were treated with 0.5 �g/ml CD40L for 20 or 30 min or with 50
ng/ml PDGF or were left untreated as indicated. Lysates were then immunoblotted for the phosphorylated or total Akt. (F) NF-�B binding activity
is impaired in CD40L-stimulated but not TNF-treated TRAF6�/� CD40 fibroblasts. TRAF6�/� CD40 and TRAF6�/� CD40 fibroblasts were
treated with 0.5 �g/ml CD40L or 25 ng/ml TNF or were left untreated as indicated. Nuclear proteins were isolated and examined for binding to
a 32P-labeled oligonucleotide probe containing the HIV-LTR NF-�B binding site. Three independent experiments were performed and gave
similar results.
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vation through the transient formation of receptor multimers
and recruitment of TRAFs in a ligand-independent manner (7,
49, 51). In contrast, the stable expression of CD40 in HeLa
cells does not induce elevated signal transduction (Fig. 2),
indicating the presence of “diffused” CD40 monomers at the
plasma membrane and the requirement of CD40L-induced
oligomerization for signal initiation. We, therefore, deter-
mined whether the association of TRAF2 with TRAF6 can
also be observed with endogenous proteins in HeLa-CD40mT6
cells stimulated with recombinant soluble CD40L. To this end,
lysates were prepared from CD40L-stimulated or control un-
treated cells, immunoprecipitated with a mouse TRAF2 MAb,
and immunoblotted with anti-TRAF6 polyclonal antibody.
Whereas no detectable association of endogenous TRAF6 and
TRAF2 was observed in the absence of stimulation, CD40
ligation reproducibly promoted their interaction in a time-
dependent manner (Fig. 8C). Interestingly, no association of
TRAF2 and TRAF6 was observed upon stimulation of HeLa-
CD40mT2/T3 cells with CD40L (Fig. 8D). We conclude that
TRAF2 and TRAF6 associate following CD40 activation and
that this interaction occurs independently of the TRAF6 bind-
ing to CD40. Attempts to coprecipitate CD40mT6 and TRAF6
in HeLa-CD40mT6 and HEK 293 cells were, however, unsuc-
cessful. This may indicate that the CD40/TRAF2/TRAF6 com-
plex is unstable or may reflect technical limitations in protein
detection as only a portion of endogenous TRAF2 interacts
with CD40 (58) and, in turn, only a portion of TRAF6 copre-
cipitates with TRAF2 (Fig. 8A and C). An alternative possi-
bility is that following CD40 ligation, TRAF6 is not recruited
to a CD40/TRAF2-containing complex at the plasma mem-
brane but forms cytoplasmic complexes with TRAF2.

To provide further evidence that the observed TRAF2-
TRAF6 association is functional, TRAF6 was knocked down
by RNAi in HeLa-CD40mT6 cells. Immunoblot analysis con-

firmed significant decrease of TRAF6 levels in these cells,
whereas transfection with an unrelated siRNA targeting lucif-
erase had no effect (Fig. 8E). As expected, the levels of TRAF2
were not influenced by either of these treatments (Fig. 8E).
Parallel cultures were stimulated with CD40L and analyzed for
the activation status of JNK, p38, and the expression of I�B�.
The results showed a severe reduction in the catalytic activity
of JNK and the phosphorylation of p38 in HeLa-CD40mT6
cells transfected with TRAF6 siRNA (Fig. 8F). In addition, the
CD40-mediated degradation of I�B� was greatly attenuated in
these cultures (Fig. 8F). Therefore, TRAF6 associates with
and modulates the function of TRAF2 in response to CD40
activation.

DISCUSSION

The emerging role of the CD40 pathway in disease patho-
genesis and cancer therapy necessitates the analysis of CD40
signal transduction and its regulation by TRAF proteins in a
wide range of tissue types. This is corroborated by the obser-
vation that CD40 and TRAFs are functionally expressed not
only in lymphoid cells but also in nonhemopoietic lineages (21,
62) and by the distinct role of TRAF2 in CD40-induced NF-�B
activation in normal versus malignant B lymphocytes (27, 31,
45). Here, we have addressed for the first time the physiolog-
ical contribution of TRAF2 and TRAF6 to CD40 signaling in
nonhemopoietic cells by utilizing RNA interference and
knockout approaches. These studies have been complemented
by the analysis of the signaling capacity of a series of mutated
CD40 receptors expressed in carcinoma cell lines and fibro-
blasts. These molecules carry point mutations in the cytoplas-
mic tail of CD40 which specifically abolish binding of TRAF2
and TRAF3, of TRAF6, or of all three TRAF proteins (Fig. 1).
Of note, we have demonstrated that the introduction of a

FIG. 7. Expression of TRAF6 restores the CD40 signaling deficiency in TRAF6�/� CD40 fibroblasts. Cells were infected with a TRAF6 or
control (CNTR) retrovirus (rv) in two successive 12-h incubations, as described in Materials and Methods. At 36 h postinfection, cells were
reseeded and selected for puromycin resistance during a 2-week period. Antibiotic-resistant clones were expanded and either examined for TRAF6
expression (A) or stimulated with CD40L for 0 or 20 min and analyzed for the activation status of JNK, p38, or Akt or for the levels of endogenous
I�B� by immunoblot (B). IVK, in vitro kinase assay.
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FIG. 8. TRAF6 regulates TRAF2-dependent CD40-mediated signaling. (A) TRAF2 interacts with exogenously expressed TRAF6 in the
presence of CD40mT6. HEK 293 cells were transiently transfected with FLAG-tagged TRAF6 in the presence or absence of CD40mT6, and 24 h
later cells were lysed. Lysates (50 �g) were immunoblotted with anti-Flag or anti-CD40 to confirm expression of transfected cDNAs (i). Lysates
(750 �g) were also immunoprecipitated with anti-TRAF2 MAb and immunoblotted with either anti-FLAG or anti-TRAF2 polyclonal antibody,
in parallel with 50 �g of whole-cell lysate (ii), or immunoprecipitated with anti-FLAG MAb and immunoblotted with either anti-TRAF2 or
anti-TRAF6 polyclonal antibody, in parallel with 50 �g of whole-cell lysate (iii). (B) TRAF2 interacts with exogenously expressed TRAF6 in the
presence of CD40�(216–239). HEK 293 cells were transiently transfected with FLAG-tagged TRAF6 in the presence or absence of CD40�(216–
239), and 24 h later cells were lysed. Lysates (750 �g) were immunoprecipitated with anti-TRAF2 MAb and immunoblotted with either anti-FLAG
or anti-TRAF2 polyclonal antibody, in parallel with 50 �g of whole-cell lysate. (C) TRAF6 and TRAF2 coimmunoprecipitate in CD40L-stimulated
carcinoma cells carrying a mutated CD40 that does not directly bind TRAF6. HeLa-CD40mT6 cells were treated with 0.1 �g/ml CD40L for various
time intervals or left untreated, as indicated. Lysates were then immunoprecipitated with an anti-TRAF2 MAb and immunoblotted with either
anti-TRAF6 or anti-TRAF2 polyclonal antibody. Similar results were obtained in two additional independent experiments. Ig, immunoglobulin
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Q2633A mutation in the cytoplasmic C terminus of CD40
exclusively disrupts the binding of TRAF3, thus allowing for
the first time the evaluation of the specific contribution of the
TRAF2-CD40 interaction to CD40L-induced signaling.

Our results demonstrate a major role for TRAF2 in CD40
signal transduction and function in nonhemopoietic cells.
Thus, the CD40-mediated activation of the I�B�/NF-�B path-
way is severely affected by mutations in the CD40 cytoplasmic
tail which disrupt its association with TRAF2. Conversely, a
mutated CD40 capable only of binding TRAF2 (CD40mT3/
T6) maintains much of the NF-�B-inducing properties of wild-
type CD40 (Fig. 2D). Moreover, we have shown that the sup-
pression or elimination of TRAF2 expression in epithelial cell
lines and fibroblasts significantly impairs, but does not abolish,
CD40L-induced I�B� degradation and NF-�B binding activity
(Fig. 4D and E). The importance of TRAF2 in CD40-induced
NF-�B activation in nonhemopoietic cells is reminiscent of its
reported major role in NF-�B signaling in normal B lympho-
cytes (27, 40). In contrast, however, Bishop et al. showed that
TRAF2 deficiency in B-cell lymphoma lines has no impact on
CD40-mediated NF-�B activation (31), suggesting that the wir-
ing of CD40 signal transduction in these cells differs from
normal mouse B lymphocytes (27, 40), fibroblasts, and human
epithelial cells (this study). These findings also raise the pos-
sibility that the levels of TRAF protein expression and/or as-
sociated molecules may control CD40 signal transduction in
different cell types, a hypothesis that merits further investiga-
tion. In addition to NF-�B, we have demonstrated that TRAF2
plays a major physiological role in the CD40-mediated activa-
tion of p38 and Akt and, to a lesser degree, JNK signals (Fig.
2 to 4). Given the established role of these pathways in tran-
scriptional and translational control (11, 12, 25), a plethora of
CD40-mediated functions involved in the regulation of cell
growth, survival, and cytokine gene expression may largely
depend on TRAF2.

Theoretically, redundancy between TRAF2 and TRAF3 in
CD40-mediated signal transduction may exist. However, a
number of observations argue against this possibility. First,
engagement of a mutated CD40 receptor capable only of bind-
ing TRAF2 and TRAF3 in TRAF2�/� fibroblasts fails to ac-
tivate NF-�B (Fig. 6B). Second, expression of a dominant-
negative TRAF3 has no impact on CD40-induced NF-�B
transactivation in TRAF2�/� fibroblasts, whereas a dominant-
negative TRAF6 eliminates NF-�B signaling in these cells
(Fig. 6A). Third, unlike TRAF2, overexpression of TRAF3
does not activate NF-�B (33). These findings, coupled with the
observation that a mutated CD40 which only binds TRAF2
(CD40mT3/T6) maintains much of the signaling properties of
wild-type CD40 (Fig. 2), suggest that TRAF2 provides the

major vehicle for CD40 signal transduction in nonhemopoietic
cells.

While TRAF2 is an important component of CD40 signal
transduction in nonhemopoietic cells, data shown in the
present study demonstrate that the CD40L-mediated activa-
tion of NF-�B, JNK, p38, and Akt strictly requires the integrity
of TRAF6 (Fig. 6). This finding was unexpected, given that the
TRAF6-interacting membrane-proximal domain of CD40 has
a minor role in signal transduction (Fig. 2), and suggested that
TRAF6 can also function downstream of the CD40/TRAF2
signaling complex. The E3 ubiquitin ligase activity of TRAF6
(13) could, theoretically, result in increased TRAF2 protein
turnover in TRAF6�/� CD40 cells and, thereby, diminished
CD40 signal transduction. However, we observed no change in
TRAF2 levels in TRAF6�/� CD40 fibroblasts stimulated for
up to 30 min with CD40L (data not shown). In support of this
finding, the TRAF6 ablation did not have impact on TNF-
induced NF-�B, p38, and JNK activation (Fig. 6D and F)
which also largely depends on the integrity of TRAF2 (15, 60).

TRAF molecules are known to form homo- and het-
erodimers via their C-terminal TRAF-C domains (9). A pre-
vious report using the yeast two-hybrid assay and coimmuno-
precipitations in mammalian cells showed that TRAF6 directly
interacts with TRAF2 (6). A more recent study has demon-
strated that TRAF6 is recruited to a TRAF2-containing sig-
naling complex induced by the Epstein-Barr virus-encoded la-
tent membrane protein 1 (52). Our data demonstrate that
TRAF6 associates with TRAF2 in CD40L-stimulated cells car-
rying mutated receptors that do not directly bind TRAF6 (Fig.
8A to C). Moreover, this interaction was shown to be func-
tional because the RNAi-mediated knock-down of TRAF6
impaired the signaling capacity of this mutated receptor (Fig.
8F). Interestingly, however, we have been unable to observe
association of TRAF6 with TRAF2 upon activation of
CD40mT2/T3. This finding suggests that the inducible TRAF2-
TRAF6 interaction is exclusively mediated by the TRAF2/
TRAF3- but not the TRAF6-binding domain of CD40. There-
fore, significant differences exist in the mechanisms of signal
transduction triggered by the two TRAF-interacting domains
of CD40. These differences may be the result of the relative
affinities of various TRAF molecules for CD40. Indeed, CD40
only weakly binds TRAF6 (37, 38), and amplification of this
interaction significantly impacts on the functional conse-
quences of CD40 stimulation (26, 35). It is also possible that
the TRAF2-TRAF6 association is regulated by proteins that
are selectively recruited to CD40-bound TRAF2 but not
CD40-bound TRAF6. TRAF1, cIAP1, and cIAP2, for exam-
ple, are specifically recruited to CD40 through TRAF2 (22).
However, it is unlikely that TRAF1 is the protein that modu-

heavy chain. (D) TRAF6 and TRAF2 do not coimmunoprecipitate in CD40L-stimulated carcinoma cells carrying a mutated CD40 that does not
directly bind TRAF2/TRAF3. HeLa-CD40mT2/T3 (lanes 3 to 5) or, as a control, HeLa-CD40mT6 (lanes 1 to 2) cells were treated with 0.1 �g/ml
CD40L for various time intervals or left untreated, as indicated. Lysates were then immunoprecipitated with an anti-TRAF2 MAb and immu-
noblotted with either anti-TRAF6 or anti-TRAF2 polyclonal antibody. (E) HeLa-CD40mT6 cells were transfected with siRNA targeting TRAF6
or the unrelated luciferase gene product. Lysates were analyzed for TRAF6, TRAF2, or �-actin levels by immunoblotting. (F) RNAi-mediated
knock-down of TRAF6 expression results in diminished CD40-induced NF-�B, JNK, and p38 activation in HeLa-CD40mT6 epithelial cells.
Following transfection with TRAF6 or luciferase siRNA, HeLa-CD40mT6 cells were stimulated with 0.1 �g/ml CD40L or left untreated, as
indicated. Lysates were isolated and analyzed for the expression of I�B� and of the phosphorylation and activation of p38 and JNK, respectively.
Data are representative of three independent experiments. IP, immunoprecipitate; IB, immunoblot; WCL, whole-cell lysate.
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lates the TRAF2-TRAF6 interaction because interference with
TRAF1 levels does not have a major impact on CD40L-in-
duced NF-�B and JNK signaling (19, 55). Alternatively, the
association of TRAF2 with TRAF6 may require TRAF6
epitopes that are masked by its direct binding to CD40. Con-
sistent with this possibility, recent crystallographic analysis has
revealed marked differences in the conformation of the CD40/
TRAF6 versus CD40/TRAF2 complex (59).

On the basis of the findings shown in the present study, we
propose a model, illustrated in Fig. 9, of CD40 signaling in
nonhemopoietic cells. Following CD40 stimulation, TRAF6
and TRAF2 are directly recruited to two distinct domains in
the cytoplasmic tail of CD40 and mediate signal transduction.
The direct binding of TRAF6 only partly contributes to the
activation of NF-�B, whereas the binding of TRAF2 plays a
major role in CD40 ligand-induced signaling. However,
TRAF6 also associates with TRAF2 downstream of the CD40/
TRAF2 signaling complex and regulates its function. We pro-
pose that the TRAF2-TRAF6 interaction is required for the
recruitment and activation of kinases responsible for the en-
gagement of the NF-�B, JNK, p38, and Akt pathways. A recent
study has shown that germinal center kinase associates with
both TRAF2 and TRAF6 and mediates JNK activation in a
TRAF6-dependent manner (64). Therefore, germinal center
kinase may represent an active component of the TRAF2/
TRAF6 signaling complex that regulates JNK in response to
CD40 ligation. Taken together, the data shown in the present
study provide definitive evidence for the physiological roles of
TRAF2 and TRAF6 in CD40 signaling in nonhemopoietic
cells and shed new light into the multiple roles played by
TRAF6 in CD40 signal transduction.
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