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ABSTRACT (D40 plays an important role in immune responses by activating the
c-Jun N-terminal protein kinase (JNK) and NF-kB pathways; however, the precise
mechanisms governing the spatiotemporal activation of these two signaling path-
ways are not fully understood. Here, using four different TRAF2-deficient cell lines
(A20.2J, CH12.LX, HAP1, and mouse embryonic fibroblasts [MEFs]) reconstituted with
wild-type or phosphorylation mutant forms of TRAF2, along with immunoprecipita-
tion, immunoblotting, gene expression, and immunofluorescence analyses, we report
that CD40 ligation elicits TANK-binding kinase 1 (TBK1)-mediated phosphorylation
of TRAF2 at Ser-11. This phosphorylation interfered with the interaction between
TRAF2's RING domain and membrane phospholipids and enabled translocation of
the TRAF2 complex from CD40 to the cytoplasm. We also observed that this cyto-
plasmic translocation is required for full activation of the JNK pathway and the sec-
ondary phase of the NF-kB pathway. Moreover, we found that in the absence of
Ser-11 phosphorylation, the TRAF2 RING domain interacts with phospholipids, lead-
ing to the translocation of the TRAF2 complex to lipid rafts, resulting in its degrada-
tion and activation of the noncanonical NF-«kB pathway. Thus, our results provide
new insights into the CD40 signaling mechanisms whereby Ser-11 phosphorylation
controls RING domain-dependent subcellular localization of TRAF2 to modulate the
spatiotemporal activation of the JNK and NF-kB pathways.
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D40 (TNFRSF5) is a member of the tumor necrosis factor receptor (TNFR) super-

family that regulates several facets of the adaptive immune response, including T
cell-dependent B cell activation, germinal center (GC) formation, memory B cell devel-
opment, and the generation of high-affinity, class-switched antibodies (1). Mice defi-
cient in either CD40 or its cognate ligand CD40L (also known as CD154 or gp39), as well
as humans with CD40L-inactivating mutations, exhibit hyper-lgM immunodeficiency
syndrome, which is characterized by elevated serum IgM levels accompanied by an
underproduction of IgA, IgG, and IgE attributed to defective class switch recombi-
nation (2).

TNFR superfamily members lack intrinsic kinase activity and must recruit one or
more members of the TNFR-associated factor (TRAF) family to initiate downstream
signal transduction. Six classical TRAFs have been identified and are characterized by a
highly homologous C-terminal TRAF domain consisting of a coiled-coil TRAF N domain
that mediates TRAF homo- and heterotrimerization and a B-sandwich TRAF C domain
that interacts with receptors and other effector proteins (3). With the exception of
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TRAF1, TRAFs contain an N-terminal RING domain. A variety of cell culture experiments
suggest that the RING domains of TRAF2 and TRAF6 catalyze noncanonical K63-linked
polyubiquitination to activate the classical I«B kinase (IKK) complex, consisting of IKKe,
IKKB, and IKKy subunits (4-6). However, conclusive evidence for bona fide E3 ligase
activity by purified proteins has been demonstrated only for TRAF6 (7, 8). Notably,
reconstitution of TRAF2- or TRAF2/TRAF5 (TRAF2/5)-deficient mouse embryonic fibro-
blasts (MEFs) with a RING domain deletion mutation of TRAF2 (TRAF2-AR) fully restores
immediate tumor necrosis factor alpha (TNF-«a)-induced NF-«kB activation while only
partially restoring c-Jun N-terminal protein kinase (JNK) activation (9, 10). Thus, the
exact role of the TRAF2 RING domain in NF-«B and JNK activation still remains elusive.

Ligated CD40 recruits TRAF2, TRAF3, and TRAF6 through its conserved TRAF-binding
sites in the cytoplasmic domain, resulting in activation of the canonical (e.g., the
RelA/p50 dimer) and noncanonical (e.g., the RelB/p52 dimer) NF-kB pathways, as well
as the mitogen-activated protein kinase (MAPK; e.g., JNK) cascade (11). TRAF2 and
TRAF6 positively regulate CD40-induced MAPK and canonical NF-«B activation, while
TRAF2 and TRAF3 negatively regulate noncanonical NF-kB. Under unstimulated condi-
tions, an E3 ligase complex consisting of TRAF2, TRAF3, and cellular inhibitor of
apoptosis 1 and 2 (clAP1/2) constitutively targets NF-kB-inducing kinase (NIK) for
ubiquitination and degradation to suppress noncanonical NF-«B activation (12, 13).
Upon stimulation, the recruitment of the E3 ligase complex to CD40 elicits TRAF2/
clAP1/2-mediated ubiquitination and degradation of TRAF3 within the complex, result-
ing in NIK protein accumulation and NIK-dependent activation of the IKKa homodimer.
IKKee then directly phosphorylates p100 to trigger its ubiquitination and proteasome-
dependent partial processing to p52, allowing the nuclear translocation of the tran-
scriptionally active RelB/p52 dimer (12, 13).

CD40 ligation has also been shown to activate phosphoinositide 3-kinase (PI3K),
phospholipase Cy (PLCy), and Janus family kinase 3 (Jak3), but the best-characterized
signaling pathways are the JNK and canonical and noncanonical NF-kB pathways.
However, the spatiotemporal control of activation of these pathways is not fully
understood (11). Recently, Matsuzawa et al. reported that CD40-induced JNK activation
requires degradation of TRAF3 and MEKK1-mediated phosphorylation of a protein
within the CD40 complex, which triggers translocation of the effector complex (con-
sisting of MEKK1, TRAF2, clAP1/2, and IKK<y) from CD40 to the cytoplasm, where MEKK1
is able to interact with and activate the MEK4/7-JNK cascade (14). However, several
earlier studies have shown that inhibition of TRAF2 and/or TRAF3 degradation pro-
motes JNK activation rather than inhibition (15-19). In addition, it is not known how
phosphorylation of a protein within the CD40 complex triggers the translocation of the
effector complex from CD40 to the cytoplasm. Notably, Chaudhuri et al. reported that
CDA40 signaling elicits TRAF2 phosphorylation on serine residues and that this phos-
phorylation inhibits TRAF2 interaction with the CD40 cytoplasmic domain (20, 21).
However, TRAF2 phosphorylation sites and their functional significance in the TRAF2-
CDA40 interaction were not characterized in these studies.

We previously reported the identification of two phosphorylation sites (Ser-11 and
Ser-55) in TRAF2 and showed that phosphorylation at these sites promotes the sec-
ondary but not the immediate phase of JNK and NF-«B activation following TNF-«
stimulation (22, 23). However, the mechanisms by which TRAF2 phosphorylation
regulates the secondary phase of the signaling pathways remain unknown. In the
present study, we demonstrate that CD40 ligation induces TANK-binding kinase 1
(TBK1)-mediated TRAF2 phosphorylation on Ser-11 and that this phosphorylation leads
to the dissociation of the effector complex from CD40 to the cytoplasm to initiate the
secondary phase of canonical NF-«B activation. This Ser-11 phosphorylation and cyto-
plasmic translocation of the complex is not essential for initial JNK activation but is
required for the full and prolonged activation of JNK. In the absence of Ser-11
phosphorylation, the TRAF2 RING domain binds directly to phospholipids and facilitates
the translocation of TRAF2 and TRAF2-associated proteins to membrane lipid rafts,
resulting in their degradation and subsequent activation of the noncanonical NF-«B
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FIG 1 CD40 ligation elicits TBK1-mediated TRAF2 phosphorylation on Ser-11. (A and B) Human peripheral resting B cells (CD19+ CD43-) and BJAB B cell
lymphoma cells (A) and mouse splenic B cells and bone marrow-derived macrophages (BMDM:s) (B) were stimulated with anti-human CD40 (G28.5, 10 ug/ml)
or anti-mouse CD40 (1C10, 5 ug/ml) agonistic antibodies («CD40) for the indicated times. TRAF2 Ser-11 phosphorylation (pT2-Ser11) was then monitored by
Western blotting with a site-specific phosphoantibody. (C) Kinases previously implicated in receptor-mediated NF-«B activation were expressed and
immunopurified from 293T cells and then subjected to in vitro phosphorylation assays with GST-TRAF2'-128 as the substrate. The reaction mixtures were
separated by SDS-PAGE and transferred to nitrocellulose membrane, and TRAF2 phosphorylation was then assessed by autoradiography. The same membrane
was stained with Ponceau S to visualize the substrate (GST-TRAF2'-728) and then probed with anti-HA and anti-Flag antibodies to monitor the expression of
kinases. (D) TBK1 and MEKK1 were immunopurified from 293T cells and subjected to in vitro phosphorylation assays using GST-TRAF2-WT'-128 and
GST-TRAF2-S11A'-128 as substrates as described in the legend to panel C. (E) 293T cells were cotransfected with TRAF2 and the indicated kinases, and 24 h after
transfection, TRAF2 phosphorylation and expression of kinases were examined by Western blotting. (F) A20.2) TRAF2-WT cells stably transduced with shRNAs
targeting MEKK1, TBK1, or firefly luciferase (Luc) were stimulated with 1C10 («CD40; 5 ug/ml) for 30 min, and TRAF2 Ser-11 phosphorylation was monitored by
Western blotting.

pathway. Collectively, these findings suggest that the primary function of the TRAF2
RING domain is to interact with phospholipids to control the fate of the CD40 signaling
complex and that Ser-11 phosphorylation regulates such RING-phospholipid interac-
tions to modulate spatiotemporal activation of the JNK and NF-kB pathways.

RESULTS

CDA40 ligation elicits TRAF2 Ser-11 phosphorylation in hematopoietic cells. We
previously identified two sites (Ser-11 and Ser-55) within the TRAF2 N terminus that are
inducibly phosphorylated following TNF-a stimulation in MEFs and epithelial cancer
cell lines (22, 23). To determine if CD40 ligation also induces TRAF2 phosphorylation in
B cells and macrophages, we stimulated human peripheral resting B cells (CD19+
CD437) and BJAB lymphoma cells with anti-human CD40 agonistic antibody (Ab) G28.5
(5 mg/ml) and mouse splenic CD43~ B cells and bone marrow-derived macrophages
(BMDMs) with anti-mouse CD40 agonistic Ab 1C10 (5 wg/ml). As shown by the results
in Fig. 1A and B, CD40 ligation clearly elicited TRAF2 phosphorylation at Ser-11, starting
by 10 min and peaking at 30 min poststimulation, and the kinetics of this phosphory-
lation was comparable to those previously described in MEFs and Hela cells following
TNF-« stimulation (22, 23). Notably, TRAF2 phosphorylation at Ser-55 was not clearly
detected in mouse B cells and BMDM s in response to CD40 ligation (data not shown);
therefore, we focused in the present study on the roles of TRAF2 Ser-11 phosphoryla-
tion in CD40 signaling.

TBK1 mediates CD40-induced TRAF2 Ser-11 phosphorylation. Several serine-
threonine kinases have been implicated in TNFR superfamily-induced NF-kB and JNK
activation, including TBK1 (also known as T2K), MEKK1, AKT, apoptosis signal-regulating
kinase 1 (ASK1), receptor-interacting serine/threonine-protein kinase 1 (RIPK1), PKCe,
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FIG 2 TBK1 directly phosphorylates TRAF2 at Ser-11. (A) Expression of TBK1 and IKKe in wild-type (WT) and TBK1/IKKe double-knockout (DKO) MEFs was
analyzed by Western blotting. (B) TRAF2 Ser-11 phosphorylation was monitored in WT and TBK1/IKKe DKO MEFs following transient overexpression of TRAF2
with or without MEKK1. (C) WT and TBK1/IKKe DKO MEFs were stably transduced with pQCXIP-hCD40 (human CD40), and surface expression of hCD40 was then
analyzed by FACS. (D) WT and TBK1/IKKe DKO MEFs stably expressing hCD40 were stimulated with G28.5 («CD40; 10 ng/ml), and TRAF2 Ser-11 phosphorylation
was examined by Western blotting. (E) A20.2) cells were pretreated with a TBK1 inhibitor (BX-795) as indicated before being stimulated with 1C10 («CD40;
5 ng/ml) for 20 min, and then TRAF2 Ser-11 phosphorylation was monitored by Western blotting. (F) The TRAF2 Ser-11 phosphorylated-protein bands were
quantified by densitometry, and the average levels of TRAF2 phosphorylation from three independent experiments were plotted in a log scale graph to measure

dose response and 50% inhibitory concentration (IC,,) values. Data represent the mean values *+ SD.

PKCe, and PKC{ (24-27). To test whether these kinases can phosphorylate TRAF2 on
Ser-11, their wild-type (WT) or constitutively active (CA) forms (FLAG or hemagglutinin
[HA] tagged) were transiently expressed in 293T cells, immunoprecipitated with anti-
FLAG or -HA Abs, and then subjected to in vitro kinase assays using glutathione
S-transferase (GST)-tagged N-terminal TRAF2 residues 1 to 128 (GST-TRAF2'-128) as the
substrate. As shown by the results in Fig. 1C, MEKK1 and TBK1 clearly phosphorylated
GST-TRAF2'-'28 in vitro. To confirm that MEKK1 and TBK1 phosphorylate TRAF2 at
Ser-11 in vitro, the same kinase assays were carried out using a GST-TRAF2 mutant with
a mutation of Ser-11 to Ala (ST1A) (GST-TRAF2-S11A™-128) as the substrate, and the
results demonstrated that MEKK1 and TBK1 fail to phosphorylate GST-TRAF2-S11A™-128
in vitro (Fig. 1D). To further validate these findings, cotransfection experiments were
performed in 293T cells with TRAF2 and the candidate kinases. As expected, a signif-
icant increase in TRAF2 Ser-11 phosphorylation was observed by Western blotting in
the cells cotransfected with MEKK1 and TBK1 (Fig. 1E).

Next, to examine CD40-induced TRAF2 Ser-11 phosphorylation under more physi-
ological conditions, small hairpin RNA (shRNA) vectors targeting mouse MEKK1
(shMEKK1), TBK1 (shTBK1), or firefly luciferase (shLuc) were stably expressed in A20.2)
mouse B cells. Knockdown efficiencies of 70 to 90% were confirmed by Western
blotting (Fig. 1F). Stimulation of these cells with 1C10 Ab (5 wg/ml) revealed that
knockdown of TBK1, but not that of MEKK1, markedly decreased CD40-induced TRAF2
Ser-11 phosphorylation (Fig. 1F). To further clarify the potential roles of TBK1 and
MEKK1 in TRAF2 Ser-11 phosphorylation in nontransformed cells, TBK1 and IKKe
(encoded by a gene highly homologous to the TBK1 gene) double-knockout (DKO) and
WT MEFs (Fig. 2A) were transiently transfected with TRAF2 with or without MEKKT.
Western blotting revealed that cotransfection of MEKKT markedly increased TRAF2
protein expression in both WT and TBK1/IKKe DKO MEFs, but a significant increase in
TRAF2 Ser-11 phosphorylation was observed only in WT MEFs and not in DKO MEFs
(Fig. 2B). To confirm these data, WT and TBK1/IKKe DKO MEFs were stably transfected
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with human CD40 (WT-MEF-hCD40 and DKO-MEF-hCD40) (Fig. 2C) and monitored for
TRAF2 Ser-11 phosphorylation following treatment with G28.5 (10 ug/ml). In line with
the results in A20.2J-shTBK1 cells, TRAF2 Ser-11 phosphorylation was clearly detected
only in WT-MEF-hCD40 cells and not in their DKO counterparts (Fig. 2D). Moreover,
pretreatment of A20.2) cells with a TBK1-specific inhibitor (BX-795) also inhibited
CD40-induced TRAF2 Ser-11 phosphorylation in a dose-dependent manner, with a 50%
inhibitory concentration (IC;,) of 0.94 uM (Fig. 2E and F). These results are in line with
a previous report that IKKe phosphorylates TRAF2 at Ser-11 in breast cancer cells (28).
Of note, amino acids surrounding the Ser-11 residue (N-PG''SL-C) form a consensus
phosphorylation motif for TBK1 and IKKe but not for MEKK1 or AKT1 (28). Collectively,
these data suggest that TBK1, but not MEKK1, directly phosphorylates TRAF2 at Ser-11
in response to CD40 ligation.

TRAF2 Ser-11 phosphorylation is required for CD40-induced full activation of
JNK and the secondary phase of NF-kB activation. To assess the roles of TRAF2
Ser-11 phosphorylation in CD40 signaling, we attempted to stably express TRAF2-WT
and -S11A in A20.2J-TRAF2-KO cells (A20-TRAF2-WT and -S11A) at a physiological level
through serial dilution of retroviral supernatants. However, in several independent
experiments, we found that the protein expression of TRAF2-S11A was always lower
than that of TRAF2-WT, especially when high-titer retroviral supernatants were used for
infection (Fig. 3A). Treatment of A20-TRAF2-WT and -S11A cells with a proteasome
inhibitor (MG132) or a lysosomal inhibitor (chloroquine) revealed that overexpressed
TRAF2-S11A is constantly degraded through a lysosomal pathway under unstimulated
conditions (Fig. 3B). Nevertheless, 3-fold dilutions of retroviral supernatants gave rise to
similar amounts of TRAF2-WT and -S11A protein expression at a physiological level,
albeit TRAF2-S11A expression was still slightly lower than that of TRAF2-WT (Fig. 3A,
3-fold-dilution lanes). Therefore, for the subsequent functional assays, we used stable
cell lines generated with 3-fold-diluted retroviral supernatants. As expected, TRAF2
Ser-11 phosphorylation occurred only in A20-TRAF2-WT cells, with kinetics similar to
those observed in primary B cells (Fig. 3C). Since cytokines induce two phases (early and
secondary) of JNK and IKK activation in most cell types (29-31), we stimulated A20-
TRAF2-WT and -S11A cells with 1C10 and monitored the kinetics of JNK and NF-«B
pathway activation over a period of 3 h (Fig. 3D). Interestingly, both the early (10 to
30 min) and secondary (120 to 180 min) phases of JNK activation were clearly damp-
ened in A20-TRAF2-S11A cells compared to the results in A20-TRAF2-WT counterparts.
With respect to the NF-«B pathway, A20-TRAF2-WT cells exhibited biphasic IKK activa-
tion with peaks at 10 and 60 min after CD40 ligation. However, in A20-TRAF2-S11A cells,
the early phase was activated normally but the secondary phase was entirely absent. In
line with these results, p65 phosphorylation was also dampened in A20-TRAF2-ST11A
cells. The results of three experiments from three independently established cell lines
were quantified by densitometry, and the differences in JNK and IKK activation kinetics
were determined to be statistically significant (Fig. 3E). On the other hand, clAP1
degradation was slightly faster in A20-TRAF2-S11A cells, whereas TRAF3 degradation
was comparable between A20-TRAF2-WT and -S11A cells. These data indicate that
TRAF2 Ser-11 phosphorylation is required for the full and prolonged activation of IKK
and JNK following CD40 ligation.

TRAF2 Ser-11 phosphorylation is required for the expression of a subset of
NF-kB target genes. The NF-«B family of transcription factors is capable of inducing
the expression of hundreds of genes, and their transcriptional specificity and temporal
dynamics are controlled by several regulatory modules, including but not limited to
accessory molecules, relative levels of abundance of different NF-«B subunits and
heterodimerization, affinity differences among NF-kB heterodimers for different kB
sites, promoter accessibility, and the chromatin microenvironment (24, 32). To deter-
mine the effect of the secondary phase of the NF-«B pathway on target gene expres-
sion, we stimulated A20-TRAF2-WT and -S11A cells with 1C10, as well as with pretrim-
erized MegaCD40L, which mimics membrane-bound CD40L (33), and then assessed the
expression of NF-kB target genes by real-time quantitative reverse transcription-PCR
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FIG 3 TRAF2 Ser-11 phosphorylation regulates full activation of JNK and the secondary phase of the canonical NF-kB pathway following
CDA40 ligation. (A) Retroviral supernatants of pBabe-TRAF2-WT and -S11A were diluted 2- and 3-fold before being used for infection of
A20.2)-TRAF2-KO (A20-T2-KO) cells. After puromycin selection, exogenous TRAF2 expression in A20-TRAF2-WT and -S11A cells was
analyzed in parallel with that of endogenous TRAF2 in parental A20.2J-WT cells by Western blotting. (B) A20-T2-KO cells reconstituted with
TRAF2-WT or -S11A were treated with proteasome inhibitor MG132 (20 uM) or lysosome inhibitor chloroquine (100 uM) for 6 h, and then
TRAF2 expression was monitored by Western blotting. (C) A20-TRAF2-WT and -ST1A cells were stimulated with 1C10 (5 ug/ml) as
indicated, and TRAF2 Ser-11 phosphorylation was examined by Western blotting. (D and E) A20-TRAF2-WT or -S11A cells were treated with
1C10 (5 wg/ml) as indicated, and phosphorylation of JNK, IKK, and p65, as well as the degradation of TRAF3 and clAP1, were examined
by Western blotting; JNK and IKK phosphorylation from three independent experiments was then quantified by densitometry, and the
results (mean values = SD) were plotted in the graphs. *, P < 0.05; **, P < 0.01. (F and G) A20-TRAF2-WT or -S11A cells were stimulated
with MegaCD40L, and the expression of indicated gene products was analyzed by quantitative RT-PCR. Data represent the mean

values = SD from three independent experiments. *, P < 0.05; **, P < 0.01.

(gRT-PCR). Both types of stimulation gave rise to a similar gene expression profile, with
MegaCD40L inducing more robust gene expression (Fig. 3F and G and data not shown).
Interestingly, TRAF2 Ser-11 phosphorylation had no substantial effect on the induction
of IkBa (Nfkiba) or IP-10 (Cxcl10); however, the levels of upregulation of RANTES (Cc/5)
and CD80 (Cd80) were significantly dampened in A20-TRAF2-S11A cells compared to
the levels in A20-TRAF2-WT cells. Furthermore, the expression levels of the prosurvival
Bcl2 (Bcl2) and cFLIP (Cflar) genes were also considerably lower both before and after
CD40 ligation in A20-TRAF2-S11A cells. Therefore, these data suggest that CD40-
induced TRAF2 Ser-11 phosphorylation is required for the efficient induction of a subset
of NF-kB target genes.

TRAF2 Ser-11 phosphorylation regulates the translocation of the signaling
complex from CD40 to the cytoplasm. To determine the possible mechanisms
underlying TRAF2 Ser-11 phosphorylation-dependent full activation of JNK and IKK
following CD40 ligation, we sought to examine the subcellular localization of effector
proteins. First, we prepared fractions that were soluble and insoluble in nonionic
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diagram showing schematically the domains of TRAF1, TRAF2, and TRAF1-TRAF2 fusion (T2zfT1) proteins. (E) A20-T2-KO cells
reconstituted with TRAF2-WT or T2zfT1 were treated with 1C10 (5 ng/ml) as indicated, and TRAF2 phosphorylation was then
monitored by Western blotting.

IP: TRAF2
(CD40-Depleted)

detergent (e.g., 0.5% Triton X-100) from A20-TRAF2-WT and -S11A cells before and after
CD40 ligation. As shown by the results in Fig. 4A, the steady-state levels of TRAF2 and
clAP1 proteins were markedly higher in the insoluble fraction of A20-TRAF2-S11A cells
than in that of A20-TRAF2-WT cells before stimulation. Following stimulation, more
clAP1 and less TRAF3 had accumulated in the insoluble fraction of A20-TRAF2-S11A
cells. Next, we prepared membrane and cytoplasmic fractions from A20-TRAF2-WT and
-S11A cells by homogenizing the cell pellets in detergent-free hypotonic buffer and
then assessed the localization of effector proteins. Interestingly, similar to the accumu-
lation of TRAF2 and clAP1 in the insoluble fractions in A20-TRAF2-S11A cells, both
MEKK1 and IKKy were evident in the membrane fraction of unstimulated A20-TRAF2-
S11A cells, and stimulation with 1C10 did not further increase their protein levels in this
fraction. Conversely, in A20-TRAF2-WT cells, 1C10 stimulation resulted in the recruit-
ment of MEKK1 and IKKy to the membrane fractions (Fig. 4B). To confirm these results,
we performed coimmunoprecipitation assays to evaluate the components of the CD40
and TRAF2 signaling complex. Total cell lysates were prepared, and the CD40 receptor
complex was first immunoprecipitated with 1C10. Then, the CD40 complex-depleted
lysates were subjected to immunoprecipitation with anti-TRAF2 Ab. As expected, the
recruitment of TRAF2 and TRAF3 to CD40 was not affected by TRAF2 Ser-11 phosphor-
ylation (Fig. 4C). However, in A20-TRAF2-S11A cells, even though relatively more
TRAF2-S11A was found in the CD40 complex, the recruitment of MEKK1 and IKKvy to the
CD40 complex was clearly reduced compared to their recruitment in A20-TRAF2-WT
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cells. Presumably, TRAF2 protein expression is severalfold higher than the expression of
MEKK1 and IKKy in A20.2J cells; as such, significant portions of MEKK1 and IKKy may be
associated with TRAF2-ST1A in the membrane fractions, limiting the availability of
MEKK1 and IKKy proteins in the cytoplasm of TRAF2-S11A cells. Nevertheless, consis-
tent with the previous findings by Matsuzawa et al. (14), coimmunoprecipitation of
TRAF2 from CD40 complex-depleted lysate revealed that TRAF2 formed a complex with
MEKK1 and IKKy in the cytoplasm of A20-TRAF2-WT cells following CD40 ligation (Fig.
4C). However, this cytoplasmic complex was totally absent in A20-TRAF2-S11A cells.
This led us to the hypothesis that TRAF2 Ser-11 phosphorylation occurs within the CD40
complex and that this phosphorylation regulates the translocation of the signaling
complex from CDA40 to the cytoplasm. Given that TRAF1 does not directly bind to CD40
(34), to test our hypothesis, we generated a TRAF2-TRAF1 chimeric molecule, consisting
of the TRAF2 N terminus and TRAF1 C terminus (T2zfT1) (Fig. 4D), and stably expressed
it in A20-TRAF2-KO cells. As expected, CD40 ligation induced TRAF2 Ser-11 phosphor-
ylation in A20-TRAF2-WT cells but not in A20-T2zfT1 cells (Fig. 4E), suggesting that
TRAF2 Ser-11 phosphorylation occurs within the CD40 complex but not in the cyto-
plasm. Collectively, these data suggest that (i) TRAF2 Ser-11 phosphorylation is required
for the translocation of the signaling complex from CD40 to the cytoplasm, which is
essential for the full activation of JNK and IKK, and (ii) in the absence of TRAF2 Ser-11
phosphorylation, the signaling complex remains in the membrane fraction and then
translocates to lipid rafts, where it is eventually internalized and degraded by the
lysosome.

TRAF2 Ser-11 phosphorylation inhibits CD40-mediated noncanonical NF-«xB
activation. CD40 ligation activates both the canonical and noncanonical NF-«B path-
ways. To test the effect of TRAF2 Ser-11 phosphorylation on the noncanonical NF-«B
pathway, we attempted to analyze the processing of p100 to p52 in parental A20.2J and
A20-TRAF2-KO cells following CD40 ligation. However, the full-length p100 protein was
not detected in A20.2J cells by Western blotting, while it was clearly detected under the
same conditions in TRAF2-KO CH12.LX (CH12-T2-KO) and BJAB B cell lines (Fig. 5A). It
appears that in A20.2J cells, either the p100 protein is constitutively processed to p52
or the gene is mutated or deleted at the C-terminal region. Thus, we transitioned into
CH12-T2-KO cells to assess the roles of TRAF2 Ser-11 phosphorylation in noncanonical
NF-kB pathway activation (35). For this, CH12-T2-KO cells were reconstituted with
TRAF2-WT or -S11A (CH12-T2-WT and -S11A) with the same methods used to generate
the A20.2J lines. Interestingly, TRAF2 protein expression levels were also lower in
CH12-T2-S11A cells than in CH12-T2-WT cells, even with 3-, 4- and 5-fold dilutions of
retroviral supernatants for the infection (Fig. 5B and data not shown). Quantitative and
semiquantitative RT-PCR analyses revealed that the gene expression levels at the mRNA
level were similar in CH12-T2-WT and -S11A cells (Fig. 5C and D). Similar to A20-T2-S11A
cells, chloroquine treatment, but not MG132 treatment, stabilized TRAF2-S11A protein,
suggesting that TRAF2-S11A was constantly degraded through the lysosomal pathway
in CH12-T2-S11A cells (Fig. 5E). Nevertheless, CD40 ligation induced TRAF2 Ser-11
phosphorylation in CH12-T2-WT cells but not in CH12-T2-S11A cells, with kinetics
similar to those observed in A20.2J cells (Fig. 5F). As expected, CD40 stimulation
triggered the processing of p100 to p52 in CH12-T2-WT cells, whereas in CH12-T2-S11A
cells, p100 was constitutively processed to p52 to a great extent without CD40 ligation
(Fig. 5G). In addition, the steady-state level of endogenous clAP1 protein was also
clearly reduced in CH12-T2-S11A cells compared to the level in CH12-T2-WT cells. In line
with this, the kinetics of TRAF3 degradation were delayed in CH12-T2-S11A cells. It
seems that clAP1 expression is considerably lower in CH12.LX cells than in A20.2J cells;
as such, a significant portion of clAP1 protein is degraded in CH12-TRAF2-S11A cells
compared to that in A20-TRAF2-S11A cells, which explains why TRAF3 degradation is
delayed in CH12-TRAF2-S11A cells following CD40 ligation.

To further examine the roles of TRAF2 Ser-11 phosphorylation in p100 processing,
we stimulated WT-MEF-hCD40 and DKO-MEF-hCD40 cells with anti-human CD40 MAb
(G28.5) and examined p100 processing. As shown by the results in Fig. 5H, CD40
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FIG 5 TRAF2 Ser-11 phosphorylation inhibits noncanonical NF-«B activation. (A) Expression of p100 and p52 in indicated cells was monitored by Western
blotting. (B) Basal TRAF2 and TRAF3 expression in CH12-T2-KO cells reconstituted with TRAF2-WT or -S11A was examined by Western blotting, in parallel with
their expression in parental CH12.LX and CH12-T2-KO cells. (C and D) Exogenous TRAF2 mRNA expression in CH12-T2-WT and -S11A cells was examined by
real-time and conventional RT-PCR. Data in panel C represent the mean values = SD. (E) CH12-T2-WT and -S11A cells were treated with MG132 (20 uM) or
chloroquine (100 M) for 6 h, and then TRAF2 expression was monitored by Western blotting. (F and G) CH12-T2-WT or -S11A cells were treated with 1C10
(5 pg/ml) as indicated, and TRAF2 phosphorylation, p100 processing to p52, and degradation of TRAF2, TRAF3, and clAP1/2 were assessed by Western blotting.
(H) p100 processing to p52 in WT and TBK1/IKKe DKO MEFs stably expressing hCD40 was monitored by Western blotting. () WT MEFs expressing hCD40 were
stably transduced with TRAF2-WT and -S11A, and basal and CD40-induced p100 processing to p52 and degradation of TRAF2, TRAF3, and clAP1 were examined
by Western blotting.

ligation induced the processing of p100 to p52 in WT-MEF-hCD40 cells; however, in
DKO-MEF-hCD40 cells, p100 was constitutively processed to p52 to a great extent
before CD40 ligation. Next, we stably overexpressed TRAF2-WT or -S11A in WT-MEF-
hCD40 cells (WT-MEF-hCD40-TRAF2-WT and -S11A) and examined p100 processing.
Consistently, CD40 ligation induced p100 processing in WT-MEF-hCD40-TRAF2-WT
cells, whereas in WT-MEF-hCD40-TRAF2-S11A cells, p100 was constitutively processed
to p52 before stimulation and endogenous clAP1 protein was significantly reduced (Fig.
51). Collectively, these data suggest that TBK1-mediated TRAF2 Ser-11 phosphorylation
inhibits noncanonical NF-kB activation by preventing TRAF2-clAP1 complex transloca-
tion to lipid rafts and the subsequent degradation.

TRAF2 Ser-11 phosphorylation also regulates CD40- and TNF-a-induced full
activation of JNK and the secondary phase of NF-«B activation in human cells. To
further characterize the roles of TRAF2 Ser-11 phosphorylation in JNK and NF-«B
activation in response to CD40 and TNFR1 ligations in human cells, we reconstituted
TRAF2-deficient human HAP1 (HAP1-T2-KO) cells with TRAF2-WT or -S11A (HAP1-T2-WT
or -S11A) with the same methods used to generate the A20-T2-KO and CH12-T2-KO
lines. As expected, TRAF2 protein expression levels were lower in HAP1-T2-S11A cells
than in the corresponding HAP1-T2-WT cells (Fig. 6A). Stimulation of these cells with
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FIG 6 TRAF2 Ser-11 phosphorylation regulates full activation of JNK and the secondary phase of the canonical NF-«B pathway in human cells following CD40
and TNFRT1 ligation. (A) Retroviral supernatants of pBabe-TRAF2-WT and -S11A were diluted 2- and 3-fold before being used for infection of human HAP1-T2-KO
cells. After puromycin selection, exogenous TRAF2 expression was analyzed in parallel with endogenous TRAF2 expression in parental cells by Western blotting.
(B) Membrane and cytosolic fractions were isolated from HAP1-T2-WT#3 and -S11A#3 cells following G28.5 (10 ng/ml) stimulation, and the localization of
indicated phosphorylated and nonphosphorylated proteins was monitored by Western blotting. (C) HAP1-T2-WT#3 and -S11A#2 cells were treated with G28.5
(10 ng/ml), and phosphorylation of JNK was examined by Western blotting. (D) Membrane and cytosolic fractions were isolated from HAP1-T2-WT#3 and
-S11A#2 cells following CD40 ligation with G28.5 (10 ug/ml), and the localization of indicated phosphorylated and nonphosphorylated proteins was monitored
by Western blotting. (E) HAP1-T2-WT#3 and -S11A#2 cells were treated with TNF-« (20 ng/ml), and phosphorylation of IKK was examined by Western blotting.
(F) Membrane and cytosolic fractions were isolated from HAP1-T2-WT#3 and -S11A#2 cells following TNF-a (20 ng/ml) stimulation, and the localization of

indicated phosphorylated and nonphosphorylated proteins was monitored by Western blotting.

G28.5 (10 wg/ml) revealed that phospho-IKKB was detectable only in the cytoplasm of
HAP1-T2-WT cells and not in HAP1-T2-S11A cells (Fig. 6B), suggesting that the signaling
complex was unable to translocate to the cytoplasm in human cells in the absence of
TRAF2 Ser-11 phosphorylation. Notably, HAP1-T2-S11A#2 cells reconstituted with
2-fold-diluted retroviral supernatant expressed TRAF2 protein at a level comparable to
that in HAP1-T2-WT#3 cells reconstituted with 3-fold-diluted retroviral supernatant.
Analyses of JNK and NF-kB pathway activation in these cells revealed that CD40-
induced JNK activation was dampened and phospho-IKK was absent in the cytoplasm
of TRAF2-S11A#2 cells as well (Fig. 6C and D), confirming that the reduced activation of
JNK and the secondary phase of NF-«B activation in TRAF2-S11A cells is not due to
inefficient expression of TRAF2-S11A protein. Stimulation of HAP1-T2-WT#3 and
-S11A#2 cells with TNF-a and subsequent analyses of IKKB phosphorylation revealed
that the secondary phase of IKK phosphorylation was impaired and phospho-IKK was
absent in the cytoplasm of T2-S11A#2 cells (Fig. 6E and F), suggesting that the
two-stage signaling mechanism also applies to other TNF family members.

TRAF2 Ser-11 phosphorylation inhibits TRAF2 RING-dependent translocation
to the multivesicular bodies. In TRAF2 phosphorylation studies, we consistently
noticed differential expression and localization of N- and C-terminally FLAG-tagged
TRAF2-S11A (nFLAG-TRAF2-S11A and TRAF2-S11A-cFLAG) in Hela cells and MEFs (un-
published data). To further understand the possible mechanisms for TRAF2 Ser-11
phosphorylation-dependent regulation of TRAF2 localization in the cells, we generated
several mutant forms of TRAF2 (Fig. 7A) and transiently transduced them into Hela cells
to examine their subcellular localization by immunofluorescence (IF) staining. As ex-
pected, nFLAG-TRAF2-WT and TRAF2-WT-cFLAG displayed diffuse cytoplasmic localiza-
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FIG 7 TRAF2 Ser-11 phosphorylation regulates its subcellular localization. (A) A diagram showing schematically the full-length and truncated forms of TRAF2
constructs, as well as their N- or C-terminal Flag tags. (B) HeLa cells cultured on glass coverslips were transfected with the indicated Flag-tagged TRAF2 plasmids,
and 36 h after transfection, the cells were stained with fluorescein isothiocyanate (FITC)-labeled anti-FLAG antibody and DAPI to visualize TRAF2 localization
and nuclei under an immunofluorescence (IF) microscope. (C) TRAF2/5 DKO MEFs cultured on glass coverslips were transfected with the indicated nontagged
TRAF2 plasmids, and 36 h after transfection, the cells were stained with anti-TRAF2 antibody and DAPI to visualize TRAF2 localization. (D) Hela cells cultured
on glass coverslips were transfected with the indicated plasmids, and 36 h after transfection, the cells were fixed and stained with DAPI. The localization of
corresponding proteins was then visualized by IF microscope. (E) EGFP-TRAF2-A1-18 was cotransfected with Rab5a-pmCherryC1, Lamp1-RFP, or Cav1-mRFP to
Hela cells, and their localizations in the cells were observed under IF microscope.

tion, as did nFLAG-TRAF2-S11A; however, TRAF2-S11A-cFLAG localized to the perinu-
clear punctate structures known as multivesicular bodies (MVBs) (Fig. 7B). A TRAF2
mutant with the N-terminal 18 amino acids deleted (TRAF2-A1-18-cFLAG) also localized
to MVBs, while further deletion of the RING domain (TRAF2-A1-87-cFLAG) prevented
MVB localization. Next, we transiently expressed nontagged TRAF2 mutants in TRAF2/5
DKO MEFs for IF staining with anti-TRAF2 C terminus Ab. As shown by the results in Fig.
7C, TRAF2-WT and TRAF2-A1-87 exhibited diffuse cytoplasmic expression, whereas
TRAF2-S11A and TRAF2-A1-18 localized to MVBs. To further characterize the localization
of TRAF2-S11A, we used enhanced green fluorescent protein by subcloning TRAF2-
A1-18 into pCDNA3-EGFP (EGFP-T2-A1-18) and transfecting the plasmid into Hela cells.
Interestingly, EGFP-T2-A1-18 localized almost entirely to the perinuclear punctate
structure (Fig. 7D). Cotransfection into Hela cells of EGFP-T2-A1-18 and one of three
proteins tagged with red fluorescent protein (RFP), namely, Rab5a-pmCherry (an early
endosome marker), Lamp1-RFP (a lysosome marker), or Cav1-mRFP (a marker of lipid
rafts and caveosomes [caveola-mediated endocytic vesicles]), revealed that TRAF2-
A1-18 largely colocalizes with caveolin-1 (Cav1) to the perinuclear caveosomes (Fig. 7E).
In separate experiments in 293T cells, Western blot and RT-PCR analyses revealed that
the protein expression level of TRAF2-S11A-cFLAG was clearly lower than those of
nFlag-TRAF2-WT, nFlag-TRAF2-S11A, and TRAF2-WT-cFlag, while their mRNA expression
levels were comparable (Fig. 8A). Sucrose gradient isolation of lipid rafts revealed that
significantly more TRAF2-S11A-cFLAG than TRAF2-WT-cFLAG accumulated in lipid rafts
(Fig. 8B). These data suggest that TRAF2 Ser-11 phosphorylation inhibits TRAF2 RING-
dependent localization to lipid rafts and subsequent caveola-mediated endocytosis to
caveosomes and that the N-terminal Flag tag (DYKDDDDK), which contains five nega-
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FIG 8 TRAF2 Ser-11 phosphorylation regulates its phospholipid binding. (A) The indicated TRAF2 constructs with N- or C-terminal Flag
tags were transiently expressed in 293T cells, and 36 h after transfection, exogenous TRAF2 protein and mRNA expression were monitored
by Western blotting and RT-PCR. (B) The indicated TRAF2 constructs were transiently expressed in 293T cells, and the presence of TRAF2
in the soluble and lipid raft fractions was monitored by Western blotting. (C) GST-tagged TRAF2 N-terminal (G-T2-1-128) and C-terminal
(G-T2-230-501) domains were expressed in BL21 E. coli cells and purified with glutathione (GSH) beads. (D) Phospholipid binding abilities
of G-T2-1-128 and G-T2-230-501 were examined by lipid-protein overlay assays using purified proteins and membrane-immobilized
phospholipids, with G-PLC-PH as a control for PI(4,5)P binding. (E) Purified G-T2-1-128 and G-T2-230-501were incubated with various lipid
affinity matrices for 60 min at 4°C; after that, the beads were washed extensively, and protein-lipid binding was assessed by Western
blotting using anti-GST Ab. The intensities of bands were quantified by densitometry; the weakest band [PI(4,5)P2] was set as 1.0, and the
rest were normalized to the PI(4,5)P2 signal. (F) C-terminally His-tagged TRAF2-1-133 (T2-1-133-His) and T2-1-133-S11D-His were expressed
in BL21 E. coli cells and purified with Ni-NTA beads. (G) Phospholipid binding abilities of T2-1-133-His and T2-1-133-S11D-His were
examined as described in the legend to panel D, using anti-TRAF2 Ab. (H) Purified T2-1-133-His and T2-1-133-S11D-His were incubated
with indicated lipid affinity matrices for 60 min at 4°C, and then the beads were washed extensively before being assessed for protein-lipid
binding by Western blotting. The intensities of bands were quantified as described in the legend to panel E.

tively charged Asp (D) residues, functionally mimics TRAF2 Ser-11 phosphorylation and

interferes with TRAF2 RING domain-mediated translocation to lipid rafts.

TRAF2 Ser-11 phosphorylation regulates its RING-dependent phospholipid
binding ability. The FYVE zinc finger is structurally similar to the RING and PHD
domains, and FYVE domain-containing proteins (e.g., EEA1) interact with phospholipids
(e.g., phosphatidylinositol-3-phosphate [PI3P]) to regulate vacuolar protein sorting and
endosome function (36). Alvarez et al. previously reported that sphingosine-1-
phosphate (S1P) binds the TRAF2 RING domain to promote its E3 ligase activity (5).

These findings and our data led us to examine the possible interaction

between the

TRAF2 RING domain and phospholipids and the effect of TRAF2 Ser-11 phosphorylation

on this interaction. To do so, we first attempted to express and purify

a His-tagged

protein comprising TRAF2 amino acids 1 to 87 (His-TRAF2-1-87) from Escherichia coli,
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but the solubility of this protein was very poor even in the presence of 0.5% Triton
X-100, and it was difficult to elute from Ni-nitrilotriacetic acid (NTA) beads. In contrast,
the solubility of GST-TRAF2-1-128 in E. coli was much better in buffers containing 0.25%
Triton X-100 (Fig. 8C), and yet, both His-TRAF2-1-87 and GST-TRAF2-1-128 precipitated
when the detergent was removed. On the other hand, the bacterially expressed and
purified TRAF2 C-terminal domain (GST-TRAF2-230-501) was still soluble when the
detergent was removed. We carried out protein-lipid overlay assays in the presence of
0.25% Triton X-100, which revealed that purified GST-TRAF2-1-128 binds PI3P, PI4P,
PI5P, PI(3,5)P2, and phosphatidic acid (PA) but not S1P (Fig. 8D). On the other hand,
lipid affinity matrix pulldown assays revealed that GST-TRAF2-1-128 interacts strongly
with PI3P, PI4P, PI5P, and PI(3,5)P2 and weakly with S1P (Fig. 8E). These data suggest
that either the TRAF2 RING domain is very sticky and binds several different phospho-
lipids or the N-terminal GST tag interferes with the binding specificity of the TRAF2
RING domain. Thus, to further define the interactions between the TRAF2 RING domain
and phospholipids, we expressed and purified C-terminally His-tagged TRAF2-1-133-His
from E. coli (Fig. 8F). Although the solubility of TRAF2-1-133-His was better than that of
GST-TRAF2-1-128 in 0.25% Triton X-100, it still precipitated when the detergent was
removed. Protein-lipid overlay and lipid affinity matrix pulldown assays revealed that
the phospholipid binding ability of TRAF2-1-133-His was largely similar to that of
GST-TRAF2-1-128, with the exception that TRAF2-1-133-His bound strongly to PI3P and
poorly or not at all to S1P (Fig. 8G and H). Mutation of Ser-11 to phosphomimetic Asp
(D) inhibited the phospholipid binding ability of TRAF2-1-133-His significantly but not
completely. Notably, liposome-based assays are superior to protein-lipid overlay assays
when it comes to measuring the binding affinities of proteins to phospholipids (37);
however, the precipitation of GST-TRAF2-1-128 and TRAF2-1-133-His in detergent-free
buffers prevented us from using this approach. Collectively, these data suggest that
TRAF2 RING domain binds to phospholipids (e.g., PI3P) and that Ser-11 phosphorylation
interferes with the interaction between the RING domain and phospholipids.

DISCUSSION

The signaling pathways downstream from the CD40L-CD40 axis have been exten-
sively studied because of their important roles in the modulation of humoral and
cellular immunity. Under physiological conditions, CD40 is expressed by antigen-
presenting cells, such as B cells, macrophages, and dendritic cells, while CD40L is
expressed by activated T cells and platelets (1). CD40L can be shed from T cells and
platelets in a soluble form (sCD40L; also known as sCD154). Under pathological
conditions, such as inflammation and malignant transformation, CD40 is inducibly
expressed by endothelial cells, fibroblasts, and cancer cells and CD40L is expressed by
monocytes and B cells (38, 39). These pathophysiological expressions of CD40 and
CD40L have been implicated in a variety of immune-mediated inflammatory diseases
(IMIDs), such as atherosclerosis, rheumatoid arthritis, alloimmune injury, and tumor
progression (11, 38). Consequently, CD40-CD40L interaction has been targeted in IMIDs
using humanized anti-CD40L monoclonal antibodies; however, the clinical trials were
halted due to the incidence of thromboembolic events (38-40). Nevertheless, because
of the critical roles of CD40 signaling in the regulation of immune responses, alternative
strategies targeting CD40 signaling are still considered attractive approaches. To do so,
it is important to understand the mechanistic details of the pathway activation.

Upon ligation, CD40 recruits TRAFs to rapidly activate the canonical NF-«kB and
MAPK (e.g., JNK) pathways (41). However, the spatiotemporal regulation of activation of
the NF-kB and JNK pathways has been elusive. We have identified TRAF2 phosphory-
lation sites (Ser-11 and Ser-55) and reported that TRAF2 phosphorylation promotes the
activation of the secondary/prolonged phase of the IKK and JNK pathways following
TNF-« stimulation (22, 23). In the current study, TRAF2 Ser-11 phosphorylation was also
found to be required for the secondary phase of IKK activation in response to CD40
ligation. With respect to JNK activation, both the early and secondary phases of JNK
activation were suppressed but not completely impaired in TRAF2-S11A-expressing
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cells. In addition, while no defects were observed in IkBa or IP-10 induction in
TRAF2-S11A cells, RANTES and CD80 expression was significantly decreased compared
to their expression in the TRAF2-WT counterparts. Analysis of the signaling complex
localization in the cells revealed that TRAF2 Ser-11 phosphorylation is required for the
translocation of the signaling complex from CD40 to the cytoplasm. Notably, early
response genes, such as the IP-10 and IkBa genes, tend to have open promoters that
are easily accessible to transcription factors to provide for their rapid induction upon
transient NF-«B activation. In contrast, others require activation-dependent chromatin
modifications for the transcription factors to access gene promoters, and thus, pro-
longed NF-«B activation is necessary for their efficient expression (42, 43). Thus, our
findings reveal a new layer of regulation whereby TRAF2 Ser-11 phosphorylation-
mediated cytoplasmic translocation of the signaling complex promotes JNK and IKK
activation to regulate the expression of a subset of NF-kB target genes that require
prolonged IKK/NF-«B activation following CD40 ligation.

Notably, some (e.g., TRAF2, TRAF3, and clAP1/2) but not all components of the CD40
signaling complex are known to translocate to the lipid rafts following ligation, and this
translocation is dependent on the TRAF2 RING domain (16, 44, 45). Chaudhuri et al.
reported that TRAF2 is phosphorylated on serine residues and that this phosphorylation
inhibits TRAF2 interaction with the cytoplasmic domain of CD40 (20, 21). However, in
these studies, the authors neither identified TRAF2 phosphorylation sites nor analyzed
the direct interaction between the CD40 cytoplasmic domain and phosphorylated
TRAF2 (phospho-TRAF2); instead, they showed by in vivo [32Plorthophosphate label-
ing experiments that phosphorylated TRAF2 dissociates from CD40. Our in vivo
[32Plorthophosphate labeling experiments in the same cells with the same conditions
reveal that mutation of Ser-11 to Ala suppresses the overall 32P-labeled-TRAF2 signal by
90% (22, 23), suggesting that Chaudhuri et al. were in fact also monitoring TRAF2 Ser-11
phosphorylation in their experiments. TRAF2 Ser-11 phosphorylation occurs in its
N-terminal region, but TRAF2 interacts with the cytoplasmic tail of CD40 via its
C-terminal TRAF domain; thus, it is unlikely that TRAF2 Ser-11 phosphorylation directly
triggers the dissociation of TRAF2 from CD40. Our IF staining data reveal that TRAF2-
ST1A partially localizes to MVBs and deletion of the RING domain prevents MVB
localization. Protein-lipid overlay and lipid affinity matrix pulldown assays revealed that
the TRAF2 RING domain interacts with phospholipids (e.g., PI3P) and Ser-11 phosphor-
ylation inhibits this interaction. These published findings and our data suggest that
TRAF2 Ser-11 phosphorylation inhibits the interaction between the TRAF2 RING domain
and phospholipids to block the translocation of TRAF2 to lipid rafts and caveosomes,
which allows the TRAF2-associated signaling complex to translocate from CD40 to the
cytoplasm. In the absence of TRAF2 Ser-11 phosphorylation, the RING-phospholipid
interaction retains TRAF2 and TRAF2-associated proteins in the membrane, which
facilitates the eventual translocation of TRAF2 and TRAF2-associated proteins to lipid
rafts and MVBs.

STP has been shown to bind the TRAF2 RING domain to promote its E3 ligase
activity (5). This finding prompted us to speculate that TRAF2 phosphorylation may also
promote its E3 ligase activity. Therefore, in the past several years, we have extensively
analyzed the possible roles of TRAF2 phosphorylation in its E3 ligase activity. We
expressed and purified WT and phosphomimetic forms of TRAF2 protein from E. coli,
Sf9, and 293T cells and carried out in vitro ubiquitination assays in the presence of
UbcH5a/b or Ubc13/UevA. However, we have never been able to show TRAF2 E3 ligase
activity in vitro (unpublished observations). We also examined TRAF2 E3 ligase activity
in the presence or absence of phospholipids (e.g., PI3P and S1P), but again we were not
able to see any TRAF2 E3 ligase activity. Recent structural and biochemical analyses
reveal that the TRAF2 RING domain does not interact with E2s (46). TRAF2 constitutively
interacts with clAP1/2 (potent E3 ligases) in the cytoplasm and recruits them to several
members of the TNFR superfamily. Recently, an increasing body of studies has revealed
that clAP1/2 but not TRAF2 directly catalyze K63-linked ubiquitination of effector
proteins (9, 44, 45). These observations suggest that catalysis of ubiquitination may not
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FIG 9 A possible model for the CD40 signaling mechanisms. Upon ligation, CD40 recruits TRAF6, TRAF3, TRAF2,
clAP1, IKK, and MEKK to initiate the immediate phases of IKK and JNK activation within 10 min. Thereafter, if TRAF2
is phosphorylated on Ser-11 by TBK1, the TRAF2-cIAP1-IKK-MEKK complex dissociates from CD40 and translocates
to the cytoplasm to initiate the secondary/prolonged phases of IKK and JNK activation within 45 to 90 min; if TRAF2
is not phosphorylated, the TRAF2-associated complex then translocates to lipid rafts where TRAF2 and TRAF3 are
degraded, resulting in NIK protein accumulation and NIK-dependent activation of the noncanonical NF-«B pathway
within 2 to 12 h after ligation.

be the function of the TRAF2 RING domain in signal transduction. Our in vivo and in
vitro data reveal that (i) the TRAF2 RING domain is essential for TRAF2 localization to
MVBs in the cells, (ii) the TRAF2 RING domain binds phospholipids in vitro, which is
inhibited by TRAF2 Ser-11 phosphorylation, and (iii) in TRAF2-S11A-expressing cells,
TRAF2 and TRAF2-associated proteins remain in the membrane/lipid raft fractions
following CD40 ligation and the secondary phase of JNK and IKK activation is impaired.
These data suggest that the functions of the TRAF2 RING domain and Ser-11 phos-
phorylation are most likely to control TRAF2-phospholipid interaction to regulate the
destiny of the signaling complex and, thereby, the secondary phase of JNK and IKK
activation in response to CD40 ligation.

In unstimulated cells, TRAF2, clAP1/2, and TRAF3 cooperatively target NIK for
ubiquitination and degradation to suppress noncanonical NF-«B pathway activation
(12). Recently, TBK1 was shown to negatively regulate noncanonical NF-«B activation
and IgA class switching; in TBK1-KO B cells, noncanonical NF-kB is constitutively
activated to a certain degree (47). However, the mechanisms by which TBK1 suppresses
the noncanonical NF-«B pathway have been unclear. Shen et al. have reported that
IKKe (@ homologous kinase of TBK1) directly phosphorylates TRAF2 at Ser-11 to
promote canonical NF-kB activation (28). We found that TBK1 directly phosphorylates
Ser-11 in response to CD40 ligation and that this phosphorylation plays an essential
role in suppression of the noncanonical NF-«B activation. In the absence of TRAF2
Ser-11 phosphorylation, a significant portion of clAP1/2 were recruited to the mem-
brane/lipid raft fractions by TRAF2, resulting in constitutive noncanonical NF-kB acti-
vation. Thus, our findings provide a mechanism whereby TBK1-mediated TRAF2 Ser-11
phosphorylation serves as a molecular switch to control the bifurcation of canonical
and noncanonical NF-«B activation.

In summary, our data reveal a new model for the role of the TRAF2 RING domain and
Ser-11 phosphorylation (Fig. 9). (i) Upon CD40 ligation, TRAF2 is recruited to the CD40
receptor complex independent of its RING domain and Ser-11 phosphorylation; (ii)
TBK1 directly phosphorylates TRAF2 at Ser-11 within the CD40 signaling complex; (iii)
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Ser-11 phosphorylation inhibits TRAF2 RING interaction with phospholipids, allowing
TRAF2-associated proteins to translocate from CD40 to the cytoplasm to promote JNK
and canonical NF-«B activation; and (iv) in the absence of Ser-11 phosphorylation, the
TRAF2 complex translocates to the lipid rafts and then internalizes and gets degraded,
resulting in noncanonical NF-kB activation.

MATERIALS AND METHODS

Cell lines and medium. The A20.2) and CH12.LX mouse B cell lymphoma lines and their TRAF2
knockout (TRAF2-KO) subclones have been described previously (35, 44). TRAF2-deficient human HAP1 cells
(catalog ID: HZGHC002588c010) generated by clustered regularly interspaced short palindromic repeat
(CRISPR)-CRISPR-associated protein 9 (Cas9)-mediated knockout were purchased from Horizon Discovery
(Cambridge, UK). These cell lines were maintained in RPMI 1640 (Gibco, Grand Island, NY) supplemented with
10% heat-inactivated fetal bovine serum (HI-FBS) (Atlanta Biologicals, Atlanta, GA), 10 uM B-mercaptoethanol
(Gibco), and 1X penicillin-streptomycin (Gibco). Wild-type (WT) and TBK1/IKKe DKO MEFs were kindly
provided by Shizuo Akira and Takashi Satoh (Osaka University, Osaka, Japan) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% bovine calf serum, nonessential amino acids
(Gibco), and 1X penicillin-streptomycin (Gibco), as described previously (48, 49).

Antibodies and reagents. Antibodies were purchased as follows: anti-TRAF2 (C-20; sc-876), anti-TRAF3
(H-122; sc1828), anti-INK (FL; sc-571), anti-MEKK1 (C-22; sc-252), anti-IKKa/B (H-470; sc-7607), anti-IKKy
(FL-419; sc-8330), and anti-ASK1 (H-300; sc-7931) antibodies (Abs) were from Santa Cruz Biotechnology, Inc.
(Dallas, TX). Anti-TBK1 (D1B4), anti-phospho-IKKa/B (Ser176/180; 16A6), anti-IkBa (9242), anti-phospho-p65
(Ser536; 3031), anti-p65 (3031), anti-p100/52 (NF-«B2; 4882), and anti-flotillin-2 (C42A3; 3436) Abs were from
Cell Signaling (Beverly, MA). Anti-phospho-JNK Ab was from Promega (Madison, WI), anti-pan-clAP Ab was
from R&D Systems (Minneapolis, MN), antiubiquitin Ab was from Boston Biochem, Inc. (Cambridge, MA),
anti-RIP1 Ab was from BD Biosciences (San Jose, CA), and anti-TRAIL-R1 (catalog number 556544; DR4) and
anti-B-tubulin (E7) Abs were from the University of lowa Developmental Studies Hybridoma Bank. Anti-TRAF2
Ser-11 phospho-Ab is custom-made and has been reported previously (22, 23). The G28.5 (mouse IgG1
anti-human CD40) and 1C10 (rat IgG2a anti-mouse) monoclonal Abs were produced from hybridoma lines
purchased from ATCC (HB-9110; Manassas, VA) and provided by Frances Lund (University of Alabama,
Birmingham) (50) and were purified by ammonium sulfate precipitation and dialysis against phosphate-
buffered saline (PBS) as described previously (50, 51). Mouse-specific MegaCD40L was purchased from Enzo
Life Sciences (Farmingdale, NY). Protease/phosphatase inhibitor cocktail was purchased from Pierce (Rockford,
IL). BX-795 was purchased from Cayman Chemical (Ann Arbor, MI), and PKC inhibitors (G66976 and G66983)
were from Selleck Chemical (Houston, TX).

Primary cell isolation. Human CD19+ CD43~ resting B cells were purified from peripheral blood
mononuclear cells (PBMCs) isolated from a leukocyte reduction system (LRS) cone (DeGowin Blood
Center, University of lowa Hospitals and Clinics, lowa City, IA) using Ficoll-Paque separation medium (GE
Healthcare, Piscataway, NJ) as previously described (52), followed by negative selection with the
magnetically activated cell sorting (MACS) human B cell isolation kit Il and LS columns (Miltenyi Biotech,
Inc,, Auburn, CA) according to the manufacturer’s protocol. Splenocytes were isolated from 8-week-old
female C57BL/6 mice by Ficoll-Paque density centrifugation and used to isolate splenic B cells by
negative selection with a MACS mouse B cell isolation kit and LS columns (Miltenyi Biotech, Inc.). Bone
marrow-derived macrophages (BMDMs) were prepared from bone marrow cells isolated from the femurs
and tibias of 6- to 8-week-old C57BL/6 mice. Bone marrow cells were seeded at 2 X 10° cells/ml and
cultured in L929-conditioned RPMI 1640 medium for 7 days. Adherent and fully differentiated macro-
phages were further cultured in unconditioned medium for 72 h prior to stimulation with 1C10 Ab on
postisolation day 10.

Plasmids. Retroviral expression vectors of TRAF2-WT and -S11A (pBabe-TRAF2 and pQCXIH-TRAF2)
and pcDNA3 vectors of constitutively active (CA) forms of PKCa, PKCe, PKC{, and Myr-AKT1 have been
reported previously (53-55). pPCDNA3-EGFP-TRAF2-A1-18 was constructed by subcloning TRAF2-A1-18 to
pPCDNA3-EGFP. Rab5a-pmCherryC1, Lamp1-RFP, and caveolin-1-mRFP (Cav1-mRFP) were from Addgene
(56-58). To knock down MEKK1 and TBKT1, three sets of shRNAs were designed for mouse MEKK1 and
TBK1 and inserted into the BamHI and EcoRl sites of the pLSLPw vector; the shRNA sequence that worked
best for TBK1 (accession number NM_019786) was CCAGAATCAGAATTTCTCATT, and the one that worked
best for MEKK1 (accession number AF117340) was CTTTGTCTCATGCTCAATTAA. The human CD40
expression vector was created by subcloning the hCD40 cDNA into the pQCXIP retroviral vector.

Retroviral transduction. 293T cells were seeded at 1.5 X 106 per 10-cm plate and on the next day
cotransfected with 2 ug each of pMD.OGP (encoding Gag-Pol), pMD.G (encoding vesicular stomatitis
virus G protein [VSV-G]), and pBabe-TRAF2-WT/S11A or pQCXIH-TRAF2-WT/S11A by a standard calcium
phosphate precipitation method. Viral supernatant was collected 48 h after transfection and centrifuged
at 2,000 X g for 10 min to remove cell debris. Viral supernatant was then diluted 2-, 3-, 4-, and 5-fold with
RPMI 1640 containing 10% HI-FBS and used immediately for infections of A20.2J-TRAF2-KO and CH12.LX-
TRAF2-KO B cell lymphoma lines in 24-well plates in the presence of 10 ug/ml Polybrene by a general
spin infection (spinfection) protocol (e.g., spinning at 1,250 X g for 90 min at room temperature). At 24 h
after infection, cells were selected with puromycin or hygromycin for 10 or 14 days, respectively.
Resistant cells were then analyzed for TRAF2 expression by Western blotting. Those with physiological
gene expression levels (transduced with retroviral supernatant at a 4-fold dilution) were used for the
functional experiments within 1 month after selection.
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Western blotting. Cells were treated as indicated in the figures and figure legends, and protein
samples were extracted with a high-salt lysis buffer (350 mM NaCl, 20% glycerol, 0.5% Triton X-100, 2 mM
EDTA, 1 mM dithiothreitol [DTT], 25 mM Tris-HCl, pH 7.4) supplemented with a cocktail of protease and
phosphatase inhibitors for 30 min on ice and then centrifuged at 13,000 X g for 20 min. Cleared lysates
were subjected to protein quantification by Bradford assay, and 20 ug protein was separated by
SDS-PAGE and transferred onto nitrocellulose membranes. For phosphorylated-protein detection, blots
were blocked with Tris-buffered saline (TBS) supplemented with 0.2% Tween 20 (TTBS) and 3% bovine
serum albumin (BSA) for 4h prior to incubation with primary Ab overnight at 4°C. For non-
phosphorylated-protein detection, blots were blocked with TTBS supplemented with 5% fat-free milk.
Proteins were then visualized with horseradish peroxidase-labeled secondary antibodies (Jackson Im-
munoResearch, West Grove, PA) and enhanced chemiluminescence (ECL) solution as previously de-
scribed (54). Densitometric analysis was performed with Image Studio software (LI-COR Biosciences,
Lincoln, NE).

Real-time quantitative reverse transcription-PCR (qRT-PCR). A20.2J-TRAF2-KO cells stably ex-
pressing TRAF2-WT or TRAF2-S11A were treated with pretrimerized MegaCD40L (100 ug/ml) as indi-
cated, and the total RNA was extracted using the RNeasy minikit (Qiagen). Five micrograms of RNA was
treated with RQ1 RNase-free DNase for 30 min at 37°C and reverse transcribed using an oligo(dT) primer.
The resulting cDNA was then subjected to quantitative PCR using the Power master mix and an ABI Prism
7700 sequence detector (Applied Biosystems). Mouse glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)-specific primers were used to generate an internal control, and the average threshold cycle (C;)
for samples in triplicate was used in the subsequent calculations. Relative expression levels of NF-kB
target genes were calculated as the ratios with respect to the GAPDH expression level. Real-time PCR
products were also separated on an agarose gel to confirm the presence of single bands (data not
shown). All primer pair sets were designed to flank an intron and have been reported previously (53, 54).

Subcellular fractionation. To prepare soluble and insoluble fractions, cells were harvested with
ice-cold PBS and lysed in gentle lysis buffer (G-LB; 100 mM NaCl, 10% glycerol, 0.25% Triton X-100, T mM
EDTA, 1 mM DTT, 25 mM Tris-HCl [pH 7.4], and 1X protease/phosphatase inhibitors) on ice for 30 min,
followed by a 15-min centrifugation at 13,000 X g. The resulting supernatants were taken as the soluble
fraction. The pellets were then washed once with PBS, lysed in radioimmunoprecipitation assay (RIPA)
buffer for 20 min on ice, and centrifuged at 13,000 X g for 15 min, and the supernatants were taken as
the insoluble fraction. For the membrane and cytoplasmic fractionations, cell pellets were incubated in
hypotonic buffer (20 mM HEPES-KOH [pH 7.4], 10 mM NaCl, 3 mM MgCl,, T mM DTT, and 1X protease/
phosphatase inhibitors) for 15 min on ice prior to disruption with a Dounce homogenizer and then
centrifuged at 500 X g for 10 min to remove nuclei and unbroken cells. The supernatants were then
centrifuged at 12,000 X g for 10 min, and the resulting supernatants were taken as cytoplasmic protein.
The membrane pellets were rinsed once in PBS, lysed in RIPA buffer for 30 min on ice, and centrifuged
at 13,000 X g for 15 min, and the supernatants were taken as the membrane fraction.

Coimmunoprecipitation. Cells were stimulated with 1C10 Ab (rat IgG) and harvested with ice-cold
PBS. Cell pellets were then lysed in immunoprecipitation buffer (IP-LB; 20 mM Tris-HCl [pH 7.4], 135 mM
NaCl, 2 mM EDTA, 2 mM EGTA, 1% Triton X-100, 10% glycerol, T mM DTT, and 1X protease/phosphatase
inhibitors) for 30 min on ice and cleared by centrifugation at 13,000 X g for 15 min. The 1C10/CD40
receptor complex was immunoprecipitated first with protein G-agarose beads (Thermo Scientific, Wal-
tham, MA) precoated with goat anti-rat IgG (Jackson ImmunoResearch) for 2 h, rotating end over end at
4°C. After the beads were pelleted, the supernatants containing the cytoplasmic TRAF2 complexes were
immunoprecipitated with protein G beads precoated with anti-TRAF2 Ab for 2 h at 4°C with constant
rotation. The protein-bound beads were then washed three times with IP-LB prior to elution with
2X SDS-sample buffer for 5 min at 95°C, followed by Western blotting analysis.

Flow cytometry. WT and TBK1/IKKe DKO MEFs were infected with pBabe-hCD40 (human CD40)
retroviral supernatants in the presence of 4 ug/ml Polybrene for 6 h. At 48 h after infection, the MEFs were
selected with puromycin (2.0 ug/ml) for 7 days, and resistant cells were pooled and cultured for 2 days
without puromycin. The MEFs were then stained with allophycocyanin (APC)-conjugated anti-hCD40 Ab
(Biolegend, San Diego, CA) and analyzed with fluorescence-activated cell sorting (FACS; Becton Dickinson
FACSCanto lI), following the manufacturer’s protocol, to confirm CD40 cell surface expression.

Immunofluorescence microscopy. Hela cells and MEFs grown on glass coverslips were transfected
with indicated plasmids using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s
protocol. Thirty-six hours after transfection, the cells were fixed, permeabilized, blocked, and incubated
with anti-FLAG or anti-TRAF2 Ab (1:1,000 dilutions) in 3% BSA-PBS as described previously (59). The cells
were then washed three times with PBS and exposed to Alexa Fluor 488-conjugated anti-mouse or
anti-rabbit 1gG (1:1,000 dilution; Molecular Probes) for 1 h at room temperature to label TRAF2, after
which they were stained with DAPI (4',6-diamidino-2-phenylindole) for 2 min to label nuclei. After further
washes, coverslips were mounted on glass slides, and TRAF2 and nuclei were visualized under an
immunofluorescence microscope.

Sucrose gradient isolation of lipid rafts. 293T cells were transfected with TRAF2-WT/S11A-FLAG
(1.0 ng), and 36 h after transfection, the cells were harvested with ice-cold PBS and lysed in 0.5 ml of
gentle lysis buffer (G-LB) on ice for 20 min. The same amount of 80% sucrose in G-LB (Triton X-100 free)
was added and mixed in, and the mixture was transferred to a centrifuge tube. The sample was then
sequentially overlaid with 2 ml of 30% sucrose and 1 ml of 5% sucrose in G-LB (Triton X-100 free) and
centrifuged at 200,000 X g in a Beckman (SW60 Ti) centrifuge for 16 h. The opaque band migrating
between 5% and 30% sucrose (light buoyant lipid rafts) was harvested, diluted with detergent-free G-LB,
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and pelleted by centrifugation at 13,000 X g for 10 min. The pellets were then solubilized in RIPA buffer

by sonication and subjected to Western blot analysis for TRAF2 expression.
Lipid-protein overlay assays. Lipid-protein overlay assays were performed with Membrane Lipid

Strips purchased from Echelon Biosciences, Inc. (Salt Lake City, UT), using the manufacturer’s protocol.
Briefly, GST-TRAF2'-128 and TRAF2'-'33-His fusion proteins were expressed and purified from E. coli cells
and then dialyzed against TBS containing 0.25% Triton X-100 (TBS-T). The Membrane Lipid Strips, spotted
with 100 pmol of biologically relevant membrane lipids, were blocked for 1 h in TBS-T containing 3% BSA
prior to incubation with fusion proteins (0.5 ug/ml in TBS-T-3% BSA) for 90 min at room temperature.
Following extensive washing, bound proteins were detected by immunoblotting with anti-GST or
anti-TRAF2 N-terminal Ab.

Statistical analysis. Data represent the mean values = standard deviations (SD) from at least three

independent experiments. All statistical analyses were performed with Prism 6 (GraphPad Software, La
Jolla, CA). Statistical comparisons were made with two-tailed unpaired t tests unless otherwise noted. A
P value of <0.05 was considered statistically significant.
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