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Components of lymphotoxin beta receptor (LTBR)-associ-
ated signaling complexes, includingTRAF2,TRAF3,NIK, IKK1,
and IKK2 have been shown to participate in the coupling of
LTBR to NF�B. Here, we report that TRAF3 functions as a neg-
ative regulator of LTBR signaling via both canonical and non-
canonical NF�Bpathways by two distinctmechanisms. Analysis
of NF�B signaling in cell lines with functionally intact NF�B
pathway but lacking LTBR-mediated induction of NF�B target
genes revealed an inverse association of cellular TRAF3 levels
with LTBR-specific defect in canonical NF�B activation.
Increased expression of TRAF3 correlated with its increased
recruitment to LTBR-induced signaling complexes, decreased
recruitment ofTRAF2, and attenuated phosphorylation of I�B�
and RelA. In contrast, activation of NF�B by TNF did not
depend on TRAF3 levels. siRNA-mediated depletion of TRAF3
promoted recruitment of TRAF2 and IKK1 to activated LTBR,
enabling LTBR-inducible canonical NF�B signaling and NF�B
target gene expression. TRAF3 knock-down also increased
mRNA and protein expression of several non-canonical NF�B
components, including NF�B2/p100, RelB, and NIK, accompa-
nied by processing of NF�B2/p100 into p52. These effects of
TRAF3 depletion did not require LTBR signaling and were con-
sistent with autonomous activation of the non-canonical NF�B
pathway. Our data illustrate the function of TRAF3 as a dual-
mode repressor of LTBR signaling that controls activation of
canonical NF�B, and de-repression of the intrinsic activity of
non-canonical NF�B. Modulation of cellular TRAF3 levels may
thus contribute to regulation of NF�B-dependent gene expres-
sion by LTBR by affecting the balance of LTBR-dependent acti-
vation of canonical and non-canonical NF�B pathways.

Regulation of NF�B-mediated gene expression is central to
the function of the lymphotoxin beta receptor (LTBR)3 in
lymphoid organogenesis and immune response (reviewed in
Ref. 1). Unlike the prototypical TNF receptors (TNFR) that
activate exclusively the classical arm of NF�B, LTBR signals via
both the canonical (NF�B1) and non-canonical (NF�B2) NF�B
mechanisms and shares this property with several other mem-

bers of the TNFR family, including CD40, BAFF-R, Fn14, and
RANK (2, 3). TNFR-induced activation of NF�B1 is generally
rapid and involves the Inhibitor of kappa-B kinase (IKK)-com-
plex mediated phosphorylation of the inhibitor I�B� followed
by its degradation to allowp50-mediated gene transcription (4).
In contrast, activation of NF�B2 is more gradual and involves
NF�B-inducing kinase (NIK)-dependent processing of NF�B2/
p100 into its transcription-regulatory fragment p52 (4). Biolog-
ical signalsmediated byNF�B1 are central to inflammatory and
innate immune responses (5) and self-limiting via NF�B1-de-
pendent resynthesis of the inhibitor I�B� (6), whereas the
NF�B2 signals are longer lasting and shown to regulate devel-
opmental processes, such as peripheral lymphoid organogene-
sis (7–9) and osteoclastogenesis (10).
LTBR-induced activation of NF�B1 and NF�B2 has been

shown to produce distinct patterns of gene expression differen-
tially controlled by the canonical and non-canonical NF�B
pathways (11, 12). These findings raise the possibility that the
balance of the pro-inflammatory and lymphoid histogenetic
LTBR signaling may be regulated via differential utilization of
NF�B1 and NF�B2. Interestingly, activation of NF�B by LTBR
has been reported to occur by two apparently different scenar-
ios, indicative of two alternative configurations of the LTBR
signaling pathway. In one such configuration, LTBR initially
induces rapid and transient activation of canonical NF�B,
which is followed by gradual activation of the non-canonical
pathway promoted by NF�B1-dependent synthesis of p100
(11). In the alternative configuration, the early activation of
canonical NF�B is not observed (13). Instead the LTBR-in-
duced signal is transmitted through the non-canonical NF�B
pathway to eventually produce NF�B dimers containing both
RelA and RelB (13). If recapitulated in vivo, the two differ-
entmodes of NF�B activation could have significantly different
immunological implications resulting in significantly different
relative timing of LTBR-dependent inflammatory events and
lymphoid histogenesis. Specific molecular mechanisms that
define and coordinate the mode of LTBR coupling to the two
arms of NF�B remain to be elucidated.

Ligand-induced activation of LTBR triggers the formation of
receptor-associated cytoplasmic signaling complexes contain-
ing TNFR-associated factors (TRAFs) that regulate interac-
tions of the receptor with downstream kinases (14–17). Anal-
ysis of the individual TRAF functions in LTBR signaling has
demonstrated an essential role of TRAF2 as amediator ofNF�B
activation (17, 18), whereas TRAF3 has been shown to mediate
activation of JNK and induction of cell death by LTBR (19, 20).
Studies of signal transduction mediated by other TNFRs cou-
pled to both NF�B arms (CD40 and BAFF-R) have identified
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TRAF2 as a mediator and TRAF3 as an inhibitor of NF�B acti-
vation (21, 22) and suggested that TRAF2 and TRAF3 can
reside in close proximity within CD40-associated complexes so
that increased recruitment ofTRAF3 to the receptor can inhibit
TRAF2-mediated NF�B activation (23). Furthermore, overex-
pression of TRAF3 has been shown to inhibit NF�B2 activation
(24), a finding consistent with TRAF3-mediated repression
NIK (25), a kinase required for NF�B2 activation (26).
Herein, we report that TRAF3 controls LTBR-dependent

activation of both the canonical and non-canonical NF�B path-
ways by two distinct mechanisms. We show that high cellular
levels of TRAF3 can inhibit LTBR-mediated activation of
NF�B1 and interfere with the recruitment of TRAF2 and IKK1
to LTBR-induced signaling complexes. We also show that
TRAF3 inhibits the basal activity of NF�B2 via suppression of
NIK mediated p100 processing and inhibition of a positive-
autoregulatory NF�B2 loop that involves NF�B2-dependent
transcription and resynthesis of RelB and p100. Our data sug-
gest thatmodulation of TRAF3 levels can provide amechanism
that regulates preferential activation of the canonical or non-
canonicalNF�BbyLTBRandmodulates receptor-independent
autonomous activity of the non-canonical NF�B.

MATERIALS AND METHODS

Cells and Antibodies—DLD-1 and WiDr colon carcinoma
cell lines were obtained from ATCC (Manassas, VA), and cul-
tured in MEM Earle’s medium supplemented with 10% fetal
bovine serum. Antibodies against LTBR (N-15), TRAF3 (H-20
and H-122), TRAF2 (H-249), and NF�B2 (C-5) were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies
against phosphorylated I�B� (5A5), phosphorylated RelA, and
NIK were purchased from Cell Signaling Technologies (Bev-
erly, MA). Horseradish peroxidase (HRP)-conjugated second-
ary antibodies (anti-rabbit and anti-mouse) were from GE
Healthcare/AmershamBiosciences (Piscataway,NJ), andHRP-
conjugated anti-goat TrueBlot antibodies were from
eBioscience (San Diego, CA). To activate LTBR or TNFR sig-
naling, cells were stimulated with a humanized tetravalent
LTBR agonist antibody BS-1 (100 ng/ml) developed at Biogen
Idec, Inc. or TNF� (20 ng/ml), respectively.
Immunoprecipitation and Western Blotting—Cells were

treated with the LTBR or TNFR agonists, washed twice in ice-
cold phosphate-buffered saline with protease and phosphatase
inhibitors, and harvested by scraping into ice-cold lysis buffer
(50 mM PIPES pH 6.8, 100 mM KCl, 2 mM MgCl2, 1 mM EGTA,
0.2% Nonidet P-40, and 10% glycerol), supplemented with
Complete EDTA-free protease inhibitor mixture (Roche, Indi-
anapolis, IN), 10 mM sodium fluoride, and 100 �M sodium
orthovanadate. The lysates were centrifuged at 14,000 rpm for
30min at 4 °C, and supernatants were precleared by incubation
with normal goat IgG-agarose beads (Sigma) for 1 h at 4 °C
followed by centrifugation at 14,000 rpm for 15min at 4 °C. For
immunoprecipitation of LTBR signaling complexes, the pre-
cleared supernatants from BS-1-treated cells were incubated
with goat anti-human IgG-agarose beads (Sigma) for 1 h at 4 °C
on a rotator. The beads were collected into Handee mini spin-
columns (Pierce), washed five times in the lysis buffer, and the
bound material was eluted into Criterion XT loading buffer

supplemented with XT-reducing agent (Bio-Rad) and protease
and phosphatase inhibitors. The immunoprecipitated proteins
were separated by denaturing SDS-PAGE in Criterion XT pre-
cast gels (Bio-Rad) and transferred onto nitrocellulose mem-
branes. The membranes were incubated overnight at 4 °C and
for 1 h at room temperature with primary and secondary anti-
bodies, respectively, and washed by 5 � 5 min at room temper-
ature in TBST after each antibody incubation. The blots were
developed with SuperSignal chemiluminescent detection sub-
strates (Pierce), and exposed on Biomax x-ray films (Kodak,
Rochester, NY) or on the Kodak ImageStation 2000R lumines-
cence detector. For quantitative densitometry, images of the
films or directly exposed membranes acquired on the Kodak
ImageStationwere analyzed using Phoretix 1D gel analysis soft-
ware (Nonlinear Dynamics, Durham, NC).
RNA Interference—Cells were transfected with siGENOME

SMARTPool siRNA pools (Dharmacon, Lafayette, CO) against
selected targets at concentrations of 100–200 nM using Lipo-
fectamine 2000 (Invitrogen,Carlsbad, CA). 48–72h after trans-
fection, the cells were stimulated as described for each figure
and harvested for Western blotting, immunoprecipitation, or
RNA isolation.
Microarray and Real-time PCR Procedures—RNA was iso-

lated by extraction in QIAzol, purified on RNeasy columns
(Qiagen) and analyzed for purity and integrity by capillary elec-
trophoresis onAgilent Bioanalyzer 2100. Global transcript pro-
filing was done using Affymetrix GeneChip U133 v.2 arrays.
Hybridization probe synthesis, microarray hybridization, and
scanning were performed according to themanufacturer’s pro-
tocols. Probeset-level data were normalized using the robust
microarray average (RMA) algorithm and analyzed with
GeneSpring 7.3 data mining software (Agilent Technologies).
For real-time RT-PCR, primer and fluorescent probe sets for
selected genes, as well as the GAPDH housekeeping control
probe and primers were obtained from Applied Biosystems
(Foster City, CA). RT-PCR was performed using Quanti-tect
Probe RT-PCR reagent kit (Qiagen) in duplex reactions com-
bining probes for the selected gene and housekeeping control
target. Thermal cycling was done on the Chromo4 thermal
cycler equipped with fluorescence detector (Bio-Rad). Relative
differences in target transcript abundance were calculated
using the ��Ct method.

RESULTS

TRAF3 Inhibits Activation of Classical NF�B by LTBR—We
had previously reported that LTBR ligation by agonist antibod-
ies can cause death in a subset of colon carcinoma cell lines (27).
Subsequent analysis of LTBR signaling in these cell lines has
revealed two distinct cellular phenotypes, represented by the
WiDr and DLD1 cell lines, which differed in their canonical
NF�B responses to LTBR activation. Stimulation of LTBR with
a tetravalent agonist mAb BS-1 induced rapid phosphorylation
of I�B� and RelA in the WiDr but not in the DLD-1 cells (Fig.
1A). Consistent with the defective I�B� and RelA phosphory-
lation, LTBR-dependent induction of IP-10 that was identified
in our preliminary experiments as a specific NF�B1 target
(supplemental Fig. S1), as well as the production of another
NF�B1 target gene product, NF�B2/p100,were readily detect-
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able in theWiDr but virtually absent in the DLD-1 cells (Fig. 1,
B and C). Contrary to the defective NF�B1 response, LTBR-
induced processing of NF�B2/p100 to p52 in DLD1 cells was
intact and comparable to that observed in the WiDr cells (Fig.
1C), indicating that LTBR-dependent NF�B2 signaling in
DLD-1 cells was intact. Activation of NF�B1 by a TNFR agonist
(TNF�) was identical in both cell lines (Fig. 1,A andC), showing
that the defect in LTBR-mediated NF�B1 activation was selec-
tive for LTBR and unlikely to result from a general deficiency in
the NF�B1 signaling machinery. Cell surface levels of LTBR
were comparable in WiDr and DLD1, and full-length LTBR
cDNA sequencing revealed no differences between the two cell
lines (data not shown). Taken together, these results suggested
the presence of amolecular switch or defect selectively blocking
the coupling of LTBR to NF�B1 in DLD-1 cells.
Consistent with reports that NF�B1 activation is oscillatory

with temporally decreasing amplitudes (28, 29), we found that
activation of LTBR resulted in oscillatory I�B� phosphoryla-
tion inWiDr cells. A rapid and transient increase in I�B� phos-
phorylation occurred at 10 min and another, lower in magni-
tude wave of phosphorylation was detectable at 4 h (Fig. 2A).
We found that while DLD-1 cells failed to display the first wave
of I�B� phosphorylation at 10 min, the second wave of phos-
phorylation at 4 h was detectable and similar in magnitude to
that observed in WiDr cells (Fig. 2A). These results indicated
that the delayed NF�B1 signaling response observed in DLD1
cells could be enabled by specificmolecular events promoted by
persistent stimulation of LTBR.
We have analyzed effects of LTBR activation on the status of

several known receptor-associated molecules involved in
TNFR signaling and found that the late activation of I�B� phos-

phorylation in DLD1 correlated
with a reduction in the cellular lev-
els of TRAF3 (Fig. 2B). TRAF3 has
been implicated as a negative regu-
lator of CD40 signaling (21, 23).
Therefore the down-regulation of
TRAF3 following LTBR activation
(Fig. 2C), as well as previous reports
of TRAF3 down-regulation during
CD40 and BAFF signaling (30, 31),
suggested that the differences be-
tween early LTBR-induced NF�B1
activation in WiDr and DLD1 cells
could be caused by different
TRAF3 status of these cell lines. In
accordance with this hypothesis,
we found higher levels of TRAF3
in DLD-1 compared with WiDr
cells, particularly apparent rela-
tive to the corresponding cellular
levels of the NF�B activation
mediator TRAF2 (Fig. 2D).
To determine whether the higher

levels of TRAF3 in DLD-1 could
account for the lack of NF�B1
response to LTBR stimulation, we
transfected DLD-1 cells with siRNA

targeting TRAF3 and stimulated the transfected cells with agonist
LTBR antibodies for 10 min. The siRNA-mediated depletion of
TRAF3 enabled clearly detectable induction of I�B� and RelA
phosphorylation (Fig. 2E), as well IP-10 expression (Fig. 2F). Spec-
ificity of this effect was confirmed by overexpression of TRAF3 in
the siRNA-transfected cells (supplemental Fig. S2).
TRAF3 Regulates the Composition of Activation-induced

LTBR Signaling Complexes—To determine effects of cellular
TRAF3 levels on the formation of LTBR-associated signaling
complexes, Western blot analysis of the activation-induced
LTBR signaling complexes immunoprecipitated from WiDr
and DLD-1 cells revealed a higher ratio of TRAF3 to LTBR in
the complexes isolated from DLD1 cells compared with those
from WiDr cells (Fig. 3A). We quantified amounts of LTBR-
associatedTRAF2 andTRAF3 by densitometry and normalized
them by the corresponding levels of LTBR in the same immu-
noprecipitates. The resulting TRAF2/LTBR and TRAF3/LTBR
ratios are shown in Fig. 3, B and D. Our use of these ratios
instead of direct TRAF2 and TRAF3 levels ensures that differ-
ences in IP efficiency are internally controlled for variation in
immunoprecipitation efficiency among samples. In addition to
the higher levels of TRAF3, the LTBR-associated complexes
isolated fromDLD1 cells contained less TRAF2 and virtually no
detectable IKK1, compared with the complexes immunopre-
cipitated fromWiDr cells (Fig. 3, A and B). No significant asso-
ciation of TRAF2, TRAF3, or IKK1 with LTBR was observed
when LTBR was immunoprecipitated from unstimulated cells
(Fig. 3, A and B, * lanes). siRNA-mediated depletion of TRAF3
in DLD1 cells caused decreased TRAF3 association with LTBR
and enhanced the recruitment of TRAF2 and IKK1 to LTBR-
induced signaling complexes (Fig. 3, C–E). These results sug-

FIGURE 1. LTBR-specific activation of canonical NF�B is uncoupled in certain cells and correlates with
differential cytokine gene activation. DLD-1 and WiDr cells were treated with agonist LTBR antibody (BS-1)
at 100 ng/ml, or TNF� (20 ng/ml) for indicated times. Cell lysates were analyzed by Western blot for (A) phos-
phorylated I�B� (Ser-32/Ser-36), phosphorylated RelA (Ser-536), or IKK1/2 (to control for loading), and (C)
NF�B2 (*, nonspecific bands). B, RNA isolated from untreated cells (p), cells treated with BS-1 (f), or with TNF�
(z) for 4 h were analyzed by real-time qPCR for IP-10 transcripts. The data are shown as housekeeping gene
(GAPDH)-normalized values from quadruplicate samples (average � S.D.).
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gested that cytoplasmic levels of TRAF3 can modulate the for-
mation of LTBR-induced signaling complexes and inhibit
interactions of LTBR with mediators of NF�B activation.
IKK1 and IKK2 are essential to the LTBR-mediated phos-
phorylation of I�B� and RelA in TRAF3-depleted DLD1
cells, as double knock-down of TRAF3 and IKK1 (or IKK2)
markedly reduces the phosphorylation of these proteins (Fig.
3F and supplemental Fig. S3).
TRAF3 Modulates Intrinsic Activity of the Alternative NF�B

and Expression of a Specific Set of NF�B Regulators—TRAF3
has previously been shown to repressNIK-mediated processing
of NF�B2 p100 into p52 by promoting proteasomal degrada-

tion of NIK (25). During the prepa-
ration of this manuscript, He et al.
(32) reported that genetic ablation
of TRAF3 causes accumulation of
NIK and sustained NF�B2 activity.
In our experiments, we assessed
impact of siRNA-mediated TRAF3
depletion on NF�B2 function and
its regulation by LTBR. We found
that depletion of TRAF3 in DLD-1
cells caused stimulus-independent
processing of NF�B2/p100 to p52
and increased levels ofNIK (Fig. 4,A
and B). Consistent with previous
data from TRAF3 overexpression
studies (25), the processing of
NF�B2/p100 in TRAF3 siRNA-
transfected cells required NIK and
was not observed in cells with com-
bined knock-down of TRAF3 and
NIK (Fig. 4C). Importantly, siRNA-
mediated depletion of LTBR did
not block TRAF3 siRNA-mediated
autonomous activation of NF�B2
(Fig. 4C), thus confirming that
NF�B2 activity caused by down-
regulation of TRAF3 did not depend
on signaling events upstream of
NIK.
To characterize the gene regula-

tory effect of NF�B activation
caused by the depletion of TRAF3,
we have performed transcript pro-
filing of RNA isolated from the
TRAF3 knock-down cells. Deple-
tion of TRAF3 caused specific accu-
mulation of transcripts encoding a
distinct subset of NF�B regulators,
which included the key components
of NF�B2 (p100, RelB, and NIK),
and a group of NF�B1 inhibitors
including I�B�, I�B�, A20, and
c-IAP2 (Fig. 5). This pattern of
NF�B-related gene regulation sug-
gests that cellular levels of TRAF3
can regulate availability of the key

components required for NF�B2 activity, as well as the activity
of the negative feedback mechanisms that have been shown to
suppress both NF�B1 and NF�B2 function at several different
points.

DISCUSSION

For the subset of TNF receptors that activate both NF�B
pathways, the physiological significance of the overlap with the
other TNFR members that exclusively activate the canonical
NF�B pathway is not fully understood. Additionally, and in the
specific case of LTBR, receptor-induced activation of NF�B has
been seen to assume more than a single configuration. In one

FIGURE 2. TRAF3 inhibits LTBR-induced canonical NF�B activation. A, cells were treated with 100 ng/ml
agonist L��R antibody (BS-1) for indicated times, and the lysates were analyzed by Western blot for phosphor-
ylated I�B� (Ser-32/Ser-36) and total I�B�. B, samples from BS-1 stimulated DLD-1 cells were also probed for
TRAF3 or GAPDH (loading control). C, DLD-1 cells were left untreated, or treated for 10 min and 20 h with 100
ng/ml BS-1, or 20 ng/ml TNF�, and lysates analyzed for TRAF3 and GAPDH (loading control) by Western blot
(n.s., nonspecific bands). D, total lysates from untreated DLD-1 and WiDr cells were analyzed by Western blots
for TRAF2 and TRAF3, and band intensities were quantified by densitometry. E, cells were mock transfected
(Mock), or transfected with either a nonspecific control siRNA (NS), or TRAF3 siRNA for 48 h. The cells were then
left untreated (� lanes), or treated (� lanes) with BS-1 for 10 min, and samples analyzed by Western blots. Blots
were probed for different proteins as indicated (n.s., nonspecific band). F, DLD-1 cells were transfected as in
C, and left untreated (unstim.) or stimulated with BS-1 for 4 h. RNA was collected and analyzed by real-time
qPCR for IP-10 transcripts (unstimulated: p; BS-1 treated: f). Results are normalized to GAPDH transcripts and
shown as average � S.D. from quadruplicate samples.
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such configuration, LTBR sequentially activates the canonical
NF�B pathway followed by the alternative pathway (11). In a
different configuration, the early activation of the canonical
NF�B pathway by LTBR was not seen (13). Instead, LTBR acti-
vation has been reported to proceed exclusively through the
non-canonical NF�B pathway to finally induce both RelA and
RelB containing NF�B dimers (13). Why and how these differ-
ent modes of NF�B activation are controlled downstream of a
single receptor, LTBR, is not known.
We have found that TRAF3 is a molecular switch that inhib-

its the LTBR-dependent activation ofNF�B1. This is consistent

with the reported role of TRAF3 as
an inhibitor in CD40 and BAFF-R
signaling (21, 22), both members of
the LTBR-subset of TNFRs. The
mechanism of TRAF3-mediated
inhibition of NF�B1 signaling is not
known, but a reasonable possibility,
which is in keeping with our results,
and of others (23, 33), is that excess
TRAF3 prevents recruitment of
components in receptor complexes
that are necessary forNF�B1 activa-
tion, such as TRAF2 and IKK1. The
role for TRAF2 in this activation is
more apparent, as TRAF2 is a
required component of CD40 and
LTBR-dependent NF�B1 signaling
(18, 21, 34), and regulates the degra-
dation of itself and TRAF3 (30, 35).
The role for IKK1 in NF�B1 activa-
tion, however, is a little less clear.
Although IKK1 is a part of the IKK-
complex that is involved in I�B�
and RelA phosphorylation, IKK1
involvement has been reported to
be more important for NF�B2 acti-
vation (3), and IKK2 and NEMO/
IKK� instead have been shown to be
more crucial mediators of NF�B1
activation, because IKK1 knock-out
mice retain the ability to phosphor-
ylate I�B� (36, 37). Despite these
results, other studies of NF�B1 sig-
naling using IKK1 and IKK2 knock-
out and knock-down cells reveal a
more active role for IKK1 in RelA
phosphorylation (38, 39). More-
over, LTBR activated nuclear lysates
from IKK1 knock-out cells fail to
form any RelA/p50 DNA binding
activity, while IKK2 knock-out cells
display diminished, but clearly
detectable, DNA binding activity
(40). Our results suggest an involve-
ment of IKK1 in LTBR signaling
complexes for the activation of the
classical arm, because IKK1 is a part

of classical NF�B signal-competent receptor complexes (Fig. 3,
A and E), but not of non-signaling complexes. Moreover, our
results also suggest that IKK1 is not necessary for basal activa-
tion of the alternative arm induced by the loss of TRAF3 (Fig.
4C). This is a surprising finding given the conventional role of
IKK1 in p100 processing; however, it is consistentwith previous
results that while the elimination of IKK1 allows residual p100
to p52 processing during LTBR stimulation, the elimination of
both IKK1 and IKK2 eliminates this processing (11). More
studies will need to be done to further define the role of IKK1 in
p100 processing.

FIGURE 3. Cellular TRAF3 level controls the composition of LTBR signaling complexes. A, cells were left
untreated (� lanes), or treated for 10 min (10� lanes) and 24 h (24 h lanes) with 100 ng/ml agonist LTBR antibody
(BS-1). For positive controls, cells were lysed first and BS-1 added to the unstimulated lysates (*, lanes). BS-1-
bound complexes were immunoprecipitated using anti-human IgG conjugated agarose beads, and analyzed
by Western blots for LTBR, TRAF3, TRAF2, and IKK1, as indicated. B, band intensities were analyzed by densi-
tometry, and data shown as ratio of either TRAF2 (p), or TRAF3 (f), to LTBR. C, DLD-1 cells were mock trans-
fected or transfected with non-silencing control siRNA (NS), or siRNA directed against TRAF3, and treated as in
A. Pre-IP samples were probed for TRAF3 (n.s., nonspecific band), and immunoprecipitates were analyzed as in
A for LTBR, TRAF2, and TRAF3. D, bands from C were quantified by densitometry as described in B. E, DLD-1 cells
were treated as in C, lysates were probed for TRAF3 levels before immunoprecipitation to ensure knock-down,
and immunoprecipitates were analyzed for IKK1 by Western blot. F, DLD-1 cells were transfected with siRNA
against TRAF3 and IKK1, alone or in combination. 48 h after transfection, cells were left unstimulated or stim-
ulated with BS-1 for 10 min and lysates analyzed by Western blots for IKK1, TRAF3, phospho-I�B� (Ser-32/Ser-
36), phospho-RelA (Ser-536), and GAPDH (to control for loading).
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Unlike the role of TRAF3 in inhibiting stimulus-dependent
NF�B1 activation, its mode of NF�B2 inhibition is stimulus-
independent (Fig. 4A). TRAF3 has been shown to be a negative
regulator of NF�B2 activation (24). This occurs most likely by
the ability of TRAF3 to destabilize NIK, a kinase that activates
IKK1-dependent NF�B2 p100 processing into p52 (25). Co-
overexpression of NIK with TRAF3 in 293 cells results in NIK
degradation (25), and this is consistent with another report

that infers, albeit in an overexpres-
sion system, the inhibitory role of
TRAF3 in NF�B2 activation (24).
Also consistent with the role of
TRAF3 as an inhibitor of NIK is the
observation (ours and Refs. 25, 30)
that signaling through receptors
that activate NF�B2, such as LTBR,
but not by TNF� (which actually in-
creases the levels of TRAF3, see Fig.
2C), results in the degradation of
TRAF3. This explains the ability of
these receptors to selectively acti-
vate NF�B2, and suggests that the
activation of NF�B2 is minimally
dependent on reduction of TRAF3
levels to relieve its destabilization of
NIK. This is consistent with our
results of TRAF3 knock-down in
DLD-1 cells, and demonstrates that
NF�B2 p100 processing is not
dependent on a stimulus to activate
LTBR. Whereas NF�B2 activating
receptors still must depend on a
stimulus to initiate TRAF3 degrada-

tion, we show here that NF�B2 p100 processing is directly
dependent on this degradation and not on the stimulus per se.
TRAF2has also been shown to be a negative regulator ofNF�B2
p100 processing (34), and unstimulated lymph node B cells
from TRAF2-deleted mice have constitutively high levels of
p52. Likewise, two recent studies using TRAF2-null MEFs also
show constitutive p100 processing (41, 42). However, evidence
of the inhibitory role of TRAF2 in p100 processing is somewhat
controversial as we (Fig. 4C) and others (18, 43) do not observe
enhanced p100 processing as a result of TRAF2 depletion. One
possibility is that TRAF2 and TRAF3 together, in a non-exclu-
sive process, control NIK destabilization, and that the absence
of either one of the components is sufficient to derepress NIK.
The studies by Vallabhapurapu et al. (41) and Zarnegar et al.
(42) suggest that p100 processing occurs via combined action of
TRAF2 recruiting cIAPs andTRAF3 recruitingNIK to amolec-
ular complex to allow NIK degradation. However, they do not
explain how cIAPs would be recruited to this molecular com-
plex in the absence of TRAF2 to degrade NIK. Thus, the role of
TRAF2 in p100 processing still needs verification. Further-
more, as these studies show, TRAF2 KO mice, unlike TRAF3
KO mice, can be rescued with a heterozygous deletion of NIK,
and show only a modest increase in inflammatory cytokines
when compared with those in TRAF3 KO mice. This suggests
that TRAF2 has a lesser inhibitory role in NF�B activation and
cytokine production thanTRAF3, and its ablation in certain cell
types, such as ours, might not be sufficient to activate non-
canonical NF�B.
Both DLD-1 and WiDr cells are intestinal epithelial origin

cells which, as shown here, have functionally different levels of
TRAF3, suggesting that epithelial cells might have themeans to
modulate TRAF3 levels. It is possible that these cells represent
different stages of epithelial cells during the course of an intes-

FIGURE 4. TRAF3 knock-down leads to constitutive, NIK-dependent processing of NF�B2/p100. A, DLD-1
cells transfected with a non-silencing control siRNA (NS) or TRAF3 siRNA for 48 h were left untreated (� lanes)
or treated (� lanes) with 100 ng/ml anti-LTBR antibody (BS-1) for 10 min and 24 h. Lysates were analyzed by
Western blot for NF�B2 (p100, and processed p52 are indicated by arrows). B, DLD-1 cells treated for indicated
times with BS-1 were analyzed by Western blot for NIK (indicated by an arrow; n.s., nonspecific band). C, DLD-1
cells were mock transfected (Mock), transfected with non-silencing control siRNA (NS), or with siRNA against
indicated targets either alone or in combination with TRAF3 siRNA. Cells were cultured for 48 h after transfec-
tion in the absence of any stimulus, and samples were probed for the indicated proteins by Western blots.

FIGURE 5. TRAF3 represses a group of NF�B-related genes. DLD-1 cells
were mock transfected (Mock), or transfected with a non-silencing siRNA (NS)
or TRAF3 siRNA. 48 h post-transfection, cells were left untreated (�), or
treated (�) with agonist anti-LTBR antibody (BS-1) for 4 h. RNA was collected
and profiled for NF�B-related transcripts by microarray.
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tinal inflammation. Epithelial cells in the gut mucosa continu-
ously sample microbial pathogens as well as commensal bacte-
ria, but only initiate inflammatory responses against pathogens
(44) to recruit lymphocytes. A high level of TRAF3, which can
selectivelydecouple theclassicalNF�Bpathwayandtheassociated
production of inflammatory cytokines from a subset of TNFRs,
could counteract the inflammation that would otherwise ensue
during lymphocyte infiltration to the gut mucosa. This is consist-
entwith the high levels ofTRAF3 thatwehave observed inDLD-1
cells.On theotherhand,WiDrcells could represent epithelial cells
that have already encountered CD40L or lymphotoxin beta from
infiltrating lymphocytes, andasa result, downregulated their levels
ofTRAF3.ModulationofTRAF3 levels in the epithelial cells of the
intestinemight thus have a physiological role in inflammation and
associated disorders.
Likewise, normal function of dendritic cells depends on their

ability to pass through the steady-state inflammatory milieu
without T- or B-cell immunogenic activity unless directly con-
tacted by pathogens or pathogen-activated lymphocytes (45).
The immunogenic capacity of DCs is controlled by their matu-
ration stage: immature or semi-mature DCs induce anergy or
tolerance, while only fully mature DCs are able to prime T cells
(46, 47). Maturation and immunogenic activity of dendritic
cells require either TLR stimulation by pathogens or the acti-
vation of alternative NF�B pathway by antigen-stimulated lym-
phocytes (48, 49). The ability of either LTBR or CD40 to effi-
ciently induce DC maturation and immunogenic activity (49,
50) suggests the involvement of a shared component, such as
TRAF3, in the activation of the alternative NF�B pathway by

these receptors. Indeed, both CD40
and LTBR similarly induce TRAF3
degradation to activate the alterna-
tive NF�B pathway (our data and
Ref. 30). On the other hand, the
repression of classical NF�B path-
way in dendritic cells, while inter-
fering with their innate immune
functions and their activation by
various TLR ligands, is unable to
inhibit T-cell induced maturation
through the alternative NF�B path-
way (48). The requirement for
either TLR or lymphocyte induced
signals for the full maturation of
DCs is consistent with the ability of
tissue-resident as well as semi-ma-
ture migratory DCs to generally
ignore self-antigens or commen-
sal flora and prevent priming of
bystander lymphocytes (46). Be-
cause the activation of several TLRs
has been shown to be TRAF3-
dependent (51, 52), having high lev-
els of TRAF3 could ensure efficient
TLR-mediated maturation of tissue
resident DCs by infiltrating patho-
gens. At the same time, high TRAF3
would also inhibit the inflammatory

activity generated via the classicalNF�Bpathwaywhen theDCs
come into contact with lymphocyte-derivedCD40L or lympho-
toxin beta. Similarly, high initial levels of TRAF3 would also
limit inflammatory cytokine production by DCs receiving mat-
uration signals through CD40 or LT�R by selectively decou-
pling the classical NF�B pathway from these receptors.
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