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TRAF2 Must Bind to Cellular Inhibitors of Apoptosis for
Tumor Necrosis Factor (TNF) to Efficiently Activate NF-xB
and to Prevent TNF-induced Apoptosis®
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Tumor necrosis factor (TNF) receptor-associated factor-2
(TRAF2) binds to cIAP1 and cIAP2 (cIAP1/2) and recruits them
to the cytoplasmic domain of several members of the TNF recep-
tor (TNFR) superfamily, including the TNF-TNFR1 ligand-re-
ceptor complex. Here, we define a cIAP1/2-interacting motif
(CIM) within the TRAF-N domain of TRAF2, and we use TRAF2
CIM mutants to determine the role of TRAF2 and cIAP1/2 indi-
vidually, and the TRAF2-cIAP1/2 interaction, in TNFR1-
dependent signaling. We show that both the TRAF2 RING
domain and the TRAF2 CIM are required to regulate NF-kB-
inducing kinase stability and suppress constitutive noncanoni-
cal NF-kB activation. Conversely, following TNFR1 stimulation,
cells bearing a CIM-mutated TRAF2 showed reduced canonical
NF-kB activation and TNF-induced RIPK1 ubiquitylation.
Remarkably, the RING domain of TRAF2 was dispensable for
these functions. However, like the TRAF2 CIM, the RING
domain of TRAF2 was required for protection against TNF-in-
duced apoptosis. These results show that TRAF2 has anti-apo-
ptotic signaling roles in addition to promoting NF-kB signaling
and that efficient activation of NF-«kB by TNFR1 requires the
recruitment of cIAP1/2 by TRAF2.

The inhibitor of apoptosis (IAP)” family is composed of bacu-
loviral IAP repeat-containing proteins, several of which also
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bear a RING domain that is capable of acting as a ubiquitin E3
ligase (1). cIAP1 and cIAP2 (cIAP1/2) are two RING-containing
IAPs whose amplification or genetic mutation has been associ-
ated with cancers and may promote tumor cell survival (2—8).
These highly conserved IAPs were initially identified as com-
ponents of a TRAF2-containing complex bound to the cyto-
plasmic domain of TNFR2 (9), and they have subsequently been
implicated in the regulation of signaling by several more recep-
tors of the TNF superfamily (10-21). Although the BIR1
domain of cIAP1/2 mediates binding to TRAF2 (17, 22, 23), the
complementary binding region of TRAF2 is unknown, and
the relative roles of TRAF2 and cIAP1/2 E3 ligase activity in
TNF superfamily signaling remain unclear.

Genetic deletion of TRAF2 in the mouse results in early post-
natal lethality that is caused by increased NF-«B-mediated TNF
production and increased cellular sensitivity to TNF killing (12,
24, 25). Most TRAF family members, including TRAF2, bear
RING E3 ubiquitin ligase domains that are believed to catalyze
Lys-63-linked ubiquitylation (26, 27). One of the proposed tar-
gets of TRAF2 RING E3 ligase activity is RIPK1 (28, 29), which
is modified with Lys-63-linked polyubiquitin chains upon
TNFR1 activation. This modified TNFR1-complexed RIPK1
has been proposed to serve as a platform for the recruitment
and/or activation of TAB2-TAB3-TAK1 and NEMO-IKKa-
IKKB kinase complexes (30 —32), which target the NF-«B inhib-
itor IkB for Lys-48-linked polyubiquitin-mediated proteasomal
degradation, to initiate canonical p65-dependent NF-«B gene
transcription.

As in the case of TRAF2, genetic deletion of cIAP1, or IAP
antagonist-induced loss of cIAP1/2, also sensitizes cells to TNF
killing (16, 19, 33-36). Also like TRAF2, both cIAP1 and cIAP2
have been reported to ubiquitylate RIPK1 (10, 15, 16). Consis-
tent with the idea that cIAP1/2 play an important role in the
activation of NF-«B by TNF, the removal of cIAP1/2 limits TNF
from inducing NF-«B by the canonical pathway (10, 15, 16).
Although it remains possible that both TRAF2 and cIAP1/2
play similar roles in modulating TNFR1 signaling through

gene; TAK1, TGF-B-activated kinase-1; WT, wild type; GFP, green fluores-
cent protein; MEF, mouse embryo fibroblast; Pl, propidium iodide; DKO,
double knock-out; CIM, clAP1/2-interacting motif; NIK, NF-kB-inducing
kinase.
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RIPK1 ubiquitylation, it is unknown whether cIAP1/2 act indi-
rectly by activating the E3 ligase activity of TRAF2, if cIAP1/2
act in combination with TRAF2 to directly ubiquitylate RIPK1,
or alternatively, whether cIAP1/2 are the major E3 ligases for
RIPK1, and the role of TRAF2 is to recruit them to TNFRI.

Both TRAF2 or cIAP1/2 deletion cause constitutive nonca-
nonical NF-kB activity, which occurs by stabilization of the
NE-kB-inducing kinase NIK, IKKa activation, and processing
of the noncanonical NF-«B subunit p100 to the active p52 form.
Activation of noncanonical NF-«B can occur by proteasomal or
lysosomal degradation of cIAP1, TRAF2, or TRAF3 and is
mediated by ligand-induced activation of TNF superfamily
receptors such as TNFR2, CD40, BAFFR, or FN14 (12, 13, 17,
20, 21, 37—44). On the basis of these recent studies (11, 12, 33),
it appears that TRAF3 binding to NIK recruits the TRAF2-
cIAP1/2 module and that cIAP1/2 mediate Lys-48-linked ubiq-
uitylation of NIK, which reduces NIK to undetectable levels in
resting cells and prevents spontaneous noncanonical NF-«B
signals.

In this study we have identified a CIM in TRAF2, and we used
TRAF2 CIM mutants defective in cIAP1/2 binding to deter-
mine how cIAP1/2 and TRAF2 coordinately suppress nonca-
nonical NF-«B activation and regulate signaling from TNFRI.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfections, Constructs, and Lentiviral
Infections—All cell lines were maintained at 37 °C, 10% CO, in
Dulbecco’s modified Eagle’s medium supplemented with 8%
fetal bovine serum and were passaged twice weekly. Transient
transfections using 1 ug of DNA per 10-cm tissue culture plate
were performed with Effectene (Qiagen) using the manufactur-
er’s protocols. The NF-«kB lentiviral reporter vector pTRH1
mCMV NF-«kB dscGFP was purchased from System Bio-
sciences. Cre-recombinase and SV40 large T antigen were
cloned into the lentiviral vector pFU. Mouse TRAF2 and the
CIM and RING domain TRAF2 mutants were cloned into pEF-
NFLAG and the 4-hydroxytamoxifen-inducible lentiviral vec-
tor pF 5X upstream activating sequence, which we have
described in detail elsewhere (19, 45). Full-length cIAP1 and the
BIR1 constructs were cloned into pEF-NHA. Complete
sequence of all constructs can be obtained upon request. Len-
tiviral particles were generated as described previously (17, 19).

Antibodies—The primary antibodies used are as follows:
anti-FLAG (F-3165, Sigma); anti-3-actin (A-1978, Sigma); anti-
RIPK1 (mouse, 610458, BD Transduction Laboratories; human,
551042, Pharmingen); anti-p65 (SC-372, Santa Cruz Biotech-
nology); anti-phospho-Ser-65 (3033, Cell Signaling); anti-phos-
pho-Ser-32/36 IkBa (9246, Cell Signaling); anti-IkBa (9242,
Cell Signaling); anti-TNFR1 (19139, Abcam); anti-TRAF2
(558890, Pharmingen; SC-876, Santa Cruz Biotechnology;
AP1040, Calbiochem); anti-cIAP1 (ALX-803-335, Alexis Bio-
chemicals); anti-cIAP pan (MAB3400, RnD); anti-cIAP2 (in-
house, 16E6-3); anti-TRADD (SC-7868, Santa Cruz Biotech-
nology); anti-NIK (4994, Cell Signaling); and anti-p100/p52
(4882, Cell Signaling).

Generation of MEFs—Knock-out MEFs were generated from
embryonic day 15 embryos using standard procedures and
infected with SV40 large T antigen expressing lentivirus.
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TRAF2 conditional knock-out MEFs were similarly generated
from TRAF2 LoxP/LoxP embryonic day 15 embryos. To delete
TRAF2, the transformed MEFs were infected with a cre-ex-
pressing lentivirus (pFU Cre SV40 Hygro), and deletion was
confirmed by PCR and Western blotting.

Death Assays—Cells were seeded on 12-well tissue culture
plates at ~70% confluency and allowed to adhere. Compound A
(500 nm), described in Ref. 19, or human Fc-TNFa (60 ng/ml)
was added to cells for 24 h, and cell death was measured by
propidium iodide (PI) staining and flow cytometry. In each
sample 10,000 events were measured, and the cell death (%
Pl-positive cells) was quantified.

Western Blotting and Immunoprecipitations—Immunopre-
cipitations were performed as described previously (17, 19, 46)
with some minor alterations. Briefly, 4 X 10” MEFs were
treated in the presence or absence of human FLAG-TNF at 1
pg/ml for 5 min. Cells were lysed in IP-lysis buffer (30 mm
Tris-HCI, pH 7.4, 120 mm NaCl, 2 mm EDTA, 2 mm KCI, 1%
Triton X-100, complete protease/inhibitor mixture; Roche
Applied Science) at 4 °C for 30 min. The lysates were centri-
fuged at 15,000 X g for 30 min; 0.5 ug of FLAG-TNF was added
to the nonstimulated (time = 0) control, and the TNFR1 com-
plex was precipitated using M2 beads (Sigma) for 16 h. The
beads were washed five times with IP-lysis buffer and eluted
with 2X LDS buffer (NuPAGE, Invitrogen). Proteins were sep-
arated by SDS-PAGE (NuPAGE, Invitrogen) and analyzed by
Western blotting. Membranes were stripped with 50 mm gly-
cine, pH 2.3, and reprobed with other antibodies.

Immunofluorescence—MEFs grown overnight on glass cov-
erslips were treated with Fc-TNF (60 ng/ml) for the indicated
times, immediately fixed with 3.2% paraformaldehyde for 20
min, washed in phosphate-buffered saline, and permeabilized
with 0.5% Triton X-100 for 5 min. Cells were blocked, incu-
bated with p65 antibody, washed four times with phosphate-
buffered saline, and then incubated with anti-rabbit AlexaFluor
488-conjugated secondary antibody (Invitrogen) and washed
four times again. All blocking steps and antibody incubations
were performed with phosphate-buffered saline containing 1%
bovine serum albumin for 30 min. Cells were viewed on a Olym-
pus BX50 fluorescence microscope and SPOT RT imaging soft-
ware using a X40 objective.

RESULTS

Identification of a CIM in TRAF2—The cIAP1 BIR1 domain
and several key residues within this region have been shown to
mediate cIAP1 binding to TRAF2 (17, 22, 23). However, the
region of TRAF2 required for cIAP1 and cIAP2 binding has not
been clearly defined because yeast two-hybrid experiments
suggested the TRAF-N domain was important (9). Our own
yeast two-hybrid analysis suggested that a TRAF2-N domain-
containing fragment, residues 262-349, is sufficient for
cIAP1/2 binding (Fig. 1, A and C, and data not shown). To verify
the ability of this region to bind cIAP1 in vivo, we performed
co-immunoprecipitation experiments in 293T cells. Immuno-
precipitation of full-length FLAG-TRAF2 confirmed that it
interacts with the cIAP1 BIR1 domain and can also bind two
BIR1 domain truncation mutants lacking the first 22 and 39
residues (Fig. 1B) (17, 22, 23). Furthermore, a FLAG-TRAF2-N
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FIGURE 1. Identification of a TRAF2-CIM. A, schematic of TRAF2 domain structure and localization of the CIM. aa, amino acids. B and C, TRAF-N domain of
TRAF2 interacts with the BIRT domain of clAP1. 293T cells were co-transfected with the indicated HA-clAP1 constructs and FLAG-TRAF2 (B) or FLAG-TRAF2-N
(0), and their interaction was examined by FLAG immunoprecipitation (/P) and Western blot (WB). m22 and m39refer to BIR1 deletion constructs lacking the first
22 and 39 residues, respectively. D, conservation within the TRAF2-N domain. The TRAF-N domain of TRAF2 was aligned from the indicated organisms
(accession numbers in parentheses) and compared with the same region of human TRAF1 (bottom line). Identical residues are shaded in black and conserved
residues in gray. Residues mutated in TRAF2 to examine the effect on clAP1/2 binding are highlighted with an asterisk, and the deletion (283-293) and

truncation mutants (Asp-310-stop) are also indicated.
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FIGURE 2. TRAF2 residues 2°2EVE?°* and 283-293 are important for clAP1 and clAP2 binding to TRAF2. A, determination of TRAF2 residues required for
clAP1 binding. 293T cells were transfected with the indicated FLAG-TRAF2 constructs for 48 h and then immunoprecipitated (/P) from cell lysates. Binding of
endogenous (endog.) clAP1 to FLAG-TRAF2 was determined by Western blot (WB). The asterisk indicates IgG light chain cross-reactivity. B, mutation of both
TRAF2 Glu-292 and Glu-294 is required to reduce clAP1 and clAP2 binding. 293T cells were transfected with the indicated FLAG-TRAF2 constructs in addition
to clAP2. FLAG-TRAF2 complexes were immunoprecipitated, and TRAF2 binding to endogenous clAP1 and ectopically expressed clAP2 was determined by
Western blot. Asterisk indicates a nonspecific band. C, FLAG-TRAF2 CIM mutants showing reduced clAP1/2 binding interact with RIPK1 and TRADD. 293T cells
were transfected with FLAG-TRAF2 constructs and immunoprecipitated as in A, and binding to RIPK1 and TRADD was determined by Western blot. D, TRAF2-N
domain binds directly to the clAP1 BIR1 domain. The indicated glutathione S-transferase proteins were incubated with purified WT or mutant TRAF2-N domain
protein as indicated, and following glutathione S-transferase (GST) immunoprecipitation, binding of the TRAF2-N domain (T2N) was detected by Coomassie

staining.

(amino acids 262-349) construct was sufficient by itself to
immunoprecipitate hemagglutinin-tagged full-length cIAP1 or
the cIAP1 BIR1 domain alone (Fig. 1C). Experiments using
purified cIAP1 BIR1 and TRAF2-N domains demonstrated that
the binding between these two regions was direct (Fig. 2D).
Although the crystal structure of truncated TRAF2 is avail-
able, only the C-terminal part of the TRAF-N domain is present
(47, 48) making it difficult to identify the potential interaction
interface between TRAF2-N and cIAP1 BIR1. We therefore
examined the conservation of the TRAF2-N domain from a
number of organisms to predict which residues might be
important for the TRAF2-cIAP1 interaction (Fig. 1D). TRAF1
has also been shown to interact with cIAP1/2 (9, 49) and there-
fore was also included in the alignment. This analysis revealed a
cluster of residues spanning amino acids 283-294 that were
highly conserved across all TRAF2 species examined and also
TRAF1 (Fig. 1D). Importantly, this region showed little conser-
vation with TRAF3 or Drosophila TRAF2 (supplemental Fig.
S1A and S1B), none of which bind cIAP proteins. We therefore
created several alanine point substitutions between or near
mouse TRAF2 residues 283-294, a TRAF2 deletion spanning

ACEEVEN
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residues 283-293, and a TRAF2 truncation by introducing a
stop codon at residue Asp-310 (Fig. 1D).

TRAF?2 Residues 283—-293 Are Required for Binding to cIAPI
and cIAP2—To determine which residues of TRAF2 are impor-
tant for binding cIAP1 and cIAP2, we transiently transfected
the indicated FLAG-TRAF2 constructs (Figs. 1D and 2A) into
293T cells and examined their binding to endogenous cIAP1
and overexpressed cIAP2 by FLAG immunoprecipitation and
Western blot. As before, TRAF2-N (amino acids 262—-349) and
wild type (WT) TRAF2 bound cIAP1, and as expected, TRAF1
also immunoprecipitated cIAP1. The TRAF2 deletion A283—
293 did not bind detectable amounts of cIAP1 or cIAP2, and the
double alanine point substitution EVE292AV A mutant showed
drastically reduced binding to both cIAP1 and cIAP2 (Fig. 2,

A-D). Single alanine point substitution of either Glu-292 or

Glu-294 was less disruptive of cIAP1 and cIAP2 binding than
mutation of both residues in the EVE292AVA mutant (Fig. 2B).
TRAF2 E283A (and E283A/N283A) showed slightly reduced
cIAP1 binding, but the other TRAF2 mutants, including the
TRAF2 Asp-310 truncation mutant and a ARING mutant lack-
ing the first 87 amino acids, all interacted with cIAP1 like wild
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FIGURE 3.The TRAF2 CIM region 283-293 and RING domain are important for repression of constitutive noncanonical NF-«B activity caused by TRAF2
deletion. A, TRAF2 deletion results in constitutive NF-«B activity that is further enhanced by TNF stimulation. TRAF2 was deleted from parental TRAF2-oX"/LoxP
conditional knock-out MEFs containing a lentiviral NF-«B GFP reporter by infection with a lentivirus harboring a Cre recombinase-expressing plasmid. TRAF2
parental WT and knock-out NF-«B GFP reporter cells were stimulated with TNF for 24 h, and reporter activity was measured by flow cytometry. Blue coloring, WT
unstimulated cells; red coloring, TRAF2 ™/~ unstimulated cells; green coloring, TNF-stimulated cells. 8, WT but not CIM-mutated TRAF2 restores basal NF-kB GFP
reporter activity in TRAF2 '~ cells. TRAF2 expression in the TRAF2 conditional knock-out MEFs described in A was restored with the indicated WT and mutant
constructs. Basal NF-«kB reporter activity was measured by flow cytometry 72 h post-restoration of TRAF2 expression. Yellow coloring, parental WT MEFs; light
blue coloring, TRAF2 ™/~ MEFs; red coloring, uninduced TRAF2 '~ cells reconstituted with the indicated inducible constructs; blue coloring, induced TRAF2 ™/~
cells reconstituted with the indicated inducible constructs. The experiments shown are representative of results obtained on three independent occasions.
C, TRAF2 deletion results in constitutive noncanonical NF-«B activity that is not reduced to normal levels by expression of TRAF2 CIM A283-293 or RING domain
mutants. TRAF2 /" cells described in A were infected with the indicated inducible lentiviral TRAF2 constructs, and TRAF2 expression was induced in indepen-
dent clones. 72 h post-induction, cells were harvested and analyzed by Western blot (WB) for the indicated proteins.

type TRAF2 (Fig. 2, A and B). Similar decreases in TRAF2 3, B and C). The TRAF2 RING domain mutant also failed to
mutant binding to cIAP1 were also observed in other cell types, reduce TRAF2 knock-out NIK levels and p100 processing (Fig.
such as D645 glioma cells (supplemental Fig. S1C). These muta-  3C) despite the fact that it binds cIAP1 and cIAP2 (Fig. 2B). This
tions are unlikely to affect TRAF2 trimerization because the shows that cIAP1/2-mediated Lys-48-linked ubiquitylation and
cIAP1/2-interacting motif was not present in the trimeric degradation of NIK rely on TRAF2 as an adaptor protein and
TRAF?2 crystal structure (47, 48). Consistent with the idea that that the TRAF2 RING domain is also essential for the ability of
the TRAF2 mutations do not affect TRAF2 structure dramati- cIAP1/2 to degrade NIK.
cally, the TRAF2 mutants with reduced binding to cIAP1/2 The TRAF2 CIM Is Required for Resistance to TNF-induced
interacted with endogenous TRADD and RIPK1 to the same  Cell Death—TRAF2 knock-out MEFs immortalized with the
extent as the wild type protein (Fig. 2C) (50). Experiments using  SV40 large T antigen are highly susceptible to cell death
purified cIAP1 or cIAP2 BIR1 domain proteins with purified induced by TNF treatment alone (Fig. 44) (17). These TRAF2
wild type, EVE292AVA, or A283-293 TRAF2-N domain pro- knock-out cells showed no significant difference in their ability
teins confirmed that BIR1 binding to TRAF2-N was direct and  to be killed by TNF-related apoptosis-inducing ligand and only
that mutant TRAF2-N binding was reduced (EVE292AVA) or  aslight, potentially insignificant, difference in their ability to be
abolished (A283-293) (Fig. 2D). The CIM of TRAF2 therefore killed by FasL (Fig. 44), suggesting TRAF2 primarily provides
spans residues 283-294 and mediates the direct interaction protection against TNF-induced apoptosis. Similarly, SV40
between the TRAF-N domain of TRAF2 and the BIR1 domain large T immortalized WT MEFs that have been treated with the
of cIAPI. IAP antagonist compound A to remove cIAP1 and cIAP2 are
Functional TRAF2 CIM and RING Domains Are Required to  killed by TNF treatment within 24 h (Fig. 44) (19). Because
Inhibit Noncanonical NF-kB—In unstimulated WT cells, cIAP1/2arerecruited by TRAF2, these data indicate that either
TRAFS3 binding to NIK recruits a TRAF2-cIAP1/2 complex to  cIAP1/2 or TRAF2, or both, confers protection against TNF
allow cIAP1/2-mediated NIK degradation and inhibition of killing but do not distinguish between these possibilities.
spontaneous noncanonical NF-«B (11, 12, 33, 51). Deletion of Reintroduction of inducible WT TRAF2, or the E283A
TRAF2 or cIAP1 therefore results in constitutive noncanonical TRAF2 mutant that is able to bind cIAP1/2, into TRAF2 knock-
NE-«B signaling (Fig. 3, A and C) (17, 19, 52). Complementation  out MEFs almost fully restored protection against TNF killing
of TRAF2 knock-out MEFs with the EVE292AVA TRAF2 (Fig. 4, Band C). However, induction of the TRAF2 CIM A283—
mutant, which is still able to bind low amounts of cIAP1/2 (Fig. 293, EVE292AVA, or RING domain mutants in TRAF2 knock-
2, B and D), was able to partially restore NF-kB activity in out MEFs failed to prevent TNF-induced cell death (Fig. 4C).
TRAF2 knock-out cells to the basal levels observed in WT cells  These data demonstrate that cIAP1/2 binding to TRAF2 is cru-
(Fig. 3, B, and C), although the TRAF2 A283-293 CIM mutant cial to prevent apoptosis induced by TNF and suggest that any
completely failed to do so, as measured by increased NIK levels, interaction cIAP1/2 may have with RIPK1 (14) is not sufficient
p100 processing to p52, and NF-«B GEP reporter activity (Fig.  for TNF resistance in the absence of their binding TRAF2. Sig-
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nificantly, these results indicate that the RING domain of
TRAF2 is also required for TNF resistance (Fig. 4C), even
though this construct retains the ability to bind both cIAP1 and
cIAP2 (Fig. 1B). Therefore, both TRAF2 and cIAP1/2 play
important roles in protecting cells from TNF-induced death,
and they must do so bound to each other.

TNF-induced RIPK1 Modification Is Dependent on a Func-
tional TRAF2-cIAP1/2 Interaction, but the TRAF2 RING
Domain Is Dispensable—Recent work has suggested that
cIAP1/2 act as the E3 ubiquitin ligases to ubiquitylate RIPK1
following TNFR1 activation (14 —16). However, it has also been
proposed that the E3 ubiquitin ligase activity of TRAF2 medi-
ates ubiquitylation of RIPK1 following TNFR1 signaling (28,
29). Combined deletion of TRAF2 and TRAF5 (TRAF2/TRAF5

DECEMBER 18, 2009+ VOLUME 284+NUMBER 51

DKO) significantly prevented RIPK1 ubiquitylation in response
to TNF stimulation and dramatically reduced cIAP1/2 binding
to TNFR1 (Fig. 5). Thus, the phenotype of the TRAF2/TRAF5
knock-out cells is consistent with both models and cannot dis-
tinguish between either. Restoration of WT TRAF2 expression
in TRAF2/TRAF5 DKO MEFs restored RIPK1 ubiquitylation
and cIAP1/2 recruitment to TNFR1, as expected (Fig. 5). How-
ever, TRAF2/5 DKO cells reconstituted with the TRAF2 CIM
A283-293 mutant did not recruit cIAP1 and did not restore
RIPK1 ubiquitylation in response to TNF (Fig. 5). Reintroduc-
tion of TRAF2 ARING, which is still able to bind cIAPs (Fig. 2)
but lacks E3 ligase activity, also restored RIPK1 ubiquitylation
and cIAP1/2 recruitment (Fig. 5). These data are consistent
with the idea that cIAP1/2 are the most important E3 ligases for
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of p65 to the nucleus (Fig. 6, B and
(), and complementation with WT
TRAF2 restored all these NF-kB-as-
sociated functions (Fig. 6, B and C).
Although the TRAF2 CIM mutant
EVE292AVA, which retains weak
cIAP1/2 binding (Fig. 2, B and D),
partially restored TNF-induced
NE-«B function (Fig. 6. Band C), the
TRAF2 A283-293 CIM mutant was
unable to restore either IkBa degra-
dation or nuclear translocation of
p65 in response to TNF (Fig. 6, B
and C).

It has recently been suggested
that TNF-induced Lys-63-linked
ubiquitylation of TRAF2 on lysine
31 regulates binding of TAB2/TAB3
to TRAF2 and is required for proper
TNF-induced IKK and NF-«B activ-
ity (55). If this model is correct,
then complementation of TRAF2/
TRAF5 DKO cells with a ARING
TRAF2 mutant, which lacks resi-
dues 1-87, should fail to restore
TNF-induced NF-«B function.
However, we observed that TRAF2/
TRAF5 DKO MEFs complemented
with ARING TRAF?2 restored TNF-

RIPK1, and the data fit the model whereby if TRAF2 does not
recruit cIAP1/2 then RIPK1 fails to undergo TNF-induced
ubiquitylation and associates with FADD and caspase-8 to
induce cell death. Intriguingly, although TNF-induced RIPK1
ubiquitylation (Fig. 5) and NF-«B function (see below) are
retained upon loss of the TRAF2 RING domain, these cells are
still susceptible to TNF killing (Fig. 4C).

The TRAF2 CIM, but Not the TRAF2 RING Domain, Is
Required for Efficient TNF-induced NF-«kB Activation—As
described previously (24, 53), TNF-induced NF-«B activation
in TRAF2 knock-out cells was similar to wild type cells, as
determined by NF-«B reporter assays and Western blotting for
p65 phosphorylation and IkBe (Figs. 3A and 6A). Interestingly,
we consistently observed that cIAP1~/~, TRAF2™'~, and
TRAF2/TRAF5 DKO MEFs that have been immortalized
with the SV40 large T antigen have increased levels of basal
phosphorylated p65 when compared with WT cells (Fig. 6 A
and B) (17, 19). However, this does not correlate with
increased basal nuclear p65 levels in any of these cell lines
(Figs. 6, C and D) (17).

TRAF2 and TRAF5 are redundant with respect to TNF-in-
duced activation of NF-«kB, because deletion of both genes is
required to prevent it (54). To examine the role of the TRAF2-
cIAP1/2 interaction in TNF induction of NF-«kB, we therefore
complemented TRAF2/TRAF5 DKO MEFs with TRAF2 WT,
CIM mutant, and RING domain deletion constructs. TRAF2/
TRAF5 DKO cells were significantly impaired in TNF-induced
p65 phosphorylation and IkBa degradation and translocation
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induced p65 phosphorylation, I«B
degradation, and translocation of p65 to the nucleus to a similar
level as observed when TRAF2/TRAF5 DKO MEFs were com-
plemented with WT TRAF2 (Fig. 6, B and C).

Although rapid TNF-induced nuclear translocation of p65 is
mostly lost in TRAF2/TRAF5 DKO MEFs when compared with
WT cells, some p65 nuclear localization could be detected after
60 min of TNF stimulation (Fig. 6D). Because immunoprecipi-
tated TNFR1 from TRAF2/TRAF5 DKO cells still bound low
levels of cIAP1/2 (Fig. 5), we speculated that the late nuclear
translocation of p65 in TRAF2/TRAF5 DKO cells observed by
immunofluorescence could be caused cIAP1/2 function. Con-
sistent with this idea, when we depleted cIAP1/2 from TRAF2/
TRAF5 DKO cells using the IAP antagonist compound A (19),
p65 translocation to the nucleus failed to occur, even 60 min
after TNF stimulation (Fig. 6D).

Deletion of TRAF2 Results in Enhanced TNF-induced c-FLIP
Degradation—Previous work has demonstrated that in the
absence of NF-«kB signaling in TRAF2/TRAF5 DKO or p65
knock-out cells, the lack of TNF-induced c-FLIP; expression
sensitizes to TNFR1 killing (56). Although it has been proposed
that TRAF2 knock-out cells are also sensitive to TNF due to
reduced basal levels of c-FLIP; (57), our Western blots sug-
gested that both unstimulated TRAF2~/~ and TRAF2/TRAF5
DKO MEFs contain almost equivalent levels of c-FLIP; when
compared with WT cells (Fig. 7). However, when stimulated
with TNF, both TRAF2~/~ and TRAF2/TRAF5 DKO cells dis-
played a dramatic loss of c¢-FLIP; when compared with WT
cells (Fig. 7). Hence, despite the normal NF-kB activation in
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TRAF2™/~ MEFs, c-FLIP, is still efficiently depleted upon TNF
stimulation, and this probably accounts, at least partially, for
their increased sensitivity to TNFR1-induced death.

DISCUSSION

Our study identifying and characterizing the role of the
cIAP1/2-interacting motif of TRAF2 reveals that a key role of
TRAF?2 is in the recruitment of cIAP1/2 into signaling plat-
forms. One of these is the NIK complex that is essential for
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noncanonical NF-kB activation. TRAF2 is a key molecule in the
regulation of NIK stability as loss of TRAF2 results in NIK sta-
bilization, activation, and constitutive noncanonical NF-«B sig-
naling (17, 52, 58). Using TRAF2 CIM and RING mutants, we
complemented TRAF2 knock-out cells and found that restora-
tion of the normal low level of NIK and reduction of spontane-
ous NF-kB activity required both the TRAF2 CIM and RING
domains. These findings are consistent with recent reports
showing that repression of noncanonical NF-«B activity
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requires a complex of TRAF3, TRAF2, and cIAP1/2, with each
component performing a distinct function (11, 12, 19, 33).
TRAFS3 interacts with NIK and also binds the TRAF2-cIAP1/2
module, thereby bringing cIAP1/2 into the proximity of NIK,
resulting in cIAP1/2-mediated Lys-48-linked ubiquitylation of
NIK and its proteasomal degradation (11, 12, 33). These studies
and our work here demonstrate that in addition to cIAP1/2,
both the TRAF2 and TRAF3 RING domains are required for
NIK degradation.

Our data also show that TNF-induced nuclear translocation
of the canonical NF-kB subunit p65 is significantly delayed in
TRAF2/TRAF5 DKO cells, which agrees with previously
reported NF-«B electrophoretic mobility gel shift assays and in
vitro IKK activity assays performed on TRAF2/TRAF5 DKO
cells (54, 55). cIAP1/2 have also been implicated in canonical
NF-kB signaling following TNFR1 activation, and both cIAP1/2
and TRAF2 have been suggested to be the E3 ligases required
for ubiquitylation of RIPK1 (10, 14-16, 28, 29). Ubiquitylated
RIPK1 is believed to be the key signaling platform required for
correct TNFR1-induced NF-«B, and a TRAF2 CIM mutant was
unable to restore either RIPK1 ubiquitylation or normal NF-«B
signaling in response to TNF. Recently, however, we have
shown that RIPK1 knock-out MEFs are able to induce NF-«B in
response to TNF.® We therefore believe that RIPK1 ubiquityla-
tion serves as a marker for TNF-induced activation of NF-kB
but is not a requirement. Although our work here and recent
studies therefore suggest a role for cIAP1/2 in normal canonical
NE-«B responses initiated by TNF stimulation (10, 15, 16), it
remains unclear what their key targets might be given that
RIPK1 itself is dispensable for TNF-induced NF-«B.

The ubiquitylation of RIPK1 by cIAP1/2 has been shown to
prevent it associating with FADD and caspase-8, thereby limit-
ing TNFR1-induced cell death (10, 15, 16). Consistent with this
model, cIAP1 knock-out MEFs have increased RIPK1 recruit-
ment to TNFR1 and increased sensitivity to TNF killing com-
pared with wild type MEFs (10, 19). Similarly, IAP antagonist
treatment that depletes cIAP1/2 causes a loss of RIPK1 modifi-

8. Wong and J. Silke, submitted for publication.
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cation following TNF stimulation (10, 16). Following TNFR1
activation, we observed increased amounts of RIPK1 bound to
TNEFR1 and decreased RIPK1 ubiquitylation in TRAF2/TRAF5
DKO cells. TRAF2/TRAF5 DKO cells reconstituted with either
WT TRAF2 or a TRAF2 ARING mutant, but not a TRAF2 CIM
mutant, regained RIPK1 ubiquitylation. These results show
that TRAF2-dependent TNF-induced RIPK1 ubiquitylation
requires an intact TRAF2-cIAP1/2 interaction. Combined with
the fact that the TRAF2 RING domain was dispensable for
RIPK1 ubiquitylation, our data support the model that cIAP1/2
are the critical E3 ligases required for RIPK1 ubiquitylation.

Although we show that TRAF2 must recruit cIAP1/2 to
properly activate NF-«kB, TRAF2 is not just a passive adaptor,
because the RING domain of TRAF?2 is required for imparting
resistance to induction of apoptosis by TNF. Our results with
TRAF2 ™/~ cells and those reconstituted with a TRAF2 ARING
mutant demonstrate an apparently normal NF-kB induction
combined with sensitivity to TNF killing. Although decreased
cIAP1/2 recruitment into the TNFRI signaling complex in
TRAF2™/~ MEFs may lead to less RIPK1 ubiquitylation and
theoretically promote TNF-induced cell death, our data show
that TRAF2 ARING restores cIAP1/2 binding to TNFR1 and
RIPK1 ubiquitylation and yet fails to restore TNF resistance.
The almost normal canonical NF-«B response on the back-
ground of increased noncanonical NF-kB signaling in
TRAF2™/~ MEFs (see Ref. 17 and this work) may render them
sensitive to TNF, but this remains to be tested. Alternatively, an
enhancement in ¢-FLIP; degradation may render TRAF2 ™/~
cells more susceptible to TNFR1-induced death. To this end,
we observed a dramatic decrease in c-FLIP; levelsin TRAF2 ™/~
cells upon TNF stimulation, which is likely to contribute to
their enhanced TNF sensitivity. Although the data fits current
models where active caspase-8 has been shown efficiently
cleave c-FLIP; (59), it remains to be determined how c-FLIP;
levels are regulated by the presence of TRAF2.

Our results define a TRAF2-c1AP1/2-interacting motif and
provide independent support for recent studies with IAP antag-
onist compounds that demonstrate a fundamental role for
cIAP1/2 in regulating TNF signaling. Reconstitution of TRAF2
and TRAF2/TRAF5 DKO cells with a TRAF2 ARING mutant
has, however, raised new questions. This mutant was able to
recapitulate the ability of wild type TRAF?2 to activate canonical
NEF-kB in response to TNF in TRAF2/TRAF5 DKO cells, but it
was unable to protect TRAF2 knock-out cells from the cyto-
toxic activity of TNF. It will therefore be interesting to deter-
mine what is the additional cytoprotective function of TRAF2.
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