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Two Coordinated Mechanisms Underlie Tumor Necrosis Factor
Alpha-Induced Immediate and Delayed IkB Kinase Activation
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Tumor necrosis factor alpha (TNF-a)-induced NF-kB activation has been believed to depend on TRAF2- and cIAP1-mediated
RIP1 ubiquitination. However, recent findings have challenged the notion that these proteins play essential roles in NF-kB acti-
vation. Here, by assessing the kinetics and amplitude of IkB kinase (IKK) activation, we report that TNF-a-induced immediate
and robust activation of IKK requires K63-linked and linearly linked ubiquitination of RIP1 and that in the absence of RIP1 ex-
pression, TRAF2 and cIAP1 cooperatively induce delayed IKK activation by recruiting LUBAC to TNFR1. Knockdown of HOIP
(a component of LUBAC) in RIP1-deficient cells completely impairs the recruitment and activation of IKK but does not affect
K63-linked ubiquitination of TRAF2 and recruitment of TAK1 to TNFR1, suggesting that the K63-linked ubiquitin chain is not
capable of recruiting IKK in vivo. We also demonstrate that TRAF2 and cIAP1 together, but not either one alone, directly cata-
lyze linearly linked ubiquitination of RIP1. Importantly, in embryonic hepatocytes, TNF-« activates NF-kB through a RIP1-
independent pathway. Thus, our findings clarify molecular details of this important signaling mechanism by providing evidence

for the existence of two phases of IKK activation: the immediate phase, induced by TRAF2/cIAP1-mediated ubiquitination of
RIP1, and the delayed phase, activated by TRAF2/cIAP1-dependent recruitment of LUBAC.

Tumor necrosis factor alpha (TNF-a) is a pleiotropic cytokine
that can exert opposing biological effects—proinflammatory
and proapoptotic— by activating the NF-kB and caspase 8 path-
ways, respectively (1, 2). The cytokine acts through two distinct
cell surface receptors, TNFR1 and TNFR2, and gene knockout
studies have revealed that TNFR1 mediates both types of TNF-a
activity (3, 4). Although numerous studies initially led to a good
consensus on the molecular mechanisms underlying TNFR1-me-
diated NF-kB activation, a recent accumulation of apparently
contradictory results has led to significant complication in those
models (5-8).

In the field of TNFRI1 study, the prevailing model for the sig-
naling pathways whereby TNF-a leads to NF-kB activation has
been as follows: activated TNFRI1 recruits TNFR-associated death
domain protein (TRADD), receptor-interacting protein 1 (RIP1),
TNFR-associated factor 2 (TRAF2), and TRAF5; the RING do-
mains of TRAF2 and TRAF5 then work in conjunction with the
ubiquitin (Ub)-conjugating enzyme Ubc13/UevlA to catalyze
K63-linked polyubiquitination of RIP1 (RIP1-K63-pUb) at K377
(5,9); the RIP1-K63-pUb chain then recruits the TAK1 (consist-
ing of TAK1, TAB1, and TAB2 subunits) and IkB kinase (IKK)
(consisting of IKKa, IKKB, and IKKy/NEMO subunits) com-
plexes, binding directly to the Ub-binding domains present on
TAB2 and NEMO; once recruited by RIP1-K63-pUb chains,
TAK]1 directly activates IKKB through proximity-mediated phos-
phorylation (5). Recently, several studies suggested that TRAF2
lacks E3 ligase activity and that it recruits cIAP1/2 to promote
RIP1 ubiquitination (10-13). On the other hand, Alvarez et al.
reported more recently that TRAF2 does possess an E3 ligase func-
tion but that sphingosine-1-phosphate (S1P) binding directly to
the TRAF2 RING domain is required for its activation (14). Nev-
ertheless, TNF-a-induced NF-kB activation is believed to be im-
paired in RIP1 knockout (KO), TRAF2 and TRAF5 double-
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knockout (DKO), and cIAP1 and cIAP2 (cIAP1/2) double-
knockdown and -knockout (10, 11, 15-19) cells.

We reported previously that TNF-a-induced activation of
JNK, but not that of IKK, depends on the integrity of the TRAF2
RING domain and on Ubcl13 expression (20). Notably, Yamamoto
et al. reported that in B cells and mouse embryonic fibroblasts
(MEFs), conditional ablation of Ubc13 could considerably impair
JNK activation, without affecting IKK activation, in response to all
tested stimuli except TNF-a (21). We reported recently that in
both TRAF2 KO and TRAF2/5 DKO MEFs the classical IKK com-
plex is constitutively activated to a certain level due to accumula-
tion of NIK and that stimulating these cells with TNF-a further
increases IKK activity, albeit weakly (8). Surprisingly, Xu et al.
reported that IKK activation by TNF-a requires UbcH5 (rather
than Ubc13), whose polyubiquitination of RIP1 is not restricted to
the K63-pUb chain (7). On the other hand, Dynek et al. reported
that cIAP1 and UbcH5 promote K11-linked polyubiquitination of
RIP1 (RIP1-K11-pUb) and that RIP1-K11-pUb efficiently re-
cruits NEMO to TNFR1 (22). More surprisingly, Wong et al.
showed that TNF-a can activate NF-kB normally in both primary
and immortalized RIP1 KO cells (6). Adding to these complexi-
ties, linear ubiquitination of NEMO by the HOIL-1L-HOIP com-
plex (also known as LUBAC, for linear ubiquitin chain assembly
complex) was also reported to stabilize the TNFR1 complex and
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allow TNF-a to efficiently activate NF-«kB (23, 24). Collectively,
these studies suggest that there might be redundant pathways that
are capable of translating TNF-a signaling into NF-«B activation.

Western blot analysis of stimulation-induced IkBa degrada-
tion has been used as a standard method for assessing NF-kB
activation. However, our extensive analyses of correlations among
IKK activation, IkBa degradation, and NF-kB-dependent gene
expression in TRAF2 KO and TRAF2/5 DKO cells revealed that
the IKK immunokinase assay was a more sensitive means of as-
sessing the strength and duration of signaling output (8, 25). In
the current study, we used the latter approach to examine TNF-
a-induced NF-kB activation in RIP1 KO and cIAP1/2-depleted
cells. We found that TRAF2- and cIAP1-mediated RIP1 ubiquiti-
nation is essential for TNF-a-induced immediate IKK activation
and that TRAF2- and cIAP1-dependent recruitment of LUBAC to
TNFRI1 mediates the delayed phase of IKK activation. Surpris-
ingly, in HOIP knockdown RIP1 KO MEFs, TRAF2 and cIAP1
underwent increased autoubiquitination through K63 and K48
linkage following TNF-a stimulation, yet they were able to recruit
TAK1, but not IKK, to TNFR1, suggesting that the K63-pUb chain
is not capable of recruiting IKK in vivo. In addition, we demon-
strate that TRAF2 and cIAP1 together, but not either one alone,
directly conjugate RIP1 with linear-linkage Ub chains in vivo and
in vitro, suggesting that linearly linked pUDb chains recruit IKK in
vivo. Thus, our findings shed new light on the mechanisms under-
lying TNF-a-induced NF-kB activation and also provide explana-
tions for the conflicting conclusions that were drawn based on
analysis of IkBa degradation.

MATERIALS AND METHODS

Cell lines, plasmids, and reagents. Wild-type (WT), RIP1 KO, TRAF2
KO, and TRAF2/5 DKO MEFs were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% bovine calf serum
(BCS) and antibiotics, and WT and RIP1-deficient T cells were main-
tained in Iscove’s modified Dulbecco’s medium (IMDM) supplemented
with 10% fetal calf serum (FCS) and antibiotics. Antibodies (Abs) and
reagents were purchased as follows: anti-TRAF2, anti-IKKry, anti-IKK@
Abs and mouse HOIP-specific small interfering RNA (siRNA) from Santa
Cruz Biotechnology (Santa Cruz, CA); panspecific anti-cIAP1/2, agonis-
tic anti-TNFR1 and anti-TNFR2 Abs, and purified recombinant cIAP1
protein from R&D Systems (Minneapolis, MN); anti-TAK1 and anti-
IkBa Abs from Cell Signaling (Danvers, MA); mouse and human TNF-a
from Roche (Indianapolis, IN); anti-Flag Ab from Sigma Chemicals (St.
Louis, MO); anti-polyubiquitin and anti-K63-polyubiquitin Abs from
Enzo Life Sciences (Plymouth Meeting, PA); anti-HOIP and anti-HOIL-1
Abs from Abcam Inc. (Cambridge, MA); and a cocktail of inhibitors of
proteases and phosphatases from Pierce (Rockford, IL). The anti-linear-
pUb Ab was generated as described previously (26). siRNAs for mouse
TRAF2, cIAP1, and cIAP2 were purchased from Thermo Scientific Dhar-
macon (Lafayette, CO); purified recombinant TRAF2 protein from Sig-
nalChem (Vancouver, Canada); and E1, UbcH5b, Ub-WT, Ub-K63, and
Ub-KO from Boston Biochem (Cambridge, MA). The retroviral plasmid
PEAKI12-RIP1 was generously provided by Adrian Ting (Mount Sinai
Medical Center, NY), and pBabe-Flag-RIP1 and pQCXIN-Flag-RIP1
were then generated by subcloning the RIP1 cDNA into the pBabe-puro
and pQCXIN plasmids.

TNFR1 immunoprecipitation and protein ubiquitination assays in
vivo. MEFs (in five 100-mm petri dishes per treatment) were treated with
2X Flag-TNF-a (1.0 pg/ml), and the cell pellets were lysed in TNE lysis
buffer (20 mM HEPES, pH 7.4, 250 mM NaCl, 1% Triton X-100, 1 mM
dithiothreitol [DTT], 1 mM EDTA, 20% glycerol, and a cocktail of pro-
tease and phosphatase inhibitors) containing 5 mM N-ethylmaleimide
(NEM) on ice for 30 min, followed by centrifugation at 13,000 X g for 20
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min at 4°C. The TNFRI complex was then immunoprecipitated with 40
pl of anti-Flag-M2 beads (Sigma) at 4°C for 6 h. The precipitates were
washed four times with the same lysis buffer, and recruitment of RIP1,
TRAF2, cIAP1, HOIP, TAK1, and IKKB to TNFR1 was monitored by
Western blotting using corresponding Abs. In the cases of RIP1 and
TRAF2 ubiquitination within the TNFR1 complex, the immunoprecipi-
tated TNFR1 complex was first eluted from M2 beads with the TNE buffer
containing 0.2 mg/ml 3 X Flag peptide or 0.5% SDS, 0.5 M LiCl, and 5 mM
NEM and then immunoprecipitated with anti-RIP1 or TRAF2 Ab after
diluting the eluates 5-fold with TNE buffer. After SDS-PAGE and the
membrane transfer, the membranes were sandwiched between filter pa-
pers and autoclaved for 30 min or subjected to treatment in denaturing
solution (20 mM Tris, pH 7.5, 6 M guanidine chloride, and 5 mM (3-mer-
captoethanol) for 20 min at room temperature. After extensive washing,
the membranes were blocked overnight at 4°C in Tris-buffered saline with
Tween (TBS-T) containing 5% bovine serum albumin (BSA) and 10%
goat serum. After blocking, the membranes were incubated with anti-
linear-pUb or anti-K63-pUb Ab for 90 min at room temperature, washed
extensively, and then incubated with horseradish peroxidase (HRP)-con-
jugated goat anti-rabbit or anti-mouse Ab for 60 min at room tempera-
ture.

Western blot analysis. MEFs and T cells were mock treated or treated
with mouse TNF-a (mTNF-a) (10 ng/ml) and human TNF-a (hTNFa)
(20 ng/ml) unless stated otherwise. Total protein samples were extracted
with TNE buffer for 30 min on ice, followed by centrifugation at 12,500 X
g for 15 min at 4°C. Twenty-five micrograms of each protein sample was
separated by SDS-PAGE and transferred onto nitrocellulose membranes.
For analysis of p65 phosphorylation, blots were blocked in 3% BSA in
TBS-T for 4 h before incubation with phosphoantibodies overnight at
4°C. For analysis of the expression of other proteins, blots were blocked in
5% fat-free milk in TBS-T for 2 h and then incubated with the indicated
antibody overnight at 4°C. Protein expression was then detected using
enhanced chemiluminescence (ECL) solution.

IKK immunokinase assays. MEFs, T cells, and hepatocytes were
treated with mTNF-a (10 ng/ml), hTNF-a (20 ng/ml), and anti-TNFR1
or anti-TNFR2 agonistic Ab (1.0 pg/ml), and protein samples were ex-
tracted using TNE lysis buffer (20 mM HEPES, pH 7.4, 250 mM NaCl, 1%
Triton X-100, 1 mM DTT, 1 mM EDTA, 10% glycerol, and a cocktail of
protease and phosphatase inhibitors). The IKK complex was immunopre-
cipitated using an anti-IKK+y antibody and then subjected to in vitro ki-
nase assays in the presence of [y->*P]ATP, and glutathione S-transferase
(GST)-IkBa' ™ served as a substrate. The reaction mixtures were sepa-
rated by SDS-PAGE, transferred onto nitrocellulose membranes, and ex-
posed to X-ray film for 4 to 6 h to detect phosphorylation. The same
membranes were stained with Ponceau S to monitor total GST-IkBa lev-
els and then immunoblotted with an anti-IKK antibody.

Smac-mimetic and siRNA-mediated gene knockdown. MEFs were
treated with Smac-mimetic (SM) (200 ng/ml) for 4 h to deplete cIAP1/2.
In the case of siRNA-mediated knockdown, MEFs were transfected with
siRNA duplexes for mouse TRAF2 or HOIP (40 nM) using Lipofectamine
RNAiMax reagent (Invitrogen) according to the manufacturer’s instruc-
tions. Forty-eight hours after transfection, cells were treated with TNF-c,
and IKK activity was then assessed by kinase assays.

Preparation of retroviral supernatants and infection of MEFs. 293T
cells at 60 to 70% confluence were cotransfected with 2 g of pMD.OGP
(encoding gag-pol), 2 g of pMD.G (encoding vesicular stomatitis virus
G protein), and 2 g of pBabe-puro-Flag-RIP1 or pQCXIN-neo-Flag-
RIP1 by the standard calcium phosphate precipitation method. Forty-
eight hours after transfection, the viral supernatant was collected and
filtered through a 0.45-pm filter. The retroviral supernatants were diluted
3-fold with 10% fetal bovine serum (FBS)-DMEM and then used imme-
diately for the infection of MEFs and T cells in the presence of 4 wg/ml
Polybrene for 6 h (MEFs) or 24 h (T cells). Forty-eight hours after infec-
tion, cells were selected with puromycin (2.0 wg/ml) for 6 days or with
neomycin (800 wg/ml) for 14 days, and resistant cells were pooled. Cells
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FIG 1 RIP1 is essential for TNF-a-induced immediate, but not delayed, IKK activation in MEFs. (A) WT and RIP1 KO MEFs were treated with TNF-a (10
ng/ml) as indicated, and IKK activation was then examined by kinase assay. **p-G-IkBa, phosphorylated GST-IkBa; G-IkBa, total GST-1kBa. (B) WT and RIP1
KO MEFs were treated with TNF-a (10 ng/ml) as indicated, and degradation of Ik Ba and phosphorylation of p65 were monitored by Western blotting. (C) RIP1
KO MEFs were stably transfected with pBabe-puro vector control (pBa-C) and pBabe-puro-Flag-RIP1 (pBa-RIP1) by retroviral infection, and the expression
level of RIP1 was analyzed by Western blotting using anti-RIP1 antibody. (D and E) pBa-C and pBa-RIP1 cells were treated with TNF-a (10 ng/ml) as indicated,
after which IKK activity (D) and IkBa degradation (E) were determined by kinase assay and Western blotting.

that stably express Flag-RIP1 at the physiological level were used for func-
tional experiments within 1 month of establishment.

Multiplex and real-time RT-PCR. For multiplex reverse transcription
(RT)-PCR analysis, MEFs and T cells were untreated or treated with
mTNF-a (10 ng/ml) and hTNF-a (20 ng/ml) for 2 h, and total RNA was
extracted using the RNeasy minikit (Qiagen). Five micrograms of total
RNA was treated with RQ1 RNase-free DNase for 30 min at 37°C and then
reverse transcribed using an oligo(dT) primer in a 50-pl volume. Five
microliters of the resulting cDNA was first subjected to conventional PCR
amplification for 11 cycles in the presence of IP-10, interleukin 6 (IL-6), or
RANTES primers, after which GAPDH (glyceraldehyde-3-phosphate de-
hydrogenase) primers were added to the same PCR mixtures and the PCR
amplifications were continued for an additional 20 cycles. The thermocy-
cling program was as follows: 94°C for 2 min; 16 and 20 cycles at 94°C for
1 min, 58°C for 1 min, and 72°C for 1 min; and a final extension step at
72°C for 10 min. After cycling, the PCR products were separated on 1%
agarose gels, stained with ethidium bromide, and visualized under UV
light. For real-time RT-PCR analysis, cDNA was subjected to real-time
PCR using the Power SYBR green AB Master Mix and an ABI Prism 7700
Sequence Detector (Applied Biosystems). Mouse GAPDH-specific prim-
ers were used to generate an internal control, and the average threshold
cycle (Cr) for samples in triplicate was used in the subsequent calcula-
tions. Relative expression levels of NF-kB target genes were calculated as
the ratio with respect to the GAPDH expression level. The mean =* stan-
dard error (SE) of four independent experiments was considered to be
statistically significant at a P value of <0.05. For PCR analysis of mouse
genes, the same primer pairs reported in a previous publication were used
(27). For RT-PCR of human genes in Jurkat T cells, the following primer
pairs were used: GAPDH, 5-ACCACAGTCCATGCCATCAC-3" (for-
ward) and 5'-TCCACCACCCTGTTGCTGTA-3'; IP-10, 5'-GCATCAG
CATTAGTAATCAACC-3' (forward) and 5'-GCTCCCCTCTGGTTTTA
AGGAG-3'.

In vitro ubiquitination assay. Bacterially expressed His-RIP1-Myc
was first affinity purified with Ni-nitrilotriacetic acid (NTA) beads and
then immunoprecipitated with anti-Myc antibody. In vitro-translated
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35S-RIP1-Flag was immunoprecipitated with anti-Flag-M2 beads. After
extensive washes with TNE lysis buffer containing 0.5 M NaCl, the beads
were washed again with ubiquitination buffer (50 mM Tris-HCI [pH 8.0],
5 mM MgCl,, 0.5 mM DTT, 2 mM NaF, and 3 uM okadaic acid) and then
subjected to ubiquitination reactions in ubiquitination buffer supple-
mented with nontagged ubiquitin (1.5 pg), ATP (2 mM), E1 (150 ng),
UbcH5b (0.5 pg), TRAF2 (0.15 pg), cIAP1 (0.15 pg), and/or TRADD
(0.15 pg) for 45 min at 37°C. The beads were then washed extensively with
TNE lysis buffer and subjected to Western blot and autoradiography anal-
yses.

Primary hepatocyte isolation. The livers from nine embryonic day 18
(E18) embryos and three 6-day-old CL57BL/6 mice were crudely sliced
and digested at 37°C for 35 min in HEPES-buffered saline supplemented
with 2 mM CaCl,, 2 mM MgCl,, 5% FBS, 1.0 mg/ml collagenase IV
(Sigma), and 150 U/ml DNase I. Single-cell suspensions were obtained by
gentle pipetting, followed by passing through a cell strainer with a 40-pm
nylon mesh. Red blood cells were lysed in ammonium-chloride-potas-
sium (ACK) lysis buffer at room temperature for 5 min, and then the
remaining hepatocytes were washed twice with phosphate-buffered saline
(PBS) containing 2% FBS and 2 mM EDTA. Dead cells were removed by
Ficoll gradient centrifugation. Viable cells were then equilibrated at 37°C
for 45 min under 5% CO, in IMDM supplemented with 0.5% FBS and
treated with mTNF-a.

Cytotoxicity assay. Hepatocytes were plated on 12-well plates at a
density of 2 X 10* cells/well and equilibrated at 37°C for 45 min under 5%
CO, in IMDM supplemented with 5% FBS, after which the cells were
treated with TNF-a or with TNF-a plus cycloheximide (CHX) as indi-
cated. At 36 h after treatment, cell death was assessed via the trypan blue
exclusion assay. The data shown represent the results of three experiments
performed in triplicate.

RESULTS

RIP1 is essential for TNF-a-induced immediate, but not de-
layed, IKK activation. To better understand the role of RIP1 in
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FIG 2 TNF-a induces delayed IKK activation in RIP1 KO MEFs downstream of TNFR1. (A and B) WT and RIP1 KO MEFs were treated with hTNF-a (20 ng/ml)
as indicated, after which IkBa phosphorylation and degradation were monitored by Western blotting. (C and D) WT and RIP1 KO MEFs were treated with
anti-mouse TNFR1 (aTNFR1) or TNFR2 (o« TNFR2) agonistic antibody (1 pg/ml) as indicated, after which IKK activation was determined by kinase assays.

TNF-a-induced NF-kB activation, we examined the strength and
duration of IKK activity by immunokinase assays in WT and RIP1
KO MEFs following TNF-a stimulation. As shown in Fig. 1A,
whereas in WT cells, TNF-a caused immediate and robust IKK
activation within 5 min of stimulation, this immediate IKK acti-
vation is completely impaired in RIP1 KO MEFs. Interestingly,
TNEF-a still activated IKK in RIP1 KO MEFs 10 min after stimu-
lation. In line with these observations, TNF-a-induced IkBa deg-
radation and p65 phosphorylation were delayed in RIP1 KO MEFs
compared to those in WT MEFs (Fig. 1B). Nevertheless, consistent
with a previous study (6), TNF-a triggered complete degradation
of IkBa in both WT and RIP1 KO MEFs 20 min after stimulation.
To confirm our findings, we established RIP1 KO cell lines that
stably express either empty vector (pBa-C) or Flag-RIP1 (pBa-
RIP1) at a physiological level (Fig. 1C). As expected, stable expres-
sion of Flag-RIP1 in RIP1 KO MEFs restored TNF-a-induced
immediate IKK activation and IkBa degradation (Fig. 1D and E).
These data suggest that RIP1 expression is essential for TNF-a-
induced immediate IKK activation and that TNF-a can still in-
duce delayed IKK activation in the absence of RIP1.
TNF-a-induced delayed IKK activation in RIP1 KO MEFs is
mediated by TNFR1. TNFR2 directly recruits TRAF2 and acti-
vates NF-kB in response to stimulation by membrane-bound
TNF-a (28). To exclude the possibility that delayed IKK activation
in RIP1 KO MEFs is regulated by TNFR2, we stimulated WT and
RIP1 KO MEFs with hTNF-a, which binds only to mouse TNFR1
and not to TNFR2 (29). As expected, Western blotting revealed
that hTNF-a triggers IkBa phosphorylation and degradation im-
mediately in WT, but not in RIP1 KO, MEFs and that hTNF-a can
still cause IkBaw degradation in RIP1 KO MEFs 15 min after treat-
ment (Fig. 2A and B). To further confirm that ligation of TNFR1
activates NF-kB though RIP1-dependent and -independent path-
ways, we stimulated WT and RIP1 KO MEFs with either a TNFR1-
or a TNFR2-specific agonistic Ab. Interestingly, TNFR1 Ab-in-
duced IKK activation was kinetically delayed in both cell lines, yet
it still occurred about 10 min earlier in WT MEFs than in RIP1 KO
MEFs (Fig. 2C). On the other hand, the TNFR2 Ab weakly in-
duced IKK activation in both WT and RIP1 KO MEFs at the same
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strength and kinetics (Fig. 2D). Collectively, these data confirm
that ligation of TNFR1 activates IKK through RIP1-dependent
and -independent pathways.

TNF-a-induced IKK activation is impaired in RIP1-deficient
Jurkat T cells. TNF-a-induced NF-kB activation has been shown
to be impaired in RIP1-deficient Jurkat T cell mutants (RIP1 =T
cells) (17). Therefore, we also examined the strength and duration
of IKK activation in these cells by immunokinase assay following
stimulation of the cells with TNF-a. Interestingly, both the imme-
diate and delayed phases of IKK activation were completely im-
paired in RIP1~/~ T cells (Fig. 3A). Consistently, TNF-a-induced
degradation of IkBa and expression of IP-10 (an NF-kB target
gene) were also completely impaired (Fig. 3B and C). As expected,
stable expression of Flag-RIP1 in RIP1 '~ T cells efficiently re-
stored TNF-a-induced immediate IKK activation, IkBa degrada-
tion, and IP-10 expression (Fig. 3D, E, and F). Next, we repeated
the IKK kinase assay three times in these MEFs and T cell mutants,
as well as in RIP1-deficient MEFs and T cell mutants reconstituted
with Flag-RIP1. As shown in Fig. 3G and H, whereas stable expres-
sion of Flag-RIP1 in RIP1 KO MEFs completely restored the tem-
poral profile of IKK activity to a level comparable to that seen in
WT MEFs, stable expression of Flag-RIP1in RIP1 ™/~ T cells failed
to do so (IKK activity declined at a 10-min time point to a level
clearly lower than that seen in RIP1*/* T cells). Notably, it has
been shown that primary T cells of RIP1 KO thymus isolated from
E18 embryos exhibit clear degradation of IkBa within 20 min of
TNF-a treatment to a level similar to that observed in WT coun-
terparts (6). A possible explanation for the lack of delayed IKK
activation in RIP17/" T cells is that RIP1~'" T cells were created
from human Jurkat T cells by exposing the cells to the mutagen
ICR191 and by selectively enriching cell clones that are defective in
TNF-a-induced NF-kB activation (17). In addition, RIP1 KO
MEFs and RIP17/" T cells are different types of cells; one is of
fibroblast origin, whereas the other is of T lymphocyte origin.
Nevertheless, the RIP1 reconstitution experiments in RIP1-defi-
cient cells demonstrated that RIP1 expression is indeed essential
for TNF-a-induced rapid IKK activation in both human and mu-
rine cells.

Molecular and Cellular Biology


http://mcb.asm.org

hTNFo (min) 0 5 10 20 60 0 5 10 20 60
R S 4_32p—G-IKBOL

— - —— - - - e e e +— G-KBo
— ﬁ_&h“ﬂé-n- + IKKp

(lysate)
RIP1"*-T RIPI-T

B

WTNFo (min) 0 5 10 20 60 0 5 10 20 60
ww e@eese

Dt LY pe—m——— R V]

«RIPI

RIPI**-T RIPI-T
C S s
N N
N N
hINFa()M 0 1 3 0 1 3
«—GAPDH
« IP-10
G MEFs
S12
=
<10 "
£ - WT-MEF
] -4 KO-MEF
S 6
M 4 -0+ pBa-RIP1
£ - pBa-C
£ 2]
Q
<4

0
TNFo (min) 0 5 10 20 60

Mechanisms of TNF-Induced IKK Activation

N
Q§ QQ QQ

Pa—1 Flag-RIP1
i RIP1

S S S S — -actin
RIP1-T

E

hTNFo (min) 0 5 10 20 60 0 5 10 20 60

D < 32-G.-[Bo;

——————— o o ww — G-]KBa

Kinase
assay

1B: -—

lysate

F o &
Y
R R

hTNFa(yM 0 1 3 0 1 3
-

p— L L e GAPDH
LY« [P-10

T-cells

H §12
g
10 */‘\ -8 RIPI"-T
£ 8 4+ RIPI“T
<
< 6 -+ pQC-RIPI
S 4 -+ pQC-C
5 —A—F
20

TNFo (min) 0 5 10 20 60

FIG 3 RIP1 is essential for TNF-a-induced IKK activation in Jurkat T cells. (A and B) WT (RIP1™/* T) and RIP1-deficient (RIP1 /™ T) Jurkat T cells were
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RIP1 is essential for rapid and efficient recruitment of IKK to
TNFR1. RIP1 ubiquitination has been believed to be essential for
TNF-a-induced recruitment of TAK1 and IKK to the TNFR1 com-
plex (5, 9). To understand the possible mechanism for delayed IKK
activation in RIP1 KO MEFs and the lack of any IKK activation in
RIP™/™ T cells, we examined the recruitment of IKK, TAK1, TRAF2,
cIAP1, and LUBAC (HOIP, HOIL-1, and SHARPIN) to TNFRI in
WT and RIP1-deficient MEFs and T cells. We initially expected
that IKK and TAK1 recruitment would be delayed in RIP1 KO
MEFs. However, in contrast to our expectation, the recruitment of
IKK and TAK1 was not delayed but reduced dramatically in RIP1
KO MEFs compared to that in WT MEFs (Fig. 4A). It seems that
immediate activation of IKK requires immediate recruitment of
sufficient amounts of TAK1 and IKK to TNFRI. Interestingly,
immediate recruitment of TRAF2, cIAP1, and HOIL-1 to TNFR1
was comparable between WT and RIP1 KO MEFs at the 5-min
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time point, which is entirely consistent with a recent report by
Haas et al. (24). However, in RIP1 KO MEFs, the protein level of
cIAP1 within the TNFR1 complex was reduced to an undetectable
level 10 min after stimulation, whereas the level of TRAF2 protein
was reduced slightly at 10 min, followed by a slight increase at the
20-min time point (Fig. 4A). On the other hand, in RIP~'™ T cells,
TNF-a-induced recruitment of IKK to TNFR1 was completely
impaired, recruitment of TAK1 was severely reduced, and recruit-
ment of HOIP and HOIL-1 was also reduced (Fig. 4B). In contrast,
the recruitment of TRAF2 and cIAP1 to TNFR1 in RIP~/~ T cells
was comparable to that in RIP™/™" T cells. Nevertheless, these data
suggest that RIP1 is essential for immediate and efficient recruit-
ment of IKK to TNFRI1.

TNF-a triggers cIAP1 degradation in the absence of RIP1
expression in MEFs but not in T cells. Gentle et al. have recently
reported that TNF-a stimulation of RIP1 KO MEFs causes pro-
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T cells were treated with hTNF-a (20 ng/ml) as indicated, and expression of TRAF2 and cIAP1 was monitored by Western blotting. (F) pQC-C and pQC-RIP1

T cells were treated with Flag-TNF-a (1.0 pg/ml) as indicated, and ubiquitination of RIP1 and recruitment of IKKB, TAK1, and TRAF2 to TNFR1 were then

monitored as for panel A.

teasomal degradation of cIAP1 and TRAF2 (30). Thus, we also
examined the total protein levels of cIAP1 and TRAF2 in WT and
RIP1 KO MEFs and T cells following TNF-a stimulation. Consis-
tent with the report by Gentle et al., cIAP1 was degraded almost
completely 30 min after TNF-a stimulation in RIP1 KO MEFs,
whereas the total protein level of TRAF2 was reduced at the 30-
min time point and then recovered 120 min after stimulation (Fig.
4C). Reconstitution of RIP1 KO MEFs with Flag-RIP1 completely
blocked TNF-a-induced cIAP1 degradation (Fig. 4D), confirming
that RIP1 is a bona fide substrate of cIAP1 and TRAF2, as the
RING domain-containing E3 ligases undergo autoubiquitination
in the absence of their substrates (31). On the other hand, the
protein levels of TRAF2 and cIAP1 were not changed in RIP1 ™/~ T
cells following TNF-a stimulation (Fig. 4E). It is possible that in
RIP1™/" T cells the mutagen ICR191 also introduced mutations
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to effector proteins that regulate cIAP1 ubiquitination and degra-
dation. Nevertheless, stable expression of Flag-RIP1 in RIP1~/~ T
cells restored TNF-a-induced efficient recruitment of IKK and
TAK1 to TNFR1 (Fig. 4F), confirming that RIP1 is not only essen-
tial but also sufficient for rapidly recruiting IKK and TAK1 to
TNEFRI.

K63-linked TRAF2 ubiquitination is not sufficient for re-
cruiting IKK to TNFR1. Next, we examined the ubiquitination of
cIAP1 and TRAF2 in total cell lysates prepared from TNF-a-
treated WT and RIP1-deficient MEFs and T cells. Consistent with
the reduction in total protein levels, TNF-a stimulation induced
increased ubiquitination of cIAP1 and TRAF2 in RIP1 KO MEFs
compared to that in WT MEFs (Fig. 5A). On the other hand, in
RIP1~/" T cells, the ubiquitination of cIAP1 was significantly re-
duced while the ubiquitination of TRAF2 was significantly aug-
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mented compared to that in WT T cells (Fig. 5B). Because TRAF2
underwent increased ubiquitination in both RIP1 KO MEFsand T
cells after TNF-a stimulation, we further examined the topology
of TRAF2 pUb chains within the TNFR1 complex. As shown in
Fig. 5C and D, TNF-a-induced increased ubiquitination of
TRAF2 in RIP1-deficient cells was, at least partially, achieved
through K63 linkage but not through linear linkage. As expected,
stable expression of Flag-RIP1 in RIP1~'" T cells efficiently sup-
pressed TRAF2 ubiquitination (Fig. 5E). Given that TNF-a-in-
duced IKK recruitment to TNFR1 was completely impaired in
RIP1™/" T cells (Fig. 4B), our data suggest that K63-linked ubiq-
uitination of TRAF2 alone is not sufficient for recruitment and
activation of IKK.

cIAP1/2 and TRAF2, but not TRAF5, regulate the immediate
and delayed phases of IKK activation. As the ubiquitination of
cIAP1 and TRAF2 was increased in RIP1 KO MEFs, we speculated
that ubiquitinated cIAP1 and TRAF2 trigger the delayed phase of
IKK activation in RIP1 KO MEFs. To test this possibility, we first
depleted cIAP1/2 by SM in RIP1 KO MEFs, as described by Wang
et al. (32), and then examined TNF-a-induced delayed IKK acti-
vation. Interestingly, depletion of cIAP1/2 increased the basal IKK
activity and attenuated, but did not completely abolish, the de-
layed phase of IKK activation (Fig. 6A). Notably, Western blotting
revealed that IkBa degradation was severely reduced in cIAP1/2-
depleted RIP1 KO MEFs (Fig. 6B). These data prompted us to
examine the effect of cIAP1/2 depletion on TNF-a-induced IKK
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activation and IkBa degradation in WT MEFs. Interestingly, de-
pletion of cIAP1/2 in WT MEFs also increased the basal IKK ac-
tivity and impaired the immediate phase of IKK activation but
failed to completely impair delayed IKK activation (Fig. 6C).
Again, Western blotting revealed that IkBa degradation was se-
verely reduced in cIAP1/2-depleted WT MEFs (Fig. 6D). In addi-
tion, consistent with published reports, in cIAP1/2-depleted
MEFs, although both RIP1 and TRAF2 were recruited normally to
the TNFR1 complex, RIP1 ubiquitination was severely impaired
(Fig. 6E), indicating that TRAF2 by itself is not a strong E3 ligase
toward RIP1. Next, we knocked down TRAF2 with siRNA in RIP1
KO MEFs and then examined IKK activation. Similarly, knock-
down of TRAF2 also slightly increased basal IKK activity and se-
verely reduced TNF-a-induced IkBa degradation but did not
completely impair delayed IKK activation (Fig. 7A and B). As
expected, in both TRAF2 KO and TRAF2/5 DKO MEFs, TNF-a-
induced immediate IKK activation was also impaired and IkBa
degradation was severely reduced, yet TNF-a still induced delayed
IKK activation in these cells, albeit weakly (Fig. 7C, D, E, and F).
We tried to knock down both TRAF2 and cIAP1/2 in RIP1 KO
MEFs, but our attempts failed repeatedly because the majority of
siRNA-transfected cells did not survive overnight culture. Alto-
gether, these data suggest that TRAF2 and cIAP1/2 regulate both
the immediate and delayed phases of IKK activation in response to
TNF-a stimulation and that TRAF5 may not have a substantial
role in TNF-a-induced immediate IKK activation.
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LUBAC mediates TNF-a-induced delayed IKK activation in
the absence of RIP1. Haas et al. have reported that ubiquitinated
TRAF2 and cIAP1/2 recruit LUBAC to TNFR1 and promote effi-
cient TNF-a-induced NF-kB activation (24). Thus, to further de-
fine the mechanisms that underlie TNF-a-induced delayed IKK
activation in RIP1 KO MEFs, we knocked down HOIP with siRNA
in RIP1 WT and KO MEFs and then examined IKK activation.
Interestingly, knockdown of HOIP almost completely inhibited
delayed IKK activation in RIP1 KO MEFs, while it only slightly
reduced IKK activation at the 10-min point in WT MEFs (Fig. 8A).
In addition, IkBa degradation and p65 phosphorylation were also
almost completely impaired in HOIP knockdown RIP1 KO MEFs
(Fig. 8A and B). As expected, knockdown of HOIP in RIP1 KO
MEFs had no effect on overall ubiquitination of cIAP1 and TRAF2
(Fig. 8C) or on K63-linked ubiquitination of TRAF2 within the
TNFR1 complex (Fig. 8D). Surprisingly, knockdown of HOIP in
RIP1 KO MEFs significantly reduced TNF-a-induced recruit-
ment of IKK to TNFR1 but had no effect on the recruitment of
TRAF2, cIAP1, and TAKI1 (Fig. 8E). These data suggest that ubiq-
uitinated TRAF2 and cIAP1/2 recruit LUBAC and induce delayed
IKK activation in the absence of RIP1 expression.

TNF-a induces linear ubiquitination of RIP1 independent of
LUBAC. Our data demonstrate that K63-linked ubiquitination of
TRAF?2 is not capable of recruiting IKK directly to TNFR1. This
prompted us to examine the topology of RIP1 ubiquitination
within the TNFR1 complex. To do so, we first knocked down
HOIP in WT MEFs, stimulated the cells with Flag-TNF-«, and
then immunoprecipitated the TNFR1 complex with anti-Flag-M2
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beads. The complexes were then eluted, diluted, and subjected to
RIP1 reimmunoprecipitation. Western blotting using chain-spe-
cific antibodies revealed that RIP1 is ubiquitinated through both
K63 and linear linkages (Fig. 9A and B). Interestingly, when the
NEMO complex was first immunoprecipitated, followed by RIP1
reprecipitation, linear-pUb-specific antibody produced slightly
stronger signals than did K63-pUb-specific antibody (Fig. 9C).
These data led us to hypothesize that the other E3 ligases found in
the signaling complex (e.g., TRAF2 and cIAP1) may mediate lin-
ear ubiquitination of RIP1 and immediate activation of IKK in
WT MEFs. To test whether TRAF2 and cIAP1 cooperatively cata-
lyze linear ubiquitination of RIP1, we subjected immunoprecipi-
tated His-RIP1-Myc to in vitro ubiquitination assays in the pres-
ence of nontagged Ub, UbcH5b, TRAF2, and/or cIAP1 and then
extensively washed the RIP1-bound protein G (Gp) beads after
the reactions. Western blot analysis revealed that TRAF2 and
cIAPI together, but not either one alone, directly and efficiently
conjugate RIP1 with linear-linkage Ub chains (Fig. 10A, lane 4).
Notably, cIAP1 also strongly ubiquitinated TRAF2, as well as it-
self, and these two proteins, but not E1 and E2, bound to the RIP1
beads very tightly after the reactions and were not washed off the
beads even with high-salt buffers. Nevertheless, in a control reac-
tion that contained a 2-fold excess of TRAF2 and cIAP1, the linear
ubiquitination was not detected under the same conditions
(Fig. 10A, compare lanes 4 and 5). Interestingly, when lysine-
free Ub (Ub-KO0) was used for ubiquitination reactions, cIAP1
alone was able to catalyze linear ubiquitination of RIP1, albeit
weakly (Fig. 10B). To confirm these data, we in vitro translated
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RIP1-Flag in the presence of [*>S|Met, immunoprecipitated it
with anti-Flag-M2 beads, and then carried out ubiquitination as-
says using Ub-WT, -K63, -K0, and -Meth (methylated Ub). As
expected, TRAF2 and cIAP1 together more efficiently generated
polyubiquitin chains on **S-RIP1 from Ub-K63 and -K0 but not
from Ub-Meth, confirming that the signals depict pUb chains but
not multiple monoubiquitination, since methylation of Ub blocks
all Lys and the a-amino group of the N-terminal Met (Fig. 10C).
Collectively, these data suggest that TRAF2’s function is not only
to recruit cIAP1 to the TNFRI complex, but also to promote
cIAP1-mediated linear and K63-linked ubiquitination of RIP1.
Both RIP1 and LUBAC are essential for efficient expression
of NF-kB target genes. To determine the relevance of RIP1- and
LUBAC-mediated activation of IKK in NF-kB-dependent gene
expression, we first analyzed the expression of well-known NF-kB
target genes (Ip-10, Rantes, and II-6) by quantitative real-time
RT-PCR in WT and RIP1 KO MEFs following stimulation of the
cells with low (5-ng/ml) and high (50-ng/ml) doses of TNF-a.
Interestingly, although the expression levels of IP-10 were similar
between the two cell lines, the expression of RANTES and IL-6 was
reduced significantly in RIP1 KO MEFs compared to that in WT
MEFs when the cells were treated with a low, but not with a high,
dose of TNF-a (Fig. 11A). Next, we knocked down HOIP and then
examined IP-10 and RANTES expression in RIP1 WT and KO
MEFs following TNF-a stimulation. As expected, knockdown of
HOIP in RIP1 KO MEFs almost completely inhibited TNF-a-
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induced expression of both IP-10 and RANTES at both doses (Fig.
11B). Interestingly, knockdown of HOIP in WT MEFs also signif-
icantly reduced the expression of RANTES induced by a low dose
of TNF-a treatment. To confirm these results, we performed con-
ventional multiplex RT-PCR analysis. Consistently, transcription
of RANTES and IL-6 was clearly lower in RIP1 KO MEFs than in
WT MEFs (Fig. 11C). To further confirm these results, we exam-
ined the expression of RANTES and IL-6 in pBa-C and pBa-RIP1
cell lines. As expected, TNF-a-induced expression of RANTES
and IL-6 was markedly higher in pBa-RIP1 cells than in pBa-C
cells (Fig. 11D). These data suggest that both RIP1 and LUBAC
play essential roles in efficient expression of a subset of NF-kB
target genes in response to a pathophysiologically relevant dose of
TNF-a stimulation.

Embryonic hepatocytes do not express RIP1 and exhibit de-
layed IKK activation. Recently, Wong et al. reported that embry-
onic hepatocytes do not express RIP1 protein, possibly due to
degradation (6). We also found that embryonic hepatocyte do not
express RIP1 protein, while hepatocytes derived from 6-day-old
mice do (Fig. 12A and B). To assess the physiological relevance of
the RIP1-independent pathway in regulating TNF-a-induced
IKK activation, we isolated hepatocytes from E18 embryos and
6-day-old mice and examined IKK activation. As expected, TNF-
a-induced IKK activation was delayed in embryonic hepatocytes
but not impaired (Fig. 12C). Importantly, this delayed IKK acti-
vation is sufficient to confer resistance to TNF-a-induced cell
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death on embryonic hepatocytes (Fig. 12D). On the other hand,
embryonic hepatocytes were found to be more susceptible to
apoptosis induced by TNF-a in the presence of a low level of CHX
(0.3 pg/ml), a condition that does not cause apparent cell death in
RIP1-expressing cells (Fig. 12D). These data suggest that, during
embryonic development, TNF-a activates IKK though a RIP1-
independent pathway in hepatocytes.

DISCUSSION

TNF-« is a key modulator of inflammatory responses and is tar-
geted in therapeutic strategies for a range of diseases involving
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chronic inflammation (33). Ironically, although TNF-a/TNFR1
signaling is among the most studied signal transduction pathways,
our understanding of the molecular mechanisms underlying
TNFR1-mediated activation of NF-kB has been significantly com-
plicated by the recent accumulation of apparently contradictory
results (2, 6,8, 11,21, 34). For example, early studies conducted in
a mutant Jurkat T cell line lacking RIP1 and in Abelson murine
leukemia virus-transformed pre-B cell lines derived from RIP1
KO mice revealed that RIP1 expression plays an essential role in
TNF-a-induced NF-kB activation (16, 17). In contrast, Wong et
al. reported recently that TNF-a can normally activate NF-kB in a
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were immunoprecipitated either with anti-Flag-M2 beads (A and B) or with anti-NEMO Ab (C). The complexes were then eluted, diluted, and reprecipitated
with anti-RIP1 Ab. Ubiquitination of RIP1 was monitored by Western blotting using anti-linear-pUb and anti-K63-pUb Abs.
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FIG 10 TRAF2 and cIAP1 cooperatively catalyze K63-linked and linearly linked ubiquitination of RIP1. (A) Bacterially expressed and purified His-RIP1-Myc
was immunoprecipitated with anti-Myc Ab and then subjected to in vitro ubiquitination reactions in the presence of nontagged Ub-WT, TRAF2, and/or cIAPI.
Following the reaction, the Gp beads (lanes 1 to 4) and supernatants (sup) (lanes 1s to 4s) were separated, and the beads were washed before being subjected to
Western blot analysis using anti-linear-pUb, anti-K63-pUb, anti-cIAP1, anti-RIP1, and anti-TRAF2 Abs. Lane 5 is a control ubiquitination reaction mixture
containing 2-fold excess of TRAF2 and cIAP1 but without RIP1. At the bottom is shown Ponceau S staining of one of the membranes, and a thin black line in each
gel indicates a blank lane cropped out of the image derived from one Western blot image. (B) Immunoprecipitated His-RIP1-Myc was subjected to in vitro
ubiquitination reactions in the presence of nontagged, lysine-free Ub (Ub-K0), TRAF2, and/or cIAP1, and ubiquitination of RIP1 was then monitored by
Western blotting using anti-linear-pUb and anti-RIP1 Abs as for panel A. (C) In vitro-translated and immunopurified **S-RIP1-Flag was subjected to ubiquiti-
nation reactions as in the presence of WT, K63-only (K63), K0, and methylated (Meth) Ub, and ubiquitination of RIP1 was then monitored by autoradiography.

variety of primary and immortalized cells derived from the same
RIP1 KO mice (6). Our study demonstrates that different experi-
mental approaches could result in different, if not conflicting,
conclusions. For example, whereas Western blotting showed that
TNF-a induces IkBa degradation normally in RIP1 KO MEFs,
kinase assays revealed that TNF-a-induced immediate IKK acti-
vation is impaired (Fig. 1A and B). In the case of RIP1™/~ T cells,
although Western blotting revealed that reconstitution of these
RIP1™'" T cells with Flag-RIP1 restores TNF-a-induced IkBa
degradation, kinase assays revealed that the IKK activity declines
faster than that in parental WT T cells (Fig. 3E and G).

Similarly, comparing results from gene expression further re-
vealed that which target genes are analyzed can have an impact on
the experimental outcome. Specifically, real-time RT-PCR analy-
sis of [P-10 expression suggested that TNF-a-induced expression
levels of NF-kB targets are comparable between WT and RIP1 KO
MEFs, yet analysis of the expression of RANTES and IL-6 revealed
asignificant reduction in RIP1 KO cells (Fig. 11A). The expression
of NF-kB target genes is regulated at multiple levels, including
phosphorylation of the p65 subunit (by IKK, Akt, and protein
kinase C{) and the immediate accessibility and modification of the
target gene’s promoter regions (1, 35, 36). Some NF-«B target
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genes (e.g., tkba and Ip-10) are particularly sensitive to TNF-a
stimulation, as their promoters are always immediately accessible
to transcription factors; even transient NF-kB activation is suffi-
cient to induce their expression (37, 38). In contrast, other pro-
moters require stimulus-dependent modifications to chromatin
structure to become accessible to NF-kB (e.g., Rantes and IL-6);
thus, they are activated only in the context of strong and pro-
longed NF-kB activation (37, 38). This explains why RIP1 KO
MEFs express IP-10 and IkBa at levels similar to those of WT
MEFs but express RANTES and IL-6 at significantly lower levels.
Collectively, these data suggest that assessment of TNF-a-induced
NEF-kB activation by analyzing the degradation of IkBa and the
expression of particular NF-kB target genes can lead to conflicting
conclusions.

Also, in TRAF2 KO, TRAF2/5 DKO, and cIAP1/2-depleted
cells, while Western blotting showed that TNF-a-induced IkBa
degradation is severely reduced, kinase assays revealed that basal
IKK activity is elevated and TNF-a-induced IKK activation is at-
tenuated but not impaired (Fig. 6A to D and 7C to F). Recent
studies revealed the existence of extensive cross talk between the
canonical and noncanonical NF-kB pathways. For example, accu-
mulated NIK activates both the classical IKK complex and the
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FIG 11 Both RIP1 and LUBAC are essential for TNF-a-induced efficient expression of a subset of NF-kB target genes. (A and B) WT and RIP1 KO MEFs were
treated with mTNF-a for 2 h as indicated, and expression of IP-10, RANTES, and IL-6 was then determined by real-time RT-PCR. ¥, P < 0.05; **, P < 0.01. The

error bars indicate SD. (C and D) RIP1 WT, KO, pBa-C, and pBa-RIP1 MEFs were treated with mTNF-a (10 ng/ml) as indicated, and expression of IP-10, IL-6,
and RANTES was determined by multiplex RT-PCR.

IKKa homodimer (8, 39). NIK is accumulated in TRAF2 KO and ~ NF-kB activation was based on analyses of IkBa protein levels in
cIAP1/2-depleted cells, and it is thus conceivable that basal IKK  these cells (10, 11, 15). In WT MEFs, TNF-a-induced IkBa phos-
activity is elevated in TRAF2 KO and cIAP1/2 knockdown cells.  phorylation is robust and immediate, resulting in complete deg-
The conclusion that depletion of both cIAP1 and cIAP2 or knock-  radation of IkBa within 15 min. If, however, the IKK complex is
out of both TRAF2 and TRAF5 can abrogate TNF-a-induced  constitutively activated to a certain degree, IkBa will likewise be
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FIG 12 TNF-a activates NF-kB in embryonic hepatocytes through a RIP1-independent pathway. (A and B) The muscles, livers, and lungs were removed from E18
embryos (A) and 6-day-old mice (D6) (B), and protein extracts were prepared by homogenization in TNE lysis buffer. Expression of RIP1, cIAP1, and TRAF2 was then
determined by Western blotting. (C) Hepatocytes prepared from E18 embryos and 6-day-old mice were treated with TNF-a (10 ng/ml) as indicated, and IKK activation
and IkBa degradation were then detected by kinase assay and Western blotting. (D) Hepatocytes prepared from E18 embryos and 6-day-old mice were treated with
TNF-a (10 ng/ml) or TNF-a (10 ng/ml) plus CHX (0.3 pg/ml), and cell viability was assessed 36 h after treatment by trypan blue staining. The error bars indicate SD.
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FIG 13 TNF-a signaling pathways to IKK activation. (A) Signaling pathways to full IKK activation. Upon ligation, TNFR1 recruits TRADD, RIP1, TRAF2, and
cIAP1/2. TRAF2 and cIAP1/2 then, in conjunction with UbcHS5, catalyze linearly linked (M1-pUb) and K63-linked (K63-pUb) polyubiquitination of RIP1, as
well as autoubiquitination of themselves (not shown for cIAPs). K63-pUb recruits the TAK1-TAB1-TAB2 complex, and M1-pUb recruits the IKKa-IKKB-
NEMO complex, leading to TAKI activation and TAK1-mediated activation of the early phase of IKK. Thereafter, K63-pUb recruits the HOIL-1L-HOIP
complex, which in turn catalyzes linear ubiquitination of NEMO, leading to more IKK recruitment and full activation of IKK. Although the early phase of IKK
activation is sufficient for induction of some NF-kB target genes (e.g., IkBa and IP-10 genes), full activation of IKK is essential for the efficient expression of other
genes (e.g., RANTES and IL-6 genes) that require strong and prolonged NF-kB activation. (B) RIP1-independent pathway to delayed IKK activation. In
embryonic hepatocytes, RIP1 protein is not detectable, due most likely to posttranslational degradation. As a result, upon TNFR1 ligation, receptor-recruited
TRAF2 and cIAP1/2 undergo increased autoubiquitination through K63 (K63-pUb) and K48 linkages. This K63-pUb can mediate the recruitment of the
TAK1-TAB1-TAB2 and HOIP-HOIL-1 complexes but not the IKK complex. Consequently, the early phase of IKK activation is impaired. However, the
HOIL-1L-HOIP complex (and possibly also TRAF2-K63-pUDb) is still able to recruit the IKK complex with delayed kinetics compared to that of M1-pUb. This
triggers HOIP-HOIL- 1-mediated linear ubiquitination of NEMO and the subsequent recruitment of more IKK, resulting in the activation of the delayed phase

of IKK. Such delayed IKK activation is sufficient for induction of some NF-kB target genes (e.g., IkBa and IP-10 genes).

constitutively phosphorylated, degraded, and resynthesized,
which will partially mask stimulation-induced IkBa degradation.
This is why TNF-a-induced IkBa degradation seems impaired in
cIAP1/2-depleted and TRAF2/5 DKO cells, even though IKK ac-
tivation is not abolished. Thus, we believe that an accurate assess-
ment of TNF-a-induced NF-kB activation requires examination
of the early versus late phases of IKK activation and of the expres-
sion of sets of genes that are regulated by transient versus pro-
longed NF-kB activation.

A growing body of evidence shows that TRAF2 recruits
cIAP1/2 to TNFR1 and that the E3 ligase activity of cIAP1/2, but
not of TRAF2, is responsible for attaching K63-linked pUb chains
to RIP1 (10, 11,13, 25). This form of RIP1 ubiquitination has been
believed to serve as a platform to recruit both the TAKI and IKK
complexes (5, 9). Recently, LUBAC (containing HOIL-1, HOIP,
and SHARPIN) was reported to work in conjunction with UbcH5
to catalyze linear ubiquitination of RIP1 and NEMO and to pro-
mote NF-kB activation (24, 26, 40). These notions, however, were
challenged by Xu et al., who asserted that K63-linked ubiquitina-
tion is dispensable for IKK activation by TNFR1 and that LUBAC
is not required for polyubiquitination of RIP1 and activation of
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IKK (7). Gerlach et al. reported, based on mass spectrometric
analysis of the TNFR1 complex, that RIP1 can be ubiquitinated
through K48, K63, K11, and linear linkages (40). In vitro binding
and ubiquitination assays have revealed that cIAP1 can bind di-
rectly to and is capable of conjugating RIP1 with diverse types of
ubiquitin chains (11, 32, 41). However, in the absence TRAF2,
cIAP1 is not able to induce immediate IKK activation in response
to TNF-a stimulation. Notably, TRAF2 and cIAP1 undergo in-
creased autoubiquitination, at least partially, through K63 linkage
in RIP1 KO MEFs following TNF-a stimulation, yet they are not
able to directly recruit and activate IKK in the absence of HOIP
expression (Fig. 8A to E). In contrast, TAK1 recruitment was not
affected significantly under the same conditions. In addition,
knockdown of HOIP had no significant effect on TNF-a-induced
linear ubiquitination of RIP1 and immediate activation of IKK in
WT MEFs (Fig. 8A and E and 9A). Interestingly, when nontagged
Ub-WT was used in the ubiquitination reactions, cIAP1 conju-
gated RIP1 with linear-linkage Ub chains only in the presence of
TRAF2 (Fig. 10A), whereas when Ub-KO0 and -K63 were used in
the reactions, cIAP1 alone was able to conjugate RIP1 with linear
and K63 linkage chains, albeit less efficiently/weakly, and such
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cIAP1-mediated ubiquitination was clearly augmented in the
presence of TRAF2 (Fig. 10B and C). Of note, when Ub acceptor
sites of substrates are mutated, E3 ligases often conjugate Ub to
alternative sites on substrates (5, 42). Remarkably, the affinity of
TAB2 for the K63-pUb chain is much higher than for the linear
pUb chain (43). On the other hand, NEMO has 100-fold-higher
affinity for the linear pUb chain than for the K63-pUb chain (44).
RIP1 is the most strongly ubiquitinated component of the TNFR1
signaling complex (2, 34). Thus, these data suggest that TRAF2’s
function is not only to recruit cIAP1, but also to regulate cIAP1-
mediated RIP1 ubiquitination through linear and K63 linkages,
and that linear-pUb chains recruit the IKK complex and K63-pUb
chains recruit the TAK1 and LUBAC complexes (Fig. 13A). It is
also likely that although NEMO binds to K63-pUb chains in vitro,
it may not compete well with TAB2 and HOIP for binding to
K63-pUb chains under physiological conditions in vivo.

Of note, cIAP1, in conjunction with UbcHS5, seems very pro-
miscuous in in vitro ubiquitination assays, conjugating almost all
types of Ub chains. The best way to assess whether cIAP1 and TRAF2
together conjugate the linear Ub chain in vivo is to analyze RIP1 ubig-
uitination by liquid chromatography-tandem mass spectrometry
(LC-MS-MS) using HOIP gene KO cells, as HOIP, but not
HOIL-1 and SHARPIN, is the catalytic core unit of LUBAC, which
has been firmly established to conjugate linear Ub chains (24, 26,
40). However, HOIP KO mice have not yet been generated, and
siRNA-mediated knockdown of HOIP may not be appropriate for
MS-MS analysis, because siRNA knockdown is usually not com-
plete. Therefore, it is also possible that cIAP1/TRAF2-mediated
RIP1 K63-pUb recruits the TAK1 complex and LUBAC-mediated
RIP1 linear-pUb recruits the IKK complex in vivo in response to
TNF-a stimulation, resulting in rapid and full activation of IKK in
WT cells, or that RIP1-K63-pUb plus the RIP1 protein itself co-
operatively efficiently recruit the IKK complex in vivo. In fact,
some deubiquitinating enzymes (DUBs) display specificity for
both substrates and particular Ub chain types (45); thus, like some
DUBs, NEMO may bind directly to RIP1 and K63-pUb with a
certain affinity.

One of the puzzling questions in the field of TNFR1 study is
why so many E3 ligases and different types of pUb chains are
required for NF-kB activation (2, 34). Our data demonstrate that
RIP1 and LUBAC can independently mediate NF-«kB activation in
response to TNF-a stimulation and that ablation of either path-
way significantly reduces the expression of IL-6 and RANTES
when cells are stimulated with a low dose of TNF-a (Fig. 11A and
B). TNF-a is a growth factor for hematopoietic cells, and its pro-
duction is increased following physical trauma and pathogenic
infection (33). It is most likely that involvement of several E3
ligases and different types of pUb chains in TNF-a signaling serves
to increase the sensitivity of the cell’s response to a slight increase
in serum TNF-a levels to initiate an immediate and effective host
response to infection and injury. In fact, unlike p65 or IKKB KO
mice, RIP1 KO mice survive embryonic development but die peri-
natally due to multiple morphological defects, and elimination of
either TNF-a or TNFR1 rescues RIP1 KO mice, allowing them to
grow nearly normally (4, 16). These published findings and our
data indicate that during embryonic development, TNF-a can
activate NF-kB in RIP1-deficient hepatocytes by the TRAF2-
cIAP1/2-LUBAC pathway (Fig. 13B) and that during postnatal
growth RIP1 is required for efficient activation of NF-kB and in-
hibition of TNF-a-induced cell death. Thus, our findings not only
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shed new light on the mechanisms underlying TNF-a-induced
NE-kB activation, but also have significant implications for the
interpretation of previous and future studies on TNF-a signaling.
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