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SUMMARY

TNF is a master pro-inflammatory cytokine. Activa-
tion of TNFR1 by TNF can result in both RIPK1-inde-
pendent apoptosis and RIPK1 kinase-dependent
apoptosis or necroptosis. These cell death outcomes
are regulated by two distinct checkpoints during
TNFR1 signaling. TNF-mediated NF-kB-dependent
induction of pro-survival or anti-apoptotic molecules
is a well-known late checkpoint in the pathway,
protecting cells from RIPK1-independent death. On
the other hand, the molecular mechanism regulating
the contribution of RIPK1 to cell death is far less
understood. We demonstrate here that the IKK com-
plex phosphorylates RIPK1 at TNFR1 complex I and
protects cells from RIPK1 kinase-dependent death,
independent of its function in NF-kB activation. We
provide in vitro and in vivo evidence that inhibition
of IKKa/IKKb or its upstream activators sensitizes
cells to death by inducing RIPK1 kinase-dependent
apoptosis or necroptosis. We therefore report on
an unexpected, NF-kB-independent role for the IKK
complex in protecting cells from RIPK1-dependent
death downstream of TNFR1.

INTRODUCTION

The IkB kinase (IKK) complex, composed of the regulatory sub-

unit NEMO (also known as IKKg) and the two catalytic subunits

IKKa and IKKb, plays a central role in the induction of immune

and inflammatory responses as well as in promoting cell survival

and tumorigenesis (Baldwin, 2012; Baud and Karin, 2009;

Hayden and Ghosh, 2012; Liu et al., 2012). Its activation consti-

tutes the ignition phase of the canonical NF-kB pathway, which
ultimately results in the translocation of NF-kB dimers to the

nucleus, where they promote transcription of a myriad of genes

involved in inflammation, survival, and tumorigenesis.

TNF is a master pro-inflammatory cytokine, and inappropriate

TNF signaling has been demonstrated to drive many inflamma-

tory diseases. Activation of TNFR1 by TNF promotes inflamma-

tion either directly by activating the canonical NF-kB pathway

or indirectly by promoting cell death, which exacerbates inflam-

mation by releasing damage-associated molecular patterns

(DAMPs) as well as by affecting the permeability of the bodily

barriers to microbes (Pasparakis and Vandenabeele, 2015). In

most cell types, activation of TNFR1 does not induce death

but triggers canonical NF-kB-dependent transcriptional upre-

gulation of genes encoding pro-survival and pro-inflammatory

molecules. Ligation of TNF to trimeric TNFR1 induces the rapid

assembly of a plasma membrane-bound signaling complex,

known as complex I, that contains TRADD, RIPK1, and the E3

ubiquitin ligases TRAF2, cIAP1, cIAP2, and LUBAC (Walczak,

2011). The conjugation of ubiquitin chains to RIPK1 by cIAP1/

cIAP2 generates binding sites for TAB2/TAB3 and NEMO and

allows further recruitment and activation of TAK1 and IKKa/

IKKb (Bertrand et al., 2008; Ea et al., 2006; Gerlach et al.,

2011; Kanayama et al., 2004; Mahoney et al., 2008; Wu

et al., 2006). TAK1 activates the IKK complex by phosphoryla-

tion, resulting in the rapid and selective IKK-mediated phos-

phorylation of IkBa and in its subsequent ubiquitylation-depen-

dent proteasomal degradation. IkBa degradation then permits

translocation of the NF-kB heterodimer p50/p65 to the nucleus,

where it induces transcription of multiple responsive genes,

including pro-survival genes such as cFLIP (Hayden and

Ghosh, 2014). The anti-apoptotic potential of cFLIP resides in

its ability to counteract activation of caspase-8 from a cytosolic

TRADD-FADD-caspase-8 cytosolic complex, named complex

IIa, which is believed to originate from complex I internalization

(Irmler et al., 1997; Micheau and Tschopp, 2003; Wang et al.,

2008; Wilson et al., 2009). Accordingly, TNFR1-mediated

RIPK1-independent apoptosis requires inhibition of the NF-kB
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response (Van Antwerp et al., 1996), commonly obtained

in vitro by the use of pharmacological inhibitors of transcription

or translation, respectively, Actinomycin D (ActD) and cyclo-

heximide (CHX).

The NF-kB-mediated induction of pro-survival/anti-apoptotic

molecules is, however, not the only cell death checkpoint in

the TNFR1 pathway (O’Donnell and Ting, 2011). Indeed, altering

activation of the canonical NF-kB pathway by inhibiting compo-

nents located upstream of IkBa, namely, cIAP1/cIAP2, TAK1,

and NEMO, was reported to further sensitize cells to death by

additionally inducing RIPK1-dependent death (Dondelinger

et al., 2013; Legarda-Addison et al., 2009; O’Donnell et al.,

2012). Depending on the cellular context, activated RIPK1 ac-

celerates cell death either by promoting assembly of a RIPK1-

FADD-caspase-8 cytosolic apoptotic complex, referred to as

complex IIb (Wilson et al., 2009), or by promoting necroptosis

via activation of the RIPK3-MLKL pathway (Pasparakis and Van-

denabeele, 2015). Although initiated by cIAP1/cIAP2-mediated

ubiquitylation of RIPK1 in complex I, the last molecular step in

the regulation of this early RIPK1 kinase-dependent cell death

checkpoint is currently unknown.

In this study, we demonstrate that RIPK1 is a bona fide

substrate of IKKa and IKKb and that IKKa/IKKb-mediated phos-

phorylation of RIPK1 in complex I protects cells from RIPK1 ki-

nase-dependent death.

RESULTS

NEMO Deficiency and IKKa/IKKb Double Deficiencies
Induce TNFR1-Mediated RIPK1 Kinase-Dependent
Apoptosis
We previously reported that the ubiquitin chains conjugated to

RIPK1 by cIAP1/cIAP2 do not constitute the ultimate step

regulating the contribution of RIPK1 to TNF-induced cell death.

Indeed, genetic or pharmacological inhibition of TAK1 also

drives RIPK1-dependent deathwithout affecting RIPK1 ubiquity-

lation in complex I (Dondelinger et al., 2013). In this study, we

investigated the role of the IKK complex in the regulation of

this cell death checkpoint. Indeed, the IKK complex lies between

TAK1 and IkBa in the pathway, and although expression of a pro-

teasome-resistant form of IkBa (IkBaSR) induces RIPK1-inde-

pendent apoptosis (Dondelinger et al., 2013), NEMO deficiency

was reported to sensitize cells to TNF-induced death by addi-

tionally promoting RIPK1-dependent apoptosis (Legarda-Addi-

son et al., 2009). In absence of cIAP1/cIAP2 or TAK1, TNF-medi-

ated RIPK1-dependent apoptosis was shown to rely on RIPK1

kinase activity (Dondelinger et al., 2013; Wang et al., 2008). To

test whether this is also true in absence of NEMO, we first stim-

ulated NEMO-deficient mouse embryonic fibroblasts (MEFs)

with TNF in the absence or presence of Nec-1, a RIPK1 kinase

inhibitor. Interestingly, we found that Nec-1 greatly, but not

entirely, protectedNemo�/�MEFs from TNF-induced apoptosis,

as monitored by cell permeability, caspase-3 activity, and cas-

pase-3 and caspase-8 processing (Figures 1A–1D, 1K, and

1L). These results indicated that, similarly as cIAP1/cIAP2

and TAK1, NEMO also regulates both RIPK1 kinase-dependent

and RIPK1-independent cell death checkpoints downstream

of TNFR1. To test whether this protective function of NEMO
64 Molecular Cell 60, 63–76, October 1, 2015 ª2015 Elsevier Inc.
reflects its role as adaptor protein recruiting IKKa and IKKb to

TNFR1 complex I, we next stimulated Ikka�/�, Ikkb�/�, and

Ikka�/�/Ikkb�/� MEFs with TNF. Interestingly, while IKKa or

IKKb single deficiency had little effect on apoptosis induction

(Figures 1E–1H), their combined depletion mimicked the pheno-

type observed in the Nemo�/� MEFs (Figures 1I–1L), suggesting

redundant roles of IKKa and IKKb downstream of NEMO in

preventing RIPK1-dependent apoptosis. To exclude the possi-

bility that the phenotypes observed in the various MEF

genotypes were originating from intrinsic defects due to clonal

expansion, we confirmed our findings in Ripk1+/+ and Ripk1�/�

MEFs depleted of IKK proteins by siRNA (Figure S1). Of note,

NEMO siRNA had little effect on cell death induction in these

experiments, probably due to the poor efficiency in repressing

NEMO.

IKKa and IKKbMediate Their Protective Effect on RIPK1
via Their Enzymatic Activities
Because IKKa and IKKb are serine/threonine kinases, we next

evaluated the requirement of their enzymatic activities for their

ability to repress RIPK1-dependent apoptosis. To do so, we

tested the effect of five different IKK inhibitors on TNF-induced

death and found that all of them led to a combination of RIPK1

kinase-dependent and RIPK1-independent death, as observed

in the Ikka�/�/Ikkb�/� MEFs (Figures S2A and S2B). We further

confirmed RIPK1 kinase-dependent apoptosis induction using

TPCA-1 (Figures 2A–2C), as this inhibitor had no effect on

TNF-induced death in Ikka�/�/Ikkb�/� MEFs (Figure S2B).

TPCA-1 was used at 5 mM, a concentration reported to inhibit

both IKKa and IKKb kinase activities (IC50 = 400 nM and

17.9 nM for IKKa and IKKb, respectively) (Podolin et al.,

2005). We demonstrated that the apoptotic cell death was

mostly depending on RIPK1 kinase activity by either co-incu-

bating cells with Nec-1 (Figures 2A–2C) or by stimulating

RIPK1 kinase-dead-expressing MEFs (Ripk1 K45A) (Figures

2D and 2E) (Berger et al., 2014). Importantly, Nec-1 had no ef-

fect in Ripk1 K45A MEFs, excluding any off-target effect

(Figures S2E andS2F). Of note, similar results were obtained

upon pharmacological inhibition of cIAP1/cIAP2 or TAK1 (Fig-

ures 2F, 2G, S2C, and S2D). In line with a role of IKKa and

IKKb downstream of cIAP1/cIAP2, TAK1, and NEMO in the

pathway, we tested the effect of TPCA-1 on TNF-induced

death in ciap1/2�/�, Tak1�/�, and Nemo�/� MEFs and found

no additional effect (Figures 2H–2K). Together, these results

indicate that the kinase activities of IKKa/IKKb regulate, down-

stream of cIAP1/cIAP2, TAK1, and NEMO, both RIPK1 kinase-

dependent and RIPK1-independent cell death checkpoints.

IKKa/IKKb Protect Cells from RIPK1-Dependent
Apoptosis Independently of NF-kB
We previously demonstrated that, in absence of cIAP1/cIAP2

or TAK1, RIPK1 contribution to TNF-induced death is regulated

independently of a defect in the canonical NF-kB-dependent

upregulation of pro-survival genes (Dondelinger et al., 2013).

Moreover, NEMO was also reported to inhibit RIPK1 activation

in an NF-kB-independent manner (Legarda-Addison et al.,

2009; O’Donnell et al., 2012). IKKa and IKKb are best known

for their roles in NF-kB activation, but NF-kB-independent



Figure 1. NEMO Deficiency and IKKa/IKKb Double Deficiencies Induce TNFR1-Mediated RIPK1 Kinase-Dependent Apoptosis

(A–L)MEFs of the indicated genotypes were treatedwith 20 ng/ml hTNF in the presence or absence of Nec-1, and cell death (A, C, E, G, and I) and caspase activity

(B, D, F, H, and J) were measured in function of time, respectively, by SytoxGreen positivity and DEVD-AMC fluorescence. Protein levels were determined by

immunoblotting in unstimulated cells (K) or 15 hr poststimulation with the indicated compounds (L).

For the cell death results, error bars represent the SEM of three independent experiments. For the caspase-3 activity results, error bars represent SD of triplicates

of one representative experiment.

See also Figure S1.
functions have also been reported (Hinz and Scheidereit, 2014).

To confirm that IKKa and IKKb regulate RIPK1 activation

independently of the canonical NF-kB response, we took two
different approaches. In the first one, we tested the effect of in-

hibiting IKKa/IKKb in conditions where the NF-kB response is

prevented by incubating the cells with the translational inhibitor
Molecular Cell 60, 63–76, October 1, 2015 ª2015 Elsevier Inc. 65



Figure 2. IKKa and IKKb Mediate Their Protective Effect on RIPK1 via Their Enzymatic Activities
(A, B, and D–K)Ripk1+/+ or MEFs of the indicated genotypes were treated with 20 ng/ml hTNF in the presence of the indicated compounds, and cell death (A, D, F,

H, I, J, K) and caspase-3 activity (B, E, G) were measured in function of time, respectively, by SytoxGreen positivity and DEVD-AMC fluorescence.

(C) Protein levels in wild-type MEFs determined by immunoblotting 4 hr poststimulation.

For the cell death results, error bars represent the SEM of three independent experiments. For the caspase-3 activity results, error bars represent SD of triplicates

of one representative experiment.

See also Figure S2.
CHX. In the second, we used p65�/� MEFs, which are defec-

tive for canonical NF-kB activation (Beg et al., 1995). As previ-

ously reported (Wang et al., 2008), apoptosis induced by

TNF+CHX occurred with a slow kinetic and independently

of RIPK1 kinase activity (Figures 3A–3C). Remarkably, a pre-

treatment with TPCA-1 greatly sensitized cells to apoptosis,

and this sensitization was prevented by Nec-1 (Figures 3A–

3C, S3A, and S3B). Similar results were obtained when stimu-
66 Molecular Cell 60, 63–76, October 1, 2015 ª2015 Elsevier Inc.
lating NF-kB-deficient p65�/� MEFs with TNF and TPCA-1

(Figures 3D–3F) or in combination with TAK1 and cIAP1/

cIAP2 inhibitors (Figures S3C and S3D). Together, these re-

sults demonstrate that RIPK1-independent and -dependent

apoptotic pathways are regulated by two different cell death

checkpoints downstream of TNFR1 and that IKKa/IKKb re-

gulate both of them in NF-kB-dependent and -independent

manners, respectively.



Figure 3. IKKa/IKKb Protect Cells from RIPK1-Dependent Apoptosis Independently of NF-kB

(A, B, D, and E)Ripk1+/+ (A andB) or p65�/� (D and E)MEFswere stimulatedwith 20 ng/ml hTNF in the presence of the indicated compounds, and cell death (A and

D) and caspase activity (B and E) were measured in function of time, respectively, by SytoxGreen positivity and DEVD-AMC fluorescence.

(C and F) Ripk1+/+ (C) or p65�/� (F) MEFs were stimulated for, respectively, 15 hr and 8 hr with the indicated compounds, and protein levels were determined by

immunoblotting.

For the cell death results, error bars represent the SEM of three independent experiments. For the caspase-3 activity results, error bars represent SD of triplicates

of one representative experiment.

See also Figure S3.
Defective RIPK1 Phosphorylation in Complex I
Correlates with RIPK1 Kinase-Dependent Contribution
to TNF-Induced Apoptosis
Knowing that the IKK complex physically interacts with RIPK1 in

complex I, we hypothesized that the kinase-dependent role of

IKKa/IKKb in preventing RIPK1 kinase-dependent apoptosis re-

sults from its ability to phosphorylate RIPK1. To test this hypoth-
esis, we analyzed whether RIPK1 is phosphorylated in complex I

and whether its phosphorylation state is altered in conditions

affecting activation of IKKa/IKKb, but not when the pathway is

inhibited downstream of IKKa/IKKb. Because RIPK1 is highly

ubiquitylated in complex I (which prevents the detection by

immunoblot of potential mobility shifts resulting from its phos-

phorylation), we removed the ubiquitin chains conjugated to
Molecular Cell 60, 63–76, October 1, 2015 ª2015 Elsevier Inc. 67
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RIPK1 by incubating complex I, pulled-down using FLAG-TNF,

with the deubiquitylase USP2 (Figure 4A). By doing so, we

observed that the pool of deubiquitylated RIPK1 was running

at a higher molecular weight than normal and confirmed, by

l-phosphatase treatment, that this mobility shift was resulting

from phosphorylation, but not auto-phosphorylation since it

was not inhibited by Nec-1 or in Ripk1 K45A MEFs (Figures

4A–4C). Remarkably, and in line with the model of cIAP1/

cIAP2-mediated ubiquitylation-dependent recruitment of TAK1

and NEMO/IKKa/IKKb to complex I and with our cell death

results, we found that RIPK1 phosphorylation in complex I is

affected in ciap1/2�/�, Tak1�/�, Nemo�/�, and Ikka�/�/Ikkb�/�,
but not in Ikka�/�, Ikkb�/�, and p65�/� MEFs or in MEFs pre-

incubated with CHX (Figures 4D, 4E, 4G, and 4H). Importantly,

IKK activity is greatly affected (as observed by IkBa phos-

phorylation) in all conditions in which we observed impaired

RIPK1 phosphorylation, thereby further demonstrating the link

between RIPK1 phosphorylation and IKK enzymatic activities

(Figure 4E). Defective RIPK1 phosphorylation in complex I was

also observed following pharmacological inhibition of cIAP1/

cIAP2, TAK1, or IKKa/IKKb (Figure 4F).

Direct Phosphorylation of RIPK1 by IKKa/IKKb Prevents
RIPK1 from Integrating Complex IIb
To test the direct contribution of IKKa/IKKb to RIPK1 phosphor-

ylation, we next performed in vitro kinase assays using recombi-

nant proteins and included Nec-1 in the reactions to prevent

RIPK1 autophosphorylation. We found that both IKKa and

IKKb directly phosphorylated full-length RIPK1 or a mutated

version lacking the death and RHIM domain (RIPK11–479) (Fig-

ures 5A, 5B, and S4A). Of note, RIPK1 phosphorylation by

IKKb induced a mobility shift of RIPK1 not detected when using

IKKa (Figures 5A and 5B), suggesting some specificity in the

residues phosphorylated by both kinases. In line with our cellular

data, TPCA-1 repressed, although with different efficiencies, the

direct phosphorylation of RIPK1 by IKKa and IKKb. In contrast,

recombinant TAB1/TAK1 did not lead to detectable RIPK1 phos-

phorylation by autoradiography (Figure 5C).

We next tested the consequence of genetic or pharmacolog-

ical inhibition of IKKa/IKKb, and of the resulting defective phos-

phorylation of RIPK1 in complex I, on the ability of RIPK1 to

integrate the cytosolic caspase-8-activating complex IIb. We

found, by performing FADD and caspase-8 immunoprecipita-

tions, that inhibition of IKKa/IKKb enzymatic activities resulted

in the binding of RIPK1 to FADD and caspase-8, a process

relying on RIPK1 kinase activity (Figures 5D–5G). In contrast,

CHX pre-treatment, which does not affect phosphorylation of

RIPK1 in complex I (Figure 4H), led to much less recruitment of

RIPK1 to FADD/caspase-8, and this recruitment was not in-

hibited by Nec-1 (Figures 5F, 5G, and S4B). Of note, association

of TRADD with FADD/caspase-8 was not observed under these

conditions. Together, these results suggest that IKKa/IKKb-me-
Figure 4. Defective RIPK1 Phosphorylation in Complex I Correlates wi

(A–H) Ripk1+/+ MEFs (A, B, F, and H) or MEFs with the indicated genotype (C, D, E

absence of the indicated compounds. TNFR1 complex I was then FLAG immu

phosphatase (l PPase) when indicated, and RIPK1 ubiquitylation and phosphory

See also Figure S7.
diated phosphorylation of RIPK1 either represses RIPK1 kinase

activity or interferes with RIPK1’s ability to bind complex IIb

components.

IKKa/IKKb Mediate In Vivo Protection to RIPK1 Kinase-
Dependent Death
To test the in vivo relevance of our in vitro findings, we evaluated

the contribution of RIPK1 kinase activity to two different mouse

models of TNF-induced death. In the first one, we injected

Ripk1K45A/K45A and Ripk1+/+ littermates with TNF in association

with D-galactosamine. In this well-known model of acute hepa-

titis, TNF-mediated hepatocyte apoptosis is reported to result

from transcriptional inhibition (Decker and Keppler, 1974),

thereby affecting the NF-kB pathway downstream of IKKa/

IKKb. In accordance with our in vitro results, we found that

Ripk1K45A/K45A mice were not protected from TNF-induced

lethality and apoptotic liver damage, as monitored by survival

curves, blood levels of aspartate transaminase/alanine transam-

inase (AST/ALT), caspase-3 activation in the liver by DEVDase

assays, and active caspase-3 staining (Figures 6A–6E). Blood

levels of lactate dehydrogenase (LDH), a marker of necrosis,

were not upregulated by TNF+GalN injection (Figure 6F).

In the next model, we injected Ripk1K45A/K45A and Ripk1+/+ lit-

termates with a sub-lethal dose of TNF (5 mg) in presence or

absence of TPCA-1 (10 mg/kg) to inhibit the canonical NF-kB

pathway at the level of IKKa/IKKb. Remarkably, while TPCA-1

had no toxicity on its own (Figures S5A and S5B), its combination

with TNF resulted in the rapid death of all Ripk1+/+, but no

Ripk1K45A/K45A, mice (Figure 6G). Accordingly, Ripk1K45A/K45A

mice were protected from TNF-induced hypothermia and had

no increase in serum levels of ASL/ALT or caspase-3 activation

in the liver (Figures 6H–6L). In contrast to TNF+GalN injection,

TNF+TPCA-1 led to a substantial increase of LDH levels in

the serum that was also absent in Ripk1K45A/K45A mice, suggest-

ing additional necroptosis induction (Figure 6M). Importantly,

RIPK1 kinase inhibition by co-administration of Nec-1s (Deg-

terev et al., 2013), a modified and more stable version of

Nec-1, in C57BL/6J mice also significantly delayed the death

and injury induced by TNF+TPCA-1 injection (Figures S5C–S5I).

Together, these in vivo results demonstrate TNF-mediated

RIPK1-independent and RIPK1 kinase-dependent hepatocyte

apoptosis in condition of NF-kB inhibition downstream or at

the level of IKKa/IKKb, respectively.

IKKa/IKKb Protect Cells from RIPK1 Kinase-Dependent
Necroptosis Independently of NF-kB
Our in vivo results suggested that TNF+TPCA-1 additionally

induced necroptosis in the injected mice. To test the possibility

that IKKa/IKKb also regulates RIPK1 kinase-dependent nec-

roptosis independently of NF-kB, we in vitro stimulated MEFs

with TNF+CHX in the presence of the pan caspase inhibitor

zVAD-fmk and of TPCA-1. As shown in Figure 7A, TNF-mediated
th RIPK1 Kinase-Dependent Contribution to TNF-Induced Apoptosis

, and G) were stimulated for 5 min with 2 mg/ml FLAG-hTNF in the presence or

noprecipitated, incubated with the deubiquitylating enzyme USP2 or lambda

lation finally analyzed by immunoblotting. * indicates an aspecific band.

Molecular Cell 60, 63–76, October 1, 2015 ª2015 Elsevier Inc. 69



Figure 5. Direct Phosphorylation of RIPK1 by IKKa/IKKb Prevents RIPK1 from Integrating Complex IIb

(A–C) Recombinant GST-IKKa, GST-IKKb, or GST-TAB1-TAK1 fusion protein was incubated with a recombinant truncated (GST-RIPK11–479) or full-length

(GST-RIPK1FL) form of RIPK1 in a radioactive in vitro kinase assay in the presence of the indicated inhibitors. Phosphorylation was revealed by SDS-PAGE

followed by autoradiography.

(D–G) MEFs with the indicated genotype (D and E) or Ripk1+/+ MEFs (F and G) were pre-incubated with zVAD-fmk and with the indicated compounds for 30 min

and then stimulated with 20 ng/ml hTNF. After 4 hr, complex II was isolated by FADD or caspase-8 immunoprecipitation and RIPK1 binding revealed by

immunoblotting.

See also Figure S4.
necroptosis induced by TNF+CHX+zVAD is fully repressed by

Nec-1 but still greatly enhanced by additionally inhibiting IKKa/

IKKb with TPCA-1 (Figures 7A and S6A). The mouse fibrosar-

coma cell line L929sAhFAS is a prototypic model for necroptosis

since these cells succumb by necroptosis upon single TNF stim-

ulation. While inhibiting NF-kB by CHX sensitized these cells to

necroptosis, the sensitization was again enhanced when IKKa/

IKKb was additionally inhibited by TPCA-1 (Figures 7B and
70 Molecular Cell 60, 63–76, October 1, 2015 ª2015 Elsevier Inc.
S6B). Our results therefore demonstrate that IKKa/IKKb pre-

vent RIPK1 kinase-dependent apoptosis and necroptosis

downstream of TNFR1 independently of their known function in

protecting the cells from death by mediating NF-kB-dependent

upregulation of pro-survival/anti-death genes.

RIPK1 kinase-dependent necroptosis relies on the down-

stream activation of the RIPK3-MLKL pathway (Cho et al.,

2009; He et al., 2009; Pasparakis and Vandenabeele, 2015;



Sun et al., 2012; Zhang et al., 2009; Zhao et al., 2012). To further

characterize the contribution of RIPK3 to the lethality result-

ing from the in vivo injection of TNF+TPCA-1, we challenged

Ripk3+/+ and Ripk3�/� littermates with this trigger. Contrary to

Ripk1K45A/K45A mice, Ripk3�/� mice were greatly, but not

entirely, protected from death and hypothermia induced by

TNF+TPCA-1 (Figures 7C and 7D). Interestingly, the protection

was not originating from the liver, as RIPK3 deficiency did

not prevent liver damage (Figures 7E–7H). Instead, RIPK3 defi-

ciency prevented the increased of LDH levels in the blood,

resulting from necrosis of undefined organ(s) (Figure 7I). These

in vivo results therefore suggest that the lethality induced by

TNF+TPCA-1 results from both RIPK1 kinase-dependent

apoptosis and necroptosis.

DISCUSSION

Sensing of TNF by TNFR1 at the cell surface can paradoxically

result in the activation of signaling pathways with opposite con-

sequences: cell survival or cell death. The fact that survival is the

dominant outcome in most cell types indicates the existence of

molecular mechanisms actively repressing TNFR1-mediated

cell death. Twomajormechanisms have been reported to control

cell death downstream of TNFR1 (O’Donnell and Ting, 2011). The

first identified one is well characterized and consists in a rela-

tively slow process involving the NF-kB-dependent induction

of pro-survival/anti-death molecules, such as cFLIP (Karin and

Lin, 2002; Kreuz et al., 2001; Liu et al., 1996; Micheau et al.,

2001; Panayotova-Dimitrova et al., 2013; Van Antwerp et al.,

1996; Wang et al., 1998). The second one, which is less under-

stood and more recently reported, is believed to take place at

an earlier stage following TNFR1 activation and is shown to be

independent of the NF-kB response (Dondelinger et al., 2013;

Legarda-Addison et al., 2009; O’Donnell et al., 2007, 2012;

Wang et al., 2008). Interestingly, while the first checkpoint

regulates slow apoptosis by inhibiting activation of complex IIa

(TRADD-FADD-caspase-8), the second one regulates the con-

tribution of RIPK1 to cell death by either preventing RIPK1

from integrating the apoptotic complex IIb (RIPK1-FADD-casa-

pase-8) or by limiting its contribution to the necrosome (RIPK1-

RIPK3-MLKL) (Cho et al., 2009; He et al., 2009; Sun et al.,

2012; Vanlangenakker et al., 2011; Wang et al., 2008; Wilson

et al., 2009; Zhang et al., 2009; Zhao et al., 2012). It has long

been thought that IKKa/IKKb inhibits TNF-induced cell death

through activation of the NF-kB pathway. In this study, we pro-

vide evidences that IKKa and IKKb also regulate cell death by

direct phosphorylation of RIPK1 at the level of TNFR1 complex I.

TNF-induced RIPK1-dependent apoptosis was first described

in conditions affecting cIAP1/cIAP2-mediated RIPK1 ubiquityla-

tion (Bertrand et al., 2008; O’Donnell et al., 2007; Petersen et al.,

2007; Wang et al., 2008), which led to the hypothesis that the

ubiquitin chains on RIPK1 were directly preventing its binding

to FADD, keeping RIPK1 in a survival modus. This ‘‘direct’’ effect,

however, has later been challenged. Binding of the adaptor pro-

teins TABs and NEMO to RIPK1 ubiquitin chains allows recruit-

ment of TAK1 and of IKKa/IKKb to TNFR1 complex I (Ea et al.,

2006; Li et al., 2006; Wu et al., 2006), and TAK1 inhibition was

shown to result in TNF-mediated RIPK1-dependent apoptosis
without affecting RIPK1 ubiquitylation status (Dondelinger

et al., 2013). We show here that RIPK1 is phosphorylated in

complex I and that affecting RIPK1 ubiquitylation by cIAP1/

cIAP2 depletion directly impacts its phosphorylation. In contrast,

TAK1, NEMO, or IKKa/IKKb depletion affects RIPK1 phosphory-

lation and induces RIPK1-dependent cell death but does not

alter its ubiquitylation state in complex I. Together, these results

indicate that ubiquitylation and phosphorylation of RIPK1 occur

sequentially and that RIPK1 phosphorylation regulates its killing

potential. Because activation of the IKK complex lies down-

stream of TAK1 but upstream of IkBa and p65, our results

suggest a model in which IKKa/IKKb constitute the last step in

the regulation of the RIPK1 cell death checkpoint (graphical

abstract). Indeed, p65 deletion, expression of IkBaSR, or CHX

pre-treatment induces TNF-mediated RIPK1-independent

apoptosis and does not alter RIPK1 ubiquitylation or phosphor-

ylation in complex I.

RIPK1 enzymatic activity is needed for the integration of RIPK1

to complex IIb and to the necrosome, which respectively drives

apoptosis or necroptosis under TNF-stimulated conditions (Cho

et al., 2009; Dondelinger et al., 2013; He et al., 2009; Wang

et al., 2008). The precise role of RIPK1 kinase activity in these

processes remains unclear but may involve autophosphoryla-

tion-driven conformational changes allowing increased binding

of RIPK1 to the death complex components. The kinase activity

of RIPK1 therefore requires active repression to avoid unneces-

sary cell death. A recent report suggests that RIPK1 phosphory-

lation on Ser89 suppresses its kinase activity (McQuade et al.,

2013). It is therefore tempting to speculate that IKK-mediated

phosphorylation of RIPK1 in complex I affects RIPK1 kinase ac-

tivity. Alternatively, the phosphorylation of RIPK1 by IKKs may

directly affect binding of RIPK1 to the death complex compo-

nents or facilitate its dissociation from complex I. We performed

mass spectrometry analysis to identify the residues of RIPK1

phosphorylated by IKKa and IKKb and found several sites, but

not Ser89 (Figures S4C and S4D). Unfortunately, we were unable

to demonstrate the direct physiological relevance of the identified

phosphorylation sites due to the fact that all Ripk1�/� reconsti-

tuted MEFs, even those with WT RIPK1 (irrespective of RIPK1

expression levels), started to succumb upon single TNF stimula-

tion (data not shown), a problempreviously reported (Gentle et al.,

2011). The fact that the combined repression of IKKa and IKKb is

needed to induce RIPK1 kinase-dependent death, and that the

phosphorylationby eachkinase results in differentRIPK1mobility

shifts when run on gels, may indicate that phosphorylation on

several residues is required to negatively regulate RIPK1.

IKKa and IKKb are best known for their roles in NF-kB activa-

tion, but NF-kB-independent functions have also been reported,

some of which are even implicated in cell fate decisions

(Hinz and Scheidereit, 2014). Using pharmacological inhibition

of IKKa/IKKb in a p65-deficient background, or together with

CHX, we demonstrated an NF-kB-independent function of

IKKa/IKKb in protecting cells from TNF-induced RIPK1 kinase-

dependent apoptosis and necroptosis. In vivo, we demonstrate

that TNF induces apoptosis of hepatocytes independently of

RIPK1 when the NF-kB pathway is affected downstream of

IKKa/IKKb (TNF+GalN). In contrast, pharmacological inhibition

of the NF-kB pathway at the level of IKKa/IKKb (TNF+TPCA-1)
Molecular Cell 60, 63–76, October 1, 2015 ª2015 Elsevier Inc. 71



Figure 6. IKKa/IKKb Mediate In Vivo Protection to RIPK1 Kinase-Dependent Death

(A) Cumulative survival rates of littermate Ripk1+/+ and Ripk1K45A/K45A C57BL/6J females injected with GalN 15 min prior to injection with mTNF (n = 5).

(B, C, and F) Blood AST (B), ALT (C), and LDH (F) levels determined 3 hr post-TNF injection (Ripk1+/+ n = 3, and Ripk1K45A/K45A n = 4).

(D and E) Caspase-3 activity in liver samples (Ripk1+/+ n = 3, and Ripk1K45A/K45A n = 4) isolated 3 hr post-TNF injection and determined by Ac-DEVD-AMC

fluorescence assay (D) or anti-cleaved caspase-3 staining (E).

(legend continued on next page)
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sensitizesmice to TNF-induced shock, which is accompanied by

RIPK1 kinase-dependent, but RIPK3-independent, apoptosis of

hepatocytes and RIPK1/RIPK3-dependent cellular death, pre-

sumably necroptosis, in undefined organs. We can indeed not

formally rule out the possibility that the increase in serum LDH

levels originates from secondary necrosis of apoptotic cells.

Importantly, genetic and chemical inhibition of RIPK1 enzymatic

activity protected the mice from TNF-induced cellular damage

and death. These results therefore demonstrate the in vivo roles

of IKKa/IKKb in protecting cells from RIPK1 kinase-dependent

death.

The LUBAC complex, which includes its component Sharpin,

is recruited to complex I during TNF signaling, and the inacti-

vating mouse Sharpin cpdm mutation was reported to cause

multi-organ inflammation resulting from TNF-mediated RIPK1 ki-

nase-dependent death (Berger et al., 2014; Kumari et al., 2014;

Rickard et al., 2014). In line with our results, we found that

TNF-mediated RIPK1 kinase-dependent death of mouse dermal

fibroblasts (MDFs) isolated from Sharpincpdm mice is associated

with defective RIPK1 phosphorylation in complex I (Figures S7A

and S7B), probably resulting from the altered recruitment of IKK

proteins to complex I, as previously reported for other LUBAC

components (Haas et al., 2009).

The genetic disruption ofNemo, Ikka, Ikkb, or Ikka/Ikkb in mice

results in early lethality with massive cellular death in several or-

gans, such as the liver, the skin, and, in the case of Ikka�/�/b�/�

mice, the nervous system (Hu et al., 1999; Li et al., 1999, 2000;

Rudolph et al., 2000; Takeda et al., 1999). So far, these pheno-

types have exclusively been explained by defects in NF-kB acti-

vation, but our study indicates that RIPK1 activation probably

contributes to these pathological conditions. In the same line,

RIPK1 kinase-dependent apoptosis may drive the spontaneous

development of hepatocellular carcinoma observed in mice

ablated of Nemo in the liver parenchymal cells (Luedde et al.,

2007). Testing the contribution of RIPK1 to those phenotypes

is an exciting future challenge, which may open doors for the

use of chemical inhibitors of RIPK1 in the treatment of human

diseases associated with IKK malfunctions, such as incontinen-

tia pigmenti (Conte et al., 2014).

EXPERIMENTAL PROCEDURES

Antibodies and Reagents

All antibodies and reagents used in this study are listed in the Supplemental

Experimental Procedures.

Cell Lines

MEFs and L929sAhFas were cultured in DMEM supplemented with 10% fetal

calf serum, L-glutamine (200 mM), and sodium pyruvate (400 mM). Primary

Ripk1+/+ and Ripk1 K45A MEFs were isolated from E12.5 littermate embryos

following standard protocol and cultured under low-oxygen conditions (3%

O2). Immortalized Ripk1�/�, ciap1/2�/�, Tak1�/�, Ikka�/�, Ikkb�/�, Nemo�/�,
(G) Cumulative survival rates of littermate Ripk1+/+ and Ripk1K45A/K45A C57BL/6J

(H) Body temperature as a function of time.

(I, J, and M) Blood AST (I), ALT (J), and LDH (M) levels determined 3 hr post-TNF

(K and L) Caspase-3 activity in liver samples (n = 4) isolated 3 hr post-TNF inject

caspase-3 staining (L).

Scale bar, 25 mm. Error bars represent the SEM of the indicated n values.

See also Figure S5.
Ikka�/�Ikkb�/�, and p65�/� MEFs have previously been reported (Dejardin

et al., 2002; Dondelinger et al., 2013; Moulin et al., 2012) and were cultured

in normoxic conditions. Experiments were performed with MEFs derived

from single animals.

Analysis of Cell Death and Caspase-3 Activation

MEFs were seeded day before at 10,000 cells per well in duplicates in a 96-well

plate. The next day, cells were pre-treated with the indicated compounds for

30 min and then stimulated with hTNF (20 ng/ml–600 IU/ml) in the presence of

5 mM SytoxGreen (Invitrogen) and 20 mM Ac-DEVD-MCA (PeptaNova). Sytox-

Green intensityandcaspase-3activationweremeasuredat intervalsof 1hrusing

a Fluostar Omega fluorescence plate reader, with an excitation filter of 485 nm

(SytoxGreen) or 360 nm (Ac-DEVD-MCA), emission filter of 520 nm (SytoxGreen)

or 460 nm (Ac-DEVD-MCA), gains set at 1,100, 20 flashes per well, and orbital

averaging with a diameter of 3 mm. Percentage of cell death was calculated as

(induced fluorescence� background fluorescence)/(max fluorescence� back-

ground fluorescence)*100. The maximal fluorescence is obtained by full perme-

abilization of the cells using Triton X-100 at a final concentration of 0.1%.

Immunoprecipitation

For complex I immunoprecipitations (IPs), 5.106 MEF cells were seeded the

day before in a 145 cm2 tissue culture plate. After 30 min of pre-treatment,

the MEF cells were stimulated with 2 mg/ml FLAG-hTNF. Cells were washed

two times in ice-cold PBS before lysis in 1 ml of NP-40 lysis buffer (10% glyc-

erol, 1% NP-40, 150 mM NaCl, and 10 mM Tris-HCl [pH 8] supplemented with

phosphatase and protease inhibitor cocktail tablets [Roche Diagnostics]). The

cell lysates were cleared by centrifugation for 15 min at 4�C, and the superna-

tant was then incubated overnight with FLAGM2 affinity gel. The next day, the

beads were washed three times in NP-40 lysis buffer. The beads were then

either resuspended in 13 Laemmli buffer to elute the immune complexes or

resuspended in 13 DUB/lPP buffer (50 mM Tris-HCl [pH 8], 50 mM NaCl,

5mMDTT, and 1mMMnCl2) to remove conjugated ubiquitin chains and phos-

phorylations on RIPK1. Then, either 1.8 mg USP2 or 800 U Lambda protein

phosphatase (New England BioLabs) was added as indicated. Reactions

were incubated for 30 min at 30�C and subsequently 30 min at 37�C.
For complex II IPs, 2.106 MEF cells were seeded the day before in a 60 cm2

culture plate. After 30 min of pre-treatment with zVAD-fmk, MEF cells were

stimulated with 20 ng/ml hTNF for the indicated time. Then, cells were washed

two times in ice-cold PBS before lysis in 1 ml of NP-40 lysis buffer. The cell ly-

sateswere clearedby centrifugation for 15min at 4�C, and the supernatantwas

then incubated overnight with protein A Sepharose CL-4B (GEHealthcare) and

3 mL homemade polyclonal rabbit anti-mouse caspase-8 or 10 mL of anti-FADD

(M-19) (Santa Cruz Biotechnology #sc-6036) antibodies. The next day, the

beads were washed three times in NP-40 lysis buffer. The immune complexes

were then eluted in 23 Laemmli buffer and analyzed by western blotting.

In Vitro Kinase Assays

Kinase assays were performed for 30 min at 30�C with 250 ng of the indicated

recombinant protein(s) in 30 mL of kinase buffer (20mMHEPES [pH 7.5], 10mM

MgCl2, 2 mM DTT, phosphatase inhibitor cocktail, and EDTA-free protease

inhibitor, 10 mM ATP, and 10 mCi ATP g-P32). Kinase reactions were quenched

by addition of 53 Laemmli buffer and by boiling the samples for 5 min.

Mice Injections, Monitoring, and Sampling

A detailed description of the protocols used for the in vivo experiments and for

the processing of the samples is provided in the Supplemental Experimental

Procedures. All experiments on mice were conducted according to institu-

tional, national, and European animal regulations.
females injected with TPCA-1 20 min prior to injection with mTNF (n = 5).

injection (n = 4).

ion and determined by Ac-DEVD-AMC fluorescence assay (K) or anti-cleaved
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Figure 7. IKKa/IKKb Protect Cells from RIPK1 Kinase-Dependent Necroptosis Independently of NF-kB

(A and B) Ripk1+/+ MEFs (A) and L929sAhFas cells (B) were stimulated with hTNF (20 ng/ml in A and 33 pg/ml in B) in the presence of the indicated compounds,

and cell death was measured as a function of time by SytoxGreen positivity.

(C) Cumulative survival rates of littermate Ripk3+/+ and Ripk3�/� C57BL/6J females injected with TPCA-1 20 min prior to injection with mTNF (Ripk3+/+ n = 4, and

Ripk3�/� n = 7).

(D) Body temperature as a function of time.

(E, F, and I) Blood AST (E), ALT (F), and LDH (I) levels determined 3 hr post-TNF injection (Ripk3+/+ n = 4, and Ripk3�/� n = 3).

(G and H) Caspase-3 activity in liver samples (Ripk3+/+ n = 4, and Ripk3�/� n = 3) isolated 3 hr post-TNF injection and determined by Ac-DEVD-AMC fluorescence

assay (G) or anti-cleaved caspase-3 staining (H).

Scale bar, 25 mm. For the in vitro cell death results, error bars represent the SEMof three independent experiments. For the in vivo results, error bars represent the

SEM of the indicated n values.
Statistical Analysis

Statistical analysis was performed with GraphPad Prism V6 software (Graph-

Pad). All cell death data are presented as mean ± SEM of three independent

experiments. Cellular caspase-3 activation data are presented as mean ±
74 Molecular Cell 60, 63–76, October 1, 2015 ª2015 Elsevier Inc.
SD of one representative experiment. Temperature data, serum AST levels,

serumALT levels, serum LDH levels, and liver caspase-3 activity are presented

as mean ± SEM of the indicated n values. Statistical significance for cell

death, AST, ALT, LDH, and caspase-3 activity was determined using two-way



ANOVA followed by a post hoc Bonferroni test to correct for multiple testing

between the samples. Survival curves were compared using log-rank

Mantel-Cox test. Significance between samples is indicated in the figures as

follows: *p < 0.05; **p < 0.01; ***p < 0.001; and ns, non-significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and seven figures and can be found with this article online at http://dx.doi.

org/10.1016/j.molcel.2015.07.032.
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