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NIK promotes tissue destruction independently of the
alternative NF-kB pathway through TNFR1/RIP1-induced
apoptosis

L Boutaffala""!, MJM Bertrand®'", C Remouchamps''", G Seleznik®, F Reisinger*, M Janas®, C Bénézech®, MT Fernandes’',
S Marchetti’, F Mair®, C Ganeff', A Hupalowska', J-E Ricci’, B Becher®, J Piette’, P Knolle®, J Caamano®, P Vandenabeele?,
M Heikenwalder*'*'? and E Dejardin*"'2

NF-xB-inducing kinase (NIK) is well-known for its role in promoting p100/NF-xB2 processing into p52, a process defined as the
alternative, or non-canonical, NF-xB pathway. Here we reveal an unexpected new role of NIK in TNFR1-mediated RIP1-dependent
apoptosis, a consequence of TNFR1 activation observed in c-IAP1/2-depleted conditions. We show that NIK stabilization, obtained
by activation of the non-death TNFRs Fn14 or LTfR, is required for TNFa-mediated apoptosis. These apoptotic stimuli trigger the
depletion of c-IAP1/2, the phosphorylation of RIP1 and the RIP1 kinase-dependent assembly of the RIP1/FADD/caspase-8 complex.
In the absence of NIK, the phosphorylation of RIP1 and the formation of RIP1/FADD/caspase-8 complex are compromised while
c-IAP1/2 depletion is unaffected. In vitro kinase assays revealed that recombinant RIP1 is a bona fide substrate of NIK. In vivo, we
demonstrated the requirement of NIK pro-death function, but not the processing of its substrate p100 into p52, in a mouse model of
TNFR1/LTSR-induced thymus involution. In addition, we also highlight a role for NIK in hepatocyte apoptosis in a mouse model of
virus-induced TNFR1/RIP1-dependent liver damage. We conclude that NIK not only contributes to lymphoid organogenesis,
inflammation and cell survival but also to TNFR1/RIP1-dependent cell death independently of the alternative NF-xB pathway.
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In mammals, cell death is not only required for the proper
development of various organs and tissue remodeling but also
occurs as a consequence of insults, such as viral infection,
DNA damage or chronic inflammation. One form of cell death,
called PCD (programmed cell death), appears in two varieties
that are termed apoptosis and necroptosis, a caspase-
dependent and -independent process, respectively. In the
latter, caspase-8 has been shown to have an inhibitory role
preventing spontaneous necroptosis induction. PCD has
been described to take place downstream of death receptors
of the tumor necrosis factor receptor (TNFR) family, such as
TNFR 1 (TNFR1) or Fas (APO-1 or CD95).2 Beyond cell death,
TNFR1 also triggers the activation of nuclear factor-kappa B
(NF-«kB) and the transcription of a plethora of pro-inflammatory
cytokines and pro-survival factors. TNFR1-mediated NF-«B
activation relies on a signaling platform called complex 1.5
The formation of this complex is initiated by the interaction of
ligand-bound TNFR1 with TNF receptor-associated death

domain (TRADD) and by the recruitment of the kinase receptor
interacting protein kinase 1 (RIP1), the adaptor proteins TNF
receptor-associated factor 2/5 and the ubiquitin ligase cellular
inhibitor of apoptosis 1/2 (c-IAP1/2) and linear ubiquitin chain
assembly complex (LUBAC).>® c-IAP1/2 and LUBAC target
RIP1 for K11, K63 and linear polyubiquitination priming
RIP1 for the recruitment of two kinase-containing complexes,
namely, TAK1/TAK1-binding protein 1 (TAB1)/TAB2 and NEMO/
inhibitor of NF-kB kinase a (IKKa)/IKKB.>'%'3 Ultimately,
activation of IKKS leads to the phosphorylation and proteasomal
degradation of IkBa and the nuclear translocation of NF-kB, a
pathway defined as the classical, or the canonical, NF-xB
pathway.'*~'® Besides its role in the activation of NF-kB, the
dissociation of complex | from TNFR1 triggers the recruitment
of Fas-associated protein with death domain (FADD) and
caspase-8 to form a cytosolic death complex, initially defined
as complex I1.3 TNFR1 induces apoptosis through two distinct
caspase-8 activation pathways. Caspase-8 is either activated
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within a TRADD/FADD-containing complex (complex lla)
or in a RIP1/FADD-containing complex (complex llb).'”:®
The former assembles when cells are deficient in p65 or
pretreated with cycloheximide (CHX), whereas the latter
forms in the absence of c-IAP1/2, in TAK1 kinase-inhibited
conditions or in NEMO-depleted cells.’®2° In addition,
under caspase-repressed conditions RIP1 associates
with RIP3 to mediate necroptosis, a form of programmed
necrosis that takes place during viral infection or TNF alpha
(TNFa)-induced systemic inflammatory response syndrome
(SIRS).21-2%

Synthetic small molecules mimicking Smac (Smac mimetics
(SMs)) emerged as tools to induce c-IAP1/2 depletion and
were consequently shown to sensitize particular cancer cell
lines to TNFR1-mediated RIP1-dependent death.'!-26-28
Apart from these chemicals, a set of biological ligand of the
TNF family, such as lymphotoxin LTa 8., CD40L or Tweak,
also appeared to target c-IAP1/2 toward the proteasomal and/
or lysosomal degradative pathways.?®>~3* c-IAP1/2 depletion
leads to NIK (NF-kB-inducing kinase) stabilization and
the phosphorylation of both IKKa and NF-kB2/p100 prior to
the processing of p100 into p52, a pathway defined as the
alternative, or non-canonical, NF-«kB pathway.®>~3"

Genetic mouse models revealed that NIK is required for the
proper development and/or maintenance of secondary lym-
phoid organs, for osteoclastogenesis, for T-cell activation as
well for B-cell survival,®%38:39

In this paper, we highlight an unexpected role for NIK in
TNFR1-induced cell death. We found that NIK diverges from
the alternative NF-kB pathway to promote cell death. NIK is
required for the activation of caspase-8 by promoting the
assembly of the RIP1/FADD/caspase-8 death complex down-
stream of TNFR1. More importantly, we found that NIK
activation, but not the processing of p100, was required for
TNFR1-induced cortical thymic epithelia cell (cTEC) death
and thymus involution, a function of NIK that is clearly distinct
from its role in the differentiation of medullary thymic epithelial
cells (mTECs) toward the induction of p100 processing.
In addition, using a mouse model of viral infection we found
a role for NIK in RIP1-dependent TNFR1-driven hepatocyte
apoptosis.

Results

Fni14- and lymphotoxin-beta receptor (LTBR)-mediated
TNFR1-dependent cell death requires the activation of
NIK. It was recently reported that Tweak-induced TNFR1-
dependent cell death relies on the depletion of c-IAP1/2
proteins.® Depletion of c-IAP1/2 leads to the stabilization of
NIK, a kinase inducing the alternative NF-«kB pathway, and
involved in the development and homeostasis of lymphoid
organs and cell survival of hematopoietic cell lineages.*
Thus, based on the latter function, we anticipated that
inactivation of NIK would rather sensitize cells to TNFR1-
induced death. To address this possibility, we first treated
wild-type (NIK**), NIK knockout (NIK~/~) and NIK-deficient
(aly/aly) MEFs with Tweak and/or human TNFa. We observed
that co-stimulation of NIK*** MEFs with Tweak and TNFa led
to substantial decrease in cell survival and an increase in

NF-xB-inducing kinase and TNFR1-induced cell death
L Boutaffala et al

AnnexinV/PI positivity, while these ligands had minor impact
when used independently. Remarkably, this effect was
drastically inhibited in the absence of NIK or in aly/aly MEFs
(Figures 1a and b and Supplementary Figures S1a and b).
Stimulation of NIK** MEFs with increasing amount of Tweak
and TNFa led to a substantial DEVDase activity overtime
peaking at 4 h treatment (Figure 1c). The observed timing of
caspase activation in NIK** cells was consistent with the
appearance of NIK expression and the cleaved forms of
caspase-8 and -3 at 4h posttreatment (Figure 1d). In
contrast, Tweak/TNFa-stimulated NIK =/~ MEFs displayed a
severe defect in DEVDase activity and cleavage of caspase-8
and caspase-3. Importantly, complementation of NIK~/~
cells with NIK WT, but not NIK kinase-dead, restored the
ability of Tweak and TNFa to induce caspase-3 cleavage
(Figure 1e). We next extended our analysis to LTBR, another
TNF receptor that enables the activation of NIK and of the
alternative NF-kB pathway.3”*° Remarkably, we observed
that co-stimulation of TNFR1 and LTBR induced an elevation
of DEVDase activity and caspase-8 and -3 cleavage that was
also dependent on the expression of NIK (Figures 1f and g).
Together, these results revealed a pro-death activity for NIK
downstream of TNFR1 but upstream of caspase-8.

NIK pro-death activity acts toward RIP1 cell death
signaling. TNFR1 can trigger two independent apoptotic
pathways depending on the cellular context and the stimuli.
Indeed, as previously reported, RIP1-independent (TRADD-
dependent) and RIP1-dependent apoptotic pathways can be
activated when cells are stimulated with TNFa and CHX or
TNFa and SMs, respectively.'”” We found that NIK** and
NIK =/~ MEFs equally died following exposure to TNFa/CHX,
indicating that the RIP1-independent pro-apoptotic machinery
was intact in NIK-deficient cells (Figure 2a). Conversely,
similar to RIP1-deficient cells, NIK~/~ MEFs were resistant
to TNFa/SM (CmpA)-induced cell death (Figure 2b,
Supplementary Figure S2a). The resistance of NIK~/~ MEFs
was not ascribed to a defect in TNF/SM-induced p-JNK or to
c-FLIP expression levels (Supplementary Figures S2b-d).
We recently showed that the RIP1 kinase inhibitor
necrostatin-1 (Nec-1) prevented SM/TNFa-induced caspase
activation.'® Similarly, we observed that Tweak/TNFa- or
agonist LTBR /TNFa-induced caspase activation was equally
inhibited in the presence of Nec-1 or Z-Val-Ala-DL-Asp-
fluoromethylketone (z-VAD-FMK) (Figures 2c and d). We also
found that Tweak/TNFa- or agonist LTBR/TNFa-induced
RIP1/caspase-8 assembly was fully abrogated in the
presence of Nec-1 (Figures 2e and f). These results are
consistent with previous studies demonstrating a role for
Nec-1 in the prevention of SM/TNFa-induced RIP1/caspase-8
assembly and apoptosis.’®*" We further found that the
DEVDase activity induced by Tweak/TNFa co-stimulation
was strongly reduced in Bax/Bak '~ double KO MEFs
when compared with Bax/Bak** counterparts MEFs
(Supplementary Figure S2e). Likewise, treatment of Bax/
Bak /=~ MEFs with Tweak and TNFa resulted in a slight
alteration of caspase-8 processing but in a complete
inhibition of caspase-3 cleavage when compared with Bax/
Bak** counterparts control MEFs, indicating that caspase-8
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Tweak- and Lymphotoxin-a-induced TNFR1-dependent cell death relies on NIK. (a) Cell survival of NIK** and NIK =/~ mouse embryonic fibroblasts (MEFs) was

assessed by measuring the ATP levels using the Cell Titer-Glo Kit. Cells were treated for 24 h with Tweak or TNFex alone or both together. Data are represented as mean + S.Ds.
of quadruplicates. Statistical analyses: ***P<0.001. (b) NIK** and NIK =/~ MEFs were treated for 6 h with Tweak or TNFa alone or both together, and Annexin V and/or PI
positivity were measured by flow cytometry. (¢) DEVDase activity of NIK** and NIK =/~ MEFs treated for various time with two doses of Tweak and a fixed concentration of TNFa.
(d) NIK** and NIK =/~ MEFs were treated with Tweak and TNFa for different time periods. Levels of NIK, cleaved caspase-8, cleaved caspase-3 and actin were assessed by
western blotting. (e) Western blotting for NIK, cleaved caspase-3 and actin expression in parental NIK =/~ MEFs reconstituted with empty vector (EV), NIK WT or NIK kinase-
dead (KD). (f and g) NIK** and NIK =/~ MEFs were treated with a LT/R agonist antibody and TNFa« for different time periods. DEVDase activities and levels of NIK, cleaved

caspase-8, cleaved caspase-3 and actin were assessed similar to panels (¢ and d)

processing precedes the Bax/Bak-mediated activation of the
executioner caspases (Supplementary Figure S2f).

Altogether, our findings demonstrate that the apoptotic
triggers that rely on the NIK pro-death function also depend on
the kinase activity of RIP1.

NIK is a bona fide kinase of RIP1 in the TNFR1 cell death
pathway. As we observed that NIK directs its pro-death
activity toward RIP1 signaling, we sought to test the putative
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interaction of RIP1 with NIK. To do so, we ectopically
expressed NIK (Flag-NIK-FL) with either full-length RIP1
(V5-RIP1-FL) or with mutated variants of RIP1 lacking the
kinase domain (KD), the intermediate domain (ID) or the
carboxyl-terminal region, including the death domain (DD), in
HEK293T cells. Immunoprecipitations experiments not only
confirmed the interaction between Flag-NIK-FL and RIP1-V5-
FL but also showed that regions within the KD and ID
domains, but not the DD domain, of RIP1 were required for
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Figure 2 NIK pro-death function acts through the TNFR1/RIP1-dependent apoptotic axis. (a) NIK** and NIK =/~ mouse embryonic fibroblasts (MEFs) were stimulated with
TNFa and CHX (5 ug/ml) for the indicated time periods, and cell survival was measured using the Cell Titer-Glo Kit. (b) NIK** and NIK =/~ MEFs were treated for 24 h with or
without TNFa and the SMs CmpA, and cell survival was measured similar to panel (a). (¢ and d) Analysis of DEVDase activities in WT MEFs treated with Tweak and/or TNFa or
LT3R Ago and/or TNFa in the absence or presence of the caspase inhibitor z-VAD-FMK and/or Nec-1. Statistical analyses: ***P< 0.001. (e and f) MEFs were treated with Tweak/
TNFa or LTSR Ago/TNFa in the absence or presence of Nec-1 for the indicated time periods prior to an immunoprecipitation with an anti-caspase-8 antibody and detection of

both caspase-8 and RIP1 by western blotting

the interaction with NIK (Figure 3a). Of note, the RHIM
domain of RIP1, which is required for RIP3 binding and
necroptosis induction, appeared dispensable for the interac-
tion with NIK (Figure 3b and Supplementary Figure S3a).*?
Importantly, the interaction between NIK and RIP1 was
confirmed at the endogenous level in WT MEFs treated with
Tweak/TNFa (Figure 3c).

We have found that NIK kinase activity contributes to its
pro-apoptotic function (Figure 1e). We therefore investigated
whether NIK could regulate RIP1-dependent apoptosis by directly
phosphorylating RIP1. Using specific recombinant RIP1 and NIK
proteins (Supplementary Figures S3b and c),*® we observed that

the presence of NIK led to a significant increase in RIP1
phosphorylation level (Figure 3d). We also looked at RIP1
phosphorylation status in vivo. Interestingly, we found that agonist
LTBR/TNFa stimulation triggered an upper shift of RIP1 that was
fully abrogated in the presence lambda phosphatase in WT MEFs,
indicative of RIP1 phosphorylation (Figure 3e). Remarkably, this
phosphorylation was clearly deficient in NIK =/~ cells treated with
TNFa/LTBR Ago, TNFa/Tweak or TNFa/CmpA (Figures 3e and f
and Supplementary Figure S3d). Importantly, NIK phosphorylation
of RIP1 mainly increased RIP1 autophosphorylation activity.
Indeed, preincubation of WT MEFs with Nec-1 altered TNFa/
Tweak-induced RIP1 phosphorylation (Figures 2e and 3g).

Cell Death and Differentiation
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Figure 3 NIKis a bona fide kinase of RIP1 in vivo and in vitro. (a) HEK293T cells were transiently transfected with expression vectors encoding full-length Flag-NIK-FL kinase
dead together with either kinase dead RIP1-FL, truncated kinase domain (AKD) RIP1, truncated intermediate domain (AID) RIP1 or truncated death domain (ADD) RIP1. Flag
immunoprecipitates were loaded on SDS-PAGE for detection of RIP1-V5. As control, anti-Flag immunoprecipitations were carried out in the presence of Flag peptide. (b) The
same cells were transiently transfected with expression vectors encoding Flag-NIK-FL and FL kinase dead RIP1-V5 or ARHIM RIP1-V5 expression vectors. Flag-NIK-FL
complexes were immunoprecipitated using an anti-Flag antibody, and RIP1 interactions were revealed by western blotting anti-RIP1. As control, anti-Flag immuniprecipitations
were carry out in the presence of Flag peptide. (¢) Mouse embryonic fibroblasts (MEFs) WT were treated or not with Tweak/TNFa and z-VAD (TTZ) and NIK-immunoprecipitates
were analyzed by western blotting for the presence of endogenous RIP1. (d) In vitro kinase assays with recombinant NIK kinase domain (327-673) and active recombinant GST-
RIP1 FL. () NIK** and NIK ~/~ MEFs were left untreated or treated with a mix of TNFa and LT3R agonist antibody (Ago). The phosphorylation status of RIP1 was visualized by
western blotting with cell extracts treated or not with the lambda phosphatase (A phos.). (f) NIK"* and NIK =/~ MEFs were treated with a mixture of TNFa and Tweak and
analyzed similar to panel (e). (9) MEFs WT were treated with Tweak/TNF« in the absence or presence of Nec-1, and the protein extracts were analyzed by western blotting for
RIP1 phosphorylation

These results were also confirmed with in vitro kinase cells are treated with apoptotic stimuli that induce NIK

assays by combining Nec-1 with active recombinant RIP1
or using kinase-dead recombinant RIP1 (Supplementary
Figures S3e and f).

Overall, we found that RIP1 is a NIK-interacting partner that
is subjected to increased RIP1 autophosphorylation when
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stabilization.

Tweak and Lymphotoxin-a signaling require NIK to
induce TNFa-mediated RIP1/caspase-8 death complex
llb assembly. RIP1 is a key kinase at the crossroad of two



antagonist pathways downstream of TNFR1. TNFa stimula-
tion induces RIP1 recruitment to TNFR1 to form the so-called
complex | in which RIP1 is ubiquitinated by c-IAP1/2 to
mediate the pro-survival response.>* However, in conditions
of c-IAP1/2 depletion, non-ubiquitinated RIP1 dissociates
from TNFR1 and recruits FADD and caspase-8 to form the
cytosolic pro-death complex Ilb required for caspase-8
activation and apoptosis.'"'”'® In order to decipher how
NIK promotes TNFR1-mediated RIP1-dependent apoptosis,
we next analyzed the assembly of complex | and complex llb
in NIK** and NIK~/~ MEFs. Complex | was isolated by
immunoprecipitating TNFR1 following 5min of stimulation
with Flag-TNFa. No significant differences in recruitment of
ubiquitinated RIP1 and IKKa to TNFR1 or in TNFa-mediated
IkBa degradation were observed between NIK** and NIK =/~
MEFs (Figures 4a and b). We further showed that prestimula-
tion of NIK** and NIK~/~ MEFs with Tweak prior to TNFa
stimulation did not affect the recruitment of de-ubiquitinated
RIP1 to TNFR1 (Figure 4c).

Next, we evaluated whether NIK deficiency could affect
complex llb formation. In NIK** MEFs, we detected a robust
association of caspase-8 with RIP1 as early as 90 min of co-
stimulation with Tweak/TNFa, which persisted up to 180 min
posttreatment (Figure 4d). Remarkably, the level of RIP1/
caspase-8 association drastically decreased in the absence of
NIK, despite an equal amount of caspase-8 immunoprecipi-
tated in NIK** and NIK =/~ MEFs. We observed similar results
when NIK*”* and NIK~/~ MEFs were either treated
with agonist LTBR/TNFa or CmpA/TNFa (Figure 4e and
Supplementary Figure S4a). The lack of RIP1/caspase-8
assembly could not be ascribed to a defect in the expression of
RIP1, FADD or caspase-8 (Supplementary Figure S4b). As
previously reported, degradation of c-IAP-1/2 is critical for
Tweak/TNFa- or SM/TNFa-induced cell death.2628:33 Yet, we
observed that the level of Tweak-, agonist LTSR- or CmpA-
induced c-IAP1/2 degradation was similar in NIK** and NIK =/~
MEFs, indicating that c-IAP1/2 depletion is not compromised
in the absence of NIK (Figures 4f and g and Supplementary
Figure S4c). Together, these results indicate that NIK acts
downstream of complex | formation but upstream or at the level
of RIP1/caspase-8 assembly. We have previously shown that
NIK can associate with RIP1 upon Tweak/TNFa stimulation
(Figure 3c). To further investigate whether active caspase-8
could also co-immunoprecipitate with NIK, NIK** and NIK =/~
MEFs were stimulated for 60 or 90 min with TNFa and Tweak
or with Tweak alone as control (Figure 4h). Lysates from
these cells were then subjected to control or anti-NIK
immunoprecipitation prior to an in vitro caspase-8 assay
(Figure 4i and Supplementary Figure S4d). We observed that
treatment of NIK** MEFs with Tweak/TNFa led to a time-
dependent increase in caspase-8 activity. In contrast, similar
treatment of NIK™/~ MEFs did not reveal any caspase-8
activity (Figure 4i). Of note, stimulation of NIK** MEFs with
Tweak alone did not induce caspase-8 activation besides a
marked stabilization of NIK (Figures 4h and i). Consistent
with these findings, caspase-8 activity associated with
immunoprecipitated FADD in response to Tweak and TNFa
was greatly inhibited in the absence of NIK (Figure 4j).
Altogether, our results demonstrate that biological ligands of
TNFR family members or synthetic chemicals that trigger

NF-xB-inducing kinase and TNFR1-induced cell death
L Boutaffala et al

c-lIAP1/2 depletion by various means require NIK for the
assembly of the RIP1/caspase-8 complex llb.

NIK displays a pro-death function in vivo in a mouse
model of TNFR1/LTBR-mediated thymus involution inde-
pendently of the alternative NF-kB pathway. TNFR1 is a
key receptor that contributes to inflammation, cell death and,
in some circumstances, to tissue destruction. To address the
in vivo pro-death function of NIK in a context of TNFR1
activation, we decided to use a mouse model in which
TNFR1-induced cell death and tissue destruction relies on a
co-stimulatory inflammatory signal that activate NIK and the
alternative NF-kB pathway. Tg Lck-LTa mice develop a
fulminant thymus involution that is dependent on LTas/TNFR1
and LTa4B./LTBR signaling within the cTEC recapitulating
virus infection-related thymic involution by activated LTaf-
overexpressing T cells.*** Therefore, to assess the role of
NIK in cell death of cTEC, we performed bone marrow (BM)
reconstitution assays using WT or Tg Lck-LTaB mice as
donors and WT or aly/aly NIK-deficient recipient mice.*® For
phenotypic analyses, 8 weeks postreconstitution mice were
kiled and thymi were imaged and quantitatively and
qualitatively analyzed. As previously reported, reconstitution
of Lck-LTaB BM into WT recipient mice led to a drastic
reduction in thymus size compared with the reconstitution of
WT BM into WT recipient mice (Figure 5a).** Reciprocal
reconstitution experiments using Lck-LT a8 BM into aly/aly
recipient mice greatly protected from LTaB-induced thymus
involution. Indeed, thymi were comparable in size to those
obtained from reconstitution experiments of WT BM into WT
recipient mice or aly/aly BM into aly/aly recipient mice. To
further quantify the severity of thymus involution, the thymi
were dissected and analyzed for relative body weight and
absolute cell numbers. Reconstitution of Lck-LTaB BM into
WT mice led to a marked reduction of the relative thymus
weight (P<0.001) and absolute thymocyte numbers
(P<0.001) when compared with WT recipient mice that
received WT BM (Figures 5b and c). Importantly, reciprocal
reconstitution experiments using Lck-LTaf BM and aly/aly
recipient mice showed no statistically significant changes in
relative thymic weight (P<0.5) and absolute thymocyte
numbers (P<0.5) when compared with WT and aly/aly
recipient mice that received WT BM or aly/aly BM,
respectively.

Histological analyses revealed that LTaB-mediated reduc-
tion of cortical thymic area along with enlargement of the
medulla were abrogated in aly/aly recipient mice reconstituted
with Lck-LTaB BM (Figure 5d). In addition, TUNEL staining
were performed on cryosections of thymi postreconstitution
and clearly indicated that aly/aly mice were protected from
LTaB-induced thymic epithelial cell apoptosis (Figure 5e).
These results were confirmed by monitoring the percentage of
Annexin V/7-AAD double-positive thymic cells (P<0.01) by
flow cytometry (Figure 5f). Importantly, NIK knockout recipient
mice were similarly fully protected from LTag-induced thymic
involution (Supplementary Figures S5a—c). Altogether, our
data demonstrate that TNFR1/ LTBR-induced thymus involu-
tion and thymic epithelial cell death relies on the pro-death
activity of NIK in vivo.
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We previously showed that LTBR induces two NF-«kB
pathways, one of which is the alternative NF-«kB pathway that
relies on the activation of the kinase NIK and the processing of
NF-«kB2/p100.*° Thus, to address whether the in vivo
pro-death activity NIK originates from an activation of the
alternative NF-«kB pathway, we analyzed the nfkb2~'~ mice
in the LTaB-induced thymus involution model. First, we
performed control experiments using WT and nfkb2~/~
(p100/p52-deficient) recipient mice reconstituted with BM
derived from WT mice and did not observe any difference in
thymus reconstitution, relative thymic weight and absolute
thymocyte numbers (Figures 6a—c). Second, we performed
reconstitution of WT and nfkb2~/~ recipient mice with
Lck-LTaB BM. Interestingly, we observed in both cases a
significant reduction in relative thymic weight (P<0.001) and
absolute thymocyte numbers (P<0.001) compared with
control experiments (Figures 6a—c). Moreover, the extent of
thymic epithelial cell death (TUNEL" cells) was comparable
between WT and nfkb2~'~ recipient mice that received
Lck-LTaB BM (Figure 6d), indicating that the absence of
p100 did not rescue LTaB-mediated thymus involution and
thymic epithelial cell death. We also confirmed in vitro that
p100 was dispensable to trigger cell death with other TNFR
family members (Supplementary Figure S6).

Altogether, our data demonstrate that the in vivo ability of
NIK to induce TNFR1/LTBR-dependent thymus involution
and thymic epithelial cell death does not require a transcrip-
tional program under the control of p52-containing NF-«B
complexes.

NIK/RIP1-dependent cell death in mouse models of
liver damage. TNFa is a key cytokine that contributes to
disease-mediated liver damage in human patients. To
address the role of NIK in hepatocyte apoptosis, we used
two different mouse models of TNFa-induced liver damage.
First, we used TNFa in association with D-galactosamine in
aly/aly mice and littermate controls aly/wt mice. We did not
observe differences for cleaved caspase-3 staining nor in the
level of the aminotransferase sALT and sAST in the serum
(Figure 7a and Supplementary Figures S7a and b).
To investigate whether this TNF-driven apoptotic model of
liver damage was dependent on RIP1 kinase activity, we
pretreated WT mice with DMSO or Nec-1 for 30 min prior to
D-Gal-N/TNFa treatment for 4 h. We observed no significant
differences in the level of sALT and sAST or in the number of
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cleaved caspase-3-positive hepatocytes (Figure 7b and
Supplementary Figures S7c and d).

Next, we used a mouse model known to predispose to
TNFa-induced hepatocyte cell death by cytotoxic T lympho-
cytes (CTLs).*” Intravenous injection of TNFa subsequent to
adenoviral infection (Ad-GFP) recapitulated this CTL-derived,
TNFa-mediated capacity of hepatocyte cell kiling. We
observed that aly/wt mice were sensitive to adenovirus/
TNFa-induced hepatocyte damage while aly/aly mice showed
a strong reduction in the number of cleaved caspase-3*
hepatocytes (Figures 7c and d). Moreover, we monitored the
capacity of adenovirus infection to activate NIK. We analyzed
NIK expression levels in the livers of uninfected or adenovirus-
infected WT mice and observed a strong increase of
hepatocyte NIK protein level from adenovirus-infected mice
(Figure 7e). These data were also strengthened by immuno-
histochemical analyses, which revealed that the numbers of
NIK-expressing hepatocytes were higher in adenovirus-
infected mice compared with control mice (Figures 7f and g).

Remarkably, we found that the inhibition of RIP1 kinase
activity sufficed to significantly reduce the amount of cleaved
caspase-3 positive hepatocytes in Ad-GFP-infected mice
treated with TNFa (Figures 7h and i). In conclusion, we have
tested the in vivo role of NIK in two different models of TNF-
driven apoptotic liver damage, one relying on RIP1 kinase
activity and the other one not relying on this activity. We found
that NIK only contributed to the TNF-induced RIP1-dependent
apoptotic model. Our data highlight, in line with our in vitro and
in vivo data described above, another mouse model in which
viral-infected hepatocyte rely on NIK and RIP1 kinase activity
to trigger TNFa-induced apoptosis.

Discussion

In this study, we found that inducers of the alternative NF-xB
pathway such as Tweak, LTBR agonist or SMs required NIK to
sensitize to TNFa/TNFR1-induced apoptotic death. Previous
studies reported that, at least in certain cell types, Tweak- and
SM-induced cell death relied on the NIK-dependent neosynth-
esis of endogenous TNFa via induction of the classical and/or
the alternative NF-kB pathway.'"?¢27:3% We can rule out this
possibility in our in vitro and in vivo genetic models. Indeed, we
showed that Tweak-, LTBR agonist- or SM-induced NIK
stabilization in MEFs is by itself not sufficient to induce cell
death and that NIK deficiency protected the MEFs from
TNFR1-mediated death induced by exogenous TNFa. In our

<

Figure 4 NIK is required for the assembly of complex IIb downstream of TNFR1. (a) NIK** and NIK =/~ mouse embryonic fibroblasts (MEFs) were stimulated 5 min with
Flag-TNFe (1 ug/ml). TNFR1-associated proteins were pulled-down by immunoprecipitating Flag-TNFa-bound TNFR1. Presence of TNFR1, ubiquitinated RIP1 (Ub-RIP1) and
IKKe in the immunoprecipitates was detected by western blotting. (b) Responsiveness of NIK** and NIK =/~ MEFs to TNFa-mediated IxBa degradation. Cells were stimulated
with TNFa for the indicated time. (¢) NIK** and NIK =/~ MEFs were pretreated for 2 h with Tweak followed by a stimulation with Flag-TNF« for 5 min TNFR1-associated proteins
were pulled-down by immunoprecipitation of Flag-TNFa-bound TNFR1. Presence of TNFR1 and RIP1 in the immunoprecipitates was detected by western blotting. (d) NIK** and
NIK =/~ MEFs were treated with Tweak and/or TNFa for the indicated time periods prior to an immunoprecipitation with an anti-caspase-8 antibody and detection of both
caspase-8 and RIP1 by western blotting. (€) NIK** and NIK =/~ MEFs were treated with a LTAR agonist antibody (Ago) and TNFa, and association of caspase-8 and RIP1 was
analyzed similar to panel (d). (f and g) Level of c-IAP1/2 depletion in NIK** and NIK =/~ MEFs treated with Tweak or a LTAR Ago. (h) z-VAD-FMK-pretreated NIK** and NIK =/~
MEFs were stimulated for the indicated time period with Tweak and/or TNFa, and stabilization of NIK was analyzed by western blotting. (i) Cell extracts prepared in panel (h) were
subjected to an immunoprecipitation with anti-NIK prior to an in vitro caspase-8 activity assay. (j) Measurement of in vitro caspase-8 activity associated with FADD-containing
complexes. NIK** and NIK =/~ MEFs were co-stimulated or not with Tweak and TNF for 1 h prior to immunoprecipitation of FADD. NS represents non-specific signals, and Ig
represents a cross-reactivity with heavy chain immunoglobulins. Statistical analyses: **P<0.01; ***P<0.001
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**P<0.001, NS, not statistically significant. See also Supplementary Figure S5

in vivo models, TNFR1 was either stimulated by injection of
recombinant TNFa or by ectopically expressed transgenic
LTa, strongly suggesting that NIK pro-death activity rather
impinges downstream of TNFR1.

Our results demonstrated that NIK was associated with
and required for the formation of the RIP1/FADD/caspase-8
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death complex IIb. Indeed, we showed that (1) Tweak/TNFa
or agonist LTBR/TNFa stimulation led to caspase-8 and
RIP1 interaction; (2) RIP1 kinase inhibition by Nec-1 inhibits
cell death and blocks caspase-8 and RIP1 association;
(8) cell death and RIP1/caspase-8 assembly are severely
impaired in NIK-deficient MEFs stimulated with Tweak/TNFa



oragonist LTBR/TNFa; and (4) Tweak/TNFa-induced association
of FADD with active caspase-8 is impaired in NIK-
deficient MEFs.

A 2-MDa death-inducing complex containing the core
components RIP1/FADD/caspase-8, referred as ripoptosome,
was reported to form in response to genotoxic stress or to
TLR3 activation in some cancer cell lines.*®*° In both
the studies, the authors found that the assembly of the
ripoptosome occurred independently of TNFR1 signaling.
However, in our experimental settings, a robust activation of
NIK in the absence of TNFR1 stimulation could neither
promote a NIK-associated caspase-8 activity nor an interac-
tion between RIP1 and caspase-8. Therefore, as opposed to
the ripoptosome, NIK-induced complex IIb formation is strictly
dependent on TNFR1 signaling.

In any case, spontaneous ripoptosome formation upon
c-IAP1/2 depletion was reported to occur in response to DNA
damage or TLR3 activation.*®*° Yet, we found that despite
the efficiency of Tweak-induced c-IAP1/2 depletion in NIK-
deficient MEFs, RIP1 and caspase-8 failed to assemble,
indicating that TNFa-induced complex IIb formation is a highly
regulated process that is primed by c-IAP1/2 depletion but
requires the kinase NIK.

So far, the differentiation of mTECs requires the integration
of signaling from CD40, RANK and LT8R toward NIK, IKKa
and p52/Bcl-3 for the establishment of self-tolerance.?*~%” As
opposed to mTECs, cTEC number is not affected in mice with
defect in the alternative NF-«kB pathway.58 However, in our
study, we highlight a new role for NIK downstream of LT8R in
induction of TNFR1-driven cTEC death and thymus involution.
Notably, we showed that NIK pro-death function in cTEC was
independent of the processing of p100 into p52, which is in
contrast to the requirement of p52 for mTEC differentiation.
Such biological functions of NIK independent of the proces-
sing of p100 have been also described in other settings and
highlight a role for NIK beyond the activation of the alternative
NF-«B pathway.5%¢"

We also found that NIK pro-death function has a role in a
model of viral infection associated with TNFa-induced
hepatocytes apoptosis. Indeed, we have observed that
adenovirus-infected NIK-deficient hepatocytes were resistant
to TNFa-mediated cell death. Similarly, inhibition of RIP1
kinase activity lowered caspase-3 activation in adenovirus-
infected hepatocytes. These results are also consistent with
the fact that hepatocyte-specific FADD-deficient mice
and QVD-Oph pretreated WT mice appeared to resist to
adenovirus/TNFa-induced hepatocytes damage, suggesting
a link between RIP1, FADD and caspase-8 in that model.*’
Therefore, the NIK/RIP1 pathway could be crucial for the
clearance of infected cells through the TNFa/TNFR1 death
signaling axis. Overall, we have identified a new function of
NIK in cell death that extends beyond its role already
described in development, inflammation and cell survival.

Materials and Methods

Mouse strains, thymic and liver analyses. Mice deficient for NIK
(aly/aly) and NIK KO mice were provided by B Becher, (University of Zurich,
Zurich, Switzerland) and p100/p52 (nfkb2~'~) mice were provided by J Caamano
(University of Birmingham, Birmingham, UK), respectively, and Lck-LTa/3 mice were
previously described.* All mice were on a C57BL/6 genetic background and were
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bred and maintained under specific pathogen-free conditions and within protocols
approved by the Institute of Virology, Technische Universitdt Minchen (TUM)/
Helmholtz Zentrum Miinchen, Munich, Germany and the MRC Centre of Immune
Regulation, University of Birmingham, Birmingham, UK. For control of lethal
irradiation (1100 rad) and reconstitution efficiency, reconstitution into WT recipient
mice was performed using BM derived from p-Actin Green Fluorescent Protein
(B-Act GFP) transgenic mice and gave a reconstitution efficiency of 89-97% (data
not shown). Relative thymus weight, histology analysis, TUNEL staining and
Annexin V/7-AAD staining were performed as previously described.* Pictures were
taken with an Olympus BX53 microscope. Cell counting were performed with the
‘CellSens Dimension’ software from Olympus (Hamburg, Germany). Adenoviral
infection, hTNF injection and sALT and sAST measurement were peformed as
previously described.*” For the D-galactosamine/TNFa experiments, D-Gal-N
(800 mg/kg) was injected peritonally 30 min prior to human TNFa (20 ng/kg)
injection and mice were killed 4 h latter. To address the role of RIP1 kinase activity
in both models, DMSO or Nec-1 (5 mg/kg) was injected 30 min prior to TNFa.

Immunohistochemistry. Thymic and liver tissues were fixed with 4%
paraformaldehyde and embedded in paraffin.

Paraffin sections (2 pm) were either stained with haematoxylin/eosin or automated
immunohistochemistry staining were performed using rabbit-anti-cleaved caspase-3
(Cell Signaling, Danvers, MA, USA, no. 9661), rabbit anti-NIK (Abcam, Cambridge,
UK, ab7204) and (Hamburg, Germany)an anti-rabbit-poly HRP (Leica Bond Polymer
Refine Detection, Nussloch, Germany, DS9800). For pretreatment of paraffin
sections, the bond max H2 (20) program (Leica, Wetzlar, Germany) was applied.
Image acquisition was performed on the DotSlide BX51 (Olympus), SCN400 (Leica),
Axio Z1 (Zeiss, Géttingen, Germany) or BX53 (Olympus) microscope. For
quantification of NIK-positive hepatocytes, eight different areas (four around vessels
and four in random fields) were counted for each mouse.

Statistical analysis. Statistical analysis was performed with the GraphPad
Prism software (GraphPad Software, La Jolla, CA, USA). All data are presented as
mean + S.D. and were analyzed by ANOVA with the post hoc Bonferroni multiple
comparison test. Analysis of two samples was performed with Student's ¢ test.

Antibodies, chemicals and cytokines. Mouse monoclonal anti-RIP1
(610459) was from BD Biosciences, San Jose, CA, USA. Rabbit polyclonal anti-
RIP1 (sc-7881), anti-TNFR1 (sc-1070) and anti-FADD and anti-TRADD were
purchased from Santa Cruz Biotechnology, Santa Cruz, CA, USA. Mouse
monoclonal anti-caspase-8 (ALX-804-447) was obtained from Alexis (San Diego,
CA, USA). Monoclonal anti-Flag M2 antibody (F3165), anti-Flag M2 conjugated
beads (F2426) were purchased from Sigma (St. Louis, MO, USA). Rabbit
monoclonal cleaved-caspase-8 XP (8592), anti-cleaved caspase-3 (17 kDa) (9661)
and anti-IKKa (2682) were from Cell Signaling Technology. Rat anti-cFLIP (Dave-2)
antibody was purchased from Adipogen (Liestal, Switzerland). The rabbit polyclonal
anti-clAP1/2 was provided by Robert Korneluk (University of Ottawa, Ottawa, ON,
Canada). Rabbit polyclonal antiserum against recombinant murine caspase-8 was
prepared at the Centre d'Economie Rurale (Laboratoire d'Hormonologie Animale,
Marloie, Belgium), purified by Protein A-Sepharose 4B affinity chromatography
(Invitrogen, Life Technologies Europe, Gent, Belgium) and showed specificity for the
p20 fragment of recombinant caspases by western blotting.2 Anti-GFP, anti-NIK
and anti-actin were previously described.”®

z-VAD-FMK and Nec-1 were purchased from Promega (Madison, WI, USA), SM
Biochemicals LLC (Anaheim, CA, USA) and BD Biosciences, respectively.
Compound A was a gift of Srinivas Chunduru (TetraLogic Pharmaceuticals, Malvern,
PA, USA). The NIK kinase inhibitor Cmp1 was a gift from Genentech (South San
Francisco, CA, USA) and was previously described.*® Recombinant Fc-Tweak and
Flag-TNFa were provided by Pascal Schneider (University of Lausanne, Lausanne,
Switzerland) and Peter Vandenabeele (VIB, Ghent, Belgium), respectively.
Recombinant human TNFa was purchased from Roche (Mannheim, Germany).

Recombinant protein and kinase assays. Recombinant active GST-
RIP1-FL was purchased from Sigma (SRP5370). Active human NIK (327-673)
recombinant protein was obtained from Sarah Hymowitz (Genentech/Roche,
Pleasanton, CA, USA). Recombinant inactive GST-RIP1-FL was obtained from
Abnova (H00008737) (Heidelberg, Germany). For the kinase assays with
recombinant NIK (500 ng) and GST-RIP1 (200 ng), the proteins were incubated
30" at 30 °C in the absence or presence of Nec-1 (50 M) or Cmp1 (20 nM) in a
kinase buffer containing 20 mM Hepes, pH 7,5, 10 mM MgCl,, 10 mM MnCl,, 2 mM
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Figure 6 TNFR1/LT/R-induced thymus involution and cell death does not rely on the activation of the alternative NF-«xB pathway. (a) Macroscopic images of thymi indicated
by dashed white line from postnatal (8 weeks) reconstituted experiments. Lethally irradiated WT recipient mice were either reconstituted with BM from WT donor mice (n=4) or
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postreconstitution (5-6 weeks) experiments, scale bar, 75 um. Statistical analyses: ***P<0.001, NS, not statistically significant

DTT supplemented with protease and phosphatase inhibitors, 100 M ATP and 1 xl
ATP y-32 P (Perkin Elmer (Waltham, MA, USA), BLU002A2). For the in vivo kinase
assays, NIK** and NIK~/~ MEFs were treated 2 h with TNFa/Tweak or TNFo/
CmpA or 4 h with TNFa/LTR Ago, and cells were lysed in NP-40-containing buffer
supplemented with phosphatase inhibitors. Then, cell extracts were further
incubated at 30°C for 1h in the lambda phosphatase buffer (Bioké, Leiden,
The Netherlands, P0753S) in the absence or presence of 400 units of lambda
phosphatase.

Cell survival and caspase activation assays. Cell survival analysis
was performed using the Cell Titer-Glo Luminescent Cell Viability Assay kit
(Promega). In brief, cells were plated in 96-well plates to reach 50-60% confluence
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before induction of cell death with Fc-Tweak (200 ng/ml), LT3R agonist Ab (2 z.g/ml)
or CmpA (250 nM) and/or human TNFa (50 or 200 U/ml). Cells were then incubated
with 100 ul of Cell Titer-Glo reagent at room temperature for 5min prior to
luminescent monitoring with a Victor® reader (Perkin Elmer).

For caspase 3/7 activity measurement, cells were plated in 96-well plates. After cell
death stimulation, cells were lysed for 30 min at 4 °C in lysis buffer (50 mM HEPES pH
8, 150 mM NaCl, 20 mM EDTA, 1 mM PMSF, 10 ng/ml leupeptin, 10 xg/ml aprotinin
and 0.2% Triton X-100) and lysates were cleared at 10 000 x g for 15 min at 4 °C.
Each assay was performed in duplicate with 10 4g of protein prepared from control or
stimulated cells. Briefly, cellular extracts were then incubated in a 96-well plate, with
0.2 mM of Ac-DEVD-AMC (7-amino-4-methylcoumarin) and 5 mM DTT for various
times at 37 °C. Caspase activity was measured following emission at 460 nm in the
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blotting analysis of NIK, actin and GFP proteins of the livers from uninfected or adenovirus-infected mice. (f) Representative pictures of immunostaining for NIK-positive
hepatocytes (black arrows) derived from liver sections analyzed in panel (e). Scale bars, 100 zm. Statistical analyses: **P<0.01. (g) Quantification of NIK-positive heaptocytes/
mm? in uninfected (n=3) and Ad-GFP-infected (n= 3) mice. (h and i) Cleaved caspase-3 staining of liver sections from Ad-GFP-infected wild-type mice treated with DMSO/
TNFa or Nec-1/TNFa. Representative pictures are shown and a quantification of cleaved caspase-3* hepatocytes for DMSO control (n=8) and Nec-1-injected mice (n=8).

Scale bars, 100 um. Statistical analyses: **P<0.01

presence or absence of 10 M of Ac-DEVD-CHO. Enzyme activities were determined
as initial velocities expressed as relative intensity per min and per mg of protein.
Alternatively, caspase 3/7 activity was monitored using the Caspase-Glo 3/7 Assay
Kit (Promega) following the manufacturer’s instructions.

For measurement of caspase-8 activity associated with FADD or NIK-containing
complex, cells were pretreated 30 min with z-VAD-FMK as previously described,'
prior to Tweak and/or TNFa stimulation, and then were harvested in lysis buffer
containing 20 mM Tris HCI (pH 7.5), 150 mM NaCl, 10% glycerol, 1% Triton X-100,
2mM EDTA, and complete EDTA-free protease Inhibitor (Roche). Cells were left on
ice for 20 min and centrifuged at 10 000 x g for 15 min. One milligram of protein
extract was used with 2ug of antibody for immunoprecipitation. The

immunoprecipitates were washed four times with the lysis buffer and two times
with cold PBS. Beads were resuspended in 100 I PBS, and 100 ! of Caspase-8 Glo
reagent was added for 1-h incubation at room temperature.

Immunoprecipitation and western blotting. MEF cell extracts were
made in NP-40-containing buffer as previously described."" Cell extracts were either
used directly for western blotting or for co-immunoprecipitation experiments. For
caspase-8/RIP1 complex analysis, 20 ul of protein G-Agarose beads (Santa Cruz)
were incubated O/N with 2 ug of anti-murine caspase-8 antibody at 4 °C. Cell
lysates were added and incubated overnight at 4 °C. The following day, the beads
were washed four times with the lysis buffer prior to addition of laemmli buffer and
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western blotting analysis. For Flag-TNFa co-immunoprecipitation experiments, MEF
cell extracts were incubated 4 h with anti-Flag M2-conjugated beads. For detection
of endogenous NIK/RIP1 interaction, 2 mg of proteins were incubated O/N at 4 °C
with 2 ug of NIK Ab. Next day, protein A/G beads were incubated 2 h with the cell
lysates followed by an extensive wash with the lysis buffer prior to western blotting
analyses of RIP1.

For co-immunoprecipitation of NIK and RIP1 into HEK293T cells, the latter
were lysed in 150 mM NaCl, 20 mM Tris-HCI pH 7.4, 1% Triton, 10% glycerol and
1mM EDTA. Flag-NIK and RIP1-V5 were immunoprecipitated using 20 ul of
EZview Red anti-Flag M2 affinity gel (F2426) during 4h at 4 °C. For peptide
competition, 75ug of Flag peptide (F3290, Sigma) were added to the
immunoprecipitation reaction.

Plasmids, transient transfections and retrovirus production.
Dominant-negative D138N and truncated mutants AKD (kinase domain), AID
(intermediate domain) and ADD (death domain) mouse RIP1-V5 expression
vectors were provided by Dr. Tom Van den Berghe (University of Ghent, Ghent,
Belgium) and RIP3-GFP expression vector by Dr. Francis Chan (University of
Massachusetts, MA, USA)2"¢2 FL Flag-NIK expression vector was previously
described.® First, FL Flag-NIK was subcloned into pIRES2-EGFP (BD
Biosciences) and used as template to generate the kinase dead version
(KK429/430AA) by site-directed mutagenesis (Quick Change I, Agilent
Technologies, Santa Clara, CA, USA). Primers sequences are available upon
request. Transient transfections were performed using Fugene HD (Roche) with
4 ug of total DNA per 10 cm plate of HEK293T cells. For the complementation of
NIK KO MEFs, pBabe control, Flag NIK WT or NIK KD were used to produce
retroviral particles as previously described.*’

Cell culture and flow cytometry. Al cell lines were maintained in
Dulbecco’s modified Eagle medium supplemented with 10% FBS, 2 mM L-glutamine
and 200 pg/ml penicillin/streptomycin and grown at 37 °C in 5% CO,. For flow
cytometry analysis, MEFs were seeded in 24-well plates and 200 ng/ml of Fc-Tweak
and/or 200 U/ml of TNFa were added for 24 h prior to Annexin V/PI staining
(11988549001, Roche, Mannheim, Germany). Experiments were performed in
duplicate, and 10 000 events were measured per sample.
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