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Abstract

Cellular inhibitor of apoptosis proteins (clAPs) are RING-containing
E3 ubiquitin ligases that ubiquitylate receptor-interacting protein
kinase 1 (RIPK1) to regulate TNF signalling. Here, we established
mice simultaneously expressing enzymatically inactive clAP1/2 vari-
ants, bearing mutations in the RING domains of clAP1/2 (clAP1/2
mutant RING, clAP1/2MtR), clap1/2V“RMtR mice died during embry-
onic development due to RIPK1-mediated apoptosis. While expres-
sion of kinase-inactive RIPK1°**®N rescued embryonic development,
Ripk1P138N/P138N c1qp1/aMutRMUtR mice developed systemic inflamma-
tion and died postweaning. Cells expressing clAP1/2M"R and
RIPK1P®38N were still susceptible to TNF-induced apoptosis and
necroptosis, implying additional kinase-independent RIPK1 activities
in regulating TNF signalling. Although further ablation of Ripk3 did
not lead to any phenotypic improvement, Tnfrl gene knock-out
prevented early onset of systemic inflammation and premature mor-
tality, indicating that clAPs control TNFR1-mediated toxicity inde-
pendent of RIPK1 and RIPK3. Beyond providing novel molecular
insights into TNF-signalling, the mouse model established in this
study can serve as a useful tool to further evaluate ongoing thera-
peutic protocols using inhibitors of TNF, clAPs and RIPK1.
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Introduction

Cellular inhibitor of apoptosis protein 1 and 2 (cIAP1 and cIAP2) are
baculoviral inhibitor of apoptosis protein homologs encoded by the
closely linked Birc2 and Birc3 genes and were first identified as com-
ponents of the tumour necrosis factor receptor (TNFR) signalling
complex (Rothe et al, 1995; Liston et al, 1996; Uren et al, 1996). The
association of cIAPs with TNFR1 and TNFR2 requires interaction
with TNF receptor-associated factor 2 (TRAF2; Rothe et al, 1995;
Shu et al, 1996), which upon binding mediates TNF-induced gene
expression via mitogen-activated protein kinases (MAPK) and
nuclear factor kB (NFxB) signalling (Yeh et al, 1997). cIAP1
and cIAP2 exhibit high homology in their amino acid sequence and
domain structures composed of three tandem amino-terminal bacu-
lovirus IAP repeats (BIRs) followed by a caspase recruitment
domain (CARD) and a carboxy-terminal RING finger domain.
Although the BIR domains direct the interaction with different fac-
tors such as TRAF2 (Samuel et al, 2006; Varfolomeev et al, 2006),
the RING domain of cIAP1/2 catalyses ubiquitylation of target pro-
teins, including autoubiquitylation, and controls increasingly com-
plex and diverse cellular actions (Vaux & Silke, 2005). Accordingly,
cIAPs ubiquitylate receptor-interacting protein kinase 1 (RIPK1),
thereby blocking its kinase activity, and to inhibit TNF-mediated cell
death, while promoting prosurvival signalling downstream of
TNFR1 (Park et al, 2004; Bertrand et al, 2008; Mahoney et al, 2008;
Varfolomeev et al, 2008; Moulin et al, 2012). In addition, cIAPs are
known to promote the ubiquitylation and subsequent proteasomal
degradation of NFkB-inducing kinase (NIK) to block noncanonical
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NF«B signalling in resting cells (Varfolomeev et al, 2007; Vince
et al, 2007, 2009).

IAP antagonists that bind in the BIR2 and 3 grooves of cIAPs rap-
idly activate their E3 ubiquitin ligase activity leading to their autou-
biquitylation. Ubiquitylated cIAPs then undergo rapid proteasomal
degradation which, in turn, causes NIK accumulation on the one
hand and RIPK1 kinase activity-dependent TNF-induced cell death
on the other hand (Varfolomeev et al, 2007; Vince et al, 2007). Mice
lacking either cIAP1 or cIAP2 are essentially normal (Conze
et al, 2005; Conte et al, 2006) raising the possibility that cIAPs have
redundant, or at least partially overlapping functions (Silke &
Vaux, 2015). Loss of both cIAP1 and cIAP2 (dapl’/’/dapZ’/’)
causes lethality around embryonic day 10.5 (E10.5) indicating that
cIAPs are required for embryonic development (Moulin et al, 2012).
Deletion of Tnfrl allowed clapl™~/clap2™~ embryos to develop
until birth and clapl™~/clap2™~ embryos lacking either Ripkl or
Ripk3 survived until E12.5 or E15.5, respectively. These data sug-
gest that cIAPs limit TNFR1-induced RIPK1/3-dependent cell death
during embryonic development (Moulin et al, 2012). A recent inde-
pendent study showed that clapl™ /clap2™~ embryos lacking
Caspase-8 and Mlkl only survived to birth suggesting that cIAPs also
control cell death-independent processes in mouse embryos that can
cause perinatal lethality (Zhang et al, 2019a). Conditional deletion
of clapl/2 in adult mice caused inflammation and acute lethality,
which was significantly alleviated, but not fully prevented with a
combined deletion of Caspase-8 and Ripk3 (Zhang et al, 2019a).
While these studies show that control of TNF-induced cell death is a
major physiological role of cIAPs, deficiency in cell death signalling
could not completely rescue the knock-out phenotype. Thus, there
is a still undefined role for cIAP1/2 in cell fate decisions.

Results

clAP1/2 E3 ubiquitin ligase activity is required for embryonic
development

In order to investigate the physiologic role of the E3 ubiquitin ligase
activity of cIAPs, both clap1/2 genes were targeted in parallel using
CRISPR/Cas9 gene editing aiming to replace the critical phenylala-
nine by alanine at position 610 and 600 in cIAP1 and cIAP2, respec-
tively (Mace et al, 2008; Haas et al, 2009; Feltham et al, 2011).
Sanger sequencing of the founder population revealed that none of
the animals harboured the specific knock-in mutations; however,
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one female was found to carry small deletions on both loci. For
clapl, a 13 bp deletion was identified leading to a frameshift that
shortens the protein by three amino acids introducing a premature
stop codon at position 610 (T602LfsTer7; Fig EV1A). The clap2
locus harboured an 8 bp deletion introducing a frameshift, which
prolonged the mutant protein by 23 amino acids changing the phe-
nylalanine at position 600 to a leucine (G601QfsTer34) (Fig EV1B).
The founder female was backcrossed three times to C57BL/6N wild-
type mice to eliminate possible CRISPR/Cas9-mediated off-target
effects. Hereafter, the mutations introduced are termed cIAP1/2
mutant RING (cIAP1/2M"%).

Intercrossing heterozygous clap
to produce progeny carrying homozygous cIAP1/2 RING mutations
(clap MutR/MutR /o1 MutR/MutR, Big EV1C) indicating that these mice
die during embryonic development. Further analyses showed that
similar to clap1¥%/%°/clap2X°/%° double knock-out (DKO) embryos,
clap IMUR/MUR /g p pMUtR/MutR ombryos were present at the expected
Mendelian frequencies (Fig EV1D) but showed signs of haemor-
rhage indicative of defects in vascular development between E10.5
and E11.5 (Fig 1A). Yolk sacs isolated from embryos at E10.5 exhib-
ited reduced vascularisation while showing excessive caspase-3
cleavage (Fig 1B), suggesting that the E3 ubiquitin ligase activity of
cIAP1/2 is required to prevent uncontrolled endothelial cell apopto-
sis during embryonic development. Our in vitro analyses using
mouse embryonic fibroblasts (MEFs) showed that cIAP1 and cIAP2
MutR variants resisted birinapant-induced degradation (Fig 1C).
Furthermore, cIAP1/2M"® MEFs accumulated NIK, providing confir-
mation that the cIAP1/2M"® proteins lack E3 ubiquitin ligase activ-
ity (Fig 1C). In Wt MEFs, NIK could only be detected after
birinapant treatment. Furthermore, the expression levels of
cIAP2MYR and TRAF2 appeared lower in cIAP1/2M"®R MEFs, which
may additionally contribute to NIK stabilisation as it requires a coor-
dinated assembly of cIAP1/2 and TRAF2/3 protein complex
(Zarnegar et al, 2008; Dumetier et al, 2020).

Consistent with previous reports (Haas et al, 2009; Vince
et al, 2009; Annibaldi et al, 2018), our analysis of the TNFR1 multi-
protein complex using FLAG-tagged-TNF (FLAG-TNF) pull-down
assay revealed the successful recruitment of TAB1, TRAF2, NEMO,
the LUBAC component SHARPIN and RIPK1 to TNFR1 in Wt MEFs
(Fig 1D). RIPK1 polyubiquitylation appeared 5 min after stimula-
tion. In contrast, in cIAPl/ZMthR MEFs, neither TAB1, NEMO nor
SHARPIN were detectably associated with the TNFR1 signalling
complex. RIPK1 and TRAF2 were still present at the receptor com-
plex; however, no polyubiquitylation pattern was observed. Instead,

JWYMUR /01052 WYMUR mice failed

Figure 1. clAP1/2 E3 ubiquitin ligase activity is required for embryonic development.

A Representative images of clAP1/2""""t (n = 5), clAP1/2X/%C (n = 6), and clAP1/2MU*FMUtR (n = 6) embryos isolated at E10.5. Arrowheads indicate haemorrhages.
B Whole-mount yolk sacs isolated at E10.5 from clAP1/2""""¢ (n = 4), and clAP1/2V“™RMUtR (n = 3) embryos, stained for CD31 (green) and cleaved caspase-3 (CC3) (red).

White arrowheads indicate apoptotic endothelial cells. Scale bar: 100 pm.

C Western blotting (WB) of clAP1/2""* and cIAP1/2M“*R MEFs. Cells were pretreated for 3 h with either DMSO or 20 pM birinapant (Biri.). Cell lysates were analysed for

the expression of the indicated proteins (* indicates unspecific bands).

MEFs were treated with FLAG-TNF (1 pg/ml) for the indicated times. TNFR1 protein complex was purified and analysed by WB.

IncuCyte analysis to determine % cell death in MEFs after treatment with increasing concentrations of TNF at indicated time points.

D
E MEFs were treated with TNF (100 ng/ml) for the indicated times. Cell lysates were analysed by WB.
F
G

IncuCyte analysis to determine % cell death in MEFs after co-treatment with 5 uM IDN-6556 (IDN) and increasing concentrations of TNF at indicated time points.

Data information: Data points in (F) and (G) represent mean + SEM of three technical replicates.

Source data are available online for this figure.
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in the cIAP1/2M"™® MEFs, autophosphorylation of RIPK1 (S166) was
detected 15 min after stimulation (Fig 1D) followed by caspase-8
and downstream caspase-3 cleavage at 3 h (Fig 1E). Additionally,
MLKL phosphorylation was detected within 1 h of TNF stimulation,
indicative of contemporaneous activation of necroptotic and apopto-
tic pathways in cIAP1/2M"® MEFs (Fig 1E). Delayed IxkBo phosphor-
ylation/degradation, JNK and p38 MAPK signalling were detected in
cIAP1/2M"R compared with Wt MEFs (Fig EV2A), implying that
cIAP1/2M"R cells fail to adequately induce TNF-dependent NFkB
and MAPK signalling. Instead, lack of ubiquitylation leads to RIPK1
autophosphorylation and activation of necroptotic and apoptotic sig-
nalling. Accordingly, cIAP1/2M"® MEFs were highly susceptible to
different concentrations of TNF (Fig 1F). Caspase inhibition by IDN-
6556 (IDN) further facilitated TNF-induced cytotoxicity as a sign of
ongoing necroptosis (Fig 1G). Additional studies using birinapant to
deplete cIAPs in Wt MEFs revealed similar results considering the
activation of caspase-8 and -3 (Fig EV2B). Phosphorylation of MLKL
was, however, hardly detectable in Wt MEFs exposed to birinapant.
Importantly, birinapant potentiated TNF-induced cell death in Wt
MEFs (after 6 h); however, the susceptibility to TNF was markedly
lower than cIAP1/2M"R MEFs (Fig EV2C). When caspase activity
was blocked, birinapant-treated Wt MEFs were Kkilled as efficiently
as cIAP1/2M"R MEFs exposed to TNF. Birinapant could also
increase TNF-induced cell death in cIAP1/2M"®R MEFs, presumably
due to its inhibitory activity towards XIAP. The RIPK1 inhibitor
necrostatin-1S (Nec-1S) efficiently inhibited TNF-induced cell death
(Fig EV2C), indicating that the loss of cIAP1/2 E3 ubiquitin ligase
activity provokes susceptibility towards TNF-induced cell death con-
trolled by RIPK1 kinase activity.

E3 ubiquitin ligase activity of clAPs controls RIPK1 kinase
activity-induced embryonic lethality

Based on our results obtained in cultured MEFs (Fig EV2C), RIPK1
kinase-inactive mice (Ripk1P138VPI38N. Dpolykratis et al, 2014)
were crossed into the claplWYMuR/clap2W/MHR  hackground.
RipklDI38N/DI38N/Clap1MutR/MutR/dapzMutR/MutR mice survived embry-
onic development and were born at the expected Mendelian ratios
(Fig EVI1E). Yet, these mice had a significantly impaired
median survival of only 35 days (Fig 2A). At birth, Ripk ]P?38N/P138N,
clap IMURMUR /o[ ppMUtR/MUR - mijce  were indistinguishable from
control animals (Riple”gN/D”SN littermates); however, starting
7-10 days of postpartum, these mice appeared smaller. When
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analysed at 12-25 days of age, these mice were runted, developed
skin lesions (Fig 2B) and had a significantly reduced body weight
compared with Ripk1P?38V/P138N Jittermates (Fig 2C).

Livers from Ripk1D138N/D138N/CIap1MuZR/MuZR/CIapzMulR/MuZR
were significantly enlarged (Fig 2C) and histological examination
(H&E) of liver sections revealed an inflammatory environment indi-
cated by immune cell infiltrates (Fig 2D) and upregulated Tnf mRNA
levels (Fig 2E). No excessive apoptosis or compensatory prolifera-
tion was detected in these livers. Remarkably, Ripk1P138N/PI38N,
clap IMUtR/MUtR /g pMutR/MutR mjce had a complete loss of liver resi-
dent Kupffer cells (Fig 2D). Similar to the livers, spleens from
Ripk1D138N/D138N/CIap1MuZR/MutR/CIapzMulR/Mqu mice were enlarged
(Fig 2C). Furthermore, spleen architecture was altered, and focal
areas showed increased apoptosis (Fig EV2D). Il6 and Il1b, but
not Tnf, levels were strongly enhanced in spleens from
Ripk1D138N/D138N/CIap1MuZR/MutR/CIapszR/Mqu animals (Flg ZE) indi-
cating that the inflammatory conditions in the spleen were distinct
from those in the liver. In contrast to liver and spleen, intestines iso-
lated from Ripk]P138N/PI38N jopqp MUR/MUR o pMUtR/MUR - mjjce gt
12-25 days of age were histologically normal, and H&E sections
revealed no obvious immune cell infiltration (Figs 2D and EV2D).
However, mild increased expression of inflammatory cytokines
including Tnf, Il6 and Il1b was detected in the ileum (Fig 2E).
Furthermore, Tnf expression was increased in the colon of
Ripk 1P138N/DI38N /gy [MUtR/MUR /o MutR/MutR e compared with
Ripkl mutant mice (Fig 2E). These data indicated that RIPK1 kinase
activity is the main driver of the embryonic lethality in clap1M*“RMutR/
clap2 MWR/MuR mice, whereas the postweaning multi-organ
inflammation and the mortality of Ripk1P38NPI3SNc1qp jMutR/MutR
clap2MutR/MuR - nremature mice are mediated by RIPK1 kinase-
independent processes.

mice

TNF induces apoptosis and necroptosis in clAP1/2M"tR/RIpK1P?38N
cells without involving RIPK1 kinase activity

Consistent with data using RIPK1 inhibitor Nec-1S in cIAP1/2M"*®
MEFs (Fig EV2C), expression of enzymatically inactive RIPK1P!38N
efficiently blocked TNF-induced cell death in cIAP1/2Mu®/
RIPK1P138N MEFs at early time points (up to 30 h post-treatment)
(Figs 3A and EV3A). At late time points (beyond 30 h post-
treatment), however, lack of RIPK1 kinase activity could not prevent
TNF-induced cell death in either cIAP1/2M"®/RIPK1P'*N MEFs or
cIAP1/2M""® MEFs cotreated with Nec-1S (Fig 3A). Western blotting

Figure 2. E3 ubiquitin ligase activity of clAPs controls RIPK1 kinase activity-induced embryonic lethality.
A Kaplan—Meier survival curves of Ripk1°2*8"V/P138N/ciqp1/oWYWe (n = 7) and Ripk1P13ENPL38N jcjqp  MUTRIMUTR 0 SMUR/MUTR (1) — 9) miice. P-values were calculated with a

log-rank (Mantel-Cox) test.

B Representative pictures of Ripk1?2VP138N)ciqp1/2"YWe and Ripk1P138NPI3EN /g MURMUTR / cjqp JMUtRIMUTR myice at 2 weeks of age (white arrowhead indicates skin

inflammation).

C Body weight, liver weight/body weight ratios (LW/BW), spleen weight/body weight ratios (SpW/BW) from age-matched mice of the indicated genotypes.
D Representative images of liver (upper panel) and ileum (lower panel) sections from mice at 2 weeks of age. Black arrowheads indicate apoptotic cells. Scale bars:
50 um. Sections were stained with haematoxylin and eosin (H&E), cleaved caspase-3 (CC3), Ki67, or F4/80.
E Relative mMRNA expression of the indicated genes from liver, spleen, colon, and ileum derived from Ripk1°22ENP238Nc1ap1/2VWE (n = 3) and Ripk1PEENVPI3EN jcjqp MutR/MUtR,

clap2MUTFRMUtR (n = 4) mice at 2 weeks of age measured by qPCR.

Data information: Dots in (C) represent individual mice and lines the mean. In (E), bars represent mean £ SEM. P-values were calculated by one-way (C) or two-way (E)
ANOVA with Bonferroni’s postanalysis. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 and ns, not significant.

Source data are available online for this figure.
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Figure 2.

(WB) showed that the lack of RIPK1 kinase activity efficiently
reduced/delayed, but did not completely diminish, caspase activa-
tion in cells expressing cIAP1 J2MutR (Fig 3B).

If the residual caspase activity is responsible for TNF-induced
late cell death of cIAP1/2M“R/RIPK1P'*®N MEFs, caspase inhibitor
IDN should be able to diminish susceptibility of cells to TNF.

© 2023 The Authors The EMBO journal 42: 11361412023 5 of 15
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Surprisingly, when caspase activity was blocked, TNF exposure
caused massive cell death (Figs 3C and EV3A and B) suggesting an
increased necroptotic propensity of cIAP1/2M"®/RIPK1P'*N MEFs
which was controlled by cIAPs but did not require RIPK1 kinase
activity. WB analysis revealed a marked accumulation of phosphor-
ylated RIPK3 in cIAP1/2M"®/RIPK1P'*N MEFs, which was further
increased upon TNF (Fig 3B) or TNF/IDN (Fig 3D) treatment and
followed by MLKL phosphorylation. These data collectively indi-
cated that the lack of E3 ubiquitin ligase activity of cIAP1/2 potenti-
ates apoptosis and, if caspase activity is inhibited, necroptosis in
response to TNF which is not dependent on RIPK1 Kkinase activity.
RIPK1 kinase-independent necroptosis (after TNF/IDN treatment)
was efficiently blocked in cIAP1/2M"R/RIPK1P13%N MEFs when
RIPK3 kinase activity was inhibited by GSK-872 (GSK) (Figs 3C and
EV3A and B). Additional studies utilising specific knock-down of
FADD in cIAP1/2M"R/RIPK1P'*®N MEFs confirmed the data
obtained by using IDN (Fig EV3C and D). FADD knock-down
increased the susceptibility of cIAP1/2M“R/RIPK1P135N to TNF (4-h
treatment). Combined knock-down of FADD and RIPK3 in these
cells efficiently diminished the susceptibility to TNF, further validat-
ing the data obtained by using IDN and GSK (Fig EV3C and D).

In agreement with our cell culture analyses, elevated phosphory-
lation of RIPK3 was also detected in the intestine and liver sections
derived from Ripk1D138N/D138N/dap1Mu.tR/MutR/dapzMutR/Mqu mice
(Fig 3E). In order to address the role of RIPK3 and necroptosis, we
established Ripk 3KO/KO /Ripk DI38N/DI38N 'clap MutR/MutR clap MutR/MutR
mice. Lack of RIPK3 expression, however, did not ameliorate the
observed phenotype. Ripk3X%/KC/Ripk jP138N/PI38N /oy qpy [MutR/MuR
clap2MUR/MuR mice were runted and died prematurely resembling
similar phenotypic alterations seen in Ripk1P138NVPI38N /cpqp MutR/MuiR
clap2M**R/MuR mice (Fig 3F and G). These data indicated that
necroptosis is not the driver of tissue inflammation and early lethal-
ity in RipklD138N/D138N/dap1MulR/MulR/dapzMutR/MurR mice. Notably,
whereas the exposure to both GSK-872 and IDN could efficiently
block TNF-induced cytotoxicity (Fig 3C and EV3A and B), GSK-872
treatment alone could not protect cIAP1/2MUR /RIPK1P138N MEFs
against TNF (Fig EV3B and E). These observations suggest that the
increased susceptibility to TNF which is independent of RIPK1
kinase activity and RIPK3 may cause the lethal inflammatory pheno-
type in RipklD138N/D138N/dap1MutR/MutR/dapzMutR/MutR mice.

TNF binding to TNFR1 primarily triggers the formation of
TNFR1-associated signalling complex called complex I, involving
the adaptor protein TNFR1-associated death domain (TRADD; Hsu

Fabian Schorn et al

et al, 1995) and RIPK1 (Silke, 2011). TRADD and RIPK1 interact
with TRAF2 and FADD (Hsu et al, 1996) and direct cIAP1/2-
mediated NF-«B activation or caspase-8-mediated apoptosis, respec-
tively. Previous genetic evidence demonstrated a pivotal interplay
between TRADD and RIPK1 in controlling apoptosis (Ermolaeva
et al, 2008; Anderton et al, 2019; Dowling et al, 2019). Our analysis
of the TNFR1 multiprotein complex revealed the recruitment of
TRAF2, NEMO, IKK2 and RIPK1 to TNFRI1 in RIPK1P'**N MEFs
(Fig EV3F). RIPK1 polyubiquitylation appeared 5 min after stimula-
tion. In contrast, in cIAP1/2M"®/RIPK1P'*®N MEFs, neither NEMO
nor IKK2 were detectably associated with the TNFR1 signalling com-
plex, indicating the lack of TNF-induced NF«xB signalling. RIPK1 and
TRAF2 were still present at the receptor complex; however, no poly-
ubiquitylation pattern was observed. In cIAP1/2M"R/RIPK]1P!38N
MEFs, autophosphorylation of RIPK1 (S166) was not detectable
(Fig EV3F). Thus, the lack of ubiquitin-mediated NFkB/survival sig-
nalling and RIPK1-mediated cell death in cIAP1/2M"R/RIPK1P138N
MEFs may potentiate TRADD-dependent apoptosis. Indeed, specific
knock-down of TRADD efficiently reduced TNF-induced cytotoxicity
and caspase activity in cIAP1/2MUR /RIPK1P138N MEFs (30-h treat-
ment; Fig EV3G).

Combined loss of TNFR1 and RIPK1 kinase activity prolongs the
lifespan of clap1M¥tR /MUtR /cjqpaMUtR/MUtR 5 nimals

To examine the role of TNFR1 in the lethality of cIAP1/2 MutR
mice, we first established Tnfr1¥%0/clapMutR/MutR /cfqp MutR/MutR
mice. Genetic ablation of the Tnfrl gene in clap]M“RMuR,
clap2M*R/MuR mice restored the embryonic development (Fig EV1F)
but only resulted in an extension of median survival to 25 days
(Fig 4A) similar to RipkIP3SN/PIINcqq [MUtR/MUtR /o1 yMutk/Mutk
mice (Fig 2A). Tnfr1¥/%C/clqp MutR/MutR /opqp yMutR/MutR mice were
runted, but in contrast to Ripk]P138N/PINc1qp MuR/MuR,
cIapZM”'R/M”‘R mice, did not show obvious signs of skin lesions,
hepatomegaly or splenomegaly (Fig EV4A and B). Yet, Tnfr1%/%¢,
clap IMUR/MUR joqp pMUR/MUR mijce contained immune cell infiltra-
tions surrounding the portal areas in the liver and a significant
induction of Tnf and Il1b mRNA levels (Fig 4B-D). The appearance
of liver macrophages (most likely Kupffer cells) in Tnfr1%¥0/K0/
clap IMUR/MUR joqp pMUR/MUR mice is in contrast to the complete loss
of liver macrophages in the Ripk1P!38NP138N/cpqpMutR/MuR,
clap2M“R/MuR mice (Fig 4D). Apoptotic areas in the spleen were still
present in  Tnfr1XO/K0/clqpMUR/MUR /ofqp pMUtR/MuR - apimals

Figure 3. TNF induces apoptosis and necroptosis in clAP1/2"“**/RIPK1°**#N cells without involving RIPK1 kinase activity.

A IncuCyte analysis to determine % cell death in MEFs treated with TNF (100 ng/ml) and TNF + Nec-1S (20 uM) at indicated time points.

B MEFs were treated with TNF (100 ng/ml) and Nec-1S (20 pM) for the indicated times. Cell lysates were analysed by WB.

C IncuCyte analysis to determine % cell death of MEFs treated with TNF (100 ng/ml) and IDN-6556 (IDN) (5 uM) and TNF, IDN and GSK-872 (GSK) (5 uM), at indicated

time points.
D MEFs were treated with TNF/IDN for 4 h. Cell lysates were analysed by WB.

E Representative images of liver and ileum sections from mice at 2 weeks of age. Black arrowheads indicate cells expressing phosphorylated RIPK3. Scale bars: 50 pm.
F Kaplan—Meier survival curves of Ripk3*O/X0/Ripk1P138/P138Nc1Ap1/2WYWe (n = 4) and Ripk3*O/KO/Ripk1P13EN/PIEN jcjqp MUR/MULR 1 pMUR/MUIR (n — 5) mice. P-values

were calculated with a log-rank (Mantel-Cox) test.

G Body weight, liver weight/body weight ratios (LW/BW), spleen weight/body weight ratios (SpW/BW) from age-matched mice of the indicated genotypes.

Data information: In (A) and (C), data is represented as mean of three technical replicates + SEM. P-values were calculated by repeated measures one-way ANOVA with
Bonferroni’s post analysis. Dots in (G) represent individual mice and lines the means. P-values calculated by unpaired Student’s t-test. *P < 0.05; **P < 0.01;

***p < 0.001; ****P < 0.0001 and ns, not significant.
Source data are available online for this figure.

6 of 15 The EMBO Journal ~ 42: e113614 | 2023

© 2023 The Authors



Fabian Schorn et al

The EMBO Journal

A
TNF B clAP1/2MuR
80+ RIPK1: Wit D138N Wt
i~ TNF (h): - 4 30 - 430 - 4 30
— 604 sk Nec-1S: - - - . & F o4
)
< 70 -
§ = y |~ | RIPK1
— —
% o oWt 70 -
S 20 O CIAP1/2WiR 55 [ — - [« p-RIPK3
@ clAP1/2M®R +Nec-1S 55.
0 A ClAP1/2MuR R|PK1D138N | - - @ e = .’-I RIPK3
0 10 20 30 40 - 2
time [hours] 55 | p-MLKL
TNF + IDN
80 55-|"‘- —— - I Caspase-8
o) <} R Caspase-8
.60- 5. - - W (pa3iat)
= Caspase-8
<
S 40- = 15- bt (p18)
o] O clAP1/2VuR W e W W W W W | Caspase-3
© 20+ & CIAP1/2MuR RIPK 10138
@ clAP1/2WuR GSK Caspase-3
0 & c|AP1/2VR R|PK1P138N 15. =N - | (p19/117)
0 2 4 6 8 .
time [hours] 35| ™™ N — ———— —— | B_Actin
D
CIAP1/2vuR = E
RIPK1: Wt D138N Ripk10138nn1san Ripk3<0%0 Rjpk10138n0138N
TNF: -+ -+
IDN: - + -+ clap1/2v clap 1/2MuRMutR 66
Z =
3 © i
50 | ®= o W8 O-RIPK3 X E %0 i
»
&5 P £ A < 0 50 100 150
Bh 4 4 o UG 3 Age [days]
35'@ B-Actin 5 o > @ clapi/2vm
p-RIPK3 O clap1/2vurmur
G R,‘pksKO/KO Ripk1D138N/D138N
Body Liver Spleen
ns ns
iied B 8 — _ 0.8
520 e R ol & 206
E 15 L4 °
5151 % : Zoad 4 —
g 10 = = - . @ clap1/2vm
> 5 b a (% :
© O clap 1/2MutRMutR
g o 2 0.0 g
Figure 3.

© 2023 The Authors

The EMBO journal ~ 42: €113614 12023 7 of 15



The EMBO Journal

(Fig EV4C); however, spleen cytokine levels were not altered com-
pared with control littermates (Fig EV4D). Histological examination
of the intestine revealed increased apoptosis in colon and ileum,
which was not obvious in intestinal sections derived from
RipklD138N/D138N/Clap1MutR/Mqu/CIapzMutR/MutR mice (FlgS 4B and D,
and EV4C).

Similar to RipklD138N/D138N/Clap1MutR/MutR/CIapzMutR/MutR mice,
additional ablation of Ripk3 did not provide any phenotypical
advantages in  Tnfri¥%/%O/clqp MuR/MutR /o pqppMutR/MutR — mice
(Fig EVAE-G). Taken together, both Ripk17138N/DI38N /ojqp pMutR/MutR /
clap2™™™* and  Tnfr1¥O%C/clap MERMER o1qp pMUR/MUR o se
lines shared some phenotypic features and died prematurely by
multi-organ inflammation without involving necroptosis. However,
they differed in histology and inflammatory responses indicating
that cIAPs control nonoverlapping signalling processes downstream
of RIPK1 and TNFRI1.

The role of RIPKIl-independent TNF-induced cytotoxicity in
clap IMUR/MUR /o1 pMutR/MutR - mice was investigated by combined
ablation of TNFR1 expression and RIPK1 kinase activity. Consistent
with the two individual mutant mouse lines, Tnfrlko/ KO/
RipklD138N/D138N/Clap1MutR/MulR/CIapzMutR/MutR mice survived
embryogenesis, were viable and born at the expected Mendelian
ratios (Fig EV1G). Lack of both TNFRI and RIPK1 kinase activity
significantly increased the survival rate of claplMFMuR,
clap2M“R/MuR mice with a median survival of 100 days (Fig 4A).
However, TnfrlKO/KO/RipklDl38N/D138N/Clap1MuZR/MutR/CIapzMurR/MutR
mice were still runted (Fig EV5A and B). Histological analysis in
liver, spleen and intestinal sections derived from Tnfr1¥®/%%/
Ripk 1P138N/DI38N /gy [MutR/MUtR /1 yMutR/MutR - pice at 12-25 days
of age showed no obvious alterations (Figs 4B and EV5C). The
increased apoptosis seen in the intestinal sections of Tnfr1<?/%0/
clapMUR/MUR /o] qp pMUtR/MUR mice was absent upon inactivation of
RIPK1 (Fig 4B and D). Likewise, the loss of macrophages in
the livers of Ripk1P138N/PI38N cpqp jMUtR/MutR /opqp pMUtR/MutR — mjce
(Fig 2D) was prevented by additional ablation of Tnfrl (Fig 4B and
D). In line with these histological data, there was no pronounced
upregulation of proinflammatory cytokines (Figs 4C and EV4D) col-
lectively indicating that the early onset of the systemic inflammation
and premature mortality are independently mediated by TNFR1 and
RIPK1 kinase activity. Yet, Tnfr1</%C/Ripk ]P138N/D138N cfqp | MutR/MuiR
clap2™™" mice were runty and had a short lifespan.

Although no signs of early systemic inflammation were
ObserVed, TnfrlKO/KO/RipklD138N/D138N/ClapJMutR/MutR/CIapzMu[R/MutR
mice succumbed to a late-stage (beyond 100 days) inflammatory

Fabian Schorn et al

phenotype observed predominantly in the liver and ileum (Fig 5A).
Liver and ileal tissues taken from aged Tnfr1%%%C/Ripk1P138N/D138N,
clap1MUR/MUR /o[ pMUR/MUR mice displayed signs of increased inflam-
mation such as periportal immune infiltrates (Fig S5A). Massive
immune cell infiltration was also detected in ileal sections of aged
Tnfr 1KO/KO /Ripk 1D138N/D138N '/clap MutR/MutR clap OMutR/MutR (i 11 line
with these findings, mRNA analysis showed an upregulation of Tnf,
I11b and Ccl5 in liver and/or ileal tissues (Fig 5B). Histological investi-
gation did not indicate any increased cell death in these tissues. Simi-
larly, MEFs derived from Tnfr1%%/%C/RipkP138NDI38N /o1 qp pMutk/MutR
clap2MUR/MuR mjce  were resistant to TNF-induced cell death
(Fig EV5D).

NF«xB-inducing kinase represents one important target of cIAP1/
2 E3 ubiquitin ligase activity, which accumulated in cells expressing
cIAP1/2M"® (Fig 1C). Analysis of noncanonical NFxB activation
revealed the processing of p100 (NFkB2) to p52 and accumulation
of NIK in tissues derived from young and aged mice expressing
cIAP1/2M"R (Fig EVSE and F), which could not be completely
blocked by ablation of TNFR1 and/or RIPK1 kinase activity. NIK
inhibitor (Brightbill et al, 2018; Zhang et al, 2019a) diminished the
expression of Ccl4 and Ccl5, but not Tnf, in CIAPI/ZN““R MEFs
(Fig EV5G) suggesting that NIK may partially contribute to the
observed inflammatory phenotype. Its role in the hyperinflamma-
tory phenotype observed in the aged Tnfr1¥“X°/Ripk1P138N/P138N,

clap MUR/MUR /o1 p pMUR/MUR mjce remained unanswered.

Discussion

Previous studies exploring the physiologic role of cIAPs either by
utilising chemical inhibitors of IAPs in vivo or by establishing gene
knock-out mouse models indicated that cIAPs are important regula-
tors of the TNF signalling machinery (Conze et al, 2005; Conte
et al, 2006; Moulin et al, 2012; Zhang et al, 2019a). cIAP1 and cIAP2
act together with TRAFs and LUBAC to ubiquitylate RIPK1 and acti-
vate canonical p65/RelA NFkB in response to TNF. RIPK1 ubiquity-
lation is also required to block its autophosphorylation and
subsequent activation of caspase-8-dependent apoptosis as well as
RIPK3/MLKL-dependent necroptosis (Varfolomeev & Vucic, 2022).
In general, genetic mouse models have shown that the ablation of
clapl/2 genes caused severe phenotypes and embryonic lethality
that are, however, ameliorated only partially when major drivers of
TNF-induced cytotoxicity such as caspase-8, RIPK3, MLKL or TNFR1
were genetically deleted in mice (Moulin et al, 2012; Zhang

Figure 4. Combined loss of TNFR1 and RIPK1 kinase activity prolongs the lifespan of clap1MtR /MutR/ciqp oMUtR/MUtR 5nimals,

A Kaplan—Meier survival curves of Tnfr1¥%%/ciap1/2V (n = 7), Tnfr1***/clap1/2"“FMUR (n = 11), Tnfr1*O*O/Ripk1P138VPI38N c1AP1/2VW (n = 10) and Tnfr1*o%%/
Ripk1P13ENPI3EN g1 /MUtRMUtR (n — 10) mice. P-values were calculated with a log-rank (Mantel-Cox) test.

B Representative images of liver and ileum sections from mice at 2 weeks of age. Scale bars: 50 pum. Sections were stained with Hematoxylin and Eosin (H&E), cleaved

caspase-3 (CC3), Ki67, or F4/80. Arrowheads indicate CC3-positive staining.

C Relative mRNA expression of the indicated genes from liver and ileum measured by qPCR. For ileal tissue samples 2 mice per genotype from Tnfr1<%%/ciap1/2V¥"t
and Tnfr1k%%/clap1/2Mu**MuR and 3 mice per genotype from Tnfr1¥/X%/Ripk1P13EN/P138N cAp1 /oW We and Tnfr1KO/KO/Ripk1P13EN/P138N /ciqp 1 /oMUtR/MUR \yere measured.
D Quantification of cells positive for cleaved caspase-3 (CC3), Ki67, or F4/80 staining in liver and ileum sections of mice.

Data information: In (C), bars represent mean + SEM of three mice per genotype for liver samples. P-values were calculated using two-way ANOVA followed by Bonfer-
roni postanalysis and significance is visualised in comparison with Tnfr1?° controls. In (D), each data point represents one mouse and bars indicate mean =+ SD.

***p < 0.001.
Source data are available online for this figure.
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et al, 2019a). By establishing clap1“R/MutR /c[qpyMutR/MuR mice spe-
cifically lacking cIAP1/2 functional RING domains, we could show
that the lack of E3 ubiquitin ligase activity of cIAPs causes embry-
onic lethality. This embryonic lethality could be rescued to post-
weaning by solely inactivating RIPK1 kinase activity, and therefore
indicate that RIPK1 and particularly its kinase activity is an
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important target of cIAP1/2’s E3 ligase activity. This extends earlier
work showing that Ripkl gene ablation prolonged the embryonic
survival of clapl™ /clap2™~ mice from E10 to E12.5 (Moulin
et al, 2012). It is important to note that our studies involving cell
death assays, and protein expression/interaction, ubiquitylation,
and phosphorylation conclusively validated the lack of E3 ubiquitin
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Figure 5. Hyperinflammatory phenotype in the aged Tnfr1<°/“°/Ripk1P138N/P138N /ciqp 1 /2MUtR/MUtR mice,

A Representative images of liver and ileum sections from mice with the indicated genotypes at 24 weeks of age. Scale bars: 50 pm (liver) and 100 pm (ileum).

B Relative mRNA expression of the indicated genes from liver and ileum isolated from mice measured by gPCR. Bars represent mean of three mice per
genotype £+ SEM. P-values were calculated using two-way ANOVA followed by Bonferroni postanalysis. *P < 0.05; ***P < 0.001 and ns, not significant.

C Schematic illustration of cIAP-mediated control of TNFR1-induced cell death. The ubiquitin ligase activity of clAP1/2 controls TNF-induced RIPK1-mediated apoptosis/
necroptosis and provides the molecular platform for the activation of NFkB in response to TNF. Activation of NFkB survival signalling inhibits TNF-induced TRADD-
mediated apoptosis. clAP-mediated ubiquitylation further controls TNF-induced RIPK3-dependent and RIPK1-independent necroptosis. The underlying molecular

mechanism remains undetermined.

Source data are available online for this figure.

ligase activity of cIAP1/2M"® These data, however, cannot formally
exclude that the introduced mutations in the RING domain of
cIAP1/2 may have additional impact on protein function beyond its
E3 ubiquitin ligase activity.

RIPK1 kinase activity and its autophosphorylation are crucial for
the formation of RIPKI-containing protein complexes inducing
either caspase-8-mediated apoptosis or RIPK3-mediated necroptosis,
which have been considered as the major targets of cIAPs (Varfolo-
meev & Vucic, 2022). Our data, however, showed that in cIAP1/
2MUR RIPK1P!38N cells, RIPK1 kinase activity is not required for
TNF-induced apoptosis and necroptosis. On the contrary, the
marked necroptotic propensity of clAP1/2M“R/RIPK1P138N cells was
reliant on RIPK3 kinase activity and was associated with elevated
levels of phosphorylated RIPK3 in cultured cells and mouse tissues.
Nevertheless, the inflammatory tissue damage seen in both
Ripk1D138N/D138N/Clap1MlltR/MulR/CIapzMutR/MutR and TTlfTIKO/KO/
clap IMUR/MUR /o1 p pMUtR/MUR mice could not be ameliorated by abla-
tion of the Ripk3 gene, demonstrating that necroptosis is extremely
unlikely to contribute to the observed inflammatory phenotype.
Notably, recent studies have shown that mutating the ubiquitylation
site K376 of RIPK1 (K376R) causes embryonic lethality (Tang
et al, 2019; Zhang et al, 2019b; Kist et al, 2021), closely resembling
the phenotypic alterations observed in our clap1M“RMuR /cjqp MuR/MuR
mice. The observed embryonic lethality was effectively prevented
by treatment of RIPK1 kinase inhibitor and was rescued by
deletion of the Tnfrl gene. Similar to the Tnfr1"" /clapMuR/MuR
clap2MH /MR mice in our studies, Tnfr1¥?/%C/Ripk 1¥376R/K376R mjce
displayed systemic inflammation and died within 2 weeks (Tang
et al, 2019; Zhang et al, 2019b; Kist et al, 2021), together under-
scoring cIAP1/2 as the key regulatory E3 ubiquitin ligases targeting
K376 of RIPK1. In contrast to Tnfr1<X0/clqp1MuR/MutR o p pMutR/MutR
mice in our study, however, additional deletion of Ripk3 could
block inflammatory tissue damage and lethality of Tnfr1¥?/%0/
Ripk1¥376R/K376R mice (Zhang et al, 2019b). Our observations clearly
indicated that cIAP1/2 not only control TNFR1-mediated RIPKI1-
dependent cytotoxicity and, thus, the lack of cIAP1/2 E3 ubiquitin
ligase activity engages RIPK1-dependent and -independent cell
death/inflammatory processes ultimately leading to tissue damage
(Fig 5C). These observations are consistent with previous studies
using various cellular settings and showing that TNF-induced apo-
ptotic and necroptotic cell death pathways can be RIPK1 indepen-
dent (Wong et al, 2010; Vanlangenakker et al, 2011; Moujalled
et al, 2013). TRADD is a key adaptor protein for TNFR1, which can
induce both NFkB and apoptosis in response to TNF (Hsu
et al, 1995, 1996). Inhibition of NF«B potentiates TRADD-mediated
apoptosis (Micheau & Tschopp, 2003). Furthermore, previous
genetic evidence suggested that RIPK1 limits TRADD-induced apo-
ptosis (Anderton et al, 2019). Thus, the lack of RIPK1 kinase activity

© 2023 The Authors

and NFkB activation together can provoke TNF-induced apoptosis
by involving TRADD. Accordingly, the transient knock-down of
TRADD in cIAP1/2M"®/RIPK1P'**N cells reduced TNF-induced cell
death (Fig EV3G). However, physiologic relevance of these findings
and the role of TRADD in the inflammatory phenotype seen
iIl Ripk1D138N/D138N/Clap1MutR/MutR/CIapzMutR/MmR miCe remained
unanswered.

The fact that cells or tissues derived from Tnfr1X%/Ripk jP138V/PI3EN,
clap IMUtR/MUR /g p pMutR/MutR mjce did not show any signs of cell
death raises the possibility that the aberrant activation of the
noncanonical NFkB pathway may cause systemic inflammation and
mortality. This is in line with previous studies characterising
clap2M570A/H570A mijce (Conze et al, 2010). Site-directed mutagenesis
of the Zn*'—coordinating histidine residue in the RING domain of
cIAP1 (H582A) or cIAP2 (H570A) do not lead to severe phenotypic
alteration in mice and both clap1™°824/H5824 anq clapt>70A/HS70A
mice are viable and fertile (Conze et al, 2010; Giardino Torchia
et al, 2013). clap2H5794/H5704 mjce, however, accumulated abnormal
B cells with gut-associated lymphoid hyperplasia (after 6-7 months
of age) as a consequence of an elevated noncanonical NFkB signal-
ling, indicating that cIAP2 E3 ubiquitin ligase activity is required to
block NIK in lymphoid organs (Conze et al, 2010). Furthermore,
keratinocyte-specific loss of TRAF2 causes psoriasis-like skin inflam-
mation which can be prevented only by combined ablation of TNF
and noncanonical NFkB signalling (Etemadi et al, 2015), further
underscoring the eminent role of noncanonical NFkB activation in
inflammatory phenotypes induced by alteration of TRAF2 and
cIAPs. Interrogating the adverse effects of the noncanonical pathway
on TnfrlKO/KO/RikaDI38N/D138N/Clap1MLL[R/MlLtR/CIapzMutR/MutR mouse
survival requires additional genetic approaches.

The mouse model established in this study represents a suitable
model to further investigate the important regulatory functions of
cIAP1/2 and can provide new insights in TNF signalling and its
impact on human diseases. Given the therapeutic value of cIAPs
and RIPK1 in multiple clinical trials (Kashkar, 2010; Morrish
et al, 2020; Newton, 2020), mechanistic understanding of how E3
ubiquitin ligases cIAP1/2 control RIPK1 and other signalling moie-
ties may help to identify specific human diseases that would benefit
from such targeting strategies.

Materials and Methods

Experimental model and subject details

Mice
TNFRIXYKO (yan Hauwermeiren et al, 2013), Ripk1D138N/D’38N
(Polykratis et al, 2014) and Ripk3Ko/KO (Newton et al, 2016) mice
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were described in previous studies. Homozygous cIAP1X%/%©
cIAP2X9/%0" mice have been described previously (Moulin
et al, 2012). All mice were housed at the CECAD animal facility
(University of Cologne, Germany) under SPF (standard pathogen-
free) conditions with a 12-h light/dark cycle. Water and food were
provided ad libitum. Mouse studies were performed after approval
by the local authorities (LANUV, NRW, Germany) and in accor-
dance with the German animal protection laws (Ref. number:
AZ84.02.04.2015.A471, AZ84.02.04.2019.A145, AZ84.02.04.2021.
A123). Study-specific calculations regarding group size, randomisa-
tion and study blinding were not performed. Mice were grouped
according to their genotypes in groups of mixed sexes.

Generation of clap1/2"V*R/MutR mice
clap IMHRMUR /o[ ppMUtR/MUR mice were generated by simultaneous
pronuclear injections (PNI) of CS57BL/6N zygotes (Fritsch
et al, 2019) with two single-guide RNAs (sgRNAs) targeting Birc2
(clapl) and Birc3 (clap2). Gene-specific sgRNAs (Birc2: 5'-
TCTGCAGGGGGACAATCAAG-3’; Birc3: 5'-ATCTGTAGAGGGAC-
CATCAA-3') were generated via in vitro transcription (IVT). An
injection solution was prepared containing both sgRNAs (each at
10 ng/pl), two single template DNA strands (Birc2: 5'-CCCCTTCTC
TAAGGAAGTGCCCCATCTGCAGGGGGACAATTAAAGGAACTGTGC
GCACAGCGCTCTCATGAGTGAAGAATGGTCTGAAAGTATTGTTGG
ACATCAGAAGCTGTCAGAACA-3'; Birc3: 5'-TCCCTCTCTGAGGAAG
TGTCCCATCTGTAGA G GGACCATTAAAGGCACAGTGCGCACAGC
GCTCTCCTGAACAAGACTAATGGTCCATGGCTGCAACTTCAGCCAG
GAGGAAGTTCACTG-3') (25 ng/ul), and 30 ng/pul Cas9 mRNA
(TriLink Biotechnologies). Pronuclear injections (PNI) were
performed at the CECAD in vivo Research Facility (University of
Cologne, Germany). One founder animal, carrying short deletions in
both genes, was backcrossed for three generations into the
C57BL/6N background to eliminate possible off-target effects.

MEF cell culture

Mouse embryonic fibroblasts (MEFs) were generated from embryos
of indicated genotypes harvested at E10.5 (Andree et al, 2014) and
cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Bio&Sell)
supplemented with 10% heat-inactivated fetal bovine serum
(Biowest), 2 mM L-glutamine (Biochrom), 10 mM HEPES (pH 7.2)
(Fisher BioReagents), 1x nonessential amino acids (Merck),
100 U ml™! penicillin and 100 pug ml™' streptomycin (Bio&Sell).
Mouse embryonic fibroblasts were immortalised using simian virus
40 (SV40) transformation. Afterwards, cells were expanded for sev-
eral passages before being used in following experiments.

Method details

Embryology and immunofluorescence

For timed breeding, clapl™"M“R/clap2/MuR heterozygous ani-
mals were paired. Females were screened daily for vaginal plugs
and a positive plug determined embryonic day (E) 0.5. Further, a
gain in weight by > 2 g after 10 days was used as an additional
marker for a potential pregnancy. Embryos were isolated at
E10.5. Pictures were taken using a M80 stereomicroscope (Leica)
equipped with a IC80 HD microscope camera (Leica). Yolk sacs
were collected, washed in phosphate-buffered saline (PBS) and
fixed with 3% PFA (paraformaldehyde). Afterwards, yolk sacs
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were incubated with anti-cleaved Caspase-3 (Rabbit; #9661; Cell
Signaling) and anti-CD31 (Armenian hamster; #ab119341; abcam)
(overnight) before adding the secondary antibodies, anti-Rabbit
IgG Alexa Fluor 594 (Goat; #A11012; Life Technologies) and anti-
Armenian hamster IgG FITC (Goat; #ab5739; abcam) for 1 h at
room temperature (Schiffmann et al, 2020). Pictures were taken
using a motorised inverted Olympus IX81 microscope (Cell®
Imaging Software). Adobe Photoshop (version 22.1.0) was used
for editing.

Immunoprecipitation (IP)

Cells were exposed to 1 pg/ml recombinant FLAG tagged mouse
TNF-o (#ALX-522-009; Enzo), rinsed with ice-cold PBS and placed
on ice to stop the stimulation. PBS was removed and 150 pl DISC
lysis buffer (30 mM Tris—Hcl, pH 7.5, 150 mM NaCl, 10% glyc-
erol, 1% Triton X-100, 2 mM EDTA, supplemented with 1x Phos-
STOP (Roche), 1x cOmplete™ protease inhibitor (Roche) and
0.5 mg/ml NEM (Sigma-Aldrich)) was added directly onto the
plates. Cells were scraped off, collected in 1.5-ml tubes and placed
on ice for 20 min. The cell suspension was centrifuged for 20 min
at 20,000 g at 4°C to remove cell debris. The cleared lysates were
transferred to fresh 1.5-ml tubes. A fraction of each sample was
collected separately and served as input control. The remaining
lysate fractions were processed according to the manufacturer’s
protocol using the uMACS™ DYKDDDDK Isolation Kit (Miltenyi
Biotec) (washing with the Wash Buffer 1 was reduced to
1 x 200 pl). All antibodies used are summarised in Appendix
Table S1.

Cell death measurements

Cells (0.75 or 1 x 10%) were seeded onto 96-well plates coated with
1% gelatin in MEF culture medium. The next day, cells were
washed once with PBS before adding 100 pl medium containing
indicated stimuli and 0.15 pM DRAQ7™ (biostatus). Cells were
pretreated with DMSO (Carl Roth) as control treatment or 20 pM
Birinapant (Biozol) 3 h prior and throughout stimulation to induce
efficient cIAP1/2 depletion. In siRNA knock-down experiments, 10*
cells were seeded on 96-well plates and transfected with the respec-
tive siRNA for 24 h using Lipofectamine® RNAi MAX™ (Invitrogen)
according to the manufacturer’s instructions (Daoud et al, 2022),
before adding TNF and 0.15 uM DRAQ7™ (biostatus) or 1 uM
cellEvent™ Caspase-3/7 (Invitrogen). The following siRNAs were
used: siTRADD (5’-GGUUCGAAGUUCCCGGUUU-3'), siRIPK3 (5'-
AAGAUUAACCAUAGCCUUCACCUCCCA-3') (Kearney et al, 2014).
siRNAs were designed and/or purchased from Eurofins Genomics.
siFADD was from ThermoFisher #AM16704. Prepared 96-well plates
were placed into the IncuCyte® Live-Cell Analysis System (Sarto-
rius), where cell death was measured for up to 48 h. Percent cell
death was calculated mainly by normalisation to the number of
seeded cells or number of total cells at the final time point, mea-
sured through lysis of each well with 200 pg/ml digitonin (Sigma
Aldrich).

Quantitative real-time PCR (qPCR)

qPCR analysis was performed on cDNA generated from MEFs or fro-
zen tissues samples, using gene specific primers and the Light-
Cycler® 480 SYBR® Green I Mix (Roche). qPCRs were run on the
CFX96™ Real-Time System (Bio-Rad). Actb was used as
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housekeeping gene and data were further analysed as previously
described using the LingRegPCR program (Ramakers et al, 2003).

Immunohistochemistry (IHC)
Liver, spleen and intestinal tissue were fixed in ROTI® Histofix 4%
(Carl Roth), embedded in paraffin and cut in 5 pum sections. After
deparaffinisation and endogenous peroxidase blocking (40 mM
sodium citrate, 12.1 mM Na,HPO,4, 30 mM NaN3, 3% H,0,) for
15 min at room temperature, samples were further treated by either
heat-induced antigen retrieval (10 mM sodium citrate, 0.05%
Tween-20, pH 6.0), or proteinase K digest (Qiagen) (in 50 mM Tris,
pH 8.0, 1 mM EDTA, 0.5% Triton-100). In between two washing
steps with PBS + 0.05% Tween-20, sections were blocked for 1 h at
room temperature in a wet chamber using the Avidin/Biotin
Blocking Kit (Vector Laboratories). Samples were incubated over
night at 4°C in the appropriate primary antibodies (Appendix
Table S1). The next day, sections were incubated with the corre-
sponding biotinylated secondary antibodies (Appendix Table S2).
Finally, the ABC HRP Kit Vectastain Elite (Vector Laboratories) and
the DAB staining Kit (Dako) were used for visualisation and coun-
terstained with Hematoxylin (Carl Roth) (Fritsch et al, 2019).
Stained sections were scanned with an SCN4000 Slide Scanner
(Leica) and an NanoZoomer S360 Digital slide scanner (Hamama-
tsu) and analysed with the imaging software Aperio ImageScope
v.12.2.2.5015 (Leia). Pictures present in this work are representative
for at least three mice per genotype. For quantification of liver sec-
tions, F4/80, cleaved caspase-3, and Ki67-positive cells were
counted in frames of identical size (16.3 x 10.2 cm; F4/80: mean of
four frames at 40x magnification, cleaved caspase-3: one frame at
10x magnification, Ki67: one frame at 20x magnification). Cleaved
caspase-3 positive cells in the ileum were quantified as previously
described (Fritsch et al, 2019). 15 villi per mouse were analysed for
the quantification.

Quantification and statistical analysis

Microsoft® Excel for Mac (version 16.52; Microsoft) and GraphPad
Prism for macOS (version 8.4.3; GraphPad Software, LLC.) were
used for statistical analysis. Data are displayed as mean + SEM.
* indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001,
**** indicates P < 0.0001. Sample sizes and used analyses are listed
in the corresponding figure legends. All western blots and cell death
assays shown are representative of at least three independent exper-
iments conducted in the laboratory.

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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