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RIP1 is an essential regulator of TNF-induced signaling complexes mediating NF-κB activation, apoptosis and necroptosis. Loss of
Rip1 rescues the embryonic lethality of Fadd or Caspase-8-deficient mice, even though the double knockout mice die shortly after
birth like Rip1-deficient mice. Recent studies demonstrated that mice expressing RIP1 kinase-dead mutants developed normally
and resisted necroptotic stimuli in vitro and in vivo. However, the impact of RIP1 kinase activity on Fadd−/− embryonic development
remains unknown. Here, we engineered two RIP1 kinase inactive mutant mouse lines, a Rip1K45A/K45A mouse line as previously
reported and a novel Rip1Δ/Δ mouse line with an altered P-loop in the kinase domain. While RIP1K45A could not rescue the
embryonic lethality of Fadd-deficient mice at E11.5, RIP1Δ rescued lethality of Fadd−/− mice at E11.5 and Fadd−/−Rip1Δ/Δ mice
eventually died at E16.5 due to excessive death of fetal liver cells and unregulated inflammation. Under necropotosis-inducing
conditions, comparing to Rip1K45A/K45A cells, Rip1Δ/Δcells displayed reduced phosphorylation and oligomerization of RIP3 and
MLKL, which lead to increased cell viability. Thus, our study provides genetic evidence that different kinase inactive mutations
have distinct impacts on the embryogenesis of Fadd-deficient mice, which might attribute to their extents of protection on
necroptosis signaling.
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The receptor-interacting protein kinase 1 (RIP1) functions as a
key regulator for NF-κB activation, apoptosis and necroptosis
induced by tumor necrosis factor (TNF-α).1–4 Upon TNF-α
activation, ligation of TNFR1 recruits pro-survival components
including RIP1, TRADD, TRAF2 and NEMO to activate NF-κB
signaling pathway, even though RIP1 requirement for NF-κB
activation is controversial.5–9 When NF-κB activation is
impaired, RIP1 recruits TRADD to associate with FADD,
which then activates Caspases to execute apoptosis.10–16

When apoptosis is inhibited by blocking Caspase-8 or FADD,
RIP1 triggers necroptosis through assembling the necrosome
complex with RIP3 and MLKL.17–19

RIP1 is a serine/threonine kinase with an N-terminal kinase
domain, a RIP homotypic interaction motif (RHIM) and a
C-terminal death domain (DD). Kinase activity of RIP1 is
essential for necroptosis signaling, which can be blocked by
RIP1 kinase inhibitor necrostatin-1 (Nec-1).20 RIP1 kinase
activity is also required for apoptotic cell death under certain
conditions. For an instance, apoptosis induced by TNF-α and
Smac mimetics can be inhibited by Nec-1, suggesting that
RIP1 kinase activity is indispensable for apoptosis under this
condition.21–23 In addition to the roles of RIP1 kinase in
necroptosis and apoptosis signaling pathways, a recent study
revealed a novel role for RIP1 kinase activity in mediating

TNF-α production under certain conditions,24 indicating that
RIP1 kinase activity may serve more functions. Structural
studies reveal that the kinase domain of RIP1 contains a
canonical kinase fold with the catalytic triad residues Lys45/
Glu63/Asp156, a P-loop comprising residues 24–31 and a
catalytic loop comprising residues 136–143.25 In agreement
with the structural studies, cells expressing mutation K45A in
the catalytic triad residues or D138N in the catalytic loop
showed reduction in kinase activity and resistance to
necroptotic death in vitro and in vivo.26,27 Whether residues
24–31 in the P-loop structure are essential for RIP1 kinase
activity remains unknown.
Although ablation of Rip1 in mice results in perinatal

death,28 mice expressing a kinase-dead mutant (K45A or
D138N) survive to adulthood, suggesting that kinase activity of
RIP1 is dispensable for development.26,27,29,30 Recent genetic
studies showed that deletion of Rip1, Rip3 or Mlkl rescues
embryonic lethality of Fadd- orCaspase-8-deficient mice.31–35

Mice with concurrent ablations ofRip1 and Fadd orCaspase-8
have the same perinatal death as Rip1−/− mice, while
Rip3−/−Fadd−/−, Rip3−/−Caspase-8−/−, Mlkl−/−Fadd−/−or
Mlkl−/−Caspase-8−/− mice can survive to adulthood,
indicating that FADD/Caspase-8 is critical for
embryogenesis via inhibiting RIP1-/RIP3-/MLKL-dependent
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necroptosis.28,29,31,32,36 Although it is required for necroptosis
signaling, a role of RIP1 kinase activity of RIP1 on the
development ofFadd-deficientmice has not been demonstrated.
In this study, we generated two different RIP1 kinase inactive
mutants and evaluated their impacts on embryogenesis of Fadd-
deficient mice.

Results

RIP1 kinase-dead (RIP1K45A) mutant has little effect on
embryonic lethality of Fadd-deficient mice. To study the
roles of RIP1 kinase activity in necroptosis of Fadd-deficient
mice, we generated RIP1 kinase-dead knockin mice with point
mutation in the catalytic lysine K45 (Rip1K45A) (Supplementary
Figure S1a). Consistent with previous reports,15,16 RIP1
kinase-dead homozygous mice (Rip1K45A/K45A) matured nor-
mally and Rip1K45A/K45A cells resisted necroptotic stimuli,
indicating that Rip1K45A/K45A cells might bypass the necropto-
sis signaling pathway like Rip1 knockout cells (data not
shown). Although ablation of Rip1 can prevent embryonic
lethality of Fadd−/− mice,33 the mechanisms remain unclear. To
investigate the potential in vivo functional interaction between
RIP1 kinase activity and FADD, we crossed the Fadd null allele
to Rip1K45A/K45A mice. In contrast to Fadd−/−Rip1−/− mice,18 no
Fadd−/−Rip1K45A/K45A mice were identified among 146 perina-
tal pups from Fadd+/−Rip1+/K45A intercrosses, indicating that
Fadd−/−Rip1K45A/K45A mice might die in utero (Figure 1a).
Subsequently, we examined embryos at various times during
gestation and found that Fadd−/−Rip1K45A/K45A embryos died
around embryonic day 11.5 just like Fadd−/− embryos
(Figures 1b and c). Thus, although kinase-dead RIP1K45A

blocks necroptotic signaling in certain context, a putative RIP1
kinase activity-independent signaling pathway mediates the
embryonic lethality of Fadd-deficient mice.

RIP1Δ, a novel RIP1 kinase-dead mutation, abolishes
TNF-induced necroptosis in vitro while is dispensable for
cerulein-induced pancreatitis. The X-ray crystal structure
of the RIP1 kinase domain shows that the kinase fold of RIP1
contains the catalytic triad residues Lys45/Glu63/Asp156, the
key residues in the P-loop (residues 24–31) and the catalytic
loop (residues 136–143).25 In line with the structure of RIP1
kinase domain, previous studies have shown that RIP1K45A

and RIP1D138N were kinase-dead mutants, which abolished
necroptosis signaling in vitro and in vivo.26,27 However,
whether disrupting the RIP1 P-loop could also affect its
kinase activity remains undefined. To address this question,
we generated a RIP1 kinase domain mutant, RIP1Δ, in which
only two amino acids G26F27 in the P-loop of RIP1 were
deleted (Supplementary Figure S1b). These two amino acids
are highly conserved in many species, including Homo
sapiens, Mus musculus, Danio rerio as well as Xenopus
laevis (Supplementary Figure S1b). Although RIP1 kinase
substrates have not been formally identified, previous studies
have verified that RIP1 can be autophosphorylated.20,26,27 To
test whether RIP1Δ has lost the kinase activity, we examined
RIP1 autophosphorylation in mouse dermal fibroblasts
(MDFs) treated by TNF plus Smac mimetic and zVAD. As
shown in Figure 2a, autophosphorylations in RIP1Δ and

RIP K45A were significantly attenuated comparing to wild-type
(WT) RIP1. Furthermore, among various Flag-tagged RIP1
proteins (Flag-RIP1, Flag-RIP1K45A and Flag-RIP1Δ) expr-
essed in 293T cells, only Flag-RIP1 could be autophosph-
orylated (Figure 2b). Similar to Rip1K45A/K45A mice, Rip1Δ/Δ

mice were viable and born at the expected Mendelian ratios
(data not shown), and displayed normal littermate sizes from
heterozygous breeding paradigms (Supplementary
Figure S1c). Compared to WT mice, multiple tissues from
both Rip1K45A/K45A mice and Rip1Δ/Δ mice showed mild
decreased levels of RIP1 proteins (Supplementary
Figure S1d). Furthermore, we observed that myeloid cells,
T cells and B cells from Rip1Δ/Δ mice were present in normal
proportions as WT mice (Supplementary Figures S2a and b).
Given the fact that RIP1 interacts with RIP3 through its RHIM
domain,37–39 we tested whether RIP1Δ had impaired interac-
tion with RIP3 when RIP1Δ and RIP3 were overexpressed in
293T cells. Co-immunoprecipitation of RIP1Δ and RIP3
(Supplementary Figure S3) indicates that the physical

Figure 1 RIP1 kinase-dead (RIP1K45A) has little effect on embryonic lethality of
Fadd-deficient mice. (a) Expected and observed numbers of genotypes in offspring at
weaning from intercrosses of Fadd+/−Rip1+/K45Amice. (b) Expected and observed
numbers of E11.5 and E12.5 embryos. (c) Representative photographs of E11.5 and
E12.5 embryos from indicated genotypes. Fadd−/− control mice are Fadd+/+,
Fadd−/−Rip1K45A/K45A control mice are Rip1K45A/K45A
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domain of interaction between RIP1 and RIP3 was intact in
RIP1Δ. To test if RIP1Δ could disrupt inflammatory signaling
pathways normally mediated by RIP1, WT and Rip1Δ/Δ

BMDMs were treated with LPS, and activation statuses of
NF-κB and MAPK signaling pathways were investigated. As
shown in Supplementary Figure S4, RIP1Δ appeared to
have no effect on LPS-induced activation of
NF-κB and MAPK pathways in BMDMs, as assessed by the
phosphorylation of P65, IκB, JNK, ERK1/2 and P38 in
BMDMs (Supplementary Figure S4). To further test whether
RIP1Δ has effects on apoptosis signaling, we stimulated

MDFs from Rip1K45A/K45A, Rip1−/−, Rip1Δ/Δ as well as WT
control mice with TNF, and found that Rip1Δ/Δ and
Rip1K45A/K45A MDFs were resistant to TNF plus Smac but
not TNF plus CHX-induced apoptosis (Supplementary
Figures S5a, b and c). We next investigated whether RIP1Δ

can block necroptotic cell death induced by TNF. Rip1Δ/Δ

MDFs, mouse embryonic fibroblasts (MEFs) and BMDMs
were treated with TNF plus CHX or Smac mimetic, in the
presence of the zVAD and/or Nec-1. Similar to Rip1−/− and
Rip3−/− cells, Rip1Δ/Δ cells showed resistant to necroptosis
compared to WT control cells (Figures 2c and d;

Figure 2 RIP1Δ, a novel RIP1 kinase-dead mutation, abolishes TNF-induced necroptosis in vitro. (a) MDFs from Rip1K45A/K45A, Rip1Δ/Δ and control wild-type mice were
treated as indicated for 3 h with DMSO, mouse TNF-α (100 ng/ml)+Smac mimetic (1 μM)+zVAD (20 μM) or mouse TNF-α+Smac mimetic+zVAD+Necrostatin-1(30 μM),
respectively. Cell lysates were collected and subjected to western blot analysis of RIP1, p-RIP1 and β-actin levels. (b) Autophosphorylation of RIP1 requires its kinase activity.
Over expression constructs of Flag, Flag-tagged RIP1, RIP1K45A and RIP1Δ were transfected into 293T cells. Cell lysates were subjected to western blot analysis using the anti-p-
RIP1 (S166) antibody. (c) Wild-type, Rip1Δ/Δ and Rip3−/− BMDMs were treated with DMSO, TZ and TZN (T:20 ng/ml, Z:20 μM, N:30 μM) for 12 h. Cell viability was determined
by measuring intracellular ATP levels with a Cell Titer-Glo Luminescent Cell Viability Assay kit. Data are represented as the mean± S.E.M. of three independent experiments.
**Po0.0005 by Student’s t-test. (d) Rip1Δ/ΔandWild-type control MDFswere treated with DMSO, TSZ and TSZN for 12 h. Cell viability was determined by measuring intracellular
ATP levels with a Cell Titer-Glo Luminescent Cell Viability Assay kit. Data are represented as the mean±S.E.M. of three independent experiments. ***Po0.0001 by Student’s
t-test. (e) Immunoprecipitates of RIP1 from WTand Rip1Δ/ΔMDFs treated with DMSO, TSZ and TSZN for 2 h were subjected to western blot analysis to detect the associations
with RIP3 and MLKL. (f) MDF cells were treated with DMSO, TSZ and TSZN, respectively, for 3 h. Cell lysates were collected and subjected to western blot analysis of RIP3,
p-RIP3, MLKL, p-MLKL and β-actin levels. D, DMSO; N, necrostatin-1; S, smac mimetic; T, mouse TNF-α; Z, zVAD
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Supplementary Figures S6a and c). Necroptotic cell death is
sequentially mediated by necrosome containing RIP1, RIP3
and MLKL, and subsequent MLKL oligomer formation
triggered by RIP3 phosphorylation.40–43 Thus, we next
investigated whether these hallmarks for necroptosis induc-
tion were blocked in Rip1Δ/Δ cells. Co-immunoprecipitation
assay showed that RIP1Δ, RIP3 and MLKL failed to form
necrosome (Figure 2e). Furthermore, oligomerization and
phosphorylation of RIP3 as well as MLKL were detectable in
WT cells, but not in Rip1Δ/Δ and Rip1−/− cells (Figure 2f;
Supplementary Figures S6b and d). In agreement with this
observation, immunofluorescence analyses showed that
oligomerization of RIP1/RIP3/MLKL following TNF/Smac/
zVAD treatment was significantly reduced in Rip1Δ/Δ cells
compared to WT cells (Figures 3a and b), indicating that
RIP1Δ had impaired necroptotic signaling in vitro. Previous
reports have shown that induction of necroptosis in HT29
cells, L929 cells and MEFs can trigger nuclear translocation
of MLKL.44 Concomitantly, we also observed that MLKL
translocated to nuclei at the early stage (1 h) of TSZ-induced
necroptosis. However, as shown in the bottom section of
Figure 3b, there was no nuclear translocation of MLKL in
TSZ-treated Rip1Δ/Δ MDFs. These findings suggested that
RIP1Δ could inhibit the necropototic signaling through

blocking phosphorylation, oligomerization or nuclear translo-
cation of MLKL in vitro.
Previous works have shown thatRip3 orMlkl knockout mice

were protected from cerulein-induced acute pancreatitis
in vivo.18,45 We investigated whether RIP1Δ could defend
against this pathology. However, Rip1Δ/Δ mice showed severe
tissue damage and high levels of serum amylase activity as
WT littermate controls, while these effects were largely
prevented in Rip3 knockout mice (Figures 4a and b). These
results suggested that there may be additional mechanisms
rather than kinase activity of RIP1 in mediating necroptosis
signaling in cerulein-induced acute pancreatitis mouse model.

Homozygous Rip1Δ/Δ can rescue embryonic lethality of
Fadd−/− mice at E10.5, and Fadd−/−Rip1Δ/Δ mice even-
tually die at E16.5. As Fadd−/−Rip1K45A/K45A mice did not
display any improved survival versus animals lacking Fadd
alone, suggesting that the embryonic lethality caused by loss
of Fadd was not due to RIP1K45A-abolished signaling. We
asked whether RIP1Δ, the novel kinase-dead mutant, had
distinct functions on embryonic development of Fadd−/− mice.
After crossing Rip1Δ-mutant allele into Fadd+/− mice, we
observed that no Fadd−/−Rip1Δ/Δ mice were identified among
96 perinatal pups from Fadd+/−Rip1Δ/Δ intercrosses,

Figure 3 RIP1Δ blocks oligomerization of RIP3/MLKL and nuclear translocation of MLKL in MDFs. (a) Immunostaining of RIP1 (green) and RIP3 (red) on wild-type and
Rip1Δ/ΔMDFs stimulated with DMSO or TSZ. DAPI (blue) was used for nuclear staining. Scale bar, 5 μm. (b) Immunostaining of MLKL (green) on wild-type and Rip1Δ/ΔMDFs
stimulated with DMSO or TSZ. DAPI (blue) was used for nuclear staining. Scale bar, 5 μm
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indicating that Fadd−/−Rip1Δ/Δ mice might die in utero
(Figure 5a). Subsequently, we examined embryos at various
times during gestation and found that Fadd−/−Rip1Δ/Δ

embryos died between embryonic days 14.5 and 16.5
(Figures 5a and b). Although Fadd−/−Rip1Δ/Δ mice did not
survive to birth, we observed that these animals progressed

Figure 4 RIP1Δ has no effect on cerulein-induced pancreatitis. (a) Hematoxylin and Eosin staining on pancreatic tissue from mice with indicated genotypes. Scale bar,
100 μm. (b) Serum amylase activity was measured using Amylase Assay Kit. The results shown here are representative of seven animals. **Po0.0005 by Student’s t-test. Error
bars represent mean± S.E.M.
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well till E14.5. From E14.5, the fetal liver of Fadd−/−Rip1Δ/Δ

embryo started to become darker, and its anatomy exhibited
massive hemorrhaging and degeneration. H&E staining

showed excessive cell death in fetal liver of Fadd−/−Rip1Δ/Δ

embryo (Figure 5c). Lethality in Fadd-deficient embryos is
driven by necroptosis, as RIP3/MLKL defect completely

Figure 5 RIP1Δ rescues the lethality of Fadd−/−mice at E10.5, and Fadd−/−Rip1Δ/Δmice eventually died at E16.5 due to massive cell death and inflammation. (a) Predicted
and observed numbers of genotypes in offspring as well as embryos at weaning from Fadd+/-Rip1Δ/Δ intercrosses. (b) Representative photographs of Rip1Δ/Δ, Fadd−/− and
Fadd−/−Rip1Δ/Δembryos at various times during gestation. Control mice are Rip1Δ/Δ. (c) H&E staining on E14.5 Fadd−/−Rip1Δ/Δ and littermate Rip1Δ/Δ control embryos sections.
Scale bar, 2 × , 4 × : 500 μm; 20 × : 100 μm. (d) Rip1Δ/Δ and littermate Fadd−/−Rip1Δ/Δ fetal livers were isolated and lysates were subjected to western blot analysis of p-RIP3,
p-MLKL, RIP3, MLKL and β-actin levels. Control mice are Rip1Δ/Δ. (e) Rip1Δ/Δ and littermate Fadd−/−Rip1Δ/Δfetal liver or body (tissues excluding fetal liver) were isolated and
lysates were subjected to western blot analysis of cleaved-PARP, cleaved-Caspase-3 and β-actin levels. Control mice are Rip1Δ/Δ. (f) qPCR showed increased cytokine and
chemokine mRNA expression in E14.5 fetal livers from Fadd−/− Rip1Δ/Δand littermate control Rip1Δ/Δembryos. Data representative of three independent experiments with three
mice of each genotype analyzed together. *Po0.001, **Po0.0005, ***Po0.0001 by Student’s t-test. Error bars represent mean±S.E.M. (g) Representative photographs of
Rip1Δ/Δ and Fadd−/−Rip1Δ/Δyolk sac at E14.5. Control mice are Rip1Δ/Δ
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Figure 6 Rip1Δ/ΔMDFs are more resistant to necroptosis than Rip1K45A/K45A cells, while RIP1Δ promotes spontaneous cells death in FADD-deficient MEFs. (a) MEFs with
indicated genotypes were treated with DMSO, TNF (30 ng/ml) +Smac mimetic (10 nM), TNF+Smac mimetic+zVAD (20 μM), TNF+Smac mimetic+zVAD+Nec-1 (30 μM), respectively,
for 24 h. Cell viability was determined by measuring intracellular ATP levels with a Cell Titer-Glo Luminescent Cell Viability Assay kit. **Po0.0005 by Student’s t-test. Data are
represented as the mean±S.E.M. of three independent experiments. (b) Rip1Δ/Δ and Fadd−/−Rip1Δ/ΔMEFswere subjected to western blot analysis of p-RIP3, p-MLKL, RIP3, MLKL
and β-actin levels. Control cells are Rip1Δ/Δ. (c) MDFs with indicated genotypes were treated with DMSO, TSZ and TSZN, respectively, for 3 h. Cell viability was determined by
measuring intracellular ATP levels with a Cell Titer-Glo Luminescent Cell Viability Assay kit. Data are represented as the mean±S.E.M. of three independent experiments. (d) MDFs
with indicated genotypes were treated with DMSO, TSZ and TSZN, respectively, for 24 h. Cell viability was determined by measuring intracellular ATP levels with a Cell Titer-Glo
Luminescent Cell Viability Assay kit. *Po0.001 by Student’s t-test. Data are represented as the mean±S.E.M. of three independent experiments. (e) MDFs with indicated genotypes
were treated with DMSO, TSZ and TSZN, respectively, for 8 h. Cell lysates were collected and subjected to western blot analysis of RIP3, p-RIP3, MLKL, p-MLKL and β-actin levels
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rescues the lethality.31–35 Thus, we explored whether cells in
Fadd−/−Rip1Δ/Δ fetal liver committed necroptotic death in vivo.
We performed immunoblot of necroptosis markers (p-RIP3
and p-MLKL) in Fadd−/−Rip1Δ/Δ fetal liver cells. Indeed, we
detected p-RIP3 and p-MLKL accompanied by cleaved
Caspase-3 and cleaved PARP, but not in littermate control
Rip1Δ/Δ embryos, suggesting that these cells mainly died from
necroptosis and apoptosis likely caused by unablated
necroptosis in vivo (Figures 5d and e). Additionally, previous
studies suggested that FADD could protect cells from RIP3-
dependent necroptosis and prevent upregulation of cytokine
and chemokine expression in vivo.46 Therefore, we examined
cytokine and chemokine expression in fetal livers of
Fadd−/−Rip1Δ/Δ and littermate control Rip1Δ/Δ mice. Notably,
we observed that cytokine and chemokine expression at
E14.5 had significantly increased in Fadd−/−Rip1Δ/Δ fetal
livers compared to that in Rip1Δ/Δ fetal livers (Figure 5f).
These results indicated that massive cell death and
unregulated cytokine and chemokine production resulted in
the Fadd−/−Rip1Δ/Δ fetal liver degeneration. Given that
endothelial cell necroptosis is prominent in Caspase-8- or
Fadd-deficient embryos.47,48 We next checked the yolk sac
vasculature in all genotyped mice. We found that the yolk sac
vasculature was scarce and weak in Fadd−/−Rip1Δ/Δ embryos
at E14.5-E15.5 (Figure 5g). To further investigate whether
Fadd−/−Rip1Δ/Δ mice could die from necroptosis, we isolated
MEFs from Fadd−/−Rip1Δ/Δ embryos to investigate the
potential mechanism. WT, Rip1Δ/Δ and Fadd−/−Rip1Δ/Δ MEFs
were cultured for 24 h in media alone or in the presence of
TNF/Smac with either zVAD or zVAD/Nec-1. Unexpectedly,
Fadd−/−Rip1Δ/Δ MEFs underwent greater spontaneous cell
death compared to WT or Rip1Δ/Δ cells in the absence of
treatments (Figure 6a; Supplementary Figure S7a). As shown
in Figure 6a, this spontaneous cell death in Fadd−/−Rip1Δ/Δ

MEFs cannot be rescued by treatment with Z-VAD or Nec-1,
indicating that the mechanism triggered cell death in
Fadd−/−Rip1Δ/Δ MEFs is independent of Caspase or RIP1
kinase activity. We speculated that activation of RIP3/MLKL
might be responsible for the cell death in Fadd−/−Rip1Δ/Δ

MEFs. Indeed, there were significant increases of phos-
phorylated RIP3 and MLKL proteins in Fadd−/−Rip1Δ/Δ MEFs
(Figure 6b). This result indicated that RIP3 and MLKL were
more activated in Fadd−/−Rip1Δ/Δ MEFs than in Rip1Δ/Δ MEFs.
Together, RIP3/MLKL but not RIP1 kinase-dependent
necroptosis of Fadd−/−Rip1Δ/Δ cells, and unregulated cytokine
and chemokine production in fetal livers of Fadd−/−Rip1Δ/Δ

mice might be responsible for the lethality of Fadd−/−Rip1Δ/Δ

embryos at E16.5.

Rip1Δ/Δ cells are more resistant to necroptosis than
Rip1K45A/K45A cells. RIP1K45A and RIP1Δ contain different
RIP1 mutations in various regions essential for RIP1 kinase
activity. Genetic studies showed that RIP1Δ could rescue the
lethality of Fadd−/− mice to E16.5, while RIP1K45A has little
effect on the lethality of Fadd−/− mice. To investigate
mechanism underlining this phenotypic difference, we treated
WT, Rip1K45A/K45A and Rip1Δ/Δ MDFs with TNF-α/Smac/zVAD
for time course or with gradient concentration of TNF-α. We
have observed that cell death was largely suppressed in both
Rip1K45A/K45A and Rip1Δ/Δ MDFs when the cells were treated

for 2–6 h or with low concentration of TNF-α (Figure 6c;
Supplementary Figure S7b). However, when we prolonged
treatment time for 8–24 h or used high concentration of
TNF-α, resistance of Rip1K45A/K45A MDFs to necroptosis was
much weaker than that of Rip1Δ/Δ MDFs (Figure 6d;
Supplementary Figure S7b). In necroptotic cells, RIP3 and
MLKL could be phosphorylated and form oligomers upon
treatment with TNF-α/Smac/zVAD. We performed western
blot analysis on phosphorylation and oligomerization of RIP3
and MLKL following 8 h treatment. Consistent with the cell
death results, phosphorylation and oligomerization of RIP3
and MLKL were detectable in Rip1K45A/K45A MDFs, but not in
Rip1Δ/Δ cells (Figure 6e). This may explain that RIP1K45A and
RIP1Δ have distinct impacts on the lethality of Fadd−/− mice,
even though both of them show reduced kinase activity.
Collectively, these data suggested that RIP1Δ blocks

necroptosis signaling more thoroughly than RIP1K45A, while
neither of them is sufficient to block necroptosis in the absence
of FADD in vivo, which provides a putative mechanism for their
distinct impacts on the lethality of Fadd-deficient mice.

Discussion

The catalytic triad residues Lys45/Glu63/Asp156, the key
residues in the P-loop (residues 24–31) and the catalytic loop
(residues 136–143), as functional subunits in the kinase
domain of RIP1, are critical for RIP1 kinase activity.25 In this
study, we have demonstrated that RIP1Δ contains a novel
RIP1 kinase inactive mutation in the P-loop of kinase domain
(Figures 2a and b; Supplementary Figure S1b). Consistent
with previous studies on other kinase-dead mutations of
RIP1,15,16 our study showed that the P-loop of RIP1 played an
essential role in mediating TNF-induced necroptosis, indicat-
ing that RIP1Δ was nearly parallel to RIP1K45A or RIP1D138N

roles in necroptosis (Figures 2c–f; Supplementary Figures
S6c and d). Recent report showed that K45Amutation of RIP1
resulted in poor necroptosis in macrophage.49 Consistent with
this study, we here demonstrated thatRip1K45A/K45A cells were
significantly, but not completely, resistant to necroptotic
stimulation by TNF/Smac/ZVAD (Figures 6d and e;
Supplementary Figure S7b). Interestingly, Rip1Δ/Δ cells were
more resistant to necroptosis than Rip1K45A/K45A cells under
certain conditions, suggesting that RIP1Δwas amore effective
kinase-dead mutation than RIP1K45A on blocking necroptosis
signaling.
Prior studies reported that inhibiting RIP1 with Nec-1 or

RIP1KD mice did not ameliorate cerulein-induced
pancreatitis.50,51 We found that the RIP1 P-loop deficiency
also did not ameliorate cerulein-induced pancreatitis. In
contrast to Newton et al. reports,51 our study showed that
Rip3−/− protected mice from cerulein-induced pancreatitis
(Figures 4a and b). We speculate that the differences in colony
microflora between particular animal facilities may account for
these controversial results.
Previous reports have shown that RIP1 promoted TNFR-

mediated lethality at E10.5 in animals lacking Fadd or
Caspase-8.29 Deletion of Rip1 could prevent embryonic
lethality of Fadd- or Caspase-8 deficient mice.28,29,36 Our
genetic study clearly demonstrated that distinct RIP1 kinase-
deadmutations acted differently on embryonic development of
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Fadd−/− mice. RIP1K45A had little effect on the lethality of Fadd
deficiency (Figures 1a–c), while RIP1Δ could rescue the emb-
ryonic lethality of Fadd deficiency at E10.5 and Fadd−/−Rip1Δ/Δ

mice eventually died at E16.5 (Figures 5a and b). One possible
explanation for this apparent paradox is that the deficiencies of
RIP1 kinase activity are different between RIP1K45A and
RIP1Δ. Comparing to RIP1Δ, the relatively high remaining
RIP1 activity in RIP1K45A may be responsible for the failure in
rescue of the lethality of FADD-deficient mice at E10.5. Given
that RIP1D138N also showed resistance to necroptosis
triggered by various stimulations in vitro or in vivo,27 the
function of RIP1D138N on Fadd−/− embryonic development
needs to be further investigated.
Although RIP1Δ could rescue the embryonic lethality of

Fadd deficiency at E10.5, Fadd−/−Rip1Δ/Δ embryos died
around E16.5. This lethality at E16.5 might be mediated by
other signaling independent of RIP1 kinase activity. However,
there may be another possibility that all RIP1 kinase-dead
mutants including RIP1K45A, RIP1D138N and RIP1Δ may not
thoroughly inactivate RIP1 kinase activity, and the remaining
activity may have been sufficient to mediate the lethality of
Fadd- or Casp8-deficient embryos at E16.5. Thus, it is
necessary to explore the roles of RIP3 or MLKL in
Fadd−/−Rip1Δ/Δembryonic lethality by deletion of Rip3 or
Mlkl in the future.
In summary, we identified a novel RIP1 kinase-dead mutant

by altering the P-loop in kinase domain of RIP1, and
subsequent genetic studies demonstrated that distinct
kinase-deadmutations had different impacts on the embryonic
development of Fadd−/− mice. The distinct differences
between various mutants might depend on their extents of
resistance to necroptosis signaling. Thus, the roles of kinase
activity of RIP1 on Fadd-deficient embryos need to be further
clarified by other kinase defective mutants or via various
genetic combinations. Our findings also implicate that RIP1
kinase activity, as an attractive target for treatments of
diseases, needs to be clarified for developing specific
inhibitors to treat disease.

Materials and Methods
Reagents. TNF-α and z-VAD were purchased from R&D (Minneapolis, MN,
USA) and Calbiochem (Anaheim, CA, USA), respectively. The Smac mimetic,
Cycloheximide and LPS were obtained from Sigma. Nec-1 was from Enzo Life
Science (Alexis, USA). The following antibodies were used for western blotting:
p-IkBa (Cell Signaling), p-ERK (Cell Signaling Technology, Danvers, MA, USA),
ERK (Cell Signaling), p-P38 (Cell Signaling), P38 (Cell Signaling), p-P65 (Cell
Signaling), p-JNK (Cell Signaling), JNK (Cell Signaling), PARP (Cell Signaling),
Caspase-3 (Cell Signaling), HA (Cell Signaling), Caspase-8 (Enzo Life Science),
RIP1 (BD Biosciences, Franklin Lakes, NJ, USA), p-RIP1(S166) (Cell Signaling)
mouse RIP3 (ProSci, San Diego, CA, USA), MLKL (Abcam, Cambridge, UK),
p-MLKL (Abcam), β-actin, α-Tubulin and anti-flag-HRP (Sigma). Anti-phospho-RIP3
antibody (mouse) was generated in our lab and immunoaffinity-purified. Cell viability
was determined by measuring ATP levels using Cell Titer-Glo kit (Promega,
Madison, WI, USA).

Mice. Mice were housed in a specific pathogen-free facility, which belongs to
Institute for Nutritional Sciences. Fadd−/− mice (C57BL/6) were gifted by Dr. Jianke
Zhang (Thomas Jefferson University, Philadelphia, USA), and Rip3−/− mice
(C57BL/6) were provided by Dr. Xiaodong Wang (NIBS, Beijing, China). Animals
were subsequently backcrossed on a C57BL/6 background for at least 10
generations. A novel mutant, RIP1Δ, was obtained from the experiment with
two amino acids G26F27 in the P-loop of RIP1 deleted. To generate Rip1Δ/Δ,

Rip1K45A/K45A, Rip1−/− mice by crispr-cas9 mutation system (Bioray Laboratories
Inc., Shanghai, China), different sgRNA were designed to target RIP1 kinase
domain. (Rip1Δ/Δmutant with gRNA: 5′-GACCTAGACAGCGGAGGCTT-3′;
Rip1K45A/K45A mutant with gRNA: 5′-GCCCTGTGTATACTTTTTTC-3′; Rip1−/− with
gRNA: 5′-GATGGCATCCAGTGACCTGC-3′). Additional information is provided
upon request. All mutant mice and WT mice used in these studies shared a
common genetic C57BL/6 background. Animal experiments were conducted in
accordance with the guidelines of the Institutional Animal Care and Use Committee
of the Institute for Nutritional Sciences, Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences (CAS), University of Chinese Academy of Sciences.

Cerulein-induced acute pancreatitis. Male WT, Rip3−/− and Rip1Δ/Δ

mice littermates at 8 weeks of age (n= 7) were treated every hour for 12
consecutive hours with cerulein (50 μg/kg, Sigma) intraperitoneal injection. Animals
were assayed 24 h after the first injection. Serum amylase activity was assayed by
amylase activity assay kit (Sigma).

Isolation and culture of MDFs, MEFs, BMDMs and thymocytes.
MDFs were separated from the skin of newborn mice, and MEFs were isolated from
E13.5 to E14.5 embryos. MDFs and MEFs were cultured in DMEM medium
supplemented with 10% FBS and penicillin/streptomycin. BMDMs from isolated
bone marrow cells collected from mouse femurs and tibias were induced to
differentiate in vitro. Bone marrow cells were cultured for 7 days in RPMI medium
containing 10% FBS, penicillin/streptomycin and 50 ng/ml M-CSF, and medium was
changed every 2 days. Thymocytes were isolated from thymus and cultured in RPMI
medium containing 10% FBS, penicillin/streptomycin and 50 μM β-ME.

Immunoblotting and immunoprecipitation. Cells were harvested at
different time points, washed with PBS and lysates with 1 × SDS sample buffer
containing 100 mM DTT and boiled for 5 min at 95 °C for reducing gel. For mouse
tissue protein extraction, E14.5 fetal liver and other tissues were ground by pestle
and mortar with liquid N2, and the protein was extracted with RIPA lysis buffer. The
lysates were cleared by centrifugation for 20 min at 13 200 × g, quantified by BCA
kit (Thermo Scientific, Rockford, IL, USA) then mixed with SDS sample buffer and
boiled at 95 °C for 5 min. The samples were separated using SDS-PAGE,
transferred to PVDF membrane (Millipore, Darmstadt, Germany) with 100 v for 2 h.
The proteins were detected by using a chemiluminescent substrate (Thermo
Scientific). To immunoprecipitate RIP1, cell extract protein was incubated for 3 h
with 5 μl of RIP1 antibody (BD Biosciences). After mixing end over end for overnight
(4 1C) with 30 μl of G-Agarose beads, the agarose was collected and washed three
times with cell lysis buffer (Tris-HCl 20 mmol/l (pH 7.5), NaCl 150 mM, EDTA 1 mM,
EGTA 1 mM, Triton X-100 1%, Sodium pyrophosphate 2.5 mM, β-Glycerropho-
sphate 1 mM, NaVO4 1 mM, Leupeptin 1 μg/ml.). Immunoprecipitates were
denatured in SDS, subjected to SDS-PAGE, and immunoblotted.

RIP3 and MLKL oligomerization detection. The cells were cultured in
six-well plates and treated with indicated stimuli. Cells were harvested at different
time points and lysed with 2 × DTT-free sample buffer (Tris-Cl (PH 6.8) 125 mM,
SDS 4%, Glycerol 20%, Bromophenol blue 0.02%) immediately. Total cell lysates
were separated using SDS-PAGE, and transferred to PVDF membrane (Millipore),
and western blotting was performed with RIP3 or MLKL antibodies.

Flow cytometry. Antibodies against mouse CD3, CD4, CD8, CD19, Mac-1 and
Gr-1 from eBioscience (Carlsbad, CA, USA) were fluorescence-conjugated and
were used for flow cytometry analysis in this study. We prepared single-cell
suspension from lymph nodes, spleen and thymus, respectively, and stained them
with fluorescence-conjugated antibodies for half an hour in staining buffer. After
staining, cells were immediately analyzed by flow cytometry (FACSAria III, BD
Biosciences).

Immunofluorescence. MDFs were plated overnight on coverslips before
various stimulations. After stimulation, cells were washed with PBS and fixed with
4% PFA in PBS for 15 min. Next, the cells were blocked with 0.3% Triton X-100 and
5% normal donkey serum (Jackson immunoResearch, Baltimore Pike, West Grove,
PA, USA) for 1 h at room temperature, then followed by first antibody incubation at
4 °C for overnight. Signals were developed with Alexa fluorescence antibodies
(Invitrogen). Finally, the cells were stained with DAPI for 10 min. Confocal
microscopy analysis was performed using a Zeiss 710 laser-scanning microscope
(Zeiss, Thornwood, NY, USA).
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RT-PCR. Total RNA was extracted using Trizol reagent (Life Technologies),
according to the manufacturer’s instructions. After quantification, 2 μg total RNA was
reverse transcribed to complementary DNA (Takara, Dalian, China). Transcript
levels of indicated cytokines were quantified by quantitative RT-PCR on an ABI 7500
real-time PCR instrument with SYBR Green. Relative expression was calculated
using LC32 as an internal control as indicated. Primers used were as follows:
mIL-1b: 5′-CCCAACTGGTACATCAGCAC-3′ and 5′-TCTGCTCATTCACGAAAAGG
-3′; mTNF: 5′-CCCACTCTGACCCCTTTACT-3′ and 5′-TTTGAGTCCTTGATGGT
GGT-3′; mIL-6: 5′-CGGAGAGGAGACTTCACAGA-3′ and 5′-CCAGTTTGG
TAGCATCCATC-3′; mCXCL-1: 5′-CTGGGATTCACCTCAAGAACATC-3′ and 5′-
CAGGGTCAAGGCAAGCCTC-3′; mMCP-1: 5′-TTAAAAACCTGGATCGGAACCAA
-3′ and 5′-GCATTAGCTTCAGATTTACGGGT-3′; mCCL-5:5′-GCTGCTTTGCCTAC
CTCTCC-3′ and 5′-TCGAGTGACAAACACGACTGC-3′.
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