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Perturbation of the apoptosis and necroptosis pathways critically influences embryogenesis.
Receptor-associated protein kinase-1 (RIPK1) interacts with Fas-associated via death domain
(FADD)-caspase-8-cellular Flice-like inhibitory protein long (cFLIP) to regulate both extrinsic
apoptosis and necroptosis. Here, we describe RjpkI-mutant animals (Rijpk1?568€ [RE]) in which
the interaction between FADD and RIPK1 is disrupted, leading to embryonic lethality. This
lethality is not prevented by further removal of the kinase activity of Rjpk1 (Rijpk17556E

K45A [REKAY]). Both Ripk1?E and Ripk1?EKA animals survive to adulthood upon ablation of
Ripk3. While embryonic lethality of Rjpk2?F mice is prevented by ablation of the necroptosis
effector mixed lineage kinase-like (MLKL), animals succumb to inflammation after birth. In
contrast, M/k/ ablation does not prevent the death of Rjpk17EKA embryos, but animals reach
adulthood when both MLKL and caspase-8 are removed. Ablation of the nucleic acid sensor
Zbp1 largely prevents lethality in both RipkIRE and Ripk1REKA embryos. Thus, the RIPK1-
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FADD interaction prevents Z-DNA binding protein-1 (ZBP1)-induced, RIPK3-caspase-8-mediated

embryonic lethality, affected by the kinase activity of RIPK1.

In brief

Rodriguez et al. show that breaking the interaction between the cell-death-regulating proteins
RIPK1 and FADD results in developmental death and inflammation that are initiated by the
cellular receptor ZBP1 and regulated by the kinase activity of RIPK1, shedding light on the
intricate functions of this interaction.

Graphical Abstract
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INTRODUCTION

Necroptosis is a regulated cell death that plays important roles in the control of infection,
inflammation, and tissue damage.! Activation of the kinase receptor-associated protein
kinase-3 (RIPK3) leads to phosphorylation and activation of mixed lineage kinase-like
(MLKL), which then oligomerizes and destroys the integrity of cell membranes, including
the plasma membrane, resulting in necrotic cell death. A RIP kinase homology interacting
motif (RHIM) in RIPK3 oligomerizes with both RIPK3 and another kinase, RIPK1, and
the latter binds to the protein Fas-associated via death domain (FADD) via DDs in both
proteins. FADD then recruits Caspase-8, which oligomerizes and is thereby activated to
cleave RIPK1 and RIPK3. Consequently, when RIPK3 is activated, the FADD-Caspase-8
complex prevents ensuing necroptosis. Inhibition or ablation of FADD or Caspase-8 thus
promotes necroptosis, which is underscored by the findings that fully penetrant embryonic
lethality observed in Casp& or Fadd-deficient mice at embryonic day (E) 10.5 is completely
prevented by ablation of either Ripk3or Mikl.2

RIPK3 is activated by RHIM-RHIM interactions that are initiated by the RHIM domains of
any of three proteins: RIPK1, TIR domain-containing adapter-inducing interferon (TRIF),
and Z-DNA binding protein-1 (ZBP1).> Tumor necrosis factor receptor-1 (TNFR1) ligation
activates RIPK1 to activate RIPK3.6.7 Toll-like receptor (TLR)-3 and -4 ligation induces
TRIF to activate RIPK3.8 ZBP1 expression is induced by interferon signaling® and is
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activated by Z-RNAs to activate RIPK3.10 In each case, the presence of RIPK1 recruits the
FADD-Caspase-8 complex, thereby preventing necroptosis.

In addition to activating MLKL, RIPK3 can also induce the activation of FADD-Caspase-8
to cause apoptosis.811 Another protein, cellular Flice-like inhibitory protein long (cFLIP,
herein FLIP), prevents Caspase-8 oligomerization and apoptosis but nevertheless activates
Caspase-8 to cleave RIPK1 and prevent necroptosis. This is underscored by the observation
that the embryonic lethality of FLIP-deficient mice is prevented by co-ablation of Faddand
either Ripk3 or Mikl 212

A further complication of this pathway was revealed when an inactive mutant of Caspase-8
resulted in embryonic lethality that was not prevented by the ablation of Rjpk3or Mik/ 1314
These Caspase-8 mutant, RIPK3-deficient animals died at a later embryonic stage due to
the activation of Caspase-1.13-14 This appears to be due to an ability of inactive Caspase-8
to bind to poptosis-associated speck-like protein (ASC), which in turn binds and activates
Caspase-1.15

RIPK1-deficient animals survive gestation but die around birth.18 These animals survive

to adulthood by co-ablation of either Fadd or Casp8and either Ripk3or Mikl17:18

Thus, RIPK1 represents a “node” that connects the FADD-Caspase-8 and RIPK3-MLKL
pathways. We therefore sought to determine the effects of disrupting the interaction between
the DDs of RIPK1 and FADD, with or without a kinase-inactivating mutation in RIPK1. We
generated animals with such mutations, and these resulted in embryonic lethality, consistent
with our understanding of this system. However, crossing these animals to animals lacking
RIPK3, MLKL, caspase-8, FADD, or ZBP1 revealed unexpected phenotypes that further
inform the complexity of these interactions and provide insights into the role of RIPK1 in
homeostasis.

Abrogating the interaction between FADD and RIPKL1 is incompatible with embryonic

survival

Human RIPK1 interacts with FADD via its arginine 603 residue (R603, R588 in mouse).19
To investigate how this interaction regulates necroptosis, we utilized our murine model
systems and mutated the positively charged R588 of RIPK1 to negatively charged

glutamic acid (R588E). We then reconstituted /jpkZ~~ mouse embryonic fibroblasts

with doxycycline-inducible wild-type (WT), kinase-inactive (K45A), R588E-mutant, or
R588E,K45A (REKA) double-mutant RIPK1. Stimulation with poly I:C, combined with
the pan-caspase-inhibitor zZVAD-fluoromethyl ketone (zZVVAD), induced the interaction
between FADD and RIPK1 WT or K45A but not RIPK1 R588E or REKA (Figure 1A),
indicating that the murine R588 residue mediates the interaction between mouse RIPK1 and
FADD, similar to human R603.19 RIPK1 R588E- and REKA-expressing cells underwent
necroptosis upon treatment with poly 1:C, whereas RIPK1 WT-expressing cells required the
addition of zZVAD. RIPK1 K45A-expressing cells did not undergo death under any of these
conditions (Figures S1A and S1B).20 Thus, the R588E mutation abrogates the interaction

Cell Rep. Author manuscript; available in PMC 2024 July 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rodriguez et al.

Page 5

between RIPK1 and FADD, preventing the recruitment of the FADD-Caspase-8-cFLIP|
complex to block necroptosis.

The FADD-Caspase-8-cFLIP; complex inhibits TNF-induced necroptosis during
embryogenesis, since Fada™'~,21 Casp87'~,22 or Cflar’~ (encoding cFLIP| )23 embryos do
not develop past E10.5 unless one of the proteins that mediate necroptosis, i.e., RIPK3

or MLKL, is co-ablated.2=412 Embryonic lethality at E10.5 in the necroptosis-proficient
animals is protected until approximately E16.5 by ablation of TNFR1.17 We therefore
hypothesized that the RIPK1 R588E mutation should result in the induction of necroptosis in
developing embryos at E10.5.

We generated RIPK1 R588E (RipkIRE/RE) and kinase-inactive (K45A) RIPK1 R588E
(Ripk1REKA/REKA) mutant animals and assessed their embryonic development. Although
Ripk1RE/RE pups were not found at birth, embryos developed past the expected E10.5 and
survived up to 16.5 days post-gestation (Figure 1B). Similarly, Ripk1REKAREKA embryos
were not found at birth but developed up to 19.5 days post-gestation (Figure 1C). These
data suggest that the RIPK1 R588E mutation allows the inhibition of TNFR1-dependent
necroptosis at E10.5 and reveals a time point during embryogenesis (~E16.5) where
embryos receive signals that induce their demise, mediated by the kinase activity of RIPK1.

To examine why the RIPK1 R588E mutation inhibited TNFR1-induced necroptosis,

we immunoprecipitated the TNFR1 complex from Ripk1"WTWT and Rijpk1RE/RE murine
embryonic fibroblasts (MEFs) and observed that the RIPK1 R588E mutation reduced

the ability of RIPK1 to bind TNFR1 (Figure S2A). TNF stimulation induced RIPK1
cleavage in Ripk1"WTWT but not Rjpk1RE’RE, MEFs (Figure S2B). TNF and cycloheximide
stimulation induced robust cell death in RipkIWTWT and Rjpk1REKA/REKA MEFs (Figure
S2C). TNF plus LCL-161, which induces RIPK1-dependent apoptosis, 242> induced death
in RipkIWTWT MEFs, but not Ripk1?EKA/REKA MEFs and did so more slowly in and
Ripk1RE’RE MEFs (Figure S2D). Thus, the RIPK1 R588E mutation reduces binding to
TNFR1 and delays TNF plus LCL-161-induced apoptosis. This is consistent with the idea
that the RE mutation reduces association with the DDs of both TNFR1 and FADD.

Activation of TLR3 by poly I:C can lead to TRIF-RIPK3-MLKL-mediated necroptosis,
which is blocked by the RIPK1-recruited FADD-Caspase-8-cFLIP, complex, where RIPK1
interacts with RIPK3 through RHIM interactions and FADD via DD interactions.826:27
Similar to RIPK1 R588E-expressing MEFs (Figures S1A and S1B), primary Ripk1RE/RE
and Ripk1REKA/REKA MEFs generated from our mutant mice died when exposed to poly
I:C, unlike their WT counterparts (Figures 1D and 1E). Immunoprecipitation of endogenous
RIPK1 from poly I:C plus zZVAD-treated MEFs co-precipitated FADD from Rijpk1W7-

or Ripk1K45A-expressing MEFs but not from Rijpk1E- or Ripk1REKA-expressing MEFs
(Figure S1C). Conversely, RIPK3 and MLKL co-precipitated with RIPK1RE or RIPK1REKA
but much less so with RIPKIWT or RIPK1K45A,
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Lethal RIPK3-dependent necroptosis and inflammation in the absence of the RIPK1-FADD

interaction

Since the embryonic lethality of Fada™’~ or Casp8'~ mice can be prevented by co-ablating
Ripk3or MIkP~412 and the RIPK1 R588E mutation abrogates the block of necroptosis by
the FADD-Caspase-8-cFLIP,_ complex, we hypothesized that ablation of these necroptotic
genes may prevent the embryonic lethality of Ripk1?E/RE and Ripk1REKA/REKA mice.
Ablating Ripk3from Ripk1RE/RE (Figure 2A) or RipkIREKA/REKA mice (Figure 2B) yielded
viable animals, indicating that the embryonic lethality of RjpkIRE/RE and Ripk1REKA/REKA
animals is dependent on RIPK3. Both genotypes developed normally; however, Ripk1REKA/
REKA Ripk3™'~ mice died after several weeks of life (Figure 2C). In contrast, no mortality
was observed in RjpkIRE’RE Ripk3™'~ animals (Figure 2C).

To determine if the lethal effects of RIPK3 in our mutant mice were exclusively due to
necroptosis, we ablated the necroptosis effector MLKL. Rjpk17E’RE Miki~~ mice were born
at a sub-Mendelian frequency (Figure 3A); approximately 50% of these animals did not
survive past weaning, and all died by ~60 days (Figures 3B and 3C). RijpkIRE/RE Mikl-~
pups and weaned animals were significantly smaller than littermate RjpkZW"WT Miki'~
and RijpkIWT/RE Miki'~ mice and showed evidence of anemia and lymphopenia (Figures
S3A and S3B). Necropsy revealed that RjpkIRE/RE Miki~~ pups exhibited inflammation

in colon and skin (Figures 3D and 3E) and other tissues, as well as hyperplasia in colon,
bone marrow, and liver tissues, and hypocellularity of lymphoid organs (Figures S3C—
S3G). Moreover, gene expression analysis of liver tissue by RNA sequencing revealed that
several pathways associated with inflammatory and interferon responses were upregulated in
RipkIRE/RE Miki'~ pups as compared to the Ripk1WT/RE Mikl~~ littermates (Figure 3F).
These results suggest that RIPK3 mediates lethal inflammation, which is inhibited by the
FADD-RIPK1 interaction.

It was plausible that the abrogated interaction between FADD and RIPK1 R588E would
allow the FADD-Caspase-8-cFLIP_ complex to induce inflammatory processes, which
could lead to the pathology of the RipkIRE/RE Mikl~~ animals. We therefore ablated

Fadd from Ripk1RE'RE Miki~~ mice. Fadd™~ RipkIRE/RE Mikf~~ mice were born (Figure
3G) and survived (Figure 3H) similarly to RipkIRE'RE MiIki~~ mice. Fadd™'~ RijpkiWTRE
MiIkI!= littermate mice succumbed to lyphoproliferative (LPR) disease, whereas Fadd™’~
RipkIREIRE ki~ mice did not (Figures S3H-S3J). These data indicate that the FADD-
Caspase-8-cFLIP; complex does not contribute to the RIPK3-mediated inflammation in
RipkIRE/RE Mkl mice.

Caspase-8 drives the death of developing Ripk1REKA/REKA MIk|=/~ embryos

Our data suggested that RIPK3 drives the lethality of developing Rijpk1REKA/REKA
embryos (Figure 2B). However, ablation of M/k/did not prevent the embryonic death

of Ripk1REKA/REKA embryos (Figure 4A), indicating that RipkIREKA/REKA embryos do
not die by engaging necroptosis. RIPK3 is known to mediate necroptosis or Caspase-8-
mediated apoptosis when its ability to induce necroptosis is inhibited,8-11:28 suggesting
that Ripk1REKA/REKA Mlkf~~ embryos could succumb to Caspase-8-mediated apoptosis.
We therefore ablated Casp8from Ripk1REKA/REKA ppfki'~ mice and observed that this
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prevented embryonic lethality (Figure 4B). Thus, RIPK3 is able to induce a Caspase-8-
dependent lethal signal when RIPK1 is unable to interact with FADD. Our results with

the RipkIRE/RE Miki~~ mice (Figure 3A) suggest that this lethal effect is blocked by

the kinase activity of RIPK1. Casp8~~ Ripk1REKAREKA Mikl~~ mice did not develop

the inflammatory phenotype observed in the Fadd™~ Ripk1RE/RE Mikf~~ animals but did
succumb at a time similar to Casp8™~ RipkIWT/REKA \ki~~ mice (Figure 4C), displaying
lymphadenopathy and splenomegaly. We confirmed that this was LPR, as the peripheral
blood contained large numbers of TCRB+, B220+ cells?? (Figure 4D).

ZBP1 drives the death of developing Ripk1RE/RE and Ripk 1REKA/REKA embryos

Our genetic data indicated that RIPK3 drives death of developing RjpkIRE/RE and
Ripk1REKA/REKA embryos. However, the mechanisms that activate RIPK3 in this setting
remained unclear. RIPK3 can mediate cell death upon activation of TNFR1,8:30:31 TRIF-
activating TLRs (TLR3 and -4),8 or ZBP1.32 In developing embryos, TNFR1 is expressed
at E10,33 causing death of Casp8~/~ embryos at E10.5.17 Since both Rijpk1RE/RE and
Ripk1REKAREKA embryos develop beyond the E10.5 time point, we reasoned that
TNFR1-mediated RIPK3 activation is not involved in RjpkIRE/RE and Ripk1REKA/REKA
embryonic lethality. ZBP1 is a cytosolic receptor that recognizes endogenous Z-nucleic
acids,3* although the identity of these endogenous sequences and when these sequences
are expressed remains to be determined. ZBP1 is expressed in response to type | and

I1 interferons,® and our previous work showed that FADD and Caspase-8 control the
expression of ZBP1 under homeostatic conditions.3®> Moreover, we and others previously
demonstrated that FADD-Caspase-8 and RIPK1 form a complex that regulates gene
expression.36-39 This led us to surmise that the interaction between RIPK1 and FADD-
Caspase-8 controls the expression of ZBP1. We therefore assessed ZBP1 expression in our
RIPK1-reconstituted MEF cells and observed that ZBP1 expression is upregulated in cells
expressing RIPK1 R588E or REKA but not WT or K45A (Figure 5A). Moreover, ZBP1
expression was present in tissues of RipkIRE/RE Ripk3™~ and Ripk1REKAREKA Ripk3~/~
mice (Figure 5B), indicating that the interaction between RIPK1 and FADD controls the
expression of ZBP1.

These results suggested that ZBP1 may be responsible for the activation of RIPK3-mediated
death during embryogenesis. Therefore, we ablated Z5p1 from Rijpk17ERE and Ripk1REKA
REKA animals. Viable RijpkIRE/RE Zbp1~~ and RijpkIREKAREKA Zpn 1/~ mice were born,
albeit at non-Mendelian frequencies (Figures 5C and 5D), indicating that ZBP1 functions

as an endogenous receptor that is engaged during embryonic development to induce RIPK3-
mediated death.

RipkIRE/RE Zbp1~/~ pups succumbed pre-weaning (Figure 5E) with signs of mild
inflammation, hyperplasia, and cell death in various tissues (Figures S4A and S4B).
However, RipkIREKA/REKA Zpn1-/~ mice weaned and survived up to 165 days (Figure
5F), suggesting that the kinase activity of RIPK1 is also involved in the induction of
inflammation in this setting.
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DISCUSSION

Here, we have interrogated two murine lines, both containing an R588E mutation in RIPK1
(RIPK1RE) that disrupts its interaction with FADD and one containing an additional K45A
mutation in RIPK1RE (RIPK1REKA) that disrupts kinase activity. Since the interaction of
RIPK1 with FADD is critical for Caspase-8 activation and cleavage-mediated disruption of
RIPK1 activity,40-42 and since the K45A mutation does not prevent embryonic lethality in
Fadd™'~ mice,*3 we predicted that both RIPK1 variants would be lethal. Consistent with this,
homozygous animals of either allele resulted in embryonic lethality that was dependent on
RIPKS3, as is embryonic lethality caused by ablation of caspase-8 or FADD.2~412 However,
unlike Casp&'~ or Fada™'~ animals, which consistently die at E10.5, Ripk1RE/RE and
Ripk1REKA/REKA animals die later in gestation. It is possible that the R588E mutation only
partially prevents association with FADD, resulting in a delayed lethal effect. The lethality
in these mice was partially prevented by ablation of ZBP1, allowing the birth of a fraction
of the homozygous animals, an effect that has not been described for either Casp8~~ or
Fadd™~ animals.

Unlike RipkIRE/RE and Ripk1REKAREKA mice, Ripk1™'~ mice survive gestation. This
suggests that RIPK1 has functions other than controlling cell death that may drive
embryonic lethality. Indeed, the interaction between RIPK1 and FADD controls the
expression of ZBP1, as the expression of RIPK1RE or RIPKIREKA byt not RIPKIWT, in
Ripk1™~ MIkI~ MEFs results in ZBP1 expression, and ZBP1 acts as a driver of embryonic
death during gestation of our mutant animals. ZBP1 expression during embryogenesis may
thus depend on RIPK1 and may be blocked by FADD-Caspase-8 and would therefore not
occur in developing Ripk2~/~ mice. Consistent with these observations, Casp8~~ Miki~~
and Fadd™~ Mikl”'~ mice express ZBP1 and active RIPK3 in several organs, and this is
dependent on a cGAS-STING-interferon signaling pathway.3® Therefore, it is possible that
the same pathway is engaged in embryos in which RIPK1 does not interact with FADD, as
in our mutant mice.

It remains unclear how ZBP1 is activated to induce RIPK3-mediated lethality as the precise
cell intrinsic signals that activate ZBP1 have not been elucidated to date. Z-RNAs are

a suggested ligand for ZBP1.10 Endogenous retroviral elements, which are known to be
transiently expressed in developing embryos around E15,** have also been postulated as
potential activators of ZBP1.45 However, we were previously unable to detect these in mice
lacking Caspase-8 activity where ZBP1 was active.3® The RIPK1-induced transcriptional
profile may potentially generate endogenous Z-RNA species that are able to activate ZBP1,
as is observed in animals lacking caspase-8 or FADD (and MLKL).3% However, such
endogenous Z-RNA forms have not yet been identified /n vivo.

Although ZBP1 deficiency only partially prevents the death of RipkIRE/RE and Ripk1REKA
REKA mice, it fully prevents the perinatal lethality of Rjpk1RH/M/RHIM mice in which

the critical RHIM motif 1QIG is mutated to AAAA. 4647 |n this setting, ZBP1 drives
necroptosis, since death of Rjpk1RH/M/RHIM mice is prevented by disruptions in the
functioning of RIPKS, e.g., by catalytic inactivity (RIPK3 D161N), RHIM-mutant RIPK3
or RIPK3 deficiency, or MLKL deficiency.*647 This indicates that RIPK1 RHIM prevents
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ZBP1 activation of RIPK3 and downstream necroptosis around the time of birth. Our
observations indicate that the death of Rijpk1*E/RE and Ripk1REKA/REKA mice is mediated
by ZBP1 in conjunction with other pathways. TRIF signaling can activate RIPK3-mediated
necroptosis, suggesting that TRIF may play a role in the lethality of Rjpk17E/RE and
Ripk1REKA/REKA mice, although TRIF deficiency does not prevent the death of Ripk1?H!M/
RHIM mice.4647 We have not, however, formally tested the idea that TRIF signaling
contributes to lethality in our ZBP1-deficient RIPK1-mutant mice.

The roles of the RIPK1 DD in regulating the various functions of RIPK1 have been
explored. A RIPK1 DD mutation, K599R (human)/K584R (mouse), was reported to disrupt
RIPK1 DD homodimerization but not its kinase activity or its role in TNFR1-induced

gene expression.*8 Although the K584R mutation effectively prevented RIPK1 association
with FADD, TNF-induced phosphorylation of MLKL was blocked by this mutation.
Consequentially, Ripk1K584R/K584R mice are viable.*8 The RIPK1 K584R mutation thus
contrasts with the RIPK1 R588E mutation explored here, which allows necroptosis
signaling.

The functions of the kinase activity of RIPK1 in regulating embryonic death are elusive.
Ripk1RE/RE embryos (E16.5) die earlier than Ripk1REKA/REKA embryos (E19) but are born
when MIkl'~ is ablatsed, whereas RipkIREKA/REKA ppjkf-/~ mice do not survive gestation.
Kinase-inactive RIPK1 prevents TNFR1-, TLR3/4-, and ZBP1-induced necroptosis,’8:20
but RIPK1 itself is only required for necroptosis induced by the ligation of TNFRZ1. This
may explain why RijpkIREKA/REKA embryos appear to die later than RjpkIRE/RE embryos.
Because the ablation of RIPK3 preserved survival to adulthood of both mutant mice, our
results on the effects of MLKL ablation suggest that the kinase activity of RIPK1 prevents
a lethal, necroptosis-independent function(s) of RIPK3 that is independent of MLKL.

This RIPK3-mediated lethality manifests during gestation in RijpkIREKAREKA ppfjf~~
mice. Another lethal function of RIPK3 may be responsible for death post-parturition in
RipkIRE/RE Miki~~ animals.

The death of RipkIRE/RE embryos is mediated by RIPK3 and MLKL and thus necroptosis.
The death of Ripk1REKA/REKA embryos, however, depends on RIPK3 but not MLKL. In

the case of RipkIREKA/REKA Mikf~ mice, the necroptosis-independent, lethal function

of RIPK3 is driven by Caspase-8, since Casp8”~ RipkIREKA/REKA pjkf7~ mice survive
gestation and reach adulthood. One study has shown that RIPK3 engages caspase-8 in

the absence of the RIPK1-FADD interaction in a direct fashion, as interferon-induced
ZBP1- and RIPK3-dependent Caspase-8 activation was observed in RijpkZ~/~ cells.® Another
possibility is that RIPK3 indirectly causes Caspase-8-dependent lethality. TRADD can
complex with FADD to drive Caspase-8 activation in 18.5-day-old RjpkZ~~ embryos.4°
How RipkIRE/RE and Ripk1REKA/REKA mutants might regulate this remains unclear.

RipkIRE/RE Miki'~ mice develop an inflammatory pathology that is not observed

in RipkIRE/RE Ripk3™'~ animals, implying that RIPK3 drives MLKL-independent
inflammation when the FADD-RIPK1 interaction is disrupted. We postulated that RIPK3
may engage FADD-Caspase-8 to mediate inflammation, but this is not the case, since
Fadad™"= Ripk1RE'RE Miki~~ mice show a similar inflammatory pathology. In contrast,
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Casp8™~ RipkIREKAREKA pfkf'~ mice do not display the inflammatory phenotype seen
in Fadd™~ Ripk1RE/RE Mikf'~ animals, although they eventually succumb to LPR disease,
as expected.? It remains to be determined if Caspase-8 plays a FADD-independent role

in driving the inflammatory pathology of Ripk1RE/RE Miki~~ mice, possibly through
interaction with ASC and caspase-1.3839

Unexpectedly, Fadd™~ RipkIRE/RE Mikf~~ mice did not develop LPR disease but apparently
succumbed to the inflammatory pathology observed in Fadd™* Ripk1RE'RE Mk~ mice
with similar kinetics. This is surprising, since in every other scenario where Fadd-deficient
mice are viable, Fadd deficiency confers the development of LPR disease, e.g., in Fadd™

~ Ripk3™", Fadd™~ MIkI™~, or Fadd™'~ Casp8PAPA Casp1/117/~ Mk~ mice.23 It

is unclear why the inflammatory phenotype, driven by the RIPK1 RE mutation, takes
precedent over the development of LPR disease, but these results suggest that ongoing
inflammation may suppress the LPR phenotype. Since Casp8™~ Ripk1REKAREKA ppjkt!

~ mice develop LPR, the data further suggest that the RIPK1 kinase activity may be
responsible for driving inflammation and suppressing LPR disease. Although FADD blocks
caspase-8-driven inflammasome activation in epithelial cells,38:39 the similar kinetics of
survival in Fadd*’™* and Fadd™~ Ripk1RE’RE MikI~~ mice suggest that this effect is not
responsible for the inhibition of LPR. Since LPR disease is believed to be a result

of abrogated Fas-induced apoptosis, elucidating how LPR may be prevented in Fadd™~
Ripk1RE/RE Miki~~ mice may enhance our understanding of LPR disease.

Limitations of the study

This study has not investigated possible roles of TRIF or TRADD in preventing the
embryonic lethality of Ripk1RE/RE or Ripk1REKA/REKA mice. Possible roles for Caspase-8
in driving the inflammatory phenotype of Rjpk1RE’RE Miki~~ animals have not been
assessed.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to the lead contact, Douglas R. Green (douglas.green@stjude.org).

Materials availability—Experimental models generated in this study are available upon
reasonable request.

Data and code availability

. RNA sequencing data have been deposited into the Short Reach Archive (SRA)
under BioProject: PRINA983782.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals—All mice were bred and housed (5 maximum) in pathogen-free facilities, in a
12-h light/dark cycle in ventilated cages, with chow and water supply ad /ibitum. The St.
Jude Institutional Animal Care and Use Committee approved all procedures in accordance
with the Guide for the Care and Use of Animals. Ripk3=30 Mkt~ 31 Casp8™'~ Mikt!
~17 and Fadda™'= Mk~ 2 mice have been previously described. Ripk17E/RE mice were
generated by insertion of the point mutation of RIPK1 at the Arg (R) to Glu (E) in the
position 588 (R588E, RE) was engineered by using CRISPR/Cas9 technology. The sgRNAS
and Cas9 mRNA transcripts were designed and generated as described previously.>2 The
target site for each sgRNA is unique in the mouse genome, and no potential off-target site
with fewer than two mismatches was found using the Cas-OFFinder algorithm.>3 Briefly,
St. Jude Transgenic/Gene Knockout Shared Resource injected pronuclear-staged C57BL/6J
zygotes with a single-guide RNA (Key Resource Table; 125 ng/uL) introducing a DNA
double-stranded break into the RjpkZ gene in the chromosome 13, human codon-optimized
Cas9 mRNA transcripts (50 ng/pL), and a single-stranded DNA molecule containing the
desired change on the aminoacidic change Ripk1-R588E-HDR (Key Resource Table). To
facilitate the identification of founder mice and genotyping, silent substitutions generating
a HindllIl restriction site (5’-AAGCTT-3") were also introduced. Zygotes were surgically
transplanted into the oviducts of pseudopregnhant CD1 females, and newborn mice carrying
the Ripk1-R588E allele were identified by PCR (821 bp), HindllI-restriction digestion
(387 + 434 bp), and Sanger sequencing by using specific designed primers, respectively
(Key Resource Table). The generation of a single mutation of RIPK1 at the Lys (K) to

Ala (A) in the position 45. Single-guide RNA (Key Resource Table) (125 ng/uL) and a
single-stranded DNA molecule containing the desired change on the aminoacidic change
Ripk1-K45A-HDR were used. (Key Resource Table). The identification of founder mice and
genotyping, silent substitutions generating a Agel restriction site (5’'-GTCTACACCGGT-3")
were also introduced. Newborn mice carrying the Ripk1-K45A allele were identified by
PCR (680 bp), Agel-restriction digestion (244 + 437 bp), and Sanger sequencing by using
specific designed primers, respectively (Key Resource Table). Accordingly, Ripk1REKA/
REKA mice was generated by mutation of at the Lys (K) to Ala (A) in the position 45 and
Arg (R) to Glu (E) in the position 588 (K45A-R588E, REKA) with a double injection of
the single-guide RNAs plus the Ripk1-R588E-HDR and Ripk1-K45A-HDR, respectively.
Identification of newborn mice carrying the Ripk1-RE or Ripk1l-REKA was performed by
using the respective PCR primers as indicated above. Mouse age ranged from gestation to
>200 days and both male and female mice were used. For all studies, mice were age- and
sex-matched.

Cultured cell lines—Primary murine embryonic fibroblasts (MEF) of the indicated
genotypes were generated as recently described (3°). Briefly, ~E12-14.5 embryos were
homogenized generating a single cell suspension plated in complete DMEM media
containing 10% FBS, L-glutamine, pen/strep, 55 mM B-mercaptoethanol, 1 mM sodium
pyruvate and non-essential amino acids (GIBCO). All experiments on primary Ripk1RE/RE
or Ripk1REKA/REKA MEF were performed on cells at passage 2—4. Immortalization of
Ripk1™'~ primary MEF were performed by infection with SV40 large T antigen and
maintained in complete DMEM media as indicated.
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METHOD DETAILS

Reconstitution of Ripk1™~ or Ripk1™~ MIkl~/~ MEFs—The mouse RjpkI WT,

or K45A, R588E or R588E K45A mutant constructs were cloned in frame with a T2A-
GFP sequence into the pBABE-puro retroviral expression vector or alternatively into Dox-
inducible vector pRetroX-TRE3G (Clontech). Retroviruses were produced using Phoenix-
AMPHO cells co-expressing psPAX2 and pVSVg plasmids (Addgene) and our pPBABE-
puro or pRetroX-TRE3G vectors using Lipofectamine 2000 (Thermo Fisher Scientific).
Retrovirus containing supernatants were har-vested and filtered 48 h post-transfection.
RipkI™'= iMEFs transduced to stably express DOX-inducible RIPK1 constructs were
selected with puromycin (2 mg/mL) or for the pBABE constructs selected three times by
FACS sort based on GFP+.

Cell death quantification—Cell death kinetic was quantified in real-time by using an
Incucyte S3 Live Cell Imaging and Analysis (Sartorius). Briefly, plated cells were incubated
in complete DMEM media containing the specified treatments plus 0.5 mg/mL Propidium
lodide (PI). At the endpoint, all cells were permeabilized (100% PI*) by addition of 25
mg/mL of Digitonin (D141, Sigma). Dead cells were quantified by using Incucyte image
analysis software (Sartorius). Data was expressed as percentages of the ratio PI*/Digitonin
(PI" %).

Immunoprecipitation and Immunoblot—Immunoprecipitations were performed

using the Dynabeads Co-Immunoprecipitation Kit (Invitrogen) following manufacturer
instructions. Briefly, pelleted cells were lysed in lysis buffer supplemented with proteases
(Roche) phosphatases (Roche) inhibitors. Primary antibodies against anti-FADD (Santa Cruz
Biotechnologies) or anti-RIPK1 (Cell Signaling) were covalently coupled to Dynabeads
M-270 Epoxy beads or anti-FLAG M2 Affinity Gel (Sigma). Immunoprecipitations were
performed following manufacturer recommendations (Invitrogen). Elution products were
diluted in 4x XT sample buffer (Bio-Rad) and boiled at 95 C for 5 min. After SDS-PAGE
resolution (Bio-Rad), proteins were transferred onto nitrocellulose (Bio-Rad). Membranes
were blocked with 3% BSA in PBS 1.0% Tween and incubated with the indicated antibodies
(Key Resource Table). Bound antibodies were visualized using ChemiDoc Touch Imaging
System (Bio-Rad).

RNA sequencing—Total RNA was isolated from liver tissue of Rjpk1WT/REKA ppjkt~
~and Ripk1REKAREKA Mikl~~ mice. Briefly, RNA purification was performed using
the RNeasy Kit (QIAGEN) according to manufacturer instructions. RNA was quantified
using the Quant-iT RiboGreen RNA assay (ThermoFisher) and quality checked by the
2100 Bioanalyzer RNA 6000 Nano assay (Agilent) or 4200 TapeStation High Sensitivity
RNA ScreenTape assay (Agilent) prior to library generation. Libraries were prepared
from total RNA with the TruSeq Stranded Total RNA Library Prep Kit according to

the manufacturer’s instructions (lllumina, PN 20020599). Libraries were analyzed for
insert size distribution using the 2100 BioAnalyzer High Sensitivity kit (Agilent), 4200
TapeStation D1000 ScreenTape assay (Agilent), or 5300 Fragment Analyzer NGS fragment
kit (Agilent). Libraries were quantified using the Quant-iT PicoGreen dsDNA assay
(ThermoFisher) or by low pass sequencing with a MiSeq nano kit (Illumina). Paired-end

Cell Rep. Author manuscript; available in PMC 2024 July 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rodriguez et al.

Page 13

100 cycle sequencing was performed on a NovaSeq 6000 (Illumina). RNAseq reads were
aligned to the GRCm38 reference using STAR v2.7.1a>* with Gencode MM10 annotations
(vM25), and gene counts were assigned using featureCounts>® from the Subread package
(v1.5.1). For downstream analyses, predicted genes, processed pseudogenes, and genes
with fewer than 5 counts relative to the mean library size (0.087 counts per million

reads) were excluded from consideration. edgeR was used for CPM calculation and
normalization,>® limma was used to model differential expression between Rijpk1W7/REKA
Mikl~~ and RipkIREKAREKA pMikf~~ mice,57 and Glimma was used for data exploration
and visualization.?8 Gene Set Enrichment Analysis (GSEA)>? was conducted for Hallmarks
gene sets using GSEAPreranked with a classic scoring scheme and collapsing genes

using the Mouse_Gene_Symbol_Remapping_MSigDB.v7.0.chip, and the ranked input was
calculated by multiplying the limma-calculated log-fold changes by the inverse of the
calculated p-values. RNAseq data were deposited into the Short Reach Archive (SRA) under
BioProject accession PRINA983782.

Flow cytometry and LPR quantification—Mouse spleens from indicated genotypes
were mechanically digested, filtered (0.4um), and RBC lysed for 3 min using RBC lysis
buffer (154.4 mM NH4CI, 14.2 mM NaHCOg3, 1 mM EDTA, pH 7.3). After incubating
10% of the splenocytes (proportionally smaller % used for larger spleens) with Live/
Dead Blue stain (Thermo Fisher Scientific), and anti-CD16/32 (Bio X Cell) to block FC
receptors for 10 min at room temperature in the dark, they were stained with anti-CD45
(BD Biosciences), CD19 (BD Biosciences), B220 (Thermo Fisher Scientific), TCRp (BD
Biosciences), CD4 (BD Biosciences), and CD8 (BD Biosciences) for 30 min at room
temperature in the dark. Compensation beads were used as single-color controls, then the
stained cells were run on the 5-laser Aurora Spectral Flow Cytometer. Debris and dead cells
(Live/Dead Blue positive) were excluded from analysis using FlowJo software before the
described parameters were measured.

Histological, hematological and pathological analyses—Necropsy was performed
by the St. Jude Comparative Pathology Core facility at the Animal Resources Center (St.
Jude Children’s Research Hospital). For histological examination, tissues were fixed in 10%
(v/v) formalin in phosphate buffered saline (PBS), and sections were prepared and stained
with H&E according to standard techniques. Tissue pathology was graded as follows:
minimal 1+, mild 2+, moderate 3+, marked 4+. For differential cell counts, blood was
collected into tubes containing EDTA (BD Microtainer, BD Diagnostics, Franklin Lakes,
NJ) and peripheral blood counts were performed using a ForCyte Hematology Analyzer
(Oxford Science, Inc, Oxford, CT) following the manufacturer’s instructions.

Quantification and statistical analysis

Results in figures are graphically represented as mean + SD. Statistics were perfroemd

in GraphPad Prism. Statistical significance analysis was determined by using an unpaired
Student’s t-test and a two-way ANOVA analysis including a Tukey’s multiple comparison
test.
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Highlights

A mutation in RIPK1 (R588E) disrupts the interaction between RIPK1 and
FADD

Disrupting the interaction between RIPK1 and FADD leads to embryonic
lethality

The kinase activity of RIPK1 R588E prevents RIPK3-mediated embryonic
lethality

Zbp1 ablation partially prevents RIPK1 R588E-mediated embryonic lethality
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Figure 1. The point mutation R588E at RIPK1 DD disrupts RIPK1-FADD interaction and
confers embryonic lethality

(A) Immunoprecipitation of FADD in RjpkZ'~ MEFs reconstituted with doxycycline
(DOX)-inducible RIPK1 (WT), RIPK1-K45A (K45A), RIPK1-R588E (RE), or RIPK1-
K45A/R588E (REKA) and incubated 2 h with DOX (1 mg/mL) in the absence or presence
of poly I:C (100 pg/mL) or TNF (10 ng/mL) plus zZVAD (50 pM). Immunoprecipitates were
collected and RIPK1-FADD interaction assessed by immunoblotting using the indicated
antibodies.

Representative of 2 independent experiments.
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(B) Observed numbers of offspring of Ripk17EWT intercrosses at E10.5-E13.5, E14.5-
E16.5, and E16.5-E19.5 post-gestation.

(C) Observed numbers of offspring of RjpkIREKAWT intercrosses at E10.5-E13.5, E14.5—
E16.5, and E16.5-E19.5 post-gestation.

(D and E) Quantification of cell death in primary MEFs expressing endogenous Ripk1RE/RE
(D) or RipkIREKA/REKA (E) versus their respective littermate-derived RjpkIWT/WT controls.
Cells were treated with 100 ug/mL poly I:C, and the kinetics of cell death were

monitored by propidium iodide (PI* %) uptake using an Incucyte Kinetic Live Cell Imager.
Representative of three independent experiments. Data are presented as mean + SD.

See also Figures S1 and S2.
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A c
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Figure 2. RIPK3 drives death of developing Ri pklRE/RE and Ri pklREKA/REKA embryos
(A and B) Expected Mendelian ratios and observed numbers of offspring of Ripk1?E/WT

Ripk3~ intercrosses (7= 66) (A) or Ripk1REKAWT Rink3~~ intercrosses (1= 63) (B).

(C) Post-natal survival up to 120 days of RipkIW7all Ripk3 " (n= 42), Ripk1FE/RE Ripk3™
~(n=8), and RipkIREKA/REKA Rink3~ (n= 13) animals. WT/all indicates that both
heterozygotes and WT/WT genotypes were analyzed together.
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Figure 3. The RIPK1-FADD interaction negatively controls RIPK3-mediated lethal
inflammation

(A) Expected Mendelian ratios and observed numbers of offspring of RipkIREWT Miki~~
intercrosses (7= 400).
(B) Observed numbers of offspring of Ripk1?E'WT Mikl~ intercrosses at birth (present at
post-natal day 3 [P3]) and at weaning (P21).
(C) Post-natal survival up to 200 days of RipkIWTWT Mikl~~ (n= 13), RipkIREWT Mikl~~
(n=13), and Ripk1RE/RE Mk~ (n= 13) animals.
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(D and E) H&E staining of colon (D) or skin (E) tissue of RjpkIWTWT Mik** (top) and
Ripk1RE'RE Mkl (bottom) mice. Magnified areas (4x, scale bar: 200 pm; 10x, scale

bar: 100 um; and 40x, scale bar: 20 pm, respectively) are indicated. Images represent 2
independent experiments.

(F) Selected Hallmarks pathway enrichment score plots of RNA sequencing gene set
enrichment analysis comparing liver transcriptomes of Ripk2RE'WT Mk~ and Ripk1RE/RE
Mk~ mice. Calculation and analysis are described in the STAR Methods.

(G) Expected Mendelian ratios and observed numbers of offspring of RipkIREWT Fadd~"*
Mkl intercrosses (7= 196).

(H) Post-natal survival up to 200 days of RipkIWT'WT Fada*’* Mk~ (n=5), Ripk1REWT
Fadd™~ MIkI~~ (n=5), and Ripk1RE/RE Fada™"~ MiIkl~~ (n=9) animals.

See also Figure S3.
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Figure 4. Ablation of Casp8 prevents embryonic lethality of Ri pklREK'A‘/REKA MIKI™~ mice
(A) Expected Mendelian ratios and observed numbers of offspring of Rjpk1REKAWT pjki~

~intercrosses (1= 205).

(B) Expected Mendelian ratios and observed numbers of offspring of RipkIFEWT Casp8*’~

Mkl intercrosses (1=

180).

(C) Post-natal survival up to 200 days of RipkIWT'WT Casp&*"* MikI”~ (n=T7),
RipkIREKAIWT Casp&™!= Mk~ (n= 6), and RijpkIREKAIREKA Casp&™~ Mkl (n=9)

animals.

(D) Dot plots showing the presence of TCRp+ and/or B220+ cells in peripheral blood of one
representative mouse per indicated genotype as determined by flow cytometry.
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Figure 5. ZBP1 drives RIPK3-mediated death of Ri pklRE/RE and Ri pklREKA/REKA embryos
(A) WT, Ripk1™", or Ripk1™~ MIkI”~ MEFs reconstituted with RIPK1 (WT), RIPK1-

K45A (K45A), RIPK1-R588E (RE), or RIPK1-R588E/K45A (REKA) were analyzed by
immunoblotting using indicated antibodies. Representative of two independent experiments.
(B) Tissues from 4- to 6-week-old RjpkIWTWT (WT), Ripk1RE/RE Rjpk3 '~ (RE),

or RipkIREKA/REKA Rink3~~ (REKA) mice were examined by immunoblotting using
indicated antibodies. Representative of two independent mice.

(C) Expected Mendelian ratios and observed numbers of offspring of Ripk1REWT Zbp1~~
intercrosses (n= 137).

(D) Expected Mendelian ratios and observed numbers of offspring from Rijpk1REKAWT
Zbp1™" intercrosses (1= 125).

(E) Post-natal survival up to 200 days of RipkIWTWT zpp1~~ (n=5), RipkIRE/WT Zbp1™!
= (n=5), and RipkIRE/RE zpp1~~ (n=5) mice.

(F) Post-natal survival up to 200 days of RipkIWTWT Zpp1/= (n=7), Ripk1REKAWT
ZbpI= (n=7), and Ripk1REKAREKA zpp1~~(n=T7) mice.

See also Figure S4.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

anti-p-Actin-HRP

anti-Caspase 8

anti-FADD

anti-FADD

anti-MLKL

anti-Phospho-RIP (Ser166)

anti-RIPK1

anti-RIPK1

anti-RIPK3

anti-ZBP1

LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit, for UV excitation

V500 Rat Anti-Mouse CD45

BUV395 Rat Anti-Mouse CD45

BUV615 Rat Anti-Mouse CD19

CD45R (B220) Monoclonal Antibody (RA3-6B2), APC780

CD45R (B220) Monoclonal Antibody (RA3-6B2), PE-Cyanine7

Santa Cruz Technologies

Cell signaling
Technology

Abcam

Santa Cruz Technologies

Abgent

Cell signaling
Technology

Cell signaling
Technology

Cell signaling
Technology

Cell signaling
Technology

AdipoGen 1

Thermo Fisher Scientific
BD Biosciences
BD Biosciences
BD Biosciences
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# sc-47778;
RRID:AB_2714189

Cat# 4790; RRID:AB_10545768

Cat# ab124812;
RRID:AB_10976310

Cat# sc-271748,;
RRID:AB_10708849

Cat# AP14272b;
RRID:AB_11134649

Cat# 31122; RRID:AB_2799000
Cat# 47783; RRID:AB_2799330
Cat# 3493; RRID:AB_2305314
Cat# 95702; RRID:AB_2721823
Cat# AG-20B-0010;
RRID:AB_249019

Cat# L34962

Cat# 561487

Cat# 564279

Cat# 751213

Cat# 47-0452-82
Cat# 25-0452-82

FITC Hamster Anti-Mouse TCR B Chain BD Biosciences Cat# 553170
BUV805 Rat Anti-Mouse CD8a BD Biosciences Cat# 612898
BUV737 Rat Anti-Mouse CD4 BD Biosciences Cat# 564933
Anti-CD16/32 (FC Block) Bio X Cell Cat# BE0307
Chemicals, peptides, and recombinant proteins

Amersham ECL Prime Western Blotting Detection Reagent GE Lifesciences Cat# RPN2232
Digitonin Sigma-Aldrich Cat# D141
DMEM Thermo Fischer Scientific ~ Cat# 11995-073
Doxycycline (by Clontech) Thermo Fischer Scientific ~ Cat# NC0424034
L-Glutamine Thermo Fischer Scientific ~ Cat# 25030081
Necls Calbiochem Cat# 5.04297.0001

Non-essential amino acids
Penicillin and streptomycin
Phosphatase inhibitor cocktail

Protease inhibitor cocktail

Thermo Fischer Scientific
Thermo Fischer Scientific
Roche
Roche
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REAGENT or RESOURCE SOURCE IDENTIFIER
Propidium lodide Solution Sigma-Aldrich Cat# 537060
Poly I:C Invivogen Cat# tlrl-pic
Recombinant Murine TNF Prepotech Cat# 315-01A
Restriction enzyme Agel New England BioLabs Cat# R3552L
Restriction enzyme HindllI New England BioLabs Cat# R0104L
RIPK3 inhibitor (GSK’872) Invivogen Cat# V2773
Sterile PBS GIBCO Cat# 14190-144
XT sample buffer 4x Bio-Rad Cat# 161-0791
zZVAD-FMK APEXBIO Cat# A1902
Critical commercial assays

Dynabeads Co-Immunoprecipitation Kit Invitrogen Cat# 14321D
RNeasy Mini Kit QIAGEN Cat# 74104
Deposited data

RNA sequencing data This paper SRA: PRINA983782
Experimental models: Cell lines

Immortalized Ripk1”~ MEFs Dillon et al. 17 N/A
Immortalized Ripk1™~ Mikl’~ MEFs Alvarez-Diaz et al. 2 N/A

Primary Ripk1R558E/R585E MEFs This paper N/A

Primary Ripk1R586E-KA5AIRSEEE-K45A M EFs This paper N/A
Experimental models: Organisms/strains

Ripk1R556E/R586E This paper N/A

Ripk 1R586E/RSEEE £k~ This paper N/A
Ripk1R5E6E/RSEEE Rjnk 3/~ This paper N/A
R/pk]ﬁ’ﬁ?ﬂE/ﬁ’ﬁ?ﬂE pr_z—/— This paper N/A
Ripk1R55EE/RSESE Fade '~ Mk~ This paper N/A

Ripk 1R588E-K45AIRBEEE-KA5A This paper N/A

/'?I;D/(_Z R568E-KA5A/R588E-KA5A p\ gk~ This paper N/A

Ripk REBEKISAIRSEEE-KASA Ripk 3/~ This paper N/A

RI;D/(_Z R588E-K45A/R588E-K45A pr 77/~ This paper N/A

Ripk REBEE-K4SAIRSESE-KA5A. Casng'~ Mkl This paper N/A
Oligonucleotides

R588E single-guide RNA (sgRNA): 5’-GAAAAACTGTGCCCGCAAGC-3  This paper N/A
Ripk1-R588E-HDR (Homology Directed Repair): This paper N/A

5’-TGAACACCTGAACCCTATCAGGGAAAACC
TGGGAAGGCAGTGGAAAAACTGTGCCGAG
AAGCTTGGCTTCACTGAGTCTCAGATCGAT
GAAATCGACCATGACTATGAAAGAGATGG
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REAGENT or RESOURCE SOURCE IDENTIFIER
ACTGAAAG-3’ (underscored is the Hindlll site,

bold mutated sites)

R588E PCR: forward This paper N/A

5’- ACATCTGCCGAGGAGGAAAC -3’

R588E PCR: reverse This paper N/A

5’- CTACTGGTCATGGACCGACC -3’

K45A single-guide RNA (sgRNA): 5° -TCCTGAAAAAAGTATACACA-3 This paper N/A

Ripk1-K45A-HDR (Homology Directed Repair): This paper N/A
5’-AGGCTTCGGGAAGGTGTCCTTGTGTTAC

CACAGAAGCCATGGATTTGTCATCCTGGCG

AAAGTCTACACCGGTCCCAACCGCGCTGAG

TGAGTTGGGGGCATAAATGGGCTTGGCTTT

TTGCTAGCTGAC-3’ (underscored is the

Agel site, bold mutated sites)

K45A PCR: forward This paper N/A

5’- CGGTCCTTTTGCCCTGAGAC-3’

K45A PCR: reverse This paper N/A

5’- AAAAAGGCGCCCCTCTCAA-3’

Recombinant DNA

pBABE-puro plasmid Addgene Cat# 1764
pRetroX-TRE3G plasmid Clontech Cat# 631188

Software and algorithms

GraphPad Prism 9.0 GraphPad https://www.graphpad.com
Incucyte® Live-Cell Analysis System Sartorius https://www.sartorius.com
ChemiDoc Imaging System Bio-Rad https://www.bio-rad.com/en-

us/category/chemidoc-imaging-
systems?ID=NINJ0Z15
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